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Summary. Angus and Angus crossbred heifers were ovariectomized, treated with
oestradiol implants and randomly assigned to (1) the natural photoperiod of fall to
spring for 43\s=deg\Nlatitude or (2) extra light simulating the photoperiod of spring to fall.
Weekly blood samples were taken for 6 months (fall to spring equinox). All heifers were
cannulated every 4 weeks and blood samples were taken for 4 h at 15-min intervals.
Sera were assayed for LH, FSH, prolactin and oestradiol. In samples taken weekly,
serum LH and FSH concentrations were higher while serum prolactin was lower in
heifers exposed to natural photoperiod. There was a photoperiod \m=x\time interaction
for both FSH and prolactin with concentrations diverging as photoperiod diverged.
Circulating concentrations of oestradiol were not different between groups. In samples
taken every 4 weeks at 15-min intervals, baseline concentrations of LH and FSH and
LH pulse amplitude were higher while prolactin pulse frequency was lower in heifers
exposed to natural photoperiod. There was a photoperiod \m=x\time interaction for each
of these pulsatile characteristics. The correlation between LH and prolactin concen-
trations estimated from the 15-min samples differed between the two photoperiod
treatment groups. The pooled correlation coefficient (r) was \m=-\0\m=.\12under natural photo-
period and +0\m=.\50under extra light. There was also a photoperiod \m=x\time interaction
with negative correlations occurring when photoperiod was decreasing and positive
correlations occurring when photoperiod was increasing. These results support the
hypothesis that photoperiod alters serum concentrations of LH, FSH and prolactin in
cattle.

Introduction

Many studies of cattle have reported a seasonal influence on reproduction (Mercier & Salisbury,
1947; Ortavant et al, 1964; Salisbury et al, 1978; Tucker & Oxender, 1980; Hauser, 1984; McNatty
et al, 1984), although more subtle than in other domestic ruminants (e.g. sheep and goats). Most
investigators agree that a seasonal influence exists, but disagree as to the cause. Photoperiod,
temperature, humidity, level ofnutrition, management or a combination of these have been proposed
as causal factors (Salisbury et al, 1978). Although cows cycle and breed throughout the year, there
appear to be seasonal influences on certain events associated with reproductive performance. Heifer
calves born in the spring achieve puberty at younger ages than those born in the fall (Hawk et al, 1954;
Roy et al, 1980). Prepubertal heifers exposed to long photoperiod or spring to fall patterns of
photoperiod and temperature achieve puberty at earlier ages than do heifers exposed to short
photoperiod or fall to spring patterns of photoperiod and temperature (Peters & Tucker, 1978;
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Schillo et al, 1983b; Hansen et al, 1983). Heifers born in the fall have shorter oestrous cycles after
becoming pubertal than do those born in the spring or summer (Mares et al, 1961). Postpartum
anoestrous periods were shortest during late spring and early summer and longest during fall and
winter (Warnick, 1955; Thibault et al, 1966; Bulman & Lamming, 1978; Peters & Riley, 1982) and
may be shortened in winter by exposure to long photoperiod (Hansen & Hauser, 1983). Conception
rates were higher from fall to spring than from spring to fall (Thibault et al, 1966; Courot et al,
1968). Follicular growth was greater in winter and spring in comparison with fall as determined by
a greater number of both normal and atretic follicles (Rajakowski, 1960). In another study, a

greater diameter and number of granulosa cells for large healthy follicles and the dominant
oestrogen-secreting follicles were found in winter compared to spring (McNatty et al, 1984).
Hypophysial secretion of gonadotrophins may have been higher in those seasons than at others.

Critser et al (1983) reported a seasonal pattern in circulating serum LH concentrations in
ovariectomized heifers, with highest values in winter and lowest levels in summer. The present
experiment was designed to test the hypotheses that (1) short photoperiod increases serum LH and
FSH concentrations, and decreases serum prolactin concentrations, in ovariectomized oestradiol-
treated heifers and (2) photoperiod influences pulse frequencies, pulse amplitudes, pulse durations
or basal secretion values of these hormones.

