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Abstract
Neurokinins (NK) released from terminals of dorsal root ganglion (DRG) neurons may control firing
of these neurons by an autofeedback mechanism. In this study we used patch clamp recording
techniques to determine if NKs alter excitability of rat L4-S3 DRG neurons by modulating K+

currents. In capsaicin (CAPS)-responsive phasic neurons substance P (SP) lowered action potential
(AP) threshold and increased the number of APs elicited by depolarizing current pulses. SP and a
selective NK2 agonist, [βAla8]-neurokinin A (4–10) also inhibited low threshold inactivating K+

currents isolated by blocking non-inactivating currents with a combination of high TEA, (−)
verapamil and nifedipine. Currents recorded under these conditions were heteropodatoxin-sensitive
(Kv4 blocker) and α-dendrotoxin insensitive (Kv1.1 and Kv1.2 blocker). SP and NKA elicited a >10
mV positive shift of the voltage dependence of activation of the low threshold currents. This effect
was absent in CAPS-unresponsive neurons. The effect of SP or NKA on K+ currents in CAPS-
responsive phasic neurons was fully reversed by an NK2 receptor antagonist (MEN10376) but only
partially reversed by a PKC inhibitor (bisindolylmaleimide). An NK1 selective agonist ([Sar9,
Met11]-substance P) or direct activation of PKC with phorbol 12,13-dibutyrate, did not change firing
in CAPS-responsive neurons, but did inhibit various types of K+ currents that activated over a wide
range of voltages. These data suggest that the excitability of CAPS-responsive phasic afferent
neurons is increased by activation of NK2 receptors and that this is due in part to inhibition and a
positive voltage shift in the activation of heteropodatoxin-sensitive Kv4 channels.
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INTRODUCTION
Dorsal root ganglion (DRG) neurons are a heterogeneous population of cells (Rush, et al.,
2007, Waxman, et al., 2002, Wood, et al., 2002) that respond to temperature changes and/or a
variety of chemical and mechanical stimuli (Averbeck, et al., 2000, Gschossmann, et al.,
2000). A subpopulation of small and medium diameter (Liu, et al., 2006, Rau, et al., 2006)
capsaicin (CAPS)-sensitive DRG neurons that are thought to have a nociceptive function
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(Besson, 1999) synthesize and release substance P (SP) and neurokinin A (NKA, (Hökfelt, et
al., 2001, Hökfelt, et al., 1982)). They also express all three subtypes of neurokinin receptors
(Brechenmacher, et al., 1998) and exhibit excitatory responses to exogenous SP (Abdulla, et
al., 2001, Maggi, 1997, Nakamura-Craig and Gill, 1991, Sculptoreanu and de Groat, 2007,
Yamane, et al., 2007). These observations have raised the possibility that neurokinins may act
in an autofeedback manner to regulate afferent terminal excitability (Morrison, et al., 1999,
Sculptoreanu and de Groat, 2003, Sculptoreanu, et al., 2004).

Previous studies revealed that SP and NKA elicit various excitatory effects in CAPS-responsive
(CR) DRG neurons, including: (1) increase in Ca2+ currents (Sculptoreanu and de Groat,
2003); (2) enhancement of CAPS-evoked TRPV1 currents (Sculptoreanu, et al., 2008); (3)
decrease in the threshold for action potential (AP) generation (Sculptoreanu and de Groat,
2007) and (4) an increase in the number of APs triggered by long duration depolarizing current
pulses (600 ms, (Sculptoreanu and de Groat, 2007)). The effects of SP on firing are mimicked
by K+ channel blocking agents 4-amino-pyridine (4-AP) and heteropodatoxin II (HPTx,
(Sculptoreanu and de Groat, 2007)), and are suppressed by KW-7158 (Sculptoreanu, et al.,
2004), an agent that enhances the opening of K+ channels. These findings led to the proposal
that part of the excitatory effect of neurokinins on DRG neurons is attributable to a suppression
of K+ channels (Sculptoreanu and de Groat, 2007).

In phasic CR neurons, a broad spectrum PKC inhibitor, bisindolylmaleimide I HCl (BIM,
0.5µM), only partially reversed the effect of SP on firing (Sculptoreanu and de Groat, 2007).
In addition, PDBu, a PKC activator, did not significantly change phasic firing in CR DRG
neurons and had an inhibitory action on firing in tonic CR neurons. These data suggested that
the change in firing induced by SP and NKA was caused by activation of an intracellular
signaling mechanism distinct from activation of phospholipase C and protein kinase C
(Sculptoreanu and de Groat, 2007).

In the present experiments whole cell patch clamp techniques in dissociated lumbosacral DRG
neurons from adult rats were used to examine the mechanisms that might underlie the
neurokinin-induced effects on firing and, in particular, the types of K+ channels modulated by
neurokinin receptor activation.

METHODS
Experimental animals

Experiments were performed in DRG neurons from adult male Sprague Dawley rats (100–
250g; Harlan, Indianapolis, Indiana USA). Care and handling of the animals was in accordance
with the University of Pittsburgh Institutional Animal Care and Use Committee.

Preparation of dissociated neurons
Neurons were isolated from L4-S3 DRG of adult rats using methods previously described
(Sculptoreanu and de Groat, 2003). Briefly, freshly dissected ganglia were minced and washed
in cold, oxygenated DMEM (Sigma). This was followed by a brief, 10 min dissociation at 37°
C in DMEM containing 0.5 mg/ml trypsin (Sigma). At the end of this step, DMEM containing
1 mg/ml collagenase B (Boehringer-Mannheim) and 0.5 mg/ml trypsin inhibitor type 1S
(Sigma) was added and the dissociation was continued for another 25–60 min. During
dissociation the neurons were gently triturated with siliconized Pasteur pipettes every 20 min.
After the ganglia were dissociated into individual neurons the cell suspension was layered on
25 ml of 50% adult bovine serum (Sigma) and DMEM in centrifuge tubes and centrifuged
again at 800 rpm. This step removed most of the debris and broken cells. The pellet containing
DRG neurons was resuspended in DMEM containing 10% heat inactivated horse serum and
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5% fetal bovine serum (Sigma), and plated on collagen coated 35 mm petri dishes
(Collaborative Research, Biocoat). Neurons were plated at low density (2000–3000 per dish).
Primary cultures were kept in a 95% air, 5% CO2 incubator at 37°C.

Patch clamp techniques
Gigaohm seal whole cell recordings of CAPS currents, K+ currents and evoked APs were
recorded in DRG neurons 3–5 days in culture using patch clamp techniques. Cultures older
than 5 days in which slowly decaying capacitive responses became significant were not used.
Immediately before recording, the serum containing media was replaced with phosphate
buffered saline for AP, CAPS current and total voltage dependent current measurements or
with 60 mM TEA and Cl−-free external solution to which verapamil and nifedipine (5 µM
each) were added, for K+ current measurements. The 5 µM concentration of nifedipine has no
measurable effect on inactivating K+ currents (Zhabyeyev, et al., 2000). The phosphate buffer
solution consisted of (in mM): 138 NaCl, 2.6 KCl, 0.9 CaCl2, 0.5 MgCl2, 1.5 KH2PO4, 8.1
Na2HPO4. The pipette (intracellular) solution used to measure APs and total voltage dependent
currents contained (in mM): 120 KCl, 10 K2HPO4, 10 NaCl, 2 MgCl2, 1 EGTA, 10 HEPES,
pH adjusted to 7.4 with HCl. The Cl−-free buffer used to isolate low threshold inactivating
K+ currents consisted of (in mM): 136 CH3SO3H, 60 TEA(OH), 60 TRIS, 4 Ca(OH)2, 2 Mg
(OH)2, 10 HEPES, 4 KOH buffered to pH 7.4. In these experiments the pipette (intracellular)
solution contained (in mM): 140 KOH, 134 CH3SO3H, 2 MgCl2,2 EGTA, 10 HEPES, pH
adjusted to 7.4 with CH3SO3 H. Mg-ATP (3 mM), cAMP (0.3 mM) and tris-GTP (0.5 mM)
were added to the intracellular solutions just prior to the experiments.

