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ABSTRACT Intraspecific variation (e.g., ontogenetic,
individual, sexual dimorphic) is rarely examined among
cranial endocasts (infillings of the braincase cavity)
because of the difficulty in obtaining multiple specimens
of a species, particularly fossil taxa. We extracted digital
cranial endocasts from CT scans of a growth series of
skulls of Monodelphis domestica, the gray short-tailed
opossum, as a preliminary assessment of the amount of
intraspecific variation in mammalian endocranial mor-
phology. The goals of this study were 1) to provide an
anatomical description to document developmental
changes in endocranial morphology of M. domestica and
2) to examine ontogenetic and individual variation with
respect to phylogenetic characters of endocranial cavities
that are known to be variable between different mam-
malian taxa. In this study, “ontogenetic variation” refers
to variation between specimens of different ages
whereas “individual variation” (i.e., polymorphism) is re-
stricted to variation between specimens of comparable
age. Aside from size, changes in shape account for the
greatest amount of morphological variation between the
endocasts of different ages. Endocast length, width, and
volume increase with age for the growth series. Relative
olfactory bulb cast size increases with age in the growth
series, but the relative size of the parafloccular casts
shows a slight negative allometric trend through ontog-
eny. More than one-third of the phylogenetic characters
of the endocranial cavity we examined showed some sort
of variation (ontogenetic, individual, or both). This sug-
gests that although endocasts are potentially informa-
tive for systematics, both ontogenetic and individual var-
iation affect how endocranial characters are scored for
phylogenetic analysis. Further studies such as this are
necessary to determine the taxonomic extent of signifi-
cant intraspecific variation of these endocranial charac-
ters. J. Morphol. 268:844-865, 2007.  © 2007 Wiley-Liss, Inc.
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Cranial endocasts (sensu Colbert et al., 2005;
Macrini et al., 2006, 2007a) are three-dimensional
representations of the space within the cranial cav-
ity (i.e., endocranial space), which is filled primarily
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by the brain in vivo. Soft tissue structures, such as
organs, only fossilize under extraordinary condi-
tions, as was the case with frozen Pleistocene mam-
mals from northern Russia and Alaska (Farrand,
1961; Guthrie, 1990). Because of the extreme rarity
of this type of soft tissue preservation, paleontolo-
gists rely mostly on cranial endocasts to study
the brain and associated sensory systems in extinct
animals. This branch of paleontology dealing with
the fossil record of the nervous system is known as
paleoneurology (Jerison, 1973; Buchholtz and Sey-
farth, 1999).

Cranial endocasts provide better approximations
of the brains of some vertebrates than others based
on the degree to which the brain fills the endocra-
nial space (Jerison, 1973). The brains of mammals
largely fill the endocranial space leaving impres-
sions of gross structures on the internal surfaces of
skull bones. Because of this, the importance of cra-
nial endocasts for studying the evolution of the
brain in fossil mammals has long been recognized
(e.g., Marsh, 1884; Simpson, 1927, 1937; Edinger,
1942, 1948, 1949, 1955, 1964, 1975; Radinsky,
1968a,b, 1973a,b, 1976, 1977; Jerison, 1973, 1991; Kie-
lan-Jaworowska, 1983, 1984, 1986; Rowe, 1996a,b).

Comparisons of the relative sizes of gross struc-
tures of the brains of extant animals are used to
infer the degree of evolution of different sensory
systems (Jerison, 1973; Butler and Hodos, 1996).
This is based on the “principle of proper mass”
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which states that the mass of the neural tissue of a
particular segment of the brain is correlated with
the amount of information processing involved in
performing that particular function (Jerison,
1973:8). A related assumption, based on observa-
tions on extant mammals, is that gross structures
of cranial endocasts of mammals provide reasonable
proxies for the size of the corresponding brain fea-
ture (Edinger, 1948; Jerison, 1973). Therefore, com-
parative studies of different portions of endocasts of
extinct and extant mammals provide information
about the evolution of different sensory systems
(e.g., Radinsky, 1968a,b, 1973a,b, 1976, 1977). For
example, an endocast with relatively large superior
colliculus casts suggests that this individual and
presumably its species had large superior colliculi
and more acute eyesight in comparison to an endo-
cast with smaller superior colliculus casts. Studies
based on these types of comparisons between
regions of the cranial cavity can be crude, but endo-
casts are often the best available information about
the central nervous system and sensory systems of
extinct taxa. Endocasts do not provide any direct in-
formation about the internal structure of the brain
such as morphology of the neurons, number of neu-
rons, neuron density, or neuron connectivity. But
differences in endocast shape alone are highly in-
formative when evaluated in the context of the com-
parative neuroanatomy of extant mammals (Nieu-
wenhuys et al., 1998).

Study of the sensory systems is important for
understanding the behavior of organisms. Behavior
is response to stimuli and the brain is the organ in
which sensory information and motor functions are
primarily coordinated. The evolution of behavior is
related to the evolution of the brain, and therefore
cranial endocasts are useful for studying the behav-
ior of extinct animals and the history of modern
sensory systems.

In addition, cranial endocasts represent a poten-
tially large amount of unexplored phylogenetic
data. Several previous studies utilized central nerv-
ous system characters to determine phylogenetic
relationships of extant animals (e.g., Johnson et al.,
1982a,b; Kirsch, 1983; Kirsch and Johnson, 1983;
Kirsch et al., 1983; Northcutt, 1984, 1985; Rowe,
1988; Johnson et al., 1994; Luo et al., 2001a,b,
2002, 2003; Luo and Wible, 2005). However, rela-
tively few studies have exclusively incorporated
endocranial space characters in phylogenetic analy-
ses of extinct and extant taxa (e.g., Northcutt, 1984,
1985; Roth and Wullimann, 2001; Lyras and van
der Geer, 2003; Franzosa, 2004; Kielan-Jaworowska
et al., 2004; Striedter, 2005; Macrini, 2006). Inter-
nal cranial morphology such as represented by
endocasts is poorly represented in phylogenetic
analyses because of the difficulty in visualizing and
studying this anatomy, especially in fossil taxa.

Historically, studies of the brains of fossils were
restricted to those with natural endocast material
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or specimens from which artificial endocasts could
be easily extracted using conventional methods.
However, the cranial cavities of many fossil speci-
mens are filled with matrix and their endocranial
space could only be studied through destructive se-
rial sectioning. In recent years, high-resolution X-
ray computed tomography was established as a pro-
ven technology for extracting endocasts from virtu-
ally any skull, fossil or extant, in a nondestructive
manner (e.g., Rowe et al., 1995; Brochu, 2000; Lars-
son et al., 2000; Witmer et al., 2003; Franzosa and
Rowe, 2005; Macrini et al., 2006, 2007a,b). Conse-
quently, our knowledge of the evolution of endocra-
nial space in mammals has expanded with the
study of additional extant and extinct taxa.

Even so, some basic questions about the study of
endocasts remain unanswered, such as the range of
intraspecific variation for a particular species.
Intraspecific variation may include but is not re-
stricted to ontogenetic, individual, and sexually
dimorphic variation. In this article, “ontogenetic
variation” refers to variation between individuals of
different ages whereas “individual variation” is re-
stricted to variation between individuals of compa-
rable age (i.e., polymorphism; Wiens, 1995, 1998,
1999, 2000; Hilton and Bemis, 1999). We do not
examine sexual dimorphism in this study because
we lacked the appropriate sample of males and
females to evaluate this type of variation at this
time.

Relatively few studies of cranial endocasts have
examined multiple specimens of a particular taxon
to understand individual variation (notable excep-
tions are Edinger, 1948; Radinsky, 1968b, 1973a;
Jerison, 1979; Novacek, 1982, 1986), and virtually
no studies have examined ontogenetic variation of
endocasts for a particular taxon. Morphological
characters that show intraspecific variation are
known to contain phylogenetic signal, and different
treatments of these characters can greatly affect
the results of phylogenetic analyses (Wiens, 1995,
1998, 1999), as well as species-level diagnoses of
taxa (Bell and Gauthier, 2002; Bever, 2005; Bever
et al., 2005). Therefore, it is important to assess the
degree of intraspecific variation among endocasts so
that characters related to this system can be prop-
erly treated in phylogenetic analyses.

To address these and other issues, we described
cranial endocasts of Monodelphis domestica, the
gray short-tailed opossum, based on multiple indi-
viduals from different ages of postnatal ontogeny.
We compared these endocasts with the gross anat-
omy of brains of M. domestica that were extracted
by dissection from individuals of comparable age.
We also compared the endocasts of M. domestica
with an endocast from an adult Didelphis virgini-
ana, the Virginia opossum, because the gross anat-
omy of the brain and associated soft tissue of D. vir-
giniana is well documented (Voris, 1928; Loo, 1930;
Voris and Hoerr, 1932; Larsell, 1936; Krabbe, 1942;
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Dom et al., 1970; Nieuwenhuys et al., 1998). The
morphology of endocasts of adult M. domestica was
compared elsewhere with an endocast of Pucadel-
phys andinus, an extinct metatherian from Bolivia
(Macrini et al., 2007a). Published descriptions of
endocasts of a number of other fossil metatherians
(e.g., Quiroga, 1978; Haight and Murray, 1981,
Quiroga and Dozo, 1988; Dozo, 1989, 1994) and
descriptions of other marsupial brains (e.g., Owen,
1837; Johnson, 1977; Haight and Nelson, 1987) pro-
vide additional comparative data.

The goals of this study are as follows: 1) to docu-
ment developmental changes in the morphology of
cranial endocasts of Monodelphis domestica, and 2)
to use the growth series to document ontogenetic
and individual variation of phylogenetic characters
of endocranial cavities that are known to be vari-
able between different mammalian taxa. We inves-
tigated three questions related to the second goal of
this study. 1) Should ontogenetic (post-organogene-
sis) variation be taken into consideration when
studying endocasts? That is, apart from size alone
is there significant ontogenetic variation such
that it would affect scoring phylogenetic charac-
ters? 2) Should individual variation be taken into
consideration when studying endocasts? 3) Is the
brain growth trajectory for one species of mammal
(M. domestica) different from a brain allometry tra-
jectory based on adults from a higher taxonomic
group of mammals?

MATERIALS AND METHODS
Taxonomy

In this article, the names Mammalia, Monotremata, Theria,
Metatheria, Marsupialia, Eutheria, and Placentalia refer to
clades with explicit phylogenetic definitions. A crown-group def-
inition (de Queiroz and Gauthier, 1990) is used for Mammalia,
such that the clade includes the most recent common ancestor
(hereafter “MRCA”) of Theria and Monotremata, and all de-
scendants of that ancestor (Rowe, 1988). Mammals are mem-
bers of Mammalia; the same convention is followed for the other
clades discussed here. Monotremata, Marsupialia, and Placen-
talia are also treated as crown groups. Theria includes the
MRCA between Marsupialia and Placentalia and all descend-
ants of that ancestor (Rowe, 1988). Metatheria is a stem clade
that incorporates all therians more closely related to Marsupia-
lia than to Placentalia, including all marsupials (Rougier et al.,
1998; Flynn and Wyss, 1999). Similarly, Eutheria is the stem
clade that includes all therians more closely related to Placenta-
lia than to Marsupialia, including all placentals.

