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Abstract

Neural control of continence and micturition is distributed over a network of interconnected
reflexes. These reflexes integrate sensory information from the bladder and urethra and are
modulated by descending influences to produce different physiological outcomes based on the
information arriving from peripheral afferents. Therefore, the mode of activation of primary
afferents is essential in understanding the action of spinal reflex pathways in the lower urinary
tract. We present an overview of sensory mechanisms in the bladder and urethra focusing on their
spinal integration, identify the cardinal spinal reflexes responsible for continence and micturition,
and describe how their functional role is controlled via peripheral afferent activity.
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1. Introduction

The work of storing and expelling urine is done by the urinary bladder, which acts as a
repository and pump, and the urethra, which functions as an outlet to transfer urine out of
the body. These seemingly straightforward tasks, however, are controlled by numerous
parallel neural systems that interact in local, spinal, and supraspinal organizations to produce
a range of sophisticated behaviors. For example, the primary afferents of the lower urinary
tract consists of at least four distinct types of fibers, may terminate in local ganglia to
coordinate reflex integration, project to spinal interneurons that modulate numerous reflexes,
or travel to executive centers to inform voluntary supervision. Further, these afferents can be
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differentially activated by pressure, stress, or toxins, be parasympathetic, sympathetic, or
somatic, and even be subject to regulation by non-neural cells lining the bladder or urethra.

The complexity of the neural regulatory mechanisms controlling continence and voiding
render the system vulnerable to a host of disorders that present with myriad and overlapping
symptoms, making the identification of specific etiologies difficult. The principle challenge
to neurourology is, therefore, to understand the mechanisms of the neural circuitry and
associated regulators in sufficient detail to ascertain the causes of lower urinary tract
diseases and identify potential treatments. This review examines our understanding of how
primary afferents mediate the many reflexes that control the lower urinary tract, and how
those reflexes affect the detrusor, urethral sphincters, and their synergistic cooperation.

2. Primary Afferent Nerves

2.1. Pelvic

The pelvic nerve carries “pressure-related” sensory information from the bladder to spinal
centers, and conveys excitatory efferent signals to the detrusor. Early neurophysiological
investigations discovered that distention of the detrusor muscle could reliably elicit afferent
firing in /n vivo preparations across animal models (Evans, 1936; Talaat, 1937). The pelvic
afferents burst in response to onset of bladder filling, given that it occurs with sufficient
pressure (Talaat, 1937), track intravesical pressure as it rises during artificial bladder filling
with physiological saline, and persist after filling has ended, provided that bladder pressure
remains high (Evans, 1936; Talaat, 1937). These early studies also showed that if filling is
paused at low to mid volumes the bladder pressure slowly drops, along with pelvic afferent
activity, but that at high volumes bladder pressure persists during pauses in filling. This
provided indirect evidence that the bladder wall is elastic up to a point, and that pelvic
afferents encode bladder pressure or detrusor stretch rather than fill volume. Corroborating
studies have since shown directly that the completely denervated bladder does not exhibit a
rise in intravesical pressure at low volumes and slow filling rates (Klevmark, 1977), and that
passive isovolumetric stretching /n vivo or stretching bladder strips /n vitro also generate
afferent responses (Iggo, 1955). This provides strong evidence that the bladder's intrinsic
mechanical properties, and not inhibitory efferent neural control, are primarily responsible
for pressure accommodation during urine storage, and enforces the supposition that pelvic
afferents report stimuli related to detrusor stretch, as opposed to bladder volume, which is
intimately tied to bladder elasticity and conformation (Sasaki, 1998).

