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OAT3-mediated extrusion of the 99mTc-ECD metabolite in the
mouse brain
Tatsuya Kikuchi1, Toshimitsu Okamura1, Hidekatsu Wakizaka2, Maki Okada1, Kenichi Odaka1, Joji Yui1, Atsushi B Tsuji3,
Toshimitsu Fukumura1 and Ming-Rong Zhang1

After administration of the 99mTc complex with N,N’-1,2-ethylenediylbis-L-cysteine diethyl ester (99mTc-ECD), a brain perfusion
imaging agent, the radioactive metabolite is trapped in primate brain, but not in mouse and rat. Here, we investigate the
involvement of metabolite extrusion by organic anion transporter 3 (OAT3), which is highly expressed at the blood–brain barrier in
mice, in this species difference. The efflux rate of radioactivity in the cerebrum of Oat3� /� mice at later phase was 20% of that of
control mice. Thus, organic anion transporters in mouse brain would be involved in the low brain retention of radioactivity after
99mTc-ECD administration.
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INTRODUCTION
Technetium-99m complex with N,N’-1,2-ethylenediylbis-L-cysteine
diethyl ester (99mTc-ECD) has been clinically used for brain
perfusion imaging.1 Administrated 99mTc-ECD readily enters the
brain with K1, a parameter that represents cerebral blood flow
multiplied by extraction fraction (Figure 1A). Then, 99mTc-ECD in
the brain diffuses back to the blood with k2 or it is metabolized to
a monoacid form in the brain with k3.2,3 Because k3 of 99mTc-ECD is
much higher than k2, the distribution of radioactivity reflects
regional cerebral blood flow in the brain regions in which the
extraction fraction of 99mTc-ECD is equivalent and the elimination
of metabolite (kel) is negligible. In primates, including humans,
radioactivity in the brain is trapped for a long period after
99mTc-ECD administration, whereas radioactivity is not retained in
the brain of mouse and rat.2–7 The reason for this species
difference has not been clarified, but is considered to be due to
lower esterase activity in the brain of mouse and rat compared
with the primates.7,8 However, theoretically, the kinetics of
radioactivity in the brain responds poorly to the reduction in
metabolic rate (k3) under flow-limitation conditions (k2ook3).9

Even if the kinetics of radioactivity in the brain responded to the
reduction in metabolic rate, radioactivity would remain constant
at a later phase after 99mTc-ECD injection under negligibly low kel

conditions.
The reduction of radioactivity in the rat brain after 99mTc-ECD

injection was inhibited by probenecid, an inhibitor of organic
anion transporters.3 However, the extent of involvement of
organic anion transporters in the extrusion of the 99mTc-ECD
metabolite in the brain of mouse and rat has yet been unclear. We
inferred from these considerations that the species difference in
the retention of radioactivity may be attributed to the species
difference in the expression of efflux transporters that extrude the

99mTc-ECD metabolite. The expression of transporters that extrude
organic anions from brain to blood has been found in brain
capillary endothelial cells. Among the transporters, organic anion
transporter 3 (OAT3) is highly expressed in the endothelial cells in
mice, in contrast to the low expression in the primate brain.10

Thus, we investigated the involvement of OAT3 in the efflux of
99mTc-ECD metabolite from mice brains using Oat3 knockout mice.

MATERIALS AND METHODS
Reagents
The injectable solution of 99mTc-ECD (Neurolite) was purchased from
Fujifilm RI Pharma Co., Ltd. (Tokyo, Japan). Other chemicals were of reagent
grade or better, and were available commercially.

