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Photo-refractoriness reflects bet-hedging
strategies deployed in unpredictable
environments in male Brandt’s voles
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Abstract

Day length, also known as photoperiod, is an important reproductive regulatory factor in most seasonal breeders.
Brandt’s vole, a long-day breeder, exhibits significant differentces in reproductive development depending on

the photoperiod of the season of birth, as is seen in other rodent seasonal breeders. However, there is a lack of
comprehensive studies on the effects of photoperiod across different seasons. In the present study, we investigated
the impact of long (LP) and short photoperiod (SP) on postnatal development in male voles. We measured somatic
and testicular parameters from weaning at three postnatal weeks (PNW3) to PNW19, weighed testis mass from
birth, and confirmed the status of testicular development by observing the histological features of the seminiferous
epithelium. The results showed no difference in testis mass between LP and SP males up to PNW3, with normal
initiation of intratubular meiosis and the presence of leptotene/zygotene spermatocytes in both groups. From
PNW4 to PNW10, SP males displayed slower growth in both somatic and testicular parameters and showed
suppressed development of primary spermatocytes and Leydig cells compared to LP males. After PNW10, both
groups experienced photo-refractoriness, characterized by a reversal of gonadal activity. During this stage, SP voles
spontaneously initiated gonadal development and resumed the meiotic process, while LP males showed testicular
degeneration accompanied by a progressive loss of germ cells ranging from spermatids to primary spermatocytes.
Until PNW19, both groups reached similar testis size and mass. Interestingly, this refractoriness was observed in
only half of the males in each group, suggesting a bet-hedging survival strategy that allows populations to cope
with unpredictable environmental changes, such as fluctuations in temperature and food. These findings highlight
the importance of photoperiod as a key environmental factor in influencing sexual maturation in young Brandt's
voles, and indicate that the impact of photoperiod in adult voles can be flexible in vole adulthood, varying
according to their natural life cycle. This suggests a bet-hedging survival strategy of photo-refractoriness with
complex interactions between environmental cues and life history traits.
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Introduction

Mammals living in the temperate zone utilize daylength
(photoperiod) as a proximate cue in anticipating seasonal
changes, a behavior known as photoperiodism, which
allows them to optimize their energy budgets and repro-
duce during the most appropriate period [1]. In the early
1930s, Baker and Ranson (1932) first discovered that day-
length is an environmental factor that influences the sea-
sonal breeding of field voles (Microtus agrestis) [2]. Many
small rodents, including hamsters and voles, have been
determined to be photoperiodic through field surveys
and indoor simulation experiments, making them ideal
for researching photoperiodism and seasonal reproduc-
tion in mammals [3-6].

The critical photoperiod is a specific daylength that
triggers reproductive activity in photoperiodic animals.
In many rodent species, this is between 12 and 14 h of
light per day [7—11]. Photoperiods longer or shorter than
the critical photoperiod, are referred to as long- (LP) and
short-(SP) photoperiods, respectively. Exposure to SP
from birth can lead to delayed physical and sexual devel-
opment [10, 12-15]. For example, the testicular mass
of male Siberian hamsters (Phodopus sungorus) aged
60 days that were exposed to SP (8 h light per day) was
one-tenth that of males kept under LP conditions [12].
Similarly, the testicular mass of marsh rice rats (Oryzo-
mys palustris) gestated and reared to four weeks of age
in SP (8-12 h light per day) was approximately 50 mg
in size, which is less than a quarter of that in LP males
[10]. Moreover, under SP conditions, spermatogenesis is
mainly arrested at the primary spermatocyte stage, with a
reduced number of primary spermatocytes and no tubu-
lar lumen formation [13, 16]. In many seasonal rodents,
adults that experience a transition from LP to SP, exhibit
testicular atrophy [17-19], decreased testicular mass,
shortened seminiferous tubule diameters, and depletion
of the seminiferous epithelium [20].

However, the inhibitory effect of SP on gonadal activ-
ity is not permanent. Testicular recrudescence spontane-
ously occurs when photoperiodic animals are exposed
to long-term SP conditions [16, 21]. For example, the
atrophic testicles of male Siberian and Syrian hamsters
(Mesocricetus auratus) regrow to an LP-like state, and
their reproductive system is reactivated after 10-20
weeks [22, 23]. This phenomenon, known as photo-
refractoriness, may be due to depletion of the pineal
gland or desensitization of its target tissues [24, 25]. This
loss of responsiveness to short daylength can be benefi-
cial for LP breeders in preparing for reproduction before
spring [26]. In rodents, photo-refractoriness appears
only to occur under SP exposure, while it has been
reported in some avian species exposed to LP conditions.
For instance, testicular regression was found in adult
male European starlings (Sturnus vulgaris) housed in
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long-term LP exposure conditions [27]. Such LP refrac-
toriness allows birds to reduce the size of their reproduc-
tive organs and energy expenditure when they are not
needed and ends the breeding season [28]. However, this
phenomenon is rarely reported in rodents.

Brandt’s vole (Lasiopodomys brandtii) is a small, her-
bivorous rodent with a short lifespan (less than 14
months), mainly inhabiting the steppes of the Mongolian
Plateau, in regions including China, Mongolia, and Rus-
sia [29, 30]. To adapt to the high latitude and seasonally
changing environment, wild voles have to breed season-
ally. Their breeding season usually begins in early spring
(early March) and lasts until autumn (late August; [31,
32]). During the summer, the population size reaches
its peak [33]. Moreover, the annual day length, gonadal
mass, and expression of the hypothalamic deiodinase 2
(Dio2) gene, which is considered the transmitter of pho-
toperiodic signals, all peak around the summer solstice
[32]. Analysis of fecal testosterone levels of voles living
in semi-natural enclosures revealed that males born in
spring had faster gonadal development than those born
in summer or autumn [34]. This suggests that there
should be one or more regulatory factors to adjust the
patterns of gonadal development of voles born in dif-
ferent seasons. The findings from these previous studies
suggest that the most likely factor is photoperiod.

