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Abstract

This study explored the possibility that reduced behavioral responsiveness to estradiol and progesterone in female Syrian hamsters
exposed to a short photoperiod is associated with a reduction in the concentration of neural steroid receptors. The effects of long and short
photoperiod (LP; SP) exposure on steroid receptor immunoreactivity were examined in the ventromedial hypothalamus (VMH), media
tuberal region (mTu), media preoptic area (MPOA), media nucleus of the amygdala (MAMYG), and the arcuate nucleus (ARC) of
ovariectomized hamsters. In Experiment 1, exposure to SP for ten weeks attenuated the lordosis response following sequential treatment
with estradiol and progesterone. In a separate group of animals not given hormones, SP decreased the staining intensity of estrogen
receptor immunoreactive (ERIR) cells in the mPOA while increasing the number of detectable ERIR cells in part of the mMAMYG. In
Experiment 2, SP diminished the lordosis response as it did in Experiment 1. One week later, the same females were administered
estradiol systemically to induce progestin receptors (PR). Animas housed in SP showed significantly reduced progestin receptor
immunoreactivity (PRIR) in the VMH, mTu, mPOA, mAMYG, and ARC. Experiment 3 examined whether the results of Experiment 2
might have been influenced by photoperiodic effects on peripheral metabolism of estradiol. Among hamsters housed in LP or SP, PRs
were induced by estradiol implanted unilaterally in the medial basal hypothalamus, thus bypassing possible photoperiodic effects on
peripheral estradiol availability. This treatment resulted in significantly fewer cells with detectable PRIR in the VMH and mPOA of SP
females, suggesting that the photoperiodic influences on PR induction observed in Experiment 2 do not depend on alterations in the
peripheral availability of estradiol. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction When exposed for six or more weeks to short or
winter-like photoperiods, or nightly melatonin signals of
appropriate duration, male and female Syrian hamsters
experience a decrease in gonadotropin secretion which
ultimately resultsin complete reproductive collapse [34,46].
With decreased gonadotrophic stimulation, gonadal atro-
phy occurs, gametogenesis is arrested, and the secretion of
steroid hormones is sharply diminished. One consequence
for both sexes is a reduced expression of sexual behaviors
[40].

Sexua behavior is also affected by a decreased behav-
ioral responsiveness to steroid hormones. For example,
ovariectomized female hamsters housed in LP become
sexually receptive if treated sequentially with estradiol and
progesterone. In contrast, this treatment is less effective
msponding author. Fax: + 1-413-545-0996; E-mail: when hamsters have been housed in SP [2,3,7,20,26,28].
jbp@psych.umass.edu Responsiveness of non-reproductive behaviors to sex

Syrian hamsters are seasonal breeders, reproducing only
at certain times of the year. Seasona breeders time their
bouts of sexual activity with respect to their species
gestational length to give birth during the spring and
summer when food resources are high and the demands for
energy to fuel homeostatic processes, such as thermoregu-
lation, are low. This increases the number of calories
available to support lactation [11,12]. Additionally, many
species exhibit other seasonal alterations in metabolism,
activity, and body mass [4,11,36]. These adaptations maxi-
mize efficient use of available energy and increase the
chances of survival.
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steroid hormones is aso influenced by day length. Among
female hamsters, the facilitation of locomotor activity by
estradiol is attenuated in SP [28], as is the suppression of
aggressive behavior by progesterone [20]. Taken together,
these data suggest that inhibitory photoperiods induce sig-
nificant changes in responsiveness of steroid hormone-de-
pendent behaviors.

There are many ways behavioral responsiveness could
be modulated by changing photoperiodic conditions. For
example, the sequential effects of estradiol and proges-
terone on lordosis involve their binding to intracellular
estrogen (ER) and progestin (PR) receptors, respectively,
and subsequent modulation of gene expression [41]. In
fact, one critical action of estradiol is to induce the expres-
sion of PRs [9,21]. Thus, any change in the availability or
functional characteristics of steroid receptors could influ-
ence the ability of estradiol and/or progesterone to facili-
tate lordosis [8].

Photoperiodic effects on steroid binding have been ex-
amined previously using techniques with less anatomical
specificity than immunocytochemistry. For example, bind-
ing assays failed to detect photoperiod-induced changes in
nuclear [*H] estradiol or cytosolic [*H] R5020 binding in
the hypothalamus or preoptic area of female hamsters [7]
and sheep [6], in cytosolic or nuclear [*H] estradiol binding
in pooled limbic tissue derived from male hamsters[13], or
in the total number of nuclear androgen receptors in the
hypothalamus of male hamsters [44], athough this latter
study did report differences in the number of androgen
receptors found in pituitary tissue between LP and SP
males. Earlier studies likewise failed to detect photoperi-
odic effects on steroid binding [5,23]. However, SP expo-
sure might alter steroid receptor numbers within specific
regions of the brain without having significant effects in
pooled tissue samples containing many different brain
regions. The large blocks of tissue used in earlier studies
may have masked photoperiodic effects restricted to smaller
anatomical regions. Immunocytochemistry, which provides
greater anatomical resolution, is better suited to detect
localized effects on steroid receptor-containing cells in
specific nuclei of the brain.

Support for the possibility that day length might influ-
ence the number of cells containing ER in hamster brain is
provided by two studies that used daily melatonin injec-
tions in ovariectomized females to mimic an inhibitory
photoperiod [25,31]. Hamsters administered melatonin each
day for 8 [31] or 12 [25] weeks had reduced uterine
weights and diminished gonadotropin secretion. Melatonin
treatment also decreased the number of ERIR cells in the
mPOA [25,31] and bed nucleus of the stria terminalis
(BNST) [25] of both ovariectomized as well as gonadally
intact hamsters.

