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Abstract

Activation of central kappa opioid receptors (KOR) has been demonstrated to

produce marked free water diuresis with a concurrent increase in renal sympa-

thetic nerve activity (RSNA). This study investigated the cardiovascular (CV)

and renal effects evoked by central activation of KOR in two lamina terminalis

sites, the median preoptic area (MPA) and anterolateral division of the bed

nuclei of the stria terminalis (BST). Rats anesthetized with urethane alpha-

chloralose were instrumented to record mean arterial pressure, heart rate,

RSNA, and urine output (V). Rats were infused with isotonic saline (25 lL/
min) and urine samples were collected during two 10-min control periods and

six consecutive 10-min experimental periods following microinjection of vehi-

cle, U50-448H (U50, KOR agonist) alone or norbinaltorphimine (nor-BNI,

KOR antagonist) plus U50. Microinjection of U50 into the BST increased V

(peak at 30 min, 84.8 � 12.9 lL/min) as compared to its respective control,

vehicle, or nor-BNI plus U50. This diuretic effect occurred without any signifi-

cant changes in CV parameters, RSNA, or urinary sodium excretion. In con-

trast, U50 injection into the MPA significantly increased RSNA (peak at

20 mins: 129 � 9.9) without increasing the other parameters. This study dem-

onstrated novel sites through which activation of KOR selectively increases V

and RSNA. The ability of U50 to increase V without affecting sodium excretion

and RSNA raises the possibility that LT neurons could be an important sub-

strate through which drugs targeting KOR could selectively facilitate water

excretion in sodium-retaining diseases such as congestive heart failure.

Abbreviations

BST, bed nuclei of the stria terminalis; ICV, intracerebroventricular; KOR, kappa

opioid receptor; MPA, median preoptic area; nor-BNI, norbinaltorphimine; RSNA,

renal sympathetic nerve activity; U50, U50488H; UNaV, sodium excretion rate;

V, urine output.

Introduction

Central administration of kappa opioid agonists, for

example, U-50448H (U50), produces a marked diuresis,

antinatriuresis, and an increase in renal sympathetic nerve

activity (RSNA) in conscious and anesthetized rats

(Leander et al. 1987; Oiso et al. 1988; Kapusta and Obih

1993; Kapusta 1995; Gottlieb et al. 2005b). Although a

number of studies suggest that the kappa opioid-mediated

diuretic effect results from central inhibition of
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hypothalamic magnocellular neurons involved in the

secretion of arginine vasopressin (AVP) (Oiso et al. 1988;

Brooks et al. 1993; Brown et al. 1998, 1999; Gottlieb et al.

2005b), the exact mechanism and sites are yet to be fully

understood. Furthermore, the central nervous system

(CNS) sites involved in the antinatriuretic and the

increases in RSNA remain unknown. Kapusta and Obih

(1993) proposed that the central antinatriuretic effect of

kappa opioid agonists are dependent on intact renal

nerves since bilateral renal denervation abolished the

kappa-mediated decrease in sodium excretion without

affecting glomerular filtration rate and effective renal

plasma flows.

Sly et al. (1999) identified various forebrain regions,

via pseudorabies virus injection into the kidney and retro-

gradely traced back to CNS sites that may be involved in

the sympathetic modulation of renal nerves and conse-

quent antinatriuretic effect. The lamina terminalis (LT),

formally known as the anteroventral region of the third

ventricle (AV3V), is a region of interest since it not only

contains neuronal projections to the kidneys but has also

been shown to be involved in the maintenance of water,

electrolytes, and cardiovascular (CV) function (Bealer and

Johnson 1979; Brody and Johnson 1980; McKinley et al.

1992, 2001, 2004). The LT has also been implicated in the

control of these physiological functions at least, in part,

through GABAergic and glutamatergic projections to the

paraventricular nucleus of the hypothalamus (PVN)

(Boudaba et al. 1996; Grob et al. 2003; Llewellyn et al.

2012). The PVN is a major CNS site involved in the con-

trol of sympathetic nervous system and fluid and electro-

lyte homeostasis, and integrates inputs from other regions

(Sawchenko and Swanson 1983; Roland and Sawchenko

1993; Zardetto-Smith et al. 1993; Grob et al. 2003).

