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Voltage-Dependent Sodium Channels in an Invertebrate 
Striated Muscle 

Abstract. Striated skeletal muscles from the planktonic arrowworm Sagitta elegans 
(phylum Chaetognatha) were voltage-clamped. The muscles displayed classical 
voltage-dependent sodium channels that (i) showedpeak transient currents when the 
membrane was depolarized 90 millivolts from rest, (ii) opened rapidly with peak 
currents Jlowing within 0.4 milliseconds at 4"C, (iii) showed voltage-dependent 
inactivation with 50 percent inactivation at +25 millivolts from rest, and (iv) were 
blocked by 500 nanomolar tetrodotoxin. 

Many cells, notably nerves and mus- 
cles, are termed excitable because they 
generate and propagate action poten- 
tials. Most invertebrate axons (I)  as well 
as vertebrate axons (2) and skeletal mus- 
cles (3) rely on sodium ions as the pre- 
dominant inward charge carrier during 
depolarization. In contrast, invertebrate 
muscles investigated so far seem to use 
calcium ions to generate action poten- 
tials (4, 5). Voltage-dependent calcium 
channels seem to be more evolutionarily 
primitive than sodium channels in that 
they are present in unicellular organisms 
(6) and are the first channels to appear 
during the embryonic development of 
excitable cells (7). At some point during 
evolution there must have been selective 
pressures favoring the expression of so- 
dium channels not only in neurons but 
also in muscle membranes as well. Be- 
cause of the large size of their skeletal 
muscles, most invertebrate preparations 
examined to date are protostomates (an- 
nelids, arthropods, or mollusks), which 
are not considered to have evolved along 
the same path as that giving rise to the 
chordates (8). Therefore, using a new 
patch-clamp technique that allows volt- 
age clamping of small cells, we have 
examined the ionic basis of the action 
potential in the muscles of a primitive 
deuterostome, the arrowworm Sagitta 
elegans (phylum Chaetognatha) (9). We 

now report that in this species, sodium 
constitutes the predominant inward 
charge carrier during depolarization. 

Groups of five to ten intact Sagitta (10) 
were placed in seawater or artificial sea- 
water (ASW) and shocked with bipolar 
extracellular electrodes, which always 
elicited vigorous twitches. Removing 

A 

10 msec 

calcium from the ASW did not prevent 
the animals from twitching in response to 
electrical stimulation during the 20-min- 
Ute test period. In contrast, removing the 
sodium resulted in paralysis within 60 
seconds. Animals remained flaccid and 
unresponsive to electrical stimulation 
until sodium was returned, at which 
point they regained the ability to swim. 
Addition of the specific sodium channel 
blocker tetrodotoxin (500 nM TTX) (11) 
to the medium resulted in rapid paraly- 
sis. These data suggest that sodium, but 
possibly not calcium, is required in the 
normal chain of neuromuscular events 
that ultimately lead to contraction. 

We next examined the electrophysio- 
logical properties of the longitudinal 
muscles (12). The shape and kinetics of 
an action potential often reflects the ion- 
ic mechanisms underlying its generation. 
Figure 1 shows examples of action po- 
tentials obtained from a frog (Rana tem- 
poraria), an insect (Manduca sexta Lepi- 
doptera), and Sagitta. The insect action 
potential (Fig. 1A) is mediated by calci- 
um (5), as is suggested by the slower 
time course and broader spike than the 
sodium-generated action potential of the 
frog (Fig. 1B). The action potential re- 
corded from Sagitta (Fig. 1C) both rises 
and falls rapidly and lacks the character- 
istic calcium plateau on the falling phase. 
The shape of the Sagitta action potential 
suggests that calcium is not the predomi- 
nant inward charge carrier. 

To better examine the ionic mecha- 
nisms underlying the action potential in 
Sagitta, the muscle membrane was volt- 
age-clamped (13-15). Figure 2A shows 
typical current responses seen when the 
membrane was depolarized by 10 to 120 
mV in steps of 10 mV. There was a fast 
inward current which inactivated and a 
slower outward current, both of which 
were voltage-dependent. The fast kinet- 
ics and apparent inactivation of the in- 
ward current resemble those of TTX- 
sensitive sodium channels observed in 
other cells (16). Inactivation was exam- 
ined in more detail by measuring the 
fractional amplitude of the inward cur- 

