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ABSTRACT

The current study analyzed the nuclear organization of the
neural systems related to the control and regulation of
sleep and wake in the basal forebrain, diencephalon, mid-
brain, and pons of the minke whale, a mysticete cetacean.
While odontocete cetaceans sleep in an unusual manner,
with unihemispheric slow wave sleep (USWS) and sup-
pressed REM sleep, it is unclear whether the mysticete
whales show a similar sleep pattern. Previously, we
detailed a range of features in the odontocete brain that
appear to be related to odontocete-type sleep, and here
present our analysis of these features in the minke whale
brain. All neural elements involved in sleep regulation and
control found in bihemispheric sleeping mammals and the
harbor porpoise were present in the minke whale, with no
specific nuclei being absent, and no novel nuclei being
present. This qualitative similarity relates to the choliner-

gic, noradrenergic, serotonergic and orexinergic systems,
and the GABAergic elements of these nuclei. Quantitative
analysis revealed that the numbers of pontine cholinergic
(274,242) and noradrenergic (203,686) neurons, and
hypothalamic orexinergic neurons (277,604), are mark-
edly higher than other large-brained bihemispheric sleep-
ing mammals. Small telencephalic commissures (anterior,
corpus callosum, and hippocampal), an enlarged posterior
commissure, supernumerary pontine cholinergic and nor-
adrenergic cells, and an enlarged peripheral division of
the dorsal raphe nuclear complex of the minke whale, all
indicate that the suite of neural characteristics thought to
be involved in the control of USWS and the suppression of
REM in the odontocete cetaceans are present in the
minke whale. J. Comp. Neurol. 524:2018-2035, 2016.
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The minke whale, Balaenoptera acutorostrata, is a
cetacean belonging to the suborder mysticete, and
while being the smallest member of the baleen whales,
can grow to about 10 meters in length and attain a
body mass of about 9,000 kg (Eriksen and Pakkenberg,
2007). Minke whales are found throughout the North
Atlantic ocean, but are more common in coastal or
shelf areas (Horwood, 1990; Kot et al., 2012). In terms
of understanding the potential for unihemispheric sleep
in mysticetes, very little research has been undertaken
and most inferences regarding the manner in which
mysticete whales sleep are derived from studies on
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odontocetes (see Mukhametov et al., 1976, 1977; Lya-
min et al., 2002, 2008). The only documented studies
of sleep in a mysticete whale are those by Lyamin
et al. (2000, 2001), where they examined resting
behavior in a single gray whale calf. These studies con-
cluded that mysticetes appear to have unihemispheric
slow wave sleep (USWS), due to alternate eye openings
and closing during the rest period, and that there may
be a small amount of REM sleep, but that this would
occur without hypotonia and is represented by single or
multiple muscle jerks during the general resting period.

The only studies of the neural systems related to the
sleep-wake cycle undertaken on the brains of mysti-
cete whales to date were the observations that, as with
odontocete cetaceans, the mysticete cetaceans appear
to have a low-density orexinergic terminal network in
the cerebral cortex (Dell et al., 2015) and an enlarged
posterior commissure (Lyamin et al., 2008). In odonto-
cete cetaceans, a small corpus callosum (Manger et al.,
2010) and anterior commissure, coupled with a large
posterior commissure, appear to provide supportive cor-
relates to hemispheric independence during slow wave
sleep (Lyamin et al.,, 2008; Dell et al.,, 2016). Despite
this, the organization of the specific neurochemical sys-

Sleep systems of the minke whale brain

tems involved in the regulation of the sleep-wake cycle
in cetaceans does not appear to be qualitatively differ-
ent from that found in other mammals (Manger et al,,
2003; Lyamin et al., 2008; Dell et al., 2012, 2015,
2016), although quantitative differences are apparent
(Dell et al., 2012, 2015, 2016).

In order to fill the gap in our knowledge regarding
the neural basis of sleep in the mysticete whales, the
current study examined the nuclear organization of the
cholinergic, catecholaminergic, serotonergic, and orexi-
nergic systems associated with sleep and wake in the
minke whale. In addition, the distribution of the putative
GABAergic neurons and terminal networks associated
with the sleep/wake systems were examined by stain-
ing for the calcium-binding proteins parvalbumin, calbin-
din, and calretinin. Thus, we investigated the basal
forebrain, diencephalon, and pons of the minke whale.
Stereological analysis of neuronal numbers was under-
taken for the laterodorsal tegmental nucleus (LDT) and
pedunculopontine tegmental nucleus (PPT), as well as
the locus coeruleus complex (LC) and the orexinergic
neurons of the hypothalamus. The aim of this study
was to provide a clearer understanding of the neural
basis of cetacean sleep regulation and control as well

Abbreviations

1} oculomotor nucleus

I\ trochlear nucleus

3V third ventricle

4v fourth ventricle

3n oculomotor nerve

5n trigeminal nerve

A5 fifth arcuate nucleus

A6d diffuse portion of locus coeruleus

A7d nucleus subcoeruleus, diffuse portion
A7sc nucleus subcoeruleus, compact portion
A8 retrorubral nucleus

A9pc substantia nigra, pars compacta

A9l substantia nigra, lateral

A9m substantia nigra, medial

A9v substantia nigra, ventral

A10 ventral tegmental area

A10c ventral tegmental area, central

A10d ventral tegmental area, dorsal

A10dc ventral tegmental area, dorsal caudal
A1 caudal diencephalic group

A12 tuberal cell group

A13 zona incerta catecholaminergic nucleus
A14 rostral periventricular nucleus

A15d anterior hypothalamic group, dorsal division
A15v anterior hypothalamic group, ventral division
ac anterior commissure

Arc hypothalamic arcuate nucleus

B9 supralemniscal serotonergic nucleus

ca cerebral aqueduct

cic commissure of the inferior colliculus
CLi caudal linear nucleus

Diag.B diagonal band of Broca

DRc dorsal raphe nucleus, caudal division
DRd dorsal raphe nucleus, dorsal division
DRif dorsal raphe nucleus, interfascicular division
DRI dorsal raphe nucleus, lateral division
DRp dorsal raphe nucleus, peripheral division
DRv dorsal raphe nucleus, ventral division
DT dorsal thalamus

EW Edinger-Westphal nucleus

f fornix

GC central gray matter

Hyp hypothalamus

Hyp.d dorsal hypothalamic cholinergic nucleus
Hyp.| lateral hypothalamic cholinergic nucleus
Hyp.v ventral hypothalamic cholinergic nucleus
IC inferior colliculus

ic internal capsule

IP interpeduncular nucleus

IS.CALL/TOL islands of Calleja and olfactory tubercle
LDT laterodorsal tegmental nucleus

