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SUMMARY

Ca-EDTA-’4C, 45Ca-EDTA, Cr-EDTA-’4C, and ttCr-EDTA were administered mdi-
vidualiy to rats. Radioactivity was found in the renal cortical cells in all cases, and was
partly sedimentable. The activities derived from time two chromium forms were equal in the
compartments studied, whereas radioactivity from the two calcium forms followed separate

courses. The chromium remained attached to time EDTA, w-hereas the calcium probably
was removed or exchanged for endogenous metal ions. Both chromium cimelates were dis-

tributed in time same manuier as the radioactivity from Ca-EDTA-’4C in renal cortical cells,
1 and 24 hr after administration, except for the supernatant fraction at 24 hr, whicim con-

tained higher levels derived from Ca-EDTA-’4C. On sucrose-water density gradients, radio-
activity from administered Ca-EDTA-’4C and time two cimromium forms formed peaks in the

same deimsity zone as lysosomal acid phosphatase, while the peak for radioactivity from
administered 4tCa-EDTA coincided with timat for mitochondrial cytocimrome oxidase. These
findings, in conjunction with histological observations, suggest that EDTA-induced vacuo-

logenesis is a reflection of time induction of pinocytosis by the chelate.

INTRODUCTION

We have found timat a relationship exists
between the vacuoles induced by ethyl-

enediaminetetraacetate in renal proximal

tubular cells and the lysosomal organeiles of
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the kidney, and have suggested that the

induction of vacuoles by EDTA involves the
pinocytosis-lysosome system (1, 2). Evidence
for this relationship was obtained by differ-

ential centrifugation of homogenates of
renal cortical tissue from rats which had re-

ceived Ca-EDTA-’4C (2). By this means, we
found that time sedimentable radioactivity
accumulated in fractions wimich had previ-
ously (1) been show-n to contain time largest

concentrations of time lysosoma! enzymes:
acid phosphatase, aryisulfatase, and acid

ribonuclease. Isopycnic-density gradient

studies also show-ed time radioactivity to be
localized in the same density zone as the
lysosomal enzymes (2).

Others have suggested timat vacuoliza-
tion may be initiated by chelation of an
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essential metal component of a metahlo-

enzyme (3, 4). This postulate assumes that

an administered metal-EDTA complex dis-
sociates and timat time chelating cimarac-

teristics of the EDTA are essential to vacuo-
logenesis. These assumptions and time further

evaluation of time participation of pinocyto-
sis in EDTA-induced vacuoiogenesis are time

subjects of the presetit study. For this pur-
pose the subcel!ular distribution of Ca-
EDTA, in which time cation is easily dis-

placed by other metal ions, was compared

with time localization of Cr-EDTA, in wimich
the cation is not readily displaced by other

metals. To distinguish between distribution

of time cations and time organic acids, time
cellular radioactivity colmcentrations of 45Ca-

EDTA, Ca-EDTA-t4C, t1Cr-EDTA, tind

Cr�EDTA�m4C were compared.

METHOI)S3

Time materials used were Ca-EDTA-14C,
4tCa-EDTA, Cr-EDTA-14C, and 51Cr-EDTA.
Time “C-compounds m�-ere labeled in the
carboxy! positions. The cimromium chelate

was prepared from EDTA by a moc!ifica-

tion of time method of Hamm (5), in which

chromium(III) chloride w-as substituted for
chromium(III) nitrate. All time isotopes were

supplied by time New Eumg!and Nuclear Cor-
poration. Solutions of cimelate were I)repared
to contain 0.53 mmole armd 10 �mCi of (Ca-
EDTA-’4C and 4tCa-EDTA), 3 �uCi of Cr-
EDTA-’4C, or 1 �Ci of tmCr-EDTA per

milliliter.
Male albino Sprague-Daw-ley rats weiglm-

ing 200-265 g were utsed. Each aninmal re-
ceived 2.67 mnmoles/kg of time chelate (equiv-

alent to 1000 mg/kg of disodium Ca-EDTA)
by slow injection into time jugular vein.

Either 1 or 24 hr after drug administration,
the rats were anesthetized with ether and
the kidneys were perfused in situ with cold
0.25 ti sucrose solution, removed, and dis-

sected. Cortical homogenates were prepared
in 0.90 M sucrose solution (1 g, wet weighmt,

per 10 ml) by procedures described previ-

ously (1).

