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ABSTRACT

The present study provides the first systematic immu-
nohistochemical neuroanatomical investigation of the
systems involved in the control and regulation of sleep
in an odontocete cetacean, the harbor porpoise (Pho-
coena phocoena). The odontocete cetaceans show an
unusual form of mammalian sleep, with unihemispheric
slow waves, suppressed REM sleep, and continuous
bodily movement. All the neural elements involved in
sleep regulation and control found in bihemispheric
sleeping mammals were present in the harbor porpoise,
with no specific nuclei being absent, and no novel
nuclei being present. This qualitative similarity of
nuclear organization relates to the cholinergic, norad-
renergic, serotonergic, and orexinergic systems and is
extended to the +y-aminobutyric acid (GABA)ergic ele-
ments involved with these nuclei. Quantitative analysis
of the cholinergic and noradrenergic nuclei of the pon-
tine region revealed that in comparison with other
mammals, the numbers of pontine cholinergic

(126,776) and noradrenergic (122,878) neurons are
markedly higher than in other large-brained bihemi-
spheric sleeping mammals. The diminutive telencephalic
commissures (anterior commissure, corpus callosum,
and hippocampal commissure) along with an enlarged
posterior commissure and supernumerary pontine cho-
linergic and noradrenergic neurons indicate that the
control of unihemispheric slow-wave sleep is likely to
be a function of interpontine competition, facilitated
through the posterior commissure, in response to uni-
lateral telencephalic input related to the drive for sleep.
In addition, an expanded peripheral division of the dor-
sal raphe nuclear complex appears likely to play a role
in the suppression of REM sleep in odontocete ceta-
ceans. Thus, the current study provides several clues to
the understanding of the neural control of the unusual
sleep phenomenology present in odontocete cetaceans.
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The harbor porpoise (Phocoena phocoena) is a small,
robust-bodied odontocete cetacean, weighing 50-80 kg
(Price et al., 2005; Wallge et al., 2010), with a brain
mass of approximately 500 g (Dell et al., 2012). They
tend to inhabit the pelagic zone of northern temperate
and subarctic waters and consume a diet of pelagic
and semi-pelagic fish such as herring, whiting, and
mackerel that provide a diet high in protein and fats
(Rae, 1965; Gaskin, 1982; McLellan et al., 2002; San-
tos and Pierce, 2003). Odontocete cetaceans present
with a unique physiology that allows for unihemispheric
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slow-wave sleep (USWS), in which the brain hemi-
spheres alternate between periods of slow-wave sleep
and wakefulness, plus the animals show little, if any,
REM sleep and are moving continuously (Lyamin et al.,
2008). To date, studies examining USWS have been
mainly based on behavioral observations and electro-
physiological studies (Serafetinides et al., 1972; Mukha-
metov et al, 1977; Supin and Mukhametov, 1986;
Sobel et al., 1994; Oleksenko et al., 1996; Lyamin
et al., 2008). Data relevant to the neuroanatomical
structure of the neural systems associated with sleep
are limited to the locus coeruleus complex of the bot-
tlenose dolphin, the commissural systems in cetaceans,
and the orexinergic system of the harbor porpoise
(Manger et al., 2003; Lyamin et al., 2008; Dell et al.,
2012). Although the locus coeruleus complex does not
appear to differ significantly from land mammals, there
is an enlarged posterior commissure (Lyamin et al.,
2008) and reduced corpus callosum (Manger et al.,
2010) in Odontocete cetaceans, and there are a signifi-
cantly higher number of orexinergic neurons in the har-

similar brain mass (Dell et al., 2012). It is thus of inter-
est to systematically examine the remaining neural sys-
tems associated with sleep and wakefulness in
cetaceans to determine whether any other unusual
and/or unique specializations have evolved that may
contribute to the unique sleep phenomenology
observed in Odontocete cetaceans.

The systems associated with the sleep and wake
states are comprised of neurons that produce various
neurotransmitters. These neurons depolarize in specific
patterns during wake, slow-wave sleep, or REM sleep
(Datta and MacLean, 2007; Lyamin et al., 2008; Taka-
hashi et al., 2010; Dell et al., 2012; Bhagwandin et al.,
2013; Petrovic et al.,, 2013). In relation to cetacean
sleep, these neuronal systems have been extensively
reviewed in Lyamin et al. (2008), but briefly, the -
aminobutyric acid (GABA)ergic neurons of the basal
forebrain are potent sleep promoters, whereas the cho-
linergic neurons of the basal forebrain are part of the
arousal system. The hypothalamic orexinergic and hista-
minergic neurons are associated with arousal, whereas

bor porpoise compared with the giraffe, which has a the  midbrain/pontine  cholinergic  neurons are
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associated with wake and REM sleep. The GABAergic
neurons of the midbrain/pons inhibit the activity of the
serotonergic and noradrenergic neurons in this region,
with the noradrenergic and serotonergic neurons being
active during wake and SWS, but inactive during REM,
and the serotonergic neurons being implicated in inhibi-
ting REM. Due to the relationship of these neuronal
groups to the sleep-wake cycle, the present study
examined the organization of the cholinergic, putative
catecholaminergic, and serotonergic systems in the har-
bor porpoise. In addition, the distribution of the putative
GABAergic neurons and terminal networks associated
with the nuclei controlling and regulating sleep and
wake was examined by staining for parvalbumin (PV),
calbindin (CB), and calretinin (CR). Thus, we investi-
gated the basal forebrain, diencephalon, and pons of
the harbor porpoise. Stereological analysis of neuronal
numbers was undertaken for the laterodorsal tegmental
nucleus (LDT) and the pedunculopontine tegmental
nucleus (PPT), as well as the locus coeruleus complex
(LC). The aim of this study was to provide a clearer
understanding of the neural basis of cetacean sleep
regulation and control as well as better insight into the
function and  evolution of cetacean  sleep
phenomenology.

MATERIALS AND METHODS

Specimens

Brains from two adult male harbor porpoises (Pho-
coena phocoena) (body mass 49 kg and brain mass of
503 g; body mass 55 kg and brain mass of 486 g)
were used in the current study. The animals were
treated and used according to the guidelines of the Uni-
versity of Witwatersrand Animal Ethics Committee,
which correspond with those of the National Institutes
of Health for care and use of animals in scientific
experimentation, and permission to collect the speci-
mens was provided by the Greenland Institute for Natu-
ral Resources. Both harbor porpoises were obtained
after being killed according to Greenlandic cultural
practices and perfused via the heart with an initial rinse
of 20 liters of 0.9% saline solution at a temperature of
4°C followed by 20 liters of 4% paraformaldehyde in 0.1
M phosphate buffer (PB). The brains were removed
from the skull and postfixed in 4% paraformaldehyde in
0.1 M PB (24 hours at 4°C) and allowed to equilibrate
in 30% sucrose in 0.1 M PB before being stored in an
antifreeze solution (Manger et al., 2009).

