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ABSTRACT Detailed knowledge of histomorphology is
a prerequisite for the understanding of function, varia-
tion, and development. In bats, as in other mammals,
penis and baculum morphology are important in spe-
cies discrimination and phylogenetic studies. In this
study, nondestructive 3D-microtomographic (microCT,
mCT) images of bacula and iodine-stained penes of
Pipistrellus pipistrellus were correlated with light
microscopic images from undecalcified surface-stained
ground sections of three of these penes of P. pipistrellus
(1 juvenile). The results were then compared with mCT-
images of bacula of P. pygmaeus, P. hanaki, and P.
nathusii. The Y-shaped baculum in all studied
Pipistrellus species has a proximal base with two club-
shaped branches, a long slender shaft, and a forked
distal tip. The branches contain a medullary cavity of
variable size, which tapers into a central canal of vari-
able length in the proximal baculum shaft. Both are
surrounded by a lamellar and a woven bone layer and
contain fatty marrow and blood vessels. The distal
shaft consists of woven bone only, without a vascular
canal. The proximal ends of the branches are connected
with the tunica albuginea of the corpora cavernosa via
entheses. In the penis shaft, the corpus spongiosum-
surrounded urethra lies in a ventral grove of the cor-
pora cavernosa, and continues in the glans under the
baculum. The glans penis predominantly comprises an
enlarged corpus spongiosum, which surrounds urethra
and baculum. In the 12 studied juvenile and subadult
P. pipistrellus specimens the proximal branches of the
baculum were shorter and without marrow cavity,
while shaft and distal tip appeared already fully devel-
oped. The present combination with light microscopic
images from one species enabled a more reliable
interpretation of histomorphological structures in the
mCT-images from all four Pipistrellus species. J. Morphol.
276:695–706, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Correlative imaging is a well-established
approach in many radiological and light- and
electron-microscopic studies on diverse topics and
materials. Since the invention of radiographic
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techniques, it has been standard to present them
in combination with histomorphological findings in
anatomical textbooks. Combining microtomo-
graphic (microCT, mCT) imaging with other 2D or
3D-imaging methods adds information from cell
and tissue level histomorphology to the overall
three dimensional structures. Because of the
inherent physical limitations of each method, a
correlative approach can yield a significantly
broader range of information (Handschuh et al.,
2013). Thus, correlative imaging was applied to
the further evaluation of bat baculum histomor-
phology in the present study.

Combining nondestructive, quantitative mCT-
imaging with classical histomorphological techni-
ques enables us to take advantage of the possibil-
ities of both methods while avoiding some of the
limitations of each. 2D and 3D-images derived
from mCT-scans can contain information on cell
and tissue scales, and validating this information
with light microscopic evaluation of undecalcified,
surface-stained ground sections of the same speci-
men in a corresponding orientation is useful to
corroborate findings. Once a structure or tissue
type has been calibrated in this way, further con-
clusions can be drawn from mCT-images of other
specimens and even specimens of different species.
Thus the time-consuming and destructive process-
ing of a small number of samples can be used to
validate results of a larger number of nondestruc-
tive mCT-images, allowing us to study specimens
which are rare in scientific collections in numbers
sufficient to evaluate individual and geographic
variation of the respective traits. Additionally, 3D-
renderings of mCT-images contain information that
is difficult or impossible to glean even from serial
histological sections. In particular, complicated
three-dimensional structures are much easier to
study in an interactive 3D-visualization. Virtual
2D-sections from mCT-scans can be shown in any
orientation and combination, and they constitute
an independent data set that can be useful in any
further studies of the imaged specimen.

The main object of this study, the baculum (pen-
ial bone, os penis, os priapi, os glandis), is an extra-
skeletal or heterotopic bone present in the penis of
many species of the mammalian orders Carnivora,
Chiroptera, Eulipotyphla, Primates, and Rodentia
(Patterson and Thaeler, 1982). The size of the bacu-
lum in relation to the size of the penis varies
between species, as does the position of the bacu-
lum within the penis (Meisenheimer, 1921;
Patterson, 1983). While the shape of the baculum
usually does show similarities between the species
of a genus, it is often distinctly different between
closely related species (in bats, see e.g., Top�al,
1958; Hill and Harrison, 1987). Thus, due to its
usefulness as a taxonomic character (Thomas,
1915; Burt, 1936), the macromorphology of bat
bacula has been studied extensively. The position of

the baculum in context with the surrounding erec-
tile tissues has been studied histologically in sev-
eral bat species (Gilbert, 1892; Ercolani, 1868 cited
in Matthews, 1937; Ryan, 1991a, 1991b), but the
histomorphological features of the penis bone have
not been described in particular.

