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Effects of caffeine and 3-isobutyl-1-methylxanthine on voltage-
activated potassium currents in vertebrate neurones and secretory

cells
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1 The effects of caffeine and 3-isobutyl-1-methylxanthine (IBMX) on voltage-activated K* currents
were examined by use of patch clamp recording techniques in dissociated chick autonomic ganglion
neurones, chick pineal cells and rat anterior pituitary cells.

2 In chick ciliary ganglion neurones, caffeine (0.1-10 mM) produced a robust blockade of delayed
rectifier K* currents (Ipgr). Blockade was rapid in onset and concentration- and voltage-dependent.
Caffeine produced greater inhibition with larger depolarizing voltage pulses. Similar inhibition of Ipr
was observed in excised outside-out ‘maxi-patches’ indicating a direct effect on the K* channels. Caffeine
also inhibited Ipg in chick sympathetic neurones, chick pineal cells and rat anterior pituitary cells.

3 Application of 10 mM caffeine caused inhibition of transient A-currents (I,) in chick ciliary ganglion
neurones. Inhibition of I, was voltage-dependent with greater inhibition observed at more positive
command potentials. Application of 1 mM caffeine did not cause inhibition of I,.

4 Application of 1 mM IBMX, a structural analogue of caffeine, caused inhibition of Ipg and I, in
chick ciliary ganglion neurones. The voltage-dependence of the inhibition of both currents was
qualitatively different from that observed with caffeine. The inhibitory effects of 1 mM IBMX and 10 mM
caffeine on Ipg and I, were additive.

5 Direct inhibition of voltage-activated K* currents can potentially produce significant secondary
effects on intracellular free Ca?*. These results indicate that caution must be used in the design and
interpretation of experiments in which millimolar concentrations of caffeine or IBMX are used in

pharmacological studies of intracellular Ca?>*dynamics or other second messenger mechanisms.
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Introduction

The methylxanthines caffeine and 3-isobutyl-1-methyl-
xanthine (IBMX) are widely used as experimental tools in
pharmacological studies. There are four classes of caffeine
actions that have been extensively described in the literature:
caffeine is an antagonist of adenosine receptors, it is an in-
hibitor of certain cyclic nucleotide phosphodiesterases, and it
modifies release of Ca?* from ryanodine- and inositol phos-
phate (IP;)-sensitive intracellular stores (reviewed in Daly,
1993; Pozzan et al., 1994; Erlich et al., 1994). Caffeine has
also been shown to inhibit agonist-stimulated IP; formation
in some systems (Erlich et al., 1994). These effects occur at
different concentrations. Thus, millimolar concentrations of
caffeine stimulate Ca®* release from ryanodine-sensitive in-
ternal stores (Erlich et al., 1994). By contrast, inhibition of
phosphodiesterase and blockade of adenosine receptors occur
at 10 and 100 fold lower concentrations, respectively (Daly,
1993). The most common laboratory use of caffeine in recent
years has been to probe the mechanisms controlling in-
tracellular Ca?* dynamics, often in cultured or acutely iso-
lated cells (Pozzan et al., 1994; Erlich et al., 1994). IBMX is a
structurally related methylxanthine that shares some of the
actions of caffeine (Daly, 1993). This compound is widely
used as an inhibitor of various cyclic nucleotide phospho-
diesterases. IBMX also interacts with certain adenosine re-
ceptors (Daly, 1993) but is not generally used to alter
mobilization of intracellular Ca?* stores.

Most studies of internal Ca?* mobilization have used high
caffeine concentrations, typically 5—20 mM. Because of this, it
is reasonable to ask whether this drug has other actions that
might confound the interpretation of at least some of these
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experiments. In this regard, there are data showing that mil-
limolar concentrations of caffeine can inhibit voltage-depen-
dent K* currents in mammalian ventricular myocytes
(Sanchez-Chapula, 1992; Varro et al., 1993) and vascular
smooth muscle (Noack et al., 1990) as well as voltage-activated
Na* channels in ventricular myocytes (Habuchi et al., 1991).
To date, there have been no studies describing direct effects of
caffeine on voltage-activated K* channels in neurones or se-
cretory cells, even though this compound is widely used in
studies of those cell types (reviewed by Pozzan et al., 1994).
However, millimolar concentrations of IBMX can inhibit a
voltage-activated and tetrathylammonium-sensitive K* cur-
rent in rat sensory neurones (Usachev et al., 1995).

