
were 332 msec for v~ of 6 kmlhour and 
709 msec for v~ of 1 kmlhour at  a simu- 
lated distance of 20 m). Curves fitted to 
the data (7) of both the field and labora- 
tory experiments show for the overlap- 
ping range of relative velocities between 
about 2 and 6 kmlhour a mean elevation 
factor of 3.27 2 0.50 (range, 2.18 to 4.01) 
for the times to  detect changes in head- 
way under field conditions (Fig. 3). 

The thresholds for object-motion de- 
tection under simulated conditions were 
elevated to the level of the vehicle ex- 
periment when subjects were simulta- 
neously exposed to an artificial moving 
visual surround, which induces apparent 
self-motion, even though the ellipse 
characteristics remained unchanged. 
Thus, it is the perception of self-mo- 
tion-real or apparent-which is respon- 
sible for the higher detection thresholds 
on the road rather than the presence of a 
textured background per se, which has 
no effect on the thresholds for object- 
motion detection (8). 

During movement in a vehicle, percep- 
tion of the motion of an object is im- 
paired relative to perception under sta- 
tionary conditions. Authorities on road 
traffic accidents evaluating perceptual 
processes and tolerable reaction times 
must consider the additional perceptual 
latencies involved in detecting changes 
in headway. Typically only the time span 
between the subjective perception of a 
critical traffic situation and the initiation 
of the braking maneuver is considered. 
Our data, however, also indicate a delay 
between the onset of the so-called objec- 
tive stimulus situation (here, the very 
beginning of the change in headway) and 
the perceptibility of this event. This de- 
lay increases the total reaction time by at 
least 300 msec (do = 20 m, vR = 19 kml 
hour, increasing with distance). Fifty 
percent of auto accidents involving rear 
end collisions occur with a relative ve- 
locity between the involved vehicles of 
only 19 kmlhour (9). This interval is 
further increased by at least 250 msec if a 
saccadic change of gaze becomes neces- 
sary to  fixate the potential obstacle (10). 
If a correction saccade is necessary an 
additional 130 msec is required (11). 

As a consequence, drivers-particu- 
larly during high-density traffic flow- 
should not rely solely on their movement 
perception but rather should evaluate the 
flashing of the brake lights of the vehicle 
ahead as a trigger for an immediate brake 
response to minimize their reaction 
times. Additional brake lights a t  eye lev- 
el are recommended to partially reduce 
these times (12). The subsequent control 
of braking force should be guided by the 
perception of the change in headway. 
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The estimates of safe following distances the motion of a patterned visual field (back- 
ground) during concurrent visual tracking of a should be corrected by taking into ac- single obiect ~roiected onto the moving back- 

count the additional 300 msec required 
for perception of headway change. This 
duration must be added to the hitherto 
acceptable range of reaction times which 
varies between 0.6 and 1.0 seconds. 
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Measurement of Myelin Sheath Resistances: Implications for 
Axonal Conduction and Pathophysiology 

Abstract. As commonly understood, the myelin sheath of axons insulates the 
internodal axolemma and essentially restricts transmembrane currents to nodal 
regions. However, recordings obtained from within the myelin sheath showed that its 
apparent resistance to current generated by action potentials is similar in magnitude 
to that of the internodal axolemma. This suggests that the sheath does not 
appreciably limit transmembrane current %ow, presumably because there is a 
longitudinal shunt under the myelin and through the paranodal region. Thus, in some 
demyelinating diseases and other axonopathies, the safety factor for impulse 
conduction may be lowered by  a loosening or a reduction in the number ofparanodal 
axoglial junctions. 

