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Abstract

Spontaneous bladder contractions (SBCs) in the neonatal rat urinary bladder change from a high-
amplitude, low-frequency pattern to a low-amplitude, high-frequency pattern during the first 6 wk
of life. Understanding the mechanism of this developmental change may provide insights into the
causes of bladder overactivity in adults. In vitro whole bladder preparations from Sprague-Dawley
rats were used to study the modulation of SBCs by calcium-activated potassium channels (Kcg)
and electrical field stimulation from 3 days to 6 wk of life. SBCs in 3-day-old bladders were
unmasked by treatment with iberiotoxin (100 nM), an inhibitor of large conductance K¢, (BK)
channels, or apamin (100 nM), an inhibitor of small conductance K¢, (SK) channels. Iberiotoxin
significantly increased the magnitude of SBCs at 2-3 wk, whereas apamin was only effective at 6
wk. In 1-2 wk bladders, exposure to room temperature Krebs solution decreased SBCs. This
decrease was reversed by activating intramural nerves with electrical field stimulation. The effect
of electrical field stimulation was inhibited by atropine (1 uM), suramin (10 pM), or pretreatment
with tetrodotoxin (1 M) but was not reversed by tetrodotoxin applied after electrical field
stimulation. BK-a mRNA increased threefold, and BK-a, protein increased fivefold from 3 days to
6 wk. These data suggest that BK channels play an important role in the regulation of SBCs in the
neonatal bladder and that both increased BK channel activity, as well as changes in smooth muscle
sensitivity to locally released neurotransmitters contribute to the downregulation of SBCs during
early postnatal development.
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The Neural Control and Contractility of the urinary bladder undergo marked changes during
postnatal development. Healthy human infants exhibit low bladder capacity, high voiding
pressure, and interrupted voiding during the first 18 mo of life (33). Urine storage and
elimination become more efficient in older children as voluntary control of the bladder
emerges at 3-5 years of age. In animals (rats, dogs, and cats), lower urinary tract function
also changes dramatically during the early postnatal period. Voiding is initially controlled by
a perigenital-bladder spinal reflex pathway, which is activated when the mother licks the
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perigenital region. This control is replaced by a supraspinal bladder-to-bladder reflex within
the first 3—-6 postnatal weeks (1, 9-11, 27, 28, 29, 34).

During the first 6 postnatal weeks, the bladder smooth muscle also exhibits prominent
changes in intrinsic activity. In vitro preparations of whole bladders or bladder strips from 1-
wk-old rats generate high-amplitude, low-frequency phasic contractions in the absence of
neural or electrical stimulation (35, 37). These in vitro spontaneous bladder contractions
(SBCs) change to a low-amplitude, high-frequency pattern at 5-6 wk of age (37). The
mechanism for this maturational change is unknown but could be related to changes in
neural control of smooth muscle contractility, communication between smooth muscle cells
via gap junctions, or the activity of pacemaker cells (5).

In this study, we used in vitro whole bladder preparations from neonatal rats to examine the
contribution of calcium-activated potassium channels (Kcg) and neural mechanisms to the
modulation of SBCs from 3 days to 6 wk of life. K¢, channels were of particular interest
because they have been shown to play a key role in the regulation of SBCs in adult mouse
bladders (20, 24, 30, 39). For example, enhanced SBCs and increased sensitivity to electrical
field stimulation (EFS) and carbachol occurred in bladder strips from mice with deletion of
the a subunit of the large-conductance K¢, channel (BK) (30). On the other hand, transgenic
mice conditionally overexpressing the small conductance type 3 K¢, channel (SK3) have
decreased SBCs compared with control mice. When the expression of the SK3 transgene
was turned off, the SBCs returned to normal (24, 30). Blocking K¢, channels with drugs
also markedly increased SBCs in preparations from adult animals (24, 39). Our data suggest
that BK, but not SK, channels play an important role in regulating SBCs in the neonatal rat
bladder and that during postnatal maturation, the high-amplitude intrinsic contractile activity
of the neonatal rat bladder is suppressed by an upregulation of inhibitory control mediated
via BK channels and a progressive decrease in sensitivity to locally released excitatory
neurotransmitters.

MATERIALS AND METHODS

Chemicals

All chemicals used for the bathing solution of the in vitro whole bladder preparation were
obtained from Sigma (St. Louis, MO). Atropine sulfate (muscarinic receptor antagonist),
suramin (purinergic antagonist), TTX (Na* channel blocker), and apamin (SK blocker) were
obtained from Sigma. Iberiotoxin (IBTX, BK blocker) was obtained from Alomone
Laboratories (Jerusalem, Israel). IBTX and apamin were dissolved in deionized water as a
0.1 mM stock solution.

