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The vesicular monoamine transporter 2 (VMAT2) is localized primarily within the CNS and is responsible for transporting monoamines
from the cytoplasm into secretory vesicles. Because reserpine (a VMAT inhibitor) can precipitate depressive-like symptoms in humans,
we investigated whether Vmat2 heterozygous (HET) mice present with depressive-like behaviors. The mutants showed locomotor and
rearing retardation in the open field and appeared anhedonic to 1 and 1.5% sucrose solutions. Immobility times for Vmat2 heterozygotes
were prolonged in forced swim and imipramine normalized this behavior. HET animals also showed enhanced immobility in tail sus-
pension and this response was alleviated by fluoxetine, reboxetine, and bupropion. Stimulated GTP�S binding indicated that �2-
adrenergic receptors in HET hippocampus were more sensitive to UK 14,304 (5-bromo-N-(4,5-dihydro-1-H-imidazol-2-yl)-6-
quinoxalinamine) stimulation than in wild type (WT) mice. In learned helplessness, mice were exposed to a shuttle box for 4 d or were
given inescapable foot-shocks for the same time period. On day 5, all animals were tested in shock escape. Failure rates and the latency to
escape were similar for WT and HET mice that were only pre-exposed to the test apparatus. In foot-shock groups, learned helplessness
was more robust in heterozygotes than in WT controls. Basal secretion of serum corticosterone was not distinguished by genotype;
however, corticosterone levels in mutants were more responsive to stress. Anxiety-like responses of WT and HET animals in the open
field, light-dark exploration, zero maze, and novelty-suppressed feeding tests were indistinguishable. Collectively, these findings suggest
that Vmat2 heterozygotes display a depressive-like phenotype that is devoid of anxiety-like behavior.
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Introduction
The vesicular monoamine transporter (VMAT) is a transmem-
brane protein responsible for transporting cytoplasmic mono-
amines into secretory vesicles by an energy-dependent proton
gradient (Knoth et al., 1981; Johnson, 1988). Two VMAT genes
have been cloned and their proteins are structurally related, but
pharmacologically distinct (Erickson et al., 1992; Liu et al., 1992;
Peter et al., 1994, 1995). VMAT1 resides in peripheral tissues and
developing neurons, whereas VMAT2 is expressed primarily
within the CNS (Mahata et al., 1993; Gonzalez et al., 1994; Peter et
al., 1995). VMAT2 has been implicated in cellular processes that
include monoamine storage (Erickson et al., 1996), protection of
transmitter from oxidation and neurotoxins (Liu et al., 1992),
and control of quantal secretion of neurotransmitter (Pothos et

al., 2000). Several neurological and psychiatric conditions have
been ascribed to VMAT2 dysfunction (Miller et al., 1999; Riddle
et al., 2002). For instance, the transporter may assist in preventing
neuronal damage in Parkinson’s disease and 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-induced parkinsonism (Daniels and
Reinhard, 1988; Liu et al., 1992; Miller et al., 1999). Amphet-
amines perturb VMAT2 function and may contribute to behav-
ioral sensitization and other processes associated with drug abuse
(Sulzer and Rayport, 1990; Takahashi et al., 1997; Wang et al.,
1997). Importantly, treatment with reserpine, an irreversible in-
hibitor of the VMAT, leads to depletion of vesicular monoamine
stores and it can precipitate depressive-like symptoms in humans
(Freis, 1954). This effect has provided a basis for the monoamine
hypothesis of depression (Schildkraut, 1965; Maes and Meltzer,
1994). Nevertheless, the contribution of VMAT2 to depressive-
like behaviors is obscure.

To more fully understand the physiological role of VMAT2,
several investigators have deleted this gene in mice (Takahashi et
al., 1997; Wang et al., 1997; Fon et al., 1997). Vmat2 homozygous
mutants [knock-outs (KOs)] die soon after birth, whereas het-
erozygotes survive with normal growth, feeding, and reproduc-
tive behaviors. Levels of dopamine (DA), norepinephrine (NE),
and serotonin (5-HT) are reduced by 94 –99% in neonatal
Vmat2-KO brain and are decreased by 42, 23, and 34%, respec-
tively, in heterozygous (HET) mice (Fon et al., 1997). Basal ex-
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tracellular levels of DA in striatum are depressed by �40% and
potassium-stimulated release is reduced fourfold compared with
wild type (WT) controls (Wang et al., 1997). The HET mice are
more responsive to cocaine and amphetamine in the open field
(Wang et al., 1997) and show reduced amphetamine-conditioned
place preference than WT animals (Takahashi et al., 1997).

Given the effects of reserpine on depressive-like symptoms in
humans (Freis, 1954), we examined whether Vmat2 heterozy-
gotes would display a similar phenotype. Because anxiety may be
comorbid with depression (Zimmerman et al., 2002), we deter-
mined whether these mutants also presented with these behav-
iors. Finally, glucocorticoid responses were compared under
basal and stressed conditions.

Materials and Methods
Animals. The Vmat2 line of 129/C57BL/6 mice was generated by deleting
the coding region for transmembranes 3 and 4 from the VMAT2 protein
(Wang et al., 1997). WT and Vmat2 HET mice (3–5 months of age) were
obtained from C57BL/6J � 129 Sv/J hybrids that had been backcrossed
with C57BL/6J mice for 10 generations. Animals were given food and
water ad libitum and were housed three to five animals/cage in a
temperature- (22°C) and humidity-controlled (45%) room with a 14:10
h light/dark cycle (lights on at 7:00 A.M.). Except where noted, all exper-
iments were conducted with naive mice and animals were transferred to
the experimental rooms at least 2 h before testing. All investigations
occurred during the light phase of the light– dark cycle and were con-
ducted with an approved animal protocol from the Duke University
Institutional Animal Care and Use Committee in accordance with Na-
tional Institutes of Health guidelines for the care and use of animals.

Drugs. Imipramine, fluoxetine, bupropion, quinpirole, 5-bromo-N-
(4,5-dihydro-1-H-imidazol-2-yl)-6-quinoxalinamine (UK 14,304), and
8-hydroxy-2-(di-N-propylamino)tetralin (8-OH-DPAT) were pur-
chased from Sigma (St. Louis, MO), whereas reboxetine was bought from
Tocris Biosciences (Ellisville, MO). The antidepressants were reconsti-
tuted in sterile water and given (i.p.) in a 5 ml/kg volume.