The experiments reported herein were con-

ducted according to the principles enummciated in

“Guide for Laboratory Animal Facilities and

Care,” issued by the National Research Coummcil-

National Academy of Sciemuces.

Time homogenate mi-as divided ilmto two

equal portions. An immtermmal standard! con-

sistiimg of 10 /2! of injection solution was
added with complete mixing to oime portion,
and both portions were processed simul-

taneously through all subsequelmt steps. Red
cells and other urmbroken cells, connective
tissume, and other debris were removed by

centnifutgation at 100 X q for 2 mm. The
supernatant fluid was timeum centrifuged at

150,000 X g for 60 mum, aimd time resulting

sedimemmt and supernatammt frtiction were

retained.

The fraction of injected activity appearing
in time total cortex was calculated on time

basis of time original homogenate before time

wimole cells were removed by centrifugation. V

To d!eternmine the fraction of cortical rttdio-
activity in time sedimentable and soluble
fractions, time 100 X ii supernatant fraction,
wimich contained no whole cells, was con-

sidered representative of the wimole imomog-

enate. These data were timen combined to
determiume the fraction of injected activity

occurring in the sedimentable and soluble
fractioims. The portion (If time origimma! lmdlnmog-
enate containing time internal standard! was

used to correct for radiotuctivity adsorbed,

trapped, and/or otimerwise bound in vitro

during centrifugation and otimer procedlures.
Wimemi time mean correction factors (per-

ceumtage of radioactivity ttd!sonbed, trapped,

etc.) were computed for each of time eigimt
groups (i.e., four isotopic forms at two time

nmtervtuls), six were not significantly different

from one another. The grand mean correc-

tion factor (±standard error) for time six
groups was 5.06 ± 0.26 %. The exceptions

were time two 4tCa-EDTA groups, jim wimich
a much larger degree of sedimentability of

the internal standard radioactivity was ob-

served. This was found to be due to dis-
placement of calcium from EDTA in homog-

enates in vitro, followed by uptake of timese
ions by mitochondria.

Previously described liquid scintillation
methods were used for counting ‘4C and

4tCa (2). A well counter was utilized for
counting tmCr activity.

For the density gradient experiments, a.
cortical homogenate prepared in 0.7 �i

sucrose, pH 7, was centrifuged at 100 X g

for 1 mm. The resulting supernatant fluid
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was separated aimd centrifuged at 5000 X g

for 10 mm to produce a sediment containing

a dark bottom layer and a lighter, loosely
packed top layer. Time latter was removed
easily, and the bottom layer w-as resuspended

in 0.7 �i sucrose, pH 7, containing 2 %
dextran (average mol wt 73,000). An aiiquot
of this suspeumsion was layered above a con-

tinuous gradient of sucrose and water,

0.70-2.0 M (delmsity = 1.09-1.25), containing

2 % dextran, and cetmtrifuged at 144,000 X g
for 6 imr in a Beckman model L2 ultracentri-

fuge with the SW 39 rotor. Sixteen fractions

of 18 drops each were collected from the
bottom of the tube. Radioactivity, acid

phosphmatase activity, almd cytochrome oxi-

dase activity were measured in each frac-

tion.

Radioactivity was determiimed by the
methods indicated above. Acid phosphatase
(ortlmophosphoric monoester phosphohy-

drolase, EC 3.1.3.2) activity was assayed
according to procedures described previ-

ously (1). Cytochrome oxidase (cytochrome

c: 02 oxidoreductase, EC 1.9.3.1) activity

was assayed according to time method of
Smith and Stotz (6).

In prior studies it had been assumed that
the radioactivity observed in renal cortical

tissue following the administration of Ca-

EDTA-’4C represeumted time unchanged

EDTA molecule (2). To test the validity of
timis assumption, a chemical assay procedure
was developed to determine the quantity of

EDTA in the tissue fractions. The assay is
based on time quantitative bindirmg of tri-
valent cobalt by time chelatiimg agent and

was performed as follows. Following the

nmtrttvenous admimmistration of Ca-EDTA-t4C,
a reimal cortical imomogeimate (1 g, wet weight,

per 10 ml) was prepared in 0.7 M sucrose

solution and centrifuged at 5000 X g for 10
mum to yield a sediment composed of a light-

colored upper layer and a dark bottom layer,

as described above. Time supernataimt fluid

and top layer of sediment were removed,

aimd time bottom layer of sediment was set

aside until a second yield was obtained by

conmbiuiing time top layer of sediment, time

supernatant fractions, and time 100 X g

sediment from time initial ceimtrifugation and

agaimm cemmtrifugiimg at 100 X .q for 1 mm and

5000 X g for 10 mm. The tw-o dark pellet

fractions were combiumed and suspended in

0.5 ml of water to wimich were added 2 ml of
acetone. After thorough mixing, the suspen-

siolm was centrifuged and the acetone was
removed by evaporatioim. To the remaining
aqueous phase were added 0. 5 ml of water,
1 drop of glacial acetic acid, 0.1 ml of 30 %

