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In the motornervous system of the large parasitic nematode,
Ascaris suum, the dorsal and ventral nerve cords are con-
nected by a repeating pattern of single identified motorneu-
ron processes, called commissures (Stretton et al., 1978).
By making microelectrode penetrations of the commissures,
we here report the first successful intracellular recordings
of nematode neurons. These cells, like muscle cells of As-
caris, exhibit resting potentials of approximately —30to —40
mV. Several tests indicate that these are the normal resting
potentials of the cells and are not low due to damage. Using
2 intracellular microelectrodes (one for stimulation and one
for recording), we have determined the input resistance and
cable properties of commissural motorneurons. Over the
physiological voltage range, the steady-state /-V plots are
linear with little indication that voltage-sensitive conduc-
tances are contributing substantially to signaling. The mem-
brane capacitance is comparable to that of single biological
membranes (range, 0.4-0.9 yF/cm?) and the internal resis-
tivity (range, 79-314 Q cm) is similar to that found in other
cells. Because of unusually large membrane resistances
(range, 61-251 kQ cm?), the space constants, A, are high
(range, 4-10 mm). Such membrane properties produce cells
that are well-designed for conducting passive signals over
long distances. This long-distance signaling ability appears
to be due to the intrinsic properties of the motorneuron mem-
brane itself.

For the analysis of the function of a nervous system, the nema-
tode nervous system has several attractive features: The number
of neurons is small, and the shape of individual neurons is
simple and reproducible from animal to animal (Goldschmidt,
1908; White et al., 1976; Stretton et al., 1978; Walrond et al.,
1985). Consequently, morphological studies on nematode ner-
vous systems both in Ascaris and, to an even greater extent, in
Caenorhabditis elegans have been carried out with a degree of
completeness that is unusual, even among simple nervous sys-
tems. However, the properties of individual neurons are com-
plex so that morphological studies alone are not sufficient to
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describe the way the nervous system works; direct recording of
the electrical signals in each neuron is necessary. In this paper
we describe the first successful intracellular electrical recordings
from nematode neurons. These have been obtained from the
large parasitic nematode Ascaris, in which the motorneurons
are large enough to make such recordings feasible.

In nematodes the cell bodies of the motorneurons are located
in the ventral nerve cord (Fig. 1). Although they are large (50
x 75 um), they are not clustered into ganglia. Furthermore, the
nerve cord is covered with a plexus of muscle arms, receiving
neuronal input, so the cell bodies of the neurons are not visible;
a satisfactory method of dissecting away the muscle tissue over-
lying the nerve cord has not yet been found. Our intracellular
recordings were therefore made, not from the cell bodies, but
rather from the commissures of the motorneurons (Figs. 1-3).
The commissures are single fibers that link the dorsal and ventral
branches of 5 of the 7 types of motorneurons, namely, the 3
types of dorsal excitatory motorneurons (DE1, DE2, and DE3),
the dorsal inhibitory motorneuron (DI), and the ventral inhib-
itory motorneuron (VI; Fig. 3). It has been shown previously
that the commissures occur in a repeating pattern that is repro-
ducible from animal to animal, so the commissures of individual
motorneurons can be recognized easily (Stretton et al., 1978;
Johnson and Stretton, 1985; Walrond et al., 1985). On this basis,
we have developed preparations in which microelectrode pen-
etration of identified motorneurons can be carried out under
visual control.

In this paper we have examined the membrane properties of
the motorneurons and have found that, although the motor-
neurons transmit information over long distances, they do so
by passive signaling rather than with propagated action poten-
tials. Our measurements of the membrane properties of the
neurons show that the membrane resistance is high and that
this can account for such long-distance passive signaling. In the
second paper of this series (Davis and Stretton, 1989), we extend
our study to the nature of motorneuron signals and synaptic
transmission.

Materials and Methods

Electrophysiological techniques. Standard electrophysiological tech-
niques were used. Intracellular recordings from motorneuron commis-
sures were made with 3 m KCl-filled microelectrodes (60—100 MQ). In
a number of experiments, 2 M KOAc-filled microelectrodes (80-120
MQ) were used. Resting potentials, postsynaptic potential (PSP) ampli-
tudes, responses to stimulation, etc., were indistinguishable for the 2
types of electrodes. Microelectrodes were connected to a recording sys-
tem through preamplifiers equipped with bridge circuits that allow re-
cording and current injection from the same microelectrode. The re-
cording system consisted of a 4 channel oscilloscope run in parallel with
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Figure 1. Cross section of the ventral
nerve cord and surrounding muscle as
seen in the light microscope. Neuronal
profiles near the top of the field are
packed together to form the ventral
nerve cord and are supported by a
closely apposed chalice of hypodermis.
The large profile near the base of the
neuronal profiles is the cell body (CB)
of a commissural motorneuron. It sends
out a process that travels within a thin
layer of hypodermis underneath the
muscle cells (M). This process, called a
commissure (C), is the site of intracel-
lular motorneuron recordings after
overlying muscle has been removed.
Muscle cells send processes called mus-
cle arms (4) to the top of the nerve cord
to receive their synaptic innervation
from the neurons en passant. Scale bar,
30 um.

paper chart recorders. In some experiments, data acquisition and anal-
ysis was computer assisted (pClamp software from Axon Instruments,
Burlingame, CA). Externally applied current was measured with a virtual
ground current monitor. Nerve cord processes of motorneurons were
stimulated extracellularly through suction electrodes. Distance mea-
surements between microelectrodes were made with a calibrated eye-
piece.

