


2166 M. A. Spocter et al. Wernicke’s area homologue in chimpanzees

 on June 10, 2010rspb.royalsocietypublishing.orgDownloaded from 
observed in non-human primates, including chimpanzees,

for homologues of areas implicated in human language

and speech production (e.g. Gannon et al. 1998;

Cantalupo & Hopkins 2001; Hopkins 2007).

Wernicke’s area is located in the temporoparietal junc-

tion, encompassing the planum temporale of the posterior

superior temporal lobe. Although a network of areas

within the temporal cortex are important for the percep-

tion of speech and the comprehension of language,

phonological processing, in particular, has been shown

to recruit the cortex of the planum temporale and the

inferior parietal lobe (e.g. Geschwind 1970; Wise et al.

1991; Karbe et al. 1998; Moffat et al. 1998; Nakada

et al. 2001; Foundas et al. 2004; Campbell et al. 2008).

In humans, the planum temporale is predominantly

larger in the left hemisphere, especially among right-

handed individuals (Galaburda et al. 1978; Hepper et al.

1991; Naidich et al. 2001), a pattern that mirrors the

functional dominance of the left hemisphere for language.

Notably, this leftward bias has also been observed for the

cytoarchitectural area Tpt (corresponding to the posterior

part of Brodmann’s area 22 or von Economo and Koski-

nas’ area TA1), which comprises a substantial portion of

the cortex underlying the planum temporale (Sweet

et al. 2005) and, hence, has been suggested to be the

major contributor towards leftward asymmetry of the

planum temporale in humans (Galaburda et al. 1978).

Among non-human primates, area Tpt has been ident-

ified in chimpanzees (Bailey et al. 1950), macaque

monkeys (von Bonin & Bailey 1947; Gannon et al.

2008) and galagos (Preuss & Goldman-Rakic 1991)

suggesting a first appearance of this homologue at least

50–60 Ma in the primate lineage. The cytoarchitecture

of area Tpt is characterized as a transitional type of

cortex lying between the specialized parakoniocortical

auditory region and the homotypical cortex of the inferior

parietal lobule (Galaburda & Sanides 1980). Based on

extensive work in macaques, area Tpt is known to have

connections with multisensory and higher order areas of

the somatosensory, auditory and visual cortex (Smiley

et al. 2007; Ghazanfar in press). The thalamocortical

afferents to area Tpt, arising from the medial geniculate

complex, however, suggest that it is primarily associated

with auditory processing (Hackett et al. 2007) and may

play a role discriminating the spatial location of sounds

(Leinonen et al. 1980). Accordingly, area Tpt of the left

and right hemispheres has been demonstrated to be

involved in the processing of species-specific vocalizations

in Old World monkeys (Poremba et al. 2003, 2004;

Gil-da-Costa et al. 2006) and chimpanzees (Taglialatela

et al. 2009).

The present study examined whether population-level

asymmetries were evident in area Tpt of chimpanzees

using design-based stereologic data on regional volume,

total neuron number and neuron density. We analysed

these data in relation to gross morphological asymmetries

of the planum temporale, handedness and asymmetries of

Broca’s area homologue obtained from previous studies of

these same chimpanzee brain specimens. We also gener-

ated probabilistic maps of the location of area Tpt in a

standard chimpanzee brain coordinate space. Here, we

show that area Tpt is left hemisphere dominant in terms

of neuron numbers and volume at the population level

in chimpanzees, further supporting the conclusion that
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hemispheric specialization of Wernicke’s area evolved

long before the emergence of modern human language.

Furthermore, our data provide evidence for intra-

individual covariance between asymmetry of anterior and

posterior cortical regions implicated in human language.
2. MATERIAL AND METHODS
(a) Subjects

The study sample consisted of 12 chimpanzee subjects,

including six females (mean age at death ¼ 37.8 years,

s.d. ¼ 12.9, range ¼ 13–48) and six males (mean age at

death ¼ 29.3 years, s.d. ¼ 10.8, range ¼ 17–41). These indi-

viduals formed part of an earlier study conducted by

Schenker et al. (2010), which investigated Broca’s area hom-

ologue in chimpanzees. For further details, see the electronic

supplementary material.

(b) Behavioural measurements

All handedness data for these subjects have been previously

reported (Hopkins 1995; Hopkins & Cantalupo 2004;

Taglialatela et al. 2006). In accordance with these descrip-

tions, two different tasks were used to evaluate handedness.