Animals
The Oat3þ /� mice were obtained from Deltagen, Inc. (San Mateo, CA,
USA). The Oat3þ /� mice and C57BL/6J were mated to increase the
number of Oat3þ /� mice, and the first generation of the homozygous
mice (Oat3� /� ) was generated from the pairs of Oat3þ /� mice followed
by breeding of the Oat3� /� mice in Charles River Laboratories Japan, Inc.
(Kanagawa, Japan). After purchasing the male Oat3� /� mice, the mice
were kept under conventional laboratory conditions of temperature,
humidity, and light, and allowed free access to food and water in our
institute, and mice (25 to 42 weeks) were used in this study (n¼ 9 in total).
The C57BL/6J mice were obtained from Charles River Laboratories Japan,
Inc., and the male mice (10 to 16 weeks) were used as control mice (n¼ 9
in total). The animals were treated and handled according to the
publication ‘Recommendations for Handling of Laboratory Animals for
Biomedical Research’, compiled by the Committee on Safety and Ethical
Handling Regulations for Laboratory Animal Experiments, National Institute
of Radiological Sciences (Chiba, Japan), and this study was approved by
the committee.
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Metabolic Rate of 99mTc Complex with N,N’-1,2-Ethylenediylbis-L-
Cysteine Diethyl Ester in Mice Cerebrum Homogenates
The metabolic rates of 99mTc-ECD in the homogenate of the cerebrum of
control and Oat3� /� mice (n¼ 3 each, 0.17 to 0.25 g/mL) were measured
as follows: 0.5 mL of homogenate was placed in tubes and preincubated at
371C for 30 minutes. The solution of 99mTc-ECD (10mL, 2 MBq) was added
to initiate the reaction. At 2.5, 5, 10, and 15 minutes after 99mTc-ECD

addition, 50 mL of the reaction solution was added to ethanol (0.1 mL) to
stop the reaction followed by centrifugation for 10 minutes at 10 000� g.
Then, 5 mL of the supernatant was applied to a silica gel thin-layer
chromatography (TLC) plate (silica gel 60 F254; Merck Ltd., Tokyo, Japan),
and the TLC plate was developed with a mixture of ethyl acetate/2-
propanol/acetic acid (30/10/1). The TLC plate was covered with a 5-mm
thick film and placed in a cassette in contact with the imaging phosphor
plate for 60 minutes. Radioactivity was quantified using an imaging plate
reader (BAS-5000; Fujifilm Corporation, Tokyo, Japan). The first-order
metabolic rate was calculated using regression analysis based on the
fraction of 99mTc-ECD at each time point.

Uptake and Chemical Form in Mice Cerebrums
After intravenous administration of 99mTc-ECD (37 MBq) to controls and
Oat3� /� mice (n¼ 3 at each time point), they were decapitated at 2, 15,
30, and 60 minutes. The heads were immediately frozen in liquid nitrogen
to stop further metabolism, and the frozen cerebrums were removed. The
unilateral cerebrum was homogenized in ice-cooled ethanol (1 mL)
followed by centrifugation at 10 000� g for 10 minutes, and radioactivity
in an aliquot of the supernatant was analyzed by TLC, as described above.
The residual of the cerebrum was weighed followed by measurement of
radioactivity using a gamma counter (Wizard, PerkinElmer Japan Co., Ltd.,
Kanagawa, Japan). Blood samples were also collected from the stump, and
radioactivity in the blood was measured. The uptake values corrected for
body weight (standardized uptake value: %ID/g tissue�g body weight/
100) were used for analysis.

Single-Photon Emission Computed Tomography Study
Dynamic single-photon emission computed tomography (SPECT) was
performed using VECTor/CT (MILabs BV, Utrecht, The Netherlands) with a
rat collimator. The control and Oat3� /� mice (n¼ 3 each) were anesthe-
tized with 1.7% isoflurane, and body temperature was maintained within
the normal range using a heating system equipped with the SPECT/
computed tomography (CT) system. After the intravenous injection of
99mTc-ECD (B37 MBq/100mL) to control and Oat3� /� mice, the SPECT
images of the brain were acquired every 5 minutes for 60 minutes. Without
attenuation correction, the data were reconstructed using pixel-based
ordered-subset expectation maximization with 16 subsets and 6 iterations
on a 0.8-mm voxel grid.