Perfusion apparatus and salines. All of the electrophysiological ex-
periments were carried out in a Sylgard-lined Plexiglas bath chamber
(volume, 1.5 ml). Gravity-fed salines were perfused through a hot water
jacket and then into the Plexiglas chamber such that a bath temperature
of 37 + 2°C was maintained. The flow rate of the saline was approxi-
mately 1.5 ml/min.

Ascaris saline contains 4 mm NaCl, 125 mm NaOAc, 24.5 mm
KCl, 5.9 mMm CaCl,, 4.9 mm MgCl,, and 5 mm TES (N -tris-

[hydroxymethyljmethyl-2-aminoethane sulfonic acid) or Tris buffer,
pH 7.4. In such a saline, which has an ionic composition similar to that
of the pseudocoelomic fluid of the worm, muscle cells show spontaneous
activity with graded spikes. This activity can be so pronounced as to
produce massive muscle contractions, making it difficult to hold either
muscle or motorneuron impalements for long periods. A modified saline
containing twice the above concentrations of Ca?* and Mg?* (i.e., 11.8
mm CaCl, and 9.8 mm MgCl,) was therefore used in these experiments.
This reduces the spontaneous activity in muscles (Walrond et al., 1985)
and allows stable recordings for prolonged periods. In Co?*-containing
saline, the CaCl, was replaced with CoCl,.

The dissected preparation and electrode placement. Worms were ob-
tained from the intestines of freshly killed pigs at a local slaughterhouse.
In the laboratory they were maintained at 37°C in PBS (140 mm sodium
chloride, 10 mm sodium phosphate, pH 7.0-7.5). In most experiments,
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Figure 2. A, Diagram showing a dissected preparation used for re-
cording from a single commissural motorneuron and muscle cells it
innervates. See Materials and Methods for a description of how such a
preparation is obtained. B, Diagram illustrating the different parts of a
representative commissural motorneuron (in this case, a DE1) and the
relationship of its processes to the nerve cords and muscle cells it in-
nervates. CMN, commissural motorneuron; DM, dorsal muscle; vSE,
ventral suction electrode.

large female worms, 25-30 c¢m long, were used. The commissures of
single, uniquely identifiable motorneurons can be seen from the outside
of the animal using a dissecting microscope and dark-field illumination.
The particular commissure to be studied was marked by puncturing the
cuticle with a Minutien pin dipped in carmine red particles on both
sides of the commissure as it courses between the ventral and dorsal
nerve cords. Commissures usually occur in pairs separated from one
another by a few hundred micrometers (Fig. 2). For single-motorneuron
studies, the unwanted member of the pair was commonly cut with a
Minutien pin or an electrolytically sharpened tungsten needle. Excitatory
and inhibitory motorneurons can be distinguished from one another on
a combination of both anatomical [anterior/posterior position and com-
missural thickness (Johnson and Stretton, 1985)] and physiological
grounds [sign of stimulated postsynaptic response (Stretton et al., 1978;
Walrond et al., 1985)]. A piece of the worm, 3-5 ¢cm long, including the
complete motorneuron to be studied, was then taken from the animal,
after cutting the lateral line that did not contain the commissure, the
preparation was pinned out flat in the chamber with the muscles up-
permost. The gut was removed with forceps. The lateral line through
which the intact commissure passes was then cut both anterior and
posterior to the marked commissure (Fig. 24). These cuts severed all
other connections between the ventral and dorsal nerve cords; therefore,
generally, the bridge of tissue that included the single intact motorneuron
was the only remaining connection between the dorsal and ventral halves
of the animal (Walrond et al., 1985).

A mat of muscle cells overlies the thin hypodermal layer within which
the commissure is found (Fig. 1). In the area of the tissue bridge, through
which the single intact commissure is known to course, a small patch
of muscle cells was removed with fine forceps from the hypodermis to
which they attach. Muscle removal must be carried out with delicacy
since the hypodermis intervening between the muscle cells and the
commissure can be as little as 5-10 pm thick. With the muscle removed,
the commissure could be seen within the translucent hypodermis and
penetrated with a microelectrode under visual control.

The electrode placements were as follows. A microelectrode was placed
in a muscle cell within the output zone of the motorneuron (Stretton et
al., 1978; Walrond et al., 1985), to monitor synaptic output of the
motorneuron. A second microelectrode was placed in the exposed com-
missure to record from the motorneuron intracellularly or to inject
current. The motorneuron could be stimulated extracellularly by a suc-
tion electrode placed over the nerve cord where the motorneuron’s
dendrite courses. In some experiments, 2 microelectrodes were placed
in the same commissure, one for intracellular stimulation and the other
for intracellular recording.
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Figure 3. Diagram showing the functional morphology of the 5 types
of commissural motorneurons in Ascaris. Vertical lines represent pro-
cesses in the dorsal or ventral nerve cords, and horizontal lines represent
commissures. Dots represent cell bodies that occur within the ventral
nerve cord and serve to identify it. Thick lines show dendritic regions,
and triangles represent axonal regions where synapses both to muscle
cells and to other neurons are made. Open triangles indicate excitatory
synaptic output, and solid triangles indicate inhibitory synaptic output.

