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Summary. A study was conducted to test the hypothesis 
that different portions of the annual photoperiodic cycle 
play different roles in timing the breeding season of the 
ewe, Ovis aries, an animal in which an endogenous 
rhythm generates the seasonal reproductive transitions. 
Adult female sheep were pinealectomized to disrupt 
transduction of photoperiodic cues at 4 times of the year 
(summer and winter solstices, vernal and autumnal 
equinoxes), and the effects on seasonal reproductive neu- 
roendocrine activity were evaluated. Time of pinealec- 
tomy greatly influenced the subsequent seasonal repro- 
ductive cycle such that the following inferences are possi- 
ble. Lengthening days between the winter and summer 
solstices synchronize reproductive onset to the appro- 
priate time of year. The relatively long days around the 
summer solstice act to suppress reproductive activity and 
forestall the start of the breeding season until late sum- 
mer/early autumn. The shortening days between the 
summer solstice and autumnal equinox maintain a nor- 
mal intensity and duration of reproductive neuroendo- 
crine induction during the impending breeding season. 
However, the shortening days between the autumnal 
equinox and winter solstice (i.e., after breeding season 
onset) do not appear to play a critical role in maintaining 
the breeding season of that year, but may provide impor- 
tant cues for timing the breeding season of the following 
year. 
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Introduction 

It is well documented in a variety of seasonal breeders 
that photoperiodic signals play a critical role in timing 
reproduction. In some species, at least one reproductive 
transition results from photoperiod acting as a direct- 
driving force. This is illustrated in the Syrian hamster 
in which gonadal regression at the end of the breeding 
season is a direct result of the inhibitory effects of short 
days (Reiter 1972; Turek et al. 1975). On the other hand, 
gonadal recrudescence in the spring does not require 
the inductive effects of long days but results from a loss 
of responsiveness to short days (Reiter 1972; Turek et al. 
1975). Exposure to long days is required to break this 
photorefractoriness to short day lengths (Reiter 1972; 
Stetson et al. 1977). This dependence on photoperiodi- 
cally-driven transitions into and/or out of the breeding 
season seems to be endemic to short-lived species. In 
some long-lived species, however, neither reproductive 
transition is driven by photoperiod; rather, each transi- 
tion is generated endogenously and reflects a circannual 
rhythm of reproduction which is entrained by photoperi- 
od (Gwinner 1986). In such animals, it is not clear what 
the roles of different portions of the annual photoperiod 
are in timing the reproductive transitions. 

The sheep, a long-lived animal, displays annual bouts 
of reproductive activity which typically begin in late 
summer/early autumn when day length is decreasing. 
Exposure to short days during the anestrous season can 
drive out-of-season breeding in ewes (Fraser and Laing 
1969; Ducker and Bowman 1970; Legan and Karsch 
1980; Bittman et al. 1983a, b; Kennaway et al. 1983). 
This has been taken as evidence that shortening days 
of late summer and autumn stimulate the onset of repro- 
ductive activity under natural environmental conditions. 
Several studies in the ewe, however, have shown that 
the onset of the natural breeding season may not require 
a decrease in day length; moreover, termination of the 
breeding season may not require an increase in day 
length (Worthy and Haresign 1983; Robinson and 
Karsch 1984; Robinson etal. 1985a; Worthy etal. 
1985). Further, when sheep are held on a fixed photope- 
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riod, long- term f luctuat ions  in reproduct ive activity can 
con t inue  bu t  become desynchronized  f rom both  t ime of  
year and  a m o n g  individuals  (Ducker  et al. 1973; Howles 
et al. 1982; Karsch  et al. 1989). These observat ions  sug- 
gest the seasonal  reproduct ive cycle of the ewe is generat-  
ed by an endogenous  process - a c i rcannual  rhy thm that  
is no t  dr iven by photoper iod  but  which is en t ra ined  by 
it. 

Recent  studies in the sheep, as well as in photoper-  
iodic rodents ,  suggest that  the direct ion of  change in 
day length (i.e., photoper iodic  history) determines  the 
reproduct ive response to a given photoper iodic  signal 
(Hor ton  1984; H o f f m a n n  e t a l .  1986; R o b i n s o n  and  
Karsch  1987; Hast ings et al. 1987). For  instance,  ewes 
switched from a long to in termediate  pho toper iod  show 
an  induct ive response, while ewes switched f rom a short  
pho toper iod  to the same in termedia te  pho toper iod  show 
an inhibi tory  response (Rob inson  and  Karsch  1987). The 
photic i n fo rma t ion  that  occurs in the an imal ' s  past  is 
therefore crucial to t iming the breeding season. 

In  the present  study, we tested the hypothesis  that  
different por t ions  of  the a n n u a l  photoper iodic  cycle are 
of  differential  impor tance  in t iming the seasonal  repro- 
ductive cycle of  a species in which both  reproduct ive  
t ransi t ions  are generated endogenously .  Our  approach  
was to d isrupt  the photoper iodic  t imekeeping process 
of  the ewe by p inea lec tomy at different times of  year 
and  to determine the consequences  on  both  the onset  
and  t e rmina t ion  of  the subsequent  breeding season. We 
predicted that  p inealec tomy at different t imes would  
have differential  effects depending  on the an imal ' s  pho-  
toperiodic history pr ior  to p inea lec tomy and  the role 
normal ly  played by that  po r t ion  of  the photoper iodic  
cycle following pinealectomy.  

