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Abstract

The coordination of pelvic visceral activity with appropriate elimination behaviorsis a complex
task that requires reciprocal communication between the brain and pelvic viscera. Barrington’s
nucleus in the ponsis central to acircuit involved in this function. Barrington’ s nucleus neurons
divergeto project to pelvic visceral motoneurons and brain norepinephrine neurons that modulate
behavior. This circuit is adaptively designed to coordinate the descending limb of the micturition
reflex with a central limb that initiates arousal and shifts the focus of attention to facilitate
elimination behavior. Although it serves an adaptive function, this same circuitry that links the
bladder and brain allows for pathological processes at one end of the circuit to be expressed at the
other. Here we show how urologic disorders can have cognitive and behavioral consequences by
affecting components of this circuit. In the opposing direction, psychosocial stressors can produce
voiding dysfunctions and bladder pathology through this circuit. The stress-related neuropeptide,
corticotropin-releasing factor, which is prominent in Barrington’ s nucleus neurons, is a potential
mediator of these effects. Together, the studies reviewed highlight the potential for co-morbid
bladder and neurobehavioral symptoms and suggest how this information can guide new cognitive
and pharmacotherapies for urologic disorders.

The clinical consideration of pelvic visceral disordersis often exclusively directed towards
specific viscera. However, the activity of these viscera must be coordinated with each other
and they do not function ideally independently of the brain. The coexistence of multiple
pelvic visceral symptoms and their frequent co-morbidity with psychiatric symptoms
highlights the interrelati onships between the brain and pelvic visceral 8. Underlying these
interrelationships are reciprocal endocrine and neural lines of communication. In the case of
the bladder, reciprocal communication allows for bladder status to be communicated to brain
nuclei that serve to increase arousal, redirect attention and modify behavior so it is best
coordinated with visceral functions. In thisway elimination behaviors can be coordinated
with bladder emptying. Conversely, the brain is poised to directly modify visceral activity so
that it is best suited to adaptively respond to a changing environment, for example, in
response to stress or when urination is used to mark territory or as a part of a sexual
repertoire®. These same reciprocal lines of communication that are adaptive can provide
routes through which visceral pathology can affect brain activity and conversely, changesin
brain activity can impact on the viscera. Despite the physiological importance of
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communication between the brain and bladder and the role this can play in urological
disorders, our understanding of the underlying mechanismsfor thisis sparse.

One circuit that underlies communication between the brain and pelvic viscerais centered
about Barrington’ s nucleus, the pontine micturition center. Initially, considered as the switch
that initiates the descending limb of the micturition reflex, Barrington’ s nucleus neurons that
project to bladder motoneurons were found to diverge to innervate the locus coeruleus (LC),
the major norepinephrine-containing brain nucleus!®. LC neurons, in turn, collateralize
extensively throughout the forebrain to densely innervate the cortex and through this
projection system L C activation increases arousal and shifts the mode of attentiont-14, This
structural organization positions Barrington’'s neurons to co-regulate the parasympathetic
tone to the bladder and norepinephrine tone to the cortex, providing a mechanism for
coordinating elimination behaviors with bladder voiding.

A notable characteristic of Barrington’s nucleus neuronsiis their high expression of the
stress-rel ated neuropeptide, corticotropin-releasing factor (CRF)1>-17. CRF was first
characterized as the hypothalamic neurohormone released in response to stressors to initiate
the endocrine limb of the stress response!®. CRF also acts as a brain neurotransmitter that is
released from neuronsin limbic brain regions to mediate behavioral responses to stress'®.
The high CRF expression by Barrington’s nucleus neurons has been speculated to play a
rolein regulation of bladder or colonic motility as a component of the stress response?C.
Given its prominence in this pathway that can coordinate central and pelvic visceral
functions, clarifying the actions of CRF could pave the way for the development of novel
pharmacological means for treating pelvic visceral disorders.

Here we review convergent anatomical and physiological evidence for the Barrington’s
nucleus network that links the brain and bladder and discussitsrolein coordinating a
behavioral limb of the micturition reflex with the descending limb. Recent findings
demonstrating that partial bladder outlet obstruction adversely affects cortical activity and in
turn that psychosocial stress induces voiding dysfunction and bladder pathology through this
same circuitry are presented. Evidence for arole of Barrington’'s nucleus CRF in pelvic
visceral disorders and as atarget for treating these disorders is discussed.

