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Abstract

 

The present investigation carried out Nissl, Klüver-Barrera, and Golgi studies of the cerebral cortex in three distinct
genera of oceanic dolphins (Risso’s dolphin, striped dolphin and bottlenose dolphin) to identify and classify cortical
laminar and cytoarchitectonic structures in four distinct functional areas, including primary motor (M1), primary
sensory (S1), primary visual (V1), and primary auditory (A1) cortices. The laminar and cytoarchitectonic organization
of each of these cortical areas was similar among the three dolphin species. M1 was visualized as five-layer structure
that included the molecular layer (layer I), external granular layer (layer II), external pyramidal layer (layer III), inter-
nal pyramidal layer (layer V), and fusiform layer (layer VI). The internal granular layer was absent. The cetacean
sensory-related cortical areas S1, V1, and A1 were also found to have a five-layer organization comprising layers I,
II, III, V and VI. In particular, A1 was characterized by the broadest layer I, layer II and developed band of pyramidal
neurons in layers III (sublayers IIIa, IIIb and IIIc) and V. The patch organization consisting of the layer IIIb-pyramidal
neurons was detected in the S1 and V1, but not in A1. The laminar patterns of V1 and S1 were similar, but the
cytoarchitectonic structures of the two areas were different. V1 was characterized by a broader layer II than that
of S1, and also contained the specialized pyramidal and multipolar stellate neurons in layers III and V.
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Introduction

 

The brains of cetaceans, including whales, dolphins and
porpoises, display a striking organizational difference
from those of the terrestrial mammalian species (Breathnach,
1960; Morgane et al. 1985). The cetacean brains are
characterized by their unique complexity of gyral and
sulcal patterns (Garey et al. 1985; Glezer et al. 1988) and
poor differentiation of their laminar patterns (Morgane
et al. 1985). Modern whales, dolphins and porpoises have
undergone a very different evolutionary history from that
of the terrestrial mammalian species since they returned
to an aquatic environment 70 million years ago (Kesarev
et al. 1977; Gingerich et al. 1983). Most extant mammalian
species demonstrate both progressive and conservative

evolutionary features (Ebner, 1969; Kirsch & Johnson, 1983).
The cetacean brains exhibit peculiar features characterized
by a predominance of conservative traits that are also
observed in some archetypal terrestrial mammals such as
echolocating bats, hedgehogs and sloths (Gerebtzoff &
Goffart, 1966; Valverde & Facal-Valverde, 1986; Ferrer,
1987). Only a limited number of tract-tracing and immu-
nohistochemical analyses have demonstrated the distribu-
tion patterns of thalamocortical afferents (Garey et al.
1989; Revishchin & Garey, 1990) and neurochemically iden-
tified neuronal populations (Revishchin & Garey, 1991;
Glezer et al. 1992, 1998; Hof et al. 1992, 1995) in the cetacean
cerebral cortex, in contrast to most terrestrial mammalian
species (Haug, 1987; Kosaka et al. 1987; Lewis et al. 1987;
Kuljis et al. 1989; Lewis, 1992). These investigational results
suggest that a specific functional and immunochemically
distinct neuronal population is likely to originate from
morphologically distinct neuronal population and lamina-
tions. However, studies of the cetacean cerebral cortex
have not included sufficient numbers of cetacean species
or details focusing on the laminar organization and
classification of neuronal types within the distinct func-
tional areas. Therefore, the present study performed Nissl,
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Klüver-Barrera and Golgi staining of the cetacean cerebral
cortex to identify and classify the laminar and cytoarchi-
tectonic patterns of four discrete functional areas (primary
motor, primary sensory, primary visual and primary auditory
areas) in three oceanic dolphins including the Risso’s dolphin
(

 

Grampus griseus

 

), the striped dolphin (

 

Stenella coerule-
oalba

 

), and the bottlenose dolphin (

 

Tursiops truncatu

 

s).

