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Abstract. Human capillary endothelial cells (HCEC) in man. The ionic currents present and their magnitudes
normal media contain noninactivating outwardly rectify- vary greatly from these different species and even from
ing chloride currents, TEA-sensitive delayed rectifiér K seemingly identical preparations studied by different in-
currents and an inward rectifier*Kcurrent. Two addi- vestigators. For example some studies on endothelial
tional ionic currents are induced in HCEC when the me-cells have reported a prominent transient outward recti-
dia are allowed to become conditioned: A°Gactivated ~ fier current, a calcium-activated potassium current and
K* current (BKCA) that is sensitive to iberiotoxin is even the appearance of calcium currents; while many
induced in 23.5% of the cells, a transient 4-AP-sensitiveothers see no evidence for these channel types (Nilius,
K™ current (A current) is induced in 24.7% of the cells, Viana & Droogmans, 1997; Revest & Abbott, 1992).
and in 22.3% of the cells both the transient and BKCACells in culture release many autocrine and metabolic
currents are coinduced. The EJor C&* activation of  factors that change the overall composition of the media
the BKCA current in HCEC from conditioned media is in which they are growing. We have investigated the
213 nM. RNA message for BKCA (hSlo clone) is un- effects of conditioning of media by the endothelial cells
detecable after PCR amplification in control cells but ison their ionic currents. The dramatic differences we see
seen in those from conditioned cells. The induction ofbetween conditioned and nonconditioned media may ex-
BKCA current is not blocked by conditioning with in- plain the conflicting observations reported from endothe-
hibitors of nitric oxide synthase, cyclo-oxgenase or lypo-lial cell studies, and more importantly suggest a high
oxygenase pathways. Apparently the characteristics oflegree of plasticity in these cells that would be expected
human endothelial cells are highly malleable and can béo play an important role in their physiology.

easily modified by their local environment.

) ) Materials and Methods
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Human capillary endothelial cells (HCEC) were obtained from Cell

. Systems Corporation (Kirkland, WA). Cells were cultured in growth
Introduction medium for human microvascular endothelial cells (4M1-500, Cell
Systems Corporation). The composition of this medium was: modified

Endothelial cells contain ion channels that are thought td®ME/F-12 (1:1), 15 mn HEPES buffer, 10% FBS, 50 mg/ml heparin,

play an important role in the regulation of intracellular 50 mg/mlaFGF (bovine pituitary origin). For control cells, culture

Ca* and the subsequent release of endothelial cell reledia were replaced every two days and cells passaged before day
seven. In conditioned media cultures, the cells were conditioned in two

Iaxmg_factors (Ad_ams etal, 1989)‘ To date, I(_)nlc Cur'dif“ferent ways: (i) Cells were maintained at low density by passaging
rents in endothelial cells have been characterized from, gay 5-6 but the culture media were allowed to become conditioned
both large and small vessels of bovine, porcine and hupy only replacing it after passaging. (i) Culture media were changed
every 2 days but cultures were maintained at high density by passaging
between days 10-20. Either procedure was effective in producing
S changes in ion channel composition and no difference could be seen
Correspondence taR. Numann between the type or magnitude of ionic currents induced.
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Human capillary endothelial cells were cultured on 35 mm Corn- sence or presence of BKCA current at the time of harvest (28 days) and
ing tissue culture dishes in media and serum as described. They hadanly conditioned cells had BKCA currents. Total cellular RNA was
flattened (0.1-0.5um thick) cobblestone appearance that precluded extracted using RNAzol (Tel-test) quantified, and the integrity of the
reproducible whole-cell patch recording. Recordings from these flat-RNA verified by running a small amount of nondenaturing agarose
tened cells revealed a large degree of electrical coupling that manigels.
fested itself as an inability to clamp cells to a depolarizing step poten- First strand synthesis of cDNA was done according to the Gene
tial. To eliminate this problem and to produce a thicker cell profile, Amp RT-PCR protocol (Perkin-Elmer, Amplitaq) using 500 ng total
both conditioned and unconditioned cells were trypsinized and replatedellular RNA. PCR was carried out under standard conditions as de-
at low density 10-30 min prior to recording (Vaca & Kunze, 1993). scribed by the manufacturer (Perkin-Elmer, Amplitaq) using 186 m
Isolated endothelial cells responsed robustly to histamine, bradykinirMgCl,. Primers used for hSlo amplification from the synthesized first
and Vascular Endothelial Growth Factor (VEGF) suggesting that thestrand products were’&catttgtggagaattcaggd-Jupstream primer)
trypsin had little deleterious effect on surface receptors. and B-cagagcttcaagctccagga-@lownstream primer), yielding a 411