In a more recent approach, our research group
has already applied correlative 2D and 3D-
imaging to describe baculum histomorphology in
three species of the bat genus Plecotus (Herdina,
2008; Herdina et al., 2010a). As suggested at least
for Plecotus, the micromorphological traits of
shape and position of the medullary cavity in the
baculum and the position and number of nutrient
foramina (where blood vessels enter the bone from
the periosteum going into Volkmann’s canals) may
prove useful for species discrimination (Herdina,
2008). Research on penis bone histomorphology
could also add valuable information about the
development of the baculum and its mechanical
function. So far, studies on baculum histomorphol-
ogy and development have been conducted mainly
in rodents (e.g., Ruth, 1934; Friley Jr, 1949;
Callery, 1951; Iguchi et al., 1990; Murakami and
Mizuno, 1984, 1986; Retterer, 1887; Spotorno,
1992; Weiss et al., 2012) and in carnivores (e.g.,
Petrides, 1950; Miller et al., 1998; Albayrak et al.,
2008; Schwery et al., 2011).

We have continued to study the histomorpholog-
ical traits of penes and bacula not only for their
value in bat species discrimination (Herdina et al.,
2014), but also for determining specific mechanical
functions of the penis bone in bats (Herdina et al.,
2015). In the scope of these ongoing studies, we
have concentrated on the Pipistrellus pipistrellus
species complex (Chiroptera, Vespertilionidae),
which is a valuable model system for studying
cryptic diversity in European bats (Davidson-
Watts et al., 2006; Hulva et al., 2010). In the pres-
ent study, we have i) refined current correlative
2D and 3D-imaging techniques by validating the
histomorphology in virtual section images of non-
invasive mCT with corresponding images of serial
surface-stained undecalcified ground sections; ii)
established a histomorphological basis for func-
tional studies of the baculum in the Pipistrellus
pipistrellus species complex; and iii) collected and
interpreted preliminary histomorphological data
on P. pipistrellus baculum development.

MATERIAL AND METHODS

The specimens for this study are deposited at the National
Museum (Natural History) Prague, Czech Republic: Pipistrellus
pipistrellus (Schreber, 1774) (n 5 30: NMP 48060, NMP 48061,
NMP 48872, NMP 48981, NMP 48982, NMP 48983, NMP
48984, NMP 90014, NMP 90016, NMP 90017, NMP 90791,
NMP 90832, NMP 90839, NMP 90840, NMP 94541, NMP
94542, NMP 94544, NMP 94546, NMP LE 19, NMP LE 20,
NMP LE 21, NMP LE 22, NMP LE 24, NMP LE 26, NMP LE
101, NMP LE 102, NMP LE 103, NMP LE 105, NMP LE 118,
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NMP LE 212); P. pygmaeus (Leach, 1825) (n 5 24: NMP 47946,
NMP 48738, NMP 49016, NMP 49021, NMP 49030, NMP
49040, NMP 90011, NMP 90138, NMP 90408, NMP 90413,
NMP 90414, NMP 90416, NMP 90417, NMP 90420, NMP
90875, NMP 90876, NMP 90877, NMP 90879, NMP 90881,
NMP 90885, NMP 90886, NMP 90887, NMP 90888, NMP
90889); P. hanaki Hulva & Benda, 2004 (n 5 9: NMP 49891,
NMP 49902, NMP 92323, NMP 92344, NMP 92349, NMP
92350, NMP 92351, NMP 92352, NMP 92353), all of them
genetically identified; the from Naturalis Biodiversity Center,
Leiden, The Netherlands (will be vouchered at the Natural
History Museum Vienna): P. pipistrellus (Schreber, 1774) sensu
lato (s.l.) (n 5 5: ANH2013/003, ANH2013/021, two of them sub-
adult: ANH2013/006, ANH2013/012, one juvenile: ANH2013/
020); P. nathusii (Keyserling and Blasius, 1839) (n 5 3:
ANH2013/009, ANH2013/019, ANH2013/026); and the Natural
History Museum Vienna, Austria: P. pipistrellus (Schreber,
1774) s.l. (n 5 30: NMW AM1993/071, NMW AM1993/073, NMW
11946, NMW 27481, NMW 28334, NMW 28335, NMW 28340,
NMW 50730, NMW 50904, NMW 51507, NMW 52177, NMW
52186, NMW 52790, NMW 52795, NMW 63018, NMW 64076,
NMW 64876, NMW 65246, NMW 66144, NMW 66478, NMW
66589, five of them subadult: NMW 64875, NMW 35459, NMW
64075, NMW 51057, NMW 52183, four juvenile: NMW F1246,
NMWnoninvent1, NMWnoninvent2, NMW 66530); P. nathusii
(Keyserling and Blasius, 1839) (n 5 1: NMW 66478). The speci-
mens were whole bats or resected penes (flaccid), preserved in
70% ethanol. All histological ground-sections and all image
stacks from mCT-imaging will be vouchered at the museums
with the respective specimens, available under the specimen
numbers. The image data and metadata will be accessible
through the responsible museums.

