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neuron density of standard cortical units may be correlated 
with specific adaptations to their respective habitats. In con-
trast to layers V and VI which mainly serve as an executive 
system, layer III could represent an intermediate level in sen-
sory and premotor processing which works more tangen-
tially in the cortices via horizontal connections with other 
cortical areas, respectively. The generally higher density of 
cortical layer III in  Tursiops  suggests a higher connectivity of 
this layer in view of the more agile and complicated behavior 
of these gregarious animals including versatile phonation by 
complex sound and ultrasound signals. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 As in many large-sized mammals, the neocortex is the 
dominant structure of the toothed whale (odontocete) 
brain and it is characterized by a remarkable folding of 
the gray matter. Although the gyral organization of the 
cerebral cortex shows many specific patterns in dolphins, 
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 Abstract 
 We investigated the quantitative morphology of the neocor-
tex (gray matter) in 2 toothed whale (odontocete) species 
(harbor porpoise,  Phocoena phocoena ; bottlenose dolphin, 
 Tursiops truncatus ) with stereological methods. The 4 prima-
ry projection areas (motor, somatosensory, auditory, and vi-
sual fields) are analyzed for their cell densities in layers III and 
V with standard design-based stereology methods. Along 
cortical areas M1, S1, A1, and V1 in  Tursiops , neuron density is 
always higher in layer III than in layer V, whereas the data in 
 Phocoena  are variable. Moreover, neuron density in layer III 
is generally around 1.5 times higher in  Tursiops  than in  Pho-
coena . Maximal density values are seen in layer III of A1 and 
V1 in  Tursiops  and the ratio of layer III/layer V density is max-
imal in A1 of this species. Thus, layer III could have a higher 
capacity in the bottlenose dolphin with regard to intrinsic 
connectivity. Extant knowledge on toothed whale neurobi-
ology and behavior suggests that quantitative/stereological 
differences between the 2 odontocete species regarding the 
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the sequence of the primary projection areas (motor, so-
matosensory, auditory, and visual fields) across the sur-
face of the telencephalic hemisphere is similar to that in 
terrestrial mammals [Oelschläger and Oelschläger, 2002, 
2009]. Electrophysiological experiments [Lende and Ak-
dikmen, 1968; Lende and Welker, 1972; Ladygina and Su-
pin, 1970, 1977; Ladygina et al., 1978; Supin et al., 1978, 
2001] have shown that near the anteroventral tip of the 
cerebral hemisphere the motor and somatosensory corti-
cal areas are separated by the cruciate sulcus, presumably 
a homolog of the central sulcus in primates [Morgane et 
al., 1980, 1986, 1990; Oelschläger and Oelschläger, 2002, 
2009]. The auditory field is the largest primary projection 
area with the highest number of neurons and the largest 
cortical volume [Walloe et al., 2010; harbor porpoise, 
 Phocoena phocoena ; Eriksen and Pakkenberg, 2007;
minke whale,  Balaenoptera acutorostrata ]. It is located in 
the suprasylvian and the posterior ectosylvian gyrus, 
bordering medially on the visual field which in toothed 
whales comprises the lateral gyrus adjacent to the inter-
hemispheric cleft ( fig. 1 ).

  Still today, only little is known about the toothed whale 
neocortex. The cortical grey is 6-layered [Garey and Leu-
ba, 1986; Deacon, 1990] as in other mammals. Earlier in-

vestigators had often denied the existence of layer IV in 
the odontocete neocortex [Morgane et al., 1988; see be-
low]. The overall thickness of the cortical grey is distinct-
ly less in brains of toothed whales than in other brains of 
similar size [e.g. bottlenose dolphin: 1.2–1.85 mm; hu-
man: 2.63 mm; Morgane et al., 1980, 1988; Ridgway and 
Brownson, 1984; Pakkenberg and Gundersen, 1997; Fu-
rutani, 2008]. Moreover, there is less regional cortical dif-
ferentiation across the surface of the telencephalic hemi-
sphere than in primates and other mammals and the lay-
ering of the cortical grey is less distinct because layer IV 
is reduced to ‘insignificance’ during the early postnatal 
years [Garey and Leuba, 1986] ( fig. 2 ). This is an impor-
tant fact and not well understood to date (see Discussion). 
In terrestrial mammals, layer IV receives major thalamic 
input and is particularly impressive in anthropoid pri-
mates. In their primary visual field, it is divided into 3 
sublayers of small granular neurons and is involved in the 
complex processing of visual input [Hubel and Wiesel, 
1968, 1972, 1977; Lund, 1973, 1984; Lund and Boothe, 
1975; Nieuwenhuys, 1994].