Microscopic techniques. The light microscopic techniques used have
been previously described (Stretton, 1976). Electron microscopy was
carried out as follows. Portions of worms in which identified commis-
sures had been marked with carmine particles as described above were
fixed for 6 hr at 4°C. The fixative consisted of 3% glutaraldehyde/3%
acrolein in 0.1 m phosphate buffer, pH 7.3. The worm pieces were further
trimmed and then postfixed in 2% osmium tetroxide for 1.5 hr. The
tissue was then en bloc stained with 1% uranyl acetate before being
dehydrated and embedded in Epon resin. Thick sections (8 um) of the
hardened plastic were examined in the light microscope and appropriate
sections were then removed and reembedded on dummy Epon blocks.
Thin sections (70 nm) of the reembedded material were collected on
copper grids and stained with a saturated uranyl acetate—ethanol solution
followed by lead citrate. Stained sections were examined with a Hitachi
HS-7S electron microscope.

Resuits

Resting potentials of commissural motorneurons

The resting potentials of the motorneurons range from —25 to
—44 mV (Table 1). Ascaris muscle cells have similar resting
potentials (del Castillo et al., 1964; Brading and Caldwell, 1971).
Since these resting potentials are low compared with those ob-
tained in neurons in many other systems, we wondered whether
the neurons were damaged by the dissection procedure or by
impalement.

While recording from a dorsal muscle cell postsynaptic to a
DE1 neuron, the DE1 dendrite was stimulated with a brief suc-
tion electrode pulse. Dorsal muscle responses were recorded
before removing the muscle patch overlying the commissure,
after removing the patch to expose the commissure for pene-
tration, and after impaling the commissure with a microelec-
trode (Fig. 4). The similarity of the dorsal muscle response be-
fore, during, and after these manipulations suggests that damage
to the motorneuron due to the dissection or microelectrode
impalement is minimal.
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Figure 4. The commissural motorneuron is not significantly damaged
by dissection or by microelectrode impalement. The intracellularly re-
corded dorsal muscle response (DM) to a brief current pulse (monitored
in fop trace) delivered by a ventral suction electrode (vSE; left panel)
did not change after muscle removal (center panel), and after motor-
neuron penetration (right panel; intracellular response in DE1 shown
in bottom trace). Insets in this and the following figures are schematics
of the recording arrangements. Hatching in this inset (fop right) rep-
resents region where muscle cells were removed to expose the com-
missure.

Monitoring membrane potential with successive microelec-
trode penetrations of a motorneuron also gives an indication of
the extent to which damage can occur. This was of special im-
portance because the experiments to determine motorneuron
membrane constants described below involved several sequen-
tial penetrations. A series of 9 consecutive penetrations were
made in the same DE1 motorneuron while recording intracel-
lularly from a postsynaptic muscle cell. Penetrations 1, 5, and
9 are shown in Figure 5. There was a relatively small (6 mV)
decline in resting potential over the course of the 9 penetrations.
This particular DE1 motorneuron exhibited one of the largest
initial resting potentials (—44 mV), suggesting that it is unlikely
to have been significantly damaged by the first penetration. The
spontaneous IPSPs, which typically occur in this class of mo-
torneurons, and the low-amplitude background “noise” com-
monly seen in motorneurons were observed in the first pene-
tration and remained relatively unchanged throughout the 9
successive penetrations. Intracellular current pulses of constant
amplitude and duration were administered through the mi-
croelectrode, and the response in dorsal muscle was monitored
for each of the consecutive penetrations (Fig. 5). The graded
spikes evoked in dorsal muscle, though varying slightly from
pulse to pulse, remained strong over the course of the multiple
motorneuron penetrations. This result indicates that the ability
of the motorneurons to activate muscle synaptically is not great-
ly affected by multiple microelectrode penetrations.

The following additional lines of evidence also suggest that

the resting potentials observed in these cells do not reflect sig-
nificant damage due to microelectrode penetration.

1. While recording from a motorneuron with one microelec-
trode, a second microelectrode can be inserted into the same
cell (Fig. 6, 4, B). Occasionally, a rapid, transient depolarization
was monitored in the first microelectrode, but the resting po-
tential usually stabilized to its previous level within a few sec-
onds. More often, penetration with the second microelectrode
resulted in no more than a 2-3 mV decrease in the resting
potential as measured by the first microelectrode. In addition,
PSPs occurring prior to the second penetration continue after
that penetration seemingly unaffected in amplitude, duration,
and shape.

2. While monitoring muscle membrane potential and spon-
taneous postsynaptic activity with one microelectrode, a pen-
etration of a motorneuron innervating that muscle cell can be
made. In early experiments with low-resistance microelectrodes
(15-30 MQ, 3 M KCl), impalement of an excitatory motorneuron
usually resulted in a large long-lasting depolarization of the
muscle cell upon which a number of muscle spikes were super-
imposed. The resting potential in these early experiments was
almost always low (—5 to —15 mV). After optimizing the shape
and resistance of the microelectrodes (60-100 MQ, 3 m KCl),
these discharges in muscle that are presumably the result of
damage are rarely observed.