In the present study, we have characterized the effects of the
methylxanthines caffeine and IBMX on voltage-activated K*
currents in selected vertebrate neurones and secretory cells.
The results indicate that both methylxanthines cause a direct
inhibition of multiple voltage-activated K* currents in several
cell types. Because these actions could cause significant sec-
ondary effects on intracellular Ca2* regulation, they need to be
considered in the design and interpretation of experiments in
which these compounds are used to probe second messenger
dynamics.

Methods

Cell isolation

Embryonic chick ciliary and lumbar sympathetic neurones and
pineal cells were isolated as described previously (Henderson &
Dryer, 1992; Wisgirda & Dryer, 1994). Briefly, ciliary ganglia
were dissected from embryonic day 13 (E13) chick embryos,
lumbar sympathetic ganglia were dissected at E18, and pineal
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glands were dissected at E20—21. Tissues were digested with
collagenase, dissociated by 8 — 12 passes through a fire-polished
sterile Pasteur pipette, and plated onto sterile poly-D-lysine-
coated glass coverslips. Recordings were made within 4 h of
plating. Cultures of rat anterior pituitary cells were prepared as
described in detail elsewhere (Gorospe & Freeman, 1985).
Briefly, anterior pituitary glands from randomly cycling female
rats were digested with hyaluronidase and collagenase, dis-
sociated by gentle trituration with a Pasteur pipette, rinsed,
and further digested with pancreatin. Cells were washed, re-
suspended in cell culture medium, and plated onto poly-D-
lysine-coated glass coverslips. Cells were maintained for 2—3
days in a sterile CO, incubator at 37°C prior to use in elec-
trophysiological experiments.

Electrophysiology

Whole-cell recordings were made at room temperature as de-
scribed elsewhere (Wisgirda & Dryer, 1993). Electrodes were
filled with a sterile solution consisting of (mM): KCl 120,
MgCl, 2, HEPES/KOH 10, EGTA 10, and leupeptin 0.1 at a
pH of 7.4. Pipette resistance was 2—6 MQ. It was possible to
compensate up to 90% of this series resistance without in-
troducing oscillations into the current output of the clamp
amplifier. Voltage commands and data analysis were per-
formed by use of a personal computer equipped with com-
mercially available software (PCLAMP, Axon Instruments).
Cells were mounted in a 300 ul chamber and perfused at a
1.5-2.0 ml min~! in a Ca?*-free saline consisting of (mM):
NaCl 145, KCl 5.4, MgCl, 6.2, HEPES/NaOH 13, D-glucose 5
and tetrodotoxin 250 nM, pH 7.4. For experiments on Ipg, a
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series of 500 ms depolarizing steps were applied from a holding
potential of —60 mV (Wisgirda & Dryer, 1993). The ampli-
tude of Ipg was measured at the end of the voltage steps. I,
was always evoked from a holding potential of —120 mV in
the presence of 10 mM external tetraethylammonium (TEA),
which served to reduce contributions from Ipg. The amplitude
of I, was determined at the peak of the current. All whole-cell
currents were leak-subtracted (Wisgirda & Dryer, 1993). In
some experiments, excised outside-out ‘maxi’ patches were
obtained by slowly withdrawing the recording pipette after
achieving a stable whole-cell recording and depolarizing pulses
were applied from a holding potential of —60 mV (Dryer,
1991). Pseudo-macroscopic records were then obtained by
averaging the responses to 4—8 depolarizing steps. These re-
cords were not leak subtracted. Methylxanthines were dis-
solved in normal bath saline and applied to cells or excised
patches by whole-bath gravity fed perfusion from individual
reservoirs controlled by valves. The dead-time of the perfusion
system was 30— 50 s. Caffeine, IBMX and tetrodotoxin were
obtained from Sigma Chemical Company (St. Louis, MO,
US.A).

