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1
cyclic nucleotide-gated cation channel CNG
1) (2)
(3. 4)
CNG
CNG (5) CNG
(6)
(7)
(8)
ANP NO cGMP
CNG
2
2.1
3 Sprague—-Dawley
Table 1 0
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1 mg/kg

CNG

(6)



0 80 g/kg

2.6 g/kg Ni+ NaCl-
Ni+ NaCl+
Ni- NaCl- : Ni- NaCl+
12 12
23°C
Table 1
Composition of Basal Diet
Ingredient g/kg diet Vitamin mixture provided 0.75 mg vitamin K;, 30 mg
nicotinic acid, 0.2 mg biotin, 6 mg thiamin
Vitamin free casein ~ 150.00 hydrochloride, 16 mg calcium panthotenate, 25 pg
Corn starch 150.00 vitamin Bj,;, 18 mg dl-a-tocopherol acetate, 6 mg
' riboflavin and 1 mg folic acid, 7.5 mg pyridoxine
Sucrose 526.50 hydrochloride, 2.201 mg retinyl palmitate, and 25 pg

50.00 vitamin D3 per 1 kg diet.
Mineral mixture provided 12.5 g CaCOs, 2.0 g KClI, 2.6

Cellulose fiber

Corn oil 80.00 g NaCl, 8.8 g KH,PO4, 0.8 g MgO, 2.48 g ferric sulate
Vitamin mixture 5.00 mixture, 10 mg ZnO, 40 mg MnSO,4H,0, 20 mg

_ ) CuSOQO45H,0, 0.5 mg KI, 0.6 mg Na,SeOs, 0.27 mg
Mineral mixture 35.00 (NH4)sM07054-4H,0, 2 mg Cr(C,H30,)3:H,0, 6 mg NaF,
L—Cystine 3.00 6 mg H;BO3, 0.5 mg NH4VO3, 2 mg Na,HAsO,4:7H-,0,

102 mg NaSiO3-9H,0 per 1 kg diet.

Choline chloride 0.50 Ferric sulfate mixture provided 35 mg iron per 1 kg diet.
2.2

9 tail-cuff/plethysmograph

10 16 -80

14

15 tail-cuff/plethysmograph

16

-80

2.3

Jaffé
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9) N-acetyl-D-B-glucosaminidase (NAG) NAG
Alkaline phosphatase (ALP) Bessey-Lowry (10) /
Grishman (11) cGMP ELISA R&D
Systems, Minneapolis, MN E. ELISA Cayman
Chemical, Ann Arbor, Ml ELISA Cayman Chemical, Ann
Arbor, Ml Kato (12)
(13)
2.4 (brightness discrimination test)
120 Y
25 5 10 lux
6 60 360
120
(14)
2.5
Dunnett
SYSTAT Version 5.0
(Systat, Inc., Evanston, IL) 5%
3
30.4 30.6¢g
Figure 1 16
p<0.01
Figure 2 16 Ni-Na+ Ni+NaCl-
p<0.01
Figure 3 16 Ni+NaCl+ Ni-NaCl+
Ni+NaCl-
p<0.01
Figure 4 16 Ni+NaCl+ Ni-NaCl+
Ni+NaCl-
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p<0.01

Figure 5 15 Ni-NaCl- Ni+NaCl+ Ni-Na+
Ni+NaCl-
Ni: p <0.01, NaCl: p < 0.01
9
Figure 6 10 Ni-NaCl+
Ni+NaCl-
Ni: p < 0.05,
NaCl: p <0.05
Ni+NaCl-  Ni-NaCl-
500 r 25 ¢
400 p > b T#
;3300 ;31_5 . I -
2 200 § 1 b
100 | 05 }
0 0
Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+ Ni+NaCl-  Ni+NaCl+  Ni-NaCl-  Ni-NaCl+
Figure 1. Final body weight of rats Figure 2. Kidney weight of rats

The coulumns indicate means and the short bars ~ The coulumns indicate means and the short
bars indicate standard deviation.

indicate standard deviation.
Significantly different from Ni+NaCl-, “p < 0.01.

120 ¢

2
-[ 100 |
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s ol I T
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0 0
Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+ Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+

Figure 3. Cardiac ventricle weight of rats Figure 4. Cardiac atrium weight of rats

The coulumns indicate means and the short bars The coulumns indicate means and the short bars
indicate standard deviation. indicate standard deviation.
Significantly different from Ni+NaCl-, *p < 0.01. Significantly different from Ni+NaCl-, *p < 0.01.
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Pressure, mmHg

Excretion, pmol/h

Excretion, mU’h

w

o

o
1

4 p
250 '|' #
200 } T* % E’s.
150 f L -
s2F #
100 g
x
. R 3 |
0 0  — | 1
NreNaCl - NieNaCle - NiNaCl- o NiNacl Ni+NaCl-  Ni+NaCk  Ni-NaCl  Ni-NaCl+
Figure 5. Systolic blood pressure Figure 6. Urinary albumin excretion
The coulumns indicate means and the short bars The coulumns indicate means and the short bars
indicate standard deviation. indicate standard deviation.
Significantly different from Ni+NaCl-; Significantly different from Ni+NaCl-, *p < 0.01.
*p <0.01, *p < 0.05.
5 - 500
T "
400
0r T g:Lsoo s #
T T £
% 200 }
5 i
100
0 0 [ 1 I I

Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+ Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+
Figure 7. Urinary excretion of Figure 8. Urinary excretion of
N-acetyl glucosaminidase alkaline phosphatase
The coulumns indicate means and the short bars The coulumns indicate means and the short bars
indicate standard deviation. indicate standard deviation.
Significantly different from Ni+NaCl-, “p < 0.01. Significantly different from Ni+NaCl-, *p < 0.01.

