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SUMMARY
The effects of nordihydroguaiaretic acid (NDGA), a widely used
lipoxygenase inhibitor, were examined on voltage-activated Ca2�
channel currents in GH3 and AtT-20 pituitary cells. NDGA (10-
1 00 �zM) produced a reversible, dose-dependent inhibition of Ca2’�
channel currents, with half-maximal inhibition occurring at 18.6
�sM. Inhibition by NDGA developed relatively slowly, did not
exhibit use dependence or voltage dependence, and did not
require access of NDGA to the extracellular domain of the Ca2�
channel. The maximum inhibition of macroscopic currents by 30
�tM NDGA was equivalent in the presence of 5 and 50 mr�i
extracellular Ca2� and 5 m� Ba2�. NDGA inhibited Ca2� channel

currents in excised, outside-out patches, in the absence of intra-
and extracellular Ca2� (with Ba2� as the charge carrier), and
following preincubation of the cells with the phospholipase A2
inhibitor 4-bromophenacylbromide. Of five other lipoxygenase
inhibitors tested, only one inhibited Ca2� currents. These results
suggest that NDGA inhibits Ca2� channel currents by a mecha-
nism distinct from that of other known Ca2� channel antagonists
and that, when influx of Ca2� through voltage-gated channels is
involved, inhibition of Ca2�-dependent cell functions by NDGA
(>1 0 1LLM) may be independent of effects on arachidonic acid
metabolism.

The role of AA and its metabolites in endocrine and neuronal
function has recently received much attention (i-6). In many

cases, support for the role of AA metabolism in cell function
has come from studies that utilized the compound NDGA. At

low concentrations (<S 4uM), NDGA is a relatively selective
inhibitor of lipoxygenase enzymes (see Ref. 7), which catalyze

the conversion of AA to several biologically active products,

including hydroxyperoxyeicosatetraenoic acids and leuko-

trienes. At higher concentrations, NDGA also inhibits cycloox-

ygenase (7) and possibly phospholipase A2 (Ref. 8, but see also
Ref. 9).

At concentrations between 1 and iOO �zM, NDGA inhibits

hormone secretion in endocrine cells (i, 3, 4, iO) and certain
excitatory events in neuronal cells (ii, 12). Inhibition by

NDGA of insulin secretion from pancreatic islets appears to be
independent of effects on intracellular Ca2� levels (iO). How-
ever, effects of NDGA on pituitary hormone secretion suggest
that NDGA interferes with Ca2’� entry into the cell. For exam-

ple, stimulated pituitary hormone secretion that depends on

entry of extracellular Ca2� is inhibited by NDGA (3, 4), whereas

phorbol ester-stimulated secretion, which appears not to re-

quire a rise in intracellular Ca2�, is not inhibited by NDGA (3).

S.J.K. was supported in part by National Institutes of Health Grant NS-
08117.

Further, the inhibition of Ca2’�-dependent pituitary hormone

secretion by NDGA can be overcome by addition of the Ca2�

ionophores A23187 and ionomycin (3, 4).

NDGA has also been used to implicate AA or its metabolites

in synaptic function (ii, 12). In the hippocampus, application

of high concentrations of NDGA reduced or abolished several

Ca2�-dependent events, including population excitatory post-
synaptic potentials, tetanus-induced increases in glutamate

release, and the generation but not maintenance of long term

potentiation of the excitatory postsynaptic potential.

The observations described above are consistent with the

hypothesis that NDGA, either through interaction with AA

metabolism or via some other mechanism, inhibits Ca2�’ entry

through plasma membrane Ca2� channels. To test this hypoth-

esis, we directly examined the effects of NDGA on voltage-

gated Ca2� channels. We utilized two anterior pituitary cell
lines, AtT-20 cells, which are used extensively to study mech-

anisms of corticotropin secretion (13), and GH3 cells, which

have been used extensively to study the properties of transient

and sustained voltage-activated Ca2’ currents (see Refs. i4 and

15). The results indicate that, at concentrations equal to or

greater than iO MM, NDGA inhibits both transient and sus-

tamed Ca2� currents and that this inhibition occurs independ-

ently of effects on AA metabolism.

