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Abstract  A new presentation technique is introduced to 
describe the neuronal circuitry involved in the control of 
the uropoEtic system and its control mechanisms during 
the micturition cycle. This method is based on the prepa- 
ration of flow charts and is applied to the discussion of 
four qualitative models which are derived from the litera- 
ture. Opinions concerning the reflex arcs and supraspinal 
connections said to be involved in micturition and conti- 
nence are different and sometimes contradictory. Little is 
known about how autonomic information from the lower 
urinary tract is relayed to supraspinal structures. Infor- 
mation about supraspinal (inter)connections and their 
function in micturition control is still fragmentary. The 
control mechanisms which terminate voiding are not to- 
tally clear. Moreover, the role of the pelvic floor muscu- 
lature in the control of the lower urinary tract is probably 
underestimated. The flow charts presented in this paper 
contribute to the future design of a single complete qual- 
itative model representing the general central and periph- 
eral nervous connections and control mechanisms. Such 
a model would provide an approach for future research 
in neuromodulation and neurostimulation of the uro- 
poetic system and a reduced version could be used for 
quantitative modelling, e.g. in neural network simula- 
tions. 
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Introduction 

The human system of bladder, urethra and pelvic floor 
has to satisfy two contradictory needs: its function is to 
store urine, thereby offering complete continence, while 
it is also responsible for the controlled evacuation of 
urine. This paper reviews the literature on the neuronal 
pathways controlling the lower urinary tract. It does not 
concern conflicting data on the structure of the bladder 
and its neck, nor does it discuss differences between the 
female and male urethrae. 

A structured or complete qualitative model of the cen- 
tral and peripheral nervous connections involved in the 
control of the lower urinary tract is difficult to provide 
(Baljet 1981; Blaivas 1982, 1985, 1990; Bradley 1978; 
Bradley et al. 1974; De Groat 1975; De Groat et al. 
1979b; De Groat and Steers 1990; Dixon and Gosling 
1987; Donker et al. 1982; Elbadawi 1987a, b, 1991; 
Fletcher and Bradley 1978; Fowler and Fowler 1987; 
Gosling 1985; Hald and Bradley 1982a, b; Holstege 
1989; Holstege and Griffiths 1990; Morrison 1987a-e; 
Sato et al. 1979; Van Arsdalen and Wein 1991). Other 
studies are restricted to a specific connection or function 
of the neuronal circuitry (e.g. Andersson 1986; Awad et 
al. 1974; Baljet and Drukker 1979; Bradley 1969a, b; 
Bradley and Conway 1966; Bradley and Teague 1968a, 
b, 1969a~1; Coote et al. 1982; De Groat and Saum 1971; 
Donker 1986; DroEs 1972; Elbadawi 1984; Gosling et al. 
1983; Griffiths et al. 1990; Hickey et al. 1982; Marani et 
al. 1993; Raz 1978; Tanagho et al. 1982; Van Ulden 
1975; Venema 1988). 

However, overviews of both central and peripheral 
connections have been published: De Groat (1975), De 
Groat et al. (1979b), De Groat and Steers (1990), Brad- 
ley (1974), Bradley et al. (1974), Blaivas (1982, 1985, 
1990), Holstege (1989), Holstege and Griffiths (1990) 
and Griffiths et al. (1990). The theories of these authors 
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have been chosen for discussion in this paper because 
they seem to be most complete. The authors integrate 
central and peripheral connections and describe the func- 
tion of these connections in the control of the lower uri- 
nary tract. 

De Groat includes data from animal experiments to 
support parts of his description of pathways and their 
function in human (De Groat and Lalley 1972; De Groat 
1975; De Groat et al. 1979a, b; De Groat and Steers 
1990). Bradley uses a "loop concept" to describe the 
central and peripheral circuitry of the lower urinary tract 
(Bradley et al. 1974; Bradley 1978; Fletcher and Bradley 
1978). Blaivas' main article is based on a clinical study, 
the results of which he compared to the models of De 
Groat and Bradley, leading to his own representation 
(Blaivas 1982). His description of pathways has been up- 
dated (Blaivas 1990). The most extensive study on con- 
nections related to the micturition center in the brain 
stem has been published by Holstege (1989), Holstege 
and Griffiths (1990) and Griffiths et al. (1990). 

Materials and methods 

Four qualitative models are presented in the same way: (1) by a 
description of the neuronal circuitry itself; (2) by a description of 
the functional interpretation of this circuitry. The models are pre- 
sented as flow charts (Figs. 1-4) and in each case the layout is in 
principle the same. Only structures known to have a function in 
the control of the uropoEtic system are considered. Some putative 
anatomical connections still have to be demonstrated and as a re- 
sult the functional design of the flow charts does not necessarily 
coincide with neuroanatomical data. 

The flow charts should be read from top to bottom (Figs. 1-4). 
The blue printed upper part of the flow chart consists of the affer- 
ent or sensory system. The afferent system connects receptors 
present in effector structures to spinal and/or supraspinal struc- 
tures. Spinal structures that process sensory information are 
thought to be part of the afferent system and are also coloured 
blue. The supraspinal structures are located in the black coloured 
mid-portion of the flow chart. The green coloured lower part 
shows the efferent or motor system, which includes spinal motor 
structures. The flow charts can also be interpreted from left to 
right, showing structures belonging to the somatic, parasympathet- 
ic and sympathetic nervous systems in that order. 

A block represents a nervous structure or a muscle effector. A 
nervous structure can be located in the peripheral nervous system 
or in the spinal part of the central nervous system. Sensors and re- 
ceptors are thought to be~ntegrated in the muscle effector blocks. 
Supraspinal nervous structures in the central nervous system are 
represented by a circle. 

The arrows in the flow charts denote the connections between 
the different structures and their direction. Peripheral structures 
are connected to each other by nerves, indicated in the descrip- 
tions by their anatomical names. Central connections are named as 
tracts. Each connection is described in the "Circuitry" sections, 
and in these sections the appropriate text is linked to its flow chart 
by a reference in brackets. 

Sometimes plus and minus signs are included in the flow 
charts to indicate the effect of a control mechanism (Figs. 2-4). 
The plus sign denotes an excitatory effect and the minus sign indi- 
cates an inhibitory effect. These signs are placed only in the effer- 
ent pathways. Flow charts that represent control mechanisms show 
thick red lines for the activated pathways and structures; pathways 
and structures that are not activated are shown by thin black lines. 

The coloured bars placed on the left side of the flow charts en- 
able the reader to compare the emphasis placed on specific struc- 
tures by the original authors. The three basic colours are as fol- 
lows: blue for the afferent part, black for the supraspinal part and 

green for the efferent part. The circles within the coloured bars in- 
dicate muscular or nervous structures in the following way: red for 
muscular tissue, orange for nervous structures of the peripheral 
nervous system and yellow for nervous structures inside the spinal 
cord. The coloured circles refer to the structures in the flow chart 
at the same vertical level. 

The signal flow within the flow charts is as follows: 
1. In the case of a supraspinal reflex, the afferent pathway orig- 

inates in a muscle effector at the top of the flow chart and termi- 
nates in a supraspinal nervous structure. Along this afferent path- 
way several other synapses may occur, which for various reasons 
will not always be depicted, e.g. because the author does not spec- 
ify them by name. The efferent pathway originates in the supraspi- 
nal nervous structure(s) and serves two functions: a muscle effec- 
tot can be affected, or another nervous structure - supraspinal, spi- 
nal or peripheral - can be modulated. 