The aim of the present study was to investigate the
impact of photoperiod on postnatal testicular develop-
ment in Brandt’s voles. We hypothesized that (i) testicular
development in young male voles born under LP condi-
tions would be faster than that of young male voles born
under SP conditions and, (ii) that prolonged exposure to
a constant photoperiod could result in photo-refractori-
ness, i.e., spontaneous reversal of testicular activity. We
divided pregnant voles into two groups, exposed to LP
and SP, respectively. We measured the body mass and
testicular size of male offspring weekly from postnatal
3 weeks (PN'W3) to PNW19. We also collected testicu-
lar mass from the day of birth to compare their gonadal
activity and histological features of the seminiferous epi-
thelium. Our results showed that SP completely inhibited
postnatal testicular development of Brandt’s voles until
they were 10 weeks old, after which photo-refractoriness
occurred. Interestingly, photo-refractoriness occurred
not only under SP conditions, but also under LP expo-
sure, with half of the males being refractory. This suggests
that Brandt’s voles adopt a bet-hedging survival strategy
to ensure the existence of the population in various and
unpredictable seasonal shifts.

Materials and methods

Animals and housing conditions

Healthy parent voles were randomly selected from a
laboratory breeding colony over a period of 10 years
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and 20 generations. The voles were kept in plastic cages
(29x17 %12 cm) containing wood shavings as substrate.
The environment was maintained at an LP condition with
a cycle of 16 h of light and 8 h of darkness (16L:8D), with
the lights turning on at 06:00 am. The temperature was
kept at 23 °C+ 2 °C. Food (standard rabbit feed) and water
were provided ad libitum, and the nesting materials were
renewed every three weeks. All procedures conformed to
the institutional guidelines for animal use and care of the
Institute of Plant Protection at the Chinese Academy of
Agricultural Sciences (Protocol No. Ipp—202005R003).

Photoperiod regimes and physiological measurements

A mating group consisting of one male and two females
was kept together for 10 days. Afterward, the animals
were isolated. One female was kept in the original LP
cycle, while the other was shifted to an SP cycle of 8 h
of light and 16 h of darkness (8L:16D). The lights were
turned on at 08:00 am. These offspring were weaned at
postnatal 3 weeks (PNW3), and 3-5 male siblings were
housed together in a single cage.

Sixteen LP and fifteen SP males from different colo-
nies were implanted with animal microchips (RBC-Z00,
1.25x7 mm, Beijing Raybaca Technologies Co., Ltd.,
China) for individual identification. Body mass was mea-
sured weekly from PN'W3, and the left testicular volume
was measured from PN'W4 to PNW22 (Fig. 1). Addition-
ally, the body mass and testicular volume of nineteen
LP and twenty SP young males were monitored from
PNW8 until they were sacrificed at PNW19. The testes
were measured using digital vernier callipers, and the
estimated testis volumes were calculated as the product
of width? x length [22]. Based on the current data, the
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testicular volume with complete spermatogenic cycles
should be greater than 400 mm?, which was defined as
the minimum criterion of sexual maturity for male voles.

At PNW19, SP voles with functional testes signifi-
cantly exceeding the criterion volume were defined as a
subgroup called “SP photorefractory (SP-PR)’, while LP
males with atrophic testes below 400 mm? were defined
as a subgroup called “LP photorefractory (LP-PR)” The
other males with their original testicular size in the two
groups were defined as “LP-response (LP-R)” and “SP-
response (SP-R)’, respectively.

Sample collection

Two to twenty male voles were sacrificed from birth
(postnatal day 0, PND 0) to PNW19 for dissection (see
Supplementary Table 1). Following ether anaesthesia,
the voles were euthanized, and their bilateral testes were
removed and weighed. The left testes were fixed in 10%
neutral formalin at 4 °C for sectioning and staining.

Testicular sections and haematoxylin & Eosin (H&E)
staining

Fixed testes were processed by dehydration, perme-
ation, wax-dipping, and embedding in paraffin and then
cut into 4 pm thick sections. Afterwards, the slices were
dewaxed with xylene (in three 8 min cycles) and hydrated
by serial immersion in 100%, 90%, 80%, and 60% ethanol
(all for 8 min cycles).

The testicular sections were examined using standard
haematoxylin and eosin (H&E) staining (Soonbio, Bei-
jing, China). After staining with haematoxylin for 4 min
and rinsing with running water for 5 min, the sections
were soaked in hydrochloric acid for 3 s, followed by
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body mass, testicular volume
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Fig. 1 Experimental design. The black solid arrow indicates the duration of an LP (long photoperiod) group, and the grey solid arrow shows the duration
of an SP (short photoperiod) group. Birth, weaning, and the end of the experiment are marked with dotted lines. The red bracket shows the period for
which physiological measurements were taken from postnatal 3-22 weeks, and the blue bracket indicates sample collection from postnatal 0 day to 19
weeks. The hatched area represents the parental exposure period. Parental voles were maintained under long photoperiod conditions, and after 10 days
of pairing, half of the pregnant females were transferred to short photoperiod conditions for delivery
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10 min of rinsing with running water and 20 s of immer-
sion in 0.5% ammonia. The sections were then rinsed
with running water for 10 min, stained with eosin for
1 min, and briefly immersed in distilled water. Finally, the
sections were dehydrated in a series of graded ethanol
concentrations (80%, 95%, and 100%), cleared in xylene
and mounted with neutral gum.

