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Although removal of dopamine inhibition is established as a major factor in prolactin (PRL) release,
a large body of evidence suggests that hypothalamic oxytocin (OT) may serve as a PRL-releasing
hormone in the rat. PRL release is modulated by estradiol (E2), which rises between diestrus and
proestrus of the estrous cycle, causing a PRL surge in the afternoon of proestrus. Given that E2
strongly modulates OT actions in both central and peripheral tissues, OT action on lactotrophs
might also be modulated by the stage of the estrous cycle. To test this hypothesis, we have mon-
itored PRL release and intracellular calcium levels (�Ca2��i) induced by OT in pituitary lactotrophs
obtained from female rats in either diestrus 1 or proestrus. We found that both secretory and
�Ca2��i responses to OT are significantly increased in lactotrophs obtained on proestrus. Moreover,
we show that these differences are due to an increase in both the number of OT-responding
lactotrophs and the magnitude of their individual �Ca2��i responses. Both secretory and �Ca2��i
responses were abolished by a specific OT antagonist. Finally, dose-dependent studies show that
the increased PRL-releasing effect of OT on proestrus is significant over a wide range of concen-
trations, particularly those observed in hypophyseal portal plasma. These results suggest that the
rising E2 titers that culminate on proestrus facilitate the stimulatory action of OT on lactotrophs
and support the notion that OT is a PRL-releasing hormone with an important role in the produc-
tion of the proestrous surge of PRL. (Endocrinology 151: 1806–1813, 2010)

Removal from the inhibitory influence of dopamine
(DA) is well established as a major event inducing the

releaseofprolactin (PRL)byanteriorpituitary lactotrophs
under various physiological conditions, including the
proestrous surge of PRL (1–4). In addition, stimulation of
lactotrophs by one or more hypothalamic PRL releasing
factors such as the nonapeptide oxytocin (OT) seems to be
necessary to generate PRL surges (5, 6).

A well-described anatomic and pharmacological
framework supports a physiological role for OT in the
physiological regulation of PRL secretion. First, terminals
from hypothalamic oxytocinergic neurons are found both
in the posterior pituitary (7) and the external zone of the
median eminence (8, 9). OT is released at these terminals

and is transported to the anterior pituitary through portal
vessels (10, 11). Second, there is a temporal correlation
between OT release and PRL secretion under a variety of
experimental conditions and physiological paradigms
(12–14). The concentration of OT in pituitary portal
blood reaches a peak in the afternoon of proestrus, at the
onset of the proestrous surge of PRL (15). Third, a sub-
population of lactotrophs possesses OT receptors (16–
20). Fourth, peripheral administration of OT results in
PRL release (21, 22), an effect mediated by pituitary lac-
totrophs because OT can stimulate PRL secretion from
dissociated pituitary cells (12, 21, 23–25) and increase the
intracellular calcium concentration (�Ca2��i) of identified
lactotrophs (23). Finally, passive immunoneutralization
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of endogenous OT and peripheral administration of OT
antagonists inhibit PRL surges observed in various phys-
iological conditions (12, 26, 27), including the proestrous
PRL surge (28, 29). These results support the idea that
hypothalamic OT participates in the PRL surge of proestrus
by directly stimulating pituitary lactotrophs.

The rise in estradiol (E2) concentration during the
estrous cycle decreases the inhibitory influence of DA
on lactotrophs and facilitates PRL release (6, 30). Al-
though these effects are essential for the generation of the
proestrous PRL surge (31), the multiple mechanisms of the
E2-induced facilitation of PRL release are not completely
characterized. Because OT is needed for the proestrous
PRL surge, E2 might sensitize lactotrophs to the stimula-
tory effect of OT. Here, we ask whether the responsiveness
of the lactotrophs to OT is increased after exposure to
rising levels of E2 between diestrus 1 and proestrus.

To answer this question, we compared in vitro OT-
induced responses in PRL secretion and �Ca2��i between
lactotrophs obtained from rats on the morning of diestrus
1 and lactotrophs from the afternoon of proestrus.

