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Abstract

Inhibitory GABAergic interneurons are important for shap-
ing patterns of activity in neocortical networks. We exam-
ined the distributions of inhibitory interneuron subtypes in
layer 1I/11l of areas V1 and V2 in 18 genera of anthropoid pri-
mates including New World monkeys, Old World monkeys,
and hominoids (apes and humans). Interneuron subtypes
were identified by immunohistochemical staining for
calbindin, calretinin, and parvalbumin and densities were
quantified using the optical disector method. In both V1 and
V2, calbindin-immunoreactive neuron density decreased
disproportionately with decreasing total neuronal density.
Thus, V1 and V2 of hominoids were occupied by a smaller
percentage of calbindin-immunoreactive interneurons com-
pared to monkeys who have greater overall neuronal densi-
ties. At the transition from V1 to V2 across all individuals, we
found a tendency for increased percentages of calbindin-
immunoreactive multipolar cells and calretinin-immunore-
active interneurons. In addition, parvalbumin-immunoreac-

tive cell soma volumes increased from V1 to V2. These
findings suggest that modifications of specific aspects of in-
hibition might be critical to establishing the receptive field
properties that distinguish visual areas. Furthermore, these
results show that phylogenetic variation exists in the micro-
circuitry of visual cortex that could have general implications

for sensory processing. Copyright © 2007 S. Karger AG, Basel

Introduction

The histological organization of the mammalian cere-
bral cortex displays marked phylogenetic variation
[Preuss, 2000; DeFelipe et al., 2002]. Populations of non-
pyramidal inhibitory GABAergic interneurons, in par-
ticular, have been shown to differ in their somatoden-
dritic geometry and distribution patterns among species
[Hof et al., 1999; Hof and Sherwood, 2005]. The calcium-
binding proteins, calbindin D-28k (CB), calretinin (CR),
and parvalbumin (PV), are colocalized with GABA in
morphologically and physiologically distinct non-over-
lapping subpopulations of interneurons [Andressen etal.,
1993; DeFelipe, 1997]. In primates, it has been estimated
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that 90-95% of all cortical GABAergic interneurons con-
tain either CB, CR, or PV [Hendry et al., 1989; Van Bred-
erode et al., 1990; Glezer et al., 1993; Carder et al., 1996].
In the primate cortex, most CR-immunoreactive (ir) in-
terneurons resemble double-bouquet or bipolar cells. Al-
though CB-ir neurons are more varied, they also include
double-bouquet and bipolar neurons, as well as occasion-
allarge basket and chandelier cells [DeFelipe et al., 1999].
In contrast, the morphology of PV-ir interneurons in pri-
mates includes mostly large multipolar types, such as
large basket and chandelier cells.

Given that interneurons are involved in fundamental
aspects of intracortical processing [Tsumoto et al., 1979;
Sato et al., 1995; Wang et al., 2000b], it is interesting that
species differences exist in their proportional representa-
tion. For example, GABAergic cells constitute a greater
percentage of all neurons in the macaque monkey medial
prefrontal cortex (24.9%) than in the rat medial frontal
cortex (16.2%) [Gabbott and Bacon, 1996; Gabbott et al.,
1997a]. The distribution of specific types of calcium-bind-
ing protein-ir interneurons in the neocortex, moreover,
shows distinct differences among major mammalian
groups [Glezer et al., 1993; Hof et al.,, 1999]. Across the
neocortex of cetaceans and artiodactyls, for instance, CB-
and CR-ir interneurons predominate over PV-ir cells,
whereas there is a more equal distribution among calcium-
binding protein-ir subtypes in the neocortex of primates
and rodents [Hof et al., 1999; Hof and Sherwood, 2005].
Scarce data exist, however, concerning more subtle differ-
ences in the distributions of cortical interneuron subtypes
among closely related species. We recently reported that
the proportions of different inhibitory interneurons in
primary motor cortex varies among catarrhine primates
[Sherwood et al., 2004]. We observed a greater percentage
of PV-ir interneurons in great apes and humans relative to
Old World monkeys, although there were no significant
differences among these species in CB-ir and CR-ir neu-
ron percentages. Although these results suggest that PV-ir
interneurons have been selectively increased in the pri-
mary motor cortex of great apes and humans to subserve
functional specialization, it is also possible that these
changes relate to scaling effects that accompany the en-
larged brain size of these species. At present, however,
there are few comparative scaling analyses that address
how different neurochemical systems change with varia-
tion in overall brain size [for an exception see Tower and
Young, 1973]. Examination of the rules underlying che-
moarchitectural allometry might provide an important
insight into the computational design constraints that ap-
pear across scales of size. In addition, this gap in our cur-
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rent understanding impedes progress in disentangling the
predictable effects of scaling from deviations which might
represent phylogenetic adaptations.

Here we examine calcium-binding protein-ir inter-
neuron distributions in areas V1 and V2 across anthro-
poid primates (i.e., New World monkeys, Old World
monkeys, and hominoids — apes and humans). One main
goal of this study was to establish whether different scal-
ing patterns exist for various interneuron subtypes and
whether major phylogenetic groups of anthropoid pri-
mates diverge in these scaling relationships. A second
aim of this study was to address whether V1 and V2 are
distinguished by a common set of changes in the distri-
bution of inhibitory interneurons across the major an-
thropoid groups.

Materials and Methods

Sample Preparation

Visual cortex samples from 27 adult individuals representing
18 anthropoid primate genera (19 species) were used in this study
(table 1). Most specimens were donated by zoological or research
institutions and were collected postmortem. These samples were
fixed by immersion in 10% neutral buffered formalin after a post-
mortem delay of no more than 14 h. The remaining specimens
were obtained from animals that were perfused transcardially
with 4% paraformaldehyde in the context of unrelated experi-
ments. Human brain specimens from two neurologically normal
individuals were obtained from the Kathleen Price Bryan Brain
Bank at Duke University Hospital. In all cases, brains were trans-
ferred to 0.1 M phosphate-buffered saline (PBS) containing 0.1%
sodium azide and stored at 4°C after acquisition to mitigate ex-
cessive antigen blockage and tissue shrinkage.

Brain weights of nonhuman specimens were measured either
immediately after perfusion or directly upon receipt from the do-
nating institution. Human brain weights were measured at au-
topsy and were provided by the brain bank. Some artifact in our
total brain weight data due to interindividual differences in fixa-
tion length was unavoidable. Nevertheless, shrinkage artifact is
likely to be minimal because our brain weight measurements fall
close to the normal range of values reported in the literature for
fresh brains from these taxa [Stephan et al., 1981; Zilles and Reh-
kamper, 1988; Rilling and Insel, 1999].

Only the left hemisphere was used. Occipital lobe blocks were
cryoprotected by immersion with increasing concentrations of
sucrose solution up to 30%. Blocks were then frozen on dry ice
and sections were cut at 30-50 pm using a sliding microtome and
stored in separate numbered Eppendorf tubes in anatomical or-
der. From each specimen, a 1:10 series of sections was stained for
Nissl substance with a solution of 0.5% cresyl violet.

