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Detection of Circulating Metallothionein in Rats 
Injected with Zinc or Cadmium 

Abstract. Circulating metallothionein was measured by radioimmunoassay over a 
13-day period in male Sprague-Dawley rats that received a sequence of three 
intraperitoneal injections (at 3-day intervals) of either 5 milligrams of zinc or 0.8 
milligrams of cadmium per kilogram of body weight. These amounts of zinc and 
cadmium produced metallothionein concentrations in the range o f 2  to 5 nanograms 
per milliliter of serum (zinc) and 2 to 15 nanograms per milliliter of ~ e r u m  (cadmium). 
In control rats given saline injections over the same period the metallothionein 
concentration ranged from I to 3 nanograms per milliliter of serum. 

Numerous investigators, using physi- 
cochemical methods, have detected me- 
tallothionein (Mt) in rat and mouse plas- 
ma (1-3). However, the accurate mea- 
surement of low concentrations of Mt or 
its precursor thionein in the serum of 
animals exposed to metals (for example, 
Zn, Cd, Cu, Hg) for short periods has not 
been achieved to date because of the 
lack of a sensitive measurement tech- 
nique (4). The recent development of a 
radioimmunoassay (RIA) for Mt with a 
detection limit of less than 100 pg now 
permits accurate measurements of circu- 
lating Mt (5). We used this method to 
measure Mt in the serum of rats given 
intraperitoneal injections of zinc and 
cadmium. 

Male Sprague-Dawley rats (275 to 325 
g) received three injections (spaced 3 
days apart) of either %SO4 in saline (5 
mg of zinc per kilogram of body weight) 
or CdC12 in saline (0.8 mg of cadmium 
per kilogram of body weight); controls 
received saline only. The protocol was 
established by conducting dose-response 
experiments (6) and comparing our find- 
ings with those of others (7, 8) .  Blood, 
approximately 1.5 ml per sample, was 
obtained retro-orbitally at  intervals of 18 
or 24 hours (with a few instances of 6- or 
12-hour intervals). The samples were al- 
lowed to clot, the serum was removed 
and centrifuged at  600g for 10 minutes to 
completely remove the cells, and the 
samples were frozen. Subsequently, four 
50-p1 portions from each sample were 
radioimmunoassayed for Mt. 

Serum concentrations of Mt were de- 
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termined by the use of simultaneously 
prepared logit-log regressions (9) derived 
from standardizing data relating the con- 
centration of unlabeled Mt to  the per- 
centage of bound protein (the Iz5I-la- 
beled Mt used in the RIA). Significance 
levels of differences of means were eval- 
uated on the assumption of a two-tailed 
Student t distribution and populations of 
unequal variances (10). 

The curves (Fig. 1) relating Mt con- 
centration to time after the initial injec- 
tion are based on the values associated 
with blood samples being obtained at 
intervals of 18 or 24 hours; a few 12-hour 
values are included (11). The mean con- 
centrations for the controls in each injec- 
tion period are not statistically distin- 
guishable; this encourages the belief that 
the injection and bleeding protocols did 
not induce Mt production independent of 
metal injection. The fiducial limits at 99 
percent confidence (0.60 to 2.98 ng of Mt 
per milliliter) of the mean control con- 
centration over the 13-day period are in 
accord with values previously found for 
Mt concentrations in the serum of hu- 
mans with no history of significant expo- 
sure to heavy metals (12). 

The nature of the response to the 
multiple injections of zinc (sequential 
relative maxima showing an increase 
with each injection) was characteristic of 
responses to multiple ihjections of zinc 
at nontoxic levels in the preliminary 
dose-response experiments (6). This be- 
havior accords with results obtained by 
others (13, 14). The return of Mt concen- 
tration to control levels in about 4 days 

after the last injection is in accord with 
the reported short biological half-life of 
zinc and of the Mt it induces (13, 15). 

In contrast to the slight initial response 
to the 5-mgikg dose of zinc, the response 
to 0.8 mg of cadmium per kilogram led to 
a rapid increase in Mt concentrations 
(about 7 ngiml per day) during the first 12 
hours after injection (16), this peaking at  
about 48 hours and gradually subsiding 
with brief interruptions after the second 
and third injections. The response re- 
mained relatively constant a t  about four 
times the control levels in the terminal 
period (9 to 13 days); this response ap- 
pears to be in accord with the reported 
long biological half-life of cadmium (17, 
18). 

