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Membrane Potential Changes in Sphincter Motoneurons during 
Micturition in the Decerebrate Cat 
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Intracellular recordings from external urethral sphincter (EUS) 
and external anal sphincter (EAS) motoneurons were ob- 
tained during micturition in the decerebrate cat. The neural 
circuitry mediating micturition was activated by distension 
of the bladder or by electrical stimulation of the pontine 
micturition center (PMC). During micturition, the membrane 
potential of EUS motoneurons hyperpolarized 3-9 mV, during 
which time the motoneuron somatic membrane conductance 
increased. The membrane hyperpolarization could be re- 
versed with passive diffusion or active ejection of chloride 
from the intracellular microelectrode into the motoneuron. In 
contrast, the membrane potential of EAS motoneurons either 
depolarized slightly or showed no change during micturition. 
We have shown that the neural circuitry mediating micturition 
can influence the EUS and EAS independently. In addition, 
stimulation of the PMC provides a valuable tool for identi- 
fying spinal neurons mediating the postsynaptic inhibition 
of EUS motoneurons during micturition. 

[Key words: input resistance, sacral, pudendal, micturi- 
tion, urethra, bladder] 

The skeletal muscles of the external urethral sphincter (EUS) 
and external anal sphincter (EAS) are important in the main- 
tenance of urinary and fecal continence and in facilitating the 
expulsion phase of micturition and defecation. Inappropriate 
activation or relaxation of these sphincters results in significant 
clinical dysfunction (for reviews, see DeGroat, 1990; Dubrovsky 
and Filipini, 1990). Both striated sphincter muscles are inner- 
vated by a-motoneurons located in the ventral horn ofthe sacral 
spinal cord. Collectively, these cells are commonly called pu- 
dendal or sphincter motoneurons and are often referred to as 
Onuf s nucleus. Studies using intracellular recordings from sin- 
gle sphincter motoneurons have shown that EUS and EAS mo- 
toneurons have comparable membrane electrical properties 
(Hochman et al., 199 1; Sasaki, 199 1) and similar segmental and 
supraspinal synaptic inputs (Bradley and Teague, 1977; Mackel, 
1979; Fedirchuk et al., 1990, 1992). During micturition, EUS 
activity decreases while activity in the EAS can remain or in- 
crease (Fedirchuk and Shefchyk, 199 1; see also Dubrovsky and 
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Filipini, 1990). The suppression of EUS activity during mic- 
turition could be explained by a direct inhibitory synaptic input 
on the motoneurons or actions at a premotoneuronal site (i.e., 
primary afferents or intemeurons). Intracellular recording from 
these motoneurons during micturition can examine this ques- 
tion directly. 

The inherent slowness of producing a distension-evoked reflex 
void by filling the bladder with fluid increases the difficulty of 
experiments in which one seeks to record intracellularly from 
small spinal neurons. Thus, the present experiments use both 
bladder infusion and electrical stimulation of the pontine mic- 
turition center (PMC) (Sugaya et al., 1987; Noto et al., 1989; 
Shefchyk, 1989; Kruse et al., 1990; Fedirchuk and Shefchyk, 
1991; Mallory et al., 199 1) to evoke micturition during intra- 
cellular recordings from EUS and EAS motoneurons. 

Portions of these data have been presented in abstract form 
(Fedirchuk et al., 1990, 199 1). 

Materials and Methods 
Data were obtained from 17 precollicular postmammillary decerebrate 
male cats weighing between 2.2 and 3.8 kg. Halothane delivered in a 
mixture of oxygen and nitrous oxide was used to induce (5% halothane) 
and maintain anesthesia (0.8-1.5%) throughout the surgery until the 
decerebration was completed. General surgical procedures and main- 
tenance of the animal are described by Fedirchuk et al. (1992). A lateral 
incision at the base of the tail exposed the ischio-rectal cavity. The 
exposed branches of the ipsilateral pudendal nerve innervating the EUS 
and EAS muscles were separated from surrounding tissue, cut, and 
placed on silver bipolar electrodes that could be used for either stim- 
ulating or recording. Laminectomy exposed the L6-S3 spinal cord, and 
the animal was placed in a spinal cord recording frame. 