Ifp longitudinal fasciculus of the pons

Mc main cluster of orexinergic neurons

mcp middle cerebellar peduncle

mlf medial longitudinal fasciculus

MnR median raphe nucleus

N.Acc nucleus accumbens

N.Bas nucleus basalis

N.EIl nucleus ellipticus

NSp nigrostriatal pathway

oC optic chiasm

oT optic tract

Otc optic tract cluster of orexinergic neurons
P putamen nucleus

PBg parabigeminal nucleus

PC cerebral peduncle

Pc parvocellular cluster of orexinergic neurons
PPT pedunculopontine tegmental nucleus
Rmc red nucleus, magnocellular division

RMR rostral mesencephalic raphe cluster
RtTg reticulotegmental nucleus

SC superior colliculus

scp superior cerebellar peduncle

SON supraoptic nucleus

Stn subthalamic nucleus

Vmot trigeminal motor nucleus

TOL olfactory tubercle

VPO ventral pontine nucleus

Vs trigeminal sensory nucleus

Xscp decussation of the superior cerebral peduncle
Zic zona incerta cluster of orexinergic neurons
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as to provide better insight into the function and evolu-
tion of cetacean sleep phenomenology from a mysticete
whale’s perspective.

MATERIALS AND METHODS

Specimens

Brains from six adult male northern minke whales
(Balaenoptera acutorostrata) (brain masses ranged
between 2.6-3.2kg and body length ranged between
6.3-8.7 m) were acquired during the whaling season in
Iceland in partnership the Iceland Ministry of Fisheries
and Agriculture. The animals were treated and used
according to the guidelines of the University of Witwa-
tersrand Animal Ethics Committee, which correspond
with those of the National Institutes of Health (NIH) for
the care and use of animals in scientific experimenta-
tion. The animals were obtained after being sacrificed
according to Icelandic commercial whaling practices.
Once sacrificed, the heads of the animals were
removed from the body and the brains removed from
the skulls and immersion fixed in 4% paraformaldehyde
in 0.1M phosphate buffer (PB) for 72 hours at 4°C. The
brains were then transferred to a solution of 30%
sucrose in 0.1M PB at 4°C until they had equilibrated
(~14 days) and were then transferred to an antifreeze
solution containing 30% glycerol, 30% ethylene glycol,
30% distilled water, and 10% 0.244M PB. Once again
the brains were allowed to equilibrate (14 days) in the
solution at 4°C and were then moved to the -20°C
freezer for storage until sectioning.

Tissue selection and immunostaining

Prior to sectioning, all brains underwent magnetic
resonance imaging (MRI) to reveal the general anatomy
of the brain of the northern minke whale (see Manger
et al., 2010, 2012; Maseko et al.,, 2011, 2012, for MRI
protocol). As all specimens showed a similar anatomy
(i.e., there was no obvious variance between the speci-
mens), we selected a single specimen (BA1, brain mass
2,900 g) to section for subsequent staining. The basal
forebrain, diencephalon, midbrain, and pons were dis-
sected from the remainder of the brain as a single
block of tissue. This block of tissue was placed in 30%
sucrose in 0.1M PB at 4°C until it had equilibrated. The
tissue was then frozen in crushed dry ice and mounted
onto an aluminum stage that was attached to a freezing
microtome modified to allow the sectioning of large tis-
sue blocks. The entire tissue block was sectioned in
the coronal plane, with a section thickness of 50 pm. A
1-in-20 series of sections was taken and nine series
were stained for Nissl substance, myelin, choline acetyl-
transferase (ChAT), tyrosine hydroxylase (TH), serotonin

(5HT), orexin (OxA), parvalbumin (PV), calbindin (CB),
and calretinin (CR), while the remaining 11 series were
placed back in antifreeze solution and returned to the
freezer for future use. Sections used for Nissl, myelin,
and immunohistochemical staining were treated as
described in Dell et al. (2016). The only difference to
this previous study was the inclusion of the orexinergic
immunostaining. To reveal orexinergic neurons, anti-
orexin-A (OxA) (AB3704, Merck-Millipore, Darmstadt,
Germany, raised in rabbit) at a dilution of 1:3,000 was
used. All sections were examined with a stereomicro-
scope and the architectonic borders of the sections
were traced according to the Nissl and myelin-stained
sections using a camera lucida. The immunostained
sections were then matched to the traced drawings,
adjusted slightly for any differential shrinking of the
stained sections, and immunopositive neurons were
marked. The drawings were then scanned and redrawn
using the Canvas 8 (Deneba, Miami, FL) drawing
program.

Antibody characterization and specificity

The antibodies used and associated details are listed
in the text and table 1 of Dell et al. (2016), apart from
the orexin-A antibody. To reveal neurons that produce
orexin as a neuropeptide/neurotransmitter, we used
the AB3704 anti-Orexin-A rabbit polyclonal antibody
from Merck-Millipore (AB3704, Merck-Millipore; RRID
AB_91545) at a dilution of 1:3,000. The pattern of
staining of orexinergic neurons in the hypothalamus
found in the minke whale was similar to that seen in
other mammals (Li and Kiruoac, 2008) and specifically
the harbor porpoise and giraffe (e.g., Dell et al., 2012).

Stereological analysis

The numbers of cholinergic-immunopositive neurons
(ChAT) in the LDT and PPT as well as the number of
noradrenergic-immunopositive neurons (TH) in the LC
and the number of orexinergic-immunopositive neurons
(OxA) in the hypothalamus were determined with ster-
eological techniques. An Olympus BX-60 light micro-
scope equipped with a three axis motorized stage,
video camera, and integrated Stereo-Investigator soft-
ware (MicroBrightfield, Colchester, VT, v. 8.0) was used
for the stereological counts. Independent pilot studies
for LDT, PPT, LC, and hypothalamus were conducted on
individual brain slices to optimize sampling parameters
for cell counting (Table 1). Counting frames and grid
sizes were optimized to achieve a mean coefficient of
error of 10% or less (Gunderson and Jensen, 1987),
while a guard zone of 5 um was employed to avoid the
introduction of errors due to sectioning artifacts (West
et al., 1991). Section thickness was measured at every
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TABLE 1.
Stereological Parameters Used for Estimating Neuron Numbers in the Minke Whale
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sampling
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thickness (um)

Sampling Disector Cut
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0.06
0.08

0.11

0.06
0.09
0.14
0.16

2386
485
421
446

19
19
15
14

20
20
20
20

30.9

50
50
50
50

15

15

200 x 200

LDT (ChAT+)
PPT (ChAT+)

LC (TH+)

