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7. The residuals shown for the transits observed 
between 1700 and 1750 were obtained from 
Newcomb's analysis (3) and are therefore not 
strictly compatible with the remainder of the 23, 
which were based on our analysis of the optical, 
radar, and transit data. Observations made be- 
fore 1700 were deemed useless (3); in addition, 
data from 13 transits after 1700 were omitted 
since, for these, at most one internal contact 
was observed reliably (3). The relatively large 
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may be due to the far higher proportion of ama- 
teur observers for the recent than for the earlier 
transits and to the lack of application to the re- 
cent data (4) of the painstaking sorting proce- 
dure used to analyze the earlier observations. 
To give the flavor of the latter analysis, I quote 
two excerpts from Newcomb (3): "Looking at 
the general agreement among the observers of 
external contact, it can hardly be doubted that 
Mercury was entirely off the sun before 9"s. If 
this be so, there must have been an error of half 
a minute or more in the times of the observers at 
Haarlem and The Hague. One of these is entire- 
ly unnamed, the other was not an astronomer. 
Their results may, therefore, be rejected without 
question" (p. 390). "Williams used a watch 
without a second hand, which was set by tran- 
sits. Except for the possibility of systematic er- 
rors in the other observations, his result should 
be rejected. In view of this possibility, we may 
assign it the weight 1/3" (p. 392). The need for 
such extraordinary observation-by-observation 
analysis was dictated by the presence of system- 
atic errors that caused the tail of the distribution 
of timings for most contacts to be overpopulated 
(platykurtic) relative to expectations based on a 
normal distribution. 

8. The standard errors are based on a uniform scal- 
ing of the errors shown in Fig. 2 by a factor of 
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0.8 such that the root weighted mean square of 
the postfit residuals is unity. 
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tained before 1925. He found a change of 0.56 ? 
0.10 arc second per century, which he at- 
tributed to the effects of the use of more pow- 
erful optics for observations of the later transits. 
I cannot explain the difference between Innes's 
results and mine as I did not attempt to repro- 
duce his calculations. 

10. S. Sofia etal., Science'204, 1306 (1979). 
11. Eddy's analysis (1) actually indicated a sub- 

stantial difference in the rates of change of the 
equatorial and polar diameters of the sun, with 
the former being about - 2 and the latter about 
- 0.8 arc second per century. In view of my far 
smaller bound on any change in the diameter, it 
seemed pointless to investigate possible dif- 
ferences in the rates of change of the equatorial 
and polar diameters from the transit data. 
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Magnetic Field of a Nerve Impulse: First Measurements 

Abstract. The magnetic field of the action potential from an isolated frog sciatic 
nerve was measured by a SQUID magnetometer with a novel room-temperature 
pickup coil. The 1.2 x 10-1? tesla field was measured 1.3 millimeters from the nerve 

Magnetic Field of a Nerve Impulse: First Measurements 

Abstract. The magnetic field of the action potential from an isolated frog sciatic 
nerve was measured by a SQUID magnetometer with a novel room-temperature 
pickup coil. The 1.2 x 10-1? tesla field was measured 1.3 millimeters from the nerve 
with a signal-to-noise ratio of 40 to 1. 

Although the electrical potentials pro- 
duced by a propagating nerve action po- 
tential can be measured readily, the ac- 
companying magnetic fields have thus 
far never been observed directly. The 
failure of previous attempts is readily un- 
derstood. The nerve action potential has 
the form of a moving, azimuthally sym- 
metric solitary wave (1) which can be 
modeled as two opposing current dipoles 
driven by a potential change of the order 
of 70 mV. The peak currents range (2) 
from 5 to 10 FtA. The external magnetic 
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Fig. 1. Diagram of the experiment (not to 
scale). A nerve action potential propagates 
from proximal to distal (left to right in the fig- 
ure). The wide and narrow arrows around the 
nerve represent the magnetic and electric 
field, respectively; the arrows on the nerve 
axis are equivalent dipole sources. Stimula- 
tion may be from either electrodes A or B, 
with the other or C as recording electrodes. 
The toroidal pickup coil is connected to a 
large transfer coil around the cylindrical Dew- 
ar vessel that contains the SQUID magnetom- 
eter and its pickup coil (indicated by dashed 
lines) surrounded by liquid helium. 
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(1) (1) f B dl= p 
c 
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where go is the magnetic permeability of 
free space, and the dot (inner) product 
between B and dl, the differential ele- 
ment that describes c, is integrated over 
the complete length of the path. 