Histological analysis

To evaluate the activity of testes, the tubular diameters
of 50 transverse sections of seminiferous tubules were
randomly measured from one piece of slices for each ani-
mal, while the area of the cell nucleus and cytoplasm of
10 Leydig cells were calculated to determine the nucelo-
cytoplasmic ratio, which reflects the capacity for testos-
terone production [35].

To evaluate the development of the seminiferous
tubules from birth to adulthood (PNW10), the propor-
tions of each tubular type were counted in a single testicle
slice of each vole using light microscopy and the Image
Analysis System 11 application (Beijing Changheng
Rongchuang Technology Co., Ltd.). Based on the leading
germ cells, i.e., the most advanced type of germ cells in
the seminiferous epithelium, the tubules were classified
into five stages: (i) pre-meiosis, consisting only of Sertoli
cells and spermatogonia in the mitosis stage; (ii) lepto-
tene or zygotene spermatocytes (1/z-spc), in the meiosis
I stage with small primary spermatocytes occurring; (iii)
pachytene spermatocytes (P-spc), in the meiosis I stage
with large primary spermatocytes; (iv) round spermatids
(R-spt), following secondary meiosis with small round
spermatids; and (v) elongate spermatids (E-spt), observed
as spermatids with tails [36]. Approximately 100 random
tubular cross-sections were chosen from each slice to cal-
culate the number of different stages.

To evaluate the degree of tubular degeneration
during photo-refractoriness at PNW19, 30 tubular
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cross-sections were randomly chosen from each slice.
According to the standards of Seco-Rovira et al. (2015)
[20], the degree of tubular degeneration was categorized
into three stages: (i) mild regression (MR), characterized
by a decrease in the development of elongate sperma-
tids in the lumen of the seminiferous tubule and a thin-
ning of the germinal epithelium; (ii) strong regression
(SR), where the germinal epithelium regressed until, but
not beyond, the appearance of round spermatids in the
lumen of the seminiferous tubules; and (iii) total regres-
sion (TR), in which the germinal epithelium regressed
only until spermatocytes were observed and no round
spermatids could be observed.

Statistical analysis

All the data were analysed using the SPSS 19 package.
Group differences were examined using the indepen-
dent-sample ¢ test. Data at different postnatal ages were
evaluated by one-way ANOVA followed by least signifi-
cant difference (LSD) tests. Two-way ANOVA was used
to determine the interaction between photoperiod and
postnatal time. Paired ¢ tests were utilized to detect the
significance of changes in testicular volume from PN'W10
to PNW19. Pearson’s chi-square test was used to deter-
mine the differences in the proportion of tubular states.
Differences were considered significant at 2<0.05.

Results

Somatic and testicular development of male voles

Body mass

From weaning at PNW3, LP males had significantly
heavier body mass than SP group (independent-sample
t test: t=3.169, P=0.004), which was maintained until
PNW13 (all P<0.05; Fig. 2a and Supplementary Table
2). Within 20 weeks from PNW3 to PNW22, both the
LP and SP groups significantly increased their body
mass (one-way ANOVA: LP, F=17.188, P<0.001; SP,
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Fig. 2 Postnatal development of body mass (a) and testis volume (b) in male Brandt's voles under long and short photoperiods. Data were analysed
using the independent-sample t test. Asterisks (*) indicate significant differences between LP and SP; *: P<0.05, **: P<0.01, ***: P<0.001. Data are shown
as the mean + SEM. LP, long photoperiod; SP, short photoperiod; w, postnatal week
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F=22.166, P<0.001) but displayed different growth pat-
terns. LP males significantly gained 149.6% of their initial
mean body mass from 21.3+2.0 gat PNW3 to 53.3+6.4 g
at PNW8 (one-way ANOVA: F=94.273, P<0.001) and
then remained stable from PNW8 (one-way ANOVA:
F=1.209, P=0.265). While SP males kept a slow but sta-
ble somatic growth at approximately 2.6 g per week and
caught up with LP males at PNW17. The SP males even
significantly surpassed LP group in body mass at PNW19
(t = -2.116, P=0.038). Two-way ANOVA indicated a
significantly heavier body mass in LP compared to SP
(F=27.809, df=1, P<0.001; Fig. 2a), with photoperiodic
effects (F=4.547, df=19, P<0.001) in whole 20 weeks.

