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Abstract

The association cortex of the superior temporal gyrus (STG) is implicated in complex social and 

linguistic functions. As such, reliable methods for quantifying cellular variation in this region 

could greatly benefit researchers interested in addressing the cellular correlates of typical and 

atypical function associated with these critical cognitive abilities. To facilitate this task, we first 

present 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. Secondly, we use the optical fractionator to estimate pyramidal neuron number and 

the nucleator for pyramidal somal and nuclear volume to investigate the influence of age and sex 

on these parameters and to set a typically developing baseline for future comparisons.

In 11 typically developing cases aged 4-48 years, the most distinguishing features of BA22/TA 

were the presence of distinct granular layers, a prominent, jagged layer IIIc, and a distinctly 

staining VIa. The average number of neurons was 91 ± 15 million, volume of pyramidal soma, 

1,512 μm3, and nuclear volume, 348 μm3. We found no correlation with age and neuron number. 

In contrast, pyramidal somal and nuclear volume were both negatively correlated and linearly 

associated 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 variation. Both 

measures are critical variables in the study of developmental neuropathology.
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I. Introduction

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 sulcus 

(STS), is a polysensory region known to processes and integrate complex auditory, 

somatosensory, and visual information in human and non-human primates (Ghazanfar et al., 

2005; Schönwiesner et al., 2007; Beauchamp et al., 2008; Redcay, 2008). Specific functions 

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 functions 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). As such, it has become recognized as a critical component 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 particularly complex (Table 1). Classical anatomists 

interested 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 (Figure 1). Using 

cytoarchitectonic criteria, this region was designated as area 22 by Brodmann (1909) and 

later Sarkisov (1949), as area TA by von Economo (1929) (including caudal TA1 and rostral 

TA2), and type II temporal cortex by Campbell (1905) (Figure 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 autoradiographic receptor-architectonic (Morosan et al., 2005) techniques (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 adjacent regions on the dorsal wall and 

crown of the STG in humans (Galaburda and Sanides, 1980) (Table 1). In Galaburda and 

Sanides's (1980) early attempts to resolve human cytoarchitecture with the more extensive 

non-human primate auditory cortex literature, they described two auditory belt regions, 

parakoniocortical area PaAe and temporoparietal area Tpt, as corresponding to von 

Economo's anterior TA2 and rostral TA1, respectively (Figure 1). These parcellations have 

been further corroborated 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 subdivisions of homotypical 

cortex on the STG, including Ts1e, Ts2, and Ts3 (Table 1).
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Given the functional importance of the superior temporal cortex and its relevance to multiple 

psychiatric and neurodevelopmental disorders (Redcay, 2008; Palaniyappan et al., 2012; 

Achiron et al., 2013), we sought to develop a consistent set of cytoarchitectonic criteria, 

based on multiple non-pathological 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 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 Economo 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 carried 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 interested in 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., 2008; 

Jacot-Descombes et al., 2012). We predicted that neuron numbers would fall within a 

similar range in children and adults, given cortical neurogenesis 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 focusing 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 developmental sample.

II. Materials and Methods

Sample

This study included a complete postmortem histological series from eleven human brains 4 

to 48 years of age at death with no known psychological or neurological disorder (Table 2). 

In no case was brain trauma the primary cause of death. Postmortem tissue was obtained 

from the Autism Celloidin Library (Autism Tissue Program, Autism Speaks). Donor next of 

kin provided all necessary written consent; 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, USA or the Morphologic Brain Research 

Unit, University of Wüerzburg, Wüerzburg, Germany. Briefly, one hemisphere from each 

brain was immersion-fixed in 10% formalin for at least three months prior to processing. 
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Subsequently, the hemispheres were celloidin embedded and sectioned at either 200, 500, or 

600 μms (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., 

2010).

Stereological Design

Prior to sampling, boundaries for BA22/TA were first determined on serial coronal sections 

using a Leica Wild MZ8 Stereozoom microscope, focusing between 0.63× and 5× objective. 

Stereological sampling was performed using a Zeiss Axio Imager.Z2 Vario microscope with 

an integrated camera connected to a Dell Precision T3500 Workstation, automated stage 

attached to a Ludl Mac6000 Stage Controller, and incorporating a Heidenhan length gage 

for accurate measurements in the z-axis. Boundaries were hand traced by MFS at 2.5× 

(N.A., 0.075) in the StereoInvestigator software program (MBF Bioscience, Williston, VT) 

on a regularly spaced series of 10 to 14 histological sections at distances ranging from 2,000 

to 6,000 μm between sections. Detailed descriptions of our cytoarchitectonic criteria are 

presented in the results section.

The optical fractionator and nucleator modules of StereoInvestigator were used to estimate 

neuron numbers and pyramidal cell volumes, respectively (Gundersen et al., 1988; West et 

al., 1991). NB performed stereological sampling using a 100× (N.A., 1.4) Apochromat oil 

lens. Consistent with the fractionator principle, sampled sections were evenly spaced 

throughout the length of the entire structure with a randomly determined starting position. 

Post-processing section thicknesses were greater than 100 μms in all cases, providing 

sufficient depth for sampling (Table 3). The disector probe was set at 30 μms with 10 μm 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 

boundaries of BA22/TA at five sites on each section in the sample for each case using the 

40× (NA, 0.74) objective. 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 optical fractionator, sampling every fifth neuron. 

