
ing of the colored microspheres would 
have occurred. This would have resulted 
in few macrophages in the TBLN with 
100 percent particle color homogeneity. 

The probability that particles are 
translocated from the lung to the TBLN 
by macrophages has important implica- 
tions. The movement of particles by this 
mechanism may be important in the dis- 
semination of macrophage-resistant 
microorganisms that gain entry to the 
host by the respiratory tract. Inhaled 
toxic particles could be disseminated in a 
similar manner (12). 

Immune responses induced to antigens 
deposited in the lungs may also b e  de- 
pendent on this mechanism of transloca- 
tion. Potential allergens are constantly 
inhaled. If these allergens were translo- 
cated to the TBLN's, hypersensitivities 
could occur. Conversely, if an infectious 
microorganism were deposited in the 
lung, translocation of the antigens of the 
microorganism to the TBLN's would be 
necessary for the induction of an im- 
mune response against the microorgan- 
ism. It has been shown that Langerhans' 
cells participate in immune responses by 
carrying antigen from the skin to the 
draining lymph nodes (13). 

This study and that of Corry et al.  (7 )  
indicate that PAM's can migrate from 
the alveolus to the TBLN's. Our results 
also indicate that PAM's can transport 
particles to the TBLN's and therefore 
could determine the induction of lung 
immune responses by regulating antigen 
translocation to the TBLN's. 
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Myofibrils Bear Most of the Resting Tension in 
Frog Skeletal Muscle 

Abstract. The tension that develops when relaxed muscles are stretched is the 
resting (or passive) tension. It has recently been shown that the resting tension of 
intact skeletal muscle fibers is equivalent to that of mechanically skinned skeletal 
muscle fibers. Laser diffraction measurements of sarcomere length have now been 
used to show that the exponential relation between resting tension and sarcomere 
length for whole frog semitendinosus muscle is similar to that of singlejbers. Slack 
sarcomere lengths and the rates of stress relaxation in these muscles were similar to 
those in skinned fibers, and sarcomere length remained unchanged during stress 
relaxation, as in skinnedfibers. Thus, in intact semitendinosus muscle of the frog up 
to a sarcomere length of about 3.8 micrometers, resting tension arises, not in the 
connective tissue as is commonly thought, but in the elastic resistance of the 
myojibrils. 

ALAN MAGID 
DOUGLAS J. LAW 
Department of Anatomy, 
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A simple form of muscular force is the 
"passive" tension that results when rest- 
ing muscles are stretched. The sum of 
the passive and active tensions is the 
total force acting to shorten a muscle. 
Passive tension is commonly attributed 
to elastic forces in the connective tissue 
and not to myofibrillar elasticity (1-3). 
This early view contrasts sharply with 
the more recent demonstration that the 
passive tension of single fibers is borne 
largely by the myofibrils, with a small 
contribution at extreme length from the 
collagen fibrils in the sarcolemma (4-7). 
To what extent might this also be true for 
whole muscles? 

To answer this question, we have mea- 
sured the variation of passive tension 
with sarcomere length (S)  in intact frog 
semitendinosus muscles. Muscles (8) 
were stretched in increments, and the 
tension was permitted to relax until it 
became steady or nearly so, that is, until 
it exhibited changes of less than 1 per- 
cent per minute (9). For measurements 
of S ,  a narrow beam of coherent light 
from a He-Ne laser could be directed at 
any point on the muscle. The diffraction 
pattern from the chosen region fell upon 
a ground-glass screen 300 mm away. S 

was calculated from the positions of the 
diffraction fringes, marked directly on 
the screen or photographed with a 35- 
mm camera (10). 

When a resting muscle was quickly 
stretched, tension rose immediately and 
then began to decay as soon as stretching 
stopped (Fig. 1A). S remained constant 
(changed less than 2 1  percent) during 
stress relaxation (Fig. 1B). The extent of 
stress relaxation increased with each 
step in length. These force responses 
showed no sign of the delayed rise often 
seen when activated muscles are 
stretched (stretch activation), nor did 
they show any sign of the short-range 
elastic component attributed by Hill (11) 
to a few weakly attached cross-bridges. 
These findings indicate that the forces 
studied here are purely passive. One 
indication that this force is viscoelastic 
and not simply viscous is that muscles 
that were held stretched overnight re- 
mained taut. 

