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ABSTRACT

Nuclear transfer from somatic celis still has limited efficiency
in terms of live calves born due to high fetal loss after transfer.
In this study, we addressed the type of donor cells used for clon-
ing in in vivo development. We used a combination of repeated
ultrasonography and maternal pregnancy serum pratein (PSP60)
assays to monitor the evolution of pregnancy after somatic clon-
ing in order to detect the occurrence of late-gestation losses and
their frequency, compared with embryo cloning or in vitro fer-
tilization (IVF). Incidence of loss between Day 90 of gestation
and calving was 43.7% for adult somatic clones and 33.3% for
fetal somatic clones, compared with 4.3% after embryo cloning
and 0% in the control IVF group. Using PSP60 levels in maternal
blood as a criterion for placental function, we observed that
after somatic cloning, recipients that lost their pregnancy before
Day 100 showed significantly higher PSP60 levels by Day 50
than those that maintained pregnancy (7.77 = 3.3 ng/mi vs.
2,45 + ngffor normal pregnancies, P < 0.05). At later stag-
es of gestation, between 4 mo and calving, mean P5P60 con-
centrations were significantly increased in pathologic pregnancy
after somatic cloning compared with other groups (P < 0.05 by
Day 150, P < 0.001 by Day 180, and P < 0.01 by Day 210). In
those situations, and confirmed by ultrasonographic measure-
ments, recipients developed severe hydroallantois together with
larger placentome size. Our findings suggest that assessing pla-
cental development with PSP60 and ultrasonography will lead
to better care of recipient animals in bovine somatic cloning.

assisted reproductive technology, conceptus, embryo, placenta,
pregnancy

INTRODUCTION

Successful somatic cloning has now been achieved in
several mammalian species as reported by the birth of off-
spring in sheep, cattle, goats, pigs, and mice [1-9). The
overall efficiency of the technique, however, remains low
because only a very limited percentage (0.5%—5%) of the
reconstructed embryos result in full-term development.
This is mainly due to a high frequency of postimplantation
developmental arrest, which can occur after the transfer of
blastocysts that appear to be morphologically normal. Such
a situation is clearly demonstrated in mice [8, 9] or in cattle
{10, 11]. Recent reports on cattle {12, 13] show that fetal
losses associated with placental abnormalities are predom-
inant during the first trimester of the 9-mo pregnancy in
this species, but can occur much later, which is very un-
usual under natural reproduction conditions.
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These long-lasting effects of cloning are associated with
excessive accumulation of allantoic fluid and increased fetal
or birth weight (4, 13, 14]. This syndrome is similar to large
offspring syndrome (LOS), which has been reported pre-
viously for in vitro-derived blastocysts in sheep and cattle

» [15, 16]. LOS is related to in vitro culture conditions of

embryos before their transfer to recipient females {17] and/
or to adverse effects associated with exposure of normally
grown embryos to an advanced uterine environment [18].
This raises the question of whether the high incidence of
late gestation losses in pregnancy after cloning is mainly
due to in vitro culture conditions or to associated repro-
gramming effects of the reconstructed embryos by nuclear
transfer.

Several cases of pathologic placentation during pregnan-
cy after somatic cloning have been described. Transfer of
blastocysts derived from adult mural granulosa cells by
Wells et al. [4] has resulted in the loss of fetuses in the
third trimester of pregnancy, due to an excessive accumu-
lation of allantoic fluid. In a preliminary report, we ob-
served three cases of recipients developing hydroallantois
(grossly abnormal abdominal distension) from 6 mo to the
end of gestation out of 20 recipients that carried cloned
embryos that were derived from fetal or adult fibroblasts
[13]. However, we had previously observed that the inci-
dence of late abortion was relatively low (10%) in our lab-
oratory after embryonic cloning, and that LOS was limited
to 3% of the calves born [19]. We have now extended these
preliminary observations by comparing the incidence of
late-gestational effects resulting from the transfer of em-
bryonic or somatic cloned embryos cultured up to the blas-
tocyst stage under similar conditions.

To monitor the evolution of pregnancies up to parturi-
tion, we combined different methods to check placental and
fetal normality or abnormality. Such information is impor-
tant because the different organs of the fetus are already
formed by that time and should be growing, as was de-
scribed many years ago by bovine embryologists [20, 21].
Repeated ultrasonography has been used to evaluate fetal
growth in horses from 100 days of gestation to parturition
[22], but this technique has to be adapted to the bovine
species, in which visualization of the fetus is more difficult
by the rectal route after 3 mo of pregnancy. Placental de-
velopment can also be evaluated by maternal levels of preg-
nancy proteins such as pregnancy-specific protein B [23],
pregnancy-associated glycoprotein [24], and pregnancy se-
rum protein 60 (PSP60), a protein of 60 kDa [25]. Except
for some biochemical differences, these proteins are similar.
PSP60, which is secreted by the binucleated cells of the
placenta, is a specific marker of pregnancy in cattle and is
easily assayed from a blood sample of the dam [25].

Late losses have a serious economic effect on the cost
of generating cloned offspring because recipients have to
be kept under controlled conditions for several months

'
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without a final result. They also expose the recipients to
conditions that threaten their welfare. The possibility of
predicting the occurrence of a pathologic evolution of preg-
nancy, by combined use of ultrasonography and pregnancy-
specific protein assays on the recipient, would be very use-
ful for the better care and management of the recipients in
order to improve their welfare. We therefore examined the
possibility of using PSP60 measurements as an early pre-
dictor of late gestation failure.

The objectives of this study were 1) to follow the evo-
lution of pregnancy after somatic cloning in order to detect
the occurrence of fetal loss and its frequency compared
with embryo cloning or IVF and 2) to establish accurate
criteria for predicting abnormal fetal or placental growth
during late pregnancy.

MATERIALS AND METHODS
Embryo Production

All the blastocysts transferred to recipients were produced in vitro
through embryo or somatic nuclear transfer; control embryos were derived
through IVE

Oocyte preparation. Bovine ovaries were collected from two different

abattoirs, washed several times with fresh saline solution, and then trans-
ported in sterile PBS at 33°C to the laboratory within 3 h of collection.
Cumulus oocyte complexes (COCs) were aspirated from follicles 2-6 mm
in~digmeter, washed in HEPES-buffered TCM-199, and selected on the
basis o T ology for in vitro maturation according to the density
of their cumulus cell layers: in vitro maturation, groups of 30-40
COCs were incubated in TCM 199supplemented with 10% (v/v) fetal calf
serum, 10 pg FSH ml), and | pg LH ml~! for 22 h at 39°C in a humid-
i o CO; and air. At the end of the maturation period,
oocytes from same batch were used either to provide a recipient cy-
toplast for efoning or for IVF (i.e., the IVF embryo contro! group).
0 nuclear transfer. Embryo cloning was performed as previously
tibed by our laboratory [26). Briefly, in vitro-matured oocytes had all
eir cumulus cells removed by gentle pipetting after exposure to TCM
199 supplemented with 0.5% (w/v) hyaluronidase (Sigma Chemical Co.,
St. Louis, MO) for 10 min. Oocytes were incubated in TCM 199 supple-
mented with 0.5 pg Hoechst 33342 ml-! (bisbenzimide, Sigma) for 20
min in order to stain chromatin, and were then enucleated by microma-
nipulation under an inverted microscope (Olympus IMT2) equipped with
epifluorescence and an intensified camera (LHESA, France). The efficien-
cy of enucleation was directly checked by controlling the presence of the
metaphase plate and polar body in the enucleation pipette. For embryo
cloning, cytoplasts were preactivated by aging and cooling prior to fusion
with blastomeres isolated from Day 6 in vivo-produced or in Vitro-pro-
duced morulae of the Holstein breed. Fusion was achieved by electrostim-
ulation (Grass stimulator, 1.3 KV for 50 psec in 0.3 M mannitol solution)
27).

Somatic nuclear transfer. For somatic cloning, donor cells were cul-
tured over several passages (3 to 12) from fetal or adult skin biopsies
processed as previously described [3] on five genotypes. The fibroblasts
were grown in 60-mm Petri dishes in order to obtain either a growing or
a quiescent population of cells on the day of nuclear transfer. Just before
nuclear transfer, the cells were mechanically scraped, pelleted at 1200 X
g for 5 min, and resuspended in fresh TCM 199. Each isolated celt was
inserted under the zona pellucida of the recipient cytoplast and fused by
clectrostimulation [3].

In vitro development of nuclear transfer embryos. Al the reconstituted
embryos from embryonic or somatic cells were cultured under the same
conditions (i.e., in microdrops of 50 pl B2 medium {CCD, Paris, France)
supplemented with 2.5% fetal calf serum and seeded with Vero cells ac-
cording to the culture system used in our laboratory for bovine IVF em-
bryos) [28]. The droplets were overlaid with mineral oil (M8410 Sigma
Co. and incubated for 7 days at 39°C under 5% CO,. Cleavage was
assessed at Day 2 after fusion and blastocyst formation was evaluated at
Day 7. Expanding or early hatching blastocysts (grades | and 2) by Day
7 were removed from the culture drops and used for transfer to recipient
heifers.

Control IVF embryos. Control groups of IVF embryos were obtained
from the same batches of in vitro-matured oocytes. Twenty-four hours after
onset of maturation, oocytes were coincubated with heparin-capacitated
frozen-thawed spermatozoa in Tyrode albumin lactate pyruvate medium

for 18 h according to the standard technique routinely used in the labo-
ratory [29]. A single batch of frozen sperm from the same Holstein bull
was used throughout the experiment to produce the control embryos. After
IVE, presumptive zygotes were cultured until Day 7 under the same con-
ditions as nuclear transfer embryos. By Day 7, blastocysts of grades 1 and
2 quality were used for transfer to recipients.

Embryo Transfer

Animals. Recipient animals were beef-breed Charolais or cross-bred
heifers raised under the same conditions and transported to the experi-
mental farm by the age of 12-14 mo. They were certified free of all major
infectious cattle diseases by repeated serological testing prior to transport.
They were then checked for normal cyclicity before being used as recip-
ients for embryo transfer by the age of 1518 mo.

Estrous cycles were synchronized in each group of recipients using a
progestagen implant for 9 days (Crestar Intervet) associated with a pros-
taglandin analogue injection (2 m! Estrumate) 2 days before implant re-
moval. After estrus detection, heifers that were synchronous + 24 h with
embryo age and carrying a palpable corpus luteum were selected for em-
bryo transfer.

Day 7 blastocysts that were developed in vitro after nuclear transfer
or' IVF had the same age at time of transfer (Day 0 being the time of
fertilization or nuclear transfer). They were loaded into 0.25-ml straws
(IMV, L' Aigle, France), one embryo per straw, and transported in a ther-
mos flask at 39°C from the laboratory to the experimental farm. Embryo
transfer was performed nonsurgically into the uterine horn ipsilateral to
the corpus luteum (single transfer) using the miniaturized embryo transfer
syringe and sheath (IMV) under slight epidural anesthesia.

Pregnancy Monitoring

Plasma progesterone assay. A heparinized blood sample was taken at
Day 21 (2 wk after transfer) from each recipient by venipuncture of the
caudal vein and centrifuged immediately. Plasma was separated and frozen
before being assayed for a rapid estimation of progesterone concentration
by radioimmunoassay. Recipients were considered nonpregnant if proges-
terone concentration by Day 21 was <1 ng/ml and presumed pregnant
when concentration was >2 ng/ml.

PSP60 assay. Concentrations of PSP60 were measured in the peripheral
blood of recipients from frozen plasma samples stored after monthly blood
venipuncture by radioimmunoassay as described by Mialon et al. [25).
Sensitivity of the PSP60 assay was 0.2 ng/ml plasma, and intraassay and
interassay coefficients of variation were 6% and 12%, respectively. The
cutoff minimum/maximum levels were 0.2 and 6.2 ng/ml. For higher con-
centrations in late gestation, plasma samples were diluted accordingly. The
PSP60 levels in recipients that became pregnant from embryonic or so-
matic clones were compared with those of a group of control animals that
became pregnant after artificial insemination in order to evaluate whether
this measurement can be a predictive criterion for detecting abnormal de-
velopment of placenta in cloned fetuses.

Ultrasonography. All recipients were examined for the presence or
absence of a viable fetus at Day 35 * 2 days using transrectal ultraso-
nography (Pie medical ultrasound equipped with a 5.0 MHz probe). Preg-
nant recipients were then repeatedly checked on Days 50, 70, and 90 of
pregnancy.

From Day 120 of pregnancy, recipients carrying a somatic clone fetus
or a control fetus were submitted to repeated transabdominal ultrasonog-
raphy using o 3.5 MHz probe, every 2 wk until calving. The viability of
the fetus as well as the ultrasonographic aspect of the placenta were thus
monitored. Contemporary pregnant heifers (through artificial insemination)
of the same breed were used as controls and to establish a normal range
(n = 13). Fetal heartbeat was recorded and the aortic diameter was mea-
sured just outside the heart as described in other species [30, 31} as a
possible criterion for oversize. For placental evaluation, the size of plac-
entomes was estimated by measuring the surface on the screen at their
maximal size. We measured in each recipient the size of four placentomes
localized in the same ventral area close to the udder. Because no reference
values exist, we established these reference values on control animals at
the same stages of gestation. Qualitative aspects (visualization or absence
of edema estimated by contrast levels of tissues on the screen) were also
recorded.