Materials and methods 

General. Adult ewes, either purebred Suffolk or predominantly Suf- 
folk breed, were kept outdoors at the Sheep Research Facility near 
Ann Arbor, MI (42018 ' north latitude). They were maintained on 
pasture from late spring to mid-autumn, and fed hay at other 
times of year. Animals had free access to mineral licks and water. 

Pinealectomy was performed by the method of Roche and 
Dziuk (1969), modified slightly as described by Dempsey et al. 
(1982). Completeness of pinealectomy was verified initially by visu- 
al inspection of the excised pineal gland and site of removal, and 
subsequently by documentation that the nocturnal rise in melato- 
nin was eliminated (see below). Prior to pinealectomy, all ewes 
were ovariectomized and implanted s.c. with one Silastic capsule 
packed with 3.0 cm of estradiol (Karsch et al. 1973). The estradiol 
capsules are known to maintain a physiological level of serum 
estradiol for a period exceeding the length of this study (3-5 pg/ml; 
Legan et al. 1977). Reproductive neuroendocrine activity was as- 
sessed by the concentrations of serum luteinizing hormone (LH) 
in blood samples (5 ml) taken twice weekly by jugular venipunc- 
ture. Changes in circulating LH reflect alterations in the hypotha- 
lamic response to estradiol negative-feedback, and this constitutes 
a major neuroendocrine determinant of seasonal reproduction in 
the ewe (Legan et al. 1977). Rising and falling levels of serum 
LH are photoperiodically regulated and are coincident with the 
onset and termination of breeding activity in ovary-intact ewes, 
respectively. These swings in serum LH are large (> 30-fold) and 
thus provide a highly robust marker of the seasonal reproductive 

state (Legan et al. 1977). Times of elevated LH are defined as 
the ' neuroendocrine breeding season' (see Analysis of data). 

Assays. Serum was obtained after blood was allowed to clot at 
4 ~ and stored at - 20  ~ until assayed. LH was determined in 
duplicate 25-200 ~tl aliquots of serum and is expressed as ng NIH- 
LH-S12 per ml as previously described (Niswender et al. 1968, 
1969; Hauger et al. 1977). The intraassay coefficient of variation 
(CV) for standard sera containing 0.93+0.02 (mean _+ SEM), 
2.16 _+ 0.03 and 30.66 _+ 0.63 ng/ml LH averaged 6.6%. The interas- 
say CV for the 3 serum pools averaged 8.5%. The limit of detection 
(2 standard deviations from buffer control) averaged 0.25-t-0.03 
ng/ml for 200 ~1 of serum. To standardize the baseline for statistical 
purposes, LH data below 0.44 ng/ml (upper range of limit of detec- 
tions for all assays in this study) were assigned this value. 

To verify the completeness of pinealectomy, melatonin was 
assayed in duplicate 200 ~tl aliquots of serum (5 daytime and 5 
nighttime blood samples from each ewe) using the method of Eng- 
lish et al. (1986), modified as described by Malpaux et al. (1987, 
1988). The intraassay CV for standard sera containing 92.2_+4.6 
and 427.1_+ 19.2 pg/ml averaged 9.1%. The interassay CV for the 
2 serum pools averaged 13.4%. The limit of detection was 14.1 _+ 3.5 
pg/ml for 200 ~tl serum. The melatonin rhythm was abolished in 
all pinealectomized ewes (serum melatonin was low to undetectable 
in both daytime and nighttime samples). Normal nighttime levels 
usually exceed 200 pg/ml (Malpaux et al. 1987, 1988). 

Experimental design. The study was conducted over a two year 
period (June 1986-April 1988). During the first year, ewes were 
pinealectomized at one of 4 times when they would have had differ- 
ent photoperiodic histories and been in different reproductive 
states. Six ewes were pinealectomized around the summer solstice 
(12-23 June 1986); these ewes had experienced the full complement 
of increasing day lengths and were in the mid-anestrous season. 
Six ewes were pinealectomized around the autumnal equinox (11 
September-i October 1986); these had experienced some shorten- 
ing days and were in the transition into the breeding season. Six 
ewes were pinealectomized around the winter solstice (8-22 De- 
cember 1986); these had experienced the full complement of short- 
ening day lengths and were in the late breeding season. Six ewes 
were pinealectomized around the spring equinox (9 March-3 April 
1987); these had experienced some lengthening days and were in 
the early anestrous season. All ewes were maintained with rams 
and other ewes prior to pinealectomy; thereafter they were physi- 
cally isolated in a pasture separate from rams and other ewes to 
minimize social influences on reproductive function. (Spring pineal- 
ectomized ewes served as a control in another study; Pinx Isolated 
group in Wayne et al. 1989). The control group consisted of pineal- 
intact ewes for determination of the normal seasonal reproductive 
cycle in each of the two years of the study. This group consisted 
of 16 ewes from July 1986 to March 1987, when it was reduced 
to 8 ewes (due to pinealectomy for the spring group). The Control 
group was maintained with normal rams and ewes throughout 
the study. 