The long and short axes of the neurons were measured in some experiments with an eyepiece
micrometer. In these neurons the membrane capacitance (pF) varied linearly as a function of
average cell diameter (μm). Whole cell currents were voltage clamped using an Axopatch 200A
amplifier (Axon Instruments, Foster City, California). Pulse generation, current recording and
data analysis used pClamp software (Axon Instruments). Currents were sampled at 50–500 µs
intervals, and filtered at 2 kHz. Capacitive currents and up to 80% of the series resistance were
compensated. A p/4 protocol was used to subtract uncompensated capacitive currents and leak
currents.

As described previously (Gold, et al., 1996, Sculptoreanu, et al., 2004) K+ currents in DRG
neurons can be divided into at least six categories distinguishable in terms of voltage
dependence of activation, inactivation and pharmacology. Activation curves for K+ currents
were normalized by Goldman-Hodgkin-Katz relation GHKK/GHKKmax and plotted versus test
voltages, where the GHKK was determined by the method of Clay (Clay, 2000), IK = qV/kT
[exp(q(V − EK))kT) − 1]/[exp(qV/kT) − 1], where q is the unit electric charge, k is the
Boltzmann constant, and T is absolute temperature (at room temperature kT/q is 25 mV, and
EK is 72 mV). To simplify the analysis of peak outward currents (which consisted of a mixture
of non-inactivating and inactivating currents), we assumed that these currents can be roughly
divided into low threshold (LT) and high threshold (HT) components (Gold, et al., 1996,
Sculptoreanu, et al., 2004) that when normalized can be fitted (SigmaPlot, Jandel Scientific)
with a sum of two Boltzmann curves (I = (ALT/(1 + exp(−(V − VLT(0.5))/kLT) + (AHT/(1 + exp
(−(V − VHT(0.5))/kHT) + constant; where ALT and AHT are the maximum amplitudes of the LT
and HT activation curves; V, the test pulse voltage; V0.5, half-activation voltage and k, slope
factor for each component. Since outward currents in our experiments were blocked by a
combination of TEA and 4-AP, we assume that these currents were primarily K+ currents.

Inactivation curves of two types of K+ currents, one that inactivated at more hyperpolarized
(A1) and one that inactivated at more depolarized voltages (A2), were obtained by subtracting
non-inactivating currents from total currents and were fitted with a sum of two Boltzmann
curves (I = (A1/(1 + exp((V − V1(0.5))/k2) + (A2/(1 + exp((V − V2(0.5))/k2) + constant; terms
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as defined for activation). In experiments that recorded IK in high TEA (60 mM) solution
containing verapamil and nifedipine (5µM), which suppressed a large fraction of non-
inactivating currents, the voltage dependence of activation and inactivation were fitted by two
Boltzmann equations, with the AHT (activation) and A2 inactivating components being only a
small percentage (<15%) of the total current. Data for inactivation (constant V-EK) were plotted
as IK/IK(max) versus the prepulse voltages used to generate inactivation curves.

Total outward currents (activating and non-inactivating) and firing were analyzed in the same
cells by switching from voltage clamp to current clamp recording. CAPS (0.5 µM)
responsiveness (Sculptoreanu, et al., 2008) was determined after recording control currents
and firing. APs were generated by rectangular current pulse injections 5 ms long and 50–500
pA in intensity, followed by a 100 ms interpulse at the holding potential and a second pulse,
600 ms long. In general, the sequence consisted of at least two control recordings of activation
and inactivation curves and evoked APs followed by pharmacological studies in which drugs
were tested on either total outward currents, firing, or on inactivating and non-inactivating
currents. Activation and inactivation curves and evoked APs were repeated in the presence of
drugs. The effects of drugs reached steady state within 3 min of application and were stable
throughout the duration of the experiments (15–50 min). Recording was done at room
temperature in static chambers fitted with a rapid mixing setup for addition of drugs as
described previously (Sculptoreanu, et al., 2008).

Drugs
Neurokinin agonists (substance P, [βAla8]-neurokinin A (4–10) (Calbiochem), NK3 agonist
[MePhe7]-neurokinin B (Calbiochem), NK1 selective agonist [Sar9, Met11]-substance P
(Calbiochem), NK2 antagonist (MEN 10,376, Sigma), NK3 antagonist (SB 235,375, gift from
SmithKline Beecham) and the Kv4 channel blocker HPTx (Alomone Labs) were prepared in
external solutions. Nifedipine and (−) verapamil, 4-AP and TEA were obtained from Sigma.
Capsaicin (Calbiochem), phorbol 12, 13-dibutyrate (Research Biochemicals), and the PKC
inhibitor bisindolylmaleimide I HCl (Calbiochem) were dissolved in DMSO (100 mM) and
used at less than 0.01% of their stock concentration. At these dilutions, DMSO alone had no
effect on currents or firing. Stock solutions (10–100 mM) were stored at −20°C and diluted in
the external recording solution just before experiments. Extracellularly applied drugs were
pipetted from stock solutions at 50 times the final concentration and rapidly mixed in the
recording chamber to give, after dilution the stated concentrations. With this technique, effects
of drugs such as TTX (Yamane, et al., 2007) or capsaicin (Sculptoreanu, et al., 2008, Srinivasan,
et al., 2008) reached steady state within seconds of drug application. Steady state effects of
each drug concentration were measured for at least 2–3 min before changing the drug
concentration or adding a new drug.

Data analysis
Results are reported as mean ± SEM. Statistical testing was carried out using a stepwise
procedure depending upon the number of groups being compared. When only two means were
involved in a comparison, a two-tailed t-test with unequal variances was used. A comparison
was considered statistically significant if P<0.05. When more than two means were involved,
a one-way analysis of variance was first carried out in order to obtain a global test of the null
hypothesis. If the global P-value for the test of the null hypothesis was <0.05, we carried out
post-hoc comparisons between the different groups using the Holm-Sidak Test (Glantz,
2005).
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RESULTS
Properties of phasic and tonic neurons

Data presented in this paper were obtained in part from neurons that were used in earlier studies
to measure effects of neurokinins on firing (Sculptoreanu and de Groat, 2007) and CAPS-
evoked currents (Sculptoreanu, et al., 2008). The cultured lumbo-sacral DRG neurons ranged
in size from 18–50 µm diameter (average of long and short axes) and had capacitances of 20–
90 pF. The neurons could be subgrouped based on firing patterns (phasic and tonic) and CAPS
responsiveness (Sculptoreanu and de Groat, 2007). In response to depolarizing current
injections 600 ms in duration at 0.45 nA stimulus intensity, which produced the maximum
firing, tonic neurons (n = 24) fired 5–12 APs (APs, 10.4 ± 1.2 APs/600ms). Phasic neurons (n
= 106, Fig. 1A and B) were smaller (44 ± 2 pF) than tonic neurons (70 ± 8 pF) and
characteristically fired at most 4 APs (mean, 1.5 ± 0.3/600 ms, at 0.45 nA) in response to
depolarizing current injections 600 ms in duration, but were otherwise comparable to tonic
neurons with respect to resting potentials and membrane resistances. Capsaicin applied in a
concentration (0.5 µM, Fig. 1 C) that is near the EC50 of the concentration response curve,
induced inward currents (0.05–5.00 nA) in 62 of 106 phasic neurons and 19 of 24 tonic neurons.

