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Abstract

Gonadotropin-inhibitory hormone (GnlH, also known RFRP-3 in mammals) is an impor-
tant regulator of the hypothalamic-pituitary-gonadal axis and downstream reproduc-
tive physiology. Substantial species differences exist in the localization of cell bod-
ies producing RFRP-3 and patterns of fiber immunoreactivity in the brain, raising the
question of functional differences. Many temperate bat species exhibit unusual annual
reproductive patterns. Male bats upregulate spermatogenesis in late spring which is
asynchronous with periods of mating in the fall, while females have the physiologi-
cal capacity to delay their reproductive investment over winter via sperm storage or
delayed ovulation/fertilization. Neuroendocrine mechanisms regulating reproductive
timing in male and female bats are not well-studied. We provide the first descrip-
tion of RFRP—precursor peptide of GnlH —expression and localization in the brain
of any bat using a widespread temperate species (Eptesicus fuscus, big brown bat) as a
model. RFRP mRNA expression was detected in the hypothalamus, testes, and ovaries
of big brown bats. Cellular RFRP-immunoreactivity was observed within the periven-
tricular nuclei, dorsomedial nucleus of the hypothalamus, arcuate nucleus (Arc), and
median eminence (ME). As in other vertebrates, RFRP fiber immunoreactivity was
widespread, with the greatest density observed in the hypothalamus, preoptic area,
Arc, ME, midbrain, and thalamic nuclei. Putative interactions between RFRP-ir fibers
and gonadotropin-releasing hormone (GnRH) cell bodies were observed in 16% of
GnRH-immunoreactive cells, suggesting direct regulation of GnRH via RFRP signal-
ing. This characterization of RFRP distribution contributes to a deeper understanding
of bat neuroendocrinology, which serves as foundation for manipulative approaches
examining changes in reproductive neuropeptide signaling in response to environmen-

tal and physiological challenges within, and among, bat species.
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1 | INTRODUCTION

Many bat species breed seasonally when reproductive timing is cor-
related with optimal resource supply and environmental conditions
(Racey, 1982). Temperate bat species, however, often exhibit annual
reproductive life history patterns that—while not uncommon in rep-
tiles, amphibians, and fish—are atypical for mammals. Hibernation is a
common overwintering strategy among small mammals, but the tim-
ing of reproductive investment surrounding this period is unique in
bats. Unlike many hibernating rodents, in which both males and females
are reproductively quiescent in the fall and then upregulate repro-
duction in the spring, temperate-zone bats mate in the autumn prior
to overwintering. This results in differing temporal periods of active
reproductive investment between males and females. Often, male bats
exhibit peaks of spermatogenesis in early summer and then engage
in mating behavior in the fall. Once fall mating has occurred, female
bats delay major reproductive investment (gestation/lactation) over
winter, and they have the capacity to store sperm, delay ovulation,
or postpone fertilization depending on the species (Crichton, 2000;
Gustafson, 1979; Oxberry, 1979; E. G. Richardson, 1977; Willis, 2017).
While there is a body of literature highlighting the phenology of these
events and some important factors (i.e., temperature and food avail-
ability) that may serve as cues for reproduction (Racey, 1973; Racey
& Swift, 1981), study of the neuroendocrine mechanisms involved in
regulating reproduction in bats has not progressed significantly since
the 1980s and early 1990s. Intraspecific variation in reproductive phe-
nology and physiological capabilities (e.g., delayed ovulation, delayed
embryonic development), as well as diversity of the environments
inhabited, invites questions surrounding the neuroendocrine control of
bat reproduction.

Like most other vertebrates, bats have a classic hypothalamo-
pituitary-gonad (HPG) axis that is regulated by gonadotropin-
releasing hormone (GnRH). GnRH induces release of luteinizing
hormone and follicle-stimulating hormone from the anterior pituitary
gland, and these gonadotropins regulate downstream gonadal activity
with, presumably, associated steroid feedback. Seasonal variation in
pituitary gonadotropes was described in greater mouse-eared bats
(Myotis myotis) as early as 1956 (Herlant, 1956) and later expanded to
species including the California leaf-nosed bat (Macrotus californicus)
(B. A. Richardson, 1980, 1981) and little brown bat (Myotis lucifugus)
(Anthony & Gustafson, 1984). Female bats show greater change in
pituitary luteinizing hormone immunoreactivity across the annual
cycle, with significant decreases during pregnancy and lactation as
well as significant gonadotrope hypertrophy during hibernation. King
et al. (1984) first characterized the distribution of GnRH-producing
cell bodies in the Chiropteran brain, demonstrating a similar distri-
bution in M. lucifugus as in primates but differing from known cellular
immunoreactivity in rodents (Douglas, 1976). Localization of GnRH
cells was later characterized in big brown bats (Eptesicus fuscus) with
immunoreactivity in the periventricular nuclei (PVN), arcuate (Arc),
and dorsomedial nucleus of the hypothalamus (DMH) as well as in
the preoptic area (POA), median eminence (ME), and olfactory region
(Oelschlager & Northcutt, 1992). GnRH-immunoreactive (GnRH-ir)