Materials and Methods

Chemicals
OT was obtained from Bachem Bioscience Inc. (King of Prus-

sia, PA). The selective OT antagonist desGly-NH2-d(CH2)5�D-
Tyr2,Thr4�ornithine vasotocin was obtained from GenScript
Corp. (Scotch Plains, NJ) (32). All other compounds were from
Sigma Chemical Co. (St. Louis, MO) if not otherwise specified.

Animals
Adult female Sprague-Dawley rats (�60 d of age) weighing

250–300 g (Charles River Laboratories, Raleigh, NC) were kept
in standard rat cages under a 12-h light, 12-h dark cycle (lights
on at 0600 h) with water and rat chow available ad libitum. The
stage of the estrous cycle was determined by daily vaginal smears,
taken between 0800 and 1000 h. Based on these, rats were as-
signed to either proestrus, estrus, diestrus 1, or diestrus 2. Only
rats showing at least two regular 4- to 5-d cycles were used for
the study. Experiments were performed on diestrus 1 and
proestrus. Rats in diestrus 1 were euthanized under CO2 by de-
capitation in the morning (before 1000 h), whereas those in
proestrus were killed in the afternoon by the time of the preovu-
latory surge (1700 h). All animal procedures were approved by
the Florida State University Animal Care and Use Committee.

Cell dispersion and culture
Pituitary cell dispersion was adapted from a tissue dissocia-

tion method of postnatal cortical neurons (33). Briefly, pituitar-
ies were removed on ice, separated from the neurointermediate
lobe, and placed in chambers containing freshly prepared Hanks’
balanced salt solution (HBSS) with 1.26 mM CaCl2 and 0.7 mM

Mg2� supplemented with 25 mM HEPES, 1% BSA, 100 U/ml
penicillin, and 100 �g/ml streptomycin and adjusted to pH 7.35–
7.40. Buffer was filtered through a Nalgene membrane (Fisher,

Rochester, NY) with a pore diameter of 0.22 �m. Hypophyses
were washed three times with supplemented HBSS and then cut
in 1-mm pieces. Fragments were then placed into a glass vial
containing 5 mg/ml papain (Worthington, Lakewood, NJ) and 5
�l/pituitary of 1 mg/ml deoxyribonuclease I (Worthington) in
HBSS. Pituitary explants were digested for 45 min at 37 C with
a shaking rate of 30 rpm. Afterward, fragments were dispersed
into individual cells by gentle trituration through Pasteur pi-
pettes. The resulting suspension was filtered through a 40-�m
nylon gauze and centrifuged 10 min at 600 � g and 4 C in HBSS
without calcium. Supernatant was discarded and the cell pellet
immediately resuspended in HBSS containing 1 mg/ml ovomu-
coid protease inhibitor and BSA (Worthington). A discontinuous
density gradient was prepared with a 10 mg/ml albumin-inhib-
itor solution, and the pituitary cell suspension was carefully laid
on top. After centrifugation, the cell pellet was resuspended in
medium 199 (M199) (Invitrogen, Carlsbad, CA) containing Ear-
le’s salts, 0.7 mM glutamine, 2.2 g/l sodium bicarbonate, 10%
fetal bovine serum, 100 U/ml penicillin, and 100 �g/ml strepto-
mycin. An aliquot of cellular suspension was taken to quantify
hypophyseal cell yield, using a Neubauer chamber. Viability of
cells, determined by trypan blue exclusion, was 95% or higher.
Anterior pituitary cells were cultured as mixed cells or enriched
lactotrophs in M199. A Percoll discontinuous density gradient
procedure was used to obtain enriched lactotrophs (see below),
and their further identification in single-cell studies was achieved
through the addition of TRH (34). Experiments were performed
1 d after harvesting. Pituitary cells retain their in vivo-imprinted
physiological status when cultured in vitro (35–39).

Lactotroph enrichment
We used the purification protocol originally described in Ref.

