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Propriospinal neurons involved in 
coordination of the bladder and urethra
Sergei Karnup*

Neural Control of the Lower Urinary Tract

The lower urinary tract (LUT) includes the bladder (BL) and urethra. The LUT has two 
functions: accumulation and storage of urine and elimination of urine from the body through 
micturition. These functions require tight coordination of the two organs to prevent undesirable 
leakage of the waste product and to allow for a timely and comfortable emptying of the bladder. 

The urethra contains three types of muscles: (a) the outer layer of striated muscles representing 
the external urethral sphincter (EUS) which extends from the bladder neck to 20-80% of the 
total urethral length and is much thicker in males compared to females [1-3], (b) a thick inner 
layer of the longitudinal smooth muscle and (c) a thin outer layer of the circular smooth muscle 
[4]. The longitudinal layer of the smooth muscle (SM) is ten times thicker than the surrounding 
circular smooth muscle [5]. The smooth muscles of the urethra are contracted during storage due 
to activation of α-adrenoceptors by norepinephrine released from the sympathetic hypogastric 
nerve and are relaxed during voiding via NO mechanism mediated by the parasympathetic pelvic 
nerve [6-8]. There is still no consensus on the role of smooth muscle in autonomic reflexes. 
However, the predominant concept is that contraction of the longitudinal urethral smooth muscle 
is important for the long-term maintenance of the tone at the initial stage of urine accumulation 
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(the guarding reflex), when pressure in the bladder is relatively low. 
The striated muscle of the EUS contributes more to urethral tone 
later, when bladder pressure increases [9-11]. Despite very sparse 
research on the SM, it seems that it alone cannot maintain high 
urethral pressure coordinated with increasing bladder pressure to 
prevent incontinence. Intracellular microelectrode recordings in 
vitro have shown that smooth myocytes can spontaneously generate 
slow (~1 sec) Ca2+-dependent “spikes” separated by quiescent 
periods of ~5-10 sec. These events were uncoordinated among 
muscle cells and did not spread across the tissue [12]. However, it is 
possible that some number of random but concomitantly occurring 
asynchronous electrical events and the associated contractions, 
sum to form an overall tonic contraction. Experiments with Ca2+-
sensitive fluorescent indicators also have shown asynchronous 
intracellular Ca2+ transients with no correlation between any 
particular muscle fibers and the muscle contraction [13]. While 
distinct Ca2+ events could be imaged within individual cells, there 
was no intercellular propagation of a Ca-wave within smooth muscle 
bundles [14]. The asynchronous spontaneous activity in the smooth 
muscle can be modulated by autonomic neurotransmitters such as 
nitric oxide, adenosine triphosphate, and noradrenaline [15,16]. 
Release of nitric oxide (NO, the primary inhibitory transmitter in 
the urethra) is mediated through the pelvic nerve originating from 
the parasympathetic preganglionic neurons in sacral/lower lumbar 
spinal segments. Release of norepinephrine (NE, the primary 
excitatory transmitter) results from activation of the hypogastric 
nerve, originating from sympathetic preganglionic neurons in the 
upper lumbar segments [6,17]. The lack of coordination between 
myocytes of the smooth muscle makes it unlikely to perform fast and 
coordinated reflective voiding contraction observed in micturition 
reflex. However, integrated contraction of longitudinal fibers results 
in the overall shortening and thickening of the SM. The latter 
expands both inside and outside. Expansion to the inside closes the 
lumen, whereas expansion to the outside stretches a thin (and likely 
weak) layer of circular smooth fibers along with the more robust 
EUS striated muscle surrounding the urethra. It is the EUS tonic 
activity that can effectively counteract the outside expansion of SM 
and maintain the closure of the lumen. Furthermore, when EUS 
contracts it uses the thickened smooth muscle as a plug to keep 
the urethral lumen tightly closed when BL pressure increases [18]. 
Thus, the smooth muscle of the urethra plays a significant role in the 
guarding reflex. In the micturition reflex it plays a supportive role, 
whereas the striated muscle of the external urethral sphincter is the 
main contributor to contraction of urethra at high bladder pressure 
as well as to relaxation of urethra during voluntary or reflexive 
voiding.

