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ABSTRACT
Von Economo neurons (VENs) are a type of large, layer V
spindle-shaped neurons that were previously described in
humans, great apes, elephants, and some large-brained
cetaceans. Here we report the presence of Von Economo
neurons in the anterior cingulate (ACC), anterior insular (AI),
and frontopolar (FP) cortices of small odontocetes, includ-
ing the bottlenose dolphin (Tursiops truncatus), the Risso’s
dolphin (Grampus griseus), and the beluga whale (Delphi-
napterus leucas). The total number and volume of VENs and
the volume of neighboring layer V pyramidal neurons and
layer VI fusiform neurons were obtained by using a design-
based stereologic approach. Two humpback whale
(Megaptera novaeangliae) brains were investigated for
comparative purposes as representatives of the suborder
Mysticeti. Our results show that the distribution of VENs in
these cetacean species is comparable to that reported in

humans, great apes, and elephants. The number of VENs in
these cetaceans is also comparable to data available from
great apes, and stereologic estimates indicate that VEN
volume follows in these cetacean species a pattern similar
to that in hominids, the VENs being larger than neighboring
layer V pyramidal cells and conspicuously larger than fusi-
form neurons of layer VI. The fact that VENs are found in
species representative of both cetacean suborders in addi-
tion to hominids and elephants suggests that these partic-
ular neurons have appeared convergently in phylogeneti-
cally unrelated groups of mammals possibly under the
influence of comparable selective pressures that influenced
specifically the evolution of cortical domains involved in
complex cognitive and social/emotional processes. J.
Comp. Neurol. 515:243–259, 2009.
© 2009 Wiley-Liss, Inc.
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Cetaceans diverged from terrestrial mammals during the
early Paleocene about 55 million years ago (Gingerich and
Uhen, 1998; Gingerich et al., 2001) and from the ancestral
group of mammals that led to modern primates about 90–95
million years ago (Bromham et al., 1999). From a phylogenetic
point of view, cetaceans are included in a superorder, the
cetartiodactyls, which groups them with all even-toed ungu-
lates, the hippopotamids being their closest relatives on the
grounds of molecular phylogenetics (Gatesy, 1997; Boisserie
et al., 2005; Agnarsson and May-Collado, 2008). During their
adaptation to aquatic life, however, cetaceans evolved large
brains and an expanded neocortex with a high degree of
gyrification compared to ungulates. The brains of cetaceans
are very large in both absolute and relative size and possess
encephalization quotients (EQ) that are second only to hu-
mans (Marino, 1998). At the gross morphological level, the
cetacean brain is very different from the brain of anthropoid
primates in terms of gyral and sulcal patterns, and this differ-

ence is even more obvious when considering cortical cytoar-
chitecture. The cetacean neocortex is characterized, in con-
trast to that of primates, by the presence of only five cortical
layers: a very thick layer I that is far more cellular than in most
terrestrial species; a densely packed layer II displaying cellular
clustering in many cortical regions, particularly in the insula
(Manger et al., 1998; Hof and Van der Gucht, 2007) and con-
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taining isolated, very large, inverted-pyramid-like neurons; a
wide pyramidal layer III; a relatively thin pyramidal layer V
containing large pyramidal cells usually distributed in small
clusters; and a multiform layer VI (Morgane et al., 1988; Glezer
and Morgane, 1990; Hof and Sherwood, 2005; Hof and Van der
Gucht, 2007). This cortical lamination pattern with the lack of
an internal granular layer IV may reflect a particular cortical
wiring organization in cetaceans (Hof and Van der Gucht,
2007). Nonetheless, neocortical complexity, extreme gyrifica-
tion, and large size (Oelschläger and Oelschläger, 2002; Hof et
al., 2005; Hof and Van der Gucht, 2007) represent remarkable
features of the cetacean brain.

Several hypotheses have been developed on the functional
significance of such an increase in brain size and structural
complexity in cetaceans, yet the adaptive pressures that con-
ditioned this development are still a matter of debate (Manger,
2006; Marino et al., 2007, 2008). The anatomical features of
cetacean brains are interesting in light of evidence of their
sophisticated behavioral and cognitive abilities. In fact, ceta-
ceans exhibit, both in the wild and in captivity, several cogni-
tive convergences with primates and humans (Marino, 2002;
Marino et al., 2007). Laboratory studies report strong evidence
of declarative and procedural cognitive abilities as well as
social knowledge and self-awareness in the bottlenose dol-
phin (for review see Marino et al., 2007). Complex social struc-
tures, long-term bonds, higher order alliances, cooperative
networks, as well as possible cultural transmission and tool
use have been documented in the wild in several cetacean
species (for review see Krushinskaya, 1986; Marino et al.,
2007, 2008), leading to questions about the nature of the
evolution of cognition in groups of phylogenetically divergent
mammals.

In this study, we focus on a particular neuronal type, the Von
Economo neurons (VENs), that have been proposed to sub-
serve certain aspects of higher cognitive abilities in humans
such as social and emotional cognition, awareness, and intu-
ition (Allman et al., 2005). VENs are large, bipolar projection
neurons located in layer V of the anterior cingulate cortex
(ACC) and frontoinsular cortex (FI) that were originally de-
scribed in humans and great apes (Nimchinsky et al., 1995,
1999). VENs are more abundant in humans than in great apes
(Allman et al., 2005, 2009) and are larger than neighboring
pyramidal neurons and fusiform cells (Nimchinsky et al., 1999).
Aside from hominids, VENs have been recently observed with
a similar regional distribution in the elephant brain (Hakeem et
al., 2009) and in the humpback whale (Megaptera novaean-
gliae), the fin whale (Balaenoptera physalus), the sperm whale
(Physeter macrocephalus), and the killer whale (Orcinus orca;
Hof and Van der Gucht, 2007). VEN-like, large spindle neurons
occur in the neocortex of the harbor porpoise (Phocoena
phocoena; Behrmann, 1993) and were considered a variant of
the largest pyramidal cells.

