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Striatal concentrations of vesicular monoamine transporters are identical
in MPTP-sensitive (C57BL /6) and -insensitive (CD-1) mouse strains
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Abstract

Sensitivity to the newrotoxic actions of 1-methyl-4-phenyi-1.2,3.6-tetrahydropyridine (MPTP) varies greatly among strains of mice.
The numbers of vesicular monoamine transporters was examined in various brain regions of MPTP-sensitive (C57BL/6) and
MPTP-insensitive (CD-1) mouse strains. In vivo radioligand binding to the vesicular monoamine transporter was studied using
[''Clmethoxytetrabenazine, and in vitro B, values determined using [*Hldihydrotetrabenazine autoradiography. Using either technique,
no significant differences between the two strains were seen in the striatal binding of these radioligands to the vesicular moncamine
transporter. The in vivo binding of radioligands to this transporter in the striatum was also not gender dependent. The relative resistance
of CD-1 mice to the neurotoxic effects of peripheral MPTP administration thus does not appear to be a result of enhanced protection by
higher levels of vesicular storage in dopaminergic neurons of the striatum.

Keywords: Vesicular monoamine transroiier: YMAT2 (vesicular monoamine transporter type 2): MPTP (1-methyl-4-phenyl-1,2.3,6-tetrahydropyridine);

Methoxytetrabenazine; Dihydrotetrabznazine

1. Infroduction

Degeneration of dopaminergic neurons following ad-
ministration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) to mammals has been utilized as an animal
model for Parkinson’s disease (Zigmond and Stricker,
1989). This neurotoxin produces many (but not all) of the
changes seen in human disease, including reductions of the
levels of dopamine and its metabolites, and a loss of
dopaminergic neurons in the substantia nigra. Sensitivity to
peripheral MPTP exposure varies among species, with
primates being the most sensitive and rats being almost
completely resistant. In mice, the neurotoxic effects of
MPTP are strain dependent; whereas certain pigmented
mice, most notably the C57BL /6 strain, are exquisitely
sensitive to MPTP other strains including many albino
mice (e.g.. CD-1, CF-1) are relatively resistant to the
neurotoxin. A completely satisfactory explanation for the
differential sensitivity of mouse strains to MPTP is still
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lacking, despite numerous studies of such factors as en-
dogenous dopamine levels {(Giovanni et al., 1991; Muthane
et al., 1994), monoamine oxidase enzyme levels (both
monoamine oxidase A and B) (Giovanni et zl., 1991),
numbers of neuronal membrane dopamine transporters
(Kilbourn et al., 1989), and synaptosomal [-methyi-4-
phenylpyridinium (MPP ") uptake in vitro (Giovanni et al.,
1991). Susceptibility to MPTP among mouse strains does
correlate with striatal accumulation of [*HIMPP™
(Giovanni et al., 1991), but an explanation for the higher
levels in the sensitive mouse strains (e.g., C57BL/6) has
not been forthcoming; this could be due to differences in
neurochemistry, or differences in peripheral metabolism
and clearance. Furthermore, rats are resistant to the neuro-
toxic effects of MPTP despite accumulation of MPP™ in
the striatum.

Recently, potential roles for vesicular uptake and stor-
age of MPP" in the mechanism of MPTP neurotoxicity
have been proposed (Johannessen, 1991; Edwards. 1993;
Schuidiner et al., 1595). The brain vesicular monoamine
transporter can clearly transport MPP™ into the vesicle
lumen, providing a mechanism for removal and sequestra-
tion of the neurotoxin away from its proposed site of



action as an inhibitor of mitochondrial complex L In such
a scheme, vesicular transport provides neuronal protection
from the effects of MPTP (Edwards, 1993); neurotoxicity
from MPTP might, however, still result from cytosolic
MPP* which exceeds the capacity of the vesicular storage
mechanism. This is consistent with the general actions of
MPP* as a non-specific toxin when injected directly into
thé striatum of animals including rats. It has also been
proposed that such vesicular storage of MPP* provides for
a protracted exposure of the neuron to the neurotoxin,
since it is available to leak out of the storage vesicle and
interact with the mitochondrial complex I site (Johannes-
sen, 1991). A combination of these two alternatives might
be even more effective at promoting neurotoxicity: a high
but not totally adequate vesicular storage capacity might
result in initial damage from cytosolic MPP* which can-
not be sequestered, and the prolonged leakage of MPP™
back into the cytosol from a high number of MPP*-con-
taining vesicles (with such release accentuated by a loss of
cellular ATP levels) would provide a continued aggrava-
tion of any initial metabolic defect induced in the neuron.