40. Briefly, 2-ml layers of Percoll at densities of 70, 60, 50, and
35% (from bottom to top) were sequentially added to a 15-ml
Falcon tube. Freshly dispersed pituitary cells (up to 8 million in
2 ml) were then placed on top of this gradient. After 20 min,
centrifugation at 600 � g, the cells at the interface between the
50% and the 35% layers were washed in M199 and centrifuged
for 10 min at 600 � g, resuspended, counted, plated on 1.5 glass
coverslips (0.4 million per coverslip) in 35 mm Petri dishes and
cultured for one day in M199 with 10% fetal bovine serum. The
percentage of lactotrophs obtained after enrichment was esti-
mated using immunofluorescence labeling of lactotrophs with a
goat anti-PRL antibody (C-17, dilution 1:500; Santa Cruz Bio-
technology, Santa Cruz, CA) followed by a mouse antigoat an-
tibody conjugated with cy-3 (dilution 1:1000; Jackson Immuno-
Research Laboratories, West Grove, PA). About 70–85% of the
cells in lactotroph-enriched cultures were PRL positive. By com-
parison, cultures from cells obtained at the interface between the
70 and 60% density layers (enriched in somatotrophs) (40) con-
tained less than 10% of PRL-positive cells.

Measurements of PRL release from perifused
pituitary cells

Hormone secretion was monitored using cell column perifu-
sion experiments. Briefly, 4 � 106 anterior pituitary cells were
incubated with preswollen Cytodex-1 beads in a 35-mm petri
dishes for 18 h. The beads were then transferred to 0.5-ml cham-
bers and perifused with HEPES-buffered saline solution (HBS)
containing 25 mM HEPES, 138 mM NaCl, 5 mM KCl, 10 mM

�-D-glucose, 0.7 mM sodium phosphate, 1 mM MgCl2, 2 mM
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CaCl2, 0.1% BSA, 100 U/ml penicillin, and 100 �g/ml strepto-
mycin for 2.5 h at a flow rate of 0.5 ml/min and at 37 C to
establish stable basal secretion. Fractions were collected in 1-min
intervals, stored at �20 C, and later assayed for PRL content
by RIA.

Rat PRL RIA
Concentrations of PRL were measured with a rat PRL RIA kit

as previously described (41). Rat PRL standards and antiserum
were supplied by Dr. Albert Parlow through the National Hor-
mone and Pituitary Program (Torrance, CA). 125I was purchased
from PerkinElmer Life Sciences (Shelton, CT) and used to pre-
pare PRL tracer by the chloramine T method. Results are ex-
pressed in terms of PRL reference preparation RP-3. The lower
limit of detection for PRL was 0.10 ng/ml. The intraassay coef-
ficient of variation was 5%.

Measurements of [Ca2�]i in individual lactotrophs
After 1 d in culture, enriched lactotrophs were rinsed once

with HBS (without BSA) and then incubated in HBS containing
2 �M fura-2-AM (Molecular Probes, Carlsbad, CA) for 40 min
at 37 C. The cells were then rinsed three times with HBS, and the
coverslip was transferred into a recording chamber (RC-40;
Warner Instruments, Hamden, CT) (volume �0.4 ml) on the
stage of an inverted microscope and continuously perfused with
HBS at room temperature. Drugs (OT, 10�7 M; TRH, 10�7 M)
were bath applied for periods of 2 min.

Recordings were started 15 min after loading with fura-2.
Cells were illuminated every 2 sec with 340- and 380-nm light
beams (15–50 msec exposure each) from a 175-W xenon light
source (DG4; Sutter Instrument, Novato, CA). Light intensity
was decreased by 90% before reaching the cells. Light focus-
ing and imaging was through a �40, 0.9 NA objective (Nikon
Instruments, Melville, NY). The light passed through an emis-
sion filter centered around 510 nm (Chroma Technology,
Rockingham, VT), and images were acquired with a 12-bit
CCD camera set to 8 � 8 binning, controlled by TI Workbench
software developed by T. Inoue. Regions of interest (ROI)
were drawn around selected cells (healthy cells that were not
superimposed on other cells), and one background ROI was
drawn in an empty area. For each ROI, a ratio r was calculated
by averaging pixel values within each ROI for each excitation
wavelength and dividing the values obtained after back-
ground subtraction: r � (ROI340 � ROI-background340)/
(ROI380 � ROI-background380).