Analysis of data. Rises and declines in serum LH were identified 
by an algorithm that uses regression-like statistics with a moving 
variable-length window to detect changes in hormone levels (Mal- 
paux et al. 1988), modified as described by Wayne and coworkers 
(1988). This algorithm can identify 4 phases of a cycle: baseline, 
rise, plateau, and decline. The LH elevation was defined as the 
interval between the start of the rising phase and the end of the 
decline phase of the serum LH profile. The peak level was defined 
as the mean value during the plateau phase. Differences in mean 
peak levels were analyzed by a one-way ANOVA and unpaired 
t-test (Brown and Hollander 1977). Differences in the timing of 
rises and declines of LH and the duration of elevated LH were 
analyzed by the Kruskal-Wallis test (analysis of variance) and the 
Mann-Whitney U test (two groups) (Siegel 1956). Values were con- 
sidered significantly different if P<0.05. Due to practical con- 
straints, it was not possible to monitor all groups for the same 
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length of time following pinealectomy (duration of observations 
ranged from 1-2 years as indicated in Results). 

Because there were occasional periods of elevated LH that 
were very brief in duration (sometimes lasting only a few days), 
we chose to distinguish between these bouts of elevated LH and 
longer periods of elevated LH which may have greater reproductive 
significance. The criterion to make this distinction was that LH 
had to be elevated for more than 34 days (duration of two complete 
estrous cycles in intact ewes) to be considered a 'neuroendocrine 
breeding season'. The rationale behind this criterion was that the 
first ovulation of the breeding season is 'silent'; it is not until 
the second ovulation that behavioral estrus is manifest. Therefore, 
the opportunity for breeding is not available until the second es- 
trous cycle. Thus, only periods of elevated LH that exceeded 34 
days were considered neuroendocrine breeding seasons. 

Results 

Pa t t e rns  o f  se rum L H  are  shown in Figs.  1-5. The  u p p e r  
pane ls  show the annua l  p h o t o p e r i o d i c  cycle a n d  the 
t imes o f  surgery  in p inea lec tomized  ewes; the midd le  
pane ls  show L H  values  for  ind iv idua l  an ima l s ;  the lower  
pane ls  show the t imes  o f  e levated  L H  for  each ewe (iden- 
t if ied by  the a l g o r i t h m ;  see Ana lys i s  o f  d a t a  in Methods ) .  
The  shaded  a rea  in all  f igures represents  the  m e a n  pe r iod  
o f  e leva ted  L H  in the C o n t r o l  g r o u p  for  compar i son .  
D a t a  s u m m a r i z i n g  t iming,  d u r a t i o n  a n d  peak  L H  values  
for  all g roups  are  p resen ted  in Table 1. 

Table 1. Characteristics of the LH elevations during years 1 and 
2 of study a 

Onset LH End LH Duration Peak level 
rise elevation LH (ng/ml) 

elevation 
(days) 

Control 

Year 1 Sept 28+3 Jan 25-t-7 1 2 3 _ + 8  9.3_+0.7 
Year2 Sept 5+3 Feb 8+7 1 5 5 _ + 9  9.6+1.5 

Summer Px 

Year 1 Aug 10___4"* Oct 28___14"* 78-+10" 4.7-1-0.9"* 
Year 2 b b b b 

Autumn Px 

Year 1 (Sept 9-+7) Jan 7_+5* 117_+7 9.2+1.16 
Year 2 b b b b 

Winter Px 

Year 1 (Sept 29+6) Jan 25+7 1 1 8 _ + 9  8.2+1.54 
Year 2 b b b b 

Spring Px 

Year 1 c c c c 
Year 2 Nov 14-+16" d d 7.2+0.8 

a. values in all columns are mean + SEM 
b. not calculated because timing too variable to pool data 
c. not determined because surgery performed after neuroendocrine 
breeding season of year 1 
d. not determined because 5 of 6 ewes failed to show a fall in 
LH before the end of study 
( ) dates not compared to those of Unoperated Controls because 
surgery performed after onset of LH rise. * P<0.05 relative to 
Control; ** P<0.01 relative to Control 
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Fig. 1. Serum LH patterns in the Control group (pineal-intact). 
Upper panel: Annual photoperiod curve showing relative changes 
in day length. Middle panel: Serum LH values for individual ewes 
plotted on a logarithmic scale. Lower panel: Black bars represent 
the period of elevated LH for each ewe (see Materials and meth- 
ods). Thin black lines depict the period of observation for each 
ewe. Shaded area: mean period of elevated LH in this group. Ani- 
mal number provided next to data 

Control group (Fig. 1) 

In the Con t ro l  g roup ,  L H  levels rose  in Sep tember ,  on 
average,  and  fell to basel ine  in J a n u a r y - F e b r u a r y  in each 
o f  the two years  o f  the s tudy.  Peak  levels o f  L H  reached  
a p p r o x i m a t e l y  10 ng/ml ,  whereas  nad i r s  were genera l ly  
unde tec tab le  ( <  0.44 ng/ml) .  D u r a t i o n  o f  the L H  eleva-  
t ion ave raged  123 and  155 days  for  the two years  (Ta- 
ble 1). 

