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Menkes disease (MD), an X-linked recessive disorder of copper
metabolism caused by mutations in the copper-transporting ATP7A
gene, results in growth failure and severe neurodegeneration in early
childhood. Subcutaneous copper-histidine injection is the standard
treatment for MD, but it has limited clinical efficacy. Furthermore,
long-term copper injection causes excess copper accumulation in
the kidneys, resulting in renal dysfunction. To attempt to resolve this
issue, we used PET imaging with 84Cu to investigate the effects of
disulfiram on copper biodistribution in living mice serving as an
animal model for MD (MD model mice). Methods: Macular mice
were used as MD model mice, and C3H/He mice were used as
wild-type mice. Mice were pretreated with 2 types of chelators (di-
sulfiram, a lipophilic chelator, and b-penicillamine, a hydrophilic
chelator) 30 min before 84CuCl, injection. After 4CuCl, injection,
emission scans covering the whole body were performed for 4 h.
After the PET scans, the brain and kidneys were analyzed for radio-
activity with y counting and autoradiography. Results: After copper
injection alone, marked accumulation of radioactivity (64Cu) in
the liver was demonstrated in wild-type mice, whereas in MD model
mice, copper was preferentially accumulated in the kidneys (25.56 +
3.01 percentage injected dose per gram [%ID/g]) and was detected
to a lesser extent in the liver (13.83 = 0.26 %ID/g) and brain (0.96 +
0.08 %ID/g). Copper injection with disulfiram reduced excess cop-
per accumulation in the kidneys (14.54 + 2.68 %ID/g) and increased
copper transport into the liver (29.42 + 0.98 %ID/g) and brain (5.12 +
0.95 %ID/g) of MD model mice. Copper injection with p-penicilla-
mine enhanced urinary copper excretion and reduced copper ac-
cumulation in most organs in both mouse groups. Autoradiography
demonstrated that disulfiram pretreatment induced copper trans-
port into the brain parenchyma and reduced copper accumulation
in the renal medulla. Conclusion: PET studies with 4Cu revealed
that disulfiram had significant effects on the copper biodistribution
of MD. Disulfiram increased copper transport into the brain and
reduced copper uptake in the kidneys of MD model mice. The
application of 64Cu PET for the treatment of MD and other copper-
related disorders may be useful in clinical settings.
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Menkes disease (MD) is an inherited X-linked disorder of
copper metabolism caused by mutations in the ATP7A gene, which
encodes a copper-transporting protein (1,2). ATP7A controls copper
transport from the cytosol to the Golgi apparatus and copper excre-
tion from cells (3). In patients with MD, dysfunctional ATP7A
causes a failure of copper absorption from the intestine (4). Because
macular mice possess a mutation in the mottled gene (afp7a) and
have a clinical phenotype and biochemical abnormalities similar to
those of MD patients, they can serve as an animal model for MD
(i.e., MD model mice) (5-7). Systemic copper deficiency was dem-
onstrated to cause dysfunction of copper-dependent enzymes and to
result in multisystem disorders, such as severe neurodegeneration,
connective tissue abnormalities, and kinky hair, in these mice (8,9).

To correct systemic copper deficiencies in MD, subcutaneous
copper-histidine injection is the standard treatment (/0—12), but its
efficacy depends on the age-related maturation of the blood—brain
barrier (BBB) or residual copper transport by a partially functional
gene (/2—-14). When copper treatment is initiated in the neonatal
period or early infancy, when the BBB is immature, the injected
copper is delivered to the neurons and, thus, is an effective treatment
for neurologic disorders (//,14). However, parenteral copper admin-
istration has limited clinical efficacy in MD patients more than 2 mo
old because the injected copper is trapped in the maturing BBB (/7).

