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This report is concerned with the rate and mode
of transfer of mercury across a biologic membrane.
The experiments reported herein represent part of
a series of studies of the pharmacologic properties
of mercurial diuretics carried out in this labora-
tory with a mercurial diuretic (Mercuhydrin)s
labeled with radioactive mercury.4 The biologic
membrane consisted of the base of a blister pro-
duced by the application of a vesicant, cantharides,
to the forearm of man. It is apparent that this
type of membrane is of special nature; however,
it is probably -more comparable to normal intact
membranes of man than to isolated membranes
obtained at necropsy. It is hoped that such a
study of the transfer of the radiomercury of the
diuretic across the blister surface might clarify
some of the problems concerned with the pharma-
cologic properties of the diuretic.

Mercury was observed to move in both direc-
tions across this membrane in a predictable man-
ner. Studies on confrol patients were contrasted
with those on patients with cardiac disease. Cer-
tain variables were introduced to observe their
effects on the transfer of mercury.

The cantharides blister, as a physiologic model,
is not new, most of the earlier work having been
reported in the German literature. Among the

1 Aided by a grant from the Life Insurance Medical Re-
search Fund, a War Department Grant No. W-49-007-
MD-389, the Mrs. E. J. Caire Fund for Research in Heart
Disease and a Public Health Service grant.

2Life Insurance Medical Research Fund Postdoctorate
Fellow (1948-1949).

8 sodium salt of methoxy-oxymercuripropylsuc-
cinylurea with theophylline, prepared with radiomercury
in this laboratory by Messrs. Harold Krahnke, Darwin
Kaestner and Edwin Sprengler through the courtesy ot
Dr. H. L. Daiell, Director of Research, of Lakeside Lab-
oratories, Milwaukee.

Radioactive mercury (Hg2u3 205) was obtained from
the Isotopes Division of the Oak Ridge National Labora-
tory.

many uses of the blister are those of Levaditi and
Petresco (1), who in 1905 accomplished the first
isolation of Spirochaeta pallida from the fluid of
a cantharides blister; this was later confirmed by
Gerskovic (2) and Syring (3). Others have re-
ported the isolation of viruses, parasites, protozoa
and other bacteria from the fluid of cantharides
blisters. Benedek (4) suggested its use as an
auxiliary blood culture method, since organisms
from the blood stream commonly reach the fluid,
which acts as an ideal culture medium, whereas
bacteria of the skin are excluded from it. Peter-
sen (5), by means of the cantharides blister,
studied the capillary permeability of the skin ves-
sels and relative autonomic tonus of the arterioles
in various clinical conditions, and Winsor and
Burch (6) used the cantharides blister to measure
the rate of diffusion of water through certain
layers of the epidermis. Samter (7) employed
the cantharides blister to study the eosinophile
counts in various allergic states and in normal
subjects, as well as to study the blister fluid with
regard to eosinophile response following injec-
tion of histamine, ragweed extract, and other sub-
stances into cantharides blisters.

The blister consists of serum loculations in the
stratum spinosum of the epidermis near the basal
cell layer. The blister fluid is separated from the
skin surface by most of the stratum spinosum, the
stratum granulosum, lucidum, and the entire cor-
neum. The fluid is separated from the capillary
loops in the rete pegs by only three to five cell
layers of the stratum spinosum and the basal cell
layers. These underlying capillary loops are
variably dilated, but there is little cellular reac-
tion or other evidence of inflammation in the
dermis. Sampter (7) reports the average dif-
ferential cell counts for blisters as follows: poly-
morphonuclear leukocytes (69-82 per cent), round
cells including lymphohistiocytes (18-35 per cent),
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and eosinophiles (0-11 per cent). No correlation
with the differential white blood cell count has
been found. Petersen and Willis (8) report the
protein content of blister fluid to be approximately
68 per cent of the serum protein concentration.

METHODS

Selection of subjects. All subjects were patients on the
wards of the Charity Hospital. Patients without demon-
strable cutaneous lesions, cyanosis or evidence of con-
gestive heart failure were used for controls; the clinical
data of all subjects are summarized in Tables I and II.