Kappa opioid receptors (KOR) have been shown to be

present in the PVN and LT, and activation of these recep-

tors within the PVN and supraoptic nucleus (SON) has

been show to inhibit magnocellular neurons firing

(Conway et al. 1987; Mansour et al. 1994, 1996; Brown

et al. 1998, 2000, 2006; Gottlieb et al. 2005b). Thus,

inhibition of AVP secretion has been proposed to be one

of the mechanism via which kappa agonists evoke at least

in part their diuretic effect.

The PVN receives projections from a number of sites

within the LT, which includes the median preoptic area

(MPA) and anterolateral division of bed nuclei of the

stria terminalis (BST) (Kawano and Masuko 2000; Dong

and Swanson 2006a). The MPA has been implicated in

thermoregulation, endocrine, and CV function (Diez-

Guerra et al. 1987; Hunt et al. 2010; Morrison 2011). The

MPA also receives projections from the arcuate nucleus, a

site known to be involved in the production of the

endogenous kappa opioid agonist dynorphin (Maolood

and Meister 2008), and has been shown to send inhibi-

tory projections to both magnocellular and parvocellular

neurons in the PVN (Boudaba et al. 1996). Another site

of interest within the LT region is the anterior division of

bed of the stria terminalis (BST), which has been further

subdivided into two major regions, anteromedial and an-

terolateral groups(Dong et al. 2001). Both sites receive

projections from other forebrain and hindbrain regions

involved in autonomic function (Dong and Swanson

2006a,b; Gaykema et al. 2007). The BST and MPA effer-

ent synapses with forebrain regions involved in auto-

nomic nervous system, for example, PVN, and have been

shown to express KOR (Dong and Swanson 2006a,b;

Poulin et al. 2009; Hunt et al. 2010). As such, we hypoth-

esize that activation of KOR in the anterolateral regions

of the BST and the MPA would evoke similar changes to

urinary flow rate, sodium excretion rate, and RSNA as

observed with intracerebroventricular (ICV) injection of

KOR agonists.

The purpose of this study was to investigate the CV

and renal effects evoked by microinjection of a selective

kappa opioid agonist into two discreet LT sites, the MPA,

and anterolateral BST. This study provides insights in the

possible CNS sites involved in the diuretic and renal sym-

pathoexcitatory effects mediated by KOR activation.

Materials and Methods

Subjects

Experiments were performed using male Sprague–Dawley
rats (300–350 g Harlan, Indianapolis, IN). The rats were

housed in a temperature- and humidity-controlled room

with a 12-h light/dark cycle. Standard rat chow and tap

water were available at will. All procedures using animals

were conducted according to the NIH guidelines, and

were reviewed and approved by the Institutional Animal

Care and Use Committees at University of Texas Health

Science Center at San Antonio and University of Texas

San Antonio.

Surgical and experimental procedures

On the day of the experiment, rats were anesthetized with

isoflurane (2–3% in oxygen) and catheters (polyethylene

PE-50 tubing; Becton, Dickinson and Company, Franklin

Lakes, NJ) were placed in a femoral artery and vein to

measure arterial blood pressure, and for isotonic saline

and drug infusion, respectively. Through a suprapubic

incision, a catheter (flanged PE-240; Becton, Dickinson

and Company) was also implanted into the urinary blad-

der for collection of the urine samples. All catheters were

exteriorized and securely sutured to adjacent muscle and
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skin. The arterial and venous catheters were connected to

a pressure transducer and an infusion pump, respectively.

The mean and pulsatile arterial pressures were measured

using a LP122 AC/DC amplifier (Grass instruments,

Quincy, MA). Blood pressure was recorded and integrated

using a Micro-1401 data acquisition unit and Spike 7

software package (Cambridge Electronic Design, CED,

Ltd., Cambridge, England). Heart rate (HR) was deter-

mined from the arterial pressure signal using the Spike 7

software.

Animals were also implanted with a recording electrode

on a renal nerve bundle for direct measurement of multi-

fiber RSNA using a Grass model LP122 AC/DC. The left

kidney was exposed through a left incision via a retroperi-

toneal approach. With the use of a dissecting microscope

(25X), a renal nerve branch from the aortic renal gan-

glion was isolated and carefully dissected. The renal nerve

branch was then placed on a bipolar platinum wire elec-

trode (A-M Systems Inc., Carlsborg, WA). RSNA was

amplified (10,000–50,000X) and filtered (Low, 30 HZ;

High 300 Hz) with a Grass P511 band-pass amplifier.

