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SUMMARY

We used combined patch-clamp-microfluorimetric recordings to
examine the effects of bradykinin on [Ca**}, transients and the
Ca?* current (ic,) in rat dorsal root neurons in vitro.
Bradykinin increased [Ca?*}, in approximatety 20% of dorsal root
ganglion cells examined and inhibited the I, in approximately
65% of dorsal root ganglion cells. Bradykinin also inhibited the
l. when [Ca?*) was buffered with 1,2-bis(2-aminophen-
oxy)ethane-N,N,N’,N’-tetraacetic acid or when Ba?** was the
charge carrier. When Ic,’s of increasing duration were elicited in
these neurons, [Ca?*), transients were produced that increased
in amplitude but eventually approached an asymptote at longer
voltage steps. Similarly, the amplitude of the [Ca®*] transient
also approached an asymptote in current-clamp recordings when

cells were induced to fire a large number of action potentials.
The bradykinin-induced inhibition of the amplitude of the [Ca?*},
transient was more pronounced at shorter voltage steps. At
pulse durations that produced asymptotic [Ca?*], signals, bra-
dykinin no longer decreased the amplitude of the rise in [Ca®*},
although it still reduced the lc,. In current-clamp recordings,
bradykinin also reduced the [Ca?*}, signal that accompanied the
generation of action potentials, but again bradykinin was more
effective for shorter spike trains. in also depolarized the
majority of neurons (65%). The reduction in [Ca?*}, produced by
bradykinin in sensory neurons may be an important factor con-
tributing to bradykinin-induced excitation of primary sensory
afferents.

BK is a nonapeptide that plays a central role in the produc-
tion of pain and inflammation. BK has been shown to stimulate
the transmission of nociceptive information from the periphery
into the central nervous system (1). In particular, BK has been
shown to activate both cutaneous nociceptive afferents and
afferents from muscle (2). However, the molecular mechanisms
through which BK produces neuronal excitation have remained
elusive. Several reports have identified BK-induced effects on
both sensory neurons and neuronal cell lines (reviewed in Ref.
3). BK has been reported to inhibit a Ca**-activated K* current,
Ik(ca) (4), and a Ca** current, I, (5), in sensory neurons as well
as to produce a Na*-dependent diacylglycerol-mediated depo-
larization of these cells (6-8). The situation is complicated by
the fact that various different populations of sensory neurons
exist that can be categorized either functionally (9), anatomi-
cally (10), or histologically (11, 12), several of which may be
modulated by BK. Several of the important effects produced
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by BK (e.g., inositol trisphosphate synthesis or inhibition of
the Ic,) may result in changes in the neuronal [Ca?**],, which
could then play a key role in the subsequent regulation of
neuronal excitability and the release of neurotransmitters in
the spinal cord. It is possible that the different effects produced
by BK may be present in different subpopulations of sensory
neurons, but whether this is so is generally unclear. It is also
unclear at present whether the BK-dependent inhibition of the
ILc. is secondary to the observed increase in [Ca®*}; produced by
BK.

In the present series of experiments, we have used simulta-
neous electrophysiological-microfluorimetric recordings of sen-
sory neurons in vitro to examine some of the ways in which BK
modulates [Ca®*]; in these cells. The results demonstrate that
BK regulation of [Ca®*]; in these neurons depends critically
upon the activation state of the cell and also suggest a mecha-
nism that could partly explain how BK normally regulates
sensory neuron excitability.

Materials and Methods

Instrumentation. The methods used for this study have been
described previously in detail (13). Briefly, for excitation of the flu-
orescent calcium probe fura-2 (pentapotassium salt), the collimated

ABBREVIATIONS: BK, bradykinin; DRG, dorsal root gangtion; HEPES, 4-(2-hydroxyethyi)-1-piperazineethanesutfonic acid; EGTA, ethylene glycerol
bis(s-aminoethyi)-N,N,N’ N’-tetraacetic acid; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N’ N’-tetraacetic acid; CCCP, carbonyl cyanide m-chio-
rophenythydrazone; NPY, neuropeptide Y; GABA, y-aminobutyric acid; fura-2/AM, fura-2 acetoxymethyl ester.
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Fig. 1. Typical time course for the effects of 50 mm KCI solutions and
BK (100 nm) on [Ca®*}, in a fura-2/AM-oaded cell. These data were
generated using the digital imaging paradigm illustrated in Fig. 2. Ca®*-
free solutions contained no added Ca** and 20 um BAPTA. Solutions
containing 50 mm KCI were substituted iso-osmotically for NaCl.

