
AMP in the circadian pacemaking sys- 
tem at the biochemical level should aid in 
the search for the molecular components 
of the oscillator. 
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Bidirectional Transmission at the Rectifying Electrotonic 
Synapse: A Voltage-Dependent Process 

Abstract. Rectlfiing properties of electrotonic synapses established by the cray- 
fish giant motor $her are associated with a more negative resting membrane 
potential in the presynaptic than in the postsynaptic side of the junction. An  
increased junctional conductance and bidirectional transmission are produced, with 
almost no delay, by inverting this polarization. 

Although electrotonic transmission spikes and passive depolarizations pass 
through gap junctions is generally bidi- from the presynaptic lateral and medial 
rectional (1, 2), in a few systems, the giant axons to the postsynaptic giant 
junctional resistance between coupled motor fiber, whereas only hyperpolariza- 
cells varies in such a way that currents tions spread in the opposite direction (3, 
flow more readily in one direction. In the 4). This property can be functionally 
crayfish giant motor synapse (GMS), significant (4, 5) ,  but its origin remains 

A I* s2 GMF II C1 A v = + ~ ~ v  D A V = + 3 4  mV 
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100 m s e c  

C - - 0 
- - - 0 
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Fig. 1. Tests for the transmission of electrotonic potentials. (A) Diagram illustrating the 
microelectrodes (one for current passing, I ,  and one for voltage recording. V )  inserted in the 
lateral giant axon (LGA, I , ,  and V,) and the giant motor fiber (GMF, I,, and V,) and the 
extracellular electrodes (S ,  and SZ). (B) Rectified transmission in resting conditions. (C to E) 
Voltage dependence of the rectification. Upper and,middle traces: voltage recorded from 
presynaptic (V,) and postsynaptic (VZ) cells; lower trace: superimposed current steps applied to 
pre- and postsynaptic sides of the junction. (C,) During slight hyperpolarizations of the motor 
fiber, only positive pulses spread from the pre- to the postsynaptic side (arrow), with a 
calculated coupling coefficient k of about 0.16 (C,). With stronger hyperpolarizations, synaptic 
transmission became bidirectional, k reaching 0.48 and 0.52 for positive and negative pulses, 
respectively. (D) Short negative pulses (25 msec) were applied to the presynaptic axon, and 
transynaptic spread of current began almost instantaneously with the onset of postsynaptic 
hyperpolarization. (E) Postsynaptic potentials occurring in the motor fiber (dots, middle traces) 
spread in the presynaptic axon (upper trace, arrows) during hyperpolarizations of the 
postsynaptic fiber moving AVfrom - 17 to +53 mV. (A reduction of this potential difference by 
a short polarization of the lateral axon reversibly blocked the transynaptic effect. despite a 
concomitant increase in the amplitude of the postsynaptic potential.) 
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unclear, particularly since morphological 
investigations indicate that the axons are 
joined by gap junctions structurally simi- 
lar to those of the nonrectifying septate 
synapses (6). 

Furshpan and Potter (4) established 
that the junction behaves as a simple 
diode, "the intensity of the passive cur- 
rent flow across it depending only on the 
potential difference across the rectifier." 
Theirs was (to our knowledge) the first 
report of a voltage-dependent electroton- 
ic synapse, albeit different from those 
studied later (7). In view of the additional 
evidence that at the GMS and adjacent 
rectifying synapses the resting mem- 
brane potentials of the pre- and postsyn- 
aptic cells differ significantly, we have 
reexamined the relations between trans- 
junctional polarization and conduc- 
tances. Direct evidence was obtained 
that in these models transmission can 
become bidirectional and junctional con- 
ductances can be markedly increased. 

