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Abstract Prolactin is an anterior pituitary hormone nec-

essary for fertility, pregnancy maintenance, lactation, and

aspects of maternal behavior. In rodents, there is a surge of

prolactin on the afternoon of proestrus, and a semi-circa-

dian pattern of prolactin surges during early pregnancy,

with a diurnal and nocturnal surge every day. Both of these

patterns can be replicated in ovariectomized rats. A prior

study demonstrated that central antagonism of j-opioid
receptors, the target of dynorphin, largely abolished the

nocturnal prolactin surge in pregnant rats. We build on this

to determine whether dynorphin, perhaps from the arcuate

population that co-express kisspeptin, neurokinin B, and

dynorphin (KNDy neurons), also contributes to the estra-

diol- or cervical stimulation-induced surges in ovariec-

tomized rats. Ovariectomized rats were treated with either

estradiol or cervical stimulation to induce prolactin sur-

ge(s). Blood samples were taken around the expected surge

time to determine the effect of either acute j-opioid
receptor antagonism or previous chemical ablation of the

KNDy population on prolactin levels. Dynorphin antago-

nism does significantly disrupt the nocturnal prolactin

surge, but it does not contribute to the estradiol-induced

surge. Chemical ablation of KNDy neurons had opposite

effects; ablation of 40 % of the KNDy neurons had no

impact on the nocturnal prolactin surge, while a somewhat

larger ablation significantly reduced the size of the

estradiol-induced surge. We conclude that dynorphin is

likely a controlling factor for the nocturnal surge induced

by cervical stimulation, and that other KNDy neuron

products must play a role in the estradiol-induced surge.

Keywords Prolactin � Dopamine � TIDA � Nor-BNI �
KNDy

Abbreviations

CS Cervical stimulation

DA Dopamine

DOPAC 3,4-Dihydroxyphenylacetic acid

E2 Estradiol

EDTA Ethylenediaminetetraacetic acid

HPLC High performance liquid chromatography

KNDy Kisspeptin, neurokinin B, & dynorphin

KOR j opioid receptor

LH Luteinizing hormone

nor-BNI Norbinaltorphimine

OVE Ovariectomized with estrogen replacement

OVX Ovariectomized

PBS Phospho-buffered saline

RIA Radioimmunoassay

TH Tyrosine hydroxylase

Introduction

The anterior pituitary hormone prolactin is necessary for

fertility, reproduction, and aspects of maternal behavior

[1]. Besides its role in lactation, prolactin is also elevated

on the afternoon of proestrus during the rodent estrous

cycle. The surge of prolactin, along with other reproductive
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hormones like luteinizing hormone (LH), help prime the

female for ovulation, mating, and pregnancy [2]. This

single surge of prolactin can be reproduced in ovariec-

tomized (OVX) rats treated with estradiol (OVE). The

continued exposure to estradiol (E2) produces a circadian

prolactin surge in the afternoon (*1700 in our facilities).

During the first half of pregnancy, prolactin exhibits a

semi-circadian surge pattern: one nocturnal (*0300) and

one diurnal surge (*1700, similar to the E2 surge).

Induction of these surges does not require steroid hormone

exposure, can occur in the absence of a fertile mating [3],

and are important for pregnancy maintenance [2]. Levels of

prolactin that are chronically too high or low have been

linked to miscarriage, infertility, and sexual dysfunction [4,

5], as well as abnormal maternal behavior and post-partum

depression [6]. The study of prolactin regulation is there-

fore of importance to women’s reproductive health and

some evidence suggests that a long-term pattern of pro-

lactin surges exist in women after intercourse with orgasm

[7]. Cervical stimulation (CS), used to mimic mating,

triggers this semi-circadian prolactin release pattern in

OVX rats.

Prolactin is tonically inhibited by dopamine from the

tuberoinfundibular dopamine (TIDA) neurons of the arcu-

ate nucleus. TIDA terminals release dopamine at the

median eminence, where the dopamine is carried via portal

vessels to the pituitary gland to inhibit prolactin release. As

a result, a prerequisite for prolactin surges is a decrease in

dopamine neuron activity [8]. Additional factors that

influence prolactin may act on TIDA neurons or directly on

lactotrophs [2]. Heterogeneity within the arcuate and the

complexity of the regulatory circuit have made it chal-

lenging to pinpoint how these other factors contribute to

the generation of circadian and semi-circadian prolactin

release patterns, despite decades of research.