Our present concepts of impulse con- 
duction in myelinated axons developed 
from experiments (1) that demonstrated 
the insulating properties of myelin. In 
particular, the specific radial resistance 
of the internode was found to be high; its 
specific capacitance was low; and large 
inward and outward transmembrane ion- 
ic currents were observed only at  the 
nodes. The membrane parameters de- 
rived from these studies have since been 
used in all computer models of impulse 
propagation along myelinated axons (2- 
5). Since it was not possible to distin- 
guish the biophysical parameters of the 
two different internodal membranes, the 
sheath's radial resistance in these mod- 
els has been assumed to be 2M (M being 
the number of myelin lamellae) times 
that of the internodal axonal membrane. 
These models have confirmed results of 
physiological studies of structure-func- 
tion relationships (3) and have been used 

to predict the impulse conduction safety 
factor under conditions of demyelination 
(4,5) .  However, the data we report here, 
together with results obtained by others, 
indicate that the electrophysiological pa- 
rameters of the internodal axolemma and 
its sheath, and the type of cable structure 
used to represent a myelinated axon, 
need to be reconsidered. 

The morphological correlates of elec- 
trophysiologically localized active sites 
along the goldfish Mauthner axon were 
investigated (6). Except for its lack of 
typical nodal gaps, the structure-func- 
tion relationships of the Mauthner axon 
and its rnyelin sheath were indistinguish- 
able from those of other central and 
peripheral nervous system myelinated 
axons. In these experiments, intrasheath 
injections of Lucifer yellow or  horserad- 
ish peroxidase from glass microelec- 
trodes were used to determine the struc- 
ture of the oligodendrocytes ensheathing 
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the axon. The position of the electrode 
deep within the myelin sheath was estab- 
lished by recording a large antidromic 
action potential (AP), elicited by spinal 
cord stimulation, in the absence of any 
significant d-c potential. The electrode 
position was confirmed by the pattern of 
dye staining: none was present in the 
axon, and the dye was distributed 
throughout cytoplasmic channels within 
the myelin sheath. In many hundreds of 
penetrations the largest AP amplitude 
observed within the sheath was only 80 
mV (Fig. 1Al); a more typical value was 
between 50 and 60 mV. The slightest 
advancement of the microelectrode then 
resulted in a jump in d-c potential to -85 
mV typically, with a simultaneous in- 
crease in AP amplitude to 115 mV (Fig. 
1A2). Dye injection at this position con- 
firmed that such recordings were intra- 
axonal. Significantly, the AP amplitude 
increased steadily as the sheath was pen- 
etrated through a depth of 10 to 20 pm 
(7). This is consistent with recording 
from a homogeneous resistive structure 
surrounding the axan and cannot be ex- 
plained by postulating microelectrode- 
induced leakage, which would be associ- 
ated with a very steep and nonlinear AP 
gradient just outside the axolemma. In- 
trasheath AP's of comparable size have 
also been reported in single myelinated 
fibers of cat (8) and frog spinal cord (9), 
lizard and frog peripheral nerves (9, lo), 
and tench and catfish Mauthner axons 
(11). The amplitude ratio of the maximal 
intrasheath and intra-axonal AP's in this 
and the cited studies averaged about 112. 
Furthermore, there were no significant 
differences in the time courses of the 
extra- and intra-axonal AP's, so circuit 
capacitances may be ignored in this anal- 
ysis. These findings thus suggest that the 
resistance from within the axon to 
ground is about equally distributed 
across the internodal axolemma and the 
sheath (in the extreme case of Fig. 1A 
the resistance ratio was 1 : 2). 

In order to confirm this conclusion 
independently and, further, to determine 
the ratio of longitudinal axoplasmic cur- 
rent to internodal transmembrane cur- 
rent, we measured transfer resistances 
(i) deep within the Mauthner axon's my- 
elin sheath (R ,,.,, = 0.58 * 0.15 meg- 
ohm, mean * standard deviation; n = 