Immunohistochemical Staining

Immunohistochemistry was performed for each antigen on
adjacent 1:20 series of sections. Free-floating sections were stained
with monoclonal antibodies against PV (dilution 1:10,000) and
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Table 1. The comparative sample used in this study

Species Sex Age Fixation
Homo sapiens F 73 I
Homo sapiens M 72 I
Pan troglodytes F 19 I
Pan troglodytes M 41 I
Gorilla gorilla F 50 I
Gorilla gorilla M 13 I
Pongo pygmaeus M 33 I
Pongo pygmaeus M 11 I
Hylobates muelleri M 19 I
Papio anubis M 11 P
Papio anubis M 11 P
Mandrillus sphinx F 33 I
Macaca maura F 7 P
Macaca maura M 10 P
Erythrocebus patas F 12 P
Erythrocebus patas M 12 P
Cercopithecus kandti M adult I
Colobus angolensis M 18 I
Alouatta caraya M 21 I
Ateles geoffroyi F 26 P
Saimiri boliviensis F 12 p
Saimiri sciureus F 12 P
Aotus trivirgatus M >18 p
Saguinus oedipus F 6 I
Leontopithecus rosalia F 11 I
Leontopithecus rosalia M 6 I
Pithecia pithecia F 1 I

I = Immersion; P = perfusion.

CB (dilution 1:8,000), or with a polyclonal antibody against CR
(dilution 1:10,000; Swant, Bellinzona, Switzerland). Prior to im-
munostaining, sections were rinsed thoroughly in PBS, pretreat-
ed for antigen retrieval by incubation in 10 mM sodium citrate
buffer (pH 3.5) at 37°C in an oven for 30 min, then immersed in
a solution of 0.75% hydrogen peroxide in 75% methanol to elimi-
nate endogenous peroxidase activity. Primary antibodies were di-
luted in a solution containing PBS with 2% normal serum and
0.1% Triton X-100 and incubated for approximately 48 h on a ro-
tating table at 4°C. After rinsing in PBS, sections were incubated
in the secondary antibody (either biotinylated anti-mouse IgG or
biotinylated anti-rabbit IgG, dilution 1:200; Vector Laboratories,
Burlingame, Calif., USA) and processed with the avidin-biotin-
peroxidase method using a Vectastain ABC kit (Vector Laborato-
ries). Immunoreactivity was visualized using 3,3’-diaminobenzi-
dine (DAB) as a chromogen and intensified with nickel. For every
specimen, specificity of the immunoreaction was confirmed by
processing control sections as described above excluding the pri-
mary antibody. Immunostaining was completely absent in con-
trol sections. Because we were not able to obtain precise informa-
tion concerning postmortem delay and length of time in fixation
for many of the specimens in this sample, several cases had to be
excluded due to poor immunohistochemical staining quality.
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Only sections with clear staining of neuronal perikarya and den-
drites were included in quantitative analyses. For each immuno-
stained series, alternate sections were counterstained with cresyl
violet to visualize non-immunoreactive neurons, cytoarchitec-
tural boundaries, and cortical layers.

Identification of Cortical Areas and Interneuron Subtypes

Areas V1 and V2 were identified on the basis of their topo-
logical location and distinct appearance in materials stained for
Nissl substance, CB, CR, and PV [Allman and McGuinness, 1988;
Hof and Morrison, 1995; DeFelipe et al., 1999; Rosa and Krubit-
zer, 1999; Rosa et al., 2005]. The region of V1 used in this study
was restricted to the opercular portion of the calcarine cortex to-
wards the occipital pole. Area V2 was identified at the dorsal
boundary between V1 and V2. The portion of V2 defined for ste-
reologic sampling in the current study extended no more than
2 mm away from the termination of the V1/V2 border zone. This
conservative distance for the extent of V2 was used because in
smaller primate brains, such as the callitrichids (marmosets and
tamarins), the cortex of V2 might only reach this far [Rosa et al.,
1997]. In this way, we did not attempt to sample the full width of
V2 in all species, given that the border adjoining V2 with higher-
order visual cortical areas can be difficult to differentiate on the
basis of cytoarchitecture [Hof and Morrison, 1995; Kaas, 2005].

All quantitative analyses were restricted to layers II/III be-
cause CB- and CR-ir interneurons predominate in superficial lay-
ers of the primate visual cortex [Morrison et al., 1998; Hof et al.,
1999]. We used the nomenclature of Brodmann [1909] to desig-
nate cortical layers and sublayers. In V1, the elaboration of a strat-
ified layer IV into multiple sublayers is present in all anthropoid
primates [Allman and McGuinness, 1988], whereas a distinct up-
per layer IVA is absent in most strepsirrhines [Allman and Mc-
Guinness, 1988; Preuss and Kaas, 1996]. Thus, in the present
study, layer IVA could be clearly identified in Nissl-stained sec-
tions from all species and this cytoarchitectural feature was used
to demarcate the lower boundary of layer II/III used in stereo-
logic sampling. In V2, the bottom of layer III was distinguished
from layer IV as the transition from abundant large pyramidal
cell somata to a band of dense small granular cells. It should be
noted that according to an alternative interpretation of V1 lami-
nation proposed by Hissler [1967], Brodmann’s sublayers IVA
and I'VB are included in layer III. Therefore, under Hassler’s ter-
minology our stereological analyses within V1 included layer IlIa,
but not layer IIIb or IIlc.

Total neuron density in layer II/III was used as a reference
variable for analyses of interneuron subtype densities. We quanti-
fied total neuron density from Nissl-stained sections. In these
preparations, neurons were distinguished from glia and endothe-
lial cells by the presence of dark, coarsely stained Nissl substance
in the cytoplasm, a large nucleus, a distinct nucleolus, and lightly
stained proximal segments of dendritic processes. In contrast,
glial cells lack a conspicuous nucleolus and contain less endoplas-
mic reticulum.

Interneuron subtypes were identified and counted separately
in quantitative analyses. We did not count cell bodies with dis-
tinct apical dendrites or pyramidal cytomorphology, such as the
CB-ir pyramidal cells that were observed in these anthropoids,
as has been previously noted [DeFelipe et al., 1999; Kondo et al.,
1999]. Almost all CR-ir interneurons have an ovoid soma shape
and correspond to either bipolar or double-bouquet interneurons
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[DeFelipe et al., 1999]. PV-ir interneurons, on the other hand,
include mostly multipolar chandelier and large basket types [De-
Felipe, 1997; Markram et al., 2004]. Populations of CB-ir inter-
neurons, however, are morphologically more heterogeneous [De-
Felipe, 1997; DeFelipe et al., 1999]; therefore, we further classi-
fied CB-ir cells according to the shape of the soma as either
‘ovoid’ or ‘multipolar’. The ovoid category included small- to me-
dium-sized round interneurons, putatively corresponding to
double-bouquet cells. The multipolar category included medi-
um- to large-sized cells with more than two proximal dendrites
exiting the cell soma, putatively corresponding to chandelier
cells, large basket cells, small basket cells, or other multipolar

types.

