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Preface

Some 20 years ago we discussed with Dr William A. Wimsatt the possibility of
bringing together a volume devoted to the reproductive biology of Chiroptera. Our
idea, at that time, was to present such a work as Volume 4 in the Biology of Bats.
Many events interfered with the initiation of such a review, and finally the
untimely death of Dr Wimsatt almost permanently set it aside. It is to Bill’s vision
and memory that we gratefully and lovingly dedicate this volume. He is sorely
missed not only for his contributions to this science but for his deep and sincere
friendship and support.

The great and ever growing interest in these unique and highly specialized
mammals and the many new findings about their reproduction caused us to realize
the importance of bringing together the available data concerning the reproductive
aspect of the life history of these mammals. Knowledge of reproductive events and
their controlling mechanisms may ultimately be central to the management of
vulnerable populations. Perhaps the application of assisted reproductive
technologies will become critical.

The current knowledge of the reproductive biology of bats is fragmentary,
appears in a wide range of scientific literature, and only concerns a small fraction
of the 960+ species of Chiroptera. This mammalian order is worldwide in
distribution and comprises nearly 25 per cent of the existing living mammal fauna.
Volumes that synoptically consider aspects of bat reproduction include: Slaughter
and Walton (1970), Kunz (1982, 1984), Hill and Smith (1984) and Altringham
(1996). A comprehensive volume reviewing this critically significant area of
chiropteran biology, however, is lacking and leaves us without an in-depth
compilation of pertinent literature, which is worldwide, in many languages and
often difficult to obtain.

Our aim is to summarize (in one volume) the current knowledge of reproductive
biology in bats. Perhaps this will provide a stimulus to students and/or established
investigators to find answers to some of the many unknowns.

Authors contributing to this volume were selected on their contributions to the
subject field that they were to review. Their reviews were to bring forth and
summarize data on specific topics. Each chapter was to include and summarize
primarily reviews of the published literature and, less often, original work in
progress. Contributors were encouraged to freely develop their ideas and
presentations which resulted in some, but meaningful, redundancy.

We are forever grateful to a number of individuals who helped make this
immense task possible. We wish to thank our spouses Dorothy and Harold for their
special support and understanding. We also owe special thanks to David Piper who
took the time from his demanding schedule to advise upon and provide computer
support, and David Karabinus, a trusted colleague, for his unselfish help in the
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mechanics of word processing. Secretarial assistance was graciously given by Lori
Taylor and Susan Eastman of the Department of Cell Biology and Anatomy,
University of Arizona. Robert S. McCuskey, Department head, is thanked for his
support in the use of many department facilities and services.

We are especially indebted to Dr. Ted Fleming for his contribution in the
preparation of the Subject Index. In addition, we acknowledge the following
colleagues who freely provided their professional insight and expertise in
anonymously reviewing one or more of the chapter manuscripts: B.B. Benson,
R.T.F. Bernard, J. Bradbury, G. McCracken, M. Cukierski, M.B. Fenton, A.W.
Gustafson, Mac E. Hadley, P.D. Heideman, P. Hoyer, C. Pow, P.A. Racey, E.H.
Studier, E.L. Cockrum and E.D. Widmaier.

Elizabeth G. Crichton
Philip H. Krutzsch
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1. INTRODUCTION

One of the most compelling questions addressed by bat physiologists today is how
neuroendocrine mechanisms support the diverse array of reproductive patterns
that have evolved within the chiropteran order. It is assumed that in bats, as in all
mammals studied, gametogenic and steroidogenic activities of the gonads are
regulated by hormones of the anterior pituitary gland. Secretion of pituitary
hormones is controlled by the hypothalamus, which in turn is influenced by
hormonal milieu as well as by neural pathways originating in other areas of the
brain.

These complex central mechanisms have been examined most thoroughly in
laboratory rodents, in a few primates, in sheep and in certain other livestock
species. Research has focused on these animals for several practical reasons,
including feasibility of establishing and maintaining breeding populations as well
as availability of financial support for work with clearly apparent medical or
economic implications. Furthermore, inbred strains have been favored in many

Reproductive Biology of Bats Copyright © 2000 by Academic Press
0-12-195670-9 All rights of reproduction in any form reserved



2 E.L.P. Anthony

physiological studies, as fundamental mechanisms may be more readily discerned
when variability among individuals is minimal.

Biologists attempting to investigate central endocrine mechanisms in bats face
obvious difficulties on all these fronts. Wild-caught bats, sampled at different
phases of their reproductive cycles, have provided the basis for most of our current
knowledge. As a result, most studies have been descriptive in nature, documenting
apparent changes in hypothalamic and pituitary activity that occur over the course
of male and female reproductive cycles. However, efforts to maintain healthy
captive bat colonies, in which individuals not only survive over the long term, but
also reproduce, are becoming increasingly successful. These advances are creating
new research environments in which investigators can conduct studies that are
more experimental in design.

This chapter will review information derived from all these sources. Primary
emphasis will be placed upon form and function of the hypothalamic-pituitary
complex in bats within the broader context of their reproductive physiology. Given
the wide variety of reproductive patterns observed, it is important to emphasize
that there may also be considerable variation in the underlying neuroendocrine
mechanisms. We are far from being able to assess, in any comprehensive way, how
conserved or how varied these mechanisms may be. However, it is of great interest
to begin to explore the variations on the ‘basic mammalian scheme’ that may be
necessary to achieve such fascinating diversity in reproductive function.

1.2 THE HYPOTHALAMIC-PITUITARY COMPLEX

At one time it was believed that the pituitary gland, acting as an autonomous
‘master gland,” served as the primary central regulator of mammalian reproduction.
This role was ascribed to the pituitary by virtue of critical influences exerted by
luteinizing hormone (LH), follicle stimulating hormone (FSH) and prolactin on
ovarian, testicular and mammary gland function. While these influences are still
acknowledged as fundamental to reproductive physiology, it has become clear that
the pituitary is not an autonomous regulator. Rather, the pituitary stands at a
‘crossroads’ where the nervous and endocrine systems converge; thus, it represents
only one part of a highly sophisticated neuroendocrine complex. With respect to
controlling reproductive activity, this complex is in a position to integrate neural
and hormonal input from various sources (including indirect input from sensory
systems) and to respond appropriately with endocrine signals. It is, therefore,
reasonable to suspect that the hypothalamic-pituitary complex plays a pivotal role
in coordinating reproductive activities in response to changing physiological and
environmental conditions.

Among mammals, the hypothalamic-pituitary complex exhibits considerable
variation with respect to anatomical relationships among its various components.
The components of neural origin include the hypothalamus itself, with the median
eminence (ME) protruding from its base at the midline. Emanating directly from
the ME is the narrow infundibular stem, which in turn expands to form the neural
lobe of the pituitary gland. Together, the ME, stem and neural lobe constitute the
neurohypophysis. Tissues of non-neural origin comprise the adenohypophysis,
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those parts of the pituitary gland known as the pars distalis, pars intermedia and
pars tuberalis.

Relative orientations of these structures vary widely among mammals (Figure
1.1). In microchiropteran bats (Anthony et al., 1984), the infundibular stem and
pituitary neural lobe extend posteriorly from the ME. Because the pars intermedia
and pars distalis develop anterior to the neural lobe, the stem crosses their dorsal
surface, creating an extensive region of direct contact between the stem and the
pars distalis. Similar anatomical relationships have recently been described in
megachiropteran bats (O’Brien, 1996); three-dimensional reconstruction of the
pituitary gland of Pteropus scapulatus (Figure 1.2) clearly reveals that the
infundibular stem occupies a sulcus bounded by the pars distalis and pars
intermedia. In contrast, direct contact between the stem and pars distalis is
minimal in rodents, in which the stem is similarly directed, but the pars
intermedia and pars distalis develop ventral to the neural lobe (Figure 1.1). It is
also limited in primates in which the infundibular stem and neural lobe extend
inferiorly from the ME and the pars distalis is located anterior to the neural lobe.

FERRET

Figure 1.1 A diagram of pituitary morphology and neurohypophysial GnRH projections in five
mammals. AH = adenohypophysis; C = hypophysial cleft; ME = median eminence; NH =
neurohypophysis; OC = optic chiasm; PD = pars distalis; PN = pars nervosa (neural lobe); PT = pars
tuberdlis; stippled areas = pars intermedia. General outlines adapted from Adams et al. (1971) and

Hanstrom (1966). Reprinted from Anthony et al. (1984) with permission from Springer-Verlag.
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Figure 1.2 Three-dimensional reconstructed image from horizontal sections of pituitary gland of
P. scapulatus: dorsal view. The faces that are normally hidden inside the gland have been shaded for
this illustration. (i) Pars distalis. The infundibulum (see iii and iv) lies across the sulcus (shaded)
formed by regions of pars distalis (rising out of the page) which surround it. This view illustrates
how the pars distalis extends around the space occupied by the other two regions. (ii) The pars
intermedia forms the wall of an incomplete spherical shape which cups around the neural lobe
(which abuts the inner shaded face) and fits inside the pars distalis (which abuts the outer shaded
face). Dorsally (rising out of the page), it extends around the infundibulum contributing to the
sulcus described by the pars distalis. (iii) The neurohypophysis is represented by part of the
infundibulum (inf) superficially and the neural lobe (nl) deep to that (disappearing into the page).
The shaded face is usually hidden by the overlying pars intermedia and the infundibulum fits into the
sulcus that is shaded in (i). (iv) The entire gland, constructed by adding the segments from i, ii and
ii together and removing any hidden lines. What remains can be constructed from the unshaded
regions of the first three illustrations. Figure and legend reprinted from O’Brien (1996) with
permission from Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.

1.3 GnRH AND PORTAL MECHANISMS

In all mammalian species studied to date, gonadotropin releasing hormone
(GnRH), also known as luteinizing hormone releasing hormone (LHRH), directs
tonic pulsatile secretion of LH and FSH from gonadotropes within the pars distalis.
This peptide of hypothalamic origin also stimulates the gonadotropin surge that
precedes ovulation. GnRH consists of ten amino acids, the form first isolated in
mammals having the sequence pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,.
This molecule has been identified in all mammalian species examined. An
additional molecular form with three amino acid substitutions (termed chicken
GnRH II) has been identified in some metatherian mammals and in eutherians of
the order Insectivora. Chicken GnRH II was not detected in the brain of the only bat
species that has been examined (Miniopterus schreibersii), although expression of
the unsubstituted form has been confirmed (King et al., 1994).
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As GnRH is synthesized and secreted in very small amounts, mechanisms
responsible for transporting GnRH from sites of secretion to target cells in the pars
distalis must be highly efficient. In all mammals that have been studied, GnRH is
transported in portal vessels which conduct blood flow from capillary beds at sites
of releasing hormone secretion to capillary beds within the pars distalis. The
architecture of these portal vessels varies among mammals, however, depending
upon (1) how the pars distalis is oriented relative to the neural components of the
hypothalamic-pituitary complex, and (2) where specifically within the
neurohypophysis releasing hormones are secreted.

Sites of GnRH synthesis and secretion have been studied in several
vespertilionid bats using immunocytochemical techniques: Myotis Iucifugus
(King et al., 1984), M. schreibersii (Mikami et al., 1988b; Fernandez et al., 1992),
Eptesicus fuscus (Oelschldger and Northcutt, 1992). In all cases the neuronal
cell bodies responsible for synthesis are reported to be widely distributed
within the hypothalamus and in surrounding forebrain areas. Processes that
extend from these cell bodies toward the medial basal hypothalamus converge
at the level of the ME, but few if any, appear to terminate within its external
zone. Instead these fibers course via the internal zone, projecting abundantly
into the infundibular stem, and many can be traced into the neural lobe of the
pituitary gland. In M. lucifugus, authenticity of GnRH-immunoreactive material
in the neural lobe has been established by high performance liquid
chromatography (Anthony et al., 1987b). The principal sites of GnRH secretion
in vespertilionid bats thus seem to be within the lower infundibular stem and
the neural lobe. This is in sharp contrast to rats, in which the primary site of
secretion is the external zone of the ME, with some fibers also terminating in
the upper infundibular stem.

Not surprisingly, organization of the portal vasculature differs significantly
between bats and rats. The only bat in which the portal vasculature has been
examined in detail is M. Iucifugus (Anthony and Gustafson, 1995). In this study,
corrosion casting techniques were used to produce three-dimensional replicas of
the microvascular network within the hypothalamic-pituitary complex. Scanning
electron microscopic analysis of these replicas revealed a highly anastomotic
capillary bed extending from the ME to the proximal neural lobe, ensheathing the
infundibular stem in the manner of a ‘mantle plexus’ (Figure 1.3). This continuous
capillary network is supplied by at least three small arteries which are probably
analogous to the anterior, middle and posterior hypophysial arteries in other
mammals, as they associate with the capillary bed at the levels of the ME, stem and
neural lobe, respectively. Several straight vessels emerge from portions of this
capillary network within the lower infundibular stem and neural lobe (Figure 1.3);
these pass directly into the adjacent pars distalis where they give rise to arcing
parallel arrays of sinusoids. In M. lucifugus, the straight vessels comprise a series
of short portal conduits, which appear to represent the primary vascular link
between the neurohypophysis and the pars distalis. A few additional short portal
vessels run between the anterior margin of the neural lobe and the posterior margin
of the pars distalis (Figure 1.4). Long portal vessels, which would originate in the
ME, have not yet been observed in bats, whereas in rats they constitute the
principal source of portal flow to the pars distalis.
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Figure 1.3 A microvascular corrosion cast of pituitary portal vasculature in M. lucifugus. The
capillaries of the infundibular stem (IS) are organized as a superficial mantle plexus, within which the
vessels form a complex anastomosing network. From these capillaries arise a series of short portal
vessels (at white arrowhead) that in turn give rise to arcing parallel cascades of sinusoids within the
pars distalis (PD). The capillary network of the infundibular stem is continuous with that of the
neural lobe (NL). Reprinted from Anthony et al. (1998) with permission from Elsevier Science.

These observations support the implications of immunocytochemical studies on
the GnRH system. In bats, peptide released from neuronal terminals within the
lower infundibular stem and neural lobe can gain access to target cells throughout
the pars distalis via extremely short portal vessels. Paucity of neuronal terminals
at the level of the ME is associated with a significantly reduced contribution of long
portal vessels to releasing hormone transport.

Direct apposition of the infundibular stem and the dorsal surface of the pars
distalis, however, suggests that GnRH may additionally gain access to some target
cells by non-vascular mechanisms (Anthony et al., 1992). In M. lucifugus, the
portion of the pars distalis immediately surrounding the stem (a region termed the
‘zona tuberalis’) is enriched in gonadotropes (Anthony and Gustafson, 1984).
Ultrastructural characteristics of the gonadotropes located here, including
moderate to extreme dilation of rough endoplasmic reticulum and limited numbers
of stored secretory granules, suggest heightened synthetic and secretory activity
(Figure 1.5; Anthony et al., 1992). This distinctive functional status (which seems
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Figure 1.4 In M. lucifugus, microvascular corrosion casts further reveal short portal vessels (such
as the one indicated by the white arrowhead) running between the anterior margin of the neural

lobe (NL) and the posterior margin of the pars distalis (PD). These vessels cross the dorsal surface
of the relatively avascular pars intermedia.

unrelated to endocrine condition) may result from the close proximity of these
gonadotropes to GnRH-containing neuronal processes that traverse the
infundibular stem; furthermore, they occupy the portion of the pars distalis closest
to sites of initial entry of the short portal vessels identified by corrosion casting.
When the interface between the tissue of the stem and the pars distalis is
examined with transmission electron microscopy, profiles of portal vessels are
often observed along this boundary. In areas lacking blood vessels, the boundary
zone is reduced to a very thin layer of connective tissue containing collagen fibers
distributed in scattered groups (Anthony et al., 1992). Because of the delicate
nature of this intervening tissue, it is possible that GnRH could diffuse directly
from some sites of secretion within the stem to a limited neighboring
subpopulation of gonadotropes. Clearly, fine structural features of this interface
suggest localized facilitation of GnRH delivery to target cells, possibly by both
vascular and non-vascular routes. An intriguing question under investigation is
whether gonadotropes clustered within this ‘zona tuberalis’ area are functionally



8 E.L.P. Anthony

Figure 1.5 An example of a secretory cell of the pars distalis located in close proximity to a
fenestrated capillary (FC) at the boundary between the lower infundibular stem and the pars distalis
in M. lucifugus. Note the swelling of the rough endoplasmic reticulum and the paucity of stored
cytoplasmic secretory granules. Scale bar = | um. Reprinted from Anthony et al. (1992) with
permission from Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.

distinct in their contribution to neuroendocrine control of reproduction compared
to gonadotropes scattered throughout the rest of the pars distalis.

With respect to GnRH transport within the hypothalamic-pituitary complex, bats
and rats seem to exemplify two extreme and opposite conditions. In rats, the
majority of fibers terminate at the level of the ME, making this species heavily
dependent on long portal routes of delivery. Bats, on the other hand, rely heavily
(if not exclusively) on short portal and possibly non-vascular routes, as GnRH
fibers extend to more distal sites of secretion. Locations of GnRH terminal fields in
representatives of other mammalian groups (Figure 1.1) suggest that primates and
carnivores fall between these two extremes, with long and short portal vessels
contributing more equally to GnRH transport (Anthony et al., 1984).

It is tempting to argue that specific sites of GnRH secretion within the
neurohypophysis are physiologically irrelevant as long as mechanisms exist for its
efficient delivery to target cells. On the other hand, recent evidence suggests that
GnRH secretion can be modulated at secretion sites by microenvironmental
changes such as extension or retraction of glial processes between GnRH terminals
and portal capillaries (King et al., 1995). Paracrine interactions with other
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peptidergic or catecholaminergic systems may also occur within terminal fields.
Realization that peptide hormone secretion may be modulated locally at sites of
release introduces an entirely new dimension to investigation of central control of
reproductive processes. Glial cell populations vary between the ME and the neural
lobe, and these microenvironments also potentially differ with respect to
interacting neuronal systems. Therefore, extension of GnRH processes to sites
distal to the ME could be an indication that release of this hormone is regulated
differently in bats than it is in rodents and perhaps in other mammalian taxa as
well.

1.4 GnRH PERIKARYA AND SEASONAL DYNAMICS OF THE GnRH
SYSTEM

Similar spatial considerations apply to the distribution of GnRH neuronal cell
bodies. These perikarya are distributed diffusely throughout the basal forebrain in
all mammals; typically, they are not organized within specific nuclear regions. In
rats, the majority are located rostrally, within the preoptic area and anterior
hypothalamus. In contrast, in vespertilionid bats, immunocytochemistry has
shown that the greatest accumulation of GnRH perikarya is considerably more
caudal (Figure 1.6), in the arcuate nuclei and in surrounding regions of the medial
basal hypothalamus (King et al., 1984; Mikami et al., 1988b; Fernandez et al., 1992;
Oelschlédger and Northcutt, 1992).

In M. lucifugus, this distribution of perikarya has been verified using primary
GnRH antisera with a wide variey of binding characteristics in peroxidase-
antiperoxidase (PAP) immunocytochemistry. These antisera include one that binds

Figure 1.6 Distribution of GnRH-immunoreactive perikarya (white dots) in M. lucifugus (a) and
laboratory rats (b). Each of these images was reconstructed in three dimensions based on serial
coronal sections extending rostrally (at left) from the diagonal band of Broca (where the two
hemispheres join) to the anterior margin of the midbrain (at right). Both computer-generated
reconstructions are viewed from the lateral aspect, with wire frames representing the outer
contours of the brain. Panel (b) reprinted from King and Rubin (1995) with permission from
Plenum Publishing Corporation.
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only the mature GnRH decapeptide (with its cyclized amino terminal and amidated
carboxy terminal) as well as several antisera that can bind both the decapeptide
and extended precursor forms (King et al., 1984). Inmunocytochemical detection
of the fully processed decapeptide within GnRH perikarya in little brown bats
suggests that intraneuronal dynamics of post-translational GnRH processing may
also differ between bats and rats. At least in this bat species, cleavage of the
extended GnRH precursor and modification of the decapeptide terminals
apparently occurs to a large extent in cell bodies. In rats, on the other hand,
processing appears to occur primarily during axonal transport, as the mature
decapeptide is detected (at least with the PAP immunocytochemical technique)
only in neuronal processes and terminals (King and Anthony, 1983).

Regarding the distribution of GnRH perikarya within the forebrain, one might
argue that the placement of cell bodies bears little functional significance as long
as processes extend from them to appropriate sites of secretion. However,
depending upon position within the forebrain, individual GnRH neurons
undoubtedly establish different kinds of synaptic interaction with other neuronal
systems. In all species, the dispersed GnRH ‘system’ probably represents the
aggregate of several functional subpopulations of neurons, each with different
afferent influences and each with somewhat different roles to play in supporting
tonic gonadotropin secretion and in triggering the preovulatory LH surge.

Painstaking analyses of GnRH neurons in gonadectomized male and female rats
and in females at different stages of the estrous cycle have provided striking
evidence of functional subpopulations which can be delineated by their position
within the larger population (King et al., 1987; Hiatt et al., 1992; King and Rubin,
1995). Studies this extensive have not been conducted in bats, but Anthony et al.
(1989) examined the frequency and distribution of GnRH perikarya in pre- and
post-ovulatory M. lucifugus for evidence of discrete functional groups. The results
disclosed that the total number of immunocytochemically detectable perikarya was
much lower in post-ovulatory (X = 280; n = 7) than in pre-ovulatory (X = 423; n =
6) females. This suggested that during the periovulatory period, some of the
neurons had become more extensively depleted of GnRH than others. This
reduction in number of detectable cells was equally evident throughout the
forebrain, as the rostro-caudal and medio-lateral distributions of immunoreactive
cells were similar in both groups of bats. Thus, this study supports the existence of
physiologically heterogeneous neurons within the GnRH system of bats, but it does
not yet provide a basis for topographical delineation of subgroups.

In this same study, a unique phenomenon was observed, involving the dense
clusters of GnRH neurons associated with the arcuate nuclei. Direct contact
between GnRH-immunoreactive neuronal elements (verified by electron
microscopy) occurs in these regions with surprisingly high frequency. Cell bodies
are often contacted by numerous fibers, membranes of neighboring perikarya are
apposed along considerable distances, and more complex aggregates of multiple
immunoreactive perikarya and small to large caliber fibers are established (Figure
1.7). These GnRH-GnRH contacts are far more extensive than those heretofore
described in other mammals. Furthermore, they are more elaborate in active, post-
ovulatory bats than in bats collected in hibernation a month prior to ovulation
(Anthony et al., 1989).
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Figure 1.7 At arrowhead (A), a GnRH-immunoreactive perikaryon (P) is contacted by a large
caliber GnRH-immunoreactive process. In turn, this process is contacted at top by several small
caliber GnRH-immunoreactive fibers. Scale bar = | ium. Reprinted from Anthony et al. (1989) with
permission from the Journals of Reproduction and Fertility, Ltd.

This apparent increase in physical association among GnRH neurons may be
related to activation of the system during the spring periovulatory period, and may
facilitate synchronous activity of groups of neurons. Supporting this hypothesis is
arecent study in rats examining the synchronized firing of multiple GnRH neurons
that typifies pulsatile GnRH secretion (Hiruma and Kimura, 1995). The results
strongly suggested that GnRH itself, acting locally within the hypothalamus,
initiates electrical activity in GnRH neurons, and thus may be responsible for
synchronizing secretion from multiple cellular sources.

Other seasonal changes related to reproductive activity observed in wild-caught
M. lucifugus include a 48% reduction in hypothalamic GnRH content (measured
by radioimmunoassay) in post-ovulatory females. GnRH content of the isolated
infundibular stem/neural lobe and neural lobe fiber density were also significantly
reduced when compared to pre-ovulatory females (Anthony et al., 1989). In M.
schreibersii fuliginosus studied in Japan, Mikami et al. (1988b) reported that
GnRH-immunoreactive perikarya were larger in hibernating male and female bats
than in active (non-pregnant, pregnant and lactating) females. Fernandez et al.
(1992), studying M. schreibersii schreibersii in Spain, found that perikarya of
pregnant and lactating bats were smaller and fewer in number than those in
hibernating and periovulatory individuals. (Whether ovulation had already



12 E.L.P. Anthony

occurred in these bats was not specifically indicated.) These authors were also
unable to assign the functionally heterogeneous neurons to specific anatomical
subgroups. Interestingly, however, they noted in their light microscopic
observations that ‘spiny’ GnRH perikarya were observed only in the arcuate nuclei
of periovulatory bats. It is tempting to speculate that the spiny appearance of these
cell bodies may reflect direct contacts of other GnRH neuronal processes which
cannot be resolved at the light microscopic level, but which were documented at
the fine structural level in M. lucifugus (Anthony et al., 1989).

1.5 THE NERVYUS TERMINALIS

A major breakthrough in understanding the ontogeny of the GnRH system derived
from the observation made in rodents that during fetal development, GnRH
immunoreactivity is detected earliest in the olfactory placode (Schwanzel-Fukuda
and Pfaff, 1989). Neurons expressing GnRH proceed to migrate caudally, most of
them ultimately becoming dispersed in the basal forebrain. Others remain, even in
adult animals, in the nervus terminalis, a cranial nerve derived from the olfactory
placode. This nerve, lacking a designated number and therefore sometimes referred
to as ‘cranial nerve zero,” innervates the nasal septal mucosa and associates with
olfactory, septal and preoptic areas of the brain.

A well-developed terminal nerve has been shown to persist in adult specimens
of several microchiropteran and megachiropteran bat species (Oelschlédger, 1988;
Oelschldger and Northcutt, 1992). In E. fuscus, GnRH-immunoreactive neurons
have been identified in the portion of the nerve within the cranial vault and also in
the meninges surrounding the basal forebrain (Oelschldger and Northcutt, 1992).
Superficial cells associated with the medial and basal surfaces of the olfactory
bulbs and cells apparently in the meninges were observed also in M. lucifugus
(King et al., 1984), but at the time were not recognized as components of a
terminalis system.

Because the nervus terminalis is a critical component of the migration route of
GnRH neurons, this nerve contributes in a fundamental way to the establishment
of hypothalamic-pituitary neuroendocrine circuits responsible for controlling
reproductive function. In addition, because of its association with nasal structures,
this nerve may mediate some pheromonally induced aspects of reproductive
activity (Oelschldger and Northcutt, 1992). Whether it plays such a role in bats is
currently only a matter of speculation, but if it does mediate pheromonal
influences in vespertilionids such as Myotis and Eptesicus, it does so in the
absence of a vomeronasal system (Mann, 1961; Cooper and Bhatnagar, 1976).

1.6 PITUITARY GONADOTROPINS

Two previous reviews have addressed pituitary research in Chiroptera (Richardson,
1979 and Anthony, 1987); therefore, the following discussion will focus primarily
on more recent contributions that advance our understanding of central control of
reproduction. Morphological studies conducted at light and electron microscopic
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levels continue to extend our knowledge of the pituitary’s functional organization
in a growing number of microchiropteran groups (e.g. the emballonurids; Badwaik,
1988, 1989) and are setting the stage for detailed neuroendocrine investigation in
the Megachiroptera (Bhiwgade et al., 1989; O’Brien, 1996).

Immunocytochemistry has proved to be a useful tool in the transition from
traditional descriptive histological approaches into studies designed to explore
relationships between individual pituitary hormones and well-known
physiological phenomena in bats. A decade ago, M. lucifugus (which exhibits
delayed ovulation/fertilization) and Macrotus californicus (which exhibits delayed
development) were the only species in which pituitary gonadotropes had been
identified immunocytochemically. Since then, pituitary hormones of the
cosmopolitan species M. schreibersii (which exhibits delayed implantation) have
received considerable attention. Gonadotropes have been identified in a Japanese
population of this species using polyclonal antisera raised against rat FSH, rat LH
and the beta subunit of ovine LH (Mikami et al., 1988a). In South African M.
schreibersii, a monoclonal antibody directed against the beta subunit of bovine LH
and a polyclonal FSH-beta antiserum have been used successfully in
immunocytochemical labeling (Bojarski, 1990; Bernard et al., 1991a). In each of
these studies, many of the pituitary gonadotropes were reported to exhibit both LH-
and FSH-immunoreactivity, based upon similarities of labeling patterns in adjacent
paraffin sections. The implication is that in bats, as in many other mammals,
individual gonadotropes typically synthesize, store and secrete both LH and FSH.
The possibility that monohormonal gonadotropes may also exist has not been
rigorously investigated in bats, although studies in M. schreibersii (Mikami et al.,
1988a) and in other species (Richardson, 1981; Singh and Krishna, 1994) point to
a lack of complete concordance of labeling in adjacent sections to support the
assertion that some gonadotropes contain only one of the two hormones.

Conclusive evidence concerning the hormonal content of individual
gonadotropes is very difficult to obtain; molecular similarities between FSH and
LH raise concerns about how reliably either monoclonal or polyclonal antisera can
discriminate between the two hormones when used in immunocytochemical
protocols. Another technical consideration is that it is very difficult to identify
with certainty serial profiles of an individual pituitary cell in paraffin sections.
Depending upon section thickness, a cell that is conspicuous in one section may
be minimally represented (if at all) in the next. Furthermore, while
immunocytochemistry is a highly sensitive technique, minute quantities of a
hormone undoubtedly escape detection. Therefore, it is difficult to assert that a cell
that demonstrates only LH-immunoreactivity is strictly monohormonal, as it could
represent a multihormonal gonadotrope that is depleted of stored FSH at the time
of fixation.

In studies focused on laboratory animals, some of these technical problems have
been avoided by highly scrupulous use of double-immunogold labeling procedures
at the electron microscopic level (Childs et al., 1986). These techniques utilize two
different sized gold particles to discriminate subcellular sites of FSH- and LH-
immunoreactivity in single ultrathin sections. Yet another approach has been the
use of in situ hybridization to localize LH-beta messenger RNA in combination
with immunocytochemical localization of FSH-beta in whole dispersed pituitary
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cells (Childs et al., 1987). Adaptation of these types of protocols for use in bats
would be highly instructive, particularly with respect to the question of whether
gonadotropes function as a homogeneous population or whether they are
heterogeneous with respect to LH and/or FSH synthesis, storage and secretion.

The distribution of gonadotropes in M. schreibersii is similar to that previously
reported in other bat species, the cells being scattered throughout the pars distalis,
either singly or in small groups (Mikami et al., 1988a; Bojarski, 1990). In specimens
obtained in Japan, Mikami et al. (1988a) additionally reported an accumulation of
gonadotropes in the portion of the pars distalis previously described in this chapter
(p. 6) as the ‘zona tuberalis,” which also contains clustered gonadotropes in M.
lucifugus. Extension of this observation to a second vespertilionid species provides
additional impetus to investigate whether the gonadotropes located in this distinct
anatomical site play a unique role in neuroendocrine control of reproduction.

Seasonal studies of pituitary gonadotropins in M. schreibersii have focused
primarily on wild-caught females. Using immunocytochemical techniques,
Mikami et al. (1988a) reported a reduction in size and abundance of gonadotropes
during pregnancy and lactation relative to the hibernation period. This seasonal
fluctuation is reminiscent of patterns reported for female M. lucifugus (Anthony
and Gustafson, 1984).

In a study more directly focused on relating changes in gonadotropin secretion
to the phenomenon of delayed implantation, which is characteristic of M.
schreibersii, Bernard et al. (1991b) used radioimmunoassay to measure plasma LH
levels on a monthly basis throughout the year in South Africa, where these bats do
not hibernate, but do exhibit periodic torpor (Figure 1.8). These authors reported
relatively low circulating LH levels in the two months prior to significant follicular
development (January and February), which rose in March toward a peak in April
that coincided with ovulation. Plasma levels then dropped precipitously during
the first two months of delayed implantation, beginning to rise again in July, prior
to the end of the delay period. After implantation, LH levels continued to increase,
attaining a second seasonal peak in November. This occured prior to parturition
and coincided with high circulating levels of plasma progesterone. While this
study clearly documents relationships between patterns of LH secretion and the
changing reproductive status of bats throughout the year, the authors point to a lack
of any ‘clear indication’ that LH directly orchestrates delayed implantation in this
species.

In this same population of bats, Bernard et al. (1991b) took a fresh morphometric
approach to seasonal assessment of LH-immunoreactive gonadotropes. Not only
did they calculate relatively standard light-microscopic volume densities
(percentage of the volume of the pars distalis occupied by gonadotropes), but they
additionally developed an index which quantitated results of immunogold labeling
at the electron microscopic level. Dubbed ‘pituitary LH immunoreactivity,” this
interesting index was derived by multiplying the volume density of labeled
secretory granules within the cytoplasm of individual gonadotropes by the
observed number of gold particles associated with each granule. Fluctuations in
this index throughout the year were remarkably consistent with changes in plasma
LH levels (Figure 1.8), both being high in April, very low in May, and rising again
later in the year. The only discrepancy occurred in the months of January and
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Figure 1.8 Monthly changes in (a) plasma luteinizing hormone (LH) concentration (solid circles)
and abundance of LH gonadotrophs (open circles) and (b) pituitary LH- immunoreactivity in the
long-fingered bat. LH concentration is given as mean * | s.d., with sample size above each value.
The index of pituitary LH-B immunoreactivity was obtained by multiplying the volume density of
secretory granules by the number of gold particles per granule. The period of delayed implantation
is indicated by the dark bar at top. Figure and legend reprinted from Bernard et al. (1991b) with
permission from the Journal of Reproduction and Fertility, Ltd.

February, when circulating LH levels were relatively low, but the immunoreactivity
index was high. This discrepancy suggests that during these two months preceding
annual follicular development, LH is being stored in the pituitary with only
minimal amounts being released. An even stronger correlation appears to exist in
this study between volume density measurements and plasma LH levels.

As this study is the first within the realm of bat research to present morphometric
analyses of gonadotropes together with data on circulating LH levels, its
importance should not be underestimated. The majority of recent seasonal studies
of pituitary function in bats have utilized immunocytochemical techniques. Due to
the very nature of this approach, data obtained over the course of a reproductive
cycle reflect changes in cellular hormone content. This is at best indirect evidence
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upon which to base hypotheses concerning seasonal patterns of hormone secretion.
However, the relatively good agreement between immunocytochemical parameters
and circulating hormone levels reported by Bernard et al. (1991b) lends credence
to predictions derived from the several immunocytochemical studies conducted
before radioimmunoassays for bat pituitary hormones were validated.

Radioimmunoassay (RIA) has also been used to describe seasonal changes in
circulating LH levels in M. lucifugus (Canney and Butler, 1987). This study
revealed low plasma LH levels in late summer, prior to the autumn mating period.
These levels remained low in mid-hibernation (December and January) during the
period of delayed ovulation, but were significantly elevated in spring, just prior to
arousal. In contrast, pituitary LH content, also assessed by RIA, did not change
significantly between the mid-winter and spring collection periods. Taken together,
these results suggest that LH is stored in pituitary gonadotropes throughout
hibernation, as has been inferred from immunocytochemical studies (Anthony and
Gustafson, 1984). However, secretion of this hormone is apparently minimal
throughout much of the course of delayed ovulation, beginning to rise at an as yet
unspecified time point prior to spring arousal.

Interestingly, recent studies of the vespertilionid Scotophilus heathi indicate that
mechanisms resulting in accumulation of pituitary LH during delayed ovulation
can operate independently of an annual hibernation and arousal cycle. In this
tropical bat, LH-gonadotropes progressively enlarge and occupy increasing areal
fractions of the pars distalis beginning at the time of annual ovarian recrudescence
and continuing throughout the ovulatory delay (Singh and Krishna, 1996).
Following ovulation, LH-gonadotropes appear degranulated and are significantly
reduced in size and areal density.

While neuroendocrine mechanisms responsible for forestalling LH secretion
during delayed ovulation are far from understood, recent observation of high
circulating testosterone and androstenedione in female S. heathi during the delay
period (Abhilasha and Krishna, 1996) suggests a role for long-loop negative
feedback. These androgens, apparently of ovarian interstitial rather than adrenal
cortical origin, may inhibit secretion of pituitary gonadotropins.
Immunocytochemical studies on the GnRH system of M. lucifugus suggest that
events at the hypothalamic level parallel those within the pituitary during delayed
ovulation, with secretion of stored GnRH being delayed until the periovulatory
period (Anthony et al., 1989). Therefore, if feedback is responsible for suppressing
the reproductive axis of this bat in winter, it probably intervenes at both
hypothalamic and pituitary levels.

Seasonal studies of pituitary function in male bats are generally fewer in number
than those in females, but Bernard et al. (1991a) included males in their long-term
study of M. schreibersii, reporting that immunocytochemical indices of
gonadotropic function rise significantly during the spermatogenic period,
coincident with high plasma testosterone levels. Similar findings were obtained for
the rhinolophid bat Rhinolophus capensis in South Africa (Bojarski and Bernard,
1992). Combining immunocytochemical results with monthly measurements of
plasma LH levels, this study revealed that gonadotropic activity increases during
the six-month period of spermatogenesis (October to April), with all indices
peaking in March. This pattern suggests that the high levels of testosterone
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secretion which presumably support later stages of spermatogenesis in this species
are supported by heightened gonadotropic function. Gonadotropic activity was
notably reduced during the subsequent period of sperm storage (May to
September).

1.7 PROLACTIN

Prolactin has received considerable attention from mammalian reproductive
biologists not only because of its several widely recognized roles in lactation, but
also because of growing evidence linking this pituitary hormone to central control
of seasonal reproductive delay phenomena. Studies in mustelid carnivores
(reviewed in Curlewis, 1992) conclude that prolactin plays a pivotal role in
synchronizing neuroendocrine events of delayed implantation with photoperiodic
changes in the environment. This model attributes the delay to a period of
inhibited prolactin secretion, during which circulating levels are insufficient to
support critical functions of the corpus luteum. In the mustelids this period
coincides with short days, and increased pineal melatonin activity is believed to be
responsible for suppressing prolactin release, possibly acting by modulating
amounts of dopamine (a prolactin-inhibiting factor) reaching the pituitary in portal
blood.

