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EuxapLotieg

Me tnv mopovoa SUTAWUATLKY Epyacia OAOKANPWVETOL 0 KUKAOC TtapakoAouBnaong Lou oto
MNpoypappo Metamtuxlakwy Imoudwv tng latpikng 2xoAng tou EBvikou Kamodiotplakou
MNaveniotnuiov ABnvwv «KAwikn kat Netpapatik) NEUPOXELPOUPYLKA Y.

Euxaplotw Beppa tov emiBAEnovta enikoupo kabnyntr tou Navemotnuiov AUTIKAC ATTLKAG
KUpLo KaAapatiavo yla TNV EUnNLoToouvn Tou Kal TIG ouveXelc cUUPBOUAEG Tou. Ekdpalw TIg
EUXAPLOTIEC OV oToV KaBnyntr) NEupoXeLPOUPYLKAG KUPLO XTPAVTIoAn MEwpyLo Kot
Neupoloyiag kUplo ToOALN YLO TO YEYOVOC, OTL SEXTNKAV VA OUUUETACYOUV WC LEAN TNG
TpiuehoU¢ ZupBouleutikng kat AELoAoyikn g Emtponng.

EmBupw va euxaplotriow tn yuvaika pou EvayyeAia, ta matdid pouv Kwvotavtivo-PadanA,
XpuooBéa kat tn venluda kOpn Hag, OMwE Kal Toug yovelg pou Kwvaotavtivo kat Mapia yia
TNV UTTOLLOVI] KL TN CUUITOPAOCTACT TOUG TIPOKELUEVOU VOl OAOKANpwOEeL n mapovoa
gpyaoia.



Neplexopeva

ZeAida
Euxapiotieg 4
List of abbreviations 7
List of Figures 9

List of Tables 13

Abstract 17

NepiAnyn 18

1. Introduction 20

1.1 The human BNST: gross anatomical data 20

1.2 Anatomical compartmentalization of BNST in rodents 21

1.2.1 Nuclei of the anterior BNST 21

1.2.1.1 Oval Nucleus (ovBNST) 21

1.2.1.2 Anteroventral nucleus (avBNST) 22

1.2.1.3 Anteromedial nucleus (amBNST) 22

1.2.1.4 Dorsomedial nucleus (dmBNST) 22

1.2.1.5 Anterolateral nucleus (alBNST) 22

1.2.1.6. Miscellaneous nuclei 23

1.2.2 Nuclei of Posterior BNST 23

1.2.2.1 Principal nucleus (prBNST) 23

1.2.2.2 Intrafascicular nucleus (ifBNST) 23

1.2.2.3 Transverse subnucleus (trBNST) Rodent studies 23

1.2.3 Segmentation of BNST in humans 24

1.2.4 Signaling of the subnuclei groups in rodents and canidae 24

1.2.5 Functional importance of BNST based on preclinical data 25

1.2.5.1 BNST-Hypothalamus circuitry in valence surveillance 25

1.2.5.2 BNST-amygdalar circuitry 25

1.2.6 BNST impact on threat and anxiety expression 26

1.2.6.1 Threat expression in rodents 26

1.2.6.2 Threat expression in humans 26

1.2.6.3 Anxiety expression in rodents 27

1.2.7 BNST and its role in addiction based on rodent experiments 27

1.3 BNST Structural Connectivity Characteristics in humans 27

1.4 Patterns of anxiety, addiction and memory consolidation 28

1.4.1 Human studies 28

1.4.2 Rodent studies 28
1.5 BNST contribution in anxiety regulation in humans and non-human primates.

Magnetic Resonance Imaging (fMRI) analysis. 29

1.6 BNST and behavioral models 29

1.6.1 Conceptual framework 29

1.6.2 Experiments in rodents 30

1.7 Functional MRI studies of human BNST connectivity 31

1.8 Recommendations for BNST stimulation in OCD 33

1.9 Mechanism of Deep Brain Stimulation (DBS) 33

1.9.1 General aspects 33



1.9.2 Modulation of oscillatory local field potential activity
1.9.3 Connectomic perspective of DBS
1.10 Pathophysiology of obsessive-compulsive disorder
1.11 Scales for assessing-OCD
1.12 Diagnostic and statistical manual of mental disorders:
Fourth edition (DSM-1V)
Aims
2. Materials and Methods
3. Results

4. Discussion
4.1 DBS in OCD
4.2 Pathophysiology of Major Depressive Disorder
4.3 Rationale for DBS stimulation in MDD

5. Limitations of the study

6. Conclusions

References

35
36
37
39

40
42

43
44

50
50
52
53
56
57
58



AC:
ACC:

Al:

BDI:
BLA:
BMA:
BNST:
avBNST:
alBNST:
amBNST:
dmBNST:
fuBNST:
OVBNST:
prBNST:
trBNST:
CCK:
CeA:
CRF:
CRH:
CN:
CSTC:
DA:
DASS:
DBS:
EEG:
EcoG:
FPC:

Fx:
GABA:
GAF:
Gpe:
GPi:
HAMD:
HPA:

IC:
ALIC:
ICH:

LC:

LH:

LV:
MADRS:
MCC:
MeA:
MeS:

List of abbreviations

Anterior commissure
Anterior cingulate cortex
Anterior insula
Beck Depression Inventory
Basolateral nucleus of amygdala
Basomedial nucleus of amygdala
Bed nucleus of stria terminalis
Anteroventral subnucleus of BNST
Anterolateral subnucleus of BNST
Anteromedial subnucleus of BNST
Dorsomedial subnucleus of BNST
Fusiform subnucleus of BNST
Ovoid subnucleus of BNST
Principal subnucleus of BNST
Transverse subnucleus of BNST
Cholocystokinin
Central group of nucleus of amygdala
Corticotropin releasing factor
Corticotropin releasing hormone
Caudate Nucleus
Corticostriatothalamocortical (network)
Dopamine
Depression, Anxiety and Stress Scales
Deep Brain Stimulation
Electroencephalogram
Electrocorticography
Frontopolar Cortex
Fornix
Gamma aminobutyric acid
Global assessment functioning Scale
Globus Pallidus externa
Globus pallidus interna
Hamilton Deprression Rating Scale
Hypothalamus pituitary axis
Internal capsule
Anterior limb of internal capsule
Intracerebral hemorrhage
Locus coeruleus
Lateral hypothalamus
Lateral ventricle
Montgomery-Asberg Depression Rating Scale
Midcingulate cortex
Medial nucleus of amygdala
Medical Subject Headings



MPOA: Medial preoptic area
sIMFB:  Superolateral medial forebrain bundle

NA: Noradrenaline

NAcc: Nucleus accumbens

NE: Norepinephrine

NMDA: N-methyl-D-aspartate

OCD: Obsessive-Compulsive Disorder

OFC: Orbitofrontal cortex

MDD: Major Depressive Disorder

PAG: Periaqueductal gray

PD: Parkinson’s Disease

PET: Positron Emission tomography

PKCd: Protein kinase C delta

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-analyses
PVN: Paraventricular group of neurons of hypothalamus
PVH: Periventricular area or zone of ypotalamus

dIPFC:  Dorsolateral prefrontal cortex

dmPFC: Dorsomedial prefrontal cortex

mPFC:  Medial prefrontal cortex

vmPFC: Ventromedial prefrontal cortex

Pu: Putamen

VMH: Ventromedial hypothalamus

NPY: Neuropeptide Y

PACAP: Pituitary adenylate cyclase activating polypeptides
PCC: Posterior cingulate cortex

PTSD: Post-traumatic stress disorder

Qol: Quality of Life

SNc: Substantia nigra compacta

SNr: Substantia nigra reticulata

STAI: State-Trait Anxiety Inventory

SSRI: Serotonin Selective Reuptake Inhibitors
SST: Somatostatin

STN: Subthalamic Nucleus

VTA: Ventral tegmental area

VC: Ventral Capsule

VS: Ventral striatum

YBOCS: Yale Brown Obsessive Compulsive Scale



List of Figures

Figure 1., page 20 Coronal section of human brain stained for myelin (dark regions). The lo-
cation of the human (BNST), at the level of the medial hypothalamus (Hy) is identified using
a red mask. CN = Caudate Nucleus. Pu = putamen, LV = lateral ventricle. IC = internal cap-
sule, Fx = fornix, AC =anterior commissure. Adopted from the Atlas of the Human Brain (J.K
Mai, T. Voss and G. Paxinos, www.thehumanbrain.info).

stria terminalis

’

:
anterior pathway

ansa peduncularis

-

Figure 2., page 21 3D reconstruction of BNST major associative pathways. Stria terminalis,
ventral amydalofugal pathway or ansa peduncularis, anterior pathway towards orbitofrontal
cortex. [Kriger O. Examination of the structural connectivity profile of the Bed nucleus of
the Stria terminalis in the human brain using probalistic fiber tracking of diffusion weighted
magnetic resonance imaging data. Eberhardt Karls Universitat zu Tiibingen 2016]



Figure 3.page 33 Typical trajectory of a BNST and ALIC deep brain stimulation electrode [Luy-
ten et al. 2020]

longitudinal transversal
stimulation stimulation
0
U R b N
‘v~l ......
N

Figure 4.,page 35 Differences between longitudinal and transverse stimulation. Greater part
of neuraxons are involved in longitudinal stimulation [Deep Brain Stimulation. Indications and
Applications. Lee KH, Duffy PS, Bieber AJ. Taylor Francis, Singapore: 2017]

10



Cortical Regions: OFC, ACC, DLPFC, VMPFC

Cortico-Striato-Thalamo-Cortical
Circuit in OCD

Ventral Caudate
and Pallidum

Dorsomedian Nucleus of Thalamus

SNr, Anteromedial STN, and Anterior Basal Ganglia

Figure 5.,page 38 OFC, ACC, dIPFC, and vmPFC (colored blue), ventral caudate and pallidum
(colored pink), anterior GPiand GPe (colored green), anteriomedial STN (colored orange), SNr,
and dorsomedian nucleus of the thalamus (colored purple). ACC, anterior cingulate cortex;
DLPFC, dorsolateral prefrontal cortex; OFC, orbitofrontal cortex; SNr, substantia nigra pars
reticulata; STN, subthalamic nucleus; VMPFC, ventromedial prefrontal cortex. [Karas PJ, et al.
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Figure 6.,page 39 Cortico-striato-thalamocortical network. In DBS for OCD, high frequency
stimulation modulates the functionality of this network. DLPFC, dorsolateral prefrontal cor-
tex; ACC, anterior cingulate cortex; OFC, orbitofrontal cortex; VMPFC, ventromedial prefron-
tal cortex. Arrowheads denote the trajectory of neural input. Black vectors respond to major
connections. Gray vectors respond to additional connections [Bourne SK, et al. 2012].
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Abstract

Introduction

The human bed nucleus of stria terminalis (BNST) is a bilateral medial basal forebrain struc-
ture of approximately 190mm?3that is also referred to as part of the extended amygdala. The
nucleus is bordered dorsally by the lateral ventricles and caudate nucleus, laterally by the
internal capsule and ventrally / ventromedially by the anterior commissure, nucleus accum-
bens, hypothalamic preoptic area and fornix. The human BNST displays well conserved struc-
tural connections with the hypothalamus and additional limbic areas, such as the amygdala,
the insula and nucleus accumbens. Neurocircuitry involving the BNST has been previously im-
plicated in anxiety disorders and addiction. Recent evidence-based guidelines for deep brain
stimulations for Obsessive-Compulsive Disorder (OCD) by the Congress of Neurological Sur-
geons indicate the utility of bilateral stimulation of the BSNT. Case series with BNST stimula-
tion as Major Depressive Disorder (MDD) treatment are also published.

Aims
The present study aimed at mapping the available literature on the utility of the BNST as a
target of deep brain stimulation in humans.

Material -methods

We employed a systematic review methodology according to PRISMA guidelines. MeSH
terms that were selected for a Pubmed search were: (Bed nucleus of stria terminalis) or
(BNST) and (Stimulation). Time period was set from January 1973 - March 2024. Animal
studies as well as letters to the Editor, conference papers and those written in a language
other than English were excluded. Case series involving 4 or less participants were excluded.
Studies involving the BNST activation without therapeutic objectives were also not included.