When an optimal RSNA signal was observed, the record-

ing electrode was fixed to the renal nerve branch with

dental impression material (Coltene President, Coltene/

Whaledent Inc., NJ). The electrode cable was secured in

position by a suture to the abdominal trunk muscle.

Then, the electrode cable was exposed and the flank inci-

sion was closed. The integrated voltage signals were dis-

played on the Micro-1401CED system through the Spike

7 software. Integrated RSNA was expressed as microvolt-

seconds per 1-sec interval. For each 10-min control and

experimental periods, the values for integrated RSNA

were sampled over the entire collection period and the

numbers were averaged. RSNA was expressed as the per-

centage of baseline value obtained during the control per-

iod, with this being expressed as 100% for each animal.

We determined the background noise of RSNA by observ-

ing the neural signal that remained 10 min after the end

of the experiment by injecting hexamethonium (30 mg/

kg, i.v.), a ganglionic blocker.

After implantation of catheters and a renal nerve

recording electrode, rats were removed from the isoflura-

ne and anesthesia was maintained with a mixture of

alpha-chloralose (80 mg/kg i.v.) and urethane (800 mg/kg

i.v.). An adequate depth of anesthetic was assessed by the

absence of limb withdrawal or pressure response to the

foot pinch. Supplemental anesthetic (10%) of initial dose

was given as necessary. Rats were placed prone in a ste-

reotaxic apparatus with the bite bar 3.5 mm below the in-

teraural line. A craniotomy was performed above the site

of the MPA or BST. Drugs or vehicle was microinjected

unilaterally into the desired site using a three-barrel glass

micropipette (0.4 mm I.D., 0.75 mm O.D.) with a com-

posite tip diameter of less than 40 lm. The coordinates

for the microinjection of the drug/vehicle into the antero-

lateral BST were 1.8 mm lateral to either side of the mid-

line, and 6.6 mm below the surface of the skull. MPA

coordinates were 0.6 mm lateral to either side of the mid-

line, and 8.5 mm below the surface of the skull. Because

both the BST and MPA encompass a large portion of the

LT, we targeted 0.00 mm anterior/posterior to bregma

with an accepted range between �0.12 and +0.12 mm.

Brain coordinates were obtained from the atlas of Paxinos

and Watson (2007). The barrels 1 and 2 of the pipettes

were filled by vacuum with U50 (100 ng/60 nL) and

nor-BNI (10 ng/60 nL). Barrel 3 was filled with red fluo-

rescent beads (Red retrobeads, .2%, Luma Fluor Inc.,

Durham, NC) dissolved in isotonic saline vehicle (60 nL),

which were used to mark the injection site. These fluores-

cence beads have no pharmacological activity and have

been used in electrophysiology studies for juxtacellular

labeling. The doses of U50 and nor-BNI microinjected

were previously established (Gottlieb et al. 2005b) and

compared to ICV injections from a previous study

(Gottlieb et al. 2005b). All drugs and vehicle were injected

in a volume of 60 nL over a period of 0.5–1 min. The speed

and volume of the injection were controlled by watching

the movement of the fluid meniscus in the pipette with a

stereomicroscope and graticule affixed to the pipette.

Western blot analyses of brain kappa opioid
receptor

Samples from the forebrain of normal na€ıve, healthy

Sprague–Dawley (SD) (n = 5) control rats were analyzed

using standard western blot techniques. Briefly, each rat

was anesthetized with Inactin (100 mg/kg, i.p.) and

decapitated. The extracted brain was placed in a commer-

cially available brain matrix (Stoelting, Wood Dale, IL)

and cut into 1-mm-thick coronal slabs with razor blades.