In the present experiments, we used an immunocyto-
chemical technique to examine photoperiodic effects on
ER and PR in regions of the forebrain which either contain
high concentrations of steroid receptors [30,32] or are

known to be important for mediating effects of steroid
hormones on behavioral or physiological functions related
to reproduction [41].

2. Materials and methods

2.1. Animals and housing

LVG femae Syrian hamsters (Mesocricetus auratus)
weighing between 80-100 g were obtained from Charles
River Breeding Laboratories (St. Constant, Canada). Ani-
mals were housed in hanging wire cages (17.5 X 17.5 X 25
cm) in a 14L:10D cycle (lights on at 0700) and were
provided water and Purina Rat Chow (No. 5001) ad libi-
tum.

2.2. Surgery and pretest

Beginning one week after arrival, animals were anes-
thetized with sodium pentobarbital (80 mg/kg body
weight), supplemented if necessary with Metofane
(Methoxyflurane, Pitman-Moore, Mundelein, IL), and
ovariectomized.

Animals used for behavioral analyses were given a
lordosis pretest two weeks after recovery from surgery in
order to assess hormonal responsiveness and to provide
sexual experience. Estradiol benzoate (EB; 5 wg) and
progesterone (P; 500 wg) were injected subcutaneously 52
and 4 h, respectively, prior to the test. Females were
placed in Plexiglas arenas (30 X 36 X 30 cm) and allowed
to interact with sexualy experienced males for 0.5 h.
Females showing lordosis were noted; lordosis was de-
fined as a motionless posture, with back arched and tail
raised. Hamsters that were not receptive were brushed on
the flank and perineum with an artist's paintbrush to
ensure that they received appropriate tactile stimulation.
Any hamster still failing to show lordosis was eliminated
from the study.

2.3. Behavior testing

Hamsters tested for sexual receptivity were hormonally
primed and placed aone for 5 min in the testing arena
Following this adaptation period, adult males with minimal
sexual experience were introduced to provide relevant
sensory cues, and testing was begun. Tactile stimulation of
the females' flank and perineum was also provided by the
experimenter using a soft, 1 cm artist’s paint brush during
the test period. All tests lasted 3 min; females which
displayed lordosis for more than 5 s were considered
behaviorally receptive. For these animals, the time be-
tween the introduction of the male and the first display of
lordosis (lordosis latency), as well as the cumulative time
spent in lordosis (lordosis duration), were recorded. Fe-
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males failing to show lordosis were assigned latency and
duration values of 180 and O s, respectively.

2.4. Immunocytochemistry

The immunocytochemical procedures used to visualize
ERIR and PRIR have been described previously [19,32].
For ER, hamsters were killed in the early afternoon with
an overdose of sodium pentobarbital (240 mg,/kg). Sodium
heparin (5000 U dissolved in 1.0 ml of 0.15 M NaCl) was
injected into the left ventricle of the heart, and the right
atrium was cut to alow blood and perfusate to exit.
Hamsters were then transcardially perfused with NaCl (15
ml; 0.15 M) followed by 250 ml of 2% paraformaldehyde
with 0.4% glutaraldehyde in 0.1 M sodium phosphate
buffer (flow rate approximately 25 ml /min at a pressure
of 100 mmHg). Brains were removed and stored overnight
in 0.1 M sodium phosphate buffer with 20% sucrose at
4°C. The next day, 40 um sections were cut on a freezing
microtome and stored in cryoprotectant at —20°C until
used for immunocytochemistry (ICC). In each study, all
brain tissue was collected prior to the start of 1CC, so all
sections were processed in a single ICC run. Tissue sec-
tions were first rinsed (3 times for 5 min each) in 0.05 M
Tris-buffered saline (TBS; pH 7.6), followed by a 10 min
rinse in TBS with 1% sodium borohydride. Sections were
rinsed again in TBS (4 times for 5 min each), followed by
a 20 min rinse in TBS with 1% hydrogen peroxide, 1%
bovine serum albumin, and 20% normal rabbit serum
(NRS). Sections were incubated for 72 h at 4°C in primary
antibody (H222; 1 wg/ml; Abbott Laboratories, North
Chicago, IL) in TBS with 0.5% Triton X-100, 0.1% gelatin,
1% NRS, and 0.02% sodium azide. Upon removal, sec-
tions were rinsed 3 times (5 min each) in the same buffer,
and incubated for 90 min at room temperature in biotinyl-
ated rabbit anti-rat antibody (Vector Laboratories,
Burlingame, CA) at a concentration of 6 wg/ml in the
same buffer. Sections were then given three 5 min washes,
twice in the same buffer and once in 0.05 M TBS, and
incubated for 90 min at room temperature in the avidin—
DH-biotinylated horseradish peroxidase-H complex
(Vectastain Elite ABC kit, Vector Laboratories,
Burlingame, CA) at a concentration of 1:100 in 0.05 M
TBS. Finally, sections were rinsed twice in 0.05 M TBS
with 0.02% sodium azide and 0.5% Triton X-100, once in
0.05 M TBS, and were exposed to a chromagen (di-
aminobenzidine, 0.05% in TBS with 0.05% hydrogen per-
oxide) for approximately 4 min.

The procedures for visualizing PRIR were similar to
those used for ERIR except that hamsters were perfused
with 2% acrolein in 0.1 M sodium phosphate buffer. The
primary antibody was B39 (0.1 ng/ml; Abbott Laborato-
ries, North Chicago, IL); the same secondary antibody was
used at a concentration of 5 wg/ml. Hamsters were al-
ways sacrificed 48 h following estradiol benzoate injec-
tions.