Results
The present systematic review identified 10 manuscripts assessing the therapeutic po-
tential of BNST stimulation in OCD. Only one study assessed the utility of BNST stimula-
tion in MDD. Out of 107 patients with OCD 58 were full responders (>35% YBOCS reduc-
tion). Out of 5 patients with MDD 2 patients were responders. Good outcome was asso-
ciated with the turned-on phases of the system and was observed in the long-term pe-
riod. Bilateral stimulation was not related to enhanced outcome. 7 patients with OCD
had major psychiatric complications, such as suicidal attempts, hypomanic episodes and
psychotic reaction. On the contrary 2 patients with MDD attempted suicide.

Conclusions

BNST neurocircuitry is implicated in anxiety and addiction disorders. Bilateral BNST stimula-
tion has been indicated as a putative therapeutic target against OCD. Patient selection based
on strict criteria is still debatable. While a benefit of BNST stimulation in OCD is supported by
several studies on small numbers of patients, more research is warranted to assess utility in
both OCD and other disorders.
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> MNepinyn

O avOpwrnivog KALVOELS NG MUPRVAG TNG TEALKNG TALViOG WG 0TOXOG EV Tw BadeL
S1€yepong Tou eykeAAOU: CUCTNATLKN AVOLOKOTINON 0pLloBEtnong

Ewcaywyn

O kAwoeldng mupnvag tng TeAkng i pebopiou tatviag (KMMT) sival pia apdotepomAsupn
dopn TN éow emipavelag tng faong tou mpooeykepaiou. O OYKOG TOU KATA TTPOCEYYLON OTa
190mm3. O nuprjvag adopiletal poxtaio amod T TAAYLES KOWALEG Kol TOV KEPKODOPO TUprva,
€TL TAL KTOG QMO TNV £0W KA. TNV KOWALAKN KoL £0W EMIPAVELA LE TOV TTIPOoBL0 ocUVOET|O,
TOV ETUKALVA TTUPAVA, TNV UTTOBAAQLLLKH TIPOOTTLKN Xwpa Kot tTnv PaAida. Itov avBpwrmo o
TIUPAVOG TAPOUCLAlEL EpdaVELC CUVOEDELC UE TOV UTTOBAAO KOl ETILUEPOUC TIEPLOXEC TOU
HETALYULOKOU OUCTAMATOC, OTWE N aUYSOAN, N VAOOG KAl 0 ETLKALVAC tupnvag. H peAétn
NG OUVOECLUOTNTAC TOU EUTIAEKETOL OTIC SLATOPAXEC TOU AyXOoug Kol otov €Biopo. Ot
MPOOPATWE TEKUNPLWUEVEG KaTtevBuvtrpleg odnyleg ya tov ev Tw Pabel epebiopd tou
eykedalou wg Beparmeia yla tnv WbeoPuyavaykaoTikn dtatapaxr ano to Koykpéoo Twv
NeupoxelpoupywVv TMpoKpivouv Tn xpnon t¢ apdotepomAeupns SLEyepong Tou KALVOELSN
nupnva. Zelpég acBevwv pe peilova katabAwpn kat Stéyepon tou KMMT wg BepameuTikn
HuEBodo, emionc udiotavrat otn BLBAoypadia.

ZKOTOG TNG MEAETNG

H mapouoa peAétn amookomnel otnv LyvnAdatnon tng dtabéoung BLAoypadiag OXETIKA HE
TN Xprion tou KAWvoeldn mupnva T pebopiou Talviag wg oToXou Tou eV Tw BAbEL
epebLopov Tou eykedpaiou otov avBpwro.

YAWKO kot pEBodog

Edapudoape pebodoloyio CUCTNUATIKAC AvVaoKOTNonG cUUpwva e TG odnyieg PRISMA.
Ot LatpLkol TithoL o xpnotpomnotidnkav yia tTnv €peuva otnv Baon dedopévwv Pubmed:
Atav [(Bed nucleus of stria terminalis) - (kAtvogeldnig mupnvag pebopiou tawviog i (BNST)-
(KMMT) ko (Atéyepon)]. To xpoviko dtdotnpa tng LEAETNG RTAV Ao Tov lavoudplo Tou
1973 péxptL tov Maptio tou 2024. Meléteg o {wWLKA TTPOTUTIA, ETILOTOAEG O€ €KOOTN,
TIPOPOPLKEG TTAPOUCLACELG O CUVESPLA, KABWCE Kal Epyacieg Un SNLOCLEVUEVEC OTNV
ayyALkn YAwooa 6ev cupumeplAndOnkav. Zelp£C TEG0APWVY AcOevVWV 1 KAl AlyOTEPWV £MioNG
amokAelotnkav. MeAéteg ou avadEépoviay o€ SLEYEPON TOU MUPAVA XWPLE BepameuTiko
okomo &ev oupuneplAndOnKav.

AnoteAéopata
H mapouoa peAétn avédelée 10 apbpa mou aflodoyolv tn Beparmeutikr) SuvatOTNTA TNG
SLéyeponcg tou KMMT otnv tdeopuyavaykaotikn Statapaxn. Movo éva apBpo
avadEpovtav otn xpron tng Stéyeponc yla tn peilova katabAuTTiki Statapaxn. Ao
tou¢ 107 acBeveic pe 1tdeouyxavaykaoTikn dtatapaxn 58 avtamokpiBnkav mMANpwe
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(uelwon tng KAlpakag YBOCS>35%). Amo toug 5 aoBeveig pe peilova katdbAupn 2
avtanokpiBnkav mMANpwc. H Betikn €kBaon oxetiletal pe T paon Asttoupyiag Tou
OUOTAHOTOG KaL ATV Ttapouoa otn Hakponpobeoun nepiodo. AudotepomAeupn
S1éyepan tou KMNMT bev oxetilovtav pe ) BeTikn €kBaon. Movo 7 aoBeveig pe
deoPuyavaykaotikn Statapoxn epdavicav peiloveg PUXLOTPLKEG ETILITAOKEC, OTWG
QTTOTIELPEG UTOKTOVIEG, uTtopavia Kal PuxwTIKA emelcodia. AvtiBétwe 2 aobeveig pe
peilova katabALPn amomnelpddnkayv va AUTOKTOVI|GOUV.

Tuunepacparta

H ouvbeoipotnta tou KMMT gumA£EKETAL OTO AyXOG Kal TtV e€aptnon. H apdotepomAsupn
SLéyepan tou KMMT avadeixBnke wg yeVIKA amodEKTOC OTOXOG EVAVTL TNG
deoPuyavaykaoTikig Statapaxnc. MNoapoAo mou avakumtel OdeAog amno tn SLEyepon Tou
TIUPAVO OTNV OO UXAVAYKAOTIKI SLaTapaxr) AUTO UTTOOTNPLIETAL OO APKETEC LEAETEG UE
ULKPO Selypa aoBevwv. H emtdoyr acBevwv BACEL auoTnpwV KPLTNPLWV lval mpog
oulntnon. Q¢ ek TOUTOU TIEPALTEPW EPEUVA XPELALETAL YLO TNV AELOAOYNON TNG
XPNOLUOTNTOG TNG SLEYEPONC O AUPOTEPEC TIG SLATAPAXEC.
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1. Introduction

1.1 The human BNST: gross anatomical data

The human bed nucleus of stria terminalis (BNST) lies in the medial surface of basal forebrain
with an approximate volume of 190mm? [1]. It is demarcated by the internal capsule (IC) on
the lateral side, supracapsular region of globes pallidus interna (GPi), and the basal forebrain
locus. At its ventromedial region lies the preoptic area of hypothalamus. BNST is located dor-
sally the nucleus accumbens (NAcc), and ventrally to the thalamus. It also lies beneath the
frontal horns and is situated mostly cranially to the anterior commissure. Its lateral regions
are detected below the anterior commissure [Figure 1].

Figure 1. Coronal section of human brain stained for myelin (dark regions). The location of
the human (BNST), at the level of the medial hypothalamus (Hy) is identified using a red
mask. CN = Caudate Nucleus. Pu = putamen, LV = lateral ventricle. IC = internal capsule, Fx =
fornix, AC =anterior commissure. Adopted from the Atlas of the Human Brain (J.K Mai, T.
Voss and G. Paxinos, www.thehumanbrain.info).

The human BNST has been divided into lateral, medial, central and ventral segments. The
lateral, medial and central regions are clustered frontally to the anterior commissure (AC)
becoming thinner and annexing the rostral region posteriorly. It exhibits sexual dimorphism.
Male brains demonstrate 2.5 times greater BNST volume than females [2]. Relatively recent
imaging studies have begun assessing the connections of the BNST with the rest of the brain.
Three such discrete; fiber pathways termed the posterior, the ventral and the anterior bun-
dles have been previously described in humans [3]. The posterior bundle paces along the stria
terminalis towards the lateral amygdala. The ventral bundle courses through the ansa pedun-
cularis to the medial nucleus of amygdala (MeA) and hypothalamus. The anterior bundle has
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been only recently described. It transverses the caput of the caudate nucleus and NAcc, pro-
ceeding afterwards towards the medial prefrontal cortex (mPFC) and the orbitofrontal cortex
(OFC) [3] (Figure 2).

stria termin\alis

anterior pathway

ansa peduncularis

Figure 2. 3D reconstruction of BNST major associative pathways. Stria terminalis, ventral

amydalofugal pathway or ansa peduncularis, anterior pathway towards orbitofrontal cortex.

3]

1.2 Anatomical compartmentalization of BNST in rodents
1 The anterior BNST regulates hypothalamus-hypophysis axis (HPA). Within this division
are included the oval, anteromedial, dorsomedial, anterolateral, anteroventral, jux-
tacapsular, fusiform, rhomboid and magnocellular subnuclei.
2. The posterior BNST is involved in reproductive and defensive behaviors. Therein, trans-
verse, intrafascicular and principal subnuclei are located.

1.2.1 Nuclei of the anterior BNST

1.2.1.1 Oval Nucleus (ovBNST)

More specifically, the ovBNST is implicated in stress reactions. Its major cell population in-
cludes corticotropin releasing factor (CRF) or corticotropin releasing hormone (CRH) neurons,
which also express gamma aminobutyric acid (GABA). CRF expressing neurons are stimulated
by visceral sensory stimuli of insula, brainstem and periagqueductal gray (PAG), which are
abundant with dopaminergic and glutamatergic neurons [4],[5]. CRF stimuli derive from the
central group of amygdala nucleus (CeA) and paraventricular group of neurons of hypothala-
mus (PVN) [4], [5]. The ovBNST provides significant output. CRF neurons deactivate areas re-
sponsible for avoidance-reward pattern and stress responses, as well. As shown in previous
animal studies, these areas involve apart from the hypothalamus, the ventral tegmental area
(VTA), and the NAcc [4], [5]. Apart from CRF+ GABAergic neurons [6], other neuronal types
express either protein kinase C delta (PKCd) or somatostatin (SST). They project bidirectionally
to and fro GABAergic CeA nucleus and lateral hypothalamus, as well [6] .
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CRF receptor 1 (CRF1R) expressing interneurons are inhibitory. This is a conclusion extracted
by studies in rodents. Through a positive feedback association CeA neurons enhance ovBNST
input to the hypothalamus and this subsequently promotes glucocorticoid elicitation [7]. CRF
promotes GABA-A receptor expression and the suppressive postsynaptic potentials [8].

1.2.1.2 Anteroventral nucleus (avBNST)

The avBNST, according to animal studies, constitutes a minimal portion of glutamatergic neu-
rons sending efferent fibers to the PVN and ventral tegmental area (VTA) [5]. This limited
population of glutamatergic neurons has a major impact on mood regulation. All of noradren-
ergic, GABAergic and glutamatergic afferent projections control avBNST function. Central
amygdalar (CeA) GABAergic inputs towards avBNST promote suppressive postsynaptic cur-
rents enhanced by CRF. mPFC and subiculum produce glutamatergic inputs toward the
avBNST [5]. In research on rats, it was noticed that the avBNST via projections to amygdala,
hypothalamus and brainstem contributes to HPA axis stimulation. The latter modulates the
cardiovascular function [9]

1.2.1.3 Anteromedial nucleus (amBNST)

In rat anatomical descriptions it was shown that, the amBNST accumulates the majority of
BNST afferent projections, especially from the basomedial amygdala (BMA), which exhibits
high connectivity with amBNST. Glutamatergic afferent projections sent by hippocampus,
BMA, are combined with GABAergic afferent projections from the MeA. Cumulative actions
regulate fear context [10]. The greatest proportion of amBNST afferents course within the
BNST. They are interconnected also with the anterolateral BNST (alBNST) and ovBNST.