Testicular volume

Compared with SP males, LP males had significantly
larger testicular sizes from PNW4 to PNWI18 (all
P<0.05; Fig. 2b and Supplementary Table 3). The testicu-
lar volume of both groups displayed significant changes
throughout the entire period (one-way ANOVA: LP,
F=14.261, P<0.001; SP, F=8.215, P<0.001). The tes-
ticular size of LP males displayed a rapid increase from
PNW4 to PNW9 and then a slower growth until reach-
ing its peak at PNW14 (706.71 +136.26 mm?, one-way
ANOVA: F=39.506, P<0.001). After that, there was
a sharp 40% decrease in the following five weeks until
PNW19 (one-way ANOVA: F=6.782, P<0.001), after
which the size remained stable. However, similar to body
mass, the testicular size of SP males continued to slowly
increase until reaching its peak at PN'W21, with an aver-
age of 12.34% weekly. At PNW19, both groups had simi-
lar testicular sizes. Overall, LP males had a significantly
larger testicular size than SP males (two-way ANOVA:
F=321.858, df=1, P<0.001), and a significant photoperi-
odic effect was detected (F=7.703, df=18, P<0.001).
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Testis mass and seminiferous tubule diameter
Both groups had similar bilateral testicular mass from
birth to PND18 (Fig. 3a). However, three days later, the
testes mass of LP males significantly exceeded that of
the SP group until PNW10 (PNW3: £=4.038, P=0.010;
PNW4: t=13.667, P<0.001; PNW6: t=4.479, P=0.002;
PNW8: t=6.465, P=0.003; PNW10: £=20.300, P<0.001).
During this period, LP males gained 14.9 times the testes
mass (954.3+73.1 mg), but the SP group only increased
1.6 times (100.4+111.1 mg). Nevertheless, in the follow-
ing two weeks, the testes of SP males rapidly grew 4 times
(387.6 £244.8 mg). At PNW19, LP and SP males had the
same testes mass again, while LP males lost 29.4% of their
mass, but SP males grew 7 times compared to PNW10.
LP and SP had similar diameters of seminiferous
tubules (~45 um) at PNW2 (Fig. 3b). From PNW4 to
PNW10, SP males had significantly shorter tubular
diameters than LP males (PNW4: t=13.426, P<0.001;
PNW6: £=5.329, P<0.001; PNW8: £=10.206, P<0.001;
PNW10: t=5.241, P=0.004). At PNW19, they had simi-
lar tubular diameters. From PN'W2 to PNW19, both LP
and SP males displayed significant fluctuations in the
diameters of the seminiferous tubules (one-way ANOVA:
LP, F=14.112, P<0.001; SP, F=27.285, P<0.001). A sig-
nificant increase in the diameters of the seminiferous
tubules occurred before PNW6 in LP males (LSD: PN'W4
vs. PNW2: P<0.001; PNW6 vs. PNW4: P=0.021), but
occurred after PNW10 in SP males. Similar to the testes
mass at PNW19, compared to PNW 10, the diameters of
the seminiferous tubules in the LP group significantly
decreased by 21.7% (LSD: P=0.032), but significantly
increased by 77.2% in the SP males (LSD: P<0.001).

Differential development of testes in the photorefractory
period

Comparing the testicular sizes of the same male between
PNW10 and PNW19, the reversed tendencies occurred
in either LP or SP group, respectively. Nine males in
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Fig. 3 Postnatal development of testis mass (a) and diameters of seminiferous tubules (b) obtained after dissection in male Brandt’s voles under long and
short photoperiods. Data were analysed using the independent-sample t test. Asterisks (*) indicate significant differences between LP and SP; *: P<0.05,
** P<0.01,***: P<0.001. Data are shown as the mean + SEM. LP, long photoperiod; SP, short photoperiod; d, postnatal day; w, postnatal week
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the LP (47.4%) and SP (45.0%) were classified into pho-
torefractory groups, i.e., the “LP-PR” and “SP-PR” sub-
groups (Fig. 4a). The testis volume decreased by 72.6%
(from 678.8+140.7 mm® to 185.7+68.3 mm® 95% Cl:
371.97-614.34 mm?3, ¢t=9.384, df=8, P<0.001) in LP-PR
males, while it significantly increased by 103.9% (from
346.6£142.9 mm® to 706.8+70.3 mm?, 95% Cl: 263.30—
457.04 mm?®, t=8.574, df=8, P<0.001) in SP-PR males.
The other males in the two groups were classified into
LP-R and SP-R groups, which kept active or inactive
testes, respectively; no significant change was detected.
Moreover, significantly positive correlations were found
between testis volume and mass in all males (Pearson
correlation: r=0.9360 P<0.001; Fig. 4b). According to
the SP-R subgroup data, the simple linear regression
equation was established as y (mass)=0.001830x (vol-
ume) +0.01797 (R?=0.8364, P<0.001), and a testicular
volume of 400 mm? corresponded to a testicular mass of
0.75g.

The medians of the testis mass in both LP and SP
groups were close to 0.75 g at PNW19. Interestingly,
it is also the dividing line between the photo-response
and photorefractory groups (Fig. 4c). Compared with
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LP-R males, LP-PR males had significantly reduced tes-
tes mass (¢ = -8.063, P<0.001; Fig. 4c) and tubular diam-
eters (¢t = -4.679, P=0.002; Fig. 4d). Reversed phenomena
were found between SP-PR and SP-R (mass: ¢ = -6.888,
P<0.001; diameter: ¢ = -4.600, P<0.001; Fig. 4c, d).

Spermatogenesis under chronic long and short
photoperiods

PNDO to PND18: Non-differential period

The differentiation of germ cells was similar between LP
and SP males before PND18. At PND3, the seminiferous
tubules were lined with central gonocytes with large and
round nuclei and Sertoli cells near the basement mem-
brane and oval to elongated nuclei (Fig. 5a). At PND14
(PNW?2), the Sertoli cells stopped dividing, and sper-
matocyte development (meiosis) began, accompanied
by adluminal 1/z-spc with condensed chromatin, clear
cytoplasm, and distinct cell borders. Approximately 20%
of the tubular sections contained 1/z-spc in both groups
(Fig. 5b). By PND18, P-spc appeared, with less densely
packed nuclear chromatin than 1/z-spc.
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Fig. 4 Testicular morphological differentiation of testes in Brandt’s voles that experienced long-term long and short photoperiodic exposure, including
changes in testis volume from PNW10 to PNW19 (a), correlations between testicular volume and mass (b), testis mass (¢) and diameters of seminiferous
tubules (d) between the photo-responsive and photorefractory subgroups. Data were analysed using independent-sample t test. Asterisks (*) indicate
significant differences; *: P<0.05, **: P<0.01, ***: P<0.001. LP, long photoperiod; SP, short photoperiod; LP-R, males responding to long photoperiod with
large testes; LP-PR, photorefractory males in long photoperiod with small testes; SP-PR, photorefractory males in short photoperiod with large testes; SP-R,

