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chloride 139 and phosphate 22.

Very thin slices (0.1 to 0.2 mm.) gave slightly higher ratios than were obtained
with the usual thickness (0.3 to 0.4 mm.), but their extreme fragility made subse-
quent handling difficult. Thicker slices (0.5 to 0.6 mm.) showed a diminished capac-
ity for accumulating PAH. On the other hand, the amount of tissue added to each
vessel could be varied from 200 to 400 mg. without appreciably affecting the S/M
ratio.

TABLE 1. ACCUMULATION OF PAH BY KIDNEY SLICES
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In the course of one hour’s incubation, the kidney slices consistently lose 20 to
30 per cent of their initial weight, the major loss occurring within the first 15 minutes
(¢f. table 1). Similar losses are observed with media of fairly widely differing com-
position and tonicity. This weight loss is significantly less in experiments conducted
either anaerobically, in media containing more than 70 mEq/1. of potassium, or in the
presence of various inhibitors of metabolic activity. However, on the basis of dry
weights, it is evident that the diminished weight loss is attributable to imbibition of
water rather than an actual preservation of slice substance. It seems probable that
the usual loss occurs from traumatized cells at the cut surfaces.

Substrates. Since the maintenance of a PAH concentration gradient undoubtedly
requires energy derived from the metabolic reactions of the kidney cells, it was of
obvious interest to examine the effect of adding various metabolic intermediates to
the suspending medium. Representative results from such experiments are contained
in table 3. It is quite aparent from these data that there is little correlation between

TABLE 2. EFFECT OF OXYGEN TENSION AND TEMPERATURE ON PAH ACCUMULATION

GAS TEMP. QOs S/M RATIO
Nitrogen.........covvevneniinn. 25° 1.4
Nitrogen..........cooveeiueen... 38° 1.3
Alr. .. 25° 0.58 8.6
Alr. . 38° 0.71 2.7
(0] 4770 | VA 25° 0.82 14.6
(05317: - DA 38° 2.08 12.5

Experiment performed as described in table 1, except for gas and temperature as indicated;
duration of experiment, 6o minutes.

respiratory stimulation and improvement of the S/M ratio. Of all the substrates
tested, acetate exhibited the most striking and uniform effect on PAH accumulation.
In 16 consecutive paired experiments, the mean S/M ratio without added substrate
was 6.5 == 1.8, whereas with o.o1 M acetate it was 11.3 =+ 1.8. Lactate and pyruvate
also consistently increase the ratio, although never to quite the same degree as
acetate. Minimal and less reproducible positive effects have also been observed with
glucose, hexose diphosphate, propionate, butyrate, isobutyrate and acetoacetate.
Potential acetyl precursors such as ethanol, acetaldehyde and diacetyl were found
to be completely inactive, but acetylglycine exhibited a definite stimulatory effect.
Of the members of the tricarboxylic acid cycle, a-ketoglutarate, succinate, fumarate,
and malate, all inhibited at o.or M concentration. Oxalacetate, however, stimulated
PAH accumulation, possibly as the result of its decarboxylation to yield pyruvate.
The longer fatty acids (Cs—Cro) all inhibited, as did the amino acids glycine, alanine
and glutamate. However, it is of interest that certain of the substrates which in-
hibited at concentrations of o0.o1r M possessed a slightly stimulatory action at higher
dilutions. Concentration curves for 4 representative substrates are shown in figure 1.

Addition to the suspending medium of Coenzymes I or II, diphosphothiamine,
flavinadenine dinucleotide, cytochrome C, pyridoxal phosphate, co-acetylase or ade-
nosine-5-phosphate was without effect.
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Concentration of PAH. One can anticipate that the accumulation of PAH in
kidney slices will be quantitatively influenced by the level of PAH in the medium.
As the latter is progressively increased, the greater is the amount of PAH which
must be transported into the slices to yield any given S/M ratio. Such is shown to
be the case in figure 2. As the concentration in the medium (3/) increases, the amount
of PAH actively accumulated in the slices (S-M) decreases relative to M, as indi-
cated by a slope of 0.88 in the presence of acetate. As a consequence, the S/M ratio
decreases approximately 7 per cent with each doubling of PAH in the medium up to
a concentration of 15.5 uM/100 ml. (3 mg. 9%). At higher concentrations the ratio
decreases at a faster rate, indicating that saturation of the mechanism is being

