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1. Sigma receptors bind a diverse group of chemically unrelated ligands, including pentazocine,

apomorphine (a dopamine receptor agonist) and haloperidol (a dopamine receptor

antagonist). Although sigma binding sites are widely distributed, their physiological roles

are poorly understood. Here, the whole-terminal patch-clamp technique was used to

demonstrate that sigma receptors modulate K¤ channels in rodent neurohypophysis.

2. Previous work suggested that dopamine type 4 (DÚ) receptors modulate neurohypophysial

K¤ current, so this study initially tested the role of dopamine receptors. Experiments using

transgenic mice lacking Dµ, D× or DÚ receptors indicated that the reduction of K¤ current by

PPHT and U101958 (ligands thought to be selective for dopamine receptors) is not mediated

by dopamine receptors. The sensitivity of the response to U101958 (a drug that binds to DÚ

receptors) was the same in both wild-type and DÚ receptor-deficient mice.

3. Experiments with other ligands revealed a pharmacological signature inconsistent with any

known dopamine receptor. Furthermore, dopamine itself (at 100 ìÒ) had no effect. Thus,

despite the activity of a number of putative dopamine receptor ligands, dopamine receptors

play no role in the modulation of neurohypophysial K¤ channels.

4. Because of the negative results regarding dopamine receptors, and because some of the

dopamine receptors ligands used here are known to bind also to sigma receptors, experiments

were conducted to test for the involvement of sigma receptors. In rat neurohypophysis the

sigma receptor ligands SKF10047, pentazocine, and ditolylguanidine all reversibly inhibited

K¤ current in a concentration-dependent fashion, as did haloperidol and apomorphine

(ligands that bind to both dopamine and sigma receptors). The activity of these and other

ligands tested here matches the reported binding specificity for sigma receptors.

5. Fifteen candidate endogenous sigma receptor ligands, including biogenic amines

(e.g dopamine and serotonin), steroids (e.g. progesterone), and peptides (e.g. neuropeptide Y),

were screened for activity at the sigma receptor. All were without effect.

6. Haloperidol reduced K¤ current proportionally at all voltages without shifting the voltage

dependence of activation and inactivation. Sigma receptor ligands inhibited current through

two distinct K¤ channels, the A-channel and the Ca¥-dependent K¤ channel. In rat, all

drugs reduced current through both channels proportionally, suggesting that both channels

are modulated by a single population of sigma receptors. In contrast, mouse peptidergic

nerve terminals either have two receptors which are sensitive to these drugs, or a single

receptor that is differentially coupled to ion channel function.

7. The inhibition of voltage-activated K¤ current by sigma receptors would be expected to

enhance the secretion of oxytocin and vasopressin from the neurohypophysis.
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Nerve terminals are an important site of action for neuro-

transmitters. Presynaptic receptors can exert either positive

or negative control over neurosecretion, by mechanisms that

involve either the modulation of ion channels in the nerve

terminal plasma membrane or the modification of proteins

mediating exocytosis (Thompson et al. 1993; Jackson,

1995). The neurohypophysis contains peptidergic nerve

terminals amenable to intracellular recording techniques

(Lemos & Nowycky, 1989; Bourque, 1990; Jackson et al.

1991) and, as such, provides a powerful system for

investigating the chemical regulation of neurosecretion. The

nerve terminals of the neurohypophysis release oxytocin

and vasopressin, and these two neuropeptides define two

populations of nerve terminals present in roughly equal

numbers. A number of substances have been shown to

modulate the release of neurohypophysial peptides (Bondy

et al. 1989; Crowley & Armstrong, 1992), and the ion

channels of the neurohypophysis present a clear target for

the regulation of secretion. K¤ channel inactivation has

been implicated in the broadening of action potentials and

the frequency-dependent facilitation of release (Jackson et

al. 1991). Ca¥ entry through Ca¥ channels and subsequent

activation of Ca¥-activated K¤ channels raises the

threshold for action potential generation and can contribute

to the use-dependent depression of release (Bielefeldt &

Jackson, 1993).

The catecholamine dopamine is known to modulate neuro-

transmitter release in the brain (Grace & Bunney, 1985).

The effects of dopamine on release from the neuro-

hypophysis have been studied, but the results are conflicting

(Crowley & Armstrong, 1992). Dopamine has been reported

both to enhance (Bridges et al. 1976) and inhibit (Barnes &

Dyball, 1982) oxytocin release from isolated neuro-

intermediate lobe; enhancement of oxytocin release

appeared to be under the control of a dopamine type 1 (DÔ)

receptor (Crowley et al. 1991). Dopamine-containing fibres

from the arcuate and periventricular nuclei descend along

the neural stalk and terminate in the posterior and

intermediate lobes of the pituitary, providing an anatomical

basis for dopamine action at the nerve terminals of the

neurohypophysis (Baumgarten et al. 1972; Holzbauer &

Racke, 1985). Drugs with activity at dopamine receptors

influence circulating levels of neurohypophysial hormones in

animals (Melis et al. 1990; Crowley et al. 1991; Crowley &

Armstrong, 1992). However, the interpretations of these

results are complicated by the different potencies displayed

by these drugs on different dopamine receptor subtypes,

and by the difficulty of distinguishing direct actions on

peptidergic nerve terminals from actions within the

integrative circuitry of the hypothalamus.

Recent work from this laboratory has shown that certain

dopamine receptor ligands inhibit voltage-activated K¤

current (IK) within the nerve terminals of the rat neuro-

hypophysis (Wilke et al. 1998). In an attempt to identify

the receptor, a number of drugs were tested. The broad-

spectrum DµÏD×ÏDÚ receptor agonist 2-(N-phenylethyl-N-

propyl) amino-5-hydroxytetralin (PPHT) was effective, but

the DÔÏDÛ receptor agonist SKF38393 was not. The response

to PPHT was blocked by the broad-spectrum dopamine

receptor antagonist eticlopride. Moreover, the finding that

RBI257, a recently developed DÚ receptor-specific antagonist,

blocked responses to PPHT appeared to support the

hypothesis that inhibition of IK resulted from the activation

of a DÚ receptor (Wilke et al. 1998). However, another

compound U101958, also developed as a DÚ receptor

antagonist (TenBrink et al. 1996), was found to show

agonist activity. Furthermore, the dopamine receptor agonist

quinpirole (at 100 ìÒ) had no effect (Wilke et al. 1998).