If the nerve is immersed in a con- 
ducting medium, the maximum magnetic 
field of 10-10 T occurs at the nerve sur- 
face (radius r < 0.3 mm), with the num- 
bers depending upon the preparation 
used. As the distance from the nerve is 
increased, an increasing fraction of the 
external current returns within c, so that 
the field at 1 cm is a few picoteslas and 
decreases thereafter in proportion to the 
inverse cube of the distance (3). The 
weakness of the magnetic field, its rapid 
falloff with distance, and the required 1- 
to 2-kHz bandwidth place the signal at 
the limit of detectability of magnetome- 
ters used for biomagnetic measurements 
(4). 

Two groups of investigators have used 
large room-temperature coils and con- 
ventional amplifiers to obtain signals in- 
terpreted as the magnetic field from the 
action potential of an isolated frog sciatic 
nerve (5). These signals did not exhibit 
the expected reversal of polarity upon 
reversal of the direction of impulse prop- 
agation, and the measurements were 
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Fig. 2. The magnetic field 
(solid lines) and electric 
potential (dashed lines) of 
an isolated frog sciatic 
nerve. The recordings in a 
(a) and (b) were made with 
opposite polarities of the 
1.6-V, 20-t,sec stimulus.' 
As evidenced by the initial msec ^1 msec 
stimulus artifact, the stim- I 
ulus was negative (cathode V : 
toward toroid) in (a) and 
positive in (b); in both cas- \ d 
es it was applied to elec- \ . .\.- 
trodes A (as in Fig. 1), with 
the electrical recordings 
made in air from B (as in 
Fig. 1) referenced to the 
grounded saline bath. The 
magnetic signal is the average of 256 traces recorded in a 1-Hz to 5-kHz bandwidth, with the 
first peak having an amplitude of 70 pT; the electric signal is the average of 128 traces in a 1-Hz 
to 1-kHz bandwidth. The late peak in (b) is due to slow beta fiber activity. The recordings in (c) 
and (d) were made with opposite directions of impulse propagation. In (c), the 0.5-V negative 
stimulus was applied at A (Fig. 1) and the electrical recording was made in the saline Ringer 
solution at C (Fig. 1); in (d) the stimulus was applied at B (Fig. 1) and the electrical recording 
again made at C (Fig. 1). The magnetic and electric signals are the average of 1024 and 128 
traces, respectively, in a 0.01-Hz to 1-kHz bandwidth. The amplitude of the first magnetic 
peak is 60 pT. 

made with a nerve supported in air so 
that all of the electrical currents were 
confined to the nerve bundle and the co- 
axial layer of moist electrolyte surround- 
ing it (6). As a consequence, there could 
be no magnetic field in the air outside 
such a nerve. These previous measure- 
ments may have been sensitive to capac- 
itative coupling, since three electro- 
statically shielded pickup coils of ade- 
quate sensitivity were unable to detect 
the magnetic field of a moist nerve in air 
(7). Our measurements avoid this diffi- 
culty in that we used a nerve immersed 
in a conducting medium. 