The BL and EUS muscles normally work in a highly coordinated 
reciprocal manner. During urine accumulation the smooth BL 
muscle is relaxed, whereas EUS is tonically contracted. On the 
contrary, during voiding the BL muscle contracts and EUS relaxes. 
Neural control of the bladder and urethra have been intensely 
studied and documented (reviewed in [17,19-24]). In mammals, all 
spinal output neurons for the LUT are located in the lower lumbar 
and upper sacral segments of the spinal cord. Motoneurons for the 
EUS (EUS-MNs) in rats and mice create a compact cluster called 
Onuf ’s nucleus in the ventral horn of L6-S1 segments (Figure 1). 
In cats Onuf ’s nucleus is in S1-S2 segments and in humans it is in 
S1-S3 segments [19].  Efferent signals from EUS-MNs reach the 
striated muscle of the EUS directly via pudendal nerve. The smooth 

muscle of the bladder receives indirect input from preganglionic 
parasympathetic neurons (PPNs) located in the intermediolateral 
nucleus (IML) of the same segments. Via the pelvic nerve axons of 
PPNs reach the ganglion cells, which represent actual motoneurons 
of the BL smooth muscle. Cellular elements of intraspinal circuits for 
LUT control can be revealed using trans-synaptic retrograde labeling 
with pseudorabies virus (PRV) encoding for a fluorescent marker 
[25,26]. PPNs and EUS-MNs are considered the first order spinal 
neurons retrogradely labeled from the target organs. Apart from 
PPNs and EUS-MNs, the retrograde transsynaptic tracing either 
from BL or from EUS muscles has revealed populations of local 
intrasegmental interneurons synaptically connected to the output 
neurons, and, therefore representing the second order cells. In the 
rat, a compact pool of these interneurons was found in the dorsal 
commissure (DCM) of L6-S1 segments above the central canal 
(CC) [25-28] (Figure 1). Interestingly, interneurons presynaptic to 
EUS-MNs are intermingled with interneurons presynaptic to PPNs 
and occupy the same area in DCM [26,27]. In addition, it is likely 
that not all local interneurons retrogradely labeled by PRV establish 
synaptic contacts with EUS-MNs or/and PPNs. Some of them may 
represent the third order cells of the LUT circuit being infected 
through the second order cells.

Infection and labeling of the 3rd order interneurons presynaptic 
to 2nd order cells is practically inevitable because of variations in 
trans-synaptic spread of PRV through neuronal chains and variations 
in expression of a virus-encoded fluorescent marker. However, 
separation of labeled neurons of 2nd and 3rd order was possible using 
noticeably graded differences in the fluorescence intensity between 
cells in a narrow time window following virus injection into the 
muscle. In P30-P35 rat spinal interneurons of the 2nd and 3rd orders 
traced from the EUS were found above the central canal in the DCM 
of L6-S1 segments; interneurons of the 2nd and 3rd orders traced from 
the BL wall were located in essentially the same area [26]. These 
overlapping distributions of interneurons imply synaptic interactions 
between EUS and BL circuits. Indeed, a substantial number of 
neurons in L6-S1 DCM showed double labeling after simultaneous 
injections of two different tracers into BL and EUS muscles, 
revealing cellular elements involved in interaction and, possibly, 
coordination of BL and EUS functional states [26,27]. In the DCM 
double-labeled cells presynaptic to both EUS-MNs and to BL- PPNs 
comprise ~20% of all EUS- related 2nd order cell and ~24% of 
all BL-related 2nd order cells [26]. Thus, there is a complex spinal 
network supporting LUT functions. The current concept of LUT 
regulation suggests that urine accumulation and storage (guarding 
reflex) is controlled by the L6-S1 intraspinal circuit. However, this 
circuit alone was found to be insufficient for organization of reflex 
voiding or deliberate voiding. Despite the smooth muscle of the 
bladder wall slowly contracts via autonomic control, its contractions 
alone are not sufficient for voiding. Urine release is ultimately gated 
by the EUS, which is normally constricted, but relaxes to allow urine 
flow when the BL is full and micturition reflex turns on. Relaxation 
of the EUS is difficult or impossible in patients and animals after 
spinal cord injury (SCI) because SCI disrupts communication of 
lumbar-sacral segments with supraspinal structures taking part in 
LUT regulation [29-32]. Trans-synaptic PRV tracing has identified 
populations of neurons involved in control of the BL and EUS in 
the brainstem pontine micturition center, periaqueductal grey, raphe 
nucleus, locus coeruleus, hypothalamus, thalamus and some areas 
of the neocortex [25,27,28,33-36]. The main supraspinal structure 
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controlling the switch from urine storage to elimination is the 
pontine micturition center (PMC) [37]. The PMC contains two 
major groups of neurons. One of them expresses the corticotropin 
releasing hormone (CRT+ cells) [38-40]. Optogenetic stimulation 
of these cells leads to bladder contraction and increase of intravesical 
pressure [41]. The other group of PMC neurons expresses estrogen 
receptor 1 (ESR1+ cells) and projects down to L6-S2 in mice and 
rats. Their axons profoundly ramify within the dorsal commissure. 
Optogenetic stimulation of ESR1+ neurons results in EUS bursting 
and efficient voiding in anesthetized and behaving animals [42]. 
Thus, disruption of PMC-to-L6/S1 connections seems to be critical 
for organization of reciprocally coordinated contractions and 
relaxations of the BL and EUS.

