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Abstract

The laboratory mouse is the foremost mammalian model used for studying human diseases and is closely anatomically
related to humans. Whilst knowledge about human anatomy has been collected throughout the history of mankind, the first
comprehensive study of the mouse anatomy was published less than 60 years ago. This has been followed by the more recent
publication of several books and resources on mouse anatomy. Nevertheless, to date, our understanding and knowledge of
mouse anatomy is far from being at the same level as that of humans. In addition, the alignment between current mouse and
human anatomy nomenclatures is far from being as developed as those existing between other species, such as domestic
animals and humans. To close this gap, more in depth mouse anatomical research is needed and it will be necessary to extent
and refine the current vocabulary of mouse anatomical terms.

Introduction

The mouse remains the key animal model for exploring
human disease and, despite its small comparative size, the
laboratory mouse is anatomically similar to humans, pro-
viding even unexpected anatomical analogies in structures
with high interspecies variation such as the presence of the
clavicle. Knowledge of human anatomy has been collected
and recorded throughout human history, however, the first
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comprehensive study of mouse anatomy was published by
Margaret J. Cook in 1965 (Cook 1965). Since the release of
Cook’s atlas, several books and resources of mouse anat-
omy and have been published (Table 1). Nevertheless, the
understanding and published descriptions of mouse anatomy
(Mus musculus) is far from the body of knowledge available
for humans (Homo sapiens). The most recently discovered
anatomical structure in humans, the cisterna chyli, was first
described four hundred years ago (Natale et al. 2017). In
contrast, there still remain examples of anatomical structures
of the mouse such as the bulbourethral glands with only
poorly described structural detail. Other examples of the gap
in complete description between human and mouse anatomy
are: (1) the extant knowledge of normal human anatomical
variation is well documented and quantified, but is poorly
characterized in the mouse. As an example, a previously
accepted anatomical difference between mouse and human,
the presence of a supratrochlear foramen in the humerus, is
now known to be incorrect because a percentage of humans
present with this foramen; (2) the disparity between the
number of anatomical entities in “gold-standard” ontolo-
gies: 3257 in the Mouse Anatomy (MA) ontology (version
2017-02-07) (Hayamizu et al. 2005b) versus 7800 in the Ter-
minologia Anatomica (TA) (version 2021-16-08) (F.I.LP.A.T
2019); and (3) existing mouse and human anatomic ontolo-
gies (Rosse and Mejino 2008) have only ~50% of terms have
a conceptual or lexical match.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00335-023-10005-4&domain=pdf

J. Ruberte et al.

390

BLIBULISJOA BOTWOJRUY BUIWON] 9U) SIS() "SUON

-00SSIP WOIJ UMBIP SUOHRISA[[I YIIM Se[je JO[0D) ssaid DD JND nosaunueISuU0) 1107 ey Syl pue ISNOJA Ay} Jo Awojeuy aaneredwo))
spue[3 reourd pue
‘proafyjered ‘pro1kyy ‘sisAydodAy ‘searoued ‘snsay sisAreuy aaneredwo)) v :yuswdopassg
‘Areao jo juswdoraaap pue A30[03s1Yy ‘Awojeuy ssa1d DD dr S1egpung ‘A UDIN ‘N Ueuyney  010C WISAS QULIOPUF ASNOJA] JO SIsed JIS0[0ISTH
310 dew-ureiq-osnow
//:sdny “Awouoxe) pazrue3io A[[edryoIeIaNy JIjeo)
-sAs e pue sweiderp Aq paruedwoooe ([enides pue ISNOJA S[BIN [9/19LSD Y} JO Seny
[BUOIOD) SUOT)OIS UTRIq [BIIT0[0ISTY [G YIM SB[y KT MH Suoq  800T urexg 10[oD) eI V ‘Se[IY 0UAIJY US|V
(swreaSerp pue sydeiSoroyd) uonIpg pary, oedwo)
SUOI109S UTeIq [edISO[0ISIY [eUOI0D ()T YIIM Sy $S9IJ OTWOPEIY (] uIp[ues] pue O sourxed 8002 'S9JBUIPIO0)) OIXEB)0AIA)S UT UTeIg 9SNOA YL,
SuOI93s [e2130]
-03SIY pue suonoassIp woiy syderSojoyd yim Se[ly  BUBISOIqQUIY OINIPH BSED) J nIe) ‘y ofniod D une[eq ‘g 120D  900T O1I0JBIOQE T Bp I[EWIUY I[[Sop eIwIojeuy
VIA BuoD ‘MdV goyl
JewIo} (@D swerderp pue sydeiojoyd ym sepy ouJ sagedoisiy sexa], -11 ¢ soplAeuag ‘d[ NUOD-ZIUAWID) ‘(D NUOD 00T £30]01STH 2snoJN K107eI0qRT JO SB[y
3009 00D
woly uaye) AWOJeUE ISNOW ) 0} UOHIONPONUL 1I0YS $S0I1q OIAPEIY MA Aquing) ‘A MI07T ‘DT UOSIOPUY ‘Of X0 00T UONIPH PUOIAS QUIDIPIA [eWIUY AIOJRIOQR]
SUOT}OQS [BSIOP PUB ‘[ENITES ‘9SIASURT) PUE ‘SUOT)
-00ssIp ‘u03[ays Jo sydesSojoyd yim sepe J0[o) ouJ SYNURIOS donurerg 1 emeyeAeq ‘Y eiysewex ‘I, DEM] [00C OSNOJA 9y} JO AWOIBUY [BUONIS JO SE[}y JO[0d Y
A UOSYOLIOpaI]
SUOIIONPOIIUI [edTWIOJRUR M SI)deYD [BI0AQS ssaId Q1elS eMo] ‘[ S1oqpung Y joduorely ‘df IO[YBRIN ‘IN[ PTBAA  000T QOTA pareauIduy A[eonouan) jo A3ojoyied
swa)sAs onerodojewray pue oneydwA] jo £3010340
pue ‘A30103s1y ‘Awojeue ay) jnoqe s1aydeyo 221y ], OTWOPEOY POOMIBH AV SILIBH pue NI, UOSSOLIPAL] 0007 K3oroyjedoyewio] 9SnOJA JO Se(Iy
sydei3ojoyd pue 1xa], ‘Juowdo[aaap pue Awojeue spoyioworg pue ‘A3o[oyied ‘Awojeuy
94a a3 03 paredrpap (s1eydeyd ¢) uonoss sauQ ssald DD dr S10gpung ‘JAJ BUIYSIN ‘TAMS UYOf ‘S WIWS 0002 "0AH 9SNOJA Y} JO UOHEN[EAY OT)BWISAS
s1o1deyo oy
JO [oBD UI UONONPONUI [BISO0[0ISIY PUB [BIIWOJRUY $S21d IOATY 2YdBD ¥y loduorel 6661 ISnoJN 2y} Jo A3ojoyred
ysI[Sug pue une] ur BLIBULISIOA I0JSWEH PUB ‘OSNOJA ‘Jey :0M] JWNJOA ‘S[EWIUY
BOIWIOIRUY BUIWON] SIS() "SSUIMBIP INO[OD JO SB[ Kuedwo)) siopuneg [ JeIoH ‘A eroleYy ‘J oysedod 7661 KI0jeIOQRT [[PWS JO AWOJRUY JO SB[}y INOJ0D)
swreIgeIp pue )xa], ‘Awojeur S[ewwe A A10jeI0qeT puR soje[n3un
[ewrwrew A10jeIoqe| 0) pajedipap 1aideyo oug  Auedwo)) siopunes g HAf POOM[[BWS 7661  Onsawo( Awojeuy AJBULIAJOA JO INOT, paping v
1x9) pue sydeid
-0joyq Asdo1oou asnow 9y} JoJ SISeq [BIIWOJEUY ssaid DD Or A199S ‘g uewp[od 8861 31qqey 9y} pue S)uapoy :opInn AsdorooN
¥oo) N £q Awojeue asnowr uo 10)deyd sauQ $SaIJ OTWAPBIY Of X0 ‘df [[eWS “TH 11504 €861 [OIeasay] [BOIPAWOLE UT ISNOA Y,
une| ur
QIMe[OUAWION "sWeISeIp pue suonods feulds pue
urelq [eJUOZIIOY pue ‘[e)ISes ‘[euoIod YIIm Sy $sald KJISIOATU() pIeAlef] 14 90101d ‘gf outaeSuy “Ty uewpls /61 pIoD reurdg pue urelg 9sno oY) jo sepiy
00q¥009/310°Xe[*SoneULIO Ul
‘mma//:dny :ye opqerreae A[oa1] ‘sSurmelp Jo sepy $SaIJ OTWAPBIY [IN 00D  S961 9SNOJA AI0jeI0qERT o) JOo AWOJRUY Y],
suonoas [eor3ooisty woiy sydersojoyd pue s3ur
-mel(] g 32 Aq Awojeue asnow uo 1o)deyo auQ suonedIqng 120 aoeus 1461 asnoq K1o1eI0qR] AU Jo ASojorg
SONSLI)ORIRYD) IoysTqng sioyny  Ie9x ML