 

Materials and methods

 

Animals and their brains

 

Three oceanic species of dolphin, Risso’s dolphin (

 

n

 

 = 8; 

 

G. griseus

 

),
striped dolphin (

 

n

 

 = 8; 

 

S. coeruleoalba

 

) and bottlenose dolphin
(

 

n

 

 = 8; 

 

T. truncatus

 

), were used for the present investigation; all
were female. Their brains were removed from the skull and rapidly
fixed in 10% formaline for 8–12 weeks, at 4 

 

°

 

C. Fixed brain
weights were 2113 

 

±

 

 238 g (mean 

 

±

 

 SD; 

 

G. griseus

 

), 970 

 

±

 

 61 g
(

 

S. coeruleoalba

 

) and 2091 

 

±

 

 438 g (

 

T. truncatus

 

).
All animal experiments were carried out in accordance with the

guidelines of the Animal Care and Use Committee of Utsunomiya
University. All efforts were made to minimize animal suffering
and to reduce the number of animals used.

 

Brain regions

 

Four distinct functional cortical areas were examined, including
primary motor cortex (M1), primary sensory cortex (S1), primary
visual cortex (V1) and primary auditory cortex (A1), as identified
by Supin and his colleagues (1977, 1978). Cytoarchitectonic studies
were performed in the anterior-cruciate gyrus (for M1), posterior-
cruciate and coronary gyri (for S1), lateral gyrus (for V1), and the
suprasylvian gyrus (for A1) of the cerebral cortex.

 

Histology

 

Nissl and Klüver-Barrera methods

 

To evaluate and classify laminar and cytoarchitectonic features of
the cetacean cortex, six brains from each of the three dolphin
species were embedded in paraffin. Serial sections were cut in the
coronal plane (20 

 

μ

 

m thickness), and divided into two series. One
series was stained with 0.1% cresyl violet (Nissl staining) and the
other using the Klüver-Barrera method (Klüver & Barrera, 1953).
Stained sections were evaluated under the light microscope.
Laminar patterns were identified and classified in each of the
functional areas and laminar thicknesses were measured using
computer-aided analysis of video images (NIH Image 1.61; National
Institutes of Health) viewed with a microscope (BX 50, Olympus,
Tokyo). Measurements of each layer of the four discrete cortical
areas were carried out in every 18th section (360 

 

μ

 

m apart) per
animal (

 

n

 

 = 6). Measurements are expressed as means 

 

±

 

 SD. Student’s

 

t

 

 test was used to assess the statistical significance of the differences
between means in different cortical layers in the same specimen
and between the same layers in different specimens.

 

Golgi method

 

Two brains from each of the three dolphin species were impreg-
nated with a tungstate modification of the Golgi–Cox method
(Ramon-Moliner, 1958). The brains were placed in the fixative for
20 days, alkalinized for 24 h, soaked for 24 h in two changes of

0.05% acetic acid, and then washed with distilled water. After
dehydration in ethanol, they were embedded in paraffin. Serial
sections were cut in the coronal plane (100–150 

 

μ

 

m thickness).
Golgi-impregnated sections were used to classify the neuronal
types composing each layer of the discrete cortical areas, focusing
on such anatomical elements as somatic shape and size, number
of primary dendrites, and dendritic orientation. The soma size
(short axis and long axis of soma) was measured using computer-
aided analysis of video images (NIH Image 1.61, National Institutes
of Health) viewed with a microscope (BX 50, Olympus, Tokyo).
Measurements are expressed as means 

 

±

 

 SD.

 

Results

 

The laminar patterns and cytoarchitectonic organizations
were different in the four areas examined in the present
study (Table 1). In particular, the thicknesses of the
molecular and external granular layers could be used to
characterize anatomically the four distinct cortical areas
examined (Table 1).