The length-tension curves in four rest- 
ing muscles (Fig. 2A) represent the range 
of variation encountered in this study. 
Tension increased exponentially with S 
in all cases. The curves in Fig. 2A are 
calculated from the expression (12) 

where a is stress (force per cross-sec- 
tional area), Eo is the initial elastic modu- 
lus, a is an empirical constant, and E, is 

Table 1. Values of a and E, for the length-tension equation for resting muscles, Eq. 1. Tabulated 
are means t standard error of the mean (SEM). Data for intact fibers are from Rapaport (5); 
skinned fiber data are from Magid (7). The value of a for whole muscle does not differ 
significantly from that for intact fibers or skinned fibers (P  = 0.287, analysis of variance, rank 2 
affine hypothesis). The differences among E, values are significant (P  < 0.001). 

Preparation Number of Exponent a 
Initial elastic modulus, Eo 

samples ( X  lo3 ~ l m ' )  
-- - - 

Whole muscles 11 4.28 rt 0.19 2.6 t 0.25 
Intact single fibers 10 4.04* 9.8* 
Skinned single fibers 12 4.13 rt 0.10 5.4 t 0.75 

*No SEM's are reported because the values come from a single analysis of pooled data. 
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sarcomere strain, S/So - 1; we used val- 
ues of a and Eo obtained from a plot of 
the natural logarithm of stress versus 
strain (Fig. 2B). The curves for muscles 
2 and 3 have similar shapes, but the 
values of a and Eo differ; as expected 
from Eq. 1, both a and Eo interact to 
control the "stiffness" of the muscle. 
Average values of a and Eo for whole 
muscles are shown in Table 1, together 
with the same parameters for intact and 
mechanically skinned single fibers from 
semitendinosus muscles. 

Values of a for whole muscles and 
single fibers are not significantly differ- 
ent (Table I), an indication that the cur- 
vature of the length-tension relation is 
the same for all. Eo for whole muscle 
appears smaller than that for single fi- 
bers, but this must reflect systematic 
differences in the methods for estimating 
cross-sectional area in the different stud- 
ies. Whole muscles cannot bear less ten- 
sion than their component fibers. 

Other similarities emerge when whole 
muscle and single fibers are compared. 
So in whole muscle (2.14 + 0.02 pm) is 
very close to the value observed in 
skinned semitendinosus fibers [2.16 + 
0.04 pm (31. Thus the plasma mem- 
brane, connective tissue, and resting cal- 
cium levels do not substantially affect 
equilibrium rest length; rather, rest 
length is established by forces intrinsic 
to the resting sarcomere. As with 
skinned fibers, S remains unchanged 
during stress relaxation in whole muscle. 
This finding and the simple kinetics (Fig. 
1) indicate that stress relaxation pro- 
ceeds uniformly in each sarcomere. Fur- 
ther, the rates of stress relaxation in 
whole muscle and their dependence on 
stress are similar to those in skinned 
fibers (13). 

These findings are at odds with the 
widely accepted idea that the connective 
tissue is responsible for the resting ten- 
sion. Aside from its appeal to common 
sense, support for this view comes large- 
ly from two early studies (1, 2). Banus 
and Zetlin (I) reported that resting ten- 
sion in frog gastrocnemius muscles was 
unaffected after the muscle fibers were 
removed. This claim is difficult to evalu- 
ate because their procedure was not de- 
scribed and no anatomical data were 
given. Ramsey and Street (2) reported 
that the resting tension in sarcolemmal 
tubes was the same as that in single 
fibers, but this conclusion was later re- 
tracted (14). 

what 'role then does the connective 
tissue play? We believe that its contribu- 
tion to resting tension in whole semiten- 
dinosus muscle becomes important only 
at sarcomere lengths greater than -3.8 

pm. Four observations support this 
view. (i) Rapaport showed this for single 
intact fibers (4, 5) [other findings are 
qualitatively consistent with this view 

0 5 10 15 3  0  
Time (minutes) 

Fig. 1. (A) Force transient from a resting 
muscle quickly stretched from S = 3.3 to 3.7 
km. The time course of stress relaxation was 
analyzed in each of the records from this 
muscle. Two exponential processes were de- 
tected; both slowed with increasing strain. 
The first process was too fast to characterize 
accurately from our records. The second 
process was much slower (and larger), having 
time constants that varied linearly with stress 
from 50 seconds at S = 2.7 pm to 1180 sec- 
onds at S = 4.2 pm. (B) Sarcomere length (S) 
measured at a fixed point during tension de- 
cay (closed circles); S remained virtually un- 
changed during stress relaxation. Values of S 
observed at successive points along the mus- 
cle (open circles). Since the two types of 
length measurements barely differ, observa- 
tions made at a single point (the usual scheme 
in this study) are representative. 