Micropunched brain tissue samples from the stereotaxic

coordinates corresponding to PVN, SON, anterior BST,

dorsal BST, and MPA were obtained with a 1-mL syringe

equipped with blunt sterile 23-gauge needle. The punched

samples were expelled into microcentrifuge tubes and

snap-frozen on dry ice. Tissue was sonicated in RIPA Buf-

fer containing protease inhibitor cocktail (Sigma Aldrich,

St. Louis, MN). Protein concentration was determined by

the Bio-Rad protein assay based on the Bradford method

(Bio-Rad, Hercules, CA). Brain nuclei homogenates

(5 lg) were separated by SDS-PAGE. Proteins were then

electrophoretically blotted onto polyvinylidene difluoride

(PVDF) membranes. Membranes were probed with poly-

clonal anti-KOR receptor antibodies obtained from Pierce

(Thermo Fisher Scientific, Rockford, IL). After they were

washed, the PVDF membranes were incubated with
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bovine anti-rabbit IgG secondary antibody conjugated

with horseradish peroxidase (Cell signaling, Danvers,

MA). Bands were detected by ECL Plus (Amersham, Pitts-

burgh, PA) and quantified by densitometry. Membranes

were reprobed with anti-GAPDH antibody (Sigma-

Aldrich) as a loading control. Blots were performed three

times with brain nuclei tissue samples from three rats.

KOR is widely expressed in the rat brain at different den-

sities. Rat cerebellum tissue, where KOR expression has

been previously described, was used as a positive control

and rat liver tissue, which does not express KOR, was col-

lected and run as a control for specificity of the antibody.

Experimental protocol

Under urethane/alpha-chloralose anesthesia, rats were

continuously infused with isotonic saline (25 lL/min) for

the entirety of the protocol, allowing 1–2 h for stabiliza-

tion of CV and renal parameters. The glass micropipette

was lowered into position following the coordinates previ-

ously described and two consecutive 10-min control urine

samples were collected. U50 (100 ng/60 nL), isotonic sal-

ine vehicle, nor-BNI alone (10 ng/60 nL; data not

shown), or nor-BNI followed immediately by U50 micro-

injection were then unilaterally microinjected in the BST

(n = 6 each) or MPA (n = 6 each). The drugs were

allowed 2 min for distribution. The experimental period

then entailed measurement of CV and RSNA parameters,

and collection of urine for 60 min (six consecutive 10-min

periods). Urine volume was determined by weight of the

vial pre- and posturine output. The urinary sodium and

potassium concentration were analyzed by a flame pho-

tometer (Jenway PFP7 Flame photometer, Burlington,

NJ). To ensure precision, the saline vehicle containing

fluorescence beads was microinjected at the end of the

experiment in order to determine the injection site.

Because of diffusion of beads/drug preparations, the

microinjection site was determined by the location of

intense fluorescence. Only injection sites within the ante-

rolateral BST or MPA regions were used for data analysis.

Histological processing

At the end of the microinjection study, anesthetized rats

were given hexamethonium and euthanized by overdose

of the anesthetic followed by decapitation. The brain was

then removed and postfixed with 4% paraformaldehyde

at 4°C for at least 3 days and moved to 20% sucrose for

another 2–3 days. The brains were frozen and cut in

40-lm coronal sections using a cryostat microtome (A-

vantik QS11, Springfield, NJ). All sections were collected,

mounted to glass slides coated in gel alcohol, covers-

lipped, and allowed to dry. The microinjections sites were

identified microscopically using a fluorescence microscope

(Olympus BX41, Center Valley, PA) and the atlas of

Paxinos and Watson (2007) as a reference.

Drugs

The drugs used in this study, alpha-chloralose, urethane,

inactin, U50, norbinaltorphimine, and hexamethonium,

were all purchased from Sigma Aldrich. Sodium chloride

0.9% was obtained from Fisher Scientific (Pittsburgh,

PA). Isoflurane (ISOTHESIA) was purchased through the

University of Texas from Henry Schein Animal Health

(Dublin, OH).

Data analysis

All data are expressed as mean � SEM. Data were statisti-

cally analyzed using repeated measures analysis of vari-

ance (ANOVA) for the change in parameters at different

time points after injection of drug as compared with

respective control period and a Dunnett’s post hoc test

for pairwise comparisons among the means. Using the

time and the treatment as a repeated factor, a two-way

ANOVA was also performed followed by a Bonferroni

posttest in order to determine differences occurring

between two or more treatment groups at equivalent time

periods. In each case, statistical significance was defined

as P < 0.05 (Prism, ver. 5; Graph Pad software, San

Diego, CA).