Four rays were placed emanating from the nucleolus. The intersection 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 nucleolus, surrounded by distinct staining of the perikarya, differentiating 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). Pyramidal neurons were further 

distinguished by their large size, triangular shape, large, dark nucleolus, and the appearance 

of a clear apical dendrite oriented towards the pial surface and situated across from two or 

more basilar dendrites (Figure 2). A neuron was counted in the sample if the nucleus came 

into focus within the counting frame or intersecting the green lines of inclusion, but not 

touching the red lines of exclusion.

For cell counts and volume measurements, we differentiated pyramidal neurons in layers III, 

V, and VI from neurons in granular cell layers II and IV. Because the borders between 
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layers are not always discrete and may be distorted by gyral convolutions which 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 priori assumptions 

about the limits of these more ambiguous 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 100×, identifying sampled pyramidal and non-

pyramidal neurons with different markers. To produce estimates only for pyramidal neurons, 

we returned to a lower magnification (2.5 - 5×) and differentiated the cells of the granular 

layers, post hoc, similar 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. NB and MFS 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

MFS 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. NB then performed interrater reliability by 

independently tracing the region, using these cytoarchitectonic criteria, in two of the eleven 

cases. For both cases, there was less than a 5% difference in the total volume of regions 

defined by MFS and NB. Volumes were calculated only to assess the reliability of boundary 

definitions within individual cases since inter-subject volumetric comparisons were outside 

the scope of this analysis due to the potential for differential tissue shrinkage between cases 

(Kretschmann et al., 1982). NB performed intrarater reliability for cell counts, counting one 

case over 3 iterations, with less than 5% difference across trials.

Statistical Analysis

SPSS Statistics 22 (IBM, Inc.) was used to perform all analyses. All datasets passed the 

Kolmogrov-Smirnov test for normality. However, observation of Q-Q normality plots and 

histograms suggested that only somal volumes appeared normally distributed. Therefore, we 

chose to use non-parametric test for means comparisons and correlations. The Mann-

Whitney U tests was used to compare mean values of sex and age-based subgroups. For the 

age comparison, we divided the sample into a pre-pubescent group, containing cases under 

10 years of age, and a post-pubescent group, containing 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 significant in the correlations were investigated in more detail using parametric linear 

regression analysis.
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Photography

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 5× 

objective and the high magnification neuron image was taken on the same system with the 

100× 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., 2006). Boundaries for the region 

were approximated by transferring boundary markers from the histological section onto the 

corresponding MR image in the coronal plane. For the automatic sulcal parcellation, a single 

human subject's MRI was processed through the FreeSurfer (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 

cortical 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 overlapped on the 

example brain to provide a basic illustration of intersubject variability.

III. 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 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, dark staining pyramidal cells. Arranged in columns, these cells extend 

intermittently 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 boundaries. 

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 
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distinguished by the distinct, dark staining band that forms its upper sublayer (VIa), which is 

best visualized at low magnifications. Some variations on this standard pattern were 

observed rostrocaudally (Figure 3D and E). Granular layers II and IV exhibit a progressive 

rostral to caudal increase in staining intensity, as did layer VI. In sections roughly rostral to 

the start of the lateral fissure (Figure 3D), the larger cells of layer IIIc do not stain as 

intensely and layer V appears slightly thicker than midrostrocaudal (Figure 4A) and caudal 

(Figure 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 supragranular layers 

are even more expanded and the infragranular layers reduced. Consequently, layer IV 

appears to sit relatively lower in the cortical ribbon in parietal cortex than in BA22/TA. A 

caveat, the relative thickness of layers can also vary as a result of systematic coronal 

sectioning. Across gyral convolutions, some layers can appear artificially thicker or thinner 

depending on the angle at which the blade ultimately crosses the cortical ribbon. Thus, 

regional delineations are best confirmed using multiple cytoarchitectural features of specific 

territories. Detailed comparisons of regional borders are listed in Table 4 and elaborated 

below. Particularly, differences in layers III and IV proved 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 (Figure 3C; Figure 5A). 

Dysgranular BA38/TG exhibits a poorly developed, incipient layer IV and a thin 

(approximately 4-6 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 density 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 (Figure 3F; Figure 5F). Cortical columns are finer and more discrete in BA40/PF 

and run uninterrupted 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 (Figure 4C; Figure 5B-F). In 

BA21/TE, the large, dark 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.
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Dorsomedial border—The more granulous regions BA41/TB (Figure 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 (Figure 5B-E). Overall, these regions appear more 

markedly columnar than BA22/TA and individual columns could be traced across all 

cortical 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 eleven cases, we found that the six 

layered homotypical cortex of the STG is located in a position similar to Brodmann's area 22 

and von Economo's area TA, extending from the dome of the STG onto its ventral wall 

towards 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 commonly 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. More caudally, as the insular and auditory 

cortices of the superior temporal plane develop, BA22/TA appears more laterally, 

approximately where the crown of the STG meets the ventral wall of the lateral fissure 

(Figure 5B-E). In the caudal-most sections, BA22/TA extends past the closure of the lateral 

fissure and, at that point, commonly continues caudally 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 ± 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) (Figure 6) nor did mean 