Results

Effects of caffeine on 1pr in chick ciliary ganglion
neurones

As described previously (Wisgirda & Dryer, 1993) application
of depolarizing voltage steps from a holding potential of
—60 mV in Ca®*-free external salines containing 250 nM te-
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Figure 1 Effects of caffeine on delayed rectifier K* currents in chick ciliary ganglion neurones. (a) Families of whole-cell currents
evoked by depolarizing voltage steps from a holding potential of —60mV. Left, currents evoked in normal external saline. Right,
currents evoked after 60s exposure to saline containing 10mM caffeine. In this and subsequent figures, voltage protocols are shown
as insets above the current traces. Note large reduction of slowly inactivating outward currents (Ipr). (b) Currents recorded in large
excised outside-out patch. Traces shown are the average of five pseudomacroscopic currents. Currents were evoked before and after

application of 1 mMm caffeine.
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Figure 2 Voltage- and concentration-dependence of caffeine effects
on Ipy in chick ciliary ganglion neurones. (a) Voltage-dependence of
caffeine blockade. Data from cell shown in Figure la. Currents were
measured at the end of the depolarizing voltage steps. Left, activation
curves for Ipgr in the absence (@) and presence (A) of 10mm
caffeine. Curves are spline fits to the data. Right, inhibition of Ipg
plotted against command potential. (b) Plot of mean Ipg inhibition
vs. caffeine concentration in nine ciliary ganglion neurones. Vertical
lines represent s.e.mean.

trodotoxin evoked large slowly inactivating outward currents
(Ipr) in ciliary ganglion neurones. Currents measured at the
end of the test pulse to + 30 mV were markedly inhibited (50—
90%) by bath application of 10 mM caffeine (Figure la). In-
hibition was maximal in 0.5—-2 min, and partial or full re-
covery was seen with 5—8 min of washing (not shown).
Blockade of Ing could also be observed in excised outside-out
‘maxi’ patches (Figure 1b). The traces shown are the average of
currents evoked by four steps to 0 mV from a holding poten-
tial of —60 mV. With this recording configuration, K*
channels are isolated from soluble cytoplasmic regulatory
molecules, suggesting a direct effect of caffeine on the channel
molecules or associated subunits. It was not possible to discern
the effects of caffeine on single Ipr channels in excised maxi-
patches because multiple channels were invariably present and
discrete unitary openings were difficult to resolve. The effects
of caffeine on whole-cell Iz were voltage-dependent, as a
greater percentage of the current was inhibited with larger
depolarizing voltage steps over a range of —30 to +30 mV
(Figure 2a). Blockade of Ig was also observed in the presence
of 5 mM external Ca’* (not shown). For those experiments,
Ca’*-activated K* currents were blocked by addition of
100 uM Cd?* to the external salines. The effects of caffeine on
Ipr were concentration-dependent (Figure 2b). Mean inhibi-
tion of close to 30% (measured at the end of the depolarizing
voltage steps) was produced by 100 uM caffeine at command
potentials of +30 mV, and inhibition increased at higher
concentrations. Maximum blockade occurred with 10 mm
caffeine. Thus, in ciliary ganglion neurones, caffeine is a more
potent inhibitor of Ipg than tetracthylammonium (TEA),
which produces half-maximal blockade at 3—5 mM. Complete
inhibition was never observed at any caffeine concentration
tested. Application of 10 uM caffeine did not produce sig-
nificant inhibition of Ipg in chick ciliary ganglion neurones
(Figure 2b).

Actions of caffeine on Ipg in other cell types

Caffeine inhibited Ipg in three other cell types, including a
second closely related population of neurones and two types of
nonneuronal secretory cells. Application of 10 mM caffeine
caused blockade of whole-cell Ipg in dissociated chick sym-
pathetic ganglion neurones, similar to that shown above for
parasympathetic ciliary ganglion neurones (not shown). Ap-
plication of 1—10 mM caffeine also caused a marked inhibition
of Ipg in rat cultured anterior pituitary cells, which are ex-
citable (Figure 3a), and in nonexcitable chick pineal cells
(Figure 3b). The characteristics of caffeine blockade in all three
cell types were similar to those described above for ciliary
ganglion neurones, even though there were differences in the
kinetics of Ipg in the different cell types. Moreover, in all cell
types tested, substantial inhibition of Ipr occurred at con-
centrations at or below those typically used to induce Ca**
release from ryanodine-sensitive internal stores. Caffeine never
caused complete inhibition of Ipr at any concentration or
command potential tested.