bp product.B-actin was used as a positive internal standard using the

same amplification protocol as for hSlo but with 25 rather than 35
ELECTROPHYSIOLOGY cycles. Primers used weré-atcggcaccacaccttctacaatgagctgtge®-

stream) and 5cgtcatactcctgcttgctgatccacatctgoi@ownstream), yield-
Human endothelial cells were recorded in whole-cell voltage clamping a 838 bp fragment. The amplification conditions were: 94°C, one
with the patch-clamp technique (Hamill et al., 1981). Patch electrodesyinyte, 35 cycles of 94°C (30 sec), 58°C (30 sec) and 72°C (30 sec),

were pulled from bgrosilicate glass (Sutter Inst._O.D. 1.Q mm, I.D. 0.572°c 3 min. PCR products were analyzed on agarose gels stained with
mm) and had a resistance of 3—-6 Mohms. The input resistance of cellgihidium bromide.

at —-60 mV measured in excess of 1 Gigaohm. Seal resistance was
greater than 20 Gigaohms. 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-Results
quisition, and Igor Pro (WaveMetrics, Oregon), Origin (Microcal Soft-

ware, MA) and Excel (Microsoft, CA) were used for analysis. Series . .
resistance compensation was used and currents were filtered at 3kH|z_.|uman caplllary endothelial cells (HCEC) had an aver-

The standard pipete solution for whole-cell recordings was (in mmol/l):2g€ membrane potential of -57.6 + 1.2 mV and input
120 K-aspartate, 20 KCI, 10 EGTA, 5 MgATP, 5 Phosphocreating-Na resistance of 5.0 £ 0.6Q) (n = 12). Figure 1 shows
1 MgCl,, 5 HEPES (pH 7.2 with KOH). In the experiments where whole cell voltage clamp recordings from three different
intracellular C&* was measured, EGTA was omitted and 5@ Fura HCEC that demonstrate the kinds of ionic currents pre-
2 acid was added. The standard bath recording solution consisted of (igent_ These include: a TEA (10mjsensitive delayed

mmol/l) 140 NaCl, 5.4 KCI, 15 Dextrose, 1.7 CaCD.8 MgSQ, 0.4 . . +
KH,PO, 0.3 Na2HPQ, 5 HEPES (pH 7.4 with NaOH). The internal rectifier type current with peak values of 192.8 + 36.3 pA

solution for Chioride channel recordings contained (in mmol/): 100 & +100 mV (1 = 5) (Fig. 1A); a noninactivating out-
NMDG-glutamate, 40 NMDG-CI, 2 EGTA, 0.5 Ca, 2 MgCI5 wardly rectifying Cl current blocked by CI substitution
MgATP, 10 HEPES (pH 7.3 with tris). The external solution for CI with methyl sulfonaterf = 3) or the chloride channel
channel recording contained (in mmol/l): 140 NMDG-CI, 2 CaQ@ blocker NPPB (10Qum) (n = 12), with a peak current
MgCl,, 10 HEPES (pH 7.4 with tris). Iberiotoxin was purchased from yglye of 227.3 + 37.1 pA at +100 m\a(= 15) (Fig. 1B)
Peptide Institute, NS 1619 from RBI, Fura2 acid from Molecular Probe, 5 5 parium-sensitive inward rectifier current with peak
5 Nitro-2-(3-phenyl propylamine) benzoic acid (NPPB) from RBI, L-
NIO from Calbiochem and ionomycin, meclomen, indomethacine andcu_rrent values of -360.8 * ,49'2 PAat—-120 mV 38)
all salts from Sigma. (Fig. 1C). The TEA-sensitive K outward current was
present in 60% of the cells(= 15); the CI current was
seen in 52% of the cellsi(= 19) and the inward rectifier
PHOTOMETRY K* current was found in 98% of the cells (= 120).
| . . . . Similar ionic currents have been described for other en-
ntracellular C&* was monitored simultaneously with patch-clamp re- . . . .
cordings in some of the G4 activated K channel (BKCA) experi- dothelial cells ma'ntam.?d in culture (Adams etal., 1989;
ments. A T.I.L.L. Photonics (Germany) photometer adapted for theRe€vest et al., 1992; Nilius et al., 1997).
EPC-9 (Applied Scientific Instrumentation) was used to monitor the Human capillary endothelial cells maintained in me-
fura ratio. Calcium concentration was calculated from Rmin/Rmax, dia that they have conditioned had similar resting mem-
ande values entered into the Pulse Fura program and verified againsbrane propertltes but contained outward currents not seer
e}calc_lum callbratlon_curve generate_d with Moleculgr Prgbes cal_lbra—in cells cultured in control media. Figure 2 gives an
tion kit F-6774. Calcium concentrations reported with this technique . Lo . .
represent the mean of four individual measurements taken during thgverwew_ of the IOHIF: cu.rrent.s seen _”_’] human cgpllla}ry
voltage ramp. endothelial cells maintained in conditioned media. Fig-
ure 2A is from an HCEC maintained in normal medium.
Figure B shows an HCEC maintained for five days in
MOLECULAR BioLoGY conditioned medium. The cell responds to depolarizing
For detection of hSlo messenger RNA, human endothelial cells wereV(_jltage pglses with a Iarge tranSIem O.Utward cqrrent.
allowed to condition their media by passaging cells only when theyF'gure. Lis f_er a dlffer'ent cell .mamtamed for e'ght
were close to confluent. Control cells were maintained at low densitydays in conditioned medium. This cell responds to de-
(<60%) by more frequent passaging. Cells were analyzed for the abpolarizations with large noisy outward currents. Figure
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Fig. 1. TEA-sensitive K current, NPPB-sensitive Cl current and Ba-sensitive inward rectifier K current in human capillary endothelial cells fro
normal cultures.4) Current traces of a HCEC held at -60 mV and pulsed from —120 to +80 mV with 20 mV steps before and after applicati
of 10 mm TEA and corresponding current-voltage plds) Current traces and current-voltage relation from a HCEC before and after application
of 100m NPPB recorded with solutions designed to isolate Cl currents (Materials and Methods) (same voltage prot@jo(@y @urrent traces

