
soluble, retains its catalatic activity. 
This fact has made possible the identi- 
fication of the catalase-anticatalase line 
in double-diffusion and immunoelectro- 
phoresis plates. 

Our data indicate that erythrocyte 
catalase proteins produced in five mu- 
tant mouse strains are quantitatively 
and immunologically indistinguishable 
from that in the normal, wild-type strain. 
The erythrocyte catalase activity, how- 
ever, is almost absent in the acatalase- 
mic mutant and is much lower than 
normal in the four hypocatalasemic mu- 
tants. These five mutants, therefore, all 

represent structural genetic mutations. 
This conclusion is based on the re- 
markable similarity in the results ob- 
tained in two distinct ways. 

1) In all the agar-diffusion tests, the 

lysates from both the acatalasemic 
(Cs') and the hypocatalasemic (Csc) 
cells produce lines that have immuno- 

logical identity with and are stained to 
the same degree as those from normal 
(Cs,') lysates. In addition, immunologi- 
cally identical lines due to catalase and 
its antibody degrade H202 if the ly- 
sate is from Cs" or Cse, but not if 
the lysate is from Cs) mice. After im- 
munoelectrophoresis, lines in the same 
position and with equal staining show 
that Cs'1 has more catalatic activity 
than Csl, and that Csb is acatalatic. 
Further, if the three antigens are di- 
luted fourfold, all fail to produce pre- 
cipitin lines. As expected, reciprocal 
tests of Cs" and Cs) lysates with anti- 
serums produced against them in Csb 
and Cso mice, respectively, produce no 
precipitation lines. 

2) The antigen titrations demonstrate 
that red-cell antigen of all four hypo- 
catalasemic mutants attains about 90 

percent precipitability, as normal red- 
cell antigen does, but reaches the region 
of antigen excess at a catalase concen- 
tration well below normal. Because the 
same antiserum was used in all cases, 
the implication is that all are behaving 
in identical immunological fashion, but 
that an equal number of the mutant 
catalase molecules, being subnormally 
active catalatically, reaches the thresh- 
old of antigen excess at a lower-than- 
normal level of catalase activity. Cata- 
lase protein in antigen prepared from 
acatalasemic red-blood cells is detected 

by its interference with the antigen ti- 
tration curve of normal erythrocyte ly- 
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serum has no precipitability, and as- 
sorted heterologous proteins have no 
inhibitory activities. 

In view of the foregoing considera- 
tions, coupled with the demonstration 
(2) that blood and tissue catalase of 
the mutant strains differ qualitatively 
from each other and from the wild- 
type (normal) strain, we are apparently 
dealing with a purely structural muta- 
tion in which the structural modifica~ 
tions involve the enzyme-activity site 
but not the antigenic site. 
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molecule of nerve growth factor. 

Since very marked overgrowth of 
nerve fibers from chick embryonic 
spinal ganglia in the presence of im- 
planted tumors was observed in vivo 
(1), it has become clear that a humoral 
agent is involved (2) and that the agent 
is protein or closely associated with 
protein (3, 4). 

A test (5) for activity in. vitro 
evolved into an assay method (3, 6, 7). 
The biological unit (bu) is that amount 
in one milliliter of medium which pro- 
duces in 18 hours 3+ growth of neu- 
rites from spinal ganglion (of a 7 to 
9-day chick embryo) suspended in 0.06 
ml of medium. Scoring standards have 
been described (6, 7). The medium is 
one-third rooster plasma and two- 
thirds medium 199 containing the ma- 
terial of interest. 

The richest known source of nerve 
growth factor (NGF) is the submaxil- 
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lary gland of the mature male mouse. 
Materials having specific activities of 
1 X 108 to 1.5 X 108 bu/g have been 
considered highly purified (4, 6). Elec- 
trophoresis of such material on paper 
separates it into three bands that stain 
with ninhydrin. No one of these is ac- 
tive by itself, but a combination of 
two is active (8). Important aspects 
of the action of NGF have been re- 
viewed (9). 