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

Neuron volumes

Across cases, the average volume of neuronal soma and nuclei were 1,512 μm3 and 348 

μm3, 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 = -0.62, p = 0.04) and nuclear volume (rs = -0.70, p = 0.02). In regression analyses 

(Figure 7), increased age also appeared to be a significant predictor of reduced somal 

volume (y = 1755.04 -14.85×, R2 = 0.48, p = 0.02) and nuclear volume (y = 425.04 - 4.71×, 

R2 = 0.37, p = 0.05). The average somal volume for pre-pubescent cases (< 10 years of age) 

was 1,708 μm3 and differed significantly from the post-pubescent average which was 1,349 

μm3 (U = 3; p = 0.03). Pre-pubescent cases' average nuclear volume, 415 μm3, was not 
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significantly different from post-pubescent volumes, 291 μm3, (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).

IV. Discussion

Using a consistent set of cytoarchitectural definitions suitable for performing modern 

stereological analyses on thick sections, we found that the average number of neurons in the 

homotypical cortical territory BA22/TA of the human STG is approximately 91 (± 15) 

million in cases ranging from 4 to 48 years of age at death. The average volume of 

pyramidal soma is 1,512 μm3 and nuclei is 348 μm3. However, in this sample, the size of the 

pyramidal soma and nuclei exhibited a negative relationship with age. The five younger, 

pre-pubescent, cases had a significantly higher average somal volume, 1,708 μms3, than 

post-pubescent cases, 1,349 μms3.

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 cytoarchitectural 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 required for systematic stereological sectioning and sampling. Consistent 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 sections, 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 thinner-sectioned tissue and are visible in thinner-sectioned series in 

our own collection.

A summary of cytoarchitectural features of the STG described in previous studies are 

presented in Table 1. von Economo's (1929) observations for parcellating the STG generally 

provided the most consistent guide, with a few notable differences. In agreement with von 

Economo and others, we found this region to be distinguished as both clearly homotypical 

and coarsely columnar. Numerous authors report 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 Pandya, 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 

authors, 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 gradual 

transition to the cerebral white matter (von Economo, 1929; Morosan et al., 2005).
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One point of difference, while von Economo noted that layer I of TA is thick, we found 

layer I generally unremarkable and not especially thicker than surrounding regions, 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). While 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 surrounding 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 3-8 

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 columns 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 colleagues (2010) as well as Insausti 

(2013) note that layer III exhibits a more subtle cellular gradient, with cells progressively 

increasing in size from superficial to deep portions of the layer, and reduced columnarity 

compared to BA22/TA. Thus, a number of authors have additionally found the sublayers of 

IIIc to be useful in differentiating this region from surrounding territories.

In agreement with others, we observed slight variations in cytoarchitecture in rostral relative 

to caudal regions. Rostrally, we found layer VI appeared less distinct, and other authors have 

observed 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 (Figure 3). Accordingly, Fullerton and Pandya (2007) 

describe IIIc as dark staining in more caudal regions but not in their rostral subdivisions. 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 cytoarchitectonically defined region, BA22/TA, 

corresponded well 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 (Figure 1). In contrast, we 

found 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), 

anterior to the limen insula, which describe a cytoarchitecturally 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 constituents of the temporal polar region in some cases. Both Brodmann and 
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von Economo's textual descriptions indicate that areas 22 and TA can extend caudally and 

dorsally into the parietal lobule, although it may not be readily apparent on classical maps. 

In agreement, we found BA22/TA often transitioned into the gross territory of the 

supramarginal gyrus and ended just prior to the closure of the STS (Figure 8). Galaburda 

and Sanides (1980) similarly considered the posterior extent of area Tpt to include 

“variable” amounts of the suprasylvian cortex and portions of the inferior parietal lobule.

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 (Figure 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 (Figure 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 (Figure 5C & D). Studies incorporating chemical techniques have argued for 

segregating the gyral crown and sulcal wall into distinct territories, citing some 

corresponding variation in cytoarchitecture (Morosan et al., 2005; Ding et al., 2009). While 

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 interpreting neuroimaging data, which is more typically reliant on gross sulcal 

landmarks. From our observations of the extent of the cytoarchitectural region, it is possible 

that MRI parcellation schemes that use sulcal markers to define territories, e.g., FreeSurfer, 

may provide a good approximation of the rostral extent of the cytoarchitectural region 

(Figure 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 (Figure 8). It may be more often included in 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 estimated to be 

approximately 4.3 billion neurons total (averaged 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, 1998). 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 million, 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 in all cases and were, consequently, not reported, in the 7 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 7 cases 

was approximately 145 million. This number is in line with other findings for the temporal 
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pole, especially considering non-pyramidal neurons, like cortical interneurons and fusiform 

cells, would also contribute to the total neuron number. Cortical 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., 2008; Jacot-Descombes et al., 2012; Uppal et al., 

2014).

