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Artificial copulomimetic cervical stimulation (CS) induces an immediate release of oxytocin (OT) and
prolactin (PRL) followed by a daily PRL rhythm characterized by nocturnal and diurnal surges. Although
we have shown that the initial release of PRL is induced by the immediate release of OT, we tested
whether the PRL that is released in response to CS is responsible for the initiation and maintenance of
the subsequent PRL surges. Thus, we injected OVX rats centrally or peripherally with ovine PRL (oPRL)
at 2200 h. Central oPRL induced PRL surges in OVX rats that were similar in size and timing to those of
CSrats, whereas peripheral oPRL induced surges that were of smaller amplitude and delayed. We then
infused a PRLantagonist (5179D, 0.1 ng/h) centrally into OVXand OVX-CS ratsand measured the release
of endogenous PRL and the activity of neuroendocrine dopaminergic neurons. Central infusion of
S179D did notinfluence basal PRLsecretion in OVX rats but prevented the expression of the CS-induced
PRL surges and the accompanying noontime increase of CS-induced dopaminergic activity when con-
tinued for 3d. However, central infusion of S179D only on the day of CS did not prevent the daily rhythm
of PRL surges. These results demonstrate that PRL acts centrally to induce the PRL rhythm and that PRL
in the brain is essential for the maintenance but not for the initiation of the CS-induced rhythmic PRL

surges. (Endocrinology 150: 3245-3251, 2009)

n rodents, the mating stimulus or stimulation of the uterine
Icervix (CS) induces a unique pattern of prolactin (PRL) secre-
tion characterized by two daily increases that recur for 10-12 d:
a nocturnal surge peaking at 0300 h and a diurnal surge peaking
at 1700 h (1, 2). These surges of PRL are necessary to rescue the
corpus luteum of the estrous cycle and prolong its ability to
secrete progesterone (3). The PRL rhythm, however, can be ini-
tiated by CS of ovariectomized (OVX) rats, indicating that ovar-
ian steroids are not required for its occurrence (4), but instead a
steroid-independent activation of several brain areas is necessary
(5). There is evidence that the stimulus is stored as a “memory”
in the brain, which allows the PRL surges to occur for several
days without reinforcement of the stimulus. This memory would
also be responsible for the reestablishment of the PRL rhythm
after a transient inhibitory disturbance of the system (6). Once
established, this memory of CS can be stored for several days
withoutany change in PRL secretion before activating the surges,
as it occurs in delayed pseudopregnancy (7).
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PRL is predominantly secreted by lactotrophs in the anterior
pituitary gland, and the major control of its secretion is inhibitory
by hypothalamic dopamine (DA), secreted by neurons in the arcu-
ate and periventricular nucleus. These neurons are anatomically
and functionally divided into three different subpopulations: tu-
beroinfundibular DA (TIDA), tuberohypophyseal DA (THDA),
and periventricular hypophyseal DA (PHDA) neurons, projecting
through different pathways to the median eminence (ME) and to the
neural and intermediate lobes of the hypophysis (NIL) (8). DA from
the three subpopulations has been shown to tonically inhibit the
lactotrophs (9), and a release from this inhibition is necessary for
PRL secretion to occur. Indeed, there is a decrease in the DA con-
centrations in hypophyseal stalk plasma (10), along with decreased
activity and DA content in DA neurons (11), corresponding to the
initiation of PRL surges induced by CS. However, administration of
concentrations of DA that mimic those of stalk blood only partially
inhibits PRL levels (12), suggesting that other factors are involved
in the control of PRL release.