Stereological Analyses

Our goal was to examine a broad range of species to determine
scaling rules for interneurons in the visual cortex. For some cases,
however, we were not able to obtain samples that exhaustively
covered the full extent of V1 and V2. Therefore, it was not feasible
to apply strict stereological sampling to estimate total neuron
numbers in each cortical area. Instead, we used the optical disec-
tor method to calculate cell densities and to collect a sample pop-
ulation of neurons for cellular volume measurements. Quantifi-
cation of cellular densities and volumes within layer II/III were
performed using a computerized stereology system consisting of
a Zeiss Axioplan 2 photomicroscope equipped with a Ludl XY
motorized stage, Heidenhain z-axis encoder, an Optronics Mi-
croFire color videocamera, a Dell PC workstation, and Stereoln-
vestigator software (MicroBrightField, Wiliston, Vt., USA). Be-
ginning at a random starting point, three sections equidistantly
spaced between 1,200 and 2,000 pm were selected for analysis for
each neuronal marker in each cortical region. Densities of neu-
rons were evaluated using the optical disector combined with a
fractionator sampling scheme [West et al., 1991; Mouton, 2002].
Optical disector frames (30 X 30 pm for Nissl stain; 65 X 65 pm
for calcium-binding proteins) were placed in a systematic random
fashion to cover the region of interest with approximately 30
frames per section with the exact spacing of disectors depending
on the size of the brain. Disector analysis was performed under
Koehler illumination using a 63X objective (Zeiss Plan-Apochro-
mat, N.A. 1.4). Each cell type was counted when its centroid was
located within the optical disector frame according to standard
stereologic principles [Howard and Reed, 1998; Mouton, 2002].
The thickness of optical disectors was consistently set to 6 um to
allow for a minimum 2 pm guard zone on either side of the sec-
tion after z-axis collapse from histological processing. On aver-
age, the coefficient of error [Schmitz and Hof, 2000] of optical
disector analyses was 0.05 for total Nissl-stained neurons, 0.10 for
CB-ir interneurons, 0.09 for CR-ir interneurons, and 0.11 for PV-
ir interneurons.

Cellular density (N,) was calculated as the sum of neurons
counted with the optical disectors (3Q"), divided by the product
of the sum of the disectors examined and the volume of the disec-
tor [Howard and Reed, 1998]. Tissue shrinkage in the z dimension
was corrected for density measurements by multiplying the height
of the disector by the ratio of the sectioned thickness to the num-
ber-weighted mean section thickness after mounting and dehy-
dration [Peterson et al., 1999]. The mounted section thickness
was optically measured at every 8th disector sampling location.
Because shrinkage in the surface area of mounted sections tends
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to be minimal [Dorph-Petersen et al., 2001], no corrections were
made for the x and y dimensions.

The cellular volumes of CR- and PV-ir interneurons were cal-
culated in 12 individuals representing the phylogenetic diversity
of our sample, including New World monkeys (n = 4), Old World
monkeys (n = 4), and hominoids (n = 4). Cellular volumes were
estimated using the nucleator probe with a vertical design
[Gundersen, 1988]. Neurons were selected for volume measure-
ment in a systematic random fashion by applying optical disector
sampling in two sections, as described above. The centroids of
neurons included in optical disectors were marked and two tran-
sect lines from randomly selected directions were centered at the
marker and superimposed over the neuron. The intersection of
each line with the outer surface of the neuronal soma was marked
and cellular volume was measured based on the nucleator prin-
ciple [Gundersen, 1988]. This sampling scheme resulted in the
measurement of cellular volumes in an average of 55 (range =
32-90) neurons of each immunoreactive type for each cortical
area per individual.

Statistical Analyses

Because of the possible confound of differential tissue shrink-
age across the sample, our statistical tests focused on questions
that circumvent this potential problem. One set of statistical
analyses was performed using the percentage of the total layer
II/III Nissl-stained neuron population represented by each inter-
neuron subtype. In such ratios, the error from shrinkage is equal
in the numerator and denominator and so is mathematically fac-
tored out. Analyses of scaling relationships employed reduced
major axis (RMA) to determine the slope of the best-fit line to
bivariate plots of interneuron subtype densities against total neu-
ron density. In these bivariate plots, both dependent and inde-
pendent variables contain similar error from fixation artifact. As
a result, individual data points might shift along the major axis
of the regression, but slope calculations are not altered. RMA
techniques provide a superior estimate of the line of best fit to the
relationship between two variables (i.e., the main axis along
which two variables are correlated) compared to ordinary linear
regression because in RMA the residual variance is minimized
in both x and y dimensions, rather than the y dimension only
[Sokal and Rohlf, 1995]. Genus means were used for all scaling
analyses. Data were logarithmically (base 10) transformed prior
to RMA line-fitting to fulfill assumptions of normality and ho-
moscedasticity and to facilitate allometric interpretation of
slopes. All RMA routines and tests were calculated using
(SYMATR software version 1.0 (Falster DS, Warton DI, and
Wright IJ; http://www.bio.mq.edu.au/ecology/SMATR). Com-
parisons of RMA slopes and intercepts among groups were per-
formed following the methods described in Warton and Weber
[2002].

Asa further step in our allometric analyses, we also examined
the effect of phylogenetic relatedness on scaling relationships.
The method of independent contrasts (IC) accounts for non-in-
dependence of data due to shared common ancestry by comput-
ing pairwise scores that represent character evolution that has
occurred since the common ancestor of sister lineages [Felsen-
stein, 1985; Garland et al., 1992]. Independent contrasts were cal-
culated using the PDAP:PDTREE module of Mesquite software
version 1.06 [Garland et al., 1999; Garland and Ives, 2000]. Stan-
dardized independent contrasts were calculated from log-trans-
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formed data based on the Goodman et al. [2005] phylogeny of the
primates with Erythrocebus patas placed in the tree based on Tosi
etal. [2004] (fig. 1) and using a Brownian motion model of char-
acter evolution. Branch lengths were transformed according to
Pagel’s method [1992], which assigns all branch lengths to 1 with
the constraint that tips are contemporaneous. We examined the
sensitivity of independent contrasts to the choice of branch length
transformation by also setting all branch lengths to 1. This alter-
native method did not significantly alter the results. After stan-
dardization, ICs were uncorrelated with their standard devia-
tions, indicating that branch lengths meet the required statistical
assumptions [Garland et al., 1992].

We followed scaling analyses with tests to compare the per-
centages of each interneuron subtype among major phylogenetic
groups (i.e., New World monkeys, Old World monkeys, and hom-
inoids). Prior to these analyses, data within each group were test-
ed for normality with the Shapiro-Wilk’s W test and equality of
variance was confirmed with the Brown-Forsythe test. Differenc-
es among phylogenetic groups and between cortical areas were
examined using a 2-way analysis of variance (ANOVA) with re-
peated-measures design. In this model, phylogenetic group was
considered a between-subjects factor and cortical area was con-
sidered a within-subjects factor. Post-hoc tests used Bonferroni
corrections for multiple comparisons.

Statistical analyses were performed using Statistica software
version 6.0 (StatSoft, Inc., Tulsa, Okla., USA). Statistical signifi-
cance level was set at o = 0.05 (two-tailed).

Results

General Staining Patterns

To determine whether there was a significant effect of
fixation method on the immunohistochemical staining
results, we used independent-samples t tests to analyze
differences in the percentage of interneurons immuno-
stained for each calcium-binding protein. We did not
find significant differences between immersion-fixed
and perfusion-fixed specimens, indicating that interin-
dividual variation in the distribution of interneuron sub-
types was not influenced by differences in the fixation
method.

