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The local anesthetic, n-butyl-p-aminobenzoate, reduces rat sensory
neuron excitability by differential actions on fast and slow Na™ current
components
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Abstract

Effects of the local anesthetic, n-butyl-p-aminobenzoate, at a concentration of 100 wM, were investigated using the whole-cell voltage
clamp on dorsal root ganglion neurons cultured from neonatal rat in a serum-enriched medium. During current clamp conditions, the drug
either increased the firing threshold or blocked tetrodotoxin-sensitive and tetrodotoxin-resistant Na™* action potentials. These actions were
reversible. Under voltage clamp conditions, inactivation of the Na™ current revealed the existence of 3 fast Nat current components,
termed F,, F, and F; (tetrodotoxin-sensitive) and 2 slow ones, termed S, and S, (tetrodotoxin-resistant). The local anesthetic shifted the
midpoint potentials of Na* inactivation curves for F,, F, and F; currents by 7, 21 and 6 mV, respectively, towards hyperpolarizing
membrane voltages whereas it did not influence these potentials for the slow currents. The amplitudes of only F; and S, currents were
reduced by n-butyl-p-aminobenzoate to 24 and 11%, respectively, of their control values. These results show that the local anesthetic has
a differential mode of action on the 5 types of Na* currents, which are apparenily present in cultured sensory neurons. This differential
action can play an important role in the selective analgesic effect observed after epidural administration of a 10% n-butyl-p-amino-
benzoate suspension.
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1. Introduction tant or the specific site of application. Previously, we
tested the action of the dissolved drug on the Na* current
in neonatal dorsal root ganglion neurons, cultured in a

chemically defined, serum-free medium. In these experi-

Long-lasting relief of intractable pain in terminal cancer
patients was successfully achieved by Shulman (1987),

who used epidural injection of an aqueous suspension of
n-butyl-p-aminobenzoate. Surprisingly, no signs of re-
duced motor functions were observed. We obtained similar
results using n-butyl-p-aminobenzoate particle suspensions
in a solvent consisting of physiological saline and the
surfactant polysorbate 80 (Korsten et al., 1991). Thus, the
epidural application of such suspensions is a promising
approach for the relief of severe chronic pain. It is un-
known whether the effect of this treatment originates from
the suspension, the dissolved local anesthetic, the surfac-
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ments, the Na* current consisted of a single fast and slow
component (cf., Roy and Narahashi, 1992) and the local
anesthetic shifted the inactivation curve of the fast current
towards hyperpolarizing membrane voltages whereas the
inactivation of the slow component was unaffected (Van
den Berg et al., 1995a). On the other hand, dorsal root
ganglion neurons cultured in serum-containing media ex-
hibit multiple fast and slow Na® current components
(Schwartz et al., 1990; Caffrey et al., 1992; Van den Berg
et al., 1995b).

In the current study, we addressed the question of
whether dissolved n-butyl-p-aminobenzoate could have a
differential effect on the different types of fast and slow
Na* currents. To this end, the patch-clamp technique was
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applied to isolated small dorsal root ganglion neurons from
the rat. These small-diameter neurons are probably the
somata of slowly conducting myelinated A §- and unmye-
linated C-type neurons (Harper and Lawson, 1985), which
include fibres that mediate pain (Baccaglini and Hogan,
1983). We found that the local anesthetic had a differential
action on the fast and slow Na* current components, we
had measured. The increase of the firing threshold and the
block of action potentials in dorsal root ganglion neurons
by the drug originated from the loss of available fast and
slow Na® channels by either increased inactivation or
channel block, which explains the analgesic action of the
local anesthetic administered as a suspension to patients.