Open field. Mice were placed into an open field (21 � 21 � 30 cm)
illuminated at 340 lux, where horizontal (distance traveled in centime-
ters) and vertical activities (beam breaks) were measured at 5 min inter-
vals over 30 min as described previously (Pogorelov et al., 2005). The
total distance traveled was monitored by eight photobeams, spaced 2.5
cm apart, positioned 2.25 cm from the floor, and located around the
perimeter of the open field (AccuScan Instruments, Columbus, OH).
Vertical activity monitors consisted of eight photobeams, spaced 2.5 cm
apart, positioned 8.25 cm from the floor, and located on opposite walls of
the open field. Times spent in the perimeter (10.5 � 5.25 cm), corners
(5.25 � 5.25 cm), and center zone (10.5 � 10.5 cm) were measured with
the VersaMax program (AccuScan Instruments). Effects of antidepres-
sants on locomotor activity were studied by habituating the mice to the
apparatus for 1 h, injecting them with antidepressant, and immediately
returning them to the open field for 30 min.

Light– dark exploration test. The apparatus consisted of a mouse shuttle
box where the chambers (20 � 16 � 21 cm/chamber) were separated by
an automated sliding door (MedAssociates, St. Albans, VT). One cham-
ber was illuminated with a 170 mA high-intensity light (with house lights,
total illumination was �600 lux), whereas the other was enclosed by a
black cloth. Mice were placed on the lighted side; 5 s later the door to the
adjoining chamber was opened and mice were given free access to the
entire apparatus for 5 min. The latency to first enter the darkened side,
time spent on each side, head pokes into each side, and the number of
transitions between chambers were determined by MedAssociates
software.

Zero maze. Details of the zero maze have been described previously
(Shepherd et al., 1994; Pogorelov et al., 2005). The maze was illuminated
at 50 – 60 lux and surrounded by black curtains. A video camera was
suspended 100 cm above the maze. An animal was placed into a closed
quadrant and allowed to freely investigate the maze for 5 min. Subse-
quently, videos were analyzed with the Observer program (Noldus, Ster-

ling, VA) and were scored for the latency to enter the open areas, percent
time spent in the open areas, total number of transitions between quad-
rants, as well as stretch-attend postures, head-dips, grooming, rearing,
and freezing behavior.

Novelty-suppressed feeding. Before testing, food was removed from the
home cage for �24 h, whereas water was provided ad libitum. At the end
of this time, a single 2 � 2.5 cm oval food pellet (PMI Nutrition Inter-
national, Brentwood, MO) was placed on a circular piece of white filter
paper (12 cm diameter) positioned in the center of the open field (42 �
42 � 30 cm). Each mouse was removed from its home cage, transferred
to a holding cage without food or water for 30 min, and then placed in a
corner of the open field under 1400 lux illumination. The latency to first
bite the food pellet and consumption over 5 min was recorded. The
mouse was immediately removed to the home cage containing a single
food pellet on a piece of white filter paper positioned in the center of the
cage. The latency to first bite the food pellet and consumption over 5 min
was recorded.

Anhedonia test. This test was conducted in the home cage where mice
were housed individually for 7 d before and, subsequently, throughout
the study. The water bottle was always removed 2.5 h before the begin-
ning of the dark cycle. Two bottles, both of which contained sterile water,
were supplied 1.5 h after the beginning of dark cycle (4 h fluid depriva-
tion) and mice were allowed to drink for 1 h over this period. After this
time, the bottles were removed and the original water bottle was returned
to the home cage. The procedure was performed daily until water con-
sumption was stable. Subsequently, mice were water deprived as de-
scribed except they were presented with two bottles each containing 0.5%
sucrose solution for 1 h over 3 consecutive days. After training, a two-
bottle choice test was conducted over consecutive days where water was
paired each day with 0.5% sucrose, 1% sucrose, 1.5% sucrose, 2% su-
crose, or with 0.0075 mM, 0.015 mM, or 0.030 mM quinine for 1 h. At the
end of each 1 h test period, animals were always given their original single
bottle of water. The total volume of liquid consumed in the 1 h test was
measured each day by weighing the bottles before and after training/
testing. Preference for the sucrose or quinine solutions was determined
by dividing the volume of sucrose or quinine consumed by the total
liquid consumption.

Forced swim. Mice in this test were naive or had been tested previously
in the zero maze. In forced swim (Porsolt et al., 1977), animals were given
vehicle or imipramine (i.p.) and were placed 30 min later into a beaker
(15 cm diameter) of water held at 25°C with a depth of 15 cm (Xu et al.,
2000). Behavior was videotaped for 6 min from the side of the beaker and
scored subsequently for struggling behavior. Immobility time refers to
the time that the animal spent floating or engaged in minimal activity to
keep afloat for at least 3 s, latency to the first episode of immobility was
defined as the time required for the mouse to first cease all movement for
�3 s, and the duration of this first immobility bout was recorded in
seconds. Subtle movements of feet, tail, or head required to maintain the
eyes, ears, and nose above the surface of the water were excluded as
immobility. The video tapes were scored by investigators unfamiliar with
the genotypes of the mice.

Tail suspension. Animals were naive or had been tested previously in
the zero maze. Tail suspension was conducted in a MedAssociates appa-
ratus where the body weight of the mouse was used as a control to
determine the magnitude of its struggle activity. The test was run in the
afternoon similar to that described previously (Steru et al., 1985). Mice
were administered vehicle, fluoxetine, reboxetine, or bupropion (i.p.)
and were tested 30 min later. Immobility times were determined over 6
min using MedAssociates software.

Learned helplessness. The apparatus consisted of a shuttle box where
the chambers were separated by an automated sliding door (MedAssoci-
ates); the test was similar to that outlined by Shanks and Anisman (1989).
Before beginning the experiment, group-housed animals were assigned
to two different groups: a no-foot-shock (NFS) and a foot-shock (FS)
group. On training days 1– 4, all mice were acclimated to the two-
chambered apparatus for 5 min. After acclimation, NFS mice were al-
lowed to explore the apparatus for 60 min, whereas FS mice were given
the same opportunity to explore, but were administered 360 0.15 mA
foot shocks for 2 s (10 s variable intertrial interval) each day. Mice were
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removed from the apparatus immediately after
each session and housed in individual cages
throughout the experiment. On day 5, escape
testing was performed, where all mice in both
groups were given 30 trials (30 –90 s intertrial
interval) consisting of escapable 0.15 mA foot
shocks (Shanks and Anisman, 1989). Briefly,
the door between the chambers was closed dur-
ing the 5 min acclimatization period. On the
first two test trials, the door opened simulta-
neously with foot-shock onset. On the latter 28
trials, the door did not open until 2 s had
elapsed after onset of foot shock. The foot
shock was terminated when mice escaped to the
nonshocked compartment or if they failed to
escape within 20 s. The numbers of unsuccess-
ful escapes, chamber crossings, and latencies to
escape were determined by MedAssociates
software.

