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The mechanisms underlying depression remain elusive. We previously determined that a-synuclein (a-Syn) modulates the activity and

trafficking of the norepinephrine transporter (NET) in a manner that is dependent on its interactions with microtubules (MTs). Here we

sought to determine if a-Syn, or the other synuclein family members, b-synuclein (b-Syn) and g-synuclein (g-Syn), modulate NET activity

in an animal model of depression, the Wistar–Kyoto (WKY) rat. The NET-selective antidepressant desipramine (DMI) was chronically

administered for 14 days to WKY rats and the strain from which it was outbred that does not show depressive-like behavior, the Wistar

rat. This drug regimen induced significant behavioral improvements in the WKY, but not the Wistar rat, in the forced swim test. In WKY

rats there was an overexpression of g-Syn which was reduced following DMI treatment. In parallel, DMI caused an increase in both a-Syn

and NET in the frontal cortex. Frontal cortex synaptosomes from WKY rats were not sensitive to nocodazole, a compound that

promotes MT destabilization. However, in WKYs treated with DMI, nocodazole induced an increase in [3H]-NE uptake. This trend was

reversed in Wistars. Underlying these DMI-induced changes were alterations in the protein interactions between the synucleins and NET

with the tubulins. These results are the first to implicate a-Syn or g-Syn in the pathophysiology of depression and suggest that targeting

synucleins may provide a new therapeutic option for depression.
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INTRODUCTION

The cellular and molecular pathology underlying the
development and progression of depression remains
unclear (Frazer, 1997). An important finding that has aided
the understanding of the disease pathology was that of
Klimek et al (1997) who found a reduction in norepine-
phrine transporter (NET) expression in the locus coeruleus
of post-mortem tissue from patients with depression
(Klimek et al, 1997). Chronic treatment with the NET-
selective antidepressant, desipramine (DMI), not only
decreased NET activity (Benmansour et al, 2004), but also
downregulated the binding and expression of the transpor-
ter (Bauer and Tejani-Butt, 1992; Hebert et al, 2001; Zhu
et al, 2002). Previously, we determined that the trafficking,
cellular localization, and activity of NET is regulated by

a-synuclein (a-Syn) in a manner that is dependent on the
expression levels of a-Syn and an intact microtubule (MT)
network (Jeannotte and Sidhu, 2007; Wersinger et al,
2006a). Specifically, a-Syn aids in trafficking NET away
from the cell surface by tethering the transporter to MTs,
reducing its expression at the cell surface, whereas
simultaneously decreasing its reuptake activity. The ability
of a-Syn to regulate the trafficking and function of NET and
the serotonin transporter (SERT; Wersinger et al, 2006b)
suggests a potential role for a-Syn in the genesis and
maintenance of depression.
a-Syn, a presynaptic MT-associated protein whose precise

function remains unknown, has been extensively studied in
Parkinson’s disease (PD) pathology (Clayton and George,
1999; Goedert, 2001; Lee and Trojanowski, 2006; Sidhu et al,
2004). In a-Syn knockout mice there is an enhanced refilling
rate of synaptic vesicles with norepinephrine (NE) following
prolonged stimulation, suggesting an intimate link between
a-Syn physiology and noradrenergic homeostasis (Yavich
et al, 2006). This finding also illustrates a-Syn’s role in
regulating the synaptic tone and thus may be involved in
other pathologies, such as depression, that involve synaptic
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dysregulation of monoamine neurotransmitters. The other
members of the synuclein family are b- and g-synuclein (b-
Syn, g-Syn), whose function remains elusive (Clayton and
George, 1998). g-Syn is expressed in the central nervous
system (Brenz Verca et al, 2003; Surguchov et al, 1999,
2001) and periphery. g-Syn is upregulated in some breast
and prostate cancers, and cells expressing this protein have
been found to be resistant to specific chemotherapeutic
agents that disrupt the cytoskeleton (Gupta et al, 2003a, b; Ji
et al, 1997; Pan et al, 2002; Wu et al, 2003). In addition, g-
Syn has chaperone and trafficking capabilities (Liu et al,
2007) and associates with the mitotic spindle, a cellular
formation present during MT reorganization (Gupta et al,
2003b; Inaba et al, 2005; Surguchov et al, 2001). In contrast,
b-Syn plays many roles within the cell, yet many of its
identified activities are thought to antagonize those of a-Syn
(Fan et al, 2006; Hashimoto et al, 2001; Lee et al, 2004;
Uversky et al, 2002).

Approximately 40% of PD patients are diagnosed with
depression before the clinical diagnosis of their motor
symptoms (Allain et al, 2000; Taylor et al, 1986). The high
incidence of comorbidity and our previous findings that a-
Syn regulates NET and SERT, together suggest that
depression and PD may be related by an overlapping
cellular pathway involving a-Syn. Specifically, we hypo-
thesized that the reduced bioavailability of a-Syn is a
contributing factor in both depression and PD, and the
current studies were undertaken to test this hypothesis.
These proteins and their interactions were analyzed after
chronic treatment with DMI in an established rodent model
of depression, the Wistar–Kyoto (WKY) rat, and the Wistar
rat, from which the WKY was outbred, but which does not
display depressive-like behavior.

MATERIALS AND METHODS

Materials and Antibodies

Monoclonal anti-NET was purchased from MAb Technol-
ogies (Stone Mountain, GA). Polyclonal anti-NET and anti-
a-Syn were obtained from Chemicon (Temecula, CA).
Monoclonal anti-a-Syn was purchased from BD Transduc-
tion Labs (San Diego, CA). Anti-g-Syn was purchased from
AbCam (Cambridge, MA). Anti-a-Syn, C-20 and N-19, anti-
b-Syn, anti-b-actin, and secondary antibodies were pur-
chased from Santa Cruz (Santa Cruz, CA). DMI, NE, and
nocodazole were purchased from Sigma (St Louis, MO).
[3H]-nisoxetine ([3H]-NSX; NET1084; 80 Ci/mmol), was
obtained from New England Nuclear (PerkinElmer, Well-
esley, MA).