Effect of neurokinins on firing in capsaicin responsive (CR) and unresponsive (CU) DRG
neurons

In CR phasic neurons, application of neurokinins (substance P, SP, n = 30, or [βAla8]-
neurokinin A (4–10), NKA, n = 19, not shown) lowered the threshold for inducing an AP and
increased firing (Fig 1 D), an effect that is similar to that of HPTx (0.05 µM, Fig. 1 E). The
effect of SP on the AP threshold and AP number generated by long duration 600 ms current
pulses was restricted to CR neurons whether they were phasic or tonic. SP (0.5 µM) increased
the firing 318% and 94%, in 13 phasic CR neurons and 6 tonic neurons respectively, and
lowered the thresholds for firing by 12 mV in phasic CR neurons and 6 mV in tonic CR neurons
(Table 1). On the other hand, in phasic or tonic CU neurons SP did not change AP number or
the threshold for firing (Table 1).

Pharmacological characterization of low threshold and high threshold total K+ currents and
inactivating and non-inactivating K+ currents in DRG neurons

By using normal intracellular and extracellular solutions we were able to study cell firing under
current clamp conditions and currents under voltage clamp conditions (Fig. 1 F–H). We
presume that depolarization-evoked outward currents represent voltage gated K+ currents
because they were inhibited by a combination of TEA and 4-AP (Fig. 2 A and B). Thus, these
currents will be termed K+ currents throughout the paper. In the first series of experiments the
protocol used to isolate different types of voltage dependent K+ currents and to examine the
effects of pharmacological agents consisted of a test pulse to +60 mV from a holding potential
of −80 mV to generate total inactivating and non-inactivating currents, followed by a brief 50
ms interpulse to −50 mV, a prepulse 850 ms in duration to −20 mV, to eliminate the inactivating
currents followed by a second pulse identical to the first pulse, but 500 ms in duration (Fig. 2
C). Another protocol used a combination of hyperpolarizing and depolarizing prepulses to elicit
non-inactivating currents, which were subtracted from the total K+ currents to identify the
inactivating currents (Fig. 2 D and E).

In CR phasic neurons the K+ currents consisted of a mixture of LT and HT currents and of a
mixture of both inactivating and non-inactivating currents. TEA (20 mM, n = 14) suppressed
the total K+ currents recorded before prepulse to a lesser extent (32 ± 4% reduction; Fig. 2 A)
than the non-inactivating currents recorded after prepulse, which were reduced by 74 ± 6%.
Application of a low concentration of 4-AP (50 µM, n = 7), in the presence of TEA, suppressed
>50% of the remaining current before prepulse but had no effect on the non-inactivating current
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after prepulse (Fig. 2 A). In the presence of TEA (20 mM), application of (−) verapamil (5 µM,
n = 12) (Catacuzzeno, et al., 1999,Madeja, et al., 2000) blocked 78 ± 6% of the residual TEA
resistant non-inactivating currents (after prepulse), with little or no effect on inactivating
currents elicited before prepulse (Fig. 2 B). Application of low concentrations of HPTx (0.05
µM, n = 6) in the presence of TEA and (−) verapamil, blocked up to 50% of the currents
activated before prepulse (Fig. 2 B) but had no effect on the non-inactivating currents after
prepulse, an effect which resembled that of low concentrations of 4-AP (Fig. 2 A). In 5 neurons,
low concentrations of HPTx (0.05 µM) applied in the absence of TEA reduced by 17 ± 4% the
currents before prepulse but had no effect on the non-inactivating currents after prepulse. After
blocking the LT inactivating currents with 4-AP (1 mM, n = 4, not shown), HPTx (0.05 µM)
did not alter total outward currents suggesting that the two agents affected the same currents
at the concentrations tested in our experiments.

In CR phasic neurons, SP (0.5 µM, Fig. 3 A–D) reduced total outward currents by 20–62%
(Fig. 1 F, H, P<0.001) as well as the inactivating K+ currents by 54 ± 2% (n = 13 neurons, Fig.
3 A and C, P<0.01) and the non-inactivating currents by 28 ± 1% (Fig. 3 B and D, P<0.01).
NKA (0.5 µM, Fig. 3 E–H) produced a similar suppression of the inactivating (n = 7 neurons,
Fig. 3 E and G, P<0.01) and non-inactivating currents (Fig. 3 F and H, Table 1, P<0.01). A
selective NK2 antagonist (MEN10376, 0.5 µM, Fig. 1 H) completely reversed the inhibitory
effect of SP (n = 7 neurons, P>0.1) and NKA (n = 5 neurons, P>0.1) on total outward currents.
The NKA and SP inhibition of total K+ currents was unaffected by an NK3 antagonist (SB
235,375, 0.5 µM, n = 3–4, P>0.1). The NK3 agonist [MePhe7]-neurokinin B (0.5 µM, n = 4,
not shown, P>0.1), NK1 agonist [Sar9, Met11]-substance P (Sar-MetSP, 0.5 µM, P>0.1), and
phorbol 12, 13-dibutyrate (PDBu, 0.5 µM, P>0.1) did not significantly change the inactivating
current (P>0.05) but markedly reduced (60–70%) the non-inactivating current (Fig. 3 I–P,
P<0.01). In tonic CR neurons SP also elicited a much larger suppression of inactivating (60%
decrease, Fig. 4 A, P<0.01) than non-inactivating currents (18% decrease; Fig. 4 B, P<0.01);
whereas PDBu suppressed non-inactivating (Fig. 4 D, P<0.01) currents without significantly
changing the inactivating currents (Fig. 4 C, P>0.1).

