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Effects of D600 on hypoxic suppresssion of K* currents in isolated type
I carotid body cells of the neonatal rat
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K™ currents recorded from isolated type I carotid body cells were reversibly suppressed by hypoxia (pO, 25 Torr). Inhibition of Ca?* influx using

high Mg?", low Ca?* solutions abolished this effect, indicating hypoxia selectively inhibits the Ca?*-activated component of K* currents. The Ca?*

channel blockers D600 and verapamil reversed the suppressive effects of hypoxia. These drugs also partially inhibited Ca2*-independent K* cur-
rents, but this effect was relieved by hypoxia, causing apparent reversal of hypoxic suppression of the K* currents seen under control conditions.
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1. INTRODUCTION

Type 1 carotid body cells play a key role in
chemotransduction, releasing transmitter substances in
response to the stimuli which alter afferent sinus nerve
discharge [1]. Electrophysiological studies have shown
hypoxia depolarizes type I cells, and selectively sup-
presses K* channels [2]. This presumably leads to open-
ing of voltage-dependent Ca®* channels and
transmitter release, as such release is inhibited by
removing extracellular Ca** or applying organic Ca®*
channel blockers [3]. Type I cell K™ currents are com-
posed of Ca’*-activated and Ca’*-insensitive com-
ponents (respectively /K(cay and /Kv) and the latter can
be isolated by inhibiting the Ca®* influx which activates
IK(cay [4]. The present study compares the effects of
hypoxia on K* currents under control conditions, and
during inhibition Ca®* influx using organic and in-
organic Ca®* channel blockade.

2. MATERIALS AND METHODS

Carotid bodies from 8- to 11-day-old rats were enzymatically
dissociated into single-cell preparations and maintained in primary
culture as previously described [4,5]. Whole-cel! patch-clamp recor-
dings from type [ cells were made using electrodes (resistance 2 to
6MQ) filled with (in mM): KCl, 107; CaCl,, 1; MgSQOs, 2; NaCl, 10;
K-EGTA, 11; Hepes, 11; ATP, 2; pH 7.20. Cells were perfused by
gravity from a reservoir containing (in mM): NaCl, 135; KCl, 5;
MgSO0s, 1.2; CaCly, 2.5; Hepes, 5; 21-23°C, pH 7.40. The reservoir
was made hypoxic by N3 equilibration and adding 1 mM sodium
dithionite, giving a bath pO, of 25 Torr (measured with an oxygen
electrode; Strathkelvin Instruments). Outward K* currents were
evoked by 50 ms test depolarizations (Viess) applied from a holding
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potential of —70 mV at 0.2 Hz and amplitudes measured by com-
puter (VCAN software, J. Dempster). Statistical comparisons were
made using the paired, two-tailed Student’s z-test.

3. RESULTS

Fig. 1A shows that outward K™ currents in type I
cells activate at Viess above approximately —30 mV,
and a shoulder in the I-V relationship is apparent at
low, positive Vies values. Hypoxia (pO; 25 Torr) rever-
sibly suppressed K* currents at all activating Viess, but
the effect was maximal at +20 mV where the shoulder
of the /-V relationship was greatest, as previously
reported [6]. As this shoulder arises from Ca®* influx
activating /Kca) [4], and hypoxia does not affect Ca?*
currents directly [7,8], this suggests that hypoxia selec-
tively inhibits 7Kca) in type I cells.

The effects of hypoxia on IKy were tested while
blocking IK(cay by lowering extracellular [Ca®*] to 0.1
mM and raising extracellular [Mg®*] to 6 mM, to in-
hibit Ca** influx. I-V relationships obtained under
these conditions were almost linear, with no ap-
pearance of the shoulder seen under control conditions
(Fig. 1B), and exposure of type I cells to hypoxia was
always (n=6) without effect throughout the range of
activating Viess studied (e.g. Fig. 1B). Similar observa-
tions have been made using 100 uM Cd** or 5 uM
nifedipine to inhibit Ca®* influx [6]. This further in-
dicated that hypoxia selectively inhibits /K(ca) in these
cells (Fig. 1A), as IKy remaining in this high Mg?*, low
Ca®* solution was unaffected.