Animals and Tissue

The Georgetown University Animal Care and Use Commit-
tee and the Northwestern University Animal Care and Use
Committee approved all animal procedures. Male Wis and
WKY rats were obtained from Harlan (Indianapolis, IN).
Animals were housed 2–3 per cage, fed ad libitum, and kept
in a 24 h light/dark cycle. All adult animals were killed at
16–20 weeks of age and treated starting at 16 weeks.
Animals were either used for behavioral testing or killed
24 h following the last treatment. Animals used for acute

studies of antidepressant treatment were killed 24 h after the
first treatment. WKY and Wis animals were given once daily
subcutaneous injections of either DMI (10 mg/kg per day)
or saline, then used for behavioral analysis or killed to
collect and use the brain tissue. Following decapitation, the
brain tissue was dissected on ice and either snap-frozen at
�801C for later biochemical analysis or used immediately
for the preparation of synaptosomes.

Behavioral Analysis

The forced swim test (FST) was adapted from Porsolt et al
(1978). The test was carried out as originally designed but
after a 13-day daily administration of DMI. Briefly, in the
pretest, rats were placed in the water tank for 15 min. The
swim test was repeated 24 h later for 5 min, 1 h after the
animals received their last DMI or vehicle (saline) injec-
tions. The number of 5-s bins spent immobile and the
number of climbings were recorded as described by Detke
et al (1995).

Cell Culture and Transfections

Transformed mouse fibroblast cell line Ltk� cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM;
Cellgro) supplemented with 10% fetal bovine serum
(Sigma), 1% glutamate (Sigma), and 1% antibiotic/anti-
mycotic (Sigma) in a 371C/5% CO2 incubator. NET DNA
was a gift from Dr Randy Blakely at Vanderbilt University,
a-Syn from Dr Ted Dawson at Johns Hopkins University,
and b-Syn and g-Syn from Dr Vladimir Buchmann at
Cardiff University. All constructs were subcloned into a
pcDNA3.1 vector (Invitrogen), transiently transfected using
Fugene (Roche) according to the manufacturer’s instruc-
tions, and plated as described previously (Jeannotte and
Sidhu, 2007).

Synaptosome Preparation

Synaptosomes were prepared from freshly killed animals as
described previously (Jeannotte and Sidhu, 2007). Briefly,
the tissue was suspended in 10% w/v synaptosome
homogenizing buffer, homogenized on ice, and centrifuged
at 500 g for 10 min at 41C. The supernatant was spun at
25 000 g for 15 min at 41C. The protein concentration was
determined and diluted to 100 mg/ml in modified Krebs–
Hepes buffer and used for uptake and kinetic experiments.

Treatments

All treatments were dissolved and stored in DMSO in a
concentrated form. After addition of the treatments in
uptake buffer or serum-free media, samples were incubated
at 371C for 1 h, and then used for assays. Cell viability
following treatment was determined by Trypan blue
exclusion test and MTT cell viability assay. All the doses
presented here were nontoxic.

[3H]-NE Uptake Assays and Treatments

Uptake assays were performed on intact and adherent
transiently transfected cells or freshly prepared synapto-
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somes as described previously (Jeannotte and Sidhu, 2007).
Briefly, uptake into cells was performed using room
temperature uptake buffer (Krebs–Ringer–Hepes) and a
final concentration of 20 nM [3H]-NE. Cells were homo-
genized in 0.1 N NaOH, an aliquot taken for protein assay,
and the rest read using a Beckman Liquid Scintillation
counter. The synaptosome assay mixture was incubated at
371C with nocodazole for 1 h, followed by the addition of
[3H]-NE at a final concentration of 20 nM. Uptake
proceeded for 5 min and was terminated with cold 0.32 M
sucrose buffer. Filtration was performed on a 24-sample
Brandel Cell Harvester and samples were collected on GF/C
Whatman filters that were presoaked in 0.1% polyethyle-
namine. Filters were collected, scintillation cocktail added,
and read as for uptake assays as above. Nonspecific uptake
was determined in 10 mM DMI or 1 mM DMI, other transport
blockers, at 41C, and in uptake buffer without Na + or Cl�
ions for cells or synaptosomes, respectively (Jeannotte and
Sidhu, 2007).

Immunoblotting

Proteins from brain tissue were isolated in homogenization
buffer (20 mM Tris pH 7.5, 5 mM KCl, 200 mM sodium
orthovanadate, protease inhibitor cocktail (Roche)), soni-
cated, and spun (1850 g for 10 min at 41C). The protein
concentration of the supernatant was determined, diluted in
dilution buffer (20 mM Tris pH 7.4, 200 mM sodium
orthovanadate, 1 mM EDTA, 1 mM EGTA, one tablet per
10 ml protease inhibitors) and laemmli buffer (Bio-Rad)
with 10% b-mercaptoethanol, heated at 651C for 30 min or
heated in boiling water for 5 min to resolve a-Syn protein.
Samples were electrophoresed either on SDS–polyacryla-
mide gels or on Nu-PAGEt 4–12% Bis–Tris polyacrylamide
gradient gels as described before (Moussa et al, 2004) and
transferred onto PVDF membranes (Millipore). Blots were
blocked, probed, and imaged as described previously
(Wersinger et al, 2006a) using anti-NET mAb (monoclonal
antibody, 1:1000; MAb Technologies), anti-a-Syn mAb
(1:500; BD Transduction Labs), anti-b-Syn (1:1000; Santa
Cruz), anti-g-Syn pAb (polyclonal antibody, 1:2000;
AbCam), anti- a- or b-tubulin mAb (1:1000; Santa Cruz),
anti-b-actin mAb (1:500; Santa Cruz), HRP-conjugated
secondary antibodies (1:5000; Santa Cruz), and enhanced
chemiluminescence (PerkinElmer). Images were scanned
and quantified using ScionImage.

