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Abstract Notohippidae were middle-sized toxodonts record-
ed from the Eocene to the early Miocene. We provide the first
description of the cranial endocasts of Rhynchippus equinus
and Eurygenium latirostris based on three-dimensional recon-
structions extracted from high-resolution X-ray computed to-
mography imagery. The endocasts of R. equinus and
E. latirostris indicate that they were similar in size, propor-
tions of the encephalic components, and neocortical design.
The endocranial morphology of these notohippids is very
close to that of toxodontids Adinotherium and Nesodon and
differs markedly from both other Toxodontia and Typotheria.
Notohippids, together with toxodontids, show the most com-
plex neocortical surface among notoungulates. On the other
hand, the neuromorphology of notohippids is in contrast to the
neocortical morphological pattern described for Tertiary
euungulates (Perissodactyla and Artiodactyla) from the
Northern Hemisphere and litoptern Protetotheriidae, South
American native euungulates. The relative brain size of
R. equinus and E. latirostris compared with coeval holarctic
euungulates from the late Oligocene are significantly below
Perissodactyla and near the values obtained for Artiodactyla.
Regarding the location of some functional neocortical areas,
the expansion of the frontal lobe in Notohippidae may reflect
the acquisition of heightened tactile sensitivity in the front of

Electronic supplementary material The online version of this article
(doi:10.1007/s10914-015-9298-5) contains supplementary material,
which is available to authorized users.

>4 Maria Teresa Dozo
dozo@cenpat-conicet.gob.ar

Laboratorio de Paleontologia, Centro Nacional Patagonico
(CONICET), Boulevard Brown 2915, Puerto Madryn 9120, Chubut,
Argentina

Published online: 08 May 2015

the snout, as recorded in the somatic sensory cortex of living
euungulates. The bulging temporal lobe may reflect expansion
of the auditory cortex, likely related to the marked enlarge-
ment of the middle ear chamber. Both neuromorphological
and quantitative data suggest that during the late Paleogene,
notohippids developed as complex and encephalized brains as
those of the coeval Artiodactyla of northern continents.

Keywords Notoungulata - Notohippidae - Paleoneurology -
Cranial endocasts - Computed tomography (CT) - Ungulate
brains

Introduction

Notoungulata was the most successful and morphologically
diverse group of ungulates during the early and middle
Cenozoic of South America (Patterson and Pascual 1972;
Reig 1981; Cifelli 1985, 1993; Bond 1986). They underwent
a broad radiation that resulted in a variety of forms, including
small rodent-like (Interatheriidae), rabbit-like
(Hegetotheriidae), medium to large-sized tapir-like, horse-
like (Isotemnidae and Notohippidae), and rhino-like
(Toxodontidae) forms. However, in spite of this morphologi-
cal diversity, they constitute a strong clade based on dental and
ear features (Cifelli 1993; Billet 2011).

Cifelli’s (1993) analysis of notoungulate relationships, and
recently, that of Billet (2011) suggest that notoungulates can
be divided into two main groups, Toxodontia and Typotheria.
The monophyly of these two traditional notoungulates subor-
ders is supported by an original character on the morphology
of the ectopterygoid crests.

Notohippidae were middle-sized toxodonts with an early
tendency to hypsodonty and considered, to some extent, con-
vergent with the Equidae in regard to some dental features.

@ Springer


http://dx.doi.org/10.1007/s10914-015-9298-5

J Mammal Evol

Notohippids have been recorded from the Eocene to the early
Miocene (Lopez et al. 2010). This group is usually separated
into two subfamilies, Rhynchippinae and Notohippinae
(Simpson 1945), but the monophyly of the subfamilies, and
even the Notohippidae as a clade, has been questioned
(Shockey 1997; Marani and Dozo 2005; Cerdefio and Vera
2010; Shockey et al. 2012).

The greatest diversity of Notohippidae has been recorded
in the Deseadan localities of La Flecha, Cabeza Blanca, and
Scarritt Pocket in Argentine Patagonia (Marani and Dozo
2008) and in the coeval Bolivian locality of Salla (Shockey
1997). Also, several taxa of this age have also been mentioned
in Deseadan localities outside Patagonia and Bolivia (Shockey
et al. 2009; Cerdeno and Vera 2010) and new material has
been recovered from several stratigraphic levels of different
ages at Gran Barranca (Lopez et al. 2010).

Three genera of Rhynchippinae are currently recognized
for the Deseadan locality of Cabeza Blanca: Rhynchippus,
Eurygenium, and Morphippus (Loomis 1914). New findings
in this locality, the most complete skulls known for
Notohippidae, motivated the start of new studies on
Rhynchippus equinus, and Eurygenium latirostris (Marani
and Dozo 2005, 2008). In that regard, the exceptional preser-
vation and application of high resolution X-ray computed to-
mography allowed the first 3D reconstructions of notohippid
skulls and endocasts to be obtained. The increased use of X-
ray computed tomography (CT) scan technology has given
unprecedented access to the internal structures of fossils, and
triggered new interest in mammalian cranial endocast studies
(e.g., Conroy and Vannier 1984; Macrini et al. 2006; Sutton
2008; Witmer et al. 2008; Orliac et al. 2012; Orliac and
Gilissen 2012).

Table 1 Measurements (in mm) of endocranial casts of notoungulates
(CBW maximum width of cerebellar cast, CRL maximum length of
cerebral cast exclusive of olfactory bulbs, CRW maximum width of

The study of cranial endocasts is important for at least a
couple of reasons. First, the brain is the organ in which sen-
sory information and motor functions are coordinated.
Therefore, the evolution of behavior is tied to the evolution
of the brain and the study of cranial endocasts of extinct spe-
cies is a valuable approach for getting clues on their behavior.
Second, cranial endocasts represent a potentially large amount
of unexplored phylogenetic data (Macrini et al. 2007).

In this work, we provide a detailed description of the first
cranial endocasts of Rhynchippus equinus and Eurygenium
latirostris based on three-dimensional reconstructions extract-
ed from computed tomography imagery and compare the vir-
tual endocast of R. equinus to the corresponding artificial en-
docast, too. We also compare notohippid endocasts with those
of other notoungulates, living and fossil Euungulata (orders
Perissodactyla and Artiodactyla) from the Northern
Hemisphere, and with Litopterna Protherotheriidae from
South America, which, in some cases, may belong to their
ecological equivalent (Table 1, see the electronic Appendix;
Simpson 1933a, b; Patterson 1937; Reig 1981). Finally, we
infer the location of some functional neocortical areas and
analyze the relative brain size with the encephalization quo-
tient (EQ) of Jerison (1973).