Some aspects of this model have been tested in the bat M. schreibersii. Bojarski
(1993) combined immunocytochemistry and RIA to examine the role of prolactin
in the female reproductive cycle of this species in South Africa. Lactotropes were
identified at the light and electron microscopic levels, and several morphometric
criteria (volume density of lactotropes in the pars distalis, percentage of secretory
granules within lactotropes bearing gold immunocytochemical label, and the
number of gold particles per granule) were evaluated throughout the year. All of
these criteria pointed to reduced activity of lactotropes from March through June
(during follicular development and the early part of the delayed implantation
period), when plasma prolactin levels were consistently low. Lactotropes exhibited
signs of increasing activity and plasma prolactin levels rose in July and August as
the delay came to an end and implantation occurred. Lactotropes further increased
their activity, and circulating prolactin concentrations continued to rise as
embryonic development proceeded. These observations are consistent with
inhibition of prolactin secretion as day-length shortens from March to June, and
further suggest that increasing synthesis and release of this hormone after the
winter solstice may activate the corpus luteum and create an endocrine
environment that is conducive to implantation.

More definitive evidence for a critical role for prolactin is derived from
endocrine manipulation experiments conducted in the same bat species (Bernard
and Bojarski, 1994). Pregnant females collected in May were given daily
subcutaneous injections of prolactin (0.01 mg), human chorionic gonadotropin
(hCG; 1.0 iu), or progesterone (0.4 mg) over a period of 10 days. Control animals
were left untreated or were treated with injection vehicle (olive oil or saline) alone.
Implantation was prematurely initiated only in the prolactin-treated bats, which
also exhibited significantly elevated progesterone levels and ultrastructural
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changes in the corpus luteum consistent with increased steroidogenic activity.
Treatment with hCG, a gonadotropin with LH-like activity, stimulated luteal
steroidogenesis, but did not induce implantation. Of the hormones tested, then,
only prolactin supplementation was shown to be necessary and sufficient to bring
about all the events associated with terminating the delay. However, these results
do not exclude pituitary gonadotropins as potential factors in the changing
endocrine milieu that promotes implantation.

Prolactin has not been specifically implicated in neuroendocrine mechanisms
responsible for delayed ovulation; nonetheless, studies of pituitary lactotropes in
bats exhibiting this reproductive pattern have brought to light significant changes
in this cell population associated with pregnancy and lactation. Increases in size
and/or abundance of prolactin-immunoreactive cells have been observed during
pregnancy in S. heathi (Singh and Krishna, 1996); similar changes have been
reported to persist into lactation in Myotis myotis (Jimenez et al., 1987). In pregnant
females of the latter species, ultrastructural features of lactotropes, including
highly developed rough endoplasmic reticulum and Golgi apparatus, suggest a
heightened state of hormone synthesis (Muniz et al., 1991).

Immunocytochemical study of pituitary prolactin in bats took a surprising turn
when Ishibashi and Shiino (1989) reported colocalization of prolactin- and growth
hormone-immunoreactivity in pituitary cells of female Pipistrellus abramus.
Although ‘mammosomatotropes’ containing both hormones have been described in
some mammals, other immunocytochemical studies in bats have described
lactotropes and somatotropes as two distinct cell types (Richardson, 1981; Mikami
et al., 1988a; Bojarski, 1993). Using a two-face immunogold double-labelling
procedure at the electron microscopic level, Ishibashi and Shiino (1989) reported
that colocalization of prolactin and growth hormone was widespread in cells of the
pars distalis, with prolactin being found exclusively in mammosomatotropes in
winter.

Given the extent of this apparent colocalization, it is unfortunate that
immunocytochemical control procedures for method specificity and antiserum
crossreactivity were not more throughly documented. Nonetheless, cells described
as mammosomatotropes in P. abramus hypertrophied during pregnancy,
accompanied by an increase in size of cytoplasmic secretory granules. Only during
pregnancy and lactation did some pituitary cells exhibit prolactin-
immunoreactivity alone. This observation suggests functional plasticity within a
population of pituitary cells, allowing them to synthesize varying proportions of
prolactin and growth hormone depending on physiological demands. Early in the
onset of lactation, secretory granules within the mammosomatotropes appeared to
aggregate and coalesce within large cytoplasmic vacuoles, possibly as a means to
reduce cellular hormone stores at the end of pregnancy (Ishibashi and Shiino,
1989).

While studies of prolactin in microchiropteran bats have clearly focused on
females, male megachiropterans have received some attention in preliminary
seasonal investigations. Although sympatric within Australia, little red flying foxes
(Pteropus scapulatus) and grey-headed flying foxes (Pteropus poliocephalus) breed
at different times of year, with the former breeding in long days and the latter breeding
in short days. Immunocytochemical study of lactotropes in male P. scapulatus has
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revealed increased volume density of these cells during its long-day breeding season
(O’Brien et al., 1989). Interestingly, however, plasma levels of prolactin measured
by RIA in P. poliocephalus were also high in summer, declining as these individuals
entered breeding condition in autumn (O’Brien et al., 1990, 1993).

This apparent dichotomy illustrates an important caveat regarding the potential
role(s) of prolactin in seasonal reproductive cycles. Increased prolactin secretion in
spring and summer is a phenomenon common to many temperate zone mammals,
suggesting an early evolutionary origin of this photoperiodic response (Curlewis,
1992). With radiation of mammals and development of diverse seasonal
reproductive strategies, neuroendocrine mechanisms driving reproductive cycles
have probably been superimposed on this previously established annual cycle of
prolactin secretion. Consequently, in different species, prolactin may or may not
have assumed an important role in the timing of reproductive events. Furthermore,
depending upon species and reproductive strategy, prolactin may exert stimulatory
or inhibitory effects on various reproductive processes (Curlewis, 1992).

Studies in flying foxes have also provided evidence that within the
hypothalamic-pituitary complex of bats, prolactin secretion is, at least in part,
regulated by the inhibitory effects of dopamine. Treatment with the dopamine
agonist bromocriptine reduced circulating levels of prolactin in female P.
poliocephalus (O’Brien et al., 1994). Further, as in other mammals, suckling
appears to represent an important stimulus for prolactin release in bats, as in this
same study, plasma prolactin levels were suppressed after removal of young from
lactating P. scapulatus.

1.8 PINEAL MELATONIN AND THE SUPRACHIASMATIC NUCLEUS

Outside the hypothalamic-pituitary complex per se, a variety of other central
mechanisms may influence reproductive function in bats, especially those known
in other groups to mediate endogenous rhythms and to transduce photoperiodic
information into endocrine signals. The pineal organ has been the subject of
detailed morphological study in a large number of bat species (Bhatnagar et al.,
1986, 1990). These studies have confirmed the presence of a pineal in almost all of
over 85 species examined, although its size, shape and relationships to other brain
structures vary considerably. Much less is known, however, about pineal secretion
of melatonin in bats and the role (if any) it may play in their physiology. It is well
established in many seasonally breeding mammals that photoperiodically
controlled melatonin secretion influences gonadal activity via the hypothalamic-
pituitary-gonadal axis (Reiter, 1991), but whether melatonin functions similarly in
temperate zone and/or tropical bats remains a matter of speculation.

In vivo and in vitro experiments have, however, provided evidence that testicular
functions of at least two bat species exhibit sensitivity to melatonin. In Antrozous
pallidus, Beasley et al. (1984) showed that captive males maintained on long-day
light conditions, but receiving subcutaneous melatonin implants in mid-summer,
experienced an acceleration of changes normally occurring in autumn (e.g.
testicular regression, activation of the accessory gland complex, and introduction
of sperm into the epididymides).
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Singh and Krishna (1995) observed that testicular tissue derived from S. heathi
and maintained in short-term culture responds to melatonin in a dose-dependent
manner, but only if the tissue is obtained during the mid-winter period of testicular
‘dormancy.” Tissues obtained from these animals exhibited reduced LH-stimulated
testosterone (but not LH-stimulated androstenedione) secretion, whereas tissue
obtained from males at three other times of year exhibited no response to melatonin
treatment. These results suggest that seasonal changes in tissue responsiveness to
melatonin could play a role in the annual reproductive cycle of this species.
Caution must be exercised in interpreting results of both these studies, however,
because doses of melatonin used in vivo and in vitro were above the normal
physiological range.

A recent study of the phyllostomid Anoura geoffroyi, obtained from Trinidad at
10°N latitude, provides evidence that pineal mechanisms may be physiologically
relevant even in near-equatorial bat species. Despite the small size of the gland in
this bat, a distinct diurnal rhythm in circulating melatonin levels has been
documented in captive males, plasma concentrations reaching nocturnal peaks
similar to those seen in temperate zone mammals (Heideman et al., 1996). A
unique and intimate relationship of the pineal organ with cerebral blood vessel
walls may facilitate entry of melatonin into the blood stream in this species.

Exactly how melatonin may interact with the hypothalamic-pituitary-gonadal
axis in bats is unclear, although in M. lucifugus, as in many mammals examined,
melatonin receptors have been identified in the pituitary pars tuberalis as well as
in the suprachiasmatic nucleus of the hypothalamus (Bittman, 1993). The role of
the pars tuberalis within the hypothalamic-pituitary complex remains a mystery,
and therefore one can only speculate on implications of melatonin binding at this
anatomically privileged site. In M. lucifugus, the pars tuberalis per se is
represented only by two to four layers of cells applied to the ventral surface of the
median eminence. It does not ensheathe the more distal infundibular stem
(Anthony et al., 1992); however, the ‘zona tuberalis,’ previously discussed in this
chapter, may be composed of tuberalis cells that during development become
situated between the lower infundibular stem and the pars distalis, ultimately
appearing upon routine histological examination to be part of the pars distalis
itself. If this is the case, it would be very instructive to determine whether cells of
the zona tuberalis contain melatonin receptors. Interestingly, Williams (1988)
reported melatonin binding in a portion of the rat pituitary that may represent a
zona tuberalis. If in M. lucifugus gonadotropes aggregated in this part of the
pituitary are melatonin-responsive, this may in part explain differences between
them and gonadotropes scattered in other regions of the gland.

The suprachiasmatic nucleus (SCN), another confirmed binding site of melatonin
in M. lucifugus, is believed to embody the mammalian ‘biological clock.’ It is also
a component of the neural circuitry that relays photoperiodic information from the
retina to the pineal. In the rhinolophid bat Rhinolophus rouxi, projections from the
retina to the SCN have been described as ‘extremely weak’ (Reimer, 1989). More
recent study of three vespertilionid species confirmed retinal input to the SCN,
although the entire hypothalamic component represented only 0.5% of total retinal
projections (Nemec et al., 1996). These observations suggest that sensory input to
the pineal complex may be quite limited.
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Several peptides have been identified immunocytochemically in and around the
SCN of bats. In Myotis lucifugus, neuronal cell bodies and processes containing
vasoactive intestinal polypeptide occur in considerable numbers in the SCN
(Laemle and Cotter, 1988), whereas cell bodies containing cholecystokinin are
more scarce in that location (Cotter and Laemle, 1990). Perikarya containing
growth hormone releasing hormone (GHRH) have also been identified within the
SCN in this same species (Anthony et al., 1991). With respect to somatostatin,
Cotter and Laemle (1987) reported immunoreactive fibers passing through the SCN,
whereas Anthony et al. (1987a) observed that somatostatin-immunoreactive fibers
appear to congregate at the borders of the SCN, with very few of them actually
entering the central region occupied by perikarya of GHRH neurons. Vasopressin
immunoreactivity has been identified in both neuronal perikarya and processes in
the SCN of Rhinolophus ferrumequinum (Kumamoto et al., 1992). In contrast to
these other peptides, Neuropeptide Y has been described as ‘conspicuously absent’
from the SCN of Myotis Iucifugus (Laemle and Cotter, 1992). Bewildering in its
chemoarchitecture, the SCN undoubtedly represents an area of complex interaction
among neural systems that influence diverse physiological rhythms. However, its
specific relationships to pineal function and to reproductive function in bats are
yet to be investigated.

1.9 SUMMARY AND FUTURE PERSPECTIVES

Despite continuing efforts of investigators all over the world, our knowledge of
central control of reproductive function in bats is fragmented and remains heavily
biased toward the vespertilionids. Immunocytochemical studies of GnRH neurons
have revealed a characteristic distribution of perikarya that differs in potentially
significant ways from that seen in other mammalian groups. Differences in GnRH
transport routes are also suggested by abundant neuronal projections that extend
into the pituitary neural lobe as well as by the architecture of the portal
vasculature, which at least in M. lucifugus appears to be composed primarily of
short portal vessels. Distributions of pituitary gonadotropes and lactotropes have
been determined by immunocytochemistry. In combination with information
derived from plasma gonadotropin assays, these studies have provided insight into
the seasonal dynamics of LH-, FSH- and prolactin-secreting cells in species
exhibiting varied reproductive patterns.

Progress is slow yet steady toward the ultimate goal of understanding how
central neuroendocrine mechanisms orchestrate the truly fascinating array of
reproductive phenomena exhibited by bats. Research has brought to light that
delayed ovulation may result from long-loop negative feedback of steroids on the
hypothalamic-pituitary complex. However, it is yet to be determined whether
seasonal modifications in hypothalamic and/or pituitary sensitivity to steroids
contribute to this mechanism. In turn, could pineal mechanisms modulate this
sensitivity? Separate lines of investigation have yielded evidence that prolactin
rhythms may hold the key to delayed implantation. However, it is not yet known
how prolactin secretion is regulated in bats, and how LH might interact with
prolactin to fine-tune the endocrine mechanisms synchronizing reproductive
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cycles with environmental changes. While we have become familiar with GnRH
neurons in a few bats, very little is known of the ‘higher’ neuronal systems that
modulate their activity and thus intervene in reproductive physiology from the
very top of the hypothalamic-pituitary-gonadal axis. For example, how might stress
introduced by captivity alter the central mechnisms which have evolved in free-
living populations?

These are all challenging questions, and the seemingly endless variety of
reproductive patterns in bats multiply the challenges ahead manyfold. At times the
task seems daunting and growth of our knowledge painfully slow. Nevertheless,
future generations of curious investigators will continue in the tradition of Bill
Wimsatt to deepen as well as broaden our understanding of endocrine mechanisms
that support reproductive diversity.
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2.1 INTRODUCTION

The Chiroptera have undergone a rich adaptive radiation producing a high degree
of diversity in reproductive habits, structures and mechanisms (Krutzsch, 1979;
Racey, 1982; Rasweiler, 1993; and elsewhere in this book) and we should expect
the endocrine control of reproduction, in at least some bats, to be quite different
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from that of other mammals. Indeed, in many bats, there are no obvious changes in
vaginal cytology during the breeding season or pregnancy; often the state of the
ovary cannot be judged from visual examination; radioimmunoassays of estrogen
and progesterone give anomalous results; there is no distinct period of behavioural
oestrus to pinpoint time of ovulation; and females may copulate frequently and
repeatedly over long periods and well into pregnancy. Such variation from the
mammalian norm is perhaps at its most extreme in the hibernating bats (Wimsatt,
1960, 1969) where there may be temporal separation of spermatogenesis, libido and
accessory gland function in males, and temporal separation of behavioural oestrus
and ovulation in females. In addition, delays in implantation and development of
the embryo occur in some bats. Not surprisingly, where data are available, patterns
of circulating hormones are often peculiar.

2.2 PERIPHERAL HORMONE LEVELS AND THEIR EVALUATION

2.2.1 Factors Affecting Peripheral Plasma Hormone Levels

The peripheral concentration of a hormone reflects the balance between rates of
secretion and metabolic clearance, with the latter influenced by the extent to which
the hormone is bound by plasma proteins. Steroids may be bound weakly by serum
albumin (non-specific, high-capacity, low-affinity binding) and strongly by
proteins such as steroid binding globulin (SBG) and corticosteroid binding
globulin (CBG) all of which exhibit limited-capacity, stereospecific, high-affinity
binding of specific steroids (Gustafson and Damassa, 1987; Kwiecinski et al., 1987).
It is generally accepted that the effective hormone concentration is that of the free
or weakly-bound hormone in the vicinity of its cellular receptor. Steroid binding
globulins have been reported in a number of bats and knowledge of total peripheral
hormone concentration may be of limited value.

2.2.2 Direct Assay of Peripheral Plasma Hormone Levels

A range of techniques has been used to assay plasma hormone levels in bats and,
consequently, it is often difficult to compare the results from different laboratories.
A detailed critique of RIA methodology is beyond the scope of this review but we
emphasize that, for results to be scientifically acceptable, it is essential that the
assay is validated on the material (e.g. bat plasma) under study; commercially
available kits have usually only been validated for human or laboratory animal
plasma. Many aspects of assay validation are made difficult in bats because of the
limited blood volumes available and limited opportunity for repeated sampling
from individuals. Nevertheless Gustafson and Damassa (1984a) have described a
method for repeated blood sampling from microbats and McGuckin (1988) and
Kennedy (1993) collected blood repeatedly from male and female Pteropus spp.
through successive breeding seasons and pregnancies.

Given the limits of sensitivity of existing assays, published data for bats indicate
that plasma androstenedione (A), testosterone (T), 5a-dihydrotestosterone (DHT)
and progesterone should be easily assayable in small blood samples. Oestradiol,
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usually being in the pg range, will be at the limits of sensitivity and better
indicators of ovarian function may be A, T or inhibin.

2.2.3 Assay of Steroid Hormones in Faeces and Urine

Measurement of urinary and fecal steroids is a useful non-invasive means of
assessing reproductive status and ovarian cycles (Hodges et al., 1983; Hodges,
1986; Hindle et al., 1992; Atkinson et al., 1995). By their nature, faeces and urine
require much more purification than plasma before assay since the bulk of steroids
are excreted as conjugated metabolites which require hydrolysis and other
sophisticated methodology for adequate quantification. Also there is much
unpredictable between-species variation in the spectrum of metabolites excreted.
Nevertheless, this is an established methodology which might find further
application in bat research.

2.2.4 Other Means of Assessing Gonadal Endocrine Activity

Gonadal endocrine activity can be inferred from the structure, ultrastructure and
enzyme histochemistry of endocrine tissues (Racey and Tam, 1974; Jerrett, 1979;
Crichton et al., 1990; Abhilasha and Krishna, 1996). Further evidence of changes
in gonadal endocrine activity may be gained from examination of target organs
such as the reproductive accessory glands, and sebaceous glands in males, and the
uterus and vagina in females. However, changes, or often their absence, in the
morphology of target organs of bats must be interpreted with caution. For example,
the vaginal epithelium, which undergoes cycles of oestrogen-dependent
cornification in rodents, is always cornified in Pteropus spp., even in pregnancy,
and in the Cape horseshoe bat (Rhinolophus capensis) vaginal cornification does
not appear to be tightly linked to ovarian endocrine activity (Bernard, 1985).
Similarly, in male Myotis lucifugus (and many other vespertilionids), accessory
glands are maintained in a hypertrophied state and appear active during winter,
when Leydig cells are small and plasma T low (Gustafson, 1987).

2.3 SOURCE AND SYNTHESIS OF HORMONES INTHE CHIROPTERA

2.3.1 Source and Synthesis of Hormones in Male Bats

The important circulating gonadal hormones in male mammals are the androgens
(An) T, A and DHT, oestrogens such as oestradiol, and inhibin. In male bats, the
most commonly measured steroid hormones have been the androgens.

Inhibin, oestrogen and progesterone

There are no available data for circulating levels of inhibin and information on
estrogens is limited to a report of levels of oestradiol in Myotis lucifugus which
notes that the source of the hormone is unknown (Damassa and Gustafson, 1984).
Wang et al. (1992) and Martin et al. (1995), found an unusually high peripheral
progesterone (10—40 ng/ml) in intact and castrate male Australian flying-foxes
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Pteropus poliocephalus, P. alecto and P. scapulatus and suggested the adrenal
cortex as a probable source of this hormone.

Androgens

In mammals 95% of T is synthesized by the Leydig cells and other sources of
androgens include the adrenal gland and the Sertoli cells (Bardin et al., 1988;
Coffey, 1988). The Sertoli cells do not contribute significantly to the plasma
androgen pool (Bardin et al., 1988), however the adrenal should always be
considered as a possible source of sex steroids, particularly when peripheral levels
are unusual (Parkes and Deanesly, 1965). Although 3B-hydroxysteroid-
dehydrogenase (33-HSD) and 17B-hydroxysteroid-dehydrogenase (173-HSD) have
been localized in the seminiferous tubules and Sertoli cells of Myotis lucifugus
(Gustafson, 1975) there have been no other studies of the androgenic properties of
Sertoli cells of bats. The very limited data for the adrenal gland of Microchiroptera
suggest that it is not a significant source of androgens (Racey and Tam, 1974; Racey,
1974). In Pteropus poliocephalus adrenal weight is greater in the breeding season
than the non-breeding season; however, adrenal T is much lower than testicular T
and the adrenal gland contributes little to the breeding season increase in
peripheral T (McGuckin and Blackshaw, 1991a). However, T is detectable in
castrate P. poliocephalus and McGuckin (1988) speculates that this might be of
adrenal origin. In the present review, we concentrate on the structure and function
of Leydig cells.

The Leydig cells of bats undergo changes in ultrastructure that coincide with
spermatogenic activity and, or an increase in plasma T and which are similar to
those previously described for other mammals (Kayanja and Mutere, 1978,
Otomops martiensseni; Ohata, 1979, Myotis schreibersi [= Miniopterus
schreibersii]; Gustafson, 1979, M. lucifugus; Loh and Gemmell, 1980, Myotis
adversus; Bernard, 1986, Rhinolophus capensis; Krutzsch and Crichton, 1987,
Mormopterus planiceps; Krutzsch and Crichton, 1990a, Bernard et al., 1991a,
Miniopterus schreibersii). In most studies, the coincidence of changes in Leydig
cell ultrastructure with increasing plasma T is taken to indicate that the Leydig
cells are steroidogenically active. The pattern of ultrastructural change is not
consistent throughout the Chiroptera and in Taphozous georgianus, where
spermatogenesis is seasonal and plasma T varies from 0.4 to 2.1 ng/ml, the fine
structure of the Leydig cells does not change seasonally (Jolly and Blackshaw,
1989). The authors interpret this as indicating the imposition of a cold induced
winter shutdown of spermatogenesis on a framework of continuous
spermatogenesis. By contrast, in Molossus fortis, males are probably
spermatogenically active throughout the year but the size of the Leydig cells varies,
reaching a maximum at the time of the first oestrus of the annual, bimodal female
cycle (Krutzsch and Crichton, 1990b).

Enzyme histochemical studies of the Leydig cells of the seasonally breeding bats
Pipistrellus pipistrellus and Myotis lucifugus have shown the presence of 3B-HSD
throughout the year, and 173-HSD (which was not detected in P. pipistrellus) in the
Leydig cells of M. Iucifugus during spermatogenesis only (Racey and Tam, 1974,
Gustafson, 1979 for review). The most direct evidence of the role of the Leydig cells
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in steroidogenesis comes from work on Pteropus poliocephalus where plasma T in
castrates is an order of magnitude lower than in intact males (McGuckin, 1988).
Treatment of reproductively non-active P. poliocephalus with human chorionic
gonadotropin (hCG) induced an immediate linear increase in T which reached
—16ng/ml 90 minutes later. Treatment with synthetic gonadotropin releasing
hormone (GnRH) had no significant effect on plasma T (McGuckin, 1988).

Steroid binding globulins

In Myotis Iucifugus, production of SBG is regulated by photoperiod acting via the
thyroid, since post-arousal increases in levels of SBG can be induced by increased
photoperiod and blocked by thyroidectomy, but not castration (Gustafson and
Damassa, 1987).

Commentary: The mass of indirect evidence and the far smaller number of
experimental studies all suggest that the Leydig cells are the principal source of
peripheral androgens. Changes in Leydig cell size and ultrastructure are reliable
indicators of steroidogenic activity but there are anomalous species such as
Taphozous georgianus and Molossus fortis where Leydig cell ultrastructure does
not reflect plasma T. A single study provides evidence that the Sertoli cells have
the enzymes necessary for steroidogenesis, and several authors have speculated
that the adrenal gland may produce some oestrogens, progesterone and T during
the non-breeding season.

2.3.2 Source and Synthesis of Hormones in Female Bats

In female mammals, the major circulating ovarian hormones are oestradiol,
androgens such as A and T, progestins such as progesterone, and inhibin. The two
principal sources of steroid hormones are the ovary (interstitial tissue, thecal cells,
granulosa and luteal cells) and placenta (see Gore-Langton and Armstrong, 1994 for
review). Inhibin may be derived from luteal cells or the granulosa (Burger et al., 1995).

While the steroidogenic activity of the mammalian ovary has been and remains
an active field of research, very few studies have examined ovarian steroidogenesis
in bats. This is in spite of the fact that the structure of the ovary of several species
poses interesting questions about ovarian steroidogenesis.

Microchiroptera

Androgens and oestrogens. In a typical mammal the interstitial and thecal cells
stain positively for 3-HSD and are involved in the de novo production of
androgens. The follicular cells (granulosa) stain positively for 178-HSD, aromatase
cytochrome P450, cytochrome P450,,, and 33-HSD and metabolize the androgens to
produce oestrogens. The granulosa may also be involved in the de novo production
of progesterone which can then serve as a substrate for the biosynthesis of further
oestrogens (Gore-Langton and Armstrong, 1994).

The interstitial and thecal cells of Tadarida brasiliensis and Scotophilus heathi
possess the enzymes necessary to produce androgens (Jerrett, 1979 and Abhilasha
and Krishna, 1996 respectively). However, in most members of the genus Tadarida,
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the left ovary is essentially an interstitial organ with no large Graafian follicles or
corpora lutea and the fate of the androgens is unknown.

In Antrozous pallidus the interstitial and thecal cells stain positively for both
17B-HSD and 3B-HSD (Oxberry, 1979) suggesting that they may be capable of de
novo production of oestrogens. The ovaries of Macrotus californicus lack
interstitial tissue but a proportion of the multilaminar follicles have a prominent
theca interna (Crichton and Krutzsch, 1985). The granulosa and theca interna stain
positively for both 173-HSD and 3B-HSD suggesting that they may be capable of de
novo production of oestrogens (Crichton et al., 1990). This has previously been
reported for atretic follicles and the authors note that many of the positive staining
follicles in M. californicus may be atretic. Follicular atresia is often associated with
luteinization of the thecal and granulosa cells, producing accessory corpora lutea.
This phenomenon is particularly developed in some vespertilionids (Guthrie and
Jeffers, 1938; Mossman and Duke, 1973; van der Merwe, 1979) and the role of these
additional endocrine structures warrants study.

In Miniopterus schreibersii, plasma oestradiol peaks in mid-gestation, suggesting
that, at least during pregnancy, this hormone may be of placental origin (Crichton
et al., 1989).

Progesterone. The two major sources for progesterone in bats are the corpus
luteum and the placenta with the relative importance of these two organs differing
both temporally within a species and between species. Additional sources of
progesterone are the ovarian interstitial tissue and the adrenal gland. The most
complete data are available for Myotis Iucifugus and Miniopterus schreibersii and
clearly illustrate these points. In both species the placenta takes over progesterone
production from the corpus luteum in the final third of pregnancy (Buchanan and
Younglai, 1988 and van Aarde et al., 1994 respectively). Less complete data,
indicating that the placenta takes over progesterone production from the corpus
luteum are available for many other species. For example, the corpus luteum of a
range of species undergoes luteolysis in late pregnancy (e.g. Kayanja and Mutere,
1975, Otomops martiensseni; Kitchener and Halse, 1978, Chalinolobus gouldi and
Eptesicus regulus; Kitchener and Coster, 1981, Chalinolobus morio; Gopalakrishna,
1969, Gopalakrishna et al., 1986, Rousettus leschenaulti; Towers and Martin, 1995,
Pteropus poliocephalus). Furthermore, there are a number of species in which the
corpus luteum is only present for the first half of pregnancy. This appears to have
a taxonomic basis and some members of the Families Nycteridae (Matthews, 1941,
Nycteris luteola; Bernard, 1982, N. thebaica), Rhinolophidae (including the
Hipposideridae) (Matthews, 1941, Triaenops afer; Bernard and Meester, 1982,
Hipposideros caffer; Gopalakrishna and Badwaik, 1988, H. fulvus, Rhinolophus
rouxi, R. microphyllum; Gopalakrishna and Badwaik, 1989, Hipposideros
lankadiva) and Megadermatidae (Gopalakrishna and Badwaik, 1988, Megaderma
Iyra) have a corpus luteum that is extrovert and which is lost in early or mid-
pregnancy. In all these species, the probable source of progesterone after luteolysis
is the placenta, but this needs to be established.

Many other species of Chiroptera have a corpus luteum that persists through
pregnancy to just before, or after parturition (e.g. Mormopterus planiceps; Crichton
and Krutzsch, 1987; Antrozous pallidus; Oxberry, 1979; Tadarida brasiliensis;
Jerrett, 1979 and Macrotus californicus; Crichton et al., 1990). In M. californicus
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the corpus luteum and multilaminar follicles stain strongly for 33-HSD and weakly
for 17B8-HSD during gestation suggesting that both synthesize progesterone and
oestrogen (Crichton et al., 1990).

In several species, plasma progesterone levels in non-pregnant females are high
(~10 ng/ml; Oxberry, 1979; Krutzsch unpublished; Crichton et al., 1990; Jerrett,
1979; Buchanan and Younglai, 1988; van Aarde et al., 1994). In Tadarida
brasiliensis and Myotis lucifugus the interstitial tissue, which has substantial
steroidogenic potential, is possibly the source of this progesterone (Jerrett, 1979
and Guraya and Greenwald, 1964; Guraya, 1967 respectively). In Antrozous
pallidus enzyme histochemical studies suggest that the ovarian interstitial tissue is
not the source of the progesterone (Oxberry, 1979). In Macrotus californicus, where
there is no interstitial tissue, the granulosa does not stain for 38- or 173-HSD at this
time and the progesterone in non-pregnant females is not of ovarian origin
(Crichton et al., 1990). By contrast, in non-pregnant Miniopterus schreibersii, total
adrenal progesterone content and adrenal progesterone levels are much higher than
ovarian (adrenal, 10 ng and 25 ng/mg; ovary, 0.8 ng and 3 ng/mg), thus, adrenal
secretion may well be responsible for the very high plasma progesterone levels in
non-pregnant and post-partum animals (van Aarde et al., 1994).

Ovarian steroidogenic cells contain a characteristic suite of organelles (lipid
droplets, smooth endoplasmic reticulum and mitochondria) that are typical of
tissues involved in steroid biosynthesis (Hall, 1984; Hoyer et al., 1988). The data
for Chiroptera (Kayanja and Mutere, 1975; Kimura and Uchida, 1983; Uchida et al.,
1984; Crichton and Krutzsch, 1985, 1987; Crichton et al., 1989; Bernard et al.,
1991b) indicate that the changes in luteal ultrastructure that occur with changes in
steroidogenic activity are similar to those reported for Leydig cells of bats.

Two studies examining the possible occurrence of sub-classes of luteal cells in
bats have indicated that there may be two size classes in Macrotus californicus and
Miniopterus schreibersii (Crichton et al., 1989, 1990), but the results are equivocal
and require further study.

Megachiroptera

Androgens and oestrogens. Plasma T is detectable in intact and ovariectomized
Pteropus poliocephalus during the breeding season and is probably of adrenal
origin (Towers and Martin, 1985; Kennedy, 1987; Towers, 1988).

In Pteropus spp. plasma oestradiol increases through pregnancy, is highly
correlated with placental weight (r = 0.75, P < 0.001), and is probably of placental
origin (Towers and Martin, 1985; Towers, 1988). It is, however, likely that the
developing preovulatory follicles produce oestradiol and the presence of oestradiol
in the plasma of ovariectomized, non-pregnant animals indicates that there is a
non-ovarian source of this hormone (Towers, 1988).

Progesterone. The data for Australian Pteropus reflect a common pattern in
which plasma progesterone does not vary substantially during follicular
development or after formation of the corpus luteum or ovariectomy. Plasma
progesterone levels increase from mid-pregnancy to reach 200—800 ng/ml close to
term. The size of the corpus luteum decreases during pregnancy, and is negatively
correlated with plasma progesterone (r = —0.69, P < 0.001). In late pregnancy,
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plasma progesterone is positively correlated with placental weight (r = 0.79, P <
0.001) and placentae contain 4—8 g progesterone/g, indicating that the placenta is
the major source of progesterone over this period (Towers and Martin, 1985, 1995).

In intact non-pregnant P. poliocephalus without corpora lutea, plasma
progesterone varies between 2 and 30 ng/ml and is 1-85 ng/ml in ovariectomized
bats. The authors suggested, but did not substantiate, that the adrenal may be a
significant source of this progesterone.

Inhibin. In intact female Pteropus the predominant source of inhibin appears to
be the ovary, with relatively little secretion before ovulation, and that presumably
from antral follicles (Kennedy, 1993). A large increase in plasma inhibin occurs
after formation of the corpus luteum and presumably reflects secretion by luteal
cells. Inhibin levels decline during pregnancy, coinciding with the decline in
function of the corpus luteum described by Towers and Martin (1995). The
placenta does not appear to be a major source of inhibin. However, there is an
extra-ovarian source, possibly the adrenal, with secretion exacerbated by the
abnormal endocrine balance resulting from ovariectomy (Kennedy, 1993).

2.4 PERIPHERAL HORMONE CONCENTRATIONS, BINDING PROTEINS
AND HORMONE ACTION IN MALE BATS

Peripheral hormone concentrations vary with the pattern of reproduction shown
by the species and, in this section, species are grouped firstly by pattern of
reproduction and secondly, by family (or subfamily). Detailed data are presented
for a representative species and, where appropriate, brief summaries are presented
for other species.

2.4.1 Microchiroptera (See Table 2.1)
Sperm storage and prolonged libido

Vespertilioninae. The most comprehensive data set is for the hibernating bat Myotis
lucifugus from north temperate latitudes (~40°N) in the USA (Figures 2.1 and 2.2a).
Following arousal from hibernation in March and April, there are coordinated
increases in testis size, spermatogenesis and Leydig cell function, and increases in
peripheral T and SBG. Plasma T reaches a peak of ~59 ng/ml, which coincides with
the peak in spermatogenesis and which is much higher than in many other
mammals (Gustafson and Shemesh, 1976). However, there is little increase in
accessory gland size until after peak spermatogenesis, when plasma T and SBG
levels start to fall (Figure 2.1). The mass of the accessory glands and libido are
maintained throughout hibernation, in the face of baseline plasma T and SBG
levels (Figure 2.1). Gustafson and Damassa (1984, 1987) argue that, during
spermatogenesis, high SBG levels produce a high peripheral T (by reducing
clearance rate of T) but block growth of the accessory glands by reducing the free
T available to androgen receptors on the accessory glands. At the start of winter,
the decreases in peripheral T and SBG levels are phase-shifted so that the free T
increases and stimulates the accessory glands. Their evidence comes from an
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Figure 2.1 Monthly changes in reproductive organs and hormone levels in male Myotis lucifugus
(Vespertilionidae). This figure is based on data from Gustafson and co-workers, redrawn and scaled
to facilitate comparison. [] = testis mass (mg), ® = mass of the accessory gland/3 (mg), O = plasma
SBG/4 (nM), A = plasma T (ng/ml) from Gustafson and Damassa (1984c, 1987), and B = plasma
cortisol/25 (ng/ml) from Gustafson and Belt (1981). Note that the left ordinate scale is arithmetic
and the right logarithmic.

experiment in which males were removed from hibernation, castrated and
thyroidectomized (TRX; low SBG) or sham-thyroidectomized (sham-TRX; high
SBG; Gustafson et al., 1985). After exposure to long photoperiod [16L:8D] the bats
were implanted with pellets containing 0, 0.03, 0.3 or 1.5 mg T, and maintained for
two weeks, being bled at the end of each week. Mean plasma T concentrations
show dose-dependent increases in both sham-TRX and TRX groups. However, at
every dose level, peripheral T levels are significantly higher in the former [high-
SBG groupl, indicating that SBG diminishes the clearance rate of T. Dose-
dependent increases in the mass of the accessory glands occur in both sham-TRX
and TRX groups. However, to attain similar gland masses between the groups or to
attain the maximal response, a ten- to twenty-fold greater plasma T concentration
is required in the high-SBG males than the low-SBG. Since TRX does not reduce
the metabolic response of the accessory glands to androgens, it was concluded that
inhibition of androgen action is due to high levels of SBG. Plasma SBG and T are
high in neonatal M. lucifugus from 2—12 weeks of age (Gustafson and Damassa,
1984b). Fluctuations in plasma T and SBG levels are synchronized, but over the
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period of high plasma T there is no stimulation of the accessory glands and it is
suggested that this could be due to elevated SBG levels (Gustafson and Damassa,
1984b).

Circulating cortisol levels are extremely high in M. lucifugus (Gustafson and Belt,
1981) and show a circannual cycle which closely parallels that of the accessory
glands (Figure 2.1). Glucocorticoids and thyroid hormones can affect the endocrine
responses of many tissues and such modulation of target-tissue responsiveness
should be kept in mind in each new species investigated.

Plasma oestradiol is undetectable or low in male M. Iucifugus at a time when
SBG and T are elevated (<10 pg/ml, compared with 80 pg/ml in a plasma pool from
late pregnant females; Damassa and Gustafson, 1984).

