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This article reviews experiments performed to investigate the importance of
thyroid hormones to the expression of the seasonal reproductive cycle of ewes.
Thyroidectomy was found to block the transition from the breeding season to
anoestrus and to cause ewes to exhibit oestrous cycles all year round. Mechan-
istically, thyroidectomy produced this effect by preventing the seasonal increase in
responsiveness to the negative feedback action of oestradiol on episodic GnRH
secretion, thus interfering with a key neuroendocrine process necessary for
anoestrus to develop. This response to thyroidectomy was fully prevented by
replacement with physiological concentrations of thyroxine. Furthermore, the
reproductive response to thyroidectomy was specific to the mechanisms that lead
to anoestrus; other aspects of reproductive neuroendocrine function and seasonal
and photoperiodic mechanisms were not affected. Evidence is presented to indicate
that thyroid hormones have a permissive mode of action on seasonal reproduction,
and that their effect is exerted during a restricted 'window' of time during the year.
It is concluded that thyroid hormones play a crucial role of physiological
significance to generation of the seasonal reproductive cycle of ewes.

Introduction

Over the past 20 years, many important advances have been made towards a better understanding of
the mechanisms that govern seasonal reproduction in domestic ruminants. Among these has been the
recognition that thyroid hormones play a key role in expression of the neuroendocrine events that
underlie generation of seasonal reproductive cycles. In this article, we briefly trace the development of
this concept and review our current understanding of the role played by thyroid hormones in seasonal
reproduction in one domestic animal, the ewe.

From a historical perspective, work in the European starling provided the foundation for our
understanding of the importance of thyroid hormones in seasonal reproduction. The key finding was
made over 50 years ago, when Woitkewitsch (1940) discovered that thyroidectomy of starlings
prevented the seasonal decline in testicular activity and sustained the breeding season indefinitely.
However, this observation went largely unnoticed for several decades and progress in this area was
stalled until the 1970s when Wieselthier and Van Tienhoven re-investigated this phenomenon. They
determined that thyroidectomy of starlings prevents the development of photorefractoriness, a
spontaneously developing condition that leads to termination of the breeding season (Wieselthier and
Van Tienhoven, 1972). Since then, a compelling body of evidence has been gathered in birds to
document that thyroid hormones are required for the seasonal decline in secretion of gonadotrophic
hormones that causes termination of the breeding season (Jallageas and Assenmacher, 1979; Goldsmith
and Nicholls, 1984; Dawson et al., 1985; Follett and Nicholls, 1985; Nicholls et al., 1988a; Goldsmith
et al., 1989). More recently, such a role for the thyroid has been extended from birds to certain mammals;
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Fig. 1. Effect of thyroidedomy on seasonal occurrence of
oestrous cycles in Welsh Mountain ewes either maintained
outdoors (top, bars indicate mean ± SEM dates of onset and
end of oestrous cycles) or housed in light-control rooms and
exposed to the photoperiods indicated (bottom, lines depict
interval between first and last oestrous cycle in individual
ewes). Asterisks by arrowheads indicate ewes died but exhi-
bited oestrous cycles until death. THX: thyroidectomy; NDL:
natural day light. Redrawn from Nicholls et al. (1988b).

species studied include golden hamsters, mink, red deer, and both male and female sheep (Vriend, 1985;
Jacquet et al., 1986; Nicholls et al., I988b; Shi and Barrell, 1992; Parkinson and Follett, 1994).

Influence of Thyroidectomy on Seasonal Reproduction in Ewes

Thyroidectomyblocksthe transitionto anoestrus

The breeding season of ewes begins in late summer or early autumn as photoperiod decreases and,
unless pregnancy intervenes, oestrous cycles continue at regular intervals until the following spring
when daylength increases (Yeates, 1949; Hafez, 1952). There is now strong evidence that the transitions
into and out of the breeding season are driven by an endogenous circannual rhythm, a rhythm that can
persist in the absence of changes in relevant environmental time cues (Thwaites, 1965; Ducker et al.,
1973; Robinson and Karsch, 1988; Karsch et al., 1989). Photoperiod has long been known to be the
primary environmental cue for timing the seasonal reproductive cycle of ewes (Yeates, 1949; Hafez,
1952; Mauleon and Rougeot, 1962). It does so by synchronizing the endogenous rhythm (Woodfill
et al,, 1991, 1994). In this fashion, the breeding season remains appropriately aligned with the
geophysical year. According to this concept, the transition to anoestrus, although regulated in a
temporal sense by photoperiod, occurs spontaneously owing to the rhythm. In certain ways, this
resembles the photorefractory condition that drives the end of the breeding season of starlings.

Initial evidence implicating a role for the thyroid in seasonal reproduction in ewes was reported by
Nicholls et al. (1988b), who found that thyroidectomy late in the anoestrous season did not alter the
transition into the breeding season but did prevent the subsequent termination of reproductive activity.
Thyroidectomized ewes continued to exhibit regular oestrous cycles throughout the entire anoestrous
season and remained in breeding condition for more than one year (Fig. 1). This is a remarkable finding
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Fig. 2. Mean serum LH concentrations in thyroid-intact control
Suffolk ewes ( , n = 6) and ewes thyroidectomized (THX) late in
anoestrus (arrowhead) and given no replacement (•, n = 6) or
thyroxine to maintain a euthyroid state (•, n = 8). Each ewe was
ovariectomized and treated with an oestradiol implant. Time of
breeding season is shown at top. Redrawn from Webster et al.
(1991a) with permission from The Endocrine Society.

considering the powerful drive to enter anoestrus, as provided by the endogenous rhythm. It is as if
thyroidectomy caused the rhythm to stop, or not be expressed. This leads to the question: How does
thyroidectomy produce this effect?