2.5. Analysis of steroid receptor immunoreactivity

All analyses were performed using modifications of
image anaysis protocols described earlier [1]. IMAGE
1.54 software (W. Rasband, NIH, Bethesda, MD;
http: / /rsh.info.nih.gov /nih-image) on a Macintosh
Quadra 700 was used to record and analyze images taken
by an MTI CCD72 camera (DAGE MTI, Michigan City,
MI) attached to a Leitz Dialux 20 microscope. To adjust
camera gain and black levels, a cover-dipped test slide
with black marks was used. The marks were assigned a
grey-scale value of 255 (maximum) and the background
was set between 10-15. These settings were used for al
analyses. On dlides with tissue to be imaged, the threshold
between background and foreground staining was estab-
lished by determining the average grey-scale value for the
area to be analyzed, and setting the threshold either 2
(ERIR) or 4 (PRIR) standard deviations above this aver-
age. The minimum and maximum particle size anayzed
was 15 and 100 pixels, respectively.

For each anatomical area examined, the number of
detectable steroid receptor-containing cells was compared
between groups of hamsters housed in different photoperi-
ods. Additionally, the effect of photoperiod on cell staining
intensity was analyzed because the intensity of immuno-
staining is believed related to the number of antibody-re-
ceptor interactions within a cell, with more darkly stained
cells having more receptors capable of binding antibody.
Cells were categorized as lightly (10-89), moderately
(90-169), or darkly (170-255) stained, according to the
grey scale value of their darkest pixel.

2.6. Anatomy

Brain sites known to contain ER and/or PR and poten-
tially relevant to photoperiod-induced alterations in steroid
responsiveness were examined. These included the rostral,
middle, and caudal VMH, the dorsal and ventral portions
of the rostral and caudal MAMYG, the rostral and caudal
mPOA, and the ARC (Fig. 1). We also analyzed the mTu,
a steroid receptor-rich area lateral to the VMH because
effects of genital stimulation on cells in this region have
been reported [49]. Single sections from all brains evalu-
ated were matched along their anterior—posterior plane for
each anatomical region analyzed, including their separate
rostral to caudal, or dorsal to ventral subdivisions. Cells
were counted unilaterally and for each brain, the same side
was used for al areas. There was little difference in the
staining characteristics of one side compared to the other,
and unilateral counts reduced media to lateral variability
in the area analyzed.

2.7. Satistical analysis

The effects of photoperiod on the proportion of ham-
sters showing lordosis was determined using Chi-sgquare
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Fig. 1. Brain sites in which cells expressing estrogen or progestin receptor immunoreactivity (ERIR; PRIR) were quantified. For the mPOA, cells were
counted within two 1,000,000 uwm? boxes, one rostral (r); one caudal (c). For the dorsal MAMYG, cells were counted within two (r, ¢) 500,000 um?
rectangles drawn parallel to the optic tract; for the ventrd mAMYG, cells were counted within boxes of similar size (r, ¢) drawn along the base of the
brain. For the ARC, cells were counted within one 250,000 uwm? box drawn next to the 3rd ventricle. For the VMH, cells were counted within three
similar-sized boxes at r, middle (m) and c levels, all located medial to the fornix. At the same r, m and c levels, mTu cells were counted within an area
lateral and ventral to the fornix, and medial to the MAMYG. VMH = ventromedial nucleus of the hypothalamus; mTu = media tubera region;
mPOA = media preoptic area; mMAMY G = media nucleus of the amygdala; ARC = arcuate nucleus; ac = anterior commissure, f = fornix, 3v = 3rd

ventricle.

analyses. Independent samples t-tests were used to evalu-
ate differences between LP and SP hamsters in lordosis
latency and duration, and in the total number of detectable
ERIR and PRIR cells within specific brain sites. All t-tests
were 2-tailed except where noted. The effects of photope-
riod on the relative proportion of light, moderate, and
darkly stained cells within brain sites were assessed using
a 2 x 3 mixed design ANOVA with post-hoc independent
samples t-tests. Results were considered statistically signif-
icant if P <0.05. All analyses were done with CRISP
(Crunch Interactive Statistical Package, version 4, Crunch
Software, 1991, Oakland, CA).

2.8. Procedures

2.8.1. Experiment 1

We evaluated photoperiodic influences on ERIR and
sexual receptivity in separate groups of female hamsters.
Two weeks after ovariectomy, 57 hamsters were matched
for body weight and transferred from 14L:10D to either LP
(16L:8D) or SP (8L:16D) conditions (week 0). The mid-
points of the new photoperiods were the same as they had
been in 14L:10D. On week 10, LP and SP groups were
subdivided and scheduled for either behavior testing (n =
36) or immunocytochemical analysis of ERIR (n=21).
Hamsters tested for lordosis were injected with 1.6 ug
EB /100 g of body weight, followed 48 h later by 200 wg
P. Both hormones were dissolved in sesame oil vehicle.

Four hours after P, lordosis was evaluated (Test 1) at
approximately mid-day after which hamsters were returned
to their respective photoperiods. On week 11, the same
hormonal priming and testing procedures were repeated
(Test 2). EB in this experiment was administered on a
body weight basis because companion groups (not reported
here) were chronically food restricted and had significantly
reduced body weights. Hamsters used for immunocyto-
chemical analysis of ERIR were sacrificed between weeks
10 and 11.