Since vesicular storage may be a factor in the neurotox-
icity of MPP* it would seem important to determine if
there are differences in vesicular transporter numbers
and /or function between MPTP-sensitive and -insensitive
strains of mice. Higher numbers of vesicular transporters
in CD-1 mice might explain MPTP resistance simply as a
result of higher storage capacity; alternatively, greater
numbers of vesicular transporters in C57BL /6 mice might
indicate a greater initial capacity for MPP* accumulation,
and prolonged storage and exposure. We have recently
developed in vitro and in vivo methods for measuring
radioligand binding to the tetrabenazine site of the brain
vesicular monoamine transporter of rodent, monkey and
human brain (Kilbourn, 1994). In vivo uptake of such
radioligands correlates well with levels of monoamines
and numbers of radioligand binding sites determined in
vitro (Kilbourn, 1994), and in vitro or in vivo measures of
radioligand binding are sensitive to decreases in brain
concentrations of vesicular monoamine transporters
(Vander Borght et al., 1995b). Using such assays, we have
examined here the hypothesis that the levels of vesicular
monoamine transporters in the striatum of CD-1 and
C57BL/6 mice, as reflected in the binding of specific
radioligands, will be different between these two mouse
strains with such disparate sensitivities to MPTP.

2. Materials and methods
2.1. Syntheses

(£)-a-["'C]Methoxytetrabenazine ((+)-(a-2-[''C}-
methoxy)-3-isobutyl-9,10-dimethoxy-1,3,4,6,7-hexahydro-

11bH-benzo[alquinolizine) was synthesized by the
['' Clmethylation of (4 )-a-dihydrotetrabenazine (2-a-hy-
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droxy-3-isobutyl-9,10-dimethoxy-1,3,4,6,7-hexahydro-
11bH-benzo[alquinolizine) (DaSilva et al., 1993). which
was in turn prepared by hydride reduction of tetrabenzine.
Specific activity of (£ )-a-['' Clmethoxytetrabenazine was
> 500 Ci/mmol. (£ )-a-{*HIMethoxytetrabenazine (( +)-
(a-2-]*H]methoxy)-3-isobutyl-9, 10-dimethoxy-1,3.4.6,7-
hexahydro-11bH-benzofa]quinolizine) was prepared in an
analogous fashion by custom tritiation (Amersham. Arling-
ton Heights, IL, USA), and obtained in a specific activity
of 82 Ci/mmol. (+)-a-[*HIDihydrotetrabenazine ((+)-
( a-2-hydroxy)-3-isobutyl-9-[* Hlmethoxy- 10-methoxy-
1,3,4,6,7-hexahydro-11b H-benzo[alquinolizine) was pre-
pared by custom tritiation ([*H]methylation: Amersham)
of (+)-(a-2-hydroxy)-3-isobutyl-9-hydroxy-10-methoxy-
1,3,4,6,7-hexahydro-11b H-benzola]quinolizine), and ob-
tained in a specific activity of 81 Ci/mmol.