1.2.1.4 Dorsomedial nucleus (dmBNST)

The dmBNST accumulates afferent projections sent by various regions of amygdala such as,
the BMA, MeA, and CeA. The dmBNST constitutes the major interrelation between BNST and
PVN. This association produces a significant GABAergic output, as it was concluded in ana-
tomical studies in rats [11]. The magnocellular BNST exhibits functional likeness with dmBNST,
contributing significantly to outputs to the PVN. Magnocellular nucleus and dmBNST behave
actually as interneurons, which aggregate GABAergic input from the principal BNST.

1.2.1.5 Anterolateral nucleus (alBNST)

Once again based on studies in rats, it has been shown, that the alBNST accumulates various
afferent projections. These are glutamatergic afferents sent by the ventral subiculum, sero-
tonergic afferents projected by dorsal raphe, and GABAergic afferent projections from the
CeA and BLA [5], [11]. The alBNST sends efferent axons to areas of somatomotor, central au-
tonomic, thalamocortical feedback, and neuroendocrine systems. The latter involves hypo-
thalamus. A subgroup of neurons bear CRF1R receptors and accumulate CRF afferents pro-
jected by ovBNST [12]. Inhibition of alBNST connectivity ameliorates stress reaction [5].
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1.2.1.6. Miscellaneous nuclei

Nuclei of lesser growth were also studied in rats. This group involves juxtacapsular, fusiform
and rhomboid nuclei, which are studied in relation to the greater aforementioned groups.
Rhomboid and juxtacapsular neurons are GABAergic sending efferent fibers to ovBNST and to
CeA, which bear CRF-1 receptors [12]. The fusiform BNST bears likeness to ovBNST and exhib-
its increased transcription of CRF mRNA. CRF derives from the fusiform BNST, CeA, PVN, Nacc,
and periaqueductal gray (PAG) [13].

1.2.2 Nuclei of Posterior BNST
Further studies in rodents have described the posterior subdivisions of the nucleus and their
projections.

1.2.2.1 Principal nucleus (prBNST)

The prBNST constitutes the most extended area of posterior BNST. It is associated with the
accessory olfactory system. Posterodorsal medial amygdala mediates this interrelation. It ac-
cumulates GABAergic afferents from the lateral septal nuclei and CeA [12],[14]. The prBNST
is predominantly GABAergic [15] and sends efferent fibers to septal area, MeA, hypothalamus
and PAG [16]. The prBNST is also related to the other subgroups of BNST [12]. It produces a
massive GABAergic output, towards MeA, PVN, PAG, and locus coeruleus(LC) [15], [17]. 20%
of the neurons of this nucleus produce enkephalin and glutamatergic acid. In addition to this,
massive expression of both sexual hormones receptors are observed rendering it, thus, as the
most sexually dimorphic nucleus [16].

1.2.2.2 Intrafascicular nucleus (ifBNST)

The ifBNST collects afferent projections sent by the accessory olfactory system. The Postero-
medial amygdala facilitates this association. GABAergic afferent projections originate from
the lateral septum, CeA and MeA. The ifBNST neurons express kainate receptors. This expres-
sion is modulated by glutamatergic afferents sent by CA1 part of hippocampus, ventral subic-
ulum, paraventricular thalamus and BMA [15], [14]. The ifBNST sends efferents predomi-
nantly to the lateral septum, substantia innominate and VTA. There are also intra-BNST effer-
ent projections [12]. The ifBNST also expresses enkephalin, produced mostly by GABAergic
neurons [18]. The ifBNST does not present sexual dimorphism [15].

1.2.2.3 Transverse subnucleus (trBNST) Rodent studies

The trBNST aggregates afferent projections sent by accessory olfactory system. these affer-
ents are GABAergic and glutamatergic. Apart from this, kainite receptors are strongly ex-
pressed [15], [14]. The trBNST sends major GABAergic efferents to the septal area, Nacc, VTA,
substantia innominata, CeA, MeA and BMA. Intra-BNST projections are also identified [12].

1.2.3 Segmentation of BNST in humans
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The anatomical and physiological segmentation of dorsal and ventral human BNST has not
been described.

The oval and fusiform/anteroventral nuclei are frequently described in human brain following
the advance of MRI, as dorsal and ventral divisions [19]. BNST and PVN association is involved
in child violent events and emotional dysfunction [20]. It is also implicated in abstinence anx-
iety [21]. To sum up, both of these structures participate in emotional symptomatology and
anxiety pathophysiology.

1.2.4 Signaling of the subnuclei groups in rodents and canidae

The oval nucleus, contributes to preautonomic signaling based on animal studies, especially
in rats. On the other hand, the fusiform and anteroventral (fu/av) nuclei [22], dispose the
richest network of afferents by solitary tract neurons and noradrenergic efferents in the brain
[23], [24].

Further elaboration on animal models conferred details on the signaling of the ventral subdi-
visions of the nucleus. The ventral BNST subnuclei (fu/av) that receive viscerosensory affer-
ents innervate the PVN, as well [22]. These efferent axonns originate predominantly from CRF
neurons [25]. PVN function is characteristically regulated by BNST and stress reaction [26].
The avBNST promotes the suppression of stress-related HPA activation [27].

The noradrenergic efferent fibers, of ventral BNST, may promote contextual and non-contex-
tual fear, as shown in rats [28]. These efferent fibers contribute to stress-associated drug pur-
sue [29], mood state upon withdrawal [24] and neuroendocrine alterations to anxiety [30].
Suppression of this efferent network alleviates psychological stress [31]. These noradrenergic
projections to the BNST terminate to CRH-affluent, medial parvocellular PVN.

Somatostatin (SST) exists in 2 isoforms, SST-14 and SST-28. Its actions have been thoroughly
investigated in rats. The majority of neurons, which express SST are GABAergic and are lo-
cated in anterior and posterior BNST, apart from the anteromedial part [32]. SST and CRH
neurons in the BNST regulate intrinsic fear in a contradictory pattern [33]. Accordingly, the
action of GABA has been clarified in rats. Parvalbumin expressing GABAergic in shell of Nacc
regulate avoidance patterns towards anxiety stimuli [34].

Neuropeptide Y (NPY) is considered a significant neuromodulator for the preservation of en-
ergy homeostasis. Some studies on mice have shed light on its effects. It is mainly located in
the anterolateral, posterior and intrafascicular segments of BNST. NPY (+) neurons are active
in the anterior BNST. NPY and CRH provoke contradictory effects on emotional states. NPY
receptors activation mediate amelioration of anxiety and depression [35]. This effect of NPY
is attributed to excessive polarization of the pyramidal cells at the BLA. On the contrary, CRH
excites the same cells.

Pituitary adenylate cyclase activating polypeptide (PACAP) significantly regulates stress asso-
ciated behaviors [36]. Prolonged non-continuous consumption of alcohol intensified the pro-
duction of PACAP [37]. The aforementioned research programs were based on rat experi-
ments.
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Finally, rodent studies have taken place for the elucidation of the action opioids on BNST.
Dynorphin belongs to opioid polypeptides and its binding to kappa receptors promotes ex-
pression of negative emotions and stress responses. This neuropeptide is mostly aggregated
in the anterior BNST. Repeated activation of these receptors hinder presynaptically the glu-
tamatergic afferents from BLA towards the BNST [38]. The suppression of GABA elicitation
from the central amygdala induces anxiety [39]. Taken under consideration that the majority
of neuropeptides act inhibitory we may suppose that the inhibitory neurons are suppressed
resulting in positive output from BNST.

1.2.5 Functional importance of BNST based on preclinical data

1.2.5.1 BNST-Hypothalamus circuitry in valence surveillance

HPA axis stimulation sustains stress reaction. The interconnection with BNST was clarified
based on rodent experiments. The excessive function of this axis involves an instant increase
of adrenaline levels in adjunct to glucocorticoid elicitation, tachycardia and hypertension

[7]. BNST induces evasion responses in fearful setting [40],[41] and visceral activation [42],
as well. Ventromedial hypothalamus (VMH)-projecting neurons to the BNST are glutama-
tergic. GABAergic neurons constitute the major cell group of BNST which terminate to VMH.
BNST exerts its action on VMH either with immediate suppression or indirectly via the sup-
pression of shell neurons [41]. In animals, connectivity of the nucleus has been studied for
many years. Apart from, dmBNST, the MPOA also accumulates GABAergic projections from
the rhomboid BNST and prBNST [43]. Parallel to this, the amBNST accumulates projections
from the MPOA. The VMH is suppressed by the prBNST. GABAergic neurons of amBNST send
efferent fibers to VMH shell conferring a contradictory network [41]. Efferent fibers toward
LH are predominantly GABAergic, springing from CRF + ovBNST [43], fuBNST [22], and
adBNST neurons [40], [44]. The avBNST contains some glutamatergic projections. GABAer-
gic cells of adBNST express either CRF or cholecystokinin (CCK). These cellular subpopula-
tions have contradictory impact on hypocretin/ orexin-expressing neurons of lateral hypo-
thalamus [44].

1.2.5.2 BNST-amygdalar circuitry

The amygdala regulates the instant stress reactions, whereas the BNST mediates prolonged
fear reactions in rodents and men [42],[45],[2],[46]. Its “valence surveillance role” has now
been established. This also suggests that complementary networks exist in the BNST for both
positive and negative emotional states [40]. Apart from evasive behaviors, BNST participates

in reward responses.

BNST induces acquired fear when an unpleasant event is not sure or unknown. This “va-
lence surveillance” [2] includes continuous monitoring of positive and negative stimuli fol-
lowed by appropriate behaviors. Unpredictable stressors necessitate continuous monitoring
via the BNST, which relates to anxiety in humans.
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In rodents BMA participates in stress reactions through its association with the hypothala-
mus. Especially, BMA and VMH are directly interconnected and are able to alter the endo-
crine function. They are indirectly related to each other with glutamatergic BMA afferents.
These activate sequentially amBNST interneurons, which terminate in VMH shell. Therefore,
stress reactions are either increased or dampened [41]. The reciprocal connectivity with
BMA enables the control of the HPA axis function.

The ovBNST confers evasive behaviors via the inhibition anterodorsal region of the BNST,
which dampens evasive attempts. Anterodorsal BNST has these properties via its connection
with LH and VTA [40].

1.2.6 BNST’s impact on threat and anxiety expression

1.2.6.1 Threat expression in rodents

GABAergic circuits to the orexin-expressing lateral hypothalamus act toward a contradictory
direction, as it was established in mouse experiments. Stimulation of projections from the
CRF-expressing adBNST neurons towards the LH is aversive, while those from the CCK- ex-
pressing posterior principal nucleus of BNST are rewarding [44].

CRF expressing neurons form a network. This observation was corroborated mostly by rodent
experiments. They demonstrate alterations of their dendrites, postsynaptic excitation [47],
[48], CRF signaling [48], and spikes density [49],[50],[51]. The BNST promotes these altera-
tions, which have an indirect impact on the hypothalamus. This is attributed to the interrela-
tion between the BNST and PVN [52].

1.2.6.2 Threat expression in humans

Research on men revealed, that neurons expressing CRF are located near those expressing
enkephalin, which blocks the action of CRF, cytoarchitecture that may permit the BNST to
control approach and avoidance response [2].

The involvement of the BNST in persistent threats is preserved in men. Unexpected long-du-
ration (40 s) [53] and short-duration 1.75-5.75s threats [54], [55] induce enhanced human
BNST responses. Interestingly, middle term (10-20s) time periods of context expectation
evoke the vivid function of the nucleus [56]. Nucleus function is proportionate to shock antic-
ipation, time [57] and space [58] propinquity to danger stimuli, conceived fear [59], and fright-
ening pictures [60]. The valence supervision function of the nucleus has an impact on malad-
justment mood, post-traumatic stress disorder (PTSD), and all valence characteristics of de-
pression. Current literature, concerning human subjects, document the amplified function of
the nucleus to unexpected fear patients suffering anxiety disorders [61], [62], [63], [57] [64].