The pharmacological profile of the receptor mediating these

responses is not consistent with results from cell lines

transfected with the human DÚ receptor cDNA (Chabert et

al. 1994; Liu et al. 1996; Watt & Neve, 1998). These

observations raised questions about the identity of the

receptor, and led to the consideration of factors that could

complicate the interpretation of experiments with dopamine

receptor ligands. One important problem is that many of the

pharmacological probes used to investigate dopamine

receptor function also bind to sigma receptors. Although the

sigma receptor was initially classified as a novel opioid

receptor (Martin et al. 1976), subsequent studies

demonstrated that the sigma binding site represents a

distinct pharmacological entity (Su, 1982). Sigma receptor

ligands comprise a diverse group of chemically unrelated

compounds (Su, 1993), including ditolylguanidine (DTG),

pentazocine, and N-allylnormetazocine (SKF10047; the

drug for which this receptor was initially named). One of

the most widely used sigma receptor ligands, haloperidol, is

also well known as a dopamine receptor antagonist. Other

drugs known to bind to both sigma and dopamine receptors

include apomorphine, chlorpromazine, and PPHT. The rat

pituitary expresses sigma receptor binding sites (Wolfe et al.

1989), thus making plausible the hypothesis that the

inhibition of neurohypophysial K¤ current is mediated by

sigma receptors.

We pursued these issues first by conducting experiments to

rule out the involvement of dopamine receptors. Drug

actions were tested in genetically altered mice which lack

Dµ, D×, or DÚ receptors. The results of these experiments are

presented here, and show that wild-type mice and mice

lacking dopamine receptors responded similarly to putative

dopamine receptor agonists. With dopamine receptors thus

ruled out, a series of experiments were conducted to test the

role of sigma receptors. The actions of a large number of

ligands were tested and found to inhibit neurohypophysial

IK. The pharmacological signature of this response was

consistent with known sigma receptor selectivity. These

experiments support the conclusion that rat and mouse

neurohypophyses contain sigma receptors coupled to K¤

channels, implying that sigma receptor activation can

modulate the release of oxytocin and vasopressin.
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METHODS

Animals

Experiments were carried out in accordance with the National

Institutes of Health guide for the care and use of laboratory

animals. Animals were housed under a 12 h light—dark cycle with

free access to water and food. Experiments were performed on

Sprague—Dawley rats (males weighing •250 g) and wild-type

(C57BLÏ6J) and transgenic mice. Transgenic mice were prepared

by homologous recombination. Mice lacking the DÚ receptor have

recently been described by Rubinstein et al. (1997). Dµ receptor-

deficient mice have been described by Kelly et al. (1997). D×

receptor-deficient mice were purchased from Jackson Laboratory

(Bar Harbor, ME, USA). Appropriate wild-type strains were

examined as controls for each of these mutants.

Tissue preparation

Pituitary slice preparation followed previously published methods

(Jackson et al. 1991; Jackson, 1993) for both rat and mouse. Animals

were rendered unconscious by a rising concentration of COµ and

then decapitated. The brain was removed and discarded. The

cranium was immediately filled with ice-cold artificial cerebrospinal

fluid (ACSF), consisting of (mÒ): 115 NaCl, 4·0 KCl, 1·25 NaHµPOÚ,

26 NaHCO×, 2 CaClµ, 1 MgClµ, and 10 glucose, saturated with 95%

Oµ—5% COµ. With the aid of a binocular dissecting microscope, the

entire pituitary was removed from the calvarium and glued to a

plastic block. The posterior portion of the gland was sliced at a

thickness of 75 ìm with a Lancer Vibratome, and then stored at

21—24 °C in 95% Oµ—5% COµ-saturated ACSF. All tissue was used

within 3 h of harvest. Because of the smaller size of the mouse

pituitary compared with the rat, only two or three slices were

obtained per animal.

Electrophysiology

Recordings were made from tissue slices superfused with 95%

Oµ—5% COµ-bubbled ACSF. Individual nerve terminals at the slice

surface were located with an upright differential interference

contrast microscope (Diastar, Reichert Jung) equipped with a Zeiss

²40 water immersion, long working distance objective lens. The

structures from which recordings were made are roughly spherical

and range in diameter from 5 to 15 ìm. Neurobiotin labelling in

this preparation has shown that these structures are large axonal

swellings (Jackson, 1993), and capacitance measurements revealed

Ca¥-triggered exocytosis (Hsu & Jackson, 1996) to demonstrate a

defining functional property of nerve terminals.

Slices prepared from mice had large nerve terminals, as in rat, but

these were seen less frequently, thus making patch recording

somewhat more difficult. Patch pipettes were fabricated from thin-

walled aluminosilicate glass, and the pipette shanks were coated

with Sylgard to reduce electrode capacitance (Hamill et al. 1981).

Recordings were made with an EPC_9 patch-clamp amplifier

interfaced to a Macintosh computer. Data acquisition, voltage

control, and analysis were carried out with the computer program

Pulse + Pulse Fit (Instrutech, Inc., Great Neck, NY, USA).

Whole-terminal IK was recorded under voltage-clamp mode, using

patch pipettes filled with 130 mÒ KCl, 10 mÒ EGTA, 2 mÒ MgClµ,

4 mÒ MgATP, 300 ìÒ NaGTP, and 10 mÒ Hepes, at pH 7·3. Prior

to contact with the cell membrane, pipette resistances ranged from

3 to 6 MÙ. Immediately after breaking in, cell capacitance and

series resistance were determined with the transient cancellation

feature of the EPC_9. In cases where the initial series resistance

exceeded 15 MÙ, this value was partially compensated

electronically.

Drug application

All drugs used in these experiments were obtained from either

Sigma or Research Biochemicals International. Compounds were

dissolved in ACSF at the desired concentrations and either

superfused onto the preparation at a rate of 2—4 ml min¢ with a

simple gravity-feed system, or added directly to the bathing

solution by pipette injection (see figure legends). Prior to adding

drugs, IK was recorded at 15 s intervals for 1—3 min to verify the

stability of the baseline. Current was also recorded after drug

removal to demonstrate reversibility. In experiments with highly

lipophilic drugs like PPHT, the agent was first dissolved in DMSO,

and then diluted into ACSF to obtain the desired drug

concentration. The final concentration of DMSO never exceeded

0·1%. Vehicle (0·1% DMSO in ACSF) has been tested and found to

have no effect on whole-terminal IK.

