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SUMMARY

1. Membrane current responses to focal application of bradykinin (BK) were
recorded in voltage-clamped NG108-15 neuroblastoma x glioma hybrid cells.

2. BK produced sequential outward and inward currents at clamp potentials
between —60 and —30 mV, designated gk oy and Ipk iy, respectively.

3. The outward current Igg,, wWas accompanied by an increased membrane
conductance. Ramp current—voltage (I-V) curves yielded a reversal potential (Vgx)
of —80+56 mV (meants.p., » =9) in 54 mm [K*],. Vzx showed a positive shift
on raising [K*],, compatible with a primary increase in K* conductance. Subtracted
I-V curves indicated that the underlying conductance was not strongly voltage
dependent between —120 and —40 mV.

4. Iggouy Was inhibited by d-tubocurarine (dTC, 0-1-0-5 mM) but was insensitive
to tetraethylammonium (TEA) below 5 mM.

5. The inward current I gk ;,, Was accompanied by a fall in membrane conductance.
This was associated with the inhibition of a time- and voltage-dependent K* current,
Iy. In consequence, Ik, Was strongly voltage dependent and dissipated, usually
without reversal, on hyperpolarizing the cell beyond —70 mV in 54 mm [K*],.
Reversal to an outward current negative to —40 mV could be obtained on raising
[K*], to 54 mm.

5. Both gk, and Ipg persisted when I, was blocked with Co** or Cd**.
Isxouty slowly diminished in Ca**-free, Mg®*-substituted solution.

6. The Ca’* spike current I, and the Ca’*-activated K* current I, were
inhibited during Igg oy, or after Ca®* injections. BK did not affect the voltage-
activated K* current Iy, recorded in Co?* solution.

7. It is concluded that the dual response to BK results from opposing effects on
two different species of K* current. Ipg oy, results from activation of a Ca®*-
dependent, voltage-insensitive K* conductance, probably mediated by a transient
rise in intracellular Ca?*. It is suggested that the Ca?* is released from an intracellular
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store. I gy ;5 results primarily from inhibition of the Ca**-independent, voltage-gated
K* current, I,,. This effect is not replicated by a rise of intracellular Ca?* and must
therefore be generated by another mechanism.

INTRODUCTION

When differentiated, mouse neuroblastoma and neuroblastoma-derived hybrid
cells become electrically excitable and exhibit many of the voltage- and Ca®**-gated
ion currents seen in normal adult nerve cells (see e.g. Spector, 1981; Brown &
Higashida, 1988a). They also show receptor-mediated biochemical and electrical
responses to a variety of hormones and neurotransmitters, and hence can be useful
models for studying their action on nerve cells (see e.g. Hamprecht, 1977 ; Kimbhi,
1981 ; Nirenberg, Wilson, Higashida, Rotter, Krueger, Busis, Ray, Kenimer & Adler,
1983).

This report concerns the response of the NG108-15 clone of mouse neuro-
blastoma X rat glioma hybrid cells to bradykinin (BK). Membrane receptors for
BK, with a dissociation constant (K) of about 50 pM, have been identified on these
cells using radioligand binding (Braas, Manning, Wilson, Perry, Stewart, Vavrek &
Snyder, 1985). Activation of these receptors induces an initial hyperpolarization
followed by a slow depolarization, accompanied by cessation and activation of
repetitive firing respectively (Higashida, Wilson, Adler & Nirenberg, 1978 ; Reiser &
Hamprecht, 1982; Yano, Higashida, Inoue & Nozawa, 1984; Higashida, Streaty,
Klee & Nirenberg, 1986). The specific aim of the present experiment was to identify
and characterize the membrane currents responsible for this biphasic potential
change. We find that they result from the activation and inhibition of two different
K* currents: a Ca?*-dependent current and a  voltage-dependent current,
respectively. In a companion paper (Brown & Higashida, 1988b), we describe
additional experiments aimed at identifying the biochemical transducing mechan-
isms responsible for these membrane current changes. A short report of some of
these observations has been published elsewhere (Higashida & Brown, 1986).

METHODS

These are described in the previous paper (Brown & Higashida, 1988a).