TABLE 3. EFFECT OF VARTIOUS ADDED SUBSTRATES ON PAH ACCUMULATION

EXPER. SUBSTRATE ADDED “z‘;" Q02 ni/':x‘o EXPER. SUBSTRATE ADDED A"g" Q0: Ri{l‘ll‘o
1 None 0.63 6.1 [~ 3 | None 0.68| 8.8
Glucose 30 | 0.66| 6.1 Formate 6o | 0.65| 7.0
Hexose diphosphate 30 | 0.86| 7.7 Acetate 30 | 0.98[13.9
pL Lactate 30 | 0.83] 9.1 Propionate 20 1.07] 9.8
Pyruvate 30 | 0.93|10.1 Butyrate 20 1.04| 9.1
Acetate 30 | 1.03|11.3% Valerate 10 | 0.95| 9.0
Caproate 10 | 0.88] 5.3
2 None 0.63| 4.8 Heptylate 10 | 1.00| 2.2
Citrate 30 | 1.08| 4.4 Caprylate 10 | 1.11| 1.4
Isocitrate 30 | 0.96| 4.6 Caprate 6 | 1.70| 1.6
a-Ketoglutarate 30 | 1.01] I.O Laurate 6 | 1.24] 5.3
Succinate 30 | I.52| 1.6
Fumarate 30 | 1.04/ 2.1 | 4 | None 0.62{ 7.5
DL Malate 60 1.04| I.5 Acetoacetate 20 0.84| 9.0
Oxalacetate 30 | 1.14| 6.4 B-Hydroxybutyrate 20 | 0.85| 4.3
Acetate 30 | 0.84|11.2 Isobutyrate 20 | 1.16/ 9.9
Isocrotonate 20 | 0.89| 9.4

Experiment performed as described under METHODS.

rapidly approached. It may be recognized that the data at the lower levels appear
to conform to Freundlich’s empirical adsorption isotherm. However, it is clear from
other data presented in this paper that accumulation of PAH is an active process
dependent on metabolic activity and is not an adsorption phenomenon.
Relationship to Tubular Transport. If the accumulation of PAH in kidney slices
is related to the tubular excretion of this substance in the intact animal, it should be
possible to establish certain similarities between the 2 with respect to @) the occur-
rence of the phenomenon in various species, &) tissue specificity, ¢) transport specific-
ity and d) the response to certain inhibitors and competitors. First, the tubular ex-
cretion of PAH has been demonstrated by clearance studies to occur in a variety of
animals. Similarly, we have found that the kidney slices of the rat, guinea pig® and
pigeon, as well as the rabbit, accumulate PAH under the conditions described. In
3 In the course of studies with guinea pig kidney slices, it was observed that the recoveries of
PAH gradually decreased with time. Since the PAH could be completely recovered by a 6o-minute

hydrolysis in 0.2 N HCl at 100°, it is assumed that acetylation of PAH was occurring. The rate of PAH
disappearance was approximately one micromole per gram of kidney per hour.
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addition, PAH accumulation appears to be a process limited to renal cortical tissue,
since slices of rabbit kidney medulla, liver, cardiac muscle and duodenal mucosa are
all completely lacking in this capacity.

The lack of adequate analytical methods has thus far prevented the study of
many compounds other than PAH which are known to be excreted partly by the tu-
bule. However, some degree of transport specificity can be gained by a comparison
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F16. 1. RELATIONSHIP OF SUBSTRATE CONCENTRATION and PAH Accumulation. Each curve
represents 6 to 10 simultaneous determinations at different substrate concentrations. Experiment
performed as described under METHODS.

F1G. 2. RELATIONSHIP BETWEEN PAH CONCENTRATION in the medium (M) and the amount of
PAH actively accumulated by the slices (S-M). The upper line represents 2 experiments in which
o.o1 M acetate was added to each vessel, the lower line a single experiment with no added substrate.
The amount of PAH added ranged from o.1 to 3.2 uM