Transabdominal ultrasonography was performed in order to detect any
pathologic evolution of pregnancy such as abnormal fetal growth (aortic
diameter), fetal stress, or hypoxia (heartbeat). Placental abnormalities or
severe hydroallantois was detected by an increase in fluids associated with
difficulty in locating the fetus in the uterine cavity. It was accompanied
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TABLE 1. In vivo development after transfer of cattle cloned embryos.
Group 1, Group 2, Group 3, Group 4,
somatic adult somatic fetal embryonic control IVF embryos
No. recipients 133 40 67 51
Presumed pregnant Day 21 74/133 23/40 42/67 32/51
55.6%? 57.5%* 62.6% 62.7%
Confirmed pregnant Day 35 45/133 11/40 33/67 27/51
33.8%* 27.5% 49.2%0 52.9%"
Pregnant Day 50 36/133 9/40 28/67 26/51
27.1%* 22.5% 41.8%"° 50.9%°
Pregnancies by Day 70 19/133 9/40 25/67 25/51
14.3%2 22.5%*b 37.3%b< 49.0%¢
Pregnancies by Day 90 16/133 9/40 23/67 24/51
12.0%* 22.5%3*b 34.3%bc 47 .0%<
No. calves born 9/133 6/40 23/67* 25/51=
6.8% 15.0% 34.3%° 49.0%°

* Including one twin calving from single embryo transfer.

< Within the same [kaef percentages with different superscripts are significantly different, P < 0.05 or 0.01).

by a progressive deterioration of the clinical status of the recipient (loss
of appetite, body condition). When several criteria from at least two suc-
cessive ultrasound examinations confirmed that the pregnancy was abnor-
mal, the pregnant recipient was humanely killed before her clinical status
became critical, and the uterus and the fetus were recovered for exami-
nation.

Calving

Pregnant recipients were kept until calving. Cloned calves were deliv-
cred by cesarcan delivery following maternal treatment with 20 mg dexa-
methasone (Dexadreson) i.m., 36 h before surgery, when natural calving
had not occurred by Day 282 of pregnancy. Calving was scored according
to the ease of delivery (from 1 = no assistance, to 4 = cesarean delivery).
Newborn calves were given colostrum within 2 h after calving, and birth
weight, sex, and the length of gestation were recorded for each group of
in vitro-produced embryos. LOS was considered to occur when birth
weight was higher than the mean birth weight plus two standard deviations
within the same herd [31]). Calves were isolated and followed up to the
age of 2 mo.

Experimental Design and Statistical Analysis

Evolution of pregnancy rates was followed on four groups of recipient
animals over a 3-yr period. For each group, at least part of the transfers
were contemporary with the other groups:

Group | = recipients of adult somatic cloned embryos (n = 133).
Group 2 = recipients of fetal somatic cloned embryos (n = 40).
Group 3 = recipients of embryonic cloned blastocysts (n = 67).
Group 4 = control group, recipients of IVF embryos (n = 51).

Pregnancy rates and calving data were compared for the four groups using
ANOVA,

Placentome size, fetal heartbeat, and aortic diameter were measured by
ultrasound, comparing pregnant recipients in groups | and 2 (somatic clon-
ing, n = 21) and normal pregnancies in a control group of animals that
became pregnant through artificial insemination (n = 13). For each ges-
tational period, the Student i-test was used.

PSPG0 assays were performed on some of the recipients in groups |
and 2 (somatic cloning, n = 30) and group 3 (cmbryo cloning, n = 22).
For cach stage of pregnancy, values were averaged for recipients that de-
veloped pathologic pregnancies after somatic cloning. Reference values
for PSP60 levels in normal pregnancies were obtained from a monthly
sampling of a group of 11 contemporary cows that became pregnant
through artificial insemination.

RESULTS

Evolution of Pregnancy after Transfer of Cloned
or Control IVF Embryos
Pregnancy results for the four groups of recipients are

presented in Table 1. Transfer of IVF embryos, embryo
clones, and fetal or adult somatic clones resulted in the

same range of initiated pregnancy rates (55.6%—62.7%).
However, evolution of pregnancy rates was quite differ
between groups. Confirmed pregnanc dy 35 as-
sessed by ultrason: : as significantly lowet in
group 1 (somatic adult, 33.8%) and group 2 (somatic fetal,
27.5%) compared with the controls, group 4 (IVF; 52.9%;
P < 0.01). At Days 50 to 90, pregnancy rates were con-
firmed to be significantly lower in groups 1 and 2 than in
groups 3 or 4 (P < 0.05).

Placental and fetal development in pregnant recipients
after somatic cloning was monitored using repeated scan-
ning on the same animals every 2 wk from the fourth month
of pregnancy until calving, in order to detect any pathologic
evolution. Placentome sizes were recorded from 21 recipi-
ents that were pregnant from somatic clones, and compared
with those of 13 control animals (artificial insemination).
Results presented in Figure 1 indicate that in recipients that
carried somatic clones, the. mean size of placentomes be-
tween 4 and 6 mo was significantly higher than in control
pregnancies, regardless of the outcome of pregnancy. There
was a linear regression between placentome size and stage
of pregnancy in clones and controls (r2 = 0.84 for clones,
P < 0.01; and r2 = 0.69 for controls, P < 0.05).

Fetal heartbeat was recorded every 2 wk in clones and
control fetuses. No significant differences were observed.
Whatever the pregnancy stage, frequency of heartbeat was
>100 per min. There was a slight tendency toward decreas-
ing frequency by the end of pregnancy. By Day 262, heart-
beat was 116 = 11.9 per min, and 100.5 *= 14.8 per min
for somatic clone and control fetuses, respectively. Scan-
ning was also used to measure the aortic diameter in clone
and control fetuses. Evolution of aortic diameter was not
significantly different between clone and control fetuses.
There was, however, also a significant correlation between
gestational age and aortic diameter in clones (r2 = 0.60)
and in controls (r2 = 0.62).

Frequency of Late Fetal Losses

The proportion of late-gestation losses between Day 90
and calving reached 43.7% in recipients carrying adult so-
matic clones and 33.3% for fetal somatic clones, whereas
only 4.3% of the pregnancies were lost during the same
period after embryo cloning, and no late loss was detected
in the control IVF group (Table 2).

Using repeated scanning on 21 recipients carrying so-
matic clone fetuses, 5 cases of late abnormal pregnancies
were detected, and recipients were killed between Days 155
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FIG. 1. Evolution of placentome size

during pregnancy after somatic cloning.
i X-axis, stage of pregnancy (days); Y-axis,
: mean size of placentomes (cm? * SEM).
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and 233 of gestation. In both cases severe hydroallantois
was confirmed at autopsy and the size of placentomes was
measured after dissection of the uterus. Mean placentome
weight was 142.3 * 61.7 g compared with 46.7 = 22.7 g
for placentomes in three cases of normal pregnancy at the
same stage. Severe hydroallantois was often associated with
fetal abnormalities (Table 3); three fetuses presented LOS
and one was completely hydropic.

PSP60 Profiles and Late Losses

PSP60 concentrations were measured on blood samples
from recipients between Day 35 and calving. During the
first trimester of pregnancy (Fig. 2, a and b), PSP60 con-
centrations increased from Day 35 to Day 90 in recipients
that were confirmed pregnant at 3 months and, for each
stage of pregnancy (Days 50, 70, or 90) there were no sig-
nificant differences in the mean levels of PSP60 concentra-
tions between groups that further developed to full-term
pregnancy. However, for recipients of the somatic clone
group, which subsequently lost their pregnancy as detected
by ultrasound scanning (Fig, 2a), we found a significantly
higher level of PSP60 by Day 50 than for those that main-
tained pregnancy (7.77 * 3.3 ng/; + 0.27 or
normal pregnancies, £ < (. . These higher levels were
detected at Day 50 even though pregnancies were lost be-
fore Day 100 in these animals. Moreover, PSP60 levels
over 4 mo of pregnancy appeared to be significantly in-

TABLE 2. Proportion of late losses in the different groups of recipients.

creased in animals in which pathologic pregnancy was de-
tected by ultrasonography in late gestation (Fig. 2c). This
was true only for somatic cloning compared with other
groups (P < 0.05 by Day 150, P < 0.001 by Day 180, and
P < 0.01 by Day 210). In those situations, the plasma
PSP60 concentrations in recipients that developed severe
hydroallantois were very high, up to 400 ng/ml by Day 180
of pregnancy, when levels in other groups were less than
100 ng/ml at the same stage. No significant difference was
observed in the PSP60 concentrations in recipients that de-
livered live, full-term calves after embryo or somatic clon-
ing compared with the control group.

Calving and Postnatal Survival

Proportions of calves born differed significantly between
groups (6.8% in group 1 [adult somatic cloning], 15.0% in
group 2 [fetal somatic cloning], and 34.3% in group 3 [em-
bryo cloning], respectively, compared with 49.0% in the
controls, group 4 [IVF}, P < 0.01).

Information on calves born, birth weight, length of ges-
tation, and postnatal survival for the different groups are
given in Table 4. Mean birth weight of adult somatic cloned
calves was significantly higher than that of control IVF
calves (53.1 = 2.0 kg compared with 44.5 = 2.1 kg for
IVF calves, P < 0.05). Calving score was higher for recip-
ients carrying somatic clones due to the high proportion of
cesarean deliveries performed in these groups. Postnatal

No. pregnancies

Total late loss

Group (Day 90) Deaths at 3-5 months Deaths at 5~7 months Deaths at 7-9 months
Adult somatic clones 16 3/16 3/16 e 716
18.7% 18.7% 6.2% 43.7%

Fetal somatic clones 9 09 29 19 919
0% 22.2% 11.1% 33.3%

Embryonic clones 23 023 1123 0/23 1/23
0% 4.3% 0% 4.3%

Control IVF 24 024 0/24 0/24 024

0% 0% 0%
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TABLE 3. Characteristics of somatic clone fetuses recovered at slaughter from recipients developing abnormal pregnancies.
Age at Crown-rump :

Fetus recovery Weight length Gross pathology of the

number (days) (kg) {cm) fetus at necropsy Placenta

1(B431) 215 24.6 85 LOS + excess of peritoneal fluid hydroallantois enlarged placentomes

2 (B386) 233 84.0 105 LOS + bulldog calf syndrome hydroallantois

3 (B383) 184 16.0 63 abnormal kidneys, hydropic hydroallantois

4 (B417) 202 22.4 80 LOS, enlarged umbilicus hydroallantois

5 (B456) 155 35 40 Hypertraphic liver (7% of body hydroallantois (aborted)

weight)

survival of live-born calves was satisfactory (>80% sur-
vival after 1 mo) for three groups (control IVE embryo
clones, and somatic fetal clones). Calves born from adult
somatic cloning had a lower survival rate; 33% (3 of 9)
died during the first week but 6 of 9 were alive after 1 mo
and developed normally.

DISCUSSION

In the present study, we describe the evolution of preg-
nancies after somatic cloning and report the high incidence
of late-gestation losses. These losses occurred later and at
a higher rate than after embryonic cloning. Combined use
of repeated scanning on the same animals throughout preg-
nancy and PSP60 assays allowed us to monitor placental
and fetal development, and to detect the occurrence of loss-
es as well as development of pathologic pregnancies in the
groups of recipients carrying fetal or adult somatic clones.
This was not the case in the control group and, to some
extent, in the embryo clone group, in which the pregnancies
diagnosed at 3 mo were all maintained, except one (in the
embryo group), until calving. Because all the embryos were
cultured under the same in vitro conditions, the higher in-
cidence of late-gestation losses after somatic cloning com-
pared with embryo nuclear transfer or IVE reflected the
consequence of some defective reprogramming process
[32] and not a deleterious effect of culture. We can exclude
uterine overcrowding as a possible cause of loss in these
experiments, because only one embryo was transferred per
recipient, whereas this is not the case when more than two
embryos are transferred, as reported by Hill et al [12].

Maternal secretion of pregnancy-specific proteins is gen-
erally used as a simple pregnancy test in cattle [23, 24].
Our objective in measuring PSP60 levels was also to try to
find a predictive criterion for normal/abnormal pregnancy.
We observed that an abnormal gestation outcome in recip-
ients that carried embryonic or somatic clones was linked
to high levels of PSP60 in the blood. The PSP60 protein is
secreted by the binucleated cells in the fetal cotyledons and
can be detected in maternal blood. The circulating level of
pregnancy-specific protein has been used as a criterion to
discriminate between single and twin pregnancies after ar-
tificial insemination or embryo transfer in cattle [33]. The

levels of PSP60, if significantly increased, could be a good
indicator of abnormal placenta development in some of the
recipients that carried somatic clones. This was observed
as early as Day 50 in recipients that later lost their fetus
after somatic cloning, as the level of PSP60 was signifi-
cantly increased in such recipients. Hill et al. [12] reported
that pregnancy-specific protein b was higher at Day 35 in
the pregnancies that failed by Day 90. By Days 150 and
180 of pregnancy, mean levels of PSP60 were also signif-
icantly higher in recipients that carried somatic clones and
developed pathologic pregnancies, which suggests an over-
active placental secretion of this glycoprotein. This was fur-
ther confirmed by scanning measurements of placentome
sizes, which were significantly larger in the five recipients
of this somatic clone group that clearly developed hydroal-
lantois. Autopsy of these recipients after slaughter con-
firmed the occurrence of this placental pathology in all cas-
es. Postmortem dissection of the recipient uterus showed
the presence of large-size hydropic cotyledons, some of
which weighed up to 0.5 kg. This observation is in agree-
ment with the high level of PSP60 detected. The fact that
recipients that developed pathological pregnancy showed
an increase in PSP60 levels about 1 mo earlier than recip-
ients that carried normal pregnancies can be used to detect
an overactive placenta. This is in accordance with recent
observations by Farin et al. [34], who indicated that at 63
days following embryo transfer, bovine placentas from em-
bryos produced in vitro had increased volume densities of
binucleate cells compared with placentas from embryos
produced in vivo. Further studies on morphometry and his-
tology of the bovine pathologic placenta recovered at later
stages of pregnancy after somatic cloning are underway in
our laboratory and will presumably give an explanation of
the increased levels of PSP60 that we have observed.
Increased incidence of late hydroallantois as well as in-
creased mean birth weight of calves derived from somatic
cloning could be related to inappropriate expression of
some imprinted genes [35]. In' humans, it is known that
overexpression of insulin-like growth factor 2 (IGF2) by
loss of imprinting induces the Beckwith-Wiedeman syn-
drome, which is characterized by a large-size baby at birth,
macroglossia, and polyhydramnios [36]. In our laboratory,

TABLE 4. Gestation period, birth weight, and postnatal survival of calves from cloned embryos.