Effects of drugs on K+ current activation and inactivation in capsaicin responsive DRG
neurons

To evaluate the effects of neurokinins on the kinetics and voltage dependence of activation and
inactivation of K+ currents, a combined two pulse activation inactivation protocol was used
(Sculptoreanu, et al., 2004), consisting of a series of rectangular prepulses from a holding
potential of −90 mV. A test pulse, 1000 ms in duration, ranging from −140 to +90 mV was
used to generate K+ current activation curves. The inactivation curve was measured after a
brief, 23 ms interpulse at −80 mV and a second test pulse to +60 mV, 250 ms in duration. For
activation the average peak amplitudes of currents were normalized using the GHK equation
as described in Methods. The outward currents before and after drugs were fitted with a sum
of two Boltzmann equations (Fig. 5, and Table 2–Table 4) that represent the LT and HT K+

currents. The fractional block after drugs was determined from the ratio of maximum outward
currents after the drugs to that before drug application in every cell. The parameters for
activation curves determined by nonlinear regression analysis of total K+ currents in control
experiments (n = 62, Fig. 5 A, C, E, G, dotted circles) and after addition of drugs (Fig. 5 A, C,
E, G, filled symbols) were obtained from the fitted curves. Similarly, the parameters for the
inactivation curves of currents that inactivated at more hyperpolarized (A1) and at more
depolarized voltages (A2) were obtained from the best fits used to generate the curves in figure
5 before (Fig. 5 B, D, F, H, dotted circles) and after addition of drugs (Fig. 5 B, D, F, H, filled
symbols).
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In CR phasic neurons SP inhibited the maximum amplitudes of the LT K+ currents (62%, Fig.
5 A, filled circles, n=13; Table 2, LT, P<0.001) and HT K+ currents (28%, Table 2, HT,
P<0.001) and shifted the voltage dependence of LT K+ currents by 13 mV in the depolarizing
direction without changing the voltage dependence of activation of HT K+ currents (Fig. 5 A,
filled circles, HT, Table 2). SP also shifted the voltage dependence of inactivation of A1 K+

currents negatively by 11 mV but did not change significantly the voltage dependence of
inactivation of A2 K+ currents (A2, Table 2). In CR phasic neurons NKA (0.5 µM) markedly
inhibited the LT K+ currents (77% inhibition, Fig. 5 E, filled circles, n = 7, Table 3,
P<0.001) but had only a modest and statistically insignificant inhibitory effect on the HT K+

currents (15 % inhibition, P>0.05). NKA (Fig. 5 F, filled circles) inhibited the inactivating A1
K+ currents (by 55%, Table 3, P<0.001) but had no effect on the inactivating A2 K+ currents
(Table 3, P>0.1) and shifted the voltage dependence of activation positively for both LT K+

currents (by +19.5 mV, P<0.001) and HT K+ currents (by +20.3 mV, Table 3, P<0.001).
Higher concentrations of NKA (5 µM) nearly fully inhibited the inactivating currents obtained
after subtraction of non-inactivating currents (Fig 2 D, P<0.001). SP and NKA shifted the
voltage dependence of inactivation of A1 K+ currents by −11 and −14 mV respectively, but
had small or no effects on the inactivation of A2 K+ currents (Table 2, Table 3, P>0.1). In CR
phasic neurons an NK1-selective agonist, Sar-MetSP (n = 5, Fig. 3 K, L, O, P, Table 3,
P<0.05) inhibited the A1 K+ currents to a lesser extent than either SP or NKA (Table 3, 24%
reduction, P<0.05, ANOVA) but did not alter significantly the voltage dependence of
activation (Table 3). In CR phasic neurons PDBu did not change the voltage dependence of
either LT K+ currents or HT K+ currents (Table 2). The net effect of current inhibition and
voltage shift after NKA and SP was a >20% reduction of the window currents in the critical
range of voltages near the threshold of firing and this voltage dependent reduction (i.e. near
firing threshold) was small or absent after PDBu or Sar-MetSP (Fig. 5, insets). In tonic CR
neurons, SP reduced the maximum amplitudes of LT K+ currents by 62% (P<0.01) and reduced
HT K+ currents by 30% (Table 4, P<0.05).

Effects of drugs on K+ current activation and inactivation in capsaicin unresponsive DRG
neurons

In CAPS-unresponsive (CU) phasic neurons, LT K+ currents were inhibited by 63%
(P<0.001) after application of SP and 53% (P<0.001) after NKA without a significant change
in the voltage dependence of activation of LT K+ currents (P>0.1; Table 2, Table 3). In CU
phasic neurons SP and NKA reduced the HT K+ currents by 47% (P<0.05) and 68%
respectively (P<0.05; A2, Table 2, Table 3). In CU tonic neurons both LT and HT K+ currents
(n = 8, Table 4) were activated at voltages negative to those in CR tonic neurons (n = 16, Table
4, P<0.001 ANOVA). In CU phasic neurons the NK1 agonist, Sar-MetSP, greatly reduced the
amplitude of LT K+ currents (P<0.001; 94% reduction, LT, Table 3) whereas the HT K+

currents were not significantly reduced (P>0.1; 8% reduction, HT, Table 3). In these neurons
the voltage dependence of activation of both LT K+ currents (+16.4 mV shift, P<0.001) and
HT K+ currents (−17 mV shift P<0.001) was significantly shifted by Sar-MetSP (Table 3). In
CU phasic neurons SP (Fig. 5 I; P>0.1) and NKA (Fig 5 J; P>0.1) did not shift the voltage
dependence of the early phase of activation.

Effects of neurokinins, heteropodatoxin and α-dendrotoxin, on subtypes of K+ currents
isolated by recording in the presence of 60 mM TEA, (−) verapamil and nifedipine

HPTx inhibited K+ currents in a concentration dependent manner by a maximum of 55% (at
1 µM; P<0.001) in physiological phosphate buffer (Fig. 6 A) and ≥60% (P<0.001) at 0.5 µM
when K+ currents were recorded in high TEA (60 mM) in combination with (−) verapamil and
nifedipine (5µM each, Fig 6 C). On the other hand, in the presence of 60 mM TEA, (−)
verapamil and nifedipine (5 µM each), α-dendrotoxin (DTx, 5–500 nM), a blocker of Kv1.1
and 1.2 K+ channels (Yang, et al., 2004) did not inhibit K+ currents (Fig. 6 B; P>0.1). In these
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experiments, in unidentified neurons, SP, NKA (P<0.001) and HPTx (P<0.001) significantly
inhibited the currents (20–30% block) and their inhibitory effects were additive (Fig. 6 I, J).
The currents blocked by HPTx and SP or HPTx and NKA had similar kinetics whether tested
at a voltage near the threshold (+4 mV) or near the maximum (+52 mV, Fig. 6 K–N).

Activation and inactivation curves of inactivating currents isolated pharmacologically by
treatment with high 60 mM TEA, 5 µM (−) verapamil and 5 µM nifedipine were fitted by a
sum of two Boltzmann equations (Fig. 7, smooth and dotted lines). Under these conditions LT
K+ currents represented >85% of the total current and were resistant to DTx (50 nM). After
treatment with DTx, sequential application of increasing concentrations of HPTx (0.05 and 0.5
µM), SP (0.5–5) or NKA (0.5–5 µM), in unidentified DRG neurons, inhibited the K+ currents
at all voltages (Fig. 7). HPTx shifted V0.5 for activation of the LT K+ currents from −32.7 ±
0.1 mV after DTx to −16 ± 1 mV after 0.05 µM HPTx (P<0.001) and −7 ± 1 mV after 0.5 µM
HPTx, respectively (Fig. 7 C, E and G: P<0.001). HPTx also shifted the inactivation (V0.5) of
A1 K+ currents by +9 (P<0.01) and +11 (P<0.01) mV for 0.05 and 0.5 µM HPTx, respectively
(Fig. 7 D, F, H). Application of SP (0.5 and 5.0 µM) shifted positively both the voltage
dependence of LT K+ currents (V0.5, by +25; P<0.001 and +24 mV; P<0.001, Fig. 7 C, I, K)
and the A1 K+ currents (by +5; P<0.01 and +10 mV; P<0.001, Fig. 7 D, J, and L). The net
effect of current inhibition and voltage shift by these agents was a concentration dependent
reduction of the window currents in the critical range of voltages near the threshold of firing.
The effects of SP on window currents in the presence of 60 mM TEA, (−) verapamil and
nifedipine (5 µM each, Fig. 7, I, J, inset) were larger than the effects on window currents
recorded in physiological solutions (Fig. 5 A, B, inset; P<0.01 ANOVA).