Another important aspect of parenteral copper administration is
that copper treatment is sometimes associated with excess copper
accumulation in the kidneys, leading to renal dysfunction in patients
and macular mice with MD (6,15). Previous reports demonstrated
that copper administration lengthened the life-span of MD model
mice but that copper accumulation to toxic levels in the kidneys led
to severe renal damage (/6,17). The mechanisms of copper-induced
renal damage have not been fully elucidated; however, the oxidative
potential of copper is considered to induce free-radical production
and to result in cellular damage (/8,19). To date, there have been no
studies on the development of a treatment focusing on the preven-
tion of copper accumulation in the kidneys.
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Several attempts have been made to develop novel methods to
address insufficient copper transport into the brain in the presence
of a maturing BBB. Kodama et al. (20) and Munakata et al. (21)
demonstrated that the use of a combination of copper and disul-
firam, a lipophilic chelator, improved copper deficiency in the
brain of MD model mice (macular mice). Administered disulfiram
is immediately converted into sodium diethyldithiocarbamate
(DEDTC) by glutathione reductase, and the complex of copper
and DEDTC can pass through the BBB (22-24). To advance these
findings to clinical application, it is important to elucidate the time
course of copper biodistribution with and without disulfiram.
Therefore, an evaluation of disulfiram via pharmacology safety
studies, such as absorption, distribution, metabolism, and excre-
tion studies, must be performed in an animal model before clinical
trials in humans. Traditionally, the evaluation of absorption, dis-
tribution, metabolism, and excretion in the development of phar-
maceuticals has involved autoradiography of the whole body and
the detection of radioactivity associated with dissected tissues by
use of radioactive '2°I- or !!!In-labeled pharmaceuticals (25).
However, recently developed molecular imaging technologies
allow the visualization and quantitative measurement of biologic
processes in living systems (26—28). Radioisotope-based molecu-
lar imaging techniques, such as PET, have been used for the non-
invasive detection of pharmacodynamics in the gut and for the
determination of functional changes in the nervous system
(26,27).

In this study, we aimed to investigate the effects of 2 types of copper
chelators (disulfiram, a lipophilic chelator, and p-penicillamine, a hy-

drophilic chelator) on copper biodistribution after copper injection in
MD model mice by PET imaging with %Cu.

MATERIALS AND METHODS

Animals and Disulfiram and p-Penicillamine Pretreatments

This study was performed in accordance with international standards
for animal welfare and institutional guidelines and was approved by the
animal care and use committees of Osaka City University, Osaka,
Japan, and RIKEN Center for Life Science Technologies, Kobe, Japan.
We used 4- to 7-wk-old C3H/He mice (body weight, 16-24 g) pur-
chased from Japan SLC as wild-type mice and 4- to 8-wk-old macular
mice (7-22 g) bred at Teikyo University as MD model mice (5-7).

Mice were anesthetized with a mixture of 1.5% isoflurane (Abbott),
nitrous oxide (0.5 L/min), and 100% oxygen (1.5 L/min). In mice
pretreated with disulfiram (100 mg/kg; Wako Pure Chemicals),
disulfiram diluted with sesame oil was injected intraperitoneally.
In mice pretreated with D-penicillamine (100 mg/kg; Wako Pure
Chemicals), p-penicillamine diluted with saline was injected subcu-
taneously.

84CuCl, PET
¢4CuCl,was produced from the cyclotron at the RIKEN Center for
Life Science Technologies. At 30 min after disulfiram or p-penicillamine
pretreatment, **CuCl, corresponding to an activity of 30 MBq was ad-
ministered via the tail vein. Mice were imaged in the prone position in
a small-animal PET scanner (microPET Focus220; Siemens Medical Sol-
utions Inc.). Continuous PET scanning was performed for 4 h immedi-
ately after ®*CuCl, injection. PET data were acquired in the list mode and
reconstructed by use of a filtered backprojection algorithm with a ramp
filter cutoff at the Nyquist frequency, attenua-
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tion correction, and no scatter correction. The
PET image data were displayed and analyzed
with IDL VM 6.3 (Exelis Inc.) and ASIPro VM
(Siemens Medical Solutions Inc.) software.
Regions of interest were drawn manually on
PET images, and the percentage injected dose
per gram of tissue (%ID/g) was calculated with
the software. Three mice were scanned for each
experimental group, and data from these mice
were subjected to statistical analysis.

y Counting and Ex Vivo
Autoradiography

%4Cu accumulation was evaluated by vy
counting at 4 h after **CuCl, injection as de-
scribed previously (29). Each sample was
counted in a 1470 WIZARD automatic <y
counter (Wallac). Tissues were weighed, and
the amount of radioactivity was calculated as
the %ID/g. Six wild-type mice and 4 MD
model mice were included in each experimen-
tal group, and data from these mice were sub-
jected to statistical analysis.

For the quantification of emission data, ex
vivo brain and renal autoradiography was
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performed as described previously (26). Brain
tissue was sliced into coronal sections and kid-
ney tissue was sliced into sagittal sections
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FIGURE 1.

in liver and brain than wild-type mice. **P < 0.01.

