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Electroconvulsive therapy (ECT) is one of the most effective therapies for depression and has beneficial motor effects in parkinsonian
patients. However, little is known about the mechanisms of therapeutic action of ECT for either condition. The aim of this work was to
explore the impact of ECT on dopaminergic function in the striatum of non-human primates. Rhesus monkeys underwent a course of six
ECT treatments under a human clinical protocol. Longitudinal effects on the dopaminergic nigrostriatal system were studied over 6
weeks using the in vivo capabilities of positron emission tomography (PET). PET scans were performed prior to the onset of ECT
treatments and at 24-48 h, 8—10 days, and 6 weeks after the final ECT treatment. Early increases in dopamine transporter and vesicular
monoamine transporter 2 binding returned to baseline levels by 6 weeks post-ECT. Transient increases in D | receptor binding were also
observed, whereas the binding potential to D2 receptors was unaltered. The increase in dopaminergic neurotransmission suggested by

tomography; vesicular monoamine transporter 2

INTRODUCTION

Clinical depression is estimated to debilitate 121 million
people globally. Of these individuals, 20-40% are resistant
to pharmacological antidepressant treatments whereas
another third show poor response. In contrast, electro-
convulsive therapy (ECT) has had equal or better treatment
outcomes than pharmacological approaches (Kho et al,
2003; Pagnin et al, 2004; UK ECT Review Group, 2003).
Newer forms of brain stimulation such as transcranial
magnetic stimulation, deep brain stimulation, and vagal
nerve stimulation have emerged as potential alternate
treatments for refractory patients. Among these brain
stimulation approaches, ECT therapeutic parameters are
the best established (Fink, 2001; Pagnin et al, 2004).
Although ECT has a high safety profile, has few contra-
indications, and is associated with very low morbidity and
mortality, it is mostly utilized in treatment-resistant
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our results may account in part for the therapeutic effect of ECT in mood disorders and Parkinson's disease.
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population, because it is associated with consistent,
mostly transient, memory disturbances in some subjects
(Rami-Gonzalez et al, 2001).

ECT is based on the administration of unilaterally or
bilaterally applied electric shocks to induce short-term
generalized seizures. Although the therapeutic efficacy
stems from seizure generation, the actual mechanisms
responsible, and especially the neurotransmitters involved,
are still poorly understood. One consistent observation in
the rodent literature is enhanced monoaminergic neuro-
transmission (Fochtmann, 1994; Madhav et al, 2000; Smith
et al, 1995; Strome et al, 2007; West and Weiss, 2010; Zis
et al, 1991), an observation consistent with recent renewed
attention to the antidepressant role of dopamine (DA).
Indeed, the role of DA in mood disorders is drawing more
attention both for its involvement in the pathogenesis of
some typical symptoms of depression as well as its
contribution to antidepressant effects. Two key features of
depression are anhedonia and lack of motivation, which
have both been linked to the brain reward system and DA in
human and animals. Neuroimaging studies using SPECT
have demonstrated elevated binding of iodobenzamide to
the striatal DA D,;; receptors, suggesting lower baseline
levels of DA (D’haenen and Bossuyt, 1994; Shah et al, 1997).
Striatal dopaminergic activity is reduced in stressed
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individuals (Pruessner et al, 2004) and administration of DA
antagonists leads to the occurrence of depressive symptoms
(Willner et al, 2005), whereas DA agonists have been shown
to have antidepressant actions and contribute to improved
efficacy of current antidepressants (Nutt, 2006).

In addition to its antidepressant effect, there is also
evidence that ECT may ameliorate the motor symptoms of
Parkinson’s disease (PD). PD is a debilitating neurodegen-
erative disorder caused by the degeneration of the DA
neurons in the substantia nigra. It is characterized by a
battery of motor symptoms, accompanied, in up to 40% of
patients, by depressive comorbidity (Brown and Jahanshabhi,
1995; Slaughter et al, 2001; Tandberg et al, 1996). In
depressed PD patients receiving ECT for their depressive
symptoms, a rapid amelioration of motor symptoms was
observed independently and well before the antidepressant
effects (Andersen et al, 1987; Faber and Trimble, 1991). This
anti-parkinsonian motor outcome reinforces observations
from animal models and suggests a role for DA in the
mechanism of action of ECT. Neuroendocrine studies
(Costain et al, 1982; Zis et al, 1996), microdialysis
(McGarvey et al, 1993; Zis et al, 1992; Nomikos et al,
1991), behavioral studies of gross motor function (Strome
et al, 2007) and stereotypies (Fochtmann, 1994; Green et al,
1977), molecular biology (Rosa et al, 2007), and receptor-
binding assays (Barkai et al, 1990; Bergstrom and Kellar,
1979; Fochtmann et al, 1989; Strome et al, 2007), all support
the hypothesis of at least some involvement of the DA
system in the therapeutic effects of ECT in depression and
PD, underlining the necessity to explore the mechanism of
action of ECT on DA neurotransmission.

