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ABSTRACT

In seasonally breeding fish species, altered fecundity, fertility,
and spawning interval are associated with changes in environ-
mental cues such as temperature and photoperiod. To determine
quantitative impact of these cues on a suite of reproductive end-
points, groups of medaka (Oryzias latipes; two breeding pairs
per group) were subjected to varying photoperiod and temper-
ature regimes. Embryo production ceased after photoperiod re-
duction from 16L:8D to 8L:16D (at 25°C). A severe decline in
production was observed after a temperature decrease of 10°C
(25°C to 15°C [16L:8D]). Under reduced photoperiod, histologic
analysis showed no mature ova and moderate oocyte atresia in
all individuals. However, reduced temperature (15°C) produced
only mild oocyte atresia and fewer mature ova. Under both re-
duced photoperiod and reduced temperature regimes, mature
spermatozoa were observed. Offspring viability, along with
spawning interval, were not affected by photoperiod reduction.
Temperature change had no effect on offspring viability but
caused an increase in spawning interval. A shortened photope-
riod profoundly affected medaka reproduction, whereas de-
creased temperature reduced, but did not arrest, fertility; re-
duced photoperiod decreased fecundity. These findings have im-
portant implications for culture of medaka as well as use of this
teleost model for reproductive toxicology studies.

INTRODUCTION

Reproduction is sensitive to environmental pollutantsvia
modulation of endocrine function. Recent field and labo-
ratory studies showed that certain compounds mimic estra-
diol, producing unexpected effects in feral and laboratory
fishes[1-3]. In several studies, male fish exposed to sewage
effluent or estrogenic pesticides produced the yolk-precur-
sor protein, vitellogenin [4—7]. In addition, fishes living be-
low effluent from paper mills processing pine trees were
shown to have modulated endocrine function [8-10]. What
is not known is whether these changes are associated with
adverse reproductive effects. In order to better determine
the significance of the above findings with respect to re-
production, sensitive, well-calibrated fish models are need-
ed.

Medaka (Oryzias latipes) are oviparous freshwater tele-
osts recently proposed as models for detecting adverse ef-
fects of chemicals on reproduction [11-13]. These fish
breed more freely than other egg-laying aguarium fishes
[14] and when maintained under a 16L.:8D photoperiod at
25°C, produce 10-25 embryos in a 24-h period, regardless
of when the light cycle is initiated [15, 16]. Continuous
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light or dark cycles disrupted the normal daily reproductive
cycle of medaka. A short photoperiod caused cessation of
embryo production despite sufficient reproductive temper-
ature, and a minimum day-length of 11-12 h was required
for spawning [17]. Females maintained under conditions
with a light phase less than 11-12 h ceased spawning with-
in 20 days. These studies suggest that changes in photo-
period disrupt the normal daily reproductive cycle of me-
daka

The goa of the present study was to quantitatively de-
termine the effects that alteration of light and temperature
have on egg production and fertilization success. In addi-
tion, we characterized the morphology of medaka gonads
during periods of sexual activity and inactivity as well as
during reproductive recrudescence.

MATERIALS AND METHODS

Two separate experiments were conducted to quantify
effects of altering light or temperature on fecundity, fertil-
ity, brood interval, and embryo and fry viability. Prelimi-
nary studies demonstrated that conditions of 16L:8D with
a water temperature of 25°C promoted a consistent daily
production of embryos (20 + 3/group). In the first experi-
ment, effects of photoperiod reduction (from 16L to 8L)
while maintaining a temperature of 25°C were determined.
In the second experiment, photoperiod was maintained at
16L:8D, but temperature was reduced from 25°C to 15°C.
Animals maintained at 16L:8D and 25°C were used as con-
trols for both experiments.

Environmental System

A table-top tank system (Aquanetics, San Diego, CA)
was used for maintaining tightly controlled light and tem-
perature conditions. Water temperatures were maintained at
25 or 15 + 0.3°C. Lighting was provided by two 40-watt
Coralite Chromatic bulbs (Candela Corporation, Santa Ana,
CA), and photoperiod was maintained with an automatic
timer. Light meter (GreenleeTextron Inc., Rockford, IL)
measurements within the tank showed zero lumens when
lights were off. Fish were housed in aerated 1000-ml bea-
kers and were fed a casein-based purified diet shown to be
adequate for normal growth and reproduction in medaka
[18] at arate of 1% body weight three times daily (total =
3% body weight/day). Beakers were siphoned three times
daily to control nitrite formation and to remove deposited
eggs. Approximately 40% of reconstituted water [19] was
replaced daily.