After spinal cord injury rostral to the lumbar level the bladder 
initially becomes areflexic, whereas the EUS remains tonically 
active resulting in complete urinary retention. In a few weeks post-
SCI bladder overactivity slowly develops, but voiding is usually 
inefficient due to simultaneous contractions of the BL and EUS 
[29,43]. With longer post-SCI time, the ability to void recovers, and 
filling of the bladder to some threshold level initiates opening of 
the urethra and release of urine. This restoration of reflex voiding 
indicates unmasking of previously dormant or development of 
new intraspinal circuit capable of at least partial compensation of 
detrusor-sphincter-dyssynergy.

In rats, EUS relaxation is not persistent during voiding. In spinal 
intact (SI) animals it is represented by a series of short pauses between 
rhythmically occurring EMG bursts. These alternating bursts-pauses 
indicate intermittent synchronized contractions of many motor 
units in the EUS periodically interrupted by a complete block of 
their activity [17,44,45]. This series of rhythmic contractions of 
the circular striated muscle works like a peristaltic pump forcefully 
expelling urine from urethra and increasing efficiency of voiding. In 
chronically spinalized animals, recovery of reflex voiding correlates 
with re-appearance of EUS bursting. Therefore, EUS bursting is 
a good indicator of recovery after SCI in rats and mice [46-48]. 
However, despite wide usage of EUS bursting in neurourological 
experiments, the neural mechanism of this phenomenon is still 
unclear. EUS-MNs themselves are incapable of generating bursts 
of spikes [49]. To explain occurrence of rhythmic EMG-bursting 
during ejaculation in mammals as well as during voiding in rats some 
authors suggest presence of an intraspinal central pattern generator 
by analogy with the circuitry supporting coordinated locomotion 
[50,51]. However, no evidence of such a rhythm-generating network 
or pacemaking neurons presynaptic to EUS-MNs and activated 
during voiding has been demonstrated. 

Thus, BL-EUS coordinating mechanisms clearly survive after 
complete removal of supraspinal control. Nevertheless, it is still 
unclear what are these remaining mechanisms and what intraspinal 
structures are involved in compensation of supraspinal deficiency. 
It seems that these mechanisms slowly emerge after SCI following 
re-balancing of neuronal activity or rewiring in existing circuits and 
possible recruitment of some additional circuits [29].

Propriospinal Neurons of the LUT

The likely candidate to an additional circuit which is able to 
substitute the lacking supraspinal afferentation is the recently 
found small population of interneurons located near the central 
canal in L3-L4 segments and projecting their axons into L6-S1 
[26,52]. Intraspinal neurons projecting through a few or many 
spinal segments to provide intersegmental communication are 
called propriospinal neurons (PNs). They participate in complex 
motor reflexes and have been found to play a critical role in motor 
control and sensory processing [53-55]. Furthermore, they form 
indirect CNS-to-spinal cord connections which are phylogenetically 
older than direct connections from the motor cortex to spinal 
motoneurons. These seemingly redundant relict connections may 
again play a role after an evolutionary newer system is impaired.  
Recent studies demonstrate that propriospinal neurons are actively 
involved in restoration of locomotion after spinal cord injuries [56-
59]. Therefore, it is plausible that the LUT system conserved an 
auxiliary mechanism subserving BL-EUS coordination. It was found 
that in rats and mice full transection of the spinal cord above L3-

 

 
  