Tissue selection and immunostaining
The basal forebrain, diencephalon, midbrain, and
pons were dissected from the remainder of the brain,

Sleep systems of the harbor porpoise brain

allowed to equilibrate in 30% sucrose in 0.1 M PB, and
then frozen in crushed dry ice. The tissue block was
mounted onto an aluminum stage, and coronal sections
of 50 um thickness were made using a sliding micro-
tome. A 1:9 series was stained for Nissl, myelin, choline
acetyltransferase (ChAT), tyrosine hydroxylase (TH),
orexin (reported on previously by Dell et al.,, 2012),
serotonin (5-HT), PV, CB, and CR. Nissl sections were
mounted on 0.5% gelatine-coated glass slides and then
cleared in a solution of 1:1 chloroform and 100% alco-
hol overnight, after which the sections were stained
with 1% cresyl violet. The myelin series sections were
refrigerated for 2 weeks in 5% formalin, mounted on
1.0% gelatin-coated slides, and stained with a modified
silver stain (Gallyas, 1979).

The sections used for immunohistochemistry were
initially treated for 30 minutes with an endogenous per-
oxidase inhibitor (49.2% methanol: 49.2% 0.1 M PB:
1.6% of 30% H,0,), followed by three 10-minute rinses
in 0.1 M PB. The sections were then preincubated at
room temperature for 2 hours in a blocking buffer solu-
tion containing 3% normal serum (normal rabbit serum
[NRS; Chemicon, Temecula, CA] for ChAT sections, and
normal goat serum [NGS; Chemicon] for the remaining
sections), 2% bovine serum albumin (BSA; Sigma, St.
Louis, MO), and 0.25% Triton X-100 (Merck, Kenilworth,
NJ) in 0.1 M PB. The sections were then placed in a pri-
mary antibody solution (blocking buffer with correctly
diluted primary antibody) and incubated at 4°C for 48
hours under gentle shaking.

To reveal cholinergic neurons, anti-ChAT (AB144P,
Chemicon, raised in goat) at a dilution of 1:2,500 was
used. To reveal putative catecholaminergic neurons,
anti-TH (AB151, Chemicon, raised in rabbit) was used
at a dilution of 1:7,500. To reveal serotonergic neurons,
anti-5-HT (AB938, Chemicon, raised in rabbit) at a dilu-
tion of 1:7,500 was used. To reveal CB-, CR-, and PV-
containing neurons and terminal networks, we used
anti-CB (CB38a, Swant, Bellinzona, Switzerland, raised
in rabbit), anti-CR (7699/3H, Swant, raised in rabbit),
and anti-PV (PV28, Swant, raised in rabbit), all at a dilu-
tion of 1:10,000. This was followed by three 10-minute
rinses in 0.1 M PB, after which the sections were incu-
bated in a secondary antibody solution for 2 hours at
room temperature. The secondary antibody solution
contained a 1:1 000 dilution of biotinylated anti-goat
IgG (BA-5000, Vector, Burlingame, CA, for ChAT sec-
tions) or biotinylated anti-rabbit 1gG (BA-1000, Vector,
for the remaining sections) in a solution containing 3%
NGS/NRS and 2% BSA in 0.1 M PB. This was followed
by three 10-minute rinses in 0.1 M PB, after which the
sections were incubated in AB solution (Vector) for 1
hour. After three further 10-minute rinses in 0.1 M PB,
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TABLE 1.
Sources and Dilutions of Antibodies Used in This Study

Antibody Host Immunogen Manufacturer Cat. No. Reference Dilution RRID
ChAT Goat Human placental enzyme Merck-Millipore AB144P Laux et al., 2012; 1:2,500 AB_2079751
Kaiser et al., 2011
TH Rabbit  Purified tyrosine hydroxlase Merck-Millipore AB151 Piskuric et al., 2011 1:7,500  AB_10000323
from rat adrenal
5-HT Rabbit  The antigen used in the Merck-Millipore AB938 Not available 1:7,500 Not available
production of this antiserum
is serotonin covalently bound
to bovine thyroglobulin with
carbodiimide
PV Rabbit  Rat muscle parvalbumin Swant PV28 Hirano et al., 2011 1:10,000 AB_10000343
CB Rabbit  Rat recombinant calbindin D-28k Swant CB38a Bunce et al., 2013 1:10,000 AB_10000340
CR Rabbit  Recombinant human calretinin Swant 7699/3H Adrio et al., 2011 1:10,000 AB_10000321

containing a 6-his tag at the
N-terminal

For abbreviations, see list.

the sections were placed in a solution of 0.05% diami-
nobenzidine in 0.1 M PB for 5 minutes (2 ml/section),
followed by the addition of 3 pl of 30% H,0, to each 1
ml of solution in which each section was immersed.

Chromatic precipitation of the sections was moni-
tored visually under a low-power stereomicroscope. This
process was allowed to continue until the background
staining of the sections was appropriate enough to
assist with architectonic reconstruction without obscur-
ing any immunopositive neurons. The precipitation pro-
cess was stopped by immersing the sections in 0.1 M
PB and then rinsing them twice more in 0.1 M PB. To
check for nonspecific staining from the immunohisto-
chemistry protocol, we omitted the primary antibody
and the secondary antibody in selected sections, which
produced no evident staining.

The immunohistochemically stained sections were
mounted on 0.5% gelatin-coated slides and left to dry
overnight. The sections were then dehydrated in graded
series of alcohols, cleared in xylene, and coverslipped
with Depex. The sections were viewed with a low-power
stereomicroscope, and the architectonic borders of the
sections were traced according to the Nissl- and
myelin-stained sections by using a camera lucida. The
immunostained sections were then matched to the
drawings, and the immunopositive neurons were
marked for ChAT, TH, and 5-HT. The immunopositive
PV, CB, and CR neurons and the distribution of their
terminal networks, due to their often very high number
and density, were matched to these drawings under the
microscope. Then the relative densities of immunoposi-
tive neurons and terminal networks were noted and
photographed using higher powered light microscopy.
The drawings were then scanned and redrawn using the
Canvas 8 (Deneba) drawing program.

Antibody characterization and specificity
The antibodies used and associated details are listed
in Table 1.

Choline acetyltransferase

To reveal neurons that produce acetylcholine as a
neurotransmitter, we used the AB144P anti-ChAT goat poly-
clonal antibody from Merck-Millipore (AB144P, Merck-
Millipore, Darmstadt, Germany; RRID AB_2079751) at a
dilution of 1:2,500. This antibody reliably identifies choliner-
gic neurons in all regions of the brain across a range of ver-
tebrate species (Kaiser et al., 2011; Laux et al., 2012). The
pattern of staining found in the harbor porpoise was similar
to that seen in a range of other mammals (Dell et al., 2010).