RESULTS

Focal application of BK (1-3 ul, 0:1-10 M) to cells voltage clamped at between
—40 and —50 mV usually produced two sequential membrane currents: an initial
transient outward current, peaking about 5 s after application, followed by a more
prolonged (0-5-3 min) inward current (Fig. 1). These corresponded in time with the
sequential hyperpolarizing and depolarizing effects reported previously (Yano et al.
1984). These current responses showed strong tachyphyllaxis following repeated BK
applications at intervals less than 5-8 min; the initial outward current appeared
rather more sensitive in this respect.

Localized ionophoretic application to different regions of fully differentiated cells
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indicated that the receptors mediating the outward current response were restricted
to the cell soma and to the first 50-100 #m of the cell processes.

Bradykinin-induced outward current (Igg o)

The initial outward current evoked by BK (Igku) Was accompanied by an
increased input conductance (Fig. 1C), as measured by the currents evoked by short
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Fig. 1. Response of an NG108-15 cell to bradykinin (BK: 2 ul of 10 uM solution applied
at the arrow). A, records of membrane potential (upper record) and membrane current
(lower record). The membrane potential was stepped from the holding potential of —40
to —120 mV for 200 ms at 2 s intervals to measure input conductance. Intervals of 17 and
32 s separated the last two steps. B and C, plots of membrane current (outward current
upwards) and input conductance against time after BK application. Note that BK
produced first an outward current with an increased conductance then a small inward
current with a decreased conductance.

(0-2-18) voltage steps (see Fig. 14), and hence resulted from an increased
conductance to an ion (K* and/or Cl™) with an equilibrium potential negative to
—40 mV. The reversal potential for Izx ., could not easily be measured directly,
since tachyphyllaxis precluded frequent applications of BK to the same cell. Instead,
it was estimated from the intersection of current—voltage (I-V) curves obtained
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before and at (or near) the peak of the BK effect, using rapid (1-4s) voltage
ramps.

Figure 2 shows a series of superimposed ramp current-voltage curves obtained by
applying voltage ramps from —40 to —120 mV at —50 mV s7* before and during BK
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Fig. 2. A, current—voltage relationships recorded by applying a 2 s, —80 mV voltage ramp
(V) from a holding potential of —40 mV before (/) and during (/) the outward current
induced by bradykinin (BK) in 54, 10-8 and 16:2 mM-K* solution. In this experiment the
voltage command output was connected to the X-plate of the oscilloscope to give a direct
plot of current (ordinate) against applied voltage (abscissa). V = recorded voltage; I =
recorded current. In B, I, was subtracted from Iy, to yield the BK-induced current
alone. Curves cross the zero-current line at the reversal potential.

application near the peak of Iz in solutions of differing K* concentration. (This
voltage ramp-speed was sufficiently slow to allow time-dependent rectifying currents
(see Brown & Higashida, 1988a) to settle.) The curves intersect implying reversal of
Igkouy With hyperpolarization. The intersection point clearly shifts in a positive
direction as [K*], is increased, from —73 mV at 54 mm [K*], to —53 and —46 mV
at 10-8 and 16-2 mm [K*],. This accords quite closely with expected values (—75,
—57 and —46 mV) for a K* current assuming [K*], =95 mM. The average
intersection potential for these ramp currents was —80+56 mV (mean+s.n.,n =9
cells) in 54 mm [K*],.

Subtraction of the control currents from these recorded in the presence of BK (Fig.
2B) further shows that Igg,, display relatively little rectification beyond
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that expected from diffusional considerations as expressed in the Goldman-
Hodgkin-Katz equation. Thus, the conductance underlying Igk ., appears to be
essentially voltage independent.

Pharmacological characterization of Igg .- Bradykinin has been reported to
increase intracellular Ca?* in NG108-15 hybrid cells (Reiser & Hamprecht, 1985;
Osugi, Uchida, Imaizumi & Yoshida, 1986) and to increase transmembrane *Ca®**
fluxes (Yano et al. 1984 ; Higashida et al. 1986). One possibility, therefore, was that
the outward current generated by BK might be a Ca**-activated K* current.

