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The renal handling of technetium-99m dimercaptosuccinic acid ([*®"Tc]DMSA) was studied
in rats before and after treatment with Na-maleate (2 mmol/kg i.v.). In the control period,
when measured 2 hr after the intravenous injection of [**"Tc]DMSA, 39.9% of the injected
dose was in the kidneys and 14.6 % was in the bladder. After Na-maleate treatment, only
6.4% of the injected dose of [*®*"TC]DMSA was retained in the kidneys while 37.9% was
found in the bladder. Subsequent studies revealed that Na-maleate produced a fall in the
glomerular filtration rate, the effective renal plasma flow, and a generalized proximal tubular
dysfunction. The latter was characterized by polyuria and an increased excretion of glucose,
protein, albumin, calcium, and inorganic phosphate. It was concluded that proximal tubular
dysfunction markedly alters the renal handling of [**"TC]DMSA. Whether this augmented
urinary excretion is due to an inhibition of reabsorption or an enhanced cellular efflux of

[**™Tc]DMSA remains to be answered.
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In 1974, technetium-99m 2,3 dimercaptosuccinic
acid ([**Tc]DMSA) was introduced as a substitute
for radioactive mercury containing compounds for stat-
ic imaging of the kidney (7). Technetium-99m DMSA
has been used not only to visualize the kidneys to study
renal morphology (2-5), but also to assess individual
kidney function (4,5). Technetium-99m DMSA is gen-
erally used to determine differential renal function (i.e.,
the percentile contribution of each kidney to the total
renal function). Experimentally (6,7), as well as clini-
cally (8-10), good correlations have been obtained be-
tween the differential renal [*"Tc]DMSA uptake and
indices of renal function such as glomerular filtration
rate (GFR), creatinine clearance, renal blood flow, and
effective renal plasma flow (ERPF).

Despite its clinical use in assessing relative renal
function, the mechanism(s) by which [*"Tc]DMSA is
taken up by the kidneys is still not completely known.
Two major probabilities are either tubular reabsorption
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of the filtered [*™Tc]DMSA from the luminal side or
uptake from the peritubular capillaries. Irrespective of
the mechanism of renal uptake, specific forms of proxi-
mal tubular dysfunction may lead to alterations in the
renal handling of [*"Tc]DMSA. Such alterations
have recently been described in nine pediatric patients
with proximal tubular dysfunction, four of them with
idiopathic Fanconi syndrome. Despite a relatively well
maintained GFR, there was a low renal uptake and an
intense bladder visualization (/7). In animals, treat-
ment with sodium-maleate (Na-maleate) produces a
renal syndrome, consisting of glucosuria, aminoaci-
duria, phosphaturia, and an increased excretion of bi-
carbonate, closely resembling the clinical picture of
Fanconi syndrome (12,13). In the present study, we
investigated the effects of Na-maleate on the renal
handling of [#*™Tc]DMSA in rats.

MATERIALS AND METHODS

The experiments were carried out using adult male
rats of a Wistar strain (WAG/Rij) with a body weight
(BW) of about 270-300 g. The animals had tap water
and normal rat chow available ad libitum.
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Experimental setup

Three experiments were carried out to establish the
effects of Na-maleate. The first experiment concerned
the renal handling of [**™Tc]DMSA. In the second
experiment, we studied the GFR and the ERPF, while
the third experiment focused on the proximal tubular
function (i.e., the reabsorbtion of glucose, protein, al-
bumin, calcium and phosphate). In all experiments,
Na-maleate was injected i.v. in a dose of 2 mmol/kg
BW (400 mg/kg), and measurements always included
a control period before Na-maleate administration.

Experiment 1

The renal handling of [**"Tc]DMSA (18.5 MBq in
0.3 ml, i.v.) was studied in seven rats. Static images,
with 5-min counting time, were obtained at 1, 2, 4, 6,
and 24 hr after injection with the aid of a gamma
camera.* The data were stored and analyzed on a
dedicated computer system.! Four regions of interest
were distinguished from the stored data involving the
left or right kidney, the bladder, or a background area.
After correction for background activity, the radioac-
tivity in kidneys and bladder was calculated as a per-
centage of the injected amount.

The [?*"Tc]DMSA scans were performed 1 wk be-
fore Na-maleate treatment, on the day of treatment,
and 1 wk after treatment. On the day of treatment, the
[?*mTc]DMSA was injected 2 hr after the Na-maleate.