  In whales, dolphins, and porpoises (cetaceans;  fig. 2 ), 
layer I (the molecular layer) is relatively thick and can 
comprise up to one third of the total cortical width. Lay-

  Fig. 1.  Dorsal view of the brain of the bot-
tlenose dolphin  (T. truncatus)  shows gyri-
fication pattern of the neocortex with neo-
cortical motor and sensory projection 
fields. Left half: fresh specimen (No. Ma-
rine 0082, Mount Sinai School of Medi-
cine). Arrowheads mark the course of ma-
jor neocortical sulci. Right half: schematic 
drawing, after Morgane et al. (1986). A1, 
A2 = primary, secondary auditory neocor-
tex; c = cruciate sulcus; Ch = cerebellar 
hemisphere; en = entolateral sulcus; es = 
ectosylvian sulcus; la = lateral sulcus;
M1 = motor neocortex; S1 = somatosen-
sory neocortex; ss = suprasylvian sulcus; 
V1 = visual neocortex; Ve = vermis. Scale 
bar = 2 cm. 
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er II (the outer granular layer in terrestrial mammals) is 
thin but may show an apparently high neuron density 
among the cortical layers [e.g., visual cortex; Morgane et 
al., 1988]; these cells resemble small pyramidal neurons, 
some of which represent ‘extraverted’ neurons with sub-
pial rather than basal dendrites. Layer III is comparative-

ly thick and divided into 2 sublayers: an outer one with 
smaller pyramidal neurons and an inner sublayer with 
large to very large pyramids. With regard to possible rem-
nants of layer IV in the adult toothed whale it is not clear 
whether such neurons have drifted into the neighboring 
layers (III and V). Layer V is much narrower than layer 

a

b

  Fig. 2.  Neocortical areas investigated.
 a  Harbor porpoise.  b  Bottlenose dolphin.
I to VI represent cortical layers. M1 = Mo-
tor; S1 = somatosensory; A1 = auditory;
V1 = visual. Scale bars = 200  � m. 
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III and contains very large pyramidal cells which, how-
ever, may be challenged in size by those in layer III (inner 
sublayer) in some areas of the neocortex. Layer VI is well 
developed in toothed whales and often fades out in the 
white matter but may also adopt a columnar packing of 
neurons or even a cluster formation [Manger et al., 1998; 
Hof et al., 2005; Hof and Van der Gucht, 2007; Butti et al., 
2009].

  Interestingly, many specializations of the odontocete 
neocortex have been mistakenly interpreted as ‘primitive’ 
brain features (‘initial brain’ concept: poor lamination 
pattern, a thick layer I, extraverted pyramidal neurons in 
layer II, a dense band of large pyramidal neurons referred 
to as layer IIIc/V, overall weak granularization, and a 
well-developed layer VI) [Glezer et al., 1988]. One of the 
most striking deviations from terrestrial mammals is the 
overall strong pyramidalization of cortical neurons, 
which is in contrast to the general trend of a granulariza-
tion of cortical neurons in primates [Garey and Leuba, 
1986; Deacon, 1990]. It is doubtful, however, whether so 
many features can be called plesiomorphic in cetaceans, 
which have undergone dramatic structural and physio-
logical modifications in order to adapt to their mode of a 
secondary fully aquatic life. It is thus more likely that the 
specific organization of the neocortex in cetaceans char-
acterizes a highly adaptive neurobiological substrate 
which has to cope with the challenges resulting from the 
physical properties of their habitat.

  As for the quantitative neuroanatomy of the toothed 
whale neocortex, it is difficult to compare our data with 
the results of existing papers because a variety of methods 
have been applied in the respective data acquisition. For 
an unbiased in-depth numerical analysis of the odonto-
cete neocortex, we used here standard design-based ste-
reology methods [optical fractionator, Cavalieri princi-
ple; Schmitz and Hof, 2005]. Our neuron counts in well-
defined areas serve as a solid quantitative basis for a 
thorough comparison of 2 rather different odontocetes 
(harbor porpoise and bottlenose dolphin) with respect to 
ecophysiological and evolutionary implications.

  Considering the differences in brain size and encepha-
lization [Schwerdtfeger et al., 1984; Manger, 2006] and 
the differences in ecology, behavior, physiology, and 
acoustics [Marino et al., 2008; Bjorge and Tolley, 2009; 
Wells and Scott, 2009; Würsig, 2009] we were motivated 
to assess whether all these differences have a neurobio-
logical correlate in the 2 species. We focused on the neo-
cortex as it represents the superior level in the ‘intellec-
tual’ contest of a species within its ecological niche. In 
this study, our main interest was to find the cortical piv-

ot of functional and evolutionary changes in toothed 
whales during their adaptation to an aquatic environ-
ment. Considering the disappearance of layer IV in the 
cetacean cortex we decided to focus on the layer III/layer 
V horizon as a potential paradigm for understanding cor-
tex functionality. We had the opportunity to investigate 
2 toothed whale species different enough that we could 
look for potential correlations of quantitative cortex com-
position with the ecophysiology of the respective species.