Animals

Newly hatched golden medaka fry (1200) were raised in
a 38-L tank at 25° from hatch in a flow-through system at
the Ingtitute of Ecology, University of California-Davis
(Davis, CA). At 1 mo, 125 fry were transferred to each of
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FIG. 1. Effect of photoperiod reduction

on embryo production compared to con- 2
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Average Number of Embryos vs. Day for Light Change at 25°C

trol embryo production under constant
temperature conditions. Embryo produc- °
tion ceased in all culture vessels 14 days
after the photoperiod was reduced from
16L:8D to 8L:16D at 25°C. After a return
to initial light phase duration, embryo pro-
duction resumed in all culture vessels after
14 days.
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four 38-L tanks, for a total of 500 fish. These fish were
monitored for 2 mo until egg production was well estab-
lished in each of the aquaria. The fish were 3 mo old at the
beginning of the light experiment and 4 mo old at the be-
ginning of the temperature experiment. Spawning females
were selected in the morning when egg clutches were still
attached. Males were separated by size, and larger individ-
uals were used. Breeding groups (2 males, 2 females) were
transferred to 1000-ml beakers and allowed to acclimate for
4 days before each experiment was initiated. There were a
total of 12 breeding groups for the light experiment (3 con-
trols, 9 test beakers) and 13 breeding groups for the tem-
perature experiment (3 controls, 10 test beakers).

Embryo Collection and Culture

After the 4-day acclimation period, all resultant egg
masses were collected from each culture vessel. To reduce
stress to individua fish, siphoning of independent egg
masses was done and fish were fed, thereby reducing their
tendency to consume eggs. Culture vessels were cleaned
by siphoning three times daily, and egg production over 5
days was averaged as an estimate of daily egg production.
Embryonated eggs were counted; egg masses were sepa-
rated using forceps, and after transfer to uncapped 59-ml
Qorpak French Sqguare bottles (Fisher Scientific, Pitts-
burgh, PA) containing 50 ml United States Environmental
Protection Agency reconstituted water, were cultured at 25
+ 1°C and agitated on an orbital shaker. Unfertilized eggs
or dead embryos (opague) were recorded and discarded.
Viable embryos were observed daily for mortality and
hatch. To prevent fungal growth, dead embryos were re-
moved from culture vessels upon detection. Approximate-
ly 50% of the embryo culture water was changed daily.

Photoperiod Change with Constant Temperature

After 5 days at 16L/8D and 25°C, photoperiod was
changed to 8L:16D. Embryos were collected and cultured

for the initial 5 days and aso from Day 10 to Day 14 as
described above to establish baseline embryo production,
and were counted throughout the remainder of the experi-
ment. Histologic analysis of the liver and gonads was per-
formed on all individuals of two randomly selected culture
vessels from time points after the photoperiod change (Day
6, see Fig. 1) and after all egg production had ceased (Day
20, see Fig. 1). After cessation of egg production, the pho-
toperiod was reversed to the original 16L:8D, and the re-
maining five culture vessels were maintained under these
conditions. Fish were also sampled for histologic analysis
after egg production resumed in al vessels (Day 35, see
Fig. 1).

Temperature Change with Constant Photoperiod

After 5 days at 16L:8D and 25°C, water temperature was
reduced to 15°C. Embryos were collected and cultured for
the initial 5 days and aso from Day 16 to Day 20 as de-
scribed above, and were counted but not cultured through-
out the remainder of the experiment. After the temperature
change (Day 6, see Fig. 6) histologic analysis of the liver
and gonads was performed on al individuals of randomly
selected culture vessels. Samples were taken on Days 14,
15, 16, 21, 23, and 25. After 14 days (Day 21, see Fig. 6)
at 15°C, the temperature was increased to 20°C to determine
whether fish would produce embryos comparable to those
of control fish. After egg production resumed, the temper-
ature was then increased to 25°C (Day 25, see Fig. 6). Fish
from the remaining four beakers were sampled after 4 days
(Day 29, see Fig. 6).