 

Primary motor cortex (M1)

 

M1 of the Risso’s dolphin, striped dolphin, and bottlenose
dolphin displayed similar laminar patterns (Fig. 1A–C) that
included a molecular layer (layer I), external granular layer
(layer II), external pyramidal layer (layer III), internal
pyramidal layer (layer V) and fusiform layer (layer VI). An
internal granular layer (layer IV) was not detected in M1.
Layer II was narrow, but densely packed with small granular
(short axis: 12 

 

±

 

 5 

 

μ

 

m, long axis: 19 

 

±

 

 6 

 

μ

 

m) and pyramidal
neurons (short axis: 22 

 

±

 

 3 

 

μ

 

m, long axis: 26 

 

±

 

 2 

 

μ

 

m). Layer
V contained large pyramidal neurons (short axis: 38 

 

±

 

 8 

 

μ

 

m,
long axis: 67 

 

±

 

 11 

 

μ

 

m; Fig. 1D–F). Layer VI contained small
bipolar (short axis: 9 

 

±

 

 4 

 

μ

 

m, long axis: 13 

 

±

 

 6 

 

μ

 

m) and
triangular neurons (short axis: 17 

 

±

 

 3 

 

μ

 

m, long axis: 30 

 

±

 

 4 

 

μ

 

m).

 

Primary sensory cortex (S1)

 

The laminar organization of S1 was similar across the three
dolphin species (Fig. 2A–F) and was also found to be a
five-layer structure comprising the layers I, II, III, V and VI
(Fig. 2A–C). Layer IV was not detected in S1. Layers I and II
were broader than those of M1, but a significant difference
was detected between layer II of M1 and S1 (

 

P 

 

< 0.05)
(Table 1). Layer I contained few cell bodies, and layer II was
found to have nonpyramidal and pyramidal neurons.
Layer III was observed as a richly developed layer and could
be divided into three discrete sublayers (layers IIIa, IIIb and
IIIc) based on the anatomical boundaries between each
sublayer (Fig. 2A–F). Of these, layers IIIa and IIIc were
particularly well developed in the S1. The neuronal mass
expressed a patch-like distribution in layer IIIb (Fig. 2A–C).
Layers III and V comprised pyramidal neurons, increasing
in size with depth (Fig. 2D–F). The dendritic trees of its
neurons were well developed. The largest pyramidal
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neurons (short axis: 23 ± 9 μm, long axis: 52 ± 12 μm) in S1
were found in layer V (Fig. 2D–F). Layer VI was detected to
have nonpyramidal neurons such as bipolar and triangular
neurons.

Primary visual cortex (V1)

The laminar patterns and cytoarchitectonic structures of
V1 were similar across the three dolphin species (Fig. 3A–
C). V1 was organized in five layers, consisting of the layers
I, II, III, V and VI (Fig. 3A–C). Layer IV was not detected in
V1. Layer II was densely packed with small bipolar and
pyramidal neurons (Fig. 5A), and it was broader than that
found in S1, although it did not differ significantly from
that of S1 (Table 1). Layer III was also observed as a richly
developed laminar structure that could be classified into

Fig. 1 Photomicrographs of Nissl-stained, coronal sections of primary 
motor area (M1) in the Risso’s dolphin (A), striped dolphin (B), and 
bottlenose dolphin (C). Scale bar indicates 300 μm (A–C). Schematic 
drawings represent Golgi-impregnated neurons of layers II, III, and V in 
M1 of the Risso’s dolphin (D), striped dolphin (E) and bottlenose dolphin 
(F). Scale bar indicates 100 μm (D–F). I: layer I (molecular layer); II: layer 
II (external granular layer); III: layer III (external pyramidal layer); V: layer 
V (internal pyramidal layer); VI: layer VI (fusiform layer); WM: white matter.
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three discrete sublayers, IIIa, IIIb, and IIIc, based on the
anatomical boundaries between each sublayer (Fig. 3A–C).
Layers IIIa and IIIc were particularly well developed in V1.
Layer IIIb of V1 contained the patches consisting of the
layer IIIb-pyramidal neurons (Fig. 3A–C, Fig. 5B). A similar
cytoarchitectonic organization of layer III was detected in
both S1 (Fig. 2A–C) and V1 (Fig. 3A–C), whereas layer V of
V1 was different from that of S1 (Fig. 2D–F) due to the
presence of large pyramidal neurons (short axis: 29 ± 7 μm,
long axis: 63 ± 12 μm) indicating a thick apical dendrite in
V1 (Fig. 3D–F). These layer V pyramidal neurons (Fig. 5C)
had larger somata, and longer and thicker apical dendrites

