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The influence of albumin, 4.5 and 45 g/l, on the effects of Hg*', 10-'-10-3 M, on the 
neuromuscular transmission of the isolated guinea-pig ileum and vas deferens was investigated. 
Hg2+, 10-9-10-6 M, transiently increased the basal tone of the ileum in Tyrode solution without 
albumin. Albumin, 4.5 g/l, reversed this stimulant effect but enhanced the contractile response 
to direct muscle stimulation. This contractile response also increased in the vas deferens. 
Albumin, 45 g/l, obliterated the stimulant effects of Hgz+ on the smooth muscle of the ileum 
but not of the vas deferens. The effects caused by higher concentrations of Hg2+, 10-5-10-4 M, 
were only partly inhibited when albumin was present. When neurogenic contractions were 
elicited in the presence of albumin (45 g/l), Hg2+, 10-9-10-4 M, reduced the contractions in 
both organs. Consequently, Hg2' in concentrations presently considered acceptable in blood 
plasma (10-9-10-8 M) suppressed both cholinergic and adrenergic neuromuscular transmission 
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During the past decade increasing numbers 
of dental patients in Sweden have claimed 
that slow release of mercury from amalgam 
restorations causes various symptoms, such 
as pain, dizziness, tinnitus, taste and smart- 
ing sensations, nausea, tremor, paresthesia, 
and cardiovascular and respiratory symp- 
toms ( 1 4 ) .  Recent studies have shown a 
continual release of mercury from amalgam 
restorations (7). Corrosion products from 
amalgam restorations are released into the 
saliva (8) and could, after swallowing, be 
absorbed through the gastrointestinal mu- 
cosa (9,lO). Mercury from amalgam res- 
torations may also evaporate (11-14) and 
be absorbed through the pulmonary alveoli 
into the blood. The mercury binds to sulf- 
hydryl groups in the erythrocytes and to 
plasma proteins, and simultaneously the 
oxidation stage is changed from Hg" to Hg2+ 
(mercuric mercury). Mercury from amalgam 
restorations may also be absorbed through 

the oral mucosa, the tooth root, and the sur- 
rounding bone (9-10). In the body inorganic 
Hg2+ compounds are bound mainly to 
proteins. 

The average concentration of mercury in 
blood in a rural population is less than 2.5 
x lo-* M (5  ng/ml) (15) and comprises both 
inorganic and organic Hg2+ compounds. 
The contribution of mercury released from 
amalgam restorations to the Hg concen- 
tration in blood and urine has been a matter 
of dispute (6,12,16-18). A recent study 
showed a 50% decrease of the plasma Hg 
concentration, from 4.7 to 2.3 X 10-9M, 
after removal of amalgam restorations (19). 
When amalgam fillings containing radio- 
active 203Hg were placed in the teeth of 
sheep (9,20) and monkeys (lo), the whole 
blood concentration of the isotope was 1.5- 
4.5 x lo-* M (range, 3-9 ng/g) and 3 X lop8 
M (5.8ng/g), respectively. The 203Hg was 
found in various organs of the animals, 
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such as skeletal muscle, heart, stomach, 
intestine, glands, and brain, in concen- 
trations often higher than those in blood. In 
humans there also appears to be a positive 
correlation between the number of amalgam 
restorations in the oral cavity and the mer- 
cury concentration in the brain (21). 

A previous study (22) showed that inor- 
ganic Hg2+, in very low concentrations of 
10--8-10-6 M (2-200 ng/ml), affected chol- 
inergic neuromuscular transmission in the 
guinea-pig ileum. It has been suggested that 
proteins may reduce the effects of metals 
(23). Consequently, we decided to inves- 
tigate whether albumin, the main plasma 
protein, prevented or otherwise changed the 
effects exerted by inorganic Hg2+, 

M, on the isolated guinea-pig ileum. 
For comparison, the effects of Hg2+ on the 
isolated guinea-pig vas deferens, supplied 
predominantly by adrenergic nerves (24), 
was also investigated. 
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(BDH) dissolved in deionized and double- 
distilled water. The pH in the aerated Tyrode 
solution was 7.4, and the concentration of 
free Ca2+, 1.5 mM (measured by an ionized 
calcium analyzer, Nova 2, Nova Biomedical 
Corp., Newton, Mass., USA). 