and current-voltage relatiof\) from another HCEC for control and after application of5® Ba. Holding potential of -60 mV and 10 mV voltage
steps from -150 mV to +10 mV, x axiss (= time in seconds).
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Fig. 2. Human capillary endothelial cells (HCEC) cultured in normal media have different outward currents from cells maintained in condition
media. @) Typical (0 = 120) current traces in response to voltage steps (20 mV) for one second from —-120 to +100 mV from a HCEC cultur
in normal medium (holding potentia+ —60 mV), x axis: (s= time in seconds).B) The current traces (note scaling) for the same voltage steps
from a HCEC maintained for 5 days in conditioned medium. Note the large transient outward current at potentials above 0 mV (holding pote
= —60 mV). (C) The current response to the same voltage steps (-120 to +100 mV) of a different HCEC maintained for 8 days in conditiol
medium. Note the large noisy outward currents seen at the more depolarized poter@lisy). ©) Another HCEC maintained in conditioned
medium for 6 days. The current response to the voltage steps in this cell is a combination of the noisy outward current and the transient ou
current seen in the previous cells.

2D is from a cell having both transient and noisy outwarddia & Garcia, 1992). Figure 3 shows that application of
currents that was maintained in conditioned medium forl00 nv iberiotoxin greatly reduced the level and noise of
six days. No correlation was seen between the numbethe outward currents in this HCEC. Iberiotoxin blocked
of days in conditioned media and the type or magnitudes1.1 + 7.9% of the total outward current in 5 cells that
of ionic currents seen, although conditioning appeared tthad been maintained in conditioned media, but had no
require a minimum of 4-5 days to produce an effect oneffect (< 5%) on HCEC maintained in nonconditioned
ionic currents. media (n= 18). This result indicates that much of the
Cells maintained in normal media that do not showoutward current at very positive potentials in these con-
induction of the outward currents shown in FigB2D  ditioned cells is carried through iberiotoxin-sensitive
can be induced by substituting their media with mediaBKCA channels.
from conditioned cultures. Four cells that had their con- RT-PCR was used to correlate the appearance of the
trol media substituted with five-day-old conditioned me- iberiotoxin-sensitive BKCA channel with an increase in
dia from confluent cultures exhibited both noisy outwardthe mRNA encoding the hSle subunit, the human iso-
and transient outward currents two days later whereaform of the BKCA channel. Primers were designed from
their control counterparts did not. 5’ region of the sequence. Cells were cultured under
The noisy outward current was seen by itself in conditions shown to induce the appearance of BKCA and
23.5% and with a transient outward current in 22.3% ( the transient outward currents in these cells, total cellular
= 85) of the HCEC from conditioned media. The cur- RNA was extracted, and RT-PCR used to identify the
rent appears similar to the large conductance calciumproduction of the hSla subunit. RT-PCR amplification
activated potassium current described in rabbit aortic enef RNA from control unconditioned cells did not have
dothelial cells (Rusko et al., 1992) and in other preparaany measurable hStosubunit message in the conditions
tions (Blatz & Magleby, 1987). Iberiotoxin is a specific used (35 cycles) (Fig. 4, lane 3) and no BKCA current
inhibitor of this large conductance BKCA channel (Can-was measured. Cells allowed to condition their media
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Fig. 3. Iberiotoxin-sensitive BKCA current