35.8

200 x 200

34
26.3

15

150 x 150
200 x 200

0.10

15

Orexin (OxA+)

locus coeruleus complex, ChAT+ = neurons immunopositive for cholineacetyltransferase, TH+ = neurons immunoposi-

laterodorsal tegmental nucleus, PPT = pedunculopontine tegmental nucleus, LC =

LDT =

tive for tyrosine hydroxylase, OxA+ = neurons immunopositive for orexin-A.
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fifth sampling site and the number of immunopositive
neurons were counted in accordance with the principles
of the optical fractionator method (West et al., 1991).
In PPT, hypothalamus, and LC a standardized stereologi-
cal approach using simple random sampling was imple-
mented with counting frames of 200 X 200 um for PPT
and hypothalamus and 150 X 150 pum for the LC. Cor-
responding grid sizes of 800 X 800 um were used for
PPT, LC, and the hypothalamus (Table 1). Due to the
relatively small size of the LDT nucleus, we used a
modified unbiased stereological approach by performing
exhaustive total counts using a counting frame and grid
size of 200 X 200 pm. The “optical fractionator”
method was used to computationally determine the
number of ChAT + neurons in the LDT and PPT as well
as the number of TH + neurons in the LC and the
OxA + neurons in the hypothalamus using the following
formula:

N = Q/(SSF X ASF X TSF)

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 (this was
the ratio of the size of the counting frame to the size of
the sampling grid), and TSF is the thickness subfraction
(this was the ratio of the dissector height relative to
cut section thickness) (Table 1). In order to determine
TSF we used the average mounted section thickness
calculated for each individual, subtracted the total verti-
cal guard zones (10 um) to give dissector height, and
used the ratio of dissector height to cut section thick-
ness (50 pum) to provide TSF for each individual. The
“nucleator probe” was used to estimate the mean vol-
ume and cross-sectional area of the immunopositive
neurons and was used in conjunction with fractionator
sampling (Gundersen, 1988).

RESULTS

The minke whale studied exhibited a range of nuclei
involved in the regulation and initiation of the various
phases of the sleep-wake cycle that were very similar
to that observed in most mammals previously studied
(Maseko et al., 2007; Dell et al., 2010, 2012, 2015b;
Bhagwandin et al., 2013). This similarity extends to the
locations of cell and terminal networks of the various
GABAergic neurons examined (Bhagwandin et al., 2013;
Dell et al., 2016).

Cholinergic nuclei of the basal forebrain and
pons

The cholinergic nuclei of the basal forebrain and
pons related to the regulation and initiation of the
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sleep-wake cycle identified in the minke whale include
the diagonal band of Broca, islands of Calleja / olfac-
tory tubercle, and nucleus basalis in the basal forebrain
(Fig. 1A-D), and the pedunculopontine tegmental
nucleus (PPT) and laterodorsal tegmental nucleus (LDT)
in the pons (Fig. 2A-G). The diagonal band of Broca
was located in the ventromedial aspect of the cerebrum
and anterior to the hypothalamus (Fig. 1A,B). It con-
tained a moderate density of bipolar neurons, which
were regarded as oval or spherical in shape. The den-
drites of these neurons were arranged in a dorsoventral
orientation and it was noted that these neurons were
rather small in comparison to the neurons identified in
other basal forebrain nuclei. The islands of Calleja and
olfactory tubercle were identified in the anterior floor of
the cerebral hemisphere, ventral to the nucleus accum-
bens and the small anterior commissure, but anterior to
the hypothalamus (Fig. 1A-C). While clearly distinct
islands of Calleja were not present, local densities of
cholinergic neurons, within a larger region of high-
density cholinergic neurons, likely represent the islands
of Calleja and the neurons of the olfactory tubercle,
respectively. These neurons were mostly spherical in
shape and multipolar in type, but oval-shaped bipolar
neurons were also observed. These neurons exhibited a
rough dorsolateral dendritic orientation. The nucleus
basalis was found ventral to the internal capsulem but
dorsal to the olfactory tubercle, in a position lateral to
the hypothalamus (Fig. 1B-D). The nucleus basalis con-
tained a moderate density of oval-shaped bipolar (small
somal size) and multipolar (large somal size) cholinergic
neurons, and all these cells had dendrites that were ori-
ented in a lateroventral plane.

The PPT nucleus was located within the lateral and
ventral pontine tegmentum, extending from the level of
the oculomotor nucleus to the trigeminal motor nucleus
(Fig. 2A-H). Throughout this region a moderate to high
density of ChAT + neurons were observed, and stereo-
logical analysis revealed that there were ~260,922 cho-
linergic neurons forming the PPT. These irregularly
shaped multipolar neurons, exhibiting no specific den-
dritic orientation (Fig. 4A), had a mean somal volume of
3,168.54 um3 (SD *2,029.82) and a mean surface
area of 1,227.13 pm? (SD * 843.37) (Table 2). The LDT
nucleus was identified in the lateroventral periagqueduc-
tal and periventricular gray matter (Fig. 2D-G). A low to
moderate density of ovoid-shaped bipolar and multipo-
lar neurons, with no specific somal orientation, was
observed intermingling with the catecholaminergic neu-
rons of the locus coeruleus (A6d). Stereological analysis
revealed a neuronal population estimate of 13,320 neu-
rons within the LDT, and these neurons had a mean
somal volume of 3,011.55 pm® (SD *+ 1,983.19) and a

mean surface area of 1,229.83 pm? (SD * 618.39)
(Table 2), making them very similar in size to the cholin-
ergic neurons of the PPT.

Putative catecholaminergic nuclei of the
locus coeruleus complex

The locus coeruleus complex was readily subdivided
into four distinct nuclei that included the subcoeruleus
compact (A7sc) and diffuse (A7d) portions, the diffuse
portion of the locus coeruleus (Aéd), and the fifth arcu-
ate nucleus (A5) (Fig. 2D-I). No distinct dorsal medial
division of locus coeruleus (A4) could be identified in
the minke whale, similar to the bottlenose dolphin
(Manger et al., 2003), but different from the harbor por-
poise where this nucleus was present (Dell et al.,
2015b). The A7sc was located within the dorsal pontine
tegmentum, immediately adjacent to the A6d nucleus
in the ventrolateral periventricular gray matter. The
A7sc contained a moderate to high density of tyrosine
hydroxylase-immunopositive oval-shaped bipolar neu-
rons that exhibited a medioventral dendritic orientation
(Fig. 5A). The bipolar neurons forming the A7d were
found throughout the lateral and ventral pontine teg-
mentum anterior to the trigeminal motor nucleus and
extending around the superior cerebellar peduncle.
Although the A7d is continuous with the A7sc, the den-
sity of A7d neurons decreased with distance from
A7sc, making a moderate density of neurons through-
out this nucleus. As mentioned, the Aéd nucleus was
found within the ventrolateral pontine periventricular
gray matter (Fig. 2E-H), in a region where the choliner-
gic LDT neurons were also found. The Aéd nucleus con-
tained a moderate to high density of multipolar neurons
that exhibited a dorsolateral dendritic orientation. A
small number of tyrosine hydroxylase-immunopositive
neurons found medial to the trigeminal sensory and
motor nuclei (Fig. 2F-1) were assigned to the A5
nucleus. Stereological analysis revealed that the locus
coeruleus complex as a whole contained ~203,686
neurons, with a mean somal volume of 1,957.65 pm3
(SD = 182.09) and an average surface area of 824.54
um? (SD =+ 309.73) (Table 2). These noradrenergic neu-
rons were substantially smaller than the cholinergic
neurons of the PPT and LDT that were found in a simi-
lar region of the brain.