beam of light from a 200 W Hg arc lamp was passed through a dual-
wavelength spectrophotometer (Phoenix Instruments, Philadelphia,
PA), which alternated wavelengths from 340 to 380 nm by means of a
spinning chopper (60 Hz). The light source was placed outside a
darkened Faraday cage that enclosed a vibration isolation table sup-
porting a microscope. A fused silica lens was positioned to focus light
upon a liquid light guide (3 mm X 1 mm; Oriel, Stratford, CT) and a
similar lens, placed at the terminating end of the guide, was positioned
to direct light through the epifluorescent illuminator of the microscope.
The light guide eliminated problems associated with vibration from the
chopper and electrical noise from the arc lamp. The light was reflected
off a dichroic mirror (Nikon DM 400) and focused through a 70x oil
immersion objective (E. Leitz Inc., Rockleigh, NJ) (numerical apeture,
1.15). The emission fluor was selected for wavelengths with a
480-nm barrier filter and recordings were spatially defined with an
adjustable rectangular diaphragm. The fluorescence emission was ana-
lyzed with a photomultiplier tube (bialkali) and discriminator (APED
II; Thorn EMI Gencom Inc., Plainview, NY). The discriminator output
was converted to pulses, which were then integrated by passing the
signal through an eight-pole Bessel filter at 500 Hz. The gain on this
detection system could be adjusted from 1- to 100-fold by increasing
the pulse length. The conversion of light intensity to voltage by this
process was confirmed to be linear over the range of the light levels
used in these experiments. The signal from the filter was fed into one
channel of an analog to digital convertor (PDP-11/73) computer system
(Indec Systems, Sunnyvale, CA). The signals from two photodiodes,
each placed in a small portion of the light beam directed toward the
monochromators, were connected to two additional channels of the
analog to digital convertor.

Sorting of the fluorescence output into signals corresponding to
excitation at these two wavelengths was performed entirely by software
written in BASIC-23 (Cheshire Data, Indec Systems). The photomul-
tiplier output was sorted into signals from 340- and 380-nm excitation
by using the photodiode outputs as timing signals and the output
observed on-line throughout the experiment.

Cover slips (25-mm diameter), plated with cells, were mounted in
the perfusion chamber (see Ref. 16), which was positioned on the
opening of the microscope stage. The solution change in the cell
superfusion system approximated a step occurring over 10 sec. The
tubing between the large medium reservoirs and the inlet to the
chambers delayed the onset of the solution change by an additional 10
sec. Figures have been corrected for the perfusion delay.

Calibration and analysis. Records were corrected for experimen-
tally determined background values and the ratio of 340/380 nm
fluorescence was calculated off-line. Ratios were converted to free Ca**
by using the equation Ca®* = K(R — Rpi,)(Ruax — R), in which R is the
340/380 nm fluorescent ratio (14). The maximum ratio (Rn.,), the
minimum ratio (R.,), and the constant K, the product of the dissocia-
tion product for fura-2 and the ratio of the free and bound forms of the
dye at 380 nm, were determined from a fit to a standard curve, using
the above equation, with a nonlinear least squares analysis computer
program (15). The standard curve was determined for the fura-2 salt
in calibration buffer (in mM: HEPES, 20; KCl, 120; NaCl, 5; MgCl., 1;
pH 17.1) containing 10 mM EGTA, K, = 3.696 X 10° M~ (18), with
calculated amounts of Ca®* added to give free calcium concentrations
ranging between approximately 0 and 2000 nM. Identical calibration
curves were obtained if CsCl was used to replace KCl. Experiments
performed over long periods of time (>30 sec) were digitally filtered
with an algorithm that added % the value of each data point to % of
the value of each neighboring point. The data were cycled through this
routine five times. The [Ca**]; traces in patch-clamp experiments were
digitally filtered by a single cycle through an 11-point moving average
algorithm. For the digital imaging experiments, preloaded and washed
cells (5 uM fura-2/AM for 30 min at 37°; washed for 40 min at the same
temperature) were imaged according to methods previously described
(16).

Cell culture. Neurons were cultured from the DRG of neonatal rats
essentially as described previously (17). Briefly, DRG neurons were
dissected from the thoracic and lumbar segments of 1-3-day-old Spra-
gue-Dawley rats, incubated for 15 min at 37° in collagenase/dispase
(0.8 and 0.4 units/ml), and then dissociated into single cells by tritur-
ation through a Pasteur pipette. The cells were then plated on laminin-
fibronectin-coated coverglasses (25-mm diameter) and incubated in
Ham’s F-12 medium (GIBCO, Grand Island, NY), supplemented with
5% heat-inactivated rat serum, 4% 17-day embryonic extract, 50 ng/
ml nerve growth factor, 44 mM glucose, 2 mM L-glutamine, 1% mini-
mum essential medium, 100X vitamins, and penicillin/streptomycin
(100 units/ml and 100 mg/ml, respectively), which was replaced every
2-3 days. Cultures were maintained at 37° in a water-saturated atmos-
phere with 5% CO;. Cells between 3 and 10 days in culture were used
for the present experiments.