A number of studies have investigated the role played by

opioids in prolactin release, although these studies often

involved peripheral drug administration or non-specific

receptor blockers [9–12]. A much more definitive study

used antagonists for different types of opioid receptors

delivered directly into the lateral ventricle to show that

dynorphin is a crucial factor controlling the nocturnal

prolactin surge in pregnant rats [13]. In particular, the

authors demonstrated that the nocturnal prolactin surge was

greatly attenuated when j-opioid receptors, the targets of

dynorphin, were blocked with the antagonist norbinaltor-

phimine (nor-BNI). Recently, our lab has shown that

dynorphin plays a role in regulating the LH surge in OVE

rats [14]. This dynorphin originates from the arcuate pop-

ulation of neurons that co-secrete kisspeptin, neurokinin B,

and dynorphin (KNDy neurons). These prior studies

motivated the current study, which determines (1) whether

nor-BNI attenuates the nocturnal prolactin surge in OVX-

CS rats as it did in pregnant rats, (2) whether nor-BNI

attenuates the prolactin surge in OVE rats, and (3) whether

KNDy neurons are responsible for the contributions of

dynorphin on either prolactin rhythm. The KNDy neurons

have been studied almost exclusively for their role in

controlling the activity of gonadotropin-releasing hormone

neurons and LH release [15–18]. However, recent work has

demonstrated that kisspeptin, likely released by KNDy

neurons, stimulates prolactin secretion via inhibitory

effects on the TIDA neurons in OVE rats [19].

Dynorphin preferentially binds to the j-opioid receptor,

which initiates an inhibitory signal transduction pathway

[20]. In situ hybridization studies have demonstrated j-
opioid receptor gene expression within the hypothalamus

[21], and opioid fibers are located near arcuate dopamine

neurons [22]. Recently, a study in mice showed that

dynorphin application inhibited the firing patterns of

arcuate dopaminergic neurons [23]. In this report, we use

immunohistochemistry to show the presence of j-opioid
receptors in the arcuate nucleus, providing a site of action

of dynorphin at or near the TIDA neurons. Using the j-
opioid specific antagonist nor-BNI, we demonstrate that

dynorphin plays a major role in the nocturnal prolactin

surge induced by CS, but it does not contribute to the

afternoon prolactin surge induced by E2. To determine the

role played by KNDy neurons in the prolactin rhythms, we

chemically ablated a large fraction of the neurons as

described in Mittelman-Smith et al. [24] and as used

recently in our studies on LH [14]. We found that ablation

of *40 % of the KNDy neurons has no effect on the

nocturnal CS-induced prolactin surge. A somewhat larger

*50 % ablation significantly attenuates the afternoon E2-

induced prolactin surge. We conclude that KNDy neurons

play a role in the afternoon surge of prolactin induced by

E2, but not through dynorphin. They appear to play little or

no role in the CS-induced nocturnal surge, although such a

role cannot be excluded given the partial ablation.

Materials and methods

Animals

Adult female Sprague–Dawley rats weighting 220–280 g

(Charles River, Raleigh, NC) were housed in groups of

three in a Laboratory Animal Resources facility under a

12-h light, 12-h dark cycle (lights on at 0600) and con-

trolled temperature. Food and water were provided ad li-

bitum. Animal procedures were approved by the Florida

State University Animal Care and Use Committee. Upon

arrival at our facilities, all rats were ovariectomized bilat-

erally through a single ventral midline incision under

isoflurane anesthesia (Aerrane; Baxter, Deerfiled, IL) and
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allowed to recover for 1 week. Immediately after surgery,

each rat was given a single dose (0.2 mg/100 g body

weight) of metacam (Boehringer Ingelheim, St Joseph,

MO). After further surgeries, rats were housed singly.

Jugular vein catheterization and blood sampling

Rats were anesthetized with isoflurane and a Micro-Re-

nathane catheter tube (MRE-040, 0.040 outer diame-

ter 9 0.0250 inner diameter, Braintree Scientific, Braintree,

MA) filled with sterile saline (0.9 % NaCl, Teknova,

Hollister, CA) was inserted through the external jugular

vein into the right atrium. It was stitched in place subcu-

taneously and exteriorized at the back of the animal. After

surgery, the tube was filled with gentamicin sulfate (Alexis,

San Diego, CA) to prevent bacterial growth. Rats were

given an injection of metacam (0.2 mg/100 g body

weight). The evening before the first day of the experiment,

a tube extension filled with saline was connected to the

catheter to allow for continuous sampling without dis-

turbing the animals. Blood samples of 300 lL were with-

drawn into heparinized syringes. The same volume of

saline was immediately replaced.