1.2.6.3 Anxiety expression in rodents
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Initial research for anxiety emphasized the role of the amygdala. Lee et al.[65] conducting
experiments on rats, reported that the CeA impairment eliminated contextual reaction to
threat, while it did not have an effect on anxious reactions. Significantly, BNST impairment
did not have an impact on threat, indicating a functional uncoupling between the amygdala
and the BNST, despite their strong interrelation. BNST functionality was proven to be directly
proportionate with the levels of CRF in the cerebrospinal fluid [65]. In other experiments in
rats, anxiolytic medication demonstrated a distinguished impact on constant threat responses
of BNST and periodical ones from the amygdala. Both benzodiazepine and serotonin selective
reuptake inhibitors (SSRIs) ameliorated significantly persistent threat activity but had no im-
pact on periodical threat reactions [66]. Conversely, the SHT1A agonists diminished phasic,
but not sustained responses. Benzodiazepine uptake diminishes CRF-amplified startle, reveal-
ing that this phenomenon relates to BNST-relevant reactions [67].

1.2.7 BNST and its role in addiction based on rodent experiments

Apart from pleasant sensation, relevant literature focuses on the negative reinforcement in
addiction. Negative reinforcers drive individuals’ actions by eliminating negative cues.
Hence, addiction perseveres via the evasion of unpleasant emotions, which are present in
abstinence periods [68].

Both the HPA network and threat evasion responses controlled by CRF participate in long-
term abstinence from all addictive drugs. Amygdala CRF is increased upon abstinence [67].
Norepinephrine (NE) receptors participate also in abstinence-relevant stress, as it is docu-
mented on both animal and human subjects [69], [70].

Subjects with anxiety disorders are under the effect of negative reinforcement and not re-
ward. BNST contribution to abstinence responses is marked in addiction pathway, apart
from this, the nucleus participates in other stages of addiction [70].

1.3 BNST Structural Connectivity Characteristics in humans

BNST of men is usually compartmentalized in a medial to lateral pattern. All parts manifest
similarity with common rodent classifications. The nucleus in men may also exhibits a com-
partmentalization between anterior and posterior divisions [71].

The BNST projects mostly to the PVN, ventromedial nucleus, lateral hypothalamus, supraoptic
region, and medial preoptic area (MPOA). The most abundant BNST efferent to the hypo-
thalamus are the inhibitory ones to PVN and VMH. Endocrine reactions are bound to stress
stimuli [72].
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BNST association network is preserved in men throughout the evolution [1], [73]. In rodents
and humans, activation of the BNST-hypothalamus circuitry is thought to mainly disinhibit
the hypothalamus, promoting activation of the HPA axis.

1.4 Patterns of anxiety, addiction and memory consolidation (Figure 2)

1.4.1 Human studies

Anxiety and addiction share many attributes. This relationship is established in humans both
theoretically and experimentally. They are both triggered by stress [74], [75], and vice versa
altered stress reactivity manifests intensely with both of them [76]. Furthermore, they are
both highly comorbid [77]. The BNST is ideally located to initiate allostatic alterations via its
intense connectivity with (PVN), the hub of HPA axis that instigates cortisol activity. The BNST
shows common functional associative profile with CeA. Hence, it is subsequently also involved
in withdrawal. Resting state fMRI has previously indicated that opioid addicted subjects man-
ifest notably reduced functional connectivity between the two nuclei [78].

1.4.2 Rodent studies
Based on rodents’ observations, we have three patterns of behaviors against threat stimuli.
The circa-strike or imminent responses, post-conflict responses (danger is current, but physi-
cally not impending) and pre-conflict responses (recognizable threat- previously confronted).
Second and third pattern are elicited by possible or unforeseen threats and constitute a sus-
tained hypervigilant activity, corresponding to anxiety. Thus, the short-term instant reactions
or fear abide in the imminence of danger, whereas constant reactions or anxiety appear even
when danger is not currently conceivable [77].
Further animal experiments demonstrated that CRF cells of BNST reduce dopamine (DA) re-
sponse of the NAcc, resulting in the depressive mood at abstinence period. Sequentially, CRF
efferent fibers of BNST stimulate the NAcc shell promoting memory consolidation [79].
CeA accumulates noradrenergic (NA) afferents mostly from the (LC), which is activated at opi-
oid abstinence [80].
Multiple rat experiments have robustly verified the assistive role of BNST in memory consoli-
dation. Not only does the basolateral amygdala (BLA) participates in memory consolidation [81], but
the CeA, as well. CRF1 receptor activation in the BLA is required for consolidation of fear memory [82],
whereas blockade of protein synthesis, or activation of cannabinoid receptors in the CeA, hinders the
long-term storage of fear memory [83] and defined taste aversive memory [84]. Aversive stimuli en-
hance CRF neuron responses in the CeA and enable storage of long-term memory [85].
The BNST may also interrelate with the amygdala to preserve the long-period emotional
memories [86]. In addition to that, BNST can also regulate memory consolidation through its
direct connections to other memory systems, such as the caudate nucleus [87].

Thus, BNST is crucial for the regulation of reminiscence storage by glucocorticoids [88]. NAcc
shell participates in the storage process. Therefore, in animal models direct and early NAcc
shell injections of NMDA and DA1 blockers hindered hedonistic Pavlovian tuitional tasks [89],
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whereas microinfusions of glucocorticoids and amphetamine improved memory outcomes
for hdonistic and frightful memory tasks [90], and D2 activation is necessary for consolidation
of fear memory [91], [92], [93].

1.5 BNST contribution in anxiety regulation in humans and non-human primates. Magnetic
Resonance Imaging (fMRI) analysis.

Neuroimaging studies in macaques confirmed the contribution of BNST in anxiety behavior.
BNST activity involves prolonged freezing at the sight of a human invader [94]. Freezing ena-
bles peering danger and evading detection. It bears resemblance to rodent anxiety-like re-
sponses manifested at the post-conflict period. The uncoupling of anxiety and fear was
proven successfully by Alvarez et al. [52].

Moreover, research on human individuals, emphasizing on BNST association certifies its mal-
formed plasticity [95] ,[64], [96] under stressful context [97]. Recently, the BNST is being de-
fined as an anatomical locus whose modulation may ameliorate dysfunctional mood. Pro-
longed deep brain stimulation (DBS) of the nucleus decreases the intensity of obsessive—com-
pulsive disorder signs [98], refractory anorexia nervosa, and major depressive disorder (MDD)
[99].

Mobbs et al. examined how proximity affects threat using functional MRI. They employed
video projection of a live tarantula motion within a container hurrying to participants’ limb.
The spider was indiscriminately allocated into divisions at variable distances from the exami-
nee’s foot. The BNST response increased as the tarantula moved proximal and vice versa. The
BNST in men is prone to upsurge of danger not only to temporal adjacency, but also to spatial
closeness [100].

Instead of aversive shock stimuli, studies evaluating emotion functioning and anxiety in men
utilized threatening pictures. To clarify, whether the BNST reacts to expectation of watching
frightening pictures, Grupe et al. projected this kind of pictures and calculated constant ex-
pectation within a 2—8s time interval. At neutral image anticipation, the BNST manifested
continuously intense activity upon expectation of frightful pictures. Therefore, the BNST re-
sponds promptly to threatening stimuli, but it also relates to emotional cues [101].

Coaster et al. [102] required their subjects to assess the risk of experimental case hypothesis
based on the imminence grade of injury. In a rather imminent high injury, BNST function in-
creased, revealing that the nucleus activates upon observation of upcoming serious dangers.

1.6 BNST and behavioral models

1.6.1 Conceptual framework

The BNST assimilates external stimuli into behavioral patterns modulating, thus, a multitude
of emotional states. Apart from amygdala connections, three distinct networks are responsi-
ble for these properties. First, the network between BNST and lateral hypothalamus (LH).
Second the networks toward paraventricular hypothalamus (PVH) and the periaqueductal
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gray area (PGA). Third the pathway toward ventral tegmental area (VTA). The last pathway is
responsible for reproductive and defensive behaviors [103].

The BLA relates to the diencephalon and Broadman areas 10,11 and 47. Therefore, it is re-
garded as the “sensory” amygdala [104]. The BLA can directly activate and suppress the CeA,
which confers the efferent pathway, especially in adjunction to fear responses. In addition to
this, BLA also interrelates to corticostriatothalamocortical (CSTC) networks, which are parti-
cularly comprised by the orbitofrontal and ventromedial prefrontal cortices along with Nacc
[104], [105]. Hence, the BLA has impact on subjective perception and aimed motivation.
Imaging research verifies the fact that, the CeA is affiliated with BNST [106] and threat re-
sponses, mostly to specific brainstem regions, such as PAG and LC [107]. Therefore, the CeA
has prominent control of behavioral threat responses. Both, the BLA and the CeA project to
the hypothalamus, as it was reported in rat studies [108]. Functional connectivity studies in
men have corroborated these hypotheses [109].

1.6.2 Experiments in rodents

Lateral hypothalamus facilitates different aspects of anxiety behaviors. This is documented in
rodent experiments. Particularly, the anterdorsal BNST demonstrates anxiolytic effects via the
innervation of LH and VTA [40]. Two distinct pathways exist originating from two distin-
guished subgroups of LH aiming the two different subgroups of GABAergic neurons of BNST,
which express either CRH or cholocystokinin. In parallel, glutamatergic projections emanate
from the anterior BNST and terminate in arcuate nucleus of hypothalamus. They are consid-
ered anxiogenic and are accompanied by glucose increase [110].

From research on rodents has been established that, the largest volume of hypothalamic
afferents arises from dmBNST. The latter suppresses the magnocellular and parvocellular
cell groups within PVN. They also suppress supraoptic area and MPOA [11]. Parallel efferent
towards PVN coexist with GABAergic projections from fusiform, rhomboid, alBNST, amBNST,
and CRF+ ovBNST subnuclei.

Principal and transverse subnuclei, suppress the parvocellular division of PVN, as well [70].
The balance between activating and de-activating BNST signals is thoroughly elaborated in
rodent models. The anteroventral BNST sends both glutamatergic and GABAergic efferent
fibers to the non-dopaminergic segment of VTA. Stimulation of this pathway promotes anxi-
ety, whereas the GABAergic activation had anxiolytic effects [110]. Glutamatergic afferents
originate from insular cortex [112]. It is believed that the GABAergic neurons of BNST exert
their effects through the amygdalar pathways [113]

1.7 Functional MRI studies of human BNST connectivity
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Sommerville et al. showed that the inferior frontal gyrus, insula, and BNST promote the
preservation of fear condition via BNST’s constant stimulation. The inferior frontal gyrus and
anterior insula (Al) manifest more vivid function in more stressful context and are massively
associated with areas of temporal and orbital cortex, as well. The ventromedial prefrontal
cortex (vmPFC) has been involved in the suppression of conditioned fear. Sustained activation
of vmPFC via predictive knowledge based on current and future environmental events may
ameliorate anxiety status of individuals [57].

Klumpers et al. correlated this network with ventral striatum (VS)/ (BNST), and thalamus/mid-
brain circuitry. Interestingly, the amygdala was not included in this loop. BNST was associated
stronger with striatum, anterior cingulate cortex (ACC) and hypothalamus [55]. Alvarez et al.
presented in their study that BNST, midcingulate cortex (MCC) and anterior insula form a net-
work, which is activated under unpredictable threat [53].

Herrmann et al. described a positive coactivation among the amygdala, auditory and visual
cortices. Therefore, they stressed the crucial function of the amygdala in the alerting re-
sponse system which regulates the perception and mood status to aversive occasion. On the
contrary, sustained anticipatory responses were observed in the BNST, insula, thalamus and
periaqueductal gray. Functional connectivity of BNST, insula and prefrontal cortex were sig-
nificant in later stages of threat anticipation. In general, both BNST and amygdala have dif-
ferent functional connectivity networks [114].

Hur et al. performed their fMRI study with visual, auditory and electrical stimuli. They de-
scribed the threat anticipation network, which is comprised of midcingulate cortex (MCC), Al,
OFC, dorsolateral PFC (dIPFC) and frontal pole. BNST and dorsal amygdala (CeA) were coacti-
vated at certain threat anticipation, in the context of their anatomic and histological affinity
[115]. From this coactivation, saccades orientation to threat signals can be explained [116].
Pedersen et al. compared healthy subjects and patients suffering posttraumatic stress disor-
der (PTSD). They identified activation of lateral and medial PFC in patients’ group along with
the hyperactivation of amygdala. Right BNST, especially, develops action synchronization with
vmPFC, while the left one exhibited reduced synchronization with dorsal medial PFC (dmPFC).
The CeA conveys the response to short-term, distinct threat stimuli, whereas the BNST con-
veys responses to long-term and general threat [116]. Pedersen et al. documented in a paral-
lel study that BNST responds to novel and negative images proving that the BNST does not
present habituation [118].