than those found in S1 (Fig. 2D–F). Large multipolar
stellate neurons (short axis: 37 ± 16 μm, long axis:
44 ± 8 μm; Fig. 5D) were detected in the lower portion of
layer III and layer V of V1. Layer VI was found to have
bipolar and triangular neurons.

Primary auditory cortex (A1)

The A1 cortical area was also found to have a five-layer
organization consisting of layers I, II, III, V and VI (Fig. 4A–C)
in the three dolphin species. Layers I and II were thicker in
A1 than in all other cortical areas examined, but did not

Fig. 2 Photomicrographs of Nissl-stained, coronal sections of primary 
sensory area (S1) in the Risso’s dolphin (A), striped dolphin (B), and 
bottlenose dolphin (C). Scale bar indicates 300 μm (A–C). Schematic 
drawings represent Golgi-impregnated neurons of layers II, III, and V in 
S1 of the Risso’s dolphin (D), striped dolphin (E), and bottlenose dolphin 
(F). Scale bar indicates 100 μm (D–F). I: layer I; II: layer II; III: layer III 
consisted of the three discrete sublayers IIIa, IIIb and IIIc; V: layer V; 
VI: layer VI; WM: white matter.

Fig. 3 Photomicrographs of Nissl-stained coronal sections of the primary 
visual area (V1) in the Risso’s dolphin (A), striped dolphin (B), and 
bottlenose dolphin (C). Scale bar indicates 300 μm (A–C). Schematic 
drawings represent Golgi-impregnated neurons of layers II, III, and V in 
V1 of the Risso’s dolphin (D), striped dolphin (E) and bottlenose dolphin 
(F). Scale bar indicates 100 μm (D–F). I: layer I; II: layer II; III: layer III 
consisted of the three discrete sublayers IIIa, IIIb and IIIc; V: layer V; 
VI: layer VI; WM: white matter.
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differ significantly from those of S1 and V1 (Table 1). Layer
II of A1 was significantly broader than that of M1 (P < 0.05).
A1 contained a layer IIIa, IIIb with mostly pyramidal neurons,
fusion of the lower portion of layer III and layer V con-
stituting a combined layer IIIc/V (Fig. 4A–C). Layers IIIa and
IIIb were more densely packed with cells in A1 (Fig. 4A–C)
than those detected in S1 (Fig. 2A–C) and V1 (Fig. 3A–C).
Layer IIIc/V contained large pyramidal neurons (short axis:
27 ± 2 μm, long axis: 59 ± 8 μm), and multipolar stellate
neurons (short axis: 30 ± 9 μm, long axis: 42 ± 4 μm) with
5–7 primary dendrites. Cells of layer V of A1 were denser
than those detected in S1 and V1. Layer VI was found to
have small bipolar and triangular neurons. Layer IV was

not detected in the region between layers IIIc and V. The
laminar and cytoarchitectonic structures of A1 were similar
across the three dolphin species examined (Fig. 4A–F).

