Cellular Basis of ECD Brain Retention
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Clinical observations have shown discrepancies between ECD and
HMPAO regional cerebral perfusion, particularly in brain tumors and
during stroke recovery. We investigated the nature of the proc-
ess(es) involved in ECD accumulation in vitro at the cellular level.
Methods: Time course incorporation of ECD was studied in a
fast-growing human premonocytic line, U937, in a human astro-
cytic-derived cell line, U373, and a human hybridized endothelial cell
line, EaHy926. Cells were further used in experiments aiming to
correlate esterase activity and ECD retention. Results: Significant
differences in ECD retention between these cell lines were ob-
served: %Ugcp (cpm cells/cpm standard of injected) plateaued
within 2 hr in all cases but %Ugp was significantly higher in U937
cells (25.1 = 3.9% at 120 min) than in the other cell lines (6.1 = 0.7%
and 8.2 * 2.0% at 120 min for U373 and EaHy926, respectively).
Contrary to what we expected, total cellular esterase activity (EAyor)
was inversely correlated to %Ugcp. EAror Was 5-fold lower in US37
cells than in U373 and 20-fold lower than in EaHy926. Thus, we
compared the membranar to the cytosolic esterase activity of U937
and analyzed the influence of temperature and diisopropyifiuoro-
phosphate (DFP, an inhibitor of cytosolic esterase activity) on both
ECD retention and enzymatic activities. When cells were exposed to
DFP, %Ugcp was reduced by 80%; while when cells were main-
tained at 4°C, %Ugp continuously increased, corresponding to a
passive diffusion since both cytosolic and membranar esterase
activities were inhibited. Conclusion: For optimal uptake of ECD,
the membranar fraction of the esterase activity has to be low, while,
in contrast, the cytosolic fraction of the esterase activity plays an
important role in ECD cell retention. ECD-SPECT is likely able to
reflect regional cerebral blood flow in normal and pathological states
accurately, but in the event of unusual observations, the membranar
esterase activity should be considered to explain reduced ECD
retention.
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It is well recognized that noninvasive, quantitative measure-
ment of regional cerebral blood flow (rCBF) is one of the
leading components in nuclear medicine. The growing interest
in functional neuroimaging using SPECT correlates more with
the introduction of a new class of brain imaging agents labeled
with ®™Tc (/) than with the improvement in image quality
(triple-headed gamma cameras and fan beam collimators).
HMPAO was the first ™ Tc-labeled marker to be introduced in
a clinical arena (2-4), based on the hypothesis that this
molecule crosses the blood-brain barrier through cell mem-
branes and is retained after intracellular conversion in a hydro-
philic form (5). HMPAO intracellular retention has been related
to the cellular glutathione (6) content and HMPAOQO brain
SPECT imaging has been shown to correlate with rCBF (7). A
newer radiopharmaceutical, ethyl cysteinate dimer (ECD), has
been introduced because of its successful in vitro stability after
the labeling procedure. Its brain retention also has been related
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to a metabolic pathway, i.e., retention of ECD in cells after
intracellular conversion into hydrophilic forms (ECM and EC)
being a function of cellular esterase activity (8—10).

Both HMPAO and ECD have been used clinically in numer-
ous conditions, particularly in patients with brain tumors, with
epilepsy or after strokes. Investigators have identified the
presence of discordant results between ECD and other rCBF
agents (//-14). Their observations led us to study in vitro the
cellular mechanisms involved in the cell retention of these
99mTc-labeled radiopharmaceuticals. We previously studied the
mechanisms involved in cellular retention of HMPAO and
found that the cellular glutathione content was not the major
determinant of HMPAO uptake. The tissue redox activity also
controls the extracellular amount of lipophilic substrate that can
enter into cells (15). Therefore, our aim was to investigate the
nature of the process(es) involved in the accumulation of ECD
at the cellular level.

