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INTRODUCTION

It is well established that the intrinsic pacemaker mechanism that generates cyclical
colonic migrating motor complexes (CMMCs) does not require endogenous nitric
oxide (NO). However, pharmacological blockade of endogenous NO production potently
increases the frequency of CMMCs, suggesting that endogenous NO acts normally to
inhibit the CMMC pacemaker mechanism. In this study, we investigated whether mice
with a life long genetic deletion of the neuronal nitric oxide synthase (NNOS) gene
would show similar CMMC characteristics as wild type mice that have endogenous NO
production acutely inhibited. Intracellular electrophysiological and mechanical recordings
were made from circular muscle cells of isolated whole mouse colon in wild type and
nNOS knockout (KO) mice at 35°C. In wild type mice, the NOS inhibitor, LNA (100 wM)
caused a significant increase in CMMC frequency and a significant depolarization of the
CM layer. However, unexpectedly, the frequency of CMMCs in nNOS KO mice was not
significantly different from control mice. Also, the resting membrane potential of CM cells
in NNOS KO mice was not depolarized compared to controls; and the amplitude of the
slow depolarization phase underlying MCs was of similar amplitude between KO and wild
type offspring. These findings show that in NNOS KO mice, the major characteristics of
CMMCs and their electrical correlates are, at least in adult mice, indistinguishable from
wild type control offspring. One possibility why the major characteristics of CMMCs were
no different between both types of mice is that nNOS KO mice may compensate for their
life long deletion of the nNOS gene, and their permanent loss of neuronal NO production.
In this regard, we suggest caution should be exercised when assuming that data obtained
from adult nNOS KO mice can be directly extrapolated to wild type mice, that have been
acutely exposed to an inhibitor of NOS.
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(Ward et al., 1999), CMMCs are critically dependent upon the

Colonic migrating motor complexes (CMMCs) are one of the
major types of motor pattern that occur in the large intestine of
a variety of mammals both in vivo (Ferre and Ruckebusch, 1985;
Sarna, 1991; Morita et al., 2012) and in vitro (Wood, 1973; Fida
et al., 1997; Bywater et al., 1998; Brierley et al., 2001; Powell and
Bywater, 2001; Roberts et al., 2007, 2008; Heredia et al., 2009;
Copel et al., 2013). CMMCs have also been reported in human
colon in vivo (Hagger et al., 2003) and recently in the intact whole
isolated human colon (Spencer et al., 2012). Although the func-
tion of CMMC:s is not entirely clear, it is likely they underlie, at
least in part, propulsion of semi solid and solid content along the
large bowel.

In mouse colon, the mechanisms that underlie intracellu-
lar electrophysiological properties of CMMCs have been studied
in detail by a number of investigators over the past 20 years
(Bywater et al., 1989, 1998; Lyster et al.,, 1995; Spencer et al.,
1998b, 2005; Dickson et al., 2010). Unlike electrical slow waves
which are myogenic in origin (Huizinga et al., 1995) and do
not require the presence of enteric nerves for their generation

