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abstract

 

It was reported recently that action potentials actively invade the sensory nerve terminals of corneal
polymodal receptors, whereas corneal cold receptor nerve terminals are passively invaded (Brock, J.A., S. Pianova,
and C. Belmonte. 2001. 

 

J. Physiol. 

 

533:493–501). The present study investigated whether this functional difference
between these two types of receptor was due to an absence of voltage-activated Na

 

�

 

 conductances in cold receptor
nerve terminals. To address this question, the study examined the effects of polarizing current on the configura-
tion of nerve terminal impulses recorded extracellularly from single polymodal and cold receptors in guinea-pig
cornea isolated in vitro. Polarizing currents were applied through the recording electrode. In both receptor types,
hyperpolarizing current (

 

�

 

ve) increased the negative amplitude of nerve terminal impulses. In contrast, depolar-
izing current (

 

�

 

ve) was without effect on polymodal receptor nerve terminal impulses but increased the positive
amplitude of cold receptor nerve terminal impulses. The hyperpolarization-induced increase in the negative am-
plitude of nerve terminal impulses represents a net increase in inward current. In both types of receptor, this in-
crease in inward current was reduced by local application of low Na

 

�

 

 solution and blocked by lidocaine (10 mM).
In addition, tetrodotoxin (1 

 

�

 

M) slowed but did not reduce the hyperpolarization-induced increase in the nega-
tive amplitude of polymodal and cold nerve terminal impulses. The depolarization-induced increase in the posi-
tive amplitude of cold receptor nerve terminal impulses represents a net increase in outward current. This change

 

was reduced both by lidocaine (10 mM) and the combined application of tetraethylammomium (20 mM) and

 

4-aminopyridine (1 mM). The interpretation is that both polymodal and cold receptor nerve terminals possess high
densities of tetrodotoxin-resistant Na

 

�

 

 channels. This finding suggests that in cold receptors, under normal condi-
tions, the Na

 

�

 

 conductances are rendered inactive because the nerve terminal region is relatively depolarized.
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I N T R O D U C T I O N

 

A general assumption regarding the process of trans-
duction in sensory receptors is that the transducer and
action potential initiation site are functionally and spa-
tially segregated (Shepherd, 1994). The nerve terminal
transduces the sensory stimulus into a receptor poten-
tial, but does not support action potentials, and a site
proximal to the nerve terminal is where the action po-
tential is initiated. This functional segregation of trans-
duction and action potential initiation has been dem-
onstrated for low-threshold mechanoreceptors (Lowen-
stein, 1959) and olfactory sensory neurons (Firestein et
al., 1990). However, almost nothing is known about the
ability of free sensory nerve endings, with C or A delta
axons, to support action potentials. Recently, it was
suggested that the sensory nerve terminals of corneal
cold receptors are invaded passively by action poten-
tials generated at a site proximal to the nerve ending
(Brock et al., 2001). This conclusion was based on the

observation that the time course of nerve terminal im-
pulses (NTIs)* was unaffected by local Na

 

�

 

 channel
blockade. In contrast, local Na

 

�

 

 channel blockade
slowed the time course of NTIs in polymodal receptors,
indicating that action potentials propagate actively into
their nerve endings. A question that arises from these
observations is whether this functional difference be-
tween these two types of free nerve endings is due to an
absence of voltage-activated Na

 

�

 

 conductances in cold
receptor nerve terminals.

To address this question, NTIs have been recorded
extracellularly from the sensory nerve terminals of cor-
neal cold and polymodal receptors while polarizing
current was passed through the recording electrode.
Extracellularly applied current is expected to alter the
membrane potential of the nerve terminal, immedi-
ately beneath the recording electrode, according to its
direction and magnitude. In both cold-sensitive and
polymodal receptors, hyperpolarization of the nerve
terminal produced a large increase in inward ionic cur-
rent that was blocked by the local anesthetic, lidocaine,
but not the Na

 

�

 

 channel blocker, TTX (tetrodotoxin).
The current is therefore likely to be mediated by a
TTX-resistant Na

 

�

 

 conductance. The interpretation is
that regenerative Na

 

�

 

 conductances are present in the
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nerve terminals of cold receptors and, that under nor-
mal conditions, they are rendered inactive because the
nerve terminal region is relatively depolarized.

 

M A T E R I A L S  A N D  M E T H O D S

 

The experiments were performed in accordance with the animal
experimentation guidelines of the National Health and Medical
Research Council of Australia and had prior approval of the Uni-
versity of New South Wales Animal Care and Ethics Committee.
Guinea pigs of both sexes and in the weight range 200–400 g were
used. Animals were anesthetized with an intraperitoneal injection
of sodium pentobarbitone (100 mg/kg; Nembutal; Boehringer)
and killed by decapitation. Both eyes were dissected free from
their orbits and isolated along with a short length of optic nerve.
After removal, eyes were superfused continuously with a physiolog-
ical solution of the following composition (mM) NaCl, 133.4; KCl,
4.7; CaCl

 

2

 

, 2; MgCl

 

2

 

, 1.2; NaHCO, 16.3; NaH

 

2

 

PO

 

4

 

, 1.3 and glucose,
7.8, gassed with carbogen (95% O

 

2

 

, 5% CO

 

2

 

) to pH 7.4.
Eyes were pinned to the SYLGARD (Dow-Corning) coated

base of a perspex chamber. The optic nerve and associated ciliary
nerves were drawn into a suction-stimulating electrode. The cili-
ary nerves were electrically stimulated with a constant voltage
stimulator (pulse width 0.1–0.5 ms, amplitude 10–60 V). The
temperature of the solution entering the bath was controlled by
a feedback regulated heater. During the experiments, the bath
temperature was maintained in the range 30–32

 

�

 

C.
Nerve terminal activity was recorded using glass micropipette

electrodes applied to the surface of the cornea and secured with
slight suction. The pipettes had a tip diameter of 

 

�

 

50 

 

�

 

m and
were filled with physiological solution. Signals were recorded with
respect to an Ag/AgCl pellet in the bath. Electrical activity was am-
plified (1,000

 

�

 

, Geneclamp 500; Axon Instruments), filtered
(high pass 1 Hz, low pass 10 kHz; 432 Wavetek), digitized (VR-10B,
Instrutech), and stored on video tape. Data was subsequently col-
lected with a Maclab data acquisition system (ADInstruments) and
analyzed with custom written software in Igor (WaveMetrics).