We have found that much more 
(107 times) NGF (in biological units) 
can be isolated from the crude homog- 
enate than has been demonstrated in 
it by simple dilution; this purified ma- 
terial has a specific activity of 10'1 
bu/g. An enzyme highly effective in 
the hydrolysis of tosylarginine methyl 
ester is also found in the cruder ex- 
tracts (10). The two activities are large- 
ly separable, and their separation may 
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Nerve Growth Factor of Very High Yield and Specific Activity 
Abstract. Nerve growth factor has been isolated from submaxillary glands of 

mature male mice at specific activities about a million times, and in yields of 
biological activity ten million times, greater than best previous results. The major 
improvement in the isolation is related to the separation of a highly active tosylar- 
ginine methyl esterase present in cruder preparations. The new nerve growth 
factor may be an entity different from the older one, although no gross differences 
in the qualitative aspects of their actions are apparent on superficial examination 
of chick ganglia influenced by them. The neurites which develop from a ganglion 
in the presence of nerve growth factor are of nearly equal length. The amount of 
nerve growth factor determines the number of neurites but not the extent of 
individual development. The amount of the new nerve growth factor which 
evokes the appearance of a hundred neurites from a single gang!ion appears to 
be about ten molecules. Since each neurite seems to arise from a different neuron 
each molecule of nerve growth factor must affect several cells. This result can be 
rationalized by a catalytic mechanism or by indirect action of nerve growth factor 
through a hypothetical cell which produces a neurite evocator on contact with the 
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have been crucial for our present 
findings. 

The new NGF is produced as fol- 
lows. Mature male Swiss mice are 
killed with chloroform. The submaxil- 
lary glands are removed to iced 0.1M 
phosphate buffer at pH 7.4 and ho- 
mogenized as described by Cohen (4); 
all steps described by him are fol- 
lowed through the first precipitation 
with ethanol. The supernatant is then 
brought to 55 percent ethanol by the 
addition of iced absolute alcohol, and 
the solution is kept for 1 hour at 
-20?C. The precipitate is sedimented 
by centrifugation at 10,000g for 10 
minutes. The pellet is then dissolved 
in water, solid ammonium sulfate is 
added to 35 percent saturation, and 
the pH is adjusted to 7.4. After an 
hour at 2? to 4?C, the precipitate is 
removed by centrifugation. Ammo- 
nium sulfate is added to the super- 
natant to 75 percent saturation. After 
an hour in the cold, this precipitate 
is collected by centrifugation and dis- 
solved in a small volume of water. 
The solution is dialyzed in the cold 
until the outer fluid produces no pre- 
cipitate on the addition of barium 
chloride solution. The dialyzed solu- 
tion is placed on a carboxymethyl 
cellulose column (4) and eluted with 
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NaCI in 0.05 M Tris-HCl (Mole/Liter) 

Fig. 1. Chromatography of CM material 
on DEAE-Sephadex A-25 column (170 X 
2.8 cm). Eluting buffer was 0.05M tris-HCl, 
pH 7.4, with additional NaCl as indicated 
for stepwise elution at 60 ml/hour. Vol- 
ume per fraction was 6 ml. Optical density 
units per tube equals the optical density 
at 278 nm times the volume of the solu- 
tion in tube times the dilution. Roman 
numerals refer to peaks indicated DS I 
to IV. 
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water. The NGF is not retained by 
the column, and the fractions contain- 
ing the first peak are combined, lyophi- 
lized, and dissolved in a small volume 
of water. This is preparation CM in 
Table 1. 