  In this paper, we investigate the primary neocortical 
areas of 2 odontocete species (harbor porpoise and bot-
tlenose dolphin) which are only distantly related to each 
other. They more or less belong to the same dimension in 
terms of body size but show a number of differences in 
structure as well as in their behavior ( table 1 ). One of the 
most fascinating differences is seen in the group size and 
dynamic group composition. Thus, bottlenose dolphins 
are usually found in groups of 2–15 animals or more (har-
bor porpoises: 1–3) and show motor imitation, a large va-
riety of sounds, and adult playful behavior, but they may 
also attack and kill porpoises [Würsig, 2009].

  Materials and Methods 

 Animals 
 The 2 odontocete species investigated belong to separate fam-

ilies and differ in terms of body mass, brain mass, and potential 
ecological adaptations; the harbor porpoise is a dolphin-like 
toothed whale of moderate size with a relatively small brain ( ta-
ble 1 ) and moderate encephalization [Schwerdtfeger et al., 1984; 
Hof et al., 2005]; it lives in coastal habitats, emits polycyclic nar-
row-band sonar clicks between 119 and 128 kHz with a source 
level of 191 (dB re 1  � Pa), and has a frequency of best hearing 
around 130 kHz [Ketten, 1998; Supin et al., 2001; Morisaka and 
Connor, 2007; Au and Hastings, 2008; Huggenberger et al., 2009]. 
The upper frequency limit (hearing) seems to be identical in the 
2 species, with the maximum sensitivity ranging a little higher in 
the harbor porpoise. Major deviations in the widely distributed 
bottlenose dolphin are seen in the larger size of the body and brain 
and a higher encephalization, the emission of broad-band click 
sounds with higher source levels [218–228 (dB re 1  � Pa)], a much 
wider frequency range, and in the spectrum of best hearing in a 
lower frequency range.

  The animals ( Phocoena phocoena,  PP 4417;  Tursiops truncatus , 
TT 133) were by-caught  (Phocoena)  in the Northern Sea or died 
in a controlled environment. The brains were immersion-fixed in 
buffered 4% formaldehyde and the relevant cortical samples taken 
using brain maps drawn after experimental work by Ladygina and 
Supin [1970, 1977, 1978]. Neuropathological examination of the 
postmortem brains revealed no abnormalities in these specimens 
in either the macroscopic dimension or the microscopic dimen-
sion.

  Before analysis of a high number of cortical samples a pilot 
study was made in order to optimize stereological parameters ( ta-
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bles 2 , 3). Samples were taken from the right cerebral hemisphere 
in both species according to the methodology of West et al. [1991; 
see also Schmitz and Hof, 2005]. A structural lateralization of the 
neocortex with respect to neuron numbers such as that found in 
some anthropoid primates has not yet been reported unequivo-
cally for toothed whales [Poth et al., 2005]. The fact that we could 
only study 1 specimen of each of the 2 species relates to the very 
limited availability of toothed whale brain material suitable for 
stereological investigation. However, our data are consistent 
within the single cortical areas of our 2 animals (coefficient of er-
ror;  table 4 ) and they correlate well with data in the literature on 
the bottlenose dolphin concerning both the total densities of cor-
tical areas (auditory, visual) we investigated and the densities of 
layers III and V in these cortices [Garey and Leuba, 1986; Mor-
gane et al., 1988, Eriksen and Pakkenberg, 2007; Walloe et al., 
2010]. We analyzed only cresyl violet-stained sections from the 
cortex of these 2 animals which were of very good histological 
quality ( fig. 2 ).

  Tissue Preparation 
 We restricted our analyses to layers III and V of the primary 

neocortical fields [motor (M1), somatosensory (S1), auditory (A1), 
and visual field (V1)] as the regions of interest (ROI) in our spec-
imens. In these areas, the first step in the cortical analysis of sen-
sory input and the initiation of cortical output take place, and they 
are characterized by a maximum of structural differences in 
toothed whales. This is important for a reliable identification and 
definition of these areas within a rather uniform neocortex, in 
general, which is typical of odontocetes. On the other hand, these 

cortical areas in toothed whales most resemble the corresponding 
fields in other mammals, thus facilitating their comparison and 
evaluation with regard to functional and evolutionary aspects.

  After fixation in 4% formaldehyde the cortical samples were 
dehydrated in graded concentrations of sucrose (10, 20, and 30%), 
cut with a cryostat (Jung Histoslide 2000R, Leica, Germany) at a 
thickness of 60  � m, and stained with cresyl violet (Nissl stain). 
This led to a total between 68 and 109 sections for each cortical 
area (ROI).

  Stereological Design 
 In order to obtain solid data for a future unbiased and exact 

comparison with other species, 2 state-of-the-art stereological 
methods, i.e. the optical fractionator [West et al., 1991] and the 
Cavalieri principle, were applied [Gundersen, 1986; Schmitz and 
Hof, 2005; Eriksen and Pakkenberg, 2007]. All of the quantitative 
analyses were performed using a stereology workstation equipped 
with a Zeiss Axiophot photomicroscope, 2.5 !  and 40 !  Plan-
Neofluar objectives (Zeiss, Thornwood, N.Y., USA), a motorized 
stage (Ludl Electronics, Hawthorne, N.Y., USA), an Optronics Mi-
croFire digital camera (Optronics, Goleta, Calif., USA), and ste-
reology software (StereoInvestigator; MBF Bioscience, Williston, 
Vt., USA).