Quantitative data on VENs in cetaceans, to complement
studies in hominds and elephants, are lacking. We examined
the brain of smaller odontocetes, including the bottlenose
dolphin (Tursiops truncatus), the Risso’s dolphin (Grampus
griseus), and the beluga whale (Delphinapterus leucas), as
well as two humpback whales (M. novaeangliae) as a repre-
sentative of the suborder Mysticeti, for comparative purposes,
in view of a recent observation that in the bottlenose dolphin,
contrary to our previous report (Hof and Van der Gucht, 2007),

VENs appear also to be present in the ACC, FI, and frontopolar
cortex (FP) of small odontocetes (Hakeem et al., 2009). With
these species and regions, we performed a quantitative study
of the total number of VENs and their somatic volume in
comparison with that of the neighboring layer V pyramidal
neurons and layer VI fusiform neurons.

MATERIALS AND METHODS
Brain specimens and tissue processing

Five cetacean brains from specimens belonging to both
toothed whales (Odontoceti, Delphinoidea: bottlenose dol-
phin, T. truncatus; Risso’s dolphin, G. griseus; beluga whale,
D. leucas) and baleen whales (Mysticeti, Balaenopteridae:
humpback whale, M. novaeangliae) were examined in the
present study (Fig. 1). The brains of a captive juvenile male
bottlenose dolphin (1.90 m beak-to-fluke notch length, 3 years
old) and of a stranded adult female Risso’s dolphin (2.90 m
beak-to-fluke notch length, 18 years old) were collected at
necropsy within 24 hours from death, postfixed, and stored in
10% formalin for about 3 years at the Marine Mammals Tissue
Bank of the University of Padova, Italy. Blocks of ACC from
the left hemisphere and the right hemisphere, respectively,
were collected, cryoprotected in graded sucrose solutions up
to 30%, frozen in dry ice, and cut into 80-�m-thick coronal
sections with a sliding microtome (Leica Biosystems, Nuss-
loch, Germany). The sections were then mounted on glass
slides, Nissl-stained in a 0.2% cresyl violet solution, and cov-
erslipped in 70% DPX in xylene for examination. The brain of
a female humpback whale (13.7 m beak-to-fluke notch length)
was collected after stranding and postfixed in 10% formalin.
Blocks containing the left ACC and the left anterior insula
were collected and cut into serials 3-cm-thick slabs. These
slabs were then processed as for the bottlenose dolphin’s
blocks. Blocks from the right ACC and anterior insula of a
beluga whale and the whole right hemisphere of the brain of a
stranded adult female humpback whale (13.8 m beak-to-fluke
notch length) were dehydrated in graded alcohol solutions up
to 30%, embedded in celloidin, and processed serially at 35
�m on a modified large-specimen microtome (Jacobs et al.,
1971, 1979, 1984). The hemisphere of the humpback whale
was cut in the sagittal plane relative to the beak-fluke axis,
whereas the blocks from the beluga brain were cut into the
coronal plane, and series of adjacent sections were selected
for the quantitative analysis. Sections were stained alterna-
tively for Nissl substance with the Bielchowsky-Plien cresyl
violet method or for myelin with the Loyez-Weigert method
(Bertrand, 1930). The sections were then mounted on glass
slides and coverslipped in clarite for examination. The brains
of the two humpbacks and of the beluga whale were collected
in the 1960s and kept in fixative for an unknown amount of
time. Information on the post-mortem interval was also not
available for these three specimens. Unfortunately, we were
not able to examine all the regions of interest (ROIs) in every
species owing to the availability of the materials. In some
cases, part of an ROI or a whole ROI was not collected or had
been used by other investigators and thus was not available
for the present study. Finally, because the brains of the spec-
imens investigated in the present study were collected from
different sources and information on the specific brain and
body weight were not available, average values from the lit-
erature for each of these species are provided in Table 1.
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Figure 1.
Macroscopic views of the brains of the cetacean species analyzed in the present study. Dorsal (A) and ventral (B) views of the brain of a
bottlenose dolphin; lateral (C) and midline (D) views of the left hemisphere of the brain of a beluga whale; dorsal view (E) and coronal slab at
the level of the genu of the corpus callosum (F) of the brain of a Risso’s dolphin; lateral (G) and midline view (H) of the right hemisphere of the
brain of a humpback whale. Note the large size of the brains and the complex gyral pattern. The lateral aspect of the parietal lobe of the
humpback whale brain sustained damage when the specimen was removed from the skull (G). This, however, did not affect the present study.
The brains are not shown to scale. Scale bars � 3 cm.
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A map of the sampled regions displaying the limits of the
ROIs in an odontocete (T. truncatus) and a mysticete (M.
novaeangliae) is shown in Figure 2. These boundaries were
based on comprehensive descriptions of the anatomy of the
bottlenose dolphin brain by Jacobs et al. (1971,1979, 1984),
Morgane et al. (1980, 1982), Manger et al. (1998), and Hof et al.
(2005) for the odontocetes and on the description of the struc-
ture of the cerebral cortex of the humpback whale brain by
Hof and Van der Gucht (2007). Briefly, the cingulate cortex
was identified as the cortical domain located ventrally to the
splenial fissure and ventral to it on the midline of the hemi-
sphere. Anterior and posterior cingulate cortices were identi-
fied on the basis of their cytoarchitecture as described by
Morgane et al. (1982) and Hof and Van der Gucht (2007). The
insular cortex was identified as the cortex distributed on the
medial wall of the pocket formed by the Sylvian fissure, and
the distinction between anterior and posterior insular cortices
was based on cytoarchitectural criteria of Jacobs et al. (1984)
and Hof and Van der Gucht (2007). The frontoinsular cortex
was defined as the cortical domain that forms an extension
from the anterior part of the insular cortex and merges with the
posterior aspect of the orbital lobe (Hof and Van der Gucht,
2007). The frontopolar cortex was identified as the cortical
domain that encompasses the polar gyri at the tip of the
frontal lobe and ventrally the cortex that merges with the
frontoinsular cortex (Hof and Van der Gucht, 2007). Some
examples of the cytoarchitecture of these cortical domains
are presented in Figure 3.