5) (Fig. 1B2); (ii) across the axolemma 
(R,,.,, = 0.28 * 0.08 megohm) (Fig. 
1C2); and (iii) within the Mauthner axon 
(R,,.,, = 1.3 megohms) (12) (Fig. 1D2). 
An electrical analysis (13) indicated that 
the equivalent resistance of the entire 
sheath (R,) was about one-third that 
across the internodal axolemma (R,), 
which again points out the inadequacy of 

the assumption that RJR, = 2M ( ~ 5 6 0  
for the Mauthner axon; see below). Fur- 
thermore, the combined series resistance 
(R, + R,) to internodal transmembrane 
current is not high, but rather is nearly 
equal to the combined resistance to 
ground of all other parallel pathways 
from an intra-axonal current source (Fig. 
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Fig. 1. (Al) Maximal antidromic action poten- 
tial recorded within the sheath of the goldfish 
Mauthner axon. Resting potential (RP) = - 1 
mV. (A2) Intra-axonal recording, obtained 
after the slightest advancement of the micro- 
electrode from its position in (Al). RP = -87 
mV. (B to D) Two independent microelec- 
trodes were used to obtain steady-state volt- 
age recordings (recording 1) and voltage-cur- 
rent relations (recording 2) whose slopes yield 
transfer resistances (R,). The oscillographic 
plots yielding R, were generated by passing a 
triangle wave current (1 cycle per 3 seconds) 
through one electrode (abscissa) while record- 
ing the voltage response at the other electrode 
(ordinate); (+) depolarizing, (-1 hyperpolar- 
izing. (B) Both electrodes deep within the 
myelin sheath (My-My). (B2) R, = 0.60 meg- 
ohm. Electrode separation ( h )  = 0.5 mm, or 
1/10 space constant. Since R, decreased when 
the axolemma was penetrated, the electrodes 
must be electrically "close" in the sheath, 
and thus R, is a fair approximation to the input 
resistance of the myelin sheath. (C) One elec- 
trode (Cl ,  top trace) deep within myelin with 
other electrode intra-axonal (Ax-My). (C2) 
R, = 0.32 megohm; h = 0.5 mm. (D) Both 
electrodes intra-axonal (Ax-Ax). (D2) 
R, = 1.00 megohm; Ax = I .  l mm. R, can be 
used to calculate the axonal input resistance 
[1.3 megohms (611. Calibrations in A1 apply to 
all impulses and those in D2 pertain to all R, 
plots. 

2, B and D). Thus, despite the many 
hundreds of layers of membranes that 
are stacked on top of one another, the 
overall effectiveness of the sheath is 
equivalent to ollly one or two mem- 
branes in series, each having the same 
specific resistance as the internodal axo- 
lemma. 

The next issue in understanding AP 
current flow in myelinated axons is de- 
termining how this internodal transmem- 
brane current then divides between the 
radial resistance of the myelin sheath 
(R,,) (see Fig. 2D) and the various longi- 
tudinal periaxonal "leak" pathways 
(Ril). It is useful to consider two extreme 
possibilities. 

1) The myelin sheath is uniformly 
"leaky." That is, the lamellar mem- 
branes have low specific resistance, or 
there are cytoplasmic channels within or 
between each lamella that act as low- 
resistance radial shunt pathways to 
ground. 

2) The major pathway for return cur- 
rent is a longitudinal one through the 
periaxonal space or the inner cytoplas- 
mic loops of the myelin sheath (or both), 
to the paranodal region contiguous to the 
source of action current, and thence into 
extracellular space. This anatomically 
prominent pathway (10) would effective- 
ly shunt current away from the radial 
path through the myelin membranes. 

Regarding the first possibility, with a 
thickness of at least 5 pm and a periodic- 
ity of 18 nm between minor dense lines 
(I#), the Mauthner axon myelin sheath 
consists of 560 membranes constituting 
280 lamellae. If sheath input resistance 
measures the radial resistance across 
those myelin membranes, each would 
have a specific resistance of approxi- 
mately 8 ohm . cm2 (6), an exceedingly 
low value. Therefore, we think it is un- 
likely that most of the internodal trans- 
membrane current flows radially and 
conclude that it is shunted longitudinal- 
ly, as shown schematically in Fig. 2B. 
This model is likely to be applicable to 
other myelinated axons as well. Barrett 
and Barrett (10) concluded that the com- 
bined resistance of periaxonal longitudi- 
nal pathways in frog peripheral myelinat- 
ed fibers is about 9 megohms. Thus, 
although the internodal membranes of 
those fibers apparently offer a rather 
high radial resistance of 160 to 255 meg- 
ohms (15), the effective resistance of the 
sheath to current generated by a propa- 
gating action potential appears to be con- 
siderably lower than that. 

