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Abstract

Major depressive disorder represents one of the most severe disabling dis-
orders, affecting around 4.7% of the worldwide population. Many patients 
suffering this neuropsychiatric illness are treated successfully with various 
treatments, including antidepressant drugs and psychotherapy but also 
physical measures (electroconvulsive therapy, repetitive transcranial mag-
netic stimulation, vagal nerve stimulation). Despite the different treatment 
approaches available, unfortunately 30–40% of the patients fail to respond 
to most first-line treatments, and between 5 and 10% do not respond to 
conventional therapy at all. Thus, a considerable number of patients have 
a poor outcome and unfortunately fail to reach sustained remission. These 
data highlight the need to find new therapeutic approaches that especially 
focus on refractory patients. In this context, deep brain stimulation (DBS) 
emerges as an innovative physical treatment for refractory depressed 
patients. DBS has been successfully used for years in some neurological 
disorders such as Parkinson’s disease. Currently, in addition to its use in 
treating depression, DBS is also being tested in other psychiatric illness 
such as obsessive–compulsive disorder. Most studies on DBS have focused 
on efficiency and efficacy, or improvement in the technique, and a few 
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were devoted to understanding the intrinsic mechanisms  responsible. 
Understanding the molecular mechanisms of action of DBS is currently 
considered as crucial, not only in order to understand its efficacy but also 
to propose new antidepressant approaches. The aim of this chapter is to 
review the foundations, the efficacy, and the efficiency of DBS in depres-
sion, and to provide insight into the intrinsic mechanisms of action 
described until now. In addition, future developments will be discussed.
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�Introduction

Major depressive disorder (MDD) is a psychiat-
ric illness with a prevalence around 4.7% among 
the worldwide population [1]. According to the 
World Health Organization this disorder ranks 
among the leading causes of disability [2], and it 
is expected to be the second most common cause 
of disability by 2020 [3]. Nowadays, clinical, 
neurochemical, neuroimaging, and postmortem 
evidence suggests that MDD is not a disease that 
affects a particular anatomical region or a single 
system of neurotransmission. It is postulated that 
MDD is a dysfunction of cortical, subcortical, 
and limbic system areas and their connections, 
and hence neurotransmitter systems and molecu-
lar mediators.

Multiple pharmacological and psychotherapeu-
tic treatments are currently available for MDD. The 
first-line therapy for depression involves the use of 
antidepressant drugs that mainly act by inhibiting 
monoamine reuptake, thereby increasing mono-
amine levels in the synaptic cleft. But unfortu-
nately, it has been estimated that 30–40% of MDD 
patients do not improve in response to this phar-
macological treatment [4]. As such, in the 
Sequenced Treatment Alternatives to Relieve 
Depression (STAR*D)  trial, a randomized and 
multi-center clinical trial conducted in 2004 in the 
USA, patients diagnosed with non-psychotic 
MDD received sequenced treatment at four levels, 
and the overall cumulative remission rate was 67% 
after the four levels of treatment [5]. Other non-
pharmacological approaches are effective for 

MDD, such as psychotherapy or physical 
approaches including electroconvulsive therapy, 
repetitive transcranial magnetic stimulation, or 
vagal nerve stimulation [6–9]. Although the major-
ity of patients with MDD respond to the broad 
range of current treatments, between 5% and 10% 
fail to respond, having a poor outcome and failing 
to achieve sustained remission [4, 5, 10]. This crit-
ical issue results in an enormous economic burden, 
poor quality of life, personal suffering, and a high 
risk of suicide [3, 11, 12]. Thus, the lack of a satis-
factory response in treatment-resistant depressive 
patients highlights the need to progress toward the 
discovery of effective alternative therapies.

