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Abstract
Although sensory feedback from the urethra plays an integral role in the regulation of lower
urinary tract function, little is known about the properties of flow-responsive primary afferent
neurons. The purpose of this study was to characterize the activity of sacral afferents that respond
to fluid flow through the urethra. Single neuron action potentials were recorded extracellularly
from the S1 and S2 dorsal root ganglia in eight cats anesthetized with α-chloralose. 21 of 116 cells
responded to urethral flow but not to mechanical palpation of the perineum, 22 responded to both
urethral flow and palpation, and 27 responded to palpation only. 34 of the 43 flow-responsive cells
exhibited a firing response to 10 ml flow boluses that could be fit using a power function: FR (t) =
a * (t)b + c, where FR is firing rate, t is time, and a, b and c are constants. In all 34 cells the `b'
term was negative, indicating that the firing rate slowed over the time course of the urethral flow.
In 16 of the 24 cells that were recorded during at least four different flow rates, a power function
provided a good fit of the relationship between firing rate and flow rate: FR (flow)= k * (flow)p +
q, where k, p and q are constants. In each of these 16 cells the `p' term was positive, indicating that
the firing rate tended to increase with increases in flow rate. These are the first data to characterize
the properties of flow-responsive afferents in the cat, and reveal properties that parallel those of
other afferents.

INTRODUCTION
The urinary bladder accumulates and stores urine (continence) and evacuates urine at an
appropriate time and place (micturition or voiding). During voiding, the bladder (detrusor)
contracts and the external urethral sphincter (EUS) relaxes to allow urine flow. Although
coordinated contraction of the bladder and EUS persists following lumbosacral de-
afferentation [28], afferent feedback contributes to generating large amplitude voiding
contractions [20], and sensory feedback from the urethra plays a pivotal role in efficient
bladder emptying [20]. The objective of the present study was to record the activity of
primary afferent neurons that respond to fluid flow through the urethra and could provide
sensory feedback from the urethra.
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Sensory signals originating from the urethra can initiate bladder contractions in the
quiescent bladder and or augment ongoing contractions in cat [2, 3, 14], ewe [7, 25], rat [17,
22, 23], and human [15, 27, 36]. Conversely, silencing urethral afferents with anesthesia
reduces bladder contraction frequency [17] and bladder emptying efficiency in rats [23] and
humans [27]. However, there is a paucity of recordings from flow-responsive afferent
neurons [12, 32, 33], and the properties of afferents responsive to urethral flow are largely
unknown. The purpose of the present study was to identify sacral afferents that respond to
fluid flow through the urethra and to quantify the firing patterns of these neurons. This
information provides a characterization of a new class of sensory receptors and the
foundation to understand the role of this feedback in the physiology and pathophysiology of
the lower urinary tract.

MATERIAL AND METHODS
Extracellular recordings from single sacral afferent neurons were conducted in eight
sexually intact adult male cats initially anesthetized with ketamine HCl (Ketaset, 25–35 mg/
kg, IM) and maintained with α-chloralose (Sigma, 60 mg/kg, IV, supplemented at 15 mg/
kg). All experimental procedures were reviewed and approved by the Duke University
Institutional Animal Care and Use Committee. Blood pressure was measured through a
catheter in the carotid artery, and a surgical plane of anesthesia was maintained by
monitoring blood pressure, heart rate, and lack of blink and withdrawal reflexes. Animals
were intubated and respired artificially to maintain end tidal CO2 at 3–4%, body temperature
was maintained at 37°–39° C, and 0.9% saline with 8.4 mg/ml sodium bicarbonate and 5%
dextrose added was administered IV (10 – 15 ml/kg/hr).

A ventral midline incision was made to expose the bladder, and a 3.5 Fr (1.17 mm) catheter
was inserted through the bladder, tied into the neck of the urethra, and used to administer
saline through the urethra. A second suprapubic catheter was secured in the dome of the
bladder and drained continuously to maintain the bladder empty. Urethral flow was
introduced either with an infusion pump for fixed flow rates from 1 – 30 ml/min or via a 10
ml bolus of saline manually injected using a syringe to approximate flow rates of ~ 60 ml/
min. We estimated the urethral flow rate in male cats to be between 22 and 40 ml/min
during voiding [4, 31]. The pudendal nerve was exposed and instrumented with a bipolar
nerve cuff electrode to deliver charge-balanced biphasic stimuli.

The lumbosacral spinal cord, dorsal root ganglia (DRG), and spinal roots were exposed by a
L7 – S3 laminectomy. The S1 and S2 DRG were identified, and a rigidly fixed cork
platform was placed under the DRG to provide support for electrode insertion. Single
neuron action potentials were recorded extracellularly with a 16-channel multisite electrode
(NeuroNexus Technologies, Inc., Ann Arbor, MI; 413 μm2 sites, 50 μm site spacing)
inserted into the S1 or S2 DRG. The electrode was positioned within the DRG and then
search stimuli including pudendal nerve stimulation at 1 Hz, repeated urethral bolus
infusions, and perineal palpation were used to identify cells. Following characterization of
units from one electrode position, the electrode was repositioned and the search stimuli were
repeated. Thus, this was not an unbiased sample, but rather biased recordings to units that
were responsive to the stimuli of interest.

