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Abstract

The hallmark of ischemic acute renal failure is a rapid and
early decline in proximal tubule ATP. Since we have previously
shown that over half of apical microfilament losses occur within
the first 5 min of experimental ischemic injury, we postulated
that microfilament (F-actin) structure and cellular location are
dependent on cellular ATP levels. To test this hypothesis, we
used maleic acid to selectively inhibit renal cortical ATP pro-
duction in vivo. Maleic acid significantly decreased tissue ATP
and apical F-actin in a dose-dependent manner relative to equi-
molar sodium chloride controls, yet higher doses of maleic acid
quantitatively resulted in net actin polymerization, primarily in
the cytoplasm. Functionally, maleic acid decreased glomerular
filtration rate (GFR) and tubular reabsorption of sodium
(TRN.) in a dose-dependent manner relative to sodium chloride
controls. Administration of exogenous ATP resulted in signifi-
cant increases in tissue ATP, net actin depolymerization, and
relocation of F-actin from the cytoplasm back to the apical
surface coinciding with increases in GFRand TRN,. Thus, ATP
depletion induced by maleic acid resulted in significant cytoskel-
etal and functional alterations that were ameliorated by exoge-
nous ATP. Wetherefore conclude that the structure and cellu-
lar location of F-actin necessary for normal functioning of prox-
imal tubule cells in vivo is dependent on tissue ATP levels. (J.
Clin. Invest. 1993. 92:1940-1949.) Key words: maleic acid -

microfilaments * adenosine triphosphate - proximal tubule .
actin

Introduction

A very early event during in vivo experimental ischemic acute
renal failure is a rapid decrease in ATP to < 10- 1 5%of control
values ( 1-3). Structurally, ischemic injury is characterized by
extensive disruption of the apical surface of proximal tubule
cells (4-7). Functionally and biochemically, there is loss of
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unidirectional transport of solute and epithelial polarity as de-
fined by surface membrane characteristics (8, 9). Using spec-
trofluorometry of rhodamine-phalloidin-stained sections of
outer cortical proximal tubules, we have recently demonstrated
that the majority of apical filamentous (F-) actin loss occurs
during the first 5 min of experimental ischemic injury (10).
Since both ATPdepletion and apical microfilament disruption
are very early events during ischemia, and the binding of ATP
to F-actin has been postulated to be necessary for optimal fila-
mentous actin growth, we hypothesize that microfilament
structure and cellular location in vivo are dependent on cellu-
lar ATP levels. To test this hypothesis, we utilized maleic acid,
an inhibitor of the Krebs cycle that is selectively taken up by
renal tubule cells, to decrementally decrease renal ATP levels
in vivo. To restore tissue ATP levels in the kidney, we infused
exogenous ATP-MgCl2 as previously described by Siegel et al.
(3). Thus, this model of in vivo ATP depletion and repletion
enabled us to observed ATP-dependent alterations in proximal
tubule actin structure and renal tubular and glomerular func-
tion.

Methods

Male Sprague-Dawley rats (Harlan Teklad, Madison, WI) weighing
200-300 g were fed standard rat chow. Animals were injected intraperi-
toneally with 250, 400, and 1000 mg/kg of disodium maleic acid
(Sigma Immunochemicals, St. Louis, MO), or equimolar amounts of
sodium chloride. Animals were anesthetized with sodium pentobarbi-
tal (6.25 mg/ 100 g rat wt), and killed for renal cortical F-actin staining
and renal adenine nucleotide assays 30 and 60 min following injection
of maleic acid. A second set of rats was infused with 25 Mmol of ATP-
MgCl2 during the last 20 min before death 60 min after maleic acid for
F-actin staining and adenine nucleotide assays. A third set of rats un-
derwent 30-min urine collections bracketed by arterial blood samples
for determination of inulin clearance and tubular handling of sodium
60 min following maleic acid injection without and with ATP-MgCl2
infusions. Last, for quantitative actin determinations, a fourth set of
rats was killed 60 min after injection with maleic acid without and with
exogenous ATP-MgC12.