Data analysis

Current recordings were analysed on a Macintosh computer with

Pulse + PulseFit. This program was used to fit current decays to a

double exponential function. Concentration—response and current—

voltage plots were fitted using Origin software (Micro-Cal,

Northampton, MA, USA) on a personal computer. Simple statistical

analyses were performed on data exported from Pulse, using

Microsoft Excel software. When arithmetic means were computed

they were presented with the standard error of the mean.

Probabilities for statistical significance were based on Student’s t

test, with P < 0·05 taken as statistically significant.

RESULTS

Modulation of K¤ channels in mouse neurohypophysis

All nerve terminals tested in neurohypophysial slices

prepared from C57BLÏ6J wild-type or mutant mice

displayed a prominent IK in response to depolarizing pulses

under voltage clamp (Fig. 1). A voltage step from −80 mV to

10 mV rapidly activated this current. IK then declined with

a double exponential decay while the test potential was held

constant at 10 mV for 500 ms. The temporal characteristics

of mouse IK resembled those described previously in rat

neurohypophysial nerve terminals (Bielefeldt et al. 1992).

Pharmacological and biophysical studies in the rat

established that this current is a flux of K¤ through three

distinct types of K¤ selective channels. Current through two

of these channels is readily distinguished on the basis of the

rate of inactivation at positive potentials. The rapid

component of decay reflects inactivation of an A current

(IA), and the slow component of decay reflects inactivation

of a Ca¥-activated K¤ current (IBK) (Bielefeldt et al. 1992).

(Current through the neurohypophysial Ca¥-activated K¤

channel can be seen even with 10 mÒ EGTA in the pipette

filling solution because this channel has an unusually high

sensitivity to Ca¥ (Bielefeldt & Jackson, 1993).)

Both PPHT (an agonist at the closely related DµÏD×ÏDÚ

receptors; Kebabian et al. 1997) and U101958 (a DÚ

receptor-specific ligand; TenBrink et al. 1996) inhibited

neurohypophysial IK (Fig. 1). PPHT inhibited both peak

and sustained (final) components of IK, while U101958

mainly reduced the sustained component. Since the action

of these two drugs appeared different, the inhibition of the
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two principal types of K¤ channels underlying IK was

quantified by fitting current decays to a double exponential

function:

I = I0 + I1 exp(−tÏôÔ) + Iµexp(−tÏôµ), (1)

where I denotes current, I0 denotes sustained current at the

endpoint of inactivation, I1 and ô1 denote the amplitude and

time constant of the rapidly decaying current, respectively,

and Iµ and ôµ denote the amplitude and time constant of the

slowly decaying current, respectively. The time constants of

decay remained essentially unchanged in 30 ìÒ PPHT, but

the amplitudes were reduced by similar percentages. The

fast component, I1, was reduced to 50 ± 8% of control and

the slow component, Iµ, was reduced to 56 ± 8% of control

(n = 4). In contrast, 100 ìÒ U101958 inhibited the slow

component to 26 ± 2% of control, but left the fast component

essentially unchanged at 119 ± 14% of control (n = 5).

The different effects of PPHT and U101958 on peak and

sustained IK (Fig. 1) are consistent with the different effects

on the rapidly and slowly decaying exponential components.

The percentage reductions in peak and sustained current

induced by these drugs are shown in Fig. 2. PPHT reduced

both peak and sustained IK, whereas U101958 reduced only

sustained IK. Both peak IK and I1 primarily reflect the

rapidly inactivating IA. The failure of U101958 to reduce

peak IK or I1 reflects the fact that this drug does not

modulate IA. In contrast, sustained IK and Iµ reflect current

flowing primarily through the Ca¥-activated K¤ channel,

and the reduction of sustained IK and Iµ by both drugs is

consistent with an effect of both drugs on IBK. The different

actions of these two drugs suggest that there are two

receptors, distinguished by their ligand specificity and their

coupling to different K¤ channels. A single receptor

mediating responses to both drugs may also be possible, but

this would require variable coupling to two different

transduction pathways, depending on the choice of agonist.

The differential effect of these drugs stands in contrast with

results in rat, where several drugs including PPHT and

U101958 reduced both components of IK in parallel (see

results below andWilke et al. 1998).

Actions of dopamine receptor ligands

To gain insight into the pharmacological identity of the

receptors that mediate these responses, two additional

dopamine receptor ligands were evaluated for their effects

on peak and sustained IK (Fig. 2). To test the possible

involvement of DÔ and DÛ receptors, we employed

SKF38393, an agonist that binds to these two closely

related receptors with high affinity (Kebabian et al. 1997).

At 100 ìÒ this drug had no effect on either peak or

sustained IK (Fig. 2), suggesting that DÔ and DÛ receptors do

not modulate K¤ channels in this preparation. Dµ, D× and

DÚ receptors are closely related and exhibit a considerable

amount of overlap in their ability to bind various ligands

(Civelli et al. 1993; Sibley et al. 1993). However, quinpirole,

an agonist known to activate each of these three receptors,

had no effect at 100 ìÒ on either peak or sustained IK in the

mouse neurohypophysis (Fig. 2). This observation is

somewhat surprising, since quinpirole is thought to activate

the same dopamine receptors as PPHT (Kebabian et al.

1997). Thus, the responses to these drugs are not consistent

with known dopamine receptors.

We also tested the DÚ receptor antagonist L745870 (Patel et

al. 1997), against the inhibition of IK by PPHT. Although

this compound has a very high affinity for DÚ receptors (Ké,

0·43 nÒ), 30 ìÒ L745870 failed to alter the inhibition of IK

by 30 ìÒ PPHT (EC50, 1·8 ìÒ; Wilke et al. 1998) in three

nerve terminals tested (Fig. 3A). These disparate results

with U101958 and L745870 suggest that either the

receptors are not DÚ, or the drugs are not as selective as

previously thought.