Tyrosine hydroxylase

To reveal the catecholaminergic neurons, which pro-
duce dopamine, noradrenaline, or adrenalin, we used
the AB151 anti-TH rabbit polyclonal antibody from
Merck-Millipore (AB151; RRID AB_10000323) at a dilu-
tion of 1:7,500. As TH is the rate-limiting enzyme in the
production of catecholamines, this antibody reliably
identifies catecholaminergic neurons across a broad
range of vertebrate species (Piskuric et al.,, 2011). The
pattern of staining found in the harbor porpoise was
similar to that seen in a range of other mammals (Dell
et al., 2010).

Serotonin

To reveal neurons that produce 5-HT as a neurotrans-
mitter, we used the AB938 anti-5-HT rabbit polyclonal
antibody from Merck-Millipore (AB938; no RRID number
available) at a dilution of 1:7,500. The pattern of stain-
ing of serotonergic neurons in the midbrain and pons
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found in the harbor porpoise was similar to that seen in
a range of other mammals (Dell et al., 2010).

Parvalbumin

To reveal neurons containing the calcium-binding pro-
tein PV, we used the PV28 anti-PV rabbit polyclonal
antibody from  Swant  (PV28, Swant; RRID
AB_10000343) at a dilution of 1:10,000. The pattern of
staining within the neurons of the basal forebrain, dien-
cephalon, and pons of the harbor porpoise was similar
to that seen in other mammals (Gritti et al., 2003; Hir-
ano et al., 2011; Bhagwandin et al., 2013).

Calbindin

To reveal neurons containing the calcium-binding pro-
tein CB, we used the CB38a anti-CB rabbit polyclonal
antibody from Swant (CB38a; RRID AB_10000340) at a
dilution of 1:10,000. The pattern of staining within the
neurons of the basal forebrain, diencephalon, and pons
of the harbor porpoise was similar to that seen in other
mammals (Gritti et al., 2003; Bunce et al., 2013; Bhag-
wandin et al., 2013).

Calretinin

To reveal neurons containing the calcium-binding pro-
tein CR, we used the 7699/3H anti-CR rabbit polyclo-
nal  antibody from Swant (7699/3H; RRID
AB_10000321) at a dilution of 1:10,000. The pattern of
staining within the neurons of the basal forebrain, dien-
cephalon, and pons of the harbor porpoise was similar
to that seen in other mammals (Gritti et al., 2003; Adrio
et al., 2011; Bhagwandin et al., 2013).

Stereological analysis

The numbers of cholinergic (ChAT)-immunopositive
neurons in the LDT and PPT as well as the number of
noradrenergic (TH)-immunopositive neurons in the LC
were determined with stereological techniques. An
Olympus BX-60 light microscope equipped with a three-
axis motorized stage, video camera, and integrated
Stereo-Investigator software (MicroBrightField, Colches-
ter, VT, Version 8.0) was used for the stereological
counts. Independent pilot studies for LDT, PPT, and LC
were conducted on individual brain slices to optimize
sampling parameters for cell counting (Table 2). Count-
ing frames and grid sizes were optimized to achieve a
mean coefficient of error of 10% or less (Gunderson
and Jensen, 1987), and a guard zone of 5 pum was
employed to avoid the introduction of errors due to
sectioning artifacts (West et al., 1991). Section thick-
ness was measured at every 5th sampling site, and the
numbers of immunopositive neurons were counted in
accordance with the principles of the optical

TABLE 2.
Stereological Parameters Used for Estimating Neuron Numbers in the Harbor Porpoise

Sleep systems of the harbor porpoise brain

Vertical
guard zones

Average
mounted
thickness

Average CE
(Gundersen

Average CE
(Gundersen

No. of
sampling

Sampling Disector Cut
thickness

grid size

Counting

No. of

Section

(top and

height
(nm)

frame
size (um)

Nuclei

(nm) (pm) bottom,pum) interval sections sites m = 0)
33.3

(nm)
200 X 200

examined

0.04
0.07
0.08

0.05
0.08
0.08

1,389

10
10
10

50
50
50

15

200 X 200

LDT (ChAT+)
PPT (ChAT+)

LC (TH+)

396
600

21

25.7

800 X 800 15

700 X 700

200 X 200

25

26.8

15

150 X 150

Abbreviations: LDT, laterodorsal tegmental nucleus; PPT, pedunculopontine tegmental nucleus; LC, locus coeruleus complex; ChAT+, neurons immunopositive for choline acetyltransferase; TH+, neurons

immunopositive for tyrosine hydroxylase.
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fractionator method (West et al.,, 1991). In the PPT and
LC, a standardized stereological approach using simple
random sampling was implemented with counting
frames of 200 um X 200 um and 150 um X 150 um,
respectively. Corresponding grid sizes of 800 pum X
800 um and 700 pm X 700 um were used for the PPT
and LC, respectively. Due to the relatively small size of
the LDT nucleus, we used a modified unbiased stereo-
logical approach by performing exhaustive total counts
using a counting frame and grid size of 200 pm X 200
pum. The optical fractionator method was used to com-
putationally determine the number of ChAT+ cells in
the LDT and PPT as well as the number of TH+ cells in
the LC using the following formula:

N=Q/(SSFXASFXTSF)

where N is the total estimated neuronal number, Q is
the number of neurons counted, SSF is the section
sampling fraction, ASF is the area subfraction (i.e., the
ratio of the size of the counting frame to the size of the
sampling grid), and TSF is the thickness subfraction
(i.e., the ratio of the dissector height relative to cut sec-
tion thickness). To determine the TSF, we used the
average mounted section thickness calculated for each
individual, subtracted the total vertical guard zones (10
um) to give dissector height, and used the ratio of dis-
sector height to cut section thickness (50 um) to pro-
vide the TSF for each individual. The nucleator probe
was used to estimate the mean volume and cross-
sectional area of the immunopositive neurons, using
five rays, and was used in conjunction with fractionator
sampling (Gundersen, 1988).

RESULTS

The harbor porpoises studied exhibited a range of
nuclei known to be involved in the regulation of the
sleep-wake cycle, and these were, for the most part,
similar to that previously observed in other mammals
(Maseko et al., 2007; Dell et al., 2010, 2012; Bhagwan-
din et al., 2013). No differences in the nuclear organiza-
tion of these systems, or in the GABAergic neurons and
terminal networks associated with these systems, were
observed between the two individual animals studied;
thus the description provided below applies to both ani-
mals, but where differences were found, these have
been highlighted.

