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Abstract

Deep brain stimulation (DBS) is a well-established treatment modality for movement disorders. 

As more behavioral disorders are becoming understood as specific disruptions in neural circuitry, 

the therapeutic realm of DBS is broadening to encompass a wider range of domains, including 

disorders of compulsion, affect, and memory, but current understanding of the cellular 

mechanisms of DBS remains limited. We review progress made during the last decade focusing in 

particular on how recent methods for targeted circuit manipulations, imaging and reconstruction 

are fostering preclinical and translational advances that improve our neurobiological 

understanding of DBS’s action in psychiatric disorders.

INTRODUCTION

There is increasing awareness that ‘circuitopathies’, dysfunctions in brain circuits 

characterized by abnormal patterns of electrical activity and oscillations, are responsible for 

the signs and symptoms of neurological and psychiatric disorders. This has coincided with a 

rapid shift in the conceptualization of novel treatment strategies, away from brain-wide 

interventions based on pharmacology, and towards an upcoming generation of pathway-

focused and device-based therapeutics or ‘electroceuticals’ [1]. These approaches aim to 

reprogram faulty circuits by capitalizing on our greater understanding of the brain’s cellular 

architecture and the mechanisms of activity-dependent neuroplasticity. Deep Brain 

Stimulation (DBS) has been the prototype and is currently the most clinically-advanced of 

such approaches. This technique, which emerged in the 1980’s, has arguably served as one 

of the triggers for the aforementioned shift. DBS refers to the process of delivering an 

electrical current to a precise location in the brain using surgically implanted chronic 

electrodes [2,3].

The use of DBS in Parkinson’s Disease (PD) and other neurological disorders has thus far 

been the main application of this technology. Chronic high-frequency DBS for treatment of 

movement disorders was pioneered in the early 1990s [2,4], and stimulation of the 

subthalamic nucleus (STN), global pallidus (GPi), and ventral intermediate nucleus (VIM) 

are now common procedures for treatment-resistant PD and essential tremor [3,5]. Nearly 
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100,000 patients have been implanted with DBS devices in the US [3] and this number is 

growing at a rate of 8,000–10,000 patients per year [6].

In the early 2000’s, the success of DBS for movement disorders coupled with an increasing 

understanding of the circuitry underlying mental disorders spurred initial investigations into 

the efficacy of DBS in psychiatry. This review will provide an overview of the principles of 

DBS action in this context, summarize the progress made during the last decade in this area 

and discuss the emerging understanding of the circuit, cellular and molecular mechanisms 

underlying its therapeutic activity.

GENERAL PRINCIPLES OF DBS ACTION: STILL MANY OPEN QUESTIONS

A/Stimulatory versus inhibitory effects on cell firing at the site of stimulation

DBS stimulates a spherical volume of tissue around the electrode [7], and the effects of this 

stimulation can vary regionally depending on the molecular characteristics of local neurons 

or glial cells, which determine their passive membrane properties and compositions of 

voltage-sensitive ion channels [2]. Accordingly, the response of individual cell bodies in the 

stimulated region is typically phase-locked to stimulation but varies with regard to the 

proportion of cells increasing and decreasing their firing rate [2,3,8]. Potential mechanisms 

for DBS-induced inhibition of cell bodies include depolarization block, inactivation of Na+ 

channels, presynaptic depression or depletion of excitatory afferents, and stimulation of 

inhibitory afferents [3].

B/Modulation of cell bodies and dendrites versus axons

Because the chronaxie of a myelinated axon is typically orders of magnitude lower than for 

cell bodies or dendrites (making the former more excitable), DBS may exert its effects 

predominantly by modulating axons that are afferent to, efferent from, or passing through 

the site of stimulation [2,9]. Accordingly, preclinical studies using optogenetics to dissect 

the action of DBS have shown that direct optical stimulation or inhibition of neuronal cell 

bodies at the site of electrode may not reproduce therapeutic effect of DBS, while direct 

optical stimulation of afferent axons to this region does so [10]. This axonal mode of action 

explains the paradoxical finding that cell bodies in a stimulated nucleus can be inhibited by 

DBS, while output from this nucleus increases in projection areas [7]. Accordingly, DBS 

still maintains its therapeutic activity in certain preclinical models in the presence of lesions 

that ablate all cell bodies at the site of stimulation, but spare fibers of passage [11].

