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Abstract 

Injections of Lucifer Yellow (LY) and horseradish peroxidase (HRP) were made within the myelin sheath of the goldfish 
Mauthner axon to determine the domains of individual oligodendrocytes. Long segments of the myelin sheath were stained with 
both markers. The lengths and locations of these sheath segments were analyzed in whole mount preparations (LY) or in 
reconstructions of serial vibratome sections (HRP). The termination sites of individual myelin sheaths, relative to gross 
anatomical landmarks of the brain, were consistent within and between all fish studied. In particular, the average locations of 
the termination sites were separated by 2.2 to 2.6 mm and corresponded to the brain regions where active site foci have been 
previously localized electrophysiologically. Individual sheath segments generally spanned the entire distance between adjacent 
active sites. The node-internode-node structure of the Mauthner axon that is suggested by these findings was further tested by 
ejecting tetrodotoxin (TTX) at various discrete rostral-caudal locations just outside the fiber. Large all-or-nothing components 
of the antidromic action potential were rapidly blocked (within seconds) only when the TTX ejections were made within a few 
hundred micrometers of the active site foci The amplitudes of these blocked components are also consistent with predictions 
based upon previous electrophysiological analyses which demonstrated an active site spacing of 2.2 to 2.6 mm, a space constant 
of 5.0 mm, and a safety factor of 6 for impulse propagation. It is concluded from these morphological, pharmacological, and 
electrophysiological observations that the Mauthner axon possesses nodes separated by 2.2 to 2.6 mm and that a single 
oligodendrocyte spans an internodal region. Although nodal ultrastructure remains to be described, these results rule out the 
possibility that each of the short (-50 pm), closely spaced (average separation = 155 Km) axon collaterals is a site of action 
current production. 

The morphological substratum of saltatory conduction along 
vertebrate myelinated axons is the node of Ranvier. This gap 
between successive myelinating glial cells provides a low resist- 
ance pathway from axoplasm to extracellular space, and the 
nodal axolemma contains a high density of voltage-sensitive 
sodium channels which supports electrogenesis. However, the 
Mauthner axon of fish is distinguished by reports that it lacks 
typical nodal gaps (Graham and O’Leary, 1941; Leghissa, 1956; 
Gray, 1970; Celio, 1976; Koenig, 1978; Yasargil et al., 1982). 
The only openings in the Mauthner axon’s myelin sheath that 
have been observed are the tips of its relatively short (-50 pm) 
and closely spaced (100 to 300 pm) collaterals which make 
synaptic contact with interneurons and motoneurons (Barets, 
1961; Bartelmez, 1915; Coghill, 1934; Bodian, 1952; Leghissa, 
1956; Retzlaff and Fontaine, 1960; Diamond et al., 1970; Gray, 
1970; Diamond, 1971; Celio et al., 1979; Funch and Faber, 
1982b; Yasargil et al., 1982). These morphological observations 
have led to the hypothesis that individual collateral tips are 
“nodal equivalents” which produce the action currents neces- 
sary for impulse propagation (Celio et al., 1979; Greeff, 1976, 
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1977). Greeff and Yasargil (1980) offered electrophysiological 
evidence in support of that hypothesis with their analysis of 
longitudinal action currents recorded along the surface of the 
spinal cord. In contrast, the electrophysiological investigations 
of Funch and Faber (198213) ruled out the possibility that each 
axon collateral contributes equally to action current production 
since the active site foci were found to be spaced at intervals 
of 2.0 to 2.8 mm, or about 10 times the average intercollateral 
separation. Nevertheless, Yasargil et al. (1982) have recently 
used several histological staining protocols together with EM 
analysis to demonstrate that the unmyelinated collateral tips 
have morphological properties in common with nodal mem- 
brane regions. These interesting data have reasserted the col- 
lateral hypothesis and posed these associated questions: What 
is the domain of a single oligodendrocyte which myelinates the 
Mauthner axon? Does it span only the region between adjacent 
collaterals, or does it ensheath some other length of the Mauth- 
ner axon that is unrelated to individual collaterals? Thus, the 
experiments described here were designed both to obtain addi- 
tional evidence to distinguish between the two hypotheses of 
saltatory conduction in the Mauthner axon and to contribute 
to our understanding of vertebrate CNS axon-oligodendrocyte 
structural relationships. Some of these results have been pub- 
lished in abstract form (Funch and Faber, 1983; Wood et al., 
1983). 
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Materials and Methods 

Experimental animals and surgical procedures. Common goldfish, 
Carassius auratus, with body lengths of 7.5 to 12.5 cm were used in 
these experiments. They were initially anesthetized with tricaine meth- 
anesulfonate (Finquel, Ayerst; 0.1 gm/liter) and then immobilized with 
d-tubocurarine (0.1 to 0.3 ml, 3 mg/liter; equivalent to 1 to 3 pg/gm of 
body weight, i.m.). They were held rigidly in a recording chamber by 
stainless steel rods and respired and continuously anesthetized with 
tricaine methanesulfonate in aerated dechlorinated tap water which 
was pumped through the mouth and over the gills. The medulla and 
the rostra1 few millimeters of the spinal cord were exposed, and the 
meningeal membrane was dissected apart to facilitate microelectrode 
penetrations. The spinal vertebrae were exposed near the caudal base 
of the dorsal fin, a distance of nearly one-half the body length from 
the caudal border of the vagal lobes, and a bipolar electrode contacting 
the undissected vertebral column was used to activate antidromically 
the Mauthner axon and other fibers in the spinal cord. 

