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Genetic and Environmental Influences on
Short-Day Responsiveness in Siberian
Hamsters (Phodopus sungorus)

Sharry L. Goldman, Krishnan Dhandapani,” and Bruce D. Goldman'

Department of Physiology and Neurobiology, University of Connecticut, Storrs, CT 06269, USA

Abstract  Siberian hamsters are photoperiodic rodents that typically exhibit sev-
eral physiological changes when exposed to a short-day photoperiod. However,
development of the winter phenotype in short days is largely conditional on
prior photoperiod history: Hamsters that have been reared in an exceptionally
long day length (18 L) do not usually exhibit the winter phenotype after transfer
to short days, whereas animals reared under “moderately” long days (16 L) are
more variable in responsiveness to subsequent short-day exposure, with 20% to
30% generally failing to exhibit winter-type responses. Hamsters reared exclu-
sively in an “intermediate” day length (14 L) are almost uniformly responsive to
short photoperiod. In the present study, the authors examine the influence of
photoperiod history on short-day responsiveness in a breeding line of hamsters
that has been subjected to artificial selection for resistance to the effects of short
days. The results demonstrate that photoperiod history is an important determi-
nant of short-day responsiveness in both random-bred (UNS) hamsters and ani-
mals artificially selected and bred for nonresponsiveness to short photoperiod
(PNR). The PNR hamsters have a reduced requirement for long-day exposure to
evoke a state of unresponsiveness to short days. The results are discussed in rela-
tion to possible significance for the origin of population and species differences

in photoperiod responsiveness.
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There are numerous species differences among
mammals in responsiveness to photoperiod cues. For
example, even closely related species may exhibit dif-
ferent critical day length requirements for maintain-
ing reproductive activity (Elliott, 1976; Hong et al.,
1986). In some species, photoperiod influences several
traits; in other species, the effects of photoperiod are
more restricted (Goldman and Nelson, 1993). Differ-
ences in photoperiodic response also occur between
different breeding populations within a species.

1. To whom all correspondence should be addressed.

White-footed mice (Peromyscus leucopus) collected in
Connecticut exhibited reproductive inhibition when
exposed to short days in the laboratory; mice of the
same species collected in Georgia did not show this
short-day response. This difference in photoperiod
response persisted when mice from the two popula-
tions were born and reared under identical conditions
in the laboratory (Lynch et al., 1981; Carlson et al,,
1989). Similarly, differences in photoperiod respon-
siveness were found between deer mice (Peromyscus
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maniculatus) captured at different latitudes (Dark et al.,
1988). Differences in photoperiod responsiveness
between species and between different breeding pop-
ulations within a species undoubtedly represent
evolved adaptations to different environments.

Variations in photoperiod responsiveness have also
been observed between individual members of a sin-
gle breeding population. Laboratory-bred deer mice,
derived from a single wild-caught breeding popula-
tion, showed variations in response to short days.
Individual mice that failed to undergo gonadal regres-
sion in short days also failed to regress when treated
with a dose of melatonin that induced regression in
short-day responsive deer mice (Blank and Freeman,
1991). It has been suggested that variations in
photoresponsiveness within a breeding population
may represent a balanced polymorphism that permits
opportunistic winter breeding by a fraction of the pop-
ulation. Winter reproduction by a portion of the breed-
ing population has been described for a number of
small rodents (Christian, 1980).

Laboratory bred Siberian hamsters (Phodopus
sungorus) exhibit considerable individual variations
in responsiveness to photoperiod. Most individuals
undergo gonadal regression, molt to a winter pelage,
and decrease body and lipid mass when exposed to
short days (Goldman and Nelson, 1993). However,
20% to 30% of the animals may fail to exhibit any of
these responses. The basis for the variation in
photoresponsiveness among Siberian hamsters is dif-
ferent from that described for deer mice and
white-footed mice, where nonresponsive individuals
produce typical short-day melatonin patterns but do
not exhibit winter-type changes in response to these
patterns. Short-day nonresponsive Siberian hamsters
exhibit longer taus as compared to their photorespon-
sive counterparts. This leads to different phase angles
of entrainment to short-day photoperiods and a sub-
sequent failure to show the expanded durations of
melatonin secretion that are required for initiating the
various winter-type responses in this species (Free-
man and Goldman, 1996a; Puchalski and Lynch,
1986).

Through artificial selection, it has been possible to
develop breeding lines of Siberian hamsters with
much larger percentages of animals that are
nonresponsive to short days (Freeman and Goldman,
1996 a,b; Kliman and Lynch, 1992), demonstrating a
heritable component to this trait. Our laboratory has
developed a breeding line of photoperiod non-
responsive hamsters (PNR) in which more than 80% of

the adult males fail to exhibit testis regression when
exposed to short days. However, responsiveness to
short photoperiod appeared to be at least partly age
related, since when PNR hamsters were exposed to
short days beginning at 19 days of age, substantial
numbers of animals did show short-day responses.
Hamsters derived directly from our general breeding
colony (UNS, unselected breeding line) also exhibited
a larger proportion of short-day nonresponders when
tested as adults than when tested as juveniles. These
observations suggested that the older animals may be
the members of the population that would be most
likely to engage in winter breeding in the field (Free-
man and Goldman, 1996b).

