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Effect of Renal Denervation on Renal
Action of Diltiazem in Dog
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Abstract—This study was performed to elucidate the mechanism of antidiuretic action of diltiazem by infusion
into the vein and carotid artery, of diuretic action into a renal artery in dog. Renal denervation caused a
reversal of the effect of diltiazem from the antidiuretic to the diuretic when infused into vein or carotid
artery, and potentiated the diuretic effect when infused into a renal artery. The changes of renal function
in diuretic circumstances as described above included the increase in renal plasma flow, osmolar clearance,
the amounts of sodium and potassium excreted in urine and the decrease in reabosrption rate of sodium
and potassium in renal tubules. Above results suggest that antidiuretic action of diltiazem may be mediated
by central nervous system, not by endogenous substance, diuretic action by direct renal action.
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Table I. Effect of renal denervation on renal action of diltiazem (5.0 ug/kg/min) infused into vein in dog

Times Control 0'~10" 10/ ~20' 20 ~30"
Parameters
Vol(mi/min) E  177+019 2,23+ 0.30* 2.39+ 0.36* 2,36+ 0.39*
C  1.28+028 134+ 0.38 137+ 044 140+ 0.45
GFR(m//min) E 255+ 060 265+ 1.84 979+ 1.89 275+ 0.95
C  242+121 245 0.72 959+ 0.53 246+ 0,51
RPF(ml/min) E  661+384 710+ 4.66 68.1+ 5.05 72.8+ 6.02*
C  611+282 632+ 111 614+ 1.92 63.6% 0.29
C oo (d/min) E  1.94+032 233+ 044 253+ 0.45* 959+ 0.44*
C  141%024 148+ 0.32 155+ 0.38 1,62+ 0.40
Cutao(mi/min) E —017+015 —0.11£0.19 —0.14+ 020 —0.23% 0.20
C —014%011 —0.15% 013 —0.19+ 0.13 —~0.224 014
Ens(4Eq/min) E 2139+ 19.15 66,0+ 2552 303.2:+ 24.51* 308.6+ 2472
C 1740+ 2359 155.7 1755 182.0+ 26.39 190.3+ 27.65
Rya(%) E  046+071 935+ 0.87* 92.7+ 0.75* 99,6+ 0.81*
C 956+ 101 953+ 1.35 952+ 148 948+ 1.57
Ex(Eq/min) E  332+427 400+ 5.47* 42.9% 5.36* 443+ 553
C  236%422 26.8+ 615 280+ 7.34 29.44 750
Re(%) E 739+ 207 697+ 3.59* 681+ 3.58* 674% 3.77*
C 79444325 780+ 5.39 779+ 6.11 75.7+ 6.39
K/Na(%) E 170+ 188 161+ 1.78 146+ 1.15 14.7+ 0.83
C  184%243 17.4+ 2.0 165+ 1.51 167+ 1.03

Mean= S.E. from 6 experiments, Abbreviations: Vol=urine flow rate. GFR and RPF=gromerular f{iltration rate and renal plasma flow
measured by clearance of creatinine and P-aminohippuric acid, resp. Cosm and Cg,o=clearances of osmotic substances and free water,
resp. Ex. and Ex=excretory rates of sodium and potassuim in urine, resp. Ry, and Rx=Reahsorption rateo of sodium and potassium

in the tubles. Denervation was performed by sectioning the visible nerves on the renal artery and sorrounding the renal artery with

cotton drenched the 10% alcholic phenol solution for 20min. E: experimental denervation Kidney. C: control innervation Kidney.