Preparation CM is dialyzed against 
0.05M tris(hydroxymethyl)aminometh- 
ane-HCI buffer at pH 7.5. This is also 
the suspending buffer for chromatogra- 
phy on diethylaminoethyl-Sephadex and 
the initial eluant for the column, which 
was prepared according to method A 
of the supplier (11). After the first 
peak, increasing concentrations of NaCl 
in tris buffer were used as eluants 
(Fig. 1). Each set of fractions as in- 
dicated was combined to give the sam- 
ples marked DS I to IV, and the com- 
bined fractions were lyophilized. Analyt- 
ical disk electrophoresis (12) was per- 
formed on each peak (Fig. 2). We de- 
termined protein concentrations by the 
method of Lowry et al. (13), which we 
calibrated with bovine serum albumin; 
or we determined protein concentra- 
tions from the optical densities of the 
solutions at 278 and 260 nm and the 
equation given by Layne (14). 

Our best fractions were not homoge- 
neous (Fig. 2). Comparison of Fig. 2 
with the corresponding data in Table 
1 indicates that disks 2, 3, and 4 as a 
group are high in enzymatic activity 
and that 5, 7, 10, and 12 as a group 
are associated with high concentrations 
of NGF. We do not know whether a 
particular disk or several materials rep- 
resented by disks carry the activity. 

The specific activity of DS II as 
NGF is 106 times that of any pre- 
viously reported preparation, and the 
yield of activity is 107 times that ap- 
parent in the original homogenate 
(Table 1). Since making this observa- 
tion, we have found that the relation- 
ship between dose and response (in 
cruder extracts, such as CM) is com- 
plex. High concentrations of the ex- 
tracts inhibit outgrowth of neurites 
(15). This effect is generally attributed 
to toxic materials or inhibitors in the 
extracts which can be diluted out. 
Once a dilution is found which gives 
noticeable neurite growth, successive 
(often twofold) dilutions produce an 
increasing density of outgrowth, then 
a decrease. The decrease is naturally 
attributed to dilution of the "factor." 
We now find that successive tenfold 
dilutions reveal a second peak of ac- 
tivity (Table 2). The first peak is typi- 
cal of older assays; the second is a 
new feature not previously reported 

because the needed high dilutions were 
not examined. The figures given in 
Table 1 for homogenates are based on 
the older assays. 

The neurites grown in extracts at 
the two levels of dilution are not 
morphologically distinguishable. Fibro- 
blasts are sometimes seen, but distin- 
guishing their fibers from neurites is 
not difficult. At this time we see no 
way of explaining the peculiar response 
curve, without assuming that there are 
two NGF's which produce the same 
result, namely neurite development. 
We will refer to these as NGFA (re- 
sponsible for activity at low dilutions) 
and NGFB (responsible for activity at 
high dilutions). A recent report (16) 
suggests that there are at least two 
NGF's, as well as an inhibitor, in the 
crude extracts. 

The separation of the enzyme of 
fraction DS I from the nerve growth 
activity in DS II is probably important 
for the stability of NGF in the ex- 
tracts. The small enzyme activity shown 
in Table 1 for DS II was demonstrated 
by lyophilization of DS II from a vol- 
ume of 200 to 4 ml. When kept frozen 
this material retains its high activity, 
but when thawed and kept in the cold 
room (2? to 4?C) overnight 10-6 /Ag 
produces 3+ growth, whereas 10-10 tg 
of the original material promoted simi- 
lar growth. After the material stood 
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Fig. 2. Representation of disc electrophor- 
esis of various preparations of nerve 
growth factor; CM, DS I, DS II, DS III 
are preparations described in the text; 
CM III is a standard Cohen (4) prepara- 
tion, and DE III is the preparation de- 
scribed in reference 8. 
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Table 1. Fractionation of submaxillary glands of mature male mice. Totals are calculated for 
100 mice. The biological unit (bu) is the amount in 1 ml of solution, 0.04 ml of which added to 
0.02 ml of rooster plasma and a spinal ganglion of a 7 to 9-day chicken embryo produces 3+ 
outgrowth of neurites in 18 hours (3, 5). The esterase unit (tu) catalyzes hydrolysis of 1 
,tmole of tosylarginine methyl ester per minute for 4 to 8 ,mole in 10 ml of solution containing 
40 Amole of ester and maintained at 37?C and pH 8. 