Barrington’s Nucleus Circuit

Descending limb of the micturition reflex

Early studiesin cats and rats identified a micturition center in the dorsal pons by
demonstrating that lesions here abolished micturition and conversely, electrical stimulation
of the same region elicited bladder contractions and voiding?1-24. Anatomical tracing
studies more precisely localized the area critical to micturition as an oval cluster of neurons
just ventral to the fourth ventricle2>26, Anterograde tracers injected into Barrington’s
nucleus labeled axon terminals in the preganglionic parasympathetic column of the
lumbosacral spinal cord in the vicinity of neurons that innervate the bladder?’. Consistent
with this, Barrington’s nucleus neurons were retrogradely labeled from the lumbosacral
spinal cord!>17, Chemical stimulation of Barrington’s nucleus, which has more regional
precision compared to electrical stimulation, elicited bladder contraction and provided
confirming physiological identification of Barrington’s nucleus as a micturition center22:23,
Barrington’ s nucleus neurons become activated as bladder pressure increases and they
receive bladder afferent information both directly from the spinal cord as well as from the
periaqueductal gray region?8-30, The input from the periaqueductal gray is particularly
relevant to the effects of socia stress on Barrington’ s nucleus regulation of micturition (see
below).
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Co-regulation of multiple pelvic visceral functions

Theinitial anatomical and physiological studies described above identified the role of
Barrington’s nucleus as a switch in the micturition reflex. However, more complex functions
for Barrington’ s nucleus were reveal ed through the use of pseudorabies virus transsynaptic
tracing to identify neurons that are synaptically linked to viscera. These studies indicated
that Barrington’s nucleus neurons were synaptically linked to (and thereby able to influence)
the distal colon and genitals, as well as the bladder31—34, Of particular clinical relevance, the
majority of Barrington’s nucleus neurons are synaptically linked to both the bladder and
distal colon allowing for co-regulation of both viscerad! (Fig. 1). In contrast, few
Barrington’s nucleus neurons are transsynaptically linked to the stomach, suggesting that
brain regulation of the distal colon is more likely to be coordinated with the bladder (another
pelvic viscera) rather than other gastrointestinal-related viscera3L. The finding that the same
Barrington’s nucleus neurons are linked to both bladder and colon may seem at odds with
the idea that these viscera should function in areciprocal manner rather than be activated
simultaneously. However, thisis consistent with embryol ogic development as the bladder
and rectum both arise from the same hindgut that undergoes a coronal partition by the
insertion of the urorectal septum by 6 weeks of fetal development3®. Unlike the bladder,
distal colon motility is also regulated by multiple factors such as propulsive forces from
proximal levels of the gastrointestinal tract that are under vagal control and these factors
likely exert agreater influence over distal colonic motility compared to the spinal
parasympathetic tone regulated by Barrington’s nucleus. Nonethel ess, co-activation of both
bladder and colon may occur under certain conditions, such as stress. Importantly, many
Barrington’s nucleus neurons are activated by both bladder and colonic distention of non-
noxious magnitudes, indicating that bladder and colonic information converge onto common
Barrington’ s nucleus neurons?®. This provides a means through which multiple pelvic
visceral symptoms can coexist, i.e., irritable bowel with irritable bladderl#:5:36,