Cholinergic nuclei of the basal forebrain and
pons

The cholinergic nuclei of the basal forebrain associ-
ated with the regulation of the sleep-wake cycle identi-
fied in the harbor porpoises included the diagonal band

of Broca, the islands of Calleja and olfactory tubercle,
and the nucleus basalis. Within the pons, we identified
the PPT and the LDT. The diagonal band of Broca was
located in the ventromedial aspect of the cerebrum,
anterior and slightly ventral to the anterior pole of the
hypothalamus and medial to the nucleus accumbens
(Figs. 1A-D, 2A). It contained a moderate density of
bipolar neurons, which were observed to be fusiform in
shape. The dendrites of these neurons were arranged in
a vertical orientation, parallel to the medial wall of the
cerebral hemisphere (Fig. 2A). The cholinergic neurons
forming the islands of Calleja and olfactory tubercle
were identified in the floor of the cerebrum, lateral to
the diagonal band (Fig. 1A-D). A high density of cholin-
ergic neurons was observed within these nuclei, but no
specific somal or dendritic orientation of these neurons
was observed. The cholinergic neurons within the
islands of Calleja and olfactory tubercle exhibited a
variety of morphologies, including round unipolar neu-
rons, spherical or oval bipolar neurons, and triangular
multipolar neurons. The clusters forming the islands of
Calleja were not as distinct as observed in other mam-
mals (Calvey et al., 2013), perhaps due to the lack of
the olfactory system in the Odontocete cetaceans. The
cholinergic neurons forming the nucleus basalis were
identified caudal to the globus pallidus and dorsomedial
to the olfactory tubercle (Fig. 1B-D). The nucleus basa-
lis contained a high density of oval bipolar neurons and
multipolar neurons with similar somal areas, and both
types had dendrites orientated in a lateroventral plane.

A moderate density of cholinergic neurons, forming
the PPT nucleus, was found throughout the parvocellu-
lar region of the pontine tegmentum (Fig. 1H-M). These
neurons began at the level of the oculomotor nucleus
and extended caudally to the level of the trigeminal
motor nucleus. Stereological analysis revealed that
there were approximately 111,134 ChAT+ neurons in
the PPT. These neurons had a mean somal volume of
2,648.00 um® (+ 1,395.15 SD) and a mean surface
area of 1,196.26 um? (+ 568.27 SD), and were mostly
multipolar (Fig. 3A, Table 3). The cholinergic neurons
forming the LDT nucleus were localized within the later-
oventral periventricular gray matter of the pons (Fig.
11-L). A low density of multipolar cholinergic neurons,
exhibiting no specific dendritic orientation, was
observed within this nucleus (Fig. 3A). Stereological
analysis revealed that there were approximately 15,642
cholinergic neurons forming this nucleus, and these
neurons had a mean somal volume of 2,790.14 um?® (+
1,590.38 SD) and a mean surface area of 1,136.20
um? (= 537.93 SD), being very similar in size to those
found in the PPT (Table 3).
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ls.Call/TOL Is.Call/TOL
Figure 1. A-P: Diagrammatic reconstruction of a series of coronal sections through the basal forebrain, diencephalon, midbrain, and pons
of the harbor porpoise brain illustrating the location of neurons immunohistochemically reactive for choline acetyltransferase (ChAT;
circles), tyrosine hydroxylase (TH; squares), and serotonin (stars). Each symbol represents a single neuron. The outlines of the architec-
tonic regions were drawn using Nissl and myelin stain and immunoreactive neurons marked on the drawings from one animal. A repre-
sents the most rostral section, and P the most caudal. Each panel is approximately 4 mm apart. For abbreviations, see list.

Catecholaminergic nuclei of the locus (A7sc), locus coeruleus diffuse (Aé6d), fifth arcuate
coeruleus complex nucleus (A5), and dorsomedial (A4) divisions (Fig. 11-P).

The locus coeruleus complex, found within the pons, The A7d was located within the parvocellular portion of
could be divided into five distinct divisions including the the pontine tegmentum, extending from the periventric-
subcoeruleus diffuse (A7d), subcoeruleus compact ular gray matter, laterally to the edge of the pontine
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Figure 1. Continued.
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Figure 2. Low (main image) and high (inset) magnification photomicrographs of the region of the diagonal band of Broca (Diag. B). A: Neu-
rons immunoreactive for cholineacetyltransferase showing the diagonal band of Broca (Diag.B) and the nucleus accumbens (N. Acc). B:
Parvalbumin immunoreactivity. Note the very low density of parvalbumin-immunoreactive structures in the diagonal band. C: Calbindin
immunoreactivity. Note the lack of reactivity in the diagonal band, but strong reactivity in the nucleus accumbens. D: Calretinin immunore-
activity. Note the low density of cells and terminal networks in the diagonal band and nucleus accumbens. In all images medial is to the
left and dorsal to the top. Scale bar = 1,000 um in D (applies to A-D); 50 um in inset to D (applies to insets in A-D).

tegementum, encircling the ventral aspect of the supe-
rior cerebellar peduncle. In its most caudal aspect, a
few neurons belonging to the A7d could be observed in
the ventral white matter of the cerebellum (Fig. 1P). A
moderate density of multipolar TH-immunoreactive neu-
rons, showing no specific dendritic orientation, could be
observed throughout the A7d, although the density of
these neurons became less toward the lateral and ven-
tral edges of the nucleus. In the dorsal aspect of the
pontine tegmentum, immediately adjacent to the ven-
trolateral aspect of the pontine periventricular gray mat-
ter, a high density of TH-immunoreactive multipolar
neurons, showing no specific dendritic orientation,
formed the A7sc division of the locus coeruleus (Fig.
4A). The A7sc and the A7d formed a continuous
nucleus, only being distinguished by the density of neu-
rons forming these two divisions.

The Aéd division of the locus coeruleus complex was
identified in the ventrolateral aspect of the pontine peri-
ventricular gray matter (Fig. 1J-M), showing some over-
lap with the caudal pole of the LDT nucleus. The Aéd
nucleus contained a low density of TH-immunopositive
neurons that showed no specific dendritic orientation
(Fig. 4A). A small number of TH-immunoreactive

neurons ventral to the trigeminal motor nucleus and
medial to the descending limb of the facial nerve
formed the fifth arcuate nucleus (A5) (Fig. 10), whereas
a small cluster of TH-immunoreactive neurons in the
dorsolateral aspect of the periventricular gray matter,
medial to the dorsal aspect of the superior cerebellar
peduncle formed the dorsomedial division of the locus
coeruleus complex (Fig. 1N). Stereological analysis
revealed that the entire locus coeruleus complex con-
tained approximately 122,878 neurons that had a mean
somal volume of 1,624.16 pm® (= 816.66 SD) and an
average surface area of 647.99 um? (+ 219.39 SD)
(Table 3). Thus, the neurons forming the locus coeru-
leus complex were markedly smaller in size than the
cholinergic neurons of the PPT and LDT nuclei, although
the total numbers of neurons were similar (LC =
122,878; PPT + LDT = 126,776).

Serotonergic nuclei of the dorsal raphe
complex

The neurons forming the dorsal raphe complex,
revealed with immunohistochemistry to 5-HT, were
located mostly near the midline within the periaqueductal
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Figure 3. Low (main image) and high (inset) magnification photomicrographs of the region of the pontine cholinergic nuclei. A: Neurons
immunoreactive for cholineacetyltransferase showing the laterodorsal tegmental (LDT) and pedunculopontine tegmental (PPT) nuclei. B:
Parvalbumin immunoreactivity. Note the low density of parvalbumin-immunoreactive structures in both the LDT and PPT. C: Calbindin
immunoreactivity. Note the high density of cells and terminals in the region of the LDT and the moderate density of immunoreactive cells
and terminals in the region of the PPT. D: Calretinin immunoreactivity. Note the high to moderate density of cells and terminals in the
region of the LDT and the moderate to low density of immunoreactive cells and terminals in the region of the PPT. In all images medial is
to the left and dorsal to the top. Scale bar = 1,000 um in D (applies to A-D); 50 um in inset to D (applies to insets in A-D).

