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Rapid responses to sensory stimulation are crucial for survival. This must be especially true for mechanical stimuli containing temporal
information, such as vibration. Sensory transduction occurs at the tips of relatively long sensory dendrites in many mechanoreceptors of
both vertebrates and invertebrates, but little is known about the electrical properties of these crucial links between transduction and
action potential generation. The VS-3 slit-sense organ of the spider Cupiennius salei contains bipolar mechanosensory neurons that allow
voltage-clamp recording from the somata, whereas mechanotransduction occurs at the tips of 100- to 200-�m-long sensory dendrites.
We studied the properties of VS-3 sensory dendrites using three approaches. Voltage-jump experiments measured the spread of voltage
outward from the soma by observing total mechanically transduced charge recovered at the soma as a function of time after a voltage
jump. Frequency–response measurements between pseudorandom mechanical stimulation and somatic membrane potential estimated
the passive cable properties of the dendrite for voltage spread in the opposite direction. Both of these sets of data indicated that the
dendritic cable would significantly attenuate and retard a passively propagated receptor potential. Finally, current-clamp observations of
receptor potentials and action potentials indicated that action potentials normally start at the distal dendrites and propagate regenera-
tively to the soma, reducing the temporal delay of passive conduction.
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Introduction
Transduction in many mechanoreceptor neurons of both verte-
brates and invertebrates occurs at the ends of fine dendritic pro-
cesses, spatially distant from regions that can be penetrated with
microelectrodes. This makes it difficult to estimate the amplitude
and time course of the receptor current at the site of transduction
and difficult to tell whether conduction along the dendrite occurs
actively or passively or how much the receptor current is attenu-
ated by the dendrite if conduction is passive.

In the Pacinian corpuscle, action potentials are assumed to
arise at the first node of Ranvier within the corpuscle (Diamond
et al., 1956; Loewenstein, 1971), but there is also evidence that
voltage-activated sodium channels, and regenerative activity, oc-
cur earlier in the sensory neurite (Pawson and Bolanowski, 2002).
Action potentials are also thought to start at the first node of
Ranvier in muscle spindles, but there is evidence of regenerative
processes in the sensory dendrites (Querfurth, 1985). In crusta-
cean stretch receptors, transduction occurs at dendrite tips, elec-
trically distant from the soma, but there is evidence of active
currents in the dendrites that contribute to the receptor potential
(Swerup and Rydqvist, 1992).

The mechanoreceptor used here is a member of the arthropod

type I receptors (McIver, 1985; French, 1988), having bipolar
sensory neurons with single sensory dendrites that terminate at
the presumed sites of mechanotransduction. Previous experi-
ments in insect type I mechanoreceptor neurons using combina-
tions of mechanical and extracellular electrical stimulation and
recording suggested that dendrites might be excitable, although
action potentials would normally start at the soma (Guillet et al.,
1980; Erler and Thurm, 1981). Extracellular experiments in spi-
der type I receptors also suggested that the distal dendrite was
excitable (Seyfarth et al., 1982).

The VS-3 slit-sense organ of the spider Cupiennius salei (Barth
and Libera, 1970) possesses relatively large bipolar neurons that
can be impaled by microelectrodes to allow current-clamp and
voltage-clamp recording during mechanical stimulation (French
et al., 2002). Immunohistochemical studies indicated that
voltage-activated sodium channels are present throughout the
sensory dendrites of these neurons, at densities comparable with
those in the axon (Seyfarth et al., 1995). Although the somata can
produce overshooting action potentials (Torkkeli et al., 2001),
frequency–response measurements of VS-3 neurons showed that
the delay between stimulation and action potential response was
�0.5 msec less for mechanically than electrically stimulated neu-
rons, suggesting that action potentials are initiated closer to the
site of mechanotransduction in the distal dendrite than to the
soma (French et al., 2001).

Here we performed three types of experiments on VS-3 neu-
rons: (1) voltage-clamp measurements of charge recovered dur-
ing step mechanical stimuli combined with voltage jumps at the
soma, (2) current-clamp receptor potential frequency–response
measurements during mechanical stimulation, and (3) current-
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clamp recordings of active and passive somatic responses to step
mechanical stimuli. These data show that earlier measurements
underestimated receptor current amplitude at the end of the den-
drite and overestimated dendrite space constant, and that action
potentials normally arise in the sensory dendrite, close to the site
of mechanotransduction.