ABBREVIATIONS: AA, arachidonic acid; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; NDGA, nordihydroguaiaretic acid; 4BPB, 4-
bromophenacylbromide; EGTA, ethylene glycol bis($-aminoethyl ether)-N,N,N’ ,N’-tetraacetic acid; NMG, N-methylglucamine; TEA, tetraethyl am-
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Experimental Procedures

Cell culture and materials. Sources and maintenance conditions

for the cells used (GH3 and AtT-20 anterior pituitary cell lines) were

described previously (16). Lipoxygenase inhibitors, indomethacin, and

BAY K-8644 were obtained from Biomol (Plymouth Meeting, PA),
enzymes, creatine phosphate, and adenosine triphosphate were ob-

tamed from Calbiochem (La Jolla, CA), and the tetramethyl ether

derivative of NDGA (R07-6302) was kindly provided by Dr. Felicia
Cochran at Hoffmann La-Roche (Nutley, NJ). All other reagents and

chemicals were obtained from Sigma (St. Louis, MO). Stock solutions

(10 m�i in dimethyl sulfoxide) of AA, indomethacin, lipoxygenase

inhibitors, and ascorbyl palmitate were made up immediately before

use and diluted to the concentrations indicated. The final dimethyl

sulfoxide concentration never exceeded 1% and did not affect Ca2�

currents.
Patch-clamp recording and solutions. Standard whole-cell and

perforated patch recordings were made as described previously (16).

All data were collected at room temperature, with a filter frequency of

2 KHz (internal Axopatch filter). Data were acquired and macroscopic

current magnitudes were analyzed with PCLAMP (Axon Instruments,
Burlingame, CA).

To facilitate the study of single L-type Ca2� channels, cells were

preincubated for 30 mm and then bathed during the experiment in a
solution containing 300 �M isobutylmethylxanthine to phosphorylate

the Ca2� channels (15) and 1 MM Bay K 8644 to prolong the mean Ca2�

channel open time (17). For studies of single channels in cell-attached

patches, cells were bathed in 155 mM KC1 to bring the membrane

potential to near 0 mV. Membrane patches were held at -50 mV, and

Ba2� currents were evoked by 70-msec steps to -25 mV.

The recording chamber contained 2 ml of static bathing solution.

Solution changes were accomplished (except in Fig. 3, A and B) by

manual placement of a large-bore pipet that contained the drug or test
solution into the bath near the cell under study. Application of test

solution was terminated by removal of the large-bore pipet from the

bath. With this technique, solutions bathing the cell were exchanged
within 5 sec. For the experiments illustrated in Fig. 3, A and B, a

magnetically driven stepping device was used to apply solutions with a

latency oftens of milliseconds (16). The bath and pipet solutions, listed

in Table 1, are cited in the figure legends.

Analysis of concentration-response relationship. We fit our

data for the effect of NDGA on macroscopic Ca2� currents (Fig. 1D)
with a model that assumed a cooperative action of n molecules

of NDGA on each channel. The percentage block, Y, depends on

[NDGA], according to

Y = 100([NDGA]7(K” + [NDGA]�)(

where K is the inhibition constant. The parameters n and K were

estimated by minimization of least squares of error between the data

and the theory.

Display and analysis of single-channel data. Single-channel

data were digitized at a sample rate of 10 KHz (2-KHz filter) and

digitally refiltered at 1 KHz for display. Capacity transients were

cancelled by the averaging of 10-25 blank traces (most of which

occurred during the NDGA treatment period) and subtraction of this
averaged trace from each record. Each response to a test voltage was

designated an episode, and the number of single-channel openings!

episode was counted manually, with transitions between open and

closed states determined using the crossing of half-maximum thresh-

olds. Although 30 �M NDGA clearly reduced the opening probability

in every patch, the recovery was less obvious. Because Ca2� channel

activity in an excised patch can diminish due to washout, it was critical

to determine whether the effects of NDGA (reduction in channel

activity) were reversible. We, therefore, used a rank sum test (18) to

ask whether the number of openings/episode changed after removal of

the NDGA from the bath. The level of significance was set at 0.05.

Single-channel current amplitudes were determined by fitting gaussian

TABLE 1

Solutions used
Bath solution 1 contained 1 �tM tetrodotoxin. Pipet solutions 1 , 2, and 5 contained
5-20 m� creatine phosphate, 2-4 m� ATP/Na, 50 units/mI creatine kinase, and
1 00 MM leupeptin. Pipet solution 4 and bath solution 6 contained 300 MM isobutyl-
methylxanthine, 1 MM Bay K 8644, and 1 �u tetrodotoxin. Dashes indicate that
chemical wasn’t added.