Group 1, Group 2, Group 3, Group 4,

somatic adult somatic fetal embryonic control IVF embryos
No. calves born 9 6 23 25
Gestation period (days) 277.44 £ 2.32 279.33 = 1.08 281.26 = 1.24 282.29 £ 1.49
Mean calving score 3.3 35 2.3 2.2
Mean birth weight (kg) 53.11 = 2.01*2 48.83 = 2.61% 43.78 = 1.64 44,52 * 2.08%
Postnatal survival >1 mo 6/9 5/6 19/23 20/25

. 66.6% 83.3% 82.6% 08.0%

* Within a row, 3 are significantly different (P < 0.05, F test).
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a FIG. 2. PSP60 concentrations in maternal

Gastations! age (deys)

blood. a) PSP60 concentrations (mean =
SEM) in recipients carrying embryonic
clones that survived, and embryonic or so-
matic clones that died between Days 70-
90. b) PSP60 concentrations in recipients
carrying somatic clones that survived be-
yond Day 90 according to outcome later
on in pregnancy. ¢) PSP60 concentrations
(mean = SEM) in recipients after the first
trimester of gestation. Control, Recipients
pregnant after Al; EC, embryo cloning
group; SC, somatic cloning group. Signifi-
cant difference with other groups. *P <
0.05; **P < 0.01; ***P < 0.001.
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preliminary assays suggest that the plasma concentration of
IGFs and IGF binding proteins differ between neonatal
clones and control calves {37]. These findings may be the
consequence of abnormal growth and placental develop-
ment in fetal life. In a recent study by Blondin et al. [38],
it was shown that bovine fetuses originating from in vitro
production systems possess altered levels of IGF mRNA in
both liver and skeletal muscle. From our observations on
somatic cloned fetuses recovered at slaughter after detec-
tion of hydroallantois, enfarged liver (up to 7% of body

weight) was one of the characteristics of these fetuses (data
not shown). Observed abnormalities may be the conse-
quence of deregulation of imprinted genes such as IGF re-
ceptor 2, which has recently been shown to be associated
with fetal overgrowth in sheep [39].

Full-term development rates after fetal or adult somatic
cloning were 15% and 6.8%, respectively, and were signif-
icantly lower than in the control group after transfer of [IVF
embryos in the same experimental farm. These rates are
comparable to those already published for somatic cloning
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l[1sing0 fetal or adulit skin fibroblasts as the source of cells
5, 40].

By the time of embryo transfer, the quality of the blas-
tocysts, as evaluated by their morphology (grades 1 and 2)
was similar for the different groups, and all of them were
developed in vitro under the same culture conditions [28].
Total cell counts on Day 7 blastocysts derived from embryo
cloning and somatic cloning were not different from those
of control IVF blastocysts. However, the proportion of ICM
cells was lower in somatic cloned blastocysts [41]. This
means that these four groups of in vitro-produced blasto-
cysts of similar morphological grading can have very dif-
ferent potential for full-term development, although the ini-
tiated pregnancy rate as assessed by progesterone level on
Day 21 is similar.

At birth, the incidence of LOS seemed to be higher for
somatic clones than for embryonic clones or [VF calves. If
we consider that LOS occurs when birth weight is higher
than the mean birth weight plus two standard deviations,
then calves weighing more than 59.5 kg at birth were con-
sidered to be large calves. The incidence of LOS at birth
was 13.3% for somatic cloning, compared with 8.6% for
embryonic cloning and 9.5% for the group of IVF calves.
This proportion is somewhat lower than the 14.4% of
calves exceeding 60 kg reported on a larger scale after in
vitro embryo production [15]. After somatic cloning, the
incidence of LOS could be related to the source of donor
cells. According to Kato et al. [11], when donor cells were
derived from cumulus and oviduct, calf body weights at
birth were in the normal range, but when calves were de-
rived from skin, ear, or liver donor cells, they observed a
47% rate of LOS (9 cases out of 19 calves born). Under
our conditions, with a similar source of cells (fibroblasts
derived from ear skin biopsy), our proportion of large
calves was very limited (13.3%) compared with other re-
ports. However, the maximal birth weight of our calves
born in the different groups was 62 kg, and the occurrence
of these large calves had no incidence on postnatal survival
except for group 1, in which three calves out of nine did
not survive longer than 2 mo. Postnatal survival of calves
in group 1 (adult somatic clones) was lower than in all other
groups, whereas the total number of animals is still limited.
After embryo cloning and fetal somatic cloning, survival
rates longer than 1 mo were high (>80%) and not different
from those obtained for IVF calves. This is much higher
than survival rates reported for embryo clones in cattle.
Lewis et al. [42] reported 13 healthy calves at 2 mo from
22 full-term fetuses (60% survival), but in his experiment,
twinning could have contributed to poor survival, which
was not the case in the present study because only single
transfers were performed. In the group of adult somatic
clones, one animal died at the age of 2 mo from a thymic
hypoplasia [43]. The five remaining animals are healthy and
normal. Some of the females are more than 1 yr old and
are cycling normally. The five animals in the group of fetal
somatic clones are still alive and show no pathological
manifestation. Among them, two males are already adult
and have proved to be fertile. Sperm has been collected and
frozen from these two bulls and is now routinely used in
an IVF research program. However, according to Institut
National de la Recherche Agronomique regulations, ani-
mals derived from cloning may not enter the human food
chain and must be killed at the end of the experiment. This
will be the case for animals in this experiment when all
measurements have been made at the adult stage.

In conclusion, our experiments suggest that maternal

PSP60 assays can be a good predictor of abnormal fetal
development after somatic cloning in cattle, and that so-
matic cloning from adult cells induces higher levels of ab-
normalities and late losses than embryo cloning.
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Lymphoid hypoplasia and somatic cloning

Jean-Paul Renard, Sylvie Chastant, Patrick Chesné, Christophe Richard, Jacques Marchal, Nathalie Cordonnier, Pascale

Chavatte, Xavier Vignon

Summary

Background Adult somatic cloning by nuclear transfer is
associated with high rate of perinatal mortality but there is
still no evidence that nuclear transfer itself is responsible for
these failures. We report on a longlasting defect linked to
somatic cloning.

Methods Skin cells grown from an ear biopsy specimen from
a 15-day-old calf were used as a source of nuclei. The donor
animal was a clone of three females obtained from
embryonic cells. Clinical examination, haematological, and
biochemical profiles, and echocardiography of the somatic
clone were done from birth to death.

Findings After 6 weeks of normal development, the somatic
cloned calf had a sudden and rapid fall in lymphocyte count
and a decrease in haemoglobin. The calf died on day 51 from
severe anaemia. Necropsy revealed no abnormality except
thymic atrophy and lymphoid hypoplasia.

Interpretation Somatic cloning may be the cause of long-
lasting deleterious effects. Our observation should be taken
into account in debates on reproductive cloning in human
beings.

Lancet 1999; 353: 1489-91

Introduction

Cloning of mammals involves the introduction of a
nucleus into an enucleated recipient oocyte. In mammals,
cloning produces live and normal offspring with embryonic
cells as a source of nuclei.'? Nuclear transfer was
then successfully extended to cultured embryonic donor
cells,>* then to somatic nuclei from cultured foetal cells.**
Cloning of mammals from adult somatic cells was then
achieved in sheep,® and recenty extended to mice,’ and
to cartle.'

Cloning has a relatively high rate of late abortion and
early postnatal death, particularly when somatic cells are
used as donors of nuclei; rates as high as 40-74% have
been reported.>#* It is not known if these developmental
failures are due to nuclear reprogramming or to the cloning
procedure itself. Culture has been shown to affect the
viabilty of offspring through unclear epigenetic
mechanisms.!" For instance, culture of preimplantation
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sheep and cattle embryos is frequently associated with an
abnormally high birth weight (“large offspring
syndrome”).'??

We report that adult somatic cloning may be responsible
for developmental failures occurring after birth.

Methods
Donor cells were obtained from a surface biopsy specimen taken
from the ear of a 15-day-old calf. This donor animal was a nuclear
transfer clone obtained by the fusion of an embryonic cell
(blastomere) with an enucleated oocyte. The skin biopsy specimen
was allowed to grow in vitro for 10 days in DMEM supplemented
with 10% foetal calf serum before being subcultured; the resulting
cell cultures were frozen after three passages. For nuclear transfer,
the cells were thawed and those from batches karyotyped
positively (60 chromosomes; 85% of cells) were used between
passage 6 to 10 (abour 20 to 30 days) of in-vitro culture.

Receipient oocytes were prepared by enucleating after 24 h of
in-vitro maturation followed by an ageing period of 10 h at 10°C
in TCM-199 before embryo reconstitution.™

Cloned embryos were obtained by fusing a donor cell with an
enucleated oocyte through an electrostimulation of two pulses of
1:5 kV/em for 50 ps in a 0-3 mol/L. mannitol solution containing
0-1 Ca** and Mg". Fused embryos were transferred 1 h later in
microdrops of B2 medium with 10% FCS and co-cultured with
Vero cells under mineral oil. On day 7 of in-vitro culture, the
embryos that had developed to an apparently normal blastocyst
were used for non-surgical transfer into recipient heifers.
Pregnancy was diagnosed by ultrasonographic examination on day
35. The cow was induced with dexamethasone at term (276 days
of pregnancy) and the calf delivered by caesarian section. The calf
was given thawed colostrum as a routine. Genomic DNA from the
donor cells, the newborn calf and the recipient heifer were typed
for miscrosatellites to ascertain the origin of the clone. Blood
samples were taken from the calf every 2 days after birth for
haematological monitoring.

Resuits
The first calf was born on July 6, 1998. It had been cloned
from a nucleus obrtained from thawed frozen cells grown in

. vito for 4 weeks (8 passages). 175 nuclear transfer
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Figure 2: Haemoglobin concentration, reticulocytes, and
erythrobiast counts

embryos were reconstructed from which six blastocysts
were transplanted in five recipient females. One recipient
was diagnosed as pregnant by ultrasound examination on
day 35, and gave birth to a calf whose genotype was
confirmed by microsatellite analysis as being the same as
the donor.

Echocardiography was done immediately after birth and
revealed an enlarged right ventricle. Treatment with an
ACE inhibitor and diuretics was given for 1 week, and the
condition resolved. No further cardiac defects were
detected by ultrasound. There were no further problems
during the first month after birth during which the calf
developed normally (figure 1).

Haematological monitoring showed a high reticulocyte
count (up to 5%), and erythroblasts in the blood within the
first 3 weeks (figure 2). Lymphocyte counts were normal
until about 1 month after birth; they then rapidly fell
(figure 3). Haemoglobin concentration also decreased
abruptly after 40 days without a concomitant increase in
reticulocytes. Iron supplements had no effect on
haemoglobin.

The calf died on day 51 from severe anaemia. No
evidence of infection, malformaton, or phenotypical
abnormality was found at necropsy, except marked thymic
atrophy. Histological examination revealed lymphoid
aplasia. The thymus (figure 4), spleen, and lymph nodes
were hypoplastic. The lack of secondary follicles in the
lymph nodes together with the reduced number of primary
follicles, the reduced size of their paracortex, and the
presence of collapsed medullary cords containing few
plasma cells suggested that hypoplasia was present at birth.
. The presence of Bovine Viral Diarrhoea virus, known to
induce thymic atrophy, was excluded by PCR of donor
cells and of calf serum. Analysis of IgG from stored
aliquots of sampled blood showed marked increases of 1IgG
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Figure 3: Lymphocyte counts

Figure 4: Histological section of thymus with noticeable
lymphoic depletion (A) compared with a normal thymus (B)
Final magnification X85.

at birth due to the absorption of colostrum but a rapid
subsequent decrease to constantly low concentrations
(lower than 5 g/L, data not shown) without any clear
evidence of endogeneous synthesis.

Discussion
We describe an animal born by adult somatic cloning
which started to grow normally but then died at the age of
7 weeks. Unlike previous reports,” no circulatory
abnormality was found at necropsy. Haematological
monitoring suggested that anaemia was the cause of death
and histology showed global lymphoic hypoplasia. This is
the first report of a long-lasting defect associated with
somatic cloning. Since the birth of the first somatically
cloned sheep, two reports have been published on
development after nuclear transfer of adult somatic
nuclei.** In those reports a high proportion of animals died
during late gestation or within the first days of birth. Pre-
natal and perinatal losses have also been reported with
cloning using foetal cells.*” It is not known whether these
failures were due to somatic cloning or to other factors
which include in-vitro culture conditions of recipient
oocytes and of the reconstructed embryos, the nuclear
transfer technique, and possible existence of some lethal
defective genotype in the donor animal.