*Statistically significant difference by comparing with corresponding control values.
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Table II. Effect of renal denervation on renal action of diltiazem (15.0 ug/kg/min) infused into vein in dog
T
mes Control 0'~10' 10'~20' 20’ ~30' 30" ~40/
Parameters
Vol(ml/min) E 177+ 0.19 247+ 0.43* 2.54+ 0.46% 254+ 0.40* 248+ 0.38*
C 1.28+ 0.28 1274040 1.22+ 041 1.04+ 0.37* 093+ 0.32*
GFR(m//min) E 25.5* 160 273+ 135 27.8+1.93 27.6+ 1.65 282+ 146
C 2424121 228+ 134 23.8+1.03 23.2+0.90 23.0L£0.92
RPF(ml/min) E 66.1% 3.84 71.7% 6.23* 69.8+ 3.32* 70.0x 2.70* 69.4% 3.48*
C 61.1+-2.82 h5.2+ 2.97 55,1t 2.60 557+ 1.14 545+ 048
Cosm(d/min) E 1.94+ 0.32 2.724 043* 292+ 0.46% 2.99+ (.39* 2.95+ (0.38*
C 141+ 024 1.48+ 0.39 151+ 0.39 134+ 0.35 125+ 0.34*
Cuyo(mi/min) E —-017+0.15 —0.256%0.20 —0.38+0.19 —045% 0.15 —0.49+0.10
C -—014+011 ~0.25% 0.25 —0.29+ 0.08 —0.31+ 0.10* —0.30X 0.07*
Exa(#Eq/min) E 2139x19.25 338.3% 25.64* 380.0+ 31.46* 401.3% 24.81* 459,1+ 46.13*
C 1735+25.71 155.7+ 17,51 15621 23.73* 153.7+ 27.11* 149.0+ 26.03*
Rya(%) E 9463 0.71 9184 0.92% 91.0+ 1.08* 904+ 1.15* 89.5+ 1.55%
C 95.6+ 1.01 953+ 1.35 957+ 1.33 96.5+ 1.38* 969+ 1.34*
Ex(uEq/min) E 33.0+x4.27 45.6% 5.79* 47.0£ 5.53* 47.3+ 5.22* 67.4% 2.70*
! C 23.6+ 4,22 276t 7.68 26.9+ 7.48 2521 6.75 2341+ 6.71
Rx(%) E 73.9+ 297 66.6% 3.53* 66.01+ 3.40* 65.8+ 2,74* 674+ 2.70*
C 794+ 4.25 772+ 592 80.5+ 5.05 792+ 517 8061 5.11
K/Na(%) E 17.0+ 1.88 13.8+ 094 131+ 1.27 12,3+ 1.13 11.0+1.13
C 184+ 243 174+ 1.16 16.8%+ 1.29 184+ 191 18.1+ 1.51

Mean+ S.E. from 6 experiments. Abbreviations: Vol=urine flow rat.. GFR and RPF=gromerular filtration rate and renal plasma flow
measured by clearance of creatinine and P-aminohippuric acid, resp. Cosm and Cpyo=clearances of osmotic substances and free water,
resp. Ey; and Ex=excretory rates of sodium and potassuim in urine, resp. Ry, and Rx=Reabsorption rateo of sodium and potassium
in the tubles. Denervation was performed by sectioning the visible nerves on the renal artery and sorrounding the renal artery with
cotton drenched the 10% alcholic phenol solution for 20 min. E: experimental denervation Kidney. C: control innervation Kidney.
*Statistically significant difference by comparing with corresponding control values.
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Table HI. Effect of diltiazem (15.0 ug/kg/min) infused into the vein on renal function in dog
Time Vol GFR RPF Cosm CHgO Exa Rya EK RK

(min) (m!/min) (mi/min) (mi/min) (uEq/min) (%) (1Eq/min) (%)
0~10 2.20 604 1384 354 —1.34 350.7 964 62.7 805
10~20 2.22 60.0 138.1 3.56 —-134 339.7 96.6 62.8 810
Diltiazem 15.0 pg/kg/min i.v.
20~30 140 56.3 120.0 202 —0.82 1994 97.6 45.2 83.9
30~40 140 60.1 133.2 2.16 —0.76 178.5 98.0 494 83.6
40~50 1.22 589 136.5 2.03 -0.81 155.6 98.2 39.0 86.8
50~60 125 574 136.6 191 —0.66 156.8 98.2 330 88.2

Data from Expt. No. 669. Meant SE, from 6 experiments. Abbreviations: Vol=urine flow rate. GFR and RPF=gromerular filtration
rate and renal plasma flow measpred by clearance of creatinine and P-aminohippuric acid, resp. Cosm and Cupo=clearances of osmotic
substances and free water, resp. Ey, and Ex=excretory rates of sodium and potassuim in urine, resp. Rw. and Rg=Reabsorption
rateo of sodium and potassium in the tubles. Denervation was performed by sectioning the visible nerves on the renal artery and
sorrounding the renal artery with cotton drenched the 10% alcholic phenol solution for 20 min. E: experimental denervation Kidney.
C: control innervation Kidney. *Statistically significant difference by comparing with corresponding control values.
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Table IV. Effect of renal denervation on antidiuretic action of diltiazem (5.0 ug/kg/min) infused into carotid artery in dog