Records of Paleoneurological and Endocranial Studies
in Notoungulates

Comparative neuroanatomy together with paleoneurology
have shown that there is a close cranio-encephalic relationship
in most mammals, so that the endocranial casts from modern
or extinct animals give a very good image of the external
neuroanatomy of the brain (Edinger 1948; Bauchot and

cerebral cast, EL maximum length of endocast, FRW maximum width
of frontal region, OBW maximum combined width of olfactory bulb
casts)

Specimens EL CRL OBW CRW CBW FRW FRW/CRW ratio OBW/FRW ratio
Rhynchippus equinus FMNH 13420 99.7 55.5 15 59.6 37.7 36 1: 1.65 1:2.40
Adinotherium ovinum FMNH 13108 89.7 55.5 18.6 56.2 33.6 37.8 1:1.48 1:2.03
Pseudotypotherium sp. FMNH 59292 86.9 44.9 15 48.1 26.2 313 1: 1.54 1:2.09
Interatherium robustum FMNH 13057 41.1 22.9 13.1 23.8 16 15.6 1:1.52 1: 1.19
Protypotherium sp. FMNH 59289 45.2 25.5 10.4 28.1 17.3 16.6 1: 1.69 1: 1.60
Protypotherium australe FMNH 13002 56.4 29.1 12 32.7 21 17 1:1.92 1:1.42
Miocochilius sp. FMNH 59290 68 34.8 14.3 37.7 24.5 18.1 1:2.08 1:1.26
Hegetotherium sp. FMNH 13046 51.9 31.8 13.1 355 19.2 20.5 1:1.73 1: 1.56
Hegetotherium mirabile FMNH 59286 57.2 353 16.8 39 20.5 19.1 1:2.04 1: 1.14
Hegetotheriinae indet. CNP-ME 78 335 37.8 20.5 18.2 1:2.08

Pachyrukhos moyani FMNH 59287 26.7 9 27.3 14.9 12.8 1:2.13 1:1.42
Paedotherium chapadmalensis FMNH 59288 39.5 234 94 29.4 15 14.8 1:1.98 1:1.57
Paedotherium sp. CNP-ME 81 39.7 25.6 10.7 29.2 17.4 15.7 1: 1.86 1:1.47
Paedotherium sp. CNP-ME 82 37.7 23.1 10.8 28.3 13.46 14.3 1:1.98 1:1.32
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Stephan 1967; Radinsky 1973, 1975, 1981; Dozo 1987, 1994,
1997; Quiroga 1988; Dozo et al. 2004; Macrini 2009).
However, the image is not perfect, as noted by the occasional
failure of the sylvian fissure in human endocasts to correspond
to the real location on the brain or even the marked rhinal
fissure in insectivorans that may not correspond to the rhinal
fissure on the brain (Jerison 1990). Nevertheless, endocasts
provide the best rendering of the brain in the fossil record.

One of the first reports about the endocasts of
notoungulates is the paper by Gervais (1872), which presented
endocasts of Toxodon and Mesotherium (ex-“Typotherium,”
Simpson 1940). Most of the known South American
notoungulate endocasts were described by George Gaylord
Simpson and Bryan Patterson. Simpson (1932, 1933a, b) de-
scribed endocasts of Eocene and Miocene notoungulates, and
Patterson (1937) described several endocasts of
Toxodontidae, Notohippidae, Homalodotheriidae, and
Mesotheriidae. Dechaseaux (1958, 1962) reviewed the
South American ungulates endocasts and described the first
endocast of Pachyrukhos, a small Hegetotheriidae. Jerison
(1973) analyzed relative brain size in the South American
ungulates, and Radinsky (1981) carried out studies on the
brain of notoungulates in the context of brain evolution in
extinct South American ungulates. Dozo (1997) studied endo-
casts of the Hegetotheriidae Paedotherium insigne and the
Caviidae Dolicavia minuscula from the Pliocene of Buenos
Aires and concluded that the convergence of these mammals,
currently established on the basis of dental and postcranial
features, is also shown in the neuromorphology. Recently,
new studies have provided the first detailed description of
the bony labyrinth of the inner ear of a notoungulate, based
on a three-dimensional reconstruction extracted from CT im-
agery of a skull of Notostylops murinus (Notostylopidae)
(Macrini et al. 2010), the earliest occurrence of ear remains
attributed to the Notoungulata from the late Paleocene Beds of
Brazil (Billet and de Muizon 2013), and the inner ears of the
notoungulates Alfitypotherium chucalensis (Mesotheriidae),
Pachyrukhos moyani (Hegetotheriidae), and Cochilius sp.
(Interatheriidae) (Macrini et al. 2013). These anatomical de-
scriptions of inner ears based on CT scans augment our un-
derstanding of this region in notoungulates as a whole, and
add to a growing library of anatomical data on the inner ears of
mammals in general. Also, these data obtained from CT scan
reconstructions can be used to estimate auditory capabilities
for the extinct taxa.

Institutional Abbreviations

AMNH, American Museum of Natural History, New York,
USA; CNP-ME, endocast collection, Centro Nacional
Patagonico, Puerto Madryn, Chubut, Argentina; FMNH,
Radinsky collection of the Department of Geology, Field
Museum of Natural History, Chicago, USA; IDECH,

Instituto de Diagnoéstico del Este del Chubut, Argentina;
MPEF-PV, Museo Paleontologico Egidio Feruglio,
Paleontologia Vertebrados, Trelew, Chubut, Argentina;
UNPSIJIB-PV, Repositorio Cientifico y Didactico de la
Facultad de Ciencias Naturales de la Universidad Nacional
de la Patagonia San Juan Bosco, Comodoro Rivadavia,
Chubut, Argentina.

Other Abbreviations

SALMA: South American Land Mammal Age

Materials and Methods
Materials

The studied specimens were artificial (CNP-ME 77) and
digital endocranial casts taken from the specimen MPEF-
PV 695 of the species Rhynchippus equinus and a digital
endocast from specimen UNPSJB-PV-60 of the species
Eurygenium latirostris. These specimens are among the
most complete skulls known for notohippids (Marani and
Dozo 2005, 2008). They are stored in the MPEF-PV and
UNPSJB-PV. They were collected in upper levels
(Deseadan SALMA, late Oligocene) of the Sarmiento
Formation in Cabeza Blanca, southeast of Chubut,
Argentina (Loomis 1914; Feruglio 1949; Reguero and
Escribano 1996; Sciutto et al. 2000).

For comparative purposes, endocasts of several groups of
extinct South American ungulates and extinct North
American families of Perissodactyla and Artiodactyla from
the endocast collection of Centro Nacional Patagoénico
(CNP-ME), Radinsky collection of the Department of
Geology of the FMNH, and AMNH were added (Table 1,
see the electronic Appendix). These data were supplemented
with information from the Mammal Brain Collection Internet
site of the University of Wisconsin (http://brainmuseum.org)
and the literature (Simpson 1932, 1933a, b; Patterson 1937,
Brauer and Schober 1970; Radinsky 1978, 1981; Quiroga
1988; Dozo 1997; Macrini 2009).

Methods

Preparation Techniques of Artificial Cranial Endocasts, CT
Scanning and Digital Cranial Endocast Extraction

The endocranial cavity of the braincase of Rhynchippus
equinus (MPEF-PV 695) was prepared mechanically, and an
artificial endocast was made constructing a latex internal
mould of the endocranial cavity (Radinsky 1968).