There has been speculation that loos- 
ening the seal between the axon and the 
myelin sheath in the paranodal region 
could compromise the insulating proper- 
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Fig. 2. Schematic representations of action currents flowing through and around a myelinated 
axon. The internodal sheath (closely spaced parallel lines) surrounds a cylindrical axolemma. 
An active node is depicted on the left of each diagram with impulse propagation proceeding 
toward the right. Only the action current loops involving the first downstream internode and 
node are illustrated. The thickness of the lines and arrows representing the currents suggest 
relative magnitudes but are not necessarily accurate representations. (A) In the classical view of 
saltatory conduction, the greater part of the action current entering the axon at the left node 
passes longitudinally through the axoplasm to the next downstream node, with only minor 
radial current loss through the sheath. (B) In our proposed model, the radial current through the 
internodal axolemma is roughly equal to the longitudinal action current reaching the next 
downstream node. Of the current that passes through the axolemma, some passes radially 
through the myelin sheath, as in (A), but more flows longitudinally through periaxonal spaces 
(pas) and inner cytoplasmic loops (icl) of the rnyelin, to and then through the paranodal region. 
When viewed externally, models depicted in (A) and (B) are indistinguishable. (C) Scheme for 
conduction deficits due to paranodal demyelination. If the paranodal axoglial junctions are 
disrupted, the intrasheath longitudinal resistance will be reduced and will shunt more action 
current. As less current reaches the downstream node, there is a reduction in safety factor for 
impulse propagation. (D) Simple electrical circuit diagram of the double cable model (21), which 
represents the models shown in (B) and (C) and which forms the basis for the analysis of Fig. 1. 
Symbols: R,,, resistance of sheath to radial current flow; Ril ,  internodal longitudinal shunting 
resistance; R,, axoplasmic resistance; and R N ,  nodal membrane resistance. 

ties of the myelin sheath and conse- 
quently lower the safety factor for im- 
pulse conduction (16). Our data provide 
a rationale for this notion and further 
suggest that even under normal condi- 
tions there is a great deal of internodal 
transmembrane current flow. Since a sig- 
nificant portion of that current is appar- 
ently directed back to the paranodal re- 
gions, the number o r  the "tightness" of 
the paranodal axoglial junctions may be 
critical in determining the safety factor 
for impulse propagation. Finally, our 
proposed model (Fig. 2B) suggests that 
emphasis should not be placed exclu- 
sively on the thickness of the myelin 
sheath when evaluating the functional 
role of internodes. In particular, since 
the internodal axolemma itself appears 
to  be an important barrier to  transmem- 
brane current, whereas the radial current 
flowing through the myelin may be rela- 
tively insignificant, altering myelin thick- 
ness would be expected to  have only 
minimal effects on the action currents 
flowing in an axon. This is consistent 
with clinical observations of deficits in 

demyelinative pathologies and previous 
computer modeling (4, 5). 

In general, the difficulties in correlat- 
ing pathology with effects on conduction 
(4) may be due to the major conse- 
quences of minor changes in the para- 
nodal axoglial junctions (17) (Fig. 2C). 
For  example, Uhthoffs symptom (18) 
can occur before any detectable rise in 
core temperature (19) and may thus re- 
sult from a biochemically induced modi- 
fication of the paranodal junctions or a 
metabolically induced local edema that 
lowers the resistance of the paranodal 
current pathway. There is supporting 
evidence for such mechanisms from tis- 
sue culture studies in which changes in 
extracellular calcium result in damage to 
the paranodal junctions and subsequent 
accumulation of fluid within the parano- 
dal and periaxonal extracellular spaces 
(20). 
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