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ABSTRACT OF THE DISSERTATION

Adaptation to the aquatic environment: from penguin heart rates to cetacean brain

morphology

by

Alexandra Katharine Wright
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Paul Ponganis, Chair

The evolutionary process of adaptation to the aquatic environment has
dramatically modified the anatomy and physiology of secondarily-aquatic, air-breathing
seabirds and marine mammals to address oxygen constraints and unique sensorimotor
conditions. As taxa that have arguably undergone significant evolutionary
transformations, deep-diving sphenisciforms (penguins) and obligatorily aquatic
cetaceans (whales, dolphins, and porpoises) provide an excellent opportunity to study
such physiological and anatomical adaptation. Investigation of heart rates of free-ranging

emperor penguins (Aptenodytes forsteri) equipped with digital electrocardiogram

XV



recorders and time depth recorders revealed a phenomenal dive capacity extending to 431
m as well as extreme bradycardia, reaching heart rates as low as 10 beats min™ during
deep dives to promote oxygen conservation. The organization and potential function of
the cetacean brain were examined with structural magnetic resonance imaging and
diffusion tensor imaging of post-mortem Kkiller whale (Orcinus orca) and bottlenose
dolphin (Tursiops truncatus) brains. Structural images were acquired for an O. orca brain
in situ and underwent manual segmentation to obtain volumetric measurements of
neuroanatomy including gray and white matter, constituent neural regions (i.e., cerebrum,
brainstem, and cerebellum), and subcortical and midbrain structures. This O. orca had
one of the largest forebrains studied to date with cerebral volume comprising 81.51% of
the total brain volume. Moreover, the cerebral white matter of O. orca and other
delphinoids exhibited isometric scaling unlike other mammals suggesting that this
divergent morphology may have evolved in response to the sensorimotor demands of the
aquatic environment. Examination of T. truncatus cerebral white matter with diffusion
tractography revealed widespread structural asymmetries potentially attributable to brain
enlargement and isometrically-scaled white matter. Moreover, these structural
asymmetries may underpin previously reported observations of functional and behavioral
lateralization in cetaceans. These studies of cetacean anatomy and sphenisciform
physiology provide insight into and promote our understanding of the evolution of

arguably the most ocean-adapted seabirds and marine mammals.
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Chapter 1. Heart rates of emperor penguins diving at sea: implications for oxygen store

management

Vol. 406: 8508, 2014
dai: 10.3154/maps10307

MARNE ECOLOGY PROGRESS SERIES .
Max Ecol Prog Ser Published Jannary Z7

Contribirbion to the Thoma Sarbon Tracking finess in manme vericbrates”

Heart rates of emperor penguins diving at sea:
implications for oxygen store management

Alexandra K. Wright*, Katherine V. Ponganis, Birgitte . McDonald, Paul J. Ponganis

Center for Marine Biolechnology and Biomedicine, Scripps Institution of Oceanography, University of California San Diego,
La Jolla, California 02003-0204, USA

ABSTRACT: Heart rate () contributes to control of blood oxygen (O] depletion through regula-
tion of the magnitude of pulmonary gas exchange and of peripheral bleod flow in diving verte-
brates such as penguins. Therefore, we measured i during foraging trip dives of emperor pen-
guins Apfenodyies forstari equipped with digital electrocardiogram (ECG) recorders and time
depth recorders [TDRs). Median dive fy; (total heartbeats/duration, 64 beats min-!) was higher
than resting fu (56 beats min™') and was negatively related to dive duration. Median dive fu in
dives greater than the 5.6 min aerobic dive limit (ADL; dive duration assocated with the onset of
a net accumulation of lactic acid abowe resting levels) was significantly less than the median dive
[y of dives less than the ADL (58 vs. 66 beats min-'). f; profile patterns differed between shallow
(<50 m) and deep dives (=250 m), with values usually declining to levels near resting fy in shal-
low, short-duration dives, and to lavels as low as 10 beats min~ during the deepest segments of
deep dives. The total number of heartbeats in a dive was variable in shallow dives and consistently
high in deap dives. A true bradycardia [fy; balow resting levels) during seqgments of 31 % of shal-
low and deep dives of emperor penguins is consistent with reliance on myoglobin-bound O stores
for aerobic muscle metabolism that is espedally accentuated during the severe bradycardias
of deap dives. Although fu is low during the deepest segments of deep dives, the total number
and distribution of heartbeats in deep, long dives suggest that pulmonary gas exchange and
peripheral blood flow primarily ooour at shallow depths.

KEY WORDS: Aerobic dive limit - Diving physiology - Electrocardiogram - ECG - Emperor
penguin - Gas exchange - Heart rate - Oxygen store management - Peripheral perfusion

INTRODUCTION

Regulation of heart rate (fy) underlies the oxygen
store management and dive capacity of seabirds and
maring mammals. The reduction in cardiac output
associated with a dacline in fy during forced submer-
sion results in: (1) decreased organ blood flow and
parfusion-dependent Op consumption, (2) decreased
blood flow to locomotory muscle and a decline in
blood-to-musde Oq transfer, and (3) decreased pul-
monary blood flow and blood oxygen uptake from
the lung (Scholander 1040, Irving et al. 1841, Ponga-
nis et al. 2011). The decrease in paripheral blood fow
associated with a diving bradycardia conserves the
blood Oy store and maximizes breath-hold capacty

*Corresponding author: awnight@ucsd. edu
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(Scholander 1940, Irving et al. 1841). A decrease in
pulmonary flow similarly conserves the respiratory
0y store and additionally preserves the respiratory
0y fraction, which, in turn, optimizes oxygenation of
any blood passing throogh the lung, thus maintain-
ing arterial oxygen saturation longer and maximizing
breath-hold capacity | Andersson et al. 200Z).
Although severe bradycardia ocours in forced sub-
mersions (the dassic dive response), the diving fu
response in free-ranging animals is often less intense
and more variable. For example, fy decreases from
pre-dive levels during dives of king penguins Apteno-
dytes patagonicus and macaroni penguins Fudyples
chrysolophus at sea, but it does not decline below
resting levels on land, nor does it approach levels

D [nter-Research 2014 - www.int-res.com
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observed in simulated dives (Kooyman et al 1973,
Ponganis et al. 1907, 19940a, Green et al 2003, Froget
et al. 2004). In terms of musde blood fow and oxygen
delivery, this f,; pattern during the penguin's dive
has been considered a trade-off between the dassic
dive response of forced submersions and the exerdse
response of flighted birds and terrestnial mammals
[Butler 1888, Grean et al. 2003). Higher fy in diving
king and macaroni penguins than in forced submer-
sions should also enhance pulmonary blood fow and
lung-to-blood O, transfer, thus contributing to mpid
utilization of the respiratory O store.

In contrast, in emperor penguins Apfenodpies
forsteri diving at an isolated dive hole, dive fy often
declined below levels of birds resting on ice and
even reached levels recorded during simuolated
dives, espedally in dives beyond the previously
measured 5.6-min aercbic dive limit (ADL; dive
duration associated with the onset of a net accumula-
tion of lactic add abowe resting levels) (Kooyman
1889, Ponganis et al. 1997, 1089, Meir et al. 200E).
These lower fi; values, especially in longer dives,
imply a greater reliance on muscle O stores in
emperor penguins than in other penguin species.
Indead, myoglobin desaturation profiles in diving
emperor penguins revealed that the large moscle Oz
store is utilized and often depleted, although at vari-
able rates and in variable patterns (Williams et al.
2011). The low fy values observed in emperor pen-
guins diving at an isolated dive hole likely con-
tributed to the slow venous O, depletion obsarved in
dives as long as 22 min and to maintenance of arterial
oxygen saturation during most of the dive, induding
dives as long as 10 min (Meir & Ponganis 20400).

Regarding O; store management of emperor pen-
guins at sea, especially during their long, deep dives,
the guestion remains as to whether a trade-off
ooours, analogous to that of king and macaroni pen-
guins, between elevated fy values characteristic of
the exercise response and depressed fy values spe-
dific to the classic dive response. Or does a classic
dive response with more extreme bradycardia pre-
dominate, as with emperor penguins at the isolated
dive hola? Lower f; values would conserve respira-
tory and blood O, at the potential expense of muscla
O depletion and the subsequent onset of glycolysis,
while higher fu values could lead to longer mainte-
nance of aerobic musce metabolism but more rapid
depletion of respiratory and blood O stores.

We investigated fy responses during dives of
emperor penguins making foraging trips to sea dur-
ing the chick-rearing pericd. Specfically, we used an
eledtrocardiogram (ECG) recorder to measure fy; and

a time depth recorder (TDR) to record the dive profile
in order to: (1) examine the relationship betwesn
dive fy (total heartbeats during the dive/dive dura-
tion) and dive duration, (2) investigate how f;; luctu-
ated throughout the course of dives of varying
depths, and (3] examine the fy profile of dives of dif-
ferent depths to evaluate the potential for variation in
the number of heartbeats, an index of comulative
cardiac output, during different segments of these
dives.

‘We suspected that, because both the diving air vol-
ume and the total number of wing strokes during a
dive inreased with maximum dive depth in emperor
penguins [Sato et al. 2011}, the total number of heart-
beats during early descent and throughoot the
course of the dive would increase in deeper dives
despite an overall lower dive fy in order to accommo-
date greater pulmonary gas exchange A greater
number of heartheats, especally during the gradual
decline in fy typical of descent, could also potentially
increase muscle Oy delivery during that segment of
the dive. Therefore, we hypothesized that- (1) dive fi
would negatively comelate with dive duration, (2)
dive fi of dives »ADL would be less than resting f,
and (3) the total number of heartbeats would bhe
greater in deeper dives throughout the total dive and
during the gradual dedine in fy during descent.

MATERIALS AND METHODS

In Movember 2010 and 2011, emperor penguins
were captured at the sea-ice edge as they de-
parted on foraging trips from the Cape Washington
breeding colony (74° 4075, 165°28" E), equippad with
ECG recorders, TDRs, and VHF transmitters, and
then released. Upon retum from foraging trips, pen-
guins were recaptured to recover the devices. All
procedures ware approved under a University of
California San Diege Animal Subjects Committes
Protocol (S02153) and a US Antarctic Treaty Permit
{2011-01E).

Instroment deployments

Under 0.5% bupivacaine local anesthetic (3-5 ml
per hird), 2 swbcutaneous ECG electrodes were
inserted dorsally, with one right of midline at the
level of the axilla and the other left of midline above
the pelvis in manually restrained, hooded emperor
penguins. The electrodes were connected to a cus-
tom-built digital ECG recorder (3991 BioLog, UFI) in
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an underwater cylindrical housing (215 g, 16 = 3 am),
securad to the feathers of the mid-back with 5 min
epoxy glue (Loctite; Henkel Corp.) and steel cable
ties. ECG signals were recorded for 48 h at a sam-
pling rate of 50 Hz. ECG recording was programmed
to start 4 d after deployment of the recorder in order
to collect data during the mid-portion of the foraging
trip. Additionally, all birds were equipped with an
MEkS TDR (Wildlife Computers; sensitive to 0.5 m,
30g, 6.7 = 1.7 x 1.7 cm) to record depth at a sampling
rate of 1 Hz, and a VHF transmitter (Model MM130,
ATS]) to facilitate recaptura.

Data processing and statistics

The fu and dive data were processed, graphed, and
statistically analyzed using Ordgin (ver. 8.6, Origin-
Lab), Microsoft Excel, R software (R Development
Core Team 20132), MATLAB (The MathWorks), and
JWP [ver. 10.0_2, SAS Institute). TDR data were ana-
Iyzed in MATLAB using a custom-written dive analy-
sis program (I[KMOS; Y. Tremblay unpubl) and
Instrument Helper [(Wildlife Computers), which cal-
culated a zero offset correction at the surface and
identified dives on the basis of a minimuom depth and
duration. Dives were defined as submergences of
25 m and 21 min. Dive depth categories were desig-
nated as shallow (<50 m), intermediate (S0-250 m),
and deep [>250 m). ECG and TDR data were syn-
chronized and a custom peak detection program (K.
Ponganis) was utilized to mark R-wave peaks from
the digital ECG records and caloulate R-R intervals in
Omigin. All peaks were visually confirmed in order to
ensure marking accuracy. The number of dives ana-
lyzed for individual birds was dictated by the darnty
of the ECG signal Portions of the ECG record that
were difficult to decpher were omitted (n = 48 dives
with fu data gaps; all gap durations were <5% of
dive duration).

A custom B script was used to determine dive fy
and total dive heartbeats. Dive fy; for each dive was
calculated from the total number of heartheats for
each dive divided by the dive duration. In dives with
a gap in the ECG record (<5 % of dive duration), the
gap duration was subtracted from the dive duration
in the calculation of the overall dive fu. Pre- and
post-dive fu values were calculated from the total
number of heartbeats during the final and initial
minute prior to and following a dive, respectively.
Lowest resting fy values were determined for indi-
vidual birds over a period of 1 h. Resting pericds
were salected during long surface intervals at least

1 h after or before a dive bout, when the birds were
presumably at rest

Total number of heartbeats during a dive and the
numbar of heartbeats from the start of a dive to the
time that instantaneocus fy was consistently below
resting fu were determined through visual inspec-
tion of fy profiles for each dive. Dives with fy data
gaps resulting from brief periods of indeapherable
ECG signals were omitted from this analysis.

Mean fy values at 30 s intervals were also ana-
lyzed by dividing depth profiles of dives into 7 cate-
gories of dive depth (0-25, >25-50, »>50-100, =100-
150, =150-250, »>250-400, and >400 m). Instanta-
neous fy for 30 s periods was determined using a
custom B script and caloulated as the mean of all
instantaneows fi values within a 30 s period. Dives
with fu data gaps resulting from brief periods of
indecipherable ECG signals were excluded from this
analysis.

Linear mixed-effects models (JMFP) were used to
axamine the relationships of dive duration with dive
Fy, dive depth with total dive heartbeats, and dive
duration with total dive heartbeats. One modal was
fitted with dive f; as a response varable, dive dura-
tion as a fixed effect, and individual as a random
effect to account for repeated measures. A second
meedel was fitbted with total dive heartheats as a
response variable, dive depth as a fixed effect, and
individual as a random effect. A third model was fit-
ted with total dive heartbeats as a response variable,
dive duration as a fized effect, and individuoal as a
random effect. An additional model was constructed
to assess whether dive f; values for dives with dura-
tions less than or greater than ADL (5.6 min) (Ponga-
nis at al. 1997) were significantly different, with dive
fu as a response variable, dive duration category
{= or =ADL) as a fized affect, and individual as a ran-
dom effect. Comected Akaike's information criterion
[AIC) was used to select the most parsimonious
mexdel. All means and medians are listed as means
5E and median (range).

RESULTS
Data recovery

The ECG signal was indecipherable in 2 of & hirds,
due to obfuscation of the signal by muscle artifact
and possibly movement of ECG electrodes or
mechanical malfunction. Consequently, simultane-
ous measurements of instantanecus fy and depth
were recorded from 4 birds (24.6 + 0.4 kg), resulting
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Table 1. Aptenodytes forsten. Individual and pooled heart rate () data of emperor penguins diving at Cape Washington. The
number of dives for each bird was diciated by the clanty of the ECG signal. Maximum depth, dive duration and dive fi; are
presented as means + SE and medians (range]

Penqusn Body ma=  Mo. of Resting fiy Maximum depth Dive duratinm Diwe fig
() dives [beats min") [} {min] [beats min)
1 250 B? 55 177.0+8.2 510017 67 =1
126.0{15.0-340.0) 518 (1.32-B.77)  GE [38-90)
2 0 54 Fi | 960 +7.3 5.04 = .30 =1
10003 [5.0-246.0) 533 (1.32-7.27) 67 [53-81]
5 255 247 50 441 =43 288 =0.11 El=1
19.0 (E0-4725) 173 (1.00-8.27) G2 [9-117)
7 0 4 64 M40 H =BG 6.96 = 1.52 M =h
3645 (39.0-431.00 7.2 (Z.BO-043) &4 [52-76)
Grand mean® M6=04 56 = 40 Fli=d1 171 =010 64 =1
Grand median [range)® 24.5 [24-25.5) 55 [S0-64)° F1.5 {5.0-431.0) 3.08 {1.00-9.47) G54 [3-117)
*Pooled data [n = 4 birds, 392 dives); *Penguin 2 was excluded from resting f,; grand mean and median
in fy and depth records for 392 dives =1 min 40
in duration. a5 A
g a0 ]
. T 25
Resting hearl rate profiles " 0
Resting fy; ranged from 50 to 71 beats E 18+
min! (n = 4 birds; Table 1). However, it is & 10]
unknown whether the lowest resting fn 5]
calculated for Penguin 2 was the minimuom o
resting fu over a 1 h perod because of a 1 - . T
dearth of resting hours with high signal clar- - Dive duration {min)
ity. Exduding Penguin 2, resting fy; ranged B
from 50 to 64 beats min-!, with a mean of 4]
56 + 4 beats min! (n = 3 birds; Table 1). For E 501
this study, 56 + 4 beats min-! was selected as B
a conservative estimate of resting fy for free- 5 40
Tanging emperol penguins. E 30
T 204
o
General description of dive behavior 10 —
[V — p |
25 75 26 176 22X IFE AN ITE 426
Dive durations from all dives ranged from ! Mexirmum dive depth [m)
1 to 942 min, with a grand median of 10 i
1.0B min {Table 1). Sixty-one percent of c - L
dives were shorter than 4 min (Fig. 1A} £ - - Bgan ]
Twenty-one percent of dives in the study E = _Ho 14 - :
were greater in duration than the previously 5 ?jaﬂu:-. e = ]
B Ell_ 1
_a 4
Fig. 1. Aptenodytes forster. Distribotions of [A) E =EPi
dive duration and (B} maximum dive depth, and  5F o EFZ
[C) dive duration wersus maximum dive depth of B EFE
dives from emperor penguins (EP) at sea. In [C)L o =ERT
individhual birds are denoted by color [ = 4 birds, 1] B0 100 160 200 20 ado | ak0 - 40

37 dives)

Meximum dive depth [m)



Wright et al.: Emperor penguin heart mites at sea

measured ADL of 56 min, and 4% of dives were
greater than B min. Maximum depth of all dives
ranged from 5 to 431 m, with a grand median of
325 m. The maximum dive depth for each bird
ranged from 246 to 431 m (Table 1). Most dives wera
shallower than 100 m; howewer, 30% of dives were
deeper than 100 m, and 5% of dives were deeper
than 250 m (Fig. 1B}

Heart rate profiles during diving

Eighteen percent of dives below the ADL had dive fiy
values lass than the resting level of 56 baats min-!,
while 45 % of dives above the ADL had dive f; values
less than 56 beats min-! [Tabla 2). For the previously
reported fy at rest of 73 beats min (Meir et al. 2008)
in emperor penguins at the isolated dive hole, dive fi
was less than resting fy in 76% of dives shorter than
the ADL and in B8 % of dives longer than the ADL

In dives =1 min in duration, there was a significant
negative relationship between dive douration and
dive fy (Fig. 4, Table 3). However, dive fy of dives

All dives exhibited a characteristic A 3% - e E— a
pattern of fy, with a pre- and post-dive —
tachycardia during surface intervals, re- E::.‘m 100
duced fi wpon submersion and through- o] —fy 00
out dives, and anticipatory tachycardia
[increase in fy ocoinciding with ascent) 1537 1300
prior to surfacing. The pre-dive tachy- —
cardia {median = 202 beats min~!, range {400
= 108-231 beats min™') and post-dive B0
tachycardia {median = 200 beais min-!, 1%
range = 145-176 baats min-') ware bath . 1420800 14:08:00 14:10:00 141200 141400
=fy at rest (56 beats min-!). Instanta- g o0 , . . . , , . ,
negus f; profiles in 3 dives of varying
depth are shown in Fig. 2. The fy 250 4 {100
response was characterized by: (1) pre-
and post-dive tachycardia, (2) an abrupt £ =0 200
partial dedline from pre-dive lewvaels @ 45
(usually with a transient decrease to § 12
below resting levels), (3] a progressive, "7 100 ) sno
gradual decline in fy during eady
descant, sometimes to balow resting lav- =1 | -
els, (4] a continuation of lower fy; values oly . . - . . : : -,
during the bottom phase of the dive, and 010200 0104200 0 0800 01208:00 1000
(5) a gradual increase in fy during G 30 0
ascent (Fig. 2, 3). In 27 % of dives, dive
fu was below the resting level of 56 =0
baeats min~? [Tahle 2). 200

150

Diiving heart rate and dive duration 1o

The median dive f; was 64 beats -
min-! [range = 0-117 beats min-) for all
dives (Table 1). The median dive fu o T T T . r r

for dives shorter than the ADL (79% of
the dives in this study. 66 beats min™,
range = 8-117 beats min™') was signifi-
cantly greater than the median dive fy
of 58 heats min™ [range = 38-76 beats
min} fior dives longer than the ADL {21%
of the dives in this study; Tahbles 2, 3).

022000

o200 ER40

Tme (hhcmmcss)

022000

Fig. 2. Aplenodytes forsters. Instantaneoms heart rate (fy;] and dive depth pro-
files from [A) a shallow [27 m, <aerobic dive limit [ADL]) dive of Emperor Pen-
guin 1, (B] an intermediate (183 m, »ADL] dive of Emperor Penguin 2, and [C)
the deepest (423 m, »ADL) dive of Emperor Penguin 5. [n (4], f, reaches a min.
imum of 52 beats min~'. In (B, f,, reaches a minimum of 33 beats min™. In [C)
mean f,; is 17 beats min~" for over 3 min, reaching a minimum of 8 beats min™

Depth i
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Fig. 3. Aptenodytes forster . Instantanecus heart rmbe (f;) and dive depth profiles from a deep (301 m) dive of Emperor Penguin

5 with prominent featores typical of the dive fy profile: a, sorface inberval tachycardia (pre- and post-dive]; b, initial sharp

partial decline in f;,, immediately apon submemsion, often with transient decrease to below resting levels; c, gradoal decline in

elevated f, during early descent; d, prodonged severe bradycardia during latter descent and mear marimom dive depth;
e, slow increase in f) during ascent

less than 2 min in duration or less than 50 m in depth
varied considerably (Fig. 4).

In the analysis of dive fg, 12% of dives had a data
gap in the fy profile. Eighty-one percent of gaps werae
=5 5 and 75% of all gaps occurred at the start of the
dive when wing movement, and thus the potential for
muscle artifact, was greatest. Gaps of short duration
should not significantly affect the results or interpre-
tation of the data. For example, a dive with a 6 5 gap
and dive fy of 100 beats min-! would only have an
increase in dive f; by 2 beats min-! for a 5 min dive.

Heart rate within dives

For all dives at sea with a complete ECG record
[without a fy data gap: 344 dives), total number of

dive heartbeals was in the same range as total heart-
beats for dives of equivalent duration performed at
the isolated dive hole (Meir et al. 200€) (Fig. 5). For
dives near 5-7 min in duration, total dive heartbeats
ranged between 250 and 400 heartheats (Fig. 5).

In dives =1 min in duration, there was a significant
relationship betwean dive depth and total number of
dive heartbeats (Fig. 6A, Table I). Total dive heart-
beats was variable but increased until 150 m maxi-
mum depth, after which total dive heartbeats began
to lavel off and remained high (Fig. 64). A significant
relationship was also observed between dive dura-
tion and total number of dive heartheats (Fig. 6B,
Takle 3).

Instantanaous fu reached values consistently
below resting f in 31 % of dives (dives without gaps
in the fy profile). The number of heartheats prior to

Table 2. Apienodytes forsters. Heart rate () data for dives shorter and longer than the asrobic dive Bmit (ADL; 5.6 min].
Marimuom depth, dive duration and dive f; are presented as means = SE and medians (range)

Mo dives Maximum depth Diwe duration Diwe ffyy e dives with dive f,
[m) [mmin) [beats min~') below resting f,;

All dives 302 Frizdl 17 =010 Gdx1 7

32.5 (5.0-431.00 3.08 [1.00-8.42) 4 [9-117)
Dives < ADL o 40423 201 =007 Bix1 18

235 [5.0-191.5) .58 [1.00-5.57) B5 {B-117)
Dives = ADL a2 192.8+ 8.3 674 011 57x1 45

160.5 (82.5-431.0) 5.43 [5.63-0.47) 58 {38-76)
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total dive heartbeats, and dive duration and total dive heartbeats. The comected Akaike's information criteria [AIC,] for all models are reported. The fixed eff ects and

reaching resting fy (56 beats min™) was
variable (2-164 heartbeats), but as depth
of dive increased, wvanability decreasaed,
and valoes leveled off and remained be-
tween 100 and 120 heartbeats in most dives
(Fig. 7A). A similar relationship was ob-
served between the dive depth and the
number of heartbeats prior to reaching the
previously reported resting fu (Meir et al
2008) [Fig. 7E).