Kwojeue asnowr Uo suonedIqng | djqeL

pringer

Qs


http://www.informatics.jax.org/cookbook
http://www.informatics.jax.org/cookbook
https://mouse.brain-map.org
https://mouse.brain-map.org

391

Bridging mouse and human anatomies; a knowledge-based approach to comparative anatomy for...

SUOIONPONUI [BJTWOJRUR YIIM sI0)deyd [BI0AS
£30
-To1sAyd pue Awojeue asnow 0} pajoadp 1aydeyd auQ

BLIBULIDJOA BOIWOJRUY BUIWON 3 S9S[)
'SQOUQIQJAI [BOIWIOJBUR ()G PUR SABI-X TG "Sey

9SNOW Ul $2INJONIS [BIIWO}
-eue [edrourid Jo uoneoo[ Yy J0j SISeq [BOIWIOJEUY
saroads Joyeredwos

[remoe[g AdTIM
103uridg
IS J01LI9H JI0300(

$sa1d D¥D

AL PTem ‘d [980A ‘d[f S1ogpuns

¥ UBSBAIULIS ‘D) BIpUBYORWEY ‘J UBIRSEN
o)
A[TeT ‘D e10BID “H 1918)) ‘Y 0IdJoLIe)) ‘[ 9)1aqny]

O si[e) “1d S19qmy[, ‘S ueky ‘O pysuIn
‘g uosIaled ‘S 1esueq ‘g 201pn[o( ‘[ uosuyor

a0t

10T

1coc

610¢

QOTJA[ JUBINJA]
19Y30 pue pareduIduy A[[eonauan) jo A3o[oyred

soonoeld pue sofd
-IOULIJ :90UQIOS [eWINY AIOJeIOqeT JO S[BIIUSSSH

Se[}y 9SNOJA uonejouuy Aey-xX
uonenyeaq [ed130]0)sTH [ewndQ 10J sanssI],
JO UOnEd0 Ay} 0) 9pINS Y “ISNOJA| AI0JRIOQRT UL

Se[1y uewny pue ey

Se Jel 9U) Sppe UONIPS PUOIS SIY], SB[} PUB 1X], $S01 OIUAPEIY S QUNUOIA ‘IS SIZIUI( ‘INd Sunnall, 8107  ‘OSNO]N V 'AS0[0ISIH pue Awojeuy aaneredwo))
BIIBULIONOA BOTWOJBUY BUTWON] dU)
S9s() "SuISewI pue ‘SUOI}OAS [BOISO[OISIY ‘SUONIIS  SSAIJ OTWPBIY BOLIWE L10T Surewy pue £30]03sTH
-s1p woiy sydeiSojoyd eurSro 0oz "Sepe pue 1xaJ, -ued BOIPAIA [BLIOIPH JA OLIBABN Y 0I9)oIIR)) ‘T A1Ioqny 9107 ‘Kworeuy “SurdKjouayd asnojp [eorSojoydiojy
Awojeur
9snow Jo sIseq ay) Yim Se[je pue 1x9) [eo130[0ISIH [emoerg ASIIIA D AIowepndS 107 OSNOJA 9y} Jo ASO[0ISIH 2y} 0} 9pIng) [eonoeld v
(2007) 'Te 10 oysedog woIy uaye) sSurmel(
‘A Yorewoy] Aq Awojeue asnow uo Joydeyo auQ $S0I OIUAPEIY (HYOUPSH Z10T UoNIP PUOIAS "dSNOJA AI0JeI0qeT Y],
K3010ju0 YA pue seSewr 19))N SIsn Awojeur Se[y UeWINg pue
uewny yPIm uostredwod 10, ‘Se}y pue Ixa], SSQIJ JTwApedy (@ NIS3IT ‘AAD MAAI] NS SIZIUI ‘INd Sunnail, 72107 9SNOJA V "A30[0ISTH pue Awojeuy aaneredwo))
asnowt
9 JO WAISAS SNOAIOU [BIIUID JY) JO Awojeur
aarsuayardwod e Surpraoid syderSojoyd yaim 1xa], $S0I1 OIUAPEIY 1 se[[ond ‘D) sourxed ‘Q uosiep  110C WSS SNOAION ISNOA YL,
SONSLI)ORIRYD) IoysTqng sioyny  Ie9x ML