Central limb of the micturition reflex

The perspective of Barrington’'s nucleus was changed by the finding that many Barrington’'s
nucleus neurons that project to the spinal cord also project to the major norepinephrine-
containg brain nucleus, the locus coeruleus (L C)10. This finding gave Barrington’s nucleus
neurons a more global function in the regulation of micturition. The LCisacluster of
norepi nephrine-containing neurons that serves as the major source of norepinephrine in the
brain1112:37 These cells have massive collateralized projections that innervate the entire
neuraxis, and particularly the forebrain2. The L C-norepinephrine system initiates and
maintains arousal in response to stimuli and facilitates shifts between scanning and focused
modes of attention!3.14:38 | C neurons are activated by multimodal sensory stimuli and
importantly, by visceral stimuli such as non-noxious levels of bladder and colon
distention3%43, LC activation by these pelvic visceral stimuli istemporally correlated to
cortical electroencephal ographic (EEG) indices of arousal (e.g., desynchronization and a
shift from high amplitude, low frequency activity to high frequency activity)#243, This
provides the means by which increases in bladder or colon pressure can initiate arousal and
shift the focus of attention such that behaviors unrelated to these stimuli will be interrupted
and behaviors compatible with the stimuli will be facilitated. Thus, Barrington’s nucleus
neurons are central to coordinating the descending limb of the micturition reflex with a
central limb that facilitates a switch from on-going non-voiding related behavior to voiding
behaviors. Asthe same neurons are excited by increasesin colonic intraluminal pressure,
this circuit likely facilitates behaviors related to defecation as well42. Barrington’ s nucleus
with its divergent projectionsto spinal cord and the LC is poised to integrate ongoing signals
from multiple pelvic viscera and to coordinate activity of each of these viscerawith activity
in forebrain regions that underlies behavior (Fig. 2A).
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Corticotropin-releasing factor

Corticotropin-releasing factor serves as a neurohormone and brain neurotransmitter to
orchestrate the stress response. CRF release from hypothalamic neurons that terminate in the
median eminence initiate the cascade of adrenocorticotropin and corticosteroid secretion that
are the hallmark of stress'8, CRF in neurons outside of the hypothalamus, particularly in
limbic regions that are involved in the expression of emotion serves as a neurotransmitter to
mediate emotional, cognitive and behavioral aspects of the stress response!®#4, TheLCisa
target for CRF neurotransmission and in response to stress, CRF isreleased into the LC
from limbic regions to excite L C neurons subsequently resulting in forebrain EEG activation
and arousal*8. This s thought to be an emotional arousal component of the stress
response.

CRF is aso prominently expressed in Barrington’s nucleus neurons and CRF axons from
Barrington’ s nucleus terminate within the preganglionic parasympathetic nucleus that gives
riseto pelvic innervation, aswell as within the LC, indicating that CRF is an important
neurotransmitter in this circuit1%17.49 (Fig. 3). The finding of CRF in acircuit regulating
micturition is of interest from an evolutionary and phylogenetic standpoint because CRF
functioned as an osmoregulatory peptide in early species and CRF analogues are diuretic
hormonesin insects®®>L, Asin rat and cat, CRF is prominent in human brain in the region
corresponding to Barrington’s nucleus and PET imaging studies have associated this region
with micturition®253,

The CRF-expressing neurons of Barrington’s nucleus respond to both bladder and colon
distention?8. In Barrington’s nucleus projections to the LC, CRF is excitatory, activating LC
neurons in response to pelvic visceral stimuli and in turn, eliciting cortical arousal42-54,
Thus, these CRF neurons are an important step in signaling pelvic visceral information to
the cortex thereby initiating behavioral responses to these stimuli. Within spinal projections,
Barrington’s nucleus CRF has been speculated to have excitatory effects on colonic
motoneurons, perhaps contributing to stress-related increases in colonic motility and
symptoms of irritiable bowel syndrome20:35, In vivo cystometry studies examining the effect
of CRF or CRF antagonists administered systemically or intrathecally suggest both
excitatory and inhibitory effects of CRF on micturition®6-58, These discrepant results may
be due to the use of different strains and sexes. Additionally, the state of arousal, which is
difficult to standardize between laboratories, is an important determinant of urodynamic
endpoints and of the effect of CRF®8, An important consideration in interpreting the role of
CRF in urodynamics from cystometry studiesisthat cystometry endpoints represent the net
effect of afferent and efferent neural activity and activity in bladder urothelium. CRF is
present multiple sites that could influence these endpoints, including the urothelium and
dorsal horn of the spinal cord, aswell asin spinal projections of Barrington’s nucleus
neurons that regulate the micturition reflex>%-1, The specific role of CRF in Barrington’s
nucleus spina projections has been directly studied using recordings of bladder pressure
during localized chemical stimulation of Barrington’s nucleus neurons. These studies
support an inhibitory influence of CRF in this spinal pathway because blocking CRF effects
at the level of the spinal cord increased the Barrington’s nucleus stimulated contractions?2.
Theinhibitory influence of CRF in these projections may be through a direct action on
preganglionic parasympathetic neurons or by inhibition of excitatory amino acid
neurotransmitters from Barrington’s nucleus that excite preganglionic parasympathetic
neurons?2.,

