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Abstract

We report morphological data on brains of four African, Loxodonta africana, and three Asian elephants, Elephas maximus, and compare findings
to literature. Brains exhibit a gyral pattern more complex and with more numerous gyri than in primates, humans included, and in carnivores,
but less complex than in cetaceans. Cerebral frontal, parietal, temporal, limbic, and insular lobes are well developed, whereas the occipital lobe
is relatively small. The insula is not as opercularized as in man. The temporal lobe is disproportionately large and expands laterally. Humans
and elephants have three parallel temporal gyri: superior, middle, and inferior. Hippocampal sizes in elephants and humans are comparable, but
proportionally smaller in elephant. A possible carotid rete was observed at the base of the brain. Brain size appears to be related to body size,
ecology, sociality, and longevity. Elephant adult brain averages 4783 g, the largest among living and extinct terrestrial mammals; elephant neonate
brain averages 50% of its adult brain weight (25% in humans). Cerebellar weight averages 18.6% of brain (1.8 times larger than in humans).
During evolution, encephalization quotient has increased by 10-fold (0.2 for extinct Moeritherium, ~2.0 for extant elephants). We present 20
figures of the elephant brain, 16 of which contain new material. Similarities between human and elephant brains could be due to convergent
evolution; both display mosaic characters and are highly derived mammals. Humans and elephants use and make tools and show a range of
complex learning skills and behaviors. In elephants, the large amount of cerebral cortex, especially in the temporal lobe, and the well-developed
olfactory system, structures associated with complex learning and behavioral functions in humans, may provide the substrate for such complex skills
and behavior.
© 2006 Published by Elsevier Inc.
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1. Introduction investigation, we provide a summary of findings on the gross

anatomy of elephant brains.

Despite the attention of the public to elephants and popu-
larity of these animals, many aspects of elephant biology have
been incompletely studied. In particular, detailed studies of the
nervous system have been limited, notwithstanding a literature
dating from the early 19th century. A recent paper brought to
light the paucity of information on elephant brain research and
provided a stimulus to publish our findings [22]. In the present

* Corresponding author. Tel.: +291 1 15 06 45; fax: +291 1 16 22 36.
E-mail addresses: hezy @bio.uoa.edu.er, jshosh@sun.science.wayne.edu
(J. Shoshani), wkupsky @dmc.org (W.J. Kupsky), marchant@ic.net
(G.H. Marchant).

0361-9230/$ — see front matter © 2006 Published by Elsevier Inc.
doi:10.1016/j.brainresbull.2006.03.016

We studied elephant brains and compared them to other mam-
malian brains, with the objective to collect data on elephant brain
gross morphology. Evolutionary inferences were made based on
our examination of ontogenetic stages of elephant brains, from
endocasts, and from structures preserved in cranial cavities of
extinct proboscideans.

2. Materials and methods

Our data are based on direct observations of seven elephant brains, three
Asian and four African elephants, Elephas maximus and Loxodonta africana,
respectively (Table 1A). Elephant brains listed in Table 1A were obtained within
12-24 h after death. They were removed with tools, such as chain saw, chisels,
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and hammers for adult elephants, or with a Stryker electric handsaw or a hacksaw
for a newly born elephant (Fig. 1A and B). Specimens were originally fixed in
formaldehyde or formaldehyde/phenol solutions. Our investigation focuses on
macroscopic descriptions of the brain surface and of brain slabs.

Sources of comparative elephant material obtained from the literature are
summarized in Table 1B and C, in which we list only papers that included data,
illustrations and description of whole brains. Brains from other species used for
comparative purposes included preserved brains of humans, sheep, and other
mammals (Table 1E). Many of these specimens are kept at the Natural History
Museum, Wayne State University in Detroit. All specimens are preserved in
10% formaldehyde.

3. Results
3.1. General observations

Six of the seven captive elephant brains available for our study
(Table 1A) were females. African elephants (L. africana) brains

comprised 13/22 of all the brains listed in Table 1A and B; the

Table 1

remaining eight brains were of Asian elephant (E. maximus),
plus one of unknown genus.

Encased in the bony braincase, the brain of an adult
elephant is well protected (Fig. 1A, top). In adult elephants,
the sidewalls and roof of the braincase are not all solid
bones; they are pneumatized, extensively sacculated with
air pockets [13,36]. All air cells are interconnected and also
contain perforations for the blood vessels. In a newborn, the
air cells are not developed (Fig. 1A, bottom), thus the brain
is protected by the cranial bones, which are about 5-10 mm
thick. In adult elephants, bone thickness (including air cells)
on the dorsal side can reach up to 250 mm. In Fig. 1C, we
depict structures inside the braincase of a stillborn L. africana
(specimen G in Table 1A), such as foramina for cranial nerves
and arteries and meninges. A similar illustration with these
foramina for adult L. africana was reported previously (see Ref.
[121]).

Brains and endocasts of proboscideans and other taxa examined or were available for comparison in this study®

Sample  Taxon Specimen CorW¢  Age! Sex*  Bodyf Weight of (g) Dura mater’ ~ EQ
no. letter code -
or source® Brain (B), Cerebellum
with (C)/ratio
brain-stem¢ (%) of C/B"
(A) Elephant specimens examined in this study®
1 Elephas maximus A ce! 34 F 3216000 5220¢! 960" /18.4 - 2.02
2 Elephas maximus B Cce? 33 F 3450400 500082 1000"2/20 630! 1.84
3 Elephas maximus C ce? 46 F 22674308 4550¢! 858M3/19 608 2 2.21
4 Loxodonta africana D ce* 14 F 2477000™ Part brain - -
5 Loxodonta africana E ce 46 F 3505000 442083 735M/16.6 - 1.61
6 Loxodonta africana F o 24 F 1793.300% 405084 - 23
7 Loxodonta africana G ce7 0 M 1590001 17248 858M/19 2031 NA/!
(B) Adult elephant specimens on which data were obtained from the literature®
8 Elephas maximus Ref. [48] Cce8 ?Ad. F 1975401 747586 [18.5]
9 Elephant (no genus) Ref. [22], p. 220 - ?Ad. No data 6500¢7 -
10 Elephas maximus Ref. [125], p. 21 c® 50 F 3190098.5% 607588 2.36
11 Elephas maximus Ref. [66], p. 247 2Ce10 ?Ad. — 30480007 5430 2.17
12 Elephas maximus Ref. [21], p. 1093 ace! ?Ad. — 30480007 4717 1.88
13 Elephas maximus Ref. [21], p. 1093 aCe! ?Ad. — 2047000% 4048 2.11
14 Loxodonta africana Ref. [104], p. 134 welz 30 M 43801007 90008° [2.83]
15 Loxodonta africana Ref. [120], p. 74 w Ad. M - 6000 -
16 Loxodonta africana Ref. [23], p. 259 wel3 Ad. M 66540005 571283 1.36
17 Loxodonta africana Ref. [117], p. 183 Wwel4 Ad. M 55500000 530083 1.42
18 Loxodonta africana Ref. [106], p. 611 w Ad. - 2750000 4480 1.92
19 Loxodonta africana Ref. [62], p. 8 2C Ad. ? 4000000 4210 1.4
20 Loxodonta africana Ref. [117], p. 183 wel4 Ad. F 21600005 410083 2.06
21 Loxodonta africana Ref. [117], p. 183 wel4 Ad. F 25370005 400083 1.80
22 Loxodonta africana Ref. [104], p. 134 wel2 40 M 51744005 40009 1.13
(C) Elephant whole brains or only cerebellum, illustrated by other investigators, listed chronologically by taxon®
23 Elephas maximus Ref. [81], plates XIII-XIV Cerebellum
24 Elephas maximus Ref. [87], plt VIII Brain
25 Elephas maximus Ref. [32], plates I and 1T Calf Brains
26 Elephas maximus Ref. [72], p. 513 Brain
27 Loxodonta africana Ref. [10], plates Yg. M Brain
XXI-XXTIT
28 Loxodonta africana Ref. [62], p. 19 Brain
29 Loxodonta and Elephas Ref. [76], plts Brains
XXXIV-XXXVIIT
(D) Endocasts of extinct proboscideans that we examined or specimens that were available for study (data were obtained by us or from the literature)®
30 Moeritherium lyonsi Ref. [4], pp. 105-6; Ref. 1000000 240 [0.2]
[66], pp. 342-3
31 Mammut americanum Ref. [4], p. 107; Ref. [66], 2300000 4600 [2.2]
pp. 342-3
32 Mammut americanum MCZ 11106 - - -
33 “Hesperoloxodon antiquus Ref. [94], pp. 12512 3,049,760 or 5446 [2.18 or 1.75]
italicus” 4,250,000
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Table 1 (Continued )

Sample Taxon Specimen Cor Aged Sex® Body’ Weight of (g) Dura mater' EQi
no. letter code we
or source? Brain (B), Cerebellum

with brain- (C)/ratio (%)

stem& of C/BP
(E) Non-elephant specimens that were available for study (data were obtained by us or from the literature)® EQ”
34 Human Lab specimens —cs 1450810 150/10.3 ~124 7.51
35 Chimpanzee Zoo specimen celo 347 4811 43.32M/12.4 ? 231
36 Talapoin monkey Zoo specimen cel7 32.7812 2.517/7.64 ? 3
37 Sheep Lab specimens ce18 104 10"/9.6 ~5 0.54
38 Greater kudu Zoo specimen cer Brain #
39 Grevy zebra Zoo specimen Cce20 Brain »
40 Rock hyrax Lab specimens Cce2! Brains 0.9
41 Maned wolf Zoo specimen Cce22 Brain ~4 i6
42 Domestic cat Lab specimens e Brains i
43 Chinchilla Lab specimen Cce Brain 1.34
44 Guinea pig Lab specimens Ce® Brains 0.95

4 Elephant brains specimens 1-22 are listed by taxon and then by decreasing brain weights; specimens 23-29 are listed chronologically by taxon; specimens 30-33
are listed by geological age of the taxon, oldest first; specimens 34—44 are listed by decreasing EQ values within mammalian orders and by the availability of data for
the last four columns. Among specimens 30-33, Moeritherium lineage originated at about early to middle Eocene (52—42 million years ago = Ma), Mammut lineage
originated at least during the late Oligocene to early Miocene (26-24 Ma) and “Hesperoloxodon™ lineage originated close to Miocene/Pliocene boundary (7-5 Ma)
[111,114]. The endocast of Mammut americanum (MCZ 11106) exhibits major brain features, including the olfactory bulb that protrudes anterior to the frontal lobe
as depicted in Fig. 20. Osborn [94] provided additional data for brain and body weights; however, based on current knowledge, the estimates he provided for some of
the taxa are too high or too low, giving skewed EQ values. For this reason, we did not include these data. None of the data for the extinct species (specimens 30-33)
are included in calculating the averages for brain weights or EQ values.

b Given names for specimens and their sources are listed in footnotes c1-c7.

¢ C=captive held individual; W = elephant from the wild.
cl-c7: The sources for the seven elephant brains are given as: specimen code, name of owners (all in the USA), date of death, and cause of death.

cl Specimen A (Tulsa), Bucky Steele, Seagoville, Texas, March 9, 1981, euthanized.

c2 Specimen B (Missy), Detroit Zoological Institute, Detroit, Michigan, October 18, 1997, euthanized.

¢3 Specimen C (Iki), Ringling Brothers and Barnum & Bailey Circus, Virginia, July 8, 1980, endometritis.

o4 Specimen D (Loren), Toledo Zoological Gardens, Toledo, Ohio, December 21, 1994, intestinal torsion.

c5 Specimen E (Nancy), National Zoological Park, Washington, DC, August 22, 2000, euthanized.

c6 Specimen F (Kenya), Chris Hamblen, Kountze, Texas, January 14, 1997, euthanized.

<7 Specimen G (unnamed), Toledo Zoological Gardens, Toledo, Ohio, December, August 16, 2002, stillborn. Term of gestation, 642 days.