846

PET image analysis after 84CuCl, injection in wild-type and MD model mice. (A)
Coronal section of whole-body PET image 4 h after 64CuCl, injection in MD model mice. (B)
Time-activity curve for kidneys, liver, and brain 4 h after 84CuCl, injection. MD model mice
showed higher level of copper accumulation in kidneys and lower levels of copper accumulation

(1 mm thick) with a brain matrix (RBM-
2000C; ASI instruments Inc.). Brain and kid-
ney slices were placed on an imaging plate
(BAS-SR2040; Fuji Photo Film) for 15 and
5 min, respectively. Exposed imaging plates
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were scanned with an imaging analyzer (FLA-7000; Fuji). Reproduc-
ibility was confirmed in 3 independent experiments.

Statistical Analyses

All data are presented as mean * SD. Statistical analyses were
performed with commercially available software (JMP version 9;
SAS Institute). Statistical analyses of PET data with time-activity
curves were performed with repeated-measures ANOVA. Statistical
analyses of y-counting data were performed with the Wilcoxon test.

RESULTS

Copper Accumulation without Chelator in Wild-Type and MD
Model Mice

In wild-type mice, copper uptake in the kidneys was confirmed
soon after copper injection, reached a maximum level, and gradually
decreased (7.74 = 0.90 %ID/g at 4 h). Copper excretion into bile
could be seen, and we detected copper uptake in the intestine. The
marked copper uptake in the liver continued to increase during PET
imaging (21.80 = 2.42 %ID/g at4 h). In the brain, copper uptake was
low but increased gradually during PET imaging (1.34 = 0.03 %ID/g
at4 h) (Fig. 1).

In MD model mice, copper uptake in the kidneys was markedly
elevated (25.56 = 3.01 %ID/g at 4 h) and was 4-fold higher than that
in wild-type mice (P < 0.01). Copper excretion into bile was evi-
dent, and copper uptake in the liver was maintained at a plateau
(13.83 = 0.26 %ID/g at 4 h). Copper uptake in the brain was lower
(0.96 = 0.08 %ID/g at 4 h) than that in the kidneys and liver and was
significantly lower than that in wild-type mice (P < 0.01) (Fig. 1).

The vy-counting data supported the PET scan data showing that
copper uptake in the kidneys of MD model mice was significantly
higher than that in wild-type mice (14.47 £ 3.39 %ID/g in wild-
type mice and 84.38 = 12.39 %ID/g in MD model mice; n = 4-6;
P < 0.05). On the other hand, copper uptake in the liver of MD
model mice was significantly lower than that in wild-type mice
(38.80 = 3.46 %ID/g in wild-type mice and 22.27 * 1.93 %ID/g
in MD model mice; n = 4-6; P < 0.05). Copper uptake in the

brain in both wild-type and MD model mice was low, with no
significant differences (Table 1).

These data confirmed that systemic copper injection without
chelator resulted in marked copper accumulation in the kidneys of
MD model mice. The uptake of injected copper in the liver and
brain of MD model mice was lower than that in wild-type mice.

Effects of Disulfiram or p-Penicillamine Pretreatment in
Wild-Type Mice

There were no significant differences in copper uptake in the
kidneys of mice pretreated with disulfiram and mice not pretreated
with the chelator. In the liver, disulfiram pretreatment increased
copper uptake (28.82 = 7.62 %ID/g at 4 h). In the brain, copper
uptake was gradually elevated during PET imaging (5.32 = 0.03
%1D/g at 4 h), and there were significant differences between mice
receiving and mice not receiving disulfiram pretreatment (P <
0.01) (Fig. 2). On the other hand, p-penicillamine pretreatment
significantly reduced copper uptake in the kidneys compared with
that in mice not pretreated with the chelator (P < 0.01). Copper
uptake in the liver and brain at 4 h was markedly lower in mice
pretreated with D-penicillamine (6.80 £ 1.22 %ID/g in the liver
and 0.40 = 0.08 %ID/g in the brain) than in those not pretreated
with the chelator (P < 0.01) (Figs. 2A and 2C).

The vy-counting data confirmed that disulfiram pretreatment in-
creased copper accumulation in the brain, heart, liver, spleen, muscle,
and blood and decreased it in the stomach, intestine, and kidneys of
wild-type mice. p-Penicillamine enhanced urinary copper excretion
and decreased copper accumulation in all organs investigated (Table 1).

