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Summary. The present study was initiated with the hope of clarifying the role of
negative charges in the luminal brush border membrane in the overall process of trans-
epithelial isotonic sodium and water absorption. Using micropuncture techniques,
cationic polyamino acids such as polylysine (mol wt 100,000, 17,000 and 1,500-5,000,
1 mg/ml), tetralysine, polyornithine (molwt 100,000, 1mg/ml), polyethyleneimine
(2 mg/ml), polymyxin B (2 mg/ml), protamine sulfate (25 mg/ml) and histone (0.5 mg/ml)
were perfused through the segments of rat kidney proximal tubule for 30 sec to 2 min.
The rate of isotonic fluid absorption was measured before and after each perfusion with
the Gertz’s split drop method using Ringer’s solution as a shrinking drop. Polylysine
100,000 and 17,000 and polyornithine were the most potent, inhibiting isotonic reabsorp-
tion by 93 %. The sequence of inhibitory effect was: polylysine 100,000 ~ polyornithine
100,000~ polylysine 17,000> polyethyleneimine> polylysine 1,500-5,000~ polymyxinB >
protamine sulfate ~histone. In contrast, tetralysine (2 mg/ml) showed no inhibitory
effect. Electrical potential difference (p.d.) of the proximal tubular cells was destroyed
within 10 sec of luminal perfusion with polylysine 100,000 (1 mg/ml). Simultaneously
with the drop in p.d., electrical resistance of the luminal brush border membrane was
nearly totally eliminated, whereas transepithelial input resistance remained unaltered.
Furthermore, trypan blue dye was taken up by polylysine 100,000-perfused tubular cells
but not by normal cells. Expanding drop analysis (mannitol solution as a split drop)
was performed as a screening test to examine if the permeability for water and sodium in
the lateral paracellular pathway is altered by polylysine 100,000. No significant differ-
ence was observed in the velocity of split drop expansion between untreated and poly-
lysine-perfused tubules. A lower concentration of polylysine 100,000 (0.1 mg/ml) showed
a much less inhibitory effect on fluid absorption and on cell p.d. These observations
indicate that the strong inhibition on proximal tubular fluid absorption exerted by
polylysine and perhaps also by other cationic polyamino acids is due not to modification
of membrane negative charges but to the lysis of tubular cells by these polycations.

* This study was presented in part at the spring meeting of the Germany Physiological
Society, Erlangen, West Germany, May 1972.

** Present address: Department of Dermatology, State University of New York at
Buffalo, 50 High Street, Buffalo, New York.
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Despite numerous studies, the detailed mechanisms of isotonic Na™*
reabsorption across the mammalian kidney proximal tubule is still far from
clear. A recent study from this laboratory using thermodynamic analysis
has indicated, however, that at least part of the net Na™ transport across
this epithelium is active [10]." Stated in another way, at least part of the
net Na* transport is basically ascribable to the pattern of transport originally
proposed by Koefoed-Johnsen and Ussing [22] and Ussing and Zerahn [45],
namely that passive influx of Na* occurs across the brush border membrane
of tubular cells and active efflux from the cell of Na* occurs at the basal
and/or lateral cell membrane. It was also inferred that Na™, actively pumped
out into the basal infoldings and lateral intercellular space, further drags
water, CI~ and more Na* from the tubular lumen through the tight junc-
tion [10]. The electrophysiological basis for such a paracellular pathway for
the isotonic transport has recently been elaborated by Fromter [6]. How-
ever, the mechanism whereby Na™ crosses the luminal brush border mem-
brane of the mammalian kidney proximal tubule is still poorly understood
except that Na™ influx is coupled, at least partially, with H* secretion into
the lumen [44] and partially with influx into the cell of glucose and amino
acids [8]. The brush border membrane of the kidney proximal tubule
carries a net negative charge at a neutral pH [17, 21]. In epithelial mem-
branes [47] and phospholipid bilayers [1] attempts have been made to ex-
plain ionic selectivity and permeability by the fixed charges of the mem-
brane. If the negative charges in the proximal brush border membrane can
be modified artificially then the resultant alteration in the tubular reabsorp-
tive function would allow insight into the role of negative membrane
charges in the overall process of Na* movement across this membrane.
Although H* and Ca** are known to modify the membrane charges and
reverse the permselectivity of Na* and Cl™ in the passive route [47], they
do not appear to have profound effects on the overall reabsorption rate [42].
Furthermore, the use of highly permeable small molecular substances may
pose a difficulty in interpreting the sites of action even if they modify the
overall reabsorption rate. For this reason, we have employed several
positively charged macromolecules, cationic polyamino acids (also referred
to as polycation or basic polyelectrolyte), such as poly-L-lysine (polylysine,
mol wt 100,000, 17,000 and 1,500-5,000), tetralysine, poly-L-ornithine (poly-
ornithine), polyethyleneimine, polymyxin B, protamine sulfate and histone
with the hope that we can specifically modify the surface charges of the

1 In that study, active transport of Na™ and other ions has been defined as those por-
tions of the net transport unaccounted for by solvent drag, diffusion and electrical
transference.
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luminal membrane by applying them directly into the proximal tubular lumen
for a short period of time using micropuncture techniques. The effects of
cationic polyamino acids on the transepithelial Na* transport have already
been studied in the rat salivary duct by Mangos and McSherry [24] and in the
toad bladder by Mamelak, Wissig, Bogoroch and Edelman [23], the former
showing a marked inhibition of Na* reabsorption and the latter an increase
in the membrane permeability to Na* and the damage of the superficial
epithelial cells. The present study was also intended to fill some discrepancies
between the above two studies and to further elucidate the effects and the
mechanisms of action of these cationic macromolecules on the isotonic fluid
and sodium absorption of the rat kidney proximal tubule. The results show,
as in the rat salivary duct, that cationic polyamino acids expecially polylysine
and polyornithine exert a strong and prompt inhibitory effect on the proxi-
mal tubular isotonic fluid absorption. However, evidence has been obtained
to indicate that the inhibition of membrane transport in the proximal
tubule may not be due to modification of membrane charges but rather due
to the lysis of tubular cells by these polycationic compounds.