fibers were predominantly located in the hypothalamus, infundibular
stalk, POA, suprachiasmatic nuclei (SCN), and bed nucleus of the stria
terminalis. Cells immunoreactive for GnRH were also found within the
habenular nuclei of the epithalamus, suggesting a role for this brain
area in processing environmental stimuli within the context of bat
reproduction (Oelschlager & Northcutt, 1992). Studies exploring the
temporal patterns of GnRH expression in bats reveal that GnRH-ir
cell bodies and projection of GnRH-ir fibers decrease in quantity in
postovulatory animals, suggesting that this neuropeptide can play a
key role in regulating ovulation, as observed in other taxa (Anthony,
2000; Anthony et al., 1989). GnRH immunoreactivity also shows
seasonal fluctuations, where fewer GnRH-ir cells are present in the
summer than during the winter hibernation period, with greater
seasonal variation within the hypothalamus than the POA; a pattern
consistent across both sexes (Kawamoto et al., 1998). In 1998, the
coexistence of FMRFamide-related protein (a neuropeptide from a
larger family all possessing an -Arg-Phe-NH, at their C-terminus) and
GnRH-immunoreactivity in the ARC and ME of the big brown bat was
described, with colocalization between these two neuropeptides also
occurring in the nervus terminalis. The FMRFamide fibers projected
into the brainstem (Oelschlager et al., 1998). This FMRFamide peptide
has not been definitively identified.

While the specific identity of the immunoreactive FMRF-amide pep-
tide from Oelschlager et al. (1998) is unclear, its close association with
GnRH suggests the potential for functional interaction of the two pep-
tides. Gonadotropin-inhibitory hormone (GnlH, mammalian ortholog
RFRP-3), a member of the RFamide family of peptides, was discovered
in 2000 (Tsutsui et al., 2000) and has a neuroanatomical and/or func-
tional interaction with GnRH in many vertebrate species (Bentley et al.,
2003, 2006). In addition to interacting directly with GnRH neurons
via cell membrane receptors, GnlH/RFRP-3 also acts on gonadotrophs
within the anterior pituitary (Ubuka et al., 2006). Further, GnIH/RFRP-
3 and its cognate receptor are synthesized in the gonads of all ver-
tebrates studied and appear to regulate gonadal physiology (Bentley
et al.,, 2008; Dickens & Bentley, 2014; McGuire & Bentley, 2010; Zhao
etal, 2010).

In the present study, we aimed to map the neural distribution of
the precursor peptide for GnlH, RFRP (interchangeably referred to as
neuropeptide-VF, NPVF),immunoreactivity in the big brown bat (E. fus-
cus), one of the most common and widespread temperate insectivorous
bats in North America (Kurta & Baker, 1990). In temperate zones, E. fus-
cus mate in the fall and females arrest ovulation during winter hiber-
nation (Wimsatt, 1960, 1969). Male reproductive physiology (i.e., sper-
matogenesis and androgen production) occurs in late spring and early
summer and corresponds to periods of peak food availability and opti-
mal climatic conditions (McWilliam, 1987). During winter, circulating
estrogen in female pallid bats (Antrozous pallidus) is low but rises rapidly
in the spring upon arousal from hibernation (Oxberry, 1979). Our goal
was to examine the distribution of RFRP and determine a potential role
for this peptide in regulating reproductive activity. The prior descrip-
tion of FMRFamide immunoreactivity in close proximity to GnRH in
the big brown bat brain (Oelschlager et al., 1998) guided us to also

explore putative neuroanatomical interactions between RFRP-ir fibers
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and GnRH-ir cell bodies. A basic characterization of RFRP distribution
is required before we begin exploring the complex subtleties involved
in reproductive neuroendocrine signaling in response to environmen-
tal and physiological challenges within, and among, bat species. Fun-
damental knowledge of how the HPG axis is regulated in a temper-
ate bat species provides the groundwork for how reproductive physiol-
ogy might respond, and be well-adapted to the unique challenges that
bat populations face in terms of seasonal environmental change and
increased urbanization. This will ultimately move us toward greater
understanding not only of species-level differences but also the subtle
variation that exists at the individual level including degree of plasticity

within rapidly changing environments.