Immunostaining against CB, CR, and PV labeled the
soma, dendrites, and axons of cells, allowing for recog-
nition of different morphological classes (fig. 2). Immu-
nostained interneurons appeared largely consistent in
their morphology and general distributions across the
anthropoid species examined. The subpopulation of
CB-ir neurons varied in shape, including round, bipolar,
and multipolar somata. Most CR-ir interneurons were
bitufted or bipolar. PV-ir cells were mainly large multi-
polar types.

The laminar staining profiles of each calcium-bind-
ing protein-ir interneuron subtype differed between vi-
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Fig. 1. Phylogenetic tree of the anthropoid primates included in
this study.

sual areas (fig. 3). In V1, CB-ir cells were distributed
rather diffusely through layers II-VI, with more promi-
nent staining in layers II/IIL, IVB, IVC and V. Species
differences in laminar arrangements of CB immuno-
staining resembled those described by Preuss and Cole-
man [2002]. CR-ir neurons in V1 were observed mostly
in layers II/III, IVB, and V. A narrow stripe of stained
neurons and neuropil was present at the bottom of layer
IVB and CR-ir cells were sparser in layer V compared to
CB-ir neurons. In area V2, CB- and CR-ir cells were
more concentrated in layers II/III than in other layers.
The PV-ir neuron subpopulation in V1 was most abun-
dant in layers II/III, IVA, IVC, and VI, with a pro-
nounced band of staining in layer IVC. In area V2, PV-ir
cells were dispersed more regularly through layers II-
VI. The general appearance of cyto- and chemoarchi-
tecture in V1 and V2 from representative species is
shown in figure 4.

Clear staining of CB- and CR-ir double-bouquet axon
bundles was observed in all specimens, with more abun-
dant immunoreactive fibers in V2 relative to V1 (fig. 5).
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Alouatta caraya
(New World monkey)

Colobus angolensis
(Old World monkey)

Pongo pygmaeus
(Hominoid)

Fig. 2. Examples of calcium-binding protein-containing nonpyramidal interneuron subtypes in layer II/III of
area V1 from representative members of major anthropoid groups. Similar cellular morphologies were observed
for each calcium-binding protein in all species examined. Calbindin was expressed in neurons with round or
ovoid somata and bipolar or bitufted process, as well as some multipolar types (examples indicated by asterisks).
Calretinin immunoreactivity was generally observed in somata with round or bipolar shapes. Parvalbumin was
found mostly in large multipolar neuron types. Scale bar = 100 wm.

Opverall, across species there was a greater density of CB-  greater density in V2 than in V1. Many PV-ir puncta in
ir double-bouquet axons than CR-ir double-bouquet ax-  the neuropil were seen surrounding unstained somata in
ons. In our hands, cartridges of PV-ir chandelier termi-  both visual areas, suggesting that other PV-ir terminals,
nals in layer II/IIT were only observed in some of the per-  such as those of basket cells, are abundant.

fusion-fixed materials. When present, they occurred in
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Fig. 3. Adjacent sections from a patas mon-
key (Erythrocebus patas) brain processed
for A Nissl substance, B calbindin, C cal-
retinin, and D parvalbumin, showing the
border between areas V1 and V2 (indicat-
ed by arrowheads). Note that high densi-
ties of immunoreactivity for calbindin in
neurons and neuropil of layer IVB in area
V1 abruptly terminates at the border with
V2. Likewise, intense parvalbumin immu-
noreactivity in layer IVC of area V1 also
ends at the transition to V2. Scale bar =
1 mm.

Scaling of Total Neuron Density on Brain Weight

The results of stereologic counts of cell densities are
shown in table 2. Table 3 shows the scaling slopes of the
regressions of total neuron densities against brain weight.
Using species data, a common RMA slope described the
scaling of total layer II/III neuron density on brain weight
for both V1 and V2 (test statistic = 0.03, p = 0.87; slope =
-0.30: lower CI = -0.26; upper CI = -0.39). This slope
reflects a negative allometric scaling relationship be-
tween neuron densities in the visual cortex and brain
weight (fig. 6A). That is, as brain size increases, neuron
densities in visual cortex decrease at a rate that is slower
than changes in brain weight. The elevation of the two
regression lines differed such that V2 neuron densities
were lower than V1 neuron densities at any given brain
weight (F; 33 = 5.20; p = 0.03).

Next we compared slopes from phylogenetic indepen-
dent contrast (IC) regressions to slopes from species data
(table 3). In V2, the IC slope fell below the confidence in-
tervals of the species slope. Most importantly, however,
for both V1 and V2 the correlations between brain weight
and total neuron densities were not significant when phy-
logenetic bias was taken into account by using ICs. These
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results suggest that the observed correlation between spe-
cies mean neuron density and brain weight derives from
the tendency for close relatives to resemble one another
in both traits because they are inherited from a common
ancestor, not because of consistent covariance between
neuron density and brain weight throughout nodes in the
phylogenetic tree.

Scaling of Interneuron Subtype Densities on Total

Neuron Density

We plotted the density of each interneuron subtype
against total neuron density in layer II/III to assess scal-
ing relationships. We considered local neuron density to
be a more appropriate reference variable than brain
weight for these analyses because it allows for interpreta-
tion of scaling exponents in terms of proportional chang-
es among interneurons within the context of the local
processing unit. In this regard, the null hypothesis we
were testing was whether interneuron densities scale iso-
metrically (i.e., a slope of 1) with respect to total neuron
density. This hypothesis denotes maintenance of a con-
stant ratio of interneuron subtypes across changes in to-
tal neuron density. A significant departure from isomet-
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Table 2. Results of stereologic estimates of cellular densities in la

yer II/I1I (genus mean cells per mm?)

Species N  Brain Area V1
weight, g total neurons CB CB ovoid CB multipolar CR PV

Homo sapiens 2 1,219.0 160,320 4,971 4,129 842 11,680 8,917
Pan troglodytes 2 303.2 210,938 7,801 7,172 630 7,669 7,386
Gorilla gorilla 2 515.7 136,984 7,193 5,673 1,520 8,435 5,898
Pongo pygmaeus 2 342.7 177,535 4,839 4,123 716 9,869 5,349
Hylobates muelleri 1 101.8 200,892 7,999 7,163 836 6,250 16,304
Papio anubis 2 155.8 357,279 14,425 11,428 2,997 19,209 18,108
Mandrillus sphinx 1 159.2 269,180 14,904 11,656 3,248 30,406 15,488
Macaca maura 2 90.6 377,210 26,391 21,473 4,918 22,763 12,043
Erythrocebus patas 2 102.3 423,202 24,039 21,560 2,480 29,157 15,652
Cercopithecus kandti 1 71.6 249,733 18,495 16,629 1,867 13,545 19,313
Colobus angolensis 1 74.4 252,894 19,442 13,161 6,281 18,894 14,026
Alouatta caraya 1 55.8 197,649 13,845 12,631 1,214 21,517 11,700
Ateles geoffroyi 1 103.0 207,008 7,908 7,583 325 11,813 6,012
Saimiri sp. 2 22.7 469,672 41,500 31,344 10,156 35,037 21,334
Aotus trivirgatus 1 13.2 547,483 30,551 16,451 14,101 31,133 10,689
Saguinus oedipus 1 10.0 319,444 30,675 21,498 9,176 32,479 13,650
Leontopithecus rosalia 2 12.2 252,902 9,246 7,698 1,548 17,743 11,951
Pithecia pithecia 1 30.0 196,451 18,682 11,642 7,040 18,885 14,511

