in the air is applicable to the particles
found in the lung only if the isotope
compositions of these two media are the
same. (We show later on that the iso-
tope compositions were roughly equal.)
The activities thus determined for the
four particles or particle combinations
found in the tissue were 1.6, 1.8, 1.5,
and 1.7 ppc, respectively. By taking the
average for these values and comparing
it with the value for total-fission-product
activity detected in the lung, assuming
this activity is all in particulate form,
one can calculate that the lung of our
study contained approximately 264 par-
ticles at the time of death. The isotope
composition of the radioactive particles
was not determined because of their
very low activities. However, a com-
parison has been made between the iso-
tope content of the lung and of air, and
the results agree fairly well. During the
4-week period just before the lung was
received in this laboratory the relative
proportions, in the filter samples, of the
y-emitting fission-product combinations
of Table 1, cols. 4-6, in the order of
the table columns, were as follows: 1.0
to 0.8 to 1.3. For the lung tissue, the
averages for the same activities [weighted
for the amount of tissue (by weight) in
which they occurred] are 1.0 to 0.6 to
1.2. While there may be some differ-
ences between the relative proportions
in air and in the lung, we do not think
these differences would appreciably af-
fect the applicability of the calibration
procedure to the lung particles, in view
of the preliminary nature of the results.
Although an actual dosage of radia-
tion to the lungs is difficult to calculate
because of the many unknown physical
and biological parameters, one can cal-
culate by Loevingers’ equations (J5)
that a particle of Zr* in equilibrium
with Nb¥, having an activity equal to
the average for the four particles found,
with a 120-day half-life in the lung,
would deliver a total of 2 X 10° rad at
a distance of 10 u. A sphere of this
radius could contain as many as 16
cells. At a distance of 1 mm from the
particle the dose would fall to 0.2 rad.
It is felt from these preliminary find-
ings that more work is needed in locat-
ing, measuring, and tracing these parti-
cles in human tissue, so that the ulti-
mate disposition and radiation dose can
be established.
AUDREY V. WEGST
CHARLES A. PELLETIER
G. HoyT WHIPPLE
School of Public Health,
University of Michigan, Ann Arbor
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Intercellular Diffusion

Abstract. Fluorescein-sodium, a fluo-
rescent tracer whose molecular weight
is 376, diffuses rather freely from the
interior of one cell to another in a
gland epithelium (Drosophila) but does

not diffuse along the intercellular space

to the exterior. The permeability of the
junctional surfaces of the cell mem-
branes appears to be high, in contrast
to the nonjunctional surfaces and in-
tercellular spaces which represent strong
diffusion barriers.

A recent study on permeability prop-
erties of an epithelium (Drosophila
salivary gland cells) revealed that small
ions, such as K*, Na* and Cl-, move
rather freely from one epithelial cell
to another. The permeability of the
epithelial cell membrane was found to
be so modified at the junctional sur-
faces between cells that, in contrast to
the rest of the cell surface, the junc-
tional surfaces offer no substantial re-
striction to ion flow (Z, 2). We have now
extended this study to ions of larger
size with the aid of a fluorescent tracer,
fluorescein-sodium.

Fluorescein-sodium (molecular weight
376) diffuses readily through cyto-
plasm, where it is detectable at very
low concentrations (107°M, above pH
7). We have injected fluorescein-sodium
into single cells with micropipettes and
have followed its diffusion through a
chain of cells in a beam of ultraviolet
light. The salivary gland cells of
Drosophila are arranged in a single
layer. The cells are large (about 100 g
in diameter) and quite transparent to
visible and ultraviolet light. Approxi-
mately 5 X 10° ml of fluorescein-
sodium (10mM fluorescein in saline
solution) were injected into a given
cell. This represents about 1/70 of the
(single) cell volume, a change in
osmolarity of less than 0.1 percent for
the single cell, and a change of less
than 0.0005 percent after final dilution

into the whole epithelium. Such injec-
tions appeared to have no damaging
effects; the cell volume, the cell trans-
parency, and the cell membrane po-
tential remained unaltered.