Rhodamine-phalloidin staining of F-actin. F-actin in outer cortical
renal tissue was stained as previously described ( 10). Outer cortical
tissue slices were quickly frozen in liquid nitrogen, embedded in the
cryofixative Tissue-Tek OCT(Miles, Inc., Elkhart, IN), and 5-,um sec-
tions cut on a cryotome (2800 Frigocut; Reichert Scientific Instru-
ments, Buffalo, NY). Following fixation in 3.7% formaldehyde, the
sections were stained with 1:10 dilution of rhodamine-phalloidin (Mo-
lecular Probes, Inc., Eugene, OR). Following mounting in 1:1 PBS/
glycerol, the samples were viewed with a Leitz Orthoplan universal
largefield microscope (Orthoplan; E. Leitz, Inc., Rockleigh, NJ)
equipped with a ploemopak 2.1 fluorescence vertical illuminator con-
taining an excitation/ barrier filter specific for rhodamine. Photographs
were taken with a Vario Orthomat 2 microscopic camera and the Ploe-
mopak (E. Leitz, Inc.). The exposure time was variable and automati-
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cally adjusted by the camera unit dependent on the amount of fluores-
cence quenching.

Spectrofluorometry. The technique of spectrofluorometry is well
established ( 1 1, 12) and has been previously performed with this fluor
by us and others (10, 13). Apical fluorescence of rhodamine-phalloi-
din, which is linearly related to F-actin concentration ( 14), was mea-
sured with a MPVcompact microscope photometer (E. Leitz, Inc.)
mounted on the fluorescence microscope. The microspectrophotome-
ter was interfaced with an IBM personal computer through a custom-
designed card and software that allowed the computer to control the
shutter sequencers, to average fluorescence in a 250-ms window, and to
compile data. Because of the distinct qualitative differences between
experimental groups, it was not possible to blind the observer to the
experimental protocol. Thus, the following criteria were utilized to stan-
dardize the observations: (a) All sections were 5 /m thick. (b) Saturat-
ing quantities of rhodamine-phalloidin were used. There was no differ-
ence in quantitative fluorescence found between 1:20 and 1:10 dilu-
tions. (c) The spectrofluorometry field was less than 1 x 1 mand was
placed entirely within the apical fluorescence for each reading. (d) All
observations were made within 1 s of field placement to minimize
fluorescence quenching. To minimize reading fluorescence outside the
spectrofluorometry field, the microscope field diaphragm was maxi-
mally closed. (e) To eliminate interassay variability in fluorescence due
to staining, spectrofluorometry field size, or decline in photon emission
with increasing lamp time, each experiment included a new control
kidney, with all specimens undergoing sectioning, staining, and quanti-
fication the same day. (f ) For each slide, mean fluorescence expressed
in mVwas obtained from 50 observations of tubules, with each obser-
vation consisting of a separate tubule. Although mean absolute fluores-
cence was measured within each experiment, summation data were
standardized by expressing the percent change in mean fluorescence
relative to the controls within the same experiment. (g) The validity of
the technique using independent observations by two individuals
has previously demonstrated a correlation coefficient of 0.96
(P < 0.001) (10).

DNAase inhibition assay. Actin was quantified as originally de-
scribed by Blikstad et al. ( 15 ) and modified by Cheung et al ( 16 ). 60
min after maleic acid injection, the outer cortices were homogenized
with a polytron (PT-3000; Brinkmann Instruments, Inc., Westbury,
NY), and the lysates mixed 1:1 with buffer containing 10 mMTris-
HC1(pH = 7.5), 150 mMNaCI, 3 mMMgCl2, 0.1% Triton X-100, 0.2
mMATP, and 0.1 mMdithioerythritol. Beef pancrease DNAase I
(Sigma Immunochemicals) was mixed with 3 ml of calf thymus DNA
type I (Sigma Immunochemicals) to obtain a maximal rate of 0.25-0.3
ODU/ 15 s as measured at 260 nmat 25°C. Following construction of
a standard inhibition curve using sonicated monomeric actin from rab-
bit muscle (Sigma Immunochemicals), equal amounts of lysate sam-
ples were added to the DNAase, followed 2-4 s later by DNAsubstrate,
with the percent inhibition read at 260 nm. To assay total actin, F-actin
was depolymerized by mixing the lysate with an equal volume of a 1.5
Mguanidine hydrochloride solution containing 1 mMCaCI2, 2 mM
Tris-HCl (pH = 7.5), and 1 mMATP, and the absorbance was again
measured at 260 nm. Protein determination via the Lowry method
( 17) allowed standardization of actin per mgof protein between experi-
mental groups. Only DNAase inhibition experiments with standard
curves showing r values of > 0.99 were considered valid, and experi-
mental values falling between 25-75% inhibition were used in all calcu-
lations.