Subcellular Fractionation

For WKY and Wis brain tissue, samples were prepared
similarly to those described for Sprague–Dawley (SD) rats,
but after centrifugation an aliquot of the supernatant was
removed and denoted as the total homogenate. Then
extraction buffer (1% Triton –X-100, 10 mM imidazole,
100 mM NaCl, 1 mM MgCl2, 5 mM EDTA, 0.5 mM NaF,
1 mM sodium vanadate, 250 mM Sucrose, and 1 protease
inhibitor tablet) was added to the remaining supernatant in
a 1:1 v/v ratio and incubated on ice for 30 min. This fraction
was centrifuged (25 000 g; 15 min; 41C) to yield the plasma
membrane (pellet) and cytosolic (supernatant) fractions.

Coimmunoprecipitations

After homogenization of the brain lysates, proteins were
solubilized in a modified RIPA buffer (B1 mg/ml protein;
50 mM Tris pH 7.5, 300 mM NaCl, 0.5% Triton X-100, 0.5%
deoxycholate sodium salt, 0.5% Nonidet P-40, 1 mM DTT,
200 mM sodium orthovanadate, 1 mM EDTA, 1 mM EGTA,
one tablet per 10 ml protease inhibitors (Roche)) shaking at
41C for 45 min. After centrifugation (18 500 g; 41C; 20 min),
the supernatant was diluted to 300–600mg/ml protein with
dilution buffer, as described for immunoblotting. Solubi-
lized lysates (600–900 ml per assay; 300–600 mg/ml protein)
were precleared for 30 min with 40 ml of protein A/G PLUS-
Agarose (Santa Cruz), then pelleted. Subsequently, either
anti-NET pAb (1:100; Chemicon), anti-a-Syn pAb (1:100;
Santa Cruz), anti-g-Syn pAb (1:50; AbCam), anti-a- or b-
tubulins pAb (1:100; Santa Cruz), anti-b-actin pAb (1:100;
Santa Cruz) antibodies, or nonimmune sera (2–3mg
protein) are added for 8 h with gentle shaking at 41C. After
precipitation with protein A/G sepharose beads for 90 min,
immunopellets are washed 3–5 times with dilution buffer,
dissociated in Laemmli buffer for 2 h at room temperature
or by gentle heating for 30 min at 651C, and samples are
characterized by immunoblot analysis.

Data Analysis

All data are represented as the average±standard error of
the mean. A two-way ANOVA followed by post hoc test,
when appropriate was performed to analyze the behavioral
measures. A Student’s t-test was performed to compare
western analysis values between WKY and Wistars or saline
and DMI-treated animals. Within strain comparisons were
made, except in the innate responses in the FST. All uptake
and kinetic measurements were performed in triplicate. For
comparison of both in vitro and synaptosomal uptake
values, as well as expression of other monoamine transpor-
ters, a two-way ANOVA was used. Uptake performed using
synaptosomes from acutely treated animals was performed
using a one-way ANOVA to determine within strain
differences at different nocodazole doses. Post hoc analysis
was performed using the Bonferroni method with a
threshold set at po0.05. Kinetic parameters of [3H]-NSX
binding were calculated using nonlinear regression and the
Scatchard linear regression analysis program on GraphPad
Prism 4.0 (GraphPad Software, San Diego, CA).

RESULTS

Chronic DMI Treatment Improves Depressive Behavior
in WKY Rats

Depressive behavior in adult WKY and Wis males (n¼ 7 per
group) was tested by the FST and responses were quantified
by scoring the number of 5-s bins spent either immobile or
climbing in the test. The results indicated that WKYs
injected with vehicle (saline) spent significantly more time
immobile and less time climbing, compared to the Wis
rats (Table 1; po0.01). Chronic treatment with DMI
(14 days, 10 mg/kg body weight) significantly reduced
immobility in WKYs and increased their climbing behavior,
in contrast to the lack of DMI effect on Wis rats.
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The increased climbing has been observed in animals
with noradrenergic deficits that are successfully treated with
NET selective antidepressants (Detke et al, 1995). These
results are also in accordance with previous data (Tejani-
Butt et al, 2003), which found no change in the behavior of
Wistars in response to a variety of antidepressants,
including DMI.

Chronic DMI Treatment Alters NET Activity and
Sensitivity to Nocodazole Differentially in the WKY and
Wistar Strains of Rat

The neurochemical basis of the behavioral response to DMI
treatment in the two strains was examined. Previously we
had shown that a-Syn modulates the activity and cellular
localization of NET, a role that is partially mediated by its
interactions with MTs (Jeannotte and Sidhu, 2007). We
determined the functional activity of NET in frontal cortex
synaptosomes prepared from WKY and Wis rats by
examining the ability of the transporters to take up [3H]-
NE both before and after treatment of synaptosomes with
nocodazole, a MT-destabilizing agent. Our previous studies
in cells had shown that the negative modulation of NET by
a-Syn was completely eliminated upon disruption of a-Syn/
MT interactions, resulting in increased uptake of [3H]-NE
due to increased trafficking of NET to the cell surface
(Jeannotte and Sidhu, 2007). In the current study, treatment
of saline-treated WKY synaptosomes with nocodazole did
not lead to any increase in [3H]-NE uptake suggesting that
the NET in these animals may not be appropriately
modulated by a-Syn and MTs. In saline-treated Wistar
synaptosomes there was a significant increase in NET
activity after treatment with 100 mM nocodazole (Figure 1a;
**po0.01; 100 vs no nocodazole; n¼ 8). In synaptosomes
from WKY animals treated with DMI, a significant increase
(37%) in [3H]-NE uptake was observed following treatment
with 100 mM of nocodazole (#po0.01, n¼ 8). Yet, in DMI-
treated Wistars 100 mM nocodazole induced a decrease in
[3H]-NE uptake, relative to the saline-treated Wistars at
(#po0.01, n¼ 8). Unexpectedly, uptake of synaptosomes
from saline-treated Wistars was significantly greater
than saline-treated WKY rats at all doses of nocodazole