Discussion

The organization of the cerebral cortices was similar in
laminar patterns and layer-specific cytoarchitectonic
structures across the three dolphin species, G. griseus,
S. coeruleoalba, and T. truncatus. At the same time, there
were area-specific characteristics within the four distinct
functional areas (M1, S1, V1 and A1) of the three dolphin
species. In general, the cetacean neocortex was thin, its
overall pattern of lamination was not well expressed, and
it contained a thick molecular layer (layer I). Areas S1, V1,
and A1 of the three dolphin species displayed different
laminar patterns from those of terrestrial mammalian
species (Haug, 1987). These cetacean sensory-related
cortical areas have a five-layer organization, including
layers I, II, III, V and VI, and the absence of an internal
granular layer (layer IV), whereas those of rodents (Haug,
1987) and primates (Haug, 1987; Lewis, 1992) are six-layer
structures that include a well-developed layer IV. In these
species, layer IV is the major input layer for thalamocortical-
specific afferents, and is seen as a well-expressed granular-
ization (Haug, 1987; Lewis, 1992). Histochemical studies of
cytochrome oxidase (CO) have shown that the thalamore-
ceptive layer IV of the visual cortex is densely stained for
CO in cats (Wong-Riley, 1979; Wong-Riley & Carroll, 1984),
whereas in the bottlenose dolphin and harbour porpoise
the visual and auditory regions are most noticeably
characterized by two stripes of dark CO staining, one in
the upper half of layer I and the other in layer III (Revishchin
& Garey, 1990). These reports suggest that cetacean sensory
areas might receive afferent inputs from thalamus via
layers I and III without layer IV. Moreover, layers I, II and III
contain a very high percentage of GABA-positive neurons
in V1 of the Black Sea porpoise (Garey et al. 1989). In the
cat visual area, the high percentage of GABA-positive
neurons is localized in the layers IV and lower III, where
most thalamocortical axons terminate (Gabbott & Somogyi,
1986). Some tract-tracing and immunohistochemical analyses
have demonstrated that thalamocortical afferents of the
cetacean cerebral cortex are distributed in layers I, II and
III, and that most axons terminate in layer III (Garey et al.
1989; Revishchin & Garey, 1990, 1991; Glezer et al. 1992,
1998) in contrast to most terrestrial mammalian species
(Haug, 1987; Kosaka et al. 1987; Lewis et al. 1987; Kuljis
et al. 1989; Lewis, 1992).

The present results demonstrate that sensory-related
cortical areas such as S1, V1, and A1 all display an absence
of layer IV and a general lack of granularization in the
three dolphin species. An 18-day-old brain of T. truncatus
shows signs of immaturity in its visual cortex, and also a
distinct granular band occurs between layers III and V and

Fig. 4 Photomicrographs of Nissl-stained coronal sections of primary 
auditory area (A1) in the Risso’s dolphin (A), striped dolphin (B), and 
bottlenose dolphin (C). Scale bar indicates 300 μm (A–C). Schematic 
drawings represent Golgi-impregnated neurons of layers II, III, and V in 
A1 of the Risso’s dolphin (D), striped dolphin (E) and bottlenose dolphin 
(F). Scale bar indicates 100 μm (D–F). I: layer I; II: layer II; III: layer III 
consisted of the three discrete sublayers IIIa, IIIb and IIIc; V: layer V; 
VI: layer VI; WM: white matter.
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seems to be a rudimentary layer IV (Garey et al. 1985). At
3 years of age most adult features have developed, but
layer IV is still detectible (Garey et al. 1985). The bottlenose
dolphins (T. truncatus) used in the present study were
adult females and their fixed brain weight was larger
(2091 ± 438 g) than those used in the previous investigation
(Garey et al. 1985). Thus, layer IV was not detected in V1
in the present study. Instead, the sensory-related cortices
including S1, V1 and A1 are characterized by area- and
layer-specific differences exhibited in 1) the thicknesses of
layers I, II and III, 2) the morphology of the pyramidal and
multipolar stellate neurons in layers III and V, and 3) the
cytoarchitecture in the sublayers IIIa, IIIb and IIIc (presence
or absence of the patch organizations consisted of layer
IIIb-pyramidal neurons). S1 and V1 (Fig. 6A) contained the

patches of the layer IIIb-neurons, whereas the layer IIIb of
A1 (Fig. 6B) was detected as a continuous neuronal band
without anatomical blank between cell populations in the
present study. The occurrence of apical dendritic bundles
arising from pyramidal neurons in layers III and V has been
reported in several neocortical areas and further suggested
that these may be a general feature of cortical organization
(Fleischhauer et al. 1972). The bundles of apical dendrites
originating from the layer III- and V-pyramidal neurons
concentrate in layer I, and form an area-specific honeycomb
mosaic (Ichinohe et al. 2003). An interesting possibility is
that the patches of layer IIIb-pyramidal neurons of S1 and
V1 reported here may contribute to construct a different
shape and size of bundles of apical dendrites from those
of A1. The lamination in V1 is similar to that in S1;