2. Materials and methods

The materials and methods used in this study have been
described by Van den Berg et al. (1995a). Briefly, dorsal
root ganglion neurons were cultured in F14 medium (Im-
perial Lab) enriched with 10% horse serum (Gibco; Wood
et al., 1988) and patch-clamp measurements (Hamill et al.,
1981) were performed on small-diameter neurons (10-15
jum) without processes, using the EPC-7 amplifier (List).
Under current clamp conditions, the firing threshold was
determined (Wang et al., 1994) and action potentials were
recorded either every 6 s for 2 min or every 30 s for 5 min
to follow the onset of and recovery from the local anes-
thetic effect. Under voltage clamp conditions (holding
voltage Vy; of —70 mV), voltage protocols were applied to
measure the Na* current as a function of voltage and time
and to obtain its inactivation properties (bandwidth 10
kHz). To evaluate the speed of the voltage clamp, the
membrane current was measured in response to a hyperpo-
larizing voltage pulse in a wide frequency band (low-pass
filter cut-off frequency 50 kHz), after compensation of the
fast capacitative current. Averaging 25-36 (noisy) current
traces yielded < I,(z) >, which was fitted according to:

<L(t)>=I(0)e "/"+ Al (1)

where 1.(0) is the instantaneous uncompensated (slow)
capacitative current arising from the series resistance and
membrane capacitance, T the decay time constant deter-
mining the speed of the voltage clamp and A} the change
in the leakage current. The value of v amounted to 159 +
26 ps (n=23) and was reduced by series resistance
compensation by 50—85%, resulting in a critically damped
response with a compensated time constant, 7. < 100 ps.
The magnitudes of membrane resistance, series resistance
and membrane capacitance were derived from Eqn. 1 (cf.,
Van den Berg et al., 1993), yielding 610+ 80 MQ (n=
22), 6.7 £ 0.7 M2 and 23 + 3 pF (n = 23), respectively.

The composition of the extracellular control solutions
and of the pipette (intracellular) solutions is given in Table
1. Ca**-free solutions were used to measure exclusively
Na* action potentials and Na® currents. A second and

third type of extracellular solution had a composition
similar to that of the control, but contained 100 pM
n-butyl-p-aminobenzoate and 200 nM of the fast Na™
channel blocker tetrodotoxin, respectively. To pharmaco-
logically isolate Na* currents, the pipettes contained dif-
ferent K* channel blockers (cf., Omri and Meiri, 1990).
ATP, tetrodotoxin and glucose were freshly added to the
solutions. The pH of all solutions was adjusted to 7.4
immediately before use. The dish (= 0.5 ml) containing
the neurons was continuously perfused at 2 ml/min with
oxygenated extracellular solution. Incubation time with the
drug was <5 min so that its effect would be reversible
within 10 min (Van den Berg et al., 1995a). All experi-
ments were done at room temperature (20 + 1°C).

Special customized software (Biomav) was used to
digitally correct the Na™ currents for contributions of seal
currents, residual capacity currents and membrane leakage
currents. During voltage clamping, readjustments of capac-
itance and series resistance compensations were per-
formed, after changing the extracellular solutions and be-
fore running the different voltage protocols. Curve-fitting
was performed using the graphics program FigP6.0 (Bio-
soft) and FitBio (Biomav). For statistical evaluation the
paired t-test was applied, using Asystant 1.1 (Asyst Soft-
ware Technologies), with the level of significance (P)
chosen as 0.05. The data are given as means + S.E.M.
with n as the number of neurons investigated.

3. Results

3.1. Tetrodotoxin-resistant and tetrodotoxin-sensitive ac-
tion potentials

The firing of Na™ action potentials was investigated in
the absence and presence of 100 pM #n-butyl-p-amino-
benzoate, while the effect of the fast Na* channel blocker,
tetrodotoxin (200 nM), was studied directly after wash-out

Table 1
Composition of the Ca?*-free extra- and intracellular solutions (in mM)

Current clamp Voltage clamp

ECS ICS ECS ICS
NaCl 130 8 130 8
KCl1 5 140 - -
CsCl - - - 120
CsOH - - 5 15
TEA-C1 - - 10 5
4-AP - - 1 -
MgS0O,-7H,0 2.50 2.50 2.50 2.50
Choline-Cl 10 - - -
Hepes 10 10 10 10
EGTA - 5 - 5
Na, ATP - 2 - 2
Glucose 10 10 10 10