The asynchrony between elevated plasma T and activity of the accessory glands
that characterizes M. lucifugus has been reported for Nyctalus noctula (~50°N,
England; Racey, 1974; Figure 2.2b), Pipistrellus pipistrellus (~50°N, England; Racey
and Tam, 1974; Figure 2.2¢), Vespadelus vulturnus (South-eastern Australia;
Tidemann, 1993; Figure 2.2d) and Nyctophilus geoffroyi (South-western Australia;
Hosken et al., 1998, Figure 2.2e). Seasonal changes in plasma T in N. noctula and
V. vulturnus are very similar to those described for M. Iucifugus. The results for P.
pipistrellus are anomalous in that plasma T, which was measured three times
during the year, is high at all times. However, the large gaps in the data make
interpretation very difficult. The morphology of the Leydig cells of P. pipistrellus
does not change during the year, but testicular T is an order of magnitude lower at
the end of hibernation (February, 12.7 ng/pair) than at the start of hibernation
(August, 125.3 ng/pair) suggesting that activity of the Leydig cells may be reduced
during winter (Gustafson, 1979).

Rhinolophidae. In the Cape Horseshoe bat (Rhinolophus capensis; 33°S, South
Africa; Bernard, 1985, 1986; Figure 2.3a), spermatogenesis starts in spring
(October) and ceases after early winter (May) although sperm remain in the caudae
epididymides through winter. Copulation and ovulation occur in
August—-September, at the end of winter hibernation. Peripheral T, which is low,
peaks during late spermatogenesis in March at 6 ng/ml and declines through
autumn to 0.2—1.2 ng/ml in winter. Accessory glands enlarge in early winter, as T
declines, are maintained and active during the period of low T and start to atrophy
as T increases in spring (September—-November).

Molossidae. In Mormopterus planiceps from southeast Australia (36°S; Krutzsch
and Crichton, 1987; Figure 2.3b), the annual spermatogenic cycle is prolonged,
starting in spring (September/October) and ceasing in autumn (May).
Spermiogenesis occurs from February to May and epididymal sperm persist to
September/October. The accessory glands reach a maximum size in May and
thereafter decrease in size through to mid-summer (December). This species does
not appear to hibernate, although its metabolism is greatly reduced during winter.
Mating probably occurs from late summer (May) through winter and births occur in
December. Peripheral A and T range from 0.2—5 ng/ml, increasing over autumn and
winter to a peak in August/September, as the spermatogenic cycle begins, and
declining to a mid-summer minimum. There is a small March peak in plasma T
which coincides with maximum testis size and a sharp increase in the size of the
accessory glands. Both testes and accessory glands regress from May to midsummer,



Endocrine regulation of reproduction in bats 37

60 40
" L3 =
g 40
M F20 -
©

- £
= 20 10 3
o

0 0
100 L 120 _
B . 5
£ . . 80 £
8 50 R i
= - -40 &
o

0 0

c | 120

~ _
5 20 4 - N . E
g B e e fe0 B
» . . -
g 10 N N s
s .. B £
.o%%@ 40 é

S SN o
g T
o [
Se g
ng< 8
o
0
2 Z
E >
@ =
s 5
g
o

Figure 2.2 Seasonal changes in size of the testes ([J) and accessory glands (®) and plasma
androgen levels (A) in male vespertilionids redrawn from published data and scaled to facilitate
comparison of different circannual patterns. Where possible, organ weights are given; where not
available, we have used testis length or volume, or seminiferous tubule (ST) diameter for gonad size
and accessory gland (AG) volume, length, or epithelial height. (A) Myotis lucifugus [Northern
hemisphere]. Data and sources as for Figure 2.1. (B) Nyctalus noctula [Northern hemisphere].
Redrawn from Racey (1974) and scaled as follows. Testis mass/5 and accessory gland mass/3 (mg).
Plasma androgen is T (ng/ml). (C) Pipistrellus pipistrellus [Northern hemisphere]. Redrawn from Racey
and Tam (1974) and scaled as follows. Testis mass/10 and accessory gland mass/3 (mg). Plasma
androgen is T (ng/ml). (D) Vespadelus (Eptesicus) vulturnus [Southern hemisphere]. Redrawn from
Tidemann (1993) and scaled as follows. ST diameter (Lm) and accessory gland mass/2 (mg). Plasma
androgen (ng/ml; determined by RIA with an antibody showing 32% cross-reaction to DHT). (E)
Nyctophilus geoffroyi [Southern hemisphere]. Redrawn from Hosken et al. (1998) and scaled as
follows. Testis mass (mg) and prostate epithelial height x1.5 (um). ‘Plasma androgen’ is T (pg/testis,
determined by RIA of ether extracts of formalin-fixed testes which had been stored in 70% aqueous
ethanol).
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Figure 2.3 Seasonal changes in size of the testes (00) and accessory glands (®) and plasma
androgen levels (A) of non-vespertilionid bats which store sperm in the cauda epididymidis. (a)
Rhinolophus capensis (Rhinolophidae) [Southern hemisphere]. Redrawn from Bernard (1986) and
scaled as follows. Testis mass (mg) and prostate epithelial height X 1.5 (um). Plasma androgen is T
(ng/ml determined by RIA with check that no DHT was detectable). (b) Mormopterus planiceps
(Molossidae) [Southern hemisphere]. Redrawn from Krutzsch and Crichton (1987) and scaled as
follows. Testis length and length of Cowpers gland X2 (mm). Plasma androgen is T (ng/ml, determined
by separate RIAs after chromatographic separation). (c) Taphozous georgianus (Emballonuridae)
[Southern hemisphere]. Redrawn from Jolly and Blackshaw (1989) and Jolly (1990) and scaled as
follows. Testis mass (mg) and seminal vesicle volume X3 (ul). Plasma androgen is T+DHT (ng/ml; RIA
after chromatographic separation).

despite rising concentrations of androgens. Thus there is only loose linkage between
peripheral androgen concentrations and testicular and accessory gland function.
Emballonuridae. The reproductive cycle of Taphozous georgianus in Queensland,
Australia (~24°S; Figure 2.3c) is surprisingly similar to that of Mormopterus
planiceps. Peak spermatogenic activity occurs in summer and autumn (January to
May), declines over winter and ceases in spring (Jolly and Blackshaw, 1989). However,
spermatozoa are present in the caudae epididymides throughout the year. The
accessory glands enlarge in August/September, when mating occurs, and are
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regressed at other times of the year (November—July; Jolly and Blackshaw, 1989).
Peripheral A and DHT levels are high compared with T and follow the same pattern
ofannual change. Peripheral androgen levels peak in late winter (August), coincident
with increased volume of the accessory glands, and about one month before mating.
Interestingly, in this species, as in M. planiceps, the seminiferous tubules regress as
androgen levels peak in winter. Thus spermatogenesis and activity of the accessory
glands are dissociated.

Commentary: With the exception of Mormopterus planiceps and Taphozous
georgianus, the preceding examples are characterized by an asynchrony between
elevated plasma T and activity of the reproductive accessory glands. Plasma T
increases with increasing spermatogenic activity, but, as plasma T declines, so the
accessory glands increase in size. The only exception is Pipistrellus pipistrellus
where the Leydig cells appear to remain active and plasma T is elevated throughout
winter. The data for Myotis lucifugus suggest that SBGs, by effectively decreasing
the amount of free hormone, are responsible for the asynchrony in the development
of the testes and accessory glands. Although M. planiceps and T. georgianus store
sperm through winter, the hormonal control of reproduction is quite different from
the other members of the group. Spermatogenesis and activity of the accessory
glands is synchronized but not obviously linked to plasma androgen
concentrations. Clearly, in these examples, SBGs may play an important role and it
is very difficult to interpret the data without information on peripheral SBG levels.
It is thus essential that all future studies that aim to contribute to our
understanding of the endocrine control of sperm storage and prolonged libido
measure both androgens and the SBGs.

Leydig cell activity

Early studies (Courrier, 1927; Racey, 1974; Racey and Tam, 1974; Krutzsch, 1961,
1975; Gustafson, 1979) suggested that species in which sperm storage and
prolonged libido occur during winter possess one of two quite different patterns of
Leydig cell activity. In the Pipistrellus Pattern, Leydig cells are active during
winter, while in the Mpyotis Pattern they are inactive. Since, in both cases,
spermatogenesis occurs in summer and the accessory glands are active during
winter, these early results suggested an astonishing asynchrony between activity of
the Leydig cells and activity of the accessory glands in the Myotis Pattern.
Gustafson (1979) carefully analysed the available information and concluded that
the Pipistrellus and Myotis Patterns were probably more similar than first
appeared, and that the apparent asynchrony between exocrine and endocrine
components of the testis of bats that hibernate may not be real. Based on the
information presented in the preceding species accounts, it appears that the
general trend is for steroidogenic activity of the Leydig cells and high plasma T to
coincide with spermatogenesis in summer, while in winter, when accessory glands
are active (or maintained in a hypertrophied state) and libido maintained, the
Leydig cells are inactive and plasma T is low. This is confirmed in a range of other
species for which data are less complete (Kayanja and Mutere, 1978, Otomops
martiensseni; Krutzsch and Crichton, 1990b, Molossus fortis; Krutzsch et al., 1992,
Rhinolophus megaphyllus). Thus, as data accumulate, the existence of the Myotis
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Pattern is confirmed but there is little support for the occurrence of the Pipistrellus
Pattern. Of the three species that have high plasma T during winter, one is P.
pipistrellus (after which the pattern is named) while in Mormopterus planiceps the
Leydig cells are inactive in winter and in Taphozous georgianus there are no
seasonal changes in the ultrastructure of the Leydig cells. It should however be
noted that the Pipistrellus Pattern was originally described from high latitudes
(above 50°N) and the information presented above is for species from lower
latitudes; thus the occurrence of the Pipistrellus Pattern remains untested.

Synchronized male reproductive activity, no sperm storage

A variety of species show what might be regarded as typical mammalian
reproduction.

Phyllostomidae. In the non-hibernating Macrotus californicus in Arizona (~35°N;
Krutzsch et al.,, 1976; Figure 2.4a), activity of the accessory glands and
seminiferous tubules are synchronized. Plasma T peaks in July and August at ~2.7
ng/ml, coincident with spermatogenesis and development of the accessory glands.
Plasma T declines progressively from August to ~0.5 ng/ml in mid-winter
(January), then increases to 2.0 ng/ml in March, well before the start of
spermatogenesis in June, and without any apparent stimulation of accessory
glands. Leydig cell activity mirrors that of plasma T.

Miniopterinae. In Miniopterus schreibersii (e.g. 33°S, South Africa; Bernard et al.,
1991a; Figure 2.4b) spermatogenesis occurs in late summer (February to April) and
coincides with activity of the Leydig cells and accessory glands. Plasma T is
greatest (15—20 ng/ml) between March and May, coinciding with peak testis weight
and activity of the Leydig cells and accessory glands. After spermatogenesis,
plasma T falls to 2—3 ng/ml in winter. A second peak in T (~10 ng/ml) occurs in
spring (October), some four months before the next spermatogenic cycle. This peak
is not associated with any apparent increase in testis size, accessory gland function
or Leydig cell activity and is another example of a dissociation between peripheral
T and accessory gland response.

Krutzsch and Crichton (1990a) found low peripheral androgen levels in
Australian M. schreibersii throughout the reproductive cycle (Figure 2.4c; A,
0.1-0.6 ng/ml; T, 0.1-0.2 ng/ml). Testis and accessory gland weights cycle in
parallel and peak in late autumn (April/May), yet peripheral A and T are minimal
in May. Peripheral T shows virtually no other seasonal change, while A is maximal
in November at the start of the annual testicular cycle.

Commentary: The control of spermatogenesis and accessory gland activity in these
species appears normal. There is however some evidence for both species that at
certain times of the annual cycle, the accessory glands do not respond to increasing
plasma T and this again highlights the need to measure both androgens and SBGs.

Steroid binding globulins

Kwiecinski et al. (unpublished data referred to in Gustafson and Damassa, 1987)
detected a SBG in the vespertilionids Myotis keenii, Eptesicus fuscus and
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Figure 2.4 Seasonal changes in size of the testes ([0) and accessory glands (®) and plasma
androgen levels (A) in male Microchiroptera with synchronized reproductive activity. (a) Macrotus
waterhousii (Phyllostomidae) [Northern hemisphere]. Redrawn from Krutzsch et al. (1976) and
scaled as follows. Testis mass (mg) and mass of the prostate gland and seminal vesicle X2 (mg).
Plasma androgen is T+DHT (ng/ml). (b) Miniopterus schreibersii (Vespertilionidae) in South Africa.
Redrawn from Bernard et al. (1991a) and showing monthly changes in mass of the testes and
accessory glands (mg) and plasma androgen (T, ng/ml, RIA with antibody showing 5.1% cross-
reactivity to DHT). (c) M. schreibersii in SE Australia. Redrawn from Krutzsch and Crichton (1990a)
and scaled as follows. Testis volume (mm’) and volume of the Cowpers gland X7 (mm?®). Plasma
androgen is A+T (ng/ml, determined by specific RIAs after chromatographic separation).

Pipistrellus subflavus, and the phyllostomids, Artibeus jamaicensis and
Brachiphylla cavernarum, but not the desmodontid, Desmodus rotundus murinus.
This SBG bound T, DHT and oestradiol with high affinity. Kwiecinski et al. (1987)
also detected a CBG which bound androgens to varying degrees in all of the species
examined, except D. rotundus. Given the wide variation in peripheral T among
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male bats and the asynchrony between Leydig cell activity and activity of the
accessory glands, a broad survey of plasma SBGs in bats is long overdue.

2.4.2 Megachiroptera (see Table 2.1)

The reproductive cycles of all male Megachiroptera are similar and characterized
by synchronized activity of the Leydig cells, spermatogenesis and activity of the
reproductive accessory glands.

There are no published data on peripheral oestrogens in male Megachiroptera;
however, peripheral progesterone in intact and castrate male Australian flying-
foxes Pteropus poliocephalus, P. alecto and P. scapulatus is high (10-40 ng/ml;
Wang et al., 1992 and Martin et al., 1995; Figure 2.5a).

Androgens

The most extensive studies of androgen concentrations are those of McGuckin
(1988) and McGuckin and Blackshaw (1987, 1991a, b) who investigated seasonally
breeding Pteropus spp. in Southeast Queensland, Australia. In P. poliocephalus
shot in the wild (Figure 2.5b), testis size increases from November to peak in
March, early in the autumn mating season, then decreases to July and remains
minimal until November. Plasma T is basal at ~2 ng/ml in winter and early summer
(June-December), increases sharply from January to peak at 46.3 ng/ml in March,
and falls progressively thereafter to minimal values in winter (June; Figure 2.5b).
Peripheral A follows essentially the same pattern, but is significantly lower than T
during the breeding season (March peak = 16 ng/ml; non-breeding season ~4
ng/ml). Seminal vesicle weight increases sharply after the rise in peripheral T to
peak at the height of the mating season, then falls rapidly to minimal values in June
(Figure 2.5b).

Similar seasonal changes occur in peripheral T and A in captive adult P
poliocephalus maintained in open cages in Southeast Queensland. However, peak
T is approximately half that of wild-shot bats, and occurs in April at the height of
the mating season, while testicular recrudescence appears earlier than in the wild.

Pteropus scapulatus is nomadic, about half the body mass of P. poliocephalus, and
breeds approximately six months later than P. poliocephalus. Mating occurs in spring
(November—-December) and young are born in autumn/early winter (May—June). In
asmall series of P. scapulatus from the wild, McGuckin (1988) recorded testis weights
of ~1.8 g in February and June, and 6.9 g in October. Plasma T is high during
spermatogenesis and immediately after mating (October, 2.6 ng/ml; January, 2.4
ng/ml) and lower in February (1.2 ng/ml), April (0.5 ng/ml) and June (0.8 ng/ml).

In captive P. scapulatus, testis size peaks in early summer (October) (McGuckin
and Blackshaw, 1991b). Peripheral T is maximal in captives in October-November
(~3 ng/ml), but other peaks of 2—3 ng/ml occur in February—March and May—June.
In samples collected over 12 months from four captive castrate P. scapulatus
(McGuckin, 1988), annual mean T ranges from 0.4—0.7 ng/ml for individuals. Thus
peripheral T appears to be lower in P. scapulatus and the annual cycle less well
defined than in P. poliocephalus. There may also be a proportionately larger
adrenal contribution.



Endocrine regulation of reproduction in bats 43

25 60
50 =
20 - £
(=2
= £
£ 15 “402
® S
P - 30 &
S 10 - s
8 L 20 §
a g g
L 10 &
o

01 0

8 50
b =
E
._ | ~
6 02
C) WA g
2 N N -30 §
£ 4 ' ‘§§ £
S §§\ 20 2
°2-§ % % N 's
/ 3%\ L 10 §
° ©
o | o

0 | I 1 I T I I T | T T I 0

JFMAMUJ JASOND

Months

Figure 2.5 Seasonal changes in reproductive organs and plasma androgens and progesterone in
male P. poliocephalus (Pteropodidae) [Southern hemisphere]. (a) Monthly changes in plasma
progesterone (M) and T (A, ng/ml; determined by RIA of ether extracts of pools of plasma from
3-5 captive bats, with each point the mean of two separate pools; redrawn from Martin et al., 1995).
Data for female bats, progesterone ([J) and T(A\), are included to allow comparisons. (b) Monthly
changes in testis mass ([J, g), mass of the seminal vesicle X2 (®, g) and plasma A and T (respectively
Oand A, ng/ml). Redrawn from McGuckin (1988) and McGuckin and Blackshaw (1987, 1991b).

Peripheral T is low in the central African fruit bat Epomops franqueti; 0.3 ng/ml
in wild-caught adults with scrotal testes, compared with ~0.1 ng/ml in wild-caught
adults and juveniles with abdominal testes (Ifuta et al., 1988).

Steroid binding globulins

Kwiecinski et al. (unpublished data referred to in Gustafson and Damassa, 1987)
failed to detect an SBG, but did detect a CBG in Pteropus giganteus and
Rousettus aegyptiacus. The CBG binds androgens to varying degrees, and in
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Pteropus and Rousettus shows relatively high affinity for DHT (Kwiecinski et
al., 1987). Wang et al. (1992) and Martin et al. (1995) also failed to detect an
androgen binding SBG in three Australian species of Pteropus, but demonstrated
a CBG which binds cortisol, corticosterone and progesterone with high affinity,
but not oestradiol, T or DHT.

Commentary: Other than the anomalous high plasma progesterone levels and
the extremely high T levels seen in the mating season in the absence of any
high-affinity androgen binding protein, there appears to be nothing profoundly
unusual about the endocrine-reproductive profile of male P. poliocephalus. The
situation in P. scapulatus is less clear and needs further study. Questions
remain about actual T, whether its annual pattern is different and possible
adrenal contributions. The substantial difference in peak plasma T levels during
spermatogenesis in P. poliocephalus and P. scapulatus (Table 2.1) is intriguing
and cannot be attributed to differing methodologies since the results were
obtained by the same researchers.

Table 2.1 Summary of plasma T or An in male Chiroptera during spermatogenic inactivity,
spermatogenesis and, where applicable, winter sperm storage. This table is designed to reveal trends
and readers are directed to the text and the original papers for exact values. NA, not applicable.

Plasma [T] or [An] in ng/ml
SPECIES (source)
Basal level during Peak during Winter sperm
spermatogenic inactivity spermatogenesis storage

Microchiroptera
SPERM STORAGE AND PROLONGED LIBIDO DURING WINTER

M. lucifugus' <0.1 59 <0.1

N. noctula® 30 100 30

P. pipistrellus’ 90 8l 120

V. wulturnus* [An]20 100 10-20

N. geoffroyi® 80 pg/testis 254 pgltestis ~100 pg/testis

M. planiceps® <l 4 8

R. capensis’ 2-3 6 |

T. georgianus® | | 35
SYNCHRONIZED MALE REPRODUCTIVE ACTIVITY; NO SPERM STORAGE

M. schreibersii® 3 15 NA

M. schreibersii'® 0.1 0.2 NA

M. cdlifornicus"' 0.5 2.7 NA

Megachiroptera

P. poliocephalus' 2.0 46 NA

P. scapulatus" <l 2.6 NA

E. franqueti' 0.1 0.3 NA

Data are from the following references: |, Gustafson and Shemesh, 1976; 2, Racey, 1974; 3, Racey and Tam, 1974;
4,Tidemann, 1993; 5, Hosken et al., 1998; 6, Krutzsch and Crichton, 1987; 7, Bernard, 1985; 8, Jolly and Blackshaw,
1989; 9, Bernard et al., 1991a; 10, Krutzsch and Crichton, 1990a; | |, Krutzsch et al., 1976; 12, McGuckin and
Blackshaw, 1987; |3, McGuckin, 1988; 14, Ifuta et al., 1988.
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2.5 PERIPHERAL HORMONE CONCENTRATIONS, BINDING PROTEINS
AND HORMONE ACTION IN FEMALE BATS

2.5.1 Microchiroptera
Sperm storage and delayed ovulation

Vespertilioninae (Tables 2.2, 2.3). The most comprehensive data are for Myotis
lucifugus in which mating occurs in autumn and sperm are stored throughout
winter in the female reproductive tract. At the same time the ovaries contain a
single large Graafian follicle (Buchanan and Younglai, 1988). Ovulation and
fertilization occur in spring and births in mid-summer.
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Figure 2.6 Monthly changes in gonadal hormones of female vespertilionids in which ovulation is
delayed. (a) Plasma progesterone (O) and steroid-binding globulin (®) during delayed ovulation and
pregnancy in Myotis lucifugus (Vespertilionidae) [Northern hemisphere]. The results for SBG (nM)
are redrawn from Kwiecinski et al. (1991). The results for progesterone (ng/ml) are redrawn from
Buchanan and Younglai (1986, 1988). (b) Progesterone concentrations in female Chalinolobus gouldii
(Vespertilionidae) [Southern hemisphere]. Redrawn from Hosken et al. (1996).
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1. Progesterone: Plasma progesterone is high and variable in M. lucifugus
(Buchanan and Younglai, 1986, 1988; Figure 2.6a). In nulliparous, anovular bats,
plasma progesterone is 2—11 ng/ml, and is ~19 ng/ml around the time of
ovulation. In hibernating sexually mature and immature, unovulated bats,
peripheral progesterone fluctuates significantly over time, from a basal 5 ng/ml
to 12—26 ng/ml. There are no significant differences between bats of differing
reproductive status, viz. nulliparous with small uteri, nulliparous with swollen
uteri, or parous. At implantation, plasma progesterone is ~7 ng/ml and rises
exponentially in late pregnancy to 81-206 ng/ml at term, with no evidence of a
prepartum fall. In lactating females plasma progesterone is 6—16 ng/ml and does
not decline further until the end of lactation.

Currie et al. (1988) measured plasma progesterone in pregnant M. lucifugus
and related levels to foetal crown—pump length. Plasma progesterone
increases exponentially with increasing crown-rump length, doubling for
every 2 mm of foetal growth, to reach ~30 ng/ml at a crown-rump length of
8 mm. Between crown-rump lengths of 8 and 16 mm, plasma progesterone
doubles again and then remains steady at ~65 ng/ml until term. The highest
value (175 ng/ml) was associated with a near-term foetus (crown-rump length,
22 min).

2. Oestrogen: Buchanan and Younglai (1988) were unable to measure plasma
estrogen in M. lucifugus but Damassa and Gustafson (1984) recorded levels of 80
pg/ml in pooled plasma from females in late pregnancy.

3. Steroid binding globulins: An SBG, which binds both oestradiol and DHT,
occurs in female M. lucifugus at baseline levels during hibernation, ovulation
and early pregnancy (September—May; Kwiecinski et al., 1991; Figure 2.6a).
During the second half of pregnancy, SBG levels increase 15—30 fold and remain
elevated through lactation, anoestrus and pro-oestrus. This seasonal pattern in
plasma SBG is similar to that seen in male M. lucifugus.

Plasma progesterone levels (Table 2.2) show similar trends in Antrozous pallidus
(Oxberry, 1979) and Chalinolobus gouldii (Hosken et al., 1996; Figure 2.6b), being
much lower during delayed ovulation than in late pregnancy.

In Antrozous pallidus, plasma oestrogen peaks at oestrus (August; ~55 pg/ml;
Table 2.3) and then falls to baseline levels during hibernation and delayed
ovulation (~20 pg/ml). There is a small peak in oestrogen at ovulation and levels
increase as pregnancy progresses. A maximum plasma oestrogen level is reached at
mid-gestation (~90 pg/ml) and thereafter oestrogen concentration falls to ~25 pg/ml
immediately after birth (Oxberry, 1979).

The reproductive cycle of Scotophilus heathi in India (~26°N) is characterized
by arrested ovarian activity between December and mid-February (Abhilasha
and Krishna, 1996). Copulation occurs between mid-January and mid-February
and sperm are stored by the female for a short period until ovulation occurs.
During delayed ovulation plasma progesterone (~2 ng/ml) and oestradiol (~50
pg/ml) are low. The androgens A (~80 ng/ml) and T (~5 ng/ml) are high during
early delayed ovulation (December) and lower in January. Plasma A and T
remain low during enlargement of antral follicles (February), at which time
oestradiol rises. Interestingly, copulatory activity starts in January, well before
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the increase in level of oestradiol. The authors argue that intra-ovarian actions
of androgens, originating from the interstitial tissue, might inhibit development
and maturation of ovarian follicles, and so be responsible for delayed follicular
development. However, peripheral androgen levels are so much higher than in
most female (or male) mammals, that they could well affect gonadotropin
secretion by systemic actions on the hypothalamic-pituitary axis.

Commentary: In all the above cases, plasma progesterone is much lower during
delayed ovulation than in late pregnancy; nevertheless, by non-chiropteran
standards, it is high. Progesterone is a well-known inhibitor of pituitary
gonadotropin secretion, and cannot be excluded from having a role in delayed
ovulation in these bats. In female M. Iucifugus, plasma SBG is at a minimum over
the period of delayed ovulation (Figure 2.6a). Thus circulating androgens (see
Chapter 7 for preliminary data) might be expected to have a free range of action at
this time.

An experiment cited by Wimsatt (1969; and see review by Racey, 1982) is
pertinent here. Ovulation is delayed throughout hibernation in Myotis lucifugus. If
animals are aroused prematurely in the first half of hibernation there is no
ovulation and the follicle degenerates. Moreover, ACTH, GH and T, have no effect,
whereas LH stimulates immediate ovulation. Arousal during the second half of
hibernation results in immediate ovulation following abrupt release of LH from the
pituitary. Thus the primary deficit in early hibernation appears to lie in the failure
of the aroused pituitary to secrete LH. Wimsatt referred to an endogenous rhythm
in the hypothalamus, and one can envisage how in early hibernation the
hypothalamic-pituitary timer has not reached maturity. In the light of Abhilasha
and Krishna’s (1996) results one could postulate that the early-hibernation failure
to release LH stems from a chronic suppression of the pituitary by high androgen
levels. Androgens have not been measured in any of the other species in which
ovulation is delayed. However, in Antrozous pallidus (Oxberry, 1979), oestradiol
levels during delayed ovulation are of the same order of magnitude as in
Scotophilus heathi. Since oestradiol may be produced from androgen precursors,
it is possible that peripheral androgens are high in female A. pallidus and may play
a role in delay.

Molossidae (Tables 2.2, 2.3). In Mormopterus planiceps, mating occurs during
winter, fertilization occurs in late winter (August) and early spring and births occur
in summer (December and January). The reproductive cycle is unusual in that pro-
oestrus is protracted, sperm are stored and embryonic stages up to implantation
span several months in spring (August and September; Crichton and Krutzsch,
1987). Plasma progesterone concentration is elevated from the time of fertilization
and establishment of the corpus luteum (August) and reaches a peak of ~38 ng/ml
in late pregnancy (November and December; Table 2.3). For the rest of the year,
plasma progesterone is low (~1 ng/ml). Plasma oestrone and oestradiol are lower
than progesterone. Plasma oestradiol is elevated during the prolonged pro-oestrus
(late summer; February to May; ~1 ng/ml), low during winter (~0.2 ng/ml), and
reaches peak values during pregnancy (~2.0 ng/ml in November and December;
Crichton and Krutzsch, 1987).
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Table 2.2 Summary of peripheral progesterone levels in female Microchiroptera at various stages
of the reproductive cycle. This table is designed to summarize trends and readers are directed to
the text and the original papers for exact values. (ND, not detectable; DD, delayed development;
DOy, delayed ovulation). The second column (copulation/implantation) includes measures of plasma
progesterone at the time of copulation or shortly thereafter. NA, not applicable.

Plasma progesterone (ng/ml) at various stages of the female reproductive cycle

SPECIES Inactive Copulation Winter Pregnancy Lactation
(source) base line implantation DD or DOv peak

M. lucifugus'* 2-10 7 5-10 100-200 <20

A. pallidus® 5 20 5 50 <10

C. gouldii* 2 no data <l 15 ND—<10
S. heathii® 5 no data 2 no data no data
T. brasiliensis® 10 20 NA 100 20-30

M. planiceps’ | no data | 38 no data
M. californicus®’ ND—-<20 20 7-22 30-108 <I0

Data are from the following references: |, Buchanan and Younglai, 1988; 2, Currie et al., 1988; 3, Oxberry, 1979;
4, Hosken et al., 1996; 5, Abhilasha and Krishna, 1996; 6, Jerrett, 1979; 7, Crichton and Krutzsch, 1987; 8, Burns
and Easley, 1977; 9, Crichton et al., 1990.

Table 2.3 Summary of plasma oestrogen levels in female Microchiroptera at various stages of the
reproductive cycle.This table is designed to summarize trends and readers are directed to the text
and the original papers for exact values. Base line values are those recorded prior to follicular
development. NA, not applicable.

Plasma estrogen (pg/ml) at various stages of the female reproductive cycle

SPECIES Base line Oestrus/ Winter/delay Pregnancy Lactation
(source) copulation peak

A. pallidus' 10 60 20 90 25

S. heath?? no data 300 50 no data no data
M. schreibersii® 200 200 200 1500 2

M. californicus* no data 20 30 80 no data
M. planiceps® 400 900 NA 2000 900

Data are from the following references: |, Oxberry, 1979;2, Abhilasha and Krishna, 1996; 3, Crichton et al., 1989;
4, Burns and Wallace, 1975; 5, Crichton and Krutzsch, 1987.

Commentary: During the prolonged proestrus and delayed ovulation peripheral
oestradiol levels are high. It is thus possible that, as described for Scotophilus
heathi, androgens from the interstitial tissue play a role in delaying ovulation.

Delayed implantation

Miniopterinae (Table 2.4). The female reproductive cycle of members of the genus
Miniopterus from subtropical and temperate latitudes is characterized by a period
of delayed implantation that coincides with the winter/cool dry season of that
latitude. Copulation, ovulation and fertilization occur prior to winter, implantation
occurs at the end of winter and births in early to mid-summer. In Australia and
Japan delayed implantation is followed by a period of delayed embryonic
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Table 2.4 Summary of the available data for plasma progesterone levels for Miniopterus schreibersii
from Japan (column 1), Australia (column 2) and South Africa (columns 3-5) at various stages of
pregnancy. All samples for the post-fertilization stage were collected within one month of
fertilization but the stage of development varied from a tubal morula to bilaminar blastocyst. NA,
not applicable.

Plasma progesterone (ng/ml)

Stage of pregnancy Ref. no | 2 3 4 5
Non-pregnant 7.0=0.1 0.5+0.1 1.4+0.3 1.5+1.0 3.4£0.4
Post fertilization 11.1£].8% 2.0+0.5 12.9+3.5*% 6.2+3.5 6.2+0.4*
Delayed implantation ND 2.6x1.3 18.5£3.2 1.7+0.6* 3.2+0.3*
Delayed embryonic dev. 4.7+0.6* 3.5£0.7 NA NA NA
Late foetal dev. 11.8£1.5% 22.6+4.6 127.7£9.4%  64.8+4.7*  356=*|.4*

Data are from the following references: column |, Kimura et al., 1987; 2, Crichton et al., 1989; 3, van der Merwe
and van Aarde, 1989; 4, Bernard et al,, 1991b; 5, van Aarde et al., 1994.

* Indicates that the mean value is significantly different from the preceding value as presented in the original
paper.

development that does not occur in Europe or Africa (Kimura and Uchida, 1983;
Crichton et al., 1989; Bernard et al., 1996 for review).

1. Progesterone: A number of authors have measured plasma progesterone
throughout pregnancy in Miniopterus schreibersii. However, comparison of
these data is difficult because they are based on populations of M. schreibersii
with different patterns of reproduction, and in which the timing and duration of
gestation differ slightly. Some trends are, however, evident if plasma
progesterone is compared for similar stages of gestation (Table 2.4). Progesterone
is detectable in non-pregnant females (~0.5—7.0 ng/ml) and levels are elevated
(~2—12 ng/ml), sometimes significantly, in the month following fertilization.
The variation in plasma progesterone levels in the month following fertilization
probably reflects variation in the developmental stage of the embryo in the
females that were sampled. For example, two females with a single morula in
the left oviduct had plasma progesterone of 3.6 and 4.9 ng/ml while a third
female, caught at the same time, but with a unilaminar blastocyst in the right
uterine horn, had a progesterone level of 10.2 ng/ml (Bernard et al., 1991b).
During delayed implantation plasma progesterone is typically low (1.7-3.2
ng/ml) and not significantly different from that of non-pregnant females. The
apparent exception is the high plasma progesterone (18.5 ng/ml) recorded for M.
schreibersii by van der Merwe and van Aarde (1989). However, this value should
be interpreted with care because a similarly elevated level was not recorded by
the same authors in a later study, using the same assay (van Aarde et al., 1994).
Post-implantation progesterone level remains low in populations in which there
is a period of delayed development. In all populations progesterone increases
during foetal development in conjunction with development of the placenta,
reaching peaks about one month before parturition of ~25—125 ng/ml (Crichton
et al., 1989; van der Merwe and van Aarde, 1989).

2. Oestrogen: In M. schreibersii, plasma oestradiol in the first half of delayed
implantation (200—340 pg/ml) is not significantly different from that prior to
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conception (~250 pg/ml; Crichton et al., 1989). However, prior to implantation
oestradiol declines to its lowest value (~130 pg/ml) and then increases, post-
implantation, to reach ~290 pg/ml during delayed embryonic development and
a peak of ~1500 pg/ml in mid-gestation. Plasma oestrone is highest at the time
of ovulation, declines during the following months until formation of the
placental discs and thereafter climbs, before decreasing prior to parturition
(Crichton et al., 1989).

Commentary: The low levels of plasma progesterone during delayed
implantation and delayed development suggest that a fully functional corpus
luteum and elevated plasma progesterone levels may be required for implantation.
The elevated plasma oestradiol during delayed implantation led Crichton et al.
(1989) to suggest that it may delay development by suppressing a luteotrophin that
is required for optimal luteal function but this suggestion remains untested. More
recently it has been shown that neither exogenous progesterone, nor exogenous
hCG (which activates the corpus luteum and elevates endogenous progesterone)
will terminate delayed implantation in M. schreibersii (Bernard and Bojarski,
1994). A similar situation occurs in some of the mustelid carnivores where
progesterone alone will not terminate delayed implantation (Berria et al., 1989).

Delayed embryonic development

Phyllostomidae (Tables 2.2, 2.3). In Macrotus californicus copulation and
fertilization occur in autumn (October). Post-implantation embryonic development
is retarded during winter (October—March), normal embryonic development
resumes in spring (March) and births occur in mid-summer (June; Bradshaw, 1962;
Crichton et al., 1990).

1. Progesterone: Plasma progesterone is low during delayed embryonic
development (7 ng/ml; Burns and Easley, 1977; ~12 ng/ml; Crichton et al., 1990)
and rises significantly at the resumption of normal embryonic development (32
ng/ml; Burns and Easley, 1977; 108 ng/ml; Crichton et al., 1990; Table 2.2).
Burns and Easley (1977) detected a peak in plasma progesterone at the time of
placentation, but this was not recorded by Crichton et al. (1990). The changing
plasma progesterone is mirrored by changes in the ultrastructure of the luteal
cells and intensity of staining for 38-HSD and 17B-HSD which indicate that the
corpus luteum is not fully active during delayed embryonic development
(Crichton et al., 1990). Abortion follows ovariectomy at any stage of pregnancy
(Burns, 1981), indicating that the corpus luteum is required throughout, but
progesterone was not measured post-ovariectomy.

2. Oestrogen: Plasma concentrations of oestrone and oestradiol are relatively high
at implantation and shortly thereafter (~18 pg/ml and 60 pg/ml respectively)
and much lower during delayed embryonic development (~12 pg/ml and 35
pg/ml respectively; Burns and Wallace, 1975). After the resumption of normal
embryonic development, oestrone and oestradiol increase to ~25 pg/ml and
75 pg/ml respectively.

Commentary: Based on the coincidence of low plasma steroid concentrations
with the period of delayed development, Burns and Easley (1977) and Burns and
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Wallace (1975) have proposed that delayed embryonic development is a
consequence of hormonal inadequacy. This represents an ideal starting point for
further experiments to determine which hormones are responsible for retarding
embryonic development and how their levels are controlled.

No reproductive delay

Molossidae (Table 2.2). The reproductive cycle of Tadarida brasiliensis from North
America (~35°N) is characterized by synchronized spermatogenesis and follicular
development in spring (Jerrett, 1979). Copulation, ovulation and fertilization occur
in early summer (March) with birth in early to mid-summer (late June and early
July).

