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The neocortex of cetartiodactyls: I. A comparative Golgi analysis
of neuronal morphology in the bottlenose dolphin (Tursiops
truncatus), the minke whale (Balaenoptera acutorostrata),

and the humpback whale (Megaptera novaeangliae)
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Abstract The present study documents the morphology of
neurons in several regions of the neocortex from the bottle-
nose dolphin (Tursiops truncatus), the North Atlantic minke
whale (Balaenoptera acutorostrata), and the humpback
whale (Megaptera novaeangliae). Golgi-stained neurons
(n = 210) were analyzed in the frontal and temporal neo-
cortex as well as in the primary visual and primary motor
areas. Qualitatively, all three species exhibited a diversity of
neuronal morphologies, with spiny neurons including typical
pyramidal types, similar to those observed in primates and
rodents, as well as other spiny neuron types that had more
variable morphology and/or orientation. Five neuron types,
with a vertical apical dendrite, approximated the general
pyramidal neuron morphology (i.e., typical pyramidal,
extraverted, magnopyramidal, multiapical, and bitufted
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neurons), with a predominance of typical and extraverted
pyramidal neurons. In what may represent a cetacean mor-
phological apomorphy, both typical pyramidal and magno-
pyramidal neurons frequently exhibited a tri-tufted variant. In
the humpback whale, there were also large, star-like neurons
with no discernable apical dendrite. Aspiny bipolar and
multipolar interneurons were morphologically consistent
with those reported previously in other mammals. Quantita-
tive analyses showed that neuronal size and dendritic extent
increased in association with body size and brain mass
(bottlenose dolphin < minke whale < humpback whale).
The present data thus suggest that certain spiny neuron
morphologies may be apomorphies in the neocortex of
cetaceans as compared to other mammals and that neuronal
dendritic extent covaries with brain and body size.

Keywords Cetacean neocortex - Neuronal morphology -
Golgi method - Brain evolution

Introduction

In recent years, social, cognitive, and behavioral observa-
tions on cetaceans (Connor 2007; Garland et al. 2013;
Herman and Tavolga 1980; Marino 2002; Marino et al.
2007) have led to increased interest in the structure of their
brain (Butti and Hof 2010; Butti et al. 2009, 2011; Glezer
et al. 1992, 1993, 1995, 1998; Glezer and Morgane 1990;
Hof et al. 1992, 1995; Hof and Sherwood 2005; Hof and
Van der Gucht 2007; Huggenberger 2008; Manger
2006, 2013; Manger et al. 2004; Marino 2002; Marino
et al. 2002, 2003a, b, 2004a, b, 2007; Montie et al. 2007,
2008; Patzke et al. 2013). Cetaceans are distinguished
among other mammals because of their adaptation to an
entirely aquatic life, which differentiates them from their
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closest phylogenetic relatives, the terrestrial artiodactyls
(Nikaido et al. 2001). From a comparative perspective, it is
of interest to examine the organization of the cetacean
brain not only to appreciate the diversification of nervous
system structure among mammals, but also to explore the
neuroanatomical evolution of one prominent lineage of
large-brained fully aquatic mammals to compare with other
taxa such as primates. The current rapid Golgi study con-
stitutes part of an ongoing project documenting neuronal
morphology in the neocortex (Jacobs et al. 2011, 2014a) in
large-brained mammals not previously examined, thereby
contributing to a limited database of comparative neuro-
anatomy (Manger et al. 2008). We examined neuronal
morphology in neocortical samples from the bottlenose
dolphin (Tursiops truncatus), the North Atlantic minke
whale (Balaenoptera acutorostrata), and the humpback
whale (Megaptera novaeangliae).

Cetacean brain research has focused on general anat-
omy, cytoarchitecture, and chemoarchitecture. In terms of
anatomy, postmortem magnetic resonance imaging of
several cetacean species has revealed the spatial arrange-
ments and proportions of many brain structures (Hanson
et al. 2013; Marino et al. 2001a, b, ¢, 2002, 2003a, b,
2004a, b, 2007, 2008; Oelschldger et al. 2008). The ceta-
cean cortex is especially thin (Morgane et al. 1980) and, at
least in odontocetes, is more convoluted than in any other
mammal studied to date (Elias and Schwartz 1969; Ridg-
way and Brownson 1984). Particularly, the gyrification of
the cetacean cortex (measured as the Gyrencephalic Index,
GI; see Manger et al. 2012 for details), unlike in other
mammalian orders, is independent of brain mass and higher
than that of other mammalian species with comparable
brain masses (Manger et al. 2012). At the cytoarchitectural
level, it has been shown that the entire cetacean neocortex
is agranular, with lack of an internal granular layer, layer
IV (Butti et al. 2011; Furutani 2008; Hof and Sherwood
2005; Hof and Van der Gucht 2007; Jacobs et al. 1971,
1979, 1982, 1984, 1988). The cetacean cortex is further
characterized by a thick layer I, a dense layer II, a wide
pyramidal layer III, a thin pyramidal layer V containing
very large, clustered pyramidal neurons, and a multiform
layer VI (Butti et al. 2011; Glezer and Morgane 1990; Hof
et al. 2005; Hof and Sherwood 2005; Hof and Van der
Gucht 2007; Morgane et al. 1988). Cellular clustering has
also been noted in several cortical regions, including the
insula and the frontal pole, as well as the occipital cortex of
some mysticetes (Hof et al. 2005; Hof and Van der Gucht
2007; Manger et al. 1998). The pronounced cytoarchitec-
tural parcellation and diversity documented in these studies
challenge the classical view of the cetacean cortex as being
homogenous and poorly differentiated (Kesarev 1971,
1975). Chemoarchitectural investigations of the distribu-
tion of the calcium-binding proteins (CaBPs) calbindin
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(CB), parvalbumin (PV), and calretinin (CR) provided
evidence that ~95 % of CaBPs colocalize with GABA in
the cetacean visual cortex, which is similar to other
mammals (Glezer et al. 1993). The neurochemical distri-
bution of CB, PV, and CR in cetaceans differs considerably
from that observed in rodents and primates (Hof et al.
1999). However, this distribution is comparable to hedge-
hogs, insectivorous bats, and the phylogenetically related
artiodactyls (Gatesy 1997; Geisler and Uhen 2003;
Gingerich et al. 2001; Gingerich and Uhen 1998; Glezer
et al. 1993, 1998; Hof et al. 1999, 2000a; Milinkovitch
et al. 1998; Nikaido et al. 1999, 2001; Shimamura et al.
1997, 1999; Thewissen et al. 2001, 2007).

Because of the challenges involved in obtaining ceta-
cean brain specimens with a postmortem delay and a fix-
ation time optimal for neuromorphological analysis, much
less is known about the neuronal typology of the cetacean
neocortex, with very little data available on mysticetes
(Kraus and Pilleri 1969b, c). The few investigations of
cortical neuromorphology in odontocetes have been
restricted to qualitative Golgi analyses. Despite inconsis-
tencies in the definition of neuronal morphologies (Ferrer
and Perera 1988; Furutani 2008; Garey et al. 1985), such
studies support the presence of many neuronal types in the
cetacean neocortex. In the striped dolphin (Stenella co-
eruleoalba), for example, several cortical neuron types
have been documented besides typical pyramidal neurons
(Ferrer and Perera 1988), including giant multipolar, bi-
tufted, horizontal, bipolar, spiny stellate, inverted pyrami-
dal neurons, and extraverted pyramidal neurons, similar to
those described in the neocortex of hedgehogs, bats, and
opossums (Ferrer et al. 1986a; Lopez-Mascaraque et al.
1986; Sanides and Sanides 1972). In the bottlenose dol-
phin, documented neuronal types include, in addition to a
wide variety of pyramidal neurons, several non-pyramidal
neurons such as stellate, bipolar, multipolar, and spindle-
shaped neurons (Garey et al. 1985).

A general conclusion from these studies is that the
cetacean neocortex is characterized by a variety of neuro-
nal types comparable to those found in most terrestrial
mammals (de Lima et al. 1990; Garey et al. 1985; Jacobs
et al. 2011, 2014a; Peters and Jones 1984). More specifi-
cally, these investigations reveal that spiny neurons are
predominantly pyramidal neurons, with the majority hav-
ing a morphology that resembles the “typical” pyramidal
neurons of primates and rodents. Notably, however, there is
considerable variability in the morphologies as well as
orientations of some pyramidal neurons beyond what is
usually observed in primates and rodents. Most of the
typical pyramidal neurons reside in layers II-V (Ferrer and
Perera 1988; Garey et al. 1985), with a positive relationship
between soma depth and the overall size of the neurons
(Glezer and Morgane 1990). Thus, magnopyramidal
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neurons, which exhibit an extended array of apical bifur-
cations and a more modest basilar skirt, are found in deep
layers III and V (Garey et al. 1985). Atypical pyramidal
neurons include (1) extraverted neurons, which exhibit
multiple, branching apical dendrites and diminished basilar
skirts (Morgane et al. 1990), (2) inverted pyramidal neu-
rons with descending apical dendrites and ascending basi-
lar skirts, and (3) horizontal pyramidal neurons with
laterally oriented apical dendrites (Ferrer and Perera 1988;
Garey et al. 1985). Spiny multipolar neurons without clear
apical dendrites have been defined as “Sternzellen” (star-
like neurons) in the Northern sei whale, Balaenoptera
borealis (Kraus and Pilleri 1969b). Non-pyramidal neurons
are present in all cortical layers as spiny and aspiny bipolar
and multipolar neurons (Ferrer and Perera 1988; Garey
et al. 1985).