C/Local versus distal effects

DBS-induced changes outside the area of stimulation are relatively less well-studied. 

Electrophysiological and imaging studies have revealed that DBS simultaneously modulates 

blood flow and electrical oscillations across many brain regions distal to the site of 

stimulation, through both orthodromic and antidromic transmission [3]. For example, in PD, 

STN stimulation can reverse pathological low-frequency (~9 Hz) single-unit oscillations in 

the global pallidus externa (GPe) and substantia nigra reticulata (SNr) by entraining neurons 

in the circuit to the stimulation frequency [12], and can modify the firing probability of 
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cortical neurons through antidromic frequency jamming, reducing pathological cortical beta 

rhythms [13].

The normalization of aberrant patterns of electrical and metabolic activity in connected 

regions by DBS may reflect at least in part an effect on neurotransmitter release. For 

example, NAc DBS has been shown to drive striatal dopamine release in patients and 

animals [14], and D2 receptor antagonism abolished the effect of NAc DBS on compulsive 

feeding behaviors in obese mice [15]. Similarly, in depression models, preclinical studies 

have shown that vmPFC DBS drives hippocampal serotonin (5-HT) release [11], and that 

serotonin depletion abrogates the antidepressant-like effect of DBS [11,16].

D/Neurons versus glia

In addition to neurons, glia may play an important role in the response to DBS. Two main 

types of glial cells have been implicated: astrocytes and microglia. Astrocytes are prime 

candidates as they propagate calcium waves and form a tripartite synapse together with 

neuronal synapses. Gliotransmitters and growth factors released from astrocytes are thus 

likely to mediate, at least in part, the activity of DBS in psychiatric illness. Astrocyte-

derived adenosine released during DBS and acting at A1 receptors on neurons was found 

necessary and sufficient for the effect of thalamic DBS on essential tremor [17] and 

preliminary evidence suggests a similar mode of action in preclinical models of depression 

[18]. Not only can astrocytes respond to the electrical changes induced by DBS, but the 

microlesions resulting from the implantation of the stimulating electrode also produce 

inflammation and reactive gliosis [19], a known source of induced multipotent stem cells in 

the injured brain. The presence of these cells may contribute to neurotrophic responses and 

circuit reorganization [20]. Furthermore, cytokines produced by microglia at the site of 

implantation also appear to participate in the therapeutic action of DBS through effects on 

endothelial cells. Interestingly, postmortem tissue from PD patients treated with STN DBS 

showed lower densities of activated microglia and increased microvasculature in the STN 

compared to control PD patients [21].

F/Acute versus chronic effects

Most mechanistic studies to date have focused on the effects of acute DBS (Figure 1A). 

Although this approach has validity in the context of PD, where effects on motor deficits are 

observed immediately, DBS is always applied chronically in clinical settings, and long-term 

effects on connected networks are beginning to be uncovered in most clinical applications 

(Figure 1B). For example, in PD, a longitudinal case study comparing brain structural and 

functional connectivity after 5 months of DBS showed localized structural changes in 

sensory-motor, prefrontal/limbic, and olfactory brain regions and an increased nodal 

efficiency [22].

DISEASE-SPECIFIC MECHANISMS OF DBS IN PSYCHIATRIC DISORDERS

A/Obsessive Compulsive disorders (OCD)

OCD was the first non-motor disorder treated with DBS. It is a serious neuropsychiatric 

disorder characterized by persistent intrusive anxious thoughts (obsessions) and unwanted 
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repetitive ritualistic behaviors (compulsions) that often have devastating effects on a 

patient’s life. A quarter of all patients remain resistant to first line treatments (cognitive-

behavioral therapy and pharmacotherapy with serotonin reuptake inhibitors). The 

application of DBS in OCD was pioneered by Bart Nuttin and colleagues in 1999 as a 

reversible alternative to capsulotomy, a last-resort surgical intervention which permanently 

disconnects the cingulate cortex by severing the fiber tracts running from the thalamus to the 

frontal lobe [23].