Serum corticosterone. For analyses of glucocorticoid levels in blood,
naive animals were housed individually for at least 10 d before the exper-
iment. On the day of the experiment, cages were removed individually
from the animal colony on Saturday from 7:30 to 8:30 A.M. or at 6:00 to
7:00 P.M. and mice were quickly killed by decapitation to analyze basal
secretion. To measure corticosterone levels under stress, mice were killed
immediately after completion of the tail suspension test. Trunk blood
was collected, allowed to clot, and red blood cells were separated from
serum by centrifugation. Serum was stored at �80°C until time of radio-
immunoassay using a kit from ICN Biomedicals (Costa Mesa, CA).

[35S]GTP�S binding. WT and Vmat2 HET mice were killed by decap-
itation, the brain was removed, sectioned sagittally at the midline, the
area between the superior colliculus and cortex was exposed, and the
hippocampus was dissected. Alternatively, the whole striatum was dis-
sected as described previously (Pogorelov et al., 2005). Briefly, for anal-
ysis of 5-HT 1A receptor-mediated GTP�S responses, the hippocampus
was dissected, homogenized in ice-cold 50 mM Tris-HCl buffer, pH 7.4,
and centrifuged at 40,000 � g for 10 min at 4°C (Alper and Nelson, 1998).
The pellet was washed and resuspended in buffer, vortexed vigorously,
incubated at 37°C for 10 min in a shaking water bath, and centrifuged
again. The pellet was washed, resuspended in buffer, and frozen at
�80°C. The next day, the homogenate was centrifuged, the pellet was
washed with assay buffer (67 mM Tris, 0.267 mM EGTA, 160 mM NaCl, 4
mM MgCl2, and 0.136 mM DTT, pH 7.4), and an aliquot was taken for
protein assay (Bradford, 1976). GTP�S binding was measured in a total
volume of 0.8 ml where nonspecific binding tubes with 100 �M GTP
(Sigma), basal binding tubes with water, and stimulated binding tubes
with 10 �M 8-OH-DPAT were run in quadruplicate with 50 �g protein,
100 pM [ 35S]GTP�S (PerkinElmer Life Sciences, Boston, MA), and 300
�M GDP (Sigma). Tubes were incubated for 20 min at 37°C and samples
were filtered with GF/B filters (Brandel, Gaithersburg, MD) using ice-
cold water, and counted in Lefko-Fluor (Research Products Interna-
tional, Mount Prospect, IL).

For �2-adrenergic receptor responses, the hippocampus was homog-
enized in ice-cold buffer containing (in mM) 50 Tris-HCl, pH 7.4, 1
EGTA, 3 MgCl2, 1 DTT, and centrifuged at 48,000 � g for 10 min at 4°C.
The pellet was washed and resuspended in buffer, and centrifuged again.
This procedure was repeated. The pellet was washed in buffer containing
(in mM) 50 Tris, pH 7.4, 3 MgCl2, 1 EGTA, 100 NaCl, and 1 DTT, and an
aliquot was taken for protein assay (Bradford, 1976). GTP�S binding was
measured in a total volume of 0.8 ml where nonspecific binding tubes
with 100 �M GTP, basal binding tubes with assay buffer, and stimulated
binding tubes with 10 �M UK 14,304 were run in quadruplicate with 50
�g protein, 100 pM [ 35S]GTP�S, and 100 �M GDP. Tubes were incubated
for 60 min at 30°C and samples filtered with GF/B filters using 50 mM Tris
buffer, pH 7.4, and counted as described above.

For DA D2 receptor responses, the striatum was homogenized in
buffer containing (in mM) 20 HEPES, 5 MgCl2, 1 EDTA, 100 NaCl, and 1
DTT, pH 7.4, and centrifuged at 1000 � g for 10 min at 4°C (Xu et al.,
2000). The supernatant was retrieved, vortexed vigorously, incubated at

30°C for 10 min in a shaking water bath, and centrifuged at 20,000 � g for
30 min at 4°C. The pellet was washed with buffer, resuspended, and
centrifuged again. The procedure was repeated and the final pellet was
washed in buffer containing (in mM) 20 HEPES, 5 MgCl2, 150 NaCl, and
0.136 DTT, pH 7.4, with an aliquot was taken for protein assay (Bradford,
1976). Assay tubes were preincubated with GDP for 10 min. GTP�S
binding was measured in a total volume of 0.2 ml where nonspecific
binding tubes with 500 �M GTP, basal binding tubes with assay buffer,
and stimulated binding tubes with 1 mM quinpirole were run in quadru-
plicate with 20 �g protein, 200 pM [ 35S]GTP�S, and 50 �M GDP. Tubes
were incubated in a 30°C water bath for 60 min, filtered with GF/B filters
using 10 mM Tris buffer, pH 7.4, and counted in a scintillation counter as
described above.

Basal binding is presented as basal minus nonspecific binding, “stim-
ulated” denotes stimulated minus nonspecific binding, the percent stim-
ulation is represented as stimulated divided by basal binding times 100,
and the stimulated/basal ratio refers to the ratio of stimulated to basal
binding.

Statistics. The data are presented as means and SEMs. All analyses were
conducted with the Statistical Package for the Social Sciences, version
11.0 (SPSS, Chicago, IL). Univariate ANOVA was used to analyze learned
helplessness results, the drug effects in the forced swim and tail suspen-
sion tests, and the baseline serum corticosterone levels. Multivariate
ANOVA was used for active avoidance. Repeated-measures ANOVA
(RMANOVA) were used to evaluate performance in the open field,
novelty-suppressed feeding, and anhedonia tests. Bonferroni-corrected
pairwise comparisons were used as the post hoc tests. Cumulative hori-
zontal and vertical activities in the open field, time spent in the perimeter,
corners, and center of the open field, data from the light-dark exploration
test, zero maze, immobility times for vehicle-treated mice in forced swim
and tail suspension tests, serum corticosterone for stressed groups, and
GTP�S binding were analyzed by independent samples two-tailed t tests.
A p � 0.05 was considered significant.