The profiles of mean instantaneous fy
at 30 s intervals of dives in 7 dive depth
categories (Fig. 8) reflected instantaneous
fu profiles. Deeper dives had higher
initial 30 s valoes, but then had lower fi
valoes throwghout the middle portions
of divas.

DISCUSSION
Resting heart rate

The resting fy for free-ranging emperor
penguins (56 + 4 beats min-') was signifi-
cantly less than the resting fi determined
for emperor penguins at the isolated dive
hole (Meir et al 2008). Differences in sur-
rounding conditions can affect baseline fi
and may account for the large disparity of
resting fy values obsarved in free-ranging
and captive emperor penguins (Halsey at
al. 2008). Resting f for emperor penguins
at the isolated dive hole may hawve been
elevated due to stress assocated with cap-
tivity, interactions with other birds, differ-
encas in dive and prey types, and longer
diving recovery periods. In addition, the
lower rasting fu wvalues of emperor
penguins at sea were the minimum 1 h
resting fy values found duning prolonged
surface intervals. These lower fy values
may ocour during sleep and reflact a
lower metabolic rate induced by sleep
[Stahel at al 1084, Dewasmes et al. 1980,
Halsey et al 2008). Thus, in our analyses
of dive fn, we consider the resting fu of
73 and 56 beats min™ to represent the
upper and lower limits of resting fu,
respectively (Fig. 7], and, consequently,
the upper and lower thresholds for fi
assodated with a resting level of muscle
blood flow.
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Fig. 4. Aptenodytes forsten’. Dive heart rate (fy) (total nomber

of heartbeats/dive duration) versus dive duration for emperor

penguins (EF) at sea. Individual birds are denoted by color; dive depth categaries [shallow: <50 m; intermediate: 50250 m;
deep: =250 m) are denoted by symbols [see key; o= 4 birds, 392 dives)

Dive behavior

Dive durations and maximum depths of dives of
emperor penguins in this study (Fig. 14, B) were typ-
ical of those reported in previous stodies of free-
ranging emperor penguins on foraging trips to sea
during the chick-rearing pernod (Kooyman & Kooy-
man 1985, Kirkwood & Roberison 1097, Wienecke et
al. 2007, Sato et al. 2011, Williams et al. 2012) and of
dive durations of emperor penguins at the isolated
dive hole (Ponganis et al. 2001, 2007, hMedir af al. 2008,
Sato et al. 2011, Williams et al. 2011). The tightly cou-
pled positive relationship between dive duration and
maximum dive depth (Fig. 1C) during foraging trips

to sea was similar to results from prior studies of free-
ranging emperor penguins (Kooyman & Kooyman
1905, Sato et al 2011). Despite the exclusion of dives
less than 1 min in duration, the grand median dive
duration was 3.08 min (range = 1.00-3.42 min; Table 1),
below the ADL of 5.6 min.

Heart rale profiles during dives

Examination of individual f; profile patterns re-
vealaed notable differences between shallow (<50 m)
and deep [>250 m) dives. In shallow, short-duration
dives, the overall fy pattern was similar to that
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Fig. . Aptenodyies forsien . Total dive heartbeats versos dive duration for the present shudy of emperor penguine diving at sea
[0 = 4 birds, 344 dives) and the Meir et al. (2080E) stody of emperor penquins diving at an isolated dive hole (o =9 hinds, 125 dives)
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observed in other free-ranging penquin spedes
(Green et al 2003, Froget et al. 2004) and in emperor
penguins making short dives at an isolated dive hole
[Mair at al. 2008). The fuy profile pattern of these
dives was characterized by an initial rapid decreasa
in fu from pre-dive values, followad by a gradual
dedline in fy throughout the dive to a level some-
times below that at rest, and lastly, an increase in
fy during ascent (Fig. 2A). Although shallow, short-
duration dives of emperor penguins had f,; profila
patterns similar in shape to those of free-ranging
birds of other penguin spacies, the f; values during
these shallow dives were muoch lower in emperor
penguins than in the other species. Instantaneous fi
and overall dive fi of these shallow dives were lower
on both an absolute and a relative-to-resting basis
than in the other 2 penguin species. Therefore, if
there is a trade-off between the elevated fy of the
exercise response and the depressed fy; of the dassic
dive response in emperor penguins, the response of

the emperor penguin is much doser to the dassic
dive response than those of other penguins.

In contrast to shallow dive profiles of emperor pen-
guins (both at saa and at an isolated dive hola) and all
dive profiles of free-ranging king and macaroni pen-
guins, the fy profile pattern of emperor penguins in
deep, long-duration dives differed in that the gradual
decline in f; during early descent culminated in a
savere bradycardia to as low as 10 beats min-? during
late descent and during the bottom phase of the dive
({Figs. 2, 3, 8). Dives to intermediate depths had less-
intense bradycardias than the deep dives, but rates
were lower than during shallow dives (Figs. 2B, 8).

The extremely low fu during late descent or near
the greatest depth of deep dives may serve to limit
pulmonary gas exchange as well as peripheral parfu-
sion during this segment of the dive. In addition to
conserving respiratory Oy for potential use later in
the dive, the extreme bradycardia should also limit
nitregen absorption at maximal depths of deep dives,
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Heartbeats

Heartbeats

Maximum dive depth fm)

Fig. 7. Aptenodytes forshers. Tofal dive heartheats [squares) and heartbeats to reach resting heart rate (f;,; tiangles); (A) 56
beats min~! [present study) and [B] 73 beats min~! (bdeir ot al. 2008 versus mazimom dive depth for emperor penguins (EP) at
sea. Individual birds are denoted by colar (see key; n = 4 binds, 105 dives in A, 301 dives in B)

a potential advantage in avoidance of decomprassion
sickness. The decrease in cardiac output associated
with a bradycardia of 10-20 beats min-! would also
limit perfusion of central organs and musde, de-
creasing the rate at which blood Ok is consumed and
isolating muscle from the circulation. During this bot-
tom phase of deep dives, stroke rates are highest
(Williams et al. 2012}, so the locomotory musde, iso-
lated from the circulation, is most probably depend-
ent on myoeglobin-bound O; for maintenance of aero-
bic metabolism.

Heartl raie and the potential for muscle blood flow
during dives

In 27 % of all dives, the dive fy was less than the
Iower limit of fu at rest (56 beats min™). In 45% of
dives greater than the ADL and 18% of dives shorter
than the ADL, dive fy demonstrated a true brady-
cardia across a range of dive depths at sea (Table 2).
Additionally, the degree of bradycardia during dives
increasad with dive duration (Fig. 4). Such low fy val-
ues (even relative to surface fy or resting fy) have not

10
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bean reported in free-ranging macaroni and king pen-
guins (Green et al. 2003, Froget ot al. 2004). Lower
dive fy of emperor penguins at sea suggests relatively
lower organ blood flow and lower muscle blood flow
than in other penguin spedes, with slow depletion of
blood Oz and greater dependence of aerobic muscle
metabolism on the higher Oy content of muscle in em-
peror penguins (Fonganis et al 2010, 2011). The myo-
globin concentration of emperor penguin locomotory
musdle is about 1.5 to 2 times greater than in other
penguin species (Weber et al. 1974, Baldwin et al.
1084, Ponganis et al. 1890b). Thus, while the distribu-
tion of O9 stores is similar in emperor and king pen-
guins, emperor penguins have higher musde myoglobin
concentrations and greater muscle O stores (Ponganis
et al. 2010, 2011). Consaquently, in regard to muscla
metabolism, emperor penguins would be more toler-
ant of muscle ischemia and depressad fy; than other
penguin species. In addition, due to their large size,
the locomotory effort of the emperor penguin is po-
tentially less than that of other penguin spedes, lead-
ing to a lower muscle metabolic rate and myoglobin
desaturation rate (Sato et al. 2010). Thus, both larger
musde J; stores and less locomotory effort in em-
perr penguins probably make them more tolerant
than other penguin species of lower fy and less
muscle perfusion during both shallow and deep dives.

It is also notable, in regard to potential restriction of
muscle blood flow during dives at sea, that the total
number of heartbeats in dives of equivalent duration

were similar in emperor penguins at sea and at the
isolated dive hole (Fig. 5). Given that the number of
wing strokes for dives of equivalent duration was
greater at sea than at the isolated dive hole (Sato et al
2011}, the similarity betwean total heartbeats for dives
of equivalent duration at sea and at the isolated dive
hole suggests that the relationship of muscle work ef-
fort and fy (i.e. musde blood flow and O delivery) is
even more restricted at sea than at the isolated dive
hole, resulting in greater dependence on myoglobin-
bound 0. Alternatively, one might propose that se-
lective dilatation of the locomotory muscle vascular
bed as demonstrated in diving ducks may also occur
in penguins (Bevan & Butler 1892). Souch dilatation
during dives at sea could then account for a greater
distribution of cardiac output to musde and, thus, al-
low more musde blood flow per heartbeat. However,
this has not been investigated in diving penguins. In
addition, fy; of the diving duck is much higher, even
on a relative basis (Bevan & Butler 1992), than that of
diving emperor penguins.

Comparison of the ralationships of total number of
heartheats and total number of wing strokes with dive
duration offers additional support for a reduction in
muscle bloeod fow in prolonged dives of free-ranging
emperor penguins. The total number of heartbeats in
a dive leveled off at approximately 6 min duration
{Fig. 6B); in addition, for dives between 6 and 10 min
of individual birds, the total number of heartbeats is
within the same range. In contrast, the total number of

11
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strokes during dives of emperor penguins at sea in-
creasad linearly with dive duration, with 10 min dives
having nearly twice the number of strokes as 6 min
dives (Sato et al. 2011). Despite a 2-fold increasa in
the total number of strokes between 6 min and 10 min
dives, there is no increase in the total number of
heartbeats, which again would suggest a greater re-
liance on musde myoglobin and less muscle blood
fAow relative to stroke rate for longer dives.

Although myoglobin desaturation profiles of diving
emperor penguins have demonstrated that musde
blood flow may ocour during dives [Williams et al.
2011), the findings of the present study do not offer
any evidence that there is a coupling of stroke rate
[muscle workload) and fy, as in a classic exercse fiy
response of even as in the exercise-modified dive
response suggested in other penguin species and,
more recently, in dolphins and seals (Butler 1988,
Green et al. 2003, Davis & Williams 2013). The lack of
coupling of fi; and stroke rate is reflacted, especially
in deeper dives, by the fact that the lowest fy; values
in the deepest dives of emperor penguins (Fig. B) oc-
curs at a time when previously measured stroke rates
are near maximal levels (Williams et al. 2012). Simi-
larly, although muoscle blood flow may be enhanced
by increasing fy during ascent (Figs. 2, 3, 8), stroke
rate is declining during this period [Williams et al.
2012). The same conclusion of a lack of coupling of
stroke rate and fu was also reached from fy and
stroke rate analyses during dives of emperor pen-
guins at an isolated dive hole (Meir et al. 2008).

In contrast, because fy; and stroke rate during dives
at sea are always highest during initial descent
[Figs. 2 & B) (Williams et al. 2012}, it could be argued
that muscle blood flow matches work effort at least
during this period of the dive. However, during this
time, at least in dives at the isolated dive hole, venous
partial pressure of Oz {Fo2) and hemoglobin satura-
tion are usually increasing, sometimas to arterial law-
els (Meir & Ponganis 2009). With increasing venous
saturations it is unlikely that there is muscle blood
flow and muscle O extraction; if there were such
flow to exercising muscle, venous saturation should
decrease. Indeed, it has been suggested that arterial-
ized venous bload O, lewals early in the dive are con-
sistent with flow-through peripheral arterio-venous
shunts (Ponganis et al. 2009). Thus, the regulation of
musde blood flow during dives of emperor penguins
at sea still requires further investigation.

It should be noted that in shorter, shallower dives,
emperor penguins exhibit a range of fy; responses in
relation to resting fi; Himits, and therefore the muscle
blood flow response may be wariable during these

dives. For a large proportion of short, shallow dives,
the fy response of emperor penguins resembles that
of other penguin species with a high potential for
muscle blood flow and reduced dependence on myo-
globin. However, when dive fy exceeds resting fy
in shallow dives, it is still unknown whether diving
emperny penguins perfuse muscle or possibly utilize
peripheral arterio-venous shunts to enhance blood
0z levels (Ponganis et al. 2008, Williams et al. 2011).

Hearl rale and the polential for pulmonary blood
flow during dives

The higher fy values dunng short-durmation, shallow
dives imply more polmonary blood fow, greater
potential for gas exchange and more rapid utilization
of the respiratory Os store than during deep dives.
Although overall fy is slower in longer dives (Fig. 4),
the total number of heartbeats is maximal during these
deeper dives secondary to (1) the duration of the dive,
2] the greater number of beats during early descent,
and (3) the gradual inrease in fy; during long ascents
(Figs. 2, 3, B). Thus, despite an overall low dive f; and
axtreme bradycardia during the late descent and bot-
tom phases of the deepest dives, the cumuolative poten-
tial for pulmonary blood fow and gas exchange is
maximized during these dives, consistent with the in-
creasad diving air volumes determined in deaper dives
of emperor penguins (Sato et al. 2011). Owerall whiliza-
tion of the respiratory Oy store should be slower under
such droumstances, although gas exchange is proba-
bly greatest early in the dive, when f; values are high
{Figs. 2, 3, 6—8) and when air movement throwgh the
parabronchi of the lung is increased by high wing
stroke rates (Boggs et al. 2001). Higher fi; values and a
maximal number of strokes during this phase of deep
dives (Figs. 6—8) support this suggestion. As already
discussad, the severe bradycardias during the late
descent and bottom phases of deep dives would limit
gas exchange at great depths, a potential advantage
for Bmiting nitrogen absorption as well as conserving
respiratory Oy for uhilization during the increasad fiy
periods during ascent, as recently proposed for deep-
diving sea lions (McDonald & Ponganis 301Z).

Heart rate variability: a multi-factored response

Although the greater part of this discussion has
been devoted to variations in f; and implications
for pulmonary gas exchange and muscle blood flow,
individual dive f; variability is also likely influenced
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by an assortment of endogenous and exogenous fac-
tors. In short, shallow dives, physiological vanability
has been documented not only in fy responses but
also in lavels and rates of blood O, deplation and in
diving air volumes (Meir & Ponganis 2008, Sato et
al. 2011). fu and other physiological responses are
dearly dependent on the nature and droumstances
of individual dives (Furlla & Jones 1987, Jones et al.
1088, Noren et al. 2012). For example, extremely low
dive fy; (range = B-17 beats min™) in a few short-
duration dives in this study corresponded to dives
with very short surface intervals {descent following a
limited post-dive surface interval of <5 s). After such
shaort surface intervals, low dive f; in the subsequent
dive may function to conserve partially loaded O
reserves resulting from the abbreviated surface
interval and may also reflect uncertainty about the
timing of the next surface perod. Future fy studies of
free-ranging emperor penguins should aid in the
interpretation of dive responses in relation to specific
behaviors and droumstances of individuoal dives {Le.
hunting, prey capture, travelling, and escape].

In summary, we have investigated the diving fy re-
sponsa of emperor penguins during foraging trips at
sea. We confirmed that: (1) dive fy varies inversaly
with dive duration; (2) a significant proportion of dives
have dive fy values that are less than the value at rest,
and dive fy of dives greater than the ADL is lower
than dive fy of dives less than the ADL; (3) the total
number of heartbeats in dives of equivalent duration
at sea was similar to that of birds diving at an isolated
dive hole, but dive profiles, espedally in deeper dives,
had differant fy; patterns; (4) a profound bradycardia
oocurs during deep dives; and (5) the total number of
heartbeats, and thus the cumuolative cardiac output, is
maximized in deep dives due to (a) the duration of the
dive, (b} higher instantanaous fi and a maximized
number of heartbeats during early descent, and (c)
the increase in fg during the long ascent.

fy values below resting rates during long-duration,
deep dives at sea are consistent with consarvation of
blood and respiratory (O stores and with significant
reliance on myoglobin-bound O, for asrobic muscla
metabolism. Crur findings suggest that adjustments to
diving fy; preserve blood and pulmonary O, stores
during deep dives by: (1) maintaining higher fy to
promote gas exchange during early descent and, per-
haps, ascent pericds, [2) lowering fy to decrease gas
exchange during deep portions of dives, and (3)
limiting musde blood flow. In contrast, i values dur-
ing short-duration, shallow dives are usually higher,
implying a greater potential for muscle perfusion,
and perhaps also arterio-wvenous shunting.
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Abstract The evolutionary process of adaptation to an
obligatory aquatic existence dramatically modified cets-
cean brain sructure and function. The brain of the killer
whale ((Oreinus orca) may be the largest of all taxa sp-
porting & panoply of cognitive, sensory, and sensormos
ahilities, Diespite this, examination of the (. oros brain has
been limied in scope nesulting in significant deficits in
knowledge concerming its strocwre and functon, The
present sudy aims to describe the nowral organization amnd
poential function of the (. oroe brain while Inking these
raits o potential evolutionary drivers. Magnetic nesonamnoe
imaging was used for volumetric analysis and thoee-di-
mensional reconstruction of an in s postmortem 0. orca
brain. Measurements wene determined for contical gray amd
cerehral white matter, suboortical nuclei, cerebellar gray
and white matter, compus callosum, hippocampi, superior
and inferior colliculi, and neumendocrine stroctures. With
cenchral volume comprising 81.51 % of the total brain
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volume, this (. orce brain & one of the most corticalized
mammalian brains smdied to date. (. orca and other del-
phinoid cotaceans exhibit isometric scaling of cenchral
white matter with increasing brain size, a trait that vidates
an otherw ise evolotionarily conserved cencbral scaling Law.
Using comparative neorobiology, it & argoed fat e
divergent cerchral morphology of delphinoid cetaceans
comparad to ofwer mammalian taxa may have evolved in
response b0 e sensorimotor demands of the aguatic
environment Forthemmore, selective presures associaed
with the evolution of echolocation and unihemispheric
sleep ae implicated in substroctre morphology  and
function. This neuroanastomical dataset, heretofore absent
from the lierawre, provides impontant quantitative data to
test hypotheses regarding brain strocwre, fonction, and
evolution within Cetacea and across Mammalia

Keywords Ceotacea - Delphinoidea - Killer whale

{Orednus onca) - Magnetic esonance imaging (MRT) -
Neuroanatmy - Cerchral scaling

Introduction

Many species of Cetoea (whales, dolphins, and porpoises)
possess exceptionally large brains charasterized by distinct
structural and diverse newmonal morpholegy (Oelschlager
and Oelschliger 2009, Buotti et al. 2014a), unique onrtcal
topography  (Ladygina et al. 1978), and unparalleled
gyrencephaly (Manger et al 2012). Cetacean species of e
superfamily Delphinoddea, a group comprising the Del-
phinidae and their relatives, atmin some of the largest
melative brain sizes amomng extant mammals, which ane
comparable to and in some cases surpass that of nonhuman
anthropoid primates (Marino 1998, Marino ot al. 2004da;
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Ridgway and Brownson 1984). Delphineid brain size
evolution may be driven by developmentsl prolongation,
increased information-processing demands imposed by
complex social systems, or obligate existence within e
nuarine environment. Global enlargement of the delphinodd
brain may be asocisted with profracied pre- and postnatal
development periods (Charvet and Finlay 2012; Whikhead
and Mann 2000) characterized by prolonged matermal
investment {ie., gestation and laetation phases; Barton and
Capellini 2011, Whitchead and Mann 200{) that serve to
extend the duration of newronal and glial cell production
{Charvet et al 2011). Selection for enhanced social ong-
nition permiting behavioral flexibiity to negotiaie inter-
actions with conspecifics may also be msociated with
delphinoid encephalization {(Connor 2007; Dunbar 1998,
Shultz and Dunbar 2006). Alternatively, or additionally,
e large size of the delphinoid brain may be atributed to
hypetrophy of neural sroetures fat mediste seoustic
processing of echolocation and communication signals and
acougticomotor integration (Ridgway 1986, 1990, 2000,
Oelschldger 2008; Hanson et al. 2013). The ahiity of
delphinoid cetaceans to rapidly integrate and process
auditory stimuli is eritical for prey detection, predator
avoidance, navigation, and communication with con-
specifics in the manine environment, where sound trans-
mission is considerably faster than in air and alkbemaie
reliable sensory input is limited (Oelschliger 2008; Au and
Nachtigall 1997, Tyack 1990 Warzok and Ketten 1999

Cuantitative examination of the hypenmophy, regression,
or loss of newral stoctures using magnefic TesDRAamoE
imaging {(MRI) may provide functional and evolotionsary
insights into delphinoid newroanatomy. MRT has been used
i examine the neurcanatomy of an assontment of delphi-
noids, including the Atlantic white-sided dolphin (Lages-
orfynchus acunes, Monte of al. 2007, 2008), beluga whale
(Delphinaprenis lewcas, Marino et al 2001a; Ridgway
et al. 2002), bottlenose dolphin (Tursiops rscarus, Han-
son et al 2013, Ridgway et al. 2006; Marino et al. 20d1c,
200ad), commaon dolphin ( Delphinus delphis;, Alonso-Famé
et al. 2014; Haddad et al. 2012; Marino etal 2001b, 2002,
Bems et al. 2015; Oelschliger et al. 2007), harbor porpoise
(Phocoena phocoens, Marino et al. 2003), kiler whalk
(Oreiries orcda;, Marino o al 2004b), pantropical spoted
dolphin (Srenella areners, Haddad et al. 2012, Bems
et al. 2015), spinner dolphin (Srenelle kwgirosiris orien-
tnlis; Marino et al. 2004c), and striped dolphin (Srensfle
coendeola; Alonso-Famé et al. 2014). Ako, smdies
implementing MRI for quantitative snalyss and three-di-
mensional {30) reconstructon of nouwrcanstomical strwe-
tres have been performed in a range of delphinoid species
of varying ontogeny (Hanson et al. 2013; Montie ot al
2008, Marino et al. 3001, c, 3002, 20de, d). However,
detailed morphometric analysiz of the newroanstomy of O,
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orcs, he largest delphinoid cetacean, with possibly the
mod voluminous brain of all mammals (Ridgway and
Hanson 2014), has not been conducted. To date, new-
roanatomical assessments of (0. orce have boen limited in
soope, encompassing descriptive studies of gross mor-
phology { Marino et al. 2004h) and brain stem anatony {De
Grasf 1967) in addition to measurement of mass rela-
tionships (Ridgway and Brownson 1984; Ridgway and
Hanson 2014; Ridgway and Tarpley 1996; Filleri and Gihr
19700, mid-sagittal area of fe compus callosum { Tarpley
and Ridgway 1994; Keogh and Ridgway D008), callossl
fiber composition (Keogh and Ridgway 2008), newron
number per cortical unit (Poth et al. 2003), and ven
Economo newons (Hof and Van Der Guocht 2007). Con-
soquentdy, acquiziion of MRIderved newroanatomical
messurements and a global 3D atlas of 0 orca nouro-
maorphology are impontant for expanding knowladge of O,
o biain structure and potential funetion, making cross-
species comparipons within the Cetacea, and examining
mammalian brain evolwton.