Positron emission tomography (PET) allows the study of
brain function and pharmacology in vivo. However, ethical
concerns greatly reduce the feasibility of performing an
extensive longitudinal study of the effects of ECT in human
subjects. Human studies are limited by the number of doses
of radioactive tracer(s) that can be administered in a given
time frame to a given patient, and the interpretation of the
data may be rendered difficult by individual patient history,
including past or concurrent administration of psychoactive
medications. Furthermore, ethically, one cannot administer
ECT to normal subjects and thus, any observation in
patients may be a combination of the effects of ECT and
disease-induced alterations in brain chemistry, possibly
shadowing the actual effects of ECT itself and leading to
misinterpretation. Thus, as a first step, examining, in vivo,
the effects of ECT in normal rhesus monkeys may lead to a
more comprehensive model of its effects on DA function
and help in the design of further studies in human patients.

In this report, we examine the effects of ECT on the
striatal dopaminergic system. We studied the effects of a
standard course of ECT on presynaptic and postsynaptic
DA markers over a period of several weeks, in rhesus
monkeys using the in vivo capabilities of PET. We
used [''C]d-threo-methylphenidate (MP) and [''C]+/
—dihydrotetrabenazine (DTBZ) to study, respectively,
binding to the synaptic DA transporter (DAT) and the
vesicular monoamine transporter (VMAT2), whereas [*C]-
SCH23390 and [''C]-raclopride were used to assess the
postsynaptic DA D; and D,;; receptors. These tracers will
provide a comprehensive evaluation of DA neurotransmis-
sion in response to ECT treatment.
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METHODS
Subjects

Six older adult male rhesus monkeys (aged 16-22 years,
weighing 8.5-17 kg) were chosen to mimic the demographic
of the human population most often receiving ECT. Each
animal was healthy and had not been involved in
pharmacologic studies or received any drugs, apart from
those necessary for veterinary care and anesthetics, for >5
years. All experiments were approved by the Committee on
Animal Care of the University of British Columbia.

ECT

The ECT application was performed as previously described
(Strome et al, 2005). Briefly, monkeys were given ketamine-
HCL anesthesia (10-15 mg/kg intramuscular (IM), atropine
(0.5mg/kg IM) to reduce secretions, and succinylcholine
(1 mg/kg IM) to induce muscle relaxation, before the shock
treatment. The animals were intubated to maintain airway
patency, and positioned supine on a procedure table. A
clinical ECT device (Thymaton, Somatics, Lake Bluff,
Illinois) set to a frequency of 70Hz, a pulse width of
0.5ms, and a 0.9-A current was used to administer ECT.
Electrodes were placed bilaterally on the animal’s temples
for maximal efficacy and increased inter-electrode distance
(Sackeim et al, 1993). ECT was administered twice a week
over a 3-week period for a total of six treatments by an
investigator skilled in the administration of ECT (APZ). The
seizure threshold was determined during the first session.
The applied current starting from the second treatment was
1.5 times the threshold and further increased as needed
during the following treatments to maintain at least a 20-s
seizure using the stimulus duration to adjust the dose of
current. The length of the motor seizure was timed. The
animal awoke spontaneously after treatment, and no side
effects were noted as a result of the treatment or repeated
anesthesia.

PET Scanning and Tracers

Each animal received all the scans at all the time points
mentioned, for a total of 16 scans over a period of several
months. They received baseline PET scans in the 3-6
months preceding the initiation of ECT treatment and then
24-48h, 8-10 days, and 6-8 weeks after the end of the
course of ECT. The animal was prepared for scanning using
a previously described protocol (Strome et al, 2005). Briefly,
the animal was sedated (ketamine 10 mg/kg IM and atropine
0.5mg/kg IM), and an intravenous line was inserted. The
animal was intubated. A dose of sodium pentobarbital
sufficient to induce about 30-40 min anesthesia (7-10 mg/
kg IV) was administered to permit safe transport to the
scanning suite and set up in the head holder. Maintenance
anesthesia was continued with isoflurane (1-2%). The
monkey was positioned in the scanner prone in a
stereotaxic frame, allowing the acquisition of 31 coronal
slices of the head and brain with a Siemens ECAT 953-31B
tomograph (reconstructed resolution: 9 mm FWHM). All
the tracers were prepared as previously described. The first
scan of the day did not occur before a minimum of
70-80 min after ketamine and pentobarbital administration.