In Siberian hamsters, photoperiod history may be
more important than age per se for determining
whether an individual will exhibit winter responses
when exposed to short days. When male UNS Siberian
hamsters were exposed to very long days (18 L) for 10
weeks and then shifted to short days, few animals
showed reproductive inhibition; in contrast, hamsters
that were raised in an intermediate day length (14 L)
consistently showed the species-typical inhibition of
reproductive activity when transferred to short days
(Gorman and Zucker, 1997). These results, taken in
conjunction with other studies employing simulated
natural photoperiods (Gorman and Zucker, 1995),
suggested the following scenario: Hamsters born
early in the breeding season would be exposed to the
longest days of summer, which exceed 18 L in the nat-
ural habitat of this species. This photoperiod experi-
ence would render most of the animals nonresponsive
to short days, so that these individuals would be most
likely to engage in winter breeding. Hamsters born
later in the breeding season and not exposed to mid-
summer day lengths would be highly responsive to
short days and would therefore be reproductively
inhibited through the winter (Gorman and Zucker,
1997). The end result would be that the oldest animals
in the winter population would be those most likely to
attempt winter breeding, whereas the younger ham-
sters would gamble on survival through the winter
and, if successful, breed the following spring.

The present study utilized our breeding line (PNR)
of hamsters that was selected for nonresponsiveness
toshort days to further explore the role of photoperiod
history in short-day responsiveness. The experiments
were designed to determine (a) whether PNR ham-
sters require some amount of long-day exposure to
become nonresponsive to short days and (b) whether
the effects of long-day exposure to induce nonrespon-

Downloaded from http://jbr.sagepub.com at SWARTHMORE COLLEGE LIBRARY on April 7, 2010


http://jbr.sagepub.com

Goldman et al. / PHOTOPERIOD RESPONSIVENESS IN HAMSTERS 419

siveness to short days are quantitatively different in
PNR and UNS hamsters, respectively.

MATERIALS AND METHODS

Animals used in these experiments were obtained
from two breeding colonies maintained in our labora-
tory. The main colony of random-bred hamsters (UNS,
or unselected) was derived from stock provided by
Klaus Hoffmann. The second breeding line (PNR, or
photoperiod nonresponsive) was derived from the
UNS hamsters by artificial selection for the trait of
nonresponsiveness to a short-day photoperiod (10 L).
Our breeding colonies are routinely maintained under
a 16:8 LD photoperiod at a room temperature of 20 to
22 °C. Artificial selection that led to the development
of our PNR colony was carried out by raising hamsters
in 16 L, testing them for responsiveness to a short-day
photoperiod, and establishing breeding pairs from
among the males and females that failed to respond.
Further details of the method of artificial selection and
comparisons of the PNR and UNS hamsters with
respect to photoperiodic response and circadian
parameters have been reported (Freeman and
Goldman, 1996 a,b).

Food (Agway Prolab 3500 RMH) and water are pro-
vided ad libitum for all hamsters. All animals used as
breeders in these experiments were raised from birth
in 16 L. At the time that adults were paired for use as
experimental breeders, they were either left in 16 L or
transferred to 18 L or 14 L (Experiments 1, 3, and 4).
Adultmales and females were paired and left together
for breeding and during pregnancy and lactation.
Hamster pups are routinely weaned at 18 to 20 days of
age in our colonies. In some of the present experi-
ments, pups were weaned at 14 days postpartum (day
of birth = day 1, or D). In these cases, the breeding
pairs and their pups were given supplemental feeding
with sunflower seeds for a few days prior to weaning,
and freshly weaned hamsters continued to receive
sunflower seeds in addition to the standard diet for a
few more days. This contributed to more rapid growth
of the young.

Experiment 1: Effect of Photoperiod
of Rearing on Short-Day Responsiveness
of UNS and PNR Hamsters in Adulthood

This experiment was designed to determine the
effects of different photoperiods during rearing on

adult responsiveness to short days in hamsters from
both breeding lines. Breeding pairs of both UNS and
PNR hamsters were housed in 14 L (lights on
0300-1700 h), 16 L (lights on 0200-1800 h), or 18 L
(lights on 0100-1900 h). Pups were weaned and group
housed by sex at 18 days postpartum. All hamsters
remained in the same photoperiod that had been in
effect during gestation. Only male offspring were
used in this experiment.