8 From Calcutta, India; data from [48], as presented in Ref. [11], pp. 108-9.

<9 This elephant, “Alice”, lived in Luna Park, New York.
cl0 Ref. [66], p. 247, cited Ref. [139] as the source for this elephant.
el After Ref. [16], also cited in Ref. [21].
€12 Culled in Zambia (formerly Northern Rhodesia).
¢13 From “Maji Moto Camp, Africa”.
14 From “East Africa”.
15 Human (Homo sapiens, family Hominidae, order Primates)—one complete and one sagittally sectioned brain, on loan from N.J. Mizeres (School of Medicine,
Wayne State University, WSU, Detroit, Michigan, USA), plus archived specimens in Department of Pathology, WSU, Detroit.
¢16 Chimpanzee (Pan troglodytes, family Hominidae, order Primates)—right hemisphere, from Detroit Zoological Institute (DZI), Royal Oak, Michigan, USA; DZI
Sample no. 97-3340.
¢17 Talapoin monkey (Miopithecus talapoin, family Cercopithecidae, order Primates)—whole brain, DZI no. 97-0017.
c18 Domestic sheep (Ovis aries, family Bovidae, order Artiodactyla)—five specimens from Carolina Biological Supplies, used in Biology 0471 course, WSU.
19 Greater kudu (Tragelaphus strepsiceros, family Bovidae, order Artiodactyla)—left hemisphere, DZI no. 97-0036 “2nd brain”, partly sectioned.
20 Grevy zebra (Equus grevyi, family Equidae, order Perissodactyla)—Ileft hemisphere, DZI no. *96.
21 Rock hyrax (Procavia capensis, family Procaviidae, order Hyracoidea)—whole Brain, DZI no. 97-0015. Also a specimen from private collection of J. Shoshani.
22 Maned wolf (Chrysocyon brachyurus, family Canidae, order Carnivora)—left hemisphere, DZI no. 97-4918.
23 Domestic cat (Felis catus, family Felidae, order Carnivora)—a specimen from Carolina Biological Supplies, used in Biology 0471 course, WSU.

24 Chinchilla (Chinchilla laniger, family Chinchillidae, order Rodentia)—a specimen from private collection of J. Shoshani.

25 Guinea pig (Cavia porcellus, family Caviidae, order Rodentia)—three specimens from private collection of J. Shoshani.

4 Age in years; Ad. = adult individual; Yg. = young individual.

¢ F=Female, M =Male.

f Some body weights were converted from Ibs., others are estimated weights.

1 Body weight of 3,216,000 g ([116], p. 78) was converted from 7090 Ibs.

2 Specimen B’s heart weighed approximately 38 Ibs (17.252 kg). From this heart weight we estimated the body weight to be 3,450,400 g (according to Ref. [11]
elephant heart weighs nearly 0.5% of body weight, thus (17,252 g x 100%)/0.5% = 3,450,400 g, the estimated body weight of specimen B).

3 Ref. [116], p. 35, gave the weight of this elephant as 2156.16 kg. Errors were found at a later date (weights of the lungs were originally taken as pounds not
kilograms, and the weight of the head and trunk were not included) therefore the total weight had to be adjusted to 2267.43 kg.

™ Estimated weight.

5" Actual weight.
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Table 1 (Footnote Continued)

16 See footnote g6.

f7 1t appears as though this elephant [66] is the as same individual as noted by Ref. [21], p. 1093, as it has the exact same body weight. Note, however, that the brain
weights in the two sources are different (5430 g in Ref. [66] versus 4717 g in Ref. [21]), for this reason, we kept both specimens in our data.

8 Weights were converted from Ibs to kg or vice versa; see also footnote g8.

€ All our data on brain weights include parts of the dura mater and variably long portions of the medulla oblongata (a part of the brainstem).

gl Brain weight from Ref. [116], p. 51.

22 Extrapolated from 4785 g of brain (of Specimen B, without dura mater) because some tissues were missing.

2 Actual weight.

24 Estimated weight.

2 The brain of the stillborn (specimen G) was partly autolyzed; the left cerebral hemisphere was completely autolyzed, whereas only about one quarter (25%) of
the right cerebral hemisphere (RCH) was autolyzed. The cerebellum was better preserved, only about 10% was autolyzed. Based on these estimates, we obtained the
brain weight as follows: 540 g (weight of the RCH) + 180 g (estimate loss 25% of tissue) =720 g (estimate for the RCH). Therefore, 720 g x 2 =1440 g estimate for
the entire cerebrum. Cerebellum weight 340 g + 38 (estimate 10% tissue loss) =378 g cerebellum estimate. Therefore, the conservative estimated total brain weight
for the stillborn (about 22 months old) without dura mater is: 1440 g (cerebrum) + 378 g (cerebellum)= 1818 g. See also footnote i3. The average brain weight of
six near-term and neonate elephants is 2551 g. This average is based on these data: 1818 g (specimen G), 1650 g ([106], p. 611), 2040 g ([32], pp. 137, 277),2700 g
([117], p. 183), 3000 g ([117], p. 183), and 4100 g ([117], p. 132).

26 The brain weight for this specimen [48], cited in Ref. [11], p. 109, is the largest recorded weight for an Asian elephant; it appears to be too large for such a small
elephant. The body weight is small implying that the animal was either sub-adult or lost much weight before death. The EQ of this specimen was not included in our
average calculations.

27 This brain weight appears to be outside of the range of other brains we studied; it was excluded from our average brain weight calculations.

8 Brain weight is without dura matter.

29 Based on Ref. [104], pp. 134-5; it appears that the weight of 9000 g is a rough estimate and probably too large for an elephant whose body weight is
4,380,100 g (another elephant reported by Ref. [104] had a body weight of 5,174,400 g and a brain weight of 4000 g). The 9000 g brain weight is the largest
recorded elephant brain weight; it was excluded from our average brain weight calculations. The EQ of this specimen was also not included in our average
calculations.

210 Range weight of human brain, females and males, is 11301680 g [134].
2l Computed from data for 1/2 chimpanzee’s brain (173.7 x 2=2347.4 g) obtained from the DZI no. 97-002-1.
212 Computed from data for 1/2 Talapoin monkey’s brain (16.35 x 2=32.7 g) obtained from the DZI no. 97-017.

h Weight of cerebellum is without brainstem.

1 Extrapolated based on cerebellum weight of specimen E. Only 1/2 of cerebellum available (the other half brain is with Darlene Ketten, Harvard Medical School,
Boston, MA, USA), the 960 g is a result of 480 g x 2.

2 Extrapolated based on cerebellum weight of specimen E.

h3 Extrapolated based on cerebellum weight of specimen E, after subtracting the estimated weights (200 g) of brainstem and a piece of dura mater.

h4" Actual weight.

hS See footnote g5.

16 Computed from data for 1/2 chimpanzee’s cerebellum (21.66 x 2 =43.32) obtained from the DZI no. 97-002-1.

"7 Computed from data for 1/2 Talapoin monkey’s cerebellum (1.25 x 2 =2.5) obtained from the DZI no. 97-017.

h8 Ref. [79], pp. 423—4, includes data, as composite from different sources, on weights of brains and cerebelli of various mammals at different ages; these may be
compared to those presented here.

I Certain weights of the dura mater are estimates.

i1 The dura mater of specimen B weighed 420 g + 210 g (estimated 50% missing dura) = 630 g estimated weight. Dura thickness varies from 1 to 5 mm. A thickness
of 3 mm for dura mater at the dorsal cerebral hemisphere was reported for a 25 days-old calf ([32], p. 146).

12 Specimen C’s dura mater weighed 405 g +203 g (estimated 50% missing dura) = 608 g estimated weight of Specimen C’s dura mater.

13 The dura mater of specimen G weighed 135 g + 68 g (estimated 50% missing dura) =203 g.

JEQ= Encephalization quotient. We followed Ref. [66], p. 61, to calculate the EQ, using this formula: EQ = E/[0.12 x (P to the power of 0.666)] or EQ = E/[0.12 x (P
to the power of 2/3)], where: EQ = Encephalization quotient; E =brain weight (g); P =body weight (g); 0.12 =a constant. Martin [86] calculated the value of the slope
of the line to be 3/4 instead of 2/3 used by Jerison [66]. We realize that certain captive elephants may have lost weight prior to death and thus the value of EQ may
be affected. For this reason, we tried to compile as large a data base as possible and to use the average EQ.

i1 EQ was calculated only for adult specimens because body weight and brain weights of stillborns, juveniles and sub-adult give skewed EQ values.

12 EQ values or their averages for samples 3444 were adapted after Ref. [39], pp. 498-502.

3 No EQ available for Talapoin monkey (Miopithecus talapoin), but members of the same family (Cercopithecidae), have EQ that ranges from 1.67 to 2.34.

* No data for Greater Kudu (Tragelaphus strepsiceros), but T. scriptus (the bushbuck) has an average EQ of 1.07.

35 No data for Grevy zebra (Equus grevyi), but E. zebra (the mountain zebra) has an EQ of 1.7.

i6 No data for Maned wolf (Chrysocyon brachyurus), but Canis lupus (the wolf) has an average EQ of 1.13.

7 No data for Domestic cat (Felis catus), but F. sylvestris catus (the wild cat) has an EQ of 1.14.

3.2. Brain weight The extrapolated brain weight of the stillborn is 1818 g and
the brain weight of six adult elephants we examined ranges from

Fig. 2A provides a simplified illustration of an elephant brain 4050 to 5220 g (Table 1A). All our data on brain weights include
and spinal cord viewed dorsally. Fig. 2B depicts the spinal cord  parts of the dura mater and variably long portions of the medulla
in lateral view. oblongata. One author [125] noted that the weight of the ele-
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Fig. 1. Cranial (brain) cavity and structures inside elephant crania and heads. (A) Comparison of mid-sagittal plane of crania of a fetus and an adult elephant. (B) A
simplified drawing of an adult Asian elephant, depicting location of cutting the calvarium in order to remove the brain intact. (C) Meninges and other structures of
elephant brain in dorso-lateral view, depicted inside the braincase of a stillborn (specimen G in Table 1A). Sources: (A) adult E. maximus after AMNH 54261, fetus,
L. africana, after ([36], plate VIII], (B) a generalized elephant, and (C) our dissection, and ([134], pp. 986-994) was consulted for terms (drawings by GHM).

phant brain he examined excluded the dura mater, whereas other
investigators did not clarify how were the weights obtained. The
extrapolated weight of the dura mater of a stillborn elephant fetus
(specimen G) is 203 g, and that of an adult elephant weighs 630 g
(Table 1A). Brains should, therefore, be weighed after removal
of the dura.

The average brain weight of the five adult elephants we
examined is 4648 g (average for human is 1400 g). Exclud-
ing the three highest adult brain weights (6500, 7475, and
9000 g), the weight of 17 adult elephant brains we studied
and those reported in the literature range from 4000 to 6075 g
(Table 1B), with an average of 4783 g. This average of 4783 g
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Fig.2. Brainand spinal cord. (A) Dorsal view (modified after ([32], Fig. 6, p. 160). (B) Lateral view (modified after ([85], p. 163)). Key for letters in (B): AMG = anterior
mesenteric ganglion, AS =ansa subclavia, CG =celiac ganglion, CN = cardiac nerves, CST = cervical sympathetic trunk, GI = ganglion impar, GN = genital nerves,
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ganglion.

is the largest brain weight among living and extinct terrestrial
mammals [66,117]. Our data are limited for elephants with
known gender; based on the available data, however (exclud-
ing the three out-of-range brain weights), the average for adult
males (n=3) is 5004 g, and for adult females (n=8) is 4677 g
(average for adult female human brains is 1350 g and for male is
1450 g [134]).

3.3. Meninges

Within the cranial cavity we identified these four folds of
the dura mater (Fig. 1C): falx cerebri (between the two cere-
bral hemispheres), tentorium cerebelli (between the cerebrum
and cerebellum), falx cerebelli (between the two lateral lobes
of the cerebellum), and diaphragma sellae (covering the roof of
the sella turcica with the pituitary body inside, leaving a small
opening for the pituitary stalk). The dura mater in elephants mea-
sures about 10 mm in thickness; in humans, thickness reaches
3 mm.

We also identified the superior sagittal sinus, inferior sagit-
tal sinus (Fig. 1C), and the straight sinus at the confluence of
sinuses, also known as the torcular of Herophili [5,9,53]. These
sinuses serve to collect blood from the cerebral veins and con-
duct it to the internal jugular veins. In the elephant, the thick dura
at the posterior end of the falx and superior sagittal sinus and
the large confluence of sinuses deeply indent the posterior cere-
brum (parietal lobes), producing a prominent triangular defect
and deeply grooving the posterior cingulate gyri on either side.
In humans, a similar configuration can also be observed, with
the torcular producing grooves in the occipital lobes on either
side [134].

The arachnoid membrane, the subarachnoid space, and the
pia mater appear similar to those of humans. In all the elephant
brain specimens examined, we were not able to see arachnoid
granulations with the naked eye [116]. Under the microscope,
however, it was possible to discern arachnoid granulations. The
pia mater is also relatively thick and closely follows the contours
of the brain and the spinal cord. We hypothesize that functions
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of all the meninges and associated structures in elephants are
similar to that in humans.