In vitro whole bladder preparation

All procedures for euthanasia and tissue collection were reviewed and approved by the
Institutional Animal Care and Use Committee of the University of Pittsburgh. Three day to
six-wk-old Sprague-Dawley rats were anesthetized with halothane and killed by cervical
dislocation. A midline incision was made in the abdomen. The bladder was exposed and
removed by cutting at the bladder neck. A 26-gauge syringe needle connected to
polyethylene (PE)-50 tubing was filled with Krebs solution (113 mM NacCl, 19.8 mM
NaHCO3, 11.1 mM dextrose, 1.2 mM KH,POy4, 4.7 mM KCI, 2.5 mM MgCl,, 1.7 mM
CaCly). The needle was inserted at the neck of the isolated bladder and held in place with 5-
0 silk sutures. The needle was connected to an infusion pump and a pressure transducer by
polyethylene tubing and a three-way stopcock. The bladder was placed between two
platinum stimulating electrodes (Radnoti Glass, Monrovia, CA) in a 15-ml organ bath filled
with Krebs solution maintained at 37°C and bubbled with 95% O,-5% CO,. Bladder
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pressure was recorded by WinDag Acquisition software (version 2.13 for Windows, Akron,
OH). After a 30-min equilibration period, the bladder was filled slowly with Krebs solution
in 50-pl increments until the bladder contraction evoked by EFS was maximal. EFS was
delivered from a Grass S88 stimulator (Grass Instruments, Quincy, MA) to the platinum
electrodes in the organ baths. Our pilot experiments indicated that stimulation at intensities
greater than 50 V at 32 Hz in the presence of 1 uM TTX (sodium channel blocker) in 3-day
to 6-wk-old bladders could cause direct muscle stimulation. To measure only the neurally
evoked contractions using EFS, stimulations of 50 V at 32 Hz (1.6-ms duration) were
applied repeatedly for about 10-15 s after each filling to determine the optimal bladder
filling volume for maximum EFS-evoked contractions. The use of EFS at 50 V for neurally
evoked contractions is consistent with previous studies (6).

After the optimal bladder volume for maximum EFS-evoked contractions was determined,
the distended bladder was equilibrated for another 15 min to measure baseline spontaneous
activity followed by application of 80 mM KCI. The peak amplitude of the spontaneous
contractions was normalized as a percentage of the maximal KCI evoked contraction
amplitude. The bladders were then washed with fresh room temperature Krebs solution three
times, and then equilibrated at 37°C for another 15 min. Pharmacological agents were
sequentially applied to the bath 15 min later. When the combined effect of two agents was
being studied, no washes were used between application of the two agents. Apamin (100
nM), atropine (1 uM), IBTX (100 nM), and suramin (10 uM) were used at concentrations
reported in previous experiments studying spontaneous contractions to selectively inhibit the
target receptor or channel in adult bladders (5, 20, 21, 30, 39). Spontaneous contractions
were measured for at least 15 min after each agent. Using the criteria proposed by Imai et al.
(25), we identified a single spontaneous contraction as a response with an amplitude of at
least 30% of the peak spontaneous contraction occurring during the 15-min observation
period. Also, when a contraction was superimposed on the previous event before reaching
baseline, the two contractions were considered as a single contraction event. Frequency was
determined by counting the number of contractions over a 5-min interval, starting 10 min
after a drug was given. The magnitude of spontaneous contractions was estimated as average
peak amplitude of a series of contractions or by integrating the area under the curve (AUC)
of contractions occurring during a 5-min period.

Semiquantitative RT-PCR assay

Total RNA was isolated from bladders of different ages with Trizol reagent (Invitrogen
Carlsbad, CA). The total RNA was further purified by RNAeasy kit (Qiagen, Valencia, CA).
One microgram of total RNA was then treated with recombinant bovine RNase-free DNase |
(Ambion, Austin, TX) in a 10-pl reaction. The DNase | was inactivated by adding 25 mM
EDTA, followed by heating at 65°C for 15 min. Omniscript Reverse Transcriptase (Qiagen,
Valencia, CA), ribonuclease inhibitor RNaseOUT (Invitrogen, Carlsbad, CA), 10x RT
buffer (Qiagen, Valencia, CA) and oligo-dT primer were added to the reaction mix, and the
volume was adjusted to 20 pl with diethyl pyrocarbonate-treated water. The reaction was
incubated at 37°C for 1 h and terminated by heating at 95°C for 5 min. Two pl of the first
strand cDNA reaction was used in each polymerase chain reaction. Each reaction consisted
of 200 uM dNTPs (Genechoice, Frederick, MD), 1.5 mM MgCl,, 0.2 uM gene-specific
primer pairs, 2.5 U Tag DNA polymerase (Promega, Madison W1), and 1 x PCR reaction
buffer (Promega, Madison WI). GAPDH mRNA in each bladder total RNA sample was
used as the loading control among different samples. Reaction without any RNA was used
as the negative control for these semiquantitative RT-PCR studies. Thermocycling for the
PCR was carried out by a PTC-200 DNA Engine Cycler (MJ Research, Waltham, MA). The
reaction mix was first denatured at 92°C for 2 min. The thermocycler program for each
gene-specific primer set consisted of 30-40 cycles of a denaturing step of 92°C for 30 s, an
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annealing step of 55-60°C for 1 min (see Table 1), and an extension step 72°C for 1 min.
Afterward, an additional extension at 72°C for 5 min was included. The primer pairs for BK
and SK channel subunits were synthesized by Sigma Genosys (The Woodlands, TX). The
primer pairs, their corresponding melting temperatures, the annealing temperature, and the
numbers of cycles are listed in Table 1. Ten microliters of the PCR products were resolved
by 2% (wt/vol) agarose gel electrophoresis along with Multiple-Choice Quantitative DNA
ladder 11 (Genechoice, Frederick, MD). The gel was then stained with 1 x SYBR Gold stain
(Molecular Probes, Eugene, OR). The PCR product bands on the stained gel were imaged
with a Kodak Image Station 1000 (Eastman Kodak, New Haven, CT). The band intensities
were quantified by 1D Capture software (version 3.6 for Windows; Eastman Kodak). To
verify the identity of the PCR product, the PCR products from two different time points
were first purified by QIA-quick PCR purification kit (Qiagen, Valencia, CA), and the base
sequence of the products was determined by the DNA Sequencing Core Facilities of the
University of Pittsburgh Molecular Medicine Institute.