The phenylalkylamine D600 (methoxyverapamil), a
Ca?* channel blocker, reduces type I cell K* current
amplitudes, and inhibits the shoulder in /-V relation-
ships [4], and so its effects on the hypoxic response of
K™ currents were tested. In the presence of 5 xM D600
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Fig. 1. (A) /- V relationship obtained from a type 1 carotid body cell,

before (@), during (O) and after (A) exposure of the cell to a hypox-

ic solution (pO; 25 Torr). Inset, example traces under these condi-

tions, Viess +10 mV. C, control; R, recovery. (B) /-V relationship

obtained in high Mg?* (6 mM), low Ca®~ (0.1 mM) solution under

normoxic (@) and hypoxic (O) conditions. Inset; example traces
under these conditions, Vie, +20 mV. C, control.

the residual /Kv reversibly increased in amplitude when
exposed to hypoxia (Fig. 2A). The /- ¥V relationship for
this effect (Fig 2B), shows that, in the presence of
D600, hypoxia reversibly enhanced K* currents at all
activating Vieqs studied (P<0.05 to P<0.005, n=11).
No reappearance of the shoulder in the /—V curve was
ever apparent. The mean effect of hypoxia in the
presence of D600 was to enhance K* currents by
55.4+9.3% at a Viess of +20 mV. Similar effects were
found using verapamil instead of D600 (not shown): in
normoxia verapamil (5 uM) reduced K* currents at all
activating Vieq$, and in its presence hypoxia significant-
ly (P<0.02) enhanced K™ current amplitudes (e.g. by
54.6 £ 14.0% at Viess +20 mV; n=8).

These findings for D600 and verapamil were surpris-
ing, given the results shown in Fig. I which suggested
that hypoxia selectively inhibits IKcay in type I carotid
body cells. However the phenylalkylamines do not only
block Ca?* channels, they also modulate K* currents
directly [9,10], in particular in murine T lymphocytes,
where they cause an apparent inactivation of
Ca’*-independent, delayed rectifier-type K* currents
[10]. A possible direct effect of D600 on /Kv in type I
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Fig. 2. (A) Time series plot of K current amplitudes, each evoked

by a 50 ms step depolarization to +20 mV. Exposures of the cell to

hypoxic solutions and D600 (5 M) indicated by horizontal bars. (B)

[-V relationships obtained in the presence of D600 throughout,

recorded before (@), during (O) and after (A) a change to a hypoxic

solution. Inset; example traces recorded under these conditions (Viest
of +20 mV). C, control: R, recovery.

ceiis (and a modulation of the effect by hypoxia) was
therefore investigated. To do this, K* currents were
recorded in solutions containing raised Mg** (6 mM)
and lowered Ca** (0.1 mM), so outward currents arose
exclusively from activation of /Ky (see Fig. IB). K™ cur-
rents recorded in this solution were inhibited by 5 uM
D600 (Fig. 3A). This effect was voltage-dependent; at
negative Vies:s blockade was not statistically significant
(< 8%), but between Viess of 0 mV and +60 mV cur-
rents were significantly reduced, by 21.4+4.6% at 0
mV and by 36.5+4.7% at +60 mV (P<0.01 to
P<0.002, n=8). D600 also caused an apparent time-
dependent inactivation of these currents, which were
normally sustained during 50 or 100 ms step
depolarizations.