The specimens MPEF-PV 695 and UNPSJB-PV-60 were
scanned at IDECH, Chubut, Argentina (helicoidal mode)
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along the sagittal axis using a voltage of 120 kV (amperage of
30 mA for MPEF-PV 695 and 65 mA for UNPSJB-PV-60). A
total of 282 slices were obtained for MPEF-PV 695, pixel size
of 0.26 mm, and interslice spacing of 0.8 mm. For UNPSJB-
PV-60, a total of 230 slices were obtained, with a pixel size of
0.34 mm and interslice spacing of 0.8 mm. In both cases, the
image resolution was 512 x 512 pixels. The raw scan data were
reconstructed using a bone algorithm and exported from the
scanner computer in DICOM format.

The data set was cropped to include only anatomical struc-
tures of interest (i.e., cranial endocast). Re-slicing of the data
along the other two axes, visualization, digital segmentation
and 3D reconstructions was performed using 3D Slicer 4.0.1.

Criteria for Neuromorphological Interpretation

Cranial endocasts of both fossil and modern species reflect the
external encephalic morphology, and, in extinct mammals,
they are the only source of data on the size and shape of brain
and the position of neocortical sulci (Radinsky 1978, 1981).

The brain, inferred from the endocast, can be described
anatomically with precision. The general development of the
neocortex and its regional particularities were studied with
respect to the presence or absence of neocortical sulci. In the
case of the endocasts, criteria of homology mentioned by
Reperant (1971) and discussed by Quiroga (1988) were used
to name and interpret the different neocortical sulci: when
sulci in the brains of two species are comparable in topograph-
ic localization they were treated as homologous. In this work,
the Artiodactyla and Perissodactyla (Euungulata, according to
Asher and Helgen 2010) have been chosen as reference
groups for the identification of neocortical structures in
notoungulates. The recent communications by Welker et al.
(2015) on proteomics analyses on Toxodon reveals that
notoungulates may be close allies of Euungulata, particularly
Perissodactyla.

The nomenclature used by Kuhlenbeck (1978), Johnson
(1990), Welker (1990), and Palombo et al. (2008) to describe
the pattern of neocortical sulci in modern euungulates (orders
Artiodactyla and Perissodactyla) was followed. The atlas by
Brauer and Schober (1970), which describes the brains of
many specimens from these orders, was also examined.

The neocortex of euungulates is characterized by the pres-
ence of lateral (sulcus lateralis or marginalis), suprasylvian
(sulcus suprasylvius), and ectosylvian (sulcus ectosylvius)
sulci, with very little development of forebrain flexion
(Fig. 1). This results in an elongate brain, with long parallel
sulci. In addition to the lateral sulcus, the entolateral (sulcus
entolateralis or endomarginalis) and ectolateral (sulcus
ectolateralis or ectomarginalis) sulci are observed at its sides.
Entolateral, lateral, ectolateral, and suprasylvian sulci divide
the neocortex into three convolutions named, in a dorso-lateral
direction, marginal or lateral (gyrus lateralis or marginalis),
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Fig. 1 Pattern of neocortical convolutions in living ungulates.
Artiodactyl brains in dorsal view: Capreolus capreolus (Cervidae) (a),
Moschus moschiferus (Cervidae) (b) (schematic representation summa-
rized of Brauer and Schober 1970). Scale bar=1 cm

ectomarginal or ectolateral (gyrus ectolateralis or
ectomarginalis) and suprasylvian (gyrus suprasylvius). The
frontal region in living euungulates is well developed with
several neocortical sulci. The cruciate sulcus is short, oblique,
and running anteriorly and laterally, and the coronal sulcus
(sulcus coronalis) continues in the direction of the
suprasylvian sulcus or joins the ansate sulcus (sulcus ansatus).
Kuhlenbeck (1978) considered the pattern, in general, similar
to that of the Carnivora, but the cruciate sulcus, in the frontal
region, would have disappeared. However, an alternative in-
terpretation may be that one ascendant extension of the
splenial sulcus represents a modified cruciate sulcus, which
could have been joined to the splenial system. The coronal and
ansate sulci are generally joined as a coronal-ansate sulcus,
which can be anastomosed medially with the splenial sulcus
and laterally with the lateral sulcus or the suprasylvian sulcus.
On the rostral side, between the presylvian and suprasylvian
sulci, a diagonal sulcus (sulcus diagonalis) may expand into a
ramified system.
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Encephalization Quotient

The relative brain size was analyzed with the encephalization
quotient (EQ) as defined by Jerison (1973) and Radinsky
(1978): EQ1=EV (estimated volume)/0.12 (EM) (estimated
body mass)”°’, and with the equation defined by Eisenberg
(1981): EQ2=EV/0.055 (EM)*"*. The latter was based on a
regression analysis of empirical data from a large sample of
extant placental mammal species, which confirmed the now
widely accepted exponent value of about 0.75 for the scaling
of brain size to body size among mammals generally (Orliac
et al. 2012).

The brain size (EV) was calculated by water displacement of
the endocast, including the olfactory bulbs. An estimate of the
mass of the brain can be calculated by assuming that brain tissue
has a density similar to liquid water (Silcox et al. 2011), which
has a specific gravity of 1 g/em’. Following Macrini (2009),
linear and volumetric measurements were taken on digital endo-
casts using in this case the measurements module (for linear
measurements) and the models module (for volumetric measure-
ments) in 3D Slicer 4.0.1. The same linear measurements were
taken on the artificial endocast of MPEF-PV 695 using digital
callipers with an accuracy of 0.01 mm to check the reliability of
the virtual measurements (Fig. 2; Table 2).

The body mass (BM) was estimated following Mendoza
et al. (2006). We applied algorithm 4.1 (log BM=0,736 log
SUML+0,606 log SUMW+0,530 log MZW+0,621 log
PAW+0,741 log SC - 0,157 log SD+0,603), which estimates
body mass from cranial and upper molar measurements (no
mandibular measurements are required) (Tables 3 and 4).
Although the occipital portion of the skull of specimen
UNPSJB-PV-60 is only partially preserved, its cranial archi-
tecture and the posterior extent of the endocranial reconstruc-
tion allowed us to approximate the length of the posterior
portion of the skull (SC). Even assuming that such an approx-
imated value inevitably adds some error to BM estimate, we
consider this approach more appropriate than single regres-
sion equations, which are generally associated with wide con-
fidence intervals (Mendoza et al. 2006).