Materials and Methods
Preparation. Spiders (C. salei) were taken from a laboratory stock. Legs of
adult females were autotomized and dissected under spider saline (Höger
et al., 1997) containing (in mM): 223 NaCl, 6.8 KCl, 8 CaCl2, 5.1 MgCl2,
10 HEPES, pH 8.0. Legs were split lengthwise, and muscles in the anterior
concave sections of the femur, patella, and tibia were removed. Prepara-
tions with the intact lyriform slit-sense organ VS-3 [nomenclature of
Barth and Libera (1970)] in the patella section were mounted with dental
wax onto a custom-designed Plexiglas holder (Fig. 1). Details of the
preparation and its dissection have been described previously (Seyfarth
and French, 1994; Juusola et al., 1994).

Recording and stimulation. The experimental arrangement was
mounted on a gas-driven vibration isolation table (Technical Manufac-
turing, Peabody, MA) inside a Faraday cage. Using a stereomicroscope,
VS-3 receptor cells were identified through a thin layer of saline. A hor-
izontal puller (P-2000; Sutter Instruments, Novato, CA) was used to pull
microelectrodes from borosilicate glass (1 mm outer diameter, 0.5 mm
inner diameter). Electrodes (3 M KCl, 45–70 M�) were positioned with a
micromanipulator (Leitz, Wetzlar, Germany) above a neuronal soma.
Cell penetration was achieved by gentle tapping of the micromanipula-
tor. All electrical recordings were done with the switching single-
electrode technique in either current- or voltage-clamp mode [duty cy-
cle, 1:8 stimulating/recording; switching frequency, 20 kHz; SEC-05LX
amplifier (NPI Electronic, Tamm, Germany)]. Details of the recording
technique have been given by Torkkeli and French (1994).

For mechanical stimulation a piezoelectric stimulator (LVPZT, Poly-
tec Physik-Instrumente, Waldbronn, Germany) pushed a glass probe
against the cuticular slits from below. Slit deflection of �2 �m was usu-
ally sufficient to evoke action potentials in sensory neurons. All experi-
ments were performed at room temperature (22 � 2°C).

Experiments were controlled by an IBM-compatible computer, using
custom-written software via 16-bit analog-to-digital and 12-bit digital-
to-analog converters (6035E, National Instruments, Austin, TX). The
computer provided the mechanical or electrical stimulation and re-
corded membrane current, membrane voltage, and stimulator deflection
with sampling rates of up to 10 kHz. Current and voltage signals were
low-pass filtered by the voltage-clamp amplifier before digitization (cur-
rent, 3.3 kHz; voltage, 33.3 kHz).

After cell penetration and the establishment of mechanical stimulation
(i.e., mechanically evoked action potentials), the saline was supple-
mented with 1 �M tetrodotoxin (TTX) to block voltage-activated sodium
channels and prevent action potentials. All chemicals were purchased
from Sigma (Oakville, Ontario), and solutions were prepared fresh or
from frozen stock.

Voltage-jump measurements. The voltage-jump technique (Häusser
and Roth, 1997) is based on the idea that current flowing through ion
channels at the end of a dendrite varies with the intracellular potential at
the specific location of the channels. Originally developed to examine
synaptic channels, the method is equally applicable to the present situa-
tion, where channels at the end of a sensory dendrite are opened by
mechanical stimulation. A voltage jump at the soma causes potential
change to propagate decrementally outward along the dendrite, so that
the time course of current flowing through the sensory channels reflects
two interacting processes: voltage propagation along the dendrite and the
time-dependent behavior of the channels themselves. Analytical predic-
tions and simulations show that total charge recovered at the soma varies
with delay between voltage jump and a step stimulus to give approxi-
mately sigmoidal plots, with the two regions before and after the transi-
tion reflecting primarily the two time dependent processes (dendritic
cable propagation and stimulated ion channels). These plots can then be
used to estimate parameters defining the two processes.