More recently, this picture of pelvic afferent sensitivity has been complicated by single unit
recordings from the nerve or its associated local ganglia. These data indicate that some
neurons are activated selectively by different types of mechanical perturbation, while some
respond exclusively to chemical irritation. Perhaps the clearest distinction is between the
mechanosensitive and mechanoinsensitive afferent types. Electrophysiological studies of
unmyelinated afferents located in the dorsal and ventral roots show that afferent fibers that
were unresponsive to mechanical stimulation of the detrusor did respond to the chemical
irritant mustard oil (H&bler, Janig, & Koltzenburg, 1990), capsaicin (Shea, Cai, Crepps,
Mason, & Perl, 2000), or cold (Bors & Blinn, 1957). These afferents are commonly referred
to as ‘silent” because they are not active under physiological continence or micturition
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conditions. Complicating a bipartite distinction, however, is the fact that some unmyelinated
chemosensitive fibers also respond selectively to high bladder pressures (Habler et al.,
1990), opening the possibility that these fibers could be multi-sensory in nature or that
chemosensitive fibers can locally influence the action of mechanosensitive afferents at high
pressures. More evidence against strictly separate classes of chemosensitive and
mechanosensitive pelvic afferents emerged when it was found that following chemical
irritation of the bladder with 300 mM KCI (and subsequent 0.9% NaCl cleansing) a
subgroup of fibers that had previously not responded to either bladder distention or the KCI
irritant became responsive to bladder distention (Shea et al., 2000). The finding is
reproducible with mustard oil (Habler et al., 1990) and other irritants (Rong, Spyer, &
Burnstock, 2002), suggesting that irritants are able to induce latent mechanosensitivity in
this subgroup of afferents. Therefore, a straightforward classification of activation modes of
pelvic sensory neurons may not be possible and more research is needed to develop a
complete picture of the response of these afferents. Such investigations could also inform
theories of overactive bladder that posit a transformation in the role of capsaicin-sensitive
pelvic afferents leading to chronic irritability of the bladder (Fowler, Griffiths, & de Groat,
2008; Yoshimura & de Groat, 1999).

Another set of pelvic afferents has been classified by the pressure or volume at which they
become active, as opposed to the sensory modality of their activation. It has been noted that
there is a relatively small subset of pelvic afferents (both myelinated and unmyelinated) that
track bladder pressure in exclusively high pressure regimes, and are quiet at low pressures
(Bahns, Halsband, & Janig, 1987; Habler et al., 1990; Shea et al., 2000; Zagorodnyuk,
Costa, & Brookes, 2006). The pressure regimes at which these so called “high-threshold”
fibers respond (in cats) (Habler et al., 1990) corresponds to the pressures at which humans
report painful sensations (Torrens & Morrison, 1987), providing circumstantial evidence that
these fibers are responsible for the sensation of pain associated with hyperdistention of the
detrusor (Kanai, 2011). To show this conclusively, experiments are needed that directly link
these fiber types with pain, either through recording in known pain centers during periods
when the high threshold afferents are active or with other quantitative measures of visceral
pain such as the visceral motor response (Ness & Gebhart, 1988). Another potential role for
the range of pelvic afferent pressure thresholds is to ensure that bladder pressure is
effectively conveyed to spinal centers across a full range of pressures, which may not be
possible using homogeneous thresholds because afferent activity for some low threshold
units plateaus at intermediate pressures (Shea et al., 2000).

A mechanistic basis for the difference in sensitivity between high and low threshold
afferents has yet to be established, and several observations suggest that the development of
such an explanation will be challenging. Most notably, there are a range of thresholds in the
high and low threshold fiber populations rather than two clearly separated groups, and
unmyelinated and myelinated fiber types comprise both populations (Sengupta & Gebhart,
1994; Shea et al., 2000). Further, most chemical blocking studies of pelvic afferents, for
example administering an extracellular ATP antagonist to inhibit ligand-gated ion channels
in mechanosensitive afferents in the bladder (Rong et al., 2002), affects both populations,
making it difficult to study each group in isolation. One study did observe that low-threshold
afferents in TRPV1 knockout mice saturated at lower firing rates than in wild type mice,
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while there was no difference in firing rates between high threshold afferents in wild type
and TRPV1 knockouts (Daly, Rong, Chess-Williams, Chapple, & Grundy, 2007). Although
these data suggest a mechanistic difference between populations, the firing rates of high-
threshold units in wild type and knockout mice were compared before their saturation
points, a regime where there was also no distinction between firing rates of low-threshold
units in the two groups. Moreover, another study in TRPV1 knockout mice found a 40%
reduction in sensitivity to pain compared to wild type mice (Jones, Xu, & Gebhart, 2005),
which would not be expected if high-threshold afferents are not responsive to TRPV1 and
primarily code nociceptive states.