Preparation of the membrane. Emplastrum cantharide
U.S.P. was spread evenly (0.7 gm./10 cm.2) on a small
filter paper disk 33 mm. in diameter. This was applied
to the skin of the volar surface of the forearm and held in
position by adhesive tape for 16 to 20 hours. A blister
which closely conformed to the size of the filter paper
resulted.

The top of the blister was carefully removed with scis-
sors and the exposed base was washed with a physiologic
saline solution. A lucite cup 38 mm. in diameter was in-
verted over the exposed base of the blister and was ce-
mented by means of an inert rubber cement 5 to the in-
tact skin immediately surrounding the edge of the blister.
Through a 7 mm. opening in the base of the cup, 10 cc.
of physiologic saline solution was added. The total elapsed
time from removal of the top of the blister until the sa-
line solution was added to the cup varied between 30 and
120 seconds. In most experiments cups were placed on
both forearms so that one could be used either as a control
or check on the other. The subjects experienced no sig-
nificant discomfort from this procedure.

53-M Trim Cement, Minnesota Mining and Manufac-
turing Company, St. Paul, Minnesota.

TABLE I

Clinical data of Group I study
(Intravenous Injection)

Vol.*Sub- Color Sex Age Ht. Wt. Diagnosis HgjeCt in1.

yrs. in. tbs. cc.
1 C M 27 68 170 Amebic colitis 2.0
2 C M 59 71 1S7 Brucellosis (?) 2.0
3 C M 43 67 140 Duodenal ulcer 2.0
4 C M 22 67 136 Duodenal ulcer 2.0
5 C M 42 66 120 Multiple fractures (facial 2.0

bones)
6 C M 31 71j 135 Homologous serum jaun- 2.6

dice
7 W M 76 68 121 Congestive heart failure 2.6
8 W M 70 68 121 Pneumonia, recovered 2.6
9 C F 66 65 240 Congestive heart failure 2.5

(generalized edema)
10 W M 64 68 129 Hemorrhoids 2.S
11 C M 13 65 130 Pneumonia, recovered 2.4
12 C M 58 64 145 Nutritional deficiency 3.0
13 C F 33 64 108 Thyrotoxicosis, rheumatic 3.0

heart disease
14 C F 38 67 142 Acute pyelonephritis 3.0
15 C M 72 67j 116 Carcinoma of stomach 3.0

* Mercuhydrin solution.
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Pneumonia, recovered;
peptic ulcer

Tuberculous adenitis,
cervical

Bronchiectasis
Hodgkins disease
Acute cholecystitis with

jaundice
Amebic colitis
Peptic ulcer; pneumonia,

recovered
Peripheral neuritis; ?

brain tumor
Hypertensive heart dis-

ease with congestive
failure, recovered

Arteriosclerotic heart dis-
ease with congestive
failure, recovered

Lymphoma
Gastritis
Bleeding duodenal ulcer,

recovered
Pneumococcal pneumonia,

recovered
Pneumonia, recovered;

congestive heart failure,
compensated

Fever of unknown origin

cc.

2.0

2.0

0.0i
.04
.05

.05

.066

.066

.076

.076

0.5
0.5
0.5

0.5

0.5

0.66

Group I is comprised of Subjects 1-15 (Table I) in
whom the transfer of mercury from the blood into the
cup was studied. Group II is comprised of Subjects 16-31
(Table II), in whom the transfer of mercury out of the
cup was studied.

Injection and sampling. Mercuhydrin labeled with
radiomercury was injected intravenously in amounts
varying from 2-3 cc. (accurate to 0.4 per cent), con-

taining an activity of 19,600,000 to 7,800,000 counts per
minute. This represents approximately 90 to 30 micro-
curies. Almost all of this radiomercury was recovered in
the urine in one or two days. Discussion of the excre-

tion and distribution of radiomercury administered as the
mercurial diuretic, Mercuhydrin, is presented elsewhere
(9, 10). At intervals of 10, 30, 60, 90, 120, 150, 180, and
240 minutes after injection blood was drawn into a

heparinized syringe from the median basilic vein of the
arm not used for the injection. Simultaneously 1 cc.

samples of fluid were removed from the cups. In the
Group II experiments the labeled Mercuhydrin (2.0-0.02
cc. containing 4,370,000-34,000 counts per minute) was
added to the physiologic saline solution in the cup in-
stead of being administered intravenously. This repre-
sents approximately 20-0.02 microcuries, of which a

mean of 24 per cent was absorbed over four hours. Pre-
sumably the excretion pattern was similar to that pre-

viously described (9, 10). Samples of fluid were with-
drawn from the cups at identical time intervals after in-
jection as in the Group I study.

