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Preface

The Bed Nucleus of the Stria Terminalis (BNST) is a basal forebrain structure
that has been subject to vast research, especially in the last three decades.
Repeated investigation of its anatomy, connectivity, and function has provided a
multitude of assumptions and theories concerning its role in emotional and
hormonal regulation as well as in processing threat and stress, but also in regard
of its relevance for the emergence and upkeep of addictive behavior, its
involvement in personality disorders, and in further pathologies.

Yet, since most of the anatomical research was conducted on different kinds of
animals, little is known about the BNST’s structural connectivity profile in humans.
In the last years, several studies have investigated functional connectivity to other
brain structures in a variety of settings; however, attempts on describing its

structural connections have been scarce.

In the Introduction to this thesis, a comprehensive overview over the main results
of research conducted on the BNST, as well as over the basic principles of
diffusion weighted magnetic resonance imaging (DW-MRI) and probabilistic fiber
tracking (PFT) is provided.

In Experiment & Analysis, results are presented from an investigation of the
BNST’s connections in living humans. The BNST was identified on high-
resolution T1-weighted magnetic resonance images in order to create seeds for
PFT, which was performed on the DW-MRI data sets of 73 healthy participants.
Congruence as well as discrepancy of the results with earlier findings from animal

studies are discussed.



| Introduction

1 The Bed Nucleus of the Stria Terminalis

1.1 Localization

The Bed Nucleus of the Stria Terminalis (BNST) is a grey matter structure of the
basal forebrain. It is positioned on the lateroventral border of the lateral ventricle
of the respective hemisphere at the level of the anterior commissure, which it
surrounds near its decussation.

Its dorsal, supracommissural part borders (1) medially to the septal nuclei; (2)
mediodorsally and rostrally to the lateral ventricle; (3) laterally to the internal
capsule; and (4) caudally to the anterior border of the thalamus [167, 280].
Caudodorsally, at level with the border between the thalamus and the corpus of
the caudate nucleus (CN), it merges with the stria terminalis (ST), which, along
its whole course to the amygdala, sporadically encloses neuron cell bodies, some
of which belong to the BNST [100, 149], while others have been identified to
relate to different brain structures [7].

The ventral, infracommissural BNST forms a continuum with surrounding grey
matter structures, those being (1) rostrally the nucleus accumbens (NAcc) and its
transition zone with the CN; (2) rostroventrally and ventromedially the anterior
hypothalamus, especially its preoptic area and paraventricular nucleus (PVH);
and (3) ventrolaterally the (sublenticular) substantia innominata (Sl), which, in
addition, contains scattered BNST cell groups extending as far as the amygdala
[37, 167, 280]. Furthermore, the ventrolateral BNST blends with cells of the

interstitial nucleus of the posterior limb of the anterior commissure (IPAC) [5].

1.2 Microstructure and Immunohistochemistry
Several authors have attempted to differentiate sections of the BNST by various

criteria. While in the rat brain the number of described subnuclei excesses 20 [66,



77-81, 191], the human BNST is usually partitioned into three to six divisions with
further subdivision depending on the method of examination, e.g.
cytoarchitecture [14, 181] or chemo-anatomy/immunohistochemistry [167, 280].
Common to most of these descriptions is a columnar alignment, roughly dividing
the BNST into medial, central, and lateral parts. Apart from that, islands of granule
cells can be found randomly distributed throughout the entire BNST; those island
show close similarity to the insulae terminales [228] or “Islands of Calleja” that
are usually located in the NAcc and the basal forebrain (including the olfactory
tubercle in non-primates), which are attributed to the reward system and to
reproductive functions (for a summary see [257]), and which are suspected to

play a critical role in the pathogenesis of schizophrenia [121].

The BNST shows a complex distribution of a multitude of neurotransmitters
including dopamine, enkephalin, neuropeptide Y, neurotensin, noradrenaline,
somatostatin, substance P, vasoactive intestinal peptide (VIP), vasopressin, and
others [98, 167, 271, 280, 288]. Although single BNST subnuclei contain
terminals for more than one of these transmitters, they rarely seem to converge
onto the same cell [167].

Differences in the internal organization of human versus rodent BNST [167, 288]
concern, among others, (1) the value of specific parts of the BNST, e.g. the
medial division, which is associated with the accessory olfactory system, and
therefore better developed in rodents; (2) the distribution of neurotransmitters,
which is much more complex in primates; (3) the morphological similarity to other
parts of the so-called “extended amygdala” (vide infra).

As the microstructure of the BNST cannot be examined with routine MRI
techniques, it will not be illustrated in further detail in this paragraph. Still, some
aspects will be discussed in chapter 1.3 Networks Including the BNST, page 4,
and in the material and methods chapter (see paragraph 3.3.7 Preprocessing of

Structural Data and Seed Definition, page 28).



1.3 Networks Including the BNST

As the anatomical examination of fiber tracts in the brain requires invasive
manipulation (e.g. tracer injection, setting of lesions), most of the knowledge on
the BNST'’s role in neural networks is based on experiments performed on

animals.

1.3.1 The Extended Amygdala

The BNST is interposed in neuronal circuits belonging to the limbic system. Due
to its localization and its close cytological and functional relationship, the complex
of amygdala, stria terminalis, its bed nucleus, and other parts of the basal
forebrain, is often referred to as the “extended amygdala”. Several authors further
divide this functional system into two parts [6, 185], namely (1) a central division,
consisting of the central amygdalar nucleus (CeA), the lateral BNST (BNSTL),
and parts of the Sl including the aforementioned scattered BNST cell clusters, as
well as the IPAC [8]; and (2) a medial division, consisting of the medial amygdalar
nucleus (MeA), the medial BNST (BNSTM) and different parts of the Sl. This
classification is mainly based on similarities in neuronal composition of the
respective nuclei [184], and it has been assumed that the components of the
extended amygdala derive from a common anatomical entity (e. g. [66]); in
addition, a recent study on human and non-human primates has shown

coordinated functional activity of the individual parts during rest [207].

The two most important pathways within this network are the stria terminalis (ST)
and a pathway through the ventral basal forebrain.

The ST primarily connects the amygdala and the hypothalamus, but also includes
collaterals to the hippocampus, preoptic area, nucleus accumbens, and other
parts of the basal forebrain, with numerous interconnections to the BNST [65,
185, 198, 284]. Originating from the amygdala, the ST runs along the roof of the
inferior horn of the lateral ventricle, curves around the posterior margin of the
thalamus and then accompanies the thalamostriate vein in a groove on the floor
of the body of the lateral ventricle, at the border between the thalamus and the

body of the caudate nucleus, and finally, on passing through the BNST, splits into



several bundles to reach its target structures in the basal forebrain [22, 67, 106,
149].

The ventral, sublenticular pathway is a more diffuse fiber tract that connects the
amygdala and the basal forebrain, including the BNST, through the substantia
innominata, incorporating the aforementioned clusters of BNST cells [153, 163,
204]. This direct pathway is frequently referred to as “ventral
amygdalofugal/amygdalopetal tract” or “ansa peduncularis” (e.g. [81, 259, 284]).
It should be noted that, by some authors, the latter term is also used to summarize
three closely related tracts, i.e. the ventral amygdalofugal fiber, the inferior
thalamic peduncle and the ansa lenticularis [48]. There is evidence that some of
the hippocampus’ influence on the hypothalamus and basal forebrain is

communicated via this tract [213].

As mentioned before, some differences in the composition of the extended
amygdala have been described in humans versus rodents. While in the human
brain there seems to be a close connection between BNSTL and CeA, in the
rodent brain it is the central BNST (BNSTC) that's more closely related to the
CeA, whereas the BNSTL shows stronger association with the ventral striatum

and with intercalated masses of the amygdala and striatal complex [167, 222].

Although widely accepted, the concept of the extended amygdala is not
undisputed. Only recently, Bienkowski et al. [34] found that, although many brain
regions project to both amygdala and BNST, only very few neurons innervate
both structures at the same time. Nonetheless, a close functional relationship
between the parts of this network cannot be denied (see chapter 1.5 Functional
Role of the BNST, page 7).

1.3.2 Further connections of the BNST

Apart from amygdaloid afferents and efferents, the BNST is interconnected with
a variety of cortical and subcortical structures.

Of the BNST’s connections to the hypothalamus, those to the paraventricular
nucleus (PVH) [80, 81, 192, 198, 231, 233] are of particular interest and therefore
will be further discussed in chapter 1.5 Functional Role of the BNST, page 7



(see, in particular, paragraph 1.5.3 The BNST’s Influence on Autonomic
Reactions to Stress, page 10). In addition, the BNST is linked to the preoptic area
[65, 77, 79-81, 198] and other, mainly supra- and premamillary parts of the
hypothalamus [284]. Moreover, there have been sporadic reports of connections
to the thalamus [81, 240].

Experiments in animals have shown strong coupling of the BNST, for example
via the medial forebrain bundle [128], with the ventral tegmental area (VTA) [102,
103, 137, 157] and several brainstem regions, such as the nucleus of the solitary
tract [16, 19, 77, 220], the dorsal vagal complex [108], and the parabrachial
nucleus [16, 116, 229]; a detailed description of the BNST’s brainstem
connections in the cat was provided by Holstege et al. [128]. The significance of
these interdependencies will also be accounted for in following chapters of this

thesis.

Cortical regions that have been reported to be associated with the BNST include
parts of the hippocampus, mainly the ventral subiculum [40, 41, 185, 198], the
insular cortex [143, 185, 240], and the medial prefrontal cortex (mPFC), more
precisely the infralimbic cortex [185, 240, 260, 273] and, to a much lesser extent,
the prelimbic cortex [131, 185].

1.4 Sexual Dimorphism of the BNST

Some authors have reported gender differences concerning the size of the BNST,
with the BNST in males being larger and containing more neurons than in females
[9, 10, 156, 293]. In rodents, this applies especially to divisions of the BNST (e.g.,
the so-called encapsuled region of the BNST; arginine-vasopressin (AVP)
neurons) that are interconnected with other sexual dimorphic structures of the
brain (e.g., the sexually dimorphic nucleus of the preoptic area) and that show
pronounced response to gonadal hormones in comparison to other BNST regions
[125, 188, 272]. However, these conclusions may not be uncritically transferred

to the human brain, as, for example, AVP innervation of the limbic system,



including the BNST, has been shown to be much less intense and to exhibit no
sexual dimorphism in humans [92].

While in rodents sexual dimorphism already occurs at a young age [52, 70], it
only gains significance in adult humans, i.e. the male BNST continues to grow
into adulthood while growth of the female BNST comes to a halt in adolescence
[52]; this difference cannot solely be ascribed to hormonal differences during
development, as, for example, testosterone levels of females and males already
differ in the perinatal period [1]. On the other hand, changes in gonadal hormone
levels seem to have no effect on BNST growth after reaching adulthood [156,
293]. There has been evidence suggesting that in transsexuals, the size of the
BNST corresponds to the gender that the respective person feels related to [156,

256, 293]. Yet, to this day, the significance of these differences remains unclear.

1.5 Functional Role of the BNST

As a part of the limbic system, the BNST is mainly involved in processing
emotional information and has a strong influence on a variety of the brain’s and
body’s reaction especially to (emotional) stress, but it is also assumed to be
involved in sexually motivated behavior like mating or male aggression.

It furthermore plays a role in reward systems and therefore in the development
and upkeep of substance dependence, as well as in drug relapse. This
dysfunctional aspect will be discussed in a following chapter about the BNST’s
involvement in pathological processes (see paragraph 1.6.17 The BNST’s

Relevance to Substance Dependence, page 14).

1.5.1 The BNST’s Role in Phasic vs. Sustained Fear

The extended amygdala complex is one of the brain’s main functional circuits in
expressing fear and anxiety in the presence of aversive stimuli, and several
experiments have attempted to dissect the role of its particular structures.