TABLE 3.
Stereological Results for Neuron Numbers, Volume, and Area in the Harbor Porpoise

Total estimated population using
mean section thickness

Average estimated
cell volume (ums)

Average estimated

Nuclei examined cell area (umz)

LDT (ChAT+) 15,642 2,790.14 1,136.20
PPT (ChAT+) 111,134 2,648.00 1,196.26
LC (TH+) 122,878 1,624.16 647.99

Abbreviations: LDT, laterodorsal tegmental nucleus; PPT, pedunculopontine tegmental nucleus;
LC, locus coeruleus complex; ChAT+, neurons immunopositive for choline acetyltransferase;

TH+, neurons immunopositive for tyrosine hydroxylase.

and periventricular gray matter, with some neurons
extending into the dorsal midbrain/pontine tegmentum.
Within the dorsal raphe nuclear complex, six distinct
nuclei, extending from the level of the oculomotor
nucleus to the trigeminal motor nucleus (Fig. TH-N),
were identified. These six nuclei were the dorsal raphe
interfasicular (DRif), dorsal raphe ventral (DRv), dorsal
raphe dorsal (DRd), dorsal raphe lateral (DRI), dorsal
raphe peripheral (DRp), and dorsal raphe caudal (DRc)
nuclei.

The DRif nucleus was located between the two
medial longitudinal fasciculi in the ventralmost aspect

of the periaqueductal gray matter and contained a high
density of spherical or oval-shaped bipolar neurons that
exhibited a dorsoventral dendritic orientation. This
nucleus was continuous ventrally with the serotonergic
neurons forming the median raphe nucleus (MnR).

The DRv nucleus was identified in the ventromedial
region of the periaqueductal gray matter, immediately
dorsal to the DRif. The DRv contained a moderate density
of multipolar serotonergic neurons that were spherical in
shape, but no specific dendritic orientation was noted.

The DRd was located dorsal to the DRv within the
periaqueductal gray matter. The morphology and lack of
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Figure 4. Low (main image) and high (inset) magnification photomicrographs of the region of the locus coeruleus complex. A: Neurons
immunoreactive for tyrosine hydroxylase showing the diffuse portion of the locus coeruleus (A6d) and the compact portion of the subcoer-
uleus (A7sc). B: Parvalbumin immunoreactivity. Note the low density of parvalbumin-immunoreactive structures in both the A6d and A7sc.
C: Calbindin immunoreactivity. Note the high density of cells and terminals in the region of both the A6d and A7sc. D: Calretinin immuno-
reactivity. Note the moderate density of cells and terminals in the region of both the A6d and A7sc. In all images medial is to the left and
dorsal to the top. Scale bar = 1,000 um in D (applies to A-D); 50 um in inset to D (applies to insets in A-D).

dendritic orientation of the DRd neurons resembled
that seen in the DRy, but the DRd contained a some-
what higher density of serotonergic neurons.

The DRI nucleus was found dorsolateral to both the
DRd and DRv within the periaqueductal gray matter
(Fig. 5A). The serotonergic neurons of the DRI exhibited
a low to moderate density and were mostly multipolar
neurons showing no specific dendritic orientation. The
soma of the neurons forming the DRI were larger than
those observed in the DRif, DRv, and DRd, but were
similar in size and shape to those forming the DRp
nucleus (Fig. 5A).

The DRp nucleus was identified in the ventrolateral
portion of the periaqueductal gray matter and exhibited
neurons that infused the adjacent midbrain tegmental
region, being the only nucleus of the dorsal raphe to
contain neurons outside of the central gray matter. The
DRp contained a very high density of multipolar seroto-
nergic neurons, all displaying no specific dendritic ori-
entation (Fig. 5A). In the case of the harbor porpoise,
the DRp seems to be expanded and have a greater

region of the periventricular gray matter (Fig. 1L-M).
This nucleus contained a low density of serotonergic
neurons that exhibited a similar morphology to the neu-
rons observed in the DRI and DRp. This nucleus likely
represents a caudal amalgamation of the neurons of
the DRI and DRp.

Neurons and terminal networks containing
calcium binding proteins

Immunohistochemistry for the calcium binding pro-
teins CB, CR, and PV was performed to label subtypes
of GABAergic neurons that are active during different
sleep-wake states and during transitions between
these states (Siegel, 2004; Jones, 2007; Bhagwandin
et al., 2013). The results described below, summarized
in Table 4, detail the density of neurons and terminal
networks immunopositive for CB, CR, and PV in relation
to the sleep-wake-related nuclei associated with the
cholinergic, catecholaminergic, serotonergic, and orexi-

number of neurons than seen in other mammals. The nergic systems as well as the thalamic reticular
DRc nucleus was identified within the most caudal nucleus.
The Journal of Comparative Neurology | Research in Systems Neuroscience 2009
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Figure 5. Low (main image) and high (inset) magnification photomicrographs of the region of the dorsal raphe nuclear complex. A: Neu-
rons immunoreactive for serotonin showing the dorsal (DRd), lateral (DRI) and peripheral (DRp) subdivisions. Note the very high density
and number of serotonergic cells in the DRp. B: Parvalbumin immunoreactivity. Note the absence of parvalbumin-immunoreactive struc-
tures in this region. C: Calbindin immunoreactivity. Note the moderate density of cells and terminals in this region. D: Calretinin immunore-
activity. Note the low density of cells and terminals in the region of the DRd and DRp, but the moderate to high density of cells and
terminals in the region of the DRI. In all images medial is to the left and dorsal to the top. Scale bar = 1,000 um in D (applies to A-D);

50 pum in inset to D (applies to insets in A-D).

Neurons and terminal networks containing
calcium binding proteins in the basal
forebrain and pontine cholinergic system

A low density of CB-immunopositive neurons was
identified in the diagonal band of Broca and nucleus
basalis with a low-density CB-immunopositive terminal
network being identified in the diagonal band of Broca,
whereas no CB-immunopositive terminal network was
observed in the nucleus basalis (Fig. 2). A high density
of CB-immunopositive neurons was located in the
islands of Calleja and the olfactory tubercle, but the
CB-immunopositive terminal network density was low in
this region. A moderate density of CR-immunopositive
neurons was found in both the diagonal band of Broca
and the islands of Calleja and olfactory tubercle, with
the former exhibiting a moderately dense CR-
immunopositive terminal network and the latter display-
ing a low-density CR-immunopositive terminal network
(Fig. 2). The Nucleus basalis contained a moderate den-
sity of CR-immunopositive neurons, but a low-density
CR-immunopositive terminal network. A low density of
PV-immunopositive neurons was observed in the
diagonal band of Broca and the islands of Calleja and

olfactory tubercle, with a low-density PV-immunopositive
terminal network in the diagonal band of Broca, whereas
the islands of Calleja and olfactory tubercle contained
no PV-immunopositive terminal network (Fig. 2).
Although the nucleus basalis had a moderate density of
PV-immunopositive neurons, no PV-immunopositive ter-
minal network was observed. A high density of CB-
immunopositive neurons and terminal networks was
observed in the LDT (Fig. 3). A moderate density of CB-
immunopositive neurons was seen in the PPT, but a high
density CB-immunopositive terminal network was pres-
ent (Fig. 3). A moderate density of CR-immunopositive
neurons and a low-density CR-immunopositive terminal
network was observed in both the LDT and PPT (Fig. 3).
No PV-immunopositive neurons were found in the LDT
and PPT, but a low-density PV-immunopositive terminal
network was observed in both nuclei (Fig. 3).