Abbreviations: CS, Cervical stimulation; DA, dopamine; DOPAC, dihydroxyphenylacetic
acid; icv, intracerebroventricular; ME, median eminence; NIL, neural and intermediate lobes
of the hypophysis; oPRL, ovine PRL; OT, oxytocin; OVX, ovariectomized; PHDA, periven-
tricular hypophyseal DA; PRL, prolactin; THDA, tuberohypophyseal DA; TIDA, tuberoin-
fundibular DA.
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Among several identified factors that have the capability to
stimulate PRL secretion, oxytocin (OT) seems to play a pivotal
role. OT has been shown to stimulate PRL secretion when ad-
ministered peripherally or directly on pituitary cells in culture
(13). Antagonism of OT prevents the PRL surge on proestrus
(14). OT neurons of the paraventricular nucleus have a periodic
activity that coincides with the expected PRL surges in the CS rats
(15), and OT directly stimulates PRL-secreting lactotrophs from
CS rats through a calcium-dependent mechanism (16), suggest-
ing that OT is also involved in the control of the CS-induced PRL
secretion. Activation of OT receptors in the ventromedial hypo-
thalamus are required to establish mating-induced pseudopreg-
nancy (17); however, peripheral infusion of an OT antagonist
delayed, but did not prevent, the CS-induced PRL surges (18).
This suggests that the memory of CS was triggered and maintained
even though the rhythmic PRL surges were inhibited until the OT
antagonist was cleared from the system, as was illustrated with a
mathematical model. Thus, peripheral OT is a key element of the
PRL rhythm but is not part of the memory mechanism for CS.

These experiments raise the question of whether PRL itself
triggers the memory of CS. To address this, we first injected ovine
PRL (oPRL) into OVX rats, both centrally and peripherally.
Next, we infused a PRL antagonist (S179D) centrally into
OVX-CS rats, to see whether this would block the CS-induced
PRL rhythm. Evidence suggests that the rhythm is due to bidi-
rectional feedback between lactotrophs and hypothalamic DA
neurons (19). We therefore measured dopaminergic activity in
the ME and NIL, indicative of the activity of TIDA and THDA/
PHDA neurons, respectively. Mathematical modeling was used
to help interpret the experimental results.

Materials and Methods

Animals

Adult female Sprague Dawley rats weighing 250-300 g (Charles
River, Raleigh, NC) were kept in a Laboratory Animal Resources-care
facility, housed in groups of three in plastic cages under a 12-h light, 12-h
dark cycle (lights on at 0600 h) and controlled temperature (25 C). Food
and water were provided ad libitum. All rats were OVX bilaterally
through a single ventral midline incision under isoflurane anesthesia
(Aerrane; Baxter, Deerfield, IL) and allowed to recover for at least 1 wk.
Animal procedures used were approved by the Florida State University
Animal Care and Use committee.

Experimental design

Experiment 1: central or systemic oPRL administration

OVX rats were implanted with a guide cannula into the lateral
cerebral ventricle for intracerebroventricular (icv) administration.
After 1 wk, a catheter tubing was inserted into the jugular vein of all
animals during the morning, and oPRL or vehicle was injected icv or
systemically at 2200 h of the same day. Blood samples were with-
drawn during the next 2 d to detect the occurrence of the diurnal and
nocturnal surges of PRL.

Experiment 2: effect of central PRL antagonist infusion on
PRL secretion

OVX rats were implanted with a guide cannula into the lateral ce-
rebral ventricle for icv administration. After 1 wk recovery, rats were
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implanted into the jugular vein with catheter tubing. The icv infusion was
performed by connecting an osmotic pump directly into the guide can-
nula, starting around 1300 h, and continued for 3 d. Blood samples were
withdrawn every 2-4 h from d 1 until d 3 to detect the PRL levels.

Experiment 3: effect of central PRL antagonist infusion on
CS-induced PRL secretory rhythm

OVX rats were treated according to experiment 2. The drug infusion
started around 1200 h, 4 h before the first CS, and continued for 1 or 3 d.
CS was performed at 1700 and 0900 h in the presence of the PRL an-
tagonist. Blood samples were withdrawn according to experiment 2
times to detect the diurnal and nocturnal surges of PRL.

Experiment 4: effect of CS and PRL antagonist infusion on
the activity of DA neurons

All animals from experiments 2 and 3 were decapitated at 1200 h of
d 3, and the ME and NIL were quickly removed, frozen on dry ice, and
stored at —80 C. Concentrations of DA and its metabolite, dihydroxy-
phenylacetic acid (DOPAC), were measured in the dissected areas.