(ponunuoo) | sjqey

pringer

a's



392

J. Ruberte et al.

Advances in imaging and high resolution phenotyping
in recent years have generated a need for a granular and
complete anatomical terminology for the mouse which is
cognate to that available for humans. To answer this need we
conclude this commentary by discussing the development of
a standard anatomical nomenclature for the mouse following
the principles of the TA terminology. Because the mouse
and human should have similar complexity, this mouse Ter-
minologia Anatomica (mTA) should have a number of nor-
malised anatomical concepts similar to that of the TA, and
would greatly assist in the further development of the adult
mouse anatomy ontology and related resources.

Mice are a small animal model
but anatomically similar to humans

Recognition of the anatomical and physiological similarities
and commonalities between different species can be traced
in the literature to Aristotle who probably reflected estab-
lished opinions when he wrote in the 4th C BCE:

“Ought we, for instance, to begin by discussing each
separate species-man, lion, ox, and the like—taking each
kind in hand independently of the rest, or ought we rather to
deal first with the attributes which they have in common in
virtue of some common element of their nature, and proceed
from this as a basis for the consideration of them separately”
(Iepi Lov popimv; On the parts of animals. Aristotle.
Trans. William Ogle, 1882).

The common anatomy, physiology and ontogeny of spe-
cies closely related to humans has made mammals the obvi-
ous model organisms for increasing our understanding of
human biology and disease since the Greco-Roman period,
and arguably earlier. Galen (129-216 CE) compared the sur-
gical anatomy of wounded gladiators from the arena of Per-
gamum and of his patients in Rome, with that of primates,
goats and pigs. Using the opportunities presented by dead
and living individuals of all species, including occasion-
ally living humans, he attempted to establish the function
of anatomical structures and their involvement in disease,
and initiated a long tradition of developing surgical practice
using animal models (Matter 2013).

Since Galen and his Greek precedents, animal models
have historically played a critical role in the exploration and
characterization of disease and in the development of novel
therapeutic agents and treatments, now being called the One
medicine, One pathology, One health concept (Sundberg
and Schofield 2009). The mouse has now become the most
widely used, and arguably the most important, mammalian
model for studying human disease. Mice are biologically
very similar to humans and manifest many of the same or
closely-related diseases (McGonigle and Ruggeri 2014).
Most significantly, work since the beginning of the twentieth
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century, on generating genetically inbred strains of mice,
has established the mouse as the most powerful organism
for discovery of the genetic basis of disease. Mapping of
spontaneous genetic variation between mouse strains, the
experimental modification of the genome, and the ability to
manipulate processes of development has greatly contrib-
uted to our understanding of the molecular mechanisms of
human disease, and allowed the creation of models of human
diseases that can be used for the development of therapeutics
and further our understanding of pathobiology (Vandamme
2014). Furthermore, mice are a cost-effective research tool.
They have a short inter-generational lifespan, relatively short
longevity, and they are easy to house and transport at scale.

Mice are biologically very comparable to humans, have
~ 15,000 genes with human orthologues, and are therefore
susceptible to the majority of mono- and polygenic inher-
ited disorders affecting the human population. Mice can be
genetically manipulated to mimic the causative or contribut-
ing genetic mutation or mutations underlying many human
disease conditions (Brown 2021). Furthermore, mice are
a cost-efficient research tool (Leader and Padgett 1980)
with an accelerated lifespan (one mouse year equaling ~30
human years), small footprint animal holding, and are rela-
tively easy to handle and transport; particularly as frozen
germ plasm.

Although in comparison with humans, mice are small
(Fig. 1A), they display a relatively similar anatomy. As an
example of this, Fig. 1B shows a comparison between the
human and mouse femur; the latter enlarged using scanning
electron microscopy. The same gross anatomical details:
head of the femur, the lesser and great trochanter, as well
as, the trochanteric fossa, can be observed both in the proxi-
mal epiphysis of human and mouse femur. These anatomical
similarities not only represent a morphological homology
between these two mammalian species, but they also reflect
similarities in the biomechanics and function of the bone.
The comparatively larger size of the head of the femur in
humans reflects the different body positions of both species
(Fig. 1B). Humans are bipedal and the entire body weight
is transmitted through the femoral heads to the ground. By
contrast, in the mouse, a quadrupedal species, the body
weight is transmitted to the ground through all four limbs.

Sometimes, anatomical similarities between humans
and mice are unexpected (Fig. 2). In bipedal primates and
humans, the clavicle, a bone belonging to the pectoral girdle,
is well-developed because there is an adaptation to tasks
that depend on using hands distant from the central trunk
axis, such as climbing and reaching distant objects (Rock-
wood et al. 2009). By contrast, in many quadrupedal mam-
mals, such as ungulates, carnivores and several rodents, the
clavicle has disappeared or has been dramatically reduced
(De Souza et al. 2020). This reduction or loss is common to
mammals that use the thoracic limb for cursorial locomotion
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Fig.1 HYPERLINK ‘"sps:id::figllllocator::grllimediaobject::0" A
Skeleton of a mouse relative to the human hand. B Comparison of the
human and mouse proximal epiphyses of the femur. Similarity of the
anatomical structures of the head of the femur (1), great trochanter
(2), lesser trochanter (3), and trochanteric fossa (4) using scanning
microscopy and image size correction for the mouse. Mouse images
modified from Ruberte et al. (2016) with permission

(Rockwood et al. 2009). However, the quadrupedal mouse
has a well-developed clavicle that, as happens in man, joins
the sternum and the acromion of the scapula (Fig. 2). A pos-
sible reason for this unexpected anatomical similarity may
be the consequence of the thoracic limb freedom that mice
have. Mice are often seen standing on their hind limbs trying
to climb their cage walls and this rearing action is associ-
ated with exploration and manipulation of the environment.
Recordings using high-speed close-up video of mice eating
seeds (Barrett et al. 2020) show well developed manual dex-
terity for manipulating small objects.