The difference in character of the re- 
sponse to nontoxic doses of zinc and of 
cadmium ifi a sequence of multiple injec- 
tions (a succession of increasing relative 
maxima followed by a return to control 
levels contrasted to an initial maximum 
followed by a gradual decrease to a level 
about four times control concentrations) 
is certainly in part dose-related (6, 16), 
but it must also reflect a difference be- 
tween the two metals in the combined 
processes of initial Mt induction and the 
subsequent kinetics of metal retention, 
recirculation, and repeated Mt induc- 
tion. 

From our results on induced Mt con- 
centrations in serum and the results of 
others on cadmium and zinc concentra- 
tions in plasma or serum after intraperi- 
toneal or subcutaneous injections of 
these metals (18-21), we may arrive at  
some conclusions regarding Mt in its role 
as a metal-binding protein. Typical mea- 
surements at  l to 30 minutes after the 
injection of cadmium indicate plasma 
concentrations about one-fifth of the in- 
jected whole-body concentration, these 
decreasing rapidly during the first few 
hours, becoming about of the inject- 
ed dose after 24 to 48 hours, and remain- 
ing essentially constant for the next few 
days. On this basis, our initial (total) 
injection of about 250 pg per rat would 
have led in minutes to the appearance of 
about 50 pg (total) of cadmium in serum, 
this decreasing to about 25 ng (total) at 
24 to 48 hours after injection. The ob- 
served increase in Mt concentration after 
the initial injection implies a maximum 
Mt concentration in the first few hours of 
less than 1 ngiml or less than 20 ng (total) 
in serum. Even if saturated with cadmi- 
um this amount of Mt could bind only 
about 2 ng of cadmium and could not be 
a major carrier of serum cadmium in this 
period. The situation is even more ex- 
treme for zinc. The results are thus in 
accord with experiments which indicate 
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that the initial metal-binding proteins in 
serum or plasma after cadmium or zinc 

Time after  init ial  in ject ion (days)  

Fig. 1. Concentrations of Mt in the serum of rats given three intraperitoneal injections of zinc 
(ZnS04 in saline; 5 mg of zinc per kilogram of body weight per injection) or cadmium (CdC1, in 
saline; 0.8 mg of cadmium per kilogram of body weight per injection). Plotted are polygonal 
curves of circulating Mt as a function of time after the first of three injections (given at 3-day 
intervals) into male Sprague-Dawley rats (275 to 325 g). In each experiment, N = 5. Arrows 
indicate times of injection. Indicated values are means with their standard errors, the latter 
including the errors arising from the assay standardization process. About one-half (two-thirds) 
of the magnitudes of the indicated errors in the case of zinc (cadmium) treatments stem from the 
regressions used to obtain the unknown concentrations. Concentrations associated with 6-hour 
intervals between blood withdrawal (and one associated with a 12-hour interval) are left isolated 
[see ( /I)] .  Also shown are the mean Mt concentrations for the controls ( N  = 2) [bled and 
injected (saline) on the same schedule as the treated rats] for each injection period (labeled C1 
through C4: 0 to 3, 3 to 6, 6 to 9 ,  and 10 to 13 days, respectively). The control means (in 
nanograms of Mt per milliliter of serum) are: C l  = 1.43 t 0.46; C2 = 1.55 i 0.28; C3 = 2.24 t 
0.40; and C4 = 1.95 2 0.46. The initial value for the group of rats used later as  controls o r  in 
metal treatment is 1.35 1 0.25. The mean concentrations for C1 through C4 are not statistically 
distinguishable ( P  < .30 for the largest differences). The mean value for the control concentra- 
tion for the entire 13-day period is 1.79 i 0.41. 'The fiducial limits at 95 percent confidence are 
0.92 and 2.65 (0.60 and 2.98 at 99 percent confidence). The initial injection of zinc produced a 
maximum Mt response not distinguishable from the 0- to 3-day mean control level ( P  < .30), but 
the second and third injections led to maxima readily distinguishable from their respective 
control levels (P < .O1 in both cases). The relative maxima at 1 and 4 days and at 1 and 7 days 
are significantly different (P < .O1 and P < .02, respectively). With respect to the Mt response 
to cadmium injections, the following points are pertinent. The initial maximum is significantly 
different from the mean control level in the 0- to 3-day period ( P  < .02), and from the maximum 
response after the second injection of zinc ( P  < .05). The individual measurements of Mt in the 
9- to 13-day period differ significantly from the mean control level, C4 ( P  ranges from < .02 to 
< .01). However, the standard errors in the measurements in the 6- to 13-day period are such 
that no significance can be attached to the fluctuations in that period, although the increases 
after the second and third injections conform qualitatively to expectations. 

injections are not Mt but are principally 
a-2-macroglobulin and albumin (18, 21- 
23). The estimated 25 ng of cadmium in 
serum at 24 to 48 hours after injection 
could, in theory, be bound by the ob- 
served maximum amount of Mt then 
present (13 ngiml, o r  a total of about 250 
ng in serum) if this Mt were a cadmium- 
saturated thionein. However, it is more 
probable that this Mt is a (cadmium, 
zinc)-thionein, with both cadmium and 
zinc bound to thionein (24). The Mt could 
now be a major carrier of serum cadmium, 
although not the only carrier present, This 
accords with experiments on cadmium- 
binding proteins in serum after cadmium 
injections (1, 2, 20, 23, 25). 