Results
Vmat2 heterozygotes display locomotor retardation
To determine whether Vmat2 heterozygotes display locomotor
retardation, we monitored their spontaneous activity in the open
field. When horizontal activity was examined, a RMANOVA for
within subjects demonstrated significant main effects of time
(F(5,85) � 8.833; p � 0.01) with no significant time by genotype
interaction (Fig. 1A). Importantly, the between subjects test
showed that WT mice (1868 � 111.4 cm) were more active
(F(1,17) � 6.075; p � 0.03) than HET animals (1436 � 132.8 cm).

In addition to horizontal activity, vertical activity was also
examined (Fig. 1B). The within subjects RMANOVA revealed
significant main effects of time (F(5,85) � 5.313; p � 0.01), but no
significant time by genotype interaction. When the data were
collapsed over time for each genotype, the between subjects test

Figure 1. Spontaneous activity of WT and Vmat2 HET mice in the open field. A, Total distance traveled in 5 min blocks over 30
min. B, Vertical activity in 5 min blocks over 30 min. n � 10 WT and 9 HET mice.
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found significant differences (F(1,17) � 13.981; p � 0.01) between
WT (585 � 32.5 beam breaks) and HET mice (415 � 31.6 beam
breaks). Collectively, these open field results show that the Vmat2
HET mice have reduced activities, an endophenotype in human
depressed patients.

Vmat2 heterozygotes do not present with
anxiety-like behaviors
Anxiety is frequently comorbid in patients with major depression
(Zimmerman et al., 2002). To determine whether Vmat2 mice
display anxiety-like responses, we first examined open field be-
havior. Reduced time spent in the center or increased time in the
corners and perimeter of the open field can be taken as indices of
anxiety in rodents (Treit and Fundytus, 1988). No genotype dif-
ferences were discerned with times spent in the perimeter (WT,
1027 � 43.2; HET, 1148 � 69.2 s), corners (WT, 303 � 27.2;
HET, 380 � 63.3 s), or center of the open field (WT, 768 � 49.1;
HET, 651 � 69.1 s) over the 30 min test period. In the light– dark
exploration test, anxious mice tend to avoid brightly lit environ-
ments (Crawley and Goodwin, 1980). Again, no genotype differ-
ences were observed for the latency to enter the darkened cham-
ber (WT, 8.2 � 1.18; HET, 8.5 � 0.81 s), numbers of head pokes
into the lighted (WT, 28.6 � 3.65; HET, 21.5 � 3.30) or darkened
chambers (WT, 11.7 � 2.03; HET, 13.9 � 2.46), time spent on the
light side (WT, 108.1 � 11.73; HET, 133.4 � 10.59 s), or number
of transitions between the light and dark chambers (WT, 15.9 �
2.25; HET, 16.6 � 1.52). The zero maze relies on the inherent
conflict between exploration of a novel area and avoidance of its
aversive features (Shepherd et al., 1994). WT and HET mice had
similar latencies to leave the closed area and enter the open areas
of the maze (WT, 198.9 � 23.80; HET, 211.8 � 20.90 s), they
spent similar percentages of time in the open areas (WT,
4.4%�1.18; HET, 3.8%�0.82), and they crossed from the closed
to open to closed areas a similar number of times (WT, 0.6 �
0.20; HET, 0.6 � 0.19). Additionally, the numbers of stretch-
attend postures (WT, 22.3 � 1.64; HET, 22.9 � 1.94), head dips
(WT, 26.9 � 2.45; HET, 24.1 � 2.31), and episodes of rearing
(WT, 10.4 � 1.31; HET, 9.9 � 1.60), grooming (WT, 1.1 � 0.14;
HET, 1.5 � 0.26), and duration of freezing behaviors (WT, 8.6 �
1.47; HET, 8.3 � 1.60 s) were also similar between genotypes.
Finally, novelty-suppressed feeding has been used as a test for
anxiety-like (Merali et al., 2003) and depressive-like behaviors
(Dulawa and Hen, 2005). A within-subjects RMANOVA revealed
significant main effects of test environment (i.e., novel open-field
vs familiar home cage; F(1,25) � 26.521; p � 0.01), but the test
environment by genotype interaction was not significant. The
between subjects test supported an absence of genotype effects,
showing that the latency to feed was similar for WT (novel,
167.4 � 24.02 s; familiar, 79.3 � 14.21 s) and HET mice (novel,
167.4 � 17.96 s; familiar, 91.2 � 11.29 s) in each context.
Bonferroni-corrected pairwise comparisons determined that
both WT and HET mice engaged their food pellets more quickly
in the familiar than novel environment ( p values � 0.01). When
permitted to consume the food pellet over 5 min in either envi-
ronment, both WT controls (novel, 0.13 � 0.015 g; familiar,
0.15 � 0.006 g) and Vmat2 heterozygotes (novel, 0.11 � 0.016 g;
familiar, 0.15 � 0.019 g) ate similar amounts of food. Collec-
tively, these experiments indicate that the Vmat2 HET mice do
not present with an anxiety-like phenotype.

Vmat2 heterozygotes appear anhedonic
Diminished interest or pleasure is one of the core symptoms of
major depression (American Psychiatric Association, 1994). To

determine whether Vmat2 mice were anhedonic, WT and HET
animals were deprived of liquids for 4 h daily and fluid consump-
tion was monitored subsequently over 1 h using a two-bottle test
during the dark phase of the light-dark cycle. Body weights and
food intakes were not different between the genotypes across days
(data not shown). When mice were given a choice between water
and 0.5, 1, 1.5, or 2% sucrose, total overall fluid intake was similar
between WT and HET mice (Fig. 2A). Additionally, total fluid
intake was similar for WT and HET animals exposed to water and
0.0075, 0.015, or 0.030 mM quinine (Fig. 2B) However, both
genotypes were differentially responsive to the various concen-
trations of sucrose or quinine. RMANOVA for concentration was
significant for the sucrose–water (F(3,42) � 27.528; p � 0.01) and
for the quinine–water experiments (F(2,28) � 19.837; p � 0.01).
For the sucrose–water pairings, Bonferroni-corrected pairwise
comparisons showed overall fluid intake with the 2% sucrose–
water pairing was higher than for other pairings (Fig. 2A). With
respect to the quinine–water comparisons (Fig. 2B), total fluid
consumption was increased from 0.0075 to 0.015 mM quinine
( p � 0.01) and from 0.0075 to the 0.030 mM quinine ( p � 0.01);
enhanced fluid intake from 0.015 to the 0.030 mM quinine–water
pairing approached significance ( p � 0.06).

