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Extravasated serum seems to be the major modulator of
the local inflammatory response, because it provides both
proinflammatory and antiinflammatory components.
This report describes the rates of entry and turnover of
extravasated serum protein in dermal inflammatory le-
sions produced by the military vesicant sulfur mustard
(SM). Rabbits, bearing SM skin lesions, were given an
intravenous injection of Evans blue dye, so that at the
time of sacrifice, 2 hours later, their skin lesions were 2
hours and 1, 2, 3, 6, and 10 days ofage. Evans blue labels
serum albumin, a representative serum protein. By mul-
tiplying the amount of Evans blue contained in the le-
sions by a factor that converted micrograms ofEvans blue
into milligrams ofserum protein, the authors could esti-
mate the 2-hour rate ofentry ofserum protein into these
lesions. Serum protein in the lesions was both bound and
unbound. The unbound protein was extractable from the
lesions into the culture fluids, and, electrophoretically,
was similar in composition to serum protein. Grossly
edematous peak lesions (1 day of age) contained 7.8 mg
ofunbound serum protein per square centimeter ofskin.
Healing lesions (6 and 10 days of age) contained about
4.5 mg/sq cm, and normal skin about 1.7 mg/sq cm. Le-
sions 1 day ofage had the highest rate ofserum albumin
entry, and about 36% of this Evans-blue-labeled protein
was unbound, ie, extractable into the culture fluids. Le-

sions 3 and 6 days of age had a rate of serum albumin
entry that was roughly halfthat of 1-day lesions, and only
about 13% of this entering protein was unbound. Nor-
mal skin had a very low rate of serum albumin entry,
and only 8% of this entering protein was unbound. The
turnover rate of the unbound (extractable) serum pro-
tein could be estimated from the 2-hour entry rate ofthe
Evans-blue-labeled albumin and the total protein in the
culture fluids. In 1-day lesions, about 25% of the serum
protein in the culture fluids was protein which had en-
tered during the last 2 hours, so that 100% of this un-
bound protein should have been replaced once in 8 hours.
In contrast, in 3- and 6-day lesions, this unbound serum
protein should have been replaced once in about 35 hours,
and in normal skin once in 80 hours. Evans-blue-labeled
serum albumin continuously entered both the bound and
unbound compartments of the SM lesions, even during
the healing stages. The bound serum albumin was not
extractable into the culture fluids because most of it was
probably encapsulated by the now nonfunctional lym-
phatics within the explant and loculated within connec-
tive tissue compartments. It is concluded that the amount
ofserum protein in acute inflammatory lesions is rather
high and that it has an unexpectedly rapid turnover rate.
(Am J Pathol 1985, 121:28-38)

TO OUR KNOWLEDGE, there have been few, if any,
studies on the local turnover of serum protein in de-
veloping and healing inflammatory lesions. Most of the
studies in the literature have concerned the leakage of
serum protein from the circulation into areas of inflam-
mationsee 1-5 or the removal of serum protein from

these areas by the lymphatics,see 6.7 but not the turn-
over of serum proteins within the lesion itself. Such
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measurements were made possible by organ-culturing
lesion biopsies and assaying the unbound (serum) pro-
tein that was extracted into the culture fluids.

In the present report, Evans-blue-labeled serum al-
bumin was used in estimating the rates of entry and
turnover of serum protein in inflammatory lesions pro-
duced in the skin of rabbits by the vesicant sulfur
mustard (SM) (a radiomimetic alkylating agent). When
SM was applied topically, epidermal cells slowly died
during the first day (because of damage to their DNA),
and extravasation of serum and immigration of leuko-
cytes occurred.8 9 A crust-covered ulcer developed in 2-3
days, and healing was nearly complete in 10 days. No
abscesses developed, and no overt infection occurred.
Therefore, this seemed to be an ideal model for study-
ing an uncomplicated, slowly developing, acute inflam-
matory response in the skin.
The results presented herein show that the unbound

extravasated serum in SM lesions had a rather rapid
turnover rate. Such serum probably limits the damage
caused by the proteases and oxygen radicals released
by the infiltrating leukocytes.

Terminology

"Serum protein" refers to the protein that entered the
inflammatory lesions from the circulation (see Discus-
sion). It was both labeled (by Evans blue) and unla-
beled and both bound and unbound (see below). In this
report, labeled (and unlabeled) serum albumin is con-
sidered representative of all serum proteins.

"Labeled protein" refers to the Evans-blue-labeled
protein, which was almost entirely serum albumin. This
labeled serum albumin was used as a marker for serum
protein in general (see Discussion). It was both bound
and unbound (extractable).

"Unlabeled protein" refers to the serum protein in
the lesions that was not labeled by Evans blue. Most
of it was in the established lesions before Evans blue
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was injected intravenously. We could not determine the
bound unlabeled serum protein in the lesions; we could
only determine the unbound (extractable) unlabled se-
rum protein.
"Bound protein" refers to the protein that was bound

within the organ-cultured lesion and, therefore, not ex-
tractable into the culture fluids. Most of it was proba-
bly encapsulated within lymphatics or loculated within
connective tissue "capsules," but some of it was proba-
bly bound by the ground substance, and interstitial pro-
teins, such as collagen fibers (see Discussion).
"Unbound" and "extractable" are used interchange-

ably. Protein in the culture fluids was, by definition, un-
bound and extractable. Normal skin also contained an
appreciable amount of unbound (serum) protein, which
turned over slowly.