Table 3. Slope estimates and correlation coefficients for scaling r

elationships from genus means (n = 18)

Independent Dependent variable Species data Independent contrasts
iabl
B r RMA lower upper p r RMA p
slope 95% CI 95% CI slope

Brain weight V1 total neuron density  -0.586 -0.29 -0.44 -0.19 0.01* -0.355  -0.44 0.15
V2 total neuron density  -0.562 -0.31 -0.46 -0.20 0.01* -0.225  -0.50 0.37

V1 total neuron V1 CB density 0.815 1.68 1.24 2.27 0.00* 0.619 1.73 0.01*

density V1 CB ovoid density 0.788 3.47 2.15 5.58 0.00* 0.586 1.68 0.01*
V1 CB multipolar density 0.358 1.55 1.12 2.13 0.14 0.094 4.26 0.71
V1 CR density 0.757 1.38 0.98 1.94 0.00* 0.466 1.38 0.05*
V1 PV density 0.561 1.12 0.73 1.71 0.02* 0.128 1.11 0.61

V2 total neuron V2 CB density 0.745 1.74 1.23 2.47 0.00* 0.421 1.31 0.08

density V2 CB ovoid density 0.716 2.97 1.97 4.49 0.01* 0.341 1.42 0.17
V2 CB multipolar density 0.600 1.74 1.21 2.50 0.00* 0.312 3.29 0.21
V2 CR density 0.824 1.10 0.81 1.47 0.00* 0.717 1.07 0.00*
V2 PV density 0.768 1.07 0.76 1.49 0.00* 0.584 0.91 0.01*

Boldface type indicates cases where the species mean slopes
within the 95% confidence intervals. * = Statistically significant.

for interneuron scaling does not include isometry (i.e., slope of 1)

ric scaling would suggest that the particular interneuron
subtype changes in its proportionate representation as
neuron density varies across species. The scaling expo-
nents for regressions of the density of each interneuron

subtype on total neuron density are shown in table 3. Us-
ing species values, the slopes for most interneuron sub-
types included isometry within their confidence inter-
vals, although all estimated slope were greater than 1. In
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Area V2

total neurons CB CB ovoid CB multipolar ~ CR PV

114,695 3,796 3,113 684 10,603 7,828
123,713 4,871 4,670 201 8,600 6,327
113,467 5,176 3,767 1,410 12,436 4,376
149,676 4,741 3,777 963 8,890 4,548
173,504 4,808 4,508 301 9,930 7,880
310,483 17,353 12,275 5,078 23,764 18,110
161,265 16,150 13,554 2,595 22,116 9,890
298,556 18,564 13,359 5,205 19,539 14,421
345,080 25,568 22,877 2,691 32,780 15,392
174,457 30,506 27,733 2,773 12,983 14,548
181,633 15,841 11,074 4,768 22,024 9,169
187,678 8,556 5,254 3,302 16,945 9,798
187,963 11,832 11,547 285 12,052 5,771
350,716 38,199 29,222 8,977 28,509 18,684
468,562 24,441 17,063 7,378 34,216 12,856
219,733 16,993 11,167 5,826 25,400 10,780
184,296 7,688 6,454 1,234 16,606 9,826
149,184 13,116 8,284 4,832 12,974 8,498

contrast, significant positive allometry characterized the
scaling of all CB-ir interneuron subtypes in V1 and V2
(tig. 6).

When scaling relationships were calculated with ICs,
however, several relationships became non-significant
(table 3). Of those remaining, most of the IC slopes fell
within the 95% confidence intervals of the slopes calcu-
lated with species data. The only exception was V1 CB-ir
ovoid interneurons, which had a lower IC slope compared
with the species slope estimate.

Because differences in the strength of correlation be-
tween species data and IC data suggest that the majority
of covariance is at the level of higher-order taxonomic
groups, we tested for differences among New World
monkeys, Old World monkeys, and hominoids in slopes
and intercepts for species data. If present, evidence of
differences among phylogenetic groups in the y-axis el-
evation of the line, but not the slope, indicates a ‘grade
shift’” wherein the proportional relationship between
variables has been modified in the evolution of taxa,
while the scaling between variables is preserved [Harvey
and Krebs, 1990; Purvis and Webster, 1999]. We found
no significant scaling differences among phylogenetic
groups for any interneuron subtype in either area, except
for total CB-ir interneuron density in V2 (F, 14 = 6.39;
p = 0.01). Post-hoc Tukey-Kramer tests revealed a sig-
nificantly lower elevation of the RMA line in hominoids

Scaling of Interneurons in V1 and V2 of
Primates

compared to Old World monkeys (p < 0.01). These re-
sults should be considered tentative, however, because
our data contain relatively small numbers of species
within each phylogenetic group, thereby increasing the
likelihood of type I error in statistical detection of scal-
ing differences.

Next we tested whether species slopes for each inter-
neuron subtype differed between V1 and V2 across the
entire anthropoid sample. None of the likelihood ratio
tests were significant, indicating that interspecific
changes in the density of each interneuron subtype are
governed by a common scaling pattern in both V1 and
V2.

Percentages of Neuron Subtypes among Phylogenetic

Groups

To examine the consequences of these scaling pat-
terns, we analyzed variation in the percentage of each
interneuron subtype among phylogenetic groups using
data from all individuals in a 2-way repeated measures
ANOVA design (fig. 7). The percentages of each inter-
neuron subtype in layer II/III of V1 and V2 are shown in
table 4. We calculated separate models for each interneu-
ron subtype using phylogenetic group as the between-
subjects factor and cortical area as the within-subjects
factor. The only models showing significant phylogenet-
ic group differences were CB-ir interneuron subtype per-

Brain Behav Evol 2007;69:176-195 185



> 58 > 538
@ O ‘@
S 5.7 g 57
s o s O
S 56 DD S 5.6
S O S O O
25510 2 55 O
= =
£s4] o H £ 54 H
= = o
S 53 S oO¢ © S53 o o
% o %
> 5.2 O X52 O
) ) O () o
= O N O Hominoids
> 51 > 5.1 ) [ 0ld World monkeys
o = o O
S5y 25y < New World monkeys
08 12 16 20 24 28 32 08 12 16 20 24 28 32
log brain weight log brain weight
B2 > 2
G 4.8 £ 48 2 48
5] ] G
o o ©
5 46 O c 46 5 46
E o o 3 o® ¢ 3
S 44 O c 44 € 44
g - 3 8 O g o
£ <o € 5 0O £ O
= 42 0 = 42 = 42 8 I:p OO
& O o & O > o
o o o © & OIS O
= 40 = 40 o = 40 o
= O = @) = O
g o © g o g Q
= 38 Z 38 le) 7 38{p S
S 0o < > O
> 3.6 o 3.6 2 36
2 51 52 53 54 55 56 57 58 2 51 52 53 54 55 56 57 582 51 52 53 54 55 56 57 58