The ‘tube task’ required the coordinated bimanual actions

of the subject to remove peanut butter from the inside of a

polyvinylchloride tube. Hand use was recorded for each

event in which the subjects successfully reached into the

tube with their finger, and extracted peanut butter and

brought it to their mouth. Hand preference on the tube

task remained stable across the lifespan of an individual

(Hopkins 2007) adding credence to its inclusion for assessing

handedness. Handedness data on the tube task were available

for all subjects. The second task involved an assessment of

the subject’s hand preference during manual gesturing.

Data on manual gesturing were available from 10 of the 12

subjects (see the electronic supplementary material).

(c) Magnetic resonance imaging (MRI ) collection

Within 14 h of each subject’s death, the brain was removed

and immersed in 10 per cent formalin at necropsy. MRI

scans of the post-mortem brain specimens were acquired

on a commercial 1.5 T GE high-gradient MRI scanner

equipped with 8.3 software (GE Medical Systems, Milwau-

kee, WI). Coronal T1-weighted MR images were acquired

through the entire brain with TR ¼ 666.7 ms and TE ¼

14.5 ms with an echo-train of 2. Slices were obtained as

1.5 mm thick contiguous sections with a matrix size of

256 � 256 and an field of view of 16 � 16 cm, resulting in

a final voxel size of 0.625 � 0.625 � 1.5 mm.

(d) Tissue preparation and staining

A block containing the temporal and parietal lobes was

removed from each brain with a coronal cut at the level of

the precentral gyrus rostrally and a further cut at the level

of the angular gyrus caudally. Tissue blocks were cryo-

protected by immersion in buffered sucrose solutions up to 30

per cent, embedded in tissue medium, frozen in a slur of dry

ice and isopentane and sectioned at 40 mm with a sliding

microtome in the coronal plane. Every 10th section (400 mm

apart) was stained for Nissl substance with a solution of 0.5

per cent cresyl violet to visualize cytoarchitecture. Every 20th

section was stained for myelin using the Gallyas (1971) method.

(e) Area identification

The boundaries of area Tpt were manually drawn for both

hemispheres in serial sections using StereoInvestigator
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Figure 1. Cytoarchitectural organization of the superior temporal gyrus indicating the position and cytoarchitecture of area Tpt
and the adjacent parabelt (PaB). (a,b) Adjacent coronal sections through the superior temporal gyrus of the chimpanzee.

(c) High magnification views of the cytoarchitectural profiles of area Tpt and adjacent parabelt region within the superior
temporal gyrus of the chimpanzee. Scale bar, (a,b) 1 mm; (c) 500 mm.

Wernicke’s area homologue in chimpanzees M. A. Spocter et al. 2167

 on June 10, 2010rspb.royalsocietypublishing.orgDownloaded from 
software (MBF Bioscience, Williston, VT) using a 2.5�
objective (N.A. 0.075) on a Zeiss Axioplan 2 microscope.

Regions of interest were identified using criteria from pre-

vious descriptions in humans (Galaburda & Pandya 1983;

Sweet et al. 2005; Fullerton & Pandya 2007). In brief, area

Tpt is characterized by a well-developed layer II and deeply

stained medium sized pyramidal neurons in the lower tier

of layer III (Fullerton & Pandya 2007). Layer IV is broad

and has irregular outer and inner margins as a result of

infiltrating pyramidal neurons from layers III and V

(Galaburda & Pandya 1983; Sweet et al. 2005; Fullerton &

Pandya 2007). For further details, see the electronic

supplementary material.

(f) Probabilistic mapping

The exact boundaries of each cortical area, as observed

under the microscope, were drawn on printouts of images

produced from digital flatbed scans of the histological

slides (figure 1). These boundaries were then used to manu-

ally delineate the borders of area Tpt on MRI scans of the

brains, which had been collected prior to sectioning. Each

MRI series was re-oriented to match the plane of sectioning
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using prominent landmarks on each of the histological sec-

tions to the morphology of the MRI slices in order to

facilitate the transfer of boundaries. Object maps were cre-

ated using ANALYZE 7.0 software (AnalyzeDirect, Overland

Park, KS) for each cortical area by manually drawing its

extent on every MRI slice in which it occurred. After

object maps of each cortical area were created for the MRI

scans, the three-dimensional image of each brain was co-

registered to a template chimpanzee brain (Rilling et al.

2007). Each individual MRI scan was re-aligned, spatially nor-

malized into a standard coordinate space and then coregistered

to the template using non-rigid registration (ANALYZE 7.0).

The locations of the cortical areas were subsequently inte-

grated across all subjects on a voxel-by-voxel basis to

produce a probability map indicating the regions of overlap

across all subjects as projected onto the template brain.