In the previous paper we presented evidence to suggest the presence of two forms
of Ca®*-activated K* current in these cells — one which deactivates rapidly following
a priming Ca?* current and which is blocked by 1 mM-tetraethylammonium (TEA),
and which therefore appears analogous to the current in sympathetic neurones
termed I (Adams, Constanti, Brown & Clark, 1982¢); and another which deactivates
slowly, and which is resistant to TEA at < 5mm but blocked by apamin (see also
Furuya, Furuya & Yamagishi, 1983) or d-tubocurarine (dTC), and which therefore is
analogous to the current in sympathetic neurones designated I,yp (Penne-
father, Lancaster, Adams & Nicoll, 1985).

We therefore tested the effect of dTC and TEA on the outward current produced
by BK, at the same time monitoring the amplitude of the Ca**-activated K*-current
tails (see Brown & Higashida, 1988a). d-Tubocurarine (0-1-0-5 mmM) invariably
reduced or abolished Ik oy, in a reversible manner pari passu with inhibition of the
slow I,y p tail current (Fig. 3). Since dTC did not reduce the late inward current, this
effect was not due to block of BK receptors. Conversely, TEA produced some
depression at 1 mm, but had a more substantial effect at 5 or 10 mm where I, was
also depressed. This explains the previous observation that TEA at 10 mm suppressed
BK-evoked hyperpolarization (Higashida et al. 1986). En passant, we also noted that
the slow outward current I,,, was depressed and curtailed when recorded during
Tgk outy (see also Fig. 10 below).

There was some discrepancy between the sensitivity of I,4p and Igg oy to 1 mm-
TEA. This probably arises because any intrinsic antagonistic activity towards I,y
is offset by an increased Ca®* entry during the preceding voltage step: the Ca** spike
was larger and longer in TEA solution, and could not be completely clamped in
our experiments. With this exception, these pharmacological tests strongly suggest
that Igg oy results primarily from the activation of the same species of K*
conductance as that responsible for the slow Ca**-activated current I,p.

If BK activates I, (the Ca**-dependent K* current) by a rise in intracellular
Ca?*, the question then arises whether this results from an influx of Ca?* from outside
or by release from an intracellular source. This is not an easy question to answer, but
we have sought a partial answer by testing the effects of inhibiting voltage-activated
Ca?* entry on responses to BK.

We found that Igg ., persisted when voltage-activated Ca** currents and the
consequential Ca?*-activated K* currents (see above) were blocked with Cd** (1-2
mM; two cells) or Co?* (2:-5-5 mm; three cells) (Fig. 4). This suggests that BK does not
activate voltage-dependent Ca** channels to produce a Ca®** influx, and indeed the
BK-induced outward current was not clearly preceded by any inward current.

On the other hand, removal of external Ca’* (replaced with Mg?*) did suppress
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Fig. 3. Effects of d-tubocurarine (dTC, 0-2 mm) and tetraethylammonium (TEA, 1 and
10 mM) on slow outward Ca?*-dependent tail currents generated by brief (50 ms)
depolarizing voltage commands (4, see Brown & Higashida, 1988a, Fig. 2), and an
outward current generated by repeated focal applications of bradykinin (BK, 2 ul, 0-1 um)
(B), both recorded over a period of 2 h in the same cell. Holding potential, —40 mV.
Graphs show amplitudes of currents (@,0) plotted against time. Records a—f show
selected individual responses denoted by the open circles (O).