MicroCT-imaging was used for histomorphological and histo-
metrical evaluation of the bacula of all four Pipistrellus species
(Pipistrellus pipistrellus, n 5 65; P. pygmaeus, n 5 24; P. hanaki,
n 5 9; P. nathusii, n 5 4). The penes of whole bats, preserved in
ethanol, were mCT-scanned unstained. The bats were mounted
intact in plastic sample vials in 70% ethanol. Resected bat
penes (P. pipistrellus s.l., n 5 12; P. nathusii n 5 4) were
scanned unstained and then scanned again after iodine stain-
ing for soft tissues. For contrast staining, they were transferred
to 100% ethanol via ascending ethanol concentrations, and
stained with 1% (w/v) elemental iodine in 100% ethanol (I2E;
Metscher, 2009a; Herdina et al., 2010a; Metscher, 2011) for at
least 14 h, up to several days. Before scanning, the samples
were transferred back to 100% ethanol for at least one hour to
improve contrast. Resected bat penes were mounted in polypro-
pylene micropipette tips (heat-sealed and filled with 70% or
100% ethanol, Metscher, 2009a) and sealed with Parafilm.

MicroCT-imaging was performed using an Xradia MicroXCT
system (www.xradia.com), with a microfocus tungsten source,
secondary optical magnification of the scintillator images, and a
2k 3 2k cooled CCD camera. Projection images were collected
every 0.25� over a rotation of 180� (plus the cone angle
Metscher, 2009b, 2011) with 232 pixel binning, at 43 or 103

optical magnification, exposure times of 4–10 sec, and source
voltages of 40–60 kVp at 4–8 W. Tomographic virtual sections

were reconstructed using the XMReconstructor software (ver-
sion 8.1) supplied with the Xradia MicroXCT system, resulting
in reconstructed isotropic voxel sizes of 2.0–2.5 mm.

Virtual sections from the reconstructed volume images were
evaluated and measured. On virtual thick sections projected
baculum length, width, and height were measured of adult P.
pipistrellus s.str. (n 5 30), P. pygmaeus (n 5 24), P. hanaki
(n 5 9), and P. nathusii (n 5 4); and juvenile (n 5 5) and suba-
dult (n 5 7) P. pipistrellus s.l. (Table 1). In the automatically
reconstructed mCT-images, bone and soft tissues were seg-
mented (subvolumes representing different tissues selected)
manually using Amira 5.4.5 to create 3D-models (Herdina
et al., 2010b, 2015; Metscher, 2009a, 2009b, 2011).