Serotonergic nuclei of the dorsal raphe
complex

The dorsal raphe complex was located mostly within
the ventromedial portions of the periaqueductal gray
matter, but neurons of certain divisions of this nucleus
were found in the dorsal pontine tegmentum and dorsal
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DT

Figure 1. Diagrammatic reconstruction of a series of coronal sections through the basal forebrain and diencephalon of the minke whale
brain illustrating the location of choline acetyltransferase (ChAT, circles), tyrosine hydroxylase (TH, squares) magnocellular orexinergic
(OxA, triangles), and parvocellular orexinergic (OxA, inverted triangles) immunoreactive neurons. Each symbol represents a single neuron.
The outlines of the architectonic regions were drawn using Nissl and myelin stain and immunoreactive neurons marked on the drawings
from one animal. Figure A represents the most rostral section, | the most caudal. Each figure is ~2 mm apart. See list for abbreviations.
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Figure 2. Diagrammatic reconstruction of a series of coronal sections through the midbrain and pons of the minke whale brain illustrating
the location of choline acetyltransferase (ChAT, circles), tyrosine hydroxylase (TH, squares), and serotonergic (stars) immunoreactive neu-
rons. Each symbol represents a single neuron. The outlines of the architectonic regions were drawn using Nissl and myelin stain and
immunoreactive neurons marked on the drawings from one animal. Figure A represents the most rostral section, | the most caudal. Each

figure is ~2 mm apart. See list for abbreviations.

periventricular gray matter (Fig. 2C-G). The dorsal
raphe nuclear complex was comprised of six distinct
divisions, the interfascicular (DRif), ventral (DRv), dorsal
(DRd), lateral (DRI), peripheral (DRp), and caudal (DRc)
divisions. The DRIif nucleus was located between the
two medial longitudinal fasciculi and contained a mod-
erate to high density of oval bipolar neurons that had a
dorsoventral dendritic orientation. The DRv nucleus was
identified in the ventromedial region of the periaque-

ductal gray matter, immediately dorsal to the DRIif. The
DRv contained a low to moderate density of ovoid-
shaped multipolar serotonergic neurons that exhibited
no specific dendritic orientation. The DRd was located
dorsal to the DRv within the medial periaqueductal gray
matter. The cell morphology and dendritic orientation of
the DRd neurons resembled those seen in the DRv, but
the DRd contained a higher density of serotonergic neu-
rons. The DRI nucleus was found dorsolateral to both

2024 The Journal of Comparative Neurology | Research in Systems Neuroscience
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Figure 3. Low (main image) and high (inset) magnification photomicrographs of the nucleus basalis (N.Bas) in the basal forebrain of the
minke whale. A: Neurons immunoreactive for choline acetyltransferase showing part of the nucleus basalis (N.Bas). B: Parvalbumin immu-
noreactivity, note the absence of parvalbumin-immunoreactive structures in this nucleus. C: Calbindin immunoreactivity, note the moderate
to high density of immunoreactive terminals, but lack of immunoreactive cells in this basal forebrain nucleus. D: Calretinin immunoreactiv-
ity, note the absence of calretinin-immunoreactive structures in this nucleus. In all images medial is to the left and dorsal to the top. Scale
bar =500 pum in D (applies to all); 100 um in D inset (applies to all insets).

the DRd and DRv within the periaqueductal gray matter
close to the ventrolateral edge of the cerebral aque-
duct. The serotonergic neurons of the DRI were low in
density, but were markedly larger than those of the
DRd, DRv, and DRif, were multipolar, but exhibited no
specific dendritic orientation. The DRp division of the
dorsal raphe was located in the ventrolateral portion of
the periaqueductal gray matter, anterior to the LDT and
A6d, but several neurons of this nucleus were also
observed in the dorsal tegmentum, anterior to the PPT
and A7sc. A moderate to high density of ovoid-shaped
multipolar neurons, all displaying no specific dendritic ori-
entation, was observed within this nucleus. Interestingly,
this division of the dorsal raphe complex appeared to
have substantially more neurons than seen in other mam-
mals, but was similar to this division in the harbor por-
poise (Dell et al., 2015b). The DRc division was located
within the most caudal region of the medial periaqueduc-
tal gray matter extending into the medial periventricular
gray matter. This division appears to be a caudal exten-
sion of the DRI, where the neurons of the anterior bilat-

eral DRI subdivisions merge. Within the DRc a low
density of serotonergic multipolar neurons with a similar
morphology to those seen in the DRI was observed.

Orexinergic nuclei of the hypothalamus

In cetartiodactyls, the orexinergic nuclei can be
divided into parvocellular (one medial cluster) and mag-
nocellular (main, zona incerta, and optic tract) clusters
due to distinguishable size and topographical differen-
ces found within the hypothalamus (Dell et al., 2012).
In this sense the minke whale exhibits the same parcel-
lation of orexinergic neurons as observed in other ceta-
ceans and artiodactyls (Fig. 1E-H). In the minke whale,
the main cluster was located within the perifornical
region and the lateral hypothalamus. The main cluster
contained a high density of magnocellular orexin-A-
immunopositive neurons that were either fusiform-
shaped bipolar or triangular-shaped multipolar neurons,
with similar somal sizes, and no specific dendritic orien-
tation was noted (Fig. 7A). The optic tract nucleus was
located in the lateral and ventral portions of the
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Figure 4. Low (main image) and high (inset) magnification photomicrographs of the pedunculopontine tegmental cholinergic nucleus in the
minke whale brain. A: Neurons immunoreactive for choline acetyltransferase showing part of the pedunculopontine tegmental nucleus
(PPT). B: Parvalbumin immunoreactivity, note the low density of parvalbumin-immunoreactive structures in the PPT. C: Calbindin immunore-
activity, note the moderate and high density of cells and terminals, respectively, in the region of the PPT. D: Calretinin immunoreactivity,
note the high density of cells and terminals in the PPT. In all images medial is to the left and dorsal to the top. Scale bar =500 pum in D

(applies to all); 100 um in D inset (applies to all insets).

