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Abstract

Upon exposure to seawater, euryhaline teleosts need to imbibe and desalinate seawater to
allow for intestinal ion and water absorption, as this is essential for maintaining osmotic
homeostasis. Despite the potential benefits of increased mixing and transport of imbibed
water for increasing the efficiency of absorptive processes, the effect of water salinity on
intestinal motility in teleosts remains unexplored. By qualitatively and quantitatively
describing in vivo intestinal motility of euryhaline rainbow trout (Oncorhynchus mykiss), this
study demonstrates that in freshwater, the most common motility pattern consisted of clusters
of rhythmic, posteriorly propagating contractions that lasted ~1-2 minutes followed by a
period of quiescence lasting ~4-5 minutes. This pattern closely resembles mammalian
migrating motor complexes (MMCs). Following a transition to seawater, imbibed seawater
resulted in a significant distension of the intestine and the frequency of MMCs increased two
to three-fold with a concomitant reduction in the periods of quiescence. The increased
frequency of MMCs was also accompanied by ripple-type contractions occuring every 12 to
60 seconds. These findings demonstrate that intestinal contractile activity of euryhaline
teleosts is dramatically increased upon exposure to seawater, which is likely part of the
overall response for maintaining osmotic homeostasis as increased drinking and mechanical
perturbation of fluids is necessary to optimize intestinal ion and water absorption. Finally, the
temporal response of intestinal motility in rainbow trout transitioning from freshwater to
seawater coincides with previously documented physiological modifications associated with
osmoregulation and may provide further insight on the underlying reasons shaping the

migration patterns of salmonids.

Keywords: fish, osmoregulation, enteric electrical activity, spatio-temporal maps, video-

recordings, salinity

Glossary

EEA - enteric electrical activity

FW - freshwater

MMCs - migrating motor complexes
SW - seawater
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Introduction

The capacity of euryhaline teleosts, such as rainbow trout (Oncorhynchus mykiss), to maintain
osmotic homeostasis whilst inhabiting freshwater (FW) or seawater (SW) depends on various
behavioural, morphological and physiological mechanisms (Evans, 2008; McCormick and
Saunders, 1987). In FW, a dilute ionic and osmotic medium, teleosts face a diffusive osmotic
gain of water and loss of ions across their permeable body surfaces (Edwards and Marshall,
2013). To counter this, FW teleosts minimize drinking rates, increase glomerular filtration
rates, and produce copious amounts of dilute urine (Perry et al., 2003). Furthermore, ions are
actively absorbed from the surrounding water via mitochondria-rich cells in the gills (Evans,
2008). With respect to osmoregulation, the gastrointestinal system of FW teleosts is relatively
inactive during the fasted state, but following the ingestion of a meal it becomes increasingly
more important as the quantities of most major electrolytes absorbed from the meal far exceed
those transported from the water by the gills (Wood and Bucking, 2011).

In contrast, teleosts in SW are constantly faced with dehydration due to the diffusive
loss of water to their relatively concentrated environment (Grosell, 2011). To counter this,
teleosts continuously imbibe SW at rates typically ranging between 1 and 5 ml kg?* h*
(Grosell, 2011; Marshall and Grosell, 2006; Smith, 1930). The imbibed SW is then
substantially desalinated in the esophagus and stomach prior to entering the intestine to allow
for solute-coupled water absorption, which is essential for the survival of teleosts in marine
environments (Ando et al., 2003; Grosell, 2006; Hirano, 1974). The excess ions are
subsequently excreted via branchial and renal pathways to maintain ionic balance (Evans,
2008; Marshall and Grosell, 2005). Regardless of feeding state, it is clear that the
gastrointestinal system plays a prominent role in osmoregulation for teleosts in SW (Shehadeh
and Gordon, 1969), however, the effects of water salinity on gastrointestinal motility remains
unexplored despite representing the only mechanism for transporting and mixing imbibed
SW.

For the effective mixing and propulsion of gastrointestinal contents, the contractions
and relaxations of gastrointestinal smooth muscle, including the sphincters separating the
different sections of the tract, are coordinated and tightly regulated via multiple layers of
regulatory mechanisms (i.e. interstitial cells of Cajal, enteric neurons, hormones and paracrine
substances, Gréns and Olsson, 2011; Olsson and Holmgren, 2001; Sanders et al., 2012). For

example, mechano-receptors responding to distension of the stomach and intestine by imbibed
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SW, as well as intestinal iono-receptors have been demonstrated to regulate the entry of SW
into the esophagus by stimulating the contraction of the cholinergically innervated upper
esophageal sphincter (Ando and Nagashima, 1996; Ando et al., 2003). The passage and
processing of imbibed SW could also be expected to be associated with an increase in
gastrointestinal motility, as the optimal transportation and mixing of imbibed SW would
increase the efficiency of ion and water absorption by preventing the depletion of ions in the
boundary layers near the epithelial surfaces (Lee, 1983). Furthermore, teleosts in SW
continuously produce carbonate precipitates in the intestine (an osmoregulatory by-product of
drinking calcium- and magnesium-rich SW), which facilitates intestinal water absorption and
reduces calcium absorption (Wilson and Grosell, 2003; Wilson et al., 2009; Wilson et al.,
2002). Since these carbonate precipitates are produced at relatively high rates (e.g. 18-40
umol C kg* h' in European flounder, Platichthys flesus, and Gulf toadfish, Opsanus beta, see
references within Wilson et al., 2009), an increase in intestinal motility is most likely
necessary to prevent the mucosal accumulation of these precipitates by propelling them along
the tract for excretion.