1. Progesterone: Baseline plasma progesterone levels during dioestrus, in the
absence of a corpus luteum, are high (~10 ng/ml; Table 2.2). Plasma progesterone
increases with ovulation and establishment of the corpus luteum and rises to a
peak (106 ng/ml) in late pregnancy. At parturition, the corpus luteum regresses
and plasma progesterone drops to baseline (Jerrett, 1979).

Commentary: The non-ovulatory left ovary of T. brasiliensis is filled with
interstitial cells which stain positively for 3B-HSD (Jerrett, 1979) and is the
probable source of progesterone in non-pregnant animals.

2.5.2 Megachiroptera (Table 2.5)

The reproductive cycles of female Megachiroptera are not complicated by the
reproductive delays which occur in some of the Microchiroptera and this section
is not subdivided as previously. However, information is available for a wider
range of hormones than is the case for the Microchiroptera, and the section is
subdivided by hormone.

Table 2.5 Summary of peripheral levels of progesterone (P) and oestradiol (E,) in female
Megachiroptera at various stages of the reproductive cycle. This table is designed to summarize
trends and readers are directed to the text and the original papers for exact values. ND, not
detectable.

Species Plasma P and E, (ng or pg/ml) at various stages of the female
reproductive cycle
Base line Copulation Pregnancy Lactation
implantation peak

E. franqueti (E,)' 6 pg/ml no data 20 pg/ml no data
P. hypomelanus (E,)* no data 1456 pg/ml no data no data
P. hypomelanus (P)* no data 1343 pg/ml 3200 pg/ml no data
P. poliocephalus (E,)*** 10 pg/ml 26 pg/ml 700 pg/ml 10 pg/ml
P. poliocephalus (P)**” 20 ng/ml 20 ng/ml 800 ng/ml 20 ng/ml
P. scapulatus (E,)* ND 15 pg/ml 181 pg/ml <20 pg/ml
P. scapulatus (P)° 4 ng/ml 4 ng/ml 195 ng/ml 4 ng/ml

Data are from the following references: I, Ifuta et al.,, 1988; 2, Atkinson et al., 1995; 3, Towers and Martin, 1985;
4, Towers, 1988; 5, Kennedy, 1987; 6, Towers and Martin, 1995; 7, Kennedy, 1993.
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Inhibin

To date, inhibin appears to be the only effective marker of changing ovarian
function in Australian Pteropus. In captive adult female Pteropus poliocephalus
(Queensland, Australia; Figure 2.7a), plasma inhibin levels are low or not
detectable prior to the start of the breeding season in March, although occasional
animals show sporadic transient spikes of 5—-12 pM (Kennedy, 1993). Inhibin
concentrations increase abruptly to a peak in April, when most females conceive,
and well before peripheral progesterone rises significantly. During the ensuing
pregnancy, inhibin levels fall progressively while progesterone continues to rise
(Figure 2.7a). A similar pattern occurs in P. alecto where inhibin is low or
undetectable in late pregnancy.
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Figure 2.7 Monthly changes in reproductive hormones in female Australian flying foxes
(Pteropodidae) [Eastern Australia]. (a) Plasma progesterone (O) and inhibin (M) in seasonally
breeding captive adult female Pteropus. Redrawn from Kennedy (1993). (b) Plasma oestradiol (CJ) and
progesterone (O) in adult pregnant (open symbols) and non-pregnant (closed symbols) female P
poliocephalus shot in the wild. Redrawn from Towers (1988) and Towers and Martin (1995).
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Kennedy (1993) examined levels of inhibin and progesterone in 16 adult female
Pteropus spp. for four weeks before, and one week after, bilateral
ovariohysterectomy in late April. At operation, 11 bats had ovarian luteal tissue,
and the remainder had follicles at various stages of development. Bats with luteal
tissue had significantly higher levels of inhibin than those without (means of
41 pM and 10 pM, respectively), whereas there was no difference in plasma
progesterone (both means of 8 ng/ml). Post-ovariectomy, inhibin fell significantly
(mean of 2 pM), whereas progesterone did not (mean of 5 ng/ml).

In a large series of measurements taken during pregnancy and before and during
the mating season in intact and ovariectomized P. poliocephalus and P. alecto,
Kennedy (1993) found no significant correlation between inhibin and progesterone.
Ovariectomized bats typically continued to show a high plasma progesterone (see
below), whereas inhibin was usually undetectable. Nevertheless, several
ovariectomized bats occasionally showed detectable levels of inhibin and one
consistently returned values of >10 pM.

Oestrogens (Table 2.5)

The most comprehensive data are for the Australian flying fox, Pteropus
poliocephalus. In this species, mating occurs in March and April and pregnancy
from April/May to October/November. In non-pregnant, early mating season bats,
with ovaries containing antral but no preovulatory follicles, oestradiol
concentrations range from undetectable to 16 pg/ml (Figure 2.7b; Towers and
Martin, 1985; Towers, 1988). There is no correlation between plasma oestradiol and
follicular development and none of the uteri show signs of oestrogen stimulation.
It is now established that, in Australian Pteropus, the uterus does not exhibit
oestrogen stimulation until a preovulatory follicle develops, and then only in the
ipsilateral horn (Martin, et al., 1995).

In pregnancy, plasma oestradiol rises exponentially, but does not differ
significantly from levels of oestradiol in non-pregnant bats until about three
months post-conception (July; Figure 2.7b). In late pregnancy, oestradiol ranges
from 100-700 pg/ml, and falls to baseline levels post-partum.

Kennedy (1987), using similar methods to Towers (1988), measured oestradiol in
sequential plasma samples from 16 captive adult P. poliocephalus (13 of which had
given birth in the previous season) and from two bats that had been ovariectomized
(OVX) shortly before the period of study. Samples were taken monthly in
December, February and March, then weekly during the peak mating season (23
March to 30 April). Over the latter period, all females (including the OVX) mated
repeatedly and 14 of the intact bats subsequently gave birth at the usual time
(October—-November). Pre-mating season (December—March) mean monthly
oestradiol levels were 3—7 pg/ml in both intact and OVX bats. During April mean
oestradiol was 6—9 pg/ml in intact bats and 4—7 pg/ml in the OVX. Before April,
no sample had an oestradiol level >10 pg/ml, whereas in April, 9 bats had one or
more samples with a peak oestradiol concentration of 10—26 pg/ml. Similarly high
plasma oestradiol levels have been reported for the same species (Towers, 1988).
Conception in P. poliocephalus occurs in April, and it is tempting to speculate that
each oestradiol peak might reflect maturation of an oestrogen-secreting
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preovulatory follicle. We quote Kennedy’s data at length to emphasize that, in
mating-season P. poliocephalus, oestradiol is low, at the limits of assayability and,
on average, little different from that in OVX bats. Such low levels are consistent
with observations that uterine growth does not precede preovulatory follicle
maturation and is then restricted to the ipsilateral horn (Martin et al., 1995).

In P. scapulatus, which mates in mid-summer (November—December) and gives
birth in early to mid-winter (May—June), seasonal changes in oestradiol are similar
to those in P. poliocephalus (Towers, 1988). In contrast to the results for P.
poliocephalus, oestradiol is undetectable in plasma from adult P. scapulatus, seven
days post-OVX in June (Towers, 1988).

In the central African fruit bat, Epomops franqueti, levels of oestradiol were
~20 pg/ml in wild-caught adult pregnant bats compared to 6—7 pg/ml in wild-
caught juveniles and non-pregnant adults (Ifuta et al., 1988).

Atkinson et al. (1995) measured oestradiol in faeces and plasma from captive P,
hypomelanus [tropical, East Asia, housed in Florida]. They reported that
reproduction was non-seasonal and polyoestrous, with a cycle length of 31.1 days,
but no discrete period of behavioural oestrus. Sperm were present in vaginal
flushings throughout the cycle and pregnancy. At oestrus, oestradiol (2296 pg/g
faeces and 1456 pg/ml plasma) is substantially higher than that reported for
Microchiroptera or for mammals generally.

Commentary: Although the actual levels of oestradiol in the various studies
differ markedly (Table 2.5), there are common trends. Oestradiol is relatively low
during follicular development, but may increase episodically with follicle
maturation and through pregnancy. In P. poliocephalus, where oestradiol levels in
intact bats are similar to those of OVX bats, oestradiol is clearly not of ovarian
origin and the source may be the adrenal gland. Overall, oestradiol does not appear
to be a useful marker of ovarian function in these species.

Progesterone (Table 2.5)

In Pteropus poliocephalus plasma progesterone rises and falls at the onset of the
mating season and there appears to be a broad peak at the time of conception
(Towers and Martin, 1985, 1995; Kennedy, 1993; Figures 2.7a, b; 2.8a). However,
because of substantial variation between individual bats, these changes are not
statistically significant. Progesterone levels do not increase when the corpus
luteum forms but a significant increase occurs from mid-pregnancy to reach
200—800 ng/ml close to term. There is no evidence that progesterone levels fall
before parturition, but there is an abrupt fall post-partum.

Data from non-pregnant, late-pregnant and OVX P. scapulatus and P. alecto
indicate that plasma progesterone follows similar patterns to that of P.
poliocephalus (Figure 2.8a).

Commentary: The data for Australian Pteropus reflect a common pattern in which
plasma progesterone does not alter substantially during follicular development or
after formation of the corpus luteum or ovariectomy (Table 2.5). Thus progesterone
is not a useful marker of ovarian function in these species. Plasma progesterone
increases from mid-pregnancy to reach a maximum in late pregnancy.
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Figure 2.8 Plasma progesterone and testosterone in seasonally breeding captive adult female
Pteropus (Pteropodidae) [Southern hemisphere]. (a) Monthly changes in plasma progesterone
(ng/ml; RIA of hexane extracts of serial plasma samples) in intact (O) and ovariectomized (®) P.
poliocephalus and adult, intact P. alecto (M). Redrawn from Kennedy (1993). (b) Monthly changes in
plasma T (pg/ml) from four intact (A) and one ovariectomized (A) adult P. poliocephalus. Redrawn
from Kennedy (1993).

Androgens

In P. poliocephalus and P. alecto, A ranges from 1-10 ng/ml in non-pregnant bats,
but shows no systematic change over the breeding season or increase in pregnancy
(Kennedy, 1993). Plasma T ranges from 200—600 pg/ml in non-pregnant bats,
increasing systematically in late pregnancy to 800-1600 pg/ml (Figure 2.8b).
Plasma T is elevated in intact females during the mating season, but comparable
increases occur in OVX bats and individual profiles of intact bats show no
meaningful patterns.
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2.6 UNILATERAL ENDOMETRIAL GROWTH (UEG) IN PTEROPUS SPP;
IMPLICATIONS FOR SYSTEMIC HORMONE LEVELS

In the genus Pteropus and in Rousettus aegyptiacus endometrial growth is
restricted to the uterus ipsilateral to the ovary with the preovulatory follicle or
corpus luteum (Marshall, 1949, 1953; Bernard, 1988; Martin et al., 1995). The
ovaries of many megachiropterans, including Rousettus and Pteropus spp. possess
an unusual morphology and vascular complex (Bernard, 1988; Pow, 1992; Pow and
Martin, 1994, 1995; Towers and Martin, 1995). The distal half of the ovarian artery
is highly coiled and completely enclosed in a venous sinus derived from the
uterine and ovarian veins. Just before entering the ovary, the ovarian artery
branches to form a uterine artery which runs to the ipsilateral uterine horn. Such
a rete might allow estrogens and progesterone to pass from the ovarian vein into
the ovarian artery and then via the uterine artery to the ipsilateral uterine horn. In
this way the unilateral endometrial growth in Pteropus and Rousettus aegyptiacus
may be explained.

Pow and Martin (1991) demonstrated the efficacy of the route in Pteropus by
injecting [*H]-estradiol into one ovary and measuring uterine levels one hour later.
Although recovery of [*H]-estradiol was low, it was preferentially transferred to the
ipsilateral uterine horn. A similar pathway, albeit in the reverse direction, exists in
sheep where endometrial luteolytic factors pass from uterine vein to ovarian artery
and influence the ipsilateral ovary only (Ginther, 1974; Mapletoft et al., 1975).
Preferential transfer of progesterone from the corpus luteum to the ipsilateral
endometrium may explain why peripheral progesterone levels do not increase in
early pregnancy in Pteropus spp. If progesterone underwent endometrial
metabolism, as in rodents (Clark, 1974), luteal secretion would have a minimal
effect on peripheral progesterone levels. Unilateral endometrial growth associated
with a preovulatory follicle presumably involves oestradiol, which usually does
not undergo uterine metabolism and which, by binding to target-organ oestrogen
receptors with high affinity, is usually taken up preferentially from the circulation
by target organs like the uterus. Martin ef al. (1995) questioned whether
preferential local transport alone was sufficient to explain the stimulation of
unilateral endometrial growth by oestradiol. Their suggestion that saturation of
contralateral oestrogen receptors is prevented by a high-affinity oestradiol binding
in plasma was not substantiated (Wang et al., 1992). Metabolism of oestradiol by
Pteropus endometrium needs to be examined.

Australian Pteropus spp. appear to be spontaneous ovulators and such mammals
usually require ovarian oestradiol to induce the LH surge essential for ovulation. If
the single ovary containing the developing follicle does not communicate with the
contralateral uterus, we must question how it communicates with the
hypothalamus. If ovarian oestradiol were the messenger, the apparent paradox
might be explained in terms of differing oestrogen receptor populations in the
hypothalamus and contralateral uterine horn giving different levels of sensitivity
to oestrogens. Alternatively, ovarian T or A could act as messenger, with aromatase
present in the hypothalamus but not the contralateral uterine horn.
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2.7 GENERAL DISCUSSION

Since the last major review of reproduction in bats (Racey, 1982), data on the
circulating gonadal hormones of many more species have become available yet our
knowledge of the sources, nature, peripheral metabolism and plasma
concentrations of reproductive hormones and the properties of their receptors, and
how these are regulated, remains poor. For example, despite the anomalous levels
of progesterone found in many bats, there have been few attempts to chemically
identify the immunoactive material, or to determine, by removal of the appropriate
organ, if it is of ovarian or adrenal origin. There is substantial evidence in some bat
species to support the adrenal gland as an extra-gonadal source of steroid
hormones. For example, Wang et al. (1992) and McGuckin (1988) invoked adrenal
synthesis to explain the high levels of progesterone and T in intact and castrate
male Pteropus. We are not aware of reports of high plasma progesterone levels in
other male mammals, but there is a substantial literature on adrenal progesterone
secretion in females (Resko, 1969; Fajer et al., 1971; Shakh and Shakh, 1975; Plotka
et al., 1983; Asher et al., 1989) even to levels which influence sexual receptivity
(Feder and Ruff, 1969).

High baseline progesterone could result from high-affinity protein binding. All
Microchiroptera studied by Kwiecinski et al. (1987) have a CBG-like plasma-
protein, but there are no data to indicate if this binds progesterone as strongly as
the CBG-like protein of Pteropus (Martin et al., 1995). Overall therefore, we have
little idea of how progesterone actually functions in any species of Chiroptera.

The most commonly measured hormones in bats have been T in males, and
oestradiol and progesterone in females; this, in spite of the fact that there is an ever-
increasing list of intra-gonadal hormones and an ever-increasing awareness of how
gonadal hormones regulate gametogenesis by intra-gonadal paracrine and
autocrine actions (Hillier, 1994; Burger and de Kretser, 1989). To use T as an
example, modulation can occur systemically via changing level of a specific
binding protein like SBG. This is seen in M. lucifugus, where thyroid hormone
modulates the action of T by altering SBG levels and so the free-T reaching specific
target-cell receptors (Damassa et al., 1985, 1995; Kwiecinski et al., 1986). Non-
gonadal hormones might modulate the action of T by altering 5a-reductase or
aromatase levels differentially in different target-tissues. Thus thyroid or
adrenocortical hormones (which rise and fall seasonally in M. lucifugus) might
regulate aromatase in central neuronal tissues, and 5a-reductase in the accessory
glands but not gonadal spermatogenic tissues. The action of T could be reduced in
a target-tissue by specifically increasing enzymes which metabolically inactivate T;
this is believed to be one mechanism whereby progesterone inhibits the action of
oestradiol in the human uterus (Tseng and Gurpide, 1975).

Sex-steroids are known to regulate the synthesis of their own, and each other’s
receptors in target-cells. Receptor levels might also be up- or down-regulated in
specific tissues by thyroid hormones, adrenocorticosteroids or pituitary hormones
such as growth hormone. Receptors may be absent at certain developmental stages
(e.g. neonates) or from particular tissues such as the vaginal epithelium of
Pteropus (Pow and Martin, 1988; Pow, 1992). It is also clear that hormone action
can be blocked or modulated by altering the intracellular expression of the
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hormone-receptor complex, i.e. via changes in intracellular regulators such as
transcription factors controlled by other hormones. We suggest that future efforts
should continue to use properly validated RIAs to measure peripheral hormone
levels, but applied to a wider choice of gonadal hormones, and with better
characterization of what hormones are actually circulating. We would expect
these assays to be complemented with assays of thyroid and adrenocortical
hormones, and steroid-binding proteins, and with immunocytochemistry and in
situ polymerase-chain-reaction cytochemistry to elucidate expression of hormone
receptors and hormone-metabolizing enzymes in target-tissues.

When Wimsatt (1960, 1969) speculated on the peculiarities of reproduction in
hibernating bats, sensitive hormone RIAs were in their infancy, details of steroid
hormone action were poorly known, the significance of target-organ metabolism of
T was not appreciated, and immunocytochemical methods for detecting cellular
hormone receptors and metabolizing enzymes were unknown. Despite advances in
technology and understanding, it remains true that we are no closer to
understanding the role of gonadal hormones in the control of the reproductive
asynchronies and delays that characterize many of the Microchiroptera. The
available data provide an ideal starting point for studies of the endocrine control of
reproductive delays. For example, SBGs may play a significant role in the
asynchronous activity of Leydig cells, seminiferous tubules and accessory glands
in many vespertilionid and rhinolophid bats. High concentrations of androgens,
possibly in conjunction with base-line SBGs in winter may play a key role in
delaying ovulation in some vespertilionids. The termination of delayed
implantation in Miniopterus schreibersii is temporally linked to activation of the
corpus luteum, but is not stimulated by progesterone. Delayed development in
Macrotus californicus is associated with low plasma progesterone, oestrone and
oestradiol. Future studies which aim to contribute to the understanding of the
control of reproductive delays should measure the full range of hormones and
assess the abundance of receptors and enzymes involved in metabolism of the
hormone. Ultimately, hormone manipulation experiments with captive bats will
yield the most robust data.

We suggest that future research should address basic questions in bat
reproductive biology such as the control of delayed ovulation, sperm storage and
delayed implantation and the separation of processes such as oestrus and
ovulation, and Leydig cell and accessory gland activity, that are normally
coincident. Further studies of plasma T, oestradiol and progesterone in previously
unstudied species will provide additional base-line information but will not
answer the important fundamental questions.
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3.1 INTRODUCTION

Bats represent a highly successful order of existing mammals, second only to
rodents in the numbers of individuals and diversity of species. Yet most bat species
exhibit only one or two reproductive cycles per year, typically producing a single
young. This is in marked contrast to rodents which generally breed repeatedly in a
given year and have multiple young per litter. Despite the limited reproductive
potential of bats, these mammals have achieved extensive radiation in relation to
their food sources and, like muroid rodents, populate most regions of the earth. In
the sub-arctic and temperate zones, bats are primarily insectivorous and migrate to
warmer climates or hibernate during the winters to escape harsh environmental
conditions and lack of food. Reproductive potential is maximized in these species
by the adoption of diverse strategies. For example, females of some species exhibit
embryonic diapause (delayed development or implantation) or delayed
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fertilization in response to inhospitable periods (Oxberry, 1979). In certain
vespertilionid and rhinolophid bats, males undergo spermatogenesis in one season
and mate in another, storing their sperm in the reproductive tract (Gustafson,
1979). Strategies such as these enable bats to separate the different components of
their reproductive cycle, timing energetically expensive parts with maximum food
availability. Such asynchronous (disassociative) reproduction depends on
monitoring environmental changes and selectively initiating appropriate
reproductive responses. The linking of internal conditions for optimal
reproductive effort with environmental changes likely involves the central nervous
system and a variety of reproductive and peripheral endocrine regulatory factors.

Our knowledge of the endocrine and neuroendocrine control of reproduction in
bats is relatively limited when compared to that amassed for laboratory rodents and
certain domestic species (e.g. Bronson and Heideman, 1994). In bats, current
information on the reproductive hormones of the hypothalamus, pituitary, gonads
and pineal are reviewed elsewhere in this volume (see Heideman; Anthony; Martin
and Bernard; Krutzsch; Rasweiler and Badwaik). However, many endocrine factors
that are classically considered non-reproductive or peripheral to the
hypothalamic—pituitary—gonadal axis have been implicated in the control of
reproductive processes. These include hormones of the thyroid, adrenal and
pancreas, as well as specific extracellular binding proteins for these hormones and
for the sex steroids. The following sections review our current knowledge about
some of these non-reproductive endocrine factors in bats and assess their possible
interactions in modulating reproductive timing. Particular attention is focused on
the role of sex hormone-binding globulin (SHBG) in asynchronous reproductive
cycles.

3.2 PERIPHERAL ENDOCRINES IN BATS

The reproductive state of an individual at any particular time reflects an integration
and coordination of both external and internal signals and not just a simple
response to a single environmental factor. Transduction of these signals into
organismal responses is primarily effected by the nervous system and its
interactions with the endocrine system. Some well-known environmental factors
influencing reproductive timing include food availability, ambient temperature
and photoperiod. Although nearly 25% of all mammals are bats, we know very
little about how environmental and internal factors interact to regulate annual
patterns of reproduction in Chiroptera.

In most mammals studied, the hypothalamic—pituitary axis controls the
secretion of LH, FSH and hence the gonadal steroids that drive gamete production
and activate many reproductive processes. Hormones such as thyroxine,
melatonin, prolactin, insulin and the glucocorticoids are also known to modulate
reproductive function by acting at various sites, including the brain, pituitary,
gonads and steroid target tissues (Knobil and Neill, 1994). Many hormones,
particularly the sex steroids, are bound to specific binding proteins. These
extracellular hormone-binding proteins are present in the circulation and have
been shown to reduce the availability and the clearance of their specific ligands.
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However, recent evidence suggests that many of these proteins also act directly on
cells to activate intracellular signalling pathways. As such, binding proteins may
also serve as endocrine factors in the control of reproduction (Damassa and Cates,
1995).

Study of the endocrine regulation of reproduction in bats has been technically
challenging. Bats are among the smallest mammals, making extensive repetitive
blood sampling impractical. Most bats tend to breed poorly in captivity, reflecting
our lack of knowledge in manipulating dietary, physical, social and emotional
needs of these animals in ways that allow reproduction. Thus, detailed endocrine
profiles or information about the pulsatile or circadian patterns of hormone
secretion are not readily obtained. In the following sections we will review what is
currently known about peripheral endocrine factors in bats and their relationship
to seasonal changes in the timing and expression of reproductive functions.

3.2.1 Thyroid gland

The thyroid gland has long been recognized as an important modulator of
reproductive function. Both hyper- and hypo-thyroidism are associated with
reproductive dysfunction and infertility. Direct effects of thyroid hormones on
cellular metabolism and hormone responsiveness have been demonstrated in the
gonads and the sex accessory organs. In addition, thyroid hormones appear to play
a key role in the expression of events that underlie seasonal reproductive cycles. In
the European starling, thyroidectomy prevents the seasonal decline in testicular
activity and sustains the breeding season indefinitely (Woitkewitsch, 1940).
Similarly, in ewes, thyroid hormones have been shown to exert a permissive effect
on the reduction of hypothalamic gonadotropin releasing hormone secretion and
the consequent transition from the breeding season to anestrum (Karsch et al.,
1995). This action of thyroid hormone [thyroxine (T,) and triodothyronine (T,)] is
apparently confined to a window of time in the seasonal cycle and changes in
plasma T, at other times during the subjective year have little effect on
reproductive function. Thus, studies in several species indicate that thyroid
hormones, acting directly or by metabolic effects, can influence reproductive
processes.

Identification and assay of T,, T, and TBG in blood

Measurements of plasma T, levels in bats (Table 3.1) were first made in female
Macrotus waterhousii (= M. californicus; Burns et al., 1972), a non-hibernating
species. Assays were performed on pooled samples using a specially designed
assay kit. Depending on reproductive status, total mean plasma T, concentrations
in these bats ranged from 26 to 64 nM. These values are much lower than those of
euthyroid women (117-168 nM) but within the range of serum T, concentrations
measured in other eutherian mammals (Hulbert and Augee, 1982).

A general radioimmunoassay technique was subsequently validated for the
measurement of plasma T, concentrations in Myotis lucifugus (Kwiecinski et al.,
1986). The technique was modified from Alexander and Jennings (1974) for use
with small volumes of plasma and employs Sephadex adsorption chromatography
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Table 3.1 Serum/plasma thryoxine concentrations measured by radioimmunoassay in Chiroptera.
Values are means for samples collected at various reproductive stages.

T,
Sex Stage (nM) (ng/ml)  Ref
Suborder: Megachiroptera
Family: Pteropodidae
Epomops franqueti
F Immature 39 3.0 |
F Adult non-pregnant 3.5 2.7 |
F Pregnant 39 3.0 |
M Immature 4.0 3.1 |
M Adult 5.1 4.0 |
M Adult (no epaulets) 37 29 |
Suborder: Microchiroptera
Family: Phyllostomidae
Macrotus waterhousii
F Immature 438 34.0 2
F Adult non-pregnant 42.5 33.0 2
F Pregnant (early) 25.7 20.0 2
F Pregnant (late) 63.1 49.0 2
F Lactation 64.4 50.0 2
Family:Vespertilionidae
Myotis lucifugus
F Immature (Aug) 4.2 33 5
F Adult non-pregnant (Jun) 2.0 1.6 5
F Pregnant (early May) 52 4.0 3
F Pregnant (late Jun) 1.3 1.0 3
F Lactation (Jul) 2.0 1.6 3
M Immature (Aug) 11.8 9.1 5
M Adult (May) 29.6 23.0 4

References:

|. Ifuta et al., 1988

2.Burns et al,, 1972

3. Kwiecinski et al., 1991

4. Damassa et al., 1995

5. Unpublished observations; measurements made as described in 3 and 4.

for sample purification. This method was adopted after several unsuccessful
attempts were made to obtain valid measurements of M. lucifugus plasma T, using
commercial kits available at the time.

With this assay, mean plasma T, concentrations in pregnant and non-pregnant M.
lucifugus ranged from 1 to 30 nM — even lower than the values obtained for M.
waterhousii. Measurements of plasma concentrations of T, and T, were also made
year round in Epomops franqueti using commercial assay kits (Ifuta et al., 1988).
The validation of these assays was not presented, but mean plasma T, levels were
similar to those reported for active M. lucifugus. Concentrations of plasma T, in E.
franqueti, as in other species, were markedly lower than those of T, and ranged
from 0.3 to 1.0 nM. Interestingly, concentrations of T, (Table 3.1) in adult males of
E. franqueti and M. lucifugus tend to be higher than concentrations in adult
females.
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In vertebrates, circulating thyroid hormones are bound to plasma proteins such
as thyroxine-binding globulin (TBG), albumin, and transthyretin [thyroxine-
binding pre-albumin (TBPA)] with only a small fraction (<1%) existing in the
unbound or free state. TBG is the major plasma T,-binding protein in many
mammals (it binds 75-80% of human thyroid hormones; Burrow, 1991) and has
the highest affinity for T,.

The binding of T, to plasma proteins in bats has only been examined in M.
lucifugus (Kwiecinski et al., 1991; Damassa et al., 1995). In both males and females,
iodinated T, was bound by TBG and by albumin. Binding to TBG was specific and
saturable. In active males and females, levels of TBG binding were approximately
60% of total T, binding in plasma, a value comparable to those seen in other
vertebrate species (Damassa et al., 1995; Kwiecinski ef al., 1991).

Seasonal and pregnancy-associated changes in circulating thyroid hormones

The annual cycle of plasma T, and TBG have been studied in M. lucifugus males
(Damassa et al., 1995) and females (Kwiecinski et al., 1991). As shown in Figure
3.1, males exhibit a well-defined seasonal cycle of plasma T, concentrations.
Seasonally low levels were measured in the fall and during early hibernation
(September—-December). At mid-hibernation (January-February) plasma T,
concentrations began to increase reaching peak levels in May at the time of normal
arousal. Throughout the summer (June—August), plasma T, remained elevated and
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Figure 3.1 Annual cycles of plasma thyroxine (T, lines) in adult males (solid circles) and females
(open circles) and the % binding of T, to thyroxine-binding globulin (TBG; bars) in adult males (solid
bars) and females (open bars). Data are means + SE. Normal periods of hibernation are indicated
by open horizontal bars.
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then declined to basal levels in the fall prior to the onset of hibernation. TBG
activity was elevated only in the summer and remained at basal levels at all other
times. Seasonal changes in non-TBG bound T, paralleled those of T,. Interestingly,
TBG activity increased in active male bats prematurely aroused from hibernation
regardless of laboratory photoperiod or season of arousal. This suggests that the
control of TBG may be related to food availability and/or temperature and is not
influenced by photoperiod.

In females, overall plasma T, concentrations were lower than those observed in
males and there was a distinct biphasic seasonal pattern (Figure 3.1). As in males,
lowest levels were measured prior to the mid-point of the hibernation period. After
mid-hibernation (January—February), plasma T, levels increased significantly and
peaked in April at the time of normal arousal for females. Circulating T, levels
declined in May and June but then increased showing a second minor peak in
August before declining in the fall.

Reports of pregnancy-associated changes in plasma T, have yielded conflicting
findings. Increased circulating T, levels during late pregnancy, similar to that seen
in humans, were observed in M. waterhousii (Burns et al., 1972). In contrast, M.
lucifugus females showed lowest circulating T, during the last half of pregnancy
(June) with somewhat higher levels during early pregnancy (May). Non-pregnant
M. Iucifugus sampled at the same time as pregnant females showed similar changes
in plasma T, concentrations. This indicates that measured T, changes are most
likely related to seasonal cycles than to pregnancy in this species. In E. franqueti,
plasma T, levels did not change during pregnancy but plasma T, was significantly
increased. Thus, in bats that have been studied, increases in plasma thyroid
hormone concentrations are not consistently associated with the physiological
state of pregnancy.

The percent binding of T, to TBG in M. lucifugus showed similar seasonal
changes in males and females. Levels decreased in May but increased dramatically
in June. The percent binding of T, to TBG remained high during lactation and the
post-lactational periods (July—August). An additional form of TBG-like activity,
seen only in lactating females, had a slightly lower mobility than the TBG of males
or non-lactating females (Kwiecinski et al., 1991). This second TBG may be
analogous to a TBG variant that has been identified in post-partum human serum
(Strel’chyonok et al., 1984). The relationship of this TBG variant to parturition or
lactation remains to be determined. It is unknown whether bats possess a TBPA
since the low-resolution agarose gels used in studies to date may not have
separated TBPA from albumin. In summary, it appears that the changes in
circulating T, and TBG-bound T, that occur during pregnancy in bats may not be
the result of pregnancy, but instead reflect seasonal changes that are coincident
with pregnancy.

Seasonal changes in thyroid gland morphology

Thyroid glands of mammals are composed of two different kinds of parenchymal
cells: parafollicular cells (C-cells or calcitonin-secreting cells) and follicular
epithelial cells (responsible for T, production). The thyroid gland has been studied
histologically in many seasonally breeding microchiropteran bats (for review, see
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Kwiecinski et al., 1991; Damassa et al., 1995). In general, these morphological
studies indicate that the thyroid increases activity late in the winter or early spring,
is active throughout the summer, and regresses by autumn. Such an activity cycle
is commonly found in most seasonally breeding mammals.

C-cells in bats, as in other mammals, are scattered throughout the follicular
epithelium (but are not in contact with the colloid) and these cells are located
throughout the stroma in interfollicular positions. The C-cells of M. lucifugus
constitute approximately 34% of the total parenchymal cell population of the adult
thyroid gland (Nunez and Gershon, 1980). In contrast, the C-cells in humans, mice
and rats, constitute 1-5% of total thyroid parenchymal cells. In M. lucifugus, C-
cells have an activity cycle that parallels follicular epithelial cell activity
(Kwiecinski et al., 1987b). Immunocytochemical and biochemical studies have
shown that C-cells in bats produce a variety of hormones including: calcitonin,
calcitonin gene-related peptide (CGRP), serotonin and somatostatin (Haymovits et
al., 1976; Nunez et al., 1988). Many of these hormones appear to undergo seasonal
fluctuations but their relationship to reproduction in bats is unknown.

The follicular cells of the thyroid lie immediately adjacent to the follicular
lumen and are responsible for the production and secretion of T,. Seasonal changes
in follicular morphology have been most extensively studied in M. lucifugus (for
review, see Kwiecinski et al., 1987b) and show that during the second half of
hibernation (January—March) the follicular epithelium was uniformly low cuboidal
to squamous. In March, the thyroid follicles become uniformly small as the colloid
is depleted but the follicular epithelium increases in height (indicative of increased
synthetic activity). Throughout the summer, most follicles remain relatively small
to medium in size with a cuboidal epithelium and minimal colloid. By late
summer, thyroids began to show a zonation. Small follicles with cuboidal
epithelium persist in the central parts of the gland while peripherally larger
follicles with attenuated, squamous epithelial cells predominate.

The characteristic seasonal changes in the morphology of the thyroid follicular
cells in bats do not always reflect changes in plasma T, concentrations. For
example, in the non-hibernating Macrotus waterhousii, changes in thyroid follicle
dimensions did not correlate with plasma thyroxine values (Burns et al., 1972).
Despite its quiescent morphological appearance, the thyroid appears to retain some
synthetic capacity during hibernation. Radioiodine uptake studies in Antrozous
pallidus and Tadarida (brasiliensis) mexicana revealed that bats maintained at 4°C
accumulate iodinated compounds in the thyroid and produce iodinated amino
acids (Sadler and Tyler, 1960a, b). Although the synthetic activity of the thyroid
during hibernation is lower than during active periods, reduced hormone
metabolism could translate small changes in synthetic activity into significant
changes in plasma T, levels. In Myotis, the gradual increase in circulating T,
activity during the second half of hibernation occurs before detectable increases in
follicular cell height and when the gland appears morphologically inactive. These
findings suggest that the thyroid in bats may play an important physiological role
in modulating reproductive function in hibernating bats.

In summary, bats appear to maintain thyroid gland activity throughout the year.
The peak seasonal levels of T, in M. lucifugus occur in the spring and correspond
with arousal from hibernation and the onset of reproductive activity. Similar
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seasonal increases in plasma T, levels have been observed in other hibernating
species although this is not a universal response (see Damassa et al., 1995). In fact,
non-hibernating species typically show peak levels of circulating T, at the end of
the breeding season (Karsch et al., 1995). Thus, the effects of thyroid hormone on
reproductive function in bats are not well understood. In bats, as in birds and other
mammals, the effects of T, on seasonal reproduction are likely to be permissive.
The actions of T, are not consistent throughout the subjective year but appear to be
influenced by internal seasonal timing mechanisms (Damassa et al., 1995; Karsch
et al., 1995). Further work is needed to delineate these mechanisms in hibernating
and non-hibernating bats.

3.2.2 Adrenal Gland

A primary function of the adrenal gland is to protect the organism against acute
and chronic stress. In acute stress, catecholemines of the medulla mobilize glucose
and fatty acids for energy and prepare the heart, lungs and muscles for action.
Glucocorticoids protect against overreactions of the body’s responses to stress and,
in the more chronic stress of food and fluid deprivation, stimulate gluconeogenesis
to maintain the supply of glucose. Stress as well as hyper- and hypofunction of the
adrenal gland is known to suppress reproduction in mammals, and in women is
associated with anovulation and amenorrhea (e.g. Rivier et al., 1986; Burrow,
1991). Measurements of adrenal function in bats to date have been made in a
limited number of species but results indicate that there are both seasonal and
stress-related changes in adrenocortical activity.

Identification and assay of glucocorticoids and corticosteroid binding globulin
(CBG)

Assays of plasma glucocorticoid concentrations in bats (Table 3.2) have typically
utilized clinical assay kits. Problems of assay interference and cross-reactivity are
less likely with glucocorticoids when compared to the gonadal or thyroid
hormones because of the high concentrations of glucocorticoids in blood. This is
particularly true for the Megachiroptera. Mean plasma cortisol levels measured in
captive Pteropus hypomelanus, P. vampyrus and P. pumulus were extremely high,
ranging from 1.09 to 3.50 uM, depending on species and degree of adrenocortical
activation (Widmaier and Kunz, 1993; Widmaier et al., 1994). In these species,
cortisol appears to be the principal adrenal glucocorticoid since cortisol
concentrations were between two and six times higher than those of corticosterone.

Measurements of plasma cortisol concentrations in Microchiroptera have
produced more variable results. In one study, cortisol levels in male M. Iucifugus
(Gustafson and Belt, 1981) measured 15 minutes following arousal from torpor,
were similar to those measured in Megachiroptera (Table 3.2). In contrast,
Widmaier et al., (1994) found much lower levels of circulating cortisol in wild-
caught, predominantly female, M. lucifugus sampled in late July, and low
circulating cortisol levels were also found in captive Artibeus jamaicensis (Table
3.2). For both of these species, plasma cortisol concentrations exceeded those of
corticosterone except during the daily nadir in plasma cortisol levels in M.
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Table 3.2 Basal plasma cortisol and corticosterone concentrations measured by
radioimmunoassay in Chiroptera. Values are means for samples collected at various reproductive
stages. NP = not present.