In a second series of experiments the effect 
of albumin was tested by changing the bath 
solution to fresh Tyrode solution containing 
4.5 g/l or 45 g/1 of albumin (Bovine, Fraction 
V, Sigma). By applyingNaHC0, to the albu- 
min solution to concentrations of 12.5 and 
17.9 mM, respectively, pH was adjusted to 
7.4. To maintain the concentration of ionized 
Ca2+ at 1.5 mM, CaClz had to be increased 
to 2.0 and 3.7 mM, respectively. 

A third series of experiments was per- 
formed to study the effect of increasing 
concentrations of NaHCO, in the Tyrode 
solution. NaHC03, 6 mM, was added to the 
Tyrode solution to achieve 17.9 mM, and pH 
was adjusted to 7.4 by titration with 1.2 M 
HCl (analytical grade, E. Merck). The CaCI, 
concentration was reduced from 1.8 to 
1.6 mM to keep the ionized Ca2+ at 1.5 mM. 

Transmural stimulation of nerves in the 
ileum was performed by single square-wave 
pulses of 0.5 msec duration, delivered from 
a Grass S44 stimulator every 48 or 60sec 
with a strength of 60-180 mA, giving about 
half the maximum contractile response. The 
neurogenic nature of the response was veri- 
fied by its sensitivity to tetrodotoxin (TTX) 
(0.3 pM). The vas deferens was stimulated 
by 3-10 Hz for 3 sec every 60 sec. 

When direct smooth-muscle stimulation 
was performed, 0.3 pM l T X  was added to 
the organ bath, and contractions were 
elicited by square-wave pulses with a dur- 
ation of 2-20 msec, using 80-200 mA and 2- 
25Hz, in the ileum for l s e c  and the vas 
deferens for 3-5 sec. 

Fresh stock solutions were prepared with 
HgCI2 dissolved in the bath medium, which 
was added to an initial concentration of 

M (0.2 ng/ml) in the bath solution. The 
bath solution was pumped through the organ 
bath, and the action of Hg2+ on the con- 
tractility of the preparations was recorded. 
The criterion for an effect clearly attribu- 
table to Hg2+ was a change in response to 
electric stimuli more than 20% of the initial 

Materials and methods 
Mottled male guinea-pigs (250-500 g) were 
killed. Segments (2-3 cm) from the distal 
ileum and the pair of vas deferens were 
removed. The preparations were suspended 
between two parallel platinum electrodes 
(10mm apart) in organ baths (4.4ml) by 
means of surgical silk threads tied to the 
ends and attached to platinum hooks at the 
bottom of and above the organ baths. The 
hook above the bath was connected to a 
recording transducer (Grass FT 03C) 
coupled to a polygraph (Grass model 7B). 
The bath solution, a total of 44 ml, was recir- 
culated (2ml/min) in a closed system (25) 
and aerated with 6.5% C02 in 02. The tem- 
perature was maintained at 37°C. Before the 
start of experiments the preparations were 
allowed to equilibrate in the bath solution 
for at least 60min. In the first series of 
experiments the effect of Hg2+ on the prep- 
arations immersed in ordinary Tyrode solu- 
tion was studied. The composition of Tyrode 
wlution was 136.7 mM NaC1, 2.7 mM KCl, 
11.9 mM NaHCO,, 1.8 mM CaC12, 0.5 mM 
MgCI2, 0.3 mM NaHPO, (all analytical 
grade, E. Merck) and 5.6mM glucose 
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contractile response. The concentration of 
HgCI2 i n  the organ bath was repeatedly 
1ncreaw.I 10-fold by additions of 0.21111 of 
C1gCI: solutions. The concentration of ion- 
i ~ e d  C'a'+ in the bath solution was followed 
throughout the experiment and was stable 
,mund  I .S mM. Effects of hyperosmolarity 
were examined by comparing equiosmolar 
concentrations of HgC12 and NaCl. Effects 
of CuCI, on the guinea-pig ileum and vas 
deferem were also studied to ascertain 
whether the effects seen were general di- 
valent cation effects or specific for the 
element\. The effects of CU" are presented 
in ;I following paper (26). Preparations with 
high ymntaneous activity were excluded 
from the study. Each type of experiment was 
perfor rned on 6 3 0  preparations. Four ileum 
and two vas deferens preparations were 
takcn f rom cach guinea-pig. 