Influenceof thyroidectomy on the neuroendocrineprocessesfhaf lead fo anoesfrus

Before considering how thyroidectomy blocks the transition to anoestrus, the neuroendocrine events
that lead to the seasonal pattern of reproduction in ewes will be reviewed. Under normal conditions, the
transition to anoestrus is caused by a marked increase in responsiveness to the negative feedback action
of oestradiol on LH and FSH secretion; this increased feedback inhibition leads to insufficient
gonadotrophin output to support ovarian cyclicity (Legan et al., 1977; Goodman and Karsch, 1980;

Legan and Karsch, 1980). This change in feedback responsiveness can be demonstrated by treatment of
ovariectomized ewes with implants that release a constant physiological amount of oestradiol, producing
a negative feedback clamp on the hypothalamo—pituitary axis. Under these conditions, a high amplitude
seasonal cycle of reproductive neuroendocrine activity is expressed, manifested by marked changes in
episodic secretion of GnRH from the hypothalamus and gonadotrophic hormones from the pituitary
gland (Goodman et al., 1982; Thomas et al., 1988; Karsch et al., 1993). During the breeding season, ewes
are rather unresponsive to oestradiol negative feedback; GnRH and LH are thus released as high
frequency pulses. AL the transition to anoestrus, ewes become very responsive to oestradiol, and
episodic discharges of GnRH and LH become very infrequent. It is now well documented that the
seasonal changes in responsiveness to oestradiol are driven by the endogenous rhythm; that the timing
of these changes is regulated by photoperiod; and that the alteration in response to oestradiol negative
feedback constitutes one of the key neuroendocrine determinants of the seasonal waxing and waning of
oestrous cyclicity in ewes (Legan et al., 1979; Goodman and Karsch, 1980; Karsch et al., 1984).

In our laboratory, we have focused on how thyroidectomy influences the increased responsiveness
to oestradiol negative feedback associated with termination of the breeding season. Initially, we tested
the hypothesis that the thyroid gland, through its secretion of thyroxine, is required for the heightened
response to oestradiol (Moenter et al., 1991; Webster et al., 1991a). Ovariectomized ewes treated with
constant-release implants of oestradiol were thyroidectomized late in the anoestrous season (July), and
changes in LH secretion were monitored well beyond the end of the subsequent natural breeding season.
We found that thyroidectomy did not alter the pronounced increase in LH secretion at the onset of the
breeding season, but it completely obliterated the subsequent fall in LH at the time of the transition to
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Fig. 3. Patterns of GnRH in pituitary portal blood of (a) a
control and (b) a thyroidectomized Suffolk ewe during the
natural anoestrous season (May). Each ewe was ovari-
ectomized and treated with an oestradiol implant. Samples
were obtained at intervals of 5 min. (C) peaks of GnRH
pulses. Redrawn from Webster et al. (1991b) with permission
from the Endocrine Society.

anoestrus (Fig. 2). This effect of thyroidectomy was manifested through the system that generates the
pulsatile discharges of LH (Moenter et al., 1991), and it was fully prevented by replacement of thyroxine
at a dose that restored a physiological serum concentration of that hormone (Fig. 2). These findings
indicate that thyroid hormones are obligatory for the increased responsiveness to oestradiol negative
feedback that causes termination of the breeding season.

Because the seasonal increase in responsiveness to oestradiol negative feedback leads to a marked
reduction in GnRH pulse frequency (Karsch et al., 1993), we tested whether the effect of thyroidectomy
on the transition to anoestrus is due to an effect on the GnRH neurosecretory system. We monitored the
episodic pattern of GnRH in pituitary portal blood obtained at intervals of 5 min from both thyroid-
intact ewes that had entered anoestrus and thyroidectomized ewes that had failed to do so (Webster
et al., 1991b). Typical GnRH profiles are illustrated in Fig. 3. GnRH secretion in thyroid-intact controls

was extremely low with no evidence of episodic release (Fig. 3a). In marked contrast, high frequency
pulses of GnRH characteristic of the breeding season were evident in thyroidectomized ewes (Fig. 3b).

Physiological Role for Thyroid Hormones

The foregoing observations demonstrate that the neuroendocrine processes that lead to the end of the
breeding season of ewes do not occur in the absence of thyroid hormones. It must be stressed, however,
that these findings do not distinguish a specific physiological role of the thyroid in seasonal reproduction
from a non-specific pathological or general metabolic consequence of thyroidectomy. In this regard, we
have observed that some thyroidectomized ewes become rather lethargic, although most do not exhibit a
major debility. Intuitively, health-related problems arising from the long-term absence of thyroid hormones
would seem to favour premature termination of the breeding season rather than its extension. Despite this
presumption, the potential importance of non-specific effects of thyroidectomy needed to be evaluated
experimentally to address the physiological relevance of the thyroid to the seasonal reproductive process.
We therefore studied a variety of phenomena to assess the possible non-specific neuroendocrine
consequences of the long-term absence of thyroid hormones. These studies are now summarized.
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Steroid metabolism

Because thyroid hormones play an important role in metabolism, thyroidectomy might affect the

rate of breakdown of gonadal steroids. This could change the balance of negative feedback signals that

are important to the manifestation of seasonal shifts in neuroendocrine activity. To examine this

possibility, we determined the effect of thyroidectomy on serum concentrations of oestradiol and

progesterone in ewes treated with constant-release implants of these steroids. If steroid metabolism were

markedly altered in the absence of thyroid hormones, we reasoned that, given the constant steroid input,

the circulating concentrations of oestradiol and progesterone should differ in thyroidectomized and

thyroid-intact ewes. However, we observed that thyroidectomy had no effect on circulating concen-

trations of oestradiol and progesterone; altered metabolic clearance of steroids is therefore unlikely to

account for continuation of the breeding season in the absence of thyroid hormones (Moenter et al.,
1991; Karsch and Dahl, 1994). [It is important to note at this point that sheep do not appear to have a

high-affinity, sex-steroid-binding protein in plasma (Legan et al., 1977). Thus, altered transport proteins

for circulating steroids are unlikely to account for the influence of thyroidectomy.l

Gonadal steroidfeedback

We next tested the possibility that thyroidectomy leads to a general perturbation of all gonadal

steroid-feedback effects on the hypothalamo—hypophyseal axis. We examined both the positive

feedback action of oestradiol in eliciting the preovulatory LH surge and the negative feedback effects of

oestradiol and progesterone during both the breeding and anoestrous seasons (Webster et al., 199Ia). All

of these feedback responses (except oestradiol negative feedback during anoestrus) were comparable in

thyroid-intact and thyroidectomized ewes. As expected, an increased responsiveness to the negative

feedback action of oestradiol during anoestrus was not evident in thyroidectomized ewes. In conjunction

with the demonstration that thyroidectomized ewes can exhibit normal oestrous cycles, become

pregnant and bear offspring (Falconer, 1963; Nicholls ef al., I988b), these findings are consistent with the

view that the removal of thyroid hormones does not cause a general compromise of neuroendocrine

responses to the feedback actions of gonadal steroids.