Distinct preferences emerged from the sucrose–water pair-
ings. RMANOVA demonstrated a significant main effect of su-
crose concentration (F(3,42) � 14.565; p � 0.01) and a significant
concentration by genotype interaction (F(3,42) � 2.794; p � 0.05).
Preference for 0.5% sucrose (51–54% preference) was not differ-
ent from that for water for both genotypes (Fig. 2C). However,
WT mice showed higher preferences for 1, 1.5, and 2% than 0.5%
sucrose; preferences between 1 and 2% sucrose solutions ap-
peared at asymptote and did not differ from each other. In con-
trast, sucrose intake continued to increase for HET animals and

Figure 2. Responses of WT and Vmat2 HET mice in an anhedonia test. A, Total fluid con-
sumption of water and sucrose solutions across testing. B, Total fluid consumption of water and
quinine solutions across testing. C, Preferences for sucrose solutions over that for water. D,
Preferences for quinine solutions over that for water. Preference was determined by dividing
the volume of sucrose or quinine consumed by the total liquid consumption. *p � 0.05 com-
pared with WT mice; n � 7–10 mice/genotype.
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Bonferroni comparisons showed that the
mutants consumed less of the 1% ( p �
0.03) and 1.5% sucrose solutions ( p �
0.01) than WT controls. When preference
for quinine was evaluated, RMANOVA re-
vealed a significant effect of concentration
(F(2,28) � 12.726; p � 0.01); no significant
concentration by genotype interaction
emerged (Fig. 2D). Bonferroni tests dem-
onstrated that preference for 0.030 mM

quinine was less than that for the 0.0075
( p � 0.01) and 0.015 mM solutions ( p �
0.02), which were not different from each
other. The quinine results show aversion
for this agent is similar for both genotypes.
However, the shift in the concentration–
response curve for sucrose suggests the
Vmat2 HET mice may be anhedonic, a key
endophenotype in depressed patients.

Immobility in forced swim and tail
suspension is alleviated by
antidepressants in Vmat2 HET mice
Forced swim is an acute test where in-
creased immobility time is used as an in-
dex of depressive-like behavior in rodents
(Porsolt et al., 1977). We observed the
HET mice (281 � 14.9 s) to display signif-
icant increases in immobility times (t(1,16)

� 2.471; p � 0.02) compared with their
WT vehicle controls (221 � 12.7 s) over
the 6 min test. Acute effects of imipra-
mine, a tricyclic antidepressant that binds the NE and 5-HT
transporters, were examined next. Significant genotype (F(1,51) �
4.606; p � 0.03) and dose effects were detected (F(2,51) � 14.130;
p � 0.01); however, no significant interaction emerged (Fig. 3A).
Examination of effects within genotype by Bonferroni tests re-
vealed that immobility times in HET animals were significantly
decreased with 5 and 10 mg/kg imipramine ( p values � 0.01).
Similarly, immobility times for WT animals were decreased by
the 10 mg/kg dose ( p � 0.04).

In addition to examining total immobility time, the latency to
first episode of immobility and the duration of immobility for
this first bout were analyzed. For the former (Fig. 3B), ANOVA
found significant main effects of genotype (F(1,44) � 6.436; p �
0.02) and dose (F(2,44) � 24.463; p � 0.01), but no significant
interaction emerged (F(2,44) � 2.625; p � 0.08). Bonferroni com-
parisons showed that for vehicle-treated mice, WT animals took
longer to reach their first immobility bout than HET animals
( p � 0.05). However, imipramine, regardless of dose, prolonged
this latency for both genotypes relative to the vehicle controls
( p � 0.01). No genotype differences ( p � 0.15) were discerned in
the latencies to immobility for 5 or 10 mg/kg imipramine. For the
duration of the first bout of immobility (Fig. 3C), ANOVA de-
tected main effects of genotype (F(1,44) � 17.957; p � 0.01) and
dose (F(2,44) � 4.067; p � 0.02), and the genotype by dose inter-
action was significant (F(2,44) � 5.097; p � 0.01). Bonferroni-
corrected pairwise comparisons demonstrated that for vehicle-
treated mice, HET animals spent more time in immobility during
the first immobility bout than WT littermates ( p � 0.01). Imip-
ramine treatment did not alter this duration for WT animals
relative to the vehicle controls ( p � 0.98). However, for HET
mice the 5 or 10 mg/kg imipramine doses significantly reduced

the duration of the first immobility bout compared with mutants
given vehicle ( p � 0.01) and these values were not different from
those for WT animals administered the vehicle ( p � 0.36).
Hence, Vmat2 HET animals show enhanced immobilities in the
forced swim test and this behavior is alleviated by a tricyclic
antidepressant.

Responses were examined also in the tail suspension test over
6 min. Again, HET mice (250 � 10.3 s) displayed a significant
increase in immobility times (t(1,21) � 3.39; p � 0.01) compared
with WT controls (184 � 17.0 s). Because these results were more
robust and objective than in forced swim, we examined acute
effects of various antidepressants in this test. Effects of fluoxetine,
a selective 5-HT reuptake inhibitor, were first studied (Fig. 4A).
Univariate ANOVA failed to show main effects of genotype
(F(1,62) � 2.435; p � 0.12) or dose (F(2,62) � 2.738; p � 0.07);
however, the genotype by dose interaction was significant (F(2,62)

� 4.599; p � 0.01). Bonferroni tests of the interaction revealed
that, compared with HET vehicle controls, immobility times for
mutants were attenuated by 30 mg/kg fluoxetine ( p � 0.01).
Importantly, this dose of fluoxetine reduced immobility of
Vmat2 HET mice to the levels of the WT vehicle controls.

We next analyzed responses to the selective NE reuptake in-
hibitor, reboxetine (Fig. 4B). Univariate ANOVA failed to detect
a significant main effect of genotype (F(1,56) � 1.179; p � 0.28);
however, the main effect of dose (F(2,56) � 4.159; p � 0.02) and
the genotype by dose interaction were significant (F(2,56) � 3.673;
p � 0.03). Bonferroni tests showed that 1 ( p � 0.02) and 5 mg/kg
reboxetine ( p � 0.01) reduced immobility times of HET mice
compared with their vehicle controls. These drug-induced re-
sponses were similar to those of WT animals given vehicle. Tail
suspension was evaluated also in response to bupropion, an atyp-

Figure 3. Responses of WT and Vmat2 HET mice in the forced-swim test. A, Effects of imipramine on immobility in forced swim
of WT and HET mice. B, Imipramine effects on the latency to the first episode of immobility. C, Duration of first immobility bout
after treatment with vehicle or imipramine. *p � 0.05 compared with WT mice treated with vehicle; #p � 0.05 for drug-treated
mouse compared with the vehicle control from the same genotype; n � 7–11 mice/genotype.