Summer-solstice pinealectomy (Fig. 2) 

The L H  rise subsequen t  to p ine a l ec tomy  a r o u n d  the 
s u m m e r  solstice began  in August ,  ear l ier  t han  in the 
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Fig. 2. Serum LH patterns in ewes pinealectomized around the 
summer solstice (Summer Px). Hatched bar in upper panel: time 
of pinealectomy. Middle and lower panels designed as in Fig. 1 
(shaded area: mean period of elevated LH in the Control group 
for comparison). Open boxes in lower panel: periods of elevated 
LH that did not meet our criterion for a neuroendocrine breeding 
season (see Materials and methods) 

Control  group (Table 1). The duration of LH elevation 
was about  half as long, and peak levels about  half as 
great as those in the Control. In year 2 after pinealec- 
tomy, all ewes in this group showed L H  rises that  met  
the criteria for a neuroendocrine breeding season. The 
advanced onset of  the LH rise seen in year 1 was main- 
tained in 3 of  the 6 ewes (#6012,  6014, 6018) in year 
2. The onsets of  these LH rises, however, were not syn- 
chronized among individuals (March 31 to September 
11) and LH remained elevated well into the anestrous 
season of  year 2 when observations were terminated 
(Fig. 2). Da ta  were too variable to pool for group means 
in year 2. 

Autumnal-equinox pinealectomy (Fig. 3) 

All 6 ewes pinealectomized around the autumnal  equin- 
ox showed an LH rise beginning in August-September.  
Onset time was not compared  to that  of  the Control  
group because LH had risen in 3 ewes (#5055 ,  6059, 
6069) prior to pinealectomy. Peak levels and duration 
of  the LH elevation in year 1 were not different from 
those of  the Control  group, but the time of  LH decline 
to baseline was 2.5 weeks earlier (Table 1). In year 2, 
all ewes showed LH rises that  met the criteria for a 
neuroendocrine breeding season; however, the onset of  
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Fig. 3. Serum LH patterns in ewes pinealectomized around the 
autumnal equinox (Autumn Px). Figure designed as in Figs. 1 and 
2 

this rise was delayed and not synchronized among indi- 
viduals (October 6 -March  l l)  and was too variable to 
pool for data analysis. 

Winter-solstice pinealectomy (Fig. 4) 

Ewes pinealectomized around the winter solstice were 
approaching the end of  the neuroendocrine breeding sea- 
son at the time of  surgery. The time of  the LH decline 
to baseline, the duration of elevated LH,  and peak LH 
levels were no different from those of  the Control  group. 
In year 2 of  the study, however, there was a major  alter- 
ation in the LH rise. In 3 of  6 ewes ( #  6042, 6056, 6065), 
the LH elevation began very late and it was still under- 
way in two of  them when the study was terminated in 
April. The remaining 3 ewes showed no discernable ele- 
vation in LH in year 2. 

Spring-equinox pinealectomy (Fig. 5) 

These ewes were pinealectomized in the early anestrous 
season and, because it was the last group, data are avail- 
able for only one year after surgery. Onset of  the LH 
rise subsequent to pinealectomy (year 2 of  study) was 
markedly delayed compared  with that of  the Control  
group. The fall in L H  back to baseline was also greatly 
affected in that  LH had returned to baseline in only 
one of  6 ewes by the end of  the study in April and, 
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Fig. 4. Serum LH patterns in ewes pinealectomized around the 
winter solstice (Winter Px). Figure designed as in Figs. 1 and 2. 
' - E '  with arrows in lower panel indicates period in which it was 
suspected that ewe # 5059 had an estradiol implant missing (LH 
values not included in top section of plot during this period) 

in this ewe, the decline (March) was delayed relative 
to that of  the Control group. 

Infrequent observations of  LH concentrations in all 
groups subsequent to this experiment indicate that LH 
eventually declined in all but one of  the pinealectomized 
ewes that had elevated LH  at the end of  year 2 of  the 
study. 

Discussion 

Our results support  the hypothesis that different por- 
tions of  the annual photoperiodic cycle play different 
roles in timing the breeding season of  the ewe, an animal 
in which both seasonal reproductive transitions appear 
to be endogenously generated (Ducker e ta l .  1973; 
Worthy and Haresign 1983; Robinson and Karsch 1984; 
Robinson et al. 1985a; Worthy et al. 1985; Karsch et al. 
1989). This is suggested by our finding that pinealectomy 
at various times of  the year had different effects on both 
onset and duration of the subsequent breeding season. 
At some times (e.g., summer solstice), the effects of  pin- 
ealectomy became evident within a month or two, where- 
as at other times (autumnal equinox) the response was 
not manifested until one year later. If  we can accept 
that the response to pinealectomy is influenced by the 
animal's photoperiodic history and by that portion of  
the annual photoperiodic cycle which followed pinealec- 
tomy, we can begin to piece together the role played 
by different portions of  the photoperiodic cycle in syn- 
chronizing the endogenous rhythm. 

S D M J S D M 
I I l I l l I i i i n i I I I I a i l I 

m 

ii?iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 
6 0 5 7  ............................................... 
6 1 0 5  :i:i:i:i:i:i:!:i ............. 

6072 , ,  , ,, .:.:,:.:.:,:.:.:,:.:.:.:.:.:,:.:.:.:.:.:. 
:.:.:.:.:.:.:.:.:.:.........,,.....,....-. 

6 0 8 4  n .................... 