Ingou (Fig. 5). However, this effect required more than 20 min perfusion with Ca?*-
free (EGTA) solution, whereas the Ca**-activated I,yp was inhibited much more
rapidly. We therefore suspect that this effect did not stem directly from the
inhibition of Ca®* entry but from depletion of an intracellular store. The nature of
this source and the mechanism of its release is considered in a subsequent paper
(Brown & Higashida, 1988b).
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Fig. 4. Effect of adding CoCl, (Co?*, 5 mM) to the external Tris-HCl-buffered saline (TBS)
on responses to focal applications of bradykinin (BK, 3 xl, 100 uM) at —40 mV holding
potential. BK was applied before (4), 13-5 min after adding Co** (B) and 24 min after
Co?* wash-out (C). Transient downward current deflections are inward currents generated
usually by 0-2 8, —30 mV hyperpolarizing steps, to measure input conductance.
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Fig. 5. Current responses to focal applications of bradykinin (BK, 2 ul, 100 M) recorded
in normal Tris-HCl-buffered saline (TBS) (containing 1:8 mM-Ca®* and 0-8 mM-Mg?*) (4),
then 14 and 24 min after perfusing with a Ca?*-free, 6 mm-Mg?* solution (B and C), and
finally 10 min after returning to normal TBS (D). Holding potential —40 mV. (The
recorder was changed between B and C, hence the increased baseline noise.)
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Fig. 6. Response to bradykinin (BK, 2 ul, 10 gm) in an NG108-15 cell clamped at —30 mV.
A, current transients (lower trace) to —30 mV, 0-5s voltage commands (upper trace)
recorded before BK (1), during the outward component of net BK-induced current (2 and
3), during the inward BK current (4), and on recovery (5). B, trace of net current against
time, numbers indicating the stages appropriate to the records in 4 and C. C, families of
current transients in response to +10, and —10 to —80 mV, 500 ms voltage steps
recorded before (1), during (4) and after (5) the BK-induced inward current. D, plots of
currents attained at the ends of the voltage steps in C against command voltage obtained
before (O) and during (@) the BK-induced inward current (i.e. ‘steady-state’
current—voltage currents). (Zero current = initial holding current; same cell as that
illustrated in Fig. 8 of Brown & Higashida, 1988a.)

Bradykinin-induced inward current (Igg n,)

As pointed out earlier the initial outward current produced by BK usually
reversed to an inward current after a few seconds. Unlike the outward current, this
inward current (/g ,) was accompanied by a fall in input conductance.

Figure 6 illustrates some of the properties of this inward current as revealed from
current-voltage curves. Since the inward current lasted longer than the outward
current, these curves were constructed from sequences of stepped voltage commands
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instead of ramp commands. (Responses to stepped commands are more useful
because they also provide information about time-dependent current changes, as
well as ‘steady-state’ currents.) Two points warrant attention. Firstly, unlike I'gx out)
Igxany showed strong rectification (Fig. 6D). Thus, the current-voltage curve
obtained during Igzg,, does not cross the control curve to reverse; instead, the two
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Fig. 7. A, families of current transients (lower records) evoked by a series of voltage steps
(upper records) in (sequentially) 54, 54 and 54 mm [K*] (cf. Fig. 6). Holding potential,
—30 mV. B, current responses to focal applications of bradykinin (BK, 2 ul, 10 um) or
methacholine (MCh, 2 xl, 300 mm) and recorded sequentially in 54, 54 and 54 mm [K*].
Downward deflections are inward currents generated by —20 mV, 1 s hyperpolarizing
steps at 0-2 Hz. Note that the reversal potential for the current relaxations in 4 shifted
from —80 mV to a value slightly positive to the holding potential on raising [K*].

curves merge at potentials negative to about —70 mV. In consequence, the inward
current produced by BK (measured by subtraction of the two current-voltage
curves) decreases with hyperpolarization without reversing to an outward current.
The usual absence of true reversal with hyperpolarization (in solution containing the
normal K* concentration of 54 mM) was confirmed using ramp voltage commands.
Secondly, the fall in conductance is associated with the reduction of the time-
dependent inward current relaxations seen during the hyperpolarizing steps (Fig. 64
and C).
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As pointed out in the preceding paper (Brown & Higashida, 1988a), these inward
relaxations probably result from time-dependent deactivation of the voltage-
dependent K* current, I, (cf. Brown & Adams, 1980). Reduction of these relaxations
therefore implies that Iy is partly blocked during Iy ,,. If inhibition of Iy, was
responsible for Iz ), this could explain why Iy, does not normally reverse to an
outward current with hyperpolarization, because at normal K* concentrations, Iy
fully deactivates before the K* reversal potential (£) is attained (see Adams, Brown
& Constanti, 1982a). A corollary to this is that reversal might be possible if Ey is
raised to within the activation range of I,;. We tested this by raising [K*], to 54 mm

b
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Fig. 8. Responses to bradykinin (BK, 2 ul, 10 um) recorded before (4) and after (B) adding
4 mm-BaCl; to the perfusion fluid. Holding potential, —30 mV. Upper traces show
continuous records of steady current, with superimposed inward current transients
generated by —20mV, 058 voltage steps delivered at 0-2 Hz. Lower traces show
expanded records of current transients obtained at the indicated times (a and b); records
are offset from the initial baseline (horizontal line) by the amount of inward current.

