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uptake and thereby prolonged action. There 
is a tendency, not statistically significant, for 
a-methyldopa, dopa and dopamine to be also 
potentiated by disulfiram. I t  is evident that 
the actions of disulfiram and diethyldithiocar- 
bamic acid are much more complex than just 
an inhibition of dopamine-p-hydroxylase. 
In  the case of these two inhibitors, especially 
diethyldithiocarbamic acid, their block of the 
norepinephrine reversal effect of the reserpine 
block of tyramine makes this test for dopa- 
mine-P-hydroxylase questionable. 

Diethyldithiocarbarnic acid is more ef- 
fective than disulfiram in inhibiting a-methyl- 
dopa, a-methyldopamine, dopa, and dopamine 
reversal of the reserpine block of the pressor 
response of tyramine. 

I t  is possible that diethyldithiocarbamic 
acid is also preventing decarboxylation as 
the 2 carboxylated agents, a-methyldopa and 
dopa, are inhibited more by diethyldithiocar- 
bamic acid than by disulfiram. 

In these experiments rats are 
reserpinized, and it is demonstrated that U- 

methyldopa reverses the tyramine pressor 
response blockade by reserpine. Diethyldi- 
thiocarbamic acid will inhibit the reversal 
process by a-methyldopa. a-methyldopamine, 
dopamine, and dopa. Disulfiram inhibits the 
reversal process of a-methyldopa and dopa. 
Disulfiram or diethyldithiocarbamic acid 
alone will not inhibit the tyramine response. 
Diethyldithiocarbamic acid is most potent of 

Summary. 

the two agents used in inhibiting the reversal 
process. 

Musacchio, J. Jl., Bhagat, B., 
Jackson, C. J. and Kopin, I. J., J. Pharmacol., 
1966 v152, 293, have used nearly the same 
technique to show inhibition by disulfiram of 
the restoration by dopamine and a-methyl- 
dopamine of the response to tyramine in 
reserpine- treated cats. 
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Since the isolation and crystallization of in- 
sulin by Scott in 1934( 1 ) ,  zinc has been as- 
sociated with the insulin molecule. However, 
the role, if any, of zinc in insulin metabolism 
and whether it is required for the hormonal 
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action of insulin has not yet been deter- 
mined. Baker and Rutter(2) have com- 
mented that media containing more than 
lo-*: 14 zinc inhibited glucose uptake by 
isolated rat epididymal adipose tissue in the 
presence of insulin. Recently, in this labora- 
tory we have been impressed both in in vivo 
and in vitro studies by the action of zinc in 
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suppressing insulin activity. In this report 
we shall present some in vitro observations of 
the effects of zinc and other divalent cations 
on insulin activity. 

Experimental and results. Male Charles 
River CD rats were fed a complete semi- 
purified diet ad libitum consisting of in ?: 
casein 25, sucrose 70.7, corn oil 9, cod liver 
oil 1, salts IV(3) 4 and choline 0.3. Four 
mg of thiamine hydrochloride, 8 mg of ribo- 
flavin, 4 mg of pyridoxine hydrochloride, 40 
mg of niacin, 20 mg of calcium pantothenate, 
1 mg of folic acid, 1 mg of menadione, 0.2 mg 
of biotin and 0.05 mg of vit. B I 2  were added 
to each kilogram of diet. This diet contained 
1.2 mg of zinc per 100 g as determined by 
atomic absorption flame analysis. 