Thermefone, in this study, MRTHeased measunements and
D reconstructions of an . orce brain, acquired while
intact within the nevrocranivm, are presented. MR images
wore manuwally segmented into regions of inerea (ROIs)
for quantitative analysis and 3D volume endering. RO
encompass: (1) cortical gray and cenebral white matter, {2)
subcontical nuclel (ie., candaie nuclei, putamina, globi
pallidi, and halamic nuclei), (3) cerebellar gray and whie
matter, (4) corpus callosum, (5) hippocampi, (6) superior
and inferior colliculi, and (7) neuwroendocrine strectures
(ie., pinzal and pitvitary glands). O orce newrcanatony is
discussed as it melates to the evolutionary adaptations of
delphinoid cetaceans to the manne environment and
miammalizn brain evoluion with comparizons across @xs

Materials and methods
Specimen

The specimen examined in this study was the in =it
poestmoriem brain of a male 544 cm, 2368 kg 0. arcz aged
12 years. This . orca was not yet physically matune
compared to congpecifics in this population. The cause of
death was acute intestinal vobulos (Begeman et al. 2013)
and non-newrelogical in natre. On ecropsy examination,
the head was separated from the body at the atlanto-oc-
cipital joint (Fig. 1) The specimen was piopared for
insertion into the 3 Teslh MR scanner bore (diameiern
G em) by removing soft tissuwes (ie, cranial blubber,
acoustic faf, muecle, and connective tissue) and reducing
cranial bone by repeated cuts (Fig. 1) MRT was performed
within 30 b of death.
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Fig:1 . orra head with soperimposed coniom exiending 2 few
verishrae heyond the sthnto-oodpital joint. Line indicate whers oot
wer made in preparing the specimen for MRT. Mostration by Shamon
Hirzer

Ethics statement

Mo live animals were usad for this sudy. The . orca
specimen was examined opporunistically during post
maorbem investigation.

MRI protecol

The zize of the specimen (width = 30.5 cm x height =
240 cm = anensposterior length = 226 em) was at the
upper limits of the imaging capability of the body gradient
onil of the MRT scanner, while allowing data collaction asa
single acquizition MR images were acquired in the frontal
plane with a 3 Tesla General Eleciric (GE) scanner (GE
Medical Systems, Milwankee, W1, 1'SA) at the University
of Califomia, San Diego Center for Fonctional MRT T2-
weighted images were acquired using a 2D fast spin echo
(FSE-XL) imaging sequence with fwe folowing protocol
paameters: echo time (TE) = 48 ms; repetition time
(TR) = 600 ms inversion dme (TT) = 450 ms; 10 aver-
ages, field of view = 48 = 48 em; in-plane matrix =
512 = 512, in-plane resolution = (.93 mm; slice thick-
ness = | mm. Total imaging ime was 1 h 57 min.

RO delineation, quantitative analysis, and 3D
reconst ruction

BRIz wenre delineated by manual image segmentation
(Fig. 2) of the MRI dataset using AMIRA softwane (FEI
Vissalization Sciences Group, Burdingion, MA, USA)
Segmentation was hased on image grayscale intensity and a

prior knowledge of derived neural features characeristic
of odontocete cetaceans (toothed whales, dolphins, and
pompoises) and general mammalian neuncanatony, spatial
relationships, and extermal landmarks. Thresholding for
signal intensity was usad whene possible; however, due to
the large zize of the specimen relative to the MR scanner
bore, there was signal inhomogeneity acoss the bdasme,
rendering sutomatic segmentation ineffective. However,
given he | mm isstropic resolution of the datsset, accurae
parcellation of many complex fructures was possible.

To accurabely delineaie gray and while maiter within e
total brain, cershrum, brainstem, and oenebellum, exclusion
of neurocranial adnexa such as the meninges, cenehral fabe,
cerebellar entorium, cerebrospinal fiuid (CSF), and retia
mirahilia was undenaken. The final delineated ceneboum
included the cortical gray matter | neocorex and alloconex)
and cerchral white matter. Subcortical nuclei parcellaed
wire the head of the candate nucled, composite st
of the putamina and globi pallidi, and thalamic nuclei
Basal ganglia nuclel deat could not be reliably visualized
and delineated were included with cerebral white matter.
The delineated brainstem comprised both gray and whike
matter sructures of fe midbrain, pons, emergent censhel-
lar poduncles, and medulla ohlongata anterior to the fora-
men magnum. The cerchellum was separated from the
brainstem consistent with e guidelines described by
Pierson of al (2002). The final delineated cerehellum
included the cerebellar hemispheres and vermis. Cerehellar
nuclei could not be meliably parcellated and were conse-
quently included with cerebellar white matier.

The corpus callosum was delineated through identifi-
cation of anterior-posterior, dorsalventral and lsteral
boundarics. The callosal suleus and cingulate gyms served
a5 the anterior, dorsal, and ventral boundsries of the conpus
callosum. The lateral ventricles and candate nuclel formed
the posterior bomndary of the corpus callosum. In frontal
view, the lateral extent of he corpus callosum was
delimited by tracing a strajght horizontal line from de
posterior-most bomdary of the cingulom to fe ipsilsteral
lateral ventricle or candate nucless. This protocol pemit-
ted the delineation of the genn, tuncus, and spleniom of
the oorpus callosum while endeavoring to exclude the
callosal radistions (foroeps minor, tapetum, and foreeps
major) to swrounding white mater. Within the midline
sagitm] section, the owter coniour of the corpus callosum
was segmented.

The smdies of T. rrsncenes neuroanaiomy by Jacobs
ot al. (1979) and MeFarland et al {1969) aided identifica-
tion of anatomical landmarks and hippocampal boundaries,
and were essential to the development of e hippocampal
segmentation protocol for the present study. Moreover,
Home saplens hippocampal protoocols {Morey et al. 2005,
McHugh et al. 2007, Knoops et al. 2010) were adapted for
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Fig.2 Pl peoagitad MR image and comesponding fromtal MR
images of the 0. orca brain with mpresentative manmal parcellation of
regions of mterest (ROKk) Paralld vertcal lnes (a-¢) on the
parsagial MR image represent the frontal planes of secson. ROIs
nclade contical gray matter (dark gray), carebral white matter (lighr
blue), cerebellsr gray matwer (Gght gray) ceebellar white matter

0. orca hippocampus delineation. The ventral-anterior
boundary of the hippocampus was demarcated by both the
alveus, a thin white matter tract that separates the amygdala
and hippocampus, and ventricular CSF. Continuing dor-
sally, CSF, choroid plexus, and the pulvinar thalami
defined the anterior boundary of the hippocampus. The
most dorsal boundary of the hippocampus was measured
where the total length of the fomix was discernible. The
whie matter of the temporal lobe served as the posterior
boundary of the hippocampus Lateral and medial hip-
pocampal boundaries were formed by the CSF of the lateral
ventricks and subarachnoid space, respectively. The term
hippocampus refers to a complex of subfields including the
dentate gyrus, hippocampus proper, and subiculum. These
hippocampal subfields were visually indistinguishable in
this dataset and were consequently delineated as a singular
complex and collectively designated as hippocampus.

The neuwroendocrine structures of the pineal gland,
anterior pituitary (adenohypophysis), and posterior pim-
itary (neurohypophysis) were also delineated.

Following image segmentation, ROI areas, volumes,
and three-dimensional reconstructions were generated.

Q) springer

(dark blur), bminstem (pink), corpus callosum (dark greem), hip-
pocampi (rad), superior colbiculi (ighr greem), mferior collicali
(oran ge), halamic mdei (hlack), putamina and globi pallidi (ydlow),
and cmdate maclei pawple). Anmomical direcSons A @nwesor),
P (posterion), D (domal), V (ventral), R (right), and L (lef). Saale bar
=5 cm

Neurcanatomical measurements included the total brain
volume, total gray and white matter volumes, total cere-
brum volume, cortical gray and cerebral white matter
volumes, aggregate subcortical nuclei voume, candae
nuclei volume, putamina and globi pallidi volume, thala-
mic nuclei volume, total brainstem volume, total cerebellar
volume, cerebellar gray and white matter volumes, corpus
callosum volume and mid-sagittal area hippocampal vol-
umes, superior and inferior colliculi volumes and maximal
cross-sectional areas and neuwrcendocrine structure vol-
umes. Total brain volume was multiplied by the specific
gravity of brain tissue [1.036 g/enr’; Gompertz 1902; Ste-
phan 1960] to calculate brain mass. The percentage of the
total brain occupied by a ROI was determined for each
structure. The ratios of whie matter volume relative to
gray matter volume were derived for the total brain, cere-
brum, and cerebellum. Callosal mid-sagittal area to cal-
culated brain mass (CCA:BM), cortical gray matter volume
to callosal mid-sagittal area, inferior colliculi volume to
superior colliculi volume, and inferior colliculi cross-sec-
tional area to superior colliculi cross-sectional area ratios
were ako calculaed. To control for dimensional
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inconsigency (Smith 2003), the ratics of he mid-sagittal
corpus callosum area io the caleulated brain mass (1) and
the cortical gray matter volume to the callosal mid-sagittal
area (2) were determined with the following equations:

|+/eallosal mid = sagitial area (e’
[ 4/calculated brain mass (z)]

(1)

{ [{.-"cmuca] gray matter volume Ecmi]]} )

[a,;"m]]nu] mid — sagittal ama [uni]]

To determine scaling relationships between cortical gray
matter, cenchral whie matter, and cershrum volumes in
relation to tot] brain volume, hivariate reduced major axis
(RMA) regression of logg-transformed volumetric data
was performed with BMA for JAVA 1,21 (Bohonak and
van der Linde 2004} to calculate scaling exponents {x).
RMA regression was applied becawse both variables wene
subject to natural variation of measurement ermor, rendering
ordinary linear regression inappropriaie {Hofman et al
1986). Ar est was performed acconding o McArdle (1988)
i test for the deviation of scaling exponents from isometry
{2 = umity).

Amnotated MB images

Annotated MR images of e (. oreg brain are provided in
Online Resource 1.

Remults and discussion
(ray and white matter: total brain

The total brain volume for this € orc was 6211.30 em?
(Table 1; Fig. 3). Total gray mater volume was
367674 em® (Table |; Fig. 3), while iotal while matier
volume was 237488 em? {excluding the newrchypophysis
and brainsiem gray and white matter strctures; Table 1,
Fig. 3). In this (. orca, the gray matter volume relative to
intal brain volume was 5919 %, wheeas relative whike
matter volume was 3823 %, constituting neardy e
remainder of brain volume. With 3758 % of total brain
volume ecoupied by white maiter, the relative white matter
extent of L. acwes, 2 small delphinid, is comparable to te
much larger . orca with a brain volume 5 times the size of
that of L. acwnes (Monte et al 2008). In conirast, e

ion of total gray matter in (. orce is larger than that
of L acuts (5547 %; Montie et al. 2008). Similar to L
aeiefies, the brain volume of A saplens is 5 times less dan
this (. orca with a relative gray mater volume of 5538 %
(data from Walhowd et &l 20011; Pakkenberg and

Gundersen 1997, Rilling and Inse]l 1999b). The amount of
white matter relative to total brain sze in H saplens is
relatively large (42.65 %) compared o both . oroe and L
aeurws. This finding suggests that the architectune of e
delphinid brain emphasizes high local connectivity that
minimizes conduction delay and increases compuotational
power {Wen and Chiklovskii 2005). This rapid processing
power would appear to be necessary for the evolution of
echalocation in delphinids such & 0. orea and L gt
living obligately within an aquatic environment that
increases sound velocity.

Gray and white matter: cerebrum

The expansive oortical gray matter of thiz 0. arca exhib-
ied dramatic gyrification and sulcation, consistent with
priar reponts of cortical features in cetaceans (Ridgway and
Brownzon 1984; Hof et al 2005; Manger et al. 2012). The
cortical gray matter volume was 299952 em® (TaMe 1;
Figs. 3, 4), comprising nearly 50 % of the ital brain vol-
uwme. The volumes of the cerebral white matter (Tale 1;
Fig. 1), aggregaie subcortical nuclei (Table 1; Fig. 4), and
newroendocrine stroctunes (Table 1 Figs. 3, 5) expressed
as percentages of total brain volume were 33.26, 208, and
004 %, mespectively. The pineal gland (Fig. 5), whik
previously elusive in other cetacean species (for review,
Panin et al. 2012), was presumably identified in this Q.
orcr, however, histological evaluation is required for
confirmation, but was not possible for the present study due
to alteration of the specimen following MRI.

The cerchrum (cortical gray mater and cerchral whie
matter, excluding the hippocampus) of 0. arca constitutes
#1351 % of the tota] brain volume (Table 2). The profound
corticalization of this ¢ orcs (Fig. 3) may only be
excozded by the sperm whale (Physeter macrocephalus,
Ridgway and Hanson 2014), the largest odontocete ceta-
cean, and iz unwrpassed compared to other mammalian
taxa (Table 2; Clark et al. 2001), including H. sapiens for
which the cerchmm oocupies 76.18 % of the total brain
volume (Table 2; data from Walhowd et al 2011,
Paldkenberg and Gundersen 1997, Rilling and Inse] 19000).
These results ame consistent with previous research con-
ceming ). orcd cortical suwface area (Ridgway and
Brownson 1984). Voluminous cerebra are characterigtic of
delphinoid cetaceans with relative sizes ranging from 70.39
to T340 % of total brain size (Tahle 2) in five species (P.
phocoens, T runceius, Glhbicephala maerorhync s,
Gramgpus griseus, and 5. coeruleoalba) of varying brain
size (Hawg 1970; Hofman 1985, 1988). Mammalian conti-
cal enlargement has boen associated with prolonged
maternal investment (Barton and Capellini 2011) and
developmental period {Joffe 1997), sociality {Dunbar 1998,
Shultz and Dunbar 2006), and sensory specialization
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Tahle 1| Measwrements of nenml regions of imerest (ROTs) for . orm and §emtore review of neoroemesomical date avadlahle for odoninceds:

edareans
RO mismsoramant Wright at al Lieratrs review
0. aren 0. ancd Odontocai™™

Train mass (g) - (45 00.00-8500.00) (205005200 04457

Calonlased brain mass (g 643491 - -

Brain volome {an) &211.30 - {483 003650 02301
WM TIT4RR - (46704475 83"

(et IETETS - (67331 =TI8.55)°
WMGM” 065 - (066-0_T1)7

Cerebrom volome {am’) S065.55 - (Ba0.00-2045 om* "
Cerchm] WM i) - {135 00868 o0y
Cortical GM™# HE 5D - (205001177 00y
WMGMT 069 - {01.66-0 81210
% of brain® %155 = (0w 734070

Sohcarfical nuclei valome {cm’} 129,14 - -

% of brain® 208 - -
Candse nocls 1019 - -
Glahi pallid + poamin 1408 - -
Thalamic noclei 10486 = (180052 507

Nearendocrine volmme fm’) 165 - -

% of brain® 004 - -

e by oty sis 220 - (ﬂ_ﬁ_]_m:.uzuuls.m
Keamroh ypophysis 025 - 2"

Pinenl gland 0:20 - -

Brainsemn volume {am’) 15702 - {2 1.00-29.00°
% of bram" 353 - {4355 g%

Cerehellom volome m™) RSATT (727001588 00)° (92 A BSE 00
W MRS - (53IT-61T17
(it ol S4R08 - (110.42=113 67
wMGM" 056 - (0.47-0.58)"

% of bram" 13,80 {11 80-17.30F {5001 8 A= 1

Copos callosom volume: {om™) 7.9 - -

% of brain® 044 - -

Compos callosom mid-sagittal arm (o) 4719 (4478 2" (1 0 g3~
CCARM o1l (0.12-0.15)" {0.11-0.17)"™18
Cortical GMECCA! 696 - {4.71-5 g7y'2na

Hippocampus valome {cm™) 246 - (0.60=1 5)™1?

% of brain" 04 - {00015 1*

Lt 110 = (0.87=1 04y

Right 135 - {0.74-0_36)°
Sopetior collicnlos volome (cm™) 240 - -

% of brain® 004 - -

Laft 111 - -

Righe 129 - -

Sopesiar callicalns mavimal cross-sectional aea fmm*f* FI552 - (6001 18 50 A2
Lt 10842 - -

Right 12711 - -
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Tahle 1 continoed

ROI measwrement Wright et al. Literatore review
Inferior colicatos valume (am”) 607 - -
% of hrain™ 0.10 - -
Left 294 - -
Right 313 - -
Inferior colicalus maximal cross-secfional area (mm” [ 53086 - (75.40-296.10)' 40
Left 14627 - -
Right 28459 - -
IC volume-SC volume' 253 - -
IC cross-sectional arex SC cross-sectional area™ 225 - (220.28.30)"4®

Med“mﬁmh-anﬂlm'mﬂqOm calculated brain mass (g) - bnnvdmekm’) x bram Sissoe
specific gravity [1.036 glem'; Gunpu(l%Z):thn(w&)]‘ Wll'hem‘Gllnnﬂﬂ: WM:GM » white matter valume

(an’Mgmy mateer volume (cm') * @ " parcentage of total brain comprised by ROE ' (rA.BM-[mqi-dhnnmd-
agitnl xea cma)wlhknhhdb-nm.l(‘)]‘n ) Corscal GMCCA = [cartical gray matier volum, m’)] D 1l mid-sagittal

mea (an?)]"?; ¥ collicular cross-sectional aza (mm?) = [leagh (m) x widh (mm) x mji; "IC wal - inferior callicali
vdu@m’)l-puodimivdu(m’):‘lc jomal arenSC crosssectional area w infers cdlia:ir- Sonal area

(mm*Msupesior colliculi oross-sectonal aza (mm?)

! Pilleri and Giw (1970); * Ridgway and Hansm (zour Jacabs and Jemen (1964); * Pilleri (1972); * Ridgway and Brownson (1984); ©
Ridgway and Tarpley (1996); 7 Monse et d QOOS); * n-nq (1970); ® Hofman (1985); '° Hofman (1988); "' Marino & a. Q000); Wisadki
(1929); * Gibr nd Pillesi( 1969 ' Pilleri and Gt (196 ’G-ah?e(wm ' Pilleri and Gihr (1972); 7 Tarpley and Ridgway (1994); '*
Keagh and Ridgway QO0S); '® Patrke et al (2013); ¥ Chen (1979) * Oelschliger e al. (2010)

b d f

Fig.3 a Antesior, b posterior, ¢ dorsal, d ventral, e right prasagisal, (lgk blue), lhmtypqty- (red), nearchypophysis (orange),
md { left pprasagimal views of the 0. oraa brain segmented into (pink llx gray mater (sansuanr Bght gray),
ortcal gray matter @ranshuwenr dark gray), cembral whie mateer Mu&llﬁtm‘ﬂ“ﬂkb&l}hhhaSm
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Fig.4 a Antesior, b posterior, ¢ dorsal, d venral, e right parasagisal,|
md fldft prasagimal views of the 0. orra carehrum segmented into
mrtcal gray matter (randucent dark gray), corpus callosum (light

(Barton 1998, 2006) which are traits common to delphi-
noids, and the wider Odontoceti. Moreover, cortical size
has been suggested as a good predictor of cognitive ability
(Reader and Laland 2002; Byme and Bates 2007). How-
ever, recent studies propose that absolute neuron number,
irrespective of body size, may be a better determinant of
cognitive performance (Herculano-Houzel 2011; Roth and
Dicke 2005). A limied number of studies using unbissed
sereological methods have estimaed the total cortical
neuron number of cetaceans. P. phocoena and Globi-
cephala melas both have high numbers of cortical neurons;
moreover, G. melas has almost twice s many newrons as
H. sapiens (Mortensen et al. 2014; Wallge et al. 2010).
Considering the corpus of research on the cognitive abili-
ties of delphinoid cetaceans (for review, Herman 2010,
Wilrsig 2009, but cf. Manger 2013), it will be of great
interest to deermine the absolue neuron number of the
highly corticalized O. orea, thus offering an opportunity to
explore the intersection of delphinoid brain and cognitive
evolution.

A distinctive featre of delphinoid brain evolution is the
deviation from allometric scaling relationships between
cortical gray and white matter volumes that are otherwise
evolutionarily conserved Typical mammalian brain
allometry exhibits hyperscaling of cortical white matter

Q) springer

blue), hippocampi (red), candzte mudei (pellow), putamina and globi
pallidi (dark hiue), and thalamic nucled (pwple). Scale bar =5 cm

with increasing brain size (Barton and Harvey 2000; Zhang
and Sejnowski 2000). It has been proposed that larger
brains require thicker, more sbundant, and heavily-myeli-
nated long-range axonal connections between different
brain regions to minimize conduction delay, resulting in a
disproportionate expansion of cortical white matter (Wen
and Chklovskii 2005; Zhang and Sejnowski 2000; Changizi
2001). Curiously, the cerebral white matter of 0. orea, with
possibly the largest brain in the animal kingdom (Ridgway
and Hanson 2014), and of the delphinoids examined (data
from Haug 1970; Hofman 1988) scaks isometrically with
total brain volume, rendering a scaling exponent of
a = 1.059 [r est, degrees of freedom (df) = 3, P = 0.88]
and extending previous findings by Hofman (1989). Fur-
thermore, overall cerebral volume (cortical gray matter and
cerebral white matter) and cortical gray matier volume did
not depat from isomewry [(x= 1.045, r test, df =4,
P=0.85 and a = 105, rtest, df =3, P = 0.71, respec-
tively: data from Haug 1970; Hofman 1985, 1988]. In other
words, cortical proportionality is relatively fixed across
delphinoid species thus far examined with the proportion of
cortical gray matter and cerebral whie matter minimally
altered with brain enlargement. As a consequence, despie
a nearly 13-fold difference in brain size between 0. orca
and P. phocoena, relative cortical gray matter and cerebral
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Fig.5 a Antesior, b posterior, ¢ dorsal, d ventral, e right prasagisnl,
md f left parasagitnal views of the 0. orca adenchypophysis (red),

& pink), supesior colbicnli (light Hue), inferior collicali
{dark hiuc), md cerchdlar gy matter (randucens light gray). Scale

negrobypophysis  (oramge), pineal ghnd (gold), bminsem  bar =3 cm
Table2 Brain, cerdbmm (cortical GM mnd cerebral WM), carical GM, mnd cerebral WM volumes and p age of onl brain occupied by
these volumes I 0. oraz and other mammals

Brain (cm’) Cewbrum (cm’)* Cortical GM Cerebral WM % % Corticl % Cercbal

(cm*® (an’)* Cerebrum  GM WM

0. arca 6211.30 S063.10 297.07 W66.03 8151 4825 3326
Delphinaid 48300-278600 34000-2045.00 20500-1177.00 135.00-86800 70397340 3029.4244 27.95.3168
cetaceans? 33
ArSodactyls™* 1050048600  71.60-337.00  51.80-22600 19.80-111.00 6022-69.34 4650-49.33 1886-2284
Sirenians®” 2230043919 12746-283.01 - - 57166725 = -
Proboscidenns™ 388670414800 2460.10-2491.00 137870140200 1081.40-1089.00 60.05-63.30 3380-35.47 2625-2782
Asghmpaid 2310-12538  16.50-93354 11.70-506.88 480-426 66 6214.76.18 3R43.50.65 19.70-3482
primages® 101

* Exchiding hippocampus volume; ® GM gmy mater; © WAf white matter; ¢ exdoding 0. arca
' Haug (1970); * Hofman (1985 * Hofman (1988); * Schlenska (1974 * Meyer(1981); ® Pirlat and Kamiya (1985); 7 Reep and O'Shea (1990);
" Hakeem et al. 2005; ° Pakkenherg and Gondemen (1997); '° Riling and Insel (1999h); ' Walhovd e al. (2011)

whie matter volumes exhibit limited ranges of
3929-48.25 and 27.95-33.26 %, respectively, across del
phinoids (Table 2). Further cross-species studies are nee-
ded to determine whether isometric scaling of cerebral
tissues is a trait that is widespread within, or unique to, the
Delphinoidea, or that characterizes the wider Odontoceti or
Mysticeti  (baleen whaks), more generally. Studies
demonstrating callosal isometry in a range of cetacean
species (Gilissen 2006; Manger et al. 2010) tentatively

suggest that the isometric cerebral scaling observed in the
delphinoids studied to date may be a defining neu-
roanstomical feature of Cetacea.