Figure 1: Schematic of innervation of the bladder (BL) and external 
urethral sphincter (EUS) from lumbo-sacral segments of the rat 
spinal cord (connections with supralumbar structures are not 
included). Intermediolateral nucleus (IML) contains parasympathetic 
preganglionic neurons (PPNs, red septagons) innervating the smooth 
bladder muscle. Onuf’s nucleus contains motoneurons (EUS-MNs, 
green triangles) innervating striated muscle of the external urethral 
sphincter. Dorsal commissure (DCM) in L6-S1 segments contains 
local interneurons presynaptic either to BL, or to EUS, or to both. 
Lumbar spinal coordinating center (LSCC) in L3-L4 segments contains 
propriospinal neurons (PNs) presynaptic either to BL, or to EUS, or to 
both. Axons of propriospinal neurons descend within ventral column 
to L6-S1 segments where they ramify in the lower portion of ventral 
horn. Possible targets of PNs may be not only somata and/or dendrites 
of EUS-MNs, but also other LUT-related neurons. The central canal is 
depicted by a hollow circle. 
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L4 lumbar segments does not prevent restoration of reflex voiding 
and accompanying EUS reflex bursting, but voiding and bursting do 
not recover after transection in or below L3-L4 [44]. Therefore, L3-
L4 segments have been hypothesized to contain an auxiliary EUS-
related circuit which somewhat substitutes loss of afferentation from 
supraspinal structures. Functional importance of an upper lumbar 
circuit for sphincter relaxation was also shown in experiments with 
epidural stimulation above L3 in rats, which in combination with a 
serotonergic receptor agonist elicited bursting in EUS and facilitated 
voiding [60]. Involvement of L3-L4 in micturition was also indicated 
by significant increase in the number of neurons expressing c-fos 
in the L3-L4 medial gray observed in experiments with urogenital 
reflex [61]. The hypothetical L3-L4 LUT-related circuit was named 
the lumbar spinal coordinating center (LSCC) [44]. Its existence 
was anatomically confirmed in recent tracing experiments with 
pseudorabies virus expressing either green or red fluorescent proteins 
(PRV-GFP or PRV-RFP) [26,52]. To our surprise simultaneous 
injections of PRV-RFP in the bladder wall and PRV-GFP in the EUS 
revealed that LSCC consists not only of EUS-related PNs, but also of 
a comparable number of propriospinal neurons traced from the BL. 
Above and lateral to the central canal in L3-L4 segments we found 
horseshoe-shaped populations of labeled propriospinal interneurons 
monosynaptically targeting either PPNs, or EUS-MNs (Figure 2). In 
the L3-L4 LSCC the EUS- and BL-related interneurons occupied the 
same area near the central canal, similar to that in the L6-S1 DCM. 
Some neurons in this area demonstrated double-labeling, indicating 
involvement in both circuits (yellow cells in Fig.2). In the LSCC 
double-labeled propriospinal neurons simultaneously presynaptic to 
EUS-MNs and to BL-PPNs comprise ~22% of all EUS-PNs and 
~17% of all BL-PNs [26]. Injection of the anteretrograde tracer AAV-
GFP into LSCC has shown that descending axons of PNs converge 
into the ventral column, reach L6-S1 and form a dense arborization 
in the ventral horn around Onuf ’s nucleus [26].  Apart from PNs 
which are the 2nd order neurons, there is an even greater number of 
3rd order interneurons local to L3-L4 and involved in control of the 
LUT [26]. Assuming that after chronic SCI a synaptic input from 
the LSCC to L6-S1 becomes strengthened or re-organized, one may 
consider the LUT-related population of spinal interneurons as the 
anatomical substrate for post-SCI recovery of reflex voiding.

Studies of detailed structure and physiological properties of 
the LSCC are in their initial stage. Presence of LUT-related L3-L4 
propriospinal neurons synaptically connected to targets in L6-S1 
segments was demonstrated in juvenile rats of P18-P20 and P30-P35 
[26,52]. Propriospinal neurons of the EUS circuit were also found in 
L3-L4 segments of adult rats and mice (unpublished observations). 