H2O2, and 0.025 ml of 1 % Co(OH)3. Co(OH)3

was prepared prior to use by the reaction of

Co(NO3)3 with NaOC1. The reaction mix-
ture was applied to a 7 X 20 mm DEAE-

cellulose column (Celiex D, Bio-Rad)
moistened with 1 % acetic acid.

The tube w-hich imad contained the reac-
tiorm mixture was riimsed with 1 .0 ml of 1 %
acetic acid, and the rinse w-as added to the
column. The purple band, w-hich contained
time Co-EDTA, was eluted with 0.1 N sodium

chloride solution. After time eluate was ad-
justed to a final volume of 1.0 ml with 0.1 N

sodium chloride solution, its absorbance at
535 mj.� w-as determined and the amount of
EDTA was read from a standard curve. The

stalmdard used was prepared by the reaction

of CaNa2EDTA solution with Co(OH)3.
An aliquot of the eluate was then used to

determine radioactivity.
Histological studies. Siimgle doses of Ca-

EDTA or Cr-EDTA were administered to
rats via the intraperitoneal route. The
animals were exsalmguinated 24 hr later.

The kidneys were removed, fixed in 10 %

buffered formalilm, embedded in paraffin,

sectioned at 3- or 5-� timickness, and stained

with hematoxyiin aimd eosin for micro-

scopic examination. The extent of vacuoliza-
tioum in the tubular cells was graded on a

0-4 scale. An explanation of this grading

has been presented in an earlier report (7).

Statistical analysis. The results are pre-

sented as means ± standard error. When
the analysis was limited to tw-o groups of

measurements, Student’s t-test was used,

but when comparisons were made among
more than two groups, an F value was com-

puted. If the value of F indicated significant

differences among time groups (p < 0.05), a

multiple-range test utilizing time Newman-

Keuis metimod (8) was done to determine

wimicim means were sigumificaimtly different

from time others.
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TABLE 1

Occurrence of radioactim’ity in renal cortex of rats following aduninist ration of 2.67

mrnoles/kg of chelate (n = 5 for each group)

Time
aft�r.

admmnms-
tration

Group Chelate

Radioactivity found in

Cortex Cortical sediment Cortical supernatant

hr % injected dose ± SEM

1 1 Ca-E1)TA-’4C 0.41 ± 0.020 0.062 ± 0.008 0.351 ± 0.020

2 4mCa-EDTA 0.12 ± 0.006#{176} 0.041 ± 0.002#{176} 0.081 ± 0.005#{176}

3 Cr-EDTA-’4C 0.43 ± 0.005 0.070 ± 0.003 0.356 ± 0.014

4 t1Cr-EDTA 0.44 ± 0.015 0.080 ± 0.006 0.359 ± 0.011

24 5 Ca-E1)TA-’4C 0.12 ± 0.002m 0.019 ± 0.001 0.103 ± O.OOP

6 4�Ca-EDTA 0.0039 ± 0.0003c 0.0014 ± 0.00010 0.0025 ± 0.00010

7 Cr-EDTA-m4C 0.062 ± 0.005 0.014 ± 0.0007 0.048 ± 0.006
8 mmCr-EDTA 0.060 ± 0.004 0.014 ± 0.002 0.046 ± 0.003

o Sigmmificantly differemmt from groups 1, 3, aumd 4.

Significantly different from groups 6-8.

Sigmmificantly differeimt from groups 5, 7, amid 8.