The icv cannulation

Under ketamine (Ketaset; Fort Dodge Animal Health, Fort Dodge,
IA; 49 mg/ml) and xylazine (Anased; Lloyd Laboratories, Shenandoah,
IA; 1.8 mg/ml) anesthesia (100 wl/100 g body weight), animals were
positioned in a stereotaxic apparatus with the incisor bar at —3.3 mm.
A 22-gauge guide cannula (C313G; Plastics One, Inc., Roanoke, VA) was
implanted in the right cerebral lateral ventricle (coordinates: 1.0 mm
posterior to bregma, 1.6 mm lateral to the midline, and 3.2-3.7 mm
below the outer surface of the skull). The correct vertical positioning of
the cannula in the lateral ventricle was determined by displacement of the
meniscus in a water manometer that detects pressure differences among
compartments (20). The cannula, protected with a plastic-capped man-
dril (C313DC; Plastics One), was attached to the bone with stainless-
steel screws and acrylic cement. After surgery, all rats were allowed to
recover for 1 wk in individual cages.

oPRL injections

oPRL (National Institute of Diabetes and Digestive and Kidney Dis-
eases Ovine Prolactin AFP#10677C; courtesy of Dr. Albert F. Parlow
and the National Hormone and Pituitary Program) was dissolved in 0.03
M sodium bicarbonate and 0.15 M sodium chlorate (Sigma Chemical Co.,
St. Louis, MO) (pH 10.8). For icv administration, the drug (0.15 pg/2 ul)
or its vehicle was administered under light isoflurane anesthesia via a
stainless steel needle (0.2 mm diameter) connected by PE-10 polyethylene
tubing to a Hamilton syringe (Hamilton, Reno, NV) controlled by an
injection pump (KDS100; KD Scientific, Holliston, MA) set to dispense
2 wl solution/min. After each injection, the needle was left inside the
cannula for an additional 60 sec to avoid solution reflux. The sc admin-
istration of oPRL (15 or 150 pg/ 200 wl) or vehicle was performed in
freely moving animals.

S$179D infusions

The PRL antagonist S179D PRL (21) was dissolved in sterile 0.9%
NacCl, and 100 pl of the solutions was inserted in each osmotic pump
(AP-1003D; Alzet, Durect Corp., Cupertino, CA). The pumps were con-
nected to the guide cannula and implanted sc in the back of the animal.
The drug was infused at a rate of 0.1 ng/ h for 1 or 3 d.

Cervical stimulation

The uterine cervix was stimulated with a Teflon Rod electrode (5 mm
diameter), with two platinum wires protruding from the tip. The stim-
ulation was performed twice on each rat at 1700 and 0900 h of the
following day and consisted of two consecutive trains of electric current
of 10 sec duration (rectangle pulses, 1 msec of 25 V at 200 Hz). This
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stimulation has been used in our laboratory to initiate pseudopregnancy,
characterized by a daily PRL rhythm (11, 18, 22).

Jugular vein catheter implantation and blood samples

On the day before the experiment, rats were anesthetized with isoflu-
rane and a catheter tube (Micro-Renathane; Braintree Scientific, Brain-
tree, MA) filled with sterile saline (0.9% NaCl; Teknova, Hollister, CA)
was inserted through the external jugular vein into the right atrium, fitted
subcutaneously and exteriorized at the back of the animal, as previously
described (23). All the stainless-steel surgical instruments were soaked in
chlorhexidine disinfectant (Novalsan; Fort Dodge Animal Health) until
surgery. After surgeries, the catheter tube was filled with gentamicin
sulfate (Alexis, San Diego, CA) to prevent bacterial growth and to main-
tain catheter patency (24). In the morning of the experiment day, an
extension of Micro-Renathane tubing (MRE-040, 0.040 outer diameter
%0.025’ inner diameter; Braintree), filled with saline, was connected to
the jugular catheter, and the rats were left undisturbed in their cages.
Blood samples of 300 ul were withdrawn into plastic heparinized sy-
ringes, and the same volume of sterile 0.9 % NaCl was injected through
the catheter immediately after removal of each blood sample.