Volumes of interest of the cerebrum were placed on the region with
460% of the maximum count in a coronal view of the summed SPECT
images and transferred to all frames of the images to generate time-
activity curves for cerebrum. X-ray CT imaging was performed immediately
after SPECT imaging. Calibration of detection efficiency was not performed.

Statistical Analysis
The statistical analysis of the metabolic rate was performed using Student’s
t-test. The analysis of time-activity curves was performed using two-way
repeated measures analysis of variance. The uptake values of control and
Oat3� /� mice at each time point were compared using the Holm–Sidak
method. The significance level was set at Po0.01.

RESULTS
Metabolic Rate of 99mTc Complex with N,N’-1,2-Ethylenediylbis-L-
Cysteine Diethyl Ester in Mice Cerebrum Homogenates
Radioactivity corresponding to 99mTc-ECD was decreased and radio-
activity of a single metabolite was increased as the incubation time
increased (Figure 1B). 99mTc complex with N,N’-1,2-ethylenediylbis-
L-cysteine diethyl ester was metabolized in a first-order manner
(r240.99) in mice cerebrum homogenates (Figure 1C). No signi-
ficant difference was found in the first-order rate of cerebrum
homogenates between control (mean±s.d., 1.01±0.03 minutes/g
per mL) and Oat3� /� mice (1.03±0.06 minutes/g per mL)
(P¼ 0.67).

Uptake and Chemical Form in Mice Cerebrums
The initial uptake value (standardized uptake value at 2 minutes
after injection) in the cerebrum of control mice (mean±s.d.,
1.45±0.11) was not different compared with Oat3� /� mice

Figure 1. The kinetics of 99mTc-ECD in the brain and the metabolic
rate of 99mTc-ECD in mice brain homogenates. (A) The kinetics of
99mTc-ECD in the brain. (B) Typical analytical image of radioactivity
on a thin-layer chromatography (TLC) plate in the measurement of
metabolic rate (control, 0.243 g/mL; Oat3� /� , 0.237). (C) Time-
dependent metabolism of 99mTc-ECD in mice brain homogenates
shown in (B) (closed, control; open, Oat3� /� ). Regression curves
based on first-order kinetics are presented. 99mTc-ECD, 99mTc
complex with N,N’-1,2-ethylenediylbis-L-cysteine diethyl ester; Oat3,
organic anion transporter 3.
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(1.49±0.08, P¼ 0.73). Thereafter, radioactivity in the cerebrum of
control mice was significantly lower compared with Oat3� /�

mice (Po0.01) (Figure 2A). No difference in the kinetics of
radioactivity in the blood was observed between control and
Oat3� /� mice (P¼ 0.69) (Figure 2B). 99mTc complex with N,N’-1,2-
ethylenediylbis-L-cysteine diethyl ester observed in the cerebrum

at 2 minutes after injection was scarcely observed at 15 minutes
after injection (Figure 2C). Radioactivity in the cerebrum after
15 minutes postinjection almost entirely consisted of a single
metabolite.

Single-Photon Emission Computed Tomography Study in Mice
The time-activity curves and SPECT images after 99mTc-ECD
injection into control and Oat3� /� mice are shown in Figures
2D and 2E. Radioactivity in the cerebrum rapidly decreased after
initial uptake in control mice, while the reduction in Oat3� /�

mice was gradual (Po0.01). Radioactivity in the cerebrums of
control and Oat3� /� mice was reduced in a first-order manner
(r240.99) after 15 minutes postinjection. The first-order rate
(mean±s.d.) in the cerebrums of control and Oat3� /� mice
was 0.046±0.00067/min and 0.0089±0.0012/min (B20% of the
rate in control mice), respectively.