Bath solution
(pH 7.35,
osmolality

NaG TEA-Cl KG CaCI2 MgCI2 BaG2 HEPES Glucose

330-340)

mM

1 155 - - - 1 5 10 20
2 150 - 5 5 0.8 - 10 20

3 - 165 - 5 1 - 10 20
4 - 160 5 5 1 - 10 20
5 - - 155 1 2 - 10 20
6 - 55 - - - 90 10 -

7 - 87.5 - 50 1 - 10 20

Pipet solution
(ph 7.32,
osmolality

CsCl NMG-Cl Cs�S04 CaCl2 MgCl2 BaCl2 TEA-Cl EGTA HEPES

300-31 5)

mM

1 - 100 - - 4 - - 10 10

2 110-125 - - 1 4 - - 11 10
3 55 - 75 - 8 - - - 10
4 - - - - - 90 50 - 10
5 125 - - - 2 - - 5 40

curves to amplitude histograms (using PCLAMP from Axon Instru-

ments, Inc.), which included 90-150 traces of 1024 data points.

Results

Inhibition of Ca2� currents by NDGA. In GH cells, 10

to 100 �iM NDGA produced a reversible dose-dependent inhi-

bition of calcium channel currents (Fig. 1). GH: cells contain

at least two classes of Ca2� channel. Activation of the low

threshold T-type channel results in an early transient current,

whereas activation of the high threshold L-type channel results

in a sustained, slowly inactivating current (14). Voltage steps

to 0 mV from a holding potential of -90 mV evoke Ca2� currents

through both channel types. Both transient and sustained Ca2�

currents in GH:i cells were inhibited by NDGA (Fig. 1C). The

concentration-response curve was quite steep; reversible Ca2�

(1) current inhibition was detectable with 10 �zM NDGA, and 100%

inhibition was always achieved with 100 pM NDGA (Fig. 1D).

On average, 30 �iM NDGA inhibited Ca2� currents, measured

at their peak, by 80.1 ± 3.8% (10 cells; Fig. 1D). The smooth

curve in Fig. 1D was calculated from the best fit parameters

for Eq. 1. For these data, the value of the parameter n was 3.02,

which for this model implies a cooperative interaction of at

least three molecules of NDGA with a receptor. The half-

maximal inhibition (parameter K) occurred at a concentration

of 18.6 �zM. Similar results were obtained with AtT-20 cells

(data not shown). Although it was not rigorously studied, the

degree of reversibility generally depended on the duration of

NDGA exposure; longer exposures (>30-60 sec) usually re-

suited in incomplete recovery.

Production of AA via phospholipase A2 and AA metabolism

via the 5-lipoxygenase pathway require Ca2� (19, 20). To deter-

mine whether Ca2� was required for the action of NDGA, Ca2�

channel currents were studied in Ca2�-free solutions, using Ba2�

as the charge carrier. Cells were perfused internally with a

solution containing 10 mM EGTA and no added Ca2� (AtT-20
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Fig. 1. Inhibition of Ca2� and Ba2� currents by NDGA. A, Ba2� currents
evoked inanAtT-20 cell by 100-msec depolarizations from -90 mV to
0 mV, before (Cont.), during (NDGA), and after removal of (Recov.) 30
MM NDGA. B, Ba2� current I-V curve from a different AtT-20 cell, held at
-90 mV and stepped incrementally to potentials between -49 and +35
mV. Briefer exposure to NDGA in A resulted in greater recovery. Bath
solution 1 ; pipet solution 1 . C, Ca2� currents evoked as in A, in a OH3
cell, before, dunng and after application of 30 �M NDGA. D, Plot of OH3
cell Ca2� current inhibition as a function of NDGA concentration. NDGA
was applied until a constant current magnitude was obtained, which
usually occurred between 15 and 80 sec after the start of NDGA
application, depending on the concentration (see Fig. 3C). Points repre-
sent the mean ± standard error of the number of cells in parentheses.
Smooth curve, best fit of Eq. 1 , with parameters n = 3.02 and K = 18.6
�tM. Holding potential, -90 mV; bath solution 3; pipet solution 2.

cells) or a solution in which [Ca2�] was buffered to less than

0.01 �tM (GH:i cells). The external solution contained 5 mM

Ba2� and no added Ca2�. NDGA (30 �zM) inhibited Ba2� currents

in both AtT-20 and GHi cells to the same extent as it inhibited

Ca2� currents (Figs. 1A and 2), which suggests that Ca2� was
not required for NDGA-induced inhibition.

