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Active transport has been defined as a
movement of solute against an electrochemi-
cal gradient, such movement requiring meta-
bolic energy. If the proposed models of the
mechanism of transport are examined, one
feature usually appears, i.e., that there occurs
an interaction between the solute species
which is transported and some molecular spe-
cies of the cell, often considered to be a mem-
brane component. It would seem then that
the identification of the molecular species
with which solute may interact constitutes a
major problem to be solved before our under-
standing of the detailed molecular events of
active transport can advance beyond the
stage of speculation, It is to the identifica-
tion of such substances that the present work
is directed.

The approach utilized in these experiments
was that used by Tobias(1) in studying
which cellular constituents may be responsible
for maintenance of resting and action poten-
tials of nerve. Tobias was able to systemati-
cally degrade the nerve membrane by local
application of enzymes, and thereby obtained
evidence that phospholipid may be critical
for maintaining axonal function. Results of
similar experiments carried out on the proxi-
mal tubule of the rat kidney will be the sub-
ject of this report. In addition, results of ex-
periments are reported wherein kidney ho-
mogenates have been treated with enzymes
and the subsequent ability of extracted phos-
pholipids to bind sodium has been studied
(2).

Materials and methods. 1. In vivo experi-
ments. Male rats weighing between 400 and
520 g were anaesthetized with sodium pento-
barbital. The animals were placed on a steel
plate through which they were warmed to
maintain a rectal temperature of 38°C. The
kidneys were exposed, decapsulated and

* Supported by grants HE-08477-02 and HE-
01574-11 from Nat. Inst. Health.

mounted in a lucite holder according to pro-
cedures previously described(3). Warm light
mineral oil bathed the kidneys to prevent
drying.

To measure the rate of tubular reabsorp-
tion, the change in length of an intratubular
droplet of solution trapped between oil col-
umns was measured as a function of time, as
originally described by Gertz(4). Sudan black
saturated oil was introduced into single proxi-
mal convoluted tubules through one channel
of a double-barreled capillary pipette of 12
to 15 u outer diameter. The oil column was
then split by test solution, and the pipette
tip and puncture site was then sealed by a
further injection of oil. In the original pro-
cedure, Gertz used timed photography to
monitor column length; in these experiments,
however, length measurements were made
with a filar ocular micrometer. Since the rate
of reabsorption of saline and other test solu-
tions has been found to be a logarithmic func-
tion of time, the time of 50% reabsorption
(Ts,) becomes an index of reabsorptive rate.

All enzymes used in this study were ob-
tained from Nutritional Biochemicals Corp.
Since the primary purpose of this investiga-
tion was limited to attempting to define the
gross nature of the molecular species which
may be involved in the transport process, no
attempt was made to purify the enzymes be-
yond the levels which were commercially
available. All test solutions were prepared to
contain 0.5 mg of enzyme powder per ml. It
was not possible to dissolve all of the com-
mercially available material, however. Con-
sequently, all the test solutions were centri-
fuged and the supernatants were used in the
experiments. Enzymes were selected to attack
broad classes of structural components which
might possibly play a role in the transport
process either as constituents with which elec-
trolytes associate or by acting as structural
barriers to the backdiffusion of transported
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TABLE I. Effeet of Enzymes on Rate of Reabsorption of Fluid Droplets from Proximal

Tubules,

Test solution N T, * Range Osm Pt
Saline 17 11.3 = 5 7-14 280
19 CaCl, in saline 16 12.8 + .69 6-16 506 >.1
Hyaluronidase 15 134 + .86 7-18 285 <.02
Collagenase 18 13.8 + .70 9-21 295 <.01
Chymotrypsin 17 140 + .98 7-21 287 <.02
Lipase 17 17->200 516
Phospholipase C 12 96—>200 285

” D 20 10.0 + .76 6-17 289 >.1

Ribonuclease 19 414 =19 ¢ 30-59 <.001

* Mean =+ standard error in seec.

t P values calculated using student’s t test.
1 T4, ealculated from slope of early part of reabsorptive curve. See Fig. 1 and text.

substance. The enzymes used are listed in
Table I.