Insulin activity was measured in vitro in 
isolated epididymal adipose tissue using a 
Warburg manometric technique(4). Pieces of 
epididymal adipose tissue weighing between 
110 and 130 mg were excised from decapitated 
rats weighing approximately 200 to 220 g. 
The pieces of fat pads were weighed and 
placed immediately in Krebs Ringer bicar- 
bonate, pH 7.4 buffer containing 3 mg glu- 
cose/ml, a t  room temperature. All tissues 
were transferred to Warburg vessels a t  es- 
sentially the same time. The Warburg flasks 
contained Krebs Ringer bicarbonate buffer, 
pH 7.4, to which 3 mg of glucose and 0.5 mg 
gelatidm1 were added. Crystalline insulin 
was added to give a final concentration of 0.5 
munits per ml of medium. The Warburg 
flasks were incubated a t  37°C after gassing 
with 5% CO?, 95% oxygen for 10 minutes 
and equilibrated with open stop cocks for 
another 10 minutes. Net gas exchange was 
measured for a period of 3 hours, readings 
being taken every 30 minutes, and expressed 
as pl COP exchanged/100 mg tissue. In one 
experiment the incorporation of CI4 from 
uniformly labelled glucose into fa t  was deter- 
mined, Glucose-U-C1* was added to give a 
final concentration of 0.8 pcuries/ml of me- 
dium. After incubation the fat was extracted 
with chloroform: methanol ( 2  : 1 ) . Esterbonds 
in these extracts were determined by the 
method of Antonis( 5 )  and was estimated 
in a liquid scintillation counter. The specific 
activity of the fat was expressed as counts per 
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TABLE I. Eff'ect of ZnC1, 011 Crystallirie Iiisnliii 
Activity in Rat  Epiclirlynial Adipose Tissue. 

Nct gas exchange," 

nig f a t  pad 
mg BnC1, per C0,/3 hr/100 
1111 of mccliiini 

0 122 5 8 
. 0( )OO 1 126 & 5 
.0001 65 2 3 
.001 3 7  5 3 
.Ol 32 5 8 
.1 35 2 4 

1.0 26 f 3 

* Mcaii S.E. of 6 assays. 

minute per p equivalent of esterbonds of fat. 
A. Effect of various zinc concentrations on 

the crystalline insulin activity: ZnClz was 
added to the media in the Warburg flasks to 
give concentrations of 1, 0.1, 0.01, 0.001, 
0.0001, 0.00001 mg per ml (one mg of ZnCIB 
is equivalent to 0.48 mg of Zn++  or 0.0073 
mhl) .  The zinc effect on net gas exchange is 
shown in Table I. Concentrations above 
0.0001 mg of ZnC1.) per ml medium inhibited 
insulin activity significantly. Addition of 
ZnC12 did not change the pH of the medium 
appreciably. The pH measured after in- 
cubation ranged between 7.5 and 7.65, being 
lowest with the highest amount of zinc. Ad- 
dition of varying amounts of ZnCI2 did not 
alter the blanks nor the thermobar readings. 
Table I1 shows how fat synthesis was af- 
fected by 2 concentrations of ZnC12: 0.01/ml 
which inhibited net C 0 2  evolution and 0.00001 
mg/ml which did not. The inhibition of the 
incorporation of labelled glucose into fat by 
the higher level of ZnCl? was in accord with 
the gas exchange experiment. T o  obtain the 
inhibitory effect of zinc ions, it  was not neces- 
sary to add them to the insulin media prior 
TART,E 11. Effect of ZnC1, 011 Fat Synthesis by  
Epicliilq.nial Adiposc Tissue in the Presence of 

Crystalline Insulin. 

F a t  synthesis" 
as cpm/mEq 

Coiiteiits of flask/ml of esterboiids 

- 

~~ 

Blank (110 insulin) 
1 m T J  crystallins insulin 

271 t 45 
510 5 41 

1 niI' crystallins insulill + .00001 nig 473 f 60 

11111' eryht:illiiie i ~ ~ s r l l i a  + .01 mg 272 13  
ZlI( '1, 

ZII ('1, 

* Pvlc:~i 2 S.E. of 0' assays. 
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T A B L E  111. Effect of Various 1)ivaleiit Ions  on  
Iiisulin Activity in  Epididynial A4iliposc Tissue. 