TABLE 2.
Stereological Results for Neuron Numbers, Volume, and Area in the Minke Whale

Total estimated population
using mean section thickness

Nucleus examined

Average estimated
cell volume (um?®)

Average estimated
cell area (um?)

LDT (ChAT+) 13,320
PPT (ChAT+) 260,922
LC (TH+) 203,686
Orexin (OxA+) all cells 277,604
Orexin (OxA-+) magnocellular 125,194
Orexin (OxA+) parvocellular 152,410

3011.55 1229.83
3168.54 1227.13
1957.65 824.54
4719.90 2083.42
1790.43 864.69

LDT = laterodorsal tegmental nucleus, PPT = pedunculopontine tegmental nucleus, LC = locus coeruleus complex, ChAT+ = neurons immunoposi-
tive for cholineacetyltransferase, TH+ = neurons immunopositive for tyrosine hydroxylase, OxA+ = neurons immunopositive for orexin-A.

hypothalamus, in a location dorsal to the optic tract
(Fig. 1D-G). It contained a low density of magnocellular
orexinergic neurons that exhibited a similar morphology
to those found in the main cluster, except that many of
these neurons exhibited a horizontal dendritic orienta-
tion. The zona incerta cluster was identified within dor-
solateral portions of the hypothalamus, with some
neurons extending laterally beyond the borders of the
hypothalamus to invade the region near the zona

incerta (Fig. 1B-E). Although the zona incerta contained
a low density of magnocellular orexinergic neurons,
these neurons evinced a similar morphology to neurons
found in both the main and optic tract clusters, but
many neurons had a dendritic orientation that ran paral-
lel to the ventral edge of the dorsal thalamus. Stereo-
logical analysis of the three magnocellular clusters
revealed a mean population of 125,194 neurons that
had a mean somal volume of 4,719.90 um?®
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Figure 5. Low (main image) and high (inset) magnification photomicrographs in the region of the subcoeruleus compact division (A7sc) of
the locus coeruleus complex in the minke whale brain. A: Neurons immunoreactive for tyrosine hydroxylase showing the compact portion
of the subcoeruleus (A7sc). Note the low density of parvalbumin (B), calbindin (C), and calretinin (D) immunoreactive structures in the
A7sc of the minke whale. In all images medial is to the left and dorsal to the top. Scale bar =500 pum in D (applies to all); 100 pm in D

inset (applies to all insets).

(SD *=1,456.15) and an average surface area of
2,083.42 pm? (SD + 604.30) (Table 2).

The parvocellular orexinergic neurons formed a dis-
tinct cluster within the medial zone of the hypothala-
mus, between the small fornix and the lateral wall of
the third ventricle (Fig. 1D-G). The parvocellular cluster
contained a moderate to high density of fusiform-
shaped bipolar neurons, and while some of these neu-
rons exhibited a dorsoventral dendritic orientation, the
majority exhibited no specific dendritic orientation.
These parvocellular orexinergic neurons were visually
smaller than the magnocellular neurons, and this quali-
tative assessment was confirmed by a stereological
analysis that revealed that the mean neuron volume
was 1,790.43 um® (SD + 612.22), and the mean sur-
face area was 864.69 umz (SD £ 318.71) (Table 2).
Thus, the parvocellular orexinergic neurons are ~2.5
times smaller than the magnocellular orexinergic neu-
rons. Interestingly, the stereological estimate of the
population of parvocellular orexinergic neurons was
152,410 neurons, indicating that there are markedly
more parvocellular orexinergic neurons in the minke
whale than magnocellular orexinergic neurons.

Neurons and terminal networks containing
calcium-binding proteins

Immunohistochemistry for the calcium-binding pro-
teins calbindin (CB), calretinin (CR) and parvalbumin
(PV) was performed to label subtypes of GABAergic
neurons that are active during different sleep-wake
states and during transitions between these states (Sie-
gel, 2004; Jones, 2007; Bhagwandin et al., 2013). The
results below, summarized in Table 3, 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, catecholaminer-
gic, serotonergic, and orexinergic systems as well as
the thalamic reticular nucleus.

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

A low density of CB-immunopositive neurons, coupled
with a high density CB-immunopositive terminal net-
work, was identified in the diagonal band of Broca.
Both the nucleus basalis and the islands of Calleja /
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Figure 6. Low (main image) and high (inset) magnification photomicrographs in the region of the dorsal raphe peripheral division (DRp) of the
dorsal raphe nuclear complex in the minke whale brain. A: Neurons immunoreactive for serotonin showing the peripheral division of the dorsal
raphe complex. B: Parvalbumin immunoreactivity, note the absence of parvalbumin immunoreactive structures in the DRp. C: Calbindin immu-
noreactivity, note the moderate density of cells and terminals. D: Calretinin immunoreactivity, note the moderate density of cells and terminals.
In all images medial is to the left and dorsal to the top. Scale bar = 500 um in D (applies to all); 100 pm in D inset (applies to all insets).

olfactory tubercle contained a high density of CB-
immunopositive neurons and terminal network. A low
density of CR-immunopositive neurons and a low den-
sity CR-immunopositive terminal network was observed
in both the diagonal band of Broca and the islands of
Calleja / olfactory tubercle. In contrast, the nucleus
basalis contained a moderate density of CR-
immunopositive neurons and a moderately dense CR-
immunopositive terminal network. A low density of PV-
immunopositive neurons was observed in the diagonal
band of Broca and the islands of Calleja / olfactory
tubercle, while the nucleus basalis exhibited a moder-
ate density of PV-immunopositive neurons. All three
basal forebrain cholinergic nuclei evinced a low density
PV-immunopositive terminal network.

A moderate density of CB-immunopositive neurons,
coupled with a high-density CB-immunopositive terminal
network was observed in both the LDT and PPT (Fig.
4C). A high density of CR-immunopositive neurons asso-
ciated with a high-density CR-immunopositive terminal
network was observed in the PPT (Fig. 4D), while a
moderate density of CR-immunopositive neurons and a
moderately dense CR-immunopositive terminal network

were observed in the LDT. A low density of PV-
immunopositive neurons was found in both the LDT and
PPT, while a moderately dense PV-immunopositive ter-
minal network density was observed in the LDT, while
the PPT exhibited a low-density PV-immunopositive ter-
minal network (Fig. 4B).