Seasonalprocessesand photoperiodicsignal transduction

We then considered the possibility that thyroidectomy causes a non-specific blockade of all seasonal

processes or a generalized disruption of the photoperiodic signal transduction pathway. Thyroidec-

tomized ewes were found to exhibit a seasonal cycle of circulating prolactin (Moenter et al., 1991).

Furthermore, when exposed to a photoperiodic challenge consisting of an abrupt switch from a short to

a long daylength, thyroidectomized ewes exhibited a normal resetting of the circadian rhythm of

melatonin secretion and a typical increase in prolactin secretion (Dahl et al., 1994a). In marked contrast,

thyroidectomized ewes failed to exhibit a reproductive neuroendocrine response to this photoperiodic

challenge. Specifically, LH secretion remained high despite transfer to the inhibitory long day

photoperiod (Dahl et al., 1994a). These findings indicate that the influence of thyroidectomy on seasonal

reproduction cannot be accounted for by a general disturbance of seasonal phenomena or photoperiodic

responses. Moreover, since the melatonin response to photoperiod was normal in thyroidectomized

ewes, these observations provide evidence that, mechanistically, the functional deficit produced by

thyroidectomy lies somewhere between the pineal gland and the GnRH neurosecretory system.

Thyrotrophin-releasinghormone

Another possible non-specific effect of thyroidectomy that might account for the blockade of

anoestrus relates either to an altered secretion of thyrotrophin-releasing hormone (TRH) or to a change

in the activity of neurotransmitter systems that modulate TRH release. For example, it has been

suggested that hypothalamic dopaminergic systems participate in both the regulation of TRH release



414 F.J. Karschet al.

and the negative feedback action of oestradiol during anoestrus (Joseph-Bravo et al., 1979; de Greef and

Visser, 1981; Meyer and Goodman, 1985; Thiery et al., 1989). Our interest in this possibility was

intensified by three recent observations. First, thyroid hormones do exert feedback inhibition of TRH
secretion in ewes (Dahl et al., 1994b). Second, TRH secretion in ewes increases 2-3 weeks after

withdrawal of thyroxine negative feedback (Dahl et al., 1994b). Third, this 2- to 3-week interval is

consistent with the time required for reactivation of reproductive neuroendocrine function of rams
following thyroidectomy during the non-breeding season (Parkinson and Follett, 1994).

To test the hypothesis that the blockade to anoestrus is linked to increased TRH secretion, we
manipulated TRH experimentally and monitored GnRH release during the anoestrous season in two
groups of thyroidectomized ewes. The control group received a physiological replacement of thyroxine;
as expected both TRH and GnRH secretion were suppressed. The experimental group also received
thyroxine replacement, but this treatment was terminated to withdraw thyroid-hormone negative
feedback. Once the consequences of this withdrawal were evident (judged by an increase in circulating
TSH), pituitary portal blood was collected to monitor TRH and GnRH release. As expected, the
withdrawal of thyroxine allowed TRH secretion to increase, but GnRH secretion remained suppressed,
and was virtually undetectable in all samples (Dahl et al., 1994c). This dissociation of TRH and GnRH

secretion following the withdrawal of thyroxine provides initial evidence that the blockade of anoestrus
in thyroidectomized ewes may not result from either an increased secretion of TRH or altered activity
of neurotransmitter systems that modulate TRH release.

The influence of thyroidectomy on seasonal reproduction does not therefore appear to be attributed
to altered metabolism of ovarian steroid hormones, to a generalized perturbation of reproductive
neuroendocrine feedback mechanisms, to a disruption of all seasonal processes, to a disturbance of the
photoperiodic signal transduction pathway, or to an alteration in TRH secretion. Rather, the effect of
thyroidectomy on reproduction seems to be quite specific, being restricted to the seasonal increase in
responsiveness to oestradiol negative feedback. Although we still cannot discount the possibility that a
general influence on metabolism accounts for the reproductive effects of thyroidectomy, the high degree
of specificity of the response lends credence to the view that thyroid hormones play a physiological role
in seasonal reproduction and that their action is obligatory for the transition to anoestrus. It thus
becomes of interest to consider the mode of action of thyroid hormones in this system.

Permissive Mode of Action of Thyroid Hormones

A seasonal cycle of circulating thyroxine has been observed in a broad spectrum of seasonal breeders
ranging from fish to mammals (Maurel et al., 1977; Jallageas et al., 1978; Maurel and Boissin,
1981; Dawson, 1984; Licht et al., 1985; Lea et al., 1986). The peak of this cycle is attained at about
the time that the breeding season ends. We have found that this holds true for our Suffolk ewes;
minimal concentrations of total thyroxine circulate in late summer shortly before the onset of the
breeding season and maximal values are achieved in late winter near the transition to anoestrus
(Webster et al., 1991a). This temporal relationship between thyroxine and reproductive activity led to
the hypothesis that the transition to anoestrus is actively driven by the seasonal increase in thyroid
hormone secretion. Some support for this hypothesis is provided by recent observations that the
breeding season of ewes can either be extended by lowering thyroxine secretion (Follett and Potts,
1990) or terminated prematurely by injecting large doses of thyroxine (O'Callaghan et al., 1993).