Effects of caffeine on 1, in chick ciliary ganglion
neurones

Chick ciliary ganglion neurones express a large tetra-
ethylammonium (TEA)-resistant transient A-current that is
easily observed when depolarizing pulses are applied from
more negative holding potentials (Wisgirda & Dryer, 1993).
For these experiments, I, was evoked from a holding potential
of —120 mV in Ca?*-free external saline containing 10 mm
external TEA. Application of 10 mM caffeine caused a sig-
nificant inhibition of peak I,, although the mean inhibition at
+30 mV (25+ 7%, mean +s.e.mean, n=9 cells) was somewhat
less than that observed for Ipg (55+7%, n=9 cells) at the
same caffeine concentration (Figure 4a). Complete inhibition
of I, was never observed and caffeine did not alter the time
course of I, inactivation. As with Ipr, blockade of I, by
10 mM caffeine was voltage-dependent, with a greater per-
centage inhibition observed at more positive command po-
tentials (Figure 4b). Application of 1 mM or 100 uM caffeine
did not produce significant blockade of I, in chick ciliary
ganglion neurones at any command potential (not shown). The
effects of other concentrations of caffeine were not examined.

Effects of IBMX on voltage-activated K* currents in
ciliary ganglion neurones

Application of 1 mM IBMX caused inhibition of Ipg (Figure
5a) and I, (Figure 5b) in chick ciliary ganglion neurones. In-
hibition was rapid in onset (0.5—1.5 min) and partial recovery
was observed with 5—8 min of washing. Mean Ipg inhibition
at the end of a test pulse to +30 mV was 27+6% (n=9 cells)
and mean inhibition of peak I, measured at +30 mV was
281+ 8% (n=28 cells). IBMX did not alter the time course of I,
inactivation. Application of 100 uM IBMX did not cause sig-
nificant inhibition of either I, or Ipg (not shown). IBMX
precipitates from physiological salines at concentrations above
1 mM. The voltage-dependence of blockade of Ipg and I, by
1 mM IBMX was qualitatively different from that produced by
caffeine. In the case of Ipg, the percentage inhibition was a
complex function of command potential (Figure 5c). The lar-
gest inhibition was consistently observed with either small or
large depolarizing voltage steps. However, there was typically
aregion between —20 and — 10 mV where there was much less
inhibition. This complex voltage-dependence was a consistent
observation. In five cells mean Ipg inhibition was 37+ 6% at
—40 mV, 25+8% at —30 mV, and 12+4% at —20 mV. In
the case of I, inhibition of IBMX consistently showed little or
no dependence on the command potential in six cells tested
(Figure 5d). It should be noted that forskolin, a compound
that causes activation of adenylate cyclase, does not cause
inhibition of either of those currents in ciliary ganglion neu-
rones (S.E. Dryer, unpublished observations) suggesting that
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Figure 3 Effects of caffeine on Ipg in secretory cells. (a) Families of currents evoked in cultured rat anterior pituitary cells before