  The measurement of neuronal density values (D ROI ) always 
depends on the ratio of a particle (neuron) count within a given 
ROI in relation to the volume of the respective ROI [Schmitz and 
Hof, 2005]. Combining the optical fractionator (for total cell 
counts, N ROI ) and the Cavalieri principle (for respective volumet-
ric values, V ROI ), estimates of neuronal densities within specific 

Table 1. P hysical and physiological data of the harbor porpoise and the bottlenose dolphin

Parameters Harbor porpoise (PP) Bottlenose dolphin (TT)

Range of adult body length, cm 130–180a 227–340b

Adult body length (investigated animal), cm 138 250k

Range of adult body mass, kg 27–41 140–278b (average 165)c

Adult body mass (investigated animal), kg 41.7 200k

Average adult brain mass, g 509.75 1,824c

Encephalizationd 9.44 15.80

Habitate shallow coastal inshore, offshore
Normal group size (individuals)l 1–3 2–15

Acoustic signals clicksf clicks, whistlesf

Echolocation clicks narrow bandwidthf broad bandwidthf, g 

Frequency range (clicks), kHz 119–128h 35–132h

Peak frequencies, kHz 124h 67–114h 
Peak-to-peak source level (clicks), dB re 1 �Pa 191h 218–228i

Frequency of best hearing, kHz 130f 60–80f, j

Upper frequency limit, kHz 150f 150f

Maximum sensitivity, dB re 1 �Pa 47f 42f

P P = P. phocoena; TT = T. truncatus.
a Kinze [1994]; b Ridgway [1990]; c Hof et al. [2005]; d Schwerdtfeger et al. [1984]; e Rice [1998]; f Au and Has-

tings [2008]; g Huggenberger et al. [2009]; h Morisaka and Connor [2007]; i Ketten [1998]; j Supin et al. [2001]; 
kEstimated value; l Bjorge and Tolley [2009], Wells and Scott [2009].
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Table 2. S ynopsis of parameters used with the optical fractionator in the analysis of total neuron numbers

Cortical field: M1 S1 A1 V 1

Layer: III V III V III V II I V

P. phocoena
Sectional periodicity 10 10 10 10 10 10 10 10
Section sampling fraction 1/10 1/10 1/10 1/10 1/10 1/10 1/10 1/10
Area sampling fraction 0.0036 0.0056 0.0027 0.0064 0.0024 0.0090 0.0023 0.0120
Disector height, �m 28 28 28 28 28 28 28 28
Guard zones, �m 1 1 1 1 1 1 1 1
Mean measured sectional thickness, �m 30.4 30.5 30.4 30.3 30.5 30.4 30.2 30.2
Thickness sampling fraction 0.9211 0.9180 0.9211 0.9241 0.9180 0.9211 0.9272 0.9727

T. truncatus
Sectional periodicity 10 10 10 10 10 10 10 10
Section sampling fraction 1/10 1/10 1/10 1/10 1/10 1/10 1/10 1/10
Area sampling fraction 0.0045 0.0064 0.0018 0.0067 0.0018 0.0090 0.0025 0.0064
Disector height, �m 28 28 28 28 28 28 28 28
Guard zones, �m 1 1 1 1 1 1 1 1
Mean measured sectional thickness, �m 34.8 34.3 33.2 32.8 31.5 30.9 31.1 31.3
Thickness sampling fraction 0.8045 0.8163 0.8434 0.8537 0.8889 0.9061 0.9003 0.8946

Table 3. S urvey on parameters and data used with the Cavalieri method in the analysis of volumetric values 

Cortical field: M1 S1 A1 V 1

Layer: III V III V III V II I V

P. phocoena
Edge length of a grid box, �m 175 125 175 125 225 100 150 75
Grid box area, �m2 30,625 15,625 30,625 15,625 50,625 10,000 22,500 5,625

T. truncatus
Edge length of a grid box, �m 250 175 250 175 200 125 200 100
Grid box area, �m2 62,500 30,625 62,500 30,625 40,000 15,625 40,000 10,000

Table 4. Da ta on counting units (neuron numbers) and extrapolation with the optical fractionator 

Cortical field: M1 S1 A1 V 1

Layer: III V III V III V II I V

P. phocoena
Total of counting units 502 405 540 414 638 509 636 523
Coefficient of error 0.042 0.042 0.032 0.038 0.026 0.036 0.026 0.031
Total of ROI neurons 1,497,372 783,265 2,150,556 697,603 2,952,528 613,365 2,970,805 469,727

T. truncatus
Total of counting units 672 318 520 429 786 787 1002 538
Coefficient of error 0.040 0.048 0.045 0.048 0.034 0.031 0.033 0.035
Total of ROI neurons 1,855,529 606,007 3,494,258 753,960 4,793,753 965,593 4,418,817 936,684
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ROIs (i.e. layer III and V of the 4 primary cortical fields M1, S1, 
A1, and V1) could be calculated. Therefore, each neuronal cell 
count had to be divided by the respective cortical volume:

  D ROI  = N ROI /V ROI 
  Details on the stereological parameters used for the optical 

fractionator and the Cavalieri principle are summarized in  tables 
2 –6.