Total amount Specific activities 

Fraction Protein NGF Esterase NGF Esterase 
(mg) (bu) (tu) (bu/,g) (tu/kg) 

Homogenate 2200 2.6 X 106 3 X 105 1.1 0.14 
35 to 75 percent 

(NH4) 2SO4 320 8 X 105 2.2 X 105 2.5 .70 
CM 180 6 X 105 2 X 105 3.0 1.1 
DS I 64 * 1.8 X 105 * 3.1 
DS II 19 2 X 1013 6 X 102 1 X 109 0.003 
DS III 78 5 X 104 2.6 X 104 0.6 .4 
Cohen CM III (3) 3-4 2 X 10o 67. 
DE III (8) 2-5 2-3 X 105 150 

* Could not be determined because of clot lysis. 

overnight at room temperature, the 
standard biological response required 
10-3 to 10-2 1Ag. When equal quantities 
of DS I and DS II are mixed at room 
temperature the biological unit be- 
comes 0.1 jug. These data indicate that 
the enzyme (or enzymes) can inacti- 
vate NGF. 

Large amounts of NGF produce 
"stunted" growth. A great many neu- 
rites seem to start but grow to less 
than full length (5). This may result 
from the exhaustion of some compo- 
nent of the culture medium by the 
5000 to 20,000 cells presumed capable 
of axonal growth in each ganglion. 
As the amount of NGF is reduced 
fewer but longer neurites are produced. 
At 4+ response a maximum length ap- 
pears to be produced for the time of 
growth. Greater dilutions result in the 
appearance of fewer neurites, but these 
are as long as those observed at levels 
scored 4+. Since each neurite may be 
assumed to be the product of a single 
cell and neurites of intermediate length 
are not seen, the response of the neu- 
ron to NGF never appears partial. We 
therefore suggest that any neuron 
which responds to NGF responds com- 
pletely by producing a complete axon. 

Incubation of cultures beyond 18 to 
48, or even 72, hours produces no ad- 
ditional neurites, although those al- 
ready present elongate. Textbooks de- 
scribe ganglionic neurons as producing 
in vivo a single neurite which may or 
may not bifurcate. Neurites developing 
in cultures also bifurcate. We think it 
is appropriate to suggest that each 
neuron can produce just one neurite 
under culture conditions as it can in 
vivo. 

The very high specific activity of 
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NGFB is of great interest. At 3 + re- 
sponse, achieved with 10-10 jg of 
NGFB per milliliter of test solution, 
the neurites are too numerous for con- 
venient counting. At 10-11 jug about 
100 neurites appear to grow from a 
single ganglion. At 10-12 xg fewer ap- 
pear, greater in numbers than in con- 
trol cultures, but of the full length 
seen at 3+ growth. The two dialyses 
in the method of preparation indicate 
that the NGF must have a molecular 
weight greater than 12,000 [the upper 
limit for permeation of cellophane cas- 
ings (17)]. If we assume that the 
molecular weight is 20,000, the num- 
ber of molecules which produces 100 
neurites is 0.04 X 10-11 X 10-6/20,- 

Table 2. Dose of NGF and response of 
ganglia. Chick embryonic ganglia (8 days of 
incubation) with 0.02 ml of medium 199, con- 
taining the indicated quantity of protein per 
milliliter, and 0.01 ml of rooster plasma were 
incubated for 16 to 18 hours and scored. The 
arbitrary scale of response is based on refer- 
ences 6 and 7. The numbers are the average 
scores of two to four embryos at each dose. 