(Fig. 7). This raised the reversal potential for I, from about —80 mV to about
—20 mV — i.e. 10 mV or so positive to the original holding potential. Under these
conditions the original inward currents produced by BK (or methacholine, see Brown
& Higashida, 1988a) at the holding potential reversed to a small outward current
(Fig. 7 B). Since the conductance was still reduced, the envelope of outward current
at the hyperpolarized command potential of —50 mV became larger.

The inward relaxations seen in 54 mm [K*] during hyperpolarizing steps (Fig. 74)
were larger and slower than these expected for I, deactivation alone. These slow
relaxations were frequently encountered in high-[K*] solution, and sometimes in
normal (54 mM) [K*]. They appear to relate to some form of additional inward
rectifier current.

Ba®* jons. As in sympathetic neurones (Constanti, Adams & Brown, 1981) M-
currents in NG108-15 cells are inhibited by Ba?* ions (Brown & Higashida, 1988a).
Additions of Ba?* (1-4 mMm) reduced both inward and outward current components
of the response to BK (Fig. 8).

Role of Ca®* in Iggy,. The initial outward current induced by BK appears to be
a species of Ca?*-dependent K* current, probably activated by Ca®* released from an
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intracellular source, and can be imitated by injecting Ca®* (see above). The obvious
question is therefore whether Ipk,, (and hence Iy inhibition) is also due to the
release of Ca**. Calcium-injection experiments suggest not. As pointed out previously
(Brown & Higashida, 1988a), the outward current produced by Ca?* injections was
frequently followed by an inward current, but this was accompanied by an increased
conductance, not a decrease. Further, I,, deactivation relaxations could still be
detected, superimposed on the instantaneous current steps, when long hyper-
polarizing steps were applied during both the initial outward current and the
subsequent inward current induced by Ca®* injections. (Some loss of relaxation
amplitude was sometimes seen, particularly during large Ca®**-evoked currents. This

BK MCh
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Fig. 9. Inward current responses to bradykinin (BK, 2 ul, 10 M) and methacholine (MCh,
2 ul, 200 mm) recorded in 2 mm-CoCl, solution (same cell as that illustrated in Fig. 10 in
Brown & Higashida, 1988a). Records show superimposed current responses to —30 mV
voltage steps recorded before and after adding BK and MCh. Holding potential —30 mV.
Note that the inward current relaxations are preserved in Co?* solution and are depressed
by both BK and MCh (cf. Fig. 6).

is a common feature of ‘leaky’ ganglion cells (see for example, Jones, Adams,
Brownstein & Rivier, 1984): it might reflect rapid perineuronal K* concentration
changes, and hence changes in Ey, during the larger current flows encountered in
leaky cells.)

A secondary BK-induced inward current accompanied by a conductance increase,
which corresponded more clearly to that seen after Ca®* injections, was recorded in
a few cells following large BK-induced inward currents. However, this was infrequent
and was not studied in detail.

Unlike I ,p and I, Iy is not a Ca**-activated current in the sense of requiring a
priming Ca?* current, and hence persists when I, is blocked with Cd** or Co**
(Adams, Brown & Constanti, 1982b). We confirmed that I, relaxations persisted in
NG108-15 cells in the presence of Cd** (0-5-2 mm) or Co®** (2-5 mmM) (Brown &
Higashida, 1988a). As seen in Fig. 4, BK continued to produce an inward current in
Co?* (or Cd?**) solution and —as shown in Fig. 9 —this was accompanied by an
inhibition of I, just as in normal solution. The inward current also persisted in
Ca?*-free solution to a greater extent than the outward current, although somewhat
attenuated (Fig. 5).