However, a certain degree of caution must be exercised in interpreting these findings relative to the
hypothesis that the seasonal increase in circulating thyroid hormone drives the transition to
anoestrus. First, the extension of the breeding season was by only one or two oestrous cycles.
Second, the dose of thyroxine that shortened the breeding season was overtly pharmacological,
causing a marked increase in respiration rate and excessive weight loss. Third, the temporal
association of circulating thyroxine and reproductive activity, as described above, does not prove
causality.

Because of these uncertainties in the previous studies, we took a more direct approach to test the
hypothesis that the seasonal increase in circulating thyroxine actively drives the transition to



Thyroidhormonesand seasonalreproduction 415

60

0

60

0

60

0

60Thyroxine

(ng

mr)

0

120

60

0

Thyroid intact

OVX_ ——-- —

Thyroidectomized
OVX

THX

•
Nadir

OVX
THX
V 


Incremental
OVX— —

THX_ ——— 


Hyperthyroid

	

— 

i

OVX i
THX i

— — —Tj'

1iIII,,

Time of

LH decline

Jan 16 ± 4

LH still

high


in April

Dec 29 ± 6

Feb 23 ± 9

Jan 15 ± 4

Aug Oct Dec Feb Apr

Fig. 4. Design of experiment to test the hypothesis that a rise in
the serum concentration of thyroxine is required to drive the
onset of anoestrus in ewes. Animals were thyroidectomized (THX,
arrowhead), simultaneously ovariectomized (OVX) and treated
with a constant-release implant of oestradiol, and assigned to one
of four treatment groups as follows: no thyroxine replacement (b);
thyroxine replacement either to maintain the summertime nadir of
the seasonal thyroxine cycle (c), to reproduce the incremental
thyroxine concentrations of autumn and winter (d), to render
animals mildly hyperthyroid (e). Animals not thyroidectomized
served as controls (a). Dashed lines schematically represent the
actual serum concentrations of thyroxine achieved by various
treatments. Mean ± SEM date that LH declined to baseline is
indicated at right. Modified from Dahl eI-al. (1995).

anoestrus (Fig. 4). Ewes thyroidectomized late in the anoestrous season were not treated with thyroid
hormone (b), treated with a low dose of thyroxine to maintain a serum thyroxine concentration
equivalent to the summertime nadir of 20 - 30 pg ml (c), treated with increasing doses of thyroxine to
reproduce the naturally occurring gradual increase during autumn and winter (d), or made mildly
hyperthyroid by treatment with a higher dose of thyroxine to sustain a serum thyroxine concen-
tration of about 120 ng ml (e). We reasoned that, if the seasonal increase in circulating thyroxine
normally drives the transition to anoestrus, then this transition should not occur in the nadir group,
or it should be delayed, whereas the transition to anoestrus should be advanced in the mildly
hyperthyroid group. Our observations did not support this contention. The LH decline was not delayed
in the nadir group, nor was it advanced in the mildly hyperthyroid ewes relative to that in the
thyroid-intact controls (compare (c) and (e) with (a), thyroid-intact control). As expected, LH declined
during the winter in thyroidectomized ewes receiving the incremental dose of thyroxine (d), whereas LH
remained high until the end of the study in thyroidectomized controls not given thyroxine replacement
(b).
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Fig. 5. Serum concentration of (a) total and free triiodothyronine (T3) and (b)
thyroxine (14) in a Suffolk ewe over 2 years. Samples were taken twice a week and
combined into monthly pools for assay. Data from April and May of each year are
omitted as it had been determined that the springtime shearing of the ewes in this

study caused an increase in thyroid hormone secretion (Webster et al., 1991a). The
ewe was ovariectomized and treated with an estradiol implant. (•): Total T3 and T4;
( ): free T3 and T4. Times of high serum LI-I concentrations indicative of the
breeding season are depicted by hatched bars.

These data refute the hypothesis that the increase in circulating thyroxine during the course of
the breeding season actively drives the onset of anoestrus. Rather, our findings provide strong evidence
that thyroid hormones act permissively, their mere presence being needed to end the breeding
season. A similar permissive role has recently been postulated for thyroid hormones in the seasonal
reproductive cycle of red deer stags (Shi and Barrell, 1994). Such a permissive mode of action is in
keeping with the nature of thyroid hormone effects in other systems (Rothwell and Stock, 1981; Martin,
1985).

There is, however, a caveat to this conclusion. It is known that only a small portion of the total
circulating thyroxine is in the 'active' or 'free' form; the remainder is bound to high-affinity plasma
proteins (Martin, 1985). In some species, these proteins appear to vary seasonally (Young et al.,
1986; Licht et al., 1991). Thus, the amount of thyroid hormone available for exerting action
might change with season, even under conditions in which total circulating thyroxine concentration
remains constant as, for example, in the nadir group of our study. We are currently testing this
possibility by examining seasonal changes in circulating free, as well as total, thyroxine and
tri-iodothyronine, and by testing for seasonal changes in thyroid-hormone binding activity in serum
(T. M. Hachigian, G. E. Dahl and F. J. Karsch, unpublished). Although our results are still incomplete and
preliminary, they suggest that the concentrations of circulating free thyroxine and tri-iodothyronine (T3)

vary in parallel to the total circulating concentrations of these hormones, albeit at a much lower range
of absolute values (Fig. 5a, 13; b, thyroxine). We therefore do not favour a seasonal alteration in the
amounts of free thyroid hormones as an explanation for our results and expect thyroid hormones do act
permissively.
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Fig. 6. Design of study to determine the effects of thyroidectomy of ewes at
different times of year on subsequent seasonal changes in reproductive neuroen-
docrine activity. Animals were thyroidectomized (Thx, arrows) at one of three

times of year: early anoestrous season (mid-March), late anoestrous season (late
July), or early breeding season (late October). Ewes were ovariectomized and

treated with constant-release implants containing oestradiol; seasonal changes in
reproductive neuroendocrine activity were assessed from serum concentrations of
LH. The time of the natural breeding season and the annual photoperiodic cycle are

shown schematically.