The minimum specific activity at injection was 500 Ci/
mmole. MP and DTBZ (4-5mCi in 10 ml sterile saline) were
injected over 1min via a Harvard pump (Doudet et al,
2006). SCH23390 and raclopride were administered as a
bolus plus infusion protocol as previously described
(2.5mCi in 10 ml saline in 1 min followed by a slow infusion
of 25mCi in 30ml saline over the following 59 min)
(Doudet et al, 2002a,b). The scans were acquired in random
order, to both accommodate the radiochemistry schedule
for the day and to insure that no specific bias due to scan
order was introduced in the data. For all four tracers, the 2D
acquisition sequences consisted of six 30-s scans, two 1-min
scans, five 5-min scans, and four 7.5-min scans for a total
duration of 60 min followed by a 15-min high-resolution 3D
scan to facilitate structure identification.

PET Data Analysis

The PET analysis was performed by the manual placement
of regions of interest (ROI) on four different striatal slices of
the high-resolution 3D scan as previously described
(Doudet et al, 2000, 2006). Each PET scan was matched to
an existing T1 MRI scan (performed as part of other studies
and acquired in the same headholder) for each animal, and
a well-characterized MRI-based template consisting of
multiple small ROIs was placed on each scan of each
animal. The position of the striatal ROIs was adjusted based
on the individual animal’s neuroanatomy and radioactivity
within a region and covered total striatum (four slices) and
left and right caudate nucleus (three slices) and putamen
(four slices). Large ROIs in two consecutive slices were
placed over cerebellum, an area of non-specific accumula-
tion. The ROIs were then transferred to the kinetic data set,
and time-activity curves were obtained for each ROI and
averaged for each animal into cerebellum and left and right
striatum, caudate, and putamen.

Data analysis was performed using Logan graphical
analysis for reversible tracer using the cerebellum as the
input function for all four tracers. The slope of the plotted
data from 30-60 min provided the distribution volume ratio
DVR =BPyp + 1. Data were analyzed as BPyp (DVR-1).

Statistics

Statistical analysis was done with a multivariate repeated
measures method, with orthogonal polynomials using SPSS
v12.0 software. Briefly, this analysis involves performing a
one-way analysis of variance with Time as the within term,
and then partitioning the Time effect into three orthogonal
polynomials to test for linear, quadratic, and cubic effects. A
significant linear effect would indicate a steady increase or
decrease over time post-ECT and for these data, was tested
by the contrast (—3, —1, 1, 3). A significant quadratic effect
is consistent with a ‘U-shaped’ curve over time and for these
data were tested by the contrast (1, —1, —1, 1). Specifically,
this contrast determines whether there is a sharp rise or
decrease in binding after ECT and whether the values return
to baseline over time. Finally, a significant cubic effect
suggests tracer-binding fluctuation over time and is tested
by the contrast (—1, 3, —3, 1). This contrast if significant
would suggest an N-shaped curve over time. Given this
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shape, we would conclude that a significant effect could not
be attributed to ECT per se but to an extraneous factor.

To ensure that our results were consistent with previous
reports on DA D1 receptor binding and ECT, a one-tailed,
paired Student’s t-test was done comparing the baseline
with the first post-ECT observation (24-48 h).

RESULTS

As previously demonstrated, applied current and seizure
length were significantly negatively correlated (Strome et al,
2005). ECT treatment induced significant increases in MP
and DTBZ (DAT and VMAT?2) binding in all striatal areas
(Figure 1). Significant quadratic effects were observed over
time, as the observed increases in binding after ECT
returned toward baseline values by the time of the final
scan. The F-values for the quadratic effects ranged from 8.5
to 10.75 (critical F, ; =5.59, p<0.05) for the DAT and from
5.95 to 7.9 (critical F;;=5.59, p<0.05) for the VMAT2
(Table 1). In addition, a significant cubic effect (F=7.10,
P <0.05) was found for the caudate for D1 tracer SCH23390.
This effect was not found for any other region and
suggested fluctuations in binding that could not be
attributed directly to the ECT treatment. Figure 2 shows
the estimated marginal means from the statistical analysis
for a representative region (striatum) for all four tracers.
The further analysis performed on the SCH23390 data,
based on the consistent observation in multiple studies of
acute increase in DA D1 binding in rodents (Sershen et al,
1991; Strome et al, 2007; Bergstrom and Kellar, 1979; Nowak
and Zak, 1989) demonstrated a significant increase in the
striatal regions (p <0.05) between the baseline and the acute
(24-48h) time point post-ECT. However, as mentioned
above, this change was not consistent over later time.