(g) Cortical area volumes, neuron counts and

shrinkage correction

Volumetric data for area Tpt were collected from Nissl-

stained histological sections using point counting and the

Cavalieri method (Gundersen et al. 1999). Total neuron
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numbers were estimated from Nissl-stained sections using

the optical fractionator method (West et al. 1991). Histologi-

cal processing invariably results in tissue shrinkage and other

volumetric artefacts. To account for shrinkage, we calculated

volumetric correction factors for each individual tissue block.

Shrinkage correction, and parameters used for measuring

cortical areas and obtaining neuron counts are described in

the electronic supplementary material.

(h) Validation and interobserver variability

To validate our method of cortical area identification,

measurement and alignment to MRIs, five specimens were

randomly selected for comparison and the cytoarchitectural

borders of each cortical area were independently delineated

by a second observer (C.C.S.) blind to the results of the

first (M.A.S.). High levels of congruency were observed

between the borders and volumes delineated by each obser-

ver, suggesting that the subjective judgement of area

boundaries between observers covaries in a systematic

fashion and are reliable (see the electronic supplementary

material).

(i) Planum temporale measurements from MRI

Measurements of planum temporale surface area asymmetry

for the 12 chimpanzee subjects had previously been reported

(Hopkins et al. 1998). In accordance with these descriptions,

MRI scans from each individual were aligned in the coronal

plane and the width of the planum temporale was measured

on consecutive slices between Heschl’s gyrus and the termin-

ation of the Sylvian fissure (Cantalupo et al. 2003). Grey

matter volumes of the planum temporale were derived from

segmented grey matter masks imported into Analyze soft-

ware at a resolution of 1 mm and placed in the same

stereotaxic space as the T1 MRI scan. The planum tempor-

ale was defined by drawing a line from the most lateral

portion of the Sylvian fissure to the most medial point.

The grey matter was traced to its most inferior, medial

edge then towards the lateral edge of the brain. Individual

grey matter areas were then summed across slices to create

grey matter volumes for each hemisphere.

(j) Data analysis

To examine lateralization, an asymmetry quotient (AQ) was

calculated using the equation j(right–left)/((right þ left)/2)j.
Positive values indicate a right greater than left asymmetry

and negative values indicate a left greater than right asymme-

try. Furthermore, population-level asymmetry in each

parameter was examined using a one sample t-test to deter-

mine whether the means were significantly different

from zero.

Non-parametric Spearman rank order correlations were

used to evaluate the associations between volume and

neuron number for area Tpt with asymmetry in volume

and neuron number for Brodmann’s areas 44 and 45 from

these same chimpanzee brains reported by Schenker et al.

(2010). Associations with planum temporale asymmetry

and indices of handedness were also examined using Spear-

man rank order correlations. Finally, age was tested for

possible effects on all variables; however, no significant

effects were observed.

Statistical significance was considered at a ¼ 0.05.

Detailed results from these analyses are provided in the

electronic supplementary material, tables S1–S4.
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3. RESULTS
(a) Probabilistic mapping

Area Tpt in chimpanzees was consistently located in the

posterior one-third of the superior temporal gyrus,

extending into the floor of the Sylvian fissure in some

individuals (figures 2 and 3). This result was consistent

with that reported for humans; however, in humans

area Tpt also often extends onto the parietal convexity

(Galaburda et al. 1978). We did not observe area Tpt

within the parietal convexity of chimpanzees, suggesting

that there may be a species difference in the extent and

position of area Tpt relative to humans.

Figure 2 shows a probabilistic map of area Tpt regis-

tered to a template chimpanzee brain. On average, area

Tpt was located ventral to the parietal operculum and

along the lateral margin of the superior temporal gyrus.

Despite interindividual variation in the location of area

Tpt in the template space, it showed a considerable

amount of consistency as indicated by the colour maps

of overlapping voxels that contained area Tpt in the

sample of 12 brains. To estimate the extent of spatial con-

gruency in area Tpt across individuals, we calculated the

volume where at least five of 12 subjects showed overlap.

Notably, area Tpt in the right hemisphere demonstrated

less variability in its location than in the left. These

volumes and centroid coordinates are presented in table

S4 in the electronic supplementary material.

(b) Stereologic data

Interindividual variability in area Tpt was also evident

from stereologic measures of regional volume, total

neuron number and neuron density. Coefficients of vari-

ation ranged from 26.1 to 59 per cent for volume, 34.7

to 79 per cent for total neuron number and 38.8 to

41.4 per cent for neuron density. This variation was sub-

stantially greater than for the whole brain volume

(11.3%), but was within the range of coefficients of vari-

ation from these brains for Broca’s area homologue

(Schenker et al. 2010).