males responding to short photoperiod with small testes
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Fig. 5 Testicular histology of Brandt’s voles under long and short photoperiods in the non-differential and inhibitory periods. Histological characteristics
(a) and proportions (b) of seminiferous tubules in the mitosis phase (Pre-meiosis) and tubules with leading cells of leptotene or zygotene spermatocytes
(I/z-spc), pachytene spermatocytes (P-spc), round spermatids (R-spt) and elongate spermatids (E-spt). In panel g, arrows indicate Sertoli cells (PND3), and
arrowheads indicate different leading cells, including gonocytes (PND3), I/z-spc (PNW?2), P-spc (PND18), R-spt (PNW4), and E-spt (PNW6). LP, long photo-

period; SP, short photoperiod. The scale bar represents 50 um in 400X

Short-photoperiod inhibitory period: PNW3 to PNW10

At PN'W4, the proportion of seminiferous tubules with
R-spt was 75% in the LP group but was only 1% in the
SP group (Fig. 5b). Despite most tubules in SP testes
producing primary spermatocytes, the number of sper-
matocytes was still insufficient. At PN'W6, 88% of tubu-
lar cross-sections of LP males were undergoing complete
spermatogenesis, whereas each of the five types of tubu-
lar cross-sections in the SP group accounted for a certain
proportion, indicating unsynchronized development. By
PNW10, 99% of the tubular sections in LP testes exhib-
ited normal spermatogenesis, but 26% of the tubular
cross-sections were arrested at the pre-meiosis stage in

the SP group. Notably, 38% of the tubular cross-sections
exhibited normal spermatogenesis.

Photorefractory period: after PNW10

At PNW19, LP males displayed various degrees of
regression in the spermatogenesis (Fig. 6a). The mildly
regressed (MR) tubular cross-sections showed a decrease
in late spermatid development in the lumen of the semi-
niferous tubules and a thinning germinal epithelium. The
strongly regressed (SR) sections demonstrated an arrest
in round spermatids, with almost no elongated sperma-
tids. When only spermatocytes were visible, the tubules
had entered total regression (TR), with the basement
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Fig. 6 Testicular histology of Brandt's voles under long and short photoperiods in the photorefractory period. Histological characteristics (a) and propor-
tions (b) of mildly regressed (MR), strongly regressed (SR), total regressed (TR) seminiferous tubules and tubules with leading cells of pachytene sper-
matocytes (P-spc), round spermatids (R-spt) and elongate spermatids (E-spt). LP, long photoperiod; SP, short photoperiod; LP-R, males respond to long
photoperiod with large testes; LP-PR, photorefractory males in long photoperiod with small testes; SP-PR, photorefractory males in short photoperiod
with large testes; SP-R, males respond to short photoperiod with small testes. The scale bar represents 50 pm in 400x

membrane curling and thickening. However, SP males In both the LP-R and SP-PR groups, nearly 90% of the
were in the process of testicular development, and sper-  seminiferous tubules were in the E-spt stage. Compared
matogenesis status were in the emergence of P-spc, R-spt,  with the LP-R group, the LP-PR group showed a dramatic
and E-spt from small to large testes (Fig. 6a). decrease in the proportion of E-spt tubular sections (88%

in LP-R to 26% in LP-PR), while the percentage of
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respond to long photoperiod with large testes; LP-PR, photorefractory males in long photoperiod with small testes; SP-PR, photorefractory males in short
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regressed tubular sections significantly increased (12% to
74%; Pearson x> =215.510, P<0.001), as well as 40% sec-
tions in the TR stage. Additionally, the SP-R group had
more developing tubules, such as P-spc (5%) and R-spt
(9%), as well as a small number of regressed tubules,
including MR (1%) and TR (1%; Fig. 6b).

Nucelo-cytoplasmic ratio of testicular Leydig cells under long
and short photoperiod

The Leydig cells in the LP testes were either isolated or
clustered in the interstitium at PNW4 and PNW10,
while the interstitial tissue in the SP group showed
developmental retardation with a mass of undeveloped

Leydig cells (Fig. 7a). As development progressed, the
cytoplasm of LP Leydig cells grew normally, and the
nucleo-cytoplasmic ratio decreased from 0.54+0.14
at PNW4 to 0.21+0.03 at PNW10, a reduction of half
(Fig. 7¢). In comparison, the nucleo-cytoplasmic ratio
of the SP group decreased from 1.22+0.17 at PNW4
to 0.92+0.46 at PNW10. Overall, the interstitial tissue
in LP males developed faster than that in the SP group
until PNW10 (PNW4: ¢ = -7.091, P<0.001; PNW10: ¢ =
-3.456, P=0.026). By PNW19, there was no significant
difference between the two groups (t=1.947, P=0.066),
but the mean ratio in LP males tripled compared to that
in PNW10 (Fig. 7c). In contrast, the mean ratio in the SP
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group decreased by 60.4%, reaching 0.37+0.16 (Fig. 7c).
Additionally, compared with the LP-PR and SP-R males,
the LP-R and SP-PR males had fully developed Leydig
cells with a larger cytoplasmic area (Fig. 7b). Further-
more, the LP-PR males had a higher nucleo-cytoplasmic
ratio than the LP-R subgroup (t=2.824, P=0.025), and
the SP-R males had a higher ratio than the SP-PR sub-
group (t=2.837, P=0.015). Notably, the nucleo-cytoplas-
mic ratio of LP-PR was significantly higher than that of
SP-R (¢t=2.338, P=0.049), indicating different stages of
small testes under long and short photoperiods (Fig. 7d).