Despite these similarities, mice and humans do pre-
sent clear anatomical differences. These manifest at the
macroscopic, microscopic and system levels. For exam-
ple, the sexual dimorphism of the mouse kidney is well
known (Butterfield 1972). One of the most notable macro-
scopic differences lies in the mouse brain, which in human

anatomical terms is lissencephalic, since its cerebral cortex
does not have folds (gyri), and its telencephalon does not
completely cover the mesencephalon and the cerebellum,
as happens in humans (Fig. 3). Despite these overt ana-
tomic differences, the mouse has nevertheless contributed
enormously to our understanding of human lissencephaly
and its underlying genetics, reflecting fundamental simi-
larities in the development of the CNS between the species
(Del-Valle-Anton and Borrell 2022; Mota and Herculano-
Houzel 2015). There are other very well-established ana-
tomical differences, such as the presence of a characteristic
supratrochlear foramen in the mouse humerus (Fig. 4A),
however, on close consideration this turns out not to be
a real difference to humans. Proximal to the trochlea of
the human humerus there is a thin region of bone that is
sometimes perforated forming a supratrochlear foramen
like the mouse (Fig. 4B). The prevalence of this foramen
varies from 6.5% in Europeans (Mays 2008) to 26.7% of
people from India (Shivaleela et al. 2016). Functionally,
a supratrochlear foramen in human allows hyperextension
of the elbow (de Wilde et al. 2004). Women who are more
flexible than men and people that generally practice dis-
ciplines that need improved flexibility, such as yoga, have
higher prevalence of a supratrochlear foramen (Akabori
1934; Shivaleela et al. 2016). Similarly, it is reasonable
to suppose that the supratrochlear foramen in mice pro-
vides the elbow with the capacity to hyperextend. It is just
as likely that careful examination of this structure in the
new, highly genetically variable, collaborative cross strains
(Collaborative Cross 2012) and Diversity Outbred mice
(Churchill et al. 2012) will identify a wide variety features
that do or do not resemble human anatomy.

As discussed below, the rate of discovery of new ana-
tomical structures and entities in humans is now quite
slow, but several recent discoveries were paradoxically
made first in the mouse. For example, the recent discov-
ery of functional lymphatic vessels lining the dural sinuses
originated in detailed functional and molecular studies in
the mouse CNS (Aspelund et al. 2015; Eide et al. 2018;
Louveau et al. 2017, 2015). Understanding the functions
and relationships of the glymphatic system and meningeal
lymphatics (Eide et al. 2018). Similarly, with the discovery
of the network of transcortical capillaries in long bones
that now helps to explain previous puzzles in the migration
of neutrophils and the closed circulation system of bone
(Griineboom et al. 2019). It is noteworthy that in both of
these cases the development of imaging techniques and the
unique ability to use molecular markers, tissue prepara-
tions and experimental procedures in the mouse facilitated
these discoveries. Are we moving into an era of discovery
of new human anatomical features from the mouse or as a
result of better analytical tools?
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Fig.2 The quadrupedal mouse
has unexpected anatomical
similarities to the bipedal
human, such as the presence of
the clavicle (1). The clavicle

in both attaches the sternum
(2) and the acromion of the
scapula (3). Acromial end (4),
body of clavicle (5), esternal
end (6). Mouse images modified
from Ruberte et al. (2016) with
permission

Mice and humans: a similar anatomical
complexity but different level of knowledge
and resources

Knowledge about human anatomy has been collected
throughout history. Since Galen's anatomical descriptions,
and even before, up to the present, the level of detail found in
human anatomical books, and other resources has continu-
ously increased. This is especially true for anatomic varia-
tions. The classic, Bergman’s Comprehensive Encyclopedia
of Human Anatomic Variation (Tubs et al. 2016), gives some
an idea of the current level of knowledge; 1456 pages and
more than 12,500 references.

An anatomic variation can be defined as difference in
morphology that is outside of the canonical. It is impor-
tant to remember, however, that the canonical is often an
accepted abstract standard, as the dominant morph may well

@ Springer

be different for genetically different populations. For exam-
ple, the supratrochlear foramen in human humerus was first
described two centuries ago (Meckel 1825). By contrast, the
first comprehensive study of mouse anatomy was published
by Margaret J. Cook in 1965. Cook worked at the MRC
Laboratory Animal Centre in Carshalton (UK) and carried
out intracardiac latex injections describing for the first time
the mouse arterial and venous system. In Cook’s atlas fore-
word (Cook 1965), W. Lane-Petter stated that at that time no
complete study of the anatomy of the mouse had so far been
made and that gap in the knowledge was even more surpris-
ing as the mouse was at that time the most commonly used
vertebrate in the laboratory.

Subsequent to the publication of Cook’s atlas, several
comprehensive textbooks and other resources in mouse
anatomy and histology, singly or as part of larger com-
pendia, have been published. Table 1 lists the title, year of
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Fig.3 Mouse and human have anatomical differences in the brain. A
The human cerebral cortex is gyrencephalic with characteristic gyri
(ridges) and sulci (depressions or furrows). B The mouse cerebral
cortex is lissencephalic with a smooth surface and the telencephalon
(1) does not cover the mesencephalon (2) and cerebellum (3). Mouse
image modified from Ruberte et al. (2016) with permission

Fig.4 A A previously purported anatomical difference between
mouse and human humeri is the presence of a supratrochlear foramen
(1) in the humerus of the mouse but not in the human humerus. B
Variable presence of the supratrochlear foramen in humans. Trochlea
of humerus (2). Mouse image modified from Ruberte et al. (2016)
with permission

publication, authors, publisher, and characteristics of the
extant resource. However, despite the steady release of text-
book or on-line resources since Cook’s seminal publication,
the depth of detailed description and understanding of vari-
ation in mouse anatomy is far from comparable to human
anatomy thereby presenting a challenge for using the mouse

as a comparable and informative model of human biology
and disease.

Of originals and copies: the case
of bulbourethral glands

Anatomy is perceived as an objective scientific discipline,
because it involves the observation and description of defin-
able material entities. However, dissection, the most preemi-
nent technique to physically dissociate and isolate individual
structures for examination is, like other analytical scientific
methods, susceptible to artifact. The discovery of bulboure-
thral glands in the mouse and the historical way to under-
stand its morphology and topography is a good example of
how dissection can be misleading, and that anatomy is not
always as obvious as the “nose on your face”.