Mictutition was evoked in one of two ways. In 13 animals, a saline 
solution (0.9% NaCI, 35°C 2 ml/min) was infused into the bladder via 
the suprapubic catheter until the micturition threshold volume was 
reached (7-27 ml). At the threshold volume, the bladder pressure would 
increase and the EUS electroneurographic (ENG) activity would de- 
crease, during which time fluid in the bladder was expelled in a contin- 
uous stream. In four cats the bladder neck was ligated and infusion of 
fluid into the bladder continued until periodic isometric bladder con- 
tractions began. Infusion was then stopped and the periodic contractions 
continued as long as the volume in the bladder was maintained. The 
peak pressure during each of these isometric micturition contractions 
was comparable to, or greater than, that observed in the freely voiding 
preparations. During each isometric contraction the EUS ENG activitv 
decreased. 

The second method for evoking micturition used electrical stimula- 
tion of the PMC (see Fedirchuk and Shefchvk. 1991). In six cats a ,, , 
monopolar electrode was positioned in the rostra1 pons at a site that 
upon stimulation (100-200 rA, 100 Hz, 0.2 msec square pulse) pro- 
duced a bladder pressure increase coordinated with a decrease in EUS 
ENG activity during bladder emptying (for methods, refer to Shefchyk, 
1989; Fedirchuk and Shefchyk, 199 1). Preceding the electrical stimu- 
lation, a volume of warm saline approximately 50% of that required to 
elicit a distension reflex void was infused into the bladder. 

Intracellular records were obtained using glass microelectrodes filled 
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Figure 1. Intracellular recording from an EUS motoneuron during 
distension-evoked voiding (resting E,,, -60 mV). 

with 2 M potassium citrate or 2 M potassium chloride (tip diameter, 
1.6-l .8 pm; resistance, 2-5 MR). Motoneurons were impaled in the S 1 
spinal segment and identified by antidromic activation from electrical 
stimulation of either the EUS or EAS branch of the pudendal nerve. In 
seven motoneurons rectangular hyperpolarizing current pulses (500 psec 
in duration, l-7 nA in amplitude) were injected into the cell at rates of 
2.5-7 Hz throughout the voiding cycle to assess motoneuron conduc- 
tance (see Carlen et al., 1980). These current pulses produced voltage 
deflections ranging from 0.5 to 2 mV in amplitude. In three cells, we 
injected continuous hyperpolarizing current through the electrode in 
addition to current pulses in the absence of micturition. This was done 
to examine if hyperpolarization of the motoneuron membrane activated 
membrane currents (i.e., a subthreshold rectifying current; see Hochman 
et al., 1991; Sasaki, 1991) that could have contributed to the changes 
in conductance detected during micturition. 

The bladder pressure, ENGs, stimulus markers, and a monitor of the 
intracellular current injection were digitized and stored on computer 
(Masscomp 5400). The low-gain and high-gain intracellular microelec- 
trode records were digitized at rates of 5 and 15 kHz, respectively. In 
trials where motoneuron conductance was assessed, a portion of the 
microelectrode recording (30-80 msec duration) starting prior to and 
including the injected current pulse was stored on computer for off-line 
averaging. Each trial typically contained records from the prevoid, void- 
ing, and postvoid periods. We assessed changes in motoneuron con- 
ductance by dividing the voiding cycle into 5-20 equal, contiguous time 
segments and comparing the averaged voltage deflections produced by 
short current pulse injection during these different times. 