2. In the case of a spinal reflex, supraspinal structures in the 
mid-portion of the flow chart are not involved. The afferent path- 
way terminates in a spinal nervous structure in the upper half of 
the flow chart. The efferent pathway originates in the same spinal 
nervous structure located in the bottom half of the flow chart; a 
muscle effector can be affected or another nervous structure can be 
modulated. 

For all structures, the nomenclature used by the author in his 
cited papers is adopted. However, even in the papers by the same 
author, the nomenclature sometimes varies; in such a case a con- 
sistent nomenclature is used here, and when necessary the nomen- 
clature used in the paper referred to is also mentioned. The divi- 
sion of sympathetic, parasympathetic or somatic pathways is arbi- 
trarily based on the (vesico-)motoneurons inside the spinal cord to 
which the pathways connect. 

Results 

The De Groat model 

Circuitry (Fig. 1) 

Musculature of the lower urinary tract. Within the lower 
ur inary tract the fol lowing muscular  structures are de- 
scribed: striated urethral musculature,  referred to as the 
external urethral sphincter (external urethral sphincter), 
the bladder, consist ing of the smooth detrusor muscle  
(bladder) and the tr igone and its connected smooth ure- 
thral muscles  (trigone & smooth uret. musc.). 

Sympathetic connections. Tension receptors inside the 
bladder  wall are connected to afferent fibres, which are 
conveyed by the pelvic nerve. These fibres enter the sac- 
ral spinal cord to terminate on sympathetic neurons in- 
side the thoracolumbar  cord (De Groat and Lalley 1972; 
De Groat et al. 1979b; De Groat and Steers 1990) (blad- 
der --~ Th-L). 

A descending spinal tract originates in the pont ine 
mictur i t ion centre and projects to the thoracolumbar  spi- 
nal  cord segments (De Groat et al. 1979b; De Groat and 
Steers 1990) (pontine mictur, centre -~  Th-L). Sympa-  
thetic efferent fibres are presented from a funct ional  
point  of  view (Fig. 1) as originat ing in the thoracolumbar  
spinal cord, synapsing in pelvic gangl ia  (Th-L--~ pelvic 
plexus), on the detrusor muscle  (Th-L --~ bladder) and on 
the bladder  base and the smooth muscula ture  of the ure- 

Fig. 1. Circuitries as described by De Groat, Bradley, Blaivas, 
Holstege and associates 
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thra (De Groat and Steers 1990; De Groat et al. 1979b) 
(Th-L --~ trigone & smooth uret. musc.). 

Somatic connections. Afferent input from tension recep- 
tors inside the bladder wall in De Groat's model travels 
in the pelvic nerve to Onuf's nucleus, a circumscribed 
somatic motor region in the ventral horn of the sacral 
spinal cord (bladder --~ Onuf's nucleus). Afferent nerve 
fibres from the external urethral sphincter and other ure- 
thral areas reach, through the pudendal nerve, the sacral 
spinal cord, where they terminate in several layers of the 
sacral dorsal horn (De Groat and Steers 1990) (external 
urethral sphincter ~ sacral dorsal horn and trigone & 
smooth uret. musc. --~ sacral dorsal horn). The sensory 
endings of these pudendal nerve afferents transmit, 
among other information, the sensation of urine flow in 
the urethra. 

The pontine micturition centre is connected to Onuf's 
nucleus by a direct descending spinal tract (pontine mic- 
mr. centre ~ Onuf's nucleus). In the cat, fibres coming 
from higher supraspinal structures synapse in the pontine 
micturition centre before they terminate on Onuf's nu- 
cleus (De Groat and Steers 1990) (cortex diencephalon 

pontine mictur, centre ~ Onuf's nucleus). Efferent 
nerve fibres originating in Onuf's nucleus are conveyed 
to the external urethral sphincter by the pudendal nerve 
(Onuf's nucleus ~ external urethral sphincter). 

Parasympathetic connections. Tension receptors inside 
the bladder wall project to neurons in laminae I, V, VII 
and X of the sacral spinal cord via the pelvic nerve 
(bladder -~ sacral dorsal horn). From here, ascending 
neurons terminate in the pontine micturition centre (De 
Groat and Steers 1990) (sacral dorsal horn ~ pontine 
mictur, centre). 

An efferent tract, originating in the pontine micturi- 
tion center, projects to the sacral autonomic nucleus, an 
intermediolateral cell group at sacral spinal cord seg- 
ments $2-S 4 (pontine mictur, centre --~ sacral autonomic 
nucleus). From the sacral autonomic nucleus, pregangli- 
onic neurons send axons in the pelvic nerve to ganglion 
cells situated inside the pelvic plexus (sacral autonomic 
nucleus ~ pelvic plexus) and bladder wall (De Groat 
and Steers 1990) (sacral autonomic nucleus ~ bladder). 
The pelvic ganglia send parasympathetic nerve fibres to 
innervate the urinary bladder (pelvic plexus --~ bladder). 

Efferent fibres leaving the sacral detrusor nucleus to 
innervate the bladder presumably give off collaterals, 
which probably return to interneurons near the sacral au- 
tonomic nucleus (De Groat et al. 1979b; De Groat and 
Lalley 1972). In Figs. 1-4 this recurrent connection is 
thought to be integrated in the block (sacral autonomic 
nucleus). 

Control mechanisms 

Storage (Fig. 2). During the filling phase of the urinary 
bladder, tension receptors inside the bladder wall note 
the distension of the bladder and produce low-level firing 

in pelvic nerve afferents. This information is conveyed to 
the sacral spinal cord, where the pelvic nerve afferents 
connect to Onuf's nucleus or ascend to the thoracolum- 
bar segmental levels. The afferent firing excites Onuf's 
nucleus, which stimulates the striated urethral muscula- 
ture to contract (De Groat and Steers 1990). A complex 
vesicosympathetic mechanism that is relayed over a sa- 
crolumbar intersegmental spinal tract is activated. An ef- 
fect of the sympathetic activity during storage is the inhi- 
bition of bladder activity by stimulation of ~3-adrenocep- 
tors that are situated in the bladder wall. Another effect 
is the inhibition, at the pelvic ganglionic level, of para- 
sympathetic neurons that mediate the micturition reflex. 
Finally, closure of the bladder neck is realized: the trigo- 
ne and the smooth urethral muscular fibres are brought 
to contraction via their (z-adrenoceptors. These sympa- 
thetic reflexes are generally accepted as occuring in ani- 
mals (e.g. De Groat et al. 1979a, b; De Groat and Saum 
1971), but in humans their existence is still debated (De 
Groat and Steers 1990). These two spinal segmental re- 
flexes, involving stimulation of the somatic and the sym- 
pathetic nerve outflow during bladder filling by low-lev- 
el afferent activity, are referred to as "guarding reflexes" 
that promote continence. 