- 
N e t  gas eschaiige" 

as p1 C0,/3 hr/100 mg f a t  pad 
To11 tchstcd .0005 iiiMol/nil .001 iiiMol/nil 

Kolle (co11tl.01) 60 & 3 
B:L 51 f 4 
S r  54 * 1 
HI? 12 & 4 
s o  I1 e 62 & 5 
c (1 75 t 4 
X i  67 t 4 
xolle 101 2 7 
Zll  14 * 2 
co 75 & 5 
N O l l C  (i0 & 8 
('lr 53 f 5 

* Meill1 k S.E. of 5 assays. 

to incubation with the adipose tissue. When 
0.001 mM/ml of ZnCI? were added to in- 
cubating systems at half hour intervals from 
0 to 150 minutes, the addition in each case 
resulted in inhibition of insulin activity as 
measured by net gas exchange. 

B. Effects of other divalent ions on insulin 
activity: Table 111 shows the effect of a num- 
ber of divalent ions on insulin activity. All 
salts were added as the chlorides in final con- 
centrations of 0.0005 and 0.001 rnhljml of 
medium. Controls were included in each ex- 
periment for comparison. Barium, strontium? 
cadmium, and chromium ions did not in- 
terfere with the insulin activity. Highly 
significant inhibition occurred with both con- 
centration levels of zinc and mercuric ions. 
T o  a lesser extent, cobalt and nickel also acted 
as inhibitors. 

C. Effect of ethylenediaminetetraacetic acid 

TART,E IV. Effect of E U T A  oil Ziiic Iiiliibitioii 
of Crystalline Insul in  Activity. 

N c t  gas cscliange," 
Coiiteiits of KO. of p1 C0, /3  hr/100 ing 

fl:isks/nil v:llucs f a t  pad 
~~ 

.5 iiiU iiisulin 7 71 2 5 

.5 iiiU insulin 8 .4 * 5 

.5 niU insulin 8 20 -+ 4 

.5 niU insulin 8 70 f 10 

.001 mM ZiiC1, 

.002 mM E D T A  

.001 mM ZnC1, 

.002 mM EDTA 

* Mean t S.E, 

(EDTA) on zinc inhibition of insulin activity: 
EDTA was added to the incubation mixture 
to give a final concentration of 0.002 mM/ml 
medium. Table IV shows that EDTA or zinc 
alone depressed the net gas exchange but 
when both ZnCI? and EDTA were added, no 
zinc inhibition occurred. 

D.  Effect of phosphate on the zinc in- 
hibition of insulin: Table V shows the effect 
of ZnC12 on net gas exchange in the presence 
of 2 different concentrations of phosphate, 
added in the form of the ternary sodium salt. 
A concentration of phosphate similar to that 
in serum (0.001 mhl/ml) did not prevent zinc 
inhibition of insulin activity. However, a 
10-fold increase in phosphate concentration 
prevented this effect of zinc. 

E .  Effect of dialysis a t  pH 7.6 and 3.75 
on the biological activity of the zinc-insulin 
complex: Four ml of Krebs Ringer bicar- 

TARI,E Y. Effect of Phosphate  011 Zinc Inhibition 
of C'rystnlline Tnsulin Activity. 

X c t  gas exchange," p1 C0, /3  
hr/100 iiig f a t  pad Coiiteiits of flnsks/ml 

.5 niU iiisiilin 7 8 k  9 

.3  niU iiisiiliii 11* 3 

.3 Ii iU insulin 83f 5 

.5 i i i T T  insulin 1 7 t  .2 

.001 I l l M  ZIlC1, 

.001 1nM pl los~~l la  tc. 