( + po0.05, + + po0.01, + + + po0.001, n¼ 8). It would be
expected that with a greater depressive-like phenotype
the WKY rats would show a greater amount of NE
uptake; however, these results may suggest an overall lower
basal noradrenergic activity in the WKY or involvement of
the serotonergic system in the development of their
phenotype. Although we did not directly test the kinetics
of uptake in this study, previously frontal cortex synapto-
somes from SD rats were treated with nocodazole and an
increase in Vmax was observed, without a change in Km,
relative to vehicle-treated synaptosomes (Jeannotte and
Sidhu, 2007). Similar studies in the WKY and Wistar
rodents treated with saline or DMI would clarify the
mechanism underlying the change in NET activity following
nocodazole treatment.

To test whether the uptake results of Figure 1a could be
due to desensitization of the transporter attributable to an
acute effect of DMI, a single dose of DMI was administered
to both WKY and Wistar rats (Figure 1b). At 24 h following
the single injection, synaptosomes were prepared and
uptake measured following nocodazole treatment. The
results mimicked those found in saline-treated WKY and

Table 1 Depressive-Like Behavior is Reduced in WKY Rats
Chronically Treated with DMI

Immobility (5-s bins) Climbing (no. of climbs)

WKY

Vehicle 16±2 3±1

DMI 5±1** 13±3**

Wistar

Vehicle 4±0.5++ 10±2++

DMO 3±0.5 11±2

Forced swim test were carried out on the last 2 days of antidepressant
administration, the 5-min posttest being at 1 h after the last injection. The 5-min
posttest scored for immobility (number of 5-s bins spent with floating). Number
of climbing events is recorded. Data were derived from seven animals per
treatment group. Two-way ANOVA followed by post hoc t-test indicated strain
differences (++po0.01) and treatment differences (**po0.01).

Figure 1 Chronic, but not acute, desipramine (DMI) treatment in vivo
differentially alters norepinephrine transporter (NET) dynamics in Wistar–
Kyoto (WKY) and Wistar synaptosomes. (a) Synaptosomes from the
frontal cortex of saline- or DMI-treated WKY and Wistar rats were treated
with nocodazole (0, 50, or 100 mM) and [3H]-NE uptake was measured.
Data represent eight individual animals, with each point averaged from
samples run in triplicate. 1 mM DMI was added during the uptake to
determine nonspecific uptake, this was then subtracted from the data.
+ po0.05, + + po0.01, + + + po0.001 saline WKY vs saline Wis;
**po0.01 vs no nocodazole in Wis saline, #po0.01 saline vs DMI
(ANOVA, Bonferroni). (b) Animals were given a single injection of DMI,
killed 24 h later, processed, and assayed as in Figure 3. Data represent the
average of six animals, with each point averaged from triplicates. Data were
analyzed using two-way ANOVAs with a Bonferroni post hoc analysis if
po0.05. **po0.01 vs no nocodazole.
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Wistar animals (Figure 1a and b; **po0.01, n¼ 6). Thus,
changes in [3H]-NE uptake in response to nocodazole
treatment were only seen after chronic, not acute, admin-
istration of the antidepressant.

The above findings were further confirmed by [3H]-NSX
used to determine the kinetics of NET binding to quantify
total transporters in the synaptosomal preparations. Both
Kd and Bmax values in saline-treated WKYs and Wistars
were similar (Supplementary Figure S1A and B; Supple-
mentary Table S1; n¼ 8). After chronic DMI treatment, total
NET binding (Bmax) significantly decreased in DMI-treated
animals, without a concomitant large decrease in Kd

(Supplementary Figure S1A and B; Supplementary Table
S1; **po0.01 vs saline; n¼ 8). The changes in binding are
consistent with a decrease in Vmax of NET transport seen in
hippocampal and frontal cortex synaptosomes in rodents
chronically treated with antidepressants (Benmansour et al,
2004). These findings suggest that DMI treatment did not
alter the affinity of binding, but rather caused a decrease in
NET binding sites in the frontal cortex, consistent with
results in other reports using chronically injected DMI (Lee
et al, 1983).

Chronic DMI Alters Protein Levels and Cellular
Localization of NET in the Frontal Cortex

The expression level and cellular distribution of total NET
in WKY and Wistar frontal cortex lysates were examined
(Figure 2a). These lysates were additionally subfractionated
into plasma membrane (Figure 2b) and intracellular
cytosolic fractions (Figure 2c) to examine potential changes
in the cellular distribution of NET. The lysate and plasma
membrane fractions show a double protein band corre-
sponding to the higher molecular weight of NET (B75 and
80 kDa), possibly representing different glycosylated forms
of the protein (Melikian et al, 1994). In the WKY lysate
fraction total NET expression decreased, though not
significantly, following DMI treatment (Figure 2a).
NET protein was significantly downregulated in DMI-
treated Wistar rats, compared to their saline-treated strain
counterparts (31%; **po0.01, n¼ 6). Interestingly, the
overall expression level of NET was lower in the WKYs
compared to the Wistar rats regardless of treatment, and
this may account for the lower NET activity and binding
seen in these rats (Figure 1; Supplementary Figure S1). The
change in total NET levels in lysates upon DMI treatment
was accompanied by a significant decrease in plasma
membrane-associated NET in both strains (Figure 2b;
**po0.01, ***po0.005, n¼ 6). However, in the WKY, the
decrease in membrane NET (9%) was compensated for by
an increase in intracellular levels of NET, likely representing
increased trafficking of the transporter away from the cell
surface and into the cytosol (Figure 2c; 11%; **po0.01,
n¼ 6). In contrast, DMI-treated Wistars had a significant
reduction in cytosolic levels of NET (Figure 2c; 13%;
***po0.005, n¼ 6).