The absence of cerebral white matter hyperscaling in
delphinoid cetaceans suggests that conduction velocity is
either compromised or optimized by alternative mecha-
nisms. Studies of auditory brainstem response in delphinids
measured laencies that were shorter than predicted on the
basis of brain size, indicating a higher conduction velocity
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compared to other mammals (Ridgway et al. 1981). Con-
duction welocity along mammalian myelinaied axons
increases with axon diameter (Hursh 1939), degree of
nuyelination (Waxman 1980), and neuron-glia interactions
(Yamazaki et al. 2007). The cranial nerves of delphinoid
cetaceans have the largest axon diameters reported for all
mammals {Gao and Zhoo 1991, 1992 Dewson ot al. 1982).
The cochlear nerve of Neophoosems phoc fdes, it
finless podpoise, conting giant swons a5 thick s 549 um
{Gao and Zhou 1991). The significant proportion of giant
axons within the cochlear nerve indicaies specialization for
rapid wansmizsion of acoustic stimuli in delphinoids (Gao
and Zhouw 1992). While delphinoid cranial nerves contain
the highest percentages of large-diameter saxons compared
o otheer mammals, they exhibit the lowest axonal densities
{Gao and Zhou 1992). The low axonal densities observed
across delphinoid species may account for the absence of
white matter hyperscaling in thes taxa. Momeover, low
axonal density suggests a relatively high proportion of
noureglia—astrocytes, oligodendrocytes, NG2-gha, and
microgliz—within white mater (Herculano-Houze] 2014).
Though glial subpopulations have not yet been quantified
in cetaceans, one siudy identified high astroglial content
within the optic nearves of S5 coerulasalba (subonder
Odontocet) and Balsenoprera physalis (suborder Mys-
ticeti; Marzatenta et al. 2001). Oligodendrocyies suppont
newronal funcion by producing axen-ensheathing myelin
that allows for faster sgnal propagation (¥ efkhratsky and
Buit 2013). Furthermmore, depolarization of oligodendmo-
cytes has been demonstrated to directly increase the con-
duction velocity of acfion potentials (Yamazaki et al
2007y, Thus, conduction velocity could be optimized in
delphinoids through amplifying interactions between axons
and ancillary oligodendmeytes Axonal gigantiem, low
axonal densities, and potentially high numbers of whike
maiter glial celk per axon in fe large brains of delphineid
cemorans indicate that different mechanizms to whie
matter hyperscaling evelved to suppont mapid information
processing acfoss greaker tranemission digances in this
EXOn.

The evolutionary process of adaptation to an obliganry
aquatic existence dramatically maodified cetacean brain
morphology and function. Lmometric scaling of cerebral
tisses with brain volume may have srisen due to rigid
constraints imposed by the marine environment on del-
phinoids. Indead, intethemispheric conmectivity (Gilisen
200, Manger et al. 2010), cortical surface anea (Ridgway
and Brownson 1984) and gyrencephaly (Manger et al
2012) also scale sometrically in the Odoninceti. Momeover,
odonincete middle ear hones exhibit isometric scaling
indicating that these echolocating mammals were under
considerable selective presmwe for the preservation of
cerntain auditory structure dimensions (Nummela et al

€1 Springer

19040 that conceivably enhanced underwater hearing abil-
ity. Considering the unique cercbral isometry of delphi-
mids, it may be suggested that significant advantages wene
gained from the mesriction of ceebral white matter
hyperscaling. The volume of cortical gray matter expressed
a5 a percentage of cerchral volome was 59,19 % for this 0.
oren and averaged 5784 % across delphinoids (data from
Hang 1970; Hofman 1988), comprising the majority of
cefebral space. Within e cerchium of delphinoid ceta-
ceans, the propontion of contical gray matter appears to be
larger than that of H. sapiens (54.30 %; data from Walhowd
et al. 201 1; Pakkenberg and Gundersen 1997, Rilling and
Insel 1990h) and the African elephant (Lewodona africans,
56.16 %; data from Hofman 1985, Hakeem et al. 2005), a
mammal with the largest brain among extant and extimet
terrestrial mammals. Conversely, the volume of cenchral
white matter relative o the total cerebrum averaged
4216 % across the delphinodds examined, compared to
4370 % in H. saplens (data from Walhovd et al. 2011,
Palkkenberg and Gundersen 1997; Rilling and Inse]l 199090)
and 4384 % in L. afdcans (Hofman 1985, Hakeem et al
2005). Delphinoids may have evolved this divergent ocor-
tical momphology in response to the sensorimotor demands
of the aquatic environment. Cortical gray matter contains
natworks of neurons that in large brains exhibit dense
clustering, high local connectivity, and sparse global con-
nectivity, resembling a ‘small-world' network { Bassett and
Bullmome 2006, Watts and Strogatz 1998). These “small-
world" propenties are thought to play a central mle in
cortical information processing by minimizing conduction
delay and enhancing computational power {Wen and
Chklovskii 2005). Thus, in the aquatic environment, whene
sound velocity is accelerated compared to air, increased
local conmectivity {gray matter) at the expense of global
connectivity {(white matter) in the cerebrum of delphinodd
cetaceans could poientially support rapid auditory analysis
and reduce motor response latencies to acoustic simoli
Selection for high local conmectivity and shont conduction
delay in the delphinoid conex is suggested by increased
cortical gray matter volume, unparalleled gynencephaly
(Manger et al 2012, Hofman 2012), unigue cortical
topography (Ladygina et al. 1978), commissural deficit
(Tarpley and Ridgway 1994), hemispheric asymmetry
(Ridgway and Brownson 1984), and functional lateraliza-
tion (MacMeilage 2013; Ringo 1991).

Though delphinoid cortical gray matter i expansive and
contains large numbers of newrons, neuronal density is low
realting in increased numbers of glisl cells por newron
(Monensen ef al. 2014, Wallse et al. 2010; Herculano-
Houzel 2014). The cortical glial cell to cortical newon
ratios of (7. melas and P. phocoena amre higher than that in
H. saplens (1.4:1) at 34:1 and 231, respectively
(Pakkenberg and Gundersen 1997, Momensen et al. 2014,
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Wallge of al. 2000). Moreover, Balsenoprera aciaoros
rrara, the minke whale, has one of fe highest ratios of
contical glial cells to contical newrons {7.7:1) sndied to dae
(Eriksen and Pakkenberg 3007). An increased number of
glial cells per mewron may be advantageous for species
inhabiting the aguatic envirsnment by enhancing newnonal
signaling and conferring newroprotective benefits; how-
ever, an atemative hypothesiz on the potential temaoge-
netic  function of cetacean glia has been proposed
previously (Manger 2006), albeit controversial and as yet
unaupported quantitatively (Marine of al 2008; Maximine
200%a, b). High numbers of astrocyies and oligodendno-
cytes could poientially suppon rapid processing of acoustic
information by regulating synaptogenesis (Ulian et al
2001}, enhancing synaptic efficacy (Pfrieger and Bames
19T, and increasing conduction velocity ( Yamazaki et al
20T, Astrocytes are relatively resistant to hypoxic con-
diticns (Swanson o al 1997), and affond newroprotective
benefits to adjacent newrons et are more volnerahle to
hypoxic insult. During hypoxia, astrocytes can avgment
glycaolytic capacity (Mamif and Juurlink 1999), downneg-
ulate synaptic activity (Mantin e al 2007), and upregulaie
erythropoietin  to  potentially  inhibit  hypoxia-induced
apoptosis {Roscher et al 2002). Thus, astrocyte-mediaed
neEOpretection may serve a oritical rolke for cetaceans
which spend the majority of their time underwater and ane
reliant on limited oxygen stores at depdh. Moreowver, higher
glial content per neuron may have permitted the ancestors
of extant cetaceans to successfully invade e aquatic
environment by enhancing hypoxia toerance and limiting
conduction delay. In support of this hypothesiz, a recent
study of cellular composition within the cerebral contex of
atindactyls, the closest phylogenetic relatives of cetaceans
{Gakesy et al. 2013), found high numbers of non-newronal
(presumably mostly glial) celk per newron (Kazu et al
2014). High non-newronal cell to newron ratios have also
been measwed in L affcana (Herculano-Houzel et al
2014y, one of the closest phylogenetic relatives to obli-
gately aquatic sienians {dogongs and manatees, Seiffert
2007, suggesting that increased numbers of ghal cells per
newron may have boen necessary i facilimte te evolr-
tionary transition from temeswrial to obligaimry aguatic
existence,

Gray and white matter: brainstem

The brainstem of his O arca occupied 2353 % of the total
brain volume at 157.02 em® (Table 1@ Figs. 3, 51 The
relative volume of he brainstem in this O, orce compared
i oiheer delphinoids is considerably small. The relative size
of the brainstem in P. phocoens, T. fruncams, and .
mucrorhynchus & 4.35, 438, and 683 %, respectively
{Haug 1970). The divergence in relative braingem volumes

across these species may reflect the greater conticalization
of {. arca in comparizon to other delphinoids. These dis-
crepant measurements may also arise from sampling error,
disimilar methodology, or differential shrinkage of
heterogeneous brain tissues in fivative (Kmetschmann et al
1982, Quester and Schroder 1997). The relative volome of
the brainstem in (). orea i larger than that of H sapiens
{1.97 %; Walovd et al 2011). This increased relative size
miay be ascribed to hypenrophy of various components of
the auditory, trigeminal, and motor systems {for neview,
Oelschbiger 2008).

Gray and white matter: cerebelum

The cerchellum of (). orca was voluminous, constimting
1380 % of the total brain size. Total cemshellar volume
was 85693 cm® (Table 1; Figs. 3, 5), consisting of gray
and whie matter wvolumes that were 54808 and
INRAS em®, respectively (Table 1) The large cerehellum
in . orea is consistent with previous measurements of
cerchellar size in ). onca (Ridgway and Hanson 2014), and
other odontocete cetaceans (Montie et al. 2008, Ridgway
and Tarpley 190G, Marino et al 2000; Pilled 1972). The
large cerebella nelative to ital brain size observed in del-
phinoid cetacesns may signal an integral role for the
cerehellum in acoustic processing and potentially higher-
order cognitive functions swch as leaming and memaory.
The paraflocculus, an suditory-associsted cenebellar region,
is particularly expanded in odontoceies and echolocating
bats ( Hanson et al 2013; Larse]l 1970) and may be vital for
acousficomotor proceszing related to sound production and
navigation {Oelschliger 2008) Moreover, anainmical and
functional MRT studies have implicated the parafiocoulus
in werhal working memory (lobules VIIa, VT, and IX;
Cooper et al. 2012) and episodic memory retrieval (lobulke
IX; Hahas ot al. 2009,

Corpus callosam

The volume of this (. erce compus callosum was 2719 em®
occupying 0.44 % of dw tow] brain volume and 132 % of
cerchral white matter volume (Table 1; Fig. 4). The small
volume of the 0. orca corpus callosum iz consisent with
previous messurements of callosal extent in other odonto-
cete species (Montie et al 2008; Tapley and Ridgway
1904; Keogh and Ridgway 2008). The mid-sagittal corpus
callosum area of this (. oree was 429 cm? (Tables 1, 3).
The ratio of the square root of the compus callesum mid-
sagittal area (cm? to the cube mot of the calculated brain
miass { g) [OCABM] was 0,11 (Tables 1, 3), ilustrating the
diminutive sze of the 0. orca compus callosum relative to
brain mass. Although this value fell below the range of
OCABM ratios (0.12-(L15) calculated from previously
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Tatke 8 m'ﬁ‘]‘ BM (g} CCAfem®  CCABM  Corficl GMCCA"
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Odonineete ceticems™ 4" 51 4.00-4739.00 10464 63 QU= 4TI-587

Astiodaceyk® ™ B0 SO0 1071 5% LI6-03 -

Sirenims™™ 18 E.00- 31200 L9202 50 QIT=034 =
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Pimmipds ™7 34500 125000 1.01-1 83 QI-0I7 -

Angropoid primaes' 3931 M5 66 446,90 0201-024 L1636

reported callesal data for 0. erca (Tables 1, 3; Tapley and

* CCABM = [corpus clksom mid-sagitial arm gmz]mf'[mknhhd brain mass ()] " Cortical
GMXOCA = [matical gray magter volome (om™)]"Vcorpos @llomm mid-sagital s {am®)]"; ©

exchding . onca dats from Wright et ol ¢ exdnding 0. anca

' Wright et al; * Tarpley and Ridgway {1934); * Keogh and Fidgway (38} * Hofman {1958); * Montie
et ol (2008 © Anthony (Jm]:’umpu-]_em:;;'nuﬁ et ol (201 h); * Hakeam et al {20055 @
Shoshani ez al (3006); "' Rilling md Tnsed {1%9%) ' Killing and Insel {1995h); ' Pears et al (2004)

hemisphere  produces  sleeping  elecroencephalograms

Ridgway 1994 Keogh and Ridgway 2008), it lies within
the range of OCABM ratios (0.11-0.17) calculated for
wider Odontoceti (Tables 1, 3; Montie et al. 2008, Tapey
and Ridgway 1994; Keogh and Ridgway 2008). The dight
depanture of this specimen from the OCABM mtio range
estahlished for O orce (Tarpley and Ridgway 1994, Keogh
and Ridgway 20(08) may reflect discrepancies in measure-
ment ariing from comparison of fresh versus fixed tismwes
(shrinkage artifact; Schulz et al. 2011), or alematively,
sampling emor or divergent methodology. Despite these
comparative limitations, it is apparent that this (. orca
along with comspecifics and wider Odontocedi, exhibit
lower inerhemispheric conmectivity compared to most
other mammals, except for the semi-aquatc Pinnipedia
(seals, sea lons, and waluses; Table 3; Manger et al
20100,

The ratio of the cobe root of contical gray matier volume
{em”) to the square root of callesal mid-sagital area (cm’)
in (2. orc (6.96; Tables 1, 3) was larger than the matios for
the delphinids, . grsews (3.87), G macrorhynchus (3.21),
and T truncatus (4.71; delphinid data from Haug 1970;
Hofman 1988; Tarpley and Ridgway 1994; Keogh and
Ridgway 3008), as well as the large-hrained temestrial
mammals, B sapiens (3.18; Rilling & Insel 1999a) and L
afficana (3. 11; Hakeem et al. 2005). Thus, the callosal anea
per unit volome of contical gray matter in other del phinids,
H. sapiens, and L. gfricons was 132, 2,19, and 224 times
larger than that of this . orea.

As the major commissural linkage between the cerchral
hemispheres, the relatively small callosal size of 0. orca
and other odontocete cetaceans presumably  supponts
greater hemispheric independence than in ofwer mam-
malian orders (Ridgway 1990). Indeed, odoniscete uni-
hemispheric slow wave sleep (USWS)L a stae of
intethemispheric  mymmetry in which one cerebral
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(EEGs) while the opposite hemisphere produces waking
EEGs (for review, Lyamin et al. 2008), is likely associaed
with reduced intehemispherc comnunication via the
small corpus callosum [FSWS s proposed to support
locomotion requined for surface respiration as well a
environmentsl monitoring for detection of conspecifics,
predators, and prey (Lyamin e al. 2008, Goley 1999,
Raventorg etal 2000). Additionally, USWS facilituted by
reduosd callosal linkage, may also limit cerchral O,
metabolizm thiough wnihemispheric vascoonstriction and
reduction in cerebral blood flow and glucose consumption
(Ridgway et al 2006).

Hippoc ampus

The hippocampus is a imbic stroctere sbserving learning,
memory, and spatial navigation { Burgess et al. 2002). The
cetacean hippocampus is widely recognized as diminutive,
baosth in aheolute size and felative to the dze of the brain s
a whole (Tale 4; Morgane et al 1982; lacobs etal. 1979,
Paizke et al 2013). The hippocampi of 0. arcr are no
exception, with hippocampal wlume measiring 246 cm?,
constimting (.04 % of e total brain volume { Tables 1, 4;
Fig. 4). The left and right hippocampi of . onca wene 1.10
and 135 em® (Table 1), sespectively, exhibiting an asym-
metry of hippocampal size similar to that observed in L
acurus (Montie et al. 2008). The percemtage of the total
brain occupied by the hippocampus in cetaceans varies
from 004 to (.15 % (Table 4), with 0. orca representing
the lower boundary of the range. The relative hippocamypal
volumes of cetmorans are the smallest of all mammals
examined (Table 4). Interedtingly, the relative hippocam-
pal volume of the large-brained L. affiommna (0.21-0.23 9%,
data from Patzke et al. 2013) more closely approaches this
messure in ostaceans than do the relative hippocampal

26



Brain Stroct Fanct
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kip - 1 volomes and Brain volome £m®) Hippocampal volame {an® % Happocampms
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oo PRoCampes m

. area sad ath A Catacems -2 2501 1279975 060150 005-0.15
Artiodactyl™™* T.H-559 27 267858 092-344
Sirenims™ " B O0-3 T4 7363 093107
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* Exchnding . arm

' Miomie etal. 2008y ¥ Patzkeet al. (2013 " Reepet ol (2007 * Buotti etal 20140 * Pirke and Kamiya

(1985); * Siephan (1981}

volumes of obligatorly aguatie sirendans (0L93-107 %,
data from Patzke et al. 2013; Reep et al 2007 Pirdot and
Kamiya 1985), or semi-aquatic pinnipeds (0.55-0.79 %,
data from Patzke et al 2013; Reep et al. 2007).

The poor development of the cetacean hippocampus
compared o ofer mammals (Table 4; Paeke et al. 2013)
and its apparent lack of adult newrogenesis (Patrke ot al
2013) & enigmatic, given the high cognitive function (for
review, Herman 2010; Wikrsig 2009, but cf. Manger 2013)
and navigational prowess (Block et al. 2011; Durban and
Fitman 2012) observed in Cetacea. Patzle ef al. (2013)
proposed tat the unesns] cetacean hippocampal morphol-
ogy and apparent absence of hippocampal newrogenesis
nay be elated to their mammalian-atypical sleep physiol-
ogy [ie., limited o potentially shboent rapid eye movemsnt
(REM) sleep; for review, Lyamin et al. 2008]. However, the
presenoe of well-developed hippocampi and hippocampal
newrogenesis in obligatorily aquatic sendans and semi-
aquatic pinnipeds (Patzke et al. 2013) along with observa-
tions of redoced REM deep in these taxa {for review,
Lyamin et al. 2008) would not seem to support this
hypofhesiz Thesefore, it is posited that the amall size of te
cetacean hippocampus may anise from asuite of phenomena
related to sensory function, mther than sleep physiology.

The dominant sensory mode of odontooste cetaceans is
echolocation, a high resolution sensing system that relies
on the rapid production of click trains, or sequences of
discreie clicks, to create an “acoustic image™ of e envi-
mnment from rewrning echoes. Odontocstes can emit
high-inensity ulrasonic echolocation signals with maxi-
mum source levels exceeding 220 dB (Auw 1993; Mghl
et al. 2003}, produce click trains consisting of wp to several
hundred clicks per second {Herzing 1996), and echolocaie
continuously (Brangetier ef al. 2012). Nomerous sindies
have demonstrated that sound overstimulation induoces
newral plasticity in the hippocampus and impairs hip-
pocampal function (for review, Kraos and Canlon 2012).
High-intensity sound exposure has been associated with
alterations in hippocampal place cell activity { Goble et al

2009}, chronic suppression of hippocampal neumgenesis
(Krans et al. 2010), and even apoptosis of hippocampal
neurons (SaljG et al. 2002). The mammalian hippocampus
appears to be particulardy volnershle o aodikry insult;
thus, the moutine exposure of odontooete cetaceans to high-
inensity somnds during echolocation and commumication
may impact the development, stractural integrity, and
newregenic capacity of feir hippocampi selecting for an
overall small sze. The potentally significant influence of
echolocation on hippoecampal volume is further sypporied
by findings that echolocating bats kave smaller hippocampi
than non-echolocating bats (Hutcheon et al. 2002). For-
thermore, the Mysticeti also have diminutive hippocampi
(Hof and Van Der Guocht 2007, Pagke et al. 2013) and
produce high-intensity, low-flequency acoustic  signals
(Sirovié et al. 2007; Tyack 2000) associated with repro-
ductive advertisement displays (Tyack and Clark 2000, as
well & for long-range communication with conspecifics
(Payme and Webb 1971; Oark and Ellison 2004), and
potentially for orientstion and navigation (Clark and Elli-
zon 2004). Similar to mysticetes, L africons produces
high-intensity infrasonic signals for long-digtance com-
munication {Peole et al. 1988; Garstang 2010). Momeover,
L africana has the lowest relative hippocampal volume
apan from cetaceans {Table 4). However, unlike cetaceans,
L africana exhibits hippocampal neurogenesis (Paizke
et al. 2013). This suggests that both the production of high-
iniensity acoustic signals and the type of sound propagating
madiom {i.e., water or air) in which those signak are
generated, each impact upon hippocampal morphology and
function. Perhaps, the generation of high-intensity sound,
whother ultra- or infrasonic, by cetmoeans within a dense
medium that accelerates and amplifies acoustic signak, is
incompatible with sound-sensitive hippocampal ssue,
potentially eliminating newregenic capacity. This, in um,
may have necessimted an overall reduction of the cetacean
hippocampus and indicates ransfer of memory, learning,
and nevigational functions to neural stroeterss less prome to
acoustic injury, such as the entorinal contex or cznobelum
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Por development of the odontocete hippocampus may
alsn be associated with its potentially diminished function
a5 asite of sssociaton and inegraton of multimodal {vie
sual, anditory, olfactory, tactile, vestibular) sensory infor-
mation (Mayes et al. 2007; Sweatt 2003). For odontooste
cetaceans, olfactory input iz absent, vestibular input is
limited, and visual input is reduced. The most consistent
and detailed spatial information available to odontocates is
acquired through sudition. Odontocetes may mot reguine
spatial representations that integrate extensive information
from multiple sensory stiomli to support navigation;
instead, relying predominantly on acoustic information fior
spatial memory and orienation. Moreover, since odonin-
celes mus atempt to localize mobile and patchily dis-
ribwed prey species in a seemingly featureless aquatic
environment, the utility of the hippocampus s a spatial
napping structure may be diminished. Utimately, the role
of the hippocampus as 2 multimodsl sssociation and inte-
gration site may no longer be of such wility in de odon-
incetes, potentally leading i the diminuiive hippocamypal
size observed in this subonder.

Superior and inferior colliculi

In O orce, the volume of the superior colliculi was
240 cm® comprising (.04 % of the total brain volume
(Table 1; Fig. 5). The inferdor colliculi volume was 2.53
times larger than the volume of the superior colliculi,
messuring 607 em? and cccupying 010 % of the total
brain volume (Table 1; Fig. 5). A similar spatial relation-
ship was obeerved for the maximal oros-sectional aneas of
the superior and inferior collicoli, with fe maximal cross
sectional area of dw inferdor colliculi 225 times greater
tean that of the superior colliculi.

The superior and inferior colliculi are major sensory
processing nodes within the midbrain. The inferior col-
liculus indegrates acoustic information from various stne-
wres along e ascending and descending  acoustic
pathways (Casseday et al. 2002). Wheneas, the superficial
laminae of he superior colliculus are involved in visual
processing (May 2006, Meredith and Stein 1986). The deep
laminae of he superior colliculus integraie visual, auditory,
and somatae sory inputs and mediste orentation fegson-
aes ipwand sensory stinmli (Meredith and Stein 1986, Stein
et al 1989). The enlarged size of the inferior colliculi
relative to the superior colliculi in . orea is fepresentative
of the strong development of varions components of the
auditory sysem (for review, Oekchlager 2008) in the
echolocating Odontoceti. In odontocs te cetaceans, ratios of
e muimal eross-sectional anea of the inferior collicui to
superior colliculi range from 2:1 to 28:1 (Table 1) Whik
in most non-echolocating Mysticeti, the superior colliculi
are larger or approximately the same size as the inferior
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colliculi {Oelschliger and Oelchliger 2009). Remarkahly,
in absolute terms, the inferior colliculi of . orce ane 646
times as large & those of D). delphiz, the common dolphin,
and nearly 80 times larger than the inferior colliculi of H
saplens (Bullock and Gurevich 1979)

The dominant role of audition in the sensory reperiie
of echolocating mammals is also apparent in the collicoli
of microchiropieran bas which have hypenrophied inferior
colliculi that excecd the superior colliculi in size (Covey
and Casseday 1995, Hu et al. 2006). However, anatomical
and newophysiclogical swdies of the microchiropteran
superior colliculus suggest that this strecture has evolved to
function as a major auditory rather than wisual sensori-
modor interface, linking echoic spatial informaton to ori-
enting bohaviors (Covey et al. 1987, Valentine and Moss
1997, Sinha and Moss 2007). Thoungh the extent of e
superior colliculi of edontocete cetaceans iz surpassed by
that of the inferior colliculi, the potential evolution of
acoustic specializations in the odontocete superior oollicali
a5 observed in echolocating bats may wltimaiely confer to
this straciure greater relevance within the auditory system
While fhe odontocete superior colliculus may allocaie
considershle functional capacity to acoustic orientation by
echolocation, behavioral evidence for cross-maodal per-
ception in T ety (Pack and Herman 1995, Herman
et al. 1998) suggests that the superior colliculus may also
be an important sie of nultisenscry inegration in e
Odomitiose .