In all experiments, a polyethylene tube was positioned inside
the recording electrode, close to the tip, to deliver agents locally at
the site of recording (see Brock and Cunnane, 1995). These
agents were made up in HEPES-buffered saline of the following
composition (mM) HEPES, 10; NaCl, 151; KCl, 4.7; CaCl

 

2

 

, 2;
MgCl

 

2

 

, 1.2; glucose, 7.8. The pH of this solution was adjusted to
7.4 using NaOH. In the experiments investigating the effects of
perfusing the electrode with zero Ca

 

2

 

�

 

 solution, CaCl

 

2

 

 was re-
placed with an equimolar concentration of MgCl

 

2

 

 and the solution
also contained 1 mM EDTA. Low Na

 

�

 

 solutions were prepared by
replacing all of the NaCl with an equimolar concentration of
either choline chloride or TrisHCl (tris[hydroxymethyl]ami-
nomethane hydrochloride). Perfusion of the recording electrode
with HEPES-buffered saline alone has previously been shown to be
without effect on polymodal and cold receptor NTI amplitude and
time course (see Brock et al., 2001).

 

Chemicals

 

Lidocaine hydrochloride, 4-aminopyridine (4-AP), tetraethylam-
monium (TEA), and TTX were obtained from Sigma-Aldrich.
Solutions containing lidocaine, 4-AP, and TEA were made up on
the day of the experiment. TTX solutions were prepared from a
1 mM stock solution in distilled water.

 

Receptor Identification

 

In accord with the criteria of Brock et al. (1998), polymodal and
cold receptors were distinguished on the basis of the ongoing
frequency of spontaneous NTIs and responses to temperature

and capsaicin. At bath temperatures in the range 30–32

 

�

 

C, cold
receptors had a periodic, ongoing NTI discharge (in the range
5–20 Hz) that increased with cooling and decreased with heat-
ing. Polymodal receptors were identified by ciliary nerve stimula-
tion and their sensitivity to capsaicin (0.2–0.5 

 

�

 

M). Ongoing NTI
activity in polymodal receptors was either absent or occurred ir-
regularly at a low frequency (

 

�

 

1 Hz). For cold receptors the
spontaneously occurring NTIs were studied, whereas for poly-
modal receptors the electrically evoked antidromic NTIs were
studied. In polymodal receptors, it has been demonstrated previ-
ously that both spontaneous and electrically evoked NTIs actively
invade the sensory nerve endings (Brock et al., 2001).

 

Polarizing Current

 

Polarizing currents (in the range 

 

�

 

200 nA) were applied across
the seal resistance for periods of 30–60 s using the constant cur-
rent facility of the recording amplifier. In the guinea pig cornea,
the majority of sensory axons terminate abruptly on arriving at
the most superficial layer of the corneal epithelium and are ori-
entated perpendicular to the corneal surface (Brock et al.,
1998). Given the dimensions of the recording electrode relative
to the axon, the application of constant current across the seal-
ing resistance can be considered to place the axon in a graded
field where the current density will be highest at the terminal
and will become progressively weaker proximal to this site (i.e.,
deeper in to the corneal epithelium). Since the axonal mem-
brane has a higher resistance than the surrounding extracellular
space, most of the potential change will be across the membrane.
Consequently, the distribution of potential along the axon
should be primarily determined by the length constant of the
axon. The maximum current applied to the tissue varied be-
tween recording sites on the cornea and was limited by the re-
cording circuitry. Current direction is specified with respect to
the recording electrode, i.e., positive current indicates that posi-
tive charge carriers move away from the recording electrode.
Therefore, by virtue of the predicted effect on the nerve terminal
membrane potential, positive and negative currents are desig-
nated as hyperpolarizing and depolarizing respectively.

 

NTI Analysis

 

The recorded extracellular signal at a nerve terminal is propor-
tional to the net current across the membrane (Smith, 1988;
Brock et al., 2001). For the recording configuration used in these
experiments, positive deflections represent net outward current
and negative deflections represent net inward current. Analyzed
NTIs were averages of 30 or 50 individual NTIs. Prior to averag-
ing, individual NTIs were aligned at their positive peak.

In the experiments investigating the effects of TTX, lidocaine,
4-AP, and TEA, the nerve terminals were hyperpolarized with a
positive current strength that, under control conditions, pro-
duced at least a 100% increase in the negative amplitude of the
NTI. A negative current of the same strength was used to analyze
the effects of depolarizing the nerve terminal. At some recording
sites, the largest positive current that could be passed without sat-
urating the amplifier was not sufficient to produce a 100% in-
crease in the negative amplitude of the NTI and these sites were
not further investigated.

To assess the effects of polarizing current on NTIs, their peak
positive and negative amplitude was measured. To compare the
time course of the initial upstroke and the downstroke of the
NTI recorded from different units, the maximum and minimum
rates of change of voltage (dV/dt) were normalized to the peak
positive amplitude.

Data are presented as mean 

 

�

 

 SEM. All statistical comparisons
were made with Statview (Abacus Concepts). In the absence of



 

397

 

Carr et al.

 

polarizing currents, comparisons were made with Student’s 

 

t

 

 tests
for paired data. The effects of polarizing current were assessed
nonparametrically with Friedman tests followed by paired sign
tests. Unless otherwise stated, cited P values are for paired sign
tests. P 

 

�

 

 0.05 was considered significant.