The penes of three Pipistrellus pipistrellus (one of them juve-
nile), which had been iodine stained and mCT-scanned, were
prepared for light microscopic evaluation of serial surface-
stained undecalcified ground sections (Plenk Jr., 1986; Herdina
et al., 2010b). The penes were transferred from 100% ethanol to
acetone:ethanol (1:1; 100%), then 100% ethanol, and infiltrated
with pure methylmethacrylate. Subsequently, they were embed-
ded in glass containers in a mixture of 800 ml methylmethacry-
late, 100 ml Plastoid N, and 15 g benzoyl peroxide in a water
bath (28–32�C) for 4 days. The polymerized blocks were hard-
ened at 50�C in a heating cabinet overnight. The blocks were
trimmed roughly on a band saw (Emco GmbH, 5400 Hallein,
Austria) and then sectioned close to the surface of the embed-
ded penis on a low speed saw (Buehler Isomet low-speed saw;
Evanston, IL). One specimen block each was cut and ground
longitudinally, starting from either the dorsal or ventral side of
the penis. The specimen block from the juvenile bat was cross-
sectioned, starting from the proximal end of the glans penis.
The resulting surfaces of the respective specimen blocks were
polished and glued (CA8 Pronto instant adhesive, 3M) to a
plexiglass slide. A 3 mm thick section of was cut parallel to this
surface. This thick section was ground (EXAKT-Type AW 10,
EXAKT Advanced Technologies GmbH, D-22851 Norderstedt,
Germany; 1,000-grit and 4,000-grit sandpaper) until the skin of
the penis was exposed. This surface and consecutive ground
surfaces were polished (Buehler Minimet Polisher; Evanston,
IL; alumina polishing powder, particle size 1.0 mm) for surface
staining. Before staining they were treated for 2 min in 0.1%
formic acid in distilled water (A. dest.), then rinsed in A. dest.,
stained 20–40 min in freshly prepared Giemsa-solution (Merck
GmbH, Darmstadt, Germany), differentiated in 100 ml A. dest.
with five drops of glacial acetic acid, and rinsed again in A.
dest. Some sections were contrasted with pararosaniline
(method: Barbara Rendl and Astrid Haase, personal communi-
cation). Dried surfaces were evaluated without cover slips by
light microscopy (Nikon E 600) and photographed (Nikon J1,
Nikon, Japan).

RESULTS

Evaluation of mCT virtual sections and 3D-
renderings showed that the bacula of Pipistrellus
pipistrellus, P. pygmaeus, P. hanaki, and

TABLE 1. Measurements on the bacula of juvenile and subadult P. pipistrellus s.l., and adult P. pipistrellus s.str., P. pygmaeus, P.
hanaki, and P. nathusii

Projected length �x (range) Projected width �x (range) Projected height �x (range)

P. pipistrellus (n 5 5) juvenile 1267.3 mm (1185.9–1377.6) 210.1 mm (182.7–237.9) 230.4 mm (205.2–267.8)
P. pipistrellus (n 5 4) younger subadult 1364.5 mm (1253.5–1422.4) 210.2 mm (166.2–230.8) 276.6 mm (205.2–322.3)
P. pipistrellus (n 5 3) older subadult 1570.3 mm (1541.8–1589.1) 287.9 mm (236.9–265.6) 333.2 mm (317.8–354.3)
P. pipistrellus (n 5 30) adult 1687.7 mm (1531.5–1835.4) 371.7 mm (285.8–417.9) 366.9 mm (309.9–458.6)
P. pygmaeus (n 5 24) adult 1559.3 mm (1420.6–1767.8) 325.9 mm (281.5–397.3) 351.9 mm (296.0–510.7)
P. hanaki (n 5 9) adult 1478.7 mm (1319.1–1762.2) 315.1 mm (272,0–393.5) 294.5 mm (243.0–387.9)
P. nathusii (n 5 4) adult 1375.5 mm (1292.0–1447.5) 399.4 mm (367.9–430.8) 246.4 mm (241.1–259.6)

Arithmetic mean (�x) and range of projected length, width, and height.
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P. nathusii are all Y-shaped in dorsal view (Fig. 1).
The two branches of the base are slender where
they split, but widen considerably towards the
proximal ends. The angle of this branching shows
interspecific and intraspecific variations (Herdina
et al., 2014). In all four Pipistrellus species stud-
ied, the shaft of the baculum is long and slender
in proportion to the base. The small distal tip of
the baculum is forked and directly encases the
upper half of the external urethral orifice within
the glans penis.

In lateral view (Fig. 1), the bacula of P. pipistrel-
lus, P. pygmaeus, and P. hanaki show a pro-
nounced dorsoventral curve, with the broader base
tapering towards the narrow tip. The curve shape
in these three species shows considerable individ-

ual variation. P. nathusii bacula are also curved
dorsoventrally, but bend back dorsally near the
distal end of the shaft. Table 1 contains the mean
and range of baculum measurements.

MicroCT-images also show the position of a med-
ullary cavity and the course of a medullary/vascu-
lar canal and Volkmann’s canals in the bacula
(Fig. 1). In most specimens, both widened proximal
ends of the branches of the baculum contain mar-
row cavities, which can be very large and can
have several Volkmann’s canals. A narrower mar-
row canal leads to a central Haversian canal in
the proximal portion of the baculum shaft. In all
four Pipistrellus species, considerable individual
variation was observed in the length of the canals,
the number and position of the nutrient foramina,
and further Volkmann’s canals sometimes branch-
ing off the Haversian canal in the shaft. In three
specimens of P. hanaki, a medullary cavity was
completely absent.