Electrophysiological and dye injection techniques. Intracellular re- 
cordings from the Mauthner axon were obtained with glass micropi- 
pettes (American Glass Co., outer diameter 2 mm, 1.2 mm inner 
diameter, capillary fiber) filled with 2.7 M KC1 (initial resistances, 5 to 
10 megohms). These impalements were used to identify the axon 
positively as well as to monitor action potential parameters to ensure 
that no damage resulted from the dye injections. For dye injections, 
the tips of the micropipettes were first backfilled by capillary action 
for several minutes with a solution of the dye, either Lucifer Yellow 
(LY; Sigma Chemical Co., 0.4 gm/liter in 1 M LiCl) or horseradish 
peroxidase (HRP; Sigma, type VI, 0.4 gm/liter in 0.1 M KC1 plus 0.025 
M Tris buffer, pH 7.6), and then the microelectrode barrel was filled 
with the appropriate solution without any dye. LY electrode tips were 
broken to yield initial resistances of 10 to 30 megohms. Broken elec- 
trodes filled with HRP were beveled (Sutter Instrument Co.) to initial 
resistances of 10 to 30 megohms. Dyes were pressure injected (20 psi) 
with l- to 4-set pulses that were repeated 5 to 10 times at a rate of 
about one per minute. The general impression was that the injections 
into the myelin were more likely to be successful when the action 
potential recorded through the dye-containing electrode was reduced 
by more than half immediately after the pulse was begun and then 
recovered to its original amplitude over a period of 10 to 20 set after 
the pulse was terminated. 

Morphological techniques. For fish with cells that had been injected 
with LY, whole mount preparations of the brain and spinal cord were 
prepared as follows. The fish were removed from the recording chamber 
within 0.5 to 3 hr after the injection and perfused through the conus 
arteriosus with 30 to 75 ml of cold 10% buffered formalin phosphate 
for 20 to 30 min. Then the spinal column, cranium, and surrounding 
tissues were dissected apart from the body of the fish and immersed in 
fixative for several hours at 4°C. The brain and rostra1 centimeter of 
spinal cord were dissected free, washed in cold fixative, and held down 
with fine wire pins in a Petri dish whose bottom had been coated with 
Sylgard. They were then dehydrated in a graded series of ethanol 
solutions (50%, 70%, 90%, and lOO%, twice for 20 min each) and finally 
cleared in methyl salicylate (oil of wintergreen, nD = 1.536). The whole 
brains were examined using fluorescence microscopy (Stewart, 1978) 
and photographed using Ektachrome 400 or Tri-X film. 

Following pressure injections of HRP, fish were kept in the recording 
chamber for 3 to 6 hr to allow for sufficient diffusion of the HRP. The 
fish were then perfused with glutaraldehyde (2.5%) in sodium cacodyl- 
ate (0.1 M, pH 7.2). The brain and proximal region of the spinal cord 
were fully exposed dorsally and immersed in situ in the same fixative 
for 1 hr. The tissue was dissected out and fixed an additional 2 hr, 
washed in phosphate buffer (0.15 M) for 1 hr, and placed in gelatin/ 
albumin mixture overnight at 4°C. Treatment continued as follows. 
The brain was trimmed anteriorly by removing the tectal lobes; the 
remaining brain tissue and attached length of spinal cord (-0.5 cm) 
were embedded in a mixture of four parts gelatin/albumin to one part 
5% glutaraldehyde (modified from Frank et al., 1980); 30-pm Vibratome 
(Lancers) sections were cut horizontally and free floated in a compart- 
mentalized staining net in a Petri dish containing phosphate buffer 
(0.15 M). To visualize the HRP, sections were treated with ice-cooled 
diaminobenzidine (DAB; Adams, 1981) for 1 hr with continuous agi- 
tation, followed by the addition of HzO, (3%) for an additional 20 min. 
The sections were washed in phosphate buffer, serially mounted on 
subbed slides, and air dried. Subsequently, the sections were dipped 
briefly in phosphate buffer, counterstained in neutral red for 5 min, 
rapidly dehydrated, cleared, and permanently embedded in Permount. 

Pharmacological techniques. For pharmacological experiments, the 
tip of a microelectrode was backfilled with a solution of TTX (Sigma; 
30 pM) and the dye fast green (Sigma; 20 mg/ml) in 0.2 M NaCl in 20 
mM HEPES buffer (pH 7.2). The microelectrode barrel was then filled 
with 0.2 M NaCl in HEPES buffer solution. The myelin sheath of the 
Mauthner axon was located using the electrophysiological criteria 
described below, and the TTX electrode was positioned 5 to 10 pm 
outside the sheath. The TTX solution was pressure ejected, under 
visual control, with a pulse duration sufficient to eject a roughly lOO- 
pm diameter sphere of TTX solution. 

Orthodromic activation of the Mauthner cell was accomplished by 
stimulating the posterior branch of the eighth nerve with a bipolar 
electrode at the lateral margin of the medulla. This nerve branch 
contains vestibular and auditory afferents which monosynaptically 
excite the Mauthner cell’s lateral dendrite. 

Results 

Electrophysiological recordings from within the myelin sheath 

When the myelin sheath of a Mauthner axon was just pene- 
trated with a glass microelectrode (shown schematically in Fig. 
1B) a variable DC potential was recorded. Although it was 
generally negative relative to a distant extracellular reference 
electrode, as in Figure 1A (0 pm trace), this was not always so. 
With further gradual penetration into the myelin sheath of 
from 10 to 20 pm (Fig. L4, 5 to 18 Km traces), the DC potential 
did not vary in any consistent way and remained within a range 
of about -20 to +20 mV. Thus, while such recordings were 
stable for many tens of minutes, they cannot be considered as 
being entirely from within the intracellular milieu of the oli- 

godendrocyte. Finally, with an additional slight advance of the 
microelectrode, a very large negative potential of typically -85 
mV was suddenly recorded (Fig. IA, 23 pm trace), indicating 
that the axolemma had been penetrated. The amplitude of the 
Mauthner axon’s action potential, recorded extra-axonally, 
steadily increased as the microelectrode advanced through the 
sheath. This is the expected result if the electrode is recording 
across a greater and greater fraction of a passive resistance 
existing between the interior of the axon and the distant 
external reference electrode. The variable DC potentials simul- 
taneously recorded could be expected to be due to a combination 
of tip potential artifacts produced as the microelectrode pushes 
through the fatty myelin sheath plus occasional “damaged cell” 
recordings from portions of cytoplasmic channels. Just before 
penetration of the axolemma occurred, the action potential 
amplitude was at least 50 mV, and, as shown in Figure 1A (18 
pm trace), it could be as much as 80 mV. By comparison, the 
intra-axonal action potential amplitude was typically 115 to 
125 mV. 