Cortisol Corticosterone
(uM) (ng/ml) (uM) (ng/ml) Ref.
Suborder: Megachiroptera
Family: Pteropodidae
Pteropus vampyrus 1.6 596 0.29 102 |
Pteropus hypomelanus 1.3 1269 1.70 590 |
483 0.35 121 2
Rousettus aegyptiacus - - 0.10 36 |
Pteropus pumilus 1.1 394 0.16 55 2
Suborder: Microchiroptera
Family: Phyllostomidae
Carollia perspicillata - - 0.10 34 2
Artibeus jamaicensis 0.16 58 0.08 26 2
Family:Vespertilionidae
Myotis lucifugus®
(morning) 0.04 14 0.24 85 2
(mid-day) 0.14 49 0.15 52 2
(evening) 0.47 170 NP NP 2
Myotis lucifugus®
Early Hib. (Jan) 3.1 1114 - - 3
Late Hib. (Apr) 1.4 500 - - 3
Active (Aug) 1.0 350 - - 3

References:

|.Widmaier and Kunz, 1993

2.Widmaier et al., 1994

3. Gustafson and Belt, 1981

*Samples were collected within 2—3 minutes of handling. Sampled animals consisted of both males and females
at various reproductive stages although the majority were post-lactational females.

*Samples were collected approximately |5 minutes after arousal from torpor. All animals sampled were adult
males.

lucifugus (Widmaier et al., 1994). Differences in the plasma cortisol levels obtained
for M. lucifugus likely relate to seasonal and stress-related factors (see below).
The levels of plasma glucocorticoids in Megachiroptera are more than five-fold
higher than those of humans and comparable levels are found only in a few other
species such as the New World monkeys (Cassorla et al., 1982). A specific
circulating corticosteroid binding globulin (CBG) with a high affinity for
glucocorticoids has been identified in virtually all vertebrate species (Westphal,
1986). In representatives of both the Megachiroptera and Microchiroptera, a CBG
was identified and exhibited electrophoretic mobilities distinct from both sex
hormone-binding globulin (SHBG) and albumin (Kwiecinski et al., 1987a).
Interestingly, no CBG activity was detectible in the common vampire bat,
Desmodus rotundus. In several species of Pteropus, testosterone and progesterone
also bound to plasma CBG. This could account, in part, for the unusually high
circulating levels of progesterone and corticosterone found in both sexes (Wang et
al., 1992). The high levels of circulating glucocorticoids in captive-breeding
pteropodids and other bats (Widmaier and Kunz, 1993) represent an interesting
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model for the study of glucocorticoids, CBG and their role in the timing and
modulation of reproductive activity in mammals.

Daily and seasonal changes in circulating adrenal glucocorticoids

A pronounced diurnal rhythm of plasma cortisol and corticosterone has been
characterized in M. lucifugus (Widmaier et al., 1994). Cortisol levels in the evening,
just before the onset of activity, were more than 10-fold higher than those measured
in the morning and are consistent with findings in other mammals. Peak
corticosterone levels occurred in the morning, when cortisol levels were at their
nadir. The function of the reciprocating peaks in these two glucocorticoids is
presently undefined.

Plasma cortisol levels in M. lucifugus also show a distinct seasonal cycle
(Gustafson and Belt, 1981). Cortisol levels were lowest during the months of
activity (1.3 uM) and highest during hibernation (2.6 pM). Contrary to the concept
of poly-glandular involution during hibernation in mammals, this study indicates
that in bats the adrenal gland is not completely involuted but plays a substantial
role in the animal’s metabolism during hibernation (Gustafson and Belt, 1981). The
cortisol levels measured in this study are the highest reported for any of the
mammalian hibernators. Although there has not been an ultrastructural
investigation of the adrenal cortex in M. lucifugus, morphological studies in other
hibernating bats indicate that winter is a period of high adrenocortical activity (see
below). Adrenal glucocorticoids are produced largely by the adrenal zonae
fasciculata and reticularis. These zones of the adrenal cortex are also responsible
for production of the androgens, androstenedione and dehydroepiandrosterone
(DHEA). Although detailed analysis of steroid production by the adrenal cortex has
not been conducted in bats, histological studies have provided evidence for the
seasonal activation of these two regions.

Seasonal changes in adrenal morphology

Cells of adrenal zonae fasciculata and reticularis in Miniopterus schreibersii were
found to be more developed cytologically during hibernation than during the
summer active period (Planel et al., 1961). Similar results were also obtained from
histochemical and electron microscopic studies (Romita and Montesano, 1972b) of
the adrenal cortex of two other microchiropteran species, Vesperugo savi (=
Pipistrellus savi) and Vesperugo piccolo (synonym not found). These observations
correlate well with the high levels of circulating glucocorticoids found in
hibernating M. Iucifugus. Although it is well recognized that adrenal glucocorticoids
can affect reproductive function, the possibility also exists that changes in adrenal
androgen production or secretion can also influence reproduction. In the pteropid,
Rousettus aegyptiacus, increases in adrenal size were measured at times of
reproductive activity in both sexes (Baranga, 1980, 1984). In the vespertilionid bat,
Scotophilus heathi, high levels of circulating androstenedione were associated with
the initial round of spermatogenesis, but data on glucocorticoid production are not
available in this species (Krishna and Singh, 1997). Interestingly, in M. lucifugus and
M. septentrionalis, very high levels of androstenedione were measured at the time
of spermatogenesis (~1000 ng/ml) and throughout the period of winter hibernation
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(200-400 ng/ml: see Chapter 7) coincident with the period of maximal
adrenocortical activation. Whether androstenedione is of testicular or adrenal origin
and how it influences reproduction in bats showing various seasonal reproductive
adaptations remains to be investigated.

Adrenal response to stress/arousal

Prior to the development of radioimmuno- and immunometric-assays,
measurements of ascorbic acid depletion in various endocrine organs were used to
assess the degree of stimulation. Such studies were performed on adrenals of M.
lucifugus by Krutzsch and Hess (1961). In these studies, captivity per se did not
change the adrenal ascorbic acid content in either hibernating or active bats.
Among captive animals, administration of adrenocorticotrophic hormone (ACTH)
to hibernating and epinephrine to active animals decreased adrenal ascorbic acid
content. However, the most dramatic depletion occurred in non-captive
hibernating bats stressed by arousal, a finding well correlated with blood
corticosterone levels in hibernating hamsters, after similar treatment (Elton et al.,
1959). Measurements of plasma cortisol levels in captive bats collected during late
hibernation (April) showed no significant changes 15 minutes after arousal from
hibernation (Gustafson and Belt, 1981) when compared to those for which arousal
was prevented. For M. lucifugus, April is a transition time between deepest
hibernation and greater metabolic activity. Plasma cortisol levels at this time
resemble levels observed during the months of activity rather than levels observed
during hibernation, even though these bats were found in hibernation at this time.
The lack of a stress response in plasma cortisol levels could be attributed to
previous arousals from hibernation or to the sluggish nature of the cortisol
response to arousal stress.

Further studies of the timing of stress-induced adrenal activation in
Megachiroptera were carried out by Widmaier and Kunz (1993). When individual
Pteropus hypomelanus were subjected to restraint stress, cortisol levels rose 800%
by two hours (Widmaier and Kunz, 1993). In a subsequent study (Widmaier et al.,
1994), two-fold increases in plasma cortisol levels were measured in P. pumilus
after one hour of restraint. A one-hour restraint was also shown to produce
increases in plasma ACTH levels in P. hypomelanus but these were not significant
due to high variability. Even the stress associated with fifteen minutes of routine
handling (weighing, measuring, etc.) elicited a significant rise in plasma
glucocorticoids in P. hypomelanus.

In summary, plasma glucocorticoid levels increase in bats in response to
standard stressors such as handling or restraint despite very high basal steroid
levels in the plasma. In addition, arousal from hibernation also appears to
constitute a significant stress and may result in prolonged elevations in plasma
glucocorticoids (adrenal activity). Considering the muscle wasting (catabolic)
effects of glucocorticoids, this finding would be consistent with observations in
Eptesicus fuscus that significant gluconeogenesis from tissue protein occurs
during spontaneous arousals from hibernation (Yacoe, 1983). Since stress and
glucocorticoids are known to suppress reproductive function in mammals, the
relationship between reproductive function and the high levels of
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glucocorticoids reported in bats represents an interesting model for further
studies of the physiological role of the adrenal on reproductive timing and
modulation in bats.

3.2.3 Endocrine Pancreas

The pancreas plays a key role in the provision of nutrients to all body cells during
times of feeding and fasting. The endocrine hormone-producing cells are organized
into ‘islets’ (1-2% pancreatic mass) dispersed among the pancreatic acinar
(exocrine) cells. A number of hormones have been localized to the pancreatic islets
of mammals by a variety of means, but in bats, studies have focused on insulin and
glucagon. Insulin secretion is primarily stimulated by hyperglycemia, and insulin
controls cellular storage and metabolism of ingested metabolic fuels. The major
physiological stimulus for glucagon secretion is hypoglycemia, and it produces a
rise in blood glucose by stimulating hepatic glycogenolysis and gluconeogenesis.
Recently, numerous studies have demonstrated that insulin represents an
important factor in reproduction in that it regulates both ovarian secretion and
peripheral metabolism of androgens (Pasquali et al., 1995). In bats, there is a
paucity of information on pancreatic function in general, and no studies have
focused on the pancreas and reproductive physiology.

An immunocytochemical study of the pancreatic islets in the vampire bat
(Desmodus rotundus) identified numerous insulin-positive (beta) cells and
moderate numbers of glucagon-immunoreactive (alpha) cells. Although pancreatic
polypeptide is widely distributed in mammals (Gepts et al.,, 1978), no
immunoreactivity was observed in D. rotundus pancreas or gastrointestinal tract
(Yamada et al., 1984). Alpha, beta and delta (somatostatin-secreting) cells were
identified in the pancreatic islets of two species of hibernating bats, Vesperugo savi
(Pipistrellus savi) and Rhinolophus ferrumequinum. The alpha and beta cells
underwent significant seasonal changes, with a morphology consistent with high
levels of activity in the spring and summer, and little evidence of activity during
hibernation (Romita and Montesano, 1972a). Such morphological studies indicate
a change in cellular activity but do not necessarily reflect changes in serum
hormone levels.

Plasma levels of glucose in Pteropus vampyrus, P. hypomelanus, and Rousettus
aegyptiacus, non-hibernating species, were within normal mammalian range
(80—100 mg/dl) for both sexes (Widmaier and Kunz, 1993). Glucose was at a
minimum before food presentation and maximum after food presentation. In M.
lucifugus, blood glucose levels during hibernation in April were very low (28
mg/dl) with an insulin level of 21 uU/ml (Bauman, 1990), whereas unfed bats
following arousal in April had glucose concentrations of 155 mg/dl and an insulin
level of 69 pU/ml. This is consistent with results from other species that abstain
completely from food during hibernation (South and House, 1967). Measurements
of pancreatic insulin content in M. lucifugus (Bauman, 1990) demonstrated slight
increases between summer (June) and fall (October) with further increases in the
early spring (late April). In contrast, pancreatic glucagon content increased
progressively from summer through winter without major increases in the spring.
Elevated pancreatic glucagon during hibernation raises the possibility that it
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assures carbohydrate homeostasis during prolonged fasting. The progressive
elevation of pancreatic insulin during hibernation may provide a storage pool of
insulin required for immediate release upon arousal.

The preceding sections reviewed peripheral endocrine factors considered ‘non-
reproductive’ that may have effects on the timing and modulation of reproductive
expression in mammals. In bats, thyroid, adrenal and pancreatic hormones
undergo seasonal changes and likely play a role in the control of reproduction.
Another factor that can modulate and directly affect reproduction is sex hormone-
binding globulin. This protein not only binds sex steroids but may also provide a
link between other hormones and modulation of reproductive timing. The
following section reviews current understanding of the control and actions of
SHBG in bats.

3.2.4 Leptin

The discovery in 1994 of leptin, the 16-kD cytokine-like hormone product of the ob
(obese) gene in mice (Zhang et al., 1994), has led to a surge in research activity in
a variety of mammals regarding the role of leptin in energy balance. Leptin is
produced in several organs, including white and brown adipose tissue, the
placenta and fetal tissues. As a hormone, it influences food intake, maintenance of
energy expenditure (insulin secretion, lipolysis and sugar transport) and plays
roles in reproduction and immune functions (Friibeck et al., 1998; Trayhurn et al.,
1999). The production of leptin is modulated by insulin, glucocorticoids, fasting,
and B-adrenoceptor agonists (Trayhurn et al., 1999). The leptin receptor gene is
widely expressed and the leptin system now appears to be highly complex. The
hormone is believed to be involved in a range of physiological processes
transcending the initial lipostatic theory. In bats, the relationship of leptin to
reproduction has been examined in M. lucifugus (Widmaier et al., 1997) and E.
fuscus (Kunz et al., 1999). In pregnant M. lucifugus and E. fuscus, leptin levels rose
during pregnancy and declined following parturition. During lactation, reduced
leptin was significantly correlated with body weight in E. fuscus, but not in M.
Iucifugus. Leptin was also found to be significantly reduced in acutely fasted (16
hours) animals. These studies support the suggestion that leptin may play a role in
reproduction and regulation of energy balance in bats.

3.3 SEX HORMONE-BINDING GLOBULIN (SHBG)

High-affinity binding proteins for hormones are present in the plasma of most
vertebrate species (Westphal, 1986). In eutherian mammals, sex hormone-binding
globulin (SHBG) is the protein typically responsible for the high-affinity
extracellular binding of androgens and oestrogens. Structural studies of SHBG have
been conducted in only a few species but suggest that SHBG is a dimeric
glycoprotein with a relative molecular weight of approximately 100,000 D and a
single steroid binding site (Joseph, 1994; Damassa and Cates, 1995). The liver is
considered to be the principal source of circulating SHBG; however, the testis,
placenta, brain, prostate and selected other tissues also express SHBG or SHBG-like
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proteins (Joseph, 1994; Damassa and Cates, 1995). Recent evidence suggests that
these proteins modulate steroid action within specific target tissues. The ability to
activate certain steroid-dependent target tissues (e.g. testes) while maintaining
others in an inactive state (e.g. sex accessory glands) is the hallmark of the
asynchronous reproductive cycles observed in many bat species. In the following
section, we will review what is known about SHBG in bats and the relationship of
this protein to asynchronous reproductive cycles.

3.3.1 Characterization of Sex Hormone-Binding Globulin (SHBG) in Bats

Among mammals, SHBG typically binds various androgens showing the highest
affinity for dihydrotestosterone (DHT). Association constants for DHT-binding at
4°C range from 0.1 to 5 nM™* or approximately an order of magnitude lower than
that of the intracellular androgen receptor (AR) (Renoir et al., 1980). However,
unlike the AR, SHBG does not bind the synthetic androgen R1881 and shows no
sequence homology with the steroid receptor family of proteins. The molecular
sequences of SHBG have been determined for human, rabbit, rat, mouse and
Djungarian hamster (see Cates et al., 1995). Within a given species, testicular
androgen-binding protein (ABP) shares a common sequence with SHBG, differing
only in the extent of glycosylation. Among species, the sequence identity of
SHBG/ABP is typically more than 70%. Nevertheless, antisera generated against
SHBG usually only cross-reacts with SHBG from the same or closely related species
(Renoir et al., 1980). Attempts to characterize SHBG in bats using various antisera
raised against human, rat or Djungarian hamster SHBG have not been successful.
Therefore, bat SHBG has been identified by its affinity for sex steroids and by
physicochemical properties.

Sex hormone-binding globulin was consistently found in representatives of two
distinct families of bats, the phyllostomids and the vespertilionids (Table 3.3).
However, no SHBG activity was detected in random serum samples from adult
Desmodus rotundus or from several species of pteropodids. Studies of SHBG
activity in the serum of rhinolophids or in members of other families of Chiroptera
have not been conducted. Species differences in blood SHBG activity have also
been observed in other mammalian orders. The golden hamster, like many other
rodent species, lacks measurable plasma SHBG activity. In contrast, SHBG
expression in the Djungarian hamster increases dramatically at birth and remains
high until puberty (Gustafson et al., 1989; Cates et al., 1995). In M. lucifugus, SHBG
levels were low in near-term foetuses, increased more than 30-fold by one week of
age, fell dramatically by four weeks of age (onset of puberty and first
spermatogenesis), and returned to basal values by 12 weeks, prior to the onset of
hibernation (Gustafson and Damassa, 1984). These species-associated differences
in the expression of SHBG may reflect unappreciated divergence in the strategies
developed for reproductive control.

As mentioned previously, SHBG universally binds androgens with high affinity.
In common with primates, but unlike most other mammals, bat SHBG also shows
relatively high affinity binding of the oestrogen, oestradiol (Table 3.3). Thus, in
bats, SHBG has the potential for modulating the actions of both androgens and
oestrogens. Little is known about the specific actions of SHBG in bats but studies
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Table 3.3 Steroid-binding proteins in adult bats. Electrophoretic mobilities under native conditions
(Rf) of sex hormone-binding globulin (SHBG) and corticosteroid-binding globulin (CBG). Affinity
constants (K,) for the binding of dihydrotestosterone (DHT) to SHBG were determined at 4°C
using steady-state gel electrophoresis. The relative binding affinities (RBA) of testosterone (T) and
oestradiol (E,) to SHBG are expressed as a percentage of DHT-binding.

Rf SHBG
SHBG CBG K,—DHT RBA(%)
nM-"' T E, Ref.
Suborder: Megachiroptera
Family: Pteropodidae
Pteropus giganteus NP 0.51 NP NP NP I
Pteropus scapulatus NP - NP NP NP 2
Pteropus poliocephalus NP - NP NP NP 2
Pteropus alecto NP - NP NP NP 2
Rousettus aegyptiacus NP 0.51 NP NP NP I
Suborder: Microchiroptera
Family: Desmodontidae
Desmodus rotundus NP NP NP NP NP I
Family: Phyllostomidae
Brachyphylla cavernarum 0.19 0.42 0.50 36 77 I
Artibeus jamaicensis 0.25 0.47 0.60 28 83 I
Family:Vespertilionidae
Mpyotis lucifugus 0.25 0.53 1.02 43 77 3
Myotis keenii 0.26 0.42 - - - I
Eptesicus fuscus 0.27 0.44 - - - I

NP = Not present

— = Not determined
References:

I. Kwiecinski et al., 1987a
2.Wang et al., 1992

3. Gustafson and Damassa, 1985

in other mammals indicate that this protein likely influences steroid hormone
action by several distinct mechanisms.

3.3.2 Mechanisms of Action of Sex Hormone-Binding Globulin (SHBG)

The effects of SHBG on steroid target tissues have been traditionally explained by
a ‘steroid-trapping’ model (Figure 3.2). This model states that steroids bound to
SHBG are ‘trapped’ and, therefore, unable to gain access to steroid-sensitive cells
(Westphal, 1986). As a corollary, SHBG can also trap steroid metabolites and thus
influence cellular steroid metabolism. Studies using mammalian cells and tissues
in culture have typically supported the predictions of this model. For example, in
androgen-sensitive human prostate cells, addition of SHBG to the media shifts the
dose-response curve such that higher concentrations of testosterone are required to
produce equivalent biological responses (see Damassa et al., 1991). Based on such
studies, the biologically active fraction of a given steroid is generally considered to
be that fraction which is not bound to SHBG. Although commonly accepted, this
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Figure 3.2 Mechanisms of action of sex hormone-binding globulin (SHBG). The demonstrated
actions of SHBG have been summarized by two distinct models. The classical Steroid-Trapping
model views SHBG as an extracellular sink for steroids. By binding steroids, SHBG can prevent
steroid signals from entering the cell. As a corollary, SHBG can also facilitate the removal of specific
steroid metabolites and alter steroid metabolism within the cell. A second model, supported by
recent studies, proposes direct actions of SHBG on cellular function. According to the Direct-
Action model, SHBG specifically binds to SHBG receptors on steroid-sensitive cells. Depending on
the cell, SHBG can be internalized and thus provide targeting of steroid to specific cellular
compartments. Alternatively, receptor-bound SHBG can interact with steroids and activate second-
messenger mediated intracellular signalling pathways.

model now appears to be overly simplistic. Sex steroid levels in the blood are
typically regulated by feedback control systems involving the hypothalamus,
pituitary and the gonads. The trapping of sex steroids in blood can transiently
buffer or modulate hormone delivery to target tissues and affect steroid clearance.
However, steroid trapping also reduces the feedback effects of steroids on the
hypothalamic-pituitary axis. A marked increase in circulating SHBG could
therefore reduce the steroid feedback signal and consequently lead to increased
steroid production and a return of free steroid concentrations to the normal range.
Thus, simple ligand trapping is likely to have long-term effects on steroid
availability only within the normal range of functional feedback systems (Damassa
and Gustafson, 1988).

More recent evidence now supports several novel mechanisms of SHBG action.
Extracellular SHBG can bind to specific membrane-associated receptors and the
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process of receptor-mediated endocytosis has been demonstrated in several
different cell types (Strel’chyonok et al., 1984; Gerard, 1995). Thus, SHBG could be
functioning as a specific carrier of steroids to target cells. Although unbound
steroids typically diffuse freely into cells, internalized SHBG-bound steroids could
activate different intracellular signalling mechanisms or be targeted to specific
cellular compartments (Siiteri et al., 1982). In fact, SHBG may itself be part of a
steroid signal transduction system. The binding of SHBG or the SHBG-steroid
complex to specific SHBG receptors on the cytoplasmic membrane has been shown
to activate cellular cAMP-mediated signalling pathways (Nakhla and Rosner, 1996;
Fortunati et al., 1996). In addition, the uterus, prostate, brain, and several other
steroid-responsive organs produce SHBG or SHBG-like proteins (Joseph, 1994).
Thus, the possibility exists that local SHBG production, independent of circulating
SHBG concentrations, could serve as an autocrine regulator of steroid sensitivity.
The extent to which these SHBG signalling pathways modulate specific biological
responses to sex steroids in vivo remains to be determined.

In summary, recent findings suggest that the actions of SHBG are likely to be
more extensive than those predicted by the ‘steroid-trapping’ models. The
identification of SHBG receptors on certain steroid target cells as well as the
demonstration of local production of SHBG raises the possibility that SHBG can
differentially modulate steroid action at target tissues. This would provide a
mechanism for circulating androgens and oestrogens to selectively activate certain
reproductive organs and not others. Defining the precise actions of SHBG in the
control of reproduction in bats will depend on the eventual availability of purified
and/or recombinant bat SHBG and the development of appropriate in vitro systems
to study SHBG action. Nevertheless, studies reviewed below on the control of
SHBG secretion and its relationship to seasonal reproductive processes in M.
lucifugus provide insight into the possible roles of SHBG in species exhibiting
asynchronous reproductive cycles.

3.3.3 SHBG and Seasonal Reproductive Processes

Seasonal changes in plasma SHBG activity have been studied in wild-caught adult
M. lucifugus from northern New England (Gustafson and Damassa, 1985;
Kwiecinski et al., 1991). In both males and females, plasma SHBG concentrations
are at low basal levels during the winter and early spring (Figure 3.3). In early June,
SHBG levels increase dramatically and are elevated throughout July and the first
half of August. The increase in plasma SHBG activity in males occurs before
seasonal increases in plasma T concentrations. During active spermatogenesis
(June—August) plasma T levels increase to extremely high levels. Throughout this
period the steroid-binding capacity of plasma SHBG exceeds serum T
concentrations by more than two-fold (Gustafson and Damassa, 1985, 1987). SHBG
and T levels decrease prior to hibernation and remain at low basal levels
throughout the winter. In juveniles, total plasma T levels were also elevated during
the postnatal period and declined in parallel with SHBG reaching a nadir prior to
hibernation (Gustafson and Damassa, 1984). Interestingly, the androgen-dependent
accessory sex glands do not reach maximal levels of stimulation until late in
August when SHBG levels begin to decline and circulating T levels transiently
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Figure 3.3 Annual plasma sex hormone-binding globulin (SHBG) concentrations in M. lucifugus
adult males (solid bars) and females (open bars). Values are means * SE. Normal periods of
hibernation are indicated by the open horizontal bars.

exceed serum SHBG concentrations. However, the relationship of SHBG to
accessory sex gland stimulation throughout the annual reproductive cycle of M.
lucifugus cannot be simply explained by differences in the molar ratios of SHBG
and T. In the fall, serum SHBG and T levels both decline and throughout
hibernation SHBG concentrations are higher than those of serum T. Yet, androgen-
dependent accessory sex gland weights remain maximal throughout hibernation.

Female M. lucifugus enter hibernation at the time when the single preovulatory
follicle is maturing. Ovulation is then delayed and the ovum and follicle are held
in meiotic arrest. Throughout hibernation, serum SHBG levels are low and changes
in circulating SHBG levels do not appear to be necessary for the resumption of
follicular development. Ovulation normally occurs at the time of arousal in April
but plasma SHBG concentrations do not increase significantly until June. In this
species, plasma levels of estradiol have not been measured. The mechanisms
whereby seasonal changes in circulating SHBG can specifically modulate sex
steroid action on target tissues remain to be determined.

3.3.4 Endocrine Control of SHBG and Relation to Reproduction

Given that SHBG modulates androgen- or oestrogen-mediated activation of target
tissues, factors that control SHBG expression could serve to link environmental
changes and reproductive function. A variety of studies have been conducted to
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identify endocrine factors responsible for the control of circulating SHBG
concentrations.

Sex steroids

Based on studies in humans, oestrogens and androgens are frequently touted as the
major factors regulating circulating SHBG concentrations. In both men and women,
the administration of oestrogens increases circulating SHBG concentrations while
androgen treatment reduces SHBG levels (Westphal, 1986). Women typically have
higher serum SHBG concentrations than men and, consistent with the postulated
regulatory role of sex steroids, these sex differences are eliminated by gonadectomy.
In apparent contrast to humans, sex steroids appear to have little influence on
circulating SHBG concentrations in bats. Male bats gonadectomized at the time of
premature arousal from hibernation experienced arousal-induced increases in
plasma SHBG levels that were not different from those of intact controls. The rise
in SHBG levels occurred despite the fact that plasma estradiol and testosterone
levels remained low or undetectable throughout the study (Damassa and Gustafson,
1984). Similarly in females, plasma SHBG concentrations remained low during the
periovulatory period when circulating oestrogen levels are expected to be high.
During late pregnancy, SHBG levels rise but this increase does not appear to be due
to endocrine changes associated with pregnancy. Comparable increases in SHBG
levels were seen in non-pregnant females and in males sampled at the same time.
Although it has been suggested that changes in serum androstenedione
concentrations may influence SHBG levels (Krishna and Singh, 1997), changes in
androgen and oestrogen levels within physiological ranges do not appear to be major
factors in the control of SHBG secretion in bats. The fact that SHBG is not influenced
by changes in sex steroid levels in Myotis suggests that this protein could act to
mediate extra-gonadal control of reproductive function.

Thyroid hormones

Studies in M. lucifugus have demonstrated that, unlike the sex steroids, thyroid
hormones are important regulators of SHBG. Following premature arousal from
hibernation, both males and females experience a 30-fold increase in plasma SHBG
levels within three weeks. This increase in SHBG is completely abolished by
thyroidectomy but can be fully reinstated with T, treatment (Damassa et al., 1985).
The positive actions of T, on SHBG appear to be specific and not related to
metabolic effects. Both the naturally-occurring isoform of T,, L-T,, as well as the
metabolically inactive D-isoform, restored the post-arousal increase in SHBG in
thyroidectomized bats with equal potency.

These observations on the control of SHBG expression by T, at first inspection
appear to be at odds with measurements of seasonal changes in plasma T,. In both
males and females, plasma T, levels begin to rise at mid-hibernation and reach
maximal levels prior to normal arousal (see above). In addition, measurement of
plasma T, concentrations in bats prematurely aroused from hibernation in April
show that T, levels are high at the time of arousal but fall dramatically as SHBG
levels increase during the three weeks following arousal (Damassa et al., 1995).
These apparently disparate observations lead to the conclusion that during normal



84 G.G. Kwiecinski and D.A. Damassa

arousal from hibernation thyroid hormone plays a permissive role in SHBG
secretion. A certain threshold level of T, is required for SHBG expression but other
down-stream factors seem to ultimately regulate SHBG expression. The identity of
these distal regulatory factors remains elusive. To date, neither gonadectomy, short
photoperiods nor partial food restriction have been found to influence plasma
SHBG levels following premature arousal from hibernation in the spring (Damassa
and Gustafson, 1984, 1985).

To make matters worse, the relative importance of various factors for regulating
SHBG expression appears to change with the season. Bats aroused in the fall,
shortly after the normal onset of hibernation, also show marked increases in
circulating SHBG concentrations. At this time of year, plasma T, concentrations are
at seasonally low levels and arousal-induced increases in T, directly correlate with
increased plasma SHBG activity.

Thus, in M. lucifugus it seems that SHBG regulation is dictated by season. In the
spring, T, appears to play only a permissive role in SHBG regulation while in the
fall, plasma T, levels seem to directly determine circulating SHBG concentrations.
The seasonal changes in SHBG levels do not appear to be simply a reflection of
changes in environmental conditions. Housing bats collected in mid-summer
under summer-like conditions of temperature, photoperiod and food availability
did not prevent the decrease in plasma levels of T, and SHBG that normally occur
in the fall (Damassa et al., 1995). These results suggest that SHBG regulation is also
influenced by an endogenous annual rhythm.

The complexity of the control of SHBG expression in bats may be a reflection of
its importance as an integrator of environmental and internal signals. Thus, SHBG
expression and the presumed alterations in the steroid-responsiveness of certain
target tissues can be linked to specific seasonal and environmental factors known
to influence reproduction.

Growth hormone, insulin and insulin-like growth factors (IGF)

Studies conducted primarily in humans have indicated that growth hormone as
well as certain pancreatic hormones exert marked inhibitory effects on plasma
SHBG concentrations. It has long been recognized that acromegalic men and
women have reduced levels of SHBG (see Westphal, 1986). More recently, it has
been shown that insulin or insulin-like peptides may also act to down-regulate
SHBG secretion. Treatment of human liver (Hep G2) cells in vitro with insulin or
IGF-I produces a marked decrease in the expression of SHBG (Plymate et al., 1988;
Crave et al., 1995). A similar effect of insulin is also seen in vivo. Healthy women
show a significant negative correlation between fasting insulin levels and plasma
SHBG concentrations (Preziosi et al., 1993). Likewise in normal men, there is a
significant negative correlation between plasma SHBG levels and the insulin pulse
frequency (Peiris et al., 1993). These and other studies suggest an inverse
relationship between plasma SHBG concentrations and pancreatic insulin
secretion.

The role of growth hormone, insulin or the IGFs in regulating plasma SHBG
concentrations in bats remains to be determined. In Myotis lucifugus, pancreatic
insulin concentration and content increases significantly during the second half of
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hibernation but returns to low basal levels in June (Bauman, 1990). This fall in
pancreatic insulin levels corresponds to the increase in plasma SHBG
concentrations. To what extent feeding-induced changes in insulin secretion
affects SHBG levels and reproductive processes remains to be determined.
Moderate food restriction in M. lucifugus did not affect the normal post-arousal
increase in plasma SHBG concentrations but insulin levels were not measured in
this study (Damassa and Gustafson, 1985). The potential inhibitory effects of
insulin or similar factors on SHBG production could provide an important link
between food availability and the activation of the reproductive system.

3.4 SUMMARY

Many peripheral endocrine factors classically considered non-reproductive have
been implicated in the timing and modulation of reproductive processes. These
include hormones of the thyroid, adrenal and pancreas, and specific extracellular
binding proteins for these hormones and sex steroids. Many of these endocrine
factors have been identified in bats and undergo marked seasonal changes.
Although much work has been done on the characterization of seasonal changes in
endocrine gland morphology in bats, plasma hormone levels do not always reflect
observed changes in morphological characteristics.

The thyroid gland appears to be an important modulator of reproductive activity
in bats. In hibernating bats, peak seasonal levels of T, occur in the spring and
precede arousal from hibernation. In addition, T, is required for the induction of
post-arousal increases in plasma SHBG activity. These effects of T, on SHBG and
seasonal reproduction appear to be permissive and depend on internal seasonal
timing mechanisms. Further work is needed to delineate these mechanisms.

Very high levels of circulating glucocorticoids are found in certain bat species.
Bats increase plasma glucocorticoid levels in response to standard stressors such
as handling or restraint. In addition, arousal from hibernation may result in
prolonged elevations in plasma glucocorticoids. Since stress and glucocorticoids
are known to suppress reproductive function in mammals, the relationship
between reproductive function and high levels of glucocorticoids in bats represents
an exciting model for further studies of the role of the adrenal gland on timing and
modulation of reproduction.

A high-affinity androgen- and oestrogen-binding protein (SHBG) has been
characterized in bats. This protein was consistently identified in representatives of
two distinct families of bats, the phyllostomids and the vespertilionids. However,
no SHBG activity was detected in adult Desmodus rotundus or from several species
of pteropodids. In common with primates, but unlike most other mammals, bat
SHBG also shows relatively high affinity binding of oestradiol. Thus, in bats, SHBG
has the potential for modulating the actions of both androgens and oestrogens.
These species-associated differences in the expression of SHBG may reflect
unappreciated divergence in the strategies developed for reproductive control.

The ability to activate certain steroid-dependent target tissues (e.g. testes) while
maintaining others in an inactive state (e.g. sex accessory glands) is the hallmark of
the asynchronous reproductive cycles observed in many bat species. Little is known
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about the specific actions of SHBG in bats but recent findings suggest that SHBG can
differentially modulate steroid action at target tissues. This would provide a
mechanism for circulating androgens and oestrogens to selectively activate certain
reproductive organs and not others and possibly modulate feedback control
systems. Defining the precise actions of SHBG in the control of reproduction in bats
will depend on the eventual availability of bat SHBG and the development of
appropriate in vitro systems to study SHBG action. In M. lucifugus, seasonal changes
in SHBG levels do not appear to be simply a reflection of changes in environmental
conditions. Expression of this protein is also influenced by a variety of endocrine
factors as well as an endogenous annual rhythm. The complexity of the control of
SHBG expression in bats may be a reflection of its importance as an integrator of
environmental and internal signals in the control of reproduction.
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4.1 INTRODUCTION

Considering the worldwide distribution and immense diversity exhibited by
members of the order Chiroptera, remarkably limited attention has been given to
reproduction in the male. The details of the structure of the reproductive system
are generally not described. Even less is known about the function and
physiological control of reproduction in the male.

This review brings together much of the current knowledge about the biology of
male reproduction in Chiroptera. Special attention has been given to the functional
cyclicity and gross and microscopic morphology of the primary, accessory and
secondary sexual structures of the male reproductive tract. The general
morphological plan of the organs that it comprises is relatively conservative in
gross and microscopic structure. There is, however, variation in the complement
and appearance of organs within and between taxonomic groups. Male bats also
exhibit diversity in the timing and frequency of their reproductive cycles annually;
in some species this may be expressed in a unique functional (dysynchronous)
timing between primary (testes) and accessory (prostate, ampullary, seminal
vesicles, urethral and Cowper’s) sex glands. Permissive to this pattern can be the
prolonged retention of viable spermatozoa in the caudae epididymidides and
extended accessory sex gland function to effect additional intermittent winter
mating by males who apparently retain their libido beyond the fall copulatory
period.

Male reproductive activity may be accompanied by a wide variety of behavioral
performances (vocalizations, body movements, special flight patterns, roost
defense) and secondary sexual structural characteristics (i.e. odoriferous secretions
from dermal glands, pelage adornments, often associated with dermal glands and
urinary tract markings), all of which serve to broadcast sexual readiness and
reproductive libido in the pursuit of female partners. These can be a significant part
of the mating repertoire.

Bats vary widely in form, ecological requirements and reproductive adaptations.
No other mammalian order exhibits greater niche diversity. Unique solutions have
evolved for optimum timing of reproductive events coincident with these diverse
nutritional needs. The male response to female reproductive cyclicity is expressed
in the wide variety of reproductive patterns, the events of which are seemingly
triggered by the female’s sexual readiness. Those species which find their
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nutritional needs unrestricted by seasonal ecological events are more flexible in
their reproductive pattern. An example of this is found in the hemophagous
species, Desmodus rotundus, which is continuously reproductive. Those that face
restrictive weather (i.e. northern and southern temperate regions) have evolved a
monoestrous reproductive pattern with unique specializations to insure
reproductive success (i.e. male and female sperm storage, a delay in ovulation,
implantation, or embryogenesis). These schemes guarantee optimal timing of
gestation, birth and lactation in relation to food supplies.

Tropical and subtropical species, both ‘Old’ and ‘New’ World, also express a
wide range of reproductive patterns (monoestry, polyoestry (seasonally variably
expressed) and continuous), also apparently timed in response to varying
ecological conditions and resultant optimum nutritional opportunities. Here again,
it appears that the male reproductive pattern is determined by female reproductive
receptivity. Speculations relative to male reproductive events, however, mostly
remain to be proven by comprehensive studies directed at defining these processes.

4.2 PUBERTY

In general, puberty is attained by most species of male bats in the year following
their birth (1+ years) (Matthews, 1941; Ramakrishna, 1951; Brosset, 1962b; Short,
1961; Tuttle and Stevenson, 1982). Exceptions occur in the emballonurid Coleura
afra (first year: Dunlop, 1997), the pteropids Epomops buettikoferi (eleven months)
and Micropteropus pusillus (seven months: Thomas and Marshall, 1984) and in the
vespertilionids Myotis nigricans (two to four months post-partum: Wilson and
Findley, 1970; Wilson, 1971; Myers, 1977), Pipistrellus ceylonicus (nine months:
Madhavan, 1971), Tylonycteris pachypus and T. robustula (three months: Medway,
1972), Scotophilus temmincki (nine months: Gopalakrishna, 1947), S. wroughtoni
(six to seven months: Gopalakrishna, 1948) and possibly Eptesicus furinales (less
than one year: Myers, 1977). Kofron (1997) reported that male Cynopterus minutus
and probably also C. brachyotis obtain sexual maturity at about seven months.