We dissected out the abdominal nerve 
cord of the crayfish Procambarus at the 
level of the third roots and continuously 
perfused with a Van Harreveld solution 
(8). Two microelectrodes filled with 3M 
KC1 were inserted on each side of the 
GMS (Fig. lA), and orthodromic or anti- 
dromic activations by means of bipolar 
electrodes further helped to identify the 
motor fiber. Short polarizing pulses were 
applied in one element in order to calcu- 
late coupling parameters from classical 
equations (1, 9), and longer pulses (about 
500 msec long) were injected in the other 
side to modify, when required, the differ- 
ence between the membrane potentials 
of the presynaptic cell (VI) and the post- 
synaptic axon (V2). The parameter 
AV = V, - V2 was calculated before in- 
jectionsof the short test pulses; that is, 
for each cell V was the sum of its own 
resting potential and the voltage modifi- 
cations introduced by the polarizing cur- 
rents, if any. Positive values of AV indi- 
cate that the presynaptic side of the 
junction was more positive than the post- 
synaptic fiber. 

The rectifying properties of the GMS 
are illustrated in Fig. 1B. In this prepara- 
tion, the membrane potentials of the pre- 
and postsynaptic axons were -91 and 
-75 mV, respectively; hence AV was 
- 16 mV, which is within the characteris- 
tic range: its mean value and standard 
deviation were -14.6 2 7.5 mV (N = 
12), respectively [similar low values 
were reported in the motor fiber and its 
soma (lo)]. 

As the giant motor fiber was made 
more negative, electrotonic spread of 
currents across the junction was first 
enhanced for positive presynaptic injec- 
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tions, and at values of AV averaging + 15 
mV (standard deviation = 5, N = 22), 
hyperpolarizing current steps began to 
spread transynaptically. For instance, in 
Fig. 1, CI and C2, the transjunctional 
voltage evoked at rest by weak (220 nA) 
test currents was zero (not shown). With 
slight increases of AV, small depolariza- 
tions were recorded in the postsynaptic 
fiber (Fig. lC1), and finally currents of 
either sign were transmitted symmetri- 
cally (Fig. 1C2). These modifications of 
transmission across the GMS ceased 
when the polarizing current was discon- 
tinued. 

An important property of this voltage 
dependence was its rapid onset. The 
increase of the coupling ratio was al- 
ready maximal at the earlier phase of 
the postsynaptic hyperpolarization (Fig. 
ID), that is, immediately after the stimu- 
lus artifact, and it remained invariant 
throughout the polarizing step. Also, 
when the junctional polarization was ap- 
propriate, the GMS became capable of 
conducting antidromically synaptic po- 
tentials such as depolarizing inhibitory 

postsynaptic potentials, which occur 
spontaneously in the motor fiber (Fig. 
1E) (11). 

The conditions in which the GMS be- 
haves as a symmetrical junction are sum- 
marized in Fig. 2A, which shows that the 
junctional resistance constitutes a volt- 
age-sensitive element. Further experi- 
ments confirmed this view. In Fig. 2B, 
voltage transfer functions are plotted for 
different transjunctional voltages. While 
the spread of depolarizations increased 
as soon as AV was shifted from - 11 to 
- 1 mV, larger junctional polarizations 
were required for transmission of hyper- 
polarizing pulses. The transition from an 
asymmetrical junction to a bidirectional 
one was directly related to the junctional 
polarity. The calculated coupling coeffi- 
cients k increased along near sigmoid 
curves until they reached (with a shift to 
the right for negative pulses) a steady- 
state plateau (Fig. 2C). This enhanced 
coupling was ascribable to a reduction of 
the junctional resistance Rj (Fig. 2D), 
which reached its minimal value (90 kil- 
ohm in this case) when AV approximated 
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Fig. 2. Voltage dependence of the junctional resistance. (A) Hypothesized current flow under 
different conditions of junctional polarization. The GMS is opened or interrupted (heavy bar) 
during high or low synaptic conductance states, respectively. Only currents schematized by 
solid lines cross the synapse [modified from (411. (B to D) Changes of coupling variables 
produced during one experiment by hyperpolarization of the postsynaptic fiber. (B) Relation- 
ship between voltages recorded in the presynaptic and postsynaptic cells at different AV's, 
labeled from a to i (a = -11; b = -1; c = +20; d = +23; e = +30; f = +35; g = +43; 
h = +50; i = +56 mV; each curve corresponds to no less than 22 data points, which are 
omitted for clarity). (C) Currents of equal amplitude (I = 280 nA, equivalent to + 17- or -23-mV 
charges) and opposite sign were applied presynaptically. As the postsynaptic fiber was made 
more negative, coupling coefficients for positive (solid line) and negative pulses (dashed line) 
gradually increased. (D) Relations between the junctional resistances and the voltage difference 
across the synapse. [The points of parts (C) and (D) were calculated after the same injections.] 



