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Background/Aims
Neurotensin is a gut-brain peptide with both inhibitory and excitatory actions on the colonic musculature; our objective was to
understand the implications of this for motor patterns occurring in the intact colon of the rat.

Methods
The effects of neurotensin with concentrations ranging from 0.1-100 nM were studied in the intact rat colon in vitro, by investigating
spatio-temporal maps created from video recordings of colonic motility before and after neurotensin.

Results

Low concentration of neurotensin (0.1-1 nM) inhibited propagating long distance contractions and rhythmic propagating motor
complexes; in its place a slow propagating rhythmic segmental motor pattern developed. The neurotensin receptor 1 antagonist SR-
48692 prevented the development of the segmental motor pattern. Higher concentrations of neurotensin (10 nM and 100 nM)
were capable of restoring long distance contraction activity and inhibiting the segmental activity. The slow propagating segmental
contraction showed a rhythmic contraction—relaxation cycle at the slow wave frequency originating from the interstitial cells of Cajal
associated with the myenteric plexus pacemaker. High concentrations given without prior additions of low concentrations did not
evoke the segmental motor pattern. These actions occurred when neurotensin was given in the bath solution or intraluminally. The
segmental motor pattern evoked by neurotensin was inhibited by the neural conduction blocker lidocaine.

Conclusions

Neurotensin (0.1-1 nM) inhibits the dominant propulsive motor patterns of the colon and a distinct motor pattern of rhythmic slow
propagating segmental contractions develops. This motor pattern has the hallmarks of haustral boundary contractions.
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Introduction

Neurotensin is a peptide present in the brain and gut with ex-
citatory as well as inhibitory actions, it is found in synaptic vesicles
of the central nervous system, in enteroendocrine cells and in the
bloodstream. "

Neurotensin 1 receptors (NTR1) are abundantly present in the
myenteric plexus, the submucosal plexus as well as within the mus-
culature of the human colon, they co-localize with myenteric neu-
rons’ but not interstitial cells of Cajal (ICC) in mice and humans.*
NTR1 were found on cultured ICC from mice and neurotensin
modulated pacemaker currents via the activation of non-selective
cation channels by intracellular Ca**-release through NTR1.’

The laboratory of Rosa Serio studied the action of neurotensin
on a 2 cm isolated segment of the rat colon using intraluminal pres-
sure measurements. Neurotensin (100 nM) produced an inhibitory
effect mediated by nitric oxide and an excitatory effect that was
inhibited by atropine.”” Inhibitory and excitatory effects were also
found in the human colon.” Neurotensin might play a role in colon
motor dysfunction in ulcerative colitis, where the colon produces an
excessive amount of neurotensin.” In mice, inhibitory and excitatory
actions of neurotensin were shown to be mediated by the NTR1 re-
ceptor.”” Intravenous administration of neurotensin causes increased
colonic motility in rats'' and humans."”

The present study deals with propulsive motor patterns in the
rat colon. Colonic propulsive contractions are often referred to as
“colonic migrating motor complexes (CMMCs)” described as such

1 and mouse™™"” colon. We and others recently reported

in the rat
that the CMMC contains 2 distinct propulsive motor patterns, a
pancolonic long distance contraction (LDC) and a rhythmic propa-
gating motor complex (RPMC) that is primarily observed in the
mid and distal colon."*

The objective of the present study was to understand how the
inhibitory and excitatory actions of neurotensin translate into mo-
tor patterns of the whole colon in the rat. Interestingly, neurotensin
consistently evoked a segmental motor pattern, slow propagating
rhythmic haustral boundary contractions, that were rarely observed
spontaneously. A haustrum is defined here as a pocket-like transient
structure created by circumferential muscle contractions. They
are prominent in the human® and rabbit 3-taeniated colon® and
we show here that they appear in the rat colon in the presence of
neurotensin. We applied neurotensin in the organ bath or intra-
luminally. Given in the bath solution, neurotensin will reach the

NTRI receptors in the myenteric plexus, similar to tetrodotoxin

(TTX)* or $-hydroxytryptamine,"” which show immediate action
upon bath application; neurotensin was applied in concentrations
that mimicked plasma concentrations.”””* Neurotensin given in the
lumen may mimic the actions of the neuropeptide as secreted by
enteroendocrine cells. The concentrations used in the present study

are within the physiological range.”*”’

Materials and Methods

Animals

We used 57 adult male Sprague-Dawley rats weighing 200-
300 g. The study protocol was approved by the Ethic Committee
of Renmin Hospital of Wuhan University School of Medicine
(NSFC-81170249).