Materials and Methods

Micropuncture Experiments

Male Wistar rats, weighing 180-240 g, were anesthetized with Inactin (promonta-
80 mg/kg body weight) and their left kidneys were prepared for micropuncture as prey
viously described [43]. The kidney capsule was completely stripped off and the kidney
surface covered with paraffin oil. Cotton wool was used to immobilize the kidner
instead of agar. The ureter was identified and canulated with a polyethylene tubing o,
simply cut and urine allowed to drain into the abdominal cavity. Fluid loss, if any,
during the experiments was not replaced. The rats had free access to usual food and tap
water until the time of experiments. The micropuncture technique used was the split
drop method [11] in combination with the luminal perfusion of test substances [37].
Split oil droplets were made with either double-barrelled pipettes with approximate
outside diameter of 12 um, or two single-barrelled pipettes of from 4 to 7 pm outside
diameter. Ringer’s solution splitting the colored castor oil always contained, in
mEquiv/liter: Na*=150, CI"=128, Ca**=3, HCO; =25 with measured osmolarity
of 285 mOsm/kg water. This Ringer’s solution was also used as a medium for dissolving
cationic polyamino acids or other test compounds throughout the present study. Surface
proximal tubular segments, irrespective of their distance from glomerulus were identified
for suitability with split droplet formation, which was always performed toward the
glomerulus. Care was taken to use only straight or nearly straight tubular segments.
The change in the volume of the split droplet was photographed at 5-sec intervals with
a Robot motor driven camera and a Robot timer. The camera was attached to one ocular
of a Wild (Switzerland) trinocular stereo microscope at a magnification of 100. The
illumination used for micropuncture was a Monla low-voltage lamp while the photo-
graphs were taken with a flash from a Zeiss Ukatron flash generator at 60 W synchro-
nized with the timer and led onto the kidney surface beneath the oil through a Zeiss dia-
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cleral lamp cone. Absorptive half time (#,/,) was evaluated according to Gertz [11]
except that one tubular diameter was used as a correction factor for estimating the length
of split drop as described by Gyory [14]. Absorption rate was expressed as volume
flow (Jv) per unit tubular length

2
Joe In2-nr
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where r is the radius of the oil column in each individual tubule [14]. Thus, the dimension
of Jv is 107 7cm3/cm sec. In some Figures, absorption rate is presented only as 12
which is an inverse function of Jv. The solution containing basic polyamino acids or
other test compounds was then perfused downstream from a point proximal to the test
site. Immediately after the perfusion of test solution, the rate of isotonic reabsorption
was measured again at the same tubular site by splitting the oil column with Ringer’s
solution.

t1/2

Preparation of Perfusates

All the substances tested, namely, cationic polyamino acids, acid mucopolysaccharide,
anionic polyamino acids and enzymes, were dissolved in Ringer’s solution immediately
before use. Cationic polyamino acids include polylysine (mol wt 100,000 and 17,000,
Serva, Heidelberg; mol wt 1,500-5,000, Miles-Seravac, Lausanne, Switzerland), tetra-
lysine (Miles-Yeda, Rehovot), polyornithine (Serva), histone (Serva), polyethyleneimine
(Serva), polymyxin B (Sigma), protamine sulfate (Sigma); acid mucopolysaccharides
include heparin (Roche or Nutritional Biochemical, Cleveland), chondroitin sulfate
(Serva) and hyaluronic acid (Schuchardt). Trypsin was obtained from Serva, neuramini-
dase (from Ci. perfringens) from both Serva and Sigma. Whenever molecular weight is
not specified “polylysine” refers to polylysine 100,000.

Measurement of Static Head Concentration

Using the split drop recollection technique [18], the static head concentration (also
referred to as steady-state concentration) was measured for Nat and Cl~ before and
after the perfusion of tubules with polylysine 100,000 (1 mg/ml). In order to shorten the
time needed for equilibration an approximately equilibrated Ringer’s solution (in mm:
raffinose =50, Na™ =125, HCO; =25, Ca* "=1, CI"=102) was injected into the lumen
as a split drop.

Volume Expansion of Intraluminally Injected Isotonic Mannitol

A long loop of proximal tubule was identified and filled with a length (6 tubular
diameters) of colored castor oil. A constant volume (0.045 nl) of isosmotic mannitol
solution was injected into the oil column (expanding drop). Velocity of drop volume
expansion was measured by taking serial photographs at S-sec intervals. Calibration of
a constant volume of mannitol solution (0.045 nl) injected was accomplished by trans-
ferring mannitol solution from a precalibrated constant bore capillary pipette to the tip of
an oilfilled micropuncture pipette. The transferred mannitol solution in the puncture
pipette was again sealed with oil. The moment that the expanding drop was injected into
the oil column, the first photograph was taken (time zero). Since the initial length of the
expanding drop was only two or three tubular diameters, the correction for oil meniscus
and thus the volume of hemispherical head of the oil column was essential in calculating
the volume of the expanding drop (V). ¥ was thus calculated according to
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where D is the diameter of the expanding drop (assuming that it is equal to the diameter
of oil column during droplet expansion); L is the intermenisci length 4 D. The agreement
between the calculated initial (#=0) volume of the expanding drop and that of actually
injected volume indicates the adequacy of the procedure (see Fig. 6). In four tubules, the
expanding drops were formed immediately after the tubular lumen was perfused with
polylysine 100,000 (1 mg/ml) for 30 sec.