Other names are used more informally, without explicit phy-
logenetic definitions. The term “nonmammalian cynodonts”
refers to a paraphyletic assemblage of the closest extinct rela-
tives of crown mammals. Didelphidae is the basal-most diverg-
ing clade of extant, neotropical marsupials (Jansa and Voss,
2000; Horovitz and Sanchez-Villagra, 2003; Voss and Jansa,
2003).

Taxon Choice

Monodelphis domestica (Wagner, 1842) is an appropriate
taxon for this study for a number of reasons. First, M. domes-
tica is a laboratory animal and therefore a growth series of
specimens of known ages is easily obtainable. Second, the skull
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and the biology, in general, of M. domestica are well studied
because it is a model organism for anatomical, genetic, biomedi-
cal, developmental, and evolutionary studies (e.g., Maier, 1987a,b,
1990; VandeBerg, 1990; Filan, 1991; Clark and Smith, 1993;
Robinson et al., 1994; VandeBerg et al., 1994; Rowe 1996a,b;
Maunz and German, 1996, 1997; Nesterova et al., 1997; Vande-
Berg and Robinson, 1997; Macrini, 2000, 2002, 2004; Sanchez-
Villagra, 2001, 2002; Sanchez-Villagra and Sultan, 2002;
Sanchez-Villagra and Wible, 2002; Sanchez-Villagra et al., 2002;
Wible, 2003; Rowe et al., 2005). Finally, M. domestica is a mem-
ber of the basal-most marsupial clade, Didelphidae (Jansa and
Voss, 2000; Horovitz and Sanchez-Villagra, 2003; Voss and
Jansa, 2003), and presumably approximates the most recent
common ancestor of marsupials in a number of anatomical fea-
tures. Therefore, results from this study might be used as a
standard for variation studies of endocasts of other marsupials
or even therians in general.

Specimens Examined

Endocasts and brains were extracted from Monodelphis
domestica specimens (Table 1) obtained from the laboratory col-
onies of the Southwest Foundation for Biomedical Research
(SFBR) in San Antonio, TX. The animals were maintained
under conditions defined by VandeBerg (1999). Because these
were laboratory animals, we have precise age data on the indi-
viduals. After being killed, the M. domestica were accessioned
into the extant mammal collections of the Vertebrate Paleontol-
ogy Laboratory (VPL) of The University of Texas at Austin. The
VPL is an entity of the Texas Natural History Center and the
specimens of the extant collections bear the prefix “TMM M.”
Ages of specimens are presented in days since birth, such that
a “Day 90” individual is 90-days-old.

Heads or skulls of 14 individuals were CT scanned; these
specimens are listed in Table 1. The sample comprises six dif-
ferent age classes; these are Day 27, 48, 56-57, 75-76, 90, and
adult. The Day 56 and 57 individuals are considered to belong
to the same age class, and similarly the Day 75 and 76 individ-
uals are treated as comparable in age. The “adults” in this
study were all sexually mature and were evaluated as a single
age class, despite that they differ in age.

The material examined includes frozen, ethanol-preserved,
and skeletonized specimens. Frozen and preserved specimens
were dissected to extract brains. When possible, brains were
extracted from individuals that were also CT scanned. In all, 10
specimens were dissected; these include two adult females, one
adult male, one day 90 male, one day 76 male, one day 56
female, one day 48 female, and three day 27. The brain masses
of these individuals are presented in Table 1.

The braincase of one of the Day 27 individuals (TMM M-
7595) is distorted, probably a result of desiccation during skele-
tal preparation. Portions of the braincase roof, lateral walls,
and the basicranium are collapsed. The hypophyseal fossa is
damaged on this specimen and consequently a volume cannot
be accurately determined for this structure.

One skull of Didelphis virginiana (Kerr, 1792), the Virginia
opossum, (TMM M-2517; adult male collected in Travis County,
Texas) was also CT scanned and its digital cranial endocast was
extracted for comparison with those of Monodelphis domestica.
This specimen has all of its adult dentition. Linear and volu-
metric measurement data for this particular endocast of D. vir-
giniana are published elsewhere (Macrini et al., 2007a).

About CT Scanning

We used high-resolution X-ray computed tomography (HRXCT)
technology to digitize skulls to extract cranial endocasts. De-
tailed descriptions of HRXCT are published elsewhere (Rowe
et al., 1995; Denison et al., 1997; Carlson et al., 2003; <www.
ctlab.geo.utexas.edu/overview/index.html>). All CT scanning of
these specimens occurred at the University of Texas High-Reso-
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TABLE 1. Specimens of Monodelphis domestica examined in this study

Specimen number Preservation Age Sex BdM (g) SL (mm) EV (mm?®) BrM (g)
TMM M-7595 Dry skeleton 27 ? 3.53% 18.50 248.523 ?
TMM M-8265 Frozen® 27 ? 2.85°¢ 14.09 224.899 ?
TMM M-8263 Ethanol 27 ? 3.15° ? ? 0.3847
TMM M-8261 Ethanol 27 ? 3.10°¢ 14.04 222.982 0.0834
TMM M-7536 Dry skeleton 48 ? 12.664 23.25 437.380 ?
TMM M-8269 Frozen 48 Q 9.70°¢ 24.09 482.658 ?
TMM M-8266 Frozen® 56 Q 15.25° 25.65 560.441 0.4085
TMM M-7539 Dry skeleton 57 ? 22.344 25.80 486.902 ?
TMM M-7542 Dry skeleton 75 3 47.01° 29.20 612.469 ?
TMM M-8267 Frozen® 76 3 36.5° 30.84 689.663 0.4677
TMM M-7545 Dry skeleton 90 ? 49.36¢ 30.65 644.829 ?
TMM M-8268 Frozen® 90 3 54.5¢ 35.65 804.633 0.6972
TMM M-8273 Frozen 456 3 110.0°¢ 41.60 956.059 ?
TMM M-8271 Frozen® 837 ? 89.5° 39.92 987.894 0.5977"
TMM M-7599 Dry skeleton adult® Q 80.40 40.00 954.777 ?
TMM M-8272 Frozen 467 ? 78.0° 40.55 ? 0.7094
TMM M-8270 Frozen 459 3 149.0¢ 42.35 ? ?

The endocranial volumes are recorded for all individuals that were
ume; SL, skull length.

CT scanned. BdM, body mass; BrM, brain mass; EV, endocranial vol-

#Body mass average for Day 27 determined using data from male and female individuals of laboratory colony (Table 2).
bSpecimens were fixed in formalin and ethanol prior to brain dissection.

“Body mass from measurement.

9Body mass average for a particular age determined using data from female individuals of laboratory colony (Table 2).
°Body mass average for Day 75 determined using data from male individuals of laboratory colony (Table 2).

fCerebellum was damaged during dissection resulting in a lower

brain mass.

fRelative age given based on dental maturity following van Nievelt and Smith (2005).

hBody mass estimated using skull length vs. body mass plot (Fig

lution X-ray CT Facility in Austin, TX (UTCT) and individual
scanning parameters are documented by Macrini (2006). All
specimens were scanned in their entirety through the coronal
(transverse of some authors) slice plane. Frozen specimens were
thawed completely prior to scanning to reduce the possibility of
image artifacts associated with slippage of a thawing specimen
during scanning.

Extraction of Digital Endocasts

Digital endocasts were extracted from CT scans of skulls
using the program VGStudioMax® (version 1.2; Volume
Graphics GmbH, 2004) and following the procedures described
elsewhere (Macrini et al., 2006, 2007a). VGStudioMax® was
also used to segment portions of the endocast representing dis-
tinct structures such as the olfactory bulb casts, parafloccular
casts, posterior half of the cavum epiptericum casts, and hypo-
physeal fossa casts. The boundaries of these structures were
determined following the protocols described elsewhere (Macrini
et al., 2006, 2007a).

We also used VGStudioMax® to calculate volumes and partial
volumes, to take linear measurements of the extracted endocast
segments, and to generate movie frames of the rotating endo-
casts. VGStudioMax® provides measurements in microns (i.e.,
0.001 mm), and these are presented verbatim here. Endocast
flexure was measured following the procedure described and
illustrated by Macrini et al. (2007a). Movie frames were
exported to NIH Imaged for cropging and rotation. The frames
were then exported to QuickTime™ and compiled into self-con-
tained movies. Movies of the endocasts along with CT slices of
the skulls of these specimens are available on the Digimorph
website <www.digimorph.org>.

Isosurface models of the endocasts were generated using
VGStudioMax® and then exported to Amira 3.1™ (Zuse Insti-
tute Berlin, 2004) where the surfaces of the endocasts were
smoothed for aesthetics. However, all anatomical interpreta-
tions and volume measurements were obtained prior to smooth-
ing the endocasts to avoid the unlikely possibility that the
smoothing process would significantly affect these data.

. 1, Table 3).

Extraction of Brains

We removed brains of specimens of Monodelphis domestica
(Table 1) to confirm identification of anatomical features on
endocasts. We used forceps to remove soft tissue of the head
and pieces of the skull roofs of frozen and ethanol-preserved
specimens. The neural tissue of the two frozen individuals
(TMM M-8272 and TMM M-8270) that we dissected lost rigidity
as the specimens thawed, making it impossible to remove intact
brains from the skulls. Brain volume was recorded from a
thawed brain extracted from one of the frozen specimens (TMM
M-8272). However, this volume was not included in any compar-
isons because of potential artifacts associated with comparing
brains that were preserved using different methods (Miguel and
Henneberg, 1998). The remaining six frozen specimens were
fixed in formalin prior to dissection. These specimens were
soaked in 10% formalin for 10-12.5 days, rinsed in 95% ethanol,
and then stored in 70% ethanol (Williams et al., 1977). All com-
parisons between endocranial volume (EV) and brain mass
were conducted using these six specimens.

Extracted brains were weighed using a Mettler AE 50 scale
(accurate to the nearest 0.0001 g). Skull length was measured
using calipers accurate to the nearest 0.01 mm for dry skulls or
by using the “distance” tool in VGStudioMax® for skulls that
could not be extracted intact.

Determination of Body Mass

Frozen and whole preserved specimens were weighed using 5,
10, 30, 100, and 1,000 g Pesola spring scales with increments of
0.05, 0.1, 0.25, 1.0, and 10.0 g, respectively. Body masses were esti-
mated for skeletonized specimens using two different techniques.