(left) and 60 after (right) application of 1 mM caffeine. (b) Families of currents evoked in dissociated chick pineal cells before (left)
and 60s after (right) application of 1 mMm caffeine.
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Figure 4 Effects of caffeine on transient K™ currents (/4) in chick ciliary ganglion neurones. (a) Families of currents evoked from a
holding potential of —120mV in the presence of 10mM external tetracthylammonium. Currents were evoked before (left) and after
(right) application of 10mM caffeine. (b) Voltage-dependence of caffeine blockade of I,. Data from cell shown in (a). Left,
activation curves of peak currents before (@) and after (A) application of 10mM caffeine. Right, plot of I, inhibition vs. command
potential. Curves are spline fits to the data.
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Figure 5 Effects of 3-isobutyl-1-methyl xanthine (IBMX) on Ipg and I, in chick ciliary ganglion neurones. (a) Families of currents
(Ipr) evoked from a holding potential of —60mV before (left) and 60s after (right) application of 1 mM IBMX. (b) Families of
currents (Ia) evoked from a holding potential of —120mV in the presence of 10mM tetraethylammonium. Currents were evoked
before (left) and 90s after (right) application of 1 mM IBMX. (c and d) Voltage-dependence of IBMX inhibition of Ipr (c) and I
(d) in the chick ciliary ganglion neurones shown above. Curves are spline fits to the data. Note difference from the voltage-

dependence of caffeine inhibition shown in Figures 2 and 4.

the inhibitory effects of IBMX are not caused by increases in
cyclic AMP secondary to inhibition of cyclic nucleotide
phosphodiesterases.

The differences in the voltage-dependence of IBMX and
caffeine actions suggest that these compounds inhibit K*
currents by binding to different sites. If so, IBMX should cause
additional inhibition in the presence of a saturating con-
centration of caffeine. That proved to be the case. I, or Ipg
were evoked in chick ciliary ganglion neurones by use of the
voltage clamp protocols described above and application of
10 mM caffeine caused inhibition of both currents as described
above. Switching to saline containing 11 mM caffeine did not
cause additional inhibition of either current (0 + 3% compared
to 10 mM caffeine in the case of Ipg, 0+2% in the case of I,,
n=6 cells in each group, data not shown). By contrast, ap-
plication of 1 mM IBMX in the presence of 10 mM caffeine

caused greater inhibition of Ipg (27+4%) and I, (31+7%)
than that produced by 10 mM caffeine alone (n= 6 cells in each
group) (Figure 6).

Discussion

In this study, we have found that millimolar concentrations of
caffeine produce a robust inhibition of voltage-activated K *
currents in neurones and secretory cells from two different
vertebrate species. In ciliary ganglion neurones, significant
inhibition was detected with 100 uM caffeine. A structurally
related methylxanthine, IBMX, also caused inhibition of vol-
tage-activated K* currents in chick ciliary ganglion neurones
at millimolar concentrations. Previous studies have shown that
millimolar concentrations of caffeine inhibit voltage-dependent
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Figure 6 Combined effects of caffeine and 3-isobutyl-1-methylxanthine (IBMX) on Ipgr and I, in chick ciliary ganglion neurones.
(a) Delayed rectifier currents evoked by depolarizing steps to +30mV from a holding potential of —60mV before (left) and after
application of 10mM caffeine and after application of 1 mM IBMX in the presence of 10mM caffeine, as indicated (right). (b) In a
different cell, A-currents were evoked in the presence of 10mM TEA by depolarizing voltage steps to +30mV from a holding
potential of —120mV before (left) and after application of 10mM caffeine and after application of 1 mM IBMX in the presence of
10mMm caffeine, as indicated (right). Note that 1 mM IBMX produces additional inhibition of both currents even in the presence of

10mM caffeine.

K™* currents in rat ventricular myocytes (Sanchez-Chapula,
1992; Varro et al., 1993) and guinea-pig portal vein (Noack et
al., 1990), although these effects were not described in detail.
IBMX has been shown to inhibit a voltage-activated tetra-
ethylammonium-sensitive K™ current in rat sensory neurones
(Usachev et al., 1995).