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

A low density of CB-immunopositive neurons were
identified in both the A7sc (Fig. 5C) and A7d, while the
Aé6d had a moderate density of CB-immunopositive neu-
rons. The densities of the CB-immunopositive terminal
networks were different between these three nuclei,
with the A7sc having a moderately dense CB-
immunopositive terminal network (Fig. 5C), the A7d
having a low density, and the A6d having a high-density
CB-immunopositive terminal network. A low density of
CR-immunopositive neurons were identified in the A7sc
(Fig. 5D), while both the A7d and Aéd exhibited a mod-
erate density of CR-immunopositive neurons. Again, the
density of the CR-immunopositive network differed
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Figure 7. Low (main image) and high (inset) magnification photomicrographs in the region of the main magnocellular orexinergic cluster in
the hypothalamus of the minke whale. A: Neurons immunoreactive for orexin-A in the main cluster of the hypothalamus. B: Parvalbumin
immunoreactivity, note the low density of parvalbumin immunoreactive structures in this hypothalamic region. C: Calbindin immunoreactiv-
ity, note the high and moderate density of cells and terminals, respectively, in this region of the hypothalamus. D: Calretinin immunoreac-
tivity, note the low density of cells and moderate density of terminals in the main orexinergic cluster. In all images medial is to the left
and dorsal to the top. Scale bar =500 pum in D (applies to all); 100 um in D inset (applies to all insets).

between the three nuclei, with the A7sc having a low
density (Fig. 5D), the A7d a moderate density, and the
A6d having a high-density terminal network. No PV-
immunopositive neurons were observed throughout the
A7d, while in both the A7sc (Fig. 5B) and the Aéd only
occasional PV-immunopositive neurons were observed.
In the A7sc (Fig. 5B) and the A6d a moderately dense
PV-immunopositive terminal network was observed,
while in the A7d a low density PV-immunopositive ter-
minal network was observed.

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

The majority of the subdivisions of the dorsal raphe com-
plex exhibited a moderate density of CB-immunopositive
neurons, while the DRif had a low density and the DRp had
a high density of CB-immunopositive neurons. The majority
of divisions exhibited a high-density CB-immunopositive ter-
minal network, but DRif had a moderate density and the
DRv a low-density CB-immunopositive terminal network.
The DRp was the only subdivision that contained both a

high density of CB-immunopositive neurons and a high-
density CB-immunopositive terminal network. A moderate
density of CR-immunopositive neurons was observed
throughout most of the subdivisions, but the DRI had a high
density of CR-immunopositive neurons. Three subdivisions,
the DRIif, DRd, and DRd, all exhibited a moderately dense
CR-immunopositive terminal network, while the DRI, DRp,
and DRc exhibited a high-density CR-immunopositive termi-
nal network. No parvalbumin-immunopositive neurons were
observed in the DRIif or the DRc, while the remaining subdi-
visions exhibited a low density of PV-immunopositive neu-
rons. The DRif lacked a PV-immunopositive terminal
network, while the remaining subdivisions all exhibited a
low density PV-immunopositive terminal network.

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

A high density of CB-immunopositive neurons was
observed in both the main (Fig. 7C) and zona incerta
magnocellular orexinergic clusters, while a moderate density
of CB-immunopositive neurons were observed in the optic
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TABLE 3.

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 Minke Whale

Calbindin Calretinin Parvalbumin
Terminal Terminal Terminal

Sleep-related nuclei Neurons networks Neurons networks Neurons networks
Cholinergic
Diagonal band of Broca + +4++ + + + +
Islands of Calleja and olfactory tubercle +++ +++ + + + +
Nucleus basalis +++ +4++ ++ ++ ++ +
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 cluster +++ ++ + ++ + +
Optic tract cluster ++ ++ +++ +++ + ++
Zona incerta cluster +++ ++ +++ ++ - -
Parvocellular cluster ++ +++ +++ +++ - +
Thalamic reticular nucleus + + ++ ++ +++

tract cluster and the medially located parvocellular orexiner-
gic cluster. In all three magnocellular clusters, a moderately
dense CB-immunopositive terminal network was observed
(Fig. 7C), while the medially located parvocellular cluster
evinced a high density CB-immunopositive terminal network.
The main cluster exhibited a low density of CR-
immunopositive neurons (Fig. 7D), while the remaining clus-
ters all had a high density of CR-immunopositive neurons.
Both the main cluster (Fig. 7D) and the zona incerta cluster
had a moderately dense CR-immunopositive terminal net-
work, while the optic tract and parvocellular clusters had
high-density CR-immunopositive terminal networks. A low
density of PV-immunopositive neurons was observed in the
main (Fig. 7B) and optic tract clusters, while no PV-
immunopositive neurons were observed in the regions where
the zona incerta and parvocellular orexinergic clusters were
located. The optic tract cluster evinced a moderately dense
PV-immunopositive terminal network, the main (Fig. 7B) and
parvocellular clusters housed low-density PV-immunoposi-
tive terminal networks, while no PV-immunopositive terminal
network was found in the zona incerta cluster.

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

The thalamic reticular nucleus of the minke whale
occupied a position typical of mammals (Fig. 8). Within

this nucleus occasional CB-immunopositive neurons
(Fig. 8C), a low density of CR-immunopositive neurons
(Fig. 8D), and a moderate density of PV-immunopositive
neurons (Fig. 8B) were observed. A low-density CB-
immunopositive terminal network (Fig. 8C), a moder-
ately dense CR-immunopositive terminal network (Fig.
8D), and a high-density PV-immunopositive terminal net-
work (Fig. 8B) were observed within the thalamic reticu-
lar nucleus of the minke whale.