Activity of single neurons was measured during urethral flow introduced through syringe
boluses for all cells, and using the infusion pump for 90 / 116 cells. Neural activity was also
recorded during periods of no fluid flow (control, all cells), during pudendal nerve
stimulation at 1 Hz (85/116 cells), and during tactile palpation of the genital and anal
regions of the cat with either a swirling motion or direct pressure using a cotton tipped
applicator (114/116 cells).
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Single neuron action potentials were sorted offline using multiple features (including three
principal components, peak and valley voltage, energy level) to cluster the data as tightly as
possible into individual units (Offline Sorter, Plexon, Inc., Dallas, TX). Auto- and cross-
correlograms were conducted for identified units to ensure that sufficient time passed
between spikes to account for refractory periods and that units identified as separate did not
overlap temporally. Neural firing rate and other firing patterns were quantified using
NeuroExplorer (Plexon, Inc.).

RESULTS
Of 116 neurons recorded from the S1 (93 neurons) and S2 (23 neurons) DRG, 70 responded
to urethral flow and/or perineal palpation: 21 to flow only, 22 to both flow and palpation,
and 27 to palpation only. Of the remaining 46 cells that did not respond to urethral flow or
perineal palpation, 27 were spontaneously active, 10 fired tonically, and nine responded to
pudendal nerve stimulation. There were no apparent differences between the properties of
the 21 units that responded to flow only and the 22 units that responded to both flow and
palpation, and these two populations were grouped together for further analysis. The 43 cells
that responded to flow were analyzed to identify temporal and flow rate-dependent activity.
24 of the flow responsive afferents were among those tested using pudendal nerve
stimulation, and 15 of those cells were confirmed as pudendal afferents via recording of
antidromically evoked action potentials and had conduction velocities of 24 m/s ± 2 m/s
(mean ± s.e.m.). No differences were apparent between units that were confirmed to
originate in the pudendal nerve and those that were not.

Example spike trains evoked in three cells by injection of a 10 cc bolus of saline through the
urethra are shown in Fig 1A, and example spike trains evoked in one cell by infusions at
three different flow rates are shown in Fig 1B. The highest mean firing rates (across all
tested flow rates) of the 43 flow responsive cells varied from < 1 – 65 spikes/sec, and the
maximum number of spikes per one second bin varied from 2 – 152 spikes across cells.

34 of 43 cells exhibited a firing pattern during the 10 ml bolus that was well fit as a function
of time using a power function (Fig 2A) with R2 > 0.50 (R2 from 0.51 to 1.0, R2

average =
0.81): FR (t)= a * (t)b + c where FR is firing rate, t is time, a is a constant term that reflects
the initial firing rate (range: 2.4 to 116.1, mean: 24.2), b is a constant that describes how the
firing rate changes over time (range: −12.7 to −0.4, mean: −1.75), and c is a constant offset
term (range: 0 to 0.6, mean: 0.02). The exponent, b, was negative for all 34 cells, indicating
that the firing rate tended to slow during the period of urethral flow (Fig 2C). Each of the
nine cells that were not well fit with the power function (R2 < 0.5) exhibited inconsistent
activity during urethral flow (Fig 2B).

The firing rates of 24 of the flow-responsive cells were recorded during at least 4 different
controlled flow rates of 1 – 30 cc/min (Fig 3A). In 16 / 24 cells, a power function provided a
good fit (R2 ranged from 0.51 to 1.0, R2

average= 0.75) of the relationship between the mean
firing rate and flow rate: FR (flow) = k* (flow)p + q, where k (range: 0.0 to 3.7, mean: 0.6),
p (range: 0.1 to 4.1, mean: 1.5), and q (range: 0.0 to 2.1, mean 0.1) are constants. In all 16
cells k was near 0 reflecting that cells were silent at control but fired in response to flow,
while p > 0 indicated that the firing rate increased with increases in flow rate (Fig 3C). The
eight cells not well fit by a power function all had peak firing rates at lower flow rates that
were higher than their firing rates at higher flow rates (Fig 3B).

Of the 24 flow-responsive cells recorded during multiple flow rates, 18 had at least 1
response to an infusion pump-controlled flow rate that could be fit by a power function as a
function of time with R2 > 0.5. Across those 18 cells, 133 trials contained a firing rate
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response to flow at a fixed rate (out of 165 flow rates tested), but only 42 of those 133 trials
could be fit as a function of time with a power function. The probability that a firing rate
trial could be fit with a power function increased as the flow rate increased. 25% (17 of 68)
of trials with flow rates under 10 ml/min, 34% (13 of 38) of trials between 10 and 20 ml/
min, 46% (12 of 26) of trials between 20 and 30 ml/min, and 82% (27 of 33) of trials from
the high flow rate 10 ml boluses could be fit with a power function (Fig 4).