At 60 days of age, hamsters either remained in the
photoperiod of gestation /rearing or were moved to 10
L (lights on 0500-1500 h; short-day photoperiod).
Eight weeks later, all animals were autopsied. Pelage
condition was scored (Duncan and Goldman, 1984),
and animals were considered to have displayed a win-
ter molt if they exhibited any indication of the molt.
Since Siberian hamsters usually require 10 to 12 weeks
of short days to complete a winter molt, these animals
generally showed only beginning stages of molt. Nev-
ertheless, this is a reliable indicator of response to
short days because hamsters housed exclusively in
long days show no indications of winter pelage devel-
opment. To assess reproductive status, the testes were
removed and weighed. Male hamsters raised in long
days rarely exhibit paired testes weights < 500 mg by 3
to 4 months of age (Freeman and Goldman, 1996b).
Therefore, paired testes weights < 500 mg were con-
sidered to indicate reproductive inhibition.

Experiment 2: Effects of

Different Amounts of

Long-Day Exposure in Early Life
on Subsequent Response to Short
Days in PNR Hamsters

In a preliminary study, male PNR hamsters (1 = 10)
that were gestated and reared postnatally in 10 L all
showed retarded testis development at 1 month of
age. Also, PNR males (n =7) gestated in 16 L and trans-
ferred with their parents to 10 L on the day of birth all
had small testes at 1 month (Eric Anderson, unpub-
lished data). These observations suggest that PNR
hamsters may require postnatal exposure to long days
to become unresponsive to short days; alternatively, it
may be that resistance to the reproductive inhibitory
effects of short days simply does not develop until
later in life. Experiments 2 and 3 were designed to
determine whether PNR hamsters require some
period of postnatal exposure to long days to become
unresponsive to the reproductive inhibitory effects of
short days.
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Only PNR hamsters were used in this experiment.
Our preliminary results suggested that PNR males
raised from birth in short days were uniformly
responsive, and other studies have suggested that
photoperiods experienced during the first 2 weeks
after birth do not influence subsequent photoperiod
responsiveness in Siberian hamsters (Stetson et al.,
1989). Therefore, we decided to test whether long-day
exposure after the second week of life is required to
induce a state of nonresponsiveness to short days.
Adults were paired and bred in 16 L, and breeding
pairs remained with their litters in the same room until
the pups were weaned at Dy, of age (day of birth = D,).
In the first part of this experiment, half the animals in
each litter were transferred to 10 L on the day of wean-
ing; the remaining pups were left in 16 L for 6 more
days and were moved to 10 L at D,,. In the second part
of the experiment, additional litters were produced by
breeding pairs in 16 L, and littermates were either
moved to 10 L at weaning (Dy,) or at D,s5. After 8 weeks
in 10 L, all hamsters were weighed, scored for molt to
winter pelage, and autopsied to determine testis or
uterine weights.

Experiment 2 was repeated in its entirety several
months following completion of the first run. The
repeat was undertaken because in a subsequent exper-
iment (Experiment 3) we observed somewhat differ-
ent frequencies of short-day responders under condi-
tions virtually identical to those employed in
Experiment 2.

Experiment 3: Effects of
Photoperiod of Gestation and
during D,,.,, after Birth on
Responsiveness to Short Days

The results of Experiment 2 revealed that PNR
hamsters transferred from 16 L to 10 L at D,, were
almost uniformly responsive to short days. This obser-
vation was compatible with the hypothesis that
long-day exposure subsequent to D,, is required for
the development of nonresponsiveness to short days
in the PNR hamsters. However, it remained possible
that age per se had a role in the results—that is, per-
haps hamsters are less likely to respond to short days
at D,; than at Dy, regardless of photoperiod history. It
is also possible that the photoperiod of gestation
might influence short-day responsiveness, since ges-
tation photoperiod can have a potent effect on
postnatal photoperiodic responses in this species

(Reppert et al., 1985; Stetson et al., 1986). To further
explore these possibilities, we made use of previous
observations indicating that for Siberian hamsters 14 L
is an “intermediate” photoperiod—in that transfer to
this day length may evoke either gonadal regression
or gonadal stimulation, depending on whether the
previous photoperiod was longer or shorter (Hoff-
mann et al., 1986).

One set of breeding pairs of PNR hamsters was
placed in 16 L. Litters produced by these pairs were
reared to postnatal D;,in 16 L. At this time, litters were
weaned and the weanlings were divided into three
treatment groups. One group was leftin 16 L until D,,;
another group was transferred to 14 L until D,,. Both
these groups were transferred to 10 L on D,, and were
autopsied 8 weeks later. A control group was trans-
ferred to 14 L at D,, and remained in 14 L until they
were autopsied at the same age as the two previous
treatment groups.

Asecond set of breeding pairs of PNR hamsters was
placed in 14 L. Offspring of these animals were raised
to postnatal D;, in 14 L and were then apportioned
among three treatment groups. One group remained
in 14 L until D,,; another group was transferred to 16 L
until D,,. Both these groups were transferred to 10 Lon
D,, and were autopsied 8 weeks later. A control group
remained in 14 L until they were autopsied at the same
age as the two previous groups.