Neurons and terminal networks containing
calcium binding proteins in the locus
coeruleus complex

A high density of CB-immunopositive neurons and a
high-density CB-immunopositive terminal network was

2010 The Journal of Comparative Neurology | Research in Systems Neuroscience



Sleep systems of the harbor porpoise brain

TABLE 4.

Density of Neurons and Terminal Networks of the Calcium Binding Proteins Calbindin (CB), Calretinin (CR),
and Parvalbumin (PV) in Relation to Various Sleep-Wake Nuclei in the Brain of the Harbor Porpoise’

Calbindin Calretinin Parvalbumin
Terminal Terminal Terminal
Sleep-related nuclei Neurons networks Neurons networks Neurons networks
Cholinergic
Diagonal band of Broca ++ + + ++ + +
Islands of Calleja and olfactory tubercle +++ + + + + —
Nucleus basalis ++ - ++ + ++ —
Pedunculopontine tegmental nucleus + +++ + + — +
Laterodorsal tegmental nucleus ++ ++ + + — +
Catecholaminergic
Compact subcoeruleus (A7sc) +++ +++ + ++ + +
Diffuse subcoeruleus (A7d) ++ ++ + ++ + +
Diffuse locus coeruleus (A6d) ++ ++ ++ ++ + +
Serotonergic
Dorsal raphe, interfascicular (DRif) + + — — — —
Dorsal raphe, ventral (DRv) ++ + + ++ + +
Dorsal raphe, dorsal (DRd) ++ ++ ++ ++ + +
Dorsal raphe, lateral (DRI) ++ +++ +++ +++ + +
Dorsal raphe, peripheral (DRp) +++ ++ +++ +++ + +
Dorsal raphe, caudal (DRc) ++ ++ + ++ — ++
Orexinergic
Main magnocellular cluster ++ ++ ++ + + —
Optic tract cluster + ++ + — _ _
Zona incerta cluster ++ — + — + _
Medial parvocellular cluster ++ ++ ++ + + _
Thalamic reticular nucleus + + +++ ++ +++ +++

‘*, absence; +, low density; ++, moderate density; ++ +, high density.

identified in the A7sc (Fig. 4). The A7d and A6d both
exhibited moderate densities of CB-immunopositive
neurons and moderately dense CB-immunopositive ter-
minal networks (Fig. 4). A low density of CR-
immunopositive neurons coupled with a moderately
dense  CR-immunopositive terminal network was
observed in both the A7sc and A7d (Fig. 4). A moderate
density of CR-immunopositive neurons and a moder-
ately dense CR-immunopositive terminal network was
identified in the Aé6d (Fig. 4). A low density of PV-
immunopositive neurons and a low-density PV-immuno-
positive terminal network was observed in all three
nuclei (Fig. 4).

Neurons and terminal networks containing
calcium binding proteins in the dorsal raphe
complex

A low density of CB-immunopositive neurons with a
low-density CB-immunopositive terminal network was
found in the DRif. A moderate density of CB-
immunopositive neurons was observed in the DRv, DRd,
DRI, and DRc, and this was coupled with a low, moder-
ate, high, and moderate density of CB-immunopositive
terminal networks, respectively (Fig. 5). A moderate
density of CB-immunopositive neurons and a moder-
ately dense CB-immunopositive terminal network was

seen in the DRp (Fig. 5). Neither CR-immunopositive
neurons nor terminal networks were found in the DRIif.
The DRv and DRc both had a low density of CR-
immunopositive neurons coupled with moderately dense
CR-immunopositive terminal networks (Fig. 5). A moder-
ate density of CR-immunopositive neurons and a moder-
ately dense CR-immunopositive terminal network was
seen in the DRd, whereas a high density of CR-
immunopositive neurons and high-density CR-immuno-
positive terminal networks were observed in both the
DRI and DRp (Fig. 5). Neither PV-immunopositive neu-
rons nor terminal networks were identified in the DRIif.
A low density of PV-immunopositive neurons and low-
density PV-immunopositive terminal networks were
seen in the DRv, DRd, DRI, and DRp (Fig. 5). No PV-
immunopositive neurons were found in the DRc, but a
moderately dense PV-immunopositive terminal network
was seen in this nucleus.

Neurons and terminal networks containing
calcium binding proteins in the
hypothalamic orexinergic complex

The distribution of the orexinergic neurons in the
hypothalamus of the harbor porpoise has been reported
previously (Dell et al., 2012). A moderate density of CB-
immunopositive neurons and a moderately dense CB

The Journal of Comparative Neurology | Research in Systems Neuroscience

2011



L.-A. Dell et al.

terminal network was observed in both the main mag-
nocellular cluster and the medial parvocellular cluster.
A low density of CB-immunopositive neurons was identi-
fied in the optic tract cluster, but this region displayed
a moderately dense CB-immunopositive terminal net-
work. The zona incerta cluster had a moderate density
of CB-immunopositive neurons coupled with a low-
density CB-immunopositive terminal network. A moder-
ate density of CR-immunopositive neurons coupled with
a low-density CR-immunopositive terminal network was
observed in both the main magnocellular cluster and
the medial parvocellular cluster. The optic tract and
zona incerta clusters both exhibited low densities of
CR-immunopositive neurons with no distinct terminal
networks present. A low density of PV-immunopositive
neurons was located in the main magnocellular cluster,
but PV-immunopositive neurons were not observed in
the other orexinergic clusters. All regions where orexi-
nergic neurons were found evinced no PV-
immunopositive terminal networks.

Neurons and terminal networks containing
calcium binding proteins in thalamic
reticular nucleus

The thalamic reticular nucleus of the harbor porpoise
occupied a position typical of mammals (Fig. 6). Within
this nucleus, no CB-immunopositive neurons and a very
low-density CB-immunopositive terminal network was
observed. A high density of CR-immunopositive neurons
coupled with a moderately dense CR-immunopositive
terminal network was identified in the thalamic reticular
nucleus. A high density of PV-immunopositive neurons
and a high-density PV-immunopositive terminal network
was observed within the thalamic reticular nucleus.
Interestingly, the CR-immunopositive neurons were
markedly larger, with more dendrites emanating from
the cell body than the PV-immunopositive neurons (Fig.
6).