6103 
.!.!.!.!.!,!.!.!.!.!......+:..+:.....; 
. ..,....... ,.,......, ...., ..,.,,.,.. 

. . . . . . . . . . . . . .  "","~";r ' 'U~", 
S D M J S D M 

1986 1987 1988 
Year  I Yea r  2 

Fig. 5. Serum LH patterns in ewes pinealectomized around the 
spring equinox (Spring Px). Figure designed as in Figs. 1 and 2 

Winter solstice to summer solstice 

Groups of  ewes pinealectomized around the winter sol- 
stice and spring equinox showed delayed and variable 
LH rises during the breeding season of  the following 
autumn. Specifically, in the Winter Px group, 3 of  6 
ewes showed late onsets of  the LH rise while the remain- 
ing animals did not show LH rises during the period 
of  observation. Further, in the Spring Px group, 5 of  
the 6 ewes showed substantially delayed onsets of  the 
LH rise. This suggests that lengthening days following 
the winter solstice synchronizes the breeding season to 
the appropriate time of  year. It should be stressed that 
studies using other approaches support  this conclusion. 
For example, by manipulating the photoperiodic envi- 
ronment of  pineal-intact ewes, Malpaux and coworkers 
(1989) have found that the time of  reproductive onset 
in the autumn depends upon the time of  exposure to 
long days after the winter solstice. The more delayed 
the exposure to long days, the more delayed the onset 
of reproductive activity. Other studies have shown that 
another important  role for long days is to break refrac- 
toriness to a short photoperiod, thereby restoring sensi- 
tivity to the decreasing day length which will occur after 
the summer solstice (Jackson et al. 1988). 

The present findings might seem incongruous with 
the earlier report  of  Bittman et al. (1983 a) that pinealec- 
tomy in late winter or mid-spring did not alter onset 
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of the breeding season the following autumn. This, how- 
ever, is not necessarily inconsistent with our results, nor 
with the hypothesis that photoperiodic cues between the 
winter and summer solstices synchronize reproductive 
onset. Specifically, social cues from normal sheep can 
synchronize reproductive onset in ewes pinealectomized 
around the spring equinox (Wayne et al. 1989). The ewes 
pinealectomized by Bittman et al. (1983a) could have 
been synchronized by the intact ewes and rams with 
which they were maintained. Other findings that pinea- 
lectomy in mid-spring (April-May) disrupts onset of the 
breeding season of ewes isolated from intact sheep 
(Wayne 1988) supports this explanation and reinforces 
the view that the increasing day length of winter-spring 
provides a critical cue for timing the breeding season. 

transfer to a short photoperiod prolonged the neuroen- 
docrine breeding season in ewes that had undergone a 
spontaneous increase in reproductive activity as a conse- 
quence of refractoriness to long days (Malpaux 1988). 
Not all studies, however, support such a maintenance 
role for decreasing photoperiod. For example, Jackson 
and coworkers (1988) observed that ewes moved indoors 
on the summer solstice, and kept on that photoperiod, 
had a breeding season no shorter than that of ewes kept 
outdoors. Other studies of similar design, however, have 
not confirmed that finding and, in fact, provide further 
evidence that the decreasing photoperiod after the sum- 
mer solstice is needed to maintain the breeding season 
(Malpaux et al. 1989; O'Callaghan, Roche, Karsch, un- 
published). 

Summer solstice to autumnal equinox 

During this quadrant of the year, the relatively long 
but decreasing day lengths appear to play 3 roles: 1) 
they suppress reproductive activity such that the breed- 
ing season does not begin until around the autumnal 
equinox; 2) they provide photoperiodic signals to main- 
tain normal duration of the breeding season which is 
about to begin; 3) they provide a cue to attain maximal 
intensity of reproductive neuroendocrine induction dur- 
ing the upcoming breeding season. This is suggested by 
the finding that ewes pinealectomized around the sum- 
mer solstice had an advanced LH rise that was low in 
amplitude and short in duration. 

The conclusion that shortening days after the sum- 
mer solstice increase the intensity of reproductive neuro- 
endocrine induction is corroborated by studies using 
other experimental approaches. For example, the intensi- 
ty of the reproductive neuroendocrine response in the 
pineal-intact ewe depends upon the strength of the in- 
ductive signal, i.e., by the 'shortness' of the short day 
(Robinson etal. 1985b; Robinson and Karsch 1987; 
Malpaux et al. 1988). In this regard, amplitude of the 
LH elevation was found to be greater in ewes transferred 
from a summer- to winter-solstice photoperiod (16L:8D 
to 10L:I4D) than in those transferred from a summer- 
solstice to an autumnal-equinoctial photoperiod 
(16L: 8D to 13L: 11 D) (Robinson and Karsch 1987). Our 
present observations, therefore, suggest that blocking 
the transduction of long-day cues around the summer 
solstice, by pinealectomy, provides a relatively weak in- 
ductive signal. 