Cervical stimulation

At 1700 h on the afternoon following jugular cannulation,

the CS group received the first bout of cervical stimulation.

Stimulation was applied with an electrode rod with two

platinum wires protruding from the tip. The second stim-

ulation was performed at 0900 h the next morning. This

protocol is known to produce rhythmic prolactin release

[25]. Blood sampling began the following day.

Drug injections

Nor-BNI (Tocris Bioscience, Bristol, United Kingdom)

was dissolved in sterile saline to a concentration of 5 lg/
lL. An injection pump (KDS100; KD Scientific, Holliston,

MA) controlled a Hamilton syringe (Hamilton, Reno, NV)

connected with PE-10 polyethylene tubing to a stainless

steel needle (0.2 mm diameter) inserted into the cannula of

freely moving animals. A total dose of 25 lg of nor-BNI,

or saline vehicle, was injected at a flow rate of 5 lL/min.

The needle was left in place another 30–60 s to avoid

reflux. Injections were performed 2–3 h before the expec-

ted peak surge time.

Stereotaxic surgeries

Rats were anesthetized with a 100 lL/100 g body weight

dose of ketamine (Ketaset; Fort Dodge Animal Health, Fort

Dodge, IA; 49 mg/ml) and xylazine (Anased; Lloyd

Laboratories, Shenandoah, IA; 1.8 mg/ml). Animals were

positioned in a stereotaxic apparatus with the incisor bar at

-3.3 mm. For lateral ventricle cannulation, a 22-gauge

guide cannula (C313G; Plastics One, Inc., Roanoke, VA)

was implanted in the left lateral ventricle (coordinates:

1.0 mm posterior to bregma, 1.6 mm lateral to the midline,

and 3.4–3.8 mm below the skull surface). Correct vertical

placement of the cannula in the ventricle was verified by

the displacement of the meniscus in a water manometer

that detects pressure differences among compartments. The

cannula was attached to the skull with two stainless steel

screws and acrylic cement. A plastic capped mandril

(C313DC, Plastics One, Inc.) kept the cannula clear of

debris.

The neurotoxin saporin conjugated to the selective

neurokinin B receptor agonist [MePhe7]neurokinin B

(Nk3-SAP, #KIT-63; Advanced Targeting Systems, San

Diego, CA) was used to chemically ablate KNDy neurons.

A 26-gauge bilateral guide cannula (C235G-1.0/SP; Plas-

tics One) was targeted at the arcuate nucleus (coordinates:

2.4–3.5 mm posterior to bregma, 0.5 mm lateral, and 9.75

below the skull). Each rat received two bilateral injections

of 10 ng/100 nL of either Nk3-SAP or Blank-SAP (con-

trol) dissolved in PBS. Injections were performed at a rate

of 0.05 lL solution/min with a 33-gauge needle connected

to a Hamilton syringe (Hamilton) controlled by an injector

pump (KDS100; KD Scientific Inc.). The needle was left in

place for 5 min to prevent reflux. The scalp was closed

with sutures. All rats were given an injection of metacam

(0.2 mg/100 g body weight) and allowed to recover for

1 week.

Perfusions and immunohistochemistry

Rats were deeply anesthetized with ketamine and xylazine

and transcardially perfused with saline, followed by cold

4 % paraformaldehyde. Brains were post-fixed an addi-

tional 4 h and allowed to sink in 30 % sucrose. 30 lm
slices were cut on a freezing microtome (Microm HM 430,