DISCUSSION

This study examined the neural systems in the harbor
porpoise brain that are likely to be related to the con-
trol and regulation of sleep and wake to determine if
there are qualitative or quantitative differences in these
neural systems that may explain the physiological and
behavioral aspects of cetacean-type sleep (Lyamin
et al., 2008). The nuclear organization of the choliner-
gic, catecholaminergic, and serotonergic systems, from
the basal forebrain through to the pons, was very simi-
lar to that seen in many other mammals (Manger et al.,
2003; Bhagwandin et al., 2008; Kruger et al.,, 2010;
Dell et al., 2010, 2012, 2013; Calvey et al., 2013). The

expression of the calcium binding proteins (PV, CB, and
CR, mostly occurring in GABAergic neurons, but see
Gritti et al., 2003) in neurons and terminal networks
associated with these nuclei, which are active/inactive
during different phases of the sleep-wake cycle,
showed a similar organization to that seen in other
mammals (Bhagwandin et al., 2013), although minor dif-
ferences were noted. As cetaceans undergo USWS with
minimal REM sleep (Mukhametov, 1987; Lyamin et al.,
2008), a feature not seen in terrestrial mammals stud-
ied to date (Tobler, 1995), one would anticipate that
their neural circuitry may show distinct differences from
that of terrestrial mammals, but the present study dem-
onstrates that this is not the case. Thus, there must be
other explanations or differences not detected with the
current methodology that may better explain cetacean
sleep phenomenology.

Similarities in the nuclear organization of
the sleep neural systems across mammals

The neural systems associated with the regulation
and control of sleep and wake examined in this study
of the harbor porpoise, the cholinergic nuclei of the
basal forebrain and pons, the locus coeruleus complex,
and the dorsal raphe complex, showed no unique nuclei
or nuclear subdivisions compared with terrestrial mam-
mals previously studied or compared with the locus
coeruleus complex of the bottlenose dolphin (Manger
et al.,, 2003; Dell et al, 2010, 2012; Calvey et al.,
2013). Thus, it can be concluded that, at the analytical
level of nuclear organization, the neural systems associ-
ated with sleep and wake in mammals are strongly con-
served across species. It would seem likely that these
nuclei execute similar functions in relation to global
neural modulation in both terrestrial and aquatic mam-
mals despite the differences in sleep physiology of the
aquatic mammals (Lyamin et al., 2008). These findings
support the conclusions of Tobler (1995), which indi-
cated that although sleep is functionally different
across mammals, the mechanisms by which sleep is
regulated have a fundamental cohesiveness.

The basal forebrain cholinergic nuclei, which receive
strong input from the diencephalon and brainstem (Pet-
rovic et al., 2013), are primarily responsible for chang-
ing cortical activity from a slow deactivated phase
(slow-wave sleep) to an active high-frequency phase
(wake/REM) (Dringenberg and Olmstead, 2003), a pro-
cess that occurs independently between the two cere-
bral hemispheres in cetaceans (Mukhametov, 1987;
Lyamin et al., 2008). Although numerous studies have
identified the significance of the pontine cholinergic
nuclei (LDT and PPT) in REM sleep (Lu et al., 2006), it
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Figure 6. Low (main image) and high (inset) magnification photo-
micrographs of the thalamic reticular nucleus of the harbor por-
poise following immunohistochemical staining for parvalbumin (A),
calbindin (B), and calretinin (C). While the parvalbumin-
immunopositive  neurons, and the lack of calbindin-
immunopositive neurons is similar to that reported for other
mammals, the large and highly branched calretinin-
immunopositive neurons are unusual. In all images medial is to
the left and dorsal to the top. Scale bar = 500 pum in D (applies
to A-C); 50 um in inset to C (applies to insets in A-C).

Sleep systems of the harbor porpoise brain

is unclear whether true REM sleep occurs in cetaceans
(Lyamin et al.,, 2008). Even so, the harbor porpoise
exhibited no noticeable anatomical differences of the
LDT and PPT compared with the terrestrial mammals
studied to date (Dell et al., 2010, 2012; Calvey et al.,
2013). What is often less emphasized is the role of the
LDT and PPT in arousal, motor control such as breath-
ing, and organization of cortical activity during SWS
(Lydic and Baghdoyan, 1993; Takakusaki et al., 2004;
Datta and Maclean, 2007). Thus, in terms of the under-
standing of cetacean USWS, it would appear that these
latter functions are pivotal for cetacean sleep phenome-
nology. The organization of the locus coeruleus complex
in the harbor porpoise was similar to that of the bottle-
nose dolphin (Manger et al., 2003) and indeed to that
of most mammals (Dell et al., 2010; Calvey et al,
2013). Thus, it is reasonable to postulate, based on the
conserved anatomical organization, that the role of the
locus coeruleus complex in cetacean USWS would be,
as in other mammals, arousal and maintenance of mus-
cle tone (Manger et al., 2003; Lyamin et al., 2008;
Takahashi et al., 2010). The serotonergic dorsal raphe
complex in cetaceans would also appear to execute
functions similar to that observed in terrestrial mam-
mals by promoting wakefulness and inhibiting REM
sleep (Monti, 2011); however, the drive to inhibit REM
sleep may be greater in cetaceans, as the loss of mus-
cle tone during REM sleep may result in drowning and
hypothermia (Manger et al., 2003; Lyamin et al., 2008).
The expansion of the peripheral division of the dorsal
raphe nuclear complex of the harbor porpoise, one
notable qualitative difference between cetaceans and
other mammals, may thus facilitate the suppression of
REM sleep in cetaceans.

Similarities of the GABAergic systems in
sleep associated nuclei across mammals
GABAergic neurons have been identified throughout
the basal forebrain, diencephalon, midbrain, and pons
and are often, but not always, colocalized with calcium
binding proteins (Gritti et al., 2003; Lyamin et al., 2008;
Bhagwandin et al.,, 2013). Thus, the localization of the
calcium binding proteins serves as a useful marker for
GABAergic neurons (Celio, 1986; Jacobowitz and Win-
sky, 1991; Rogers, 1992; Silver et al, 1996) and
divides them into three subtypes, although as this is
not always the case, these results must be interpreted
with caution (Gritti et al., 2003). The GABAergic neu-
rons are primarily considered to be promoters of sleep,
as physiological studies show that they fire maximally
during SWS (Szymusiak, 1995; Szymusiak et al., 2001,
Siegel, 2004). GABAergic neurons relating to the sleep
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and wake neural systems in cetaceans have not been
studied previously (Lyamin et al., 2008). When the har-
bor porpoise is compared with other mammals, the
presence of PV in neurons and terminal networks within
the basal forebrain, pons, hypothalamus, and thalamic
reticular nucleus is similar (Bhagwandin et al., 2013).