The bulbourethral glands are part of the male accessory
genital glands, which are located along the pelvic portion of
the urethra producing secretions for the nutrition, transporta-
tion and protection of spermatozoa. Not all mammals have
bulbourethral glands. The dog lacks bulbourethral glands,
which might explain why they were missed in Cook's book.
In her atlas, six drawings were devoted to the male genital
system, however, bulbourethral glands were not noted. In
fact, it would be necessary to wait until 1983, when Cook, in
a book about the use of mouse in biomedical research (Cook
1983) showed and drew the location of two paired bulboure-
thral glands emptying into the urethra and associated with a
urethral diverticulum (Fig. 5A). From that time, several clas-
sic and modern mouse books used the same figure to locate
and describe these glands (Maronpot et al. 1999; Treuting
et al. 2018). However, this anatomical description for the
mouse bulbourethral glands is not the only one that appears
in textbooks. Several years before the publication of Cook’s
atlas, The Jackson Laboratory published its celebrated book:
Biology of Laboratory Mouse (Snell 1941) in which, E.
Fekete, who at that time was responsible of the histology
laboratory, carried out a different anatomical description
for the mouse bulbourethral glands. Fekete’s representation
showed the bulbourethral glands related with two urethral
diverticula, each of them covered by the bulbospongiosus
muscle. As happened with Cook's description, Fekete's ana-
tomical interpretation was later followed by Popesko et al.
(1992) in its beautiful anatomy atlas of laboratory animals,
and subsequently Popesko’s drawings were copied by V.
Komarek in the first and second editions of the Laboratory
Mouse book (Hedrich 2012; Hedrich and Bullock 2004).
Furthermore in 2011, G.M. Constantinescu, Professor of
Veterinary Anatomy and Medical Illustrator at the Univer-
sity of Missouri-Columbia, carrying out new original ana-
tomical preparations for its book “Comparative Anatomy of
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Fig.5 Comparison between Cook’s and Fekete’s representations of
mouse bulbourethral glands. A Cook described paired glands (1) with
only one urethral recess (2). B Fekete described two paired glands (1)
and two paired urethral diverticula (2) (adapted from Cook 1965 and
Snell 1941)

the Mouse and the Rat” (Constantinescu 2011) described
mouse bulbourethral glands as did E. Fekete in 1941.

The last macroscopic organ discovered in humans was the
cisterna chyli, that was first described in 1651 by the French
physician Jean Pecquet, as a lymph reservoir at the origin
of the thoracic duct (Natale et al. 2017). In other words,
for almost four hundred years we have had a very complete
description of human macroscopic anatomy. By contrast,
in the mouse we have severe discrepancies in anatomical
descriptions for important organs, such as the bulbourethral
gland (Fig. 5). One reason for these discordances could be
that the classic technique used to collect the accessory geni-
tal glands in male mouse, a ventral approach after opening
the abdominal cavity, is not optimal to identify and dissect
the bulbourethral glands, which are located laterally at the
base of the tail between the crus and the bulb of the penis
(Fig. 6A). This difficulty was brought to light in several
mouse histology books, such as the one published in 2014 by

@ Springer

C.L. Scudamore (Scudamore 2014), which comments that
in standard necropsy sampling protocols, the bulbourethral
glands are usually missing. The difficulty of dissecting the
bulbourethral glands is also obvious, when in a recent pub-
lished guide for the location and orientation of mouse tissues
for optimal histological evaluation (Johnson et al. 2019), no
specific instruction is provided to dissect and sample the bul-
bourethral glands. However, the abnormal swelling of these
glands, that presents with male mice seeming to have “4
testicles”, enables easy identification of these structures such
that they can be dissected and studied (Kiupel et al. 2000).

To understand the anatomical relations of bulbourethral
glands in the mouse and to clarify which of the two mor-
phological representations is more accurate, injection of a
polymerizable resin (Mercox®) in the urethra of C57/BL6J
male mice was done via the urinary bladder. The four casts
obtained were immersed in 60 °C soapy water for 24 h, cor-
roded in 3% KOH and washed in distilled water. Casts were
mounted on stubs, sputtered with gold and observed in a
Hitachi S-570 scanning electron microscope at an acceler-
ating voltage of 10-15 kV. Analysis of the urethral casts
(Figs. 6B and 7B) and correlative dissections and histologi-
cal sections (Figs. 6A, C and 7A) showed that the pelvic
part of the urethra in mice, as happens in humans, presented
a large membranous portion. There is a narrowing of the
urethra when it turns around the ischial arch, the urethral
isthmus, which is well documented in domestic mammals
(Fig. 6B). At the penile urethra, inside the bulb of the penis,
only a single urethral recess was noticed (Figs. 6B and 7B).
The histological sections showed that this diverticulum is
covered by the bulbospongiosus muscle and surrounded by
a narrow band of erectile tissue corresponding to the cor-
pus spongiosum (Fig. 6C). The two corpora cavernosa, that
complete the penile erectile system, are inside the crura
penis covered by the ischiocavernosus muscles (Fig. 6C).
The ducts of the two bulbourethral glands join the penile
urethra distal to the urethral recess (Fig. 7). The urethral
recess of the mouse has a homonymous dilation of the ure-
thra in male humans. Our study suggests that the anatomical
description of Cook (1983), although incomplete, is more
accurate (Fig. 5). Only one diverticulum is present in the
mouse urethra and not two as Fekete (1941) and her follow-
ers point out.

Mouse vs human anatomical terminology
and nomenclature

Terminology is understood as a set of terms used in a
specific scientific field, whereas nomenclature is a nor-
malized system of exactly defined terms arranged accord-
ing to certain classification principles. A nomenclature
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Fig.6 Analysis of the urethra in
C57BL/6J male mice identified
only one urethral recess within
the bulbospongiosus muscle. A
Gross dissection of the pelvis
(lateral aspect). B Scanning
microscopy of corrosion cast

of the urethra (lateral aspect).
Hematoxylin and eosin stained
histological section of the root
of the penis. Urethral recess (1);
bulbospongiosus muscle (2);
bulbourethral gland (3); corpus
cavernosum (4); ischiocaverno-
sus muscle (5); urethra mem-
branosa (6); urethral isthmus
(7), penile urethra (8); penis
(9); rectum (10). Mouse images
modified from Ruberte et al.
(2016) with permission

is approved and refined by a scientific commission and is
widely accepted by the professional community (Kachlik
et al. 2008).

