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ABSTRACT Currents through single-ion channels were
recorded in the cell-attached configuration from locus ceruleus
neurons enzymatically dissociated from newborn rats. When the
selective ja opioid receptor agonist Tyr-D-Ala-Gly-MePhe-Gly-ol
was in the patch-damp electrode, unitary inward currents were
observed with conductance of -45 pS (measured at zero pipette
potential, with 150 mM potassium in the recording electrode).
Long silences, lasting many seconds to minutes, separated
periods of activity of similar durations. Within such activity
periods the distribution of dosed times of the channels was best
fitted by the sum oftwo exponential functions (time constants 1
and 30 ms), and the durations of channel openings were fit by
a single exponential function; mean open time increased from 2
to 120 ms as agonist concentration increased. Channel activity
was not seen when high concentrations of opioids were applied
to the neuron outside the patch-clamp recording electrode,
indicating intimate coupling between receptor and potassium
channel. Unitary currents with similar properties were also seen
when pipettes contained a2 adrenoceptor agonists or somato-
statin. Taken with previous frding, the results indicate that pA
opioid receptors, a2 adrenoceptors, and somatostatin receptors
can couple directly to membrane potassium channels through
the local intermediary action of a GTP binding protein.

Opioid receptors of the Au type are well characterized in the
mammalian nervous system (1-3), and their distribution has
been mapped (4, 5). This receptor appears responsible for
most, if not all, effects of morphine when administered in the
therapeutic setting or when self-administered by addicts. The
receptor is known to be associated with a Bordetella pertussis
toxin-sensitive GTP-binding protein (G protein) from bio-
chemical (6) and physiological experiments (7), and its
activation is known to lead to an increase in cell potassium
conductance, hyperpolarization, and inhibition of firing (7-
10). However, little further evidence implicates any common
diffusible intracellular second messengers in linking receptor
to potassium channel, and neither cAMP nor diacylglycerol
seem to be involved (7, 10). Our experiments tested the
hypothesis that receptors are closely coupled to potassium
channels.

METHODS
Rats aged 1-7 days were decapitated under anesthesia, the
brain was removed, and a slice (400 .um) was cut at the level
of the locus ceruleus. Experiments with intracellular record-
ing were done as described (10, 11) with glass microelec-
trodes containing 2 M KCl at 370C. For patch-clamp record-
ings, locus ceruleus neurons were dissociated by a method
based on that of Huettner and Baughman (12). The nucleus
was visualized with a dissecting microscope and cut from the

slice with a stainless steel punch (400 gm, i.d.). The punched
tissue was incubated with gentle stirring for 15-20 min at 310C
in the following solution: 126mM NaCl/1.2mM NaH2PO4/1.2
mM MgCl2/1.5 mM CaCl2/2.5 mM KCI/ 25 mM NaHCO3/11
mM glucose/0.5 mM EDTA/1 mM DL-cysteine containing
papain at 20 units/ml (Cooper Biomedical), gassed with 95%
02/5% CO2. Enzyme action was stopped by adding trypsin
inhibitor (1 mg/ml, Sigma) and bovine serum albumin (1
mg/ml, Sigma) (pH 7.3 ± 0.15). The tissue was gently
triturated with fire-polished pipettes (tip diameter was first 0.6
mm and then 0.3 mm), and dissociated cells were sedimented
(70 x g for 10 min) through a solution containing trypsin
inhibitor and bovine serum albumin each at 5 mg/ml. The cells
thus obtained had primary and secondary dendrites, and the
majority of them stained densely with antibody to tyrosine
hydroxylase.