Results 
Table 1 summarizes the effects of increasing 
concentrations of Hg2+ on the basal tone and 
contractile response to electric stimulation 
of the ileum and the vas deferens. No effects 
were observed when NaCl was added to the 
bath in equiosmolar concentrations. 

Response of the smooth rriuscle 
Effects of Hg2+ on the husal tone and on 

the contractile response to direct muscle 
stimulation. Hg2+, 10-'-10~" M, transiently 
(5-10 min) raised the basal tone of the ileum 
in ordinary Tyrode solution (Fig. l A ) ,  
whereas in the vas deferens a slight enhance- 
ment on the contractions induced by electric 
stimulation was seen (Hg", 10-'-10 M )  
(Fig. 2A). Higher concentrations of Hg", 

I L E U M  

A CONTROL T T X  0.3 uM 

Y 

10 min - 

1' t T T 1. 1' 1' \-.- 

-9 -a  - 7  -6 5 - 4  -3 

Hg2' (M) 

B ALBLJlvllN 45 g/l  T T X  0.3 JIM 

t ? 1' 1' 
-9  - 8  -7  -6 -5  -4  -3 

Hg2* ( M I  

Fig. I .  t lg"' effects in concentrations of 10 logarithmson direct muscle-stimulated guinea-pig ileum. Thc neurogcnic 
response of stimulation was blocked with 0.3 pM tetrodotoxin (TTX). 1.4. Hg2- increased the basal tone at 
concentrations o f  I O - "  and IO-'M. At concentrations of lo-' and 1 0 ~ 4 M  the basal tone sharply increased, and the 
response l o  dircct muscle stimulation was depressed. 1B. Albumin at a concentration of 45 g/l inhibited the crf'ects 
0 1  Hg" at low conccntrations and counteracted the rise in tone of the ileum. which did not occur until 10' M 
Hg2' was added. 
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V A S  DEFERENS 

A CONTROL TTX 0.3 UM 

10 min c----r 

r.1 
n 

-9 -8 -7 -6  -5 

t t 
- 4  -3 

c ALBUMIN 45 g/l TTX 0.3 pM 

1' t t t t t t 
-9 -8  -7 -6 -5  -4  -3 

Hg2* (M) 

Fig. 2. Hg2+ effects in concentrations of 10 logarithms on the direct muscle-stimulated guinea-pig vas deferens. 
Neurogenic response of stimulation was blocked with 0.3 pm tetrodotoxin (TTX). 2A. Hg2+ In lo-' M concentration 
transiently increased the response to electric stimulation. 2B. Part A continued. Hg2* at and 10 ' M  
concentration raised the basal tone and coincidently increased the response to electric stimulation. 2C. In the 
presence of 45 g albumin/l a 10 -8 M concentration of Hg2+ transiently increased the response to electric stimulation. 
Albumin counteracted the effects of Hg2+ at M concentration, and the concentration of Hg2+ had to be 
increased to raise the basal tone. At lo-' M HgZ' the response to electric stimulation was, after an initial increase, 
depressed. 

lop5 M, produced initially strong contrac- 
tions of the ileum. Relaxation occurred after 
10-15 min. Contractions induced by electric 
stimulation gradually decreased. Hg2+, lop4- 

M, after an initial enhancement (3- 
20min) depressed the basal tone of the 
ileum, and the response to electric stimu- 
lation faded. These high concentrations 
(Hg2+, 10-4-10-3 M) produced a moderate 
and transient (30-80 min) contraction of the 
vas deferens combined with an increase of 
the response to electric stimulation (Fig. 
2B). 

Influence of albumin on the effects of HgL+. 
Increasing the concentration of NaHC03 
50% in Tyrode solution did not alter the 

basal tone or the contractile response of the 
pre arations to direct muscle stimulation. 
Hg' had the same effects on the prep- 
arations as in ordinary Tyrode solution. 

Albumin in itself had no effect on the 
'resting tone' or on the contractile response 
to electric stimulation of the preparations. It 
blocked the stimulant effect of Hg2+, lo-'- 
lo6 M, on the basal tone of the i1eu.m. Con- 
trary to the conditions in ordinary Tyrode 
solution, Hg2+ in the presence of albumin 
increased the response to direct muscle 
stimulation in both the ileum and the vas 
deferens (Fig. 2C). 