Materials and Methods

Production of SM Lesions

Dermal SM lesions of various ages were produced
in New Zealand white rabbits,8 as described in the
preceding report.9 After the animal was sacrificed, the
pelt was removed, the lesions were measured, and 1.0-
sq cm central biopsy specimens were taken and organ-
cultured.9 The cultured (and uncultured) biopsy speci-
mens were embedded in glycol methacrylate, sectioned,
stained with Giemsa, and histologically evaluated.9

Evans Blue Dye Injections

Scientists have used Evans blue dye (C.I. 23860) for
years to estimate vascular leakage.see 1-4 When injected
intravenously, it binds firmly to serum proteins, mainly
albumin.

In our experiments, a 1.00o solution of Evans blue
(Lot No. 213505, J.T. Baker Chemical Co., Phillipsburg,
NJ) in 0.9% NaCl was injected, at a dose of 20 mg per
kg of body weight, into the ear vein of rabbits, each
bearing dermal SM lesions, 10 minutes and 1, 2, 3, 6,
and 10 days of age. Two hours later, the animals were
sacrificed in the following manner: Sodium pentobar-
bital (65 mg/ml) in a dose of 1.5 to 2.3 ml (depending
on the size of the rabbit) was injected intravenously.
After the rabbits lost consciousness, we exsanguinated
them by cutting their femoral blood vessels, in order
to reduce the amount of intravascular blood in the le-
sions.

Different lots of Evans blue varied considerably in
dye content per milligram of powder. We therefore used
the same lot of dye in all of our Evans blue experiments.
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Evans Blue Extractions

Before each blue-stained lesion was removed from
the pelt, its average diameter was determined with
calipers (see Table 1). Then the central 1.0-sq cm bi-
opsy specimen was excised, trimmed of its underlying
muscle layer, and weighed. Representative areas (1.0 sq
cm) of normal skin from the same rabbit served as con-
trols (see Figure 1 and Table 1). The Evans blue dye was
extracted from each biopsy in 4.0 ml of formamide at
60 C for 72 hours, and its optical density measured at
620 nm in a spectrophotometer.8 "0 Standards of Evans
blue dye in RPMI 1640 culture medium were used to
convert optical density units to micrograms of Evans
blue.

Evans Blue Content of Culture Fluids and Serum

To 7.5 ml of culturefluid in a test tube, 1.2 ml of 407o
trichloroacetic acid (TCA) was added to precipitate the
protein. This precipitate was centrifuged at 2500 rpm
for 15 minutes and, after the supernate was decanted,
dried overnight at 45 C. It was then extracted at 60 C
for 3 days with 2.0 ml of formamide and read in a spec-
trophotometer at 620 nm. The amount of Evans blue
in 1.0 ml of serum was determined, as described in the
next paragraph for the dilute albumin standard.

Evans-blue-dyed bovine serum albumin was used as

a standard. Small test tubes, containing 2.5 to 50 lAg
of Evans blue dye in 0.5 ml of culture medium RPMI
1640, were prepared. To each tube, 0.5 ml of bovine se-

rum albumin (BSA) (4 mg per ml of RPMI 1640) was

added and thoroughly mixed. (The BSA, Cat. No. A-
9647, was purchased from Sigma Chemical Co., St.
Louis, Mo.) The Evans-blue-dyed albumin was then

precipitated with 0.14 ml of 40(0o TCA, dried, extracted
with formamide, and read at 620 nm, as just described.
In general, the ratio of Evans blue dye (extracted) to
optical density (OD) units (at 620 nm) was fairly con-
stant over a range of 0-10 ig of dye and 0.000-0.500
OD units.

Evans Blue Binding to Proteins

Part I

We investigated whether the Evans blue dye was ir-
reversibly bound to serum proteins at the concentra-
tions used in our experiments, namely, 20 mg/kg, or
about 1 mg/ml of serum for a 3 kg rabbit (which con-
tains about 60 ml of serum).
Two experiments were performed: a) 0.10 ml of Evans

blue (10 mg/ml of 0.9%7o NaCl) was added to 0.90 ml
of BSA (50 mg/ml of 0.9%7o NaCl); b) 0.10 ml of this
Evans blue solution was added to 0.90 ml of normal
rabbit serum, which also contains about 50 mg pro-
tein/ml.9 The test tubes were vortexed and left 10
minutes at room temperature. Then, trichloroacetic acid
(TCA) (1.0 ml of a 10%7o solution) was added, and the
resulting precipitate was centrifuged at 2500 rpm for
15 minutes. The supernates contained no visible blue
color-a result confirmed by spectroscopy at 620 nm.
Thus, the binding of Evans blue by serum proteins is
both rapid and complete at these concentrations.
To ascertain that Evans blue was not precipitated by

TCA, we mixed 1.0 ml of Evans blue (25 pg/ml of sa-

line) with 1.0 ml of 10% TCA. No precipitate was

formed, and after the pH was readjusted to neutrality,
the optical density was identical to that of the Evans
blue in saline diluted with an equal quantity of water.