4.3 REPRODUCTIVE ORGAN ANATOMY

The gross and microscopic structure of the primary (paired testes) and secondary
(accessory glands) reproductive organs in bats follows the normal mammalian
pattern (e.g. Pteropodidae (Figure 4.1): Wood Jones, 1917; Pal, 1984a;
Rhinopomatidae (Figure 4.2): Banerjee and Karim, 1986; Emballonuridae (Figure
4.3): Murthy, 1969, 1972; Kitchener, 1973, 1976; Mokkapati and Dominic, 1976,
1977; Swami and Lall, 1979a, b, c; Bhardwaj and Lall, 1979; Pal, 1984b; Jolly and
Blackshaw, 1987, 1988; Nycteridae (Figure 4.5): Matthews, 1941; Megadermatidae
(Figure 4.6): Pal, 1984b; Rhinolophidae (Figure 4.7); Matthews, 1937, 1941; Gaisler
and Titlbach, 1964; Brosset and Saint-Girons, 1980; Bernard, 1983, 1985, 1986; Pal
1983a; Krutzsch et al., 1992; Phyllostomidae (Figure 4.8): Robin, 1881; Wood Jones,
1917; Vamburkar, 1958; Rajalakshmi and Prasad, 1970; Mokkapati and Dominic,
1976; Vespertilionidae (Figure 4.13): Miller, 1939; Gopalakrishna, 1948; Pearson et
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al., 1952; Krutzsch, 1961, 1975; Sluiter, 1961; Racey and Tam, 1974; Gustafson,
1976, 1977; Myers, 1977; Richardson, 1977; Gaisler et al., 1979; Bernard, 1980;
Phillips and Inwards, 1985; Krutzsch and Crichton, 1986, 1990a; Bernard et al.,
1997; Swift, 1998; Natalidae (Figure 4.9): Broadbooks, 1961; Mitchell, 1965;
Molossidae (Figure 4.14): Krutzsch and Crichton, 1985, 1987, 1990b; Vivier and
van der Merwe, 1996). Information for the Furipteridae (Amorphochilus schnablii:
Figure 4.10) and Myzopodidae (Myzopoda aurita: Figure 4.12) was generated for
this review from alcohol-preserved specimens kindly made available for dissection
by the late Barbara Lawrence, Curator of Mammals, Museum of Comparative
Zoology, Cambridge, MA. A single specimen of Noctilio leporinus (Noctilionidae)
and Thyroptera tricolor (Thyropteridae) was obtained by the late William A.
Wimsatt in Mexico, and dissected for this review by P.H. Krutzsch (Figure 4.4 and
4.11). For the Mystacinidae, the general gross morphology of the male reproductive
tract is known to me only from a drawing of Mystacina tuberculata kindly provided
by Andrew P. Winnington. No descriptions or specimens were available to me for
Mormoopidae or Craseonycteridae.

4.3.1 Testis

Gross anatomy

A survey of the published literature reveals some interesting differences (inter-
familial and inter-species) in the seasonal and even daily location of the testes.

1. Permanently abdominal. It appears that the testes may be permanently
abdominal in the Rhinopomatidae (e.g. Rhinopoma kinneari (= R.
microphyllum): Anand Kumar, 1965; R. hardwickei: Karim and Banerjee, 1985,
1989) and in the molossid Tadarida aegyptiaca (Bernard and Tsita, 1995). In a
single reproductively inactive male Amorphochilus schnablii (Furipteridae), the
small, paired testes were attached to the posterior body wall and inferior pole of
the kidney by a suspensory ligament. However, their location in this specimen
does not necessarily dictate their permanent position. The same applies to the
abdominal testes noted in the drawing of Mystacina tuberculata.

2. Permanently inguinal or scrotal. Permanently scrotal testes are found in
Taphozous longimanus (Emballonuridae): Gopalakrishna, 1954, 1955; Krishna
and Dominic, 1983a, Noctilio leporinus (Krutzsch, unpublished observations)
and probably Noctilio albiventris (Noctilionidae) and in Nycteris hispida and N.
Iuteola (Nycteridae) (Matthews, 1941).

In the species in which no scrotum is present, the testes are inguinal
(Pteronotus parnelli, (Mormoopidae): Garrido-Rodriguez and Lopez-Forment,
1981; Garrido-Rodriguez et al., 1984).

3. Migratory. In other species, the testes migrate (daily or seasonally) from the
abdomen to the scrotum via the inguinal canal (viz. some Pteropodidae: Baker
and Baker, 1936; Ratcliffe, 1932). In Taphozous georgianus (Jolly and Blackshaw,
1988) and T. hilli (Kitchener, 1980, 1983) (Emballonuridae), the testes move from
the abdomen to just peripheral to the external inguinal ring, where they appear
to lie within an abbreviated non-pigmented fascial sac which extends from the
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external oblique muscle fascia at the external inguinal ring. The testes of
Mormopterus planiceps (Krutzsch and Crichton, 1987) and Tadarida brasiliensis
mexicana (Krutzsch, 1955a) (Molossidae) occur from the abdomen to within the
inguinal canal, or they may occupy an external position where they lie under the
spermatic fascia alongside the base of the penis. The testicular position (intra-
abdominal or scrotal) in Tadarida (= Mops) condylurus in Uganda showed no
significant seasonal variation in sperm production (Mutere, 1973). However, in
Tadarida (= Chaerephon) hindei in Uganda, spermatogenesis was not
continuous in all males (Marshall and Corbet, 1959). Furthermore, in some cases
where testes were intra-abdominal, spermatogenesis had ceased entirely. The
epididymides, however, continued to retain sperm regardless of testicular
position. In Desmodus rotundus (Phyllostomidae), Orsi et al. (1990) observed
that the testes could be withdrawn into the abdomen at will.

4. External. In a number of species the testes may be found on the crest of the
pubis lateral to the base of the penis (parapenial). This is true of active male
Natalus stramineus (Natalidae: Broadbooks, 1961; Mitchell, 1965) and
Rhinolophus megaphyllus (Rhinolophidae: Krutzsch et al., 1992). In other
species, the testes lie just external to the external inguinal ring viz.
Thyroptera tricolor (Thyropteridae) and Myzopoda aurita (Myzopodidae). In
Macrotus californicus (Phyllostomidae), they are held within a non-
pigmented sacculation of the external spermatic fascia. This testicular pouch
is not a true scrotum. It is covered by a thin, sparsely furred and highly
vascularized skin in which the vessels are greatly engorged during the
breeding season. In the non-breeding season this pouch is either lacking, not
occupied by the testes (so not grossly visible), or it is withdrawn along with
the testes into the inguinal canal; sometimes it is found tight against the
external inguinal ring. Sample dissections of representative taxa of
the families examined disclosed that the testes were usually attached to the
posterior body wall at the kidney by a suspensory ligament which may
function in testicular movement.

Microscopic anatomy

The cyclic process of spermatogenesis has been studied for a microchiropteran,
Rhinopoma kinneari (Singwi and Lall, 1983) and the megachiropteran Pteropus
poliocephalus (McGuckin and Blackshaw, 1987a). For Rhinopoma, 11 stages and
16 steps of spermiogenesis were described with the relative frequency of various
cell associations differing significantly from other mammalian species, although
the principal steps (e.g. acrosome and maturation phases) were essentially similar.
In Pteropus, fewer (eight) stages were recognized but the duration of
spermiogenesis was longer, approximating that of the human. The cellular
associations more closely resembled the rat than the human or those seen in R.
kinneari.

Some histochemical studies have been carried out by Swami and Lall (1979c),
who reported that Sertoli and Leydig cells and the spermatocytes and sperm heads
of breeding Taphozous longimanus were positive for acid phosphatase. They
speculated that the hydrolytic action of this enzyme could produce end products
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utilized in the synthesis of molecules essential for the growth and differentiation
of sperm, or it could be related to penetration of the oocyte during fertilization.

4.3.2 Epididymis

The testes deliver spermatozoa via the epididymal duct system and ductus
deferens to the ampullary glands and then to the lumen of the prostatic urethra.
The epididymides can be subdivided into caput, corpus and cauda regions.
Histochemical studies by Swami and Lall (1979¢) have identified glucose-6-
phosphatase activity in varying degrees in the various epididymal regions of
Taphozous longimanus. In the same species, Bhardwaj and Lall (1979) found acid
phosphatase activity in the caput and cauda and relatively less in the corpus. The
cauda epididymidis may store spermatozoa for periods of weeks to months,
primarily in temperate dwelling, hibernating species, although some southern
hemisphere tropical species do so as well. The interfemoral caudae epididymides
are often enclosed in a heavily pigmented sheath (tunica vaginalis) whose role is
not known, though it is speculated to be thermoregulatory and related to sperm
viability.

From the cauda epididymidis, the tubular system straightens, becomes more
muscular and forms the ductus deferens. In species whose testes are external, the
ductus deferens passes into the pelvic cavity, along with the testicular nervous and
vascular components (the spermatic cord), via the inguinal canal. The ductus then
turns medially, looping over the ureter, to dilate terminally as the Ampulla of
Henle. It then expands to form a large pear-shaped gland, the ampullary gland.

4.3.3 Ampullary Gland

Morphology

The luminal wall of the terminal dilation of the ductus (Ampulla of Henle) is
thrown into numerous irregularly branching folds from the central duct to form the
paired, compound tubuloalveolar ampullary glands, which typically lie dorsal and
lateral to the base of the urinary bladder. These glandular-appearing alveolar spaces
are lined by a simple columnar (when the glandular lumina are empty) or cuboidal
to squamous (when they are full) secretory epithelium. The secretory products are
generally granular and strongly eosinophilic (e.g. Miniopterus schreibersii:
Krutzsch and Crichton, 1990a; Scotophilus wroughtoni: Gopalakrishna, 1949;
Pipistrellus pipistrellus: Racey and Tam, 1974; P. subflavus: Krutzsch and Crichton,
1986; Plecotus auritus: Swift, 1998). The central duct of the ampullary gland is
joined in the substance of the gland by the duct from the seminal vesicle, when that
gland is present, to form the ejaculatory ducts which carry sperm and secretions
into the lumen of the prostatic urethra just proximal to the crista urethra. The
ampullary glands undergo seasonal changes in size and activity, presumably in
response to circulating androgens. Their central duct seems to be a temporary
storage site for spermatozoa in some species (e.g. Cardioderma cor: Matthews,
1941; Miniopterus schreibersii: Krutzsch and Crichton, 1990a) and to retain sperm
throughout the year in others (Rhinopoma kinneari: Anand Kumar, 1965).
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Physiology

The ampullary glands are known to secrete fructose (Pipistrellus subflavus: Krutzsch
and Crichton, 1986; Scotophilus heathi: Mokkapati and Dominic, 1976, Krishna and
Singh, 1997; Myotis lucifugus and M. velifer: Crichton et al., 1981; Nyctalus noctula:
Racey, 1974), citric acid (S. heathi: Mokkapati and Dominic, 1976; Taphozous
longimanus: Mokkapati and Dominic, 1976) and protein-bound acidic mucins
(Megaderma I. Iyra: Pal, 1984b; T. longimanus: Pal, 1984c). Interestingly, Pal (1984b)
described the ampullary gland of M. I. Iyra as being histochemically similar to and
located in the same position as the seminal vesicles of other bats.

Taxonomic distribution

Ampullary glands are present in most (but not all) species of chiropteran families
that have been studied, including the furipterid, Amorphochilus schnablii
(Krutzsch, unpublished observations). It seems that they are missing in the
noctilionids and frequently lacking in pteropodids. They are also apparently
lacking in the rhinolophid Triaenops afer (Matthews, 1941).

4.3.4 Seminal Vesicles
Morphology

Lying lateral to the ampullae and often very similar (even indistinguishable from
each other) in gross external as well as microscopic morphology are the paired,
elongated seminal vesicle glands, which most frequently lie cephalic to the
prostate and dorsal to the urinary bladder.

Physiology

These glands greatly hypertrophy during the reproductively active state. Their
alveolar lumina are filled with lightly granular, eosinophilic secretions that emanate
from columnar epithelial cells with basal nuclei and vacuolated supranuclear
cytoplasm. Reproductively inactive glands are much reduced in size and have less
conspicuous glandular elements; the lining epithelium, however, remains columnar
to high cuboidal with basal nuclei, but the supranuclear cytoplasm is nonvacuolated
and agranular (Krutzsch, 1975), and the lumina contain little secretion. Histochemical
studies have reported the presence of neutral mucins and protein-bound sialomucins
(Gadegone and Sapkal, 1983) and fructose (e.g. Taphozous longimanus: Krishna and
Dominic, 1982a; Mokkapati and Dominic, 1976; Myotis lucifugus and M. velifer:
Crichton et al., 1981; Pteropus giganteus: Rajalakshmi and Prasad, 1970; Macrotus
waterhousii (= californicus): Krutzsch et al., 1976). Interesting reports of Hunter et
al. (19714, b) described a protein in the seminal vesicles of Myotis Iucifugus that,
when injected into other mammals, diminished smooth muscle contractile frequency
and tone as well as decreased circulating lymphocytes. The authors speculated this
protein may block sperm transport and alter the phagocytic system so as to allow
sperm retention (storage) in the female tract. In Pteropus poliocephalus, the seminal
vesicles are thought to contribute to vaginal plug formation (Martin et al., 1995).
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Taxonomic distribution

Descriptions of these glands are available for anumber of bat species (e.g. Miniopterus
schreibersii: Krutzsch and Crichton, 1990a; Pipistrellus hesperus: Krutzsch, 1975; P.
dormeri: Gadegone and Sapkal, 1983; Mormopterus planiceps: Krutzsch and
Crichton, 1987). It appears they are absent in Myzopoda aurita (Myzopodidae: see
Figure 4.12), Thyroptera tricolor (Thyropteridae: see Figure 4.11), Hipposideros
fulvus (Patil, 1968), H. speoris (Pal, 1983a), Scotophilus heathi (Krishna and Singh,
1997) and Rhinolophus capensis (Bernard, 1985). They also appear to be lacking in
the nycterids, rhinopomatids and natalids (Figures 4.2, 4.4 and 4.9).

4.3.5 Prostate Gland
Morphology

The prostate gland lies at the base of the bladder, where it either completely or
incompletely (Nycteridae, Noctilionidae) surrounds the prostatic urethra into
which it delivers its secretions via multiple small ducts. Grossly, it is an unpaired
gland though often has several lobes. Microscopically, it is a compound
tubuloalveolar gland that is enclosed by a fibromuscular capsule. The secretory
epithelial cells that line the alveoli vary in profile, depending on the reproductive
status of the gland.

Physiology

The prostate secretes a multi-sided, globular, eosinophilic, homogeneous product
that contains glycogen and neutral and acidic mucins (Taphozous longimanus: Pal,
1984c; Megaderma 1. Iyra: Pal, 1984b; Hipposideros speoris: Pal, 1983a; Pipistrellus
dormeri: Gadegone and Sapkal, 1983), acid phosphatase and adenosine
triphosphate (7. longimanus: Swami and Lall, 1979a), fructose (P. subflavus:
Krutzsch and Crichton, 1986; Nyctalus noctula: Racey, 1974; Scotophilus heathi:
Mokkapati and Dominic, 1976; Krishna and Dominic, 1981; Plecotus auritus: Swift,
1998; Myotis lucifugus and M. velifer: Crichton et al., 1981; Pteropus g. giganteus:
Rajalakshmi and Prasad, 1970; Taphozous longimanus: Mokkapati and Dominic,
1976) and citric acid (Scotophilus heathi: Mokkapati and Dominic, 1976). Pressure
from luminal contents appears to flatten the lining epithelial cells to a low cuboidal
or squamous profile.

Taxonomic distribution

A prostate gland is present in every family for which there is information.

4.3.6 Cowper’s (Bulbourethral) Glands
Morphology

These are small, pear-shaped glands which lie on either side of the anus close to
the bulb of the urethra. They are enclosed in a fibromuscular capsule and are
separated into lobules by connective tissue and skeletal muscle septae that enter
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the gland from the capsule. They consist of multiple acini which are lined by
cuboidal secretory epithelial cells with basal or central nuclei and finely granular
or clear, eosinophilic apical cytoplasm. The cytoplasm is filled with large,
membrane-bound secretory granules (Krutzsch and Crichton, 1990a). Abundant
microvilli are present in the intercellular spaces.

Physiology

Neutral and acidic (Hipposideros speoris: Pal, 1983a) and sialic acid-rich
(Pteropus g. giganteus: Rajalakshmi and Prasad, 1970; Taphozous longimanus:
Pal, 1984c) secretions are delivered via a single duct from each gland, which
passes beneath the bulbospongiosum muscle to terminate in the bulb of the penile
urethra distal to the prostate. Interestingly, in Mormopterus planiceps (Krutzsch
and Crichton, 1987), these ducts are lined by a sebaceous rather than a low
cuboidal epithelium, as is true in other chiropteran taxa studied. Like other sex
accessory glands, the activity of Cowper’s glands reflects the reproductive status of
the individual. They become hypertrophied and secretory, with granular,
columnar epithelium in synchrony with the elevated testicular steroid cycle
and involuted with cuboidal epithelium and agranular cytoplasm, in the
inactive testicular state (e.g. H. speoris: Pal, 1983a; Scotophilus wroughtoni:
Gopalakrishna, 1949; Pipistrellus hesperus: Krutzsch, 1975; P. subflavus: Krutzsch
and Crichton, 1986; Miniopterus schreibersii: Krutzsch and Crichton, 1990a;
Nyctalus noctula: Racey, 1974). The nature of the secretory products of these
glands is not well documented. Krutzsch and Crichton (1986) found fructose
lacking in Pipistrellus subflavus. Gadegone and Sapkal (1983) demonstrated that
these glands were histochemically positive for neutral sialic acid and sulfomucins
in P. dormeri.

Taxonomic distribution

Cownper’s glands appear to be present universally in the Chiroptera. However, they
could not be found in a reproductively inactive male Pteronotus parnellii, the only
mormoopid specimen that has been examined to date (Krutzsch, unpublished).
These glands are almost always paired but are doubly paired in the vespertilionid
genera Corynorhinus and Plecotus.

4.3.7 Urethral Gland

Morphology

This is a well-developed, pear- or carrot-shaped gland that encompasses the
membranous urethra. It consists of a mass of convoluted, branched tubules that are
lined by columnar epithelial cells whose secretory products drain into the urethral
lumen via these tubules. Descriptions can be found in Matthews (1941) and
Krutzsch et al. (1992). It appears that this gland may well be restricted to the
rhinolophids and megadermatids, and it is not known if it is represented in all taxa
within these families. Familial distribution needs further study.
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Physiology

At least in some species, the secretory epithelium appears to contain two cell types.
The first (urethral A cell) is columnar with a highly granular, strongly eosinophilic
cytoplasm; the second (urethral B cell) is pyramidal in profile and basal in position
with a less granular, lightly eosinophilic cytoplasm (Krutzsch et al., 1992). Bernard
(1986) described continuous secretory (blibbing) from type A cells throughout the
year in Rhinolophus capensis, whereas type B cells only released their secretions
seasonally. In Hipposideros speoris (Pal, 1983a), the secretions contained acidic
mucins. Urethral gland secretions are thought to be responsible for the formation
of the vaginal plug in some rhinolophids (Robin, 1881; Rollinat and Trouessart,
1897; Matthews, 1937; Gaisler and Titlbach, 1964; Gaisler, 1966). However, this
plug in R. capensis (Bernard, 1985) and H. caffer (Bernard, 1983) appears to be
primarily of vaginal epithelial cell origin. A similar origin for the vaginal plug has
been described for R. ferrumequinum (Uchida and Mori, 1987) though others (see
above) hold that it originates from the urethral gland. Krutzsch et al. (1992) did not
find a vaginal plug in post-inseminated R. megaphyllus.

Taxonomic distribution

Although this gland has not been described in most chiropteran families, it is
probably present in more families than is currently documented.

4.3.8 Urethral Glands (of Littre)

Morphology

These mucous secreting glands lie in the mucosal and muscular wall stroma of the
urethra. Although prominent in the prostatic urethra, they may occur from the bulb
to the penile urethra. The glands of Littre are small, tubular structures that are
lined by columnar, secretory epithelial cells with spherical, central or basal nuclei.

Physiology

The secretory products are histochemically positive for mucins (Pal, 1983b, 19844, b, c).

Taxonomic distribution

They have been reported in taxa from a number of families, viz. Rousettus
leschenaulti (Pal, 1984a, 1989), Megaderma 1. lyra (Pal, 1984b), Miniopterus
schreibersii (Krutzsch and Crichton, 1990a) and probably exist in many more
species that have not yet been critically visualized at the microscopic level.

4.3.9 Para-anal Glands
Morphology

These sebaceous glands, located on either side of the anal orifice, have been
reported in male Mormopterus planiceps (Krutzsch and Crichton, 1987); they were
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described as appearing to undergo changes in size annually in synchrony with the
active reproductive state. Their function is unknown, though they may be involved
in territory marking and in the attraction of females.

4.4 PENIS

4.4.1 Morphology

Taxonomic variation exists in the posture of the penis, which may be cranially or
caudally directed. However, the basic morphological architecture is essentially the
same for all species. Paired, laterally placed, erectile crura of the corpora cavernosa
peni (each enclosed by an ischiocavernosus muscle) join to form a central penile
shaft. The erectile corpus cavernosum urethra (corpus spongiosum urethra)
enclosed by the bulbospongiosum muscles runs the ventral length of the penile
shaft, lying in the urethral groove formed by the juncture of the rounded crura of
the paired corpora cavernosal bodies. The corpus spongiosum urethra terminates
distally as the glans penis. This structure is often taxonomically distinctive in size
and shape, and its epithelium often has dermal, basally directed spines; it is
covered by a prepuce that is usually thick, externally hairy and well supplied with
mucoid glands. In many species, the prepuce contains additional erectile tissue
known as the accessory corpus cavernosus (Matthews, 1941; Wimsatt and Kallen,
1952; Krutzsch, 1975). The urethra opens terminally through a slit-like external
urethral meatus in the distal glans penis. It is variably (depending on the species)
capped by a bony ossicle (os penis) which is a highly generic, less often species-
specific, structure embedded in the erectile tissue of the glans. The os penis (=
baculum) is frequently attached at its base to the distal end of the fused corpora
cavernosa. Its role in reproduction is conjectural. It may serve to support the penis
during ejaculation (Krutzsch, 1975; Hill and Harrison, 1987), to stimulate the
female and/or to prevent urethral closure during copulation. Courrier (1927)
suggested a role in the penetration of the vaginal plug for those species that have
such a structure.

4.4.2 Taxonomic Variation

1. Pteropodidae: A detailed description for Cynopterus sphinx (Vamburkar, 1958)
is characteristic, in general, for the family. The penes of pteropids are strikingly
similar to their primate counterparts. The penile skin, including the prepuce,
is often pigmented and sparsely haired or glabrous, except at the base of the
penis where the pubic skin is hairy (Jones, 1917; Davis, 1947). In Pteropus, the
ventral surface of the glans is covered with dermal spines (Davis, 1947). An os
penis is present and an extensive literature addresses variations in its
morphology in a variety of taxa (Davis, 1947; Krutzsch, 1959b, 1962; Lanza,
1963, 1969; Didier, 1965; Bhatnagar, 1967).

2. Rhinopomatidae: Descriptions are available for Rhinopoma microphyllum (=R.
kinneari) and R. hardwickei (Wassif and Madkour, 1972). Both have a baculum.

3. Craseonycteridae: Craseonycteris thonglongyai is reported to have a relatively
large penis (Hill, 1974) but beyond this, there is no information.
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4. Emballonuridae: The detailed morphology of the penis has been described only
for Taphozous longimanus (Murthy, 1969). There are brief remarks on the
penile posture and size for T. nudiventris, T. mauritianus, T. perforatus (=T.
sudani) (Verschuren, 1957) and T. georgianus (Kitchener, 1973). An unusual
feature of the penis of T. longimanus is an irregular blind space just posterior
to the urethral meatus that extends about half the length of the body of the
glans. Murthy (1969) speculated that this space might permit great distention
of the glans during erection and, together with the large erectile accessory
corpora cavernosa and numerous rows of proximately directed chitinoid
spines, might act to prevent premature withdrawal during coitus.

A baculum has been found in all taxa examined (Taphozous longimanus:
Murthy, 1969; T. perforatus, T. nudiventris: Wassif and Madkour, 1972; T.
melanopogon: Sinha, 1983; Rhynchonycteris naso, Saccopteryx bilineata,
Cornura brevirostris, Peropteryx macrotis, P. kappleri, Balantiopteryx plicata,
B. io: Brown et al., 1971) and probably will be found throughout the family
(Brown et al., 1971). Interestingly, this structure is bipartite (united only at the
base) in T. longimanus.

5. Npycteridae: The penes of Nycteris luteola and N. hispida have been described
(Matthews, 1941). No accessory corpora cavernosa have been recognized. A
baculum (5.0 mm long in N. Juteola and 1.5 mm long in N. hispida) was
present. In N. luteola it was associated with the corpus spongiosum urethra,
whereas in N. hispida, the corpus spongiosum urethra, though well developed,
provided little erectile tissue in the small glans of this species and was not
associated with the baculum.

6. Megadermatidae: Descriptions are available for the penes of Megaderma Iyra
Iyra (Pal, 1977; Murthy, 1979) and Cardioderma cor (Matthews, 1941). The
penis of M. I Iyra is longer and its skin is heavily covered with hair, obscuring
the separation of the glans from the penile shaft. The prepuce is thick,
glandular and extends virtually the entire length of the glans. The latter lacks
spinous projections in its epithelial covering. There is a small baculum but no
accessory corpora cavernosa. The smaller penis of C. cor has a thin retractable
prepuce. The glans is covered by spiniform tubercles. The walls of the deep
gutter, formed where the glans joins the penile shaft, fuse below the glans to
form a small, terminal papilla just dorsal to which is the urethral meatus.
Accessory corpora cavernosa provide most of the erectile tissue of the glans and
communicate proximally with the distal ends of the corpora cavernosa. The
urethra is capped for most of its length by a distinctive, 2.0 mm long os penis.

7. Rhinolophidae: The rhinolophid penis has been described in a number of
studies, viz. Matthews (1937, 1941); Topal (1958); Lanza (1959); Wassif and
Madkour (1972); Khajuria (1982); Yoshiyuki (1989); Krutzsch et al. (1992). The
penis is directed cranially in some species (Rhinolophus ferrumequinum:
Matthews, 1937) and caudally in others (R. lepidus, Hipposideros fulvus, H.
durgadasi: Khajuria, 1982; H. caffer, Triaenops afer: Matthews, 1941). The
penile shaft is usually hairy and varies in length between species (5.0-7.0 mm
long for T. afer, and 8.0 mm long for H. caffer: Matthews, 1941). The prepuce
may be thin, hairless and retractable to its attachment at the glans—penile shaft
juncture (H. caffer, T. afer: Matthews, 1941), and lacking prepucial glands
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(T afer: Matthews, 1941). In other rhinolophid species, the prepuce is thick and
hairy (R. lepidus, H. fulvus and H. durgadasi: Khajuria, 1982) and there are
prepucial glands. The glans penis varies between taxa in its length, shape,
surface markings and epithelial specializations. The glans may be subconical
(Rhinolophus ferrumequinum: Matthews, 1937), oblong and dorso-ventrally
flattened (R. lepidus: Khajuria, 1982), elongate-broad in the middle with
pointed tip (H. fulvus: Khajuria, 1982), large and strongly flattened dorso-
ventrally (T. afer: Matthews, 1941) or cylindrical (R. hipposideros: Matthews,
1937). The paired accessory corpora cavernosa form the greater part of the body
of the glans and provide its primary erectile tissue. The erectile corpus
spongiosum is small and surrounds the urethra primarily in the shaft, where
the urethra lies ventral to the fused corpora cavernosa. The external surface of
the glans can be unmarked or thrown into prominent, longitudinal grooves and
ridges, which can be either on the lateral and/or ventral surface. In most
species, the surface epithelium of the glans is smooth; however, in some the
glans is covered with parallel rows of proximally directed, keratinized spines
(copulatory spurs) (Khajuria, 1982).

A baculum has been found in all rhinolophid species examined and likely
occurs family-wide. In view of the variation recorded between species in its
size and shape, it may be a significant element in the determination of
taxonomic affinity or distinction.

Noctilionidae: The penis of Noctilio leporinus is large, pendulous and
characterized by a well-developed prepuce. Both Brown et al. (1971) and
Krutzsch (unpublished observations) found no baculum. A baculum is also
absent in N. labialis (Brown et al., 1971).

Mormoopidae: The gross morphology of the penis of Pteronotus parnellii has
been studied (Brown et al., 1971). The penile shaft and glans together averaged
5.3 mm in length. The penile skin was pubescent almost to the distal end of the
retractable prepuce. The surface of the glans was smooth with a ventral groove
formed between prominent folds that diverged distally to provide a well-
marked ridge on either side of the terminal urethral meatus. The os penis is
apparently lacking in Mormoopidae. Brown et al. (1971) examined P. parnellii
(n=5), P. gymnonotus (= suapurensis) (n=10), P. davyi (n=8), P. personatus
(n=4), Mormoops megalophylla (n=3) and Krutzsch (unpublished) studied the
penes from P davyi (n=3), P. parnellii (n=10), P. personatus (n=4), M.
megalophylla (n=4) and M. blainvillii (n=3) and none had an os penis.
Phyllostomidae (including Desmodontidae): Characteristic of phyllostomids is
the absence of a baculum (Brown et al., 1971). The penis has been described in
Macrotus californicus (Krutzsch et al., 1976). It is a lightly pigmented, sparsely
haired, somewhat inflexible (as a result of a thick collagenous tunic investing
the penile shaft) organ. The average length of the penis is 7.0 mm (6.5-7.5 mm,
n=30), about twenty per cent of which is occupied by the glans. A thick
prepuce extends beyond the tip of the glans and is retractable to its base. In
Desmodus rotundus, the penis is unusually long (12.0 mm) with a retractable
prepuce (Orsi et al., 1990).

Natalidae: Only one species, Natalus stramineus has been examined (Brown et
al., 1971; PH. Krutzsch, unpublished). The average penile length was 6.2 mm
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(5.9—6.35 mm, n=15), and it tapers at its tip to form a tiny glans. The penile skin
is haired to the tip of the prepuce which covers the glans entirely. The prepuce
is easily retracted to its attachment at the base of the glans. The ventral penile
urethra narrows distally and appears to lack erectile tissue in the glans where
it terminates via a slit-like opening. A tiny, ventrally concave baculum is
present; its base (0.025 mm) is wider than its tip (0.010 mm) and it is 0.1 mm
long (P.H. Krutzsch, unpublished observations).

Furipteridae: Little is known about the penis in this family. A single specimen
of Amorphochilus schnablii appeared to contain a tiny baculum capping the
urethra at the tip of the glans (P.H. Krutzsch, unpublished observations),
confirming the observations of Ibanez (1985) who measured the ossicle (n=4) as
0.54 mm long (0.48—0.61 mm) and 0.19 mm wide (0.18—0.21 mm).
Thyropteridae: Few data are available on the gross structure of the penis of
Thyroptera tricolor. In this species, the penile skin is lightly pubescent. The
prepuce extends distally almost to the tip of a small glans which contains a
small, rod-like baculum (0.5 mm long) dorsal to the urethra (Krutzsch,
unpublished). Wilson (1978) noted that the penis of T. discifera was about 8.0
mm long and appeared not to have a baculum.

Myzopodidae: Thomas (1904) described the penis of Myzopoda aurita as short,
slender and pointed with a styliform glans (about 2.0 mm long) covered by a
wrinkled, lightly pubescent prepuce. There was no baculum.

Vespertilionidae: The vespertilionid penis is usually small, semi-pendulous
and cylindrical. It frequently has a genicular profile and can be directed
caudally (e.g. M. lucifugus: Wimsatt and Kallen, 1952; M. mystacinus, P.
pipistrellus and Nyctalus noctula: Matthews, 1937; P. hesperus: Krutzsch, 1975)
or cranially (M. nattereri, Plecotus auritus: Matthews, 1937). The overlying skin
is usually pigmented and sparsely haired. The glans is most often small
(Matthews, 1937; Wimsatt and Kallen, 1952; Krutzsch, 1975), cylindrical (e.g.
M. nattereri: Matthews, 1937), subconical (e.g. P. pipistrellus and Plecotus
auritus: Matthews, 1937), hemispherical (e.g. Myotis mystacinus: Matthews,
1937), club-shaped (e.g. P mimus: Khajuria, 1982) or flattened dorsoventrally
with two or four laterally placed lobes (e.g. Antrozous pallidus and A.
dubiaquercus: Pine et al., 1971; Scotophilus kuhli: Khajuria, 1982; Otonycteris
hemprichii: Bates and Harrison, 1997). The glans is smooth or thrown into
parallel longitudinal folds with grooves and ridges. Proximally directed
keratinized spines are present in some species. A boundary between the glans
and the terminal shaft may or may not be visible. The prepuce is most often
variably pigmented, thick, vascularized (P. hesperus: Krutzsch, 1975) and hairy.
It may contain accessory erectile tissue and numerous vascular spaces that
permit engorgement by blood. In Myotis lucifugus, the prepuce contains an
accessory cavernous body (Wimsatt and Kallen, 1952).

The penis (including its vascularization) has been studied in detail in two
vespertilionid species (Myotis lucifugus: Wimsatt and Kallen, 1952; Pipistrellus
hesperus: Krutzsch, 1975). Although the autonomic innervation was not
addressed, Wimsatt and Kallen (1952) suggested that there were basic
mammalian similarities in pelvic plexuses and ganglia that occurred around
the accessory organ complex. The somatic nervous supply to the penis is likely
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from the paired pudendal nerves, dorsal penile branches of which are visible
beneath the penile skin and subcutaneous fat and fascia alongside the dorsal
artery and veins. Krutzsch (1975) also observed that these nerves arborized into
the cavernous tissue of the glans.

With the exception of Miniopterus (Matthews, 1937; Krutzsch and Crichton,
1990a) and Mimetillus (Hill and Harrison, 1987), a baculum is present in all
vespertilionids examined for this structure (e.g. Hamilton, 1949; Atallah, 1970;
Pine et al., 1971; Brown et al., 1971). Its ontogeny is described in Scotophilus
by Harrison and Brownlow (1978). An extensive literature discusses its
significance in establishing taxonomic distinction and/or affinity in the
Vespertilionidae (Hill and Harrison, 1987; LaVal, 1973; McKean and Price,
1978; Harrison and Brownlow, 1978; Nader and Hoffmeister, 1983).

16. Mystacinidae: Pierson (1986) recorded that a baculum was lacking in M.
tuberculata but did not otherwise describe the penile morphology.

17. Molossidae: Variation exists in this family in the morphology of the glans penis
(Ryan, 1991a, b) and in the presence or absence of a baculum as well as in the
morphology of this ossicle (Krutzsch and Vaughan, 1955; Long and Jones, 1966;
Brown, 1967; Krutzsch and Crichton, 1987). Ryan (1991a) noted several
morphological factors that are common features for molossids. These include
the presence of an elongated and conical glans that is often invested with
keratinized spines, a thin retractile prepuce, fused corpora cavernosa extending
well into the glans and a poorly developed corpus spongiosum that often does
not contribute to erection. An unusual feature is seen in the penis of the long
penile form of Mormopterus planiceps, the glans of which is well developed
and attenuated, being horizontally bifid and occupying some ninety percent of
the shaft of the penis. Not only does this taxon have a particularly long,
pendulous penis (9.4 mm) but also an unusually long (7.9 mm) baculum
located in the upper primary division of the bifid penis (Krutzsch and Crichton,
1987).

4.5 SPERMATOZOA

Chiropteran spermatozoa are classically mammalian with inter-familial
distinctions.

4.5.1 Pteropodidae

The morphology of the spermatozoa is known for only the following taxa:
Pteropus poliocephalus, P. scapulatus, P. conspicillatus, P. alecto and
Syconycteris australis (Rouse and Robson, 1986; Cummins et al., 1988). While
similar to one another, they differ from microchiropteran sperm in their
relatively long acrosome, unique anvil-shaped subacrosomal space, redundant
nuclear envelope and in the origin of the central singlets of the axoneme. The
latter, with central singlets arising distal to the outer doublets, is atypical for
mammals. Coarse fibers 1, 5, 6 and 9 are larger than the others. This is similar
to the Microchiroptera (also insectivores and primates).
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4.5.2 Rhinopomatidae

Some information is available on the sperm of Rhinopoma kinneari (Bedwal and
Mathur, 1983) and R. hardwickei (Mathur and Kumar, 1962; Singwi and Lall, 1983).
For both, a sexual dimorphism has been described; however, it seems likely that
the authors are describing lateral and flat profiles of the sperm rather than two
different morphological types.

4.5.3 Rhinolophidae

A comprehensive study of the fine structure of the sperm of a rhinolophid is
lacking. The literature available considers either post-ejaculatory sperm stored in
the female reproductive tract (Rhinolophus hipposideros, R. ferrumequinum:
Racey, 1975, 1979, 1982; Uchida and Mori, 1972; R. clivosis: Bernard, 1988) or
epididymal sperm retention or clearance from the caudae epididymides (R.
capensis: Bernard, 1984, 1985, 1988). It is noteworthy that sperm stored in the
female reproductive tract show no fundamental differences, other than the absence
of a cytoplasmic droplet, from viable epididymal sperm (R. cornutis and R.
ferrumequinum: Uchida and Mori, 1972).