RESULTS

Renal cortical radioactivity observed after
the administration of the chelates is sum-

marized in Table 1 . The sedimentable radio-
activity expressed as a fraction of the in-

jected dose of Ca�EDTA�t4C was similar
to timat reported previously (2). The values
for sedimentable radioactivity expressed

as a fraction of the injected doses of Ca-
EDTA-’4C, Cr-EDTA-m4C, and mtCr-EDTA
were not statistically different either 1 or

24 hr following administration. The sedi-

mentable radioactivity derived from 4tCa-
EDTA was significantly iower than these

values at both time intervals.
In the supernatant fractions, the values

for radioactivity derived from Ca-EDTA-’4C
and the two chromium chelates were not
different 1 hr after administration; by 24
hr, however, time level of radioactivity de-
rived from Ca-EDTA-t4C was about twice
that of the chromium forms. For Ca-EDTA-

‘4C the ratios of supernatant radioactivity
to sedimentabie radioactivity were 5.96 ±
0.76 and 5.63 ± 0.28 at 1 and 24 hr, re-

spectively-not a significant difference. For
Cr-EDTA-t4C the two ratios were 5.08 ±
0.29 and 3.56 ± 0.57, and for ttCr-EDTA

they were 4.62 ± 0.31 and 3.33 ± 0.30, at

1 and 24 hr, respectively, after administra-
tion of the chelates. In both cases the reduc-

tion in ratio at 24 hr was significant. Time
activity in the supernatant fraction follow-
ing the administration of 4tCa-EDTA was
many times lower than that of the otimer
isotopic forms.

Figure 1 shows the results of density
gradient experiments on tissues obtained 1

hr after the administration of the various
isotopes. In addition to radioactivity, con-

current dUerminations of the distribution of
cytochronme oxidase and acid phospimatase
were made for each isotope studied. The
curves shown for the two enzymes were ob-
tamed by combining the data from all iso-

tope studies. The radioactivity derived from
the administration of Ca-EDTA-t4C, Cr-
EDTA-’4C, and t1Cr-EDTA was distributed

similarly to the acid phosphatase activity,
i.e., in the zone of lysosomal enzymes (2).
Radioactivity resulting from the adminis-
tration of 46Ca-EDTA was distributed simi-
larly to cytochrome oxidase activity, i.e.,

along with mitochondria. The results of

density gradient studies made 24 hr after

the administration of the isotopes were

essentially the same as those shown in Fig. 1.
In separate studies, the isotopes were

added in vitro to nonradioactive cortical

homogenates and subjected to density

gradient centrifugation. The radioactivity

from 4tCa-EDTA appeared in time mito-
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FIG. 1. Distribution of cy(ochroune oxidase, acid phosphatase, and radioactivity in ienal cortex of rats

1 hr after administration of 2.67 uuumoies/kg of Ca-EDTA-14C, 45Ca-EDTA , Cr-EDTA-’4C, and mmCr-EDTA

cimondrial fractioim, whereas none of the other

three forms was distributed over the gradi-
emmt.

To verify that time material measured as

‘4C radioactivity was unmetabolized EDTA,
we compared time radioassay results witim
those obtained by the photometric analysis
for EDTA. Ca-EDTA-t4C was administered
to timree rats froni wimich tissue samples

were taken at 1 lir, and to timree rats from
whelm samples �s-ere taken at 24 hr. The

EDTA content of time cortices was deter-

milled! isotopically and photometrically,

using time method described above. The re-

sultimmg data were expressed as a ratio of
EDTA contemit deternmiumed photometrically
(EDTA0) to time EDTA content deter-
miiied isotopicall3- (EDTA�). Oime imour

after the administration of Ca-EDTA-’4C
to timree rats, time EDTA�: EDTA ratios
were 0.98, 1.07, and 1.07 (1.04 ± 0.03).

After 24 hr the ratios were 1.11, 1.15, and
1.03 (1.06 ± 0.02). In neither group were

time ratios significantly different from the
value of 1.0 timat would be expected if the
isotopic material were chemically time same
as EDTA determined pimotometricaliy.

Over 200 atmimals were examined in the

comparison (If Ca-EDTA- and Cr-EDTA-

induced vacuologenesis. Both compounds
were vacuologenic to time cells of the proximal

tubule. How-ever, time calcium chelate was
more active in this respect timan time chro-
mium clmelate. For example, the adnmhmistra-

tion of 3.34 mmoles of Ca-EDTA per kilo-
gram td) five aimirnals caused vacuolar changes
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graded as 2 in eacim case, but similar cimammges

were imot. seeim with Cr-EDTA uimtil after

the administration of 9.35 nmmoles/kg.
Timese aimd! otimer results of our comparative

studies suggest timat time calcium dictate

was about 2.5 to 3 times more vacuoiogelmic
than time chromium dictate.

