
Histamine is a potent secretagogue of the chromaffin cells

of the adrenal medulla, causing substantial and sustained

release of both adrenaline and noradrenaline (Livett &

Marley, 1986; Noble et al. 1988). This action of circulating

histamine may be lifesaving during anaphylactic shock,

and in addition, local release of histamine within the

adrenal medulla may also have a paracrine function

(Häppöalä et al. 1985; Tuominen et al. 1993).

The secretory effect of histamine is mediated exclusively by

H1 receptors, which are expressed in high abundance in the

adrenal medulla (Chang et al. 1979). In chromaffin cells, as

in many other tissues, stimulation of H1 receptors activates

phospholipase C via a pertussis toxin-insensitive G-protein

and causes the production of inositol 1,4,5-trisphosphate

(IP3; Noble et al. 1986; Plevin & Boarder, 1988), and the

subsequent release of Ca2+ from intracellular stores

(Stauderman & Pruss, 1990; Stauderman & Murawsky,

1991). The Ca2+ response caused by activation of histamine

receptors on chromaffin cells has two components. The

first component is transient and is mediated by release of

Ca2+ from intracellular Ca2+ stores. The second component is

sustained, and generally thought to depend on the presence

of Ca2+ in the extracellular solution (O’Sullivan et al. 1989;

Stauderman et al. 1990; Goh & Kurosawa, 1991; Cheek et
al. 1993; Zerbes et al. 1998; Bödding, 2000). While the Ca2+

released from intracellular stores can cause secretion of

catecholamines, this release is transient, lasting less than

1 min, and is quantitatively small (Bunn & Boyd, 1992). In

contrast, the substantial release of catecholamines evoked

by sustained application of histamine is abolished in Ca2+-

free solution and reduced 70–80 % by inhibition of

voltage-operated Ca2+ channels (VOCCs; O’Farrell &

Marley, 1999; Livett & Marley, 1986; Noble et al. 1988;

Bunn & Boyd, 1992). These results indicate that H1

receptors on chromaffin cells are coupled to the activation

of VOCCs and influx of extracellular Ca2+, and that the

latter is responsible for mediating the majority of the

secretory effects of histamine. Other G-protein-coupled

receptor agonists also evoke catecholamine secretion by

activating Ca2+ entry through VOCCs (O’Farrell & Marley,

1997). However, the nature of the coupling between such

receptors and VOCCs is currently unclear.

Studies on the electrophysiological responses to histamine

in chromaffin cells have shown that, paradoxically,
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histamine causes membrane hyperpolarization (Artalejo

et al., 1993; Bödding, 2000) and an inhibition of Ca2+

currents (Currie & Fox, 2000). Artalejo et al. (1993)

and Bödding (2000) showed that short applications of

histamine activated a rapid outward current and membrane

hyperpolarization that was largely blocked with apamin,

suggesting it resulted from activation of small conductance

Ca2+-activated K+ (SK) channels. However, these authors

did not report on the responses to prolonged application

of histamine. Currie & Fox (2000) reported that histamine

caused a 28 % reduction in Ca2+ currents via a pertusis

toxin-insensitive mechanism. To date no study has shown

an electrophysiological effect of histamine that can explain

the secretory responses to this agonist.

Action potentials have been demonstrated in human,

bovine, guinea-pig, mouse, gerbil and rat chromaffin cells

(Biales et al. 1976; Fenwick et al. 1982a; Nassar-Gentina et
al. 1988; Zhou & Misler, 1995; Barbara et al. 1998; Holman

et al. 1998). At least in rat and mouse chromaffin cells these

action potentials have contributions from both Na+ and

Ca2+ (Nassar-Gentina et al. 1988; Holman et al. 1994).

Further, Zhou & Misler (1995) showed that bursts of

action potentials are accompanied by secretion (as

detected by amperometry). Activation of muscarinic

receptors in rat, guinea-pig, gerbil and mouse chromaffin

cells has been shown to promote excitability by causing a

depolarization associated with a discharge of action

potentials (Douglas et al. 1967; Nassar-Gentina et al. 1988;

Barbara et al. 1998; Holman et al. 1998). In the rat, this

depolarization is associated with a small inward current

resulting from activation of cation channels (Barbara et al.
1998), while in the guinea-pig the depolarization has either

been attributed to activation of a similar inward cation

current (Inoue et al. 1998) or associated with a reduction

in membrane conductance, presumably reflecting the

closure of a K+ channel (Holman et al. 1998). Comparable

studies have not been reported on bovine chromaffin cells.

Furthermore, tetrodotoxin only reduces histamine-

induced catecholamine secretion by around 20 %

(O’Farrell & Marley, 1999), indicating tetrodotoxin-

sensitive action potentials cannot be the only mechanism

coupling H1 receptors to the activation of VOCCs.

The present study therefore aimed to characterize the

electrophysiological effects of prolonged histamine

stimulation on cultured bovine adrenal chromaffin cells,

to help elucidate how stimulation of G-protein-coupled

receptors can lead to activation of VOCCs in these cells. In

addition, relatively few studies have described the

spontaneous electrical activity occurring in chromaffin

cells of any species and none on bovine chromaffin cells.

Consequently, this study also presents some detail on the

spontaneous changes in membrane potential recorded

from bovine chromaffin cells. A preliminary report of this

study has been published (Wallace & Marley, 2001).

METHODS
Preparation of bovine adrenal chromaffin cell cultures
Cultures of bovine chromaffin cells were prepared from adrenal
glands, obtained from an abattoir, by collagenase digestion followed
by Percoll density gradient centrifugation (Livett, 1984). Cells were
plated at densities between 0.2 and 0.4 w 106 cells in 2 ml of culture
medium in 35 mm Falcon tissue culture dishes (Becton Dickinson
Labware, Franklin Lakes, NJ, USA) coated with rat tail collagen.
Cultures were maintained in a humidified incubator at 37 °C in an
atmosphere of 95 % air and 5 % CO2 (see Livett et al. (1984) for full
details). Cells were cultured for 2–5 days prior to use to allow them to
recover from the collagenase digestion and to attach to the culture
dishes. After 2 days in culture, the chromaffin cells displayed a
variety of morphological appearances, as previously noted (Marley
et al. 1989). In the current study, electrophysiological recordings
were made from single, round cells. These cells ranged in diameter
from ~10 to 30 mm, and had an average membrane capacitance of
10.7 ± 0.2 pF (n = 87), and an average membrane resistance of
7.2 ± 0.4 GV (n = 87).