3.4. Cranial arteries

Major arteries, including the arterial circle of the brain (Circle
of Willis), have been identified (Fig. 3A and B). Like the human
brain, the elephant brain is supplied by two pairs of arteries,
the internal carotid and the vertebral arteries. The arterial circle
of the brain is formed at the base of the brain by the joining of
these arteries and their branches: paired posterior cerebral, poste-
rior communicating, internal carotid, anterior cerebral (proximal
segment) arteries, and a single anterior communicating artery
[9,134].

We noted that the intracranial portions of the vertebral arteries
(seen at the bottom of Fig. 3B) are relatively small. The mid-
dle cerebral arteries (labeled on both sides, close to the top of
Fig. 3B) are the largest terminal branches of the internal carotid
arteries. The internal carotid arteries are larger in diameter than
those in humans and have thicker walls. The proximal intracra-
nial internal carotid artery in specimen B measured 5.0 mm in
diameter and 1.0 mm in wall thickness; in man it measured 4.5
and 0.8, respectively. In specimen B, the cavernous sinus, as
observed in the dura mater on either side of the pituitary gland
area, measured at least 30 mm in length, 15 mm in width, and
15mm in depth. The internal carotid artery segment passing
through this cavernous sinus is 7 mm in diameter and has 1.3 mm
wall thickness. Venous channels were observed on either side,

(A)

juxtaposed to the internal carotid artery. In two elephant brain
specimens (E. maximus, specimen B, and L. africana, specimen
E) we noticed an abundance of large and small branches of the
arterial circle of the brain, and secondary vessels associated with
veins and cavernous sinuses that produce a vascular mat at the
base of the brain.

3.5. Cranial nerves

The basic pattern and distribution of the 12 cranial nerves
is similar in humans and elephants (Fig. 4). Minor differences
(possibly size-related) are noted in Tables 2 and 3. Comparison
of the emergence of cranial nerves in humans and elephants
with regard to the blood vessels shows, with slight expected
variations, that they have similar patterns (see Fig. 644 in Ref.
[18]).

The intracranial portion of the facial nerve (VII) in an ele-
phant is larger than observed in man, taking into account also
the relative proportions of the respective brain sizes (see Fig.
644 in Ref. [18]; Figs. 4 and 5B; Table 2): an elephant brain is
about 3.4 times larger than a human brain, but the measurement
of the facial nerve of the elephants is 5.2 times larger than that
of a human. In elephants, the most striking feature of the cranial
nerves is the enormous size of the nerves supplying the pro-
boscis. The maxillary division of the trigeminal sensory nerve
(V) and the facial motor nerve (VII) that innervates the facial
musculature unite extra-cranially anterior to the eye region to
form the great proboscideal nerve [36].

Fig. 3. Intracranial arteries of specimen E, photographed on the brain in ventral view (A), and after removal intact, drawn, identified, and labeled (B). Source

consulted: Ref. [134], pp. 937-638 (photograph and drawing by GHM).
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Table 2

Cranial nerve (and associated structures) measurements and differences between elephant and human observed with a naked eye; all measurements are in mm)
Cranial nerve Difference between elephant and human (cf. Fig. 4)

I Olfactory Length of the olfactory tract in specimen B is 10 and wide; in man it is 28 and narrow. Olfactory ventricle/bulb much

larger and more bulbous; in specimen B it measured 65 long, 32 wide, 20 high, and its wall measured 1 thick. In human,
there is no olfactory ventricle (the bulb is solid), its length is 10, width 4.5, and height 2.5

1I Optic 5 x 4 (in specimens B and E); in man 5.5 x 3.3; in man the optic chiasm smaller, with long intracranial course

IIT Oculomotor 3 x 2 (in specimen C), 2.5 x 1.4 (in specimen B); in man 2.2 x 1.6. In specimen C it originates anterior to the posterior
cerebral artery ([116], p. 51), in man between the posterior cerebral artery and the superior cerebral artery

IV Trochlear 1 x 1 (in specimen B); in man 0.7 x 0.7

V Trigeminal 19 x 8 (in specimen C), 15.1 x 7.6 (in specimen E); in man 3.6 x 2.4*

VI Abducens 1.1 x 1.1 (in specimen B, as in man originates from the brain stem at posterior of the pons); in man 1.06 x 0.96 (average
of three measurements)

VII Facial 6 x 4 (in specimen E), 8.4 x 3.3 (in specimen B); in man 1.9 x 0.7%

VIII Vestibulocochlear 4 x 2 (in specimen E), 5.5 x 1.6 (in specimen B); in man 3.1 x 1.5. In elephants, the cochlear nerve ends in the temporal
lobe

IX Glossopharyngeal 1.8 x 1.0 (in specimen B); in man 1.4 x 1.4

X Vagus 1.7 x 0.9 (in specimen B); in man 3.0 x 1.2. As in man nerve X is in close association with nerve IX

XI Accessory As in man, it has multiple rootlets

XII Hypoglossal As in man, it has multiple rootlets

See also Table 3.

2 In elephants the maxillary division of the trigeminal nerve (V) and the facial nerve (VII) that innervates the facial musculature unite to form the great proboscideal
nerve ([36], personal observations).
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A summary of differences between elephant and human brains (additional information is given in parenthesis)

Structure Observations and differences in elephants

General
Brain size 1/600 of body size [134] or ~1/700, our data (1/50 in human)
Dura mater Is thicker (1-5 mm) than that of human (0.5-2)

Torcular of Herophili

Arachnoid granulations
Cerebrum and cerebellum

Prosencephalon: telencephalon
Neocortex

Thalamus
Corpus callosum

Subcallosal gray matter in fornix
Hippocampus

Parahippocampal gyrus (PG)

Amygdala
Orbitofrontal surface

Olfactory (pyriform) lobe

Olfactory gyri and trigone
Olfactory tract

Sulcus olfactorius

Lateral olfactory stria
Temporal lobe

Occipital lobe

Calcarine sulcus

Lunate sulcus

Insula (Isle of Reil) lobe
Lateral ventricles

Prosencephalon: diencephalon
Third ventricle
Pineal gland

Mesencephalon
Superior cerebellar peduncle
Cerebral peduncles
Substantia nigra
Nucleus ellipticus

Rhombencephalon: metencephalon
Basis pontis
Locus ceruleus
Spinal trigeminal complex

Rhombencephalon: myelencephalon
Pyramids
Olivary gray matter
Cerebellum
Cerebellar weight
Cerebellar recess
Nodulus and lingular lobules
Flocculus
Superior medullary velum
Spinal cord

Deeply indents and grooves the posterior angles of the parietal lobes and the posterior cingulate gyri (in humans, a similar
conditions sometimes develops, but the grooves are in the occipital lobes)

Are not visible with naked eye

Convolutions of gyri are more numerous and appear more complex

No apparent difference in thickness between pre- and post central cortex or between calcarine and adjacent cortex. No
visible line of Gennari

Relatively large

Thick with prominent dorsal ridges of longitudinal striae and indusium griseum, genu and anterior body about as thick as
the splenium. Number of commissural fibers in the corpus callosum is about twice as much in man (one specimen) than in
elephant (one specimen)

Substantially large (in human it is reduced or absent)

Vertically oriented with relatively short fimbria, and ventral ridge of gray matter accompanying the fornix, broad subicular
region, vertically oriented within the hippocampus

It is concealed medially by the large mass of the temporal lobe. In elephants the PG has transversely oriented subgyri (in
human the PG is relatively smooth)

Located relatively posterior along ventral basal ganglia but still in proximity to pes hippocampi

Is gyrated, yet it is not as developed laterally as in human (in human there is much enlargement of the frontal lobe laterally
and anteriorly)

Much developed, i.e., macrosmatic and exposed on the ventral surface (microsmatic, and not folded into limen insula in
human)

Very large and complex features unlike those on human and the striae are gyrated

Relatively foreshortened

Not well defined, short and curved

Gyrated

Disproportionately large and oriented vertically and projects laterally (in human it projects forward and slightly downward,
and does not bulge laterally)

Relatively small and poorly defined, the parieto-occipital sulcus is not defined

Not so well defined as in human; apparent differences in thickness of calcarine sulcus

Not found in elephants (in man, when present, it is associated with the calcarine sulcus)

Not as opercularized as in man

Have broad flat frontal horn, inferior olfactory recess leading to olfactory ventricle, vertical inferior/temporal horn, short
tapered posterior/occipital horn indented by white matter at bottom of calcarine sulcus; inferior horn indented by prominent
collateral eminence

Interrupted by large massa intermedia thalami
Small with prominent glial component relative to pineocytes

Diamond-shaped aqueduct, 4-5 mm
Broad with shallow interpeduncular fossa
With pale pigmentation

Not reported in humans

Relatively flattened and narrow compared to tegmentum
Not visible grossly
Large

Large, flattened

Grossly less well-defined than human

Have complex pattern of folia

Averages 18.6% of brain (1.8 times larger than human)

Lateral and lacking in midline

In close proximity

Concealed in dorsal and ventral views

Membrane, not thicker glioependymal structure

Larger number of segmental nerves (especially the thoracic region, after [32])
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Fig. 4. Cranial nerves of specimen B, depicted in ventral view of brain. Source consulted: Ref. [134], p. 841 (drawing by GHM).

3.6. Brain

3.6.1. Telencephalon
3.6.1.1. Cerebral lobes. Major lobes, external and internal
structures are depicted in Figs. 5-10 (Figs. 11-18 are related
to brain internal structures after slicing, as discussed below).
The brain is divided into two approximately symmetric hemi-
spheres by a distinct interhemispheric fissure. The extremities or
poles of each cerebral hemisphere include an anterior or frontal
pole, a posterior or caudal pole, formed in the elephant by the
posterior contour of the temporal lobe, and a temporal or infe-
rior pole, formed by the temporal lobe. There is no definable
occipital pole. On the medial aspect, the dorsocaudal angle rep-
resents the most posterior part of the medial “interhemispheric”
surface [32]. The lateral cerebral surfaces include a large con-
vex lateral surface formed by frontal, temporal, parietal lobes,
and the insula. A flattened medial surface is formed by frontal
and parietal lobes; a slightly convex posterior surface is formed
chiefly by the temporal lobe; an orbitofrontal surface is formed
on the inferior “orbital” aspect of the frontal lobe (Figs. 5 and 7).
The frontal lobe of the elephant includes the gyrated brain
anterior to the lateral (Sylvian) sulcus and superior to the insula,
and includes lateral, orbital, and medial surfaces. A presumptive
identification of a central or Rolandic sulcus marking the caudal
boundary of the frontal lobe is made on the basis of the presence
of a relatively deep sulcus extending more or less continuously
from the interhemispheric fissure to the lateral sulcus roughly at
the midpoint of the brain when viewed from its lateral aspect.

Anterior to this, the lateral surface is marked by two or three
larger vertically oriented sulci, denominated pre-Sylvian radial
sulci [32] (Fig. 7A). No distinctive pattern of ectosylvian sulci
is identified. The larger gyri are complexly folded. The medial
surface includes the anterior part of the cingulate gyrus and many
small gyri [53].

From the ventral view, the orbitofrontal surface is complexly
folded, yet it is not as developed laterally as in a human brain
(Fig. 10). In humans the frontal lobe expands laterally and ante-
riorly. Associated with this, lateral and anterior development
of the human frontal lobe is the thin and elongated olfactory
tract and the clearly demarcated gyrus rectus. In elephants, the
olfactory tract is foreshortened relative to the size of the olfac-
tory bulb, the lateral olfactory stria on the basal forebrain is
gyrated, and a distinct gyrus rectus is not identifiable. The sul-
cus olfactorius (under the olfactory nerve) is not well defined.
Two inter-related anatomical differences may account for the
difference of sulcus olfactorius: (i) the olfactory bulb in an ele-
phant is extremely large and expanded (Fig. 10B) and (ii) the
human frontal lobe is much bigger relative to that of an elephant,
and the olfactory tract is stretched along an elongated sulcus. In
elephants, the sulcus olfactorius is shorter than in humans and it
is curved (Fig. 10A). In humans, the lateral and medial olfactory
striae merge in the olfactory tract (between these gyri the area
is known as the ‘olfactory trigone’). In elephants, the striae and
trigone are very large, and unlike those in humans, the striae
are gyrated. In elephants, the olfactory bulb contains a ventricle
(Figs. 6 and 10B).
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Fig. 5. Whole brains viewed from dorsal (A), ventral (B), anterior (C), and posterior (D) views, all drawings are based on specimen B brain (drawings by GHM).

Apart from the anterior boundary produced by the central sul-
cus (Fig. 7B), the parietal lobe boundaries are indistinct, and the
parietal lobe is presumptively localized to the posterior superior
aspect of the lateral cerebral surface and the posterior aspect of
the medial surface, encompassing the dorsocaudal angle. The
extent of the parietal lobe on the lateral and posterior surfaces
merging with the large temporal lobe is uncertain.