Since pancreatic lipase activity is optimal
in the presence of Cat+, this enzyme was
dissolved in saline containing 1% CaCl,. Ap-
propriate control experiments were carried
out with this solution. One would expect
when hypertonic solutions were used as test
solutions that there would first occur an in-
crease in droplet volume as the fluid became
diluted to the final osmolality equal to that
of plasma. Reabsorption of fluid would then
take place. This sequence was in fact ob-
served, and the T,s for CaCl, containing
saline summarized in Table I were obtained
from the downslope of the reabsorptive
curves.

II. In wvitro experiments. Krebs-Ringer
phosphate buffer was used throughout. Rat
kidney was prepared as a 1:1 homogenate
(kidney weight:volume of buffer) in a Potter-
Elvehjem homogenizer (50% homogenate).
Enzyme solutions in buffer in a concentration
of 2 mg/ml were prepared fresh every other
day. Three milliliters of buffer and one milli-
liter of the 50% homogenate were incubated
in the control flasks. The experimental flasks
contained 3 ml of the indicated enzyme solu-
tion and 1 ml of homogenate. All incubations
were at 37°C under 100% oxygen for 30
minutes. At the end of this time, the action
of the enzymes was stopped by addition of
20-25 cc of absolute ethanol. The mixture
was then heated on the steam bath for 15
minutes, and the extraction continued ac-
cording to the method previously described

(5). Sodium and potassium were estimated
by flame photometry.

Results. 1. In vivo experiments. Mean Ty,
along with statistical evaluation of enzyme
effects are shown in Table I. Although the
T, of saline reabsorption is somewhat longer
than the 9.8 seconds found by Gertz(4), the
range of values of single experiments over-
laps and it is highly unlikely that the differ-
ence is meaningful. The probability that the
reabsorptive rate for a given enzyme solution
is the same as that of saline is given in the
last column of Table I. It is clear that solu-
tions containing CaCl, and phospholipase D
were without effect on transport. Hyaluroni-
dase, collagenase and chymotrypsin seemed
to have a small but significant effect. Since
the range of individual half-times overlaps
the values obtained with saline, the meaning-
fulness of this difference is subject to ques-
tion. Further doubt is suggested by the fact
that the osmolality of these solutions is
slightly higher than that of saline which
could of itself cause a slight increase in the
measured Ts,.

It may be argued that the injection of a
small droplet at a given tubular site does not
result in any measurable increase in reab-
sorptive rate because the amount of enzyme
is too small or that the enzyme does not act
for a long enough time to produce appreciable
effects. This possibility has been tested in
two ways. In one series of experiments, the
tubule was flushed with the enzyme-contain-
ing solution by continuous infusion for a
minimal time of one minute and as long as 3,
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minutes. The T, was then determined and
found to be the same as without previous
flushing. This control has a deficiency, how-
ever. The enzyme may be able to act only
if it is absorbed and reaches some intracel-
lular site, and no evidence of reabsorption of
enzyme can be obtained from this experi-
ment. To meet this objection, a sequence of
repeat determinations was carried out at sin-
gle tubular loci. If the argument concerning
inadequate amount of enzyme and inadequate
time of action was valid, one would then pre-
dict that Ty, would increase as a function of
the number of determinations. When phos-
pholipase D, hyaluronidase, collagenase or
chymotrypsin were the test enzymes, as many
as 6 repeat reabsorptions did not alter reab-
sorptive rate.

When lipase was used as the degradative
agent, different results were obtained as com-
pared to the enzymes considered above. The
Ty, of the first determination was found to
be slightly longer, i.e.,, reabsorption was re-
duced, or in the same range as that found
with the control CaCly-containing solution.
Upon repeat determinations at the same tu-
bular spot, however, reabsorptive rate de-
creased to give the range of final values pre-
sented in Table 1.

