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Abstract. We characterized the effects of histamine on
intracellular Ca2+ and activation of ionic currents in hu-
man capillary endothelial cells. Histamine produced
both a transient and sustained increase in intracellular
Ca2+. The transient response was mediated largely
through intracellular Ca2+ release and the sustained re-
sponse was due to extracellular Ca2+ entry. The increase
in intracellular Ca2+ by histamine was not affected by the
H2 blocker cimetidine. But was entirely blocked by the
H1 antagonist diphenhydramine showing that the hista-
mine response in these cells is mediated through the H1
receptor. A transient ionic current is coactivated with the
histamine-induced increase in intracellular Ca2+ and this
current has several properties of a nonselective, Ca2+

permeable, cation channel (NSC). The magnitude of the
NSC current does not strictly correlate with intracellular
Ca2+ levels. A Ca2+-activated K+ current (BKCA) is ac-
tivated by the increase in intracellular Ca2+ and this cur-
rent is blocked by the selective BKCA blocker iberio-
toxin.
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Introduction

Histamine was one of the first substances identified as a
mediator of inflammation and has been effectively tar-
geted with antagonists to help moderate allergic and
acute inflammatory responses (Schachter, 1973). One of
the primary tissues affected by histamine is the endothe-
lium of vessels where histamine produces a marked in-
crease in vascular permeability. Histamine is one of

many agonists that also mediate increases in intracellular
Ca2+ and release of the potent vasodilator, NO from en-
dothelial cells. Ca2+ imaging data and simultaneous
monitoring of NO have shown that Ca2+ entry and not
simply an increase in intracellular Ca2+ is required for
histamine induced stimulation of NO (Lantoine et al.,
1998). Others have seen some NO release associated
with the initial Ca2+ release but much less for subsequent
challenges unless Ca2+ entry occurs, presumably to refill
internal stores (Kishi et al., 1996). Regardless, it appears
that histamine and associated Ca2+ release and entry play
a critical role in modulating the release of NO from
endothelial cells.

Ionic currents activated by histamine would be ex-
pected to modulate NO release by altering the driving
force for Ca2+ entry. It has been reported that depolar-
ization of endothelial cells with high K+ diminishes ago-
nist induced entry of Ca2+ and release of NO (Lantoine et
al., 1998). Patch-clamp studies of isolated endothelial
cells report on a number of ionic currents activated by
histamine although the channel type and temporal pattern
varies between the individual studies (Nilius, 1997,
1998). To date, a nonselective cation channel with pre-
sumed or demonstrated permeability to Ca2+ and mono-
valent cations, an outward K+ current, a chloride current
and an inward rectifying K+ current have all been seen,
although not all from any given study (Bregestovski et
al., 1988; Hosoki & Iijima, 1994; Groschner, Graier &
Kukovetz, 1994; Nilius, Schwarz & Groogmans, 1993a).
In addition, there has been one report in which intracel-
lular Ca2+ and ionic currents were recorded simulta-
neously (Nilius et al., 1993b).

We report here on the probable identity of ionic
currents and intracellular Ca2+ response of human mi-
crovessel endothelial cells exposed to histamine. The
identity and temporal pattern of the ionic currents acti-
vated along with the associated changes in intracellular
Ca2+ appear to be a unique mix from those already re-Correspondence to:F. Jow

J. Membrane Biol. 173, 107–116 (2000) The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 2000



ported and include a novel Ca2+ dependent, inactivating
nonselective cation current that is highly permeant to
Ca2+.

Materials and Methods

CELL CULTURE

Human capillary endothelial cells (HCEC) cells were obtained from
Clonetics Corporation and grown in endothelial cell growth media
(EGM™, Clonetics, Kirkland, WA). The composition of this medium
was: modified DMEM/F-12 (1:1), 15 mM HEPES buffer, 10% FBS, 50
mg/ml heparin, 50 mg/mlaFGF (bovine pituitary origin). Cells were
maintained at low density by passaging on day 5–6 but the culture
media was allowed to become conditioned by only replacing it after
passaging. The cells were used from passages 2–6.