A repeatedly used setting in the investigation of this paradigm is the potentiation
of startle reactions under varied circumstances. For example, rodents react with
increased startle to a loud sound, when it occurs shortly after a stimulus (e.g. a

light flash) that has earlier been conditioned to an aversive event (e.g. electric



foot shock). Inactivation of the CeA, but not of the BNST, by injection of an AMPA
antagonist significantly reduces this effect. At the same time, these animals
exhibit increased startle to loud sounds when kept in a brightly illuminated
environment [276], a condition that is considered menacing for prey animals; this
effect is dramatically decreased in animals that received preceding injections of
AMPA antagonists into the BNST, while injection of AMPA antagonists into the
CeA has no significant effect on this so-called light-potentiated startle reaction
[63, 277]. Meanwhile, injection of AMPA antagonists into the basolateral nucleus
of the amygdala (BLA) decreases startle reaction in both cases, as the BLA
densely projects to both CeA and BNST [154]. Initially these results were
interpreted in a way that the amygdala is responsible for threat conditioning, while
the BNST processes unconditioned fear. Yet, it later has been suggested that the
amygdala is essential for responses to immediate (phasic), explicit danger
whereas longer-lasting (sustained), less specific (contextual) threats elicit BNST
activation [85, 254, 278, 279]. This assumption coincides with results from a
micro-PET examination in rats that revealed heightened metabolism in a cell
cluster comprising the BNST and adjacent structures in a rat model of contextual
anxiety, both in comparison to normal controls, as well as to rats with cued fear
[174].

Several authors have proposed that contextual anxiety is mediated by the stress
hormone corticotropin releasing factor (CRF). This theory is supported by
observations that CRF injections into the BNST and the ventricles increase
contextual startle reactions [160], while CRF antagonists block CRF-enhanced
startle [62] and freezing [68, 142]. At the same time, CRF injection into, or CRF
blockade in the CeA, as well as lesions to the CeA, do not influence CRF-
enhanced startle [160]. These findings further confirm assumptions on the
amygdala’s and BNST’s role in phasic versus sustained fear.

In the last years, a couple of studies also addressed this issue in humans, mostly
by examining brain activation in different contexts of threat and fear with methods
of functional magnetic resonance imaging (fMRI). A study by Herwig et al. [124]
showed greater activation of the BNST (and other brain regions) while expecting

negative events in contrast to neutral events. Moreover, BNST activity correlates



with the level [64] and proximity [190, 246] of a possible threat. Investigation of
the BNST’s and amygdala’s activation in predictable versus unpredictable threat
revealed incoherent findings; while both structures respond to unpredictable
threat, Alvarez et al. [11] did not observe significantly heightened BNST activation
during predictable conditions, whereas Choi et al. [50] found stronger activation

of the BNST during the cue phase of threat relative to safety.

1.5.2 BNST and Trait Anxiety

The effect of the BNST on anxious reactions varies inter-individually and is
suspected to play a role in a number of psychiatric disorders.

In rats, blockade of GABA synthesis in the BNST, and therefore of its inhibitory
outputs, results in behavior much alike general anxiety disorder in humans, but
very distinct from panic [227]. In contrast, lesions to the BNST decrease
contextual anxiety and lead to behavior, which strongly resembles that of animals
of the non-anxious phenotype [85].

In monkeys, anxious temperament has been shown to correlate with the activity
of a brain circuitry including amygdala, BNST, hippocampus, and periaqueductal
grey [94], and the availability of serotonin transporters in several of these
structures appears to be of particular importance to trait anxiety [206]. The latter
finding coincides with considerations of serotonin in the BNST having a
predominantly anxiolytic effect [117, 168], and offers a possible explanation for
increased anxiety in major depression. However, it is not clear how this influence
is conveyed, since recent research indicates that activity in the anterodorsal and
anterolateral subdivisions of the BNST actually provides several features of
anxiolysis [111, 148], meaning that the BNST is not only involved in eliciting, but
also in suppressing anxious states.

Straube et al. [253] elaborated that the increase in BNST activation in the
expectation of aversive events vs. neutral events [124] is even more remarkable
in phobics than in non-phobics. Furthermore, brain reactions to threat proximity
[246], as well as to longer-present threats [110] seem to depend on levels of
anxiety, with the BNST playing an important role in “maintaining persistent states

of heightened anxiety” [247]. Yassa et al. [291] hypothesized that in patients with



general anxiety disorder, this state of maintenance, and therefore involvement of
the BNST in processing a potentially harmful situation, is reached much earlier

than in non-anxious persons.

Interestingly, although personality traits are widely believed to be consistent
within an individual over time, chronic stress, both in the form of social isolation
and of chronically elevated corticosterone levels, leads to an increase in anxiety-
like behavior and, via neuroplasticity, to impairment of long-term potentiation in
parts of the BNST [56]. These findings do not necessarily challenge the principle
of personality stability, but they might lead to new insights in the neural correlates
of anxiety disorders and other psychiatric illnesses, particularly with regard to the
BNST.

1.5.3 The BNST’s Influence on Autonomic Reactions to Stress

Both physical and mental reactions to stress are, to a great part, mediated by the
hypothalamo-pituitary-adrenal hormone axis (HPA). The HPA is predominantly
controlled by the paraventricular nucleus of the hypothalamus (PVH), which
integrates inputs from a variety of stress-processing systems and generates
autonomic, behavioral, and hormonal responses [123, 234] by secretion of CRH
and arginine-vasopressin, two adrenocorticotropic hormone (ACTH)

secretagogues, into the pituitary portal circulation [286].

One maijor source of information influencing the PVH is the medial prefrontal
cortex (MPFC), which mainly modulates and suppresses PVH responses [91,
270]. Surprisingly, examinations of the rat brain found no evidence of an explicit
connection between these two structures [93]; similar observations concerning
connectivity to the PVH have been made regarding the amygdala [216].

As a result, the BNST with its repeatedly described connections to the PVH [80,
81, 192, 198, 231, 233] and its central position has been discussed to be a
possible relay in the interdependency of these structures. Earlier studies on rats
have already shown fiber tracts that originate in the prelimbic [260] and, to a
lesser extent, in the infralimbic [131] area of the mPFC, to innervate the BNST.

Moreover, mPFC lesions that led to increased PVH activity at the same time led

10



to altered neuronal recruitment in the BNST, but not in other examined regions of
interest [248]. Also, lesions to the dorsal mPFC and selective lesions to
GABAergic neurons of the anterior BNST had a similar effect on CRH mRNA and
Fos (a neuronal activity marker) expression in the PVH [218].

An examination in monkeys revealed only few direct connections of mPFC and
BNST, but dense mPFC projections to the ventromedial CN and the NAcc [47];
the latter has already been shown to relate to the stria terminalis and its bed
nucleus (vide supra). A pathway between the CN and the BNST, to the author’'s
knowledge, has not yet been described; however, the results from the study
described in Il Experiment and Analysis in this thesis suggest the existence of a
fiber tract between prefrontal cortex regions and BNST that courses, amongst
others, through the head of the CN (see chapter 5.2 Connections via the Anterior

Projection, page 43).

Further inputs to the BNST that affect HPA activity arise from various brainstem
regions (e.g. the nucleus of the solitary tract, the ventrolateral medulla, and the
lateral parabrachial nucleus); they are, for example, assumed to increase HPA
activity in illness, more precisely in the presence of bacterial endotoxin [33].
Hypoxia leads to increased Fos expression in BNST regions connected to the
ventrolateral medulla [126], and there has been evidence suggesting a role of the
BNST in the dysregulated ACTH response to stress in patients with obstructive
sleep apnea [175]. Moreover, BNST subnuclei show increased activity in
response to both acute and chronic pain [194, 224], and they are involved in
developing pain-related place aversion [133], as well as pain-associated
decrease in food-intake [199]. Meanwhile, inhibition of noradrenaline release in
the ventral BNST [76] and injection of neuropeptide Y into the BNST [133]

suppress pain-induced aversive behavior.

Most of the BNST’s neurons have been shown to provide GABAergic output [60],
and therefore its impact on the PVH and the HPA is supposed to be mainly
inhibitory. Still, the BNST also sends some CRH and glutamate projections to the
PVH, indicating an activating effect of some BNST cells on the PVH [192]. Choi
et al. [49] suggested spatial differences in BNST influence on the PVH, with

11



posterior nuclei being inhibitory, whereas anteroventral nuclei seem to be
involved in HPA axis excitation; yet, data concerning this matter is inconsistent
(cf. [83, 109, 122, 218])).

Additionally, some fibers reciprocally project from the PVH to the BNST, and there
is evidence that they are part of a feedback loop between the hypothalamic

oxytocin system and the forebrain CRF system [61].

Apart from its influence on the PVH, the BNST is furthermore involved in the
regulation of other stress-processing networks. Projections to the parabrachial
nucleus [116, 191] affect cardiovascular function; in this context, stimulation of
the BNSTM has been shown to increase mean arterial pressure (MAP), while
stimulation of the BNSTL reduces MAP [84]. BNST-mediated changes of MAP
and heart rate especially occur under emotional stress and during physical
exercise [58]; the exact underlying mechanisms are complex, though, and
several aspects remain unclear to this date (for a comprehensive review see
[59]).

Moreover, Simerly et al. [244] found high numbers of sex hormone receptors in
the BNST, with androgens presumably leading to increased HPA activity [35]. A
role of the BNST in the suppression of pulsatile secretion of luteinizing hormone
(LH) as a result of stress has initially been estimated unlikely [221], but was

recently re-assumed [171].

1.5.4 Influence of the Extended Amygdala on Sexual Functionality

In several studies, a role of the extended amygdala and the BNST in reproductive
behavior of male rodents has been observed. Electric stimulation of the lateral
preoptic area, BNST, and neighboring structures evoked penile erection in both
wake and anesthetized male rats [135]. Lesions to the BNST led to slower
initiation of copulation, to prolonged intervals between intromission and
ejaculation, and to more intromissions preceding ejaculation, in some cases even
failure in ejaculating [87, 269]. Some animals, who received particularly large
lesions, even showed complete abandonment of mating activity. A role of BNST
neurons in this matter could not be clarified definitely, as lesions to the stria

12



terminalis evoke equal effects [164, 212]. Still, regions of the medial extended
amygdala (i.e. the CeA and the encapsuled region of the BNST) that show
extensive uptake of gonadal hormones, are much larger in male than in female

rats [125], and therefore are candidates for mediating these behaviors.

As stated above, parts of the BNST associated with the olfactory system are
much more developed in the rodent brain than in humans, and there have been
multiple reports of rodents being highly dependent on olfactory stimuli, especially
those perceived by the vomeronasal organ, when it comes to initiating copulation
and further sexually oriented behavior, and lesions to parts of the olfactory system
have been shown to lead to a radical decrease in sexual interest, too (e.g. [45,
75, 215, 287]). The medial and accessory olfactory bulb both send direct
projections to the MeA and the BNST, implying their involvement in this cascade
[258].

It is questionable, whether a role of the BNST in processing this kind of signals is
significant in humans. Still, even in rhesus monkeys, a striking effect of
pheromones on sexual attraction has been observed [187], and only in recent
years, an influence of odors produced by humans on sexual attraction [172], as

well as on activation of the limbic system [173], has been shown.

Furthermore, it has been demonstrated that human female pheromones affect
the ovulatory cycle of other women [250], sometimes possibly even leading to
menstrual synchrony [136, 285] in women sharing a lot of time in the same places
(e.g. co-workers, roommates), and these effects are thought to be mediated by
changes in the pulsatile secretion of LH [241]. Regarding the BNST’s possible
role in processing vomeronasal and olfactory stimuli and its probable impact on
LH secretion (as already mentioned in paragraph 1.5.3 The BNST’s Influence on
Autonomic Reactions to Stress, page 10), it might therefore again be a possible
relay for integrating and transducing these signals. Still, to the author’s
knowledge, there has yet been no research addressing this relationship, which
thus remains merely hypothetical.
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1.6 BNST Involvement in Pathological Processes

In addition to possible pathological imbalances in the abovementioned systems,
the BNST has been shown to be involved in a number of illnesses und
dysfunctional processes related, among others, to the limbic or reward system.
In most cases, it has not yet been possible to clarify if those pathologies are only
mediated via the BNST, or if some of them actually originate there. Still, the
findings to be discussed corroborate the theory of the BNST being a highly
important center in in the integration of information arriving from multiple brain

systems.