In this context, deep brain stimulation (DBS) 
therapy arose as an experimental alternative for 
patients suffering from resistant MDD. DBS is an 
invasive approach involving stereotaxic surgery. 
Stimulation electrodes are permanently connected 
to a neurostimulator with the capacity to deliver 
electrical chronic stimulation of a targeted brain 
region. Several data indicate that DBS produces 
similar benefits to the ablation of the target area 
[13, 14] but with fewer side effects, because DBS 
is a reversible approach and the stimulation device 
is adjustable to attain the desired therapeutic effect. 
Indeed, electric current intensity, pulse width, and 
frequency of the stimulation applied can be appro-
priately modified. Thus, the parameters of stimula-
tion are adapted for each disease, each target of 
stimulation, or even depending on the individual 
needs of each patient. The extensive experience 
using this technique reveals that it  is a safe and 
well-tolerated therapy, and most of the side effects 
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reported are related to the surgical procedure. 
Originally, DBS was developed as a technique for 
movement disorders. The effectiveness demon-
strated in several neurological disorders such as 
Parkinson’s disease, dystonia, and essential tremor 
[15] led to the exploration of this approach to man-
age psychiatric diseases. As a result, the US Food 
and Drug Administration approved DBS for 
treatment-resistant obsessive-compulsive disorder 
(OCD) in 2009. DBS is currently used in research 
studies to treat other neuropsychiatric disorders 
such as MDD.

Although multiple trials have been performed 
using this technique, the mechanisms underlying 
the therapeutic effects of DBS have not yet been 
elucidated. However, authors have proposed sev-
eral hypotheses. Indeed, some studies have sug-
gested that DBS induces a simple local neuronal 
activation of the targeted area [16], while other 
results indicate that DBS preferentially inhibits 
cell bodies and only stimulates axon terminals 
[17]. Nevertheless, DBS seems to present a much 
more complex mechanism of action than a sim-
ple activation or inhibition of the target area, even 
being able to widely modulate brain network 
activity [18, 19]. In this way, understanding the 
inherent mechanisms of DBS could give us crucial 
information to discern the distinctive biological 
features related to treatment-resistant disorders.

With regard to DBS for treating refractory 
MDD, only a few clinical trials have been reported. 
Even so, DBS was effective in patients suffering 
resistant MDD, showing a promising improve-
ment of depressive symptomatology. In this way, 
several brain areas have been tested as targets for 
DBS: subgenual cingulate cortex (SCC), nucleus 
accumbens (NAc), ventral capsule/ventral stria-
tum (VC/VS), inferior thalamic peduncle (ITP), 
medial forebrain bundle (MFB) and lateral haben-
ula (LHb). Despite the fact that DBS causes a sig-
nificant reduction in depression rating scales when 
applied to most of them, there is still considerable 
debate about which is the best stimulation target to 
treat refractory depressed patients.

The aim of the present chapter is to collect 
evidence of clinical and preclinical data and 
attempt to discern potential intrinsic mechanisms 
of DBS in the different brain sites of stimulation 
tested for resistant MDD.

�Ventral Capsule/Ventral Striatum 
and Nucleus Accumbens

Based on the efficacy of capsulotomy, a lesional 
therapy widely used for more than 50 years in 
OCD patients, the VC/VS was proposed as 
a brain area to be stimulated by DBS for this psy-
chiatric disorder. The VC/VS target corresponds 
anatomically with the ventral limb of the internal 
capsule and the adjoining ventral striatum 
(Fig. 19.1), and DBS applied to this region has 
been found to be effective for intractable OCD 
[20, 21]. Given that an unexpected improvement 
in depressive symptoms was observed in patients 
primarily diagnosed with OCD [20, 22, 23], this 
area was proposed as a putative DBS target for 
refractory MDD patients. The first clinical inter-
vention targeting VC/VS showed encouraging 
results for MDD patients, who achieved close to 
a 60% response rate at the last follow-up visit 
[24]. However, the randomized sham-controlled 
clinical trial using VC/VS DBS did not report 
significant differences between DBS and sham 
control patients, and the response rate obtained 
was only 20% in both cohorts [25].