The first technique involved taking an average mass of differ-
ent individuals of the same age. These mass data were taken
from the LL2 stock of the laboratory colony of the SFBR; these
data are provided in Table 2. The LL2 stock was selected for
the robustness of its individuals and its large litter sizes (n =
10-12). This technique was applied to the nonadult skeletonized
specimens. For skeletonized individuals of known sex, only
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TABLE 2. Weights (g) of Monodelphis domestica collected from individuals of the LL2 stock from the Southwest Foundation for
Biomedical Research in San Antonio, TX

Parents LL2 litter weights (g)
Litter Day 27 Day 48 Day 57 Day 75 Day 90

DAM SIRE size DOB Sex (04/10/05) (05/01/05) (05/10/05) (05/28/05) (06/12/05)
J25019 J11593 10 03/14/05 Q 4.5 13.9 25.1 38.4 46.3

Q 4.4 13.7 24.2 39.9 52.8

3 4.6 13.2 22.2 40.1 57.6

3 4.5 14.0 25.7 33.8 54.2
172479 J10913 11 03/15/05 (04/11/05) (05/02/05) (05/11/05) (05/29/05) (06/13/05)
Died Q 3.5 Maternal
04/30/05 Q 3.1 death

3 2.9

3 3.3
J06429 J13463 11 03/16/05 (04/12/05) (05/03/05) (05/12/05) (05/30/05) (06/14/05)

Q 3.4 13.4 21.6 39.0 53.6

Q 3.7 11.2 22.2 39.3 48.5

3 3.2 13.4 23.9 53.6 57.0

3 4.0 13.5 24.6 53.2 69.6
J0403% J04053 11 03/16/05 (04/12/05) (05/03/05) (05/12/05) (05/30/05) (06/14/05)

Q 3.1 10.6 Litter

Q 3.0 10.4 death

3 3.3 10.8

3 2.9 10.6
J13459 J88713 10 03/17/05 (04/13/05) (05/04/05) (05/13/05) (05/31/05) (06/15/05)

Q 3.7 13.0 21.5 39.9 45.2

Q 3.5 15.1 22.6 43.9 48.6

3 3.8 13.3 26.1 46.2 48.8

3 4.3 15.9 23.3 51.8 62.7
J12009 J36543 12 03/18/05 (04/14/05) (05/05/05) (05/14/05) (06/01/05) (06/16/05)

Q 3.8 Weights 20.2 36.2 52.0

Q 3.1 not 21.3 40.2 47.9

3 2.4 recorded 24.7 50.6 61.4

3 2.8 23.5 46.8 56.9

DAM, ID number of mother; DOB, date of birth; SIRE, ID number of father.

masses from individuals of that sex were used to determine an
average mass. In the instance when the sex was unknown for
the skeletonized individual (Day 27, TMM M-7595), masses
from both males and females of that age were used for deter-
mining the average mass. These Monodelphis domestica were
weighed using a Mettler PE 2000 scale (accurate to the nearest
0.1 g) at the SFBR.

A different mass estimate technique was applied to one adult
opossum skeleton (TMM M-7599) because the exact age of this
individual is unknown and because Monodelphis domestica
exhibits continual growth of the long bones and overall body
mass (Cothran et al., 1985; Maunz and German, 1997). The sec-
ond technique estimates body mass from total skull length
measured from the anterior tip of the premaxillae to the back
of the occiput. Skull length was measured from adult wild-
caught and laboratory-raised specimens housed in the Depart-
ment of Mammalogy at the American Museum of Natural His-
tory (AMNH) in New York, NY for which body mass is known
(Table 3). Skull length was measured using calipers accurate to
0.01 mm and body mass was taken from specimen tags. The
skull length and body mass data were plotted and an equation
for estimation of body mass was derived (Fig. 1).

Encephalization Quotients

An encephalization quotient (EQ) is a ratio of actual to
expected brain sizes for a particular taxon (Jerison, 1973).
These ratios are determined using plots of logig (body mass)
versus logio (brain mass) among a number of closely related
taxa.

To determine EQs in our study, log;o (body mass) was plotted
versus log;g (EV) for the growth series of Monodelphis domes-
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tica, hereafter “growth series data set.” For comparison, data
from adult didelphids taken from Eisenberg and Wilson (1981),
hereafter “didelphid data set,” were plotted in a similar manner
on the same graph. The EV data from the M. domestica growth
series were converted to cubic cm to facilitate comparison with
the adult didelphid data.

To determine an EQ equation for each data set, three types of
regression analyses were performed; these include least-squares
(Model 1 regression), major-axis (Model 2 regression), and
reduced-major axis. Least-squares regression assumes that the
Y variable contains error but the X variable does not (Sokal and
Rohlf, 1998). This is an unrealistic assumption for most allo-
metric analyses. Major-axis regression assumes that both varia-
bles have error and the variances of the two variables are equal
(Sokal and Rohlf, 1998). Reduced-major axis assumes that the
ratio of the two error variances equals the ratio of the actual
variances of the raw data (i.e., the ratio of variance of Y divided
by the variance of X; Sokal and Rohlf, 1998).

Some have advocated use of reduced-major axis for EQ analy-
ses (e.g., Hurlburt, 1996). However, major-axis and reduced-
major axis analyses can over- or underestimate the true slope if
their respective assumptions are a significant departure from
reality (Pagel and Harvey, 1988; Harvey and Krebs, 1990). If
there is a high correlation between the X and Y variables, then
all three regression methods perform well (Pagel and Harvey,
1988; Harvey and Krebs, 1990).

Quantitative data sampled from closely related taxa are non-
independent (Felsenstein, 1985); therefore, the phylogenetic
relationships of the didelphid data set need to be taken into
account. However, the inference of a complete phylogeny for
Didelphidae is still a work in progress (but see Jansa and Voss,
2000, 2005; Voss and Jansa, 2003; Jansa et al., 2006), making it
difficult to determine independent contrasts for the didelphid
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TABLE 3. Mass and total skull length data from wild and laboratory
specimens of Monodelphis domestica

Specimen number Sex Mass (g) Skull length (mm) Specimen origin
AMNH 248302 Q 69 39.15 Wild
AMNH 133244 3 90 39.20 Wild
AMNH 133247 Q 60 37.15 Wwild
AMNH 133245 Q 50 35.25 Wild
AMNH 260024 3 100 42.65 Wild
AMNH 261243 Q 42 34.65 Wild
AMNH 261242 Q 34 33.65 Wild
AMNH 261241 3 53 36.20 Wild
AMNH 261240 Q 61 37.85 Wild
AMNH 261236 3 49 37.05 Wild
AMNH 261235 Q 43 35.30 Wild
AMNH 261234 Q 33 33.95 Wild
AMNH 261233 3 65 38.95 Wild
AMNH 261232 Q 47 34.75 Wwild
AMNH 261231 3 71 39.25 Wild
AMNH 263547 Q 70 40.30 Wild
AMNH 264481 3 125 45.35 Laboratory
AMNH 264482 Q 92 40.20 Laboratory

AMNH, Department of Mammalogy, American Museum of Natural History in New York, NY.

data set. For this reason, independent contrasts were not ana-
lyzed for these data.

Endocranial Characters

We examined 35 morphological characters (qualitative and
quantitative characters) pertaining to endocranial anatomy on
the sample of 14 individuals of Monodelphis domestica to evalu-
ate variation in how these characters might be scored for this
taxon. These characters are part of a more extensive taxonomic
study that documented their phylogenetic variation across dif-
ferent mammalian taxa (Macrini, 2006; Macrini et al., 2007b).

Ratio data were converted into discrete characters (Charac-
ters 2, 5, 29, 30). The remaining quantitative data were treated
as discrete characters (Characters 3, 6, 19, 31, 32) by placing
the data from a comparative analysis of mammalian endocasts
(Macrini, 2006; Macrini et al., 2007b) into arbitrary bins and
weighing the gaps between data points (e.g., segment coding;
Thiele, 1993). For example, Character 3 is the angle of cranial
flexure. The discrete version of this character places the angle
data in bins of 5°. Letters (e.g., A, B, C, etc.) were used to desig-
nate character states when greater than 10 states were
required to describe the range of variation.

We understand that conversion of quantitative data to dis-
crete characters may not be optimal for inferring phylogenetic
relationships and instead treatment of these data as continuous
characters is preferred by some (articles in MacLeod and Forey,
2002). But in this article, use of segment coding is appropriate
because we are assessing variability in discrete phylogenetic
characters. All quantitative data for the endocasts of Monodel-
phis domestica we examined are presented in this article
(Tables 1, 4, and 5) for subsequent workers who choose to treat
these data as continuous characters in phylogenetic analyses.

RESULTS
Description of Endocasts

Next to size, changes in shape account for the
greatest amount of morphological variation between
the endocasts of the growth series of Monodelphis
domestica (Figs. 2-5). Endocasts of younger individ-
uals of the growth series are subspherical in overall
shape when viewed dorsally, but the endocasts of
the adult M. domestica are wedge-shaped (Figs. 2

and 3). In lateral view, the olfactory bulb casts of all
of the M. domestica are tear drop shaped with the
wider end connected to the cast of the egg-shaped
cerebral hemispheres (Figs. 2 and 4).
Anteroposterior maximum length, maximum
width, maximum height, and endocast flexure
measurements for all 14 endocasts of Monodelphis
domestica are presented in Table 4. Endocast
length and width both increase with age for the
growth series (Fig. 6). The endocast width/length
aspect ratio decreases through ontogeny from 0.68—
0.80 (n = 3) in Day 27 individuals to 0.58-0.63 (n =
3) in adults. Similarly, the height/length aspect ra-
tio decreases from 0.48-0.60 (n = 3) in Day 27 indi-
viduals to 0.39-0.49 (n = 3) in adults. The endocast
height/width ratio remains fairly constant throughout
ontogeny (range 0.67-0.79, mean = 0.73,n = 14).
Endocranial volumes and brain masses of the
Monodelphis domestica are presented in Table 1.
EV increases with age in the growth series (Fig. 7).
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Fig. 1. Bivariate plot of total skull length (mm) vs. body
mass (g) for Monodelphis domestica. Data for plot reported in
Table 3.
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crh(ic)

Fig. 2. Digital rendering of the cranial endocast of an adult
female Monodelphis domestica (TMM M-7599) shown in (A) left
lateral, (B) dorsal, and (C) ventral views. Scale bar = 5 mm.
cbh, cerebellar hemisphere cast; ce, cast of cavum epiptericum
(includes dashed space); cf, circular fissure; crh(ic), cast of iso-
cortex of cerebral hemisphere; fm, foramen magnum; fo, fora-
men ovale (transmits cranial nerve Vj); fr, foramen rotundum
(transmits cranial nerve Vy); hb, cast of hindbrain; hf, hypoglos-
sal foramen (transmits cranial nerves XII); hyf, cast of hypophy-
seal fossa; iam, cast of internal acoustic meatus (transmits cra-
nial nerves VII and VIII); ica, cast of canal that transmits the
internal carotid artery; jf, jugular foramen (transmits cranial
nerves IX, X, and XI); ms, median sulcus; ob, cast of olfactory
bulb; of, olfactory foramen (transmits fibers of cranial nerve I);
pee, cast of piriform cortex of cerebrum; pf, parafloccular cast;
pv, cast of canal that transmits prootic vein; sof, sphenorbital
fissure (transmits cranial nerves II, III, IV, V;, and VI); tc*, in-
dentation caused by alisphenoid tympanic process; indentation
marks the dorsal border of the tympanic cavity; ts, cast of
transverse sinus; vm, cast of vermis.

Journal of Morphology DOI 10.1002/jmor

T.E. MACRINI ET AL.

Based on the assumption that brain tissue has a
specific gravity of 1.0 g/cm?, the brain of a Day 56
individual (TMM M-8266) of M. domestica fills
72.9% of the EV. The brain fills 67.8% of the EV of a
Day 76 individual (TMM M-8267), and 86.6% of the
EV of a Day 90 individual (TMM M-8268). Under
normal physiological conditions in vivo, the cerebro-
spinal fluid pressure is intact and the volume of the
brain is likely greater than any value obtained from
a preserved specimen. Therefore the earlier values
are only rough estimates of the percentage of endo-
cranial space filled by the brain in vivo.