2 | MATERIALS AND METHODS

2.1 | Animals and tissue sampling

Big brown bats (E. fuscus) were captured from the wild in south-
ern Ontario, Canada, and housed in a free flight colony at McMaster
University where the temperature and lighting varied with ambient
conditions (Skrinyer et al., 2017). Animals freely progressed through
annual cycles of breeding and hibernation. Bats were given ad libi-
tum access to food (mealworms) and water. Four male bats and
four (nonreproductive) female bats were captured during fall 2017
and spring 2018 respectively, heavily anesthetized with isoflurane,
and perfused with phosphate buffered saline (PBS) followed by 4%
paraformaldehyde. Two additional male bats and two female bats, from
which fresh gonadal tissue was collected, were euthanized by bar-
biturate overdose with 0.4 or 0.5 mL sodium pentobarbital (pento-
barbital sodique, 54.7 mg/mL; Ceva Santé Animale, Libourne, France)
via intraperitoneal injection. Gonadal tissues were subsequently col-
lected, immediately frozen on dry ice, and stored at —80°C. For all
individuals, whole brains were removed and fixed in 4% paraformalde-
hyde in PBS for 24-48 h before they were transferred to a 30%
sucrose in PBS cryoprotectant solution for 5 days at 4°C. Brains
were then frozen on dry ice and stored at —80°C until further

processing.

2.2 | Presence of RFRP mRNA expression in brain
and gonads

One hypothalamus, ovary, and testis were used for the identifica-
tion of cDNA encoding big brown bat RFRP. Total RNA was isolated
from tissues using TriZOL (Invitrogen, Carlsbad, CA), and 1 ug of RNA
was reverse transcribed into cDNA (iScript cDNA synthesis kit, Bio-
Rad, Hercules, California, USA). Gene-specific primers (Table 1) were
designed to amplify target regions corresponding to RFRP, as well as
beta-actin as a positive control in each of the tissues. Polymerase chain
reaction (PCR) products were visualized using ethidium bromide on a
1.5% agarose gel (Figure 1) where known target amplicon size was con-

firmed.
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Amplification products from endpoint PCR for RFRP were submit-
ted to the UC Berkeley Functional Genomic Laboratory for Sanger
sequencing. The returned sequence was used as a query for nucleotide
BLAST (https://blast.ncbi.nlm.nih.gov) whereby the resulting search
reported a 91% identical match (Figure 2a) for the predicted E. fuscus
RFRP mRNA sequence (accession number XM_008150846.1). A multi-
ple sequence alignment was generated using predicted big brown bat
RFRP mRNA sequence and known sequences in quail, mouse, rhesus

macaque, and human (Figure 2b).

2.4 | Immunohistochemistry: RFRP and GnRH

Fixed and frozen male (h = 4) and female brains (n = 4) were cryostat-
sectioned (40 um) into antifreeze prior to labeling via floating immuno-
histochemistry. Each brain was organized into four parallel series dur-
ing sectioning with one brain of each sex cut on the sagittal plane
and the remaining three cut on the coronal plane. Brain sections were
stored at —20°C until further immunohistochemical processing.

Sections were washed in 1x PBS (0.1 M) before incubating in 0.05%
hydrogen peroxide diluted in 0.1 M PBS (pH for 15 min at room tem-
perature. After washing again in 0.1 M PBS, a blocking solution of
PBS/0.2% TritonX-100/2% normal goat serum (NGS) was added, and
sections were gently agitated for 2 h at room temperature. For RFRP
single labeling, tissue was incubated in anti-white crowned sparrow
GnlH primary antibody (PAC123/124 1:5000, generated by George
Bentley, in PBS/0.2% TritonX-100/1% NGS) for 48 h at 4°C. Follow-
ing incubation in primary antibody, sections were washed in 0.2% PBS-
T and incubated in goat anti-rabbit biotinylated secondary antibody
(1:200 in PBS-T; Vector Laboratories, #BA-1000) for 1 h, followed by
Vectastain Elite ABC as described by the manufacturer (Vector Labo-
ratories, #PK-6100) for 1 h. Sections were washed in 0.2% PBS-T, and
color development for RFRP immunoreactivity was performed using
VIP substrate according to manufacturer’s instructions (Vector Labo-
ratories, #SK-4600).