The current ‘habit hypothesis’ of OCD places emphasis on the pathophysiological role of 

cortico-striato-thalamo-cortical (CSTC) loops implicated in the acquisition of automatic 

behaviors [24,25]. To date, most clinical trials of DBS for OCD have focused on stimulation 

of the anterior limb of the internal capsule in the ventral striatum (VC/VS) [26], the adjacent 

Nucleus Accumbens (NAc) [27], and the STN [28], which are three nodes in the CSTC 

“habit” circuit [29]. Although DBS at these sites clearly improves anxiety and compulsions, 

it does so without affecting threat response of patients in experimental paradigms such as 

conditioned startle. This confirms the dissociation between substrates of OCD and circuits 

classically involved in the expression of fear/anxiety [30]. Nevertheless, several animal and 

human studies have showed consistent effects of ventral striatal DBS on prefrontal cortical 

circuits implicated in the extinction of fear and addictive behaviors [31].

Single-unit recording studies in OCD patients have revealed increased frequency and 

variability in the rates of firing of medium spiny neurons (MSNs) in the ventral striatum 

suggestive of reduced interneuron function and cortico-striatal hyperconnectivity [25]. 

Important advances in understanding the cellular bases of this dysconnectivity have derived 

from the recent studies using targeted circuit photomanipulation with optogenetics and 

genetically engineered mouse models of OCD. Repeated, but not single sessions of 

optogenetic low-frequency stimulation of corticostriatal pathway produced aberrant 

repetitive grooming behaviors in naïve mice that persisted for 2 weeks post-stimulation [32], 

providing a proof of concept that activity-induced maladaptive plasticity in certain 

corticostriatal networks is sufficient to trigger OCD-like symptoms in normal mice. 

Similarly, low-frequency optical stimulation of orbitofrontal cortex neurons projecting to the 

VS normalized compulsive grooming behaviors in the Sapap3 knockout mouse model of 

OCD, and normalized VS medium spiny neuron hyperactivity by restoring defective 

intrastriatal feed-forward inhibition by fast-spiking interneurons [33]. In line with this 

mechanism of action, human DBS attenuated frontal low-frequency oscillations 

pathologically occurring in response to symptom-inducing stimuli and decreased PFC-NAc 

connectivity in a manner that strongly correlated with symptom reduction [34]. Unlike the 

rapid beneficial effects of optogenetic manipulation in Sapap3 knockout mice, OCD 

symptoms in patients take weeks to months to respond to DBS [35], indicating a possible 

requirement for neuroplasticity and/or neurogenesis in its therapeutic mechanism. 

Preclinical studies have shown that high-frequency stimulation of the dorsal portion of the 

NAc with DBS enhances extinction memory in rats, while upregulating plasticity markers 

such as pERK [31] and BDNF [36] in the medial prefrontal cortex, and that NAc DBS can 

increase dentate gyrus neurogenesis [37]. Interestingly, as with compulsive behavior in 

OCD, NAc DBS can also facilitate the extinction of compulsive drug seeking [38] and 
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compulsive eating, as recently reported in a model of diet-induced binge eating in obese 

mice [15]. D2, but not D1 dopamine receptor antagonism abolished this effect, suggesting a 

role for dopamine in the mechanism of DBS in this model.

In sum, these studies indicate that NAc and VC/VS DBS promote complex neuroplastic 

alterations that de-potentiate overactive corticostriatal circuits in part through the 

strengthening of feed-forward inhibition in the striatum (Figure 2A).