DISCUSSION
The present experiments, which examined the mechanisms underlying the facilitatory effects
of neurokinins on AP generation in lumbosacral DRG neurons, revealed that activation of
NK2 receptors suppressed HPTx-sensitive, LT inactivating K+ currents and produced a >10
mV positive shift in the voltage dependence of activation of these currents. The effects occurred
in CR DRG neurons in which neurokinins facilitated firing, but did not occur in CU neurons.
These findings raise the possibility that neurokinins released at CR afferent terminals might
be involved in an autofeedback mechanism that suppresses HPTx-sensitive Kv4-type channels
(Kv4.2 and Kv4.3, (Winkelman, et al., 2005, Zarayskiy, et al., 2005)) and increases afferent
nerve excitability.

Neurokinin mediated lowering of firing threshold correlates with selective blockade of LT
K+ channels

In the first series of experiments, the effects of neurokinins were studied under conditions that
allowed for measurements of firing properties and CAPS responsiveness in the same DRG
neurons used to record K+ currents. In CR and CU neurons neurokinins suppressed various
types of K+ currents (inactivating and non-inactivating as well as LT and HT). These currents
regulate various properties of DRG neurons including: (1) membrane potential, (2) AP
threshold and duration, (3) AP after-hyperpolarization, (4) pattern and frequency of firing. Due
to this complexity of K+ channel function and the sensitivity of different channels to the
modulatory actions of neurokinins it is difficult to make a direct link between neurokinin
modulation of specific ion channels and changes in firing.

However, indirect evidence suggests that the increase in firing in CR neurons is correlated with
an inhibition of LT inactivating K+ currents. First, SP and the NK2 selective agonist, [βAla8]-
neurokinin A (4–10), reduced these currents in CR neurons in which they also reduced the
voltage thresholds for evoking an AP and increased the number of APs induced by a long
duration current pulse. All three effects were blocked by a selective NK2 antagonist
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(MEN10376) but unaffected by an NK3 antagonist (SB 235,375). The effects of SP and NKA
were not mimicked by an NK1 (Sar-MetSP) or an NK3 (NKB) agonist indicating that effects
were produced by selective activation of NK2 receptors. On the other hand, activation of all
three types of neurokinin receptors suppressed non-inactivating HT K+ channels indicating
that modulation of these channels is not sufficient to alter firing.

The aforementioned conclusion is supported by a comparison of the effects of neurokinins in
CR and CU neurons. In CR neurons, SP (Fig. 5 A, B) or NKA (Fig. 5 E, F) elicited a positive
voltage shift in the activation curve of LT K+ currents. This occurred in a critical voltage range
for initiation of APs and was also evident as a positive voltage shift in the window current.
The NK1 agonist, Sar-Met-SP, which did not facilitate firing in CR neurons, did not produce
a positive voltage shift in the voltage dependence of activation of LT K+ currents or produce
a positive voltage shift in the window current (Fig. 5). CU neurons that did not exhibit
neurokinin enhancement of firing also did not exhibit a positive voltage shift in the voltage
dependence of activation of LT K+ currents in response to SP or NKA, but did exhibit a
neurokinin suppression of HT non-inactivating K+ currents indicating that the neurons do
express neurokinin receptors. Thus, a suppression and positive voltage shift of the LT K+

window current seem to be important factors in the facilitatory effect of neurokinins on CR
neurons.

Further support for the link between LT K+ current suppression and facilitation of firing is
derived from an analysis of the effects of 4-AP and HPTx on DRG neurons. Rat DRG neurons
express a diverse population of K+ channel types, which generate as many as six subtypes of
currents distinguishable both in voltage dependence and pharmacology (Gold, et al., 1996).
However, the Kv genes responsible for these K+ currents initially reported by Gold et al.
(Gold, et al., 1996) were in subsequent work shown to be Kv1.1-Kv1.6, Kv2.1, Kv1.1, Kv1.6
(Ishikawa, et al., 1999, Yang, et al., 2004); and Kv4.2 and Kv4.3 channel subtypes (Winkelman,
et al., 2005). The Kv1.1 and Kv1.2 currents are slow- or non-inactivating but give rise to A-
type like K+ currents when combined with Kvβ subunits (Heinemann, et al., 1996) and therefore
could be involved in neurokinin mediated facilitation of firing in CR neurons. The remainder
are non-inactivating, delayed rectifier type (Gold, et al., 1996, Ishikawa, et al., 1999). The
inactivating currents are all sensitive to 4-AP. One type (Kv1.4, (Pongs, 1992, Rasband, et al.,
2001)) is also blocked by TEA (Gold, et al., 1996); other types are blocked by DTx (Kv1.1
and Kv1.2 (Yang, et al., 2004)) or HPTx (Kv4.2 and Kv4.3). In our experiments the 4-AP-
sensitive inactivating currents recorded in CR DRG neurons in the presence of TEA were
inhibited by HPTx (Fig. 2B) as well as by SP or NKA. Similarly, the inactivating currents
recorded in the presence of TEA and (−) verapamil (Fig. 2A) or a combination of TEA, (−)
verapamil, nifedipine and DTx, which should block non-inactivating K+ currents as well as
Kv1.1, 1.2 and 1.4 inactivating currents, yielded an inactivating current that was inhibited by
HPTx, SP or NKA (fig. 6). The similarity in the effects of neurokinins and heteropodatoxin
on firing and on LT K+ currents isolated by various methods supports the view that inhibition
of HPTx sensitive, TEA and DTx insensitive inactivating K+ currents contribute to the
enhancement of firing by neurokinins and 4-AP.

Pharmacological separation of LT K+ currents that were inhibited by neurokinins
To conduct a more detailed analysis of activation and inactivation properties of neurokinin
sensitive K+ currents, a combination of voltage protocols, ion substitution and pharmacological
inhibition of K+ currents was used to separate the LT inactivating K+ currents from other
pharmacologically distinct voltage activated K+ currents. Replacement of Cl− with
methylsulfonate and treatment with TEA, (−) verapamil, nifedipine and DTx yielded
inactivating outward currents that had properties (Fig. 7) very similar to those of the LT K+

currents recorded in physiological solutions (Fig. 5, table 2) including activation and
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inactivation V0.5’s, slope factors, HPTx sensitivity and HPTx and neurokinin-induced
depolarizing shift in activation curves and window currents. The similarities in responses
obtained in physiological solutions and under conditions used to isolate the currents validate
the isolation methods and indicate that they did not markedly change the properties of the
neurokinin-sensitive inactivating currents.