Results

The CV, renal excretory, and renal sympathetic nerve

responses produced by unilateral microinjection of iso-

tonic saline vehicle (n = 6, 60 nL), U50 alone (n = 6,

100 ng/60 nL), or nor-BNI followed by U50 (n = 6) into

the anterolateral BST are shown in Figure 1. Unilateral

microinjection of U50 into the anterolateral BST evoked

significant increases in urine flow rate (V) without

increases in HR, mean arterial pressure (MAP), RSNA, or

sodium excretion rate (UNaV) relative to its control per-

iod. As compared to its respective control levels (V,

25.6 � 4.7 lL/min), microinjection of U50 produced a

significant increase in urine output starting at 20 min,

peaking at 30 min (V, 84.8 � 14 lL/min), and returning

close to baseline at 60 min. In addition, the kappa-medi-

ated diuretic effect was also significantly different when

compared to isotonic saline or nor-BNI plus U50, starting

at 20 min and reaching the highest level of statistical sig-

nificance at 30 and 40 min. The effects of U50 were also

significantly different compared to saline vehicle at

50 min and nor-BNI at 60 min. No significant changes in

measured parameters were observed in rats microinjected
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with isotonic saline or nor-BNI plus U50 as compared to

their respective controls. Pretreatment with nor-BNI abol-

ished the diuretic effect and appeared to have a small

natriuretic effect. However, this did not reach statistical

significance as compared to its control period or other

groups.

Figure 2 shows the changes in MAP, HR, V, UNaV,

and RSNA produced by unilateral microinjection of U50

(n = 6), isotonic saline (n = 6), or nor-BNI plus U50

(n = 6) into the MPA. Microinjection of U50 into the

MPA produced no significant changes in CV, diuretic,

and natriuretic parameters. In contrast, U50 microinjec-

tion evoked significant increases in RSNA compared to

baseline control values from time points 20–60 min. This

change in RSNA produced by U50 also differed signifi-

cantly from that in rats microinjected with isotonic saline

or nor-BNI plus U50 over the same time periods. Similar

to BST microinjections, isotonic saline vehicle failed to

evoke significant changes to any measured parameter. As

we observed with microinjections into the BST, injection

of nor-BNI plus U50 into the MPA was associated with a

nonsignificant trend toward increase in UNaV.

To further corroborate our pharmacological data sup-

porting a role for central KOR-mediated increase in V and

RSNA in the BST and MPA, we measured the brain KOR

expression in healthy SD rats as shown in Figure 3. The

KOR was present not only in the PVN and SON as previ-

ously demonstrated (Mansour et al. 1994, 1996) but also in

the MPA, anterior (A-BST), and dorsal (D-BST) portions

of the BST. There was no statistically significant difference

in the expression of KOR among the sites. Figure 4 illus-

trates the histologically identified sites into which U50 was

microinjected into the anterolateral BST and MPA.

Although not shown, saline vehicle and nor-BNI injections

were also confined to the anterolateral BST or MPA.

Discussion

Data from past studies indicate that the ICV injection of

U50 produces a marked free water diuresis with a concur-

rent increase in RSNA in both anesthetized and conscious

Figure 1. Cardiovascular, renal and renal sympathetic nerve

responses produced by unilateral microinjection of U50 (•; n= 6),

isotonic saline vehicle (□; n= 6), or nor-BNI plus U50 (▲; n= 6) into

the BST. Values are expressed as the mean � SEM HR, heart rate;

MAP, mean arterial pressure; V, urine flow rate; UNaV, urinary

sodium excretion; RSNA, renal sympathetic nerve activity. * and **

denotes significant different (P < 0.05 and P < 0.01, respectively)

from respective control period. p denotes significant difference (P <

0.05 or greater) between U50 and saline vehicle group over at

equivalent time points. # denotes significant difference (P < 0.05 or

greater) between U50 and nor-BNI plus U50 group at equivalent time

points. F value = 35.42; Df1=2; Df2=105.
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Figure 3. Representative Western blot analysis and corresponding

immunolabeling of the kappa opioid receptor (KOR) protein in

selected forebrain regions of na€ıve rats. Values represent the mean �
SEM. Normalized with glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), Western blot analysis revealed the kappa opioid receptor

40kD protein band in brain regions from na€ıve animals. SON,

supraoptic nucleus; PVN, paraventricular nucleus of the hypothalamus;

MPA, medial preoptic area, A-BST; anterior region of the BST, B-BST;

dorsal region of the BST.

Figure 2. Cardiovascular, renal and RSNA responses produced by

microinjection of U50 (•; 5 ll, n = 6), isotonic saline vehicle (□; n= 6),

or nor-BNI plus U50 (▲; n= 6) into the MPA of anesthetized rats.