Since in our study the donor animal was itself generated
by embryonic cloning, these other factors can be ruled out.

1490
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The same culture conditions and nuclear-transfer
technique were used to produced the cell-donor animal
and its somatic clone. The same protocol has produced in
our laboratory more than a hundred healthy calves from
embryonic donor cells.® Lethal genotype can also be
excluded because the cell-donor animal belongs to a group
of three embryonic clones that are currently healthy and
are now older than 14 years. Factors inherent to somatic
cloning—i.e, the random choice of a cultured donor cell
that bears a mutation—or the lack of fine-tuned regulation
during somatic reprogramming can be considered as the
cause of death.

Thymic hypoplasia has already been observed in one of
our previous clones obtained from a fetal muscle cell.?
The clone died at about the same age from an acute and
general infection after accidental trauma. We could not
determine if the observed deficiency was a consequence of
or preceded the accident, but we were very surprised by
the rapid extension of the infectious process despite
aggressive and immediate antibiotics. Similar cloning
conditons have produced normal calves both from skin
and muscle fetal cells. These calves are now between 2 and
12 months old.

A report on eight calves born from ten embryos with
somatic nuclei of a single adult cow reinforces the interest
of cloning for animal selection and transgenesis.'® This
increase in cloning efficiency is associated with a high
mortality rate of offspring (50%). Long-lasting effects
triggered by nucleocytoplasmic interactions at the one-cell
stage have been shown in mice."” Our report suggests that
such epigenetic events can also affect the correct
reprogramming of gene activity. This, together with the
fact that uncontrolled defective gene regulation induced by
nuclear wansfer can, in the mouse, be transmitted to
offspring,'® should be taken into account in debates on the
effective application of reproductive somatic cloning to
human beings.
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CASE REPORT

Sunshine, sweating, and main
d’accoucheur

David W Johnson, Alan Parnham, Karen Herzig,
Johannes Wittmann

A 33-year-old man was admitted to hospital in March,
1998, with tetany and faintness. He had been seen twice
over the previous 5 years with the same symptoms and on
both occasions had been found to have unexplained
hypokalaemia (serum potassium below 2 mmol/L) with a
metabolic alkalosis. He had no history of vomiting,
diarrhoea, use of diuretics, hyperventilation, or symptoms
of sinus or lung disease. His tetany was precipitated by
manual labour under sweltering conditions. Since early
childhood, he had sweated a lot and often left a salt
precipitate on his clothing. A family history was not
available because he was adopted. His only child had been
conceived by artificial insemination of donor semen
because of obstructive azoospermia due to congenital
bilateral absence of the vas deferens. Physical examination
showed a blood pressure of 70/40 mm Hg, dehydration,
sweating, and bilateral main d’accoucheur.
Cardiorespiratory and abdominal examinations were
normal. His body-mass index was 26 kg/m’. His plasma
biochemistry is shown in the table. A urine sample had a
potassium concentration of 76-4 mmol/L. and a chloride
concentration of less than 20 mmolVL. An electro-
cardiogram was normal apart from a prolonged QTc
interval (0-52 s). After rehydration with intravenous saline
and potassium supplements, his symptoms were relieved;
and electrolyte abnormalities, renal functional impairment,
and electrocardiographic abnormalities returned to normal.
Subsequent investigations of thyroid functon, plasma
renin activity, plasma aldosterone concentration, and 24 h
urinary free cortisol were normal.

Measurement of sweat electrolytes by pilocarpine
iontophoresis showed chloride, sodium, and potassium
concentrations of 179, 190, and 24 mmol/L (normal
values: <60, <70, <20). Screening for ten of the common
mutations of the cystic fibrosis transmembrane
conductance regulator gene (CFTR) (AF508, G551D,
R553X, G542X, NI1303K, A455E, 621+1, AI507, and
R117H), showed a single AF508 mutadon. Pulmonary
function tests showed mild to moderate, bronchodilator-
unresponsive airflow limitadon with some gas trapping:
forced expiratory volume in 1 s (FEV,) 3-33 L (80%
predicted), forced vital capacity (FVC) 511 L (102%
predicted), FEV,/FVC 65%, middle forced expiratory flow

Lancet 1999; 353: 1492
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Electrolyte Concentration (mmol/L)
Sodium 130

Potassium 17

Chloride 78

Bicarbonate 35

Calcium 255

Magnesium 08

Urea 10-2

Creatinine 016

Patient’s plasma biochemistry on admission to hospital

rate 2:14 I/s (45%). A chest radiograph showed clear lung
fields. There was no evidence of pancreatic disease. He was
treated with sodium chloride tablets and remained well
until 9 months later when he had a fourth episode of
saline-responsive syncope and hypokalaemic metabolic
alkalosis on a hot summer’s day.

The combination of exertional saline-responsive
metabolic alkalosis, low urinary chloride concentration,
abnormal sweat test, aplasia of the vas deferens, and a
detectable AF508 CFTR mutation indicate that this
patient’s electrolyte derangements occurred as a result of
excessive sweat chloride losses due to an atypical form of
cystic fibrosis. Hypokalaemic, hypochloraemic metabolic
alkalosis is a recognised complication of cystic fibrosis"?
and has been attributed to impaired transport of chioride
via a cAMP-regulated channel (the CFTR) leading to
excessive sweat chloride and potassium losses, volume
depletion, secondary hyperaldosteronism, and alkalosis-
induced redistribution of potassium from extracellular to
intracellular fluid.'” Since the discovery of the CFTR gene
in 1989, over 750 mutations have been identfied. The
most common of these, AF508, accounts for 70% of
known cystic fibrosis chromosomes, while commercially
available screening panels detect up to 85% of the known
alleles.®> The ability to screen for CFTR mutations has
further led to the recognition that about 2% of adults
present with an artypical form of disease, including nasal
polyposis, pancreatitis, and congenital absence of the vas
deferens.’ In adult men with vas deferens aplasia, the
frequency of AF508 heterozygosity is more than six times
the expected populaton frequency of cystic fibrosis gene
carriers.* Despite normal pulmonary and gastrointestinal
function, up to 25% of these patients also have abnormal
sweat tests.*” It has been postulated that these patents
represent compound heterozygotes with a different, as yet
unidentified, mutaton on the other allele leading to a form
of cystic fibrosis the effects of which are limited to genital
defects and abnormal sweating. This report suggests that
recurrent, unexplained hypokalaemic metabolic alkalosis,
particularly with other clinical manifestations of CFTR
mutadons (such as obstructive azoospermia), should
prompt consideration of the diagnosis of cystic fibrosis.
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Piglets Born after Vitrification of Embryos
Using the Open Pulled Straw Method'

Frangoise Berthelot,® Frangoise Martinat-Botté, A. Locatelli, Christine Perreau, and M. Terqui

INRA Equipe Ovocytes ei Développement, PRMD 37380 Nouzilly, France

Morulae and unhatched blastocysts from Large White hyperprolific (LWh) and Meishan (MS) gilts were
selected to test an ultrarapid open pulled straw (OPS) vitrification method with two media. The viability of
vitrified/warmed embryos was estimated by the percentage of embryos that developed to the hatched blastocyst
stage in vitro or by birth after transfer. In Experiment 1, two cryoprotectant dilution media were compared for
cryopreservation of MS and LWh blastocysts: TCM wa. & slandard Hepes-buffered TCM199 + 20% NBCS
medium and PBS was a PBS + 20% NBCS medium. After a two-step equilibration in ethylene glycol. dimethyl
sulfoxide, and sucrose, 2-5 blastocysts were loaded into OPS and plunged into liquid nitrogen. Embryos were
warmed; a four-step dilution with decreasing concentrations of sucrose was applied. In PBS, LWh blastocysts
(27%) had a lower viability in vitro than MS blastocysts (67%; P = 0.001). In TCM, no significant difference
was observed between genotypes (41% for LWh and 43% for MS blastocysts) and both viability rates were lower
than that of the control groups. In Experiment 2, morula-stage LWh and MS embryos were vitrified and warmed
using PBS. The viability rate was low and did not differ between LWh (11%) and MS (14%). In Experiment 3,
200 MS and 200 LWh blastocysts were vitrified/warmed as described in Experiment | (PBS). In each of 20 MS
recipients, 20 embryos were transferred. The farrowing ratc was 55% and recipicnts farrowed tour and five
piglets (median) for MS and LWh blastocysts, respectively. The OPS method is therclore appropriate for

cryopreservation of unhatched porcine blastocysts.

© 2000 Academic Press

Key Words: pig; vitrification; OPS; morula; blastocyst; genotype; in vitro development; embryo transfer.

Porcine embryos are known to be more
sensitive to damage caused by cryopreserva-
tion than other mammal embryos (7, 26).
Only a few piglets have been born after trans-
fer of slow-rate frozen and thawed embryos
(21, 22). The presence of a large number of
intracytoplasmic lipid droplets has often been
mentioned as an obstacle to successful freez-
ing of porcine embryos. Removal of these
lipid droplets may increase survival rates:
three piglets were born after the transfer of
181 delipated frozen/thawed embryos (23).
However, none of the methods proposed have
given satisfactory results. Moreover, they are
often difficult to implement. In addition, most
of the results achieved have not been con-
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firmed in later experiments. Conventional
freezing therefore does not seem to be suit-
able for preservation of porcine embryos.
Vitrification 1s currently being studied in sev-
eral species to resolve the problems of cryo-
preservation. To totally eliminate ice crystal
formation, embryos are equilibrated with high
concentrations of cryoprotectants and then
plunged immediately into liquid nitrogen. Using
traditional 250-ul insemination straws, the fast-
est achievable cooling rate is approximately
2500°C/min, which allows embryos to pass
through certain critical temperature zones
quickly and decreases chilling injuries (27).
With pigs, this method has so far resulted in the
birth of 10 piglets after transfer of 157 cytoskel-
etal-stabilized and vitrified/thawed hatched
blastocysts. Twenty-nine piglets were also born
afic: the transfer of 224 cytoskeletal-stabilized
hatched blastocysts (8, 9). Another team ob-
tained 11 piglets after 17 transfers of 16 to 30
expanded and hatched blastocysts (12, 13).
However, only 1 successful transfer (4 piglets)
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of exclusively unhatched blastocysts has so far
been reported (13).

Several new techniques have recently been
developed to increase the cooling and warming
rates of vitrification, including the use of elec-
tron microscopic grids to provide support to
oocytes and embryos during manipulations (19,
31) and open pulled straw (OPS) technology.
The low volume of cryoprotectant medium sur-
rounding oocytes or embryos and the direct
contact with liquid nitrogen provide very high
cooling rates (approx 24,000°C/min with OPS
technology). These methods have been success-
fully used for vitrification of oocytes and em-
bryos in cattle, and high in vitro survival rates
were achieved after cryopreservation of em-
bryos from several other species, including pigs
(11, 15, 19, 31, 33, 35). The faster cooling rate
seems to be one of the key solutions to protect-
ing porcine embryos from chilling injuries and
obtaining piglet births after vitrification of un-
hatched blastocysts (1, 2). Our preliminary re-
sults (2) confirm this observation.

In this study, we attempted to confirm the
efficiency of rapid cooling performed with OPS
vitrification (33, 35). Two cryoprotectant dilu-
tion media were compared to determine whether
saline concentration or osmotic pressure had an
cffect on the blastocyst survival. As differences
in embryonic development have been observed
in Meishan and Large White or crossbred em-
bryos (10, 32), we tested these two cryopro-
tectant media on Meishan (MS) and Large
White hyperprolific (LWh) embryos to ensure
that the method used was not specific to a given
genotype. To complete the study, the most ef-
ficient cryoprotectant media were used for vit-
rification of morula-stage Meishan and Large
White hyperprolific embryos. Finally, one of
the methods was selected to evaluate in vivo
blastocyst development of these two genotypes
after vitrification, warming, and transfer to re-
cipients.

MATERIALS AND METHODS
Animals

Embryo donors and recipients came from the
INRA experimental pig herd in Nouzilly,
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France. They were cyclic gilts aged 5 to 8
months at the time of their introduction into the
experiments. Donors were Meishan genotype
(n = 62) or Large White hyperprolific geno-
type (n = 63) (5). Recipients were Meishan
(n = 20).

Embryo Production and Collection

Embryo production. Estrus detection was
checked twice per day with a boar. Embryo
donors underwent double insemination at an
interval of 12-24 h at a spontaneous estrus. The
semen collections and doses were prepared by
the INRA Experimental Artificial Insemination
Center (Station Expérimentale d’Insémination
Artificielle, Rouillé, France). Donor females
were inseminated twice with 3 X 10’ sperma-
tozoa per insemination, using semen from a
boar of a different genotype (mostly Piétrain) to
benefit from heterosis (16). The maternal geno-
type of the embryo is indicated only when dis-
cussing embryo genotypes.

Embryo collection. Donor gilts were slaugh-
tered 5 to 6 days after the first insemination, and
their reproductive tracts were immediately re-
moved. Embryos were collected after flushing
the uterine horns with phosphate buffer at 39°C
containing 2% newborn calf serum (NBCS)
from GIBCO-BRL, France. Embryo develop-
ment stages were evaluated under a stereomi-
croscope, with 20X magnification. Only moru-
lae and/or unhatched blastocysts were selected.

Embryo culture and swrvival evaluation. In
vitro development of control and vitrified/
warmed embryos was carried out at 39°C in an
atmosphere containing 5% CO,, 5% O,, and
90% N, in 100 wl of culture medium, without
polyvinyl pyrrolidone but with 20% fetal calf
serum (FCS) added (GIBCO-BRL) (3). This
medium was adapted from UB medium, derived
from NCSU23 medium (24). FCS was always
used instead of NBCS for in vitro culture of
embryos. The duration of culture was 2 to 5
days, depending on the initial stage of the em-
bryo.