Results 
Intracellular recordings were obtained from 30 EUS and 6 EAS 
motoneurons with resting membrane potentials of - 50 to - 60 
mV. All EUS motoneurons monitored during distension-evoked 
bladder contractions (n = 25) displayed a characteristic mem- 
brane hyperpolarization during the micturition reflex (Fig. 1). 
Unlike Shimoda et al. (1992) we did not observe bursts of 
activity in the EUS ENG or in EUS motoneurons before or 
during voiding. This may be explained by the fact that Shimoda 
et al. (1992) used rapid filling of the bladder (6-l 8 times faster 
than in the present study) to evoke micturition and this appeared 
to have evoked additional sphincter guarding reflexes. 

In 5 of 25 EUS motoneurons examined during distension- 
evoked voiding, a small gradual hyperpolarization (2-5 mV, 
mean 3.2 mV) of the motoneuron membrane potential preceded 
micturition (see also Shimoda et al., 1992). As the bladder start- 
ed to contract, there was an additional rapid hyperpolarization 
associated with the micturition. The amplitude of this rapid 

Isometric Bladder Contraction 

Figure 2. The time course and magnitude of membrane potential 
changes of five EUS motoneurons (each represented by a different sym- 
bol) during micturition. EUS motoneurons hyperpolarized during the 
period of bladder contraction and reduction of EUS ENG activity as- 
sociated with distension-evoked micturition. The values within any trial 
are normalized to the prevoid membrane potential value for that trial. 

membrane hyperpolarization, which was observed in all 25 EUS 
motoneurons, ranged from 3 to 9 mV (mean 5.4 mV) compared 
to the membrane potential immediately preceding the void. 

In five motoneurons the membrane potential gradually de- 
polarized due to a slight deterioration in the recording over the 
course of several consecutive voids. In these cells we examined 
the effects of this membrane depolarization on the magnitude 
of the micturition-related hyperpolarization. In one of these 
motoneurons, the amplitude of the micturition-related mem- 
brane hyperpolarization decreased 3 mV and the motoneuron 
had depolarized 5 mV between the first and final voids. In the 
four other motoneurons the magnitude of the micturition-re- 
lated hyperpolarization was greater in those voids when the 
membrane potential of the cell had drifted to a more depolarized 
level. In one of these four cells, the motoneuron baseline mem- 
brane potential had depolarized 12 mV between the time of the 
first and last void and the micturition-related hyperpolarization 
was 5 mV larger during the last void. 

Figure 2 illustrates the time course of the membrane potential 
change for five EUS motoneurons during distension-evoked 
voiding. The membrane was most hyperpolarized when the 
bladder pressure was greatest and the EUS activity was reduced. 
Figure 2 also includes data from one animal during the shorter- 
duration isometric micturition contractions (ligated urethra). 
The pattern of membrane potential change in this motoneuron 
was similar to the other cells. In 11 of 25 EUS motoneurons, 
the membrane repolarized to a potential more positive than that 
immediately preceding the bladder contraction. Action poten- 
tials were not observed during this postvoiding repolarization. 
The apparent “overshoot” during repolarization was detectable 
in repeated trials in motoneurons where no decrease in the height 
ofthe action potential occurred throughout the recording period. 
This suggests that deterioration of the intracellular recording 
conditions did not contribute to the repolarized membrane po- 
tential levels. In 3 of 11 motoneurons that displayed the more 
positive repolarization level, we observed a gradual hyperpo- 
larization associated with bladder filling. In the two other mo- 
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Figure 3. Intracellular recording from an EUS motoneuron during 
PMC-evoked micturition (resting E,,, approximately -50 mV, PMC 
stimulation parameters: 200 PA, 0.5 msec, 100 Hz). 

toneurons in which the gradual hyperpolarization was evident, 
no depolarizing overshoot was observed. 