from human capillary endothelial cell
maintained in conditioned mediumA) Current
traces in response to voltage steps from -120 to
+100 mV in 20 mV steps, from a holding
potential of =60 mV, x axis: (s= time in
seconds) for a HCEC in conditioned medium.
Note the noisy outward traces for potentials
above +40 mV indicative of BKCA channel
activation (0.01 mn EGTA in pipette). B) The
current response from the same cell after
application of 100 m iberiotoxin. C) The
current-voltage plot for this cell before and after
iberiotoxin.

1
100

did express the hSle subunit (35 cycles) (Fig. 4, lane 4) old for intracellular C&" activation of K~ current by
and had BKCA currents, supporting the hypothesis thasimultaneous patch recording and Fura2 ratio imaging.
de novo synthesis of hSlo protein is responsible for the~igure 6A shows a HCEC that was recorded from in this
appearance of the BKCA current. manner. The cell was maintained in conditioned media

If the whole cell current is indeed carried through and recorded in normal extracellular solution. Intracel-
the BKCA channel then this current should be activatedular solution was the standard pipette solution without
by the Neurosearch compound NS1619, that is reporteBGTA and with 50pum Fura2 acid. Intracellular Ga
to be an opener of BKCA channels (Olesen et al., 1994)was increased to the levels shown by bath application of
Figure 5 shows the effect of 38y NS1619 on a HCEC 1 um of the C&" ionophore, ionomyocin. The current-
maintained in conditioned media. EGTA (5Mnwas  voltage ramps contain a noisy outward current that be-
added to the standard pipette solution to keep intracellugins to develop at around 193rof intracellular C&".
lar C&* levels low. This particular cell exhibited little Figure @ shows data from a different cell after applica-
outward current even at depolarizing pulses of +100 m\tion of the C&" ionophore, ionomyocin. The top panel
but after application of NS1619 a large (4 nA) outward shows the average calcium concentration at the times
current could be elicited and this current was almostindicated. The bottom paneB) plots the peak outward
completely blocked by 100w iberiotoxin (Fig. £C). current level at the end of a 1-second ramp to +100 mV.
The current-voltage plot shows that NS1619 opened thé&lote that the activation of the noisy outward current
BKCA channel at all potentials positive to =10 mV. tracks the increase in intracellular calcium. To establish
NS1619 (33um) gave variable results from cell to cell the role of extracellular calcium entry in this process, we
but in 15 cells tested showed an average increase iperfused the cell with extracellular solution containing
outward current of 300 + 150%. very low calcium (2 nw EGTA and no calcium) in the

In a subset of experiments we examined the thresheontinued presence of m ionomyocin. This bath so-
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current (+100 mV). Increases in intracellular “Can
control unconditioned HCEC failed to elicit a BKCA
current = 12).

A transient outward current was seen alone in 24.7%
(n = 85) of all HCEC maintained in conditioned media.
Another group of conditioned cells contained both the
transient outward current and the noisy outward current
(22.3%). Figure 7 shows that the transient outward cur-
rent could be blocked by 3 m4-aminopyridine (4AP).
This was true for 5 cells tested, with 3v#AP blocking
most of the transient outward current (Fi@®)7 The 4AP
sensitive current was obtained by subtraction of the cur-
rents in the absence and presence of 4AP. This fast tran-
sient component is shown in FigC7 A slower transient
current can still be seen in FigBthat was insensitive to
4AP block. This current was seen inconsistently in con-
ditioned cells expressing transient current and was iden-
tified as an inactivating Cl current. The current could be
blocked by substitution of external Cl with N-
methylsulfonate or by 100.m of the CI channel blocker
NPPB. Due to the infrequent and inconsistent pattern of
induction seen with this current it was not studied in any
greater detail and was not present at all in a second batct
Fig. 4. Detection of hSlo message from conditioned HCEC. Lane 1: 1Cnc HC_EC conditioned as before. . .
Kb DNA ladder. Lane 2: positive control plasmid containing hSlo Figure 8 shows a cell expressing both transient and
amplified with primers F3 and F5. F3 primer is the sense primer, F5 isn0isy outward current. The transient outward current (A
the anti-sense primer. They amplify hSlo from base pairs 906-1317current) was fully inactivated when the cell was held at
e o oy 20TV (. ), The tme constan for nacivatr
HCEC cells amp_lified via RT-PCR with _prime_rs F3 and F5; Ian_e 4: \év(izlr?gtsgpelgtelglsfogf tbgossr?;ricggdm%ﬂr?ﬁ; tsrﬁgfrch:gén
RNA from Conditioned HCEC cells amplified via RT-PCR with prim- o e
ers F3 and F5; lane 5: RNA from Control HCEC cells amplified via Current traces of 20, 40 and 60 mV with their individual
RT-PCR with Actin primers; lane 6: RNA from Conditioned HCEC fits are shown in Fig. 8. The inactivation at all poten-
cells amplified via RT-PCR with Actin primers. The Actin primers tials between 20 and 80 mV was well fitted with a single
used were from Clontech. exponential. The average mean inactivation time con-
stant at 20 mV was3+ 4 msec and decreased to 25 +