Electrophysiology
Cells were viewed on an inverted microscope (Olympus IX50,
Tokyo, Japan) equipped with Hoffman modulation contrast
optics. Recordings of membrane potential or membrane currents
were made from single cells using an Axopatch 200B amplifier
(Axon Instruments, Foster City, CA, USA). In most experiments,
recordings were made in the perforated whole-cell configuration
using nystatin as the perforating agent, though open-tip whole-
cell configuration was employed in a few experiments. Patch
pipettes were pulled from borosilicate glass (Harvard Apparatus,
Kent, UK) using a P97 Flaming/Brown micropipette puller
(Sutter Instrument Co., Novato, CA, USA) and had resistances
after fire-polishing of ~1.5–2.5 MV (using the perforated patch
pipette solution). The average stable access resistance achieved
using perforated whole-cell technique in a sample of 30 cells was
18.9 ± 0.8 MV, and in a sample of eight cells using open-tip
whole-cell technique was 13.5 ± 3.0 MV. For voltage-clamp
recordings, access resistance and cell capacitance were
compensated using the circuits built into the Axopatch amplifier.
Signals were low-pass filtered at 2 kHz using an 8-pole Bessel
filter, digitized using a DigiData 1200 series interface (Axon
Instruments) at a sampling frequency of 4 kHz and stored on a PC
computer. Voltage- and current-clamp protocols were executed
using Clampex 8 software (Axon Instruments) and analysis
conducted using either Clampfit 8 (Axon Instruments) or
Origin 5.0 software (Microcal Software, Northampton, MA,
USA). Results are presented as mean ± S.E.M. from n cells, and
statistical comparisons made using Student’s unpaired or paired
t test or ANOVA, as indicated. All experiments were conducted at
room temperature (~24 °C). No attempt has been made to adjust
any of the data for junction potentials or leak currents.

Repeated responses to sustained applications of histamine were
found to desensitize in many cells, as has been previously reported
for histamine receptors in chromaffin cells (Stauderman et al.
1990; Warashina, 1997). Consequently, the reported responses to
histamine alone and to histamine in the presence of drug solutions
are from separate populations of cells. Furthermore, not all cells
were found to respond to histamine (in agreement with previous
studies: see Stauderman et al. 1990; Pender & Burgoyne, 1992). As
desensitization following a single brief pulse ( < 5 s) of histamine
(1 mM) was negligible, responding cells were initially identified
using 2–3 s pulses of histamine (1 mM).
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In experiments recording membrane potential, control responses
to histamine were assessed after recording 6–10 min of baseline
spontaneous activity. Where the effects of drugs on the response
to histamine have been assessed, baseline spontaneous activity was
recorded for 3–6 min prior to the application of the appropriate
drug solution. Cells were exposed to the drug solution for
10–15 min before the response to histamine was recorded. The
one exception to this protocol was when thapsigargin was used to
deplete intracellular stores of Ca2+. For this, cells were exposed to
thapsigargin for 20 min prior to assessing the response to
histamine. Separate time control experiments were also performed
to ensure that observed effects were not due to additional rundown
of histamine responsiveness. The duration of the application of
histamine was 6 min unless stated otherwise.

To assess the effects of histamine applications on resting membrane
potential, records were first low-pass filtered off-line at 0.1 Hz. An
average control resting membrane potential was then calculated
for the 3 min immediately prior to the application of histamine,
and this was compared with the average membrane potential
calculated for the last 3 min of histamine application.

Action potential amplitude was defined as the difference between
the peak membrane potential recorded during the action
potential and the membrane potential recorded ~50 ms prior to
the peak, and action potential afterhyperpolarization defined as
the difference between the peak negative potential reached during
the action potential and the membrane potential recorded ~50 ms
prior to the peak. The amplitude of the histamine-induced
membrane hyperpolarization was measured as the difference
between the peak negative potential reached during the
hyperpolarization and the membrane potential recorded ~50 ms
prior to the application of histamine.

Where responses to prolonged application of histamine were
assessed using voltage-clamp mode, the holding potential was
_50 mV, and a 1 s hyperpolarizing voltage step to _80 mV was
applied every 10 s to assess effects of histamine on membrane
resistance. A record of the spontaneous changes in the holding
current was made for 3 min prior to application of histamine,
which was then applied for 5 min. Data were low-pass filtered at
100 Hz off-line. Voltage-clamp recordings were made using the
perforated whole-cell technique with the K+ pipette solution.

For voltage-clamp recordings of K+ M-currents, holding potential
was set at _30 mV and 900 ms hyperpolarizing voltage steps
applied over the range _40 to _100 mV in 10 mV increments.
Currents for analysis were the average of 10 repeat sweeps. The
amplitude of the resulting M-current relaxation was measured as
the difference between the average current recorded in a 10 ms
segment beginning 25 ms after the start of the hyperpolarizing
step and the average current recorded in the final 50 ms of the
hyperpolarizing step (after Cruzblanca et al. 1998). Where the
effects of histamine on this current were assessed, control records
were made prior to application of histamine, and the current in
the presence of histamine recorded 3 min after the onset of the
application of histamine. Where the effects of linopirdine were
assessed, control currents were again recorded prior to drug
application and the effect of linopirdine assessed after exposure of
the cell to drug-containing solution for 10 min.

Solutions
For perforated whole-cell configuration, the pipette solution
contained (mM): 55 KCl, 75 K2SO4, 8 MgSO4 and 10 Hepes-free
acid (pH 7.3, adjusted with KOH). For experiments using Cs+-

filled pipettes, perforated whole-cell configuration was used, and
the pipette solution contained (mM): 55 CsCl, 75 Cs2SO4, 8 MgSO4

and 10 Hepes-free acid (pH 7.3, adjusted with CsOH). Nystatin
was dissolved in dimethylsulphoxide (DMSO) and included in the
pipette solution at a final concentration of ~250 mg ml_1. For
open-tip whole-cell configuration, the pipette solution was that
used by Artalejo et al. (1993) and contained (mM): 145 potassium
glutamate, 1 MgCl2, 0.5 MgATP, 0.3 LiGTP and 10 Hepes-free
acid (pH 7.3, adjusted with KOH). The bath solution contained
(mM): 140 NaCl, 2.8 KCl, 2.5 CaCl2, 2 MgCl2, 10 Hepes-free acid
and 10 glucose (pH 7.3, adjusted with NaOH). Nominally Ca2+-
free bath solution was made by simple omission of CaCl2 from the
above solution. When N-methyl-D-glucamine (NMDG) was used
to replace Na+, the bath solution contained 140 mM NMDG in
place of NaCl and the pH was adjusted to 7.3 using 1 M HCl. The
osmolarity of the recording solutions used was in the range
285–310 mosmol l_1.

During all experiments, the bath volume was maintained at
~600 ml, and the bath was perfused at a rate of ~ 2.5–3.0 ml min_1

using a Watson–Marlow peristaltic pump (Model 502S).
Histamine was applied from a delivery pipette located ~500 mm
from the cell at a rate of ~0.5–1.0 ml min_1. Application of drug-
free bath solution from the delivery pipette had no effect on either
resting membrane potential or resting membrane current. Drugs
other than histamine were applied by including them in the bath
solution as well as in the histamine-containing delivery pipette
solution.

Drugs used
Tetrodotoxin and thapsigargin were from Calbiochem, San
Diego, CA, USA). N-Methyl-D-glucamine, histamine dihydro-
chloride, apamin, tetraethylammonium chloride and linopirdine
were from Sigma, St Louis, MO, USA). Glibenclamide was from
Tocris Cookson Ltd, Bristol, UK. Thapsigargin, linopirdine and
glibenclamide were all dissolved in DMSO, and appropriate stock
solutions made so that the final concentration of DMSO in
working solutions did not exceed 0.1 %. Stock solutions of all
other drugs were prepared in distilled water.