These data confirmed that disulfiram increased copper accumu-
lation in the brain and liver but did not alter copper accumulation
in the kidneys of wild-type mice. D-Penicillamine strongly enhanced
urinary copper excretion in wild-type mice.

Effects of Disulfiram or p-Penicillamine Pretreatment in MD
Model Mice

Copper accumulation in the kidneys of MD model mice at
4 h was significantly lower in mice pretreated with disulfiram or

TABLE 1

y-counting Data for Each Organ 4 Hours After 84CuCl, Injection

Mean + SD %ID/g for:

Wild-type mice MD model mice
No chelator Disulfiram p-Penicillamine No chelator Disulfiram p-Penicillamine
Organ (n=6) (n=16) (n=16) n=4) (n=14) (n=24)

Brain 1.00 £ 0.17 7.89 + 1.08* 0.34 + 0.05* 1.21 £ 0.19 473 £ 2.74* 0.44 £ 0.16*
Heart 6.87 + 1.50 12.99 + 6.06* 2.06 + 0.28* 217 £ 0.18F 10.36 + 5.19% 2.09 + 1.48
Lungs 19.39 + 5.02 16.36 + 2.15 5.28 + 2.25* 8.86 + 1.35T 11.62 + 4.77 2.38 + 0.55%
Liver 38.80 + 3.46 61.61 + 13.51% 14.04 + 2.96* 22.27 +1.93t 31.11 £ 15.06 16.04 + 2.96%
Pancreas 6.28 + 1.42 8.75 + 3.00 2.73 + 0.66* 2.33 + 1.151 5.14 + 2.83 1.56 + 0.81
Spleen 5.28 + 1.13 8.91 + 2.40* 1.62 + 0.56* 4.03 £ 0.17 5.66 + 2.37 2.65+1.15
Stomach 30.01 + 12.81 6.45 + 1.33* 11.89 + 1.89* 29.61 + 6.63 5.91 + 3.58* 9.25 + 2.82*
Intestine 18.02 + 3.45 6.17 £ 1.29* 6.83 + 1.15* 21.89 £ 2.12 4.67 £ 1.72% 8.71 + 2.93*%
Kidneys 14.47 + 3.39 15.31 £+ 2.34 9.76 + 1.32% 84.38 + 12.39t 22.46 + 9.64% 45.46 + 17.54
Muscle 0.81 +0.24 2.18 + 1.03* 0.47 + 0.35 0.59 + 0.05 1.34 £ 0.98 0.33 + 0.29
Blood 3.01 £ 0.74 6.04 + 1.02* 1.15 £ 0.40* 1.64 + 0.27t 1.50 £ 0.17 1.11 + 0.10%
Urine 5.04 + 3.05 0.34 + 0.12* 199.24 + 123.42* 4.75 + 0.96 0.40 + 0.44% 384.62 + 380.52%

*P < 0.01 for no chelator vs. disulfiram or p-penicillamine in wild-type or MD model mice.
TP < 0.05 for no chelator in wild-type mice vs. no chelator in MD model mice.
*P < 0.05 for no chelator vs. disulfiram or p-penicillamine in wild-type or MD model mice.

64Cu DynaMics IN MENKES DISEASE MODEL  ®

Nomura et al.

847



A Brain-
é’ Liver
| =
[}
R
| Intestine
Brain—s.
8
. g
o =
a =
2|0 5
=
@
=
£
©
3
=
[
.
o
B 6
—
]
2
€
g 8
3 B
; .
- 0
Disulfiram (-) Disulfiram (+)
=3 2 2
g 40 a g 7
= £ ® 61
30 | 5
| 4
20 1
! 3
10 ' w 2
o ]]
] 14
0+ . - - - o - - v g 0
0 1h 2h 3h 4h o] ih 2h 3h 4h 0
Kidney Liver

1h 2h 3h 4h

urinary copper excretion and decreased cop-
per accumulation in the kidneys, brain, and
liver of MD model mice.

Brain Autoradiography

At 4 h after copper administration without
a chelator, high levels of copper accumu-
lation were observed in the lateral ventricle
and the third ventricle in wild-type mice.
MD model mice showed a similar pattern
of copper accumulation, but the overall level
of copper accumulation was lower than that
in wild-type mice. Disulfiram pretreatment
markedly increased copper uptake in the
brain parenchyma in both wild-type and
MD model mice. High levels of copper
uptake were observed in the cerebral
cortex and thalamus, whereas copper up-
take in the ventricles was not prominent
(Fig. 4A).