Voltage-jump experiments were controlled by the computer via two
12-bit digital-to-analog converters driving both the amplifier and the
piezoelectric stimulator. The computer generated a series of steps in
position (mechanical steps) and membrane potential (voltage jumps)
with varying time separations between the two steps. Membrane current
and stimulator position were sampled at 0.1 msec intervals using 16-bit
analog-to-digital converters, and total charge produced by the mechan-
ical step was obtained by digitally integrating the receptor current.
Charge, Q, versus time separation between the mechanical and voltage
steps was fitted by:

Q � Q0 � �2Vcg��s��1 � e�s/��, (1)

where Q0 is the charge recovered during a mechanical stimulus at the
resting potential, � is an attenuation parameter for voltage spread along
the dendrite, Vc is the change in membrane potential during the voltage
step, g(�s) describes the change in conductance during the mechanical
stimulus as a function of a time variable, s, and � is the membrane time
constant of the sensory dendrite (Häusser and Roth, 1997). Voltage-
clamp data were averaged to reduce experimental noise whenever possi-
ble. All of the data presented here were obtained from single trials or from
two or three averages.

Current-clamp measurements. Action potential and receptor potential
responses to mechanical steps were obtained under current clamp using
a computer-generated mechanical stimulation and voltage recording
protocol with a time resolution of 0.1 msec. For receptor potential fre-
quency response measurements, pseudorandom Gaussian white noise
was generated by the computer via a 33-bit binary sequence algorithm
driving a 12-bit digital-to-analog converter into the piezoelectric stimu-
lator. The position signal from the displacement transducer of the stim-
ulator, and the cell membrane potential, were digitized via a 16-bit
analog-to-digital converter and sampled at 1 msec intervals. The band-
width of the displacement signal was determined by the stimulator cir-
cuitry, and the input noise amplitude was below 1% of its low-frequency
value by the sampling Nyquist frequency of 500 Hz. Sampled signals were
transferred to the frequency domain using the fast Fourier transform
(Cooley and Tukey, 1965) in segments of 512 sample pairs. Frequency–
response functions (gain and phase) between the mechanical stimulus

Figure 1. Recording and stimulating VS-3 neurons. A concave piece of patellar cuticle con-
taining the slits and associated neurons was dissected and mounted in a fixed holder. Slits were
displaced by a glass probe driven by a piezoelectric stimulator. Voltage-clamp and current-
clamp recording and stimulation were performed by the switching single-electrode techniques
via an intracellular glass microelectrode lowered from above to penetrate individual neurons.
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and receptor potential were calculated by direct spectral estimation and
plotted as Bode plots of phase and log gain versus log frequency. Coher-
ence functions (Bendat and Piersol, 1980) were calculated from the same
data. Frequency–response functions were fitted by a coherence-weighted
minimum square error process to the function:

G�j�� �
�

cosh�x

	
�j�� � 1� , (2)

where G(j�) is complex gain (containing both amplitude and phase
data), as a function of radial frequency, �, j � 	�1, 	 is cable space
constant, � is cable time constant, and x is distance along the cable (Jack
et al., 1983). The scaling parameter � represents the conversion of me-
chanical displacement to receptor potential during transduction.

Dendrite length measurements. After electrical recording, preparations
were transferred to a compound microscope (BH2, Olympus, Tokyo,
Japan) equipped with a digital camera (Axiocam Color, Carl Zeiss,
Oberkochen, Germany), and the length of the sensory dendrite from its
origin at the soma to its termination in the slit was estimated using image
analysis software (AxioVision 3.1, Carl Zeiss). Some preparations were
also stained using the fluorescent dye di-8-ANEPPQ (Molecular Probes,
Eugene, OR) at 1 mM concentration for 60 min and then viewed with an
inverted compound microscope (Axiovert 100, Carl Zeiss) and photo-
graphed with the same digital camera.

Results
Data were recorded from 19 VS-3 neurons. After initial record-
ings of action potentials were made, preparations were treated
continuously with TTX (see Materials and Methods) and were
either clamped at the resting potential (mean � �62.9 � 9.3 mV)
during voltage-clamp experiments or allowed to remain at the
resting potential during current-clamp experiments. Under these
conditions, the known voltage-activated sodium, calcium, and
potassium currents would not be active (Sekizawa et al., 1999,
2000; Torkkeli et al., 2001).