A slight size ssymmetry was observed botween con-
tralateral superior and inferior colliculi {Fig. 51 The vol-
umes and maximal cross-sectional anreas of the right
superior {1.29 em®; 127.11 mm") and inferior (3.13 e,
284.59 mm”) colliculi were larger than fhe measurements
for the left superior {1.11 em®; 108.42 mm® and inferior
(294 em®; 24627 mmij colliculi (Tahle 1) The asym-
muetry of de inferior colliculi in . onca may be related to
mymmetric cranial morphology, differential acoustic sig-
naling mechanisms, and cenebral laeralization of fonction.
Mot odontocete crania exhibit varying degrees of asym-
metry (Mess 1967, Dahlheim and Heyning 1999) poten-
tially linked to the development of directional hearing in
water (Fahlke etal. 2011). Funthermore, delphinids actively
control acoustic signal dynamics through beam-steering
(Maoore et al. 2008) &= well &= preferentially wtilize the dght
pair of phonic lips for generation of echolecation signals
(clicks), and the left pair of phonic lips for production of
communication signals {whisfes Madsen etal. 2013). The
asymmetries of the inferior colliculi may reflect lateralized
processing of behaviomlly distinet acoustic stimuli as well
a8 binawrslly and spoctrotemporally variant  acoustic
information arising from cranial asymmetry and active
maodification of cranial soft tissues. Evidence for neural
circuit ssymmetries in the perception of acoustic cwes has
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been collected for varnous mammalian species, including
wea lions {Biye et al. 2005) and echolocating bats | Kanw al
2012, Washington and Kanwal 2012). Though sudies of
auditory lateralization have yet to be performed in odon-
incete cetaceans, tene is an accomuolating body of bohay-
ioral evidence for laeralized processing of social
(Karenina et al. 2013a, b) and non-social (Yaman et al
2003; von Fersen et al 2000; Kilian et al. 2000} visnal
stimuli. Though the ubiguity and potential funetional
implications of collicular asymmetry in the Odontoceti
awaits fuire investigation, it may be speculated that e
size mymmetries observed in the superior and inferior
colliculi of . orcr eflect lateralized processing of social
and non-s0ecial acoustic information {e.g., commmumication
whigles and echolocation clicks). Momeover, sch fume-
tonal ssymmetry may bear some relevance to te detailed
anditory localization ability demonstraied in T rrasncenes
by Renaud and Popper { 19751

Conclusions

There are some acknowledged limitations of the present
sidy. Given the rarity of O srca specimens, only one brain
was availshle for morphometric analysis. While it is not
suspected that the brain of this 0. orea was anomalous for
the species (ie., this specimen iz within the size rmange
reported fior adult male . orer, Ridgway and Hanson 2014]),
due to the limited sample size of this study, futre guanti-
tative research examining 0. arca specimens of varying sex,
oniogenetic stage, and ecotype is required to increase e
confidence of the present results and conclusions.
Volumetric meassurements of newrcanatomy can be
subject to emor ssociaed with postmontem processes,
MREI, and sgmentation. In the present sudy, volume
deformation of the gray and white matier strucwres of this
. oreg brain was likely mitigated by short postmoriem
interval (Montie et al. 3010) and imaging fresh, unfived
fssue within the newrocranium. However, limied local
deformation was evident whene cranial bone was cot to e
dura mater. Additionally, CSF leakage from the neurocrs-
nium allowed for some positional shifi of the brain. MRI
acquisition artifacts, such & inensity inhomogeneity and
partial-volime effect (ie, mokiple tissue types within a
single voxel), may have contribuied to ermor in gray and
whie matter tisswe classification and substrocwre (e.g.,
subcontical nuclei and hippocampd) delineation. The very
high resolution of this dataset limited partial-volume emor
due o the lower percentage of total voxels at the gray-
whie matter interface; however, volumetric ovenestimation
and onderestimation were still possible. Acquisition of
uhra-high resolution 7 Tesla MBI data in  fotume

quantitative cetacean brain studies would mitigate such
messurement emors and allow for neurcanatomical mea-
surements of greater accuracy to be obtained. Lastly,
manual  segmentation of neurcanstomical stroctures s
subjective. Segmentation emor was reduced through con-
sultation of various cetacean-specific and mammalian
neuroanatomical adases to determine stmciune boundaries
and landmarks.

The present dudy, with its acknowledged cavests, has
shown the potential for using MRI to examine cetacean
neurcanatomy, and poiential brain function and evelution.
A unique newrcanatomical datset for 0. orca, heretofione
ahwent from the literature, has resulted from this stdy. Tt is,
therefore, particularly important for interspecific compar-
ispns, amnd fumishes data which may be osed to test
hypotheses regarding cotacean brain stmctire, function,
and evolution. This (). orca brain & one of the most cor-
ticalized (8151 %, cerebium volume ocoupying totl brain
volume ) mammalian brains reported to date, and is repre-
sentative of a species which may have the largest brain of
all extant and extinct wxa (Ridgway and Hanson 2014).
The divergent cerebral morphology of delphinoid ceta-
ceans compared to other mammalian taxa may have
evolved in response to e sensorimotor demands of the
aquatic environment and may confer significant advantages
for obligatry aquatic existence. Forthermore, environ-
mental selective pressures associated with the evolution of
echolocation and unihemispheric sleep have ostensibly
altered substrucire morphology and function. The del-
phinoid brain with its distinctive morphaological features,
cerehral scaling, and functional capacities offers fentile
gound for fuure esarch concerning mammalian brain
structure, function, and evolution. Moreover, e method-
ology of high resolution in sto MR imaging described in
this study offers great promise for fuure investigation of
cetacean hrains.

Acknowledgments The amhors sincemly fonk Edks Nikon for
prepamition of the specimen, Shamn Bireer for dllesration, snd Panl
Pongamnis for valahle mamscript feedback. The anthors alo gk
Hamle Bartsch for improved vismafizstion of ME images (Fg. 2 md
Omline Resomree 1) throngh MR image prepmoessing to remove
imensity non-mniformity msing the Non-paramestic  Non-mmiform
imtensity Nommalizstion (N3) dgorithm as implmented in TTE
(hatpsfgithob _comHanke BantschigN3 )y AW wx spporied by the
Kational Science Fomndadion Gmdnste Ressarch Fellowship Progmm.
The funder had no rale i $he stody design, data collection, analysis,
o intespretation , preparation of the manoscript, or decision to poblish.

Complisnae with ethical stemdsnds

Conflict of interest AW, M5, 5, BI), and 5B declare tha they
have no conflict of intesest. JSL. & apaid employes of S2aWaorkd Pases
and Enteris t No Hve snimals were meed for his sedy. The OU
arca spedmen wia examined opponmnisimlly dosing posmorem
iy es fig ation .

£ springer

29



Brain Stma Fmct

References

Almnso-Famd 1,G Jo-iOrden M, B Vingoez I, Barrdro-Lois
A, Andrd M, Morell M, Lisrens-Reino b, Monreal- Pawlowsicy
T. D&pl]ﬂ E (H]H} I'_'r:-:ﬂ.'um] lnnm_l.'. compted
foam and of the head of

mmman  dalphin (Dr.ﬁ:hnu dr.iuhl} and Striped Dolphin
(Ssemella cocmleoalba) Ana Histol Embryol 44 1) 13<21

Amghoary B {1938) Exmai de recherche d'one e pression s migos
pproximative do degré d'organisstion crehrale, mre gos ke
paids de 'encéphale compare oo poids do corpe. B Mem Soc
Anghm Par % 11767

Am W (1993 Chancieristics of dolphin sonar <ignals. The sonar of
dalphins. Springer, New York, pp 115133

An W, Machsgall P (1997) Aconstics of echolocating dolphins and
small whales. Mar Fresh Behay Phys 2% 1-4c127-162

Banon R {1958} Visml special ization and brain evoloion in primates.
Philos Boy Soc B 365 14080 ] 9331937

Barion R (2006) Primate brain evolotion: integrating  onmpanative,
neorophysiological, and efwlogicl damm. Ewal  Amthropal
1562 M4=2%6

Barion B, Capellini T (201 1) Maternal investment, e hisiories, and
the msix of bain growsh in mammak P Katl Amd 54
T 15 o661 74

Barinn R, Harvey P (3000) Momic evolotion of brsin sroctome in
mammals. Natwre J05(6790: 1 0551 058

Bassett [, Ballmore E (2006) Small-world brain netoorks. Nearo-
sciemtist | W51 2523

Begeman L, St Lager ], Blyds D, Janmisew T, Lair 8 Lovewsl G,
Raverty 5, Sedbel H, Sighent U, Stages 5 201X Intestinad
valvals in cetacenns. Vet Pathal SO{Ec590-596

Berms G, Cook P, Foxley 5, Fhahdi 5, Miller K, Marino L {2015y
Diffosdion temsor imaging of dolphin bmim reveak direa
mditory pathrovay o emmpaoral lobe. Proc B Soc B 282301 51203

Block B, Jomsen 1, Jorgenmen 5, Winship A, Shafer 5, Bograd 5,
Hazen E, Faley I, Breed G, Hamrison A (2011) Tracking apex
maring predatr movements in 3 dymmic ocean  Natore
ATH TR R G-00

Bohorak A, van der Linde K 200 RMA: software for redoced
major awis regession. bt e w hio sden ednfpohiandyima.
himl Accessad 10 Feh X1 5

Boye M, Gomtirloin 0, Vanchir J (3005) Right ear advantage for
mmspecific call in aduolts and sbadolis, bot oot infans,
Coliforniz s=a lioms (Zabphus calipmiomusy  hemispheric
specialimtion for commmication? BEor J Memmosci 2106k
17X¥7=1732

Branstetier B, Finmeran J, Fletcher B, Wedsman B, Ridgway S (2012)
Dalphins @n maiman vigilant belavior throogh echol ocation
fior 15 days withont imemoption or cognitive impainment. PLoS
Oime T 10joed 7478

Baollodc T, Goevich V (1979) Soviet Hieratore on she nervoms s ysiem
and psychobiology of Cetcea Int Bey Mewrobial 2 147-127

Bomgess N, Magnire E, O'Eeefe J 200X} The lmman hippocampos
md spatial and episodic memory. Neoron 3540 2564 1

BottiC, kmeway C, Townshend C, Wicinsdd B, Radenherg ], Ridgoay 5,
Sherwnod O, Hof P, Jacobs B (20 143) The nenooriex of cedastio-
dartyls: I. A compamsive Galgi anashysis of nemonal marphalogy in
{Balamop e acuo rosmaa ), and e hamphack whale (Megapera
amaamgliad. Boin Stmo Fonct 20 HE-5568

Baosi C, Raghans M, Go X, Bomar O, Wicindd B, Wong E, Roman J,
Brake A, Baves B, Spocter M (201 b)) The carebral comtex of the
pygmy hippopotamms, Wegprosodon  Obeniemsis  (Cetartio-
dactyla, Hippopotamidee s MRL oyioarchitertore, and neomonal
mamphalogy. Amat Rec PN4of T0-700

€1 Springer

Byme R, Bates L {3007 Sociakity, evolotion and cognition. Cior Biol
1T 16 RT 14-RT23
Casseday I, Fremorw T, Covey E (202) The inferior colenkos: o
b for the central andfinny systam. Iniegrafive fonctions i the
mammalian anditory pathway. Springer, Berlin, pp 258-3 18
Chmngiri M (2001) Principles onderlying mammalian neocortical
scaling. Biol Cyhern B0 e NI7-215
Charvet O, Finlay B {3012 Embracing mvasiation in brain evolation:
large brains, exiended development, and flexible primase sodial
sysiems. Prog Brain Res 195:71-87
Charvet C, Stmiader G, Finlyy B (2011) Evo-devo and brain scaling:
condidaie developmenta]l mechanisms for variation and consancy
in vestshote bain svoloton. Bain Behay Bval TE{3c248-257
Chen Y (1979) On the cerebral amasnmy of the Chiness 5 ver dolphin,
Lipores vexilBfer Miller. Acta Hydrob Sin 4365-3712
Oask T, Ellison W {300} Potential ns= of low-feqoancy somds by
haleen whales for probing the environment evidence from
models md empirical mesmorements. I Thomas 1, Moss C,
Vater M jds ) Echolocation in hats and dolphins. The University
of Chicago Pess, (hicaga, pp 564-582
Clask D, Mitm P, Wang 5 2001) Scalshle architecture in mammalian
Trains. Natone 4 1 1{S834c1859-193
l:hm:r k (xm] Dolphin social mtelligence: complex alfance:
m ol dolphins and @ omsdemiion of
selective :m-:rm'u.mh for exteme brain sizz evolution im
mammals. Philos Trans B Soc B 362 587-602
Cnioper F, Grobe M, Vion Krisgetein K, Komar 5, Enghish P, Kelly T,
lllllﬂ'y P, Grffiths T (212 Distinct aifical cerchelar
5 for components of vertal working memory. Neo-
ropsy chalogia S0 1)c] §3=197
Covey B, Casseday J({1995) The lower brainstem anditory pasorays.
Hearing by hats. Springer, Kew York, pp 235-295
Covey E, Hall W, Eobler J (1987) Sohcorim] connedtions of the
smperior collicolos in the mosache hat, Proronotus pamel
J Comp Nenm] X632k 179- 197
Deblhsm M, Heyming J (1999 Killer Whale— Ordmus omea
(Linmaens, 1758, Im Ridgway 5, Havison R (eds) Hadbook
of masine mammals: the second book of dolphins and porpoises,
val §. Acadamic Pess, London
Dawson W, Hawsdhome M, Jenkins B, Goldston B (1982) Giant nearal
systems i the inner wtina and optic nerve of small whales
J Comp Nenm] 205(1 ¢ 1=7
De Granf A (196T) Anzsinmim] spects of the catacean boin sem, vol
5. Royal VanGorom Lid., The Negherlands
Dembar B (1998) The social brain lypothesis. Brain 92178190
Derhan J, Pitman R (2012) Antarctic killer whales make mpid, roond-
frip movements to sohiropical watens: avidence for physiological
maimienance migrafions? Bial Legt B(Xc2X74-277
Erilsen N, Pakkenherg B (3007) Tol neocortical cell mumiber in the
mysticete bmin, Anat Rec 2900 | )cE5-95
Fahlke J, Gingerich P, Welsh B, Wood A (201 1) Cranial asymmetry
i Eoceme ahasocde whales md #he evolnion of dirediona
heasing in water. Proc Nad Acad S 108(35) 1454514548
Fears 5, Melega W, Lee  Chen K, Tu Z, Jorgemsen M, Fairbanis L,
Cantor B, Freimer N, Waads B (2009) Idansi fying hesitahble hrain
plenotypes in an evended pedigres of vervet monkeys. J Neo-
rosci M@ IR6T-2875
Gan (G, Thon K (1991) The mmber of fiers md range of fiher
diamaters in the cochler narve of three odontocete spedes. Can
T Zoal S92 B60- TA54
Gan G, Zhon K (1992) Fber malysis of the optic and cochlear nerves
of small cetacenns. Marine mammal sersory sysiems. Springer,
Berlin, pp 3952
Gamiang M (20 10} Elephant inf de: kong-range ¢ icafion.
I Brodrymsi 5 {ed) Handbook of mammalian vocalimtion—

30



Brain Stma Fmct

References

Almnso-Famd 1,G Jo-iOrden M, B Vingoez I, Barrdro-Lois
A, Andrd M, Morell M, Lisrens-Reino b, Monreal- Pawlowsicy
T. D&pl]ﬂ E (H]H} I'_'r:-:ﬂ.'um] lnnm_l.'. compted
foam and of the head of

mmman  dalphin (Dr.ﬁ:hnu dr.iuhl} and Striped Dolphin
(Ssemella cocmleoalba) Ana Histol Embryol 44 1) 13<21

Amghoary B {1938) Exmai de recherche d'one e pression s migos
pproximative do degré d'organisstion crehrale, mre gos ke
paids de 'encéphale compare oo poids do corpe. B Mem Soc
Anghm Par % 11767

Am W (1993 Chancieristics of dolphin sonar <ignals. The sonar of
dalphins. Springer, New York, pp 115133

An W, Machsgall P (1997) Aconstics of echolocating dolphins and
small whales. Mar Fresh Behay Phys 2% 1-4c127-162

Banon R {1958} Visml special ization and brain evoloion in primates.
Philos Boy Soc B 365 14080 ] 9331937

Barion R (2006) Primate brain evolotion: integrating  onmpanative,
neorophysiological, and efwlogicl damm. Ewal  Amthropal
1562 M4=2%6

Barion B, Capellini T (201 1) Maternal investment, e hisiories, and
the msix of bain growsh in mammak P Katl Amd 54
T 15 o661 74

Barinn R, Harvey P (3000) Momic evolotion of brsin sroctome in
mammals. Natwre J05(6790: 1 0551 058

Bassett [, Ballmore E (2006) Small-world brain netoorks. Nearo-
sciemtist | W51 2523

Begeman L, St Lager ], Blyds D, Janmisew T, Lair 8 Lovewsl G,
Raverty 5, Sedbel H, Sighent U, Stages 5 201X Intestinad
valvals in cetacenns. Vet Pathal SO{Ec590-596

Berms G, Cook P, Foxley 5, Fhahdi 5, Miller K, Marino L {2015y
Diffosdion temsor imaging of dolphin bmim reveak direa
mditory pathrovay o emmpaoral lobe. Proc B Soc B 282301 51203

Block B, Jomsen 1, Jorgenmen 5, Winship A, Shafer 5, Bograd 5,
Hazen E, Faley I, Breed G, Hamrison A (2011) Tracking apex
maring predatr movements in 3 dymmic ocean  Natore
ATH TR R G-00

Bohorak A, van der Linde K 200 RMA: software for redoced
major awis regession. bt e w hio sden ednfpohiandyima.
himl Accessad 10 Feh X1 5

Boye M, Gomtirloin 0, Vanchir J (3005) Right ear advantage for
mmspecific call in aduolts and sbadolis, bot oot infans,
Coliforniz s=a lioms (Zabphus calipmiomusy  hemispheric
specialimtion for commmication? BEor J Memmosci 2106k
17X¥7=1732

Branstetier B, Finmeran J, Fletcher B, Wedsman B, Ridgway S (2012)
Dalphins @n maiman vigilant belavior throogh echol ocation
fior 15 days withont imemoption or cognitive impainment. PLoS
Oime T 10joed 7478

Baollodc T, Goevich V (1979) Soviet Hieratore on she nervoms s ysiem
and psychobiology of Cetcea Int Bey Mewrobial 2 147-127

Bomgess N, Magnire E, O'Eeefe J 200X} The lmman hippocampos
md spatial and episodic memory. Neoron 3540 2564 1

BottiC, kmeway C, Townshend C, Wicinsdd B, Radenherg ], Ridgoay 5,
Sherwnod O, Hof P, Jacobs B (20 143) The nenooriex of cedastio-
dartyls: I. A compamsive Galgi anashysis of nemonal marphalogy in
{Balamop e acuo rosmaa ), and e hamphack whale (Megapera
amaamgliad. Boin Stmo Fonct 20 HE-5568

Baosi C, Raghans M, Go X, Bomar O, Wicindd B, Wong E, Roman J,
Brake A, Baves B, Spocter M (201 b)) The carebral comtex of the
pygmy hippopotamms, Wegprosodon  Obeniemsis  (Cetartio-
dactyla, Hippopotamidee s MRL oyioarchitertore, and neomonal
mamphalogy. Amat Rec PN4of T0-700

€1 Springer

Byme R, Bates L {3007 Sociakity, evolotion and cognition. Cior Biol
1T 16 RT 14-RT23
Casseday I, Fremorw T, Covey E (202) The inferior colenkos: o
b for the central andfinny systam. Iniegrafive fonctions i the
mammalian anditory pathway. Springer, Berlin, pp 258-3 18
Chmngiri M (2001) Principles onderlying mammalian neocortical
scaling. Biol Cyhern B0 e NI7-215
Charvet O, Finlay B {3012 Embracing mvasiation in brain evolation:
large brains, exiended development, and flexible primase sodial
sysiems. Prog Brain Res 195:71-87
Charvet C, Stmiader G, Finlyy B (2011) Evo-devo and brain scaling:
condidaie developmenta]l mechanisms for variation and consancy
in vestshote bain svoloton. Bain Behay Bval TE{3c248-257
Chen Y (1979) On the cerebral amasnmy of the Chiness 5 ver dolphin,
Lipores vexilBfer Miller. Acta Hydrob Sin 4365-3712
Oask T, Ellison W {300} Potential ns= of low-feqoancy somds by
haleen whales for probing the environment evidence from
models md empirical mesmorements. I Thomas 1, Moss C,
Vater M jds ) Echolocation in hats and dolphins. The University
of Chicago Pess, (hicaga, pp 564-582
Clask D, Mitm P, Wang 5 2001) Scalshle architecture in mammalian
Trains. Natone 4 1 1{S834c1859-193
l:hm:r k (xm] Dolphin social mtelligence: complex alfance:
m ol dolphins and @ omsdemiion of
selective :m-:rm'u.mh for exteme brain sizz evolution im
mammals. Philos Trans B Soc B 362 587-602
Cnioper F, Grobe M, Vion Krisgetein K, Komar 5, Enghish P, Kelly T,
lllllﬂ'y P, Grffiths T (212 Distinct aifical cerchelar
5 for components of vertal working memory. Neo-
ropsy chalogia S0 1)c] §3=197
Covey B, Casseday J({1995) The lower brainstem anditory pasorays.
Hearing by hats. Springer, Kew York, pp 235-295
Covey E, Hall W, Eobler J (1987) Sohcorim] connedtions of the
smperior collicolos in the mosache hat, Proronotus pamel
J Comp Nenm] X632k 179- 197
Deblhsm M, Heyming J (1999 Killer Whale— Ordmus omea
(Linmaens, 1758, Im Ridgway 5, Havison R (eds) Hadbook
of masine mammals: the second book of dolphins and porpoises,
val §. Acadamic Pess, London
Dawson W, Hawsdhome M, Jenkins B, Goldston B (1982) Giant nearal
systems i the inner wtina and optic nerve of small whales
J Comp Nenm] 205(1 ¢ 1=7
De Granf A (196T) Anzsinmim] spects of the catacean boin sem, vol
5. Royal VanGorom Lid., The Negherlands
Dembar B (1998) The social brain lypothesis. Brain 92178190
Derhan J, Pitman R (2012) Antarctic killer whales make mpid, roond-
frip movements to sohiropical watens: avidence for physiological
maimienance migrafions? Bial Legt B(Xc2X74-277
Erilsen N, Pakkenherg B (3007) Tol neocortical cell mumiber in the
mysticete bmin, Anat Rec 2900 | )cE5-95
Fahlke J, Gingerich P, Welsh B, Wood A (201 1) Cranial asymmetry
i Eoceme ahasocde whales md #he evolnion of dirediona
heasing in water. Proc Nad Acad S 108(35) 1454514548
Fears 5, Melega W, Lee  Chen K, Tu Z, Jorgemsen M, Fairbanis L,
Cantor B, Freimer N, Waads B (2009) Idansi fying hesitahble hrain
plenotypes in an evended pedigres of vervet monkeys. J Neo-
rosci M@ IR6T-2875
Gan (G, Thon K (1991) The mmber of fiers md range of fiher
diamaters in the cochler narve of three odontocete spedes. Can
T Zoal S92 B60- TA54
Gan G, Zhon K (1992) Fber malysis of the optic and cochlear nerves
of small cetacenns. Marine mammal sersory sysiems. Springer,
Berlin, pp 3952
Gamiang M (20 10} Elephant inf de: kong-range ¢ icafion.
I Brodrymsi 5 {ed) Handbook of mammalian vocalimtion—

31



Brain Stma Fmat

m integrative neuroscience approadh, val 19, Elsevier, Onioed,
m 5T=67

Gawsy I, Geisler J, Chang 1, Boell C, Berty A, Mersdish R, Springer
M, MoGowen M (301135 A phylogenstic hlneprint for & modern
whale. Mol Piylo genet Bval 66204 79506

Gitr M, Pilleri G (1969} Om the anaiomy and hiometry of Stemella
myx Goy and Delphimus defphic L. {Cotarsa, Delphinidas) of
the wesiern Meadfermaneon . hvestig Cetocea 1:15-65