The aim of the present study was fourfold: (1) to verify
and extend qualitative descriptions of neuronal morphol-
ogy in the cetacean neocortex, particularly in the two
mysticetes (e.g., minke whale and humpback whale) that
have never been examined in terms of neuronal morphol-
ogy; (2) to provide quantitative data on the dendritic
characteristics of these neurons to supplement qualitative
descriptions; (3) to examine potential regional variation in
the distribution of neuronal morphologies across frontal,
visual, motor, and anterior/posterior temporal cortices; and
(4) to examine possible quantitative species differences for
those neurons documented in sufficient number (e.g., typ-
ical pyramidal and extraverted pyramidal neurons). In
particular, the present data on cetacean neuronal mor-
phology provide the basis for subsequent comparisons to
those obtained in another cetartiodactyl, the giraffe (Gir-
affa camelopardalis; Jacobs et al. 2014a).

Materials and methods
Specimens

Tissue was collected from three cetacean species: one
odontocete (a 39-year-old male bottlenose dolphin, brain
mass 1,385 g, autolysis time (AT) <2 h), and two my-
sticetes (a young female North Atlantic minke whale, brain
mass 1,810 g, AT ~20h; and a ~2-year-old male
humpback whale, brain mass 3,603 g, AT = 8 h). The
bottlenose dolphin brain was provided by the National
Marine Mammal Foundation and, initially, was immersion-
fixed in 10 % neutral buffered formalin for 3 months. The
brain was split down the interhemispheric cleft and half the
hemisphere was sectioned. The minke whale and the
humpback whale were stranded along the coasts of New
York State and samples were collected under National
Marine Fisheries Service (NOAA Fisheries) permission to

Dr. Reidenberg. Prior to Golgi staining, all three brains had
been immersion-fixed in 4 % paraformaldehyde in 0.1 M
phosphate buffer for different time periods (bottlenose
dolphin, 10 months; minke whale, 35 months; humpback
whale tissue blocks, 1 month). The present research pro-
tocol was approved by the Colorado College Institutional
Review Board (#011311-1).

Tissue selection

Cortical blocks (1-cm thick) were removed from the visual
and anterior temporal cortices of the left hemisphere in the
bottlenose dolphin, the visual and motor cortices of the left
hemisphere in the minke whale, and the visual, anterior
temporal, posterior temporal, and frontal cortices of the left
hemisphere in the humpback whale (Fig. 1). The visual
cortex was removed at the apex of the hemisphere from the
dorsal-most portion of the lateral gyrus, defined by the
entolateral and lateral sulci (Garey et al. 1989; Glezer and
Morgane 1990; Hof and Van der Gucht 2007; Ladygina
et al. 1978; Ladygina and Supin 1977; Morgane et al. 1988;
Revishchin and Garey 1989; Sokolov et al. 1972). In the

Posterior
Temporal

Cortex

. Frontal
Cortex

Fig. 1 Macroscopic view of the humpback whale brain. a Lateral
view of left hemisphere indicating the sampling location of anterior
and posterior temporal blocks. b Rostral view indicating the sampling
location of visual, motor, and frontal blocks. Scale bar 5 cm
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bottlenose dolphin and humpback whale, the anterior
temporal cortex sample was removed from the ventropos-
terior aspect of the perisylvian gyrus, located posterior to
the Sylvian fissure. In the minke whale, the motor cortex
sample was removed from the domain extending from the
anterior-most part of the lateral gyrus, located rostral to the
visual field, to the cruciate sulcus (Glezer 2002; Kesarev
and Malofeeva 1969). In the humpback whale, the pos-
terior temporal cortex sample was removed from the pos-
terolateral portion of the suprasylvian gyrus, defined by the
lateral and suprasylvian sulci (Glezer 2002; Kesarev and
Malofeeva 1969), and the frontal cortex sample was
removed from the area that encompasses the polar gyri at
the tip of the frontal lobe anteroventrally to the motor field.
Although the whole brain was available for the three spe-
cies, not all cortical regions were suitable for Golgi stain-
ing. Therefore, the selection of cortical regions was based
on the best available tissue rather than prioritizing the
comparison of the same cortical regions among species.

Tissue blocks were trimmed to a 3-5 mm thickness,
coded to prevent experimenter bias, stained with a modified
rapid Golgi technique (Scheibel and Scheibel 1978), and
sectioned serially at 120 um with a vibratome (Leica
VT1000S, Leica Microsystems, Buffalo Grove, IL, USA).
Tissue blocks adjacent to those removed for Golgi staining
were examined with a routine Nissl stain to reveal
cytoarchitecture.

Neuron selection and quantification

Neurons were selected for tracing based on established
criteria (Anderson et al. 2009; Jacobs et al. 2011), which
required an isolated soma near the center of the 120-um
section with fully impregnated, relatively unobscured, and
complete dendritic arbors. Neurons were traced across all
layers to encompass representative typologies and were
quantified under a planachromatic 60x oil immersion
objective along x-, y-, z-coordinates using the Neurolucida
software (MBF Bioscience, Inc., Williston, VT, USA), an
Olympus BH-2 microscope equipped with a Ludl XY
motorized stage (Ludl Electronics, Hawthorne, NY, USA),
and a Heidenhain z-axis encoder (Schaumburg, IL, USA).
A MicroFire Digital CCD 2-megapixel camera (Optronics,
Goleta, CA, USA) mounted on a trinocular head (model
1-L0229, Olympus, Center Valley, PA, USA) displayed
images on a 1,920 x 1,200 resolution Dell E248WFP
24-inch LCD monitor. Somata were traced first at their
widest point in the two-dimensional plane to provide an
estimate of their cross-sectional area. Subsequently, den-
drites were traced somatofugally in their entirety, recording
dendritic diameter and number of spines, without differ-
entiating the morphological types of spines. Dendritic
arbors were not followed into adjacent sections, with
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broken ends and ambiguous terminations identified as
incomplete endings. A total of 210 neurons were traced by
selecting all of those that met the inclusion criteria set out
above. In the bottlenose dolphin (n = 53), 35 neurons were
traced in visual and 18 in anterior temporal cortex. In the
minke whale (n = 60), 39 neurons were traced in visual
and 21 in motor cortex. In the humpback whale (n = 97),
28 neurons were traced in the visual cortex, 27 in frontal
cortex, 26 in anterior temporal, and 16 in posterior tem-
poral cortex.

The selected neurons were traced by two investigators
(CJ and CT). Intra-rater reliability was determined by
having each rater trace the same soma, dendritic segment,
and spines ten times. The average coefficient of variation
for soma size (3.1 %), total dendritic length (0.6 %), and
dendritic spine number (3.8 %) indicated little variation in
the tracings. Intra-rater reliability was further tested with a
split plot design (o« = 0.05), which indicated no significant
difference between the first five tracings and the last five
tracings. Inter-rater reliability was determined by compar-
ing ten dendritic system tracings with the same tracings
completed by a senior investigator (BJ). Interclass corre-
lations across soma size, total dendritic length, and den-
dritic spine number averaged 0.999, 0.998, and 0.996,
respectively. An analysis of variance (ANOVA; « = 0.05)
indicated no significant difference among tracers for the
three measures. Additionally, the primary investigator
reexamined all completed tracings under the microscope to
ensure accuracy.

Neuron descriptions and dependent dendritic and spine
measurements

Qualitatively, neurons were classified according to so-
matodendritic criteria (Ferrer et al. 1986a, b; Jacobs et al.
2011) by considering factors such as soma size and shape,
presence of spines, laminar location, and general mor-
phology. Quantitatively, a centrifugal nomenclature was
used to characterize branches extending from the soma as
first-order segments, which bifurcate into second- and then
third-order segments, and so on (Bok 1959; Uylings et al.
1986). In addition to quantifying soma size (using surface
area, pmz) and depth from the pial surface (um), we
examined six other measures that have been analyzed in
previous studies (Jacobs et al. 2011): dendritic volume
(Vol, um3; the total volume of all dendrites); total dendritic
length (TDL, pm; the summed length of all dendritic
segments); mean segment length (MSL, pm; the average
length of each dendritic segment); dendritic segment count
(DSC; the number of dendritic segments); dendritic spine
number (DSN; the total number of spines on dendritic
segments); and dendritic spine density (DSD; the average
number of spines per pm of dendritic length). Additionally,
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dendritic branching patterns were analyzed using a Sholl
analysis (Sholl 1953), which quantified dendritic intersec-
tions at 20-pum intervals radiating somatofugally. Finally,
the dendritic radius (distance from the soma to the distal
end of the longest dendrite) of aspiny neurons was
approximated on tracings to facilitate comparisons with
findings in previous studies (Ferrer and Perera 1988; Has-
siotis and Ashwell 2003; Jacobs et al. 2011; Kawaguchi
1995; Kisvarday et al. 1990; Lund and Lewis 1993; Meyer
1987; Peters and Regidor 1981; Somogyi et al. 1983). This
last measure was obtained on all traced bipolar and mul-
tipolar neurons by the same investigator (CB) and the
average of the measurements for each neuronal type across
each species was taken as the final value, regardless of
cortical region.