1.6.1 The BNST’s Relevance to Substance Dependence

Amygdala and BNST play an important role in perpetuation of drug misusage, as
they are thought to be involved in the affective state of drug withdrawal [200],
which is mediated by inputs of CRF [252] and noradrenaline [19, 71]. Drug
withdrawal leads to an increase in BNST CRF levels [208], especially after
stressful events [89, 166], eliciting augmented signaling towards the VTA [243],
a key region for drug-seeking behavior [255] and drug-related place preference
[118]. Thus, interruption of BNST-to-VTA projections has been shown to
significantly attenuate expression of cocaine preference in rats [232].
Furthermore, reversible deactivation of the BNST reduces reinstatement of
cocaine seeking in response to stress [237] as well as in response to re-exposure
to cocaine itself [39]. Meanwhile, injection of 31- and B2-antagonists into the BNST
only has an inhibiting effect on reinstatement due to stress [166], but at the same
time decreases withdrawal-induced place aversion [19]. Additionally, injecting a
GABAa-inhibitor reduces motivated responding for alcohol (i.e. voluntary

consumption) in rats [132].

Another brain region that appears to play an important role in the upkeep of
substance consumption and in drug withdrawal is the insular cortex, which is
thought to be crucial for mediating subjective awareness of interoceptive
information and thus of visceral changes during drug withdrawal [107, 202].

Connections between BNST and insular cortex have previously been described
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[143, 185, 240], and therefore interplay of these structures in the context of
substance dependence and especially drug withdrawal appears to be likely.
Since these projections appear to run mainly unidirectionally from the insula to
the BNST [219, 230] (see [6] for exceptions), the BNST might, at least partially,
integrate information from the insular cortex with inputs from further brain regions
involved in drug withdrawal. However, to the author’s knowledge, there have not

been any studies investigating this relationship, yet.

Finally, the BNST has been ascribed a role in communicating the rewarding
effects of substance consumption [86, 88], mainly elicited by dopamine input into
the BNST. Still, this effect does not seem to be specific to the consumption of
drugs, as in rats, increased dopamine levels and (at the same time) decreased
noradrenaline levels in the BNST have also been observed in response to other
pleasing substances, such as sucrose [178, 210]. Moreover, Park et al. [210]
reported a reciprocal effect (i.e. a decrease in BNST dopamine levels and an
increase in noradrenaline levels) when administering quinine, a substance of
unpleasant taste, but in this case, the effect seemed to arise more slowly and to
last longer. Park and colleagues [210] therefore reasoned that the BNST is
involved in the integration of reward and aversion in a way that allows fast
retrieval in the context of a pleasant stimulus, while aversive stimuli are
continuously avoided. When further investigating this hypothesis, Park et al. [211]
observed increased dopamine levels in the dorsolateral BNST following a cue
predicting reward, whereas increases in ventral BNST norepinephrine levels
were seen as a result of the sudden absence of anticipated pleasant stimulation.
These findings point towards a differential distribution of oppositional functions
across BNST subnuclei. Finally, Choi et al. [51] described increased activity of
the human BNST, measured by fMRI, in both threat and reward, arguing for inter-

species congruence.

1.6.2 A Possible Role in Eating Disorders
In rats, BNST activity has been shown to increase when anticipating feeding [15],
and its connections to the lateral hypothalamus are thought to be involved in
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feeding regulation, as the lateral hypothalamus is regarded as the essential brain
area in inducing food intake [12, 72]. In a recently conducted study, Jennings et
al. [139] demonstrated that activation of BNST inhibitory projections to the lateral
hypothalamus dramatically increases food intake even in well-fed mice, that
those animals develop a striking preference for places where this stimulation
occurs, and that they especially prefer high-fat food. Meanwhile, inhibition of this
pathway leads to reduced feeding and to avoidance of places where inhibition

OocCcurs.

On the other hand, the BNST is also discussed to be involved in anorexia nervosa
(AN), as CREF injected into the cerebroventricular system or selectively into the
BNST leads to reduction in food intake [53, 54], an effect that can be prevented
by precedent injection of the anti-stress transmitter nociceptin/orphanin FQ
(N/OFQ), an agonist at the opioid-receptor like receptor ORL-1, into the BNST
[54]. Meanwhile, injection of N/OFQ alone (i.e. without previous injection of CRF)
does neither influence food intake [55], nor inhibit HPA activity [74]. However,
these observations have to be interpreted carefully, since more recently, a study
in humans showed that deactivation of the NAcc, both through lesions as well as
deep brain stimulation, leads to complete abandonment of anorectic behavior as
well as to improvement of AN-associated personality aberrations [281]. It
therefore has to be considered that the abovementioned injections of CRF or
N/OFQ directly influenced the NAcc as well. Still, since the NAcc has been shown
to be anatomically connected to the BNST (vide supra), these two structures
might both contribute to the observed effects.

In summary, these findings reveal a possible role of the BNST in extreme forms

of pathological eating behavior, i.e. both in morbid obesity and pronounced AN.

1.6.3 BNST in Neurodegeneration
Like many other brain regions, the BNST is affected by neurodegenerative
diseases, whereas its role in generating typical symptoms of these disorders is

hardly examined.
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In animal models of Alzheimer’'s disease (AD) [38] and in human AD patients
[182], HPA activity has been shown to be increased, and elevated amounts of
CRH mRNA in the BNST have been reported [120]. Moreover, in an animal model
of AD, reduced immunoreactivity of neuropeptide Y (NPY) in BNST, NAcc, CeA,
arcuate nucleus, and dentate gyrus has been observed, with restitution to normal
levels (compared to healthy animals) under treatment with nicotine. However,
and even though NPY-reduction in cerebrospinal fluid of AD patients correlates
with clinical characteristics and duration of illness [189], no significant difference
in BNST immunoreactivity to NPY between AD patients and controls has been
shown in the human brain [99]. Finally, norepinephrine in the BNST supposedly
plays a role in the acquisition of spatial memory [46], a mechanism that, when
disturbed, could be relevant for the development of spatial disorientation in AD.

In Huntington’s disease (HD), on the other hand, an increase in NPY, with an
extent proportional to the pathological grade, has been reported in the BNST [29],
while substance P immunoreactivity [28] and dopamine D2/3 receptor binding
[214] are diminished. Additionally, microglial activity, which is thought to lead to
neuronal death, and whose extent correlates with clinical scales of the disease
[201], is elevated [214]. Furthermore, mRNA for Huntingtin-associated protein
HAP1 is highly expressed in parts of the limbic system, including the BNST [209];
this might contribute to HD patients’ problems in recognizing facial expressions,
especially negative ones [158], and possibly to the development of aggressive

behavior that is typical for advanced HD [183].

When regarding these changes, it has to be kept in mind that similar signs of
degeneration have been found in several further brain regions. Therefore the
question remains, whether affection of the BNST is of relevance for the respective
illness’s pathogenesis and symptomatology, or merely a byproduct of the

neurodegeneration process.

1.7 Conclusion
In summary, it has to be pointed out that the BNST appears to be an important

structure in ensuring survival, (1) from a behavioral point of view, by promoting
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avoidance in the face of possible threat, as well as through its role in the initiation
and execution of mating behavior, and (2) with its influence on autonomic
reactions, i.e. by eliciting somatic reactions to stress, both acutely, via its
influence on various brainstem nuclei involved in the regulation of cardiovascular
function, and continuously, by directly acting upon the PVH, the key impulse
generator for the hypothalamo-pituitary-adrenal axis. Since the BNST is a very
heterogeneous structure, itis commonly assumed that these functions are carried
out by different subnuclei, respectively, and only in the last years, research has
aimed at dissecting the BNST not only into histological, but also into functional
subdivisions. Gaining further information on its exact functionality is crucial in
order to then investigate its possible role as a target in the therapy of a variety of
mostly psychiatric illnesses, such as anxiety disorders and substance
dependence. In this context, examination of inter-species differences has to be
pressed ahead. Both BNST anatomy and functions feature essential differences
between species, and knowledge in humans is limited and often non-specific. The
anatomy of the human BNST has only been investigated in the brain of deceased
persons, and its structural connectivity profile is practically unexplored. Most
research on the BNST’s functions in the human brain is based on fMRI, and
therefore only allows statements about the BNST in general, since fMRI
resolution is much too low to display the different compartments of the BNST. It
has furthermore not yet been possible to determine, which transmitters are
involved in what kind of task, what brain regions provide direct input to the BNST,
and what its target areas are. Hopefully, advancements and innovations in
imaging techniques such as MRI, PET, and nuclear medicine will provide more
detailed insights on these questions in the future. Results from a study aiming at
displaying the BNST’s structural connectivity profile using a relatively new
approach based on probabilistic fiber tracking of diffusion-weighted magnetic
resonance imaging data will be presented and discussed in /I Experiment &

Analysis, page 27.
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2 Diffusion Weighted Imaging and Probabilistic Fiber Tracking

2.1 General Ideas behind Diffusion Imaging

Diffusion-weighted magnetic resonance imaging (DW-MRI) is a technique in
magnetic resonance imaging (MRI) that allows depicting diffusivity properties of
tissues. In DW-MRI, signal intensity depends on the average distance that a
water molecule travels in the direction of a gradient field in a defined period of
time; the farther the molecule travels, the greater the loss of signal [283]. While
in isotropic media the degree of this effect is independent from the direction of
the gradient, in anisotropic media (i.e. media, in which diffusion is more probable
in some directions than in others, e.g. brain white matter) the degree of signal
decrease depends on the direction of the gradient.

Discoveries in the 1950s first allowed spin-echo [43, 115], then pulsed-gradient
spin-echo [249] measurement of scalar diffusivity in isotropic media. Later,
combination with Fourier MRI [186, 261] allowed estimation of effective scalar
diffusivity in the single voxels of an image. However, as already mentioned,
calculation of this scalar diffusivity in anisotropic media leads to different results

depending on the direction of the diffusion gradients.

2.1.1 Diffusion Imaging Sequence

The sequence used to acquire diffusion-weighted data is a variation of the pulsed-
gradient spin-echo sequence [4, 283].

First, a 90° high frequency impulse is applied, which causes the spins of the
tissue’s protons to precess about the constant magnetic field Bo at Larmor
frequency.

It is then followed by a pulsed field gradient that slightly changes Larmor
frequency in a degree depending on the proton’s exact position, causing the
beforehand synchronously precessing flipped spins to dephase. The direction of
this gradient is the direction in which diffusivity is measured. In order to receive
optimal results, the pulsed field gradient has to be both of high strength (G) and
short duration (8) [267].
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Next, a 180° refocusing pulse is applied and finally, spins are rephased using the
same pulsed field gradient as before. Spins in stationary molecules are
completely rephased and therefore all their signals add up constructively,
providing a high intensity signal. Meanwhile, molecules that diffused between the
two gradient impulses show a net phase difference, which is proportional to (1)
the amount of displacement in the direction of the gradient, (2) the amplitude of
the dephasing pulse G, (3) the pulse’s duration §, and (4) the time A between the
two gradient pulses; G, 6, and A define the b-value that specifies the

measurement’s sensitivity to diffusion [159]:
b =y2G26%(A—2),

with y being the gyromagnetic ratio. Readout is then carried out as usual.
In honor of the pioneer work performed by E.O. Stejskal and J.E. Tanner, this

method is commonly referred to as the “Stejskal-Tanner sequence”.

2.1.2 Error Minimization

As different properties of the examined media lead to different signal answers per
se, and furthermore to distortion of the magnetic field, to evaluate a diffusion
weighted data set correctly, acquisition of and comparison (by coregistration) to
another data set with a b-value of 0 s/mm? (i.e. a non-diffusion weighted data set)
is necessary. Furthermore, to reduce statistical noise, it is advisable to measure
more than one set of diffusion weighted images and then average across
sessions.