Times , , ,
Control 0'~10 10'~20 20'~30
Parameters
Vol(ml/min) E 219+026 251+ 031 291+ 0.33* 3.02% 0.39*
C 154%+0.37 164+ 0.44 163+ 0.45 155+ 0.44
GFR(m!//min) E 276%256 29.6% 2.71 29.8+ 2.75 30.3£ 2,50
C 242+146 241+ 1.30 24.64 1.03 239+ 143
RPF(ml/min) E 546+213 56.1% 1.80 59,2+ 1.98* 57.9+ 1.74*
C 580%417 54.1% 318 58.7+ 3.34 55.3+ 4.87
Cosm(ml/min) E 206011 233+ 0.19 278+ 0.31* 289+ (0.32*
C 136+0.22 151+ 0.28 1.60+ 0.29 154+ 0.31
Chpo(ml/min) E 0.15+024 0.19+0.32 0.13+0.28 0.13+0.24
C 017022 0.14+0.26 0.04+ 025 001+ 022
Ex.(¢zEq/min) E 2095+ 2940 285.1+ 16.97 349.41 36.53* 374.6+ 41.98*
C 190.3+=32.14 169.5+ 44.07 178.21 46.25 180.6+ 48.22
Rya(%) E 94.7+0.83 934+ 0.60 919+ 1.01* 91.5% 1.09*
C 945+0.79 954+ 1.11 952+ 1.19 95.0% 1.19
Ex(uEq/min) E  271+290 34.114.33* 38.7+ 5.30* 40.8+ 4.95*
C 180x191 234+ 1.90 27.0+2.12 27.7+ 361
Rx(%) E 79.6+259 76.7£ 2.70 73.7£ 343* 73.0% 2.77*
C 831+150 804+ 1.95 77.8+ 2.71* 76.5+ 352

Mean+ SE. from 6 experiments. Abbreviations: Vol=urine flow rate. GFR and RPF=gromerular filtration rate and renal plasma flow
measured by clearance of creatinine and P-aminohippuric acid, resp. Cosm and Cyp=clearances of osmotic substances and free water,
resp. Ey, and Ex=excretory rates of sodium and potassuim in urine, resp. Ry, and Rg=Reabsorption rateo of sodium and potassium
in the tubles. Denervation was performed by sectioning the visible nerves on the renal artery and sorrounding the renal artery with
cottonn drenched the 10% alcholic phenol solution for 20 min. E: experimental denervation Kidney. C: control innervation Kidney.
*Statistically significant difference by comparing with corresponding control values.
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Table V. Effect of renal denervation on antidiuretic action of diltiazem (15.0 ug/kg/min) infused into carotid artery

Times Control 0'~10 10'~20" 20/ ~30" 30'~40'
Parameters
Vol(m//min) E  219+026 337+ 0.49* 351% 052 3.33% 0.55* 319+ 0.54*
C  154%0.18 152+ 0.43 136+ 0.14* 119+ 0.13* 110 0.14*
GFR(ml/min) E 276%256 30.8+ 2.58 30.1% 2.27 302+ 2.33 311+ 2.70
C 242256 2561 2.09 241+ 148 221+2.32 22.3% 2.00
RPF(m//min) E 546%£213 60.2+ 2.32* 61.3+247* 62.4+ 2.90* 63.54 4.34*
C 580417 614+ 3.80 514 3.68% 50.4 6,01% 50.3% 6.63*
Cosm(ml/min) E 206%0.11 326 0.47* 351+ 0.49" 352+ 0.43* 353+ 0.46%
C 136023 161 0.28 149+ 0.36 141+ 041 141 0.42
Curzo(mi/min) E  0.15+024 0.10+ 0.25 0.00% 0.22 0.19% 0.20 0.34+ 0.20
C 017022 —0.09+ 0.21 -0.14t£ 0.17* —022+ 0.14* —032+0.10*
Exa(1Eq/min) E 2095+ 29.40 4283+ 60.11* 4705+ 65.14* 4638+ 67.25% 4786+ 71.01%
C 1903+ 16.07 1810+ 2447 166.1+ 26.20* 1519+ 27.72* 155.1+ 27.35*
Rual%) E  947+083 90.5: 1.36% 89.3+ 0.55% 89,61 147" 89.5+ 1.61*
C  945+079 95.0+ 1.28 95.4:+ 1.38* 95.9: 1.38* 05.8+ 1.34*
Ex(uEq/min) E 271+290 45.8+ 5.96* 49.3+ 6.68* 50,6 7.81* 50,0+ 8,15
C 181+191 312+ 3.97* 284+ 5.39* 259+ 5,76* 24.7+ 5.40*
Rx(%) E 796+ 259 70.2: 3.18* 67.5:% 3.34% 66.9% 4.11% 68,14 4.42*
C  831%150 74,6+ 4.45% 75.7% 546" 76.9% 5.10* 78.0% 4.44*