High concentrations of HPTx and SP markedly suppressed the window currents of the
pharmacologically isolated LT inactivating K+ currents and almost completely blocked the
window currents in the range of membrane potentials near the threshold for generation of APs
(Fig. 7 G, H, K, L). These data indicate that HPTx and SP act on the same K+ channels. This
view is supported by the finding that the blocking effect of submaximal concentrations of HPTx
and SP or HPTx and NKA was also additive (Fig. 6 F, G). However, the maximum amplitude
of the isolated inactivating LT K+ currents elicited by strong depolarizing pulses were not
completely blocked by even high concentrations of SP, NKA and HPTx raising the possibility
that another type of inactivating K+ current is present in CR phasic neurons. It is likely that
HPTx, which is a less potent blocker of Kv4 potassium channels at depolarized potentials
(Sanguinetti, et al., 1997), was applied in submaximal concentrations in our experiments.
Unfortunately we were not able to construct a full concentration response curve for HPTx due
to the high cost of this agent. It would have facilitated the interpretation of the data to have
used maximal concentrations of the toxin to determine if the isolated LT inactivating currents
could be completely blocked and therefore reflected an activation of a homogeneous population
of channels. On the other hand, HPTx and the neurokinins were tested in concentrations that
produced maximal enhancement of firing in CR DRG neurons, indicating that only a partial
block of LT inactivating K+ currents is necessary to induce a prominent change in firing.

Intracellular signaling mechanisms underlying the effects of neurokinins on K+ channels
The intracellular signaling mechanisms underlying the effects of neurokinins on K+ channels
are uncertain. Activation of neurokinin receptors (NK1, NK2 and NK3) is known to stimulate
phospholipase C (Maggi, 1996, Maggi, 1997) and in turn induce the breakdown of
phospholipids into diacyl glycerol which activates PKC (Sculptoreanu, et al., 2008, Torrens,
et al., 1997), which in turn can phosphorylate and inhibit a number of K+ channels (Boland
and Jackson, 1999, Hagiwara, et al., 2003, Richardson and Vasko, 2002).

We have also shown previously in DRG neurons that stimulation of NK2 receptors activates
PKC to modulate TRPV1 (Sculptoreanu, et al., 2008) and voltage dependent Ca2+ channels
(Sculptoreanu and de Groat, 2003). NK1 receptors also activate PKCε to enhance TRPV1
responses in L4–L6 DRG neurons of rats (Zhang, et al., 2007). A PKC inhibitor,
bisindolylmaleimide, only partially reversed the effect of SP on firing (Sculptoreanu and de
Groat, 2007) in CR phasic neurons. Furthermore activation of PKC with PDBu, did not mimic
the effect of SP or NKA to shift the activation curve of the LT K+ current or diminish the
window currents at the critical voltage range for AP generation although it did suppress non-
inactivating currents. The lack of PDBu effect on the voltage dependence of LT K+ currents
is similar to that reported for the effect of phorbol 12-myristate 13-acetate on Kv4.2 currents
in dorsal horn neurons (Hu, et al., 2003). Taken together, these data suggest that while PKC-
induced phosphorylation and inhibition of K+ channels may contribute to the increase in firing
it is not the major mechanism underlying neurokinin induced hyperexcitability in DRG
neurons.

Possible pathophysiological function of neurokinin receptors and Kv4 channels in afferent
neurons

The expression of functional neurokinin receptors in the soma of DRG neurons
(Brechenmacher, et al., 1998) raises the possibility that these receptors might also be expressed
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in the central and peripheral nerve terminals of these neurons. The most convincing evidence
for functional receptors in peripheral terminals has been obtained in the urinary bladder where
exogenously administered substance P increases the firing of mechano-sensitive afferent
nerves (Morrison, et al., 1999). Administration of an NK2 agonist, NKA, decreased the pressure
threshold and increased the discharge rate of bladder Aδ-fiber and C-fiber afferents. An NK2
selective antagonist abolished the sensitizing effect of NKA (Kibble and Morrison, 1996a,
Kibble and Morrison, 1996b). SP is released from CAPS-sensitive C-fiber bladder afferent
nerves and elicits inflammatory responses and induces bladder overactivity by activating
multiple neurokinin receptors (Andersson, 2006, Lima-Junior, et al., 2007). NK1 and NK2
receptor antagonists reduce bladder hyperactivity induced by chemical irritants and other
pathological conditions (Andersson, 1997, Andersson, 2006), however it is not known if this
effect of antagonists is due to an action on neurokinin receptors on bladder afferent nerves that
are linked with neuronal Kv4 channels or an action at other sites, such as bladder smooth muscle
or second order neurons in the spinal cord or changes in the function of other channels (e. g.,
TRPV1 or Ca2+ channels) expressed on neuronal or non-neuronal cells (Andersson, 2006,
Green, et al., 2006, Lima-Junior, et al., 2007).