 

R E S U L T S

 

NTIs were recorded from 39 cold and 22 polymodal re-
ceptors innervating the guinea-pig cornea. In each
case, NTIs were diphasic (positive-negative), with a
larger positive-going component. In all experiments,
the recorded NTIs were considered to originate from
single axons. In support of this assumption, electrical
stimulation of the ciliary nerves evoked a single, all-or-
none NTI at the site of recording. This was an identify-
ing feature of polymodal receptors and was observed in
30 of the 39 cold receptors. For the 9 cold receptors in
which an NTI could not be electrically evoked, the
presence of a rhythmic, ongoing NTI discharge and a
consistent NTI shape were considered strong evidence
that the NTI was from a single axon. In a separate
group of 17 cold and 7 polymodal receptors, impulse
collision was used to confirm axon singularity. In this
group of receptors, the electrically-evoked NTI could
be abolished, by collision, if the electrical stimulus was
triggered at the occurrence of a spontaneous NTI.

 

Polarizing Current

 

Hyperpolarizing and depolarizing currents produced
consistent changes in cold (

 

n

 

 

 

	

 

 28) and polymodal
(

 

n

 

 

 

	 

 

17) receptor NTI shape. Hyperpolarizing current in-
creased the negative amplitude of the NTI in both types

of receptor (Fig. 1, A and B). Additionally, for cold re-
ceptor NTIs, depolarizing current increased the posi-
tive amplitude and reduced the negative amplitude
(Fig. 1 A). In contrast, depolarizing current had no ef-
fect on the positive or negative amplitude of polymodal
receptor NTIs (Fig. 1 B).

Figure 1. Effects of polarization on NTIs recorded from cold re-
ceptors (A) and polymodal receptors (B). (A and B) The top
traces are averaged NTIs recorded in single experiments and the
bottom graphs show the mean effects of polarizing current on the
positive (fill bars) and negative (open bars) amplitude of NTIs
(cold receptors, n 	 28; polymodal receptors, n 	 17). In the
graphs, the positive and negative amplitudes of NTIs were normal-
ized to the positive amplitude measured in the absence of polariz-
ing current (zero current). Statistical comparisons were made with
paired sign tests. ***, P � 0.001.

Figure 2. Effects of varying polarizing
current strength on NTI shape in a cold
receptor. (A) Overlaid averaged NTIs
recorded under control conditions
(three traces overlaid) and during ap-
plication of hyperpolarizing current
(30, 40, 60, 80, and 90 nA overlaid) and
depolarizing current (�30, �50, �70,
�90 nA overlaid). (B) The traces on
the left show the pattern of NTI occur-
rence in the absence of polarizing cur-
rent and during application of 60 and
90 nA. On the right, averaged NTIs
recorded under each condition are
shown. During application of 60 nA,
the negative amplitude of all NTIs was
increased. In contrast, during applica-
tion of 90 nA, the increase in the nega-
tive amplitude of NTIs occurred in an
all-or-none manner. At 90 nA, NTIs that
had the large increase in negative am-
plitude were averaged separately from
those which did not show this effect.
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In both receptor types, the magnitude of the changes
in NTI amplitude increased with polarizing current
strength. An example of this behavior is shown for a
cold receptor in Fig. 2 A. An increase in hyperpolariz-
ing current strength produced a corresponding in-
crease in the negative amplitude of the NTI. Similarly,
increasing the strength of the depolarizing current in-
creased the positive amplitude of the NTI. In some
cold and polymodal receptors, increasing the strength
of the hyperpolarizing current delayed the negative
component of the NTI (Fig. 2 A). For both cold and
polymodal receptors displaying this behavior, the hy-
perpolarization-induced increase in the negative ampli-
tude of the NTI occurred in an all-or-none manner at
current strengths above a particular value (Fig. 2 B).

The initial upstroke of the NTI is produced by an
outward capacitive current generated by electrotonic
spread of potential from the arriving nerve impulse
(see Brock et al., 2001). Assuming similarly shaped in-
vading action potentials, the passive electrical proper-
ties of the nerve terminal membrane would be ex-
pected to be the primary determinant of the initial rate
of rise of the NTI. In cold receptors, depolarizing and
hyperpolarizing currents did not change the normal-
ized maximum dV/dt of the NTIs (relative change; de-
polarizing current 

 

�

 

0.02 

 

�

 

 0.03, paired 

 

t

 

 test P 

 

	

 

 0.54;
hyperpolarizing current 

 

�

 

0.02 

 

�

 

 0.04, paired 

 

t

 

 test P 

 

	

 

0.64), suggesting that current application did not de-
tectably change the passive electrical properties of their
nerve terminals. Depolarizing current was also without
effect on the normalized maximum dV/dt of poly-
modal receptor NTIs (relative change, 

 

�

 

0.02 

 

�

 

 0.02,
paired 

 

t

 

 test P 

 

	

 

 0.19), but hyperpolarizing current pro-
duced a small reduction in this value (relative decrease,

 

�

 

0.06 

 

�

 

 0.02, paired 

 

t

 

 test P 

 

	

 

 0.02). This slowing may
reflect an increase in Na

 

�

 

 current early in the NTI.
In both cold and polymodal receptors, hyperpolarizing

current increased the normalized minimum dV/dt; i.e.,
the speed of downstroke increased (relative increase, cold
receptor 0.71 

 

�

 

 0.09, paired 

 

t

 

 test P 

 

�

 

 0.001; polymodal
receptor 0.31 

 

�

 

 0.06, paired 

 

t

 

 test P 

 

�

 

 0.001). Conversely,
depolarizing current decreased the normalized minimum
dV/dt (relative decrease, cold receptor 

 

�

 

0.26 

 

�

 

 0.04,
paired 

 

t

 

 test P 

 

�

 

 0.001; polymodal receptor 

 

�

 

0.22 

 

�

 

 0.04,
P 

 

�

 

 0.001). As activation of Na

 

�

 

 channels would be ex-
pected to speed the downstroke of the NTI (see Brock et
al., 2001), these effects on the normalized minimum dV/
dt may be explained by changes in the number of inacti-
vated Na

 

�

 

 channels produced by the influence of polariz-
ing current on the resting membrane potential.