Trypan Blue Dye Incorporation Test

3% trypan blue in Ringer’s solution was first perfused intraluminally with a micro-
pipette for 2 min. The dye was not taken up by the cells by this procedure. Then poly-
lysine 100,000 (1 mg/ml) was infused into the lumen for 30 sec and immediately after-
wards trypan blue solution was perfused for 2 min.

Electrophysiological Study

The preparation of kidney was similar to that of the micropuncture study except
that the kidney was immobilized with Ringer-agar in a double kidney cup. Tail skin
was stripped off and the tail was grounded via an agar bridge and a calomel electrode.
The electronic set-up used was essentially the same as described previously [16] except
that a semifloating electrode [33] was used to obtain a stable cell p.d. This electrode was
constructed immediately before use by simply replacing the shaft of the conventional
Ling-Gerard glass microelectrode with a length (6 cm or longer) of KCl-filled flexible
silicon-rubber tubing (Leitz). With this improved electrode, it was possible to obtain
stable cell p.d.’s in the proximal tubular cells lasting for as long as 40 min [33]. The con-
nection to the electrometer (Keithley 604 differential electrometer amplifier) was achieved
by a pair of saturated calomel half-cells. Only those electrodes with tip resistance = 50 M Q
and tip potential 5 mV were selected for constructing the cell-impaling semifloating
electrodes. Either a Ling-Gerard electrode or a semifloating electrode was used as a
reference electrode, the tip of which was placed on the kidney surface in the
vicinity of the cell-impaling semifloating electrode. When the cell electrode was intro-
duced into a tubular cell, an electrical potential difference (p.d.) across the contraluminal
cell membrane of approximately —70 mV, cell interior negative, was recorded. If the
cell p.d. remained stable for longer than 2 min, polylysine 100,000 either 10~ 5m (1 mg/ml)
or 1079M (0.1 mg/ml) in Ringer’s solution was gently infused into the tubular lumen so
that the tubular diameter was not visibly changed by infusion. In half the experiments,
twice concentrated polylysine was infused so that the final concentration of polylysine
in the lumen after probable dilution with luminal fluid may not be less than 1073 or
10~5M; however, we have not observed a consistent difference of effect in so doubling
the concentrations. Thus, for the sake of simplicity, these data will be grouped under
1075 or 107%Mm, respectively. The electrical resistance of the brush border membrane
was estimated as illustrated in Fig. 1. Square pulses of 5% 1077 amp and 0.3- to 0.5-sec
duration were injected intraluminally via a 100-MQ resistor connected between a
Tektronix pulse generator (Type 161 and 162) and a low tip resistance (£5 M Q) micro-
electrode of Ling-Gerard type. A reference electrode (electrode R in Fig. 1), a Ling-
Gerard type electrode with relatively low tip resistance (<10 MQ), was placed in the
lumen in the vicinity (less than 20 pm distant) of the pulse-injection electrode. When the
cell-impaling semifloating electrode is located in the immediate peritubular space (Fig. 1 4)
above the reference electrode, the current-induced voltage pulse thus obtained represents
a qualitative measure of transepithelial input resistance (input resistance =pulse height
in volt divided by the injected current, 5 X 10~7 amp). Then the cell electrode was care-
fully introduced into the tubular cells. The height of voltage under these conditions was
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A

A (lumen)

Fig. 1. Schematic drawing of the methods for measuring transepithelial (4) and luminal
brush border membrane (B) resistance of the rat kidney proximal tubule. ¥V, Keithley
differential electrometer. R, reference electrode. PL, pipette for perfusion of polylysine
and other cationic polyamino acids. (C) Shows a simplified circuit diagram, where R,
R, and R, represent resistances of brush border membrane, basal or contraluminal cell
membrane and paracellular shunt pathway. Current pulse-induced voltage deflection
indicates only a qualitative measure of the electrical resistance of the Iuminal cell
membranes and the tubular wall

usually 3/4 that of the transepithelial voltage pulse and represents a qualitative measure
of the electrical resistance of the luminal brush border membrane. Polylysine 100,000
was subsequently perfused intraluminally from a pipette inserted proximally to the
impaled cell.

Electron-Microscopic Study

A total of 12 proximal tubules were subjected to the electron-microscopic study.
In two tubules, two times more concentrated polylysine 100,000 (2 mg/ml) than that
used for transport study (1 mg/ml) was continuously infused into the lumen for 2 min
and in the other two tubules for 6 min. Fixation was performed in situ by perfusing 1%
glutaraldehyde in cacodylate buffer (pH 7.4) into the peritubular blood capillary until
the blood capillary was blocked by tissue hardening, which usually occurred within
20 sec. The perfused tubules were marked by injecting colored oil into the adjacent
tubules. The entire kidney was immediately removed and dipped in several changes of
cold 1% glutaraldehyde solution. The surface layer of the kidney was sliced free hand
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with a razor blade and transferred to the glutaraldehyde solution. The perfused tubules
were identified under a stereoscopic microscope and isolated with a pair of Dumont
No. 5 tweezers and a sharp steel needle. One control tubule from each experiment was
treated in the same way except that Ringer’s solution was perfused intraluminally for
2 and 6 min, respectively. The isolated tubules were postfixed in 1% OsO, buffered with
veronal acetate (pH 7.4). In the second set of experiments, two tubules from each experi-
ment were first perfused intraluminally with polylysine 100,000 (2 mg/ml) for 2 and
6 min, respectively, followed by the luminal perfusion for 2 min of buffered 1% OsO,
solution. The perfused tubules were stained dark purple and thus easily identified during
the subsequent isolation procedure in cacodylate buffer solution. Appropriate controls
were taken. Following fixation all the tissues were dehydrated in ethanol and embedded
in Epon 812. For the electron-microscopic examination, sections 600 to 800 A thick were
cut and stained sequentially in uranyl acetate and in lead citrate.