  Results 

 Quantitative Analysis of Odontocete Neocortical 
Projection Areas 
 Neuron density varies considerably throughout the 

odontocete neocortex from area to area [Garey and Leu-
ba, 1986] and across layers I to VI. Layer I is compara-
tively broad in whales, where it can comprise about one 
third of the total cortical grey width [Kraus and Pilleri, 
1969a; Oelschläger and Oelschläger, 2002, 2009] and 
shows about 10–18% of the neuron density found in layer 
II [mean adult 13%: Garey and Leuba, 1986; 6.44%: Mor-

gane et al., 1988; see below]. However, due to the small 
amount of neurons in layer I it was not analyzed stereo-
logically in this study. Layer II is characteristic and uni-
form throughout the areas investigated but the neurons 
are difficult to analyze properly because of their extreme-
ly high packing density. The latter seems to be relatively 
constant and layer II has been reported to account for at 
least 50% of the total neocortical neuron number [Garey 
and Leuba, 1986; Oelschläger and Oelschläger, 2002, 
2009].

  In our study, we focused on layers III and V ( tables 
2 –6) because they appear to be essential in the processing 
of thalamic and intracortical information and because 
they are well developed, easy to identify, and can be ana-
lyzed reliably. However, there seems to be some variation 
in cetaceans in terms of the density of neurons constitut-
ing a potential layer IV. Whereas in the literature on 
odontocetes the neuron density in layer IV was reported 
to attain more than 20% of that seen in layer III [visual 
field; bottlenose dolphin; Morgane et al., 1988], we could 
not detect layer IV throughout our materials. Kraus and 

Table 5. D ata on ROI volumes calculated with the Cavalieri principle

Cortical field: M1 S1 A1 V 1

Layer: III V III V III V II I V

P. phocoena
Total of counting units (�n) 6,290 4,449 7,144 4,402 4,434 6,179 8,858 7,527
ROI volume (VROI), !105 �m3 1,155,790 417,094 1,312,710 412,687 1,346,830 370,740 1,195,830 254,036

T. truncatus
Total of counting units (�n) 2,447 1,808 4,039 2,518 6,263 5,435 4,514 5,675
ROI volume (VROI), !105 �m3 917,625 332,220 1,514,620 462,682 1,503,120 509,531 1,083,360 340,500

 Table 6. Neuron densities estimated with the optical fractionator and the Cavalieri principle

Cortical field: M1 S1 A1 V 1

Layer: III V III V III V II I V

P. phocoena
Total of ROI neurons (NROI) 1,497,372 783,265 2,150,556 697,603 2,952,528 613,365 2,970,805 469,727
ROI volume (VROI), !105 �m3 1,155,790 417,094 1,312,710 412,687 1,346,830 370,740 1,195,830 254,036
ROI density (DROI), !106 cells/cm3 12.96 18.78 16.38 16.90 21.92 16.54 24.84 18.49

T. truncatus
Total of ROI neurons (NROI) 1,855,529 606,007 3,494,258 753,960 4,793,753 965,593 4,418,817 936,684
ROI volume (VROI), !105 �m3 917,625 332,220 1,514,620 462,682 1,503,120 509,531 1,083,360 340,500
ROI density (DROI), !106 cells/cm3 20.22 18.24 23.07 16.30 31.89 18.95 40.79 27.51

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

itä
ts

bi
bl

io
th

ek
 K

ie
l  

   
   

   
   

   
   

   
   

  
13

4.
24

5.
6.

66
 -

 1
1/

30
/2

02
1 

2:
58

:5
5 

P
M



 Kern   /Siebert   /Cozzi   /Hof   /Oelschläger    Brain Behav Evol 2011;77:79–9086

Pilleri [1969a, b] also reported a layer IV with an appre-
ciable neuron density in both the pilot whale  (Globiceph-
ala melas)  and the fin whale  (Balaenoptera physalus)  but, 
unfortunately, did not present any routine (Nissl stain) 
histology. In our specimens, layer III is thick and charac-
terized by a variety of pyramidal cells with comparative-
ly smaller neurons populating the outer half of the layer, 
whereas larger pyramids occupy the inner half. Layer V 
consistently contains large to very large pyramidal cells 
which form a distinct band. Layer VI fades out gradually 
into the white matter and therefore cannot be delimited 
unequivocally.