ELECTROPHYSIOLOGICAL MEASUREMENTS

Human endothelial cells were cultured on 35 mm tissue culture dishes
in media and serum as described. They had a flattened (0.1–0.5mm
thick) cobblestone appearance that precluded reproducible whole-cell
patch recording. To produce a thicker cell profile, cells were trypsin-
ized and replated and the isolated cells were recorded 10–30 min later.
Comparison of flattened endothelial cells with their freshly replated
counterparts revealed no differences in either resting membrane poten-
tial or ion currents. Endothelial cells responded to bradykinin with an
increase in outward current (185% at +100 mV,n 4 4), suggesting that
the trypsin had little deleterious effect on surface receptors. Cells were
recorded in whole-cell voltage clamp with the patch-clamp technique
(Hamill et al., 1981). Patch electrodes were pulled from borosilicate
glass (Sutter Inst. O.D. 1.0 mm, I.D. 0.5 mm.) and had resistances from
3–6 MOhms. The input resistance of cells at −60 mV measured in
excess of 1 Gigaohm. Seal resistance was typically 20 Gigaohms or
greater. Resting membrane potentials of these isolated cells averaged
−60.6 + 0.5 mV,n 4 83. All recordings were done at room tempera-
ture. An EPC9 amplifier with the acquisition program Pulse-PulseFit
from HEKA (Lambrecht, Germany) was used for recording, data ac-
quisition and analysis. Series resistance compensation was used and
currents were filtered at 3 kHz. Liquid junction potentials were mea-
sured, <6 mV, and corrected for. The standard pipette solution for
whole-cell recordings was (in mmol/l): 120 K-aspartate, 20 KCl, 0.05
EGTA, 5 HEPES (pH 7.2 with KOH), 5 Mg-ATP, 5 Phosphocreatine-
Na2, 1 MgCl2. In dual recordings 0.05 mM Fura2 acid was added in the
standard pipette solution. The standard bath recording solution was
modified Hanks’ Balance salt solution (HBS) that consisted of (in
mmol/l) 140 NaCl, 5.4 KCl, 5 HEPES (pH 7.2 with NaOH), 15 Dex-
trose, 1.9 CaCl2, 0.8 MgSO4, 0.4 KH2PO4, 0.3 Na2HPO4. Sodium and
chloride substitution experiments used a NaCl-free bath solution in
which NMDG-MeSO3 was substituted for NaCl in the standard bath
solution. Iberiotoxin (IbTx) was purchased from Peptide Institute,
Fura2 acid from Molecular Probe, diphenhydramine and cimetidine
from RBI, histamine and all salts from Sigma. All compounds and
solutions were added to the HCEC by superfusion at the rate of 1
ml/min to a 35 mm tissue culture dish with a stainless steel insert which
reduced the volume to 0.5 ml. A solid bar in the figures shows the
duration of application.

Permeability ratios were calculated using the GHK (Goldman-
Hodgkin-Katz) modified constant field equation (Lewis, 1979). To es-
timatePK/PNa the following equation was used:
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To estimatePCa/PNa the following equation was used:
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WhereP8Ca 4 PCa/PNa (1 + eErevF/RT), Erev refers to reversal potential,
R is the gas constant,T is the absolute temperature andF is Faraday’s
constant.

PHOTOMETRY

Intracellular Ca2+ was monitored simultaneously with patch-clamp re-
cordings in some of the experiments. A T.I.L.L. Photonics (Germany)
photometer adapted for the EPC-9 (Applied Scientific Instrumentation)
was used to monitor the fura ratio. Calcium concentration was calcu-
lated from min/max ratio, andKd values entered into the Pulse Fura
program and verified against a calcium calibration curve generated
with Molecular Probes calibration kit F-6774. Calcium concentrations
reported with this technique represented the mean of four individual
measurements taken during the voltage ramp or pulse. The population
intracellular Ca2+ data in Fig. 1B was obtained from cells loaded with
Fura2AM and imaged with a fluorescence microscope using the Intra-
cellular Imaging software package (Intracellular Imaging, Cincinnati,
OH). This system was also calibrated with Molecular Probes calibra-
tion kit F-6774.