Results

Micropuncture Experiments

Table 1 lists the effects of cationic polyamino acids on the isotonic
fluid absorption by the rat proximal tubule. Polylysine, both mol wt 100,000
and 17,000 at 1 mg/ml, inhibited fluid absorption by 929, after 30-sec
intraluminal perfusion. The smaller molecular polylysine 1,500-5,000 with
the same dosage and perfusion time showed 84.1 % inhibition. In contrast,
tetralysine exerted no significant inhibitory effect despite the fact that the
doubled concentration (2 mg/ml) was perfused for 2 min or longer and
that split drop itself contained the same concentration of tetralysine. Thus

Table 1. Effects of basic polyamino acids on the isotonic fluid absorption by the rat kidney proximal

tubule
Basic mol wt Concen- Perfusion n» Jv Jv %
yolyamino acid tration time (experi- (control)  Inhi-
(mg/ml) (min) mental) bition

olylysine 100,000 1 (10735m)* 0.5 27 0.384+0.04 4.88+0.25 92.3
olylysine 100,000 0.1 (107%Mm) 0.5 8 4.07+0.28 5.391+0.40 24.5
Yolylysine 100,000 0.1 (107%Mm) 2.0 5 3164041 5.03+0.47 37.2
yolylysine 1,500-5,000 1 0.5 10 0.924+0.21 5.80+0.20 84.1
yolylysine 17,000 1 (6x107°M)0.5 7 0.364+0.04 4.954+-0.34 92.8
ctralysine 724 2 (2.7x1073m) 2.0° 6 4254029 4.84+0.50 12.0
yolyornithine 100,000 1 (107 5m) 0.5 15 0.35+0.04 5.07+0.32 93.1
yolyethyleneimine > 2,000 2 0.5 7 0.52+0.10 5.9940.70 91.3
yolymyxin B ? 2 1.0 5 0.824+0.15 4.9440.69 83.4
yrotamine sulfate (~4,000) 25 2.0 7 1.07+0.17 5.32+0.49 80.0
listone ? 0.5 2.0 4 2.56+0.61 7.85+1.00 67.4

1=number of experiments; Jv =volume flow expressed in 1077,
- 1073 M polylysine 100,000 corresponds to 5.5 mm lysine residues.
' The same concentration of tetralysine was also included in the split drop.
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it should be noted that under this latter condition, unlike the case of the
higher molecular polylysines, the luminal brush border membrane has been
continuously exposed to the solution containing a high positive charge
density even during the period of split drop test. Table 1 also shows that
the inhibitory effect of polylysine 100,000 was drastically reduced when
one-tenth dose (0.1 mg/ml) was perfused, the inhibition being only 24 and
379 after 0.5- and 2-min perfusions, respectively. Among the other cationic
polyamino acids, polyornithine and polyethyleneimine exhibited a com-
parably strong inhibitory effect as polylysine 100,000, which was followed
by polymyxin B, protamine sulfate and histone in decreasing order of
inhibitory action. For the sake of comparison with these cationic polyamino
acids, we have also tested the effect of anionic polyelectrolytes such as
heparin (1,250 U/ml, mol wt 10,000-26,000), poly-L-glutamic acid (5 mg/ml,
mol wt 40,000-100,000) and poly-L-aspartic acid (5 mg/ml, mol wt 20,000 to
30,000). Although these compounds were perfused as long as 2 min, they
showed no inhibitory effect (not included in Table 1). Hence, in order to
rule out the possibility that the inhibitory effect of polycations is due to the
effect of possible contaminants in the preparations but not due to the
cationic nature of these macromolecules, we mixed polylysine and various
anionic polyelectrolytes, namely polyaspartic acid, polyglutamic acid, hepa-
rin, chonroitin sulfate and hyaluronic acid in the test tubes. In all cases,
white precipitates were formed and the supernatants thus obtained were
without any inhibitory effect on the proximal tubular fluid absorption
(Fig. 2). This is consistent with the observation by Katchalsky [19] that
acidic and basic polyelectrolytes interact electrostatically with precipitation
at the point of polymeric neutrality. The findings obtained hitherto agree
well with the studies by others [25] that the biological effects of cationic
polyamino acids are dependent on molecular size, concentration and the
charge density of positive charges. We then proceeded to estimate how
much of the luminal brush border membrane must be covered by polylysine
100,000 to reach a maximum inhibitory effect. Such a study was also
intended to exclude the possibility that the inhibitory effect of cationic
polyamino acids is simply due to the precipitation of polycations to the
negatively charged brush border membrane and thus the formation of a
new diffusive barrier. The amount of polylysine to effect a maximal inhibi-
tion on isotonic reabsorption was estimated by injecting polylysine 100,000
(1 mg/m}l) in Ringer’s solution into the tubular lumen as shrinking droplet
(Fig. 3). The shrinking of such a droplet was photographed at 5-sec intervals
for 20 sec. The shrinkage was fast in the beginning but increasingly slowed
down with time. Hence the Jv value of the first split drop should be re-
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Fig. 2. Effect on proximal tubular fluid absorption of polylysine-perfusate pretreated

with acid mucopolysaccharides (polyacids). To polylysine-containing Ringer’s solution