The hypothesis that decreasing day length provides 
a cue to maintain the breeding season is supported by 
studies in pineal-intact ewes using manipulations of arti- 
ficial photoperiod to induce reproductive neuroendo- 
crine activity (O'Callaghan et al. 1989a). Further, the 
progressive shortening of the day length itself appears 
important. In this regard, ewes experiencing a two-step 
photoperiodic decrease had a significantly longer period 
of reproductive activity than ewes experiencing only a 
one-step decrease to the same final day length (Malpaux 
etal. 1988; O'Callaghan etal. 1989b). Moreover, 

Autumnal equinox to winter solstice 

Pinealectomy on the autumnal equinox had no major 
effect on any aspect of the neuroendocrine breeding sea- 
son that was just beginning at the time of surgery. Only 
a small (2.5 week) advancement of the decline in LH 
was observed 4 months later, but this was too minor 
for a significant shortening of the LH elevation. It 
would appear, therefore, that once the breeding season 
has begun, essentially all relevant photoperiodic cues for 
that breeding season have been provided. This is not 
to imply, however, that the photoperiodic information 
perceived between the autumnal equinox and winter sol- 
stice is inconsequential for temporal organization of the 
seasonal reproductive cycle. In fact, this segment of the 
photoperiodic cycle likely plays an important role. Spe- 
cifically, it serves to break long-day photorefractoriness 
(Jackson et al. 1988), thus ensuring the ewe can respond 
to the subsequent lengthening days that will synchronize 
the breeding season of the following year. 

Other interpretations and conclusions 

In keeping with the existence of an endogenous rhythm 
of reproduction that is entrained by photoperiod, our 
results could be interpreted in a somewhat different man- 
ner. Specifically, the winter-to-summer segment of the 
photoperiodic cycle could cause a phase advance of the 
reproductive rhythm because the breeding season was 
delayed when pinealectomy was performed on the winter 
solstice and the spring equinox. Conversely, the summer- 
to-autumn segment of the photoperiodic cycle could 
phase delay the rhythm because the onset and termina- 
tion of the breeding season was advanced by pinealec- 
tomy on the summer solstice. Although our study was 
not designed to test this possibility, it is important to 
note that most of our ewes continued to exhibit rises 
and declines of LH into the second year after pinealec- 
tomy, with little or no apparent synchronization. The 
persistence of these changes in reproductive neuroendo- 
crine condition can be accounted for by the endogenous 
circannual rhythm which was not synchronized by pho- 
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toper iod due to absence o f  the pineal. It is o f  interest 
in this regard that  some studies suggest the neuroendo-  
crine breeding season eventually becomes damped  (Bitt- 
man  et al. 1983 a) or  even disappears (Kennaway  et al. 
1984) with time after pinealectomy,  a l though there is 
inconsistency in this po in t  as other  studies suggest the 
L H  swings can persist for  m a n y  years after surgery (Ro- 
b inson and Karsch  1988). 

At  the outset  o f  this discussion, it was stressed that  
our  interpretat ions are based on the premise that  the 
differential response to pinealectomy could be accounted  
for by photoper iod ic  his tory and the role played by that  
por t ion  o f  the photoper iod ic  cycle which followed the 
surgery. There  is, however,  ano ther  factor  which m a y  
also influence the response, namely  the seasonal repro- 
ductive state at the time o f  surgery. In species which 
exhibit an endogenous  ci rcannual  rhythm,  the response 
to photoper iod ic  manipu la t ion  m a y  vary  according  to 
stage o f  the rhy thm,  as is suggested by recent findings 
in the ra inbow t rout  (Dust in  and Bromage  1988) and 
possibly in the ewe (Jackson et al. 1989). It is impor tan t  
to note  that,  in our  study, photoper iod ic  his tory could 
no t  be separated f rom stage o f  the annual  reproduct ive 
cycle. It remains possible, therefore, that  the differential 
responses to p inealec tomy at different times o f  year  
could have depended u p o n  the stage o f  the annual  repro- 
ductive cycle ra ther  than  u p o n  photoper iod .  

In view o f  this possibility, it is pert inent  to reiterate 
tha t  studies using approaches  other  than pinealec tomy 
have been per formed to evaluate the impor tance  o f  var- 
ious por t ions  o f  the photoper iod ic  cycle. In this regard, 
our  interpretat ions o f  the response to p inealec tomy are 
fully consistent with a recently developed model  based 
on responses to photoper iod ic  manipu la t ion  o f  repro- 
ductive neuroendocr ine  activity in pineal-intact  sheep 
(Malpaux et al. 1989). Accord ing  to this model ,  an en- 
dogenous  rhy thm of  reproduc t ion  drives the annual  re- 
product ive  cycle. The pr imary  role o f  pho toper iod  is 
to entrain this rhythm.  The differing por t ions  o f  the 
photoper iod ic  cycle appear  to provide various types o f  
regulatory cues (phase setting, dura t ion  o f  breeding sea- 
son, inhibi t ion/s t imulat ion o f  the reproduct ive neuroen-  
docrine axis, res tora t ion o f  photosensit ivi ty)  each o f  
which contr ibutes  to tempora l  regulat ion o f  the seasonal 
reproduct ive cycle o f  the ewe. 

Acknowledgements. We acknowledge Mr. Douglas Doop, Ms. Bar- 
bara Glover, Ms. Suzanne Moenter, Mr. Diarmuid O'Callaghan, 
Mr. Kirk Van Natter and Ms. Celia Woodfill for technical assis- 
tance; Mr. Michael Muha and Dr. Morton Brown for computer 
assistance and statistical analysis; the Standards and Reagents, 
Data Analysis and Sheep Research Core Facilities of the Center 
for the Study of Reproduction (NIH-P30-HD 18258); and Drs. 
J. Arendt, G.D. Niswender and L.E. Reichert, Jr. for supplying 
assay reagents. 