Light microscopic histology of undecalcified
ground sections of P. pipistrellus penes showed
that the proximal branches (base) of the baculum
consist of a layer of woven bone with densely
packed irregular osteocytes around an inner layer
of lamellar bone (Figs. 2–4). In the woven bone
layer, the tunica albuginea connects the corpora
cavernosa to the baculum with fibrocartilage-like
cells (Figs. 3 and 4). Such a connection is identi-
fied as an enthesis (Benjamin et al., 1986). The
layer of lamellar bone encases the medullary cav-
ity, which is filled with fatty bone marrow and
blood vessels (Figs. 2–4). The proximal part of the
baculum shaft consists of a tubular bone with a
central medullary or vascular canal (of variable
length and morphology), surrounded by concentric
lamellar bone with regularly spaced, oval shaped
osteocytes (Figs. 4 and 5). This inner lamellar
layer of the proximal shaft is in most places sepa-
rated from the peripheral subperiosteal woven
bone by a distinct cement line (Figs. 4 and 5). The
distal part of the baculum shaft with its slender
and forked tip consists of woven bone only (Fig. 6).

The thick fibrous tunicae albugineae of the
paired corpora cavernosa are merged for most of
the length of the penis shaft (Figs. 2 and 3).
Where they merge, a thinner continuation of the
combined tunicae albugineae forms the incomplete
septum pectinatum, allowing blood lacunae to
communicate. Between the blood lacunae a net-
work of more fibrous trabeculae can be seen,
which connect to the tunica albuginea (Figs. 2 and
3). In mCT virtual cross sections, the corpora cav-
ernosa are shaped like a thick horseshoe, with a
ventral groove along their length. At the distal
end, the gradually thinning tunica albuginea con-
tinues into the fibrous layer of the dorsal perios-
teum of the baculum (Figs. 2–4).

The urethra is lined with urethral mucosa, a
multilayered epithelium, and surrounded by the

Fig. 1. Examples of bacula of P. pipistrellus (NMW 66144), P.
pygmaeus (NMP 48738), P.hanaki (NMP 92349), and P. nathusii
(NMW 66479). Left to right; 3D surface renderings of mCT-
images, scaled to the same size to compare shape only; for sizes
see Table 1) in dorsal view (upper row) and lateral view (lower
row). Scale bars: 200mm. Medullary cavity and canals shown in
orange.
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corpus spongiosum (Figs 2–5 and especially 6).
Proximally, the urethra lies in the ventral grove of
the merged corpora cavernosa, and then continues
under the baculum towards the forked distal end
(Fig. 5). In the glans penis, the corpus spongiosum
becomes more voluminous and completely envelops
the urethra and the baculum. The corpus spongio-
sum is also enveloped in a fibrous layer, but thin-
ner than the tunica albuginea of the corpora
cavernosa (Fig. 6). Finally, the urethra ends with
the external urethral orifice, which is beveled like
the tip of a hypodermic needle, its dorsal half
being enclosed by the forked tip of the baculum
(Figs. 5 and 6). The preputium is thick and vascu-
lar (Figs. 2, 5, and 6). The inner, visceral surface
of the preputium and the skin of the glans consist
of a stratified squamous epithelium (the cell nuclei
of which are visible in Fig. 6), as in most mam-
mals (Banks, 1993). The preputium contains acces-

sory swelling tissue, a subcutaneous layer of fat,
and sebaceous glands (Fig. 6). The transition from
the normal skin of the penis occurs about where
the corpus spongiosum widens. The preputial sac
is filled with abundant cellular debris constituting
the smegma (Figs. 5 and 6). The outer, parietal
surface of the preputium is folded and covered
densely with hair (Figs. 2, 5, and 6). The epider-
mis is a stratified squamous keratinized epithe-
lium with a distinct layer of melanocytes (Fig. 6).
No keratinized spines or papillary buds were
found.