(1.0 mg/ml), 2.0 mg/ml mucopolysaccharides were added and the precipitate was centri-

fuged out. Supernatants thus obtained were perfused downstream intraluminally. Filled

symbols represent control absorption rates and empty circles those after perfusion of

perfusates. The rate of fluid absorption was given as absorption half time (¢,,,). Each
line indicates a single observation. PL, polylysine 100,000

t1/2

[sec]
500 5

200
100 7

50

20 4

10 } f f }
Jv

a7 cm3]
[10 cm-sec} | g

4.0 1
2.0 1

PN

1st 2nd 3rd

poly-lys 10~° M
in shrinking droplet

control

Fig. 3. Absorption of polylysine 100,000 (1 mg/ml or 1075 M) containing solution in-
jected as a shrinking drop. The data are given as both #,/, and Juv. Each plot or column is
the mean + sem of five observations. For more detail, see text
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garded as only the rough estimate of mean absorption rate during this
period of time. After the 20 sec the remaining droplet containing polylysine
was moved slowly back and forth several times along the entire length of
the tubule which had been initially exposed to the injected shrinking droplet
until nearly all the droplet was absorbed. The second droplet containing
polylysine, however, shrank extremely slowly from the beginning. Based
on these observations, we estimated that the amount of polylysine required
to effect a maximal inhibition of the isotonic reabsorption is less than that
contained in two droplets. The polylysine molecule to brush border surface
ratio (SR) was calculated by assuming the following two boundary con-
figurations of polylysine molecules: (a) when polylysine is in a globular
form and (b) when the polylysine molecule is stretched out and all the lysine
residues are available for the interaction with the negative charge of the
brush border membrane.

polylysine )_2><10‘5-m,21-NO-R5 3
@) R (brush border) 27rl- 60 =008
polylysine | 2x107°.685-nr?l-No-R}
() <brush border) - 2nrl- 60 =026
where

10~ % = concentration of polylysine, 10~° moles/liter
r, =radius of the tubule, 16 yum
[ =length of the tubular segment tested
No = Avogadro’s number, 6 x 10*°
R, =radius of polylysine in globular from, 40 A
R, =radius of each lysine residue, 3 A
685 =number of lysine residues in polylysine
60 = surface correction factor for the brush border [29].

The surface ratios of polylysine molecules to brush border membrane
thus estimated for the two boundary conditions (a) and (b), were only 8 and
26 9%, respectively. These values are not in favor of the possibility that the
precipitated polylysine forms a continuous coat, which functions as a
physical diffusive barrier for Na* and water at the surface of brush border
membrane and thus inhibited isotonic fluid absorption.

Many mammalian as well as amphibian cells are covered with a layer of
negatively charged surface mucous coat which consists predominantly of
sialoglycoprotein, glycolipid and free polysaccharide [28, 32]. In human
erythrocyte membrane the release of sialic acid by neuraminidase causes
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Fig. 4. Effect of neuraminidase- and trypsin-treatment of the tubules on the effect of
subsequently perfused polylysine 100,000 or polyornithine. (1) Neuraminidase (Serva, cat.
No 30294, in 0.05 m acetate-buffer, pH 5.5. Original 1-ml enzyme solution which has
a capacity to hydrolyze 500 pg sialic acid from human glycoprotein in 15 min at 39 °C
was diluted 2x and its electrolytes adjusted to isotonicity) was perfused intraluminally
for 2 min and thereafter polylysine (1 mg/ml) was perfused for 1 min. All the plots
represent the mean of two experiments. (2) Trypsin in Ringer’s (0.1 mg/ml) was perfused
for 4 min and then polyornithine (not hydrolyzable by trypsin, 1 mg/ml) for 1 min.
(3) Neuraminidase, the same dose as above, was perfused for 15 min and subsequently
polylysine (2 mg/ml) was perfused for 1 min. (4) Trypsin (0.2 mg/ml) was perfused first
for 5min and then neuraminidase, the same dose as above, for 10 min. Polylysine
(2 mg/ml) was subsequently perfused for 1 min

a drastic reduction in the electrophoretic mobility [5, 41]. If the sialic acid
contributes predominantly to the negative charges of the brush border
membrane and offers binding sites for basic polyamino acids, then the
enzymatic removal of sialic acid residues in vivo might alter the interaction
with the membrane of those basic macromolecules subsequently administered.
Fig. 4 shows the effects on the fluid absorption of enzymatic treatments of
the luminal wall of proximal tubules in sifu and that of the subsequent
luminal perfusion of polylysine or polyornithine. In some tubules, perfusion
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of trypsin was done either singly or preceeding the perfusion of neuramini-
dase with the hope of exposing any masked or neuraminidase-inaccessible
glycoprotein or glycolipid. The treatment of the tubules with enzymes did
not by itself cause a significant reduction in the rate of fluid absorption, nor
did it significantly change the effect of subsequently perfused basic poly-
amino acids. Although there is no evidence that this enzymatic treatment
significantly altered the membrane charge or removed the surface coat,
more harsh enzymatic treatment of the tubule was not practical since it very
frequently destroyed the tubular wall.

Effect of Polylysine on the Static Head Concentration Difference
of Na* and CI~

When an isotonic solution containing an impermeable solute is introduced
into the lumen, the volume continues to expand until passive influx of Na*
is balanced by active outflux [18]. Thus the concentration difference under
this condition (static head concentration difference) is dependent on both
passive and active (used here in a broad sense) components of membrane
transport. As shown in Table 2, polylysine totally eliminated the static
head concentration difference for Na™*, indicating either passive back flux
of Na* is increased or active outflux of this cation is inhibited, or both.
The concentration gradient of CI- between split drop and peritubular
fluid which is normally generated by active HCOj; reabsorption also dis-
appeared after polylysine treatment.

Expanding Drop Analysis

As shown in Fig. 5 isotonic mannitol solution expanded almost linearly
with time during the first 15 sec. No significant difference was observed
between control and polylysine-treated tubules whereas a chloroform-
treated tubule did not exhibit such a drop expansion. Since the initial net
influx into the lumen of both Na* and water proceeds almost exclusively
through intercellular channels and tight junctions [3, 46] the data can be
interpreted to indicate that the paracellular shunt pathway was not damaged
by polylysine. This is further supported by the observation that such a drop
expansion of mannitol solution did not occur when the tubular wall was
destroyed by flushing the kidney surface with chloroform.