References 

Bittman EL, Karsch FJ, Hopkins JW (1983a) Role of the pineal 
gland in ovine photoperiodism: Regulation of seasonal breed- 
ing and negative feedback effects of estradiol upon luteinizing 
hormone secretion. Endocrinology 113 : 329-335 

Bittman EL, Dempsey RJ, Karsch FJ (1983b) Pineal melatonin 
secretion drives the reproductive response to daylength in the 
ewe. Endocrinology 113 : 2276-2283 

Brown BW Jr, Hollander M (1977) Statistics: A biomedical intro- 
duction. John Wiley and Sons, New York, pp 234-238 

Dempsey RJ, Hopkins J, Bittman EL, Kindt GW (1982) Total 
pinealectomy by an occipital parasagittal approach in sheep. 
Surg Neurol 18 : 377-380 

Ducker M J, Bowman JC (1970) Photoperiodism in the ewe: A 
note on the effect on onset of oestrus in Clum Forest ewes 
of applying the same decrease in daylength at two different 
times of the year. Anim Prod 12 : 513-516 

Ducker MJ, Bowman JC, Temple A (1973) The effect of constant 
photoperiod on the expression of oestrus in the ewe. J Reprod 
Fertil, Suppl 19:143-150 

Duston J, Bromage N (1988) The entrainment and gating of the 
endogenous circannual rhythm of reproduction in the female 
rainbow trout (Salmo gairdneri). J Comp Physiol A 164:259- 
268 

English J, Poulton AL, Arendt J, Symons AM (1986) A comparison 
of the efficiency of melatonin treatments in advancing oestrus 
in ewes. J Reprod Fertil 77: 321-327 

Fraser AF, Laing AH (1969) Oestrus induction in ewes with stan- 
dard treatments of reduced natural light. Vet Rec 84:427- 
430 

Gwinner E (1986) Circannual rhythms. Springer, Berlin Heidelberg 
New York 

Hastings MH, Herbert J, Hutchison J, Powers JB, Stell EA, Walker 
AP (1987) Photoperiodic history controls the neuroendocrine 
interpretation of the pineal melatonin signal in the male Syrian 
hamster. Soc Neurosci Program, 17th Annual Meeting, New 
Orleans, LA, Abstract 242.7 

Hauger RL, Karsch FJ, Foster DL (1977) A new concept for con- 
trol of the estrous cycle of the ewe based on the temporal rela- 
tionships between luteinizing hormone, estradiol and progester- 
one in peripheral serum and evidence that progesterone inhibits 
tonic LH secretion. Endocrinology 101 : 807-817 

Hoffmann K, Illnerova H, Vanecek J (1986) Change in duration 
of the nighttime melatonin peak may be a signal driving photo- 
periodic responses in the Djungarian hamster (Phodopus sun- 
gorus). Neurosci Lett 67:68-72 

Horton TH (1984) Growth and reproductive development of male 
Microtus montanus is affected by the prenatal photoperiod. Biol 
Reprod 31 : 499-504 

Howles CM, Craigon J, Haynes NB (1982) Long-term rhythms 
of testicular volume and plasma prolactin concentrations in 
rams reared for 3 years in constant photoperiod. J Reprod 
Fertil 65: 439~46 

Jackson GL, Gibson M, Kuehl D (1988) Photoperiodic disruption 
of photorefractoriness in the ewe. Biol Reprod 38:127-134 

Jackson GL, Janson HT, Kuehl DE, Shanks RD (1989) Time of 
the sidereal year affects responsiveness of the phase-resetting 
effects of photoperiod in the ewe. J Reprod Fert 85:221-227 

Karsch FJ, Dierschke D J, Weick RF, Yamaji T, Hotchkiss J, Kno- 
bil E (1973) Positive and negative feedback control by estrogen 
of luteinizing hormone secretion in the rhesus monkey. Endo- 
crinology 92 : 799-804 

Karsch FJ, Robinson JE, Woodfill CJI, Brown MB (1989) Circan- 
nual cycles of luteinizing hormone and prolactin secretion in 
ewes during prolonged exposure to a fixed photoperiod: Evi- 
dence for an endogenous reproductive rhythm. Biol Reprod, 
in press 

Kennaway DJ, Sanford LM, Godfrey B, Friesen HG (1983) Pat- 
terns of progesterone, melatonin and prolactin secretion in ewes 
maintained in four different photoperiods. J Endocrinol 
97 : 229-242 

Kennaway DJ, Dunstun EA, Gilmore TA, Seamark RF (1984) 
Effect of pinealectomy, oestradiol and melatonin on plasma 
prolactin and LH secretion in ovariectomized ewes. J Endocri- 
nology 102:199-207 

Legan SJ, Karsch FJ (1980) Photoperiodic control of seasonal 



842 N.L. Wayne et al. : Photoperiodic timing of breeding season 

breeding in ewes: Modulation of the negative feedback action 
of estradiol. Biol Reprod 23 : 1061-1068 