As a final test for dopamine receptors, we applied 100 ìÒ

dopamine to four nerve terminals. The result of one of these

experiments is shown in Fig. 3B. Dopamine had no effect on

R. A. Wilke and others J. Physiol. 517.2394

Figure 1. Outward IK in voltage-clamped mouse

neurohypophysial nerve terminals of wild-type C57BLÏ6J

mice

A holding potential of −80 mV was maintained before and after

voltage steps of 500 ms to 10 mV. In each set of tracings, a

prominent outward current was rapidly activated, and then

decayed over time. A, current recorded before (control) and after a

3 min exposure to PPHT (30 ìÒ). B, current recorded before and

after a 3 min exposure to U101958 (100 ìÒ). PPHT reduced both

peak and sustained IK. U101958 reduced sustained IK, but had

little effect on peak IK.
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Figure 3. Actions of L745870 and dopamine

A, the DÚ receptor-specific antagonist L745870 had no effect

on the reduction of sustained IK by 30 ìÒ PPHT. In this

experiment no inhibition of the PPHT response was seen with

either 30 or 100 ìÒ L745870. Similar results were obtained in

3 nerve terminals. In the presence of 30 ìÒ L745870, PPHT

reduced the sustained IK to 62 ± 8% of control, which is

similar to the reduction of sustained IK in Fig. 2. B, dopamine

(100 ìÒ) failed to reduce sustained IK. In the same nerve

terminal 10 ìÒ PPHT reduced IK. These experiments followed

the protocol used in Fig. 2. Neither peak nor sustained IKwere

reduced by dopamine in 4 nerve terminals (see text).

Figure 2. Dopamine agonist selectivity profile in wild-

type mice

Sustained neurohypophysial IKwas monitored in the presence

of various dopamine receptor agonists. IKwas evoked using

the same pulse protocol as employed in Fig. 1. After

establishing a predrug baseline, nerve terminals were

superfused with 100 ìÒ SKF38393 (DÔÏDÛ), 30 ìÒ U101958

(DÚ), 30 ìÒ PPHT (DµÏD×ÏDÚ) or 100 ìÒ quinpirole

(DµÏD×ÏDÚ) for 3 min. Sustained IK at that time was

normalized to the predrug control IK for each nerve terminal.

Data represent means ± s.e.m. for 3—6 experiments.



peak or sustained IK, while 10 ìÒ PPHT reduced both

components in the same recording. In the presence of

dopamine, peak IK was 96 ± 6% of control and sustained IK

was 98 ± 8% of control (n = 4). When taken together, these

results suggest that the responses in mouse neurohypophysial

nerve terminals to putative dopamine receptor-specific

ligands are not mediated by dopamine receptors.

Genetic analysis of dopamine receptors

The pharmacological experiments described above gave

results inconsistent with known dopamine receptor

properties. For this reason we performed experiments in

transgenic mice lacking specific types of dopamine receptors.

The different molecular forms of dopamine receptors are

encoded by five distinct genes (Civelli et al. 1993; Sibley et

al. 1993). Three of these, denoted Dµ, D×, and DÚ, are

structurally, as well as pharmacologically, closely related

and are known to respond to PPHT. Therefore these three

receptors were selected for genetic analysis. In mice lacking

the DÚ receptor, U101958 was found to inhibit sustained IK

as effectively as in wild-type mice. The concentration—

response curves for this agonist in nerve terminals from

these two mouse strains are shown in Fig. 4. These plots of

sustained IK versus U101958 concentration were fitted to

the following equation:

E = (100 − Emax)Ï(1 + CÏEC50) + Emax, (2)

where E denotes IK as percentage of control, C denotes the

concentration of U101958, Emax denotes the maximal

inhibitory effect, and EC50 denotes the value of C producing

a half-maximal response. Fitting to this expression yielded

EC50 values of 34·1 ± 3·5 ìÒ in wild-type and 26·4 ± 5·6 ìÒ

in DÚ receptor-deficient mice. These values are not

significantly different (P = 0·14), indicating that the

receptors are indistinguishable in terms of sensitivity to

U101958. Emax values in each case were essentially zero,

indicating that the activation of this receptor completely

eliminated sustained IK seen at the end of 500 ms voltage

pulses. The similar action of U101958 in wild-type and DÚ

receptor deficient-mice indicates that the response to

U101958 is not mediated by a DÚ receptor.

Since PPHT reduced both rapidly and slowly inactivating

components of IK in mouse neurohypophysial nerve

terminals (Fig. 1A), the response to this drug provides the

broadest test for the presence of receptors coupled to K¤

channels. Like U101958, PPHT inhibited IK in mice

lacking the gene for the DÚ receptor (Fig. 5). The reduction

of the two exponential components of IK was similar to that

seen in wild-type mice (Fig. 1). As noted above, the

reduction of the fast component of IK was to 50% of control

and the reduction of the slow component was to 56% of

control. In three recordings from DÚ receptor-deficient mice

fast and slow components were reduced to 41 ± 13 and

57 ± 14% of control, respectively. To determine whether

the reduction of IK by PPHT was mediated by related

dopamine receptors, we tested the actions of this drug in Dµ

and D× receptor-deficient mice. Both peak and sustained IK

were reduced in each type of animal by amounts similar to

R. A. Wilke and others J. Physiol. 517.2396

Figure 4. U101958 concentration—response curves in

nerve terminals from wild-type and DÚ receptor-deficient

mice

At each concentration, IKwas recorded before and after addition

of the putative DÚ receptor-selective ligand U101958. The

voltage pulse protocol for activating IKwas identical to that used

in Fig. 1. Sustained IK in the presence of U101958 was

normalized to the predrug control IK for each nerve terminal.

Data are expressed as means ± s.e.m. for experiments from 3

wild-type (A) and 3 DÚ receptor-deficient mice (DÚ knockout, B).

In each case, the best fit to eqn (2) is plotted (dotted curve) (see

text for values).
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Figure 6. Sigma receptor ligands inhibit rat

neurohypophysial IK

The pulse protocol used to activate IKwas the same as in Fig. 1.

A, during exposure to 100 ìÒ DTG, a marked reduction in both

peak and sustained IK was observed. B, exposure to 100 ìÒ

haloperidol produced a similar reduction in peak and sustained IK.