Trypan Blue Dye Incorporation Test
As can be seen in Fig. 6 trypan blue dye is incorporated into the tubular
cells pretreated with luminal perfusion of polylysine, indicating that the
tubular cells are damaged by this cationic polyamino acid.



Table 2. Effect of polylysine (mol wt 100,000} on Na, K and Cl concentration of the
stop-flow luminal perfusate at the steady-state zero net flux (static head) condition

Sample Rat Sample Na Cl K
No. No. (mM) (mM) (mm)
serum? 2 1 153 109 —
4 1 150 101 —
2 153 110 —
mean 152 107
glom. ultrafiltrate® 2 1 155 109 -
2 156 110 —
3 151 113 —
3 1 139 116 —
4 1 155 110 —
mean 151 112
split drop® 1 1 113 - —
(static head conc., 2 121 — -
control) 5 1 132 — —
mean 122
split drop? 1 1 156 - 5.0
(static head conc., 2 165 - 5.5
after PLY) 3 1¢ 138 108 —
4 1° — 113 -
2° — 110 —
3¢ 140 117 —
4 137 119 —
5 166 109 —
mean 150 113 5.3
tubular fluid 4 1 156 131 —
2 153 129 —
3 149 131 —
mean 153 130

2 Na™ and Cl~ in serum (collected from femoral vein) are not corrected for Donnan
distribution ratio and protein space. Invalidity of the theoretical Donnan ratio for
correction has been reported by Terepka, Chen and Toribara [40]. Using their new cor-
rection factors of 0.93 for Na*, 0.99 for C1~ and protein-bound Na™ of 0.25 mm/g [40]
and the protein space of 5%, the equivalent concentrations are calculated to be 150 mm
for Na*t and 113 mm for C1~, which correspond well to those of glomerular ultrafiltrate.
® Glomerular ultrafiltrate was sampled directly from the Bowman’s capsule.

¢ Luminal stop-flow perfusate at the steady-state zero net volume flux condition.
Equilibrated Ringer’s solution containing 50 mM raffinose, was injected into the lumen
as a split drop and recollected after 30 sec.

9 Luminal stop-flow perfusate at the stationary state condition after the lumen had
been perfused with polylysine (mol wt 100,000, 1 mg/ml) for 1 min. Equilibrated solution
described above was injected as a split drop and recollected after 60 sec by which time
volume expansion had stopped completely. The mean for Na™t concentration was
calculated for those samples obtained after injection of raffinose-Ringer’s.

¢ The experiment was the same as in d except that normal Ringer’s solution (150 mm
Na*, 25mm HCO;, 1.5mm Ca**, 128 mm C17, no raffinose) was used for measuring
the change in the concentration difference of HCO; in normal split drops.
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Fig. 5. Drop expansion of luminally injected isotonic mannitol solution. Isotonic mannitol

was injected as a split drop and its rate of expansion was followed for as long as 20 sec

in both control and polylysine-treated (mol wt 100,000) tubule. One tubule was flushed

with chloroform since this procedure is known to completely destroy the permselectivity

of the tubular wall [7]. Each line represents an experiment. Arrows indicate the volume
of mannitol solution initially injected

Fig. 6. Trypan blue dye incorporation test. Left: 3% trypan blue in Ringer’s solution

was perfused for 2 min intraluminally, which did not stain the tubular cells. In order to

show the contour of the lumen, this picture was taken while the dye was still remaining

in the lumen. Right: The same tubule after 30-sec luminal perfusion with polylysine

followed by 2-min luminal perfusion of trypan blue dye. The tubular cells are now
stained intensely. Magnification, % 100

Electrophysiological Study

Fig. 7 demonstrates the effect of intraluminally perfused polylysine
100,000 (1 mg/ml or 107°> M) on the cell p.d. of tubular cells. When the
electrode is introduced into a tubular cell, a sharp deflection of negative
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Fig. 7. Effect of polylysine on the cell p.d. of tubular cells; a typical example. Polylysine

100,000 (1 mg/ml or 10 7% M) was continuously perfused intraluminally during the period

as marked by an arrow and a thick bar. Bath; the electrode was placed in the medium
on the surface of the kidney

cell p.d. is recorded. Usually, after a brief period of decline in p.d., the p.d.
increases (becomes more negative) and becomes stable at around — 70 mV,
which is presumably due to sealing of the membrane around the electrode.
In all 10 tubules successfully impaled the cell p.d.’s started to decay within
10 sec of Tuminal perfusion with polylysine. In eight of these experiments,
a sharp spike of hyperpolarization preceded the onset of rapid decay in
cell p.d. This pattern of p.d. decay is so typical that it is readily distinguish-
able from those of natural decay in cell p.d. usually seen when the electrode
is dislocated. In contrast, the response of the cell p.d. to the 1/10 concentra-
tion of polylysine (0.1 mg/ml or 10~° M) varied widely from cell to cell. Of
the 10 cells successfully impaled, three cells did not respond at all for as
long as 5 to 10 min perfusion with this lower concentration of polylysine,
while the other cells showed a decay in cell p.d. in from 1 to 5 min. Some
cells in the latter group showed a rather rapid decay once the p.d. started
to break down while the others showed a gradual decrease in p.d. until the
p.d. reached —20 or —30mV, where it stayed for several minutes. One
example demonstrated in Fig. 8§ showed the onset of a rapid drop in cell
p.d. after 2 min of continuous luminal perfusion with polylysine, at which