RESULTS
Resting electrical properties of bovine adrenal
chromaffin cells
Using perforated whole-cell technique, the average resting

membrane potential of the chromaffin cells was _52.0 ±

0.9 mV (n = 59), and was characterized by the presence of

continuous but erratic small fluctuations of ± 5 mV

amplitude (Fig. 1A). Spontaneous action potentials were

observed in 80 % of cells. The discharge frequency of the

spontaneous action potentials was not constant over time

for any given cell and was highly variable between cells.

The highest average frequency of spontaneous action

potentials measured over a 5 min control period in 20 cells

was 0.94 Hz, and the average frequency over all 20 cells was

0.21 ± 0.06 Hz (n = 20). The amplitude of the spontaneous

action potentials in any given cell often varied markedly,

not infrequently by over 20 mV. As the sampling

frequency for all recordings was 4 kHz it is unlikely this

variation was due to sampling error, and may be caused by

variation in the extent of Na+ channel inactivation
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associated with the wandering resting membrane potential.

Using open-tip whole-cell technique the average resting

membrane potential was _47.6 ± 1.9 mV (n = 11), with

small fluctuations as described above. Spontaneous action

potentials were also observed during open-tip whole-cell

recordings, though the average action potential amplitude

was larger for open-tip than for perforated whole-cell

recordings (see Table 1).

Responses to histamine
Membrane potential responses to histamine. The response

to a brief 2–3 s pulse of histamine consisted of an initial

membrane hyperpolarization, as previously reported by
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Figure 1. Membrane potential recordings from an isolated bovine chromaffin cell in culture
using the perforated whole-cell patch technique
A, an example of the spontaneous electrical activity, with expanded segments showing the continuous small
fluctuations in resting membrane potential (a), and detail of an action potential (b). The resting membrane
potential was characterized by the presence of small fluctuations of around 5 mV in amplitude. Most cells
also had an irregular discharge of action potentials. The action potentials recorded in any one cell varied in
amplitude, and invariably had a pronounced afterhyperpolarization. B, the electrical response to a brief
application of histamine. The response to a 2 s pulse of histamine (1 mM) consisted of a rapid initial
hyperpolarization that was followed by a membrane depolarization which was generally associated with an
increase in frequency of action potentials. Records in panel A and B are from different cells.



others (Artalejo et al. 1993; Bödding, 2000). This was

followed by a prolonged membrane depolarization,

generally lasting for several minutes, which was usually

associated with a discharge of action potentials (Fig 1B).

When histamine was applied during a discharge of

spontaneous action potentials, the discharge was

interrupted by the histamine-induced hyperpolarization,

and the subsequent depolarization was associated with an

increase in the frequency of the spontaneous action

potentials. Around 80 % of cells (68 of a sample group of

84 cells) responded to histamine, with the remaining

cells showing neither the hyperpolarization nor the

depolarization. Both the histamine-induced membrane

hyperpolarization and depolarization were blocked by

mepyramine (10 mM), confirming that the responses were

mediated by H1 histamine receptors (data not shown).

Application of bath solution alone from the delivery

pipette had no effect on the membrane potential.

In response to prolonged (6 min) applications of

histamine, the initial hyperpolarization was followed by a

sustained depolarization that lasted for the duration of the

histamine application (Fig. 2A and B). This depolarization

was also usually associated with an increase in the

frequency of action potentials. The average amplitude of

the spontaneous action potentials recorded during the

sustained depolarization was smaller than that recorded

prior to histamine application (see Table 1). The average

amplitude of the initial hyperpolarization was _23.7 ±

1.8 mV (n = 13), reached an average peak potential of

_76.5 ± 2.4 mV (n = 13) and had an average duration of

11.2 ± 0.8 s (n = 13). In 62 % of cells (8 of 13), the initial

hyperpolarization was followed by several similar hyper-

polerizations of reducing amplitude, which were then

followed by the sustained depolarization (Fig. 2A). The

average amplitude of the histamine-induced sustained

depolarization was 7.2 ± 1.4 mV (range from 1.8 to

17.5 mV, n = 13).

The general characteristics of the responses to histamine

recorded using open-tip whole-cell technique were similar

to those described above (Fig 2C). However, both the

initial hyperpolarization (average amplitude _18.7 ±

1.6 mV, n = 7) and the sustained depolarization (average

amplitude 3.9 ± 0.9 mV, n = 4) were smaller in amplitude

than equivalent responses in cells using perforated whole-

cell technique, and the sustained depolarization was only

observed in four of seven cells. Spontaneous action

potentials were observed in two of the cells in which

histamine induced a sustained depolarization, and in both

cases action potential frequency was increased in the

presence of histamine (see Table 1). These differences

between open-tip and perforated whole-cell technique

may be due to diffusion into the patch pipette of a soluble

second messenger involved in the histamine-evoked

signalling pathway, or to the disturbance of the intra-

cellular milieu inherent to the open-tip whole-cell recording

technique. As a consequence of these possibilities, the

remainder of the experiments described below employed

the perforated whole-cell technique.
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Table 1. Amplitude and frequency of action potentials recorded in bovine chromaffin cells
before and during application of histamine (5 µM)

Action potential amplitude (mV) Action potential frequency (Hz)

Before During Before During
histamine n histamine n histamine histamine

Perforated whole-cell
Control 64.5 ± 7.7 13 (132) 47.3 ± 4.2a 13 (242) 0.17 ± 0.07 0.31 ± 0.11a

Cs+ pipette solution 73.6 ± 4.9 5 (60) 66.5 ± 3.5a 5 (95) 0.04 ± 0.02 0.06 ± 0.03
Apamin (100 nM) 76.1 ± 6.7 6 (72) 51.1 ± 5.3a 6 (153) 0.20 ± 0.09 0.43 ± 0.14a

Glibenclamide (10 mM) 78.2 ± 7.1 3 (20) 52.5 ± 3.9 3 (50) 0.11 ± 0.11 0.28 ± 0.13a

Tetrodotoxin (10 mM) 33.1 1 (5)b 41.1 ± 5.4 6 (101) 0.08b 0.28 ± 0.08
Thapsigargin (100 nM) 61.9 ± 13.7 7 (53) 46.3 ± 13.6a 7 (112) 0.22 ± 0.05 0.47 ± 0.27
Ca2+-free solution 76.9 ± 26.0 2 (6)c 73.0 ± 2.9 3 (60) 0.01 ± 0.01 0.33 ± 0.22

Open-tip whole-cell
Control 85.95 ± 8.7 5 (27) 79.5 ± 7.9 5 (51) 0.14 ± 0.04d 0.14 ± 0.03d

0.02 ± 0.02e 0.21 ± 0.17e

n values stated are the number of cells, with the total number of action potentials measured in parentheses.
aSignificant difference before compared with during histamine, P < 0.05, Student’s paired t test.
bSpontaneous action potentials were only recorded in one of six cells in the presence of tetrodotoxin prior to
application of histamine, but in all cells during histamine application. cSpontaneous action potentials were
only recorded in two of four cells in the presence of Ca2+-free solution prior to application of histamine, and
three of four cells during histamine application. dAverage action potential frequencies for cells in which
histamine failed to cause a sustained depolarization in open-tip whole-cell configuration (three of seven
cells). eAverage action potential frequencies for the cells in which histamine caused a sustained
depolarization in open-tip whole-cell configuration and spontaneous action potentials were observed (two
of four cells).