Adenine nucleotide assays. Adenine nucleotides were measured fol-
lowing extraction with perchlorate as per Williamson and Corkey ( 18).
Whole rat kidneys were quickly frozen between stainless steel tongs
cooled in liquid nitrogen and pulverized with a liquid nitrogen-cooled
stainless steel mortar and pestle in preparation for extraction. After a
small amount of the powdered tissue was placed in a drying oven at
105°C for 24 h, the remainder was placed in a centrifuge tube on
crushed dry ice and extracted with cold 8%perchlorate (3.5:1 wt/wt).
Following homogenization at 7500 rpm on a polytron (PT-3000;

Brinkmann Instruments, Inc.) and centrifugation at 12,000 rpm for 10
min, the supernatant was saved. The remaining pellet was again ex-
tracted with 6% perchlorate (2.5:1 wt/wt), homogenized, and centri-
fuged as above. The supernatants were then pooled, 2 NKOH/0.5 M
triethanolamine added to neutralize the pH to 6-7, the sample centri-
fuged at 9,000 rpm for 10 min, and the resultant supernatant saved for
adenine nucleotide assays.

Adenine nucleotides were measured enzymatically ( 19) on a spec-
trophotometer (UVI6OU; Shimadzu Scientific Instruments, Inc., Co-
lumbia, MD). ATP was measured by mixing Tris base (0.5 M), glu-
cose (0.2 M), NADP(2 mg/ml), and the extracted supernatant and
obtaining a baseline absorbance reading at 340 nm. Hexokinase/
G6PDH(200 U/ml) was then added, the absorbance read at 60 min,
and the concentration of ATP in gmol/ml calculated by dividing the
difference in readings by 6.22, the coefficient of extinction. ADPand
AMPwere measured by mixing extracted supernatant with triethano-
lamine (50 mM), MgCI2 (10 mM), phosphoenolpyruvate (10 mg/
ml), ATP (6 mM), NADH(2 mg/ml) and lactate dehydrogenase (5
mg/ml). Following the baseline reading, 10 ,ul of pyruvate kinase (2.5
mg/ml) was added, the second reading obtained, and ADPconcentra-
tion calculated from the difference in the readings divided by the coeffi-
cient of extinction. Myokinase (5 ,d of 2 mg/ml) was then added, the
final reading obtained, and AMPconcentration calculated from the
difference of the second and third readings divided by two times the
coefficient of extinction.

Functional studies. 60 min following injection of maleic acid, inu-
lin clearances and sodium handling were measured during a 30-min
collection period. Following general anesthesia with sodium pentobar-
bital (6.25 mg/ 100 g rat wt), the femoral vein and artery were cannu-
lated with Intramedic polyethylene PE-50 tubing (Clay Adams, Parsip-
pany, NJ) and the inulin, dissolved in normal saline, infused at 3.78
ml/h. The animals were then injected intraperitoneally with either
disodium maleic acid or equimolar sodium chloride, and subsequently
underwent bladder cannulation and tracheostomy. Following 60 min
of inulin infusion to attain steady plasma levels, urine was collected for
30 min, with arterial blood samples collected at the start and finish of
the urine collection.

Inulin was measured using a standard anthrone assay. Briefly, a
standard curve from stock inulin and dilutions of plasma (1:10) and
urine (1:1000 or 1:2000) were prepared. Following addition of 70%
sulfuric acid and anthrone reagent (0.2 g in 100 ml of 70% sulfuric
acid), the samples were incubated at 50°C for 30 min, cooled to room
temperature, and read at 630 nm.

Plasma and urine sodium values were determined by flame photom-
etry (Beckman Instruments, Fullerton, CA).

Statistics. Data were analyzed for significance using ANOVA,with
simultaneous multiple comparisons between groups using Duncan's
test. Results were considered statistically different if the P value was at
least < 0.05, and reported as P< 0.05 or NS. Variance was expressed as
standard error of the mean.

RESULTS

Effect of maleic acid on renal adenine nucleotides, proximal
tubule apical F-actin, tubular handling of sodium, and glomer-
ular filtration rate. Maleic acid caused significant dose-depen-
dent decreases in tissue ATP, total adenine nucleotides, and
apical F-actin.