Table 1-Amount of Evans Blue in the Entire Sulfur Mustard Lesion at Various Times After Its Inception

A B C D
Amount of Evans

Weight of the Amount of Evans blue in entire
Diameter of central 1.0-sq cm blue in the central lesion calculated

Age of entire lesion biopsy specimen 1.0-sq cm biopsy from surface areatt
SM lesion (mm) (mg) specimen* (ug) (Column C x Trr2)
Normal skin - 200 ± 20 1.7 ± 0.2

2 hours 10.3 ± 0.2 190 + 10 11.6 ± 2.4 9.8 ± 2.0
1 day 13.3 ± 0.7 320 + 20 13.7 ± 1.4 18.7 + 1.1
2 days 12.0 ± 0.4 250 10 7.7 0.8 8.7 0.9
3 days 11.7 ± 0.3 230 ± 20 5.1 ± 0.6 5.4 ± 0.4
6 days 11.9 ± 0.9 190 ± 10 5.1 ± 0.5 5.7 + 0.7
10 days 11.6 + 0.7 190 ± 10 6.2 ± 0.4 6.6 ± 0.8

These figures are plotted as the top curve of Figure 1.
t The Evans blue content of the entire lesion was calculated by multiplying the surface area of the lesion (with the formula nr2, where r is the radius)

by the amount of Evans blue in the 1.0-sq cm biopsy specimen. For these calculations, we assumed that the lesion was a flat disk instead of an ellipsoid.
The means and their standard errors are listed.

t The figures in Column D are slightly different from those that would be obtained by using the means in columns A and C; because in Column D,
the values for each of the 6 rabbits were calculated individually and then averaged.
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When the experiment was repeated with a higher con-
centration of Evans blue (1.0 mg/ml), no visible precipi-
tate was seen, even after centrifugation.

Part II

In a similar experiment, we incubated the same con-
centrations of Evans blue, BSA, and normal rabbit se-
rum as in Parts Ta and lb for 10 minutes at 37 C (in-
stead of at room temperature) to determine which serum
proteins bound the Evans blue. The Evans blue solu-
tions were then electrophoresed on two identical slabs
of agarose gel."1 One of the slabs was stained with
Coomassie blue to identify the various serum proteins;
the other slab was left unstained so that the location
of the Evans blue dye could be matched with the bands
on the Coomassie-blue-stained preparation. Over 95%
of the Evans blue was bound to the albumin fraction
of serum. A faint but distinct Evans-blue-dyed band
was discernible in the P-globulin fraction (see Part IV,
below). The other serum fractions were essentially un-
stained by Evans blue.

Part III

A third experiment was performed to determine sta-
bility of the Evans blue-protein binding. Once bound
to one protein, could Evans blue leave and bind to an-
other protein? Evans blue-serum and Evans blue-BSA
complexes were prepared at 37 C, as described in Part
II above. Then an equal quantity of undyed BSA and
undyed rabbit serum was added, respectively, to each,
and they were further incubated at 37 C. Aliquots were
removed at 1, 8, and 24 hours and electrophoresed on
agarose slabs, as described in Part II. The unlabeled
BSA did not remove Evans blue from the P-globulin
fraction of labeled serum; and the P-globulin fraction
of unlabeled serum did not remove Evans blue dye from
the labeled BSA. In other words, the binding of Evans
blue to these serum proteins seemed irreversible, at least
under these conditions.

Part IV

A fourth experiment was performed to determine
which protein fractions of the organ-culture fluids were
labeled with Evans blue. Nine 1-day SM lesions were
produced in the skin of a rabbit. Evans blue was in-
jected intravenously 2 hours before the rabbit was killed.
The lesions were removed and organ-cultured for 24
hours. Then the culture fluids were pooled, concentrated
by Amicon filtration,11 and electrophoresed on two
identical slabs of agarose gel, as just described in Part
II (above). Two approximately equal protein fractions
had been stained by the intravenous Evans blue: a) the
expected albumin fraction and b) an unexpected, diffuse
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Figure 1- Evans blue content in 1 .0-sq cm central biopsy specimens of rab-
bit dermal sulfur mustard lesions of various ages. The Evans blue is bound
to (and is a measure of) the serum protein (albumin) that entered the le-
sions during the 2 hours before the animal was sacrificed. The top graph
depicts the micrograms of Evans blue per 1.0-sq cm explant, extracted by
formamide from 12 lesions at each time period (two lesions from each of
6 rabbits). The bottom graph depicts a) the micrograms of Evans blue per
1.0-sq cm explant, extracted by formamide from 18 organ-cultured lesions
at each time period (three lesions from each of 6 rabbits after 3 days in
culture), plus b) the Evans blue extracted by formamide from protein (in the
first-, second-, and third-day culture fluids) precipitated by 5% trichloroace-
tic acid (TCA). The slight discrepancy was probably due to some hydrolysis
of Evans-blue-bound serum protein by tissue proteases during the 3 days
of culture. Such hydrolysis could have produced TCA-soluble Evans-
blue-bound peptides.