Results

HISTAMINE PRODUCES AN INCREASE IN INTRACELLULAR

Ca2+
IN HCEC AND THIS RESPONSE ISMEDIATED

THROUGH THE H1 RECEPTOR

In fura2-loaded cells, histamine at 10mM produces a
transient increase in intracellular Ca2+ that slowly decays
over 15 min back to a plateau level of sustained, elevated
Ca2+ (Fig. 1A). This increase in intracellular Ca2+ is me-
diated through the H1 receptor as shown in Fig. 1B that
shows the average intracellular Ca2+ response of 19 cells
to histamine. An initial control response was elicited by
10mM histamine. Following washout, histamine was co-
applied with the specific H2 antagonist cimetidine (10
mM) which failed to block the response. Again following
washout, the specific H1 antagonist diphenhydramine
(10mM) was perfused along with the histamine. This H1
antagonist completely blocked the histamine mediated
increase in intracellular Ca2+ and was partially reversible
upon washout (Fig. 1B, end of trace).

THE INITIAL HISTAMINE MEDIATED INCREASE IN

INTRACELLULAR Ca2+ OCCURS THROUGH

INTRACELLULAR Ca2+ RELEASE

Figure 2A shows the effect of histamine on a fura2-
loaded HCEC in the absence of extracellular
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Ca2+. Histamine (10mM) elicits an oscillatory increase
in intracellular Ca2+ which rides upon a gradually de-
clining plateau. In 5 additional cells, in Ca2+-free exter-
nal solution, histamine (10–40mM) rapidly caused an
increase in [Ca2+] i from the basal level of 30 to 300 nM

which was followed by oscillations. The oscillating
spike gets larger and larger with time as the plateau level
of Ca2+ falls until after 15 min the [Ca2+] i declines back
to the basal level and the [Ca2+] i stops oscillating. The
average spike interval is 2–3 min. The increase in intra-
cellular calcium and its’ oscillation in the absence of
external calcium indicates that histamine triggers intra-
cellular calcium release. The [Ca2+] i oscillation phe-
nomenon was seen in 43% (n 4 14) of the cells recorded
in zero external Ca2+. The remainder of the cells re-
sponded to histamine with a transient increase in [Ca2+] i

that then returned to baseline. Interestingly under con-
ditions of normal external Ca2+ the intracellular Ca2+

levels were never observed to oscillate with 10mM his-
tamine (n 4 19) (seediscussion).

Figure 2B shows peak inward and outward current
from another HCEC exposed to 40mM histamine in the
absence of external Ca2+. The peak inward and outward
currents from voltage ramps (−120 to +100 mV) show a
similar oscillatory behavior to that of intracellular Ca2+.
The inward and outward currents increase 3- to 4-fold in
40 mM histamine and oscillate for about 15 min before
returning to basal level (n 4 6). Buffering intracellular
Ca2+ with 10 mM EGTA blocked the increase in intra-
cellular Ca2+ and the activation of current by 40mM

histamine in all cells tested (n 4 3; 1.9 mM external
Ca2+).

SIMULTANEOUS RECORDING OFCa2+
AND IONIC

CURRENT FROM HCEC DURING APPLICATION

OF HISTAMINE

To further investigate histamine’s effect on [Ca2+] i and
membrane currents, HCEC were loaded with 50mM