Age-related variation in neuronal parameters

Because it is widely accepted that cortical neurogenesis is largely complete or occurring 

only at low rates in human and non-human primate postnatal development (Rakic, 2002; 

Uylings et al., 2005; Bhardwaj et al., 2006; Gould, 2007; Zhao et al., 2008), we expected to 

see little to no evidence of age-related changes in neuron number in our developmental 

sample. However, few analyses which 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 was carried 

out prior to the use of more modern assumption-free stereological methods (Shankle et al., 

1999), while another has disputed this finding in a stereological analysis of Broca's Area 

(Uylings et al., 2005). Our findings in the STG are in agreement with the latter stereological 

analysis, evidencing consistency across stereological studies. Accordingly, our data further 

support the idea that conservative rates of cortical neurogenesis are occurring postnatally, at 

least in the STG in the developmental 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 childhood and adolescence is limited (Tau and Peterson, 2010). 

Even fewer studies have employed unbiased stereological 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., 2014). Most relevant, in another language-

associated region, Brodmann's areas 44 and 45, typically developing control cases evidenced 

a significant negative relationship between age and pyramidal neuron volumes in layers III 

and VI (Jacot-Descombes et al., 2012). Additionally, several subcortical structures, 

including the thalamus, all components of the striatum, claustrum, and dentate gyrus, have 

been reported to exhibit decreased neuron volumes in older cases compared to children in 

the sample (Wegiel et al., 2014). It should be noted that each of these studies also used the 

Autism Celloidin Library (ACL), one of the few collections which has a comparatively 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 common 

developmental sample used is not representative of the true population distribution. While 

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 y.o., 444-02, M 23 y.o., and M10-03, M 48 y.o.). 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 
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association cortex, around six years of age, which was substantially greater than in late 

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

Given analyses using different samples converge on a common finding, it is tempting to 

regard the observed trend towards somal decrease from early childhood to adulthood as a 

novel and potentially critical contribution to this poorly understood period of cellular 

development. We speculate that larger volumes in middle and late childhood reflect the 

somal response to a heightened period of synaptic proliferation in early development, while 

subsequent somal decrease correlates 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 compared to infancy (Tau and 

Peterson, 2010). Yet, 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 

modifications to dendritic and synaptic morphology (Huttenlocher and Dabholkar, 1997; 

Petanjek et al., 2011) occur in tandem with increased rates of aerobic glycolysis (Goyal et 

al., 2014) theorized to provide anabolic support for this active period of cellular 

development (Bauernfeind et al., 2014). As neuronal and nuclear volume are traditionally 

thought to reflect metabolic activity in the cell (Schmitz et al., 1999), heightened 

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 parallels an exuberant period of dendritic spine proliferation 

(Petanjek et al., 2011). By late childhood and early adolescence, gross cortical 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 

cases under 10 years of age exhibit significantly greater somal volumes than older cases 

likely due to a pattern of gradual developmental decrease from childhood to adulthood 

(Figure 7), which may also reflect events at the synaptic level as dendritic spines are pruned 

in later development (Gogtay et al., 2004). Increased sample sizes are needed to further 

substantiate the interesting finding that neuronal volume in childhood is particularly 

increased relative to adult volume and to optimally characterize the developmental 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, like speaker recognition 

(Kriegstein and Giraud, 2004), while synchronous activation of this region between listeners 

and speakers is associated with variables related to communicative success (Dikker et al., 

2014). Theory of mind tasks generally evoke activation in this region across subjects (Hein 

and Knight, 2008), and inter-individual differences in performance on theory of mind tasks 

may be explained by activation levels in the STG more than other neural territories (Otsuka 
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et al., 2009). Structurally, cortical density in the STG has been shown to correlate with 

social network sizes (Kanai and Bahrami, 2012). In comparative neuroimaging experiments, 

the temporal lobe and STG evidence significant expansion in humans relative to other 

primates (Rilling and Seligman, 2002; Hill et al., 2010), while homologous cytoarchitectonic 

regions have been reported in non-human primates (Hackett et al., 2001; Fullerton and 

Pandya, 2007; Spocter et al., 2010). As such, stereological studies using similar parameters 

as ours to investigate the neural underpinnings of human volumetric deviations 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 volumetric 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 non-coding 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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Using stereological methods, the authors estimated that the isocortex of the human 

superior temporal gyrus contains approximately 91 million pyramidal neurons with an 

average somal volume of approximately 1500 μm3. While neuron numbers were not 

correlated with age, pyramidal somal volume exhibited a significant linear decrease from 

childhood to adulthood.

Barger et al. Page 19

J Comp Neurol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
A map of the approximate location of BA22/TA (middle) compared with classical maps of 

the region. Open arrowheads (Δ) indicate the position of the lateral sulcus. Closed 

arrowheads indicate the position of the superior temporal sulcus (STS) (▲).
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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 represents 10 μms.
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Figure 3. 
Cytoarchitecture of BA22/TA and surrounding regions in rostral-most (A) and caudal-most 

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.
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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.
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Figure 5. 
Coronal sections demarcating the boundaries of BA22/TA through its rostrocaudal extent in 

case M10-03 (A-F). The approximate location of each section in the hemisphere is indicted 

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 scale bar represents 10 mm and applies to only to the coronal 

images. The distance between sections A and B is approximately 2.9 cm.
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Figure 6. 
Neuron number shows no association with age. The dashed line indicates the mean of the 

total sample.
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Figure 7. 
Regression plot indicating a negative relationship between age and volume of pyramidal 

soma and nuclei. Somal volume: y = 1755.04 -14.85×, R2 = 0.48, p = 0.02; Nuclear volume: 

y = 425.04 - 4.71×, R2 = 0.37, p = 0.05.
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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, while 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 percent of 

cases that exhibited a posterior boundary extending to the respective height in the 

hemisphere.