The injected fluorescein-sodium is
visible initially as a fluorescent bleb of
a few microns in diameter around the
micropipette. From there it spreads
through the cytoplasms of the injected
cell and adjacent ones (Fig. 1). Within
3 to 20 minutes all cells, except a few
near the gland duct, become fluorescent.

The diffusion of the injected fluores-
cein appears to be strictly from cell to
cell. There were no detectable leaks
of the substance to the exterior. To
observe possible leakage through the
cell surface membranes or intercellular
spaces, the epithelium was moved from
time to time to a new position in the
bathing solution, and the solution was
scanned for fluorescence. This is a
fairly sensitive method. When cells were
punctured experimentally, leaks to the
exterior were detectable through single
holes of 1 to 3 u diameter. In intact
cells, fluorescein-sodium never appeared
in the exterior, neither at the basal nor
at the luminal sides of the cells.

Thus, while there is no substantial
barrier to diffusion across the surface
of the cell membrane at the junction
between cells, there appears to be a
strong barrier to diffusion across the

Fig. 1. Intercellular diffusion of fluores-
cein-sodium. The gland is isolated, placed
in a physiological solution, and viewed
under a compound microscope in an ultra-
violet darkfield. Photomicrographs: a, at
moment of injection of about 5 X 10~°
ml of fluorescein-sodium into one of the
200 cells of the gland; b, 2 minutes; ¢, 4
minutes; d, 6 minutes; e, 8 minutes; f, 10
minutes; g, 12 minutes; 4, 14 minutes; i,
16 minutes; j, 18 minutes after injection.
Note the absence of fluorescence in the
solution bathing the gland. Calibration,
300 u.
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surface in contact with the cell exterior,
and to diffusion in the direction of the
intercellular space to the exterior. For
small ions the latter barrier amounts
to a resistance of, at least, 10* ohm cm®
2, 3).
Y. KanNoO

W. R. LOEWENSTEIN
Department of Physiology, College of
Physicians and Surgeons, Columbia
University, New York
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Thermal Denaturation of Collagen in
the Dispersed and Solid State

Abstract. Thermal denaturation tem-
perature of newly reconstituted collagen
fibrils: from rat tail tendons is 52°C
compared with 42°C for neutral solu-
tions. This suggests that the increase in
concentration of collagen within the
fibril increases the stability of the indi-
vidual molecules. The absence of firm
intermolecular bonds in these fibrils
rules out crosslinking as an explanation
for increased stability. “Aging” at 37°C
up to 1 year raises the shrinkage tem-
perature of reconstituted fibrous gels by
4° to 6°C and greatly increases re-
sistance to dissolution at high temper-
ature. The newly formed fibrils dis-
solve without shrinking, whereas older
gels exhibit shrinkage before dissolu-
tion. Since nearly all extractable col-
lagen is in the form of fibrillar aggre-
gates in tissue, it is unlikely that thermal
denaturation occurs at body tempera-
ture; therefore it could not be in-
volved as a necessary stage in collagen
resorption.

The relationship between denatura-
tion of collagen in the solid and dis-
solved state has physiologic significance,
since it has been proposed that de-
naturation of extractable collagen in
vivo at physiologic temperature is a
necessary stage in the catabolism of
collagen, preparing it for proteolytic di-
gestion (7).
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It is unlikely that any appreciable
amount of collagen in vivo is in molecu-
lar, or even small aggregate, dispersion
in the tissues since negligible amounts
of collagen are extractable at physio-
logic temperature and pH. Neutral ex-
tractable collagen is, in all probability,
in the form of fibrils which dissolve in
the cold, much like the newly reconsti-
tuted thermal gels (2).