It should be emphasized that there was no net gain
or loss of fluid from the cups during the course of a
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study, when the volumes removed in sampling are taken
into account.

Radioactive assay. Samples of plasma and cup fluid
were prepared and dried in room air according to the
method previously employed in this laboratory and de-
scribed elsewhere (11-13). Studies of the method indicate
that the samples can be prepared and counted within an
accuracy and reproducibility of 5 per cent. No significant
variations were observed in counting due to self-absorp-
tion by the different biologic fluids. All counts were ex-
pressed as counts per minute per cc., the necessary cor-
rections being made.

Experimental Procedure

All studies were carried out at comfortable environ-
mental temperatures (22-25' C.) with the subjects at
bed rest. In addition to the control subjects two patients
with progressively increasing chronic congestive cardiac
failure were included in the Group I studies. Samples
of edema fluid were taken simultaneously with the cup
and blood samples in these two patients. Three patients
recovering from chronic congestive heart failure were
included in the second group. In none of these patients
had a mercurial diuretic been injected within five days.

The following variations in procedure were carried
out in both groups of experiments.

(1) Epinephrine (0.05 cc. of 1: 1000 dilution) was
added to the fluid in one of the cups after the collection of
the 60-minute sample.

(2) Histamine (0.15 cc. of 1: 100 dilution) containing
0.015 mg. of histamine was added to one of the cups of
three subjects after collection of the 60-minute sample.

(3) Histamine was also added to both cups of one sub-
ject in Group I at the beginning of the study. To one cup
10 mg. of betadimethylamino-ethylbenzhydryl ether hy-
drochloride (benadryl) was added within one minute
after the introduction of the histamine.

(4) Local venous congestion was produced in one sub-
ject in each group by means of a blood pressure cuff
placed proximal to the cup and inflated to diastolic
pressure.

Calculations
Group I experiments. As is apparent from Table I, the

subjects varied considerably in body size, weight, diagnosis,
and in the total quantity of isotope employed. To mini-
mize the influence of these variables in the analysis of the
data, certain calculations were made.

It was assumed that the transfer across the blister mem-
brane was proportional to the difference in concentration
of the radioactive material on the two sides of the mem-
brane. Since mercury is not normally present in the
body in any significant amount, this assumption is prob-
ably valid. It follows then that:

ddt KK(Cp - C),(1)
where C, = concentration (cpm/cc.) of radioactive mer-

cury in the plasma,

C; - concentration (cpm/cc.) of radioactive mer-
cury in the cup fluid at any time "t" after
injection, and

x = the amount of radioactive mercury in the cup
fluid,

or X = CxVb,
where Vb = the volume in cc. of fluid in the cup.

Therefore

dtx K

(Cp - C.) or

dCx Vb

Cp-C (2)

K, therefore, is a constant with the dimension of cc./min.
and represents the rate of clearance of plasma perfusing
the base of this membrane. In other words K, with refer-
ence to Group I, is the volume of plasma at the plasma
concentration observed for the time interval under con-
sideration that would have to be completely cleared of
mercury per minute in order that the concentration in the
cup fluid would result. K, as defined, was calculated
from the observed data at the time intervals of 30, 90 and
150 minutes after the intravenous administration of radio-
active mercury.

That the above calculations are reasonable is substan-
tiated by the fact that the solution of equation (2) in
terms of C. results in an equation capable of predicting
the concentration of radioactive mercury in the cup fluid
at any given interval of time (see Discussion).

In the second group of experiments the results were
calculated and represented graphically as the cumulative
counts lost from the cup. Suitable arithmetic correction
was made for the counts withdrawn in each sample.
These values were then expressed as percentage of the total
counts present at the time of the first sampling, which
occurred 10 minutes after addition of mercury to the cup.