Experiment 4: Transmission of
Photoperiod Information from
Mother to Fetus in PNR Hamsters

Pregnant UNS hamsters transmit photoperiod
information to their fetuses. Experiment 3 included
groups of PNR hamsters gestated in 16 L and 14 L,
respectively, and these treatments were included to
assess the possibility that the photoperiod of gestation
might influence short-day responsiveness in the off-
spring of PNR hamsters. However, it is not clear
whether PNR dams would be able to provide their
fetuses with differential photoperiod information rel-
evant to gestation photoperiods of 16 Land 14 L, since
most adult PNR hamsters do not exhibit short-day
responses and may themselves be incapable of distin-
guishing between long and short day lengths. There-
fore, we designed an experiment to resolve this issue.
Breeding pairs of PNR hamsters were housed in 16 L
or 14 L. On the day of birth, 16 L pairs and their litters
were transferred to 14 L; the pairs thathad beenin 14 L
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during gestation remained in 14 L. Pups were weaned
at D,, and remained in 14 L until autopsy at Da,.

Statistics

Body weights and organ weights in each experi-
ment were first analyzed by two-way analysis of vari-
ance (ANOVA). In cases where significant differences
were indicated by ANOVA, appropriate pairs of
group means were compared using the two-tailed Stu-
dent’s ¢ test in Experiments 1 and 4. For Experiments 2
and 3, ANOVA was followed by Tukey’s HSD test to
evaluate the significance of differences between pairs
of treatment groups.

Data for percentage of animals failing to exhibit
regressed testes and data for percentage of animals
failing to begin winter molt were analyzed using
Statistica’s two-sided difference between two propor-
tions test (based on chi-square distribution). Compari-
sons were made between appropriate pairs of treat-
ment groups.

RESULTS

Experiment 1: Effect of Photoperiod
of Rearing on Short-Day Responsiveness
of UNS and PNR Hamsters in Adulthood

When gestated and reared in our “standard” 16 L
photoperiod and then transferred to 10 L in adult-
hood, 31% of the UNS males failed to exhibit testicular
regression and 55% had not begun to molt to winter
pelage after 8 weeks (Table 1). In contrast, more than
80% of the PNR males gestated and reared in 16 L
failed to show both types of short-day responses after
8 weeks in 10 L. These differences between UNS and
PNR hamsters reared in 16 L were statistically signifi-
cant (p <0.01). When gestated and reared in 14 L rather
than 16 L, the percentages of both UNS and PNR males
failing to exhibit responsiveness to short days were
reduced (p < 0.01 for comparisons within each breed-
ing line for animals reared in 16 L vs. 14 L). For UNS
males reared in 14 L, only 5% failed to show testicular
regression in 10 L and only 9% failed to begin a winter
molt. When reared in 18 L, a greater proportion of the
UNS hamsters were unresponsive to short days as
compared to UNSmales reared in 16 L (67% of the 18 L
reared males failed to regress vs. 31% of the 16 Lreared
males, p < 0.01). The proportion of PNR males that

were unresponsive to short days was not different
between animals reared in 18 L versus 16 L. Both UNS
and PNR males that were reared throughout the
experiment in either 18 L or 16 L had uniformly large
testes at autopsy. Most males kept in 14 L until the end
of the study also had large testes, but some of the ani-
mals in 14 L showed testicular regression (30% UNS,
12% PNR).

Experiment 2: Effects of Different
Amounts of Long-Day Exposure in
Early Life on Subsequent Response
to Short Days in PNR Hamsters

In the first run of Experiment 2, PNR hamsters that
were gestated in 16 L and reared to 25 days of age in
the same photoperiod were mostly unresponsive to
short days when transferred to 10 L at Day 25 (Figs. 1
and 2). The percentages of short-day nonresponsive
males in this group (94% failed to show testis regres-
sion) were similar to what was observed for PNR
males raised to adulthood in 16 Lbefore exposure to 10
L (Experiment 1; 81% failed to regress). This con-
trasted sharply with the results for PNR hamsters that
were transferred to 10 L at D,,. For this group, only 3%
of the males failed to exhibit testis regression and only
6% failed to begin a molt to winter pelage; PNR
females transferred to short days at D, had reduced
uterine weights (compared to those transferred to 10 L
at Dy, p < 0.01), and only 23% of the females failed to
begin a winter molt (compared to 83% of the PNR
females transferred to 10 L at D, p < 0.01).

In the second run of Experiment 2, the treatment
effects were similar to those obtained in the first run
(Figs. 1 and 2). However, there were quantitative dif-
ferences between the two runs; for groups of males
transferred to short days at D,, or D,;, respectively,
there were higher frequencies of nonresponders in the
first run as compared to the second.

Experiment 3: Effects of Photoperiod
of Gestation and during D,,,, after Birth
on Responsiveness to Short Days

For male PNR hamsters, there was an approxi-
mately 50% reduction in the percentage of short-day
nonresponders when animals were exposed to 14 L at
D,y rather than 16 L during the same period of devel-
opment (Table 2). This was true regardless whether
the photoperiod during gestation and for the first two
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Table 1.

Effect of photoperiod of rearing on short-day responsiveness of adult Siberian hamsters derived directly from our general breeding

colony (UNS, unselected breeding line) and those of the photoperiod nonresponsive (PNR) breeding line.