Only embryos that hatched after a maximum
of 5 days were considered surviving. The hatch-
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TABLE 1

Experimental Outline

T Time Time
Exp. Genotype Stage 0 Medium (Med) Vitrification (min) Warming (min) Development
1 LWh MS Unhatched 39 TCM or PBSx1 + Med alone 1 Med + 0.2 M Suc 1 In vitro
blastocyst PBSx2 Med alone | Med + 0.2 M Suc 5
Med + | M MeSO + 1.3 3 Med + 0.1 M Suc 5
M EG Med alone 5
Med + 2.5 M Me,SO + 1
3.2MEG + 0.6 M Suc
2 LWh MS Morula 39 PBSx! + PBSx2 Med alone 1 Med + 0.2 M Suc 1 In vitro
Med alone i Med + 0.2 M Suc 5
Med + 1.4 M MeySO + 3 Med + 0.1 M Suc 5
1.8 MEG Med alone 5
Med + 2.8 M Me;SO + 1
3.6 MEG + 0.6 M Suc
K} LWh MS Unhatched 39 PBSx1 + PBSx2 Med alone I Med + 0.2 M Suc 1 Invivo
blastocyst Med alone I Med + 0.2 M Suc 5
Med + 1 M Me,SO + 1.3 3 Med + 0.1 M Suc 5
M EG Med alone 5

Med + 2.5 M Me2SO + 1
3.2 MEG + 0.6 M Suc

Note. LWh, Large White hyperprolific; MS, Meishan; Suc, sucrose; TCM, Hepes TCM199 + 20% NBCS; PBSx1,
PBS + 20% NBCS; PBSx2, PBS double concentration -+ 20% NBCS.

ing rate is shown as a percentage of the total
number of embryos vitrified or observed.

Experimental Protocol

An experimental outline for the three exper-
iments is shown in Table 1.

Experiment 1: Effect of Vitrification Medium
and Genotype of Blastocysts on Hatching
Rate after in Vitro Development

Two cryoprotectant dilution media were
tested to determine their effects on blastocyst
survival for the two genotypes:

(a) PBS, which was a Dulbecco’s phosphate-
buffered saline medium adjusted to 290 mOsm
using double concentration (PBS X 2) to com-
pensate for the saline dilution due to the high
concentration of cryoprotectants.

(b) TCM, which was a Hepes-buffered
TCM199 medium.

Both media were supplemented with 20%
NBCS. The cryoprotectants used were dimethyl
sulfoxide (Me,SO) and ethylene glycol (EG)
(35). These two media and the cryoprotectants

were purchased from Sigma (France) and OPS
was purchased from Szigta Co., (Clayton, Aus-
tralia).

At vitrification, Large White hyperprolific
and Meishan blastocysts were randomly allo-
cated among the two media. Vitrification was
performed using OPS in groups of two to five
blastocysts. All equilibrations were performed
at 39°C.

Blastocysts were equilibrated successively in
two subsequent baths of TCM or PBS for 1 min
and then in

o Cryoprotectant 1: 1 M Me,SO + 1.3 M EG
diluted in TCM or PBS for 3 min.

e Cryoprotectant 2: 2.5 M Me,SO + 32 M
EG + 0.6 M sucrose diluted in TCM or PBS
for 1 min.

Blastocysts were then drawn up together in a
2-ul drop of Cryoprotectant 2 medium mea-
sured with a pipette, gently placed in the bottom
of a culture dish, and loaded into OPS with the
narrow end. The OPS used was a French min-
istraw, heat-softened, pulled, and cut at the nar-
rowest point to reduce the diameter at one end



PIGLETS AFTER VITRIFICATION OF EMBRYOS

to approximately half of the original. Due to the
capillary effect, the 2-ul drop with the embryos
was immediately loaded into the straw and then
submerged into liquid nitrogen (33).

After removal from the liquid nitrogen,
straws were maintained in ambient air for 5 s
before the narrow end was immersed in the first
rehydration solution at 39°C. The embryos were
gradually removed from the straw by gravity.
The cryoprotectant dilution was made by pass-
ing the embryos through three successive dilu-
tion solutions:

o Rehydration 1: TCM or PBS + 02 M
sucrose for 1 min.

e Rehydration 2: TCM or PBS + 02 M
sucrose for 5 min.

e Rehydration 3: TCM or PBS + 0.1 M
sucrose for 5 min and then for 5 min in TCM or
PBS.

All blastocysts were then transferred to culture
medium and cultured as described earlier to
evaluate their capacity to hatch.

Experiment 2: Effect of Developmental Stage
and Genotype

Morula-stage Large White hyperprolific
and Meishan embryos were vitrified in this
experiment, using PBS. The embryos were
vitrified and warmed using the same proce-
dure as that described for Experiment 1, but
cryoprotectant concentrations were different
from those in Experiment 1 and corresponded
to those indicated by G. Vajta (personal com-
munication).

Embryos were equilibrated at 39°C succes-
sively in the following media: twice in PBS for
1 min and then in

e Cryoprotectant 1: PBS + 1.4 M Me,SO +
1.8 M EG for 3 min.

¢ Cryoprotectant 2: PBS + 2.8 M Me,SO +
3.6 M EG + 0.6 M sucrose for 1 min.

Warming and embryo culture were performed
as described for Experiment 1.
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Experiment 3: Viability of Vitrified/Warmed
Meishan or Large White Hyperprolific
Blastocysts after Transfer

Large White hyperprolific (n = 200) and
Meishan (n = 200) blastocysts, vitrified/
warmed as described for Experiment 1 and
without selection, were transferred to 20 Meis-
han recipients, 1 to 2 h after warming and
subsequent in vitro culture (20 blastocysts to
each recipient). Blastocysts were collected in 50
ul culture medium in a Teflon embryo catheter
(diameter 1 mm) connected to a 1-ml syringe
and then transferred into a recipient. Recipients
were Meishan gilts, since it has been shown that
gestation and embryo survival rates are higher
with this genotype (20).

No recipients were inseminated. The transfer
was performed surgically (16) and asynchro-
nously (—24 h) with gilts relative to donors.
This means that the onset of estrus of the recip-
ients appeared 24 h after that of the donors.
Embryos were transferred after a midventral
laparatomy at the upper ends of one uterine
horn, through a hole made in the wall of the
uterus.

Gestation was assessed by ultrasonography
around day 25 postestrus (18). Then, at the time
of farrowing, the number of piglets born was
recorded. Survival rate at farrowing was the
ratio of the number of live-born piglets to the
number of vitrified/warmed blastocysts trans-
ferred and is expressed as percentage.

Data Collection and Statistical Analysis

The number of corpora lutea, the number of
embryos collected, the number of vitrified
morulae and/or blastocysts, and the number of
embryos hatched after in vitro culture were re-
corded for each donor. The ovulation rate and
the number of embryos collected were analyzed
using the GLM procedure of the SAS program
(28). The interactions between treatments and
genotypes on the hatching rate were analyzed
by the CATMOD procedure of the SAS pro-
gram (28). Pairwise comparison was made with
the S-PLUS proportion test (30). Since a con-
stant number of blastocysts was transferred to
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TABLE 2
In Vitro Hatching Rate for Large White Hyperprolific and
Meishan Blastocysts According to Vitrification Medium

BERTHELOT ET AL.

TABLE 3
In Vitro Haiching Rate for Large White Hyperprolific
and Meishan Morulae

Large White

Large White

Treatments hyperprolific Meishan

Medium hyperprolific Meishan
TCM 41%" (46) [7] 43%"™ (48) [7]
PBS 27%"¢ (45)[6] 67%"™ (48) [6]

Control (nonvitrified) 70%° (40) [/3] 72% (11) [4]

Note. (n), Number of embryos; [n], number of replicates.
“P=0.001;"P =0.02;P=0.21;P=097,P =
0.98; /P = 0.98.

recipients, the number of piglets born (the sur-
vival rate) was analyzed with the Wilcoxon rank
sum test; the number of piglets was set to zero
when recipient was open.

RESULTS
Embryo Production and Collection

The ovulation rate was significantly higher
(P = 0.0001) in Large White hyperprolific
gilts (17.4 = 0.7; mean * SE) than in Meishan
gilts (14.5 = 0.7). The number of embryos
collected differed between genotypes: 12.9 *
0.8 for Large White hyperprolific and 104 =
0.8 for Meishan (P < 0.01). Average embryo
collection rate was 74%, which was the ratio of
the number of collected embryos to the number
of corpora lutea.

Experiment 1: Effect of the Vitrification
Medium and Genotype of Blastocysts on
Hatching Rate after in Vitro Development

As shown in Table 2, a difference between
genotypes was observed in hatching rates when
PBS was used. The hatching rate for Meishan
blastocysts was significantly higher than that for
Large White hyperprolific blastocysts (67% vs
27%, respectively, P = 0.001) and not signif-
icantly different from that of the control Meis-
han blastocysts (67% vs 72%, respectively, P =
0.98) or from that of the control Large White
hyperprolific blastocysts. For Meishan blasto-
cysts, the hatching rate differed between PBS
and TCM (P = 0.02). Results with TCM did
not differ between the two genotypes. The

Vitrified/warmed
Control (nonvitrified)

11.5%" (61) [9)
64.5%" (17) [8)

14%“ (57) [9]
72%" (11) [4]

Note. (n), Number of embryos; [n], number of replicates.
“P = 041; “’P = 0.0001.

hatching rate was 41 and 43% for Large White
hyperprolific and Meishan, respectively (P =
0.97).

Experiment 2: Effect of Developmental Stage
and Genotype

Vitrification at the morula stage was followed
by a low in vitro survival rate, and there was no
significant difference between the two geno-
types (LWh 11% vs MS 14%; P = 0.41).
These rates were significantly lower than those
from the control group, both in Large White
hyperprolific and in Meishan (Table 3; P =
0.0001).

Experiment 3: Viability of Vitrified/Warmed
Meishan or Large White Hyperprolific
Blastocysts after Transfer

Overall, the farrowing rate was 55% for the
20 transfers but this parameter varied between
the two genotypes, 80% in Meishan and 30% in
Large White hyperprolific (Table 4), and the
difference was significant (P = 0.04). Five of

TABLE 4
Results of Farrowings Obtained after Transfer
(20 Vitrified/Warmed Blastocysts per Recipient)

Number of Number of  Farrowing
Genotypes  recipient gilts farrowed gilts rate
Large White
hyperprolific 10 [9] 3 30%"
Meishan 10 [9] 8 80%"
Total 20 11 55%

Note. [n], number of replicates.
“bp = 0.04.
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TABLE 5
Litter Size and Fetal Survival Rate after Transfer (20 Vitrified/Warmed Blastocysts per Recipient)

Number of piglets

Total number of

Total number of

Genotypes born per farrowing live-born piglets transferred blastocysts Survival rate
Large White hyperprolific 5-5-2 11 200 5.5%"
(11/200)
Meishan 4-4-4-5-5-4-2-1 27 200 13.5%"
(27/200)
“ P = 0.04.

10 recipients of Large White hyperprolific blas-
tocysts became pregnant (Tables 4 and 6), and 3
gave birth to five, five, and two piglets (Table
5). The nonpregnant recipients returned to es-
trus within the normal expected period (19
days), with the exception of 2 that occurred at
29 and 39 days (Table 6). Ten transfers were
performed with Meishan blastocysts, 9 recipi-
ents became pregnant, and 8 recipients farrowed
from one to five piglets (Table 5). The 2 open
recipients returned to estrus at days 20 and 27
postestrus (Table 6). Survival rate at farrowing
was significantly higher in Meishan than in
Large White hyperprolific: 13.5 and 5.5%, re-
spectively (P = 0.04; Table 5). Piglets born
after transfer were normal, and no anatomical
abnormalities were observed after farrowing.
Live-born piglets had birth and weaning
weights within the normal range for these ge-
notypes (data not shown).

DISCUSSION

The purpose of this study was to attempt to
verify whether cooling rate was a key factor in

TABLE 6
Individual Data of Return in Estrus for Open Recipients
(n=29)
Return in estrus Return in estrus
Genotypes <20 days >21 days
Large White
hyperprolific 20-19-20-18-19 29*-39*
Meishan 20 27*

* These recipients were controlled pregnant at day 25 of
gestation by ultrasonography.

porcine embryo vitrification. For species for
which embryo vitrification is difficult, such as
Drosophila spp. (31), an increase in cooling rate
provided positive results. Faster cooling may be
obtained by using a smaller volume of cryopro-
tectant to hold the embryos and by reducing the
thickness of the straw wall, allowing closer con-
tact with the liquid nitrogen. OPS technology
provides both of these elements, which in-
creased cooling rate approximately 10-fold
compared to those achieved in standard straws
(34). Vajta et al. (35) and Holm et al. (11)
obtained higher in vitro hatching rates (73 and
71%, respectively) but only with Landrace em-
bryos. In vivo, Beebe et al. (1) obtained piglets
after centrifugation, cytoskeletal stabilization,
vitrification, and transfer of early blastocysts.

Our studies indicated that other factors may
also influence in vitro survival after vitrifica-
tion. The developmental stage of the embryo at
the time of vitrification seems to be important.
Despite an increased cooling speed, the hatch-
ing rate after in vitro development for morulae
remained low (Table 3) and confirmed previous
studies showing that cryoconservation of pig
embryos can be performed successfully either at
hatched blastocyst stages (6) or by mixing blas-
tocysts and hatched blastocysts (13). However,
it 1s not established whether or not in vitro
development of morulae is fully efficient (7, 9,
22).