DISCUSSION

The current study examined the neural systems
related to the control and regulation of sleep and wake
in the minke whale and compares these to published
findings in odontocete cetaceans and other mammals
to provide a more holistic understanding of cetacean
sleep phenomenology. The nuclear organization of the
cholinergic, catecholaminergic, serotonergic, and orexi-
nergic systems in the minke whale were similar to ear-
lier findings in the harbor porpoise (Dell et al.,, 2012,
2016) as well as previous terrestrial mammals studied
(Maseko et al., 2007; Dell et al.,, 2010, 2013; Kriger
et al.,, 2010a,b; Calvey et al., 2013). Additionally, the
putative GABAergic system, identified with immunohis-
tochemistry to the calcium-binding proteins parvalbu-
min, calbindin, and calretinin, in the minke whale
displayed a similar morphology and organization to that
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Figure 8. Low (main image) and high (inset) magnification photomicrographs of the thalamic reticular nucleus in the diencephalon of the
minke whale brain. A: Nissl stain showing the low density of neurons within the thalamic reticular nucleus. B: Parvalbumin immunoreactiv-
ity, note the moderate density of parvalbumin-immunoreactive cells and the high density of the parvalbumin-immunoreactive terminal net-
work. A low to moderate density of calbindin (C) and calretinin (D)-immunopositive structures were observed. In all images medial is to
the left and dorsal to the top. Scale bar = 500 um in D (applies to all); 100 pm in D inset (applies to all insets).

seen in the harbor porpoise (Dell et al.,, 2016) and to
terrestrial mammals previously studied (Bhagwandin
et al., 2013). Minor differences in the appearance of
the GABAergic systems between the minke whale and
harbor porpoise can be explained as a result of brain
size differences between these species. As limited stud-
ies of sleep are available for the mysticetes, it is
assumed that these marine mammals also undergo
USWS like their odontocete counterparts (Lyamin et al.,
2008), and the findings of the current study support
this supposition.

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

In the current study the neural sleep systems of the
cholinergic basal forebrain and pons, the noradrenergic
nuclei of the pons, the serotonergic dorsal raphe, and
the hypothalamic orexinergic system in the minke whale
were found to be very similar to those studied in the
harbor porpoise (Dell et al., 2012, 2016) and the locus

coeruleus of the bottlenose dolphin (Manger et al,
2003). Thus, these neural systems involved in the con-
trol and regulation of sleep and wake displayed similar
locations, nuclear parcellation, and neuronal morphol-
ogy in the minke whale, harbor porpoise, and bottle-
nose dolphin. Furthermore, these systems in the minke
whale had a similar nuclear organization to that seen in
terrestrial mammals previously studied (Maseko et al.,
2007; Dell et al., 2010; Calvey et al.,, 2013), the only
exception being the additional orexinergic parvocellular
neural cluster in the minke whale, which is found in
Cetartiodactyls and the African elephant (Dell et al.,
2012; Maseko et al., 2013). As the aquatic cetaceans
and terrestrial mammals exhibit quite different sleep
physiology, the fact that the nuclei involved in the con-
trol and regulation of sleep are so similar, without the
addition of novel nuclei, or the deletion of specific
nuclei, we can infer that the neural control of the
sleep-wake cycle across mammals is a strongly con-
served evolutionary trait (Tobler, 1995; Rattenborg
et al., 2000; Lyamin et al., 2008). Similar to our earlier
study on the harbor porpoise (Dell et al., 2016), there
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are no qualitative changes in the sleep-associated neu-
ral systems in the minke whale that indicates potential
differences in their sleep physiology to either other
cetaceans, or indeed other mammals.

Similarities of the GABAergic systems in
sleep-associated nuclei across mammals

GABAergic neurons associated with the sleep-related
nuclei are considered to function as promoters of sleep
(Siegel, 2004; Datta and MacLean, 2007). In this study
the GABAergic neurons and terminal networks were
studied by examining the localization of the calcium-
binding proteins (parvalbumin, calbindin, and calretinin)
(Bhagwandin et al., 2013) and provided the first report
of the organization of the putative GABAergic system in
a mysticete whale. It was noted that the location of
putative GABAergic neurons and terminal networks in
the sleep-wake-associated nuclei was similar to that
seen in the harbor porpoise (Dell et al., 2016) and ter-
restrial mammals previously studied (Bhagwandin et al.,
2013). Despite this overall similarity, some differences
in neuronal and terminal network densities were noted
when comparing the minke whale with the harbor por-
poise. The minke whale exhibited a higher calbindin ter-
minal network density in the cholinergic nuclei of the
basal forebrain and pons, as well as a higher calretinin
neuronal and terminal network density in the choliner-
gic nuclei of the pons. The cholinergic pontine nuclei
serve as a relay control for the regulation of cortical
activation and arousal (Sarter and Bruno, 2000; Drin-
genberg and Olmstead, 2003), and in a volumetrically
large brain, such as that of the minke whale, higher
densities of calbindin and calretinin neurons and termi-
nal networks may be required to provide appropriate
inhibition in the control of cortical arousal. There were
marked increases in the density of calbindin and calreti-
nin neurons and terminal networks within the hypo-
thalamic orexinergic system of the minke whale when
compared to the harbor porpoise (Dell et al., 2016).
One could speculate that as the minke whale is an
opportunistic feeder (Horwood, 1990), it would have a
greater appetitive drive, and thus would require more
stringent control of the orexinergic system, particularly
the parvocellular cluster (Dell et al., 2012).

The minke whale exhibited lower densities of calbin-
din neurons and terminal networks within the locus
coeruleus complex when compared to the harbor por-
poise. This difference, however, appears to be related
to the larger size of this region of the brain in the
minke whale compared to the harbor porpoise. There
was a reduced number of calretinin neurons in the tha-
lamic reticular nucleus of the minke whale when com-

pared to the harbor porpoise (Dell et al., 2016), but
again, this qualitative difference in cell density may be
related to the larger size of this structure in the minke
whale. The location and density of parvalbumin-
immunopositive neurons and terminal networks was
similar in the harbor porpoise and terrestrial mammals
(Dell et al., 2016), but the minke whale exhibited slight
increases in the densities of the parvalbumin terminal
networks in the locus coeruleus complex and the hypo-
thalamic orexinergic system, as well as a slight increase
in parvalbumin neuronal density in the pontine choliner-
gic nuclei. These features may, speculatively, indicate
more stringent neuronal control of the activity of these
cholinergic, noradrenergic, and orexinergic neurons in
the minke whale compared to other mammals.