2.8.2. Experiment 2

We evaluated the effect of photoperiod on both PRIR
and sexual receptivity in the same animals. Two weeks
after ovariectomy, 24 hamsters were divided into two
groups matched for body weight; one remained in LP
(14L:10D) and the other was moved to SP (8L:16D) for
the next ten weeks. On week 10, al hamsters received 2.5
ng EB, followed 48 h later by 250 ng P; lordosis was
tested 4 h after P injection. Following this test, animals
were returned to their respective photoperiods for another
two weeks. On week 12, they were injected with 2.5 ug
EB then sacrificed 48 h later and their brains processed for
PRIR.

2.8.3. Experiment 3
This study further explored the photoperiodic effects on
PRIR observed in Experiment 2. Changes in PRIR in SP
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could be due to either central or periphera effects of
photoperiod. Central effects of photoperiod on PRIR could
be mediated by a number of mechanisms, such as changes
in the ability of estradiol to induce PR synthesis or in
post-trandational processing of the PR protein. Peripheral
effects of SP, however, might lower systemic estradiol
levels by altering its metabolism or otherwise interfere
with the ability of estradiol to reach the brain. To distin-
guish between these two genera possibilities, we induced
PR synthesis in hamsters housed in LP and SP by adminis-
tering estradiol intracranially, bypassing the systemic cir-
culation and eliminating changes in peripheral estradiol
metabolism as a possible factor contributing to the effects
of photoperiod on PRIR.

Thirty four female hamsters were ovariectomized; two
weeks later they were divided into two groups matched for
body weight and placed into LP (14L:10D) or SP(8L:16D).
Ten weeks later, bilateral guide cannulas (22 gauge stain-
less steel) were implanted in the medial basal hypothala-
mus under sodium pentobarbital anesthesia (80 mg,/kg
body weight). Coordinates were 0.7 mm caudal to bregma,
+0.75 mm lateral to the sinus, and 7.7 mm below dura,
with the skull flat between bregma and lambda. Four to
five days later, a single inner cannula containing estradiol
was lowered into one of the two guide cannulae of each
animal; the inner cannula tip projected approximately 0.5
mm beyond the tip of its guide. Inner cannulae (28 gauge)
were prepared by tapping them into crystalline estradiol-
178 (Sigma, St. Louis, MO) until their tips were com-
pletely filled; neither total estradiol by volume nor estra-
diol released in vivo was measured. Hamsters so treated
were killed 48 h later and their brains processed for
evaluating PRIR. The location of the inner cannula tip was
determined for each brain, and computer-aided image anal-
ysis of PRIR cell number and staining intensity was per-
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formed on a subset of brains matched for inner cannulae
placement. Cannula tips in the brains analyzed were lo-
cated just dorsal to the VMH in the middle or cauda
sections between the fornix and the 3rd ventricle.

3. Results
3.1. Experiment 1

3.1.1. Effect of photoperiod on lordosis

On Test 1, fewer than 50% of the animals from either
group showed lordosis; photoperiod failed to affect either
the percent responding, lordosis latency, or lordosis dura-
tion (Fig. 2). This low level of responding in both groups
is likely due to the reduction in hormone responsiveness
sometimes observed after prolonged intervals following
ovariectomy [15,16]. On Test 2, one week later, the pro-
portion of receptive hamsters increased among LP females
but dropped dlightly among SP females ( y2=9.13, P<
0.01; Fig. 2). This suggests that estradiol administration
prior to test 1 was sufficient to resensitize LP, but not SP,
hamsters. When al animals were considered, mean lordo-
sis latency was longer (t(34) = 2.451, P < 0.05) and mean
lordosis duration was shorter (t(34) = 2.637, P < 0.05) for
hamsters in SP (Fig. 2). When only the behavioraly
receptive hamsters were compared, these response differ-
ences were eliminated. Thus, photoperiod influenced the
proportion of hamsters becoming sexually receptive, but
had minimal effects on the quality of lordosis in those
animals in which receptivity was induced.

3.1.2. Effect of photoperiod on ERIR

The anatomical distribution of ERIR we observed is
consistent with previous studies using both immunocyto-
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Fig. 2. Experiment 1. Effect of photoperiod on lordosis. The percentage of hamsters showing lordosis for at least 5 s during a 3 min test (Females
Responding), latency to the first display of lordosis (Latency) and the total time spent in lordosis (Duration) are shown. Latency and duration values (mean
seconds + S.E.M.) include responders and non-responders. Test 1 was given 10 weeks after beginning photoperiodic treatment; Test 2 occurred one week
later. N =18 (LP); 18 (SP). Statistically significant differences are indicated by ‘ *’; P < 0.05.
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Fig. 3. Experiment 1: Effect of photoperiod on numbers of cells expressing estrogen receptor immunoreactivity (ERIR). Numbers of detectable ERIR cells
within each brain site, summed across all rostral to caudal sections analyzed, are depicted (mean total + S.E.M.). No effect of photoperiod on total ERIR

cell numbers was observed. N = 8 (LP); 11 (SP).

chemistry and steroid autoradiography in female Syrian
hamsters [30,32]. The mPOA, immediately adjacent to the
third ventricle, contained the densest population of labelled
cells. Staining was aso seen in the VMH, mTu, ARC, and

MAMY G. Photoperiodic treatment generally had no effect
on either the number of cells containing ERIR (Fig. 3) or
their relative staining intensity (Table 1), with two excep-
tions. Animalsin SP had a greater number of ERIR cellsin