Based upon the same assumption set forth in the calcula-
tion of data from Group I, K was determined according
to the equation

dx
dx K dtVb

d
-. Cx or K = C IVtCE,W (3)

where dx = loss of radioactive mercury in percentage of
that present at 10 minutes during the time
interval dt,

C; = radioactive mercury in percentage present at
time "t," and

Vb = volume in cc. in the cup, which is 10 cc. at all
times because of the aforementioned correc-
tion for sampling.

It was shown that Cp,, the concentration of radioactive
mercury in plasma, was zero under the circumstances of
these studies.

K in Group II is the volume of cup fluid at the concen-
tration observed for the time interval under consideration
which would have to be cleared of mercury per minute so
that the observed amount of mercury would remain.
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RESULTS

Group I. The values obtained in a representa-
tive control subject (No. 4) are presented in Fig-
ure 1 and Table III. In this experiment physio-

TABLE III
Concentration of radiomercury in plasma and cup fluid after

intravenous injection

Concentration of radioactive mercury
Minutes after

injection of
radiomercury Plasma Cup, right Cup, left

CPM/cc. CPM/cc. CPM/cc.

10 2538 0 14
30 1717 36 60
60 1236 90 108
90 1008 138 154

120 748 109 108
180 494 164 172
240 398 192 172

logic saline was placed in the cups attached to each
forearm and 16.4 x 106 counts of mercury in 2 cc.

of Mercuhydrin was injected intravenously at "0"
time. As can be seen, there was close agreement
of the data obtained on both forearms of the
same individual. The plasma regression curve

was similar to those previously published from this
laboratory (14).

Physiologic saline was placed in the cup on the

CONCENTRATIONTIME COURSEOF RADIOMERCURY
IN CUPSAFTER INTRAVENOUSINJECTION

20C

160
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a.3
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FIG. 1. CONCENTRATION-TIMECOURSEOF RADIOACTIVE
MERCURYENTERING INTO THE CUP FLUID OF THE RIGHT
AND LEFT FOREARMSOF A CONTROLSUBJECT

Physiologic saline solution was the fluid used in both
cups. Close agreement between the two curves is ap-

parent. The reason for the deviation of the points at 120
minutes is not known.

CONCENTRATIONTIME COURSEOF RADIOMERCURY
IN CUPS AFTER INTRAVENOUSINJECTION
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FIG. 2. THE CURVESREPRESENTTHE CONCENTRATION-
TIME COURSEOF APPEARANCEOF RADIOACTIVE MERCURY
IN THE CuP FLUID OF THE RIGHT AND LEFT FOREARMS

One cup contained a physiologic saline solution, the
other the patient's heparinized plasma. Absence of any
significant difference between the two curves is noted.

right forearm of Subject 6 and the same volume
of the subject's heparinized plasma was placed in
the cup on the left forearm. An intravenous in-
jection of 18.4 x 106 counts of radioactive mer-
cury in 2.6 cc. Mercuhydrin was made at "O" time.
These data are presented in Figure 2 and Table
IV. The plasma regression curve in this subject
resembled those of other subjects. It is apparent
that there is no significant difference between the
concentration-time course of radioactive mercury
entering into the cup containing physiologic saline
and into that containing the subject's heparinized
plasma.

In none of the control studies did the concen-
tration of radioactive mercury in the cups come to

TABLE IV
Concentration of radiomercury in cup fluids (plasma and

saline) after intravenous injection

Concentration of radiomercury
Minutes after Cup, saline Cup, plasma

injection of right forearm left forearm
radiomercury CPM/cc. CPM/cc.

10 0 0
30 40 46
60 94 88
90 106 118

120 144 136
180 174 164
240 184 192
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equilibrium with that of the plasma during the
period of observation.

In Table V are presented the values of K ob-
tained by means of Equation (2). These data
were calculated from curves drawn by inspection
to depict the concentration-time course of radio-
active mercury in the cups and plasma. In those
instances in which cups were placed on both fore-
arms of the same individual and no significant
differences were noted, the mean curve was used.
The values of K at 30, 90 and 150 minutes after
intravenous administration of the labeled Mercu-
hydrin were chosen arbitrarily to explore varia-
tions in the state of the membrane with time among
control experiments and those into which selected
variables were introduced. Considerable varia-
tion in K among different individuals and at dif-
ferent times in the same individual are also noted.
This value is usually highest during the first 30
minutes and decreases progressively thereafter,
indicating a progressive decline in the rate of
transfer of mercury across the membrane.