Fry Viability

After hatch, fry were observed for 1 wk to detect de-
velopmental abnormalities and to monitor viability.
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Histologic Evaluation

After fish were killed with a lethal concentration of MS-
222 (100 mg/L), abdomens of all fish were surgicaly
opened to ensure optimum fixation in 10% buffered for-
malin. After 24 h, fish were then transferred to Bouin's
fixative for another 24 h to decalcify bones, allowing sec-
tioning of entire fish. Tissues were then dehydrated with
acohol. All samples were then embedded in either paraffin
or glycol methacrylate (GMA). Seria sections (4—4.5 wm)
through the viscera were stained with hematoxylin and eo-
sin and viewed under a light microscope. The percentage
of ovarian atresia was scored as 1) none, 2) mild (5-10%),
3) moderate (11-25%), and 4) severe (> 25%).

RESULTS

Photoperiod Change Experiment

When a 16L:8D photoperiod was used, consistent pro-
duction of embryos was observed before photoperiod re-
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FIG. 2. Normal adult ovary with numer-
ous mature (MO) and immature oocytes.
Bar = 270 pm.

FIG. 3. Normal adult testis, representa-
tive of all male testes examined, showing
the progression of immature germ cells to
mature sperm. 1°SG, primary spermatogo-
nia; 2°SG, secondary spermatogonia; 1°SC,
primary spermatocytes; 2°SC, secondary
spermatocytes; ST, spermatids; SZ, sperma-
tozoa. Bar = 54 pm.

duction. After photoperiod was decreased, embryo produc-
tion gradually decreased for 14 days until production
ceased in al nine culture vessels (Day 20, Fig. 1). Along
with a decrease in total number of embryos, there was an
increase in the number of unfertilized eggs collected. After
the photoperiod was reset to 16 h (Day 21, Fig. 1), al
culture vessels produced embryos after a period of 14 days
(Day 35, Fig. 1), and production of embryos was at average
levels approaching that of control vessels. There was no
statistical difference (alpha = 0.05, Tukey-Kramer, IMP
software, SAS Ingtitute, Cary, NC) between the viability of
embryos or hatched fry collected during a 16-h photoperiod
compared to those collected during an 8-h photoperiod. No
developmental abnormalities were observed in collected
embryos or hatched fry.

Histologic evaluation of the gonads of control fish (6 per
gender) showed abundant mature and immature germ cells
in both ovaries (Fig. 2) and testes (Fig. 3). All female fish
(10 fish) maintained at a lower photoperiod displayed atret-



FIG. 4. Ovary under reduced photoperiod (8L:16D, 25°C) displaying
mild oocyte atresia (arrows) and no mature oocytes. Bar = 270 pm.

FIG. 5. Ovary returned to 16L:8D from 8L:16D displaying severe oocyte
atresia (arrows) despite the presence of mature oocytes (MO). Bar = 270 pum.

FIG. 6. Effect of temperature reduction
on embryo production compared to con-
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ic oocytes, and absence of mature ova was observed (Fig.
4). Oocyte atresia was characterized by the presence of
large numbers of macrophages within the hypertrophic fol-
licles as shown in Figures 4, 7, and 8. Atretic oocytes were
till present in higher numbers than in control fish after a
return to 16L (8 fish). Along with increased atresia and
interoocyte edema, there were fewer immature oocytes
(Fig. 5). All male fish (10 fish) maintained at a low pho-
toperiod had mature spermatozoa present in the testicular
ducts (Fig. 3).

Temperature Change Experiment

During the initial 5 days of collection, embryo produc-
tion was consistent (Day 6, Fig. 6). The day after the tem-
perature reduction, all embryo production ceased. Sporadic
production was then observed for the next 3 days followed
by a 4-day cessation of embryo production. Subsequently,
embryo production was followed for 1 wk and shown to
occur randomly and at levels significantly lower than that
of contrals. No change in the number of unfertilized eggs
occurred after temperature reduction. After the temperature
was increased to 20°C (Day 21, Fig. 6) embryo production
reached average control levels after 3 days, despite severe
oocyte atresia observed in histologically evaluated fish
(Fig. 7, 4 fish). On Day 25 (Fig. 6) the temperature was
returned to the initial 25°C, and embryo production re-
mained consistent with that of controls. There was no sta-
tistical difference (alpha = 0.5) between the viability of
embryos or hatched fry collected from vessels maintained
at 25°C and those collected from vessels at 15°C. No de-
velopmental abnormalities were observed in embryos or fry
collected at reduced temperature.