Experiment 2

The GFR and ERPF were determined in seven rats 1
wk before, on the day of Na-maleate treatment as well
as 1 and 2 wk after treatment. On the day of maleate
treatment, the GFR and ERPF were obtained 2-3 hr
after the maleate administration. The GFR and ERPF
were measured as the plasma clearances of Chromium-
51 EDTA and iodine-125 iodohippurate, by a method
allowing for repeated use in the same animal (14).

Experiment 3
Urine collected from 6 rats was placed in metabolic
cases, to determine the osmolality and the excretion of

glucose, total protein, albumin, calcium, and phos-
phate. After two control periods of 24 hr, Na-maleate
was injected i.v. Subsequently, urine was collected 0-2,
2-24, and 24-48 hr after injection. One week after
injection of Na-maleate urine was again collected for
two 24-hr periods.

Analytical procedures

Glucose was measured with a glucostick on a reflec-
tance colorimeter (Ames). Total protein was deter-
mined spectrophotometrically by the Biuret method.
Albumin was measured spectrophotometrically after
reaction with bromocresolgreen. Calcium was mea-
sured spectrophotometrically as o-cresolphtalein com-
plex. Inorganic phosphate was measured spectropho-
metrically after reaction with molybdate. Urine
osmolality was determined by freezing-point depres-
sion.

Statistics

Statistical differences between the mean values ob-
tained after treatment with the values obtained in the
same animals before treatment, were determined using
a paired Student’s t-test. Statistical significance was
considered to be significant when a value p < 0.05 was
found.

RESULTS

Renal handling of [**™Tc]DMSA

In the control period, the major part of the
[#9mTc]DMSA injected was retained by the kidneys. At
2 hr after injection, 39.9% of the injected dose was in the
kidneys and 14.6% was in the bladder. This indicated
that 73% of the amount cleared by the kidneys re-
mained in the renal parenchyma, while 27% was excret-
ed into the bladder (Table 1). After treatment with Na-
maleate, 37.9% of the injected dose of [**"Tc]DMSA
was found in the bladder, whereas the kidneys retained
only 6.4% of the injected dose. Consequently, after-

TABLE 1
The Renal Handling of 2*™"Tc DMSA Before and After Treatment with Sodium Maleate*
BW? 1hr 2 hr 4 hr 24 hr
Item (gram) % Kidney?* % Bladder? % Kidney % Bladder % Kidney % Kidney
Pre 273+ 10 36.8 £ 2.1 118+ 17 399+ 24 146+ 19 446 £+ 3.3 48.7 £ 2.6
Day 0 260 + 11 756+25 340+ 11.1 6.4+ 18 379+ 8.9 8.1+ 4.1 147 £ 2.1
Day 7 267 £ 11 3451+ 43 173+ 19 38.6 + 4.8 20.0 £ 5.5 39.5+ 3.3 47.1 £ 3.6

* All data are Mean + s.d. for seven rats.
T BW is body weight.

! Kidney and bladder data represent the percentage of the injected dose.
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TABLE 2
The Glomerular Filtration Rate and Effective Renal Plasma
Flow Before and After Treatment with Sodium-Maleate *

BW' GFR? ERPF**

Item (gram) (ml/min/100 g BW) GFR/ERPF
Pre 276 £ 9 0.69+0.06 1.60+0.08 0.43+0.03
Day 0 277+ 8 0.42+0.10 0.86+0.16 0.48 +0.04
Day7 283+9 0.53+0.02 149+0.05 0.36+0.02
Day 14 290+9 0.63+0.03 156+ 0.07 0.41+0.02

* All data are Mean =% s.d. of seven rats.
T BW is body weight.

t GFR is glomerular filtration rate.

** ERPF is effective renal plasma flow.

maleate treatment, the renal parenchyma retained only
14% of the amount cleared by the kidneys.

The effects of Na-maleate were reversible. Repeat
scans after seven days showed an almost normal han-
dling of the injected [*"Tc]DMSA.

Glomerular filtration rate and effective renal plasma
flow

As shown in Table 2, treatment with Na-maleate
caused a reversible fall in both the GFR and the ERPF.
Immediately after Na-maleate treatment, the GFR
dropped to 61% and the ERPF to 54% of the pretreat-
ment value. One wk after treatment, the GFR was still
slightly reduced, but after 2 wk both the GFR and
ERPF were back to control values.