of PAH with p-acetylaminohippurate (PAAH) and p-aminobenzoate (PAB). Smith
et al. (10) have shown that the clearances of PAH and PAAH in the dog are identical
at low plasma levels and are a measure of the effective renal plasma flow. In contrast,
no evidence for the tubular excretion of PAB has been obtained. Apparent PAB/
creatinine clearance ratios above 1.0 in the dog are attributable to the partial conver-
sion of PAB to PAH in the body. Earle (11), using a specific method for the estima-
tion of PAB, has in fact demonstrated that the tubular reabsorption of PAB may
occur in man. In keeping with these findings in the intact animal, rabbit kidney
slices will accumulate PAH and PAAH but not PAB (table 4). Of particular interest
is the finding that the stimulatory effect of acetate is almost as great with PAAH as
it is with PAH.
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Inhibitors. The 2 preceding papers of this series (3, 12) presented evidence sup-
porting the concept that phosphate bond energy is utilized in the tubular excretion
of phenol red, PAH and diodrast. A striking correlation exists between the ability
of 2,4-dinitrophenol (DNP) and certain related compounds to inhibit aerobic phos-
phorylation in the rabbit kidney ‘cyclophorase’ enzyme preparation and their rela-
tive effectiveness as inhibitors of certain tubular excretory mechanisms. For this
reason, several of the agents were reexamined with the rabbit kidney slice technique.
Table 5 summarizes the data obtained with DNP. Accumulation of PAH was almost
completely blocked by 2.5 X 1675 M DNP, although the rate of oxygen consumption
had doubled. As in the case of the isolated renal tubules of the flounder (3), it would
appear that aerobic oxidative reactions proceed at an accelerated rate under the in-
fluence of DNP, but that the energy liberated thereby is not made available for cellu-
lar transport. The results obtained with a series of related nitrophenols are con-
tained in table 6 (exper. ). The results are in good agreement with those obtained
with the rabbit kidney enzyme system (13) and with the isolated fish tubules (3).

TABLE 4. COMPARISON OF P-AMINOHIPPURATE, P-ACETYLAMINOHIPPURATE AND DP-AMINOBENZOATE
ACCUMULATION AND EFFECT OF ADDED ACETATE

ADDED AMT., uM ACETAT; CONC., su”c’;/(;)"bfc., mligl/(ul;‘O'NC., s /M RATIO
PAH.................... 0.20 0.360 0.046 7.8
PAH.................... 0.20 o.0r1 0.502 0.038 13.2
PAAH................... 0.18 0.255% 0.055% 4.6
PAAH................... 0.18 o.01 0.388 0.040 9.7
PAB..................... 0.50 o.01 0.087 0.090 1.0

PAB estimated by a specific extraction method (7).

The effects of various other inhibitors are also summarized in table 6. Each agent
had previously been tested over a wide range of 2-fold dilutions. The minimal con-
centration which gave essentially complete inhibition was selected for presentation,
except in those cases in which incomplete effects were obtained even with concen-
trations as high as 2 X 1072 M. Most of these agents are known to interfere with cer-
tain important metabolic reactions. Carinamide was included because of its known
capacity to interfere with a variety of tubular excretory processes in the intact ani-
mal (14). Penicillin and diodrast were examined as representative of substances which
are excreted in part by the renal tubule and which, therefore, might be expected to
compete with PAH for the transport mechanism.

DISCUSSION

The experimental results appear to support the conclusion that the accumulation
of PAH by kidney slices #n vitro and the tubular excretion of this compound in the
intact animal are closely related phenomena. The most obvious difference between
the two arises from the absence of a continuous filtration process in the slice and the
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consequent disturbance of normal concentration relationships between the cells
and tubular urine.

It is not possible at the present time to ascertain the extent to which the PAH
accumulated in the slices represents storage in the cells or in the tubular lumina.
If the bulk of the PAH is confined to the lumina, as seems likely from similar ob-
servations with phenol red (2, 3), the actual gradient across the tubule is many
fold greater than the S/M ratios would indicate. The establishment and main-
tenance of this gradient undoubtedly depends on the uninterrupted metabolic activ-
ity of the cells. One may assume that the higher the gradient, the greater is the ten-
dency for diffusion of PAH back into the medium either through the cut ends of
tubules or a reversal of flow through the cells. Consequently, the concentration gra-
dient at any given time is the resultant of these two processes. This may be con-
trasted with the unidirectional movement of PAH in the intact kidney.

TABLE 5. INHIBITION OF PAH ACCUMULATION BY 2,4-DINITROPHENOL

DINITROPHENOIi OC_C:E':CENTRATION Qo: S/M RATIO
0.0 1.00 12.5
6.25 I.42 10.3
12.5 1.82 7-3
25.0 2.00 2.1
50.0 I1.71 I.I

All vessels contained o.or M acetate.

While these differences between the slice and intact kidney undoubtedly in-
fluence certain quantitative aspects of PAH transport, it seems highly probable
that the same biochemical processes operate in the two situations. For the purposes
of biochemical studies on transport, the slice technique possesses certain obvious
advantages. The chemical composition of the ambient fluid can be fairly rigidly con-
trolled. The influence of certain extrarenal factors which may alter tubular excretion
in the intact animal is excluded. The technique permits examination of various
important metabolic inhibitors which would not be tolerated in the intact animal.
Finally, its technical simplicity makes possible a far greater number of observations
than could be conveniently obtained in the intact animal.