It is still unknown whether the LSCC is present in other species 
like cats, monkeys or humans. In rats some PNs not only project 
caudally to L6-S1, but also have axonal collaterals spreading locally 
in the LSCC [52]. In the spinal cord slices (in vitro preparation) 
PNs receive mono- or polysynaptic excitatory inputs from distances 
up to 500-700 µm laterally (in transverse slices) and from up to 1 
mm in rostro-caudal direction (in horizontal or parasagittal slices). 
Inhibitory inputs to PNs in these preparations are rare and weak. 
Besides, evoked IPSPs faded after a few stimuli were applied in the 
nearby grey matter and there were no IPSPs from longer distances. 
The majority of EUS-PNs responded by tonic firing to intracellular 
depolarizing current pulses, and only a few EUS-PNs were defined 
as phasic or single-spiking cells. None of PNs showed pacemaking 
or bursting activity [52]. Thus, LSCC contains neither intrinsically 
bursting neurons, nor a sufficiently powerful internal inhibitory 
loop to form network oscillations and generate a burst-like rhythmic 
excitatory output. Therefore, LSCC cannot serve as a central pattern 
generator for inducing   rhythmic bursts in EUS-MNs. It is more 
likely that LSCC generates a tonic excitatory barrage of various 
intensity modulating activity of L6-S1 circuits. This descending 
barrage is probably strengthened in chronic SCI animals. In 
post-SCI mice C-fiber afferent pathways become hyperexcitable, 
demonstrating decreased spike thresholds and increased firing 
rate of sensory neurons compared with SI mice [62,63], which 
increases impact of the nociceptive C-fiber input from BL to the 
spinal cord. The deficiency of supraspinal signaling usually leads to 
sprouting, enhancement of remaining synaptic contacts and creation 
of additional contacts within local circuits [64-67]. Hence, it is 
plausible that post-traumatic plastic changes of LUT-related circuits 
lead to significantly enhanced excitatory input from LSCC to EUS-
MNs, to PPNs and probably to some local neurons in L6-S1. Our 
tracing experiments combined with immunolabeling by a specific 
marker for GABA- and glycinergic cells Pax2 have shown that only ~ 
8% of all PRV-labeled EUS-related PNs in LSCC could be classified 
as inhibitory neurons [26].  Observation of infrequent and weak 
inhibitory inputs to PNs and a low percentage of inhibitory neurons 
among them lead to a conclusion that LSCC is sensitive to excitation, 
but cannot be easily inhibited. Furthermore, the percentage of Pax2+ 
local interneurons in the DCM was ~3%, i.e., even lower than in 
the LSCC [26]. The latter implies that inhibitory neurons blocking 
EUS-MNs activity and causing relaxation of the EUS are located 
not in the DCM, but somewhere else. A possible location of these 
neurons is the Onuf ’s nucleus itself or its closest vicinity. A reason 
why they have not been found earlier may be the fact that viral 
trans-synaptic tracing does not allow reliable separation of the first 

 
  Figure 2: Trans-synaptically traced interneurons in the upper L4 of a P35 male rat. Concomitant injections of PRV-GFP in the EUS (A) and PRV-RFP in 

the bladder wall (B) resulted in three main types of labeling: purely green neurons included only in the EUS circuit, purely red cells included only in 
the bladder circuit and cells expressing green and red fluorescent proteins (yellow color in C=A+B) for cells involved in both circuits. 
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order neurons (i.e., EUS-MNs) from presynaptic to them adjacent 
neurons of the second order if these cells packed together into in a 
seemingly inseparable compact cluster.

Hypothetical Spinal Circuit of EUS Bursting

We hypothesize that the burst-generating mechanism in rats as 
well as EUS-relaxing mechanism in cats and humans is located in 
L6-S1, S1-S2 and S1-S3 respectively. The proposed model (Figure 3) 
suggests that in healthy rats lumbo-sacral burst-generating circuit is 
dormant until a strong excitatory signal comes from the PMC at the 
peak of bladder contraction.