Mean+ SE. from 6 experiments. Abbreviations: Vol=urine flow rate. GFR and RPF=gromerular filtration rate and renal plasma flow
measured by clearance of creatinine and P-aminohippuric acid, resp. Cosm and Cyyo=clearances of osmotic substances and free water,
resp. Ey, and Ex—excretory rates of sodium and potassuim in urine, resp. Ry, and Rx=Reabsorption rateo of sodium and potassium
in the tubles. Denervation was performed by sectioning the visible nerves on the renal artery and sorrounding the renal artery with
cotton drenched the 10% alcholic phenol solution for 20 min. E: experimental denervation Kidney., C: control innervation Kidney.
*Statistically significant difference by comparing with corresponding control values.

Table VL Effect of diltiazem infused into carotid artery on renal action in dog

Time Vol GFR RPF Cosm Crso Exa Rua Ex Rx
(min) (ml/min) (ml/min) (ml/min) (uEq/min) (%) (uEq/min) (%)
0~10 3.64 49.5 117.7 4.39 —-0.75 618.8 91.7 66.6 73.1
10~20 3.65 438 1164 4.72 ~-1.07 636.2 91.3 65.7 73.1
Diltiazem, 5.0 yg/kg/min. into carotid artery
20~30 345 50.6 114.7 4.50 —1.05 630.7 91.7 63.1 75.1
3040 345 49.0 114.0 4.56 -111 630.7 914 64.9 735
40~50 340 47.8 106.3 4.66 —~1.26 6429 91.0 64.6 73.0
Diltiazem, 15.0 ug/kg/min. into carotid artery ‘
50~60 3.05 475 108.7 4.36 —-1.31 596.3 91.6 61.9 739
60~70 2.24 47.3 107.2 351 —1.27 457.0 93.6 54.9 76.8
7080 142 429 102.9 2.54 —-1.12 316.8 95.1 43.0 80.0
80~90 1.52 430 103.6 2.79 ~1.27 3456 95.2 48.6 79.6

Data from Expt No. 677. Meant SE. from 6 experiments. Abbreviations: Vel=urine flow rate. GFR and RPF=gromerular filtration
rate and renal plasma flow measured by clearance of creatinine and P-aminohippuric acid, resp. Cosm and Cp,o=clearances of osmotic
substances and free water, resp. Ex, and Ex=excretory rates of sodium and potassuim in urine, resp. Ry, and Rx=Reabsorption
rateo of sodium and potassium in the tubles. Denervation was petformed by sectioning the visible nerves on the renal artery and
sorrounding the renal artery with cotton drenched the 10% alcholic phenol solution for 20 min. E: experimental denervation Kidney.
C: control innervation Kidney. *Statistically significant difference by comparing with corresponding control values.

AL ARt frAdal A bl Rwe®t Rx2l 702 wiebfigich oldd @4b Table II
Table ITI-2 diltiazem 15.0 ug/kg/ming A AFAlEES- o A iehd olEXl(innervation Kidney)ellA] diltiazem

Zhe e Ao ) & 399 AYF 148 Jeh of &jste] viepd A5 WSt} AR Habe|th

Aolct. :eke] 7Ha9f vfEe] Cosm, Ex,# Exol 7H4¢} ASY Diltiazem 2| MHZEZol| CHEH AAARH S gt



Table VII. Effect of renal denervation on diuretic action of diltiazem (1.0 ug/kg/min) infused into a renal artery in dog
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=
rmes Control 0'~10' 10'~20' 20/~30"
Parameters
Vol(ml/min) E 250020 363+ 041 3.89 0.48* 357+ 0.48*
C  219%024 205 0.22 2,03+ 0.19 191+ 0.17*
GFR(//min) E 316182 33.9% 1.76 34,8+ 2.32 30.7+ 322
C  354+128 37.0+ 142 37.8% 150 38,0+ 040
RPF(ml/min) E  784%195 93.9 4.95* 88.1% 7.25* 741+ 372
C  844%725 82.6+ 5.73 82,8+ 9.11 833+ 8.62
Coun(ml/min) E 230%028 327+ 0.45% 365 0.56" 341+ 050°
C  2.06%0.16 219+ 0.15 2.08 0.06 223+ 0.12
Coapo(mi/min) E 0204017 036 0.10 0.04 0.10 0.16+ 0.05
C 013119 —0.14+ 0.11* —0.25+ 0.12* ~0.30 0.10*
Exa(uEq/min) E 23714039 375.7+ 60.13* 43.07+ 68.08* 3953+ 73.9%
C 2087+ 1607 2139+ 5.14 2186+ 13.28 935.6+ 7.36
Rua(9%) E  952+068 92.72 0.98* 92.3% 1.00* 92.8+ 0.90*
C  963%037 96.1+ 0.19 95.8 0.20 95.8 0.09
Ex(Eq/min) E 344+ 393 42.1% 392* 45.5% 5.32* 46,3+ 5.84*
C 325+303 334 3.39 349+ 2,98 35,8+ 364
Rx(%) E 785%143 75.1+ 2.06* 74.2% 170* 70.0% 1.56*
C  815+131 82.0+ 146 815+ 137 813+ 169