Results

Description of the Cranial Endocasts
and Neuromorphological Interpretation

Rhynchippus equinus (MPEF-PV 695)
(Figs. 3, 4, 5 and 8)

The artificial (CNP-ME 77) and digital endocranial casts of
Rhynchippus equinus are described here. These endocasts rep-
resent a complete brain showing the cerebral hemispheres, the
olfactory bulbs, the ventral surface, and the hindbrain region

Fig. 2 Line drawing of an endocast of Rhynchippus equinus illustrating
how measurements were taken (modified from Macrini 2009). (a) dorsal
view; (b) lateral view; (¢) ventral view. Abbreviations: CBL maximum
length of cerebellar cast, CBW maximum width of cerebellar cast, CRH
maximum height of cerebral cast, CRL maximum length of cerebral cast
exclusive of olfactory bulbs, CRIW maximum width of cerebral cast, EL
maximum length of endocast, £L-OB maximum length of endocast
exclusive of olfactory bulbs, FRIW maximum width of frontal region,
HBH maximum height of hindbrain cast, /PL maximum length of
hypophysis cast, HPW maximum transverse width of hypophysis cast,
OBH maximum height of olfactory bulb casts, OBL maximum length of
olfactory bulb casts, OBW maximum combined width of olfactory bulb
casts, PLD maximum distance between ventral edges of piriform lobes

(cerebellum and brain stem). The maximum width is at the
level of the piriform lobes. Measurements of the endocast are
provided in Table 2.

Neopallium The neocortical (=isocortical) region is extreme-
ly well preserved with well represented neocortical sulci. The
telencephalic hemispheres, thomboid in dorsal view, are well
represented and their anterior pole does not cover the olfactory
bulbs. Laterally, the telencephalic flexure is pronounced, and a
marked antero-posterior sulcus is interpreted as the rhinal fis-
sure. This fissure separates the neocortex (or isocortex) from
the ventral paleocortex. It is more distinguishable on its ante-
rior halves and less marked in its middle and posterior region.
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Table 2 Measurements for
artificial and digital endocasts
from Rhynchippus equinus

Measurements

Artificial endocast
of R. equinus

Digital endocast of
E. latirostris (UNPSIB-

Digital endocast of R. equinus
(MPEF-PV 695) (mm)

(MPEF-PV 695) and digital (MPEF-PV 695) (mm) PV 60) (mm)

endocast from

Eurygenium latirostris EL 82.86 82.55 -

(UNPSJB-PV 60). Measurement EL-OB 65.14 64.93 _

abbreviations as in Fig. 2 CRL 52,05 519 5271
CRW 56.66 58.54 57.03
FRW 3485 34.70 36.73
CRH 44.14 44.74 43.04°
OBL 13.49 15.74 15.80
OBW 18.43 21.10 22.66
OBH 14.68 13.89 15.08
PLD 31.16 31.88 32.23
CBL 12.95 12.56 -
CBW 36.00 37.38 34.16
HBH 39.50 38.47 -
HPL 14.60 14.89 -
HPW 16.49 16.08 -
FRW/CRW ratio 1:1.62 1:1.68 1:1.55
OBW/FRW ratio 1: 1.89 1: 1.64 1: 1.62

# Probably lower than the actual value due to the poor preservation of the basicranial and occipital regions

The neocortical region is relatively complex because of a se-
ries of neocortical sulci delimiting conspicuous convolutions
and a developed sylvian and temporal region. Between the
rhinal fissure and the median sulcus, there are impressions of
three main sulci. According to their position, they may be
treated as equivalent to the ectosylvian, Sylvian or
suprasylvian, and lateral sulci. The lateral sulcus lies parallel
to the median sulcus. It surrounds the occipital pole of the
hemispheres, reaching the frontal region. The Sylvian or
suprasylvian sulcus, external to the lateral sulcus, has a shorter
antero-posterior course, which is markedly curved when
viewed laterally, delimiting a conspicuous temporal lobe.

Table 3  Craniodental measurements from Rhynchippus equinus
(MPEF-PV 695) and Eurygenium latirostris (UNPSJB-PV 60.
Abbreviations: MZW muzzle width, PAW palatal width, SC length of
posterior portion of skull, SD depth of face under orbit, SUMW second
upper molar width, SUML second upper molar length. Measurements
were taken following Mendoza et al. (2006)

Measurements R. equinus (MPEF-PV 695) E. latirostris (UNP
(mm) SJB-PV 60) (mm)

MZW 354 56.4

PAW 43.8 59.6

SC 90.0 90.5 *

SD 46.1 46.0

SUMW 16.7 14.0

SUML 21.3 21.3

* Approximated value based on the cranial architecture (see text)
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The frontal region is well developed, and a transversal sulcus
could be treated as homologous to the ansate sulcus or to the
coronal-ansate sulcus. This appears as the fusion of the coronal
and ansate sulcus, which is described frequently in the pattern
of neocortical sulci in euungulates (Kuhlenbeck 1978). On the
rostral side, two depressions could be diagonal and coronal
sulci. Between the rhinal fissure and the Sylvian or suprasylvian
sulcus, there is another small depression, similar to the
ectosylvian sulcus, deeper in its posterior portion. The convo-
lutions are very conspicuous in a dorso-lateral direction and
may be treated as homologous to the lateral, suprasylvian, and
ectosylvian convolutions. Particularly, the suprasylvian convo-
lution expands anteriorly at the frontal region.

Table 4 Data for relative brain size of Rhynchippus equinus (MPEF-
PV 695) and Eurygenium latirostris (UNPSIB-PV60)

EBM (Kg)  EV (cm3) EQ1 EQ2
R. equinus 85 82.143 0.340 0.335
(MPEF-PV 695) 82.533 0.342 0.337
E. latirostris 119 *77.572 0.256 0.247

(UNPSJB-PV60)

EBM estimated body mass using algorithm 4.1 from Mendoza et al.
(2006), EV endocast volume calculated by water displacement of the
endocast (in bold) and by model maker module in 3D Slicer, £EQ/
encephalization quotient using Jerison’s equation (1973), EQ2
encephalization quotient using Eisenberg’s equation (1981)

* Probably lower than the actual value due to the poor preservation of the
basicranial and occipital regions
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Fig. 3 Skull with bone rendered
semi-transparent to reveal the
digital cranial endocast of
Rhynchippus equinus (MPEF-PV
695). Specimen illustrated in
dorsal view (a), right
anterodorsolateral view (b),

and left lateral (c) view. Scale
bar=2 cm

Rhinencephalon The paleocortex is represented by the
piriform lobe. It is similar in size to the temporo-occipital
portion of the neocortex. Rostrally, it is observed as a contin-
uation of the prominent lateral olfactory tract. Ventrally, there
are enlarged olfactory tubercles. The casts of the olfactory
bulbs are complete and probably reflect their morphology on
the brain. They are not covered by the cerebral hemispheres
and are connected to the frontal pole by short olfactory pedun-
cles. These bulbs are laterally compressed, small in dorsal
view, diverging anteriorly, and narrower than the width of
the frontal region. The filling of the foramina of the cribiform
plate are visible in front of the olfactory bulbs, indicating
endings of the olfactory nerve.