This figure clearly shows that the early SM lesions (2 hours, 1 day, and
2 days of age) had more extravasation of (Evans-blue-labeled) serum pro-
tein (albumin) than healing lesions (3 and 6 days of age). (For the "not-
cultured" biopsies, using the one-tailed, paired-sample Student t test, P was
<0.001 for 1-day lesions versus 3- or 6-day lesions, and P was 40.025 for
2-hour or 2-day lesions versus 3- or 6-day lesions. The means and their
standard errors are depicted. The slight rise at 10 days occurred only with
some rabbits and was not statistically significant.

P-globulin fraction. These findings suggest that part of
the Evans blue-labeled serum albumin within 1-day SM
lesions was altered in such a manner that it elec-
trophoresed with the P-globulin fraction. (In rats,
specific antibody identified albumin in this (3-fraction, 12
and albumin dimer formation was suggested as the
cause of the altered electrophoretic mobility.12)

Estimate of the Amount of Evans Blue in the
Entire SM Lesion

We used 1.0-sq cm explants of the SM lesions as the
basis of quantitation throughout this series of re-
ports.9""3 The amount of Evans blue in the entire le-
sion can be estimated by multiplying the amount of
Evans blue in the central 1.0-sq cm biopsy by the sur-
face area of the lesion (Table 1). The 2-hour Evans blue
lesions were slightly smaller than the 1.0-sq cm biop-
sies, and the 1- and 2-day lesions were somewhat larger,
especially the 1-day lesions (which were markedly

0 LI, "
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32 HARADA ET AL

edematous). The others were approximately the same
size. If the reader is interested in values for the entire
SM lesion, he or she can use Table 1 to obtain these
values from the tables and figures that we are presenting.

Protein Determination

The total protein in the culture fluids was determined
by Bradford's Coomassie blue procedure (Bio-Rad
Laboratories, Richmond, Calif), as described in our ac-
companying article.9 The Evans blue in the culture fluids
was too dilute to interfere with this procedure.

Statistics

The one-tailed, paired-sample Student t test was used.
The data were first examined to determine whether they
were normally distributed. In almost all instances, they
were, and outliers were rare. In the figures and tables,
the means and their standard errors are shown.

Results

Entry of Serum Protein Into SM Lesions

Evans blue dye was injected intravenously into rab-
bits bearing dermal SM lesions of various ages, and the
animals were killed 2 hours later. Almost immediately,
the Evans blue tagged the circulating serum albumin
(see Materials and Methods). Thus, during this 2-hour
period, the amount of serum protein that entered the
lesions (represented by the tagged albumin) was propor-
tional to the amount of dye that could be extracted from
the lesions.
The greatest accumulation of Evans blue dye oc-

curred in 2-hour, 1-day, and 2-day lesions (Figure 1).
A reduced accumulation (about 407o of peak values)
occurred in 3- and 6-day lesions. The slight rise in 10-
day lesions was not statistically significant nor repro-
ducible in a similar but smaller experiment.

Unbound Serum Protein in SM Lesions of Various Ages

The unbound (serum) protein in the organ-cultured
dermal SM lesions was extracted by the culture fluids.
This unbound protein falls into two categories: a) Evans
blue-labeled protein (albumin) (which entered the le-
sions during the 2-hour period between the injection
of Evans blue and the sacrifice of the animal) and b)
unlabeled protein (which was in the lesions prior to the
injection of Evans blue).

Evans-Blue-Labeled Albumin
In SM lesions, Evans blue is always attached to un-

bound and bound serum albumin and is never free. By

measuring the Evans blue extracted by the culture fluids
and the Evans blue remaining in the lesion explants af-
ter 3 days of culture, we could determine the relative
amounts of unbound and bound serum albumin in
these lesions.
Our results are presented in Table 2. The culture fluids

extracted 23 to 367o of the total (bound plus unbound)
Evans blue from 2-hour, 1-day, and 2-day lesions, but
only extracted 11-16% from 3-, 6-, and 10-day lesions.
In other words, a greater percentage of Evans-blue-la-
beled serum albumin was unbound when the lesions
were largest and most edematous, and their ground sub-
stance was in a sol state (see Discussion). Conversely,
a greater percentage was bound in healing lesions, where
the gel state of ground substance had been reestablished.

Table 2 also compares the amount of Evans-blue-la-
beled albumin extracted from the lesions by first-,
second-, and third-day culture fluids, respectively. A
mean of 85% was extracted by first-day culture fluids,
and most of the remainder was extracted by second-
day culture fluids.