Figure 4. Responses of WT and Vmat2 HET mice in the tail suspension test. A–C, Effects of fluoxetine (A), reboxetine (B), or
bupropion (C) on tail suspension. *p � 0.05 compared with WT mice treated with vehicle; #p � 0.05 for drug-treated mouse
compared with the vehicle control from the same genotype. n � 8 –12 mice/genotype.
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ical antidepressant (Fig. 4C). Univariate ANOVA found the main
effect of dose (F(2,62) � 3.2; p � 0.05) and the genotype by dose
interaction to be significant (F(2,62) � 3.131; p � 0.05). For HET
mice, 5 ( p � 0.01) and 10 mg/kg bupropion ( p � 0.01) reduced
immobility times in a dose-dependent manner to levels that were
indistinguishable from the WT littermates. By comparison, no
drug effects were discerned in WT mice. Collectively, these data
show that fluoxetine, reboxetine, and bupropion attenuate
depressive-like behaviors in Vmat2 HET mice.

One reason the vehicle-treated HET mice have increased im-
mobility times in the forced swim and tail suspension tests may be
because they are less active. Because the mutants have an overall
reduction of activity in the open field, one may anticipate that the
optimal doses of fluoxetine, reboxetine, and bupropion that in-
creased their struggling behaviors in tail suspension may enhance
also their locomotion in the open field. Although locomotor ac-
tivity was reduced for Vmat2 heterozygotes during the first 30
min in the open field, activities were similar over the next 30 min
before drug administration (data not shown). Hence, animals
were placed in the open field for 1 h, given vehicle or antidepres-
sant, and immediately returned to the open field for 30 min. A
univariate ANOVA for locomotor activity over the 30 min period
after antidepressant administration revealed a significant main
effect of treatment (F(1,61) � 26.090; p � 0.01); effects of genotype
or the treatment by genotype interaction were not significant.
Bonferroni-corrected pairwise comparisons confirmed that 30
mg/kg fluoxetine and 5 mg/kg reboxetine suppressed locomotion
of both WT (fluoxetine, 153 � 10.7 cm; reboxetine, 300 � 31.5
cm) and HET animals (fluoxetine, 167 � 25.8 cm; reboxetine,
263 � 42.5 cm) relative to their respective vehicle controls (WT,
572 � 171.9 cm; HET, 582 � 178.4 cm; p � 0.04), whereas 10
mg/kg bupropion augmented activity of both genotypes (WT,
1121 � 191.8 cm; HET, 1302 � 293.4 cm) ( p � 0.01). Bupropion
treatment also enhanced locomotor activity relative to that of the
fluoxetine- and reboxetine-treated animals ( p � 0.01). These
results show that locomotion is differentially affected by antide-
pressant treatment and activities in the open field and tail suspen-
sion test are not coincident.

GTP�S binding is enhanced by �2-adrenergic
receptor stimulation
The HET mice were more responsive to fluoxetine, reboxetine,
and bupropion in tail suspension than WT controls. Because
these antidepressants should influence neurotransmission at
least in the respective serotonergic, noradrenergic, and dopami-
nergic systems, we evaluated responses in each of these systems by
GTP�S binding. Hippocampal basal responses were significantly
higher (t(1,15) � 2.466; p � 0.03) in WT than HET mice (Table 1).
When samples were stimulated with 10 �M 8-OH-DPAT, re-
sponses were higher (t(1,15) � 2.247; p � 0.04) in WT than HET
hippocampus. Additional analyses of the stimulation response
failed to reveal any genotype differences. Hence, overall basal
binding, as well as stimulated GTP�S binding to the 5-HT 1A
receptor agonist is higher in hippocampus for WT than Vmat2
HET mice. However, when the percent stimulated response or
ratio of stimulated to basal binding is evaluated, no genotype
differences are evident.

GTP�S responses were assessed also in hippocampus under
basal conditions and in response to �2-adrenergic stimulation
with 10 �M UK 14,304. Basal activation was significantly higher
(t(1,10) � 3.861; p � 0.01) in WT than in HET hippocampus
(Table 1). Similarly, stimulated activity was also higher (t(1,10) �
2.491; p � 0.03) in WT than HET mice. Despite these changes,

the percent stimulation (t(1,10) � 3.272; p � 0.008) and the ratio
of stimulated to basal activity was significantly higher (t(1,10) �
3.321; p � 0.01) in hippocampus from HET animals than from
WT controls. These findings show that whereas overall basal and
stimulated hippocampal GTP�S binding is increased in WT
mice, the magnitude of stimulated �2-adrenergic receptor-
mediated GTP�S binding is higher in Vmat2 HET mice.

Because HET animals were more responsive to bupropion in
tail suspension than WT controls, GTP�S binding was analyzed
in striatum with 1 mM quinpirole. Basal and quinpirole-
stimulated activities were not distinguished by genotype (Table
1). Additionally, the percent stimulation or ratio of stimulated to
basal activity was also similar for WT and HET mice. Hence,
GTP�S binding for D2 receptors in striatum is not distinguished
by genotype.

Vmat2 heterozygotes are impaired in learned helplessness
Because the forced-swim and tail-suspension paradigms are
acute tests of depressive-like behaviors (Porsolt et al., 1977; Steru
et al., 1985), we analyzed responses in a chronic test: learned
helplessness (Shanks and Anisman, 1989; Maier and Watkins,
2005). Before beginning the experiment, we tested the sensitivity
of WT and HET mice to foot shock (Grove et al., 2004) and found
no genotype differences at the level used for learned helplessness.
A univariate ANOVA for failure rates revealed significant main
effects of genotype (F(1,36) � 8.809; p � 0.01) and conditioning
(F(1,36) � 209.276; p � 0.01), and a significant genotype by con-
ditioning interaction (F(1,36) � 10.084; p � 0.01). Bonferroni
corrected pairwise comparisons found that both WT and HET
mice in the FS group had more failures ( p � 0.01) than NFS
animals; failure rates for the HET animals in the FS group were
higher ( p � 0.01) than the WT controls (Fig. 5A). ANOVA of
chamber crossings observed the main effects of conditioning
(F(1,36) � 57.835; p � 0.01) and the genotype by conditioning
interaction to be significant (F(1,36) � 5.275; p � 0.03). Bonfer-
roni tests noted that both NFS groups had high numbers of
chamber crossings and were not distinguished by genotype; the
FS HET mice had fewer crossings ( p � 0.006) than the WT
animals (Fig. 5B). Similar results were obtained when behavior
was analyzed as the latency to escape (Fig. 5C). Here, a univariate
ANOVA demonstrated significant main effects of genotype