Fig. l .  Comparison of (A) insect (Manduca 
sexta) ,  ( B )  frog (Rana temporaria), and (C) 
chaetognath (Sagitta elegans) action poten- 
tials. The insect action potential is generated 
by an influx of calcium (3, whereas that of the 
frog is due to the entry of sodium (3). The 
shape and kinetics of the Sagitta action poten- 
tial are similar to that of frog. (A) The falling 
phase of the action potential took approxi- 
mately 500 msec to return to baseline. The 
dashed line represents a resting potential for 
this fiber of -50 mV. ( B )  The dashed line 
represents a resting potential for this fiber of 
-90 mV. (C) The dashed line represents a 
resting potential for this fiber of -72 mV. 
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rent following 40-msec depolarizing inward current has been greatly dimin- 
pulses of various amplitudes (Fig. 2B). ished by exposing the muscle to 500-nM 
The inward current showed a rapid volt- TTX. Attempts to analyze membrane 
age-dependent inactivation characteris- responses in salines with cation substitu- 
tic of sodium channels. Further evidence tion, such as tris' for Na+ and ~ a * +  for 
identifying this channel as a sodium Ca2+, were unsuccessful because we 
channel is given in Fig. 2C, where the were unable to obtain adequate seals 
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Fig. 2. Voltage-clamp analysis of Sagirra muscle. Parts A and C were obtained with the same 
electrode and membrane patch. All records begin at the holding potential. (A) The current 
flowing through a patch of membrane depolarized from 10 to 120 mV in steps of 10 mV. Each 
trace represents an average of five repetitions. (B) An analysis of inactivation of the inward 
current produced by 40-msec conditioning pulses from 0 to 80 mV in steps of 4 mV. Each point 
represents the average of ten repetitions. The line is the least-squares fit to the data points 
according to the equation [ l  + e ~ p - ( V , / ~  - I/?/a)]-' with VIl2 = +25 mV and a = 7.9 mV. The 
inset shows the actual current records during a 4-msec test pulse. At 4"C, there was a voltage- 
dependent inward conductance that failed to inactivate; in parts A and C it is shown as a 
pedestal. Because this pedestal disappeared at higher temperatures, this record was taken at 
12°C to more accurately examine the inactivation of the presumptive sodium channels. The 
resting potential of Sagitta muscle was -66.7 * 1.1 mV (n = 14). (C) The effects of 500 nM 
TTX on current responses to depolarization of Sagitta muscle. The patch and stimulus are 
identical to those of part A. TTX abolished most of the inward current. 

Fig. 3. The current responses of Sagirra mus- 
cle membrane to long steps of depolarization _ 
at elevated temperature. A membrane patch 2 
with prominent inward currents was held at 
15°C and 20 msec depolarizing steps were 
applied from 30 to 130 mV in steps of 20 mV. 
Each trace represents the average of six repe- ' o,o titions. The records have been corrected for 
leakage and capacitive artifacts. The fast in- 
ward current was sensitive to TTX, whereas 
the second inward current was reduced by 
cobalt. The delayed outward current was di- 
minished by 4-aminopyridine. These data sug- I 
gest that the currents flow through sodium, I I I I I 

0.0 10.0 20.0 calcium, and potassium channels, respective- 
ly. 

Time (msec) 

between the membrane and patch elec- 
trode. 

The outward current, which repolar- 
izes the muscle, is probably carried by 
K+.  Its kinetics and voltage dependence 
suggest that it flows through channels of 
the delayed rectifier type (16). Exposing 
the preparation to 5 mM Caminopyridine 
rapidly decreased the flow of outward 
current (not shown) as has been ob- 
served in other preparations (17). 

The outward current did not remain 
constant during depolarization but de- 
clined slightly (Fig. 2, A and C). This 
feature was seen in many of the patches 
examined and suggests potassium chan- 
nel inactivation, external potassium ac- 
cumulation, or the development of a 
second, slower inward current. In Sa-  
gitta muscle, as has been seen in frog 
(15), the absolute and relative densities 
of sodium and potassium currents vary 
from one membrane patch to another. In 
addition, in some patches a second, 
slower inward current was observed 
with depolarizing steps of longer dura- 
tion (20 msec) at higher temperatures 
(15°C) (Fig. 3). The kinetics, direction, 
and voltage dependence of this inward 
current suggest a Ca2+ conductance. 
Furthermore, the current was insensitive 
to 500-nM TXX but greatly reduced in 
the presence of 10 mM Co2+ (data not 
shown). When this channel was blocked 
with cobalt ions, the decline in the potas- 
sium current was greatly reduced. 