For double-labeling RFRP alongside GnRH, sections were first
incubated in anti-GnRH primary antibody (gift from H. Urbanski, at
1:10,000 in 0.2% PBS-T/1% NGS) for 48 h at 4°C. Sections were
incubated in goat anti-rabbit biotinylated secondary antibody as
above before Vectastain Elite ABC, and color development of GnRH-
immunoreactive material was performed according to manufacturer’s
instructions using Vector DAB substrate (Vector Laboratories, #SK-
4100). Following incubation with the DAB solution, sections were
washed 5x in 1x PBS before applying antibody for RFRP after which
tissue was washed thoroughly 5x with 0.2% PBS-T and then incubated
in anti-RFRP primary antibody (PAC123124 1:5000 in 0.2% PBS-T/1%
NGS) for 48 h at 4°C replicating the protocol as described above.

GnRH/RFRP double-labeled sections were used to determine puta-
tive interactions between RFRP-immunoreactive fibers and GnRH-
immunoreactive cell bodies. Qil immersion microscopy (Zeiss Imager
M.1, Zeiss Plan-NEOFLUAR oil 1018-595 100x objective) was used to
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TABLE 1 List of PCR primer sequences
Gene Forward primer Reverse primer
Beta Actin (ref) TCCCTGGAGAAGAGCTACGA ACAGGTCCTTACGGATGTCG
GAPDH (ref) GGAGCGAGATCCCGCCAACAT GGGAGTTGTCATACTTGTCATGG
RFRP/NPVF ATGAGCACACCTGCAGTCAA GCTGTTGTTGTCCCAAACCT
HYPOTHALAMUS OVARY TESTIS
NTC B-Actin NPVF B-Actin NPVF B-Actin NPVF
250 bp
200 bp
150 bp
100 bp
FIGURE 1 RFRP mRNA expression was observed in isolated hypothalamus, ovary, and testis of big brown bats. Amplification products

matched the predicted size for both RFRP (155 bp) and actin (178 bp) controls

(a
Score Expect Identities Gaps Strand
141 bits(76) 5e-30 96/106(91%) 6/106(5%) Plus/Plus
P 1 L T T T T L LTI
RFRPPredicted 278 AAGAAAGCAC-TGGGGCAATGACCACCCT-GC-CTCT-GAGAAGGGAA
Anﬂéﬁwn 61 GCATCTAATCTCGCCACAAAGGTTTGGGACAACAACAGC-AAA
_ ||||I|||||||I| |||II|||||||||I|||]||||||l| []]
RFRP Predicted 334 CTAATCT-G! AGCCAAA
(b)
Eptesicus (amplified) =  ~—=crecmmcccmeremcnemanaaa NNTNNNAG--CCANNNGANAAGAAAGCAC--NNN 30
rat ACTCAGCAGCCAACCTTCCCCTGAGGTTTGGGAGGAACATAGAAGACAGAAGAAGCCCCA 313
macaque ACTCAGTCACCAACTTGCCATTGAGATTTGGGAGGACCACTGAAGAAGAAAGAAGCGCTG 354
human ACTCCTTCGCCAACTTGCCATTGAGATTTGGGAGGAACGTTCAAGAAGAAAGAAGTGCTG 354
* * % * *  * *k Kk Kk
Eptesicus (amplified) GGGCCATNACCACCCTCGCNCTCTCGAGAAGGGAAGACATATAAAGGAAAGCATC--——- 85
rat GGGCACGGGCCAAC-—===========——mm———— oo oo ATGGAGGCAGGGACCATGAG 347
macaque GAGCAACAGCCAACCTGCCT--CTGAGATCTGGAAGAAATATGGAGGTGAGCCTCGTGAG 412
human GAGCAACAGCCAACCTGCCT--CTGAGATCTGGAAGARATATGGAGGTGAGCCTCGTGAG 412
* k% *kk k * % * k% * *
Eptesicus (amplified) =  -------- TAATCTCGCCACAAAGGTTTGGGACAAC---AACAGCAAA---—————====— 122
rat CCATTTTCCCAGCCTGCCCCAAAGGTTTGGGAGAAC---AACAGCCAGACGCATCACCAA 404
macaque ACGGGTTCTTAACCTGCCCCAAAGGTTTGGGAGAACGACAACAGCCAAAAGTGTCTGCAG 472
human ACGTGTTCCTAACCTGCCCCAAAGGTTTGGGAGAACAACAACAGCCAAAAGTGTCTGCAG 472
* * khkk Khkhkkkhkkkkhkhkkhkkx *kxk *kkkkk *