DISCUSSION
The reduction of radioactivity in the mice cerebrums after
15 minutes postinjection of 99mTc-ECD predominantly reflects
the extrusion of the monoacid metabolite from the cerebrum.
Because the hydrolysis rate and the initial uptake in the cerebrum
and the kinetics of radioactivity in the blood were comparable
between control and Oat3� /� mice after 99mTc-ECD injection, the
difference in the kinetics of radioactivity in the cerebrum between
control and Oat3� /� mice was considered to be due to a
difference in the transporter mediated extrusion of the 99mTc-ECD
metabolite from the cerebrum. The half-lives of the reduction of
radioactivity in the cerebrums of control mice calculated from the
SPECT study (15.2±0.2 minutes) were in agreement with those
reported by Vanbilloen et al6 (11.0 minutes) and Apostolova et al7

(24±7 minutes). The efflux rate in the cerebrums of Oat3� /�

mice was B20% of that of control mice. The remaining efflux of
the 99mTc-ECD metabolite from the cerebrums of Oat3� /� mice
would be mediated by other transporters expressed in brain
capillary endothelial cells, choroid plexus epithelial cells, and by
bulk flow of extracellular fluid.10 In the route of efflux of the 99mTc-
ECD metabolite via brain capillary endothelial cells, 99mTc-ECD
metabolite generated in the brain parenchymal cells should
sequentially pass through the membrane of parenchymal cells
and the abluminal and luminal membranes of brain capillary
endothelial cells to enter the blood stream. As OAT3 is localized in
the abluminal membrane of brain capillary endothelial cells in
mice,11 other transporters that mediate 99mTc-ECD metabolite
extrusion likely exist in the membrane of brain parenchymal cells
and the luminal membranes of brain capillary endothelial cells in
mice. In rat, OAT3 is expressed on both luminal and abluminal
membranes in the endothelial cells;12 therefore, other transporters
that mediate 99mTc-ECD metabolite extrusion might exist in the
membrane of brain parenchymal cells.

Figure 2. Uptake and chemical forms after 99mTc-ECD injection.
Uptake in (A) the cerebrum and (B) the blood (closed, control; open,
Oat3� /� ). (C) Typical analytical images of radioactivity on a thin-
layer chromatography (TLC) plate in the chemical form analysis.
(D) Time-activity curves of the cerebrum measured using single-
photon emission computed tomography (SPECT) (closed, control;
open, Oat3� /� ). Regression curves based on first-order kinetics
during 15 to 60minutes are presented. (E) Typical summed SPECT/
computed tomography (CT) images (0 to 60minutes) of the cerebrum.
The color bar represents relative radioactivity ranging 0% to 60% of
the maximum value in the corresponding first frame. 99mTc-ECD, 99mTc
complex with N,N’-1,2-ethylenediylbis-L-cysteine diethyl ester; Oat3,
organic anion transporter 3; SUV, standardized uptake value.
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In addition to OAT3, other transporters that mediate transport
of organic anions were also highly expressed in the brain capillary
endothelial cells in mice, but not in primates.10 And, it was
suggested that a portion of 99mTc-ECD could be hydrolyzed in the
extracellular space in the human brain.13 Thus, the species
difference in retention of radioactivity in the brain after 99mTc-
ECD injection between mouse and human would be mainly
attributable to either or both of the species differences in the
expression level of the organic anion transporters in brain capillary
endothelial cells and the substrate recognition of the transporters,
rather than a species difference in the hydrolysis rate of 99mTc-ECD
in the brain. However, if the 99mTc-ECD metabolite is predo-
minantly generated in the brain parenchymal cells in mouse and
primates and it is retained in the cells in primates, organic anion
transporters expressed in the cells of mouse brain would be
involved in the species difference.

Organic anion transporter 3 mediates the extrusion of anionic
substances from the brain in mouse and rat.14,15 However, the
present study showed that an organic anion that is not extruded
from the primate brain is extruded by OAT3 from the mouse brain.
Thus, further studies are required to determine the transporters
involved in regulating the kinetics of organic anions in the primate
brain.

CONCLUSION
Organic anion transporter 3 mediated the extrusion of the
99mTc-ECD metabolite in the mouse brain. The retention of
radioactivity for a long period in the human brain after 99mTc-ECD
administration would be due to the absence of an efflux
transporter in either or both of brain capillary endothelial cells
and brain parenchymal cells that mediates the extrusion of the
99mTc-ECD metabolite in mouse.
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