Thermo Scientific) and stored in cryoprotectant. During

slicing, injection cannula tracts could be visualized and

animals with crooked or misplaced injections were exclu-

ded. The arcuate nucleus was separated into an anterior

‘‘half’’ for TH and KOR analysis, and a posterior ‘‘half’’ for

kisspeptin analysis. Briefly, slices were washed in

PBS ? 0.01 % Triton X, blocked in normal donkey serum,

and then incubated for 24–48 h at 4 �C in primary antibody

(rabbit anti-kisspeptin, AB9754, Millipore, Billerica, MA;

mouse anti-TH, MAB318, Millipore; mouse anti-KOR,

KOR-1 D-8, Santa Cruz, Dallas, TX). Tissue stained for

KOR was first treated with a citric acid antigen retrieval

solution for 30 min at 80 �C before blocking and primary

antibody incubation. Following that, the free-floating slices
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were incubated for 2 h at room temperature with secondary

antibody (Alexa Fluor donkey anti-rabbit 555, Life Tech-

nologies, Grand Island, NY; biotinylated goat anti-mouse

IgG, BA-9200, Vector Labs, Burlingame, CA). Chro-

mogenic staining included further incubation with an avi-

din–biotin complex solution (elite ABC kit, Vector Labs).

Nickel sulfate (25 mg/ml), 3,30-diaminobenzidine-HCL

(DAB, 0.2 mg/ml), and 0.03 % H2O2 were used to

develop the sections. Finally, all slices were mounted,

dried, and cover slipped. No staining was observed when

primary antibodies were excluded. Images were taken on a

Leica microscope using a Nikon camera and software (NIS

Elements AR 3.2). Ten slices were analyzed for each ani-

mal within each group. Cell counts were performed using

ImageJ.

RIA

Blood was centrifuged at 12009g for 15 min at 4 �C. The
plasma was removed and frozen at -20 �C until the assay.

Plasma prolactin was measured with a rat prolactin RIA kit

provided by Dr. Albert F. Parlow through the National

Hormone and Pituitary Program (Torrance, CA). 125I was

purchased from PerkinElmer Life Sciences (Shelton, CT),

and PRL-I-6 was radioiodinated by the chloramine-T

method. The antiserum for prolactin was anti-rat PRL-S9

and the reference preparation was PRL-RP3. The lower

limit of detection was 0.05 ng/ml, and the intra- and inter-

assay coefficients of variation were 4.5 and 11.2 %,

respectively.

HPLC with electrochemical detection

Median eminence samples were quickly dissected from

decapitated animals sacrificed at peak surge times (0300 or

1700) and stored at -80 �C. Samples were later thawed

and homogenized in 200 lL 0.2 M perchloric acid and

0.1 mM EDTA. Samples were centrifuged for 20 min at

80009g at 4�C. The supernatant was collected and cen-

trifuged through a 0.2-mm nylon microfiltration tube.

Samples were then placed in autosampler vials for HPLC

measurement. Briefly, 20 lL of sample was injected into

the system by an autoinjector (model 524; ESA, Inc.,

Chelmsford, MA) connected to a Prominence degasser

piston pump (LC-20AD; Shimadzu, Kyoto, Japan) with a

flow of 0.4 mL/min. Separation occurred on a

15 mm 9 3.2 mm C18 reverse phase column (3 lm par-

ticle size, MD-150, ESA). The conditioning cell (ESA

5021) was set at 300 mV, and the analytical cell (ESA

5011) was set to 100 mV on channel 1 and -225 mV on

channel 2. Both channels were set with a gain of 10 nA, 5 s

filter, 1 V output, and 0 % offset. Current changes were

detected by a Coulochem II (ESA) and recorded using

EZStart 7.3 SP1 software. Dopamine and DOPAC (3,4-

dihydroxyphenylacetic acid, its metabolite) were identified

based on peak retention times and concentration was

quantified as area under the curve against a known stan-

dard. The ratio of DOPAC to DA in the median eminence

is an indicator of TIDA neuronal activity [26].

Statistical analysis

Prolactin data were analyzed using SAS software (SAS

Institute, Inc, Cary, NC), and statistical differences were

determined by a generalized linear mixed model. Dopa-

mine and cell count data were analyzed with GraphPad

Prism software (GraphPad Software, Inc., La Jolla, CA),

and statistical differences were determined by a Student’s

t test. All data passed tests for normality and equal vari-

ance. Data are expressed as mean ± SEM. p\ 0.05 was

considered statistically significant.

Experimental design

Experiment 1: Immunohistochemistry for j-opioid
receptor protein and tyrosine hydroxylase

Ovariectomized rats were perfused and brains were post-

fixed and sunk in sucrose. Sequential sections were taken

through the arcuate on a freezing microtome. Sections were

stored in cryoprotectant until assayed. Immunohistochem-

istry was performed as detailed above.