The ventral striatum complex includes the 
NAc, another region that was proposed as a 
DBS target area for refractory depressed patients 
(Fig. 19.1). The NAc plays a crucial role in the 
reward circuitry and motivation processes [26]. 
Given that impairment in reward processing is 
related to the anhedonic symptoms of depression 

Ventral capsule/ventral striatum (VC/VS)
and nucleus accumbens (NAc)

VC/VS is the first DBS target used for
intractable OCD patients.

NAc plays an essential role in reward
processes which are altered in MDD patients.

Fig. 19.1  General schematic representation of the  
VC/VS and NAc as targets for refractory MDD
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[27, 28], the effectiveness of DBS on the NAc 
was evaluated in clinical studies. They reported a 
sustained alleviation of depressive symptomatol-
ogy, reaching approximately 50% in the rate of 
response, accompanied by an antianhedonic and 
anxiolytic effect [29–31]. Additionally, functional 
neuroimaging in patients revealed changes in 
metabolic activity induced by NAc DBS. Among 
the changes found, the hypofunction observed in 
prefrontal subregions such as the SCC should be 
highlighted [29].

Neuropsychological assessments are routinely 
performed in these patients since as an invasive 
technique, DBS could impair attention, memory, 
or other cognitive processes. Interestingly, a sig-
nificant improvement in cognitive performance 
tasks was reported after NAc DBS [32], and VC/
VS DBS [33] did not produce neuropsychologi-
cal decline. The safety and the encouraging 
response obtained in these clinical trials could 
promote additional controlled studies to verify 
the efficacy of DBS of both targets for resistant 
MDD.

To extend our knowledge and understanding of 
the mechanism of action of DBS, preclinical stud-
ies applying DBS in the core or shell portion of 
NAc have been performed in naïve and animal 
models of depression. In this way, NAc DBS in 
naïve animals induced an antidepressant-like 
effect measured in the forced swimming test 
(FST) [34, 35]. The FST is the most often used 
behavioral test to predict antidepressant-like 
activity in rodents. This is a classical paradigm to 
screen the response when the subject is faced with 
a problem without an obvious solution (“waiting/
searching strategy”) [36, 37]. Additionally, con-
sidering that one of the essential symptoms of 
depression is anhedonia, the antidepressant-like 
effect is also assessed by the portion of sucrose 
intake in the sucrose consumption test (SCT) [38]. 
Surprisingly, NAc DBS fails to produce a clear 
and remarkable hedonic effect [35, 39].

Furthermore, the antidepressant effect of NAc 
DBS has been reported in several animal models 
of depression. Chronic DBS to the NAc core 
induced an antidepressant-like effect in the 
Flinders sensitive line (FSL) [40], a validated 
genetic animal model of depression [41]. This 

effect was also observed in the high anxiety-
related behavior (HAB) mouse model [42] and 
the model of depression induced by chronic adre-
nocorticotropic hormone (ACTH) administration 
[43]; both models resistant to standard antide-
pressant therapies [44, 45]. Additionally, chronic 
NAc DBS increased sucrose intake preference in 
animals submitted to mild randomized stressors 
for several weeks [46], in a rodent depression 
model called the chronic unpredictable mild 
stress (CUMS) model [47], yet the antianhedonic 
effect was not observed in the FSL model [40]. 
However, a single session of DBS applied to 
the NAc core or shell was not enough to attain an 
antidepressant response in animal models of 
depression including HAB mice and the CUMS 
[39, 42].

The anxiolytic effect observed in patients 
treated with NAc DBS was also evaluated in naïve 
animals. Unfortunately, the data available do not 
confirm the anxiolytic properties of DBS NAc. 
This therapeutic approach reduced the escape 
latency in the home-cage emergence test [39] but 
it did not increase the time spent in the open arms 
of the elevated plus maze (EPM) [48], which is the 
most widely used paradigm to detect anxiety-
related behavior in rodents [49]. It should be noted 
that changes in  locomotor activity were not 
reported following acute or chronic DBS of the 
NAc, indicating that the behavioral effects 
described were not due to an alteration in the spon-
taneous locomotor activity [34, 39, 42, 46, 50].