Fura2 acid through the pipette for simultaneous record-
ing of the Ca2+ signal and ionic currents. In the absence
of external Ca2+, 10 mM histamine induced a transient
[Ca2+] i increase that decayed to below the [Ca2+] i seen in
1.9 mM external Ca2+ prior to the application of hista-
mine (Fig. 3A). Readdition of 1.9 mM external Ca2+ in-
duced a sustained Ca2+ increase similar to that seen in
Fig. 1A. The transient Ca2+ increase in the absence of
external Ca2+ indicates that histamine triggered intracel-
lular Ca2+ release from the cell. The increase in intra-
cellular Ca2+ seen with the subsequent addition of 1.9
mM Ca2+ to the external solution corresponds to hista-
mine-induced Ca2+ influx. The increase in intracellular
Ca2+ due to intracellular release, activated a transient
current (lasting 7 min) that was inward at −120 mV and
outward at +100 mV (Fig. 3B andC). The current am-
plitude for both inward and outward current increased by
12-fold over background levels in this cell. In 15 cells
the average increase was 8.4 ± 1.7-fold. The inset in Fig.
3B shows raw current ramps obtained at the times indi-
cated by 1 and 2. The transient current at the peak of its
response (time 2) has a linear current voltage relationship
that reverses close to zero mV. The inset in Fig. 3C
shows raw current ramps at the times indicated by 3 and
4 corresponding to the current before and after addition
of 1.9 mM external Ca2+. The current ramp at time point
4 shows a noisy, sustained current that is outwardly rec-
tifying and reverses around −60 mV. A transient intra-
cellular calcium wave was elicited simultaneously with
the transient current in all 14 cells tested with 40mM

histamine in calcium free external solution. In 4 cells
where 1.9 mM calcium was added following the decay of
the transient histamine response; a plateau phase of el-
evated intracellular calcium occurred and was associated
with a sustained outwardly rectifying current.

Fig. 1. The intracellular Ca2+ response of HCEC to histamine is me-
diated through H1 receptors and is composed of a transient and sus-
tained increase in [Ca2+] i. PanelA shows the intracellular Ca2+ re-
sponse of an endothelial cell exposed to 10mM histamine in 1.9 mM
external Ca2+. PanelB shows increases in [Ca2+] i in response to 10mM

histamine, wash, 10mM histamine + 10mM cimetidine, wash, 10mM

histamine + 10mM diphenhydramine, wash, and 10mM histamine
showing partial recovery from diphenhydramine block.
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HISTAMINE IN NMDG-MeSO3 EXTERNAL SOLUTION

INDUCED Ca2+-ACTIVATED K+ MEMBRANE CURRENT

To investigate the outwardly rectifying current, activated
by histamine, in isolation; NaCl in the external solution
was replaced with NMDG-MeSO3 and the pipette solu-
tion contained Kaspartate. We have previously found
that NMDG blocks the nonselective cation channel
(NSC) in these HCEC. In this recording condition with
the nonselective cation current blocked, the primary per-

meant ion will be K+ flowing through K+ channels. 40
mM histamine in Ca2+-free external solution was seen to
activate a transient (10 min) outwardly rectifying current.
Addition of 1.9 mM Ca2+ to the external solution acti-
vated a larger nondecaying outwardly rectifying current
that could be blocked by 100 nM iberiotoxin, a specific
blocker of Ca2+ activated K+ current (BKCA) (Fig. 4A).
The zero current potential obtained from the current volt-
age ramps of histamine activated current is −62 mV
which is close to the K+ equilibrium potential (Fig. 4B 2,

Fig. 2. Oscillations in intracellular Ca2+ and ionic
currents in response to histamine in Ca2+-free
external solution. Figure 2A shows oscillatory
increase in [Ca2+] i from a HCEC exposed to 10mM

histamine in Ca2+-free external solution. Figure 2B
shows oscillations in outward (top) and inward
(bottom) ionic current from another cell exposed to
40 mM histamine in Ca2+-free external solution. This
cell was recorded in whole cell voltage clamp with
a holding potential of −60 mV and stimulated with
voltage ramp pulses (−120 to +100 mV; 1 sec
duration) at 10 sec interval. Peak inward current at
−120 mV and peak outward current at +100 mV
was plottedvs. time.
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3). Numbers 1, 2, and 3 labeled current ramps corre-
spond to voltage ramps given at the times indicated on
Fig. 4A. In 4 cells the histamine induced BKCA current
was 3.5 ± 0.7-fold above the background level but the
absolute amplitude ranged from 5.2 pA/pF to 115 pA/pF
reflecting the variability of BKCA channel expression in
these cells. In 24% (n 4 33) of HCEC we saw no evi-
dence for a BKCA current.