However, modulation of A-type K+ channels in bladder afferent neurons has been linked with
the generation of bladder hyperactivity in chronic cyclophosphamide-induced cystitis
(Yoshimura and de Groat, 1999). As noted in the present experiments for unidentified CR DRG
neurons, CR bladder afferent neurons normally exhibit phasic firing in response to long
duration depolarizing current pulses and prominent LT inactivating K+ currents (Yoshimura,
et al., 1996). In addition, administration of 4-AP, which suppresses these currents, induces
tonic firing. In chronic, cyclophosphamide-induced cystitis, LT inactivating K+ currents are
markedly reduced in CR bladder afferent neurons and phasic firing is converted to tonic firing
(Yoshimura and de Groat, 1999). These changes are similar to those induced acutely by SP or
NKA. Cyclophosphamide-induced cystitis also increases the firing of bladder afferent nerves
elicited by bladder distension (Yu and de Groat, 2008). The changes in bladder afferent neuron
excitability appear to be mediated by nerve growth factor (NGF, (Yoshimura, et al., 2006))
because NGF levels in the bladder are increased in cystitis (Zvara and Vizzard, 2007) and
exogenous administration of NGF into the bladder wall or the spinal cord induces down-
regulation of LT inactivating K+ currents and induces tonic firing in CR bladder afferent
neurons (Yoshimura, et al., 2006). A reduction of A-type K+ currents has also been implicated
in the induction of hyperexcitability of DRG neurons in other inflammatory conditions such
as gastric ulcer (Dang, et al., 2004), pancreatitis (Xu, et al., 2006), ileitis (Stewart, et al.,
2003), feline interstitial cystitis (Sculptoreanu, et al., 2005) as well as axotomy (Abdulla, et
al., 2001, Everill and Kocsis, 1999, Yang, et al., 2003), although the subtypes of K+ channels
that are suppressed are uncertain (Xu, et al., 2006). Clearly, further experiments are needed to
determine if endogenously released neurokinins can increase the excitability of afferent nerves
by suppressing Kv4 types K+ currents and thereby contribute to sensitization of afferent nerves
in pathological conditions. In summary, the major finding in this study is that neurokinins
activate NK2 receptors to selectively enhance firing in CR DRG neurons. The enhancement of
firing was accompanied by a positive shift in the activation curve and a reduction in the
maximum amplitude of HPTx-sensitive LT K+ currents. The former effect seems to be the
important factor contributing to the changes in firing because neurokinins failed to enhance
firing in CU neurons where they also suppressed the amplitude of LT K+ currents but did not
alter the voltage dependence of activation of the currents.
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Fig. 1.
Effect of neurokinins on firing and K+ currents in capsaicin responsive (CR) DRG neurons.
Action potentials generated in two different in CAPS-responsive (CR) phasic DRG neurons
by rectangular current pulse injections 5 ms in duration and 200 pA (A, D) or 50 pA (B, E) in
intensity, followed by a 100 ms interpulse at the holding potential and a second pulse of the
same intensity as the first in the sequence, 600 ms in duration. Control recordings before
treatment (A, B) and the enhancement of firing by substance P (SP, 0.5 µM, B) or by
heteropodatoxin II (HPTx, 0.05 µM, E). SP (D) and HPTx (E) significantly increased the
number of action potentials (APs) triggered by the second pulse in the sequence without
significantly altering the duration of single AP triggered by the first brief pulse. C, Inward
current evoked by CAPS (0.5 µM) is blocked by a TRPV1 antagonist (TRPV1-Ant, 5 µM). F,
Total K+ currents activated by a test pulse to +60 mV from a holding potential of −80 mV were
partially blocked by SP (0.5 µM) and the NK2 (0.5 µM) selective antagonist MEN10376
reversed the inhibitory effect of SP in the same cell shown in C. H, Summary of the effects of
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substance P or a selective NK2 agonist, [βAla8]-neurokinin A (4–10) (NKA, 0.5 µM) on total
K+ currents in CR phasic DRG neurons and reversal of the effects by the NK2 (0.5 µM) selective
antagonist MEN10376. Scale bar in A, B, D and E is 20 ms for the first action potential in the
sequence and 100 ms for the second long stimulus pulse. Scale bars in F are 100 ms and 500
pA and in H are 5 pA/pF and 2 min.
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Fig. 2.
Pharmacological and voltage separation of inactivating and non-inactivating potassium-
currents in CR phasic DRG neurons. A, B, Total outward-currents (on the left) and inactivating-
currents (on the right) elicited by the multi pulse stimulation protocol shown in panel C. A,
TEA (20 mM) partially reduces total outward currents before prepulse leaving a residual fast
inactivating current and reduces by >70% the non-inactivating current after prepulse.
Subsequent application of 4-AP (50 µM) blocks >50% of the TEA-resistant total currents
before prepulse but does not alter the residual TEA-resistant non-inactivating currents after
prepulse. B. In the presence of TEA (20 mM), which reduced the total outward current before
prepulse and markedly reduced the non-inactivating current after prepulse, (−) verapamil ((−)
ver, 5 µM) reduces by >70% the TEA-resistant non-inactivating current after pre-pulse and
unmasks a more rapidly inactivating current before prepulse. In the presence of TEA and (−)
verapamil, application of HPTx (0.05 µM), reduces by >50% the currents activated before
prepulse but has no effect on the non-inactivating currents after prepulse. C,. D, Effect of a
selective NK2 agonist [βAla8]-neurokinin A (4–10) (NKA) on inactivating K+ currents in a
CR phasic DRG neuron measured using the stimulation protocol shown in panel E. NKA
largely inhibited (5µM, D) the inactivating current obtained by subtraction of non-inactivating
currents from the total currents. The difference between the two currents is represented by the
fast inactivating current labeled "CONTROL" in D and by the residual non-inactivating current
after block by NKA. Records in A, B and D were obtained from three different CR phasic
neurons. Scale bars to the right of current traces A and B are 400 ms and 400 pA; scale bar
below the current trace in D is 100 ms and 500 pA.
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Fig. 3.
Effect of neurokinins and a phorbol ester on K+ currents in CR phasic neurons. Effects of
substance P (SP, A, B, C, D); [βAla8]-neurokinin A (4–10) (NKA, E, F, G, H), a protein kinase
C activator, phorbol 12,13-dibutyrate (PDBu, 0.5 µM, I, J, K, L) and a selective NK1 agonist,
[Sar9, Met11]-substance P (Sar-MetSP, M, N, O, P) on phasic CR DRG neurons. Inactivating
currents were obtained by subtraction of non-inactivating currents from the total currents using
a stimulus protocol as described in Fig. 2 E. Non-inactivating currents are the currents generated
by a test pulse to +60 mV after a prepulse to +4 mV. The upper tracing in each panel represents
the control recording and the lower tracing is the current recorded after the various agents.
Effects on inactivating K+ currents of SP (A), NKA (E), PDBu (I) and Sar-MetSP (M). C, G,
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K, O, Averages of peak amplitude in control and after drugs obtained from similar experiments
as in A, E, I, M in response to SP (n = 13), NKA (n = 7), PDBu (n = 10) and Sar-MetSP (n =
6). B, F, J, N, Effects of SP (B), NKA (F), PDBu (J) and Sar-MetSP (N) on non-inactivating
K+ currents. D, H, K, P, Averages of peak amplitude in control and after drugs obtained from
similar experiments as in B, F, J, N in response to SP (n = 13), NKA (n = 7), PDBu (n = 10)
and Sar-MetSP (n = 6). Statistical difference using a two tailed t-test, unequal variance
difference: *P<0.05, **P<0.01; ns, not significant. Scale bars in A, E, I, M is 15 pA/pF and
100 ms and 20 pA/pF and 100 ms in B, F, J, N.
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Fig. 4.
Effect of substance P and a phorbol ester on K+ currents in CR tonic neurons. Effects of
substance P (SP, A–B) and phorbol 12, 13-dibutyrate (PDBu, C–D) in CR tonic DRG neurons.
A, C. Averages of peak amplitudes of inactivating K+ currents in control (con) conditions
before drugs and after SP (0.5 µM, A, n = 6) and PDBu (0.5 µM, E, n = 4). B, D, Averages of
peak amplitudes of non-inactivating currents in control (con) and a SP (B) or PDBu (D) in the
same experiments as in A and C. Stimulus protocols were the same as described in Fig. 3.
Statistical difference using a two tailed t-test, unequal variance difference: * P<0.05, ** P<0.01;
ns, not significant.
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Fig. 5.
Effect of drugs on current-voltage relationship of activation and inactivation of K+ currents in
CR phasic neurons. Activation curves (A, C, E, G) for total outward currents and inactivation
curves (B, D, F, H) of inactivating outward currents obtained by subtracting the non-
inactivating currents from total currents in CR phasic neurons. Activation curves of LT and
HT currents (see Methods) were generated by the first test pulse of a range of intensities 1000
ms in duration (Fig. 2 E) of a two pulse activation-inactivation protocol. Inactivation curve
was measured as peak outward current during a second test pulse to +60 mV, 200 ms in duration
following the first 1000 ms test pulse to a range of voltages and preceded by a brief interpulse
interval (23 ms). Data for activation curves are average peak current density (pA/pF)
normalized to α(V/25)[exp((V−EK)/25)]/[exp(V/25)−1], where α is a normalization factor
(same for all points) chosen so that the average of the results at +38, +40, … +50 mV was unity
in control or a fraction of unity after block with various drugs (see Methods). A–H. Effect of
SP (A, B), PDBu (C, D), NKA (E, F) and Sar-MetSP (G, H) on the activation (A, C, E, G) and
inactivation (B, D, F, H). Data was fitted by a sum of two Boltzmann equations, as explained
in the Methods section. SP (A, filled circles, n = 13) inhibited total K+ currents and changed
the voltage dependence of activation. SP (B, filled circles) selectively inhibited low threshold
inactivating currents and changed the voltage dependence of inactivation. PDBu (C, filled
triangles, n = 10) had no significant effect on low threshold inactivating currents and inhibited
high threshold K+ currents. PDBu (D, filled triangles) inhibited inactivating currents and
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changed their voltage dependence. NKA (E, filled circles, n = 7) inhibited the low threshold
component of the total K+ currents and changed their voltage dependence. NKA (F, filled
circles) inhibited the inactivating currents. Sar-MetSP (G, filled triangles, n = 6) inhibited the
high threshold component of the total K+ currents to a larger extent than the low threshold
currents and changed the voltage dependence of activation. Sar-MetSP (H, filled triangles)
inhibited the high threshold component of the inactivating currents. Insets between A, B; E, F;
C, D; and G, H are scaled up overlaps between activation and inactivation curves (window
currents) before (line) and after addition of drugs (shaded). See Table 2 and Table 3 for
quantitative measurements of activation and inactivation. I, J, In CU phasic neurons SP and
NKA did not shift the voltage dependence of the early phase of activation. For simplicity only
window currents in control experiments and after addition of drugs are shown.
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Fig. 6.
Effect of K+ blockers and neurokinins on pharmacologically isolated low threshold inactivating
K+ currents. A, Concentration dependence of HPTx block of total K+ currents recorded in
phosphate buffer saline and normal pipette solution. In all subsequent panels Cl− was
substituted with methylsulfonate and 60 mM of extracellular Na+ was replaced with 60 mM
TEA. B–E, Concentration dependence of the effects of DTx (B), HPTx (C), SP (D) and NKA
(E) on K+ current recorded after addition of 5 µM (−) verapamil (ver) and nifedipine (nif). F,
Effect of sequential addition of DTx, NKA and HPTx on TEA-verapamil-nifedipine insensitive
inactivating K+ currents. G, Effect of sequential addition of SP (0.5 µM) and HPTx (0.05 and
0.2 µM) on DTx-TEA-verapamil-nifedipine insensitive inactivating K+ currents. H, Pulse
protocol for the experiments in F and G. I, J, Cumulative block of DTx-, TEA-, verapamil-,
nifedipine-insensitive inactivating K+ currents by sequential addition of SP and HPTx (I) or
HPTx and NKA (J). K, L, Time course of currents inhibited by HPTx (K), NKA in the presence
of HPTx (L), in the same neuron as in K. M, N, Time course of currents inhibited by SP (M)
and HPTx in the presence of SP (N), in the same neuron as M. Currents obtained by subtraction
of currents before and after addition of drugs and represent currents activated at either +4mV
(smallest of the two traces) or +52 mV (largest of the two traces).
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Fig. 7.
Effect of drugs on current-voltage relationship of activation and inactivation of
pharmacologically isolated K+ currents. Activation curves (A, C, E, G, I, K) and inactivation
curves (B, D, F, H, J, L) of inactivating K+ currents recorded in the presence of 60 mM TEA,
5 µM verapamil and nifedipine. Activation curves of LT and HT inactivating currents and
inactivation curves of peak currents were obtained as in Fig. 5 and fitted by a sum of two
Boltzmann equations, as explained in the Methods section. Data for activation curves of
average peak current densities (pA/pF) were normalized as in Fig. 5. A–L. Control curves in
the presence of 60 mM TEA, (−) verapamil and nifedipine (5 µM each, A, B), and after addition
of DTx (0.5 µM, C, D), in the presence of DTX after addition of HPTx (0.05 µM , E, F or 0.5
µM, G, H) and in the presence of DTX after addition of SP (0.5 µM, G, H; or 5.0 µM, K, L)
on the activation (A, C, E, G, I, K) and inactivation (B, D, F, H, J, L). DTx did not inhibit
K+ currents (C, circles, n = 10) or change the voltage dependence of inactivation (D). HPTx
(E–H, n = 8) inhibited the currents at all voltages in a concentration dependent manner. SP (I–
L, n = 5–8) inhibited K+ currents and shifted the voltage dependence of activation at both
concentrations and the voltage dependence of inactivation at higher concentrations. Insets
between A, B; E, F; C, D; G, H; I, J; and K, L are scaled up overlaps between activation and
inactivation curves (window currents) before (line) and after addition of drugs (shaded).
Parameters of Boltzmann fits (see Methods) were considered statistically significant if P<0.05;
a one-way analysis of variance was first carried out followed by a post-hoc comparisons
between the different groups using the Holm-Sidak test.
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Table 3