Lactotrophs were identified as the TRH-responsive cells (42,
43). To check the accuracy of this criterion, we identified the
PRL-positive cells with immunofluorescence, as described above,
after two experiments (141 cells). Fewer than 5% of TRH-re-
sponsive cells were not PRL positive. Moreover, only 2% of
PRL-positive cells failed to respond to TRH. TRH was also used
as a control response because of the well defined lactotroph re-
sponse to TRH.

Calculations and statistical analyses
Hormone secretion data were plotted as representative traces

from at least six independent experiments. Absolute PRL con-
centrations (in nanograms per milliliter) were plotted as a func-
tion of time (minutes). For the dose-response curve and compar-
ative analysis, secretion data are expressed as the area under the

curve (AUC) means 	 SEM. The AUC measured the first 6 min of
the secretion response, and is defined as follows:

auc � 100�
i �1

6 Ni � mB

mB

where Ni is the PRL concentration in fraction i and mB is the
mean basal value during the six fractions that preceded the time
of stimulation.

AUC values for each group (diestrus 1 and proestrus) were
analyzed by the nonparametric Kruskal-Wallis test to evaluate
significance of the dose-dependent effect within each group. All
concentrations were independently tested at least six times, ex-
cept for 10�2 and 10�3 M OT (n � 4), which were pooled to-
gether to obtain the saturation level. Concentration-dependent
effects of OT on PRL release were further analyzed by nonlinear
regression analysis, and dose-response curves were fitted to four-
parameter sigmoid curves with ALLFIT 2.6 and GraphPad Prism
4 software, each producing comparable results. The curve that
gave the highest R2 (regression coefficient) with the lowest pos-
sible Syx (SD of the residuals) was selected. The concentration at
which the agonist displays half-maximal effect (EC50) is com-
puted with its 95% confidence interval (CI).

Two-tailed comparisons of secretion responses for each ag-
onist concentration and basal values between diestrous 1 and
proestrous groups were performed by the nonparametric Wil-
coxon test. Likewise, comparisons of the percentage of respond-
ing cells and amplitude of intracellular calcium responses be-
tween diestrus 1 and proestrus were assessed using the same test.
Data are thus presented as box plots showing median, interquar-
tile range, and full range. For all statistical comparisons,P 
 0.05
was considered significant; however, exact P values are provided
when appropriate.

Results

The PRL-secretory and Ca2� response to OT differs
in lactotrophs obtained from diestrous and
proestrous rats

OT (100 nM) transiently stimulated PRL secretion in
perifused anterior pituitary cells from both diestrus 1 (Fig.
1A) and proestrus animals (Fig. 1B); however, the PRL-
releasing effect of OT in cells obtained from the latter
group was much stronger. This was quantified by calcu-
lating the AUC (see Materials and Methods) of the re-
sponse for 6 min after agonist application. We observed
that the responses obtained with cells from proestrus an-
imals were significantly larger than the responses from
diestrus 1 animals (Fig. 1C, P 
 0.01). Similarly, OT (100
nM) evoked increases of intracellular Ca2� in lactotroph
cells (identified as TRH-responding cells) obtained from
both diestrous 1 (Fig. 1D) and proestrous (Fig. 1E) ani-
mals. The responses shown are averaged over all lac-
totrophs in a field of view. Consistent with our results in
PRL secretion, the size of the Ca2� response over the first
6 min was greater at proestrus (Fig. 1F, P 
 0.0005).
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Specificity of the PRL-secretory and Ca2� response
to OT

To ensure the specificity of the PRL and Ca2� responses
to OT, perifused anterior pituitary cells were stimulated
with OT in the presence of desGly-NH2-d(CH2)5�D-
Tyr2,Thr4�ornithine vasotocin, a selective OT receptor an-
tagonist (OTA) (32), at a concentration of 100 �M. This
concentration of OTA in blood circulation was sufficient
to block PRL surges in ovariectomized (OVX) animals
induced by either cervical stimulation (27) or by E2 injec-
tion (26). The presence of OTA abolished both release of
PRL (Fig. 2A) and intracellular Ca2� increase (Fig. 2B) in
response to bath application of OT (100–1000 nM) but did
not significantly affect the responses to TRH (Fig. 2). In
additional studies, we observed that 1 �M OTA could still
abolish the PRL-releasing effect of 100 nM OT (not

shown). As additional evidence of the specificity of OT
actions on lactotrophs, sub-micromolar concentrations of
the related peptide arginine vasopressin did not evoke PRL
release (not shown).