Determinations of oligodendrocytic sheath domains 

Intrasheath LY injections. To inject dyes into the myelin 
sheath, a dye-filled microelectrode was advanced into the 
sheath while an antidromic action potential was elicited. When 
the recorded action potential amplitude was 30 to 50 mV (and 
little or no DC potential was present), the dye was pressure 
ejected from the electrode. In no experiment was the axon 
stained unless intra-axonal penetration, as deduced from the 
sudden appearance of a large (-85 mV) resting potential, was 
followed by application of pressure to the microelectrode. Sim- 
ilarly, the sheath was never stained if only the axon was injected 
with dye. Even with long periods of stimulation at high fre- 

quency, there was no transfer of LY either from the sheath to 
the axon or vice versa, which suggests that there are no voltage- 
sensitive pathways for LY diffusion between the two cell types. 
In all experiments, intracellular staining was readily distin- 
guished from the infrequent instances of extracellular dye 
leakage. 

A single injection of LY performed as described above re- 
sulted in the selective staining of long segments of the sheath 
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which terminated nonrandomly along the longitudinal axis of 
the brain and spinal cord. Furthermore, the density of the 
staining along the axis of the axon was typically asymmetric 
about the injection site. To assess the pattern of such staining 
from fish to fish, the most rostra1 and most caudal “points” to 
which the dye diffused were measured relative to a readily 
identifiable gross anatomical landmark, namely, the posterior 
margin of the vagal lobes. When both the axon and its sheath 
were injected, the termination “points” generally had a well 
defined, tapered appearance. However, when only the myelin 
sheath was stained, the termination “points” were occasionally 
difficult to localize precisely, as demonstrated in Figure 2A, 
which shows the most indistinct termination encountered. The 
more distinct “point” of termination shown in Figure 2B was 
observed in most experiments, although clearly even such a 
case as this required a subjective decision for its localization. 
Nonetheless, the uncertainty in the precise “point” of termi- 
nation was always much less than the total length of myelin 
sheath stained. 

Figure 3 gives a summary of all myelin sheaths stained with 
LY and analyzed as described above. In addition to showing 
the total length of myelin sheath which was stained, the sites 
where dye injections were made are also indicated with arrow- 
heads. 

The salient observations from Figure 3 are as follows. (I) 
Long lengths of the myelin sheath were stained with single dye 
injections. The two shortest stained lengths were 1.31 mm 
(experiment 4R) and 2.16 mm (experiments 14R and 14L), and 
the longest was 5.52 mm (experiments 25R and 25L). (2) Ter- 
minations of the stained myelin sheaths were nonrandomly 
distributed (see the histogram) and, in fact, occurred in discrete 
regions of the medulla and spinal cord. (3) Regardless of the 
rostral-caudal level of an injection site, single injections of LY 
stained whole segments of myelin sheath between the average 
termination sites (vertical dotted lines). (4) When the sheaths 
of both Mauthner axons were stained in a single fish, they 
terminated at the same rostral-caudal level. This was true both 
when the same segment was stained (cf. left (L) and right (R) 
for experiments 14,19 to 22, and 24 to 26) and when consecutive 
segments were stained (cf. experiments 1L and 1R). (5) LY 
could apparently pass across termination sites (dotted uertical 
lines) to stain very long lengths of the sheath (4.13 to 5.52 mm), 
as in those experiments grouped below the thick horizontal 
dashed line; two such cases are shown in Figure 4. 

In addition to the experiments summarized in Figure 3, there 

were two experiments in which intrasheath injections were 
made 5.1 to 5.5 mm posterior to the vagal lobes. In one exper- 
iment, the myelin sheath stained was 2.14 mm long and in the 
other, 4.32 mm; both sheaths extended only caudally from the 
injection sites. Presumably, all of the longest myelin sheaths 
stained represent dye coupling between two adjacent segments. 
Such coupling was observed at all levels of the neuraxis which 
we studied. It should be noted that even when very long 
segments of the myelin sheath were stained, the rostra1 and 
caudal sites of termination were very similar from experiment 
to experiment, despite widely varying sites of LY injection. 

Intrasheath HRP injections. As indicated above, the occa- 
sional extensive staining of a myelin sheath with LY (e.g., Fig. 
4) suggested the possibility that adjacent segments of the 
Mauthner axon’s myelin sheath might be dye coupled to each 
other. I f  this were so, then even the shortest myelin sheath 
segments observed could have been the result of LY dye cou- 
pling between several shorter sheath cells. To investigate this 
possibility, experiments were performed using intrasheath in- 
jections of HRP. HRP was successfully injected into a total of 
19 sheaths in 10 of 16 fish. The time period apparently neces- 
sary for diffusion of the HRP throughout the sheath (several 
hours) was generally much longer than that required for ade- 
quate LY staining (less than 0.5 hr). Due to its high molecular 
weight, HRP does not pass from one cell to another, with only 
rare exceptions. Figure 5 gives a summary of these experiments 
in a manner identical to that employed in Figure 3. 

The data in Figure 5 demonstrate a number of important 
points. First, long lengths of the myelin sheath were stained 
with single HRP injections (experiments grouped above the 
horizontal dashed line). The two shortest sheath segments 
stained were 0.70 mm (experiment 88R) and 0.85 mm long 
(experiment 85R), and the longest was 2.47 mm (experiment 
81R). Second, the terminations of the myelin sheath segments 
were clustered (see the histogram) in the same discrete regions 
of the brain and spinal cord where the average termination 
sites of LY staining occurred. Third, regardless of where the 
injection was made, single injections of HRP could stain the 
whole segment of myelin between average termination sites 
(uertical dotted lines). In several experiments, the staining 
pattern was quite asymmetric with respect to the injection site, 
suggesting that a distinct diffusion barrier exists at the termi- 
nation sites. 