enteric nervous system, since they are abolished by hexametho-
nium or tetrodotoxin (Wood, 1973; Bywater et al., 1989; Lyster
etal, 1995; Fida et al., 1997; Spencer et al., 1998b). And, CMMCs
do not occur in regions of colon that are aganglionic, lacking
enteric nerves (Spencer et al., 2007). Whilst slow waves have been
recorded from the mouse colon (Wood, 1973; Lyster et al., 1993),
they are rare, and occur at vastly different frequencies (16 per
min, Wood, 1973; Lyster et al., 1993), compared with electrically
recorded myoelectric complexes (MCs) (that underlie CMMCs),
occurring every 2—5 min; see (Bywater et al., 1998), for review.
Also, whilst interstitial cells are essential for slow wave generation
(Huizinga et al., 1995), studies have shown that in W/W"¥ mutant
mice, that lack intestinal slow waves and pacemaker type ICC-
MY, cyclical MMCs were still reliably and consistently recorded,
which were abolished by hexamethonium or atropine (Spencer
etal., 2003). A recent electrophysiological study of mouse GI-tract
indeed confirmed that whilst slow waves were regularly recorded
from the upper Gl-tract, they were not recorded from mouse
cecum (Gil et al., 2013).
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The intrinsic neural mechanisms that underlie the generation
of CMMCs involves activation of complex enteric neural path-
ways (Bywater et al., 1989, 1998; Lyster et al., 1995; Spencer et al.,
1998b, 2005; Dickson et al., 2010). CMMC generation involves
two major processes: (1), activation of cholinergic motor neurons
causing cholinergic (atropine-sensitive) oscillations in membrane
potential (occurring at 2Hz) (Bywater et al., 1989, 1998; Lyster
et al., 1993, 1995; Spencer et al., 2005; Dickson et al., 2010)
and; (2) inhibition of ongoing inhibitory neurotransmitter release
(disinhibition) (Lyster et al., 1995; Spencer et al., 1998b). Indeed,
the process of disinhibition was first described for the periodic
generation of migrating spike bursts along the isolated cat colon
(Christensen et al., 1978). In the mouse colon, the process of dis-
inhibition was shown to involve the suppression of both nitrergic
and non-nitrergic neurotransmitters, acting via presynaptic sup-
pression of inhibitory transmitter output (Spencer et al., 1998a).
Although disinhibition involved, in part, the periodic suppres-
sion of nitric oxide (NO) release, CMMCs and the disinhibition
process itself still occurred when endogenous NO production
was blocked. This was demonstrated when it was found that
CMMCs still occurred in the presence of NOS inhibitors and
in fact, CMMCs occurred more frequently (Fida et al., 1997;
Powell and Bywater, 2001). Also, inhibitors of NOS were found
to significantly depolarize the resting membrane potential (RMP)
of the circular muscle, by decreasing the repolarization phase
during the intervals between MCs (Lyster et al., 1995; Spencer
et al.,, 1998a,b). This showed that whilst the identity of the
pacemaker cell(s) that generate CMMCs remains unclear, the
timing and frequency of CMMC:s is strongly modulated by ongo-
ing neuronal release of NO (Fida et al., 1997; Spencer et al,
1998a,b; Spencer, 2001; Roberts et al., 2007), in addition to main-
taining tonic inhibition of the circular muscle between MCs
(Spencer et al., 1998a,b). In further support of this, a recent study
showed that CMMC:s still occur in neuronal nitric oxide syn-
thase (nNOS) knockout (KO) mice (Dickson et al., 2010), and
it was reported that they occurred more frequently compared to
wild type littermates (Dickson et al., 2010). In this study, we have
recorded the electrical and mechanical characteristics of nNOS
KO mice to determine whether permanent loss of nNOS leads
to similar CMMC characteristics as in wild type mice that have
endogenous NO synthesis prevented acutely, by pharmacological
blockers of NOS.

METHODS

PREPARATION OF TISSUES

Neuronal nitric oxide synthase (nNOS) KO mice (30-90 days of
age) of either sex and their wild type control littermates were
obtained from the Jackson Laboratory, Maine, U.S.A. Mice were
euthanized humanely by isoflurane inhalation overdose, followed
by cervical dislocation, as approved by the local animal wel-
fare committee. The entire colon was removed from mice and
placed in room temperature Krebs solution, which was constantly
bubbled with carbogen gas (95% 02/5% CO?2).

MECHANICAL RECORDINGS FROM THE CIRCULAR MUSCLE DURING
SPONTANEOUS CMMCs

We recorded the force generated by the circular muscle layer
during each spontaneous CMMC, using an isometric recording

transducer (Grass FT-03C; Grass, Quincy, M.A., U.S.A) con-
nected via fine suture thread to hooks that pierced the muscle
wall. Mechanical recordings were made under isometric condi-
tions, using force transducers that were connected to two custom
made preamplifiers (Biomedical engineering, Flinders University)
and then to a Powerlab (model: 4/30; AD Instruments, Bella
Vista, N.S.W, Australia). Labchart version 6.0 (AD Instruments,
Australia) was used for analysis of data.