Barger et al. Page 27

J Comp Neurol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Barger et al. Page 28

T
ab

le
 1

C
om

pa
ri

so
n 

of
 p

ri
or

 c
yt

oa
rc

hi
te

ct
on

ic
 d

es
cr

ip
ti

on
s 

of
 t

he
 is

oc
or

ti
ca

l r
eg

io
n 

of
 t

he
 s

up
er

io
r 

te
m

po
ra

l g
yr

us

Su
pe

ri
or

 T
em

po
ra

l G
yr

us

A
ut

ho
rs

L
ay

er
 I

I
L

ay
er

 I
II

L
ay

er
 I

V
L

ay
er

 V
L

ay
er

 V
I

B
A

22
/T

A
Pr

es
en

t A
na

ly
si

s
R

el
at

iv
el

y 
th

in
. F

ra
ye

d 
bo

rd
er

 w
ith

 la
ye

r 
I.

T
hi

ck
. D

ar
k 

m
ed

iu
m

 to
 

la
rg

e 
si

ze
d 

py
ra

m
id

al
s 

of
 

II
Ic

 o
ve

rl
ay

 o
ne

 a
no

th
er

 
in

 c
ol

um
ns

 c
re

at
in

g 
a 

ja
gg

ed
 a

pp
ea

ra
nc

e 
ab

ov
e 

la
ye

r 
IV

.

T
hi

n.
 R

el
at

iv
el

y 
ce

ll 
sp

ar
se

 w
ith

 le
ss

 d
is

tin
ct

 
bo

rd
er

s.
 C

ol
um

na
r.

C
oa

rs
e 

co
lu

m
na

r 
ap

pe
ar

an
ce

. M
ai

nl
y 

m
ed

iu
m

 p
yr

am
id

al
s.

V
Ia

 c
el

l d
en

se
 w

ith
 

da
rk

 s
ta

in
in

g 
ce

lls
. 

D
em

ar
ca

tio
n 

w
ith

 
W

M
 n

ot
 d

is
tin

ct
.

T
A

 (
T

A
1/

T
A

2)
vo

n 
E

co
no

m
o,

 1
92

9
R

el
at

iv
el

y 
th

in
. F

ra
ye

d 
bo

rd
er

 w
ith

 la
ye

r 
I.

R
at

he
r 

th
ic

k.
 C

on
ta

in
s 

un
if

or
m

ly
 m

ed
iu

m
-s

iz
ed

 
py

ra
m

id
al

 c
el

ls
 s

o 
II

Ic
 is

 
ha

rd
ly

 v
is

ib
le

.

R
el

at
iv

el
y 

th
in

 &
 s

pa
rs

e 
in

 c
el

ls
. C

ol
um

na
r.

M
ed

iu
m

 s
iz

ed
 p

yr
am

id
al

 c
el

ls
. 

In
cr

ea
se

d 
la

ye
r 

th
ic

kn
es

s 
ro

st
ra

lly
 

(T
A

2)
. C

el
ls

 s
m

al
le

r 
ca

ud
al

ly
 (

T
A

1)
.

In
di

st
in

ct
 W

M
 

bo
rd

er
. V

Ia
 c

el
l 

de
ns

e.
 T

A
1 

m
os

tly
 

tr
ia

ng
ul

ar
 c

el
ls

. T
A

2 
m

os
tly

 s
pi

nd
le

 
sh

ap
ed

 c
el

ls
. T

A
2 

ha
s 

a 
le

ss
 d

is
tin

ct
 

ra
di

al
 o

ri
en

ta
tio

n.

T
yp

e 
II

 
T

em
po

ra
l 

C
or

te
x

C
am

pb
el

l 1
90

5
L

es
s 

ce
ll 

de
ns

e 
th

an
 in

 
H

G
.

Si
gn

if
ic

an
tly

 f
ew

er
 

“g
ia

nt
” 

ce
lls

, w
hi

le
 

ha
vi

ng
 m

an
y 

m
or

e 
“l

ar
ge

 
py

ra
m

id
al

” 
ne

ur
on

s 
th

an
 

in
 H

G
.

Pr
om

in
en

t b
an

d 
w

ith
 

ra
di

al
 o

ri
en

te
d 

ce
lls

.

R
ed

uc
ed

 n
um

be
r 

of
 la

rg
e 

py
ra

m
id

al
s;

 
le

ss
 d

en
se

 th
an

 a
dj

ac
en

t t
em

po
ra

l 
is

oc
or

te
x.

Fu
si

fo
rm

 c
el

ls
 f

ew
er

 
th

an
 in

 H
G

 b
ut

 m
or

e 
co

lu
m

na
r.

T
e3

M
or

os
an

 e
t. 

al
., 

20
05

R
el

at
iv

el
y 

br
oa

d.
II

Ic
 c

el
ls

 p
ro

m
in

en
t i

n 
si

ze
 a

nd
 d

en
si

ty
.