Both the CeA and BNST were responding to an area within thalamus compatible with the
interthalamic adhesion. Furthermore, medial dorsal thalamus demonstrates functional con-
nectivity (FC) with both the CeA and BNST. The aforementioned nuclei are both associated
with the caudate nucleus, ventral striatum, hippocampus and mPFC [54].

The intense functional junction between BNST and striatum clarifies the relation of stress and
prompted actions. The paracingulate region (PCC) more coupled with the BNST than CeA was
located within the dorsal mPFC. The PCC is especially involved in self-orientation and ponder-
ing. As a consequence of this, BNST is selectively implicated in cognitive characteristics anxi-
ety, relative to the amygdala [119].
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McMenamin et al. examined the temporal sequence of threat and safe cues on twenty-four
healthy subjects. Upon the early (within 5seconds) phase, increased responses were recorded
in thalamus, anterior insula and visual cortex. Responses were decreased in default network
areas. In the intermediate phase posterior cingulate cortex (PCC) and dmPFC were activated
(7,5-17,5 seconds). Ventral striatum and NAcc associations, especially with medial OFC were
activated, upon threat stimulation at the third temporal phase (20-40seconds) [56].

Murty et al. assessed individuals, who were informed visually, that they will receive either
intense-threatening- electrical stimulation or moderate-safe stimulations within two hours.
Default network reveals dampened activation at frightful stimuli. The anterior dorsal insula,
especially on right hemisphere, exhibited sustained responses that were greater at

threat. On the contrary, BNST responses were not sustained for threat, despite their in-
tensity. Greater responses relative to threat were observed in both amygdala [120].
Limbachia et al. compared the effect of controllable versus uncontrollable electrical stimuli.
In their fMRI analysis they observed that both BNST along with left dorsal Al demonstrated
intense responses in uncontrollable stimuli. In controllable stimulation group the diminished
responses of BNST responded to reduced aversiveness or noticed impact [121].

Straube et al. compared the fMRI responses of spider phobic individuals versus healthy ones,
when they expected images of spiders. The sufferers exhibited amplified function during ex-
pectancy in the dorsal ACC bilaterally, in right Al and left BNST [61].

OCD anxiety correlates with BNST hyperactivation, and enhanced functional connectivity with
the frontopolar cortex (FPC) . Anxiety is imputed to inadequate cortical downregulation of
this hyperactivation. This deficient inhibition is the result of restricted functional connectivity
between subthalamic nucleus (STN) and the internal part of the Globus Pallidus. Activity in
the FPC downregulates hyperactivation of subcortical limbic structures. Hence, increased
functional connectivity between the FPC and the amygdala is documented in frightful con-
text and indistinguishable findings are found in FPC-BNST coactivation throughout the pe-
riods of constant fear [122].

Figel et al. evaluated 22 individuals with social anxiety disorder (SAD) and 22 disorder-free
individuals. SAD sufferers in contradiction with control persons exhibited enhanced periodic
function in the left CeA and BNST. During sustained threat expectation, no difference in BNST
function for subjects with the disorder and control population was noticed [63].

Dagher et al. observed a large bilateral deactivation upon stressful mental changes in smok-
ers population of the NAcc [123].

German et al. evaluated 5 OCD patients using voxel-wise analysis aiming to elucidate the hubs
of OCD. Deep brain stimulation (DBS) of inferior thalamic peduncle resulted in improvement
of symptomatology. Acquired functional connectivity with amygdala bilaterally resulted in
better outcomes. The advantage of DBS as therapeutic method was achieved with ALIC/ven-
tral striatum stimulation adjacent to BNST [124].

Baas et al. evaluated the startle response in patients having underwent NAcc-DBS and having
the system turned on. No statistically significant reduction of startle response was reported
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either under predictable or unpredictable shock situations. Patients reported subjective anx-
iety during the examination. Therefore, the authors concluded that the defensive state
mechanisms are not associated with anxiolysis. They recorded amplified progressive unre-
sponsiveness to stimulation at high-frequencies, when the locus was the dorsomedial ventral
striatum [125].

Neumann et al. recorded long field potentials in 23 patients with major depressive and ob-
structive compulsive disorder. They gained their results by externalizing DBS electrodes. They
exhibited that a-oscillations (8-14Hz) in subcallosal area (GC25) and BNST predispose to
desolate emotional condition in major depression [126].

1.8 Recommendations for BNST stimulation in OCD
Two recommendations for DBS in OCD exist: (1) Bilateral Subthalamic nucleus stimulation
should be employed as a treatment for pharmaceutical persistent OCD (level | evidence). (2)
Bilateral NAcc or BNST DBS as therapy measure for patients with pharmaceutical persistent
OCD may be utilized (level Il evidence) [127], (Figure 3).
Throughout the sequent paragraphs the principles/mechanisms of DBS and the pathophys-
iological processes implicated in OCD are introduced.

1.9 Mechanism of Deep Brain Stimulation (DBS) (Figure 3)

Figure 3. Typical trajectory of a BNST and ALIC deep brain stimulation electrode [132

1.9.1 General aspects

The mechanism of DBS can be perceived in two phases [128]:

1) The short-period excitation of axons centripetally located to the stimulation locus.
2) Non-specific synaptic suppression associated with short-period plasticity.
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The synaptic driving relies on the kind and equilibrium of afferent neurotransmitters, which
is proportionate to the volume of the stimulated tissue. DBS elicits action potentials in axons
even when frequencies reach 200Hz [129]. It predominantly regulates the centrifugal im-
pulses toward the target. Consequently, stimulation of areas, which receive primarily gluta-
matergic excitatory input results in an instant excitation of stimulated area’s neurons [130].
On the contrary in areas with primarily GABAergic input, stimulation evokes an instant sup-
pression, which can surpass DBS period [131].

Membrane hyperpolarization occurs at the most proximal to stimulation point electrode,
whereas nearby areas will be hypopolarized and function as a negative electrode. Anodic
stimulation is based on the negative electrode-like areas to produce current in axons. Hence,
anodic stimulation warrants higher stimulation intensities and is less effective than cathodic
stimulation [133], [134], [135]. Anatomy remains the most important prognosticator for ben-
eficial stimulation. Anodic stimulation of cortex necessitates lesser intensities. This phenom-
enon is attributed to due to the posterior and caudal trajection of pyramidal axons.

Overall, the longitudinal stimulation achieves the greatest excitation (Figure 4).

Constant high-frequency stimulation leads to a sequence of instant synaptic driving [129] by
non-specific synaptic dampening. Afterwards, cell excitation ceases at the stimulation locus
[136]. This synaptic dampening is characteristic to stimulation frequency and appears signif-
icantly at approximately 100Hz or higher. Experimentally, it is revealed that thalamocortical
synaptic transmission is not prolonged at high frequencies [137].

Short-term stimulation leads to depression of target structures attributed to presynaptic de-
crease of neurotransmitter concentration and their release pattern, along with presynaptic
calcium depletion [128].

All axons cross the Volume of Activated Tissue, therefore the same locus may be crossed by
downstream or upstream currents. Hence, long-term and distal polysynaptic network effects
are associated with focal synaptic suppression of stimulated neurons [138].

Structural connectivity functions as predictor of DBS outcome. It has greater significance if
modulated fiber tracts are along to information current. Here, downstream suppression of
synaptic input to the target structure is likely one of the mechanisms of high-frequency DBS
[138].
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longitudinal transversal
stimulation stimulation

Figure 4. Differences between longitudinal and transverse stimulation. Greater amount of
neuraxons are involved in longitudinal stimulation [139]

1.9.2 Modulation of oscillatory local field potential activity

The local field potential (LFP) describes the accumulation of potentials of neurons proximal
tothe recording electrode and relate to transmembrane ion flow [140]. LFP coordinate neural
firing recording, which responds to pre-and post- synaptic flow from neurons directly situated
inthe anatomical area of interest [141]. Enhanced synchronization in the beta frequency band
portends to Parkinson’s disease [142]. The hypodopaminergic condition leads to amplified
oscillations within 13—35Hz or beta frequency band, both in the STN and GPi [143]. DBS in-
duces local suppression of this rhythm [144] via the dampening of beta frequency, which
further responds to clinical signs amelioration [145]. Therefore, the hypothesis was raised
that DBS functions via regulation of oscillation types. Beta activity in LFP relates to increased
spike firing [146]. Suppression of beta power is accompanied by a decrease in firing rates
[147]. The exact etiology of oscillatory dysregulation is debatable. Modification of abnormal
patterns is a putative stimulation effect, inasmuch as LFP documentation constitute bi-
omarkers in diseases other than PD, such as dystonia [148], Tourette’s syndrome [149], [150],
OCD [151] and MDD [131]. Standardized §, B and y frequency bands in the right BNST inter-
relate to OCD. Oscillations in 6 rhythm are amplified and in y rhythm diminished, respectively
at compulsion initiation. On the contrary B frequency increased when compulsions ceased.
Furthermore, the outcome after BNST DBS, regarding compulsions control, was markedly de-
pendent on the degree of oscillations alteration [152].

Record of cortical activity during DBS is feasible along with subcortical structures stimulation
[153]. According to these studies the suppression of beta power is recorded at both areas of
interest (STN or GPi) [153]. These studies utilized EEG, magnetoencephalography (MEG), and
electrocorticography (ECoG) [154]. Cortical broad rhythm activity coincides with particular
periods of the beta oscillation [155]. This phenomenon is usual in the motor cortex during
hypodopaminergic OFF state [156].
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According to the aforementioned literature regulation of only one hub of the network results
in functional changes of the rest of the network. Apart from the coactivation of hubs of oscil-
latory networks orientation of information current is also evaluated. DBS regulates synchrony
but does not alter orientation of information current [145].

1.9.3 Connectomic perspective of DBS

Under pathological conditions local aberrant neuronal excitation is adjusted to LFP oscilla-

tions and dissociate interregional networks.

This abnormal cerebral connectivity is hindered by electrical stimulation. As a whole, DBS was

shown to be implicated in global brain connectivity patterns, as it is described by the theorem

of network centrality of graph-theory—relevant metrics [157]. The neuromodulation effects

among brain areas is actually a neurophysiological desynchronization. In OCD, this effect is

attributed to the reduction of the so far abnormally intense association between the frontal

cortex and Nacc [158].

Detailed knowledge of DBS effects derives from the movement pathology, where high- fre-

quencies (>100 Hz) are enforced in vertical pulses via electrode. This mechanism regards:

1) Regional regulation of neurotransmitter release and consequent transmembrane activity
and pulse propagation.

2) Regional regulation of oscillatory field potentials.

3) Distant regulation of oscillatory synchronicity.

4) Regulation of whole-brain network connectivity.

Individual pulses excite presynaptic terminals of all efferent fibers. In targets with mostly GA-

BAergic inputs stimulation leads to a net hyperpolarisation. In a mesoscale assessment DBS

induces suppression of beta activity [159].

Stimulation settings for MDD and OCD were customized based on the ones of Parkinson dis-

ease [160]. Hence, PD DBS ranges between 100-130 Hz. 130 Hz compensates energy deple-

tion and symptom control [161]. Apart from this, it is relatively safe. Furthermore, brain func-

tionality is recordable by the stimulatory electrodes within time period often exceeding one

year [162]. None of the studies estimates the geometry of the pathways. Selecting different

parameters a specific pathway may be stimulated more than the others.

Evaluation of outcome is difficult in psychiatric disorders. Term such as “depression” is hard

to measure. Accordingly, the establishment of prognosticators is laborious. [163]. Therefore,

cognitive aspects including cognitive restraint, reward valence and negative emotions should

be estimated for proper tailoring of treatment [164]. Trials that are used in animals include

approach- avoidance contexts [165], [166].