ECS and ICS, extra- and intracellular solutions, respectively.
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Fig. 1. Whole-cell current-clamp recordings in the absence and presence of the local anesthetic. n-Butyl-p-aminobenzoate-sensitive Na* action potentials
of a dorsal root ganglion neuron with a resting membrane potential of — 50 mV. Inset middle panel: current protocol applied. Current pulses differ by 20
pA. The first 3 subthreshold responses were not shown. Left panel: voltage responses in control solution. The threshold voltage was — 18 mV. Middle
panel: responses in the presence of the local anesthetic applied for about 2 min. The action potential started to fail after 26 s of incubation with the drug.
Right panel: voltage responses recorded 5 min after the start of the wash-out. The magnitude of the firing threshold amounted to —20 mV. Action
potentials re-appeared for the first time 46 s after replacement with control solution. During longer-lasting perfusions, the recovery from local anesthetic
effect was longer (Van den Berg et al., 1995a). The action potential was tetrodotoxin-resistant.

of the local anesthetic. As is shown in Fig. 1, in 25 of 40 potential could not be blocked by tetrodotoxin. Their

neurons the action potential was reversibly blocked by the threshold voltages, —22 + 2 mV before tetrodotoxin per-
local anesthetic. In 16 of these 25 neurons, the action fusion, —20 + 2 mV during tetrodotoxin application and
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Fig. 2. Whole-cell voltage-clamp recordings in the absence and presence of the local anesthetic. For clarity, only 5 current traces out of 21 recordings are
shown. Inset middle panel: activation protocol. The neuron had a capacitance of 16 pF and a resting membrane resistance of 500 M{2. The series
resistance (5 M {2) was compensated by 50% and the (compensated) time constant of the capacity current amounted to 40 p.s. (A) Na™ currents, measured
in response to different test potentials, as indicated, preceded by conditioning pre-pulse. Left panel: control currents. The fast current, dominating at — 30
mV, activated within 500 s and inactivated within a few ms. At 0 mV, the slow current activated within about 2 ms and inactivated slowly (> 10 ms).
Middle panel: currents after 4-min perfusion with the local anesthetic. Right panel: currents after wash-out of the drug for 10 min. (B) Na* currents in the
absence of the conditioning pre-pulse (same neuron as in A). Left panel: control currents. Note that at —30 mV the fast current was completely inactivated.
Middle panel: currents after a 4-min perfusion with the local anesthetic. Inset: activation protocol. Right panel: currents after wash-out of the local
anesthetic for 10 min.
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Fig. 3. Peak current-voltage relations, obtained from the currents depicted in Fig. 2. Closed and open symbols correspond to peak currents measured in the
control and the drug-containing solution (BAB), respectively. (A) The peak current-voltage relation with a hyperpolarizing pre-pulse. Inset: activation
protocol (not all test pulses shown). Regardless of whether the local anesthetic is present in the bathing medium, the sodium current activated at about — 40
to —30 mV. The maximum inward amplitude was reached at 0 mV. The current reversed at +61 mV in the control and at +57 mV in the drug-containing
solution, close to the calculated Na* Nernst potential of +60 mV. (B) The peak current-voltage relation without a hyperpolarizing pre-pulse. Inset:
activation protocol (not all test pulses shown). The Na*t current activated at about —20 to — 10 mV in both control and drug-containing solution, and the
maximum amplitude was reached around 0 mV. Obviously, the dominant slow current activated more steeply depending on voltage than the fast current. In
the absence and presence of the local anesthetic, the Na* current reversed at +64 mV.

—21 4+ 2 mV after wash-out of the toxin, were not statisti-
cally different, indicating a negligible contribution of fast
Na*' channels to the firing level.

Action potentials evoked in 9 out of 25 neurons, which
were sensitive to n-butyl-p-aminobenzoate, could also be
blocked by tetrodotoxin. This suggested that the local
anesthetic can inhibit fast Na* channels. Moreover, the
threshold voltage of 15 out of 40 neurons with n-butyl-p-
aminobenzoate- and tetrodotoxin-resistant action poten-
tials, amounting to —23 4+ 1 mV in control solution was
significantly (P < 0.005) raised both by the local anes-
thetic and the toxin to —16+2 mV and reversed to
—22 4+ 1 mV after wash-out of the drugs. This indicated
that fast Na* channels contributed to the firing threshold
and that they were inhibited both by n-butyl-p-amino-
benzoate and tetrodotoxin, in line with our previous results
obtained with neurons cultured in a serum-free medium
(Van den Berg et al., 1995a).