2.2. In vivo radiotracer distribution studies

Studies used male and female mice (20-25 g) of the
CD-1 and C57BL /6 strains obtained from Charles Rivers
Laboratories (Portage, MI, USA). All animals were ap-
proximately age-matched (7-9 weeks old). Mice were
anesthetized with diethyl ether and injected via the tail
vein with 100-300 pCi of (+)-a-'' Clmethoxytetrabena-
zine (female mice) or 10 uCi of (+)-o-{*H]methoxy-
tetrabenazine (male mice) in saline, and then allowed to
awaken. At 15 min post-injection, mice were re-anesthe-
tized, decapitated, and brains quickly removed and dis-
sected into sampies of the striatum, cortex (whole), cere-
bellum, thalamus, hippocampus, and hypothalamic region.
In the studies using carbon-11, tissue samples were rapidly
counted (automated gamma counter) and weighed. In stud-
ies with (£ )-a-[*Hlmethoxytetrabenazine, tissue samples
were assayed for tritium following oxidation. Data were
calculated as percentages injected dose per gram of tissue.
Tissue concentration ratios were calculated as percentages
injected dose/gram per region divided by percentages
injected dose /gram for the entire brain.

2.3. In vitro binding autoradiography

Male C57BL /6 (N = 4) and CD-1 (N = 6) mice, which
were age-matched to the groups used for the in vivo
studies, were anesthetized, killed by decapitation, and the
brains quickly dissected and frozen in crushed dry ice.
Frozen brains were mounted on microtome chucks, cov-
ered with frozen section embedding medium (M-1 embed-
ding medium, Lipshaw, Detroit, MI), and stored at — 70°C.
Brains were sectioned saggitally in a cryostat microtome at
— 18°C. Brain sections at 100 uM intervals were thaw-
mounted on gelatin-subbed microscope slides, allowed to
air-dry, and stored at —70°C until used in hinding assays.

Binding of (+)-a-[*H]dihydrotetrabanazine was as-
sessed by minor modifications of prior methods used for
(+)-a-[*Hlmethoxytetrabenazine binding assays (Vander
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Borght et al., 1995b). Sections were pre-incubated in
potassium phosphate buffer (137 mM KCl, 3 mM NaCl, 8
mMK ,HPO,, 1.5 mM NaH,PO,, | mM EDTA; pH 8.0)
at 25°C. Slides were next incubated in buffer contining 10
nm (+)-a-[*H]dihydrotetrabenazine for 30 min and then
washed twice for 2 min each in fresh buffer at 4°C and
dipped briefly in distilled water to remove excess buffer
salts. Sections were air-dried and apposed to tritinm-sensi-
tive X-ray film (Hyperfilm, Amersham) for iwo weeks.
Autoradiograms were analyzed by video-assisted densi-
tomeiry (MCID M2 system, Imaging Research, St. Cather-
ines, Ontario, Canada), using calibrated plastic standards to
convert film density to apparent tissue radioactivity levels
as described previously (Vander Borght et al., 1995b).

For each brain, (+ )-a-[>H]dikydrotetrabanazine bind-
ing was determined in 20 sections containing the striatum,
and the data averaged to provide a binding site density per
striatum for each individual animal.

2.4. Statistical analvs-.

Group comparisons were made with unpaired Student's
t-tests using a significance threshold of 0.05.

3. Resulis

In the in vivo assays of regional heis ke and
bmdmg of labeled ( & )-a-methoxytetrabenazine (usmg “C
or “H), there were no significant differences observed in
either the absolute concentrations of radioactivity or tissue
concentration ratios between the two mouse strains in
either the male or female mice (Tables 1 and 2). Within
each strain, the only significant difference between male
and female mice was in hypothalamic uptake and retention
of radioligand, resulting in significant increases (£ < 0.05)
in the hypothalamus /whole brain ratios for male mice of
both CD-1 and C57BL /6 strains.