Experiment 2: Effect of nor-BNI on the nocturnal

CS surge

Animals were implanted with icv cannulas and allowed to

recover for 1 week. After receiving jugular cannulas, rats

received two bouts of electrical cervical stimulation. Blood

sampling began the morning following the second bout.

Samples were taken at 0100, 0300, 0500, 1200, 1500, 1700,

and 1900 h. One full day of blood sampling would confirm

the presence of prolactin surges and success of the CS

protocol. The following day, the specific j-opioid receptor

antagonist norbinaltorphimine (nor-BNI) or saline was

administered 2–3 h before the expected peak time of the

nocturnal surge.

Experiment 3: Effect of nor-BNI on the OVE surge

Animals were implanted with icv cannulas and allowed to

recover for 1 week. During the jugular cannulation surgery,

OVX rats received one subcutaneous 5-mm Silastic

implant (0.062 in. ID, 0.125 in. OD) containing approxi-

mately 500 lg 17b-estradiol (Sigma, St. Louis, MA). This
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dose of estradiol produces daily afternoon surges of pro-

lactin [25]. On the second day after surgery, blood samples

were taken every other hour from 0900 to 2100 h. Injec-

tions were performed on the second day 2–3 h before the

expected peak time of the surge.

Experiment 4: Effect of KNDy neuron ablation

on CS surges

OVX rats received bilateral Blank-SAP (control) or Nk3-

SAP stereotaxic injections directly into the arcuate. After

7–10 days of recovery to allow the toxin to take effect, rats

were cannulated and cervically stimulated. On the second

day after cannulation, two full days of blood sampling

began at the following times: 0100, 0300, 0500, 1200,

1500, 1700, and 1900 h. At the end of the experiment,

animals were perfused and brains were immunohisto-

chemically stained for kisspeptin to quantify neuronal loss.

Kisspeptin staining was chosen because virtually all kis-

speptin-positive cells in the arcuate express the Nk3

receptor necessary for saporin toxin up-take [16]. Addi-

tionally, the majority of dynorphin-expressing neurons in

the arcuate express the Nk3 receptor, further suggesting

that we have specifically targeted the KNDy population

[27].

Experiment 5: Effect of KNDy neuron ablation

on OVE surge

OVX rats received bilateral Blank-SAP (control) or Nk3-

SAP stereotaxic injections directly into the arcuate. Estra-

diol pellets were implanted at this time. After 1 week of

recovery to allow the toxin to take effect, rats underwent

the jugular cannulation surgery. Blood sampling began the

next day at the following times: 1000, 1200, 1400, 1600,

1800, and 2000 h. At the end of the experiment, animals

were perfused and brains processed for kisspeptin

immunohistochemistry as described above.

Results

The j-opioid receptor is expressed in the arcuate

nucleus

Immunohistochemistry demonstrates the presence of j-
opioid receptors in the arcuate nucleus of OVX rats

(Fig. 1b). Staining for tyrosine hydroxylase produced a

similar pattern and location (Fig. 1a), but technical diffi-

culties precluded a double labeling analysis. The j-opioid
receptor staining is in agreement with previous literature in

the sheep [28, 29] and in situ hybridization studies in

mouse [30], rat [21], and guinea pig [31].

Nor-BNI attenuates the nocturnal prolactin surge

in CS rats, but not the afternoon prolactin surge

in OVE rats

One day of prolactin surges was first measured to confirm

the effectiveness of CS; the nocturnal and diurnal surges

were not statistically different between groups. A single

injection of the specific j-opioid receptor antagonist nor-

BNI given prior to the next nocturnal surge greatly atten-

uated the surge at the time point immediately following

injection (at 0100 h, p = 0.03, Fig. 2a). The surge

remained reduced at the following time point, although this

did not reach significance (at 0300 h, Fig. 2a). Measure-

ments of the DOPAC/DA ratio, collected at the 0300 h

time point, were nearly doubled in the drug-treated animals

versus controls, although this change failed to reach sig-

nificance (p = 0.07, Fig. 2b).

In sharp contrast, when nor-BNI was injected prior to

the afternoon prolactin surge in OVE rats there was no

discernable effect on either the prolactin level (Fig. 3a) or

the DOPAC/DA ratio (Fig. 3b). Administering two injec-

tions of nor-BNI prior to the surge (at 1300 and 1500) also

failed to produce any significant effect on prolactin

(Fig. 3a, inset). These results demonstrate that the mech-

anisms controlling these two prolactin surges are funda-

mentally different.