The Expression of Other Monoamine Transporters is
not Affected by Chronic DMI Treatment

Several studies have found that DMI alters the expression
and binding of both the serotonin and dopamine transpor-

ters (SERT and DAT, respectively; reviewed in Frazer,
1997). The protein expression of both transporters was
lower in the Wistar strain of rats, compared to the WKY

Figure 2 Norepinephrine transporter (NET) expression and compart-
mentalization is altered in response to desipramine (DMI). Frontal cortex
tissue was analyzed for the expression of total (a), plasma membrane (b),
and intracellular cytosolic (c) NET. Samples were prepared as described in
‘Materials and methods’. Expression of each sample was normalized to
b-actin and then averaged from six individual animals. Each blot is the best
representative image of two individual samples from each treatment group.
Two-way ANOVA with a threshold of po0.05 set for statistical
significance, Bonferroni post hoc, **po0.01, ***po0.005.

a- and c-Synuclein modulation by desipramine in depression
AM Jeannotte et al

991

Neuropsychopharmacology



(Supplementary Figure S2A and B; *po0.05, **po0.01,
n¼ 5). However, there was no significant effect of the
drug on antidepressant vs saline-treated animals of
the same strain and changes in SERT or DAT expression
were not seen. This finding suggests that although
differences in the expression of SERT and DAT may
contribute to underlying strain differences between WKY
and Wistar, it does not explain the change in NET activity
and its altered dependence on the MT network, after
treatment with DMI.

Chronic DMI Treatment Alters the Expression of a- and
c-Syn, but not b-Syn in the Frontal Cortex

a-Syn expression levels and its cellular distribution in both
rodent strains were also examined before and after DMI
treatment. Total a-Syn levels increased (50%) in DMI-
treated WKY rats relative to saline-treated animals of the
same strain (Figure 3a; ***po0.005, n¼ 6). There were no
significant changes in a-Syn expression in antidepressant-
treated Wistars compared to saline controls. The same trend
continued in the membrane-bound a-Syn with an increase
(25%) observed in these fractions (Figure 3b; *po0.05,
n¼ 6). However, the inverse was observed in cytosolic a-
Syn, where WKY rats treated with DMI had significantly
lower levels (16%) of a-Syn in the cytosol (Figure 3c;
*po0.05, n¼ 6). In contrast, in the Wistar rat, a-Syn levels
were significantly higher (26%) in the cytosol compared to
saline-treated rats (Figure 3c; *po0.05, n¼ 6).

We next examined levels of the other synucleins. b-Syn
levels were not significantly altered by DMI treatment in
either the WKY or the Wistar rat (Figure 4). This synuclein
subtype was found in total lysates and cytosolic fractions
(Figure 4a and c, respectively), but was notably absent from
membrane fractions (Figure 4b). This indicates that b-Syn
has very different properties than a-Syn with regard to
membrane associations and that it may not be involved in
the regulation of NET function (also see Figure 8).

Most interestingly, total g-Syn expression in saline-
treated WKY tissue was much higher (37%) than that in
Wistar rats (Figure 5a; po0.01, n¼ 6). However, following
DMI treatment, the total levels of g-Syn were decreased
(20%) in WKY (Figure 5a), with lower amounts of the
protein seen at the membrane (Figure 5b; *po0.05, n¼ 6).
By contrast, in the Wistar rat, DMI caused an increase
(25%) in total g-Syn levels (Figure 5a), which was
accompanied by increased localization of the protein at
the membrane (Figure 5b; *po0.05, n¼ 6). There were no
significant changes in the intracellular amounts of g-Syn in
either the WKY or the Wistar rat (Figure 5c; n¼ 6). These
combined data of a-, b-, and g-Syn indicate that at the
neurochemical level, the effect of DMI may be related to
altered expression levels and cellular localization of these
synuclein proteins.

Protein associations between NET, synucleins, and
tubulins are differentially altered by chronic DMI
treatment in both the WKY and Wistar rats

Protein–protein interactions were tested by reciprocal
coimmunoprecipitations (IPs) between NET and a- and
g-Syn. These assays were conducted in frontal cortex

homogenates to determine if DMI treatment alters protein
complexes that may form between these proteins (Figure 6).
IPs with NET antibodies suggested that interactions of the
transporter with a-Syn were increased in the frontal cortex

Figure 3 a-Synuclein (a-Syn) expression and compartmentalization is
altered in response to desipramine (DMI). Frontal cortex tissue was
analyzed for the expression of total (a), plasma membrane (b), and
intracellular cytosolic (c) a-Syn. Samples were prepared as described in
‘Materials and methods’. Expression of each sample was normalized to b-
actin and then averaged from six individuals animals. Each blot is the best
representative image of two individual samples from each treatment group.
ANOVA analysis with a threshold of po0.05 set for statistical significance.
*po0.05, ***po0.005 (Bonferroni).