MATERIALS AND METHODS

Determination of cellular incorporation of **™Tc-ECD was
performed simultaneously with that of '''In-chloride. Cellular
retention of '''In-chloride corresponds to the quality control of the
experiments. This is based on the fact that the '!''In-chloride
remains extracellular and, therefore, that '!''In-chloride cellular
content reflects nonspecific cellular uptake and/or alterations of
cell membranes. Experiments were also conducted with *™TcO, to
evaluate the possible effects of free technetium in the medium on
the measurement of **™Tc-labeled ECD cell contents and were
compared to '!'In-chloride.

Cells

Because it is as yet unknown which cells are involved in brain
retention of HMPAO or ECD, we hypothesized that it could be
endothelial cells (when the markers pass through the brain-blood
barrier), astrocytes (that correspond to the other side of the
brain-blood barrier) or the neurons themselves. We therefore chose
a human astrocytic-derived cell line (U373) and a human-hybrid-
ized endothelial cell line (EaHy926). Finally, because inflamma-
tory processes may be involved and could explain uptake discrep-
ancies between HMPAO and ECD, the premonocytic cell line
U937 was included. The choice of these cell lines also was based
on our previous experiments, thus enabling multiple comparisons
(15-17).

Radiopharmaceuticals and Media

Technetium-99m-ECD and '''In-chloride were obtained com-
mercially. The U937 and U373 were maintained in stationary
suspension in RPMI-1640 medium supplemented with fetal calf
serum (10%), glutamine (1%) and HEPES (10 mM for U373 cells
only). The EaHy926 cells were maintained in DMEM medium
supplemented with fetal calf serum (10%), glutamine (1%),
HEPES (10 mM, penicillin-streptomycin (50 U/ml), HAT (1%). In
all experiments, fresh stock solutions of ECD were prepared with
a specific activity of 1 mCi/ml. The pertechnetate solution was
prepared with a specific activity of 1 mCi/ml; '''In-chloride
solution was prepared with a specific activity of 0.2 mCi/ml.
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Radiopharmaceutical Uptake Studies

First, the time course of incorporation of the markers was studied
in the three cell lines. To study the cellular retention of ECD, 1 X
10° cells/ml of medium were placed in conic tubes and exposed to
""[n-chloride and **™Tc-ECD (50 ul of stock solutions) for
specific intervals of time from 0 to 360 min. Control experiments
were also conducted replacing labeled ECD with *™Tc-O,. Then,
cells were centrifuged at 4°C and washed twice with PBS. Cell
pellets were resuspended in 150 ul PBS and then counted in a
gamma counter. Fifty microliters of 1/100 stock solutions of
9mTc-ECD, pertechnetate or '''In-chloride were also counted
separately and were defined as the standards of administrated cell
dose. The results were expressed as the percentage of counts
measured in standards (%U”™Tc, %U'"'In, %Ugcp).

The influence of both the temperature and the esterase inhibitor,
diisopropylfluorophosphate (DFP, 5 mM) was analyzed on ECD
cellular retention. In these studies, the cells either were preincu-
bated for 1 hr at 4°C before adding **™Tc-ECD and maintained at
this temperature throughout the kinetic study, or the cells were
incubated overnight with DFP, then washed and treated as already
described for ECD incorporation.

In all cases, the experiments correspond to the time course
studies of cellular retention for 0 to 360 min of exposure repeated
5 to 10 times.

Cell Fractionation

U937 subcellular fractionation was performed as described by
Darte and Beaufay (/8). Briefly, the cells were collected by
centrifugation, washed twice in PBS and resuspended at 4°C in
0.25 M sucrose, 1 mM EGTA, 3 mM imidazole pH 7.4 at 8 X 107
cells/ml. The cells were disrupted by 40 runs in a cell-cracker (8.02
EMBL: 8.0006-mm diameter ball), leading to more than 90% lysis
and leaving the nuclei intact. After elimination of the nuclei by
centrifugation at 4°C for 15 min at 1200 g, total cellular particles
(including lysosomes, mitochondria, plasma membranes, endo-
somes and microsomes) were sedimented at 4°C at 33,000 g for 1.5
hr in a centrifuge (JA21 rotor). The supernatant was denoted as the
cytosol and stored at —20°C.