Single-channel currents were measured with the Axo-
patch-lA patch-clamp amplifier in the cell-attached config-
uration by using fire-polished glass electrodes (0.8-5 MW)
coated with silicone resin (13). In most experiments the
electrodes contained the following: 150 mM potassium
gluconate/2.5 mM CaCl2/1.3 mM MgCl2/3 mM tetraethyl-
ammonium chloride (TEA), 5 mM Mops-KOH, pH 7.3 ± 0.15
with or without the ,u opioid agonist Tyr-D-Ala-Gly-
MePhe-Gly-ol (Enk-ol). The cells were superfused at 31 ±
2.50C in the recording chamber with extracellular solution of
150 mM NaCl/1.3 mM MgCl2/2.5 mM CaC12/2.5 (or 10) mM
KCI/11 mM glucose/5 mM Hepes'KOH, pH 7.3 ±
0.15/0.001 mM tetrodotoxin. The presence of tetrodotoxin
and/or 10 mM potassium prevented the occurrence of spon-
taneous action potentials in the cells, which otherwise could
be recorded capacitatively coupled through the membrane at
the tip of the patch electrode. Single-channel currents were
filtered with 80 db per decade low-pass Bessel filter at 5 or 10
kHz and stored on a video cassette recorder (Sony, SL-2700)
using a pulse code modulation converter system (Dass,
Unitrade). The stored data were low-pass filtered at 2 kHz,
digitized at 100 or 200 s with an A/D converter (Axolab-1,
Axon Instruments, Burlingame, CA); analysis was done with
FETCHAN and PSTAT (Axon Instruments) programs, after
Gaussian filtering with 1.5-kHz cut-off. Unitary currents
used for quantitative analysis showed no superpositions
during at least 10 min of recording and were assumed to arise
from single channels. The event detection threshold was 50%
of the mean-channel amplitude, and the dead-time of the
recording system was 0.2 ms.

RESULTS
Recording with microelectrodes from neurons in the intact
slice showed that the opioid peptide Enk-ol caused a mem-
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brane hyperpolarization (Fig. 1A) (n = 12 cells, rats aged 1-
6 days). Amplitude of the hyperpolarization depended on the
concentration applied (10-1000 nM); 50 nM caused half-
maximal response. With single-electrode voltage-clamp (10),
opioids caused an outward current (up to 800 pA) at holding
potentials close to the resting level. The effect of Enk-ol or
[Met5]enkephalin was competitively antagonized by nalox-
one; the dissociation equilibrium constant (Kd) for naloxone
calculated by Schild analysis was 2 nM. Agonists selective
for 8 or K receptors, Tyr-D-Pen-Gly-Phe-D-Pen (n = 4) and
U50488H [trans-(+)-3,4-dichloro-N-methyl-N-[2-(1-pyrro-
lidinyl)cyclohexyl]benzeneacetamide methanesulfonate, n =
3] (each up to 3 juM), had no effect on resting membrane
potential of the neurons. These recordings with microelec-
trodes suggest that the neonatal locus ceruleus neurons
express Ai receptors, activation of which increases the cell

A 300 nM Enk-ol

B

C

1 pM Enk-ol
I~~~~~~~~~11111

1 min

20 mV

20 s

300 nM Enk-ol
_~~~~~~~eB emll1

pA
1 mi

20 nM SST

100 nM UK14304

FIG. 1. (A) Opioid peptide Enk-ol hyperpolarizes neonatal locus
ceruleus neuron. Microelectrode recording of membrane potential of
a spontaneously firing neuron in a slice of brain tissue; action
potentials (amplitude 80 mV) were not followed by the chart
recorder. Enk-ol (300 nM) applied during the period indicated caused
a 20-mV hyperpolarization from the resting level, which was -60
mV. (B) A similar experiment in the whole-cell configuration on an
acutely dissociated locus ceruleus neuron. The recording electrode
contained 130 mM potassium gluconate, 20 mM KCI, 2 mM MgCl2,
1 mM EGTA, 1.5 mM ATP, 1 mM GTP, 0.1 mM cAMP, and 10mM
Mops-KOH (pH 7.3 ± 0.15). Normal extracellular solution contain-
ing Enk-ol (1 ,uM) flowed into the chamber from the tip of a plastic
tube (diameter 150-200 aim); the cell was moved into this solution
during the period indicated by the bar. (C) Single-channel currents
recorded in cell-attached configuration. In the three records shown
the electrode contained Enk-ol, somatostatin (SST), and the a2
adrenergic receptor agonist UK 14304. Note that a second channel
of lower conductance was also active in two patches; such channels
were seen whether or not the pipette contained agonist. The potential
across the patch in these cases was between -40 and -50 mV. (After
recording single-channel currents, the whole-cell configuration was
attained, and the resting potential of the cell was measured; the
resting potential thus measured ranged from -40 to -60 mV among
different patches.) Correction was made forjunction potentials at the
tip of the patch electrode: if the pipette (containing 150 mM
potassium gluconate) was assigned zero potential in normal extra-
cellular solution (2.5 mM potassium) it became 11 mV positive in 150
mM potassium gluconate and 6 mV positive in 130 mM potassium
chloride, which approximated the cell interior.

potassium conductance, as described in detail for adult rats
(10, 14).

Whole-cell recordings made from acutely dissociated neu-
rons showed that the neurons fired spontaneous action
potentials and were hyperpolarized by Enk-ol (Fig. 1B). In
these respects the cells were very similar to those studied in
brain slices removed from adult rats (14).