R
el

at
iv

el
y 

br
oa

d,
 

es
pe

ci
al

ly
 c

om
pa

re
d 

to
 

T
e4

/s
ul

ca
l S

T
G

.
D

en
se

r 
in

ne
r 

py
ra

m
id

al
 la

ye
r.

C
el

l d
en

se
 a

nd
 W

M
 

de
m

ar
ca

tio
n 

in
di

st
in

ct
.

R
os

tr
al

 S
ub

di
vi

si
on

s

A
ut

ho
rs

L
ay

er
 I

I
L

ay
er

 I
II

L
ay

er
 I

V
L

ay
er

 V
L

ay
er

 V
I

T
A

r
D

in
g 

et
. a

l.,
 2

00
9

T
hi

ck
er

 a
nd

 m
or

e 
de

ns
el

y 
pa

ck
ed

 th
an

 a
dj

ac
en

t T
G

.

II
Ia

 h
ig

he
r 

ce
ll 

de
ns

ity
 

w
ith

 s
m

al
le

r 
py

ra
m

id
al

 
ne

ur
on

s.
 I

II
b 

lo
w

er
 c

el
l 

de
ns

ity
 w

ith
 m

ed
iu

m
 

si
ze

d 
py

ra
m

id
al

s.

T
hi

ck
 a

nd
 p

ro
m

in
en

t 
(r

el
at

iv
e 

to
 d

ys
gr

an
ul

ar
 

T
G

).

C
on

ta
in

s 
sm

al
l t

o 
m

ed
iu

m
-s

iz
ed

 
py

ra
m

id
al

 n
eu

ro
ns

.
Sl

ig
ht

ly
 h

ig
he

r 
ce

ll 
de

ns
ity

 th
an

 la
ye

r 
V

.

T
A

p
D

in
g 

et
. a

l.,
 2

00
9

T
hi

ck
er

 a
nd

 m
or

e 
de

ns
el

y 
pa

ck
ed

 w
ith

 s
m

al
l r

ou
nd

 
ne

ur
on

s 
th

an
 o

th
er

 
po

rt
io

ns
 o

f 
T

A
.

L
oo

se
ly

 p
ac

ke
d.

 
Su

bd
iv

id
ed

 in
to

 I
II

a 
(s

up
er

fi
ci

al
) 

an
d 

II
Ib

 
(d

ee
pe

r)
 m

ai
nl

y 
co

ns
is

tin
g 

of
 m

ed
iu

m
 to

 
la

rg
e 

si
ze

d 
py

ra
m

id
al

s.

T
hi

ck
 a

nd
 c

le
ar

.
Sm

al
l t

o 
m

ed
 s

iz
ed

 p
yr

am
id

al
s 

ar
ra

ng
ed

 
in

 s
m

al
l v

er
tic

al
 c

ol
um

ns
.

D
en

se
ly

 p
ac

ke
d,

 
m

ai
nl

y 
co

nt
ai

ni
ng

 
m

ed
iu

m
 s

iz
ed

 
ne

ur
on

s.
 N

ot
 a

s 
co

lu
m

na
r.

A
re

a 
22

B
la

zi
ot

 e
t. 

al
., 

20
10

D
is

tin
ct

 la
ye

r 
m

ad
e 

up
 o

f 
sm

al
l, 

st
el

la
te

 n
eu

ro
ns

.
C

ol
um

na
r 

or
ga

ni
za

tio
n 

of
 

py
ra

m
id

al
s.

D
is

tin
ct

 th
ic

ke
r 

la
ye

r 
w

ith
 c

ol
um

na
r 

or
ga

ni
za

tio
n.

W
el

l s
ep

ar
at

ed
 f

ro
m

 la
ye

r 
V

I.
 

C
ol

um
na

r.
N

ot
 d

es
cr

ib
ed

.

J Comp Neurol. Author manuscript; available in PMC 2016 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Barger et al. Page 29

Su
pe

ri
or

 T
em

po
ra

l G
yr

us

A
ut

ho
rs

L
ay

er
 I

I
L

ay
er

 I
II

L
ay

er
 I

V
L

ay
er

 V
L

ay
er

 V
I

T
s1

e
Fu

lle
rt

on
 &

 P
an

dy
a,

 
20

07

Ir
re

gu
la

r 
ou

te
r 

bo
rd

er
; 

in
ne

r 
bo

rd
er

 b
le

nd
s 

w
ith

 
II

I.

H
om

og
en

eo
us

 w
ith

 
m

ai
nl

y 
sm

al
l a

nd
 s

om
e 

m
ed

iu
m

 p
yr

am
id

al
 c

el
ls

.

T
hi

n 
w

ith
 a

 f
ew

 s
m

al
l 

ne
ur

on
s.

M
ai

nl
y 

sm
al

l p
yr

am
id

al
 n

eu
ro

ns
, l

ay
er

s 
no

t s
ep

ar
ab

le
.

T
s2

i
Fu

lle
rt

on
 &

 P
an

dy
a,

 
20

07

O
ut

er
 b

or
de

r 
re

gu
la

r,
 

in
ne

r 
bo

rd
er

 m
er

ge
s 

w
ith

 
II

I.

U
pp

er
 la

ye
r 

co
nt

ai
ns

 
sm

al
l p

yr
am

id
al

 c
el

ls
. 

