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TABLE 1.  Composition of solutions

Control Low NaCl  200C-Cl 100C-Cl1 100 Na* 100 CI-

NaCl 200 81.6 (200)* (100)** 100 100
KCl1 5 5 5 5 5 5
NaHCO, 25 25 0 0 0 0
Na,HPO, 0.8 0.8 0.8 0.8 0.8 0.8
NaH,PO, 0.2 0.2 0.2 0.2 0.2 0.2
Na acetate 10 10 0 0 0 0
CaCl, 1.8 1.8 0 0 0 0
MgCl, 1.0 1.0 0 0 0 0
Ca acetate 0 0 1.5 1.5 1.5 1.5
Mg acetate 0 0 1.0 1.0 1.0 1.0
glucose 8.3 8.3 5 5 5 5
alanine 5 5 0 0 0 0
urea 100 318 100 100 100 100
HEPES 0 0 10 10 10 10
Tris 0 0 5 5 5 5
Sucrose 0 0 0 184 0 0
Choline Cl 0 0 0 0 100 0
Nacyclamate 0 0 0 0 0 100

* 200C-CI and ** 100C-CI represent each four kinds of solution, containing, 200 and
100mM NaCl, KCI, LiCl, or RbCl, respectively.
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Fig. 1.  Schematic illustration of the pipette setup used in this study.
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A representative tracing of transmural NaCl diffusion voltage (V,), showing
effect of 100 pg/ml protamine (PR;) and 30 U/ml heparin (HP). Lumen
positive V. was generated by lowering NaCl concentration of the luminal
fluid. Addition of protamine to the lumen rapidly decreased V. V. did not
return when protamine was eliminated. Addition of heparin increased Vi,
toward control level.



TABLE 2.  Effect of protamine and heparin on NaCl diffusion voltage in hamster

LDLu
Drugs Solution (n) Period
added P B Conirol Low Na
to Control  Protamine Heparin

Lumen Control Low Na(11) 0.1+£0.2 12.0&£1.4%* 734 1.2%*% 1044 1.2%*
Lumen LowNa Control (5) -02+£02 -7.7+1.4%* -39+ 1.0% -53+0.8%*
Bath Control LowNa(5) 0.0+£0.1 99+17** 98+1.6 95+1.5

Values are transmural voltage (V, mV) expressed as means = SEM. Doses of protamine
and heparin were added to the perfusate at 100 pg/ml, and 30 U/ml, respectively.
Abbreviations: P, perfusate; B, bathing fluid; n, number of experiments.

* P<0.05, **P<0.01 as compared to the preceding values.

TABLE 3. Ejfect of protamine on relative cation/ Cl- permeabilities as determined
by single salt dilution voltage

Cation n Vi Control 1 Protamine Control 2 Protamine
(mV) 100 p/ml 300 pg/ml

Na

cVT(mV) 11273 10.42+0.54 5.99 £ 0.66*** 9.90 £ 0.64* 2.46 £ 0.52%**

PNa/PCl 4.03 £ 0.38 2.14 £0.21%** 375+ 0.37 1.36 £ 0.09%**

% Inh. 45.78 £2.46 61.87 +2.67%#

K

cVT(mV) 5 035 13.57+£0.66 9.23+£0.82* 12.25+£0.78 4.85 £ 0.54*

PK/PCl 8.87£194 3.47+0.54* 631+1.23 1.80+0.14*

% Inh. 58.90 +£2.80 68.65 £ 4.12%

Li

cVT(mV) 5 404 7.10+£1.18 242+097* 6.92+1.34 0.60+0.77*

PLi/PC1 2.55+0.51 1.36+£0.17*  257+0.61 1.09+0.11*

% Inh. 43.84 £ 4.41 54.72 + 5.68#

Rb

cVT(mV) 5 0.18 11.82+0.61 8.22£0.63** 10.04 £0.80 4.28 £ 0.50%*

PRb/PCI 5.06+0.62 271 £026%* 3.71+£0.38 1.66%0.09**

% Inh. 43.49 + 3.05 55.84 £2.76%

Vlj, liquid junction voltage; cVT, transmural voltage corrected for liquid junction;
% Inh., percent inhibition.
* P<0.05, **P<0.005, *** P<0.001 as compared to control values.

#P<0.05, ¥ P<0.001 as compared to data for protamine 100pg/ml.
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Fig.3. Dose-response curve of inhibitory effect of protamine on NaCl diffusion
voltage. The initial rapid deflection of V; was used as a measure of the
response. The data are shown as percent inhibition of V.

* P<0.05, ** P<0.01 as comnpared to values for lower doses.
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Fig. 4. A representative tracing of transmural NaCl diffusion voltage (Vq), showing
effects of protamine and heparin in the absence or presence of ouabain.
Abbreviations: PR, protamine 100 pg/ml; HP, heparin 30 U/ml.
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TABLE 4.  Effect of protamine on apparent transference numbers for Na + and
Cl- apparent transference numbers

Protamine (pg/ml) 0 100 300

Na* gradient (n=6) dVy  13.6+0.69  10.11+0.74**  7.02+0.71 %**
t o+  0.74%0.04 0.55+0.04 %% 0.38 £ 0.04 ***

CI- gradient @65 dvy  3.30+0.59 4224057 %% 4954062

ter 0.18 £ 0.03 0.23 £ 0.03 ** 0.27 £ 0.03 *

A Na* gradient was imposed by partially replacing NaCl in the bahing fluid with choline

Cl, whereas a Cl~ gradient was imposed by replacing NaCl with Na cyclamate.
*P<0.005, **P<0.01, ***P<0.001 as compared to values in the absence of protamine.