Materials and Methods

Experimental animals
Eight cyclic Angus and Angus crossbred heifers were ovariectomized between 26 and 28 August 1981. On 11

September all heifers received oestradiol-17ß (Sigma Chemical Company, St Louis, MO, U.S.A.) in three subcutaneous
implants (50 mm  3-35 mm (i.d.), 4-65 mm (o.d.)) of Silastic tubing (Dow Corning Corporation, Midland, MI,
U.S.A.) estimated to maintain serum oestradiol concentrations at 15 pg/ml (Beck et a!, 1976). Oestradiol-17ß
administered in this manner elevates circulating concentrations of LH (Critser et a!, 1983).

Experimental design. At the autumnal equinox, heifers were randomly assigned to one of two photoperiod treat¬
ments. Four were housed in an open shed with access to an outside yard and exposed to the natural photoperiod of
fall to spring for 43°N latitude. The other 4 were housed in a similar open shed equipped with fluorescent lights
regulated by automatic timers to provide extra light simulating the photoperiodic patterns from the vernal equinox to
the autumnal equinox (Fig. 1). Light intensity during 'lights on' averaged 470 lux at approximately the height of the
heifer's eyes. Photoperiod changes in the extra lighting group were made at weekly intervals. At 09:00 h each day all
heifers were let out into an outside yard and at 15:00 h each day all heifers were confined inside their respective sheds
to ensure that the animals would be exposed to the assigned photoperiod after sunset. All heifers were fed the same

diet which consisted of hay ad libitum.
Blood sampling. Weekly blood samples were taken by jugular venepuncture at about 11:00 h. Every 4 weeks for 26

weeks animals were fitted with indwelling jugular cannulae and blood samples taken every 15 min for 4 h (11:00 h to
15:00 h) (Fig. 1). Blood was allowed to clot overnight, centrifuged, sera decanted and stored at

—

20°C until assayed
for LH, FSH, prolactin and oestradiol.

Hormone assays
The sensitivity of the assays was defined as 90% maximal binding (B0); the intra- and interassay coefficients of

variation were calculated from standard curves and quality control samples of different volumes of a sera pool from
ovariectomized heifers run in quadruplicate in 7 assays (Baxter, 1980). All samples for all hormone determinations
were assayed in duplicate and all samples from an animal were run in the same assay. An antirabbit gamma globulin
serum fraction prepared in sheep was used as second antibody for all protein assays.

LH. Serum LH concentrations were determined using the RIA developed by Niswender et al. ( 1969), and validated in
our laboratory (Schillo et a!, 1983a). Concentrations of LH were expressed in terms ofNIAMDD-bLH-4 standard. A
serum pool from ovariectomized heifers produced a slope not significantly different (P > 010) from the standard
curve when run at volumes between 50 and 400 pi. The intra-assay and interassay coefficients of variation were 9-5%
and 13-6%, respectively. Mean (±s.e.m.) binding was 28 ± 0-1% and the mean (±s.e.m.) lower limit of sensitivity
was 0-06 ± 0004 ng/tube.

FSH. Serum FSH concentrations were determined using the RIA developed by Bolt & Rollins (1983), previously
validated in our laboratory (Hansen et al, 1982). Serum pools from bulls and ovariectomized animals inhibited
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Fig. 1. Hours of light per 24-h period for natural photoperiod (—) and extra light (- -) treatment
groups. Animals in the extra light group were exposed to weekly changes in the number of
hours of light/24 h; while animals in the natural photoperiod group were exposed to daily
changes. Arrows represent the times of frequent blood sampling and the pooled correlation
coefficients (Spearman's rank correlation) at these times for the relationship between LH and
prolactin concentrations are shown.

binding such that their slopes were not significantly different (P > 010) from the standard curve when assayed at
volumes of 50-400 pi. The intra-assay and interassay coefficients of variation were 8% and 12%, respectively. Mean
(±s.e.m.) binding was 16-9 ± 01% and the mean (±s.e.m.) lower limit of sensitivity was 0-34 ± 0001 ng/tube.