Table 1
In vivo regional brain distribution of radiolabeled methoxyietrabenazine
in female mice of the CD-1 and C57BL /6 strains

Region Female CD-1 Female C57BL /6
(N=384) (N=122)
[!!CiMethoxytetrabenazine, %ID / g
Striatum 6.77+£2.08 8.93+25
Cortex 248+0.77 356112
Hypothalamus 4.08:+1.02 5.20+199
Cerebellum 1.99+0.52 2.90+0.77
Brain 283+0.77 389+ 1.2
Blood 1.65+031 1.831+0.28
Concentration ratio
Striatum /brain 2.41+0.35 230+0.30
Hypothalamus /brain 1.46+0.18 1.30+0.29

Table 2

In vivo regional brain distribution of ["H]melhoxylelrabenazine in male
mice of the CD-1 and C57BL /6 strains

Region Male CD-1 Male C57BL /6
(N=6) (N=6)
["HIMethoxytetrabenuzine, %ID / g
Striatum 6.56+2.5 549+ 1.03
Cortex 31140653 2.68+0.23
Hypothalamus 6.12+1.36 5.25+0.72
Cerebellum 2424033 2.16+0.26
Brain 2.82+£095 2.58+0.18
Blood 1154029 1.044+0.20
Tissue concentration ratio
Striatum /brain 231+079 2.13+0.36
Hypothalamus /brain 2.17+0.34 2.03+0.20

Data shown as percentage injected dose per gram (%ID/g) and as
region/whole brain concentraiion ratios. Data represent means +S.D.
" P <0.05 vs. female of same strain (see Table 1).

The in vitro autoradiographic assays revealed no signifi-
cani differences between the two mouse strains in the
striatal concentrations of (+ )-a-[*>H]dihydrotetrabenazine
binding sites (Table 3).

4. Discussion

The CD-1 and C57BL /6 mouse strains examined here
have been previously reported not to show any significant
differences in the brain levels of dopamine (Giovanni et
al.,, 1991; Muthane et al., 1994). In this study, we have
found that there are also equivalent numbers of vesicular
monoamine (ransporters as measured using both in vitro
and in vivo radioligand binding assays. The resistance of
CD-1 mice to the actions of MPTP is thus not, apparently,
a simple result of higher striatal levels of vesicular trans-
porters and a greater potential ability to sequester MPP™.

Two recent studies (Takada et al., 1993; Muthane et al.,
1994) have reported that C57BL /6 mice show a signifi-
cantly lower (—20 to —33%) number of dopaminergic
neurons in the substantia nigra pars compacta as compared
to CD-1 mice. This would suggest that there are increased

Table 3
Striatal B,,, values for ( + )-a{*HMibydrotetrabenazine binding in male
CD-1 and C57BL /6 mice, as determined using in vitro avtoradiography

CD-1 C5TBL/6
318 3.02
328 294
144 325
3.14 3.26
334
292
Mean 3.22+0.18 3.12+0.16 (P =040)

Data shown as percentage injected dose per gram (%ID/g) and as
region /whole brain concentration ratios. Data represent means + 5.D.

Data for individual mice represent the average concentrations (pmol/ ug
protein) determined for 20 slices through the siriatum.
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numbers of vesicular transporters and higher dopamine
concentrations per neuron in the C57BL/6 mouse strain.
Could this explain the differences in sensitivity to MPT P
between these two mouse strains? From the work of
Giovanni et al. (1991), the C57BL /6 mouse is able to
concentrate MPP™ to a nearly five-foild higher level than
the CD-1 mouse; unfortunately, the intracellular location
of the MPP™ was not identified. This higher MPP* accu-
mulation would not appear to be the result of increased
monoamine oxidase enzymatic activity, total numbers of
neuronal membrane dopamine transporters, or increased
neuronal membrane transport of MPP™ in the C57BL /6
mouse strain (Kilbourn et al., 1989; Giovanni et al., 1991).
Provided the ratio of the numbers of vesicular transporters
to the numbers of sterage vesicle is relatively constant
among different mouse strains, and the capacity of the
individual vesicles for MPP* ave similar, then the striatal
tissue of the C57BL/6 mouse has essentially the same
total capacity for vesicular storage of MPP* although the
amount of neurotoxin stored per neuron would be signifi-
cantly higher in the C57BL/6 mouse. If the storage
capacity is similar, but MPP™ accumulation in C57BL/6
striatum is five-fold higher, then this suggests that a signif-
icant proportica of the MPP* accumulated by the neurons
in the C57BL /6 mouse striatum might not be stored in the
vesicles. This would expiain the higher neurotoxicity, as
this cytosclic MPP™ would have increased access to the
mitochondrial complex [ site, with subsequent inhibition of
energy metabolism. The effects of MPP* might be further
accentuated in the C57BL /6 mouse striatum by a higher
stored neurotoxin level per neuron due to either a higher
vesicle /neuron ratio or a greater sequestration of MPP*
per vesicle; either mechanism of increased MPP™ storage
might result in enhanced toxicity due to prolonged leakage
back into the cytosol.