The possible cognitive alterations induced by 
DBS were also assessed using animal paradigms 
such as the Morris water maze (MWM). This test 
evaluates the spatial memory, and it is often used 
as a general assay of cognitive function [51, 52]. 
Interestingly, NAc DBS did not induce learning 
impairments in CUMS animals [46]. This is 
according to the neuropsychological data 
reported in the clinical studies.

To discern the molecular mechanisms under-
pinning the antidepressant effect of NAc DBS, 
several preclinical studies have been performed to 
ascertain potential substrates involved. As such, 
the modulation of neurotransmitters release, neu-
rotrophic factors, adult neurogenesis, or the acti-
vation of intracellular signaling pathways have 
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been evaluated, given that they could be the main 
factors to achieve the satisfactory response.

The monoaminergic theory postulates a defi-
ciency in brain serotonergic, noradrenergic, and 
dopaminergic neurotransmission in depression 
[53]. Thus, a solid basis was established to con-
ceptualize this neurobiological disease, which 
was a breakthrough for the development of cur-
rent pharmacological antidepressants [54, 55]. 
However, the involvement of monoamines in 
the pathophysiology of this disease appears to 
be insufficient to fully understand this illness. 
Although monoamine regulation itself does not 
explain the processes that cause or maintain the 
depressed mood, the effect of DBS on mono-
amine release has been evaluated. Local mono-
amine levels remained unaltered after acute 
NAc core DBS [56], but it did induce a general 
cortical increase of serotonin (5-HT) and dopa-
mine (DA) levels in the prefrontal cortex and of 
DA and noradrenaline (NA) in the orbitofrontal 
cortex [57]. However, the effect of chronic DBS 
on monoamine levels depends on the site within 
the NAc that is stimulated. DBS of the NAc 
core did not produce either local or cortical 
modifications, and NAc shell stimulation 
enhanced local but not cortical monoamine lev-
els [58]. Only one study evaluated the mono-
amine release in an animal model of depression 
describing a decrease in cortical monoamine 
levels after NAc shell DBS in Wistar–Kyoto 
animals [50], a rat strain with a defined depres-
sive phenotype [59, 60].

On the other hand, MDD is associated with a 
dysfunction in neuronal network plasticity. A 
large body of evidence has demonstrated the 
reduction in brain-derived neurotrophic factor 
(BDNF) expression and adult hippocampal neu-
rogenesis in depressed patients [61–63]. Indeed, 
it has been reported that antidepressant drugs can 
improve both processes [64, 65]. Bearing in mind 
the relevance of these processes, it has been eval-
uated how NAc DBS affects them. Stimulation of 
the  NAc in naïve animals was not sufficient to 
increase hippocampal neurogenesis [66]. 
However, in animal models of chronic depres-
sion, DBS was able to enhance this [42], and to 
promote the expression of BDNF [46].

Additionally, NAc DBS potentiated cortical 
dendritic plasticity [50] and it modified neuronal 
activity in the piriform cortex and subcortical 
regions, such as  the VTA and lateral hypothala-
mus [34]. Moreover, DBS in HAB animals acti-
vated the LHb, the dentate gyrus of 
the  hippocampus, and the orbitofrontal cortex, 
and it decreased the activity in the prelimbic cor-
tex [42]. Thus, DBS is able to modulate the acti-
vation pattern of several brain areas located 
both close to and distant from the stimulation site.