D ISCUSSION

Time results obtained in this and time previ-
ous study (2) suggest that EDTA-ilmdluced

vacuoles are pirmocytic. We noted previously
that wimen various doses of Ca�EDTA�t4C
are admimmistered to rats, time amouimt of
EDTA that enters cortical celLs is commcen-

tratioum-dependeimt ammd that time kiumetics of
the elmtrv process is compatible with both
pinocytosis aumd passive diffusion (2). In

time same study we showed tlmat radioactivity
derived from administered Ca-EDTA-’4C
accumulates in time subcellular fractiomms of

rat reumal tubules, w-hich are richest in lyso-

somal enzymes (2). We also noted that the
prevailing concept of l)iImoc�tosis predicts
time combiimation of pinosomes witim lysosomal

organelles (9), and that our data suggested
that EDTA entered time cells by pinocytosis
(2). These conclusions are confirmed and

extended by time present data, w-imich simow

that Ca-EDTA-’4C, Cr-EDTA-14C, aumd

t1Cr-EDTA are localized in the same frac-
tions as lvsosomal enzymes.

Our observation (Table 1) timat time radio-

activity levels from m1Cr-EDTA and Cr-
EDTA-14C were time same in both time sedi-
ment and supernatant fraction indicates

that this complex does not dissociate in vivo.
Consequently, the vacuologenic activity of

Cr-EDTA couldi imot be due to a cimelation

pimenomenoum, as Imas been suggested as a
mechanism for time vacuologenic activity of

EDTA chelates in geimeral (3, 4). Time differ-
ence between time vacuologenic activities of
Ca-EDTA ammd Cr-EDTA may be based orm
time greater binding of time former to the cell
membrane. Bennett (10) has proposed that

pinocytosis begiims with time attacimmeimt of

molecules to time plasma membrane and is

follow-ed by nmembramme vesiculatiomm amid time
pinchnmg off of vesicles. However, little is

kimowim about time nature of tue attachmeimt

of molecules to time plasma membrane or

about time mechalmisnm timat “triggers” mem-

bralme vesicultttioim ammd pimlos(Ime immterioriza-
lion. Coimn and Parks- (11), ill their studies
of pilmodytosis ill mouse mononuclear pimago-

cytes, condludled that negatively charged

iomms are the best inducers of pinocytosis in

these cells. Among the nmaterials w-e studied,
it seems probable timat, because of time hexa-
delmtate bindimmg of calcium almd chromium

by EDTA, time less stable cimelate imas the

greater tendeimcy tow-ard Imegativity, atmd
that less Ca-EDTA than Cr-EDTA would

be redluired for activatioim of time plasma
nmembramme. On time otimer imand, siimce Cr-

EDTA is less vacuologetmic than Ca-EDTA

altimougim time two are ed�ualty sedimeumtabte,

our data suggest that timere may be more

Cr-EDTA per vacuole.
TIme source of time radioactivity in time

superimatant fraction remaiims itm questiomm. In
time almimals held for 24 hr, urine samples were

collected hourly for time first 6 imr. An expo-
nential decrease in urinary coimceimtration of
radioactivity was observed. Time imaif-lives
for urimme coimcetmtration were: Ca-EDTA-
‘4C, 42.6 mimi; Cr-EDTA-’4C, 42.8 miii;
5tCrEDTA, 42.7 mum. On timis basis, time
supernatant activity could not imave been

due eumtirely to contamiimation with tubular
urine ; otherwise time radioactivity in time
24-hr fractiorm would imave been iumfiimitesimal.

Time supernatant activity could also have
resulted from rupture of time particles durilmg

sedimemmtation. No doubt this � iimvoived

to sonme extent, but it does not explain the
differences betweemm time activities contained

iim time superimatant fraction observed for

Ca-EDTA-’4C and Cr-EDTA at 24 hr. As
mentioumed above, time kimmetics observed

previously (2) for the uptake of cimelate by

reumal tubular cells is also cimaracteristic of

Passive diffitsion, amid sonme chelate may
enter time cell by such a route. If so, back-

diffusion is not c(Ilmmplet.e, � after 24 hr

time conceimtratioim iim urine decreased essemm-

tiallv 100 � whereas time concemitration in

superumtut.ant fluid! diecreased by only about

71 % for Ca-EDTA-t4C almd about 87 % for

time cimromium chelate. If, timerefore, clmelate

does exist iim time soluble p�rtiorm of time cell,

a l)01�ti01m (If it is bouumd ill some manmmer,

possibly as a termmary complex, iim w-imicim time

Cr-EDTA is less capable of participating.
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