TABLE V
Clearance constant for plasma perfusing membrane in Group I

study after intravenous injection

Subject Cup fluid Values of K Values of K Values of K5ubject Cup fluid at 30 min. at 90 min. at 150 min.

1 Saline 0.008 0.005
2 Saline .006 .007 0.006
3 Saline .007 .009 .005
4 Saline .008* .005* .004*
5 Saline .006* .005* .003*
6 Saline .006 006 .004

Plasma .006 .006 .004
7 Saline .006 .004 .003
8 Saline .008* .005* .004*
9 Saline .012 .009 .005

10 Saline with .008* .008* .007*
adrenalin

11 Saline .005 .006 .005
Plasma .005 .006 .005

12 Saline .012 .011 .010
12 Saline

(B. P. cuff) .011 .009 .007
13 Saline .011 .009 .010
13 Histamine .012 .014 .018
14 Saline .008 .006 .004
14 Histamine .007 .012 0.008
15 Histamine .011* .014* 0.005*

Both cups

Mean of controls .0084t .0067$ .0054t

* Mean value of K calculated from data obtained from
cups placed on both forearms of these subjects.

t All subjects included, since no variables had yet been
introduced.

t Subjects no. 12, 13, 14, 15 not included in the control
group, since variables had been introduced prior to this
time.

TABLE VI

Concentration of radiomercury in plasma, cup fluid and
edema after intravenous injection

Concentration of radiomercury

Plasma Cup fluid Edema
Min. after CPM/cc. CPM/cc. CPM/cc.
injection

Experiment Experiment Experiment

No. 7 No. 9 No. 7 No. 9 No. 7 No. 9

10 3390 1610 0 8 0 0
30 2440 1110 44 44 0 0
60 1990 920 52 68 0 0
90 1740 850 148 112 96 14

120 1660 770 168 158 96 14
180 1280 630 216 196 100 30
240 780 500 252 218 120 44

In the patients with progressively increasing
chronic congestive heart failure who had not re-
ceived mercurial diuretics for several days (Sub-
jects 7 and 9, Table I), values of K (Table V)
differed from each other considerably but fell

CONCENTRATIONTIME COURSEOF RADIOMERCURY
IN CUPSAFTER INTRAVENOUSINJECTION

4NIIt

X K

/ #

A

i1 P

S P Cuff Applied Right #*,eenm

*. *.Cup Right Fr,onm-Sal;,n.BPCuff
X-CUp Left F,re,tin -Sal;oe

SO O00 ISO 200 250 300
Minutes Af ter Intravenous injeetion

of Hg 203.205

FIG. 3. CONCENTRATION-TIMECOURSEOF RADIOACTIVE
MERCURYIN THE CuP FLUID OF THE RIGHT AND LEF1r
FOREARMS

Both cups contained a physiologic saline solution. Af-
ter withdrawal of the 60 minute sample, a blood pressure
cuff was applied to the right arm and maintained at dia-
stolic pressure throughout the study. The concentra-
tion-time curve for the cup of the congested arm is seen
to be lower than that for the control.
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within the range of the controls. Table VI in-
dicates the concentration of radioactivity in the
samples of plasma, cup fluid and edema fluid taken
simultaneously at the times indicated. If allow-
ance is made for the differences in plasma concen-

tration, mercury passed into the cup at a con-

siderably greater rate for Subject 9 than for
Subject 7. This leads to a value of K for Sub-
ject 9 approximately twice that for Subject 7
(Table V).

Edema fluid, on the other hand, showed a rela-
tively greater concentration of radioactive mercury
in Subject 7, when allowance for differences in
the plasma concentration are made. However, it
is important to remember that a small amount of
contamination of edema fluid by blood resulting
from injury to small vessels in the process of sam-

pling would alter the concentration of radioactive
mercury considerably. Epinephrine did not in-
fluence the results.