An inhibitory influence of CRF on the bladder may seem counterintuitive as urination is
often considered a response to fear, which is often equated with stress. However, urination is
inhibited in response to certain stressors. Particularly, urinary retention is a prominent
response to social stressin rodents whereit islikely to be adaptive (see below). Taken with
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the ahility of CRF to engage the L C-cortical pathway and initiate arousal in response to
pelvic visceral stimuli, the inhibitory influencein spinal cord may help to maintain
continence by allowing arousal to occur prior to bladder contraction (Fig. 4). If bladder
contraction and cortical arousal occurred simultaneously, there would be insufficient time to
interrupt ongoing behavior and mobilize motor systems for voiding behaviors. By creating a
lag between arousal and the visceral response, continence can be maintained. Although
speculative at this point, this putative role for CRF in continence should be well researched,
given the prevalence of disorders of continence and their cost to theindividual and society.

Central Symptoms of Bladder Pathology

Partial bladder outlet obstruction

The findings discussed above highlight the importance of the Barrington’s nucleus circuit in
coordinating behavior with visceral activity. However, the same reciprocal lines of
communication can act as a conduit to convey signals from pathol ogic events occurring in
viscerato the brain, thereby providing a structural basis for neurobehaviora sequelae of
pelvic visceral disorders (Fig. 2B). This was recently investigated in the rat model of partial
bladder outlet obstruction (PBOO), an anima model that has been used to examine the
consequences of outlet obstruction on bladder function and structure®2. An initial
conseguence of PBOO on the Barrington’s nucleus circuit was the loss of responses of
Barrington’s nucleus and L C neurons to increases in bladder pressure to micturition
threshold®3. Thisis relevant to the ongoing visceral pathology as this represents aloss of
central regulation of bladder function. Analogous to spinal cord injury, the loss of central
control could contribute to the development of local spinal regulation of the micturition
reflex that is thought to underlie bladder hyperactivity33. Thus, consequences of PBOO on
Barrington’s nucleus neuronal activity may feed-forward to further contribute to the bladder
dysfunction. Importantly, this can account for the finding that some individuals can have
chronic retention and enlarged bladder, yet no sensation or urge to urinate.

Although LC neurons of PBOO rats were not activated by acute increases in bladder
pressure up to micturition threshold, their spontaneous rate of discharge was tonically
elevated compared to rats with sham surgery®3. Theories of the function of the LC-
norepinephrine system in relation to behavior suggest arole in facilitating decisions related
to task-directed behavior, i.e., whether to maintain behavior in an ongoing task or to
disengage and seek alternative strategies in a dynamic environment!3. Tonic LC activation
favors disengagement from ongoing behavior and tasks involving focused attention and
promotes scanning of the environment for alternate strategies. With this perspective, the
transient tonic excitation of LC neurons elicited as bladder pressure rises towards
micturition threshold in control rats is speculated to be a central limb of the micturition
reflex that serves to increase arousal and facilitate disengagement from ongoing behavior
and a shift to elimination-related behaviors. The persistent elevation of LC dischargein
subjects with PBOO would be associated with hyperarousal, sleep disorders, altered
attention and inability to stay on task, effects that would disrupt normal behavioral function.

Importantly, the effects of PBOO on L C activity and responses to bladder distention are
reflected at the level of the cortical EEG as desynchronization and a shift from high
amplitude, low frequency activity to low amplitude, high frequency activity, effects
indicative of hyperarousal®3. A salient feature of the PBOO EEG is a theta frequency
oscillation that is particularly prominent in subjects with a urodynamic profile characterized
by numerous non-voiding contractions®3, Theta oscillations are involved in sensorimotor
integration and are hypothesized to coordinate activity in different brain regionsin
preparation for motor responses to sensory input®®. Their persistence in overactive bladder
may reflect constant or disordered processing of bladder signals. That they are present even
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when selective responses to the major micturition event are attenuated, may suggest a loss of
ability to grade or discriminate between different magnitudes of bladder pressure changes.
Importantly, an effect on sensorimotor processing could affect cortical processing of non-
bladder related stimuli and adversely impact on functions requiring focused attention. Tonic
L C activation is necessary for PBOO effects on cortical EEG activity because selective
chemical lesion of forebrain LC projections prevents these effects without altering
urodynamics®3. The potential role of CRF in PBOO-induced changesin LC activity isa
compelling area of research asit could provide a target for therapeutic intervention.