+35 mV (mean = 39 ? 6mV;  N = 21). 
The 10- to 20-fold drop in the junctional 
membrane resistance Rj is less than pre- 
dicted from indirect measures (4). 

In order to confirm that the conduc- 
tance increase depended on junctional 
polarization rather than on other varia- 
bles, such as postsynaptic voltage alone, 
polarizing pulses were also applied pre- 
synaptically. As expected, the antidro- 
mic spread of hyperpolarizing currents 
was reduced and then suppressed by 
making AV more negative with this pro- 
cedure (Fig. 3A), which, however, was 
limited in the opposite direction by de- 
layed rectification. The preparation was 
thus perfused with a solution containing 
tetrodotoxin and 4-aminopyridine, which 
allowed the lateral axon to be depolar- 
ized by as much as 50 to 60 mV. Electro- 
tonic coupling was then enhanced for 
both negative and positive currents in- 
jected in the motor axon, with depolariz- 
ing currents spreading to the presynaptic 
fiber as illustrated by the sample traces 
of Fig. 3, B, and B2. 

The input resistance RI (mean equal 
100 kilohm at rest) of the giant motor 
fiber was reduced when AV became posi- 
tive (Fig. 3C). This finding was impor- 
tant because a current delivered in the 

giant motor fiber will also flow through 
three electrotonic synapses disposed in 
parallel (Fig. 3D), and the equations gen- 

during the test pulse itself, and a compa- 
rable voltage dependency of Rj was 
found. On the other hand, given the 

erally used to calculate Rj directly are 
inappropriate. Yet, these variations con- 
firmed that concomitant modifications of 

location of the electrodes, the estimated 
polarization, no matter how defined, 
could only approximate the actual poten-' 

the coupling coefficient ratio were most- 
ly induced by changes of the junctional 
permeabilities (1, 12). 

tial imposed across the synaptic mem- 
brane. 

Voltage sensitivity at the GMS is 
Similar observations of voltage-depen- 

dent coupling coefficients were collected 
at the rectifying connections between the 
motor fiber and the ipsi- or contralateral 
medial giant axons (Fig. 3D) where AV 
was, at rest, of the same order of magni- 
tude as in the GMS. Unidirectional 

markedly different from that between 
amphibian embryonic cells. In early em- 
bryos, the junctional conductance is de- 
creased by transjunctional polarization 
in either direction, the kinetics of uncou- 
pling is extremely slow, and a fraction of 
the conductance is insensitive to voltage 
variations (7, 18). Even this last property 
could not be demonstrated at the GMS: 
during the maximum bidirectional trans- 

transmission may well be associated 
with a potential difference across the gap 
junctions, which is also present and of 
about 15 mV at rectifying synapses be- 
tween giant fibers and motoneurons of 
the hatchetfish (13), in the ommatidium 

mission, the coupling ratios for positive 
and negative currents (0.63 i 0.10 ver- 
sus 0.59 * 0.09; N = 22) and the junc- 
tional resistances (69 -C 15 versus 97 
r 27 kilohm; N = 22) were not statisti- 
cally different [Wilcoxon-Mann-Whit- 
ney tests (19)l. 

of limulus (14), and in the spinal cord of 
the lamprey (15), but information is 
needed about those of Aplysia (16) or 
leech (17) before generalizing. Along this 
line, our attempts to modify Rj at the 
septate junction, which is normally not 
polarized, were never successful. 