L
ow

er
 c

on
ta

in
s 

a 
fe

w
 

m
ed

iu
m

 p
yr

am
id

al
 

ne
ur

on
s.

M
od

er
at

e 
in

 s
iz

e.
Sm

al
l a

nd
 m

ed
iu

m
 p

yr
am

id
al

 c
el

ls
, l

ay
er

s 
no

t s
ep

ar
ab

le
.

T
s2

e
Fu

lle
rt

on
 &

 P
an

dy
a,

 
20

07
D

is
tin

ct
 o

ut
er

 b
or

de
r.

U
pp

er
 c

on
ta

in
s 

sm
al

l 
py

ra
m

id
al

 n
eu

ro
ns

. 
L

ow
er

 in
cl

ud
es

 d
ar

kl
y-

st
ai

ne
d 

m
ed

iu
m

 
py

ra
m

id
al

.

M
or

e 
sm

al
l c

el
ls

 th
an

 
T

s1
e.

Sm
al

l-
m

ed
iu

m
 n

eu
ro

ns
; l

ay
er

s 
no

t s
ep

ar
ab

le
.

C
au

da
l S

ub
di

vi
si

on
s

A
ut

ho
rs

L
ay

er
 I

I
L

ay
er

 I
II

L
ay

er
 I

V
L

ay
er

 V
L

ay
er

 V
I

P
aA

e 
(E

xt
er

na
l 

pa
ra

ko
ni

o 
co

rt
ex

)

G
al

ab
ur

da
 &

 S
an

id
es

 
19

80
N

ot
 d

es
cr

ib
ed

.

M
ed

iu
m

 s
iz

ed
 

py
ra

m
id

al
s 

di
sp

os
ed

 in
 

co
lu

m
ns

 3
-8

 c
el

ls
 d

ee
p 

in
 

th
e 

de
ep

er
 h

al
f 

of
 la

ye
r 

II
I.

R
el

at
iv

el
y 

na
rr

ow
 a

nd
 

le
ss

 d
en

se
 in

 c
el

ls
.

C
on

ta
in

s 
a 

la
rg

e 
am

ou
nt

 o
f 

py
ra

m
id

al
 

ne
ur

on
s.

N
ot

 d
es

cr
ib

ed
.

T
pt

G
al

ab
ur

da
 &

 S
an

id
es

 
19

80
N

ot
 d

es
cr

ib
ed

.
II

Ic
 p

yr
am

id
al

s 
of

fe
r 

an
 

ir
re

gu
la

r 
bo

rd
er

 to
 I

V
 in

 
an

 u
nd

ul
at

in
g 

fa
sh

io
n.

W
ea

ke
r 

th
an

 
pa

ra
ko

ni
oc

or
te

x 
&

 f
us

es
 

w
ith

 V
.

M
or

e 
ce

ll 
de

ns
e 

th
an

 p
ar

ak
oi

ni
oc

or
te

x.
C

el
l d

en
se

 w
ith

 
br

an
ch

in
g 

co
lu

m
ns

 
of

 c
el

ls
 f

re
qu

en
t.

T
pt

Sw
ee

t, 
et

 a
l. 

20
05

N
ot

 d
es

cr
ib

ed
.

N
ot

 d
es

cr
ib

ed
.

Fu
se

s 
w

ith
 I

II
 a

nd
 V

 to
 

cr
ea

te
 a

 b
ro

ad
 b

an
d.

N
ot

 d
es

cr
ib

ed
.

N
ot

 d
es

cr
ib

ed
.

T
s3

Fu
lle

rt
on

 &
 P

an
dy

a,
 

20
07

D
en

se
r 

th
an

 T
s2

, i
nn

er
 

bo
rd

er
 d

is
tin

ct
.

Sm
al

l a
nd

 m
ed

iu
m

 
py

ra
m

id
al

 c
el

ls
 w

ith
 a

 
fe

w
 d

ar
kl

y-
st

ai
ne

d 
la

rg
e 

py
ra

m
id

al
 n

eu
ro

ns
.

D
is

tin
ct

 a
nd

 b
ro

ad
er

 
th

an
 T

s2
.

M
ed

iu
m

 s
iz

e 
ne

ur
on

s,
 la

ye
rs

 n
ot

 s
ep

ar
ab

le
.

P
aA

i
Fu

lle
rt

on
 &

 P
an

dy
a,

 
20

07
D

en
se

 w
ith

 d
is

tin
ct

 
bo

rd
er

s.

U
pp

er
 c

on
ta

in
s 

sm
al

l-
m

ed
iu

m
 n

eu
ro

ns
. L

ow
er

 
co

nt
ai

ns
 d

ee
pl

y-
st

ai
ne

d 
la

rg
e 

py
ra

m
id

al
 n

eu
ro

ns
.

W
el

l d
ev

el
op

ed
 a

nd
 

w
id

e.
Sm

al
l-

m
ed

iu
m

 p
yr

am
id

al
 n

eu
ro

ns
.

Sm
al

l-
m

ed
iu

m
 

py
ra

m
id

al
 n

eu
ro

ns
. 

D
en

se
r 

th
an

 V
.

P
aA

e
Fu

lle
rt

on
 &

 P
an

dy
a,

 
20

07
B

ro
ad

 la
ye

r.