3. Stable recordings from motorneurons can be made for pe-
riods of up to 2 hr; spontaneous EPSPs or IPSPs (¢f. Fig. 6)
persist throughout this period. In contrast, with large-tipped,
low-resistance electrodes, it is difficult to hold motorneurons
for more than 10-15 sec.

4. We will show in the following paper that there is tonic
release of neurotransmitter from motorneurons and that the
relationship between neuronal membrane potential and post-
synaptic muscle responses is approximately linear (Walrond et
al., 1985; Davis and Stretton, 1989). Therefore, any significant
change in the membrane potential of the neuron that is produced
by microelectrode penetration should result in a change in the
muscle membrane potential, yet little or no change was observed
(Fig. 6C). Even low-amplitude depolarizing current injections
(<0.5 nA) which change the presynaptic voltage by 2-4 mV,
are capable of producing observable changes in postsynaptic
membrane potential. The high sensitivity of these synapses to
small changes in presynaptic voltage should make damage-in-
duced depolarization of the presynaptic element readily detect-
able. Spontaneous activity present in muscle prior to penetration
of the motorneurons is not noticeably affected by subsequent
microelectrode penetration of a presynaptic neuron (Fig. 6C).

Passive spread along commissures

Simultaneous intracellular recordings from sites close to the
ventral nerve cord and close to the dorsal nerve cord indicate

Table 1. Resting potentials for commissural moterneurons and muscle cells

DEl1 DE2 DE3 DI VI Muscle
Potential (n=10) (n=10) (n=4) (n=10) (n=10) (n=10)
Mean 4 SD (mV) 355 313 3341 33+4 33+4 34 + 4
Range (mV) 2744 28-36 31-34 25-37 26-38 28-40
Median (mV) 35 31 33 34 34 34
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Figure 5. Multiple impalements of a
commissure do not produce significant
motorneuron damage as assayed by
resting potential, dorsal muscle re-
sponses, or spontaneous PSP activity.
While intracellularly monitoring dorsal
muscle (DM), a DE1 was penetrated.
DM responses were elicited by intra-
cellular current pulses into the DE1 (2
nA, 75 msec; bridge circuitry unbal-
anced; current trace not shown). The
DEl microelectrode was then with-
drawn. A series of similar penetrations,
stimulations, and withdrawals was
made. Of these penetrations, numbers
5 and 9 are also shown. The resting
potential of the motorneuron declined
from —44 to —38 mV over the course
of the 9 penetrations. Comparison of
the penetrations reveals little change in
graded muscle spike responses or spon-
taneous PSP activity.

Input resistance

To determine the steady-state input resistance and cable prop-
erties of the DE1, DE2, DI, and VI motorneurons, 2 microelec-
trodes were inserted into each cell, one for stimulating and one
for recording. Since the largest number of experiments were
carried out on the DE1 motorneurons, the following results will
focus on this class of neurons.

To determine the input resistance of DE1 neurons, the slopes
of steady-state current—voltage relationships were measured. The

Figure 6. Microelectrode penetration
has negligible effects on prior resting
potential level and spontaneous PSP
activity. 4, Penetration of a DE1 mo-
torneuron with one microelectrode
(lower trace) was followed by subse-
quent penetration with a second mi-
croelectrode (upper trace) less than 25
pm away. The resting potential (as
monitored by the first microelectrode)
depolarized at most 2-3 mV at the time
of the second microelectrode penetra-
tion. Spontaneous IPSPs continued as
before the second penetration. Time axis
changed as noted. B, While recording a
DE2 motorneuron (lower trace), a sec-
ond microelectrode (upper trace) pen-
etrated the same cell. The membrane
depolarized by 2-3 mV and EPSP ac-
tivity continued as before the second
penetration. Time axis changed as not-
ed. C, While recording a dorsal muscle
cell (DM, upper trace), a DE2 motor-
neuron was penetrated (lower trace; dis-
tance between recording sites, approx-
imately I cm). The muscle resting
potential remained unchanged, as did
its DE2-induced PSP. Time axis
changed as noted.

2myv
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Figure 7. Spontaneous PSPs of ventral nerve cord origin can be conducted over long commissural distances with little decrement. 4, Two
microelectrodes approximately 4 mm apart simultaneously recorded from the same DEIl motorneuron (2 lower traces; the recording from the
microelectrode closest to the ventral nerve cord is the bottom trace in A and B); intracellular records were also made from a dorsal muscle (DM)
approximately 4 mm anterior to the entrance of the DE1 commissure into the dorsal nerve cord. Intracellular depolarizing current pulses (50 and
500 msec) were injected into one commissural microelectrode near the dorsal nerve cord (middle trace; bridge circuitry unbalanced). They produced
electrotonic responses in the commissure and synaptic responses in dorsal muscle. Note that the size of the spontaneous IPSPs in DE1 decreased
relatively little over the 4 mm distance between the 2 commissural microelectrodes. B, Two microelectrodes approximately 4.5 mm apart simul-
taneously recorded from the same DE2 motorneuron; a DM cell was penetrated approximately 1 cm posterior to the entrance of the DE2 commissure
into the dorsal nerve cord. Note that the spontaneous EPSPs experienced little decrement over the 4.5 mm distance between the 2 commissural
microelectrodes. The upper trace illusirates that these EPSPs are effective in producing DM responses approximately 1.45 cm away from their

origin in the ventral nerve cord.