FIGURE 2

(a) RFRP amplification product showed 91% match to the big brown bat (Eptesicus fuscus) predicted sequence (NPVF, NCBI Ref:

XM_008150846.1). (b) Multiple mRNA sequence alignment including partial big brown bat transcript, where * indicates regions most conserved

across species

visualize GnRH-immunoreactive cells at high magnification throughout
each the brain of each animal. For each bat, the total number of GnRH-
ir cells was counted as well as the number of these cells that possessed
RFRP-ir fibers touching or crossing over the soma in the same plane of

focus, from which we calculated a percentage.

2.5 | RFRP cell location and fiber density analysis
Cell locations were documented by brain region using an unpub-
lished E. fuscus brain atlas (atlas researched and produced by Dr. Matt

Carter with the guidance of Dr. John Casseday and Dr. Ellen Covey,
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Department of Psychology, University of Washington) in conjunction
with a cytoarchitectural brain atlas of the common vampire bat (Bhat-
nagar, 2008). Two brains from nonreproductive female E. fuscus (col-
lected in spring) were used to generate fiber distribution data. Color
images were converted in Adobe Photoshop to 8-bit black and white
with a resolution of 360 pixels/inch. Fiber density was analyzed using
ImageJ. The immunoreactivity threshold in these images was standard-
ized across all representative tissue sections to ensure that any back-
ground coloration was not included in fiber density calculations. The
density of RFRP immunoreactive fibers was quantified by determining
the percent area of immunoreactivity within 200 um x 200 um regions
of interest (ROI) placed as a grid over each brain section (ImagelJ).
Based on minimum (3%) and maximum (79%) immunoreactivity output
for all tissue sections analyzed, ranges of fiber density were set where
LOW = 5-19%, MED = 20-30%, and HIGH = >30%.

2.6 | Antibody characterization

One series of E. fuscus brain sections (coronal) was used to perform
an anti-RFRP antibody (PAC123124) preadsorption using chicken-
derived GnlH peptide (as performed in Bentley et al., 2003) to confirm
specificity of this antibody in this particular species. No immunoreac-
tivity was observed in these sections via microscopy. This antibody has
been shown to be highly specific for RFRP across several mammalian

and avian species.

3 | RESULTS

3.1 | Bats exhibit RFRP-3 precursor (RFRP) mRNA
expression in the hypothalamus and gonads

We first aimed to determine whether big brown bats express RFRP
within the HPG axis. RFRP mRNA was detected in hypothalamic and
gonadal tissue isolated from both male and female E. fuscus (Figure 1). A
comparison of the amplified partial mMRNA sequence for RFRP in the big
brown bat to known RFamide-related peptide mMRNA sequences for rat,
human, and macaque (Figure 2b) indicated that bats show the great-
est degree of homology with non-human primates with respective sim-
ilarities of 58.33%, 60.83%, and 63.33% (via ClustalOmega2.1 multiple

alignments).

3.2 | RFRP cellular immunoreactivity is localized in
the hypothalamus, arcuate nucleus, and ME while
RFRP fiber-ir is widespread in the bat brain

Histological localization of neuron fibers and cell bodies contain-
ing mature RFRP peptides was determined using immunohistochem-
istry. In male and nonreproductive female big brown bat brains, RFRP
immunoreactive cell bodies were concentrated in the arcuate nucleus

(Arc). Nearly all cells observed were bipolar, and the broad distribu-
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FIGURE 3 RFRPimmunoreactive cell bodies (highlighted by
arrows) were observed in the brain with predominant localization
within the hypothalamus. (a, c) Distribution was most abundant within
the arcuate nucleus (Arc) and median eminence with RFRP fibers
surrounding the infundibular stalk (1S), however, (b) cells were also
seen surrounding the third ventricle (3V) within the DMH and PVN.