lution reduced both intracellular calcium and peak out-3 msec at 80 mVr( = 7). The inactivation time con-
ward current. The identity of this calcium-sensitive out- Stants were therefore only weakly voltage dependent.
ward current was further characterized in Fig. @ame The steady-state activation and inactivation of this
cell asA). lonomyocin was added at the arrow to pro- transient outward current was characterized with a voltge
duce a large increase in intracellular calcium and outclamp prepulse protocol before and after 4AP block and
ward current. At about 400 sec 10® riberiotoxin was  the results for five cells are plotted in FigB8 Mean
applied which blocked over 80% of the outward currentsteady-state half activation occurred at +12.0 + 1.8 mV
at +100 mV but had little effect upon the intracellular with half inactivation at -40.0 + 1.6 mVn( = 5). A
calcium level. Perfusion with extracellular solution con- window current was present between —30 and 0 mV with
taining very low calcium (2 m EGTA, no calcium) apeakat-17.8+4.6 mV and a value of 12.6 + 2.8% of
blocked the residual outward current and decreased thiie maximum normalized current (values determined
intracellular calcium levels to below 100vn Similar ~ from the overlap region of Boltzman fits to activation
experiments in 2 additional cells gave ands@alue of  and inactivation curves). Recovery from inactivation us-
213 + 30 m for half activation of maximal outward ing a two-pulse protocol to +40 for 100 msec and holding
current at +100 mV (fit with Hill equation using increas- at —60 mV required 4 seconds for complete recovery
ing calcium and normalized corresponding current).from inactivation 6 = 3, not show.