These data suggest that Sagitta mus- 
cle, like that of chordates, uses TTX- 
sensitive sodium channels as the pre- 
dominant mechanism for depolarization 
and potassium channels for repolariza- 
tion. In both Sagirta and vertebrate mus- 
cle (18) there is also a delayed inward 
Ca2+ flux, whose role is less well de- 
fined. The use of sodium to generate the 
action potential in chaetognaths con- 
trasts with other invertebrate muscles 
examined, in which calcium is the pre- 
dominant carrier of inward current (4,5). 
Another possible exception is the obser- 
vation that some long-term denervated 
crayfish muscle fibers develop TTX-sen- 
sitive action potentials (19). 

In many cells calcium entry not only 
depolarizes the membrane, but also stim- 
ulates a cellular response such as secre- 
tion or contraction. Vertebrate cardiac 
and smooth muscles, as well as many 
invertebrate muscles, have a reduced 
sarcoplasmic reticulum. This feature ob- 
ligates most of these cells to use extra- 
cellular calcium in the process of activat- 
ing the contractile proteins for the gener- 
ation of tension (20). All of these prepa- 
rations therefore rely to some extent on 
voltage-dependent calcium channels. 
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The longitudinal muscles of the chaetog- 
naths have a well-developed sarcoplas- 
mic reticulum (21) and are therefore pre- 
sumably not obligated to use extracellu- 
lar calcium for contraction, as they have 
an internal source of the ion. They could 
use sodium rather than calcium currents 
to depolarize the muscle and trigger 
force generation mainly by release of 
calcium from the sarcoplasmic reticu- 
lum. One possible selective pressure that 
would favor the use of sodium rather 
than calcium currents would be the fast- 
er kinetics afforded by the use of the 
former, which would in turn allow faster 
muscle responses. This feature is of ob- 
vious value to predatory animals such as 
chaetognaths (8, 9). At this point one can 
only speculate about the evolution of 
sodium channels in muscle. It is possible 
that sodium action potentials are a trait 
of all deuterostome muscles that have a 
well developed sarcoplasmic reticulum. 
Alternatively, sodium channels could 
have evolved independently in the mus- 
cles of both sagitta and the chordates. 
With the development of the loose patch 
clamp, it will now be possible to examine 
the small muscles of other invertebrate 
phyla and perhaps provide some insight 
into this question. 
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Increased Numbers of Thoracic Dorsal Root Axons in Rats 
Given Antibodies to Nerve Growth Factor 

Abstract. Sensory axons were counted in untreated I-month-old rats and in 
littermates that were injected with antibodies to nerve growth factor. There were 45 
percent more unmyelinated and 17 percent more myelinated axons in dorsal roots of 
the 3fth thoracic spinal segment in treated rats. This suggests that the number of 
sensory axons can be changed by postnatal inactivation of nerve growth factor. 

Nerve growth factor (NGF) affects the 
growth and development of sensory and 
sympathetic neurons (1, 2). On the sen- 
sory side, this compound is necessary 
for the survival of dorsal root ganglion 
cells and the outgrowth of sensory pro- 
cesses in vitro (3). Furthermore, it has 
been suggested that NGF is transported 
from peripheral endings to appropriate 

neuronal cell bodies and that this serves 
as a signal that innervation is being main- 
tained (4). In vivo, treatment with anti- 
bodies to NGF before birth reduces the 
number of primary sensory cells ( 9 ,  but 
there is no demonstrable postnatal effect 
on these cells (5, 6 ) .  It was recently 
discovered, however, that postnatal ma- 
nipulation of NGF levels changes the 
number of axons in a peripheral nerve (7) 
and in the dorsal root after spinal injury 
(8, 9). This suggests that sensory axons 
might be influenced by postnatal inacti- 
vation of NGF even if the number of 
sensory cells does not change. 

Pregnant Sprague-Dawley rats were 
obtained from Texas Inbred Mouse 
Company. When the pups were born 
they were given daily injections (3 kl/g 
subcutaneously) of antibodies to NGF 
(anti-NGF; undiluted rabbit antiserum) 
at a site near the dorsal fat pad for 4 

Fig. I .  Electron micrograph of a cross section weeks. The anti-NGF was prepared 
of a dorsal root, showing a myelinated axon against the purified mouse P-NGF sub- 
(right) surrounded by smaller, unmyelinated unit as by Beck. and perez- 
axons. Because of their distinctive morpholo- 
gy, myelinated and unmyelinated axons can Polo (10). In bioassays of embryonic 
readily be counted with the electron micro- chick sensory ganglia or of human 
scope. Scale bar, 1 bm. blastoma cells, a 1 :500 dilution of the 
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