DISCUSSION
Sensory feedback of urethral flow plays an integral role in the regulation of micturition, but
little is known about the properties of flow-responsive primary afferent neurons. The
purpose of this study was to characterize sacral afferents that responded to fluid flow
through the urethra. 34 of 43 flow-responsive cells exhibited a firing pattern that could be fit
as a function of time using a power function with a negative exponent, which reflected that
the firing rate tended to slow over the time course of the urethral flow (adaptation). In 16 of
the 24 flow-responsive cells that were recorded during at least four different flow rates, a
power function with a positive exponent provided a good fit of the relationship between
firing rate and flow rate. The probability that an afferent firing pattern could be fit with a
power function of time increased as the urethral flow rate increased. Distal stimulation of the
pudendal nerve was used to identify 15 of the flow responsive cells as pudendal afferents
with conduction velocities of 24 m/s, consistent with conduction velocities in the literature
[1, 9]. Although we recorded from units that responded to both flow and palpation, the
palpation was done with sufficient force that the distal urethra could be deformed,
suggesting that these afferents innervated the distal urethra, and based on anatomical tracing
studies [39], it is unlikely that afferents are branching to innervate both the urethra and
perineal skin.

The properties of the flow responsive afferents parallel those of cutaneous and muscle
spindle afferents reported in previous studies. Two types of mechanoreceptive afferents to
sustained displacement had been previously identified in skin regions of each of the cat,
macaque, and human: rapid adapting (RA) and slow adapting (SA) [5, 16, 19]. In the present
study, several cells responded to sustained flow in a way consistent with an RA response
(Fig 1A, bottom), while others were consistent with an SA response (Fig 1A top, middle;
Fig 2A). Penile mechanoreceptors in the cat respond to changes in displacement amplitude
with firing rate changes that can be fit as a power function with a positive exponent [16],
similar to the response of the majority (16 of 24) of flow-responsive cells (Fig 3). Similarly,
muscle spindles in the cat respond to velocity in a way that can be fit with a power function
[21, 24], further supporting the notion that the power-law relationship is a plausible model
for afferent coding of physiological inputs. All innervation was intact during the present
study, and urethral reflexes, whereby flow through the urethra leads to changes in activity in
urethral musculature [11], could have influenced the activity of urethral afferents.

In persons with spinal cord injury (SCI), the spino-bulbo-spinal micturition reflex is
interrupted [6, 8, 10, 13], but a spinal reflex mediated by pudendal afferents evokes bladder
contractions after SCI in the cat [29, 30, 34, 35] and human [15, 18, 36, 37]. This reflex is
mediated by afferents that respond to flow through the urethra [14, 33], and thus a better
understanding of the mechanisms involved in this urethral flow-modulated response is
important to developing more effective approaches to restore bladder emptying. For
example, the temporal patterns of activity during urethral flow could serve as templates for
biomimetic patterns of stimulation of pudendal afferents for neural prosthetic restoration of
bladder emptying. The stimulation frequencies that generate bladder contractions [26, 29,
30, 34, 35, 38] are similar to the mean firing rates of the flow-responsive afferent recorded
in the present study.
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HIGHLIGHTS

• Recorded response of sacral afferents to urethral fluid flow in anesthetized cats

• Single unit firing rates declined during flow with a power law dependence on
time

• Firing rates increased with flow rates exhibiting a power law dependence on rate

• First characterization of a new class of sensory receptors

• Advances understanding role of urethral feedback in control of lower urinary
tract
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Figure 1.
Sorted spike waveforms (left) and spike train raster plots (right) of single afferent neurons
recorded in the cat sacral dorsal root ganglia in response to urethral fluid flow. A. Response
of three different primary afferent neurons to a 10 ml bolus of saline injected through the
urethra. B. Response of one primary afferent neuron to three different rates of saline flow
through the urethra.
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Figure 2.
Temporal properties of response of sacral afferents to urethral flow. A, B Firing rate (FR)
profiles of two different primary afferent neurons in response to 10 ml boluses of fluid
injected through the urethra. C. Average firing rate profile (mean ± standard error) of all 34
cells that had a temporal profile of firing rate response to a 10 ml bolus of fluid flow injected
through the urethra that was well fit with a power function.
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Figure 3.
Urethral flow rate dependent responses of sacral afferents. A, B Mean firing rate (FR) as a
function of urethral flow rate in two different cells. C. Average firing rate (mean ± standard
error) as a function of urethral flow rate of all 16 cells that could that had a firing rate
response to different urethral flow rates that was well fit with a power function.
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Figure 4.
Firing rate as a function of time from a sacral neuron in response to several different flow
rates.

Snellings et al. Page 11

Neurosci Lett. Author manuscript; available in PMC 2013 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