Ionic accumulation or current-depen- 
dent mechanisms could not account for 
the increased conductance: changes in 
H+ and Ca2+ cytoplasmic concentra- 
tions were unlikely, since injection of 
these ions in either side of gap junctions 

Since the kinetics of the conductance 
change are so fast, AV was also assessed 

does not create asymmetrical transmis- 
sion (20) and the high conductance con- 
dition was independent of the amount of 
current injected to shift AV once a pla- 
teau was reached. Also, a simple inter- 
position of classical voltage-sensitive 
membrane to junctional membrane is not 
supported by the observed modifications 
of input impedances as Rj varies. It 
seems that gap junctions at the GMS 
have either the voltage-dependence typi- 
cal of many aqueous channels, the elec- 
tron transfer properties of solid-state ele- 

- 
1 -  - I : 

0 - I n  
100 msec 

ments, or both. In this context, quantum 
mechanical tunneling currents have been 
characterized in artificial bimolecular 

MGA cont ra la te ra l  

LGA ipsi ia tera l  

membranes with Zener-diodic properties 
(21, 22); that such a tunneling effect 
takes place across polarized gaps has 
been suggested (23). Further knowledge 
of gap junctional molecular structure is 
required to reconcile these concepts. In Vol tage  d i f f e rence  (mV) 
any case, our results strengthen the no- 
tion that the permeabilities of electroton- 
ic synapses are not necessarily con- 

Fig. 3. Transynaptic spread of currents in the antidromic direction. (A to C) The potential 
difference across the GMS was modified in the presynaptic axon, and negative (-) or positive 
(+) pulses (I = -540 and +590 nA corresponding to +35 and -54 mV potential changes) were 
applied in the motor fiber. (A) Coupling coefficients as a function of AV in control conditions 
(dashed line) and in the presence of a tetrodotoxin (50 yM) and 4-aminopyridine (5 rnM) solution 
(solid lines). Negative (filled circles) or positive (open triangles) test pulses were used. (B, and 
B2) Sample recordings illustrating that no voltage variation was produced at rest in the lateral 
axon (B,) by a postsynaptic depolarizing current (0 which, by contrast, became adequate to 
generate a presynaptic response (BZ, arrow) when AV was shifted to +25 mV in the presence of 
tetrodotoxin and Caminopyridine. (Voltage deflection introduced by the polarizing current was 
omitted.) (C) Relations between the input resistance of the postsynaptic cell and AVin presence 
of tetrodotoxin and 4-aminopyridine. (D) Equivalent circuit of the electrical synapses estab- 
lished by the giant motor fiber. Rectifying junctions are represented as variable resistors. 
Abbreviations: GMF, giant motor fiber; LGA, lateral giant axon; MGA, medial giant axon. 

trolled in the same manner, despite their 
apparent uniform ultrastructure. 
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Mechanical Action of the Intercostal Muscles on the Ribs 

Abstract. The external and internal interosseous intercostal muscles were sepa- 
rately stimulated at end-expiratory lung volume in anesthetized dogs. These muscles 
were all found to elevate the ribs into which they insert. By attaching weights to the 
ribs, it was determined that the nonlinear compliance of the ribs was responsible for 
this phenomenon. 

The action of the intercostal muscles 
has been a subject of controversy 
throughout medical history (1). Up to the 
middle of this century, varying and op- 
posite points of view found strong sup- 
porters (2). At present, the most widely 
held view is that associated with Ham- 
berger (3), whose theory, inferred from 
the anatomical relations of the muscles 
(points of origin and insertions), is that 
the external intercostals and the inter- 
chondral portion of the internal intercos- 
t a l ~  (the parasternals) elevate the ribs to 
which they are attached and, according- 
ly, are inspiratory, while the interos- 
seous portion of the internal intercostals 
lowers the ribs and, therefore, is expira- 
tory. 