The origins of anatomical terminology date back to the
ancient period, more than 2500 years ago, however, the
first effort to compile a unified anatomical terminology, the
Basle Nomina Anatomica, was made in 1885 (His 1885). At
that time, the number of human anatomical terms reached
50,000, many of them synonyms. Structures and organs were
given eponyms from the person first credited with the first
description, and in many cases the same organ was asso-
ciated with the names of different anatomists in different
countries (O’Rahilly 1989). This first Nomina Anatomica
was followed by seven revisions. The last revision was pub-
lished with the title of Terminologia Anatomica (TA) and
consists of a list of terms in Latin including their corre-
sponding translation in English (F.I.LP.A.T 2019). The TA
is not applicable to domestic animals because the terms
of direction were based on the erect position of the human
body and not in the quadrupedal position of animals, like the
mouse. Therefore, a Nomina Anatomica Veterinaria (NAV)
was established and today it is in its sixth revised edition
(I.C.V.G.A.N. 2017).

There are 7635 terms in the TA and 6500 in the NAV,
that are equivalent and have the same principles: (1) each
structure should be designated by a single term; (2) each
term in the official list is in Latin, but with liberty to trans-
late; (3) each term is, so far as possible, short and simple;
(4) the terms are primarily memory signs, but do have some
informative or descriptive value, and (5) terms derived from
proper names (eponyms) should not be used.

Largely driven by the advent of high throughput gene
expression analysis it became important to capture knowl-
edge about anatomy that might be used computationally
across very large datasets. This need was further reinforced
by the development of large phenotype databases for the
mouse which needed a formally computable structure in
order to search it. Very rapidly it became apparent that
these needs would be answered by the development of for-
mal ontologies to describe anatomy, at all levels, and pheno-
type—the latter necessarily needing to incorporate anatomy
into its concepts, and pathology where the location of a
lesion needed to be captured.

For these needs to be met, the “anatome”, the complete
set of anatomical structures associated with an organism,
needed to be organized in a computer-comprehensible way
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Fig.7 A Gross dissection of the root of the penis (caudal aspect).
B Scanning microscopy of corrosion cast of the urethra (caudal
aspect). Urethral recess (1); bulbourethral gland (2); penile urethra
(3); bulbospongiosus muscle (4); ischiocavernosus muscles (5); ure-
thra membranosa (6); bulbourethral gland ducts to the penile urethra
(arrows). Mouse image modified from Ruberte et al. (2016) with per-
mission

in order to support inference, reasoning, and estimates of
semantic similarity. Lists of anatomical terms alone, like TA
and the NAYV, are inadequate for this formalization because
anatomical nomenclatures cannot easily put in the format
appropriate for the structure of relational databases (Bard
2005).

The solution adopted was to organize the anatomy of each
organism in a hierarchy of anatomical structures and linking
relationships (e.g., the bulbourethral gland is_a male repro-
ductive gland and is part_of male urethra). The adoption of
a formal ontology to describe the domain of anatomy has
very important advantages over other approaches and allows
the use for formal semantic methods to make inference, sub-
sume related concepts under higher concepts (parents) and
to use automated reasoning. The advent of the Ontology
Web Language (OWL) for most bio-ontologies allows for
much more precise and expressive modelling of the concept
domain, with restrictions, properties, instances and complex
relationships that allow the capture of a great deal of knowl-
edge. While an ontology is not intrinsically a graph, it may
be expressed as such, especially as humans are familiar with
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navigating hierarchies of concepts—a knowledge structure
that goes back to the Etymologiae of Isidore of Seville in
the sixth century CE (Barney et al. 2006). A formal ontol-
ogy allows for modelling of the knowledge within it and it
is interesting that here several anatomical ontologies, nota-
ble the Foundational Model of Anatomy (FMA) ontology
(Rosse and Mejino 2008), the time-dependent embryological
anatomy ontology of the mouse (EMAPA) (Hayamizu et al.
2013) and the Mouse Anatomy (MA) ontology, differ. As
we will see below these differences in modelling decisions
make it complicated to map and align these ontologies, spe-
cifically the FMA, which is important for integrating human
and mouse data. The development of the Uberon metazoan
ontology (Mungall et al. 2012) (https://obofoundry.org/ontol
ogy/uberon) was designed to bridge the anatomical ‘silos”
particularly between vertebrates.

The first attempt to develop a mouse anatomy ontology
was an internet-accessible database of names and synonyms
of the tissues in the first 22 Theiler stages of development
(Bard et al. 1998). A few years later, an adult Mouse Anat-
omy (MA) ontology was developed in The Jackson Labora-
tory (Hayamizu et al. 2005a). MA ontology contains 3300
unique terms to provide standardized nomenclature for ana-
tomical structures in the mouse. The MA ontology can be
accessed at the Mouse Genome Informatics website:

(MGI, https://www.informatics.jax.org/vocab/gxd/ma_
ontology).

MA is a polyhierarchy with several different axes of
organization. These include anatomic region organ system,
organ, substance, and tissue. The grouping of individual
organs and structures by function or physiology, for example
the duodenal glands (formally called Brunner’s glands) is_a
exocrine gland and is part_of the small intestine.

The MA Browser enables one to navigate through the
ontology in two ways. Progressively, scrolling through the
various hierarchies and in the Term tab obtaining informa-
tion about individual terms, including ID and relationship
to other terms. Alternatively, an anatomy search could be
done introducing any text sequence in the query field. Then,
all terms in the MA vocabulary, including any synonyms,
contained in text will be displayed (Hayamizu et al. 2005a,
2015). The MA ontology can also be downloaded from the
Open Biomedical Ontologies website (OBO; https://sourc
eforge.net/projects/obo). The MA ontology is currently
used to annotate: (1) developmental expression data in the
Gene Expression Database (GXD; http://www.informatics.
jax.org/expression.html) (Smith et al. 2015); (2) phenotype
data obtained in the International Mouse Phenotyping Con-
sortium (IMPC; https://www.mousephenotype.org) (Elmore
et al. 2018); and (3) pathology data in Pathbase (http://www.
pathbase.net) (Schofield et al. 2004). Post-natal mouse anat-
omy terms are also available as Theiler stages 27 and 28
in the EMAPA ontology where developmental anatomy is
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available in the same hierarchy as adult/postnatal (Hayamizu
et al. 2013).

No scientific terminology can be considered complete and
permanent as long as research in the field continues, and the
MA ontology like others in the OBO Foundry continues to
be developed by its curators in response to new applications
and the discovery of new knowledge. MA ontology devel-
opers have continued to refine terminology, adding syno-
nyms, and revising anatomical concepts. However, due to the
increasing number of publications and books dealing with
mouse anatomy published in recent years (Table 1) there is
a need to continuously develop the ontology and to align
mouse and human anatomy.