Sciatic nerves from bullfrogs (Rana 
catesbeiana) were dissected and placed 
in a dish containing aerated Ringer solu- 
tion. The nerve was gently laid over an 
arrangement of chlorided silver wire 
electrodes (Fig. 1) so it could be electri- 
cally stimulated proximally and the ac- 
tion potential could be recorded distally, 
or vice versa. The magnetic fields were 
recorded with a SQUID (superconduct- 
ing quantum interference device) magne- 
tometer (8) [1.3 x 10-14 T (Hz)-12 sensi- 
tivity (9), 18.7 mV per flux quantum cali- 
bration]. The SQUID magnetometer 
detects magnetic flux changes through a 
superconducting pickup coil in a liquid 
helium environment. At the closest coil- 
to-nerve separation of 15 mm, the nerve 
magnetic field could barely be detected. 

Considerable effort was thereby ex- 
pended to increase the signal-to-noise ra- 
tio. The distance between the nerve and 
the detector coil was reduced an order 
of magnitude by threading the nerve 
through a specially constructed mini- 
ature toroidal transformer (10). The 
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transformer consisted of four turns of 
wire (No. 38) wound on a 1.2-mm-thick 
ferrite core (minor diameter, 1.2 mm; 
major diameter, 2.6 mm; and effective 
relative permeability of 6800 at 2000 Hz). 
The effective cross-sectional area of this 
toroidal pickup coil was 3.9 x 10-2 m2. 
The toroid was inductively coupled (mu- 
tual inductance, 5.4 nH) to the magne- 
tometer face coil by a transfer coil 
wrapped around the outside of the Dew- 
ar. Experiments were performed in an 
area isolated from large magnetic objects 
and magnetic transients. The 60-Hz 
noise was further reduced by analog can- 
cellation. By averaging 1024 or more re- 
petitive signals (0.5- to 1.5-mV signal, 
0.4-mV random SQUID noise, 1.5-mV 
power line harmonics) with a Nicolet 
1170 signal averager, signal-to-noise ra- 
tios of 30 to 40 were obtained with a 1- 
kHz bandwidth. 

Figure 2 shows the magnetic (solid 
lines) and electric (dashed lines) signals 
recorded from a frog sciatic nerve im- 
mersed in Ringer solution. The proximal 
end of the nerve was stimulated by means 
of the A electrodes (Fig. 1) 23 mm from 
the toroid. The action potential was re- 
corded in air 15 mm distal to the toroidal 
coil by a single B electrode referenced 
to the grounded saline bath. The stimulus 
was negative (cathode nearest toroid) 
(Fig. 2a) and positive (Fig. 2b). The mag- 
netic field of the stimulus current, visible 
at the beginning of the traces, reverses 
polarity when the stimulus is reversed. 
As expected, the magnetic and electric 

signals of the action potential do not re- 
verse. 

The electric trace in Fig. 2a exhib- 

its a small stimulus artifact and has the 
shape of action potentials reported pre- 
viously (11), with a rather steep initial 
portion followed by a slower region of 
recovery; the average asymmetry in our 
work was 1.9 to 1. The differing delays 
between the stimulus and the onset of 
the electric and magnetic signals are due 
to the separation of the toroid and the B 
electrodes and to the measured (22 m/ 
sec) conduction velocity. In the electric 
signal shown in Fig. 2b, the positive 
stimulus activated a slower set of beta 
nerve fibers (12), and a corresponding 
shoulder is visible on the magnetic rec- 
ord. 

The magnetic signal is produced pre- 
dominately (see below) by the total axial 
current I, enclosed by the toroid while 
the voltage action potential in air ex- 
presses the charge on the membrane. 
The magnetic trace should then be pro- 
portional to the first derivative of the 
electric trace, as observed in Fig. 2. On 
exchange of the stimulating and record- 
ing electrodes, the magnetic signal must 
reverse sign (Fig. 1) since the leading 
current loop reverses direction; but the 
single-ended voltage trace should be sim- 
ilar. When this experiment was per- 
formed, the magnetic signals reversed as 
expected and had a common mode por- 
tion of only one part in seven while the 
electric signals did not reverse, verifying 
that the magnetometer signal represents 
the magnetic field of the action potential 
and not capacitative coupling to the elec- 
tric field. 