Parameters of Boltzmann fits of K+ current activation and inactivation before and after addition of [βAla8]-
neurokinin A (4–10) (NKA) or [Sar9, Met11]- substance P (SarMetSP) in CAPS-responsive and unresponsive
phasic neurons.

ACTIVATION INACTIVATION ACTIVATION INACTIVATION

Phasic, CR NKA
(n=7)

NKA
(n=7)

SarMetSP
(n=6)

SarMetSP
(n=6)

LT, A1 0.12 ± 0.01** 0.33 ± 0.08** 0.21 ± 0.04* 0.56 ± 0.18NS

k1 9 ± 2* 19 ± 6NS 2 ± 1NS 22 ± 6NS

V10.5 −15 ± 3** −85 ± 15* −35 ± 1NS −73 ± 9NS

HT, A2 0.40 ± 0.05NS 0.26 ± 0.09NS 0.27 ± 0.05* 0.14 ± 0.09**
k2 16.5 ± 0.3** 12 ± 2* 9 ± 3NS 6 ± 2NS

V20.5 11 ± 1** −43 ± 7NS −6 ± 3NS −30 ± 3NS

Phasic, CU NKA
(n=6)

NKA
(n=6)

SarMetSP
(n=5)

SarMetSP
(n=5)

LT, A1 0.29 ± 0.05** 0.41 ± 0.04* 0.04 ± 0.04** 0.33 ± 0.07*
k1 5 ± 1NS 15 ± 2NS 4 ± 3NS 17 ± 4NS

V10.5 −15 ± 2NS −61 ± 3NS −0.6 ± 0.6 ** −70 ± 8NS

HT, A2 0.12 ± 0.05* 0.12 ± 0.03** 0.35 ± 0.07NS 0.12 ± 0.06**
k2 4 ± 2NS 3.6 ± 0.3NS 9 ± 2** 3 ± 2*

V20.5 9 ± 4NS −32.8 ± 0.4NS −10 ± 1** −38 ± 3 NS

Parameters for Boltzmann fits of low threshold activated and hyperpolarized voltage inactivating currents (ALT and A1, k1, V1) and high threshold

activated and depolarized voltage inactivating K+ current (AHT and A2, k2, V2) for the activation and inactivation curves were determined as explained
in Methods. Control experiments in absence of drugs are shown in Table 2. The smooth curves shown in Fig. 3 were fitted with these values. Averages;
SEM; t-test relative to values in control experiments, 2 tailed, unequal variance, level of significance: NS-not significant

*
P<0.05, or

**
P<0.001 compared to controls shown in table 2.
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