Fig. lB illustrates current-voltage (I-V) plots ofBa2� currents

in an AtT-20 cell before, during, and after exposure to NDGA.

NDGA inhibited Ba2� currents regardless of the step potential

and did not shift the I-V relationship. In order to maximize

reversibility of the inhibitory effects of NDGA, most experi-

ments studied Ca2� (or Ba21 currents evoked by steps to just a

single voltage (0 mV unless stated otherwise).

[Ca21 dependence of NDGA-induced inhibition. The

observation that currents were inhibited equally whether Ca2�
or Ba2� was the charge carrier suggested that NDGA did not

block open Ca2� channels by competing with permeant cations

within the channel pore (see Discussion). To further test this

hypothesis, the dependence of NDGA-induced inhibition on

extracellular [Ca2�] was examined. If NDGA competed with

Ca2�, elevation of extracellular [Ca2�] should reduce the inhi-
bition by NDGA (see Ref. 21). The maximal inhibition pro-

duced by 30 �zM NDGA in the presence of 50 mM extracellular

[Ca2�] was virtually identical to that produced in the presence
of 5 mM Ca2� (Fig. 2), which suggests that Ca2� and NDGA did

not compete either for a common binding site within the pore

or for entrance into the channel.

Time course of block. The inhibitory effect of NDGA also

differed from that of other Ca2� channel antagonists in its time

course. The experiments in Fig. 3 compared the onset latencies

of effects of NDGA and Cd2�. Calcium currents were recorded

0
0

9-

0

C

0

�0

-C
C

GH3 GH3 GH3 AtT-20

(10) (4) (5) (4)

Fig. 2. Comparison of NDGA-induced inhibition at different [Ca21 and
with Ba2� substituted for Ca2�. Ca2� currents were evoked as in Fig. 1A.
NDGA (30 ��M) was applied until maximum inhibition was achieved. OH3
cells were bathed in either 5 or 50 m� Ca2� or 5 m� Ba2�. AtT-20 cells
were bathed in 5 mM Ba2�. Error bars, standard errors, numbers in
parentheses, number of cells tested. In 50 mr�i Ca2�, the peak of the
Ca2� current occurred following a voltage jump to between +28 and +35
mV (not shown), due to the well known charge-screening effect of Ca2�.
Currents were, therefore, elicited by voltage jumps from -60 mV to +30
mV. Bar 1 , same data as in Fig. 1D. Other solutions were: bath 1 (bars
3 and 4); bath 7 (bar 2); pipet 1 (bar 3); pipet 2 (bars 2 and 4).

10 20 30 40 50

Time (sec)

Fig. 3. Latency of inhibition by NDGA and Cd2�. A and B, The perforated
patch technique was used to record OH3 cell Ca2� currents, evoked by
160-msec voltage steps from -70 mV to +1 0 mV. A, Two superimposed
currents, one in control solution (Cont.). During the second evoked
current,the bathing solution was rapidly switched (arrow) to one con-
taming 300 MM Cd2�. B, Three superimposed currents evoked from the
same cell by the same stimulus, 5 mm after the currents in A. During the
second evoked current in B, the bathing solution was switched (arrow)
to one containing 1 00 �M NDGA. Application of this solution was contin-
ued, and 7 sec later the next voltage step was applied [NDGA (7)]. Bath
solution 3; pipet solution 3. C, Percentage of inhibition of the peak Ca2�
current as a function of time for three different concentrations of NDGA,
applied starting at time 0. Cells were the same as in Fig. 1 D.