80
c 15} T
60 | %
E
a0 } é ir T [
g T
20 | T T Yos |
0 0
Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+ Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+
Figure 9. Urinary nickel excretion Figure 10. Urinary cGMP excretion
The coulumns indicate means and the short bars The coulumns indicate means and the short bars
indicate standard deviation. indicate standard deviation.
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Excretion, nmol/h

Figure 7 NAG NAG

Ni: p <0.01, Ni x NaCl: p

< 0.05 Ni-NaCl+ NAG Ni+NaCl-
Figure 8 ALP ALP
p<0.01 Ni-NaCl+ ALP Ni+NaCl-
Figure 9
p<0.01
Figure 10 cGMP cGMP
p <0.01 cGMP
Figure 11 / /
p <0.01
/
Figure 12
p <0.01
Figure 13
p <0.01
Figure 14 E,
E2
Ni: p <0.01, Ni x NaCl: p<0.05
25
140 p
120 “' 2 F “'
100 r T %1.5 - T
8o | T T S
“T g I [
40 }
0.5 F
20
0 0
Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+ Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+
Figure 11. Urinary nitrate/nitrite excretion Figure 12. Urinary aldosterone excretion
The coulumns indicate means and the short bars The coulumns indicate means and the short bars

indicate standard deviation.

indicate standard deviation.
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30 p

15 p

Excretionn, ng/h

10 f L 7°

Excretionn, mU/h

25 p 4}
20 p T I - 3}

Ni+NaCl- Ni+NaCl+ Ni-NaCl- Ni-NaCl+

Figure 13. Urinary kallikrein excretion

The coulumns indicate means and the short bars
indicate standard deviation.

Significantly different from Ni+NaCl-;

*p < 0.05, *p < 0.01.
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0

Ni+NaCl- Ni-NaCl-

Figure 15. Urinary sodium/creatinine ratio

after oral sodium chloride load

The coulumns indicate means and the short bars
indicate standard error.  * p < 0.05.

Ni: p < 0.01, NaCl: p < 0.01

Gordon  (15) in vitro CNG
CNG
CNG
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Ni+NaCl- Ni+NaCl+ Ni-NaCl-

Figure  14.  Urinary
prostaglandin E; metabolite

excretion

Ni-NaCl+

of

The coulumns indicate means and the short bars

indicate standard deviation.

Figure 15

Figure 16
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10 lux

CNG

Ni-NaCl+
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Brightness

Figure 16. Brightness discrimination test

Marks show the mean time spent in the dark arm in a 360-second session. Short bars
on marks show the standard error of the means.
Significantly different from Ni+NaCl-; * p < 0.01, * p < 0.05.
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- cGMP >
CNG NO - cGMP - CNG -~ cGMP - CNG
E,
E, (18)
in vitro E, CNG
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NAG
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CNG
in vitro CNG
CNG
CNG

6

(23)
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A study on the mechanism of salt-sensitive hypertension induced by
deficiency of nickel, an ultratrace element

-Interraction between nickel and cyclic nucleotide-gated sodium channel-

Katsuhiko Yokoi and Takatoshi Esashi

Department of Human Life and Culture, Faculty of Humanities, Seitoku University

Summary

Although there are circumstantial evidences that nickel is essential for higher animals, the
physiological function of nickel is not clarified. Gordon and Zagotta (1995) found that
nickel modulates the function of cyclic nucleotide-gated cation channels (CNG) in vitro.
Nickel stabilizes the open status of rod-type CNG and the closed status of olfactory-type
CNG. Yokoi et al (2003) found that nickel deprivation in rats caused decreased sperm
number and motility in epididymides, shortened epididymal transit time of spermatozoa,
and decreased weights of prostates and seminal vesicles. This prompted us to test the
hypothesis that nickel has an important role in CNG functions in vivo. Therefore, we tested
effect of nickel deficiency on physiological functions that relate to CNG, i.e., blood
pressure regulation, natriuresis and brightness discrimination. Thirty-two three-week-old
male Sprague-Dawley rats were divided into 4 groups of 8 assigned to the 16-week 2 x 2
factorially arranged experiment. The treatments were supplemental dietary nickel of 0 and
1 mg/kg and supplemental dietary sodium chloride (NaCl) at 0 and 80 g/kg. Dietary nickel
deficiency elevated systolic blood pressure. In the rats fed nickel-deficient, NaCl-excessive
diet, urinary excretion of albumin and N-acetyl glucosaminidase was significantly
increased. Urinary sodium/creatinine ratio after oral NaCl load was significantly decreased
in nickel-deficient rats. Nickel deficiency caused loss of brightness discrimination at 10
lux. These results suggest that nickel deficiency evokes hypertension with impaired
natriuresis and impaired retinal photoreception, probably through the impaired CNG
function.
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