The temporal lobe, defined by the lateral or Sylvian sul-
cus, includes lateral, postero-inferior, and medial surfaces and a
distinct pole. It is marked by two distinct large and vertically
oriented sulci on its lateral surface (Fig. 7A). These can be
denominated anterior and posterior temporal sulci, respectively,
and the gyri so defined can be denominated anterior, middle, and
posterior gyri, bearing a topographic resemblance to the human
superior, middle, and inferior gyri, respectively [134]. The large
gyri, however, are subdivided by numerous small sulci into sub-
gyri (based on four brains — specimens A, B, C, and E — each
vertically folding temporal gyrus makes approximately 10-12
tertiary convolutions). The postero-inferior surface of the tem-
poral lobe of the elephant is large and complexly gyrated and
presumably corresponds to the occipito-temporal or fusiform
gyri of the human brain.

The parahippocampal gyrus can be identified on the infero-
medial aspect of the temporal lobe by a distinct parahippocam-
pal or collateral sulcus in both elephant and human brains. In

humans, the parahippocampal gyrus is relatively smooth and vis-
ible on the ventral surface medial to the temporal lobe, whereas
in the elephants it has transversely oriented subgyri and is largely
hidden from view (Fig. 8C). Other differences between humans
and elephants were observed in the shape and size of the temporal
lobe. Viewed from the lateral side, in elephants, the anterior end
of the temporal lobe extends ventrally and bulges laterally, form-
ing a bulbous ‘inflated’ temporal lobe, whereas in humans the
temporal lobe extends forward and slightly downward and does
not bulge laterally (in the dorsal view there is a smooth contour
line continuing from the frontal lobe along the temporal lobe
and parieto-occipital lobe; in elephants there is a huge lateral
expansion of the temporal lobe). This bulbous appearance is also
evident when the brain is viewed ventrally (Figs. 5B and 10B).

At variance with the human brain, in which the occipital lobe
is easily recognized and is separated from the parietal lobe on the
medial surface of the cerebrum by the parieto-occipital sulcus
and on the infero-lateral surface by the parieto-occipital notch, in
elephants these structures are not distinct. The medially located
calcarine sulcus of the human brain is also not well distinct in
elephants (Table 3); the associated lunate sulcus in man was
not found in elephants. A deep sulcus along the postero-medial
aspect of the temporal lobe that extends nearly to the underlying
posterior portion of the lateral ventricle presumably corresponds
to the calcarine sulcus (Fig. 12).
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The cingulate gyrus and parahippocampal gyrus are located
along the medial surface of the cerebral hemisphere in proxim-
ity to the corpus callosum and best seen in mid-sagittal section
(Fig. 8C). The cingulate gyrus is well delimited by a cingulate
sulcus, narrows posteriorly into the isthmus and curves inferiorly
to the splenium of the corpus callosum to blend with the pos-
terior parahippocampal gyrus (Figs. 7B and 8C). The cingulate
gyrus folds onto the superior surface of the corpus callosum in
continuity with the gray matter ridge of the indusium griseum. In
elephants the collateral sulcus (delimiting the parahippocampal
gyrus from the rest of the inferior, ventral, lobe) and cingulate
sulcus (separating the ventral cingulate gyrus from the superior
gyri of the frontal lobe and parietal lobe) follow the human pat-
tern. The infero-medial aspect of the parahippocampal gyrus is
relatively narrow but broadens posteriorly; the supero-medial
surface of this gyrus is extensive, especially posteriorly, and
includes a broad expanse of the dentate gyrus.

3.6.1.2. The insula (Isle of Reil). In elephants, the insular lobe
(Isle of Reil or central lobe), defined by the sulcus circularis
insulae, is partially visible on the lateral surface (Fig. 7A). The

insula overlies the claustrum, a narrow layer of subcortical gray
matter lateral to the putamen (Fig. 12A). The gyral pattern in
the insula of the elephant is more complex than that observed in
the brain of humans and non-human primates.

In the elephant, the insula is incompletely opercularized, i.e.,
not concealed by overlapping gyri from the surrounding frontal,
temporal, and parietal lobes (referred to as opercula). There is a
small frontal operculum overlapping the antero-superior portion
of the insula. In humans, there are generally five insular gyri,
grouped into long (two gyri) and short (three) gyri [93,134].
In one elephant (specimen B), we counted six insular gyri on
the right side, but this is likely to be a character with an inter-
individual variability. In the dolphin brain there are about 13
gyri in the insula (see Fig. 1 in Ref. [89]).

3.6.1.3. Corpus callosum. In elephantids, the corpus callosum
is thick with well-formed genu, body, and splenium, as seen on
midsagittal section (Fig. 7B).

In specimen E, the total length of the corpus callosum is
99 mm, the thickness (height) of the genu is 14 mm, the body
14 mm, and the splenium is 15 mm. In humans, the corpus cal-
losum varies considerably in thickness from an individual to
another. In one human brain, we obtained the following mea-
surements: length 74 mm, thickness of genu 11 mm, body 5 mm,
and splenium 12 mm. We calculated the areas of the corpora cal-
losa of one elephant (specimen A, Fig. 8B) and of one human
brain, and obtained 12.57 and 5.98 cm?, respectively. The areas
of the brains of these specimens in midsagittal sections (outlined
in Fig. 8B), for the elephant is 271.05 cm? and for the human
specimen is 170.67 cm?.

3.6.2. Cerebral ventricles

All the ventricles in elephants appear structurally similar to
those of the human brain, except for their larger volumes and
different proportions (Fig. 6). In particular, in the elephant lateral
ventricles, the frontal horns are relatively small; the olfactory
ventricle communicates with the inferior recess of the frontal
horn by a narrow aperture; there is no discrete occipital horn, but
the calcarine sulcus can be identified as a deep sulcus indenting
the posterior end of the inferior horn (temporal horn); in turn,
the temporal horn is deeply indented by the parahippocampal
(or collateral) sulcus producing a large collateral eminence.

In elephants, the olfactory ventricle is patent and large; in
specimen B it measured 65 mm in length, 32 mm in width,
20 mm in height, and its wall was 1 mm thick. In humans, the
olfactory ventricle is usually obliterated after the embryonic
period. The third ventricle is traversed by a prominent massa
intermedia thalami. The rostral portion of the roof of the fourth
ventricle is attenuated to a thin membrane, representing a thin
superior medullary velum. The ventricular surfaces are smooth
and glistening.

Similar to humans, the choroid plexus was identified in the
lateral, third, and fourth ventricles in elephants. The flow of cere-
brospinal fluid from lateral ventricles to subarachnoid space is
inferred to be analogous to that in humans. None of the speci-
mens showed evidence of hydrocephalus (i.e., an enlargement
of all or part of the ventricular system).
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cetaceans [135]. The cortical thickness is relatively uniform. No
definite difference is apparent in the cortical thickness to demar-
cate precentral from postcentral cortex in the central region. In
the temporal lobe, the collateral sulcus is deep and associated

3.6.3. Cerebral cortex and white matter

In the elephant, despite the complexity of the sulcal pattern,
the sulci are generally shallow with relatively few “buried gyri”,
as compared other complexly gyrated brains, such as those of



J. Shoshani et al. / Brain Research Bulletin 70 (2006) 124—157 137

(i)

(A)

(i)

(B)

-
—
-

™\
Cingulate gyrus _g‘( =5

Corpus callosum

Pineal gland
Cerebrum

Superior colliculus
Inferior colliculus

Cerebellum

Pituitary gland

Parahippocampal
gyrus

©

Fig. 8. A(i) Location of the hippocampus inside elephant brain in lateral view, and enlargement of the hippocampus in anterior view. A(ii) Locations and enlargements
of the pineal and pituitary glands in a mid-sagittal section of specimen A. B(i and ii) Midsagittal views of brains of human (i) and an elephant (ii, specimen A),
depicting in outline whole brains and corpora callosa for which surface areas were calculated. (C) Midsagittal section of specimen B cerebrum representing portions
of limbic lobe (cingulate gyrus and parahippocampal gyrus); arrows depict relationships of cingulate gyrus to parahippocampal gyrus. Sources: A(i) after Ref. [77],
A(ii) our dissections, mid-sagittal section, and pituitary glands are of specimen A, but the pineal gland is of specimen E; B(i and ii) our dissections; C our dissection.
Photographs in A(ii) and B(i and ii) by Ben True (BT), drawing in (C) by Brian Cressman (BC).

with a prominent bulge of white matter (collateral eminence)
on the ventricular surface of the temporal horn. Posteriorly,
the calcarine sulcus (Fig. 14, IV, no. 3) produces a ventricular
white matter bulge. No band of myelinated fibers compara-
ble to the stria of Gennari seen in human calcarine cortex is
noted.

Data for cortical thickness in two adult elephants (specimens
A and E) and a middle-aged adult human were collected. Mea-
surements were taken at six sections for a human and seven
sections for two elephants. These data provide ranges and a

general average of the cortex thickness for human and ele-
phants. For comparison, in the human, a minimum thickness
(2.0mm) and a maximum (3.5mm) over the crest of con-
volutions were obtained. Comparable data for the elephants
were 2.3 and 4.1 mm, respectively (Fig. 18, I-IV). Similarly,
in the human, a minimum thickness (2.0 mm) and a maximum
(2.5mm) at cortex at bottom of sulcus were obtained, and for
elephants these data were 2.0 and 2.5 mm. The average of corti-
cal thickness in humans at the crest of the convolution is 2.8 mm
(n=10) and for elephants it is 3.0 mm (n=12). The average of
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cortical thickness at deeper areas of convolution is 2.1 mm in
humans (n=12) and 2.3 mm in elephants (n = 10).

3.6.3.1. Hippocampal formation (HC), parahippocampus, and
cingulate gyrus. The elephant HC [32,62,74,77] is identified
along the medial surface of the temporal lobe, oriented along
a ventral-dorsal axis parallel to the similarly oriented temporal
lobe, and arches posteriorly and medially towards the splenium
of the corpus callosum along the medial aspect of the parietal
lobe (Fig. 8Ai).

The hippocampus measures about 8 cm from anterior-most
HC, known as the pes hippocampi, to the splenium of the corpus
callosum. The hippocampal eminence, produced by the mass of
HC indenting the ventricular surface of the temporal horn, mea-
sures 1 cm in width at the widest point of the pes hippocampi
and tapers to 0.2 cm under the splenium of the corpus callosum.
The margo denticulatus represents a portion of the fascia den-
tata of the HC visible on the medial surface of the temporal lobe,
bounded by the fissura hippocampi and by the sulcus fimbrio-
dentatus, measures 0.5 cm in width anteriorly, and narrows to
0.4 cm at the splenium of the corpus callosum. The surface of
the margo denticulatus is smooth and gray anteriorly, unlike the
human’s, which frequently shows shallow bulges resembling
blunt teeth. Posteriorly, shallow undulations corresponding to
the gyrus fasciolaris are noted. The gyrus fasciolaris tapers to a
thin indusium griseum along the caudal contour of the splenium
and passes onto the dorsal surface of the splenium. Prominent
dorsal ridges of longitudinal striae and indusium griseum were

identified on the superior surface of the corpus callosum. There
was also a prominent ridge of gray matter associated with the
fornix ventral to the corpus callosum; in human this subcallosal
gray matter, possibly representing the bed nucleus of the fornix
or related structure, is not grossly visible.

The elephant HC is approximately of the same size as the
human HC, but is small relative to the overall size of the ele-
phant cerebrum. The configuration is similar in both species
with the HC drawn forward into the temporal lobe, but the long
axis of the HC is more vertical in the elephant, reflecting the
nearly vertical axis of the temporal lobe. Minor configurational
differences include relatively indistinct digitationes hippocampi
(indentations along the ventricular surface of the anterior end of
hippocampus), a relatively broad and flat gyrus dentatus, and a
relatively broad and thin fimbria fornicis.

The parahippocampal gyrus lies between the fissura hip-
pocampi and a deep sulcus on the inferomedial aspect of the tem-
poral lobe known as the parahippocampal or collateral sulcus,
which separates it from the irregular gyri on the posteroinferior
surface of the temporal lobe (known as the fusiform or occip-
itotemporal gyrus in the human brain). The parahippocampal
gyrus runs obliquely from the anterior temporal lobe to the sple-
nium of the corpus callosum, forms the caudal and ventromedial
surfaces of the medial temporal lobe, and tapers from anterior
to posterior. The medial contour of the anterior parahippocam-
pal gyrus, known as the uncus, is flattened. The superomedial
surface of the parahippocampal gyrus is bounded by the fissura
hippocampi, which is deep anteriorly and shallow posteriorly.
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Fig. 10. Comparing frontal lobe regions of human (A) and elephant (B, of specimen B). Olfactory bulb and associated structures are depicted (drawings by BC).