Fig. 3. Dorsal views of all endocasts of Monodelphis domes-
tica used in this study. Scale bars are below each corresponding
endocast image. Each scale bar = 5 mm. A: Day 27 (TMM M-
7595). B: Day 27 (TMM M-8261). C: Day 27 (TMM M-8265). D:
Day 48 (TMM M-7536). E: Day 48 (TMM M-8269). F: Day 56
(TMM M-8266). G: Day 57 (TMM M-7539). H: Day 75 (TMM M-
7542). I: Day 76 (TMM M-8267). J: Day 90 (TMM M-7545). K:
Day 90 (TMM M-8268). L: Adult female (TMM M-7599). M:
Adult female (TMM M-8271). N: Adult male (TMM M-8273).
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Fig. 4. Left lateral views of all endocasts of Monodelphis
domestica used in this study. Scale bars are below each corre-
sponding endocast image. Each scale bar = 5 mm. A: Day 27
(TMM M-7595). B: Day 27 (TMM M-8261). C: Day 27 (TMM M-
8265). D: Day 48 (TMM M-7536). E: Day 48 (TMM M-8269). F:
Day 56 (TMM M-8266). G: Day 57 (TMM M-7539). H: Day 75
(TMM M-7542). I Day 76 (TMM M-8267). J: Day 90 (TMM M-
7545). K: Day 90 (TMM M-8268). L: Adult female (TMM M-
7599). M: Adult female (TMM M-8271). N: Adult male (TMM
M-8273).

The endocast from an adult male Didelphis vir-
giniana (Fig. 8) appears more laterally constricted
than those of the adult Monodelphis domestica. The
width/length aspect ratio from the endocast of D.
virginiana is 0.57, which is near the lower range for
the endocasts of the three adult M. domestica exam-
ined here. The tympanic cavity is relatively smaller
in D. virginiana than in M. domestica, accounting
for the relatively narrower endocast of D. virgini-
ana. The height/length ratio of the endocast of
D. virginiana (ratio = 0.65) is similar to those of
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the adult M. domestica, but the height/width endo-
cast aspect ratio is considerable larger in D. virgini-
ana (ratio = 1.14) than in M. domestica. The endo-
cast of D. virginiana shows flexure of 40° around
the hypophyseal cast (Macrini et al., 2007a).
Forebrain region of endocasts. The olfactory
bulb casts (Fig. 2) compose 3.55-7.77% (n = 3) of
endocranial space in the endocasts of the Day 27
individuals; this increases to 8.00-8.43% (n = 3) in
adult Monodelphis domestica (Fig. 9). Younger indi-

r;“ | —
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Fig. 5. Ventral views of all endocasts of Monodelphis domes-
tica used in this study. Scale bars are below each corresponding
endocast image. Each scale bar = 5 mm. A: Day 27 (TMM M-
7595). B: Day 27 (TMM M-8261). C: Day 27 (TMM M-8265). D:
Day 48 (TMM M-7536). E: Day 48 (TMM M-8269). F: Day 56
(TMM M-8266). G: Day 57 (TMM M-7539). H: Day 75 (TMM M-
7542). I: Day 76 (TMM M-8267). J: Day 90 (TMM M-7545). K:
Day 90 (TMM M-8268). L: Adult female (TMM M-7599). M:
Adult female (TMM M-8271). N: Adult male (TMM M-8273).

Journal of Morphology DOI 10.1002/jmor
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TABLE 4. Linear and angle measurements taken from digital endocasts of Monodelphis domestica using VGStudioMax
Specimen Endocast Endocast Olfactory bulbs Hypophysis
number Age flexure length, width, height length, width,? height length, width, height
TMM M-7595 27 38° 12.020, 8.184, 5.716 2.857, 4.662, 3.101 Hypophysis damaged
TMM M-8265 27 52° 10.140, 8.125, 6.060 1.589, 4.079, 2.454 1.318, 1.456, 0.355
TMM M-8261 27 32° 10.803, 8.285, 6.520 2.097, 3.947, 2.564 1.289, 1.429, 0.415
TMM M-7536 48 42° 13.562, 10.309, 7.574 3.375, 5.195, 3.363 1.812, 1.449, 0.574
TMM M-8269 48 45° 14.515, 10.359, 7.349 3.478, 4.914, 3.852 2.058, 1.306, 0.354
TMM M-8266 56 48° 15.793, 10.868, 7.880 3.514, 5.202, 4.095 2.520, 1.306, 0.421
TMM M-7539 57 46° 14.466, 10.447, 7.916 3.853, 5.355, 4.016 1.960, 2.270, 0.582
TMM M-7542 75 37° 15.808, 11.502, 8.426 4.013, 4.999, 4.230 1.824, 2.307, 0.524
TMM M-8267 76 45° 18.200, 11.688, 8.680 5.042, 5.357, 4.641 2.737, 1.289, 0.487
TMM M-7545 90 38° 16.504, 11.986, 8.572 4.365, 5.418, 3.934 2.182, 1.855, 0.705
TMM M-8268 90 41° 19.352, 12.346, 8.680 4.850, 5.529, 4.526 3.265, 1.576, 0.430
TMM M-8273 456 38° 22.692, 13.188, 8.850 5.000, 6.014, 4.765 3.188, 2.536, 0.820
TMM M-8271 837 46° 21.105, 13.073, 9.062 5.040, 5.625, 4.792 3.780, 2.552, 0.833
TMM M-7599 Adult 46° 20.790, 13.156, 10.102 5.220, 5.747, 4.714 3.960, 3.143, 1.257

Linear measurements given in mm.
#Combined olfactory bulb width.

viduals of the growth series have more spherical ol-
factory bulb casts (Day 27 width/length aspect
ratios: 0.82-1.28; n = 3) than those of adult speci-
mens (width/length aspect ratios: 0.55-0.60; n = 3).
The circular fissure (Fig. 2A) separates the olfac-
tory bulb casts from the rest of the endocast; this
fissure is well developed in all 14 endocasts of
M. domestica and on the endocast of Didelphis vir-
giniana (Fig. 8). The olfactory bulb casts constitute
11.04% of endocranial space in the specimen of
D. virginiana examined. In D. virginiana, the olfac-
tory bulb casts width/length aspect ratio (0.52) is
similar to those from the adult M. domestica.

The anteroventral surfaces of the olfactory bulb
casts of both Monodelphis domestica and Didelphis
virginiana reflect the encranial surface (i.e., surface
facing the endocranial cavity; Allen, 1882) of the
cribriform plate of the ethmoid. The impressions of
individual olfactory foramina, through which pass
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Fig. 6. Bivariate plot of log;o(age) vs. logio(endocast length)
and log;o(age) vs. logio(endocast width) for the growth series of
Monodelphis domestica. Note: TMM M-7599, an adult female,
was not included in plot because age in days postnatal is
unknown.
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the fibers of cranial nerve I, are clearly visible on
the endocasts (Figs. 2 and 8; Rowe et al., 2005).

Casts of olfactory tracts are not visible on any of
the endocasts of Monodelphis domestica examined
here, but they are quite conspicuous on the endo-
cast of Didelphis virginiana (Fig. 8C). The olfactory
tracts lead from the olfactory bulbs to the telen-
cephalon (Butler and Hodos, 1996; Nieuwenhuys
et al., 1998).

All specimens of Monodelphis domestica we
examined have large cerebral hemisphere casts
that are lissencephalic (Fig. 3). Lissencephaly is the
condition of cerebral hemispheres having smooth
external surfaces; that is, few gyri and sulci are
visible on their exterior (Owen, 1868; Butler and
Hodos, 1996; Striedter, 2005). Presumably, taxa
with lissencephalic endocasts also have correspond-
ing lissencephalic cerebral hemispheres, but this is
not always the case among extant mammals (e.g.,
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Fig. 7. Bivariate plot of logig(age) vs. logio(endocranial vol-
ume) for the growth series of Monodelphis domestica. Note:
TMM M-7599, an adult female, was not included in plot
because age in days postnatal is unknown.
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Fig. 8. Digital rendering of the cranial endocast of Didelphis
virginiana (TMM M-2517) shown in (A) left lateral, (B) dorsal,
and (C) ventral views. Scale bar = 5 mm. cbh, cerebellar hemi-
sphere cast; ce, cast of cavum epiptericum (includes dashed
space); cf, circular fissure; crh(ic), cast of isocortex of cerebral
hemisphere; fm, foramen magnum; fo, foramen ovale (transmits
cranial nerve V3); fps, frontoparietal (coronal) suture; fr, fora-
men rotundum (transmits cranial nerve Vs); hb, cast of hind-
brain; hf, hypoglossal foramen (transmits cranial nerves XII);
hyf, cast of hypophyseal fossa; iam, cast of internal acoustic me-
atus (transmits cranial nerves VII and VIII); ica, cast of canal
that transmits the internal carotid artery; jf, jugular foramen
(transmits cranial nerves IX, X, and XI); lac, cast of lobus ante-
rior of cerebellum; ob, cast of olfactory bulb; of, olfactory fora-
men (transmits fibers of cranial nerve I); ot, cast of olfactory
tract; pce, cast of piriform cortex of cerebrum; pf, parafloccular
cast; pv, cast of canal that transmits prootic vein; rf, rhinal fis-
sure; so, sulcus orbitalis; sof, sphenorbital fissure (transmits
cranial nerves II, III, IV, V;, and VI); ss, cast of canal that
transmits the sigmoid sinus; sss, cast of the superior sagittal
sinus; ts, cast of transverse sinus; vm, cast of vermis.

Holloway et al., 2004; Colbert et al., 2005; Shoshani
et al., 2006). Dissections confirm that the cerebri of
M. domestica are also lissencephalic (Fig. 10).
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The median sulcus, which divides the cerebral
hemispheres, is poorly developed on two of three
endocasts of Day 27 individuals (TMM M-8261 and
TMM M-8265) but is clearly visible on the remain-
ing 12 endocasts examined in this study (Fig. 3).
The rhinal fissure is not visible on any of the endo-
casts of Monodelphis domestica, but it is clearly
visible on dissected brains. The rhinal fissure
marks the boundary between the isocortex (or neo-
cortex; Figs. 2 and 8; Jerison, 1991, Rowe, 1996a,b),
and the piriform lobe of the cerebrum (Figs. 2 and
8). The rhinal fissure is not visible on the dissected
brain of a Day 27 individual of M. domestica
(Fig. 10) but it is visible on adult brains (fig. 1 of
Briickner et al., 1998). This is consistent with the
onset of isocortex development in M. domestica
occurring during postnatal development (Saunders
et al., 1989).

Several cranial sutures are visible on endocasts
of the 48- to 90-day-old individuals (Figs. 3 and 4).
These include the frontoparietal (coronal), alisphe-
noid-frontal, alisphenoid-parietal, alisphenoid-squa-
mosal, and squamosal-parietal sutures.