HISTAMINE ACTIVATES AN OHMIC, NONSELECTIVE

CATION CURRENT (NSC) IN THE PRESENCE

OF IBERIOTOXIN

Histamine (40mM), in Ca2+-free external solution and
with 100 nM iberiotoxin, activates a linear transient cur-
rent that spontaneously decays over 400 seconds (Fig.
5A). Addition of external 1.9 mM Ca2+ activates a larger
linear transient current (Fig. 5A, time 3). The current
voltage ramps at the times indicated with 1, 2, and 3 are
plotted in Fig. 5B. In zero external Ca2+, in the absence
of histamine, the current voltage ramp reverses at −52
mV. After histamine application the ramp shifts positive
to +7 mV due to activation of the NSC (time 2). Switch-
ing to 1.9 mM external Ca2+ in the continued presence of
histamine further shifts the current voltage ramp positive
to a reversal potential of +12.5 mV (time 3). Population
data give a reversal potential of 8.7 ± 1.8 mV (n 4 4) for
the histamine response in the absence of Ca2+ and this is
shifted to 11.7 ± 1.4 mV (n 4 4) after addition of 1.9 mM
Ca2+, presumably due to the additional inward Ca2+ flux.
The equilibrium potential for Cl− under these experimen-
tal conditions is approximately −48 mV and the BKCA
current was blocked by 100 nM iberiotoxin. This current
is therefore not a Cl− current but rather a nonselective
cationic current (NSC). In the presence of Ca2+-free ex-
ternal solution with 20 mM TEA or 100 nM Iberiotoxin to
block the BKCA current, the average reversal potential
of the cells is −3.5 ± 1.7 mV (n 4 13) and the perme-
ability ratio for PK/PNa is calculated as 1.1. The perme-
ability ratio PCa/PNa is calculated for this histamine ac-
tivated NSC by using the difference reversal potential of
the cell in Ca2+ free external solution and 1.9 mM Ca2+

external solution in the presence of 10 to 40mM hista-
mine and 100 nM Iberiotoxin. The averagePCa/PNa from
5 different cells is 2 ± 0.2.

Figure 6 summarizes the ionic currents activated by
histamine in these HCEC. The cell was initially perfused
with 40mM histamine in the absence of external Ca2+ and
oscillatory currents were activated which slowly decayed
over time. Switching to an external solution containing
1.9 mM Ca2+ elicited a large ohmic current which de-
cayed with time (Fig. 6B, time 2, inward current). After
the decay of the ohmic current a substantial sustained
outward current remained which was blocked by iberio-
toxin (Fig. 6A, time 3). Thus in this cell, and 14 others,
histamine coactivates what appears to be a nonselective

cation current (NSC) and a BKCA current. The nonse-
lective cation current appears to require intracellular
Ca2+ for its activation but then decays with a time course
that is independent of the intracellular Ca2+ level. This is
further illustrated in Fig. 7. In this cell intracellular Ca2+

and ionic currents were recorded simultaneously. Appli-
cation of 40mM histamine in Ca2+ containing external
solution produced a large increase in intracellular Ca2+