Classification of fibers by global bladder pressure thresholds is also confounded by the local
stress to which their receptive fields are exposed. Relating intravesical pressure to afferent
activation could generate the appearance of many activation thresholds because at any given
pressure, fibers innervating different regions of the bladder would be exposed to different
stresses. For instance, during bladder filling there will be significant distention of the bladder
dome, moderate distention in the region of the bladder being fed by the ureters, and little
distention near the bladder neck, which remains largely undeformed across physiologic
bladder volumes. The geometry of this distention over the course of a filling cycle has been
observed /n7 vivo using magnetic resonance imaging (Lotz et al., 2005), and modeled in
three-dimensions using a completely stationary bladder neck position (Fig. 1C) (Tziannaros,
Glavin, & Smith, 2013). Therefore, afferents innervating the dome will register large
distention, while, at the same pressure there will be little distention of the bladder neck,
potentially resulting in minimal discharge from afferents innervating the bladder neck.
Further, an /n vivo study that characterized the receptive fields of mechanosensitive pelvic
afferents by probing the bladder with a glass rod revealed that the distributions of their
pressure activation thresholds decreased with their proximity to the bladder dome, as shown
in Fig. 1 (Shea et al., 2000). Therefore, average pressure may not be an accurate way to
classify afferent neurons, and high-pressure responding afferents may be encoding small
local distention rather than noxious pressures. Finally, it should be noted that /n vitro studies
do not find a similar correspondence between receptive field location and activation
threshold (Xu & Gebhart, 2008). However, after the bladder is excised, cut open, pinned flat
and stretched it is difficult to know what the local distention and stress are at any given
receptive field location as compared with the morphologically intact bladder.

The complexity of developing a framework for understanding signaling by pelvic afferents
continues to grow as detailed investigations discover new apparent sensory modes. For
example, the existence of “volume receptors” - receptors that respond to distention but not
contraction - has been proposed (Morrison, 1997; Shea et al., 2000), as well as “mucosal
mechanoreceptors” that respond to stroking of the mucosal lining of the bladder body (or
probing normal to the bladder surface) but do not respond to detrusor stretch (Xu & Gebhart,
2008; Zagorodnyuk et al., 2006). However, some investigators have expressed concern that
differences in afferent response during passive distention versus active isovolumetric
contraction are confounded by differences in the regions where the detrusor is active (Floyd,
Hick, & Morrison, 1976; Lapides, Hodgson, Boyd, Shook, & Lichtwardt, 1958). Ultimately,
it is very difficult to attribute causally particular afferent responses to a single mode of
activation because the dynamic and kinematic variables of the bladder, with which it is

Auton Neurosci. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Danziger and Grill

Page 5

natural to attempt to associate afferent activity, such as strain, volume, pressure, tension, or
stress, are themselves highly correlated, especially at low volumes (le Feber, van Asselt, &
van Mastrigt, 2004), and are affected by nonlinear processes, such as hysteresis (Downie &
Armour, 1992). More work is required to develop a quantitative relationship between
primary stimuli in the bladder and the sensitivity of individual afferents as well as the
aggregate sensory activity in the pelvic nerve.

2.2. Hypogastric

The hypogastriac nerve densely innervates the bladder near the ureters and near the bladder
neck, with much fewer endings projecting to the dome than the pelvic nerve (Uemura,
Fletcher, Dirks, & Bradley, 1973; Xu & Gebhart, 2008). With few exceptions (Talaat, 1937)
studies indicate that hypogastric afferents signal a wide range of bladder pressure and/or
tension information (Bahns et al., 1987; de Groat & Lalley, 1972; Floyd et al., 1976; Weaver,
1985), similar to the pelvic nerve. The aggregate sensory activity over many units of the
hypogastric nerve closely tracks average intravesical pressure without saturating across a
wide range of pressures, and is sensitive to small changes in average pressure (Winter, 1971)
or tension caused by intrinsic detrusor contractions (McCarthy et al., 2009). As in the pelvic
nerve, no clear distinction can be made between individual fiber conduction velocity or
myelination type and the average bladder pressure at which the unit begins to respond
(Winter, 1971). Because the afferent signals in the pelvic and hypogastric nerves
qualitatively appear to encode similar information, there is no obvious way to dissociate
their respective functions during continence and voiding based solely their afferent activity.

Another issue complicating study of the hypogastric nerve in isolation is that some pelvic
afferents travel in the hypogastric nerve as proximal as the inferior mesenteric ganglion,
making pelvic contamination of signals in the distal hypogastric nerve a possibility (Langley
& Anderson, 1895; Talaat, 1937). The distribution of fiber types in hypogastric and pelvic
afferents has been reported in the mouse, with the main difference being that many more
hypogastric fibers exist that were not responsive to stretch or urothelial stroking, but that
instead were responsive to blunt probing (Xu & Gebhart, 2008). However, in general, nearly
all fibers respond to mechanical perturbations at the site of their receptive field (Floyd et al.,
1976; Xu & Gebhart, 2008).