Assessing cognitive networks reveals the physiologic aim for efficacious stimulation: periodic
oscillations of the local field potential (LFP), and the coactivation among brain areas. LFP os-
cillations, lower than 25 Hz, are often coupled even when the loci are distant. This was the
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rule for movement disorders [167] and its efficacy on emotional circuits has been demon-
strated [168].

1.10 Pathophysiology of obsessive-compulsive disorder

OCD pathophysiology relies on a dysfunction of cortico-striato-thalamo-cortical circuit (CSTC).
This network encompasses executive and limbic cortices [169]. Anterior cingulate cortex
(ACC) contributes in motivation, conflict control and acknowledgement between desired and
anticipated conditions [170], (Figure 3). Hence, one may deduce, that obsessions and com-
pulsions originate from an aberrant reward process leading to an impaired distinction be-
tween expected and present conditions. PET and fMRI research indicated the excessive ACC
function with either symptoms triggering and fallacies or hindered distinction situations
[171]. Selective serotonine reuptake inhibitors (SSRI) administration reduced ACC metabo-
lismo, as it is evaluated by PET. This observation was reflected to better behavioral outcomes
[171]. Anterodorsal cingulotomy leads to long-term amelioration refractory OCD symptoms.
OFC and ACC exert combined influence on action valence and selection [172].

Caudate nucleus participates in procedural learning and this may explain the loss of actional
sequence sustained by frontal subcortical associations that are assumingly present in OCD
[172]. Excessive caudate activity is parallel to the grade of symptomatology, as it is docu-
mented with PET and fMRI studies [173]. OCD patients demonstrate reduced dopamine D2
receptor binding [174] and elevated dopamine transporter accumulation in the caudate
[175]. Thalamic activity is increased in OCD together with OFC activity estimated by PET along
with ipsilateral caudate nucleus [171].

Hippocampus and amygdala are interconnected together with the PFC. Amygdala associates
significantly external cues with emotional importance and contextual fear responses [171].
Hippocampus incorporates spatial and mood data [176] and participates in the behavioral
patterns to stress [177]. Therefore, aberrant functionality of these loci may underpin the
anxiety caused to patients by the impelling to execute compulsions.

OCD patients manifest abnormal connections in functional MRI analysis between ventral stri-
atum (VS) and OFC that are relevant to disease’s degree [178]. On the other hand, the activity
in these structures diminishes with medical treatment and cognitive behavioral therapy [179].
Furthermore, medium spiny neurons in the caudate, which present efferent fibers to OFC,
tend to depolarize intensely during exacerbation of OCD [180]. Continuous and exclusive
optogenetic stimulation of the OFC-VS efferent fibers in animal models promote OCD-rele-
vant symptomatology [181]. In addition to that, the orbitofrontal branch of CSTC is involved
in motion execution aligned with emotional cues; therefore, this excessive activity promotes
the urgent and formalistic characteristics of OCD [182].

In PET studies OFC activity is reduced with medical treatment. This reduction relates to OCD
symptoms alleviation [182]. The medial OFC (mOFC) and lateral OFC (IOFC) participate differ-
ently in disorder’s manifestation. The first one provides regulation of feelings and positive
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appraisal procedures, whereas the second one mediates aversive stimuli and reactions to

threat [183]. N

Cortical Regions: OFC, ACC, DLPFC, VMPFC

Cortico-Striato-Thalamo-Cortical
Circuit in OCD

Ventral Caudate
and Pallidum

N/

SNr, Anteromedial STN, and Anterior Basal Ganglia

Dorsomedian Nucleus of Thalamus

Figure 5. OFC, ACC, dIPFC, and vmPFC (colored blue), ventral caudate and pallidum (colored
pink), anterior GPi and GPe (colored green), anteriomedial STN (colored orange), SNr, and
dorsomedian nucleus of the thalamus (colored purple). ACC, anterior cingulate cortex; DLPFC,
dorsolateral prefrontal cortex; OFC, orbitofrontal cortex; SNr, substantia nigra pars reticulata;
STN, subthalamic nucleus; VMPFC, ventromedial prefrontal cortex. [169]

Reduced activity of the dIPFC and dorsolateral caudate are present in the disorder, as well
[184 ], (Figure 5,6). The dIPFC forms a loop with dorsal segment of caudate nucleus, lateral
GPi, rostral substantia nigra reticulata (SNr), and the ventral anterior thalamus [185]. Damp-
ened functionality of this loop hinders the transition and sequence between actions, a path-
ognomonic sign of the disorder [186].
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Figure 6. Cortico-striato-thalamocortical network. In DBS for OCD, high frequency stimulation
modulates the functionality of this network. DLPFC, dorsolateral prefrontal cortex; ACC, an-
terior cingulate cortex; OFC, orbitofrontal cortex; VMPFC, ventromedial prefrontal cortex. Ar-
rowheads denote the traectory of neural input. Black vectors respond to major connections.
Gray vectors respond to additional connections [171].

1.11 Scales for assessing-OCD

The YBOCS is a semi-structured interview introduced by Goodman and colleagues to evaluate
obsessive compulsive symptoms [187]. Scale grading does not rely on distinct types of symp-
toms, but on the characteristics of the symptoms as referred during the interview, such as
their length, encroaching or resistance. The scale involves two segments of five items each,
the Obsessions category and the Compulsions one. Each category evaluates the characteristic
of the disorder within a range from 0 (lack of signs) to 4 (exacerbation of signs). These involve
(1) temporal duration of the disorder, (2) severity of interference, (3) anxiety, (4) refractori-
ness, and (5) assumed restrain of the disorder. YBOCS attributes lesser grading to marked
refractoriness. Grading extracted from the subscales provide a YBOCS Total score [188].

The signs catalogue includes fifty-four dualistic questions estimating the presence or remis-
sion of the disorder. Problems which occur are the subjective perception of the “refractori-
ness to obsessions” item. There is also reduced sensitivity regarding the slight alteration in
extreme symptomatology and low discriminant validity regarding depressive feelings [188].
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Refractoriness to Compulsions, was slightly associated with the rest of the inventory. Clinically
sufferers themselves are not able to discern between their maximal efforts of resistance and
positive outcome. It has excellent inter-rater reliability in long-term, or among distinct inter-
viewers [188].

The scale demonstrates low discriminative validity, as long as, it is strongly related to depres-
sion compared to other aspects of the disorder. This problem is present in other OCD inven-
tories, as well [189], [190]. These collateral depressive symptoms denote the desolation in
severe disorder and not a comorbidity.

State-trait anxiety inventory (STAI) This is a forty item self-evaluation inventory, which esti-
mates the existence of anxiety signs [191]. It is made up of by two subscales: the STAl-state
and the STAI-trait. Trait anxiety responds to perception of stressful conditions, which is a con-
stant personality characteristic [191], [192]. Elevated trait anxiety grading responds to mis-
conception of situations as perilous. State anxiety ranges in the lapse of time temporally and
depends on the stressful stimuli. Subjects with high trait anxiety scores appear to possess
higher state anxiety scores [191], [192].

Depression anxiety stress scale (DASS-21). This instrument evaluates depression, anxiety and
stress. The DASS-D describes a person’s despair, positive emotions and self-confidence [193].
The DASS-A describes autonomous nerve system status, contextual anxiety, musculoskeletal
signs, perception of anxiety agitation and contextual anxiety. At last, DASS-S describes agita-
tion, emotional strain and negative emotions [194]. The individual segments involve seven
guestions which rate from 0 (“did not assign to me at all”) to 3 (“assign to me a lot, or usually”)
seven days before the interview. The total score varies from 0 to 21. Recent literature, was
not able, though, to present border zones for the intensity of the disorder [195].

1.12 Diagnostic and statistical manual of mental disorders: fourth edition (DSM-IV)

The DSM-IV is the horse shoe for identifying psychiatric diseases. The Structured Clinical In-
terview for DSM-IV (SCID) utilizes categorical items to classify psychiatric diseases. The pres-
ence of experienced interviewers to employ the SCID are necessary. Diagnosis itself is estab-
lished by clinical judgement [196].

The Global Assessment of Functioning (GAF) [197] is an instrument which evaluates the com-
munal and vocational activity along with psychiatric signs in adult population. One significant
drawback of this questionnaire is the ineptitude to discern clinical signs from the normal func-
tioning. The requirement for a specialized evaluation instrument of global functioning, not
directly associated with psychopathology, resulted in the establishment of the Social and Oc-
cupational Functioning Assessment Scale (SOFAS) [198].

The SOFAS evaluates the communal and vocational functioning, but not psychological impair-
ment. It also includes effects of a medical context and applies to the assessment at the current
time. Both inventories' scores rely on a sequence of actions. Greater sum implies better per-
formance. Both GAF and SOFAS are utilized for the daily performance evaluation [199].
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Aims:

The aim of the present study was to conduct a systematic literature review mapping and an-
alyzing the available literature on all clinical studies utilizing BNST stimulation.
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2. Materials and Methods

The hitherto literature includes some case series with variable participants. To further eluci-
date this observation, we conducted our study. We employed a systematic review according
to PRISMA 2009 guidelines, medical subject headings (MeSH) terms that were selected were:
(Bed nucleus of stria terminalis) or (BNST) and (Stimulation). Time period was set from Janu-
ary 1973 to March 2024. All animal studies were excluded. We did not include Case series
involving 4 or less participants. Finally, studies focusing exclusively on BNST activation without
therapeutic objective were also not included.
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3. Results

The process of systematic review is presented schematically (Table. 1). The review extended
in two databases Pubmed and Scopus led to the recognition of 653 articles after duplication
exclusions. Among them, animal studies and studies not written in the English language were
excluded. After the screening of the remaining 70 articles, book chapters, conference papers
and reviews articles were excluded. From the remaining 39 studies case reports or case series

involving less than four patients were also not included. Finally, thirty articles remained, of
which only 11 were on DBS.

Records identified through Pubmed N=723, through SCOPUS
N=657

After removal of duplicates 653
articles were not involved. Animal
studies and non -English written

papers were excluded

Records after exclusion N=70

31 articles not involved. Book
chapters ,systematic reviews,
letters to the editors and
conference papers were
excluded

Records assessed for eligibility N=39

9 articles not involved.Case reports or
case series<4 patients

Records in qualitative synthesis N=30

Records focused on fMRI
N=19

Records studying DBS N=11

Table 1. PRISMA diagram for the present study.
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Studies which have utilized DBS of BNST Region (also see Table 1) Luyten et al. were the first
to report that electrical stimulation in the ALIC/BNST region alleviates significantly OCD signs
in the so-far medication-recalcitrant patients. They observed 24 patients within a 4-year pe-
riod. Ten of them underwent exclusive DBS of BNST, whereas 15 patients had adjunct stimu-
lation of ALIC and BNST. Electrical stimulation led to reduced anxiety and depression symp-
toms. BNST seemed to be a more effectual target compared to ALIC. One-third of the pa-
tients developed epilepsy [132].

Raymaekers et al. evaluated these patients within a period of 12 years. A strong and pre-
served reduction of the Y-BOCS was rapidly noticed within the first months. On the contrary
when stimulation was off Y-BOCS score was increased. A more severe depressive impact at
the starting point of observation portended minimal reduction of the Y-BOCS over time.
Eight patients had received less dose of medication and half of them warranted no medica-
tion upon last follow-up control. The patients after initial rapid improvement regained slowly
their previous activity and thus present a progressive downgrade of Y-BOCS scores [200].
Mosley et al. studied nine OCD sufferers after DBS at BNST and NAcc interface. The authors
studying altered functional and structural connectivity with fMRI isolated a pathway on right
hemisphere crossing the midbrain and reaching the ventrolateral prefrontal cortex and an-
other one associating the anatomical locus of stimulation with amygdala, as well. Fibers of
this area were crossing the hippocampal white matter and regress to BNST via the ST proximal
to fornix [201].

Mar-Barutia et al. compared the outcome of a group of six sufferes who underwent ventral
ALIC-Nacc stimulation and a second cohort of 19 patients, who received DBS at BNST. Upon
12 months all patients considered either full or partial responders not only in the severity of
OCD but in global assessment functioning, as well. The first cohort was observed for approxi-
mately nine years whereas the patients of the second group for approximately five years. The
authors reported a non-statistically noticeable greater reduction of Y-BOCS scores in the
BNST patients [202].