In the presence of albumin, higher con- 
centrations of Hg2+, 10-4-10-3 M, were 
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needed to increase the basal tone in the 
ileum than in ordinary Tyrode solution (Fig. 
1 H ) .  lligher concentrations of Hg2+ were 
also required to decrease the response to 
direct muscte stimulation. Furthermore, 
albumin counteracted the depressant effects 
on basal tone caused by high concentrations 
of Fig? + (10 '-lo-' M) (Fig. 1B). 

The stimulant effect on the response to 
direct muscle stimulation of the vas deferens 
caused hy Hg2+ was seen in lower concen- 
trations (10 M) and more frequently 
(10 "-10 ' M )  in the presence of albumin, 
especially 4.5 g/l. However, higher concen- 
trations of Hg2+, 10-4-tO-7 M, depressed 
the contractile response after a short en- 
hancement (1&15 min). When the high con- 
centration of albumin, 45 g/l, was present, 
the increase in basal tone was observed 
at 10 ' M of Hg2+. 

1, - E  Moberg et a1 ACTA ODONTOI SCAND 49 (1991)  

Hg2+, 10-5-10-3 M, had similar effects on the 
response of the ileum to nerve stimulation as 
on the contractions induced by direct muscle 
stimulation-that is, the depressant effect on 
the muscle dominated. However, in the vas 
deferens the increase in response to nerve 
stimulation was shorter (5-15 min) than that 
seen on contractions induced by direct 
muscle stimulation, and in some prep- 
arations rhythmic phasic contractions also 
occurred. The contractions faded in 15- 
30 min. 

Influence of albumin on the effects of Hg2+.  
A 50% increase of NaHCO? concentration 
in Tyrode solution did not influence the 
response of the preparations to nerve stimu- 
lation or the effects of Hg2+. Albumin in 
itself had no effect on the response to nerve 
stimulation. In contrast to the experiments 
with direct smooth-muscle stimulation, Hg2 + 

in concentrations of 10-9-10-4 M in the pres- 
ence of 45 g albumin/l decreased the con- 
tractile response of both the ileum and the 
vas deferens (Fig. 4B, C and 3B). 

I<espon.w to iierve stimulation 
Effec.ts of H g 2 + .  Hg2+ in lower concen- 

trations, 10-'-10 M, had a stimulant effect 
on the response to nerve stimulation of the 
vas deferens (Fig. 3A), and at 10-6-10-s M 
the Ftimulant effect was more frequent than 
o n  contractions induced by direct muscle 
slimulation. This was not observed in the 
ileum (Fig. '4A). High concentrations of 

V A S  D E F E R E N S  

CONTROL 

ALBUMIN 45 gll  

Discussion 
In individuals without subjective symptoms 
chronic exposure to inorganic mercury at 
concentrations lower than those considered 

10 min Fig. 3. Effect of IHg?+ . 
inconcentrations of 10 
logarithms on nerve- [; induced contractions of 
guinea-pig vas 
deferens. 3A. At the - -5 -4  -3 10 ' M concentration 
of Hg" the response 
to nerve stimulation 
increased. Hg2- at 10 min - M concentration 

phasic contractionc also 
appeared. 
Coincidentally, the 
response to electric 
stimulation, after an 

initial increase, was depressed. 3B. When 45g albumin/I was present, Hgz+ in concentrations of 10~~'J-10 ' M 
successively decreased the contractile response. Concentrations of Hg2+ at the M level raised the basal tone. 
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Fig. 4. Effects of Hg2+ 
in concentrations of 10 
logarithms on nerve- 
induced contractions of 
guinea-pig ileum. 4A. 
No effect of Hg2+ in 
the 10-9-10-b M range 
was seen on the 
contractile response to 
nerve stimulation. 
Addition of M 
Hg2+ increased the 
basal tone and 
decreased the 
contractile response to 
nerve stimulation, 
Higher concentrations 
of Hg" abolished the 
response to electric 
stimulation. 4B. When 
45 g albumin/l was 
present, Hgz+ in the 
10-x-10-6 M range 
decreased the 
contractile response to 
nerve stimulation, 4C. 
Part B continued. HgZt 
in the 10-5-10-4M 
concent ration range 
further decreased the 
contractile response to 
nerve stimulation, and 

M raised the tone, 
whereas the response 
to electric stimulation 
faded. 