Independent variables and statistical analyses

Descriptive statistics obtained for the six dependent mea-
sures were aggregated for each neuron by species, neuron
type, and cortical region. Because of the small sample size,
inferential statistical analyses were limited to species dif-
ferences in extraverted neurons and typical pyramidal
neurons, which were the numerically dominant types of
traced neurons. These neurons were evaluated on four

Fig. 2 Photomicrographs of
Nissl-stained cortex from
anterior temporal (a) and visual
(b) cortices of the bottlenose
dolphin; motor (c¢) and visual
(d) cortices of the minke whale;
anterior temporal (e), posterior
temporal (f), frontal (g), and
visual (h) cortices of the
humpback whale. Layers are
indicated in Roman numerals.
Scale bar 400 pm

dependent variables: Vol, TDL, MSL, and DSC. DSN and
DSD were not included because the quality of stained tis-
sue varied among species, presumably due to differences in
fixation times. An ANCOVA was used to identify signifi-
cant differences across species. For these analyses, soma
depth was partialed out as a covariate because there was a
high Spearman’s rho correlation between soma depth and
the dependent measures for all traced neurons (Vol:
re10) = 065,p < 0.0001; TDL.: rel0) = 058,p < 0.0001;
MSL: re1o) = 051, p< 00001, DSC: r210) = 037,
p < 0.0001). In addition, for comparisons of apical den-
drites (i.e., Sholl analyses), only neurons with relatively
complete apical dendrites were included.

Results
Overview

Nissl stains in all species revealed a lack of layer IV, a
relatively thick layer I, and a distinctly thin and cell-dense
layer II (Fig. 2). The thickness of layers III, V, and VI
varied across cortical regions among the three species. The
humpback whale and minke whale cortices appeared
thicker overall than that of the bottlenose dolphin. The
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bottlenose dolphin, with the exception of the visual cortex,
had more densely packed neurons in layers II, III, and V
than did the humpback whale or the minke whale. Layer II
was most distinct and cell-dense in the anterior temporal
cortex of the bottlenose dolphin compared to the other
regions and species. Neuron clustering was present in the
posterior temporal and frontal cortices of the humpback
whale, as previously reported by (Hof and Van der Gucht
2007). In general, neuronal density seemed to be higher in
the bottlenose dolphin than in the two mysticetes, regard-
less of cortical region.

Golgi-stained tissue exhibited a higher quality impreg-
nation for the humpback whale and the minke whale over
the bottlenose dolphin and revealed a wide variety of
neuronal sizes and morphologies (Figs. 3, 4, 5, 6). Quan-
titative data, broken down by species, cortical region, and
neuron type are presented in Table 1. Soma size and den-
dritic extent were greater in the mysticetes compared to the
bottlenose dolphin and highest in the humpback whale, as

Fig. 3 Photomicrographs of
Golgi-impregnated neurons in
visual (a—c) and anterior
temporal (d—f) cortices of the
bottlenose dolphin. Visual
cortex: superficial typical and
extraverted pyramidal neurons
(a), extraverted pyramidal
neurons (b), and aspiny
multipolar neurons (c). Anterior
temporal cortex: typical
pyramidal neurons (d) and
bitufted pyramidal neurons (e).
High magnification of apical
dendrites with relatively dense
spines in the anterior temporal
cortex (f). Scale bar 100 um (a—
€); 50 um (f)
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confirmed by positive Spearman’s rho correlations between
brain mass and dependent measures for all traced neurons
(n =210; Vol: rpig = 0.66, p<0.0001; TDL:
raio) = 0.57, p < 0.0001; MSL: ra10) = 0.54,
p < 0.0001; DSC: rpi10) = 0.30, p < 0.0001; soma size:
rai10) = 0.60, p < 0.0001). In terms of morphology, the
superficial layers II and III contained many small extra-
verted pyramidal neurons with broad apical branching
patterns, as well as some small typical pyramidal neurons
with extensive basilar skirts. Layers V and VI contained
neurons with larger somata, thicker apical dendrites, and
more widely branching dendritic trees, as well as several
atypical neuronal types.

Below, we discuss these neurons in more detail, with
representative tracings depicted in Figs. 7, 8, 9, 10 for
each species. Spiny neurons were classified as either
pyramidal-like or nonpyramidal. Within the pyramidal-
like designation, neurons were further divided by apical
dendritic orientation and included typical pyramidal (i.e.,




Brain Struct Funct

Fig. 4 Photomicrographs of
Golgi-impregnated neurons in
visual (a—c) and motor (d—

g) cortices of the minke whale.
Visual cortex: typical pyramidal
neurons (a) and inverted
pyramidal neurons (b). High
magnification of dendrites with
very dense dendritic spines (c).
Motor cortex: magnopyramidal
neurons (d), extraverted
pyramidal neurons (e),
horizontal pyramidal neurons
(f), and flattened pyramidal
neurons (g). Scale bar 100 pm
(a, b, d-g); 50 pm (c)

neurons resembling those in anthropoid primate and
murid rodent species, with ascending, vertically oriented
apical dendrites), extraverted pyramidal, magnopyrami-
dal, multiapical pyramidal, and bitufted pyramidal neu-
Atypical pyramidal neurons (i.e., those that
appeared unusual in orientation and/or morphology)
included inverted pyramidal, horizontal pyramidal, and
flattened pyramidal neurons. Nonpyramidal spiny neurons
were classified as Sternzellen. Finally, aspiny neurons,
which did not stain as prominently as spiny neurons,
typically displayed either bipolar or multipolar morphol-
ogies. Sholl analyses for all neuron types are illustrated
for spiny neurons in Fig. 11 and for aspiny neurons in
Fig. 12.

rons.

Spiny neurons

Pyramidal-like neurons

Typical pyramidal neurons (n = 80; soma depth range
768-1,614 nm; Table 1) were the most prevalent in the
present study and were found across all cortical areas and
in all species (Fig. 7a: D6-13; Fig. 7b: D18-26; Fig. 8a:
MI11-19; Fig. 8b: M31-39; Fig. 9a: H12-16; Fig. 9b:
H27-29; Fig. 10a: H41-43; Fig. 10b: H55, H56). They
possessed round, triangular, or oblong somata and were
generally characterized by a single, ascending apical den-
drite that branched as it neared the pial surface. Apical
dendrite morphology varied, with some bifurcating into
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Fig. 5 Photomicrograph of
Golgi-impregnated neurons in
anterior temporal (a, b, e) and
posterior temporal (c, d,

f) cortices of the humpback
whale. Anterior temporal
cortex: superficial typical
pyramidal neurons (a) and
extraverted pyramidal neurons
(b). High magnification of
dendrite with very dense
dendritic spines (e). Posterior
temporal cortex: tri-tufted
pyramidal neuron (c),
Sternzellen (d), and aspiny
bipolar neurons (f). Scale bar
100 pm (a—d, f); 50 pm (e)

two, distinct branches close to the soma (Fig. 7b: D22,
D24, D26; Fig. 8a: M12, M13; Fig. 8b: M35; Fig. 9a: H15;
Fig. 9b: H27), and others continuing in a single shaft for a
longer distance towards the pial surface before bifurcating
into smaller branches (Fig. 7a: D11, D13; Fig. 8b: M36,
M37; Fig. 10a: H42). Typical pyramidal neurons also
possessed a well-developed basilar skirt (Figs. 3a, d, 4a,
Sa, c), with an average of 4.85 + 2.06 primary basilar
dendrites that radiated in all directions. Several typical
pyramidal neurons exhibited a tri-tufted appearance, with
an ascending apical dendrite and two distinct basilar den-
drites extending off the soma at roughly 90° to each other
as lateral, and descending projections (Figs. 5c, 6c;
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Fig. 7b: D23 and D25; Fig. 8a: M15, M16; Fig. 8b: M32;
Fig. 10b: H56). Average DSD ranged from 0.17 to 0.75. In
the Sholl analysis, basilar and apical dendritic density
peaked near the soma, with basilar dendrites being denser
than apical dendrites (Fig. 11). Basilar and apical dendritic
distance from the soma was similar in the bottlenose dol-
phin and humpback whale, whereas apical dendrites were
longer in the minke whale.

To ensure accurate comparisons for inferential statistics,
only typical pyramidal neurons with relatively complete
apical dendrites were analyzed (bottlenose dolphin, n = 18;
minke whale, n = 16; humpback whale, n = 14). There
were significant differences among all three species in
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Fig. 6 Photomicrographs of
Golgi-impregnated neurons in
visual (a—f) and frontal

(g) cortices of the humpback
whale. Visual cortex:
magnopyramidal neurons (a, b),
tri-tufted magnopyramidal
neurons (¢, d) and flattened
magnopyramidal neurons (e).
High magnification of apical
dendrite with very dense
dendritic spines (f). Frontal
cortex: extraverted pyramidal
neurons (g). Scale bar 200 pm
(a, d); 100 pm (b, c, e, g);

50 pm (f)

dendritic volume, increasing from bottlenose dolphin to
minke whale (by 66.0 %) and from minke whale to hump-
back whale (by 625 %; Fpasy = 2746, p <0.05,
1712, = 0.555; Fig. 13). TDL in the humpback whale was
significantly greater than that in both the minke whale (by
44.6 %) and the bottlenose dolphin (by 55.2 %;
Foa4y = 1224, p <0.05, 11;‘; = 0.357). Both minke and
humpback whales had significantly greater MSL values than
did the bottlenose dolphin (by 28.0 and 34.6 %, respec-
tively; Foa4y = 9.30, p < 0.05, 115 = 0.297; Fig. 13). DSC
was significantly greater in the humpback whale (by 40.7 %)
and the bottlenose dolphin (by 22.0 %) than in the minke
whale (Fo41) = 921, p < 0.05, 17 = 0.295).