'Window' of Time for Thyroid Hormone Action

The observation that an increase in circulating thyroid hormones is not needed to drive the transition
to anoestrus raises questions related to the nature of the response mechanism for thyroid hormone action
on seasonal reproduction. Of particular interest in this regard is the possibility that thyroid hormones
may act permissively during a specific stage of the seasonal reproductive cycle, as they do during a
critical stage of fetal life to permit normal development of the brain (Dussault and Ruel, 1987). We have
thus investigated when during the year thyroid hormones exert their influence on seasonal reproduction.

Timeof yearof thyroidectomy

In the studies described thus far, the influence of thyroidectomy on seasonality in ewes was confined
to an effect on the transition to anoestrus in late winter; onset of the breeding season in late summer was
not significantly altered (Nicholls et al., 1988b; Moenter et al., 1991; Webster el-al., 1991a; Dahl et al.,
1994a, 1995). Two explanations may account for this observation. First, thyroid hormones may not
influence the neuroendocrine changes that lead to the onset of the breeding season. Second, thyroid
hormones may be required for normal onset of the breeding season, but thyroidectomy was performed
too close to the onset of the breeding season for that reproductive transition to be affected. Specifically,
ewes were thyroidectomized at the end of July and early August; this was only 1-2 months before the
transition and after the time that the photoperiodic cues for onset of the breeding season would have
been perceived (Woodfill et al., 1994). Thus, before thyroidectomy, the neuroendocrine processes that
cause entry into the breeding season may have been irrevocably set in motion by the endogenous
rhythm. Some support for this contention is provided by the recent finding that thyroidectomy of rams
much earlier in the year (March) caused premature entry into the next breeding season (Parkinson and
Follett, 1994).

To gain insight into when during the year thyroid hormones exert their action in ewes, we are
conducting a series of studies to determine the response to thyroidectomy at different times of year. In
one experiment, ewes were thyroidectomized in March, that is, early anoestrus (Fig. 6, Group 1). This
allowed a full 6 months to elapse between thyroidectomy and the expected onset of the breeding season
(i.e. similar to the interval between thyroidectomy in July—August and the blocked transition to
anoestrus; Fig. 6, Group 2, late anoestrus). We observed that the transition to the breeding season was
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Fig. 7. Design of study to test the hypothesis that there is a

'window' of time when thyroid hormones act to cause the

end of the breeding season of ewes. Animals were thyroidec-

tomized (Thx, arrow) early in the breeding season (October)

and treated as follows: no thyroxine replacement (Group 1);

replacement of thyroxine from the time of thyroidectomy

(Group 2); replacement of thyroxine beginning either one

(Group 3) or two (Group 4) months after thyroidectomy. (•):

Times when endogenous thyroid hormones were present;

(C): times when exogenous thyroxine was present. Each ewe

was ovariectomized and treated with a constant-release

implant of oestradiol; seasonal changes in reproductive

neuroendocrine activity were assessed from serum LH

concentrations. Time of natural breeding season is indicated.

unaffected by thyroidectomy early in anoestrus (Thrun et al., 1994). This finding suggests that, unlike the

situation in rams (Parkinson and Follett, 1994), the influence of thyroid hormones on the reproductive

axis of ewes is restricted to those neuroendocrine mechanisms that lead to the transition from the

breeding season into anoestrus.

In another experiment (Fig. 6, Group 3), we tested the response to thyroidectomy in late October.

This was 1-2 months after the onset of the breeding season and beyond the period of exposure to the

photoperiodic cues that time the transition to anoestrus (Wayne et al., 1990; Woodfill et a)., 1994). In this

case, the subsequent transition to anoestrus was blocked (Webster et a)., 1991a; Thrun et al., 1993). Thus,

exposure to thyroid hormones up to the time of the early breeding season is not sufficient for the

transition to anoestrus. Rather, exposure to thyroid hormones after this time is relevant. Collectively,

these findings lead to the hypothesis that, for anoestrus to develop, thyroid hormones need to be

present only at some point during the last 3 - 4 months of the breeding season. This hypothesis suggests

that there may be a 'window' of time for thyroid hormone action.

Is therea 'window'of timefor thyroidhormoneaction?

As an initial test of this hypothesis, the transition to anoestrus was examined in ewes thyroidec-

tomized early in the breeding season and replaced with a physiological dose of thyroxine beginning

either at the time of thyroidectomy, one month later, or two months later (design shown in Fig. 7). The

last two treatments produced gaps when circulating thyroxine was not present, the most extreme case

being elimination of thyroxine for all but the last 1-2 months of the breeding season (Group 4). We

observed that, in contrast to thyroidectomized controls which remained reproductively active (Group 2),

all groups replaced with thyroxine ended their breeding season at about the same time as did the
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thyroid-intact controls (Thrun ef al., 1993). This was observed even for ewes that received thyroxine
replacement during only the last 1-2 months of the breeding season (Group 4). In conjunction with the
studies involving thyroidectomy at different times of the year, these observations suggest that the only
time when thyroid hormones are needed for the normal progression of the seasonal reproductive rhythm
is during a relatively brief 'window' of time during which seasonal reproductive shutdown occurs. We
are continuing to test this hypothesis in ongoing studies.

Site and Mechanism of Thyroid Hormone Action

A permissive action of thyroid hormone during a restricted stage of the underlying circannual rhythm
of reproductive neuroendocrine activity is in keeping with its nature and mode of action during
development. In that case, thyroid hormones must be present during a critical period of fetal life to
permit normal maturation of the brain (Greenberg ef al., 1974; Dussault and Ruel, 1987). Given this
analogy and the observation that thyroid hormone receptors are present in neuroendocrine tissues and
notably in GnRH neurones (Jansen et al., 1994), it is possible that the primary site of action for thyroid
hormone in regulating seasonality is within the central nervous system. However, it is important to
emphasize that such a central site has not been tested definitively, and so a primary action on metabolism
or some other peripheral effect cannot be ruled out at this time.