Fig. 3. Simultaneous [Ca2+] i and current recording of a HCEC acti-
vated by 40mM histamine. Simultaneous whole cell recording of
[Ca2+] i with Fura2 and current from whole cell voltage clamp with a
holding potential of −60 mV and 1 sec voltage ramps every 10 sec from
−120 to +100 mV. (A) [Ca2+] i stimulated by 40mM histamine for a
HCEC in the absence and presence of external Ca2+ (1.9 mM). (B)
Inward current from the same cell activated by 40mM histamine taken
for the current at −120 mV from the 1 sec voltage ramp. The inset
shows current ramps of the cell before (1) and after (2) application of
40 mM histamine and demonstrates that the histamine-activated current
reverses near 0 mV at the peak of the response. (C) The outward current
from the same cell taken for the current at +100 mV from a 1 sec
voltage ramp in the presence of 40mM histamine. The inset shows
current ramps from the cell before (3) and after (4) 1.9 mM Ca2+ was
added to the external solution with histamine. Addition of external Ca2+

induced a large noisy outward current in the continued presence of
histamine.
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and a transient current which reversed near +14 mV.
There was little evidence for a Ca2+ activated K+ current
in this selected cell. The NSC current was transient in
nature and decayed back to baseline after 300 sec, al-
though intracellular Ca2+ remained elevated for an addi-
tional 400 sec. This suggests that the decay of the tran-
sient NSC current is not strictly tied to the fall in intra-
cellular Ca2+.

Discussion

Human capillary endothelial cells respond to exog-
enously applied histamine with a large transient release
in intracellular Ca2+ followed by a phase of sustained
Ca2+ entry. Simultaneous with this is activation of a
nonselective cation current that reverses at 8.7 ± 1.8 mV
in zero external Ca2+ and 11.7 ± 1.4 mV (n 4 4) in 1.9
mM Ca2+ suggesting that it may also be permeant to
Ca2+. This current decays over a time course of 5 min
even with elevated levels of intracellular Ca2+ and un-
masks the presence of a Ca2+-activated outward current
that is blocked by iberiotoxin.

We show that the histamine receptor mediating the
changes in intracellular Ca2+ in these human capillary
endothelial cells is the type I receptor (Fig. 1B). This is
in accord with previous studies on human endothelial
cells that find type I to be the predominant form of the

histamine receptor mediating vascular permeability via
cell retraction, vasorelaxation, hydrolysis of phosphati-
dylinositol (4,5)-bisphosphate, and increases in intracel-
lular Ca2+ (Furchgott et al., 1984; Matsuki & Ohhashi,
1990; Flavahan & Vanhoutte, 1990; Crawford, MacCal-
lum & Ernst, 1992, 1993; Nijmi, Noso & Yamamoto,
1992).

Histamine-evoked repetitive spikes of cytoplasmic
calcium in human endothelial cells have been reported
by Jacob et al. (1988). They observed a dose-dependent
relationship between histamine and the intracellular Ca2+

oscillations with low concentrations (0.1–3mM) produc-
ing repetitive [Ca2+] i spikes and higher concentrations
(3–100mM) eliciting an initial spike followed by a main-
tained plateau of elevated [Ca2+] i. They also present data
from cells in nominally free Ca2+ and the oscillations
they describe are very similar to the ones in this study
and occur over a similar concentration range of 1–10mM.
Oscillations in intracellular Ca2+ from other cell types
have been reported for IP3-mediated Ca2+ release and
entry (Tsien & Tsien, 1990; Berridge, 1997). The tem-
poral pattern of these oscillations in intracellular Ca2+

have recently been tied to activation of specific gene
transcription pathways (Dolmetsch, Xu & Lewis, 1998;
Li et al., 1998).

The data with 1.9 mM external Ca2+ and Ca2+-free
external solution (Fig. 3) demonstrate that the histamine
mediated increase in intracellular Ca2+ occurs by both