As DW-MRI is very sensitive to every kind of motion, even to pulsations of the
blood flow, the use of motion-insensitive sequences like single-shot EPI that
provide very short echo and read-out times is favored [203, 266, 267]. Still, other
sources for artifacts remain, such as image warping as a result of eddy currents
that are induced in conducting parts of the MRI scanner by rapid switching of the
applied gradients, leading to unwanted magnetic field distortions that violate the
integrity of the desired magnetic field; these effects can be reduced using
prospective (e.g. by image acquisition with bipolar gradient pulses, see Bar-Shir

et al. [23]), retrospective (for example by coregistration to T2-weighted images,

20



e.g. as described by Techavipoo et al. [262] or Mohammadi et al. [193]), or

combined [289] techniques.

2.1.3 From Diffusion Weighted Images to Diffusion Tensors

As noted above, the measured extent of diffusion in anisotropic media depends
on the direction of the dephasing gradient; to get a more accurate idea of
diffusivity, specification of a diffusion tensor, which contains information on
diffusivities along different axes, is necessary. In anisotropic media, estimation of
the diffusion tensor requires a minimum of six diffusion weighted (DW)
acquisitions in non-collinear diffusion encoding directions and an additional non-
DW image (b = 0 s/mm?) [242], or seven DW acquisitions in non-collinear
encoding directions [24, 25]. Various suggestions to further improve estimation
of diffusion properties have been made, e.g. by measuring each of these
directions with multiple b-values [140], by combining tetrahedral and orthogonal
gradient encoding [57, 239], or by using a much higher number of encoding
directions [129, 144]. To get accurate information on diffusion parameters and at
the same time keep disturbances and errors at a minimum, acquisition with at
least 20 to 30 gradient directions [141] at a uniform angular sampling [119] has
been recommended.

The acquired data is usually processed as follows: First, corrections for
movement, magnetic field inhomogeneity, and eddy currents (e.g. [151, 294])
have to be applied. Subsequently, apparent diffusivity maps are calculated for
each encoding direction [4]. Signal attenuation for anisotropic diffusion is

described by

S; = Spe~biPiavy,
where S; is the DW signal in the ith encoding direction, Sy is the signal without
diffusion weighting, b; is the b-value of the applied gradient in this direction, and
D app is the apparent diffusivity in this direction.
This expression can be generalized using the diffusion tensor D and the unit

vector g; of the DW encoding direction:

_bs.TDgl
S; = Sgexp~b9i Dy
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Subsequently, the independent elements of the diffusion tensor can be estimated
from the apparent diffusivity maps by multiple linear least square methods [119,

150] or nonlinear modeling techniques [24].

The diffusion tensor

Dxx ny sz
D =|Dyy Dy, Dy,
sz Dzy Dzz

is a 3x3 covariance matrix with symmetric off-diagonal elements (i.e. Dxy = Dy,

Dy, = D.x, and Dy, = D,y), and its eigenvectors (€1, €2, and €3) represent the
tissue’s three orthotropic axes, while the corresponding eigenvalues (A1, A2, and
A3) carry information about effective diffusivities in the eigenvectors’ directions.
Originally, the eigenvector belonging to the highest eigenvalue (i.e. the principal
eigenvector, €1) has been proposed to correspond to fiber-tract axis [25], while
the two smaller eigenvectors were interpreted as measurements of diffusion
perpendicular to the fiber. Yet, this idea does not sufficiently account for voxels
with crossing fibers; this issue was addressed later in the search for reliable fiber
tracking methods (vide infra). Both eigenvectors and eigenvalues can be
summarized in a diffusion ellipsoid that depicts both main diffusion direction and
mean diffusivities, and the eigenvalues can also be used to describe invariant
diffusion properties that are independent from tissue orientation and thus help to

differentiate between tissue types and to detect microstructural changes.

2.2 Probabilistic Fiber Tracking

The idea of using diffusion tensor imaging (DTI) to display fiber connections in
the brain is based on the principle that water diffuses almost freely along the
axons and dendrites of nerve cells, while perpendicular diffusion is restricted by
the cell membrane, neuronal filaments, and glial cells [4, 30]. General diffusion
properties are therefore characterized by three parameters: (1) the apparent
diffusion coefficient (ADC), or mean diffusivity (MD), which describes how freely
water molecules diffuse in a voxel without regarding the direction of diffusion; (2)
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the main direction of diffusion; and (3) fractional anisotropy (FA), which specifies

how pronounced the directionality of this diffusion is [26, 195].

MD and FA can be calculated from the diffusion tensor’s eigenvalues as follows
[26]:
At

MD
3

and

FA _ 3 (Al_MD)Z+/12_MD)2+(A3_MD)2
-2 M2+ 1,2+ 252

For uniaxial diffusion (A1 > 0; A2 = A3 = 0), FA takes a value of 1, while it equals 0
for isotropic diffusion (i.e. A1 = A2 = A3).

By many authors, a high value for FA is interpreted as a sign of high white matter
integrity, which again is thought to correlate with mental and intellectual
performance (e.g. [69, 130]). Correlation with personality traits was also

assumed, but could not be confirmed [290].

2.2.1 Early Fiber Tracking Methods

In order to depict whole nerve tracts though, it is not sufficient to be able to predict
diffusive behavior in a single voxel; a method is needed that lines up voxels that
are likely to contain parts of the same fiber bundle. Early fiber tracking
approaches, such as the diffusion tensor model (e.g. [25]), only considered a
voxel's main diffusion direction, i.e. the principal eigenvector of the diffusion
tensor, to then look at the voxel following in this very direction. Depending on the
angle between the principal eigenvectors of those voxels and their respective FA,
a decision then had to be made whether tracking should be commenced or
stopped. In order to reduce the chance of false positive results, strict
confinements had to be made regarding these angles (at a maximum of around
45°) and FA (usually thresholded between 0.2 and 0.4) [251], making it almost
impossible to track fibers with a strong curvature, or in areas with low FA, either

due to a relatively high content of non-fibrous structures (e.g. the thalamus, the
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cerebral cortex), or due to fibers arriving from and/or leaving in various directions

(e.g. in parts of cerebellar peduncles near the midline).

2.2.2 First Attempts at Probabilistic Fiber Tracking

A suitable solution for these disadvantages was provided with the introduction of
probabilistic fiber tracking (PFT) [31], an approach that generates reliable results
even in regions with low FA as well as in branching fiber tracts, and that accounts
for the possibility of crossing fibers. One basic principle underlying PFT is to
consider a degree of uncertainty in the estimated diffusivity model of each voxel.
This is accomplished by creating probability density functions (PDFs) that take
into consideration all influencing parameters (depending on the exact kind of
approach, e.g. the coordinates of the eigenvectors, the eigenvalues, the signal
strength of the measurement without diffusion gradients, and the standard
deviation of the signal’s noise), feeding them into a Bayesian network, which is
then solved using a computational algorithm, for example a Markov chain Monte
Carlo method (e.g. [104]). As a result, the uncertainty in the principal
eigenvector’s angle (within a confidence interval) of the respective voxel is
obtained.

To then receive global connectivity profiles, again, a complex probability model
has to be set up, which cannot be solved explicitly, but narrowed with high
confidence using a sampling technique that draws samples for the principle
eigenvector’s direction out of the seed voxel's PDF. The front of the so-called
probabilistic streamline is then moved a given distance in this direction, thus
defining the next voxel of the streamline, where this process is repeated with a
sample out of this new front voxel’'s PDF, and so on, until a termination criterion
is met. Subsequently, this algorithm is started over and over again in the seed
voxel, usually several thousand times, each time creating a new probabilistic
streamline. Finally, the probability of every voxel to be connected to the seed
voxel can be viewed as the number of probabilistic streamlines passing through
this specific voxel divided by the total number of created streamlines.

One major advantage of this method is the fact, that distal to voxels with high

uncertainty, the distribution of streamline voxels will be widespread with low
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probabilities for every single voxel. Thus, on the one hand, false positives become
less likely, while on the other hand, connectivity of the seed voxel to a region
would still be traceable, even if the exact connection path cannot be determined.
In that way, PFT allows for much more permissive stopping criteria regarding FA

and kinking of streamline direction.

2.2.3 Optimizing PFT Methods

Still, further improvements to this so-called single-fiber approach were necessary
in order to retrieve reliable information in brain regions where there is not only
one, but two or more main directions of diffusion, i.e. structures containing
different fiber tracts on a small space, like the auditory and optic radiation near
the geniculate corpora. In 2007, Behrens et al. [32] introduced a modified version
of their earlier described concept, this time using PDFs that allow for more than
one direction of diffusion. However, since application of such functions to
structures with one single predominant direction of diffusion would diminish
performance and lead to disturbances in tractography results, a method has to
be found which guarantees that these functions are only used when data
suggests more than one possible pathway. Therefore, an automatic relevance
determination [177] is applied to the Bayesian network, which zeroes parameters
that are not supported by the available data. Thus, at a b-value of 1000 smm=,
even when measuring diffusivity in 60 different directions, a maximum of two
relevant diffusion directions per voxel is acquired [32].

Fiber tracking is performed similar to the way explained above, now using the
newly introduced PDFs for multiple diffusion directions. First, at each new voxel
of the streamline, implausible directions are eliminated. What is left is a set of
probability functions for each remaining (plausible) direction, from which, again,
a sample has to be drawn. There are different possible ways to do so, two of the
most obvious being (1) to draw from the whole set, with ascribing the highest
chance of being drawn to the probability function of the main diffusion direction
(i.e., in the majority of cases, the PDF of the principal eigenvector of the diffusion
tensor), or (2) to draw from the set whose direction aligns the most with that of

the already existing part of the respective streamline. It is evident that the former
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way would be likely to produce results that resemble those of the single-fiber
approach, and that it would hardly solve the problems of tracking smaller fiber
structures in the vicinity of larger bundles. The latter, on the other hand, proved
to be much more reliable than the single-fiber approach when tracing smaller,
non-dominant projections, while results for large, dominant projections were alike
[32].

2.2.4 Limitations and Suggested Improvements

There are still considerable limitations to this technique. Some fiber tracts can
only be depicted with high inter-individual variance, possibly because of a third
diffusion direction that could only be detected by automatic relevance
determination, if diffusion was measured in even more directions, and especially
at much higher b-values. Furthermore problematic are situations in which a non-
dominant projection runs approximately parallel, or even immediately adjacent,
to a much larger fiber tract (for example projections that contribute to the anterior
commissure). In the latter case, it would be almost impossible, even at a much

higher resolution, to separate different projections after their coalescence.

There have been further attempts to optimize fiber tracking, especially in voxels
with crossing fibers, for example through estimation of fiber orientation
distribution functions, rather than discrete diffusion directions, by constrained
spherical deconvolution [263, 264], by using g-ball imaging [146, 265], diffusion
spectrum imaging [282], or the CHARMED model [18]; for an overview over
recent developments see Vos et al. [275]. However, those techniques are mostly
complex, with a variety of assets and drawbacks, and describing them in detail

would go beyond the scope of this thesis.

Nevertheless, the discussed probabilistic algorithm proves to be very reliable with
a high reproducibility, while at the same time requiring only average technical
equipment, measurement time and computation power, thus turning out to be

highly applicable for clinical use and research.
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Il Experiment & Analysis

3 Material and Methods

3.1 Participants

Data was acquired from 82 participants; nine datasets were afterwards excluded
from analysis due to subject movement in the scanner or other exclusion criteria
(i.e. history of psychiatric or neurological disease, present medication). Analysis
was performed on data from 73 participants (38 women and 35 men) from an age
group of 27.0 £ 5.5 years, who had no history of neurological or psychiatric iliness,
including substance abuse. At the time of the study, none of the participants was
treated with any kind of permanent medication (other than hormonal
contraception). The study was performed according to the Code of Ethics of the
World Medical Association (Declaration of Helsinki) and approved by the
university’s ethics committee. All participants gave their written informed consent
prior to inclusion in the study.

As data was also acquired for functional studies, further requirements of inclusion
were German as native language, absence of hearing impairment, and right-

handedness. The latter was assessed with the Edinburgh Inventory [205].