It is possible that recurrent inhibition of the sacral 
parasympathetic outflow occurs (De Groat et al. 1979b; 
De Groat and Lalley 1972), but no control mechanism or 
detailed pathway has been suggested (De Groat et al. 
1979b). Recurrent inhibition is presumed to be present 
during storage and absent during micturition (De Groat 
1975). 

Micturition (Fig. 3). At the initiation of micturition, in- 
tense activity of tension receptors inside the bladder wall 
is transmitted by pelvic nerve afferents to the sacral dor- 
sal horn and is projected to the pontine micturition cen- 
tre. From here, the two "guarding reflexes" are over- 
ruled. 

1. The sympathetic vesicomotoneurons inside the tho- 
racolumbar spinal cord are inhibited by the pontine mic- 
turition centre. Sympathetic influence on the trigone, the 
smooth urethral musculature, the bladder wall and the 
pelvic ganglia is eliminated. The bladder neck opens. 

2. The somatic motoneurons inside the sacral spinal 
cord are inhibited by the pontine micturition centre and 
probably indirectly by the cerebral cortex and diencepha- 
lon as well. The excitatory activity of Onuf's nucleus on 
the striated urethral muscles is inhibited, which results in 
relaxation of these muscles. 

The pontine micturition centre generates excitatory 
outflow to the sacral autonomic nucleus, which is sent 
through the pelvic ganglia to the detrusor muscle. The 
signal flow through this supraspinal circuit establishes 
and maintains the detrusor contraction. 

During micturition detrusor contraction is reinforced 
by urine flow in the urethra, which results in activity of 
pudendal afferents. Excitatory signals are conveyed to 

Fig. 2. Functional mechanisms during storage as described by De 
Groat, Bradley, Blaivas, Holstege and associates 
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the dorsal sacral spinal cord and reach the bladder, but 
the spinal relay station is not known. 

End of micturition. Higher centres in the cerebral cortex 
and diencephalon are involved in voluntary control of 
micturition; the external urethral sphincter can be con- 
tracted or inhibited voluntarily by cortical control, but no 
specific control mechanism is described. Contraction of 
the striated urethral musculature results in bladder relax- 
ation, but which pathways are active is not known (De 
Groat and Steers 1990). It has been suggested that a part 
of the circuit responsible is formed by a descending tract 
from the cortex to the pontine micturition centre, which 
terminates in Onuf's nucleus (De Groat and Steers 
1990). 

Bradley's "loop concept" 

Circuitry (Fig. 1) 

Bradley's "loop concept" (Bradley et al. 1974; Bradley 
1978), consisting of several interconnected subloops, has 
been integrated into one circuit. 

Musculature of the lower urinary tract. Within the lower 
urinary tract the following muscular structures are de- 
scribed: a urinary sphincter (urinary sphincter), the pel- 
vic floor (pelvic floor) and the smooth detrusor muscle 
(bladder). The urinary sphincter is defined as the striated 
muscle portion of the urethra, located at a mid-urethral 
segment, in combination with a striated external circular 
urethral muscle (Bradley et al. 1974). 

Sympathetic connections. Bradley does describe sympa- 
thetic nerve fibres that innervate the lower urinary tract, 
but no sympathetic connections or any functional influ- 
ence of the sympathetic nervous system are integrated 
into his "loop concept" (Bradley et al. 1974; Bradley 
1978; Fletcher and Bradley 1978). According to Bradley 
et al. (1974), sympathetic bladder afferents are carried in 
the pelvic nerve, enter the sacral spinal cord and pass 
rostrally to synapse on sympathetic vesicomotoneurons 
in the first two segments of the lumbar spinal cord. Ef- 
ferent fibres originating in the lumbar spinal cord travel 
via the hypogastric nerve and are organized in three 
ways: they innervate the pelvic ganglia, individual 
smooth muscle cells of the proximal urethra, and the vas- 
cular cushion situated in the submucosa of the bladder 
epithelium at the bladder neck (Bradley et al. 1974). Ab- 
lation of the sympathetic system, however, has no effect 
on detrusor reflex function (Bradley et al. 1974). 

Somatic connections. Proprioceptive sensory axons orig- 
inating in the detrusor muscle are carried in the pelvic 
nerve and connect to the pudendal nucleus (bladder 
pudendal nucleus). The pudendal nucleus consists of so- 
matic motoneurons situated in the anterior grey horn of 
the spinal cord segments 82-54. 

Sensory axons emanating from the periurethral striat- 
ed muscle (seen as a part of the urinary sphincter) and 
the pelvic floor musculature travel in the pudendal nerve 
to terminate on the pudendal nucleus (urinary sphincter 
--+ pudendal nucleus and pelvic floor --+ pudendal nucle- 
us). Some of the sensory endings are muscle spindles, 
but it is still unclear whether there are muscle spindles 
present in the striated external urethral musculature, the 
periurethral striated muscle or the pelvic floor muscula- 
ture (Bradley et al. 1974; Bradley 1978; Fletcher and 
Bradley 1978). 

A supraspinal circuit has been described: "The supra- 
spinal innervation consists of sensory impulses from the 
muscle spindles passing cranially in the posterior col- 
umns. These axons send collaterals to the cerebellum 
and thalamus to terminate in the sensorimotor cortex of 
the frontal lobes. The motor neurons in layer V of the 
sensorimotor cortex send impulses down the corticospi- 
nal tract that end by synapsing on motor neurons in the 
pudendal nucleus in the ventral horn of the sacral spinal 
cord" (Bradley 1978) (urinary sphincter --~ cortex; pelvic 
floor --+ cortex and cortex ~ pudendal nucleus). Al- 
though the thalamus is specifically named, neither a 
clear function in micturition control is given, nor is the 
structure integrated into the functional "loop concept" 
(Bradley 1978; Bradley et al. 1974); consequently it is 
not integrated into Figs. 1-4. 

The pudendal nucleus innervates the urinary sphincter 
and the pelvic floor musculature by pudendal nerve ef- 
ferents (pudendal nucleus ~ urinary sphincter and pu- 
dendal nucleus ~ pelvic floor). 

Parasympathetic connections. Urine flow in the urethra 
is registered by stretch receptors in the periurethral stri- 
ated muscle, which are probably connected to the detru- 
sor nucleus in the sacral spinal cord (Bradley 1978) (uri- 
nary sphincter ~ sacral detrusor nucleus). The sacral de- 
trusor nucleus consists of parasympathetic neurons that 
are located in the intermediolateral cell column of the 
sacral grey matter. 

Proprioceptive sensory axons originating in the detru- 
sor muscle are carried in the pelvic nerve to the sacral 
spinal cord. From here the afferent fibres ascend in the 
posterior columns to the brain stem detrusor nucleus 
(bladder ~ b-stem detrus nucl.). In this context it is not- 
ed that "These axons do not synapse but rather 'long 
route' to the brain stem" (Bradley 1978); similar remarks 
can be found in Bradley et al. (1974) and Bradley and 
Conway (1966). Descending spinal tracts from the brain 
stern detrusor nucleus synapse on the sacral detrusor nu- 
cleus (b-stem detrus nucl. ~ sacral detrusor nucleus). 
Axons of vesicomotoneurons are carried in the pelvic 
nerve and connect to the pelvic ganglia (sacral detrusor 
nucleus ~ pelvic ganglia), from which pelvic nerve ef- 
ferents innervate the detrusor muscle (pelvic ganglia --~ 
bladder). 