Breeding Line (n) Photoperiod Treatment Paired Testes Weights (mg) Percentage Failing to Regress Percentage Failing to Molt
UNS (10) 18 L(—) 18 L* 1058 + 69 100 100
PNR (16) 18 L(—)18L 834 + 30 100 100
UNS (33) 18L(—)10L 616 + 65° 67° 100"
PNR (26) 18L (=) 10L 627 + 58° 77° 85+h
UNS (10) 16L(—)16L 946 + 60 100 100
PNR (10) 16L(—)16L 798 + 54 100 100
UNSS (68) 16 L(=)10L 315 + 48° 3124 55
PNR (47) 16L(—)10L 657 + 44° 814 89<d
UNS (10) 14L(—)14L 657 + 84 70 100
PNR (17) 14L(—)14L 687 + 50 88 94
UNS (58) 14L(=)10L 119 + 30° 5% gae
PNR (63) 14L(—>)10L 401 + 47°¢ 44bce 50bce

NOTE: Group means with the same letters are significantly different, p < 0.01. * Group means are significantly different, p <0.05. UNS and PNR
groups subjected to 18 L (—) 18 Lwere not significantly different from each other. These groups were not compared to the corresponding 18 L (p)
10 L groups. The same was true for the UNS and PNR 16 L (=) 16 Land 14 L (—) 14 L groups.

*18 L (—) 18 L: animals remaining in 18 L from day of birth until autopsy at 16.5 weeks of age; 18 L (—) 10 L: animals transferred from 18 Lto 10 L

at 60 days of age and autopsied at 16.5 weeks of age.
"Mean + SEM.

postnatal weeks was 14 L or 16 L (p < 0.05 in both
cases). For each of the three types of treatments admin-
istered subsequent to D,,, there were no significant
differences in reproductive or pelage parameters
between comparison groups gestated and raised until
D,, under 14 L or 16 L, respectively. It is noteworthy
that 35% of the PNR males that were exposed exclu-
sively to 14 L during gestation and rearing were unre-
sponsive to short days when transferred to 10 L at D,,.
This is very similar to the results in Experiment 1,
where PNR males raised from birth to adulthood in 14
L exhibited a 44% incidence of short-day nonrespon-
ders. Short-day responsiveness of hamsters gestated
and reared to D,, in 16 L (Tables 2 and 3) was similar to
that for animals gestated and reared to D, in 16 L in
Experiment 2 (Figs. 1 and 2). Results for female PNR
hamsters (Table 3) followed the same patterns as
observed for males.

Experiment 4: Transmission of
Photoperiod Information from
Mother to Fetus in PNR Hamsters

PNR males that were gestated in 16 L and trans-
ferred to 14 L at birth exhibited retarded testis devel-
opment (on D;s) as compared to males gestated in 14 L
and left in the same photoperiod during postnatal
development (Table 4; p < 0.01).

DISCUSSION

Most small rodents are subject to high rates of death
from predation and disease. It is unlikely that many of
these animals survive for more than 1 year in the field.
Overwinter mortality in deer mice is reported to be
50% higher for adults as compared to young mice
(Millar and Teferi, 1993). Age-related winter breeding
of small rodents could evolve as a strategy that
involves a gamble: Older members of the population
that are unlikely to survive until the following spring
may gamble by attempting reproduction even under
unfavorable conditions, whereas younger animals
may experience a greater chance of success by con-
serving energy over the winter and reproducing
under more favorable conditions the following
spring. The odds for successful winter breeding
would be expected to shift from year to year, depend-
ing largely on the severity of winter conditions. Thus,
year-to-year variations in winter conditions might be
expected to exert varying selection on genetic compo-
nents of short-day responsiveness. This could lead to
the apparent genetic polymorphisms for short-day
responsiveness that have been reported for some
rodents (Freeman and Goldman 1996b). It has been
suggested that balanced polymorphisms with respect
to photoperiodic traits could be at least one basis for
the striking variations in population density that
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% failing to molt
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% failing to regress

Testes wt. (mg)

Figure 1. Effects of different amounts of long-day exposure in
early life on responsiveness to short days in male photoperiod
nonresponsive (PNR) hamsters. Hamsters were exposed to 16 L
until Dy4, Dy, or D5, and were then transferred to 10 L for 8 weeks.
The four panels show, from bottom to top, data for body weight,
testes weight, percentage of males failing to show testis regres-
sion, and percentage of animals failing to molt. The three bars on
the left of each panel display data from the first run of this experi-
ment; the three bars on the right show data from the second run.
The n for each group is displayed inside the bars in the body
weight (bottom) panel. SEM is indicated above the bars for body
and testes weights. Letters above bars indicate statistically signif-
icant differences; groups with the same letter were different from
each other atp <0.01, whereas * or ** denotes groups that were dif-
ferent at p < 0.05.

occur from year to year in some microtine rodents
(Nelson, 1987). Genetically based differences in

100 a 4

% failing to molt

1st run 2nd run

Paired uterine wt. (mg)

- 30 2

o)

= 25 BD14
E fg i D20
-§' 10 - @D25
o

Figure 2. Effects of different amounts of long-day exposure in
early life on responsiveness to short days in female photoperiod
nonresponsive (PNR) hamsters. Treatments were the same as for
Figure 1. The three panels show, from bottom to top, data for body
weight, uterine weight, and percentage of females failing to molt.
The n for each group and statistical differences are indicated as in
Figure 1.

photoresponsiveness within single breeding popula-
tions are likely to serve as the basis for the evolution of
major differences in photoresponsiveness between
breeding populations and between species.