Measurement of Cellular and Cytosolic Esterase Activity

Cells were washed, counted and adjusted to 5 X 10° cells/ml and
distributed in 96 well plates at a concentration of 1 X 10°
cells/well. The substrate N-succinyl-Ala-Ala-Pro-Phe-P-nitroani-
lide was added at a final concentration of 10 mM. After incubation
for different periods of time ranging from 0 to 360 min, plates were
centrifuged (1200 rpm, 10 min), and the supernatant was collected
and read at 405 nm by optical spectrophotometry. The influence of
temperature and DFP on esterase activity was determined by
preincubating cells for 30 min at 4°C or with 5 mM DFP before
adding the esterase substrate.

Statistical Analysis

The results are presented as the mean * s.e.m. (X * s.em.)
unless otherwise indicated. Analysis of variance (one-way
ANOVA) was used to assess the influence of time on the cellular
retention of the different markers tested and to test the significance
of differences in retention between the three cell lines tested. To
assess the influence of time and the various experimental condi-
tions under which cells were exposed (DFP, T°C), two-way
analysis of variance was performed. The Scheffe F-test was used to
determine the level of significance between the parameters tested.

RESULTS

Time Course Incorporation of ECD
Cellular retention of *™Tc or *™Tc-ECD was measured as a
function of time of exposure in parallel to '''In-chloride. In
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FIGURE 1. Measurements of cellular retention of ®™Tc-ECD (%U ECD) in
U937 (-O-), EaHy926 (-[J-) and U373 (-@-) cell lines as a function of time (n =
202). Significant differences were observed (two-way ANOVA) as a function
of time (partial-F = 9.13, p < 0.0001) and cell lines (partial-F = 2.5, p <
0.005).

control experiments, %U'"''In remained lower than 0.7% up to
360 min of incubation and was not significantly dlfferent as a
function of cell type. In control experiments, %U*™Tc was
never significantly different from %U"!'In.

When cells were exposed to **™Tc-ECD, different time
course profiles were obtained. In all cell lines, we noticed a
significant increase in %Ugcp, but there was a significant
difference between time course profiles of the U937 cell line
and the other U373 cells and EaHy926 cells (two-way ANOVA,
partial-F = 9.13, p < 0.0001, n = 202). Overall, U937 cells
showed higher ECD retention (two-way ANOVA, partial-F =
2.5, p < 0.005, n = 202) (Fig. 1). After a 120-min exposure to
ECD, cellular retention of ECD reached a plateau at which point
%Ugcp Was 25.1 £ 3.9% for U937 cells, 6.1 * 0.7% for U373
cells and 8.2 = 2.0% for EaHy926 cell lines. Then %Ugcp
decreased for all cell lines.

Comparison of the Cell Surface Esterase Activity between
U837, U373 and EaHy926 Celis

As ECD cellular retention has been attributed to cellular
esterase activity, we measured the esterase activity of intact
U937, U373 and EaHy926 cells (Fig. 2). As the esterase
substrate remains extracellular and as plasma membranes are
not altered during the time of incubation (confirmed by MTT
experiments, results not shown), the esterase activity denoted
on intact cells can be attributed to membranar esterases. We
found that the esterase activity was significantly lower for the
U937 cells (0.12 * 0.06) than for the U373 cells (0.62 * 0.16),
as well as for the EaHy926 (7.14 = 0.15) (n = 63, two-way
ANOVA, partial-F = 24.41 p < 0.0001). As shown in Figure 2,
the esterase activity was time-dependent. The increased activity
of membranar esterase as a function of time was in contrast to
%Ugcp Which reached a plateau at 120 min and then decreased
(Fig. 1). Contrary to what we expected, cellular esterase activity
(the mechanism by which ECD becomes hydrophilic) was
inversely correlated to ECD retention (%Ugcp).