Given the apparent similarity of signaling qualities, the most likely important difference
between afferent signals in the pelvic and hypogastric nerves are the spinal circuits to which
their respective information is conveyed. In rats hypogastric afferents project to the inferior
mesenteric ganglion and subsequently to the spinal cord in a broad spatial distribution
centered at L1 and L2, while pelvic afferents project to the major pelvic ganglion and then
predominantly to L6, with lower density projections as rostral as L2 (Vera & Nadelhaft,
1992). The functional difference is most notable when examining the micturition reflex, but
is apparent in other circuits as well. For example, overdistension of the bladder causes a
significant increase in blood pressure in dogs under chloralose anesthesia. This link persists
after transection of the pelvic afferents but is greatly attenuated or completely abolished after
hypogastric transection (Talaat, 1937), indicating that sensory information from these nerves
is processed in different spinal and/or supraspinal centers. In awake behaving cats, chronic
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pelvic transection resulted in low voiding efficiency and erratic micturition behavior, while
hypogastric transection had little effect (Barrington, 1914). Although primary afferent
signals from the hypogastric and pelvic nerves carry similar information they have different
roles in micturition, as outlined below (Fig. 2).

2.3. Pudendal

The afferents of the pudendal nerve are perhaps the least well characterized of the fibers of
the lower urinary tract. Pudendal afferents gather sensory information from the urethra to
coordinate continence and voiding across many species, and are also responsible for
transmission of local cutaneous, rectal, and genital sensation (Garry & Garven, 1957;
McKenna & Nadelhaft, 1986; Thor, Morgan, Nadelhaft, Houston, & Degroat, 1989; Yoo,
Woock, & Grill, 2008b). The urethra is comprised of layers of smooth muscle, likely
innervated by the pelvic nerve, and a surrounding striated sphincter predominantly
innervated by the pudendal nerve (Barrington, 1931; Creed, Van der Werf, & Kaye, 1998;
Wang, Bhadra, & Grill, 1999). It remains unknown precisely which fiber types and sensory
organs innervate the urethra. Histological studies have not discovered muscle spindles or
Golgi tendon organs, and only cursory qualitative evidence has been shown for the presence
of Pacinian corpuscles (Gosling, Dixon, Critchley, & Thompson, 1981; Todd, 1964).
Moreover, the distribution of fast and slow motor fibers innervating the striated sphincter
differs across species and experiments (Praud, Sebe, Mondet, & Sebille, 2003). Despite
ambiguities in the physiology, evidence suggests that the striated urethral sphincter plays a
larger role in maintaining continence than smooth muscle; the largest urethral pressures
coincide spatially with striated muscle density (Wang et al., 1999) and selectively blocking
urethral striated muscle reduces urethral pressure to a much greater extent than smooth
muscle blockade in all conditions except a resting state with low intravesical pressure
(Gosling et al., 1981; Thind, 1995).

Passing fluid through the urethra, irrespective of direction, causes activation of pudendal
afferents, and during this stimuli the pelvic and hypogastric nerves remains completely
silent, with slight hypogastric activity becoming apparent only at the highest pressures. It
was also found that the afferent signals would accommodate to sustained mechanical
distention (Talaat, 1937). Holding urethral pressure constant without passing fluid along its
axis, either via mechanical distention or filling the urethra while clamping the outlet,
generates less activity that is more transient than activity evoked by similar pressures during
flow, although these patterns are somewhat inconsistent across studies (le Feber, Van Asselt,
& Van Mastrigt, 1997; Talaat, 1937; Todd, 1964). A consistent initial volley of activity in
response to flow onset, the magnitude of which is also modulated by flow rate, followed by a
decay in activity is observed in single pudendal afferents (Snellings, Yoo, & Grill, 2012) and
aggregate activity (le Feber et al., 1997). It has also been observed that there is a low level of
background activity in the pudendal afferents (Talaat, 1937).