tion did not differ between the sexes. As shown in Figure 3, cells were
commonly seen closely surrounding the third ventricle (3V) including
the Arc, paraventricular nucleus (PVN), dorsomedial nucleus (DMH),
ventromedial nucleus (VMH), and ME. A single small population of
RFRP-immunoreactive cells was observed caudally at the top of the
spinal column (Figure 5d) and was surrounded by a network of dense
RFRP-ir fibers. RFRP fiber immunoreactivity, as in other vertebrates,
was observed in multiple areas of the bat brain, ranging from ante-

rior regions such as the nucleus accumbens to posterior projections



RESEAR

CH IN
6 SYSTEMS NEUROSCIENCE
W l l l I THE JOURNAL OF COMPARATIVE NEUROLOGY

ALONGE ET AL.

(a) ac

)

4

200pm

FIGURE 4 Coronal sections showing RFRP immunoreactive fiber labeling in the brain. Fiber-ir was greatest in the (a) preoptic area and (b)
lateral hypothalamus (LH) below the anterior commisure (ac) , regions surrounding the third ventricle (3V) including (c) PVN, DMH, Arc, and
median eminence, as well as (d) posteriorly toward the cerebellum (cb) within the spinal tract and surroudning the dorsal third ventricle.

extending down the spinal tract (Figures 4 and 5). Regions such as the
POA, arcuate, ME, paraventricular and ventromedial thalamic nuclei,
and cuneiform nuclei showed greatest density of RFRP immunoreac-
tive fibers (Figure 6). Fibers were seen to project beyond these dense
regions, extending bilaterally from the third ventricle toward the lat-
eral hypothalamus (LH) and throughout the midbrain. These patterns
of fiber density were consistent across individuals examined, with no
noted differences between sexes.

3.3 | RFRP immunoreactive fibers project to a
subset of GnRH cells

RFRP fibers were in high density within the POA, arcuate, and ME,
so we explored potential interactions between RFRP-ir cell projec-
tions and GnRH-ir neuron cell bodies. Putative neuroanatomical con-
nections between RFRP-ir fibers and GnRH-ir cells were observed in
approximately 16% of GnRH-ir cells, with the majority of GnRH-ir cells
lacking any detectable contact with RFRP-ir fibers and no difference

between sexes (Figure 7).

4 | DISCUSSION
Over evolutionary time, species become well-adapted to the local
and annual pattern of the environmental conditions they experienced.

Energetic constraints on reproductive investment have led to the evo-

lution of different reproductive strategies and variation in the flexibil-
ity within the reproductive (HPG) axis. The neural interaction of GnlH
(mammalian ortholog RFRP-3) and GnRH is widely conserved across
taxa (e.g., Bentley et al., 2003), suggesting a broadly conserved role in
reproduction and thus lifetime fitness. There are, however, quite sub-
stantial species differences in the localization of cell bodies producing
RFRP-3 as well as in patterns of fiber immunoreactivity in the brain.
These differences raise the question of functional differences of GnlH
in different species. In this study, we provide the first description of
RFRP distribution in any bat species, characterizing sequence informa-
tion as well as highlighting cellular localization in the brain. The latter
varies in some ways from what we know in other, traditionally stud-
ied species in laboratory environments. This may not be surprising as
the reproductive life-history strategies of many bat species are quite
different from other mammals and may be a result of energetic con-
straints imposed by flight and, for females of temperate species, the
somewhat unique need to pause reproductive investment during over-
wintering. Having said that, we still do not know the function of GnlH
in bats.

Big brown bats express RFRP transcripts in the brain, ovaries, and
testes. This agrees with what is seen in other mammals examined
(Kriegsfeld et al.,2006; McGuire & Bentley, 2010; Singh et al.,, 2011;
Zhao et al., 2010; reviewed in Bentley et al. (2017), including humans
(Oishi et al., 2012), as first described in birds (Bentley et al., 2008).
Like other hibernating mammals, temperate bats are seasonal breed-
ers, upregulating their reproductive physiology at a specific time within

the annual cycle. Bats offer a unique opportunity for future studies
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FIGURE 5 Sagittal sections showing RFRP immunoreactive fiber labeling in the brain. (a) Fiber-ir was most prominent in the hypothalamus
(hyp), with (b) projections connecting the hypothalamus and preoptic area (POA), two dense regions of RFRP immunoreactivity. (c) Fibers could
also be seen extending across the midbrain (mb) toward the cerebellum. (d) RFRP fibers were also present along the spinal tract (sp) where a single
population of RFRP-ir cells (indicated by arrow) was observed near the base of the cerebellum (cb).

examining the pattern of reproductive neuropeptide expression within
the context of male versus female reproductive physiology, includ-
ing mechanisms involved in regulating extended reproductive suppres-
sion in overwintering female animals and HPG axis reactivation in
the spring. While extended torpor and hibernation are not uncom-
mon in small mammals, temperate-zone bats present an opportunity to
examine the potential role of an inhibitory reproductive neuropeptide,
RFRP-3, in the lengthy period of reproductive quiescence exhibited by
hibernating females.