Voltage-jump experiments
Voltage-clamped VS-3 neurons were stimulated with mechanical
steps of 10 msec duration and amplitudes in the range of 3 to 7
�m (Table 1). Membrane potential was stepped by �20 mV
(hyperpolarizing voltage jump) for 200 msec with a variable delay
between the voltage and mechanical steps. The delay was usually
varied from �10 msec (voltage jump before mechanical step) to
30 msec (voltage jump after mechanical step). Total charge re-
covered at the soma was estimated by integrating the recorded
current during the mechanical step and for the following 5 msec.
Current was measured relative to a baseline value established
during 50 msec before the steps. Mechanically induced current
increased with hyperpolarization because of the increased driving
force across the transduction channels relative to the equilibrium

potential of Na
, the dominant permeant ion (Höger et al.,
1997), so the recovered charge was greatest when the voltage
jump preceded the mechanical step (Fig. 2).

The voltage-jump technique was designed originally to esti-
mate synaptic current at the end of dendritic cable processes
(Häusser and Roth, 1997) but is equally applicable to the present
situation in which the current was produced by sensory transduc-
tion. Plots of recovered charge versus delay between the voltage
jump and the mechanical stimulus have been shown by simula-
tion and analytical considerations to reflect two processes, the
time course of the conductance change (synaptic or receptor cur-
rent) and the spread of the voltage jump along the dendritic cable
(Häusser and Roth, 1997).

Equation 1 includes a term, g(�s), that represents conduc-
tance as a function of time produced by the mechanical step. The
asymptotic conductance of VS-3 receptor channels at large neg-
ative potentials was previously estimated to be 4.6 � 1.5 nS
(Höger et al., 1997), and this is in reasonable agreement with
recent estimates by noise analysis of �500 mechanoreceptor
channels with a single-channel conductance of 7 pS (Höger and
French, 1999a, 2002). Therefore, we initially assumed that g(�s)
was a 
 function (an infinitely narrow pulse with finite area) of
area 4.6 nS multiplied by mechanical step duration (10 msec).
Recovered charge versus delay between voltage and mechanical
steps was well fitted by Equation 1 using the 
 function assump-
tion (Fig. 2). Mean membrane time constant was 6.25 msec, com-
parable with the value of �7.0 msec obtained in intact VS-3
neurons (Juusola and French, 1998) but somewhat lower than
estimates of �10 msec obtained in hypodermis preparations of
VS-3 organs with crushed axons and dendrites (Sekizawa et al.,
1999).

Table 1. Voltage-jump measurements

Mechanical step amplitude (�m) Q0 (pC) � � (msec)

7 3.60 1.21 5.19
3 3.11 1.13 4.21
5 4.64 1.41 5.18
5 3.53 1.27 7.97
4 1.89 1.22 8.12
3 4.32 0.77 7.25
3 1.19 0.71 6.12
3 3.10 1.19 5.93
Mean � SD 3.17 � 1.15 1.11 � 0.25 6.25 � 1.41

Parameters of Equation 1 after fitting data from eight voltage-jump experiments. Mechanical step duration was 10
msec. All experiments used a voltage jump of �20 mV from resting potential.