Renal Autoradiography

Compared with wild-type mice, MD
model mice showed marked accumulation
of injected copper in the renal tissue and
notable accumulation in both the cortex and
the medulla. Both chelators (disulfiram and
D-penicillamine) decreased copper uptake
in the renal tissue of MD model mice, but
the copper distribution patterns in the dis-
ulfiram and D-penicillamine pretreatment
groups were different. Disulfiram decreased
copper uptake in the medulla, whereas
D-penicillamine decreased it in the cortex
(Fig. 4B).

—=— Chelator (-)
== Disulfiram
D-penicillamine

Brain

DISCUSSION

FIGURE 2. PET image analysis after 8*CuCl, injection and disulfiram or p-penicillamine pre-
treatment in wild-type mice. (A) Coronal section of whole-body PET image 4 h after 84CuCl,
injection in wild-type mice. Chelator (-) = no chelator. (B) Sagittal section of brain PET image
4 h after 84CuCls, injection. (C) Time—activity curve for kidneys, liver, and brain 4 h after 84CuCl,
injection. In wild-type mice, disulfiram increased copper accumulation in liver and brain, and
p-penicillamine enhanced urinary copper excretion and decreased copper accumulation in all

organs. Data are mean = SD. **P < 0.01.

D-penicillamine than in mice not pretreated with a chelator
(14.54 = 2.68 %ID/g in mice pretreated with disulfiram and
16.71 = 2.89 %ID/g in mice pretreated with D-penicillamine)
(P < 0.05). On the other hand, disulfiram pretreatment signifi-
cantly increased copper accumulation in the liver (29.42 = 0.98
%1ID/g) and brain (5.12 * 0.95 %ID/g) at 4 h compared with
that in mice not pretreated with the chelator (P < 0.01). b-
Penicillamine pretreatment decreased copper accumulation in
the brain and liver (P < 0.01) (Fig. 3).

The +y-counting data confirmed that disulfiram pretreatment in-
creased copper accumulation in the brain and heart and decreased
it in the stomach, intestine, and kidneys of MD model mice.
D-Penicillamine enhanced urinary copper excretion and decreased
copper accumulation in most organs investigated (Table 1).

These data confirmed that disulfiram increased copper accumu-
lation in the brain and liver and decreased copper accumulation in
the kidneys of MD model mice. p-Penicillamine strongly enhanced

848

PET is a functional imaging technique
with high sensitivity. With the develop-
ment of dedicated small-animal PET scan-
ners, it is possible to perform functional
imaging in small animals at high spatial
resolutions (26-28). Using a small-animal
PET imaging system, we obtained the first
evidence—to our knowledge—that disulfiram pretreatment effi-
ciently corrects inappropriate copper biodistribution in living
MD model mice. The dynamics of administered copper and the
time course of the effects of disulfiram in living animals
strengthen the results of previous studies demonstrating the effects
of disulfiram with conventional methods, such as histochemistry in
postmortem animals (20,23). These data accelerate our goal—the
clinical application of disulfiram treatment in MD patients.

For macular mice, well-established as an MD model, the
present study confirmed that copper accumulation after systemic
copper injection without a chelator shifted to the kidneys rather
than the liver and brain, as in wild-type mice; these findings are
consistent with previous findings for MD patients and MD model
mice (2,12). Copper deficiency in the brain due to copper transport
dysfunction at the BBB causes severe neurodegeneration in MD
(8); therefore, it is important to develop an effective strategy for
improving copper transport into the brain on the basis of copper
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maintenance of appropriate copper accu-
mulation in the brain in living MD mice
and humans.

With regard to the mechanisms respon-
sible for the effects of disulfiram on copper
transport into the brain, the hydrophobicity
of DEDTC—an active and converted form
of disulfiram—is known to allow the com-
plex of DEDTC and copper to permeate
cellular membranes, including the Golgi
apparatus (20,23,30). However, the forma-
tion of the complex was not demonstrated
in vivo in those studies. An alternative
mechanism of copper transport (e.g.,
Ctrl) could not be ruled out as an explana-
tion for the effects of disulfiram on copper
transport. Our ex vivo brain autoradiogra-
phy findings clearly demonstrated that the
copper injected with disulfiram passed
through the BBB and was taken up into
the brain parenchyma. Interestingly, we
found that copper uptake was most prom-
inent in the thalamus and then in the cere-
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“ chemistry study also revealed increased ac-