Extraverted pyramidal neurons (n = 33; soma depth
range 476—1,297 pum; Table 1) were found in layers II and
superficial III in all cortical areas (Fig. 7a: D3; Fig. 7b:
D16, D17; Fig. 8a: M1; Fig. 8b: M23, M24; Fig. 9a: H1, 2;
Fig. 9b: H19-21; Fig. 10a: H33-35) except for the pos-
terior temporal cortex of the humpback whale. These
small- or medium-sized neurons possessed round or trian-
gular somata, and were typified by an ascending apical
shaft that bifurcated immediately upon leaving the soma
(Figs. 3a, b, 4e, 5b, 6g). On average, dendritic extent was
shorter in extraverted (TDL = 3,055 um) than in typical
pyramidal neurons (TDL = 3,881 pm). Further breakdown
revealed that extraverted pyramidal neurons possess
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Fig. 7 Neurolucida tracings of neurons in the bottlenose dolphin
visual (a) and anterior temporal (b) cortices, arranged by their soma
depth from the pial surface (in pum). Visual cortex (a): aspiny
multipolar neurons (D1, D2); extraverted pyramidal neuron (D3);
flattened pyramidal neuron (D4); magnopyramidal neuron (D5); and

extensive apical branching and underdeveloped basilar
skirts (only 2.94 £ 1.86 primary branches per extraverted
neuron compared to 4.85 £ 2.06 for typical pyramidal
neurons). More specifically, comparison of extraverted
(n = 22) and typical pyramidal (n = 47) neurons with
relatively complete apical dendrites revealed that apical
dendrite TDL was 15 % greater in extraverted neurons
(2,176 pm) than in typical pyramidal neurons (1,839 um),
but basilar dendrite TDL was 48 % greater in typical
pyramidal neurons (2,502 um) over extraverted neurons
(1,310 pm). Average DSD varied from 0.07 to and 0.63
(Table 1). Sholl analyses revealed that apical dendritic
density was equal to or greater than that of the basilar skirts
(Fig. 11).
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typical pyramidal neurons (D6-D13, D11 tri-tufted variant). Anterior
temporal cortex (b): aspiny multipolar neuron (DI4); bitufted
pyramidal neuron (D15); extraverted pyramidal neurons (DI6,
D17); and typical pyramidal neurons (D18-D26); and two tri-tufted
variants (D23, D25). Scale bar 100 pym

As with the typical pyramidal neurons, only extraverted
pyramidal neurons with relatively complete apical den-
drites were analyzed inferentially (bottlenose dolphin,
n = 6; minke whale, n = 5; humpback whale, n = 11).
Overall, significant species differences were obtained on
three of the four dependent variables even after factoring
out soma depth, revealing the following pattern: humpback
whale > minke whale > bottlenose dolphin (Fig. 14).
Humpback whale Vol was 104.0 % greater than that of the
minke whale and 187.0 % greater than that of the bottle-
nose dolphin (F(5 g = 19.52, p < 0.05, 17% = 0.684). TDL
in the humpback whale was 77.0 % greater than that of the
minke whale and 117.4 % greater than that of the bottle-
nose dolphin (F,5) = 9.96, p < 0.05, 175 = 0.525).
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Fig. 8 Neurolucida tracings of neurons in the minke whale motor
(a) and visual (b) cortices, arranged by their soma depth from the pial
surface (in pm). Motor cortex (a): extraverted pyramidal neuron
(M1); flattened pyramidal neurons (M2-M3); inverted pyramidal
neuron (M4); horizontal pyramidal neuron (M5); magnopyramidal
neurons (M6-MI10); and typical pyramidal neurons (MI1-M19).

Visual cortex (b): aspiny bipolar neuron (M20); aspiny multipolar
neuron (M21); inverted pyramidal neuron (M22); extraverted pyra-
midal neurons (M23, M24); bitufted pyramidal neurons (M25, M26);
horizontal pyramidal neurons (M27, M28); multiapical pyramidal
neuron (M29); magnopyramidal neuron (M30); and typical pyramidal
neurons (M31-M39). Scale bar 100 pm
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Fig. 9 Neurolucida tracings of neurons in the humpback whale visual
(a) and frontal (b) cortices, arranged by their soma depth from the pial
surface (in um). Visual cortex (a): extraverted pyramidal neurons
(H1, H2); aspiny multipolar neurons (H3, H4); horizontal pyramidal
neuron (H5); magnopyramidal neurons (H6-HII1, H7 tri-tufted
variant); and typical pyramidal neurons (H/2-H16). Frontal cortex
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(b): aspiny bipolar neuron (H17); aspiny multipolar neuron (HIS8);
extraverted pyramidal neurons (H/9-H2I); multiapical pyramidal
neuron (H22); magnopyramidal neurons (H23-H25, H23 tri-fufted
variant); Sternzellen (H26); and typical pyramidal neurons (H27-
H29, H27 tri-tufted variant). Scale bar 100 pm
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Fig. 10 Neurolucida tracings of neurons in the humpback whale
anterior (a) and posterior (b) temporal cortices, arranged by their
soma depth from the pial surface (in pm). Anterior temporal cortex
(a): aspiny bipolar neurons (H30, H31I); aspiny multipolar neuron
(H32); extraverted pyramidal neurons (H33-H35); horizontal pyra-
midal neurons (H36, H37); magnopyramidal neurons (H38-H40,
H38, H40 tri-tufted variants); typical pyramidal neurons (H4/-H43);

and Sternzellen (H44, H45). Posterior temporal cortex (b): aspiny
bipolar neuron (H46); aspiny multipolar neuron (H47); horizontal
pyramidal neuron (H48); bitufted pyramidal neuron (H49); magno-
pyramidal neurons (H50-H54, H52 tri-tufted variant); typical pyra-
midal neurons (H55-H56, H56 tri-tufted variant), and Sternzellen
(H57). Scale bar 100 pm
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«Fig. 11 Sholl analysis of spiny neurons in the three cetacean species.
Sholl analysis assesses the relative complexity of the basilar, apical,
and total dendritic branching patterns, using concentric rings spaced
at 20 pm that measure dendritic intersections. The figure shows that
for typical pyramidal neurons across all three species, basilar density
peaked before, and was much higher than, apical density; the same
holds true for minke whale and humpback whale magnopyramidal
neurons. For extraverted pyramidal neurons across all three species,
apical density was equal to or higher than basilar density

Humpback whale MSL was 42.0 % greater than that of the
minke whale and 75.6 % greater than that of the bottlenose
dolphin (F(38) = 9.32, p < 0.05, 113 = 0.509). No signif-
icant differences were found between the bottlenose dol-
phin and the minke whale, indicating that extraverted
pyramidal neurons in the humpback whale had signifi-
cantly greater Vol, TDL, and MSL than those observed in
the other two species. No significant species differences
obtained for DSC, indicating that the extraverted pyramidal
neurons exhibited a similar number of dendritic segments
across the three species.

Magnopyramidal neurons (n = 36; soma depth range
1,084-2,216 pum; Table 1) were located in most cortical
areas (Fig. 7a: D5; Fig. 8a: M6-10; Fig. 8b: M30; Fig. 9a:
H6-11; Fig. 9b: H23-25; Fig. 10a: H38-40; Fig. 10b:
H50-54), except for the anterior temporal cortex of the
bottlenose dolphin. They were morphologically similar to

typical pyramidal neurons but were much larger in terms of
Vol (by 72 %), TDL (by 50 %), MSL (by 32 %), DSC (by
28 %), and soma size (by 59 %). Magnopyramidal neurons
appeared to have more vertically oriented and more widely
bifurcating apical dendrites than did typical pyramidal
neurons (Figs. 4d, 5a, b). The pattern and number of apical
bifurcations varied among individual neurons, with some
apical dendrites bifurcating in V-shaped formations
(Fig. 9a: H9; Fig. 9b: H24) and others displaying a single
apical shaft that extended for several hundred micrometers
before its first bifurcation (Fig. 8a: M6). With an average
of 6.25 &+ 3.32 primary basilar dendrites per neuron, their
basilar skirt pattern varied according to soma shape: those
with rounded and triangular somata exhibited basilar den-
dritic fields that surrounded the cell body (Fig. 9a: H6, HS;
Fig. 9b: H25), whereas those with elongated somata
exhibited basilar dendritic fields that extended in a more
vertical manner towards the white matter (Fig. 9b: H23,
H24). Similar to typical pyramidal neurons, some magno-
pyramidal neurons possessed a tri-tufted morphology, with
an apical dendrite and two thick basilar dendrites emerging
from the soma at 90° angles (Fig. 5c, d; Fig. 9a: H7, H10;
Fig. 9b: H23; Fig. 10a: H38, H40). Average DSD of
magnopyramidal neurons (0.55) was slightly higher (by
15.0 %) than that of typical pyramidal neurons (0.47).
Sholl analysis of magnopyramidal neurons revealed the

307 Dolphin Multipolar (n=4) 307 Minke Multipolar (n=2)
25 25 -
2 20 1 20 1
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Fig. 12 Sholl analysis of aspiny neuronal types in the three cetacean
species. Sholl analysis assesses the relative complexity of the basilar,
apical, and total dendritic branching patterns, using concentric rings

0 200 400 600 800 1000 1200 1400 1600 O

200 400 600 800 1000 1200 1400 1600
Radius (um)

spaced at 20 pm to measure dendritic intersections. The figure shows

that both aspiny neuronal morphologies show a peak of dendritic
density close to the soma
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Fig. 13 Bar graphs of relative volume (a), total dendritic length (b),
mean segment length (c), and dendritic segment count (d) of typical
pyramidal neurons in the bottlenose dolphin, minke whale, and

basilar skirt to be more dense and apical branches to be
much longer than observed in most other neuron types
(Fig. 11).