Simultaneous EEG and cystometry recordings are beginning to reveal how bladder and
cortical activity co-vary (Fig. 4). These recordings show how even in rat, arousal (as
desynchronization) increases with bladder pressure and precedes the voiding event. In
subjects with PBOO the relationship between bladder pressure and cortical activity is
markedly atered, underscoring the potential disruption of sensory processing.

Clinical translation

The PBOO model exemplifies how pathology that originatesin the bladder can have
pronounced adverse central consequences through the Barrington’s nucleus circuit. In the
clinic, central sequelae of bladder disorders may go unrecognized as urologists focus on
bladder complaints, and psychiatrists will not typically link neurobehavioral symptoms to
the bladder. Nonetheless, there is evidence for anxiety and sleep disorders, which are
associated with tonic L C activation, in men with benign prostatic hypertrophy and in males
and females exhibiting other bladder disorders86.67. Notably, attention deficit disorder,
which would be produced by excessive activation of the LC-norepinephrine system, is
highly associated with enuresisin children®8. Cognitive impairments associated with urge
incontinence have been reported that may be explained by the Barrington’s nucleus
circuit®. Notably, overactive bladder is prevalent in the elderly, a population that is also
vulnerable to neurobehavioral deficits and sleep disturbances’®. This new model raises the
possibility that improvement of bladder symptoms may also improve cognition. Importantly,
evidence for a causal role of the LC-NE system suggests that fine-tuning the activity of this
system may be a useful therapeutic approach for central sequelae of overactive bladder.

The link between Barrington’ s nucleus neurons and other pelvic visceraimplies that
pathology arising from pelvic viscera other than the bladder could have similar central
conseguences as those reported for bladder. For example, this circuit may underlie the well-
documented co-morbidity of psychiatric and colonic symptoms that characterizeirritable
bowel disorder23:36,

Social stress-induced bladder dysfunction

The Barrington’ s nucleus circuitry that allows bladder pathology to adversely affect cortical
activity provides a structure through which psychogenic stimuli can affect the pelvic viscera
to result in voiding dysfunctions. Regulating pelvic visceral activity in response to sexual
signals, predators and socia hierarchy is an adaptive brain function in animals that has been
conserved through evolution. Importantly, social stress or competition in male rodents
causes urinary retention that islikely to be adaptive®71-73, However, if the urinary retention
persists, this resultsin bladder enlargement and in some cases death from nephritis ensues’?L.
In arodent model of social stress (the resident-intruder model), subordinate rats develop a
urodynamic profile that resembles that produced by PBOO, with increased intermicturition
interval, bladder capacity and micturition volume and numerous hon-micturition
contractions (Fig. 5)"4. The urodynamic profile associated with social stress is distinct from
that of PBOOQ by itslack of elevated micturition pressure, implying that it results from aloss
of central driveto the detrusor as opposed to increased tone to the sphincter. Like PBOO,
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social stress increases bladder mass and the magnitude of this effect is negatively correlated
to the latency to become subordinate, suggesting that subjects that are prone to claim defeat
inasocia conflict are more vulnerable to bladder dysfunction. Urinary retention may be a
visceral component of a defensive response that is mediated by the periaqueductal gray, a
brain structure that organizes defensive behaviors and is amajor input to Barrington’s
nucleus’ 76,

In line with increased bladder mass, social stress upregulates some of the same transcription
factors that are upregulated by PBOO and are thought to be important in structural
remodeling of the bladder during PBOO, including NFAT and MEF27. Thisis astriking
example of how asocial signal can induce visceral restructuring that has important
biological, aswell as clinical implications.