The differences across studies combined with limited electrophysiological data make it
challenging to determine the precise sensory mode of activation of pudendal afferents. It has
been proposed that pudendal afferents respond to pressure only, because afferent activity is
equivalent in response to equal pressures regardless if they are generated by static or
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dynamic fluids (le Feber et al., 1997), however, not all studies confirm this (Talaat, 1937).
Further, it has been found that passing air through the urethra (which generates lower
average pressures than saline) evokes greater responses than saline, which was attributed to
the turbulent nature of the air flow (Todd, 1964). Yet, it should be noted that the turbulent
flow effects cannot be isolated from rapid fluctuations in urethral wall distention, as this was
not measured in the study, and passing air through the urethra causes repeated undulations
and movement of the meatus in female rats. Moreover, the urothelium is actively involved in
neuronal signaling (de Groat, 2004), and may be sensitive to flow, turbulence, distention,
pressure, derivatives of any of these dynamic variables, or other factors. It is also likely that
afferents in the external urethral sphincter, which surrounds the urethra, play a role in
sensory signaling, and, if these afferents resemble those in the anal sphincter, will be
comprised of multiple adapting subtypes (Lynn & Brookes, 2011). Despite the limited and
sometimes inconsistent data, it appears that the primary function of pudendal afferents is to
report the pressure and rate of flow in the urethra. However, more studies are needed to
develop a precise map from urethral stimuli to pudendal afferent output.

3. Continence and Micturition Reflexes

The afferent signals of the lower urinary tract provide state information to spinal and
supraspinal centers that promote continence and mediate micturition through a network of
reflexes. The reflexes are broadly organized so as to synergistically contract the detrusor and
relax the urethra to expel urine, and contract the urethra and relax the detrusor to prevent
leaking during storage. Part of the difficulty in developing a complete theory of neural
control of the lower urinary tract is the large number of interdependent reflexes (Fig. 2).
Here we build upon previous attempts (Barrington, 1931; Mahony, Laferte, & Blais, 1977)
to synthesize the functional roles of the involuntary component of these reflexes and how
they are mediated by afferent signals to promote continence and voiding behavior. Evidence
is discussed for each pathway and it is given a reference number associated with the
summary diagram (figure 2).

When the bladder is filled and sufficiently distended, a coordination of reflexes causes
contraction of the detrusor synergistically coupled to the relaxation of the urethral sphincter
and expulsion of the contents of the bladder (Barrington, 1914, Elliott, 1907) [R1]. This
behavior requires intact afferent and efferent signals from the pelvic and pudendal nerves,
but persists after transection of the hypogastric nerve (Barrington, 1931; Sasaki, 1998). The
primary reflex causing detrusor contraction during physiological voiding occurs via pelvic
efferents and is driven by pelvic afferents that travel through supraspinal centers, as reflex
contraction persists following both pudendal and hypogastric transection but is completely
abolished following acute high-level spinal transection (Barrington, 1914) [R1]. Retrograde
labeling studies have identified many preganglionic neurons that relay sensory information
to key supraspinal centers in the brainstem and hypothalamus (Birder, Roppolo, Erickson, &
de Groat, 1999), such as the pontine micturition center or the nucleus raphe magnus
(Vizzard, Erickson, Card, Roppolo, & Degroat, 1995). Electrical stimulation of ascending
pelvic afferents shows involvement of the periaqueductal grey and laterodorsal tegmental
nucleus in this micturition reflex, and stimulation of brainstem centers directly, such as the
dorsal pontine tegmentum, also evokes activation of these afferents (Noto, Roppolo, Steers,
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& de Groat, 1991). Broad reviews of the voluntary control of micturition reflexes and the
location of associated centers in the central nervous system are available (de Groat &
Wickens, 2013).

Additional reflexes coordinate urethral relaxation with detrusor contraction during
micturition. When pelvic afferents are electrically stimulated at high frequencies,
presumably emulating a state of significant bladder distention, urethral sphincter activity is
inhibited through a short latency spinal reflex (Karicheti, Langdale, Ukai, & Thor, 2010)
[R5m]. Stimulation of pelvic afferents at low frequencies, however, evokes reflex
contraction of the urethral sphincter (Bradley & Teague, 1972; Karicheti et al., 2010),
indicating that low levels of pelvic afferent firing during the storage phase engage this reflex
to promote continence [R5s]. Taken together, this suggests that the strength of pelvic afferent
activity can toggle the pelvic afferent-to-pudendal efferent reflex between continence and
voiding behavior, and that supraspinal descending commands to pelvic efferents are
primarily responsible for detrusor contraction.