In the cell-attached configuration discrete inward currents
were observed in most patches in which a successful gigaseal
was made when the electrode contained Enk-ol (100 nM-1
jiM) (Figs. 1C and 2A). Channel activity occurred for periods
of up to several minutes in duration, which were separated by
equally long silences. Channels with similar amplitudes as
well as intermittent periods of activity were also seen when
the recording electrode contained somatostatin (5 and 20 nM,
n = 4) or the a2-adrenoceptor agonist UK 14304 [5-
bromo-6-(2-imidazolin-2-ylamino)quinoxaline, 100 nM, n =

2] (Fig. 1C). With a larger electrode (-2 Mfl) two to four
channels were sometimes obvious from the frequent occur-
rence of multiple current levels. Channel activity was ob-
served in 12 of 12 patches when the electrode contained
Enk-ol (300 nM), in 0 of 9 patches when the electrode did not
contain Enk-ol, and in 1 of 8 patches when the electrode
contained Enk-ol (300 nM) and naloxone (30 nM). In con-
trast, Enk-ol did not open channels when it was applied to the
neuron by adding it to the solution that superfused the neuron
other than the isolated membrane patch. In five experiments
in which the pipette did not contain Enk-ol, the addition of
Enk-ol (1 jiM) to the superfusing solution did not cause any
channel activity; in three experiments in which channel
activity was induced by the inclusion of Enk-ol (100 nM) in
the pipette, addition of Enk-ol (1 AiM) to the superfusing
solution did not change channel activity (except to increase
slightly the unitary amplitude, presumably as a result of
membrane hyperpolarization).
The amplitude of unitary current events was =2 pA when

the pipette was at ground potential; however, this varied
somewhat from cell to cell-presumably because of differ-
ences in the resting potential of the neurons (see Fig. 1
legend). When the patch membrane was depolarized (the
pipette was made negative with respect to the external
solution), the unitary currents became smaller and reversed
polarity at about zero membrane potential. The conductance
increased to =55 pS when the driving force was -80 to -120
mV (Fig. 2B). There was no obvious effect of pipette potential
on the probability of opening of the channel when the driving
force for inward current exceeded about -50 mV; however,
for smaller driving forces the probability became lower, and
when the currents were outward, their occurrence became
very rare. In two experiments the patch-clamp electrode
contained 10 mM potassium, in closer simulation of the
normal cellular environment; the unitary currents had a
conductance of =40 pS at 0 mV (outward current) and about
20 pS at -100 mV (inward current); these currents reversed
at -50 mV.
The distribution of closed times (excluding the long closed

periods mentioned above) was well fitted by the sum of two
exponential functions (time constants Tcl, -1 ms, and Tc2,
=30 ms, Fig. 2D). There was no obvious correlation between
the concentration of Enk-ol in the pipette and these channel
closed times (Fig. 3). The open and closed time measure-
ments shown in Fig. 3 were made during the periods of
activity that separated the long silences (Fig. 1C); these silent
periods were so long that sufficient numbers of events could
not be obtained for quantitative analysis.
The open time of the channels were always well fitted by

a single exponential distribution (Fig. 2C), but the mean value
(X0) was obviously different for different concentrations of
Enk-ol in the pipette (Fig. 3). Dependence on the agonist
concentration of the mean open time of the channel was
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FIG. 2. Currents through a potassium channel activated by IL
opioid receptor agonist; the pipette contained 100 nM Enk-ol. (A)
Typical currents; potential across the patch membrane is indicated
beside each trace in mV. (B) Current-voltage relation from data ofA.
Single-channel conductance is 47 pS at -36 mV and rises to 78 pS at
-100 mV. (C) Distribution of open times for a typical channel.
Continuous line is fitted by a least-squares minimizing method; open
time <1 ms were not used for the fit. It is an exponential function with
time constant (T.) of 1.9 ms. Total number ofevents was 1303. (Inset)
Distribution of amplitudes of the discrete currents recorded at -36
mV. Total number ofevents was 863. (D) Distribution ofclosed times
(1302 events). Line is the least-squares exponential fit to the data,
excluding closed times <10 ms; the time constant (TC2) is 20 ms.
(Inset) Distribution of closed times for closures <8 ms. Line is a
double exponential fit'to the data; broken line indicates contribution
of slower component. Points in first 0.5-ms bin were not used for
fitting. Fast time constant (T,,) is 0.7 ms.

particularly marked when the brief closures (Tri) were omit-
ted from the analysis; for these purposes a brief closure was
defined as closure lasting <4Tch ms (Fig. 3B). When the
concentration of Enk-ol was 1 ,uM (which causes close to
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maximum current in the microelectrode recordings), the
channel spent -50% ofthe time open (excluding the very long
closures). When the pipette contained Enk-ol (2 AtM) and
naloxone (20 nM), mean open time was approximately the
same as with 300 nM Enk-ol; the dose ratio of -7 is
reasonable, given our estimate of the naloxone Kd of 2 nM.