a- and c-Synuclein modulation by desipramine in depression
AM Jeannotte et al

992

Neuropsychopharmacology



of WKYs following DMI treatment, but were decreased in
DMI-treated Wistars (Figure 6a). Moreover, NET antibodies
coimmunoprecipitated lower levels of g-Syn in frontal
cortex homogenates from the drug-treated WKYs relative
to their saline-treated counterparts. The IPs using a- or
g-Syn antibodies revealed similar changes in NET associa-
tions with these proteins after DMI treatment (Figure 6b
and c). Using either of the synuclein antibodies for the

precipitation, protein–protein interactions between a- and
g-Syn were found to be low, attesting to the specificity of
these antibodies and lack of cross-reactivity between the
proteins (Figure 6b and c, respectively). Probing the blots

Figure 4 b-Synuclein (b-Syn) expression and compartmentalization is
not altered in response to desipramine (DMI). Frontal cortex tissue was
analyzed for the expression of total (a), plasma membrane (b), and
intracellular cytosolic (c) b-Syn. Samples were prepared as described in
‘Materials and methods’. Expression of each sample was normalized to b-
actin and then averaged from four individual animals. Each blot is the best
representative image of two individual samples from each treatment group.

Figure 5 g-Synuclein (g-Syn) expression and compartmentalization is
altered in response to desipramine (DMI). Frontal cortex tissue was
analyzed for the expression of total (a), plasma membrane (b), and
intracellular cytosolic (c) g-Syn. Samples were prepared as described in
‘Materials and methods’. Expression of each sample was normalized to b-
actin and then averaged from six individual animals. Each blot is the best
representative image of two individual samples from each treatment group.
Two-way ANOVAs with a threshold of po0.05 set for statistical
significance, Bonferroni post hoc analysis, *po0.05, **po0.01,
***po0.005.
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with a-Syn antibodies confirmed increased expression of
a-Syn in WKYs treated with DMI and Wistars administered
saline (Figure 6b). Similarly, changes in g-Syn immunor-
eactivity after using a g-Syn antibody to pull-down
complexes mirrored its relative decreased or increased
expression in DMI-treated WKYs or Wistars, respectively
(Figure 6c). Nonimmune sera (NI serum) or protein A/G
beads (beads alone) were used as controls in co-IP assays to
determine the degree of nonspecific binding, which was
almost undetectable or not present (Figure 6a–c).

Separately, the interactions of both a- and b-tubulins with
NET, a-, or g-Syn were tested. Co-IPs were performed using
g-Syn or NET (Figure 7a) and a-Syn or NET (Figure 7b)
antibodies. When the pull-down was performed with g-Syn
antibodies there was a slight decrease in interactions of this
protein with both tubulins in DMI-treated WKY compared to
saline-treated WKY rats. In contrast there was a noticeable
increase in protein complexes formed between g-Syn and
a- and b-tubulins, after DMI treatment of Wistars, compared
to their saline-treated strain counterparts (Figure 7a). A pull-
down with a-Syn antibodies, revealed interactions between

a-Syn and a- and b-tubulins in saline-treated WKYs, these
were found to be lower relative to those seen in the WKY after
chronic treatment with DMI. The inverse occurred in Wis
rats, whereby DMI treatment appeared to cause a decrease in
protein-protein interactions between a-Syn and both tubulins
(Figure 7b). NET associations with tubulins were increased
following DMI treatment of the WKY, but decreased following
similar treatment of Wistars, compared to their respective
saline-treated counterparts.

Together, these co-IP data suggest that following changes
in protein expression, there may be a shift in the
interactions between the synucleins, NET, and the tubulins,
which could underlie the improvement in depressive
behavior seen in the WKY rat following chronic DMI
treatment. These findings suggest that DMI targets the
synuclein-mediated regulation of NET activity and cellular
localization in vivo.

a-Syn, but not b- or c-Syn Modulation of NET, is
Eliminated by Depolymerizing the MT Cytoskeleton

In view of the above findings, we further investigated the
effect of g-Syn and b-Syn on NET function and sensitivity to
nocodazole in Ltk- cells co-transfected with synucleins and
NET. Cells were transfected with a constant amount of NET
(1 mg/ml DNA) and increasing amounts of the synuclein
subtypes (0–3 mg/ml DNA), and functional studies were
conducted before and after treatment with nocodazole, as
described under ‘Materials and methods’. Untreated cells
co-transfected with increasing amounts of a-Syn and NET
DNA had an increase in [3H]-NE uptake at low expression
levels of a-Syn (0.5 mg/ml DNA), followed by a significant
decrease in [3H]-NE uptake in cells expressing 43mg/ml of

Figure 6 Protein interactions between norepinephrine transporter
(NET), a-, and g-Syn are altered by desipramine (DMI) treatment. Frontal
cortex tissue was prepared as described in ‘Materials and methods’ from
saline (S) or DMI- (D) treated Wistar–Kyoto (WKY) or Wistar rats.
Immunoprecipitations were performed using the polyclonal antibodies of
rabbit-anti-NET (a) rabbit-anti-a-Syn (b), and sheep-anti-g-Syn (c). Control
immunoprecipitations were performed using nonimmune serum (NI) and
protein A/G beads (beads alone). SDS–PAGE was used to analyze the
proteins and membranes were probed using anti-a-Syn, g-Syn, and NET
antibodies. Each coimmunoprecipitation was performed on tissue from six
individual animals. Pictures are the best representative image from each
condition.

Figure 7 a- and b-tubulin interactions with norepinephrine transporter
(NET), a-, and g-synuclein (Syn) are altered in response to chronic
desipramine (DMI) treatment. Frontal cortex tissue was prepared from
saline- or DMI-treated Wistar–Kyoto (WKY) or Wistar animals. Coimmu-
noprecipitations were performed using rabbit-anti-g-Syn and rabbit-anti-
NET (a) and sheep-anti-a-Syn and NET (b). Control immunoprecipitations
were performed using nonimmune serum (NI) and protein A/G beads
(beads alone). Proteins were resolved using SDS–PAGE and immuno-
blotted using monoclonal antibodies anti-a-tubulin and anti-b-tubulin. Each
assay was performed on tissue isolated from six individual animals and the
data represent the best representative image from two animals in each
treatment and strain pairing groups.
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a-Syn, compared to cells transfected with NET alone
(Figure 8), consistent with our previous studies (Wersinger
et al, 2006a; Jeannotte and Sidhu, 2007). Following
treatment with 100 mM of nocodazole for 1 h, the increase
in NET activity seen at low levels of a-Syn was relieved, and
NET function was similar to that of untreated, control cells
not expressing any a-Syn. In addition, nocodazole also
relieved the inhibition seen upon increased levels of a-Syn.