Unlabeled Unbound Protein

By measuring the total protein in the culture fluids
and subtracting the Evans-blue-labeled protein, we
could calculate the amount of unlabeled unbound pro-
tein. Evans-blue-labeled protein (represented by Evans-
blue-labeled serum albumin) contained 0.54 mg of pro-
tein for every 1.00 Mg of Evans blue (see Table 3).
The concentrations of both total protein and Evans-

blue-labeled protein were highest in the culture fluids
of 1-day lesions (Table 3 and Figure 2). Subsequently,
the total unbound protein dropped slowly to 55% of
peak values, and the Evans-blue-labeled unbound pro-
tein dropped rapidly to 15% of peak values.

Thus, after the first-day peak, "fresh" serum protein
apparently entered SM lesions at a decreased rate; and,
therefore, "older" serum protein constituted a larger per-
centage of the serum protein within such lesions (Table
3, Column D).
The slight rise in the leakage of serum protein in 10-

day lesions was not always present, nor was it statisti-
cally significant. The increased leakage in some of the
healing lesions was probably due to the scratching and
irritation of such lesions by the rabbit.

Turnover of Unbound Serum Protein in SM Lesions

The data just described suggest that early lesions have
a rather high serum protein turnover. Evans-blue-la-
beled serum albumin comprised nearly all of the se-
rum albumin entering during the life of a 2-hour le-
sion. Such lesions were started 10 minutes before the

AJP * October 1985
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Table 3-Unbound (Serum) Protein Turnover in Sulfur Mustard Lesions*t

A B C D E F G
Time re-

Total extract- No. of turnovers quired to
2-hour (serum) able (serum) in 24 hours: once the

Evans blue protein (C) protein enter- total extractable extractable
extracted Evans blue- entry as per- ing the le- protein entering (serum)
into 1-, 2- Total protein labeled pro- cent of total sions in 24 the lesions (E) protein in

Age of SM and 3-day in 1-, 2- and tein in these protein (B) in hour at 2- divided by total the lesions
lesions culture 3-day culture fluids these culture hour rate extractable pro- /24hre
(1.0-sq cm fluids culture fluids (A x 0.54) fluids (C/B x (C x 12) tein present (B)t (
explants) (jg) (mg) (mg) 100%) (mg) (E/B) \ F!

Normal skin§ 0.07 ± 0.06 1.7 ± 0.311 0.04 + 0.03 2.4% 0.5 + 0.4 0.3 x 80 hours
2 hours 2.49 ± 0.51 3.0 ± osIl 1.34 ± 0.28 44.7% 16.1 ± 3.4 5.4 x 4 hours
1 day 3.50 ± 0.33 7.8 ± 1.0 1.89 ± 0.18 24.2% 22.7 ± 2.2 2.9 x 8 hours
2 days 1.43 ± 0.19 6.0 ± 0.7 0.77 ± 0.10 12.8% 9.2 ± 1.2 1.5 x 16 hours
3 days 0.53+ 0.09 5.4 0.6 0.29 0.05 5.4% 3.5 0.6 0.6 x 40 hours
6 days 0.57 + 0.13 4.7 ± 0.4 0.31 ± 0.07 6.6% 3.7 + 0.8 0.8 x 30 hours
10 days 0.92 ± 0.22 4.3 + 0.4 0.50 ± 0.12 11.6% 6.0 ± 1.4 1.4 x 17 hours

* The 6 rabbits used in this experiment were not the same 6 used in the preceding paper.9
t For this table, we have assumed 1) that the unbound Evans-blue-labeled serum albumin was representative of all unbound serum protein in the

lesions, and 2) that the unbound proteins in the lesions were almost all serum protein, rather than tissue protein (see Discussion). To convert "serum
protein" in this table to "serum albumin" (which is what we labeled with Evans blue), multiply the figures in Columns B, C, and E by 66.2%.see " The
figures in the other columns would be unchanged. A complete analysis of this table appears as the Appendix of this report.

t This is the 24-hour turnover rate if the 2-hour rate were maintained (see footnote in Appendix). This rate is plotted in Figure 3. The P values for
the number of turnovers in 24 hours (listed in Column F) are as follows: normal skin versus 1-day lesions, P < 0.001; normal skin versus 2-, 3-, 6-, or
10-day lesions, P < 0.02; 1-day lesions versus 3- or 6-day lesions, P < 0.001; 1-day lesions versus 2- or 1 0-day lesions, P < 0.01; 2-day lesions versus
3-day lesions, P < 0.001; 2-day lesions versus 6-day lesions, P < 0.01.
§ Normal skin from the 6 rabbits with SM lesions used in this experiment. The average total protein of 1.7 mg extracted from 200 mg normal explants9

by culture fluids compares favorably with the 8.0 mg of serum albumin extracted from 1.0 g of rat skin by homogenization.12
11 The 1.7 and 3.0 figures were really 1.73 and 3.03 (see Appendix).

intravenous Evans blue injection.* In contrast, a 24-
hour lesion had a 22-hour influx of unlabeled serum

albumin and only a 2-hour influx of Evans-blue-labeled
albumin entering during its lifetime. One can use these
findings to estimate the turnover of unbound serum pro-
tein (albumin) in SM lesions of various ages (Table 3).
If we assume that 2-hour entry of Evans blue into 1-
day SM lesions was continued at this rate for 24 hours,
then these 1-day lesions turned over their unbound se-

rum protein about 2.9 times in 24 hours. Similarly, 2-
day lesions turned over their unbound serum protein
about 1.5 times in 24 hours; 3- and 6-day lesions, about
0.7 times; and 10-day lesions, about 1.4 times (Table
3, Column F, and Figure 3). As mentioned above, the
rise at the 10-day figure was not always present. The
differences in these turnover rates between 1-day lesions
and 3- or 6-day lesions were highly significant (P <
0.001).