Stereologic design
For stereologic quantification, we selected every tenth sec-

tion from the bottlenose dolphin, the Risso’s dolphin, and the
beluga whale and every twentieth section from the humpback
whale, in view of the larger size of the humpback whale brain
compared with the smaller odontocetes. Moreover, in the four
examined species, VENs were found to be distributed beyond
the FI into the whole anterior part of the insula (Hof and Van
der Gucht, 2007). Thus, when referring to VENs distribution in
the cetacean insula, we use the term “anterior insula” (AI)
instead of “frontoinsular cortex” (FI).

All the quantitative analysis were performed on a stereology
workstation equipped with a Zeiss Axiophot photomicro-
scope; Plan-Neofluar objectives �2.5 (N.A. 0.075), �40 (N.A.
0.75), �40 LD (N.A. 0.6); Plan-Apochromat objectives �10
(N.A. 0.32) and �20 (N.A. 0.8; Zeiss, Thornwood, NY); a mo-
torized stage (Ludl Electronics, Hawthorne, NY); an Optronics
MicroFire digital camera (Optronics, Goleta, CA); and stereol-
ogy software (StereoInvestigator; MBF Bioscience, Williston,
VT). Starting with a random section number, a systematic
sampling (every tenth or twentieth Nissl-stained sections de-
pending on the specimen) throughout the ROIs was per-

formed. The boundaries of the ROIs in each section were
traced at low magnification (�2.5) on the computer display.
The whole cortical thickness was included in the traced area.
Within the cortical ROIs, additional subregions, including ex-
clusively layers III and V, were traced separately.

Total VEN numbers were estimated, within each subre-
gion’s contour, by using the optical fractionator (West et al.,
1991). However, the relatively small number of VENs and their
peculiar distribution in clusters required that, to ensure that
every VEN would have an equal probability of being counted,

TABLE 1. Average Values of Brain Weight, Body Weight, and EQ for the
Analyzed Species1

Species
Brain weight

(g)
Body weight

(g) EQ

T. truncatus 1,824 209,530 4.14
G. griseus 2,387 328,000 4.01
D. leucas 2,083 636,000 2.24
M. novaeangliae 6,411 39,295,000 0.44

1Brain weight and body weight were unavailable for most of the specimens in this study.
These values were taken from Marino et al. (2004) and Hof et al. (2005).

Figure 2.
Nissl-stained parasagittal (A,B) and coronal (C) sections of the brain of
the right hemisphere of a humpback whale (A) and of a bottlenose
dolphin (B,C) showing the cortical regions of interest: anterior cingu-
late cortex (ACC), frontoinsular cortex (FI), anterior insular cortex (AI),
and frontopolar cortex (FP). The location of the regions of interest in
the brain of the humpback whale and of the bottlenose dolphin are
shown as representative of the mysticete and odontocete brains,
respectively; they occur within the same landmarks in either suborder.
CC, corpus callosum; IS, intercalate sulcus; Li, limbic fissure; Th,
thalamus. Scale bars � 2.5 cm.
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Figure 3.
Comparative structure of the anterior cingulate (A,D,F) and anterior insular (B,E,G) and frontopolar (C,H) cortices of the brain of a bottlenose
dolphin (A–C), a beluga whale (D,E), and a humpback whale (F–H). Aside from the overall lower cellular density of the humpback whale cortex
(F–H) compared with the smaller brain species (A–E), the cytoarchitecture of the ACC is comparable in all of the species. A high degree of
clustering of layer II is present in the insular cortex of the humpback whale, but not to the same extent in the smaller odontocetes. ACC, anterior
cingulate cortex; AI, anterior insula; FP, frontopolar cortex. Cortical layers are indicated by Roman numerals. Scale bar � 400 �m.
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we perform an exhaustive count. To achieve this, the dimen-
sion of the sampling grid was set equal to the dimension of the
counting frame. To prevent bias from an uneven surface of the
section or to the loss of nucleoli during the cutting procedure,
guard zones at the top and at the bottom of the section were
established. The size of the guard zones was set to allow the
disector height to sample at least 80% of the tissue thickness
as measured after processing. All stereologic parameters
were set after taking into account the degree of shrinkage
caused by histological processing (approximately 60% in our
specimens; see below). Details on the stereologic parameters
used for optical fractionator analyses of VEN number are
summarized in Table 2.

The typical VEN morphology is shown in comparison with
that of pyramidal and fusiform neurons in Figure 4. Neurons
were identified as VENs in Nissl-stained sections if they were
present either in deep layer III or in layer V of the ACC, AI, and
FP and displayed the morphological features presented in
Figure 5. The nucleolus was used as the counting reference,
and VENs were counted when the nucleolus came into focus
inside the counting frame within the disector height. Only the
VENs that had their nucleolus totally or partially inside the
counting frame and not crossing the exclusion lines of the
frame were counted.

The total number of neurons of the available areas contain-
ing VENs was assessed in each species using the optical

fractionator for estimation of the VEN fraction of the total
neuronal population. The software defined a systematic-
random-sampling sequence of frames within the outlines of
the ROIs, in which neurons were quantified. Because of dif-
ferences in the processing protocols and in the size of the
ROIs between specimens, the parameters set for the total
neuron quantification changed between animals, because ev-
ery animal was considered separately. The dimensions of the
sampling grid were set to sample at least 200–300 neurons
per specimen, and the disector height was selected to sample
at least 80% of the section thickness. Guard zones of 1 �m
were used on the top and the bottom of every section. Details
on the stereologic parameters used for the optical fractionator
in estimating total neuron numbers are summarized in Table 3.
Neurons (including pyramidal cells and interneurons) were
counted with the same inclusion criteria as described above
for VENs if they had pale nuclei, dark and recognizable nucle-
oli, and a relatively large soma.