Gilissen E {2006) Scaling patterms of interhemis pheric cormectivity in
entherian mammals. Behav Brain Sci 29:16<17

Goble T, Maller A, Thampson L 2009 Acmote high-imensity somnd
exposnre abiers respomses of place cells in hippocampos . Hear
Res 253 1)c52-59

Goley P (1929 Behavioral aspects of sleap in Pacific White-Sided
Dualphins | Lagenoriynchus oblguidenc, Gill 1865). Mar Mamm
Boi 1 541051064

Gompestz R (1902 Specific gmvity of the brain J Physial
I G4 5462

Groenherger H (1970) On the cerebral amsiomy of the Amamn
dalphin, hia peaffeasic. Investiy Cetacea 2129144

Hahas C, Kamdar N, Ngoyen D), Prater K, Beckmann O, Menon WV,
Graicios M (2009) Distinct cerebelar contribations o infrinsic
mmmectivity networks. J Neorosci 292 6)cRS B6=R59%d

Haddad I, Hoggenherger 5, Haas-Rioth M, Kouaiz L, Oekchliiger
H, Hasse A& (2012) Magmesic resonance miconscopry of prematal
dolphins (Mammalia, Odomocei, Dielphinides p—oningenetic
and phylogenetic implimfSons. Zool Anx 2512l 15-130

Hakeam A, Hof P, Sherwood O, Seder B, Rssmuossen L, Allman J
{2005) Brain of the African elephmt (Lowdowra africana)
nemranainmy from magnefic resonance images. Anat Rec A

EN 11171127
Hammom A, Grisham W, Sheh O Ammese ], Fdgeay 5 (2013
[y ve i of the hati dalphin cerehell

Amat Reo 29612 151 228

Hang H {1970} Der makroskopisdhe Anflan des Grofhims: qualin-
tive mnd guaniiafive Unfemoclomgen an den Gelimen des
Menschen, der Delphinoidee ond des Elefanten ERG ANAT
ENTW, vol 4% 4). Springer, Berlin. Accessed 17 Feb 2015

Hearm] ano- Hoe] 5 (201 1) Bmims matier, hodies mayhe not the cass
for examining newron mombers Trespective of body sime. Ann
MY Acad Sci 12251)c191=199

Hexcmlano-Hoorel 5 (2014) The glivhenmn mtioc how @t vasies
mifimnly acroes brain stroctores and species and what et
mears forbmin physiclogy and evalofion. Glia 849 1377-1391

Hexulano-Hoorel 5 Avelino-de-Somra K, Neves K, Podfido 1,
Messeder D Feijd L, Maldomado J, Manger P (2014) The
deplant brain in nombers. Font Nenmanat 846 Accessed 30
Zep M5

Hesman L {201 0) What bbomtory research has told os shoot dolphin
mgnition. Int J Comp Psychal 23331 0-330

Hemman L, Pack A, Hoffmamn-Kotmt M (1995) Seeing throngh
somid: Dolphing (Tursdops  rumcatus) peceive fhe  spafial
stoctore of ohjects dwongh echolocation. ] Comp Paychal
1IN ¥ 292 T05

Herring D {1996) Vomliations and associsted mnderoster hehaviar
of free-ragng Afhniic spotied daolphins, Sewella fromsfc and
ot F Tirsiops Aguat Mamm X2:61-80

Haof P, Van Der Gocht E {2007) Stoctne of the cerdhal conex of the
omphack whale, Wepapeem nonmnglior (Cetacen, Mysticasi,
Balasnopteridae). Amat Bec 290(1)1=31

Hof P, Chanis R, Marino L. 2005) Cortical complexity in cetacean
brains. Anat Rec A ZET 1) 1142=1152

Hiofman M (1 9%85) Siz and shope of the cesshral corfex in mammals:
L The matical sorface. Brain Behav Eval 212840

Hofman M {1988) Size and shape of the cershml corex i mammals.
Brain Behay Eval X1 1726

Hofman M (1989) Om the evolotion and geomesry of the brain in
mammals. Pmg Neorobio]l X2(2): 137= 158

Hofman M (2012 Design principles of the homan braim an
evolfiomary pempective. Prog Brain Res 1953 75-5390

Hofman M, Laan A, Uylings H (1986) Bivariae Inear modeks in
nemmohialogy: problams of onoept and methodology . J Neorosci
Medhods 18(1c103-114

Ho E,Li ¥, Go X, L& H, Zhang 5 (30¢) Bran stoctoes of
echaolocating and nonecholocating bats, desived in vivo from
magnatic resomance images. Neororeport 171 6)c] 78 3=1746

Harsh J{1939) Condniction velocity and dismeter of nerve filbers. Am
J Phiysial 127131139

Hamtcheon I, Kirsch I, Gadand T (2002 A comparatve amalysis of
bwain size in relation to foreging emlogy and phylogeny in the
chiropten. Brain Behay Eval S0(3):165<180

Jacobs M, Jensen A (1968) Gmss aspects of ghe brain and a fiber
amalysis of oanial mesves in the great whale. J Comp Neamol
1251 g 5571

Jacobs M, MdFarlhnd W, Mogane P{1979) The amatomy of thebrain
of the bofilenose dolphin (Tursiops frescarec. Riomc lobe
(Thinencephalon): the archicortex. Brain Res Boll 411108

Jaffe T {1997) Social pressores have selecied for m exiended jovenile
period in primates. J Hom Bvol EN6cS93-605

Kasrwal J 2012} Righi-left asymmedry in the corfical processing of
sounds for social commumication vs. navigation in mostched
hats. Bor J Menrosci 352k 257-270

Eamnina K, Giljov A, Glamv [, Malashichey ¥ (X132 Social
lierafity inm wild hednga whale nfanis comparson betwesn
locations, escort conditions, and ages. Behav Eml Sociobiol
AT 1195< 104

Kamnina K, Giljow A, Ivkovich T, Bordin A, Malahichey ¥ (201 3h)
Laseralirafion of spatial wlaionships hetwern wild mother and
infant orms, Qramus orca. Anim Behay 86(6)c] X25-1 251

Kam R, Maldomadn I, Mo B, Manger P, Hernlno-Hoomel 5
(X014 Cellular scaling rales for the brain of Artiodactyls inclnds
o highly folded corex with #w neonons. Front Nesroanat 8:128.
Accessed T Oct 2015

Keogh M, Ridgway 5 (2008) Neoromal fiher composition of the
corps callwom within some odontocates. Amat Rec 2917
TR1=TE2

Kilian A, von Fersen L, Gomtirkm O 2000) Lawalizsion of
vismoepatial ing i the boftlenoss dolphin (Tursops
sumcan sy, Behav Brain Res | 16(Z)c211=215

Encops A, Gemitsen L, van der Graaf Y, Mab W, Gearlings M {2010y
Basal Iypothadamic pitmiary ademe] axis activity and hip-
pocampa volumes: the SMART-Medea sindy. Biol Psychiasr
GN12e1191=1198

Erms E, Canlon B {32} Neomnal comecfivity and imeradtions
hetween the anditory and limbic systems. Effects of noise and
tmmitos. Hear Fes ZE8(1cM-45

Krms K, Mima 5, Fimenez 7, Hindoja 5, Ding D, Fang H, Gray L,
Loharinas E, Son W, Sahd B (2010) Moise tramma impains
nemmogenesis i the mt hippocampos.  Newrosci  167T@E)
1216=1226

Kratwchmann H, Tafesss UJ, Hermmanm A {1982 Diffarent volome
changes of cessbral contex and white master doning hisinlogical
prepamtion. Microse Acta 86(1)c 13-24

Ladygina T, Mmss A, Sopin A (1978) Moliple semsony projections in
the dolphin cerebral orer. 7h Vysh Nav Deyat ZE{S)c
1471053

Larsell O (1970} The comparstive natomy and hisnlogy of the
cevehedlom: from monotremes Srongh apes, vol 2 University OF
Mimmesota Press, Mimapolis

Lyamin 0, Mmger P, Ridgway 5, Mobhametov L, Siegel J {3008y
Cetacean sleep: an ] fiorm of lian sleeq. M ci
Hiohehav Rev JNE)c] 451 1484

£ springer

32



Brain Stma Fmct

MacNedlage P 2013) Venshmte whole hody-action asymmedries and
the: evolotion of right hm dedness: 3 comparison between homans
mid marine mammalk. Dev Paychobiol 5565 TI-587

Maden P, Lammers M, Wisniewska D, Besdholm K 2013) Nasa
soamd produoction in echalocating del phinids | Tursiops suncau s
md Perudorm crarsdms) is dymamic, bot onilateral: clickng
on the right side and ohisling on the left side J Exp Bial
20621 a0 1 =41 02

Manger P (2006) An examination of cetacean bradin stoctore with a
mowe] by pothesis comaating thesmogmesis 1o the evolotion of &
hig bmin. Biol Rey 8102 2905-318

Manger P (X013 Cmestioning the misrprestions of hehavioral
aimervations of cetaceans: i thes relly sopport for o special
imdlecta] sates for this mammain odda? Neworosd
25k G606

Manger P, Hemingway I, Haagensen M, Gilissen E {2010} Cross-
sectiomal area of the elephant corpos callosom: compasison to
other entherion mammals. Nenmscience 167 3)cl 15-824

Manger P, Prowse M, Haagensen M, Hemingway J {3012} Qmanti-
dive analysis of nenansical gyrencephaly in African dephanis
{Loxadomta africana) md six species of cetcenms: comparison
with other mammals. J Comp Nenm] S20(1 124 3-24%3

Marino L (1998) A comparison of encephalimation between odonto-
e coimorans and amibropoid primsies. Brain Below Ewval
SI42 3238

Marino L, Eilling J, Lin 5, Ridgway 5 (2000) Reladve volume of the
cerehellom in dolphine and comparicon with anthropaid pri-
mates. Brain Bebav Bval S64c204-211

Moarino L, Mophy T, Dewesrd A, Morris 1, Fobls A, Homblot N,
Ridgway 5, Johmson J (200 12} Amtomy and thresdimensional
reconsmctions of the hmin of the white whale { Defoh napeerus
lrurary from magnefic resomance images. Anast Bec M)
420-4%

Marino L, Mophy T, Gozal L, Johmson J (2001h) Magmetic
rmomance imagng ond thres-dimentons] scomtmctions of
the brain of a feial common daolphin, Delphinus delphic. Anat
Embryal 203573402

Marino L, Sadhamer K, Mophy T, Davis K, Pabst T, McLellan W,
RKilling I, Jobmmom J 2000c) Anstomy and thres.dimensional
recomsimctions of the bmin of 3 boiflenose dolphin {Twrsiops
mumcams) fom magnefic msomance images. Amt  Rec
64 7414

Marino L., Sadheimer K, Pabst D, Mclellan W, Filsoof D, Jobnson J
(A1) Nemmmstomy of the commom dolphin {Dedhiaus
Arat Rec 2684041 ] 429

Marino L, Sodbeimer K, &linD,S:l'pemhllldnml(mmj
Nemroansinmy of the harhor porpoise {Pﬁm Pl

Momif H, Jowlink B (1999) Astmoytes respond to hypoxia by
increasing ghyool yiic capacity. § Neoroscd Res ST Z)c 255260

Moartin B, Ferndinder M, Parea G, Pascmal (0, Haydon P, Azame A,
Cefia V {2007y Ademosine released by minocyies conirhmes to
Iypoxis-mdoced modolation of smaptc tommision Gl
55( 1) 3645

Mariming C (2082} A gontinfive txt of the thermogenesis
Inypothesis of cdocean brain svolofion, ming phylogmetic
comparative methods. Mar Fresiw Behav Phy 43 1)l =17

Maximino C 2005} Reply o Mmger's Commentary on “A
guntintive tt of the thermogenemis hypothesizs of octacean
brain evalnfion, nsng phylogenefic comparaiive meghods”. Mar
Freshw Bebay Phy 435 363-372

lﬁy?(ﬁnﬁl'[‘h:mmaﬁn soperior collicnl e |aminar strociore

and conmections. Prog Brain Res 151:5201=3T8

Mayes A, Monialdi D, Migo E {3007y Associafive memary and the
medial emporal lobes. Trends Cogn Sci 11(3) 126135

Mazzatent A, Caleo M, Baldaccini M, Maffei L (2000} A oompar-
afive morphomettic malysis of the optic nerve in two cdacean
secies, the sirped dolphin (Seemells corrlmalba)l md fin
whale |Balarnoprera physalus). Vis Newrosci 18:3] 9-325

McArdle B (1985) The strocworal mlationship: regression in hiolagy.
Can J Zoal 66( 11238234

McFardand W, Morgane P, Jacobs M {1969 Vienin oo b system of the
bmin of the dolphin, Twsiops ruwcanus wih compantive
amaiomical observations and rdations o bmin specializtions.
J Comp Nenm] 1350 p X75-347

McHugh T, Savkin A, Wishant H, Flashman L., Oevinger H, Rahin
L, Mamouzgian A, Shen L {2007 Hippocampal vwolome and shape:
mmalysis in an older adolt popolbfion Clin Newropsychol
201 130-145

Meredith M, S2in B (1986) Visoal, andiiory, and somatosensory
comvergence on ells in soperior collicolos wsnls in molsen-
sory imiegration. J Nemrophysiol 560 ol 662

Meyer 1 {1981) A qoan fitntive comparison of the pars of the brains of
two Ansiralisn marepisk and some emtherisn mammals. Brain
Behav Eval 18{1=-260-T1

Migihl B, Wahlherg M, Madsen P, Heerfordt A, Lond A (20003) The
monapoleed mtore of sperm whale clicks. J Aomost Soc Am
114211431154

Monfie B, Schnsider G, Ketten [, MarinolL, Toghey K, Habhn M {2007y
Nemroamaiomy of the sohadolt and fesal brain of the Afantic
Whites ided D alphin { Lagemo rymchys arum o) fiomin sito mag-
netic msonance mages. Anat Rec 200{] Xc1459-1479

Monfie E, Schneider G, Ketien D, Maino L, Touhey K, Habm M
(200E) Volomesic nmmimaging of the Adantic White-Sided
Dalphin {Lagenoriymchur acurusy briin fom in sitn magnetic

fmm mag e images. J Morphal 25T 3308347

Marino L, McShea D, Uhen M 200da) Origin and evolition of lhnge
brains in oothed whales. Anat Rec A ZR1{2) 1247=1255

Marino L, Sherwond C, Delman B, Tang T, Nadich T, Hof P (3004h)
Nemroanaiomy of the kkller whale {0 neime aro ) fiom magnetic
resomance images. Anat Rec A ZRI(2 ) 1256-1263

Marino L, Sodhamer K, Mclellom W, Johmson § {200dc) Neo-
roansinmical simciore of the spimer dolphin {Sewell on-
girogris orienralis) brain faom magnesic res omance images. Anat
Rec A X7 1e60]=610

Marino L, Sndheimer K, Pahat [, McLelbn W, Ambad 5, Naimi G,
Johnson J 20044y A nasomical description of an infint ot fen ose
dolphin (Twziops mumcams) bain flom magnetic ce

e images. Anat Rec 290 (JcM3 =282

Montie E, Wheeler E, Possini N, Battey T, Barakos J, Dennison S,
Colegrove K, Guolland F (2010} Magnetic resmmance imaging
guality and volomes of brsin stmces from ve and post
mosem magng of Califomis sea Bons with clnical sigms of
domaic acid towdcosis. Dis Aguat Org 9 1{3)c243-256

Moore P, Dankiewicz L, Homser D (2008) Beamwidth comm] and
angolar target deterfion in am acholocating hottlenoee dolphin
{Tursops oramearusy. § Acomst Soc Am 12405 p A0M 5152

Momy R, Pesty C, Xo Y, Hayes I, Wagner H IT, Lewis D, LaBar K,
Styper M, MoCarty G (2009 A comparson of amtomated
s=gmantafion and mammal tracing for qouantfying hippocampal
and amy gdals vol omes . Nenmimage 4 53855 <866

images. Aguat Mamm 3023 15326

Marino L, Bmd O, Commor B, Fordyoe B, Haman L, Hof P, Lafabvre
L, Losssan [, MoCowan B, Kimchinsky E {3008) A chl'u.m
seaxch of evidence: reply 10 Manger's thermogenesis
of cetarean brain stroctore. Biol Rew 8% dod 17-440

€1 Springer

Mogme P, McFarland W, Jacohs M (1982) The Embic obe of the
dinl phi mbrain: 2 goantiative oyienchitertonic stody. § Himforsch
T[S S65-552

Mostensen H, Pakkenherg B, Dam M, Dietz R, Sonmne O, Mikkelsen
B, Erksen N (3014) Qmantitative relfionships in delphinid
nencorew. Front Nemmanat &:1 <10

33



Brain Stma Fmat

Ness A (1967) A measore of asymmesry of the simllks of odontoceds
whales. J Zoal 153Z)ca09-22 1

Nommels 5, Wigar T, Hamild 5, Ranter T (1999} Scaling of the
cetorean middle sar. Hear Res 135 1) 7181

Oelschliger H (2008) The dolphin brain—a challen gz for synghetic
nemrohiology. Boin Res Ball T5(Z0d50-459

Oelechliger H, Oelschliper J (2009) Boin In: Pemin WF, Worsiz B,
Thewissen J jeds) Encyclopedia of marne mammalk. Elevier,
Oncfiord

Oelschlager H, Haas-Rioth M, Fong O, Ridgway 5., Knaoth M {2007y
Marphaoko gy and evolotionary hislogy of the dol phin (Dednh inus
) brin—MR imaging md convenfional hisiology. Bmin
Bebav Eval T1{1 p68-26

Oelschlager H, Ridgway 5, Emamh M (2010) Cetccan bmin
evolfior Dwvarf spam whale (Kogia swma) and common
daolphin {Delphinu s dafphi sj-an imvestigation with high-resalo-
gon 3D MRL Brain Belav Bvol 75:33-62

Pack A, Herman L (1995) Semsory integmtion in the botde mosed
dolphin: immedize recognition of omplex shapes acroe the
semes of echolocation and vision. J Acomst 5oc Am 92
TX-T33

Pakkenbesy B, Gondersen H (1997} Neocortical nenmn momber in
Immans: effect of sex ad age. J Comp Newrol 3845 1 2=330

Panin M, Gahai G, Ballarin C, Paraffo A, Cozxd B{2012) Evidence of
melatonin secrefion in cetcemns: plsma concentration and
extrapine] HIOMT dfke presence i e boftlencse dolphin
Tursiaps trumcarus. Gen Comp Endoer 17702 X58-245

Patzice N, Spocter M, Berieken M, Hasgemmen M, Chowans R,
Streicher §, Kswera O, Gilissen E, Abgaili A, Molammed O
(2013 In contrast to mamy other mammals, cetacemns have
reltively small kippocampi that appear i lack adnlt nemmoge.
nesis. Brain Stoct Fonat 1=X3 Acceseed 7 Oct 2015

Payme R, Wehb D {1971 ) Oxientation by means of kn g range aonostic
sigmaling in baleen whales. Aon WY Acad Sci 1ES(1)c] 10=141

Pfrizger F, Bames B {1997 ) Symaptic effimcy enhanced by ghal cells
in vita. Science 2TH S Xc1684-] 687

Fiemon R, Comon P, Sears L, Alican D, Magnotia V, OLery Dy
Andreasen N (3002) Mamma] and semisminmased measrement of
erehellar snbregions on MR images. Neoroimage 17 1)o61=76

Filled G (1972 Cerelwal of the Platamistidas |(Plasmisa
pamgaica, Plagmisaind, Pontoporia blaimvilla, Inia geaffren-
sis) Investiy Cetcea 4:44-T0

Filleri G, Gibr M (1959) On the smatomy and hehavionr of Risso's
dalphin {Grompus grisess G Covier), Tovestig Cetacea 17493,
Accessed 26 Jan 2015

Filleri G, Gibw M {1970) The central nenvoos system of the mystices
md odonincets whales. Tnvestip Cetacea 2:87= 135

Bl G, Gike M {1972 Coniribotion o the knowledge of the
etaceans of Palison with parionlar reference o the genem
Keomenis, Sousa, Delphings, and Turriops and description of a
new Chiness pompoise (Neowmers adosmnsmnalisy Investig
Cetacea £107-162

Firkt P, Eamiya T (1985) Cuaitstive and goantintive boin
mophology i the Sienian Dugong dugomy Erxl J Zool Syst
Eval Rex X320 147=155

Poale I, Payne K, Langhaner W, Moss O (1988) The social conexts
of some very bow fequency calls of African dephants. Bebav
Ecal Sociohiol I2{6).585-332

Poth C, Fomg C, Gimtiském 0, Ridgoay 5, Oelchliger H {2005y
Nemron nombers n semsory corfices of five dedphimids compared
in a physeierid, the pygmy spesm whale. Brain Res Ball
G5 3 57=-360

Cmeger B, Schréider B (199 7) The shrinkage of the homan brain sem
doring formalin fixation and ambedding in paraffin. J Neorosd
Medh TS IcE1-89

Rattenhorg M, Ambmner O, Lima 5 {2000} Behavioral, neoropbysio-
logical and evolofiomry paspectives on onihemispheric sleep.
Memroeei Biohehay Rev M@E 17842

Reader 5, Laland E (3002} Sodal meelligence, mmovation, and
emhanced brain siz in primates. Proc Nat Acad Sci 990
At |

Reep R, O'Shea T (1990} Regiomal brain mophomesy =nd
Hssencephaly in the Sirenia. Brain Bebav Eval 35(4c]85-194

Reep B, Fnby B, Dedingion R (2007) The limbic system in
mammalizn brain evoluion. Brain Behay Eval T(E57=70

Renand D), Popper A (1975) Sound localirasion by she hotdenose
porpoiss Tursiops trescarue. ] Bxp Bial 63 (3569 <585

Ridgway 5 (1986) Physiological ohservations on dalphin brains. In:
Schoserman R, Thomas 1, Wood F (eds) Diol phin cognifion and
hehavior: & companative spproach. pp 3l=60. Aocesced 26 Jan
Als

Ridgway 5 (1990) The central mervous sysem of the bottlenose
dolphin. In: Lentheswood 5, Reeves R jeds) The bottenose
dolphin. pp 69=97. Accessed & Nov 2013

Ridgway 5 (200} The snditory central nervons sysiem of dolphims.
Im: Am W, Popper A, Fay R (eds) Hearing by whales and
dolphins. Springer, New York, pp 273-293

Ridgway 5 Browmsom B (1984) Relafive brin sizes and cortical
sorface ares in odomincetes. Ada Tool Penn 172:149-152

Ridgway 5 Hamson A (2014) Sperm wihales md Killer whales with
the lazg et brains of all toothed whales show extreme difierences
in cershellom. Boin Babay Bval 83@ 019

Ridgway 5, Tarpley R (1996) Brain mass comparisons in Ceiocea.
Proc Int Assoc Aguat Amim Med 27:55-57

Ridgway 5., Bollock T, Carder I, Seeley R, Woods [, Galambes R
{1981y Anditory braingtem msponse in dolphing . Proc Nad Acad
i TR(Ne1943-1947

Ridgway 5, Mmrino L, Lipsoomb T (2002} Description of a poorly
differenfisted mrcinome within the beinsem of 2 white whale
{Delphingprerus lams) friom magnefic resomance images and
histologia] analysis. Anat Rec 268(4)0dd] 449

Ridgway 5, Hooser [, Fimmeran J, Carder [, Keogh M, Van Bonm W,
Smith C, Scadeng M, Dobowiz [, Masrey B (2006) Fmnctonal
imaging of dalphin brain mesholizm and blood flow. J Exp Bial
Nl S0 22910

Rilling I, Ims=] T {19992) Differential expansion of naora projecson
syilems i primade brain  evolotion. Neororeport 1007 )c
1453=1459

Killing I, bsel T (19995} The primaie neccoriex in compamdve
perective msing magnetic resomance imaging. J Hom Ewal
N2 191223

Ringo J (1991) Neoroma] inercommection as & fondtion of boin sme.
Brain Belav Bval 3811 1-6

Ro#é G, Dicke U7 2005 EvoloSon of the brain and intelligence.
Trends Ciogn 5ci W5 250-257

Ruoscher K, Freyer D, Karsch M, Imev N, Megow D, Sawindd B,
Priller 1, Dimagl U, Meised A [(2002) BErythropoidin & 2
parxrine medistor of ischemic inlemnce in the bnic evidence:
fmm an in viro model. J Naomaci X323 1029110501

54138 A, Bao F, Jingshan 5, Haomherger A, Hamsom H, Haghid K
{3002y Exposore to shomt-lasfing impuole noise canees neoromal
c=Jum exgpress iom and induction of apopiosis in the adol rathoin
J Neorotraom | 48985991

Schlenska G (1974) Val und (ibhesflack igen an Geahir-
nen verschisdmer SSngetiers im Vergleich 7o emem emmecimaten
Modell J Hirnforsch 15:401-408

Schulr (G, Crocijmans H, Gesmann M, Scheffler K, Miiller Gerbl M,
Miiller B (2011 ) Three-dimansona] stoin fizlds in boman brain
resolting fom formaln fixation. J Neorosci Meathods 20241 )
17-27

£ springer

34



Brain Stma Fmct

Seiffert E (2007) A mew estimate of afrotherion pinylogeny hased on
simulaneons amlysis of gemomic, morphological, and fiossi
evidence. BMC Eval Biol T 1224

Shoshani J, Kq:ﬂ:_v W, Mnlﬂmﬂﬁjﬂlqhulnm Pant E
Eos &Y, fonctions, « ive: , amd evalo-
fion. Bmin Res Bal 'R'lfl}:]ZM-IST

Ehuokz 5, Dunhar B (2006) Both social and eonlogical faciors predic:
mngolae brain size Proc B Soc B TR 1583 0 A07-215

Simha 5, Moss O (2007) Vocal premotor activity in the i

vom Fersen L, Schall U, Giinstisktm O (2000) Visoal hiraliration of
mitan dsoimimton in the botlenose dolphin (Tursiops
rumcan sy, Behav Brain Res 100 1)1 T7=181

Wakovd K, Westlye L, Amlien [ Bpeseth T, Remang T, Raz N,
Agarte T, Saat D, Greve I, Fischl B 2011} Consisent
nenrnanainmim] age-relaied volome diferences acnoss ool €iple
samples. Nemrohial Aging 33591 6932

Wallde 5, Eriksen N, Dobelsteen T, Pakkenherg B (2000) A

llicobos. J Nearosci 27(1)c8E< 110

Sirenid A, Hildehrand J, Wiggins 5 (2007) Bloe and fin whale zall
somrce levels and propagation mnge i the Sonthem Ocean.
¥ Acomst Soc Am 1ZNZX)c INB=1215

Smith R (2005 Relative sim wvemm oomoling for sime. Comr
Anthmpal 60X 249-275

Stein B, Meredith M, I-imq,-ml W, M:D-d: L {1989 Belaviorad
indices of malts 0 vismal coes is
affected by amndiony :I'l'u.n]:l. ] I'.'@ Nemrosd 1{1)c12-24

Stephan H {19y Helmd'm:l:e md:len tiher dem gmanfitativen

ek dnhed des  peburms.