(c) Asymmetry

All stereologic data were examined for evidence of

population-level asymmetry using the one sample t-test

(figure 4). Results indicated a significant leftward asymme-

try at the population level for total neuron number (mean

AQ ¼ 20.40, s.e.m. ¼ 0.14, t11 ¼ 22.91, p ¼ 0.01) and

leftward asymmetry for volume that approached signifi-

cance (mean AQ ¼ 20.26, s.e.m. ¼ 0.14, t11 ¼ 21.89,

p ¼ 0.08). In contrast, there was no significant asymmetry

in neuron density (mean AQ ¼ 20.14, s.e.m. ¼ 0.12,

t11 ¼ 21.17, p ¼ 0.27). The population-level asymmetry

in total neuron number was consistent with that observed

at the individual level, where 10 of the 12 individuals had

more neurons in area Tpt of the left hemisphere.

Similarly, nine of the 12 individuals showed a left hemi-

sphere dominant asymmetry of area Tpt volume. There

were no statistically significant sex differences in asymme-

try of any variables.

(d) Correlations between asymmetries in area Tpt,

planum temporale and Broca’s area

We used Spearman’s Rho correlation analyses to evaluate

if there were significant associations between AQs in
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Figure 2. Probabilistic map of the location of area Tpt on a template of the chimpanzee brain. Colours indicate the number of
individuals where the area is occupied by the region of interest. Warmer colours (more red) indicate greater number
of individuals overlapping, cooler colours indicate fewer numbers of individuals overlapping.
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stereologic measures for area Tpt and Brodmann’s areas

44 and 45. Results indicated a significant positive corre-

lation between neuron number AQ in area Tpt and

neuron number AQ in area 45 (rS ¼ 0.70, p ¼ 0.01).

There were no other correlations between stereologic

variables in area Tpt with area 44 or 45.

We also correlated the AQ values for area Tpt and

planum temporale surface area and grey matter volume.

No significant correlations were observed between asym-

metry in the volume of area Tpt and the grey matter

volume of the planum temporale (rS ¼ 0.23, p ¼ 0.47),

or in the surface area of the planum temporale

(rS ¼ 20.36, p ¼ 0.26).
(e) Correlations with handedness

We tested for correlations between the degree of asymme-

try in stereologic measures of area Tpt and handedness

derived from a bimanual coordinated task and a commu-

nicative gesturing task. Although no significant

correlations were found between asymmetry of the stereo-

logic measures of area Tpt and handedness in these

individuals, the association between area Tpt neuron

number and handedness for gesturing approached con-

ventional levels of statistical significance (rS ¼ 20.59,

p ¼ 0.07). Right-handed chimpanzees tended to have a

greater leftward asymmetry of area Tpt.
4. DISCUSSION
Our findings show that chimpanzees exhibit population-

level asymmetries in neuron number and volume for

area Tpt, an important cytoarchitectonic component of

Wernicke’s area. In addition, asymmetry of area Tpt

neuron numbers was significantly associated with
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asymmetries of neuron numbers in area 45 of the inferior

frontal gyrus.

(a) The topographic location of area Tpt

in the chimpanzee

An early description of the extent of area Tpt in humans

reported its occurrence on the posterolateral aspect of the

planum temporale surface (Galaburda et al. 1978). In

humans, furthermore, area Tpt’s borders are also found

outside of the planum surface, on the lateral part of the

superior temporal gyrus. Similarly, in macaque monkeys

and galagos, area Tpt has been described on the superior

surface of the posterior superior temporal gyrus

(Galaburda & Pandya 1983; Preuss & Goldman-Rakic

1991; Gannon et al. 2008) and in macaques may often

extend onto the inferolateral surface towards the superior

temporal sulcus (Gannon et al. 2008). A further variation

reported only in humans, however, also finds area Tpt

extending onto the parietal convexity (Galaburda et al.

1978).

Our results indicated that in chimpanzees, area Tpt is

consistently isolated to the posterior one-third of the

superior temporal gyrus. Anteriorly, area Tpt progresses

as a column-shaped region that hugs the medial surface

of the superior temporal gyrus and in several individuals

extends into the floor of the Sylvian fissure. In this

respect, area Tpt of the chimpanzee shares several charac-

teristics in common with galagos, macaques and humans

(see figure 3 for a representation of the general pattern

exhibited in humans, macaques and chimpanzees). But

unlike the human brain, area Tpt in the chimpanzee

was never observed in the parietal convexity. This

suggests an expansion of the extent of area Tpt in

modern humans and may represent a species-specific

configuration indicative of greater connections with and