Preparation

After rats were killed by cervical dislocation, the entire colon
was removed and placed in gassed (5% CO, and 95% O,) Krebs
at 37°C (pH 7.3-7.4). Krebs solution consisted of (mM) NaCl
118.1, KCl 4.8, NaHCO, 25, NaH,PO, 1.3, MgCL-6H,0 1.2,
Glucose 12.2, and CaCl, 2.5. All procedures, organ baths, and rat
species were identical to those published previously.”* In short, the
contents of the colon were gently washed out using warmed Krebs
solution, and external connective tissue was removed because that
interferes with spatio-temporal mapping. The proximal and distal
ends were cannulated and fixed to the bottom of the organ bath.
The proximal inflow tube (inner diameter 3 mm and outer diameter
4 mm) was connected to a 50 mL syringe and placed 15 cm above
the level of the colon with phosphate buffered solution (PBS) (with
10 uM indomethacin, without glucose).”” Indomethacin was used
in all solutions to avoid responses of prostaglandins released by the
mucosa which may lead to changes in enteric nervous system (ENS)
function.” PBS consisted of NaCl 137.1 mM, KCl 2.7 mM,
Na,HPO, 10 mM, and KH,PO, 2 mM. The distal outflow tube
(inner diameter 3 mm, outer diameter 4 mm) was positioned in a
narrow upright graduated cylinder filled with PBS. The fluid level
in the cylinder determined the intraluminal pressure and the stan-
dard intraluminal pressure at the beginning was 5 cm H,O. After
an LDC was completed, fluid flowed back into the colon. The co-
lon was left to equilibrate for 20-30 minutes before the experiment
started. Neurotensin was applied in the bath or via a small catheter
into the lumen of the proximal colon, very slowly; taking care not to
distend the colon. A video camera was mounted above the prepara-

tion and each experiment was recorded in its entirety. Data acquisi-
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tion occurred through a Microsoft camera using Microsoft Life-
Cam software (Microsoft Canada Co, Mississauga, ON, Canada).
Drugs were given via the bath solution and intraluminally with an

interval of 30 minutes using 5 concentrations.

Materials

The following drugs were used: neurotensin (Aladdin In-
dustrial Co. Ltd, Shanghai, China), NTR1 antagonist SR-48692
(Sigma-Aldrich Co. Ltd, Zwijndrecht, Netherlands), lidocaine
(Hualu Pharmaceutical Co. Ltd, Shandong, China), TTX (Bao-
man Biochemistry Co. Ltd, Shanghai, China). Krebs and PBS
reagents were purchased from Sinopharm Chemical Reagent Co.
Ltd, Shanghai, China.

Spatio-temporal Mapping

Data acquisition occurred through a Microsoft camera using
Microsoft Lifecam software. Video recordings were analyzed by
Image J aided by plugins written by Dr. Sean Parsons. A “spatio-
temporal map” is an image which represents the motor activity
based on the change in colon diameter. Diagonal streaks of black
represent propagating contractions. Colon width (coded as image
intensity, black to white) is calculated at each pixel along the colon’s
length (image y-axis), for each video frame (image x-axis). Changes
in diameter were quantified after calibrating distance, using dots
at the bottom of the organ bath, which were separated by exactly 1
cm. The maps were made of the whole colon except for both ends,
which were used to fix the colon onto the in and outflow tubes and
the length was between 13 cm and 19 cm.

Statistical Methods

Frequencies were calculated over a 30-minute period. The
maximum frequency was calculated from sections that showed the
highest frequency in a regular rhythmic manner. Contraction dura-
tion (y-axis), length (x-axis), and velocity were calculated using Im-
age ] software (“analyze”).

One-way analysis of variance (ANOVA) was used to do statis-
tical analysis among groups and least-significant difference was used
to figure out difference between any 2 groups. Data were expressed

as mean *+ SD.