Table 1
Photoperiodic effects on neural estrogen receptor immunoreactivity among female hamsters
Long photoperiod Short photoperiod
Light Moderate Dark Total Light Moderate Dark Total

VMH-rostra 2271 +85 18.00 + 6.7 071+ 04 41.43+9.3
VMH-middle 2186+ 7.3 1986+ 4.1 143+0.7 43.14 + 6.6
VMH-caudal 2071+ 8.1 18.00 + 2.5 129+10 40.00+ 7.8

17.09 + 4.6 1573+ 35 191+11 3473+ 48
2418 + 8.4 19.64 + 3.9 336+21 47.18 + 6.5
2055+ 5.3 12.00+ 24 255+16 35.09 + 3.9

Total 65.28 + 15.9 55.86 + 8.5 343+ 14 12457+ 186 61.82 + 15.8 47.36 + 8.6 782+43  117.00 + 12.7
mTu-rostral 1429+5.1 9.00+ 2.2 0.43+0.3 23.71+54 9.36 + 1.8 691+ 12 0.82+ 0.6 1709+ 22
mTu-middle 1843 +59 1171+ 31 057+ 04 30.71+ 6.4 2209+ 4.8 1173+ 23 264+16 36.46 + 4.0
mTu-caudal 2543+ 6.5 16.71+ 84 0.86 + 0.9 43.00+ 7.0 22.36 + 3.9 1227+19 146+ 12 36.09 + 2.9
Total 58.15 + 14.7 3743+ 6.8 186+ 1.1 9743+ 8.7 53.81+9.0 3091 + 4.6 492+ 33 89.64 +6.1

mPOA-rostral  106.75+ 26.1 130.00+36.6 1025+85 247.00+29.7 160.18+21.6 100.18+ 324 100+07% 26136+ 37.8
mPOA -caudal 7325+48.6 170.25+ 284 813+6.1 251.63+30.7 143.09+21.0*° 112.64+ 315 100+ 05  256.73 + 23.7

Total 180.00+ 48.6 300.25+40.3 18.38+ 144 498.63+40.3 303.27+ 375 212.82+54.2 200+ 1.1 518.09 + 45.2

d mMAMYG- 20.50 + 6.7 25.38+ 4.0 125+ 0.8 4713+ 4.8 17.82+ 5.0 3118 + 4.0 327+ 14 5227+ 4.8
rostral

d mMAMYG- 18.75 + 10.6 61.63+ 103 11.75+7.1 9213+ 34 38.46 + 13.3 46.27 + 11.1 9.82+6.0 94.55 + 10.3
caudal

Total 39.25 + 15.2 87.00+ 113 13.00+7.8 139.25+6.9 56.27 + 15.4 7745+ 136 13.09+6.9 146.82 + 10.1

v mMAMY G- 28.13+ 6.9 325+ 17 0.00+ 0.0 3138+ 6.4 2991+ 5.7 16.73+5.32 173+12 48.36 + 3.62
rostral

v mAMY G- 73.25+ 135 46.88 + 11.7 0.38+ 0.2 120.50 + 14.8 60.55 + 15.8 51.91+17.1 491 +31 117.36 + 12.2
caudal

Total 101.38 + 19.3 50.13 + 11.6 0.38+ 0.2 151.88 + 19.2 90.45 + 19.0 68.64 + 21.3 6.64 + 3.4 165.73 + 13.8

ARC—Total 1122+ 43 16.44 + 4.2 111+05 28.78 + 6.8

1336+ 38 1146 + 3.8 0.27+0.2 2509+ 3.2

aSignificantly different from corresponding Long Photoperiod value, P < 0.05.

Mean number + S.E.M. of lightly (1-89), moderately (90-169), and darkly (170—254) stained estrogen receptor immunoreactive cells, based on the gray

scale value of their darkest pixel, within each anatomical region examined. The

total number of cells within each pixel density range, as well as the total

number of cells within each regional subdivision, are also shown. Numbers in boldface represent the regiona subdivisions combined. N =8 (LP); 11 (SP).
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Fig. 4. Experiment 2: Effect of photoperiod on lordosis. The percent of hamsters showing lordosis for at least 5 s during a 3 min test (Females
Responding), latency to the first display of lordosis (Latency) and the total time spent in lordosis (Duration) are shown. Latency and duration values (mean
seconds + S.E.M.) include responders and non-responders. N = 19 (LP); 19 (SP). Statistically significant differences are indicated by * =’; P < 0.05.

the ventral subdivision of the rostral mMAMYG (t(17) =
2.477, P < 0.05; Table 1). Also, photoperiod had a modest
but opposite influence on the staining intensity of ERIR
cells in the mPOA, particularly its caudal component.
Exposure to SP increased the number of lightly stained
cells (gray scale value 1-89) and decreased the number of
moderately stained cells (gray scale value 90-169), al-
though this effect was not statistically significant (Table
1.

3.2. Experiment 2

3.2.1. Effect of photoperiod on lordosis

Exposure to SP significantly reduced the percentage of
females exhibiting lordosis ( y?=5.216, P < 0.05; Fig.
4). Lordosis latency was longer (1(36) = 2.321, P < 0.05)
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and lordosis duration shorter (t(36) =2.742, P < 0.01)
among hamsters in SP, replicating the results of Experi-
ment 1, Test 2. As in Experiment 1, these latency and
duration effects were not present when only receptive
females were compared.

3.2.2. Effect of photoperiod on PRIR

PRIR was detected in the mPOA, VMH, mTu, and
ARC. Vey faint staining was also observed in the dorsal,
but not in the ventral mMAMYG. In the VMH, mPOA,
MAMYG and the ARC, exposure to SP significantly re-
duced the total number of PRIR cells detected (Fig. 5) and
diminished their staining intensity (Table 2). In the mTu,
staining intensity but not total cell count was similarly
affected.