Baculum Development in Pipistrellus
pipistrellus

In the juvenile and subadult bats, the whole
baculum consists of woven bone. While the distal
part of the shaft with the forked tip seems to be

Fig. 2. Ventral view of a P. pipistrellus (NMW 52177) penis (distal part of the shaft and glans), surface-stained ground section
(right; Giemsa stain and pararosaniline; photographs stitched with Adobe Photoshop CS6), comparing the corresponding mCT virtual
section (left; iodine stained, overview scan) of the same specimen; ac: accessory swelling tissue, ba: baculum, cc: corpora cavernosa,
cs: corpus spongiosum, ha: hair, la: blood lacunae (in the corpora cavernosa), mc: medullary cavity (within the baculum) with fatty
bone marrow and blood vessels, po: periosteum, pr: preputium, ps: preputial sac, ta: tunica albuginea (of the corpora cavernosa), tr:
trabeculae (in the corpora cavernosa), ur: urethra.
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Fig. 3. Corresponding mCT virtual section (left; iodine stained; taken from overview scan) and Giemsa surface-stained ground sec-
tion (right) of a P. pipistrellus (NMW 52177) penis in ventral view. The visible portion of the baculum (ba) shows woven bone (wb)
with densely packed osteocyte lacunae in the periphery, and lamellar bone (lb) with sparse osteocytes around the medullary cavity
(mc). ba: baculum, cc: corpora cavernosa, cs: corpus spongiosum, en: entheses, fm: fatty marrow (with blood vessels in between), la:
blood lacunae (in the corpora cavernosa), lb: lamellar bone, mc: medullary cavity within the baculum (with fatty bone marrow (fm)
and blood vessels), po: periosteum, pr: preputium, ps: preputial sac, ta: tunica albuginea (of the corpora cavernosa), tr: trabeculae (in
the corpora cavernosa), ur: urethra, wb: woven bone.

Fig. 4. Corresponding mCT virtual section (left; iodine stained; detail scan of the proximal baculum and surrounding soft tissue) and
Giemsa surface-stained ground section (right) of a P. pipistrellus (NMW 66144) penis in dorsal view. The visible portion of the baculum (ba)
shows woven bone (wb) with densely packed osteocyte lacunae in the periphery, and lamellar bone (lb) with sparse osteocytes separated by
a distinct cement line (cl); around the medullary canal (mc). ba: baculum, bv: blood vessels, cc: corpora cavernosa, cl: cement line, en: enthe-
ses, hc: haversian canal, la: blood lacunae (in the corpora cavernosa), lb: lamellar bone, mc: medullary canal (within the baculum) with blood
vessels, oc: osteocytes, po: periosteum, ta: tunica albuginea (of the corpora cavernosa), ur: urethra, wb: woven bone.
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mostly developed, the proximal base of the bacu-
lum is distinctly different from the appearance in
adults (Fig. 7). The branches are shorter and not
as broad as in adult specimens. The woven bone at
the base contains single, large, densely packed,
round or cubic osteocytes, that resemble chondro-
cytes (Fig. 7A). However, the corresponding mCT-
images show a mineralized extracellular matrix.
In some of the bacula from subadult bats (n 5 6)
and one from a juvenile, a primary medullary cav-
ity was found where the branches of the base
merge into the shaft, sometimes with a large open-
ing to the ventral side of the bone (Fig. 7B), some-
times expanding into the distal part of the
branches. The other bacula (juvenile n 5 4, suba-
dult n 5 1) only had a small primary medullary
cavity, where the branches of the base merge into
the shaft.

DISCUSSION

By verifying histomorphological findings on mCT-
images with light microscopic evaluation of serial
surface-stained ground sections, correlative imag-
ing of museum specimens enabled us to study
Pipistrellus penes in greater detail and in more

specimens than would a single technique. Some
tissue properties, like discriminating woven from
lamellar bone by the shape and size of osteocytes,
can readily be studied on virtual sections from
mCT-images alone (Fig. 4). Soft tissues can be dis-
tinguished in mCT-images of iodine stained P.
pipistrellus and P. nathusii penes by different gray
values, representing different radiodensities,
determined by the extent to which the tissues take
up iodine (Figs. 2–5).

For other findings, like the identification of fatty
marrow or of cement lines, the comparison of mCT-
images with ground sections of the same individ-
ual in the same section plane and orientation was
necessary (Figs. 2–4). The ground sections showed
more detailed histological traits in the soft tissue,
in addition to what we found with mCT. After thus
calibrating our mCT-images, these structures could
be found and confidently interpreted in mCT-
images of other specimens, even of different spe-
cies. Additionally, 3D-renderings of mCT-images
provide a better understanding of the overall
shape of Pipistrellus bacula and facilitate compari-
sons between species (Figs. 1, 5, and 7).