Neurotensin and Colonic Motor Patterns

Results

Propagating Long Distance Contractions and
Rhythmic Propagating Motor Complexes Are Replaced
by Slow Propagating Segmental Contractions

Neurotensin was administered into the bath solution in a cumu-
lative manner up to 0.1, 0.5, and 1.0 nM (n = 21). LDCs, always
starting in the proximal colon, were inhibited in a dose dependent
manner, assessed by the number of colons that lost all .LDC activ-
ity (from 86% to 38%) and a significant reduction in frequency in
the remainder (Fig. 1-3 and Table 1). Neurotensin also inhibited
RPMC activity, a motor activity occurring in the mid-distal colon
(Table 2). Replacing these 2 propulsive motor patterns” emerged a
motor pattern that originated in the proximal colon and propagated
slowly as a rhythmically contracting circular muscle ring contraction
(Fig. 1-3 and Table 3). The slow propagating contractions divided
the colon into segments or pockets, and hence were called slow
propagating segmental contractions (Fig. 2 and Supplementary
Video 1). The slow propagating segmental contractions did not run
from proximal to distal with a relatively constant force: rhythmic
increases and decreases in amplitude occurred at a frequency of 1.6
*+ 0.3 cpm. In addition, ripple activity often occurred within the
pockets, often propagating retrogradely (Supplementary Video 1).
Ripple activity is a low amplitude rhythmic motor pattern of the
small intestine at 10-14 cpm.”

The maximal frequency of the slow propagating segmental
contractions was similar to the LDC frequency at 0.5-1.5 cpm. If
the frequency was low, the slow propagating segmental contractions
could be interspersed with short proximal rhythmic contractions,
the frequency of the proximal and segmental contractions combined
was again in the range of 1 cpm.

In 12 out of 21 experiments, 10 nM and 100 nM concentra-
tions of neurotensin were added to the lower concentrations, this
caused a re-emergence of LDC activity in some of the colons and
an inhibition of the slow propagating segmental contractions (Fig. 3
and Table 1). When 10 and 100 nM neurotensin were given cumu-
latively without prior addition of lower concentrations (n = 5), the
LDC activity was not inhibited and the slow propagating segmental
contractions did not emerge, except for one experiment where a few
slow propagating segmental contractions intermingled with L.DC
activity (Table 1).

When neurotensin was given in the same concentration range

as described above into the lumen of the colon, the results related to
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Figure 1. The development of slow
propagating segmental contractions in
low concentrations of neurotensin.
Experiment 1: (A) The rat colon dis-
played strong long distance contraction
(LDC) activity under control conditions.
In all figures, the top shows the most
proximal activity. (B) Neurotensin (0.1
nM) added to the bath solution, induces
slow propagating segmental contractions
(neurotensin is given 5 minutes before
start of tracing). (C) Increasing the
neurotensin concentration to 0.5 nM,
the slow propagating segmental contrac-
tions are observed just distal to rhythmic
proximal contractions.

Experiment 2: (D) The rat colon shows
typical LDC and rhythmic propagating
motor complex activity before addition
of neurotensin at arrow. Neurotensin (0.1
nM), added to the bath, inhibits LDC
activity and slow propagating segmen-
tal contractions start to develop. In the
presence of neurotensin 0.5 nM (E) and
1 nM (F). The activity in 1 nM shows 4
slow propagating segmental contractions
starting from the most proximal part of
the colon.

Figure 2. The segmental nature of the
neurotensin induced contractions. In
sequential video images (time between
[A] and [B] is 88 seconds and time
between [B] and [C] is 14 seconds)
the segmental nature of the contractions
is seen. The colon is divided into seg-
ments. The contractions are also seen to
propagate and are seen to periodically
relax, given the contractions an on/off/
on/off appearance. See Supplementary
Video 1. The activity occurred in the
presence of neurotensin (0.5 nM). (D)
The spatio-temporal map (same as Fig.
1C) relates to the video images. The
video images are moments in time, tak-
en from Supplementary Video 1 whose
spatiotemporal map is figure (D). The
segmental nature can also be shown in
an amplitude profile (E) made at the