Efferent fibres leaving the sacral detrusor nucleus to 
innervate the bladder probably give off collaterals, which 
constitute a recurrent connection. This connection might 
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even be formed by vesical afferent fibres, entering the an- 
terior roots of the sacral spinal cord, instead of recurrent 
collaterals of efferent fibres (Fletcher and Bradley 1978). 
In Figs. 1-4 this "recurrent" connection is thought to be 
integrated into the block (sacral detrusor nucleus). 

Supraspinal connections. A lot of attention is being paid 
to supraspinal structures, such as the grey matter of the 
cerebral cortex, the thalamus, the basal ganglia, the cere- 
bellum, and the locus coeruleus. "The brain stem detm- 
sor nucleus is located on the border between the pons 
and midbrain in a dorsal position. It is called the nucleus 
locus coeruleus" (Bradley 1978). Three interconnected 
supraspinal structures, the supraspinal cooperation of 
which is not totally clear, are integrated in the "loop con- 
cept" for the coordination of the micturition cycle: the 
cortex, the cerebellum and the brain stem detrusor nucle- 
us (cortex ~ b-stem detrus nucl. ~ cerebellum). 

End of micturition (Fig. 4). A negative feedback mecha- 
nism probably employs recurrent collaterals of parasym- 
pathetic preganglionic neurons to regulate the output of 
the sacral detrusor nucleus and supports the termination 
of the detrusor reflex (Bradley et al. 1974). 

Pudendal nerve afferents send information about the 
condition of the urinary sphincter and pelvic floor not 
only to the cortex but also, as a spinal reflex, to the pu- 
dendal nucleus in the sacral spinal cord. The pudendal 
nucleus receives an additional excitatory influence from 
the cortex. The urinary sphincter and pelvic floor muscu- 
lature are stimulated by the pudendal nucleus to contract 
(Bradley 1978). 

The Blaivas model 

Circuitry (Fig. 1) 

Control mechanisms 

Storage (Fig. 2). Muscle spindles, located in the striated 
musculature, continuously send signals to the pudendal 
nucleus during the filling phase of the bladder. This af- 
ferent activity results in a state of tonic contraction of the 
urinary sphincter and pelvic floor musculature, thereby 
promoting continence (Bradley et al. 1974; Bradley 
1978). 

Micturition (Fig. 3). Intense vesical activity and the con- 
sequent bladder contraction stimulates proprioceptive 
nerve endings inside the bladder wall. The information 
about the condition of the bladder is conveyed to the sac- 
ral spinal cord by pelvic nerve afferents. 

An inhibitory signal, which is proportional to the 
intensity of stimulation of the pelvic nerve afferents, 
impinges upon the pudendal nucleus (Bradley et al. 
1974; Bradley 1978). As a consequence, the urinary 
sphincter and the pelvic floor musculature relax (Brad- 
ley 1978). 

Micturition is established and maintained by a supra- 
spinal pathway. The pelvic nerve afferents enter the sac- 
ral spinal cord and are "long routed" to the brain stem 
detrusor nucleus and higher structures (Bradley et al. 
1974; Bradley 1978; Bradley and Conway 1966). The 
sensory information is processed and excitatory signals 
are sent to the detrusor nucleus in the sacral spinal cord. 
The sacral detrusor nucleus sends excitatory signals to 
the pelvic ganglia, which leads to bladder contraction 
(Bradley 1978). 

During voiding, the detrusor contraction is sustained 
by positive feedback of urethrovesical reflexes. Urine 
passing the urethra stimulates stretch receptors inside the 
urethral wall and inside the periurethral striated muscle 
that probably pass their signals to the detrusor nucleus in 
the sacral spinal cord. The sacral detrusor nucleus stimu- 
lates the bladder to sustain the contraction until the blad- 
der is completely emptied (Bradley 1978). 

Musculature of the lower urinary tract. Within the lower 
urinary tract the following muscular structures are de- 
scribed: striated urethral and pelvic floor muscles (Blai- 
vas 1985) (striated urethral muscul, and pelvic floor), the 
smooth detrusor muscle of the bladder (bladder) and the 
vesical neck and proximal urethra [constituting an inter- 
nal sphincter mechanism (Blaivas 1985)] (vesical neck & 
prox. ur.). 

Sympathetic connections. Sympathetic bladder afferents 
are conveyed in the hypogastric nerve to synapse inside 
the thoracolumbar spinal cord (Blaivas 1982) (bladder 
Th-L). 

The pontine micturition centre connects with the sym- 
pathetic vesicomotoneurons inside the thoracolumbar 
spinal cord segments by a descending spinal tract (Blai- 
vas 1982) (pontiac mictur, centre ---> Th-L). Efferent 
sympathetic axons emanating from vesicomotoneurons 
inside the thoracolumbar spinal cord travel in the hypo- 
gastric nerve to innervate the smooth musculature of the 
proximal urethra and vesical neck (Th-L ---> vesical neck 
& prox. ur.). The detrusor body and the pelvic ganglia 
are similarly innervated (Blaivas 1982, 1985, 1990) (Th- 
L ~ bladder and Th-L --+ pelvic ganglia). (Note the low- 
er part of Blaivas' circuitry in Fig. 1). 

Somatic connections. Pudendal nerve afferents travel 
from the pelvic floor and striated urethral musculature to 
Onuf's nucleus in the anterior horn of the sacral spinal 
cord, but no function in micturition control is mentioned 
(Blaivas 1985, 1990). 

Pelvic nerve afferents from the bladder wall connect 
to Onuf's nucleus (Blaivas 1982, 1990) (bladder --+ 
Onuf's nucleus). 

A corticospinal tract connects the frontal cortex to 
Onuf's nucleus, which sends efferent pudendal nerve fi- 
bres to innervate the external urethral sphincter and the 
pelvic floor (Blaivas 1982, 1985) (cortex ~ Onuf's nu- 
cleus; Onuf's nucleus --+ pelvic floor and Onuf's nucleus 

striated urethral muscul.). The pontine micturition 
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centre projects to Onuf's nucleus by a descending spinal 
tract (Blaivas 1982) (pontine mictur, centre -+ Onuf's 
nucleus). 

parasympathetic outflow is mediated through the pelvic 
nerve and is blocked at a ganglionic level by sympathetic 
influences (Blaivas 1990). 

Parasympathetic connections. Tension receptors inside 
the bladder wall send signals in pelvic nerve afferents 
that synapse on the pelvic nucleus inside the spinal cord 
(bladder --> pelvic nucleus), while other afferents "long 
route" to the pontine micturition centre (Blaivas 1982, 
1985, 1990) (bladder -+ pontine mictur, centre). The pel- 
vic nucleus is located in an intermediolateral cell column 
of spinal cord segments 82-84 (Blaivas 1982, 1985). 
Blaivas (1985) notes: "The 'micturition reflex' is inte- 
grated in the rostral brain stem in an area designated as 
the 'pontine micturition centre' which is connected to 
the 'sacral micturition centre' via spinal pathways in the 
posterior and lateral columns." We assume (although it is 
not specifically noted in the cited text) that the pons pro- 
jects to the pelvic nucleus in the sacral spinal cord (pon- 
tine mictur, centre --+ pelvic nucleus). The pelvic nucleus 
sends preganglionic parasympathetic nerve fibres via the 
pelvic nerve to the pelvic ganglia (pelvic nucleus --+ pel- 
vic ganglia). The postganglionic nerve fibres innervate 
the bladder (Blaivas 1982, 1985, 1990) (pelvic ganglia 
--> bladder). 