Membrane hyperpolarizations were also seen during PMC- 
evoked micturition. Figure 3 illustrates a typical example in an 
EUS motoneuron and similar results were obtained in three 
other EUS motoneurons, each in different animals. The time 
course and magnitude of the membrane hyperpolarization (5- 
6 mV) were similar to those observed during distension-evoked 
micturition. During PMC-evoked voiding, however, a gradual 
hyperpolarization was not observed prior to the micturition. 
Rather, the motoneurons only displayed the rapid and marked 
hyperpolarization 1-2 set after the onset of PMC stimulation 
when micturition began. In addition, these motoneurons did 
not repolarize to a more positive membrane potential level fol- 
lowing micturition as was often observed for distention-evoked 
micturition. 

Four EAS motoneurons recorded in three experiments either 
depolarized slightly (Fig. 4) or had no change of membrane 
potential during distension-evoked micturition. One EAS mo- 
toneuron recorded during PMC-evoked micturition showed a 
small depolarization, and the other had no membrane potential 
change during the micturition. 

In seven EUS motoneurons we injected short hyperpolarizing 
current pulses into the cell during distension-evoked micturition 
to assess conductance changes in the motoneuron. Conductance 
changes could be detected by comparing either the peak am- 
plitude or the area of the averaged voltage transients throughout 
the voiding cycle. Within the same trials, comparison of the 
area of the averaged voltage transient was found to be a more 
sensitive indicator of conductance changes, so this method was 
used throughout this study (see Fig. 5). Area measurements 
obtained throughout the trial are expressed as percentages of 
the initial, precontraction value for that trial. Typically, changes 
in the area of the voltage transient that were > 8% were detect- 
able with the 12-58 sweeps per average used in the present study. 
While increasing the number of sweeps per average would have 
produced smoother averaged records, we maximized our ability 
to detect the time course of conductance changes during the 
void by dividing the cycle into more segments containing fewer 

Figure 4. Intracellular recording from an EAS motoneuron during 
distension-evoked voiding (E,,,, about - 50 mV). Note the reduction in 
activity of the EUS but not the EAS ENG during the void. 

sweeps. Changes in the area of the averaged voltage deflection 
were interpreted to be inversely proportional to changes in con- 
ductance. In each case the area of voltage transient was signif- 
icantly reduced during the membrane hyperpolarization asso- 
ciated with the bladder contraction (t test, p < 0.0 l), indicating 
an increase in membrane conductance during this period. The 
area of the voltage transient was reduced from 21% to 76% 
(average, 45%) of the prevoid value within each trial. In all EUS 
motoneurons tested, the increase in conductance persisted 
throughout the period of decreased EUS ENG activity during 
micturition. In five cells the membrane conductance was tested 
during the postmicturition depolarization. In one cell, the con- 
ductance was less than that immediately preceding the void, in 
another the postvoid conductance was greater (see Fig. 5) and 
in three cells there were no differences (t test, p < 0.05). 

In three EUS motoneurons large steps of continuous hyper- 
polarizing current were injected into the cell to test whether 
membrane hyperpolarization in the absence of micturition pro- 
duced a conductance change. In each case there was no detect- 
able change in the membrane conductance during the stepwise 
hyperpolarization (5 12 mV) of the motoneuron (not illustrat- 
ed). It is worth noting that in one of these same motoneurons, 
the area of the voltage transient decreased to 39% of control 
when the membrane hyperpolarized 5 mV during micturition. 

The hyperpolarization associated with micturition could be 
a result of active inhibition or the removal of tonic excitation. 
To distinguish between these possibilities, records were ob- 
tained from five motoneurons using electrodes filled with po- 
tassium chloride. In all five motoneurons the membrane hy- 
pet-polarization occurring during micturition reversed to a 
depolarization. This reversal occurred quickly and was seen by 
the first induced bladder contraction (see Fig. 6) preventing us 
from obtaining records of the hyperpolarization in these cells 
prior to its reversal. The magnitude of the membrane depolar- 
ization could be influenced by passing continuous depolarizing 
or hyperpolarizing current through the recording electrode. 