In some cells, the inward currents produced by BK were smaller than those
recorded before adding Cd?* or Co?*, suggesting that BK was capable of inhibiting
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a component of membrane conductance other than the M-conductance. In keeping
with this, in a small proportion of cells, ramp current—voltage curves suggested a
reversal of the inward BK-induced currents to an outward current at potentials
between —50 and —80 mV. Methacholine and Ba?* ions sometimes produced the
same effect (see Brown & Higashida, 1988a).
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Fig. 10. Membrane currents recorded before bradykinin (BK, 2 ul, 10 um) (4), during the
outward phase of a BK-induced current (B), during the inward phase of the BK-induced
current (C), and after BK (D) in four cells. a, cell 1 (/,): the current was recorded during
perfusion with a high-Ca®*, 0 mm [Na*] plus 1 gM-tetrodotoxin solution (20 mm-CaCl, and
150 mM-choline chloride instead of NaCl). Holding potential, —70 mV; voltage step,
+70 mV, 150 ms. b, cell 2 (I,): current recorded from a cell treated for about 30 min in
the same solution as for cell 1 but additionally supplemented with 10 mM-tetraethyl-
ammonium and 20 x#M-quinine. Holding potential, —50 mV; +70 mV, 1s depolari-
zation. ¢, cell 3 (I.,,): recorded in the medium for cell 2 but without quinine. Holding
potential, —40 mV; +50 mV, 20 ms depolarization step. (The recorder saturated during
the outward current in panel B.) d, cell 4 (I,): the current recorded in a 0 mm [Na*],
0 mMm [Ca?*] solution with 1 gM-tetrodotoxin and 2 mm-CoCl,. Holding potential, —50
mV ; depolarizing step, +70 mV, 0-5 s.

Effects of bradykinin on endogenous membrane currents

In this section we describe some experiments testing whether bradykinin affected
some of the other endogenous voltage-dependent and Ca?*-dependent currents in
NG108-15 cells. These currents include a fast Na* current (Iy,), Ca®* currents (I,),
a voltage-activated K* current (Igy,), and two forms of Ca**-activated K* current
(Ix(cay) (see for examples, Kostyuk, Krishtal, Pidoplichko & Veselovsky, 1978;
Moolenaar & Spector, 1978, 1979a, b; Fishman & Spector, 1981; Spector, 1981;
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Brown & Higashida, 1988a). We could not clamp Iy, adequately, so it was
eliminated with Na*-free solution and tetrodotoxin (1 #uM) and we concentrated
attention on I, Ixc, and Ik, The principal effects of BK on these currents are
summarized in Fig. 10.

50 ms
B 2 = 3 nA
nA 1 —+ 2
0 -1
—60 =30 0 30 = mV
Tl il / | |
w l 1 7 —
-80 \\ -20 7/. / 40 60
\. ® 0
A\

el
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Fig. 11. A, family of Ca®* currents recorded before and after applying bradykinin (2 zl,
10 uM). Currents (lower records) were evoked by 200 ms voltage steps (upper records) of
+10 to +100 mV from a holding potential of —70 mV in a cell perfused with a same
solution as used for recording cell 2 of Fig. 10. B, plots of peak inward current against
command voltage from the records in 4. Control, O ; BK, @. Inset shows the difference
current (BK minus control).

I,. Two forms of Ca®* current have been reported in N1E-115 neuroblastoma and
NG108-15 hybrid cells: a rapidly inactivating low-threshold current, and a more
slowly inactivating high-threshold current (see Moolenaar & Spector, 1979b;
Fishman & Spector, 1981; Bodewi, Hering, Schubert & Wollenberger, 1985;
Docherty, 1986 ; Narahashi, Tsunoo & Yoshii, 1987). To activate these two current
components we used protocols based on those of Moolenaar & Spector (1979b) and
Fishman & Spector (1981): namely, depolarizing steps from a hyperpolarized
potential (—70 mV) to activate the rapidly inactivating ‘low-threshold’ component
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(Fig. 10, row a; Fig. 11), and from a more depolarized potential (—50 mV) in the
added presence of 10 mM-TEA and 100 #M-quinidine to activate a more slowly
decaying form of I, (Fig. 10, row b). (We have no firm evidence to show whether
these are different currents, or whether the larger outward current in the absence of
quinidine simply masked the residual current.) Both currents were readily blocked
by Cd** or Co?*.