As noted above, in some cases the extent of HRP diffusion 
was relatively short, i.e., less than 1 mm. To test whether such 

Figure 2. Terminations of staining of Mauthner axon myelin sheaths injected with LY. A and B are negative photographs of cleared whole 
mount preparations. In A (experiment 19), the left and right sheaths terminate indistinctly at region 3 (see Fig. 3). The arrows indicate the 
points of termination used for the graphs in Figure 3. In B (experiment 6), the myelin sheath of the right Mauthner axon is shown terminating 
more distinctly, at region 1. The left Mauthner axon was also injected, and three short collaterals (V) were visible (the right one is not in focus 
in this photograph). {I., facial lobe; u.l., vagal lobe. Rostra1 is to the right, and the calibration line is 500 pm in A and B. 
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results indicated the existence of short sheath segments or 
simply a difficulty of HRP diffusion throughout the entire 
segment, multiple HRP injections were made over regions that 
were bounded by average sites of termination defined in Figure 
3. These experiments, grouped below the dashed line, show that 
longer segments could be stained with multiple injections and 
that the terminations of the longer sheath segments still oc- 
curred in the same regions of the medulla and spinal cord as 
determined previously. Finally, when the sheaths of both 
Mauthner axons were stained, they terminated at the same 
rostral-caudal level. As in the LY experiments, this was so both 
when the same segment was stained (cf. L and R for experiments 
83, 84, and 91) and when consecutive segments were stained 
(cf. L and R for experiments 81,85, 89, and 90). 

A summary of the total extents of myelin sheath stained by 
both LY (single injections) and HRP (all experiments) is shown 
in Figure 6. Whereas the LY-stained segments display a bi- 
modal distribution of lengths, consistent with dye coupling, the 
HRP-injected segments display a unimodal distribution whose 
peak corresponds with the first peak of the LY distribution. 

Distribution of Mauthner axon collaterals 

In several of the HRP experiments, the Mauthner axon was 
injected, either alone or in addition to its myelin sheath. It was 
discovered that with the protocol used for tissue preparation, 
there was excellent preservation of the axon collaterals. Several 
collaterals stained with HRP reaction product are shown in 
Figure 7. It should be noted that the collaterals are often quite 
close to each other (Fig. 7A) and that multiple collaterals may 
arise from the same site (Fig. 7B). 

With such unambiguous views of the collaterals in longitu- 
dinal sections, in contrast to the capricious collateral staining 
we obtained with LY (see Fig. 2B and also Fig. 1 in Yasargil et 
al., 1982), we reinvestigated the spatial distribution of the 
Mauthner axon collaterals in the rostra1 portion of spinal cord 
and medulla. A summary of the intercollateral separations we 
observed in eight fish is shown in Figure 8. Their average 
separation was 155 Km, although there was no apparent regu- 
larity in their spacing. Of particular interest were the many 
separations of <lOO pm (e.g., Fig. 7A), and especially striking 
were the paired and even triplet (e.g., Fig. 7B) collaterals which 
emerged from the Mauthner axon. Relatively few such multiple 
collaterals were observed, and they did not occur at identifiable 
locations along the Mauthner axons. 

Spatial sensitivity of the Mauthner axon to localized 
extracellular ejections of TTX 

When ejections of small amounts of TTX were made just 
outside the myelin sheath of the Mauthner axon (see “Materials 
and Methods”) in rostral-caudal locations further than several 
hundred micrometers from the average termination sites deter- 
mined from the LY and HRP experiments, they had either no 
effect or a delayed one (several minutes). In contrast, when 
TTX was ejected within a few hundred micrometers of those 
average termination sites, there was a rapid (within a few 
seconds) blockage of a large all-or-nothing action potential 
component and a corresponding decrement in the maximal rate 
of rise of the impulse (Fig. 9). 

As many as three consecutive action potential components 
could be blocked by ejections made 1.4 mm rostral, 1.2 mm 
caudal, and 3.2 mm caudal to the posterior margin of the vagal 
lobes, respectively, and yet the antidromic action potential 
could still just invade the axon hillock-initial segment region 
(Fig. 9, trace 3). As many as four consecutive action potential 
components could be blocked (the fourth ejection being made 
5.5 mm caudal to the vagal lobes), and yet the orthodromic 
action current was still just sufficient to activate the next (fifth) 

downstream active site. Table I summarizes data from eight 
experiments where the all-or-nothing losses in antidromic ac- 
tion potential amplitude and its maximal rate of rise were 
recorded after successful TTX ejections. These ejections were 
made consecutively at each of the sites listed above. The 
stepwise decrements were comparable to those predicted from 
a simple cable model of the M-axon (Funch and Faber, 1982a) 
and its known electrophysiological properties (Funch and Fa- 
ber, 198213). 

Discussion 

Correlation of myelin sheath staining with electrophysiological 
data. From our results it appears that intrasheath injections of 
LY and HRP apparently selectively stain the myelinating oli- 
godendrocytes. As shown in Figure 5, single injections of HRP 
stained myelin sheath segments up to 2.5 mm in length. The 
oligodendrocyte which produces the myelin sheath surrounding 
the Mauthner axon must be as large as that since HRP is not 
expected to pass from one cell to another over the time course 
of these acute experiments. Furthermore, the average sites of 
termination of the myelin sheath segments stained with either 
LY or HRP, as shown in Figures 3 and 5, were clustered; 
virtually no overlap occurred between clusters despite a wide 
distribution of injection sites. The overall average sites of 
termination for both the LY and HRP experiments combined 
are 3.8 mm rostral, 1.4 mm rostral, 1.2 mm caudal, and 3.4 mm 
caudal to the posterior margin of the vagal lobes, which yield 
distances of 2.4 mm, 2.6 mm, and 2.2 mm between the termi- 
nation sites. Thus, the Mauthner axon’s oligodendrocytes, 
which may be 2.2 to 2.6 mm in length, are arranged in fixed 
positions relative to gross anatomical landmarks of the goldfish 
brain. In particular, the first oligodendrocyte begins either at 
the level of the decussation or at the initial segment of the 
Mauthner axon in the rostra1 portion of the medulla. Additional 
HRP experiments are necessary to assess the distal limit of the 
oligodendrocyte which terminates proximally at the initial seg- 
ment. The second oligodendrocyte begins roughly 2.4 mm more 
caudally, just posterior to the facial lobe. The third and fourth 
are 1.2 mm and 3.4 mm caudal to the posterior margin of the 
vagal lobes, respectively. While only two experiments provided 
data on sheath segments in the rostra1 portion of the spinal 
cord, these also indicated lengths of about 2.2 mm. Interest- 
ingly, this distance is the same as spinal segment length in 
these fish. It is not known whether this coincidence is associ- 
ated with any specific synaptic relationships which may have 
an inhomogeneous distribution along the length of the spinal 
cord. 