Whole-cell patch clamp. The tight seal whole-cell configuration
of the patch-clamp technique (18) was used to record transmembrane
Ic. from single cells while simultaneously measuring [Ca®*}; transients.
Cells were mounted in a perfusion chamber and thoroughly rinsed with
a buffer composed of (in mM): tetraethylammonium chloride, 143;
CaCl,, 2; MgCl,, 1; HEPES, 10; and glucose, 10; pH adjusted to 7.4
with tetraethylammonium hydroxide. A cell was then approached with
a fire-polished pipette containing a solution composed of (in mM): fura-
2 pentapotassium salt, 0.1; CsCl, 135; MgCl,, 1; HEPES, 10; diTris
phosphocreatinine, 14; MgATP, 3.6; and 50 units/ml creatinine phos-
phokinase; adjusted to pH 7.1 with CsOH. Current-clamp experiments
were performed with a pipette solution composed of (in mM): fura-2
pentapotassium salt, 0.1; KCl, 135; MgCl,, 1; HEPES, 10; diTris
phosphocreatinine, 14; MgATP, 3.6; and 50 units/ml creatinine phos-
phokinase; adjusted to pH to 7.1 with KOH. The solutions perfusing
cells in current-clamp conditions contained (in mM): NaCl, 138; CaCl,,
2; MgCl,, 1; KCl, 5; HEPES, 10; and glucose, 10; adjusted to pH 7.4
with NaOH. Action potentials were evoked by brief current pulses.
Background fluorescence was recorded after formation of a gigaseal but
before breaking into the cell, thus accounting for fluorescence contrib-
uted by the fura-2 in the pipette. Because the pipette approached the
cell from above, the objective was focused below the pipette near the
middle of the cell to minimize the pipette fluorescence. Fluorescent
recordings were made from the cell soma alone. Full diffusion of the
fura-2 into the cell occurs over a period of 1-3 min. Currents recorded
by a Yale Mark V amplifier with a 1-GQ feedback resistor were filtered
by an eight-pole low-pass Bessel filter with a cutoff frequency of 200
Hz and were stored on a computer used for the fluorescence data
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Fig. 2. Response of a representative field of cultured DRG celis to 50 mm KCl, 1 um BK, and 10 um capsaicin and the measurement of increases in
[Ca®™), with fura-2/AM-based digital microfiuorimetry. The time points representing the images B-F are also shown in Fig. 3. A, Phase contrast
image of the DRG cells; B, basal [Ca®}, in these celis; C, ~85% of the celis challenged with 50 mm KCi solutions for 10 sec responded with an
increase in [Ca®*}; D and E, effect of perfusion with BK (1 um) for 15 sec on [Ca®*}; F, responses to capsaicin (10 um) perfusion for 10 sec.
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Fig. 3. Time course of two cells illustrated in Fig. 2 that responded to 1
um BK as shown in Fig. 2, and to the appilication of 50 mm KCl and 10
um capsaicin (CAP). @, Cell labeled 7 in Fig. 2B; A, time course of cell
labeled 2 in the same figure.
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Fig. 4. Number of cells responding to capsaicin (10 um) (CAP) and
various concentrations of BK in Ca®*-free solutions with an increase in
[Ca?®*). Numbers in parenthesis above each column, number of cells in
which the increases in [Ca®*), were observed. The values have been
normalized to 50 mm KCl-sensitive cells (approximately 95% of cells
present). The criterion for responding cells was an observed 50% in-
crease in basal [Ca®*].

% Cells Responding

acquisition. Linear leak corrections were performed by averaging 16
10-mV hyperpolarizing pulses from the holding potential. The DC
component of the averaged leak current was then modelled so as to
increase the signal to noise ratio. Digital summation of this leak
template after appropriate scaling with the current obtained during
depolarizing test pulses provided the leak correction. Series resistance
compensation of approximately 40% was possible with the uncompen-
sated portion of the series resistance ranged between 1.8 and 3 MQ
Peak Ic, and Ip, values rarely exceeded 1.5 or 2.5 nA, respectively,
giving approximate maximum voltage errors of 4.5 and 7.5 mV. Cells
were discarded when the steady leakage current at the holding potential
was greater than 6% of the peak inward current. All experiments were
performed at room temperature.

Data analysis. In the presence of potassium channel-blocking
medium and in the absence of [Ca®']; chelators in the patch pipette,
Ic.’s are observed to decline, particularly for high stimulus intensities
that produce larger loads of [Ca®]; (see Fig. 6C). In order to account
for the rate of rundown as a factor in calculating the inhibition of the
[Ca®); and the current parameters, the peak Ic,, the integral of the Ic,,
and the net [Ca**}; rise were plotted as a function of time for at least

three sweeps before addition of BK. This time course was then plotted
as a linear function and the decline was extrapolated to the point at
which maximum effects of BK were observed. The expected magnitudes
of the parameters shown were then used to calculate the inhibition
produced.

Materials. All reagents were of Analar grade. Fura-2 pentapotas-
sium salt was obtained from Molecular Probes Inc. (Eugene, OR). BK
and other agents were obtained from Sigma Chemical Co.