22 J. Membrane Biol. 21
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Fig. 8. Effect of polylysine 100,000 (0.1 mg/m! or 107% M) on p.d. of a tubular cell; one
example. In this case polylysine was perfused for two intermittent periods as indicated
by thick bars

point the perfusion was discontinued. Twenty seconds later, the p.d. showed
a tendency to recover, however only partially, which suggests the occurrence
in the cell of a repair process of the damaged membrane. Fig. 9 illustrates
a typical response of voltage pulse to luminal perfusion of polylysine
(1 mg/ml or 107 °m). In all six cells successfully impaled, polylysine totally
eliminated the voltage-pulses generated across the brush border membrane,
indicating a drastic decrease in the electrical resistance of the membrane,
whereas the transepithelial input resistance was not altered (Fig. 10). The
significance of the decrease in voltage-pulse across the luminal membrane
is indicated by the fact that in cases where natural decay of p.d.’s occurred
due to dislocation of the electrode or incomplete sealing of the membrane
around the electrode, the height of voltage pulses remained unchanged or
even increased. The possibility of impaling the luminal membrane with the
electrode during the luminal perfusion with polylysine appears unlikely
since the electrode was always introduced into the lateral tubular wall in
a direction parallel to the tubular loop. The analysis of the simplified circuit
illustrated in Fig. 1 C gives

_ R(R,+Ry)

= 3
R,+R,+R; S

R,

where R, is the transepithelial resistance.
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Fig. 9. Effect of luminally perfused polylysine 100,000 (1 mg/ml) on the brush border
membrane resistance. Voltage trace from left to right: Transepithelial p.d. (near baseline)
with superimposed voltage pulse (a measure of transepithelial input resistance; see
Fig. 14). In this particular case, it required nearly 1 min from cell impalement with an
electrode until the impaled membrane sealed around the electrode. An irregular shift
in resting p.d. (4 min from the start) was caused by tissue distortion when inserting the
polylysine pipette near the electrode. The height of voltage pulses now indicates a mea-
sure of the electrical resistance of the luminal brush border membrane, provided trans-
epithelial input resistance remains constant, which is the case in the present study.
Perfusion of polylysine as indicated by an arrow and a thick bar totally eliminated the
voltage pulse. “Lumen” and “bath” indicate the position of electrode tip
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Fig. 10. Effect of luminally perfused polylysine 100,000 (1 mg/ml or 107° M) on trans-

epithelial input resistance. The height of the voltage-pulse represents a measure of input

resistance. Perfusion of polylysine is indicated by an arrow and a thick horizontal bar.
Seven other tubules studied showed the same pattern
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The rat kidney proximal tubule is classified as the leaky membrane [9].
Thus it can be inferred that R, is much smaller than R, and R, (R,, R,> R,)
as in the Necturus proximal tubule [2]. Hence to the first order of approxima-
tion, we can probably write Eq. (3) as

R,~R,.

The disappearance of voltage pulses (Fig. 9) after the perfusion of poly-
Iysine indicates that R, is reduced to near zero. Our data that the decrease in
R, did not accompany any change in R, can probably be interpreted as indi-
cating that the above assumption on the membrane resistance profile in the rat
proximal tubule is correct and also that polylysine affected only the resis-
tance of the brush border membrane.

Electronmicroscopic Study

Irrespective of the differences in the method of fixation, all the isolated
tubules appeared to be free of fixation artifacts. In light of the detailed de-
scription on the ultrastructural changes of the polylysine-treated toad bladder
epithelium by Mamelak et al. [23], special attention was paid to the appear-
ance of the mucous coat, plasma membrane, brush border microvilli, tight
junction, cytoplasmic organelles and nucleus. Within the resolution of
ultrathin section, we have been unable to detect any alterations in the mem-
brane surface such as clumping, thickening or disappearance of the mucous
coat. There was no clumping of microvilli or other signs of cytological
alteration in any tubules treated with polylysine for either 2 or 6 min, except
that pinocytotic cytoplasmic inclusion bodies were more numerous in the
treated tubular cells. Thus, in the light of other data in the present study, the
negative ultrastructural finding should be interpreted with extreme caution
especially in terms of the correlation between acute structural and functional
changes of the cell. It should also be noted that the previous studies by
others on the toad bladder [23] and the rabbit gallbladder [31] which re-
ported ultrastructural changes after polylysine treatment used longer ex-
posure (incubation) time, i.e. from 10 to 30 min.