The most potent inhibitor of transport was
found to be phospholipase C. A single infu-
sion of a droplet generally resulted in almost
complete inhibition of reabsorption. The
lower range of T, at 96 seconds is a single
experiment where T, was less than 200 sec-
onds.

When the proximal tubule was treated with
ribonuclease, a distinct alteration in kinetics
of reabsorption was evident. As shown in
Fig. 1, during the early part of a reabsorp-
tive curve, the semi-logarithmic relationship
of reabsorption as a function of time was ap-
proximated. The T, was, however, increased
to 41 seconds (range 30 to 59 seconds). As
reabsorption progressed, the rate decreased
further so that the volume remaining in the
tubule remained constant. The volume re-
maining averaged 20% of the injected vol-
ume with a range of 0 to 37%. Complete re-
absorption was observed in only one experi-
ment.
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FIG. 1. Reabsorptive curves of saline droplets
containing ribonuclease. Dashed line shows re-

absorption of a second droplet infused into the same
tubular region from which the solid curve was
obtained.

It may be argued that the time delay in
the attainment of a steady state volume rep-
resents the time of action required for ribo-
nuclease to attack nucleic acids somehow in-
volved in the transport process. One might
then expect that a repeat determination at
the same tubular region would result in an
increased half-time of reabsorption and an
increase of the final steady state volume. As
can be seen in Fig. 1, however, when such
experiments are done there exists essentially
no difference between 2 consecutive curves.
No readily apparent explanation of the ac-
tion of ribonuclease is available.

I1. In vitro experiments. The effect of the
enzymes on the amount of sodium and po-
tassium bound to the extracted phospholipids
is shown in Table II. The experiments were
done in 3 sets, and the control group is shown
at the top of each set. Highly significant re-
ductions in the bound Na were found as a
result of incubation with phospholipase C,
chymotrypsin, and lipase. There was also an
associated decrease in the amount of bound
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TABLE II. Effect of Enzymes on Na and K Binding by Extracts.

Bound Na Bound K
Treatment (neq/g) (uea/g) P
Control 17.7 + 1.8% 5.8+ .6
Phospholipase C 6.6 + .5 <57 X 10" 1.9+ .3 <2.0 X 10~°
” D 20.3 += .8 < .05+ 6.6 + .8 > .20t
Chymotrypsin 8.3 + 1.8 < .01 18+ 5 <5.7 X 107
Control 158 = .8 41+ .2
Ribonuclease 17.6 = 1.3 > .20 53+ 3 < .01
Lipase b6+ .1 <2.6 X 107 d+ .1 <2.6 X 1072
Control 163 +1.4 149 +1.9
Collagenase 16.6 =+~ 1.9 > .90 14.9 +2.6 > .90
Hyaluronidase 15.1 1.2 > .50 11.4 + .8 > .10

* All values averages of 10 experiments + standard error.
t These 2 p values calculated on data calculated for daily variation of control samples; all

others caleulated on uncorrected samples.

potassium in each of these instances. There
was no significant decrease in the bound so-
dium or potassium produced by any of the
other enzymes. There was a significant in-
crease in the sodium bound when the ho-
mogenates were incubated with phospholipase
D, and a similar increase in potassium when
incubation was carried out with ribonuclease.
The significance of these latter two observa-
tions is not apparent.

Discussion. 1. In vivo experiments. Since
the terminology characterizing phospholipases
is somewhat confusing, depending on whether
one reads early or late literature, a word is in
order about the designations used in this
paper. The terminology used by Tobias(1)
is used here, i.e., phospholipase C is that en-
zyme which is involved in attacking the link-
age between phosphate and glycerol, and the
D enzyme is that which is involved in split-
ting nitrogenous base from phosphate.