Effects of Temperature and DFP on Technetium-99m-ECD
Incorporation in U937 Cells

To further investigate the cellular mechanism of **™Tc-
ECD incorporation, we used U937 cells. We modulated
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FIGURE 2. Measurements of esterase activity in U337 @), U373 ((J) and
EaHy926 @) cell lines (intact cells) as a function of time (n = 63). Significant
differences were observed (two-way ANOVA) as a function of time (partial-
F = 31.75, p < 0.0001) and cell lines (partial-F = 24.41, p < 0.0001).

the enzymatic activity by exposure to cold (4°C) and DFP (5
mM (Fig. 3). While at 37°C, intracellular retention of ECD
gradually increased, reached a plateau during the first 120 min
(23.3 * 0.9%) and then declined, at 4°C, the intracellular
retention of ECD continuously increased as a function of time
reaching 30.5 * 9.0% at 360 min. In the presence of DFP, the
intracellular retention of ECD was dramatically reduced by
50% to 80% at 37°C as well as at 4°C (3.6 * 0.5% and 10.8 +
1.8% after 360 min of exposure to 37°C and 4°C, respectively).

Comparison of Cellular and Cytosolic Esterase Activity on
U937 Cells; Effects of Temperature and DFP

If, indeed, membranar esterase activity is involved in ECD
retention, the presence of cytosolic esterase has to be efficient
to convert ECD into hydrophilic forms which are retained in
cells. Using subcellular fractionation, we isolated the cytosolic
fraction of U937 cells and compared the respective esterase
activity of intact cells (membranar esterase) and of cytosol. As
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FIGURE 3. Measurements of cellular retention of ™ Tc-ECD (%U ECD) in
U937 cells (intact cells) as a function of time and under control conditions
(37°C) (O), when cells were exposed to 4°C (), to DFP at 37°C (@) and to
DFP at 4°C (¥). Significant differences were observed (two-way ANOVA, n =
234) between baseline studies (time-activity at 37°C) and 4°C as well as DFP
at 37°C or at 4°C (partial-F = 3.979, p < 0.001). Significant differences were
also observed between time-activity at 4°C with and without DFP or with
DFP at 37°C and 4°C (p < 0.001).

TABLE 1
Comparison of Membranar and Cytosolic Esterase Activity in
U937 Cell at 360 min under Control Conditions and after

Exposure to 4°C or to DFP
Experimental Membranar Cytosolic
Control (37°C) 0.441 = 0.168 2.784 + 0.139
Cold (4°C) 0.136 + 0.060" 1.102 + 0.107*
DFP  (37°C) 0.313 + 0.160 0.997 + 0.118*
DFP ( 4°C) 0.107 * 0.025* 0.848 + 0.193*

*p < 0.001 from control.

for membranar esterase activity (Fig. 2), the cytosolic esterase
activity was time-dependent with a maximum at 360 min (data
not shown). In contrast to the membranar esterase activity,
however, the cytosolic esterase activity was more important
over time and achieved 2.784 * 0.139 at 360 min, as compared
to 0.441 * 0.168 (Table 1). As temperature and DFP appeared
to modulate %Ugcp, we analyzed the influence of these two
parameters on both esterase activities (cytosolic and membra-
nar) (Table 1). While both esterase activities were significantly
inhibited at 4°C (reduction of 69.2% and 60.4% from control
values for the membranar and the cytosolic esterase activities,
respectively), only the cytosolic esterase activity was signifi-
cantly inhibited by DFP at 37°C (reduction of 64.2% from
control values). These data suggest that different esterases are
implicated in the conversion of ECD to hydrophilic forms at
the plasma membrane and in the cytosol.

DISCUSSION

Our data provide in vitro evidence to support the view that
the esterase activity is the major determinant of the overall
retention of ECD, but the presence of membranar esterase
enzymes plays an inverse role by inhibiting the transmembranar
passage of ECD. As a consequence, we can expect reduction of
ECD uptake in the presence of cells that express higher esterase
sites at their membrane surface.