Dose 
(ag) 

Response 

3000 No clot 
300 No clot 

30 1 
3 1 
0.3 Stunting (5) 
0.03 3.5 
3 X 10-2 2.5 
3 X 104 1.8 
3 X 10-5 0.9 
3 X 10-6 1.9 
3 X 10-7 2.0 
3 X 10-8 1.9 
3 X 10-9 2.3 
3 X 10-10 1.0 
3 X 10-11 0.5 
3 X 10-12 .5 
3 X 10-13 .5 
3 X 10-14 0 
3 X 10-15 0 
3 X 10-1( 0 

000 multiplied by Avagadro's number. 
This is 12 molecules. Use of any higher 
molecular weight will reduce this num- 
ber. If the several protein disks in 
DS II (Fig. 2) are not NGF's, the 
number will be less. This calculation 
is taken as evidence that each mole- 
cule of NGF evokes more than one 
neurite. Each molecule must in some 
way affect a number of cells. If the 
release mechanism for neurite out- 
growth is correct, NGF can affect sev- 
eral cells only if it does not become a 
part of the neuron affected. Thus a 
further mechanism must be postulated 
to allow a single molecule to act on 
several cells. 

Two possible mechanisms follow. 
(i) NGF may be similar to an enzyme, 
with the neuron analogous to substrate. 
The same NGF molecule may move 
from neuron to neuron causing each 
to produce a neurite. The NGF must 
be destroyed after an active life which 
is short compared to the 18-hour in- 
cubation time. Otherwise neurites with 
various lengths would be produced. 
(ii) NGF may enter as a molecule 
into some unidentified cell in the 
ganglion and there initiate [perhaps 
by derepression of a repressed operon 
(18)] the production of a neurite evo- 
cator which is the direct stimulator of 
neurite growth. 

Four different batches of NGFB 
have been prepared, all with the same 
high specific activity. The dilute prep- 
arations are much more stable in the 
cold (2? to 4?C) than are CM prepara- 
tions. The NGFB is stable for several 
months rather than for a few weeks 
as NGFA is. Varon and his co- 
workers (19) report a form of NGF 
with a high molecular weight whose 
specific activity is in the range found 
for Cohn fractions. We would liken it 
to NGFA. It is possible that NGFA 
and preparations with its activity carry 
NGFB bound to proteins which are 
not directly required for activity and 
appear to be homogeneous and there- 
fore very pure. It would take a chem- 
ically undetectable "impurity" of NGFB 
to account for the specific activity of 
NGFA preparations. The carrier pro- 
tein would be responsible for the ap- 
parent homogeneity. 

The necessity for NGF in the in- 
tact mouse is indicated by the results 
of immunological studies. Antiserums 
to Cohen's NGF have been produced. 
When given to newborn mice, it se- 
lectively destroys sympathetic neurons 
almost completely (20). Levi-Montal- 
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cini and Angeletti (21) demonstrated 
that fluorescent forms of the antibodies 
are fixed in the cytoplasm of neurons. 
Sabatini and his co-workers (22), who 
used the electron microscope, describe 
"considerable damage to most of the 
neurons while neurolemma and endo- 
thelial cells remain intact" a few hours 
after injection of the antiserum. These 
findings are interpreted as cytotoxic 
antigen-antibody reactions in sympa- 
thetic neurons. The findings seem to 
require that NGF or some closely re- 
lated hapten be present in the neurons. 
However, the antibodies produced 
against Cohen NGF in this labora- 
tory or by Abbott (23) are complex 
as judged by the several precipitin 
lines that appear on Ouchterlony plates 
or by immunoelectrophoresis. We do 
not know whether there is an antibody 
to NGFB among these. 

We are uncertain whether NGFA 
and NGFB are entirely different sub- 
stances or differently bound forms of 
the same biologically active substance. 
However, it seems clear that the re- 
sponse by neurons is all-or-none, and 
that a single molecule may affect sev- 
eral neurons. 