Agonist induced calcium entry gave similar results for The overall profile for the outward currents induced
activation of BKCA current, with VEGFr( = 3) having  in 85 HCEC by conditioning of their media is as follows:
an EG value of 239 + 16 m C&" and histaminer( = 24.7% contained only the transient outward current,
1) 195 v C&” for half activation of maximum outward 23.5% contain only the noisy outward current, and
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22.3% contain both the noisy and transient currents. Théehe effects of 1Qum L-NIO, 10 wm indomethacin, and 1
remainder of the cells (29.5%) exhibited outward cur-pm meclomen on unconditioned cells not expressing
rents as seen in HCEC without conditioned medias BKCA and/or A currents that were then allowed to con-
120). We attempted to block the currents induced withdition their media in the continued presence of the drugs.
conditioned media by incubating with various mixtures The media of the control and the drug-treated cells were
of known blockers of endothelial cell signaling path- changed every 2 days and the cells were maintained on
ways. We incubated cells that were already expressinthis protocol for 24 days. Four out of five of the drug
BKCA and/or A type currents following conditioning, treated cells expressed BKCA and/or A current and 3 out
with 10 um of the NOS inhibitor N(5)-(1-iminoethyl)-L- of 5 control conditioned cells expressed these currents.
ornithine (L-NIO) and 1Qum indomethacin, an inhibitor Taken together the data suggest that the induction of
of cyclo-oxygenase for five days. Four out of six control BKCA and A current in HCEC is not mediated through
conditioned cells expressed a BKCA and/or A currentendothelial NOS, cyclo-oxgenase, or lypo-oxygenase
and all 5 of the drug-treated cells contained BKCA and/pathway.
or A current. We therefore included an inhibitor of lypo-
oxgenase (Jum meclomen) along with 1Qwm L-NIO . _
and indomethacin and incubated HCEC already expresd?iscussion
ing BKCA and/or A current. Drug containing media was
replaced everyday and at 7 days 1 out of 4 drug-treatedhe ability of endothelial cells to condition their media
cells expressed BKCA and/or A current whereas 3 out ofand the effects of this conditioned medium on endothe-
4 control conditioned cells contained these currentslial cell and smooth muscle cell physiology has been
This suggested that the lypo-oxygenase pathway may bgreviously reported (Dodge, Lu & D’Amore, 1993;
involved but was inconclusive. Sakuda et al., 1992; Scott & Merrilees, 1987). To date,
We therefore investigated this further by examiningmedia conditioning effects on endothelial ion channels
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have not been described. We observed an alteration ifonic currents described. Our results help to explain
the ionic conductances of human capillary endothelialsome of the variations in ionic currents reported by dif-
cells (HCEC) when they are allowed to condition their ferent groups studying the ion channels in cultured en-
own media. Specifically before conditioning, HCEC dothelial cells (Nilius et al., 1997; Revest et al., 1992).
contain only an inward rectifier, delayed rectifier, and a Calcium-activated potassium channels have been
noninactivating chloride current (Fig. 1 and Jow, Nu- described from a variety of endothelial cell preparations
mann & Colatsky, 1996). After conditioning, the cells (Nilius et al., 1997) including rabbit aortic (Rusko et al.,
acquire a C&-activated K current (BKCA) which is 1992; Sakai, 1990) and bovine aortic endothelial cells
blocked by iberiotoxin, and a transient outward current(Colden-Stanfield et al., 1990; Fichtner et al., 1987;
(A current) blocked by 4AP. Substitution of conditioned Sauveet al., 1990; Sauvet al., 1988). Only two of these
media from human capillary endothelial cells to similar studies have characterized these currents at the whole
cultures maintained in nonconditioned media quickly in-cell level from unstimulated cells (Rusko et al., 1992;
duced (within 2 days) the BKCA and A type outward Sakai, 1990) where they see peak currents near 300 pA
currents in the unconditioned cells. Endothelial cells arfor a 100 mV depolarization. Pharmacological charac-
known to produce and release a variety of growth factorgerization showed that the channels were blocked by low
such as platelet-dereived growth factor (PDGF) and fi-levels of TEA, TBA, and charybdotoxin. Many investi-
broblast growth factor (FGF) as well as prostacylin, en-gators have failed to find evidence for €activated K
dothelin, plasminogen activator inhibitor-1 (PAI-1), and currents in similar endothelial cell preparations (Nilius et
nitric oxide (NO) Inagami et al., 1995. These as well asal., 1997; Revest et al., 1992).

other unknown factors released into the media by the We find that HCEC maintained in normal media
human capillary endothelial cells may be inducing thealso have no Cd-activated K currents and are insen-
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00 1.0 20 00 1.0 20 00 04 0.8 Fig. 7. The transient outward current seen in
s s s 24.7% of the cells from conditioned media can be

blocked by 4-aminopyridine (4AP)AJ Current

traces from a HCEC maintained in conditioned
D medium. The cell displays a prominent transient

400 - outward current at potentials above 0 mV

(voltage from —120 to +100 mV in 20 mV steps,
holding potential= —60 mV), x axis: (s= time
300 - in seconds).B) The same cell after application
of 3 mv 4AP. The 4AP blocked most of the
transient outward current in this celCY The
200 ?3:_ difference current before and after 31dAP
illustrates the fast kinetics of the 4AP sensitive
100 component of the transient outward currem) (

Current-voltage relation of the transient outward
/ current in the absence of 4AP (close circles) and

| : : in the presence of 4AP (open squares).
/50 o mv 50 100

sitive to iberiotoxin. However after growing in condi- of iberiotoxin sensitive outward current at +100 mi (
tioned media for four days or more we were able to= 3).

detect a large Cé-activated K current (46 + 8 pA at The rate of calcium entry through the plasma mem-
+100 mV,n = 27) in over 50% of all cells. This current brane is modulated by the driving force for calcium.
was blocked by 100 m iberiotoxin and enhanced by Membrane depolarization by elevation of extracellular
NS1619. Simultaneous fura ratio imaging and wholeK™ or voltage clamp reduces the agonist-stimulate@Ca
cell voltage clamp after addition of ionomyocin showed influx in vascular endothelial cells (Lasky et al., 1990;
a strong correlation between intracellular calcium levelsLuckhoff & Busse, 1990). Currents such as BKCA will
and iberiotoxin sensitive outward currents. The?Ca tend to provide a large voltage gradient for calcium entry
sensitivity of different BKCA channels varies over a by hyperpolarizing the cell. The activation of BKCA
wide range depending on the tissue and species usathannels concomitant with the receptor-mediated in-
(Latorre et al., 1989). BKCA in guinea-pig endocardial creases in intracellular calcium is important in maintain-
endothelial cells (Manabe et al., 1995) aMecturusEn-  ing the driving force for calcium entry (Adams et al.,
terocytes (Sheppard et al., 1991) show activation at >100989). Endothelial cells secrete both the endothelial-
nm Ca&* compared to BKCA in frog and toad muscle derived relaxing factor (EDRF), likely to be nitric oxide
(Berger, Grygorcyk & Schwarz, 1984) and rabbit smooth(NO), and the constricting factor endothelin. The
muscle cells (Benham et al., 1985) which activate at 10mechanisms of secretion is unclear, but NO secretion has
nM [Ca®"].. Activation of BKCA in HCEC was ob- been shown to be modulated by changes in membrane
served at 150 m [Ca®*];,. Half-maximal activation of potential and [C&]; (Luckhoff & Busse, 1990).