Siberian hamsters, like a number of other small,
long-day breeding rodents, exhibit interindividual
variability in short-day responsiveness. When
exposed to short days, most Siberian hamsters exhibit
reproductive inhibition, lose body weight and body
fat, and molt to a winter-type pelage. These responses
are observed in virtually all animals when they are
exposed to short days beginning around the time of
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Table 2.  Effect of photoperiod during postnatal D;4.54 on short-day responsiveness in male photoperiod nonresponsive (PNR) hamsters ges-
tated and raised to weaning in 16 L.

G D1y Doy g N Body Weight (g) Testis Weight (mg) Percentage Failing to Regress Percentage Failing to Molt
6L  16L 10L 34 387+1.1 515+ 61° 59* 857

16L  14L 10L 28 367+1.1 274 + 627 32t 43P

16L  14L 14L 21 40.7+0.8 686 + 44° 917 100°

14L 16 L 10L 33 381+11 531 + 64 64" 85"

14L  14L 10L 20 35.8 + 1.1° 308 + 80° 357 55+

14L  14L 14L 16 41.7 = 0.72 779 + 24° 100° 94°

NOTE: Group means with the same letters are significantly different, p < 0.01. * Group means are significantly different, p < 0.05.

Table 3.  Effect of photoperiod during postnatal Dy4,4 on short-day responsiveness in female photoperiod nonresponsive (PNR) hamsters
gestated and raised to weaning in 16 L.

G Digo4 Dyy 50 N Body Weight (g) Uterine Weight (mg) Percentage Failing to Molt
16L 16L 10L 20 322+1.0 51.6 +9.1 75

16 L 14L 10L 27 31.1+08" 39.2 + 6.9 60°

16L 14L 14L 20 349 +0.8" 88.4+12.9° 100°

141 16L 10L 27 32.8+09%" 62.2 +13.7° 93P

14L 14L 10L 26 289+ 1.07P 18.2 + 3.7°¢ 40P<

14 L 14L 14L 19 353 = 0.8° 70.5 + 11.0° 100¢

NOTE: Group means with the same letters are significantly different, p < 0.01. * or ** Group means are significantly different, p < 0.05.

Table 4.  Effect of gestation photoperiod on reproductive maturation in male photoperiod nonresponsive (PNR) hamsters raised from birth

in14 L.

G D138 N Body Weight (g) Testis Weight (mg) Percentage Individuals with Testis Weight > 350 mg
6L 14L 1 26.5+0.8" 125 +27° 0°
14L 14L 14 299 +1.0" 526 + 63 79°

NOTE: Group means with the same letter are significantly different, p < 0.01. © Group means significantly different, p < 0.05.

weaning; however, if short-day exposure is initiated
after hamsters have reached adulthood, a significant
number of animals fail to show the typical constella-
tion of short-day responses (Freeman and Goldman,
1996 a,b; Kliman and Lynch, 1992; Puchalski and
Lynch, 1986). These observations pertain to hamsters
reared under a 16 L photoperiod, which has been the
day length most commonly used as a standard long
day in laboratories examining photoperiod responses
in this species. In contrast to the results obtained when
animals were reared in 16 L, 27 out of 29 Siberian ham-
sters were unresponsive to short days following 10
weeks of exposure to very long days (18 L), whereas
only 2 out of 31 animals raised in an intermediate day
length (14 L) failed to exhibit typical winter-type
responses following subsequent short-day exposure.

These results reveal that responsiveness to short
photoperiod is strongly influenced by photoperiod
history in this species; exposure to very long days dur-
ing maturation reduces the probability that a hamster
will exhibit the species-typical winter responses dur-
ing subsequent exposure to a short photoperiod
(Gorman and Zucker, 1997).

The ability of a long day (18 L) photoperiod history
to influence subsequent short-day responsiveness in
Siberian hamsters is a pineal-independent effect
(Prendergast and Freeman, 1999). This is an exception
to the more typical situation in mammals, whereby
most photoperiodic effects are mediated by specific
patterns of pineal melatonin secretion (Goldman and
Elliott, 1988; Goldman and Nelson, 1993). The
photoperiod history effect on short-day responsive-
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ness may involve more direct effects of day length on
properties of the SCN; specifically, short-day
nonresponders generally have longer free-running
period lengths (tau) as compared to responders (Free-
man and Goldman, 1996a; Margraf et al., 1991;
Prendergast and Freeman, 1999; Puchalski and Lynch,
1986). The longer tau of the nonresponders leads to
delayed phase angles of entrainment in short-day
photoperiods and a subsequent failure to show the
expanded duration of pineal melatonin secretion that
is required to evoke winter-type responses in this spe-
cies (Goldman and Nelson, 1993; Puchalski and
Lynch, 1986).