Discussion 
It has been shown that EUS and EAS muscles can have different 
activity patterns during micturition (e.g., Koyanagi et al., 1982; 
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Figure 5. Membrane potential and conductance changes in an EUS 
motoneuron during an isometric bladder contraction. A shows the blad- 
der pressure trace and intracellular recording from an EUS motoneuron 
(E,,,, approximately -60 mV). B shows four averages (29 sweeps/av- 
erage) of the 1.5 nA hyperpolarizing pulses (500 F) obtained at different 
times during the trial (marked with the double lines in A). The area of 
the average obtained prior to the void was set as loo%, and the area 
values for averages obtained later in the trial were expressed as per- 
centages of this. The areas of the averages occurring during and im- 
mediately following the void were 39%, 43%, and 59%, respectively. 

Fedirchuk and Shefchyk, 199 1). Intracellular recordings from 
identified EUS and EAS motoneurons obtained in the present 
study show that the differences in the EUS and EAS activities 
during evoked micturition can be seen at the level of single 
motoneurons. EUS motoneurons hyperpolarized during mic- 
turition, while EAS motoneurons showed either no membrane 
potential change or a transient depolarization. Both this study 
and the earlier study by Shimoda et al. (1992) agree that EUS 
motoneurons hyperpolarize during distension-evoked micturi- 
tion. While Shimoda et al. (1992) saw action potentials prior 
to, and at times during, the voiding cycle, we did not. This 
difference may be explained by the presence of altered sphincter 
activity produced by their more rapid bladder filling rates. 

The decrease in the voltage transient area is evidence of an 
increase in EUS motoneuron conductance during the membrane 
hyperpolarization associated with the isometric bladder con- 
traction (Fig. 5). Previous studies have described voltage-sen- 
sitive conductances (i.e., rectifying currents) that could be ac- 
tivated by membrane hyperpolarization (Hochman et al., 199 1; 
Sasaki, 199 1). Because we were unable to see comparable con- 
ductance increases during step hyperpolarizations of the mo- 
toneuron, it seems unlikely that rectifying currents contribute 
to the conductance increases observed during micturition. Rath- 
er, it can be hypothesized that there is an increased inhibitory 
synaptic input to EUS motoneurons during micturition. 

We can only speculate about the mechanisms underlying the 
gradual hyperpolarization of EUS motoneurons observed dur- 
ing bladder filling. If this slow hyperpolarization is produced by 
an active conductance, it should be revealed by comparing the 
conductance before and after micturition. However, we ob- 
served that the membrane conductance preceding micturition 
could be greater, less, or unchanged from that following the 
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Figure 6. Intracellular (ZC) recording from an EUS motoneuron (rest- 
ing E,,,, approximately -55 mV) during an isometric bladder contrac- 
tion. The hyperpolarization of EUS motoneurons normally associated 
with the bladder contraction reversed to a depolarization with the use 
of a chloride-filled microelectrode. 

void. The assumption that the conductance measure taken fol- 
lowing micturition serves as a good baseline for comparison 
may be incorrect. At this time micturition-related inhibitory 
conductances are being turned off and additional excitatory con- 
ductances mediating the recovery of EUS activity following mic- 
turition may be impinging on the motoneurons. 

The reversal of the EUS motoneuron membrane potential 
hyperpolarization using sodium chloride-filled electrodes im- 
plicates a chloride conductance in the production of the hyper- 
polarization. The membrane potential hyperpolarization nor- 
mally observed reversed to a depolarization rapidly, often without 
the passage of current through the microelectrode (Fig. 6). The 
ease of this reversal and the fact that the conductance changes 
could be detected from the cell soma suggest that much of the 
postsynaptic inhibition of the EUS motoneurons during mic- 
turition is mediated by synapses located close to, or on, the 
motoneuron soma (see Burke et al., 197 1). 