Fig. 4 Attificial (CNP-ME 77)
(a) and digital (b) cranial endo-
casts of Rhynchippus equinus
(MPEF-PV 695) from dorsal
view. Scale bar=1 cm

Cerebellum The cerebellum is well represented in the
cast. It shows a width smaller than the maximum telence-
phalic width. The cerebellum is clearly delineated into
three parts: a large central vermis and two lateral cerebel-
lar hemispheres. They are separated from the cerebral cast
by a transverse fissure, representing the cast of the osse-
ous tentorium cerebelli. The vermis is represented by a
somewhat rounded region and separated from the cerebel-
lar hemispheres by two deep paramedian fissures. A small
protuberance is seen on the lateral side of cerebellum
(cerebellar surface of the petrosal corresponding to the
fossa subarcuata) which may represent the paraflocculi
(Billet and Muizon 2013).
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Fig. 5 Digital cranial endocast of
Rhynchippus equinus (MPEF-PV
695) from dorsal view (a), ventral
view (b), right lateral view (c),
and left lateral view (d). Scale
bar=1 cm. Abbreviations: as
ansate sulcus, ce cerebellum, ceh
cerebellar hemisphere, cs coronal
sulcus, ds diagonal sulcus, ecc
ectosylvian convolution, ecs
ectosylvian sulcus, Ar hypophy-
seal region, hyf cast of hypoglos-
sal foramen (exit of cranial nerve
XII), iam cast of internal auditory
meatus (exit of cranial nerves VII,
VIII), jf cast of jugular foramen
(exit of cranial nerves IX, X, XI),
Ic lateral convolution, /os longi-
tudinal sinus, /s lateral sulcus, 0b
olfactory bulbs, och optic chiasm,
of cast of optic foramen (exit of
cranial nerve II), op olfactory pe-
duncles, ot olfactory tubercles, otv
orbitotemporal vessel, pf’
paramedian fissure, pfl
paraflocculus, p/ piriform lobe, 7f’
rhinal fissure, sc suprasylvian
convolution, sof cast of
sphenorbital fissure (exit of cra-
nial nerves III, IV, V; and V,, VI),
ss Sylvian or suprasylvian sulcus,
stf cast of sphenotympanic fissure
(exit of cranial nerve V3), th tel-
encephalic hemispheres, fs trans-
verse sinus, ve vermis

Brainstem, Cranial Nerves and Associated
Foramina Several structures are distinguishable on the endo-
cast when viewed ventrally. They are better preserved on the
virtual endocast and can be clearly associated with the ventral
region of the brain and the exit of cranial nerves. The hypophy-
seal fossa can be observed on both the virtual and artificial
endocasts. The impression of the hypophyseal region is located
in the slightly enlarged middle portion and constitutes a large
roughly circular deep fossa (Patterson 1937). Rostrally, the im-
pressions of the optic chiasm (chiasma opticum) and optic fo-
ramina (exit for the optic nerves, cranial nerve II) are clearly
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visible. Anterolateral to the hypophyseal fossa is a bulge that
likely corresponds to the impression of the sphenorbital fissure.
This paired opening transmits the ophthalmic (V) and maxil-
lary (V5) branches of the trigeminal nerve, and the oculomotor
(IID), trochlear (IV), and abducens (VI) cranial nerves in extant
artiodactyls (Macrini 2009) and presumably transmitted the
same nerves in notohippids. The cast of the sphenotympanic
fissure for the mandibular (V) branch of the trigeminal nerve,
somewhat deteriorated, seems large (according to Gabbert
(2004) there is no oval foramen in toxodontians). Laterally (on
both sides of the endocast) and ventromedial to the
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Fig. 6 Skull with bone rendered semi-transparent to reveal the digital cranial endocast of Eurygenium latirostris (UNPSJB-PV-60). Specimen illustrated
in dorsal view (a), right anterodorsolateral view (b), and left lateral (¢) view. Scale bar=2 cm

paraflocculus, notable depressions associated with the petrosal
bones are observed. Prominent bumps are clearly distinguish-
able on the center of these depressions that correspond to the
cast of the facial nerve (VII) and of the vestibulocochlear or
auditory nerve (VIII), which exit via the internal auditory mea-
tus. The cast of the jugular foramen, which transmits the
glossopharyngeal (IX), vagus (X), and spinal accessory (XI)
cranial nerves is located posterior and slightly ventral to the cast
of the internal auditory meatus (MacPhee 1981: fig. 4). The cast
of the hypoglossal foramen (or condylar foramen), which corre-
sponds to the exit of the hypoglossal (XII) cranial nerve, is
clearly distinguishable on the side of the medulla oblongata pos-
terior and slightly ventral to the jugular foramen.

Blood Vessels There are two conspicuous venous sinus im-
pressions related to the encephalic and meningeal circulation
on the endocast. One is the orbitotemporal vessel (cast of the
orbitotemporal groove), as described by Billet and Muizon
(2013:466) in notoungulates, which borders medially the lat-
eral side of the piriform lobe. The other is the superior sagittal
sinus (or longitudinal sinus), visible at the dorsal midline be-
tween the cerebral hemispheres. This sinus is more easily
distinguishable on the anterior and posterior portions of the
endocast and bifurcates at the caudal end in two transverse
structures corresponding to the transverse sinuses.

Eurygenium latirostris UNPSJB-PV-60 (Figs. 6, 7 and 8)

The digital endocast of E. latirostris is described here. This
endocast represents an incomplete brain showing the cerebral

hemispheres, the olfactory bulbs, and the ventral surface. The
hindbrain region (cerebellum and brain stem) cannot be recon-
structed due to the loss of the back of the skull. The maximum
width is at the level of the piriform lobes. Measurements of the
endocast are provided in Table 2.

Neopallium The endocranial surface is partially decayed and
consequently the neocortical (=isocortical) region and the neo-
cortical sulci cannot be easily distinguished on the digital en-
docast. As in R. equinus, the telencephalic hemispheres,
rhomboid in dorsal view, are well represented and their ante-
rior pole does not cover the olfactory bulbs. Laterally, the
telencephalic flexure is pronounced, and a weak antero-
posterior sulcus is interpreted as the rhinal fissure. Individual
convolutions on the surface of the cerebrum cannot be easily
distinguished but the neocortical region seems relatively com-
plex with a developed sylvian region. Only the Sylvian or
suprasylvian sulcus is observed when viewed laterally, mark-
edly curved, and delimiting a conspicuous temporal lobe. As
in R. equinus, the frontal region is well developed, but the
sulci considered homologous to the ansate sulcus or to the
coronal-ansate sulcus cannot be distinguished.