3.2. Sodium currents and membrane voltage

Fig. 2A shows typical inward and outward Na* cur-
rents at 5 membrane voltages (left panel). At —30 mV,
only the fast Na* current was present whereas at 0 mV the
slow Na*t current started to dominate. At higher depolar-
izations, fast and slow currents coincided and became
outward at +90 mV. The fast currents were completely
and reversibly blocked by 200 nM tetrodotoxin. Fast Na™*
currents also could be reduced substantially by omitting
the conditioning hyperpolarizing pre-pulse, so that the
slow current dominated the responses at each test voltage
(Fig. 2B, left panel).

The amplitude of the Na™ current was diminished by

the local anesthetic at all test potentials, irrespective of the
conditioning pre-pulse (Fig. 2A,B). Evidently, both fast
and slow Na™ currents were reduced by n-butyl-p-amino-
benzoate. The wash-out experiments demonstrated the re-
versible action of the drug and excluded artifacts that
could be introduced by changing extracellular solutions or
by rundown of the neuron (Fig. 2A,B, right panel). An
example of peak current-voltage relations in the absence
and presence of the local anesthetic, with or without the
conditioning pre-pulse, is shown in Fig. 3A,B. In control
solution, the Na™ current reversed at +63 + 3 and +59
+ 4 mV (n=11), respectively, in the presence and ab-
sence of the pre-pulse, close to the calculated Na* Nernst
potential of +60 mV. These values did not change statisti-
cally significantly during drug exposure, amounting to

Table 2

Peak Na" conductances g,, &5, &pri> &pr2- &prs» &psi aNd g5 at
—10 mV in control, after 2—4 min of perfusion with the local anesthetic
and after 5-10 min of washing-out

Control (nS) n BAB (nS) n Wash-out (nS) n
& 55+10 12 3248? 11 50+11 12
g; 33110 10 9+3% 10 2849 10
gor 1214 9 1243 9 1043 8
gpr2 2747 12 2949 12 3149 1
oy 2916 7 7+6° 7 33417 5
s 8%2 8 842 8 1243 7
8ps: 36%8 8 4x2° 8 3549 7

The conductances were determined from g, =1, /(V — V,) (Hodgkin
and Huxley, 1952). The quantities g, and g are the conductances
underlying the peak currents in the presence and in the absense of the
hyperpolarizing prepulse. Data marked * are statistically significantly
different from the control values. BAB, n-butyl-p-aminobenzoate.
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61 + 4 and 60 + 4 mV, indicating that the local anesthetic
did not affect the ionic selectivity of fast and slow Na™
channels.

At test voltages of —30, 0 and + 30 mV, we calculated
the ratio of the peak current in the control to that in the
presence of the local anesthetic. Obtained with pre-pulses,
these ratios were 0.52 + 0.05, 0.63 + 0.03 and 0.68 + 0.04
(n = 11), respectively, a statistically significant difference
(P <0.02). This suggests that the block by n-butyl-p-
aminobenzoate is reduced at larger depolarizing steps. In
the absence of the pre-pulse, the peak current ratios at the
respective voltages were 0.10 4 0.03, 0.41 + 0.06 and 0.54

4+ 0.08 (n=19), indicating that the ‘resting block’ is in-
creased by long-lasting depolarization. The ratios differ
significantly (P < 0.002), again showing that the block by
the local anesthetic becomes smaller at greater depolariz-
ing steps. After wash-out, the peak currents were not
statistically different from their values obtained under con-
trol conditions. Table 2 shows the conductances underlying
the peak currents.