 

Effects of Low Na

 

�

 

 and Ca

 

2

 

�

 

 Solutions

 

The hyperpolarization-induced increase in the negative
amplitude of the NTI reflects a net increase in inward
current that may be carried by either or both Na

 

�

 

 and

Ca

 

2

 

�

 

. Consequently, the effects of perfusing the record-
ing electrode with either low Na

 

�

 

 solution or zero Ca

 

2

 

�

 

solution were investigated.
Fig. 3 shows the effects of perfusing the recording

electrode with either zero Ca

 

2

 

�

 

 solution or low Na

 

�

 

solution on NTIs recorded from the same cold recep-
tor. In the absence of polarizing current, perfusing
the electrode with either zero Ca

 

2

 

�

 

 or low Na

 

�

 

 solu-
tion slowed the downstroke of the NTI in this recep-
tor. In addition, the low Na

 

�

 

 solution reduced the pos-
itive amplitude of the NTI. In the presence of zero
Ca

 

2

 

�

 

 solution, hyperpolarizing current still produced
a large increase in the negative amplitude of the NTI
but the time course of decay of the negative compo-

Figure 3. Effects of perfusing the recording electrode with zero
Ca2� solution (A) or low Na� solution (B) on the hyperpolariza-
tion-induced changes in cold receptor NTI shape. (A and B) Aver-
aged NTIs, from the same receptor, recorded before and during
application of zero Ca2� solution or low Na� solution. In each
case, NTIs were recorded in the absence of polarizing current and
during application of �30 nA. The lower records in each panel
show the control and treated (thick lines) NTIs overlaid. Between
application of zero Ca2� and low Na� solution, the electrode was
washed with control solution for 15 min. In this experiment, the
low Na� solution was prepared by replacing the NaCl with choline
chloride.
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nent was slowed. In contrast, perfusing the electrode
with low Na� solution markedly decreased the hyper-
polarization-induced increase in the negative ampli-
tude of the NTI.

For all cold and polymodal receptors tested, the ef-
fects of zero Ca2� solution (cold receptors, n 	 7;
polymodal receptors, n 	 4) and low Na� solution
(cold receptors, n 	 9; polymodal receptors, n 	 5)
on the hyperpolarization-induced increase in the neg-
ative amplitude were similar to those shown in Fig. 3.
Furthermore, the inhibitory action of low Na� solu-
tion on the effects of hyperpolarizing current was ob-
served when NaCl was replaced by choline chloride
(cold receptors, n 	 5; polymodal receptors, n 	 3) or
TrisHCl (cold receptors, n 	 4; polymodal receptors,
n 	 2). These findings suggest that the hyperpolariza-
tion-induced increase in the negative amplitude of
the NTI is due primarily to an increase in Na� cur-
rent. In further support of this conclusion, the hyper-
polarization-induced increase in the negative ampli-
tude of the NTI was unchanged by perfusion of the
recording electrode with solution containing the
calcium channel blocker, Cd2� (0.1 mM), for both
cold (n 	 3) and polymodal receptors (n 	 3).

Effects of TTX

In the absence of polarizing currents, local application
of TTX (1 �M, n 	 9) produced no significant change
in the shape of cold receptor NTIs (Table I, Fig. 4 A). In
contrast, for polymodal receptors (n 	 9), TTX reduced
the positive amplitude of NTIs (Table I, Fig. 4 C) and
decreased their normalized minimum dV/dt (Table I).

The effects of polarizing current on cold receptor
NTI shape in the presence of TTX (1 �M, Fig. 4, A
and B) were similar to those observed in the absence
of this agent. Hyperpolarizing current still increased
the negative amplitude of the NTI, but the magni-
tude of this change was significantly increased in the
presence of TTX (relative increase, control 3.57 �
0.83, TTX 4.97 � 1.58, P 	 0.04). Depolarizing cur-
rent produced an increase in the positive amplitude
of the NTI similar in magnitude to that observed in
the absence of TTX (relative increase, control 0.49 �
0.09, TTX 0.38 � 0.07, P 	 0.51). The reduction in
the negative amplitude of the NTI produced by de-
polarizing current was also unaffected by TTX (rela-
tive decrease, control �0.51 � 0.10, TTX �0.45 �
0.14, P 	 0.99).

Figure 4. Effects of locally applied TTX (1 �M) on the polarization-induced changes in NTI shape in cold (A and B) and polymodal
receptors (C and D). (A and C) Averaged NTIs record in single experiments before and during TTX application. In each case, NTIs
were recorded in the absence of polarizing current and during application of hyperpolarizing (�ve) and depolarizing (�ve) current.
The lower records in (A) and (C) show control and TTX (thick line) traces overlaid. (B and D) Graphs showing the mean effects of po-
larizing current on the positive (fill bars) and negative (open bars) amplitude of NTIs before and during application of TTX (cold re-
ceptors n 	 9; polymodal receptors n 	 9). In the graphs, the positive and negative amplitudes of NTIs were normalized to the positive
amplitude measured in the absence of polarizing current (zero current). Statistical comparisons were made with paired sign tests. *,
P � 0.05; **, P � 0.01.



400 Effects of Polarizing Current on Nerve Terminal Impulses

For polymodal receptors, although the shape of the
control NTIs was changed by TTX, the effects of polar-
izing current remained similar to those observed be-
fore its application (Fig. 4, C and D). In TTX, the nega-
tive amplitude of the NTI increased with hyperpolariz-
ing current by an amount similar to that observed in
the absence of TTX (relative increase, control 2.04 �
0.32, TTX 1.71 � 0.38, P 	 0.18). Depolarizing current
had no significant effect on the positive or negative am-
plitude of polymodal receptor NTIs before or in the
presence of TTX.