Rhinencephalon The paleocortex is similar to that of R.
equinus. It is represented by the piriform lobe and as seen
in R. equinus; it is similar in size to the temporo-occipital
portion of the neocortex. As in R. equinus, the olfactory
bulbs are moderately compressed, and narrower than the
width of the frontal region, but arranged in parallel when
viewed dorsally.
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Fig. 7 Digital cranial endocast of
Eurygenium latirostris (UNPSJB-
PV-60) from dorsal view (a),
ventral view (b), right lateral view
(¢), and left lateral view (d). Scale
bar=1 cm. Abbreviations: as in
Fig. 5

iam (VII, VIII)

Cerebellum Only the proximal portion of the cerebellum is ~ Brainstem, Cranial Nerves and Associated Foramina
observed. In the dorsal view, it shows a width smaller than the =~ Several structures are distinguishable on the endocast when
maximum telencephalic width. viewed ventrally, clearly associated with the ventral region of

Fig. 8 Comparisons between
digital cranial endocasts of
Rhynchippus equinus (MPEF-PV
695) (a) and Eurygenium
latirostris (UNPSJB-PV-60) (b)
from right anterodorsolateral
view. Scale bar=1 cm.
Abbreviations: as in Fig. 5
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the brain and the exit of cranial nerves. The impression of the
hypophyseal fossa is located in the slightly enlarged middle
portion. In front of this zone, there is the impression of the
optic chiasm (chiasma opticum) and optic foramina. As in R.
equinus, anterolateral to the hypophyseal fossa there is a bulge
that likely corresponds to the impression of the sphenorbital
fissure. Laterally, and ventromedial to the paraflocullus two
structures are distinguishable, the cast of the facial nerve and
the vestibulocochlear or auditory nerve, which exit via the
internal auditory meatus.

Blood Vessels In relation to those structures and impressions
of the encephalic and meningeal circulation, because the
endocranial surface is partially decayed, there is a weak im-
pression of vessels. Only the orbitotemporal vessel (the im-
print of the orbitotemporal groove) that borders the ventral
side of the piriform lobe and the superior sagittal sinus (or
longitudinal sinus) can be seen.

Relative Brain Size and Encephalization Quotient (EQ)

The endocast volume (EV) of R. equinus (MPEF-PV 695) was
82.143 cm® (measured by water displacement of the artificial
endocast) and 82.533 cm’ using the model maker module in
3D Slicer. In E. latirostris (UNPSJB-PV-60), the EV was
77.572 ¢m® (measured using model maker module in 3D
Slicer). However, this value is probably lower than the actual
figure due to the poor preservation of the basicranial and oc-
cipital regions.

Regarding relative brain size, EQ values were 0.34 for
R. equinus (calculated with an estimated body mass of
85 Kg) and 0.25 for E. latirostris (calculated with an estimated
body mass of 119 Kg). Almost the same EQ values were
obtained from equation proposed by Jerison (EQ1) and
Eisenberg (EQ2) (Table 4).

Discussion

Comparative Neuromorphology with Other
Notoungulates

Recent developments in computed tomography and three-
dimensional visualization techniques have enabled the non-
destructive inspection of the endocast morphology of fossil
neurocrania, the basic material for paleoneurological study
(Dong 2008; Macrini 2009). Digital endocasts provide a
unique source of data for interpreting endocranial anatomy.
They afford special information on the shape of the brain that
may be lost in conventional anatomical preparations, and pro-
vide accurate volumetric and linear measurements of certain
gross regions of the brain and its related vascular and nervous
structures. Although digital endocasts obtained by 3D

reconstruction based on CT scan data are not exact copies of
the brain, (because the internal bones show moulds of menin-
ges, sinuses, and cisterns), they conform to the topography of
the brain, making it possible to reproduce the external mor-
phology in detail (Macrini 2009).

The digital endocast of R. equinus (MPEF-PV 695)
shows the rhinal fissure and other cerebral sulci that are also
present in an artificial endocast (CNP-ME 77) of the same
specimen. However, the digital endocast better reflects the
morphology of the olfactory bulbs and exit of the cranial
nerves when compared to the artificial endocast. Other ana-
tomical features seen on this endocast, such as casts of
arteries and the dorsal sinus system are visible on the
digital endocast as well.

Even though obvious differences are observed in cranial
morphology, especially regarding the more robust appearance
of E. latirostris, morphological analysis of the endocasts of R.
equinus and E. latirostris indicates that they were similar in
size, in the proportions of the encephalic components (the
ratios of width of cerebral cast to width of frontal region and
width of olfactory bulb casts to width of frontal region are
similar, Table 2), and in neocortical design. Only the olfactory
bulbs, which are anteriorly diverging in R. equinus, differ
from the parallel arrangement observed in E. latirostris. In
these notohippids, the neocortex (i.e., isocortex), which is
more expanded than the ventral paleocortex, has a pronounced
telencephalic flexure, a prominent oblique sulcus (the Sylvian
or suprasylvian sulcus), and a bulging temporal lobe. In
neocorticalized species, the paleocortex always appears later-
ally reduced, because as the neocortex expands, paleocortical
tissue becomes hidden in the rhinal fissure and the piriform
lobe and other structures are rotated ventrally (Jerison 1990,
1991; Rowe et al. 2011).

Comparison of these new virtual endocasts with a variety
of endocasts from taxa that are closer phylogenetically
(Simpson 1933a, b; Patterson 1937; Radinsky 1981; Dozo
1997; see the electronic Appendix) will allow a discussion
of the main features regarding their distribution in other
notoungulates (Fig. 9). All of this will help to understand brain
evolution in notoungulates.

Billet (2011) suggests that notoungulates can be divided
into two main groups, Toxodontia and Typotheria. The
Toxodontia includes all the large notoungulates and encom-
passes the families Homalodotheriidae, Leontiniidae,
Toxodontidae, and two paraphyletic groups, Isotemnidae
and Notohippidae. Two major subclades diverge early within
the Typotheria: the Interatheriidae and the clade
Archaeohyracidae + Mesotheriidae + Hegetotheriidae.
Notostylopids have been considered to be basal among
notoungulates (Cifelli 1993) or at least outside the clade unit-
ing Typotheria and Toxodontia.

The endocast of Eocene Notostylops pendens (Fig. 9a)
shows a triangular cerebrum in dorsal view. The most striking
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Fig. 9 Phylogenetic relationships
of Notoungulata and schematic

endocasts of some taxa: (a)

Henricosbornia (Henr)