KNDy ablation fails to affect prolactin surges in CS

rats, but attenuates the afternoon prolactin surge

in OVE rats

Saporin toxin treatment decreased kisspeptin expression in

the arcuate of OVX-CS rats by *40 % (Fig. 4a). CS was

nevertheless able to induce a normal semi-circadian pattern

of prolactin release in these partially-ablated animals.

Further, these surges were not statistically different from

those of controls (Fig. 5). As expected, the saporin toxin

had no effect on the number of TH-expressing cells in the

arcuate (Fig. 4b), consistent with prior studies [14, 24].

In a separate experiment on OVE rats, saporin toxin

treatment decreased the number of kisspeptin-expressing

cells by *50 % (Fig. 4c). It also led to a significant

overall decrease in prolactin (significant main effect of

time p = 0.003, Fig. 6). Post-hoc analysis detected that

the 1400 time point was significantly lower in treated

animals (p\ 0.01). Because we did not measure multiple

baseline time points before or after the surge, we could

not establish whether ablation may have also decreased

basal prolactin levels, but our single basal measurement at

noon (before the surge) suggests this is not the case. A

relatively similar level of ablation was sufficient to induce

a significant increase in the afternoon LH surge in OVE

rats [14]. This result stands in contrast to the lack of
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effect of partial KNDy neuron ablation on CS-induced

prolactin surges and further shows the dissimilarity of the

mechanisms underlying these rhythms. The number of

TH-expressing cells in the arcuate was unaffected by the

neurotoxin (Fig. 4d).

Discussion

In this report, we show that central administration of a j-
opioid receptor antagonist attenuates the nocturnal pro-

lactin surge induced by CS in OVX rats but has no effect

Fig. 1 Immunohistochemistry images of the arcuate nucleus of OVX rats. a Representative image of TH staining in a nearby region of the

arcuate nucleus. b Representative image of j-opioid receptor staining. Scale bar is 100 lm. 3V third ventricle

Fig. 2 CS-induced prolactin

surges measured at nocturnal,

diurnal, and basal time points in

OVX rats. Saline vehicle or nor-

BNI (5 lg/ll) was injected
around 0000 h, just before the

nocturnal surge begins

(n = 9–10). a Nor-BNI

immediately and significantly

decreases the nocturnal surge

(gray triangle) at 0100 h

(p = 0.03) versus controls

(black square). N the nocturnal

surge, D diurnal surge. b Nor-

BNI tends to increase the

DOPAC/DA ratio at 0300 h

(p = 0.07) (n = 5–6)
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on the afternoon surge of prolactin induced by E2. The

attenuation of the nocturnal surge is consistent with a

reported inhibitory effect on the nocturnal surge in preg-

nant rats [13]. Although a larger sample size may have

detected a more subtle drug effect, the lack of effect on the

afternoon surge of OVE rats suggests that the mechanisms

driving these two surge patterns are different. Although we

do not know the location of the j-opioid receptors blocked

by the antagonist, we present data indicating that j-opioid
receptors are expressed in the arcuate in a location similar

to that of the TIDA neurons, which provide the primary

prolactin control. We also do not know the origin of the

dynorphin that contributes to the nocturnal prolactin surge.

One potential source is the population of arcuate KNDy

neurons. However, we found that partial chemical ablation

of these neurons had no effect on the semi-circadian pro-

lactin rhythm. Partial ablation of these neurons did, how-

ever, lead to a reduction in the afternoon prolactin surge in

OVE rats. Since antagonism of j-opioid receptors had no

effect on this surge, the data suggest that the KNDy

neurons exert their influence here through either neurokinin

B or kisspeptin. The latter is consistent with a prior finding

that kisspeptin stimulates prolactin secretion in OVE rats

by inhibiting TIDA neurons [17].