We originally evaluated the micromorphology of
the baculum to find characters that could

Fig. 5. MicroCT 3D surface rendering of the baculum (ba), urethra (ur), glans penis (gl), and corpora cavernosa (cc) with 3D vol-
ume rendering and 2D virtual section of the penis in lateral view (left; iodine stained; overview scan) and Giemsa surface-stained
ground section (right, focus stack of several photographs) of a P. pipistrellus (NMW 66144) penis in ventral view. Showing the posi-
tion of the distal tip of the baculum (ba) at the external urethral orifice (uo; left) and the bone structure of the baculum shaft (ba;
right). ac: accessory swelling tissue, ba: baculum, cc: corpora cavernosa, cl: cement line, gl: glans penis, ha: hair, lb: lamellar bone,
mc: medullary canal (within the baculum) with blood vessels, pr: preputium, ps: preputial sac, uo: external urethral orifice, ur: ure-
thra, wb: woven bone.
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potentially be used for differentiating Pipistrellus
species (Herdina et al., 2014). Differences in dorso-
ventral curve shape (Fig. 1), as found between the
specimens of Pipistrellus pipistrellus, P. pygmaeus,
and P. hanaki, seem to represent only individual
variation. The location and length of the medul-
lary canal, Volkmann’s canals, and nutrient foram-
ina in Pipistrellus pipistrellus, P. pygmaeus, P.
hanaki, and P. nathusii exhibit much more indi-
vidual variation than in the Plecotus species exam-
ined previously (Herdina, 2008; Herdina et al.,
2010a). This variation ranges from specimens
without any medullary canals to specimens with
large cavities in the branches of the proximal
base, and extremely large nutrient foramina.
Therefore these characters do not appear to be
usable in Pipistrellus species identification.

The prevalence of a secondary medullary cavity
with fatty marrow in mammalian bacula is
unclear. The occurrence of a canal or cavity filled
with connective tissue and blood vessels in the
baculum has been reported in the parti-coloured
bat Vespertilio murinus (Gilbert, 1892) and in vari-

ous rodents (Gilbert, 1892; Glucksmann and
Cherry, 1972; von Ihering, 1885; Retterer, 1887).
Bone marrow, without further description, was
reported in the baculum of mice (Iguchi et al.,
1990; Iguchi and Ohta, 1996; Deveci et al., 2009;
Yildiz et al., 2010) and rats (Yoshida and Kadota,
1980). The occurrence of fatty bone marrow was
only mentioned in the baculum of rats (Retterer,
1887). The fatty bone marrow found in the medul-
lary cavity of the baculum, together with cement
lines as evidence of bone remodeling, identifies the
baculum as a mature bone.

The histomorphological structure of the lamellar
bone with a central canal and small Volkmann’s
canals but no Haversian canals resembles the
structure of a single osteon. Thus, it appears that
the lamellar portion of the baculum develops like
a single secondary osteon in all of the Plecotus
(Herdina, 2008; Herdina et al., 2010a) and
Pipistrellus species we have studied (Fig. 7).
However, the baculum in the studied bat species
(Figs. 2–5) is not a single-osteon bone, because of
the presence of woven bone around the lamellar

Fig. 6. Giemsa surface-stained ground sections of the distal tip of the penis in two different P. pipistrellus specimens (left: NMW
66144, right: NMW 52177). Dorsal view (left) and ventral view (right) show how the distal tip of the baculum encases the dorsal half
of the external urethral orifice. ac: accessory swelling tissue, ba: baculum, cl: cement line, cs: corpus spongiosum, ep: epidermis, gl:
glans penis, ha: hair, lb: lamellar bone, mc: medullary canal (within the baculum) with blood vessels, me: melanocytes, pr: prepu-
tium, ps: preputial sac, se: stratified epithelium, sf: subcutaneous fat, sg: sebaceous gland, sm: smegma, um: urethral mucosa, uo:
external urethral orifice, ur: urethra, wb: woven bone.
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portion and because of the occurrence of a second-
ary medullary cavity filled with fatty marrow,
although such bones have been found in other ver-
tebrates, for example the femur of the Japanese
fire-bellied salamander Cynops pyrrhogaster
(Urschitz, 1982) and other amphibians (e.g. Rana
esculenta; Demeter and M�aty�as, 1928).