Simpsonatus (Henr).j
Notostylops pendens (FMNH —— Notostylops (Ntsp)
59285), (b) Rhyphodon sp. L— pyrotherium
(FMNH 59282), (c) Pampahippus (Isot)
Homalodotherium sp. (FMNH |_|: Rhyphodon (Isot) @—
59291), (d) Leontinia sp. (FMNH ™| Thomashuxleya (Isot)
13285), (e) Rhynchippus equinus Periphragnis (Isot)
(MPEF-PV 695), (f) Pleurostylodon (Isot)
Adinotherium ovinum (FMNH o —— Asmodeus (Homid)
13108), (g) Miocochilius sp. 3 L—— Homalodotherium (Homld)
(FMNH 59290), (h) g— Colpodon (Leont)
Interatherium robustum (FMNH go; — fggzﬁ;cige(i":o%eont) J\(/>\«
13057), (i) Pseudotypothe.rmm L —: Soaiiilis [Uaorl .—\_ -
sp. (FMNH 59292), and (j) Puelia (Isof) w
Hegetotherium mirabile (FMNH E hi Nhi
59286). Scale bars=1 cm. omorphippus (Nhip)
= Eurygenium (Nhip)
Abbrevzatzons:. Ahyr . Rhynchiopus (Nhip)
Archaeohyracidae, Apith Morphippus (Nhip)
Archaeopithecidae, Heget Pascualiippus (Nhip)
Hegetotheriidae, Henr — Argyrohippus (Nhip)
Henricosborniidae, Homld — Nesodon (Tox)
Homalodotheriidae, Int —— Adinotherium (Tox) .—L -
Interatheriidae, Isot Isotemnidae, —— Ponanskytherium (Tox) )
Mesot Mesotheriidae, Nhip ‘;"g)gzgi"‘(‘;%gox) e
Eomh‘pp‘d.ae’ Nisp Colbertia (Oldf)
otostylopidae, Leont .
.. Oldfieldthomasia (Oldf)
Leontiniidae, Oldf Campanorco
Oldfieldthomasiidae, Tox Acropithecus (Apith)
Toxodontidae. Strict consensus Ultrapithecus (Oldf)
cladogram taken and adapted Notopithecus (Int)
from Billet (2011) Federicoanaya (Int)
Protypotherium (Int)
. Miocochilius (Int)
= Archaeophylus (Int) .
< Plagiarthrus (Int £
§ |:| é Inteiatheﬂurrg (Irit).—,_ g —
F4 Cochilius (Int) ol
g- Eohyrax (Ahyr)
——  Pseudhyrax (Ahyr)
Plesiotypotherium (Mesot)
_E Mesotherium (Mesot)
Cerebellum  Cerebrum Trachytherus (Mesot)
’:f C’l;aeoz’p"thzg;’m) (Ahyr) (Pseudotypotherium sp)
- rchaeohyrax (Ahyr,
M‘V =1 Rl Prohegetotherium (Heget)
“"—’\Y Hegetotherium (Heget)
< Lateral sulcus _[E Prosotherium (Heget)
Neocortex  Suprasylvian sulcus Paedotherium (Heget)

feature of this specimen is the great exposure of the midbrain
between cerebrum and cerebellum, a plesiomorphic condition
for mammals (Jerison 1990). The neocortex is small with only
one neocortical sulcus (Sylvian or suprasylvian sulcus)
delimiting narrow frontal lobes from voluminous temporal
lobes. The Isotemnidae are the largest Eocene notoungulates
but its endocast (Rhyphodon, Fig. 9b) shows a neocortex al-
most smooth and the most unusual feature is that the cerebel-
lum is as wide as the cerebrum. The Homalodotheriidae were
large toxodonts. An endocast of a specimen of
Homalodotherium (Fig. 9c) shows quadrangular telencephalic
hemispheres in outline and somewhat wider posteriorly than
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anteriorly. The neocortex is complex because of the presence
of several depressions that are interpreted as neocortical sulci,
especially the Sylvian or suprasylvian sulcus. The
Leontiniidae are large Oligocene toxodonts. An endocast of
a specimen of Leontinia (Fig. 9d) displays quadrangular tel-
encephalic hemispheres similar to that of Homalodotherium
but without neocortical sulci with the exception of the Sylvian
or suprasylvian sulcus. The interpreted neuromorphology
from the endocasts of notohippids RAynchippus and
Eurygenium resembles particularly that of toxodontids
(Fig. 9e). The same morphology and neocortical design are
observed in endocasts of Adintotherium (Fig. 9f) and Nesodon
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(Patterson 1937; Radinsky 1981) from the late early Miocene,
except for these toxodontids still have a relatively larger fron-
tal lobe (the ratios of width of cerebral cast to width of frontal
region in Adinotherium is less than the ratios of Rhynchippus
and Eurygenium, Tables 1 and 2) and an apparently more
extensive development of secondary sulci in both the frontal
and temporal lobes.

The endocasts of Interatheriidae (Fig. 9h), Mesotheriidae
(Fig. 91), and Hegetotheriidae (Fig. 9j), typotheres that looked
like rabbits or large rodents, show similar external brain mor-
phologies including the same pattern of neocortical sulci. The
endocasts display the triangular cerebral profile, a bulging
temporal lobe, and two main sulci, the Sylvian and lateral
sulci. An exception is the interathere Miocochilius (Fig. 9g),
which shows an endocast with only one neocortical sulcus
evident, a prominent Sylvian sulcus, and the olfactory bulbs
more pedunculate than in the other typotheres.

Regarding the proportions of encephalic components,
Typotheria is different from that of Toxodontia. From the ra-
tios of width of cerebral cast to width of frontal region and
width of olfactory bulbs casts to width of frontal region, a
larger size for the frontal region is interpreted for Toxodontia
than Typotheria (Table 1).

It was not possible to describe a single common encephalic
pattern for the order Notoungulata with regard to external
brain morphology. However, a pronounced telencephalic flex-
ure, a prominent oblique sulcus (the Sylvian or suprasylvian
sulcus), and a bulging temporal lobe are features that charac-
terize the notoungulate neuromorphology (Fig. 9) and were
used as diagnostic traits of the order Notoungulata by Madden
(1990).

Comparative Neuromorphology with Living and Extinct
Euungulata and Litopterna Proterotheriidae

On the other hand, the neuromorphology of notohippids is in
contrast to the neocortical morphological pattern described for
the brain of living Euungulata (orders Perissodactyla and
Artiodactyla) (Kuhlenbeck 1978; Johnson 1990; Welker
1990). As generally observed in the brain of most modern
euungulates, the forebrain flexion is not pronounced,
favouring the presence of longitudinally arranged sulci that
delimitate conspicuous convolutions but without showing a
developed Sylvian region. Likewise, this somewhat more sim-
plified pattern is similar to that described by Radinsky (1981)
for brains from Tertiary Artiodactyla and Perissodactyla from
the Northern Hemisphere and litoptern Proterotheriidae, in-
digenous ungulates of the South American Tertiary.

The fossil record of North American ungulates brains
(Radinsky 1981; Appendix) suggests that during the
Oligocene and Miocene, several groups of perissodactyls
(e.g., the equid Mesohippus) and artiodactyls (e.g., the
camelids Poebrotherium and Oxidactylus) developed brains

with similar neuromorphological designs. Neither artiodactyls
nor perissodactyls show the Sylvian sulcus and temporal lobe
and the neocortex is expanded and folded along longitudinally
oriented sulci.

With regard to the Proterotheriidae, the endocasts show
good representation of the cerebral hemispheres, rectangular
in contour, a well-developed neocortex, and a complex sulcal
pattern of longitudinally arranged sulci without forebrain flex-
ure. The first detailed study of an endocast of Proterotheriidae
was carried out by Simpson (1933b), who described the plas-
ter endocast of a specimen of “Proterotherium cavum”
(Tetramerorhinus lucarius) of the Santacrucian SALMA (ear-
ly middle Miocene). Simpson (1933b) described the rhinal
fissure and four (lateral, ectolateral, suprasylvian, and
ectosylvian) longitudinal neocortical sulci and emphasized
that the Sylvian region was not very well developed. Later,
Radinsky (1981) and Quiroga (1988) carried out new studies
on the brain of the Proterotheriidae. Radinsky (1981) showed
the endocasts of three Santacrucian proterotheres
(“Proterotherium,” Diadiaphorus, and Thoatherium). He
considered there are no oblique Sylvian sulcus and no
bulging temporal lobe. Instead, the neocortex is divided by a
series of parallel longitudinal sulci that extend for most of the
length of the cerebrum. Therefore, endocasts of all three
genera are very different from those of the notoungulates.
Quiroga (1988) mentioned the endocast of “Proterotherium
cavum” (Tetramerorhinus lucarius), studied by Simpson
(1933Db), and also described an excellent natural endocast of
another specimen of Proterotheriidae from Buenos Aires
province without precise origin, but he assigned it to between
late Miocene and Pliocene. In that work, he mentioned that the
neocortex of both Proterotheriidae showed a clear sulcus pat-
tern of an euungulate mammal (Quiroga 1988:80).