vertical line.
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Figure 3. Bath addition of neurotensin (0.1-1 nM) abolishes long distance contractions (LLDCs) and induces slow propagating segmental contrac-
tions; neurotensin (10-100 nM) restores LDC activity. Here we show in one experiment the actions of low and high concentrations of neuroten-
sin. (A) Control activity shows prominent rhythmic LDC activity. (B) Neurotensin (0.1nM) was added 10 minutes before recording, the LDC
frequency and width decreased, some distal rhythmic propagating motor complexes are present. (C) Neurotensin (0.5 nM) was added, abolishing
LDC activity and evoking slow propagating segmental rhythmic waves of contraction. Note the rhythmic changes in amplitude (the on/off pattern
of the slow propagating segmental contractions) and the presence of regular proximal contractions. (D) Neurotensin (1 nM) was added, continu-
ing the patterns observed in (C). (E) Neurotensin (10 nM) was added, a transition is seen from the segmental pattern in (C) to the LDC pattern

in (F). (K G) Neurotensin (100 nM) completely restores LDC activity. (F) and (G) are sequential in time.

Table 1. Effects of Neurotensin, Added to the Bath Solution, on Long Distance Contractions

Max Frequency Duration Length Velocity % colons with motor
(cpm) (sec) (cm) (cm/sec) pattern present

1 Baseline 1.19 = 0.41° 448 = 13.2 92=*19 0.23 = 0.11 86%, n = 18/21
2 0.1 nM 1.10 = 0.77 47.3 £ 20.1 10.2 £2.6" 0.25 = 0.11 71%,n = 15/21
3 0.5 nM 0.59 = 0.32° 43.1 £ 19.4 8.7+23 0.23 = 0.10 38%,n = 8/21
4 1 nM 0.63 *= 0.36" 68.5 = 42.1° 7.8 = 1.8 0.16 = 0.10° 38%,n = 8/21
5 10 nM 0.91 = 0.54 38.3 £ 17.6 8.8 £ 0.7 0.29 * 0.20° 41%,n = 5/12
6 100 nM 1.36 = 0.56" 35.1 6.2 82 %20 0.24 = 0.05 25%,n = 3/12

P-value 0.038 0.106 0.177 0.45

Baseline 0.96 = 0.21 493 = 8.4 8.8 £3.6 0.19 = 0.11 100%, n = 5/5
7 10 nM 1.34 £0.53 49.7 £23.2 10.3 = 3.0 0.29 = 0.10 100%, n = 5/5
8 100 nM 1.26 £ 0.84 48.5 £ 738 9.9 +3.9 0.33 = 0.27 80%, n = 4/5

P-value 0.543 0.993 0.791 0.444

‘Max Frequency: 1vs 3, P = 0.011; 1 vs 4, P = 0.016; 2 vs 3, P = 0.034; 2 vs 4, P = 0.048; 3 vs 6, P = 0.04; 4 vs 6, P = 0.049; Duration: 1 vs 4, P = 0.014; 2 vs 4,

P =0.033;3vs 4, P = 0.026; S vs 4, P = 0.02; 6 vs 4, P = 0.03; Length: 2 vs 4, P = 0.012; Velocity: 4 vs 5, P = 0.049.
2-6 are given cumulatively. 7 and 8 are given in a separate series of experiments, hence without prior low concentrations.
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Table 2. Effects of Neurotensin, Added to the Bath Solution, on Rhythmic Propagating Motor Complexes

Frequ.ency Duration Length Velocity % colons with motor
(/min) (sec) (cm) (cm/sec) pattern present

Average

1 baseline 0.60 = 0.19 16.6 £ 7.2° 3.6 = 1.0° 0.25 £0.11° 52%,n = 11/21

2 0.1 nM 0.56 = 0.27 20.6 £ 11.4' 3.0 = 0.7° 0.19 = 0.12 62%,n = 13/21

3 0.5 nM 0.57 £0.24 347 £ 17.4 3.4 %09 0.13 £ 0.09° 29%,n = 6/21

4 1 nM 0.49 = 0.18 36.7 = 18.1° 3.0 = 0.3 0.10 = 0.04° 24%,n = 5/21

5 10 nM 0.62 = 0.26 15.4 = 0.1° 5.5+09 0.35 = 0.05° 16%,n = 2/12

6 100 nM -- -- -- -- n=0/12

P 0.934 0.011 0.006 0.017

‘Duration: 1 vs 3, P = 0.007; 1 vs 4, P = 0.005; 2 vs 3, P = 0.027; 2 vs 4, P = 0.019; 4 vs 5, P = 0.048; Length: 1 vs 2, P = 0.029; 1 vs 5, P = 0.007; 2 vs 5, P
< 0.001;3vs 5, P =0.004; 4 vs 5, P = 0.001; Velocity: 1 vs 3, P = 0.032; 1 vs 4, P = 0.011;3vs 5, P = 0.014; 4 vs 5, P = 0.006.