The physiological basis for the estrous cycle
modulation of OT responses in lactotrophs

The increased response to OT on proestrus could be due
to an increased fraction of lactotrophs responsive to the
nonapeptide or an increase in their individual responses.
To test these two possibilities, we compared the fraction of
OT-responding lactotrophs and the size of their individual
Ca2� responses between diestrus 1 and proestrus.

Figure 3A shows that the fraction of lactotrophs re-
sponding to OT was significantly greater on proestrus
(P 
 0.0005). Typically, just under 50% of the lactotrophs
responded to OT on diestrus 1, but on proestrus, more
than 70% were stimulated by the nonapeptide. The frac-
tion of TRH-responsive cells in our lactotroph-enriched
population was similar on diestrus 1 and proestrus (Fig.
3B, P � 0.85). Figure 3C shows that the OT-induced re-
sponses were greater in lactotrophs obtained on proestrus
than diestrus 1. That is, the median response was larger in
proestrous cells, as were the responses of the middle 50%
of cells in the distribution (P 
 0.015). By comparison, the
individual responses to TRH were not significantly larger
on proestrus (Fig. 3D, P � 0.13). Thus, both the fraction
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FIG. 1. Comparison of the responses of lactotroph populations to OT
at diestrus 1 and proestrus. A, OT application (100 nM for 10 min,
horizontal bar) evokes a modest PRL increase in diestrus 1. Samples
were collected every minute. B, OT application evokes a stronger PRL
increase in proestrus. C, Box plots of the size of the PRL release in
diestrus 1 (n � 7 experiments) and proestrus (n � 10). PRL release was
normalized relative to the basal level and summed over 6 min (AUC).
There is a significant difference between diestrus 1 and proestrus
(*, P 
 0.01). D, OT application (100 nM for 2 min, horizontal bar)
evokes a modest �Ca2��i increase on diestrus 1. Ratios were collected
every 2 sec. E, OT application evokes a stronger �Ca2��i increase on
proestrus. F, Box plots of the size of the �Ca2��i increase in diestrus 1
(n � 9) and proestrus (n � 9). Ratios were averaged over all TRH-
responsive cells in a given experiment. The mean increase relative to
baseline, over the first 6 min of this averaged response, was then
computed and expressed as a percentage. Box plots show the median
(middle bar), interquartile range (box), and range (whiskers). The
difference between diestrus 1 and proestrus is significant
(*, P 
 0.0005).
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(upper panel), both OT (1 �M) and TRH (100 nM) evoke an increase in
the rate of PRL release. In the presence of the OTA (lower panel), there
is no increase in PRL release after OT application (significantly different
from the control response to OT, P 
 0.03; n � 4). Samples were
collected every minute. B, In control conditions (upper panel), both OT
(100 nM) and TRH (100 nM) evoke an increase in intracellular free
calcium (�Ca2��i), measured as the fura-2 ratio. In the presence of OTA
(lower panel), the calcium response to OT is abolished (average over 39
cells, response is significantly lower than in control, P 
 0.0004). Cells
were obtained from proestrus animals.
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of lactotrophs responding to OT and the size of their in-
dividual responses is increased on proestrus.

The findings above suggest that the PRL-releasing ef-
fect of OT in pituitary lactotrophs is modulated by the
stage of the estrous cycle. To further address this hypoth-
esis, we conducted dose-response experiments. Figure 4
shows the dose-response relationship for the PRL-releas-
ing effects of OT in lactotrophs obtained at diestrus 1 and
proestrus. OT stimulated PRL release from perifused cells
in a dose-dependent manner (P 
 0.0001) in both exper-
imental groups, as previously reported for lactotrophs ob-
tained from animals in different physiological states (12,
25, 28).