Changes in tissue volume resulting from histological pro-
cessing are a potential source of bias for estimates of the cell
volume that depend on the fixation and embedding protocol
used (Schmitz and Hof, 2005). When studying cetacean
brains, the use of standardized protocols is difficult owing to
the nature and rarity of the specimens. In fact, several brain
specimens came from histological collections established de-
cades ago, others from captive animals, and others from
stranding events, making it nearly impossible to obtain brains
processed under identical conditions. In the present study, we
attended to such potential sources of bias as follows. The
shrinkage in the z-direction was compensated for all the spec-
imens examined by measuring systematically the thickness of
the sections at selected intervals. Although we could minimize
the shrinkage in the x-y direction in the brain of one of the
humpback whales, the bottlenose dolphin, and the Risso’s
dolphin by ensuring that the sections were mounted soon
after cutting and before staining (Schmitz et al., 2002), we had
no control on the processing of the brain tissue of the beluga
whale or the second humpback whale, which were embedded
in celloidin, an embedding medium that considerably in-
creases the shrinkage of the tissue. However, Schmitz et al.
(2000) showed that the total number of pyramidal cells ob-
tained in methacrylate-embedded sections vs. cryostat sec-
tions in the mouse hippocampus were comparable. It should
also be noted that the optical fractionator does not rely on the
calculation of an estimate of an actual volume of reference,
and as such our number estimates are not affected by differ-
ential shrinkage.

The volume of every counted VEN was assessed by using
the optical rotator (Tandrup and Jensen, 1997), a stereologic

TABLE 2. Summary of Parameters Used for the Optical Fractionator in the Analysis of VEN Numbers1

Parameter ROI T. truncatus G. griseus D. leucas M. novaeangliae

Number of sections ACC 17 24 16 5
AI 26 24
FP 13

Number of microscopic fields ACC 11,375 17,845 1,382 29,718
AI 1,520 54,540
FP 58,267

Mean section thickness after processing (�m) 30 30 14 14
Area of the unbiased counting frame (�m2) 20,900 20,900 20,900 42,500
Disector height (�m) 28 28 12 12
Guard zones (�m) 1 1 1 1

1ACC, anterior cingulate cortex; AI, anterior insula; FP, frontopolar cortex; ROI, region of interest.

Figure 4.
Comparison of the typical morphology of VENs (A) with pyramidal
neurons of layer V (B) and a fusiform cell of layer VI in the AI of the
beluga whale (C). Note the large difference in size between VENs and
the layer VI fusiform neuron. Scale bar � 40 �m.
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Figure 5.
Morphology of VENs. Anterior cingulate cortex (A,B) and anterior insular cortex (C–E) of the beluga whale, anterior cingulate cortex of the Risso’s
dolphin (F–H), anterior cingulate cortex of the bottlenose dolphin (I,J), and frontopolar cortex of the humpback whale (K,L). Scale bar � 40 �m.
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three-dimensional local estimator of volume that samples fo-
cal planes through the central region of a cell, thereby avoid-
ing problems with the identification of its top and bottom
borders. For limitations resulting from the nature of the prep-
arations, the volume of VENs in one of the humpback whale
could not be measured with a sufficient degree of precision
with the optical rotator. The brain sections of this specimen
were coverslipped with thick coverglass and did not allowed a
sharp image of each focal plane throughout the thickness of
the section as required by the optical rotator. Assuming that
intraspecific differences in the volume of VENs would not to
be found, we investigated sections from only one humpback
whale to assess the average volume of VENs in this species.
The thin coverslips used on the histological sections of the
brain of this specimen allowed the measurement of the VEN
volume with the optical rotator. Details on the stereologic
parameters used for the optical rotator are summarized in
Table 4.

Moreover, because the major histological collections of hu-
man, apes, and cetacean tissue are embedded in celloidin
and coverslipped with thick coverglasses, we considered it
important to define the degree of over- or underestimation of
the VEN volume caused by a probe that can be used in such
materials, such as the nucleator (Gundersen, 1988). The nu-
cleator is a two-dimensional local probe that measures the
cross-sectional area of a particle in only one focal plane and
assumes uniformity in all directions. However, VENs are not
isotropic, and any estimate obtained with the nucleator will
inevitably be inaccurate. We investigated sections from the
celloidin-embedded humpback whale brain with a six-rays
nucleator and compared the VEN volume estimates with the
values obtained for the other humpback whale with the optical
rotator. Again, we assumed that there are no differences in
VEN volume within the same species. The average VEN body
volume assessed with the optical rotator was 6,188 � 948
�m3, and the average value assessed with the nucleator in the
other specimen was 5,870 � 1,311 �m3, yielding an overall
underestimation of about 5% with the nucleator in these
celloidin-embedded sections. However, this difference also
reflects the possible degree of shrinkage that different histo-
logical protocols (in this case, dehydration and celloidin-
embedding vs. freezing of formalin-postfixed materials) may
cause. The difference in cell volume estimates being rather

small, based on our results, the use of one probe or the other
should not significantly bias the average measured volume.
However, to address the potential bias when comparing vol-
ume estimates obtained in specimens prepared with different
histological protocols, we decided to express the VEN volume
as a “VEN volume index” given by the ratio of the average VEN
volume to the average pyramidal cell volume in each speci-
men. In this way, our volume estimates provide values unaf-
fected by shrinkage artifacts. By using the same stereologic
procedures, we estimated the individual volumes of a smaller
sample of pyramidal neurons in layer V and of smaller fusiform
neurons in layer VI (approximately 100 for each cell type in
every specimen, for comparison with VEN volumes). Details
on the stereologic parameters used for the optical rotator in
each cell type are summarized in Table 4. Quantitative and
volumetric estimates of VENs and pyramidal and fusiform
neurons were made with the �40 (N.A. 0.75) or the �40 LD
(N.A. 0.6) objectives, depending on the quality of the histolog-
ical preparations. VEN densities were not calculated given
their uneven and clustered distribution in all regions, which
prevents the elaboration of meaningful and reliable density
estimates.