The cerebrum of Didelphis virginiana is lissence-
phalic (Loo, 1930) as is the corresponding cast on
the endocast (Fig. 8). The median sulcus of the
endocast of D. virginiana is obscured by the supe-
rior sagittal sinus cast (Fig. 8B); however, the poste-
rior portion of the rhinal fissure is visible on the lat-
eral surface of the endocast (Fig. 8A). In addition,
the sulcus orbitalis is visible on the isocortex por-
tion of the cerebral hemisphere cast on the endocast
of D. virginiana (Fig. 8; Nieuwenhuys et al., 1998).
The frontoparietal (coronal), alisphenoid-frontal,
alisphenoid-parietal, alisphenoid-squamosal, and
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Fig. 9. Bivariate plot of logio(age) vs. logio(relative olfactory
bulb cast size) and logig(age) vs. logig(relative parafloccular cast
size) for the growth series of Monodelphis domestica. Relative
size of structure refers to the percentage of the total endocra-
nial volume composed by that particular structure. Note: TMM
M-7599, an adult female, was not included in plot because age
in days postnatal is unknown. obc, olfactory bulb cast; pfc, para-
floccular cast.
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Fig. 10. Photographs of the brain of 27-day-old Monodelphis
domestica (TMM M-8263) shown in (A) left lateral, (B) dorsal, and
(C) ventral views. Scale bar = 1 cm.

squamosal-parietal sutures are all visible on the
endocast of D. virginiana (Fig. 8).

Midbrain region of endocasts. The midbrain
is completely obscured from the dorsal surface of
the endocasts of all of the Monodelphis domestica
examined in this study (Figs. 2 and 3). A similar
condition is present in Didelphis virginiana, and a
number of other mammals (Bauchot and Stephan,
1967; Macrini et al., 2007a). Conversely, the inferior
and superior colliculi of the midbrain are visible
on the dorsal surfaces of corresponding brains
of M. domestica (Fig. 10) and D. virginiana (Loo,
1930; Dom et al., 1970; Nieuwenhuys et al., 1998).
The large, paired transverse sinus, confluens sin-
uum, and associated meninges on the dorsoventral
surface of the endocasts are responsible for covering
the midbrain (Dom et al., 1970). The transverse

Journal of Morphology DOI 10.1002/jmor

sinus casts are visible on all of the endocasts of
M. domestica examined here except for two of the
Day 27 individuals (TMM M-8261 and TMM M-
8265; Fig. 3). A well-developed prootic vein cast and
sigmoid sinus cast are also visible anterior and dor-
sal (respectively) to the parafloccular casts of the
Day 48-90 individuals (n = 8; Fig. 4). The prootic
vein cast is visible on the adult endocasts but the
sigmoid sinus cast is not (Figs. 2 and 4). The trans-
verse sinus, prootic vein, and sigmoid sinus all
leave impressions on the endocast of D. virginiana
(Fig. 8).

Hindbrain region of endocasts. Casts of the
vermis and cerebellar hemispheres are visible on
endocasts of individuals that are at least 48-days-
old (n = 11; Figs. 2 and 3). The cerebellum of Mono-
delphis domestica is very gyrencephalic, meaning
that convolutions are visible on its exterior (Owen,
1868; Butler and Hodos, 1996; Striedter, 2005).
However, the cerebellum is represented by a
smooth cast on an endocast (Figs. 2-5). This indi-
cates that the meninges and venous sinuses are
covering the convolutions in a way that prevents
them from embossing the overlying bones. The par-
afloccular casts are well developed in all individuals
of this growth series (Figs. 2-5). The relative size of
the parafloccular casts shows a slight negative allo-
metric trend through ontogeny (Fig. 9), constituting
1.36-1.83% (n = 3) of endocranial space in Day 27
individuals and 1.10-1.19% (n = 3) in adults.

The casts of the vermis and cerebellar hemi-
spheres are also visible on the endocast of Didelphis
virginiana (Fig. 8) and, similar to Monodelphis
domestica, meninges and cisterns (subarachnoid
spaces containing cerebral spinal fluid; Butler and
Hodos, 1996) cover the convolutions of the cerebel-
lum. In addition, a cast of the lobus anterior of the
cerebellum is visible anterior to the cast of the ver-
mis on the endocast of D. virginiana (Fig. 8). The
lobus anterior is not represented on any of the
endocasts of M. domestica. Instead, the dorsal sur-
faces of the cerebellum casts of M. domestica (Figs.
2—4) are smooth and convex, indicating that a cis-
tern and meninges fill the concavity between the
vermis and the lobus anterior.

The parafloccular casts are small in Didelphis
virginiana (composing 0.59% of endocranial space)
relative to those of adult Monodelphis domestica. A
cast of the internal acoustic meatus is clearly visi-
ble on the lateral surfaces of the endocasts of M.
domestica (Figs. 2 and 5) and D. virginiana (Fig. 8),
located just ventral and slightly anterior to the cast
of the paraflocculus. The cast of the internal acous-
tic meatus preserves casts of the canals transmit-
ting cranial nerves VII and VIII through the petro-
sal.

On the ventral surface of the endocasts of Mono-
delphis domestica (Figs. 2 and 5) and Didelphis vir-
giniana (Fig. 8), the hindbrain is represented as a
smooth surface because of the underlying cisterns.
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The medulla oblongata and pons of the hindbrain
do not leave distinctive marks on the ventral sur-
face of any of the endocasts of M. domestica or
D. virginiana. However, casts of the jugular fora-
men and hypoglossal foramina are visible on the
ventral hindbrain casts of both of the endocasts of
M. domestica and D. virginiana (Figs. 2 and 8). The
jugular foramen transmits cranial nerves IX, X,
and XI (Wible, 2003) and is located just posterome-
dial to the parafloccular cast and directly posterior
to the cast of the internal acoustic meatus (Figs. 2
and 8). Two hypoglossal foramina for transmitting
branches of cranial nerve XII are visible on either
side of the foramen magnum in the endocasts
(Figs. 2 and 8). The number of hypoglossal foramina
is variable within some species of marsupials, and
occasionally there is variation in number between
the right and left sides of the same individual
(Wible, 2003).

Midventral surface of endocasts. The cast of
the hypophysis, which houses a portion of the pitui-
tary gland, is a prominent feature in the center of
the ventral surface of the endocasts of Monodelphis
domestica (Figs. 2 and 5). The relative size of the
hypophyseal fossa increases during ontogeny from
composing 0.09-0.10% (n = 2) of endocranial space
in Day 27 individuals to 0.25-0.58% (n = 3) of endo-
cranial space in adults. The width/length aspect ra-
tio of the hypophyseal fossa decreases from 1.10—
1.11 (n = 2) in Day 27 individuals to 0.68-0.80 (n =
3) in adults. The depth of the hypophyseal fossa
grows at a rate that is slightly slower with respect
to hypophyseal length than width (height/length as-
pect ratio range 0.13-0.32, mean = 0.25, n = 13;
height/width aspect ratio range 0.23-0.40, mean =
0.31,n = 13).

The hypophyseal cast of Didelphis virginiana
(Fig. 8) is oval in shape (when viewed ventrally)
and very deep (length = 5.544 mm; width = 4.527 mm;
height = 3.336 mm), constituting 0.47% of endocra-
nial space in D. virginiana. Each internal carotid
artery curves anteriorly and dorsomedially to enter
the posterolateral portion of the hypophyseal fossa
(Fig. 8), unlike Monodelphis domestica in which the
casts of the internal carotid arteries entering the
hypophyseal fossa are straight and nearly horizon-
tally oriented (Fig. 2).

In both Monodelphis domestica and Didelphis
virginiana, the cavum epiptericum is separate from
the cavum supracochleare, which sits in the petro-
sal and houses the geniculate ganglion of the facial
nerve (Wible, 2003). The cavum epiptericum is the
space between the primary and secondary walls of
the braincase in mammals (Kithn and Zeller, 1987,
Novacek, 1993). This space is occupied by the semi-
lunar (Gasserian) ganglion of the trigeminal nerve
(cranial nerve V), and portions of cranial nerves II-
VI in M. domestica and D. virginiana (Kiihn and
Zeller, 1987; Maier, 1987a). The casts of the cava
epipterica of M. domestica and D. virginiana are
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long and narrow, similar to the condition seen in
the endocast of the fossil metatherian, Pucadelphys
andinus (Figs. 2 and 8; Macrini et al., 2007a). How-
ever, the cavum epiptericum is deeper and better
developed in D. virginiana in comparison to
M. domestica.

A number of openings are incorporated in the
cavum epiptericum space; from anterior to posterior
these are the sphenorbital fissure, foramen rotun-
dum, and the foramen ovale (Figs. 2 and 8). Several
cranial nerves pass through the sphenorbital fis-
sure of didelphids, including the optic nerve (II),
the oculomotor nerve (III), the trochlear nerve (IV),
a branch of the ophthalmic branch of the trigeminal
nerve (V;), and the abducent nerve (VI) (Wible,
2003). The anterior portion of the cavum epipteri-
cum through which these nerves pass en route to
the sphenorbital fissure is represented by paired
canals on the endocasts (Figs. 2 and 8). The right
and left casts of the cava epipterica come within
close proximity to each other as they approach the
fissure, but do not become completely confluent at
the fissure in either Monodelphis domestica (Fig. 2)
or Didelphis virginiana (Fig. 8).

The foramen rotundum (Fig. 2), for the exit of the
maxillary branch of the trigeminal nerve (Vy), is
located on a horizontally oriented tube that ends
anterolateral to the hypophyseal cast. The foramen
ovale for the exit of the mandibular branch of the
trigeminal nerve (V3) is located just posterolateral
to the hypophyseal cast and sits in the posterior
portion of the cavum epiptericum (Figs. 2 and 5).
The foramen opens directly ventrally.

We quantified the posterior half of the cavum epi-
ptericum, that is, the portion of the cavum that
extends from the foramen rotundum posterior to
the foramen ovale. This was an attempt to provide
an estimate of the size of the semilunar ganglion.
In Monodelphis domestica, the volume of both pos-
terior halves of the cava epipterica together com-
pose between 0.15% and 0.44% of endocranial space
(mean = 0.31%, n = 14; Table 5). The posterior
halves of the cava epipterica constitute a signifi-
cantly greater percentage of the total endocranial
space in older individuals (e.g., adults and Day 90)
than in younger individuals (e.g., Day 27). In Didel-
phis virginiana, the posterior halves of the cava
epipterica (Fig. 8) have a volume of 41.428 mm?,
which composes 0.63% of the total endocranial
space.