Winter et al. evaluated a cohort of six OCD patients in a long-term period at 4 and 8 years,
respectively. All patients underwent either ALIC stimulation exclusively or joined BNST and
ALIC stimulation. They compared the outcome of patients’ cohort who underwent DBS of
ALIC exclusively and concluded that stimulation of BNST may not have a particular benefit
[203].

Luyck et al. assessed the outcomes in 9 patients suffering from OCD. They included cases with
uni- and bilateral DBS employing a blinded crossover study design. They evaluated anxiety,
avoidance, wellbeing, apart from obsession, compulsions and mood. Patients were allocated
according to the intensity of OCD when the. Research program commenced. Bilateral BNST
stimulation was beneficial in cases of moderate to severe disorder, concerning obsessions
[204].

Philipson et al. further supported that DBS of BNST provides alleviation of OCD symptoms
measured with Y-BOCS rating 32,6%. They have also studied the cognitive alteration that DBS
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brings. Decline in visuospatial cognition and selective attention been reported in this series
[205].

Fitzgerald et al. performed DBS of BNST, just posterior to NAcc and laterally to anterior hypo-
thalamus, as an alternative. The intervention resulted in reduction of physical signs of MDD,
essential mood dysfunction and improvement of overall quality of life in 5 sufferers assessed
within a maximum period of 2 years [206].

DBS of BNST and NAcc for severe intractable OCD results in 27,3% reduction of Y-BOCS and
approximately 45% of patients achieve full response. The variation of effectiveness is at-
tributed to the fact that, most studies are series of cases. In addition to that, the definition of
“full response ‘responding to 35% reduction or more of YBOCS does not seem to promote the
control of the disorder, as long as serotonin reuptake inhibitors may also achieve a 38% YBOCS
improvement according to the same criteria [207]. It is also associated with cases of negative
valence, such as bad mood, tiredness or prolonged worry [208].

Mar-Barutia et al also, evaluated the long-period impacts of DBS, within a time span of 20
years. This was one of the largest patients’ series and responders superseded the fifty per-
cent of the participants. They studied the outcome of their subjects, who had undergone ei-
ther ventral ALIC or BNST stimulation. Both of these subgroups were juxtaposed with a

sham group. Outcome was evaluated in both OCD and depressive symptomatic, as well.
There was a significant decline more than 40% in the patients’ group and less than 5% in
control group. The new contribution of this study was the fact that none among the unoper-
ated individuals presented full remission of symptoms. DBS thus constitutes a necessary cul-
mination of tailored treatment for OCD. They could not detect predictors, though. Scarcely
did their subjects report complications and the majority of them were light and temporary
[209].

Naesstrom et al. in their study whose time span was 12 months observed that more than
half of the cases, exhibited response and depressive symptoms alleviation, as well. After a
review of the pertinent literature they detect a large variance in the traces of improve-
ments. Intuitively expected factors, such as age or duration of symptoms were not proved
predictors [210].
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Research Psychiatric disor- Overall study Results synopsis Adverse
team der and inclusion design neuropsychiatric
criteria effects
Luyten et OCD with Y -BOCS 24 patients ALIC- 8 patients non- re- 5 patients with seizures
al.[132] >30) and (GAF) <45) BNST stimulation. sponders. Improve- 4 suicide attempts
for at least 5 years Blinded ON and ment on ON phases. 2 patients ICH,
OFF phases. YBOCS 66% at 4 years 2 patients with ob-
17 underwent and 45% at last fol- structive
crossover. HAMD low-up. HAMD at 4 apnea
and GAF scores years 67% and 49% at
last follow-up. GAF 30
points at both 4 years
and at last follow-up
Reduction >35%in all
questionnaires. Im-
provement of GAF
Luyck et al. OCD with YBOCS >30 9 patients BNST Acute provocation Warmth (7), sweating
[204] for 5 years stimulation /blind test evaluation. Re- (4),
crossover trial duced obsessive Nausea (2),
Exhibition of neu- thoughts in moder- absent feeling
tral and trigger im- ate-severe OCD
ages No significant benefit
BDI and STAI of bilateral stimula-
tion
Raymaekers | OCD with Y-BOCS >30 24 patients from ON status strongly Same to Luyten et al.
et al. [200] and GAF <45 for at group of Luyten et correlated with
least 5 years al. ALIC-BNST YBOCS reduction.
stimulation Surgery itself associ-
Follow up 76.5 ated with GAF im-
months. YBOCS, provement
BDI, GAF and
HAMD
Mosley et al. OCD with YBOCS>24 9 patients DBS of 12-month follow-up. Parasomnia
[201] >2 weeks BNST/Nacc 7 patients responders Reduced libido
Treatment refraction Double blinded with YBOCS 49.6% re- Mild agitation
to SSRI for 12 trial duction. MADRS 10
weeks+/-antipsychot- YBOCS and points reduction.
ics MADRS Right-sided altered

Structural connec-
tivity

connectivity including
orbitofrontal cortex,
pars triangularis, par-
ahippocampal gyrus,
calcar area, supra-
marginal region
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Winter et al.
[203]

Farrand et al.

OCD with YBOCS>25 or 6 patients DBS
>32 BNST/ALIC
Time since diagnosis YBOCS and WHO-
>14 years QoL BREF
OCD with YBOCS>28 7 patients DBS of

8-year follow-up. 4
responders

2 non-responders
who were not stimu-
lated at BNST con-
tacts

Transient Psychotic re-
action (1)

[207]

tion of symptoms

25.9 years mean dura-

BNST and NAcc
YBOCS, NUCOG,
SOFAS, OCl and

DASS

3 patients were full
responders after 31
months follow-up.
YBOCS reduction 30%
for BNST group and
29.35% for NAcc
group. Reduction of
YBOCS and SOFAS

Hypomanic episodes
(2)

Ageusia (1)

Deja-vu symptoms(1)

Fitzgerald et
al. [206]

MDD with Montgom-

5 patients DBS of

6-,12- and 18-month

Suicidal attempts (2)

Wechsler Adult in-
telligence Scale
Claeson —Dahls
test, Brief visuo-
spatial Memory
Test, Delis Kaplan
Executive Function
System

Trail Making Test,
Color Word Inte-
rerence test
Verbal fluency, Di-
chotic listening
task and IVA

ery Asberg test >25 for BNST/LH/Nacc follow-up. 2 full re- Anxiety (3), Persistent
5 years BDI, HAMD and sponders. 2 partial re- Insomnia (1)
MADRS sponders. 1 non-re-
sponder. 33% overall
reduction of HAMD
between 18-24
months.
75 increase on QolL.
No cognitive deficits
Philipson et OCD with YBOCS>25 8 patients 12-month follow-up. Relative decline of
al. [205] for 5 years ALIC/BNST 3 fully responders.4 visuospatial cognition
YBOCS partial responders. and cognitive interfer-
Raven’s Colored Improved perfor- ence inhibition
Matrices, mance on selective

attention/processing
speed. Apart from
visuospatial cognitive
decline no other cog-
nitive deficits

( Color-word inhibition
test)
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Mar-Barrutia

OCD with YBOCS>30.

25 patients DBS of

5.4 year follow-up .

Memory complaints

Commobidities, such

as MDD, bipolar disor-

der and Tourette syn-
drome

Titrated increase
of currency inten-
sity and amplitude

valence in VC/VS
stimulation more of-
ten than BNST.
48,5% reduction of
YBOCS in patients
with BNST implanted
electrodes. Better
outcomes in patients
with modified param-
eters

et al. [209] No response to ALIC and BNST 11 responders. (6), headache (10), fa-
SSRIs/antipsychotics GAF and HAMD YBOCS reduction tigue (9), insomnia (8),
for 16 weeks, (GAF) 44.2% and HAMD re- | weight gain (6), enure-
<45%. OCD’s onset duction 41.5% sis (2)
more than 5 years Lesser follow-up pe-
riod of ALIC DBS pa-
tients. No statistical
difference between
the two stimulation
points
Shofty et al. OCD with YBOCS>28 8 patients DBS of | Mean follow-up dura- Bad mood
[208] for >5 years VC/Vs or BNST tion 21.25 months. 8 Worry
Drug refractoriness. YBOCS responders. Positive Tiredness

Naesstrom et
al. [210]

OCD with YBOCS >25
and>5-years duration.
Depression with
MARDS>29

11 patients BNST
bilaterally
YBOCS for primary
results
GAF and MADRS
for secondary re-
sults

3, 6 month and 12-
month follow-up .6
responders. Overall
YBOCS reduction
38%. YBOCS reduc-
tion 49% for respond-
ers. MADRS reduc-
tion 27,3%. GAF
12,2% increase

Anxiety, insomnia
Impulsive medication
intoxication

bens,

auditory continuous performance Test,

DASS: Depression, Anxiety and Stress Scales,

ALIC: anterior limb of internal capsule, BNST: bed nucleus of stria terminalis, BDI: Beck Depression Inventory,

GAF: Global assessment functioning Scale HAMD: Hamilton Deprression Rating Scale, IVA: Integrated visual and

MADRS: Montgomery-Asberg Depression Rating ScaleMDD: Major Depressive Disorder Nacc: nuceus accum-

NUCOG: Neuropsychiatry Unit Cognitive Assessment, OCl: Obsessive Compulsive Invnetory, QoL: quality of Life,
STAI: State-Trait Anxiety Inventory
SOFAS: Social and occupational functioniny assessment Scale, Vc/Vs: ventral capsule/ventral striatum, WHOQoL-
BREF: World Health Organization Quality of Life Form,
YBOCS: Yale brown obsessive-compulsive scale

Table 2. Objectives, design and outcomes of studies included in the present review
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4.Discussion

4.1 DBS in OCD

OCD is considered resistant when patient has less than 25% reduction in YBOCS, despite a
cycle of at least 12 weeks at the maximal acceptable administration of SSRIs or clomipra-
mine, adjunct with 30 hours of cognitive behavioral therapy (CBT). Refractory OCD denotes
the non-response at a schema of three antidepressant drugs within half a year combined
with atypical antipsychotics [211].

These functional terms remain, though, ambiguous in the pertinent trials [212]. Despite ad-
ministration of adequate treatment, persistence of symptoms and serious handicap, in the
context OCD is present in 10% of the cases [213].

DBS is a neuromodulation method with well-documented efficacy for OCD [214]. In the hith-
erto studies the researchers do not include their patients, according to commonly estab-
lished and accepted criteria. They conclude, though, that DBS is a last-tier therapy [215].
Both fully and partially treated patients refer an overall amelioration of their symptomes,
their self-esteem and their handicaps in the social intercourse [216].

Therefore, DBS has been established as a practicable method for refractory OCD. Current
research data from Sweden emphasize, that less than one third of OCD sufferers are con-
scious of their problem. Paradoxically, treating psychiatrists do not frequently regard their
patients as potential candidates for surgery. In addition to this, they do not consider them-
selves adequate of setting strict indications [217].

Luyten et al were the first who introduced the stimulation of BNST as a target for OCD treat-
ment. They utilized four-polar electrodes. They employed a range of frequencies stimulation
and they performed a crossover and blinded study. They added to their armamentarium
structural and functional MRI, CT and in a few cases 18F-fluorodeoxyglucose positron emis-
sion tomography (PET). Their assessment took place both before and after the implantation
and turning-on of the system. Specifically, they noticed that the vast majority of the benefit-
ted patients was undergoing actually stimulation of BNST. Improvement was verified ac-
cording to YBOCS scale. They ascribed the efficacy to anxiety amelioration and not to basal
ganglia modulation [132].

In long term observation of Luyten’s group’s patients it was shown, that sustained stimula-
tion is necessary for OCD control. The relapse phenomenon was mostly marked in cases of
battery depletion. Furthermore, high charge densities are warranted for OCD treatment. In-
terestingly age, gender or duration of symptoms were not predictive factors for the out-
come compared to the meticulous stimulation adjustment [200].

Luyck et al. controlled the effects of BNST stimulation under visual provocation of anxiety.
Their patients had initially undergone a habituation phase involving anxiogenic images expo-
sure and self-assessment of symptoms with disease- specific inventories. The examiners
evaluated the outcome of unilateral, bilateral and sham stimulation, while patients were not
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acquainted with the settings. Patients reported benefit after BNSTs stimulation, regardless
of its being uni-or bilateral. The authors had, therewith, proven that BNST stimulation effi-
cacy was not a placebo phenomenon [204].