Photomicrographs were edited for brightness and contrast
in Adobe Photoshop. Maps of VEN distribution were imported
and graphically adjusted in Adobe Illustrator.

Statistical analysis
Total VEN numbers were obtained in only one specimen

per species, so statistical analysis was not possible to
perform. The Levene test was used to define whether the
variances were homogeneous within the volumetric mea-
surements. Because the volume of every counted VEN was
measured but volumetric data of the pyramidal and fusiform
cells was based on a sample of 100 neurons, we had to
normalize group sizes. To achieve this, the interquartile
range was calculated within every neuron type data set, and
the measurements falling outside this range were excluded
from the analysis. For the sets of data falling between the
first quartile (Q1) and the third quartile (Q3), we randomly
chose a sample of 50 measurements (lists were randomized
by random.org, and the first 50 values from the lists were
chosen) that was used for further analysis. We used the
nonparametric Kruskal-Wallis ANOVA and Dunn’s post hoc
tests to determine whether there were significant differ-
ences in volume among VENs and pyramidal and fusiform
neurons among and within species. To investigate possible
correlation between the VEN volume, brain weight, body
weight, and EQ, we used the nonparametric Spearman’s
correlation test. EQ data were obtained from Marino (1998),
Marino et al. (2004), and Hof et al. (2005). EQ were calcu-
lated using the formula EQ � brain weight/0.12 (body
weight)0.67 (Jerison, 1973).

TABLE 3. Summary of Parameters Used for the Optical Fractionator in the Analysis of Total Neuron Numbers1

Parameter ROI T. truncatus G. griseus D. leucas M. novaeangliae

Number of sections ACC 7 12 16
AI 26 26

Number of microscopic fields ACC 183 500 478
AI 499 226

Area of the unbiased counting frame (�m2) 3,600 3,600 3,600 3,600
Sampling grid size (�m) 2,000 � 2,000 2,000 � 2,000 1,000 � 1,400 5,000 � 5,000

1ACC, anterior cingulate cortex; AI, anterior insula; ROI, region of interest.

TABLE 4. Summary of Parameters Used for the Optical Rotator Analysis of
Each Neuronal Type

Parameter VENs Pyramidal cells Fusiform cells

Focal plane separation (�m) 2 3 2
Grid line separation (�m) 9 6 6
Optical slab thickness (�m) 7 7 4
Number of grid lines 4 4 4
Slab type Isotropic Isotropic Isotropic
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Figure 6.
Maps of the neocortical distribution of VENs. Anterior insular cortex (A) and frontopolar cortex (B) of the humpback whale, anterior cingulate
cortex of the bottlenose dolphin (C), and anterior insular cortex of the beluga whale (D). The ROI (whole cortex) is outlined by a solid line, and
layers III and V are outlined by a dashed line. Every dot corresponds to one VEN (see corresponding arrowheads on the microphotographs).
VENs are located in deep layer III and layer V, clustered at the crown of the gyri, and only scattered cells are present along the banks of the sulci.
Cortical layers are indicated by Roman numerals. Scale bars � 100 �m.
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RESULTS
VENs were observed in all of the examined species and

regions. Their morphology was easily distinguishable, and
they were present in layer V and deep layer III (Fig. 6). As
previously reported for the humpback whale (Hof and Van der
Gucht, 2007), VENs predominantly assemble in small clusters,
generally of three to five cells, near the crown of the gyri in the
ACC, AI, and FP, whereas more scattered VENs are observed
along sulcal banks (Figs. 6–9). Most of the VENs had a stout
cell body with straight and long apical and basal dendrites
departing from the soma (Fig. 5D–F,I–L). However, a few VENs
were extremely slender, with very long apical and basal den-
drites almost as thick as the cell body (Fig. 5B,C,H). Others
had an elongate cell body with thin and curly basal and apical
dendrites (Fig. 5A). Occasionally, we observed cells with the
basal dendrite divided into two branches (Fig. 5G). These
morphologies were observed in all of the investigated species
and cortical regions.

The number of VENs in the regions of interest was ex-
pressed as a percentage of VENs from the estimated total
number of neurons in that region and species (Table 5). Un-
fortunately, because of the availability of the materials, not all
of the ROIs could be investigated in every species, and the

comparisons of VEN quantitative data are based only on the
available regions. Also, it should be noted that the number of
sampled neurons, and thus the estimated total numbers, do
not represent exhaustive counts for the entire ROIs consid-
ered, except in the case of M. novaeangliae.

A comparison of VEN numbers among species was possible
only on the basis of our findings in the ACC, the only region
available for all the four species examined. Within the ACC,
the higher number of VENs was observed in the humpback
whale, whereas the quantitative data for bottlenose dolphin,
Risso’s dolphin, and beluga whale were fairly comparable
(Fig. 10B). Comparisons among ROIs were possible only for
the humpback whale, for which all the three regions were
available (Table 5). The numbers of VENs in the ROIs were in
this case comparable among the three regions (Fig. 10C).
Overall, the percentage of VENs from the estimated total
neuron numbers was consistently low across species and
varied from 0.01% to 0.06%, depending on the region. Inter-
estingly, among all of the regions and species, the insular
cortex of the beluga whale showed the highest percentage of
VENs from the total neuronal population estimated for the
species in this specific ROI (Table 5). However, the observed
higher percentage of VENs is due not to a major increase in

Figure 7.
A–E: Maps showing the landmarks of the anterior cingulate cortex (ACC) and the pattern of distribution of VENs in the humpback whale. The
ROI (whole cortex) is outlined by a solid line, and layers III and V are outlined by a dashed line. Every dot corresponds to one VEN. VENs are
clustered at the crown of the gyri, and fewer are present along the banks of the sulci. Scale bars � 6 cm (for the whole brain).
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total VEN number in this species but rather to a lower total
number of neurons.