Supraspinal connections. Blaivas (1982, 1990) notes fa- 
cilitatory and inhibitory influences of suprapontine brain 
structures on the pontine micturition centre during the 
micturition cycle. The influence of higher brain s t rucv 
tures is symbolically illustrated by the connection/b~. ~- 
tween the cortex and the pontine micturition centr~e in 
Fig. 1, because no control mechanisms have been sug- 
gested for this purpose (cortex --> pontine mictur, cen- 
tre). 

Control mechanisms 

Storage (Fig. 2). During the filling phase of the bladder, 
sympathetic afferents convey signals from the bladder 
body to neurons inside the thoracolumbar spinal cord. 
The resulting efferent sympathetic influence on the lower 
urinary tract is threefold: 

1. Closure of the vesical neck and proximal urethra is 
realized by direct stimulation of c~-adrenoceptors present 
in this region. 

2. The transmission of signals from the pre- to post- 
ganglionic parasympathetic nerve fibres, which mediate 
the micturition reflex, is inhibited at a ganglionic level. 

3. Stimulation of [3-adrenoceptors inside the bladder 
wall results in inhibition of detrusor activity. 

Bladder distension produces activity in pelvic nerve 
afferents, which stimulate, probably via an interneuron, 
Onuf's nucleus. Stimulation of Onuf's nucleus is respon- 
sible for the contraction of the striated urethral and peri- 
urethral musculature, the latter being a part of the pelvic 
floor (Blaivas 1982, 1985, 1990). 

Activity in pelvic nerve afferents stimulates the pelvic 
nucleus inside the sacral spinal cord as well. From here, 

Micturition (Fig. 3). Two major reflex pathways are 
described, both of which have an excitatory influence on 
the detrusor muscle: a brain stem reflex (Blaivas 1982, 
1985), and a reflex pathway organized on a sacral spinal 
level (Blaivas 1985). 

The brain stem reflex is responsible for a coordinated 
micturition and results in normal voiding. Pelvic nerve 
afferents originating in the bladder send signals to the 
pontine micturition centre. Descending spinal tracts fulfil 
two functions, one of which is the inhibition of reflexes 
underlying the storage function: 

1. Inhibition of the sympathetic vesicomotoneurons in 
thoracolumbar spinal cord segments opens the bladder 
neck, stops the direct inhibition of the detrusor body and 
ends the inhibition of parasympathetic efferent activity at 
a pelvic ganglionic level. 

2. Inhibition of Onuf's nucleus activity results in re- 
laxation of the external urethral sphincter. Micturition is 
initiated by a sudden and complete relaxation of striated 
urethral and pelvic floor musculature. 

The second function of the descending spinal tracts is 
the stimulation of the pelvic nucleus, resulting in bladder 
contraction. 

The sacral reflex arc mediates a parasympathetic re- 
flex. Pelvic nerve afferents originating in the bladder 
synapse in the pelvic nucleus. The signals sent through 
pelvic nerve efferents are no longer blocked at ganglion- 
ic level by a sympathetic influence (Blaivas 1990). 

End of micturition (Fig. 4). To end the micturition phase 
the cortex stimulates Onuf's nucleus via a direct cortico- 
spinal pathway. This results in efferent pudendal nerve 
activity and consequently in contraction of the striated 
muscles. The end of micturition is probably a complex 
neurological event, of which the above reflex is a part. 
Other control mechanisms have not yet been elucidated 
(Blaivas 1982). 

The Holstege model 

Circuitry (Fig. 1) 

Musculature of the lower urinary tract. Within the lower 
urinary tract the following muscular structures are de- 
scribed: the pelvic floor, including the intrinsic external 
urethral sphincter (pelvic floor & sphincter), the bladder, 
consisting of the smooth detrusor muscle (bladder), and 
smooth musculature of the bladder base and the urethra 
(smooth urethral muscul.). 

Sympathetic connections. A spinal vesicosympathetic re- 
flex is suggested. After entering the sacral spinal cord 

Fig. 31 Functional mechanisms during micturition as described by 
De Groat, Bradley, Blaivas, Holstege and associates 
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Fig. 4. Functional mechanisms during the end of micturition as 
described by De Groat, Bradley, Blaivas, Holstege and asso- 
ciates 

through the dorsal roots, bladder afferents are thought to 
synapse on a sacral intermediomedial cell group (bladder 
--+ sacral spinal cord ~ sacral intermediomedial), which 
in its turn connects with a lumbar mediolateral (sympa- 
thetic) cell group (Holstege and Griffiths 1990) (sacral 
intermediomedial ~ LI-L4). This suggestion is based 
on the following considerations: the pontine micturition 
centre, referred to as the dorsolateral pontine tegmentum 
(Holstege 1989; Holstege and Griffiths 1990), does not 
project directly to the lumbar intermediolateral (sympa- 
thetic) cell group. Neurons in the dorsolateral pontine 
tegmentum, medial to the locus coeruleus (M-region), 
project to the sacral intermediomedial cell group (M 
sacral intermediomedial). The M-region is thought to in- 
hibit the vesicosympathetic reflex during micturition. 
The sacral intermediomedial cell group is innervated by 
dorsal root afferents. Therefore, the sacral intermediome- 
dial cell group could be the missing link in the vesico- 
sympathetic reflex pathway (Holstege and Griffiths 
1990). 

Axons of sympathetic vesicomotoneurons, located in 
the intermediolateral cell group inside the lumbar cord, 
are carried in the pelvic and the hypogastric nerve. These 
sympathetic fibres innervate the smooth musculature of 

the urethra and the bladder base (L1-L4 ~ smooth ure- 
thral muscul.), terminate inside the bladder wall (LI-L4 
--~ bladder) and connect to the paravesical ganglia (Hol- 
stege and Griffiths 1990) (LI-L4 --+ paravesical ganglia). 

Somatic connections. Afferent nerve fibres from the pel- 
vic floor, including the intrinsic external urethral sphinc- 
ter; enter the sacral spinal cord through the dorsal roots 
(pelvic floor & sphincter -~ sacral spinal cord). The sac- 
ral intermediomedial cell group receives dorsal root af- 
ferents (Holstege and Griffiths 1990), but it is not clear 
whether afferent fibres from the pelvic floor project to 
the sacral intermediomedial cell group. 

The efferent somatic circuitry originates in a more lat- 
eral part of the dorsolateral pontine tegmentum, which is 
therefore named the L-region (Holstege and Griffiths 
1990; Griffiths et al. 1990). From the L-region, there is a 
descending spinal tract to the nucleus of Onuf in the sac- 
ral spinal cord (Griffiths et al. 1990) (L ~ Onuf's nucle- 
us). Onuf's nucleus relays to the intrinsic external ure~ 
thral sphincter and the pelvic floor (Onuf's nucleus --~ 
pelvic floor & sphincter). 