Prolactin. Serum prolactin concentrations were determined using the RIA developed by Forrest et al (1980), and
validated in our laboratory (Schillo et al, 1983b). Serum pools from pregnant cows or ovariectomized heifers inhibited
binding such that these slopes were not significantly different from the standard curve when run at volumes of 10-50 µ .
The intra-assay and interassay coefficients of variation were 7-8% and 12-6%, respectively. Mean (±s.e.m.) binding
was 40-7 ± 6-7% and the mean (± s.e.m.) lower limit of sensitivity was 009 ± 0005 ng/tube. Stress has been shown
to affect prolactin concentrations (Rand et al, 1971). Circulating concentrations of prolactin were higher in serum
obtained by cannulation than in that collected by venepuncture (P = 0001), as has also been reported by Jöhke
(1970). Therefore, 14-day rather than 7-day samples were used to characterize photoperiod effects.

Oestradiol-17ß. Serum oestradiol was determined using the RIA described by Sislow et al (1979), previously
validated in our laboratory (Hinshelwood et a!, 1985). Serum pools from ovariectomized heifers and bulls to which
oestradiol was added inhibited binding (after extraction and reconstitution) and the slopes were linear and not signifi¬
cantly different (P > 0-10) from the standard curve in volumes of 100-400 µ (heifers). Percentage cross-reactivities of
the antiserum with oestriol, oestrone and oestradiol-17a standard (40-120 pg) were 5-4%, 3-2% and 1-6%, respectively.
Mean (± s.e.m.) recovery was91-4 + 0-1% and themean lower limitofsensitivitycorrected for recoverywas 2-8 pg/tube.
All samples were run in a single assay and the interassay coefficient of variation was 6-8%.

Statistical analysis
The data consist of multiple measurements taken over time on each animal and require statistical analyses that

take into account possible correlation over time (Gill & Hafs, 1971; O'Sullivan et a!, 1984). There is no generally
accepted method for analysis when biologically important interactions are expected. Accordingly, these data were

analysed using a combination of techniques including split-plot ANOVA, Hotelling's T2-tests, polynomial contrasts
and one-sided T-tests. Because of the large number of non-independent measurements taken on the frequent samples,
the tests should be viewed as exploratory.

Weekly samples. The data from the weekly blood samples were analysed using a split-plot ANOVA with heifers as
'whole plots' and time within heifers as 'subplots'. The effect of treatment was divided into the main effect ofphotoperiod
and the interaction between photoperiod and time. The existence of this interaction was deduced as photoperiod
changed over time in such a way as to begin and end with the same photoperiodic exposure. Split-plot analysis is valid
for testing the main effect of treatment, but it is not valid for testing time effects or the photoperiod  time interaction
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unless the observations are independent or correlated uniformly over time (Gill & Hafs, 1971). For these data the
problem was minimized by analysing the low order polynominal (linear, quadratic, cubic) contrasts over time. These
contrasts were less correlated than the original data and are biologically meaningful.

The direction of the main effect of photoperiod and quadratic time  photoperiod interactions were expected
before the start of the experiment and one-sided T-tests were used.

Frequent (15-min samples). The 'Pulsar' program developed by Merriam & Wächter ( 1982) was used in the analysis of
the LH, FSH and prolactin data from the samples taken at 15-min intervals. This program was designed to identify peaks
by calculating a 'smoothed baseline' using a robust locally weighed regression (Cleveland, 1979), subtracting the actual
hormone value from this baseline, and scaling the residual using an intra-assay standard deviation calculated for each
hormone (Baxter, 1980). The program then recalculated each of the steps excluding values designated as significant
deviations from the baseline (peaks). The recalculations were repeated up to 6 times until two consecutive iterations
produce the same peak identification.

The program requires that two criteria be determined for each data set. The first is 'smoothing time', the number
of time points over which the robust regression 'smooth baseline' is calculated. In this project this 'smooth time' was

2 h (8 sample points) for LH and FSH and 1-5 h (6 sample points) for prolactin. The second criterion was the 'cut off
value, the number of standard deviations a value must be above the 'baseline' to be identified as a peak. The program
was carried further in that it was possible to have multiple consecutive points identified as peaks if they.were some

lesser number of standard deviations above the 'baseline'. The criteria used for these data were 20 standard deviations
(s.d.) for single point, 1-8 s.d. for two consecutive points and 1-6 s.d. for three consecutive points. As other studies
have reported (Rasmussen & Malven, 1983), this program produces conservative peak identification when compared
to other methods.