Western blot analysis

Neonatal bladders (three bladders for 3- to 4-day-old and 1-wk-old animals; one bladder for
2- to 6-wk-old animals) were homogenized in 500-ml ice-cold homogenization buffer (20
mM EDTA, 100 mM Tris - HCI, pH 7.4 with 1 mM PMSF, 1 mM DTT, 3 pug/ml aprotinin, 3
pg/ml pepstatin A, and 1 pug/ml leupeptin) with a hand-held tissue grinder. The homogenate
was incubated on ice for 30 min. Cell debris was removed from the homogenate by
centrifuging at 3,000 g for 10 min at 4°C. The supernatant was further centrifuged at 10,000
g for 1 h at 4°C. The pellet was then suspended in the homogenization buffer containing 2%
(wt/vol) SDS as the crude membrane preparation. The protein content in the membrane
preparations was determined by the DC Protein Assay Reagent Kit (Bio-Rad Laboratories,
Hercules, CA). The membrane preparations of each time point equivalent to 30-Lg protein
were resolved in a 7.5% (wt/vol) SDS-PAGE along with Precision Plus Protein Standards
(Bio-Rad Laboratories). This amount of protein was determined to be in the linear range for
detection. The Western blot analysis conditions were optimized for both the anti-BK
antibody and secondary antibody concentrations. The resolved proteins were transferred
from the gel to a nitrocellulose membrane (0.45-um pore size; Bio-Rad Laboratories) for 1 h
at room temperature with a constant voltage of 100 V. The membrane was blocked with 1%
(wt/vol) milk in Tris-buffered saline-Tween [TBST; 0.05% (vol/vol) Tween-20, 25 mM
Tris, 140 mM sodium chloride, 2.7 mM potassium chloride, pH 7.5] at room temperature for
1 h. The membrane was then incubated with 1:500 rabbit anti-BK channel o subunit
antibody (Alomone Laboratories, Jerusalem, Israel) at 4°C overnight. After washing with
TBST three times, the membrane was then incubated with 1:10,000 horseradish peroxidase-
conjugated goat anti rabbit 1gG antibody (Zymed, South San Francisco, CA) at room
temperature for 1 h. The membrane was washed 3 times with TBST and 2 times with TBS
(25 mM Tris, 140 mM sodium chloride, 2.7 mM potassium chloride, pH 7.5). The
membrane was then developed by the ECL Plus Western Blotting Detection Reagents
(Amersham Bio-sciences, Piscataway, NJ) and a BioMax XAR film (Eastman Kodak) was
placed onto the membrane. Because epidermal growth factor receptor (EGFR) expression
remains unchanged during postnatal bladder development (2), EGFR was used as an internal
control for protein loading. The developed membrane was then stripped with 0.2 M sodium
hydroxide, and reblotted with 1:300 sheep anti-EGFR (Upstate, Lake Placid, NY) and
1:8,000 horseradish peroxidase-conjugated goat anti-sheep 19gG (Zymed, South San
Francisco, CA). The EGFR signal was detected with the ECL Plus Western Blotting
Reagents and the XAR films. The images of the BK channel a subunit and the EGFR signals
on the developed film were scanned by a conventional desk-top scanner connected to a PC
and quantified by the 1D Capture software (version 3.6 for Windows; Eastman Kodak). The
specificity of the anti-BK channel a subunit antibody was verified by preincubation of the
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diluted antibody (1:500) with the blocking antigen peptide (3 pig per microgram antibody;
Alomone Laboratories) for 1 h at room temperature. Both the preblocked primary antibody
and the antigen peptide were then used for Western blot analysis as described above.

Statistical analysis

RESULTS

Data are expressed as mean (SD). Statistical analysis was performed with Prism 4 for
Windows version 4.02 (GraphPad software, San Diego, CA). Comparisons between
different time points were made with two-way ANOVA (regular or repeated) with
Bonferroni posttests. One-way ANOVA with Tukey’s multiple comparison tests was also
used for multiple sample comparison. Unpaired or paired two-tailed t-test was used as
appropriate when two samples were compared. Statistical significance was defined as P <
0.05.

SBCs in 1- to 6-wk-old bladders were not observed during initial equilibration in the organ
bath but gradually increased in amplitude as the bladders were filled and reached the
maximal EFS-evoked contraction. SBCs were not observed during bladder filling in 3-day-
old bladders. With increasing age, there was a steady rise in the volume required to evoke
maximum EFS contractions during the first 6 postnatal weeks compared with 3- to 4-day-old
bladders: 34 days: 84.6 pl (SD 8.7, n = 13); 1 wk: 176.9 pl (SD 13.4, n =13, P < 0.05); 2
wk: 187.5 pl (SD 13.5, n =16, P < 0.01); 3 wk: 227.3 pl (SD 42.8, n =11, P < 0.001); and 6
wk: 300 ul (SD 42.8,n =7, P < 0.001).

The contractile response to KCI was used to normalize the amplitude of SBCs. However, in
the 1- to 3-wk-old bladders, SBCs were often decreased after KCI was washed out with
room temperature Krebs (Fig. 1A). For 1- to 2-wk-old bladders, we found that 41%
exhibited reduced amplitude SBCs after bath change, and 59% showed very small amplitude
or no SBCs. Disappearance of SBCs after bath change was rarely seen in 6-wk-old bladders.
We found that a subsequent application of EFS after washing out KCI could restore the level
of SBCs back to the pre-KClI state (Fig. 1A). We also noted that EFS increased the amplitude
and AUC of SBCs in the 1-wk-old bladders, which had not been exposed to EFS or KCI
stimulation (n = 7, Figs. 1B, 2A). EFS did not significantly increase the amplitude and AUC
in similarly treated 6-wk-old bladders (Fig. 2B). After EFS, the amplitude of SBCs peaked at
5 min, gradually decreased for 10 min, remained stable for at least 30 min, but then waxed
and waned over the subsequent 45 min (n = 3). We did not carry out longer-term studies due
to variability in SBCs after 45 min. To standardize our procedures between bladder
preparations of different ages, we applied EFS to the bladders after KCI and allowed the
SBC:s to stabilize for at least 15 min before drug treatment, even if the SBCs persisted after
washing out KCI.