B/Memory

DBS for memory enhancement is in very early stages; the only studies conducted so far have 

involved case reports or very small sample sizes. Serendipitous observation of promnesic 

effects upon application of DBS to the hypothalamus/fornix of a patient treated for obesity 

[39], has prompted more systematic investigations of this target for the treatment of memory 

disorders. Results of a Phase I trial of hypothalamus/fornix DBS for Alzheimer’s were 

inconclusive regarding efficacy [40]. High frequency stimulation of the entorhinal cortex 

(EC), the source of a major excitatory input to the dentate gyrus, was shown to improve 

spatial memory in epilepsy patients [41] and in rodents [42]. Mechanisms for these memory 

improvements have not been studied extensively, but EC DBS may mediate its effects partly 

by stimulating the proliferation of Type 2 progenitors and affecting the integration of 

newborn neurons into functional circuits. Supporting a causal role, enhancement of dentate 

gyrus neurogenesis followed the time-course of memory improvement, and administration 

of a DNA alkylating agent (TMZ) prevented both DBS-induced neurogenesis and memory 

improvements [42].

C/Depression

Major Depression (MDD) is a heterogeneous multidimensional syndrome characterized by 

cognitive, affective and neurovegetative deficits. Three well-characterized core cognitive 

dysfunctions in MDD are 1/the biased processing of negatively valenced emotional 

information, 2/an inability to control mood fluctuations and 3/anhedonia (a reduced ability 

to experience pleasure or interest). As in OCD, these dimensions have been linked to 

dysconnectivity within the distributed CSTC network. One node in this circuit that reliably 

maps with depressed mood and responses to antidepressants is the subcallosal cortex (SCC) 

that comprises the subcallosal cingulate gyrus and adjacent ventromedial prefrontal cortex. 

After extensively characterizing the dysconnectivity of the SCC and CSTC circuit in 

depressed patients [43] and their engagement during sadness in normal subjects, Mayberg 

and colleagues provided the initial proof of concept for the efficacy of SCC DBS in 

treatment-resistant depressive patients [44]. Although these first clinical studies led to 

promising results, a more recent, larger controlled multicenter trial was recently 

discontinued after futility analyses revealed inefficacy [45]. Failure is likely attributable to 

variability of implantation sites since the trial did not use state of the art fMRI mapping prior 

to implanting the electrodes. Recently, probabilistic tractographic analyses have identified 

three key myelinated fiber bundles whose contact with the electrode is required to obtain 

positive response to SCC DBS and which point to selected downstream cortical and 

subcortical targets [46].
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Several other stimulation sites throughout the brain have been tested clinically and were also 

found to produce mood improvement in refractory MDD patients; there are now almost as 

many validated DBS targets as there have been clinical studies in MDD [47]. Overall, the 

published response rate to DBS therapy is 40–70%. Three of the most consistent targets 

include the NAc/VC/VS, medial forebrain bundle (MFB), and lateral habenula (LHb), which 

are all coupled (positively or negatively) to the reward circuitry [48]. Cellular mechanisms 

of DBS for depression at these targets and the SCC are summarized in Figure 2B.

To more precisely investigate mechanisms of SCC DBS, a growing number of preclinical 

studies in rodents have explored the neurobiological mechanisms underlying the behavioral 

activity of DBS of the ventromedial prefrontal cortex (vmPFC), which is considered the 

rodent analog of the human SCC. vmPFC DBS results in antidepressant-like effects in 

several rodent models sensitive to chemical antidepressants [11,16,49].

Mapping of immediate early genes reveals that vmPFC DBS engages neurons in multiple 

regions distal to the site of stimulation, including the amygdala, the piriform/insular cortices 

and monoaminergic nuclei [49,50]. One vmPFC downstream target that is activated by DBS 

and has been consistently implicated in mediating DBS effects is the serotonergic dorsal 

raphe nucleus (DRN) in the brainstem. Viral tracing and optogenetic studies from our lab 

and others have demonstrated the existence of a phylogenetically-conserved monosynaptic 

vmPFC-DRN pathway, which is likely modulated by DBS. vmPFC DBS induces 5-HT 

release in projection areas [11], and intact raphe serotonergic function is necessary for the 

antidepressant-like and anti-anhedonic effects of vmPFC DBS [11,16]. These results suggest 

that cortical DBS recruits similar neurotransmitter systems to pharmacological 

antidepressants, but does so in a more efficient and focalized manner, by engaging only 

selected subsets of projections within the 5-HT system.