Parasympathetic connections. Bladder afferents enter the 
sacral spinal cord through the dorsal roots (Holstege and 
Griffiths 1990; Holstege 1989) (bladder --+ sacral spinal 
cord). A supraspinal bladder to bladder reflex pathway is 
mentioned, but no complete circuitry has been described 
(Holstege and Griffiths 1990). Information about the de- 
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gree of bladder filling is conveyed to supraspinal struc- 
tures, "...but specific sacral projections to the pontine 
micturition center have not been demonstrated. On the 
other hand, neurons in the sacral cord project very 
strongly to specific portions of the caudal half of the pe- 
riaqueductal gray (PAG)" (Holstege 1989) (sacral spinal 
cord ~ p-aqueductal grey). The periaqueductal grey is a 
subcortical structure. 

The M-region projects to the sacral intermediolateral 
cell group and to the sacral intermediomedial cell group 
(Holstege and Griffiths 1990) (M --~ sacral intermedio- 
lateral and M ~ sacral intermediomedial). Preganglionic 
parasympathetic neurons, located in the sacral intermedio- 
lateral cell group, use the pelvic nerve to innervate the 
bladder via paravesical ganglia (sacral intermediolateral 

paravesical ganglia -9 bladder). 

Supraspinal connections. In the cat, the preoptic area ly- 
ing just rostral to the hypothalamus seems to receive no 
afferent input. Although it is suggested that structures ros- 
tral to the pons receive information from the sacral spinal 
cord, no spinal tract is mentioned (Holstege and Griffiths 
1990). The output of the preoptic area is aimed towards 
the periaqueductal grey, a structure inside the mesenceph- 
alon, and the M-region of the pons (preoptic area --9 p- 
aqueductal grey and preoptic area --~ M). The periaque- 
ductal grey projects only to the M-region of the ports (p- 
aqueductal grey --9 M). The M- and L-region of the pons 
are reciprocally connected (Holstege 1989) (L ~ M). 

Micturition (Fig. 3). Specific projections from neurons in 
the sacral cord to the caudal half of the periaqueductal 
grey are reported (Holstege 1989; Holstege and Griffiths 
1990). It is suggested that information about the condi- 
tion of the bladder is conveyed to the periaqueductal grey 
and also to other structures rostral to the pontine micturi- 
tion centre. The preoptic area and a portion of the periaq- 
ueductal grey project to the M-region in the cat. Stimula- 
tion of these two structures results in micturition or mic- 
turitionlike contractions of the bladder. These areas possi- 
bly determine the onset of micturition (Holstege 1989). 

The onset of micturition takes place when the M-re- 
gion increasingly excites the sacral parasympathetic 
motoneurons, causing bladder contraction. Simulta- 
neously, the L-region, which is partly responsible for the 
closure of the urethra, is inhibited by the increased activ- 
ity of the M-region. This results in relaxation of the in- 
trinsic external urethral sphincter and the pelvic floor. 
The inhibitory influence of the vesicosympathetic reflex 
is eliminated by the M-region activity. The M-region 
sends signals to the sacral intermediomedial cell group 
that forms a part of the vesicosympathetic reflex arc. 
This opens the bladder neck and stops the inhibition of 
the detrusor body. 

End of micturition. No circuitry or control mechanisms 
are mentioned that could be responsible for the termina- 
tion of voiding. 

Control mechanisms 

A mechanism of major importance during the micturi- 
tion cycle is the reciprocal inhibitory effect of the M-re- 
gion and the L-region on each other, both being regions 
of the pontine micturition centre (Holstege 1989). This 
mutual inhibitory effect awaits further confirmation by 
physiological and anatomical data. 

Discussion 

The differences between the theories presented here are 
discussed, using the same schematic representation as 
before. The discussion is supported by using the flow 
charts (Figs. 1-4). 

Circuitry (Fig. 1) 

Storage (Fig. 2). Bladder filling activates the complex 
spinal vesicosympathetic pathway. Bladder afferents pass 
their signals through the sacral dorsal roots and synapse 
on the sacral intermediomedial cell group, which con- 
nects to a lumbar intermediolateral (sympathetic) cell 
group. Efferent sympathetic nerve activity originating in 
the lumbar cord inhibits bladder activity and stimulates 
the contraction of the smooth musculature of the urethra 
and the bladder base, thereby promoting continence. An 
increase in bladder pressure results in an increase of the 
sympathetic inhibitory activity, allowing the bladder to 
collect more fluid. Continuous activity of the L-region 
excites Onuf's nucleus; urethral closure is supported by 
contraction of the pelvic floor and the intrinsic external 
urethral sphincter (Holstege and Griffiths 1990; Holstege 
1989). Detrusor inhibition might be supported by the 
presumed inhibitory influence of the L-region on the M- 
region, although it has not been specifically noted (Hol- 
stege 1989). 

Musculature of the lower urinary tract. All authors dis- 
cern a smooth detrusor muscle and striated urethral mus- 
culature. The smooth muscle sphincter constitutes a sin- 
gle functional unit rather than an anatomical one and 
consists of smooth musculature from the proximal ure- 
thra, the trigone and/or the vesical neck. Bradley doubts 
the function of such a smooth muscle sphincter in pro- 
moting continence (Fletcher and Bradley 1978). 

All authors except De Groat discern a role for the pelvic 
floor musculature in the functioning of the lower urinary 
tract, but the anatomical interpretation of the pelvic floor 
musculature varies and remains vague. De Groat briefly 
mentions periurethral striated musculature in a recent paper 
(De Groat and Steers 1990), but this structure is thought to 
be complementary to the external urethral sphincter. 

Sympathetic connections. Two views are presented re- 
garding the most important sympathetic afferent connec- 
tions. 
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1. According to De Groat (De Groat and Lalley 1972; 
'De Groat et al. 1979b; De Groat and Steers 1990), Brad- 
ley et al. (1974) and Holstege and Griffiths (1990), blad- 
der afferents enter the sacral spinal cord and ascend to 
thoracic and/or lumbar segments. This is the afferent part 
of an intersegmental spinal vesicosympathetic reflex arc. 
Some authors have suggested that the bladder afferents 
are carried in the pelvic nerve (De Groat and Lalley 
1972; De Groat et al. 1979b; De Groat and Steers 1990; 
Bradley et al. 1974). Holstege suggests that the bladder 
afferents that enter in the sacral dorsal horn connect to a 
sacral intermediomedial cell group before they ascend to 
higher spinal levels (Holstege 1989; Holstege and Grif- 
fiths 1990). 

2. According to Blaivas, no intersegmental spinal re- 
flex occurs. Bladder afferents connect directly to thora- 
columbar spinal cord segments by the hypogastric nerve 
only. 

Afferents from the vesical neck and proximal urethra 
(Blaivas 1985, 1990) and from the bladder and urethra 
(De Groat and Steers 1990) are also directly connected 
to the thoracolumbar spinal cord segments by the hypo- 
gastric nerve, but no function in micturition control has 
been demonstrated. These connections are therefore not 
integrated into Figs. 1-4. 