Volumetric estimates show that, similarly to the case in
humans and great apes (Nimchinsky et al., 1999), the volume
of VENs in cetaceans is larger than that of layer V pyramidal
neurons and considerably larger than layer VI fusiform neu-
rons (Table 6). Specifically, within our specimens, VENs were
found to be 8–43% larger than pyramidal neurons of layer V
and 54–73% larger than fusiform neurons of layer VI, depend-
ing on the species. Volume estimates, expressed as “VEN
index” (ratio between the average volume of VEN and the
average volume of pyramidal neurons for each species), indi-
cate that, within the studied species, the largest index was
found in the humpback whale, followed by the bottlenose
dolphin, the beluga whale, and the Risso’s dolphin with very
close indices (Fig. 10A). Because the average variation in
pyramidal cell somatic size among species is only 14%, we
consider the variation in indices to reflect differences in the
volume of VENs. In this view, as expected, our results show
that the larger VENs belong to the humpback whale, whereas
the volume estimates of VENs of the three odontocete species
are fairly comparable. The somatic volume of VENs was found

to be significantly different among species for all comparisons
(P < 0.001), except for the Risso’s dolphin and the beluga
whale. Moreover, all differences in volume among neuron
types within any of the species were found to be significant
(P < 0.001), except for between VENs and pyramidal cell
volumes in the Risso’s dolphin, which had smaller VENs com-
pared with other species (Table 6, Fig. 10A). In contrast to
what has been reported for great apes (Nimchinsky et al.,
1999), the raw VEN volumes did not, in our sample, show any
significant correlation with the brain weight, body weight, or
EQ (see Table 1; Spearman’s rank order correlation: r � 0.20,
P � 0.91; r � 0.40, P � 0.75; r � –0.40, P � 0.75, respectively).

DISCUSSION
Considering the highly divergent evolutionary history of

cetaceans and primates (Kumar and Hedges, 1998), ceta-
ceans evolved independently a very large and convoluted
brain, an extremely expanded neocortex, and very high EQs.
Although several hypotheses have been formulated to explain
the reasons of such an increase in size and complexity, it is
now widely accepted that the enlargement of the cetacean

Figure 8.
A–E: Maps showing the landmarks of the anterior insula (AI) and the pattern of distribution of VENs in the humpback whale. The ROI (whole
cortex) is outlined by a solid line, and layers III and V are outlined by a dashed line. Every dot corresponds to one VEN. Scale bars � 6 cm.
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brain was driven by evolutionary selective pressures acting on
complex cognitive abilities (for review see Marino, 2007). An-
atomical evidence such as the enlargement and the histolog-
ical complexity of the frontopolar region (Hof and Sherwood,
2005; Hof and Van der Gucht, 2007) and of the anterior cin-
gulate and insular cortices (Jacobs et al., 1979; Hof and Van
der Gucht, 2007) support this view. These regions are known
to be involved in judgment, attention, intuition, and social
awareness in primates (Allman et al., 2005).

The occurrence of VENs in all of the cetacean species we
analyzed is striking. The predominant distribution of VENs in
clusters and the regional distribution pattern comparable to
that seen in humans and great apes makes their presence in
the cetacean brain a particularly interesting neuroanatomical
feature from an evolutionary perspective. In light of the phy-
logenetic distance between hominids and cetaceans and the
absence of VENs in the other species analyzed so far, VENs
can be considered to be the product of a process of conver-
gent evolution rather than the product of postnatal mechani-

cal factors that would have affected the morphology and
distribution of relatively few neurons in restricted cortical do-
mains, particularly in locations subject to bending stresses
such as the crown of gyri. In fact, in his original paper, Von
Economo (1926) described the process of “spindling” of the
cortical elements as a process he considered common to all
cell types in the neocortex and that he saw as responsible for
the enhancement of the sharp contrast in morphology be-
tween “VENs” and surrounding pyramidal cells.

Taken together with our findings of the presence of VENs in
three small odontocetes, the recent discovery of VENs in both
the African elephant (Loxodonta africana) and the Indian ele-
phant (Elephas maximus; Hakeem et al., 2009) provides sup-
port to the concept that VENs represent a possible obligatory
neuronal adaptation in very large brains, permitting fast infor-
mation processing and transfer along highly specific projec-
tions and that evolved in relation to emerging social behaviors
in select groups of mammals. Cetaceans form complex soci-
eties in which individuals relate to each other depending on

Figure 9.
A–F: Maps showing the landmarks of the anterior frontopolar cortex (FP) and the pattern of distribution of VENs in the humpback whale. The
ROI (whole cortex) is outlined by a solid line, and layers III and V are outlined by a dashed line. Every dot corresponds to one VEN. Scale bars �
6 cm.
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their hierarchical position; they have been reported to create
nested alliances, to use tools, to be able to learn symbolic
artificial languages, and, as with elephants, to show self-
awareness as demonstrated by tests of mirror self-recognition
(Herman et al., 1984, 1993; Krushinskaya, 1986; Connor et al.,
1992; Reiss and Marino, 2001; Krutzen et al., 2005; Plotnik et
al., 2006; Lusseau, 2007; Marino et al., 2007, 2008; Poole and
Moss, 2008).

The typical long and wide axons of VENs have been pro-
posed to play a key role in the organization of the connectivity
in cognition-related networks in large brains (Allman et al.,
2002, 2005). In this context, it is very interesting to stress the
presence of VENs in the frontopolar region in these cetaceans.
In fact, there has been a long debate regarding whether there
might be a cortical region corresponding to the prefrontal
cortex of primates in cetaceans. The cetacean frontopolar
cortex is extremely expanded and shows a very distinct cy-
toarchitecture compared with its adjacent fields. The pres-
ence of VENs in this cortical domain suggests that this area is,
as in hominids, endowed with high-level cognitive functions
and that the possible cortical homolog of the prefrontal cortex
is very well developed and specialized in cetaceans. It is
indeed interesting to note that VENs have recently been re-
ported in the dorsolateral prefrontal cortex in humans (Fajardo
et al., 2008), reinforcing the notion that these cortical domains
may indeed represent functional homologs in hominids and
cetaceans.