2.20 3 .00  3.80 4 . 6 0  
Sarcomere  length (pm) 

I i I I I I l I I  
0  0.24 0 . 4 8  0 . 7 2  0 . 9 8  

Sarcomere strain 

Fig. 2. (A) Length-tension relation in four 
resting muscles. Tabulated are the values 
used in Eq. 1 to draw the solid line. (B) Stress- 
strain relation for muscle 3. After taking loga- 
rithms, Eq. 1 becomes (when e"' >> 1) 

In a = aeS + In Eda (2) 
Data from muscle 3 are plotted here according 
to Eq. 2. The solid line is a linear regression to 
the values above a strain of 0.3. The slope is 
a; E, is obtained from the y-intercept, In 
Ed.. 

(15)l. (ii) Passive tension in mechanically 
skinned fibers drops substantially below 
exponential increase at about this length 
(6, 7 ) ,  whereas in whole muscles it does 
not (Fig. 2A). (iii) Schmalbruch (16) re- 
ported that the collagen fibrils of the 
sarcolemma were initially slack but be- 
came aligned with the fiber axis at the 
length where resting tension increased 
sharply. (iv) Mechanically skinned rat 
cardiac myocytes, though showing ap- 
preciable resting tension, can be 
stretched farther than intact cells (17). 

On the basis of these considerations 
we conclude that, over the range of 
sarcomere lengths involved in natural 
movement (18), the passive resistance to 
stretching arises largely in the myofi- 
brils. What component of the sarcomere 
embodies this resting elasticity? In insect 
flight muscle, filamentous connections 
between thick filaments and Z lines 
serve this function (19). A similar ar- 
rangement has been proposed for verte- 
brate striated muscles (6, 7). 
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The Human Gene Encoding GM-CSF Is at 5q21-q32, the 
Chromosome Region Deleted in the 5q- Anomaly 

Abstract. Human granulocyte-macrophage colony-stimulating factor (GM-CSF) 
is a 22,000-dalton glycoprotein that stimulates the growth of myeloidprogenitor cells 
and acts directly on mature neutrophils. A full-length complementary DNA clone 
encoding human GM-CSF was used as a probe to screen a human genomic library 
and isolate the gene encoding human GM-CSF. The human GM-CSF gene is 
approximately 2.5 kilobase pairs in length with at least three intervening sequences. 
The GM-CSF gene was localized by somatic cell hybrid analysis and in situ 
hybridization to human chromosome region 5q21-5q32, which is involved in intersti- 
tial deletions in the 5q- syndrome and acute myelogenous leukemia. An established, 
human promyelocytic leukemia cell line, HL60, contains a rearranged, partially 
deleted GM-CSF allele and a candidate 5q- marker chromosome, indicating that the 
truncated GM-CSF allele may reside at the rejoining point for the interstitial deletion 
on the HL60 marker chromosome. 

KAY HUEBNER 
MASAHARU ISOBE 
CARLO M. CROCE 
The Wistar Institute, 
Philadelphia, Pennsylvania 19104 
DAVID W .  GOLDE 
SUSAN E. KAUFMAN 
JUDITH C. GASSON 
Division of Hematology-Oncology, 
School of Medicine, 
University of California, 
Los Angeles 90024 

Colony-stimulating factors (CSF's), 
proteins required for proliferation and 
differentiation of hematopoietic progeni- 

tor cells, are produced by a variety of 
human and murine cell types (I), includ- 
ing established cell lines (2). We previ- 
ously described the purification of a 
22,000-dalton glycoprotein with granulo- 
cyte-macrophage colony-stimulating ac- 
tivity (GM-CSF) from medium condi- 
tioned by the HTLV-11-infected human 
T-lymphoblast cell line Mo (3). Purified 
biosynthetic (recombinant) GM-CSF has 
all of the biological activities attributed 
to the protein purified from Mo-condi- 
tioned medium (3, 4). Differential stain- 
ing of cells in bone marrow-derived col- 
onies that had been stimulated by this 
GM-CSF demonstrated that the media- 