  Our results, summarized in  table 7 , include a number 
of interesting features:

  (1) Comparing layers III and V within both species 
along cortical areas M1, S1, A1, and V1, neuron density in 
 Tursiops  is always higher in layer III than in layer V, 
whereas the data in  Phocoena  are variable. Thus, in M1 of 
 Phocoena  cell density is higher in layer V than in layer III, 
whereas in S1 the values are nearly identical and layer III 
neuron density dominates in A1 and V1.

  (2) In our samples, the values for layer III of areas M1, 
S1, A1, and V1 are generally around 1.5 times higher in 
 Tursiops  than in  Phocoena ; this ratio is equaled by that 
found for layer V of V1 in the 2 species (see Discussion). 
The neuron density in layer V of  T. truncatus  is generally 
about as high as, or higher than, in  P. phocoena  ( table 7 ), 
with a distinct increase in this ratio in V1. The largest dif-
ference between the 2 animals in terms of neuron density 
is seen in layer III of the motor cortex (ratio 1.56), the 

smallest in layer V of M1 and S1 (ratio 0.97 vs. 0.96, re-
spectively).

  (3) The overall minimum in neuron density is found 
in layer III of M1 in the harbor porpoise, and the overall 
maximum is found in layer III of V1 in the bottlenose 
dolphin. At the same time, the neuron density of layer III 
dominates that of layer V maximally in A1 of  Tursiops  
(ratio 1.68). In the bottlenose dolphin, maximal density 
values are seen in areas A1 and V1 and the ratio layer III/
layer V is maximal in area A1. Interestingly, layer III 
shows about the same range in both species ( Phocoena  1:  
 1.92;  Tursiops  1:   2.02) but layer V does not.

  Taken all together, layer III seems to be more compli-
cated than layer V in both odontocete species, but this 
occurs on a much higher level and more consistently in 
the bottlenose dolphin than in the harbor porpoise.

  Discussion 

 General Considerations 
 Although a number of papers have dealt with the 

quantitative morphology of the cetacean neocortex [Tow-
er, 1954; Hawkins and Olszewski, 1957; Kraus and Pilleri, 
1969a; Rockel et al., 1980; Morgane et al., 1982; Jacobs et 
al., 1984, Garey et al., 1985; Garey and Leuba, 1986; Haug, 
1987; Poth et al., 2005; Eriksen and Pakkenberg, 2007; 
Butti et al., 2009; Oelschläger et al., 2010; Walloe et al., 
2010], our knowledge of it is still rather limited. Brains 
differ in size and cortical thickness; larger animals with-

Table 7. Stereology of neuron densities in layers III and V of the primary neocortical areas in the harbor porpoise (P. phocoena) and 
the bottlenose dolphin (T. truncatus)

N euron density

Cortical field: M1 S1 A1 V1

Cortex layer: III V III V III V III V

P. phocoena 
(PP), !106 cells/cm3 12.96 (0.69)  18.78 16.38 (0.97) } 16.90 21.92 (1.33)  16.54 24.84 (1.34)  18.49│ø1 18.35

T. truncatus  
(TT), !106 cells/cm3 20.22 (1.11)  18.24 23.07 (1.42)  16.30 31.89 (1.68)  18.95 40.79 (1.48)  27.51│ø2 24.62

Interspecies ratio of 
neuron density
TT/PP

1.56 0.97 1.41 0.96 1.46 1.15 1.41 1.49

Num bers in parentheses indicate the layer III/layer V ratio in 1 area of 1 species. Arrows indicate trends in the ratios of layer III/V. 
The interspecies ratio in neuron density refers to the value of PP = 1.  = Higher;  = lower value than in layer V of the same area;
ø1 = average of layers III and V in Phocoena; ø2 = average of layers III and V in Tursiops throughout all neocortical areas.
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in a systematic group tend to have larger brains with a 
more convoluted cortex and a slightly thicker cortical 
grey but a lower number of subpial neurons [Haug, 1987; 
Poth et al., 2005] and also a lower neuron density [Tower, 
1954; Rockel et al., 1980; Eriksen and Pakkenberg, 2007; 
Oelschläger and Oelschläger, 2002, 2009]. Poth et al. 
[2005], counted neurons below a standard (pial) surface 
in order to eliminate differences in cortical thickness in 
the comparison of various species within an ‘ascending 
toothed whale series’ with increasing body mass and 
brain mass as a parallel to the ‘ascending primate series’ 
[Stephan, 1975; Schwerdtfeger et al., 1984; Matano et al., 
1985; Stephan et al., 1988; West, 1990; Oelschläger et al., 
2010].