Values represent the mean � SEM. HR, heart rate; MAP, mean

arterial pressure; V, urine flow rate; UNaV, urinary sodium excretion;

RSNA, renal sympathetic nerve activity. * denotes significant different

(P < 0.05) from respective control period.*; P < 0.05, significantly

different from respective control period. p, # denotes significant

difference (P < 0.001) between U50 and saline or nor-BNI plus U50

groups, respectively, at equivalent time points. F value = 56.30;

Df1=2; Df2=105.
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rats (Kapusta et al. 1989; Kapusta 1995; Gottlieb et al.

2005a). However, the CNS sites via which KOR modulate

these responses are yet to be fully characterized. The

results presented in our studies demonstrate that the

KOR is present in the LT and that activation of KOR at

anterolateral BST and MPA evokes different modulatory

effects on urine excretion rate and RSNA. These changes

occurred without concurrent changes in MAP, HR, and

UNaV. These data suggest a novel pathway by which acti-

vation of central KOR can modulate water and renal sym-

pathetic nerve function.

The BST is thought to serve as a relay center between

limbic cognitive centers and nuclei involved in the pro-

cessing of reward, stress, and anxiety (Poulin et al. 2009).

Moreover, it is divided into several regions and projects to

the hypothalamic sites involved in production and secre-

tion of AVP (Dong and Swanson 2006a; Crestani et al.

2013). Therefore, the BST seems to play an important role

in the integration of physiological and behavioral

responses associated with autonomic and neuroendocrine

functions. Our studies demonstrate that unilateral micro-

injection of U50 into the anterolateral BST significantly

increases urine flow rate as compared to baseline control.

This increase in urine was also significantly different from

rats microinjected with saline vehicle. Pretreatment with

the selective KOR antagonist, nor-BNI, abolished the

diuretic response evoked by U50. Although this increase

in urine flow rate was not equivalent in magnitude to ICV

administration in anesthetized (U50; 10 lg/5 lL) rats as

previously reported (Gottlieb et al. 2005b), it was similar

in duration and peak time. Furthermore, microinjection

of a similar dose of U50 (100 ng/60 nL) into the BST

evoked a diuretic response similar to that previously

reported by us after bilateral U50 microinjection into the

magnocellular PVN, (Gottlieb et al. 2005b). Although a dif-

ferent anesthetic cocktail was used in this study, the KOR-

mediated diuretic effect observed was similar in duration

and trend to those observed anesthetized and conscious

studies previously mentioned. In this study, the anesthetic

used during the experimental protocol was urethane–
alpha-chloralose, which has been used consistently in elec-

trophysiology studies measuring CV and sympathetic func-

tion (Cardoso et al. 2009; Pedrino et al. 2013; Bardgett

et al. 2014). This anesthesia cocktail did not appear to

modulate AVP secretion as evoked by certain barbiturates

and ketamine/xylazine (Walter et al. 1989; Gottlieb et al.

2005b). Although not shown in this manuscript, ICV injec-

tion of U50 evoked similar magnitude and duration of

action in this anesthetized model.

Whole animal studies support the hypothesis that KOR

produce diuresis by inhibiting central AVP secretion and

that this decrease was paralleled by an increase in urine

Figure 4. Schematic coronal sections adapted from the atlas of Paxinos and Watson, demonstrating microinjection sites into which the selective

kappa opioid receptor agonist, U-50488H (100 ng/60 nl), was microinjected into the anterolateral BST or MPA. Microinjections are approximates

based on the fluorescence intensity. Numbers indicate the distance in millimeters from bregma. och, optic chiasm; 3v, third ventricle; MnPO,

median preoptic nucleus; aca, anterior commissure; am, anteromedial BST; al, anterolateral BST.
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flow rate (Slizgi and Ludens 1982, 1986; Leander et al.

1985). In addition, in vivo and in vitro studies demon-

strated that activation of KOR can suppress the phasic fir-

ing patterns of AVP magnocellular neurons in the SON,

which results in the decrease in AVP secretion (Inenaga

et al. 1994; Rossi and Brooks 1996; Brown et al. 1998,

2000, 2006). Furthermore, administration of nor-BNI

increased the burst duration and firing frequency of the

phasic vasopressinergic neurons (Brown et al. 1998).