[ 1 Long Photoperiod
Il Short Photoperiod

*

e T

VMH mTu

mPOA

mAMYG ARC

Fig. 5. Experiment 2: Effect of photoperiod on numbers of cells expressing progestin receptor immunoreactivity (PRIR). Numbers of detectable PRIR cells
within each brain site, summed across all rostral to caudal sections analyzed, are depicted (mean total + SEE.M.). All animals were administered estradiol
benzoate systemically, 48 h prior to sacrifice. Short photoperiod hamsters had significantly fewer cells in the VMH, mPOA, mMAMYG, and ARC. N =11
(LP); 12 (SP). Statistically significant differences are indicated by ‘ ='; P < 0.05.
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Table 2
Photoperiodic effects on neural progestin receptor immunoreactivity among female hamsters administered estradiol systemically
Long photoperiod Short photoperiod
Light Moderate Dark Total Light Moderate Dark Total

VMH-rostral 300+£09 1246+25 564 +1.7 21.09+ 38 425+14 3.83+1.22 1.00 + 0.3% 9.08 + 2.5%
VMH-middle  0.36+02 1591+ 28 9.27+ 20 2555+ 4.5 175+ 0.7 9.08 + 1.72 592+15 16.75+ 3.0
VMH-caudal 009+01 1273+15 14.36 + 2.7 27.09 + 3.6 142+08 1058+ 22 6.75+ 1.6% 18.75+ 3.7
Total 346 +11 41.09+54 2927 +55 7373+ 104 742+ 24 2354+ 4.22 1367+ 3.1 4458 + 7.62
mTu-rostral 182+ 06 827+ 14 10.00 + 3.9 20.09 + 45 167+05 450+ 10 358+ 1.0 9.75+ 172
mTu-middle 0.64 + 0.6 846+ 1.3 20.18 + 4.0 29.36 + 4.7 0.83+ 0.4 917+21 11.58 + 3.0% 21.58 + 4.8
mTu-caudal 0.18+0.2 5.46 + 1.3 2636 +3.1 3200+ 35 0.42+0.3 9.08 + 2.2 19.00 + 4.3% 2850+ 5.9
Total 263+13 2218+29 56.55 + 9.6 81.46 + 10.9 292+08 2275+47 34.17 + 6.82 59.83 + 10.8
mPOA-rostral 355+ 1.7 30.09 + 7.0 8055+ 16.9 115.09 + 24.0 6.40+23 2540+74 46.30 + 12.9% 78.20 + 20.3
mPOA-caudal 446+ 13 6282+77 14346+ 196 21155+ 220 6.20+25 4730+ 10.7 70.60 + 17.92  124.20 4+ 27.4*
Total 800+18 92914130 224004292 32664+386 1260+44 72704167 11690+ 27.2%  202.40 + 43.2%
d MAMYG- 327+08 155+ 05 0.18+0.2 5.00+ 0.9 1.08+0.3* 0504+ 0.2% 0.00 +£0.0 1.58 + 0.4°

rostral
d MAMYG- 327+08 764+ 13 0.27+0.2 1118 + 1.7 192+ 0.7 258+ 1.0% 0.08+0.1 458 +1.02

caudal
Total 6.55+ 1.4 9.18+ 15 0.46 + 0.2 16.18 + 2.3 3.00+0.8 3.08+ 11 0.08+0.1 6.17 + 1.22
ARC—Total 0.00 + 0.0 536+1.2 21.09+ 3.4 28.73+ 4.3 0.00 + 0.0 400+11 1225+ 34 16.50 + 3.7%

aSignificantly different from corresponding Long Photoperiod value, P < 0.05.

Mean number + S.E.M. of lightly (1-89), moderately (90—169), and darkly (170-254) stained progestin receptor immunoreactive cells, based on the gray
scale value of their darkest pixel, within each anatomical region examined. The total number of cells within each pixel density range, as well as the total
number of cells within each regional subdivision, are shown. Numbers in boldface represent the regiona subdivisions combined. N = 11 (LP); 12 (SP).

3.3. Experiment 3

3.3.1. Effect of photoperiod on PRIR

Estradiol implanted unilaterally into the medial basa
hypothalamus induced PRIR bilaterally in the VMH, mTu,
and mPOA athough staining was darker on the side
ipsilateral to the implant. Cells were counted only on the

side ipsilateral to the estradiol implant. Exposure to SP
significantly reduced the number of PRIR cells in the
VMH (Fig. 6), and diminished PRIR staining intensity in
both the VMH and mPOA (Table 3). The number of PRIR
cells was reduced in the mTu, but this effect was not
significant. Analysis of rostral to caudal subdivisionswithin
the brain areas analyzed indicated that SP effects were

400
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Fig. 6. Experiment 3: Effect of photoperiod on numbers of cells expressing progestin receptor immunoreactivity (PRIR). All animals were administered
estradiol via unilateral mediobasa hypothalamic cannulage, 48 h prior to sacrifice. Numbers of detectable PRIR cells within each brain site, summed across
all rostral to caudal sections analyzed, are depicted (mean total + S.E.M.). Hamsters in the short photoperiod had fewer cellsin the VMH. N=5(LP); 5
(SP), matched for cannulae placement. Statistically significant differences are indicated by * =’; P < 0.05.

mTu
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Table 3
Photoperiodic effects on progestin receptor immunoreactivity among female hamsters administered estradiol in the medial basal hypothalamus