The other clinically-effective DBS targets in the reward system (NAc, MFB and LHb) may 

modulate depression symptoms through a partly overlapping network. Indeed, the NAc 

receives strong serotonergic and dopaminergic inputs from the DRN and VTA respectively, 

whose axons all travel via the MFB [51]. The DRN is the strongest source of (serotonergic 

and glutamatergic) synaptic inputs to the VTA [52]. The LHb, which is hyperactive in 

MDD, acts as a ‘brake’ on the activity of both VTA and DRN neurons. LHb DBS disinhibits 

these regions by depleting excitatory projections from the basal ganglia that drive LHb 

hyperactivity [53–55].

The therapeutic latency of SCC DBS for MDD is typically on the order of weeks to months 

[56], with the number of responders increasing progressively with the duration of treatment, 

while discontinuation typically results in the return of symptoms over one to six weeks [48], 

suggesting the importance of activity-dependent plasticity in the mechanism of DBS. 

Several cellular-level and network-level plasticity signatures have been shown to be 

associated with this therapeutic effect. Increased paired-pulse depression, an 

electrophysiological index of presynaptic plasticity, was reported in patients after 

application of high-frequency stimulation in the SCC, which predicted treatment response at 

6 months [57]. Similarly, some EEG signatures of network connectivity were sustained after 

turning DBS off and predicted response to DBS [58]. Collectively these findings suggest 
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that long term DBS induces structural and functional neuroplastic changes that normalize 

pathological activity in distributed networks.

Top-down disinhibition of DRN 5-HT neurons as a mechanism of chronic DBS in MDD?

To more precisely identify plasticity mechanisms implicated in the activity of repeated 

vmPFC DBS, we recently used transgenic mice to conduct cell type-specific investigations 

in the chronic social defeat stress (CSDS) model of depression. We found that 1 week of 

DBS was sufficient to fully restore social approach behaviors in vulnerable mice and 

normalize CSDS-induced structural and physiological maladaptive plasticity in the DRN. 

Specifically, vmPFC DBS enhanced the excitatory drive of 5-HT neurons, reduced 

inhibitory input, altered dendritic arborization, and restored the density of downstream 

serotonergic synapses which were reduced by CSDS [49]. DBS thus restores 5-HT output 

and reinforces acute DBS-induced brain-wide 5-HT release. Further investigations will be 

necessary to determine whether such neuroplastic adaptations are necessary or sufficient for 

the behavioral effect of DBS.

CONCLUSION

While DBS has demonstrated efficacy across many disorders, the rationale for selecting 

targets in each of these therapeutic areas remains based on minimal (or no) prior mechanistic 

studies [2,3]. This is particularly true for the newest applications of DBS such as memory 

enhancement. Going forward, preclinical studies will continue to be a powerful tool for 

answering mechanistic and dosimetry questions, although limitations of non-human disease 

models and cross-species neurocircuitry differences must be taken into account. Critical 

advances are expected in the next few years with the increasing availability of closed-loop 

interfaces combining stimulation/recording/electrochemical sensing, MRI compatible 

systems that may allow for the understanding of the effects of DBS in real time, and 

noninvasive methodologies such as transcranial magnetic stimulation and transcranial direct 

current stimulation. Finally, the emergence of novel optogenetic tools to drive circuits with 

photostimulation at the high frequencies used in DBS promises to offer opportunities to 

better dissect the role of activity-dependent neurophysiological adaptations in the actions of 

DBS. Developing an understanding of circuit and cellular level mechanisms of DBS will be 

essential to inform patient selection, improve efficacy, and potentially allow for other, less-

invasive therapies to replace the function of DBS.
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Highlights

• Deep Brain Stimulation (DBS) is an invasive form of neuromodulation well-

established for the treatment of movement disorders.

• Growing investigational uses of DBS encompass disorders of mood, compulsion 

and cognition.