BK-induced Ca®* mobilization. BK has been shown to
stimulate inositol trisphosphate production in cultures of rat
DRG neurons (19). This results in Ca®* mobilization from
intracellular stores. Fig. 1 shows a typical time course for the
response of a single DRG cell to a 50 mM KCl-evoked depolar-
ization in the presence of 2 mMm extracellular Ca?*, as deter-
mined by digital imaging of fura-2/AM-loaded cells. The ma-
jority of cells examined by this method were found to respond
to 50 mM KCl-induced depolarization with an increase in
[Ca®*); (see also Figs. 2, 3, and 4 for summary). As would be
anticipated, in the absence of extracellular Ca®* (with 20 uM
BAPTA added), 50 mM KCl failed to increase [Ca®*'}; (Fig. 1).
In order to unambiguously estimate the number of cells that
responded to BK by increasing [Ca’*}]; through mobilization
from intracellular stores, cells were perfused with BK in Ca**-
free solutions. From the typical time course illustrated in Fig.
1, it may be seen that in some cells BK clearly produced an
increase in [Ca®*]; in the absence of extracellular Ca**. Recov-
ery of the increase in [Ca®']; was complete for all cells that
responded. Further effects of BK on [Ca®*]; may also be seen
in the color images presented in Fig. 2. The response to 50 mM
KCl was observed in >95% of DRG cells (Figs. 1-4). However,
in Ca?*-free solutions BK (1 uM) increased [Ca®*]; in markedly
fewer cells. Fig. 2 also illustrates that a number of cells in these
cultures responded to superfusion with 10 uM capsaicin by an
increase in [Ca®*];. Capsaicin has been shown to selectively
stimulate sensory nociceptive neurons through the formation
of a channel that is highly permeable to both Na* and Ca?*
(20). Fig. 3 shows the time course of the responses to 50 mMm
KCl, BK (1 uM), and capsaicin (10 uM) in two cells identified
in Fig. 2. Fig. 4 summarizes data collected from several DRG
cell cultures and provides a dose-response curve for BK-induced
Ca?* mobilization. The data are expressed as percentage of cells
responding to KCl-dependent depolarization. The results dem-
onstrate that capsaicin (10 uM) produced an increase
in [Ca®*]; in approximately 65% of the DRG cells in culture.
Of those cells that responded to BK (100 nM) (approximately
10-15% of the total cells present), 85% were also capsaicin
sensitive (86% for 1 uM BK).

BK effects on Ca®* currents. BK has been previously
shown to inhibit the Ic, in DRG cells, using EGTA as an
intracellular Ca?* chelator and Ca®* as the charge carrier (5).
Fig. 5A, upper illustrates an example of the inhibition of the
Ic. by BK (100 nM), using extracellular Ba®>* as the charge
carrier and buffering of [Ca**]; with 20 mM BAPTA. The first
application of BK (100 nM for 30 sec) produced a 20% inhibition
of the Ig,. The degree of recovery from the effects of BK in this
particular cell was almost complete, although if the duration of
perfusion was increased to 2 min the degree of recovery was
slower and reduced. The mean BK-dependent inhibition of the
Ig. for a 2-min application was 24 + 6% for the 7 of the 11 cells
tested that responded. The mean recovery for these 7 cells was
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Fig. 5. A, Upper, time course of the effect of BK on the lg,, using 2 mm Ba®* as the charge carrier, in the presence of 20 mm BAPTA in the patch
pipette. BK (100 nm) was applied by superfusion for either 30 sec or 2 min. Lower, the effect of capsaicin (10 xm) was examined on the DRG cell
shown in upper and the capsaicin-dependent increase in the holding current (/h) that occurs is shown. B, Upper, current-voltage relationship for the
effect of BK (100 nm) on the la,, measured in the presence of 20 mm BAPTA in the patch pipette. The traces show the current-voltage relationship
from a hoiding potential of —80 mV in the absence (O) and presence (®) of BK (100 nm) and following washout of the peptide for 2 min (A). Lower,
individual current records, in the absence and presence of BK (100 nm), plotted in upper. T.P., test potential; H.P., holding potential.

66 + 6%. Fig. 5A, lower shows that this cell also responded to
capsaicin, as indicated by an increase in the holding current
that results from an increase in the membrane conductance
previously described (21). Fig. 6B shows the current-voltage
relationship for the effect of BK on the Is,, demonstrating that
there appeared to be no apparent change in the voltage de-
pendence for activation of the I, over the voltage range ex-
amined. Because BK inhibited the I, (5) or Ig, in many more
DRG neurons than in which it mobilized Ca?* from intracellular
stores (Fig. 4 and see below) and even produced these effects
when [Ca?*]; was buffered with EGTA (5) or 20 mM BAPTA
(see above), it is clear that in the majority of cases BK inhibi-
tion of the I, is not the result of BK-induced Ca** mobilization
but represents a separate process.

Combined voltage-clamp/[Ca**]; measurements. We
further investigated the relationship between the effect of BK
on the I, and [Ca**]; by simultaneously monitoring the Ic, and
[Ca®*]); in single DRG cells under voltage-clamp conditions.
Depolarizing voltage clamp steps of varying durations (10-640
msec) from a holding potential of —80 mV to a test potential
of 0 mV were applied to DRG neurons, as shown in Fig. 6A.
Fig. 6A, upper trace illustrates the resulting rise in [Ca®*}; and
the lower trace, the associated Ic,. In the cell illustrated, the
[Ca®*]; increased from a basal level of 100 nM to a peak of 700
nM during the 640-msec depolarizing pulse. The mean basal
[Ca?*]; for the DRG neurons examined in this series of experi-
ments was 131 £ 7 nM (n = 102 cells). Several features of the

[Ca?*]; transients were apparent. (a) Longer test pulse dura-
tions resulted in [Ca®*]; transients of increasing amplitude.
However, for the longest test pulse durations the increase in
[Ca®*]; produced was no longer proportional to the integral of
the I¢,. (b) The rise in [Ca?*]; was buffered slowly following
depolarization but not during the depolarizing step. The return
to basal [Ca?*]; took approximately 20-30 sec.