I, was strongly depressed during the outward phase of BK-induced current (Fig.
10 B and C). This depression carried over to a variable extent into the second (inward
current) phase of BK action, but was clearly less. The depression did not appear to
result from shunting by the BK-induced outward current since the outward currents
generated during the depolarizing steps were actually reduced (Fig. 11). Examination
of current—voltage curves showed that the depression was approximately pro-
portional to the peak Ca** current amplitude, further suggesting an effect on I, itself
(Fig. 11 B).

I, yp. This slow component of Iy ¢, Was recorded as a slow outward tail current
following brief (50—100 ms) depolarizing commands to between 0 and +20 mV from
a holding potential of —50 mV, as described previously (Brown & Higashida, 1988a;
see also Fig. 3). I,zp showed a pronounced depression during the BK-induced
outward current (Fig. 10 row c¢), which usually reversed during the BK-induced
inward current.

I, This was recorded as the residual outward current produced by large
depolarizing commands to +20 mV after eliminating Iy ¢, with 10 mm-Co**. No
change in Iy, was to be detected after applying BK: instead the additional BK-
induced current simply added an extra ‘instantaneous’ component to the evoked
currents (Fig. 10, row d).

DISCUSSION

The main conclusion from these experiments is that bradykinin (BK) produces
sequential outward and inward currents in neuroblastoma and neuroblastoma-
derived hybrid cells, and that these result from changes in two quite different K*
conductances: the outward current (Ipgey) results from activation of a Ca®*-
dependent but voltage-insensitive K* conductance, whereas the inward current
seems to result, in part at least, from inhibition of a Ca?*-independent but voltage-
dependent K* conductance similar to (and probably identical with) the M-
conductance originally described in sympathetic neurones (see Brown & Adams,
1980; Adams et al. 1982a).

Outward current (Igg our))

Igg(ouy 18 probably a K* current since it reverses with hyperpolarization and the
reversal potential varies in an approximately Nernstian manner with external [K*].
Two features characterize the current: firstly, the underlying conductance seems not
to vary strongly with voltage ; and secondly, the current is preferentially blocked by
d-tubocurarine (dTC) rather than by tetraethylammonium (TEA). These features
suggest that the current is analogous to that subspecies of Ca?*-activated K+ current
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termed (in sympathetic neurones) I,y (Pennefather et al. 1985), to distinguish it
from the TEA-sensitive, voltage-dependent current I, (Adams et al. 1982¢; Brown,
Constanti & Adams, 1983). A current of this type can be readily induced in NG108-
15 cells either after a priming Ca?* current or by injecting Ca®* ions (Brown &
Higashida, 1988a). The absence of strong voltage dependence is an important feature
in explaining why BK can induce a hyperpolarization at resting potentials. This
effect of BK seems analogous to its action on intestinal smooth muscle which is also
inhibited by dTC (Gater, Haylett & Jenkinson, 1985).

Concerning the source of Ca®* for this response, Reiser & Hamprecht (1985) and
Osugi et al. (1986) have previously reported that BK produces a transient rise in
[Ca?*); of 2-3 times, as measured by quin-2 fluorescence, with a time course
comparable to that of the outward current. Since Iy, Was not preceded by an
inward current and was not blocked by the Ca?* channel blockers Cd** or Co**, it
seems unlikely that the outward current depends on prior activation of a Ca®*
current by BK. In agreement with this, Osugi et al. (1986) noted that the transient
Ca?* signal induced by BK persisted in the presence of verapamil and nifedipine,
which can inhibit **Ca®" fluxes and the slow Ca?' current in NG108-15 cells
(Nirenberg et al. 1983 ; Freedman, Dawson, Villereal & Miller, 1984 ; R. J. Docherty
& R.J. Miller, unpublished observations). The effects of removing external Ca®*
appear more complex. Reiser & Hamprecht (1985) reported that the rise in
intracellular Ca?* was inhibited in a Ca’*-free solution containing 50 uM-EGTA.
Osugi et al. (1986) reported that the initial transient rise persisted down to 10 um
[Ca®*], but was blocked at 1 um [Ca®**],. We find that Ipg,,, gradually diminishes
in a ‘Ca’*-free’, Mg®*-substituted medium. A possible reason for the slow and
variable effects of reducing external [Ca?*] is that BK releases Ca’* from an internal
store which becomes depleted in Ca?*-free solutions.