Table 3. Effects of Neurotensin, Added to the Bath Solution, on Slow Propagating Segmental Contractions

Frequency (cpm) Duration Length Velocity % colons with motor
Average/Max (sec) (cm) (cm/sec) pattern present
1 Baseline 0.03 159.1 6.6 0.04 S%,n = 1/21
0.03
2 0.1 nM 0.24 = 0.11 179.4 = 113.0 6.9 +22 0.05 = 0.02 76%,n = 16/21
0.81 = 0.47
3 0.5 nM 0.22 = 0.10 200.6 = 74.7 7.4+ 32 0.04 = 0.01 57%,n = 12/21
0.63 = 0.26
4 1 nM 0.25 = 0.18 174.3 = 74.4 79 +24 0.05 = 0.02 62%, n = 13/21
0.78 = 0.25
5 10 nM 0.07 234.8 6.0 0.03 8%, n = 1/12
0.08
6 100 nM 0.1 382.1 8.0 0.02 8%, n = 1/12
0.52
P-value 0.808 0.750 0.594 0.340
0.401

LDCs and slow propagating segmental contractions were similar
(Fig. 4; Tables 4 and 5). RPMC activity was inhibited at the intra-
luminal neurotensin concentration of 0.1 nM; no RPMC activity
was observed in the presence of 0.5 nM luminal neurotensin or
higher.

The NTRI antagonist SR-48692 did not affect baseline activ-
ity significantly but in 12 separate experiments, it prevented neuro-
tensin (1 nM) from inhibiting .DC activity and the slow propagat-
ing segmental contractions did not develop (Fig. $).

The slow propagating segmental contractions were rarely seen
spontaneously, but Figure 6 shows an example where the motor
pattern occurred without a deliberate stimulus, seen interspersed
between LDCs. This experiment also shows that longitudinal
muscle activity, which was not prominent in almost all experiments,

can give the slow propagating segmental contractions a zigzag

like appearance. The accompanying video (Supplementary Video
2) shows that this motor pattern divides the colon into segments.
Again, ripple activity can be seen to propagate retrogradely in the

segments.

Propulsion

Propulsion was measured as outflow into the distal connecting
tube which flowed into an upright graduated cylinder with a diam-
eter of 2 cm. LDCs and RPMCs always resulted in an outflow of
1-3 mL.,, which in our experiments flowed back into the colon. The
haustral boundary contractions induced by neurotensin did not

cause a visible rise in the fluid level of the graduated cylinder.

Proximal Contractions
LDCs and the slow propagating segmental contractions were
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Table 4. Effects of Neurotensin, Added Intraluminally, on Long Distance Contractions

Neurotensin and Colonic Motor Patterns

Figure 4. Intraluminal neurotensin
changes long distance contraction
(LDC) activity into slow propagating
segmental contractions.

Experiment 1: (A) Baseline activity
shows regular rhythmic LDC activity
at 0.6 cpm. (B) Neurotensin (0.1 nM)
was added into the lumen 10 minutes
before recording. LDCs changed into
slow propagating segmental contractions.
Strong proximal contractions remained
at 0.6 cpm.

Experiment 2: (C) Neurotensin (0.1
nM) was added at arrow. LDCs change
into slow propagating segmental contrac-
tions. Thereafter the concentration was
increased to 0.5 nM neurotensin (D).