Long photoperiod Short photoperiod

Light Moderate Dark Tota Light Moderate Dark Total
VMH-rostral 0.00 £ 0.0 20.40 + 3.2 1960 + 8.1 40.00 + 8.6 220+ 16 17.60 + 2.6 9.80 + 3.2 29.60 + 4.8
VMH-middle  0.40+ 0.4 2720+ 3.0 22.00 + 6.0 49.60 + 5.4 3.80+ 20 19.40 £ 4.0 11.80 £ 4.5 35.00 + 5.7
VMH-caudal 0.60+04 18.00 + 1.7 2260+ 1.9 4120+ 2.1 220+ 13 1520+ 2.7 8.60 + 2.8% 26.00 + 4.8
Total 1.00 + 0.6 65.60 + 6.7 6420+ 109 130.80+ 88 820+ 3.8 52.20 + 5.7 30.20 + 8.72 90.60 + 11.12
mTu-rostral 120+ 10 10.80+ 1.2 20.20 + 8.0 3220+ 84 0.40+ 0.4 9.40+ 0.8 98+ 24 19.60 + 1.8
mTu-middle 040+ 04 1720+ 22 19.60 + 4.2 37.20 + 3.8 0.60 + 0.4 1380+ 1.0 23.80 + 4.6 38.20 + 4.8
mTu-caudal 0.00+ 0.0 10.60 + 2.7 3360+ 22 4420+ 2.9 0.80+ 0.6 820+12 20.60 + 8.8 29.60 + 9.2
Total 1.60 + 0.9 38.60 + 4.9 73.40 + 9.9 11360 + 9.2 180+ 1.0 3140+ 1.6 5420 + 114 87.40 + 125
mPOA-rostral 0.60 & 0.4 5320 £ 85 92.00+ 150 14580+199 340+25 66.00 + 6.4 50.00 + 10.0® 119.40+ 126
mPOA-caudal  2.80 + 2.8 5580+55 10880+215 16740+132 200+14 79.60 £ 8.9 67.80+ 185 149.40 + 13.2
Total 340+27 109.00+140 200.80+269 31320+227 540+37 14560+ 145 117.80+188* 26880+ 13.3

aSignificantly different from corresponding Long Photoperiod value, P < 0.05.

Mean number + S.EE.M. of lightly (1-89), moderately (90—169), and darkly (170-254) stained progestin receptor immunoreactive cells, based on the gray
scale value of their darkest pixel, within each anatomical region examined. The total number of cells within each pixel density range, as well as the total
number of cells within each regional subdivision, are shown. Numbers in boldface represent the regional subdivisions combined. N =5 (LP); 5 (SP).

generaly present at all levels, athough in some cases
significant effects were restricted to one subdivision only
(Table 3).

4, Discussion

Our findings indicate that exposure to a short photope-
riod both attenuated sexual receptivity and reduced the
number of PR-containing cells in the brain. In contrast,
these same conditions had minimal effects on the number
of ER-containing cells. In both Experiments 1 and 2,
significantly fewer hamsters exposed to SP exhibited lor-
dosis. However, among those females that became recep-
tive, photoperiodic conditions did not affect lordosis la-
tency or duration (Figs. 2 and 4). Immunocytochemical
analyses indicated that the major effect we observed on
steroid receptors was a decrease among SP hamsters in the
number of cells containing PRIR (Fig. 5) and a reduction
in cell staining intensity (Table 2). Effects on ERIR when
present were subtle in comparison (Fig. 3).

The number of detectable ERIR cells was influenced
significantly by photoperiod only in the ventral portion of
the rostral MAMYG; SP females had more ERIR cells
overall with most falling in the moderately stained cate-
gory (Table 1). Although this change is consistent with the
increased sensitivity of SP females to negative feedback
influences of estradiol, the medial amygdala has not been
implicated in this effect. However, the arcuate nucleus
does seem involved [35], yet photoperiodic conditions did
not affect ERIR in this region (Table 1). Thus, the func-
tional significance of increased ERIR in the rostral ventral
MAMY G is unclear.

SP conditions had only marginal effects on ERIR in the
mMPOA; the number of moderately and darkly stained cells

was lower, accompanied by an increase in the number of
lightly stained cells (Table 1). This suggestion of fewer ER
in mMPOA cells among SP hamsters is consistent with
earlier findings [25,31] in which mPOA ERIR was signifi-
cantly diminished. However, hamsters in these earlier stud-
ies received exogenous melatonin with amplitude and
nightly duration characteristics which markedly exceeded
those resulting from exposure to SP, the condition used in
the present study [38]. Thus, non-physiological melatonin
treatment in part could have been responsible for the
observed reduction in mPOA ERIR.

In contrast to the relatively subtle effects of photoperiod
on ERIR that we observed, exposure to SP did reduce
PRIR cell number and staining intensity in the brain
regions examined (Experiment 2; Fig. 5, Table 2). In
evaluating these effects, it is important to note that with
our ICC protocol, constitutively expressed PRs are not
observed; treatment with estradiol is required to induce PR
expression. Consequently, significantly diminished PR ex-
pression among hamsters in SP might result from a de-
creased responsiveness to estradiol or to a diminished
availability of this hormone, due perhaps to changes in its
peripheral clearance rate. However, we have ruled out the
latter possibility; radioimmunoassay of estradiol 48 h after
injections of EB suggested that circulating levels were not
significantly different between females housed in LP or SP
conditions (unpublished observations). In addition, when
estradiol was applied directly to the medial basal hypo-
thalamus through an intracranial implant, SP females ex-
pressed significantly reduced PRIR in both the VMH and
the mPOA (Fig. 6, Table 3). Together, these results sug-
gest that exposure to SP can both attenuate sexual receptiv-
ity in response to estradiol and progesterone treatment and
impair PR induction by estradiol. Because the latter effect
was observed with both systemic and intracranial adminis-
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tration of estradiol, photoperiodic effects on lordosis and
PRIR were not likely dependent on reduced circulating
levels of estradiol.