Our demonstration of j-opioid receptor protein in the

arcuate builds on prior data in which j-opioid receptor

mRNA was detected in this region of the hypothalamus in

mice, rats, and guinea pigs [21, 30, 31]. Additionally,

dynorphin fibers are observed in close apposition to TIDA

neurons in the rat [22] and dynorphin inhibits firing activity

of dopaminergic arcuate neurons [23]. Dynorphin antago-

nism has been shown here and elsewhere [13] to influence

prolactin by increasing dopamine levels, so it is likely that

the TIDA neurons express the j-opioid receptor and that

binding of dynorphin to these receptors has an inhibitory

effect on TIDA neuron activity (and thus a stimulatory

effect on prolactin secretion). Although l-opioid receptors

have also been implicated in prolactin control [13], the nor-

BNI used in our study is a j-specific antagonist. The bulk

of the data therefore suggest that the j-opioid receptors that

Fig. 3 Prolactin measurements

before and after injection of

saline (black square) or nor-

BNI (gray triangle) in OVE rats

(n = 4). Saline vehicle or nor-

BNI (5 lg/ll) was injected
around 1400 h, when the

prolactin levels begin to rise.

a One injection of nor-BNI does

not affect the afternoon

prolactin surge. Two injections

are also ineffectual (a inset,

n = 5–6). b Nor-BNI also fails

to affect dopamine activity

measured by the DOPAC/DA

ratio at 1700 (n = 4–5)
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are important for control of the nocturnal prolactin surge

are located on TIDA neurons.

The source of the dynorphin involved in the CS-induced

nocturnal prolactin surge has not been resolved. We

showed that ablation of *40 % of the KNDy neurons had

no significant effect on this surge. Given that a slightly

larger (*50 %) ablation of KNDy neurons significantly

reduced the E2-induced prolactin surge, it is likely that the

*40 % ablation would have been large enough to make a

measurable impact on the nocturnal surge if the dynorphin

came from KNDy neurons. Since no effect was observed, it

is unlikely that KNDy neurons play a significant role in this

Fig. 4 Saporin toxin decreases kisspeptin neuron number without

affecting TH neuron number. Ten sections were analyzed per animal,

and n = 3 animals per group. a Kisspeptin cells are significantly

(p\ 0.05) decreased in ablated OVX-CS rats but b TH-positive cells

are unaffected. Similarly, c kisspeptin cells are significantly decreased
(p\ 0.05) in ablated OVE rats, but d TH-positive cells numbers

remain unchanged

Fig. 5 CS-induced prolactin surges measured at nocturnal, diurnal,

and basal time points in OVX rats treated with either Blank-SAP

(black square) or Nk3-SAP (gray triangle) 1 week before

(n = 4–13). Over two and a half days, the prolactin surge pattern is

unaffected by previous neurotoxin treatment. N the nocturnal surge,

D diurnal surge
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surge. However, since the ablation was incomplete, we

cannot completely rule out such a role. Alternatively, other

dynorphin populations that would have been unaffected by

the toxin do exist and may be primary sources of dynorphin

for the nocturnal prolactin surge. For example, some

hypothalamic POMC neurons produce dynorphin [32].

Their involvement in controlling food intake raises the

possibility that they provide metabolic information to the

reproductive axis.

The finding that partial KNDy neuron ablation affected

the afternoon prolactin surge in OVE rats may be surpris-

ing, since kisspeptin expression in KNDy neurons is down-

regulated by E2 [33]. However, prodynorphin mRNA

levels do not decrease in the arcuate, even when E2 levels

are sufficient to decrease kisspeptin immunoreactivity [34].

Indeed, findings from our lab (current report, [14]) show

that these neurons are actively participating in the control

of fertility even in the presence of E2. Zhang and Gallo [35,

36] have previously suggested a role for dynorphin in the

proestrus LH surge and Helena et al. [14] show that

dynorphin from the KNDy neurons participates in the E2-

induced LH surge. However, our results do not support a

role for dynorphin in the E2-induced prolactin surge or

corresponding dopamine activity, in agreement with an

earlier study showing no effect of nor-BNI administration

on DOPAC levels in OVE animals [37]. These combined

findings demonstrate independent circuits regulating LH

and prolactin surges in the E2-primed animal.

Overall, this study shows several important findings.

First, j-opioid receptor protein is expressed in the arcuate

nucleus near TIDA neurons. Second, dynorphin is a major

contributor to the nocturnal prolactin surge in OVX-CS rats

(and pregnant rats, [13]). Third, dynorphin appears to play

little or no role in the afternoon surge of prolactin in OVE

rats. Fourth, KNDy neurons do contribute to the afternoon

surge in OVE rats but appear to play a minimal role in the

nocturnal prolactin surge of OVX-CS rats. Taken together,

they suggest that the neural mechanisms underlying these

patterns of prolactin release are different.
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