We are still far from understanding the fundamental change(s) above the level of the GnRH neurone
that underlies the seasonal switches in reproductive neuroendocrine activity. Thus, any consideration of
how thyroid hormones act must be highly speculative. Nevertheless, thyroid hormones may act within
the brain to promote morphological changes in the GnRH neurosecrelory system, a type of neuronal
differentiation that recurs on an annual basis. This line of inquiry arose from observations in the avian
brain, for which a major seasonal plasticity has been described in morphology of the neuronal centres
that control singing (Nottebohm, 1981; DeVoogd et al., 1985). A structural plasticity associated with
functional alterations has been described in certain mammalian neurosecretory systems, including the
GnRH neurosecretory system (Theodosis and Poulain, 1984; Tweedle and Hatton, 1987; Witkin, 1987;

Xiong ef al., 1992). Of particular interest in this regard is the finding of a seasonal plasticity of synaptic
input to GnRH neurones in ewes. Specifically, the density of synaptic inputs onto fibres and perikarya
of GnRH cells was found to be approximately twice as great during the breeding season than during
anoestrus (Karsch ef al., 1987). The hypothesis that seasonal changes in the activity of the GnRH
neurosecretory system result, in part, from a thyroid hormone-dependent seasonal rearrangement of
synaptic inputs onto GnRH neurones should be tested.

Conclusions

Strong evidence has been gathered to support the concept that thyroid hormones play an integral role
in expression of the seasonal reproductive cycle in a broad spectrum of species ranging from birds to
rodents to domestic ruminants. Evidence has been presented that, in ewes, thyroid hormones must be
present to permit the seasonal changes in neuroendocrine activity that lead to a reduction of GnRH
secretion and the consequent transition from the breeding season to anoestrus. In the absence of thyroid
hormones, the seasonal reproductive rhythm seems to stop, or not be expressed. The action of thyroid
hormones on the reproductive axis of ewes appears to be confined to those neuroendocrine changes that
lead to the end of the breeding season and this action appears to be restricted to a limited 'window' of
time during the seasonal reproductive rhythm. Further studies are needed to define this window, to
assess the primary site and mechanism of thyroid hormone action, and to begin to explore the possibility
that this phenomenon may be exploited in a practical sense to manipulate the occurrence or timing of
seasonal reproduction in domestic ruminants.

This research was supported by NIH-HD-18337, HD-01258, HD-07048, HD-07642, MH-10506 and by the
Sheep Research, Standards and Reagents, Morphology, and Data Analysis Core Facilities of the Center for the Study
of Reproduchon (P30-HD-18258). We thank our colleagues and collaborators, G. K. Barrell, N. P. Evans, D. L.



420 F.J. Karschet al.

Foster, S. M. Moenter, V. Padmanabhan, D. B. Parfitt, J. R. Webster and C. J. I. Woodfill, for valuable help in design
and performance of these studies, and we acknowledge the help of D. D. Doop, G. McCalla and B. H. Glover for
valuable technical assistance.

References

Dahl GE, Evans NP, Moenter SM and Karsch FJ (1994a) The
thyroid gland is required for reproductive neuroendocrine
responses to photoperiod in the ewe Endocrinology 135

10-15
Dahl GE, Evans NP, Thrun LA and Karsch FJ (1994b) A central

negative feedback action of thyroid hormones on TRH
secretion Endocrinology 135 2392-2397

Dahl GE, Evans NP, Thrun LA and Karsch FJ (1994c) Does
increased secretion of thyrotropin-releasing hormone
prolong the breeding season in thyroidectomized ewes?
Biology of Reproduction 50 (Supplement I), Abstract 212

Dahl GE, Evans NP, Thrun LA and Karsch FJ (1995) Thyroxine
is permissive to seasonal transitions in reproductive
neuroendocrine activity in the ewe Biology of Reproduction
52 690-696

Dawson A (1984) Changes in plasma thyroxine concentrations
in male and female starlings (Sturnus vulgaris) during
photo-induced gonadal cycle General and Comparative
Endocrinology 56 193-197

Dawson A, Follett BK, Goldsmith AR and Nicholls TJ (1985)
Hypothalamic gonadotrophin-releasing hormone and pitui-
tary and plasma FSH and prolactin during photostimulation
and photorefractoriness in intact and thyroidectomized
starlings (Stunms oulgaris) Journal of Endocrinology 105

71-77
de Greef WJ and Visser TJ (1981) Evidence for the involvement

of hypothalamic dopamine and thyrotrophin-releasing hor-
mone in suckling-induced release of prolactin Journal of
Endocrinology 91 213-223

DeVoogd TI, Nixdorf B and Nottebohm F (1985) Synaptogenesis
and changes in synaptic morphology related to acquisition
of a new behavior Brain Research 329 304-308

Ducker MJ, Bowman JC and Temple A (1973) The effect of
constant photoperiod on the expression of oestrus in the
ewe Journal of Reproduction and Fertility Supplement 19

143-150
Dussault JH and Ruel J (1987) Thyroid hormones and brain


development Aniuml Reviews of Physiology 49 321-334
Falconer IR (1963) The effect of thyroidectomy on the oestrous

cycle and conception in the ewe Journal of Endocrinology 27

119-122
Follett BK and Nicholls 11 (1985) Influences of thyroidectomy

and thyroxine replacement on photoperiodically con-
trolled reproduction in quail Journal of Endocrinology 107

211-221
Follett BK and Potts C (1990) Hypothyroidism affects repro-

ductive refractoriness and the seasonal oestrous period in
Welsh mountain ewes Journal of Endocrinology 127 103—
109

Goldsmith BK and Nicholls TI (1984) Thyroidectomy prevents
the development of photorefractoriness and the associated
rise in plasma prolactin in starlings General and Comparative
Endocrinology 54 256-263

Goldsmith BK, Ivings WE, Pearce-Kelly AS, Parry DM, Plowman
G, Nicholls TI and Follett BK (1989) Photoperiodic control
of the development of the LHRH neurosecretory system of

European starlings (Sturnus vulgaris) during puberty and the
onset of photorefractoriness Journal of Endocrinology 122