Frequ.ency Duration Length % colons with motor
Avef-/a::/llz/lax (sec) (cm) (cm/sec) pattern present
1 Baseline 0.36 = 0.08" 442 = 144" 9.4 2.7 0.21 = 0.11 87%,n = 13/15
1.06 = 0.37"
2 0.1 nM 0.17 = 0.07" 40.7 = 7.5° 9.0 £ 1.6 0.23 = 0.08 67%,n = 10/15
0.76 = 0.39
3 0.5 nM 0.18 = 0.03" 30.0 = 10.3" 8.5+ 1.5 0.30 = 0.09 27%,n = 4/15
0.66 = 0.29
4 1nM 0.09 += 0.05" 26.5 + 1.3 8.4+ 0.7 0.27 £ 0.16 20%,n = 3/15
0.47 = 0.43"
5 10 nM 0.26 = 0.08" 24.8 +8.3" 6.8 = 0.1 0.29 £ 0.09 20%,n = 3/15
1.03 = 0.14
6 100 nM 0.23 = 0.09" 252+ 1.0° 7.4 x0.7 0.32 £ 0.01 40%,n = 6/15
0.8 = 0.41
P-value < 0.001 0.022 0.390
0.930

*Average Frequency: 1 vs 2, P < 0.001; 1 vs 3, P < 0.001; 1 vs 4, P < 0.001; 1 vs 6, P = 0.035; 4 vs 5, P = 0.007; 4 vs 6, P = 0.034; Max frequency: 1 vs 4, P

= 0.01; Duration: 1 vs 3, P = 0.036; 1 vs 4, P = 0.046; 1 vs 5, P = 0.012; 1 vs 6, P = 0.013; 2 vs 5, P = 0.045.

not seen in the presence of TTX (0.2 uM) or lidocaine (5.5 uM; n
= 10; Fig. 7). Both motor patterns occurred within the frequency
range of 0.3-1.6 cpm. In almost all experiments, rhythmic proximal
activity remained in the presence of T'TX or lidocaine within this
frequency range but only propagating for 1-3 cm. To test the effect

of neurotensin on this proximal activity, 4 colons were subjected to

Vol. 22, No. 3 July, 2016 (517-528)

5.5 uM lidocaine, this resulted in an average proximal contraction

frequency of 0.93 = 0.38 cpm with a maximal frequency in these

preparations of 1.58 = 0.70 cpm. Neurotensin (100 nM) signifi-

cantly increased the average and maximal frequency to 1.69 = 1.10
cpmand 2.25 = 0.82 cpm respectively (P < 0.05).
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Table 5. Effects of Neurotensin, Added Intraluminally, on Slow Propagating Segmental Contractions

F
r(equer;cy Duration Length Velocity % colons with motor
cpm
Averaze /Max (sec) (cm) (cm/sec) pattern present
1 Baseline 0.13 119.8 11.9 0.10 5%,n = 1/15
1.47
2 0.1 nM 0.23 £0.12 179.5 = 104.6 8922 0.06 = 0.03" 60%,n = 9/15
1.04 = 0.48°
3 0.5 nM 0.20 £ 0.14 237.5 =£100.3 7.2 %27 0.03 *= 0.02 47%,n = 7/15
0.65 =£0.17
4 1 nM 0.14 = 0.03 206.8 = 101.7 6.5 2.6 0.04 = 0.03 27%,n = 4/15
0.42 = 0.27
5 10 nM 0.31 130.5 9.0 0.07 5%, n = 1/15
0.38
6 100 nM - - - -- n=0/15
P-value 0.491 0.548 0.211 0.088
0.026
*Max frequency: 2 vs 4, P = 0.012; Velocity: 2 vs 3, P = 0.037.
Discussion

Figure 5. The neurotensin receptor 1 (NTR1) antagonist SR-48692
inhibits the effect of neurotensin (1 nM). (A) Control activity shows
rhythmic long distance contraction (LDC) activity. (B) SR-48692 (0.3
puM) was added 10 minutes before recording, LDC activity is main-
tained, the rhythmic propagating motor complex activity has become
more prominent. (C) Neurotensin (1 nM) did not inhibit LDCs in
the presence of SR-48692 and no slow propagating segmental con-
tractions developed.

The present study shows that neurotensin causes a switch in
neural programs in the rat colon. At concentrations between 0.1
and 1 nM, it inhibits pan-colonic propagating LLDCs, as well as the
RPMCs that mainly operate in the distal colon. At the same time,
neurotensin at these concentrations evokes a unique motor pattern:
rhythmic slow propagating segmental contractions of the circular
muscle, inhibited by nerve conduction blockers. Supplementary
Videos 1 and 2, and Figures 2 and 6 show that there are several con-
tractions traversing the colon at the same time, dividing the colon
into segments or pockets; their boundaries created by the circum-
ferential circular muscle contractions. In the human® and rabbit™
colon, such segments or pockets are called haustra; the neurotensin
induced motor pattern can thus be referred to as haustral boundary
contractions. When the concentration of neurotensin reaches 10
nM or 100 nM, LDC activity is promoted and no induction of the
slow propagating segmental contractions occurs.