Denaturation of collagen, as now
generally visualized, is a phase transi-
tion or “melting” of the highly ordered
molecule to a random state. Shrinkage
of collagen in the solid state and the
denaturation of dispersed molecules are
considered to be different manifestations
of the same phenomenon. Flory and
Garrett (3) showed that the tempera-
ture of denaturation is concentration-
dependent above a certain mini-
mum level, and that it exhibits a smooth
transition from the dispersed to the
solid phase.

In an effort to shed further light on
the relationship between melting in the

dispersed and solid state, the denatura-

tion temperature of dissolved collagen
at neutral pH was compared with the
temperatures of shrinkage and dissolu-
tion of reconstituted fibrils of increasing
age and diminishing extractability, and
also with those of the native tissue.
Freshly removed tendons from young
adult rats were dissolved in 0.1M acetic
acid in the cold; the solution so ob-
tained was clarified by sedimentation at
100,000g for 1 hour and then filtered.
Clear solutions of collagen (approxi-
mately 0.2 g/100 ml) were prepared
by reconstitution of the lyophilized ma-
terial in phosphate buffer, pH 7.6, T/
20.4, at 5°C, as previously described
(4). Opaque rigid gels composed of
striated fibrils were formed from the
cold neutral solutions by warming to
37°C for 10 minutes (4). Some gels
were formed in 0.2M and 1M NaCl at
pH 6 to 7. Collagen gels, 40 X 3 mm,
prepared in this manner in hematocrit
tubes under sterile conditions, were in-
cubated at 37°C for periods ranging

from 15 minutes to 1 year before use.

The temperature of shrinkage was
measured by suspending the tubes in
duplicate or triplicate in a water bath
in which the temperature was raised at
a rate of 1°C per minute. Shrinkage of
gels was readily apparent and could be
measured on the scale of the tube. Final
denaturation (dissolution) was mani-
fested as a loss in opacity and the rising
of . bubbles through the clear solu-
tion.

Samples of whole intact tendons from
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Fig. 1. Denaturation of collagen in solu-
tion measured by optical rotation. Solid
triangles, acetate ionic strength, 0.15; pH
4.2. All other curves represent collagen in
phosphate ionic strength, 0.4; pH 7.6 with
varying concentrations of arginine. Closed
circles, 0.4M arginine; open circles, 0.2M
arginine; X-X, 0.1M arginine; solid
squares, no arginine.

the same animals were freely suspended
in capillary tubes. After incubation un-
der the same conditions as the gels,
measurements of the shrinkage tempera-
ture were made in the same manner.

Denaturation of collagen dissolved
in phosphate and acetate buffers was
measured by the change in optical rota-
tion at 365 my again with a continuous
temperature increment of 1°C per min-
ute. Collagen concentrations, about
0.15 percent, were the same as those
in the solutions from which thermally
reconstituted gels were prepared. Ther-
mal precipitation was prevented by the
addition of 0.1 to 0.4M arginine (5).
By comparing denaturation temperature
over this range of arginine concentra-
tions it could be shown that this agent
did not greatly influence the results, nor
did it affect the shrinkage and denatura-
tion of the gels.

Reconstituted collagen gels incubated
at 37°C for 1 hour or less dissolved
completely on cooling to 5°C, indicat-
ing the absence of firm crosslinking
between molecules; the newly formed

Table 1. Temperature of shrinkage and de-
naturation in solid state, in degrees Celsius.

. Reconstituted Intact
Time gels tendons
of incu-
bation  ghrink. Denatu- Shrink- Denatu-
age® rationf age* rationf
15 min None 52 54-58 59
6 hr 45-52 52 56-58 58
22 hr  49-54 53-55 56-58 58
48 hr 50-53.5 54 57-59 59
10 days 49-53 58
28 days  49-55 57
375 days  53-56 None

* Temperature at beginning and end of shrink-
age. t Temperature of complete dissolution
of gel or tendon.
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