The effects of hyperpolarizing and depolarizing cur-
rent on the normalized maximum dV/dt of polymodal
and cold receptor NTIs before and in the presence of
TTX were similar. In cold receptors, hyperpolarizing
and depolarizing current did not change the normal-
ized maximum dV/dt (relative change, hyperpolariz-
ing current 0.07 � 0.12, P 
 0.99; depolarizing current
0.08 � 0.11, P 
 0.99). In polymodal receptors, the
normalized maximum dV/dt was decreased by hyper-
polarizing current (relative decrease, �0.14 � 0.04,
P � 0.01) but unaffected by depolarizing current (rela-
tive change, �0.06 � 0.05, P 	 0.51).

In TTX, the downstroke of both cold and polymodal
receptor NTIs, recorded during hyperpolarizing cur-
rent, often had an inflection close to the point where
the polarity of the signal reversed (Fig. 4, A and C).
However, the normalized minimum dV/dt of cold re-
ceptor NTIs was still increased by hyperpolarizing cur-
rent (relative increase, 0.65 � 0.21, P � 0.01) and de-

creased by depolarizing current (relative decrease,
�0.19 � 0.06, P � 0.01). In contrast, in polymodal re-
ceptors, hyperpolarizing and depolarizing current
failed to significantly change the normalized minimum
dV/dt (hyperpolarizing current, relative change, 0.13 �
0.12, P 	 0.51; depolarizing current, relative change,
�0.13 � 0.06, P 	 0.18). In both receptor types, during
hyperpolarizing current, the negative-going phase of
the NTI was slowed in time course (Fig. 4, A and C).
This effect produced an increase in the interval be-
tween the positive and negative peaks of the NTI dur-
ing hyperpolarizing current (cold receptor, control
0.77 � 0.11 ms, TTX 1.03 � 0.14 ms, P � 0.01; poly-
modal receptor, control 1.09 � 0.20 ms, TTX 1.55 �
0.22 ms, P 	 0.04).

Effects of Lidocaine

In the absence of polarizing current, the effects of perfus-
ing the electrode with the local anesthetic, lidocaine (10
mM), on cold and polymodal receptor NTIs were similar
to those previously reported (Brock et al., 2001). In cold
receptors (n 	 10), perfusion of the recording electrode
with lidocaine (10 mM) reduced the positive and nega-
tive amplitude of NTIs (Table I, Fig. 5 A). Additionally, in
the present study, lidocaine produced a small reduction
in the normalized maximum and minimum dV/dt, but
the ratio between these values was unchanged (Table I).
For polymodal receptor NTIs (n 	 9), lidocaine reduced
the positive amplitude and the normalized maximum
and minimum dV/dt (Table I, Fig. 5 C). In addition,

T A B L E  I

Effects of Locally Applied Agents on NTIs Recorded from Cold and Polymodal Receptors in the Absence of Polarizing Currents

Receptor type
Positive

amplitude
Negative

amplitude
Maximum dV/dt

(normalized)
Minimum dV/dt

(normalized) Ratio n

�V �V

Cold 55 � 5 �19 � 2 2,853 � 122 �3,270 � 376 1.02 � 0.06 28

Polymodal 50 � 4 �14 � 1 2,780 � 227 �3,504 � 398 0.85 � 0.04 17

Relative change

Receptor type and treatment
Positive

amplitude
Negative

amplitude
Maximum

dV/dt
Minimum

dV/dt Ratio n

Cold

10 mM lidocaine �0.14 � 0.05a �0.35 � 0.10b �0.09 � 0.03a �0.13 � 0.04a 0.05 � 0.05 10

1 �M TTX �0.11 � 0.07 �0.10 � 0.07 �0.06 � 0.03 �0.12 � 0.10 0.13 � 0.11 9

20 mM TEA � 1 mM 4-AP �0.07 � 0.03 �0.40 � 0.07c �0.01 � 0.02 �0.02 � 0.07 0.04 � 0.06 9

Polymodal

10 mM lidocaine �0.27 � 0.05b �0.26 � 0.17 �0.15 � 0.03b �0.38 � 0.05b 0.45 � 0.15a 8

1 �M TTX �0.18 � 0.06a 0.21 � 0.19 �0.07 � 0.05 �0.15 � 0.06a 0.14 � 0.09 9

All values are the means � SEM. The top section shows measurements for NTIs recorded under control conditions. The bottom section shows the relative
change in each of the parameters produced by local application of lidocaine, TTX, and the combination of TEA and 4-AP. TEA and 4-AP were only tested
in cold receptors. The maximum and minimum dV/dt (V s�1) were normalized by dividing them by the positive NTI amplitude. The ratio was calculated
by dividing the maximum dV/dt by the minimum dV/dt. Statistical comparisons were made with two sided, paired t tests.
aP � 0.05.
bP � 0.01.
cP � 0.001.
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lidocaine markedly increased the ratio between the maxi-
mum and minimum dV/dt (Table I). In contrast to the
previous study (Brock et al., 2001), locally applied li-
docaine did not significantly reduce the negative ampli-
tude of the NTI in polymodal receptors.

Locally applied lidocaine significantly altered the ef-
fects of polarizing currents on NTI shape. For both
cold and polymodal receptors, lidocaine abolished the
increase in the negative amplitude of the NTI pro-
duced by hyperpolarizing current (Fig. 5). The effects
of depolarizing current on cold receptor NTIs were
similar to those observed before lidocaine application
(Fig. 5, A and B), but the magnitude of the depolariza-
tion-induced increase in positive amplitude was re-
duced (relative increase, control 0.33 � 0.06, lidocaine
0.17 � 0.04, P 	 0.02). For polymodal receptors, depo-
larizing current had no significant effect on NTI ampli-
tude before or during lidocaine application.