. O O l  n1R1 ZnC1, 

.001 I l l i l l  ~ ~ l l o s ~ ~ l l : l t ~ ~  

.01 1 1 l M  pho"l'll:ltc 
.5 n i I '  insuliii 

.5 iiiU iiisuliii 

89 * 1 :I 

ti9 & 12 
.001 iiiM ZiiC1, 
.01 i n R l  phospliatc 

* hleaii 2 S.E. of 8 assays. 

bonate buffer containing 5 munits of insulin 
and 0.02 mM ZnC12 per ml were dialyzed 
overnight a t  3°C against 300 ml of the buffer 
at pH 7.6 or 300 ml of buffer whose p H  had 
been adjusted to 3.75 with HCI. Following 
dialysis the pH of the acid dialysate was ad- 
justed to 7.6 with NaOH and both dialysates 
were diluted 10 times with buffer to give a 
concentration of 0.5 munits of insulin/ml. 
Table VI  shows the insulin activity of the 
dialysates and appropriate controls on adipose 
tissue. Dialysis at pH 3.75 in great part 
prevented the zinc inhibition of insulin ac- 
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TABLE VI .  Effect of 1)inlysis a t  pH 3.75 and 7.6 
on Zinc Inhibi t ion of Crystalline Insul in  Activity. 

Treatment  N e t  gas exchange,* 
Colltent of before pl C0,/3 hr/100 mg 
fl asks/ml incubation fat pad 

.5 n i T T  insulin None 8 1  k 1 3  

.5 iiiU iiisuliii ” 1k 8 + .002 nihl 
ZnC1, 

ZnC1, t 

ZnCl, t 

Insulin + Dialysis at p€I 3.75 49 2 7 

Tiisulin + Dialysis a t  pH 7.6 1 0  2 1 

* Mcxii ? S.E. of 6 assays. 
t 5 mU iiisuliii a n d  .02 iiiM ZnCl,/ml before di- 

alysis. The  di:tlys:ttes were diluted 10 X before in-  
c iibntion. 

tivity while dialysis a t  pH 7.6 was not ef- 
fective, presumably because it did not remove 
the zinc from the insulin molecule. Dialysis 
of insulin alone at  either pH does not signi- 
ficantly alter its biologic activity. 

It has been known for many 
years that interactions occur between insulin 
and zinc or other divalent ions. Such com- 
plexes have been subjected to extensive phys- 
ical chemical studies to characterize their 
molecular weights, sedimentation constants, 
electrophoretic properties, and crystal struc- 
tures but few data exist concerning their 
biologic activities. 

From sedimentation constant studies Cun- 
ningham et aZ(6)  have concluded that the 
binding of zinc to insulin is accompanied by 
aggregation of the protein components of 
amorphorus insulin. In the current studies 
insulin activity as measured on isolated adi- 
pose tissue decreased sharply in the presence 
of increasing amounts of zinc. 

Cohn et aZ(7) reported that the zinc con- 
tent of crystalline insulin increased as the pH 
of crystallization increased from 5 to 6.5. 
Cunningham et aZ(6) found that zinc binding 
by insulin did not occur a t  pH 3.75. In the 
present work a solution containing 5 mUnits 
of insulin per ml, made almost biologically in- 
active to adipose tissue by addition of 0.02 
mM of ZnCl2/ml was reactivated by dialysis 
overnight at pH 3.75 but not at  pH 7.6. 
Cunningham et a l ( 6 )  also showed that phos- 
phate prevented the formation of zinc insulin 
aggregates with sedimentation constants 

Discussion. 

above 3.5. In the present experiments phos- 
phate in concentrations equal to that of the 
zinc in the incubation media did not alter 
the effect of zinc on insulin activity, but con- 
centrations 10 x higher prevented the zinc 
inhibition. This suggests that zinc insulin 
aggregates with sedimentation constants 
greater than 3.5 have diminished biological 
activity for adipose tissue. 

Since EDTA completely prevented zinc in- 
hibition of insulin activity, zinc insulin com- 
plexes must be less stable than zinc-EDTA. 
Vohra and Kratzer (8) estimated a stability 
constant for zinc and EDTA of 16.5. Thus 
the stability constant for zinc insulin must 
be smaller. I t  is well known that histidine 
complexes with zinc, and the suggestion has 
been made(9) that zinc binds to insulin a t  
histidine sites. The addition of 0.002 mM of 
L histidine/ml of media did not affect insulin 
activity in the absence of zinc in the system 
used in these studies and did not affect in- 
hibition of insulin activity caused by 0.001 
mM of ZnC12/ml of media. Thus i t  appears 
that zinc insulin may be a more stable com- 
plex than zinc histidine. 