In cells co-transfected with increasing amounts of g-Syn
and b-Syn, there was also a progressive decrease in [3H]-NE
uptake upon increased expression levels of these synucleins
(Figure 8). Most remarkably, however, treatment with
nocodazole did not reverse the inhibitory effects of these
proteins. These findings in vitro suggest that a-Syn
modulation of NET is dependent on interactions with
MTs, whereas b- and g-Syn modulation of NET is likely
mediated by other cytoskeletal structures or cellular
proteins. However, the possibility remains that b- and g-
Syn-mediated modulation of NET also proceeds by inter-
actions with MTs, but for reasons unknown, b- or g-Syn and
cytoskeleton interactions are much more resistant to
destabilizing agents. These data also support the findings
by other groups that higher g-Syn expression is correlated
with increased cellular resistance to MT-destabilizing drugs
(Ji et al, 1997; Wu et al, 2003).

DISCUSSION

We have shown here that DMI treatment caused a decrease
in NET and g-Syn protein levels and an increase in the
expression of a-Syn in the WKY, a rat strain widely studied
for its innate depressive-like behavior. This is the first
report of the pathophysiological involvement of any
member of the synuclein family in the genesis of depression.
It is also the first report of antidepressants modulating the
expression of any of the synuclein proteins. Moreover, we
have shown that the basal expression of g-Syn was high in

the frontal cortex of the WKY displaying a depressive-like
phenotype compared to the Wistar rat. After treatment with
DMI, the expression of g-Syn was decreased in frontal
cortex of the WKY. This finding was unexpected and
suggests that g-Syn may be important in the pathophysiol-
ogy of depression. We also found lower levels of a-Syn in
the frontal cortex of WKY relative to Wistar rats, which was
increased following DMI. Taken together this is the first
demonstration of abnormal synuclein expression in a model
of a mood disorder, revealing a potential mechanism for the
trafficking and regulation of NET by synucleins in response
to antidepressants.

In addition to changes in protein levels, [3H]-NE uptake,
binding, and NET protein interactions were altered in DMI-
treated animals. In particular, in the saline-treated WKY
rats, [3H]-NE uptake was remarkably resistant to modula-
tion by nocodazole, a MT destabilizer that was previously
shown to disrupt a-Syn-mediated modulation of NET and
DAT by interactions with MTs (Jeannotte and Sidhu, 2007;
Wersinger and Sidhu, 2005). These findings suggest that
either NET is not associated with the MTs in synaptosomes
from the WKY rat, or that this interaction is somehow
resistant to MT destabilization. In support of the former
suggestion, the co-IP studies in the saline-treated WKYs
indicated lower amounts of NET associated with a- and b-
tubulins. However, in DMI-treated WKY rats an increase in
[3H]-NE uptake was observed in synaptosomes treated with
100 mM nocodazole. Moreover, protein complexes between
tubulin and NET were increased in this strain after DMI
treatment, suggesting that underlying the change in
nocodazole sensitivity were the enhanced interactions
between these proteins. Furthermore, g-Syn interactions
with the tubulins were decreased after DMI treatments in
the WKY rat, whereas a-Syn/tubulin complexes were
increased, as indicated by co-IPs. However, these results
are not quantitative and must be interpreted with caution,
and in the future corroborated using other methods. Yet,
such observations are important within the context of our
in vitro studies (Figure 8), where g-Syn, but not a-Syn,
regulation of [3H]-NE uptake was found to be insensitive to
nocodazole treatments. Taken together, these data suggest
that NET sensitivity to nocodazole treatment in saline-
treated WKYs could be due to its activity and trafficking
being primarily regulated by g-Syn, rendering such
regulatory functions insensitive to the effects of nocodazole.
Upon DMI treatment, a decrease in g-Syn levels accom-
panied by an increase in a-Syn levels with restoration of
nocodazole sensitivity, suggests that after chronic DMI
treatment NET trafficking is under the regulation of a-Syn.
This is supported by the changes in the expression levels of
each of the two synucleins following DMI treatment
suggesting that expression of these proteins may be central
to their regulation of NET (Figure 9). Indeed, when the
expression levels of a-Syn and g-Syn were analyzed and
expressed as ratios, a ratio of 2.06 was obtained in the
frontal cortex of saline-treated Wistar compared to 1.07 in
the WKY. DMI treatment altered these ratios to 1.50 and
2.01 in Wistar and WKY, respectively. Thus, the altered
regulation of NET in the frontal cortex in WKY may in part
be due to an initially higher expression of g-Syn and lower
expression of a-Syn, which are normalized after DMI
treatment.