Hypothesis. HMPAO, the first ™Tc-labeled marker intro-
duced in the clinical setting correlates with rCBF (3,7). It is
based on the hypothesis that this molecule crosses the blood-
brain barrier, goes through cell membranes and is retained
intracellularly after conversion to a hydrophilic form by gluta-
thione (6). However, we recently reported that the major
determinant of cell retention of HMPAO is the redox equilib-
rium of the cell environment and not the intracellular content of
glutathione (/5). Based on the hypothesis that ECD may show
a similar pattern and based on the clinical discrepancies
observed between ECD and other rCBF agents (//-14), our
goal was to investigate the cellular mechanism(s) involved in
ECD cell retention. To date, it has been shown that ECD crosses
the blood-brain barrier, goes through cell membranes because
of its lipophilic nature and is retained intracellularly after its
conversion to hydrophilic forms by esterase activity (8—10). In
a clinical setting, ECD brain retention is able to reflect rCBF
with minimal limitations (9,10,12,19-22). Similar to what has
been done with HMPAO, we measured in vitro the kinetic
uptake of ECD in three cell lines in order to detect possible
differences between endothelial cells, astrocytes and inflamma-
tory cells as we noticed in the HMPAO study (15).

Experimental Observations. We measured membranar ester-
ase activity to correlate esterase activity with ECD uptake. We
surprisingly found an inverse correlation: ECD uptake was
higher in cells with less membranar esterase activity. To
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FIGURE 4. Mechanisms involved in ECD cell retention.

demonstrate the involvement of an enzymatic process (in
particular esterases) for ECD retention, we exposed cells to 4°C
or to the esterase inhibitor, DFP. At 4°C, we observed an
unexpected profile of ECD retention with an early reduction of
ECD uptake during the first 2 hr followed by a constant
increase. In contrast with DFP, we obtained a major reduction
of ECD retention that could confirm the involvement of this
enzymatic process. These results suggest that if cellular esterase
activity has to be limited to favor ECD retention, a cytosolic
esterase activity has to be efficient to convert ECD to the
hydrophilic forms which are retained in cells. Then we com-
pared the cellular and the cytosolic esterase activity and found
that a significant esterase activity was present in the membranes
of U937 cells, but this activity was slower compared to the
cytosolic activity. Based on these results we hypothesized that,
if the lipophilic-hydrophilic reaction is induced outside the cell,
the product will not have a chance to enter the cell, in a manner
similar to that of HMPAO. Therefore, a high membranar
esterase activity will result in a small intracellular ECD content.
In contrast, important cytosolic esterase activity will favor ECD
retention. This model fails, however, to explain the profile of
the kinetic of ECD uptake when cells are exposed to 4°C.
Therefore, additional experiments were performed with a si-
multaneous exposure of the cells to 4°C and DFP (at 37°C or
4°C). The measurement of the influence of temperature and
DFP on both membranar and cytosolic esterase activities
indicated that, while both esterase activities were inhibited by
temperature, DFP exclusively inhibited the cytosolic fraction.
Taking all these observations into account, we propose the
following model (Fig. 4). When cells are exposed to ECD, if the
membranar esterase activity is important, most of it will follow
a lipophilic-hydrophilic reaction in the extracellular environ-
ment and a minimal amount of remaining lipophilic compound
can pass through the cell membrane. If the membranar esterase
activity is minimal, most of the compound can diffuse freely
through the cell membrane and the cytosolic activity can induce
the lipophilic-hydrophilic reaction and, therefore, ECD can be
retained over time. Thus, the ECD incorporation in brain tissue
is probably dependent on the modification of protease expres-
sion and, in particular, those exerting esterase activity. This
suggests that brain SPECT imaging with ECD might more

accurately reflect rCBF than HMPAO because modulating the
expression of esterase activity in brain cells could be less
important than modification of redox tissue in cerebral disease.

Our data provide in vitro evidence supporting the hypothesis
that esterase activity is the major determinant of the overall
retention of ECD, but these data show further that the mem-
branar esterase enzymes play an inverse role by inhibiting the
transmembranar passage of ECD.
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