Multiapical pyramidal neurons (n = 6; soma depth range
630-2,218 pum; Table 1) were observed in the bottlenose
dolphin anterior temporal (n = 1) and visual (n = 1) corti-
ces, the minke whale visual cortex (n = 1, Fig. 8b: M29),
and the humpback whale frontal cortex (n = 3, Fig. 9b:
H22). These neurons were characterized by two or more
distinct apical dendrites that extended from the soma toward
the pial surface and well-developed basilar skirts (average
5.0 & 2.53 primary basilar dendrites per neuron) that
extended mainly towards the white matter. Their average
DSD ranged from 0.30 to 0.66. Multiapical pyramidal neu-
rons were differentiated from extraverted pyramidal neurons
in that multiapical neurons possessed an extensive basilar
skirt similar to that of a typical pyramidal neuron. A Sholl
analysis revealed small multiapical pyramidal neurons in the
bottlenose dolphin with incomplete basilar skirts and short,
low-density apical dendrites (Fig. 11). Multiapical pyrami-
dal neurons in the humpback whale had denser and longer
apical dendrites than basilar dendrites, both having relatively
high peaks close to the soma. Because only one multiapical
pyramidal neuron was found in the minke whale, no Sholl
Analysis was performed.

Bitufted pyramidal neurons (n = 5; soma depth range
1,232-1,708 pm; Fig. 7b: D15; Table 1) were located in
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humpback whale. In general, measures increased from dolphin to
minke whale to humpback whale, except for dendritic segment count.
Error bars represent SEM

the anterior temporal cortex of the bottlenose dolphin
(n = 1, Fig. 7b: D15), the visual cortex of the minke whale
(n = 3, Fig. 8b: M25, M26), and the posterior temporal
cortex of the humpback whale (n = 1, Fig. 10b: H49).
These neurons possessed rounded or elongated somata with
apical dendrites that ascended towards the pia mater and
basilar dendrites (2.8 + 1.3 primary basilar branches per
neuron) that descended towards the white matter (Fig. 3e).
DSD was between 0.40 and 0.74. Consistent with the
majority of neuronal types, the Sholl analysis for bitufted
pyramidal neurons revealed a higher density of basilar than
apical dendrites; both basilar and apical dendritic density
peaked close to the soma with branching extending so-
matofugally for a similar distance (Fig. 11).

Atypical pyramidal neurons

Inverted pyramidal neurons (n =5; soma depth range
1,457-1,810 pm; see Table 1) were found only in the
minke whale motor (n = 1, Fig. 8a: M4) and visual
(n = 4, Fig. 8b: M22) cortices. Although morphologically
similar to typical pyramidal neurons, the inverted pyrami-
dal neurons were oriented such that the apical dendrite
descended towards white matter and the basilar skirt
(2.4 £ 1.14 primary basilar branches per neuron), pro-
jected laterally and towards the pial surface (Fig. 4b). The
inverted pyramidal neuron in the motor cortex was larger
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Fig. 14 Bar graphs of relative volume (a), total dendritic length (b),
mean segment length (c), and dendritic segment count (d) of
extraverted pyramidal neurons in the bottlenose dolphin, minke
whale, and humpback whale. For graphs a—c, the dependent measures

than those in the visual cortex. Average DSD ranged from
0.43 to 0.90. In the Sholl analysis, dendritic density peaks
were close to the soma, with apical dendritic density
peaking slightly higher and further from the soma than
basilar dendrites (Fig. 11).

Horizontal pyramidal neurons (n = 10; soma depth
range 1,328-2,481 pum; Table 1) were found in the minke
whale visual (n =4, Fig. 8a: M5) and motor (n = 2,
Fig. 8b: M27, M28) cortices and in humpback whale visual
(n = 1, Fig. 9a: HS5), anterior temporal (n = 2, Fig. 10a:
H36, H37) and posterior temporal (n = 1, Fig. 10b: H48)
cortices. Somata shape varied from triangular to square,
elongated, or round. Apical dendrites extended laterally or
obliquely (<45°) instead of perpendicularly (Fig. 4f), and
dense basilar skirts (5.2 &+ 1.99 primary basilar branches
per neuron) extended around the soma in all directions.
Average DSD ranged from 0.32 to 0.81. Sholl analysis
revealed that maximum dendritic density peaked close to
the soma, and that basilar dendrites were denser and longer
in the humpback whale than in the minke whale (Fig. 11).

Flattened pyramidal neurons (n = 4; soma depth range
864—-1,090 um; Table 1) were found in the bottlenose
dolphin visual (n = 2, Fig. 7a: D4) and minke whale motor
(n = 2, Fig. 8a: M2, M3) cortices. Two apical shafts with
shallow, acute bifurcations protruded horizontally from
opposite ends of the soma, eventually orienting towards the
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of Volume, TDL, and MSL were significantly greater in the
humpback whale than in the bottlenose dolphin and the minke whale.
Error bars represent SEM

pial surface. Basilar dendrites were minimal (1.33 £+ 0.58
primary basilar branches per neuron) and descended
towards the white matter alongside the apical dendrites
(Fig. 4g). DSD ranged from 0.26 to 0.57. Because apical
dendrites of flattened pyramidal neurons in the bottlenose
dolphin were incomplete, the Sholl analysis was only
performed on the two minke whale neurons. This analysis
revealed that apical dendrites were much denser and longer
than basilar dendrites (Fig. 11).

Nonpyramidal spiny neurons

Sternzellen (n = 8; soma depth range 1,624-2,262 pum;
Table 1), first named by (Kraus and Pilleri 1969b), were
located in the deeper cortical layers of humpback whale
frontal (n = 3, Fig. 9b: H26), anterior temporal (n = 2,
Fig. 10a: H44, H45), and posterior temporal (n = 3,
Fig. 10b: H57) cortices. These neurons possess a star-like
appearance, with multiple, similarly sized dendrites
emerging from several points on a rounded or square-like
soma. An average of 6.5 £ 3.21 primary dendrites exten-
ded in all directions, creating a circular dendritic field with
no discernible apical dendrite (Fig. 5d). Their average
DSD ranged from 0.33 to 0.61. Sternzellen quantified in
humpback whale frontal cortex had more spines, smaller
somata, and were more superficial than those located in
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other cortical areas. Sholl analyses revealed a relatively
large dendritic density near the soma and relatively long
projections from the soma similar to those of typical
pyramidal neurons in the humpback whale (Fig. 11).

Aspiny neurons

Aspiny neurons were generally smaller and less complex
than spiny neurons, with fewer dendritic branches, and
lower dependent measures when compared to spiny neu-
rons (Table 1). Aspiny interneurons in the current sample
included bipolar and multipolar neurons.

Bipolar (n=28; soma depth range
924-1,469 pm; Table 1) were observed in the visual cortex
of the minke whale (n = 1, Fig. 8a: M20) and the frontal
(n =1, Fig. 9a: H17), anterior temporal (n = 5), and
posterior temporal (n = 1, Fig. 10b: H46) cortices of the
humpback whale. These neurons were characterized by
rounded or oblong somata with an average of 3.0 + 1.31
dendrites extending out either horizontally or vertically
from opposite poles (Fig. 5f). A Sholl analysis of bipolar
neurons in the humpback whale revealed an elongated peak
in dendritic density near the soma and moderately long
dendrites that extended approximately 700 pm somatofu-
gally (Fig. 12). The mean dendritic radius of bipolar neu-
rons was 469 um in the humpback whale and 300 pm in
the minke whale. Aspiny bipolar neurons in the bottlenose
dolphin did not stain completely enough to be traced.

Multipolar neurons (n =15; soma depth range
781-1,854 pum; Table 1) were found in most cortical areas
(Fig. 7a: D1, D2; Fig. 7b: D14; Fig. 8b: M21; Fig. 9a: H3,
H4; Fig. 9b: H18; Fig. 10a: H32; Fig. 10b: H47) except for
the minke whale motor cortex. These neurons were char-
acterized by an average of five dendrites that extended
radially in all directions from the soma (Fig. 3c). Sholl
analyses revealed that dendritic density peaked very close
to the soma, at less than 200 pm (Fig. 12). The mean
dendritic radius of multipolar neurons was 575 pm in the
humpback whale, 375 pm in the minke whale, and 300 pm
in the bottlenose dolphin.

neurons

Discussion

Studies of neuronal morphology in cetaceans are few (e.g.,
striped dolphin: Ferrer and Perera 1988; bottlenose dol-
phin: Garey et al. 1985; short-beaked common dolphin,
Delphinus delphis: Kraus and Pilleri 1969b), with only one
neuromorphological study in mysticetes (sei whale: Kraus
and Pilleri 1969b, c). The present study provides descrip-
tions and quantitative data on neuronal morphology in one
odontocete and two mysticetes. The variety of neuronal
types documented here suggests that cetaceans possess a
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range of neuronal morphologies similar to that seen in
many terrestrial mammals (de Lima et al. 1990; Jacobs
et al. 2011, 2014a). Moreover, a prominent characteristic of
many cetacean spiny neurons was the frequent bifurcation
of apical dendrites, a characteristic similar to that observed
in other cetartiodacyls (Jacobs et al. 2014a). Two mor-
phologies were particularly apparent in cetaceans: tri-tufted
pyramidal neurons and Sternzellen. Although the mor-
phological characteristics of neurons were consistent across
all species, cross-species comparisons indicated that both
typical pyramidal and extraverted neurons increased in
dendritic extent from the bottlenose dolphin to the hump-
back whale.