4.5.4 Noctilionidae

Forman et al. (1989) described the light microscopic morphology of ethanol-fixed
sperm of Noctilio albiventris. Two-thirds to three-fourths of the extremely large
head is occupied by the acrosome which is broadly rounded at the apex. The neck
piece is either absent or (more likely) not visible in these preparations. The middle
piece is described as tapering gradually to the tail. Phillips et al. (1997) described
the ultrastructure of the acrosome of N. leporinus and speculated that the unique
acrosomal ridges may strengthen the sperm head during transport.

4.5.5 Phyllostomidae (Including Desmodontidae)

Using light microscopy, the gross morphology of the epididymal spermatozoa of 35
species of phyllostomids has been reported (Forman and Genoways, 1979). Subtle
variation exists between species. The differences are primarily in the acrosome and
head morphology. The ultrastructural characteristics of the development of the
acrosome of Desmodus rotundus have been described (Orsi et al., 1992); it seems
to be generally similar to other mammals (Fawcett and Ito, 1965).

4.5.6 Vespertilionidae

There is a growing literature concerning spermatozoan morphology of vespertilionid
bats. Initially, researchers using phase contrast light microscopy determined the
basic morphology of the sperm of a variety of species (Orr, 1954; Hirth, 1960; Forman,
1968; Breed and Inns, 1985). Genera differed primarily in relative size and shape of
the head and acrosome and in the arrangement and symmetry of the tail components.
A number of studies at the electron microscope level have considered the sperm of
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various species in relation to their storage environment in the male or female tract
(Myotis lucifugus and Eptesicus fuscus: Fawcett and Ito, 1965; Wimsatt et al., 1966;
Krutzsch et al., 1982; Racey et al., 1987; M. velifer: Krutzsch et al., 1982; Miniopterus
schreibersii: Bernard and Hodgson, 1988; Tylonycteris sp.: Racey et al., 1975;
Pipistrellus pipistrellus: Racey and Potts, 1970; P, kuhlii: Andreuccetti et al., 1984;
P. abramus, P. savii and P. endoi: Son et al., 1988).

4.5.7 Molossidae

The ultrastructural morphology of molossid spermatozoa is known from the cauda
epididymidal sperm of four genera and five species (Mormopterus planiceps,
Chaerephon jobensis, Tadarida australis (Breed and Leigh, 1985), T. brasiliensis
mexicana and Molossus major (P.H. Krutzsch, unpublished). The fine structure of
the sperm of these taxa differs only slightly, but they are all morphologically
distinct from the sperm of other chiropteran families reported upon to date. These
molossid sperm have an elongated nucleus which is dense throughout except for a
few, small, clear vacuoles which vary in number and location. The distal two-
thirds of the nucleus is capped by an acrosome which is uniquely characterized by
projecting processes (referred to as acrosomal blisters, Breed and Leigh, 1985);
these arise principally from the apical and main acrosomal segments, on their
external surface. In T. b. mexicana and M. major, P.H. Krutzsch (unpublished)
found that the acrosome terminates in a three-pronged tip, the processes of which
differ slightly in length between these two taxa. The acrosome, however, is distinct
morphologically from the sperm of other families of Chiroptera heretofore
described. Also, in these two taxa, the subacrosomal space is very narrow and
terminates at the tip of the head as a pencil-like projection. The connecting piece
and the proximal centriole, which appear to be joined by the coarse fibers from the
middle piece, are similar to other mammalian sperm. A classic appearing
membranous scroll is present in many, but not all, sperm of both species. The scroll
apparently arises from a redundant portion of the nuclear envelope as described in
other chiropteran sperm (Pteropus sp.: Rouse and Robson, 1986; Myotis Iucifugus:
Fawecett and Ito, 1965; Wimsatt et al., 1966). The middle piece is short with only
36 (Molossus major) to 38 (Tadarida b. mexicana) paired, spiral mitochondrial
gyres and, according to Breed and Leigh (1985), 38 to 42 in the species they report.
This is a markedly reduced mitochondrial number as compared to other
chiropteran species reported (i.e. Pteropus sp. (80): Rouse and Robson, 1982;
Myotis lucifugus (114—120): Fawcett and Ito, 1965; M. nattereri (135); M.
macrodactylus (117); Pipistrellus abramus (138); Rhinolophus cornutus (130); R.
ferrumequinum (160); Miniopterus schreibersii (78): Uchida and Mori, 1972).
Molossids are, in general, non-hibernators and have synchronized male—female
reproductive cycles and, therefore, do not require prolonged sperm storage. These
observations may add credence to Racey’s (1979) speculation that the increased
mitochondrial number characterizes the sperm of hibernating bats and provides a
useful source of metabolizable phospholipids for their stored sperm.

P.H. Krutzsch (unpublished observations) found that the sperm of molossid bats,
when viewed in cross-section at the ultrastructural level, include a classical
mammalian middle piece axial filament complex of nine course (dense) fibers, nine
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doublets and a central pair of fibrils. Just proximal to the middle piece—principal
piece juncture a typical tubular and vesicle-filled cytoplasmic droplet projects
laterally from the middle piece of cauda epididymidal sperm. In longitudinal
section, at the junction of the middle and principal pieces, a small annulus is
visible and appears related to the fibrous sheath. Distal cross-sections of the
principal and end pieces disclose typical mammalian reduction in the compliment
of axoneme fibers. The dense fibers in the principal piece are reduced in number
and are lost entirely in the end piece where only the nine doublets and the central
pair remain.

There is no published information on the spermatozoa of the Mormoopidae,
Emballonuridae, Craseonycteridae, Myzopodidae, Nycteridae, Natalidae,
Megadermatidae, Mystacinidae, Thyropteridae or Furipteridae.

4.6 REPRODUCTIVE PATTERNS

Relative to the female, male bats have been the subject of many fewer
investigations. Most assignments of their reproductive status are based either upon
evaluations of externally visible changes in testicular and epididymal size, which
are thought to signal reproductive readiness, or upon events occurring in the
female (monoestry or polyoestry) which may correlate with the reproductive
activity (or lack thereof) in the male.

Secondary sexual characteristics, where prominent, are offered as additional
evidence of active male sexual function (libido). They cover a broad range of
morphological (e.g. skin gland=olfaction) and behavioral features (e.g. vocal,
audible and high frequency emissions, body posturing and flight displays). Such
characteristics are well represented in the Chiroptera where they undoubtedly play
an enormous role in insuring the meeting of the sexes and in pronouncing the
reproductive status of the individual thus leading to successful copulation. The
many examples that have been recognized to date are too numerous to enumerate
here, and many are addressed in Chapter 9. However, some specific examples in
each family, where appropriate, will serve to highlight the magnitude and
complexity as well as the importance of this highly developed aspect of
reproduction in male bats.

Even more rare are attempts to define mediating mechanisms that control and
direct seasonality. Chapters 1, 2 and 3 address information that has been gathered
to date on the roles of the central nervous system (including the pineal gland), the
primary sex organs and other endocrine organs.

Taken together, the information suggests that male bats fall into two broad
categories. There are those in which testicular recrudescence and atrophy take
place once seasonally, in concert with the monoestrous cycle of the female. In
others, there is either bimodally recurring (in concert with bimodal polyoestry) or
continuous reproductive capability (in concert with more than two female oestrous
cycles annually), although within the latter category, it may well be that at any one
time throughout the year not all males in the population are reproductively active
at the same time.

An additional aspect of male reproduction in bats concerns the lack of
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synchrony, in many species, between the primary and accessory reproductive
organs. In most cases, these taxa dwell in temperate latitudes, where a period of
hibernation interrupts the reproductive cycle.

In large part, bats fall into one or the other of these categories as a function of
latitude and its impact on the environment. Temperate dwelling species generally
attain reproductive status only once a year, for a short period, while tropical
dwelling species are generally reproductively active more often in the year. There
are, however, frequent exceptions to this generalization, particularly within the
latter group.

While the terms used to categorize females are technically inapplicable to males
(Krutzsch, 1979), it is likely that within any taxon, the reproductive readiness of
males is in synchrony with that of females; therefore it remains pertinent to
consider males from this aspect, especially in cases when there has been nothing
published on their reproductive cyclicity. An overview of male reproduction in
Chiroptera is best presented family by family.

4.6.1 Pteropodidae

The pteropodids cover an extensive geographic distribution which encompasses
much of the tropics and subtropics of the Old World including all but the eastern-
most islands of the central and south Pacific Ocean (Koopman, 1970; Koopman and
Jones, 1970; Hill and Smith, 1984; Nowak, 1994; Rainey and Pierson, 1992). A
number of studies have addressed seasonal changes in structure and function of the
male tract of pteropids (e.g. Baker, 1947; McGuckin and Blackshaw, 1987a, b, 1991;
Martin et al., 1987; O’Brien, 1993; Martin et al., 1995). While female pteropids are
either monoestrous or polyoestrous, for the most part males appear to retain
(almost) year-round fecundity and libido, as determined by observations on
testicular and accessory gland dimensions and activity and by displays of
hormonally mediated overt behavioral and morphological secondary sexual
characteristics. While some species display reduced behavioral aggression with the
onset of pregnancy, others may continue to copulate throughout the year and
certainly well into female pregnancy (e.g. P. poliocephalus).

The majority of the monoestrous pteropid species belong to the genus Pteropus.
Data are available on Pteropus scapulatus, P. alecto (= P. gouldi) and P.
poliocephalus (Ratcliffe, 1932; Nelson, 1965a, b; McGuckin, 1988; McGuckin and
Blackshaw, 1985, 1987a, b, 1991, 1992; Martin et al., 1987, 1995; O’Brien, 1993;
O’Brien et al., 1993), P. eotinus (Baker and Baker, 1936), P. giganteus (Marshall,
1947; Neuweiler, 1969; Rajalakshmi and Prasad, 1970; Sandhu and Gopalakrishna,
1984; Sastry and Karim, 1995), P. geddei (Baker and Baker, 1936), P. medius (Jones,
1917; Groome, 1940), P. comorensis (Kingdon, 1974), P. voeltzkowi (Kingdon,
1974), P. rodricensis (West, 1985). Other species that also fall into this category are
Eidolon helvum (Rosevear, 1965; Mutere, 1967, 1968b; Jones, 1972; Fayenuwo and
Halstead, 1974; Kingdon, 1974; Chironax melanocephalus (Medway, 1978;
Bergmans and Rozendoal, 1988), Haplonycteris fisheri (Heideman, 1988, 1989),
Nanonycteris veldkampi (Bernard and Cumming, 1997), Nyctimene rabori
(Heideman, 1995) and also Rousettus aegyptiacus at more temperate latitudes
(Herzig-Straschil and Robinson, 1978; Bernard and Cumming, 1997).
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Pteropus scapulatus, P. alecto and P. poliocephalus have been studied in detail
in Australia by Nelson (1965a, b), O’Brien (1993), O’Brien et al. (1993), McGuckin
and Blackshaw (1987a) and Towers and Martin (1985). They found, year to year,
that the timing of the male testicular cycle was relatively stable. Captive bats varied
little in their cyclicity or sexual behavior from bats obtained in the wild. However,
in wild populations, timing of breeding events varied as a function of latitude
(Ratcliffe, 1932). In populations studied in southern Queensland, spermatogenesis
and circulating testosterone peaked in the early fall (March and April: P
poliocephalus and P. alecto) or early summer (P. scapulatus) and births occurred
six to seven months later. Sperm were present in the female tract of P,
poliocephalus and P. alecto well into pregnancy (June), suggesting continued
sexual activity in males beyond oestrus even though seminal vesicle activity did
not appear to persist this long (McGuckin, 1988). Furthermore, in P. poliocephalus,
male—female associations began while females were lactating, and mating
commenced about two months prior to conception. However, Martin et al. (1995)
noted that early ejaculations contained only sperm; apparently testosterone
production and seminal vesicle gland activity are delayed until closer to the time
of conception.

The monoestrous species Haplonycteris fischeri was studied in the Philippines
by Heideman (1988). There is apparently no synchronized mating time in this
species. Copulations occurred throughout most of the year and sperm were present
in the testes and epididymides of adults in all months, apparently to serve the
several month span of time in which females come into oestrus and to reinseminate
those that failed to become pregnant or suffered foetal loss.

In polyoestrous species, females have two or more well-defined oestrous cycles
per year. For the most part, their male pteropid counterparts appear to remain
sexually active with no variation in testicular size, and spermatozoa are present
throughout the year (e.g. Cynopterus minutus: Kofron, 1997). Some continue to
solicit females even during pregnancy (e.g. Epomops buettikoferi and
Micropteropus pusillus: Thomas and Marshall, 1984; Kofron and Chapman, 1994).
For the latter two species, which display lek behavior, Thomas and Marshall (1984)
speculated that it is advantageous for males to maintain aggressive, territorial
behavior. Other species have a bimodal cycle of testicular recrudescence although
sperm are present year-round (e.g. C. brachyotis: Kofron, 1997) to serve the two or
three annual pregnancies (Lim, 1970). Cynopterus sphinx (Sreenivasan et al., 1974)
and M. pusillus (Kofron and Chapman, 1994) appear to be continuously fecund in
some parts of their range but display bimodal testicular spermatogenesis in other
parts (Krishna and Dominic, 1983a, b; Vamburkar, 1958; LeKagul and McNeely,
1977; Sandhu and Gopalakrishna, 1984; Jones, 1972; Bergmans, 1979). In
Epomophorus anurus and Rousettus aegyptiacus (Mutere, 1968a, b; Okia, 1974b),
the male reproductive cycle apparently is in synchrony with the female (Bergmans,
1979; Jacobson and DuPlessis, 1976; Kingdon, 1974; Kulzer, 1958) since they
appear to undergo biseasonal testicular hypertrophy in West Africa.

Details of the male reproductive events are lacking for many of the species for
which we have information on the female cycle, e.g. Pteropus molossinus and P,
tonganus (Pierson and Rainey, 1992), Rousettus leschenaulti (Gopalakrishna and
Choudhari, 1977; Noronha and Bhiwgade, 1995), Myonycteris torquata (Brosset,
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1966b; Kingdon, 1974; Bergmans, 1976), Harpyionycteris whiteheadi (Heideman,
1995), Hypsignathus monstrosus (Kingdon, 1974; Thomas and Marshall, 1984),
Epomops franqueti (Okia, 1974a), Epomophorus gambianus (Thomas and
Marshall, 1984), E. wahlbergi (O’Shea and Vaughan, 1980), Nanonycteris
veldkampi (Marshall and McWilliam, 1982; Wolton et al., 1982) and Ptenochirus
jagori (Heideman, 1995).

For species in which pregnant or lactating females are present in the population
in all months of the year, adult males sampled throughout the year reveal that
numerous, but not all, have enlarged spermatogenic testes and hypertrophied,
secretion-filled accessory glands, indicating that while males are fecund
population-wide, they enter periods of inactivity individually (Fleming, 1988).
Examples are P. m. mariannus (Wiles, 1987), P. m. yapensis (Falanruw, 1988), P. m.
paganensis and P. m. volanus (Wiles, 1992), P. pumilus (Heideman, 1987) and P,
tonganus (Wodzicki and Felten, 1975, 1980; Pierson and Rainey, 1992),
Epomophorus wahlbergi (Bernard and Cumming, 1997), Syconycteris australis
papurana (Flannery, 1992), Rousettus lanosus (Kingdon, 1974), R. aegyptiacus in
some parts of its range (Bernard and Cumming, 1997), Stenonycteris lanosus
(Kingdon, 1974), Cynopterus minutus (Kofron, 1997), Eonycteris spelaea (Beck and
Lim, 1973), Macroglossus minimus (McKean, 1972a, b; Hood and Smith, 1989), M.
sobrinus and Balionycteris maculata (Davidson, 1992).

An interesting adjunct to the reproduction of the pteropid Dyacopterus
spadiceus is lactation in the male. The histology of the male mammary glands
showed them to be similar to those of lactating females. Francis et al. (1994) offer
some possible explanations, the most plausible of which is that the glands
hypertrophy under the influence of elevated dietary oestrogens (phytoestrogens), in
which case the response would be better termed galactorrhoea. A more exact
physiological explanation awaits a careful study measuring the circulating
hormones in the plasma to determine the mediating mechanisms inducing milk
expression.

Secondary sexual characteristics are well represented in the Pteropodidae. The
most conspicuous specializations are the bulbous muzzle and gigantically
hypertrophied larynx in the strikingly larger male hammer-headed bat,
Hypsignathus monstrosus. These are utilized as resonating spaces to produce loud
calls to which females are attracted for breeding in their lek mating system
(Bradbury, 1977). Courtship vocalizations (calling territories) are also part of the
male mating pattern in Epomophorus wahlbergi (Wickler and Seibt, 1976),
Epomops buettikoferi and Micropteropus pusillus (Thomas and Marshall, 1984).
Other specializations include shoulder tufts or epaulets in Epomops,
Epomophorus, Megaloglossus, Micropteropus and Nanonycteris (Rosevear, 1965;
Marshall and McWilliam, 1982) for which roles in both display and olfactory
signalling have been suggested (Wickler and Seibt, 1976), and neck-chest ruffs in
male P. conspicillatus (Spencer and Flick, 1995), Rousettus (some species),
Nanonycteris, Megaloglossus and Eidolon (Rosevear, 1965). In P. conspicillatus,
males were seen to anoint their neck ruffs with a cranberry-red secretion produced
from the urogenital tract. This secretion was found to contain high concentrations
of long chain fatty acids (Spencer and Flick, 1995).
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4.6.2 Rhinopomatidae

Occupying the arid and semi-arid, more temperate parts of northern Africa,
southwestern Asia and India to Thailand and Sumatra (Hill and Smith, 1984),
two (Rhinopoma microphyllum [= R. kinneari] and R. h. hardwickei) of the
three species studied to date demonstrate that this monogeneric group is
monoestrous, breeding in spring upon arousal from winter torpor. Following a
three-month gestation, birth and lactation period, females enter anoestrus until
the following spring. Males, with their permanently abdominal testes, are
spermatogenic in winter at decreased body temperatures (Anand Kumar, 1965;
Racey, 1982; Singwi and Lall, 1983; Karim and Banerjee, 1985) rather than in
the late summer as in most bat species that hibernate. In R. hardwickei,
testicular involution can precede the cessation of oestrus; however, copulation
is effected one month later by epididymal sperm stores (Karim and Banerjee,
1985). Sperm also persist in the epididymides and ampullary glands of R.
kinneari for much of the year (Anand Kumar, 1965). The accessory sex gland
cycle is in synchrony with the testicular cycle.

4.6.3 Craseonycteridae

There is no information on the reproductive cycle of Craseonycteris thonglongyai,
the only representative of this recently discovered monogeneric, monotypic family
that is restricted to western Thailand (Hill, 1974; LeKagul and McNeely, 1977; Hill
and Smith, 1984; Nowak, 1994).

4.6.4 Emballonuridae

Primarily tropical in distribution in both the New and Old World (Koopman, 1970;
Koopman and Jones, 1970; Hill and Smith, 1984), the extensive range of this family
gives rise to a variety of reproductive strategies. Females are either monoestrous or
seasonally polyoestrous. Virtually nothing has been published on the reproduction
of the New World genera Cormura, Centronycteris or Cyttarops. There is a dearth
of information on male emballonurids.

Monoestrous species include Taphozous melanopogon (Brosset, 1962b;
Khaparde, 1976), T. nudiventris (= T. kutchensis) (Al-Robaae, 1968; Krishna and
Dominic, 1982a), T. georgianus (Kitchener, 1973, 1976; Jolly and Blackshaw, 1987,
1988); T. hilli (Kitchener, 1980, 1983), T. hildegardeae (McWilliam, 1982, 1988c),
Saccolaimus flaviventris (Chimimba and Kitchener, 1987), Peropteryx macrotis, P.
leucoptera, Balantiopteryx io, B. plicata (Lopez-Forment, 1981).

The male reproductive cycle is known for very few of these. Male B. plicata are
known to have epididymal sperm throughout the year with sperm numbers
increasing at the onset of the highly stable, synchronized breeding season and
decreasing at its termination (Lopez-Forment, 1981). Taphozous nudiventris is a
winter hibernator in part of its geographic range (southern Iraqg). As in many
temperate dwelling hibernating species, females store spermatozoa which
presumably effect conception upon arousal (Al-Robaae, 1968). One wonders if
males also store epididymal spermatozoa during hibernation. There is no
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information either on the male cycle for this species in the parts of its range where
it does not hibernate (Brosset, 1962a; Krishna and Dominic, 1982a).

Male reproduction is well documented for T. georgianus in Australia (Kitchener,
1973, 1976; Jolly and Blackshaw, 1987, 1988). The testes are actively
spermatogenic year-round with peak activity in the autumn; however, there is a
marked asynchrony between the testicular and accessory gland (spring) cycles. The
extended parturition season of five months suggests that there is a prolonged
mating season during which receptive females are inseminated. This is made
possible by epididymal sperm stores. Taphozous hilli (Kitchener, 1980, 1983) also
stores epididymal sperm throughout the year; however, copulation, ovulation and
fertilization are apparently restricted to a brief period in this species. Movement of
the testes between the scrotum (summer, presumably spermatogenic), inguinal
canal (late autumn—early winter) and abdomen (mid-winter—spring, likely not
spermatogenic) presumably reflects the gametogenic cycle. Taphozous
hildegardeae males display a seasonally bimodal increase in testicular weight
which correlates with the two annual rainy seasons in Kenya; however, the second,
much smaller hypertrophy, which is not matched by hypertrophy of the accessory
gland complex, does not result in conception. McWilliam (1988c) speculated that
this behavior is a relic of an ancestral polyoestrous pattern of reproduction. It may
also be significant to the maintenance of harem polygyny.

Polyoestrous species include Taphozous longimanus (Krishna and Dominic,
1982a, b, 1983a; Gopalakrishna, 1954, 1955), T. perforatus (Harrison, 1958a;
Rosevear, 1965), Saccolaimus (= Taphozous) peli (Lang and Chapin, 1917;
Kingdon, 1974), Emballonura monticola (Medway, 1978), E. (= Mosia) nigrescens
(McKean, 1972a, b), Coleura seychellensis (Nicoll and Suttie, 1982), Peropteryx
kappleri (Giral et al., 1991), Rhynchonycteris naso (Bradbury and Vehrencamp,
1976, 1977; Dalquest, 1957). Some are seasonally bimodal while others are
continuously polyoestrous and some (e.g. Taphozous longimanus in India: Krishna
and Dominic, 1982a, b, 1983a; Gopalakrishna, 1954, 1955) can be either, depending
on latitude. A third annual peak in testicular hypertrophy in this species at more
northerly latitudes apparently does not result in conception (Krishna and Dominic,
1982a). Nothing is known of the male cycle in more northerly latitudes where
parturitions occur throughout the year. Gopalakrishna (1954) reported that male T.
longimanus around Nagpur were spermatogenic in all months of collections (none
made in April and May), and Krishna and Dominic (1982a) found that T.
longimanus had epididymal sperm throughout the year. Male fecundity in P,
kappleri may be a biannual event in synchrony with the bimodal oestrous cycle
(Giral et al., 1991). Plumpton and Jones (1992) reviewed data on male testicular
size for a variety of localities and dates for R. naso and concluded that there was
no consistent spermatogenic pattern in this species.

Some species of emballonurids are monoestrous in parts of their range and
polyoestrous in others. These include Taphozous mauritianus (Allen et al., 1917;
Lang and Chapin, 1917; Smithers, 1971; Anciaux de Faveaux, 1973; Kingdon, 1974;
O’Shea and Vaughan, 1980; Happold and Happold, 1990; Nowak, 1994), T.
perforatus (Harrison, 1958a; Brosset, 1962a, b; Kock, 1969; McWilliam, 1982),
Coleura afra (Kock, 1969; McWilliam, 1987a), Saccopteryx leptura (Bradbury and
Emmons, 1974; Nowak, 1994) and S. bilineata which is primarily monoestrous
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(seasonal or aseasonal) over its geographic range except in Costa Rica where it is
polyoestrous (Young, 1972; LaVal and Fitch, 1977). Some observations on C. afra
were made in Kenya where McWilliam (1987a) reported that this species has two
reproductive cycles annually. Testicular activity increased at the time of greatest
body mass at the end of the two annual rainy seasons when copulation occurs. In
Ghana, where this species is also polyoestrous, there is only one annual rainy
season; however, it is of sufficient length (seven months) to permit two birth
periods. There is no information on the male at this location or in the Sudan where
the species has one annual cycle.

Secondary sexual characteristics are well developed in the emballonurids. They
include ventral throat (gular) glands (described in detail in T. longimanus: Pondey
and Dominic, 1987), jaw, chin or sternal skin glands that cycle seasonally in
concert with the male reproductive cycle. In most cases, the glands are functional
only in the male and may be undeveloped or absent entirely in females and in
young, prepubertal males. Males make use of the thick, odoriferous, sebaceous
secretion from these glands to mark their territory, self and/or females, presumably
to defend and enhance their breeding success. Geographic variation is evident in
the gular sac in T. mauritianus. In Nigeria and Mozambique it is only present in
males (Smithers and Tello, 1976; Happold, 1987), while in West Africa the males
have a functioning sac and females have a vestigial pouch (Rosevear, 1965). In the
Sudan a functioning gular sac is present in both sexes, though more highly
developed in the male (Koopman, 1975). In male T. (= Saccolaimus) flaviventris
(Hall and Gordon, 1982) the gular pouch has no glandular tissue nor connection to
the traditional glandular region deep to the throat skin; however, the proximity of
a tubercle duct opening from a nearby sebaceous gland suggests the possibility that
its fatty secretion might enter the throat pouch. New World emballonurids lack the
gular pouch, but a number of species have glandular sacs or pouch-like structures
in the antebrachial membrane which open either on the dorsal or ventral surface of
the wing (Goodwin and Greenhall, 1961; Bradbury and Emmons, 1974; Bradbury
and Vehrencamp, 1976; Lopez-Forment, 1981). These structures, which are far
better developed in the male, are used in association with wing movements, vocal,
flight and olfactory displays and are employed by males to attract and retain harem
females during courtship and in defending territory.

4.6.5 Nycteridae

This monogeneric family is primarily tropical in distribution, although some
species occur in the grassy savanna and arid regions of Africa and southwestern
Asia (Koopman and Jones, 1970; Bernard, 1982; Hill and Smith, 1984). Within this
large area of ecological diversity, nycterids show relative homogeneity in their
reproductive strategies.

The species about which most is known, Nycteris thebaica, is monoestrous in the
subtropical, temperate regions of South Africa with a longer than usual gestation of
five months and a three-month anoestrus (Bernard, 1982). Male and female cycles
are synchronized; spermatogenesis commences in late summer and the
epididymides contain mature sperm from autumn to summer (Bernard, 1976). Both
reproductively active and inactive males were found concurrently by Verschuren
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(1957). This may reflect age (adult v. subadult) rather than a dysynchrony in the
testicular cycle.

Most nycterid species are polyoestrous with two or more (continuous) cycles per
year, a postpartum oestrus and often no anoestrus. These include Nycteris luteola
(Matthews, 1937, 1941), N. hispida (Lang and Chapin, 1917; Verschuren, 1957), N.
aethiopica (= N. macrotis) (Adams and Hubert, 1976; Anciaux de Faveaux, 1978),
N. javanica (LeKagul and McNeely, 1977), and N. grandis (Verschuren, 1957;
Kingdon, 1974). Information on the males of these species is fragmentary and it is
not known whether they are continuously breeding or not. Matthews (1937) noted
that male N. luteola collected at the time of post partum oestrus were
reproductively functional. Matthews (1941) recorded that male N. luteola had
active testes throughout female oestrus and that copulation followed shortly after
parturition in N. hispida. Anciaux de Faveaux (1978) noted copulation in N.
macrotis in August and October in Zaire and Rwanda, Africa. His summary data on
N. thebaica and N. macrotis from various African states also recorded that breeding
occurred at least twice a year. In N. macrotis, where as many as three litters may
occur in succession, he thought it logical to suspect continuous male fecundity.

4.6.6 Megadermatidae

This family has a large geographic range in the Old World, wherein they are
primarily found in more arid, tropical and subtropical locations (Koopman, 1970;
Hill and Smith, 1984; Nowak, 1994). With the exception of the polyoestrous
Cardioderma cor (Matthews, 1941; McWilliam, 1987b), this family is seasonally
monoestrous.

Details are known for males of the monoestrous species Megaderma lyra
(Ramakrishna, 1951; Ramaswamy, 1961; Pal, 1977, 1984b) which exhibits seasonal
breeding; the testicles are aspermatic for six months of the year. Spermatogenesis
occurs in summer and cauda epididymidal sperm are present for the following six
months, during which time (fall) insemination occurs, following about one month
after maximum testicular weight (which is indicative of the presence of sperm). As
is characteristic for a number of tropical and subtropical Chiroptera, the onset of
the breeding season varies in a north—south cline in India, occurring later in the
southern regions and earlier in the north (Douglas, 1967).

In the polyoestrous species C. cor, Matthews (1941) noted that the ampullary
glands were filled with secretions and spermatozoa when females were pregnant.
Male secondary sexual features that are well developed in this family include
dorsal skin glands in Lavia frons (Rosevear, 1965), vocalizations in C. cor
(Vaughan, 1976; McWilliam, 1987b) that have yet to be correlated to the
individual’s sex or reproductive status, and territory defence in the form of flight
antics, patrols and vocalizations exhibited by male L. frons (Vaughan and Vaughan,
1986).

4.6.7 Rhinolophidae

This widely distributed Old World family (sub-families Rhinolophinae and
Hipposiderinae) covers both temperate and tropical habitats from the British Isles,
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through Africa to the Indo-Australian archipelago and New Hebrides (Koopman
and Jones, 1970). However, little variation occurs in the basic reproductive pattern
of the male.

Monoestry appears to be the rule and male and female gamete cycles are often
not synchronized. In male rhinolophids inhabiting northern, temperate latitudes
spermatogenesis occurs in the spring-summer and concludes in the late
summer—early fall when testicular regression occurs in concert with release of
sperm to the epididymides and hypertrophy of the accessory sex glands.
Dysynchrony between primary and accessory sex organs is similar (but not as
marked) to that occurring in the vespertilionids (Bernard, 1986). Sperm are
stored in the caudae epididymidides until spring arousal from hibernation. They
are then cleared from the male tract. Mating occurs in the fall and can continue
during hibernation with torpid females until their arousal and ovulation in
spring.

Examples of taxa in this category are Rhinolophus ferrumequinum (Courrier,
1927; Vignoli, 1930; Saint Girons et al., 1969) and R. hipposideros (Courrier, 1923b,
1927; Gaisler and Titlbach, 1964; Gaisler, 1966). Several studies on the latter
species have addressed the annual secretory function of the accessory sex glands
(e.g. Pal, 1983a). Two sympatric, southern hemisphere (South African)
rhinolophids, Rhinolophus capensis (Bernard, 1985) and R. clivosus (Bernard,
1983, 1988) and the Australian R. megaphyllus (Krutzsch et al., 1992) follow a
similar pattern of late spring/summer/early fall spermatogenesis. Only in R.
clivosus, however, does copulation occur in the fall followed by sperm storage in
the female until arousal and conception in the spring. In R. megaphyllus
copulation takes place during the winter when spermatogenesis is waning, and
sperm storage does not occur in the female. In R. capensis copulation occurs
towards the conclusion of winter rather than in the preceding autumn, and sperm
are stored only in the male reproductive tract (Bernard, 1985). Interestingly, R.
megaphyllus males retain epididymal sperm for at least four months beyond
conception and beyond the annual secretory life span of the accessory glands
which begin to involute late in winter; nevertheless, the ampullary—seminal vesicle
complex retains luminal secretions and sperm through winter.

In other (mainly tropical) rhinolophids, both sexes produce gametes
synchronously. Ovulation and immediate fertilization follow copulation with no
sperm storage in the female. Sperm may or may not be cleared from the
epididymides soon after copulation. Information is available for male R. rouxi
(Sreenivasan et al., 1973; Ramakrishna, 1976; Gopalakrishna and Rao, 1977), R.
landeri and Hipposideros caffer (Menzies, 1973), H. fulvus (Madhavan et al., 1978)
and H. speoris in some parts of its range (Brosset, 1962a). In other parts of its range
in India, the breeding season of H. speoris is more prolonged; sperm persist in the
epididymal tubules for some time following conception and may be useful for later
insemination of prepubertal individuals who attain sexual maturity after the adult
mating season (Gopalakrishna and Bhatia, 1980, 1983). The accessory glands
remain secretory throughout this extended time. Hipposideros caffer is somewhat
of an enigma, being clearly monoestrous in some parts of its range but possibly
bimodally or continuously polyoestrous in other parts (Bernard and Cumming,
1997).
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The only departure recorded from the monoestry pattern is that reported by
Medway (1969) for three Malaysian species which have two periods of parturition.
These are R. affinis, R. trifoliatus and H. armiger. There is no information on the
males of these species.

Secondary sexual characteristics specific to male rhinolophids include a variety
of skin glands that secrete odoriferous substances (Kingdon, 1974). These glands
(e.g. para-anal-penile glands of Hipposideros cyclops, shoulder glands of R.
landeri, axillary pseudonipples of R. alcyone, bulbous forehead glands of H.
cyclops and H. commersoni) are often associated with specialized hair adornments
(e.g. tufts and plumes). In several instances it has been observed that the activity of
these various glands correlates with the male active reproductive season (e.g.
Mainoya, 1979).

4.6.8 Noctilionidae

This small family of two species is restricted to the neotropics where it is widely
distributed from Sinaloa and southern Vera Cruz, Mexico, the West Indies, middle
and South America to northern Argentina (Koopman and Jones, 1970; Koopman,
1970; Hill and Smith, 1984; Nowak, 1994).

Although there have been no detailed studies on male reproduction in this family,
the many reports stemming from field observations suggest that females of both
species are monoestrous. This certainly holds true for Noctilio albiventris in which
autumn—winter insemination coincides with ovulation; birth occurs in spring
(Anderson and Wimsatt, 1963; Davis et al., 1964; Hooper and Brown, 1968; LaVal
and Fitch, 1977; Rasweiler, 1979; Hood and Pitocchelli, 1983). Rasweiler (1977)
noted a high incidence of uterine sperm in non-pregnant females sampled from
nature over a period of several weeks; he speculated on the possibility of extended
sperm survival, prolonged receptivity to males or slow elimination of sperm from
the female tract; however, the significance of this observation remains unknown.
Limited data promote the possibility that N. leporinus conceives a second litter/year
by virtue of a postpartum oestrus (Hood and Jones, 1984), a scenario that is supported
by observations of a virtually continuous presence of lactating females in Cuba (Silva
Taboada, 1979). The male sexual cycle is not known for either species.

An interesting secondary sexual characteristic in this family has been reported in
males of both species of Noctilio. Inguinal (Studier and Lavoie, 1984) or parascrotal
(Dunn, 1934) folds of skin on the lateral side of the scrotum or in the inguinal region
only become visible when the testes are descended into the scrotum which occurs
apparently during the breeding season (Dunn, 1934). These ridges produce a strong,
musky odor and as such are thought to serve a secondary sexual function. Studier
and Lavoie (1984), however, determined that these structures were not glandular
and that the odor was the product of bacterial metabolism. No direct sexual function
has yet been ascribed to them but they may have a hedonic role.

4.6.9 Mormoopidae

This small family of eight species (Koopman, 1993) has an extensive range in
neotropical regions of the New World (from Brazil northward to Mexico,
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southeastern Arizona and southwestern and central Texas, West Indies and most of
the Bahamas) where it occupies habitats ranging from hot and humid to dry, semi-
arid and arid (Hill and Smith, 1984).

The mormoopids are monoestrous, the timing of breeding activity varying
geographically irrespective of season (Carter, 1970; Fleming et al., 1972; Wilson,
1973; Garrido-Rodriguez et al., 1984; Rezsutek and Cameron, 1993; Lancaster and
Kalko, 1996). Information on the male reproductive cycle is scant. Numerous
reports on testicular dimensions document that their length varies throughout the
year, and perhaps this information can be used to estimate reproductive cyclicity
and readiness. These data have been used to demonstrate the coincidence of
maximal testicular length with January mating of Pteronotus davyi (Jones, 1966;
LaVal, 1972; Jones et al., 1973); males collected later in the year had smaller testes
(Adams, 1989). Garrido-Rodriguez and Lopez-Forment (1981) and Garrido-
Rodriguez et al. (1984) recorded testes length in P. parnellii and noted that only
those 3.0 mm or longer contained mature sperm. Epididymal sperm were noted
from December through February. Observations of accessory gland hypertrophy
have been used to estimate the time of copulation (January) in this species
(Garrido-Rodriguez et al., 1984). Together, these scant observations suggest a single
annual male cycle that coincides with that of the female.

No special secondary sexual characteristics have been reported for the
mormoopids, probably because so little is known about this family. It may also be
true that such characteristics are not well marked in a species that resides in
sexually segregated colonies. When the sexes congregate together they do so in
large breeding colonies where mating is random and secondary sexual clues are
perhaps less important.