In Subject 12 a blood pressure cuff inflated to
diastolic pressure was placed on one arm proximal

CONCENTRATIONTIME COURSEOF RADIOMERCURY
IN CUPS AFTER INTRAVENOUS INJECTION

'4

401

0

X_ Cop Let Fees-Iel...
* Cp It4 febee - Sso esgm*

S0 1OO 150 200 250 300
Minutes After Intravenous Injection

of HtgtOS.20,

FIG. 4. CONCENTRATION-TIMECOURSEOF APPEARANCE
OF RADIOACTIVE MERCURYIN THE CUP FLUID OF THE
RIGHT AND LEFT FOREARMS

Both cups contained a physiologic saline solution. Af-
ter withdrawal of the 60 minute sample, .015 mg. hista-
mine was placed in the cup on the right forearm, which
resulted in a striking increase in rate of transfer of
mercury.

TABLE VII

Clearance constant of cup fluid after addition of radiomercury
in Group II study

Subject Cup fluid Values of K Values of K Values of K
at 30 mini. at 90 mini. at 150 mini.

16 Saline .010 .007
Histamine

17 Saline .014 .013
17 Saline .018 .017

19 Hepar'in
19 Saline .010 .010 .008
20 Saline .014 .012 .012
20 Saline .013 .012 .012

Histamine
21 Saline .015 .013 .009
21 Plasma .013 .005 .003
22 Saline .011 .011 .009
23 Saline .012 .012 .011
23 Saline .013 .013 .012

Epinephrine
24 Saline .016* .013* .012*
25 Saline .014* .011* .010*
26 Saline .014 .011 .010
27 Saline .010 .009 .008
27 Serum .008 .007 .006
28 Salinet .009* .008* .008*
29 Salinet .017 .016 .014
30 Salinet .017 .011 .010
31 Salinet .011* .011* .010*

Mean of saline controls .0134 .0117 .0104

* Mean value of K calculated from data obtained from
cups placed on both forearms of these subjects.

tIn these studies nonradioactive Mercuhydrin (2.5 cc.)
was injected intravenously at the beginning of each study.
The data from these experiments did not differ from control
data and are therefore included as controls.

to the cup 75 minutes after injection of the Mer-
cuhydrin and allowed to remain in place until
completion of the experiment. This decreased
the rate of passage of mercury into this particular
cup (Figure 3). The values of K for the con-
gested arm were uniformly lower than for the
control arm (Table V).

The effect of histamine on the blister mem-
brane was observed in Subjects 13 and 14 (Table
V), in whom 0.015 mg. was added to one cup 60
minutes after injection of the mercury. The trans-
fer of mercury across the membrane (Figure 4),
in both instances, was definitely enhanced, the
values of K being twice those of the controls. A
similar experiment (Subject 15) with histamine in
both cups and 10 mg. of betadimethylamino-ethyl
benzhydryl hydrochloride (benadryl) in one re-
vealed that the latter had no demonstrable effect,
the values of K being similar to those of other his-
tamine studies (Table V).

Group II. In this group of subjects the labeled
diuretic was added to the cups and its rate of dis-
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appearance was followed. There was close agree-
ment among different control subjects, as demon-
strated by the small standard deviation of the
mean points (+ 1.3 - 2.9 per cent) at various
times after addition of radioactive mercury to the
cups. The values of K obtained in these subjects
are presented in Table VII. There was consider-
ably less variation in the same individual at dif-
ferent times in this group of subjects than in
Group I. Comparison of Tables V and VII re-
veals differences in the state of membrane be-
havior under the circumstances of study in Groups
I and II in that K is uniformly higher in the
second Group.

In Subjects 18, 21 and 26 the subjects' hepari-
nized plasma was added to one cup and physiologic

PERCENTAGERADIOMERCURYREMAINING

AFTER ADDITION TO CUPS

.,

NX A'Controls-Solies Cups

a
--- C i PIGlsm
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E... CBServm Cups

Minutes After Addition of Hg290oS.5
to Cups

FIG. 5. PERCENTAGEOF RADIOACTIvE MERcURY RE-
MAINING IN THE CUPS AT VARIOUS TIME INTERVALS
AFTER ITS ADDITION

A. represents the mean of 18 control studies in which
physiologic saline solution was placed in the cup.

B. C. and D. represent studies in which radioactive
mercury was added to the heparinized plasma in
the cups of different subjects.