Methodological considerations

Generally, the same limitations that apply to Golgi studies
on human brain materials apply to the present tissue
(Jacobs et al. 2011, 2014b; Jacobs and Scheibel 2002).
Instead of focusing on these well-established issues, we
review here those particularly relevant to the current study,
namely the effects of differential fixation time on Golgi
impregnations, the question of functional classification of
cetacean cortical regions, and issues of neuronal classifi-
cation (Bota and Swanson 2007; Germroth et al. 1989;
Masland 2004) based solely on somatodendritic architec-
ture (Ascoli et al. 2008). Finally, we briefly discuss the
issue of using species of different ages in neuromorpho-
logical studies.

Fixation time

Although the importance of short autolysis times for high-
quality Golgi impregnations is generally accepted (de Ru-
iter 1983), there appears to be little consensus on the
effects of fixation time (Buell 1982; Williams et al. 1978).
In our own work on the human brain, we have found a
fixation time of 2-3 months to be optimal for the modified
rapid Golgi technique (Anderson et al. 2009). In the present
study, it was not possible to control such factors, and the
prolonged fixation times (>6 months) for minke whale and
dolphin brains may have resulted in suboptimal fixation
when compared to the humpback whale tissue. For this and
perhaps other reasons, dendritic extent and especially spine
density appeared reduced in the bottlenose dolphin brain.
Consequently, we did not perform quantitative compari-
sons of spine measurements among the three species.

Functional classification of cortical regions
Although the anatomy of the cetacean brain has been

extensively investigated, much less is known about func-
tional localization among cetacean species beyond basic
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sensory functions in the bottlenose dolphin (Ladygina et al.
1978; Ladygina and Supin 1977). Furthermore, observa-
tions of the cerebral cortex of minke whale and humpback
whale have been limited to cytoarchitecture. Moreover, in
these species, functional localization is generally presumed
from their cytoarchitecture and from electrophysiological
studies in the bottlenose dolphin (Eriksen and Pakkenberg
2007; Hof and Van der Gucht 2007; Ladygina et al. 1978;
Ladygina and Supin 1977). As such, although the present
study provides observations about the regional distribution
of traced neurons, our findings cannot be related to specific
cortical functions. Therefore, it was impossible to correlate
dendritic or spine parameters with the functional attributes
of the sampled regions, as has been done in primates (El-
ston and Rosa 1998a, b; Jacobs et al. 2001).

Neuronal classification

Although neuronal classification is essential for elucidating
the relationship between structure and function, the process
is confounded because neuronal characterizations in the
literature are often ambiguous, contradictory, and/or
change over time (DeFelipe et al. 2013; Ferrer and Perera
1988; Garey et al. 1985; Glezer and Morgane 1990; Mas-
land 2004). Classification is further limited when neurons
are described solely according to somatodendritic measures
without information on axonal morphology, as is the case
in the present investigation. Additional issues are faced in
comparative studies, given the lack of an official compar-
ative nomenclature. In fact, the template against which all
other brains are compared and that defines what is “typi-
cal” versus what is “atypical” is represented by few spe-
cies of primates and rodents and actually does not
necessarily represent the major clades of mammals (DeF-
elipe et al. 2013; Manger et al. 2008; Sherwood et al.
2009). For consistency, the present investigation attempted
to follow existing nomenclature (Ferrer and Perera 1988;
Jacobs et al. 2011) in classifying pyramidal neurons as a
neuronal type under which several variations exist along a
continuum. Although we observed many examples of the
described neuron types in our Golgi-stained sections, we
only traced those that were relatively complete and unob-
scured, which limited our overall conclusions regarding
neuronal classes.

Effect of age on neuronal morphology

It is recognized that, in primates, age has an influence on
the size of basal dendritic trees in pyramidal neurons of
different cortical areas (Jacobs and Scheibel 1993; Jacobs
et al. 1997). Particularly, in macaque monkeys, while
pyramidal neurons of some cortical regions (e.g., infero-
temporal and prefrontal cortex) continue to grow larger

basal dendritic trees into adulthood (Cupp and Uemura
1980; Elston et al. 2009, 2010a), in other areas (e.g., pri-
mary visual and primary auditory), the increase in age is
related to a decrease in the size of basal dendritic trees
(Boothe et al. 1979; Elston et al. 2010a, b). Moreover, there
are differences in branching complexity and growth rate
across different neuronal populations (Elston et al. 2011).
Such heterogeneity of growth patterns has been related to
genetic and epigenetic mechanisms regulating neuronal
growth differently across cortical areas and linking differ-
ent growth profiles to the function performed by the neuron
in the adult brain (Elston et al. 2011).

Ideally, studies of quantitative neuronal morphology
attempting to unravel details of connectivity and circuitry
in the developing and mature neocortex, should include
only specimens of comparable ages. As is often the case in
comparative studies such as the present, however, it was
not possible to control for the age of the specimens. The
quantitative measures obtained from the young humpback
whale specimen could thus be different from the same
measures recorded in an adult. However, our previous
examination of neuronal morphology in humans suggests
that fundamental differences in neuronal types do not
appear to be age-specific, although quantitative changes in
dendritic measures certainly do obtain (Jacobs and Schei-
bel 1993; Jacobs et al. 1997; Travis et al. 2005). As such,
the present study still provides an overview of neuronal
morphologies for the sampled species that can be used as
reference in future comparative studies.

Spiny neurons
Pyramidal-like neurons

In the present sample, there was considerable heterogeneity
of spiny neuron morphologies, many of which have already
been described in terrestrial mammals (Jacobs et al. 2011;
Meyer 1987; Sherwood et al. 2009).

In accordance with rodent and primate models, the spiny
neurons observed in the present study included three major
classes: (1) pyramidal-like neurons; (2) neurons with
“atypical” orientations and bifurcations of the apical den-
drite; (3) and neurons without a discernable apical dendrite.

Typical pyramidal neurons were the predominant neu-
ron type observed throughout the cortical layers. In gen-
eral, typical pyramidal neurons were comparable to
primate and rodent pyramidal neurons by virtue of their
thick, ascending apical dendrite and their well-developed
basilar skirt. Two main variations of apical dendrites were
observed: a straight apical shaft that ascended for a long
distance before bifurcating and an apical dendrite that
divided into two dendritic branches shortly after leaving
the soma, resulting in a V-shaped apical dendrite. This
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second variation is similar to the bifurcating apical den-
drites observed in the pygmy hippopotamus (Butti et al.
2014) and the giraffe (Jacobs et al. 2014a), but is less
widely bifurcating than those described in the African
elephant (Jacobs et al. 2011). The presence of the tri-tufted
variant across cetacean species and cortical regions sug-
gests that this neuronal type may be a unique feature of this
lineage (Ferrer and Perera 1988; Garey et al. 1985).
Notably, in our recent Golgi investigation of the pygmy
hippopotamus cortex, we failed to observe this tri-tufted
variant (Butti et al. 2014). Thus, more comparative neu-
romorphological investigations are required to determine if
this neuronal morphology exists in other non-cetacean
species.

Extraverted pyramidal neurons in the superficial cortex
(layer II) were the second most prevalent neuron type
observed in the present study. These neurons met the def-
inition of extraversion, with apical dendritic extent
exceeding that of the basilar dendritic system (Sanides and
Sanides 1972). This neuronal morphology and its laminar
distribution are comparable to extraverted pyramidal neu-
rons previously documented in several cetacean species
(striped dolphin: Ferrer and Perera 1988; bottlenose dol-
phin: Glezer et al. 1998; Glezer and Morgane 1990;
Morgane et al. 1985; sei whale: Kraus and Pilleri 1969b, c;
humpback whale: Hof and Van der Gucht 2007). Extra-
verted neurons have also been described in terrestrial
mammals including bats, hedgehog, opossum and monkeys
(Sanides and Sanides 1972), xenarthans and afrotherians
(Jacobs et al. 2011; Sherwood et al. 2009), and artiodactyls
(Butti et al. 2014; Jacobs et al. 2014a). However, in the
current sample, the laminar distribution of these neurons
was more restricted than in these other species, where they
span layers II, III, and V. In cetaceans, and perhaps in other
species (e.g., elephants), these extraverted neurons may
facilitate interneuronal communication within superficial
cortical layers, where most thalamocortical afferents ter-
minate (Glezer and Morgane 1990).