average input resistance was 7.1 + 1.9 MQ (range, 5-12 MQ, n
= 10; Fig. 8). The graph is nearly linear between —5 and +5
nA of injected current, corresponding to voltage changes of be-
tween about —40 and +40 mV, the physiological voltage range
of these cells. Above and below those current values, the points
show increasing scatter, possibly the result of the erratic current-
passing characteristics of high-resistance microelectrodes. The
linearity of the plots indicates that a significant rectifying current
does not occur in the commissures of these cells.

On occasion, injection of strong depolarizing currents pro-
duced a small onset transient indicative of a voltage-sensitive
response (see Fig. 9, 4, C, arrows). This peak is small (<5 mV
for steady-state voltage changes of +40 to +50 mV) and graded
with current strength; the I-V plot of the peak response differs
only negligibly from that of the steady state. This peak response
is reversibly blocked by Co?* (Fig. 9). We have obtained I-V
plots before, during, and after perfusion with such a Co?* saline.
As shown in Figures 9 and 10, there was only a slight change
in the steady-state input resistance before (5.5 MQ), during (5.1
MQ), and after the Co?* perfusion (5.2 MQ). The absence of a
significant change in the steady-state portion of the potential
during perfusion with Co?* saline suggests that Co2*-blockable,
voltage-sensitive channels do not have a substantial amplifying
effect on steady-state signal conduction across the DEl com-
missure.

The DE2, DI, and VI motorneurons have linear I-V plots for
hyperpolarizing and relatively weak depolarizing current pulses
(Fig. 11); in contrast to the excitatory motorneurons, strong

depolarizing pulses elicit rhythmic oscillatory potentials in in-
hibitory neurons (see further description in Davis and Stretton,
1989). Activation of these voltage-sensitive responses by de-
polarization prevents one from obtaining complete steady-state
I-V plots for the inhibitors. The linear portions of the I-V plot
were used to determine the input resistance and cable properties
of all neurons studied.

Long-distance passive signaling: cable properties

Figures 12 and 13 show the results of experiments to measure
the passive spread of voltage changes in motorneurons. Traces
from experiments involving an excitatory motorneuron (DEI;
Fig. 12) and an inhibitory motorneuron (VI; Fig. 13) are illus-
trated. Cells were impaled with 2 microelectrodes. The ampli-
tude of the voltage change decrements with increasing distance
from the stimulating microelectrode for a constant-current pulse.

In the case of the DE1 neuron (Fig. 12), it was possible to
return to the zero separation position at the end of the experi-
ment. The second measurement at zero separation gave a volt-
age response that was comparable to (in fact, slightly larger than)
the initial value. This result indicates that the commissure had
not been significantly damaged over the course of the multiple
penetrations made along its length.

The slope of plots of In voltage versus distance, determined
by regression analysis, was used to calculate the cable constants,
including A, shown in Table 2 using the equations that describe
an infinitely long cable. Using the equation V, = V_ e, where
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Figure 8. I-V plots of 2 DE1 motorneurons determined with 2 mi-
croelectrodes (one for stimulating, one for recording). The intersection
of the axes marks the resting potential, —34 (A) and —36 mV (@®). Insert
shows representative traces for one of the experiments (@).

= (I/2)\/r,.r;, we obtained the effective resistance (\/7,.r,).
From the effective resistance, the R, (\/r..r/2) at the zero
point was calculated in cable property experiments. The average
R, thus obtained in the 10 DE! experiments of Table 2 is 6.0
+ 1.5 MQ (range, 5-10 MQ). This value is consistent with the
value obtained (in separate experiments) from the calculated
slopes of I-V plots mentioned above (7.1 = 1.9 MQ; range, 5-
12 MQ). DE1 motorneurons possess an internal resistivity (av-
erage R, = 79 Q cm?) similar to that found in many other ex-
citable cells. The specific membrane resistivity (average R,, =
69 kQ cm?) is unusually high and accounts for the large space
constants (average A = 8 mm) of these cells. The membrane
time constant (average 7,, = 32 msec) is also somewhat higher
than that found for most cells. Membrane capacitance values
(average C,, = 0.5 uF/cm?) are close to the values obtained for
most unit biological membranes.