U
pp

er
 c

on
ta

in
s 

sm
al

l-
m

ed
iu

m
 p

yr
am

id
al

 
ne

ur
on

s.
 L

ow
er

 h
as

 
da

rk
ly

-s
ta

in
ed

 la
rg

e 
py

ra
m

id
al

.

B
ro

ad
er

 th
an

 P
aA

i.
Sm

al
l-

m
ed

iu
m

 p
yr

am
id

al
 n

eu
ro

ns
.

Sm
al

l-
m

ed
iu

m
 

py
ra

m
id

al
 n

eu
ro

ns
. 

Sl
ig

ht
ly

 d
en

se
r 

th
an

 
V

.

T
pt

Fu
lle

rt
on

 &
 P

an
dy

a,
 

20
07

B
ro

ad
, l

es
s 

de
ns

e 
th

an
 

Pa
A

e 
&

 P
aA

i

U
pp

er
 c

on
ta

in
s 

sm
al

l 
py

ra
m

id
al

 c
el

ls
. L

ow
er

 
ha

s 
m

os
tly

 m
ed

iu
m

, 
so

m
e 

la
rg

e,
 p

yr
am

id
al

 
ne

ur
on

s.

B
ro

ad
 w

ith
 ir

re
gu

la
r 

ou
te

r 
an

d 
in

ne
r 

m
ar

gi
ns

.
Sm

al
l-

m
ed

iu
m

 p
yr

am
id

al
 n

eu
ro

ns
.

Sm
al

l-
m

ed
iu

m
 

py
ra

m
id

al
 n

eu
ro

ns
. 

L
ay

er
 V

I 
di

st
in

ct
.

J Comp Neurol. Author manuscript; available in PMC 2016 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Barger et al. Page 30
A

bb
r.

: S
T

G
 =

 s
up

er
io

r 
te

m
po

ra
l g

yr
us

; H
G

 =
 H

es
ch

l's
 g

yr
us

; W
M

 =
 w

hi
te

 m
at

te
r.

J Comp Neurol. Author manuscript; available in PMC 2016 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Barger et al. Page 31

T
ab

le
 2

D
em

og
ra

ph
ic

 c
ha

ra
ct

er
is

ti
cs

 o
f 

su
bj

ec
ts

 in
 t

he
 a

na
ly

si
s

C
as

e
A

ge
Se

x
H

em
i

C
ut

 T
hi

ck
ne

ss
 (

μm
s)

P
M

I 
(h

)
B

ra
in

 W
ei

gh
t 

(g
)

C
au

se
 o

f 
D

ea
th

15
-7

63
-9

5
4

M
L

60
0

3
1,

38
0

H
ea

rt
 A

tta
ck

42
6-

02
4

F
R

20
0

21
1,

22
2

L
ym

ph
oc

yt
ic

 M
yo

ca
rd

iti
s

M
17

-0
6

4
F

R
20

0
17

1,
53

0
A

cu
te

 B
ro

nc
ho

pn
eu

m
on

ia

15
-1

38
-9

7
7

F
L

50
0

74
1,

35
0

A
st

hm
a

M
3-

04
8

F
R

20
0

20
1,

22
2

A
ut

o 
A

cc
id

en
t

M
9-

03
14

M
R

20
0

20
1,

46
4

E
le

ct
ro

cu
tio

n

M
16

-0
6

15
F

L
20

0
9

1,
34

0
A

ut
o 

A
cc

id
en

t

44
4-

02
23

M
R

20
0

6
1,

52
0

R
up

tu
re

d 
Sp

le
en

9-
19

19
-8

8
25

M
R

50
0

14
1,

38
8

C
ar

di
ac

 T
am

po
na

de

M
12

-0
4

28
M

R
20

0
13

1,
51

4
M

ul
tip

le
 I

nj
ur

ie
s

M
10

-0
3

48
M

L
20

0
24

1,
41

2
A

rt
er

io
sc

le
ro

si
s

A
bb

r.
: P

M
I 

=
 p

os
t m

or
te

m
 in

te
rv

al
; H

em
i =

 h
em

is
ph

er
e.

J Comp Neurol. Author manuscript; available in PMC 2016 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Barger et al. Page 32

Table 3
Stereological parameters for estimates of pyramidal neuron counts and volumes

Sampling Grid Area (μm2) 4,410,000

Counting Frame Area (μm2) 2,025

Disector Height (μm) 30

Guard Zone Height (μm) 10

Sections Sampled (Avg. #) 12

Mean Measured Thickness (μm)

200 μm cut thickness 179

500 μm cut thickness 418

600 μm cut thickness 550

Optical Fractionator Sample (Avg. #) 324

Optical Fractionator CE (Gundersen, M = 1) < 0.07

Nucleator Sample (Avg. #) 81

Nucleator CE <0.02

Mean measured thickness is presented for tissue that was originally sectioned at 200, 500, and 600 μms.
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Table 4
Summary of cytoarchitectonic features that are most useful for distinguishing BA22/TA 
from each individual adjacent cortical territory

Features Distinguishing BA22/TA from Adjacent Areas

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 Thinner. Granule cells 

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 
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 

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 
gradual and indistinct.

Often thinner in TA.
VIa is a distinct, darkly 

staining band in TA.
Tends to be wider in TA. --
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