As shown in Table I, 250 mg/kg, 400 mg/kg, and 1000
mg/kg of maleic acid significantly decreased ATP levels in a
dose-dependent manner to 82.9%, 52.5%, and 37.3% of control
values, respectively. Tissue ADPdecreased and tissue AMP
increased with maleic acid, but these changes occurred in a
non-dose-dependent manner. Primarily because of the decre-
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Table I. Renal Adenine Nucleotides following Maleic Acid without
and with Exogenous ATP-MgC12

Treatment ATP ADP AMP TAN

Control 1.58±0.04 0.303±0.01 0.127±0.003 2.03±0.04
250 mg/kg 1.31±0.03* 0.286±0.01 0.129±0.008 1.79±0.06*
400 mg/kg 0.83±0.09* 0.287±0.01 0.163±0.014* 1.28±0.09*
1000 mg/kg 0.59±0.03* 0.264±0.01* 0.149±0.004* 1.11±0.10*
400 mg/kg

+ ATP 1.12±0.05$ 0.35±0.02t 0.161±0.01 1.68±0.02*

All values are expressed in limol/g wet kidney wt. * P < 0.05 vs. con-
trols, * P < 0.05 vs. 400 mg/kg (n = 17 for controls, n = 6 for 250
and 400 mg/kg, n = 12 for 1000 mg/kg, and n = 5 for 400 mg/kg plus
exogenous ATP).

mental ATP changes, total adenine nucleotides decreased in a
dose-dependent manner.

Fig. 1 A demonstrates rhodamine-phalloidin staining of
control proximal tubules, with smooth homogenous apical flu-
orescence representing apical brush border and terminal web
microfilaments, and little F-actin fluorescence in the cyto-
plasm. Treatment with 250 mg/kg of maleic acid (Fig. 1 B)
caused significant inhomogeneity and losses (arrows) of the
apical fluorescence of F-actin relative to controls, yet there was
no change in the scant cytoplasmic F-actin. 400 mg/kg (Fig. 1
C) and 1000 mg/kg (Fig. 1 D) of maleic acid caused progres-
sive significant losses of apical F-actin fluorescence, with fluo-
rescence appearing in the cytoplasm. Apical fluorescence was
quantified using spectrofluorometry (Fig. 2). 250, 400, and
1000 mg/kg of disodium maleic acid progressively and signifi-
cantly decreased apical F-actin by 24.1 ± 1.9%, 34.5+6.5%, and
54.6±2.2%, respectively, relative to controls. Fig. 3 represents
two focal planes of the same tubules 60 min after treatment
with 400 mg/kg of maleic acid. While higher doses of maleic
acid resulted in severe apical F-actin degradation (A), exten-
sive new appearance of F-actin occurred throughout the cyto-
plasm (B).

The specificity of maleic acid was demonstrated by two
different means. When compared with noninjected controls,
animals injected with sodium equimolar (3.13 M) to 1000 mg/
kg of disodium maleic acid showed no differences in proximal
tubule F-actin staining or renal ATP (1.61±0.04 vs. 1.58±0.04
,Omol/g wet wt kidney). Furthermore, the injection of 400 mg/
kg of the maleic acid isomer, sodium fumarate, showed no
differences in apical F-actin staining or renal ATP (1.61±0.06
vs. 1.58±0.04 ,umol/g wet wt kidney).

Since maleic acid caused dose-dependent apical structural
changes, the effect of maleic acid on renal function was also
evaluated. There were significant dose-dependent decreases in
glomerular filtration rate (GFR)' as measured by inulin clear-
ances relative to equimolar sodium chloride controls (Fig. 4).
250, 400, and 1000 mg/kg decreased GFRto 56.2%, 34.8%,
and 12.4%, respectively, of control values as measured in ml/
min per g kidney (1.3±0.13 vs. 0.73±0.17, 1.41±0.17 vs.
0.49±0.08, 1.29±0.15 vs. 0.16±0.03; P < 0.05 for all groups vs.

1. Abbreviation used in this paper: GFR, glomerular filtration rate.

controls). There were no significant differences in GFRbe-
tween noninjected controls and control animals injected with
increasing equimolar doses of sodium chloride (1.52±0.12 vs.
1.3+0.13, 1.41+0.17, and 1.29±0.15 ml/min per g kidney).
Fig. 5 demonstrates alterations in tubular reabsorption of so-
dium following maleic acid relative to equimolar sodium chlo-
ride controls. Although there was a slight downward trend as
expected due to the kidneys' normal response to the progres-
sive sodium loads, there were no differences between 250, 400,
and 1000 mg/kg relative to noninjected controls (99.5±0.18%
vs. 98.5±0.17%, 97.8±0.17%, and 96.3+0.66%, respectively).
When compared with equimolar saline controls, 250 mg/kg,
400 mg/kg, and 1000 mg/kg of maleic acid significantly de-
creased tubular reabsorption of sodium in a dose-dependent
manner (92.5±3%, 81.2±3%, and 33.7±6.1%, respectively).