Fig. 4. The outwardly rectifying K+ current activated by 40mM histamine in NMDG-MeSO3 external solution is blocked by 100 nM iberiotoxin.
(A) Peak outward current from a 1 sec voltage ramp to +100 mV in response to 40mM histamine in nominally free external Ca2+ and NMDG-MeSO3,
time point 3 shows data after addition of 1.9 mM external Ca2+, and block with 100 nM iberiotoxin (IbTX). (B) Current ramps for times indicated
by 1, 2 and 3. The ramps for times 2 and 3 reverse near −60 mV in the presence of external NMDG-MeSO3 which is near the reversal potential
for K+.
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intracellular release and Ca2+ entry. The initial fast tran-
sient increase in intracellular Ca2+ appears to primarily
be due to intracellular Ca2+ release whereas the sustained
plateau level of elevated Ca2+ reflects Ca2+ influx. This
same pattern of Ca2+ release and entry has been reported
by Hallam, Jacob and Merritt (1988) and Nilius et al.
(1993b), for human umbilical vein and Hosoki et al.
(1994) for human aortic endothelial cells, respectively.

The ionic currents activated or modulated by hista-
mine in human endothelial cells have also been explored
by other groups. Nilius et al. (1993a) have described a
histamine-dependent block of the inward rectifier current
in human umbilical vein endothelial cells. We see little
evidence for histamine block of inward rectifier current
(Fig. 4B, traces 1, 2). The reason for this difference is
not known although their study was with human umbili-
cal vein and they were studying a subpopulation of en-
dothelial cells that were selected because they lacked the
normal histamine-activated nonselective cation current.

Bregestovski et al. (1988) describe the activation of
what appears to be a nonselective cation current by 10
mM histamine in human umbilical vein endothelial cells.
Unlike the nonselective cation current we describe, their
current activates very slowly with bath application of
histamine (10mM) requiring six min to reach a peak and
then gradually decays back to baseline 10 minutes later.

Their current reversed near 0 mV as did ours. They did
not report the presence of a histamine-induced Ca2+-
activated K+ current in their cells. This current is not
routinely observed in endothelial cells and it’s presence
seems to be dependent upon tissue type and culturing
conditions (Jow & Numann, 1999).

Groschner et al. (1994) describe the activation of
three separate ionic currents by 10mM histamine in hu-
man umbilical vein endothelial cells. Immediately fol-
lowing application of histamine they describe a large
outward current that reverses close to the K+ equilibrium
potential and is blocked by the K+ channel blocker tet-
rabutylammonium at 10mM. After a significant delay of
20–60 sec a slowly developing inward current that was
permeable to Ca2+ was observed. In parallel with this
current they also observed activation of a Cl− current.
It seems probable that the Ca2+-permeable inward cur-
rent reflects in part, activation of a nonselective cation
current similar to that seen by Bregestovski et al. (1988).
The K+ current may correspond to a Ca2+-activated K+

current similar to that we have described but this is some-
what speculative due to the nonspecific nature of TPA
block of K+ channels.

Nilius (1990) has described a nonselective cation
channel in human umbilical vein endothelial cells that
slowly runs down in the cell attached conformation fol-

Fig. 5. The transient, ohmic ionic current activated by histamine reverses near 0 mV suggesting that it is a nonselective cation current. (A) Outward
current (top) was taken from the peak current at +100 mV and inward current (bottom) from the peak current at −120 mV for 1 sec voltage ramps
from −120 to +100 mV. Cell continually in the presence of 100 nM iberiotoxin. Time 1 and 2 before and after 40mM histamine in external solution
containing no added Ca2+. Time 3 follows addition of 1.9 mM external Ca2+. (B) Current ramp data for times 1, 2 and 3. The ramp for time 1 reversed
at −52 mV, time 2 at 7 mV, and the current ramp following addition of 1.9 external Ca for time point 3 reversed at 12.5 mV; suggesting a
permeability to Ca2+ ions.
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lowing histamine activation. This channel was further
explored in the whole cell configuration by recording
ionic currents and Ca2+ transients from human umbilical
vein endothelial cells using simultaneous patch clamp
and [Ca]i recording (Nilius et al., 1993b). Histamine ac-
tivated a transient and sustained increase in intracellular
Ca2+ followed by activation of an ionic current that re-
versed near 0 mV. The Ca2+ transient is different than
ours as it appears to activate more slowly to a peak
response and then decays to a sustained plateau level in
the presence of external Ca2+. The nonselective cation
current appears to activated more slowly than the in-
crease in intracellular Ca2+. The current reaches a peak
and then slowly decays to roughly half the peak ampli-
tude over the next 10 minutes. In contrast the peak of the
nonselective cation current in these HCEC corresponds
in time to the peak of the intracellular Ca2+ response.
The inward current carried by the nonselective cation
current in our study then decays completely back to base-
line levels within 5 minutes in the continued presence of