3.3. Inactivation of fast and slow Na™ currents

To separate fast and slow Na™ currents, we made use of
the fact that the fast current was completely inactivated at

CONTROL
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Fig. 4. Inactivation of fast Na™ currents. (A) The Na* current was measured at the test voltage of —10 mV and was preceded by pulses varying from
—140 to —40 mV. The neuron had a resting resistance of 503 M (2. The series resistance amounted to 6.6 M {2 and was compensated by 60%. The
membrane capacitance was 22 pF. For clarity, the currents corresponding to pre-pulses spaced by 10 mV instead of 5 mV are shown. Left panel: control
currents. Inset: procedure for the separation of fast and slow currents (from a different neuron). Right panel: currents in the presence of the local anesthetic,
Inset: voltage protocol (not all pulses shown). (B) Steady-state inactivation curve for fast Na* currents as shown in A. The circles represent the absolute
value of the peak current in control (left panels) and in 100 uM n-butyl-p-aminobenzoate (right panels). The lines represent the fit of Eqn. 2 to these data.
Note that, by applying Eqn. 2, the maximum peak current, being experimentally inaccessible, could be estimated (at the cost of accuracy). Curve-fitting
yielded the following parameters in control: Ip, = 0.06 + 0.01 nA, g, = 0.11 £ 0.02 nA, I3 =0.15+0.01 nA, Vg = —127+3 mV, Vg, = —80+2

mV, Vi3 = =504 1 mV, kg = 8.0 mV (could not be obtained as a free parameter and was fixed to a value, at which the residual values were minimal),
kp; =741+ 1.3 mV and kg; = 5.6 £ 0.4 mV. The parameters in the presence of the local anesthetic were: /g, =0.12 £ 0.01 nA, I, =0.13 £ 0.01 nA,
Ity =0.021 £0.002 nA, Vg = —1324+3 mV, Vg, = —100+ 1 mV, Vg3 = —57 £ 2 mV. The slope parameters were fixed to those obtained in control

solution. Voltage errors due to residual series resistance were negligible with these small Na® currents. The increase of F, was present in a number of
neurons and was a slow process, independent of the local anesthetic. Wash-out of the drug succeeded partially, but the midpoint potentials obtained were
close to their control values.
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pre-pulse potentials around —50 mV, where the slow
current did not show any inactivation (Van den Berg et al.,
1995a,b). By subtracting the (non-inactivated) slow current
from the total Na™ current, measured after pre-pulses more
negative than —50 mV, we obtained the fast Na™ current
as a function of pre-pulse (Fig. 4A, left panel). In 9 out of
12 neurons, the fast current did not reach a maximum after
pre-pulses up to — 140 mV. This unusual inactivation is

inactivation of the fast currents was increased (Fig. 4A,
right panel).

Inactivation curves were obtained by plotting the ampli-
tude of the peak current I, as a function of pre-pulse
potential V.. All curves were characterized by 2 or 3
declining limbs with increasing steepness. In all neurons,
the relation between the peak of the fast current, /., and
V,p showed a characteristic bend around —100 mV, in 7

of 12 there was also a bend around —60 mV. A sum of 2
or 3 Boltzmann functions (cf., Van den Berg et al., 1995b)

known to be present in newborn rats (Schwartz et al.,
1990). In the presence of the local anesthetic, the degree of
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Fig. 5. Inactivation of slow Na* currents. (A) Slow Na* currents were measured at the test voltage of — 10 mV preceded by pulses varying from —50 to
0 mV, spaced by 5 mV. Different neuron from the one in Fig. 4. The neuron had a resting resistance of 200 M {2 and a capacitance of 27.5 pF. The series
resistance, amounting to 7.0 M {2, was compensated by 80%. Left panel: control currents. For clarity, the (base-line) currents at pre-pulses of —5 and 0
mV are not shown. Right panel: currents in the presence of the local anesthetic. Inset: voltage protocol applied. (B) Steady-state inactivation curves of slow
sodium currents as shown in A. The circles represent the absolute value of the amplitude of the peak current in control (left panel) and in 100 pM
n-butyl-p-aminobenzoate (right panel). The lines represent the fit of Eqn. 3 to these data, yielding the following parameters in the control:
I =126+038nA, I;, =30+ 04 nA, Vg, = =26 £ 2 mV, Vg, = —19.1 + 0.1 mV, kg, =3.5+ 0.5 mV and kg, = 1.4 + 0.2 mV. The parameters in
the presence of the drug were: Iy, = 1.7+ 0.1 nA, I, =041 £0.13 nA, Vg, = —29+ 1 mV, Vg, = =20+ 1 mV, kg, =63 +0.5 mV and kg, = 1.4
fixed to the value in the control. After wash-out of the drug, the parameters were similar to the control values with T5; =1.30 £0.20 nA and
isz =3.2 + 0.2 nA. The control data points were also fitted by a single Boltzmann function. The best fit was obtained from the asymptotic information
criterion (AIC) for the residual sum of squares (RSS), given by: N InRSS + 2 P with N the number of data points and P the number of free parameters
(Akaike, 1981). The AIC amounted to —64 and — 18 for Eqn. 3 (6 free parameters) and a single Boltzmann function (2 free parameters), respectively.
Thus, the best fit, corresponding to the lowest value of AIC was obtained with Eqn. 3.
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Table 3