Proximal tubular function

As shown in Table 3, injection of Na-maleate caused
an increase in the urinary excretion of water, glucose,
total protein, albumin, calcium, and inorganic phos-
phate. These changes lasted for at least 48 hr. The most
severe changes were observed during the first day, espe-
cially the first 2 hr after injection. At Day 7, an almost
normal pattern of urinary excretion was observed.

DISCUSSION

The present experimental findings clearly show that a
generalized proximal tubular dysfunction markedly af-
fects the renal handling of [**™"Tc]DMSA. A low renal
uptake and a high activity in the bladder suggest that
the [*"Tc]DMSA, normally retained intracellularly,
is either not taken up or released at an enhanced rate.
The renal handling of [**"Tc]DMSA in rats with a Na-
maleate-induced experimental Fanconi syndrome,
closely resembles the changes reported in children with
idiopathic Fanconi syndrome and other forms of proxi-
mal tubular dysfunction (117).

Unfortunately, the use of Na-maleate to alter proxi-
mal tubular function does not allow conclusions to be
drawn on the specific mechanism by which
[**™Tc]DMSA is taken up in the tubular cells. The
increased urinary excretion of the various solutes may
be explained in different ways, which alter the interpre-
tation of the maleate-induced changes in renal
[**»Tc]DMSA handling. Initially, the inhibition of
proximal tubular reabsorption was thought to be the
mechanism of action of Na-maleate. However, an al-
ternative explanation has been suggested by Bergeron
et al. (/5). They postulated that an increased mem-
brane permeability may cause the transport defects
observed in experimental Fanconi syndrome. Unfortu-
nately, it is by no means easy to make a distinction
between these two mechanisms. An increased perme-
ability of the tubular cell membrane, from lumen into
the cells, for inulin and lissamine green has been found
(16). These substances normally remain within the
tubular fluid and should not appear intracellularly. For
substances, that may be present in the tubular fluid
after filtration as well as in the cell after reabsorption, a
distinction between inhibition of reabsorption and in-
creased cellular efflux is almost impossible. Both
mechanisms may explain the enhanced urinary excre-
tion of glucose, amino acids, bicarbonate, sodium, phos-

TABLE 3
The Urinary Excretion of Glucose, Protein, Albumin, Calcium, and Phosphate Before and After Treatment with Maleate*
BW \" UgluVv U prot.V U alb.v UCa.V UPLLV

Item (gram) (ml/24 hr) (umol/24 hr) (mg/ 24 hr) (mmol. 24 hr) (mmol/24 hr)
Control 285+ 8 8.4+ 12 <10 31.0+ 4.9 72+13 7.1+ 47 0.46 + 0.09
Day 0 287 +7 275+ 5.2 565 + 309 114.4 + 17.8 453+ 9.9 37.5+5.9 0.92 + 0.15
Day 1 272+ 7 16.1 + 2.9 592 + 174 90.3 + 13.1 316+ 7.6 39.2+ 176 0.65 + 0.10
Day 7 279+ 9 841+ 16 <10 278+ 4.4 6.6+ 0.9 122+ 26 0.45 + 0.15

* All data are mean % s.d. for six rats.

BW = body weight.

V = 24-hr urine excretion.

U glu.V = 24-hr urinary glucose excretion.

U prot.V = 24-hr urinary protein excretion.

U alb.V = 24-hr urinary albumin excretion.

U Ca.V = 24-hr urinary calcium excretion.

U Pi.V = 24-hr urinary inorganic phosphate excretion.
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phate, and protein observed after treatment with Na-
maleate (12,13,17-19). Consequently, any of the
proximal tubular reabsorptive mechanisms may be in-
volved in the renal uptake of [**™Tc]DMSA after fil-
tration of the free (nonprotein bound) fraction of this
compound (20). On the other hand, leakage of
[**mTc]DMSA that has entered the tubular cell by
uptake from peri-tubular capillaries and subsequent
fixation is equally feasible. Regarding this renal up-
take, tubular secretion is not of great importance since
probenicid, an inhibitor of this transport, had no effect
on the renal handling of [*"Tc]DMSA (20).