Although plasma levels of AVP were not measured in this

study, the consensus is that the predominant mechanism

by which KOR produce diuresis is via a central inhibition

of AVP secretion. This is the first study to demonstrate

that activation of KOR receptors outside the hypotha-

lamic sites (PVN and SON) may also evoke a diuretic

effect potentially through inhibition of AVP secretion.

Although more experiments are necessary to determine

the pathway and mechanism involved, one can postulate

that BST neurons may play a tonic role in stimulating

vasopressin secretion at the level of the PVN and/or SON,

in this anesthetized model. Thus, activation of KOR,

which are typically inhibitory (Connor and Christie

1999), suppresses this pathway, resulting in a reduction of

plasma AVP and concurrent increase in urine flow. This

hypothesis is supported by studies demonstrating the

existence of a neuronal projection from the BST to mag-

nocellular neurons in the PVN and SON (Crestani et al.

2013) and other studies suggesting that KOR activation

decreases plasma AVP secretion (Oiso et al. 1988; Brooks

et al. 1993; Kapusta 1995; Rossi and Brooks 1996).

ICV administration of U50 has been demonstrated to

produce a decrease in sodium excretion rate with a

concurrent increase in RSNA (Kapusta and Obih 1993;

Kapusta 1995; Gottlieb and Kapusta 2005). In an attempt

to identify other potential sites involved in the KOR-med-

iated effects on RSNA, we microinjected U50 into the

MPA. The MPA, which lies near the organum vasculosum

of the LT, have been implicated in the modulation of

sympathetic nerve activity (Hubschle et al. 1998; Sly et al.

1999). Microinjection of U50 into MPA did not increase

the measured CV or renal parameters, but evoked a sig-

nificant increase in RSNA. ICV injection of U50 in con-

scious rats was reported to produce an increase in RSNA

that peaks at 30 min and begins returning to baseline val-

ues within 50 min (Kapusta and Obih 1993). Similarly,

we previously reported results of experiments in a keta-

mine/xylazine anesthetized model, in which increases in

RSNA induced by U50 were significant by 30 min and

remained significantly elevated (�50%) above baseline for

at least another 50 min (Gottlieb et al. 2005b). In this

study, unilateral microinjection of U50 into the MPA

evoked a similar pattern, but at a lower magnitude

(�30%) of increase. Similar to the results observed by

microinjection of U50 into the BST, MPA injections did

not evoke any significant changes to urinary sodium

excretion rate. This is interesting since increases in RSNA

have been previously been reported to be associated with

a KOR-mediated antinatriuretic effect in heathy rats

(Kapusta and Obih 1993). However, in our experiments,

we did not detect a decrease in UNaV. The differences

observed in antinatriuresis and RSNA activity in this

study and previous reports maybe attributed to the use of

smaller dose than ICV and the unilateral administration

of U50 compared to other methods used in peer-reviewed

studies. It is also possible that the lack of antinatriuretic

effect may be caused by the anesthesia used in this proto-

col. Although the increase in RSNA can influence UNaV,

under certain conditions, it has also been shown to be

independent of the renal nerves (Kapusta et al. 1989).

Furthermore, while other CNS regions may contribute to

the antinatriuretic effects of U50, our data provide evi-

dence that activation of KOR in the MPA increases

RSNA. The western blot data demonstrate the presence of

the receptor in these sites and along with the antagonist

data, support our conclusion that the responses observed

are selective to the activation of KOR.

In conclusion, microinjection of the kappa opioid ago-

nist into the anterolateral BST and MPA evoke selective

changes in urine flow rate and RSNA. Thus, this study

identifies two regions within the LT that may be involved

in the opioid-mediated control of electrolyte and water

homeostasis through kappa receptors. This is the first

study demonstrating that activation of KOR at a site

other than that of magnocellular AVP neurons present in

the PVN or SON can evoke increases in urine output.

The results presented in our studies demonstrate a novel

pathway for the kappa opioid-mediated diuretic effect in

the BST and increased sympathetic outflow to the kid-

neys. These results provide a rationale for future studies

aimed at elucidating the mechanism underlying this

response. These results provide new information concern-

ing the role of kappa opioids in the regulation of body

fluid homeostasis, which may lead to the development of

novel therapeutic approaches for diseases that evolves

fluid overload and hyponatremia.
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