Legan SJ, Karsch FJ, Foster DL (1977) The endocrine control 
of seasonal reproductive function in the ewe: A marked change 
in response to the negative feedback action of estradiol on lu- 
teinizing hormone secretion. Endocrinology 101 : 818-824 

Malpaux B (1988) Cycle annuel de reproduction chez la brebis: 
Signaux photoprriodiques et rythme endogrne. PhD Thesis, 
The University of Paris 6, Paris, France 

Malpaux B, Robinson JE, Brown MB, Karsch FJ (1987) Reproduc- 
tive refractoriness of the ewe to inductive photoperiod is not 
caused by inappropriate secretion of melatonin. Biol Reprod 
36:1333 1341 

Malpaux B, Robinson JE, Brown MB, Karsch FJ (1988) Impor- 
tance of changing photoperiod and melatonin secretory pattern 
in determining the length of the breeding season in the Suffolk 
ewe. J Reprod Fertil 83:461-470 

Malpaux B, Robinson JE, Wayne NL, Karsch FJ (1989) Regulation 
of the onset of the breeding season of the ewe: Importance 
of long days and of an endogenous reproductive rhythm. J 
Endocrinology 122, in press 

Niswender GD, Midgley AR, Reichert LE Jr (1968) Radioimmun- 
ologic studies with murine, bovine, ovine and porcine luteiniz- 
ing hormone. In: Rosemberg E (ed) Gonadotropins 1968. Ger- 
on-X, Los Altos, CA, pp 299-306 

Niswender GD, Reichert LE Jr, Midgley AR, Nalbandov AV 
(1969) Radioimmunoassay for bovine and ovine luteinizing 
hormone. Endocrinology 84:1166-I 173 

O'Callaghan D, Roche JF, Boland MP, Karsch FJ (1989a) Role 
of short days in timing the onset and duration of the breeding 
season in ewes. Biol Reprod 40 (Suppl 1), Abstr 138 

O'Callaghan D, Roche JF, Boland MP, Karsch FJ (1989b) Does 
a melatonin implant mimic a short day photoperiodic effect 
in ewes? J Animal Sci, Abstr 67 (Suppl 1), Abstr 879 

Reiter RJ (1972) Evidence for refractoriness of the pituitary-gona- 
dal axis to the pineal gland in golden hamsters and its possible 
implications in annual reproductive rhythms. Anat Rec 
173 : 365-372 

Robinson JE, Karsch FJ (1984) Refractoriness to inductive day 
lengths terminates the breeding season of the Suffolk ewe. Biol 
Reprod 31:6564563 

Robinson JE, Karsch FJ (1987) Photoperiodic history and a chang- 

ing melatonin pattern can determine the neuroendocrine 
response of the ewe to daylength. J Reprod Fertil 80:159- 
165 

Robinson JE, Karsch FJ (1988) Timing the breeding season of 
the ewe: What is the role of daylength? Repr Nutr Develop 
28 (2B): 365-374 

Robinson JE, Wayne NL, Karsch FJ (1985a) Refractoriness to 
inhibitory day lengths initiates the breeding season of the Suf- 
folk ewe. Biol Reprod 32:1024-1030 

Robinson JE, Radford HM, Karsch FJ (1985b) Seasonal changes 
in pulsatile luteinizing hormone (LH) secretion in the ewe: Re- 
lationship of frequency of LH pulses to day length and response 
to estradiol negative feedback. Biol Reprod 33:324-334 

Roche JF, Dziuk PJ (1969) A technique for pinealectomy of the 
ewe. Am J Vet Res 30:2031-2035 

Siegel S (1956) Nonparametric statistics for the behavioral sciences. 
McGraw-Hill, New York, pp 116-127, 184-193 

Stetson MH, Watson-Whitmyre M, Matt KS (1977) Termination 
of photorefractoriness in golden hamsters - photoperiodic re- 
quirements. J Exp Zool 202:81 88 

Turek FW, Elliott JA, Alvis JD, Menaker M (1975) Effect of pro- 
longed exposure to nonstimulatory photoperiods on the activity 
of the neuroendocrine-testicular axis of golden hamsters. Biol 
Reprod 13 : 475-481 

Wayne NL (1988) Pineal regulation of seasonal breeding in the 
ewe: Interactions of environmental signals with endogenous 
rhythms. PhD Thesis, The University of Michigan, Ann Arbor, 
MI 

Wayne NL, Malpaux B, Karsch FJ (1988) How does melatonin 
code for day length in the ewe: Duration of nocturnal melato- 
nin release or coincidence of melatonin with a light-entrained 
sensitive period? Biol Reprod 39:66-75 

Wayne NL, Malpaux B, Karsch FJ (1989) Social cues can play 
a role in timing the seasonal reproductive rhythm of the ewe. 
J Reprod Fert 87 : 707-713 

Worthy K, Haresign W (1983) Evidence that the onset of seasonal 
anoestrus in the ewe may be independent of increasing prolactin 
concentrations and daylength. J Reprod Fertil 69:41-48 

Worthy K, Haresign W, Dodson S, McLeod B J, Foxcroft GR, 
Haynes NB (1985) Evidence that the onset of the breeding sea- 
son in the ewe may be independent of decreasing plasma prolac- 
tin concentrations. J Reprod Fertil 75 : 237-246 