Figure 5. The response to PPHT was unaltered in nerve terminals from dopamine receptor-

deficient mice

IK was recorded at 15 s intervals before, during and after repeated challenge with agonist in Dµ or DÚ

receptor-deficient mice. Superfusion of nerve terminals with 30 ìÒ PPHT reduced both peak (±) and

sustained (9) IK. Each time the effect was reversed when PPHT was washed from the medium. Reduction

of rapidly and slowly inactivating components of IK in dopamine receptor-deficient mice was

indistinguishable from wild-type (see text). Bars indicating application of PPHT in upper panels apply also

to lower panels.



that seen in wild-type mice. Fits of eqn (1) showed that in

Dµ receptor-deficient mice PPHT reduced the fast and slow

components of IK to 53 ± 6 and 61 ± 7% of control,

respectively (n = 3; Fig. 5). In three recordings from D×

receptor-deficient mice the fast and slow components were

reduced to 55 ± 7 and 66 ± 4% of control, respectively.

Thus, the receptors mediating the inhibition of the two

components of IK are not among the known PPHT-sensitive

dopamine receptors. It should be noted that in all three

strains of dopamine receptor-deficient mice, the two

components of IK decayed with similar time constants,

indicating that K¤ channel properties were not altered by

these genetic manipulations.

Pharmacological analysis of sigma receptors in rat

neurohypophysis

With plausible candidate dopamine receptors eliminated by

both pharmacological and genetic experiments, we turned

to the hypothesis that sigma receptors mediate the

modulation of K¤ channels. The above experiments were

conducted in mice to enable use of transgenic animals. The

remaining experiments were conducted in rats. Sigma

receptor ligands reduced IK in rat neurohypophysial nerve

terminals, and two examples are shown in Fig. 6. DTG is a

highly selective sigma receptor ligand, exhibiting no cross-

reactivity with other known receptor types; haloperidol is a

commonly used antipsychotic agent that binds to both

sigma and dopamine receptors (Su, 1993). Figure 6

demonstrates that both of these compounds reduced the

peak and sustained components of neurohypophysial IK.

Figure 7 demonstrates that the reduction of IK by DTG was

reversed by drug removal. In no instance did a known

sigma receptor ligand fail to reduce IK, and more than 100

nerve terminals were tested. Thus, sigma receptors are

present on both oxytocin and vasopressin nerve terminals.

To evaluate the effect of sigma receptor ligands on different

K¤ channel subtypes, time constants and individual current

amplitudes were determined by fitting current decay to a

double exponential function (eqn (1)). As in mouse, the time

constants remained essentially unchanged, and the

amplitudes of both the fast and slow components were

reduced by 100 ìÒ haloperidol (fast component reduced to

50 ± 5% of control, slow component reduced to 70 ± 5% of

control; n = 7). As noted above, these two components

correspond well with the transient IA and the Ca¥-

dependent IBK (Bielefeldt et al. 1992). Thus, in rat as in

mouse both of these K¤ channel subtypes were modulated.

The effect of haloperidol is concentration dependent. Using

an experimental protocol similar to that employed in Fig. 6,

current was recorded before and after the addition of

various concentrations of haloperidol. As described above for

experiments in mouse, changes in IA and IBK were

estimated by monitoring peak and sustained components of

whole-terminal IK. These were plotted as a function of

haloperidol concentration and fitted to eqn (2) (Fig. 8).

Reduction of both peak and sustained IK showed similar

dependencies on haloperidol concentration. Parameter values

for peak and sustained IK, respectively, obtained from these

fits were: Emax, 58 ± 4 and 66 ± 3%; EC50, 42 ± 9 and

64 ± 12 ìÒ. The similar EC50 values (P = 0·10) suggest

that a single sigma receptor simultaneously modulates both

IA and IBK.

To characterize the pharmacology of this neurohypophysial

receptor more completely, a range of sigma receptor ligands

was screened for the ability to reduce peak and sustained IK

(Fig. 9). All of the standard sigma receptor ligands tested

(DTG, SKF10047, pentazocine, and haloperidol) reduced

both components of IK. Binding studies have demonstrated

that the non-selective dopamine receptor agonist
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Figure 7. Reversibility of sigma receptor-mediated

inhibition

Peak (A) and sustained (B) IKwere recorded in rat nerve

terminal at 15 s intervals before, during and after challenge with

100 ìÒ DTG. The timing of DTG application is indicated by the

bar in A (applies also to B). The stimulation protocol for each

voltage pulse was identical to that described in Fig. 1.

Superfusion with 100 ìÒ DTG reversibly reduced both peak and

sustained IK.



apomorphine also interacts with sigma receptors (Su, 1993),

and a reduction in IK in response to this drug was seen here

(Fig. 9). Because of its common clinical utility in a variety

of neuroendocrine disorders, we also tested the effect of

another dopaminergic agent bromocriptine on these

peptidergic nerve terminals. At concentrations of up to

100 ìÒ this agent had no effect on rat neurohypophysial IK

(Fig. 9), and the same concentrations of bromocriptine failed

to alter PPHT-induced inhibition of IK (n = 2; data not

shown), suggesting that it does not interact with the

neurohypophysial sigma receptor.
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Figure 9. Sigma receptor ligand efficacies in rat

Peak (A) and sustained (B) IK were measured in the presence

of various sigma receptor ligands, using the pulse protocol of

Fig. 1. After establishing a stable baseline, nerve terminals

were superfused with various drugs (all at 100 ìÒ) for 3 min

and reassessed. Peak and sustained IKwere normalized to

the predrug control for each nerve terminal. Data represent

means ± s.e.m.; *P < 0·05 for the probability that the mean

is 100%. Only 3 nerve terminals were tested with DTG,

apomorphine, and chlorpromazine, so statistical significance

was not tested even though the effects were generally large.

For all other recordings 4—6 nerve terminals were tested.

Figure 8. Haloperidol concentration—response curves in rat

Peak (A) and sustained (B) IK were measured in the presence of

haloperidol, and normalized to predrug controls for each nerve

terminal. Data are expressed as means for 3—6 nerve terminals.

Dotted curves are best fits to eqn (2) (see text for parameter

values).



Butyrophenones such as haloperidol are highly efficacious in

the clinical treatment of various psychotic disorders (Creese

et al. 1996), and this antipsychotic activity has been

attributed to antagonist activity at neuronal dopamine

receptors (Kebabian et al. 1997). We therefore screened two

additional antipsychotic agents for activity at this receptor.

Chlorpromazine (an older phenothiazine antipsychotic) had

agonist efficacy similar to that of haloperidol (Fig. 9).