We found that big brown bats show cellular RFRP immunoreactivity
in the dorsomedial hypothalamus (DMH), paraventricular nuclei of the
hypothalamus (PVN), ventromedial nuclei of the hypothalamus (VMH),
as well as lateral regions of the hypothalamus and the arcuate (Arc).
This is a wider distribution than has been observed in rodent model
systems (mouse, rat, hamster), where RFRP is confined primarily to
cells of the DMH with few in the region of the VMH (Hinuma et al.,
2000; Kriegsfeld et al., 2018; Legagneux et al., 2009; Tsutsui & Ubuka,
2018). Primates (macaque) and naked mole rats possess RFRP-ir cells
inthe PVN, but naked mole rats are the only species reported to exhibit
RFRP-ir cells in the arcuate, as seen in the present study on big brown
bats (Peragine et al., 2017). The arcuate is known to have abundant
beta-endorphin neurons across taxa. Within the macaque brain, GnlH-
immunoreactive fibers were seen to have putative interactions with
beta-endorphin expressing cells, suggesting that there may be an inter-

active inhibitory effect on reproduction (Ubuka et al., 2009). While we

did not explore it in the present study, RFRP presence in the Arc sug-
gests that this is a possibility for big brown bats as well.

Big brown bats used in this study possessed abundant RFRP fiber
immunoreactivity in multiple brain areas. Regions with the greatest
density of RFRP-ir fibers were hypothalamic regions surrounding the
third ventricle, the lateral hypothalamus, POA, ME, midbrain, and ven-
tral posteromedial nucleus of the thalamus (VPM). However, we con-
sistently observed sparse RFRP-3 fibers in the olfactory bulb as well
as apparent connectivity between the POA and hypothalamus, and
lengthwise down the spinal tract across all individuals examined. GnlH-
ir fiber distribution has been well-characterized in other taxa. Japanese
quail exhibit GnlH fibers mainly in the hypothalamus, POA, ME, telen-
cephalon, optic tectum, dorsal motor nucleus in the medulla oblongata
(Ukena et al., 2003). In rats, the lateral septal nucleus in the telen-
cephalon, PVN, and other nearby hypothalamic nuclei, periaqueduc-
tal region of the midbrain, and pons were the areas with the greatest
RFRP immunoreactive fiber labeling (Yano et al., 2003). Primates—with
which we show that bats share the greatest RFPR genetic similarity—
have been found to have RFRP-ir fibers in the nucleus of the stria ter-
minalis, habenula, PVN, POA, arcuate, ME, dorsal hypothalamus (dien-
cephalon area), medial region of the superior colliculus, midbrain, and
pons (Ubuka et al., 2009). In seasonally reproducing mammals, repro-
ductive physiology is activated or inhibited in synchrony with environ-
mental factors, most notably photoperiod. Directional change in day

lengthisintegrated into the mammalian neuroendocrine system via the
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FIGURE 6

Immunoreactive RFRP fibers were quantified to map regions of low (blue), medium (pink), and high (red) density across the entire

brain. Fibers were observed consistently from anterior to posterior (a-h) with POA, ME, VPM, and cn being areas of highest density.
Representative microscopy images highlighting (i) low, (j) medium, and (k) high fiber density in the brain. (nAc = nucleus accumbens, ac = anterior
commisure, LH = lateral hypothalamus, PVN = paraventricular nucleus of the hypothalamus, Arc = arcuate nucleus, 3V = third ventricle, ME =
median eminence, VPM = ventral posteromedial nucleus of the thalamus, d3V = dorsal third ventricle, IC = inferior colliculus, cb = cerebellum,

cn = caudate nucleus, spt = spinal tract.)

retinohypothalamic tract which generates a signal to the SCN and reg-
ulates melatonin synthesis and secretion from the pineal gland (Elliott
and Tamarkin 1994, Moore 1995). The duration of melatonin secre-
tion is transduced in the hypothalamus to regulate downstream repro-
ductive physiology (Carter & Goldman, 1983; Bittman & Karsch, 1984;
Nakane & Yoshimura, 2019). No study to date has examined how RFRP
expression, synthesis, or secretion is impacted by environmental cues
in a bat species. Our map of RFRP fiber distribution suggests that it
may be acting on cell populations across the brain via an extensive
network, including the potential for signaling within the SCN. Given
the annual reproductive patterns of temperate bat species, future con-
trolled experiments should be designed to explore potential interac-
tions between photoperiodic machinery and regulation of the HPG axis
in bats.