Thus, maleic acid induced dose-dependent decreases in tis-
sue ATP and ADP, apical microfilaments, glomerular filtra-
tion rate, and proximal tubule reabsorptive function.

Effect of exogenous ATP on renal adenine nucleotides,
proximal tubule apical microfilaments, actin polymerization,
tubularfunction, and glomerularfiltration rate. To test the spec-
ificity of the association of tissue ATPand microfilament struc-
ture and cellular location, we infused 25 imol of exogenous
ATP-MgCl2 into rats following injection of high-dose maleic
acid. Exogenous ATP-MgCl2 increased tissue ATP and re-
versed the proximal tubule cytoskeletal and functional alter-
ations seen with ATP depletion induced by maleic acid.

30 min after injection of 400 mg/kg of maleic acid, ATP
had significantly decreased to 57.9% of controls (1.59±0.04 vs.
0.92±0.06 ,mol/g wet wt kidney) (Fig. 6). Without addition
of exogenous ATP-MgCl2, at 60 min following injection, ATP
was 52.2% of control values (1.59±0.04 vs. 0.83±0.09 ttmol/g
wet wt kidney, P < 0.05). Following infusion of exogenous
ATP-MgC12 during the last 20 min, ATP levels significantly
increased to 70.4% of control values (1.12±0.05 ,imol/g wet wt
kidney) when compared with either 30 or 60 min of maleic
acid alone (Fig. 6, Table I). ADP levels also significantly in-
creased, whereas AMPlevels remained unchanged (Table I).
Fig. 7, A and B, are two focal planes ofthe same tubules demon-
strating the alterations in microfilament staining seen 30 min
following injection with 400 mg/kg of maleic acid and before
exogenous ATP-MgCl2 infusion. Fig. 7 A demonstrates proxi-
mal tubule (p) apical F-actin disruption, and Fig. 7 B shows
F-actin appearing in the cytoplasm of kidneys, identical to that
seen in Fig. 3 60 min following maleic acid injection. In con-
trast to the proximal tubules, there was no effect of ATPdeple-
tion on the typical basolateral F-actin staining of distal tubules
(d). Fig. 7, Cand Ddemonstrate the changes seen in the proxi-
mal tubules 60 min after treatment with 400 mg/kg of maleic
acid followed by exogenous ATP-MgCl2. A low power view
(Fig. 7 C) demonstrates that the F-actin has moved from the
cytoplasm back to the apical portions of all the proximal tubule
cells. The distal tubule (D) F-actin remains unchanged with
ATP repletion. A high-power view further details the move-
ment of F-actin out of the cytoplasm and back toward the
apical surface (arrow) in proximal tubules. Additionally, a
bright yellow line (arrowhead) has appeared at the apex of the
cells, likely representing addition of new F-actin to the distal
ends of microfilaments in the microvilli. Quantification with
spectrofluorometry after 400 mg/kg of maleic acid plus ATP
demonstrated improvement of mean apical fluorescence to lev-
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Figure 1. Rhodamine-phalloidin fluorescence of F-actin in proximal tubules treated with maleic acid. Formaldehyde( 3.7%)-fixed sections (5 Am)
of superficial renal cortex were stained with a 1:10 dilution of rhodamine-phalloidin. (A) Cross-sections of control proximal tubules with ho-
mogenous apical fluorescence of F-actin. (B) Following 250 mg/kg of maleic acid, apical fluorescence decreased and became inhomogeneous
with patchy areas of microfilament losses (arrows). (C) Following 400 mg/kg of maleic acid, there were extensive losses of apical F-actin, with
increases in cytoplasmic fluorescence. (D) Following 1000 mg/kg of maleic acid, there was almost complete loss of apical F-actin, with cyto-
plasmic opacification by F-actin staining. Magnification was 984x for A, B, C, and D.
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Figure 2. Maleic acid-induced quantitative changes of proximal tu-
bule apical F-actin fluorescence relative to controls. Apical F-actin
significantly decreased in a dose-dependent manner following maleic
acid. See Methods for detailed description of spectrofluorometry. *P
< 0.05.

els seen with 250 mg/kg of maleic acid, approaching but not
reaching statistical significance when compared with 400 mg/
kg of maleic acid alone.