On the basis of the experiments reported
above, it is tempting to speculate that phos-
pholipid phosphate constitutes a carrier site
involved in the movement of -electrolyte
across the tubular epithelium. Such need not
be the case, however. Attainment of constant
volume can be achieved by either decreasing
the rate of reabsorption by the tubule or by
increasing the rate of backflux of salt and
water. An alternative explanation of the
phospholipase C effect might be that the re-
moval of the hydrophilic portion of the lipid
results in the removal of a barrier to back-
flux. Independent of mechanism, whether as
carrier or as a critical structure maintaining

the appropriate cell geometry, it seems rea-
sonable to conclude that phospholipids are
somehow involved in the transport process.
This conclusion is consistent with previous
observations made on a variety of transport-
ing systems(6,7,8, for example).

Because of the design of the experiments,
it is not possible to conclude that those mo-
lecular entities which would be attacked by
the enzymes found to be ineffective are not
involved in maintaining transport. Although
it is not known if the protein (enzymes)
used in these experiments is absorbed by the
tubular cells, it has been shown the rat kid-
ney is able to absorb protein(9). If the en-
zyme is absorbed and in its transit across the
tubule was compartmentalized, no effect
would be seen. For example, it could be held
in pinocytotic vesicles, Another alternative
is that the substance to be degraded by the
enzyme may itself be sandwiched between
non-degradable materials.

The question must be raised as to whether
those enzyme solutions which did not effect
transport actually had activity. The ideal
control for demonstrating enzymatic effects
would be an experiment wherein end prod-
ucts of enzyme action were detected in re-
aspirated droplets. Because of the small vol-
umes involved, such an experiment is not
feasible. As a result, the compromise control
was done to determine if the enzyme prepa-
rations which showed no effects had activity
in macro-scale experiments. It was found
that the solutions did in fact show enzyme
action. Unless the microinjection process it-
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self alters the enzyme, it is reasonable to
suggest that they would be active in the tubu-
lar droplet.

One final point for consideration is the
control experiment with high concentration
of CaCl,. Experiments have been reported
the results of which are consistent with the
view that Cat+ and Nat may be absorbed
by a common path(10,11). One would expect
then that increasing the concentration of
Ca*t+ in the infusate would lead to a de-
creased reabsorptive rate, since Cat+ and
Na* would compete for the reabsorptive
sites. If Cat+ and Na* are indeed handled
by a common mechanism, the failure of high
Cat+ levels to affect the rate of fluid reab-
sorption will require explanation.

II. In vitro experiments. Christenson and
Hastings(12) reported on the binding of so-
dium by phospholipids. It is a well-known
phenomenon that phospholipid extracts carry
many substances with them and these have
been viewed as contaminants absorbed upon
the phospholipid molecules. More recently,
from the work of Elworthy(2) it would ap-
pear that these substances might be trapped
within micelles formed by the phospholipids.

The fact that the binding of sodium by the
phospholipid extracted from rat kidney is af-
fected by phospholipase C, which splits the
phospholipid at the phosphorus-glyceryl junc-
tion, and is not affected by phospholipase D,
which splits the nitrogen-containing moiety
from the phosphate group, would not in it-
self differentiate between the sodium being
specifically bound, as opposed to being non-
specifically bound or absorbed to the phos-
pholipid. The fact that such a difference in
behavior is predicted from the work on the
perfused proximal convoluted tubule in the
same species is consistent with a specific
binding site which plays a functional role in
the reabsorption of sodium in the intact kid-
ney. The reduction in binding capacity by
lipase and the failure to obtain any decrease
in binding by hyaluronidase, ribonuclease
and collagenase as predicted from the perfu-
sion experiments similarly support this view.

The one finding with regard to the actions
of enzymes which is not predicted by the
in vivo experiments is the effect of chymo-
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trypsin on sodium binding. The difference in
the effect of chymotrypsin in the 2 experi-
ments can be explained by the difference in
the design of the experiments. It is probable
that the phospholipid exists in the intact tis-
sue as a portion of a lipoprotein complex.
The lipid portion of this complex might be
so oriented in the membrane that it presents
itself for action by an enzyme in the lumen
of the proximal tubule, but the protein por-
tion of the complex is not acted upon by
chymotrypsin. In the homogenate, both por-
tions of the complex are available for en-
zyme activity.