Of the various aspects of PAH transport thus far examined by the slice tech-
nique, perhaps the most interesting is the stimulatory effect of acetate. It can not be
stated with certainty that acetate occupies a unique position in this respect, but such
is suggested by the finding that only acetate, and certain of its precursors to a lesser
degree, uniformly exhibits this property. The lack of correlation between respiratory
stimulation and PAH accumulation obtained with various substrates indicates
quite clearly that a general acceleration of oxidative activity is not the underlying
cause. It appears more likely that acetate is actually one of the rate-limiting cellular
components of the transport mechanism. Acetate could well play such a role since
its concentration in body fluids and tissues is known to be extraordinarily low despite
a relatively enormous rate of turnover (15).
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The analysis of certain other reactions involving acetate, such as the acetylation
of foreign amines (16) or choline (17) and the formation of citrate (18) or acetoace-
tate (19), has revealed that it is not acetate as such that participates, but a more
reactive 2-carbon fragment derived from acetate or one of its precursors. In each case
it has been possible to demonstrate that the activation of acetate is dependent upon
energy-rich phosphate bonds (ATP). While the exact nature of so-called ‘active’
acetate in mammalian systems is not known, it is almost certainly not acetyl phos-
phate (20).

TABLE 6. EFFECTS OF VARIOUS INHIBITORS ON PAH ACCUMULATION

"g":" INBIBITOR ADDED coNC. X 107 Q02 S/M RATIO
1 None 1.04 1I.0
2-nitrophenol 0.05 I.15 10.6
4-nitrophenol 0.03 1.18 10.3
2-amino-4-nitrophenol 0.05 1.03 9.8
2,4,6-trinitrophenol o.03 1.03 1.0
2,4-dinitrophenol 0.05 1.73 1.2
2,4-dinitro-6-phenylphenol 0.05 1.32 1.1
2 None 1.07 10.9
Cyanide 0.§ 0.27 1.3
Sodium azide 3.0 0.68 I.1
Arsenite 2.0 0.24 1.7
Fluoride 2.0 0.72 1.7
3 None 1.0§ 12.9
Todoacetate 0.3 0.74 1.8
Fluoracetate 20.0 0.56 1.6
Malonate 20.0 0.49 3.6
Mercuric chloride 1.0 o.70 1.4
Phloridzin 5.0 0.75 4.4
Carinamide 0.2 0.90 1.1
Penicillin G 4.0 0.90 3.1
Diodrast 1.0 0.93 1.5

All vessels contained o.o1r M acetate.

Little can be said at present concerning the possible mode of acetate participa-
tion in PAH transport. However, p-amino acetylation is an unlikely possibility. As
noted previously, clearance studies have demonstrated the identity of the excretion
rates of PAH and PAAH in the dog. More pertinent is the present finding that ace-
tate exerts a definitely stimulatory effect on the accumulation of PAAH by kidney
slices.

If it is assumed that acetate plays such a specific role in PAH transport, the
question necessarily arises as to its relationship to the transport of phenol red,
diodrast, penicillin and other substances which appear to share the same excretory
mechanism. Unfortunately, no data are yet available on the accumulation of these
substances in kidney slices. However, it should be pointed out that acceptance of
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acetate as an obligatory participant in PAH transport does not necessarily depend
on the demonstration of a similar role in other transport systems. As noted above,
acetate must in all probability be raised to an active form through interaction with
energy-rich phosphates. It is likely that acetate, or its counterparts in other transport
systems, share in this activation process and that the energy available for such pur-
poses constitutes another limiting factor in transport. While it is undoubtedly at-
tractive to assume that a single tubular excretory mechanism handles a variety of
foreign substances, the diverse chemical nature of these compounds makes unlikely
the possibility that they traverse the tubular epithelium by an identical series of
reactions.

SUMMARY

Thin slices of rabbit kidney cortex are capable of accumulating PAH from a
saline suspending medium against a considerable concentration gradient. This proc-
ess appears to be closely related to the tubular excretion of PAH in the intact animal.
Acetate, which exhibits a striking stimulatory effect on PAH accumulation, is sug-
gested as a possible rate-limiting cellular component of the PAH transport mecha-
nism.
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