The posterior parahippocampal gyrus passes along the contour
of the splenium to become continuous with the cingulate gyrus
(Fig. 8C). The fundus of the parahippocampal cortex at the bot-
tom of the collateral sulcus and its subjacent white matter form a
prominent bulge (collateral eminence) on the floor of the tempo-
ral horn, creating a deep ventricular sulcus medially between the
parahippocampal white matter and the hippocampal eminence.
The collateral sulcus is deep with shallow branches delineating
three smaller gyri buried within the sulcus.

3.6.4. Basal ganglia
Structures visible with the naked eye in this region of the
elephant brain include major divisions of the basal ganglia (cau-

date nucleus, putamen, and globus pallidus), nucleus accumbens
[73], claustrum, amygdala, diagonal band of Broca, and the
substantia innominata (Figs. 7-10, 12-16). The elephant brain
shows a large well developed caudate nucleus and putamen,
commensurate with the overall cerebral size.

3.6.5. Pituitary gland (hypophysis) and pineal gland
(epiphysis)

In specimen A, an Asian elephant, the pituitary gland is large
and weighed 6.16 g. This pear-shaped structure (Fig. 8 Aii) mea-
sured 32 mm in length, 2.2 mm at its widest point, and 13 mm
in thickness. The proximal “infundibular” part of the pituitary is
narrow and hollowed inside (the infundibular recess of the third
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ventricle). The infundibular portion of the gland is constricted as
it passes through the small opening of the diaphragma sellae (the
fold of dura that covers the roof of the shallow sella turcica). The
large bulbous adenohypophysis lies nearly horizontally on the
cranium base between the floor of the sella and the diaphragma
sellae. Other structures are similar to those in human brains.

Contrary to one author who did not find the pineal gland
in the elephant [32], we could identify this gland, although it
is not really distinct (see specimen E, Fig. 8Aii). On the other
hand, we could not find the pineal gland or any pineal tissue in
specimen B. In the brain of specimen E, the pineal gland weighed
0.08 g. A sample was taken for histological confirmation and
showed a prominent component of cells showing the features of
pinealocytes. Macro- and microscopic observations of the pineal
gland of an African elephant were provided by Haug [63]. The
occurrence of the pineal gland was also reported for the Asian
elephant [87].

3.6.6. Diencephalon: general observations

Structures visible with the naked eye found in the dien-
cephalon include the thalamus, with medial and lateral genicu-
late nuclei, and the hypothalamus [33], with the tuber cinereum
of hypothalamus (sometimes with infundibulum), bordered by
the internal capsule, optic nerve (cranial nerve II), optic chiasm
and tracts, pituitary stalk and gland, pineal organ (gland), and
containing the third ventricle, with the choroid plexus on the
roof of this ventricle (Figs. 7B, 9, 10, 12). Similarities and dif-
ferences between the elephant and human brains include the
following observations: in the elephant, the thalamus is rel-
atively large (see also Ref. [1]), and subnuclei and anatomic
divisions, such as the internal medullary lamina are indistinct.
The massa intermedia thalami is large. The mammillary bodies
are relatively small and flattened. The optic nerve is of about the
same size in elephants and man despite brain size differences
(Table 2).
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3.6.7. Brain stem
Sections of the brainstem and cerebellum of specimens A, B,
and E are depicted in Figs. 11 and 17.

3.6.7.1. Mesencephalon. Structures visible with the naked eye
in the elephant midbrain are the superior and inferior col-
liculi, the cerebral aqueduct, the periaqueductal gray matter,
the paired red nuclei, the substantia nigra, the cerebral pedun-
cles (crura), and the cranial nerves III (oculomotor) and IV
(trochlear) (Figs. 5,7B,9). The superior and inferior colliculi are
not visible in a dorsal view, but they can be seen in the sagit-
tal plane (Fig. 7B). The nucleus ellipticus is noted in Fig. 16.
Differences between elephants and humans include the large
diamond-shaped aqueduct (4-5 mm), the broad cerebral pedun-
cles with shallow interpeduncular fossa, and the relatively pale

pigmentation of the substantia nigra. Melanin pigmentation
could, however, be identified in neurons of the substantia nigra
of the elephant at the microscopic examination.

3.6.7.2. Pons. Compared to the human brain, the basis pon-
tis appears relatively small, flattened, and narrow compared to
the pontine tegmentum. The locus coeruleus, another pigmented
nucleus, a paired structure located in the rostral pontine tegmen-
tum, is not grossly identifiable, but no other differences are noted
(Figs. 7,9, 11, 17).

3.6.7.3. Medulla oblongata. The medulla gives rise to cranial
nerves IX, X, XII, and, with contributions from the upper cer-
vical spinal cord, XTI (Figs. 4 and 5). Surface landmarks include
the pyramids, olives, caudal part of the fourth ventricle with
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Fig. 13. Twelve (12) parasagittal sections of left cerebral hemisphere of specimen E brain. The photographed section on top right (denoted by an asterisk) was drawn
by GHM and labeled in Fig. 12B (photographs by BT). Key to brain structures for Figs. 13—16: 1, amygdala; 2, anterior commissure; 3, calcarine sulcus; 4, caudate
nucleus (body); 5, caudate nucleus (head); 6, central sulcus; 7, choroid plexus; 8, cingulate gyrus; 9, claustrum; 10, corpus callosum (body); 11, corpus callosum
(forceps); 12, corpus callosum (genu); 13, corpus callosum (splenium); 14, fornix (body); 15, fornix (column); 16, fornix (fimbria); 17, interventricular foramen (of
Monro); 18, globus pallidus; 19, hippocampus; 20, hypothalamus; 20a, hypothalamic sulcus; 21, insula; 22, internal capsule (anterior limb); 23, internal capsule
(posterior limb); 24, lateral ventricle (body); 25, lateral ventricle (anterior/frontal horn); 26, lateral ventricle (inferior/temporal horn); 27, lateral ventricle (olfactory
recess); 28, lateral ventricle (posterior horn); 29, longitudinal striae/indusium griseum; 30, mammillary body; 31, nucleus accumbens; 32, olfactory nerve; 33, optic
chiasm; 34, optic nerve; 35, parahippocampal gyrus; 36, pituitary; 37, pituitary stalk; 38, putamen; 39, septum; 40, septum pellucidum; 41, stria medullaris thalami;
42, stria terminalis; 43, substantia innominata; 44, thalamus; 45, third ventricle; 46, nucleus ellipticus.
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Fig. 14. Ten (10) horizontal sections of right cerebral hemisphere of specimen E. The photographed section on top right (denoted by an asterisk) was drawn by GHM

and labeled in Fig. 12A (photographs by BT). Key as for Fig. 13.

attached choroid plexus, the inferior cerebellar peduncle, and
the dorsal column nuclei (gracilis and cuneatus).

Landmarks on the ventricular floor include the median sulcus
and the eminences produced by the underlying nuclei of the
hypoglossal and vagal nerves and the area postrema. On brain
slices, with the naked eye, one can see the pyramids, inferior
olivary nuclear complex, medial brain stem core (the reticular
formation), and outlines of cranial nerve nuclei. Of particular
note are the large spinal trigeminal complex, the mass of olivary
gray matter that lacks the serrated outline of human inferior
olive, and the large flattened pyramids (Figs. 4, 5, 7B, 9, 17; see
also Refs. [15,129-131]).

3.6.8. Cerebellum
Nomenclature of cerebellar fissures, lobes, and lobules varies
among different authors. Major fissures demarcate the chief

anatomical subdivisions, known as lobes. Smaller subdivisions
are known as lobules and sublobules. In specimens A and B, the
cerebella of Asian elephants, it can be seen that the vermis con-
tains 12-13 branches of arbor vitae, corresponding to lobules
(Figs. 7B, 11A).

The cerebellum has been classically divided into three lobes:
anterior, posterior, and flocculonodular [96]. Based on compara-
tive anatomy, the cerebellum is divided into four lobes: anterior,
central, posterior, and inferior (flocculonodular lobe) [3]. The
flocculonodular lobe is composed of two parts: the nodulus at the
midline and the flocculus at the lateral ends. As can be observed
in Figs. 11 and 17, in elephants this flocculus is not visible in
dorsal or ventral views.

Surface landmarks observed with the naked eye include the
vermis, hemispheres, major lobes and fissures, nodulus and floc-
culus, tonsils (paired eminences on the caudal cerebellar surface
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Fig. 15. Coronal slices II-VI (A) taken from a mid-sagittal section of specimen A. (B) Depicting location of these coronal slices. Dotted line in B indicates the
position of slice I in Fig. 16 (photographs by BT, artwork by GHM). Key as for Fig. 13.

produced by the uvular lobules, part of the posterior lobe), and
the cerebellar peduncles (superior, middle, and inferior). Brain
slices also show the individual folia of the cortex, one of the
deep nuclei (dentate nucleus), and the white matter. The cere-
bellar recess of fourth ventricle deeply indents the cerebellum
(Figs. 7,8, 11 and 17).

3.6.8.1. Differences between elephant and human cerebellum.
In humans, the cerebellum is relatively small compared to the
cerebrum and is hidden beneath the cerebrum when viewed dor-
sally. In elephants, the cerebellum is massive and can be viewed
dorsally. Comparative to other mammals, the ability to view the
cerebellum dorsally (as in elephants) is primitive, and the con-
cealment of the cerebellum in dorsal view is a derived character

associated with bipedal locomotion. Although our data are lim-
ited, it appears that the elephant cerebellum (average 18.6% of
total brain weight; in humans the cerebellum is 10.3% of brain
weight) is proportionally larger than that of other mammals.
Elephant’s cerebellum is 1.8 times larger than that of human
and 1.9 times larger than that of sheep (Table 1). Gyri and sulci
on the cerebellar hemispheres have complicated patterns with
many subconvolutions, and the transverse orientation of sulci is
consequently obscured, relative to human cerebellum (Fig. 11).
The cerebellar recess is deeper laterally and lacking at the mid-
line, with the result that the nodulus and lingular lobules are in
close proximity and the superior medullary velum is membra-
nous, not a thick glioependymal structure. The cerebellum to
cerebrum ratio of the elephant brain is larger than the human
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Fig. 16. Coronal slices I-VI taken from specimen A, shown in Fig. 15 (photographs by BT, artwork by GHM). Key as for Fig. 13.

and chimpanzee ratios. The lingula and uvular lobules are rela-
tively large, the former contributing to the shape of the cerebellar
recess of the fourth ventricle noted above. The inferior or floc-
culonodular lobe lies between the posterolateral fissure and the
inferior medullary velum and choroid plexus, which serve as the
caudal roof of the fourth ventricle (Fig. 7B, see also Ref. [3]).
The flocculus is largely concealed in ventral view by the large
uvular lobule (Figs. 11 and 17). These and other differences are
summarized in Table 3.

3.6.9. Spinal cord

The only segment of the spinal cord we have examined is the
uppermost cervical spinal cord in continuity with the medulla
and close to the foramen magnum of specimen E. This is ovoid in
shape, measuring 35 mm x 18 mm. Structures of gray and white
matter in this spinal cord section (Fig. 17, III) are similar to those
in humans. The first and second cervical nerves originate here.

The spinal cord of an elephant was investigated at the begin-
ning of the 20th century [59], and the drawing of this study
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Fig. 17. Sections of elephants cerebellum and brainstem of specimen A (sections I and II) and specimen E (sections III-VI). Section I is a dorsal view of brain
stem with cerebellum removed, revealing the fourth ventricle. Sections II-VI are progressive posterior views from anterior to the posterior end: hemisection II is
the same view of section III, lower area; section III is at mid brain; section IV is at mid pons; section V is at ponto-medullary junction; and section VI is at mid
medulla—see Fig. 7B for orientation (photographs by BT, artwork by GHM). Key to sections for Fig. 17: 1, cerebral aqueduct (of Sylvius); 2, basis pontis; 3,
cerebellar cortex; 4, cerebellar peduncle-inferior; 5, cerebellar peduncle-middle; 6, cerebellar peduncle-superior; 7, choroid plexus of fourth ventricle; 8, crus cerebri;
9, dentate nucleus; 10, lateral foramen of the fourth ventricle (foramen of Luschka); 11, median foramen of the fourth ventricle (foramen of Magendie); 12, fourth
ventricle; 13, hypoglossal trigone; 14, inferior colliculus; 15, inferior olivary nucleus; 16, lingula; 17, median sulcus of fourth ventricle; 18a, nodulus; 18b, flocculus;
19, periaqueductal gray matter; 20, pyramid; 21, red nucleus; 22, substantia nigra; 23, superior colliculus; 24, tegmentum-medulla; 25, tegmentum-midbrain; 26,
tegmentum-pons; 27, tuberculum of nucleus cuneatus; 28, tuberculum of nucleus gracilis; 29, vermis.
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Fig. 18. Parasagittal (I and II) and horizontal (IIT and IV) sections of cerebral hemispheres, with thickness measurements of cerebral cortex indicated (on specimen
E). Section I is through cerebrum lateral to basal ganglia, section II is through cerebrum lateral to section I lateral sulcus, section III is through cerebrum at mid basal
ganglia, and section IV through cerebrum superior to section III, at centrum semiovale (photographs by BT, drawings by GHM).

was reproduced also later [22]. Based on these publications,
structures in the elephant spinal cord appear to be similar to
those in humans [96,134]. Yet, additional spinal cord sections
from various segments of the spinal column would be useful
to study in detail similarities and differences between elephants
and humans.