Histologic evaluation of gonads of fish (8 fish) main-
tained at a lower temperature revealed an increase in the
number of atretic oocytes in ovaries, although mature and
abundant immature ova were present (Fig. 8). Again, ma-

Average Number of Embryos vs. Day for Temperature Change at 16L/8D

trol embryo production. Embryo produc-
tion ceased after a temperature reduction
of 10°C (from 25°C to 15°C with a 16L:8D
cycle). Embryo production resumed at sig-
nificantly lower numbers than observed in
control culture vessels. After a temperature
increase from 15 to 25°C, embryo produc-
tion resumed in all culture vessels.
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FIG. 7. Ovary raised from 15°C to 20°C.
Note the severe oocyte atresia (arrows)
and the presence of several mature oo-
cytes. Bar = 270 pm.

FIG. 8. Ovary under reduced tempera-
ture conditions (15°C, 16L:8D) displaying
mild to moderate oocyte atresia (arrows)
while still producing mature oocytes (MO).
Bar = 270 pm.

ture spermatozoa were present in each testis evaluated (Fig.
3, 20 fish) at 15°C.

Histologic Evaluation of the Kidney

Eosinophilic proteinaceous droplets were found in the
glomeruli and proximal tubular epithelium of kidneys of all
fish maintained under reduced photoperiod or temperature
conditions (Fig. 9). Fish transiently held under altered en-
vironmental conditions that were returned to the original
photoperiod or temperature also displayed the same eosin-
ophilic droplets in the renal sites as described above.

DISCUSSION

While numerous studies have determined effects of pho-
toperiod and/or temperature on certain aspects of medaka
reproduction [15, 16, 20-24], the current study demon-

strates the effects these environmental cues have on 1) go-
nadal morphology during periods of sexua activity and in-
activity, 2) fecundity, and 3) fertility. The assessment of a
suite of parameters under defined environmental conditions
makes this study unique. Results demonstrated that male
gonads maintained a functional microscopic morphology,
indicated by mature sperm production and large numbers
of various stages of maturing germ cells, and that this ap-
pearance was maintained regardless of environmental con-
ditions. However, femae gonads displayed obvious mor-
phologic changes in response to variation of either of the
two environmental cues, and this variation was associated
with reduced numbers of embryos produced. An increase
in the number of unfertilized eggs following a photoperiod
reduction suggests that females were either producing un-
fertilizable eggs or that males were not fertilizing ovipos-
ited eggs because of a behavioral change, since al males
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FIG. 9. Kidney of a female under re-
duced photoperiod conditions (8L:16D)
displaying eosinophilic (proteinaceous)
droplets in the glomerular spaces (arrows).
Bar = 54 pm.

were producing mature sperm. Further studies are required
to determine which of the above circumstances occurs.

By 14 days, under shortened photoperiod, embryo pro-
duction ceased in al culture vessels. Subsequent ovarian
histologic examination, after cessation of production, re-
vealed no mature oocytes. Further, mild oocyte atresia, in
conjunction with a reduction in number of immature oo-
cytes, demonstrated that fecundity (capacity for reproduc-
tion, number of oocytes in the ovary) was reduced by de-
creased photoperiod. Our findings confirmed the Yoshioka
[21] study, which demonstrated that oocyte regression (de-
fined as atresia) was associated with a reduction of photo-
period. Upon restoring light phase to origina photoperiod
conditions, we observed ovaries with severe oocyte atresia,
interoocyte edema, and few mature oocytes. These findings
suggest that the ovary may need additional time to restore
reproductive activity, and that an interval of overlap exists
in which elements of regression and renewed folliculoge-
nesis appear in the same organ. Upon return to origina
photoperiod, gonads of newly restored, reproductively ac-
tive females resembled those of control fish with one ex-
ception, presence of residual atretic oocytes.