Dilution media of cryoprotectants may also
play an important role in cryoinjuries and sur-
vival. The hatching percentage of blastocysts
vitrified/warmed with PBS was significantly
lower than that with TCM for the Large White
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hyperprolific genotype. TCM199 medium con-
tains many amino acids, which may act protec-
tively, and the Hepes-buffered system, which
may also have a favorable effect on Large
White hyperprolific embryos. It has recently
been shown that, for hamster embryos, cryo-
preservation reduces the ability to regulate in-
tracellular pH (14). The PBS consisted of a
phosphate buffer whose osmolarity was in-
creased with a PBS X 2 concentration to com-
pensate for the salt dilution resulting from the
addition of a high concentration of cryopro-
tectants. The low in vitro survival rates (27%)
obtained with this medium for the Large White
hyperprolific genotype may be explained by the
negative effect of the high concentration of
NaCl (29), which is not detrimental for the
Meishan. For Meishan blastocysts, the PBS me-
dium resulted in much better survival rates,
nearly identical with that of the control group:
67% vs 72% (Table 2).

For in vivo study, PBS was chosen because
that medium was much better for the Meishan
blastocysts; it has allowed us to obtain high
farrowing rates compared to those of Large
White hyperprolific (80% vs 30%). This point
again emphasizes that embryo genotype is an
important factor.

An in vivo study with 180 early blastocysts
treated with cytochalasin, centrifuged, vitrified
with OPS, and transferred resulted in five pig-
lets being born (1). Survival rate was low (3%)
and may be explained by the number of manip-
ulations, by different experimental conditions,
and/or by different genotypes.

Another experiment with OPS, conducted
with an experimental outline similar to ours
(11), did not result in piglets being born after
transfer. However, several differences may have
influenced these results:

¢ The time of equilibration in Cryoprotectant
2 was different: 1 min in our method vs 0.5 min
in their method. The extended time in our study
may allow better penetration of cryoprotectants.

e The genotypes of donors and recipients
were different: Holm et al. (11) used Danish
Landrace sows and Large White crossbred gilts.
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An in vivo and in vitro difference between
Meishan and Large White hyperprolific blasto-
cysts has been observed after vitrification.
Moreover, we have shown that embryonic de-
velopment varies between Large White and
Meishan (32). Furthermore, the genotype of the
recipient can affect the efficiency of embryo
transfer; a higher pregnancy rate was obtained
with transfer to Meishan recipients (83%; n =
48) than with transfer to crossbred recipients
(54%; n = 48) (20).

o The transfer time in our study was with the
same time lag; recipient gilts were asynchro-
nous (—24 h) compared to donors. In Holm et
al. (11), asynchrony is difficult to evaluate be-
cause embryos were cultured in vitro 1 to 3 days
before vitrification. Pregnancy rate was always
higher when transfers were made to recipients
in which the onset of estrus was either synchro-
nous with that of donors or 1 to 2 days later
(25).

Survival rate at farrowing was low for both
genotypes, 13.5% in Meishan and 5.5% in
Large White hyperprolific, but these results
were in agreement with other reports for
hatched blastocysts. Dobrinsky er al. (9) ob-
tained 6% (n = 157) and 13% (n = 224) of
piglets after transfer of cytoskeletal-stabilized
vitrified hatched blastocysts, and Kobayashi et
al. (13) obtained 6.3% (n = 64) after transfer
of vitrified expanded and hatched embryos.

An increase in this survival percentage may
be obtained by reducing the number of trans-
ferred embryos, as suggested, after the transfer
of fresh embryos (4, 25). Most of the recipients
in these studies were European breeds, and they
received 11 or more unhatched embryos. The
percentages varied between 26 and 65% (4, 25).
Cameron et al. (4) concluded that the optimum
number of embryos that should be transfered to
each recipient was between 12 and 16. For
Meishan gilts, the optimum ranged around 10
embryos per recipient (17).

CONCLUSIONS

The cooling and/or warming rate is a key
factor in the preservation of porcine embryos.
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Genotype also seems to be an important factor,
since embryonic development is not the same
among genotypes. The stage of development is
also important, and our method was found to be
uniquely efficient for cryopreservation of blas-
tocysts in vitro.

The open pulled straw technology is a reli-
able and efficient method for cryopreservation
of porcine unhatched blastocysts. High preg-
nancy and farrowing rates can be achieved,
opening a new possibility for the porcine em-
bryo transfer industry. Moreover, the method is
simple and easy to implement. It may become a
new tool for conservation of genetic resources.
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Biology of Mammalian Photoperiodism and
the Critical Role of the Pineal Gland and Melatonin
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Abstract

In mammals, photoperiodic information is transformed into a

melatonin secretory rhythm in the pineal gland (high levels at night, low levels
during the day). Melatonin exerts its effects in discrete hypothalamic areas, most
likely through MT1 melatonin receptors. Whether melatonin is brought to the
hypothalamus from the cerebrospinal fluid or the blood is still unclear. The final
action of this indoleamine at the level of the central nervous system is a modula-
tion of GnRH secretion but it does not act directly on GnRH neurones; rather, its
action involves a complex neural circuit of interneurones that includes at least
dopaminergic, serotoninergic and aminoacidergic neurones. In addition, this
network appears to undergo morphological changes between seasons.

Key words  melatonin, photoperiod, mammals, rhythm, reproduction

To cope with seasonal fluctuations in environmen-
tal conditions, particularly temperature and food
availability, most long-lived species of mammal
exhibit seasonal cycles of physiological functions and
morphological changes (see Goldman, 2001 [this
issue]). The main adaptive mechanism widely
observed in the wild is the ability to restrict breeding
activity to the time of the year that coincides with the
most propitious conditions for the survival of the neo-
nates. This article will provide an overview of how
photoperiod controls seasonal variations in reproduc-
tive activity, with a focus on the role and mode of
action of melatonin.

PHOTOPERIOD AS THE MAIN
CUE FOR SEASONAL TIMING

The use of photoperiod as a predictive cue was first
demonstrated in a mammal by Baker and Ranson
(1932). They observed that in a colony of field voles

held on 15 h of light, reproduction occurred. However,
when exposed to 9 h of light per day, reproduction was
blocked. Since then, photoperiodism has been shown
to be the strongest synchronizer of seasonal functions
in most mammalian orders (for review, see Goldman,
2001). In Djungarian hamsters, exposure to short days
induces reproductive inhibition, winter molt, onset of
daily torpor, and increase in body mass, while mainte-
nance of animals in long days prevents these changes.
In sheep, the reversal of the annual photoperiodic
cycle, without any modification of other environmen-
tal factors, causes the breeding season to phase shift by
6 months; the reduction of its period to 6 months
induces the appearance of two periods of reproduc-
tive activity every year (for review, see Malpaux et al.,
1993a).

The response to photoperiod in mammals is not
based solely on absolute day length, but also on
photoperiodic history of the animals. In the ewe, 13 h
of light per day cause a stimulation of luteinizing hor-
mone (LH) secretion if animals have been exposed

1. To whom all correspondence should be addressed: INRA-PRC, 37380 Nouzilly; e-mail: malpaux@tours.inra.fr.
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previously to 16 h of light. In contrast, 13 h of light per
day inhibit LH secretion if animals had been exposed
previously to 10 h of light. Thus, exposure to a same
photoperiod may produce opposite effects depending
on the photoperiodic history of the animals (Robinson
and Karsch, 1988). Similar results have been obtained
in several other species, and the importance of
photoperiodic history appears to be a general charac-
teristic of photoperiodic responses (Gorman and
Zucker, 1998; Goldman, 2001).

In many species, seasonal reproductive transitions
are timed by photoperiodic cues through synchroni-
zation of an internally generated rhythm, called a
circannual rhythm because its period approximates
one year (Karsch et al., 1989). How photoperiod en-
trains a circannual rhythm has been well studied in the
case of reproductive activity in the ewe. This animal
normally enters the breeding season in the autumn
and, in the absence of pregnancy, has regular
ovulatory cycles until mid-winter. Ovulations then
cease, and the ewe remains anovulatory throughout
the summer (Karsch et al., 1984). When these animals
are deprived of information about time of year, either
by being kept in constant photoperiod or by blinding,
they continue in most cases to show long-term
changes in ovulatory activity or in LH secretion
(Karsch et al., 1989; Jansen and Jackson, 1993). Similar
observations were made on testicular size changes in
rams (Howles et al., 1982). If ewes are kept for 5 years
in constant short photoperiod (8L:16D), a cycle of LH
secretion is observed with a period shorter than a year
and cycles are desynchronous among individuals and
out of phase with respect to the cycles of sheep main-
tained outdoors (Karsch et al., 1989). Interestingly, it is
possible to render ewes incapable of perceiving
photoperiod by pinealectomy and then to infuse spe-
cific circadian patterns of melatonin to restore
photoperiodic information (see below). Such studies
indicate that the entire annual photoperiodic cycle is
not required for the entrainment of the circannual
rhythm of LH secretion; therefore, synchronization of
annual cycles do not require continuous input from
the environment (Fig. 1). Not all cues are equally effec-
tive at synchronization; in this animal, the increasing
day length of winter and spring is critically important
to impose a 365-day period to the rhythm (Woodfill et
al., 1994; Barrell et al., 2000). A similar timing mecha-
nism is observed in hibernating circannual species.
For instance, in ground squirrels and woodchucks,
photoperiodic exposure in spring/summer could

maintain precisely timed seasonal cycles despite the
disruption of photoperiodic signaling during periods
of hibernation in autumn/winter (Zucker, 1985;
Concannon et al., 1997).

Other species, such as many short-lived rodents, do
not seem to display circannual cycles as they remain
reproductively active as long as they are maintained in
long photoperiod (Pévet, 1988). The Syrian hamster
requires short days to induce gonadal regression at the
end of the breeding season. Subsequent gonadal
recrudescence that occurs in midwinter does not
require an active photoperiodic drive; the transition
into breeding season is generated by the development
of refractoriness to the short days of winter, which
allows this process to occur when days are still short.
For the appropriate response to the decreasing day
lengths of the following autumn to occur, the state of
photoresponsiveness must be restored. This is accom-
plished only if the individual experiences several
weeks of exposure to long days, as occurs each sum-
mer in the wild. Although the development of refrac-
toriness is a form of endogenous timekeeping, the
requirement for short days to inhibit reproductive
activity and that for long days to restore photorespon-
siveness make hamsters unable to exhibit circannual
cycle of reproductive activity when they are exposed
chronically to either short or long days (Goldman and
Nelson, 1993).

ROLE OF THE PINEAL GLAND AND
MELATONIN IN TRANSDUCING
PHOTOPERIODIC INFORMATION

The importance of the pineal gland was demon-
strated by numerous experiments showing that the
effect of photoperiod on seasonal functions is pro-
foundly altered in pinealectomized animals. In Syrian
hamsters, pinealectomy prevents the seasonal reduc-
tion in gonadotropin secretion and the gonadal regres-
sion normally brought about by experimental or natu-
ral short photoperiod. Injection of melatonin reverses
the effect of pinealectomy on gonadotropin secretion
and causes gonadal regression (for review, see Pévet,
1988). This early work, mainly in hamsters, led to the
concept of the antigonadal action of melatonin. How-
ever, more recent data led to the more generalized con-
cept of a role for melatonin in the control of seasonal
rhythms. Specifically, pinealectomy or superior cervi-
cal ganglionectomy suppresses responses to both
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Figure 1. Synchronization of the annual cycle of reproduction in the ewe. Top: annual cycle of luteinizing hormone (LH) secretion in
pineal-intact ewes (black bars represent the periods of elevated LH secretion indicative of high reproductive neuroendocrine activity in the
model of ovariectomized ewes treated with estradiol used in this experiment). Middle: circannual changes in LH secretion in pineal-
ectomized ewes deprived of photoperiodic information (changes are not synchronous among ewes and are desynchronized from the natu-
ral changes represented in top panel). Bottom: entrained changes in LH secretion in pinealectomized, which receive photoperiodic infor-
mation by infusion of melatonin during the spring only (heavy photoperiodic curve). This 90-day period of information is sufficient to
synchronize the rhythms of the ewes. Arrow represents the time of pinealectomy and stars the time of death of 2 animals (Adapted from

Woodfill et al., 1994).

short and long photoperiod, and melatonin, depend-
ing on its specific pattern, reinstates both these
responses (Fig. 2; Lincoln and Short, 1980; Carter and
Goldman, 1983; Karsch et al., 1984). This role was well
illustrated by replacement studies in pinealectomized
animals. Melatonin delivered into the peripheral cir-
culation to mimic short-day or long-day profiles can
reproduce the stimulatory effects of short days or the
inhibitory actions of long days on LH secretion in the
ewe (Karsch et al., 1984). Similar conclusions for a role
of melatonin were obtained concerning other physio-
logical seasonal functions such as molt and pelage
changes, prolactin secretion, thermoregulation, hiber-
nation, and body mass changes (Bartness et al., 1993).