Reflexes promoting detrusor-urethra synergies also run in the opposite direction, that is,
when fluid is passed through the urethra, afferent activity in the pudendal nerve triggers a
pelvic efferent mediated contraction of the bladder (Barrington, 1914, 1931). Accumulating
evidence suggests that pudendal mediated bladder activation is separated into two pathways,
a local and supraspinal reflex [R3m, R2]. Bladder contractions evoked via electrical
stimulation of distal branches of the pudendal nerve (responsive to high frequencies) survive
spinal transection [R3] while those generated by proximal branch stimulation (responsive to
low frequencies) do not (Yoo, Woock, & Grill, 2008a) [R2]. A clinical study in persons with
spinal cord injury revealed qualitatively different bladder responses when intra-urethral
stimulation was delivered to proximal versus distal locations (Yoo, Horvath, Amundsen,
Webster, & Grill, 2011). Collectively, these results point to two distinct reflex pathways.

A strong dependence on bladder volume, a proxy measure for pelvic afferent activity, also
exists in both of these reflexes, and high bladder volumes (70-90% of the volume needed for
a pelvic distention evoked reflex detrusor contraction [R1]) are required for pudendal
afferent stimulation to elicit detrusor contractions (McGee & Grill, 2014; Yoo et al., 2008a),
and this volume dependence is not merely a product of the length-tension properties of the
detrusor (Boggs, Wenzel, Gustafson, & Grill, 2005). The frequency of pudendal afferent
stimulation can also selectively elicit inhibitory [R3s] or excitatory [R3m] detrusor
responses, both of which persist following transection of the hypogastric nerve (McGee,
Danziger, Bamford, & Grill, 2014; Woock, Yoo, & Grill, 2011).

An internal pudendal reflex has also been identified where pudendal afferents activate
pudendal efferents [R4]. This was demonstrated first in awake behaving cats where,
following recovery from pelvic transection, urethral relaxation was induced by applying
sustained pressure to the bladder that forced fluid through the urethra. If the flow was
maintained urethral relaxation persisted, but once flow was reduced by alleviating external
pressure on the bladder, the urethra closed reflexively (Barrington, 1914). This pudendal-
pudendal reflex also appears to be modulated by pelvic afferent activity (and possibly
chemical irritants (YYang, Dolber, & Fraser, 2010)). Following pelvic transection, low
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frequency stimulation of the proximal transected pudendal afferents evokes a response in
contralateral pudendal efferents, an effect that can be inhibited by a large conditioning shock
or high frequency stimulation of the proximal pelvic nerve (Bradley & Teague, 1972;
Karicheti et al., 2010). Because pelvic afferent activity depresses spontaneous pudendal
efferent activity (Evans, 1936), reflexively relaxes the urethral sphincter at high stimulation
frequencies, and inhibits the internal pudendal reflex, it is possible that afferent information
is integrated from many sources and a single command is subsequently issued to many
pudendal efferents, although additional studies are needed to confirm this.

The inhibitory action of hypogastric efferents on the detrusor is mainly mediated by reflex
activation driven by pelvic afferents [R7]. Low levels of pelvic afferent discharge caused by
bladder distention, or the rising edge of a bladder contraction under isovolumetric
conditions, elicits activity in hypogastric efferents (de Groat & Lalley, 1972). This reflex has
also been demonstrated using low frequency electrical stimulation of the pelvic afferents,
which evokes a hypogastric response (Karicheti et al., 2010). High frequency pelvic afferent
stimulation (Karicheti et al., 2010) or large bladder distention (de Groat & Lalley, 1972)
inhibits this reflex. This reflex inhibition appears to receive additional drive from descending
supraspinal commands that are generated by pelvic afferents, as evidenced by the fact that
spinal transection attenuated reflex inhibition at very high intravesical pressures (de Groat &
Lalley, 1972) and reduced the pelvic stimulation frequency at which reflex inhibition was
observed (Karicheti et al., 2010). This indicates that both spinal and supraspinal drive,
mediated by pelvic afferents, may contribute to inhibition of the hypogastric reflex.
Therefore, the pelvic afferent-to-hypogastric efferent reflex inhibits detrusor activity at low
bladder volumes, apparently to remain continent, and is suppressed at large volumes to
promote efficient voiding.