DISCUSSION

Our data show that monkeys treated with a short clinical
course of ECT (six sessions only) demonstrate significant
alterations in dopaminergic presynaptic neurotransmission,
following a quadratic (‘inverted U’ shape) function return-
ing to baseline within 6 weeks after the final ECT treatment.
In our study, for practical reasons (unilateral ECT would
lead to short inter-electrode distances), monkeys received
bilateral ECT, which is still considered the most therapeu-
tically effective administration method (Sackeim et al,
1993) and the one most likely to induce significant changes.
This protocol induced a significant decrease in the binding
of a tracer of the 5HT2 receptors (Strome et al, 2005),
consistent with antidepressant effect and increased inter-
stitial serotonin (Zis et al, 1992). Thus, our ECT protocol
was effective and sufficient to induce clinically relevant
changes.

Dysfunctions of the presynaptic DA system are not
uncommonly reported in mood disorders. In patients with
major depression, DAT binding is reduced in the striatum,
substantia nigra, thalamus, and anterior cingulate, with no
alterations to limbic and cortical areas (Meyer et al, 2001;
Remy et al, 2005). A reduction in DAT binding was also
found in anhedonic depressed patients (Sarchiapone et al,
2006). Untreated symptomatic depressed patients suffering
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Graphs showing the binding potentials (BPnp) for the presynaptic (methylphenidate (DAT) and dihydrotetrabenazine (VMAT?2)) and

postsynaptic (SCH23390 (DA D1) and raclopride (DA D2)) tracers at baseline, 1-2 days, 8—10 days, and 6 weeks after the end of a course of ECT. Note
the quadratic shape of the response of the presynaptic tracers (inverted U shape).

Table | Polynomial Contrasts to Determine the Pattern of the
Changes in DA Markers After a Course of Electroconvulsive Therapy

F linear F quadratic F cubic

Methylphenidate (tracer of DAT)

Striatum 1.38 10.745% 023

Caudate 0.88 9.77% 0.05

Putamen 1.47 8.597 0.13
Dihydrotetrabenazine (tracer of VMATZ2)

Striatum 0.86 7617 0.28

Caudate 0.05 696% 1.26

Putamen 0.21 7.75% 0.69
SCH23390 (tracer of D)

Striatum 0.79 2.62 3.69

Caudate 1.89 2.67 7.10°

Putamen 0.61 1.29 |.87
Raclopride (tracer of D2)

Striatum 0.8l 0.02 1.92

Caudate 5.14 1.43 0.94

Putamen 0.57 0.27 1.29

*Brain regions showing a significant effect (p<0.05).

from seasonal affective disorder display a 12% decrease in
striatal DAT binding (Neumeister et al, 2001). Deficits in
VMAT function have been implicated in depression as well.
It has been known for over 50 years that reserpine, an
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irreversible VMAT?2 blocker, can induce depressive symp-
toms in patients (Freis, 1954). Experimental rodent models
in which VMAT2 levels are reduced (by 50-95%),
demonstrate depressive symptoms (Schwartz et al, 2003),
which can be ameliorated by acute antidepressant therapy
(Fukui et al, 2007). In normal rats, exposure to repeated
swim stress (a chronic stress model of depression) resulted
in over a 20% reduction in striatal VMAT2 density (Zucker
et al, 2005).

As DA, DAT, and VMAT2 expression are decreased in
depression, and addition of drugs with DA-like properties
improves the outcomes of antidepressant therapies, we
hypothesized that the effect of a highly effective anti-
depressant such as ECT would be associated with an
increase in DA synthesis and release. Our hypothesis is
supported by our findings of increased MP and DTBZ
binding found up to 10 days after the end of a course of
ECT. It is consistent with the multiple observations in
humans and rodents that ECT increases DA-mediated
responses (Andersen et al, 1987; Costain et al, 1982;
Rudorfer et al, 1988; Fochtmann, 1994), the existence of a
therapeutic motor effect in PD patients (Douyon et al, 1989)
and the efficacy of ECT as an antidepressant (Nutt, 2006).
The DAT is a presynaptic transporter and has an important
role in regulating striatal DA transmission. It is known to be
a highly regulated protein that shows compensatory
changes in protein density in response to pathological or
pharmacological perturbations (Lee et al. 2000; Gordon
et al, 1996). The tracer used in our study, MP, binds
preferentially to the DAT but has some affinity for the
noradrenaline transporter sites. As previous studies in
rodents and baboons demonstrated the presence of
DA terminals to be mostly in the striatum, whereas
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Figure 2 Graphs showing the estimated marginal means obtained from the statistical analysis for the striatum with all four tracers. The x axis shows
the four times considered in the analysis: | = baseline pre-ECT, 2 = |-2 days, 3 =8-10 days, and 4 = 6 weeks post-ECT. Note the inverted U shape for MP