Midpoint potentials and slopes of the inactivation curves for fast and slow
Na® current components in the absence and presence of 100 pM
n-butyl-p-aminobenzoate (BAB)

Parameter Control(mV) n BAB(mV) n Wash-out (mV) n

Ve, —12745 8 —134+3° 8 —12545 7
Ve, —8342 12 —104+1° 12 —87%2° 11°
Ve, ~53+2 6 —59+2°¢ 4 —55+1 5
Vs, -32+1 8 —29+2 8 —29+1 7
Ve, —~18+1 8 —16+1 6 —19+1 7
ke 93+15 9  92+13 9 96414 8
ke 81407 12 89407 12 77407 11
ks 46406 6  68+15 4 57412 5
ks, 49+08 8 51+08 8 49+13 7
ks 27403 8 28407 6 25403 7

The neurons were perfused with the drug-containing solution for 2—4
min, after which the wash-out lasted 5-10 min.

? Statistically significantly different from the control values.

b Significantly different from control (P = 0.004) due to either incom-
plete wash-out or spontaneous shift of the curve.

was necessary to give a reasonably accurate description of
the inactivation curve for the fast current:

I V. )= I_Fl + I_F2
p,F( PP) - (1 + e(Vpp_VF])/kFl) (1 + e(vpp_VF2)/kF2)

Iy

+ (1 + e(Vpp_VFa)/kH) (2)

where I, I, and I, are the maximum magnitudes of the
respective Na™ current components, Vg, Vi, and Vi, their
midpoint potentials (50% inactivation) and kg, kg, and
kp; their slope factors. Of 12 neurons, 5 exhibited both F,
and F, currents, 3 neurons had both F, and F; currents,
while 4 neurons had all 3 fast current subtypes (Fig. 4B).
Table 2 shows the peak conductances g,ri, g&,p, and
8,3 underlying the peaks of the fast current components
at —10 mV. Their midpoint potentials and slopes are
given in Table 3. After perfusion with the local anesthetic,
the amplitudes of F, and F, currents were not significantly
altered whereas the F; current was significantly reduced to
24% of the control value (P < 0.0001, cf., Table 2). This
reduction was reversible within 10 min of wash-out. The
midpoint potentials of F,, F, and F; were all significantly
shifted by the drug to hyperpolarizing voitages for 7, 21
and 6 mV, respectively (P < 0.005, Table 3). These shifts
were largely reversible during wash-out. Only the inactiva-
tion curve for the F, current shifted up to —2 mV in the
absence of the local anesthetic during a period of 10 min.
Thus, the observed shifts can be completely attributed to
the action of n-butyl-p-aminobenzoate. The slope factors
were not statistically altered by the local anesthetic.