These results can also be expressed as the time re-

* In 2-hour lesions, a negligible amount of serum protein
should have extravasated during the 10 minutes before the
Evans blue injection. SM injury tends to be delayed, so such
leakage should not have started immediately. At most, the
first 10 minutes would represent 8% of the total leakage into
the 2-hour lesions. (Such lesions were really 130 minutes old).

quired for one complete turnover of the serum protein
in the lesions (Table 3, Column G). One-day lesions
turned over their protein once in about 8 hours; 2-day
lesions, once in about 16 hours; 3- and 6-day lesions,
once in about 35 hours. Although the turnover rate of
serum protein in the healing lesions decreased markedly,
the total unbound serum protein within these lesions
decreased relatively little (Figure 2).

Turnover of Serum Protein in Normal Skin

Normal skin also contained unbound serum protein.9
Specifically, in these experiments 1.7 ± 0.3 mg of such
protein was extracted from 1.0-sq cm biopsy specimens
of the normal skin between the SM lesions (Table 3).
The turnover of this unbound serum protein (measured
as serum albumin) was slow, compared with that in
acute inflammatory lesions, ie, once every 80 hours in
contrast to once every 8 hours in the 1-day inflamma-
tory lesions (Table 3; also see Figure 3).

These experiments were repeated with normal skin
from 4 rabbits without SM lesions. Their skin contained
about 3 times the total amount of Evans blue (per 1.0
sq cm) as the normal skin of the SM rabbits represented
in Table 2, Column A; about 10 times the amount of
unbound Evans blue (extracted by the culture fluids)
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PROTEIN EXTRACTED
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Figure 3-Daily turnover rates of unbound serum protein in normal skin
and in developing and healing sulfur mustard skin lesions. The 24-hour turn-
over rates were extrapolated from 2-hour turnover rates (see Table 3 and
Appendix). The P values for this figure are presented in footnotet of Table 3.

AGE OF SULFUR MUSTARD SKIN LESIONS

content and in the amount of Evans blue extracted by
the culture fluids. One would also expect variations in
the turnover rates of serum protein in normal skin. For
this reason, we believe that each rabbit should provide
its own normal skin controls.

Discussion

Normal 2 hrs day 2 days 3 dOays 6 days 10 dOays
skin

AGE OF SULFUR MUSTARD SKIN LESIONS

Figure 2-Amount of protein (top graph) and Evans blue (bottom graph)
extracted by culture fluids from 1.0-sq cm central biopsy specimens of rab-
bit dermal sulfur mustard lesions of various ages. As stated in Figure 1,
the Evans blue is bound to (and is a measure of) the serum protein (albu-
min) that entered the lesions during the 2 hours before the animal was
sacrificed. Each 1.0-sq cm biopsy specimen was cultured in 2.5 ml; the first-,
second-, and third-day culture fluids were assayed for protein and Evans
blue, and the totals from all 3 days of culture are depicted in the graphs.
Note that the protein extracted from the lesions by the culture fluids de-
creased only slightly as the lesions healed. (For 1-day SM lesions versus
3- and 6-day SM lesions, P was <0.02.) Note also that the Evans blue ex-
tracted from the lesions by the culture fluids decreased markedly as the
lesions healed. (For 1-day SM lesions versus 3- or 6-day SM lesions, P was
<0.001.) During the healing process, not only did less Evans-blue-labeled
(serum) protein enter (see Figure 1), but that which did enter was evidently
more firmly bound (Table 2). The 6 rabbits used in this experiment were
not the same 6 used in our accompanying paper.9

(see Table 3, Column A); and about the same amount
of total unbound protein (extracted by the culture
fluids).

Thus, the normal skin of rabbits from different ex-

periments showed considerable variation in Evans blue

Serum, extravasated into local inflammatory sites,
contains potentially proinflammatory factors,'4"5 eg,
complement components, kininogen and plasminogen,
and antiinflammatory factors,'6 eg, inhibitors of chemo-
taxis,"''8 antiproteases (a,-antiproteinase, a2-macro-
globulin, and a2-antiplasmin),'9 ceruloplasmin (an anti-
oxidant),20 and kininase.'4 Since extravasated serum is
such an important modulator of the inflammatory re-

sponse, we measured the rates of entry and turnover
of serum protein in developing and healing inflamma-
tory skin lesions (produced by SM) before we measured
some of the specific mediators that were present.
Two hours before rabbits (bearing dermal SM lesions

of various ages) were killed, Evans blue dye was injected
intravenously. This dye immediately labeled the circulat-
ing serum albumin (see Materials and Methods). This
labeled albumin was used as a measure of the 2-hour
rate of serum protein entry into the SM lesions. Within
the lesions, 64-89% of the entering labeled albumin
was bound (Table 2), but the remainder was unbound
and could be extracted by the culture fluids along with
unbound, unlabeled (serum) protein, much of which
had previously entered the lesions.