Figure 2. Sensory dendrite voltage-jump experiment. A VS-3 neuron was clamped at its
resting potential (�69 mV) and stimulated with a 5 �m step mechanical deflection of 10 msec
duration. The membrane potential was stepped by �20 mV (hyperpolarizing) at varying times
relative to the mechanical step. The main part of the figure shows recovered charge in the soma
caused by single mechanical steps as a function of delay between the mechanical and voltage
steps, fitted with Equation 1 (Q0 � 3.53 pC, � � 1.27, � � 7.97 msec). Insets show the actual
recordings of mechanical steps from the position transducer and resulting current records at
delays of �10, 4, and 30 msec, corresponding to the indicated points on the main figure.
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Dendrite frequency–response functions
Current-clamped VS-3 neurons were stimulated with Gaussian
distributed random white noise mechanical deformation of the
slits while the resultant fluctuations in membrane potential were
recorded. Frequency–response functions for mechanotransduc-
tion and conduction along the sensory dendrite (Fig. 3) were well
fitted by Equation 2. However, the relatively mild low-pass char-
acteristic of the system did not allow reliable separation of all
three parameters (x/	, �, and �), so the value of � was fixed at 6.25
msec, on the basis of the voltage-jump experiments (Table 1) and
previous estimates (Juusola and French, 1998). Actual dendrite
lengths, x, were measured by photomicroscopy (Fig. 4) to allow
estimation of dendrite space constant, 	, from x/	. Table 2 sum-
marizes the results of frequency–response measurements and ca-
ble equation fitting for five VS-3 neurons.

Passive and active responses to mechanical steps
Experiments were performed to measure the timing of the recep-
tor potential and action potential waveforms relative to the stim-
ulator position during step mechanical displacements. The rapid
upswing of the action potentials always occurred early in the
rising phase of the position signal (Fig. 5). In contrast, after TTX
application, the rising phase of the receptor potential was always
delayed by at least 1 msec (Fig. 5). Similar results were obtained
from five separate experiments on different preparations.

Discussion
Transduction occurs at the ends of sensory dendrites in many
sensory receptors of vertebrates and invertebrates, but little is
known about the electrical properties of these dendrites or their
roles in sensory processing. In the analogous situation of CNS
dendrites, the diverse expression of ion channels causes a wide
range of excitability and electrical signal processing (Häusser et
al., 2000), so similar functional variety may occur in sensory den-
drites. The present experiments were designed to measure the
passive membrane properties of the sensory dendrites in spider

VS-3 neurons and to test the hypothesis that action potentials are
initiated in the neuronal somata after passive propagation of the
receptor current along the dendrite.

The voltage-jump and receptor-potential frequency responses
measured passive dendrite properties as signals spread in oppo-
site directions along the dendrite, voltage-jump measuring prop-
agation of voltage change from the soma to sensory channels at
the dendrite tip, and frequency responses measuring propagation
of receptor potential to the soma. These measurements were in-
dependent of each other, except for membrane time constant,
which was based on voltage-jump experiments and in good
agreement with previous estimates from these neurons (Juusola
and French, 1998).

Time course of the receptor current
Voltage-jump plots reflect the time courses of two processes: the
current source at the distal end of the dendrite and passive den-
dritic cable propagation (Häusser and Roth, 1997). In our exper-
iments, the time course of receptor current after a step movement
would be expected to dominate the trace at negative times (Fig. 2,
left of zero), whereas the time course of dendritic propagation
would dominate the trace at positive times. The sharp transition

Figure 3. Sensory dendrite frequency–response. Gain and phase components of the com-
plex frequency–response function were obtained by stimulating a VS-3 neuron with pseudo-
random white noise displacement of the slit (0.397 �m rms amplitude) while recording the
resultant receptor potential in the soma under current clamp. Solid lines were obtained by
fitting with Equation 2 (x/	 � 1.03, � � 1.92 mV/�m, � � 6.25 msec).

Figure 4. Sensory dendrite length. Photomicrograph of VS-3 neurons stained with di-8-
ANEPPQ. The neuron used for the experiment shown in Figure 3 was identified visually during
the experiment, and its outline was enhanced digitally using imaging software (Adobe Photo-
shop 7.0) for easy identification. Dendrite lengths, x, from tips to junctions with the somata
were measured from similar photomicrographs using AxioVision software.