ISAAC SCHENKEIN, MILTON LEVY 
ELMER D. BUEKER, EDWARD TOKARSKY 

Departments of Biochemistry and 

Anatomy, New York University 
College of Dentistry, New' York 

References and Notes 

1. E. D. Bueker, Anat. Record 102, 369 (1948). 
2. R. Levi-Montalcini and V. Hamburger, J. 

Exp. Zool. 123, 233 (1953). 
3. S. Cohen, J. Biol. Chem. 234, 1129 (1959). 
4. - , Proc. Nat. Acad. Sci. U.S. 46, 302 

(1960). 
5. R. Levi-Montalcini, H. Meyer, V. Hamburger, 

Cancer Res. 14, 49 (1954). 
6. S. Cohen, R. Levi-Montalcini, V. Hamburger, 

Proc. Nat. Acad. Sci. U.S. 40, 1014 (1954). 
7. S. Cohen, Chemical Basis of Development, 

W. D. McEllroy and B. Glass, Eds. (Johns 
Hopkins Univ. Press, Baltimore, 1958), p. 665. 

8. I. Schenkein and E. D. Bueker, Ann. N.Y. 
Acad. Sci. 118, 171 (1964). 

9. R. Levi-Montalcini, Harvey Lectures (Aca- 
demic Press, New York, 1964-65), p. 217. 

10. A similar enzyme in extracts of submaxillary 
glands has recently been reported [D. G. 
Attardi, M. J. Schlesinger, S. Schlesinger, 
Science 156, 1253 (1967)]. Our own examina- 
tion indicates that per milligram it is more 
active than trypsin when acting on the ester 
and that it liberates peptides with arginine 
at the carboxyl terminus when acting on 
proteins. We have examined performate- 
oxidized insulin, protamines, denatured cyto- 
chrome c from horse hearts and bovine fibrin- 
ogen. Lysine ethyl ester and polylysine are not 
attacked, but polyarginine is extensively 
hydrolysed. It appears to be an arginyl pep- 
tidase. 

11. Sephadex Ion Exchangers (Pharmacia Pine 
Chemicals Inc., New Market, N.J., undated). 

12. B. J. Davis, Ann. N.Y. Acad. Sci. 121, 404 

cini and Angeletti (21) demonstrated 
that fluorescent forms of the antibodies 
are fixed in the cytoplasm of neurons. 
Sabatini and his co-workers (22), who 
used the electron microscope, describe 
"considerable damage to most of the 
neurons while neurolemma and endo- 
thelial cells remain intact" a few hours 
after injection of the antiserum. These 
findings are interpreted as cytotoxic 
antigen-antibody reactions in sympa- 
thetic neurons. The findings seem to 
require that NGF or some closely re- 
lated hapten be present in the neurons. 
However, the antibodies produced 
against Cohen NGF in this labora- 
tory or by Abbott (23) are complex 
as judged by the several precipitin 
lines that appear on Ouchterlony plates 
or by immunoelectrophoresis. We do 
not know whether there is an antibody 
to NGFB among these. 

We are uncertain whether NGFA 
and NGFB are entirely different sub- 
stances or differently bound forms of 
the same biologically active substance. 
However, it seems clear that the re- 
sponse by neurons is all-or-none, and 
that a single molecule may affect sev- 
eral neurons. 

ISAAC SCHENKEIN, MILTON LEVY 
ELMER D. BUEKER, EDWARD TOKARSKY 

Departments of Biochemistry and 

Anatomy, New York University 
College of Dentistry, New' York 

References and Notes 

1. E. D. Bueker, Anat. Record 102, 369 (1948). 
2. R. Levi-Montalcini and V. Hamburger, J. 

Exp. Zool. 123, 233 (1953). 
3. S. Cohen, J. Biol. Chem. 234, 1129 (1959). 
4. - , Proc. Nat. Acad. Sci. U.S. 46, 302 