When the PRL-releasing effect at each concentration of
the nonapeptide was compared between the diestrous 1
and proestrous groups, it was found that the latter group
evoked the greatest responses, and the difference was sig-
nificant (two-tailed Wilcoxon test) over a wide range of
OT concentrations, 1 nM through 100 �M (Fig. 4). At the
lowest OT concentration in this range (1 nM), the PRL
response was above the basal level only in cells from
proestrus animals. This threshold OT concentration is
close to estimates of the affinity of pituitary OT receptors
from estrogen-treated female rats (19). For OT concen-

trations at saturation levels (above 100 �M), responses
were no longer statistically different between the groups.

Nonlinear regression analysis further characterized the
differential secretory response of lactotrophs to OT. Anal-
ysis showed that the OT-induced PRL release in lac-
totrophs obtained on diestrus 1 and proestrus could be
best fit by two different (P 
 0.0201) sigmoid curves (Fig.
4), with an estimated EC50 of 4.24 �M for diestrus 1 and
0.57 �M for proestrus. In the same conditions, TRH stim-
ulated the secretion of PRL with an EC50 of 6.05 nM from
the same cell cultures (not shown), consistent with previ-
ous reports (45).

Discussion

It has previously been shown that OT stimulates PRL se-
cretion in vitro in cultures of rat anterior pituitary cells
from males (21, 24, 28), randomly cycling and estrogen-
primed females (25), and lactating and E2-primed OVX
females (12). More recently, our lab has shown that bath
application of OT to purified lactotrophs obtained from
OVX female rats elevates intracellular Ca2� levels and
stimulates PRL secretion (23). The present work shows
that the effects of OT on PRL secretion and intracellular
Ca2� are significantly greater in lactotrophs obtained
from rats in proestrus than in diestrus 1. This is the first
reported demonstration of a physiological modulation of
the lactotroph sensitivity to the action of OT.

The anterior pituitary also expresses vasopressin V1b

receptors (19), which can bind OT (46). However, argi-
nine vasopressin at sub-micromolar concentrations failed
to elicit a PRL response, as previously reported (21, 47).
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FIG. 3. Comparison of the intracellular calcium responses of individual
cells at diestrus 1 and proestrus. A, Fraction of lactotrophs (i.e. TRH-
responding cells) responding to OT (100 nM) in lactotroph-enriched
preparations. There is a significant difference between diestrus 1 and
proestrus (*, P 
 0.0005). B, Fractions of TRH-responding cells in
lactotroph-enriched preparations. There is no significant difference
between diestrus 1 and proestrus (P � 0.85). C, Response amplitude
to OT (100 nM) relative to baseline, computed over the first 6 min for
each individual OT-responding lactotroph and then averaged over the
cells. The difference between diestrus 1 and proestrus is significant
(*, P 
 0.015). D, The response amplitude to TRH (100 nM) shows no
significant difference between diestrus 1 and proestrus (P � 0.13). All
panels were obtained from the same data set (diestrus 1, n � 9;
proestrus, n � 9 experiments).

FIG. 4. Dose-response curves of the PRL-releasing effect of OT in
perifused anterior pituitary cells from female rats during diestrus 1 (E)
and proestrus (F). Results are shown as normalized AUC means 	 SEM

from at least six independent experiments, except for 10�2 and 10�3 M

OT (n � 4), which were pooled together to obtain the saturation level.
*, Statistically significant differences (P 
 0.05) between the two
experimental groups for the same concentration of agonist. P values
were as follows: OT 10�9 M, 0.012; 10�8 M, 
0.0001; 10�7 M, 0.021;
10�6 M, 0.0031; 10�5 M, 0.027; 10�4 M, 0.022. Continuous lines
represent the best fit curve for each experimental group. Regression
curves were calculated and EC50 values determined as described in
Materials and Methods: for diestrus 1, EC50 4.24 �M (95% CI � 2.79–
6.44 �M), for proestrus, EC50 0.57 �M (95% CI � 0.16–2.03 �M).
Mean basal values were 38.8 	 1.3 and 51.1 	 1.8 ng/min for
diestrus 1 and proestrus, respectively (P 
 0.0001).
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Also, �Ca2��i and secretion responses of lactotrophs to the
nonapeptide were abolished by a highly specific OT an-
tagonist. Although the relatively high concentration of
OTA used (micromolar) could have blocked vasopressin
receptors, the antagonist has been reported to have a very
low affinity for these receptors (18). This is consistent with
the findings that vasopressin receptors are confined to cor-
ticotrophs and possibly thyrotrophs, whereas lactotrophs
express OT receptors (16, 18, 20). Thus, the lactotroph
responses reported here are specifically mediated by OT
receptors.