Since more detailed interpretation of 
the data in Fig. 2, a and b, is hindered by 
the separation between the toroid and 
the recording electrodes, the record- 
ings in Fig. 2, c and d, were obtained 
with a pair of spherical electrodes (C and 
C' in Fig. 1) with a 5.3-mm separation 
placed in close proximity to the nerve as 
it passed through the toroid. This ar- 
rangement provided coincident magnetic 
and electric data but the electric mea- 
surement had to be made in the saline 
bath. We show records for distal and 
proximal stimulation in Fig. 2, c and d, 
respectively; the reversal of the magnet- 
ic trace (solid line) is apparent, and the 
crossover of the magnetic trace occurs at 
the peak in the electric signal. Since the 
electric trace is differential, it measures 
dV(z)/dz, which is proportional to the 
axial return current, in the saline adja- 
cent to the nerve. It must therefore re- 
verse when the direction of impulse 
propagation reverses, in contrast to the 
potential recorded by single-ended mea- 
surements in air. Also, we would expect 
(3, 13) precisely the derivative relation- 
ship between the electric and magnetic 
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traces in Fig. 2, c and d. Thus the first 
peak of the magnetic trace indicates the 
forward loop of the currents in the mov- 
ing action potential. By Ampere's law, 
the toroidal coil measures that part of the 
axial nerve current which is not canceled 
by return flow within the toroid. The cur- 
rent paths must be known in detail to de- 
termine precisely what fraction of the to- 
tal nerve current is measured. 

Further checks of the magnetic signals 
were performed. When the coils were 
tied to ground, rather than left floating 
electrically, much larger electrical arti- 
facts were produced. Removal of the sa- 
line, so that only a slight amount of cur- 
rent could circulate around the still moist 
surface of the toroid, resulted in large, 
immediate signal reductions. Also, an ar- 
tificial electric current dipole was made 
by applying a square voltage pulse to a 
twisted pair of No. 34 wires with bared, 
separated ends immersed in the saline. 
When this source threaded the toroid, a 
large signal was received; when it was 
oriented so that substantial field cancel- 
lation was expected, the signal dropped 
by a factor of 5 although the saline sur- 
rounding the toroid underwent an identi- 
cal voltage excursion. 

The toroid sensitivity was calculated 
and measured as a function of frequency 
(f) (80 Hz <f < 10 kHz). Since the coil 
has resistance R in addition to induc- 
tance L, the true magnetic field wave- 
form B(t) has an additional small com- 
ponent proportional to the integral of the 
observed signal B'(t) multiplied by R/L 
for the toroid (10). Thus 

B(t)= B'(t) + R/L B'(t') dt' (2) 

with a calibration of 150 pT/mV. While 
the exact calculation of this correction 
requires inclusion of the effect of the 
low-pass filter (10), the R/L effect is 
small during the early part of the action 
potential. To show this, we approximate 
the first magnetic peak in Fig. 2d by a 
Lorentzian profile of height h = 4.8 mV 
and width w = 89 /sec. Then Eq. 2 be- 
comes 

B(0) = B'(0) + 0.30 h/w tan-1(500/89) 
(3) 

resulting in a field of 125 pT at the first 
peak (t = 0) of which 27 percent is due to 
the second, correction term. This repre- 
sents a net current through the toroid of 
0.8 + 0.2 ,A in the forward loop of the 
action potential, with a precision ade- 
quate for the exploratory purposes of 
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magnetic measurements of nerve func- 
tion can be made directly in the con- 
ducting fluid; unlike electrical signals, 
they are not obliterated by the high con- 
ductivity fluid. The use of a split toroid 
will allow measurements on living sys- 
tems without requiring puncture or intru- 
sive contact with the nerve axon. More 
important, this technique measures cur- 
rent density directly (14) and allows de- 
termination of current profiles without 
assumptions about conductivity and 
electric boundary conditions that are 
necessary to unfold the nerve current 
from voltage recordings (15). Since the 
magnetic trace is very close to an actual 
current measurement, it is therefore a 
particularly strong complement to the 
electrical record. 