In De Groat's and Blaivas' opinion, the pons projects 
to sympathetic vesicomotoneurons that are located inside 
the thoracolumbar spinal cord. Holstege denies the exis- 
tence of a connection between the pons and sympathetic 
vesicomotoneurons on a (thoraco-)lumbar spinal level. 
Holstege suggests that pontine structures (the M-region) 
project instead to a sacral intermediomedial cell group 
that takes part in the intersegmental vesicosympathetic 
circuitry. According to De Groat and Blaivas, lower tho- 
racic and higher lumbar spinal cord segments contain 
vesicosympathetic vesicomotoneurons, whereas Bradley 
and Holstege suggest lumbar segments only. 

According to Bradley and Blaivas, the sympathetic ef- 
ferent fibres are conveyed by the hypogastric nerve only. 
De Groat and Holstege also include the pelvic nerve in 
conveying sympathetic fibres to the lower urinary tract. 
Blaivas and De Groat describe the anatomical course of 
the hypogastric nerve to the lower urinary tract exten- 
sively, but in the description of micturition control they 
adopt a purely functional design of pathways. In all four 
theories, sympathetic nerve fibres synapse in the pelvic 
plexus or the pelvic ganglia. Blaivas specifically notes a 
(urogenital) short neuron system (Blaivas 1990). The 
smooth urethral musculature, the bladder base, and/or 
the trigone are innervated by sympathetic nerve fibres. 
De Groat, Blaivas and Holstege mention sympathetic fi- 
bres that innervate ~-adrenoceptors located inside the 
bladder wall. Bradley summarizes some sympathetic 
connections, but does not integrate them into his "loop 
concept". 

Somatic connections. De Groat, Bradley and Blaivas re- 
port bladder afferents that are conveyed by the pelvic 
nerve to terminate on Onuf's nucleus inside the sacral 

spinal cord. This connection is based on functional con- 
siderations (De Groat and Steers 1990) and electrical 
stimulation experiments with cats (Bradley and Teague 
1969d). 

The pelvic floor musculature (except in the theory of 
De Groat) and the striated urethral musculature are con- 
nected to the sacral spinal cord by pudendal nerve affer- 
ents. There are two views of what happens after the fi- 
bres enter the sacral spinal cord. According to De Groat 
and Holstege, the afferents synapse somewhere in the 
dorsal horn. Blaivas and Bradley believe that the afferent 
fibres terminate on Onuf's nucleus (pudendal nucleus), 
indicating a myostatic reflex arc. Blaivas notes that this 
connection has no function in micturition control and is 
therefore not integrated into Figs. 1-4. Bradley also dis- 
cerns afferent (somatic) fibres from the urethra, which 
probably travel to the sacral detrusor nucleus. 

The connection between the cortex and Onuf's nucle- 
us inside the sacral spinal cord is a point of discussion. 
Only Bradley mentions an ascending tract: sensory infor- 
mation from the pelvic floor and urinary sphincter passes 
cranially in the posterior columns of the spinal cord to 
terminate finally in the cortex. Bradley and Blaivas dis- 
cern a direct corticospinal tract involved in guiding 
Onuf's nucleus, whereas De Groat formulates an indirect 
corticospinal tract that synapses in the pontine micturi- 
tion centre. Blaivas notes, besides a direct corticospinal 
tract, an additional connection between the ports and 
Onuf's nucleus. Holstege mentions a similar tract from 
the L-region in the pons to Onuf's nucleus. Holstege 
notes that a direct cortical projection to Onuf's nucleus 
has not yet been demonstrated convincingly, but he men- 
tions no alternative circuit that could be responsible for 
the voluntary control of the striated urethral musculature 
(Holstege 1989; Holstege and Griffiths 1990). 

All four authors agree that the peripheral innervation 
of the striated urethral musculature and, where appropri- 
ate, the pelvic floor musculature originates in Onuf's nu- 
cleus inside the sacral spinal cord. In their view, the stri- 
ated urethral and pelvic floor musculature is innervated 
only by the pudendal nerve and not by the pelvic nerve. 

Parasympathetic connections. The most essential affer- 
ent pathway in micturition control is a matter for discus- 
sion. Bladder afferents are noticed which are conveyed 
by the pelvic nerve to the sacral spinal cord, entering 
through the dorsal roots. From this point, different opin- 
ions are held. 

Bradley and Blaivas mark "long-routed" afferents, i.e. 
afferents which enter the spinal cord, do not synapse, but 
rather ascend in the spinal cord to terminate in the pon- 
tine micturition centre. Blaivas also notes a spinal cir- 
cuit: a part of the afferent fibres do synapse on the sacral 
pelvic nucleus, i.e. the sacral intermediolateral cell 
group. De Groat does not share the view that the affer- 
ents are "long-routed" to the ports; in his opinion, the af- 
ferents first synapse in the sacral dorsal horn before they 
ascend to the pons. Holstege mentions bladder afferents 
entering the sacral spinal cord in the dorsal horn, but de- 
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scribes no synapses. Holstege remarks that no specific 
projection from the sacral spinal cord to the pontine mic- 
turition centre has yet been demonstrated. Instead, he 
mentions a connection between the sacral spinal cord 
and the periaqueductal grey of the cat. Both the periaq- 
ueductal grey and the preoptic area project to the pontine 
micturition centre (M-region). 

The efferent parasympathetic circuitry is the same in 
all four theories. From the pons, a projection is found to 
the sacral parasympathetic nucleus. This cell group sends 
parasympathetic preganglionic fibres through the pelvic 
nerve to synapse on neurons, constituting postganglionic 
fibres, inside ganglia of the pelvic plexus or inside gan- 
glia that are located closer to the bladder. In this context, 
De Groat mentions efferent fibres that originate from the 
sacral parasympathetic nucleus and terminate in the blad- 
der without synapses in the ganglia of the pelvic plexus. 

Supraspinal connections. According to De Groat's theo- 
ry, the cerebral cortex and diencephalon fulfil a function 
in the voluntary control of micturition; there is a short re- 
view in a recent paper, focusing on Holstege's ideas 
about supraspinal control of the micturition cycle (De 
Groat and Steers 1990). These ideas are not integrated 
into De Groat's circuitry, but in this paper they are dealt 
with in the description of Holstege's theory. Bradley not 
only pays attention to cortical structures, but also to the 
cerebellum. Although cerebellar organization of the mic- 
turition reflex is proposed (Bradley et al. 1974; Bradley 
and Teague 1969a, c), the connections and the functional 
role of this area during the micturition cycle remain un- 
clear. Blaivas discerns the cortex only as an important 
supraspinal structure in micturition control, in addition 
to the pontine micturition centre. Holstege divides the 
pontine micturition centre into a lateral region (L-region) 
and medial region (M-region), both having different con- 
nections and functions. Holstege also discerns the preop- 
tic area and the periaqueductal grey as supraspinal struc- 
tures involved in the control of the lower urinary tract in 
the cat. 

In three theories, supraspinal structures without in- 
coming connections can be discerned: the cortex accord- 
ing to the theories of De Groat and Blaivas and the pre- 
optic area according to the theory of Holstege. Control 
theory does not allow this isolation: such a system would 
not work properly. Every muscular structure on the effer- 
ent side that is under indirect or direct supraspinal con- 
trol has to send sensory information on the afferent side 
to supraspinal structures in order to close the circuit. Al- 
though the afferent somatic pathway as proposed by 
Bradley may be surprising from an anatomical point of 
view, the requirement that somehow information has to 
be passed to supraspinal structures is met. 