We found that approximately 16% of GnRH-immunoreactive cell
bodies receive putative contacts from RFRP-ir fibers, with GnRH neu-
rons located primarily in the ME, arcuate, PVN, with some scattered
within the DMH/VMH and POA. The localization of GnRH cell bodies
we see in the big brown bat differs from what is well-characterized

in rodents, where GnRH cell bodies are localized primarily in the

anterior hypothalamus and POA (Silverman et al., 1979). Our find-
ings are consistent with the early immunohistochemical characteriza-
tion of GnRH in the little brown bat (King et al., 1984), big brown bat
(Oelschlager & Northcutt, 1992), Japanese long-fingered bat (Mikami
et al., 1988), and that which is seen in primates/humans (Parker et al.,
1980; Silverman et al., 1982). Our findings also support the overlap
in a distribution described in 1998 between GnRH (previously named
LHRH) and FMRFamide-like immunoreactivity in the brains of E. fus-
cus (Oelschlager and Northcutt, 1992), the same study species used
here. The putative neuroanatomical interaction we describe between
RFRP-ir fibers and GnRH cells provides some evidence that RFRP
may have the potential to regulate GnRH secretion directly at some
level; however, RFRP-ir fibers also projected to regions beyond those
containing GnRH cells suggesting functions that may extend beyond
upstream HPG regulation. Only one study has described a reproduc-
tive neuropeptide during hibernation in bats, finding a greater num-
ber of GnRH-immunoreactive neurons within the arcuate and noting
that these cells were also larger in size than that seen in nonhiber-
nating bats (Mikami et al. 1988). It has been suggested that low ambi-

ent temperature and declines in food availability may provide cues to
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FIGURE 7 The majority of GnRH-ir cell bodies observed in the brain of big brown bats did not appear to interact with RFRP-ir cells (a, b),
however, putative contacts (c, d) were observed between RFRP immunoreactive fibers and GnRH-immunoreactive cell bodies in approximately

16% of cells

downregulate reproductive biology in female bats entering hibernation
(Racey, 1982). It is possible that RFRP is acting upstream of GnRH to
provide an inhibitory signal that maintains the HPG axis in a quiescent
state throughout the challenges of a harsh winter. If this is the case,
it would then be important to understand what cues—stress, environ-
mental temperature, resource availability, social stimuli, etc.—that may
cause upregulation of RFRP in the brain of temperate bats.

The brain is a critical regulator of seasonal reproduction, translat-
ing environmental cues into molecular signals that dictate proper tim-
ing for physiological investment in reproduction. Natural selection has
led to the use of photoperiod as the most invariant environmental cue
(for any particular date of the year) to determine timing of reproduc-
tion (Prendergast et al., 2001), with a strong spring bias across mam-
mals (Bronson, 1989). The anomalous temporal delay in reproductive
events that hibernating bat species exhibit makes bats an interest-
ing model for examining neuroendocrine patterns associated with fer-
tility and reproductive behavior across the annual cycle. Next steps
should aim to characterize the expression pattern and dynamics of key
reproductive neuropeptides in response to seasonal and environmen-
tal variation and physiological stressors, as well as mechanistic stud-
ies that can assess the direct downstream effects of these neuropep-
tides. Acquisition of this knowledge will allow us not only to under-
stand the mechanisms regulating reproductive physiology/fertility in
bats but also help us make stronger predictions regarding popula-
tion dynamics and inform decisions about their management in the

wild. Furthermore, using bats as models within comparative studies

advances the fields of reproductive neuroendocrinology and physiol-
ogy through understanding the components of HPG axis regulation not
only in a classic comparison between seasonal versus "opportunistic"
breeders but also emphasizes the value of exploring the variation in
reproductive phenology and physiology that exists within those broad
classifications.
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