The effect of voltage steps of increased duration is illustrated
in Fig. 6B, where the test pulse duration and the concomitant
rise in the [Ca?*]; are plotted. The figure shows that the rise in
[Ca**]; reached an asymptote at long test pulse durations.
Because inactivation of the Ic, occurs in these cells during the
depolarizing step, the integral of the I, was also plotted against
the net [Ca?*}; (Fig. 6C). The resulting curve is comparable to
that shown for the increase in [Ca®*); for given test pulse
durations (Fig. 6B). For values of test pulse durations up to 160
msec, the relationship between either the integral of the I, or
the test pulse duration and [Ca**); was essentially linear. Hence,
it appears that, when a larger Ca** load is imposed on the DRG
cell, it is more effectively buffered than a smaller load. This is
consistent with the increased buffering capacity at higher
[Ca?*]; that we have previously observed in DRG cells (22) and
that has also been observed in molluscan neurons (23) and in
smooth muscle cells (24). Experiments were also performed in
order to establish whether the peak [Ca?*]; values attained on
formation of the asymptote could be readily exceeded. Fig. 6D,
upper illustrates a cell in which the asymptote was reached at
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Fig. 6. A, Increase in the ampiitude of the
[Ca**) transient in a rat DRG cell in response
to step depolarizations from a hoiding poten-
tial of —80 mV to a test potential of 0 mV for
durations that vary between 10 and 640
L msec, using the whole-cell voitage clamp
technique and simuitaneous measurement of
fura-2 (100 um) fluorescent intensities of 340-
and 380-nm excitation and 510-nm emission.
B, Relationship between the net [Ca?*}, (peak
minus basal [Ca**}) and test puise duration
obtained from A. C, Relationship between
the net [Ca**}, and the total Ca** influx (pC,
integral of the inward current during the test

pulse) obtained from A. Recordings were
made at 40-sec intervals. D, Upper, relation-
ship between Ca®* influx and [Ca®*] (peak
value) in a single DRG cell, produced by
depolarization of the cell from —80 mV to 0
mV for various durations (range, 40 to 1280
msec). An asymptote, as illustrated in B, was
reached on increasing Ca®* influx. A, [Ca®*)
value slightly above this asymptote. The cell
shown was then perfused with solutions con-
taining ionomycin (1 um) and CCCP (10 uM)
as denoted by the horizontal bars and shown
in lower. Lower, time course of the basal
[Ca**}, during (- - -) and folowing formation
of the asymptote shown in upper. The level
at which the asymptote was reached is de-
noted by A, as in upper. Fi perfusion
with ionomycin (1 um) and CCCP (10 uwm), the
[Ca**}, increased to > 1 um within 8 min.
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a [Ca?*]; value of 500 nM. Following the formation of this
asymptote, the same cell was superfused with solutions con-
taining the calcium ionophore ionomycin (1 uM) and the mi-
tochondrial uncoupling agent CCCP (10 uM) (Fig. 6D, lower).
CCCP has previously been shown to disrupt mitochondrial
sequestration of [Ca®*]; in DRG cells (22). Under these condi-
tions the [Ca?*); exceeded a value of 1 uM within 8 min of
superfusion with these agents. This demonstrates that the

formation of the asymptote was not due to saturation of the
fura-2 signal.

The BK-induced rise in basal [Ca?*); observed in the fura-2/
AM imaging experiments was also observed in cells using
combined patch-clamp/fura-2-based microfluorimetry. Sixteen
cells responded in this way of 102 tested (data not shown). The
mean BK-dependent increase in [Ca®*]; in the responding cells
was from 146 + 37 to 271 + 52 nM (for these voltage-clamp
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Fig. 7. A, Effect of BK (100 nm) on the magnitude of the net [Ca**],
transient (A) in a rat DRG cell in response to step depolarizations from
a holding potential of —80 mV to a test potential of 0 mV, for a duration
of 80 msec, and on the I, (@), as measured simuitaneously using
combined patch-clamp microfiuorimetry. B, Individual records of [Ca®*],
transients and I, from A at time points (/ and (i/). C, Time-dependent
deciine in the amplitude of the peak [Ca**}, transient (®) and ¢, (A) that
results from step depolarizations from a hoiding potential of —80 mV to
a test potential of 0 mV for 80- or 640-msec duration. The basal [Ca®*},
is aiso shown (O). To account for the rate of rundown as a factor in
caiculating the inhibition of the [Ca**} and the current parameters, the
peek lc, and the net [Ca®} rise were plotted as a function of time for at
least three sweeps before the addition of BK (100 nm). This time course
was then plotted as a linear function and the decline was extrapolated
to the point at which maximum effects of BK were observed to occur
within 3 min of perfusion. The expected magnitudes of the parameters
shown were then used to caiculate the inhibition produced.

studies the cell was considered as responding if the [Ca®*);
increased by at least 50%). BK also reduced the Ic, in 54 of 79
cells examined under simultaneous patch-clamp/fura-2-based
microfluorimetric conditions. Thus, in most neurons BK re-
duced the I, without producing an increase in the basal
[Ca®**];. Together with the other data presented above, we
believe that this suggests that the two effects are not necessarily
causally related.
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Fig. 8. Dose-response curves for the BK-induced inhibition of the Ic, (O)
and the accompanying rise in [Ca®*} (®) in single rat DRG celis (see
legend to Fig. 7C and Materials and Methods for method of analysis).
Numbers in parenthesis, number of cells in which an effect of BK at a
particular concentration was observed; vertical bars, standard error for
these observations.