Given therole of CRF in stress and its inhibitory influence in Barrington’s nucleus
projections to bladder motoneurons, this was speculated to underlie social stress-induced
voiding dysfunction. Consistent with this, socia stress upregulates CRF protein and mRNA
specificaly in Barrington’ s nucleus neurons, an effect that can account for the urinary
retention’. Notably, repeated restraint stress does not produce urinary dysfunction, nor does
this stressor increase CRF protein or mRNA in Barrington’s nucleus neurons, indicating that
the visceral dysfunction may be specific to social stress and further implicating CRF in
Barrington’s nucleus in this dysfunction. That the effects on bladder may be specific to
social stressis not surprising given that different stressors engage distinct circuitsin brain
and can have very different effects on transcription in the same neurons’®79. Interesting,
social stress would be expected to engage brain regions involved in defensive responses
such as the periaqueductal gray region, which has prominent projections to Barrington’'s
nucleus’6:80,

Clinical translation

The socia stress-induced voiding dysfunction in the rodent may model dysfunctional
voiding characterized by urinary retention, a problem seen in both children and adults of
both sexes and in the elderly8185, Dysfunctional voiding remains the most common
presentation to pediatric urologists®®. In children dysfunctional voiding associated with
detrusor hypoactivity has been hypothesized to arise from adverse events that are temporally
proximal to toilet training®’:88. Consistent with this, children with voiding postponement
have aless balanced family environment and more psychiatric co-morbidity compared to
children with other types of voiding dysfunction8. The impact of childhood social stress on
bladder function can extend into adulthood and childhood sexual or physical abuse are
associated with urinary disorders characterized by retention in adults®-92, |n adults urinary
retention has been associated with a history of sexual abuse, depression and social
anxiety®90, Asin the rat model, the persistence of retention can have severe structural
consequences and proceed to chronic renal insufficiency82. Even in the absence of such
severe conseguences, the importance of the impact of social stress on urological hedthis
underscored by arecent study of over 1000 women demonstrating statistically significant
associations between urinary incontinence and psychosocial problems with feelings of
vulnerability 92,

To date the underlying mechanisms of psychogenic voiding disorders or the ability of socia
stress to adversely affect bladder function have remained unknown, making treatment
options difficult. Evidence for an involvement of CRF in the Barrington’s nucleus circuit
suggests that manipulation of this peptide may provide atarget for the treatment of these
disorders.
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Summary and Conclusions

The divergent projections of Barrington’s nucleus neurons to the major brain norepinephrine
nucleus, LC and the lumbosacral spinal preganglionic neurons that give rise to
parasympathetic innervation of the pelvic viscera provide a mechanism for coordinating
behavior with pelvic visceral activity. The same structural organization allows signals from
dysfunctional viscerato change cortical activity and produce neurobehavioral effects that are
co-morbid with visceral pathology. Similarly, psychogenic stimuli, particularly social stress,
can produce pelvic visceral dysfunctions by affecting components of the same circuit. With
specific regard towards the bladder, this circuit helps to organize voiding behaviors with
elimination. At the same time, it provides a means by which bladder disorders can produce
hyperarousal, anxiety and inattentiveness and by which social events can produce a
dysfunctional bladder. Because the stress-related neuropeptide, CRF, is an important
component of this circuit, it may be a novel target for the treatment of urological disorders,
particularly those with a psychogenic component. The findings reviewed underscore the
importance of considering central components in the etiology of urological disorders, aswell
as being part of the symptom complex. Elucidating the mechanisms through which the brain
and bladder communicate would provide a more holistic and effective approach to the
treatment of urinary disordersin patients and offer new avenues for the development novel
agents in treating these disorders.
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Figure 1.

Barrington’s nucleus neurons are transsynaptically-linked to both the bladder and colon.
Fluorescent photomicrograph of arat brain section at the level of Barrington’s nucleus
labeled with pseudorabies virus expressing green fluorescent protein that was injected into
the bladder (green) and pseudorabies virus expressing p-gal actosidase (red) that was injected
into the distal colon. Many Barrington’s nucleus neurons are labeled with both viruses.
These appear as either yellow or orange (arrows) or cells the have ared nucleus and green
cytoplasm (arrowhead). Reproduced from reference 31 with permission from John Wiley
and Sons, LTD).
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= Detrusor contraction
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Figure2.