4. Discussion
4.1. Historical and current perspectives

Anatomical studies of elephant brains were conducted by var-
ious investigators [1,10,19,32,44-46,55,61-63,72-74,77,79—
81,87,99,109,119,122,129-131]. Each of these investigators
focused on certain areas, or made general observations; the
study of Dexler [32] was the most comprehensive. The recent
review by Cozzi et al. [22] brought to light the paucity of
basic detailed research on elephant brains. The present study
is an attempt to investigate elephant brains systematically, pro-
viding illustrations for clarifications and attempting to fill in
missing, incorrect, or misunderstood information in a holis-
tic approach to gain knowledge of the largest living terrestrial
mammal.

In absolute terms, an elephant brain is about 3.4 times larger
than a human brain. Compared to body size, however, that of a
human is 1/50, while that of an elephant is 1/600 of the body
[134], ~1/700, based on our data. For the largest mammal in
the world, the blue whale (Baleaenoptera musculus), the ratio
of brain (6800 g) to body size is 1/850; in dolphins, however,
the ratio is 1/40. In small mammals, e.g., a mouse, the ratio may
be 1/35, while in a small primate (squirrel monkey) the ratio is
reported as low as 1/12 [134].

On the whole, the elephant brain follows the basic brain
plan of higher placental mammals with a well-developed telen-
cephalon, corpus callosum, and a prominent development of
cerebral gyri and sulci, showing a degree of gyral complex-
ity intermediate between the primate (human) and cetacean
patterns. An elephant brain, however, depicts a number of differ-
ences in proportion and configuration with respect to the human
brain (Table 3).

4.2. Differences between the elephant brain and the human
brain or the brain of other mammals

Major differences between elephant and human brains in the
telencephalon, diencephalon, and mesencephalon include: rel-
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ative proportions of the cerebral lobes, differences in size, and
configuration of the ventricular system, differences in the cere-
bral gyral pattern and complexity, the relatively large size of
the olfactory nerve with its persistent ventricle, the large size
of the pituitary gland, and the small size of the pineal gland.
Compared to the human brain, elephants have relatively smaller
frontal lobes, relatively larger temporal lobes, ill-defined occip-
ital and parietal lobes, and incompletely opercularized insula.
In the rhombencephalon, the differences include the relatively
large size and greater degree of gyral complexity of the cerebel-
lum, and the complexity of the vascular network at the base of
the brain.

Elephants are considered to have a macrosmatic brain, since
their olfactory lobe or rhinencephalon, is very large. Of par-
ticular prominence are the large size of the olfactory bulb, the
persistence of an olfactory ventricle, the large olfactory trigone
region, and the prominent gyration of both the medial and lat-
eral olfactory striae. Other reported evidence includes the larger
number of the ethmoturbinals (ethm.) in the nasal cavity (five
in elephants). This parallels the findings in other mammals with
macrosmatic brains, such as the spiny anteater (Echidna, seven
ethm.), ungulates (average of six ethm.), edentates (eight ethm.),
and aardvark (nine ethm.). The aardvark has the “highest num-
ber among mammals (extreme macrosmatism)”’; macrosmatism
is directly associated with very large rhinencephalon, implying
a good sense of smell [54]. Duckbill platypus (Ornithorhynchus,
three ethm.), anthropoid primates (four ethm.) including humans
(three ethm.), and cetaceans (three) are all mammals with
microsmatic brains, reduced rhinencephalon, and low number
of ethmoturbinals [54].

Comparing the position of the olfactory bulb in elephants to
other mammals we examined and from the literature, we note
that in a fetus (Fig. 1C and plate VIII in Ref. [36]) and adult ele-
phants, this bulb is not visible in dorsal view (it is hidden beneath
the frontal lobe). In monotremes and marsupials the olfactory
bulb extends anterior to the cerebrum [67,142]. Similarly, the
olfactory bulb is visible in the dorsal view of the brain in insec-
tivores (e.g., Gymnura and Erinaceus [67,142], aardvark and
edentates [118], rodents, e.g., Rattus (see plate Il in Ref. [81]),
Cavia (our observation), and lagomorphs (Oryctolagus) [133].
In domestic animals (horse, cow, pig, dog, and cat [28-31]) the
olfactory bulb is also exposed dorsally; the position of this bulb
in the zebra brain we examined was similar to that of a horse. In
the sheep, however, the olfactory bulb is almost even with the
frontal lobe ([29] and our observations). Among primates, in
prosimians [26,142] the olfactory bulb is visible in dorsal view,
butin man it is invisible [134]. In cetaceans (e.g., Tursiops [62]),
the olfactory bulb is also concealed in the dorsal view. From
these observations, it is evident that the primitive condition for
the class Mammalia occurs when the olfactory bulb is visible
in the dorsal view of the brain. Thus, the elephant, dolphin, and
man exhibit the derived condition.

Both human and elephant brains are marked by prominent
sulci and gyri. Compared to the human brain, the elephant brain
shows a more complex pattern of gyri and sulci (Figs. 5 and 7).
The normal patterns of gyri and sulci of Elephantidae (order Pro-
boscidea) and other non-human mammalian orders with com-

plex gyral patterns (e.g., cetaceans, such as a porpoise) have
not been well defined. Without close correlation between func-
tion and structure, it is risky to infer homology based solely
on topographic features. In addition, as in humans, apart from
major divisions, there may be considerable variation in fine
gyral and sulcal patterns among individual elephants. The shape
and orientation of gyri and sulci differ among different species
as observed on brains of non-proboscideans and non-primates
listed in Table 1. In general, larger brains tend to be more con-
voluted than smaller brains, and more convoluted brains tend
to exhibit greater cytoarchitectonic diversity within the cortex,
though there are exceptions [135].

Comparing the degree of gyrations on the cerebral hemi-
spheres among the 13 mammalian taxa we studied (listed in
Table 1A-E), we note the following general observations, made
by naked eye. Elephants and humans have the highest degree
of convolutions, followed by chimpanzee, sheep, and zebra that
have approximately comparable degrees of convolutions, fol-
lowed by the maned wolf and cat, the talapoin monkey and rock
hyrax, and then by the chinchilla and guinea pig. Chinchilla and
guinea pig have the least degree of convolution on their cere-
bral hemispheres among the mammals compared. We note that
these general observations with the naked eye do not necessarily
imply evolutionary trends of cerebral gyrations.

Based on our observations of the cerebral and the tempo-
ral lobes, an elephant appears to have a larger ratio of weight
and surface area to the cerebral cortex surface area than that of
humans and of other mammals studied. In humans, the temporal
lobe is associated with hearing, learning, memory, and emotion.
Although the configuration of the limbic lobe (cingulate gyrus,
parahippocampus and hippocampus) is similar, the elephant hip-
pocampus is oriented more posteriorly and vertically, reflecting
the orientation of the temporal lobe.

Comparing the hippocampus of humans and elephants, we
note that they are of approximately the same size; that of the
elephant, however, is smaller relative to its cerebrum. A dif-
ferent and somewhat contradicting result was reported recently
[57]. These authors noted that “. . . the elephant has an unusually
large and convoluted hippocampus compared to primates and
especially to cetaceans. This may be related to the extremely
long social and chemical memory of elephants” [57]. As for the
orientation of the temporal lobe, in humans the hippocampus is
oriented almost horizontally, whereas the elephant’s is oriented
more posteriorly and vertically. In humans, functions attributed
to the hippocampus/hippocampal formation include formation
of recent memories of facts and events as well as the control of
emotional behaviors and neuroendocrine functions [38,93,127].
We presume that similar functions could be assigned to the hip-
pocampus in elephants.

In elephants, the degree of development of senses changes
with age. Compared to other mammals, they have an excellent
sense of hearing, an acute sense of smell, very good sense of
touch, unknown sensitivity to taste (seems to be selective), and
poor sense of vision, though it is good in dull light.

It is noted that a human has a well-developed occipital lobe
composed of primary visual cortex and association cortex, asso-
ciated with a well-developed sense of vision. In elephants, on
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the other hand, vision is one of the least developed senses, and
corollary to that is the small and ill-defined occipital lobe. This
observation also holds for size and development of other lobes
associated with other senses. For example, the elephant has well-
developed temporal lobes, including the anterior temporal gyrus
which may be analogous to the superior temporal gyrus of the
human brain, and with the large olfactory structures. Although
elephants are known to have a very good sense of touch, the
size of the parietal lobe, which in humans is the lobe associated
with cortical somatosensory representation, is relatively small.
Electrophysiological mapping of the elephant somatosensory
cortex is, however, lacking. It is noted, on the other hand, that
evidence for pain sensation in elephants was recently discussed
in detail [115]. An elephant’s sensitivity to taste is unknown; it
seems to be selective. In humans, taste nerve fibers reach the
nucleus ventralis posterior medialis in the thalamus and project
to the sensorimotor cortex and the limen insulae [75,134]. In
elephants, the thalamus is relatively large and one investigation
has focused on it at the microscopic level [1]. The large size
appears commensurate with the large degree of development of
the cerebral cortex and reinforces the similarity of overall struc-
ture between elephant and human brains.

The recent behavioral observations on vision in elephants
presented by Nissani et al. [92] provide support to anatomical
observations. Vision and short-term memory tests on a total of 20
Burmese working elephants of both genders with varying ages
and different histories at three logging camps in the forests of
Myanmar (Burma) were conducted [92]. Experiments included
control and experimental groups. Their results, although tenta-
tive, provide a glimpse into the Asian elephant’s visual acuity
and short-term memory. Their data from both the black and white
and the large and small discriminations showed a surprising age
effect, and suggest that elephants beyond the age of 20-30 years
either may be unable to acquire these visual discriminations or
may require an inordinate number of trials to do so [92]. These
observations corroborate the anatomical data presented in the
present study that elephants have ill-defined occipital lobes. The
elephant’s temporal lobes, on the other hand, are extremely well
developed [64].

Variations in cortical thickness might have resulted from the
angle in which brain slices were cut. In humans, “the thickness
of the cortex varies from 4.5 mm in the precentral gyrus to about
1.5mm in the depth of the calcarine sulcus” [96]. The cortex
is always thickest over the crest of a convolution and thinnest
in the depth of a sulcus. Our data confirm these observations.
The variation in cortical thickness reflects differences in cortical
regions: in general, the primary sensory cortex is thinner and
more compact than the motor cortex. The association cortex is
intermediate. The differences between gyral crest and depth of
sulcus also probably reflect differences in function [135]. The
comparable thickness, despite the larger brain weight, probably
reflects a basic similarity in organization, and optimal thickness
over many higher mammals.

Calculation of callosal area in midsagittal section may reflect
more accurately the fiber content than simple descriptive data as
given above. Values in humans were reported at 6.2 4 0.2 cm?
in males and 6.3 4 0.2 cm? in females, and suggest a relatively

larger commissural system in females than in males [143,144].
It has been reported that, in humans, the splenial portions of the
female corpus callosum are larger than those of males [25], yet
Bleier et al. [12] found no such sex-related differences. In addi-
tion, correlation between handedness and callosal size has also
been reported [97]. Possible sex-related differences in the func-
tion of the left versus right cerebral hemispheres have also been
reported [132,137]. Our data for the areas of the corpora callosa
of brains of one elephant (12.57 cmz) and one human (5.98 cm2)
were compared to the areas of the brains in midsagittal section of
the elephant (271.05 cm?) and human (170.67 cm?). Calculation
of the ratio of the corpus callosum surface area to the midsagit-
tal section area in the elephant gives 4.6% and for human the
ratio is 3.5% (Fig. 8B). There is a reported correlation between
corpus callosum area and brain size [143]. For this reason, we
calculated the ratio of the corpora callosa to the weight of the
entire brain and also to the approximate weight of the cerebrum
(by subtracting 10% of the total weight [96,134], noting that the
cerebellum weighs about 10% of the total brain volume/weight).
Our results show that the ratio of corpus callosum surface area
to the weight of brain of an elephant is 0.0024 cm?/g, and the
ratio to the cerebrum is 0.0027 cm2/g. For humans, these values
are 0.0043 and 0.0047 cm?/g, respectively. Based on these lim-
ited data, we can assume, as a crude estimate, that the number
of commissural fibers in the corpus callosum is about twice as
much in man compared to the elephant. Much more data ought
to be collected to confirm these differences in the relative size
of the corpus callosum. Hakeem et al. [57] noted that the ratio
of neocortical gray matter volume to corpus callosum cross-
sectional area are similar in the elephant and human brains (108
and 93.7, respectively), compared to cetaceans, with a ratio of
181-287.