The mean inhibition of the Ic, by BK (100 nM) was 31 + 4%
(n = 38 cells). Fig. 7, A and B, illustrates a cell in which the I¢,
and the [Ca®*); resulting from the depolarizing step from —80
mV to 0 mV were both reduced. Recovery of the BK effects on
the Ic, was >75% in only 40% of cells examined under these
recording conditions (25-50% recovery in 40% of cells and less
than 25% recovery in 20% of cells was observed). Repeated
application of BK also resulted in a considerably reduced
response, indicating a certain degree of desensitization (data
not shown).

In order to quantify the effects of BK on both the I, and
[Ca®*]; in single DRG cells under voltage-clamp conditions, it
was necessary to account for the time-dependent rundown of
the Ic, and [Ca®*); by linear extrapolation from prestimulated
control values. Such rundown is a common problem associated
with recording in the presence of K* channel-blocking agents
and when the [Ca®*); is unbuffered, as is illustrated in Fig. 7C
(for details of data analysis, see Materials and Methods).

In a number of cells the effects of both BK and capsaicin
were examined. We have shown elsewhere that capsaicin pro-
duces a change in holding current, inhibition of the Ic, and an
increase in [Ca®*); (21) (Fig. 5A, lower). Of six cells tested with
both agents under voltage-clamp conditions, capsaicin (10 uM)
produced a change in the aforementioned parameters in five
cells. In four of the five cells that responded to capsaicin, BK
produced a decrease in the Ic, in the absence of a detectable
change in [Ca®*).. These results indicate that the inhibitory
effect of BK on the I, frequently occurs in capsaicin-sensitive
DRG cells, which are thought to represent nociceptive neurons.

The effects of BK on both the Ic, and the accompanying
[Ca**]); were concentration dependent. Fig. 8 shows the rela-
tionship between the concentration of BK and the inhibition
of these parameters, yielding an IC,, value of approximately 20
nM in both cases. This appears to be somewhat lower than that
for BK-induced Ca** mobilization (Fig. 4).

We investigated the relationship between the inhibitory ef-
fect of BK on the Ic, and its effects on [Ca®?*); transients
produced by depolarizing voltage steps of different durations.
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Fig. 9A illustrates a DRG cell that was depolarized from a —80-
mV holding potential to 0-mV test potential for 160 msec at
40-sec intervals, in which the Ic, and rise in [Ca®']; were
recorded. On application of a solution containing BK (100 nM),
both the I, and the amplitude of the corresponding increase
in [Ca®*]; were reduced. The individual records for the time
points marked in Fig. 9A are shown in Fig. 9B, illustrating a
marked inhibition of both the I, and the amplitude of the
[Ca®*); transient. Results for a different cell, where the test
pulse duration was 640 msec, are shown in Fig. 9, C and D. In
Fig. 9C it can be seen that BK produced a marked inhibition
of the Ic, in this cell as well. However, there was no significant
inhibition of the amplitude of the corresponding rise in
[Ca**],. Fig. 9D shows individual records of the time points
indicated in Fig. 9C. Combined results from several similar
experiments are plotted in Fig. 10. Although the test pulse
durations at which the asymptotic portion of any curve was
reached and the magnitude of the inhibitory response to BK
varied somewhat from cell to cell, it is clear from Fig. 10, upper,
that there was a differential effect of BK on the net increase
in [Ca?*],, which was dependent upon the duration of depolar-
ization and, consequently, the level of [Ca**); reached. Fig. 10,
middle and lower show the inhibition of the peak I, and the
integral of the Ic,, respectively, for the data plotted in Fig. 10,
upper, demonstrating that BK inhibited both parameters by a
similar amount for any given test pulse duration.

Effect of BK on [Ca**]s during current-clamp record-
ings. The [Ca®*], asymptote observed during the voltage-clamp
experiments was also observed when action potentials were