The endocasts of Monodelphis domestica and
Didelphis virginiana are nearly identical in the
placement of the foramen ovale, cavum epipteri-
cum, and orbital fissure (Figs. 2, 5, and 8). However,
the distance between the orbital fissure and fora-
men rotundum is much greater in D. virginiana
(Fig. 8) than in M. domestica (Figs. 2 and 5). The
large tympanic cavity of M. domestica possibly
accounts for the anterior displacement of the fora-
men rotundum (Figs. 2 and 5). The tympanic pro-
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TABLE 5. Volume data taken from digital endocasts of Monodelphis domestica using VGStudioMax

Specimen number Age Sex EV OB volume® PF volume?® HP volume CE volume?
TMM M-7595 27 ? 248.523 19.318 3.383 Hypophysis damaged 0.418
TMM M-8265 27 ? 224.899 7.982 3.211 0.195 0.345
TMM M-8261 27 ? 222.982 11.532 4.080 0.229 0.413
TMM M-7536 48 Q 437.380 27.376 7.276 0.290 1.267
TMM M-8269 48 Q 482.658 31.491 7.767 0.432 1.474
TMM M-8266 56 Q 560.441 32.928 8.752 0.407 1.440
TMM M-7539 57 Q 486.902 35.134 7.406 0.765 1.240
TMM M-7542 75 3 612.469 38.880 9.680 0.492 2.097
TMM M-8267 76 3 689.663 50.655 10.861 0.498 2.308
TMM M-7545 90 Q 644.829 41.925 9.549 0.541 2.724
TMM M-8268 90 3 804.633 61.277 12.137 1.010 2.825
TMM M-8273 456 3 956.059 80.582 11.343 2.358 4.212
TMM M-8271 837 Q 987.894 80.249 11.491 2.871 3.855
TMM M-7599 Adult? Q 954.777 76.401 10.544 5.558 4.032

Absolute age given in days postnatal if known.
Volumes given in mm"~.

CE, posterior half of cavum epiptericum; EV, endocranial volume; HP, hypophyseal fossa; OB, olfactory bulb cast; PF, parafloccular cast.

#Volume data presented are combined for bilateral structures.

PRelative age given based on dental maturity following van Nievelt and Smith (2005).

cess of the alisphenoid, which forms the dorsal and
anterior boundaries of the tympanic cavity, is rela-
tively larger in M. domestica in comparison to
D. virginiana resulting in a relatively larger and
more anteriorly expansive tympanic cavity in M.
domestica. The relatively large tympanic cavity
accounts for a broad indentation on the posterolat-
eral surface of the cast of the piriform lobe of the cer-
ebrum in M. domestica (Fig. 2C). This indentation is
absent on the endocast of D. virginiana (Fig. 8C).

Encephalization Quotients

The three regression methods produced similar
results for the growth series of Monodelphis domes-
tica (Table 6). EV is positively correlated with body
mass for individuals of the growth series (Fig. 11).
The three regression methods also produced similar
results when the adult didelphid data of Eisenberg
and Wilson (1981; hereafter referred to as the
“adult didelphid data”) were analyzed (Table 6).
The 95% confidence intervals of the slopes of the
growth series of M. domestica and the adult didel-
phid data analyses did not come close to overlap-
ping, suggesting that the slopes of the allometry
lines of the two groups are truly different (Fig. 11;

Table 6). However, the datum point for the adult
sample of Monodelphis brevicaudata from the adult
didelphid data set lies on the regression line from
the growth series data of M. domestica. The datum
point for M. brevicaudata clusters with the data
points for the adult M. domestica.

DISCUSSION
Endocasts and Biology of Monodelphis
domestica During Postnatal Growth

The overall morphology of the 14 endocasts of
Monodelphis domestica is divisible into four distinct
groups. The first group consists of two of the Day 27
individuals (TMM M-8261 and TMM M-8265); the
third Day 27 individual is excluded from all of the
groups because desiccation of the skull resulted in a
misshapen endocast. The Day 27 endocasts are
characterized by relatively small, spherical olfac-
tory bulb casts, and a large spherical “main body”
of the endocast (Fig. 3).

The Day 27 individuals correspond to dental age
Class 0 for which none of the upper molars are fully
erupted, as assessed on cleaned skulls (van Nievelt
and Smith, 2005). The onset of hearing in Monodel-
phis domestica coincides with this age. The external

TABLE 6. Results from regression analyses of the EQ plot for adult didelphid and the EQ plot
for the growth series of Monodelphis domestica

Analysis y-intercept Slope Lower CL Upper CL
Adult didelphids
Least-squares —1.0488 0.6099 0.5330 0.6870
Major-axis —1.0689 0.6187 0.5430 0.7000
Reduced-major axis -1.0763 0.6220 0.5467 0.7048
Monodelphis domestica growth series
Least-squares —0.8057 0.3979 0.3410 0.4550
Major-axis —0.8095 0.4007 0.3443 0.4593
Reduced-major axis -0.8134 0.4037 0.3479 0.4641

Lower CL, lower bound of 95% confidence interval for the slope; upper CL, upper bound of 95% confi-

dence interval for the slope.
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Fig. 11. Bivariate plot of the log;o(endocranial volume) vs.
logio(body mass) for different didelphid species (data from
Eisenberg and Wilson, 1981) with data from the growth series
of Monodelphis domestica superimposed. Endocranial volume
data from the growth series were converted to cm?®.

acoustic meatus is partially open around days 28—
30 postnatal (Reimer, 1996; Aitkin et al., 1997), and
the middle ear ossicles are immature but are begin-
ning to separate from the mandible (Sanchez-Vil-
lagra et al., 2002). The onset of sight also occurs
around days 28-35 postnatal (Kraus and Fadem,
1987).

A number of other neurological changes associ-
ated with sensory adaptations occur shortly after
Day 27. The olfactory bulbs assume an adult-like
organization at the cellular level by Day 30
(Brunjes et al., 1992). The adult condition of the
parafloccular lobe of the cerebellum only filling half
of the subarcuate fossa is assumed by Day 35 (San-
chez-Villagra, 2002). The vomeronasal organ first
opens into the nasopalatine duct by Day 40 and
thus becomes functional for pheromone detection
(Sanchez-Villagra, 2001).

The second morphological group of endocasts con-
sists of Day 48 individuals. The olfactory bulb casts
are relatively larger and less spherical in overall
shape relative to the endocasts of Day 27 individu-
als (Fig. 3). By Day 48, M1 is fully erupted, corre-
sponding to dental age Class 1 for Monodelphis
domestica (van Nievelt and Smith, 2005).

The third morphological group is the largest and
includes five individuals from Day 56 to 90. The cer-
ebral hemisphere casts extend laterally beyond the
maximum transverse extent of the cerebellar cast
(Fig. 3). In this age class, the differentiation of the
cerebellar cortical layers is complete by Day 75
(Sanchez-Villagra and Sultan, 2002). In addition,
weaning in Monodelphis domestica occurs around
Day 56 (Kraus and Fadem, 1987; VandeBerg, 1990).
By Day 56, M2 is fully erupted, corresponding to
dental age Class 2 for M. domestica (van Nievelt
and Smith, 2005). The Day 75, 76, and 90 individu-
als also belong to this dental age class.
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The fourth morphological group of endocasts
includes one Day 90 individual (TMM M-8268) and
the three adult individuals. The “main body” of the
endocast, the portion posterior to the olfactory
bulbs, is hexagonal in shape when viewed dorsally
(Fig. 3). The flexure points between sides of the hex-
agon are more angular than those in endocasts of
the other morphological groups.

Sexual maturity in laboratory Monodelphis domes-
tica occurs at 5—6 months, and onset of reproductive
decline occurs at 18-24 months in females and 24—
30 months in males (VandeBerg, 1990). Individuals
that die of natural causes have a lifespan of 36—42
months in captivity (VandeBerg, 1990), with a maxi-
mum documented lifespan of 49 months (Nowak,
1999). The three adult M. domestica used in this
study correspond to the dental Class 4 because all of
the adult dentition is fully erupted (van Nievelt and
Smith, 2005).

Percent of Endocranial Volume Filled
by the Brain in Marsupials

The brain fills 67.8-86.6% of the EV in three
specimens of Monodelphis domestica, all from dif-
ferent age classes. These values fall within the
range of interspecific variation for a number of
Australasian marsupials including species from Das-
yuridae, Peramelidae, Burramyidae, Petauridae,
Pseudocheirdae, Phalangeridae, Phascolarctidae,
Vombatidae, Potoroidae, and Macropodidae (Haight
and Nelson, 1987).

One noteworthy taxon is the koala, Phascolarctos
cinereus, which according to Haight and Nelson
(1987), has a brain that on average only fills 61% of
the EV, the lowest reported value for a mammal. A
subsequent study pointed out the perils of meas-
uring brain mass from preserved material and
found that based on fresh specimens, the brain fills
on average 75.8% (n = 25) of the EV of the koala
(Miguel and Henneberg, 1998). A more recent study
reported that the brain of the koala fills around
83% of the EV based on magnetic resonance im-
agery (MRI) of a live koala (Taylor et al., 2006). The
values for the koala from the latter two studies are
more in line with results from other marsupials
(Haight and Nelson, 1987).

With the koala in mind, it is apparent that brain
mass measurements from preserved specimens of
mammals may not provide an accurate estimate for
the brain mass in vivo. A difference between live
and preserved brain measurements of greater than
20%, as in the koala, is an extreme case, probably
because of the large size of the ventricles in this
taxon (Haight and Nelson, 1987; Miguel and Hen-
neberg, 1998; Taylor et al., 2006). Nonetheless, MRI
data would provide a more accurate estimate of the
percentage of EV filled by the brain in Monodelphis
domestica and other marsupials. Such an analysis
is underway for M. domestica.
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Variation in Scoring Endocranial
Phylogenetic Characters

Most of the variation observed between the endo-
casts of Monodelphis domestica is characterized as
ontogenetic, although individual variation is also
present in this sample. A large amount of the varia-
tion we observed is quantitative; this includes
shape change as indicated by differences in aspect
ratios, volume changes, and the changes in the vol-
umes of specific structures relative to the entire EV.
However, some of the variation observed here can
also be characterized as qualitative.

A discussion is presented below of types or lack of
variation observed in this sample of 14 endocasts of
Monodelphis domestica for 35 endocranial charac-
ters. Reference is also made to the one endocast of
Didelphis virginiana incorporated in this study, but
obviously variation was not addressed for this taxon.

Character 1. Relative expansion of the brain-
case: braincase is narrow in the parietal region (0);
cerebral cast expanded (the parietal part of the cra-
nial vault is wider than the frontal part, but does
not extend to lambdoidal region) (1); or greatly
expanded (cerebellar cast is transversely expanded
as much as cerebral cast) (2). This character was
modified from Luo and Wible (2005, Character 414).
Endocasts of all ages of Monodelphis domestica and
Didelphis virginiana we examined have braincases
that show lateral expansion but only anterior to the
lambdoidal region of the endocranial cavity.

Character 2. Maximum width of entire endocast
relative to its anteroposterior length: endocast lon-
ger than wide (aspect ratio < 0.9) (0); endocast
length and width about equal (aspect ratio = 0.9—
1.1) (1); or endocast wider than long (aspect ratio >
1.1) (2). This character is from Macrini (2006; Char-
acter 2). The endocast width/length aspect ratio
decreases through ontogeny, suggesting that the
length of the endocranial cavity is growing at an
overall faster rate than endocast width from Day 27
to adult (Rowe, 1996a). Individual variation is also
noticeable between Day 27 opossums (n = 3) for
which the endocast width/length aspect ratio has a
range of 0.68-0.80. However, there is no variation
in how this character is scored for Monodelphis
domestica, based on the discrete nature of this char-
acter. All of the specimens we examined have aspect
ratios less than 0.9; that is, their endocasts are lon-
ger than wide.