Discussion

At a preliminary stage of the present study, we reported [35] that the
polylysine-induced inhibition of proximal tubular fluid absorption can be
reversed by the subsequent luminal perfusion with heparin. Although the
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observation itself is reproducible, we have since then dismissed the signifi-
cance of such an observation since we soon found that the tubular fluid
absorption seemingly restored by heparin is not inhibited by the local
capillary perfusion with 1 mm cyanide. Nor have we been able to reverse
the polylysine-induced depolarization of tubular cells by the subsequent
luminal perfusion of heparin (unpublished observation). We currently suspect
that the apparent restoration of tubular absorption might have been due to
leakage of the split drop presumably through the damaged tight junction.
Recapitulating the main observations in the present study: (1) Cationic
polyamino acids strongly inhibit the proximal tubular isotonic fluid ab-
sorption. The sequence of their potency is polylysine 100,000~ poly-
ornithine 100,000 ~ polylysine 17,000> polyethyleneimine > polylysine 1,500
5,000 ~ polymyxin B > protamine sulfate ~ histone. (2) Tetralysine (mol wt
720) has no inhibitory effect. (3) Polylysine eliminates the static head con-
centration differences for Na* and CI~ across the tubular wall. (4) Poly-
lysine-treated tubular cells incorporate trypan blue dye. (5) Polylysine
destroys cell p.d. and simultaneously eliminates the electrical resistance of
the brush border membrane. (6) The lower concentration of polylysine
100,000 (0.1 mg/ml or 10~ ° M) has a much less inhibitory effect on fluid
absorption and also exhibits varyingly lesser effects on the cell p.d. (7) The
paracellular pathway does not seem to be affected by polylysine since drop
expansion of luminally injected mannitol occurred normally and the trans-
epithelial input resistance was unchanged after the luminal perfusion with
polylysine. Thus, the data obtained strongly indicate that polylysine caused
a drastic increase in permeability of the luminal cell membrane and that the
resultant cell lysis is the mechanism for inhibition of fluid absorption by
polylysine and possibly also by other polycations. The possibility of charge
modification or neutralization as an alternative mechanism of their inhibi-
tory actions seems unlikely since tetralysine (Table 1) and other small
molecular size cationic polyelectrolytes such as spermine spermidine, methyl-
lysine, amiloride and di-lysine are also without any significant inhibitory
effect even at high concentrations (unpublished observation). Furthermore,
the molecular weight dependency of polylysine action is also against the
possibility of charge neutralization as its mechanism. The cytotoxic effect of
polylysine has recently been reported in a number of tissues, such as toad
urinary bladder [23], rabbit gallbladder [31], Ehrlich ascites cells [25] and
mouse peritoneal macrophages [38], to name just a few. Interestingly,
however, red cells are not hemolyzed by polylysine [25] except at high con-
centrations of the polycation [27]. Similar diversity of response to poly-
cations also occurs in artificial lipid bilayers. For example, Montal [26]
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reported that in asymmetrical lipid bilayers the addition of Ca*™ or poly-
lysine to the compartment limited by a monolayer of the neutral lipids
results in no modification of the resistance and stability of the membrane,
whereas a drastic decrease in both parameters was observed by the addition
of those cations on the opposite compartment containing a monolayer of
the negatively charged lipids. In consonance with the above report, poly-
lysine increased 2?Na permeability only in liposomes made of phosphatidyl-
serine (negatively charged) but not in those made of phosphatidylcholine
(neutral) [20]. Thus, such a difference of response among cells or among
different lipids itself offers interesting problems for further studies. Aside
from the mechanism of action of polycations on the proximal tubular fluid
absorption, our present results shed light on the following two relevant
problems, namely, (1) relationship between cystic fibrosis (CF) factor (so-
called Mangos factor) in the exocrine secretory fluid and exocrine ductal
dysfunction, and (2) the role of luminal hydrostatic pressure in the passive
fluid efflux through the paracellular pathway. (1) In CF, the inability of the
exocrine gland duct, especially the eccrine sweat duct to reabsorb Na™ is
one of the basic defects of the disease [4]. Mangos and McSherry [24] have
observed that Na* reabsorption by the salivary duct is inhibited when
sweat or saliva from CF patients are inversely perfused through the duct.
Since Na* reabsorption is also inhibited by inverse perfusion with poly-
lysine and other polycations [24], they assumed that polycationic factors
in CF sweat or saliva inhibit Na* reabsorption by modifying the surface
charge of luminal membrane of exocrine ducts. In our preliminary study,
we could not inhibit proximal tubular fluid absorption by luminal perfusion
with CF saliva (unpublished) although a direct comparison of the epithelia
is not possible at present. In the exocrine gland ducts of patients with CF
no ultrastructural abnormality has ever been detected [4] despite the fact
that the ductal system of the patient is continuously exposed to the CF factors
in the secretory fluid. Thus, careful future studies are obviously indicated
to clarify whether polycations (including CF factors) can inhibit or modify
membrane transport by means of membrane charge modification alone
under some special conditions. (2) The second relevant problem concerns
the contribution of luminal hydrostatic pressure as a driving force for the
overall transtubular net fluid transport in the proximal tubule. In normally
hydrated rats, luminal hydrostatic pressure is approximately 20 cm H,0
under free-flow condition and 40 cm H,O under stop-flow condition [34]
whereas that of subcapsular interstitial space is only 3.8 cm H,O [48].
Opinions are divided among nephrologists as to whether the transtubular
hydrostatic pressure difference (4P) contributes significantly to the net
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fluid absorption (Jv) across the proximal tubular wall. For example, Grant-
ham, Qualiza and Welling [13] in isolated single rabbit proximal tubules
and we [34] in rat proximal tubule in vivo could not enhance Jv significantly
by increasing luminal hydrostatic pressure. However, the study by Persson,
Agerup and Schnermann in the rat kidney proximal tubule in vivo [30] and
that by Grandchamp and Boulpaep in the proximal tubule of Necturus
kidney [12] indicate that the tubular walls have relatively high values of
apparent hydraulic conductivity due to hydrostatic pressure (L,,). L, value
as calculated from the data of Persson et al. [30] of 0.11 x 1077 cm®/cm sec -
cm H,O and the approximate transtubular AP of 20 cm H,O give water
flux (Jv) due to 4P of 2.2 x 10~7cm?/cm sec indicating that approximately
half of the transtubular net Jv is ascribable to 4AP. Since the accumulated
evidence suggests that the paracellular pathway offers a main route for the
passive permeation of electrolytes and water in the so-called “leaky epi-
thelia” [6], it may be reasonable to assume that the hydrostatic pressure-
induced volume flux also takes this paracellular route. The present study
has shown that polylysine inhibited Jv by 92 %, without interfering with the
function of paracellular route. In addition to polylysine, three other inhibitors
occur in the rat proximal tubule, which inhibit Jv as much as 959%,; namely,
serum complement [36, 37, and unpublished], phospholipase C [39, and un-
published] and cyanide [15, 34]. Our most recent data suggest that serum
complement inhibits Jv in the same manner as polylysine, i.e. lysis of the
tubular cells [36, 37, and unpublished]. It should be noted that the measure-
ment of Jv was made under the stop-flow condition (split drop method) in
the present study and the luminal hydrostatic pressure is 40 cm H,O. Thus,
if the L,, value is as high as that calculated from the data of Persson et al. [30],
the inhibition of Jv as high as 959, by polylysine and other inhibitors can
hardly be explained.

We would like to thank Dr. Pockrandt-Hemstedt for conducting the electron-
microscopic works for this study, Mrs. Kloss for technical assistance and Dr. C. Bentzel
for critically reading the manuscript.
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