In polymodal receptors, hyperpolarizing and depo-
larizing current in the presence of lidocaine was with-
out effect on the normalized maximum dV/dt (relative
change, hyperpolarizing current 0.06 � 0.05, P 	 0.73;
depolarizing current 0.03 � 0.05, P 	 0.73). However,

for cold receptors in the presence of lidocaine, hyper-
polarizing current did reduce the maximum dV/dt
(relative decrease, �0.10 � 0.02, P � 0.01) but this pa-
rameter was unaffected by depolarizing current (rela-
tive change, �0.01 � 0.02, P 	 0.75).

Hyperpolarizing current did not change the normal-
ized minimum dV/dt of cold and polymodal receptor
NTIs in the presence of lidocaine (relative change, cold
receptor 0.06 � 0.06, P 	 0.75; polymodal receptor
0.13 � 0.05, P 	 0.29). The normalized minimum dV/
dt was also unaffected by depolarizing current in both
types of receptor (relative change, cold receptor �0.05 �
0.04, P 	 0.75; polymodal receptor �0.01 � 0.06, P 

0.99). These findings support the view that polariza-
tion-induced changes in the normalized minimum dV/
dt, in the absence of lidocaine, may reflect changes in
the resting level of Na� channel inactivation.

Effects of K� Channel Blockers

For cold receptor NTIs, depolarizing current produced
an increase in the positive amplitude (Figs. 1 A, 2 A, 4
A, and 5 A). This change represents a net increase in

Figure 5. Effects of locally applied lidocaine (10 mM) on the polarization-induced changes in NTI shape in cold (A and B) and poly-
modal receptors (C and D). (A and C) Averaged NTIs recorded in single experiments before and during lidocaine application. In each
case, NTIs were recorded in the absence of polarizing current and during application of hyperpolarizing (�ve) and depolarizing (�ve)
current. The lower records in (A) and (C) show control and lidocaine (thick line) traces overlaid. (B and D) Graphs showing the mean ef-
fects of polarizing current on the positive (fill bars) and negative (open bars) amplitudes of NTIs before and during application of
lidocaine (cold receptors n 	 10; polymodal receptors n 	 9). In the graphs, the positive and negative amplitudes of NTIs were normal-
ized to the positive amplitude measured in the absence of polarizing current (zero current). Statistical comparisons were made with paired
sign tests. *, P � 0.05; **, P � 0.01.
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outward current across the nerve terminal membrane.
Local application of lidocaine reduced the depolariza-
tion-induced increase in net outward current (see
above) and this effect may be due to its known block-
ing action on some voltage-dependent K� channels
(Olschewski et al., 1998; Komai and McDowell, 2001).
To investigate this possibility, the effects of the com-
bined application of the K� channel blockers, TEA and
4-AP, on the polarization-induced changes in NTI am-
plitude were examined in cold receptors.

In the absence of polarizing current, perfusion of the
recording electrode with a solution containing TEA
(20 mM) and 4-AP (1 mM) produced a decrease in the
negative amplitude of the NTI but did not significantly
change the positive amplitude or the normalized maxi-
mum and minimum dV/dt (n 	 9, Table I, Fig. 6 A).
The observed reduction in the negative amplitude of
the NTI is expected for blockade of K� channels that
contribute to repolarization during the action potential
and this change reflects a reduction in the magnitude
of the inward capacitive current. In all experiments,
the combination of K� channel blockers slowed the de-
cay of the negative component of the NTI (Fig. 6 A).

In the presence of TEA and 4-AP, the effects of polar-
izing currents on cold receptor NTI shape were similar

to those observed before drug application (Fig. 6 B).
Hyperpolarizing current increased the negative ampli-
tude and depolarizing current increased the positive
amplitude. The only difference was that depolarizing
current did not significantly reduce the negative ampli-
tude of the NTI. In the presence of TEA and 4-AP, the
magnitude of the hyperpolarization-induced increase
in the negative amplitude of the NTI was not different
from pretreatment control values (relative increase,
control 1.84 � 0.40; TEA and 4-AP 3.20 � 1.4, P 	
0.51). In contrast, the combination of TEA and 4-AP re-
duced the increase in the positive amplitude of the NTI
produced by depolarizing current (relative increase, con-
trol 0.32 � 0.10, TEA and 4-AP 0.13 � 0.03, P 	 0.04).

D I S C U S S I O N

The signals recorded extracellularly from the surface
of the cornea are proportional to net membrane cur-
rent and this is comprised of capacitive and ionic
components. Under control conditions, where the bi-
phasic NTIs (positive-negative) recorded from both
cold and polymodal receptors are largely positive go-
ing, the net membrane current is predominantly out-
ward and is due primarily to the capacitive current
produced when the nerve impulse invades the nerve
terminal (see Smith, 1988). Consistent with this inter-
pretation, NTIs remained largely positive going after
local application of lidocaine and when K� channel
blockers were applied. In polymodal receptors, local
application of lidocaine markedly slowed the down-
stroke of the NTI and this slowing reflects the block-
ade of the inward current normally produced by the
rapid activation of Na� channels (see also Brock et
al., 2001).

In this study, it was assumed that application of con-
stant current through the recording electrode would
change nerve terminal membrane potential accord-
ing to the applied current’s magnitude and direction.
Since polarizing current would not be expected to
change the specific capacitance of the nerve terminal
membrane, the observed changes in NTI shape are
likely to reflect changes in the contribution of ionic
currents to the net membrane current. In accord with
this suggestion, in cold receptors, both hyperpolariz-
ing and depolarizing currents had no detectable af-
fect on the time course of the initial rising phase of
the NTI (i.e., normalized maximum dV/dt), a compo-
nent of the NTI that is determined primarily by the
passive membrane properties. In polymodal recep-
tors, depolarizing current also had no effect on the
time course of the initial rising phase of the NTI but
hyperpolarizing current produced a slight slowing
that may be explained by an increase in Na� current
early in the NTI.