The photoperiodic effect we observed of particular rele-
vance to the lordosis response was the reduction in the
number of cells containing PRIR in the VMH. Although
quantitatively this change was noticeably smaller than the
change observed in mPOA, its importance to sexual behav-
ior may be clearer. Numerous studies in rats and hamsters
have demonstrated that the VMH is a critical neural site
for the hormonal induction of sexual receptivity
[18,37,41,47]. In hamsters, the progesterone that follows
estradiol priming must act in both the VMH and ventral
tegmental area (VTA) to induce an optima lordosis re-
sponse [17,42]. While progesterone may act in the VTA
via a membrane receptor, estradiol-induced, intracellular
PRs are essentia in the VMH [17]. Thus, the decreased
number of cells expressing PRIR in the VMH of SP
females would be expected to impede the hormonal induc-
tion of lordosis.

In addition to the reductions in PRIR in the hamster
VMH, photoperiodic effects were also observed in the
mPOA, mAMYG, mTu and ARC. Sex steroid hormone
receptors in these regions mediate a number of hormonal
effects on behavioral and physiological processes that may
be influenced by SP conditions. These include sexua and
aggressive behavior [20,22,39,43], gonadotropin secretion
[24,45,48,50], chemosensory processing [10,27,51,52], and
locomotor activity [28]. Reduced numbers of cells express-
ing PRs might contribute to photoperiodic influences on
these behavioral and physiological processes.

It may seem paradoxical that SP influenced PRIR in
regions where ERIR was not significantly affected because
of the necessity for estradiol priming in order to visuaize
PRs with our ICC protocol. Fewer detectable PRIR cellsin
the mPOA (Fig. 5) is consistent with the diminished
mPOA ER staining intensity observed in Experiment 1
(Table 1), but this effect on ERIR was not present in other
regions (VMH, mTu, ARC, mMAMYG) where PRIR was
reduced in SP (Tables 2 and 3). In fact, the only other
change in ERIR, an increase among SP hamsters, occurred
in the ventral portion of the rostral MAMYG, a region
where no PRIR was detected. Nevertheless, photoperiodic
effects on PRIR could still be due to altered neural respon-
siveness to estradiol. Because induction of the PR protein
is a conseguence of estradiol action, regardiess of the
concurrent availability of progesterone to interact with its
receptor, it is likely that the decrease in PRIR in SP is due
to a change in processes by which estrogen receptors,
bound to their ligand, initiate transcription of the PR gene.
These could include photoperiod-induced changes in ER
conformation which decrease transcriptional activity with-
out altering hormone or antibody binding, or alterations in
the availability or activity of co-regulators that are neces-
sary for activation of the PR gene as well as other genes
involving sex behavior and/or locomotor activity [29].

Alternatively, the changes we observed in PRIR may be
unrelated to effects of photoperiod on responsiveness to
estradiol. For example, SP could reduce PR numbers by
altering the post-transcriptional processing of the PR pro-
tein, or by reducing its half-life.

The discrepancy between changesin ERIR and PRIR in
the same part of the brain has precedent. Food depriving
hamsters for 48 h reduces the lordosis response induced by
estradiol and progesterone. This effect is accompanied by
reduced ERIR in the VMH with no change in PRIR. In the
mPOA, ERIR is actualy increased while PRIR is de-
creased [19,33]. These findings illustrate two important
points. First, lordosis is a complex response, influenced by
many hormonal and sociosexual cues, interacting with
many areas of the brain. Thus, athough food deprivation
and SP exposure both inhibit sex behavior and ater neura
responses to sex steroids, these manipulations most likely
achieve their similar effects by quite different means.
Second, although responsiveness to estradiol can influence
the induction of PRs, detectable changes in ERIR are
neither required nor sufficient to induce changes in PRIR.
This may be because experimental manipulations which
affect the induction of PRs by estradiol can result from
changes which occur downstream from the binding of
estradiol to its receptor. Alternatively, this may reflect
heterogeneity in the phenotypic characteristics of ER- and
PR-containing cells within a given neural site. Thus, even
though ERIR might be altered within a specific region, the
subset of ERIR-containing cells which contain PR might
not be influenced the same way, producing different ef-
fects on ERIR and PRIR.

Although it is tempting to associate the SP-induced
decrease in sexual receptivity with the decrease in PRIR in
the experiments presented here, somatosensory stimulation
is also required to trigger the lordosis reflex, and other
peripheral cues undoubtedly contribute to the initiation and
maintenance of female hamster sexua receptivity [14].
Alterations in responsiveness to any of these external
stimuli could contribute to the effects of SP on lordosis.

In summary, our findings suggest that exposure to SP
reduces the ability of steroid hormones to induce sexual
receptivity. Exposure to SP also causes a decrease in the
number of cells expressing PRIR in the VMH, mTu,
mPOA, mMAMYG, and ARC. In contrast, SP conditions
have minimal influence on the numbers of cells expressing
ERIR. Control of steroid hormone receptor numbers may
provide one mechanism by which short photoperiods affect
reproductive physiology, behavior, and other aspects of
seasonal energy regulation.
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