Differences in control mechanisms 

Storage (Fig. 2). A high degree of bladder filling is pos- 
sible due to the existence of several mechanisms that 

prevent urine passing the urethra and thus establishing 
continence. De Groat, Blaivas and Holstege report that 
the sympathetic nervous system has considerable influ- 
ence during bladder filling. The sympathetic nervous 
system now employs only spinally organized control 
mechanisms. The smooth musculature of the proximal 
urethra, bladder neck, and/or trigone is contracted. Inhi- 
bition of the parasympathetic neurons, which mediate the 
micturition reflex, by the sympathetic nervous system at 
a pelvic ganglionic level is mentioned by De Groat and 
Blaivas. Holstege, De Groat and Blaivas note a direct in- 
hibitory influence on bladder activity by the stimulation 
of [~-adrenoceptors inside the bladder wall. Holstege also 
suggests an inhibition of the detrusor muscle by fibres 
that synapse in the paravesical ganglia of the parasympa- 
thetic system. The functional consequences of this syn- 
apse are not indicated. 

Bradley describes only the role of the somatic nervous 
system for promoting continence. There is no internal 
sphincter (smooth muscle sphincter), trigone or bladder 
neck mechanism mentioned that could contribute to 
maintaining continence during the filling phase (Bradley 
1978), although a circular layer of urethral smooth mus- 
culature is partly responsible for regulating urethral re- 
sistance (Bradley et al. 1974). The proximal urethra is 
mainly occluded by the inherent tonicity of collagen and 
elastic fibres (Bradley et al. 1974). 

The somatic control mechanisms employed during 
storage differ. De Groat and Blaivas discern bladder af- 
ferents being carried to Onuf's nucleus in the pelvic 
nerve and being activated during storage. This results in 
contraction of striated urethral and, where appropriate, 
pelvic floor musculature on the efferent side (Fig. 2). To 
fulfil the same motor function Bradley employs pudendal 
nerve afferents instead, which originate in the urinary 
sphincter and pelvic floor and project to the pudendal 
nucleus. Holstege suggests a greater influence of the 
pontine micturition centre. Here, the L-region is the most 
rostral integrative structure during the filling phase. It in- 
hibits the supraspinal M-region and also activates the 
striated pelvic floor and sphincter muscles. 

Termination of guarding reflexes (Fig. 3). Before mictu- 
rition can fully develop, the sympathetic and somatic 
guarding reflexes that promote continence during the fill- 
ing phase of the bladder have to be eliminated in order to 
realize relaxation of all striated and relevant smooth ure- 
thral muscles. According to De Groat, Bradley and Blai- 
vas, bladder afferents send information about the degree 
of bladder filling to the pontine micturition centre. Hol- 
stege suggests that this information is being sent to the 
periaqueductal grey first before it is transferred to the M- 
region of the pontine micturition centre. 

In De Groat's and Blaivas' theories, just before mictu- 
rition the pontine micturition centre develops an inhibito- 
ry influence on vesicomotoneurons inside the thoraco- 
lumbar spinal cord and on Onuf's nucleus. De Groat 
mentions an additional inhibitory influence of the corti- 
cal/diencephalic structures on Onuf's nucleus. 
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Holstege claims that the M-region of the pontine mic- 
turition centre eliminates the effect of the sympathetic 
nervous system by inhibition of the sacral intermediome- 
dial cell group. Inhibition of the somatic nervous system 
happens on a supraspinal level only. The M-region of the 
pontine micturition centre inhibits the L-region, which 
controls the pelvic floor musculature and the striated 
urethral musculature. 

Bradley needs to explain the inhibition only of the so- 
matic nervous system. He claims a sacral spinal reflex 
mechanism, where high-level activity of bladder affer- 
ents results in inhibition of the pudendal nucleus and 
therefore relaxation of the urinary sphincter and pelvic 
floor shortly before and during micturition (Fig. 3). Note 
that Bradley uses for this mechanism the same pathways 
described by De Groat and Blaivas to explain the con- 
traction of the striated musculature during storage. 

Micturition (Fig. 3). Once the pelvic floor and striated 
urethral musculatures are relaxed and the urethra has 
opened, micturition can develop fully. The pontine mic- 
turition centre plays a central role in the development of 
micturition. The mechanisms proposed are in principle 
the same for all theories (Fig. 3). The pontine micturition 
centre stimulates the parasympathetic motoneurons, lo- 
cated in the sacral spinal cord and the resulting parasym- 
pathetic efferent activity stimulates the detrusor to con- 
tract. 

De Groat and Holstege discern a sacral spinal micturi- 
tion reflex system that is functionally non-existent in hu- 
mans and animals with an intact neuraxis (De Groat 
1975; De Groat et al. 1979b; De Groat and Steers 1990; 
Holstege 1989; Holstege and Griffiths 1990). Blaivas 
notes a sacral spinal parasympathetic pathway, of which 
the activity during the filling phase is inhibited by sym- 
pathetic discharges at a ganglionic level. De Groat and 
Bradley discern a "second reflex wave", initiated by 
urine flow in the urethra, which reinforces micturition. 

End ofmicturition (Fig. 4). The pathways and the control 
mechanisms underlying the termination of voiding re- 
main unclear. De Groat and Bradley propose recurrent 
inhibition of sacral parasympathetic preganglionic neu- 
rons as a mechanism that takes part in the termination of 
the micturition reflex. However, no anatomical evidence 
for the existence of recurrent collaterals from sacral 
parasympathetic fibres, which mediate the micturition 
reflex, has yet been found. 

Bradley and Blaivas formulate a direct corticospinal 
tract that makes voluntary control of the pelvic floor and 
striated urethral musculature possible. By contracting the 
pelvic floor and the striated urethral musculature, an un- 
known reflex pathway is activated, which results in re- 
laxation of the detrusor muscle. Bradley also notes that 
the connection between the cortex and the pontine mictu- 
rition centre is part of a control mechanism to terminate 
voiding, but gives no detailed explanation. 

Conclusions 

The review given in this paper on the anatomy and func- 
tion of the uropo~tic system demonstrates: 

1. Proposals in the literature regarding the reflex ar- 
ches and supraspinal connections involved in micturition 
and continence are different and sometimes contradictory. 

2. The significance of the sympathetic nervous system 
during bladder filling in humans is a matter for discus- 
sion. 

3. Little is known about how autonomic information 
of the lower urinary tract is relayed to supraspinal struc- 
tures. 

4. Information about supraspinal (inter)connections 
and their function in micturition control is still fragmen- 
tary, e.g. the existence of a direct corticospinal tract to 
the nucleus of Onuf. 

5. Control mechanisms active in terminating voiding 
are not totally clear. 

6. The role of the pelvic floor musculature during the 
micturition cycle remains vague, but is probably under- 
estimated. 

7. There is a marked discrepancy between neuroana- 
tomical knowledge and the functional descriptions of the 
micturition cycle. 

Future research on these subjects will be necessary to 
gain more insight into the micturition cycle and to devel- 
op a complete qualitative model, into which present neu- 
ro-anatomical knowledge can be integrated. 
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