To quantify changes in cellular actin polymerization, G-ac-
tin and total actin were measured with the DNAase inhibition
assay (Fig. 8). 60 min following 400 mg/kg of maleic acid,
both percent (top graph) and quantity (bottom graph) of G-ac-
tin significantly decreased from 56.7±1.2% to 44.7±1.8%, and
0.345±0.026 to 0.264±0.11 mg/mg of protein, respectively.
Administration of exogenous ATP-MgCl2 following maleic
acid significantly increased the percentage of G-actin back to-
ward control levels relative to maleic acid alone (50.8± 1.1 %vs.
44.7±1.8%), while G-actin quantity increased relative to ma-
leic acid alone, approaching but not reaching statistical signifi-
cance (0.318±0.023 vs. 0.264±0.11 mg/mg of protein). Total
actin remained unchanged with ATP depletion and repletion
(data not shown). Thus, ATPdepletion resulted in net F-actin
polymerization, while partial restoration of cellular ATP with
exogenous ATP-MgCl2 resulted in net actin depolymerization
back toward control values.

Functionally, GFRsignificantly improved in those animals
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Figure 3. Effect of high dose maleic acid on outer cortical proximal tubules stained with rhodamine-phalloidin. (A) Following 400 mg/kg of
maleic acid, there were extensive apical losses of proximal tubule F-actin. (B) A different focal plane of the same tubules demonstrating the
appearance of F-actin throughout the cytoplasm. Magnification was x787 for A and B.

treated with 400 mg/kg of maleic acid with exogenous ATP-
MgCl2 vs. those who received 400 mg/kg of maleic acid alone
(0.79±0.08 vs. 0.49±0.08 ml/min per g kidney) (Fig. 9 A).
Similarly, tubular sodium reabsorption improved significantly
with maleic acid followed by exogenous ATP vs. maleic acid
alone (90.1±2.7% vs. 81.2±3%) (Fig. 9 B).

Discussion

In polarized epithelial cells, distinct membrane domains en-
able functional specialization. Proximal tubule cells unidirec-
tionally transport solute from lumen to blood and have a spe-
cialized apical membrane domain both with microvilli for in-
creased resorptive surface area as well as lipid and integral
membrane proteins distinct from the basolateral membrane (20).

The actin cytoskeleton is a dynamic organelle in nonmus-
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Figure 4. Dose-dependent decreases in glomerular filtration rate
(GFR), as measured by inulin clearance, following maleic acid. Inu-
lin clearances were measured by anthrone assay 60 min following
maleic acid injection. Open triangles, noninjected controls (n = 6),
or animals injected with equimolar NaCl (n = 10, 6, and 1 1, respec-
tively); filled triangles, maleic acid-treated animals (n = 6, 10, and
6, respectively). *P < 0.05.

cle cells such as proximal tubule cells. G-actin, or monomeric
actin, is soluble in the cytoplasm and is polymerized to F-actin,
or microfilaments (21, 22). The major structural component
of the microvilli of proximal tubule cells is F-actin, arranged in
bundles of 30-50 microfilaments attached via vinculin to the
distal tips of the microvilli and attached proximally to a sub-
membranous band of actin known as the terminal web. Link-
ing microfilaments to the surface membrane and to other fila-
ments are multiple actin-associated proteins, some whose ac-
tions are calcium dependent. The terminal web in turn attaches
to the cell membrane at both the tight and intermediate junc-
tions (23, 24).

During experimental ischemic injury to proximal tubules
in vivo, ATP decreases to 25% of control values within 30 s,
and below 10-15% of control values within 5 min ( 1-3). De-
creases in ATPhave been shown to cause significant disruption
of microfilament bundles in fibroblasts (25), endothelial (26),
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Figure 5. Dose-dependent decreases in tubular reabsorption of so-
dium (TRNa) following maleic acid. TRNa was measured 60 min after
maleic acid injection. Open triangles, noninjected control animals
(n = 5) or animals injected with equimolar NaCl (n = 10, 5, and 1 1,
respectively); filled triangles, maleic acid-treated animals (n = 6, 1 1,
and 5, respectively). *P < 0.05.
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Figure 6. Effect of exogenous ATP-MgCI2 on tissue ATP following

high dose maleic acid. Solid triangles, control animals (n = 17) and

animals 30 min (n 5) and 60 mmn(n 6) after treatment with 400

mg/ kg of maleic acid without exogenous ATP-MgCl2; open triangle,

animals treated with 400 mg/kg of maleic acid followed by 25 'smol
of exogenous ATP-MgCl2 (n = 6). Renal ATP significantly decreased

to 57.9% of control values by 30 mmnand 52.2% of control values by

60 mmnfollowing maleic acid (*JP < 0.05). Administration of exoge-

nous ATP-MgCl2 significantly increased tissue ATP to 70.4% of con-

trol values 60 mmnfollowing maleic acid (§P < 0.05 vs. both 30 and

60 min after maleic acid without exogenous ATP-MgCl2).