BKCA in rabbit aortic endothelial cell was reported as A rapidly activating, transient outward ‘Kcurrent
approximately Jum (Rusko et al., 1992). In HCEC Hill elicited by depolarizing steps has been described in cul-
equation fits of the rising phase of intracellular calciumtured endothelial cells obtained from bovine aorta (Tak-
after ionomyocin and the corresponding peak outwardeda, Schini & Stoeckel, 1987), bovine pulmonary artery
current gave an Eg of 213 + 30 m for C&* activation  (Silver & DeCourseky, 1990), and rabbit corneal endo-
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200 200 ! Cror with a holding potential of —20 mV, x axis: (s
0.0 1.0 20 0.0 1.0 20 0.00 0.25 time in seconds).@) The subtracted current traces
s s s at 20, 40 and 60 mV and the single exponential fits

overlapping the current traceD) Steady-state

activation and inactivation conductance-voltage

plots for the transient outward current seen in
D N HCEC maintained in conditioned media. Peak
conductance calculated from difference traces
before and after 3 m 4AP. For steady-state
activation the cell is held at -80 mV for 500 msec
then pulsed from -80 to +100 mV in 10 mV steps.
For steady-state inactivation the cell is held at —-60
mV and a 500 msec prepulse applied from —100 to
+40 mV in 10 mV steps. A test pulse is
immediately given to +80 mV for 1 sec. Boltzman
fits to steady-state activation and inactivation give
a mean half activation of 12.0 + 1.8 mV and mean
half inactivation of —40.0 + 1.6 mVn = 5). The
average slope value for activation was 17.5 + 1.1
and the slope for inactivation was 10.4 + 1.5. The
window current arising from the overlap region of
the two Boltzmans had a peak at 17.8 + 4.6 mV
with 12.6 + 2.8% of the maximum conductance (
= 5).
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thelium (Watsky, Cooper & Rae, 1992). In the rabbit corneal endothelial cells requires 350 msec to completely
corneal endothelium, 94% of all cells contained an Arecover from inactivation produced by a test pulse to +85
type current with peak currents ranging between 70-200nV. This is in sharp contrast to the 4 seconds required
pA. TheV,, of inactivation was 3.5 mV an¥y, of in-  for full recovery of A current inactivation in our HCEC
activation —42 mV compared to 12 and —-40 mV for (n = 3). This suggests that the A current in these HCEC
steady-state activation and inactivation in these HCECmay be similar to the cloned A current Kv1.4 (Engel,
The data for our steady-state activation and inactivatiorRabba & Schild, 1996; Roeper, 1997). Taken together
curves clearly show the presnce of a significant windowthese differences suggest that the A current in HCEC is
current with a peak near —18 mV and an amplitude ofnot the same as that seen in rabbit corneal endothelium.
12.6% of the maximum outward current. Watsky et al. In vascular preparations, Takeda (1987) saw an A-
(1992) also report a window current around —25 mV buttype current in about one-third of all cultured bovine
this is only true for the fitted Boltzmann and is not ap- aortic endothelial cell. The current is activated near —10
parent from the data points themselves. The A currentV, as is ours is inactivated by depolarizing prepulses,
they observed inactivated with two time constants of 18and is blocked by 5 m 4AP. They suggest that the
and 92 msec, and was voltage independent. The A curppearance of the A current may be linked to time in
rent in HCEC inactivate with a single exponential rang-culture and that it is most often present in cells from
ing from 33 + 4 msec for a 20 mV test pulse and 25 + 3 older primary and secondary cultures. This correlates
msec for a +80 mV test pulse. The A current in rabbitwell with our observation that the A current is only pres-
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ent in cells allowed to condition their media. Takeda 1999. Bradykir_nin-induced potassium.current in cultured bovine