Four pulsatile attributes were measured for each heifer at each cannulation for each hormone: (1) pulse frequency
(no. of pulses/4 h), (2) mean peak amplitude (maximal value if more than a single time point within a pulse), (3) mean

peak duration (min) and (4) mean basal secretion (estimated from the robust regression).
The temporal correlation between LH and prolactin was estimated for each heifer at each cannulation using a

Spearman's rank correlation (Snedecor & Cochran, 1979). The four attributes mentioned above and the Spearman's
rank correlation coefficients were analysed using split-plot ANOVA. In this case an exact Hotelling's T2-test was

possible and confirmed the split plot analysis.

Results

Weekly samples
LH. Serum concentrations of LH were higher (P = 003) in heifers exposed to natural photo¬

period than those exposed to extra light (3-20 ± 0-50 vs\ -60 + 0-30 ng/ml; mean + s.e.m.) (Fig. 2a).
There was a quadratic effect of time (P = 003) and a tendency for a quadratic interaction between
photoperiod and time (P = 012), with LH concentrations diverging as photoperiod diverged.

FSH. Circulating concentrations of FSH were greater in heifers exposed to natural photoperiod
than those receiving extra light (P = 0-08) (11 -00 ± 0-23 vs 7-54 + 0-23 ng/ml) (Fig. 2b). There was a

quadratic photoperiod  time interaction ( = 005). Circulating FSH concentrations in the natural
photoperiod group increased then decreased while those in the extra light group decreased then
increased.

Prolactin. The prolactin patterns were reciprocal to those for LH and FSH. The concentrations
of prolactin were lower in the natural photoperiod group than in the extra light group (P = 0088)
(16-50 + 8-87 vs 32-30 + 15-92 ng/ml) (Fig. 2c). There was a quadratic photoperiod  time
interaction (P = 0-015); heifers in both groups had prolactin concentrations which decreased then
increased, but separated during the period of most divergent photoperiod. There was also a cubic
photoperiod  time interaction (P = 0-016) and a quadratic effect of time (P = 0002).

Frequent samples
Oestradiol. Circulating concentrations of oestradiol were not different (P = 0078) between

groups; 71 + 0-9 pg/ml for heifers exposed to natural photoperiod versus 8-3 + 2-4 for those
exposed to extra light.
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Fig. 2. Effect of photoperiod on mean (± s.e.m.) circulating concentratioins of (a) LH, (b) FSH
and (c) prolactin in ovariectomized heifers with oestradiol implants. Values plotted are means of
weekly (LH and FSH) or fortnightly (prolactin) samples (N = 4). Heifers were ovariectomized
between 26 and 28 August 1981. Oestradiol implants were inserted on 11 September 1981 (*), and
experimental lighting began 25 September 1981 (j). Note logarithmic scale for prolactin values.

LH. Neither LH pulse frequency nor pulse duration were affected by photoperiod, nor was

there a photoperiod  time interaction (data not presented); however, heifers exposed to natural
photoperiod had pulses of greater amplitude (101 + 016 vs 0-63 + 014 ng/ml) (P = 0-08) as well
as an increased baseline (1-74 ± 0-13 vs 0-54 + 0-08 ng/ml) (P = 0-01; Figs 3a, b). There was a

photoperiod  time interaction for amplitude for LH pulses (P = 001) and baseline LH concen¬

trations (P = 006).
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Fig. 3. Effect of photoperiod on mean ( +s.e.m.) circulating (a) LH pulse amplitude, (b) LH
baseline, (c) FSH baseline and (d) prolactin pulse frequency for heifers exposed to the natural
photoperiod (—) or extra light (—). Frequent samples were taken each month from October
1981 to March 1982 (Months 1-6).

FSH. Pulses generally occurred at frequencies of less than 1 per 4 h. At each of the 6 sampling
periods (October-March) fewer than half the animals had a single pulse in the 4-h sampling period.
Therefore, pulse frequency, amplitude and duration could not be estimated. Heifers in natural
photoperiod had higher basal FSH concentrations than those receiving extra light (3-63 + 0-20 vs

2T4 ± 0-26ng/ml) (P = 005) and there was a photoperiod  time interaction (P = 005) with
FSH concentrations diverging as photoperiod diverged (Fig. 3c).