The inactivation of slow Na* currents is depicted in
Fig. SA. Here, there was a clear saturation of the peak
current at levels around —50 mV. In the presence of the
local anesthetic, the amplitude was reduced at all pre-pulse

potentials. Similarly to Eqn. 2, the inactivation curve could
be described by:

Iy Iy,
IP~S(VPP) = (1 + e(Vpp—V51)/k51) + (1 + e(vpp_VSZ)/kSZ)

(3)

where I5; and I, are the maximum peak amplitudes of
components S, and S,, Vg, and Vg, their midpoint poten-
tials and kg, and kg, the slope factors (Fig. 5B). In 8 out
of 12 neurons, both the S, and S, currents were present.
The peak conductances g,s; and g,s, underlying the
peaks of the slow current components at —10 mV are
given in Table 2 and their midpoint potentials and slopes
can be found in Table 3. In n-butyl-p-aminobenzoate-
containing solutions, the S, current was not significantly
changed in amplitude whereas the amplitude of S, was
(reversibly) reduced to 11% of the control value (P =
0.004, cf., Table 2). The midpoint potentials and slopes of
both slow components were not significantly altered by the
drug (Table 3).

4. Discussion

Our findings indicated that the excitability of small
neonatal dorsal root ganglion neurons was drastically re-
duced by dissolved n-butyl-p-aminobenzoate. In neurons
cultured in our serum-enriched medium, 3 fast and 2 slow
Na* current components were present. The local anes-
thetic differentially affected the various components of fast
and slow Na* currents.

Resting membrane potentials of dorsal root ganglion
neurons range from — 70 to —50 mV with a mean of —60
mV (Wang et al., 1994). At this potential, the F, current is
completely inactivated, F, by 94%, F, by 12%, whereas
inactivation of S, and S, currents is completely absent.
However, the midpoint potentials of the inactivation curves
might have been shifted to negative potentials under our
ionic conditions (Van den Berg et al., 1995a) and F, and
F, currents may participate as well. Neglecting such con-
tributions, during excitations from the resting potential
only F;, S, and S, currents play a role. Because S, is
insensitive to the local anesthetic, reduction of excitability
arises from the action of the drug on F; and S, currents.
Tetrodotoxin-sensitive action potentials can only originate
from the F, current, and their block by the local anesthetic
in 23% of the neurons, is caused by block and inactivation
of this current component. Also, the increase of the firing
threshold by both the local anesthetic and tetrodotoxin in
37% of the neurons reflects effects on the F; current. Since
this component occurred in = 60% of the neurons under
voltage clamp, there is reasonable agreement with our
findings under current clamp conditions. Tetrodotoxin-re-
sistant action potentials, which could be blocked by the
local anesthetic in 40% of the current-clamped neurons,
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can only arise from S, currents. This percentage of block
was lower than the 67% of voltage-clamped neurons ex-
hibiting the S, current, presumably through the firing of
action potentials arising from S, currents. This current is
also responsible for the tetrodotoxin- and n-butyl-p-amino-
benzoate-resistant action potentials in 37% of the neurons.
Since the amplitude of S, is much smaller than that of S,
these observations may seem unexpected, but differences
in activation voltage and kinetics may favour the role of
the S, current. More information on this issue is necessary.

Our results are important in relation to the differential
analgesic effect of n-butyl-p-aminobenzoate. In vivo, the
spinal root nerve fibres in the epidural space are the main
target tissue for the local anesthetic (Korsten et al., 1991).
These fibres probably contain different proportions of fast
and slow current components. If the distribution of current
components as measured in neuron somata resembles that
in axons, the S, current is dominant in pain-mediating
C-fibres (Table 2). These fibres will be blocked by the
local anesthetic, while other fibres (e.g., those with a
dominating S, current) remain unaffected. Differential
nerve block may also result from varying contributions of
the F; current. In neurons with a large F; current, fast
action potentials may still be generated after a 24% block
whereas in neurons with a relatively small F, contribution
such action potentials will be blocked or firing thresholds
raised. We note that increased thresholds might attenuate
the propagation of action potentials in vivo, resulting in
nerve block (Van den Berg et al., 1994). At present, we
cannot rule out the interesting possibility that the length of
exposure is an important factor in differential nerve block
(cf., Fink, 1989).