Because the washout after KCIl-evoked contraction was performed with room temperature
Krebs solution (22°C), washing with room-temperature solution was also evaluated. The
addition of 22°C Krebs solution decreased the amplitude, frequency, and AUC of SBCs in
the 1-wk-old bladders (Fig. 3A). Although the room temperature Krebs reached 37°C in the
organ bath within 5 min, the SBCs did not return to previous levels, even when the
temperature reached 37°C. Application of EFS after 22°C Krebs restored the amplitude and
AUC of SBCs close to the initial values (Fig. 3B). Replacement of the bath solution with
37°C Krebs transiently reduced the frequency but not the amplitude of contractions. EFS
after the 37°C bath change did not change the SBCs (Fig. 3C). Similar experiments carried
out in the 6-wk-old bladders showed no significant drop in amplitude and AUC after 22°C
Krebs (Fig. 3B) and no change after 37°C Krebs (Fig. 3C). Replacement of the bath solution
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with 37°C KCI (80 mM), followed by 37°C Krebs in the 1-wk-old bladders also did not
change the amplitude or frequency of SBCs (n = 4, data not shown).

To evaluate the mechanisms underlying the facilitatory effects of EFS, several blocking
agents were tested. Block of muscarinic or purinergic receptors significantly decreased the
amplitude and AUC of EFS-enhanced SBCs in 1- to 2-wk-old bladders (Figs. 4A and 5A),
but not in 6-wk-old bladders (Figs. 4B and 5B). Basal values for EFS-enhanced SBCs in 1-
and 6-wk-old bladders are shown in Fig. 7. Atropine (1 uM, a muscarinic receptor
antagonist) and suramin (10 uM, a purinergic P2 antagonist) reduced the amplitude and
AUC by 50% in 1-to 2-wk-old bladders. The SBCs were partially and temporarily restored
by a subsequent application of EFS but eventually decreased after a second EFS (Figs. 4B
and 5B). In 6-wk-old bladders, there was a significant decrease in AUC of SBCs after
atropine, but after one EFS application, the spontaneous contractions returned to basal levels
(Fig. 4B). Suramin did not significantly affect the SBCs in 6-wk-old bladders. Furthermore,
subsequent EFS after suramin did not significantly increase the amplitude and AUC of the
SBCs (Fig. 5B). Inhibition of sodium channels by 1 uM TTX after EFS did not affect the
basal level of EFS-enhanced SBCs in the 1- to 2-wk-old (Fig. 6, A and B) or the 6-wk-old
bladders (Fig. 6B). However, pretreatment with TTX before EFS blocked the enhancement
or unmasking of SBCs (Fig. 6, A and B).

Spontaneous contractions during postnatal development

As reported in previous experiments (36), the amplitude of SBCs decreased from 1 wk to 6
wk of age (Fig. 7A), while the frequency increased over the same time period (Fig. 7B). The
amplitude of the SBCs, even with EFS-induced enhancement, was much smaller than the
EFS- and KCl-evoked contractions. The average amplitude was highest (9%) at 1 and 2 wk,
then declined to 1% by 6 wk (P < 0.05, n > 7). SBCs were not detected after EFS in 3-day-
old bladders but did occur after application of K¢, antagonists (Fig. 9A and see below).

SK and BK antagonism of spontaneous contractions

In 3- to 4-day-old bladders, SBCs were unmasked by the SK channel blocker apamin in a
concentration (100 nM) shown to facilitate SBCs in adult bladders (5, 21) (Fig. 9A, n = 3).
However, apamin did not change the amplitude or frequency of spontaneous contractions in
1- to 3-wk-old bladders (Fig. 8, A and B). Apamin increased the amplitude but not the AUC
of contractions in 6-wk-old bladders [222.1% (SD 240) of control, n = 7; Fig. 8, A and C].
The BK channel blocker IBTX (100 nM) also unmasked spontaneous contractions in 3-day-
old bladders (Fig. 9A, n = 5). IBTX increased both the amplitude and frequency in bladders
from 1 to 6 wk of age (Fig. 8, A and B), with a statistically significant increase at 2 wk.
IBTX alone increased the AUC of SBCs by threefold in 2- to 3-wk-old bladders (Fig. 9C),
and the subsequent addition of apamin did not elicit a further increase. In preparations
pretreated with apamin, which did not significantly affect the SBCs (Fig. 9C), the
subsequent application of IBTX in 2- to 3-wk-old bladders increased the AUC by five- to
sixfold (Fig. 9C). However, the effect of apamin followed by IBTX was not significantly
greater than that of IBTX followed by apamin (P > 0.05).

Expression of K¢z channels during postnatal development

The steady-state mMRNA levels of SK1, 2, and 3 did not change significantly between 3-day-
old and 6-wk-old bladders (Fig. 10, A and C). For the BK channels, the mRNA levels of
both the pore-forming o subunit and the regulatory a subunit were measured. The BK-a but
not BK-a subunit transcript showed a significant increase between 3 days and 6 wk (Fig.
10C). The expression of the BK-a, subunit transcript greatly increased within the first week
and then was maintained at a steady level from 2 to 6 wk (Fig. 11A). A 120-kDa protein
identified with an antibody for the BK-o subunit was detected starting on day 3 (Fig. 11B).
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When the membrane protein loading between samples was normalized with the EGFR
protein level, the level of the 120-kDa protein progressively increased between the 1st and
6th wk (Fig. 11, B and C). The 120-kDa protein detection could be blocked by preincubation
of the BK-a subunit antibody with the specific blocking peptide (Fig. 11B).