3.2 Data Acquisition

Data acquisition was carried out with a 3 T scanner (Siemens TIM TRIO,
Erlangen, Germany). For each participant, a set of structural, T1-weighted images
was acquired with the following specifications: Repetition time TR = 2300 ms;
echo time TE = 2.96 ms; inversion time Tl = 1100 ms; voxel size: 1 x 1 x 1 mm?3,
Diffusion-weighted images were acquired using a Stejskal-Tanner sequence (for
details see paragraph 2.1.1 Diffusion Imaging Sequence, page 19) with TR =
8300 ms; TE = 82 ms; flip angle = 90°; 64 axial slices with a voxel size of 2 x 2 x
2 mm3. Measurement was carried out along 30 independent directions using a b-

value of 1000 smm™. In order to reduce noise and other statistical artifacts, the
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complete data was acquired two times to later average across acquisitions.

Additionally, an image with a b-value of 0 s/mm? was acquired for coregistration.

3.3 Data Analysis
Preprocessing consisted of segmentation of each participant’s respective T1-
weighted structural data, as well as eddy current correction of DTI data. Data

analysis comprised selection of seed regions and probabilistic fiber tracking.

3.3.1 Preprocessing of Structural Data and Seed Definition

High-resolution T1-weighted 3D data was preprocessed with SPM8 (Statistical
Parametric Mapping) [17]. Using image segmentation, separate maps of the
whole brain for both grey and white matter structures were extracted (see Figure
1). As a result, and in accordance with information from histological studies [37,
167, 280], it was possible to determine the borders of the supracommissural
BNST to the cerebrospinal fluid of the lateral ventricle (medial and dorsal to
BNST), the white matter of the internal capsule (lateral to BNST) and anterior
commissure (running through BNST), and to the anterior portion of the thalamus,
which is mainly dominated by its fiber content and hence identified as white
matter (caudal to BNST). However, the aforementioned direct proximity of the
infracommissural BNST to the nucleus accumbens, the basal forebrain, the
preoptic area, and the septal nuclei [149], did not allow definition of ventral,
ventromedial, rostral, and lateral subcapsular borders of the BNST on the basis
of T1-weighted structural data. In favor of a conservative approach, i.e. to avoid
contributions of neighboring structures when defining the seed masks, only
voxels in level with, or dorsal and posterior of the anterior commissure were

considered.
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Figure 1 Image segmentation of (a) high-resolution T1-weighted anatomical data,

in this figure’s case the Colin27 MNI standard brain [127], provides binary maps
for both (b) gray matter and (c) white matter.

After determining the coordinates of the seed region, seed masks were cut out of
the grey matter maps. This way, inclusion of voxels of adjacent white matter
structures, i.e. the anterior commissure, internal capsule, and anterior thalamus,
which might evoke false positive results in the fiber tracking process, was

prevented. The resulting masks were then converted into binary masks, meaning
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that selected voxels of the BNST were ascribed an intensity value of one, while
the remaining voxels were zeroed. Finally, they were coregistered to the
respective participant’s individual DTI data set, with a resampled voxel size of 2
x 2 x 2 mm3 (i.e. matching the resolution of the diffusion-weighted data).

For means of demonstration (Figure 2), individual masks were furthermore
transformed to MNI space, added across participants and then projected onto the
Colin27 MNI standard brain [127], using FSLView in FSL 4.04 (FMRIB Software

Library, Oxford University, www.fmrib.ox.ac.uk/fsl).

a b

e

Figure 2 Individual binary BNST seed masks were transformed infto MNI space,
added across participants and then projected onto the Colin27 MNI standard
brain [127]. Voxels with highest inter-individual overlap are displayed yellow.

Coronar (a), sagittal (b) and axial (c) view [155].

3.3.2 Preprocessing of Diffusion-Weighted Data

Preprocessing and fiber tracking procedures of diffusion-weighted data were
performed using FSL 4.04. Eddy current correction, when performed with FSL, is
mainly based on two simple assumptions [13]: In the ideal condition of eddy
currents not occurring, (1) the diffusion signals of two measurements in exact
opposite directions are equal in absolute value, and (2) when acquiring the signal
from a voxel in two different diffusion-weighted directions, small angles between
these directions produce very similar signals, while larger angles may lead to
larger differences between signals. Using these assumptions, a Gaussian
process is conducted in order to correct diffusion-weighted data. Subsequently,
data was averaged across the two acquisitions, followed by voxel-wise estimation

of fiber orientations and uncertainties, as was described in detail in paragraph
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2.2.3 Optimizing PFT Methods, page 25 (also see [31, 32]). As a result, maps of

the two most probable diffusion directions in each voxel were retrieved.

3.3.3 Probabilistic Fiber Tracking and Depiction of Results

For every participant, the fiber tracking process consisted of four runs, i.e. two for
each BNST. Probabilistic fiber tracking was performed with FSL 4.04, starting
5000 times from each voxel of the seed mask. For each BNST seed, fiber tracking
comprised one run allowing for a maximum kinking angle of arccos(0.2) = 78.5°
(FSL standard value), and a second run allowing for a maximum kinking angle of
arccos(0) = 90°. Detailed information on the probabilistic fiber tracking process
has been provided in chapter 2.2 Probabilistic Fiber Tracking, page 22). After
evaluation of the resulting fiber tracks, two further control PFT runs were
performed in order to confirm the specificity of the course of the anterior projection
(see 4.3 Anterior Projection, page 37, and 5.2.1 Connections to NAcc and CN,
page 44). One of these runs was conducted starting in a seed region in the head
of the CN traversed by the anterior pathway, the other one starting from the
immediately adjacent parts of the IC.

PFT was not restricted by (a) waypoint, (b) exclusion, or (c) termination masks.
In case (a), only fiber tracks through a predefined waypoint mask would have
been displayed in the results; in (b), pathways running through a predefined
exclusion mask would have been subtracted from the results; in (c), PFT would
have been stopped on the incident of a streamline meeting the termination mask.
The resulting fiber track maps were thresholded at 1% of the maximum intensity
value so as to reduce false-positive pathways. Individual results for each run were
viewed separately and differences between the runs allowing for a kinking angle
of 78.5° and 90°, respectively, recorded. These differences will be discussed in
chapter 5.4 Methodical Considerations, page 50.

The thresholded PFT maps of the runs allowing for a kinking angle of 78.5° were
then transformed to MNI space, using the specifications gained during the
segmentation process. Binary connectivity maps were then created in a way
similar to the creation of the binary seed masks. Normalized binary maps were

added across participants and voxels common to at least 75% and 90%,
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respectively, were displayed using FSLView and 3DSlicer (http://www.slicer.org/,
[90]).

3.4 Specimen for Histological Control Experiment

Analysis of PFT results showed, among others, unexpected fiber pathways
through the head of the caudate nucleus (for further details see 4.3 Anterior
Projection, page 37, and 5.2 Connections via the Anterior Projection, page 43).
In order to confirm this finding histologically, brain slices were obtained from one
specimen of the Tubingen anatomy body donor program. The histological slices
shown in this thesis originate from an 88 years old male that was adjudged free
from organic brain damage including dementia, cerebral ischemia, and cerebral
bleeding. All body donors signed a written consent during lifetime permitting the
use of their body and parts for science and teaching. The ethic commission of the
University of Tubingen approved the anatomy body donor program and written
consent documents with letter 237/2007BO1 [155].

3.5 Microscopic Slides

The anterior midbrain was dissected, and transversal sections of approximately
6mm thickness commencing from the ventral striatum up to the interthalamic
adhesion were obtained. The slices were dehydrated and embedded in paraffin
wax. The paraffin blocks were cut in slices of approximately 5 um thickness and
mounted on microscope slides. The slides were stained using the silver
impregnation technique by Gomori [197].

Images of the microscopic slides were recorded with a digital camera (Zeiss
AxioCam MRc, Carl Zeiss Jena AG, Jena, Germany) mounted on a stereo
microscope (Leica MZFL IIl, Leica Microsystems GmbH, Wetzlar, Germany)
[1585].
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4 Results

The following descriptions refer to the results of fiber tracking with a maximum
kinking angle of 78.5°. Relevant differences of fiber tracking with a maximum
kinking angle of 90° are discussed in chapter 5.4 Methodical Considerations,
page 50, and in 5 Discussion of Study Results, page 41.

In both hemispheres, fiber tracking of the BNST revealed three distinct
projections that run in posterior, ventral, and anterior direction, respectively. Fiber
bundles that were consistent in at least 75 % of the study participants are shown

as a 3D reconstruction in Figure 3.

"-
\

stria terminalis

J

anterior pathway

ansa peduncularis

. &

Figure 3 3D reconstruction of the three main pathways that were tracked from

the BNST of the left hemisphere. Displayed are voxels common to at least 75%
of the participants. Both stria terminalis and ansa peduncularis reach the

amygdala, but from lateral and medial directions, respectively.
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4.1 Posterior Projection

The posterior bundle runs along the ventrolateral margin of the anterior horn of
the lateral ventricle, in a hutch between the medial margin of the caudate nucleus
and the dorsomedial ventricular surface of the thalamus. It curves around the
posterior edge of the thalamus and then continues along the superior margin of
the inferior horn of the lateral ventricle, first dorsal and then lateral to the
hippocampus. It finally reaches the lateral margin of the amygdala. This finding
is consistent with typical anatomical descriptions of the stria terminalis [22, 67,
106, 149] (see Figure 4). Branching off this fiber bundle, connectivity results
showed voxels indicating structural connectivity towards midline areas of the
thalamus, especially in the right hemisphere, as well as to the hippocampi of both
hemispheres.

This posterior projection via the stria terminalis towards the amygdala was
observed in all participants. In the left hemisphere of 98% of the participants and
in the right hemisphere of 97% participants it appeared to continue towards the
temporal pole (which was identified using the Harvard-Oxford cortical structural
atlas [73]). This finding is in line with recent observations from a study by Avery

et al. [21] who were the first to describe a connection of this kind.
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Figure 4 Oblique reconstruction of the brain sliced in plane with the course of the

right stria terminalis (colored red). The location of the BNST seed region is
displayed in blue. This figure shows the course of the stria terminalis from the
hypothalamic/basal forebrain region (BF) along the ventricular surface of the
thalamus (Th) to hippocampal regions (Hc) neighboring the amygdala.
Connections to the amygdala and the temporal pole are out of this plane and

therefore not pictured. LVI, left lateral ventricle; LVr, right lateral ventricle.

4.2 Ventral Projection

The ventral bundle descends from the BNST, passing the anterior commissure
at its posterior border, into the ventral parts of the basal forebrain. There, it
diverges into two separable pathways, of which one terminates in the
hypothalamus, while the other turns laterally to reach through the substantia
innominata towards the medial and dorsoposterior margin of the amygdala. It

furthermore appears to reach farther caudally, to run along the ventral border of
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both the putamen and the pallidum, and then terminate in the white matter of the
posterior insular cortex (see Figure 5). This posterior aspect of the ventral
pathway shows remarkable overlap with the posterior limb of the anterior

commissure.

Figure 5 Reconstruction of the brain sliced slightly oblique in plane with the
course of the right lateral pathway (LP). After crossing above the optic tract (TO)
it reaches the amygdala (Am) at its posterior margin, and then runs posteriorly
towards the inferior insular cortex (In), showing strong overlap with the posterior

limb of the anterior commissure. ST, stria terminalis.
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The ventral connection towards the amygdala is consistent with the previously
described ansa peduncularis (or ventral amygdalofugal/amygdalopetal tract; see
[163, 204, 284]; furthermore see paragraph 1.3.1 The Extended Amygdala, page
4). Connections to the insular cortex have also been observed [143, 185, 240];

however, their functional relevance still has to be investigated.

4.3 Anterior Projection

The anterior bundle crosses the anterior commissure at its dorsal border and then
enters the ventral tip of the head of the caudate nucleus, the dorsal part of the
accumbens nucleus and the transition area between these structures. It
continues towards the white matter of the frontal lobe and then runs subcortically
of the medial prefrontal cortex towards the orbitofrontal pole (see Figure 6).