This model allows some definite conclusions to be
made on the entry, distribution, and turnover of serum
albumin in developing and healing SM lesions and al-
lows some tentative conclusions for the other serum pro-

teins that accompanied this serum albumin.
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Definite Conclusions

a) The leakage of serum albumin into peak lesions
(2 hours to 1 day) was about twice that into healing
lesions (3-10 days) (Figure 1 and Table 1). b) The leak-
age into healing lesions was about three times that into
normal skin. c) Within the lesions, an average of 207o
of the extravasated serum albumin was unbound, ie,
extractable into the culture fluids (Table 2). d) This un-

bound serum albumin had an unexpectedly high turn-
over rate: once every 4-8 hours in peak lesions, and once

every 30-40 hours in healing lesions (Table 3). Even dur-
ing the healing stages of these acute inflammatory le-
sions, appreciable amounts of serum protein still en-

tered and left the site (Figure 3 and Table 3). Therefore,
serum protein could play a major modulating role in
all stages of the inflammatory process.

Tentative Conclusions

a) The serum albumin/globulin ratio in the culture
fluids was about the same as in serum itself." There-
fore, the turnover of the unbound serum albumin might
reflect the turnover of the unbound serum protein in
general. b) The bound Evans-blue-labeled serum al-
bumin (and probably other serum proteins) also had
an appreciable turnover rate. These two tentative con-

clusions warrant further discussion.

Unbound Serum Protein

Were we justified in using the entry rate of Evans-
blue-labeled serum albumin in the lesions as a rough
measure of the turnover rate of serum protein in
general? The answer is probably yes, as far as unbound
serum protein is concerned, because serum and culture
fluids showed similar two-dimensional gel electropho-
retic patterns."I
The constancy of the composition of the unbound

proteins in the lesions does not, however, assure identi-
cal turnover rates for each electrophoretic fraction:
globulin is larger than albumin and may enter and leave
the lesions more slowly than albumin. In other words,
the levels of each fraction in the extractable fluids may
remain relatively constant and yet may have different
turnover times. We do believe, however, that the turn-
over time of serum albumin measured in this report is
in the general range of the turnover time of the serum
globulins. They both enter inflammatory sites because
of vascular leakage and both leave primarily because
of drainage via the lymphatics. Such leakage and drain-
age should be affected only slightly by the differences
in the size of their protein molecules.

Bound Serum Protein

Serum protein (albumin) continually entered and was
bound in SM lesions of all ages, but the lesions did not
continually grow in size. Only the 1- and 2-day lesions
showed gross edema. Therefore, from the third day on,
the amount of serum protein that entered and bound
was probably equivalent to the amount of bound se-
rum protein that disappeared from the lesions. In other
words, the bound serum protein probably turned over
at an appreciable rate. Quantitation of this rate was im-
possible: we could not measure the size of the bound
serum protein pool in the lesions, because many non-
serum proteins were present.
Most of the bound (nonextractable) serum protein

in the explants was probably encapsulated within non-
functional lymphatics (see below). Some was probably
loculated within connective tissue compartments, or
"capsules."'" Some was probably bound to the ground
substance; and a small amount was probably adsorbed
onto collagen (and elastic) fibers.

Nevertheless, the high rate of entry of labeled serum
protein (albumin) into the bound serum protein pool
leads to several interesting speculations. Bound serum
proteins (at least the bound albumin) are not in equi-
librium with the unbound serum proteins extractable
into the culture fluids. Only 11-36% of the Evans-
blue-labeled serum albumin in the SM lesions was ex-
tracted into culture fluids over 3 successive days (Table
2). Therefore, 64-89%o of the serum albumin seemed
to be tightly bound.
How, then, did these "bound" serum proteins turn

over? We believe that they left via the lymphatics and
also were endocytosed and digested by cells in the in-
flammatory lesions, especially the macrophages and
fibroblasts. Evidently, the protein in the lymphatics was
not free to diffuse into the culture fluids, but was sealed
in place (ie, bound) by the lymphatic endothelium.
In vivo, the contents of the lymphatics are propelled
along valved channels by external movement (and con-
tractions of the larger lymphatics).6'7 In vitro, no such
movement occurs locally, and the larger lymphatics have
been cut, so they could not create suction on the smaller
lymphatics.
The unbound serum protein (the turnover of which

is described in this report) probably plays a more func-
tional role in inflammation than the bound serum pro-
tein. The unbound protein is freely diffusible and, there-
fore, available to provide local inflammatory mediators
(or inhibitors) throughout the lesion. In contrast, most
of the bound serum protein may formerly have been
unbound serum protein that had already played its role
and is now leaving the site via the lymphatics.
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Finally, normal skin contained appreciable amounts
of unbound and bound serum protein (Tables 2 and
3). The amount of this protein (and probably its turn-
over) varied from experiment to experiment, probably
because of skin thickness, hair density, room tempera-
ture, humidity, time of feeding, and the animal's age
and activity. Extravasated serum protein probably serves
an important function in the physiology of normal skin.
The distribution and turnover of extravascular serum

proteins (especially albumin) have been extensively stud-
ied in normal experimental animals6.12'22,23 and even in
man.see 24.25 In the body as a whole, the amount of se-

rum albumin found extravascularly is four to five times
that found intravascularly. 12 Of all the tissues, skin and
muscle contain the most extravascular albumin.12,22