RIA

Blood samples were centrifuged at 1200 X g for 15 min at 4 C; the
plasma was separated and frozen at —20 C until assayed. Plasma PRL
was determined by double-antibody RIA using a kit provided by the
National Institute of Diabetes and Digestive and Kidney Diseases
(Bethesda, MD). The antiserum for PRL was antirat PRL-S9 and the
reference preparation PRL-RP3. The lower limit of detection was 0.10
ng/ml, and the intra and interassay coefficients were less than 5 and 15 %,
respectively. oPRL does not interfere with this assay.

HPLC with electrochemical detection

The ME and NIL samples were thawed, homogenized, and sonicated
in 0.2 M perchloricacidand 0.1 mM EDTA. The samples were centrifuged
(20 min at 8000 X g). The supernatant was filtered through a 0.2-mm
nylon microfiltration unit (Osmonics, Livermore, CA) and placed into
autosampler vials, and the concentrations of DA and DOPAC were mea-
sured in the brain areas by HPLC with electrochemical detection, as
previously described (18). Briefly, 20 ul of each sample was injected into
the HPLC system by an autoinjector (model 542 autosampler; ESA, Inc.,
Chelmsford, MA). Separation was performed at 28 C ona 150- X 3-mm
C18 column (MD-150, 3 wm; ESA). The mobile phase consisted of 75
mM sodium dihydrogen phosphate monohydrate (EM Science, Gibbs-
town, NJ), 1.7 mM 1-octane sulfonic acid (Fisher Scientific, Pittsburgh,
PA), 25 uM EDTA (Fisher Scientific), and 6% acetonitrile (EM Science),
titrated to pH 3.0 with phosphoric acid (Fisher Scientific). The pump
(LC-20AD; Shimadzu, Kyoto, Japan) flow was 400 ul/min, and the de-
tector (ESA Coulochem II) potential was —65 vs. =225 mV. The change
in current on the second analytical electrode was measured by a coulo-
metric detector and recorded using EZStart 7.3 SP1 (Shimadzu). DA and
DOPAC were identified on the basis of their peak retention times. The
amount of catecholamine in all sample peaks was estimated by compar-
ison with the area under each peak for known amounts of each. The
sensitivity of the assay was 15.6 pg DA and DOPAC. The intraassay
coefficient of variation was less than 5% for DA and DOPAC.

Statistical analysis

Data are expressed as mean + SEM. Statistical differences were de-
termined by two-way ANOVA followed by the Bonferroni post hoc test.
Comparisons among times within the same experimental group were
analyzed by one-way ANOVA followed by the Newman-Keuls post hoc
test. P < 0.05 was considered statistically significant.
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Results

oPRL administration stimulates the PRL secretory rhythm
in OVX rats

To determine whether PRL could trigger its own secretory
rhythm, we injected oPRL systemically or centrally to OVX an-
imals at 2200 h. This time point was chosen to mimic the PRL
surge observed after a single OT injection in OVX animals,
which induced the PRL secretory rhythm (25). Serum PRL levels
were measured by a specific RIA that does not detect oPRL.
Figure 1A shows that the icv injection of vehicle did not change
basal levels of PRL in OVX rats. However, one single icv injec-
tion of oPRL at 2200 h of d 0 was able to induce a PRL secretory
rhythm, increasing the plasma PRL concentrations at the times
corresponding to the nocturnal (0300 h) and diurnal (1700 h)
surges of CSratsond 2 (P < 0.05)and d 3 (P < 0.001 and P <
0.01). When oPRL was injected systemically (Fig. 1B), only the
higher dose used (150 pug) was able to induce a PRL secretory
rhythm (P < 0.05 for 1700 h of d 2 and 0300 h of d 3, and P <
0.01 for 1500 h of d 3). The PRL surges induced systemically,
however, were of smaller magnitude when compared with the
central-induced PRL surges (around 50 vs. 200 ng/ml, respec-
tively). They also began later than the centrally induced PRL
surges (at 1700 h of d 2 vs. 0300 h of d 2).

Central infusion of the PRL antagonist does not
influence basal PRL secretion

To determine whether central infusion of a PRL antagonist
interferes with basal PRL secretion, we infused $179D into the
lateral ventricle of OVX rats without any other stimulus. Figure
2 shows basal levels of PRL secretion in control OVX rats and in
rats infused with the PRL antagonist into the lateral ventricle for
3 d. The infusion of S179D does not interfere with the basal
secretion of PRL.