Barrington noted an additional phenomenon in chronic high-level spinal cord injured cats,
which had either pudendal nerves, hypogastric nerves, or both transected concurrently with
spinal transection, in which leak point bladder pressure increased following transection of
the pelvic nerves (Barrington, 1931). This led to the conclusion that there exists an internal
pelvic micturition-promoting spinal reflex [R6]. It is now known that the ‘silent’” bladder
afferent fibers, which normally engage a bladder-contracting reflex following noxious
stimuli, become sensitive to physiological states of bladder distention following chronic
spinal cord injury, thereby developing a distention evoked spinal reflex that compensates for
the loss of the natural pelvic-afferent mediated supraspinal reflex (de Groat et al., 1981)
[R1]. Corroborating evidence for this theory was obtained by using capsaicin to block
selectively the unmyelinated fibers driving the noxious response, while leaving the
myelinated fibers driving the supraspinal pelvic reflex intact, which abolished the
micturition reflex in spinal animals but not in intact animals (de Groat et al., 1990). Because
reflex voiding following chronic spinal transection is inefficient due to lack of urethral
sphincter relaxation in concert with detrusor contraction i.e., detrusor sphincter dyssynergia
(Fowler et al., 2008), it is likely that the silent pelvic afferent pathway is distinct from the
pelvic afferent mediated reflexes that evoke urethral sphincter relaxation.

A summary diagram of the reflexes described in this section is presented in figure 2.
Reflexes evoked by pelvic afferent signals (solid blue) emanating from the bladder are
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shown on the left and reflexes evoked by pudendal afferent signals (solid orange) are shown
on the right. The circle junctions (representing interneurons) linking afferent signals (solid)
and efferent commands (dashed) indicate additional requirements on sensory activity
necessary to activate the reflex (orange for pudendal and blue for pelvic, plus for high
magnitude and minus for low magnitude). The diagram highlights the complex modulatory
role that afferent signals play. In fact, all reflexes are gated by pelvic or pudendal afferent
activity with only two exceptions: R6, which is a pelvic mediated response to chemical
irritation (chemical symbol), and R1, which is the crucial detrusor contraction reflex that
transmits pelvic afferent signals to supraspinal centers (SSC) and, in turn, facilitates pelvic
efferent mediated detrusor contraction via signals descending to spinal interneurons.
Notably, certain reflex pathways (R3 and R5) have their effect on the target muscle reversed
based on modulatory afferent inputs, either contracting or relaxing the muscle depending on
the state of the bladder and urethra. This reinforces the importance of sensory feedback
effects on the web of reflexes controlling micturition and storage.

4. Conclusions

The neural control of voiding and continence is maintained by a wide spectrum of afferent
signals regulating multiple reflexes that synergistically couple detrusor relaxation and
urethral sphincter contraction to maintain continence and reverse this action to promote
micturition. Because the enormous array of afferent signals in the lower urinary tract are
essential to effective reflex function (Gillespie, van Koeveringe, de Wachter, & de Vente,
2009) it is critical that studies continue to investigate what physiological stimuli activate
these afferents and to quantify the frequency and magnitude of their responses. To develop a
complete understanding of the reflex architecture and its control, it will be necessary to build
a clearer picture of how afferent information is shared between reflexes. A large body of
work exists investigating the spinal and supraspinal centers where information is integrated
for individual reflex control (Birder et al., 2009), however, information regarding inter-reflex
coordination, especially under pathophysiological conditions, is still lacking. Advancing our
understanding of afferent control of reflexes will ultimately uncover new treatments and new
therapeutic targets for many lower urinary tract dysfunctions.
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Highlights

. We review the sensory regulation of reflexes in the lower urinary tract.

. Sensory signals of peripheral nerves exhibit complex responses across
many stimuli.

. Relating pelvic sensory responses to global bladder pressure is too
simplistic.

. A framework is developed outlining the functional interaction of spinal
reflexes.
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Fig. 1.

Apparent bladder pressure thresholds of pelvic afferents correlate with location of bladder
innervation. A) Minimum global bladder pressures at which afferents begin firing are
separated according to the location of their receptive fields. Data show that afferents with
receptive fields in locations that undergo the most distention during filling are activated at
the lowest pressures, indicating local distention rather than average bladder pressure may
determine when afferents respond. The p-values are calculated using one-tailed paired t-tests
assuming unequal group variances and the null hypotheses are that group means are lower
from left to right. Error bars are standard errors. Analysis is from data reported in Shea et al.
2000. The number of receptors found in each region (listed in the lower right of each bar)
reflect the distribution of pelvic afferents throughout the LUT. B) A diagram showing the
location of each region to which receptive fields were assigned (adapted from Shea et al.
2000). C) Three-dimensional mathematical model of bladder shape viewed from the coronal
plane at discrete times during filling. The diagram emphasizes the large changes in the body
compared to the stable shape of the bladder at the base near the urethra. The urethra meets
the bladder base at the point marked ‘urethral outlet” (adapted from Tziannaros et al., 2013).
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Fig. 2.
Reflexes controlling storage of urine and micturition with an emphasis on physiological