INTRACELLULAR ELECTROPHYSIOLOGICAL RECORDINGS FROM
CIRCULAR MUSCLE CELLS

Intracellular recordings were made from circular muscle cells
in the mid-distal region of isolated whole mouse colon, using
an independently mounted micromanipulator (model M3301R;
WPI Inc. Sarasota, FL. USA). All recordings were made
in the presence of atropine (1 wM) and nifedipine (1 uM).
Microelectrodes (i.d. 0.5 mm) were filled with 1.5M KCI solu-
tion and having tip resistances of about 100 M2. Electrical signals
were amplified using a dual input Axoprobe 1A amplifier and dig-
itized at between 660 Hz and 1.5 KHz on a PC using Axoscope
software (version 8.0; Axon Instruments, Foster City, CA, USA).

MEASUREMENTS AND STATISTICS

Measurements of the peak amplitude and interval between
CMMCs and MCs were measured from isometric mechanical
recordings using Chart Version 6.0 (AD Instruments, N.S.W.
Australia) and intracellular recordings. Data in the results section
are presented as means £+ S.E.M. The use of “n” in the results
section refers to the number of animals on which observations
were made. Data sets were considered statistically significant if P
values < 0.05 were reached. Statistical analysis of data was con-
ducted for all experiments using within-fields/repeated measures
analysis.

DRUGS AND SOLUTIONS

The Krebs solution used contained (in mM): NaCl, 118; KCl, 4.7;
NaHPO4.2H20, 1.0; NaHCO3, 25; MgCl.6H20, 1.2; D- Glucose,
11; CaCl2.2H20, 2.5. L-NA was obtained from Sigma Chemical
Co. Mo. U.S.A and was made up as a stock solution of 10 mM in
deionized water.

RESULTS

OBSERVATIONS FROM MECHANICAL RECORDINGS OF CMMC
ACTIVITY IN WILD TYPE AND nNOS KO MICE

Mechanical recordings were made from the circular muscle of
proximal and distal colon of isolated whole mouse colon in wild
type control mice (N = 8). During these recordings, CMMCs
were found to occur every 260.7 £40s (Figure 1A; N = 8).
When the NOS inhibitor, L-NA (100 uM) was applied to the
colon it significantly increased the frequency of occurrence of
CMMCs, such that their mean interval decreased to 121.7 & 25s
(Figure 2; P < 0.05; Figure 1A; N = 8).

We anticipated that the frequency of CMMCs in nNOS KO
mice would be significantly faster than in control mice, and mimic
the frequency of CMMCs in wild type mice when exposed to
an inhibitor of NOS. We found that the mean interval between
CMMCs in nNOS KO mice was 218.7 £ 25s, which was no
different from the control frequency of CMMCs in wild type
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mice (Figure 2; P > 0.05; N = 8). Addition of L-NA (100 wM) to
nNOS KO mice, had no effect on CMMC frequency (Figure 1B;
P > 0.05;N = 8).

RECORDINGS OF INTRACELLULAR ELECTRICAL ACTIVITY FROM THE
CIRCULAR MUSCLE CELLS DURING MCs IN nNOS KO AND WILD TYPE
MICE
In wild type control mice, the RMP of the circular muscle layer
during the intervals between MCs was —43.7 & 1.2 mV (26 cells,
n=11) and during the rising phase of MCs, the mean peak
amplitude of slow depolarization was 12.6 = 1.4 mV (15 cells,
n = 11). Addition of L-NA (100 M) cause a significant depolar-
ization of the circular muscle and reduced the amplitude of MCs
(P < 0.05; Figure 3; N = 11). Surprisingly, in nNOS KO mice the
| Wild type control

L-NA 100uM

30mN

30mN

B nNOS KO

T
o oo

L-NA 100uM 3min

30mN

30mN

Figure 1

FIGURE 1 | (A) Mechanical recordings from the circular muscle layer from
proximal and distal colon of a wild type control mouse. CMMCs occur
approximately every 3-4 min. Addition of the NO inhibitor, L-NA (100 nM)
caused a significant increase in frequency of CMMCs. (B) in an nNOS KO
mouse, surprisingly, CMMCs occur at a similar frequency as wild type
control animals (as in A), but addition of the NOS inhibitor, L-NA has no
effect confirming this is a KO mouse.