Continuous central infusion of the PRL antagonist
prevented the expression of the CS-induced PRL
secretory rhythm

The PRL antagonist was centrally infused in CS OVX rats,
starting 5 h before the CS and continuing during the duration of
the experiment (3 d) to determine whether the absence of central
PRL action would interfere with the expression of the PRL se-
cretory rhythm. In another set of animals, the drug was admin-
istered over a shorter time window (1 d), before and during CS
on d 0 to investigate whether the absence of central PRL action
would interfere with the establishment of the PRL secretory
rhythm. In control OVX CS rats, PRL levels were elevated at
0300 hand 1700 hof d 2 (P < 0.01) and at 0300 hof d 3 (P <
0.001). These are time points at which the nocturnal and diurnal
surges normally occur. The PRL antagonist infusion for 3 d pre-
vented the expression of the CS-induced PRL surges (Fig. 3A).
However, when the S179D was infused for only 1 d (at the time
CS was performed), the drug did not block the PRL secretory
rhythm induced by CS (Fig. 3B).
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but not when applied for 1 d. The same effects of
CS and S179D infusion were observed in the
NIL (Fig. 4B), with a higher DOPAC/DA ratioin
CS rats and prevention of this increase after
$179D infusion for 3 d.

Interpretation of data through
mathematical modeling
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i neurons (26) form a feedback cycle. Because
the stimulatory feedback of PRL onto DA neu-
ronsis delayed for up to several hours (27, 28),
T this cycle has the potential for oscillations. We
have developed a mathematical model based
on the hypothesis that this feedback cycle is
the engine for the CS-induced PRL rhythm
(18, 19). In this model, the PRL-DA cycle
alone produces two PRL surges per day after

CS (Fig. 5). Other elements of the full model,

T L)
2Zh 12h
Time (h x 10%)
+ F

L such as the effects of OT and vasoactive in-

testinal polypeptide, are not included in Fig. 5

oPRL
Day 0

Day 2

FIG. 1. The icv or systemic oPRL administration initiates a daily PRL secretory rhythm. OVX rats were
injected with oPRL or vehicle icv (0.15 ug) (A) or oPRL systemically (15 or 150 ug) (B) at 2200 h of d 0
(arrow). Blood samples were withdrawn during the next 2 d to determine the presence of the PRL
diurnal and nocturnal surges (n = 5-11). Data are presented as mean = sem. #, P < 0.05; ###, P <
0.001 vs. vehicle-injected group at the same time point. *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs.

basal PRL on 2100 h of d 1 in the same experimental group.

Continuous central infusion of the PRL antagonist
prevented the CS-induced noontime increase of DA
neuron activity

The activity of hypothalamic DA neurons was accessed at
noon of d 3, motivated by previous results from our group that
showed a decrease in DA neuronal activity at 0300 and 1700 h
and an increase at 1200 h after CS in OVX rats (18). The
DOPAC/DA ratio was measured in the ME and in the NIL as an
index of DA activity of the TIDA, THDA, and PHDA neurons,
respectively. As before (18), CS induced an increase in the
DOPAC/DA ratio at 1200 h in the ME of both control CS rats (Fig.
4A). S179D infusion prevented this increase when applied for 3 d

Day 3

so as to focus on PRL-DA interactions.

Before CS, the model system is at a steady
state. The CS triggers a long-lasting memory
response that results in partial inhibition of
DA neuron activity. That s, the constant stim-
ulatory drive to the model DA neurons (the T
parameter) is reduced after simulated CS. The
PRL-DA circuit is oscillatory as long as this
memory is maintained (Fig. 5, solid curves). The morning PRL
surge causes a delayed surge of DA neuron activity at about
noon, as shown experimentally in Fig. 4. This elevated DA in-
hibits PRL secretion, but a surge of PRL secretion occurs later in
the afternoon when the DA neuron activity returns to a low level.
Thus, the surges in PRL and the surges in DA activity are de-
pendent upon, and out of phase with, each other.