There was an overall decrease in the density of CB
and CR terminal networks in the cholinergic basal fore-
brain and pontine nuclei in the harbor porpoise com-
pared with previous mammalian studies (Bhagwandin
et al,, 2013). An overall decrease in the density of CB
and CR neurons and terminal networks in relation to
orexinergic nuclei was observed in the harbor porpoise,
which could indicate that the orexinergic neurons do
not contribute as significantly to arousal in the harbor
porpoise, and thus fewer GABAergic neurons would be
needed to inhibit arousal and allow for sleep (Gritti
et al.,, 2003). There was an overall increase in the den-
sity of CB neurons and the density of CR terminal net-
works within the locus coeruleus complex compared
with other mammals (Bhagwandin et al., 2013). This
could be due to an overall increased occurrence of
depolarization of the locus coeruleus neurons in ceta-
ceans (Manger et al., 2003). In general, an overall
decrease in the density of CB neurons and an increase
in the density of CR neurons and terminal networks
were observed in the sleep- and wake-associated nuclei
in the brain of the harbor porpoise compared with pre-
vious studies (Bhagwandin et al., 2013), with CR being
considered an important regulator of the sleep-wake
cycle (Baker et al.,, 1991; Michelson et al., 2007).
Despite these differences in the density of GABAergic
neurons and terminal networks in the sleep-related
nuclei of the harbor porpoise, there is striking similarity
with other mammals, emphasizing conservation of the
anatomical substrate governing the sleep-wake cycle
across mammals, even though marked differences in
sleep patterns may exist.

So how do odontocete cetaceans attain
USWS and minimal REM sleep?

The neural systems associated with sleep in the har-
bor porpoise brain do not differ in a dramatic way from
other mammals such that we can point to the presence
or absence of a particular nucleus, or the presence or
absence of a GABAergic input to a particular nucleus,
to explain the presence of USWS and minimal REM in
odontocete cetaceans (Lyamin et al., 2008). As struc-
ture is inherently related to function, there must be an
alternative explanation for how the neuroanatomy
relates to the execution of the physiology of USWS in
cetaceans, and perhaps a quantitative rather than a

qualitative explanation may be more appropriate. During
USWS in cetaceans, the cerebral hemispheres are
clearly activated in different ways, with one hemisphere
showing slow waves while the other exhibits a
desynchronized electroencephalogram (EEG) associated
with wake (Lyamin et al., 2008); thus physiological iso-
lation of the hemispheres during sleep is clearly impor-
tant. The three largest telencephalic hemispheres (the
anterior commissure, corpus callosum, and hippocam-
pal commissure)are all greatly reduced in size in ceta-
ceans, presumably with lower axonal numbers,
compared with other mammals (Wilson, 1933; Manger
et al., 2010; Patzke et al., 2015). This quantitative
change, but not a qualitative change as the commis-
sures are still present, will provide anatomical assis-
tance to the physiological hemispheric independence/
incoherence during slow-wave sleep in cetaceans, but
is likely not the generator of USWS. In contrast, the
posterior commissure of cetaceans is greatly enlarged
in comparison with other mammals (Lyamin et al,
2008). This quantitative increase in size indicates that
the region of the brain involved in the generation of
USWS is likely to be found caudal to this commissure,
in the midbrain and pontine regions.

It has been shown that the harbor porpoise has a
greater number of orexinergic neurons in the hypothala-
mus than the giraffe (an artiodactyl that has a similar
brain mass), this being 21,254 neurons compared with
15,003 neurons (Dell et al., 2012), but that cetaceans
have lower density orexinergic terminal networks in the
cerebral cortex than artiodactyls (Dell et al., 2015).
Humans have approximately 70,000 orexinergic neurons
in the hypothalamus (Thannickal et al., 2000). In the
current study it was shown that the cholinergic nuclei
of the pons (LDT and PPT) have a combined neuron
count of 126,776 neurons, whereas the locus coeruleus
complex has a combined neuron count of 122,878 neu-
rons. Stereological assessment of the numbers of neu-
rons in these nuclei in the human brain (which is three
times larger) has provided neuronal numbers of around
20,000 for the LDT/PPT and 22,000 for the locus
coeruleus complex (Manaye et al., 1999; Mouton et al.,
1994). Thus, again, we have several quantitative differ-
ences in the cetaceans compared with other mammal
species of similar brain mass that have been studied—in
this case, fewer orexinergic neurons than humans, but
more than giraffes, and approximately six times more
pontine cholinergic and noradrenergic neurons than
humans. The increase in pontine cholinergic and norad-
renergic neurons, along with the noted, but not quanti-
fied, increase in the serotonergic neurons of the
peripheral division of the dorsal raphe, are in accord
with the idea that the regions controlling the production
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of USWS and suppressing REM sleep in cetaceans are
caudal to the posterior commissure. We are not sug-
gesting that the brainstem produces the slow waves (as
this is likely still a forebrain function, because the neu-
ral systems involved do not differ across mammalian
species), rather, we are suggesting that the brainstem
controls when one hemisphere is in slow-wave sleep
while the other has a desynchronized EEG in the
cetaceans.

Although clearly the larger numbers of cholinergic,
noradrenergic, and serotonergic neurons in the mid-
brain and pons play a role in this physiology, how they
achieve this is currently unknown. Speculatively, we
could propose that the supernumerary neurons in these
regions, instead of all projecting forward to their stand-
ard ipsilateral forebrain targets (such as the dorsal tha-
lamic relay, intralaminar and reticular nuclei, lateral
hypothalamus, and basal forebrain; Saper et al., 2010),
may either project to the contralateral forebrain targets
or the contralateral pontine nuclear equivalent through
the posterior commissure. This speculation is supported
by the high number of TH axons found in the posterior
commissure of the bottlenose dolphin (Lyamin et al.,
2008). In this way, forebrain centers that drive the
need for sleep maintain their standard projection to the
ipsilateral pontine nuclei, which then through posterior
commissural competition, based on the strength of the
descending hemispheric signal, determine which hemi-
sphere enters slow-wave sleep and which retains a
desynchronized EEG. This idea is supported by the
observation of unilateral sleep rebound following USWS
deprivation in dolphins (Supin and Mukhametov, 1986).
In this way, the same nuclear organization of the neural
systems involved in sleep can generate either bilateral
synchronization in the cerebral hemispheres, as seen in
most mammals and cetaceans when awake, or unilat-
eral incoherence, as seen in cetaceans when asleep, by
enlarging what are likely to be pre-existing, but minor,
connections in the brains of most mammals.

Thus, quantitative changes, in both neural numbers
and the strength of connectivity, but not qualitative
changes such as the addition or loss of nuclei or con-
nections, may lead to both the hemispheric incoher-
ence observed in cetacean USWS and the suppression
of REM sleep. Further qualitative and quantitative stud-
ies of the neural systems involved in the control and
regulation of sleep in the baleen whales (mysticetes)
and the closely related artiodactyls, such as the river
hippopotamus, need to be performed to confirm and
extend the observations made in the present study and
provide a clearer understanding of cetacean sleep
phenomenology.
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