Table 2. Dendrite frequency–response functions

Stimulus amplitude (�m rms) x/	 x (�m) 	 (�m) � (mV/�m)

0.472 0.69 200 289 3.89
0.260 0.92 280 304 2.54
0.505 0.82 110 134 3.34
0.397 1.03 120 114 1.92
0.401 0.95 200 211 1.72
Mean � s.d. 0.99 � 0.14 182 � 69.4 208 � 89.5 2.68 � 0.92

Parameters of Equation 2 obtained by fitting frequency–response functions from five VS-3 neurons. Dendrite
lengths, x, were measured by microscopy (Fig. 4). Membrane time constant, �, was fixed at 6.25 msec in all exper-
iments. At least 50 sec of data was processed for each cell.
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at time 0, and the good fit by Equation 1, indicates that most of
the receptor current after a step movement is a rapidly decaying
transient impulse, much faster than the dendritic cable time con-
stant, � � 6.25 msec, which is comparable with the previous
estimate of 7.0 msec obtained in the same preparation (Juusola
and French, 1998). There must also be a smaller, slower compo-
nent of receptor current with a time constant of �100 msec,
based on previous voltage clamp measurements (Höger and
French, 1999a), but these earlier measurements also indicated
that there is a large transient component.

Conductance of the receptor channels
Parameter Q0 in Equation 1 measured the total charge produced
by a step movement when the membrane potential was �20 mV
below the resting potential (approximately �85 mV). The mean
value of 3.17 pC would correspond to a current of 317 pA flowing
through the transduction channels if the current were constant
during the 10 msec step, which agrees with earlier measurements
of receptor current under voltage clamp at hyperpolarized poten-
tials (Höger et al., 1997). However, this apparent agreement is
probably coincidental because a large part of the current seems to
be transient.

The attenuation parameter, �, describes the amount by which
the voltage jump in the soma is reduced by cable conduction
along the dendrite. The mean value of 1.11 cannot be correct,
because it must be less than unity. In fact, the frequency–response
data suggest a value of �0.37. The most reasonable explanation
for this discrepancy is that our estimate of the conductance pa-
rameter, g, was too small. We used a value of 4.6 nS, based on peak
current–voltage measurements that assumed perfect voltage
clamp of the distal dendrite, although it was recognized at the
time that significant deviation might occur because of the den-
drite cable (Höger et al., 1997). It now seems likely that we un-
derestimated the total conductance of the receptor channels by a
factor of at least 3, so a value of �15 nS would be indicated.

Estimates of single-receptor channel conductance and num-
ber of receptor channels in this preparation have been made pre-

viously by noise analysis (Höger and French, 1999a; 2002). The
most recent measurements gave values of �7 pS for single-
channel conductance and 500 channels per cell, for a total con-
ductance of �3.5 nS. Although these estimates were based on
voltage-clamp data, they were conducted at the resting potential,
reducing potential errors in the clamp at the dendrite tips. How-
ever, they used saturating mechanical steps, so the initial receptor
current may have significantly depolarized the dendrite tips, re-
ducing the receptor current and the estimate of single-channel
conductance. Another possible source of error was the estimated
equilibrium potential of the permeant ion, Na
, which was based
on estimates of Na
 concentrations both inside and outside the
cell that have not been verified for accuracy. It seems likely that
the single-channel conductance of VS-3 receptor channels is sig-
nificantly higher than earlier estimates and has at least two com-
ponents with transient and slow time courses. Whether these
represent complex kinetic properties of one class of ion channels,
or the existence of more than one type of mechanically activated
channel, remains unclear.

Dendrite cable properties
Earlier estimates of VS-3 dendrite cable properties were based on
measured electrical parameters of the somatic membrane and
general estimates of intracellular resistivity (Höger et al., 1997).
The previous estimate of 600 �m for the dendrite length constant
is now seen to be much too large. This error could be attributable
to incorrect values of the electrical properties or the diameters of
the dendrites. Of these, the latter are probably the most difficult
to measure accurately in living tissue and could easily have been
overestimated. The membrane time constant value of 6.25 msec
obtained here for the dendrite is lower than previous estimates in
the soma (Juusola and French, 1998) and significantly lower than
estimates of �10 msec in VS-3 neurons with crushed axons and
dendrites (Sekizawa et al., 1999). This might reflect the existence
of more open ion channels in the dendrite membrane than the
soma, or reduced dendrite membrane capacity, because the den-
drites are extensively wrapped by glial cells (Seyfarth et al., 1995).