Prolactin. Prolactin pulse amplitude, duration and baseline were not significantly affected by
photoperiod nor were there significant interactions (data not presented). Heifers exposed to extra
light had more frequent prolactin pulses than did heifers exposed to natural photoperiod
(3-29 + 0-25 vs 2-20 + 0-24 pulses/4 h) (P = 003) and there was a photoperiod  time interaction
(P = 006) with pulse frequencies of prolactin beginning and ending similarly, and following the
diverging photoperiod pattern (Fig. 3d).

Temporal relationship between LH andprolactin. As shown in Fig. 1, in samples taken at 15-min
intervals the pooled correlation coefficients were negative for natural photoperiod (r = —012) and
positive (r = +005) for the heifers with extra light (P = 006). There was a photoperiod  time
interaction (P = 0002) with values negative in natural photoperiod and positive in extra light for
the first 4 cannulations, and positive in natural photoperiod and negative in extra light for the last 2
cannulations. When photoperiod was decreasing, the correlation was negative and when photoperiod
was increasing the correlation was positive.
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Discussion

Serum LH and FSH concentrations were greater in ovariectomized-oestradiol-treated heifers
exposed to a short photoperiod than in those exposed to a long photoperiod. Serum prolactin
concentrations were greater in heifers receiving extra light. These results support the hypothesis
that photoperiod causes seasonal changes in serum concentrations of gonadotrophins and prolactin
in cattle. Previous reports (LaCroix et al, 1977; Peters & Tucker, 1978; Tucker, 1982) have indicated
that prolactin increases with increasing photoperiod in cattle, and that an interaction between
ambient temperature and photoperiod may regulate serum prolactin concentrations, with low
temperatures causing a decrease in prolactin. An increase in circulating concentrations of prolactin
with increasing photoperiod was observed in this experiment during winter. However, there was a

main effect of time for both LH and prolactin, indicating that influences other than photoperiod,
possibly temperature, affected the secretion of these hormones. Prolactin pulses were more frequent
during long than during short photoperiods. Secretion of prolactin is affected by stress (Rand et al,
1971), time of day (Koprowski et al, 1972) as well as season (Schams & Reinhardt, 1974) and
photoperiod (Peters & Tucker, 1978). In this study prolactin pulse frequency but not amplitude or

duration was affected by photoperiod.
Increased circulating concentrations of LH during a short photoperiod are consistent with a

previous report on ovariectomized-oestradiol-treated heifers sampled over naturally occurring
seasons (Critser et al, 1983). The administration of oestradiol by Silastic subcutaneous implant
(Day et al, 1984) or by injection (Schillo et al, 1983a; Kamwanja, 1984) initially suppresses LH
and FSH concentrations (Hansen et al, 1982) in prepubertal ovariectomized heifers. However,
oestradiol administered as subcutaneous implants (Kinder et al, 1983; Critser et al, 1983) or

injected (Schillo et al, 1983a) increased LH concentrations in postpubertal ovariectomized heifers.
These observations may indicate a reciprocal effect of photoperiod or photoperiodically regulated
steroid feedback in immature and postpubertal heifers. This concept is further supported by reports
indicating that a long photoperiod hastens attainment of puberty in heifers (Schillo et al, 1983b;
Hansen et al, 1983).

Circulating concentrations of LH and FSH estimated from the weekly samples began to diverge
about 4-5 weeks after the initiation of photoperiodic treatment and continued to differ during the
rest of the experiment. Concentrations of FSH but not LH began to converge towards the end of
the experiment as photoperiod treatments converged. This observation may indicate that (1)
mechanisms regulating the secretion of FSH are more photosensitive than those regulating LH
secretion and that (2) there is a lag between an experimentally produced change in photoperiod and
the resulting change in reproductive response in cattle, as has been reported for sheep (Legan &
Karsch, 1980). However, these observations suggest that cattle apparently do not become photo¬
refractory as has been reported for sheep (Robinson & Karsch, 1984).