In the left hemisphere of 97%, and in the right hemisphere of 93% of the
participants, respectively, the anterior bundle reached the frontal pole (as
identified with the Harvard-Oxford cortical structural atlas [73]). In the majority of
cases, the anterior bundle almost exclusively targeted the most medially and
ventrally located regions of the orbitofrontal cortex. When regarding only voxels
common to at least 75% of the participants, these cortical termination areas were
almost exclusively identified as medial parts of Brodmann’s area (BA) 11 and, in
some cases, medioventral parts of BA 10 of the orbitofrontal cortex. This
identification was performed using the WFU PickAtlas toolbox [179, 180].
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Figure 6 Axial view of voxels common to at least 75% of the participants in plane
with the anterior projection. API, left anterior projection; APr, right anterior

projection; BF, basal forebrain; LP, lateral pathway.
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4.4 Projections towards the Brainstem

Another region repeatedly described to be connected to the BNST and therefore
of particular interest in the present study is the brainstem. When performing PFT
starting from the left hemisphere’s BNST, connections to brainstem structures
were observed in 78% of the participants, with 21% terminating in the midbrain
and 57% also reaching lower brainstem regions. PFT starting from the right
hemisphere’s BNST revealed brainstem connections in 81% of the cases, with
7% terminating in the midbrain and 74% reaching lower brainstem regions.
However, these connections show great inter-individual variability in their exact
course and targets. As a result, no common pathways towards brainstem
structures can be observed when looking at voxels common to at least 75% of
the participants. Possible problems concerning PFT towards brainstem structures
are discussed in chapters 5.3 Irregularity of Connections to the Brainstem, page

49, and 5.4 Methodical Considerations, page 50.

4.5 Results from Histological Control Experiment

In order to substantiate the finding that the anterior bundle reaches the white
matter of the frontal cortex mostly through the CN and NAcc, histological slices
of the head of the CN were stained for neural fibers. It was possible to identify a
rostrally oriented fiber bundle of more than 2 millimeters in diameter
perpendicularly crossing the anterior commissure and entering the head of the
CN (Figure 7a,b). These fibers were easily distinguished from the IC since they
are located far more medially. Branches of this bundle could then be followed
about halfway through the rostrocaudal extent of the head of the CN (Figure 7c¢)
until they left the plane of the histological slice and were only partially visible in
more ventrally positioned slices due to their oblique course in rostroventral
direction (Figure 7d). Similarly, in a plane located ventrally to the anterior
commissure several parallel fiber bundles with a combined diameter of over 3
millimeters were observed to emerge rostrally from the head of the CN and enter
the white matter of the prefrontal cortex where their lateral fibers partly intertwine

with medial aspects of the IC (Figure 7¢) [155].
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Figure 7 Histological confirmation of a rostrocaudally oriented fiber pathway through the head of the CN; a) macroscopic

overview; b) microscopic overview of the area marked in a) at low magnification; c) detailed view of the area marked in b), where
the anterior commissure (AC; indicated by black arrowheads) is crossed by a rostrocaudally oriented fiber bundle (indicated by
white arrows); d) representative fibers in the middle of the head of the CN (slice position indicated by dashed lines in b)) as
observed in a slice located several um further ventrally; e) fiber bundles emerging from the head of the CN and entering the

white matter (WM) of the prefrontal cortex. IC, internal capsule, LV, lateral ventricle [155].



5 Discussion of Study Results

The study described in this thesis aimed at delineating the structural connections
of the BNST in the human brain in vivo, using probabilistic fiber tracking (PFT) of
diffusion-weighted magnetic resonance imaging (DW-MRI) data. The results
showed three distinct pathways that occurred consistently across most
participants. (1) The posterior bundle curves around the thalamus to reach the
lateral margin of the amygdala. This projection matches general descriptions of
the stria terminalis [22, 67, 106, 149]. (2) The ventral bundle connects the BNST
to adjacent basal forebrain regions and, with its laterally reaching portion, the
dorsoposterior margin of the amygdala. It then runs along the ventral boarder of
the putamen and pallidum towards the insular cortex. This pathway is consistent
with a bundle described as the ansa peduncularis [163, 204, 284], and its
posterior part shows strong overlap with the posterior limb of the anterior
commissure. (3) Finally, the anterior bundle traverses the junction area of the
nucleus accumbens and caudate nucleus, enters the prefrontal white matter and
reaches the medial prefrontal cortex (mPFC) and orbitofrontal cortex (OFC).
While the posterior and ventral projection perfectly match knowledge obtained in
animal studies, arguing for a strong similarity across species, the anterior
projection has not yet been described in the extent observed in this study.

It is notable that, although fiber tracking results were not limited by exclusion
masks and despite the BNST’s close proximity to the anterior commissure, the
found projections were strictly limited to their respective hemisphere. This is
consistent with previous observations that in the primate brain, only an
insignificant amount of stria terminalis fibers crosses to the contralateral

hemisphere via the anterior commissure (for a review see [67]).

5.1 Connections via Stria Terminalis and Ventral Pathway

While both stria terminalis and ansa peduncularis mainly interconnect BNST,
amygdala and hypothalamus, several further regions that have been reported to
be connected to the BNST are probably reached, among others, via one of these
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two pathways. Several nuclei of the thalamus (e.g. [81, 170, 240, 274]), as well
as parts of the hippocampus, mainly the ventral subiculum [41, 185, 284] and
ventral parts of CA1 [79, 198], are probably reached by fibers of the stria
terminalis and the ansa peduncularis. However, since both thalamus and
hippocampus lie immediately adjacent to the stria terminalis, PFT results can
neither confirm nor disprove structural connectivity with certainty. In addition,
there have been observations of the thalamus being reached via different
pathways, such as the medial forebrain bundle [82] or via fibers directly entering
the thalamus at its border to the BNST [81]. Furthermore, Canteras et al. [41]
stated that only a few hippocampal afferents reach the BNST through the stria
terminalis and ansa peduncularis, while the majority courses through the

precommissural component of the fornix.

The ventral pathway found in the present study shows strong overlap not only
with the ansa peduncularis, but also with the posterior limb of the anterior
commissure. A likely interpretation of this fact would be that fibers related to the
BNST either represent a part of the posterior limb of the anterior commissure
themselves, or that they are interconnected with cells of the interstitial nucleus of
the posterior limb of the anterior commissure (IPAC). As Alheid et al. [5]
demonstrated, the ventrolateral BNST and the IPAC blend within the substantia
innominata, and a subsequent study showed direct fiber connections between
the lateral part of the supracapsular BNST and the IPAC [238]. Furthermore, the
BNST has been shown to receive inputs from the insular cortex mainly via the
posterior, temporal limb of the anterior commissure [97]. The assumption of a
direct anatomical connection between BNST and insular cortex is enforced by
observations that both regions are differently involved in substance dependence
and drug withdrawal [200, 202, 232], in the development of taste aversion [134,
223], and in regulation of cardiovascular function [292], especially in response to
stress [44, 58].

The PFT results furthermore arouse the suspicion that the ventral pathway also
contains connections towards the putamen and pallidum. Several authors have
described BNST connectivity, both anatomically [80, 81, 113], as well as

functionally [235], with parts of the basal ganglia, foremost the nucleus

42



accumbens and the ventral striatopallidum (i.e. the transition zone of nucleus
accumbens and caudate nucleus). However, specific connections of the BNST to
the putamen and globus pallidus, to the author's knowledge, have not been
described yet. Haber et al. [112] reported enkephalin-immunoreactive
ramifications throughout the globus pallidus with single fibers reaching the ventral
striatum, the amygdala, the BNST and hypothalamic regions, respectively, but
the functional significance of those fibers entering the BNST remains unclear.

It has to be considered that the observed fibers towards more caudally located
parts of the ventral putamen and pallidum are closely related to the ansa
peduncularis, but do not originate in the BNST but rather in the amygdala. This
assumption is in line with observations by Fox [96] who, in a study on the cat
brain, reported fibers similar to those connecting amygdala and preoptic area (i.e.
the ansa peduncularis) running from the amygdala to the nucleus
entopeduncularis (which is equivalent to the medial segment of the globus
pallidus in primates). Furthermore, Russell et al. [225] reported evoked
responses in the putamen as a result of electrical stimulation of the amygdala in
cats. Only recently, an fMRI study in humans revealed a correlation between trait
extraversion and resting state functional connectivity of the amygdala and,
amongst others, the putamen [2], which might point towards heightened reward
sensitivity. However, the BNST itself appears not to contribute to this

amygdalostriatal projection [145].

5.2 Connections via the Anterior Projection

The anterior projection courses through the nucleus accumbens (NAcc) and the
head of the caudate nucleus (CN), enters the white matter of the prefrontal cortex
and reaches the orbitofrontal cortex. While some of its aspects match knowledge
obtained from animal studies, others have not been observed to this date and
therefore have to be discussed in regard to functional and methodical (see 5.4

Methodical Considerations, page 50) considerations.
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5.2.1 Connections to NAcc and CN

One interesting aspect of this connection is the fact that it appears to run straight
through the rostroventral tip of the CN and the adjacent transition zone to the
NAcc. BNST and stria terminalis projections to and from the nucleus accumbens
have previously been described [65, 77, 79, 80, 113, 149]. They are in line with
a variety of study results linking both structures to mutual tasks. While the BNST
has major impact on the expression of anxiety and has been linked to depression
(see chapters 1.5.1 and 1.5.2), deep brain stimulation of the NAcc in a mouse
model of enhanced depression- and anxiety-like behavior has been reported to
elicit anxiolytic and anti-depressive effects [236]. NAcc activity has been shown
to display complex changes during anxiety-related avoidance [169], and results
from a study by Radke et al. [217] suggest that anxiety during drug withdrawal, in
which the BNST plays a major role (see paragraph 1.6.7 The BNST’s Relevance
to Substance Dependence, page 14), might follow from a decrease in dopamine
levels in the NAcc. Finally, cues predicting reward lead to increases of dopamine
levels in both NAcc and parts of the BNST [211] (also see paragraph 1.6.1 The
BNST’s Relevance to Substance Dependence, page 14, for the BNST’s role in
communicating rewarding effects of substance consumption).

Surprisingly, the results of the study at hand also revealed fibers passing through
the ventral tip of the head of the caudate nucleus (see Figure 8). A pathway from
the BNST or ST running to or through the CN has not been reported yet. However,
strong evidence for a rostrocaudally oriented bundle through the ventralmost part
of the head of the CN and to the mPFC could be seen on histological preparations
of the head of the CN from human brains, as described in chapter 4.5 Results

from Histological Control Experiment, page 39.
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Figure 8 Trans-caudate portions of the anterior projections when displaying
voxels common to at least 75% of participants. In order to reach the white matter
of the medial prefrontal cortex, the anterior pathway traverses the head of the
caudate nucleus (CN) rather than travelling through the crus anterior of the

internal capsule (Cla). GP, globus pallidus; Pt, putamen.
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These findings are furthermore well in line with DW-MRI results published by Kotz
et al. [152], who examined the internal and external connectivity structure of the
CN. Accordingly, on the individual participants’ maps of the most probable
diffusion direction in the data acquired for this study, the main eigenvectors of the
diffusion tensors in those voxels of the head of the CN that the anterior pathway
passes through are oriented parallel to the course of the anterior pathway (see
Figure 9). In addition, FA in those voxels in almost all cases ranges above 0.2,
in some cases reaching values of up to 0.5, indicating that the directionality of
diffusion in this area is considerably more pronounced than in cortical grey matter

structures [176].

Figure 9 MRI images of the trans-caudate portion of the anterior pathway; a)

overview, b) detailed view of the respective area marked in a). The left images
show voxels from fiber tracking results (red) common to at least 90% of
participants. The blue lines in the right images show the direction of the diffusion
tensor's principal eigenvector of each voxel in the brain of one representative
participant. They indicate that the main direction of diffusion throughout most of
the head of the caudate nucleus is almost parallel to the main direction of diffusion

in the internal capsule. CN, caudate nucleus, IC, internal capsule [155].