The available evidence strongly suggests that inhibition is a
direct effect on the K* channels and is not secondary to me-
thylxanthine effects on intracellular regulatory enzymes. First,
the inhibitory effects described here and previously were rapid
in onset and at least partially reversible within minutes. Sec-
ond, caffeine causes a rapid blockade of Iy in excised outside-
out ‘maxi’ patches. With this recording configuration, the
patch membrane is isolated from soluble cytoplasmic reg-
ulatory molecules, including cyclic nucleotides, cyclic nucleo-
tide phosphodiesterases, cyclic nucleotide-dependent protein
kinases, and internal Ca2* stores. However, we cannot exclude
the possibility that caffeine acts on membrane-bound reg-
ulatory proteins that remain associated with the excised patch
membrane. Finally, caffeine and IBMX block multiple voltage-
activated K* currents (in several different cell types in the case
of caffeine). The biophysical properties of the caffeine-sensitive
K* channels are clearly different in some of these cell types.
For example, one of the caffeine-sensitive currents in ven-
tricular myocytes is a Ba*-sensitive inward rectifier (Varro et
al., 1993). This suggests a direct effect on conserved pore re-
gions of the channel molecules as it is unlikely that the same
regulatory cascades could result in blockade of K™ channels in
all of these preparations (see below).

What is the mechanism of caffeine inhibition of voltage-ac-

tivated K* currents? The available results suggest at least two
non-mutually exclusive possibilities, which entail binding to
sites that are either remote from the pore or within the pore. In
the first case, caffeine may bind to regulatory domains on K*
channel molecules, or accessory subunits, resulting in changes in
the voltage-dependent probability of finding channels in the
open state; this could occur by stabilization of closed or in-
activated states of the channel molecules or by altering the
conformation of the voltage sensors. This may be analogous to
the actions of certain dihydropyridine compounds on the gating
of L-type Ca?* channels (Bean, 1984). However, it seems un-
likely that this could occur in several structurally diverse K*
channels, as structural domains outside of the pore are not
highly conserved in different K* channel subfamilies (Salkoff et
al., 1992). A more likely possibility is that caffeine may simply
occlude pores in a manner similar to that of tetra-
ethylammonium ions (Stanfield, 1983). The pore domains of
different K* channel subfamilies tend to be highly conserved
(Salkoff et al., 1992). Voltage-dependence could arise if caffeine
binding sites are only accessible in open channels. Voltage-de-
pendent blockade could also occur if charged caffeine molecules
bind to sites located within the transmembrane electric field
(Hille, 1992), but it should be noted that at physiological pH only
a small percentage of caffeine molecules are charged.

The inhibitory effects of 1 mM IBMX can be observed in the
presence of saturating concentrations of caffeine (10 mMm).
This, together with the qualitatively different voltage-depen-
dence of inhibition, suggests that the two methylxanthines bind
to different sites on the channel molecules. The effects of
IBMX on I, in ciliary ganglion neurones are essentially vol-
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tage-independent. This could occur if IBMX molecules bind to
sites accessible from either the open or closed states and/or are
not affected by the transmembrane electrical field at their
binding sites. In the case of Ipr, the complex voltage-depen-
dence could arise if charged IBMX molecules have access to
the pore from both the inner or outer face of the membrane
and if asymmetric energy barriers limit access to a single
IBMX binding site. Alternatively, there may be multiple
IBMX binding sites on the channel molecules (Hille, 1992).

Regardless of the mechanism of blockade, these results have
important implications for the use of caffeine or IBMX in la-
boratory experiments, especially in isolated or cultured cells.
Caffeine has become one of the standard pharmacological
tools for the study of Ca?" release from internal stores because
it activates type-1 and type-2 ryanodine receptors (Erlich et al.,
1994; Pozzan et al., 1994). Because of this, caffeine can evoke
sustained increases in free cytoplasmic Ca®* in many cells.
This can result in Ca®* oscillations in some cell types (reviewed
by Pozzan et al., 1994). Paradoxically, caffeine can also inhibit
spontaneous and agonist-evoked intracellular Ca®* oscilla-
tions (D’Andrea et al., 1993; Pozzan et al., 1994).

These sorts of results are usually interpreted as either direct
effects of caffeine on various Ca®>* release channels coupled
with mass-action interactions between various Ca?* release
compartments, or in terms of inhibition by caffeine of agonist-
stimulated IP; formation (Erlich et al., 1994; Pozzan et al.,
1994). However, the present results indicate that caffeine will
produce a substantial blockade of K* channels at concentra-
tions less than or equal to those typically used to study in-
tracellular Ca®* stores. This could become significant in the
case of those cells, especially excitable cells, that use changes in
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