For 2 DEI neurons cable property analysis was carried out
using both depolarizing and hyperpolarizing current pulses.
Within each experiment, there was very close agreement between
the membrane constant values determined by either depolarizing
or hyperpolarizing currents (depolarizing/hyperpolarizing: R,,
46/40, 77/73 kQ cm?; A, 5/6, 8/8 mm). In 3 non-DEI experi-
ments (1 DI, 2 VIs) variation within each experiment was great-
er, but it was not systematic (depolarizing/hyperpolarizing: R,
180/262, 390/203, 336/387 kQ cm?; A, 11/15, 14/9, 9/11 mm).
Within an experiment, the relative similarity of depolarizing
versus hyperpolarizing values suggests (as do the linear I-V
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Figure 9. Sample records of data used to construct the I-V plots seen
in Figure 10 before, during, and after the Co?* saline perfusion. The
upper trace (I) is the current monitor. The middle trace (DM) is an
intracellular recording of a dorsal muscle cell. The lower trace (DE) is
an intracellular recording of the voltage change induced by current in-
Jjection from a stimulating microelectrode. Muscle responses to hyper-
polarizing current pulses show that motorneurons release neurotrans-
mitter tonically at their normal resting potential (see Davis and Stretton,
1989). The disappearance of the synaptically evoked dorsal muscle re-
sponse can be used as an assay for completeness of Co?* block.

plots) that active conductances are not making significant con-
tributions to the steady-state voltage changes.

In Figure 14, comparisons were made between the time course
of the responses at zero electrode separation and the theoretical
curves calculated from the error function (Hodgkin and Rush-
ton, 1946). For the DE! motorneuron shown in column A, the
time course of the rise and fall closely approximated the theo-
retical curve, indicating that this neuron was behaving purely
passively. A similarly close approximation is seen for hyper-
polarizations in a VI motorneuron shown in column B; however,
small onset and offset deviations from the predicted curve oc-
curred for strong depolarizations, indicating the presence of weak
active responses. These are discussed further in Davis and Stret-
ton (1989). The contribution of the active channels varies con-
siderably between individual neurons of the same cell type and
between the same identified neuron from different animals; in
some cases, the channels seem to be absent, and in others they
are clearly present.
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Figure 10. I-V plots obtained from a DE1 motorneuron in successive
perfusions of high Ca?* saline (O), Co?* saline (»), and Ca?* saline again
(®). Successive input resistances were 5.5 MQ (O), 5.1 MQ (a), and 5.2
MQ (@). The intersection of the axes marks the resting potential level,
—32to —35mV.

Electron microscopy

Electron microscopy has been carried out on cross sections of
commissures. The commissure is surrounded by a loose wrap-
ping of hypodermal membranes and portions of hypodermis
they enclose (Fig. 15, 4, B). The hypodermal membranes are
on the order of 10-12 nm in thickness. The number of mem-
brane-enclosed layers is small, varying from 1 to 7; each layer
ranges from 70 to 200 nm in width. The membrane wrappings,
unlike those of myelin, have frequent discontinuities (Fig. 15B).
The width of the extracellular space ranges between 15 and 300
nm. The extracellular space between the commissural mem-
brane and the innermost hypodermal membrane is approxi-

resting potential level, —31 (@) and —30 mV (A). Active responses in
the form of oscillating potentials occurred for depolarizing steps above
1.5-2 nA of injected current (see Davis and Stretton, 1989).

mately 50 nm with the distance to the outermost hypodermal
membrane being <3 um. One possible explanation for the high
membrane resistivities is that occlusions in the extracellular
space increase the shunt resistance. Examination of the wrap-
pings, however, has yielded no evidence of structures that might
produce such occlusions. The following considerations suggest
that the observed membrane resistivity is intrinsic to the neu-
ronal membrane and is not due to impeded ion flow around the
commissure:

1. Anatomically, tightly adherent myelin-like wrappings or
junctions occluding extracellular space are not present.

2. Physiologically, a C,, (0.4-0.9 uF/cm?) close to the value
obtained for a single biological membrane suggests that the large
R,, reflects a property inherent in the commissural membrane
itself.

Table 2. R, and cable properties of DE1, DE2, DI, and VI motorneurons

DE1 (n = 10) DE2 (n = 3) DI (n=3) VI(n=23)
Parameter Mean = SD Range Mean + SD Range Mean += SD Range Mean + SD Range
Ripes MQ) 6+ 1.5 5-10 11 £23 10-14 15+ 53 8-22 17+ 5.0 12-22
R; (€ cm) 79 + 29 37-118 314 = 171 156-496 166 + 46 118-209 157 £ 29 140-190
R,, (k@ cm?) 69 + 27 35-107 61 £ 16 51-81 214 = 110 100-320 251 = 119 163-387
A (mm) 8+26 5-13 4=+17 3-6 95 5-15 10 £ 1.2 9-11
7,, (msec) 32+ 7.7 2549 59 = 18 46-72 92 + 43 56-140 90 + 22 66-109
(n=29) (n=2)
C,, (uF/cm?) 0.5+03 0.3-0.9 0.9 0.9 0.5 £0.1 0.4-0.6 0.4 £02 0.3-0.6
(n=9) (n=2)
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Figure 12. Space constant (\) deter-
mined from In V versus distance plot
(via regression analysis) for a DE1 mo-
torneuron. The current monitor (/) rec-
ords the constant-amplitude hyperpo-
larizing current pulse injected by a
stimulating microelectrode. The DE1
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Comparison of input resistance and cable properties among
different classes of motorneurons

Table 2 lists the input resistance and cable properties for 4 of
the 5 classes of motorneurons: DE1, DE2, DI, and VI. Because
of the small diameter of the DE3 neuron (<15 um), it has not
yet been possible to determine DE3 cable properties.