We propose the development of a mouse version of the
Terminologica Anatomica with high resolution detail, struc-
tured and consistent with the principles established in the TA
and the NAV, the mTA. One example of how such a termi-
nology might deal with anatomical complexity and existing
standards is for the carpal bones.

Fig.8 Dorsal ventral radio-
graphs of human hand (A) and
mouse forepaw (B). Diagram
showing the topography and
organization of mouse carpal
bones (C). Alizarin stained
mouse carpus (palmar aspect)
(D). Carpal bones (1); metacar-
pal bones (2); phalanges (3);
scapholunate (4); triquetral
(5); pisiform (6); trapezium
(7); trapezoid (8); capitate (9);
hamate (10); falciform carpal
bone (11), which is a sesamoid
bone embedded in the flexor
retinaculum and not a true car-
pal bone; ulnar sesamoid bone
(12). Roman numerals indicate
the medial to lateral order of
digits

Carpal bones in mice are arranged in two rows (Fig. 8).
There are several aspects that could be considered regarding
this hierarchy and terminology. First, the falciform carpal
bone is not a true carpal bone, in fact is a sesamoid bone
embedded in the flexor retinaculum (Wirtschafter and Tsu-
jimura 1961), therefore, it should not be considered to be a
carpal bone. Furthermore, carpal bones in mouse present
many anatomic variations (Ruberte et al. 2021). In 15% of
28 C57BL/6J carpals analyzed a supernumerary bone, the
central carpal bone, was observed between the proximal and
distal row. Additionally, this bone was fused to the scapholu-
nate (in 45% of cases) and to the trapezoid (40%), thus the
central carpal bone should be considered, as happens in the
TA, as an actual carpal bone in mouse. It is a common prac-
tice to number the carpal bones from medial to lateral, first
in the proximal row and then in the distal row. This proce-
dure was first adopted by Vesalius (Vesalius 1543) and after
that all anatomy resources have followed this rule, including
TA and NAV.
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As a corollary to the previous comments, it seems clear
that it would be useful to integrate or map terms in an mTA
to mouse anatomical terms in the MA and EMAPA ontolo-
gies, using community effort. Table 2 shows the comparison
of the current terminologies with the proposed mTA. The
great advantage of the Open Biomedical Ontology principles
is that they encourage community input to the development
and continuous refinement of ontologies by the user com-
munity. Because the mouse, domestic animals, and humans
have a similar anatomical complexity, mTA probably should
have a number of terms similar to those of the TA and NAYV,
around 6000, considerably increasing granularity, although
attention needs to be paid to structuring classes in both ter-
minologies when considering these absolute numbers. More
importantly formal mapping or axiomatization of MA to
FMA could also be considered along with cross references
to classes in the human Terminologica Anatomica. We are
confident that this development would greatly support mor-
phological phenotyping of mouse models as modern imag-
ing methods increasingly need a higher degree of anatomical
granularity for annotation than is currently available.

Alignment of mouse and human anatomy
ontologies and its application

Alignment of mouse and human anatomy ontologies facili-
tates the integration of mouse and human phenotype/gen-
otype data and promotes the translation of basic research
discoveries into clinical settings (Bodenreider et al. 2005).
Such alignment is critical when integrating phenotype data
from humans and mice in search of disease-causing genes
(Boudellioua et al. 2017; Hoehndorf et al. 2011, 2013, 2015,
2011; Mungall et al. 2010; Robinson and Webber 2014;
Schofield et al. 2010). However, the modelling decisions for
the FMA were radically different from those in MA (Hay-
amizu et al. 2005a), reflecting that it was designed for differ-
ent purposes, and the FMA contains a particularly rich set of
relations, multiple axes of classification and concepts such
as boundaries, landmarks, lines, voids and spatial relations,
particularly relevant for human clinical imaging and surgical
applications, for example. Both are excellent at what they do,
but they were designed for different purposes. Some work
has been done with anatomy ontology matching with terms
from UMLS (https://www.nlm.nih.gov/research/umls), a
widely used terminology that is not strictly an ontology, with
a degree of success allowing for cross-species searching for
example but not complex computation.

Under the Mouse-Human Anatomy Project (MHAP), the
MA ontology and the human anatomical terms included in
the National Cancer Institute (NCI) Thesaurus (Coronado
et al. 2004) were compared. In the preliminary identification
of equivalent terms using a combination of automated and
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manual curation approaches approximately 830 matching
pairs were identified (Hayamizu et al. 2012). Afterwards,
the harmonization of both ontologies by addition of terms
represented only in one ontology, changes in the hierarchy,
and augmented synonymy, reached 1634 matching terms,
meaning that approximately half of the terms do not match
and are specific to one of the two ontologies (Hayamizu
et al. 2012). An overall comparison of automatically map-
pable terms (Bioportal; accessed 29.5.23) shows that while
74,000 of 105,000 FMA classes can be mapped lexically
and organisationally to MA, this includes a very large num-
ber of one-to-many mappings (FMA to MA), contrasting
with the 1634 manually matched terms above. This is due
to the inclusion of concepts such as clustered anatomical
structures, relations and subregions and the high degree of
granularity of the FMA. For example there are 15 terms in
FMA mapped onto one term, soleus, in the mouse. Only a
very limited number of the species-specific terms identified
represented real anatomical differences between the two spe-
cies, and there were consequences of decisions made regard-
ing the views and resources used to build each ontology. The
MA ontology was based on major sources and expertise,
including mouse atlases as well as anatomy and histology
text resources. Once the list of terms was generated, each
term was confirmed to represent a real mouse anatomical
structure. However, MA ontology developers found that
this confirmation was sometimes ambiguous, since numer-
ous structures described in anatomy and histology textbooks
do not have unambiguous evidence of their existence in the
mouse, and then consequently were not included in the
ontology (Hayamizu et al. 2005a).