(1960). 
5. R. Levi-Montalcini, H. Meyer, V. Hamburger, 

Cancer Res. 14, 49 (1954). 
6. S. Cohen, R. Levi-Montalcini, V. Hamburger, 

Proc. Nat. Acad. Sci. U.S. 40, 1014 (1954). 
7. S. Cohen, Chemical Basis of Development, 

W. D. McEllroy and B. Glass, Eds. (Johns 
Hopkins Univ. Press, Baltimore, 1958), p. 665. 

8. I. Schenkein and E. D. Bueker, Ann. N.Y. 
Acad. Sci. 118, 171 (1964). 

9. R. Levi-Montalcini, Harvey Lectures (Aca- 
demic Press, New York, 1964-65), p. 217. 

10. A similar enzyme in extracts of submaxillary 
glands has recently been reported [D. G. 
Attardi, M. J. Schlesinger, S. Schlesinger, 
Science 156, 1253 (1967)]. Our own examina- 
tion indicates that per milligram it is more 
active than trypsin when acting on the ester 
and that it liberates peptides with arginine 
at the carboxyl terminus when acting on 
proteins. We have examined performate- 
oxidized insulin, protamines, denatured cyto- 
chrome c from horse hearts and bovine fibrin- 
ogen. Lysine ethyl ester and polylysine are not 
attacked, but polyarginine is extensively 
hydrolysed. It appears to be an arginyl pep- 
tidase. 

11. Sephadex Ion Exchangers (Pharmacia Pine 
Chemicals Inc., New Market, N.J., undated). 

12. B. J. Davis, Ann. N.Y. Acad. Sci. 121, 404 
(1964); L. Ornstein, ibid., p. 321. 

13. O. H. Lowry, N. J. Rosenbrough, A. L. 
Farr, R. J. Randall, J. Biol. Chem. 143, 265 
(1951). 

14. E. Layne, in Methods in Enzymology, S. P. 
Colowick and N. Kaplan, Eds. (Academic 
Press, New York, 1957), vol. 2, p. 454. 

9 FEBRUARY 1968 

(1964); L. Ornstein, ibid., p. 321. 
13. O. H. Lowry, N. J. Rosenbrough, A. L. 

Farr, R. J. Randall, J. Biol. Chem. 143, 265 
(1951). 

14. E. Layne, in Methods in Enzymology, S. P. 
Colowick and N. Kaplan, Eds. (Academic 
Press, New York, 1957), vol. 2, p. 454. 

9 FEBRUARY 1968 

15. E. Bueker, I. Schenkein, J. Bane, Cancer 
Res. 20, 1220 (1960). 

16. H. Hoffman, M. A. Naughton, J. McDougal, 
E. A. Hamilton, Nature 214, 1728 (1967). 

17. Directions for Use, Dialyzer Tubing Item 
#4465-A2 (Arthur H. Thomas Co., Phila- 
delphia, Pa., 1967). 

18. The authority for the use of operon, re- 
pressor, derepressor as terms for describing 
the development of multicellular organisms 
is not very clear. They were developed to 
explain genetic control of behavior in micro- 
organisms [F. Jacob and J. Monod, J. Mol. 
Biol. 3, 318 (1961); J. Monod, J. Changeux, 
F. Jacob, ibid. 6, 306 (1963)]. These terms 
have been used in about the same context 
as they are used here by Markert and by J. 
Lash in Cytodifferentiation and Macromolec- 
utlar Synthesis, M. Locke, Ed. (Academic 

15. E. Bueker, I. Schenkein, J. Bane, Cancer 
Res. 20, 1220 (1960). 

16. H. Hoffman, M. A. Naughton, J. McDougal, 
E. A. Hamilton, Nature 214, 1728 (1967). 

17. Directions for Use, Dialyzer Tubing Item 
#4465-A2 (Arthur H. Thomas Co., Phila- 
delphia, Pa., 1967). 

18. The authority for the use of operon, re- 
pressor, derepressor as terms for describing 
the development of multicellular organisms 
is not very clear. They were developed to 
explain genetic control of behavior in micro- 
organisms [F. Jacob and J. Monod, J. Mol. 
Biol. 3, 318 (1961); J. Monod, J. Changeux, 
F. Jacob, ibid. 6, 306 (1963)]. These terms 
have been used in about the same context 
as they are used here by Markert and by J. 
Lash in Cytodifferentiation and Macromolec- 
utlar Synthesis, M. Locke, Ed. (Academic 

relaxation. 