zeoo
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elicited in DRG cells by brief current injections for cells in
whole-cell current clamp. The resting membrane potential of
the DRG cells examined ranged between —50 and —60 mV. In
these experiments, the membrane potential was adjusted to
approximately —60 mV by current injection. Firing of one
action potential produced a small but long lasting increase in
[Ca®*];. Several action potentials fired in succession produced
a stepwise increase in [Ca®']); (Fig. 11A). In an analogous
fashion to the effect of increasing the duration of depolarizing
steps under voltage clamp, we found that, when the number of
action potentials in a given train was increased, the resulting
increase in [Ca’*]; reached an asymptote (Fig. 11B). This effect
was variable from cell to cell, with the asymptote being obtained
for between 15 and 50 action potentials in a train. BK (100
nM) transiently depolarized ~62% (n = 15) of the cells exam-
ined from a mean adjusted membrane potential of —60.7 + 1.3
mV to —52.8 + 2.2 mV (n = 15 of the 24 cells examined). This
BK-induced depolarization was rapidly reversed upon washout
of the peptide. BK also inhibited the rise in [Ca**}; resulting
from the repetitive firing of action potentials. The effect of BK
(100 nM) on the [Ca**]; response produced by a train of action
potentials can be seen in Fig. 12. A train of action potentials
was evoked every 40 sec and the rise in [Ca®**]; was recorded.
After perfusion of the cell for 2 min with BK (100 nM), there
was a significant reduction in the peak rise in [Ca?*}. This
effect of BK was also observed in ~60% of the cells examined
under current-clamp conditions (15 of 24 cells). Fig. 13 illus-
trates an experiment in which the effects of BK (100 nM) on
the rise in [Ca?); produced in a DRG cell by short and long
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Fig. 10. Data from several DRG celis showing the percentage of inhibition
of the maximum net increase in [Ca®™*}, (upper), inhibition of the peak Ic,
(middie), and inhibition of the integral of the I, (fower) for different test
puise durations by 100 nm BK. (To account for the rate of rundown as a
factor in calculating the inhibition of the [Ca?*}, and the current parame-
ters, see legend to Fig. 7C). Numbers in parenthesis, the number of
observations for each puise duration; vertica/ bars, standard error of
these observations.

trains of action potentials were examined. It can be seen that
the inhibition of the [Ca®');, transient associated with the
shorter train (10 action potentials) (Fig. 13B) was larger than
for the longer train (40 action potentials) (Fig. 13). For between
5 and 15 action potentials fired, the mean maximal inhibition
of the amplitude of the [Ca?*]; transient produced by BK was
42.4 + 4.7% (10 observations from seven cells). For between 30
and 35 action potentials fired in the same set of cells in which
these BK effects were observed, the mean inhibition of the
[Ca®*]; signal was 17.2 * 5.6% (seven observations from seven
cells). In all of these cells at least partial recovery from the
effects of BK was observed, as illustrated in Fig. 12. However,
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Fig. 11. A, Simuitaneous current-clamp and [Ca?*}, recordings from a
DRG cell. The rise in [Ca®*} was due to action potentials elicited by
repeated injections of 890 pA of current for 4 msec. Traces 1-5, 2, 10,
20, 30, and 40 action potentials in a train (12.5 Hz), respectively, with
40 sec between each series of current injections from the same cell. B,
Asymptote in [Ca®*}, reached resuiting from action potentials evoked by
the current injection shown in A.

as with inhibition of the I., (see above and Fig. 6A), the extent
of this recovery was somewhat variable from cell to cell, at least
during the time course of the experiment.

Because the BK-induced depolarization was fairly slow in
onset, it was possible to maintain the membrane potential at
its initial value by adjustment of the injected current between
successive sweeps. Following this protocol, BK still differen-
tially modulated [Ca*']; signals in response to short action
potential trains when the membrane potential was maintained
at approximately —60 mV.

Although it is well established that BK excites some popu-
lations of sensory neurons, the mechanism by which this occurs
is unclear (2, 3). We have demonstrated that BK reduces the
depolarization-activated influx of Ca®** into DRG cells. These
effects of BK seem to frequently occur in capsaicin-sensitive
cells, which are probably sensory nociceptors. In addition, BK
mobilizes Ca’* from intracellular stores in a subpopulation of
neurons. We propose that BK inhibition of depolarization-
induced Ca®* influx may make a contribution to BK-induced
excitation of these cells.
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Fig. 12. A, Current-clamp studies of DRG celis showing the BK (100
nm)-dependent depolarization and inhibition of the rise in [Ca**}, associ-
ated with the firing of 10 action potentials (6.25 Hz) (l, peak; @, basal).
In this exampie the cell membrane potential was readjusted to —65 mV
before measurement of the first time point. Upper, BK-dependent depo-
larization (CJ). B, Lower, action potentials for the sweeps indicated in the
main panel and the [Ca®*}, transient for these sweeps. In this particular
cell there was a slow afterhyperpolarization (observed in 35% of cells),
which was reduced upon addition of BK. Current injection was 550 pA
for 32 msec to elicit the action potentials. Vertical scale, 20 mV; Horizon-
tal scale, 500 msec. (i), 10 action potentials fired in the absence, and (/i),
in the presence, of 100 nm BK. Horizontal bar, perfusion with BK (100
nm). The firing frequency was 12.5 Hz.