Since gonadotrophins have been shown to be released in an episodic pattern (Rahe et al, 1980;
Schallenberger & Peterson, 1982; Walters & Schallenberger, 1984; Walters et al, 1984), it was

anticipated that photoperiod would alter pulse frequency, pulse amplitude, pulse duration and
basal concentrations of serum gonadotrophins. Basal concentrations of LH and FSH in samples
taken at 15-min intervals diverged initially as photoperiod diverged and remained divergent.
Again, as shown by the weekly samples, basal FSH concentrations but not basal LH concentrations
began to converge towards the end of the experiment as photoperiod treatments converged. These
similarities between the patterns of LH and FSH concentrations in weekly and 15-min samples
suggest that photoperiodic alterations in basal secretion of LH and FSH may be primarily responsible
for the changes observed at weekly intervals. LH pulse amplitude increased with short photoperiod;
however, 50% or fewer of the animals in either treatment or each monthly 4-h period had more

than a single FSH pulse. These results are in contrast to reports which indicated a very high positive
correlation between LH and FSH pulses (Schams et al, 1978; Schallenberger et al, 1984; Walters et

al, 1984). This difference may have been due to the use of different FSH radioimmunoassays. Some
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FSH radioimmunoassays in current use have been reported to cross-react with LH (Butler et al,
1983), which would cause circulating concentrations of LH to contribute to the estimated FSH
concentrations and therefore could cause LH pulses to be perceived as FSH pulses. The existence of
a relatively high pulsatile frequency in circulating LH coincident with a relatively low pulse
frequency in circulating FSH in ovariectomized-oestradiol-treated animals was perhaps due to the
replacement ofoestradiol, which may be primarily responsible for LH regulation; while progesterone
or inhibin, which may be primarily responsible for FSH regulation, were not replaced (Miller et al,
1978; Ireland & Roche, 1982; Walters et al, 1984). Similarly, McNatty et al (1984), using intact
cows, have reported lower LH pulse frequencies in autumn and winter than in spring, with no

changes in LH pulse amplitude. This decrease in LH pulse frequency during autumn and winter
was associated with an increase in circulating concentrations of progesterone. These authors suggest
that the decrease in LH pulse frequency may be due to the elevated progesterone concentrations,
because progesterone, in the presence of oestradiol, has been demonstrated to inhibit LH pulse
frequency in the ewe (Goodman et al, 1981). Similarly, the change in LH pulse amplitude observed
in our study with ovariectomized-oestradiol-treated heifers, but not in that of McNatty et al
(1984), may be due to an inhibition of LH pulse amplitude by oestradiol as suggested for the ewe

(Goodman et al, 1981).
During the 5th month there was a marked increase in both LH pulse amplitude and prolactin

pulse frequency among animals exposed to natural photoperiod. At this time there was a positive
correlation between LH and prolactin concentrations in this group.

The similarity between the increase in LH pulse amplitude and prolactin pulse frequency may be a

result of a photoperiodically regulated change in the relationship of LH and prolactin secretion. It
has been observed that prolactin and LH are released reciprocally and a mechanism has been
proposed for the concomitant release of gonadotrophin-releasing hormone and prolactin-inhibiting
factor by the hypothalamus in response to dopamine (Kamberi et al, 1971;Thorner, 1978; Lamming,
1978). Walters et al (1984) have reported pulsatile patterns of prolactin release in cows which were

highly variable and not consistently associated with gonadotrophin pulses. Examination of the
correlation between LH and prolactin concentrations in samples taken at 15-min intervals indicated
a negative correlation when animals were exposed to decreasing photoperiod and positive when
exposed to increasing photoperiod. This observation is in contrast with the hypothesis proposed by
Kamberi et al ( 1971 ), as their model would predict a negative relationship between LH and prolactin
at all times. The changes in sign of the LH-prolactin correlations with changes in photoperiod
indicate that one or more photoperiodically regulated factors such as serotonin or melatonin may
be involved in this relationship. A model incorporating a prolactin-releasing factor may explain
this phenomenon.

The research was supported by the College of Agricultural and Life Sciences. We thank Dr
G. D. Niswender for the LH antiserum; Dr L. Reichert for the LH used for iodination; Dr D. J. Bolt
and the USDA for donation of FSH and prolactin standards and antisera; the National Institute of
Arthritis, Metabolism and Digestive Diseases for LH standards; Dr O. D. Sherwood for donation
of oestradiol-17ß antiserum; and J. Busby for preparation of the manuscript.
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