and epithelial cells (27). Wehave recently demonstrated that

the majority of proximal tubule apical F-actin disruption oc-

curs during the first 5 min of in vivo ischemia (1I0), concurrent

with rapidly declining ATP levels. Experimental ischemic in-

jury in vivo also results in partial loss of proximal tubule polar-

ity, with resultant decreases in tubular reabsorption of sodium

(2). A recent study showed that chemically induced ATP de-

pletion in LLC-PK, cells resulted in decreases in G-actin indica-

tive of actin polymerization, along with dissociation of Na'-

K'-ATPase both from the cytoskeleton and the basolateral

membrane, consistent with loss of polarity (28). Using an iso-

lated perfused kidney system, we have previously demon-

strated that cytochalasin D, a selective disrupter of microfila-

ments, causes significant proximal tubular dysfunction (29).

Thus, the actin cytoskeleton plays a role in the maintenance of

epithelial cell structure and polarity required for normal cell

function.

Maleic acid has been used as an experimental model of

proximal renal tubular acidosis because it causes decreased

reabsorption of sodium, bicarbonate, chloride, protein, glu-

cose, and phosphorus (30-36). Because it is transported by the

same organic transporter that also transports para-aminohip-

puric acid, maleic acid is selectively taken up and concentrated

in the proximal tubule cells ofthe kidney. Due to specific inhibi-

tion of the Krebs cycle in the mitochondria of proximal tubule

cells, maleic acid causes decreases in ATP (37, 38). Although

maleate is the trans-isomer of fumarate, rather than interfering

with fumarase, it most likely forms maleyl coA, which acts to

deplete the Krebs cycle of coenzyme A (39, 40). Although

early studies demonstrated inhibition of membrane Na ',
K' -ATPase in vivo (37), more recent in vitro vesicle studies

have demonstrated that maleic acid does not directly alter

membrane transporters (41, 42). Thus, it has been proposed
that decreases in cellular ATP induced by maleic acid starve
the ionic pumps of energy, resulting in loss of unidirectional
transport of solute.

A review of previous studies demonstrates that maleic acid
does not act as an appropriate model of proximal renal tubular
acidosis. In contrast to clinical renal tubular acidosis, maleic
acid results in significant apical membrane disruption and vac-
uolization at both light and electron microscopic levels (35, 38,
43-45). Additionally, in the few instances where GFR has
been measured, prior studies have shown significant decreases
in GFRwith maleic acid (30, 31, 33-35), another feature in-
consistent with proximal renal tubular acidosis. The decrease
in GERhas been postulated to be due either to increased pro-
duction of adenosine (46) or to backleak of inulin (47). Before
this study, a systematic dose response has never been per-
formed for tissue ATP, renal function, and most significantly,
F-actin location and net cellular actin polymerization.

Wepostulate that maleic acid acts as a model of selective
cortical ATP depletion in vivo, thus mimicking ischemic in-
jury. Although there are no other viable in vivo models of selec-
tive renal ATP depletion, Shanley and colleagues demon-
strated that infusion of multiple metabolic inhibitors into an
isolated perfused kidney system resulted in proximal tubule
apical membrane structural alterations and "clubbing" charac-
teristic of experimental ischemia and hypoxic injury (48). Us-
ing maleic acid, we have demonstrated a significant dose re-
sponse for renal ATP depletion, with concurrent dose-depen-
dent alterations in proximal tubule apical F-actin, GFR, and
tubular sodium reabsorption similar to that seen during isch-
emic injury. Raising tissue ATPwith exogenous ATP in this in
vivo maleic acid model resulted in significant reversal of this
process, both structurally and functionally. Using time-course
experiments, we demonstrated that exogenous ATP did not
just prevent maleic acid-induced apical losses of F-actin, but
actually resulted in relocation of F-actin from the cytoplasm
back to the apical surface of proximal tubule cells. This is the
first demonstration that microfilament structure and cellular
location in vivo can be modified by exogenous ATP. Concur-
rent with this reversal of microfilament structure and cellular
location by exogenous ATP, both GFRand tubular reabsorp-
tion of sodium significantly improved. These interventional
data strongly support the hypothesis that microfilament struc-
ture and cellular location necessary for normal function of
proximal tubules in vivo are dependent on cellular ATP levels.
Similar to experimental ischemic injury in vivo (10O), distal
tubules did not alter their F-actin structure with renal ATP
depletion or repletion in this model.