As noted above, the pituitary gland is large, yet, unlike the
condition in humans, it fits into a shallow sella turcica (which
is deep in humans). The pituitary gland of the African ele-
phant (L. africana) [58,117] and of the Asian elephant (E.
maximus) [70,140,141] was investigated previously. Macro- and
microscopic photographs of this gland were provided [70]. A
summary of these studies, with sketches of the glands of both
elephant species, was given [43]. We learn that the average
weight for three elephants for this gland is 5.31 g [70,117], and
measurement (length, width, and thickness) for two elephants
was 32mm X 21.5mm x 11 mm and 37 mm x 22 mm x 11 mm
[70]. A weight of 1.9 g for a pituitary of a female 7-8 years old
Asian elephant was given [108]. The pituitary weight (6.16 g) of
specimen A is 1.34 g less than the weight of 7.5 g [70], and the
dimensions of this pituitary gland fall within the range of other
elephants.

The pineal body has been thought to be an involuted or
hypoplastic organ, and its presence in the elephant has even been
disputed [32,63]. This organ has been inadequately studied,
possibly because its identification has been hampered by its
small size and diffuse structure. In addition, the pineal body is
located in an area of the brain that is easily disrupted when the
brain is removed. It is possible that the pineal organ is developed
in younger elephants, and then it becomes involuted in an
adult. Resolution of this question requires examination of more
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brains from younger elephants. Keeping these considerations
in mind, the function of the pineal gland may change during
ontogeny.

The basal ganglia are considered to be derivatives of the
telencephalon and are often divided into two major components:
the corpus striatum (comprising the caudate nucleus, putamen,
and globus pallidus), concerned primarily with somatic motor
functions, and the amygdaloid nuclear complex (comprising two
main nuclear masses, the corticomedial nuclear group and the
basolateral nuclear group), functionally related to the hypotha-
lamus and limbic system as well as to the corpus striatum and
cerebral cortex [96], and possibly the claustrum. The caudate
nucleus and putamen of the corpus striatum develop in close
association with the cerebral cortex and receive input from both
neocortical and limbic areas, the latter projecting to the nucleus
accumbens and other parts of the basal forebrain, referred to
collectively as the ventral striatum. Histological details of the
elephant nucleus accumbens and other paralimbic structures
have been reported [74]. The configuration of these structures
maintains the same relative relationships as in the human brain,
with the exception of the amygdala, which appears located rela-
tively posteriorly. Functions attributed to the amygdala include
recognizing, displaying and experiencing fear [78]. The claus-
tral gray matter is present in the elephant brain, but its temporal
portions are ill-defined to the naked eye.

The nucleus ellipticus, a specialization of the peri-aqueductal
gray matter, was reported in the mesencephalon of cetaceans
and elephants [84,99,129], but not in humans [22]. The elephant
brainstem macroscopically differs from the human brainstem
chiefly in proportion (Table 3). Additional differences include a
visible nucleus ellipticus, the large size of the trigeminal nuclear
complex, probably reflecting the large size of the area of inner-
vation represented by the elephant head and trunk, and the
absence of visible pigmentation in the substantia nigra and locus
ceruleus. Given the large size of the cerebellum, the proportion-
ally small size of the basis pontis may reflect a relatively small
volume of corticopontine input to the cerebellum.

In elephants, the cerebellum is larger than that of humans
in absolute and relative terms (elephant cerebellum averages
18.6% of total brain weight; comparable value for humans is
10.3%). In addition, compared to humans, gyri and sulci on
the cerebellar hemispheres of elephants have complicated folia
patterns with many subconvolutions (Fig. 11; Table 3). Elephant
cerebellum can be viewed dorsally; that of a human is concealed
under the cerebrum (Fig. 8B). In humans, the cerebellum appears
to be involved in coordinating movements and locomotion and
maintaining posture. Other functions attributed to the cerebel-
lum include the cognitive roles of acquisition and discrimination
of sensory information [37,47,68,93,134].

The large size of the cerebellum and basal ganglia appears
to be correlated with the ability of elephants to perform com-
plex and coordinated motor functions, ranging from acting as
working elephants to performing in circuses. A photograph of a
young Asian elephant walking on wooden bottles is a testimony
to “extraordinarily sure-footedness and delicate sense of bal-
ance” [112]. In the wild, elephants have been observed standing
on their hind legs while reaching with their stretched trunks for

foliage high on trees [42], an example of their well-developed
sense of balance.

4.3. Possible carotid rete and other cranial arteries

The vascular mat observed at the base of the brain of two
specimens could be interpreted as a counter-current system or
carotid rete. This rete could allow cool venous blood arriving
from the nasal area (via the ophthalmic vein after evaporative
cooling) to get in contact with warmer arterial blood (the internal
carotid artery) before it enters the cranial cavity to supply the
brain. A similar mechanism to cool the brain has been observed
in carnivores and bovids [7,8,124,128].

Our observations in elephants, thus far, indicate that the
labyrinthine and anterior inferior cerebellar arteries arise inde-
pendently from the basilar artery (Fig. 3B). Variations in the
branching pattern of cranial arteries and the arterial circle of
the brain in humans are usual. For example, a previous study
(see Fig. 644 in Ref. [18]) depicted the labyrinthine and anterior
inferior cerebellar arteries to emerge separately from the basi-
lar artery, whereas another study [90] showed these two arteries
to have a common trunk. The basilar artery of the African ele-
phant depicted in Fig. 3B is not bifid. On the other hand, we
observed a bifid basilar artery in an Asian elephant (specimen
C). A bifid or plexiform basilar artery has been observed in
humans [24,35,88,95].

4.4. Neonate and adult brain sizes

It has been reported that the brain of an elephant calf at birth
is only 35% of its adult brain weight [34]. Our data (Table 1)
and that of other sources [32,106,117,120] indicate that ele-
phant brain weight at birth averages 2551 g, that is, about 50%
(53%) of 4783 g average brain weight of 17 adult elephants.
For human, the corresponding ratio of brain weight at birth is
25% of adult brain weight [106,134] and for mammals (r = 100)
this ratio is 34% [106] Although the data are meager, it appears
that compared to human brain which grows 75% post-natally,
that of the elephant develops about 50% after birth for approxi-
mately the same lifespan. In both species, long periods of brain
development post parturition provide much time for learning.
Furthermore, during the first year of extra uterine life, the human
brain doubles its weight, by the sixth year it reaches 90% of its
adult weight, and by the 16th or 17th year it reaches adult weight
[134]. Comparable data for elephant brain weights are not avail-
able for the first, sixth and 17th years, yet based on the little
data available in the literature [117], elephant brain appears to
reach its adult size at an earlier age, between the fifth and the
15 year. These differences are possibly related to the neotenic
human brain [51,97] as well as the altricial versus precocial state
at birth of human and elephant, respectively [86,117,134].

Brain size is directly related to body size [66], yet there
also appears to be correlation between brain size and ecology.
For example, arboreal species tend to have relatively bigger
brains than grassland species [40,82]. Further, nocturnal species
have larger brains than diurnal, and insectivores, frugivores, and
granivores have larger brains than folivores [82]. Elephants are
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large, grassland dwelling, crepuscular, and they feed on grass,
leaves and fruits. These factors in tandem with the facts that ele-
phants are highly social and have a long life span (ca. 80 years)
may contribute to large brain size in elephants [39,112,123].

4.5. Brain size, encephalization quotient, and memory

Intelligence is very difficult to measure in humans, let alone
in animals. The encephalization quotient (EQ [66]) has been
employed as a measure of the ability of an animal to cope with
newly developed challenges and obstacles in its environment.
EQ, as defined by Ref. [66] and further elaborated by Ref. [39],
is the ratio between observed and expected brain size for a given
body weight (“The expected brain size is a kind of ‘average’
for living mammals that takes body size into account” [66]).
In this system, a mammal with a brain/body ratio with an EQ
value equal to 1.0 is considered to have average EQ. A value
of EQ less than 1.0 may be associated with a less than average
level of attributes that might be interpreted as “intelligence”.
Conversely, an EQ value higher than 1.0 may be associated with
more than average intelligence. For example, the pig has an EQ
of 0.27, and the sheep has an EQ of 0.541, the rat 0.835, the fox
squirrel 1.426, the European cat 1.14, and the ring-tailed lemur
has an EQ of 1.449. The gorilla has an EQ range of 1.402-1.68,
the chimpanzee 2.18-2.449, and humans have an EQ range of
7.33-7.69 (EQ values derived from Ref. [39]).

Of the 16 brains from adult elephants for which we calculated
the EQ, 9 were African (4 females, 3 males, 2 unknown), and 7
were Asian (4 females, 3 unknown). The EQ for all 16 elephants
ranges from 1.13 to 2.36. The total EQ average is 1.88, with an
average of 2.14 for Asian elephants, and 1.67 for African; 2.1
for females, n =4, and 1.3 for males, n = 3. Higher EQ values for
female than male elephants were also reported in the literature
[39,111]. Sources for the brains are given in Table 1. One aspect
of relative brain size cannot be overlooked “Species with larger
average brains, in relation to average body size (related to EQ),
show greater ability to process and utilize complex information”
[65].

Elephants have proverbially been known to have a long-
lasting memory. We hypothesize that brain size seems to be
associated with memory storage. Memory and intelligence seem
to be interrelated [20,101-103]. Of living mammals, those with
an EQ value of near and above 2 have been observed to make and
use tools; these include primates (humans and chimpanzees) and
elephants [49]. Examples of tool use among elephants include
the use of a stick to scratch their backs and to place twigs and
branches under their feet to prevent sinking in soft ground [112].
Elephants have also been reported to plug, with mud, wooden
bells they wear on their necks so that the clappers cannot ring
while they enter a grove of cultivated bananas at night [138].
The question arises whether elephants perform these behaviors
through associative learning (that is, by trial and error) or by
causal reasoning. Discussions for [17,60] and against [91] this
question have been reported in the literature. Observed behav-
iors have been interpreted differently [91], and thus the question
of whether or not elephants perform these behaviors causally
cannot be answered satisfactorily.

In one report [49], elephants were observed to chew the bark
of a tree to make a “cork” to plug a waterhole they dug. Later,
these same elephants were observed to return to that waterhole,
unplug the cork and have a drink. These observations, in our
opinion, illustrate a higher degree of tool-making ability, as well
as body and neural coordination, and the elephant can also be
viewed as a toolmaker.

An incident in which an elephant appeared to be able to think
was recalled when the elephant, Chandrasekharan, was given a
command to lower a wooden pillar into a pre-excavated hole; it
did not execute the command until a dog that was sleeping in the
hole was chased away [98]. One author reported a case where
an elephant carefully planned the timing of an attack to kill
[107]. Another author subtitled his paper “Should elephants be
moved to near the top of the animal-intelligence list?” This arti-
cle recalls unique behaviors exhibited by elephants that ’points
towards a higher consciousness. “For example, elephants have
been observed to spend time next to carcasses of elephants, but
not next to carcasses of other animals, e.g., a buffalo. This author
believes that ”. . . elephants grieve and therefore have a concept
of life and an idea of missing another elephant” [14].

4.6. Development and evolution

Ontogenetic stages inferred from brain weights of the mate-
rial at our disposal and from the literature show an expected
increase in brain size from a fetus to a fully mature individ-
ual. Brain lengths, widths, and heights (in cm) for adult versus
near term fetus are: 35 versus 17, 30 versus 15, and 20 ver-
sus 8, respectively [85,117]. Brain weights, in kilograms, were
provided for eight elephants in the wild, as follows: 18 months
(M =male), 2.7; calf (F=female), 3.0; juvenile (M), 4.5; teens
(F), 4.1; teens (M), 4.3; prime adult (F), 4.1; prime adult (M),
5.3; and senile adult (F), 4.0 [117]. The following developmen-
tal changes were observed in brains of elephants: increase in
size, increase in proportion, particularly increased relative size
of the temporal and frontal lobe areas, increase of air-cell devel-
opment (pneumatization) in the cranium, and a change from low
flat to tall cranium. These changes have also been observed as
phylogenetic trends among the order Proboscidea [114]; such a
trend of increase in body size and correlated increase in brain
is known as Cope’s Law or Rule [2]. Brain size increases at a
much slower rate than body size. Among adult mammals, the
brain increases at about two-thirds the rate of the body [50].