�Subgenual Cingulate Cortex

The SCC is a part of the limbic cortex, located 
ventral to the genu of the corpus callosum 
(Fig. 19.2). The SCC region has been chosen as a 
target for DBS on the basis of previous findings, 
showing that this area is generally hyperactive in 
depressed patients, and that antidepressants and 
electroconvulsive therapy decreased the metabo-
lism in this region [67–69]. Furthermore, the 
functional activity of the SCC region has been 
proposed as a predictor of the response to antide-
pressant treatments [70, 71]. So, the safety and 
efficacy of DBS in the SCC for treating resistant 
MDD is currently under investigation. Previous 
data from three independent clinical trials have 
demonstrated that DBS was effective in refrac-
tory MDD patients, showing  an approximately 

Subgenual cingulate cortex (SCC)
Volumetric reduction in MDD patients.
Metabolic hyperactivity demonstrated
in MDD.
Effective antidepressant treatment
associated with a reduction in its
metabolic activity.

Fig. 19.2  General schematic representation of the SCC 
as a target for refractory MDD
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60% response rate [72–74]. During the follow-
up period (3–6 years) a progressive reduction in 
the severity of depression symptoms was 
reported, with only 10% of patients failing to 
show a decrease in symptom scores [75]. Indeed, 
at final follow-up, 42.9% of patients were in 
remission [72]. Moreover, cognition function 
after SCC DBS was preserved in patients, indi-
cating the safety of this stimulation target for 
MDD [76, 77]. However, despite the promising 
results reported in these open-label trials, the last 
multicenter prospective randomized trial failed to 
demonstrate the effectiveness of SCC DBS (letter 
from St. Jude Medical Clinical Study 
Management). Thus, further clinical trials must 
be carried out to elucidate the efficacy of this 
therapy for treating refractory MDD patients.

Many studies focused on the intrinsic mecha-
nisms of SCC DBS have been performed in ani-
mal models of depression. The ventromedial 
prefrontal cortex (vmPFC) is the rodent cortical 
region homologous to the human SCC  [78]. This 
region compromises the infralimbic and prelim-
bic cortices, and there is still considerable debate 
as to which part of the vmPFC is the best target to 
apply DBS [79, 80].

Preclinical behavioral studies indicated that 
short- and long-term DBS applied in the vmPFC 
induced an antidepressant-like effect in the FST 
[34, 35, 79–84] and a hedonic response in the 
SCT in naïve animals [35, 84]. In addition, an 
anxiolytic effect was described after acute 
vmPFC DBS in the home-cage emergence test 
and the novelty suppressed feeding (NSF) [39, 
80, 82]. The NSF measures a rodent’s aversion to 
eating in a novel environment, and it is sensitive 
to chronic but not acute antidepressant treatment 
[85]. Therefore, the onset of action of DBS 
appears to be shorter than common antidepres-
sant drugs.

Chronic DBS was able to reverse the depres-
sive phenotype induced by the following animal 
models of depression: FSL, CUMS, olfactory 
bulbectomy (OBX), and chronic social defeat 
stress (CSDS) model [39, 84, 86–88]. The OBX 
produces a depressive behavior by disrupting the 
normal functioning of the limbic system [89], 
whereas the CSDS is based on the confrontation 

among conspecific animals to induce a psychoso-
cial stress [90]. Furthermore, the anxiolytic effect 
of vmPFC was also demonstrated in the CUMS 
model of depression, increasing the time spent in 
the open arms in the EPM [86]. On the other 
hand, learning performance was not affected by 
vmPFC DBS in the MWM [46]. Overall, this 
indicates that DBS exerts an antidepressant 
response accompanied by an anxiolytic effect 
that is not associated to a cognitive impairment.

As occurred using NAc DBS, the spontaneous 
locomotor activity after acute or chronic DBS in 
the vmPFC remained unaltered [34, 39, 46, 80, 
82, 86]. On the other hand, using the intracranial 
self-stimulation (ICSS) paradigm in FSL rats, it 
has been reported that the hedonic effect of DBS 
in the vmPFC does not depend on a direct modi-
fication of the mesolimbic dopaminergic reward 
system [84, 91].