E. represents a study in which the patient's serum

was used in the cup. Variations in these curves
are related to the differences in concentration of
mercury (see text).
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FIG. 6. PERCENTAGEOF RADIOACTIVE MERCURYRE-
MAINING IN THE CUPS AT VARIOUS TIME INTERVALS
AFTER ITS ADDITION

A. represents the mean of 18 control studies in which
a physiologic saline solution was placed in the cup.

B. represents a study in which the cup was applied
to the intact skin of the forearm. Absence of mer-
cury transfer is noted.

C. represents a study in which 1 mg. heparin was added
to the cup; this resulted in somewhat more rapid
disappearance of mercury.

saline to the other. In Subject 27, the subject's
serum was used. The percentage of mercury re-
maining in the plasma cups at various times varied
considerably among these subjects (Figure 5, B,
C, D, and E). In each instance mercury left the
cup containing plasma at a much slower rate than
it did the one containing physiologic saline solu-
tion, and the values of K (Table VII) were much
lower than those of the controls. The final dilu-
tion of mercury in plasma or serum in these four
subjects was: 1: 500 (Subject 18), 1: 210 (Sub-
ject 21), and 1: 20 (Subjects 26 and 27). Differ-
ences between the plasma curves are discussed
later. The data for three patients recovering from
congestive heart failure (Subjects 24, 25 and 30)
did not differ significantly from the controls.
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Addition of epinephrine and histamine to the
cup fluid failed to produce significant differences
from control subjects, as did venous congestion.
There was no demonstrable transfer of mercury
through the intact skin (Figure 6, B).

Addition of heparin (0.1 cc. or 1 mg.) to the
cup of one subject (No. 17) resulted in accelera-
tion of the rate of disappearance of mercury from
the cup (Figure 6, C). The values of K for this
study (Table VII) were the highest observed.

In order to determine whether the presence of
mercury in the plasma would influence the rate of
disappearance of mercury, nonradioactive Mer-
cuhydrin was injected intravenously (2-2.6 cc.) at
the start of each of four experiments, Subjects 28,
29, 30, 31 (Table II). Results of these studies
did not differ from the control group and are
therefore included among the latter.

DISCUSSION

Under the circumstances of these experiments,
mercury traverses the membrane in both direc-
tions in a predictable manner. Based upon the as-
sumptions: 1) that the quantity of mercury en-
tering the cup fluid per unit of time is related to
the difference in concentration of radioactive
mercury between plasma and cup fluid and 2)
that the plasma concentration of the radioactive
mercury is given by the equation:

Cp = CpolE-at + Cm2.E-t, (4)
where Cp = plasma concentration of radioactive mercury

at any time "t,"
CPI, = that portion of the concentration of radio-

active mercury in the plasma at time t = 0,
which is decreasing at the rate a, and

Cp, = that portion of the concentration of radio-
active mercury in the plasma at time t = 0,
which is decreasing at the rate 0,

it is possible to define the exchange across the membrane
by the following equation:

K t
CS- Q.E Vb-NAy

KC, Eati -t'

1 -a(Vb -NA)(EN - E (yb-NA
+ Cp-2EAtl K

1 - (Vb -NV)(E-N - E yb-NAy ) (5)

where C. concentration of radioactive mercury in the
cupfiuid at any time "t,"

Cx, = concentration of radioactive mercury in the
cup fluid at t<,,

ti = time from beginning of experiment to the
time t' = 0,

t =t'+ti,
Vb = initial volume of cup fluid in cubic centi-

meters,
AV = volume of sample removed from the cup,
N = number of samples removed before t' = 0, and
K = coefficient of proportionality defined by the

equation:
dC1 K
dt .= (Cp-C=) or

dC1(Vb - NAV) = d- K(Cp - C.). (1)

This latter equation is Equation (1) discussed
previously under "Calculations." It must be em-
phasized that this equation takes into account
sampling and holds only during the interval from
t' to the time when the next sample is taken.