In this model of LUT-related spinal circuit (Figure 3), the sensory 
input from the bladder correlating with BL filling is delivered via Aδ 
sensory fibers into the dorsal horn. In a spinal intact (SI) animal 
it is distributed to PPNs, EUS-MNs, DCM and PMC through 
corresponding interneurons (Figure 3A). Since the DCM consists 
predominantly of excitatory interneurons presynaptic to the EUS 
[26], it is well suited to serve as an amplifier for sensory afferentation 
from the bladder as well as for the descending supraspinal excitatory 

input from the PMC. Therefore, during urine accumulation the 
DCM is increasingly activated by afferentation from the bladder. In 
turn, DCM sends amplified excitatory barrage to Onuf ’s nucleus. 
An essential component of the model is the existence of a specific 
recurrent inhibitory loop created by axonal collaterals of EUS-MNs 
to some Renshaw-like inhibitory interneurons (InhINs). These 
InhINs can be activated only at the highest level of EUS-MNs’ 
tonic firing. Their axons project back onto somata or dendrites of 
EUS-MNs. As the voiding contraction of the BL starts, intravesical 
pressure rises faster and steeper than during storage, which results 
in sharp rise of Aδ -afferentation. The latter leads to involvement 
of more and more EUS-MNs and to the increase of intensity of the 
summated tonic firing [46,68]. We hypothesize that in SI animals 
at the peak of BL pressure an additional excitatory flow arrives 
from the PMC to DCM. After amplification by DCM this flow 
runs further to EUS-MNs sharply boosting their tonic firing up to 
the level when an inhibitory feedback loop is activated.  As soon 
as the InhINs’ pool starts firing, all EUS-MNs become silent for a 
period ~100 ms, i.e., for duration of an average pop-IPSP. During 
this inhibitory pause the EUS is relaxed and a portion of urine is 

 
  

Figure 3: The model of the intraspinal circuit supporting reflex voiding in the rat. A – Neural control of the EUS in intact animal. Excitatory synaptic 
connections are designated by arrows and inhibitory synapses are designated by filled circles. The midbrain pontine micturition center (PMC) 
delivers descending signals to the dorsal commissure (DCM) in L6-S1 spinal segments. Excitatory neurons of DCM are presynaptic to parasympathetic 
preganglionic neurons (PPNs) located in the intermediolateral nucleus (IML) and to motoneurons of the external urethral sphincter (EUS-MNs) 
located in Onuf’s nucleus. Excitatory input from the bladder is polysynaptically transmitted via sensory neurons in the dorsal horn to PPNs and 
to DCM. When DCM is sufficiently excited by the combined input from the BL afferents and the PMC, it is capable to increase excitation level of 
EUS-MNs to the point of activation of IhnINs. Feedback inhibition of EUS-MN pool by InhINs interrupts tonic firing of the former, creates a short 
pause in their tonic firing and synchronizes the following rebound excitation in the entire Onuf’s nucleus. B – Impaired control of the EUS after SCI. 
Transection of the spinal cord above lumbar segments eliminates supraspinal input from the PMC. At the initial post-SCI stage afferentation from the 
BL is insufficient to adequately activate DCM interneurons and initiate recurrent inhibition; thinner lines of pathways designate weakened synaptic 
inputs from DCM to EUS-MN and from EUS-MN to InhIN. However, EUS-MNs generate persistent tonic firing sufficient to EUS contraction, so that the 
EUS cannot relax despite high pressure in the bladder. C – Restoration of reflexive voiding in chronic SCI animal. Enhanced descending excitatory 
input from LSCC directly to EUS-MNs compensates for the lack of PNC input. Enhancement of synaptic inputs is depicted by thickened lines of 
corresponding pathways. 
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released. Without excitatory drive from EUS-MNs and without 
another source of excitation, all InhINs become inactive at the same 
time. With disappearance of feedback inhibition high intensity tonic 
EUS-MNs’ firing is resumed because it is persistently fed by the 
strong input from the DCM. However, this rebound firing of EUS-
MNs cannot last long, because InhINs are synchronously activated 
again by the rebound volley from EUS-MNs. Repetition of the cycle 
creates a series of population bursts in the EMG of the EUS lasting as 
long as the sufficient combined drive from DCM and PMC persists. 
The concept of alternating populational excitation/inhibition based 
on multiple random feedback inhibitory connections is widely used 
to explain network oscillations in the CNS. The EEG-waves in the 
cortex, theta-bursts in the hippocampus or rhythms in other brain 
structures are produced by this mechanism. In the spinal cord, 
networks are relatively small and clusters of specialized neurons are 
more compact. The consequence of this is higher frequency and 
more prominent expression of excitatory/inhibitory oscillations as 
it is observed, for instance, in studies of locomotion. It is likely, that 
in the LUT-related circuit with a small   specialized network of a 
limited number of elements, expression of alternating excitation 
and inhibition reaches its extreme by generating succession of theta-
bursts divided by periods of total silence. 