RMP was no different from wild type animals at —42.4 & 0.9 mV
(61 cells, P > 0.05; n = 15). Also, the amplitude of slow depolar-
ization phase during MCs was 11.2 & 1.4 mV, which was also no
different from controls (14 cells, Figure 4; P > 0.05; n = 9).

CONFIRMATION THAT nNOS KO MICE LACK NEURONAL NITRIC OXIDE

We used a neuronal NOS antibody to confirm the presence or
absence of neuronal NOS in wild type and nNOS KO offspring. In
wild type offspring, nNOS positive neurons were always present
in myenteric ganglia (Figure 5A). Also, the general neuronal anti-
body, Hu, was used to confirm that nNOS positive neurons were
Hu positive. This was always the case (Figure 5A). In nNOS KO
mice, no nNOS immunoreactive neurons were detected (N = 5;
Figure 5B). To confirm that enteric neurons were present in

I )
L-NA (100uM) 3min

B | ,,M%
“ Wy

25sec C
‘ 5mV o
Ar\/\»\ (\»/V/\ W&W
2sec

FIGURE 3 | Effects of an inhibitor of NOS on intracellularly recorded
MCs in the circular muscle layer of wild type control mouse whole
colon, whilst in the presence of nifedipine (A) CMMCs occur with a
pre-complex hyperpolarization and slow membrane depolarization.
Addition of L-NA induced significant depolarization and increased the
frequency of MCs. (B) shows a single myoelectric complex. (C) shows the
period of spontaneous inhibitory junction potentials represented by the
arrow c, in panel (A). Note, the spontaneous fast IJPs are unaffected by
NOS blockade.
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FIGURE 2 | Graphical representation of the changes in CMMC interval in
wild type and nNOS KO mice (A) in wild type control mice, L-NA caused
a significant reduction in the interval between CMMCs. (B) in nNOS KO

B nNOS KO
P>0.05
350 1
300
2504
200 4
150 A
100 4
50 1
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mice the mean interval between CMMCs was not different from the mean
interval between CMMCs in control mice. Addition of L-=NA had no effect on
CMMC intervals in nNOS KO mice.
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FIGURE 4 | Shows effect of NOS inhibition on an intracellular
recording of MCs in the circular muscle layer of an nNOS KO mouse
colon, in the presence of nifedipine. (A) CMMCs occur with a
pre-complex hyperpolarization and slow membrane depolarization in nNOS
KO mice, similar to wild type controls. Unlike wild type animals, addition of
[-NA did not induce any depolarization of the circular muscle layer and did
not increase the frequency of MCs. (B) shows a single myoelectric
complex. (C) shows a brief recording represented by the arrow c¢ in panel
(A) of spontaneous IJPs that occurs in Krebs solution prior the addition of
[-NA. (D) shows the period of recording represented by the arrow in d in
panel (A), of spontaneous inhibitory junction potentials in the presence of
-NA. There is no change, as expected, in the fast I[JPs recorded in nNOS
KO mice.

nNOS KO mice, we also used the Hu antibody and found that
despite the absence of nNOS positive neurons (Figures 5C,D), Hu
positive enteric neurons were present (Figure 5B; N = 5).

DISCUSSION

It is well known that endogenous NO release is not required
for the generation of CMMCs or their underlying myoelectri-
cal correlates in mouse colon, in vitro. However, endogenous
NO potently modulates the frequency of CMMCs and main-
tains the RMP of the CM in a hyperpolarized state, during the
intervals between CMMCs. The major aim of the current study
was to determine whether nNOS KO mice would show CMMC
characteristics that are similar to CMMCs recorded from wild
type mice, when acutely exposed to an inhibitor of NOS. The
major finding in this study is our unexpected observation that the
frequency of CMMCs in nNOS KO mice was not significantly dif-
ferent from wild type control mice. Also, unexpectedly, the RMP
of the circular muscle layer was not significantly more depolar-
ized compared to control mice and the amplitude of the slow
membrane depolarization underlying MCs was not different from
control.

WHY ARE CMMCs IN nNOS KO MICE NOT DIFFERENT FROM
CONTROLS?