3 ] cumulation of copper in the glia and

]" i 1 neurons. The bioavailability of chelator-

P 1 essseseeses I bound copper is crucial for clinical applica-

0 1h 2h 3h 4h 0 2h 3h 4h tion. A recent study demonstrated that di-

Brain
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FIGURE 3. PET image analysis after 8*CuCl, injection and disulfiram or p-penicillamine pre-
treatment in MD model mice. (A) Coronal section of whole-body PET image 4 h after 64CuCl,
injection. Chelator (=) = no chelator. (B) Sagittal section of brain PET image 4 h after 64CuCl,
injection. (C) Time-activity curve for kidneys, liver, and brain 4 h after 4CuCl, injection. In MD
model mice, disulfiram decreased copper accumulation in kidneys and increased copper accu-
mulation in liver and brain, and p-penicillamine enhanced urinary copper excretion and decreased
copper accumulation in all organs. Data are mean * SD. *P < 0.05. **P < 0.01.

dynamics in living systems. PET imaging provided direct visual
evidence that disulfiram rapidly increased copper uptake in the
brain of MD model mice on the basis of copper dynamics, in-
cluding the detailed time course of copper transport in the whole
body of a living mouse. Our quantitative time—activity curve anal-
ysis was sensitive enough to detect defective copper uptake in the
brain parenchyma of MD model mice, which could not be evalu-
ated by conventional y counting because of high background ac-
tivity from the periventricular vasculature (Figs. 1B and 4A; Table
1). The effectiveness of disulfiram pretreatment and details about
copper dynamics would contribute to accelerating human clinical
trials of disulfiram therapy for MD patients. On the other hand,
excess copper transport may pose a risk for free-radical produc-
tion, resulting in cellular damage (/8). Further study is needed to
determine how to modulate copper transport to the brain to nor-
malize neurologic function in MD patients with various back-
ground factors, such as age and gene mutation type. PET imaging
is effective for evaluating safe doses of copper or disulfiram for the

64Cu DynaMics IN MENKES DISEASE MODEL  ®

(cytochrome ¢ oxidase) activity in the brain,
and the authors suggested that the trans-
ported copper was indeed bioavailable after
disulfiram treatment (30). On the basis of
the findings of present and previous studies,
detailed data for copper biodistribution in
the brain remain controversial; therefore,
further evidence of copper biodistribution
in the brain should be gathered with PET imaging and other basic
technologies.

Another important aspect of the present study was the
significant disulfiram-mediated reduction of copper accumulation
in the kidneys of MD model mice. Long-term copper injection has
a risk of causing copper accumulation to toxic levels in the
kidneys, leading to severe renal damage (/5-17). The present
study confirmed that, without disulfiram pretreatment, systemi-
cally administered copper was preferentially taken up by the kid-
neys of living MD model mice. PET imaging analysis confirmed
that disulfiram pretreatment markedly improved aberrant copper
accumulation in the kidneys, thus reducing the risk of renal com-
plications associated with long-term copper treatment. A previous
study demonstrated the efficacy of disulfiram treatment in mice
but revealed excess copper accumulation in the kidneys (30). Dif-
ferences in the dose and route of administration of copper and
disulfiram, the timing of disulfiram administration, and the age
of the animals tested may be responsible for the inconsistent
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MD patients. Noninvasive PET imaging is
useful for visualizing and quantifying
copper dynamics, accelerating the clinical
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is usually administered subcutaneously in clinical settings, it is
important to compare biodistributions achieved with various
routes of administration (37). Further study is needed to establish
effective and safe treatment with disulfiram and the PET imaging
system in living animals.

In MD patients, primary renal dysfunction is caused by copper
accumulation mainly in the medulla (renal tubule) (15); therefore,
the finding that disulfiram was able to reduce copper uptake in the
medulla was significant. Our ex vivo autoradiography analysis of
the kidneys with 2 types of chelators revealed different copper
distribution patterns in renal tissue: disulfiram-mediated reduction
of copper uptake in the medulla and p-penicillamine—mediated
reduction of copper uptake in the cortex. These observations fur-
ther suggest the efficacy of the use of the combination of copper
and disulfiram in MD patients.

CONCLUSION

The present PET imaging study clarified that disulfiram pre-
treatment provided 2 favorable outcomes for copper replacement
therapy in MD model mice: increased copper uptake in the brain
and reduced copper uptake in the kidneys. Our findings strongly
suggest that copper-chelating agents can act as nonenzymatic
transporters of copper to correct the biodistribution of copper in
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