Ground sections of Pipistrellus pipistrellus
bacula and mCT-images of the bacula of all the spe-
cies studied complement the results of our earlier
studies on Plecotus baculum histomorphology
(Herdina, 2008; Herdina et al., 2010a), and results
of this study on soft tissue histomorphology corrob-
orate the results of previous studies of bat penes
(Matthews, 1937; Ryan, 1991a, 1991b; Herdina,
2008; Herdina et al., 2010a). The small glans and

the thick preputium, containing accessory swelling
tissue, of P. pipistrellus s.l. (Figs. 2, 3, 5, and 6)
were described by Matthews (1937), who called
this swelling tissue the accessory corpus caverno-
sum (citing Ercolani, 1868, who named it in
Vespertilio [5Myotis]). The thick preputium might
effect coital locking, as proposed for Myotis lucifu-
gus by Wimsatt and Kallen (1952). Contrary to
findings in some other bat species (Vamburkar,
1958; Ryan, 1991a; Crichton and Krutzsch, 2000;
Armstrong, 2005; Cryan et al., 2012), we did not
find penile spines on the penes of the species
studied.

Our results provide histomorphological support
for two hypotheses of baculum function. 1) The
baculum forms a functional unit with the corpora

Fig. 7. Baculum 3D surface renderings, medullary cavity and canals in orange; left: lateral view, middle: dorsal view; projected
length: 1.3mm. Scale bar: 200mm. Slightly oblique ground cross-sections (right, A-D; Giemsa stained) of juvenile P. pipistrellus (NMW
66530). A: base of the baculum with osteocytes (oc) resembling chondrocytes and a small medullary canal (mc). B: distal part of the
baculum base with large primary medullary cavity (mc). C and D: distal end of the baculum where the forked baculum tip surrounds
the dorsal half of the external urethral orifice. gl: glans penis, mc: medullary cavity/canal, oc: osteocytes, po: periosteum, ur: urethra.
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cavernosa (Figs, 2–4), facilitating force transfer
from the tip of the penis to the corpora cavernosa
and increasing overall flexural stiffness of the
glans and shaft of the penis (Kelly, 2000; Herdina
et al., 2015). 2) The baculum protects the distal
part of the urethra and the external urethral ori-
fice (Figs. 5–7) from compression during copulation
(Dixson, 1995; Herdina et al., 2015). The forked
tip of the baculum encloses the upper half of the
external urethral orifice in all the Pipistrellus spe-
cies studied.

Our preliminary results on baculum develop-
ment in Pipistrellus pipistrellus show that the dis-
tal part of the baculum reaches its adult shape
before the proximal part (Fig. 7). We did not study
young enough individuals to confirm if a cartilage
precursor to the baculum exists in this species.
However, the woven bone tissue in the base of the
juvenile and subadult bats, with large round osteo-
cytes resembling chondrocytes (Fig. 7A), could be
chondroid bone (as described by Schaffer, 1930). At
least two juvenile specimens were not yet capable
of flight, while the subadult bats we studied were
already capable of flight and had probably already
left the maternity colonies in which they were
born. The different states of medullary cavity
development we found suggest an invasion of
blood vessels from the ventral side of the baculum,
where the branches of the base meet the shaft
(Fig. 7B).

Variability in the innervation and the morphol-
ogy of medullary canals of bone is a well-known
phenomenon (Usener, 1966). The different degree
of variability of the morphology of the medullary
canals in the bacula of bat species of the genera
Pipistrellus and Plecotus is interesting because it
may imply differences in ontogenetic plasticity. To
our knowledge, the ontogeny of the baculum in
bats has not been studied histologically, but only
in dissected or macerated penes (Vlček, 1967;
Maeda, 1978a, 1978b; Smirnov and Tsytsulina,
2003).

CONCLUSION

Correlative 2D and 3D-imaging can be especially
useful for studying valuable museum specimens.
High-resolution mCT-images can be obtained with-
out modifying or damaging the specimens, allow-
ing a larger number of samples to be studied, even
if the study organism is rare in scientific collec-
tions. Combining mCT-imaging with specialized
histomorphological techniques like surface-stained
ground sections enables accurate identification of
histological structures in the mCT-images. It also
creates an independent data set that can be useful
in further studies. Thus correlating a versatile 3D-
image and virtual 2D-sections from mCT-scans
with ground section surfaces of the same specimen
in different orientations and combinations becomes

possible, even long after the specimen has been
returned or processed histologically.
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