From Equation (5) it is possible to predict the
concentration of radioactive mercury in the cup
fluid at any given time after intravenous adminis-
tration. In Figure 7 are plotted the observed and
theoretic concentrations of radioactive mercury in
the cup fluid at the indicated times. The deviation
of the observed points from the calculated curve is
smaller than the errors involved in measurement.
For Subject 10 the value of K remained almost
constant (Table V). In Subject 14 (Figure 8)
the observed concentration of radioactive mercury
in the cup fluid diverged from the calculated curve
after 150 minutes; values of K varied considerably
with time. In Figures 7 and 8 the points were
calculated according to Equation (5) by the use
of the mean values of K at 30, 90 and 150 minutes
in each subject. Thus, it is seen that when K
varied little with time, the calculated curve closely
approached the observed points, whereas wide
variation of K was associated with considerable
difference between the observed points and calcu-
lated curves.

Variations in K among different subjects may
possibly be explained by the fact that the skin of
patients may differ in its response to a constant
amount of cantharides. This seems probable,
since white and Negro men and women of varying
ages were studied. In a given individual, K gen-
erally decreased with time (Table V). It is our
opinion that this is attributable to changes in be-
havior of the membrane due to healing. On the
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FIG. 7. MEAN CONCENTRATION-TIME COURSEOF AP-
PEARANCEOF RADIOACTIVE MERCURYIN THE CUPS OF
CONTROLSUBJECT 10.

The points were calculated according to Equation (5).
Close agreement between the calculated curve and the
observed points is apparent.

other hand, it is noteworthy that simultaneous
studies on both forearms of the same individual
revealed only slight differences at any given time.

In Group II, in which mercury was placed in
the cup containing a physiologic saline solution,
the logarithm of the concentration of radioactive

mercury plotted against time resulted in a straight
line (Figure 9). In other words, a constant per-
centage of the radiomercury present left the cup
per unit time. This phenomenon was observed
over a 100-fold range of mercury concentrations
in the cup (Table II).

Substitution of plasma for saline resulted in a
decrease in rate of transfer of mercury out of the

SEMILOGARITHMICPLOT OF PERCENTAGEOF
RADIOMERCURYREMAINING
AFTERADDITION TO CUPS
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CONCENTRATIONTIME COURSEOF RADIOMERCURY
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FIG. 8. CONCENTRATION-TIMECOURSEOF APPEARANCE
OF RADIOACTIVE MERCURYIN THE CUP OF CONTROLSUB-
JECT 14

The points were calculated according to Equation (5).
There is close conformity between the calculated curve

and observed points through 150 minutes, with divergence
of the observed points from the calculated curve after
this time (see text).

a_- .ote stsdoe

0 Z 120I 0 240 300
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FIG. 9. SEMILOGARITHMIC GRAPHOF THE PERCENTAGE
OF RADIOACTIVE MERCURYREMAINING IN THE CUPS AT
VARIOUS TIME INTERVALS AFTER ITS ADDITION

This represents the mean curve of 18 control studies in
which a physiologic saline solution was placed in the cups
(see text for discussion).

cup (Figure 5). This decrease depended on the
mercury-protein ratio in the cup and therefore on
the degree with which mercury was bound. Thus,
it has been demonstrated in vivo that mercury in
the presence of protein moves more slowly than in
a physiologic solution of sodium chloride and that
the rate of transfer is proportional to the dilution
of mercury in plasma, i.e., to the amount of free
mercury present. This offers additional support
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to the evidence of binding of mercury by protein
under investigation in this laboratory. Similar
studies involving isotopes of other elements are in
progress.

SUMMARY

The cantharides blister provides a suitable
model for the study of membrane permeability in
living human subjects. Studies with the use of
radioactive mercury incorporated in a mercurial
diuretic were carried out with this technic. Mer-
cury was found to traverse the membrane at the
base of the blister in both directions in a predicta-
ble manner. No significant differences in transfer
of mercury across the membrane were noted in
patients with congestive heart failure and in con-
trol subjects. Results offer suggestive evidence
of physiologically effective binding of mercury to
plasma proteins.
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