In: other brain regions the in vivo binding of methoxyte-
trabenazine to the vesicular monoamine transporter was
not significantly different between the two mouse strains.
Although the effects of MPTP on nigral cells has been
well characterized it is also neurotoxic to cerebellar Pur-
kinje cells in the mouse, and furthermore MPTP is more
toxic to these cerebellar cells in the C57BL/6 mouse
strain as compared to CD-1 mice (Takada et al., 1993). As
with cell counts in the substantia nigra pars compacta, the
number of Purkinje cells in the cerebellum is lower in the
C57BL /6 mouse strain (Takada et al., 1993). In combina-
tion with our findings of equivalent methoxytetrabenazine
binding in C57BL /6 and CD-1 mouse cerebellum, this
would suggest an increased concentration of vesicular
transporters per Purkinje cell in the C57BL. /6, similar to
that observed per dopaminergic neuron of the substantia
nigra of that mouse strain. Whether the cerebellar Purkinje
cells of C57BL /6 mice accumulate more MPP*, as ob-
served in the striatum, has not been determined; studies of
MPP* uptake using crude cerebellar synaptosomes have
shown variable results (Del Zompo et al., 1993), but

specific uptake into the Purkinje cells has not been exam-
ined. However, it is conceivable that there is a similar
underlying biochemical sensitivity of monoaminergic neu-
rons in both the substantia nigra and the cerebellum.

During the course of these studies, interesting questions
were raised as to the possible effect of gender on our
resuits. Although the majority of studies of MPTP toxicity
have been done in male mice, there are several studies
which demonstrate that MPTP is quite neurotoxic to fe-
male mice of the C57BL/6 strain (Unzeta et al., 1994;
Jossan et al., 1989; Dluzen et al., 1996) but less so to
temales of the CD-1 strain (Dluzen et al., 1996). The
long-term effects of MPTP have. in fact, been reported to
be greater in female than male C57BL /6 mice (Jossan et
al., 1989). Possible sex differences in vesicular monoamine
transporter numbers within any region of the rat or mouse
brain have not previously been examined. However, it is
well established that there are differences in catecholamine
metabolism, neuronal dopamine transporters and dopamine
receptors in male versus female rat or mouse striatum, and
that each of these biochemical measures can be regulated
by the hormonal status of the animal (Dluzen et al., 1996).
We therefore examined in vivo binding of our radioligands
in both male and female mice of both strains. With the
exception of the hypothalamus, there were no significant
differences between male and female mice of either strain.
Our total data base for radioligand binding (using (4 )-
["'Cltetrabenazine, (+)-a-{'' Clmethoxytetrabenazine, and
(+ )-a-["' Cldihydrotetrabenazine) in female CD-1 mice
exceed 150 individual animals, used in small groups (6-12
per group) over a period of 4 years, with no control at any
time for the estrous cycles of the animals (although all
were approximately age-matched). The low variance in the
in vivo data for radioligand binding in both striatum and
hypothalamus (coefficient of variations of < 15% for re-
gion/whole brain ratios) support little if any hormonal
effects on available radioligand binding sites in these brain
regions of female mice. This would be consistent with our
proposal of the vesicular transporters as unregulated synap-
tic components; we have recently demonstrated that the
neuronal dopamine transporter, and the dopamine D, re-
ceptor, are modulated by chronic dopaminergic drug treat-
ments, but the vesicular monoamine transporter binding
site is not affected (Vander Borght et al., 1995a). Thus,
hormonal modulation of endogenous dopamine levels
should also not affect vesicular monoamine transporter
levels, although they will do so with the neuronal dopamine
transporter. The possible differences in hypothalamic bind-
ing of radioligands to the vesicular monoamine transporter
is intriguing and worthy of further examination.