Table 1. Parameters for GTP-� S binding in WT and Vmat2 HET mice

Binding WT HET

5-HT 1A receptor
Basal (dpm) 728 � 55.7 572 � 35.7*
Stimulated (dpm) 1205 � 73.4 997 � 55.6*
Percent stimulation 68 � 10.4 75 � 6.1
Stimulated/basal 1.68 � 0.10 1.76 � 0.06

�2-Adrenergic receptor
Basal (dpm) 2259 � 92.1 1784 � 81.5*
Stimulated (dpm) 2836 � 139.3 2380 � 119.2*
Percent stimulation 25 � 1.4 33 � 2.0*
Stimulated/basal 1.25 � 0.01 1.33 � 0.02*

D2 receptor
Basal (dpm) 3186 � 153.1 2929 � 144.2
Stimulated (dpm) 3743 � 213.1 3592 � 151.5
Percent stimulation 20 � 2.6 23 � 2.5
Stimulated/basal 1.17 � 0.04 1.23 � 0.02

The data are presented as means and SEMs. Basal, Basal minus nonspecific binding; Stimulated, stimulated minus
nonspecific binding, Percent stimulation, stimulated divided by basal times 100; Stimulated/basal, the ratio of
stimulated to basal. *p � 0.05 from the WT control. n � 7 WT and 10 HET hippocampi for the 5-HT 1A receptor, n �
6 WT and 6 HET hippocampi for the � 2-adrenergic receptor, and n � 7 WT and 9 HET striata for the D2 receptor-
mediated GTP-� S binding.
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(F(1,36) � 4.38; p � 0.04) and conditioning
(F(1,36) � 204.482; p � 0.01), and a signif-
icant genotype by conditioning interac-
tion (F(1,36) � 4.808; p � 0.03). A posteri-
ori tests showed that although no
differences for WT and HET NFS groups
were evident, the FS groups took longer to
the escape foot shock ( p � 0.01). Again,
Vmat2 heterozygotes in the FS group took
longer to escape ( p � 0.01) than similarly
conditioned WT animals. These data
demonstrate that HET mice in the FS
group are more impaired in learned help-
lessness than comparable WT controls.
Hence, learned helpless is more profound
in the Vmat2 heterozygous mutants.

Secretion of corticosterone is elevated in stressed
Vmat2 heterozygotes
The hypothalamic–pituitary–adrenal axis is often activated dur-
ing depression (Schatzberg et al., 2002). To determine whether
corticosterone secretion was abnormal in Vmat2 mice, animals
were evaluated under basal and stressful conditions (Chen et al.,
2006). No genotype differences were observed in basal serum
corticosterone levels at times of nadir (WT, 19 � 5.1; HET, 21 �
5.7 ng/ml) and peak secretion (WT, 41 � 8.3; HET, 35 � 7.1
ng/ml). By comparison, heterozygous mutants (890 � 66.8 ng/
ml) showed a more pronounced response to stress of tail suspen-
sion (t(1,14) � 3.275; p � 0.01) than WT controls (626 � 45.0
ng/ml). At least under these conditions, Vmat2 heterozygotes are
very responsive to stressful stimuli.

Discussion
Anxiety is often comorbid with depression (Zimmerman et al.,
2002). In rodents, some animal models of “depression” display
anxiety-like responses (Bale et al., 2000; Schramm et al., 2001;
Ansorge et al., 2004; Heim et al., 2004; Wei et al., 2004), whereas
others do not (Overstreet, 1993). To determine whether Vmat2
mice show anxiety-like behaviors, animals were subjected to the
open field, zero maze, light-dark exploration, and novelty-
suppressed feeding tests. Because behaviors of WT and Vmat2
heterozygotes were indistinguishable among these tests, these
findings suggest anxiety is not a comorbid feature of the VMAT2
phenotype. Interestingly, these results are similar to those for
reserpine-treated hypertensive patients, where anxiety does not
appear to accompany their depressive-like states (Freis, 1954).

A core symptom of depression is anhedonia (American Psy-
chiatric Association, 1994). This behavior is modeled as an endo-
phenotype in Flinders rats, learned helpless mice, the chronic
mild stress and maternal separation models of depression, and in
brain-derived neurotrophic factor (BDNF) conditional KO mice
(Overstreet, 1993; El Yacoubi et al., 2003; Heim et al., 2004; Mon-
teggia et al., 2006). In our experiments, food and fluid intake and
taste sensitivity to bitter liquids were similar between the geno-
types. Analyses of sucrose intake, however, revealed heterozygous
animals were less responsive to 1% and 1.5% sucrose than WT
controls. Because conditioned place preference to amphetamine
is less robust also in HET than WT animals (Takahashi et al.,
1997), these data suggest the Vmat2 HET mice are anhedonic.

A feature of major depressive disorder is psychomotor retar-
dation or agitation (American Psychiatric Association, 1994). Al-
terations in spontaneous activity are reported in various animal
models of depression. For instance, locomotion is enhanced by

olfactory bulbectomy and in BDNF conditional KO mice (Kelly
et al., 1997; Monteggia et al., 2006), whereas it is reduced in the
chronic mild stress, learned helplessness, and swim low-active
models, as well as in Flinders rats and 5-HT transporter KO mice
(Wagner et al., 1977; Overstreet, 1993; D’Aquila et al., 1994;
Weiss et al., 1998; Ansorge et al., 2004). In our experiments,
spontaneous locomotion and rearing were decreased in heterozy-
gotes compared with WT controls. It is noteworthy that reser-
pine, a VMAT inhibitor, can also reduce motor activity (Fischer
and Heller, 1967).

Some of the most common tests for depressive-like behaviors
in rodents are the forced-swim and tail-suspension assays (Por-
solt et al., 1977; Steru et al., 1985). In both tests, HET mice had
longer immobility times than WT controls. In forced swim, imip-
ramine reduced immobility times of the heterozygous animals.
Similarly, in tail suspension, immobility in HET mice was nor-
malized with fluoxetine, reboxetine, and bupropion in dose-
dependent manners, whereas WT animals showed little, if any,
response to these drugs. Parenthetically, an absence of response
for WT animals was anticipated as mice on a C57BL/6J genetic
background are relatively unresponsive to imipramine (Liu and
Gershenfeld, 2001) and fluoxetine (Lucki et al., 2001). With re-
spect to HET animals, it should be emphasized that their en-
hanced immobility times are not caused by a decrease in activity
because fluoxetine and reboxetine enhance struggle activity in tail
suspension, but depress locomotion in the open field. Addition-
ally, bupropion reduces immobility time but increases locomo-
tion. Hence, effects of antidepressants in tail suspension appear
behaviorally specific.