Discussion

In this study, we investigated the effects of long (LP) and
short (SP) photoperiods on male Brandt’s voles from
pregnancy to postnatal week 22. We found that SP sig-
nificantly suppressed somatic and gonadal development
in male voles from weaning to adulthood but not from
birth. Furthermore, photorefractoriness was observed
after postnatal week 10 in both photoperiodic groups.
Interestingly, not only SP males but also LP ones reversed
their gonadal activity status, with the ratio being similar
in both groups. Our findings demonstrate that photope-
riod or daylength plays a role in determining develop-
mental and seasonal breeding patterns in Brandt’s vole.

Somatic growth was fast in LP, but slow in SP

Our results showed that SP had a significant impact on
the somatic growth of Brandt’s voles from weaning to
adulthood. After a quick increase in body mass for five
weeks following weaning, LP males maintained a con-
sistent body mass of approximately 54 g for 13 weeks. In
contrast, SP males had a lower body mass than LP males
until PNW14, indicating a developmental delay of at least
6 weeks compared to LP males. However, SP males even-
tually caught up and even exceeded the body mass of LP
males by PNW19. Body mass is an important indicator
of the nutritional status of animals, and changes in body
mass are influenced by the balance between energy intake
and expenditure [37-39]. The mechanism of energy bal-
ance following a change in photoperiod appears to vary
among small rodents. For example, Siberian hamsters
experience body mass loss under SP conditions due to a
decrease in food intake [40, 41], while Djungarian ham-
sters (Phodopus sungorus) experience a decrease in body
mass under SP conditions primarily due to a reduction
in adipose tissue mass [42]. Previous studies on Brandt’s
voles have shown that SP-induced body mass loss is
due to an increase in energy expenditure rather than a
decrease in food intake [43, 44]. The delayed somatic
development of voles may be attributed to the increased
energy consumption under SP conditions. In contrast,
the collared lemmings (Dicrostonyx groenlandicus)
exposed to SP increased in body mass without increasing
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food intake or digestive efficiency, likely due to a decrease
in resting energy expenditure [45, 46]. Our study revealed
that SP males caught up with LP males in body mass after
PNW10 and surpassed them by PNW19, possibly accom-
panied by a decrease in metabolic rate.

Overwhelming SP-inhibition of testicular development
until adulthood
Our results revealed that there was no significant differ-
ence in testicular development between the LP and SP
groups from birth (PNDO) to weaning (PN'W3), which
is referred to as “non-differential stage” This is consis-
tent with previous research on Djungarian hamster,
which showed a similar increase in testis mass under
both LP (16L:8D) and SP (10L:14D) conditions at PND15
[12]. Short photoperiod did not inhibit the initiation of
spermatogenesis, but rather the production of primary
spermatocytes. Approximately 20% of tubular sections
contained leading cells with leptotene or zygotene sper-
matocytes, indicating that both LP and SP males began
meiosis in the first wave of spermatogenesis at two weeks
of age. This may be attributable to the development of the
pineal melatonin rhythm, which typically occurs between
postnatal days 15 and 20 in Syrian and Siberian ham-
ster, respectively [47]. The circadian rhythm of melato-
nin produced by the pineal gland plays a crucial role in
translating information about day length and influencing
the hypothalamus-pituitary-gonadal axis [48, 49]. Stud-
ies have shown that the onset of the pineal melatonin
rhythm is closely linked to the ability of SP to inhibit the
peak in serum follicle-stimulating hormone (FSH) levels
and hider gonadal growth in Siberian hamster by 20 days
of age [12]. This suggests that the maturation of a pineal-
dependent mechanism is essential for the photoperiodic
regulation of gonadal development in hamsters and voles.
During the SP-inhibitory stage from PN'W3 to PNW10,
SP Brandt’s voles experienced a significant delay in tes-
ticular development, including size, mass, and spermato-
genesis. At PNW10, the testicular size and mass of the
more developing SP males were similar to LP males at
PNW4. Histological analysis showed that spermatogen-
esis began at PNW6 with an increase in tubular diam-
eter and the percentage of tubules containing E-spt, but
mature sperm did not form until PNW10. These find-
ings support the inhibitory effects of SP on gonadal
development in male voles. Previous studies have also
documented the inhibitory effect of SP on gonadal devel-
opment in other photoperiodic small rodents, such as
montane vole (Microtus montanus) [50, 51], Djungarian
hamsters [12, 52], marsh rice rat (Oryzomys palustris)
[10], white-footed mice (Peromyscus leucopus) [53] and
meadow voles (Microtus pennsylvanicus) [54, 55]. Previ-
ous studies in Brandt’s voles have shown that LP males
had larger testes than SP males at PND60 or PN'W12 [56,
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57]. However, there is a lack of literature on the histo-
logical characteristics in developmental processes during
SP inhibitory conditions. Our study confirmed that SP
inhibits testis development in young male voles, leading
to a delay in puberty. LP males had R-spt in the seminif-
erous epithelium at PNW4 and entered the normal cycle
by PN'W10, while SP males showed a blockage in P-spt
production until PNW10. Similarly, Djungarian hamsters
born under SP conditions also exhibited this phenome-
non, with spermatogenesis being halted primarily at the
mid-pachytene stage from PND22 to PND64. During
this time, no tubular lumen was formed, and there was
a decrease in the number of preleptotene spermatocytes
[13]. These results suggest that maternal photoperiod
experience can influence the gonadal development of off-
spring after weaning.