  In the past, most of the publications on the quantita-
tive neuroanatomy of the cetacean neocortex provided 
data on the total neuron number throughout all layers of 
cortical samples [Tower, 1954; Rockel et al., 1980; Poth et 
al., 2005; Eriksen and Pakkenberg, 2007]. These papers 
reported comparatively low neuron counts in cetaceans 
in general [Oelschläger and Oelschläger, 2002, 2009] and 
a general pyramidalization and loss of granular cells per-
haps in view of rapid sound processing using an appar-
ently ‘simple’ kind of neocortical cytoarchitecture [Hug-
genberger, 2008]. A few investigators went into more de-
tail and determined the dimensions and composition of 
single layers in the limbic lobe and the visual cortex of 
dolphins and other toothed whales [Kraus and Pilleri, 
1969a; Garey and Leuba, 1986; Morgane et al., 1982, 1988, 
1990; Furutani, 2008]. The comparative interpretation of 
all of the data provided, however, is difficult because it is 
limited by differences in methodology in these papers. 
Recently, Schmitz and Hof [2005] reviewed the literature 
that introduced the principles of design-based stereology 
and provided guidelines for efficient and rigorous quan-
titative neuroanatomical investigations. This allows ac-
curate analyses of well-defined cortical units and their 
components including the comparison of such parame-
ters in various mammals.

  Another problem in the analysis of the cetacean cortex 
is the functional interpretation of the data received by 
stereological analysis. Here, we have to focus on the parts 
where adaptive processes are most obvious, i.e. compo-
nents or strata differing maximally from those in terres-
trial mammals. From a neurophysiological point of view, 
the boundaries of layer IV (inner granular layer) together 
with the neighboring layers III and V are pivotal in un-
derstanding odontocete neocortex evolution. In many 
terrestrial mammals, this layer largely hosts small multi-
polar interneurons [stellate cells; Lund 1984], which are 

regarded as a major target of specific thalamocortical af-
ferents [Hubel and Wiesel, 1968, 1972, 1977; Lund, 1973; 
Jones, 1975, 2009; Lund and Boothe, 1975; White, 1978, 
Garey and Leuba, 1986; Nieuwenhuys, 1994, 1998]. Also, 
because in cetaceans the transition from layer III to layer 
V is somehow gradual, it seems reasonable to focus on 
these 2 layers, which in terrestrial mammals represent a 
basic input-output neocortical circuit [Valverde, 1983; 
Linden and Schreiner, 2003] with potentially multipolar 
cells being intercalated between the afferent cortical 
nerve fibers and the layer V pyramidal cell axons.

  Histochemical investigation of the visual neocortex in 
the cat revealed strong cytochrome oxidase activity in 
layer IV [Wong-Riley, 1979; Wong-Riley and Carroll, 
1984]. In the bottlenose dolphin and harbor porpoise, 
this activity is divided into 2 sheets, i.e. one in the upper 
half of layer I and the other in layer III [Revishchin and 
Garey, 1991]. This may indicate that thalamocortical in-
put into the cetacean neocortex was shifted to layers I and 
III [Deacon, 1990; Furutani, 2008]. The cetacean neocor-
tical layers III and V are well developed, consist mainly 
of middle-sized to large pyramids, and host some very 
large pyramids in M1 but sometimes also in A1 [Kern et 
al., unpubl. data]. Layer III is divided into an outer sub-
layer and an inner sublayer (and sometimes even 3 sub-
layers) [visual cortex; Morgane et al., 1988]. Whereas the 
outer sublayer comprises smaller pyramids, the inner 
sublayer hosts large pyramidal neurons which, in the au-
ditory cortex, may be even larger than those in layer V 
[finless porpoise:  Neophocaena phocaenoides ;  Delphinus , 
 Tursiops ; Kern, unpubl. data]. In our bottlenose dolphin 
specimen, neuron density was higher in layer III than in 
layer V throughout all of the neocortical areas investi-
gated, in contrast to the more or less ambiguous situation 
found in the harbor porpoise. Our results are in good nu-
merical correspondence with those of density calcula-
tions for V1 in the bottlenose dolphin by Garey and Leu-
ba [1986] and Morgane et al. [1988]. Eriksen and Pakken-
berg [2007] also found neuron densities to be higher in 
the visual cortex than in the auditory cortex of the minke 
whale, a small baleen whale species. Concerning our oth-
er data shown in  table 7 , the generally higher neuron den-
sities in layer III of the bottlenose dolphin compared to 
the harbor porpoise throughout all of the cortical areas 
examined ( table  7 ) may correlate with specific adapta-
tions with regard to sensory and locomotor activity in the 
more versatile  Tursiops  versus the more specialized  Pho-
coena , respectively (see below).
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  Ecophysiological Adaptations of the Odontocete 
Neocortex 
 Our results indicate that there may exist correlations 