255-268
Goodman RI. and Karsch Fl (1980) Control of seasonal breeding

in the ewe: importance of changes in response to sex-
steroid feedback. In Progress in Reproductive Biology Vol. 5
Seasonal Breeding in Higher Vertebrates pp 134-154 Eds RJ
Reiter and BK Follett. Karger, Basel

Goodman RL, Bittman EL, Foster DL and Karsch Fl (1982)
Alterations in the control of luteinizing hormone pulse
frequency underlie the seasonal variation in estradiol
negative feedback in the ewe Biology of Reproduction 27

580-589
Greenberg .AH, Najjar S and Blizzard RIVI (1974) Effects of

thyroid hormone on growth, differentiation and develop-
ment. In Handbook of Physiology Vol. 3 Section 7 pp
377-389 Ed. SR Geiger. American Physiological Society,
Washington DC

Hafez ESE (1952) Studies on the breeding season and
reproduction of the ewe Journal of Agricultural Science 42

189-265
Jacquet JM, Coutant C, Maurel D, Boissin-Agasse L and Boisson J

(1986) Influence de la thyroidectomie sur les variations, au
cours du printemps et de Fete, de Factivite testiculaire et de
la prolactinemie chez le vison Comptes Renchtsdes Seancesde
L'Academie des Sciences,Paris 11111303 367-370

Jallageas M and Assenmacher I (1979) Further evidence for
reciprocal interactions between the annual sexual and
thyroid cycles in male Peking ducks General and
Comparative Endocrinology 34 44-51

Jallageas M, Tamisier A and Assenmacher I (1978) A compara-
tive study of the annual cycles in sexual and thyroid
function in male Peking ducks (Anas platyrhychos) and teal

crecca) General and Comparative Endocrinology 36

201-210

Jansen HT, Lubbers LS, Degroot LI and Lehman MN (1994)
Co-localization of u-thyroid hormone receptors in
neuropeptide- and neurotransmitter-containing neurons of
the sheep and hamster brain Biology of Reproduction 50

(Supplement 1) Abstract 213

Joseph-Bravo P, Charli IL, Palacios JM and Kordon C (1979)
Effect of neurotransmitters on the in vitro release of
immunoreactive thyrotropin-releasing hormone from rat
rnediobasal hypothalamus Endocrinology 104 801-806

Karsch FJ and Dahl GE (1994) Role of the thyroid gland in
seasonal reproduction in the ewe. In Perspectives in Com-
parative Endocrinologypp 594-601 Eds KG Davey, RE Peter
and SS Tobe. National Research Council of Canada,
Ottawa

Karsch FJ, Batman EL, Foster DL, Goodman RL, Legan SI and

Robinson JE (1984) Neuroendocrine basis of seasonal
reproduction Recent Progress in Hormone Research 40 185—
232

Karsch FJ, Lehman MN and Silverman AJ (1987) Seasonal plas-
ticity of synaptic input to luteinizing hormone-releasing



Thyroidhormonesand seasonalreproduction 421

hormone (LHRH) neurons in the sheep Society of
NeuroscienceAbstracts 13 1527

Karsch FL Robinson JE, Woodfill CR and Brown MB (1989)
Circannual cycles of luteinizing hormone and prolactin
secretion in ewes during prolonged exposure to a fixed
photoperiod: evidence for an endogenous reproductive
rhythm Biology of Reproduction 41 1034-1046

Karsch FL Dahl GE, Evans NP, Manning JM, Mayfield K, Moenter
SM and Foster DL (1993) Seasonal changes in
gonadotropin-releasing hormone secretion in the ewe:
alteration in response to the negative feedback action of
estradiol Biology of Reproduction 49 1377 - 1383

Lea RW, Sharp PJ, Klandorf H, Harvey 5, Dunn IC and Vowles
DM (1986) Seasonal changes in concentrations of plasma
hormones in the male ring dove (Streptopeliarisoria)Journal
of Endocrinology 108 385 - 391

Legan SJ and Karsch FJ (1979) Neuroendocrine regulation of
the estrous cycle and seasonal breeding in the ewe Biology
of Reproduction 20 74 - 85

Legan SI and Karsch FJ (1980) Photoperiodic control of sea-
sonal breeding in the ewe: modulation of the negative
feedback action of estradiol Biology of Reproduction 23

1061 - 1068

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

Licht P, Breitenbach GL and Congdon JD (1985) Seasonal cycles
in testicular activity, gonadotropin and thyroxine in the
painted turtle, Chrysernys picta, under natural conditions
General and Comparative Endocrinology 59 130 - 139

Licht P, Denver RJ, Pavgi S and Herrera B (1991) Seasonality in
plasma thyroxine binding in turtles Journal of Experimental
Zoology 260 59 - 65

Martin CR (1985) Endocrine Physiology pp 745 - 784. Oxford
University Press, New York

Mauleon P and Rougeot J (1962) Regulation des saisons sex-
uelles chez des brebis de races differentes au moyen de
divers rhythmes lurnineux Annales de Biologie Animale,
Biochemie, Biophysique 2 209 - 222

Maurel D and Boissin 1 (1981) Plasma thyroxine and testoster-

one levels in the red fox (Vulpes vulpes L.) during the
annual cycle General and Comparative Endocrinology 43

402 - 404

Maurel D, Joffre j and Boissin J (1977) Cycle annuel de la
testosteronemie et de la thyroxinemie chez le Blaireau
europeen (Meles metes L.) Comptes Rendus des Seances de
L'Academie des Sciences,Paris 284 1577 - 1580

Meyer SL and Goodman RL (1985) Neurotransmitters involved
in mediating the steroid-dependent suppression of pulsatile
luteinizing hormone secretion in anestrous ewes: effects of
receptor antagonists Endocrinology 116 2054 - 2061

Moenter SM, Woodfill CJI and Karsch FJ (1991) Role of the
thyroid gland in seasonal reproduction: thyroidectomy
blocks seasonal suppression of reproductive neuro-
endocrine activity in ewes Endocrinology 128 1337 - 1344