Figure 8 b- and g-synuclein (Syn)-mediated regulation of [3H] NE
uptake is insensitive to treatment with nocodazole. Ltk� fibroblasts were
transiently transfected as described in ‘Materials and methods’ section, with
either norepinephrine transporter (NET) alone (0 : 1) or 0.5–3 mg/ml of a-
or g-Syn and 1mg/ml of NET. Cells were either treated with vehicle (0.01%
DMSO) or 100 mM nocodazole in serum-free media. Averages were
calculated from six experiments performed in triplicate±SEM (ANOVA,
Bonferroni).
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In both the WKY and Wistar, the cytoskeleton-mediated
regulation of NET activity and its surface expression were
differentially affected by the physiology underlying depres-
sive-like behavior, as well as subsequent antidepressant
treatment. Nocodazole-resistant interactions between the
transporter and MTs could indicate that NET delivery to the
synaptic terminal, trafficking to the plasma membrane, and
subsequent internalization and degradation are dysregu-
lated in depression. More generally, these findings suggest
that other MT-mediated activities at the synapse may also
be altered in this animal model of depression. Potential, but
as yet unstudied, functions may include vesicle release,
vesicle recycling, delivery of mitochondria to the synaptic
terminal, internalization of surface receptors, and degrada-
tion of old or misfolded proteins. These data highlight a
previously underappreciated involvement for the MT
cytoskeleton in mediating the cellular response to DMI.
To this end, one study chronically treated Wistar rats with
DMI and found a reduction in the assembly of MTs in the
cortex (Miyamoto et al, 1997). This finding could explain
the loss of sensitivity to nocodazole, without an induction of
depressive-like behavior, in the cohort of Wistars treated
with DMI in the current study; thus, the MTs are already at
a lower rate of polymerization and would not be changed by
further destabilization using nocodazole.

At the neurochemical level, there was a modest increase in
total and membrane-bound g-Syn levels in the Wistar
strain, whereas the opposite was true for the WKY rats. DMI
also increased cytosolic levels of a-Syn in the Wistar,

whereas decreasing a-Syn levels in cytosol of WKY rats.
Such changes are reflected by the fact that the ratio of a-
Syn : g-Syn in Wistar rats was reduced to 1.50, but failed to
reach the lower ratio seen in WKY (1.07), suggesting that a
ratio of 1.50 may be sufficient to see nocodoazole resistance,
but not depressive behavior.

In addition to changes at the protein level, DMI may also
directly affect the trafficking of NET. DMI alters the
composition of lipid rafts, a primary mechanism for
delivering and removing proteins from the cellular surface
(Donati and Rasenick, 2005), which potentially affects the
manner in which NET is integrated in the plasma
membrane. NET phosphorylation and internalization, as
well as a-Syn-mediated endocytosis of transmembrane
proteins, occurs by lipid rafts (Fortin et al, 2004; Jayanthi
et al, 2004; Kubo et al, 2005). Therefore, chronic DMI
treatment could alter synuclein and NET interactions at the
membrane, especially those between g-Syn and NET, based
on our findings on opposing changes in membrane levels of
g-Syn (Figure 5). Indeed, increased g-Syn/NET associations
at the plasma membrane in the Wistar rat may also account
for the resistance to nocodazole seen in these animals,
whereas the opposite is true for the DMI-treated WKY rats.
Although it is unknown how g-Syn participates in
chaperoning events and membrane interactions, g-Syn has
been shown to enhance estrogen receptor trafficking to the
cell surface (Liu et al, 2007). DMI is also known to disrupt
membranes (Fisar et al, 2005; Santos et al, 2004). Therefore,
the upregulation of a-Syn in the WKY, which itself can

Figure 9 Synuclein (Syn) modulation of norepinephrine transporter (NET) in depression and after treatment with desipramine (DMI). (1) In the Wistar–
Kyoto (WKY) rat, g-Syn expression is high, whereas a-Syn expression is low. NET activity is insensitive to nocodazole treatment; however, it forms protein
interactions with tubulins. This suggests that g-Syn mediates the activity and trafficking of the transporter. (2) NE gets released into the synapse, diffuses
across the synapse and can bind to pre- or postsynaptic receptors. (3) NE is either degraded in the synaptic cleft or taken back up into the presynaptic
terminal through NET. (4) This transport activity is directly blocked by DMI, or other antidepressants. (5) Following chronic treatment of the WKY with DMI,
a NET-selective antidepressant, g-Syn expression decreases, a-Syn is redistributed from the cytosol to membrane fractions, and NET activity is sensitive to
nocodazole treatment. This suggests that a-Syn-mediated regulation of NET by interactions with MTs is restored by DMI treatment. (6) NE is released into
the synapse where it can remain active and increase the chances of binding both pre- and postsynaptic receptors due to a decrease in the surface expression
of NET.
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directly associate with membranes (Davidson et al, 1998;
Fortin et al, 2004; Jensen et al, 1998; Kubo et al, 2005) may
act to promote trafficking of NET away from the cell
surface. The ability of a-Syn to traffic NET is consistent with
previously reported chaperone activities of a-Syn (Bonini
and Giasson, 2005; Chandra et al, 2005; Ostrerova et al,
1999). Overall, our findings indicate that DMI not only
affects synuclein protein expression, but may also induce
changes in their biochemical interactions with the mem-
brane, thereby impacting the chaperoning and/or traffick-
ing of NET.

These findings add further complexity to the cellular roles
of the synucleins. They establish a differential role for a-
and g-Syn in homeostasis and disease, a distinction that was
previously only made for one disease state, primarily PD,
and also certain cancers and glaucoma. This work suggests
that changes in these two proteins can also contribute to
depression pathology due to their regulatory effects on
NET. As g-Syn is upregulated in the frontal cortex in
animals displaying depressive-like symptoms, although the
a-Syn expression is low, a similar mechanism could occur in
PD where it has been found that a-Syn bioavailability is
reduced due to its propensity to form fibrils and aggregate.
The high proportion of PD patients affected by depression
suggests that in this subset of affected individuals there may
be a common etiology, which may also indicate a common
treatment or prevention strategy. Taken in conjunction with
the results shown here, the high incidence of comorbidity of
PD and depression in human patients suggests that both
basic and clinical studies need to be performed to determine
the mechanism and long-term impact of DMI and other
antidepressants on PD populations.
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