Membrane current responses to histamine. When

voltage-clamp recordings were made with a holding

potential of _50 mV, a small positive resting holding

current was observed in the majority of cells (average

3.8 ± 0.8 pA, range _3 to 14.8 pA, n = 25). Prolonged

application of histamine (5 mM) evoked a substantial

initial outward current, followed by a small inward shift in

holding current, paralleling the changes in membrane

potential described above (Fig. 3). The average membrane

resistance was increased by about 60 % during the inward
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Figure 2. Membrane potential responses to sustained (6 min) application of histamine
Panels A and B were made using the perforated whole-cell patch configuration, and panel C was made using
open-tip whole-cell configuration. Using perforated whole-cell configuration, responses to prolonged
application of histamine consisted of an initial hyperpolarization followed by a sustained depolarization that
was associated with an increase in the frequency of action potentials. The initial hyperpolarization was
followed by several similar hyperpolarizations in some cells, such as that shown in A. The depolarization and
increase in action potential frequency persisted for the duration of the application of histamine. Action
potential amplitude progressively decreased over the course of the histamine application, as shown in B.
When records were made using open-tip whole-cell configuration, a sustained depolarization in response to
histamine was observed in less than 50 % of cells, and when present it was smaller in amplitude than that
observed using the perforated whole-cell configuration. Time scale in C applies to all panels.



shift in holding current (13.2 ± 4.1 GV compared with

8.2 ± 2.2 GV prior to histamine application, n = 8, P < 0.05,

Student’s paired t test). These results suggest that the

inward shift in holding current and corresponding

depolarization produced by histamine may result from

inhibition of a K+ channel.

Role of K+ channels in histamine-induced responses
M-currents. Membrane depolarization is mediated in a

variety of cells by closure of a class of K+ channel known as

the M-channel, which was first described in neurons in

lumbar sympathetic ganglia (Brown & Adams, 1980). M-

currents are characterized by a gradual closure of the M-

channel in response to membrane hyperpolarization,

which gives rise to a slow inward current relaxation in

response to hyperpolarizing voltage command-steps.

Figure 4A shows whole-cell currents recorded in response

to a series of hyperpolarizing voltage command-steps from

a holding potential of _30 mV. At the holding potential of

_30 mV, the holding current was considerably more

positive (average 33.7 ± 3.3 pA, n = 7) than when the

holding potential was _50 mV, as may be expected given

that the M-current is characteristically an outwardly

rectifying, non-inactivating K+ current. At the onset of the

hyperpolarizing command-step there was a rapid ohmic

change in the membrane current due to the prevailing

conductance of the membrane (labelled a in the inset in

Fig. 4A), followed by an obvious inward current relaxation

that reversed in direction at around _80 mV (average

_81.6 ± 1.8 mV, n = 7, Fig. 4B). Fast Na+ currents were

activated on repolarization from steps more negative than

_60 mV. However, in the absence of the fast Na+ current,

the ohmic step in membrane current on repolarization at

the end of the voltage command-step was smaller than at

the beginning (see b compared with a in the inset in

Fig. 4A), consistent with a reduction in membrane

conductance associated with the closure of M-channels

during the inward current relaxation.

The properties of these M-currents were further

characterized using linopirdine, a neurotransmitter release-

enhancing drug that has been shown to inhibit M-currents

in rat sympathetic neurons and NG108–15 cells (Lamas et
al. 1997; Meves et al. 1999). Linopirdine caused a dramatic

drop in resting holding current and a concentration-

dependent decrease in the magnitude of the inward

current relaxation (Fig. 4C). Thus, the inward current

relaxation observed during a command-step to _70 mV

was reduced by around 45 % at 10 mM linopirdine (average

amplitudes in control and linopirdine were _10.3 ±

2.2 pA and _5.9 ± 1.7 pA respectively, n = 6), and by

around 95 % at 100 mM linopirdine (average amplitudes in

control and linopirdine were _11.4 ± 1.7 pA and _0.8 ±

0.3 pA respectively, n = 5). As described above, in voltage-

clamped cells, application of histamine caused an initial

outward current followed by a inward shift in holding

current (see Fig. 3). Both the resting holding current and

the amplitude of the inward M-current relaxation were

reduced after exposure to histamine for 3 min (Fig. 4D).

For a hyperpolarizing step from _30 to _70 mV, the

average amplitude of the inward current relaxation was

reduced by around 40 % (from _9.4 ± 1.5 to _5.4 ±

1.0 pA, n = 8). M-currents were not observed if Cs+-rich

pipette solutions were used (data not shown). These

results demonstrate for the first time the presence of an M-

current in chromaffin cells, and indicate that histamine

can cause a partial inhibition of this current. This M-

current inhibition is consistent with the histamine-

induced inward shift in holding current observed in

voltage-clamp experiments.

To examine the role of M-channel inhibition in the

sustained depolarization evoked by histamine, the effects

M-current modulation in chromaffin cellsJ. Physiol. 540.3 927

Figure 3. Membrane current
response to prolonged application
of histamine recorded in voltage-
clamp using perforated whole-cell
configuration
The holding potential was _50 mV, with a
1 s hyperpolarizing voltage step to
_80 mV applied once every 10 s.
Application of histamine caused a
pronounced initial outward current that
corresponded with the initial membrane
hyperpolarization observed in membrane
potential records. Note the second
outward current in this cell, correlating
with the multiple hyperpolarizations
noted in other cells. The initial outward
current was followed by a maintained
inward shift in holding current that
correlated with the sustained membrane
depolarization. This inward current was
associated with an increase in membrane
resistance of about 60 %.
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Figure 4. Characteristics of the M-current in bovine chromaffin cells and its inhibition by
histamine
A, hyperpolarizing voltage steps from a holding potential of _30 mV gave rise to a slow inward current
relaxation. This inward current relaxation is characteristic of an M-current and is due to the closure of the
M-channels. The inset shows the inward current relaxation evoked by a step to _50 mV, highlighting the
increase in membrane resistance occurring during the voltage step, consistent with channel closure, as
indicated by the reduction in the ohmic current step represented by a and b. B, average current–voltage
relation for seven cells showing a reversal potential for the current of about _80 mV. Current was measured
over a 10 ms segment beginning 25 ms after the start of the voltage step. C, M-currents recorded in response
to a voltage step to _60 mV from a holding potential of _30 mV in standard bath solution (a), and in the
presence of linopirdine (10 and 100 mM, b). Linopirdine blocked the M-current in a concentration-
dependent fashion. D, M-currents recorded in response to a voltage step to _60 mV in standard bath
solution (a), and after exposure to histamine (5 mM) for 3 min. Histamine inhibited M-currents recorded in
response to hyperpolarizing voltage steps by around 40 %. Records in A and D are from the same cell; records
in C are from a different cell.