DISCUSSION

The present experiments revealed that the SBCs in the in vitro whole bladder preparation,
which are very prominent in 1- to 2-wk-old bladders and markedly decline in 6-wk-old
bladders (35, 37) are modulated by electrical stimulation of intramural nerves and that this
effect, which is mediated by cholinergic and purinergic mechanisms declines with age. The
change in spontaneous contractile activity occurred in concert with an increased expression
of BK, but not SK channels. Block of BK channels with IBTX enhanced SBCs in 1- to 6-
wk-old bladders, most significantly at 2-3 wk, suggesting that tonic activation of BK
channels modulates SBCs, and increased expression of BK channels might contribute to the
postnatal maturation of bladder activity. It is concluded that changes in both neural
mechanisms and expression of K¢, channels in bladder smooth muscle might be involved in
the downregulation of SBCs during postnatal maturation.

Neural modulation of spontaneous contractions in the neonatal bladder

Although SBCs in the neonatal rat bladder are myogenic and occur in the absence of neural
stimulation, it is clear that they can be modulated by activation of muscarinic, purinergic,
and other currently unidentified neurotransmitter receptors (14). SBCs in the in vitro brain
stem-spinal cord-bladder preparation are tonically inhibited by a parasympathetic
preganglionic efferent pathway arising in the lumbosacral spinal cord (34). The transmitter
responsible for this inhibition is unknown. Carbachol, a muscarinic agonist, enhances SBCs
in neonatal rat bladder strips. Atropine blocks the effect of carbachol and also reduces the
amplitude of SBCs in the absence of carbachol, suggesting that there is a spontaneous
release of ACh from bladder strips (36). Physostigmine, an anticholinesterase agent, also
markedly enhances SBCs in neonatal rat whole bladders (32), suggesting that when
metabolism of endogenous ACh in the bladder is blocked, ACh increases sufficiently to
activate postjunctional muscarinic receptors and facilitate SBCs.

In the present experiments in 1- to 3-wk-old neonatal rat bladders, EFS elicited a temporary
decrease in amplitude (Fig. 3A), followed by a subsequent increase in amplitude and AUC
of SBCs, which developed over a period of several minutes. In untreated preparations, the
amplitude of SBCs 15 min after EFS increased 100% over control in 1-wk-old bladders
(Figs. 1B and 2A) but not in 6-wk-old bladders (Fig. 2B). These effects were blocked by
TTX, indicating that they were mediated by activation of intramural nerves (Fig. 6, A and
B). The long-lasting EFS enhancement of SBCs was reversed by atropine or suramin,
indicating that EFS facilitates SBCs by releasing ACh and ATP, which then activate
postjunctional muscarinic and purinergic receptors. It seems unlikely that the long-lasting
facilitation of SBCs by EFS is only due to a brief release of ACh and ATP from
postganglionic nerves because these neurotransmitters are rapidly metabolized by
endogenous cholinesterases and nucleotidases. Thus a different mechanism, such as EFS-
induced enhancement of spontaneous release of ACh or ATP from intramural nerves might
be involved. TTX did not affect the amplitude or frequency of spontaneous contractions
after they had been enhanced by EFS, suggesting that ongoing neural activity is not
necessary for maintenance of established SBCs. However, ACh and ATP must be released
continuously in the distended bladder after EFS, because application of atropine or suramin
markedly decreased the amplitude and AUC of EFS-enhanced SBCs. Subsequent
application of EFS in the presence of either antagonist elicited only a transient reversal of
the blocking effect of the drugs (Figs. 4 and 5).
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EFS also reversed a suppression of SBCs that occurred after washing the preparations with
room temperature (22°C) Krebs solution. This effect of temperature change on SBCs was
noted in a previous study, in which bath temperature was altered in 1°C steps between 19°C
and 38°C (35). In 1- and 2-wk-old bladders, the amplitude of SBCs, as well as neurally
evoked contractions was decreased at low temperatures, unlike 5- 6-wk-old and 6-mo-old
bladders, where low temperatures unmasked or increased the amplitude of SBCs and
increased neurally evoked contractions. Bladders from adult rats with chronic urethral outlet
obstruction exhibited prominent SBCs and exhibited temperature responses similar to
neonatal bladders. It was suggested that pathology can reverse the developmental changes in
SBCs (4, 35).

The inhibitory effect of low temperature was first noted in the present experiments after
washing out KCI, which was used to evoke maximal contractions in each preparation and to
normalize the amplitudes of SBCs between different experiments. We initially hypothesized
that this effect was due to the elimination of a facilitatory factor that had accumulated in the
bath. However, subsequent experiments showed that the inhibition only occurred with 22°C
solutions, not with 37°C solutions. In addition, even after the bath temperature recovered to
37°C, the SBCs did not recover to control levels in 1-wk-old bladders. These effects were
not observed in 6-wk-old bladders. Thus a brief exposure to low temperatures has a
prolonged suppressant effect on SBCs in 1-wk-old bladders, which can be reversed by the
cholinergic and purinergic mechanisms activated by EFS (Fig. 3, A and B). Although the
mechanism of low-temperature inhibition is unknown, it is possible that it is due to reduced
metabolism of an inhibitory factor, which produces a long-lasting suppression of SBCs.
Alternatively, low temperatures could suppress the spontaneous release of transmitters from
intramural nerves, and high-frequency EFS could produce a long-lasting posttetanic
potentiation of spontaneous transmitter release, as has been reported in peripheral and
central synapses (43).