The nucelo-cytoplasmic ratio of Leydig cells in SP male
voles was found to be significantly higher compared to
those in LP males from PN'W4 to PNW10. Leydig cells
play a crucial role in testosterone synthesis within the
testicular interstitium [58]. Exposure to SP was shown
to decrease the cytoplasmic volume of Leydig cells, par-
ticularly affecting the saccular variety of the endoplas-
mic reticulum and weakening testosterone synthesis
[59]. Though testosterone levels were not measured in
this study, the higher nucelo-cytoplasmic ratio in Leydig
cells of SP males indicates suppressed testosterone syn-
thesis, which likely contributes to the inhibited testicu-
lar development observed in these males. These findings
suggest that the inhibition of testicular mass gain in SP
male voles can be attributed to changes in morphomet-
ric parameters, such as tubular diameter and nucelo-
cytoplasmic ratio of Leydig cells, resulting from blocked
spermatogenesis, absence of late germ cells, and delayed
development of Leydig cells.

Photo-refractoriness of testes in chronic LP and SP
exposure

In photoperiodic rodents, photo-refractoriness typically
occurred after prolonged exposure to SP for more than 10
weeks, leading to spontaneous recrudescence of gonadal
activity [60]. This phenomenon has been observed in
various rodent species, such as white-footed mouse [53],
Djungarian hamster [16], Siberian hamster [22] and Syr-
ian hamster [23]. In the present study, we observed that
male voles exposed to SP quickly developed their tes-
tes after PNW10 and experienced a significant increase
in testes mass, reaching up to as much as 280% above
300mm? in the following two weeks. Additionally, there
was a revival of the meiotic process in the seminifer-
ous tubules, accompanied by an enlargement of tubular
diameter and a decrease in the nucelo-cytoplasmic ratio
of Leydig cells. These findings are consistent with the
spontaneous recrudescence of gonadal activity observed
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in adult Syrian hamster after 16 weeks of exposure to SP
[21]. However, it is noteworthy that only approximately
half of SP male voles in our study exhibited testicular
recrudescence.

Interestingly, half of the LP males also experienced a
decrease in testicular activity during the photorefrac-
tory stage. By PNW19, nine LP males had testes smaller
than 400mm?, with the average testicular size and mass
decreasing by 72.6% and 64.8%, respectively, compared to
PNW10. Histological analysis revealed tubular regression
from MR to TR in LP-PR males, with decreasing tubu-
lar diameters and an increase in the nucelo-cytoplasmic
ratio of Leydig cells. It seems that LP-PR males naturally
entered a non-reproductive state despite being under LP
conditions. These data indicates an LP photo-refractory
in Brandt’s vole, a phenomenon commonly observed in
birds [61-64], but rarely reported in rodents, with the
exception of collared lemmings (Dicrostonyx groenlandi-
cus) [65, 66]. The histological characteristics of testicular
degeneration in the LP-PR are similar to the SP degenera-
tion observed in adult Syrian hamsters [20], both show-
ing a progressive loss of germ cells from spermatids to
spermatocytes.

Testicular regression can occur due to both aging and
seasonal inhibition, but these processes have distinct
outcomes. Aging-related regression is irreversible, while
seasonal inhibition leads to reversible regression [67].
The reversibility of regression depends on the ability of
spermatogonia to recover. In Syrian hamsters, exposure
to SP condition results in a decrease in differentiated
spermatogonia and an increase in undifferentiated sper-
matogonia [68]. In the present study, we observed degen-
eration of spermatids and spermatocytes in the testes of
LP-PR males, but an increase in undifferentiated sper-
matogonia with large nuclei, indicating the potential for
spermatogenesis restoration under suitable conditions.
Further experiments are needed to test the prolifera-
tive activity and differentiation capacity of spermatogo-
nia in regressed testes. Brandt’s voles have a life span of
less than 14 months in the wild, but can live up to two
years in laboratory housing [69]. Therefore, voles aged 19
weeks are not considered aged. Not all LP males showed
LP-refractoriness, suggesting it is not an inevitable life
history trait but a survival strategy for active overwinter-
ing. In our previous observations, testicular regression
also occurred in adult voles from July to September in the
wild population, indicating that adult voles born in the
same year shut down their reproductive function before
winter to conserve energy for overwintering.

Potential neuroendocrine and ecological mechanisms for
photoperiodism in Brandt’s vole

Seasonal breeders of mammals rely on the pineal gland
to convert the photoperiod into melatonin, which plays
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a key role in regulating reproductive activity [70]. In con-
ditions with longer period of melatonin secretion in SP
conditions, the production of thyroid stimulating hor-
mone (TSH) in the pars tuberalis (PT) is inhibited, lead-
ing to alterations in the dynamic expressions of Dio2 and
type III deiodinase (Dio3) enzymes in tanycytes [71, 72].
DIO2 converts thyroxine (T4) to bioactive triiodothy-
ronine (T3), while DIO3 catabolizes both T4 and T3 to
inactive metabolites, which results in a decrease of T3
level in the mediobasal hypothalamus [73], ultimately
influencing reproductive function in rodents such as
hamsters and voles. Studies have shown that maternal
melatonin levels can affect fetal PT and regulate TSH lev-
els, potentially starting before birth. For example, Sibe-
rian hamsters born in LP and SP conditions displayed
significant differences in Ts#5 mRNA expression in the
PT and Dio2 expression in the hypothalamus [15]. Addi-
tionally, transferring juvenile hamsters from LP to SP can
rapidly increase Dio3 mRNA expression in the hypothal-
amus within three days (PND18 to PND21) [18].