We expected that CMMCs would occur more frequently in
nNOS KO mice and MCs underlying CMMCs to be of reduced
amplitude. The reason why we expected these results was
because we had found previously that acute blockade of NOS
caused these effects in wild type mice where nNOS is naturally

A . Wild type mouse _C nNQS}gOmouse
Lo g
NOS =

30um

FIGURE 5 | Immunohistochemical confirmation that nNOS KO mice
lack nNOS in enteric neurons of mouse colon. (A) shows nNOS
positive cell bodies and fibers shown in brown in myenteric ganglia
and smooth muscle, respectively. (B) shows colocalization of nNOS
positive neuronal cell bodies (brown) and all enteric neurons labeled
by the general neuronal marker, Hu (see blue cell bodies). (C) shows
an nNOS KO mouse has a lack of enteric neurons that are NOS
positive and fibers in the circular muscle. (D) shows there is no
co-localization of nNOS and Hu cell bodies. Only Hu positive cell
bodies are present in myenteric ganglia of nNOS KO mice.

expressed. However, when we studied nNOS KO mice, none of
our expectations were supported by our data. The fact that in
nNOS KO mice there was no overall difference in the major
characteristics of CMMCs, or their underlying electrical cor-
relates, suggests substantial compensation occurs throughout
the life of these animals. This could occur via upregulation
of other neurotransmitters/receptors, ion channels, or signaling
pathways. Although our study did not reveal differences in the
frequency of CMMCs between nNOS KO mice and wild type
offspring, another study characterized the properties of CMMCs
in nNOS KO mice and concluded that CMMCs did occur sig-
nificantly more frequently in nNOS KO mice, than in wild
type controls (Dickson et al., 2010). We are unable to explain
these differences. Interestingly, the records presented in Dickson
et al. (2010) (see Figure 2B) do not show any clear difference
in CMMC frequency between nNOS KO mice and wild type
siblings.

NOS INHIBITORS HAVE NO EFFECT ON CMMCs OR MC MOTOR
PATTERNS IN nNOS KO MICE

Whilst acute exposure of an NOS inhibitor in wild type mice
caused an immediate and pronounced increase in CMMC
and MC frequency, application of an NOS inhibitor to nNOS
KO mice did not cause any detectable changes in CMMCs
or MCs (Figures3, 4). This is an important observation,
because it suggests that nNOS is specifically responsible for
modulating CMMC and MC frequency; and that iNOS and
eNOS (both present in the mouse colon), do not play a
detectable role in modulating CMMC characteristics, at least
in vitro.
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HOW DO THESE FINDINGS IN nNOS KO MICE RELATE TO PREVIOUS
STUDIES

Based on our previous studies (Spencer et al., 1998a,b), we
assumed that mice with a genetic deletion of the nNOS gene
would show depolarized RMPs during the intervals between MCs.
In fact, we did not find any difference between the RMPs in wild
type control mice compared with nNOS KO mice. Indeed, when
an NOS antagonist was applied to wild type mouse colon, the
RMP between MCs depolarized significantly, consistent with pre-
vious findings (Spencer et al., 1998a,b). In contrast, addition of an
NOS inhibitor to nNOS KO mice had no effect on RMP of the cir-
cular layer, nor, on the mechanical activity underlying CMMCs.
This result in nNOS KO mice suggests that during the intervals
between CMMCs, the RMP of the circular muscle layer is main-
tained in a hyperpolarized state by neurotransmitters other than
NO and/or upregulation of other receptors, signaling pathways or
second messenger systems. The nature of which requires further
investigation. Although we could not demonstrate depolarized
RMPs in nNOS KO mice, a recent study by Dickson et al. (2010)
reported that the RMP of the circular muscle was significantly
depolarized compared to wild type mice.

REFERENCES G222-G232. doi:  10.1152/ajpgi.

CONCLUSIONS

The findings of the current study show that the CMMC
motor pattern recorded from nNOS KO mice (that lack
neuronal NO throughout their entire life), do not pro-
vide comparable characteristics to wild type mice exposed
to an NOS inhibitor. We suggest caution should be exer-
cised when assuming, or expecting, that the motility pat-
terns recording from nNOS KO mice can be directly extrap-
olated to, and compared with, the data obtained from wild
type mice that have been acutely exposed to an inhibitor
of NOS.
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