SK and BK antagonism

SBCs are initiated by spontaneous action potentials in the smooth muscle (5) that are
thought to propagate throughout the bladder via intercellular connections (gap junctions)
between muscle cells or via interstitial cells that provide a cellular link between the muscle
cells. The upstroke of muscle action potentials is due to Ca2* influx through voltage-
dependent, nifedipine-sensitive .-type Ca2* channels (17). This Ca2* influx induces Ca%*
release from ryanodine-sensitive internal stores (Ca2*-induced Ca2* release) and activates
the actin-myosin contractile apparatus. Increased intracellular calcium also activates K¢,
channels, causing K* efflux, repolarization of the membrane potential (mediated by BK
channels) (19), and an after-hyperpolarization following the action potential (mediated by
SK channels) (3, 8). The activity of K¢, channels thus modulates contractility by regulating
membrane potential and excitability. Both BK and SK channels are expressed in normal
adult bladders and control electrical and contractile activities (5, 7, 15-18, 21-25, 30). The
BK channel blocker IBTX enhances spontaneous contractions in adult bladder smooth
muscle by increasing the amplitude and duration of spontaneous action potentials (15, 16).
Blocking SK channels with apamin increases the amplitude while decreasing the frequency
of spontaneous contractions by altering the pattern of the spontaneous action potentials (17,
21, 25). BK channels are both Ca2* and voltage sensitive, whereas SK channels are Ca2*
sensitive but voltage insensitive (20). Compared with adult bladders, the contractions in
neonatal bladders are more dependent on Ca2* entry through -type Ca2* channels than
Ca%*-induced Ca?* release from the sarcoplasmic reticulum (40-42). How this difference in
calcium-mediated contractions in neonatal bladders affects the function of K¢, channels is
unknown.
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BK channels appear to be the major K¢, channel regulating SBCs during the early postnatal
period between 1 and 3 wk, when the bladder undergoes a major developmental change in
its pattern of spontaneous activity. Block of BK channels with IBTX increased the
amplitude and AUC of SBCs two- to threefold in 1- to 3-wk-old bladders and unmasked
SBCs in 3-day-old bladders. Block of SK channels with apamin also unmasked spontaneous
contractions in 3-day-old bladders and enhanced contractions in 6-wk-old bladders but did
not change SBCs in bladders from 1-3 wk. The lack of an effect of apamin on SBCs
between 1 and 3 wk was unexpected because RTPCR indicated stable expression of the SK
gene from 3 days to 6 wk. In adult bladders, apamin enhances spontaneous contractions by
converting single spontaneous action potentials into bursts of action potentials without
changing the amplitude or time course of the potentials (15-17). Each burst of action
potentials in apamin-treated bladder muscle was found to be coupled with a phasic
contraction of higher amplitude and lower frequency than in untreated muscle (17). Apamin
also increased the amplitude of SBCs in adult bladders (12, 21). Thus the failure of apamin
to enhance SBCs in neonatal bladders raises the possibility that the burst pattern of action
potentials is already present in the neonatal bladders and that blocking SK channels with
apamin does not change the action potential pattern. On the basis of the differences between
our findings in 1- and 3-wk-old bladders and other studies in adult bladders, it appears that
SK channels become more important in controlling the activity of the bladder after 6 wk of
age.

IBTX significantly enhanced the AUC of SBCs at 2-3 wk, the same time when levels of the
BK channel a (pore-forming) subunit reached a maximum (Fig. 11C). The increase in BK-a,
protein occurred 1 wk later than the increase in BK-o. mRNA, which peaked at 1 wk. This
difference may be due to a time lag between the accumulation of mRNA and subsequent
increased expression and membrane targeting of proteins. The BK-a regulatory subunit
mMRNA level remained stable during this period, suggesting that the o and B subunits are
regulated differently in the bladder. This is not surprising, as other studies have shown that
the expression of o and B subunits can be regulated independently in smooth muscle in
response to hormonal stimulation (26, 31). BK channels contribute to the repolarization
phase of the action potentials. Blocking BK channels increases action potential duration (5)
and should increase Ca2* influx, thereby increasing the amplitude of SBCs. While BK
channel expression is maximal at 6 wk, the effect of IBTX blockade at 6 wk is not different
compared with the effect at 1 wk (Fig. 8C), when BK-a protein expression is lowest (Fig.
11C). The larger effects of IBTX at 2- to 3-wk than at 6 wk may be partially due to the
greater ability of the sarcoplasmic reticulum to buffer Ca2* influx in older bladders (40-42).

In adult bladders, both apamin and IBTX decreased the frequency of SBCs, while increasing
their amplitude (5, 21, 39). In this study, apamin did not change the frequency in 1- to 3-wk-
old bladders, and IBTX significantly increased the frequency in 2-wk-old bladders. For adult
bladders, it has been proposed that the decrease in contraction frequency after K¢, channel
blockade is due to release of Ca2* from the sarcoplasmic reticulum via activation of
ryanodine receptors (21). The released Ca2* then either inactivates voltage-dependent Ca2*
channels or activates K¢, channels to change membrane excitability. The failure of K¢,
channel blockers to decrease frequency of SBCs in neonatal bladders is consistent with the
view that intracellular Ca2* release mechanisms are not fully developed in the neonatal
bladder.

In adult rat bladders, combined administration of apamin and IBTX produced large chaotic
SBCs that were difficult to evaluate (21). In neonatal bladders, the minor role played by SK
channels allowed for evaluation of synergistic interactions between SK and BK channels in
2- and 3-wk-old bladders. Apamin followed by IBTX produced a slightly larger increase
(sixfold) (Fig. 9C) in AUC than IBTX followed by apamin (threefold), but this difference
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was not statistically significant (Fig. 9C). In adult mouse urinary bladders, simultaneous
application of apamin and IBTX also produced additive effects on neurally evoked
contractions (20). This was attributed to the drugs acting on two different mechanisms
regulating cell membrane excitability and bladder contractility. However, because apamin
and IBTX were added simultaneously to the organ bath, the effect of sequential blockade
was not examined. It has been suggested that intracellular Ca2* release limits contractility in
the presence of apamin by the activation of BK (21). Thus blocking both channels produces
a greater effect than blocking either one alone. The reason for the slightly greater effect of
the IBTX-apamin combination treatment on AUC of SBCs in the 2- and 3-wk-old bladders
when apamin is administered first is unknown.