Although many data (1) indicate that 
the central nervous system is a major 
site of toxin action, tetanus toxin binds 
to skeletal muscle and produces ab- 
normalities of electrolyte flux within 
it (2, 3). Studies in which toxin labeled 
with fluorescein was used have shown 
marked selectivity for the central nerv- 
ous system and striated muscle. To in- 
crease the resolution of binding stud- 
ies, we used the technique of labeling 
proteins with horseradish peroxidase 
(4). 

Mice poisoned with a minimum satu- 
ration dose (9 jtg) of purified tetanus 
toxin (5) were killed when signs of 
generalized intoxication were well de- 
veloped. Pieces of intercostal and leg 
muscles were excised, fixed in 10 per- 
cent phosphate-buffered formalin for 4 
hours, and washed overnight in 0.7M 
phosphate buffer (pH 7.6) containing 
5 percent sucrose. Frozen sections 
(40 tm) were cut in a cryostat and 
incubated 30 minutes in tetanus anti- 
toxin labeled with horseradish peroxi- 
dase according to the method of Nakane 
and Pierce (4). The sections were 
washed with agitation for 30 minutes 
in phosphate-buffered saline, fixed with 
4 percent glutaraldehyde, washed, and 
incubated for 10 minutes in 0.05M 
tris-HCl buffer (pH 7.6) containing 
3',3'-diaminobenzidine and 0.001 per- 
cent HO02. After additional washing, 
the sections were treated for 90 min- 
utes in 1.3 percent Os04 in buffered 
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saline (pH 7.6) containing 5 percent 
sucrose. The sections were dehydrated 
and embedded in Epon 812. The em- 
bedded material was sectioned with a 
Porter-Blum microtome and examined 
in an RCA EMU-3F electron micro- 
scope. Unstained sections and sections 
stained in 1 percent uranyl acetate in 
ethanol were examined. Staining in- 
creased the contrast of muscle struc- 
tures but left the histochemical reac- 
tion product unaltered. Control prepara- 
tions consisted of normal skeletal mus- 
cle incubated with tetanus antitoxin 
labeled with peroxidase. Immunoelec- 
trophoresis of the labeled antitoxin was 
also performed to ascertain whether 
the antitoxin was labeled and whether 
it retained its ability to react with the 
toxin. The precipitin line was found 
in its normal position, and staining 
with 3',3'-diaminobenzidine revealed 
that the line contained peroxidase ac- 
tivity. Despite the rigorous treatment 
of the tissues, the major ultrastructural 
components of skeletal muscle, were 
still recognizable. Myofibrillar fine struc- 
ture was less disrupted than elements 
of the sarcotubular system. However, 
transverse and longitudinal components 
were easily identified. 

In muscle from intoxicated mice, 
frequent but not ubiquitous accumula- 
tions of electron-opaque amorphous 
material characteristic of the histochemi- 
cal reaction product were found free 
within the lumen and on the lumenal 
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Tetanus Toxin: Fine Structure Localization of Binding 
Sites in Striated Muscle 

Abstract. When striated muscle from mice poisoned with purified tetanus 
neurotoxin was incubated with tetanus antitoxin labeled with horseradish per- 
oxidase and stained for peroxidase activity, an electron-opaque reaction product 
was found in the transverse and terminal sacs of the longitudinal elements of the 
sarcotubular system. Demonstration of toxin in this location suggests that it 
acts by interfering with contraction coupling or mechanisms of contraction- 
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