Clozapine (a newer atypical antipsychotic agent) had no

measurable effect when given alone (Fig. 9), and it failed to

block the sigma receptor-mediated inhibition of IK induced

by 30 ìÒ PPHT (63 ± 5%, n = 3, data not shown, versus

55 ± 12% in the absence of clozapine).

To provide an additional test of the hypothesis that both IA

and IBK are modulated by the same population of sigma

receptors in the rat neurohypophysis, we compared the

reduction in peak current with the reduction in sustained

current for a number of sigma receptor ligands (Fig. 10).

Linear regression revealed that these data are highly

correlated (r = 0·97), indicating that the parallel inhibition

of IA and IBK observed with haloperidol (Fig. 8) can be

extended to the entire panel of sigma receptor ligands

tested in this preparation.

Tests of endogenous sigma receptor ligands

Studies conducted in the placenta have suggested that

progesterone could be an endogenous ligand for the sigma

receptor (Su et al. 1988; Ramamoorthy et al. 1995). This

ovarian steroid has been shown to bind to sigma receptors

with an apparent KD in the low micromolar range (Su et al.

1988). However, adrenal and ovarian steroids failed to

produce an observable change in IK (Table 1). Progesterone

alone (100 ìÒ) had no effect on either peak (90 ± 3%) or

sustained (98 ± 4%) neurohypophysial IK (n = 6).

Furthermore, it had no effect on the current reduction

induced by haloperidol (Fig. 11). Corticosterone, hydro-

cortisone, and dehydroepiandrosterone sulphate were also

without effect (Table 1).

Given the number of dopamine receptor ligands that

interact with sigma receptors, we tested dopamine again in

rat (at concentrations up to 1 mÒ), and saw no measurable

effect (Table 1). Serotonin, norepinephrine and epinephrine

were also tested (Table 1), along with the â_adrenergic

receptor agonist isoproterenol (at 10 ìÒ, 100 ìÒ, and

1 mÒ); all were without significant effect.

Various neuropeptides have also been implicated as potential

endogenous sigma receptor agonists (Ramamoorthy et al.

1995; Ault et al. 1998). One such ligand, neuropeptide Y

(NPY), is known to modulate intestinal ion currents by

acting at a haloperidol-sensitive binding site (Riviere et al.

1990; Colmers & Bleakman, 1991). Nonetheless, 100 ìÒ

NPY left both peak and sustained IK at 99 ± 4% and

101 ± 4%, respectively, of their pre-drug control values

(n = 3). Additional peptide hormones and autocoids were

tested for their ability to modulate neurohypophysial IK

(Table 1). As with the steroids and amines discussed above,

these peptides were without effect.

Voltage-clamp analysis

To investigate the mechanism by which sigma receptors

modulate neurohypophysial IK, we studied the effect of
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Figure 10. Plot of reduction in peak IK versus reduction in sustained IK

For each of the ligands shown in Fig. 9, peak IK is here plotted against sustained IK. Symbols: 0,

SKF10047; 1, apomorphine; þ, DTG; ±, chlorpromazine; 8, pentazocine; 9, haloperidol; 6, U101958;

3, PPHT. Linear regression analysis revealed a statistically significant correlation (r = 0·97, which for 8

points gives P < 0·001 for the probability of a random sample), suggesting that the same population of

sigma receptors is responsible for the modulation of both IA and IBK.



haloperidol on the voltage dependence of K¤ channel

activation. Peak current was recorded before and after a

3 min exposure to 100 ìÒ haloperidol. A current—voltage

plot was then constructed using test pulses from −100 to

20 mV, (Fig. 12A). At all voltages tested, haloperidol

reduced IK by proportional amounts, indicating that sigma

receptor agonists do not produce their inhibitory effect on

neurohypophysial IK by shifting the voltage dependence of

channel activation.

The effect of haloperidol on channel inactivation was also

studied. Following prepulse potentials varying from −110

to −30 mV, IK was activated by depolarizing voltage steps

to 10 mV. Again, peak IK was recorded before and after a

3 min exposure to 100 ìÒ haloperidol. The data were then

averaged from three experiments, plotted as a function of

prepulse voltage, and fitted to the following Boltzmann

function:

I = Imin + (Imax− Imin)Ï(1 + exp((V − V½)Ïê)). (3)

All four parameters, Imin, Imax, ê and V½ were varied to

achieve the best fit. Imin and Imax represent the current

asymptotes at negative and positive prepulse potentials, ê is

the steepness factor and V½ is the mid-point for voltage

dependence. Under control conditions, ê = 12·1 ± 0·5 mV

and V½ = −75·4 ± 0·5 mV (Fig. 12B). After a 3 min

exposure to 100 ìÒ haloperidol, neither the steepness factor

(ê = 13·7 ± 1·5 mV) nor the voltage mid-point

(V½ = −71·9 ± 1·3 mV) of inactivation had been significantly

altered. Similar results were obtained previously with

PPHT (Wilke et al. 1998). In summary, sigma receptor

ligands appear to reduce current through neurohypophysial

K¤ channels without shifting the voltage dependence of

activation or inactivation.
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Figure 11. Progesterone had no pharmacological activity on

rat neurohypophysial IK

IK activated by the pulse protocol of Fig. 1 was recorded at 15 s

intervals. Adding progesterone (100 ìÒ) failed to alter peak or

sustained IK, and in the presence of progesterone, haloperidol

(100 ìÒ) still reduced both components of IK.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table 1. Endogenous substances tested which had no effect on

peak and sustained IK

–––––––––––––––––––––––––––––

Drug Concentration n

–––––––––––––––––––––––––––––

Dopamine 100 ìÒ 3

1 mÒ 1

Norepinephrine 100 ìÒ 2

Epinephrine 100 ìÒ 2

Serotonin 100 ìÒ 3

Progesterone 100 ìÒ 6

1 mÒ 1

DHEA-S 100 ìÒ 2

Hydrocortisone 10 ìÒ 2

Corticosterone 10 ìÒ 2

CRH 10 nÒ 3

30 nÒ 4

100 nÒ 3

ANP 100 nÒ 2

Angiotensin-II 10 ìÒ 10

Endothelin-I 100 nÒ 4

Endothelin-III 2 nÒ 2

20 nÒ 4

Interleukin-6 10 ng ml¢ 5

Neuropeptide Y 50 ìÒ 3

–––––––––––––––––––––––––––––

Each compound was tested using the pulse protocol shown in Fig. 6

and found to have no effect on either peak or sustained IK. ANP,

atrial natriuretic peptide; CRH, corticotrophin-releasing hormone;

DHEA-S, dehydroepiandrosterone sulphate.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



DISCUSSION

This study focused on the identity of a receptor coupled to

K¤ channels in rodent neurohypophysis. The initial phase of

this work ruled out the involvement of dopamine receptors,

and the second phase showed that IK is modulated by sigma

receptors.