of linopirdine on histamine responses were examined in

current-clamp experiments. Linopirdine (100 mM) caused

a rapid membrane depolarization of around 10 mV

(from _54.4 ± 2.6 mV to _43.7 ± 1.0 mV, n = 5) that was

associated with a marked increase in action potential

frequency in all cells (Fig. 5). Prolonged exposure to

linopirdine at this concentration resulted in a decline in

spontaneous action potentials, such that after 10 min the

remaining spontaneous action potentials were reduced in

frequency and amplitude. These effects of linopirdine on

action potential characteristics are consistent with our

observation that linopirdine at this concentration also

reduced currents through voltage-gated Ca2+ channels

(data not shown). In the presence of linopirdine (100 mM),

histamine continued to cause an initial hyperpolarization

(average amplitude _35.8 ± 1.8 mV, average duration

13.4 ± 0.9 s, n = 5), but the average amplitude of the

sustained depolarization was reduced to 3.8 ± 1.2 mV

(n = 5). In the presence of linopirdine, there was no change

in the frequency of action potential discharge during the

application of histamine, but a clear interpretation of this

result is complicated by the effects of linopirdine on

voltage-gated Ca2+ channels mentioned above. This result

suggests that histamine-induced M-channel inhibition

contributes to the sustained depolarization, but the

residual depolarization persisting in the presence of lino-

pirdine suggests that histamine also causes depolarization

via another mechanism.

The role of other K+ channels in responses to histamine.
To further assess the involvement of K+ channels in

shaping responses to histamine, experiments were

conducted using the perforated whole-cell technique with

Cs+-rich pipette solutions. All cells were first patched with

the normal perforated K+ pipette solution to confirm a

positive response to brief histamine application, and then

subsequently re-patched with a different pipette containing

the Cs+-rich solution. Neither resting properties of the cells

nor responses to histamine were significantly affected by

sequential patching of a cell with two pipettes that both

contained the perforated K+ pipette solution. Average

resting membrane potential using the Cs+-rich pipette

solution was _42.9 ± 1.5 mV (n = 5). Action potential

frequency was considerably lower than that observed

when using K+ pipette solutions, with the spontaneous

discharge frequency never exceeding 0.1 Hz. Spontaneous

action potentials were dramatically prolonged in all cells,

consistent with the known blocking effect of internal Cs+

on voltage-gated K+ channels. Neither the initial hyper-

polarization nor the sustained depolarization was

observed in response to application of histamine when

using the Cs+-rich pipette solution (Fig. 6A). Action

potential frequency was also not altered by histamine (see

Table 1). The finding that histamine failed to evoke a

sustained depolarization when Cs+-rich pipette solutions

were used, suggests that any mechanism activated by

histamine to cause depolarization in addition to inhibition

of the M-current probably also involves inhibition of a

Cs+-sensitive K+ channel.

Previous studies have found that the Ca2+-activated K+

current activated by histamine in bovine chromaffin cells

could be blocked by 75–80 % with apamin (Artalejo et al.
1993; Bödding, 2000). In the current study, apamin

(100 nM) caused a slight hyperpolarization of the resting

membrane potential (average prior to and after apamin

_50.5 ± 2.0 mV and _53.8 ± 1.4 mV respectively, n = 6,

P < 0.05, Student’s paired t test). The amplitude of the

histamine-induced hyperpolarization was reduced in

apamin by around 40 % (average amplitude _15.0 ±

2.0 mV, average duration 9.1 ± 1.2 s in apamin, n = 6),

and the average amplitude of the sustained depolarization

was 8.7 ± 1.7 mV (n = 6, Fig. 6B). The frequency of

spontaneous action potentials was increased and the

average action potential amplitude reduced during the

histamine-induced sustained depolarization in the

presence of apamin, as seen in control responses (see

Table 1). The amplitude of the afterhyperpolarization

associated with the spontaneous action potentials was

unaffected by apamin (average amplitude before apamin
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Figure 5. Effect of linopirdine on the
resting membrane potential and on
the membrane potential response to
prolonged application of histamine
Linopirdine (100 mM), an inhibitor of
M-channels, caused a rapid depolarization
of the resting membrane potential that was
associated with an increase in the frequency
of action potentials. The initial histamine-
induced hyperpolarization persisted in the
presence of linopirdine, but the sustained
depolarization was markedly reduced in
amplitude. The increase in action potential
frequency was not observed, though this
may be in part due to non-specific effects of
linopirdine (see Results for details). The
gap represents 11 min. Note the different
time scales in the two parts of the figure.



_22.6 ± 4.1 mV, n = 56 action potentials from six cells,

average amplitude after apamin _21.2 ± 3.5 mV, n = 60

action potentials from six cells, P > 0.05, Student’s paired

t test), indicating that SK channels do not contribute to

action potential afterhyperpolarization in these cells.

These results suggest that inhibition of SK channels does

not contribute to the histamine-induced sustained

depolarization, and further that Ca2+ entering through the

activated Ca2+ channels during the action potentials does

not access the SK channels, though the SK channels are

activated by released store Ca2+ and contribute to the

histamine-induced hyperpolarization.

KATP and KIR channels
ATP-sensitive K+ (KATP) channels regulate resting membrane

potential in a number of cells including neurons (Ashcroft

& Rorsman, 1989; Ohno-Shosaku & Yamamoto, 1992;

Hogg & Adams, 2001). In these cells, block of KATP

channels by increasing intracellular ATP concentrations

causes membrane depolarization. Further, recent studies

have shown that this inhibition of KATP channels by ATP is

reduced in the presence of the membrane phospholipids

phosphatidylinositol 4,5-bisphosphate (PIP2) or phospha-

tidylinositol 4-phosphate (PIP) (Baukrowitz et al. 1998;

Shyng & Nichols, 1998). Activation of H1 receptors by

histamine in bovine chromaffin cells is known to activate

phospholipase C, leading to hydrolysis of PIP2 (Bunn &

Dunkley, 1997; Roberts-Thomson et al. 2000). Therefore,

another possible mechanism through which histamine

may cause depolarization is via a reduction in KATP current

due to hydrolysis of membrane phospholipids. This

possibility was tested using glibenclamide (10 mM), a

known blocker of KATP channels. Glibenclamide was found

to have no effect on either resting membrane potential

(average prior to glibenclamide _52.7 ± 3.9 mV, and after

_52.4 ± 5.0 mV, n = 3, P > 0.05, Student’s paired t test),

or on the membrane potential responses evoked by

application of histamine (Fig. 7A, Table 1), so it is unlikely

that KATP channels contribute to histamine-evoked responses

in these cells.

Inwardly rectifying K+ (KIR) channels also contribute to

setting the resting membrane potential in numerous cell

types (Reiner & Kamondi, 1994). Histamine has been

shown to inhibit KIR channels (Nilius et al. 1993), and the

activity of cloned KIR channels can be regulated directly by

PIP2 (Huang et al. 1998). However, in the current study, no

evidence was found for an inwardly rectifying K+ current,

with a linear current–voltage relation observed in response

to command-steps over the range _150 to _70 mV from a

holding potential of _50 mV (Fig. 7B). A contribution to

the sustained depolarization evoked by histamine from

inhibition of KIR channels is therefore unlikely.