(1987) Changed the media of their cultures every 2-3 aortic endothelial cells]. Membrane B|0I116227—238

days and as the density of the cells increases in the cuPd9e; A-B., Lu, X., D’Amore, P.A. 1993. Density-dependent endo-

ture. one can easily see how the media could become thelial cell production of an inhibitor of smooth muscle cell growth.
L . . . J. Cell. Biochem53(1)21-31

conditioned. Unlike our results in HCEC, they did not g .\ 5 rapba, J., Schild, D. 1996. A transient, RCK4-like#rent

report any addltlonal outward cyrrelnts from endothelial iy cultured Xenopusolfactory bulb neuronsPfluegers Arch.

cells expressing A currents. This difference may reflect 432:845-852

true differences in bovine aortic and human capillaryFichtner, H., Frobe, U., Busse, R., Kohlhardt, M. 1987. Single nonse-

endothelial cells or in culturing conditions. lective c_ation channels and E‘agctivated K channels in aortic
Himmel et al. (1994) have shown that inhibitors of  endothelial cellsJ. Membrane Biol98:125-133

the cyclo—ocygenase pathway block the Calcium_Furghgott, RF Zawadsk_l, J.V. 198Q. The obligatory role of endothe-

sensitive ionic currents activated by bradykinin in bovine lial cells in the relaxation of arterial smooth muscle by acetylcho-
- . line. Nature 299:373-376

aortic endothelial cells. It therefore see_me_d_ reasonabl@,mii op.. Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981.

to test the effects of a cyclo-ocygenase inhibitor, as well  improved patch-clamp techniques for high-resolution current re-

as other blockers of known endothelial cell signaling cording from cells and cell-free membrane patctifiegers Arch.

pathways such as nitric oxide and lypo-oxgenase, on the 391:85-100

induction of the ionic currents. We found that the induc- Himmel, H.M., Rasmusson, R.L., Strauss, H.C. 1994. Agonist-induced

tion of BKCA and/or A current was not inhibited by changes_of [CH] and membr_ane currents in single bovine aortic

incubating the cells with 1@ N(5)-(1-imin0ethyl)-L- endothelial cellsAm. J. Physiol267:C1338-C1350.

. N . Inagami, T., Naruse, M., Hoover, R. 1995. Endothelium as an endo-
ornithine (L-NIO), a potent inhibitor of endothelial NOS, crine organAnnu. Rev. PhysioR66:H590—H596

plus 10 um indomethacin, a cyclo-oxgepa;e_ Iﬂhlb}tOl’, Jow, F., Numann, R., Colatsky, T. 1996. lon Channels in Human Aorta
plus 1 um meclomen, a lypo-oxgenase inhibitor either  Endothelial Cells and Human Capillary Endothelial Ceiphys.
before or after current expression. We therefore con- Soc.70(2) W-pos 130 (Abstr.)
clude that other modulatory factors secreted by the enkaskey, R.E., Adams, D.J., Johns, A., Rubanyi, G.M., van Breemen, C.
dothelial cells must be mediating the effects seen on ion 1990. Membrane potential and NK* pump activity modulate
channel expression. _resting and bradykinin-stimulated chang_es in cytoso_lic free calcium
The changes in ionic currents seen in this study after g‘egggi;e_dzslngmhe"a' cells from bovine atrid. Biol. Chem.
condlt!onlng of media suggest that_ ,human cgplllary en'Latorre, R., Oberhauser, A., Labarca, P., Alvarez, O. 1989. Varieties of
dothelial cells are extremely sensitive to their external  cajcium-activated Potassium Channefsanu. Rev. Physiol.
environment and can alter their phenotype in response to 51:385-399
external cues. Luckhoff, A., Busse, R. 1990. Calcium influx into endothelial cells and
The physiological relevance of the changes in ion formation of endothelium-derived relaxing factor is controlled by
channels in this study is unknown, but these changes the membrane potentigbfluegers Arch416:305-311 o
would likely modulate the response of these cells to agoManabe, K., Ito, H., Matsuda, H., Noma, A. 1995. Hyperpolarization
nists. The plasticity of these cultured human endothelial Nduced by vasoactive substances in guinea-pig endocardial endo-
. . . thelial cells.J. Physiol.484:41-52
cells suggest that media and culturing conditions must bﬁ

. . ilius, B., Viana, F., Droogmans, G. 1997. lon channels in vascular
carefully controlled when studying the physiology of  engothelium Annu. Rev. Physiob9:145-70

these cells. Olesen, S.P., Munch, E., Moldt, P., Drejer, J. 1994. Selective activation
of Cal*)-dependent Kchannels by novel benzimidazoloriur. J.
Pharmacol.251:53-59
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