Several components of fast and slow Na* currents have
been found in newborn rat dorsal root ganglion neurons.
Omri and Meiri (1990) distinguished fast, intermediate and
slow Na™ currents, with inactivation midpoint potentials
of —70, —29 and —21 mV, respectively. On the basis of
these values, their fast current is a combination of F, and
F; currents whereas their intermediate and slow currents
correspond to our S, and S, currents, respectively.
Schwartz et al. (1990) separated the Na* currents into a
fast newborn, a fast adult and a slow component, with
midpoint potentials of —139, —75 and —24 mV, respec-
tively. The fast newborn current is, thus, similar to F,
whereas the fast adult current corresponds to F, and F;
currents. Finally, their slow current type corresponds to
our S, current. Different Na® currents have also been
found in adult rat dorsal root ganglion neurons (Caffrey et
al., 1992).

Fast and slow Na® currents reflect the existence of
distinct Na™ channels (Akopian et al., 1996). It is tempting
to speculate that distinct subtypes of fast and slow Na™*
channels underly the fast and slow Na® current compo-
nents. Binding of etidocaine (200 wM) to the local anes-
thetic receptor site on transmembrane segment S6 (domain
IV) near the pore of rat brain IIA Na™ channels, shifted

the inactivation curve by —24 mV (Ragsdale et al., 1994).
On the other hand, external application of antibodies di-
rected against the C| region of segments S4 shifted the
voltage dependence of the fast aduit current inactivation by
—26 mV (Schwartz et al., 1990). Therefore, n-butyl-p-
aminobenzoate molecules may bind to one of these inacti-
vation-related sites of the channels underlying the F, cur-
rent (—21 mV shift). The relatively small shift of the
inactivation of F, (=7 mV) and of F; (=6 mV) may
reflect a structural difference between these channels and
F, channels or binding to another inactivation-related site.
Binding of r-butyl-p-aminobenzoate to the conduction-re-
lated part of the Na* channel (S5-S6) may explain the
block of F; channels. Such a block may also occur in S,
channels, where the inactivation-related site is either miss-
ing or inaccessible. The smaller block at larger step depo-
larizations was most pronounced when the fast currents
were inactivated. This voltage-dependent reduction of block
may originate from the relief of the local anesthetic from
S, channels during short depolarizing pulses.

Comparison with our previous study on the local anes-
thetic (Van den Berg et al., 1995a) showed a number of
differences. The block of ‘slow’ action potentials (tetro-
dotoxin-resistant) by 100 wM n-butyl-p-aminobenzoate
was not observed in that study, due to the absence of S,
currents. Moreover, these neurons also lacked the fast
currents, F, and F;. The midpoint potentials of the single
fast and slow currents in these experiments were — 88 and
—28 mV (42 mV), respectively, and, thus, correspond to
the F, and S, components. The local anesthetic shifted the
inactivation of the fast current — 16 mV, without affecting
the slow current (Van den Berg et al., 1995a), in agree-
ment with the present findings for F, and S, currents.
Since the use of serum is the only difference between this
and the previous study, our results suggest that expression
of Na* current components depends on culture conditions.
Such a dependence was shown by Omiri and Meiri (1990),
who found that neurons exhibited solely the intermediate
current in the absence of ( 8) nerve growth factor whereas
in its presence in addition to the intermediate current both
fast and and slow currents were present.

The Na™ channels, underlying the various currents that
completely inactivate after some time, must exist in at least
3 states: closed, open and inactivated (cf., Hille, 1992). We
do not know which of these transitions is influenced by the
local anesthetic. Measurement of the time course of devel-
opment of inactivation (current decay) and of recovery
from inactivation may help to partition the local anesthetic
effect between increased rate of development of inactiva-
tion and a decrease in the rate of recovery (cf., Van den
Berg et al., 1993). However, both decay of and recovery
from inactivation reflect the kinetic properties of fast and
slow currents. Therefore, such an analysis is only useful if
one current component can be isolated, allowing analyses
to discriminate between a modulated or guarded receptor
for the local anesthetic (cf., Chernoff and Strichartz, 1990).



R.J. Van den Berg et al. / European Journal of Pharmacology 316 (1996) 87-95 95

Nevertheless, our finding of differential Na* channel
‘block’ is important in the search for the mechanism of
selective nerve fiber actions.
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