with the perforated patch technique to retard rundown, and a

magnetically driven stepping device was used to rapidly (within

tens of milliseconds) replace the solution bathing the cell with

the test solution (16). Fig. 3A illustrates two superimposed Ca2�

currents evoked, 7 sec apart, by steps to +10 mV. The first was

evoked in the control solution. During the second, 8 msec after

the onset of the voltage step to +10 mV (Fig. 3A, arrow), the

solution surrounding the cell was rapidly switched to one con-

taming 300 �iM Cd2�. Within 20 msec, the Ca2� current was
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completely blocked. The Cd2� solution was removed at the end

of the voltage step, and within 7 sec the Ca2� current was fully

recovered (not shown). The solution in the drug application

pipet was then replaced with one containing 100 �iM NDGA

(Cd2�-free). With a protocol identical to that used in Fig. 3A,

NDGA applied rapidly to the same cell did not rapidly affect

the magnitude of the Ca2� current (Fig. 3B, NDGA ). The

application of NDGA was continued without interruption to

determine whether NDGA would, in fact, inhibit the Ca2�

current in this cell. Seven seconds later, the Ca2� current was

inhibited [Fig. 3B, NDGA ( 7)]. Indeed, the onset of Ca2�

current inhibition was gradual and dose related (Fig. 3C).

Higher concentrations of NDGA inhibited Ca2� currents more

quickly.

There are at least three possible explanations for the gradual

onset of inhibition by NDGA with successive pulses (Fig. 3C).

First, the action of NDGA may have required repetitive depo-

larization. This would manifest itself as a use-dependent chan-

nel block, as observed with classical organic Ca2� channel

antagonists (e.g., verapamil, diltiazem) or local anesthetic Na�

channel blockers (21, 22). Second, the action of NDGA may

have been slow because it had to partition into the membrane

to reach its site of action. Third, NDGA may not have been

acting directly on the channel but rather by interference in a

biochemical pathway (e.g., as a lipoxygenase inhibitor) to cause

the gradual build-up or depletion of an endogenous Ca2� chan-

nel modulator.

The experiment illustrated in Fig. 4 tested the hypothesis

that Ca2� current inhibition by NDGA was use dependent. In

A. B.

C.

.=% 100
0

C
0

0,� 80

4,
�0

:3
:� 60

0

0
0

N.
� A

#{149}_0 15 30 45

Duration of NDGA Exposure (sec)

Fig. 4. Lack of use dependence of inhibition by NDGA. Ca2� currents
were evoked in a OH3 cell by 100-msec depolarizing pulses from -90
mV to 0 mV. A, Two currents were evoked, one as control and one 45
sec after application of 30 MM NDGA. B, In the same cell, following a 5-
mm recovery period, currents were evoked every 10 sec in control
conditions and then starting 5 sec after application of NDGA. C, Plot of
percentage of inhibition of Ca2� current as a function of the duration of
NDGA exposure. A, Percentage of inhibition using protocol A above;�,
time course of inhibition using protocol B above. Bath solution 4; pipet
solution 1.
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Fig. 4A, Ca2� currents were evoked in control solution and then

45 sec following application of 30 � NDGA. NDGA inhibited

the current by about 43% (Fig. 4C, triangle). NDGA was

removed, and a Ca2� current was evoked every 30 sec to follow

the recovery. After 5 mm, the Ca2� current reached a constant

magnitude, and the protocol in Fig. 4B was begun. Following a

stimulus in control solution, Ca2� currents were evoked in the

presence of NDGA at 10-sec intervals, beginning 5 sec after

the start of NDGA application. After 45 sec (five stimuli in

NDGA), the magnitude of Ca2� current inhibition was virtually

identical (47%) (Fig. 4C, circles) to that obtained with the

protocol of Fig. 4A. These results suggest that NDGA activity
was not use dependent and, further, that Ca2� channels need

not open for NDGA to act.

Effect of NDGA on single Ca2� channel currents stud-
ied in cell-attached membrane patches. The remaining two
hypotheses described above, that NDGA either partitioned into

the membrane to reach its site of action or interfered in an

endogenous biochemical pathway, predict that NDGA should

inhibit Ca2� channel currents even if it does not have direct

access to the extracellular channel domain. This prediction was

tested by the study of single Ca2� channel currents in the cell-

attached configuration. NDGA was applied to the cell in the

bath solution, where it had access to the entire cell except for

the external face of the membrane patch that contained the

Ca2� channels under study.

Fig. 5A illustrates single Ba2� currents evoked before, during,

and after bath application of NDGA (30 �LM). NDGA dramati-

cally reduced the probability of the channel being open (Fig.

5B), while having no effect on the single-channel current (1.29

± 0.13 pA in control, 1.29 ± 0.15 pA with NDGA). NDGA

inhibited channel activity in five of five patches; statistically

significant (see Experimental Procedures) but incomplete re-

NDGA covery occurred in four of four patches (one patch became too

noisy in recovery to analyze).