TABLES.  Effects of protamine and heparin on transmural resistance (Ry) and
conductance (Gy)

Control 1 Protamine Heparin Conirol 2 Protamine
(100pg/ml) (30 U/ml) (300pg/ml)
Ry (Ohmem?) 14.0 £ 1.1 193 £ 1.2%%*% 1554 1,1*%% 132+ 1.8 22.0 £ 2.4%%*
Ry (%) 142.8 £6.2 172.8 £12.3
GpmScm-1) 79.6£6.3 554 £3.5%% 702+49%% 8244102 477 +52%*
Gr (%) 72.0+2.8 59.0%3.6
n 18 18 18 5 5

Values are means + SEM. n=number of experiments
** P<0.01, *** P<0.001 as compared to values in preceding periods.

TABLE 6.  Effects of protamine and heparin on transmural resistance (Ry) in
the presence or absence of 0.1 mM ouabain in the bath

Control Protamine Heparin
(100 pg/ml) (30U/ml)
Control 141+29 17.5+3.3 153+£29

(127.3 £ 4.1%)

Ounabain 143 +2.9 18.0+34 15.1+2.9
(127.5 £7.0%)

Values are R (Ohm cm?) expressed as means + SEM (n = 6).
Numbers in parenthesis are percent to the control values.
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Fig. 5. A representative tracing of cable analysis, showing effects of protamine and
heparin on input resistance. dV( means voltage deflection at perfusion site.
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Fig. 6.  Effects of protamine and heparin on basolateral membrane voltage (Vp).

Effects of these drugs were observed in the presence or absence of Ba?* in the

bath,
PRT, protamine 100 pg/ml; HP, heparin 30 U/ml.



TABLE 7.  Effects of protamine on parameters of cable analysis with
intracellular puncture in the presence or absence of 1 mM Ba** in the

bath
Conirol (n=5) Ba? (n=5)
Vg R, VDR R, Vg R; VDR f{R,
(mV)(Ohm cm?) (mV)(Ohm cm?)
Conirol -82.4 117 14.9 0.94 -52.4%F 1. 7# 4.5%  0.81%

1.9 04 19 001 3.1 +0.7 04 001

Protamine  -77.6 153  20.6 0.95 -53.8%  16.2# 6.2%  0.85%#
(100 pg/ml) *£5.6 =£1.5 3.7  20.01 +2.8 1.7 0.8 +0.02

P value ns * * Ak ns * * *k

Abbreviations: Vg, basolateral membrane voltage; Ry, transmural resistance; VDR,
voltage divider ratio; fR,, fractional apical resistance.

* P<0.05, **P<0.005, ns=not significant as compared control vs protamine period.

# P<0.05, *# P<0.01 as compared control vs Ba2* period.

TABLE 8.  Effects of protamine on cell membrane
and paracellular resistances.

R, Ry Ry Rg
Control 30.1+13.4 1.8+0.5 6.8+2.6 34,0 £ 8.3
Protamine 293+64 14+02 50+£13 440+ 10.5
(100pg/ml)
P value ns ns ns <0.05

Values are Ohm cm? expressed as means + SEM.
The values are calculated from the data presented in Table 6.
Abbreviations: R,, apical membrane resistance; Rg, basolateral membrane resistance;

Ry, basolateral membrane resistance in the presence of 1 mM Ba?* in the bath; Rg,
paracellular shunt resistance.
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MECHNISM AND REGULATION OF NaCl TRANSPORT
IN THE RENAL TUBULES

Effect of protamine on ion conductances
in upper portion of long-looped nephron

Koyama, Shigeru, Koji Yoshitomi, and Masashi Imai.
Department of Pharmacology, Jichi Medical School

Summary

To estimate the contribution of paracellular shunt pathway to the cation selective
permeability in the upper portion of the descending limb of long-looped nephron (LDLu)
of hamsters, we observed effect of protamine on salt diffusion voltage (dVy) and

transmural resistance (Rp). dV; generated upon reduction of lumen NaCl concentration

was decreased from 12.0 £ 1.4 mV to 7.3 + 1.2 mV when 100 pg/ml protamine was
added to the lumen. Although the effect of protamine was persisted after removal of the
agent from the lumen, addition of 30 U/ml heparin reversed the dV toward the control

level. The effect of protamine was dose-dependent in the range from 3 to 1000 pg/ml.
Protamine was without effect from the bath. Studies on single salt dilution voltage

revealed that 100 and 300 pg/ml protamine inhibited relative Na* to Cl- permeability
from 4.03 + 0.38 to 2.14 + 0.21 and from 3.75 £ 0.37 to 1.36 £ 0.09, respectively.

Protamine markedly decreased the apparent transference number for Nat but slightly
increased the value for Cl-. Protamine also inhibited permeabilities for K+, Rb*, and Lit
relative to CI°, indicating that the inhibitory effect of protamine was not confined to Na*
but was generalized to cations. Transmural cable analysis showed that 100 pg/ml
protamine increased Ry from 14.0 £ 1.1 Q cm? to 19.3 + 1.2 Q cm?, with the effect being
reversed by 30 U/ml heparin. Because the effect of protamine on R was unaffected by
ouabain in the bath, changes in R may mainly represent those of the paracellular shunt
resistance. Cable analysis with cell puncture in combination with BaCly effect further
confirmed this view. Protamine at 100 pg/ml increased shunt resistance (Rg) from 34.0 +
8.3 Q cm? to 44.0 + 10.5 Q cm? without affecting apical (R,) and basolateral (Rg)

membrane resistances. From these observations, we conclude that the use of protamine
provides a useful tool to study contribution of the paracellular shuni pathway and that at
least about 50 % of total conductance of the LDLu is accounted for by the cation
selective paracellular permeability.
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