effects on the detrusor and external urethral sphincter. Reflexes are numbered for reference
(as referred to in the text) and a suffix is added if the reflex mediates different responses
during storage (s) or micturition (m). Reflexes that generate contractions are labeled with
“+” on the target muscle, or “-” for relaxation of the muscle. Each reflex is labeled at the
junction connecting afferent signals and efferent commands. Junctions are colored according
to the afferent signals required for their activation (pudendal, pelvic, or both) and the “H” or
“L” indicates that the corresponding sensory activity must be high or low, respectively.
Reflexes that are abolished by high-level spinal cord transection are shown passing through
supraspinal centers (SSC). a) Bladder distention evokes bladder contraction, which is
silenced by spinal transection but persists after pudendal and hypogastric nerve transections:
cat (Barrington, 1914). b) Passing fluid through the urethra with volume in the bladder
evokes bladder contraction, which is reduced by spinal transection: cat (Barrington, 1914).
¢) Peng et al. 2008: Interventions reducing urethral afferent output decreases bladder
contraction magnitude and voiding efficiency: rat (Peng, Chen, Chang, de Groat, & Cheng,
2006). d) Electrical stimulation of distal sensory branches of the pudendal nerve evoked
reflex detrusor contractions at high bladder volumes, some of which were abolished by
spinal transection: cat (Yoo et al., 2008a). e) Volume dependence of pudendal mediated
supraspinal reflex contraction of detrusor: cat (McGee & Grill, 2014). f) Electrical
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stimulation of pudendal afferents evokes detrusor contractions at high bladder volumes and
persists following hypogastric transection: cat (Woock et al., 2011). g) Electrical stimulation
of pudendal nerve reflexively evokes detrusor contractions, and persists following spinal
transection: rat (Chen et al., 2011). h) Electrical stimulation of pudendal afferents produce
detrusor contraction only when intravesical pressure is high: cat (Bradley & Teague, 1972).
i) Low frequency electrical stimulation of pudendal afferents inhibit detrusor contraction, an
effect that persists following hypogastric transection and is abolished by local
pharmacological blockade in the sacral cord: cat (McGee et al., 2014). j) Passing fluid
through the urethra evokes external urethral sphincter relaxation, which persists following
hypogastric and pelvic nerve transections: cat (Barrington, 1931). k) Electrical stimulation
of proximal transected pudendal afferents evokes contralateral pudendal efferent activation
at low frequency, an effect which can be inhibited with pelvic shock conditioning: cat
(Bradley & Teague, 1972). I) Low frequency electrical stimulation of pelvic afferents
activates the urethral sphincter, and persists following high-level spinal transection,
suggesting a continence reflex at low pelvic afferent outflow: cat (Karicheti et al., 2010). m)
Electrical stimulation of pelvic afferents readily induces a urethral sphincter contraction, and
persists following spinal transection: cat (Bradley & Teague, 1972). n) Substantial bladder
distention evokes urethral relaxation: cat (Barrington, 1914). o) High frequency electrical
stimulation of pelvic afferents inhibits urethral sphincter activation, and persists following
spinal transection: cat (Karicheti et al., 2010). p) Following recovery from spinal transection
and hypogastric and/or pudendal nerve transection, leak point bladder pressure is increased
by transecting the pelvic nerve, indicating that there is an internal pelvic spinal pathway
promoting micturition: cat (Barrington, 1931). q) Following spinal transection bladder
distention evoked detrusor contractions re-emerge in chronic conditions that can be
abolished by capsaicin, which is known to block selectively unmyelinated afferent fibers
carrying information about noxious bladder stimuli: cat (de Groat et al., 1990). r) High
frequency electrical stimulation of pelvic afferents inhibits this hypogastric efferent reflex,
thereby promoting detrusor contraction, and persists following spinal transection, whereas
low frequency stimulation activates hypogastric efferents: cat (Karicheti et al., 2010). s)
Onset, but not persistence, of spontaneous bladder contractions under isovolumentric
conditions evoke a hypogastric efferent response that persists following spinal transection:
cat (de Groat & Lalley, 1972).
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