Very little is known regarding the dynamics of actin poly-
merization in vivo. In vitro, G-actin polymerizes to F-actin via
irreversible hydrolysis of ATP (49). Only very small amounts
of G-actin are required for filament growth in vitro, so the
overwhelming majority of actin is present in the polymerized
form. In contrast, approximately half of actin in cells exists in
the monomeric form (50), and microinjection of G-actin into
normal rat kidney cells does not result in further growth of
existing microfilaments (5 1). The maintenance of this depoly-
merized state is most likely due to inhibition of polymerization
by actin-associated proteins (5 1). Additionally, LLC-PK1 cells
treated with metabolic inhibitors have demonstrated decreased
amounts of cellular G-actin, indicating net polymerization
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Awith decreased cellular energy levels (28). Based on these data,
investigators have postulated that cellular energy is required to
maintain a depolymerized rather than a polymerized state of
actin (50).

Our data suggest that energy may be required for both poly-
merization and depolymerization of different actin pools in
vivo, allowing for rapid interconversion between monomeric
and filamentous forms of actin. As ATP levels decreased in
proximal tubule cells, cytoplasmic F-actin appeared while api-
cal F-actin was either lost into the lumen or depolymerized.
Restoration of cellular ATPlevels structurally resulted in relo-
cation of F-actin from the cytoplasm back to the apical surface.
If this change in F-actin location was due to movement of
microfilaments rather than alterations in polymerization, then
we would expect no change in net cellular actin polymerization
with ATPdepletion and repletion. Net cellular actin polymer-
ization, which represents the sum of actin pools, increased with
maleic acid-induced ATP depletion in vivo, similar to that
seen during ATP depletion in the LLC-PKI proximal tubule
cell model (28). Alterations in the cytoskeleton in vivo oc-

curred with smaller decrements in measured ATP than that
100
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Figure 8. Effect of exogenous ATP following maleic acid on cellular
actin polymerization. Actin was quantified with the DNAase inhibi-
tion assay 60 min following 400 mg/kg of maleic acid without and
with exogenous ATP-MgCl2. Total actin remained unchanged in all
treatment groups (data not shown). Following maleic acid alone,
G-actin significantly decreased from 56.7±1.2% to 44.7±1.8% (top)
and from 0.345±0.026 to 0.264±0.011 mg/mg protein (bottom).
Relative to maleic acid alone, maleic acid plus exogenous ATP sig-
nificantly increased the percent of G-actin to 50.8±1.1, and increased
G-actin quantity to 0.318±0.023 mg/mg protein, nearing but not
reaching significance. n = 6 in each group, *P < 0.05.
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Figure 9. Effect of exogenous ATP-MgCl2 on glomerular filtration rate
(GFR) and tubular reabsorption of sodium (TRN.) following maleic
acid. 60 min after 400 mg/kg of maleic acid, both GFRand TRN.
decreased relative to equimolar NaCl controls. (A) Following infusion
with 25 gmol of ATP-MgCl2, GFRsignificantly increased to
0.79±0.08 ml/min per g from 0.49±0.08 ml/min per g with 400
mg/kg of maleic acid alone. (B) Following exogenous ATP infusion,
TRNa significantly increased to 90.1±2.7% from 81.2±3% with 400
mg/kg of maleic acid alone. *P < 0.05.

seen in cell culture (28), perhaps due to contribution from
other unaffected cortical cells. With ATP repletion, net actin
polymerization decreased back toward control values, yet new

F-actin formed at the apical surface. The differential polymer-
ization of apical and cytoplasmic F-actin with ATP depletion
and repletion suggests that there may be two pools of actin in
epithelial cells that respond in contrasting fashions to the same

cellular ATP levels. This hypothesis is further supported by our

recent studies of F-actin structure and cellular location during
reperfusion following ischemia (Kellerman, P. S., manuscript
in preparation; see also reference 52). Whenrenal ATP recov-

ered to levels similar to that seen with higher dose maleic acid,
apical F-actin losses continued while cytoplasmic polymeriza-
tion of F-actin identical to that seen with maleic acid was ob-

served. Thus, there maybe threshold cellular ATP levels neces-

sary for polymerization of different actin pools. The differen-
tial response to adenine nucleotides by the apical and
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cytoplasmic pools of actin may be maintained via differences
in their actin-associated proteins, since there are unlikely to be
structural barriers within the cytosol. This concept has some
support in a recent study demonstrating actin populations
within the same cell with different sensitivities to depolymeriza-
tion by profilin, an actin-associated protein (53). This hypoth-
esis of intracellular compartmentalization of actin will require
further study for confirmation.
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