4.6.10 Phyllostomidae (including Desmodontidae)

Widely distributed in the New World, they occur in temperate to tropical areas
(Koopman and Jones, 1970; Hill and Smith, 1984; Nowak, 1994). A range of
reproductive strategies has been recorded in this large family of some 142 species,
representing 49 genera (Koopman, 1993). Based on the occurrence of oestrus and
pregnancy they, like the Pteropodidae, can be sorted into three basic schemes
(monoestrous and bimodally and continuously polyoestrous). Data suggest that the
annual reproductive cyclicity of the male probably parallels that of the female with
synchronized gamete production (Krutzsch et al., 1976; Taddei, 1976; Wilson,
1979; Fleming, 1988; Handley et al., 1991).

Monoestrous species include Macrotus californicus, Anoura geoffroyi,
Leptonycteris curasoae, Choeronycteris mexicana and Phyllostomus hastatus
(Fleming et al., 1972; Wilson, 1973, 1979; Krutzsch et al., 1976; Taddei, 1976;
Willig, 1985b; Graham, 1989; Brosset and Charles-Dominique, 1990; Heideman et
al., 1992; Baumgarten and Vieira, 1994; Martino et al., 1998). Males, in concert
with females, appear to have a single annual period of libido following which the
primary and accessory sex organs synchronously involute. In M. californicus, for
which there is detailed information on the male, the primary and accessory male
cycles are closely synchronized; levels of testosterone correlate with
spermatogenesis as do changes in steroid synthesizing organelles of the Leydig
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cells (Krutzsch et al., 1976). In A. geoffroyi, Heideman et al. (1992) found that
maximum testicular size coincided with an annual mating in July and August in
Trinidad. Data on seasonal changes in testicular size are not available for other
parts of the range of this species where females also appear to be monoestrous
(Willig, 1985b; Graham, 1989; Brosset and Charles-Dominique, 1990; Baumgarten
and Vieira, 1994). Testicular descent as well as size (McCracken and Bradbury,
1981) is a clue to the onset of male fecundity; these coincided with the annual
period of oestrus and copulation between late October and early December in P,
hastatus in Trinidad. In Brazil, testicular activity and epididymal sperm were seen
only between May and July; females were reproductively active only in the second
half of the year (Taddei, 1976).

Polyoestrous species include Desmodus rotundus (Wimsatt and Trapido, 1952;
Burt and Stirton, 1961; Goodwin and Greenhall, 1961; Greenhall, 1965; Mann and
Aulagnier, 1995), Stenoderma rufum (Gannon and Willig, 1992), and Sturnira
lilium (Sanchez et al., 1986). This pattern may pertain in part of the geographic
range of some other species which are elsewhere in their range bimodally
polyoestrous. These include Glossophaga soricina (Taddei, 1976; Wilson, 1979;
Willig, 1985b; Graham, 1989), Artibeus lituratus (Goodwin and Greenhall, 1961;
Tamsitt and Valdivieso, 1963, 1965; Tamsitt, 1966; Taddei, 1976), Artibeus
planirostris (Taddei, 1976; Graham, 1989), Vampyrops (= Platyrrhinus) lineatus,
Anoura caudifera and Carollia perspicillata (Taddei, 1976). Data concerning the
male cycle of these species are fragmentary (Wimsatt and Trapido, 1952; Dalquest,
1955; Burt and Stirton, 1961; Hall and Dalquest, 1963; Greenhall, 1965; Mann and
Aulagnier, 1995; Villa-R, 1966). Males in full sexual activity are found in all
seasons; however, it is not clear for most species whether continuous fecundity is
an individual or population-wide scenario. For A. lituratus, although there is
seasonal variation in testicular size, adult males were found to be fully sexually
active with sperm-filled epididymides throughout the year (Tamsitt and Valdivieso,
1963, 1965). The mean diameter of seminiferous tubules and the height of the
epithelium remained unchanged seasonally. Leydig cells were always small and
few in number. Tamsitt and Valdivieso (1965) speculated that their hormone
production is constant throughout the year and at a level to maintain
spermatogenesis. They did not examine the steroid-dependent accessory glands to
determine their size or secretory state, critical factors in determining male
reproductive activity.

Most phyllostomids are bimodally polyoestrous. These include Micronycteris
megalotis, Phyllostomus hastatus (part of its range, i.e. Columbia), P. discolor,
Tonatia silvicola, Trachops cirrhosus, Anoura candifera, Glossophaga soricina
(part of its range), Leptonycteris curasoae (= sanborni), Carollia brevicauda, C.
castanea, C. perspicillata, C. subrufa, Artibeus anderseni, A. cinereus, A.
fraterculus, A. glaucus, A. jamaicensis, A. lituratus (part of its range), A. phaeotis,
A. planirostris, A. watsoni, Chiroderma trinitatum, Platyrrhinus (= Vampyrops)
helleri, Sturnira bogotensis, S. erythromos, S. lilium, S. magna, Uroderma
bilobatum, Vampyressa nymphaea, V. (= Mesophylla) macconnelli, V. pusilla,
Vampyrodes caraccioli (Fleming et al., 1972; Wilson, 1973, 1979; Graham, 1989).
Most of these species have had their reproductive periodicity and seasonality
established by observation of the female cycle where conspicuous events such as
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pregnancy, lactation, or concurrent pregnancy and lactation clearly mark their
reproductive cycle. Geographical variation exists in the timing of mating and birth
(Wilson, 1979). Evidence defining the male reproductive cycle is less readily
recognized grossly and it requires histological confirmation. Details of the male
reproductive cycle and its controlling factors for the polyoestrous phyllostomids
are thus very poorly understood.

Fleming et al. (1972) employed testicular length as an indicator of the
reproductive state of male A. jamaicensis, Uroderma bilobatum, C. perspicillata
and G. soricina. They found that those individuals with testes 6.0 mm or greater
in length were in active spermatogenesis. These observations were confirmed by
histological examination; however, for A. jamaicensis at least, the testes
remained over 6.0 mm in length in the non-reproductive period, so such a gross
observation as an indicator of function may not be reliable for this species. The
onset and termination of the testicular gametic cycle, though poorly defined by
their small sample, appeared to correlate with female sexual receptivity and
pregnancy. For example, in adult reproductively active female A. jamaicensis
(July—August and March), U. bilobatum (September—October and February—
March) and C. perspicillata (October and March), the male testicular size was
largest just preceding female receptivity and smallest when females were
pregnant or sexually inactive. For C. perspicillata, Fleming (1988) speculated
that because there were at least some males with enlarged testes in all months
of the year that the population contained sexually competent males the year-
round. Testis size in adult males, as related to age and season, was investigated
with the thought that older males were more likely to have the largest testes
and therefore sire offspring. His research also suggested that the dominant
territorial males (which are the oldest) have the greatest success in inseminating
females. Male copulatory, as well as acoustic and territorial behavior, has been
described by Porter (1979a, b) and male-male and male—female interactions
have been reviewed by Fleming (1988).

Observations by Handley et al. (1991) on A. jamaicensis in Panama confirmed
those of Fleming et al. (1972) and Wilson (1973, 1979) that adult males have
enlarged spermatogenic testes when females are receptive in postpartum oestrus.
The degree of asynchrony in parturition indicates that males may be capable of
insemination for a relatively extended period, overlapping both parturition peaks.

Secondary sexual characteristics are variably expressed in the reproductively
active and/or harem defensive males of a number of phyllostomid taxa. Skin glands
that are most often sebaceous and function only in the male, are found in the throat
or sternal area of Phyllostomus discolor and P. hastatus (Goodwin and Greenhall,
1961; Valdivieso and Tamsitt, 1964); their activity correlates with the male
reproductive cycle. Goodwin and Greenhall (1961) have also described lappets of
loose skin on the chin of male Centurio senex that probably contain scent glands.
Davis et al. (1964) and Goodwin and Greenhall (1961) have remarked on
odoriferous glands in the shoulder patches of male Sturnira lilium and S. mordax.
A large number of behavioral patterns have also been attributed to the reproductive
process in this family including vocal emissions, elaborate wing movements,
nosing and tongue extension. Many of these are associated with harem formation
and maintenance (see Chapters 8 and 9).
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4.6.11 Natalidae

This family occurs in the tropical lowlands of the New World from northern
Mexico and southern Baja, California southward to Brazil. It achieves its greatest
diversity in the West Indies where it is represented by all five of its currently
recognized species (Koopman, 1993; Nowak, 1994). Since there is relative
ecological stability in the areas it inhabits, it is likely, though not yet demonstrated,
that there is little variation in reproductive strategies among taxa.

There has been little published on male reproductive events since the review of
this apparently monoestrous, monogeneric family by Krutzsch (1979). Testes that
are hardly visible without the aid of a dissecting microscope during the inactive
reproductive period in Natalus stramineus begin to increase in size in late
September—October to reach about 2.4 mm long x 1.5 mm wide during the breeding
season (December and January: Mitchell, 1965). The caudae epididymidides also
increase in size and appear to be engorged with sperm at this time, remaining so
until early April, several months after breeding. The accessory glands exhibit a
parallel functional cycle to that of the testes, gradually involuting to the resting
state in March—April. This chain of events conforms well to the onset of the
extended delayed embryonic development characteristic of the female gestation
cycle. It is likely that other Natalus taxa express a similar male cycle as evidenced
by Goodwin’s (1970) report on N. major (= N. stramineus) and N. micropus from
Jamaica. Confusing, but of interest, is the presence of cauda epididymidal
spermatozoa well into the extended gestation period. This is a seemingly
redundant phenomenon unless it serves unfertilized females or young adults
entering the reproductive pool during the prolonged period of delayed
embryogenesis exhibited by the major segment of the adult female population.

Male secondary sexual characteristics, other than the unique ‘natalid organ’
(Dalquest, 1950), have not been recorded. This organ (13.0 mm long x 7.0 mm wide
x 2.0 mm thick) is a bell-shaped, flattened mass that covers the frontal region of the
skull of N. mexicanus. The organ consists of a mass of tubules separated by layers
of connective tissue. Although it shows evidence of sensory and glandular
capabilities, no function has been ascribed to it.

4.6.12 Furipteridae

These bats are primarily distributed in tropical South America, Trinidad, West
Indies, Panama and Central America (Koopman and Jones, 1970; Hill and Smith,
1984; Nowak, 1994).

Little is known regarding the reproductive biology of this family. Pregnant females
with a single foetus have been recorded in June, August and October in Peru (Graham,
1989) and November in Ecuador (Ibanez, 1985). Nothing has been published on the
male reproductive cycle or the presence of secondary sexual features.

4.6.13 Thyropteridae

This small monogeneric family of two species occurs in the tropical American
mainland from southern Mexico to southern Brazil and in Trinidad (Koopman and
Jones, 1970; Hill and Smith, 1984; Nowak, 1994).
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Almost nothing is known of the reproductive biology of the disc-winged bats.
Circumstantial information on female Thyroptera tricolor suggests it is likely
polyoestrous (Wimsatt and Enders, 1980; Rasweiler, personal communication) with
at least two breeding cycles per year. This strongly indicates the likelihood of two
(or more) spermatogenic cycles in the male or continuous spermatogenesis. To date
this has not been substantiated. A histological study of the male reproductive tract
of museum specimens might provide an answer to this speculation and could be a
productive undertaking by future students of chiropteran reproductive biology.

4.6.14 Myzopodidae

This monogeneric and monotypic family is endemic to Madagascar (Koopman and
Jones, 1970).

There is no published information concerning the reproductive biology of either
sex of Myzopoda aurita.

4.6.15 Vespertilionidae

This, the largest chiropteran family, is also the most widespread, occurring on all
continents to the limits of forests in the subarctic and subantarctic and reaching
many oceanic islands (Koopman and Jones, 1970; Hill and Smith, 1984). Not
surprisingly, a large variety of reproductive strategies have evolved.

Most temperate-dwelling northern and southern hemisphere vespertilionid bats
of both the Old and New World that have been studied are monoestrous. Males
likewise have one annual reproductive cycle. Spermatogenesis commences in the
late spring and summer and ceases prior to the autumn breeding season. Interstitial
cells involute (‘Myotis Pattern’: Gustafson, 1979) or are reduced in function
(‘Pipistrellus Pattern’: Gustafson, 1979) at the onset of mating. Females enter
hibernacula either pregnant (Miniopterus schreibersii, M. australis; Richardson,
1977) or with stored sperm. A cauda epididymidal (and sometimes an ampullary
gland) sperm store is also retained by all males in this category until cleared from
the reproductive tract following their arousal from hibernation in the spring. Upon
the apparent waning of the closely synchronized testicular-androgenic cycle in the
autumn, the accessory sex glands hypertrophy and become secretory, remaining so
throughout hibernation (except in the ‘Miniopterus Pattern’: Gustafson, 1979) and
allowing additional inseminations during this period. The accessory glands
quickly regress upon arousal from hibernation in spring (Christian, 1956;
Gustafson, 1976, 1979; Krutzsch, 1961, 1975; Krutzsch and Crichton, 1986; Miller,
1939; Pearson et al., 1952; Racey, 1974; Racey and Tam, 1974). The apparent
asynchrony between the testicular and accessory gland cycles of Holarctic
hibernating vespertilionids has been a topic of extended discussion, particularly
with regard to the androgenic (interstitial cell) control of accessory gland function
when the testes seem involuted. The role of sex steroid binding proteins in the
availability of circulating testosterone has been discovered and defined (e.g.
Gustafson, 1975, 1987; Gustafson and Shemesh, 1976; Damassa et al., 1982, 1983,
1985; Gustafson and Damassa, 1984, 1985, 1987; Gustafson et al., 1985). This
subject is addressed in detail in Chapter 2.
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Monoestrous species include Pipistrellus hesperus (Krutzsch, 1975), P. subflavus
(Krutzsch and Crichton, 1986), P. kuhli (Andreuccetti et al., 1984), P. pipistrellus
(Racey and Tam, 1974), Nyctalus noctula (Kleiman and Racey, 1969; Racey, 1974,
Gaisler et al., 1979), Lasiurus intermedius (= Dasypterus floridanus) (Sherman,
1939), Antrozous pallidus (Hermanson and O’Shea, 1983; Beasley et al., 1984;
Beasley and Zucker, 1984), Myotis lucifugus (Guthrie, 1933a, b; Miller, 1939;
Wimsatt, 1960, 1969; Gustafson, 1976, 1977, 1979), M. austroriparius (Rice, 1957),
M. velifer (Krutzsch, 1961; Hayward, 1970; Kunz, 1973), M. californicus (Krutzsch,
1954), M. thysanodes (O’Farrel and Studier, 1973), M. volans (Druecker, 1972), M.
sodalis (Guthrie, 1933a, b; Miller, 1939), M. grisescens (Miller, 1939), M. myotis
(Sluiter, 1961), M. chiloensis (Pearson and Pearson, 1989), M. capaccini (Courrier,
1927), M. blythi (= M. oxygnathus) (Koceva, 1970), Lasiurus ega (Myers, 1977),
Chalinolobus morio (Kitchener and Coster, 1981), C. gouldii (Kitchener, 1975),
Vespadelus regulus, Nyctophilus geoffroyi and N. major (Hosken et al., 1998), N.
gouldi (Kitchener, 1975; Tidemann, 1982; Phillips and Inwards, 1985), Eptesicus
fuscus (Christian, 1956), E. nilssonii (Rydell, 1993), E. vulturnus (Tidemann, 1982),
E. pumilus (Green, 1965; Tidemann, 1982), E. regulus (Kitchener and Halse, 1978),
Barbastella barbastellus (Rydell and Bogdanowicz, 1997), Miniopterus schreibersii
(Courrier, 1923a, b, 1927; Richardson, 1977; Pal, 1983b; Krutzsch and Crichton,
1990a; Bernard and Cumming, 1997), Plecotus auritus (Swift, 1998; Entwistle et al.,
1998), P. (= Corynorhinus rafinesquei) townsendii (Pearson et al., 1952), P. (=
Corynorhinus) rafinesquei (Jones, 1977) and Vespertilio superans (Oh, 1977).

A number of tropical-dwelling vespertilionids are also monoestrous. These
include Pipistrellus ceylonicus (Madhavan, 1971; Bates and Harrison, 1997), P.
rusticus (van der Merwe and Rautenbach, 1990), Nycticeius schlieffeni (van der
Merwe and Rautenbach, 1987), Miniopterus schreibersii (Baker and Bird, 1936;
Dwyer, 1963b; Richardson, 1977), M. australis (Baker and Bird, 1936; Dwyer, 1963a,
1968; Medway, 1971; Richardson, 1977), Scotophilus wroughtoni (Gopalakrishna,
1947, 1948, 1949), S. heathi (Bates and Harrison, 1997), Eptesicus capensis (van der
Merwe, 1994), Histiotus montanus (Pearson and Pearson, 1989) and Lasiurus ega
(Myers, 1977). In these species, in contrast to temperate-dwelling vespertilionids,
copulation (usually in spring) is immediately followed by ovulation and
fertilization. Characteristic of some of these species is the presence of spermatozoa
in the epididymides often for several months prior to and following conception. In
some tropical taxa, sperm are also stored in the female reproductive tract following
copulation, e.g. Tylonycteris pachypus, T. robustula (Medway, 1972), Scotophilus
heathi (Bates and Harrison, 1997), and Pipistrellus nanus (Bernard et al., 1997).
Pipistrellus nanus may be polyoestrous in other parts of its range (Anciaux de
Faveaux, 1973; LaVal and LaVal, 1977) as also is Rhogeessa minutilla (Sosa et al.,
1996). In Lasiurus ega, epididymal sperm are available some three months prior to
breeding and persist for several months beyond (Myers, 1977). The testicular
gametic and interstitial gland cycles begin to decline prior to conception. In the
South African Miniopterus minor (Bernard and Cumming, 1997), sperm are first
present in the testes in early autumn (March) and remain in the cauda epididymidis
until early winter (July). In Kenya, McWilliam (1988b) found that M. minor
underwent testicular recrudescence, accompanied by hypertrophy of the accessory
sex glands, during the ‘long rains’ (April-June) (= autumn). All reproductive organs
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involuted following mating in July (early winter) and remained inactive until the
following April (autumn).

A departure from the dominant monoestrous vespertilionid pattern is expressed
in many tropical and subtropical species where bimodal polyoestry and/or
continuous reproduction are recognized. A number of species are bimodally
polyoestrous in one area of their range and continuously breeding elsewhere, e.g.
Myotis adversus (Dwyer, 1970a, b) and Eptesicus pumilus (Maddock and McLeod,
1976), probably in response to ecological cues (Dwyer, 1970a). Male M. adversus
show two peaks of reproductive activity in areas where females produce two litters
a year, whereas in areas where three litters are born (September, December and
March), the epididymides remain enlarged from June to September and from
December to March. Eptesicus pumilus is thought to have three reproductive
periods but continuous male fecundity has not yet been confirmed (Maddock and
McLeod, 1974, 1976).

Details of the male reproductive cycle in other vespertilionids that have been
reported as polyoestrous are fragmentary. These include Glauconycteris variegata
(Kingdon, 1974) and Scotophilus nigrita (Smithers, 1971). Male Mimetillus
moloneyi is reported (Kingdon, 1974) to have enlarged testes in January and June,
and females parturate in February/March and in August. Myers (1977) reported on
the reproduction of four New World southern hemisphere, non-hibernating
vespertilionids in Paraguay (22°-25°S). Three of these, Myotis albescens,
Eptesicus furinalis and M. nigricans are bimodally polyoestrous with a possible
third cycle occurring in M. albescens. Male E. furinalis have two periods of
testicular recrudescence and accessory gland hypertrophy a year, and the period of
male libido may be extended by epididymal sperm storage. Though not marked,
seasonal changes in Leydig cell size occur. Their nuclei are largest during the two
periods of copulation (March—June and September—October). Male M. albescens
appear to behave somewhat differently, having an extended period of
spermatogenesis and accessory gland hypertrophy (autumn to spring) that could
well be permissive to two or more well defined breeding periods (May and October
and possibly January). Myotis nigricans is aseasonally polyoestrous in Paraguay
and in Panama and Mexico (Wilson and Findley, 1970, 1971). Either testicular and
epididymal spermatozoa are present throughout the year (except in the dry season,
September—November, in Panama when females do not reproduce) or male
fecundity is extended by epididymal sperm storage in the wake of the cessation of
spermatogenesis (Mexico). Of interest is the fact that the epididymides of
Paraguayan and Panamanian populations were not as packed with sperm as were
those of E. furinalis, M. albescens or L. ega. It is possible that this reflects constant
turnover (ejaculation) of spermatozoa. Notable in this species is the small size of
the testes relative to body weight. Testicular interstitial cells showed little seasonal
change, and small changes in accessory gland size likely reflect little variation in
circulating androgens.

The widespread, tropical, polyoestrous species Pipistrellus mimus shows
plasticity in the timing of its reproductive cycle, breeding throughout the year at
Mahareshtra, India (19°N: Gopalakrishna et al., 1975) and producing three litters
annually at Varanasi, India (25°N: Krishna, 1985). At Varanasi, adult males have
three peaks of testicular weight and spermatogenesis, between which the testes
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involute, although the epididymides remain full of viable spermatozoa. Changes in
the weight of the accessory glands parallel the gametic activity of the testes.

There are a variety of secondary sexual morphological characteristics that serve
in male recognition and sexual function, e.g. seasonally enlarged anal glands
(Vespertilio murinus) and facial glands (Plecotus auritus) that are thought to be
utilized in the marking of potential roosting sites (Horacek, 1975). Strongly
odoriferous urine coincides with peak testicular function in reproductively active
male Miniopterus minor (McWilliam, 1988b, 1990) and is thought to produce an
‘odor plume’ which acts as an ‘olfactory lek’ for the recruitment of oestrous
females. Behavioral factors that include vocal and flight displays (often
accompanied by songs) may be employed by breeding males to attract and retain
receptive females during courtship and/or male territorial defense. Such behavior
enhances dominant male or male groups enjoy primary access to harem or other
free-foraging females (Gaisler et al., 1979). Harem behavior has been reported for a
number of tropical and temperate vespertilionids (e.g. Myotis adversus: Dwyer,
1970a; M. myotis: Gaisler, 1979; M. blythi: Horacek and Gaisler, 1986; Pipistrellus
nanus: O’Shea, 1980) (see Chapters 8 and 9).

Male copulatory behavior has been described for a number of vespertilionids,
e.g. Plecotus (= Corynorhinus) townsendii (Nader and Hoffmeister, 1983), C.
rafinesquei (Pearson et al., 1952), Antrozous pallidus (Orr, 1954), Myotis lucifugus
(Miller, 1939; Wimsatt, 1945; Findley and Jones, 1967; Racey et al., 1987), M.
grisescens (Miller, 1939), M. sodalis (Hall, 1962), M. nigricans (Wilson and Findley,
1970; LaVal, 1973), M. myotis (Gaisler, 1979). In general, mating most often seems
random and promiscuous with the males seeking out the females. However, Racey
et al. (1987) reported uninseminated Myotis lucifugus females attempting to elicit
copulation from torpid males by positioning themselves against the males and
uttering copulation calls.

4.6.16 Mystacinidae

This family of two species occurs only in New Zealand (Koopman and Jones, 1970;
Hill and Smith, 1984; Nowak, 1994). Mystacina robusta is thought to be extinct and
M. tuberculata endangered.

The few data that exist for this family suggest that M. tuberculata is monoestrous;
mating in autumn is followed by a delay in fertilization, implantation or
development during winter torpor. Gestation begins or continues in spring, and a
single young is born in summer (Daniel, 1979). The greater short-tailed bat (M.
robusta) may have been polyoestrous with parturitions occurring twice a year in
spring and autumn (Daniel, 1979). Regretfully, there is no information on the
reproductive cycle or on secondary sexual characteristics of the male of either
species. However, male courtship behavior has been described for M. tuberculata
(Daniel and Pierson, 1987). This taxon appears to have a lek mating system. Four
to eight males were observed to occupy clustered tree hollows in autumn. Males
took up their stations at the mouths of small tree hollows at dusk, advertising their
presence with intense warbling calls. Such occupied trees were vigorously
defended against other males. Females made brief visits for copulation.
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4.6.17 Molossidae

The free-tailed bats occur in the Old World, from southern Europe and Asia through
Africa (except the Sahara), Malaysia, Indonesia, Australia and the Fiji Islands, and
in the New World, from southern and western United States, through the West Indies,
Mexico and Central and South America (Koopman and Jones, 1970; Nowak, 1994).
Interestingly, smaller members of this group stand apart from the remainder of the
Microchiroptera in escaping the restraints that affect reproduction in most species.
This may be facilitated by their shorter gestation lengths and greater foraging
flexibility (Bernard and Cumming, 1997). Some species migrate rather than persist
and hibernate during winter. The great ecological diversity represented by their
geographic distribution has resulted in the evolution of a number of reproductive
strategies. Molossids are either monoestrous or polyoestrous.

New and Old World temperate-dwelling molossids are primarily seasonally
monoestrous with male libido and female oestrus occurring concurrently. These
include Tadarida brasiliensis mexicana (Krutzsch, 1955a, 1959a; Short, 1961;
Davis et al., 1962), T. b. cynocephala (Sherman, 1937), Eumops perotis californicus
(Krutzsch, 1955b; Cockrum, 1960), E. underwoodi (Barbour and Davis, 1969),
Nyctinomops (= Tadarida) femorosaccus (Cockrum, 1955; Kumirai and Jones,
1990), and N. (= Tadarida) macrotis (Barbour and Davis, 1969; Milner et al., 1990).
The male reproductive cycle is characterized by late winter—early spring testicular
recrudescence, spermatogenesis and androgenesis that, in turn, initiate accessory
sex gland hypertrophy and secretory activity. Oestrous females are inseminated in
the spring, fertilization follows immediately and birth occurs in early summer.
Following the breeding season, the male tract involutes to the resting state. With
the exception of Molossus fortis (Krutzsch and Crichton, 1990b) and Mormopterus
planiceps (Krutzsch and Crichton, 1987), there is no recorded storage of sperm in
the cauda epididymidis of molossids. The male cycle of M. planiceps includes a
protracted gametic cycle from spring to autumn when mature sperm are available
and copulation occurs. The cycle includes subsequent cauda epididymidal sperm
storage and extended accessory gland function which continue beyond the gametic
phase, suggesting extended fecundity and possible inseminations from autumn to
spring (Krutzsch and Crichton, 1987).

A few subtropical and tropical molossids are also monoestrous. Those taxa for
which there is information exhibit classical mammalian male—female synchrony of
reproductive cycles. Examples are Otomops martiensseni (Mutere, 1973; Kayanja
and Mutere, 1978), which demonstrate peak testicular weight and spermatogenesis
concurrently with oestrus and pregnancy, and O. wroughtoni (Brosset, 1962c) and
T. aegyptiaca, whose synchronized male and female reproductive cycles culminate
in a short breeding period in late June (Kashyap, 1980) in India. Tadarida
aegyptiaca is also monoestrous in South Africa (33°S), where testicular sperm are
present in June and breeding occurs in August (winter), following which the
accessory sex gland complex involutes (Bernard and Tsita, 1995). Another
monoestrous, tropical molossid, Neoplatymops (= Molossops) mattogrossensis,
displays complete male—female reproductive synchrony (Willig, 1985a). In a
population from the Caatingas of northwest Brazil, males were reproductively
active (based on testis size) from May to August with parturition ending in
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December. Molossus sinaloae has been reported to be monoestrous in the Yucatan,
Mexico (Heideman et al., 1990) but polyoestrous in Costa Rica (LaVal and Fitch,
1977); there is no information on the male cycle.

New and Old World tropical and subtropical taxa are primarily polyoestrous,
varying in the number of breeding cycles undergone annually. These include
Tadarida (= Mops) condylurus (Braestrup, 1933; Mutere, 1973; Kingdon, 1974;
O’Shea and Vaughan, 1980; Happold and Happold, 1989; Vivier and van der
Merwe, 1996), T. limbatus and T. websteri (Braestrup, 1933), Tadarida (= Mops)
nanulus (Kingdon, 1974), Tadarida (= Mops) midas (Nowak, 1994), Tadarida (=
Mops) longica (Nowak, 1994), Molossus ater (LaVal and Fitch, 1977; Marques,
1986; Rasweiler, 1987, 1992; Nowak, 1994), M. fortis (= M. molossus) (Krutzsch and
Crichton, 1985, 1990b; Graham, 1989), M. pretiosus (Jones et al., 1971; LaVal and
Fitch, 1977; Dolan and Carter, 1979), M. sinalaoe (LaVal and Fitch, 1977), M.
bondae (Gardner et al., 1970; LaVal and Fitch, 1977; Dolan and Carter, 1979),
Promops centralis (Graham, 1989), and Eumops glaucinus (Gardner et al., 1970;
Silva Taboada, 1979; Best et al., 1997).

Other species are remarkably fecund, undergoing three oestrous cycles per year.
The best known of the virtually continuously breeding molossids are Chaerephon
(= Tadarida) hindei from equatorial Uganda (Marshall and Corbet, 1959) and the
widespread African species Chaerephon (= Tadarida) pumila. The latter exhibits
variation in the number of annual oestrous cycles in various areas of its extensive
geographic range, from two (Nigeria: Harrison, 1958b; Botswana: Smithers, 1971;
Kenya and Sudan: Kingdon, 1974) to three or more (Somalia: Harrison, 1958b;
Happold and Happold, 1989; Ghana: McWilliam, 1988a; Uganda: Marshall and
Corbet, 1959; Mutere, 1973; Zambia: Ansell, 1986; South Africa: van der Merwe,
1987; van der Merwe et al., 1987). For most of these species, data concerning the
male reproductive cycle are fragmentary and primarily observational. McWilliam
(1987a, c) noted that in Ghana, Africa, male T. (= Chaerephon) pumila were
spermatogenic throughout the year. Reporting on the same species in Uganda,
Mutere (1973) concluded that the testes showed no significant seasonal variation
in weight; nor did the testes of T. (= Mops) condylurus, regardless of their position
(intra-abdominal or scrotal). For T. (= Chaerephon) hindei, Marshall and Corbet
(1959) recorded that spermatogenesis was not continuous in all males and that in
some cases, where both testes were intra-abdominal, spermatogenesis had ceased
entirely, although the epididymides contained spermatozoa all year. Their findings
clearly suggest that even though the male population may not be constantly
spermatogenic, a store of epididymal spermatozoa provides for successful
inseminations. In M. fortis, Krutzsch and Crichton (1990b) found little annual
variation in testis or accessory gland size, and sperm were present in the male tract
in all months except in specimens obtained in October and December.
Furthermore, these individuals may have been subadults since an adult male from
November had scattered spermatozoa in the testes, epididymides and ductus
deferens. Males of this species may well be continuously fecund to serve the
bimodally polyoestrous females (Krutzsch and Crichton, 1985). In captive female
M. ater, Rasweiler (1992) noted the presence of sperm in vaginal smears for
extended periods following the end of oestrus, indicative of either sperm retention
or continuous fecundity of males housed with them.
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Male secondary sexual characteristics are variably expressed and serve to define
reproductive cyclicity. Pelage characteristics of the male, though rarely distinct
from the female, can be uniquely specialized in some breeding males, e.g. special
odoriferous hair crests in breeding male Tadarida (= Chaerephon) chapini (Allen
et al., 1917; Fenton, 1983; Racey, 1988), T. (= Chaerephon) pumila (Braestrup,
1933; McWilliam, 1988a), T. (= Chaerephon) hindei and T. (= Chaerephon)
limbatus (Braestrup, 1933). Also present in many species is a sexually dimorphic
gular gland which is well marked in the male but most often small and non-
functional in the female. Males exhibit hypertrophy and active secretory function
of this sebaceous-sudoriparous gland (Krutzsch and Crichton, 1990b) during the
breeding season (Herreid, 1960; Davis et al., 1962; Werner and Lay, 1963; Gutierrez
and Aoki, 1973; Mutere, 1973; Dapson et al., 1977; Rasweiler, 1987, 1992;
Heideman et al., 1990). Its activity is apparently mediated by androgens as has
been indirectly demonstrated by castration experiments (Horst, 1966). The active
gland of M. bondae produces a greasy, oily, sebaceous, odoriferous exudate in
which unsaturated fatty acids are prominent (Dapson et al., 1977). Breeding males
have been observed smearing this substance on the dorsal, interscapular surface of
females (Heideman et al., 1990; Rasweiler, 1992) and females have been noted to
be attracted to the gular gland of the male; the emission of high-pitched
vocalizations by the female sometimes accompanied this activity which often
resulted in coitus (Rasweiler, 1987, 1992). Other functions suggested for these
secretions are the marking of territories (Heideman et al., 1990) or as an aid to the
location of roosts (Horst, 1966).

4.7 CONCLUSIONS AND FUTURE DIRECTIONS

There are many gaps in our basic knowledge of the morphology and physiology of
the male reproductive system of Chiroptera. Only a few taxa have been examined
over an extended period of time (one or more annual cycles) in which seasonal
changes in the system have been recorded and related to organ structure and
physiological function. A very limited number of species have had seasonal
reproductive variations correlated with female reproductive events. Gradually data
are being accumulated which document variation in reproductive organ
complement in the male reproductive tract and distinguish their morphological
and functional seasonal changes. In a few representative species, primarily
vespertilionids, rhinolophids and pteropodids, the details of the reproductive
process and the controlling mechanisms have been more critically examined and
described. The light microscopic morphology of the accessory sex glands remains
poorly known, and in virtually none of the Chiroptera has the ultrastructure of the
glands been examined and correlated with their secretory cycle. Little is known
regarding the chemical composition of the accessory sex gland secretions. Those
species that have been studied have primarily been examined histochemically,
although citric and sialic acid, and fructose values have been reported following
chemical assay in a few species.

Published accounts concerning the specialized male secondary sexual organs
and associated behavior indicate that these factors exert a significant role in
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successful mate attraction and retention. However, little is known about the
physiological events mediating their function and cyclicity. Characterization of the
controlling mechanisms and associated behavioral patterns would be a productive
area for future study.

The functional role, if any, of the os penis remains open for resolution, though it
has been suggested that it may play a part in successful coitus. This bony element
is morphologically species specific and has been considered of value in
chiropteran taxonomy. Interestingly, the os penis is absent from the penes of
Emballonuridae, Noctilionidae, Phyllostomidae, Myzopodidae and Mystacinidae,
apparently none of which store sperm.

Planned studies directed at describing the annual male reproductive events are
needed. Neotropical fruit bats (Phyllostomidae) are particularly noteworthy in this
respect. Considerable data exist concerning the female reproductive cycle and
annual seasonality; however, other than Macrotus californicus, little has been
recorded as to the components and function of the male reproductive tract. Such
data should reveal the relationship between male and female reproductive events
and the impact, if any, that female reproductive events exert on the timing of the
male reproductive cycle(s).

A similar paucity of data regarding the male reproductive pattern and tract
structure and function exists for the majority of multi-annual reproductive species.
Future investigators considering such species must first establish the reproductive
tract structure and physiological function and its annual pattern. Following
characterization of the male reproductive tract structure and function, controlled
laboratory studies to determine the physiological controlling mechanisms of
critical events would be ideal.
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Figure 4.1 Family Pteropodidae: the male reproductive tract of Rousettus leschenaulti drawn from
an adult specimen obtained at Johuba, India by Kunwar Bhatnagar. (Figures of the representative
reproductive tracts were rendered from dissected specimens that were preserved in either 10%
ethanol or formalin. In each, the anterior abdominal wall and the pubic symphysis were removed,
and the reproductive tract was viewed from the ventral aspect. The hidden parts of the tract are
shown by dotted lines.The intent is to provide a three-dimensional visualization of the reproductive
tract more or less in situ.)
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Figure 4.2 Family Rhinopomatidae: the male reproductive tract of a non-breeding male Rhinopoma
kinneari (= R. microphyllum) drawn from a specimen obtained at Guana, India by Kunwar Bhatnagar.
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Figure 4.3 Family Emballonuridae: the reproductive tract of an adult male Rhynchonycteris naso
obtained near Catamaco, Veracruz, Mexico by William A.Wimsatt.
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Figure 4.4 Family Noctilionidae: the reproductive tract of an adult male Noctilio leporinus obtained
2 km east of Catamaco,Veracruz, Mexico by William A.Wimsatt.
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Figure 4.5 Family Nycteridae: the reproductive tract of a non-breeding male Nycteris thebaica
from Minufiya province, Egypt. Smithsonian Institute, #312331.
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Figure 4.6 Family Megadermatidae: the reproductive tract of a non-breeding male Megaderma lyra

obtained at Gana, India by Kunwar Bhatnagar.
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Figure 4.7 Family Rhinolophidae: The reproductive tract of an adult male Rhinolophus
ferrumequinum from Japan.
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Figure 4.8 Family Phyllostomidae: The reproductive tract of an adult male Macrotus californicus
obtained near Tucson, Pima County, Arizona, USA.
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Figure 4.9 Family Natalidae: the reproductive tract of an adult male Natulus stramineus obtained

near Alamos, Sonora, Mexico by William A. Wimsatt.
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Figure 4.10 Family Furipteridae: the reproductive tract of an adult male Amorphochilus schnablii
obtained between Chosica and Lima, Peru. Museum of Comparative Zoology, Harvard College,

#33187.
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Figure 4.11 Family Thyropteridae: the reproductive tract of an adult male Thyroptera tricolor
obtained near Sontecomapan,Veracruz, Mexico by William A. Wimsatt.
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Figure 4.12 Family Myzopodidae: the reproductive tract of an adult male Myzopoda aurita
obtained 72 km north of Tulcar, Madagascar. Chicago Field Museum of Natural History, #92833.
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Figure 4.13 Family Vespertilionidae: the reproductive tract of an adult male Lasiurus borealis
obtained near Pittsburgh, Allegheny County, Pennsylvania, USA.
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Figure 4.14 Family Molossidae: the reproductive tract of an adult male Tadarida braziliensis
mexicana obtained at Davis Blow Out Cave, Blanco County, Texas, USA.
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