and DTBZ.

noradrenergic fibers are typically found in the cortex
(Donnan et al, 1989; Ding et al, 1995), it can be assumed
that the changes in striatal binding of MP in this study can
be attributed to compensatory increases in the expression of
the DAT in response to increased DA release.

Like MP, DTBZ is not uniquely specific for DA and labels
the vesicular monoamine transporter type 2 located in the
DA, serotonin, and noradrenaline neurons. As the majority
(>90%) of the monoaminergic striatal sites are DA, our
data in normal monkeys mainly reflect changes in striatal
DA storage sites. Unlike DAT, VMAT2 has been long
believed to be resistant to compensatory regulatory
changes, reflecting terminal density (Sossi et al, 2007), but
recent studies suggest that DTBZ binding may be sensitive
to competing intravesicular DA (Tong et al, 2008).
Increased DA release would thus lead to both reduced
vesicular concentrations and increased DTBZ binding,
consistent with amplified DA release. This is, to our
knowledge, the first paper that directly examines the effects
of ECT on presynaptic DA transmission.

There are, however, numerous animal studies, mainly in
rodents, which have examined the postsynaptic conse-
quences of ECT. The behavioral increases in DA-mediated
behaviors and stereotypies have long been believed to be the
result of increased responsiveness of postsynaptic DA
receptors. Receptor-binding studies to examine the bio-
chemical changes underlying these behaviors have yielded
variable results. In summary, using both homogenate and
autoradiographic receptor-binding techniques, the typical
changes are upregulation of D; receptors in the normal
substantia nigra and striatum after a course of ECS, whereas
D, receptors are mostly unchanged in the striatum, and D;
receptors are upregulated in the nucleus accumbens (Barkai

et al, 1990; Fochtmann, 1994; Lammers et al, 2000; Nowak
and Zak, 1989; Sershen et al, 1991; Smith et al, 1995; Strome
et al, 2007).

Based on these observations and the report that acutely
depressed patients display a 13% reduction in DI receptor
binding in the striatum (Dougherty et al, 2006), we
hypothesized that ECT would induce an increased D,
receptor binding. We did not find a significant quadratic
relationship between SCH23390 binding and time post-ECT.
However, based on the published literature, we compared
the binding of SCH23390 at baseline and 1-2 days after ECT
and found a significant increase in binding. The lack of
significant quadratic relationship may have been obscured
by the large variability in the data in this small sample of
animals. A posteriori investigation of the reason for this
variability, pointed to the possible role of the small dose of
pentobarbital (7-10 mg/kg IV) administered to the animals
for the transport from the housing facility to the PET suite.
Momosaki et al (2004) demonstrated that barbiturate
anesthesia decreased the binding of SCH23390 to the DA
D1 receptors. Although our dose is well below the
recommended anesthesia dose, it may have affected the
binding of SCH23390 to the D1 receptors leading to variable
underestimation in different scan days: SCH23390 was
administered at various times after barbiturate administra-
tion, due to variability in animal preparation, tracer delivery
times and the random execution of the various scans at the
different time points to prevent bias. Nevertheless, the
increase in D1 binding at 1-2 days after the end of the ECT
course is in agreement with several studies in rodents
showing increases in striatal DA D1 receptor binding in
response to ECT (Bergstrom and Kellar, 1979; Strome et al,
2007; Nowak and Zak, 1989).
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The reason for the changes in D1 receptor expression in
response to ECT is not completely understood, with some
evidence supporting that increased DA D1 binding may
result from increases in DA transmission. Reduction in DA
concentration with the irreversible VMAT2 blocker reser-
pine induces decreased striatal SCH23390 binding to the DA
D1 receptors in rodents, an effect that can be reversed by
amphetamine, a psychostimulant that both increases DA
release and blocks its reuptake by the DAT (Inoue et al,
1991). Furthermore, animal models of PD demonstrate
decreased striatal D1 binding (Doudet et al, 2002b; Joyce,
1991; Marshall et al, 1989). Administration of MK-801, a
NMDA antagonist, which stimulates DA release, has been
found to increase D1 binding in the mouse striatum
(Kobayashi and Inoue, 1993). These data are in agreement
with our hypothesis of increased DA transmission after
ECT. We did not examine the cortical binding of SCH23390
to avoid confounds due to its significant binding to 5HT2A
receptors (up to 25% of D1 binding in cortex (Ekelund et al,
2007)), its poor signal to noise ratio and the unknown effect
of pentobarbital on SCH23390 cortical binding to 5SHT2A/
D1, but such studies are currently underway.