The results of the present experiments confirm and
extend earlier findings in revealing that photoperiod
history is influential in determining short-day respon-
siveness in both random-bred (UNS) hamsters and
hamsters artificially selected for nonresponsiveness to
short days (PNR). Our UNS hamsters probably were
similar to the animals used by Gorman and Zucker
(1997) and those used by Prendergast and Freeman
(1999), because the breeding colony that provided
subjects for those studies was founded with animals
supplied from our laboratory in 1985, and circadian
characteristics of the short-day nonresponders
reported in these publications are similar to those for
our nonresponsive animals (Freeman and Goldman,
1996a).

The following conclusions may be drawn from the
present results:

1. Photoperiod history contributes very significantly to
determining whether individual Siberian hamsters
will exhibit the short-day nonresponsive phenotype.
This is true for both UNS and PNR hamsters.

2. For UNS hamsters, exposure to 18 L is required to
induce a predominance (67%) of the short-day
nonresponsive phenotype in adulthood; only 31% of
the UNS animals reared in 16 L, and 5% of those reared
in 14 L, were short-day nonresponsive. For PNR ham-
sters, exposure to 16 L was adequate to induce the
short-day nonresponsive phenotype in 81% of the ani-
mals. Therefore, the process of artificial selection used
to generate the PNR line has resulted in a relaxation of
the requirement for “very long days” for induction of
the state of short-day nonresponsiveness.

3. A substantial proportion (56%) of the PNR hamsters
that were reared in 14 L remained unresponsive to
short days. This could mean that (a) even 14 Lis a suf-
ficiently long day for inducing a state of short-day
nonresponsiveness in PNR hamsters or (b) that alarge
number of the PNR hamsters are constitutively
nonresponsive to short days in adulthood, irrespec-
tive of photoperiod history.

4. The photoperiod experienced between postnatal D;4
and D,, (14 L vs. 16 L) influences the frequency of
expression of the short-day nonresponsive phenotype
in PNR hamsters. However, the photoperiod experi-
enced during gestation and prior to Dy, does not alter
the frequency of short-day nonresponsiveness in
these animals.

5. In experiments where both male and female hamsters
were used, the results for the two sexes were generally
similar; both sexes exhibited effects of photoperiod
history on development of the short-day nonrespon-
sive phenotype.

Many mammals exhibit effects of photoperiod on
reproduction, but others do not appear to be photo-
periodic for reproductive responses (Goldman and
Nelson, 1993). This variability among species must
have a genetic basis, but it is not clear what forms this
may take. The present study reveals a relationship
between the genetic basis for individual differences in
photoperiod responsiveness and photoperiod history
effects on photoperiod response. Animals (PNR)
selected for resistance to the effects of short days
proved to exhibit an increase in the frequency of the
short-day nonresponsive phenotype after rearing in
16 L. In addition, it is clear that some of the PNR ham-
sters develop the short-day nonresponsive phenotype
even when raised exclusively in an intermediate
photoperiod (14 L), raising the possibility that
short-day nonresponsiveness may be a constitutive
condition (irrespective, at least, of photoperiod his-
tory) in these individuals.

The observation that PNR hamsters that have been
reared to adulthood in 16 L generally fail to exhibit the
species-typical winter responses during exposure to
10 L, might be taken to indicate that these animals
have a poor ability to “discriminate” between differ-
ent day lengths. However, male offspring born to PNR
dams and raised from birth in 14 L exhibited different
rates of testis maturation depending on whether ges-
tation had occurred in 16 L or 14 L. This result strongly
suggests that PNR dams are capable of discriminating
between 16 L and 14 L during gestation and that they
can transmit day length information to their fetuses.
Indeed, the results obtained in this paradigm with
PNR hamsters are virtually identical to those obtained
in an earlier study using UNS hamsters gestated in 16
Lor 10 L and reared in 14 L (Shaw and Goldman, 1995).
In Siberian hamsters, the transmission of day length
information from mother to fetus appears to depend
on the mother’s pattern of pineal melatonin secretion
(Elliott and Goldman, 1989; Weaver and Reppert,
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1986, Weaver et al., 1987). The mother’s melatonin
rhythm may be directly imposed on the fetus via the
maternal/fetal circulation (Reppert et al., 1979; Yellon
and Longo, 1987), and melatonin may stimulate target
sites in fetal tissues (Carlson et al., 1991). We did not
assess melatonin patterns in the present study; it is
possible that melatonin patterns of the PNR dams
were sufficiently different in 16 L versus 14 L to allow
for maternal signaling of photoperiod information to
the pups, as is known to be the case for UNS hamsters.