Fig. 5 Photomicrographs of the 
Golgi-impregnated pyramidal neurons in layers 
II (A), IIIb (B), V (C), and multipolar (D) neurons 
of layer IIIc in the coronal sections of primary 
visual area (V1) in the Risso’s dolphin. Scale bars 
indicate 25 μm (A, B) and 50 μm (C, D).

Fig. 6 Schematic drawings represent the 
distribution patterns of pyramidal neurons of 
the primary visual (A) and primary auditory 
(B) cortices in the dolphin species. Scale bars 
indicate 100 μm (A and B).
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however, the layer V-pyramidal neurons in V1 have larger
somata and longer and thicker apical dendrites than those
in S1 in the three dolphin species. The thicknesses of layers
II and III of V1 are broader than those of S1 in the three
dolphin species examined. This suggests also that the
apical dendritic bundles arising from layer V-pyramidal
neurons of V1 might constitute a distinct type from those
of S1. Cetacean sensory cortices contain layer I that is much
thicker than those of terrestrial mammalian species (Haug,
1987; Lewis, 1992). Layers I and II of A1 were the thickest
in all cortical areas examined. Layer I in many areas
receives cortical feedback and thalamocortical connections,
and amygdalo-cortical projections terminate widely at the
border of layers I and II (Amaral & Price, 1984; Stefanacci
et al. 1996). Those anatomical differences between the
distinct sensory-related cortices (S1, V1 and A1) may stem
from the functional specificity of each cortex. The lateral
geniculate nucleus projects to the visually excitable part of
V1 (Krasnoshchekova & Figurina, 1980; Revishchin &
Garey, 1990), and also dense CO-staining exists in layer III
of V1 (Revishchin & Garey, 1991). Calcium-binding protein
(CaBP)-immunoreactive neurons, including calretinin (CR)-,
calbindin (CB)-, and parvalbumin (PV)-immunoreactive
neurons, are distributed in the upper layers II and III in the
cetacean visual cortex (Glezer et al. 1992, 1993, 1998).
Thus, V1 of the oceanic dolphin species including the
Risso’s dolphin, striped dolphin and bottlenose dolphin
might contain well-developed layers II and III.

Thalamocortical afferents from the medial geniculate
nucleus terminate in the primary auditory area (Revishchin
& Garey, 1990). In the echolocating dolphin species examined
in the present study, A1 displays a well-developed layer III;
in particular, the bands of pyramidal neurons within layers
IIIa, IIIb, IIIc, and V are the broadest of the cortical areas
examined. There are also differences in the distribution of
CaBP-immunoreactive neuronal populations between A1
and V1 (Glezer et al. 1992). The highest densities of CR- and
CB-immunoreactive neurons exist in layers I and II, where-
as PV-immunoreactive neurons exist mostly in layers IIIc/V
(Glezer et al. 1998). The morphology of PV-immunoreactive
neurons is similar to that of multipolar stellate neurons
detected in layers IIIc/V in the present study.

The dolphin cerebral cortex has a large surface area, but
it is not particularly thick in relation to brain weight.
Nevertheless, lamination is distinct in each of four cortical
areas (M1, S1, V1 and A1). These results suggest that
morphologically different laminar patterns and cytoarchi-
tectonic structures (such as somatic shape, size, dendritic
pattern, and orientation of the apical dendrites of multipolar
neurons, layer III- and V-pyramidal neurons) in distinct layers
and areas, correspond to specific functional differences,
and their histological profiles also join the construction of
the morphologically distinct bundles of apical dendrites
that receive the area-specific cortical feedback and thalamo-
cortical connections.
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