DISCUSSION
One conclusion of the experiments is that opioids open
potassium channels without the intervention of a freely
diffusible second-messenger molecule. This implies that the
mechanism of action of ju opioids is fundamentally similar to
the action of acetylcholine at M2 receptors in the heart (15-
17). Adenosine and somatostatin have also been shown to
open potassium channels by a similar mechanism (17, 18).
The properties of the potassium channels opened by musca-
rinic agonists in the heart and opioids in locus ceruleus
neurons are quite similar in terms ofunit conductance and the
duration of the closed states (15, 19): in both cases a
Pertussis-sensitive GTP-binding protein intervenes between
receptor and channel (7, 17, 20, 21). It seems likely that the
potassium channels studied in our experiments are distinct
from those that contribute to the background inward rectifier
of locus ceruleus neurons (22) because the 40- to 50-pS
channels were not active in the absence of agonist, even at
hyperpolarized potentials.

In the locus ceruleus neurons, both ,u opioid and a2
adrenergic receptors are coupled to the same population of
potassium channels (10). Therefore, the individual channels
activated by the a2 adrenergic agonist UK 14304 would be
expected to have the same properties: our limited analysis
indicates that this is so and extends the number of receptors
to include somatostatin (see also ref. 23). Agonists at many
other receptors are also effective to open potassium channels
and in most neurons two or three receptors have been shown
to couple to the same population of channels through a
Pertussis-sensitive G protein. These receptors include' a2
adrenergic (24, 25), somatostatin (18, 23, 26), 8 opioid (7), ,u
opioid (7, 27), muscarinic M2 (27, 28), GABAB (GABA is
y-aminobutyric acid) (27, 29-31), and adenosine (32). It
would be predicted that single channels activated by agonists
at any of this family of receptors (7) would have very similar
properties.
The probability that the channel is open reached -50% for

the higher concentrations of Enk-ol, but it is difficult to relate
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FIG. 3. Effects of different concentrations of opioid agonist (Enk-ol). (A) Typical recordings of single-channel activity using two different
concentrations. Upper traces, -45 mV; lower traces, -47 mV. (B) Mean open time increases with agonist concentration. o, Mean open times
computed from all openings and closings; *, mean open times measured when brief closures were discounted (for this purpose, a brief closure
was any event <4rc, ms, which should include 98% of the "short" closures). (C) Mean closed times were not different for different agonist
concentrations. Data are averaged from the number of channels indicated beside each point. In B and C very long closures (lasting >300 ms)
were ignored. Membrane potentials ranged from -35 to -50 mV.
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this to the effective concentrations on the intact cells for three
reasons. (i) Measurements apply to periods of channel
activity typically lasting for many seconds or minutes, but
these periods were separated by equally long silences that
have not been analyzed quantitatively (Fig. 1C). (ii) Present
measurements have been of inward currents with high con-
centrations of potassium on both sides of the membrane; the
probability of channel opening was less for outward currents
when the extracellular potassium concentration was only 10
mM. (iii) With the cell-attached configuration that was used
some desensitization probably occurs; the whole-cell potas-
sium current shows little desensitization during application of
Enk-ol (100 nM) for as long as 2 hr, but with higher
concentrations (1-3 ,uM) the response declines progressively
during application (refs. 11, 14, 33; R.A.N., M.J.C., and J. T.
Williams, unpublished work).
Our measurements of the open and closed times of the

channels during the periods of activity indicate that, within
the bandwidth constraints that were used, there are two
closed states and one open state. The closed states have
average durations of 30 ms and 1 ms; these durations were the
same with different agonist concentrations. The dependence
of the lifetime of the open state on the agonist concentration
(or more markedly the burst of openings that includes the
brief closure, see Fig. 3B) would be expected if a number of
activated G protein molecules could bind to the channel and
open it. Kinetic experiments at higher time resolution in the
inside-out configuration, in which the channel could be
opened by application of activated G protein subunit, may
help clarify the further details of channel activation.
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