The monoaminergic implication in the 
antidepressant-like effect induced by vmPFC 
DBS has been studied as a possible mechanism 
of action. Thus, vmPFC DBS was able to locally 
enhance 5-HT, NA, and DA at the site of stimula-
tion [80, 87]. Nevertheless, the large majority of 
the studies available were carried out to discern 
the role of the serotonergic system. Despite 5-HT 
levels remaining unaltered in the dorsal raphe 
(DR) nucleus after vmPFC DBS, it has been 
shown to modulate the electrical activity of 5-HT 
neurons and enhance the glutamate concentration 
in this brain area [39, 80, 81, 88, 92]. This 
increase in the main excitatory neurotransmitter 
might trigger the drastic 5-HT release reported in 
DR projection areas, specifically in the vmPFC 
and hippocampus [80, 82].

But the relevance of the serotonergic system 
in the antidepressant-like effect of vmPFC DBS 
is still unclear, given that the two studies avail-
able showed opposite effects. In one of them, the 
antidepressant-like effect of vmPFC DBS per-
sisted when the serononinergic neurotransmis-
sion was compromised, but in the other study this 
effect seemed to depend on the integrity of the 
5-HT system [80, 82].

Additionally, DBS was able to potentiate neu-
ral plasticity in the DR neurons of naïve animals. 
Thus, an increase in excitatory presynaptic and 
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postsynaptic densities was found, and in CSDS 
animals, DBS normalized dendritic arborization 
[81, 88]. vmPFC DBS also promoted synaptic 
plasticity locally, in the hippocampus and in the 
basolateral amygdala, even restoring the reduc-
tion induced by the CSDS model [88, 93].

The activation of specific intracellular cas-
cades, such as the mammalian target of rapamy-
cin (mTOR) pathway, has a  rapid impact on 
synaptic plasticity. This pathway promotes the 
synthesis of several proteins involved in the func-
tion, formation, and maturation of new spine syn-
apses [94], and it  has been closely related to 
the  antidepressant effect of drugs with a short 
onset of action [95]. DBS of the vmPFC increased 
cortical phosphorylation of Akt and cAMP-
response element binding (CREB) [87], both 
components linked to the activation of mTOR 
signaling cascade. Moreover, an inhibitor of 
mTOR, temsirolimus, was able to block the 
antidepressant-like effect induced by vmPFC 
DBS, indicating that the mTOR pathway is a lim-
iting factor [87].

As mentioned above, neurotrophic factors and 
neurogenesis play an important role in the antide-
pressant response. The effect of DBS on neuro-
genesis is still  not clear in naïve animals  and 
opposite results have been reported using differ-
ent protocols to address this issue [66, 81]. 
Nonetheless, chronic vmPFC DBS restored the 
reduction in adult hippocampal neurogenesis 
induced by stress in the CUMS model [86]. On 
the other hand, the most relevant neurotrophic 
factor related to affective disorders and the 
unique analyzed in clinical and preclinical DBS 
studies is BDNF. vmPFC DBS normalized the 
deficient BDNF levels in CUMS animals in the 
striatal, cortical, and hippocampal regions [46, 
86, 96]. However, peripheral BDNF concentra-
tion has been evaluated in only four patients who 
received DBS of the SCC, and they showed a 
reduction in serum BDNF levels [97].

Many original studies have evaluated the 
activity of several brain areas after DBS through 
the molecular expression of neuronal activation 
markers. Thus, vmPFC DBS induced the activa-
tion of the neurons around the site of stimula-
tion, as well as in other cortical regions such as 

piriform, entorhinal, and orbitofrontal cortices 
[34, 39, 80, 88]. Additionally, the activity of sev-
eral distant regions directly connected to the 
vmPFC was increased by DBS, for instance 
the hippocampus, basolateral amygdala, insula, 
or LHb [34, 39, 80, 88]. Thus, DBS applied to 
this target is able to regulate the activity of sev-
eral limbic areas included in the neuronal cir-
cuitry that regulates emotions.