However, the most striking correlations are that the average 
sites of termination of the oligodendrocytes have the same 
separations and the same absolute locations as the active sites 
which were found using electrophysiological techniques (Funch 
and Faber, 1982b). The only lack of correspondence may be in 
the region of the decussation of the Mauthner axons. Electro- 
physiological analysis lacks the necessary resolution to deter- 
mine whether separate active sites exist there and in the axon 
hillock-initial segment region, and, as noted above, the mor- 
phological data are inconclusive as to whether there is a short 
(-300 grn) oligodendrocyte segment between the two regions. 
It should be emphasized that these correlations are based upon 
the results of two independent studies using different fish. It is 
important to consider the errors introduced by this experimen- 
tal design. The fish were of the same size range (7.0 to 12.5 cm 
body length) in both studies, but the variability in fish size is 
certainly expected to contribute to variability in the internodal 
lengths which were measured (Thomas and Young, 1949), even 
though elongation of the medulla and rostra1 portion of the 
spinal cord is not directly proportional to the increase in body 
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Figure 4. Possible LY dye coupling between adjacent internodal myelin sheaths of goldfish Mauthner axons. Negative photographic montage 
of cleared whole mount preparation (experiment 19). For each axon, a single intrasheath injection was made at the site indicated by the white 
arroza. The left and right sheaths terminate at somewhat different caudal levels (region 3; left sheath termination is just beyond the lefthand 
edge of the photograph), but at the same rostra1 level (region 1); their lengths are 5.1 and 4.5 mm, respectively. The righthand edge of this figure 
corresponds to the caudal margin of the facial lobe. u.l., vagal lobe. Calibration line is 1.0 mm. 

length. Nevertheless, there was no correlation between length 
of sheath segments stained and fish size for either LY or HRP 
experiments. Such a relationship was likely obscured by several 
other errors which were involved in all of the measurements of 
myelin sheath segment lengths and locations. First, as shown 
in Figure 2, the subjective assignment of a “point” to the 
termination of a sheath segment has a possible error of as much 
as several hundred micrometers. Second, by using the posterior 
margin of the vagal lobes as a reference point, we took advan- 
tage of the only “fixed,” centrally located landmark that could 
be seen both in LY whole mounts and HRP vibratome sections. 
However, the shape of the vagal lobe’s posterior margin was 
clearly variable from fish to fish; in fact, the left and right vagal 
lobes did not always end at the same rostral-caudal level in a 
single fish. Furthermore, since the vagal lobes overhang the 
medulla, their posterior margin is more caudal when viewed in 
situ or in a whole mount preparation than when seen in a 
vibratome section at the level of the Mauthner axons. When 
measurements were made from sections, the section with the 
most caudal portion of the vagal lobes was superimposed to 
obtain a more accurate determination of relative location. 
Nevertheless, these orientation difficulties could contribute an 
error of perhaps several hundred micrometers to the location 
of the termination “points.” Third, LY could apparently pass 
from one oligodendrocyte to an adjacent one. Thus, there is no 
certainty that any particular termination site represented a 

cellular border. However, the clearly bimodal distribution of 
sheath lengths stained by LY (Fig. 5) suggests that a barrier 
with “all-or-nothing” properties may exist between oligoden- 
drocytes. That barrier either prevents LY from passing to the 
next cell or else it essentially allows LY to pass without impe- 
diment into the adjacent cell. It is not clear what conditions 
predispose the apparent gating of this diffusion barrier. While 
the bimodal distribution suggests that LY staining tends to 
stop at cellular borders, nevertheless, LY diffusion across cel- 
lular borders may account for some portion of the observed 
variability in sheath lengths. 

The situation with the HRP injections was somewhat differ- 
ent. Clearly HRP diffused more slowly through the fine cyto- 
plasmic channels than did LY, and, in several of the single 
injection experiments (Fig. 5, above the dashed line), it was our 
impression that sheath terminations were determined by a 
diffusional limitation rather than by a cellular border. This 
notion was supported by the results of experiments in which 
two or three widely spaced injections were made into the myelin 
sheath. These results (grouped below the horizontal dashed line 
in Fig. 5) showed that longer, but also more uniform, lengths 
of the myelin sheath were stained. These longer segments 
corresponded with the longest segments we obtained with single 
injections of HRP, so we conclude that the multiple injections 
were made within single cellular elements. Thus, one end of 
three of the shortest sheath segments stained (lined boxes in 

Figure 3. Summary of Mauthner axon myelin sheath segments stained with intrasheath LY injections. At the top is a scale drawing of the 
goldfish brain with the left Mauthner cell and both axons superimposed. cb, cerebellum; f.l., facial lobe; u.l., vagal lobe; IV, fourth ventricle. 
Below, and drawn to the same scale, are total lengths of individually stained myelin sheaths (black bars). Intrasheath injection sites are indicated 
with arrowheads. Terminations at the initial segment are labeled with open circles. L and R refer to left and right Mauthner axons. Left-pointing 
arrows are sheaths whose rostra1 terminations could not be seen clearly through the facial lobe. The thick horizontal dashed line separates those 
experiments in which a single LY injection resulted in the staining of either a, short segment, ~3.5 mm (uboue), or a long segment, >4.1 mm 
(below). Below the thin horizontal dashed line are experiments where two intrasheath injections were made. At the bottom is a histogram of 
sheath termination sites, showing clusters at separations of 2.0 to 2.8 mm. The uerticul dotted lines indicate average termination sites which were 
obtained from the data in the shaded histograms and are, from left to right: 4.0 mm rostral, 1.5 mm rostral, 1.3 mm caudal, and 3.3 mm caudal 
to the posterior margin of the vagal lobe (0 mm); these correspond to the initial segment and nodal regions 1, 2, and 3, respectively. Two 
terminations (lined boxes in the histogram) were not included in averages because they were farther than 2 SD from the means and probably 
represented sheaths that were incompletely stained. 
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Figure 5. Summary of goldfish Mauthnei axon myelin sheath segments stained by intrasheath HRP injections. Segment lengths were 