ILEUM ;'O mi: 

A CONTROL 

-9 -8 -6  - 5  - 4  

Hg2'(M) 

B ALBUMIN 45 g/l 

F - 9  - 8  - 7  - 6  

Hg2+ ( M I  

- 5  

toxic produces effects on both central and 
peripheral neuronal functions (27-29). 
Earlier studies have shown that HgZ+, in very 
low concentrations in in vitro systems, exerts 
an excitatory action postjunctionally on 
neuromuscular transmission (22,30). In the 
present study the threshold concentration 
for obtaining an effect of Hg2+ was often 

low. With higher concentrations of 
Hg2+ the fraction of responding preparations 
increased. The presence of albumin reduces 
the direct stirnulatory effect of Hgz+ in con- 
centrations of 10-9-10-6 M on the smooth 
muscle of the ileum. The mechanism of this 
inhibition is not known, but an interaction 
between albumin and Hg2+ is plausible. 
Increased accessibility of total calcium in 
the albumin-containing solutions could have 
stabilized the muscular membrane. How- 

- 4  - 3  

ever, this possibility seems less plausible 
because the concentration of ionized Ca2+ 
was kept constant in the bath. In the vas 
deferens no effect of Hg2+ on the contractile 
response was seen unless 10-4M was 
applied. The antagonistic effect of albumin 
was observed only when 45 g/1 was present. 

When albumin and Hg2+ in concentrations 
of 10-8-10-7M were present in the bath, 
contractions induced by direct muscle stimu- 
lation were enhanced. Moberg (22) observed 
a similar effect in a study on ileum in stagnant 
Tyrode solution without albumin; ileal secre- 
tion probably produced high concentrations 
of proteins in the vicinity of the organ. In 
the present study the ileal secretion was 
diluted and dispersed throughout the entire 
bath system by circulation of the bath solu- 
tion. This might explain the absence of effect 
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of low concentrations of Hg2+ in Tyrode 
solution without albumin. 

When contractions were induced by nerve 
stimulation, no effect of Hg2+ in the con- 
centration range 10-9-10-6M was seen in 
the ileum. As Hg2+ stimulated the smooth 
muscle directly, an enhancement would have 
been noted, Thus, Hg2+ seems to inhibit 
cholinergic neuromuscular transmission. 
This effect of Hg2+ on the ileum was even 
more pronounced in the presence of 45g 
albumin/l, and it was also apparent in the 
vas deferens. It is possible that Hg2+ influ- 
ences the release of transmitters (31-34) 
and/or inhibits the action of transmitters on 
the muscle cell membrane (32) ,  which could 
be consistent with the finding that Hg2+ binds 
t o  the muscarinic receptor (35) .  

When albumin was not present in the bath, 
Hg?.' seemed to exert a stimulant effect on 
the neuromuscular adrenergic transmission 
of the vas deferens. It is possible that a 
direct action of Hg2+ on the smooth muscle 
enhanced the motor response to the neuro- 
genic stimulation (36,37). 

In blood serum less than 1 % of Hg2+ is free 
o r  bound to low molecular weight substances 
(38). In  analogy, it is plausible that most 
of the Hg2+ was bound to albumin in our 
experimtmt. In the high concentration range 
(Hg2'. 10 -s--10-3 M) binding sites on albu- 
min might have been saturated, which would 
imply incapacity to bind excess of the metal. 
Then, the concentrations of 'free' or loosely 
bound Hg2' increases in the solution and 
:iugments the probability for the metal to 
hind to  other sites (38). 

The levels of mercury in whole blood and 
interstitial fluid which are caused by mercury 
from amalgam in man are not known. How- 
ever. concentrations of Hg in blood plasma, 
before and after removal of amalgam res- 
torations, have been presented which indi- 
cate that the amalgam could be responsible 
for 2-3 x lo-'' M of the Hg (19). The present 
results imply that Hg2+, even in these low 
concentrations and also when bound to albu- 
min, may affect neuromuscular transmis- 
sion. This finding implies that inorganic 
mercury, even at levels presently considered 
acceptable, is potentially toxic to neuroef- 
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