Nicholls TJ, Goldsmith AR and Dawson A (1988a) Photo-

refractoriness in birds and comparison with mammals
Physiological Reviews 68 133 - 176

Nicholls TJ, Follett BK, Goldsmith AR and Pearson H (1988b)
Possible homologies between photorefractoriness in sheep
and birds: the effect of thyroidectomy on length of the
ewe's breeding season Reproduction, Nutrition, 1:;veloppe-
went 28 375 - 385

Nottebohm F (1981) A brain for all seasons: cyclical anatomical
changes in song control nuclei of the canary brain Science
214 1368 - 1370

O'Callaghan D, Wendling A, Karsch FJ and Roche JF (1993) The

effect of exogenous thyroxine on timing of seasonal
reproductive transitions in ewes Biology of Reproduction 49

311 - 315

Parkinson TJ and Follett BK (1994) Effect of thyroidectomy
upon seasonality in rams Journal of Reproduction and Fertility
101 51 - 58

Robinson JE and Karsch FJ (1988) Timing the breeding season
of the ewe: what is the role of day length? Reproduction,
Nutrition, Developpement 28 365 - 374

Rothwell NJ and Stock MJ (1981) Regulation of energy balance
Annual Reviews of Nutrition 1 235 - 256

Shi ZD and BarreII GK (1992) Requirement of thyroid function
for the expression of seasonal reproductive and related
changes in red deer (Cervus elaphus) stags Journal of
Reproduction and Fertility 94 251 - 260

Shi ZD and Barrett GK (1994) Thyroid hormones are required
for expression of seasonal changes in red deer (Cervus
elaphus) stags Reproduction, Fertility and Development 6

187 - 192

Theodosis DT and Poulain DA (1984) Evidence for structural
plasticity in the supraoptic nucleus of the rat hypothalamus
in relation to gestation and lactation Neuroscience 11
183 - 193

Thiery JC, Martin GB, Tillet Y, Caldani M, Quentin M, Jamain C
and Ravault JP (1989) Role of the hypothalamic catechola-
mines in the regulation of luteinizing hormone and pro-
lactin secretion in the ewe during seasonal anestrus
Neuroendocrinology 49 80 - 87

Thomas GR, Pearce DT, Oldham CM, Martin GB and Lindsay DR
(1988) Effects of breed, ovarian steroids and season on the
pulsatile secretion of LH in ovariectomized ewes Journal of
Reproduction and Fertility 84 313 - 324

Thrun LA, Dahl GE, Evans NP and Karsch FJ (1993) Involve-
ment of thyroid hormone in the transition to anestrus in
the ewe: Is there a 'window' of time that thyroid
hormones act on the reproductive neuroendocnne axis?
Journal of Reproduction and Fertility Abstract Series 11
Abstract 11

Thrun LA, Dahl GE and Karsch FJ (1994) Do thyroid hormones
regulate the onset of the breeding season of the ewe Society
of NeuroscienceAbstracts 20 1057

Thwaites CJ (1965) Photoperiodic control of breeding activity
in the Southdown ewe with particular reference to the
effects of an equatorial light regime Journal of Agricultural
Science 65 57 - 64

Tweedle CD and Hatton GI (1987) Morphological adaptability
at neurosecretory axonal endings on the neurovascular
contact zone of the rat neurohypophysis Neuroscience 20

241 - 246

Vriend J (1985) Effects of melatonin and thyroxine replace-
ment on thyrotropin, luteinizing hormone and prolactin
in male hypo thyroid hamsters Endocrinology 117 2402 —
2407

Wayne NL, Malpaux B and Karsch EJ (1990) Photoperiodic
requirements for timing onset and duration of the breeding
season in the ewe Journal of Comparative Physiology 166

835 - 842

Webster JR, Moenter SM, Woodfill CJI and Karsch FJ (1991a)
Role of the thyroid gland in seasonal reproduction: II.
Thyroxine allows a season-specific suppression of



422 F.J. Karschet al.

gonadotropin secretion in sheep Endocrinology 129 176 —
183

Webster JR, Moenter SM, BarreII GK, Lehman MN and Karsch FJ
(1991b) Role of the thyroid gland in seasonal reproduction:
III. Thyroidectomy blocks seasonal suppression of GnRH
secretion in sheep Endocrinology 129 1635 - 1643

Wieselthier AS and Van Tienhoven A (1972) The effect of
thyroidectomy on testicular size and on the photo-
refractory period in the starling (Sturnus vulgaris L.)Journal
of Experimental Zoology 179 331 - 338

Witkin J (1987) Aging changes in synaplology of luteinizing
hormone-releasing hormone neurons in the male rat
preoptic area Neuroscience22 1003 - 1013

Woitkewitsch AA (1940) Dependence of seasonal periodicity in
gonadal changes on the thyroid gland in Sturnus vulgaris L.
Comptes Rendus (Doklady) de L'Academie des Sciences,
Moscow, USSR 28 741 - 745

Woodfill CP, Robinson JE, Malpaux B and Karsch FJ (1991)
Synchronization of the circannual reproductive rhythm of

the ewe by discrete photoperiodic signals Biology of Repro-
duction 45 110 - 121

Woodfill CP, Wayne NL, Moenter SM and Karsch Fl (1994)
Photoperiodic synchronization of a circannual reproductive
rhythm in sheep: identification of season-specific time cues
Biology of Reproduction 50 965 - 976

Xiong JJ, Moenter SM, Karsch EJ and Lehman MN (1992) Rostral

median eminence is the site of dynamic changes in the
ultrastructure of gonadotropin-releasing hormone (GnRH)

terminals during the GnRH surge in the ewe Society of
NeuroscienceAbstracts 18 Part 1, p 116

Yeates NTM (1949) The breeding season of the sheep
with particular reference to its modification by artificial
means using light Journal of Agricultural Science 39 1—
43

Young RA, Rajatanavin R, Braverman LE and Tennant BC (1986)

Seasonal changes in serum thyroid hormone binding pro-
teins in the woodchuck (Marmota monax) Endocrinology
119 967-971