Pineal melatonin secretion is regulated by light
through a multistep nervous pathway connecting the
retina to the pineal gland, including the supra-
chiasmatic nuclei as a major step (see Schwartz et al.,
2001 [this issue] for review). The secretion is exclu-
sively nocturnal, but in some species (sheep, etc.), it is
elevated throughout the dark period, whereas in oth-
ers (Syrian hamster, rat, etc.), melatonin secretion does
not begin until a few hours after the onset of darkness
(Arendt, 1995). The amplitude of the melatonin
rhythm (difference between nighttime and daytime
levels) is highly variable among animals, but it is
highly repeatable within individuals with a strong
genetic determinism (Zarazaga et al., 1998). It is
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Figure 2. Serum luteinizing hormone (LH) concentrations in pinealectomized (PINX) ovariectomized and estradiol-treated (OVX + E)
ewes in which photoperiod and melatonin (Mel) were either matched (left, 16 h of melatonin infusion in short days of 8L:16D) or mis-
matched (right, 8 h of melatonin in short days of 8L.:16D) beginning on Day 0. Before day 0, melatonin was infused for 8 h per day (long-day
profile) during long days (16L:8D) to suppress LH values and sensitize ewes to the stimulatory effects of short-day melatonin. LH values
are presented as weekly means of twice weekly samples; n indicates the number of ewes. The light-dark cycle and pattern of melatonin
infused after Day 0 are shown by the key at the top. (Adapted from Karsch et al., 1988).

related to the size of the pineal gland and the number
of pinealocytes that it contains (Coon et al., 1999). The
main characteristic of the melatonin secretory rhythm
that conveys the photoperiodic information appears
to be the duration of secretion (length of time with ele-
vated levels). Indeed, when physiological doses of
melatonin are infused into pinealectomized
Djungarian hamsters and sheep for fixed durations,
but at different times relative to the light-dark cycle,
the response varies only with the duration of the infu-
sion, and not with time of day (Bartness et al., 1993).
This critical role of duration is in keeping with the fact
that the duration of melatonin secretion is positively
correlated to the length of the night in all species
regardless of the exact shape of the melatonin profile.
The definition of duration is not absolute, but rela-
tive. The interpretation of the duration of a given

melatonin pattern depends on the photoperiodic and
melatonin history of the animal. As discussed above,
the direction of change is more important than the
absolute duration of the photoperiod to determine a
physiological response. A change in day length is
always accompanied by a similar change in the dura-
tion of melatonin secretion (Robinson and Karsch,
1988).

Overall, response to the annual changes in day
length requires a complex set of mechanisms to detect
three types of changes: First, detection of the presence
of melatonin above a minimum threshold (night vs.
day); second, detection of the duration of presence of
melatonin above this threshold (long vs. short days);
and finally, detection of changes in the duration of
melatonin presence relative to previous melatonin
exposure (increasing vs. decreasing day length).
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MODE OF ACTION OF MELATONIN
FOR THE CONTROL OF GNRH RELEASE

Target Sites and Melatonin Receptors

Localization of Target Sites

The identification of the sites of action of melatonin
is made difficult since melatonin influences many
physiological functions (Arendt, 1995). Melatonin
could either act at a single site in the brain or pituitary,
which would then be implicated in the regulation of
many seasonal functions, or melatonin could act at
multiple sites, each involved in regulating one sea-
sonal function. This difficulty is expanded by the
localization of high-affinity melatonin receptors in a
wide variety of tissues in the body (for review, see
Bittman, 1993).

The first demonstration that melatonin acted in the
brain was provided by studies in the white-footed
mouse using small beeswax pellets impregnated with
melatonin (Glass and Lynch, 1982). More evidence for
a brain site was obtained with a rhythmic pattern of
intracerebral melatonin delivery in pinealectomized
white-footed mice (Dowell and Lynch, 1997) or in Syr-
ian hamsters and gerbils (Hastings et al., 1988; Devries
etal.,, 1989). However, these studies could not define a
precise target within the brain.

The development of the melatonin probe,
"*I-melatonin allowed for the identification of puta-
tive target sites of melatonin within the hypothalamo-
hypophyseal system, whose importance was then
tested by functional studies, mainly in hamsters and
sheep. Although binding was found in several areas
within the brain and the pituitary (Bittman, 1993), it
was the pars tuberalis (PT) that drew most attention
since the density of binding was much higher than in
any other hypothalamic or pituitary site, a consistent
feature among species investigated to date. Surpris-
ingly, studies in sheep and hamsters have led to the
conclusion that the PT does not mediate the action of
melatonin on the neuroendocrine reproductive axis.
Indeed, in the ewe, melatonin delivered directly to the
PT does not appear to modify the secretion of LH: Nei-
ther the placement of a melatonin microimplant
directly against the anterior face of the PT nor the dis-
crete insertion of a microimplant into the PT modified
LH secretion (Malpaux et al., 1997). In contrast,
microimplants placed in the MBH or third ventricle
stimulated LH release (Malpaux et al., 1993b;

Malpaux et al., 1997). These studies provide definitive
evidence that the hypothalamus and not the PT is the
important melatonin target for transducing the effects
of this indoleamine on the reproductive neuroendo-
crine axis. Moreover, the placement of microimplants
in the PT or pars distalis of Soay rams led to similar
conclusions (Lincoln and Maeda, 1992). In this spe-
cies, melatonin binding was found in the pre-
mammillary hypothalamic area: It is located at the
base of the brain and limited dorsally by the fornix; it
extends 3 mm on either side of the third ventricle, is
posterior to the infundibular recess, and is delimited
caudally by the mammillary bodies (Fig. 3; Chabot
et al,, 1998; Malpaux et al., 1998). A clear relationship
was observed between the proximity of melatonin
microimplants to the area of binding and the effective-
ness of these microimplants to stimulate LH, strongly
suggesting that melatonin targets are located in the
pre-mammillary hypothalamic (PMH) area (Malpaux
et al., 1998). In addition, a strong contrast between a
high cfos expression during the day and a low one at
night is observed in this area (Daveau et al., 1999). This
day/night change is pineal and melatonin dependent.
Indeed, it is no longer expressed in pinealectomized
animals, and short-day infusion of melatonin leads to
a reduction of cfos expression in this structure. A simi-
lar day-night change in cfos expression is in the SCN
but, in this structure, it is not dependent on the pineal
gland (Malpaux et al., 2000). In Syrian hamsters, the
hypothalamic localization of the target sites of
melatonin for acting on reproduction was also
strongly suggested. Lesions of the dorsomedial hypo-
thalamus melatonin-binding sites block the gonado-
tropic response of male Syrian hamsters to short
photoperiod or melatonin, and lesions of the
ventromedial hypothalamus cause premature
testicular recrudescence in inhibitory photoperiod
(Maywood and Hastings, 1995; Bae et al., 1999). Fur-
thermore, an overlap between melatonin binding and
androgen receptor immunoreactivity is found in the
dorsomedial nucleus, and it was suggested that sensi-
tivity to steroid feedback, a key mechanism of the
action of melatonin on gonadotropin secretion, might
be influenced in this area in Syrian hamsters
(Maywood et al., 1996). Although the phenotype of
the target cells remains to be established, these data in
hamsters and sheep suggest a discrete target for
melatonin in the hypothalamus.

The PT mediates, at least in part, the action of
melatonin on prolactin secretion (Lincoln and Clarke,



Malpaux et al. / MELATONIN AND PHOTOPERIODISM 341

Anterior Hypothalamus

Posterior Hypothalamus

Figure 3. Coronal sections of sheep hypothalamus illustrating
distribution of melatonin binding sites. Top: section in the ante-
rior hypothalamus. Note the high level of binding in the pars
tuberalis (PT). Bottom: section in the posterior hypothalamus.
Note the presence of binding in the premammillary area (base of
the brain, limited dorsally by the fornix (fx) and on either side of
the third ventricle (v)). (Adapted from Malpaux et al., 1998.)

1994; Malpaux et al., 1995). The dual sites of action of
melatonin for controlling gonadotropin and prolactin
secretion, respectively, are interesting in relation to the
photoperiodic regulation of these two functions.
Indeed, the action of photoperiod and melatonin on
reproductive activity is characterized by long latency
and the importance of photoperiodic history, which is
consistent with an action at the level of the brain for
the storage of information. In contrast, photoperiodic
history is not critical to the regulation of prolactin
secretion (Hastings et al.,, 1989), and the action of
melatonin is relatively rapid (only a few days;
Malpaux et al., 1997), which is consistent with a more
“classical” endocrine regulation at the level of the
pituitary, involving the tuberalin as a messenger (see
Hazlerigg et al.,, 2001 [this issue]). More generally,

given the diversity of localization of melatonin bind-
ing sites in the brain, it is possible that melatonin acts
in several sites to exert its various reproductive effects
(gonadotropin secretion, gonadal activities, sexual
behavior, maternal behavior, etc.).

Type of Melatonin Receptor Mediating
the Seasonal Effects of Melatonin

Cloning studies have identified three high-affinity
melatonin receptor subtypes so far classified as MT1,
MT?2 (previously known as Mella and Mellb, respec-
tively), and Mellc (Reppert et al., 1996). The three
receptor subtypes MT1, MT2, and Mellcare expressed
in lower vertebrates. Both MT1 and MT2 are found
(Reppert et al,, 1996) in most mammalian species,
although in some of them like sheep only MT1 has
been shown to be expressed. All these subtypes dis-
play similar high binding affinity for melatonin and
the same rank of order for the binding of common lig-
ands (Dubocovich et al., 1995). A fourth melatonin
receptor subtype, MT3, displaying lower affinity for
melatonin (in the nanomolar range) was recently puri-
fied from human tissues using a biochemical
approach and identified as the quinone reductase 2
(QR2) (Nosjean et al., 2000).

Natural knockout of the MT2 receptor gene in
Djungarian hamsters does not alter seasonal repro-
ductive and circadian responses (Weaver et al., 1996).
Moreover, in mice the targeted disruption of MT1
showed that this receptor subtype is involved in the
regulation of the circadian rhythms generated by the
master clock located in the SCN (Liu et al., 1997). All
together, these data suggest that MT1 mediates major
biological functions of melatonin in mammals and,
especially, the control of reproduction. Polymorphism
has been detected for the human and ovine MT1 and
the Xenopus Mellc receptor subtypes (Brydon et al.,
1999a). Interestingly, a correlation has been observed
between the frequency of an allele of the gene of the
MT1 receptor and the intensity of seasonal anovula-
tory activity in ewes (Fig. 4; Pelletier et al.,, 2000),
which constitutes an additional indirect evidence for
the implication of the MT1 subtype in the seasonal
regulation of reproduction. Structurally, high-affinity
melatonin receptor subtypes define a distinct receptor
family within the superfamily of G-protein coupled
receptor. Recent studies have shown that MT1 are
functionally coupled to both PTX-sensitive and
PTX-insensitive G proteins (Brydon et al., 1999b).
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Figure 4. Distribution of Merinos d’Arles ewes according to their
genotype (presence orabsence of the polymorphicsite MnlI of the
melatonin receptor MT1). Ewes were selected according to their
ability to display ovulatory cycle in the spring (group H, weak
seasonal variations) or not (group L, strong seasonal variations).
The frequency distribution of genotypes is different for the two
groups (from Pelletier et al., 2000).

Route Used by Melatonin to
Reach Its Hypothalamic Targets

Melatonin can use two possible routes to reach its
central target sites. It may reach the hypothalamus
through a circuitous peripheral pathway (pineal-jugular-
carotid-target). Alternatively, melatonin could access
the hypothalamus more directly through the third
ventricle (pineal-IIIV-target). Several pieces of evi-
dence are in favor of this latter hypothesis. First, the
localization of the melatonin-binding sites of the PMH
adjacent to the third ventricle makes diffusion of this
small and highly lipophilic molecule from the
cerebrospinal fluid (CSF) to the target sites likely
(Malpaux et al., 1998). Second, melatonin levels are
higher in the crebrospinal fluid than in the blood in
several species such as sheep (Shaw et al., 1989) or
goats (Kanematsu et al., 1989). Interestingly,
melatonin levels at the base of the IITV, near the PMH,
are about 20 times as high as in jugular blood (Fig. 5)
and 100 times as high as in carotid blood, making the
CSF signal much stronger than the blood-borne one;
importantly, the dusk increase and dawn decrease in

2500

CSF/plasma
2000
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Time of day

Figure 5. Profiles of melatonin concentrations in the jugular
blood (top and bottom panels, open circle) orin the third ventricle
cerebrospinal fluid (CSF) (top panel, open square). Scale is
expanded on the bottom panel to visualize the shape of the
melatonin profile in plasma (same curve as above). Note that lev-
els are twentyfold higher in the CSF and coding for duration of
melatonin presence is similar in the two compartments. Dark
period is represented by shaded area (adapted from Skinner and
Malpaux, 1999).

melatonin levels are as sharp in both compartments,
thus the coding for duration is equally good, a critical
prerequisite if it is to play a role in transducing photo-
periodic information (Skinner and Malpaux, 1999;
Malpaux et al., unpublished). It is worth noting that
HIV melatonin most likely originates directly from
CSF-contacting pinealocytes in the pineal recess since
melatonin levels in this recess are much higher than in
the rest of the ventricle (Tricoire et al., 2000; Hewing,
1980). This CSF hypothesis may appear at odds with
studies showing that melatonin administered system-
atically to pinealectomized animals can entrain repro-
ductive function (Karsch et al., 1984). These latter
studies showed unequivocally that melatonin was the
primary transducer of photoperiodic information, but
no extrapolation about the route used by melatonin to
get from its source to its target is possible. This is
because the levels produced in these melatonin
replacement studies replicated jugular concentrations
and not carotid artery levels, which are about fivefold
lower (Malpaux et al., unpublished).
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Interneurones between Melatonin Target and
GnRH Neurones

The variation in the duration of melatonin presence
is processed neurally, and then the signal regulates
GnRH secretion. For instance, in sheep, melatonin,
given as a short-day profile, causes an increase in the
frequency of pulsatile GnRH release (Malpaux et al.,
1997). This increase in GnRH secretion is observed
after a long lag time, that is, 40 to 60 days, when LH
secretion is stimulated. These changes in GnRH secre-
tion are the consequences of two complementary
mechanisms controlled by melatonin: a direct steroid-
independent modulation of GnRH secretion and a
change in the steroid negative feedback on GnRH secre-
tion (Goodman, 1994). Despite this action of mela-
tonin via changes in GnRH secretion, several pieces of
evidence indicate that melatonin does not act directly
on GnRH neurones. First, GnRH immunoreactivity
does not overlap with melatonin-binding sites’ ex-
pression pattern (Lehman et al., 1997; Malpaux et al.,
1998). Second, several neurotransmitter systems have
been shown to be involved in the regulation of LH
secretion by melatonin.