The presence of VENs in the ACC, AI, and FP of the ceta-
cean brain is not a direct demonstration of high-level cogni-
tion, but it is consistent with the existence in these species of
complex cognitive abilities and hints at a neuronal specializa-
tion that may underlie their expression. It is interesting, in this
light, to point out that cetaceans and primates possess the
highest levels of encephalization among vertebrates, with EQ
values of 7.0 for modern humans, of between 1.5 and 3.0 for
great apes, and of 4.5 for some odontocetes species, placing
cetaceans second to humans, with EQs considerably higher
than any other mammal (Marino, 1998; Marino et al., 2004). In

great apes, the somatic volume of VENs was shown to be
highly correlated with brain volume residuals (Nimchinsky et
al., 1999). The present data show that VEN volume is not
correlated with brain weight, body weight, or EQ. This lack of
correlation may reflect not only the small sample size of the
four species, three of which are very close in terms of brain
size, to which our study was limited but also the fact that
mysticetes are not particularly encephalized owing to their
large body size (Marino et al., 2004). If a correlation of VEN
volume with any of these parameters were to be observed, it
would be more likely among the smaller odontocetes, assum-
ing that VENs occur in all or most of these species. Moreover,
the fact that, in the humpback whale, VENs, but not pyramidal
or fusiform cells, are considerably larger than the same cell
types in the examined odontocetes supports the possibility
that a relationship between body size and VENs size exists.
The present study was limited in this respect to three delphi-
noid taxa, and a more extensive sample of cetacean species
to allow for a more complete representation of brain size
variability, especially among the smaller bodied odontocetes,
will be necessary to determine whether VEN volume is corre-
lated with any of these parameters.

VENs are 42–79% larger than pyramidal neurons of layer V
and 75–92% larger than fusiform cells of layer VI in great apes,
depending on the species (Nimchinsky et al., 1999). The
present results show that, even if the difference in somatic
volume among neuronal types is statistically significant within
a given species, the magnitude of this difference is less pro-
nounced in cetaceans than in primates. Neuron size (and thus
axon length and width) increases as a consequence of brain
size increase. There is in fact evidence showing that, in large
brains, the need to reduce metabolic firing costs and trans-
missions delays is prioritized over limiting an increase in neu-
ronal size (Wang et al., 2008). However, there may be rules
acting on the optimization of the conduction that constrain the
maximum size and length that axons can achieve, thus inev-
itably influencing the somatic size of a particular neuron. It
could be that, in the case of cetaceans, the increase in brain
size could not be followed by the expected increase in VEN
volume in order to keep the optimal efficiency of VEN con-
duction, thus explaining the less pronounced difference in
somatic volume among neuronal types observed in these
species compared with hominids.

In view of the fact that, for the three odontocetes, the blocks
we analyzed included only a portion of the ROI, and therefore
doubtless represent underestimates, whereas for the hump-
back whale we had access to the entire structure, we can use
the latter to make comparison of absolute numbers of VENs
between cetaceans and data available for humans, great
apes, and elephants. Our results show that the absolute num-
ber of VENs in the humpback whale, at least in the AI, is fairly
comparable to that in other species in which the FI was
analyzed (for data on hominids and elephants VENs see Kauf-
man et al., 2008; Hakeem et al., 2009; Allman et al., 2009). In
fact, there are overall twice as many VENs in the humpback
whale FI/AI as in the Western lowland gorilla and elephant,
numbers comparable to those in newborn humans and chim-
panzees, but numbers 2.5 times lower than in human adults
(Kaufman et al., 2008; Hakeem et al., 2009; Allman et al., 2009).
It should, however, be kept in mind that VENs are present not
only in the FI but also in the AI in the humpback whale, in

TABLE 5. Results of Stereologic Estimates of Total VEN Numbers in the
Investigated Species and Cortical Regions1

Species ROI
Estimated
VENs RH

Estimated
VENs LH

VENs
(%) CE

T. truncatus ACC 1,850 0.07
SUBG 600 0.009 0.13

G. griseus ACC 1,430 0.08
SUBG 580 0.004 0.13

D. leucas ACC 370 0.012 0.16
AI 1,910 0.061 0.07

M. novaeangliae ACC 24,180 0.04
AI 28,770 0.027 0.03
FP 24,900 0.03

1VEN numbers in the odontocetes represent only the available blocks from the ROI and
are therefore underestimates. Moreover, the estimates were obtained in the only avail-
able hemisphere in each specimen. The right hemisphere of T. truncatus and the left
hemispheres of G. griseus, D. leucas, and M. novaeangliae as well as the FP in the
odontocetes were not available, because they had been used previously or were
distributed to other investigators. ACC, anterior cingulate cortex; AI, anterior insula; FP,
frontopolar cortex; SUBG, subgenual cortex; LH, Left hemisphere; RH, Right hemi-
sphere; ROI, region of interest; VENs (%), percentage of VENs calculated from the total
number of neurons in the cortical area of interest; CE, Coefficient of error (calculated as
the inverse of the square root of the number of cells counted). The CE measures the
accuracy of the estimates and takes into account the distribution of the counted
particles in the tissue and the total number of particles sampled (Schmitz and Hof,
2005). Because of the uneven and clustered distribution of VENs and their low numbers,
CE values are sometimes higher than desirable (>0.1) and are not optimal indicators of
the accuracy of the estimates, which in these cases resulted from exhaustive enumer-
ations.
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contrast to hominids and elephants in which they are mostly
concentrated within FI, revealing a notable variant in the dis-
tribution of VENs among these three mammalian groups. The
low percentage of VENs in the humpback whale compared
with hominids and elephants thus is due mainly to the much
higher number of total neurons and much larger AI in the
whale. It should be added that very few quantitative data on
the cetacean cortex are available (see, e.g., Tower, 1954;
Kraus and Pilleri, 1969; Garey and Leuba, 1986; Schwerdt-
feger et al., 1984; Haug, 1987; Poth et al., 2005; Eriksen and
Pakkenberg, 2007), allowing for only limited comparison
among studies resulting from differences in methods and
investigated species. However, our estimates in a given cor-
tical region, such as FI/AI, would generally not be inconsistent
with previously published estimates of cortical neuron num-
bers.