Schematic depicting the circuitry centered around Barrington’s nucleus that links the brain
and pelvic viscera. A. Signals from pelvic viscera are conveyed to Barrington’s nucleus
either directly or indirectly. Barrington’s nucleus modulates visceral activity via spinal
efferents and cortical activity viaits projections to the locus coeruleus. B. Through the same
circuitry signals related to pathology in the pelvic viscera can be relayed to the cortex via
Barrington’s nucleus projections to the LC. Psychogenic stimuli, such as social stress can
potentially impact on the pelvic viscera through projections from the periaqueducta gray or
other afferents to Barrington’s nucleus. Abbreviations: IBS (irritable bowel syndrome), LC
(locus coeruleus) and OAB (Overactive bladder).
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Figure 3.

CRF isamajor neurotransmitter in Barrington’s nucleus neurons. A. Brightfield
photomicrograph of arat brain section at the level of Barrington’s nucleus showing CRF-
immunoreactive neurons (blue) and neurons that are retrogradely labeled with the tracer
fluorogold from the lumbosacral spinal cord (brown). Note that most neurons have the
hybrid blue/brown color indicating that they are CRF neurons that project to the spinal cord
(example indicated by arrow). The arrowhead points to a neuron that is labeled for CRF
only. Dorsal is at the top and medial isto theright. V indicates the fourth ventricle. B.
Section at the level of the lumbosacral spinal cord showing dense CRF immunoreactive
terminal fields (blue) in the region of the preganglionic parasympathetic neurons (arrows).
The section is counterstained with Neutral Red. Dorsal is at the top.
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Figure 4.

Effect of partial bladder obstruction on the relationship between bladder pressure and
cortical EEG. A. Simultaneous EEG and cystometry recordings from sham and obstructed
rats. From top to bottom, the traces show raw EEG, bladder pressure (BP, mm Hg), bladder
capacity (BC, ml), micturition volume (MV, ml), and EEG power spectrum (PSD). An
obstructed rat (1) has a similar urodynamic pattern as the sham rat with the exception of
spontaneous hon-voiding contractions but has a distinct EEG pattern characterized by a peak
at 7.5 Hz (theta oscillation). Obstructed rat 2 does not exhibit non-voiding contractions, but
shows increased micturition frequency. In this case the EEG is characterized by lower
amplitude and a shift towards higher frequencies. B1 and B2 show peri-event spectrograms
generated from the same subjects asin A, indicating how power in different EEG frequency
bands co-varies with bladder pressure during individual micturition cycles. In B1, the traces
represent mean bladder pressure over 4-5 micturition cycles and centered at the micturition
threshold (time=0). The heat map above each trace represents bladder pressure for each
micturition cycle. For the sham rat, a uniform increase in bladder pressure up to micturition
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threshold can be seen. In contrast, for Obstructed (1) non-voiding contractions are indicated
in the heat map as sporadic episodes (lighter blue blocks interspersed within darker blue)
that occur up to the point at which micturition threshold is reached. Obstructed (2) does not
exhibit non-voiding contractions. B2 shows heat maps that indicate the mean relative power
in different EEG frequency bands (0-20 Hz, ordinate) and these are time-locked with B1,
such that time=0 indicates the point of the micturition threshold. Note how the different
patterns of bladder activity produced by obstruction impact on the relationship between
bladder pressure and cortical EEG activity. In sham rats a decrease in power in all
frequencies (i.e., desynchronization) precedes the micturition threshold and is maintained.
Obstructed 1 with non-voiding contractions has greater power in higher frequencies (7-10
Hz and 14-15 Hz) that fluctuate like the contractions. In Obstructed 2 that has frequent
micturition cycles and no non-voiding contractions, cortical EEG is desynchronized
throughout the session and increases in bladder pressure up to the micturition threshold are
without effect. Reproduced with permission from reference 63.
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Figure5.

Social stress alters bladder urodynamics. A and B show representative cystometry
recordings of bladder pressure and bladder capacity of a control rat (A) and arat that was
exposed to the resident-intruder stress for 7 consecutive days (B). Note that the bladder of
the stressed rat shows numerous non-micturition contractions, longer intermicturition
intervals and greater bladder capacity. (Reproduced from ref 74, Wood et al., Am J Physiol
Regul Integr Comp Physiol, 2009 with permission of the American Physiological Society).
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