Magnopyramidal neurons in the present study exhibited
a morphology that was essentially identical to that of typ-
ical pyramidal neurons, except that the magnopyramidal
neurons possessed larger somata and more extensive den-
dritic arbors. These neurons, which may represent an
extreme adaptation of the pyramidal neuron in large brains
(Jacobs et al. 2011), have been described in the cetacean
literature as “large pyramidal neurons” located in deep
cortical layers (bottlenose dolphin: Garey et al. 1985;
striped dolphin: Ferrer and Perera 1988; short beaked
common dolphin: Kraus and Pilleri 1969a). Magnopyra-
midal neurons have also been observed in terrestrial spe-
cies, including the pygmy hippopotamus (Butti et al. 2014),
the African elephant (Jacobs et al. 2011), the giraffe
(Jacobs et al. 2014a), and primates (de Lima et al. 1990). In
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all three species investigated here, magnopyramidal neu-
rons in the visual cortex resembled the solitary cells of
Meynert in primates (Hof et al. 2000b; le Gros Clark 1942;
Meynert 1867; Winfield and Powell 1983). This finding is
consistent with previous reports in the bottlenose dolphin
(Furutani 2008) and humpback whale (Hof and Van der
Gucht 2007). In the present study, Meynert-like cells in the
visual cortex of the humpback whale were especially
prominent and evenly spaced (~500 pm), a spacing that is
slightly greater than the ~400 um noted in giraffes
(Jacobs et al. 2014a) and in primates (Chan-Palay et al.
1974; Hof et al. 2000b). Functionally, Meynert cells appear
to have evolved to span various cortical layers and to
integrate a broad sampling of information (Chan-Palay
et al. 1974; Sherwood et al. 2003). It has been suggested
that, in primates living in exposed environments, the
enlarged Meynert cells represent an anatomical substrate
for detecting predators (Sherwood et al. 2003). Although it
is tempting to suggest neuromorphological convergent
evolution for this trait in cetaceans and primates, the pre-
sence of Meynert-like cells in the visual cortex of the
bottlenose dolphin may relate to their ability to adjust
vision for acuity in air and in water (Herman et al. 1975),
although most consider that odontocetes primarily use
echolocation rather than vision to navigate their aquatic
environment and to locate predators and prey (Au et al.
2009; Au and Nachtigall 1997).

Some of the magnopyramidal neurons in the present
investigation approached the soma size and dendritic extent
of primate gigantopyramidal neurons, that is, Betz cells in
motor cortex (Betz 1881; Braak and Braak 1976). Indeed,
there can be overlap in the size of magnopyramidal and
gigantopyramidal neurons (Jacobs et al. 2014a; Walshe
1942). In the humpback whale motor cortex, for example,
two neurons possessed very large somata, characteristic of
Betz cells, along with a thick apical dendrite and many
basilar dendrites (Meyer 1987; Scheibel and Scheibel
1978; Sherwood et al. 2003). Betz-like cells were not
observed in our Golgi preparations of the bottlenose dol-
phin and minke whale. This was possibly due to the quality
of the impregnation rather than the absence of such neu-
ronal type in these species. Indeed, the somata of magno-
pyramidal neurons in the motor cortex of the minke whale
(Meanggmg size = 1,056 + 251 umz) are comparable in size
to those of gigantopyramidal neurons in the motor cortex of
the giraffe (Meanyoma size = 1,184 & 246 pm?; (Jacobs
et al. 2014a) and to human Betz cells (Sasaki and Iwata
2001).

Multiapical pyramidal neurons appear to fit somewhere
in the middle on a continuum from “typical” to “atypical”
pyramidal neurons. Although multiapical pyramidal neu-
rons are morphologically similar to extraverted pyramidal
neurons in that they both possess apical bouquets,
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multiapical pyramidal neurons also possess well-developed
basilar skirts similar to those of typical pyramidal neurons.
In addition, multiapical pyramidal neurons tend to be
located in deeper cortical layers than are superficial
extraverted pyramidal neurons. Multiapical pyramidal
neurons comparable to those observed in the present study
have been observed in the bottlenose dolphin (Garey et al.
1985) and several other mammals (pygmy hippopotamus:
Butti et al. 2014; bat: Ferrer 1987; Ferrer et al. 1986a; rat,
mouse, hamster, rabbit, hedgehog: Ferrer et al. 1986a; dog:
Ferrer et al. 1986b; African elephant: Jacobs et al. 2011).
The morphology observed in the present study (see Fig. 8b:
M29; Fig. 9b: H22) particularly resembles the multiapical
neurons observed in bats (Ferrer 1987) and the tripolar
neurons observed in the rat (Ferrer et al. 1986a; Schwartz
and Coleman 1981). Previous studies analyzing axonal
course have hypothesized that these neurons could be a
source of corticothalamic or contralateral corticocortical
projections similar to typical pyramidal neurons but with a
more specialized function (Ferrer et al. 1986a).

Bitufted pyramidal neurons. Although there is a lack of
agreement on nomenclature concerning bitufted pyrami-
dal neurons in the literature, neurons resembling the
“bitufted” neurons in the present study have been
observed in several species. Neurons of similar mor-
phology have been labeled “double-bouquet” neurons in
striped and bottlenose dolphins (Ferrer and Perera 1988;
Glezer et al. 1992; Glezer and Morgane 1990), “vertical
fusiform cells” in the macaque monkey (de Lima et al.
1990), “spiny bipolar cells” in the dog (Ferrer et al.
1986b), and “bitufted neurons” in the rock hyrax (Bianchi
et al. 2011). It appears that the term “tufted” was applied
less stringently in previous studies than in the present one,
as the bitufted neurons in the current study possess more
dendritically extensive tufts.

Atypical pyramidal neurons

Inverted and horizontal pyramidal neurons. In the
present study, inverted pyramidal neurons constituted
only a small number of the neurons stained, which is
consistent with findings in other species. In the chim-
panzee sensorimotor cortex, for example, inverted
neurons accounted for <1 % of all pyramidal neurons
(Qi et al. 1999). In rats, rabbits, cats, sheep, sloths,
anteaters, rock hyrax, and elephant shrews, they con-
stituted 1-8.5 % of all cortical neurons (Mendizabal-
Zubiaga et al. 2007; Parnavelas et al. 1977a, b; Sher-
wood et al. 2009). Functionally, these appear to be
excitatory neurons involved in corticocortical, cortico-
claustral, and corticostriatal projections in laboratory
species (Mendizabal-Zubiaga et al. 2007), providing a

supporting but distinct flow of information to more
typical pyramidal neurons (Ferrer et al. 1986a; Mendi-
zabal-Zubiaga et al. 2007).

Horizontal neurons have been described in superficial
and deep cortical layers across a wide variety of species
including rodents and primates (de Lima et al. 1990; Meyer
1987; Miller 1988), African elephants (Jacobs et al. 2011),
cetaceans (bottlenose dolphin: Garey et al. 1985; striped
dolphin: Ferrer and Perera 1988), anteaters, sloths, elephant
shrews, and rock hyraxes (Bianchi et al. 2011; Sherwood
et al. 2009), giraffes (Jacobs et al. 2014a), and lagomorphs,
insectivores, and chiropterans (Ferrer et al. 1986a; Men-
dizabal-Zubiaga et al. 2007). In carnivores, artiodactyls,
and primates, there appears to be a different pattern of
distribution for horizontal and inverted pyramidal neurons.
Horizontal pyramidal neurons are located mainly in inter-
mediate and sulcal parts of cortical gyri whereas inverted
pyramidal neurons have been described mainly in the
crowns of cortical gyri (Ferrer et al. 1986b). It has conse-
quently been proposed that the “atypical” orientation of
inverted and horizontal pyramidal neurons depends on
whether they are located in the gyral, intermediate, or
sulcal zones (de Lima et al. 1990; Ferrer et al. 1986b),
although this fails to explain the presence of these mor-
phologies in both gyrencephalic and lissencephalic mam-
mals (Ferrer et al. 1986a, b).

Flattened pyramidal neurons were also infrequently
stained in the current sample. These neurons resemble a
neuronal morphology found in the fissural and intermediate
cortex of the dog, although these morphologies were
classified as “typical” or “horizontal” pyramidal neurons
(Ferrer et al. 1986b). Flattened pyramidal neurons have
been described in layer VIb of lissencephalic species as
neurons with triangular, polygonal or globular somata,
apical dendrites that divide into oblique branches shortly
after leaving the soma, and a mostly symmetrical array of
basilar branches (Ferrer et al. 1986b). More recently, flat-
tened neurons were noted to be abundant in deep layer III
and superficial layer V of the African elephant (Jacobs
et al. 2011), where they resembled certain cortical neurons
in the cow (Barasa 1960), but were generally much more
widely bifurcating. The flattened morphology is not widely
described in the literature and there is no direct evidence of
its function; however, given their horizontal orientation,
these neurons may be involved in lateral integration of
cortical information, particularly in larger brains (Hart
et al. 2008; Jacobs et al. 2011).

