
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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fields will, of course, exist closer to the 
nerve fibers. 

Even at their semiqualitative level, 
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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. 
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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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Fig. 1. Lysyi oxidase activity at different 
points along the hen oviduct. Enzyme activity 
is expressed as counts per minute of 3H2O re- 
leased from L-[4,5-3H]lysine-labeled aortic 
proteins (500,000 count/min) in a 4-hour as- 
say at 40?C. 

8.3), and briefly homogenized to extract 
the enzyme (8). All operations were per- 
formed at 4?C. After centrifugation, 
components solubilized by the urea 
treatment were dialyzed against phos- 
phate buffer to remove urea. Lysyl oxi- 
dase activity in the extracts was mea- 
sured with the procedures described in 
(8). Sections (1 cm) of isthmus tissue 
were bisected longitudinally so that half 
of each section could be tested for en- 
zyme activity and the other half for cop- 
per content. The tissue samples were 
rinsed thoroughly with distilled, deion- 
ized water and then digested with a mix- 
ture of nitric and perchloric acids (wet 
ash procedure). Copper content was 
measured with an atomic absorption 
spectrometer. 

The oviduct in a mature laying hen is a 
tubular structure - 65 cm in length, ter- 
minating proximally at the infundibulum 
and distally at the vagina. In between 
are the magnum, the isthmus, and the 
pouchlike shell gland. These are respon- 
sible for the formation of the albumen, 
the shell membranes, and the shell, re- 
spectively. Only the isthmus was found 
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to contain lysyl oxidase activity (Fig. 1). 
Although the location of peak activity 
varied somewhat from oviduct to ovi- 
duct, it tended to be confined to the dis- 
tal half of the isthmus and was sharply fo- 
cused within a 3- to 5-cm section. The 
enzyme activity was strongly inhibited 
by a micromolar concentration of 
BAPN, confirming it to be lysyl oxidase. 

That copper is present in oviduct tis- 
sue has been known for some time. 
Moreover, Moo-Young et al. (11) deter- 
mined that the higher concentrations of 
copper are located in the isthmus sec- 
tion. We suggest that high concentra- 
tions of lysyl oxidase and copper share a 
common locale in the oviduct (Fig. 2). 
Since known lysyl oxidases in chick tis- 
sue are copper-dependent (8, 9), the cop- 
per in the oviduct may be needed for 
proper enzyme action. It is not likely 
that the higher copper concentrations 
can be accounted for by the higher lysyl 
oxidase concentrations. 

The finding of lysyl oxidase in the ovi- 
duct implies several possible biological 
functions for the enzyme. The enzyme 
could be necessary for the synthesis of 
the connective tissue proteins in the ovi- 
duct, which is itself composed mainly of 
smooth muscle cells and connective tis- 
sue. Lysyl oxidase is required for the 
synthesis of cross-links in the shell mem- 
brane protein, thereby giving stable but 
flexible organic support to the housing 
material before formation of the shell. 
Since the enzyme activity was confined 
to the membrane-forming region of the 
oviduct, the enzyme may have a role in a 
specific stage of shell membrane biogen- 
esis (a more random distribution of the 
activity would have suggested other- 
wise). Furthermore, a close examination 
of the components in acid hydrolysates 
of membrane protein with three different 
chromatographic procedures (12) re- 
vealed the presence of desmosine and 
isodesmosine, the major cross-links in 
elastin (Table 1). The amount of each of 
these amino acids was reduced in shell 
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Fig. 2. Localization of copper 
and lysyl oxidase activity in 
the isthmus. Enzyme activity 
is expressed as in the legend to 
Fig. 1. 
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Table 1. Effect of diet on desmosine and iso- 
desmosine content of egg shell membranes. 
Values are averages of two determinations. 

Iso- Desmo- desmo- 
Diet sine sine 

(tg/g) (/xg/g) 

Control* 367 189 
Copper-deficient* 274 153 
Commercialt plus 319 182 

0.04 percent BAPN 224 152 

*Similar to diet used by Baumgartner et al. (6). 
tCommercial laying ration (Agway). 

membranes obtained from copper-defi- 
cient hens or BAPN-supplemented hens. 
Although elastin has not been isolated 
from egg shell membranes (4), our find- 
ings (i) support the involvement of an 
elastin-like connective tissue protein net- 
work in the synthesis of the shell mem- 
brane and (ii) support a mechanism in 
which the synthesis of the membrane 
protein involves an obligatory post- 
translational formation of cross-links in 
this protein. Cross-linking is initiated at a 
specific section of the isthmus before and 
during the passage of the egg to the shell 
gland. Failure to synthesize the cross- 
links affects the integrity of the shell 
membrane and leads to morphologically 
altered eggs (6). 
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