With regard to odontocetes, and even considering that we
could not exhaustively sample the relevant regions in these
three species, the total number of VENs in this group is sig-
nificantly lower than in hominids, elephants, and humpback
whale (in spite of the high EQ of these small odontocetes).
This may reflect the fact that, although VENs appeared early in
the evolutionary history of modern whales, being present both
in mysticetes and in the oldest family of toothed whales, the
physeterids (Fordyce and Barnes, 1994), their distribution and
numbers continued to evolve in the recent history of ceta-
ceans, perhaps representing a certain degree of refinement in
the projections that they may subserve. In this context, it will
be interesting to investigate VENs in the brains of small phy-
seterids such as the pygmy sperm whale (Kogia breviceps),
and a small balaenopterid such as the minke whale (Balae-
noptera acutorostrata), which incidentally possesses VENs in
a distribution seemingly comparable to that in M. novaean-
gliae (Butti and Hof, unpublished observations). Moreover, the
uneven distribution and overall low numbers of VENs (varying
from under 1% to about 3% of the total number of neurons
depending on the species and region) in the brain of all of the
species in which they have been described thus far recall the
distribution and density of other highly specialized neuronal
populations such as the Betz and Meynert cells that are found
only in layer Vb of the primary motor and in layer VI of the
primary visual cortex, respectively, in primates (Hof et al.,
2000; Rivara et al., 2003) and exhibit species-dependent mor-
phologic and functional specialization (Sherwood et al., 2003).
Even though the total numbers of VENs in the species in which
they have been observed are rather variable, the presence of
this peculiar cell type within the same regional and laminar
pattern across divergent species indicates that the projec-
tions that VENs may provide are perhaps as specific as those
furnished by neurons such as Betz and Meynert cells. What

Figure 10.
Ratio of the average VEN volume to the average pyramidal cell volume
“VEN index” (A) and total estimated numbers of VENs in the ACC of
the four examined species (B) and in the three regions of interest of
the humpback whale (C).

TABLE 6. Volume of Layer V VENs and Pyramidal Cell and Fusiform Cells of
Layer VI1

Species VENs
Pyramidal
neurons

Fusiform
neurons

VEN
index

T. truncatus 4,449 � 524 3,323 � 310 1,436 � 175 1.34
G. griseus 3,186 � 479 2,923 � 298 1,460 � 158 1.09
D. leucas 3,406 � 468 2,710 � 347 1,248 � 150 1.26
M. novaeangliae 6,189 � 948 3,558 � 393 1,662 � 231 1.74

1Volumes are expressed as mean (�m3) � SD. The VEN index is the ratio between the
average volume of VEN and the average volume of pyramidal neurons.
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their specific function might be, however, remains to be elu-
cidated.

VENs send an axon out of the cerebral cortex, based on
observations in post-mortem human brain after DiI labeling
(Nimchinsky et al., 1995), but there is no direct evidence on
their functional role owing to the fact that the species in
which they occur make it impossible to use invasive ap-
proaches. The ACC and FI (and more generally the AI) are
connected to the prefrontal and orbitofrontal cortices in
macaque monkeys (Cavada et al., 2000; Ongür and Price,
2000; Barbas et al., 2003; Höistad and Barbas, 2008). The
evidence that VENs send axons in the subcortical white
matter in humans (Nimchinsky et al., 1995; Allman et al.,
2005; Watson et al., 2006) and their selective presence in
these reciprocally linked region of the cortex suggest that
they may connect ACC and FI/AI (Craig, 2009). Also, as
shown by human fMRI studies, the regions containing VENs
are involved in high-level cognitive processing, such as
feelings of empathy (Singer et al., 2004), guilt (Shin et al.,
2000), embarrassment (Berthoz et al., 2002), and pain (Craig
et al., 1996; Rainville et al., 1997), as well as judgement,
social knowledge, and consciousness of visceral feelings
(Craig, 2003, 2004, 2009). In this context, neuropathologic
investigations in brains from patients with frontotemporal
dementia, a disorder that disrupts several aspects of social
functioning and self-awareness, have revealed a 74% re-
duction in VEN number. In these cases, many of the remain-
ing VENs displayed severe morphologic alterations and
abnormal accumulation of pathologic proteins (Seeley et
al., 2006, 2007). In addition, their localization in layer V is
suggestive of projections to subcortical regions, such as
the amygdala, hypothalamus, and periaqueductal gray, to
which the ACC and FI/AI are known to project in primates
(Nimchinsky et al., 1999; Barbas et al., 2003; Hof and Van
der Gucht, 2007). Altogether, VENs may be involved in the
integration of emotions, vocalization control, facial expres-
sion, or social conduct as well as regulation of autonomic
visceral, olfactory, and gustatory functions.

In conclusion, the specific distribution of VENs in the
ACC, AI, and prefrontal cortex (FP in the case of cetaceans)
of all of the species for which VENs have been described to
date suggests that, in large brains, these regions of the
cortex (and their specific networks) were shaped by com-
parable selective pressures, of which the VENs may be the
evolutionary outcome. In the specific case of cetaceans,
the presence of VENs in select areas of the brain in both
cetacean suborders may be the anatomical basis for the
observed behavioral cognitive convergences that, despite a
long phylogenetic divergence, are widely recognized to be
shared by primates and cetaceans. Moreover, given their
selective vulnerability, study of the evolution of VENs and of
their functional role and connectivity is necessary to further
our understanding of the evolution of neocortical circuits
that, when disrupted in human-specific neuropsychiatric
illnesses, are responsible for the impairment of social and
cognitive skills.
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