(ii)
®

Several actions of BK have been previously identified that
have also been proposed to contribute to its excitatory actions.
These include the depolarizing effect of the peptide (7), which
we have also observed in the present series of experiments.
Rang and Ritchie (8) have demonstrated that BK-induced
depolarization of adult DRG neurons in vitro is a Na*-depend-
ent effect and may be mediated by activation of protein kinase
C. Although it is clear that such depolarization will contribute
to BK-induced excitation, there are other important factors

(B)

P

3’ ) 3

27 . mﬁg‘@m

o §l

Fig. 13. A, Effect of BK (100 nm) on 40 action potentials fired, showing
nosigmﬁcantreducﬁonhpeak[Ca”].producedbyBK The firing
frequency was 12.5 Hz. Note the converging [Ca**}, signals for increasing
numbers of action potentials in the train. B, In the same cell as A
individual sweeps of 10 action potentials fired in the absence [(7)] or
presence [(2)] of 100 nm BK, and the recovery [(3)] following removal of
the peptide. In the cell shown the current injected was 700 pA for 8
msec.

that normally control the excitability of these neurons and that
must be considered. For example, it has been shown that the
excitability of some sensory neurons is regulated by at least
two Ca?*-activated K* conductances (fast and slow) (25, 26).
In some cells, the slow Ik, appears to play a particularly
important role. Weinreich (4) has shown that BK is capable of
inhibiting this slow Ixc.). Weinreich and colleagues (4, 27) have
proposed that this occurs via release of arachidonic acid, the
generation of prostaglandin E,, and subsequent stimulation of
neuronal cAMP production. Our results suggest a similar effect
of BK, although the mechanism is somewhat different. Thus,
inhibition of the depolarization-induced Ca** influx by BK
would also lead to a reduction in the Ik, It is possible that
this effect is mediated by a BK-induced activation of phospho-
lipase A,, although our studies have not investigated this point.
One complicating issue that must be considered is that DRG
cell cultures are clearly heterogeneous by several criteria, e.g.,
morphological neurochemical, and electrophysiological (9, 11,
12). It is clear even at this point that BK does not produce all
of its diverse molecular effects in every cell. For example, in
the present studies BK inhibited the Ic, in 65% of cells but
mobilized intracellular Ca®* stores in only 20% of cells. From
these and other observations reported here, it is clear that the
BK-induced block of the Ic, is not secondary to a BK-induced
increase in [Ca®'); but is a separate GTP-binding protein-
mediated event (5).

It should be noted that BK is only one of a number of agents
that block voltage-sensitive Ca?* channels in DRG neurons.
Other agents in this category include NPY (28), GABA-B
agonists (29), a.-noradrenergic agonists (30), and opioids (31).
In all these cases the effect of such agents in situ is to inhibit
synaptic transmission from sensory afferent fibers in the spinal
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cord (1, 28, 32, 33). This may appear anomalous, in view of the
suggestion made above that the BK-induced inhibition of Ca**
channels and [Ca®); transients in DRG cells may contribute
to the BK-induced excitation of these neurons and increased
synaptic transmission. However, a solution to this apparent
anomaly is evident from a consideration of the site of action of
these various agents. Normally, the different inhibitory neu-
rotransmitters mentioned have access to presynaptic sites of
action within the spinal cord (1). Inhibition of Ca** channels
at these sites will block the depolarization-induced [Ca**);
transient in the nerve terminal and result in a reduced neuro-
transmitter release. BK, on the other hand, does not have
access to such presynaptic receptors in the spinal cord, because
it exists predominantly in the periphery. BK is produced in
response to injury at peripheral sites and does not cross the
blood/brain barrier and enter the spinal cord. The action of
BK on the peripheral terminals of sensory neurons would have
the following effect. Inhibition of the depolarization-induced
rise in [Ca®*); would reduce the normal inhibitory effect of
Ixcce)- In addition, BK-induced depolarization would help to
trigger the initiation of action potentials. The result is that
increased numbers of spikes would propagate into the spinal
cord and synaptic transmission would be increased. Thus,
although BK and opiates, for example, both inhibit Ca®** chan-
nels in sensory neurons, they produce precisely the opposite
effects under normal conditions because they act at quite
different points. Moreover, BK also has the ability to depolarize
these neurons, which the other inhibitory substances alluded
to do not. One prediction of this model is that, if BK was
actually infused into the spinal cord and would, therefore, have
access to presynaptic receptors, it might actually appear to be
inhibitory. This is in fact exactly what happens (34, 35).

Although, as discussed above, BK does not normally produce
presynaptic inhibition in DRG neurons in vivo, the way in
which it modulates the depolarization-induced [Ca®*}; transient
does have important implications for those agents, such as
opiates, NPY, a;-adrenergic agonists, and GABA-B agonists,
that do. As we demonstrate, the [Ca**}; transients in these cells
produced by voltage steps or action potentials tend to an
asymptote with application of longer voltage steps or spike
trains (see also Ref. 36). The result is that the precise effect of
BK on the [Ca®*]; transient depends on the activation state of
the cell. When the cell is strongly activated, the effect of BK
on the amplitude of the [Ca®*); transient may be small or even
absent. Presynaptic modulation of neurotransmitter release can
probably be produced by a variety of mechanisms, including
activation of GABA-A receptor-linked Cl~ channels. However,
activation of some inhibitory presynaptic receptors (e.g., NPY,
ag-adrenergic, GABA-B, and opioid) seems to be linked to the
inhibition of neuronal Ca** channels, as discussed above, and
also the activation of K* conductances (37-39). In these in-
stances, the inhibitory effects of neurotransmitters or drugs on
synaptic transmission can inevitably be overcome by increasing
the activation state of the cell (37-43). It has, in fact, been
suggested that this is due to the “saturation of the [Ca®*)
receptor” at high activation rates (40). Clearly, the results of
our studies lend support to such a mechanism.
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