In response to a decrease in temperature, ovaries of
spawning medaka showed a decrease in the number of ma-
ture oocytes and increased oocyte atresia compared to con-
trols. Gerking [25] demonstrated that fish have an optimal
temperature associated with optimal reproductive output.

Since oocyte maturation is dependent on the enzymatic
reactions involved in steroidogenesis and synthesis of yolk
proteins, and an alteration in temperature impacts these re-
actions, the change in embryo production was expected
[26]. Although embryo production did not cease, spawning
interval increased from one to approximately 3 days. The
abrupt cessation of embryo production following tempera-
ture reduction was most likely due to the rapid 10°C tem-
perature reduction. These findings indicate that reduced
temperature affected fertility (number of offspring pro-
duced), but failed to affect fecundity since no reduction in
immature germ cell number was observed. When temper-
ature was increased, embryo production was comparable to
that seen in control fish. However, moderate oocyte atresia
was observed, as above, suggesting that the ovary con-
tained some residual, atretic oocytes despite re-entering ga-
metogenesis. The viability of offspring was not significant-
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ly different under altered photoperiod or temperature in this
study, indicating that once fertilization occurred, embryos
developed normally.

Eosinophilic (proteinaceous) droplets found in the glo-
meruli of female fish after light or temperature was reduced
suggests that vitellogenin produced during this period of
depressed sexual activity could not be incorporated into oo-
cytes, remained in plasma, and crossed the blood-urine bar-
rier in the glomeruli. These findings are similar to those of
Wester and Canton [27], who found proteinaceous droplets
in the kidneys of juvenile medaka exposed to estrogenic
compounds. Studies using guppies (Poecilia reticulata)
yielded similar results, as well as histochemical confirma-
tion that the droplets observed were indeed yolk-precursor
proteins [28]. Normally, proteins at or above the molecular
mass of albumin (66 kDa) are not found in the glomerular
filtrate. Vitellogenin is much larger than abumin (180 kDa)
and should not be found in epithelial cells of the proximal
tubule. However, some yolk-precursor subunits are small
enough to cross the blood-urine barrier and could be re-
sorbed in the proximal tubule. There were two possible
sources of the vitellogenin found in medaka kidneys in the
present study: 1) recently synthesized vitellogenin that was
unable to be incorporated into oocytes because of decreased
folliculogenesis, and 2) vitellogenin that had previously
been transported into developing oocytes and was cleaved
to yolk but was subsequently released during oocyte atresia.
To our knowledge, the second source has not been inves-
tigated. If al vitellogenin from atretic oocytes is phago-
cytosed by granulosa cells and broken down in lysosomes,
it may not enter the intercellular space and thereafter appear
in the circulation.

The advantages of using medaka to measure reproduc-
tive output are numerous. First, aspects of this study
showed that reproductive capacity can be calibrated before
exposure, thereby establishing a baseline for a given set of
breeding groups (Figs. 1 and 6). During and after exposure,
reproductive output can be compared to both that of control
fish and pre-exposure output from exposed groups. Second,
the small size of medaka enables the use of reasonable
numbers of replicates, permitting quantification of a vari-
able endpoint. Third, daily production of embryos permits
tracking of reproductive progress. Fourth, medaka have a
relatively short maturation cycle, enabling multigeneration-
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a studies in reasonable time periods. For example, a three-
generation study can be completed in under 1 yr.

Associating toxicant exposure with effects on reproduc-
tion is often difficult because of reproductive variability,
and few studies have shown such effects in a dose-depen-
dent manner. The current approach may be used to deter-
mine the adverse effects of toxicants on reproduction in this
model during specific windows of exposure. Sexualy ac-
tive fish could be exposed to assess read-time effects of a
toxicant on both adults and on resultant offspring. Con-
versely, effects on recrudescence could be ascertained by
cessation of reproductive activity via a photoperiod and/or
temperature reduction and exposure during this period of
sexual inactivity. This approach mimics seasonal flux with
environmental factors. Furthermore, data from this experi-
ment show that alteration of environmental cues alone can
lead to certain changes that could be erroneously attributed
to toxicant exposure. The current experimental design per-
mits exposure, in a controlled setting, of breeding groups
of medaka to water samples from the field, thereby retain-
ing environmental relevance.
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