As illustrated in Figure 2, the pattern of EUS motoneuron 
membrane potential hyperpolarization is very similar during 
actual voiding and isometric micturition contractions. Often 
during distension-evoked micturition, the membrane potential 
repolarized to a level more positive than the value immediately 
preceding the bladder contraction. The slow membrane hyper- 
polarization seen prior to micturition (see also Shimoda et al., 
1992) would lower the membrane potential by several millivolts 
and would cause an overestimation of the membrane repolar- 
ization following voiding. Since EAS motoneurons do not dis- 
play this slow hyperpolarization and since rapid filling of the 
bladder with a large volume of saline solution did not change 
the motoneuron membrane potential, the slow hyperpolariza- 
tion seen in some EUS motoneurons is unlikely to be an artifact 
produced by the physical distension of the bladder. The slow 
hyperpolarization is more likely due to synaptic actions of re- 
flexes activated by the gradual bladder distension. 

In eight EUS motoneurons in five experiments, oscillations 
of the motoneuron membrane potential were linked to small 
fluctuations in the bladder pressure (see Figs. 1, 5, 6). Such 
observations suggest a tight link between the excitation of the 
parasympathetic efferents to the bladder and the circuitry pro- 
ducing the hyperpolarization of the EUS motoneurons. Also, 
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since the change in EUS membrane potential could precede the 
bladder pressure change (four cases; e.g., see Fig. 6) it is unlikely 
that the large hyperpolarization associated with the bladder con- 
traction is due to reflexes triggered by the bladder pressure in- 
crease itself. As the bladder pressure is a rather indirect reflection 
of parasympathetic neural output to the bladder, further com- 
parison between the time of onset of the bladder pressure in- 
crease and motoneuron membrane potential responses was not 
done. 

Previous studies have used electrical stimulation of the PMC 
to evoke micturition in the cat (e.g., Shefchyk, 1989; Fedirchuk 
and Shefchyk, 199 1; Mallory et al., 1991). The data from the 
present study provide evidence that electrical stimulation of the 
PMC can activate neural circuitry that produces effects in EUS 
motoneurons comparable to those activated by bladder disten- 
sion (see Fig. 3). One difference between the responses of EUS 
motoneurons during distension and PMC-evoked micturition 
was the slow hyperpolarization preceding the bladder contrac- 
tion seen only during distension-evoked micturition. If the slow 
hyperpolarization is due to reflexes produced by bladder filling, 
the lack of such observations during PMC-evoked micturition 
is not surprising. In these trials a volume only approximately 
50% of that required to elicit distension-evoked micturition was 
infused into the bladder and likely did not evoke any reflex 
effects. 

EUS and EAS motoneurons receive similar synaptic input 
from cutaneous segmental afferent systems (Fedirchuk et al., 
1992). The patterns of visceral afferent input to EUS and EAS 
motoneurons have not yet been described in detail, although 
rectal distension has been demonstrated to evoke similar re- 
sponses in both sphincter muscles (Shafik, 199 1). The present 
description of a chloride-mediated postsynaptic inhibition onto 
EUS motoneurons, but not EAS motoneurons, provides evi- 
dence of differential central control of the two sphincter mo- 
toneuron populations during micturition. The hyperpolariza- 
tion of EUS motoneurons demonstrates an action at the 
motoneuronal level that may contribute to the relaxation of the 
urethral sphincter muscle during voiding. In addition, recent 
work has demonstrated that depolarization of pudendal and 
perineal primary afferent terminals can occur during micturition 
(Angel et al., 1992). It is likely that more than one mechanism 
is responsible for the suppression of excitatory reflexes to the 
EUS during voiding. The fact that stimulation of the PMC can 
access the central neural micturition circuitry and produce ef- 
fects on sphincter motoneurons comparable to those seen during 
distension-evoked micturition suggests that PMC stimulation 
will serve as a tool to facilitate future investigations identifying 
the spinal neurons involved in the neural control of the EUS 
during micturition. 
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