There are additional complications in mappings from
human to mouse, sometimes in the “views” of the topology,
such as where concepts have been created to reflect clusters
or features of more specific structures. In other cases, there
are real debates about the way to describe structures and
others where the topology is quite distinct across species.
For example, in the mouse the prostate has identifiable ante-
rior, dorsal, lateral, and ventral lobes (Ruberte et al. 2017);
the dorsal and lateral being viewed in combination as the
dorsolateral prostate. The human gland is much less easily
differentiated into lobes but in the NCI thesaurus anatomy
the lateral, medial, and posterior lobes are defined, and an
additional term used; “overlapping zones”. Originally the
human prostate was believed to contain five lobes, but these
are only recognizable during development where it origi-
nates from five pairs of epithelial buds. The human prostate
is unilobular but contains three identifiable zones: central,
transitional and peripheral. The central zone surrounds the
ejaculatory duct, the transitional zone surrounds the urethra,
and the peripheral zone makes up most of the prostate, lying
against the rectal wall on the dorsal surface of the gland
(Ittmann 2018). Given the profound structural differences
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between the human and mouse prostates the question must
also be raised as to whether a lobe-specific mapping between
the species, as is often attempted, is biologically justified. It
is, however, possible to map mouse and human at a broader
concept level and simply map the human to mouse prostate,
and that complete collection of lobes/zones from each spe-
cies. This is a useful mapping approach but only reflects a
ground truth when made at this higher organizational level.
The MA ontology and NCI thesaurus both contain broader
concepts prostate gland and prostate gland lobe, and these
allow accurate mappings at a biologically meaningful level
of granularity.

Breaking down the anatomical barriers between human
and mouse anatomy, indeed between these and other meta-
zoan anatomies, is an important part of data integration, par-
ticularly for functional genomics and, as mentioned above,
discovery of human disease genes using model organism
phenotypes. Given the problems of anatomy ontology map-
ping a cross-species anatomy ontology was developed—
Uberon. The problems with data integration across species
become more difficult with evolutionary distance and where
the matching of human to model organism anatomies is
desired to “de-silo” data, particularly phenotype data, map-
pings can only be done at a low level of granularity. Such a
mapping of evolutionarily homologous structures and ana-
tomical concepts was achieved with the Uberon ontology
(Mungall et al. 2012; Haendel et al. 2014). While not as
granular as MA, Uberon has become a de facto standard
for expressing anatomical location in gene expression stud-
ies, and also through equivalence axioms facilitating cross-
species phenotype similarity assessments using the major
metazoan phenotype ontologies, for example MP (https://
www.ebi.ac.uk/ols/ontologies/mp) and HPO (https://hpo.
jax.org) (Robinson and Webber 2014; Gkoutos et al. 2017).
As well as the incompleteness issues, Uberon has complex
axes of classification and contains mixed semantic types.
Detailed anatomical annotation of images, and high reso-
lution phenotype capture were not applications for which
Uberon was designed.

The use of anatomy ontologies, and specifically the MA
ontology goes further than axiomatization and they have
proved extremely useful in collecting and coding data for
subsequent computational analysis. The collection of his-
topathology data at scale is complicated by the inability to
compute on existing terminologies and the limited scope of
existing terminologies when attempting to cover the entire
domain of pathology in the mouse. Such terminologies
would been many hundreds of thousands of concepts were
they to pre-compose all the possible locations and types of
lesions. This problem is solved by using an anatomy ontol-
ogy, in this case MA, in combination with a foundational
pathology ontology (MPATH) (Schofield et al. 2013) to
post-compositionally create specific terms as required

@ Springer

(Alghamdi et al. 2019). This approach has been applied for
the high throughput pathology studies by the International
IMPC (Elmore et al. 2018) and a large-scale study on the
pathology of aging laboratory mice (Sundberg et al. 2011)
using a dedicated data capture system, MODIS (Sundberg
et al. 2008).

Conclusions

The ability to relate and map anatomical structures between
mice and humans is a critical part of using laboratory mice
for the discovery of disease genes and pathological mecha-
nisms. An accurate and granular formal terminology or
ontology is essential for these activities, and permits not only
accurate data capture, but also computational approaches
to cross-species phenotyping. Such terminologies need to
be grounded in biological truth and mappings made using
knowledge-driven criteria. The problems mapping high
resolution anatomical data from humans to mice and vice
versa are, however, impacted by a major difference in the
completeness of the two species’ anatomical descriptions.
It is currently not possible to represent mouse anatomy with
the precision available to FMA using the MA, and indeed
the MA was not designed for the detailed representation
required to annotate and interpret high resolution imaging
and modern anatomical techniques, or the small variations
seen between species and genetic backgrounds.

While it is not the aim of this commentary to propose a
new anatomy ontology for the adult mouse, we have dis-
cussed how advances in imaging particularly have generated
a requirement for more granular terminologies, the model
for which is the TA or the NAV. Such knowledgebase level
terminologies themselves have limited use computationally
and we would strongly support establishment of a close rela-
tionship with MA curation to include new recommendations
in the existing, gold-standard ontology as appropriate.

The study of human anatomy has a long history, mainly
motivated by surgery and therapeutics. As we discuss above,
it is currently more detailed and complete than mouse
anatomy, so work to increase the accuracy and coverage
of mouse anatomy will greatly assist in making accurate
and meaningful mappings between the two species. The
development of new imaging technologies, such as MRI,
CT, SPECT, PET, two photon tomography (STP) (Ragan
et al. 2012), light sheet microscopy (Stelzer et al. 2021)
and experimental procedures such as CLARITY, 3DISCO
and CUBIC (Ueda et al. 2020) have not only improved our
knowledge of mouse anatomy but, in a sense, have turned
anatomical investigations inside out. Traditionally human
anatomy proceeded from the outside-in. Contemporary
investigations can increasingly proceed from the inside-out
(Standring 2016) and we are entering a new phase in the
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description and understanding of anatomy, where mouse
anatomical studies may inform those in humans rather than
vice versa.

Added to this is the increasing awareness of anatomi-
cally definable functional units which do not have morpho-
logically explicit physical boundaries and structures at a
macro-scale, yet can be demonstrated through high reso-
lution molecular, imaging and functional techniques, has
changed some of our concepts of what anatomy actually is,
for example the brain connectome and the identification of
the angiome (D'Angelo and Jirsa 2022; Taylor and Palmer
1987).

Integration of cellular and tissue anatomy is a topic we
have not addressed in this commentary, but multiscale inte-
gration of anatomy is crucial to the generation of the virtual
physiome (Hoekstra et al. 2018; Kokash and de Bono 2021)
and much work is proceeding to make this computationally
coherent in support of modelling physiological processes,
which in turn allows for comparison of abnormal processes
between species.

Finally, the need for training in these rapidly develop-
ing fields will be important in implementing the advantages
gained from improved comparative anatomy between mice
and humans, and training courses aimed at a new generation
of investigators are under development in the community
(Ruberte et al. 2020).
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