Appendix

Comments on Table 3

ColumnA lists, in micrograms, the amount of Evans
blue dye found in first-, second-, and third-day culture
fluids (added together) from 1.0-sq cm SM lesion ex-

plants of various ages. The procedure for precipitating
the proteins from the culture fluids and determining
their Evans blue content is described in Materials and
Methods.
Column B lists, in milligrams, the amount of "serum"

protein found in first-, second-, and third-day culture
fluids (added together) from these explants, determined
by direct measurement with the Bio-Rad reagent. Some
of this extractable protein could have been released from
lesion components other than serum, but over 9007 was

probably of serum origin.see 11
Column C lists the protein equivalent to the Evans

blue label in the culture fluids. These results were de-
rived by multiplying the micrograms of Evans blue
(Column A) by 0.54 and changing micrograms to mil-
ligrams (ie, multiplying by 540).
The factor 0.54 x 103 was derived as follows. Ten

minutes after the application of SM to the skin (for 2-
hour lesions), Evans blue was injected intravenously.
It bound to the serum albumin immediately, so that
almost all ofthe serum albumin leaking into the 2-hour
lesions was labeled with Evans blue. The amount of
protein extracted into the culture fluids of 1.0-sq cm nor-

mal skin and 2-hour SM skin explants was 1.7 and 3.0
mg, respectively, by direct measurement (Column B)
with the Bio-Rad reagent (see Materials and Methods).
Thus, 2.49 ,g Evans blue found in the 2-hour lesions
(Column A) was equivalent to 1.34 mg (really "3.03"
minus "1.73-0.04") of unbound protein that we now call
"Evans-blue-labeled protein" because of its labeled se-

rum albumin content. (The "0.04 mg" is the unbound
Evans-blue-labeled albumin in normal skin, which we
must subtract from the 1.73 mg of total unbound pro-
tein in normal skin to obtain a value for the unlabeled
unbound protein in normal skin.) The factor 0.54 (ie,
1.34 mg of unbound "Evans-blue-labeled protein"
divided by 2.49 jg of Evans blue) converts micrograms
of Evans blue into milligrams of Evans-blue-labeled
protein.
We then used this factor in Column C to obtain the

milligrams of protein in the culture fluids for the 1-,

2-, 3-, 6-, and 10-day SM lesion explants. Into these
lesions, Evans-blue-labeled (serum) protein had ex-
travasated for only 2 hours, and unlabeled serum pro-
tein had previously extravasated for the rest of each
lesion's life, ie, for 22, 46, 70, 142, and 238 hours, respec-
tively. (The factor was similarly used for the normal
skin explants.)
Column D lists the extractable (serum) protein (un-

bound Evans-blue-labeled protein) entering each lesion
for the 2-hour period as a percent of the total extract-
able protein (total unbound protein) in each lesion.
Column E lists the total extractable (serum) protein

(total unbound Evans-blue-labeled protein) that would
have entered the culture fluids, assuming that the rate
of entry at 2 hours continued for 24 hours.t
Column Fcompares the total extractable (serum) pro-

tein (total unbound Evans-blue-labeled protein) enter-
ing in 24 hours (at the 2-hour rate,t shown in E) with
the total extractable (serum) protein (shown in B) found
in each lesion. Thus, it indicates for the SM lesions the
number of turnovers of extractable (serum) protein in
24 hours. For example, there was 7.8 mg of extractable
(unbound) (serum) protein in the 1-day lesions (Column
B), but 22.7 mg entered in 24 hours (Column E). There-
fore, the unbound protein existing in the lesions would
have been replaced 2.9 times in 24 hours, if one assumes

an unchanged turnover ratet (Figure 3).
Column G lists the turnover rate, ie, the time required

(in hours) for one turnover of the unbound (serum) pro-

tein in the lesions. For example, if the unbound (serum)
protein in the 1-day lesions is replaced 2.9 times in 24
hours (Column F), it would take about 8 hours (24
hours divided by 2.9) to replace it once.

The figures in Columns B, C, andE can be converted
to milligrams of serum albumin, by multiplying each

t We realize that this 2-hour rate of (serum) protein entry
was decreasing each day. Thus, the turnover rates listed ap-
ply only to the time when the lesions were removed from the
animal and are not to be considered rates that continued for
24 hours.
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of them by 66.27.se,ee 1 The protein in both rabbit se-
rum and the culture fluids averaged about 66.2% of al-
bumin.11
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