In the absence of D600, IKy recorded in high Mg?*,
low Ca®* solutions was also inhibited by 2 mM 4-
aminopyridine  (4-AP; Fig. 3A), to between
30.8+4.4% and 37.6 +2.3% of control values over the
Viest range — 10 mV to +60 mV (n=>5). This suggests
that the sustained /Kv found under these conditions in
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Fig. 3. (A) I-V relationship obtained in high Mg®*, low Ca** solu-
tion, in the absence of drugs (@), and in the presence of 5 pM D600
(O) and 4-aminopyridine (A; following recovery from D600). Inset;
example traces under these 3 conditions, Ve +20 mV. C, control;
4-AP, 4-aminopyridine. (B) /- V relationship recorded in high Mg?~,
low Ca®* solution containing 5 xM D600 throughout, before (@),
during (O) and after (A) exposure to a hypoxic solution. Inset; ex-
ample traces, Vie: +20 mV. C, control; R, recovery.

type I cells arise from activation of delayed rectifier-
type K* channels seen in other cell types [11].

Hypoxia enhanced K™ currents recorded in the
presence of D600 (5 xM) in the high Mg”*, low Ca**
solutions, an effect similar to that in control solutions
(Fig. 3B). This enhancement was reversible, and the K™
currents which showed a time-dependent decay in the
presence of D600 under normoxic conditions, appeared
more sustained in hypoxic conditions (Fig. 3B), as they
do under normoxic conditions in the absence of D600
(e.g. Fig. 1B). The hypoxic enhancement of K* currents
in the presence of D600 in these high Mg?*, low Ca®*
solutions was voltage-dependent; at Vieus of 0 mV or
below, the effect of hypoxia was negligible, but at Viess
between +20 mV and + 60 mV the effect of hypoxia
was significant (P<0.03 to P<0.002), and currents
were increasingly enhanced, by 27.5+6.5% at +20 mV
to 38.3+5.8% at +60 mV (rn=9). This voltage-
dependent effect was similar to the voltage-dependence
of D600 inhibition of the currents in normoxia (see
above).
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Fig. 4. Time series plot of K* current amplitudes, each evoked by a

50 ms step depolarization to +20 mV, recorded in high Mg?*, low

Ca** solution. Horizontal bars show periods of exposure to 20 M

D600 and hypoxia. Inset; example traces under the 3 conditions, Vies
+20 m¥Y. C, control.

These findings for hypoxia in the presence of D600
suggested that hypoxia relieved the blocking effect of
D600 on IKy. This was further supported by results ob-
tained using a higher dose of D600 (Fig. 4). Bath ap-
plication of 20 uM D600 caused substantial reductions
and a time-dependent decay of K* currents, but when
the perfusing solution was made hypoxic in the con-
tinued presence of D600, K* currents returned to the
same amplitudes and time-courses as were seen under
normoxic conditions in the absence of the drug (Fig. 4).
The currents recorded under normoxic conditions in
the absence of D600 and under hypoxic conditions in its
presence were indistinguishable (Fig. 4). These observa-
tions were found in all 5 cells where 20 uM D600 was
tested.

4. DISCUSSION

The results presented here indicate that hypoxia
selectively inhibits IKcqy in type I carotid body cells
(Fig. 1), suggesting the channels underlying this current
play a key role in chemotransduction, as hypoxia
causes type 1 cell depolarization, Ca®** influx and
ultimately Ca®*-dependent transmitter release from
these cells [2,3]. Others have shown a high conductance
(140 pS) K* channel that is inhibited by hypoxia [2] and
it should be noted that channels underlying Kca
reported here are of high conductance as they are in-
hibited by charybdotoxin, and not apamin [4].

The apparent reversal of hypoxic suppression caused
by D600 (Fig. 2; and also presumably by verapamil)
arose because hypoxia relieved a non-specific blocking
effect of these Ca** channel antagonists on /Ky (Figs.
3 and 4). Thus a second effect of hypoxia was revealed,
but it is not known at present whether hypoxia acts on
the drug itself, or renders it inactive on /Ky in some
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other manner. It is unlikely that hypoxia was affecting
the channels underlying JKy as it was ineffective in high
Mg?*, low Ca®* solutions in the absence of the drugs.
The findings suggest that phenylalkylamines are un-
suitable tools for investigating effects of hypoxia on
Ca®"-dependent mechanisms underlying chemotrans-
duction in the intact carotid body.
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