As more long-term results of DBS were being presented, there appeared studies which eval-
uated the quality of life in treated OCD patients. Herein, patients exhibited advanced quality
of life estimated by generic inventories. The time span of these observations were between
four and eight years. No peri-interventional complications or chronic adverse effects of stim-
ulation were reported [203].

In addition to this, connectomic studies indicated the benefits of BNST. Regions with strong
connectivity related to good outcome. BNST was both structurally and functionally ratified
as a hub between CSTC network and limbic system [201]. The right lateralization aligns with
the right-sided corticostriatal circuits, which are involved in inhibition of [218] impulsivity
[201]. Hardware infection and device removal was the most significant adverse events
[201]. Psychiatric side effects such as severe anxiety, impulsivity and hypomania are also re-
ported.

It remains dubious whether best results are achieved by the stimulation of axonal or termi-
nal end points, namely BNST, STN or NAcc.

In all studies which estimated the long-term outcomes of stimulation improvement, variabil-
ity in the results is apparent. The 35% YBOCS reduction was set as the lowest cut-off for full
response based on the hitherto pharmacological studies [219]. Therein, DBS is considered as
a last tier treatment, stressing, thus, its efficacious results. The discrepancy can be at-
tributed to the so far limited number of participants [220]. Furthermore, the contribution of
regular psychiatric review and therapeutic rapport alleviated symptoms and functionality
[221].

The aggravation of anxiety persists, though, despite the anxiolytic effects of DBS [220] . This
may be ascribed to the maximal levels of anxiety of these patients. On the other hand, sev-
eral patients exhibit a constancy of symptoms, due to the chronicity of their disease. This
fact deteriorates self- and social requirements, that further aggravate anxiety. Finally, hypo-
mania is a recognized and serious potential side effect in DBS [207].

DBS for refractory OCD bears relatively few negative cognitive sequels during the first
twelve months after the surgery. Philipson et al. appraised elaborately the negative impact
of prolonged stimulation. They utilized disease-specific inventories [222]. They reported
that inhibition during tasks was restricted and the overall cognitive adeptness was achieved.
Their results were comparable with the side effects of subthalamic nucleus (STN) stimula-
tion and not VC/VS stimulation [223]. The most remarkable observation was a mild decrease
in visual spatial learning. The short-term memory results were improved, though. This pat-
tern of effects was ascribed to the more posterior implantation of the electrodes (and
therefore inferiority and caudally to Nacc), in order to optimize the outcomes [224].
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The visuospatial working memory involves a wide network of brain areas. This structure in-
cludes the inferior- and superior-order visual hubs, medial side of temporal lobe, the dIPFC
and the posterior inferior-frontal gyrus (pIFG) [225].

Adverse effects can be allocated into three categories: complications relevant to procedure
or hardware. Complications attributed to inappropriate stimulation-and miscellaneous ones
[217].

The first category entails electrode transposition or infections. The incidence rates were
from 1 to 15%. They constitute the major cause of device removal. Postoperative hemor-
rhage is a detrimental complication ranging from 4.8 to 7.7%. Epileptic seizures are sporadi-
cally reported and coexist usually with the aforementioned side effects [217]. The sequel
with the highest incidence is hypomania. It frequently recedes when settings are altered.
The rest of the sequels are obesity, hyposomnia, inaccurate memory recollection and in-
tense worry. The high propensity to suicide is contended. This tendency can be imputed to
antecedent comorbidities or despondency, due to deficient response to the device implan-
tation [226]. Structural Connectivity among the anterior cingulate cortex, insula, and precu-
neus was a prognosticator of a propitious result, which was not related to the selected ana-
tomical locus [224]. According to this research program anterior hypothalamus adjacent to
ITP and BNST are considered the most appropriate anatomical loci. BNST DBS is more effi-
cient compared to the Nacc stimulation [205].

Shofty et al. focused on the extracting of predictors within a period of approximately 21
months. They also advocated the benefits according to YBOCS Scale to the whole cohort.
They concluded that proper and frequent evaluation by specialized team and the respective
alterations were correlated with improved outcome. They also observed that when stimula-
tion was relevant with Nacc then patients tended to have more volatile mood, especially
when pulse generator was about to deplete [208].

4.2 Pathophysiology of Major Depressive Disorder

Ventral striatum and amygdala contribute in the proper response to reward stimuli and form-
ing judgments in vmPFC. vmPFC and ventral striatum manifest robust functional and com-
bined connectivity at rest and during reward processing tasks, as well [227].

Rodent studies have indicated that vmPFC emit glutamatergic efferent fibers toward ventral
striatum [228]. The subsequent inhibition of vmPFC modifies the function of ventral striatum.
Impairment of both vmPFC and ventral striatum has impact on reactions related to reward.
This implies that adjustment of judgements necessitates the function of both areas [229]

A second area where vmPFCis the protagonist is the modification of aversive feelings. Rodent
studies implementing fear context and extinction pattern corroborated this model of vmPFC
function. vmPFC lesion hinders recollection of gradually decreased tuition, at high context
fear responses during the extinction period [230]. A similar research program using neuro-
physiology revealed that vmPFC cells fire upon the recollection of gradually weakened tuition
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diminish conditioned fear responses [229]. This result is joined with findings documenting
that amygdala’s role is crucial for the expression of conditioned fear [231]. Apart from that
vmPFC activation inhibits amygdala function [232]. All these findings stress the existence of a
mechanism according to which fear occurs after vmPFC inhibition of amygdala [233]. Human
functional imaging studies have contributed further advocation of this observation. More-
over, vmPFC and amygdala functionality are inversely variated when contextual threat
gradually weakens [234] , [235].

Structural differences are noticed in MDD. These involve dwindling of the left anterior cingu-
late and paracingulate gyrus along with bilateral prefrontal regions diminishing [236].

4.3 Rationale for DBS stimulation in MDD

DBS treatment for major depression remains under speculation and is not considered a rec-
ommended procedure. Treatment of major depression remains multimodal involving medi-
cation and psychotherapy, as well [237]. The majority of the relevant studies are small sam-
ple research programs. The subcallosal genu (SCG) constituted the primary objective. Dopa-
minergic nuclei, such as the medial forebrain bundle, the vALIC, the VC/VS, the NAcc or
habenula with monoaminergic neurotransmission are targets, as well [238].

Mosley et al. performed a strict scrutinization of the literature evaluating the effect of elec-
trical stimulation on depression. More than fifty percent of the sufferers were responders
and one third of them exhibited recess. On the contrary recurrence rated 14%. Unfortu-
nately, the adverse events, such as seizures or infection occurred in two -thirds of the pa-
tients (67%). Suicidal attempts or suicide were presents in the patients who received this
treatment [239]. Dougherty et al., 2015 [240] and Puigdemont et al., [241] refined the
methodology in their trials and revealed no statistically notable discrepancy in the outcome
between the stimulated and control populations. A common phenomenon in the included
studies was the variance in the remission percentages both in the short and long -term pe-
riod [242].

In addition to this, DBS promotes psychiatric dysfunction including manic bursts. These
events are impermanent and invertible by alternating the parameters [243].

Actual discrepancies between the operative and control population might be recorded,
though, within 1 year after the procedure depending on the target [244]. On the other hand,
cease of stimulation leads generally to quantifiable regression. The scales that assess a wide
range of antidepressant outcomes do not properly evaluate a circuit-tailored procedure like
DBS, which potentially ameliorates circuit-relevant clinical signs [245]. HRDS and MADRS,
which are usually used to appraise the gravity of depression, but not to discern symptoms
indicating relapse. The most significant is the deficient mood variability [246].

Hardware adverse effects incidence is comparable to those of motor disorders. Safety issues
are raised when device turns off accidentally. Symptoms recur within days or weeks [247],
with their preprocedural sequences when the system is switched off [244]. Overall, one
third of the sufferers with TRD attempt suicide [247].
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Suicide attempts in DBS treated patients reviewed here rate 6.7%, implying that the risk is
not increased.

Fitzgerald et al. in their recent study of eight patients found that within the double-blind
crossover phase over a one -year period, no standard antdepressant results were observed.
Regardless of the four stimulation points settings their subjects did not exhibit any improve-
ment or recession [248]. They did not perform connectomic analysis, though.

Conversely, Wang et al. presented a study with 7 remitters among 23 patients and 14 re-
sponders. They stressed particularly the role of the volume of the activated tissue to the
beneficial outcome [249]. When BNST was encased in the stimulation then the results were
the optimal

Structural analysis studies [250] detected four fascicles which interrelate with the outcome
in refractory depression: forceps minor, cingulum fascicles, dorsal and medial midcingulate
gyri, and uncinate fasciculus. The latter binds the lateral orbitofrontal area with the limbic
system of the anterior temporal lobes [250].

It is accepted that in cases of exacerbated depression accompanied by anhedonia, deficient
vivacity, excessive anxiety the DBS outcome is not optimal. Reported that the distance be-
tween the epicentre of stimulated tissue and the fascicle associating the VTA-ALIC alters in
full responders and non-responders. Hence, the personalized structural alterations on DBS
modulation, confer evidence for the prognosis after the procedure in sufferers of TRD [251].
Proper myelination of white matter bundles interconnecting frontal and subcortical struc-
tures was predictive of the outcome [249]. The relations were observed in fascicles, such as
thalamic radiation and the reticulospinal pathway. Inadequate myelination deters transmis-
sion of serial antidromic spikes at the initiation of DBS [252]. The same presuppositions exist
for the fibers of ALIC area, whose integrity relate to proper function of the NAcc and re-
ward-associated reaction of the ventral striatum [253].

The anterior thalamic radiation and superolateral medial forebrain bundle (sIMFB) are the
major fascicles that propagate the impulses in the ALIC [254]. Past research programs re-
vealed that DBS close to ALIC and these fascicles leads to favorable outcome [254]. These
correlations were documented in the setting of long-term DBS and optimization of the treat-
ment framework [254].

Therefore, the grade of the disorder along with the duration of medical treatment do not
constitute a sufficient indication for DBS indication. Radiological parameters should also be
co-evaluated.

Compared to movement disorders, the setting of parameters in MDD is hindered, owing to
the absence of evidence-based mood and physical outcomes. There is an interval of 2 weeks
between adaptation and noticeable results. In some cases, final adaptation may need a period
of twelve months. In OCD, DBS patients necessitate time to identify differences and incorpo-
rate them successfully into their daily life [255].
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Overall, BNST stimulation is a technique that has been presented and appraised within the
last eight years. The first studies assessed its outcome and how it could be optimized. The late
ones focus on patient’s quality of life and potential sequels. DBS hardware is tolerated well
concerning appearance. Some patients may express discomfort in posture alterations but
they progressively habituate themselves. Stimulation settings varied according to patients’
geographical position, access to treating physicians and patients’ fondness [256].
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5 Limitations of the study

Some limitations have to be acknowledged, though. First, there had not be a common sum of
YBOCS and duration of symptoms in the mentioned studies, which were considered strong
indications for DBS. Second, follow up controls did not use the same scales for evaluating
mood disorders and cognitive deficits. Third, not all studies involved blinded control of sub-
groups and when this took place the randomization criteria were not clearly reported.

These facts stress the need for additional multi-institutional clinical trials, which will reduce
the risk of bias.
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6. Conclusions

BNST neurocircuitry is implicated in anxiety and addiction disorders. Apart from be-
ing a part of extended amygdala BNST has dense connectivity with ventral striatum.
Therefore, is implicated in CSTC network and reward reinforcement.

Bilateral BNST stimulation has been indicated as a putative therapeutic target
against OCD. The latter derives from CSTC network dysregulation.

The present systematic review identified 10 manuscripts assessing the therapeutic
potential of BNST stimulation in OCD. Most of the studies use joined stimulation of
adjacent areas, such as Nacc and ALIC. No strong correlation is extracted among
stimulation parameters and therapeutic outcomes.

Only one study assessed the utility of BNST stimulation in major depressive disorder.

Patient selection based on strict criteria is still debatable. Both the severity of OCD
and the duration of conservative treatment varies among the studies. Therapeutic
protocols are based on the experience with Parkinson’s syndromes treatment.

None of the studies provide an individualized protocol of DBS settings based on the
severity of the disorder.

While a benefit of BNST stimulation in OCD is supported by several studies on small
numbers of patients, more research is warranted to assess utility in both OCD and
other disorders.
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