A PRL receptor antagonist will have one effect, and possibly
two, on the system. First, the antagonist will sever the stimula-
tory pathway from PRL to the DA neurons. Figure 5 (dashed
curves) shows a model simulation where this feedback is severed.
The CS causes a reduction in DA neuron ac-
tivity, so the PRL level is elevated. However,
the elevated PRL has no influence on the DA
neurons due to the antagonist blockade of
PRL receptors on DA neurons, so no rhythm
is produced. The DA level is not elevated at
noon, because this elevation is an integral part
of the PRL rhythm. These model results are
consistent with the data in Figs. 3A and 4.

If the trigger for the CS memory requires a
| direct action of PRL, then a second effect of
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FIG. 2. The icv infusion of a PRL antagonist has no effect on basal PRL levels. PRL antagonist (S179D,
0.1 ng/h) was infused into the lateral cerebral ventricle of OVX rats beginning approximately at 1200 h
of dy 0. Blood samples were withdrawn for the next 2 d to monitor the basal PRL level (n = 5-11). Data

are presented as mean = SEm.

the antagonist will be the elimination of the
memory. Thus, no PRL rhythm will occur.
The fact that a PRL antagonist applied only
for 1 d at the time of cervical stimulation did
not preclude induction of a PRL rhythm (Fig.
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of pseudopregnancy. We point out that these
are separate processes, and central PRL may
be important for some, but not necessarily all.
Earlier experiments demonstrated that pseu-
dopregnancy can be induced by injecting PRL
peripherally in cycling rats, but several sys-
temic PRL injections were necessary to suc-
cessfully induce pseudopregnancy (30, 31).
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=&~ Control .. . . .
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g o (32). Moreover, implantation of PRL into the

B 1004 ME has been shown to suppress PRL release

E and terminate pseudopregnancy (33) and

& 504 pregnancy (34). Thus, although in our data

v oy W the PRL injection disrupts the steady-state of
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§179D ) ) ) ) may perturb the oscillatory PRL-DA circuit

Day 0 ' Day 2 ' Day3 created by CS and in this case terminate the

FIG. 3. Effect of icv PRL antagonist infusion on CS-induced PRL secretory rhythm. All animals were cervically
stimulated at 1700 h of d 0 and 0900 h of d 1. OVX rats were infused with PRL antagonist (5179D, 0.1 ng/h)
beginning around 1200 h of d 0. $179D infusion was maintained for 3 d (A) or 1 d (B). Blood samples were
withdrawn during the next 2 d to observe the PRL diurnal and nocturnal surges (n = 5-11). Data are
presented as mean = sem. #, P < 0.05; ###, P < 0.001 vs. vehicle-injected group in the same time. *, P <
0.05; **, P < 0.01; ***, P < 0.001 vs. basal PRL on 2100 h of d 1 in the same experimental group.

3B) argues against a direct role for PRL as a trigger for the
memory.

Discussion

The present experiments provide additional information about
the mechanism and factors involved in the rhythmic PRL secre-
tion induced by CS. We showed that a single PRL injection is able
to induce a PRL secretory rhythm in OVX rats. A much smaller
dose of PRL was required to induce the PRL surges when ad-
ministered centrally than when administered peripherally, sug-
gesting that endogenous PRL acts primarily on the brain to affect
its own secretory rhythm. Central infusion of a PRL antagonist
demonstrated that the presence of PRL in the brain is essential for
the maintenance of the CS-induced PRL rhythm but not for its
initiation. The fact that the blockade of PRL receptors in the
brain did not prevent the initiation of the CS-induced PRL surges
suggests that an elevated PRL level in the brain is sufficient, but
not necessary, to trigger the PRL rhythm. Thus, although central
PRL infusion is sufficient to start the rhythm, the rhythm can also
be started by CS with the effects of central PRL antagonized.
It is well known that peripheral PRL is the major luteotropic
stimulus that transforms the corpus luteum of the estrous cycle
into the corpus luteum of pseudopregnancy, prolonging its abil-
ity to secrete progesterone and support implantation and preg-
nancy (29). A central PRL action has previously been suggested
to be involved with the initiation, maintenance, and termination

surges.