Does vesicular storage function as a general mechanism
for protection against neurotoxins? We have not observed
a difference in the numbers of vesicular monoamine trans-
porters in MPTP-sensitive vs. -insensitive mouse strains;
furthermore, rats (which are MPTP-resistant) have very
nearly the same numbers of vesicular transporters per
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volume in the striatum as mice. Numbers of these trans-
porters clearly do not explain the high concentrations of
MPP™ in the C57BL/6 mouse striatum, nor why that
mouse strain is sensitive but the rat is not. A more general
role of vesicles as ‘safe depots’ for neurotoxins is also
unclear; although inhibitors of vesicular monoamine stor-
age (reserpine, tetrabenazine) enhance MPTP neurotoxicity
in striatal dopaminergic neurons (Reinhard et al., 1988),
they do not do so for a second neurotoxin, 6-hydroxy-
DOPA (Cohen and Evans, 1992). Sequestration and reten-
tion of MPP™ within the total pool of storage vesicies also
appears inconsistent with the rapid pharmacokinetics of
MPP + in the mouse brain. Following peripheral adminis-
tration, MPP™ is rapidly formed within the mouse brain
but clears quite rapidly (¢,,, of 1-2 h: Zuddas et al.,
1989), presumably through the choroid plexus and into the
cerebrospinal fluid (Zuddas et al., 1989); MPP™, being a
cation, is not freely permeable back through the blood
brain barrier. Movement of vesicularly stored MPP™ into
the extracellular fluid of the brain would require exocyto-
sis, yet it has been proposed that neurotransmitter storage
vesicles are found in active (recycling) and inactive pools,
with the latter tethered to the cytoskeleton and generally
not routinely utilized in neurotransmission (Kelly, 1993). It
is possible that only the active, cycling pool of vesicles
may be more active in transport and storage of MPP ™. and
perhaps there are strain differences in the size and dynam-
ics of this pool. Differences in the populations of re-
leasable and storage pools of dopaminergic vesicles in
mouse strains has been previously postulated (Sanghera et
al., 1990). This rapid uptake/exocytosis of neurotoxins
would provide a third alternative function of monoamine
vesicular transporters, such that they function in neuropro-
tection by rapid collection and extrusion of toxins, in a
manner analagous to the multidrug resistance transporters;
it should be noted that the vesicular monoamine trans-
porters have been suggested to be a part of a superfamily
of toxin extruding antiporters which include structurally
related p-glycoproteins (Schuldiner et al.. 1995). It is also
possible that the dopaminergic neuron of the C57BL/6
mouse has fewer monoamine transporters per vesicle,
which (since the numbers of transporters are equivalent)
would result in perhaps a greater total vesicular capacity
for MPTP in the C57BL /6 striatum: our experiments with
these radioligands cannot provide information en that pos-
sibility. The pharmacokinetics of MPP™ in primates is
strikingly different, with significant long-term retention
within catecholaminergic neurons; this could represent ac-
cumulation in the static pool of vesicles. from where the
neurotoxin continuously ‘leaks’ and provides the greater
toxicity in these species. Thus, the role of vesicular storage
in neurotoxic effects of MPTP appears complicated, and
can be viewed as capable of blunting or enhancing neuro-
toxin effects.

In conclusion, we have found that the relative MPTP
sensitivity of two mouse strains cannot be explained as a

simple difference in the concentrations of striatal vesicular
monoamine transporters (and, by inference, numbers of
vesicles), although the number of such transporters per
neuron may be higher in the MPTP-sensitive C57BL /6
strain. The reasons for the exquisite sensitivity of C57BL /6
mice to the effects of MPTP administration thus continue
to be unclear. That uncertainty, as well as the larger
question of the role of vesicular transporters in the actions
of endogenous or exogenous neurotoxins, are both worthy
of further investigation.
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