Character 3. Endocast flexure: 1-5° (0); 6-10°
(1); 11-15° (2); 16-20° (3); 21-25° (4); 26-30° (5);
31-35° (6); 36—40° (7); 41-45° (8); 46-50° (9); 51-55°
(A); or 56—60° (B). This character is from Macrini
(2006; Character 6). Endocast flexure measures
were rounded to the closest integer. This character
shows both individual and ontogenetic variation for
this sample of endocasts of Monodelphis domestica.

Character 4. Olfactory bulb casts: present on
endocast (0); or absent from endocast (1). This char-
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acter is from Macrini (2006; Character 7). All the
endocasts of Monodelphis domestica and Didelphis
virginiana have well-developed olfactory bulb casts.

Character 5. Width of olfactory bulb cast rela-
tive to its length: longer than wide (aspect ratio <
0.9) (0); wider than long (aspect ratio > 1.1) (1);
or length and width are about equivalent (aspect
ratio = 0.9-1.1) (2). This character is from Macrini
(2006; Character 9). This character shows ontoge-
netic variation; younger individuals of the growth
series have more spherical olfactory bulb casts than
those of adult specimens. The width/length aspect
ratio also varies between individuals of comparable
age affecting how this character is scored for nona-
dult Monodelphis domestica (e.g., Day 27 individu-
als). There is no variation in how this character is
scored for M. domestica when considering adults
only.

Character 6. Percent of endocast composed by
olfactory bulb casts: 0.0-0.9% (0); 1.0-1.9% (1); 2.0—
2.9% (2); 3.0-3.9% (3); 4.0-4.9% (4); 5.0-5.9% (5);
6.0-6.9% (6); 7.0-7.9% (7); 8.0-8.9% (8); 9.0-9.9%
(9); 10.0-10.9% (A); 11.0-11.9% (B); 12.0-12.9% (C);
13.0-13.9% (D); 14.0-14.9% (E); 15.0-15.9% (F); or
16.0-16.9% (G). This character is from Macrini
(2006; Character 10). Percent data were rounded to
the nearest 0.1%. This character exhibits both onto-
genetic and individual variation. Relative olfactory
bulb cast size increases with age in Monodelphis
domestica as illustrated by Figure 9. Considerable
variation is also noticeable between individuals of
comparable age for nonadult individuals. For exam-
ple, in Day 27 individuals (n = 3), the olfactory bulb
casts constitute a range of 3.55-7.77% of endocra-
nial space. However, there is no variation in how
this character is scored for M. domestica when con-
sidering adults only.

Character 7. Accessory olfactory bulb casts:
absent (0), or visible on endocast (1). This character
is from Macrini et al. (2007b; Character 2). Acces-
sory olfactory bulbs of extant mammals receive pro-
jections from the vomeronasal organ, which func-
tions in the detection of pheromones (Nieuwenhuys
et al., 1998). None of the endocasts of Monodelphis
domestica or Didelphis virginiana that we exam-
ined had visible accessory olfactory bulb casts.

Character 8. Circular fissure (separating olfac-
tory bulbs from cerebral hemisphere): shallow or
absent (0), or deep (1) on endocast. This character is
modified from Luo and Wible (2005, Character 418).
A deep circular fissure is present on all endocasts of
Monodelphis domestica and Didelphis virginiana.
On endocasts, this fissure is a reflection of a bony
annular ridge that protrudes from the internal sur-
face of the frontal bone.

Character 9. Casts of olfactory tracts: not visi-
ble on endocast (0); or visible on endocast (1). This
character is from Macrini et al. (2007b; Character
3). The casts of the olfactory tracts are not distin-
guishable on any of the endocasts of Monodelphis
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domestica we examined; however, the tracts are
clearly visible on the endocast of Didelphis virgini-
ana.

Character 10. Lateral extent of cerebral hemi-
sphere cast: most lateral point of cerebral cast is
medial to or even with the parafloccular cast (0), or
cerebral cast clearly extends laterally beyond paraf-
loccular cast (1). This character is from Macrini
et al. (2007b; Character 7). All of the endocasts of
Monodelphis domestica exhibit state (0) for this
character, but the endocast of Didelphis virginiana
shows state (1).

Character 11. Surface of cerebral hemisphere
casts: lissencephalic (i.e., smooth) (0); or gyrence-
phalic (i.e., convoluted) (1). This character is from
Macrini et al. (2007b; Character 5). The cerebral
hemisphere casts of all of the endocasts of Monodel-
phis domestica and Didelphis virginiana are with-
out distinctive convolutions and are therefore con-
sidered lissencephalic. Dissections confirm that the
surfaces of the cerebral hemispheres are actually
lissencephalic (Fig. 10; Loo, 1930).

Character 12. Rhinal fissure on endocast:
absent (0); or present (1). This character is from
Macrini et al. (2007b; Character 6). None of the
endocasts of Monodelphis domestica displays any
trace of the rhinal fissure; however, the posterior
portion of the fissure is visible on the endocast of
Didelphis virginiana. The rhinal fissure marks the
ventral edge of the isocortex (i.e., neocortex). Ab-
sence of this structure on an endocast does not nec-
essarily indicate that the brain of that animal
lacked an isocortex (Jerison, 1991). Dissections con-
firm that brains of adult M. domestica have a fully
formed rhinal fissure (fig. 1 of Briickner et al.,
1998).

Character 13. Position of rhinal fissure on endo-
cast: on lateral surface (0); or on ventral surface (1).
This character is from Macrini (2006; Character
15). This character is nonapplicable for the endo-
casts of Monodelphis domestica because they do not
show the rhinal fissure. In Didelphis virginiana,
the rhinal fissure appears on the lateral surface of
the endocast.

Character 14. Exposure of midbrain (superior
and inferior colliculi) on dorsal surface of endocast:
absent (0); or present (1). This character is from
Macrini et al. (2007b; Character 11). The midbrain
is not exposed on the dorsal surface of any of the
endocasts of Monodelphis domestica or Didelphis
virginiana. Dissections indicate that large blood
sinuses, particularly the paired transverse sinus
and confluens sinuum, are responsible for obscuring
the midbrain from dorsal view on endocasts (Dom
et al., 1970).

Character 15. Cast of vermis of cerebellum: not
visible on endocast (0); or clearly visible on endocast
(1). This character is from Macrini (2006; Character
20). The vermis of the cerebellum leaves an impres-
sion on the dorsal surface of most of the endocasts
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of Monodelphis domestica and Didelphis virgini-
ana. However, the vermis cast is not discernable on
any of the endocasts of Day 27 individuals, probably
because the cerebellum is not fully developed at
this age (Sanchez-Villagra and Sultan, 2002). Stud-
ies of endocasts of the extinct multituberculate
mammal Kryptobaatar dashzevegi suggest that the
vermis is obscured by a large cistern of the subar-
achnoid space (Kielan-Jaworowska and Lancaster,
2004). Dissections confirm that this is certainly not
the case in Monodelphis domestica.

Character 16. Cast of vermis of cerebellum:
extends anterior to or even with the parafloccular
casts (0); or vermis remains behind parafloccular
casts (1). This character is modified from Luo and
Wible (2005, Character 415). The vermis is located
behind the parafloccular casts on all of the speci-
mens in which the vermis is discernable on their
endocast.

Character 17. Cerebellar hemisphere casts on
endocast: not visible on endocast (0); or well-devel-
oped on endocast (1). This character is modified
from Luo and Wible (2005, Character 417). Cerebel-
lar hemisphere casts are visible on most endocasts
of Monodelphis domestica and the Didelphis virgin-
iana. The cerebellar hemisphere casts are not dis-
cernable on any of the endocasts of Day 27 individu-
als, probably because the cerebellum is not fully
developed at this age (Sanchez-Villagra and Sultan,
2002).

Character 18. Cast of the paraflocculus of the
cerebellum: present (0); or absent (1) on endocast.
This character is from Macrini et al. (2007b; Char-
acter 14). All of the endocasts of Monodelphis
domestica and the Didelphis virginiana have well-
developed parafloccular casts which are representa-
tions of the space within the subarcuate fossa of the
petrosal bone. It is unclear how much of this space
is actually filled with the parafloccular lobe of the
cerebellum. Previous studies of M. domestica sug-
gest that the parafloccular lobes completely fill the
subarcuate fossa early in postnatal ontogeny but
only fill about half the space in adults (Sanchez-Vil-
lagra, 2002). However, the effects of desiccation of
dead specimens on brain shape remain unexplored
for opossums.

Character 19. Percent of endocast composed by
parafloccular casts: 0.0-0.5% (0); 0.6-1.0% (1); 1.1—
1.5% (2); 1.6-2.0% (3); 2.1-2.5% (4); 2.6-3.0% (5);
3.1-3.5% (6); 3.6-4.0% (7); or 4.1-4.5% (8). This
character is from Macrini (2006; Character 19). Per-
cent data were rounded to the nearest 0.1%. As
mentioned earlier, the parafloccular casts are rela-
tively larger early in the ontogeny of Monodelphis
domestica (e.g., Day 27) than in adults (Fig. 9). This
would suggest that balance and spatial orientation
develop early in postnatal ontogeny because the
paraflocculus is associated with these functions
(Butler and Hodos, 1996). There is also some indi-
vidual variation for this character; the percent of
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endocranial space composed by the parafloccular
casts ranges from 1.36% to 1.83% in Day 27 individ-
uals. However, there is no variation in how this
character is scored when only considering adult
specimens of M. domestica.

Character 20. Parafloccular cast shape: cone-
shaped (0), broad and rounded (1), large, posterolat-
erally oriented ovoids (2), or long and cylindrical
without expansion on the distal end (3). This char-
acter is from Macrini et al. (2007b; Character 16).
Although there is variation in the shape of the
parafloccular cast in this sample of Monodelphis
domestica, for this character all of the specimens
are scored as having state (1). The specimen of
Didelphis virginiana exhibits state (3).

Character 21. Transverse sinus cast: absent (0);
or visible on endocast (1). This character is from
Macrini (2006; Character 25). Transverse sinus
casts are visible on all endocasts of Monodelphis
domestica and Didelphis virginiana except for two
of the Day 27 individuals.

Character 22. Sigmoid sinus cast: absent (0); or
visible on endocast (1). This character is from Macrini
(2006; Character 26). The sigmoid sinus cast is only
visible on the Day 48-90 individuals of Monodelphis
domestica and the adult Didelphis virginiana.

Character 23. Prootic vein cast: absent (0); or
visible on endocast (1). This character is from
Macrini (2006; Character 27). The prootic vein casts
are visible on all of the endocasts of Monodelphis
domestica except for the Day 27 individuals. The
endocast of Didelphis virginiana also has a prootic
vein cast.

Character 24. Superior sagittal sinus cast: visi-
ble on dorsal surface of endocast (0), or not visible
(1). This character is from Macrini et al. (2007b;
Character 8). The superior sagittal sinus does not
leave an impression on an endocast if it is located
deep within the meninges or if the walls of the
sinus are completely surrounded by bone such as
occurs with taxa possessing an ossified falx cerebri.
The superior sagittal sinus is located within the
meninges of the brain in Monodelphis domestica
and therefore does not appear on any of the endo-
casts. However, this sinus leaves an impression on
the dorsal surface of the endocast of Didelphis vir-
giniana, effectively filling in the median sulcus so
that it is not represented on the endocast (Fig. 8).