Two additional matters with implica- 
tions for future investigations may be 
mentioned. First, the capability of the 
assay to measure Mt concentrations in 
serum in the range 1 to 3 ngiml makes it 
feasible to include Mt in the kinetic mod- 
els (26) which attempt to describe quanti- 
tatively the metabolism of metals in the 
body. Second, the observed appearance 
of Mt in serum at concentrations signifi- 
cantly different from control levels a few 
hours after iniections of either cadmium 
or zinc is pertinent to the resolution of 
the controversy regarding the kinetics of 
metal and Mt metabolism after such in- 
jections. Any acceptable theory must be 
compatible with our observation that 
subtoxic doses of these metals lead rap- 
idly to increased plasma concentrations 
of Mt. This Mt is capable of acting as a 
transport protein for cadmium or zinc, 
and it is not necessary that there be overt 
renal damage, as maintained by some 
investigators, before Mt appears in mea- 
surable amounts in plasma. 

JUSTINE S. GARVEY 
CHIN C. CHANG 

Syracuse University, 
Biological Research Laboratories, 
Syracuse, New York 13210 
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Phototherapy-Induced Hypocalcemia in Newborn Rats: 
Prevention by Melatonin 

Abstract. When young rats are exposed to white fluorescent light the concentra- 
tion of calcium in their serum decreases. This effect is prevented by shielding the 
occiput, by inhibiting corticosterone synthesis, and by exogenous melatonin. Fur- 
thermore, the expected hypocalcemic response to cortisol injection is prevented by 
melatonin, Light-induced hypocalcemia may result from increased calcium uptake 
by bone when the blocking effect of melatonin decreclses after pineal inhibition by 
transcranial illumination. 

Jaundice is a common problem in new- 
born infants, and the risk of brain dam- 
age from the cytotoxic effects of bilirubin 
justifies efforts to  prevent or ameliorate 
excessive concentrations of bilirubin in 
the plasma. Exposure to  intense light 
(phototherapy) accelerates the formation 
of photobilirubin, a metastable geomet- 
ric isomer efficiently excreted in bile. 
Approximately 2.5 percent of all babies 
born in the United States are so  treated 
(I). Both white and blue fluorescent 
lights are used (2). 

Premature infants undergoing photo- 
therapy with white light have an in- 
creased incidence of hypocalcemia com- 
pared to coeval controls under standard 

nursery conditions (3). Blue light, though 
effective in reducing hyperbilirubinemia, 
produces no significant change in serum 
calcium (4). These findings suggest that 
phototherapy-induced hypocalcemia is 
not mediated by bilirubin metabolites. 
Since all infants wear eye shields during 
phototherapy, the hypocalcemic effect of 
light probably involves extraoptic path- 
ways. We have studied this phenomenon 
in newborn rats, and our results suggest 
that white light affects calcium homeo- 
stasis by inhibiting pineal secretion of 
melatonin. 

Rats aged 6 hours to 14 days were 
exposed to white fluorescent light (2) 
delivering a spectral irradiance of 5 KW 

Table 1 .  Change In serum calclum concentratlon after 3 hours of phototherapy The results are 
expressed as means t standard error N S , not s~gn~ficant  

Serum calclum (mgldl) Change 

Group 

Control 
Control 
Control 
Control 
Gunn, icteric 
Gunn, nonicteric 
Jacket 
Jacket 
Blindfold 
Blindfold 
Enucleated 
Hood 
Cap 
Cap 
Melatonin 
Vehicle 
Metyrapone 
Veh~cle 
Blue light 

6 hours 
18 to 24 hours 
1.5 to 2.5 days 
4 to 14 days 
2.5 days 
2.5 days 
18 to 24 hours 
1.5 days 
1.5 days 
4 days 
1 to 4 days 
1.5 days 
1 to 2.5 days 
4.5 days 
3 to 4 days 
3 to 4 days 
3 to 10 days 
3 to 10 days 
4 to 5 days 

-- 

*P < .01. +P < .05 (Student's t-test). 
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