A third possible action of maleate in the kidney may
well enhance cellular leakage. In the cells, maleate
reacts with the sulfhydryl groups of glutathione, cys-
teine, and proteins (21,22), probably after being con-
verted to maleyl-CoA (21). This action reduces the
number of -SH binding sites. Following the injection of
[?9mTc]DMSA, a Tc(DMSA)2 complex is thought to
circulate and to bind to the proximal tubular cell mem-
brane. After cellular uptake, this complex is assumed to
split, one of the DMSA molecules leaks into the urine,
and the Tc-DMSA moiety binds to proteins containing
sulfhydryl groups (23). Intracellular localization stud-
ies have shown that [**"Tc]DMSA is bound mainly to
soluble cystoplasmic proteins (24). This binding is im-
portant to retain the compound intracellularly. A de-
pletion of these binding sites would lead to a diffusion of
Tc-DMSA out of the cells into the urinary space and
finally into the bladder. Following administration of
mercury salts, which are known to bind to sulfhydryl
groups in the proximal tubular cells, an enhanced ex-
cretion of [*"Tc]DMSA has been found (23,25).

In the present experiment, the effect of a change in
the GFR on the renal uptake is considered to be small.
Although there was a 40% reduction in the GFR at the
time of the first [**mTc]DMSA scan after Na-maleate
injection, the total amount of [**Tc]DMSA handled
by the kidneys (i.e., kidney plus bladder activity) was
about 81% of that during the control scan. In rats, in
which the clearance of Iodine-125 iothalamate was
reduced to 52% by 50% infarction of both kidneys, the
amount of [¥*"Tc]DMSA handled by the kidneys was
still 74% of that of control rats (20). Although manni-
tol-induced diuresis did decrease the plasma clearance
of [*"Tc]DMSA, there was but little effect on the ratio
of urinary to kidney 9™Tc activity, which was similar to
that in controls. This may indicate that the diuresis
observed after Na-maleate as such was not altering the
renal handling of [*"Tc]DMSA. Alterations in the
renal handling of [*"Tc]DMSA may be anticipated
when the compound is not optimally prepared (23,26)
or when the acid-base balance is being disturbed (20).
Neither condition occurred in the present experiments.

Recent preliminary results from rat studies gave us
some more information on the different role of filtra-
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tion and fixation in the renal handling of [*™Tc]DMSA
(25). The data obtained in rats after loading with non-
radioactive DMSA can be interpreted as indicating a
major role for peritubular fixation in the renal accumu-
lation and of glomerular filtration in the urinary excre-
tion of [*"Tc]DMSA. According to these findings, the
effect of maleate, would then be enhanced leakage from
the tubules with a depletion of sulfhydryl binding sites a
likely explanation for this leakage.

Measurement of the renal clearance of nonprotein
bound [**"Tc]DMSA could provide information about
the importance of mechanisms other than glomerular
filtration in the renal handling of this compound. That
is, if peritubular uptake is of importance, the total renal
clearance (kidneys plus urine) should be greater than
the GFR. Clearance studies in rats have been per-
formed (20) and show that the clearance of free
[*mTc]DMSA is slightly higher than the GFR. Unfor-
tunately, it is not clear whether these clearance figures
refer to either the urinary or the total renal clearance.
In humans, it was found that during continuous i.v.
infusion of [**"Tc]DMSA in the urinary clearance, not
corrected for plasma-protein binding, was about 8-10%
of the GFR (27). When these data are corrected for
protein binding, ~90% in rats (20), urinary clearance
would almost equal the GFR. At the same time, the
amount of [**"Tc]DMSA accumulated in the kidneys
is about four times the amount present in the urine
(5,10). Consequently, the total renal clearance of
[**mTc]DMSA would be about five times the urinary
clearance, a figure comparable to the renal uptake
plasma flow. Thus in humans, a peritubular renal up-
take appears important in the renal clearance of
[**mTc]DMSA.

In conclusion, the present experimental data togeth-
er with the similar clinical observations (/1), indicate
that knowledge of the proximal tubular function is
essential for the correct interpretation of the static
renal images obtained with [**"Tc]DMSA.

FOOTNOTES

* Siemens Medical Systems, Iselin, NJ. (formerly: Nucle-
ar Chicago, Chicago, IL)
t Gamma 11, Digital Equipment Corp., Maynard, MA.
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