Action potential initiation
Extracellular measurements in both insects (Guillet et al., 1980;
Erler and Thurm, 1981) and spiders (Seyfarth et al., 1982) have
indicated that the sensory dendrites of cuticular mechanorecep-
tors might be electrically excitable, although this has never been
observed directly. We previously found evidence that the den-
drites of VS-3 neurons have a similar density of voltage-activated
Na
 channels to the axons, supporting this idea (Seyfarth et al.,
1995). The present data add further support, because the length
constant of the dendrite would significantly attenuate a passively
conducted receptor current, and action potentials always arrive
in the soma before the receptor potential (Fig. 5). This latter
finding, of �1 msec delay between action potentials and receptor
potentials, is in good agreement with our earlier frequency–re-
sponse measurements (French et al., 2001), which found that
mechanical stimulation could produce action potentials at least
0.5 msec faster than electrical stimulation. This surprising finding
could be the result of several factors, including differing mem-
brane capacitances and ion channel densities in the soma and
dendrite, as discussed above.

Combination of the transduction parameter, � � 2.68 mV/
�m, with the measured voltage threshold for action potential
production in the soma of �30 mV (Sekizawa et al., 1999) sug-
gests a slit displacement threshold of �10 �m, whereas the actual
mechanical threshold can be as low as 2 �m (Höger et al., 1997).

Figure 5. Current-clamp response timing. Membrane potential responses in the soma of a
VS-3 neuron to a 3 �m step displacement of the slit. The main figure shows superimposed
current-clamp recordings of membrane potential before (solid line) and after (dashed line)
application of TTX during the first 25 msec after the mechanical step. The complete recordings,
together with the position transducer output below, are shown in the inset on a longer time
scale. No change in membrane potential occurred after application of TTX, but the action po-
tential was suppressed, leaving a receptor potential of �5 mV amplitude. Note that the action
potential commenced during the rising phase of the movement, whereas the receptor potential
rose �1 msec later.
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This indicates that the site of action potential initiation in the
dendrite tip has a significantly lower voltage threshold than the
soma, as might be expected.

The current-clamp measurements suggest that action poten-
tials arrive in the soma �1 msec after the start of a step movement
(Fig. 5). Because the dendrites are �200 �m long, action poten-
tials initiated at the distal end of the dendrite would require a
conduction velocity of at least 0.2 m/sec to reach the soma in this
time. Little is known about conduction velocities in arthropod
dendrites. Chapman and Pankhurst (1967) measured conduc-
tion velocities in a range of cockroach axons and found an ap-
proximately square root relationship between velocity and fiber
diameter Extrapolation of their data to VS-3 dendrites of 1–2 �m
diameter (Seyfarth et al., 1995) would predict a conduction ve-
locity of at least 1 m/sec. Höger and French (1999b) found a mean
conduction velocity of 5 m/sec for VS-3 axons with diameters of
5–10 �m, which is faster than predicted by the cockroach data, so
a minimum conduction velocity of 0.2 m/sec in the dendrites
seems reasonable. The VS-3 organ is �3 cm from the cephalo-
thorax in an adult animal, so an additional conduction delay of
5–10 msec can be expected before the information arrives in the
CNS.

Conclusions
The data presented here indicate that the sensory dendrites of the
VS-3 neurons would significantly attenuate and retard the recep-
tor current if it flowed passively from mechanically activated ion
channels at the dendrite tips to an initiation site in the somata.
They also support the idea that action potentials normally arise at
or near a low threshold region in the dendrite tips and propagate
actively along the dendrites to the somata. This would provide the
most rapid detection of mechanical events and facilitate the per-
ception of rapidly changing mechanical signals such as vibra-
tions. It seems likely that this situation is common to other ar-
thropod mechanoreceptors and possibly to arthropod
thermoreceptors and chemoreceptors that have similar mor-
phology. Recent evidence indicates that mammalian mechanore-
ceptors may also have active sensory endings (Pawson and Bol-
anowski, 2002). Active conduction from the site of
mechanotransduction would allow the most rapid detection of
sensory stimuli, which has obvious evolutionary advantages, and
seems likely to occur in many vertebrate and invertebrate sensory
receptors.
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Höger U, French AS (1999b) Temperature sensitivity of transduction and
action potential conduction in a spider mechanoreceptor. Pflügers Arch
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