Z Wiss Zoaol 164143172

Stephan H, Febm H, Baron G (198]) New and revised dam om
volomes of brain smdores in imectivors and primates. Faolin
Primain] 35 1-29

Swanson B, Famell K, Stein B (1997) Assocyte energefios, fonation,
md death under conditions of incomplete sdhamiz: 2 mecha-
nism of glial death in the parmmbra. Ghia 211142153

Sweatt J (X003 The hippocampos ssrves a role @ moltimodal
information processing, md memory comso hidation . Mechani sms
of memaory. Elevier Amdemic Pess, Onfiord

Tamley R, RBidgway 5 (1994) Corpos callsom size in delphinid
cetaceans. Brain Behay Eval 4435156165

Tyack P {1999} dcation and cognifion. Im Reymolds JE,
Rommel 5A (eds) Biokogy of marine mammals. Smithsonian
Institntion Press, Washington, pp 287-323

Tyack P 2000y Fonctiona] sspedts of cetacenn commumnication. In:
Marm J, Comnor B, Tyack P, Whiehead H (=ds) Cetacean
societies: field stodies of dolphins and whales. University of
Chicagn Press, (hicaga, pp 270-307

Tyack P, Qark C (2000) Commumicaton and acoustic belanvior of
daolphins and whales. In: An W, Popper A, Fay R (ads) Hering
by whales and dolphins. Sprmnger, New York, pp 156=224

[Mian E, Sappersiein 5, Chrisopherson K, Bames B (2001) Contral
of synapse momber by gha. Saence 291{ 55040657 <661

Valentine D, Moss C (1997 ) Spatially selective anditory responses in
the soperir miiobes of the echolomting bat J Neorosd
1T 5)c] TH0= 1733

‘n"ei:lrd.i:_l,- A, hi.l. A (2:113]. Namghx defmifion, clssification,

lopment. Glial physiology and paho-

physiology, |5 edn "lu"ihy..]’iﬂw‘l’:lt.w??n—!ﬂ-l

€1 Springer

logical comyp ve sindy of the hap seal (Pagophilus
prom landicus) ond harhor porpoise | Phooma phocoena) bein
At Rac 2951202 1 29-2135

Wasizok D, Eesten D (1999) Marime mammal semsory sysiems. In:
Reymolds J, Rommel 5 {eds) Biclogy of masine mammals
Smithsomiazn Instituion Press, Washingion, pp 117=174

Washinginn 5, Kamwal J (2012) Sex-dependert hemisphesic soym-
meities for processing madolaied somnds W the
F:nllylndmrycmd’ﬁemm:hedhtlﬂmqtym]
T e | SR =566

Wass D, Strogatz 5 (1998) Collective dymamics of “small-wodd
netwosks. Natore 3566 20pd 0-442

Waxman 5 {1 %80) Determinants of condoction velocity in myefnated
nerve fibers, Muoscle Nerve 3(2jcl4 1150

Wen ), Chidowsidi D (2005) Segregation of the brain into gray and
white maiier: 3 design minmiring condoction ddays. Plos
Comput Bial 17 =78

Whitehead H, Mamn J (2000} Female repmductive smaegies of
cotncrans. In: Mmnn I, Conmnor B, Tyack P, Whitehead H ({zds)
Crtarean sociefies: field sindis of dolphims snd whales
Univemity of Chimgo Press, Chimgo, pp 219-246

Wislockd G (1929 The hypophysis of the porpoise (Tursiops
mumcan ) Arch Sorg 18 c1403-1412

Wirsig B (2009) helligence and cognifion. In: Perrin W, Wirsiz B,
Thewissen J {ads) Encyclopedia of marine mammal, 2nd adn
Academic Press, Cambridge, pp 616=623

Yaman 5 von Fersen L, Debohardt G, Gémtiricin O (2003 ) Vienal
lirmafimfion in the botdmose dolphin (Tusigps sumcame):
evidence for a popuolation asymmetsry? Beluv Brin Res
1421 3= 114

Yamaraki ¥, Hoeomi ¥, Kmska K, Sogihara T, Fojii & Goto K,
Eam H 2007 Modobtory effects of oligodendrocytes on the
condudtion wvelocity of adion poential dong axoms i the
ghems of the =t hippoompal CAl region. Nenmn Glia Biol
B 325305

Fhang B, Semowsl T (2000) A onivesal scalng lyw hetwesn gray
matier and white matter of cerebral corex. Proc Nat Acad Sci
I 10 562 <5626

35



36

"(ya1) 71 pue ‘(ubu)
o ‘(jenuan) A ‘(jesiop) @ ‘(1oii1sod) 4 ‘(JonsIuR) W :SUONDBIIP [BIIWOJRUY “UleI]
©210 "O 8y} JO Sabewl YA [enibes pue ‘[eluoziioy ‘[ejuods pajelouuy :T°z a4nbi4

'S




37

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 O 9yl JO sabewl YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 ‘S




38

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 O 9yl JO sabewl YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 ‘S

.f.»&l "

e



39

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 O 8y} JO sabew YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 °S

1

' ' 5

,_ .
f-...r.,.ll|~\4 | W



40

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jesiop) @ ‘(1ouaisod) 4 ‘(JoLIsIUR) W :SUOIJBIIP [eIIWOIRUY “Ulelq
©210 O 9yl JO sabewl YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 ‘S




41

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 O 9yl JO sabewl YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 ‘S




42

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 O 9yl JO sabewl YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 ‘S




43

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 91 JO Sabewi YA [enibes pue ‘[eluoziioy ‘[eluol) pajelouuy Tz a4nbi4 'S




44

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 O 8y} JO sabew YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 °S




45

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jesiop) @ ‘(1ouaisod) 4 ‘(JoLIsIUR) W :SUOIJBIIP [eIIWOIRUY “Ulelq
©210 O 9yl JO sabewl YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 ‘S




46

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 91 JO Sabewi YA [enibes pue ‘[eluoziioy ‘[eluol) pajelouuy Tz a4nbi4 'S




47

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 O 9yl JO sabewl YA [enibes pue ‘|eluoziioy ‘[eluol) palelouuy :1°Z aanbi4 ‘S




48

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jesiop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 91 JO Sabewi YA [enibes pue ‘[eluoziioy ‘[eluol) pajelouuy Tz a4nbi4 'S




49

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 91 JO Sabewi YA [enibes pue ‘[eluoziioy ‘[eluol) pajelouuy Tz a4nbi4 'S




50

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 91 JO Sabewi YA [enibes pue ‘[eluoziioy ‘[eluol) pajelouuy Tz a4nbi4 'S




o1

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 91 JO Sabewi YA [enibes pue ‘[eluoziioy ‘[eluol) pajelouuy Tz a4nbi4 'S




52

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 91 JO Sabewi YA [enibes pue ‘[eluoziioy ‘[eluol) pajelouuy Tz a4nbi4 'S




53

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 9y JO Sabewi YA [enibes pue ‘[eluozLioy ‘[eluol) pajelouuy Tz a4nbi4 'S




54

"(ya1) 71 pue ‘(ybu)
o ‘(jennuan) A ‘(jestop) @ ‘(1oumsod) 4 ‘(Jo1IBIUR) W :SUOIAIIP [eIIWOIRUY “Ulelq
©210 'O 91 JO Sabewi YA [enibes pue ‘[eluoziioy ‘[eluol) pajelouuy Tz a4nbi4 'S




55

Acknowledgements

Chapter 2, in its entirety, is a reprint of the peer-reviewed publication as it appears
in Brain Structure and Function 2016. Citation: Wright, Alexandra; Scadeng, Miriam;
Stec, Dominik; Dubowitz, Rebecca; Ridgway, Sam; St. Leger, Judy. 2016.
Neuroanatomy of the Kkiller whale (Orcinus orca): a magnetic resonance imaging
investigation of structure with insights on function and evolution. Brain Structure &
Function, 1-20. doi:10.1007/s00429-016-1225-x. The dissertation author was the primary

investigator and author of this publication.



Chapter 3. Diffusion tractography reveals pervasive asymmetry of cerebral white matter

tracts in the bottlenose dolphin (Tursiops truncatus)

Abstract

Brain enlargement is associated with concomitant growth of interneuronal
distance, increased conduction time, and reduced neuronal interconnectivity. Recognition
of these functional constraints led to the hypothesis that large-brained mammals should
exhibit greater structural and functional brain lateralization. As a taxon with the largest
brains in the animal kingdom, Cetacea provides a unique opportunity to examine
asymmetries of brain structure and function. In the present study, diffusion tensor
imaging and tractography were used to investigate cerebral white matter asymmetry in
the bottlenose dolphin (Tursiops truncatus). Widespread white matter asymmetries were
observed with the preponderance of tracts exhibiting leftward structural asymmetries.
Leftward lateralization may reflect differential processing and execution of behaviorally
variant sensory and motor functions by the cerebral hemispheres. The arcuate fasciculus,
an association tract linked to human language evolution, was isolated and exhibited
rightward asymmetry suggesting a right hemisphere bias for conspecific vocalizations
unlike that of most mammals. This study represents the first examination of cetacean
white matter asymmetry and constitutes an important step toward understanding potential
drivers of structural asymmetry and its role in underpinning functional and behavioral

lateralization in cetaceans.
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Introduction

Asymmetries of brain structure and function are found throughout the vertebrates
(Rogers and Andrew 2002), varying in type and magnitude. An asymmetric or lateralized
brain is characterized by anatomical or functional differences between its bilateral
components, such as the cerebral hemispheres, cortical areas, or cerebral white matter
tracts. It has been hypothesized that the extent of brain lateralization increases with
increasing brain size (Ringo 1991; Ringo et al. 1994). This relationship is thought to arise
through mechanisms to (1) avoid extreme and untenable brain enlargement consequent to
the maintenance of complete neuronal interconnectivity (i.e., the number of neurons in
which an individual neuron is directly connected) and (2) mitigate increased
interhemispheric conduction delay in large brains resultant from longer transmission
distances. The Ringo hypothesis contends that constraints on interconnectivity and
conduction time inherent to the evolution of large brains may impose strict limits on
global processing and favor local processing of related functions leading to the
development of brain lateralization. Studies of cortical arealization (Northcutt and Kaas
1995; Kaas 2013) and hemispheric interconnectivity (Rilling and Insel 1999; Olivares,
Michalland, and Aboitiz 2000; Olivares, Montiel, and Aboitiz 2001) provide evidence for

enhanced local processing in large-brained mammals and suggest that greater structural
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and functional lateralization may arise from increased intrahemispheric connections and

hemispheric isolation via reduced commissural linkage.

Cetaceans (whales, dolphins, and porpoises) have the largest brains in the animal
kingdom (Pilleri and Gihr 1970; Ridgway and Brownson 1984; Ridgway and Tarpley
1996; Ridgway and Hanson 2014). In accordance with the Ringo hypothesis (Ringo
1991; Ringo et al. 1994), a high degree of lateralization would be expected for large
cetacean brains. Moreover, deviation from an otherwise evolutionarily conserved cerebral
scaling law (Hofman 1989; Wright et al. 2016) in addition to selective pressures of the
aquatic environment favoring continuous vigilance (Ridgway, Houser, et al. 2006;
Ridgway, Carder, et al. 2006; Ridgway et al. 2009; Branstetter et al. 2012) would be
predictive of increased hemispheric lateralization and functional independence of the
cerebral hemispheres. Indeed, structural, functional, and behavioral lateralization has
been observed throughout the Cetacea, including both the Odontoceti (echolocating
toothed whales, dolphins, and porpoises) and Mysticeti (non-echolocating baleen
whales). Asymmetry of cortical surface area (Ridgway and Brownson 1984) and
subcortical and midbrain structure volumes (Montie et al. 2008; Wright et al. 2016) have
been observed in a number of species of the cetacean family Delphinidae. Morphological
asymmetry has also been reported for certain midbrain nuclei of balaenopterid mysticetes
(Pilleri and Gihr 1970). Behavioral asymmetries indirectly linked to functional
lateralization have been widely documented in odontocetes and mysticetes spanning
various sensory, motor, cognitive, and social functions (MacNeilage 2013). Arguably the

most striking form of functional lateralization observed in odontocetes is that of
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unihemispheric slow wave sleep, a state of hemispheric incoherence (i.e., one cerebral
hemisphere produces sleeping electroencephalograms (EEGs) while the contralateral
hemisphere produces waking EEGs) thought to be important for the maintenance of
locomotion, surface respiration, and vigilance toward conspecifics, predators, and prey by
one cerebral hemisphere while simultaneously permitting sleep in the contralateral
hemisphere (Supin et al. 1978; Goley 1999; Rattenborg, Amlaner, and Lima 2000;

Ridgway 2002; Lyamin et al. 2008).

Though observations of anatomical, functional, and behavioral asymmetry have
been reported in Cetacea, no previous studies have investigated white matter asymmetry
in large cetacean brains and its potential functional implications. Therefore, the present
study examined the extent of cerebral white matter asymmetry in Tursiops truncatus, a
delphinid with an average absolute brain size larger than that of Homo sapiens and a
relative brain size exceeding that of nonhuman anthropoid primates (Ridgway and
Brownson 1984; Marino 1998). Diffusion tensor imaging (DTI) and tractography were
used for the identification, measurement, and three-dimensional (3D) reconstruction of T.
truncatus white matter tracts of the association, projection, and commissural fiber
systems. The bilateral cerebral white matter tracts of this large T. truncatus brain
exhibited pronounced lateralization associated with brain enlargement, unique cerebral
scaling, and environmental selection pressures. The observation of pervasive asymmetry
in cerebral white matter architecture of T. truncatus is proposed to reflect differential
perception, processing, and production of social and nonsocial sensory signals and motor

actions.
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Materials and Methods

Specimen

The specimen examined was the formalin-fixed brain of a captive, 27-year-old,
male T. truncatus (NAY, body length: 302 cm, body weight: 284 kg). The fresh mass of
the specimen was 2093 g. Within 3 hours of death, the specimen was extracted, fixed
whole in 10% phosphate-buffered formalin, and placed on a shaker to facilitate thorough
penetration of the fixative. The specimen was kept for approximately 6 years in regularly
changed buffered formalin. The cause of death was phytobezoar asphyxiation and non-

neurological in nature.

Two additional specimens (i.e., one T. truncatus brain and one Pseudorca
crassidens brain) were available for inclusion in this study but suboptimal data quality
using the imaging protocol described below prohibited DT analysis. This was potentially

due to prolonged storage in fixative (i.e., approximately 20 years in buffered formalin).

Image acquisition and processing

Imaging was conducted at the University of California - San Diego Center for
Functional Magnetic Resonance Imaging (fMRI) using a General Electric 3.0 T Signa
750 MRI system with an eight-channel head coil. T2-weighted [fast spin echo, repetition
time (TR) = 5500 ms, echo time (TE) = 80 ms, matrix = 256 x 384 (re-gridded onto a 512
x 512 matrix), voxel size = 0.39 x 0.39 x 3 mm, field of view (FOV) = 200 mm, two-
dimensional (2D) acquisition with 4 averages, 12 min collection] and T1-

weighted [gradient echo, TR = 7.5 ms, TE = 3.2 ms, inversion time (TI) = 400 ms,
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matrix = 256 x 256, flip angle = 11", voxel size = 0.78 x 0.78 x 1.2 mm, FOV = 200 mm,
3D acquisition, 15 min collection] high-resolution anatomical images were acquired in

the axial plane.

Diffusion tensor images were acquired in the axial plane using a single-shot echo
planar imaging (EPI) sequence with diffusion-encoding along 60 directions, b value =
3000 s/mm?, six non-diffusion weighted images (b,), slice thickness = 3 mm, TR = 8's,
TE = 82 ms, 4 averages, matrix = 128 x 128 mm (automatically re-gridded onto a 128 x
128 matrix), FOV = 200 mm, 56 axial slices, and voxel size 0.78 x 0.78 x 3 mm. The

DTI acquisition was repeated 3 times for a total scan time of 105 min.

Diffusion tensor imaging data were prepared using FMRIB Software Library

(FSL), version 5.0.2.2 (http://www.fmrib.ox.ac.uk/fsl). Images from each DTI acquisition

were concatenated (3 total) and corrected for eddy currents using the “eddy” tool
provided by FSL. Eddy corrected DTI acquisitions were then fit to a diffusion model for
each voxel using the FMRIB Diffusion Toolbox (FDT; (Behrens et al. 2003)). The
diffusion tensor model was diagonalized to yield the three eigenvalues of the tensor in
order to calculate fractional anisotropy (FA), mean diffusivity (Mp), axial diffusivity
(Ap), and radial diffusivity (Rp) maps. Rp maps were calculated as the average of the
second and third eigenvalue. The FA and the main eigenvector maps were converted and

imported into DtiStudio for fiber tracking analysis.

Tractography and 3D reconstruction
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Fiber tracking (i.e., streamline tracking) was performed in DtiStudio (Jiang et al.
2006) using the fiber assignment by continuous tracking (FACT) method (Mori et al.
1999). Tracking was terminated when the local fractional anisotropy (FA) fell below the
FA threshold of 0.1, or when the tract-turning angle exceeded the angular threshold of
55°. The selected FA threshold exceeded the cerebral gray matter FA of 0.04 = 0.01
(mean + standard deviation). The reduced diffusivity and anisotropy of this formalin-
fixed specimen (Miller et al. 2011) necessitated a lower FA threshold compared to the

default FA threshold (i.e., FA = 0.20) often used for in vivo H. sapiens studies.

A multiple region of interest (ROI) approach was used to reconstruct cerebral
white matter tracts. ROIs were identified and manually delineated using FA maps,
directionally encoded color maps (red: left-right, green: dorsal-ventral, blue: anterior-
posterior), or HSV color images where appropriate. ROl placement was performed by
one author (AKW) and replicated for each tract 3 times during different sessions on
separate days. The ROl protocols implemented for each white matter tract are
summarized in the Appendix. 3D volume rendering of the cerebrum and white matter
tracts was performed using AMIRA software (FEI Visualization Sciences Group,

Burlington, MA, USA).

Eight cerebral white matter tracts of the association, projection, and commissural
fiber systems were reconstructed. The association tracts identified included the arcuate
fasciculus, cingulum, external capsule and superior longitudinal fasciculus system.
Moreover, the components of the superior longitudinal fasciculus system (SLF I, SLF I,

and SLF I11) were identified and isolated. The anterior thalamic radiation, corticocaudate
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tract (i.e., the white matter of the caudate tail), and fornix comprised the projection tracts
isolated. The forceps minor of the corpus callosum was the only commissural tract that

could be reliably reconstructed.

Quantitative Analysis

Measurements of the volume [number of voxels containing at least one fiber (i.e.,
streamline) * voxel size; (Hagmann et al. 2006)], fiber number [number of reconstructed
streamlines penetrating the ROI(s); (Jiang et al. 2006)], mean fiber length (mean length
of reconstructed streamlines; (Jiang et al. 2006)), FA (degree of anisotropic diffusion;
(Beaulieu 2014)), mean diffusivity (Mp; magnitude of diffusivity; (Beaulieu 2014)), axial
diffusivity (Ap; parallel diffusivity; (Beaulieu 2014)), and radial diffusivity (Rp;
perpendicular diffusivity; (Beaulieu 2014)) were acquired for each tract. Asymmetries of
each tract-specific measurement were assessed by calculating the lateralization index (LI;

(Vernooij et al. 2007)) according to the following equation:

LI (X) = (Xveft — Xrignt) / (Xveft + XRight)

where X is the tract measurement (e.g., volume or FA). Lateralization index values
ranged between -1 and 1. Positive values indicate that tract measurement X s iS greater
than tract measurement Xgignt, Whereas negative values indicate that tract measurement
Xright IS greater than tract measurement Xgef. Index values approaching 0 (-0.1 < LI (X) <
0.1; (Vernooij et al. 2007; Seghier 2008)) indicate a comparable tract measurement X
between the right and left cerebral hemispheres and thus, the absence of asymmetry.

Calculations of the relative volume and relative fiber number were performed for each
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tract to determine the percentage of the total volume or total fiber number occupied by
the left and right tracts. The assessment of asymmetry was not performed for the forceps

minor of the corpus callosum or fornix.

Results

3D reconstructions of the anterior thalamic radiation, arcuate fasciculus,
cingulum, corticocaudate tract, external capsule, forceps minor of the corpus callosum,
fornix, and superior longitudinal fasciculus system are shown in Figs. 1 and 2.
Reconstructions of the sub-tracts of the superior longitudinal fasciculus system (SLF I,
SLF 11, and SLF Ill) are displayed in Fig. 2. Tract-specific measurements (repeated
measures mean + standard deviation) of volume, fiber number, mean fiber length, FA,

Mbp, Ap, and Rp are provided in Online Resources 1 and 2.

Asymmetries were found for the relative volumes of all of the tracts examined,
with the exception of the anterior thalamic radiation, superior longitudinal fasciculus
system, and sub-tract SLF Il (Fig 3a). Rightward asymmetry was observed for the
relative volumes of the arcuate fasciculus and SLF I, whereas the corticocaudate tract,
cingulum, external capsule, and SLF Il were leftwardly asymmetric. Asymmetries in
relative fiber number were observed for nearly all tracts and were generally greater in
magnitude than the volumetric asymmetries (Fig 3b). All of the asymmetric tracts
examined exhibited a leftward bias in relative fiber number, except for the arcuate
fasciculus and sub-tract SLF I which were right lateralized. Pronounced lateralization of
relative fiber number was observed for the right arcuate fascicle and left SLF Ill, with

each representing 79% and 94% of the total fiber number, respectively. Of all of the
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tracts examined, the superior longitudinal fasciculus system and sub-tract SLF Il were the

only tracts to exhibit symmetry of relative fiber number.