�Lateral Habenula

The LHb is located dorsally to dorsal thalamus 
(Fig. 19.3). The LHb receives information from 
cortical and limbic structures and it  is directly 
connected to dopaminergic-, noradrenergic-, and 
serotonergic-releasing midbrain areas [98]. This 
area constitutes a target for DBS as its volume 
tends to be reduced in depressed patients, and 
some authors have hypothesized that an overac-
tivity in this region is related to MDD [99, 100]. 
In this context, a patient diagnosed with resistant 
MDD was treated with LHb DBS.  The results 
showed the antidepressant response of this ther-
apy; the patient achieved sustained remission 
from 4 to 12 months after the beginning of the 
treatment. Indeed, the patient suffered decay by 
the accidental cessation of stimulation, corrobo-
rating the effectiveness of this DBS target [101]. 
Thus, these promising results have led to the 

Lateral habenula (LHb)

Reduced volume in MDD
patients.
Processes reward-related
information.
Crucial role in the midbrain
monoaminergic systems.
A dysfunction has been
hypothesized in MDD.

Fig. 19.3  General schematic representation of the LHb 
as a target for refractory MDD
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intention to carry out additional clinical trials 
using LHb DBS for resistant  MDD.  In fact, a 
single-center study enrolling six patients is 
currently  being conducted (ClinicalTrials.gov; 
identifier: NCT0198407).

The antidepressant-like effect of LHb DBS 
has been demonstrated in several animal models 
of depression. As such, DBS restored the depres-
sive phenotype induced by CUMS, chronic 
ACTH administration, and in the learned help-
lessness (LH) model [39, 102–104]. This LH 
model is an experimental depression model based 
on exposure to repeated uncontrolled and ines-
capable stress, leading to helplessness [105].

Monoamine release was measured in CUMS 
animals after LHb DBS.  Chronic exposure to 
unpredictable stressors provoked a reduction 
of 5-HT, NA and DA levels in the hippocam-
pus and blood serum which is restored by LHb 
DBS [104].

An increase of BDNF was found in the blood 
serum of the patient treated with LHb DBS. Indeed, 
the BDNF levels were correlated with the 
improvement of depressive symptoms in this 
patient [106]. Furthermore, the antidepressant-
like effect of LHb DBS has been preclinically 
linked with some molecular and cellular changes 
which could be crucial in the mechanism of action 
of DBS. In this way, LHb DBS regulates the local 
and cortical activation of the Ca2+/calmodulin-
dependent protein kinase (CaMKII) intracellular 
pathway which modulates downstream signaling 
cascades involved, among others, in synaptic 
plasticity and neuronal survival [102]. New 
insights about cellular and molecular changes 
induced by LHb DBS could help in understanding 
the intrinsic mechanisms underpinning the antide-
pressant effect of DBS.

�Medial Forebrain Bundle

The MFB is a fiber tract connecting the midbrain 
tegmentum and elements of the limbic system 
(Fig.  19.4) which plays an important role in the 
reward system [107, 108]. Clinical studies have 
reported the efficacy of MFB DBS as a therapeutic 

approach for intractable MDD patients. The pilot 
trial included seven patients, and DBS in the 
MFB induced a rapid and chronic antidepressant 
response, with an 86% response rate at the last 
follow-up [109]. Additionally, a second study 
demonstrated a significant alleviation of depres-
sive symptoms in two of three patients enrolled 6 
months after the beginning of DBS [110]. Finally, 
a third trial was approved to study the effective-
ness of the MFB DBS in 12 patients diagnosed 
with refractory MDD (ClinicalTrials.gov; identi-
fier: NCT01778790).