Figure 6. Effects of locally applied TEA (20 mM) and 4-AP
(1 mM) on polarization-induced changes in NTI shape in cold re-
ceptors. (A) Averaged NTIs recorded in the absence of polarizing
current in a single experiments before and during application of
TEA and 4-AP. The right hand records show the control and
treated (thick line) traces overlaid. (B) Graphs showing the mean
effects of polarizing current on the positive (fill bars) and negative
(open bars) amplitude of NTIs before and during application of
TEA and 4-AP (n 	 9). In the graphs, the positive and negative
amplitudes of NTIs were normalized with respect to the positive
amplitude measured in the absence of polarizing current (zero
current). Statistical comparisons were made with paired sign tests.
*, P � 0.05; **, P � 0.01.



403 Carr et al.

Nerve Terminal Hyperpolarization

In both cold and polymodal receptors, hyperpolarizing
current increased the negative amplitude of the NTI,
indicating a net increase in inward current across the
nerve terminal membrane. This hyperpolarization-
induced increase in inward current was reduced by local
application of low Na� solution and largely unaffected
by local application of zero Ca2� solution. This finding
is consistent with hyperpolarization increasing the in-
ward Na� current across the nerve terminal membrane.
Furthermore, the differential effects of TTX and li-
docaine on the hyperpolarization-induced inward cur-
rent suggest that it is due primarily to activation of
TTX-resistant Na� channels. This conclusion indicates
that sensory nerve terminals of both polymodal and
cold receptors have high densities of TTX-resistant Na�

channels. The slowing in time course of the hyperpo-
larization-induced inward current produced by TTX
may reflect the slower activation kinetics of TTX-resis-
tant Na� channels (Roy and Narahashi, 1992) and also
indicates that the nerve terminals possess TTX-sensitive
Na� channels (see also Brock et al., 1998, 2001). Previ-
ous studies have shown that both spontaneous and sen-
sory stimulus–evoked NTIs in polymodal and cold re-
ceptors persist in the presence of bath applied TTX
(Brock et al., 1998, 2001; see also Strassman and Ray-
mond, 1999). This finding indicates that the density of
TTX-resistant Na� channels at the site of impulse initia-
tion is sufficient to support action potentials.

In some experiments, increasing the hyperpolarizing
current strength beyond a certain level caused the in-
crease in inward current to be evoked in an all-or-none
manner (Fig. 2 B). These failures to evoke an increase
in net inward current under conditions of nerve termi-
nal hyperpolarization are most readily explained if the
membrane potential was hyperpolarized to a point
where the invading impulse was occasionally subthresh-
old for evoking a regenerative Na� current in the nerve
terminal. Such all-or-none behavior was never observed
when depolarizing current was applied.

In the absence of polarizing current, it has been re-
ported previously that voltage-activated Na� channels
do not appear to contribute significantly to the genera-
tion of cold receptor NTIs (Brock et al., 2001). In the
present study, where a larger number of receptors were
studied, lidocaine produced a small but significant
slowing in the time course of both the initial upstroke
and the downstroke of the NTI. However, in contrast to
polymodal receptor NTIs, the ratio between the nor-
malized maximum and minimum dV/dt for cold recep-
tor NTIs was not changed by lidocaine (see also Brock
et al., 2001). This finding suggests that lidocaine-sensi-
tive Na� channels make a negligible contribution to
cold receptor NTIs, as blockade of Na� channels would
be expected to produce a more marked slowing of the

downstroke of the NTI (Brock et al., 2001). Hyperpo-
larization of cold receptor nerve terminals produced a
large increase in net inward current that was sensitive
to Na� channel blockade, indicating that Na� channels
are indeed present in the nerve terminal. A simple ex-
planation for their lack of contribution to the NTI, un-
der control conditions, is that the nerve terminals have
a relatively low membrane potential and, as a result,
most of the Na� channels present are inactivated. Hy-
perpolarization of the nerve terminals would relieve
Na� channel inactivation and, as a result, allow their ac-
tivation during impulse invasion. We assume that the
relatively high levels of ongoing NTI activity recorded
in cold receptors are determined by the spread of de-
polarization from the sensory nerve endings to a more
proximal site in the axon where there are sufficient
Na� channels available for action potential initiation.

An alternative explanation for why Na� channel acti-
vation may not contribute to cold receptor NTIs is that
the current spreading electrotonically from the invad-
ing action potential depolarizes the nerve terminal
membrane to the Na� equilibrium potential too rap-
idly for the activated Na� channels to produce signifi-
cant inward current. Such a process is thought to occur
in nerve terminals of mouse intercostalis intimi moto-
neurons where focal application of TTX to the nerve
terminal does not change the extracellularly recorded
signal (Konishi and Sears, 1984). In this case, the un-
myelinated nerve terminal is short (20–30 �m) and the
current spreading from the penultimate node and
heminode rapidly depolarizes the nerve terminal. Al-
though it is likely that guinea-pig corneal cold receptor
neurons have a thinly myelinated main axon (A�-
fibers), all corneal sensory axons are unmyelinated from
a point close to their site of entry into the cornea at the
limbus (Whitear, 1960). As a result, the distance be-
tween the heminode and the site of recording at the
nerve terminal is likely to be several hundred microme-
ters. In this case, it is unlikely that there is a focal
source of current close to the nerve endings.