Lateralization indices for tract volume, fiber number, and mean fiber length are
shown in Fig. 4. Volumetric LI values indicated leftward asymmetries for all of the white
matter tracts, except for the arcuate fasciculus and sub-tract SLF I, which were right
lateralized, and the anterior thalamic radiation, superior longitudinal fasciculus system,
and sub-tract SLF Il, which exhibited no asymmetry (-0.1 < LI (Volume) < 0.1). Fiber
number LI values indicated asymmetry for all of the tracts examined, except for the
superior longitudinal fasciculus system and sub-tract SLF II. Positive LI values for fiber
number were observed for the anterior thalamic radiation, corticocaudate tract, cingulum,
external capsule, and SLF 111, whereas the rightwardly asymmetric arcuate fasciculus and
SLF I exhibited negative LI values. LI values corresponding to fiber number were greater
than LI values for tract volume for all of the asymmetrical tracts excluding sub-tract SLF
I. Asymmetry of mean fiber length was less widespread than that of volume and fiber
number, with only a third of the tracts demonstrating lateralization. Of the six bilateral
tracts examined, only the superior longitudinal fasciculus system exhibited consistent
symmetry of LI values across tract-specific measurements of volume, fiber number, and
mean fiber length. However, parcellation of the superior longitudinal fasciculus system
into its subcomponents revealed pronounced lateralization of SLF | and SLF Ill. The

preponderance of asymmetrical tracts and sub-tracts were left lateralized (Fig. 4).

There was an absence of lateralization (-0.1 < LI (X) < 0.1) for the measurements

of FA, Mp, Ap, and Rp in all of the tracts examined (Online Resource 3), which suggests
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that the tract-specific measurements of volume, fiber number, and mean fiber length were
not confounded by these parameters and were indeed asymmetric. Moreover, symmetry
of microstructural diffusion parameters and uniformity of the structural T1 dataset
indicate that macrostructural asymmetries were not due to tissue damage or incomplete

fixation of the specimen.

Discussion

The present study represents the first investigation of cerebral white matter
asymmetry in a cetacean. Given the difficulty of obtaining cetacean specimens,
particularly those of suitable quality for DTI analysis (see Materials and Methods), only
one T. truncatus specimen was included in this investigation. Based on its species-
appropriate brain mass (Pilleri and Gihr 1970; Tarpley and Ridgway 1994; Marino 1998)
and comparatively normal appearance on structural MR images (Marino et al. 2001;
Ridgway, Houser, et al. 2006; Hanson et al. 2013), it is not suspected that the
macrostructural white matter asymmetry observed in this T. truncatus specimen was
anomalous. Moreover, the demonstration of stability of macro- and microstructural white
matter asymmetry in H. sapiens with aging (Takao et al. 2010; Stamatakis et al. 2011;
Takao, Hayashi, and Ohtomo 2013; but cf. Ardekani et al. 2007; Bennett et al. 2010)
suggests that the structural asymmetries, or lack thereof, observed in this 27-year-old T.
truncatus were not associated with senescence. However, future DTI studies are required
to examine T. truncatus specimens of varying age, sex, ecotype, and wild/captive status

to increase confidence in the seminal results of this study and their interpretation.
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The findings of this investigation suggest widespread structural asymmetries of
cerebral white matter in this T. truncatus and provide support for the hypothesis that large
brains should exhibit pronounced lateralization (Ringo 1991; Ringo et al. 1994).
Moreover, the sparse reconstruction of the corpus callosum in this T. truncatus (Figs. 1 &
2) in parallel with various reports on the diminutive size of the cetacean corpus callosum
relative to the volume of the cerebral hemispheres (Tarpley and Ridgway 1994; Keogh
and Ridgway 2008; Montie et al. 2008; Manger et al. 2010; Berns et al. 2015; Wright et
al. 2016) correspond to observations and predictions of reduced interhemispheric
connectivity with brain enlargement (Ringo 1991; Ringo et al. 1994; Rilling and Insel
1999; Olivares, Michalland, and Aboitiz 2000; Olivares, Montiel, and Aboitiz 2001). In
addition, it is quite plausible that distinctive structural scaling and selective pressures of
the aquatic environment have also contributed to white matter asymmetry in T. truncatus
and potentially other members of the order Cetacea. To address constraints on neuronal
interconnectivity and transmission times associated with increased brain size, T.
truncatus and other members of the cetacean superfamily Delphinoidea may have been
selected for a unique cerebral scaling strategy that could further maximize brain
lateralization. Whereas all other mammals exhibit allometric scaling of cerebral white
matter (i.e., a disproportionate expansion of white matter compared to gray matter)
(Barton and Harvey 2000; Zhang and Sejnowski 2000), the cerebral white matter of
delphinoids scales isometrically with increasing brain size (Hofman 1989; Wright et al.
2016). Mammalian white matter hyperscaling is thought to arise from the need for thicker
axons to increase conduction velocity in large brains that have greater interneuronal

distances and consequently, require longer axonal connections (Chklovskii and Stevens
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2000; Zhang and Sejnowski 2000; Changizi 2001); however, disproportionate expansion
of white matter is insufficient to maintain complete neuronal interconnectivity and
overcome significant transmission delays potentially promoting the clustering of related
functions and ultimately, brain lateralization (Ringo 1991; Ringo et al. 1994; Changizi
2001). Without the compensatory mechanism of white matter hyperscaling, it may be
suggested that the brains of delphinoids, and potentially other cetaceans, would be
characterized by fewer connections and greater asymmetry than expected for a brain of
the same size subject to typical mammalian allometric scaling. Moreover, the demands of
an aquatic existence may necessitate continuous vigilance resulting in an extreme form of
functional lateralization, unihemispheric slow wave sleep (Lyamin et al. 2008;
Branstetter et al. 2012), feasibly supported by reduced interhemispheric connectivity
(Figs. 1 & 2; Tarpley and Ridgway 1994) and the prevalent intrahemispheric white matter

asymmetries revealed in this study (Figs. 2, 3, & 4).

The cerebral white matter asymmetry reported for T. truncatus complements
previous evidence for structural, functional, and behavioral lateralization in Cetacea.
Furthermore, examination of prior investigations in light of the findings of this study may
provide insights into the functional significance of the structural lateralization observed.
Along with neuroanatomical asymmetries of cortical surface area (Ridgway and
Brownson 1984), gray matter volume (Montie et al. 2008; Wright et al. 2016), and
intrahemispheric white matter volume and fiber number, delphinids and the wider
Odontoceti exhibit varying degrees of asymmetry of the surrounding cranium and

epicranial complex (i.e., an assemblage of nasal structures responsible for acoustic signal
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generation; (Ness 1967; Cranford, Amundin, and Norris 1996)). Odontocete cranial and
epicranial asymmetry may be related to the evolution of echolocation; however, it may
alternatively be associated with laryngeal asymmetry facilitating prey capture (MacLeod
et al. 2007) or directional hearing in water (Renaud and Popper 1975; Branstetter and
Mercado 2006; Fahlke et al. 2011). Moreover, it has been proposed that epicranial
asymmetry may facilitate the production of complex and diverse acoustic signals and
cause marked lateralization of emitted sounds, resulting in the generation of a wide
leftward beam and narrow rightward beam (Cranford, Amundin, and Norris 1996;
Huggenberger, Vogl, and Oelschlager 2010; Frainer, Huggenberger, and Moreno 2015).
Relevant to this interpretation is the demonstration of directional bias for the production
of functionally distinct acoustic signals by delphinoids, including the T. truncatus of the
present study (NAY; (Ridgway et al. 2009)), with their independently and simultaneously
operable phonic lips (i.e., sound generators; (Cranford et al. 2011; Ridgway et al. 2015)).
The delphinoids T. truncatus, P. crassidens, and Phocoena phocoena demonstrate a
preference for emitting echolocation signals (i.e., predominantly nonsocial high-
frequency, broad-band clicks) from the right pair of phonic lips (Ridgway et al. 2009;
Madsen, Wisniewska, and Beedholm 2010; Madsen et al. 2013) and communication
signals (i.e., social lower frequency whistles) from the left pair of phonic lips (Ridgway
et al. 2009; Madsen et al. 2013). Since the presentation of auditory as well as visual and
somatosensory stimuli evokes larger responses in the contralateral cerebral hemisphere in
delphinoids (Bullock et al. 1968; Bullock and Ridgway 1972; Supin et al. 1978; Ridgway
and Carder 1990; Ridgway et al. 2015), the directional emittance of behaviorally distinct

sounds could promote differential processing by the right hemisphere for social
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communicative information and the left hemisphere for nonsocial echolocative
information. Specifically, the returning echoes of high frequency clicks generated by the
right pair of phonic lips should reach the ipsilateral jaw first leading to earlier processing
of echolocation information by the contralateral left hemisphere; whereas, perception of
lower frequency whistles produced by the left pair of phonic lips should occur more
rapidly with the ipsilateral jaw leading to earlier processing of communication signals in
the contralateral right hemisphere. The aforesaid auditory schema for the asymmetric
production, perception, and processing of acoustic signals of differing frequencies by
delphinoids finds support in the Double Filtering by Frequency (DFF) theory proposed by
Ivry and Roberston (1998). DFF theory is largely based on pitch perception experiments
which indicate a left hemisphere bias for processing relatively high-frequency sounds and
a right hemisphere bias for processing relatively low-frequency sounds (lvry and Lebby
1993; Ivry and Robertson 1998). The pervasive white matter asymmetry of this T.
truncatus (Figs. 2, 3, & 4) may underpin this proposed functional lateralization of
frequency processing and the lateralized production of high-frequency echolocation
clicks and lower frequency communication whistles observed in vita (NAY; (Ridgway et

al. 2009)).

Of relevance to the lateralized processing of lower frequency communication
signals in T. truncatus is the arcuate fasciculus (Figs. 1 & 2). In anthropoid primates, the
arcuate fasciculus connects the frontal, parietal, and temporal lobes (Rilling et al. 2008;
Rilling et al. 2012; Thiebaut de Schotten et al. 2012). Arcuate terminations in H. sapiens

include Broca’s territory (i.e., speech production), Wernicke’s area (i.e., speech
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comprehension), and proximal areas (Catani, Jones, and Ffytche 2005; Rilling et al.
2008). Moreover, the arcuate fasciculus of the primates Pan troglodytes and Macaca
mulatta connects homologs of Broca’s and Wernicke’s areas (Catani, Jones, and Ffytche
2005; Rilling et al. 2012) associated with the production of orofacial expressions
(Petrides, Cadoret, and Mackey 2005) and communicative signals (i.e., gestural and vocal
signaling; (Taglialatela et al. 2008)) as well as the perception of conspecific vocalizations
(Gil-da-Costa et al. 2006). Compared to nonhuman primates, the arcuate fasciculus of H.
sapiens is considerably different exhibiting unique structural elaboration and cortical
terminations thought to be associated with the evolution of language (Rilling et al. 2008).
In H. sapiens and P. troglodytes, the arcuate fasciculus is predominantly left lateralized
(Catani et al. 2007; Glasser and Rilling 2008; Thiebaut de Schotten et al. 2011; Rilling et
al. 2012; Fernandez-Miranda et al. 2014) indicating a left hemisphere specialization for
species-specific communication. In contrast, the arcuate fasciculus of T. truncatus
exhibited pronounced rightward asymmetry (Figs. 2, 3, & 4). If the arcuate terminations
of T. truncatus are functionally homologous to that of primates, then this finding may
suggest a right hemisphere bias for conspecific vocalization in agreement with behavioral
observations demonstrating directional bias for the production of social communication
signals (i.e., lower frequency whistles; (Ridgway et al. 2009; Madsen et al. 2013)).
Interestingly, the right hemisphere bias for conspecific vocalizations proposed for T.
truncatus contrasts with substantial evidence for left lateralization of communicative
functions in nearly all other mammals studied to date (Ocklenburg, Strockens, and
Guntirkun 2013). A recent DTI study identified a direct auditory pathway from the

inferior colliculus to the ipsilateral temporal lobe in the delphinids, Delphinus delphis and
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Stenella attenuata (Berns et al. 2015); however, structural asymmetry of this pathway
was not assessed in that study nor could it be evaluated in the present study due to
susceptibility artifacts in the data localized in the brainstem. It would be of interest in
future DTI investigations of T. truncatus and other cetaceans to compare the
lateralization of this direct auditory pathway to that of the arcuate fasciculus. In addition
to the proposed functional lateralization of conspecific acoustic signals, arcuate
asymmetry may also be relevant to accumulating reports of behavioral lateralization in
delphinoids regarding visual (Karenina et al. 2010; Thieltges et al. 2011; Karenina,
Giljov, Glazov, et al. 2013; Karenina, Giljov, Ivkovich, et al. 2013; Yeater et al. 2014)
and somatosensory (Johnson and Moewe 1999; Sakai et al. 2006; Hill et al. 2015) social

signaling.

Regarding the proposed left hemisphere bias for the perception, processing, and
production of nonsocial echolocation signals (i.e., high frequency clicks), it is interesting
to note that in T. truncatus the majority of bilateral tracts were left lateralized. Increased
tract size could reflect greater axonal diameter, axon abundance, or degree of
myelination, all of which are factors associated with increased conduction velocity
(Hursh 1939; Waxman 1980). The symmetries of microstructural diffusion parameters
(i.e., FA, Mp, Ap, and Rp) found for all tracts and sub-tracts suggest that increased white
matter volume and potentially higher conduction velocity is correlated with greater axon
abundance in this T. truncatus; however, future histological studies are needed to
determine the extent to which asymmetrical tract volumes reflect differences in axonal

diameter, abundance, or myelination in cetaceans. Ultimately, the preponderance of
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enlarged tracts in the left cerebral hemisphere of T. truncatus (Figs. 2, 3, & 4) could
reflect a requirement for rapid analysis of high frequency echolocation signals
transmitted within an aquatic medium that quadruples sound velocity. Widespread
leftward structural asymmetries along with lateralized production of echolocation clicks
by the right pair of phonic lips (Ridgway et al. 2009; Madsen, Wisniewska, and
Beedholm 2010; Madsen et al. 2013; Ridgway et al. 2015) suggest a left hemisphere bias
for nonsocial echolocative vocalization. Moreover, the cetacean left hemisphere has
previously been implicated in predatory locomotor activity. Odontocetes and mysticetes
both exhibit rightward biases during foraging behaviors including strand, mud plume, and
lunge feeding, fish chasing and herding, and rolling during feeding dives (MacNeilage
2013; Karenina et al. 2016). The observation of largely left lateralized bilateral tracts in
T. truncatus may be correlated with both echolocative function and the strong rightward
action asymmetries observed in Cetacea allowing for rapid and responsive perception and

pursuit of prey.

Brain enlargement, isometric cerebral white matter scaling, and the unique
demands of the aquatic environment may each potentially contribute to the widespread
intrahemispheric white matter asymmetries observed in the present study of the T.
truncatus brain. As the first investigation of cetacean white matter asymmetry, this study
provides a heretofore undescribed neuroanatomical basis for functional and behavioral
lateralization in delphinids and potentially other cetaceans. Reviewing the available
literature, pervasive asymmetry of white matter architecture is tentatively proposed to

reflect lateralization of social and nonsocial sensory and motor functions. Moreover, the
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detection of a right lateralized arcuate fasciculus raises interesting and important
questions about the nature of cetacean communication and the plasticity of hemispheric
specialization. Future DT1 or fMRI studies of T. truncatus and other cetaceans are needed
to characterize cerebral white matter asymmetry across a wide range of individuals and
species, and more specifically, to establish the predominant directionality of arcuate
lateralization and elucidate the function of arcuate cortical terminations. The growing
availability of wide-bore MRI systems capable of accommodating larger animals may
facilitate future fMRI studies of delphinids. With proper preparation, delphinids can be
trained to slide out of the water and sit in a scanner (Ridgway, Houser, et al. 2006).
Moreover, delphinids can echolocate while out of water (Finneran et al. 2010). With such
animals and imaging equipment, great progress can be made in understanding the

organization and function of the cetacean brain.

Appendix: ROI protocols

The reconstruction protocols for each tract of interest involved different
permutations of three DtiStudio operations, OR, AND, or NOT (Jiang et al. 2006). The
OR operation permitted the initial selection of fibers with the placement of the first ROI
on an anatomical landmark. Placement of a second ROI with the AND operation
restricted the selected fibers to those that penetrated both the first and second ROIs. ROls
applied with the NOT operation removed the circumscribed subset of fibers from the

previously selected tract.

Arcuate fasciculus
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In mid-sagittal view, select the coronal slice 18 mm anterior to the splenium of
the corpus callosum. In this coronal slice, draw the first ROl (OR operation) around the
superior longitudinal fasciculus core and branches of the suprasylvian, ectosylvian, and
perisylvian gyri, located dorsolateral to the internal capsule. Place a second ROl (AND
operation) around the temporally-projecting fibers of the arcuate fasciculus on the axial

slice 21 mm dorsal to the genu of the corpus callosum when viewed mid-sagittally.

Anterior thalamic radiation

In mid-sagittal view, select the coronal slice 12 mm anterior to the splenium of
the corpus callosum. In this coronal slice, draw the first ROl (OR operation) around the
entire thalamus. Draw a second ROl (AND operation) around the anterior limb of the
internal capsule in the coronal slice at the level of the anteriormost portion of the genu of
the corpus callosum when viewed mid-sagittally. Place subsequent ROIs (NOT
operation) to remove: (a) fibers extending to the contralateral hemisphere; (b) fibers
extending ventrally and posteriorly from the thalamus; (c) callosal fibers; (d)

corticocaudate fibers; and (e) stray fibers.

Cingulum

In mid-sagittal view, select the coronal slice at the level of the anteriormost
portion of the genu of the corpus callosum. In this coronal slice, draw the first ROl (OR
operation) around the cingulum, located dorsal to the corpus callosum. Place a second
ROI (AND operation) around the cingulum on the coronal slice 15 mm posterior to the

genu of the corpus callosum (near the callosal midpoint) when viewed mid-sagittally.
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Draw subsequent ROIs (NOT operation) to remove: (a) callosal fibers; and (b) stray

fibers.

Corticocaudate tract

In mid-sagittal view, select the axial slice at the level of the dorsalmost portion of
the body of the corpus callosum. In this axial slice, draw the first ROl (OR operation)
around the caudate nucleus. Place a second ROI (AND operation) around the caudate
nucleus in the coronal slice at the level of the mid-splenium of the corpus callosum when
viewed mid-sagittally. Place subsequent ROIs (NOT operation) to remove: (a) anterior
fibers extending ventrally; (b) callosal fibers; (c) corona radiata fibers; (d) internal

capsule fibers; (e) thalamic fibers; and (f) stray fibers.

External capsule

In mid-sagittal view, select the coronal slice at the level of the anteriormost
portion of the fornix. In this coronal slice, draw the first ROl (OR operation) around the
external capsule, located lateral to the internal capsule. Place subsequent ROIs (NOT
operation) to remove: (a) fibers extending to the contralateral hemisphere; (b) internal

capsule fibers; and (c) stray fibers.

Forceps minor of the corpus callosum

In mid-sagittal view, select the coronal slice at the level of the anteriormost
portion of the genu of the corpus callosum. In this coronal slice, draw the first ROl (OR
operation) around the genu of the corpus callosum. The callosal genu and first ROI

exhibit a distinct butterfly shape. Place subsequent ROIs (NOT operation) to remove: (a)
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fibers extending posteriorly from the genu; (b) cingulum fibers; (c) internal capsule
fibers; (d) obvious non-bilaterally projecting fibers apparent in the anterior and ventral
portions of the forceps minor; and (e) stray fibers. In order to isolate the bilaterally
projecting fibers of the forceps minor, place a final ROl (AND operation) around the

genu of the corpus callosum when viewed mid-sagittally.

Fornix

In mid-sagittal view, select the coronal slice 3 mm posterior to the anteriormost
portion of the fornix. In this coronal slice, draw the first ROl (OR operation) around the
fornix, located ventral to the corpus callosum and septum pellucidum tract. Place
subsequent ROIs (NOT operation) to remove: (a) fibers medial to the anterior columns of

the fornix; (b) callosal fibers; and (c) septum pellucidum tract fibers.

Superior longitudinal fasciculus

In mid-sagittal view, select the coronal slice 18 mm anterior to the splenium of
the corpus callosum. In this coronal slice, draw the first ROl (OR operation) around the
superior longitudinal fasciculus core and branches of the suprasylvian, ectosylvian, and
perisylvian gyri, located dorsolateral to the internal capsule. Place a second ROl (AND
operation) around the superior longitudinal fasciculus core and branches in the coronal
slice at the level of the anteriormost portion of the genu of the corpus callosum when
viewed mid-sagittally. Place subsequent ROIs (NOT operation) to remove: (a) arcuate
fasciculus fibers; (b) external capsule fibers; (c) internal capsule fibers; (d) lateral gyrus

fibers; and (e) stray fibers.
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In order to isolate the subcomponents of the superior longitudinal fasciculus
system (SLF I, SLF Il, SLF I1I), placement of additional ROIs on the coronal slice 18
mm anterior to the splenium of the corpus callosum is required. For SLF I, a ROl (AND
operation) was drawn around the white matter of the suprasylvian gyrus. For SLF II, a
ROI (AND operation) was drawn around the white matter of the ectosylvian gyrus. Due
to the lack of an apparent demarcation between the SLF I and SLF I within the superior
longitudinal fasciculus core, an arbitrary line was drawn from the lateralmost base of the
SLF I branch to the dorsalmost portion of the lateral ventricle to separate SLF | and SLF
Il core fibers. A ROl (AND operation) was drawn around the white matter of the

perisylvian gyrus to isolate SLF 1II.
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Association Tracts
left right left

Arcuate fasciculus External capsule

Superior longitudinal fasciculus II Superior longitudinal fasciculus III
Projection Tracts

Corticocaudate tract Fornix
Commissural Tract

Corpus callosum (forceps minor) Corpus callosum (forceps minor) bilateral fibers

Figure 3.2: Left and right parasagittal views of the T. truncatus cerebral surface
(translucent dark gray) and underlying white matter tracts of the association,
projection, and commissural fiber systems. Color designations are consistent across
figures; however, the superior longitudinal fasciculus system in this figure reflects
parcellation of the sub-tracts, SLF I, SLF Il, and SLF III.
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S. Table 3.1 Repeated measures mean and standard deviation (£ SD) for macrostructural tract-specific
parameters of volume, fiber number, and mean fiber length in T. truncatus (N=1)

Volume (mm?) Fiber number Mean fiber length (mm)
Tracts Mean + SD Mean + SD Mean + SD
ARC
Left 2734+ 0 150+ 0 1100
Right 4760+ 0 570+ 0 105+0
ATR
Left 19653 + 1298 3955 + 355 60.0£ 0.5
Right 18980 + 278 2734 £ 75 509+0.1
CCA
Left 5839 + 149 1009 + 68 453+14
Right 3313+ 241 530+ 70 365+ 1.7
CCFM
CCFM 10894 + 168 2321 + 56 25.1+£0.3
CCFMBI 4775+ 93 807 + 56 31.0+0.6
CG
Left 3895+ 5 882+ 1 5770
Right 1962 + 31 374+6 39.1+0.1
EC
Left 6727 + 305 1396 + 71 40.9+0.9
Right 4866 + 248 646 + 52 31.5+0.5
FX
2355 + 96 386 + 27 38.2+1.4
SLF
Left 21924+ 0 4450+ 0 65.2+0
Right 21167 £ 124 3711+ 36 65.0+£0.2
SLFI
Left 3938 + 330 645+ 73 56.4+1.2
Right 8935 + 556 1251 + 68 56.2+0.1
SLFII
Left 12838 + 168 2573 + 63 68.6+0
Right 12353 + 434 2402 + 67 69.7£0.3
SLF I
Left 6818 + 0 1245+ 0 62.6+0
Right 1799+ 0 79.0+0 56.8+0

ARC (arcuate fasciculus), ATR (anterior thalamic radiation), CCA (corticocaudate tract),

CCFM (corpus callosum - forceps minor), CCFMBI (corpus callosum - forceps minor, bilateral fibers),
CG (cingulum), EC (external capsule), FX (fornix), SLF (superior longitudinal fasciculus system),
SLF | (superior longitudinal fasciculus I), SLF 1l (superior longitudinal fasciculus I1),

SLF 1l (superior longitudinal fasciculus I11)
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