Two I-V plots for DE2 motorneurons yield input resistances
(11, 12 MQ) consistent with those obtained from cable equations
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trace records the voltage decrement that
occurred in response to this current at
the following interelectrode distances
(left to right): zero separation, 0.3, 1.1,
3.4 mm, and zero separation again (x
marks the second zero separation point
in the plot).

(11 MQ). Three I-V plots for VI motorneurons have also yielded
put resistances (15, 20, and 24 MQ) consistent with the table
value (17 MQ). These congruencies suggest that a representative
sampling of the non-DE]1 cells has been obtained.

Discussion
Resting potentials of motorneurons

Since the resting potentials of motorneurons are low (—30 to
—40 mV) compared with those in many other organisms, var-

Figure 13. Space constant (\) deter-
mined from In V versus distance plot
(via regression analysis) for a VI mo-
torneuron. The VI trace records the

[ e U A Y

voltage decrement that occurred in re-
sponse to constant current pulses ap-
plied at the following interelectrode dis-
tances (left to right): zero separation,
0.2,0.4,0.7, 1.9, 2.2, and 2.5 mm,

10nA

10mY 1 00ms
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Figure 14. Experimental and theoretical curves showing the rise and
fall of voltage in response to different levels of injected current. Two
electrodes were placed in a DE1 motorneuron (4) or a VI motorneuron
(B) at approximately zero separation. Depolarizing and hyperpolarizing
current pulses were given. Steady-state values for the experimental volt-
age steps that result are indicated with respect to the resting potential
(—33 mV for both cells). Theoretical curves (the nonnoisy lines) were
determined using the 7, for each cell (29 msec for DE1; 95 msec for
VI) measured at 84% of final amplitude and the value of the error
function tabulated from Table 1 of Hodgkin and Rushton (1946). Close
agreement between experimental and theoretical curves is seen for all
of the DE1 records and for the hyperpolarizations of the VI. The pres-
ence of weak active onset and offset components causes deviation be-
tween experimental and theoretical curves for strong depolarizations of
the VI (arrows). The steady-state voltages of the experimental curves
were normalized to the theoretical curves. Time scale bar, 4, 50 msec;
B, 250 msec.

ious experiments were designed to test whether damage due to
dissection or microelectrode impalement was responsible. This
was necessary to justify further analysis of the cable and other
properties of these cells. The results of these experiments in-
dicate that the motorneurons are not significantly damaged by
dissection or microelectrode penetration.

Pearson (1976) has noted in his review of nonspiking neurons
that such cells are commonly characterized by low resting po-
tentials. This is often true of nonspiking cells that tonically
release neurotransmitter (see Pearson and Fourtner, 1975; Bur-
rows and Siegler, 1978; Siegler, 1985). Ascaris motorneurons
fall into this category (Davis and Stretton, 1989).

Long-distance passive signaling: input resistance

Commissures of motorneurons are able to conduct PSPs over
long distances to evoke postsynaptic responses a centimeter or
more away. To determine whether this ability results from pas-
sive spread or whether it is aided by signal amplification through

voltage-sensitive channels, measurements of the input resis-
tance have been made.

Steady-state -V plots are approximately linear over the phys-
iological voltage range. The plots lack the changes in slope that
would be indicative of significant voltage-sensitive conduc-
tances. Thus, it is unlikely that voltage-sensitive amplification
is contributing substantially to the signaling ability of DE1 mo-
torneurons. Voltage-sensitive channels exist in motorneuron
membranes as revealed by the small Co?*-blockable onset tran-
sient that can be elicited by strong depolarizing current pulses.
However, steady-state input resistance does not change signif-
icantly when these channels are blocked with Co?* saline.

Two considerations are in order. First, it is not possible to
rule out completely the presence of depolarizing voltage-sen-
sitive channels that are insensitive to Co?* block. However,
Ascaris motorneurons give no evidence of classical, fast action
potentials, nor of the presumed voltage-sensitive Na* channels
responsible for them (Davis and Stretton, 1989). In addition,
Co?* saline blocks depolarizing voltage-sensitive responses
without revealing any significant underlying non-Co?*-sensitive
conductances. Second, though signal amplification may play
little or no role in signal conduction in the commissure, its
occurrence in the nerve cord processes of motorneurons would
be expected, especially in output processes, due to the presence
of voltage-sensitive conductances associated with synapses. No
data is yet available on the signaling properties of nerve cord
processes.

Both the excitatory and inhibitory motorneurons are capable
of signaling over long distances. The linear steady-state /-V
plots of the excitors suggest that they primarily rely on passive
signaling of information. The inhibitors, on the other hand,
while capable of long-distance passive signaling, are not merely
passive cells. They, unlike the excitors, can generate oscillatory
potentials (Davis and Stretton, 1989). Thus, in addition to their
passive properties, these voltage-sensitive properties may also
play a role in the signaling of the inhibitors.