Dopamine

The role of dopamine in the regulation of GnRH
secretion is well documented, and numerous pharma-
cological and anatomical data as well as surgical dis-
ruption of dopaminergic structures (Thiéry et al,
1989; Goodman, 1994) suggest that dopaminergic
neurons could transduce the inhibitory effects of
estradiol on GnRH release during the anestrous sea-
son in the ewe (Thiéry et al., 1995). This effect involves
a dopaminergic cell group (A15) that is stimulated by
estradiol and is responsible for the inhibition of GnRH
secretion during seasonal anestrus (Goodman, 1994;
Thiéry et al., 1995).

Independently of estradiol, photoperiod, via
melatonin, modulates the activity of tyrosine hydrox-
ylase (TH) in the dopaminergic terminals present in
the median eminence in sheep (Malpaux et al., 1997).
Specifically, exposure to short days or treatment with
short-day-like melatonin causes a reduction in TH
activity. This change is important in relation to the reg-
ulation of GnRH since blockade of the synthesis or the
action of dopamine in this structure leads to a stimula-
tion of LH secretion when it is applied on long-day-

inhibited ewes (Bertrand et al., 1998). Therefore, ex-
posure to short days causes a reduction in dopamin-
ergic activity in the median eminence and, because
dopamine is inhibitory of GnRH secretion, this
change is partly responsible for the stimulation of
GnRH and LH secretion. The median eminence (ME)
in sheep is a structure rich in dopaminergic terminals
but contains no TH-immunoreactive perikarya (Tillet,
1995). DA fibers form synaptic contacts with neurons
secreting GnRH (Kuljis and Advis, 1989), providing
anatomical support for ME as the terminal step for the
GnRH secretion regulation pathway. Interestingly, the
pharmacological blockade of TH activity no longer
causes a stimulation of LH secretion when itis applied
after alonger exposure to long days (71 days; Bertrand
et al., 1998). These data suggest, therefore, that an
increase in TH activity in the ME is an important com-
ponent of the inhibitory effect of long-day melatonin
profile on GnRH output and that it is critical for the
initial phase of the inhibition. This observation is con-
sistent with the hypothesis that different neural path-
ways participate in photostimulation, photoinhibi-
tion, or specific stages of these conditions (Hileman
etal., 1994). For instance, lesions in the anterior hypo-
thalamic area of the ewe delay, but do not suppress,
the inhibitory effect of a shift from long to short days
(Hileman et al., 1994). However, such modulation of
TH activity appears to be E independent because the
photoperiod-induced changes in TH activity are simi-
lar in OVX and OVX+E ewes (Malpaux et al., 1997).
Thus, in contrast to the A15 and possibly Al4 dopa-
minergic nucleus, which are involved in the modula-
tion of the E-negative feedback, the dopaminergic
neurons of the ME appear to be involved upstream rel-
ative to the integration of the E signal. The localization
of the cell bodies projecting their axons to the ME, and
more generally the anatomical and functional rela-
tionship between the A14 and A15 nuclei and the ME,
have yet to be determined.

In male Syrian hamsters, exposure to inhibitory
short days, presumably through melatonin secretion,
reduces dopamine and noradrenaline turnover in the
ME (Steger et al., 1995). This change is associated with
a decrease in L-aromatic amino acid decarboxylase
positive cells in the arcuate nucleus without changes
in TH-immunoreactive cell number or TH activity
(Krajnak and Nunez, 1996). Suppression of LH and
follicle-stimulating hormone (FSH) release in this spe-
cies is presumably related to reduced noradrenaline
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activity, whereas reduced dopamine turnover may
represent a consequence of suppression of prolactin
levels by short days (Steger et al., 1995).

Serotonin

In the ewe, serotonin may play a role in the
photoperiodic inhibition of GnRH secretion during
seasonal anestrus (Goodman, 1994; Thiéry etal., 1995).
This inhibitory effect is mediated by SHT2A receptor
subtypes, and photoperiod-induced changes in
SHT2A receptor density in the hypothalamus have
been described (Le Corre et al., 1994; Pelletier et al.,
1999).

Excitatory Amino Acids

When injected peripherally, an agonist for one of
the glutamate receptor subtype, N-methyl-D,L-
Aspartate (NMDA), increases LH secretion in species
like sheep (Lincoln and Wu, 1991; Viguié et al.,, 1995)
and hamsters (Ebling et al., 1995). The amplitude of
the rise in LH secretion is more pronounced in
photoinhibited than in photoactivated animals
(Viguié et al., 1995). Interestingly, photoperiod was
shown to modulate NMDA-specific binding in the
hamster preoptic area (Urbanski and Pierce, 1991).

The implication of several neurotransmitter sys-
tems in the action of melatonin on GnRH neurones is
strongly suggestive of the existence of a neuronal net-
work connecting the target of melatonin to the GnRH
system. Part of the mode of action of photoperiod
could be to cause morphological changes in this
neuronal network. Evidence for such an effect was
obtained at the level of the GnRH neurons of the ewe.
GnRH neurons in the preoptic area receive more than
twice the mean number of synaptic inputs per unit of
plasma membrane during the breeding season as dur-
ing anestrus (Lehman et al., 1997). Also, NCAM, and
its polysialylated form PSA-NCAM that promotes
plasticity by modifying the stability of cell-cell con-
tacts, is thought to be functionally significant to sea-
sonal plasticity of the GnRH neurosecretory system.
Indeed, in the Djungurian hamster, photoperiod-
induced changes in gonadotropin secretion are associ-
ated to variations in the relative amounts of PSA and
other NCAM isoforms in the basal hypothalamus (Lee
etal., 1995). In sheep, the expression of PSA-NCAM is
intimately associated with preoptic GnRH neurons,
and this expression varies with the seasonal shift in

reproductive neuroendocrine activity (Viguié et al.,
2001). Interestingly, these changes are not dependent
on changes in ovarian steroid levels, which differs
markedly with the examples of seasonal plasticity
described in the literature due to changing levels of
steroids. The changes observed in the preoptic area of
the ewe could, therefore, reflect the action of
photoperiod and melatonin, or the expression of the
circannual rhythm of reproduction, a key element of
the photoperiod responsive mechanisms in this spe-
cies (Karsch et al., 1995). In relation to possible phe-
nomena of neuronal plasticity, it is worth noting that
thyroid hormones have been strongly implicated in
allowing seasonal changes in reproductive activity
(Karsch et al., 1995). Since thyroid hormones are
essential for the normal morphological maturation of
the central nervous system (Granholm, 1985), the per-
missive role of thyroid hormones for seasonal changes
to occur may be to cause the prerequired morphologi-
cal rearrangements for the changes in GnRH secretion.

PRACTICAL ASPECTS OF THE CONTROL OF
REPRODUCTION USING LIGHT, MELATONIN,
AND GENETIC VARIABILITY

Overcoming seasonality of reproduction in species
such as sheep or goats has drawn much interest to
allow breeders to meet the constant demand of the
consumers for their meat or milk. The basic principle
to control reproduction in these short-day breeders is
to provide a short-day signal that stimulates repro-
ductive activity; this short-day signal can be easily
given by means of a melatonin implant that causes the
reinitiation of ovulation after 40 to 50 days
(Kennaway, 1988; Chemineau et al., 1992). However,
in some conditions, animals are refractory to a
short-day signal and melatonin implant insertion has
to be preceded by a long-day treatment to establish
responsiveness to melatonin. One of the advantages of
these photoperiodic treatments compared to the clas-
sically used hormonal treatments used to induce ovu-
lation in females is that they can be used both for males
and females and thus resulting fertility is improved
(Chemineau et al., 1992). Melatonin has also been used
in mink to advance the winter moult (Allain and
Deletang, 1988). Anew way may now be opened for a
possible genetic selection of nonseasonal sheep by
increasing the frequency of favorable alleles of the
MT1 receptor gene (Pelletier et al., 2000).
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CONCLUSION

By means of its circadian release of melatonin, the
pineal gland is a key step in integrating the annual
change in day length. Melatonin acts in discrete hypo-
thalamic areas to control seasonal reproduction, but
very little is known about the type of cells that
melatonin targets. The cloning of different melatonin
subtype receptors and the development of specific
analogs should prove useful to identify the target cells
of melatonin and the cellular mechanisms. Melatonin
action on GnRH neurones is then mediated by a com-
plex network of interneurones involving several neu-
rotransmitter systems. Characterizing the interplay
between these neural and endocrine pathways will
give insights into the long-term mechanisms underly-
ing the GnRH secretion control by melatonin.

REFERENCES

Allain D and Deletang F (1988) Interaction of age, strain and
date of melatonin administration in the control of winter
coat growth in mink. In Proceedings of the 4th International
Congress of Fur Animal Production, pp 471-480, Rexdale,
Canada.

Arendt ] (1995) Melatonin and the Mammalian Pineal Gland,
Chapman & Hall, London.

Bae HH, Mangels RA, Cho BS, Dark J, Yellon SM, and
Zucker(1999) Ventromedial hypothalamic mediation of
photoperiodic gonadal responses in male syrian ham-
sters. ] Biol Rhythms 14:391-401.

Baker JR and Ranson RM (1932) Factors affecting the breed-
ing of the field mouse (Microtus agrestis): I. Light. Proc R
Soc Lond B Biol Sci 110:313-322.

Barrell GK, Thrun LA, Brown ME, Viguié C, and Karsch FJ
(2000) Importance of photoperiodic signal quality to
entrainment of the circannual reproductive rhythm of the
ewe. Biol Reprod 63:769-774.

Bartness T], Powers JB, Hastings MH, Bittman EL, and
Goldman BD (1993) The timed infusion paradigm for
melatonin delivery: What has it taught us about the
melatonin signal, its reception, and the photoperiodic
control of seasonal responses? J Pineal Res 15:161-190.

Bertrand F, Viguié C, Picard S, and Malpaux B (1998) Median
eminence dopaminergic activation is critical for the early
long-day inhibition of luteinizing hormone secretion in
the ewe. Endocrinology 139:5094-5102.

Bittman EL (1993) The sites and consequences of melatonin
binding in mammals. Am Zool 33:200-211.

Brydon L, Petit L, de Coppet P, Barrett P, Morgan PJ,
Strosberg AD, and Jockers R (1999a) Polymorphism and
signalling of melatonin receptors. Reprod Nutr Dev 39:
315-324.

Brydon L, Roka F, Petit L, de Coppet P, Tissot M, Barrett P,
Morgan PJ, Nanoff C, Strosberg AD, and Jockers R
(1999b) Dual signaling of human Mella melatonin recep-

tors via G(i2), G(i3), and G(q/11) proteins. Mol Endo-
crinol 13:2025-2038.

Carter DS and Goldman BD (1983) Progonadal role of the
pineal gland in the Djungurian hamster (Phodopus
sungorus sungorus): Mediation by melatonin. Endocrinol-
ogy 113:1268-1273.

Chabot V, Caldani M, de Reviers MM, and Pelletier ] (1998)
Localisation and quantification of melatonin receptors in
the diencephalon and posterior telencephalon of the
sheep brain. ] Pineal Res 24:50-57.

Chemineau P, Malpaux B, Delgadillo JA, Guerin Y, Ravault
JP, Thimonier ], and Pelletier ] (1992) Control of sheep and
goat reproduction: Use of light and melatonin. Anim
Reprod Sci 30:157-184.

Concannon P, Roberts P, Baldwin B, and Tennant B (1997)
Long-term entrainment of circannual reproductive and
metabolic cycles by northern and southern hemisphere
photoperiods in woodchucks (Marmota monax). Biol
Reprod 57:1008-1015.

Coon SL, Zarazaga LA, Malpaux B, Ravault JP, Bodin L,
Voisin P, Weller JL, Klein DC, and Chemineau P (1999)
Genetic variability in plasma melatonin in sheep is due to
pineal weight, not to variations in enzyme activities. Am
J Physiol (Endocrinol Metab 40) 277:E792-E797.

Daveau A, Chemineau P, and Malpaux B (1999) Day-night
rhythm in c-fos expression in the pre-mammillary hypo-
thalamic area of the ewe. Soc Neurosci, October 23-28,
Miami, Abstr 349-316.

Devries M], Ferreira SA, and Glass JD (1989) Evidence that
short photoperiod-induced gonadal regression in the
Mongolian gerbil is mediated by the action of melatonin
in the medial hypothalamus. Brain Res 494:241-246.

Dowell SF and Lynch GR (1997) Duration of the melatonin
pulse in the hypothalamus controls testicular function in
pinealectomized mice (Peromyscus leucopus). Biol Reprod
36:1095-1101.

Dubocovich ML (1995) Melatonin receptors: Are there mul-
tiple subtypes? Trends Pharmacol Sci