determined using serial reconstructions of longitudinal Vibratome sections. Injection sites are indicated with arrowheads. Terminations at the 
decussation of the Mauthner axons (see Fig. 3) are labeled with asterisks. The horizontal dashed line separates those experiments where either 
only one injection (aboue) or two injections (below) were made within a single internode. At the bottom is a histogram of sheath termination 
sites, showing clusters at separations of 2.2 to 2.3 mm. The vertical dotted lines indicate average termination sites which are, from left to right: 
3.6 mm rostral, 1.3 mm rostral, 1.0 mm caudal, and 3.2 mm caudal to the posterior margin of the vagal lobe (0 mm). These correspond to the 
decussation and nodal regions 1, 2, and 3, respectively. Three terminations (lined boxes in the histogram) were not included in the averages 
because they were farther than 2 SD from the means and probably represented sheaths that were incompletely stained. 

the histogram of Fig. 5) was not included in the averages, as 
the segments were considered to be only portions of incom- 
pletely stained oligodendrocytes. 

What is striking about the data summarized in Figures 3 and 
5 is that despite the many possible sources of error listed above, 
the average sites of termination clustered, without overlap, in 
distinct regions of the brain, and corresponding termination 
sites are within several hundred micrometers of each other as 
determined from both the LY and the HRP experiments. Thus, 
the measurement errors do not appear to have compounded 
each other. Furthermore, although there is clearly an uncer- 
tainty of several hundred micrometers in the overall average 
sites of termination, such an error is not critical in the context 
of measuring individual sheath segment lengths of about 2.2 to 
2.6 mm. 

Previous electrophysiological analyses (Funch and Faber, 
198213) have demonstrated that active site foci are spaced about 

every 2.4 mm along the Mauthner axon beginning at the axon 
hillock-initial segment. Therefore, the myelin sheath segments 
correspond both in their lengths and in their absolute locations 
to the regions in between the active site foci. Such correspond- 
ence strongly suggests that a node-internode-node structural 
arrangement exists along the Mauthner axon just as it does 
along all other myelinated axons which have been studied to 
date. 

Correlation of the spatial sensitivity of the Mauthner axon to 
TTX with morphological and electrophysiological data. Extra- 
cellular ejections of TTX just outside the Mauthner fiber 
demonstrated that rapid blockage of action potential compo- 
nents only occurred when the ejections were made in regions 
of the CNS corresponding to the average sites of termination 
of the oligodendrocytes. These blockages were all-or-nothing 
events that occurred within seconds, and so they could not 
have resulted from diffusion of TTX over an extended region 
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Figure 6. Histogram of myelin sheath segment lengths stained with both HRP and LY. This graph includes all data from Figures 3 and 5, 

except that below the thin dashed line in Figure 3. A bimodal distribution is apparent (ml = 2.0 to 2.5 mm, m2 = 4.0 to 4.5 mm). Lengths of 
HRP-stained sheaths show a unimodal distribution (m = 2.0 to 2.5 mm), whereas LY generally stained either short (2 to 3 mm) or longer (4 to 
6 mm) segments and only a few of intermediate length (3 to 4 mm). 

Figure 7. Mauthner axon collaterals revealed by intra-axonal HRP injections. A and B show examples from two different Mauthner axons. 
In the montage of A, two collaterals (arrows) emerge from the axon at different focal planes. In both instances, the individual collateral is 
ensheathed in myelin with only the tip being free of myelin; this is the region where synapses are located. A blood vessel is stained to the left of 
the upper collateral. In B, four collaterals (arrows) are visible, of which three are clustered together. Due to the angle of sectioning, the bottom 
two collaterals are nearly superimposed on top of each other, but they could be resolved by focusing through the section. Several blood vessels 
are evident. The Mauthner axon sheath was not stained and is not visible in either of these micrographs. Calibration line is 50 pm for A and B. 

of the Mauthner axon. This fact was also confirmed by visual midway between the first and second average sites of termina- 
monitoring of the spread of the fast green-stained TTX solu- tion, the average reduction resulting from a single TTX ejection 
Con. The all-or-nothing antidromic action potential compo- at the first site was ll%, to 95 mV, from a peak control 
nents lost were significant. With an intra-axonal recording site amplitude of 107 (+ 10.4 mV) (see Table I). Previous analyses 
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N = 90 
XC 155pm 

INTERCOLLATERAL SEPARATION (pm) 
Figure 8. Histogram of distances between Mauthner axon collaterals. For eight fish in which at least one Mauthner axon was injected with 

HRP, a total of 140 collaterals were observed in 41 sections, each of which contained at least two collaterals. The distances between nearest 
neighbors within a section were measured, and a total (N) of 90 such intercollateral separations was obtained. The average separation calculated 
from this histogram is 155 pm and is comparable to the average intercollateral distance of 168 pm determined from the total number of collaterals 
(64) observed along 10.74 mm of two of these axons. Thus, the former sampling technique, which would tend to miss longer separations, 
introduced little bias. The 12 cases of zero separation were paired and triplet collaterals, arising either from the same point on the axon or as 
branches of a single stem. 