Location of Some Functional Neocortical Areas

The actual locations of the major functional areas of the cortex
in extinct specimens cannot be specified, of course, because it
is impossible to perform cortical mapping studies in animals
that are not alive. However, assuming that the identified neo-
cortical sulci restrict specifiable functional regions, an approx-
imation is possible. Welker et al. (1976) considered the sulci to
be reliable indicators of specific functional areas in animal
groups that have been studied using neurophysiological and
anatomical criteria. In this sense, based on the studies of
Welker et al. (1976), Welker (1990), and Johnson (1990) in
living ungulates, the location of the somatic sensory cortex,
auditory cortex, and visual cortex is interpreted. These cortical
regions have been mapped in detail in representatives of ar-
tiodactyls (pigs, llamas and sheep) and perissodactyls (horses)
(Johnson 1990).

The somatic sensory cortex (SI) lies in the frontal lobe,
where three constant sulci occur: the coronal, diagonal, and
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anterior suprasylvian sulci. This cortex contains a large tactile
projection area that reflects acquisition of heightened tactile
sensitivity of lips, rhinarium, and tongue, as expected for a
herbivorous lifestyle, but there are no projections from the
postcranial body evident in SI (Johnson 1990).

In this regard, the expansion of the frontal lobe in
Notohippidae (characteristic feature of Toxodontidae within
notoungulates, see ratios in Table 1) may reflect the acquisi-
tion of heightened tactile sensitivity in the front of the snout as
recorded in the somatic sensory cortex of living euungulates.
The general location of the auditory area would be situated in
the Sylvian complex (medial to the suprasylvian sulcus, over-
lapping somatosensory cortex), and the bulging temporal lobe
may reflect expansion of this cortex. As mentioned by
Radinsky (1981) for the Notoungulata, this feature may be
related to the marked enlargement of the middle-ear chambers,
which also suggests an auditory specialization. The visual area
would be situated dorsal to that, in the region of the lateral
gyrus (Johnson 1990; Welker 1990).

Encephalization

The EQ of E. latirostris (0.25) is somewhat lower than the EQ
of R. equinus (0.34). These values clearly differ from that
obtained by Radinsky (1981) for the specimen FMNH
13410 of R. equinus (EQ=0.93) using the same equation.
However, some recent contributions lead us to think that such
a difference could be related to BM estimation issues.

Although simple regression equations (as employed by
Radinsky) have lower levels of resolution and predictive pow-
er than multiple regression methods, the fossil record usually
produces fragmentary remains, which precludes researchers to
estimate BM from more than just one independent variable
(e.g., an osteological measurement). However, almost com-
plete skulls of MPEF-PV 695 and UNPSJB-PV-60 allowed
us to estimates BM from different skull measurements follow-
ing Mendoza et al. (2006). Given the higher potential of mul-
tiple regression functions to BM estimation, the difference
between our BM estimates and that of Radinsky (1981) is
not surprising.

When compared to later BM estimates of Elissamburu
(2012), BM estimates provided by Radinsky (1981) are also
significantly lower for the majority of genera (Adinotherium,
Nesodon, Toxodon, Protypotherium, Typotheriopsis,
Miocochilius, Hegetotherium, Homalodotherium, Leontinia,
and Notostylops). The same can be appreciated when com-
pared to BM estimates obtained by Cassini et al. (2012) for
Astrapotherium magnum, Thoatherium minusculum,
Adinotherium ovinum, Adinotherium robustum, and
Nesodon imbricatus (among others) based on centroid size.

By contrast, our estimates of 85 kg for R. equinus is around
BM estimates of 99.67 kg provided by Elissamburu (2012) as
the mean value of several estimates obtained from a selection
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of simple regression equations without considering over- and
underestimates. Unfortunately, no previous BM estimates are
available for E. latirostris in order to compare to BM estimates
(119 Kg) obtained in the present contribution. Given this
considerations and the aforementioned more accurate
performance of multiple regression methods for BM
estimation, it seems probable that BM values provided by
Radinsky (1981) were underestimated, with a consequent
overestimation of EQs. This circumstance prevented us from
comparing our data to other toxodonts such as Adinotherium
and Nesodon, whose EQs were also provided by Radinsky
(1981).

When compared to similar-sized coeval Holarctic ungu-
lates from the late Oligocene, the EQ of RAynchippus and
Eurygenium is significantly below Perissodactyla
(Mesohippus; EQ=0.88) and near the values obtained for
Artiodactyla (Poebrotherium; EQ=0.36 to 0.42) (Jerison
1973). However, as in the case of Radinsky (1981), compar-
isons to published data should be carefully considered if BM
estimation is based on single anatomical measurements.

Finally, the mean EQs calculated for the extant perissodac-
tyls and artiodactyls (Boddy et al. 2012: table 1) were 1 and
1.42, respectively. This EQ values are significantly larger
when compared to extinct euungulates and notoungulates.

Conclusions

The virtual endocasts of notohippids Rhaynchippus equinus
and Eurygenium latirostris described herein provide an inter-
esting perspective to understanding notoungulate brain evolu-
tion and particularly to improve our understanding of evolu-
tion within the Toxodontia.

The endocranial morphology of R. equinus and
E. latirostris are very close to that of the toxodontids
Adinotherium and Nesodon and differs markedly from both
other Toxodontia and Typotheria. Notohippids, together with
toxodontids, show the most complex neocortical surface
among notoungulates, with regard to the development of the
temporal lobe, frontal lobe, Sylvian region, presence of the
lateral, Sylvian or suprasylvian and ectosylvian sulci, and
the development of secondary sulci in both frontal and tem-
poral lobes. These neuroanatomical features are consistent
with the derived condition for Notohippidae and
Toxodontidae.

On the other hand, the neuromorphology of notohippids is
in contrast to the neocortical morphological pattern described
for Tertiary euungulates (Perissodactyla and Artiodactyla)
from the Northern Hemisphere and litoptern
Protetotheriidae, which are indigenous ungulates from South
American Tertiary. Neither of these groups show the Sylvian
region and temporal lobe, and the neocortex is expanded and
folded along longitudinally oriented sulci.
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Lastly, both neuromorphological and quantitative data sug-
gest that during the late Paleogene, notohippids developed as
complex and encephalized brains as those of the coeval
Artiodactyla of northern continents.
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