Role of external Na+ in responses to histamine
As no other studies have documented the electro

physiological response to sustained application of histamine

in chromaffin cells, a number of other experiments have

also been done to characterize the role of external Na+ and
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Figure 6. Effect of various K+ channel
blockers on responses to prolonged
application of histamine
A, using Cs+ pipette solution the resting
membrane potential was slightly less
negative, at around _40 mV, than that
recorded with the K+ pipette solution.
Action potential duration was dramatically
lengthened, and action potential frequency
was low. Neither the histamine-induced
hyperpolarization nor the sustained
depolarization was observed. B, apamin
(100 nM) caused a slight hyperpolarization
of the resting membrane potential but had
no effect on the characteristics of
spontaneous action potentials. The initial
histamine-induced hyperpolarization was
reduced by around 40 % in apamin, though
the sustained depolarization and increase
in action potential frequency induced by
histamine persisted. Note the different
time scales in the two parts of panel B. The
gap in B represents 5 min. Records in A and
B are from different cells.



Ca2+ and the role of intracellular Ca2+ stores in this

response.

The importance of fast Na+ channels in generating action

potentials both at rest and in response to sustained

application of histamine was examined using tetrodotoxin.

Tetrodotoxin was used at 10 mM because a small, tetro-

dotoxin-insensitive, voltage-sensitive Na+ current was

detected in these cells that was only blocked by high

concentrations of tetrodotoxin (data not shown). In five of

six cells, tetrodotoxin rapidly abolished all spontaneous

action potentials (Fig. 8A). In the remaining cell, a

discharge of spontaneous action potentials persisted, but

both the frequency and amplitude of the action potentials

was reduced. The initial membrane hyperpolarization in

response to histamine persisted in the presence of

tetrodotoxin (average amplitude _27.1 ± 1.9 mV, n = 6),

though the average duration was increased compared with

control cells (average duration 40.4 ± 13.0 s, n = 6,

P < 0.01, ANOVA). The average amplitude of the sustained

depolarization evoked by histamine in the presence of

tetrodotoxin was 9.1 ± 1.6 mV (n = 6), and in all cells the
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Figure 7. Lack of involvement of KATP channels or inward rectifier K+ channels in the response
to prolonged histamine application
A, glibenclamide (10 mM) had no effect on either the resting membrane potential or the characteristics of
spontaneous action potentials. Both the initial histamine-induced hyperpolarization and the sustained
depolarization and increase in action potential frequency were unaffected by glibenclamide. B, no inward
rectification of K+ currents was observed under voltage-clamp over the range _150 to _70 mV. The
current–voltage relation in B was taken from the data shown in the inset, with current measurements made
over the last 50 ms of the voltage step. Closed circles correlate with the scale shown on the right of the current
axis and represent the current–voltage relation measured over all voltage steps from _150 to +40 mV. Open
circles correlate with the scale shown on the left of the current axis and show the current–voltage relation for
voltage steps over the range _150 to _40 mV on an expanded scale. Note the different time scales in the two
parts of A. The gap in A represents 14 min. Records in A and B are from different cells.



depolarization was associated with a discharge of action

potentials (Fig. 8A, Table 1). These observations clearly

show that tetrodotoxin-resistant action potentials can occur

during histamine stimulation, and raise the possibility that

spontaneous action potentials, and action potentials evoked

during histamine stimulation, may be initiated by separate

mechanisms.

The role played by external Na+ was further examined in

experiments where external Na+ was replaced with an

equimolar concentration of NMDG (Fig. 8B). NMDG itself

had variable effects on resting membrane potential, causing a

depolarization of 5–10 mV in three of six cells, and a

hyperpolarization of 5–10 mV in the remaining cells. This

observation suggests that while a resting Na+ conductance

may contribute to setting the resting membrane potential

in these cells, other resting conductances, such as a resting

Cl_ conductance or the activity of an electrogenic ion pump,

must also be present. Spontaneous action potentials

were only recorded in one cell in the presence of NMDG.

The average amplitude of the histamine-induced hyper-

polarization in the presence of NMDG was _26.9 ± 4.5 mV

(n = 6) and, similar to responses in the presence of

tetrodotoxin, the average hyperpolarization duration was
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Figure 8. Effect of tetrodotoxin and replacement of external Na+ on membrane potential
responses to prolonged application of histamine
A, tetrodotoxin (10 mM) rapidly abolished spontaneous action potentials in most cells. Tetrodotoxin
increased the duration of the initial hyperpolarization in response to histamine in 50 % of cells, but did not
influence the sustained depolarization, which in all cells was associated with a discharge of tetrodotoxin-
resistant action potentials. B, replacement of external Na+ with NMDG had variable effects on resting
membrane potential. The initial histamine-induced hyperpolarization was markedly prolonged in the
presence of NMDG. Action potentials were rarely observed in the presence of NMDG. Note the different
time scales in the two parts of both A and B. The gap in A represents 4 min, and that in B represents 6 min.
Records in A and B are from different cells.



increased compared with control cells (average duration

106.2 ± 26.1 s, n = 6, P < 0.001, ANOVA). The average

amplitude of the histamine-induced sustained depolarization

in the presence of NMDG was 5.8 ± 1.0 mV (n = 6), though

sustained action potential discharge was only seen in one cell.

These results confirm the importance of external Na+ in the

generation of spontaneous action potentials, and may

suggest that the action potentials evoked during histamine

stimulation in the presence of tetrodotoxin are initiated by a

Na+-dependent channel such as a non-selective cation

channel or tetrodotoxin-insensitive Na+ channel.

Role of external Ca2+ and intracellular Ca2+ stores in
responses to histamine
Involvement of internally released Ca2+ in the observed

electrophysiological responses to histamine was assessed

by depleting intracellular Ca2+ stores using a 20 min pre-
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Figure 9. Effect of thapsigargin and Ca2+-free bath solutions on membrane potential
responses to prolonged application of histamine
A, 20 min pretreatment with thapsigargin (100 nM) had no effect on either the resting membrane potential
or the spontaneous action potentials, but the initial histamine-induced hyperpolarization was abolished.
Both the sustained histamine-induced depolarization and the increase in action potential frequency
persisted after thapsigargin pretreatment. B, Ca2+-free bath solution invariably caused a membrane
hyperpolarization of around 15 mV and stopped the discharge of spontaneous action potentials in most
cells. Both the initial histamine-induced hyperpolarization and the sustained depolarization persisted in
Ca2+-free bath solution. The sustained depolarization was still associated with an increased action potential
frequency, though the action potentials evoked in Ca2+-free solution were notably lacking after-
hyperpolarizations. Note the different time scales in the two parts of both A and B. The gap in A represents
16 min, and that in B represents 5 min. Records in A and B are from different cells.



treatment with thapsigargin (100 nM). Resting membrane

potential was unchanged by thapsigargin over the 20 min

pretreatment (n = 7). After thapsigargin pretreatment,

histamine failed to evoke the initial membrane hyper-

polarization, but the sustained depolarization was still

observed in all cells (Fig. 9A). The average amplitude of the

sustained depolarization in these experiments was

6.8 ± 1.1 mV (n = 7). Spontaneous action potentials were

observed in four of the seven cells in this series of

experiments. Spontaneous action potential frequency was

again increased during the histamine-induced sustained

depolarization after thapsigargin pretreatment, and the

reduction in action potential amplitude again noted (see

Table 1). These results clearly demonstrate that histamine

activates at least two intracellular pathways in bovine

chromaffin cells. One pathway is dependent on intact

intracellular stores of Ca2+ and, when activated, causes an

initial transient membrane hyperpolarization, while the

other pathway causes membrane depolarization in a manner

independent of Ca2+ stores and in part by inhibiting

M-channels. Further, these results suggest that release of

Ca2+ from intracellular stores is not required for initiation

of spontaneous action potentials.