Preclinical data indicated that DBS in the 
MFB had an antidepressant-like effect in the FST 
[111] and that it  reversed the anhedonic and 
depressive phenotype of FSL rats [91]. 
Surprisingly, MFB DBS induced an anxiety-like 
behavior assessed as an increase in the time spent 
in the closed arms in the EPM paradigm [91] 
without altering locomotor activity [111]. Only 
some molecular changes were evaluated after 
DBS is applied to the MFB. In this way, the effect 
of acute MFB DBS on monoamine release was 
assessed in the NAc and interestingly, no changes 
in DA or 5-HT release were reported [111]. 
Bearing in mind that the MFB is the fiber tract 
which connects the VTA with the NAc, and con-
sidering the antianhedonic effect of MFB DBS, 
this result was unexpected. Maybe instead of 
acute stimulation, chronic stimulation of the MFB 

Medial forebrain bundle (MFB)

Ascending ventral mesencephalic
dopamine fibers from VTA.

MFB connects multiple areas involved
in motivated behavior, mood regulation
and antidepressant response.

Fig. 19.4  General schematic representation of the MFB 
as a target for refractory MDD.

L. Perez-Caballero et al.

http://clinicaltrials.gov
http://clinicaltrials.gov


259

could lead to a modification of monoaminergic 
neurotransmission.

In addition, stimulation of the MFB altered 
the activity pattern of a few brain areas, such as 
the piriform and prelimbic cortices, the shell por-
tion of NAc, the anterior regions of the caudate/
putamen, dorsomedial thalamic nuclei, LHb, and 
the VTA [111, 112]. This suggests that DBS of 
the MFB induces changes in areas widely linked 
to the pathophysiology of MDD.

�Inferior Thalamic Peduncle

The ITP is a bundle of fibers that connects the 
nonspecific thalamic system to the orbitofrontal 
cortex (Fig.  19.5), and DBS delivered in this 
region seems to be beneficial in refractory OCD 
patients [113]. However, only one case has been 
reported with regard to the efficacy of ITP stimu-
lation in a refractory MDD patient, who achieved 
remission state from the first month of DBS [113–
115]. Although the depressive symptomatology of 
this patient improved, she also suffered from buli-
mia and borderline personality disorder, making 
it  difficult to extract conclusive data supporting 
the suitability of this target. Furthermore, up to 
now there are no preclinical data available that 
may help clarify the possible effectiveness of this 
therapy in this target brain area.

Conclusions
In the last decade, the efficacy of DBS for treat-
ing refractory MDD has been evaluated, targeting 
several brain areas. Clinical studies that have 
enrolled most resistant MDD patients have been 
performed on the SCC and NAc regions. Indeed, 
they showed the most promising outcomes. 
Despite the data available from clinical trials, the 
mechanism of action underlying the antidepres-
sant effect of DBS is still unclear. To clarify this 
issue, preclinical studies have evaluated the cel-
lular and molecular changes modulated by DBS 
using animal models of depression. They have 
demonstrated that DBS regulates the release of 
several neurotransmitters in brain areas closely 
related to MDD.  Moreover, DBS can enhance 
BDNF expression, and promote neurogenesis 
and neuronal plasticity. Overall, this suggests 
that DBS presents a complex mechanism of 
action involving many components, which could 
contribute to the initiation of remarkable neuro-
nal network reorganization.

The evidence obtained through the studies 
performed to date indicates that DBS could be a 
safe alternative for the treatment of refractory 
MDD.  But unfortunately, the multicenter trials 
fail to demonstrate a substantial improvement of 
the depressive symptomatology in all patients. 
For this reason, the search for indicators that 
will help to identify patients who can satisfacto-
rily respond to DBS is mandatory. The detection 
of alterations in activity patterns through neuro-
imaging, or changes in peripheral proteins 
expression, could be used as clinical biomarkers 
to predict DBS response. Moreover, further stud-
ies will be necessary to identify the best target of 
stimulation in order to attain the maximum thera-
peutic response in each patient.
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