Two TTX-resistant Na� channels, Nav1.8 and Nav1.9,
have been identified in small diameter sensory neurons
in dorsal root ganglia and trigeminal ganglia. In cell
bodies of mouse sensory neurons, the currents gener-
ated by Nav1.8 channels are activated at relatively posi-
tive potentials (about �40 mV) and inactivate more
slowly than the TTX-sensitive currents (Akopian et al.,
1999). In contrast, the currents generated by Nav1.9
channels are activated at around �70 mV and their
rates of activation and inactivation are much slower
than those generated by Nav1.8 channels (Cummins et
al., 1999). At present there are no pharmacological
agents that selectively inhibit Nav1.8 or Nav1.9 chan-
nels, so their function remains a matter of speculation.
TTX-resistant action potentials recorded in the cell
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bodies are postulated to be due to activation of Nav1.8
channels (Renganathan et al., 2001). The Nav1.9 chan-
nels are thought to produce a persistent Na� current
that contributes to setting the resting membrane po-
tential (Dib-Hajj et al., 2002). Therefore, the regenera-
tive TTX-resistant Na� currents recorded from the
nerve terminals are probably due to activation of
Nav1.8 channels. In mouse sensory neurons, the steady-
state inactivation curve for current generated by Nav1.8
channels is shifted to more positive potentials than the
TTX-sensitive current, with a V1/2 of about �30 mV
(Akopian et al., 1999). Assuming that the TTX-resistant
Na� channels in the cold receptor nerve endings have
similar properties to the Nav1.8 channels in mouse sen-
sory neurons, then the membrane potential of the
nerve terminals is likely to be lower than �30 mV.

It could be questioned whether the relatively low
membrane potential of cold receptor nerve endings is
an artifact of the in vitro technique. The eyes were
bathed in a conventional physiological saline used to
study guinea-pig peripheral tissues in vitro. The ionic
composition of this solution is similar to the plasma of
guinea pigs (Mitruka and Rawnsley, 1981). In humans
and rabbits, the ionic composition of tears is also simi-
lar to plasma for all ions except for K�, which ranges
between 6 and 24 mM (Botelho and Martinez, 1973;
Van Haeringen, 1981). The physiological saline used in
these experiments contained 4.7 mM K�, which is close
to the measured plasma concentration in guinea pigs
(4.8–5.1 mM; Mitruka and Rawnsley, 1981). Therefore,
if the concentration of K� in tears were important in
determining the membrane potential of the sensory
nerve terminals, the extent of depolarization may actu-
ally have been underestimated. However, in cold recep-
tors, changes in the frequency of NTI discharge and
NTI shape are only observed when the K� content of
the solution superfusing the cornea is raised above 20
mM (unpublished data). Perhaps the tight surface
layer of the corneal epithelium (Klyce and Beuerman,
1988) limits changes in the extracellular concentration
of this ion within the cornea.

Nerve Terminal Depolarization

Depolarizing current changed the amplitude of cold
receptor NTIs but was without effect on the amplitude
of polymodal receptor NTIs. In cold receptors, depo-
larizing current increased the positive amplitude and
reduced the negative amplitude of the NTI. The in-
crease in the positive amplitude of the NTI represents a
net increase in outward current and this effect of depo-
larizing current was reduced both by lidocaine and
combined application of the K� channel blockers,
TEA, and 4-AP. As lidocaine has been reported to block
both transient and sustained voltage-activated K� cur-
rents in rat dorsal root ganglion cells (Komai and Mc-

Dowell, 2001), the depolarization-induced increase in
the positive amplitude of NTIs may be produced by an
increase in the voltage-activated K� current. The rea-
son why depolarizing current has no detectable effect
on the positive amplitude of polymodal receptor NTIs
is unknown. However, it is possible that this difference
reflects the differential expression of K� channels types
in polymodal and cold receptors.

In the absence of polarizing current, the combined
blockade of TEA and 4-AP–sensitive K� channels was
without effect on the positive amplitude of cold recep-
tor NTIs, indicating that outward current through
these channels does not normally contribute signifi-
cantly to this component of the signal. However,
lidocaine did reduce the positive amplitude of cold re-
ceptor NTIs in the absence of polarizing current. As
this reduction in the positive amplitude of the NTI was
not associated with a detectable change in NTI time
course, we suggested previously that this effect of
lidocaine might be due to a decrease in the leak con-
ductance of the nerve terminal (Brock et al., 2001). In
accord with this suggestion, local anesthetics, such as
lidocaine, are known to block some two-pore domain
K� channels (Kindler et al., 1999), which are believed
to be leak channels involved in regulating resting mem-
brane potential (Patel and Honore, 2001). If lidocaine
does reduce the resting conductance of the nerve ter-
minal membrane, the increase in membrane time con-
stant produced by this change could explain the slight
slowing in the time course of both the initial upstroke
and the downstroke of cold receptor NTIs observed in
the present study. Interestingly, TREK-1, or a similar
two-pore domain K� conductance, has recently been
suggested to have an important role in cold transduc-
tion in sensory neurons (Reid and Flonta, 2001; see
also Viana et al., 2002)

In conclusion, the present study provides further evi-
dence of differences in the electrophysiological proper-
ties of polymodal and cold receptor nerve endings in
the guinea-pig cornea. Under control conditions, ac-
tion potentials propagate actively into the sensory
nerve endings of polymodal receptors. In the cornea,
capsaicin-sensitive sensory receptors are known to con-
tain and release calcitonin gene related peptide and
substance P (see Belmonte et al., 1997). The ability of
action potentials to propagate actively into their nerve
endings may therefore be important for their efferent
function (see Brock et al., 2001). In cold receptors, al-
though Na� channels are present in the nerve termi-
nal, their activation during impulse invasion of the
nerve terminal makes only a minor contribution to the
shape of cold receptor NTIs. This finding is most
readily explained if the nerve terminals have a rela-
tively low membrane potential and, as a consequence,
most of the Na� channels are inactivated. As cold re-
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ceptors have continuous ongoing activity that is modu-
lated by temperature, a low membrane potential in
their receptive endings may be integral to their sensory
function.
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