Effect of NDGA on single Ca2� channel currents stud-
ied in excised patches. The observation that NDGA blocked

Ca2� currents in standard whole-cell recordings suggested that
soluble cytoplasmic biochemicals were not required for its

action. To further investigate this hypothesis, the effect of

NDGA on Ca2� channels was examined on excised, outside-out,

membrane patches. As with cell-attached patches, NDGA (30

,�M) dramatically reduced the probability of channel opening

(Fig. 6; nine of nine patches). Statistically significant recovery

occurred in four of eight patches (one patch became too noisy

in recovery to analyze). In two of four patches, a smaller current

amplitude (0.8-0.9 pA at -25 mV) (Fig. GA) was observed for

some openings during recovery. Amplitude histograms revealed

that this component was also present in control records. How-

ever, due to the small number of events in the presence of

NDGA, neither this nor the effects of NDGA on single-channel

current amplitude were studied in detail.

Under these conditions, the only cellular biochemicals avail-

able for interaction with NDGA are those that were bound to

the excised membrane patch. Because lipoxygenase is not active

as a membrane-bound enzyme (23, 24), these data indicate that

NDGA inhibited Ca2� channel opening independently of lipox-

ygenase inhibition.

Effects of antioxidants on Ca2� currents. NDGA is a

symmetric compound containing two terminal catechols sepa-

rated by a six-carbon chain. This structure makes it both
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Fig. 5. Inhibition by NDGA of single Ca2� channel currents recorded in
the cell-attached patch configuration. Single Ca2� channel currents (with
Ba2� as the charge carrier) were evoked by 70-msec depolarizations
from -50 mV to -25 mV. A, Selected current traces from a OH3 cell
patch in control solution (left), 30-1 80 sec after application of 30 pM
NDGA (middle), and 30-1 80 sec after removal of the NDGA (right).

Downward deflections reflect channel opening. B, Histogram of data
from experiment in A, showing number of openings/trace before, during
(bar and arrows), and after application of NDGA. Bath solution 5; pipet
solution 4.

lipophilic and a potent antioxidant and radical scavenger (25).

Application of the hydrophilic antioxidants catechol (200 pM)

or ascorbate (1 mM) or the lipophilic antioxidant ascorbyl

palmitate (100 pM) (26) did not influence Ca2� currents. Thus,

it appears that NDGA did not influence Ca2� currents by

antioxidant or radical-scavenging activity, either on the mem-

brane surface or from within the membrane. This conclusion

is supported by the finding that the lipoxygenase inhibitors

phenidone, esculetin, and caffeic acid (100 pM), all of which

have antioxidant activity (7, 9, 26), did not inhibit Ca2� cur-

rents. However, the hydroxyl groups on the NDGA catechols

apparently were important for activity, because the tetramethyl

ether derivative of NDGA (R07-6302) (100 pM), in which ether-

linked methyl groups are substituted for the four catechol

hydroxyls, was also without effect on Ca2� currents.

Inhibition of Ca2� currents by AA. Although NDGA
appeared to inhibit Ca2� channel currents independently of

effects on AA metabolism, it was still of interest to determine

whether a buildup of AA or depletion of eicosanoid products

could influence Ca2� channel function.

In GHi and AtT-20 cells, AA had multiple effects on mem-
brane currents. At concentrations between 10 and 50 pM, AA

Episode

Fig. 6. Inhibition by NDGA of single Ca2� channel currents recorded in
an excised, outside-out membrane patch. Following formation of the
outside-out patch from a OH3 cell, the protocol in Fig. 5 was used to
evoke single Ba2� currents. Bath solution 6; pipet solution 5.

inhibited Ca2� currents by approximately 10 to 50% (Fig. 7A).

This inhibition was partially reversible. Prolonged exposure

(20 sec to 2 mm, depending on the concentration) to >10 pM

AA also made the cells very leaky, from which they rarely

recovered (not shown). We never observed greater than 30%

inhibition by AA without the appearance of ‘membrane break-

down’-like activity. These data demonstrate that AA could

inhibit Ca2� currents, but they also suggest that a simple

buildup of free AA in the plasma membrane would create very

leaky membranes at concentrations that produce a substantial

Ca2� current inhibition.