Orexinergic system in the minke whale

The parcellation of clusters of orexinergic neurons in
the hypothalamus, and their general arrangement, is
very similar to that seen in the harbor porpoise, giraffe
(Dell et al., 2012), and African elephant (Maseko et al.,
2013). Additionally, the morphology and density of the
orexinergic terminal networks in the anterior cingulate
and occipital cerebral cortex of the minke whale is
identical to that seen in the harbor porpoise, but lower
in density than that seen in artiodactyls (Dell et al,
2015). In these senses, the orexinergic system of the
minke whale is very similar to that of the harbor por-
poise, and distinguishes the cetaceans from the artio-
dactyls and other mammals. In the current study we
estimated that the minke whale has ~277,604 orexi-
nergic neurons (those immunopositive to the orexin-A
antibody) in the hypothalamus, 125,194 of which were
magnocellular and 152,410 of which were parvocellular.
This number of orexinergic neurons is far higher than
seen in the harbor porpoise, which had 21,254 orexi-
nergic neurons in total, 10,419 of which were magno-
cellular and 10,834 being parvocellular (Dell et al.,
2012). In the minke whale, for every magnocellular
orexinergic neuron there are 1.22 parvocellular neurons,
and in the harbor porpoise there are 1.04 parvocellular
neurons for each magnocellular neuron. In the giraffe
brain there are 15,003 orexinergic neurons (7,327 mag-
nocellular and 7,676 parvocellular, a ratio of 1.05) (Dell
et al., 2012), while in the human brain there are varying
counts of orexinergic neurons, ranging from around
15,000-20,000 (Kilduff and Peyron, 2000) up to around
70,000 (Thannickal et al., 2000; Henny and Jones,
2006). Thus, the harbor porpoise and giraffe have fewer
orexinergic neurons than humans, but the minke whale
has significantly more. Even if we only look at the mag-
nocellular orexinergic neurons, which are likely to be
the homologous neurons to those found in humans, the
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minke whale still has around 55,000 more orexinergic
neurons than humans. Despite this large number of
orexinergic neurons, the orexinergic bouton terminal
network density in the minke whale is no different from
that seen in the harbor porpoise, and less dense than
the giraffe and other artiodactyls (Dell et al., 2015).
Given this, it is difficult to speculate why the minke
whale has such an inflated number of orexinergic neu-
rons compared to other large-brained species. Part of
the difference may be accounted for by allometric scal-
ing, where larger brains generally have more neurons
than smaller brains (Herculano-Houzel et al., 2014), but
this would not account for the radical difference seen
in the minke whale compared to other species. A full
allometric study of quantified orexinergic neuronal num-
bers across a range of species, especially artiodactyls
and other cetaceans, is required to provide the proper
context in which to interpret the results of the orexiner-
gic system in the minke whale. Until this is achieved,
discussing the function of this seemingly supernumerary
system in the minke whale will only be speculative,
although it would seem that this may relate to the die-
tary requirements and appetitive drive needed to sus-
tain such a large body mass (Dell et al., 2012).

Does the minke whale sleep like an
odontocete cetacean?

Studies of sleep in mysticete whales are limited to
behavioral observations made on a gray whale calf (Lya-
min et al., 2000, 2001). While this study is suggestive
of the mysticete whales showing the same sleep phe-
nomenology as the well-studied odontocete cetaceans
(Lyamin et al.,, 2008), the results are not particularly
clear. Undertaking electrophysiological studies of sleep
in the large baleen whales, while technically possible, is
practically unfeasible at the present time; however, as
undertaken in this study, we can examine the structure
of the brain to search for clues relating to how sleep
might occur in the mysticete whales. In a previous
study on the brain of the harbor porpoise, we proposed
that a suite of quantitative changes in certain regions
of the odontocete brain associated with the regulation
and control of sleep and wake, rather than changes in
qualitative features, are likely to account for the pro-
duction of USWS and suppressed REM sleep, the sleep
typically observed in odontocete cetaceans (Dell et al.,
2016). These features included small telencephalic
commissures, a large posterior commissure, supernu-
merary cholinergic and noradrenergic neurons in the
pons, as well as an expanded peripheral division of the
dorsal raphe nuclei.

Sleep systems of the minke whale brain

In this sense we can examine the findings on the
minke whale brain to determine if these features, which
appear to be different to bihemispheric sleeping mam-
mals, are present. The three main telencephalic com-
missures, the anterior commissure, corpus callosum,
and hippocampal commissure are all small in the minke
whale, like that observed in the harbor porpoise and
other odontocete cetaceans (Wilson, 1933; Lyamin
et al.,, 2008; Manger et al., 2010; Ratner et al.,, 2011;
Patzke et al., 2015), while quantification of axonal num-
bers in the corpus callosum have shown that they are
low in the minke whale (Ratner et al., 2011). As
observed in other mysticete whales (Lyamin et al.,
2008), we noted in the present study a large posterior
commissure in the minke whale. Within the pontine
region, the minke whale, with its ~3kg brain, had
274,242 cholinergic neurons in the LDT+PPT, and
203,686 noradrenergic neurons in the locus coeruleus
complex. In comparison, the harbor porpoise with a
500g brain had 126,776 cholinergic neurons in the
LDT+PPT and 122,878 locus coeruleus neurons (Dell
et al.,, 2016), while the human brain, at around 1.4 kg,
has ~20,000 pontine cholinergic neurons (Manaye
et al., 1999) and 22,000 noradrenergic neurons (Mou-
ton et al., 1994). Lastly, the peripheral division of the
dorsal raphe nuclear complex in the minke whale shows
a similar morphology and neuronal density as seen in
the harbor porpoise (Dell et al., 2016).

Thus, in the minke whale a similar suite of features
related to the proposed control and regulation of sleep
as seen in the harbor porpoise can be identified. As
with the harbor porpoise, the expanded peripheral divi-
sion of the dorsal raphe nuclear complex may act to
suppress REM sleep in the minke whale. The small size,
and limited numbers of axons, of the telencephalic
hemispheres will contribute to the functional independ-
ence of the cerebral hemispheres. Lastly, the large pos-
terior commissure and the supernumerary cholinergic
and noradrenergic neurons in the pons will potentially,
under input related to the drive for sleep derived in the
cerebral hemispheres, determine when and which cere-
bral hemisphere enters slow wave sleep. This range of
quantitative similarities between harbor porpoises and
minke whales, which distinguish them from bihemi-
spheric sleeping mammals, along with the behavioral
observations of sleep the gray whale, all point to the
likelihood of minke whales and other mysticete whales
possessing the same sleep phenomenology studied in
detail in odontocete cetaceans (Lyamin et al., 2008).

Further studies of the brains of other species of ceta-
ceans and a range of artiodactyls are required to fully
determine whether the suite of characters identified in
the minke whale and harbor porpoise, proposed to be
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related to the production and control of USWS and the
suppression of REM sleep, are truly characteristic of
this group. For example, studies of the brain of the hip-
popotami, being the closest terrestrial relative of the
cetaceans, would be of importance. In addition, a
broader range of quantitative studies of the cholinergic,
noradrenergic, serotonergic, and orexinergic systems
are also needed, to properly determine the degree to
which the numbers of neurons in cetaceans differ from
the other artiodactyls. Lastly, a series of similar studies
on other mammals that show the capacity for USWS,
such as otariid seals, walruses, and the sirenians (Lya-
min et al., 2008) in comparison to their close bihemi-
spheric sleeping relatives in the carnivores and
Afrotheria, may refine and help to understand the spe-
cific characters of the brain required to produce the
unusual sleep phenomenology evidenced in odontocete
cetaceans.
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