We compared the ontogenetic development of African ele-
phants (L. africana; Fig. 19A) to a series of proboscidean skulls
that exhibit from low to high domed skull, where the center of
gravity shifts posteriorly (Fig. 19B). It is noted that, with age,
the position of the nuchal fossa at the back of the head and the
nuchal eminence (point c) are shifted higher on the cranium.
This ontogenetic change is similar to the gradual change that
occurs during evolution, a change that is associated with the
shift of the center of gravity towards the back of the skull. On the
whole, we note that Haeckel’s Biogenetic Law [56] may apply to
these features but is an oversimplification (the Biogenetic Law
— “Ontogeny recapitulates phylogeny” — states briefly that an
organism passes through developmental stages resembling vari-
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Fig. 19. (A) Ontogenetic development of crania and brains (not to scale) from fetus to mature adult African elephant, L. africana. (B) Simplified representation of
evolutionary changes in proboscidean skulls (ctg = center of gravity, nm =nuchal musculature, oc = occipital region). Note that during ontogeny (A), the base of the
brain remains relatively constant in relation to the line drawn between points a and b (point a is the ventral margin of the occipital condyle, point b is the ventral side
of the nasal process at the dorsal margin of the external naris, point c is the nuchal eminence, the suture of the occipital and parietal bones, and point d is the superior
postorbital process). As an elephant grows, angle alpha becomes larger and larger. Sources: (A) ontogenetic stages are modified after ([69], p. 29)—Fetus cranium,
after AMNH 119620, and ([36], plate VIII); juvenile after ([126], p. 254); mature adult after ([36], plate XI; [126], p. 256); (B) adapted after ([83], p. 105, reversed).

ous levels in the phylogeny of its group; see, however Ref. [51]).
In the fetus of elephants, for example, the position of the crib-
riform plate is the same as in the adult, unlike the condition in
extinct proboscideans (Fig. 20). We find a similar intra-ordinal
primitive-derived character trend within Primates where in early
primates (e.g., a prosimian [26]) the olfactory bulb is visible in
dorsal view, but in man is invisible [134].

With reference to the position of the superior and inferior
colliculi (corpora quadrigemina), when viewed in dorsal view,

(A) (B)

either one pair of these colliculi or both of them are visible
between the cerebrum and cerebellum in mammals. This char-
acter was observed in monotremes and marsupials [67,142],
insectivores [67,142], rodents, and lagomorphs ([133], our own
observations). The colliculi are concealed under the cerebrum in
domestic animals (horse, cow, sheep, pig, dog, and cat [28-31];
our own observations for zebra, sheep, cat, and wolf), primates
[26], and in cetaceans [62]. It is apparent from these observa-
tions that the primitive condition for Mammalia is when one or

C L
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Fig. 20. Simplified drawings of proboscidean brains in dorsal views drawn to scale: Moeritherium lyonsi (A, extinct), Mammut americanum, the American mastodon
(B, extinct), and Elephas maximus (C, extant). In A and B the olfactory bulbs (arrows) protrude anterior to the frontal lobe. The olfactory bulbs are not visible in
dorsal view in living elephants (see text for the significance of this character). Encephalization quotient (EQ) value of Moeritherium as calculated by [66] is 0.2 and
a high value for Elephas (calculated by Shoshani) is 2.36. EQ can be viewed as a character subjected to natural selection during a phylogeny of a lineage, e.g., within
Primates and Proboscidea (brains of A and B after Ref. [66], C after specimen B; drawings by GHM).
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both pairs of colliculi are visible in dorsal view of the brain; the
elephant is among mammals that exhibit the derived condition.

In its primitive condition, the flocculus of cerebellum is vis-
ible dorsal view, e.g., in Echinosorex, an insectivore [52,67],
and edentates [118]. Of the 11 non-elephant mammalian brains
we examined, only those of chinchilla, guinea pig, and rabbit
exhibited the primitive character [6]. One of the synapomorphic
(derived) characters for Ferungulata is “flocculus of cerebellum
vestigial or not visible in dorsal view” [113]; these ferungu-
late taxa — listed as they appear on the cladogram - exhibit
this derived character state: Carnivora, Pholidota, Tubuliden-
tata, Artiodactyla, Cetacea, Perissodactyla, Hyracoidea, Pro-
boscidea, and Sirenia.

A number of brain features can be considered in evolutionary
perspective when comparing living elephants to other members
of the class Mammalia on a cladogram [113]. The corpus callo-
sum is present (absent in non-eutherians). The optic nerve passes
through a separate opening, the optic foramen (confluent with the
orbital fissure; Placentalia). The EQ is greater than 0.21 (clade
Preptotheria). The superior and inferior colliculi are not visible
in the dorsal view (Ferungulata). The flocculus of cerebellum is
vestigial or not visible in dorsal view (Ferungulata). The rhinen-
cephalon is very large with the olfactory bulb concealed under
the cerebral frontal lobe in dorsal view (intra-ordinal derived
character). The cerebrum is highly convoluted (intra-ordinal and
inter-ordinal derived character). The cerebral temporal lobes are
highly enlarged and bulbous (intra-ordinal derived character).
The cerebellum is extremely convoluted (intra-ordinal derived
character). The occipital lobe is not developed. The hippocam-
pus has been drawn into the temporal lobe (temporalization).
Insula is incompletely opercularized in elephants. In the most
basic mammalian plan, the cerebrum and the cerebellum lie on
a relatively horizontal plane so that both are visible dorsally.

From an evolutionary perspective, the elephant brain incorpo-
rates a well-developed neopallium (neocortex), but on the other
hand, it retains and develops phylogenetically primitive compo-
nents of the brain, viz., the large olfactory bulb and the relatively
large paleopallium [105]. The olfactory bulb retains its origi-
nal function (olfaction), and the well-developed paleopallium,
or palaeocortex (pyriform lobe), appears to be associated with
their excellent olfactory sense [64]. In elephants the olfactory
region of the brain includes complex functions, such as flehmen
that involves sensing chemicals important in social or reproduc-
tive behavior [100] and activity associated with the Jacobson’s
(vomeronasal) organ at the roof of the mouth.

Clues for inferring evolutionary trends were made based on
our examination of one elephant fetus brain (specimen G), from
endocasts [4,66,71,94], and from structures preserved in cranial
cavities of extinct proboscideans. Data and photographs of endo-
casts of elephantid taxa (“E. indicus”, “L. africana”, and “Hes-
peroloxodon antiquus italicus”) were provided by Osborn [94],
and those of Moeritherium lyonsi and Mammut americanum
were provided by Jerison [66]. An endocast of M. americanum
(MCZ 11106) that is housed at the Museum of Comparative
Zoology at Harvard University was also examined by the senior
author. From these data and illustrations, one can draw the gen-
eral conclusion that advanced or derived proboscideans had very

large brains (in absolute terms) along with huge and bulbous
temporal lobes and relatively large cerebellum. M. lyonsi (one
of the earliest proboscideans) also had a relatively large tempo-
ral lobe. On some of these endocasts, it is possible to observe
surface grooving marking the site of major fissures (e.g., inter-
hemispheric and Sylvian fissures). Osborn [94] also provided a
formula to estimate the weight of the brain from an endocast, i.e.,
volume in cubic cm minus 20% equals brain weight in grams.

Fig. 20 includes a comparison of simplified drawings of
two endocasts from extinct species and brain outline from one
extant species. In all three proboscideans, the temporal lobe is
relatively large (a possible derived inter-ordinal character). In
Moeritherium and Mammut the olfactory bulbs protrude ante-
rior to the frontal lobe, whereas they are concealed under the
frontal lobe in Elephas (a derived intra-ordinal character). Two
other observations can be made on these endocasts. The cerebel-
lum and the olfactory bulb are relatively large, implying a good
sense of balance and a good sense of smell in early and late pro-
boscideans. In living elephants, the frontal lobe grew forward
over the olfactory bulb. In a human fetus, the olfactory bulb is
relatively large but is dwarfed by the developing telencephalon
from the embryonic period towards adult stages. Calculations of
EQ of Moeritherium and Mammut show that the value increased
by 10 fold — from 0.2 for Moeritherium and up to 2.2 for Mam-
mut — during the evolution of Proboscidea [66]. The EQ can
be viewed as a character subjected to natural selection during
phylogeny of a lineage.

4.7. Concluding remarks

4.7.1. General summary

In the present investigation we have documented gross mor-
phological observations on the elephant brain, including details,
which were not hitherto reported. Many of our observations are
also accompanied by illustrations. Our data indicate that, for
many of the behavioral repertoires of elephants, there are corre-
lations with the gross anatomy of the brain.

New material and observations concerning the nervous sys-
tem of elephants included in this paper are summarized below.
This roster is intended to provide an overview of our new find-
ings in drawings and photographs:

- Illustrations depicting differences between adult and fetus cra-
nia, structures inside the cranial cavity and how to remove
elephant brain undamaged (Fig. 1).

- Photographs and illustrations of labeled cranial arteries
including a postulated counter-current system, or carotid rete
(Fig. 3A and B).

- Illustrations of anterior and posterior views of the brain
(Fig. 5).

- Illustrations of the ventricles in dorsal and lateral views of the
brain (Fig. 6).

- Illustrations depicting locations of hippocampus, pineal and
pituitary glands, and limbic system (Fig. 8).

- Illustration depicting a close-up of the olfactory region
(Fig. 10).
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- Illustrations depicting the cerebellum whole and in sections
(Fig. 11).

- Illustrations depicting horizontal and parasagittal sections
with detailed labeling of internal structures (Fig. 12).

- Photographs depicting various sections in successive layers
depicting internal structures (Figs. 13—18).

- Illustrations comparing ontogenetic to phylogenetic changes
in proboscidean skulls (Fig. 19).

- Comparison among brains of three proboscideans, two extinct
and one extant (Fig. 20).

We suggest that similarities between human and elephant
brains are due to convergent evolution. Among mammals, the
humans, chimpanzees and elephants are known to make and
use tools [49], observations that have been associated with high
EQ, near or above 2. Like morphological characters, EQ may be
subjected to natural selection. As the largest land mammal and
a keystone species [110,136], the elephant is a key illustration
of adaptive biology. Understanding the form and function of the
most complex organ in the elephant body, the brain, will help us
better understand the natural history of these endangered species
and help us as we make every effort to protect them.

4.7.2. Future research trends

In our study, a relatively small sample size of brains was stud-
ied (n="7); more brains would need to be examined to reach firm
conclusions. Ideally, the sampling should include ontogenetic
stages, as well as specimens of adult and elderly individuals of
both sexes, and from all three species of elephants, to learn about
variations. One of the secondary goals of this long-term study is
to search for evidence of aging changes and for the occurrence
of age-related neurodegenerative diseases that occur in humans,
e.g., Alzheimer’s disease.

Obtaining an elephant for a dissection is not a common event;
once acarcass is available, every effort should be made to retrieve
as much data as possible. Nervous tissue (especially that of a
fetus) decomposes more easily than other tissues, and should be
preserved as soon as possible. Special efforts should be made to
obtain well-preserved brains of fetuses and juvenile elephants.
Because of individual variation (e.g., of tertiary gyration), it
would help to obtain as many specimens as possible of adult
individuals of both sexes and from all three living species of
elephants. A large sample size may help answer some unan-
swered questions (e.g., boundary between parietal and occipital
lobes, structure and function of pineal body), and it may help
predict sizes of brain components from absolute brain size [41].
Suggestions for specific future research include counting the
number of axons in cross-sections of cranial nerves, especially
in nerves where there are discrepancies in the quality of func-
tions, such as the optic, trigeminal, and facial nerves. Sections
through the spinal cord from all segments should be collected for
comparison with corresponding structures in humans. In addi-
tion, more inter-ordinal comparative brain studies would help
us better understand which features are primitive and which
are derived. Detailed research with phylogenetic aim in mind
would be useful. In this context, brains of members of Sirenia
(manatees and dugongs), Hyracoidea (hyraxes), Perissodactyla

(horses, tapirs, rhinos), Cetacea (dolphins, whales), and Tubu-
lidentata (aardvark) are of particular interest since they are all
ungulate mammals; Sirenia is the most closely related to Pro-
boscidea and Tubulidentata is the least related in this roster [113].
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