To further examine the possibility that free endogenous AA

or AA metabolites tonically influenced GH:i cell Ca2� currents,

4BPB, a phospholipase A2 inhibitor, was applied to the cell.
4BPB (10 pM) did not affect Ca2� currents when applied acutely

for a duration of 3 mm (Fig. 7B). In addition, a 28-mm prein-

cubation with 10 pM 4BPB, which prevents putative AA-me-

diated responses in Aplysia neurons (27), did not prevent the

effects of subsequently applied NDGA (Fig. 7C).

Several other lipoxygenase inhibitors were examined to de-

termine whether this class of compounds inhibited Ca2� cur-

rents. Of five compounds tested at the high concentration of

100 pM, only ketoconizole inhibited Ca2� currents (by 60 ±

7.5%; seven cells). Phenidone, esculetin, caffeic acid, and

5,8,11,14-eicosatetraynoic acid were without effect. Application

of the cyclooxygenase inhibitor indomethacin (100 pM for �60

sec) inhibited whole-cell Ca2� currents by 15.3 ± 2.6% (three
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Fig. 7. Effects of AA and 4BPB on Ca2� currents. Perforated patch (A)
and standard whole-cell (B and C) recordings of OH3 cell Ca2� currents.
Protocol as in Fig. 1C. A, AA (50 pM) was applied for 20 sec and
removed. Middle trace, recovery 2 mm after removal of AA. Bath solution
2; pipet solution 3. B, 4BPB (10 pM) was applied for 3 mm. C, Cells were
preincubated for 28 mm with 10 pM 4BPB at 37#{176}in a CO2 incubator.
Traces, Ca2� currents in control solution (Cont.), following application of
30 pM NDGA (NDGA), and in recovery (middle trace). 4BPB (10 pM) was

present throughout the experiment. Bath solution 3; pipet solution 2.

cells). This effect did not reverse, however, and could not be

distinguished from rundown.

Discussion

NDGA is commonly used at concentrations between 10 and

100 pM to study the role of AA, and particularly its lipoxygenase

metabolites, in cell function (see Refs. 1, 3-5, 11, and 12). The

results of this study indicate that NDGA, at concentrations of

10 pM or more, inhibits voltage-activated Ca2� currents inde-

pendently of its effects on AA metabolism.

The strongest evidence that Ca2� current inhibition by
NDGA was independent of lipoxygenase is that NDGA inhib-

ited single Ca2� channel currents recorded in excised, outside-

out, membrane patches. Lipoxygenase is a soluble cytoplasmic

enzyme and is not active if it becomes membrane bound (23,

24). Thus, it is reasonable to assume that active lipoxygenase

was not present in these excised patches. In addition, AA

production and metabolism require Ca2�, and NDGA inhibited

currents through Ca2� channels in the virtual absence of either

internal or external Ca2� (Figs. 1, A and B, and 6).

Whether lipoxygenase products influence Ca2� channel func-

tion was not tested in this study. However, several lipoxygenase

and cyclooxygenase inhibitors, including phenidone, esculetin,

caffeic acid, and indomethacin, did not inhibit Ca2� currents,

which suggests that tonic AA metabolism by these pathways

was not a prominent influence on Ca2�’ channel function. It is

interesting, however, that ketoconizole, which inhibits lipoxy-

genase but is structurally unrelated to NDGA (7), also inhibited

Ca2� currents in a similar concentration range. Whether keto-

conizole and NDGA act via similar mechanisms awaits further

study.

Effects of AA. As reported recently by others (28, 29), Ca2�

currents were reversibly inhibited by application of AA (Fig.

7). However, several observations suggest that NDGA did not

inhibit Ca2� currents via a build-up of AA. First, prolonged

exposure ofcells to greater than 10 pM AA produced ‘detergent-

like’ breakdown of cell membranes but inhibited Ca2� currents

by less than 50%. In many cells, prolonged exposure to high

concentrations (>30 pM) of NDGA also produced this apparent

membrane breakdown, but only after Ca2� currents were inhib-

ited by nearly 100%. Second, AA production via the phospho-

lipase A2 pathway is Ca2� dependent (19), yet NDGA inhibited

Ca2� channel currents when extracellular Ca2� was replaced by

Ba2� and intracellular Ca2� was reduced to less than 0.01 pM

by addition of 10 mM EGTA. Third, preincubation of cells with

4BPB, a phospholipase A2 inhibitor, did not prevent the action
of NDGA. Although these findings cannot rule out a possible

involvement of AA in the action of NDGA, any proposed

mechanism of AA build-up would have to occur in an excised

patch, where cytoplasmic factors are absent and free AA that

leaves the cell membrane would, due to infinite dilution, be

unlikely to influence events in the excised patch.