JOHN P. WIKSWO, JR. 
JOHN P. BARACH 

Department of Physics and Astronomy, 
Vanderbilt University, 
Nashville, Tennessee 37235 

JOHN A. FREEMAN 
Department ofAnatomy, 
Vanderbilt University School of 
Medicine, Nashville 37232 

magnetic measurements of nerve func- 
tion can be made directly in the con- 
ducting fluid; unlike electrical signals, 
they are not obliterated by the high con- 
ductivity fluid. The use of a split toroid 
will allow measurements on living sys- 
tems without requiring puncture or intru- 
sive contact with the nerve axon. More 
important, this technique measures cur- 
rent density directly (14) and allows de- 
termination of current profiles without 
assumptions about conductivity and 
electric boundary conditions that are 
necessary to unfold the nerve current 
from voltage recordings (15). Since the 
magnetic trace is very close to an actual 
current measurement, it is therefore a 
particularly strong complement to the 
electrical record. 

JOHN P. WIKSWO, JR. 
JOHN P. BARACH 

Department of Physics and Astronomy, 
Vanderbilt University, 
Nashville, Tennessee 37235 

JOHN A. FREEMAN 
Department ofAnatomy, 
Vanderbilt University School of 
Medicine, Nashville 37232 

and isodesmosine. 

Although early studies classified the 
protein in egg shell membranes as kera- 
tin (1), recent investigations established 
that the membrane is composed in part 
of proteins resembling those in con- 
nective tissue. Upon acid hydrolysis, the 
material yields hydroxylysines (2), hy- 
droxyprolines (3), and desmosines (4), 
suggesting the presence of protein com- 
ponents bearing a structural resemblance 
to collagen and elastin (5). Moreover, 
shell formation is frequently defective in 
hens fed diets deficient in copper (6) or 
supplemented with the lathrogen /3- 
aminopropionitrile (BAPN) (7); both 
treatments affect connective tissue pro- 
tein metabolism by preventing the for- 
mation of cross-links. The molecular tar- 
get is lysyl oxidase, which catalyzes a 
specific oxidative deamination of lysines 
that is obligatory to formation of the 
cross-links. The requirement of copper 
(8, 9) and the inhibition of the enzyme by 
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BAPN (10) are well established. A recent 
study (6) showed that lysine residues in 
shell membrane proteins are oxidized 
less in copper-deficient hens than in cop- 
per-supplemented hens. The data sug- 
gest that the shell membrane is formed 
through a process not unlike that which 
forms other connective tissue proteins. 
Thus we hypothesize that lysyl oxidase 
is required in the biogenesis of shell 
membrane protein. Evidence is present- 
ed here to support this hypothesis. 

Oviduct tissue was obtained from sex- 
ually mature hens at the onset of the lay- 
ing period. Segments (2.54 cm) from the 
entire length of the tube were examined 
for enzyme activity. The segments were 
weighed, minced, and homogenized in 
buffer (0.12M NaCI and 0.015M potas- 
sium phosphate, pH 7.6). The tissue was 
isolated by centrifugation, resuspended 
in a urea buffer (4M urea in 0.01M NaCl 
and 0.002M potassium phosphate, pH 
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Localization of Lysyl Oxidase in Hen Oviduct: Implications in 

Egg Shell Membrane Formation and Composition 

Abstract. Lysyl oxidase activity was found in the isthmus (the membrane-forming re- 
gion) of the hen's oviduct in a copper-rich region proximal to the shell gland. Desmo- 
sine and isodesmosine, cross-linking compounds associated with mature elastin, 
were found in hydrolysates of the shell membrane, confirming the necessity for lysyl 
oxidase in its biosynthesis. Shell membranes from hens fed a copper-deficient diet or 
a diet supplemented with /3-aminopropionitrile had a reduced content of desmosine 
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