When divalent ions other than zinc were 
added to the incubation mixture inhibition of 
insulin activity occurred only with mercuric 
and to a lesser extent with cobalt and nickel 
ions. Since all additions were made in equi- 
molecular amounts as chloride salts, i t  ap- 
pears that chloride is probably not involved 
in the inhibition of insulin activity as studied 
here. I t  is not certain whether mercuric ions 
form insulin aggregates or act as a tissue 
poison. The significant but less pronounced 
inhibition with cobalt may be brought about 
by a direct interaction with insulin, since the 
sedimentation data of Cunningham et aZ( 6 )  
show that insulin complexes with cobalt, 
although to a lesser extent than with zinc. 

In vivo conditions are certainly more 
complicated than the relatively simple buffer 
system used in these studies. There are many 
metabolites which may complex with insulin 
or zinc in vivo and which may affect the 
binding of zinc to insulin. Since the lower 
inhibiting levels of zinc employed in these 
studies fall within the normal zinc levels of 
human plasma(lO), it would be of interest in 
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future work to study effects of plasma and 
tissue levels of zinc on insulin activity. 

Summar?. Zinc in concentrations in the 
range of those observed in human plasma and 
higher inhibited the activity of isolated rat 
epididymal adipose tissue in the presence of 
insulin and glucose. Of the other divalent 
ions studied only mercuric and to a lesser ex- 
tent cobalt and nickel ions inhibited insulin 
activity. Zinc inhibition could be prevented 
in part by dialysis a t  pH 3.75 but no! 7.6. 
The inhibition by zinc could be prevented by 
EDTA or large amounts of phosphate. 
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The recent history of the Staphylococcus 
problem is replete with quotations such as the 
following: “Among the more chastening chap- 
ters in the annals of microbiological research 
is the story of our apparently dismal failure 
to control the depredations of the Staphylo- 
coccus”( 1 ) . The seriousness of the problem 
has been emphasized by Rogers(3) who pro- 
poses the view that antibiotics are probably 
the cause of “the emergence of Staphylococci 
as a troublesome hospital problem.” A pos- 
sibility of immune therapy has been raised by 
Fisher and Manning(4) as they report the 
high content of natural antibodies in pooled 
human serum (See also Fisher, 5 ) .  Active 
immunization, with the use of improved 
vaccines, is shown to be feasible by McCoy 
and Kennedy(2). In  the experiments re- 
ported below, specific immunotherapy is ex- 
amined with the use of the mouse protection 
test. 

Materials and methods.  Experimental ani- 
mals. Mice from the Charles River Colony 

*Supported by the John A.  Hartford Foundation. 

were used in these experiments. The rabbits 
were albinos purchased from the Mission 
Laboratories in Los Angeles. 

vaccines. An isolate of Staphylococcus 
azireus (Ha #1) from a fulminating and fatal 
infection in the Los Angeles County General 
Hospital was obtained and the method of 
McCoy and Kennedy(2) was used for prep- 
aration of the vaccine. We had attempted 
earlier to evoke antibodies in goats with vac- 
cine prepared by the usual pasteurization 
procedures, but found that even when the 
heat treatment was carried to the point where 
no growth in standard media could be de- 
tected, the vaccine still showed viable organ- 
isms upon injection into the animals. In  
the present series of experiments the organ- 
isms were grown for 18 hours on blood agar 
plates and washed off with sterile saline. After 
3 washings and resuspensions of the organisms, 
the final suspension was adjusted to Mac- 
Farland standard tube #2 and 1 part in 7 of 
benzalkonium chloride ( 1-1,000) added. 
The vaccine was agitated and incubated a t  
37°C for 30 minutes. Following this step, 