CONTROL 2 3 

1 I I 
. 

dV/dt 

Figure 9. Effects of TTX applied to regions of the Mauthner axon where stained myelin sheath segments terminated. Successive, localized 
ejections of TTX from a microelectrode in the regions 1.4 mm rostra1 (I, l ), 1.2 mm caudal (2,0), and then 3.2 mm caudal (3, *) to the posterior 
margin of the vagal lobes resulted in rapid, all-or-nothing decrements in antidromic action potential amplitude ( V) and its digitally differentiated 
record (dV/dt), as recorded at the posterior margin at the vagal lobe. The unequal percentage decrements in V (relative to control amplitude) 
are consistent with the passive and active parameters of the Mauthner axon, while the nearly equal percentage decrements in maximal dV/dt 
are consistent with the correlation between that parameter and the maximal sodium conductance “seen” by the microelectrode (see the text). 
Arrows indicate stimulus artifacts. Records have been traced by hand from dot matrix printer output. Calibrations are 20 mV, 1000 V/set, and 1 
msec. 

have determined that the safety factor for impulse propagation predict the effects on action potential amplitude and its maxi- 

along the Mauthner axon is probably at least 6, rheobasic spike ma1 rate of rise as one or more nodes are blocked (see values in 

threshold is at least 14 mV, and axonal space constant is about parentheses in Table I). Specifically, if a single active site (node 

5 mm (Funch and Faber, 1982b). These data can be used to 1) is completely blocked by TTX, the action current produced 



The Journal of Neuroscience Nodes and Internodes of the Goldfish Mauthner Axon 2407 

TABLE I 
All-or-nothing losses in antidromic spike amplitude and its maximal 

rate of rise resulting from localized TTX ejections in regions where 

myelin sheath segments termina‘te 

No. of Consecutive Decrement from Control Amplitude 

Nodes Blocked by TTX V” dV/dt” 

1 11 + 2.8%b 21 f 9.1% 
(11%)’ (25%) 

2 30 f 6.8% 45 + 14.8% 
(38%) (50%) 

3 58 + 4.9% 66 f 7.3% 

(63%) (65%) 

‘Control spike amplitude (V) = 107 -t 10.4 mV. Control maximal 
rate of rise of spike (dV/dt) = 957 f 124 V/set. 

* Experimental values are mean + SD, n = 8. 

c Values in parentheses are theoretical predictions, based upon a 
safety factor for impulse propagation of 6, a rheobasic impulse threshold 
of 14 mV, and an internodal distance of one-half the axonal space 
constant (see the text for details). 

by the upstream (caudal) active sites will passively depolarize 
the inactive site by at least 6( 14) = 84 mV. Thus, the potential 
at the actual recording site is predicted to be between 84 and 
107 mV, which is similar to what was observed. When a second 
antidromic action potential component was blocked with a 
second TTX ejection at the next caudal (Fig. 9, trace 2) average 
termination site, the average amplitude which resulted was 
30% less than control, or 75 mV. Again, the action current 
reaching the most caudal blocked active site region (node 2) is 
6 times rheobasic current threshold, and 78% of that current 
will reach a microelectrode located midway between the blocked 
sites (nodes 1 and 2) which are about one-half space constant 
(-2.5 mm) away from each other; thus, a passive depolarization 
of at least 0.78(84) = 66 mV will be produced at the recording 
site. Again, this prediction is close to what was observed. 
Finally, when a third action potential component was blocked, 
the average amplitude of the remaining impulse was 58% of 
control, or 45 mV (Fig. 9, trace 3). Under these conditions, the 
action current reaching the microelectrode is predicted to be 
47% of that at the most caudal blocked site (node 3) which is 
three-fourths of a space constant away; this would result in a 
passive depolarization of 0.47(84) = 40 mV. 

The maximal rate of rise of an impulse also yields important 
information relevant to active site function, as it is proportional 
to the maximal sodium conductance “seen” by an electrode 
(Hunter et al., 1975; Walton and Fozzard, 1983a, b). Since the 
Mauthner axon’s active sites are spaced about one-half space 
constant apart (Funch and Faber, 1982a, b), at least nine- 
tenths of the total conductance “seen” is contributed by the six 
or seven active sites nearest to the microelectrode. With a 
recording site midway between two active sites, the predicted 
contributions to the maximal sodium conductance are approx- 
imately 25% for each of the two active sites on either side of 
the recording site and 15% for each of the next distal active 
sites. Therefore, as the three nearest active sites are succes- 
sively blocked, the predicted decrements from control maximal 
rate of rise are 25%, 50%, and 65%, respectively. These values 
compare favorably with the average decrements observed in 
these experiments (see Table I). 

Finally, a safety factor of 6 for impulse propagation means 
that an impulse can decrement passively over a distance of 2.0 
space constants beyond a blocked active site and still be just 
suprathreshold for impulse initiation and propagation. For the 
Mauthner axon, this predicts that an impulse should be able to 
pass through a region where four consecutive active sites are 
blocked with TTX to activate the next unblocked active site. 
This was the case when the Mauthner axon was activated 

orthodromically. Invasion of the axon hillock-initial segment 
region with antidromic activation failed when the four proximal 
active sites were blocked by TTX, presumably because of the 
lower safety factor for antidromic invasion of that region 
(Funch and Faber, 198213). 

In summary, these experiments demonstrate that the ampli- 
tudes of all-or-nothing action potential components that were 
rapidly blocked by TTX applications in discrete and widely 
spaced regions of the CNS are consistent with predictions based 
on the known active and passive (cable) properties of the 
Mauthner axon and on an active site spacing of about 2.5 mm 
(Funch and Faber, 1982a, b). Similar results could not have 
been obtained if each of the closely spaced collaterals (Figs. 7 
and 8, average separation = 155 lrn) was capable of producing 
action current for the following reasons: (I) TTX ejections 
made several hundred micrometers away from the electrophys- 
iologically localized active sites were either ineffective or the 
resulting component blockage was very delayed (many min- 
utes), indicating that the TTX had to diffuse over a consider- 
able distance in order to block (a) site(s) which contributed a 
single action potential component. (2) As found in the previous 
electrophysiological experiments which used axonal hyperpo- 
larization to block axonal spike components, there were only a 
few, large, all-or-nothing components which could be blocked 
by TTX. Thus, individual collaterals could not be contributing 
equally to the production of action current, unless the TTX 
diffused over a 2.4-mm segment of the axon and blocked all of 
the randomly spaced collaterals essentially simultaneously. But 
there is no reasonable explanation for why TTX would diffuse 
rapidly over the whole axon when ejected at certain locations 
but not when ejected at other sites. Visually, the rate of diffu- 
sion of fast green did not appear different at the various sites 
along the neuraxis, although a quantitative assessment of this 
possibility was not performed. 