Experiments were also conducted in nominally Ca2+-free

bath solution to assess the contribution made by Ca2+

conductances to the observed responses. Perfusion of Ca2+-

free solution caused a membrane hyperpolarization of

around _15 mV in all cells (n = 4, Fig. 9B). In two of the four

cells, this hyperpolarization stopped the discharge of

spontaneous action potentials. Changes in [Ca2+]o are

known to affect gating of K+ channels through surface-

potential effects (see Hille, 1992), and a recent study has

demonstrated that reduction of [Ca2+]o can cause a _9 mV

shift in the voltage–activation curve for shaker K+ channels

(Hong et al. 2001). It is therefore possible that the

hyperpolarization observed in the current study on

perfusion with Ca2+-free solution results from a shift in K+

channel gating properties. In the two cells in which action

potentials persisted, the action potentials observed in Ca2+-

free solution were larger in amplitude than those observed in

control bath solution, and lacked afterhyperpolarizations.

The initial histamine-induced membrane hyperpolarization

persisted in Ca2+-free solution (average amplitude

_19.5 ± 0.8 mV, average duration 11.6 ± 1.2 s, n = 4), and a

sustained depolarization of reduced amplitude was also

observed (average amplitude 4.2 ± 2.0 mV, n = 4, Fig. 9B).

In three of the four cells, the depolarization was associated

with a maintained discharge of action potentials (Fig. 9B, see

Table 1), and these action potentials also lacked

afterhyperpolarizations. It is clear from these experiments

that the afterhyperpolarization associated with action

potentials in these cells is dependent on activation of Ca2+-

activated K+ channels with an absolute requirement for Ca2+

entry during the action potential.

DISCUSSION
This study has demonstrated the presence of an M-current in

bovine chromaffin cells and shown that histamine

inhibits this current and causes a membrane depolarization

associated with an increase in membrane resistance.

Consistent with this, linopirdine, a known blocker of

M-channels, inhibited the M-current observed in these cells

and also caused a membrane depolarization similar to that

observed in response to application of histamine. While

histamine has previously been shown to inhibit a variety of

K+ conductances in other preparations, including Ca2+-

activated K+ (Haas & Konnerth, 1983), inward rectifier K+

(Nilius et al. 1993) and leak K+ conductances (Reiner &

Kamondi, 1994; Li & Hatton, 1996), as far as we are aware

this is the first demonstration of inhibition of an M-current

by histamine. This study has also examined for the first time

the electrical responses in bovine chromaffin cells induced

by sustained exposure to histamine, and demonstrates

a possible mechanism coupling histamine receptors to

activation of voltage-operated Ca2+ channels in these cells.

M-currents in chromaffin cells
M-currents were initially described in neurons of

amphibian lumbar sympathetic ganglia (Brown & Adams,

1980), and have subsequently been described in a number

of other central and peripheral neurons (Constanti &

Brown, 1981; Constanti & Galvan, 1983; Halliwell, 1986;

Griffith et al. 1988; Moore et al. 1988; Womble & Moises,

1992). M-currents or M-like currents have also been

shown in other cell types such as smooth muscle cells

(Sims et al. 1985), lactotrophs (Sankaranarayanan &

Simasko, 1996), rod photoreceptors (Wollmuth, 1994)

and retinal pigment epithelial cells (Takahira & Hughes,

1997), as well as in PC12 cells (Villarroel et al. 1989;

Villarroel, 1996). Characteristically, the M-current is a

non-inactivating, outwardly rectifying K+ current with a

half-activation voltage of around _40 mV. Another

defining characteristic of the current is that the M-

channels close gradually in response to hyperpolarizing

voltage steps from depolarized potentials, giving rise to a

slow inward current relaxation due to the closure of the

open M-channels (Brown & Adams, 1980). The K+ current

recorded in the present study exhibits this characteristic

response to hyperpolarizing voltage steps, and is also

blocked by linopirdine, a known inhibitor of M-channels

(Lamas et al. 1997).

Holman et al. (1998) discussed the possibility that

muscarinic agonists may inhibit an M-current in guinea-

pig chromaffin cells on the basis of an observed increase in

membrane resistance in response to application of

acetylcholine or bethanecol. In addition, inhibition of an

M-current by muscarine in rat PC12 cells, a tumour cell

line initially derived from rat adrenal chromaffin cells, has

also been reported (Villarroel et al. 1989; Villarroel, 1996).

In the current study, we have shown that histamine
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inhibits the M-current observed in bovine chromaffin cells

by around 40 % at a time that corresponds with the

histamine-induced membrane depolarization. Consistent

with this effect of histamine, direct inhibition of M-

channels with linopirdine also results in membrane

depolarization. This effect of linopirdine also indicates

that M-channels in bovine chromaffin cells are active at

rest and contribute to setting the resting membrane

potential. The observation that the sustained depolarization

was either absent or smaller in amplitude in open-tip

whole-cell configuration may reflect the presence of a

soluble intracellular messenger in the pathway causing

inhibition of the M-channels (see Marrion, 1997). However,

other studies have shown that the M-current is sensitive to

the availability of hydrolysable ATP (Simmons & Schneider,

1998), or that these currents are not observed with open-

tip whole-cell configuration (Xu & Adams, 1992), so it is

also possible that the disturbance of the intracellular

milieu inherent to the open-tip patch recording technique

may prevent the observation of the effects of histamine on

the M-current.

Recent molecular studies have shown that M-channels are

coded for by members of the KCNQ K+ channel gene

family, with expression of KCNQ2, KCNQ3, KCNQ4 or

KCNQ5 giving rise to currents with characteristics similar

to those of native M-currents (see Robbins, 2001). A

possible molecular correlate for M-currents of small

amplitude was described by Wang et al. (1998), who

showed that that expression in oocytes of KCNQ2 or

KCNQ3 alone gave rise to a current around eleven-fold

smaller than that observed when both genes were

expressed together, but no study has yet reported on the

expression of these genes in chromaffin cells.

Effects of histamine
As discussed above, the sustained depolarization evoked

by prolonged application of histamine results at least in

part from inhibition by histamine of an M-current.

However, as there is a significant residual depolarization

evoked by histamine in the presence of linopirdine, it is

likely that histamine can also cause depolarization in these

cells through another mechanism. Histamine causes

depolarization in gastrointestinal smooth muscle that is

associated with a substantial increase in conductance,

presumably through activation of non-selective cation

channels (Bolton et al. 1981). While the results of the

current study cannot exclude the possibility that the

residual depolarization is due to activation of a similar

channel, the finding that the depolarization is abolished by

internal Cs+ implies that it is more likely to be due to

inhibition of another type of K+ channel. As the results

from the current study suggest that inhibition of KATP or

KIR channels is unlikely to be involved in the histamine-

induced depolarization, inhibition of a K+ leak

conductance, as reported for cortical and supraoptic

neurons (Reiner & Kamondi, 1994; Li & Hatton, 1996),

emerges as the most likely explanation for the residual

depolarization. This possibility remains to be tested.