However, the exact neuroendocrine mechanisms
underlying SP-refractoriness in rodents are not yet fully
understood. In mammals, the hypothalamic-pituitary-
gonadal axis stops response to the prolonged SP con-
dition and becomes insensitive to a long duration of
melatonin followed by an increase in FSH and luteinizing
hormone [74]. In Siberian hamsters, the concentration
of T, in the hypothalamus plays a role in SP-refractori-
ness, as extended exposure to SP results in a decrease in
T,-binding protein synthesis and a reduction in hypo-
thalamic T, uptake [22]. Milesi et al. (2017) reported
that downregulation of Dio3 is a common early event
in activation of the gonadotropic axis during both LP
exposure and SP-refractoriness in Syrian and Djungar-
ian hamsters [75]. Our previous research also revealed
that the seasonal dynamic expressions of hypothalamic
Dio2 and Dio3 were closely linked to the annual photo-
periodic cycle in wild vole populations, with the ratio of
Dio2 to Dio3 peaking in June, suggesting a potential key
role for these molecules in regulating seasonal breed-
ing in Brandt’s voles [32]. Further investigation into the
molecular pathways involved in overcoming suppression
of SP could provide new insights for managing Brandt’s
vole populations.

Photoperiodism in Brandt’s vole may play a crucial role
in their fitness from an ecological perspective. Previ-
ous studies have shown that in seasonal breeding small
rodents, rapid somatic and gonadal growth give those
born in the early breeding season a better chance for
reproductive success, while those born later in the sea-
son conserve energy for survival in the harsher autumn
and winter [76, 77]. Photorefractoriness, the spontane-
ous reversal of gonadal activity, helps voles prepare for
the upcoming breeding or non-breeding seasons [26, 78].
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Interestingly, our study found that the voles with or with-
out refractoriness were evenly differentiated in both LP
and SP conditions, implying that Brandt’s voles adopt a
“bet-hedging” strategy in photoperiodic phenotype on
unpredictable environmental changes in the following
season. The steppes of Inner Mongolia, the voles’ natu-
ral habitat, is in the temperate continental climate zone
with unpredictable changes in seasonal shifts, such as
dynamic fluctuations of ambient temperature and rain-
fall, which probably promote or delay the coming of
spring and autumn [79]. It may be that voles with photo-
period-refractoriness bet on the advanced or normal sea-
sonal shifts, such as warm spring and cold autumn, which
could increase fitness by increased brood number in
breeding season or survival in non-breeding season. This
effect is reversed in photoperiod-response voles, which
will be higher fitness in cold spring or warm autumn.
This adaptability is likely a result of long-term evolution-
ary processes in response to the variable environment.
However, the origin of phenotypic differentiation
among LP-R, LP-PR, SP-R, and SP-PR individuals
remains unclear, whether it stems from epigenetic or
genomic factors. LP and SP individuals derive from eight
and nine distinct litters, respectively, with some litters
containing both LP-R and LP-PR individuals, and oth-
ers containing both SP-R and SP-PR individuals. Despite
sharing a genetic background, phenotypic variations
among littermates suggest that genetic factors may not
be the primary determinants. Studies have demonstrated
that epigenetic modifications in monozygotic twin pairs
diverge with age, influenced by both external and inter-
nal factors [80]. Epigenetic influences are also plausible,
as offspring exposed to the same external photoperiod
conditions exhibit phenotypic differences despite simi-
lar environmental exposures. Experimental validation is
necessary to confirm the presence of epigenetic modifi-
cations, such as differential methylation sites and histone
acetylation patterns. It is hypothesized that this phe-
nomenon may involve intricate neuroendocrine regula-
tory mechanisms. Given that photoperiodic signalling
involves hierarchical processing through the hypotha-
lamic-pituitary-gonadal axis, key regulatory nodes neces-
sitate investigation, including melatonin responsiveness
in the PT, hypothalamic sensitivity to TSH, T3-mediated
regulation of GnRH neurons, and testicular responsive-
ness to gonadotropins. Further exploration of these
pathways will offer crucial insights into the mechanistic
underpinnings of photo-refractoriness in Brandt’s voles.
Moreover, the distribution of Brandt’s voles has signifi-
cantly contracted in recent years, with their southern
range shifting several hundred kilometers north in China
over the past two decades [81]. Therefore, elucidating
the adaptive mechanisms to environmental changes in
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Brandt’s voles is imperative for comprehending their dis-
tribution dynamics and evolutionary history.

Conclusion

The present study provides new insights into the effect
of photoperiod on postnatal testicular development in
Brandt’s vole. The inhibitory effect of short photoperiod
appears after weaning. Young voles born in long photope-
riod develop normally, while the puberty of young voles
born in short photoperiod is delayed, mainly manifested
by blocking the meiotic process in the seminiferous epi-
thelium. However, long-term exposure to both long and
short photoperiods results in photorefractoriness, which
will be beneficial for the animals in facilitating active
overwintering and initiating breeding before the onset of
the following spring. In summary, photoperiod is a key
environmental clue guiding the adaptation and seasonal
reproduction of Brandt’s vole.
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