The slow propagating segmental contraction that is evoked by
neurotensin is a ring contraction of the circular muscle. It occurs
rhythmically at a frequency of ~0.2 cpm and a propagation velocity
of 0.05 cm/sec. Consistent with the haustral boundary contractions
in the rabbit,” the ring contraction shows an on/off/on/off pattern
at ~1.5 cpm. The on/off pattern is visualized in Figures 1-4 and 6
and Supplementary Videos 1 and 2. Hence, the boundaries of the

segments are not a continuously moving sustained contraction and

524 Journal of Neurogastroenterology and Motility
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Figure 6. Spontaneous slow propagating segmental contractions. (A) and (B) show two time periods of a preparation that showed the rare occur-

rence of spontaneous rhythmic segmental contractions. They occurred in between LDC activity. (C) Video frames showing the segmented colon,

as it changes over time; the contractions that create the segments are slowly propagating in anal direction. Time between top and middle image is

24 seconds, between middle and bottom image is 36 seconds. The length of the colon depicted is 14 cm. (D) Amplitude profile at one time point

across the colon, at vertical line in (B), showing the segmental nature of the contraction pattern.

Figure 7. Effect of neurotensin in the
presence of nerve conduction blockade.
Experiment 1: (A) Typical activity in the
presence of lidocaine (5.5 uM). Proximal
rhythmic contractions are always promi-
nent. (B) After addition of neurotensin
(100 nM) the proximal rhythmic con-
tractions increased in frequency and the
contractions propagated across the colon.
Experiment 2: (C) Activity in the pres-
ence of lidocaine (5.5 uM). (D) In the
presence of 100 nM neurotensin, strong
rhythmic contractile activity occurs in
both proximal and distal colon. In the
distal colon it is predominantly retro-
grade.

the propulsive nature of the contraction is therefore less effective contractions (Supplementary Video 2).
because of its rhythmic contraction-relaxation cycle. This allows The slow propagating segmental contractions have 2 intrinsic
fluid to flow back when the contraction relaxes. The mixing within frequencies, the frequency of occurrence (~0.2 cpm) and the on/off

the segments is facilitated by the ripple activity, which is often seen frequency (~1.5 cpm). What is the origin of these rhythmicities?

to traverse the segment as high frequency retrograde propagating Smooth muscle cells contract when their membrane potential passes
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the threshold for activation of calcium channels. The membrane
potential oscillates in much of the gut musculature because of pace-
maker activity (electrical slow waves) generated by ICC that propa-
gates into the musculature. Unlike the heart, gut pacemaker activity
does not inevitably cause contractions. The most depolarized phase
of the oscillations may not yet pass the threshold; this may need
additional stimuli to further depolarize the musculature.”” Distinct
ICC networks have omnipresent myogenic pacemaking activity
such as the ICC-MP of the stomach and small intestine. The dog
colon is also unambiguous; its omnipresent myogenic activity is in
the ICC associated with the submuscular plexus (ICC-SMP).”
Also in the rat colon, the strongest myogenic pacemaker originates
in the ICC-SMP, which is governing the ripples at 10-14 cpm,
which can be seen to be part of all the motor patterns.'”*"**"'* They
are clearly seen in the most proximal colon in between the LDCs in
Figure 3B. They do not appear to be associated with the slow prop-
agating segmental contractions. In the intestine and colon, a second
network of ICC does not generate spontaneous rhythmicity; it is
stimulus-dependent and hence functions “on demand.” In the small
intestine, the classical segmentation motor activity is generated when
the ICC associated with the deep muscular plexus (ICC-DMP)
produce a stimulus-dependent rhythmic electrical activity. ™ In the
rat colon, it is the ICC-MP that generates a stimulus-dependent
low frequency activity; the laboratories of Jimenez in the rat™ and
Takaki in the mouse™ showed that ICC-MP are associated with a
low frequency pacemaker that can drive contractions at frequencies
from 0.3 to 2 cpm,”*"***™* hence the on/off pattern observed in
the present study is likely to be associated with pacemaking from
the ICC-MP It is not known where the ultra-slow pacemaker that
drives the slow propagating segmental contractions is located; it
may be within the ENS or in the intramuscular ICC (ICC-IM).
In the stomach, the ICC-IM harbor stimulus-dependent pacemak-
ing activity;,” in that case induced by the vagus. If the ICC-IM are
pacemaker cells in the rat colon, it may well be the ENS that sup-
plies the stimulus to the ICC-IM consistent with the motor pattern
being inhibited by nerve conduction blockers. The ICC-IM are
heavily innervated by enteric nerves.”*’