log V1 layer II/1ll total neuron density

log V1 layer II/1l total neuron density

log V1 layer II/1ll total neuron density

C= > >
G 4.6 Z 4.6 G 4.6
g 0 © g o ¢ &
© ©
5 4.4 O - 44 o O 0 O 5 44
> > O >
g 42 oo ¢ o . Q € 42 O LS
2 o O g o g - o
5 O £ ©) o £
< 40 = 40{ O o © < 40 0 %
5 & S ° & o ©0
< 38 = 38 s38{ © S
5. [P0 00 5 5. lo o
z36] o % 36 3 36
o~ o o~
> > >
2 34 o 3.4 o 34
S "50 51 52 53 54 55 56 57 2 50 51 52 53 54 55 56 57 2 50 51 52 53 54 55 56 5.7

log V2 layer II/1l total neuron density

log V2 layer II/1l total neuron density

log V2 layer II/11l total neuron density

Fig. 6. Plots showing the scaling of A genus mean layer II/III visual cortex neuron density on brain weight,
B genus mean layer II/III V1 interneuron subtype densities on total V1 neuron density, and C genus mean layer
II/III V2 interneuron subtype densities on total V2 neuron density.

ic group. The significant contrasts revealed by post-hoc
Bonferroni corrections for multiple comparisons are
shown in figure 7.

centages. There were no significant interaction effects.
The percentage of total CB-ir interneurons (F; 54 = 5.59;
p = 0.01), CB-ir ovoid interneurons (F,,4 = 4.43; p =
0.02), and CB-ir multipolar interneurons (F, 4 = 3.36;
p = 0.05) all displayed a significant effect of phylogenet-
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Fig. 7. Bar graphs showing differences among phylogenetic groups in the percentage (mean * SE) of somata
immunostained for different interneuron subtypes in layer II/III of V1 and V2, relative to the total Nissl-stained
neuron population. All pairwise contrasts that are significant after post-hoc Bonferroni correction are shown
with asterisks.

Table 4. The percentage of the total layer

II/I11 neuron population represented by Area  Interneuron New World Old World Hominoids

each interneuron subtype subtype monkeys (n = 9) monkeys (n = 9) (n=9)
mean  SEM mean SEM mean SEM

Vi CB 6.6 0.9 6.1 0.8 3.7 0.3

CB ovoid 5.0 0.7 5.0 0.7 3.2 0.3

CB multipolar 1.6 0.5 1.1 0.2 0.6 0.2

CR 7.8 0.7 6.8 0.7 5.4 0.7

PV 4.6 0.6 4.7 0.6 4.5 0.6

CaBP total 19.1 1.7 17.6 1.5 13.6 1.0

V2 CB 6.9 1.1 8.2 1.4 3.7 0.3

CB ovoid 52 0.8 6.6 1.3 3.1 0.3

CB multipolar 1.7 0.5 1.6 0.2 0.6 0.2

CR 8.5 0.7 9.3 1.0 8.1 1.0

PV 4.7 0.5 5.6 0.4 4.7 0.6

CaBP total 20.2 1.8 23.1 2.0 16.5 1.6

CaBP = Calcium-binding protein.
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Fig. 8. Graph showing the within-individual change in the percentage of each layer II/III interneuron subtype
between V1 and V2. Asterisks indicate interneuron subtypes that show a significant within-subjects effect in
the ANOVA model. ov = Ovoid; mp = multipolar.

Fig. 9. Graph showing the within-individ-
ual change in the mean soma volumes of
layer II/III calretinin- and parvalbumin-
immunoreactive interneurons between V1
and V2. Asterisks indicate significant con-
trasts from dependent-samples t tests.

Differences in Proportions and Volumes of

Interneuron Subtypes between V1 and V2

The within-subjects term in the two-way repeated
measures ANOVA model indicates differences in inter-
neuron percentages between V1 and V2 within individu-
als. The percentage of CB-ir multipolar interneurons
(Fy24 = 4.43; p = 0.05) and CR-ir interneurons (F, 4 =
17.21; p < 0.01) differed significantly between visual ar-
eas. Within individuals, V2 tended to contain greater
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proportions of these interneuron subtypes relative to V1
(fig. 8).

To examine whether consistent changes of mean cell
volumes of CR- and PV-ir characterize the transition
from V1 to V2 within individuals, we used dependent-
samples t tests (table 5). The mean cell volume of PV-ir
interneurons was significantly greater in V2 than in V1
(t;; = -3.80; p < 0.01), whereas CR-ir cell volumes did not
differ between areas (t;; = -0.61; p = 0.56) (fig. 9).
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Table 5. Mean cell soma volumes (pm?)

Species CR PV
Vi V2 Vi V2

Homo sapiens 573 1,007 1,225 2,211
Gorilla gorilla 640 818 848 804
Pongo pygmaeus 643 469 800 986
Hylobates muelleri 453 736 679 753
Mandrillus sphinx 294 395 669 1,187
Macaca maura 280 331 638 826
Erythrocebus patas 299 313 719 917
Colobus angolensis 511 402 977 1,386
Alouatta caraya 888 476 1,359 1,935
Saimiri boliviensis 375 449 771 745
Aotus trivirgatus 647 632 626 1,024
Leontopithecus rosalia 331 363 927 1,278

Discussion

We have examined calcium-binding protein-contain-
ing interneurons in the visual cortex of diverse anthropoid
primate species. Our results demonstrate that V1 and V2
exhibit phylogenetic variation in the relative distribution
of inhibitory interneuron subtypes in layer II/III, with a
reduced proportion of CB-ir interneurons in hominoids as
compared to New World monkeys and Old World mon-
keys. Comparisons of interneurons in layer II/III between
visual areas, furthermore, revealed a trend across species
for V2 to have greater proportions of CB-ir multipolar in-
terneurons and CR-ir interneurons, as well as larger mean
soma volumes of PV-ir cells, relative to V1.

Methodological Considerations

In this study we classified interneuron subtypes ac-
cording to single-label immunohistochemical staining
for CB, CR, and PV. Itis worth noting, however, that some
cortical interneurons co-express more than one calcium-
binding protein. For example, colocalization between CB
and CR, CB and PV, and CR and PV in interneurons of
adult primates and rodents has been observed [Van Bre-
derode et al., 1990; Kubota and Jones, 1993; del Rio and
DeFelipe, 1996, 1997a, b; Gonchar and Burkhalter, 1997;
Leuba and Saini, 1997; Morrison et al., 1998]. In all taxa
examined, however, the number of neuronal somata that
contain multiple calcium-binding proteins represents a
very small subpopulation of the cells that express any sin-
gle calcium-binding protein. The greatest degree of cal-
cium-binding protein colocalization has been reported
for PV-ir cells in layers V and VI of the human temporal

Scaling of Interneurons in V1 and V2 of
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cortex, where approximately 14% also contain CB [del
Rio and DeFelipe, 1997a]. However, studies in V1 and V2
of humans and macaques have found calcium-binding
protein colocalization in less than 7.5% of neurons im-
munoreactive for any single marker [Van Brederode et al.,
1990; Leuba and Saini, 1997]. Thus, although our calcula-
tions of interneuron densities certainly contain a degree
of error because of overcounting the subpopulation of
calcium-binding protein-colocalizing neurons, this error
is most likely quite minimal.