The past experiments in which injections
of PRL were able to initiate pseudopregnancy
in cycling animals suggested that PRL induced
an increase of progesterone secretion, and this
increase required PRL treatment to be contin-
ued during the first 4 d after estrus (31). A single progesterone
injection can also induce pseudopregnancy (35), but we bypassed
the influence of ovarian steroids by using OVX animals and were
able to induce the PRL secretory rhythm with a single PRL in-
jection. The fact that a much higher concentration of PRL was
required when injected peripherally suggests that a small fraction
of the oPRL injected sc was transported to the brain to initiate the
rhythm in OVX rats. This hypothesis is supported by other ex-
periments that demonstrate that oPRL is functionally effective in
the brain, after icv injections (36-39). PRL is actively trans-
ported from the blood into the cerebrospinal fluid by PRL re-
ceptors in the choroid plexus (40-42) so that PRL concentra-
tions in cerebrospinal fluid reflect changes in plasma PRL levels
(43). Another possibility for the origin of the PRL in the brain
would be a local production, because there is evidence that PRL
is produced by neurons and may act as a neurohormone to mod-
ulate hypothalamic function (44-46).

To inhibit the central effects of PRL, we used the PRL antag-
onist S179D, a mutant mimic of the phosphorylated PRL (21).
Although S179D has been described to act as an agonist at higher
concentrations (47), the dose used in this study (0.1 ng/h) has
been experimentally shown to act as an antagonist (48).

The central infusion of S179D into OVX rats did not influ-
ence basal PRL secretion. The absence of a change in PRL after
antagonist administration in control animals suggests that the
antagonist was not able to block the tonic stimulatory action of
PRL in DA neurons. However, S179D infusion for 3 d in CS rats
totally blocked the expression of the PRL secretory rhythm. This
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presented as mean = sem. Different letters represent statistical differences
between groups (P < 0.05).

suggests different regulation of basal and CS PRL rhythms. The
ability of S179D to block the CS rhythm demonstrates that the
presence of PRL in the brain is fundamental for the maintenance
of this rhythm. This supports the hypothesis that the DA-PRL
feedback loop is the mechanism for the CS-induced PRL rhythm
(Fig. 5). The administration of the PRL antagonist probably pre-
vented the PRL feedback onto DA neurons, inhibiting the ex-
pression of the rhythm. Activation of the TIDA neurons by PRL
requires activation of the Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) pathway (28, 49), and this
pathway has been shown to be severely impaired after S179D
treatment (50). We have previously shown that DA neuronal
activity is elevated at 1200 h in the TIDA and THDA neurons of
OVX-CS rats, in antiphase with PRL surges (18). In our present
data, CS also increased DA activity in TIDA and THDA neurons

A

1

0.5

PRL

Time (d)

FIG. 5. Model simulation of the PRL (A) and DA (B) circuit after CS. The circuit is
oscillatory while the memory is maintained (solid curves). The PRL antagonist
administration disrupts this oscillatory pattern in PRL and DA (dashed curves).
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at the same time, but the 3-d infusion of the PRL antagonist
prevented this increase. These results confirm that the presence
of PRL in the brain is required for the maintenance of the PRL
secretory rhythm in OVX rats, and mathematical modeling sug-
gests that its primary target is hypothalamic DA neurons.

To test whether PRL release in the brain was necessary for the
initiation of the PRL surges, we infused S179D into CS-OVX rats
for 1 d on the day of CS, and blood samples were collected after
the clearance of the drug. We found that CS was able to initiate
the PRL secretory rhythm even in the presence of S179D, sug-
gesting that the PRL antagonist did not interfere with the trig-
gering of the memory of CS. In accordance with this assumption,
the infusion of S179D for 1 d did not prevent the noontime
increase in DA activity in the TIDA and THDA neurons observed
in the CS rats, demonstrating that the DA-PRL feedback loop
was not affected in these animals. Thus, a direct action of PRL in
the brain is not necessary for the initiation of the CS-induced PRL
secretory rhythm. Understanding the exact mechanism that trig-
gers the CS-induced PRL secretory rhythm requires further in-
vestigation. One possibility would be an interaction between
PRL and other neurohormones that influence PRL secretion,
such as OT.
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