Long-distance passive signaling: cable properties

The cable constants shown in Table 2, reveal that the 2 inhib-
itory motorneurons (DI and VI) exhibit higher R,, R,,,., and
7., values than the excitatory motorneurons, DE1 and DE2. The
difference in R,, between inhibitory and excitatory motorneu-
rons is particularly striking, >200 kQ cm? for inhibitors and
<100 k@ cm? for excitors. Inhibitory motorneuron processes
have smaller diameters than DEl and DE2 excitatory motor-
neurons: 10-25 um for inhibitors and 20-35 um for DE1 and
DE2 excitors. Since A is directly proportional to the square root
of the diameter, if the membrane properties of inhibitors and
excitors were the same, the inhibitory motorneurons would ex-
perience a greater passive signal decrement per unit distance.
However, both excitatory and inhibitory motorneurons convey
information over comparable distances. The increased mem-
brane resistivity of inhibitory motorneurons may compensate
for their smaller diameters, so that A for both excitors and in-
hibitors is similar. Inhibitors also have a branched output pro-
cess, whereas excitors do not (see Fig. 3). Again, a compensatory
increase in R,, might allow the inhibitor to overcome the in-
creased electrotonic decrement associated with a branch point.

Examination of Table 2 reveals that all of the motorneuron
classes studied to date are characterized by R, and C,, values
that are comparable to those obtained for most nonmyelinated
excitable cells in other nervous systems. Unlike cells in other



The Journal of Neuroscience, February 1989, 9(2) 413

Figure 15. A, Electron micrograph of cross section of DE2 commissure (C). B, Note the discontinuous loose wrapping of hypodermal membranes
adjacent to the commissure. Micrographs kindly provided by A. E. Hallanger. Scale bar: 4, 2 pm; B, 0.5 um.
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systems (see Table 1 in Rall, 1977), Ascaris motorneurons ex-
hibit unusually high values for R, A, and 7. It is these prop-
ertics that account for the observed ability of Ascaris motor-
neurons to use passive signals effectively over long distances.

As seen in Figures 8, 9, and 148 of this paper and documented
more fully in the following paper (Davis and Stretton, 1989),
these cells arc capable of generating small transient depolarizing
and hyperpolarizing active responses at either the onset or oflsct
of injected currcnt pulses. Though the conductances underlying
them are too small to produce regenerative, full-blown action
potentials, it is possible that the apparent long space constants
of these cells may arisc to some small extent from these con-
ductances and not entirely from a high, strictly passive resis-
tance. The lincarity of our steady-state /-7 curves indicate that
these conductances are small and transient and therefore are, at
best, only a very minor factor in determining the cable properties
of these cells.

Such active conductances can, however, make determination
of the time constant (from the rising or falling phase of the
voltage response) somewhat uncertain. It is quite likely that the
time constant has been underestimated in cells where such active
conductances do produce slight onset or offset transients (as in
the slight initial undershoot of Fig. 12, though not apparently
in Fig. 13; ¢f Fig. 14). Since our value for membrane capacitance
is calculated from the time constant, it too will be underesti-
mated. This may account for the slightly lower C,, values we
obtained (0.4-0.9 uF/cm?) in contrast to the 1 uF/cm? value
found for most biological membranes. While there is an ex-
ponential decay of the electrotonic potential with distance, the
rise or fall time of signals may be somewhat enhanced by the
small active conductances in these otherwise passively signaling
cells. Such a phenomenon is not without precedent (e.g., Det-
wiler et al., 1978) and may serve to maintain the sharpness of
the onset and offset of PSPs conducted across the commissure.

Since synaptic activity can produce changes in membrane
conductance, the effect of spontaneous PSP inputs onto motor-
neurons must be considered in determining cable properties.
When the PSPs are blocked in Co?* saline, no change in input
resistance occurs, suggesting that synaptically induced conduc-
tances do not make a major contribution to the membrane
properties. Furthermore, in Ascaris motorneurons, the periodic-
ity of the spontaneous PSPs is low enough that during long
current pulses, steady-state voltages can be measured between
PSPs. In some preparations normal PSP activity is diminished
or absent, yet the resting potential remains in the —30 to —40
mV range. Depolarizing or hyperpolarizing current pulses in-
jected into the motorneurons do not reveal additional synaptic
inputs, indicating that the resting potential is not at the equi-
librium potential for PSPs. Furthermore, cable properties of
cells with and without PSPs do not differ significantly.

A number of other organisms possess cells with unusual mem-
brane properties, such as those seen for Ascaris motorneurons.
Of particular interest are those with long neural processes like
Ascaris motorneurons. The barnacle photoreceptor membrane
has an R,, of 300 k@ cm? and a A of 10-18 mm (Hudspeth et
al., 1977). Its high R, like that of Ascaris motorneurons, ap-
pears to be an intrinsic property of the receptor membrane.
Unlike Ascaris motorneurons, it exhibits dramatic rectification
in the depolarizing portion of its /-V plot. The cable properties
of the coxal stretch receptor neurons of the crab Carcinus have
been described (Bush, 1976; Cannone and Bush, 1980); these

fihers have N's of 10=20 mm. Pasztor and Bush (1982) have
determined the cable properties of 3 mechanoreceptor neurons
in the lobster; these cells have A’s (7-10 mm) and R,’s (100
k2 ecm?) similar to those reporied here for Ascaris. In studies to
date, cells with long processes and such unusual membrane
properties have characteristically been sensory cells which con-
vey information that is graded with membrane potential. This
study shows that motorneurons that convcey graded signals may
also make use of these properties and are thus capable of con-
veying passive signal information over centimeter distances.
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