• DBS has neurophysiological effects both at the site of stimulation and in distal 

distributed networks, and promotes neuroplastic circuit reorganization.

• DBS potentially treats compulsions by reversing hyperconnectivity in the 

cortico-striatal “habit” network.

• DBS potentially restores mood by disinhibiting monoaminergic systems.
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Figure 1. General cellular mechanisms of DBS
(A) Acute stimulation results in complex effects in local, upstream, and downstream circuits. 

Insertion of the electrode itself promotes an inflammatory response resulting in reactive 

gliosis over the course of days. Upon stimulation, DBS stimulates neural cell bodies, axons, 

and glia, entraining neural activity to the stimulation frequency. Effects on cell bodies are 

variable and both activation and inhibition of firing rates have been reported. DBS 

preferentially modulates myelinated axons rather than cell bodies, resulting in antidromic 

and/or orthodromic stimulation of afferent axons, efferent axons, and passing fibers. How 

and when antidromic vs. orthodromic activation is elicited is unknown. Modulation of 

upstream and downstream projections can normalize pathological oscillations in distal 

regions by entraining activity to the stimulation frequency (frequency jamming), and can 

result in enhanced neurotransmitter release. (B) The effects of chronic stimulation are less 

well-understood but neuroplastic mechanisms are evident. Stable metabolic changes and 

synaptic plasticity occur in the stimulated area and distally modulated regions, as well as 

neurogenesis and progenitor proliferation. Structural plasticity in the form of changes in 

intrinsic excitability, synaptic density, and synaptic reorganization can occur as well, 

possibly driven by activity-induced changes in gene expression. These adaptations may 

reinforce the effects of acute stimulation.

Veerakumar and Berton Page 13

Curr Opin Behav Sci. Author manuscript; available in PMC 2015 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Disease-specific cellular mechanisms of DBS for OCD and depression
Disease-related deficits are indicated in red text, DBS targets are indicated by colored 

lightning bolts, and potential compensatory therapeutic effects of specific DBS targets are 

indicated by color-matched text and arrows. (A) Cortico-striato-thalamo-cortical (CSTC) 

loop implicated in OCD, which is characterized by pathological frontostriatal 

hyperconnectivity secondary to a decreased activity of parvalbumin (PV) positive fast-

spiking interneurons (FSIs) which monosynaptically inhibit striatal medium spiny neurons 

(MSNs). Striatal (VC/VS or NAc) DBS has been shown to reduce frontostriatal 

hyperconnectivity, reduce pathological low-frequency oscillations, release striatal dopamine, 

and increase plasticity markers such as BDNF in the cortex. It is possible that striatal DBS 

may also compensate for the cellular deficits in FSIs. STN DBS is also utilized for OCD but 

its cellular mechanisms are less well-studied. (B) Circuit implicated in depression. In the 

CSDS model of depression, we have reported several alterations of dorsal raphe nucleus 

(DRN) microcircuitry that lead to decreased 5-HT output, namely, an intrinsic 

hypoexcitability of 5-HT neurons and a sensitized feedforward inhibition of serotonin (5-

HT) neurons driven by the vmPFC and relayed by hyperexcitable DRN GABAergic 

interneurons which monosynaptically inhibit 5-HT neurons. vmPFC DBS in rodents, 

presumably through desensitization of the vmPFC-DRN disynaptic inhibitory circuit, 

restores 5-HT output and increases 5-HT synapse density in projections regions innervated 

by the DRN. In MDD patients and in the learned helplessness rodent model of depression, 

the LHb, a nucleus that signals aversion, is overactive and represses the activity of the VTA 

and DRN. By depleting afferents from the basal ganglia (BG) which drive LHb 

hyperactivity, LHb DBS dishinibits the VTA and DRN. MFB DBS directly stimulates the 

output from the VTA and DRN in projection areas by stimulating axons fibers transiting 

towards the forebrain via this bundle. DBS of the NAc and VC/VS also reverses depression 

symptoms in humans and animals, possibly by stimulating afferents from the VTA and 

DRN, although the cellular mechanisms have not been as extensively studied.
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