Another version of this circuit implies non-uniformity of EUS-
MN population. In the cat half of EUS-MNs had recurrent axonal 
collaterals, which terminated within Onuf ’s nucleus and the ventral 
border of lamina VIII [69]. These EUS-MNs were significantly 
larger than those without collaterals. Since larger neurons usually 
have lower input resistance and larger rheobase, they would need 
stronger excitatory input to start firing spikes, and they can be 
recruited into firing activity later than low-threshold EUS-MNs. 
Thus, if such EUS-MNs are present in rats and mice, they may be 
responsible for activating feedback inhibition by turning on only 
after an additional input from PMC adds to afferentation from 
the BL. Without an additional input from PMC after spinal cord 
injury above L3-L4, the tonic activity of EUS-MNs in acute SCI 
rats is present, but it is insufficient to elicit InhINs and produce 
EUS bursting. In this case feedback inhibition cannot occur and the 
EUS remains contracted (Figure 3B). In later post-SCI time after 
development of plastic changes, the spinal LUT system becomes 
capable of coordinating BL and EUS muscles (Figure 3C). Reflex 
voiding recovers due to enhanced input from C-fibers, sprouting 
in L3-L4 and L6-S1, and most importantly due to enhancement 
of propriospinal excitatory input from the LSCC. The LSCC input 
does not target the DCM. Instead, it directly targets EUS-MNs 
though enhanced descending propriospinal connections and adds 
the lacking portion to insufficient excitatory input from DCM. 

Thus, the model suggests that restoration of bursting in rats 
may occur due to reorganized feeding of the recurrent inhibitory 
circuit with increased impact of propriospinal neurons. The model 
explains why the intact L3-L4 circuit is essential for restoration of 
reflexive voiding:  destruction of LSCC eliminates the descending 
propriospinal input to EUS-MNs and does not allow activation of 
InhINs. This is why after transection of the spinal cord above L3-
L4 voiding and EUS bursting restore, but after transection at L4 
reflexive voiding cannot recover [46].

To explain why in cats and humans voiding is not accompanied 
by EUS bursting, the inhibitory circuit in the model should be 
slightly modified. In Figure 3 dashed arrows designate hypothetical 

direct synapsing of InhINs by LSCC PNs. If such direct connections 
PNs-to-InhINs exist, there are two scenarios: (1) the LSCC input 
concomitantly excites both InhINs and EUS-MNs, and (2) LSCC 
input targets predominantly InhINs, while its inputs to EUS-MNs 
are weak and ineffective. In the first scenario the input from LSCC 
to InhINs must overwhelm the joint LSCC+DCM input to EUS-
MNs. Therefore, activation of LSCC at the peak of BL pressure 
would induce a long-lasting block in the whole EUS-MNs’ pool. In 
the second scenario a sufficiently strong LSCC input just activates 
InhINs’ firing. In both cases suppression of EUS-MNs activity will 
persist until the LSCC input weakens. Thus, feedforward but not 
feedback inhibition will produce EUS relaxation and EUS bursting 
will not occur. Such modifications of the LUT neural network during 
evolution of species is more likely to happen than a less probable 
option of completely different arrangement of the LUT circuits 
in different species. Unfortunately, no studies of the LUT spinal 
circuits in human or chimpanzee have been done. Therefore, we can 
only assume that some features of their structure and function may 
be analogous to that in other mammals.

The above model predicts existence of recurrent inhibition 
arranged by a set of interneurons located in the immediate vicinity of 
Onuf ’s nucleus. It also suggests a reason for diversity of EUS function 
during voiding in different species. Complete EUS relaxation 
without bursting requires a powerful source of tonic excitatory input 
to InhINs, which in SI animals may come as a PMC signal amplified 
by the spinal excitatory network. EUS bursting occurs when this 
input is not strong enough to maintain persistent InhINs’ firing, 
so that InhINs require an additional excitatory input from EUS-
MNs’ axonal collaterals to be activated. Both modes of activity can 
be realized on the same anatomical arrangement with slight changes 
in the LUT-related network. The difference is only in the number 
and efficacy of synaptic inputs from recurrent vs. direct excitation 
of inhibitory neurons targeting EUS-MNs. Future experiments 
will either confirm or reject this hypothetical organization of 
interneuronal LUT-related circuit.
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