Fig. l .  Genomic map of the human GM-CSF RGBGB SG RMGM BR B R 
' i  * *  ' 9  ++ * 

gene. A bacteriophage A recombinant library "SF-2 * ' P n n *  "ikb 

(12) was propagated on DP50 supf bacteria H H H H H H  

with -25,000 recombinant phage per 100-cm 
plate. The library was screened by plaque 
hybridization with the full-length gel-purified H PP GP R P  P G  H 

GM-CSF cDNA clone that had been labeled pCH5.2 ' " $4 = *n " =' 4 * ' ' * * -I k b  

with 3 2 ~  by nick translation. Restriction maps NNAS N A 

were obtained by digesting DNA with various 
restriction enzymes, fractionating the digests on agarose gels, transferring the DNA to 
nitrocellulose filters, and hybridizing the filters with the 32P-labeled GM-CSF cDNA insert. The 
5.2-kb Hind 111 fragment of the CSF-2 that hybridized to the GM-CSF cDNA clone was 
subcloned into the Hind I11 site of pBR322 (pCH 5.2). In the construction of restriction maps for 
the subclone, the hybridization probe consisted of two smaller fragments of the GM-CSF cDNA 
clone that were prepared with Apa I and Eco RI, gel purified, nick translated, and hybridized 
individually to restriction endonuclease-digested pCH5.2 DNA. The fragments generated by 
digestion of the GM-CSF cDNA insert with Apa I represent nucleotides 1 to 288 (5') and 289 to 
780 (3'). The sites of cleavage for Eco RI (R), Sal I (S), Sma I (M), Hind I11 (H), Bgl I1 (G), Bam 
HI (B), Apa I (A), Nco I (N), and Pvu I1 (P) are shown. 
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tor induces growth of granulocyte, gran- 
ulocyte-macrophage, macrophage, and 
eosinophil colonies (5). In addition, puri- 
fied GM-CSF stimulates colony forma- 
tion by the HL60 and KG-l leukemic cell 
lines and is a weak inducer of differentia- 
tion in HL60 cells (5). Neutrophil migra- 
tion in agarose is inhibited by purified 
natural and biosynthetic GM-CSF (3),  
and neutrophil oxidative metabolism is 
potentiated by GM-CSF (6, 7), suggest- 
ing an important role for this mediator in 
both the production and function of gran- 
ulocytes for host defense. 

High molecular weight DNA was pre- 
pared from the Mo (8) and J-WM-I11 (9) 
HTLV-11-infected T-lymphoblast cell 
lines, the K562 (10) human erythroleuke- 
mia cell line, and the WIL-2 human B- 
cell line and analysed (11) for hybridiza- 
tion to a GM-CSF-complementary DNA 
(cDNA) clone (4). Single fragments of 
approximately 8.0 kilobases (kb) and 5.2 
kb were seen after digestion with Bam 
HI and Hind 111, respectively. Frag- 
ments of 3.8 and 2.7 kb were detected 
after digestion with Bgl 11. No differ- 
ences in restriction fragment lengths 
were seen among DNA's from these cell 
lines, nor when Mo and human liver high 
molecular weight DNA's were compared 
(4). As digestion with Bgl I1 yielded two 
fragments that hybridize to the cDNA 
clone, which itself has no internal Bgl I1 
sites, the GM-CSF gene contains at least 
one intron. 

The GM-CSF gene was isolated from 
normal DNA in order to determine its 
structural organization. A recombinant 
phage library (12) (prepared from Charon 
4a and fetal liver DNA) was screened 
with the GM-CSF cDNA clone as a 
probe. Two genomic GM-CSF clones 
were obtained from approximately 
750,000 recombinant phage. The clones 
each contained the Bam HI, Hind 111, 
and both Bgl I1 restriction fragments 
detected by DNA hybridization analysis 
(Fig. 1, CSF-2; the map was the same for 
both clones). Further comparative re- 
striction enzyme mapping of the genomic 
and cDNA clones revealed the existence 
of at least three introns in the human 
GM-CSF gene (Fig. 1). The total length 
of the gene is approximately 2.5 kb. 

A panel of 25 mouse-human hybrids 
(13), retaining defined subsets of human 
chromosomes, was analyzed for the 
presence of the GM-CSF gene by hybrid- 
ization of their DNA with the genomic 
clone of the 5.2-kb Hind I11 fragment as a 
probe (pCH5.2, Fig. 1). After hybridiza- 
tion of pCH5.2 plasmid DNA to Hind 
111-digested DNA from a normal donor, 
a single band of approximately 5.2 kilo- 
base pairs (kbp) was seen, while mouse 
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