It should be noted that the inhibition of testis devel-
opment for hamsters (UNS) gestated in 16 Land raised
in 14 L from birth is transient. Although these animals
exhibit retarded testis development at 27 to 42 days of
age, the testes are fully developed by 62 days. The
retarded testis development in these animals is quite
different from the typical short-day response
observed for hamsters exposed to shorter day lengths;
for example, males kept under 10 L from birth still had
completely regressed testes at 62 days (Shaw and
Goldman, 1995), and testicular maturation in short
photoperiod does not occur until approximately 150
days (Hoffmann, 1978). Therefore, it cannot be
assumed that the retarded testis development in our
PNR animals that were gestated in 16 L and reared
from birth in 14 L is an indication that these animals
are short-day responsive.

Artificial selection may generate genotypes (and
corresponding phenotypes) that would not be pro-
duced under conditions of natural selection. Never-
theless, outcomes of artificial selection regimes may
reveal genetic variation that could result in new phe-
notypes given suitable natural selection pressures. Itis
important to note a difference in results between our
artificial selection for short-day nonresponders in
Siberian hamsters and similar selection studies that
were performed in other laboratories in Siberian ham-
sters (Kliman and Lynch, 1991, 1992) and white-footed
mice (Heideman and Bronson, 1991). In the other
instances, artificial selection simply altered the fre-
quencies of two alternative phenotypes (short-day
responsive vs. short-day nonresponsive in adulthood)
that were already present in significant numbers in the
starting population. In contrast, our artificial selection
regime not only altered the frequencies of preexisting
phenotypes but also resulted in the appearance of a
new phenotype—hamsters that fail to respond to
short days when tested at 20 to 25 days of age. This
new phenotype now characterizes about 80% of the
PNR population (Freeman and Goldman, 1996b; Fig.
1). Animals of our source population (UNS) exhibit

virtually 100% responsiveness to short days at wean-
ing, so that we had to begin the selection process by
screening adults for response to short days. The fact
that we have obtained a new phenotype—most proba-
bly by recombination of genes that already were pres-
ent in the UNS population—is of special significance
because it demonstrates that novel “photoperiod
response” phenotypes could likely be obtained within
a few generations in nature (without relying on the
occurrence of mutations) if selection pressures were
sufficiently robust. Also, it is important to emphasize
that the mode of artificial selection used here may bear
similarities to what probably occurs in the field; that s,
short-day nonresponsive hamsters must breed with
individuals of the same phenotype during the winter,
as these would be the only animals available for breed-
ing during that season.

Our results expand on the information regarding
photoperiod history effects in determining respon-
siveness to short photoperiod in Siberian hamsters.
Nevertheless, the results do not exclude the possibility
thatage may also be a factor in determining the proba-
bility of response to short-day exposure, as has been
suggested by others (Bernard et al., 1997). Substantial
numbers of PNR hamsters failed to exhibit short-day
responses, regardless of photoperiod history, except
when transfer to short days was accomplished at D,,
after birth. In the latter case, only 3% to 15% of the
males were nonresponsive. The increase in percentage
of short-day nonresponsive hamsters between D, and
D,,, even for animals raised in an intermediate day
length (14 L), could reflect an age effect on short-day
responsiveness. Alternatively, it may be that for the
PNR hamsters even 14 L acts like a long photoperiod
with respect to inducing a state of short-day
nonresponsiveness. Other studies have suggested
that Siberian hamsters may not be responsive to
photoperiod information that is present during the
first 2 weeks after birth (Stetson et al., 1989). The small
number of hamsters that are short-day nonresponsive
even at this early age may reflect a constitutive (thatis,
independent of both photoperiod history and age)
nonresponsiveness in a small proportion of the PNR
population. As mentioned earlier, a preliminary
experiment in our laboratory indicated that PNR
males were uniformly responsive to short days when
transferred to 10 L on the day of birth. In an ongoing
study that expands on this preliminary observation,
24 out of 24 PNR males that were transferred to 10 L at
birth exhibited complete testicular regression at 60 to
62 days of age (mean testis wt. = 20.1 = 0.4 mg; S. L.
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Goldman, unpublished observation). This observa-
tion suggests that all PNR hamsters are capable of
exhibiting typical reproductive responses to short
days, but does not definitively indicate whether age at
first exposure may be a factor in addition to the
well-documented photoperiod history effect.

The photoperiod history—-dependent mechanism
that influences short-day responsiveness in Siberian
hamsters would appear to favor winter breeding by
animals that were born the preceding spring. These
individuals would have been exposed to the longest
day lengths of summer and would thus be least likely
to exhibit reproductive inhibition in response to short
days of late summer/fall. Hamsters born later in the
breeding season and having less exposure to long
summer days would be more responsive to decreased
day length and would probably not be reproductively
active during winter. Thus, this photoperiod his-
tory-based system probably favors winter breeding
by the older members of the population, whereas
younger animals are more likely to forgo reproduction
during winter and conserve resources in a gamble on
survival until the return of more favorable environ-
mental conditions.
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