Finally, control PFT runs starting in those parts of the head of the CN that are
traversed by the anterior pathway in all participants revealed a significant number
of fiber tracts running to the BNST and into the ST, as well as the ventral pathway,

arguing for a neural connection of BNST and CN.
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The role of this connection remains unclear, since a functional relationship
between CN and BNST is not yet known to exist. Still, these findings indicate that
the ventralmost part of the head of the CN, much like the NAcc and the ventral
striatopallidum, is also one of the parts of the basal ganglia associated with the

limbic system, and not, or at least not only, with the motor system.

It might be argued that the anterior projection shows great resemblance to
pathways within the internal capsule and therefore might result from poor
coregistration between anatomical and diffusion data. However, there are several
points arguing against this objection. For one thing, a pathway through the head
of the CN was observed in the majority of participants, which would mean that
this finding is due to a systematic error in the coregistration process. Since
coregistration was automatically performed with SPM, an error like this would
very likely have been discovered in earlier studies using the same software.
Moreover, projecting the PFT results directly onto a diffusion-weighted volume,
which still allows clear differentiation between CN and internal capsule, confirms
that the anterior pathway travels through the CN and not the anterior limb of the
internal capsule. Lastly, a direct comparison of the abovementioned PFT results
starting from a CN seed with PFT results starting from a seed of the immediately
adjacent internal capsule revealed that, while the CN shows strong connectivity
overlap with the BNST, the anterior limb of the internal capsule reveals almost no

structural connectivity with the BNST, the ST and the ventral pathway.

5.2.2 Connections to mPFC and OFC

Several animal studies have provided evidence for connections between the
BNST and caudal parts of the medial prefrontal cortex (mPFC), e.g. in the rat
brain mainly the infralimbic area (IL, area 25) [79, 81, 240, 273] and, however to
a much lesser extent, the prelimbic area (PL, area 32) [185]. For that matter, the
BNST is assumed to be an important relay for interactions of the mPFC and the
paraventricular nucleus of the hypothalamus (PVH) [248]. Furthermore, the

BNST as a relay structure is a likely candidate for mediating functional
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disconnection of mMPFC and amygdala observed as a result of drug withdrawal in

animals [101].

The results of the study at hand show fiber tracts that reach farther rostrally. They
pass by BA 25, a likely primate equivalent to the rodent’s IL [268], as well as the
most inferior parts of BA 32, a likely primate equivalent to the rodents PL [268],
and connect the BNST and OFC, an observation that, to the author’s knowledge,
has not yet been made. These structural findings are, however, in line with
functional activation data reported by Fox et al. [95] suggesting a close functional
interplay between OFC and BNST in non-human primates. More precisely, Fox
and colleagues reported a decrease in both BNST metabolism and freezing
behavior in OFC-lesioned animals compared to controls. Concordantly, recent
results by Motzkin et al. [196] indicate functional connectivity between BNST and
OFC in healthy humans as well as decreased blood flow in the right BNST during
rest in neurosurgical patients with lesions to the OFC which, in all examined
patients, contained the areas targeted by the anterior pathway. While neither
amygdala nor CN showed altered blood flow during resting state as a result of
these OFC lesions, functional coupling of OFC and amygdala in processes that
are likely to further involve the BNST (such as threat-induced anxiety) has been
reported both in non-human primates [226] and in humans [105]. Moreover,
mPFC-lesioned animals have been shown to express increased PVH activity in
response to stressors, an effect that is possibly mediated by the BNST as well
[248]. These findings point towards a role for these structures, as well as their
connections, in the regulation of behavior in a threatening context, which might
therefore be of relevance in anxiety disorders in humans. In line with this
hypothesis, patients with social anxiety disorder (SAD) were found to exhibit
increased amygdalar activity during emotional face perception [114] in addition
to a disrupted connectivity of the amygdala with the OFC [245]. While recent
structural connectivity data revealed reduced volumes in fiber projections
between the anterior temporal lobe and the OFC via the uncinate fascicule [27],
connections involving the BNST and its projections have not been examined yet.
Boehme et al. [36] explicitly reported that they observed no significant differences

in BNST activity in SAD patients compared to healthy controls in a context of
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predictable external stress signals. BNST activity in SAD patients during
anticipation of unpredictable threat to this date remains unexamined; still, Lee et
al. [161] reported an increase in anxiety-like behavior in rats during social
interaction as a consequence to intra-BNST injection of CRF agonists in doses
below the threshold for inducing acute changes in an exploratory task. These
findings indicate an involvement of the BNST in the expression of social anxiety
in a way that the BNST elevates social anxiety as a result of chronic stress. Since
prefrontal cortex regions have been shown to suppress HPA activity, with the
BNST as a possible relay (as described in paragraph 1.5.3 The BNST’s Influence
on Autonomic Reactions to Stress, page 10), and disrupted connectivity of OFC
and amygdala has been shown in SAD patients [245], it appears highly likely that
the BNST is part of this neural circuitry responsible for the expression of social

anxiety.

It has to be taken into consideration that the observed frontal projections are not
related to the BNST, but instead represent pathways between prefrontal areas
and other brain regions, especially the amygdala. Several examinations have
reported such connections; Kelley et al. [145] described amygdalostriatal
projections in the rat that run both via the longitudinal association bundle and the
stria terminalis and that widely overlap striatal connections to the mPFC, while
not involving neurons in the BNST; Canteras et al. [40, 42] later showed direct
connections between amygdala and mPFC via the stria terminalis in rats.
Meanwhile, in a study in monkeys, Leichnetz et al. [165] stated that the majority
of amygdala-to-mPFC connections use a pathway that does not include the stria
terminalis or its bed nucleus. More recently, DT experiments reported only non-

strial pathways between amygdala and mPFC in humans [20, 147].

5.3 Irregularity of Connections to the Brainstem

Unexpectedly, BNST connections to the brainstem were only observed when
looking at the participants’ individual results, but with great inter-individual
differences in exact course and target areas. So far, pathways connecting the
BNST and the brainstem have been described repeatedly in various animals (e.g.
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[77,79-81, 108, 128, 191, 220]), where they are thought, among other things, to
mediate the BNST’s influence on cardiovascular function [59, 116]. Furthermore,
these connections have been implicated in the context of rewarding versus
aversive motivation [138] which are subserved by mainly monoaminergic
projections [240] that modulate the BNST’s influence on hypothalamo-pituitary-
adrenal axis (HPA) activity and withdrawal-related behavior [19, 71, 89, 166]. It
seems likely that similar functional relationships between the BNST and the
respective brainstem regions exist in humans, and therefore that their structural
connections are mostly homogeneous as well.

An explanation to be considered might be that the starting region for fiber tracking
was limited to supracommissural parts of the BNST. In this case, the observed
connections could be a result of random fiber tracking of pathways towards the
brainstem originating from other brain structures. It should be noted, however,
that several authors specifically described anatomical connections between the
dorsal BNST and brainstem in animals [3, 77, 80, 81, 108, 191, 220]. It therefore
appears more likely that the results at hand are possibly due to technical

limitations of DW-MRI data processing, as will be discussed below.

5.4 Methodical Considerations

One limitation of the study at hand concerns the internal anatomy of the BNST.
Various studies have suggested that there are distinct subsections of the BNST
with connections to different parts of the amygdala and other brain regions [77,
79-81, 284]. As delineation of the BNST relied on segmentation of T1-weighted
images, it was not possible to separate the infracommissural parts of the BNST
from surrounding grey matter structures, such as the preoptic area and substantia
innominata, which can only be distinguished by histological techniques [37, 167,
280]. In favor of a conservative approach, the seed area for fiber tracking was
therefore restricted to the supracommissural part of the BNST, which features
explicit borders in MRI.

As delineated in 2 Diffusion Weighted Imaging and Probabilistic Fiber Tracking,

pages 19 through 26, probabilistic fiber tracking is based on complex statistical
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networks that require automatic relevance determination [177] in order to achieve
reliable results with acceptable performance. With the given b-values and
gradient pulse durations used for data acquisition in the present study, the
Bayesian estimation analysis approach in the model proposed by Behrens et al.
[32] in most cases provides a maximum of two relevant fiber directions per voxel.
As both the stria terminalis and the ventral pathway are quite strong bundles, this
possibly might account for missing further, smaller fiber tracts as, for example,
connections to the brainstem. Moreover, the maximum angle at which a fiber may
kink (regarding the angle between the entry and exit direction within a voxel) has
to be restricted in order to avoid false-positive results or redundancy. The
algorithm implemented in FSL [32] allows wide angles compared to other
approaches; in the present study, kinking of up to 80°, approximately, was
tolerated. In some cases, however, the restriction of the maximum angle might
result in false-negative results, especially if a small bundle branches off a stronger
one at a wide angle. Increasing the maximum angle to 90° yielded connections
to lower brainstem regions in further participants, but those now unselectively
involved most of the brainstem and even the cerebellum, and they showed even
more inter-individual variability, thus indicating that increasing the angle beyond
80° dramatically diminishes the specificity of the probabilistic fiber tracking
approach. These findings suggest that the implemented restriction represents
one of the major reasons for the lack of common projections towards the

brainstem.

It has been suggested that the BNST receives afferents from, and sends efferents
to the amygdala, both through the stria terminalis (for a review see [284] as well
as the ventral pathway [204], and many regions of the basal forebrain have been
shown to share bidirectional connections with the BNST (e.g. [61]). Connections
to the insular cortex have been reported to be almost exclusively unidirectional,
with the insula projecting towards the BNST [219, 230]. Research on connections
between mPFC and BNST has mainly focused on mPFC efferents (e.g. [47, 248,
260]), while, to the author’s knowledge, BNST inputs to the mPFC have not been
described yet. However, DW-MRI only allows identification of the axis along

which diffusion is most likely, but not of the direction in which information (in the
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form of action potentials) is mainly passed. Furthermore, it is not possible to
display synapses, and therefore it is neither possible to determine if a connection
is mono- or oligosynaptic, nor in how far fibers running through the BNST are

interconnected with its neurons or only passing through.

As the diameter of axons is much smaller than the voxel size of the diffusion-
weighted data, it is furthermore possible that inputs to a brain structure from two
different regions appear as a continuous bundle, while they might not even
converge onto the same neurons in this structure. This might be of relevance for
the observed connections between BNST and OFC, since BNST or amygdala
connections to the ventral striatum might overlap with fiber tracts between ventral
striatum and OFC [145, 162].

5.5 Conclusion and Perspective

In the current study, the structural connectivity profile of the human BNST was
delineated on the basis of DW-MRI. Several connections were identified in line
with histological results from animal studies, i.e. the stria terminalis as a posterior
pathway to the lateral amygdala, and a ventral pathway towards the
hypothalamus as well as the medial amygdala via the ansa peduncularis, which
then joins the posterior limb of the anterior commissure to reach the insular
cortex. These connections have already been described in animal models,
arguing for a strong preservation of these connections across species.
Connections with brainstem areas were found in only a few participants, and with
great inter-individual variability, which is probably due to methodological
limitations of DW-MRI.

Interestingly, the data at hand indicates the existence of a fiber connection
between the BNST and the frontal pole of the OFC. While rodent studies failed to
identify this connection, recent neuroimaging experiments in macaques indicate
a tight functional coupling of these areas which might be specific to primates.
Furthermore, the results indicate a possible connection between the BNST and

the temporal pole via the stria terminalis, especially in the left hemisphere. This
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connection has only recently been described for the first time in humans [21], and

its relevance has yet to be investigated.

Despite its limitations, DW-MRI-based PFT proves to be a powerful tool for
investigating structural connectivity profiles in the brains of living humans. The
results at hand demonstrate both its advantages and drawbacks. Even when
performing PFT starting from a seed region like the BNST, which is only a few
voxels in size, and surrounded by some of the densest white matter structures of
the brain (i.e. the internal capsule and the anterior commissure), the results turn
out to be highly reproducible and uninfluenced by these particular white matter
tracts. However, they lack a certain degree of detail, which may lead to both false-
negative and false-positive results. Nevertheless, comparison of results to
anatomical and especially functional knowledge from animals and humans
reveals possible new paths towards the understanding of the structural
frameworks underlying various functional brain systems.