histamine. Their nonselective cation current reversed at
7.6 mV in 1.5 mM external Ca2+ and +13.0 mV in nomi-
nally free external Ca2+ (Nilius et al., 1993b). In contrast
the nonselective current in these HCEC reversed at +11.7
mV in 1.9 mM external Ca2+ and +8.7 mV in nominally
free external Ca2+. No Ca2+-activated K+ current was
activated by histamine in their study.

Manabe, Takano and Noma (1995) have reported on
a nonselective cation current in guinea-pig endocardial
endothelial cells exposed to histamine. The current in
their study was also Ca2+ permeant but unlike most other
studies it showed a pronounced inward rectification.
However, Yamamoto et al. (1992) have seen a similar
NSC from intrapulmonary artery endothelial cells that
exhibits inward rectification presumably due to a volt-
age-dependent block by Mg2+. We saw no evidence for
rectification of the nonselective cation current in these
HCEC even in the presence of internal and external
Mg2+.

Ca2+ is twofold more permeant than Na+ through the

Fig. 6. Histamine, in normal external solutions, activates both the transient nonselective cation channel and the Ca2+-activated K+ channel. (A)
Whole cell voltage clamp of a HCEC with a holding potential of −60 mV and stimulated with voltage ramp pulses (−120 to +100 mV; 1 sec duration)
at 10 sec interval. Peak inward current at −120 mV and outward current at +100 mV were plottedvs. time. (B) Current ramps of the same HCEC
in 10 mM histamine in Ca2+-free external solution (1), after addition of 1.9 mM Ca2+ to the external solution (2), and after application of 100 nM

IbTX (3). The current ramp for time point 1 reversed at −52 mV, time point 2 at 8 mV, and time point 3 at −58 mV, reflecting the predominance
of nonselective cation current or Ca2+-activated K+ current active at those times.
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NSC in these HCEC in contrast to the NSC from human
Umbilical Vein Endothelial cells (PCa/PNa 4 0.11, Ka-
mouchi et al., 1999), the NSC in human vascular endo-
thelial cells (PCa/PNa 4 0.2, Nilius, 1990) and the basal
NSC in guinea-pig endocardial endothelial cells (PCa/PK

4 0.57, Manabe et al., 1995). However the histamine
operated NSC in rat intrapulmonary artery endothelial
cells (PCa/PNa 4 15.7, Yamamoto et al., 1992) and the
substance P activated NSC in porcine aortic endothelial
cells (PCa/PNa 4 6 (Lansman, Hallam & Rink, 1987)),
were both more Ca2+ permeant than our NSC.

In summary, none of the previous studies match
with the histamine response we observe in these HCEC
particularly with respect to the ion currents that are ac-
tivated. The transient nature of the nonselective cation

current seen in our study appears to be unique. The re-
ceptor-mediated activation of the NCS is not entirely
regulated by intracellular Ca2+ levels but does require the
initial increase in intracellular Ca2+ as it is blocked when
10 mM EGTA is included in the pipette (n 4 3). This
has also been recently reported by Kamouchi et al.
(1999) for a human umbilical vein endothelial cell line,
although the NSC in their study had properties different
from ours. The coactivation of the nonselective cation
channel and the BKCA channel maintain a driving force
for Ca2+ entry and facilitate increases in intracellular
Ca2+ (Bregestovski et al., 1988). However, the decay of
the nonselective channel even in the maintained presence
of histamine will serve to limit the amount of Ca2+ influx
possibly preventing cell damage.
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