Conclusions and clinical translation

Although the decrease in smooth muscle sensitivity to neurotransmitters and the increased
expression of BK channel activity seem to contribute to the developmental downregulation
of SBCs, other factors that inhibit cell-cell interaction via gap junctions or reduce the
efficiency of pacemaker cells in the bladder may also play an important role in transforming
the bladder from an overactive neonatal organ to an adult organ that stores urine efficiently.
Understanding the mechanisms involved in the postnatal downregulation of spontaneous
bladder contractions has clinical implications for both children and adults who exhibit
overactive bladder dysfunction. Furthermore, although it is believed that the development of
inhibitory mechanisms in the brain and spinal cord is essential for creating a stable adult
bladder (36), it is also important to determine how these changes in the central nervous
system are coordinated with the maturation of the bladder smooth muscle and peripheral
neural pathways. If signals from the spinal cord and brain regulate the emergence of mature
bladder smooth muscle function, then further study of the postnatal changes in urinary
bladder activity might provide new insights into the mechanisms of urinary tract dysfunction
in people with neuropathic bladders due to spina bifida and spinal cord injury.
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Fig. 1.

Enhancement of spontaneous bladder contractions by electrical field stimulation (EFS) in
the 1-wk-old bladder. A: spontaneous contractions occur in the absence of electrical or
neuronal stimulation. KCI (80 mM) causes a large-amplitude contraction, and changing the
bath solution reduces the amplitude of spontaneous contractions. The amplitude was
restored by application of EFS (32 Hz, 50 V). B: EFS also increased contraction amplitude
in a bladder not previously treated with EFS or KCI.
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Fig. 2.

EFS-induced enhancement of spontaneous bladder contractions in 1-wk bladders, but not in
6-wk-old bladders. Basal level of spontaneous contractions was evoked by filling alone (1
wk: 200 pl, 6 wk: 300 ul), without using EFS to optimize the conditions for evoking
spontaneous activity. Contractions were evaluated 15 min after EFS. Values are expressed
as means (SD). A: EFS significantly increased the amplitude and area under the curve
(AUC) of contractions in 1-wk-old bladders but did not significantly change the frequency
of contractions, n = 7. *P < 0.05. The basal non-EFS-stimulated amplitude was 11.6 (7.7)%
of KCI response, frequency was 15 (8) contractions in 5 min; AUC was 583 (241) cm H,0/
s. B: EFS did not significantly change the amplitude, frequency, or AUC, of the spontaneous
contractions in 6-wk-old bladders (n = 5). ns, not significant. The basal non-EFS-stimulated
amplitude was 5.3 (4.2)% of KCI response; frequency was 35 (3.5) contractions in 5 min;
AUC was 809 (632) cm H,O/s.
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Fig. 3.

The temperature of the bath solution affects contractions in 1-wk-old bladders, but not in 6-
wk-old bladders. A: changes in spontaneous contractions in a 1-wk-old bladder after
changing the bath solution three times with fresh Krebs solution, and subsequent application
of EFS after a 15-min equilibration period. Upper trace: bath change with 22°C Krebs
solution. Lower trace: bath change with 37°C Krebs solution. B: flushing the bath with 22°C
solution significantly reduced the amplitude, frequency, and AUC of contractions in the 1-
wk-old bladder (n = 7) but not in the 6-wk-old bladders (n = 5) Values are expressed as
means (SD). *P < 0.05 compared with the initial value. EFS restored the amplitude and the
AUC in the 1-wk-old bladders but not in 6-wk-old bladders. #P < 0.05 compared with the
value 15 min after the bath change. C: flushing the bath with 37°C solution decreased the
frequency but not the amplitude or AUC of contractions in the 1-wk-old bladders (n = 7) but
did not significantly change these parameters in the 6-wk-old bladder (n = 5). Values are
mean (SD). *P < 0.05 compared with the initial value. Subsequent EFS did not significantly
change the spontaneous contractions in 1-wk-old or 6-wk-old bladders.
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Fig. 4.

Effects of atropine on EFS-enhanced spontaneous contractions. A: effect of 1 uM atropine
on spontaneous contractions and subsequent EFS, on EFS-enhanced spontaneous
contractions in the 1-wk-old bladder. B: amplitude and AUC are decreased by 1 pM atropine
in the 1-wk-old bladder. The first EFS was able to restore the amplitude and AUC without
affecting the frequency. However, the second EFS caused a decrease in amplitude and AUC
(n =11). Values are expressed as means (SD). *P < 0.05; ***P < 0.001. All statistics are for
comparison with the basal level prior to atropine. The spontaneous contractions in the 6-wk-
old bladders were only affected by a drop in AUC after 1 uM atropine, which was restored
by one EFS (n = 4). ***P < 0.001 compared with basal level before atropine.
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Fig. 5.