Meant SE. from 6 experiments. Abbreviations: Vol=urine flow rate. GFR and RPF=gromerular filtration rate and renal plasma flow
measured by clearance of creatinine and P-aminohippuric acid, resp. Cosm and Cy,o—clearances of osmotic substances and free water,
resp. Ex, and Ex=excretory rates of sodium and potassuim in urine, resp. Ry, and Rx=Reabsorption rateo of sodium and potassium
in the tubles. Denervation was performed by sectioning the visible nerves on the renal artery and sorrounding the renal artery with
cotton drenched the 10% alcholic phenol solution for 20 min. E: experimental denervation Kidney. C: control innervation Kidney.

*Statistically significant difference by comparing with corresponding control values.
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Table VIII. Effect of renal denervation on the diuretic action of diltiazein (3.0 ug/kg/min) infused into a renal artery in

dog
—
-mes Control 0'~10' 10'~20° 20’ ~30'
Parameters

Vol(m//min) E  250+0.20 492+ 0.55* 5.31+ 0.59* 504+ 0.53*
C 219+024 1.94% 0.12* 1.90+ 0.17* 1.68% 0.21*

GFR(ml/min) E 3461182 36.2%£ 235 36.5+2.24 379+ 193
C 354+128 36.7+ 0.66 35.91 0.48 37.6£0.39

RPF(ml/min) E 784%£195 91.5+ 343* 100.3+ 3.00* 106.8% 5.42*
C 844+725 87.6+6.14 83.71 565 87.0x7.61

Cosm(ml/min) E 230+028 461+ 0.97* 5.30% 1.14* 5.141 0.98*
C 2.06%0.16 239+ 0.06 243%0.13 234 0.20

Crpo(mi/min) E  020%017 0.31x0.17 0.01+0.11 —0.10+ 0.14*
C 013+0.19 —0.45% 0.09* —0.32t£ 0.20* —0.67% 0.08*

Exs(uEa/min) E 2371+ 4039 584.7+ 58.40* 676.4% 75.16* 654.0+ 52.50%
C 208.7+16.07 2649+ 6.97 274.3£ 10.74 250.1L 18.85

Rya(%) E 952+068 89.9+ 2.15* 884+ 2.40* 801+ 2.11*
C 963+0.37 95.2+ 0.19 94.9x 0.28 95.5+ 0.36

Ex(uEq/min) E  343+393 53.5+ 7.47* 547+ 7.17* 54.8+ 6.46*
C 325+3.03 375+ 2.78 36.8+ 262 35.21£292

Rx(%) E 785%£143 71.0% 3.04* 70.6+ 2.77* 71.6x 2.13*
C 815+131 794+ 1.97 794+ 1.75 812+134

Meant S.E. from 6 experiments. Abbreviations: Vol=urine flow rate. GFR and RPF=gromerular filtration rate and renal plasma flow
measured by clearance of creatinine and P-aminohippuric acid, resp. Cosm and Cygo=clearances of osmotic substances and free water,
resp. Ex, and Ex=excretory rates of sodium and potassuim in urine, resp. Ry, and Rx=Reabsorption rateo of sodium and potassium
in the tubles. Denervation was performed by sectioning the visible nerves on the renal artery and sorrounding the renal artery with
cotton drenched the 10% alcholic phenol solution for 20 min. E: experimental denervation Kidney. C: control innervation Kidney.
*Statistically significant difference by comparing with corresponding control values.
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Fig. 1. Comparision of percentage changes of renal function
by diltiazem infused into the renal artery of innervation and
denervation experimental kidney. resp. White columns indi-
cate the percentage changes by diltiazem infused into the
renal artery of inervation group, dotted columns the dener-
vation group. I, II, and IIl exhibite the 1st, 2nd, and 3th
periods after diltiazem.

*Statistically significant difference by comparing the percen-
tage changes rates among innervation and denervation group.
Legends as in Table L
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