Both the voltage-activated Ca®* current and the subsequent Ca**-activated K*
current were strongly depressed during the outward current induced by BK. Ca?*
injections could produce similar effects (Brown & Higashida, 1988a, and un-
published), so a plausible explanation is that the Ca®* current might be inhibited by
the rise in internal [Ca®*]. Ca?*-induced I, inactivation has been reported in a
number of cells (see Eckert & Chad, 1984). Although Quandt & Narahashi (1984)
could not find evidence for such a form of I, inactivation in neuroblastoma cells,
their method of internal dialysis presumably buffered [Ca?*], to a constant low
level.

Application of BK did not fully reproduce the effect of Ca®* injections because the latter often
induced a secondary inward current which (unlike that produced by BK) was accompanied by an
increased conductance (Brown & Higashida, 1988a). We presume it was associated with higher
Ca?* concentrations following Ca®* injections than those attained by applying BK.

Inward current (Iggp)

Our principal evidence that I ;,, might arise from M-current inhibition is that (a)
the time-dependent current relaxations associated with M-current deactivation and
activation (see Adams et al. 1982a) were depressed during the inward current; (b)
Igxny Was voltage dependent and did not usually reverse with hyperpolarization at
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normal values of [K*], (because I, deactivates positive to E); (c) the inward current
was replicated by applying muscarinic acetylcholine receptor agonists or Ba®*
(Brown & Higashida, 1988a), which inhibit 7, in ganglion cells (Adams et al. 1982b):
and (d) Iy, Was strongly reduced after inhibiting I, with Ba®*.

In some cells, the inhibition of I, was sufficient in itself to account fully for the
inward current. In others, however, the current—voltage curves obtained before and
during BK application appeared to cross, implying reversal to an outward current at
potentials where I, is deactivated, and suggesting an additional component of
current inhibition at hyperpolarized potentials as in sympathetic neurones (see
Brown & Selyanko, 1985). Notwithstanding, I,; inhibition was the most consistent
feature during Iy iy)-

It should be emphasized that I, is a quite different current from the Ca?*-
dependent current I, activated during the initial phase of BK action. (a) The
conductance underlying I, is strongly voltage sensitive whereas that underlying
I, 4 is not. (b) I, is not blocked by dTC. (c) I, is not Ca?* dependent in the sense of
requiring a priming Ca®* current: it persisted after addition of Cd** or Co®** (Brown
& Higashida, 1988a). (Occasionally divalent cations produced some inhibition of I
but this probably results from a degree of non-specificity in their effect, unrelated
to I, inhibition: see Adams et al. 1982b.)

I, was not strongly inhibited following Ca®* injections. Further, and as noted
previously (Brown & Higashida, 1988a), an inward current after such injections was
accompanied by an increased conductance, not a decrease. This suggests that I,
inhibition, and hence Iggy,,, is not due to the rise in intracellular [Ca®*], unlike
Igk(outy, but must be triggered by a different mechanism. This is reinforced by the
observation that cholinergic agonists replicate Igg,, without inducing a preceding
outward current (Brown & Higashida, 1988a).

Receptors

One relatively straightforward explanation for the ability of BK to differentially
change two separate K* currents would be their mediation by two different
populations of BK receptors. Although difficult to totally exclude, we think this
unlikely. Thus, in parallel tests on unclamped cells (H. Higashida, unpublished
results), where BK produces a hyperpolarization—depolarization sequence (Yano
et al. 1984), both components of response persisted in the presence of the BK
antagonists [des-Arg®]-BK and [Leu?, des-Arg®]-BK (Regoli, Barabe & Park, 1977).
This suggests that both responses are mediated by the general class of BK, receptors
(see Regoli & Barabe, 1980). This accords with the observation that the hydrolysis
of polyphosphoinositides (which probably triggers both neuroblastoma responses:
see Brown & Higashida, 1988b) is resistant to ‘BK,’ antagonists in other tissue
(Derian & Maskowitz, 1986). Notwithstanding, a separation of the two responses
could sometimes be obtained following repeated applications of BK: the initial
outward current showed stronger tachyphyllaxis than the inward current, eventually
leaving a ‘pure’ inward current. This differential tachyphyllaxis may, however,
reside in the different components of the transduction mechanism, rather than in
different receptor desensitization.
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