between stereological neocortical parameters and the 
lifestyle of the 2 species investigated (harbor porpoise 
and bottlenose dolphin). This is remarkable with respect 
to the consistently higher density of layer III neurons in 
all primary neocortical areas of  T. truncatus  compared 
to those in  P. phocoena . Interestingly, this phenomenon 
is in obvious contrast to the well-known allometric ef-
fects of (a) decreasing neuron numbers per cortical unit, 
i.e. below a standardized area of neocortical surface 
[Poth et al., 2005], and (b) decreasing cortical neuron 
density, respectively, in mammals with increasing brain 
mass [Manger, 2006; Oelschläger and Oelschläger, 2002, 
2009; Oelschläger et al., 2010]. Our data show generally 
higher neuron numbers per layer III volume unit in  T. 
truncatus  than in  P. phocoena  (see Results), and maximal 
densities were seen in areas A1 and V1. At the same time, 
 Tursiops  exhibits a considerably higher amount of neo-
cortex [Manger, 2006] than the harbor porpoise and the 
brain as a whole is distinctly larger in  Tursiops  with re-
spect to the total body mass of the animal (higher en-
cephalization;  table 1 ). Moreover, larger brains tend to 
have higher percentages of neocortex in the total brain 
[Oelschläger and Oelschläger 2009], higher percentages 
of white matter in the neocortex [telencephalic hemi-
spheres; Oelschläger et al., 2010], and thus lower percent-
ages for the cortical grey. All of these data seem to imply 
a higher cortical connectivity/plasticity for  T. truncatus  
across an absolutely and relatively larger neocortical area 
in an animal of considerable encephalization. However, 
the data available do not allow direct comparison of the 
cortical fraction in the total brain in the harbor porpoise 
and the bottlenose dolphin. In contrast to layers V and 
VI which mainly serve as an executive system feeding 
subcortically into nonspecific and specific thalamic nu-
clei as well as into the tectum (inferior colliculus), me-
dulla oblongata, and spinal cord [Nieuwenhuys, 1998], 
layer III could represent an intermediate level in sensory 
and premotor processing, which works more tangential-
ly (associatively) in the cortices via ‘...extending long-
range lateral projections to form horizontal connections 
with other cortical columns’ [Linden and Schreiner, 
2003]. Layer III may thus be involved in integrative pro-
cesses covering the generation of complicated sound sig-
nals for communication (whistles) as well as quick and 
sophisticated swimming maneuvers in response to man-
ifold ultrasound (echolocation) and sound patterns [au-
diomotor navigation; Oelschläger, 2008]. As a conse-

quence, the generally higher density of cortical layer III 
in the bottlenose dolphin suggests a higher connectivity 
of this cortical layer in this species in view of the higher 
activity shown in more agile and complicated behavior, 
and this seems to hold true for all of the neocortical areas 
investigated. Interestingly the auditory neocortex, al-
though it is the primary cortical field of the dominant 
sensory system in cetaceans, does not exhibit a particu-
larly high layer III neuron density. In fact, the layer III 
neuron density in the auditory cortex is second to that in 
the visual cortex; this is presumably because in the audi-
tory system most of the sensory processing occurs in the 
subcortical structures [inferior colliculus; Ehret, 1997; 
Linden and Schreiner, 2003], in contrast to the situation 
in the visual system. Thus, whereas ‘...the auditory cortex 
(most obviously) receives binaural input from subcorti-
cal nuclei...’, the primary sensory cortex (visual and so-
matosensory systems) represents the earliest neural sta-
tion for the convergence of inputs from the 2 visual 
hemifields or 2 sides of the body [Linden and  Schreiner, 
2003].

  From our data it is evident that the odontocete neocor-
tex has undergone profound structural and functional 
adaptations to meet the physical demands of the aquatic 
environment. This may appear in the general predomi-
nance of pyramidal neurons and the considerable reduc-
tion of layer IV which was detected in smaller toothed 
whales by Garey and Leuba [1986] as a residue in young 
postnatal animals. The differences between the primary 
neocortical areas in the 2 smaller odontocete species in-
vestigated here concerning the stereology of layers III and 
V are obviously correlated with specifics of their respec-
tive habitats and behavioral characteristics. Thus, for ex-
ample, dolphins living in the open sea  (T. truncatus)  have 
large eyes collecting more visual information than those 
of coastal porpoises  (P. phocoena)  and so-called ‘river’ 
dolphins which live in murky waters and have smaller 
eyes and less developed or even markedly reduced visual 
systems [Schwerdtfeger et al., 1984]. Apart from that, so-
cial life and thus acoustic communication seem to be 
more intense and therefore more complicated in rather 
gregarious bottlenose dolphins and other off-shore dol-
phins than in coastal porpoises or riverine dolphins 
which live singly or in very small groups (table 1). Where-
as bottlenose dolphins are extremely versatile in terms of 
sound production with regard to the complexity and 
bandwidth of their signals (clicks and whistles), harbor 
porpoises seem to generate clicks for both orientation and 
communication [Huggenberger et al., 2009]. Within their 
ecological niche, this single-type high-frequency phona-
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tion of porpoises may be understood as a strategy to pre-
vent killer whale predation [Morisaka and Connor, 2007] 
by avoiding low-frequency signals audible for these ani-
mals.
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