The electrophysiological evidence provided by Greeff and 
Yasargil (1980) in support of the collateral “nodal equivalent” 
hypothesis of saltatory impulse propagation along the Mauth- 
ner axon has been previously criticized (Funch and Faber, 
1982b). Their evidence does not rule out other hypotheses, 
including the one that holds that distinct active sites are spaced 
about every 2.4 mm along the axon. Therefore, no electrophys- 
iological evidence exists that requires the collateral hypothesis 
for its explanation, whereas all of the electrophysiological and 
pharmacological results we have obtained (I) are con&tent 
with widely spaced (2.2 to 2.6 mm) active sites, (2) can explain 
Greeff and Yasargil’s data, and (3) are incompatible with the 
hypothesis that all axon collaterals contribute to action current 
production. 

Critique of morphological evidence supporting the collateral 
“nodal equivalent 11 hypothesis. The only evidence offered to 
support the collateral hypothesis which may be incompatible 
with the hypothesis that sites of action current production are 
separated by 2.2 to 2.6 mm is the report of consistent staining 
patterns observed at all collaterals using various chemical re- 
agents (Yasargil et al., 1982). These include an undercoating of 
the collateral tip plasmalemma, a reaction product at the col- 
lateral tip using the Quick and Waxman (1977) ferric ion/ 
ferrocyanide staining technique, a reaction product at the col- 
lateral tip using a copper thiocholine and ferricyanide (modified 
Koelle) reagent (Zenker, 1964,1969; Tsuji, 1974) and the pres- 
ence of widened and electron-dense extracellular space sur- 
rounding the collateral tip (Metuzals, 1965). While such his- 
tochemical staining patterns have been observed at sites such 
as nodes of Ranvier and/or initial segments, they have not yet 
been correlated specifically with voltage-sensitive sodium (or 
other ion) channels. For example, the Quick-Waxman tech- 
nique does not stain unmyelinated axons, and, by using differ- 
ent fixative buffers, it can stain both intracellular and extra- 
cellular structures in addition to some membrane-associated 
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elements located beneath the axolemma of nodes of Ranvier 
and initial segments. These findings indicate that the structures 
so stained are simply associated with regions of high sodium 
channel density. In fact, preliminary results in our laboratory 
have demonstrated that the cytoplasm of glial cells (presumably 
astrocytes) and of some axon terminals is occasionally darkly 
stained with the Quick-Waxman technique (M. R. Wood, un- 
published observations). In addition, the modified koelle re- 
agent stains regions with high AChE activity, such as neuro- 
muscular junctions (Zenker, 1964; Tsuji, 1974) and motoneu- 
rons (Tsuji, 1975), and Day et al.- (1983) have localized AChE 
at Mauthner fiber giant synapses in the hatchet fish. Further- 
more, the metallophilic reaction product, like the Quick-Wax- 
man one, is localized beneath the nodal axolemma (Zenker, 
1969). Likewise, widened and electron-dense extracellular 
spaces are found not only at nodes of Ranvier but also at CNS 
and PNS synapses (Smith and Sjbstrand, 1961; Robertson et 
al., 1963); they have not, to our knowledge, been described at 
initial segments. Thus, the staining patterns which are observed 
at the collateral tips are intriguing but cannot be definitively 
associated with excitable membrane. Certainly, they do not 
provide strong independent evidence for the collaterals being 
“nodal equivalents.” While we do not rule out the possibility 
that each of the collaterals possesses some’sodium channels, 
the density of the latter must be so low that most or all 
collaterals are functionally insignificant with respect to impulse 
propagation. Clearly, whatever is the active site substrate, it 
must be readily accessible to the extracellular space. Since the 
only openings in the myelin sheath observed to date are collat- 
eral-like structures, such a protrusion is a likely candidate for 
the active site substrate. Our evidence simply indicates that the 
“functional nodes” are fewer in number and spaced more dis- 
tantly than the collateral distribution can explain. Thus, either 
the collateral population is heterogeneous with respect to so- 
dium channel density, or else specialized structures resembling 
collaterals exclusively contain the active membrane. 

Summary and significance. The major conclusion from these 
experiments is that the domains of oligodendrocytes which 
myelinate the Mauthner axon extend 2.2 to 2.6 mm between 
adjacent active sites. Thus, by analogy with all other myelinated 
axons which have been studied to date, it would seem reason- 
able to call an active site a node and the region spanned by an 
oligodendrocyte an internode. The only features which then 
distinguish the Mauthner axon from other vertebrate myeli- 
nated axons are its large size and its lack of typical nodal gaps. 
However, in regard to this latter characteristic, it should be 
appreciated that not very long ago many researchers (including 
Ranvier!) believed that nodes of Ranvier did not exist within 
the CNS (see discussion in Bunge, 1968), structural features of 
PNS and CNS nodes may differ (Bunge, 1968; Phillips et al., 
1972; Raine, 1977), and even nodes along single vertebrate PNS 
(Waxman et al., 1972) and CNS (Waxman, 1972) axons may 
differ considerably. In view of these findings, it seems prema- 
ture to expect uniformity in the structures of CNS nodes. The 
observed LY dye coupling may be related to a very close 
apposition of neighboring oligodendrocytes which might ob- 
scure an underlying nodal membrane. In fact, we have never 
observed any specialization (e.g., constriction or thinning of 
the myelin sheath, paranodal loops, differential HRP staining, 
etc.) anywhere along the Mauthner fiber. As stated above, 
perhaps the nodes are specialized “collaterals” which protrude 
from the axon. Or the nodes may be small pits in the myelin 
similar to the dorsal nodes along the earthworm pseudomyeli- 
nated median giant fiber (Gunther, 1976). Nevertheless, despite 
the particular nodal morphology, the identifiable Mauthner cell 
and axon also have functionally identifiable nodes and inter- 
nodes. This experimental advantage should allow the study of 
such areas as the sequelae to discrete (e.g., single internodal) 

demyelinating lesions, the in viva responses of CNS nodes to 
locally administered pharmacological compounds, the nature 
of the Mauthner axon-oligodendrocyte structural relationships 
over the life span of a fish, and the possibility of intercellular 
transfer of injected material from axon to oligodendrocyte and 
vice versa. 
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