Comparison of NDGA with Cd2�. Ca2� channel block by

Cd2� and other inorganic divalent cations is believed to occur

when the blocker enters the open channel via the same route

as Ca2� and competes with Ca2� for a binding site within the

channel but does not permeate the channel (30). Inhibition of

Ca2� currents by NDGA differed from that by Cd2� in several
ways. For example, the dose-response relationship (Fig. 1D) for

NDGA block is steeper than that found for divalent Ca2�

channel blockers (30). NDGA apparently did not compete with

Ca2� for entry into the open channel or for a Ca2� binding site,

because 1) NDGA inhibited Ca2� currents even when it did not

have access to the external mouth of the open channel (Fig. 5),

2) the action of NDGA was very slow compared with that of

Cd2� (Fig. 3), and 3) inhibition was not reduced by a 10-fold

increase in extracellular Ca2� concentration (Fig. 2). Further-

more, it is predicted that a compound that competes for the

hypothesized cation binding site within the channel will more

effectively inhibit currents carried by Ba2� than by Ca2� (21),

because Ba2� has a lower affinity for the binding site (30).

Whereas Cd2� inhibits Ba2� currents more effectively than Ca2�

currents (21), NDGA inhibited Ca2� and Ba2� currents equally.

Together, these data suggest that NDGA does not act by a

mechanism similar to that of inorganic divalent cations. In

addition, NDGA did not produce single-channel flickering or
reduce the single-channel conductance, which are characteris-

tics of “fast” open channel blockers (see Ref. 31). Our data do

not exclude the possibility, however, that NDGA entered the

channel pore via a lipophilic pathway and plugged it by a

mechanism not subject to competition with permeant cations.

Comparison of NDGA with organic Ca2�’ channel an-
tagonists. NDGA shares some structural similarity with the
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phenylalkylamine verapamil. Although both NDGA and vera-

pamil are lipophilic, their mechanisms of channel block appear

to be different. First, channel block by verapamil is use de-

pendent (21) and that by NDGA is not (Fig. 4). Second, in

contrast to the action of NDGA, the verapamil analog D600,

and presumably also verapamil, inhibits currents carried by

Ba2� less effectively than those carried by Ca2 (21). Third,
substitution of ether-linked methyl groups for the hydroxyl

groups on NDGA, which makes the structure even more similar

to verapamil, eliminated the activity of NDGA. The action of

NDGA also differed from that of the organic Ca2� channel

blocker diltiazem, in that the latter displays a marked use

dependence and differential effectiveness at blocking Ca2� and

Ba’� currents (21). Although we did not explore it in detail,

inhibition of Ca2� currents by NDGA did not share two of the

hallmark characteristics of inhibition by the 1,4-dihydropyri-

dine Ca2� channel antagonists. In contrast to the actions of

1,4-dihydropyridines (see Ref. 32), NDGA inhibited both tran-

sient and sustained Ca2� currents with equal potency and

inhibited sustained Ca2� currents equally regardless of the

holding potential.

In summary, NDGA inhibited Ca2� channel activity by a

mechanism that required neither cytoplasmic molecules nor

Ca2�-dependent biochemical reactions. Although its mechanism

remains unclear, NDGA apparently did not compete with Ca2�

for a cation binding site within the channel, nor did it act

similarly to the other organic Ca2� channel antagonists. The

slow time course, lack of use dependence, and action without

access to the external surface of the channel suggest that, to

block Ca2� currents, NDGA partitioned into the membrane and

interacted either with the channel protein directly or with

another membrane-bound Ca2� channel modulator. Because

NDGA appears to have a different mechanism of action than

other known Ca2� channel antagonists, studies of its properties

may provide insight into the functioning of the channel. More

importantly, these studies clearly indicate that NDGA cannot

be used to investigate the role of AA metabolism in cell function

without accounting for possible actions on Ca2� channel activ-

ity. Indeed, of the lipoxygenase inhibitors tested, only those

that inhibit Ca2� currents inhibit adrenocorticotropin secretion

from AtT-20 cells.’
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