Lack of involvement of dopamine receptors

Earlier work from this laboratory showed that a number of

ligands thought to be selective for dopamine receptors are

active in the modulation of IK in the rodent neurohypophysis.

PPHT and U101958 both inhibited neurohypophysial IK.

Furthermore, eticlopride and RBI257 blocked the response

(Wilke et al. 1998). The actions of PPHT and eticlopride

suggested a role for one of the closely related Dµ, D×, or DÚ

receptors. Because U101958 and RBI257 bind to DÚ

receptors (Schlachter et al. 1995; Kebabian et al. 1997), these

results were initially interpreted as evidence that DÚ

receptors modulate neurohypophysial IK. However, this

view was clouded by the fact that another drug that binds to

DÚ receptors, quinpirole (100 ìÒ), had no effect on rat

neurohypophysial IK (Wilke et al. 1998). For this reason the

hypothesis of dopamine receptor modulation of

neurohypophysial IK was subjected to more critical tests,

and those experiments described here led to a different

conclusion. The present study showed that nerve terminals

of transgenic mice lacking Dµ, D× and DÚ receptors had the

same responses to PPHT as nerve terminals from wild-type

mice. The similar sensitivity of IK to U101958 in wild-type

and DÚ receptor-deficient mice (Fig. 4) made it very unlikely

that the expression of an alternative receptor allele is

enhanced to substitute for the deficit. Furthermore, the

broad-spectrum agonist quinpirole failed to elicit a response,

the DÚ receptor-specific antagonist L745870 failed to block

responses to PPHT, and the modulation of IK by PPHT and

U101958 could not be reproduced by dopamine itself. Thus,

both pharmacological and genetic experiments ruled out the

involvement of three dopamine receptors of known

molecular structure in the modulation of neurohypophysial

IK. The enhancement and inhibition of oxytocin release by

dopamine (Bridges et al. 1976; Barnes & Dyball, 1982)

therefore probably does not result from the modulation of

neurohypophysial IK.
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Figure 12. Voltage-independent modulation of

IK

A, plot of neurohypophysial IK versus voltage. Nerve

terminals were held at −80 mV and stepped to

various voltages for 500 ms at 5 s intervals. Peak

current was then plotted as a function of voltage (þ).

After a 3 min exposure to 100 ìÒ haloperidol (0), the

same nerve terminals were again subjected to a repeat

series of voltage pulses. Data points represent mean

current from 3 separate experiments. B, voltage

dependence of inactivation. Nerve terminals were

held at various prepulse potentials (from −110 to

−30 mV) for 500 ms, then stepped to 10 mV for an

additional 500 ms. Peak current at 10 mV was then

plotted as a function of prepulse voltage (þ) to assess

the voltage-dependent inactivation of neuro-

hypophysial K¤ channels. After a 3 min exposure to

100 ìÒ haloperidol each terminal was then subjected

to the same test series, and peak current was again

plotted against prepulse voltage (0). Data represent

mean values from 3 separate experiments. Best fitting

Boltzmann functions (eqn (3)) were drawn as dotted

curves. Haloperidol failed to alter the voltage

dependence of activation or inactivation (see text for

parameter values).



Involvement of sigma receptors

With genetic and pharmacological evidence against

dopamine receptors, we explored the possibility that sigma

receptors mediate the modulation of IK (Su, 1993). This

receptor has been defined on the basis of binding properties,

and has a high affinity for many dopamine receptor-specific

ligands (Su, 1993). The pituitary has been shown to contain

a high density of binding sites for sigma receptor-specific

ligands (Wolfe et al. 1989). Sigma receptor ligands include

compounds from several different biochemical and pharmaco-

logical categories. Apomorphine is a non-selective dopamine

receptor agonist (Su, 1993). Haloperidol is a neuronal

dopamine receptor antagonist used clinically in the

treatment of psychosis (Creese et al. 1996). Both apomorphine

and haloperidol exhibit nanomolar affinity for sigma

receptors (Quirion et al. 1992; Seth et al. 1997). DTG and

pentazocine bind to sigma receptors with a KD in the

nanomolar range, but binding to dopamine receptors cannot

be detected; SKF10047 also binds selectively to sigma

receptors in preference to dopamine receptors (Su, 1993).

The observation that all of these agents elicited a

physiological response in the posterior pituitary, together

with the studies eliminating dopamine receptors, thus

identified the receptor responsible for the modulation of

neurohypophysial IK as a sigma receptor.

These results indicate that responses to dopamine receptor-

specific ligands must be interpreted with caution. For

example, U101958 appears to be highly efficacious at a non-

dopamine receptor. This observation will have to be taken

into account in interpreting the effects of U101958 and

other structurally related ligands in other preparations. It

may mean that some results previously attributed to

dopamine receptors are actually mediated by sigma receptors.

K¤ channel modulation

Haloperidol has previously been shown to reduce a tonic

outward current in NCB_20 cells, a hybrid neuronal cell line

known to express a low affinity sigma receptor (Wu et al.

1991). Furthermore, both haloperidol and chlorpromazine

reversibly inhibited voltage-dependent K¤ current in PC12

cells (Nakazawa et al. 1995). Our observation that sigma

receptor ligands modulate IK in neurohypophysial slices

demonstrates that a similar sigma receptor-mediated

response can be seen in native tissue.