Electrical recordings from the inter- 
costal muscles in normal humans 
showed a phasic behavior of these mus- 
cles which was in accord with Ham- 
berger's theory (4). Electromyographic 
observations, however, cannot be inter- 
preted correctly as long as the mechani- 
cal action of the muscles remains un- 
known. Motions are frequently complex, 
requiring contraction not only of ago- 
nists but also of synergists, fixators, and 
even antagonists. Electrical activity of a 
muscle associated with a particular mo- 
tion does not prove that the muscle is the 

agonist. The observation that one inter- 
costal muscle contracts during inspira- 
tion and that this contraction is associat- 
ed with an enlargement of the rib cage, 
therefore, does not prove that the muscle 
is inspiratory in function (that is, causes 
flow of air into the lungs), nor does it 
prove that the action of the muscle is to 
raise the lower rib into which it is insert- 
ed; the ribs could be displaced by other 
muscles and the electrical activity ob- 
served in the intercostals might be fixat- 
ing or antagonistic (2). With the excep- 
tion of the parasternals, which were re- 
cently shown to be inspiratory (3, there 

External Internal 
Upper intercostal intercostal 

rib u- - r ] 2  mm 

Lower 1 L 1 2  mm 
rlb 1 sec 

L A  

Fig. 1. Effect of stimulating separately the 
external and the internal interosseous inter- 
costal muscle in one intercostal space on the 
axial displacements of the ribs situated imme- 
diately above (upper trace) and below (lower 
trace). In the two channels, upward deflec- 
tions indicate a cephalad displacement, and 
downward deflections the reverse. In this 
record, the stimulation frequency was 100 Hz. 

establishes the mechanical action of the 
intercostal muscles. In this report we 
show that at end-expiratory lung vol- 
ume, both the external and the interos- 
seous internal intercostals elevate the 
ribs into which they insert. We also show 
that this phenomenon results from the 
nonlinear compliance of the ribs. 

Experiments were performed on su- 
pine dogs anesthetized with sodium pen- 
tobarbital (25 mgikg), intubated, and 
maintained under deep general anesthe- 
sia with supplementary doses. The rib 
cage and the intercostal muscles were 
exposed from the second to the tenth rib 
by deflection of the skin and the consec- 
utive layers of muscles. Hooks were 
screwed into two adjacent ribs on the 
anterior or midaxillary line and connect- 
ed by inextensible threads to linear dis- 
placement transducers positioned along 
the longitudinal body axis of the animal 
in order to measure the axial displace- 
ments of the ribs (5). A pair of stimulat- 
ing electrodes spaced 2 cm apart was 
then inserted superficially in the fibers of 
the external intercostal muscle connect- 
ing the two ribs. The stimulus (20 to 100 
Hz, 0.2 msec) was adjusted from 5 to 10 
V for maximum effect without activation 
of the other intercostal muscles of the 
same interspace (6). After the external 
intercostal was studied, the muscle was 
removed and the internal interosseous 
intercostal was exposed and stimulated. 
All measurements were obtained at end- 
expiratory lung volume during apnea in- 
duced by hyperventilation. Studies were 
made on 28 intercostal spaces in 12 ani- 
mals. 

Representative records are shown in 
Fig. 1. Electrical stimulation of the ex- 
ternal intercostal resulted in a cephalad 
displacement of the rib situated below 
and a caudad displacement of the rib 
situated above the muscle. The cephalad 
displacement of the lower rib was, how- 
ever, twice as large as the caudad dis- 
placement of the rib above. For the ribs 
to which it is attached, therefore, the net 
effect of contraction of the external inter- 
costal muscle was inspiratory. Stimula- 
tion of the interosseous portion of the 
internal intercostal also resulted in a 
cephalad displacement of the lower rib 
and a caudad displacement of the rib 
above. Here also, the cephalad displace- 
ment of the lower rib was about twice as 
large as the caudad displacement of the 
upper rib. The net action of the internal 
interosseous intercostal muscle, there- 
fore, was also inspiratory for the ribs 
into which it inserts. Almost identical 
records were obtained for all the inter- 
spaces investigated. There was no differ- 
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