Siegle and Ehrlein*' showed in the canine ileum, in vivo, that
neurotensin changed a propulsive motor pattern into segmentation,
a non-propagating motor activity. Strain gauges showed propulsive
contractions that changed into stationary contractions after intrave-
nous injection of neurotensin. Using spatio-temporal mapping, we
showed that the segmentation motor pattern in the mouse intestine
has a checkered appearance,” identical to that described by Can-

non.” Segmentation in the small intestine is caused by interactions

of 2 pacemaker activities.” One is the myogenic pacemaker of the
ICC-MB, the other a stimulus-dependent pacemaker of the ICC-
DMP. We have shown that substance P can evoke the ICC-DMP
pacemaker.” Potential stimuli are not limited to neurotransmitters;
fatty acids such as butyrate and decanoic acid can also evoke the
low frequency pacemaker activity,"* and so can distention.” Siegle
and Ehrlein’s observation that neurotensin can evoke segmentation
can be explained by the induction of ICC-DMP pacemaker activ-
ity."! The segmentation motor pattern in the mouse intestine can be
inhibited by TTX or it can be prominently present after blocking
neural activity. It depends on the nature (neuronal or non-neuronal)
of the stimulus that induces the pacemaking activity in concert with
stimulation of the musculature. Our understanding of the stimulus-
induced pacemaker is still limited and we do not know all the neu-
ronal and non-neuronal physiological stimuli that can evoke it.*

Segmentation, as a motor pattern, is defined in the rat colon
similar to its definition in the small intestine: short-lasting contrac-
tions, either stationary or propagating over very short distances.'”**
They can occur in an apparent random fashion or they can appear
highly organized in a checkered pattern that is most prominently
observed in the small intestine.”* The motor pattern described
here as slow propagating segmental contraction is different in that
it shows very clear rhythmicity and it shows propagation character-
istics. We have also seen this pattern in response to granisetron, we
described this as sequential segmental contractions'’; from now on
we will describe this motor pattern as slow propagating segmental
contractions or haustral boundary contractions. Future research
into the pacemakers and neural activities involved in these motor
patterns will elucidate commonalities and mechanistic differences
between these motor patterns.

The interaction between ICC and the ENS can take many
forms. A well known example is the migrating motor complex in
the small intestine which is a rhythmic motor pattern that is or-
chestrated by the ENS with input from the vagus; but the motor
activity during phase III is driven by the slow wave activity, giving
the individual contractions their frequency and propagation charac-
teristics.” In the mouse colon, excitatory nerves act on ICC-MP to
evoke rhythmic depolarizations that underlie the propagating mo-

* With respect to the slow propagating segmental

tor complexes.'
contractions in the rat colon, further research has to reveal whether
it is similar to the migrating motor complexes or the segmentation
motor pattern in the intestine.

Neurotensin at 100 nM increased the frequency of the proxi-
mal low frequency rhythmic contractions. This may occur via direct

action on ICC-MP. Neurotensin receptors are abundant in the
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neural plexuses and in the musculature, but no evidence was found
of the receptor on ICC in the mouse and human.” However, since
the NTRI is present on cultured ICC from mice where it modu-
lates pacemaker currents,” there is a possibility that neurotensin can
influence or modulate pacemaker currents in ICC-MP in the rat
colon.

In summary, neurotensin at 0.1-1 nlM, switches programs
that govern the motor patterns in the rat colon so that a rhythmic
propulsive motor pattern changes into a rhythmic slow propagat-
ing segmental motor pattern that carries the hallmarks of haustral

boundary contractions.
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