The lack of effect of ECT on DA D2 binding is
superficially more difficult to interpret. Raclopride is often
used as a surrogate marker of DA release (Laruelle, 2000).
Raclopride is a benzamide with an affinity for the DA D2
receptors similar to that of DA and appears to be sensitive
to competition with the endogenous ligand (Doudet and
Holden, 2003; Dewey et al, 1993). Thus, increased DA
release would lead to decreased binding. The lack of
significant changes in raclopride binding after ECT in our
study thus appears not to support our hypothesis. However,
the fact that our studies were performed in normal animals
may affect this interpretation: the changes in DA concen-
trations necessary to induce changes in raclopride binding
are substantial (with a 1% change in binding requiring 40-
50% increase in extracellular DA: see Laruelle (2000) for
review) and may not have been sufficient to affect
raclopride binding, especially taking into account the 6-
7% test-retest reproducibility over time in our Cl11 tracer
studies. In support, administration of a therapeutic dose of
L-dopa does not induce changes in raclopride binding in
normal subjects, human, rats, or monkeys (Antonini et al,
1994; Floel et al, 2008; unpublished observations).

It is remarkable that the effects of ECT on the DA system
waned after a few weeks, as it raises the issue of the
potential relationship between the neurochemical effects of
ECT and the persistence of the therapeutic effect. Similar
transient effects were observed in our study of the effects of
ECT on 5HT2 receptor binding (Strome et al, 2005). Both
antidepressant and anti-parkinsonian effects are usually
transient, lasting in most cases weeks to months, and
relapse occurs in a majority of patients within 6 months
prompting the addition of pharmacological therapy or
institution of ECT maintenance therapy as often a necessary
addition for long-term efficacy. One can argue that the
brevity of the treatment in our study, six ECT sessions only
versus often 10-12 sessions required for effective anti-
depressant treatment may have a role in the lack of
sustained effect in our study, whereas longer treatments
may effectively prolong the neurochemical changes. Few
studies have addressed the issue of the number of treatment
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versus length of antidepressant effects. Furthermore, our
animals were neither depressed nor parkinsonian and one
cannot ignore the compensatory capabilities of the brain
when dealing with chronic diseases. Individual alterations
in the neurochemical background on which ECT is applied
may have a role in the large variation in the therapeutic
effect and the persistence of these effects between individual
subjects.

In conclusion, taken together, our findings of increased
DAT and VMAT2 binding support the hypothesis of
increases in DA neurotransmission as a consequence of
ECT, either directly or indirectly through the cortical
glutamatergic system. Although the current study in normal
animals does not provide proof that the therapeutic
antidepressant effects of ECT are due, even in part, to its
effect on DA transmission, it raises the interesting
possibility of a potential role for it. The role of DA
neurotransmission in antidepressant therapeutic effects has
been generally downplayed in favor of the major roles of
serotonin and noradrenaline, but is gaining more recogni-
tion. In support, the addition of drugs with DA facilitating
properties like buproprion or moclobemide to classical
antidepressants often improves clinical outcomes (Kennedy
and Rizvi, 2009). There are relatively few in vivo long-
itudinal imaging studies of the effects of ECT on the
serotonin or noradrenaline systems in primates, human, or
non-human. We have already reported an effect consistent
with increased serotonin transmission in normal monkeys
(Strome et al, 2005), data recently confirmed by a similar
study in depressed patients (Yatham et al, 2010) and in on-
going continuation studies, we have preliminary in vivo
evidence that ECT also increases brain noradrenaline in
normal pigs (Doudet et al, 2010). This apparent generalized
effect of ECT on all three monoaminergic systems may
indeed have a role in its superior efficacy. However, studies
in animal models of depression are needed to confirm the
role of DA in ECT effects.
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