The peptidergic nerve terminals of the rat neurohypophysis

contain at least three distinct types of K¤ channel

(Bielefeldt et al. 1992), each of which could play a role in the

regulation of neuropeptide release (Jackson et al. 1991;

Bielefeldt & Jackson, 1993, 1994; Jackson, 1995). The data

obtained in the present study demonstrated that sigma

receptor ligands inhibit current through two of these

channel types, an A-current channel (IA) and a Ca¥-

dependent K¤ channel (IBK). Various ligands had different

efficacies in the inhibition of IK, but in rat the effects on IA

and IBKwere proportional (Fig. 10). As in our previous work

with PPHT and U101958 (Wilke et al. 1998), haloperidol

reduced both IA and IBK in the rat neurohypophysis. Both

effects were concentration dependent with EC50 values that

were similar. These results suggest that in rat the

modulation of both types of K¤ channel is mediated by a

single molecular species of receptor.

While IA and IBK were reduced proportionally by sigma

receptor ligands in the rat, a similar analysis in the mouse

neurohypophysis produced a different result. As in the rat

(Bielefeldt et al. 1992), mouse neurohypophysial IK can be

resolved into two distinct kinetic components with different

inactivation kinetics. However, in the mouse, IA and IBK

were modulated to different degrees by PPHT and

U101958. Both components of mouse neurohypophysial IK

were reversibly inhibited by PPHT, but U101958 inhibited

only the Ca¥-activated K¤ channel. This differential

regulation of IK by PPHT and U101958 may reflect the

presence of two distinct sigma receptors within the mouse

neurohypophysis, one of which is activated by both PPHT

and U101958, and the other of which is activated only by

PPHT. However, the different responses to these two drugs

could reflect agonist-directed coupling to different

transduction pathways. PACAP receptors provide a

precedent for such differential coupling (Spengler et al.

1993), and a three-state receptor model has been proposed

to account for this result (Leff et al. 1997). These results

suggest that there are subtle differences in the expression of

sigma receptors between rat and mouse.

Endogenous ligands

Given the abundance of dopamine and the presence of

dopaminergic nerve terminals in the neurohypophysis

(Baumgarten et al. 1972; Holzbauer & Racke, 1985), one

would expect to find dopamine receptors in this tissue, and

tests on the effects of dopamine and dopamine receptor-

specific ligands on other membrane properties would help in

addressing this issue. However, dopamine is clearly not

capable of activating sigma receptors, and an endogenous

ligand for the sigma receptor has yet to be identified.

Although the sigma binding site was originally thought to

be an opioid receptor (Martin et al. 1976), subsequent

studies showed that this is not the case (Su, 1993). The

observation that these receptors are preferentially expressed

by cells of neuroendocrine lineage led some investigators to

consider steroid hormones as potential endogenous

activators of the sigma receptor (Su, 1993). Neurosteroids,

such as allopregnanolone, are known to modulate membrane

excitability in nerve cell bodies (Paul & Purdy, 1992) and in

the peptidergic nerve terminals of the neurohypophysis

(Zhang & Jackson, 1994). Although binding of progesterone

by sigma receptors has been reported (Su et al. 1988),

progesterone exhibited neither agonist nor antagonist

activity in the present system (Fig. 11). DHEA-S,

corticosterone, and hydrocortisone were also without agonist

activity (Table 1).

Based upon the CNS distribution of sigma receptors,

investigators have suggested that the endogenous sigma
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receptor ligand may actually be a biogenic amine or a

neuropeptide (Su, 1993; Ault et al. 1998). While binding

data can be found to support many of these claims

(Ramamoorthy et al. 1995), functional studies have thus far

failed to ascertain the identity of an endogenous sigma

receptor ligand. In the present analysis, we screened 15

ligands as plausible candidates for activity at the neuro-

hypophysial sigma receptor and found that none had any

measurable effect. Further tests using this preparation may

ultimately lead to the identification of endogenous molecules

that activate this receptor.

Modulation of neuropeptide secretion

Previous work on the neurohypophysis has indicated

important roles for K¤ channels in the regulation of

neuropeptide secretion. The inactivation of K¤ channels

during repetitive action potential activity enhances Ca¥

entry (Jackson et al. 1991) and facilitates release (Gainer et

al. 1986). Increasing neurohypophysial Ca¥-activated K¤

channels by either Ca¥ entry or phosphorylation leads to

action potential failure, which would block release; reducing

the current though the Ca¥-activated K¤ channel has the

opposite effect (Bielefeldt & Jackson, 1993, 1994). Thus, we

would expect that the sigma receptor-mediated inhibition of

neurohypophysial IK would have similar consequences,

broadening action potentials to enhance evoked release, and

making action potential failure less likely to reduce use-

dependent depression.

Roughly half the nerve terminals of the neurohypophysis

release oxytocin and the other half release vasopressin.

These two closely related peptide hormones have very

different physiological functions and therefore would be

expected to be under different forms of regulation. However,

we found that every nerve terminal tested responded to the

presentation of a sigma receptor ligand with a reduction in

K¤ current (in a total of more than 100 recordings). This

would suggest that both types of nerve terminals have

sigma receptors, and that sigma receptor activation can

modulate the release of both oxytocin and vasopressin.

However, without identifying the peptide within nerve

terminals undergoing recording, we are not in a position to

say whether there are quantitative differences in the

magnitude of the response. Aside from possible differences

in sigma receptor responsiveness, selective modulation of

oxytocin or vasopressin secretion could occur through

highly localized release targeted at the appropriate nerve

terminal. Another possibility is that enhancement could be

selective because of the differences in optimal electrical

stimuli for the release of oxytocin and vasopressin (Bicknell

et al. 1984; Bondy et al. 1987). Similar forms of IK

modulation could have a different impact depending on the

nature of the electrical drive from the hypothalamus. In

summary, the findings presented here generate a number of

interesting hypotheses that can be tested by assaying the

effects of sigma receptor ligands on electrically evoked

secretion from the neurohypophysis.

Clinically, the long-term use of haloperidol and

chlorpromazine as antipsychotic agents has been associated

with a drug-induced syndrome of inappropriate antidiuretic

hormone release (SIADH) (Peck & Shenkman, 1979). The

results obtained in the present study demonstrate that both

haloperidol and chlorpromazine are capable of directly

modulating membrane excitability within the neuro-

hypophysial nerve terminals that store and release this

hormone. The present study therefore also provides a

potential mechanistic explanation for the drug-induced

SIADH associated with the chronic use of these agents.

Interestingly, clozapine (a newer atypical antipsychotic

agent) had no measurable effect on IK within the

neurohypophysis. To date, there have been no reports of

SIADH associated with the long-term administration of

clozapine.
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