Our determination of different morphological classes
of CB-ir interneurons might also contain a degree of er-
ror due to the subjective nature of their categorization.
Nevertheless, scaling exponents for CB-ir neurons always
exceeded isometry, whether counted as a total population
or divided into ovoid and multipolar subclasses.

The Influence of Phylogeny on Scaling

For many of the bivariate scaling relationships we an-
alyzed, both species data and IC data yielded significant
and similar scaling exponents (table 2). This congruence
indicates that contemporary species values provide a reli-
able gauge of allometric rules that apply regardless of evo-
lutionary history and affinities. Indeed, a correspondence
between species and IC slopes tends to occur when traits
scale in a constant manner across the entire phylogenetic
tree, even in the presence of outlier points that represent
y-axis grade shifts [Nunn and Barton, 2001]. Neverthe-
less, we found little evidence of grade shifts from our spe-
cies data analyses. Therefore, scaling relationships that
did not display phylogenetic bias might be interpreted as
being more strongly determined by scaling rules rather
than by phylogenetic effects such as adaptation or inertia.
In this regard, our data indicate that the density of V1
CB-ir ovoid interneurons, V1 and V2 CR-ir interneurons
and V2 PV-ir interneurons regularly vary with respect to
total neuron density.

The apparent correlations between other neuroana-
tomical variables based on species values, however, were
not significant after ICs were calculated as a control for
phylogeny. This was the case for: V1 and V2 total neuron
density versus brain weight, V1 multipolar CB-ir inter-
neuron density and PV-ir interneuron density versus to-
tal neuron density as well as all V2 CB-ir interneuron
subtype densities versus total neuron density. In general
terms, this discrepancy in species and IC correlations in-
dicates that the two traits in question do not display con-
sistent covariance at multiple nodes in the phylogenetic
tree. This might take place when a large portion of co-
variance in the crown species data is due to strong trait
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correlation that occurred at few branching events early in
the phylogeny, a pattern characteristic of adaptive radia-
tions [Price, 1997]. In this mode of evolutionary diversi-
fication, highly correlated changes among traits take
place in the basal members of higher-order taxonomic
groups, and then subsequent species diversification oc-
curs with much weaker correlated trait evolution. Al-
though analysis of species data can achieve statistically
significant line-fitting, an actual scaling relationship
does not exist, but rather a spurious correlation that is
caused by the confounding of phylogenic relatedness and
size. Most importantly, this implies that there is little
functional or architectural constraint to impel traits to
evolve in a correlated fashion repeatedly throughout the
phylogenetic tree. In our data, the clearest example of this
type of confound can be seen in the plots of total neuron
densityagainstbrain weight for both visual areas (fig. 6A).
When such incongruence between species and IC corre-
lations exists, phylogenetic affinities and evolutionary
adaptations are likely to represent more important deter-
minants of apparent scaling in species data than any
functional allometric constraints. It should be noted,
however, that disparities between species and IC correla-
tions could also arise from methodological sources such
as unrepresentative species means due to small sample
size or error in the phylogenetic tree topology [Purvis and
Webster, 1999].

General Scaling Patterns

Although evaluating phylogenetic bias is necessary to
illuminate the underlying causes of observed interspe-
cific scaling relationships, insight into the functional im-
plications of size-related changes across species might be
obtained by examining allometric exponents. Ultimately,
a host of physical, electrochemical, and molecular design
constraints collectively determines allometric changes in
the brain, some of which occur to maintain functional
equivalence and some of which might entail important
computational modifications.

Based on species data, we found that total layer II/III
neuron densities in V1 and V2 scale against brain weight
with a common negative allometric slope of -0.30, dis-
playing lower densities in V2 compared to V1. On aver-
age, neurons in V1 are 1.31 times denser than in V2. In
other studies of species data from diverse mammals, it
has been demonstrated that neuron density in various
cortical areas also decreases relative to brain size with a
scaling exponent of approximately —-0.3 [Tower, 1954;
Prothero, 1997]. These empirical findings fit with a mod-
el predicting that a constant average percent intercon-
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nectedness among neurons cannot feasibly be sustained
with increasing gray matter volume, so the reach of pro-
cessing networks does not keep pace with brain size vari-
ation [Changizi, 2001]. It is significant that we found that
neuron density scales against brain weight with this same
allometric exponent in the current study, especially given
the possibility that phylogenetic effects might influence
this relationship as discussed above. This implies that ar-
chitectural rules generally govern neuron density scaling
with brain size change across the cortex of mammals; but
there is enough latitude in these rules such that neuron
density might be relatively unlinked to brain size when
comparisons are made among close relatives. Indeed,
studies of prefrontal cortex (area 13) and primary motor
cortex (area 4) of hominoids also show that neuron densi-
ties vary independently of overall brain size within this
restricted phylogenetic range [Sherwood and Hof, in
press]. Interspecific variation in the factors underlying
neuron density, such as cell soma size, the degree of den-
dritic arborization, and glial size and density, therefore,
could reflect evolutionary adaptations within lineages in
a regionally specific manner.

With regard to differences between visual areas, we
found that neuron density scaling against brain weight in
V2 has a lower y-axis elevation than in V1. Consistent
with our results, studies of visual cortex pyramidal neu-
rons in primates have shown that the extent of the basal
dendritic tree and density of spines is greater in V2 than
V1, and increases in these parameters are associated with
larger brain size at equal allometric rates in both areas
[Elston et al., 2006]. Taken together with the current re-
sults, these data suggest that a constant difference of
overall network interconnectedness is maintained be-
tween V1 and V2 in anthropoid primates across a large
diversity in brain size.

Scaling Patterns of Interneurons and Phylogenetic

Variation

We calculated the scaling of various interneuron sub-
type densities against total neuron density in V1 and V2.
Because of the unbiased nature of the stereologic sam-
pling design, these cell counts were not influenced by po-
tential variation in interneuron densities among cyto-
chrome oxidase (CO)-rich blobs, stripes, or non-CO-rich
modules [Hendry and Carder, 1993]. Although most in-
terneuron subtypes displayed statistically isometric scal-
ing patterns against total neuron density, CB-ir interneu-
ron subtypes were characterized by a positive allometric
scaling relationship. Thus, although most other compo-
nents of the local microcircuitry maintain a constant pro-
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portional representation among the total neuron popula-
tion, CB-ir interneurons become relatively less dense
with decreases in total neuron density which character-
izes hominoids. Furthermore, because many of the CB-ir
interneuron density regressions exhibit phylogenetic
bias, with data from New World monkeys and Old World
monkeys overlapping in scatterplots (fig. 6B, C), the evi-
dence suggests that early hominoids were evolutionarily
derived in having a relative reduction of CB-ir interneu-
rons in layers II/III of visual cortex.