Character 25. Ossified falx cerebri: absent (0),
or present (1). This character is from Macrini et al.
(2007b; Character 9). The falx cerebri is a portion of
the dura mater that occupies the median sulcus
between the cerebral hemispheres. This osteological
character is examined in this article because of the
potential that it is correlated with the depth of the
median sulcus on an endocast. None of the speci-
mens of opossums we examined in this article have
an ossified falx cerebri.

Character 26. Osseous tentorium: absent (0),
posteromedial ossification of tentorium cerebelli (1),
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lateral ossification of tentorium cerebelli (2), or
complete ossification of tentorium cerebelli (3). This
character is from Macrini et al. (2007b; Character
10). All of the specimens of opossums we examined
for this article lack any significant ossification of
the tentorium cerebelli and are therefore all scored
as having state (0).

Character 27. Anterior portion of cavum epi-
ptericum leading to the sphenorbital fissure: ante-
rior portions of right and left cava are at least par-
tially separated at sphenorbital fissure (0), or cava
are completely confluent at sphenorbital fissure (1).
This character is from Macrini et al. (2007b; Char-
acter 21). The anterior portions of the right and left
cava epipterica at the level of the sphenorbital fis-
sure are in close proximity to each other but are
never completely confluent in the endocasts of
Monodelphis domestica and Didelphis virginiana.

Character 28. Optic chiasm: absent from endo-
cast (0); or visible on endocast (1). This character is
from Macrini (2006; Character 39). The optic
chiasm is not visible on any of the endocasts of
Monodelphis domestica or the Didelphis virginiana.
This optic chiasm is surrounded by meninges that
obscure it in the ventral view of endocasts.

Character 29. Depth of hypophyseal fossa with
respect to its length: fossa deeper than long (aspect
ratio > 1.1) (0); fossa longer than deep (aspect ratio
< 0.9) (1); or hypophyseal fossa depth and length
about equal (aspect ratio = 0.9-1.1) (2). This char-
acter is from Macrini et al. (2007b; Character 17).
One of the Day 27 (TMM M-7595) exhibits state (0),
but all of the other Monodelphis domestica show
state (1).

Character 30. Width of hypophyseal fossa rela-
tive to its length: wider than long (aspect ratio >
1.1) (0); longer than wide (aspect ratio < 0.9) (1); or
hypophyseal length and width are about equal (as-
pect ratio = 0.9-1.1) (2). This character is from
Macrini et al. (2007b; Character 18). The hypophy-
seal fossa width/length aspect ratio in Monodelphis
domestica decreases with age indicating that as on-
togeny progresses, hypophyseal length increases at
a faster rate than hypophyseal width. This charac-
ter also shows some individual variation for the
Day 57 and Day 75 age groups.

Character 31. Percent endocast composed by
hypophyseal fossa: 0.00-0.09% (0); 0.10-0.19% (1);
0.20-0.29% (2); 0.30-0.39% (3); 0.40-0.49% (4);
0.50-0.59% (5); 0.60-0.69% (6); 0.70-0.79% (7);
0.80-0.89% (8); 0.90-0.99% (9); 1.00-1.09% (A);
1.10-1.19% (B); 1.20-1.29% (C); or 1.30-1.39% (D).
This character is from Macrini (2006; Character
31). Percent data were rounded to the nearest
0.01%. The relative size of the hypophyseal fossa
shows ontogenetic variation in Monodelphis domes-
tica; the relative size of the fossa increases with
age. This agrees with the observation that the pitui-
tary gland shows positive allometry with increasing
body size across vertebrates (Edinger, 1942). This
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character also shows some individual variation,
especially in adults.

Character 32. Percent of endocast composed by
the posterior half of the cava epipterica: 0.10-0.19%
(0), 0.20-0.29% (1), 0.30-0.39% (2), 0.40-0.49% (3),
0.50-0.59% (4), 0.60-0.69% (5), 0.70-0.79% (6),
0.80-0.89% (7), 0.90-0.99% (8), 1.00-1.09% (9),
1.10-1.19% (A), 1.20-1.29% (B), or 1.30-1.39% (C).
This character is modified from Macrini (2006;
Character 36). Percent data were rounded to the
nearest 0.01%. The relative size of the posterior
half of the cavum epiptericum increases with ontog-
eny. The posterior portion of the cavum epiptericum
is intended to be a proxy for the size of the semilu-
nar ganglion during postnatal development. At
birth, the semilunar ganglion nearly fills the cavum
epiptericum of Monodelphis domestica and is rela-
tively large compared with the size of the underde-
veloped brain (Maier, 1987a). However, it is unclear
how much of the posterior half of the cavum epi-
ptericum is filled by the semilunar ganglion in later
stages of postnatal ontogeny. This character also
shows individual variation, including among
adults.

Character 33. Position of aperture of canals
transmitting the carotid arteries into the hypophy-
sis: posterolateral portion of hypophysis (0), or an-
terolateral portion of hypophysis (1). This character
is from Macrini et al. (2007b; Character 19). There
is no variation in how this character is scored for
the sample of Monodelphis domestica we examined;
all specimens exhibit state (0).

Character 34. Cavum epiptericum: confluent
with cavum supracochleare (0); or Cavum epipteri-
cum and cavum supracochleare separated by at
least a partial bony wall (1). This character is from
Wible (1990). The specimen of Didelphis virginiana
and all of the Monodelphis domestica examined
here exhibit character state (1).

Character 35. Position of pons relative to root of
cranial nerve V: pons lies anterior to root of cranial
nerve V (0); or pons lies wholly posterior to the root
of cranial nerve V (1). This character is modified
from Macrini (2006; Character 28). This character
cannot be evaluated on either endocasts of Mono-
delphis domestica or Didelphis virginiana because
the pons is not visible on any of these. However, dis-
sections reveal that the pons lies anterior to the
root of cranial nerve V on the hindbrain for all M.
domestica examined.

Summary of Variation Among Endocranial
Characters and Implications for this Study

Character 13 was not applicable for endocasts of
Monodelphis domestica. Of the remaining 34 char-
acters, 13 (~38%) showed some sort of intraspecific
variation (ontogenetic, individual, or both) and 21
(~62%) were not variable. Two of 34 characters
(~6%) showed only individual variation, four
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(~12%) showed only ontogenetic variation, and
seven (~21%) showed both types of variation.

Examined in a different way, nine of the 35 char-
acters are quantitative and the remaining 26 are
qualitative. Of the nine quantitative characters,
one only shows variation between individuals of
comparable age, seven show both ontogenetic and
individual variation, and one shows no variation.
Unsurprisingly, ~89% of the quantitative endocra-
nial characters show some sort of variation. In con-
trast, only ~21% of the qualitative characters show
some sort of variation. Of the 26 qualitative charac-
ters, one only shows individual variation, four only
show ontogenetic variation, 21 show no variation at
all, and one character is not applicable to the endo-
cranial cavity of Monodelphis domestica.

These results indicate that both ontogenetic and
individual variation affect how endocranial charac-
ters are scored for phylogenetic analysis, at least
for the taxon Monodelphis domestica. However, the
taxonomic extent to which these results are applica-
ble is unclear at this point (e.g., Are these charac-
ters variable for all marsupials, all therians, or all
mammals?). Further study is required to address
this question.

But assuming that the polymorphism of at least
some endocranial characters is more widespread
than the species Monodelphis domestica, individual
variation should be addressed by examination of
multiple specimens of each taxon. Ontogenetic vari-
ation can be dealt with either by only scoring char-
acters from individuals of comparable age (e.g.,
only adults) or by examining growth series for each
taxon. Either approach requires a careful assess-
ment of the ontogeny of each specimen. It is impor-
tant to mention that only three characters (3, 31,
32), all of which are quantitative, show variation
among our sample of adult individuals. Therefore,
if only qualitative characters are examined on adult
specimens of M. domestica, none of the characters
is variable.

Individual and ontogenetic variation of endocra-
nial characters can and should certainly be exam-
ined in other extant mammals; in particular,
eutherians and monotremes. However, obtaining
multiple individuals of fossil taxa is not always fea-
sible. For instance, several key Mesozoic mammals
and nonmammalian cynodonts are represented by a
sample size of one and therefore variation cannot
be evaluated. Even when multiple individuals of a
fossil taxon are available, preservation biases fur-
ther limit sample sizes. Specimens with missing,
damaged, or distorted braincases will have at least
some missing data for endocranial characters. This
is illustrated by the distortion of the hypophyseal
fossa in one of the Day 27 individuals of Monodel-
phis domestica (TMM M-7595). This being said,
there are opportunities to examine multiple individ-
uals of the same species of fossil mammal. For
example, several dozen natural endocasts of the
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Eocene oreodont Bathygenys reevesi are known
from a single locality in West Texas (Wilson, 1971,
Macrini, unpublished observation).

CONCLUDING REMARKS

Now that intraspecific variation of endocasts of
Monodelphis domestica is documented, endocranial
characters scored for this taxon should be dealt
with accordingly in phylogenetic analyses. Possible
treatments of polymorphic characters in phyloge-
netic analyses include (but are not limited to) ignor-
ing these characters altogether (“fixed-only”
method), breaking up terminal taxa into nonvariant
subunits, coding only the most common polymor-
phic state, using a step matrix to order polymorphic
states, and incorporating frequency data on poly-
morphic characters (Campbell and Frost, 1993;
Wiens, 2000). These different coding methods are
compared in the literature (Campbell and Frost,
1993; Wiens, 1995, 1998, 1999, 2000; Kornet and
Turner, 1999; Voss and Jansa, 2003). Although dif-
ferent authors favor different methods, it is clear
that the fixed-only method is the least accurate
when the true phylogeny is known from simulation
studies or congruence studies in which the same
clades are recovered by a number of different data
sets (Wiens, 1999, 2000).

In summary, we provide answers to the three
questions we investigated in this study. First, based
on this particular sample of Monodelphis domes-
tica, the ontogeny of a specimen affects how phylo-
genetic characters pertaining to the endocranial
cavity are scored. Second, individual variation is
noticeable in this sample of endocasts of M. domes-
tica; therefore, multiple individuals of this taxon
should be examined when conducting phylogenetic
analyses of endocranial characters. Third, the brain
growth trajectory of M. domestica varies signifi-
cantly from the brain allometry trajectory deter-
mined from a sample of adult specimens of several
didelphid species. This suggests that juvenile speci-
mens of a particular mammalian taxon might have
a significantly different brain size relative to body
size than an adult of that same species. Therefore,
the ontogeny of an individual should be taken into
consideration for EQ studies.

In closing, further studies such as this should be
conducted to determine the taxonomic extent of sig-
nificant ontogenetic and individual variation of
these endocranial characters. Multiple individuals
of a taxon should be examined, if possible, when
scoring endocranial characters for phylogenetic
analysis. This article is only a preliminary study of
intraspecific variation in mammalian endocasts;
subsequent studies are planned to examine varia-
tion in extant eutherians and monotremes as well
as among taxa of fossil mammals. Other types of
intraspecific variation (e.g., sexual dimorphism)
should also be examined on endocasts of Monodel-
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phis domestica and other mammalian taxa in the
future.
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