Vmat2 HET mice are more sensitive to fluoxetine, reboxetine,
and bupropion in tail suspension than WT controls. Because
levels of various 5-HT, NE, and DA receptors are similar in WT
and HET brain (Takahashi et al., 1997), the differential respon-
siveness to antidepressants may be caused by alterations in recep-
tor activity. Basal GTP�S binding in hippocampus was increased
in WT mice, whereas no genotype differences in striatum were
discerned. These findings suggest that baseline activities for some
receptor systems in certain brain areas may be more sensitive to
Vmat2 deletion than others. Analyses of stimulated activities
showed that �2-adrenergic receptors in HET hippocampus were
more responsive to UK 14,304 than those from WT mice. This
enhanced responsivity may underlie the increased effectiveness
of reboxetine and imipramine in the respective tail-suspension
and forced-swim tests for HET mice. In contrast, GTP�S binding
for 8-OH-DPAT and quinpirole stimulation may not fully reflect
the fluoxetine and bupropion effects in tail suspension. Fluox-

Figure 5. Performance of WT and Vmat2 HET mice in learned helplessness. A, Failure rates of mice over the 30 trials of active
escape testing. B, The numbers of chamber crossings over the 30 test trials. C, The latencies to escape over the 30 trials of active
escape testing. *p�0.05 from the WT foot-shock group; �p�0.05 within genotype compared with the respective foot-shocked
group. n � 8 WT and 10 HET mice in the NFS groups, and n � 8 mice/genotype in the FS groups.
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etine is an indirect agonist that should lead to activation of all
5-HT receptors. Because only 5-HT 1A receptors were examined
in hippocampus, the antidepressant actions of fluoxetine could
be mediated by other 5-HT receptors in this and/or additional
brain regions. With respect to bupropion, the mechanism of ac-
tion of this drug is complex with effects on dopaminergic, nor-
adrenergic, and cholinergic function (Dwoskin et al., 2006).
Hence, stimulated GTP�S binding with selective receptor ago-
nists in our experiments may not fully simulate the effects of
fluoxetine and bupropion on behavior.

In addition to tail suspension, another test of depressive-like
behavior is learned helplessness (Shanks and Anisman, 1989).
This test mimics many of the features that are thought to accom-
pany depression in humans (Maier and Watkins, 2005). Rodents
such as the 5-HT transporter KO and the glucocorticoid receptor
heterozygous mice are deficient in learned helplessness (Lira et
al., 2003; Ridder et al., 2005). In our experiment with Vmat2
mice, performance of NFS WT and HET animals is similar. By
comparison, repeated foot shocks in both genotypes are sufficient
to prolong the latency to escape, enhance the numbers of escape
failures, and reduce the numbers of crossings relative to the NFS
controls. Under the FS condition, responses of HET animals are
more aberrant than those of WT controls. This difference is prob-
ably not attributable to a learning impairment because perfor-
mance of NFS WT and HET mice is identical and because no
genotype differences are detected in passive avoidance (Taka-
hashi et al., 1997). Furthermore, this genotype difference for the
FS condition may not be attributed to locomotor retardation as
the latency to escape and the numbers of escape failures for WT
and HET animals are not different under NFS training. Collec-
tively, these data indicate that Vmat2 HET mice are more sensi-
tive to learned helplessness than WT controls.

In HET mice, brain levels of VMAT2 mRNA and protein, and
tetrabenazine binding are reduced by at least twofold (Fon et al.,
1997; Takahashi et al., 1997; Wang et al., 1997). It is intriguing
that VMAT2 mRNA and tetrabenazine binding are decreased
also in limbic areas of the Flinders rat (Schwartz et al., 2003) and
this animal shows many of the same endophenotypes as the
Vmat2 HET mice. Previous investigations have shown that
VMAT2 expression and/or its subcellular distributions are mod-
ulated by estrogen, stress, monoamine oxidase inhibitors, lith-
ium, psychostimulants, and bupropion (Rehavi et al., 1998; Rus-
nák et al., 2001; Zucker et al., 2001, 2005; Riddle et al., 2002; Rau
et al., 2005). In contrast, chronic reserpine or paroxetine treat-
ments exert no effects on VMAT2 expression, at least in brain
regions that contain 5-HT neurons (Vilpoux et al., 2000). In
humans, VMAT2 levels are increased in platelets of depressed
patients (Zucker et al., 2002) as well as in the thalamus and ven-
tral brainstem of bipolar patients (Zubieta et al., 2000). These
results suggest that VMAT2 concentrations may be subject to
regulation and, because of its essential role in intracellular trans-
port of monoamines into secretory vesicles, VMAT2 can exert
discrete control over secretion of DA, NE, and 5-HT at the syn-
apse (Pothos et al., 2000).

Previous experiments have identified �223 single-nucleotide
polymorphisms in the human VMAT2 gene SLC18A2 (www.
ncbi.nlm.nih.gov/projects/SNP) (Surratt et al., 1993; Glatt et al.,
2001, 2006; Iwasa et al., 2001; Kunugi et al., 2001; Burman et al.,
2004; Lin et al., 2005). To date, SLC18A2 polymorphisms have
been examined only within the context of Parkinson’s disease
(Burman et al., 2004; Glatt et al., 2006), schizophrenia (Kunugi et
al., 2001), long QT syndrome (Iwasa et al., 2001), and alcoholism
(Lin et al., 2005). Previously, a qualitative trait locus investigation

in mice has identified a site encompassing the Vmat2 gene that is
related to citalopram responsiveness in tail suspension (Crowley
et al., 2006). Given the effects of reserpine on induction of
depressive-like states in humans (Freis, 1954), implications from
results of the previous qualitative trait locus experiment, and our
present findings with the Vmat2 mice, it will be important to
determine in the future whether any of the patients with SLC18A2
polymorphisms were depressed.

We have shown that Vmat2 HET mice display many of fea-
tures of depressive-like illness that include anhedonia, locomotor
retardation, and sensitivity to stress. Because Vmat2 mice do not
present with anxiety-like behaviors, depressive-like responses in
these animals can be studied without this confound. Because
monoamines are reduced in brains of Vmat2 HET mice, it may be
possible to determine the individual and collective contributions
of DA, NE, and 5-HT to each of their endophenotypes. In this
way, it may be possible to identify novel drug targets and to devise
new strategies for treatment of depression in humans.
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