Can the current observations of interneuron scaling
be generalized to other neocortical areas, or is this pat-
tern representative only of V1 and V2? Although other
studies have not directly addressed the scaling relation-
ships of interneurons, several have reported percentages
of interneurons relative to the total neuron population.
As aresult of the distinctive positive allometric scaling of
CB-ir interneuron subtypes, we found that these cells
represent a smaller percentage of the total layer II/III neu-
ron population in the visual cortex of hominoids. By
contrast, in a previous study we found a greater percent-
age of PV-ir interneurons in layers IIl and V in the region
of orofacial representation of primary motor cortex in
hominoids relative to Old World monkeys, whereas CB-
and CR-ir interneurons did not show a significant differ-
ence among these taxa [Sherwood et al., 2004]. In anoth-
er study, Gabbott et al. [1997b] reported that humans and
long-tailed macaque monkeys have a similar percentage
of CR-ir interneurons in medial prefrontal cortex (area
32). Collectively, these data demonstrate that different
components of the inhibitory neuron population might
vary across anthropoid primate species depending on the
cortical area. These observations run counter to the wide-
spread view that the cellular organization of cortical col-
umns is relatively uniform across areas and species
[Rockel et al., 1980].

Functional Implications of Interspecific Variation

The connectivity of the various inhibitory interneu-
ron subtypes is particularly significant in the context of
the columnar organization of the neocortex [Douglas
and Martin, 1992; Mountcastle, 1997]. CB- and CR-ir
double-bouquet and bipolar cells have vertically-oriented
axonal arbors [DeFelipe, 1997; Ballesteros-Yanez et al.,
2005] that provide dendrite-targeting inhibition at differ-
ent layers to synchronize the activity of pyramidal neu-
rons across various levels within a narrow cortical do-
main [DeFelipe et al., 1989]. Accordingly, changes in the
proportionate representation of these interneurons might
affect physiological responses within and among neigh-
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boring minicolumns. If the reduction of layer II/III CB-ir
somata in hominoids corresponds to fewer double-bou-
quet and bipolar interneurons, this suggests that there is
less vertical inhibition of pyramidal neuron activity. It is
also possible that the relative decline of CB immunoreac-
tivity in hominoids is not due to loss of any GABAergic
interneurons, but instead reflects changes in the electro-
physiological phenotype of a subset of interneurons such
that the cells that co-express CB with CR, vasoactive in-
testinal peptide, or cholecystokinin [Markram et al,
2004] havelost their bursting discharge behavior. It would
be difficult, however, to directly extrapolate regarding
the disposition of inhibitory microcircuitry based on
neuron soma counts. Recent evidence shows that despite
similarities in the general somatic morphology of CB-ir
neurons among mammalian species, CB-ir axon bundles
can display phylogenetic variability [Ballesteros-Yanez et
al., 2005]. Of note, CB immunostaining of double-bou-
quet axon bundles was observed most prominently in
certain neocortical areas of primates and in visual cortex
of carnivores although this trait was not present in ro-
dents, lagomorphs, or artiodactyls. In any event, the cur-
rent findings of variation among primates in visual cor-
tex histological organization are consistent with other
studies demonstrating that features of cortical micro-
structure within homologous cortical areas display phy-
logenetic diversity [e.g., Glezer et al., 1993; Semendeferi
et al,, 1998, 2001; Hof et al., 1999; Preuss et al., 1999;
Preuss and Coleman, 2002; Sherwood et al., 2003, 2004;
Hutsler et al., 2005].

Functional Implications of Variation between Visual

Areas

Our comparative quantitative study of interneuron
distributions in V1 and V2 also permitted us to address
whether there are invariant changes of interneuron pro-
portions and soma volumes that consistently occur be-
tween these different hierarchical levels of visual pro-
cessing. We found a trend within individuals across all
species for V2 to contain greater percentages of CB-ir
multipolar and CR-ir interneurons, as well as larger
mean soma volumes of PV-ir cells in comparison to
VL

Several aspects of physiology, retinotopy, and archi-
tecture have been shown to distinguish V1 and V2 in
anthropoids [Rosa and Krubitzer, 1999; Lee, 2003; Sin-
cich and Horton, 2005]. Neurons in V2 combine streams
of visual information that remain segregated in V1 by
allowing interactions among cells with different stimu-
lus selectivities and by integrating stimulus features
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across larger regions of the visual field [Boynton and
Hegde, 2004]. Along with increasingly larger receptive
field sizes through occipitotemporal visual areas [All-
man and Kaas, 1971; Felleman and Van Essen, 1991; Van
Essen et al., 1992], several architectural changes have
also been noted to occur with anterior progression
through hierarchical levels of the visual cortex in pri-
mates. In macaque monkeys, supragranular CB-ir pyra-
midal neurons become gradually more numerous in
higher-order visual areas [Kondo et al., 1994]. In addi-
tion, studies from several different primate species show
that pyramidal neurons in V2 have more extensive den-
dritic arbors with a higher density of spines than those
in V1 [Lund et al., 1993; Elston et al., 1996, 2005; Elston
and Rosa, 1997; Elston, 2003]. In humans, V1 differs
from V2 in the laminar densities of several receptors, in-
cluding inhibitory GABA 4 receptors [Zilles et al., 2004].
In the present study, we found a greater percentage of
CB- and CR-ir interneuron subtypes in V2 compared to
V1, which matched our qualitative observation of in-
creased density of CB- and CR-ir double-bouquet axon
bundles. Hence, it appears that modifications of supra-
granular vertical intracolumnar inhibition might also be
important in defining properties of neuronal activity
within these different visual areas.

The selective increase in the somatic volume of PV-ir
interneurons, on the other hand, could reflect changes in
patterns of lateral inhibition between visual areas. Injec-
tions of biocytin in macaque monkeys label terminal
zones with a larger patch size and larger center-to-center
distance between patches in area V2 relative to V1 [Lund
et al., 1993]. It has been shown that the horizontal extent
of PV-ir large basket cell axons correspond closely to the
size of the inter-patch territory and therefore might be
critical to the development of the inhibitory surround en-
circling each pyramidal neuron [Lund et al., 1993]. Large
basket cells have horizontally extended axons that target
the perisomatic region of pyramidal cells across different
cortical columns [Lund and Lewis, 1993; Somogyi et al.,
1998]. In a similar manner, PV-ir chandelier cells also
inhibit the firing of pyramidal neurons in different hori-
zontal positions by forming strings of synapses on the
axon initial segment on postsynaptic neurons. Thus, the
various classes of PV-ir interneurons are important in
structuring lateral inhibition to shape and fine-tune re-
ceptive fields [Wang et al., 2000a, b; Li et al., 2002]. The
inter-regional differences in PV-ir interneuron cell vol-
umes, therefore, might reflect increased length of axonal
projections or increased cellular requirements for metab-
olism and protein synthesis.
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Conclusion

In summary, this study demonstrates that the inhibi-
tory interneurons of layer II/III visual cortex in anthro-
poid primates exhibit taxonomic differences, specifically
in displaying relatively lower proportions of CB-ir inter-
neurons in hominoids. Our data also show that, within
individuals, areas V1 and V2 are distinguished from each
other by a constant set of differences in interneuron dis-
tributions, suggesting that there are certain phylogeneti-
cally invariant transformations that reliably occur be-
tween these visual areas. Possible causes of interspecific
variation in calcium-binding protein expression might
include the influence of local neuronal activity [Patz et
al., 2004] or species-specific changes in the distribution
of transcription factors in the developing telencephalon
that regulate GABAergic neurogenesis [Letinic et al,
2002; Xu et al.,, 2004]. These results show that phyloge-
netic variation exists in the inhibitory interneurons of
visual cortex that might have consequences for sensory
processing.
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