Effects of suramin on EFS-enhanced spontaneous contractions. A: effect of 10 uM suramin
and subsequent EFS, on EFS-enhanced spontaneous contractions in the 1-wk-old bladder. B:
amplitude and AUC are decreased by 10 uM suramin in the 1-wk-old bladder. The first EFS
was able to restore amplitude and AUC without affecting the frequency. However, the
second EFS caused a decrease in amplitude and AUC (n = 9). Values are expressed as
means (SD). *P < 0.05; **P < 0.01, ***P < 0.001; All statistics are for comparison to basal
level before suramin. C: spontaneous contractions in the 6-wk-old bladders were not
affected by 10 uM suramin, (n = 4). Values are expressed as means (SD). ns, compared with
basal level before suramin.
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Fig. 6.

Effects of TTX on EFS-enhanced spontaneous contractions. A: Effect of 1 uM TTX and
subsequent EFS on EFS-enhanced spontaneous contractions in the 1-wk-old bladder. B:
EFS-enhanced spontaneous contractions were not affected by 1 uM TTX in both the 1-wk-
old (n = 6) and 6-wk-old bladder (n = 3). Subsequent EFS was not able to further enhance
spontaneous contractions. Values are expressed as means (SD). ns, compared with basal
level before TTX.
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Changes in basal bladder spontaneous contractions from 3 days to 6 wk. Parallel decrease in

(SD). *P < 0.05; **P < 0.01, ***P < 0.001. Comparisons are to 1-wk values.
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Effects of K¢, channel blockers on spontaneous contractions. Both iberiotoxin (IBTX) and
apamin were used at 100 nM concentrations. Values are expressed as means (SD). A: IBTX

increased the amplitude in 2

wk-old bladders, whereas apamin increased the amplitude in 6-

wk-old bladders. B: IBTX increased the frequency in 2-wk-old bladders, whereas apamin
did not affect frequency at any time. C: IBTX increased AUC in the 2- to 3-wk-old bladders,
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ct AUC at any time. Values are expressed as means (SD). **P <

0.01, ***P < 0.001, compared with basal level before either IBTX or apamin was given.
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Fig. 9.

Combined small-conductance K¢, (SK) and large-conductance K¢, (BK) blockade. Both
IBTX and apamin were used at 100 nM concentrations. A: effect of apamin followed by
IBTX on spontaneous contractions in the 3-day-old bladder, then the effects of IBTX
followed by apamin. B: effect of apamin followed by IBTX on spontaneous contractions in
the 1-wk-old bladder, then the effects of IBTX followed by apamin. C: apamin followed by
iberiotoxin results in a significantly larger AUC at 2 and 3 wk of life compared with apamin
alone. **P < 0.01; ***P < 0.001. Dotted line indicates 100%. Iberiotoxin followed by
apamin results in a similar increase in AUC compared with iberiotoxin alone. Dotted line

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2011 June 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ng et al.

Page 22

indicates 100%. n = 8-12 animals at each time point. Values are expressed as means (SD).
Apamin/IBTX is not significantly greater than IBTX/apamin.
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Fig. 10.

Expression of SK and BK in 3-day-old and 6-wk-old bladders. A: RT-PCR products
detected from mRNA of SK1, 2, 3, and BK-a and - subunits. The RT-PCR of GAPDH was
used as an internal loading control among samples. B: negative controls of PCR using
mRNA samples of SK1, 2, 3, and BK-a and - subunits in the absence of RT (No-RT). C:
quantitation of steady-state mMRNA levels (expressed as ratio to GAPDH) of SK1, 2, 3
channels and BK channel o and 8 subunits between 3-day and 6-wk bladders. (n =4 or 5
bladders per reaction). Values are expressed as means (SD). *P < 0.05, compared with day
3.
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Fig. 11.

Upregulation of BK-a subunit during the first 6 postnatal weeks. A, top: RT-PCR of BK-a
subunit in bladders of different ages. The RT-PCR product of GAPDH is shown as a loading
control. Bottom: mRNA levels of the a subunit between 3 days and 6 wk (n = 5). Values are
expressed as means (SD). *P < 0.05; **P < 0.01, compared with day 3. B: A 120-kDa
protein equivalent to the BK-a subunit was detected from 3 days to 6 wk in the Western blot
of the bladder membrane protein using anti-BK-a subunit primary antibody. The 120-kDa
protein was not detected when the primary antibody was preincubated with the blocking
peptide. The EGFR level was used as a loading control for the membrane protein at each
time point. C: increase in the a subunit protein levels between 3 days and 6 wk (n = 4).
Values are expressed as means (SD). *P < 0.05; **P < 0.01, compared with day 3.
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Table 1
Primer sets used in PCR
Target mMRNA  Sequence 5’ — 3’ Tm, °C  Annealing Temperature, °C  Number of Cycles
SK1 CTGTGGEGAAGGECGTGTIGICT (sense) 70.8 60 30
CGAACCCGCCTTTGGICTG (anti sense) 70.0
SK2 ATGCCCCTTCCACAACCACTGC (sense) 731 55 30
CACTACGGCTACCACCAAG (anti sense) 60.8
SK3 CAAGAACGCTGCCGCAATGIC (sense) 74.6 55 30
CCAGGCTGCCATCTGCTTTTC (anti sense) 70.8
BK channel CGCCATTAAGTCGGCTGAT (sense) 64.9 55 40
a-subunit GACGGCAAATCCTGTCCC (anti sense) 66.8
BK channel TGIGTACCAGCGCCTCTATG ( sens e) 63.8 58 30
B-subunit CAGAGAGGGACCTGITGACC (anti sense) 64.0
GAPDH AAACCCATCACCATCTTCC (sense) 61.2 55-60 30-40
GCCTGCTTCACCACCTTCT (anti sense) 64.4

Sequences of the small conductance KCg (SK)1-3 primers were published by Tamarina et al. (38), and the large conductance KCga (BK)-a primers
are from Gauthier et al. (13). The GAPDH mRNA was amplified as the loading control with the same annealing temperature and the cycle numbers
of the target mMRNAs.
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