Data from Ca2� imaging experiments also indicated
that the lactotroph’s average response to OT was signif-
icantly up-regulated in cells obtained on proestrus, com-
pared with diestrus 1. An analysis of individual cell re-
sponses revealed that such a difference was due to an
increase of both the fraction of lactotrophs responsive to
OT and the size (amplitude) of the individual calcium re-
sponses. This could be due to an increase in the number of
OT receptors expressed per lactotroph in addition to an
increase in the number of OT receptor-positive lac-
totrophs. Both are consistent with data showing that E2
up-regulates the expression of OT receptors in the anterior
pituitary (16, 18, 19, 26, 48).

The enhanced intracellular Ca2� response of proestrous
lactotrophs to OT was reflected in the increased PRL-re-
leasing effect of the nonapeptide that was observed in this
stage. This was shown by a left shift of the dose-response
curve of the PRL-releasing effect of OT in cells obtained on
proestrus, resulting in a decrease of almost one order of
magnitude of the concentration at which OT displayed
half-maximal effect. Importantly, the augmented stimu-
latory effect of OT on PRL secretion in proestrus was
observed at a wide range of agonist concentrations (1 nM

to 100 �M) that includes those reported in rat portal blood
(1–10 nM) (10, 11). This suggests that the up-regulation of
OT action on lactotrophs is physiologically significant.

The observed left shift of the dose-response curve in
cells obtained on proestrus suggests that the ovarian ste-
roids do more than modulate the number of OT receptors
expressed in lactotrophs, which by itself would leave the
EC50 unaltered. E2 has been reported to regulate the de-
sensitization of OT receptors (49) as well as their coupling
to downstream signaling pathways (50, 51). Gonadal ste-
roids are well-established modulators of the sensitivity of
anterior pituitary cells to hypothalamic neurohormones
(36), often targeting postreceptor events (52, 53) and
mechanisms controlling intracellular Ca2� concentration
(54–57). The nature of steroid-induced modulations is not
only cell specific but also receptor specific, because E2
affects the response of lactotrophs to TRH and DA by

changing the number of surface receptors, while leaving
their EC50 unaltered (45).

The withdrawal of DA due to E2 could also have po-
tentiated the PRL-releasing action of OT. This seems un-
likely, however, because DA withdrawal has been shown
to potentiate the PRL-releasing activity of TRH (3). If a
decrease in DA concentration had been an important fac-
tor in the sensitization of the lactotrophs in proestrus,
we should have also observed significantly enhanced re-
sponses to TRH.

Actions of OT are generally preceded by an increase in
the responsiveness of the target tissue. In the uterus, myo-
metrial cells are sensitized to the contractile effect of OT
just before parturition (58–60). In the mammary gland,
OT binding sites gradually increase throughout gestation
and remain up-regulated during the ensuing lactation pe-
riod (61). We now provide direct in vitro evidence that
pituitary lactotroph cells are sensitized to the stimulatory
effect of OT through specific OT receptors in the after-
noon of proestrus. This OT-specific sensitization of lac-
totrophs in proestrus occurs in synchrony with the rise of
OT concentrations in portal plasma and the decrease of
dopaminergic input and action at the anterior pituitary,
which are key events for the generation of the proestrous
PRL surge. The coincidence of these events ensures the
proper timing of the PRL surge. In addition, because OT
plays additional roles in the regulation of ACTH (62), LH
(63), and possibly GH release (44), the decreased respon-
siveness of lactotrophs to OT on diestrus may allow the
nonapeptide to perform other actions without evoking a
large PRL release. Taken together, the present results pro-
vide a strong foundation for the role of OT as a physio-
logically relevant PRL-releasing hormone. They call for
additional experiments characterizing the intracellular
pathways activated by OT in lactotrophs and how these
might be modulated by ovarian steroids.
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