These new findings on the anatomical connectivity profile of the BNST pave the
way for future research on the functional interplay with its connected areas. A
main goal for future research may be the investigation of aberrations of this profile
in a variety of psychiatric illnesses, foremost in anxiety and substance abuse.
Moreover, divergence between different groups of individuals, for example with
regard to personality features, might aid in identifying persons at risk for typical

BNST-associated disorders.
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Il Summary

The bed nucleus of the stria terminalis (BNST) is a heterogeneous basal forebrain
structure that surrounds the anterior commissure near its decussation. Its ventral
portion is intercalated with other basal forebrain structures such as the substantia
innominata, the preoptic area, the interstitial nucleus of the posterior limb of the
anterior commissure, and parts of the hypothalamus, with single cell clusters
reaching as far as the medial border of the amygdala.

The BNST is functionally related to the limbic system and represents a part of the
extended amygdala. It is strongly involved in maintaining an anxious state in the
presence of mainly sustained, contextual threats. It integrates inputs from both
cortical (e.g. medial prefrontal and insular cortices) and brainstem (e.g. ventral
tegmental area, nucleus of the solitary tract) regions and mediates hormonal
reactions to stress, mainly by influencing the paraventricular nucleus of the
hypothalamus, the main impulse generator for the hypothalamo-pituitary-adrenal
hormone axis. In addition, the BNST acutely affects other stress-processing
networks (e.g. the parabrachial nucleus), thus exerting influence on
cardiovascular function.

The BNST is also involved in a number of pathological processes. It is believed
to be crucial for the experience of affective components of drug withdrawal and
therefore for the upkeep of substance dependence and drug-seeking behavior. It
furthermore has been discussed to be related to phobias and anxiety disorders,
as well as eating disorders. Finally, its affection in neurodegenerative diseases

might contribute to the clinical symptoms of these illnesses.

Diffusion-weighted magnetic resonance imaging is based on the principle that
diffusion in nerve fibers is barely limited in an axial direction, while perpendicular
diffusion is restricted by cell membranes and glial cells. Applying diffusion
gradients in multiple directions allows reconstruction of a diffusion tensor that
describes strength and directionality of diffusion in the respective voxel.

Probabilistic fiber tracking (PFT), using a Bayesian model for probability density
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functions, then allows estimation of diffusion streamlines that, when performed
multiple times and added up, provide reliable estimates of anatomical fiber

courses.

In the experiment described in this thesis, the BNST was identified on T1-
weighted anatomical images, and masks of the dorsal BNST, which, other than
its ventral parts, provides clear borders, were created and used as seed masks
for PFT. PFT was performed on the diffusion-weighted data of 73 healthy
participants and fiber tracts common to the majority of these participants were
analyzed and discussed in regard to knowledge derived from animal studies.
Three main pathways were observed: (1) A posterior pathway was identified as
the stria terminalis. (2) A ventral pathway was seen to connect the BNST to other
basal forebrain structures and to the amygdala, consistent with previous
descriptions of the ansa peduncularis. It furthermore showed strong overlap with
the posterior limb of the anterior commissure, connecting the BNST with inferior
parts of the insular cortex. (3) An anterior pathway was observed to traverse both
nucleus accumbens and the ventral tip of the head of the caudate nucleus (CN),
enter the white matter of the medial prefrontal cortex and reach the pole of the
orbitofrontal cortex (OFC).

Connections of the BNST to the CN have not been described yet but are in line
with descriptions of the internal connectivity profile of the CN. They possibly
indicate an involvement of the CN in limbic tasks.

Structural connections of BNST and OFC are not known from animals but are in
line with studies indicating functional connectivity between these structures in
monkeys and humans. Their integrity might play a role in anxiety disorders.
BNST connections to the brainstem could only be observed with great inter-
individual variability. Since such connections have been described in various
animals, this result can likely be ascribed to limitations of PFT. When increasing
the maximum angle for fiber kinking while performing PFT, such connections
were seen more regularly, but showed great inter-individual variation, indicating

considerable loss of specificity.
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Zusammenfassung in deutscher Sprache

Der Bed Nucleus der Stria Terminalis (BNST) ist ein Kerngebiet des basalen
Vorderhirns, das sich durch eine heterogene Histo- und Chemoarchitektur
auszeichnet. Er umgibt die anteriore = Kommissur nahe ihrer
Hemispharenkreuzung. Wahrend sich sein dorsal der anterioren Kommissur
gelegener Anteil deutlich von angrenzenden Strukturen differenzieren lasst,
bilden seine ventralen, subkommissuralen Anteile ein Kontinuum mit weiteren
Strukturen des basalen Vorderhirns, z.B. mit der Substantia innominata, der Area
praeoptica, dem Nucleus interstitialis des posterioren Anteils der anterioren
Kommissur, sowie mit Teilen des Hypothalamus. Einzelne Zellverbande des
BNST reichen bis an die mediale Grenze der Amygdala im medialen
Temporallappen heran.

Der BNST wird funktionell der erweiterten Amygdala als Bestandteil des
limbischen Systems zugeordnet. Er spielt eine herausragende Rolle in der
Aufrechterhaltung  angstlich-vermeidenden  Verhaltens in  Gegenwart
andauernder, kontextueller Bedrohungen. Er erhalt und verarbeitet Information
sowohl aus kortikalen Zentren (z.B. aus medialem prafrontalem Kortex und
Inselrinde), wie auch aus Zentren des Hirnstamms (z.B. aus der Area tegmentalis
ventralis und dem Nucleus tractus solitarii). Unter Berlcksichtigung dieser
Information reguliert er hormonelle Stressreaktionen, indem er Einfluss auf den
Nucleus paraventricularis hypothalami (PVH) nimmt, welcher als zentraler
Impulsgeber der Hypothalamus-Hypophysen-Nebennierenrinden-Achse fungiert.
Des Weiteren hat der BNST akuten Einfluss auf vegetative Hirnstammzentren
(wie beispielsweise den Nucleus parabrachialis) und damit auf stressassoziierte
Herz-Kreislauf-Reaktionen.

Der BNST ist zudem in einer Reihe pathologischer Vorgange involviert. Ihm wird
eine Funktion bei der Vermittlung affektiver aversiver Zustande als Folge von
Drogenentzug zugeschrieben, womit er zur Aufrechterhaltung von
Substanzkonsum und zum aktiven Suchverhalten beitragt. Dariber hinaus wird
eine Beteiligung an Angststérungen und Phobien sowie an Essstorungen

diskutiert. Im Zusammenhang mit neurodegenerativen Erkrankungen (z.B.
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Alzheimer-Demenz, Chorea Huntington) konnten krankheitstypische strukturelle
Veranderungen im BNST zur Auspragung des typischen klinischen Bildes der

jeweiligen Krankheit beitragen.

Diffusionsgewichtete magnetresonanztomographische Bildgebung (DW-MRI) ist
ein Verfahren, welches auf der Annahme beruht, dass in Nervengeweben die
Diffusion von Wasser in Richtung der Nervenfaser nur geringfiigig eingeschrankt
ist, wahrend Diffusion senkrecht zur Faserverlaufsrichtung stark durch
Zellmembranen und Gliazellen behindert wird. Im Rahmen der Datenerhebung
wird die Diffusionsfahigkeit von Wasser in verschiedenen Richtungen durch
mehrere Messungen mit unabhangig orientierten Diffusionsgradientenrichtungen
ermittelt. Aus den Ergebnissen lasst sich flr jeden Bildvoxel ein Diffusionstensor
ermitteln, welcher Informationen Uber Vorzugsrichtungen und Auspragung der
Diffusibilitat von Wasser im entsprechenden Voxel enthalt. Das Verfahren des
probabilistischen Fiber-Trackings (PFT) fuhrt die Diffusionstensoren des
gesamten Gehirns einem Bayesschen Netz zu, dessen Ldésungen
Wahrscheinlichkeitsdichteverteilungen fur die Hauptdiffusionsrichtungen der
jeweiligen Voxel darstellen. Durch sukzessive Verknlpfung der Information
benachbarter Voxel, d.h. durch Fortschreiten von einem Voxel zum nachsten
Voxel, der in der geschatzt wahrscheinlichsten Diffusionsrichtung lokalisiert ist,
lassen sich nun sogenannte ,diffusion streamlines® ermitteln. Addiert man die
Streamlines mehrerer tausend Fibertrackingvorgange aus einem Startgebiet (der
sogenannten ,seed region®), erhalt man eine zuverlassige Abschatzung der

Verlaufe von Fasern, die diesen Seed durchlaufen.

Im beschriebenen Experiment wurde zunachst der BNST auf T1-gewichteten
anatomischen Aufnahmen identifiziert. Da der subkommissural gelegene BNST
auf diesen Daten nicht von umgebenden Strukturen abgrenzbar ist, wurden
Masken der suprakommissural gelegenen BNST-Anteile erstellt, die als Seed fur
ein PFT dienten. Dieses wurde an den DW-MRI-Daten von 73 gesunden
Probanden durchgefuhrt und die Ergebnisse, die bei der Mehrheit dieser

Probanden beobachtet werden konnten, wurden analysiert.
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Im PFT zeigten sich drei Hauptpfade als wesentliches Ergebnis: (1) Ein
posteriorer Pfad wurde als Stria terminalis identifiziert; er verlauft, vom BNST
ausgehend, entlang der ventrikularen Grenze des Thalamus zunachst im
Vorderhorn, dann im Unterhorn des lateralen Ventrikels und erreicht den
Hippocampus und die Amygdala. (2) Ein ventraler Pfad verbindet den BNST mit
weiteren Strukturen des basalen Vorderhirns sowie in lateraler Richtung mit der
Amygdala, Ubereinstimmend mit frlheren Beschreibungen der Ansa
peduncularis. Er nimmt dann einen nach posterolateral gerichteten Verlauf,
wobei deutliche Ubereinstimmung mit dem Verlauf des posterioren Anteils der
anterioren Kommissur zu erkennen ist, und endet im inferioren Anteil der Insula.
(3) Ein anteriorer Pfad durchquert sowohl den Nucleus accumbens (NAcc), als
auch die ventrale Spitze des Kopfs des Nucleus caudatus (CN), dringt in die
weille Substanz des medialen prafrontalen Kortex vor und endet am Pol des
orbitofrontalen Kortex (OFC).

Wahrend Verbindungen von BNST und NAcc wiederholt beschrieben wurden,
liegen bisher keine Berichte Uber Verbindungen von BNST und CN vor. Sie
stehen jedoch im Einklang mit Beschreibungen des internen Konnektivitatsprofils
des CN, welches im Kopf des CN ein deutliches Ubergewicht anteroposteriorer
Faserverlaufe aufweist. Diese Verbindungen konnten darauf hinweisen, dass
Teile des CN, ahnlich wie der NAcc, an limbischen Funktionen beteiligt sind.
Wahrend strukturelle Verbindungen von BNST und OFC bislang nicht
beschrieben wurden, konnte funktionelle Konnektivitat der beiden Strukturen in
Studien sowohl an Affen, als auch an Menschen gezeigt werden. Die Integritat
einer solchen Verbindung kdnnte eine wichtige Rolle in der Pathophysiologie von
Angststérungen spielen, wobei der BNST moglicherweise als Schaltstelle
zwischen OFC, Amygdala, PVH und weiteren Strukturen fungiert.

Die vorliegenden Studienergebnisse zeigen nur sporadisch Verbindungen
zwischen BNST und Hirnstamm. Solche Verbindungen wurden vielfach in Tieren
beschrieben, weshalb anzunehmen ist, dass dieses Ergebnis auf technische
Limitationen des PFT zuruck zu fuhren ist. Tatsachlich fuhrte eine Vergrélierung
des maximal erlaubten Winkels dazu, dass in deutlich mehr Probandendaten

entsprechende Verbindungen gefunden werden konnten. Diese erwiesen sich
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jedoch als sehr unspezifisch mit hoher interindividueller Variabilitat, weshalb eine

zuverlassige Abgrenzung von falsch positiven Ergebnissen kaum maglich ist.
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