Nonpyramidal spiny neurons

Sternzellen were only observed in layers V and VI of the
anterior temporal, posterior temporal, and frontal cortices
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of the humpback whale. Such results are probably due to
the idiosyncracies of the Golgi impregnation and should
not be interpreted as indicating an absence of Sternzellen in
the minke whale or bottlenose dolphin. These neurons,
originally documented in the sei whale (Kraus and Pilleri
1969¢), closely resemble the “spiny stellate” or “spiny
multipolar” neurons described in bottlenose and striped
dolphins (Ferrer and Perera 1988; Furutani 2008; Garey
et al. 1985; Glezer and Morgane 1990). Such neuronal
morphology seems to be specific to the cetacean neocortex
as there is no definitive evidence of its presence in other
species, including artiodactyls (Butler 2008; Butti et al.
2014; Jacobs et al. 2014a). Although the functional sig-
nificance of this neuronal morphology remains unclear,
Sternzellen (or stellate neurons) in agranular mammalian
cortices may represent a compensatory mechanism, or
evolutionary alternative, to the granularity of most mam-
malian cortices (Morgane et al. 1985).

Aspiny neurons

Normally, the classification of aspiny neurons is based on
axonal morphology (Druga 2009; Lund and Lewis 1993)
and is supported by electrophysiological and molecular data
(Ascoli et al. 2008; DeFelipe 1997; DeFelipe et al. 2013;
Zaitsev et al. 2009). Such classification is sometimes
complicated by the fact that many terms for aspiny neurons
are also applied to spiny neurons of similar morphologies
(Ferrer et al. 1986a, b; Ferrer and Perera 1988; Garey et al.
1985). In the present investigation, only somatodendritic
information was available and, as such, the aspiny neurons
were classified as either bipolar or multipolar based on their
dendritic systems. Bipolar and multipolar aspiny neurons
appeared equally represented in the cortical regions across
species in the present study, with the exception of the bot-
tlenose dolphin, in which bipolar aspiny neurons were not
documented. Bipolar aspiny neurons are found in a variety
of mammals under several different labels, such as “bipolar
neurons” in the African elephant (Jacobs et al. 2011) and
the rock hyrax (Bianchi et al. 2011), “nonspiny spindle
neurons” in bottlenose dolphin (Garey et al. 1985), “fusi-
form neurons” and “bitufted neurons” in rat, dog, sheep,
and striped dolphin (Ferrer et al. 1986a, b; Ferrer and Perera
1988; Garey et al. 1985). Multipolar aspiny neurons have
been observed in a wide range of species, including striped
dolphin (Ferrer and Perera 1988), bottlenose dolphin (Garey
et al. 1985), rat, mouse, hamster, bat, dog (Ferrer et al.
1986a, b), African elephant (Jacobs et al. 2011), and rock
hyrax (Bianchi et al. 2011).

Although there was considerable variation among the
small number of aspiny neurons traced, the humpback
whale tended to have the largest aspiny neurons of the three
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species. On average, the Vol and TDL of aspiny neurons in
the humpback whale are similar to the same measures in
the African elephant (Jacobs et al. 2011), but much larger
than observed in the giraffe (Jacobs et al. 2014a). Because
such quantitative measures are not available for older,
qualitative studies, we also examined the dendritic radii of
these neurons. Bipolar and multipolar interneurons pos-
sessed an average dendritic radius of about 468 and
575 pm in the humpback whale and 300 and 375 pm in the
minke whale, respectively. In the bottlenose dolphin, only
aspiny multipolar neurons were traced, and these possessed
an average radius of 300 um. By comparison, the dendritic
radius of aspiny neurons in the striped dolphin has been
documented at 100-300 pm (Ferrer and Perera 1988), and
in the African elephant at 1,000 pm. As was the case for
Vol and TDL, the dendritic radii in the humpback whale
are similar to what has been observed in the elephant.

Comparison of odontocetes and mysticetes

Although generalization about neuronal distributions based
on Golgi stains are problematic, we note here that there
appeared to be more magnopyramidal neurons in my-
sticetes than in odontocetes. Nevertheless, previous
research has documented magnopyramidal neurons in the
bottlenose dolphin visual cortex (Garey et al. 1985).
Sternzellen in the present study were observed only in the
humpback whale, consistent with a previous description in
another mysticete (Kraus and Pilleri 1969a, b, c¢). Quali-
tatively, there have been only limited neuromorphological
comparisons between odontocetes and mysticetes. For
example, possible scaling differences between the sei
whale and the short-beaked common dolphin have been
suggested because the former possessed neurons with lar-
ger somata, longer basilar skirts, and more spines than the
latter (Kraus and Pilleri 1969b). Similar conclusions seem
reasonable in the present study as dendritic measures (and
soma size) increased with brain mass (e.g., bottlenose
dolphin < minke whale < humpback whale).

Scaling laws in the brain are very complicated (Deacon
1990), with different orders of mammals having different
scaling coefficients (Gabi et al. 2010; Harrison et al. 2002;
Herculano-Houzel 2007; Herculano-Houzel et al. 2006,
2007; Neves et al. 2014; Sarko et al. 2009). Most dendritic
arbors scale up with brain size, especially in pyramidal
neurons (Oelschldger et al. 2010; Wittenberg 2008) and
greater neuronal size is found in larger brains (Jacobs et al.
2011; Oelschlidger et al. 2010; Wittenberg 2008). In the
present study, this was seen quantitatively in typical
pyramidal and extraverted pyramidal neurons, which
showed increases in dendritic Vol, TDL, and MSL from the
bottlenose dolphin to the humpback whale.
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Regional cortical differences and specific neuronal
morphology in cetaceans

Qualitatively, the variety of neuronal morphologies across
cortical regions appeared quite consistent within each
species. These results are supported by previous investi-
gations that yielded similar findings between primary
auditory and primary visual cortices in striped and bottle-
nose dolphins (Ferrer and Perera 1988; Glezer et al. 1998).
In the current study, the visual cortex represented a unique
point of comparison because it was the only cortical area
sampled in all three species. Among the variety of spiny
neuronal types described in the present study, two mor-
phologies that may be particular to cetaceans were docu-
mented: (1) a tri-tufted variant of typical pyramidal and
magnopyramidal neurons, and (2) Sternzellen. The tri-tuf-
ted variant has not been documented in other mammalian
species, suggesting that this neuronal morphology might be
a feature present only in cetaceans. Additionally, the pre-
sence of Sternzellen in the humpback whale (but not in the
minke whale or bottlenose dolphin), coupled with their
original description (Kraus and Pilleri 1969b) and the
apparent lack of this neuron type in other mammals, sug-
gests that Sternzellen may be a specific characteristic of
large baleen whales.

The variety of neuronal morphologies in the cetacean
neocortex suggests possible species differences in connec-
tivity and signal integration (Chklovskii 2004; Wen and
Chklovskii 2008). For example, comparative analysis of
CaBPs has revealed a vertical flow of inhibition in the pri-
mary sensory cortices of the bottlenose dolphin, which
contrasts with the equal vertical and horizontal flow of
inhibition in primates (Glezer et al. 1998). Moreover, layer
IIT in cetaceans appears to have a prevalent role in horizontal
integration (Kern et al. 2011). This has interesting implica-
tions for the evolution of cortical connectivity. Both the
African elephant (Jacobs et al. 2011) and cetaceans possess
agranular cortices and, in terms of cytoarchitecture and
neuromorphology both appear to possess more lateral cor-
tical communication when compared to other large-brained
mammals (Garey et al. 1985; Kern et al. 2011). The pre-
sence of extraverted neurons, pyramidal neurons with
bifurcating apical dendrites, and laterally oriented neuronal
morphologies (e.g., horizontal and flattened pyramidal neu-
rons) suggest a different evolutionary mechanism for intra-
cortical processing in cetaceans. However, it should be
noted that pyramidal neurons in cetacean cortex, like those
in the giraffe (Jacobs et al. 2014a), appear much more ver-
tically oriented than are pyramidal neurons in the African
elephant (Jacobs et al. 2011).

Finally, the present study addresses a controversy in the
literature about the nature of the cetacean cortex. Tradi-
tionally, certain  aspects of cetacean cortical

cytoarchitecture were considered to represent “primitive”
features characteristic of a relatively simple cortical orga-
nization scheme compared to rodent and primate species
(Kesarev et al. 1977; Morgane et al. 1985; Oelschlédger and
Oelschldger 2008). However, this “initial brain” concept
(Glezer et al. 1988) is problematic because cetacean
cytoarchitectural patterns are, in fact, more complex than
originally thought (Butti et al. 2011; Furutani 2008; Hof
et al. 2005; Hof and Van der Gucht 2007; Kern et al. 2011;
Marino et al. 2008). The present observations also provide
evidence of considerable diversity in neuronal morphology
in the cetacean neocortex. Together these findings suggest
that these features may actually be derived characters of
the cetacean neocortex, rather than plesiomorphic reten-
tions. This is significant, as a previously assumed lack of
neuronal variation and neocortical complexity (i.e.,
agranularity) has been invoked to suggest that cetacean
neocortex was underdeveloped (Sokolov et al. 1972; Gle-
zer et al. 1988). Instead, the cetacean neocortex is more
comparable to that of other cetartiodactyls (Jacobs et al.
2014a) and perhaps more generally to species lacking layer
IV (Ferrer et al. 1986a, b; Ferrer and Perera 1988; Hof et al.
2005; Jacobs et al. 2011). In conclusion, it appears that, in
addition to the long-held primate-rodent model of neocor-
tical organization (Manger et al. 2008), other evolutionary
alternatives need to be acknowledged and investigated
further. To this end, our companion paper and previous
studies (Jacobs et al. 2011, 2014a) examine the neuronal
morphology of the giraffe, allowing further comparisons
within cetartiodactyls and between cetartiodactyls and
other species.
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