There is experimental evidence for such an
interpretation of an action of a proteolytic
enzyme. Rojas and Luxoro(13) studied the
effect of trypsin on the resting and action
potentials of the squid axon. Tobias(1) has
shown that trypsin does not affect these po-
tentials of the squid axon when the enzyme
is applied externally. Rojas and Luxoro in-
jected a trypsin solution under the membrane
of the axon and after 5 minutes the local re-
sponse to a stimulation disappeared although
the resting potential was not modified. This
would indicate that the protein portion of the
molecule was important to some aspect of the
ion transport but was not attacked by tryp-
sin from the external surface of the mem-
brane.

The fact that the value of bound sodium
in the phospholipase D sample is higher than
the controls suggests that this enzyme may
have a stabilizing effect upon the compound
binding sodium. The effects of the enzymes
on the binding of potassium are noted to
parallel the effect of sodium except for the
stabilizing effect of phospholipase D on
bound sodium and the higher value of bound
potassium in the ribonuclease experiments.
Unpublished work by Vanatta indicates that
there are binding sites on compounds ob-
tained from dog kidney which will not accept
potassium ions, thus indicating that these
binding sites have some specificity. The in-
dependent effects of phospholipase D and of
ribonuclease would be consistent with this
point of view also.

The control and experimental values for
bound potassium in the third series of ex-
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periments are quite different from the first
two series of experiments. A check on pos-
sible factors producing this has not revealed
any explanation for this variation.

If the in vivo results are actually produced
by enzymatic degradation of the tubular cells,
the high degree of correlation between the
in vivo and in vitro experiments supports the
hypothesis that the bound sodium of the
phospholipids is not an artifact of the extrac-
tion process but indeed represents some func-
tion of the molecule in the intact kidney.
This function could be a role in sodium trans-
port.

Summary. Phospholipase C and pancreatic
lipase reduce the reabsorption of fluid drop-
lets infused into rat proximal tubules. Phos-
pholipase D, chymotrypsin, hyaluronidase,
collagenase and CaCl, appeared to have no
effect on reabsorption rate. Ribonuclease also
reduced fluid reabsorption. When kidney ho-
mogenates are treated with the same enzymes,
phospholipase C and chymotrypsin reduce
the ability of extractable phospholipids to
bind sodium and potassium. The data sug-
gest that phospholipase D and ribonuclease
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may enhance cation binding. It is suggested
that phospholipids play a critical role in salt
transport by the proximal tubule.
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Acid Phosphatases of Rat Polymorphonuclear Leucocytes.* (31321)
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Since lysosomes were first proven to be a
liver cell organelle rich in a variety of hydro-
lytic enzymes(1), numerous studies have
been directed toward detection and separa-
tion of lysosomes or similar particles from
other mammalian tissues. Cohn and Hirsch
showed that granules isolated from rabbit
polymorphonuclear (PMN) leucocytes pos-
sess properties and functions very similar to
those of hepatic lysosomes(2). Other investi-
gators have reported similar results(3). At
present, granules in PMN leucocytes are con-

* Supported by Grant H-3063 from Nat. Inst.
Health USPHS.

t Present address: Dept. of Physiology, Woman’s
Medical College of Pennsylvania, Philadelphia.

sidered to be “primary lysosomes,” or stor-

-age sacs of hydrolytic enzymes(4).

Among the hydrolytic enzymes present in
lysosomes, acid phosphatase has frequently
been used as a marker enzyme to detect lyso-
somes by histochemical methods. As much as
70% to 80% of acid phosphatase was found
in the lysosomal fraction upon fractionation
of rat liver homogenate(5), and approximate-
ly 70% was recovered from the granule frac-
tion of rabbit PMN leucocytes(2). Although
the heterogeneous nature of acid phosphatase
associated with lysosomal and soluble frac-
tions of rat liver was indicated by Shibko and
Tappel (6), the properties of this enzyme in
subcellular fractions of PMN leucocytes have
not been clarified,