The initial response to histamine was a rapid but transient

membrane hyperpolarization, as observed previously by

Artalejo et al. (1993) and Bödding (2000). These authors

found that histamine caused an outward current

associated with a concurrent increase in [Ca2+]i. They also

showed that the outward current was due to activation of

channels with a unitary conductance of about 4 pS, and

that the hyperpolarization was reduced by about 75 % with

high concentrations of apamin (1 mM), suggesting that

histamine activated a population of SK Ca2+-activated K+

channels. We also found that the hyperpolarization was

partially sensitive to apamin, and also showed that it was

abolished by pretreatment of cells with thapsigargin. We

suggest then that histamine causes release of Ca2+ from

intracellular stores, and that this released Ca2+ activates a

population of Ca2+-activated K+ channels to cause

membrane hyperpolarization. Stauderman et al. (1990)

and Bödding (2000) both showed that histamine could

evoke several distinct releases of store Ca2+, leading to an

oscillating level of [Ca2+]i, and it is likely that the oscillating

pattern of hyperpolarizations seen in some cells in the

current study (e.g. Fig 2A) corresponds with multiple store

release events evoked by the sustained application of

histamine. As the hyperpolarization was only reduced by

40 % with 100 nM apamin in the current study and that

even with 1 mM apamin 20–30 % of the response remained

(Artalejo et al. 1993), it seems likely that histamine

activates both an SK channel and an apamin-insensitive

Ca2+-activated K+ channel. Further, several studies have

shown that histamine induces release of Ca2+ from

caffeine-sensitive stores, presumably as a consequence of

Ca2+-induced Ca2+ release (CICR), in addition to release

from IP3-sensitive stores (Stauderman & Murawsky,

1991; Stauderman et al. 1991), raising the possibility that

Ca2+ released from the different intracellular stores may

differentially activate distinct populations of Ca2+-activated

K+ channels.

The observation in the current study that the action

potential afterhyperpolarization is lost in Ca2+-free bath

solution indicates that these cells also possess a population

of Ca2+-activated K+ channels that can be activated by Ca2+

entering through voltage-operated Ca2+ channels, most

probably BK channels (Marty, 1981; Marty & Neher,

1985). The afterhyperpolarization was not affected by

thapsigargin pretreatment indicating that CICR is not

important for activation of Ca2+-activated K+ channels

during the afterhyperpolarization, in contrast to several

central and peripheral neurons (Sah & McLachlan,

1991; Jobling et al. 1993; Hillsley et al. 2000; Shah &

Haylett, 2000; Vogalis et al. 2001). Further, as the after-

hyperpolarization was unaffected by apamin, it is unlikely
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that SK channels play a significant role in the after-

hyperpolarization. This suggests a refined distribution of

the K+ channels in the cell membrane, such that the SK

channels are functionally linked with the Ca2+ stores while

being largely inaccessible to Ca2+ entering the cell through

voltage-operated Ca2+ channels, while the BK channels are

activated by Ca2+ entry.

Following the initial hyperpolarization, histamine caused

a maintained depolarization that was associated with an

increase in action potential frequency. This depolarization

was not seen in two previous studies (Artalejo et al. 1993;

Bödding, 2000), presumably because they both used open-

tip patch techniques and this phase of the histamine

response is smaller or absent in open-tip patch recordings

(see Fig. 2C). As discussed above, our results indicate that

this depolarization results in part from inhibition of an

M-current. Histamine has been reported to depolarize a

wide variety of central neurons by a variety of different

mechanisms (Brown et al. 2001). However, to our

knowledge histamine-induced depolarization by inhibition

of an M-current has not been previously reported in any

tissue.

Linopirdine had a similar effect to histamine on the

frequency of spontaneous action potentials, and this

suggests that the main cause of the increase in action

potential frequency during sustained histamine application

is the combination of the depolarization and increased

membrane resistance associated with the closure of

M-channels. The observed reduction in action potential

amplitude in the presence of histamine is likely to be

largely due to increased inactivation of Na+ channels at the

more depolarized membrane potential (Fenwick et al.
1982b). However, histamine has been shown in bovine

chromaffin cells to cause a reduction in Ca2+ currents

through a pertussis toxin-insensitive pathway (Currie &

Fox, 2000). As it has also been suggested that feedback of

released transmitters may also inhibit Ca2+ currents in

bovine chromaffin cells (Doupnik & Pun, 1994), a

phenomenon that could be due to activation of either a2-

adrenergic (Kleppisch et al. 1992), opioid (Albillos et al.
1996) or P2Y purinergic receptors (Gandia et al. 1993;

Powell et al. 2000), it is unclear whether this inhibitory

effect of histamine on Ca2+ currents is direct or indirect.

Regardless, it is possible that a mechanism causing a

reduction in Ca2+ currents may also contribute to the

observed reduction in action potential amplitude.

Resting electrical properties of bovine chromaffin
cells
The spontaneous action potentials observed in chromaffin

cells in the current study appear to have both Na+ and Ca2+

components, the former being indicated by the sensitivity

of action potentials to tetrodotoxin, the latter by the

lack of afterhyperpolarization observed in Ca2+-free bath

solutions. Similar observations have previously been made

regarding the action potentials recorded in chromaffin

cells from other species (Nassar-Gentina et al. 1988;

Holman et al. 1994). The mechanism initiating the

spontaneous action potentials has yet to be established,

but given the observation that spontaneous action

potentials were abolished by tetrodotoxin it is likely that

they are initiated by a membrane potential event that is

supra-threshold for activation of fast tetrodotoxin-

sensitive Na+ channels. However, it is clear that there is

also another tetrodotoxin-insensitive mechanism capable

of initiating action potentials during the histamine-

induced depolarization. Considering that action potentials

were rarely recorded after substitution of Na+ with

NMDG, it seems likely that these action potentials result

from activation of tetrodotoxin-insensitive Na+ channels

similar to those found in cardiac muscle (Gellens et al.
1992) and in some sensory neurons (Caffrey et al. 1992;

Akopian et al. 1996). Even though the tetrodotoxin-

insensitive Na+ currents observed in these cells are small,

the high input resistance of the cells, compounded by the

additional membrane resistance associated with the

closure of the M-channels during the histamine-induced

depolarization, may result in a deflection in membrane

potential large enough to recruit the voltage-operated Ca2+

channels and generate a full action potential. These

observations are also consistent with the finding that

histamine-induced secretion of catecholamines from these

cells is largely insensitive to tetrodotoxin (O’Farrell &

Marley, 1999).

We conclude that sustained application of histamine to

bovine chromaffin cells causes a membrane depolarization

that results in part from inhibition of an M-current and

that this depolarization, and the increase in membrane

resistance associated with M-channel closure, promotes

cell excitability resulting in an increase in action potential

frequency. These action potentials cause extracellular

Ca2+ entry through VOCCs, which in turn evokes

catecholamine secretion. This mechanism may be shared

by other G-protein-coupled receptor agonists that promote

secretion from chromaffin cells.
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