Intestinal motility patterns can be qualitatively and quantitatively described using
spatio-temporal maps generated from video recordings of the intestine (Brijs et al., 2014;
Hennig et al., 1999). Spatio-temporal maps allow the identification of a range of different
contraction types, as well as their respective spatial (i.e. regional distribution) and temporal
(i.e. frequency, duration, velocity and amplitude) characteristics. This method has
successfully been used in teleosts to describe numerous motility patterns (Brijs et al., 2014;
Brijs et al., 2017; Holmberg et al., 2007; Rich et al., 2013; Ronnestad et al., 2000), as well as
to demonstrate differences in motility with respect to feeding state (Brijs et al., 2014).
Furthermore, these studies highlight the similarities and differences between in vivo motility
patterns and their respective control mechanisms in teleosts with those well documented in
mammals such as ripples, migrating motor complexes (MMCs), peristaltic contractions and
standing contractions (D'Antona et al., 2001; Huizinga and Lammers, 2009; Husebye, 1999).
However, a limitation of this method is that it requires direct visualization of the intestine,
necessitating the use of anaesthesia, which prevents recordings of intestinal motility from
conscious animals in response to environmental changes such as those experienced by

euryhaline species during a transition from FW to SW.
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Gastrointestinal motility can also be investigated by surgically implanting electrodes
into the wall of the stomach or intestine (Grans et al., 2009; Grans et al., 2013). These
electrodes are then connected to an amplifier and enable the detection of the electrical activity
of smooth muscle, similar to electromyography in skeletal muscles. This electrical activity has
recently been termed 'enteric electrical activity' (EEA) and is defined as the sum of all the
electrical activity that occurs in the specific section of the gastrointestinal tract where the
electrodes are implanted (Gréns, 2012; Gréans and Olsson, 2011). Recordings of electrical
activity or EEA from gastrointestinal smooth muscle have been shown to correlate well with
smooth muscle contractions in both mammals and teleosts (Aviv et al., 2008; Gréns, 2012;
Gréns and Olsson, 2011; Perkins, 1971; Sanmiguel et al., 2007). An advantage of this
methodology is that it allows the investigation of gastrointestinal motility in vivo in conscious
animals and real time responses to various challenges such as temperature changes and food
ingestion (Fioramonti and Bueno, 1984; Gréns et al., 2009; Gréns et al., 2013; Rodriguez
Membrilla et al., 1995; Yin et al., 2004).

The overall aim of the present study was to describe in vivo intestinal motility patterns
of rainbow trout in FW, as well as the acute and chronic response to SW exposure in order to
provide further insight into the physiological modifications required for the maintenance of
osmotic homeostasis in euryhaline teleosts species transitioning from FW to SW. Specifically,
we hypothesized that upon a transition to SW, rainbow trout would exhibit an increase in
motility to improve the efficiency of intestinal ion and water absorption via the mixing and
transport of imbibed SW. Furthermore, this elevated level of intestinal motility would remain
in fully SW-acclimated individuals, as the increased contractile activity serves to enhance the
osmoregulatory function of the intestine enabling rainbow trout to maintain osmotic

homeostasis at sea.

Methods

Experimental animals and holding conditions

Rainbow trout (Oncorhynchus mykiss, Walbaum 1792) of mixed sex, acclimated to FW, were
obtained from a local hatchery (Antens Laxodling AB, Alingsas, Sweden). They were initially
held at 10-11°C on a 12:12 h light:dark photoperiod in 1000 L tanks containing recirculating
aerated FW (salinity 0.1 ppt; pH 8.0; conductivity 286 uS cm™; [ions] Na* 6, K* 0.4, Ca®* 0.5

mmol L) for 3 weeks to recover from stress invoked during handling, transportation and the
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new environment. Following this period, one group of fish remained in FW, whereas another
group were netted and transferred to similar 1000 L tanks containing artificial SW (salinity
30-33 ppt; source of artificial sea salt Grotech, GmbH, Ahorn, Germany; pH 7.6-8.0;
conductivity 45-65mS cm™; [ions] Na* 425-530, K* 4-7, Ca?* 6-8 mmol L) at 10-11°C. In
accordance with the SW acclimation protocol used in our previous study (Brijs et al., 2016),
the animals were acclimated to these conditions for at least 6 weeks prior to experimentation.
During this time there was no mortality and all fish were voluntarily feeding on dry
commercial trout pellets (9 mm Protec Trout pellets, Skretting, Stavanger, Norway) three
times per week. Animal care and all experimental procedures were performed in accordance
with the guidelines and regulations set by an ethical permit (165-2015) approved by the

ethical committee on animal research in Gothenburg, Sweden.

Investigating long-term changes in the intestinal motility of FW-and SW-acclimated trout
using video-recordings and spatio-temporal maps

Surgical procedure for video-recordings

Rainbow trout acclimated to either FW or SW were fasted for 1 week prior to surgery.
Individual fish were anaesthetised in FW or SW (depending on their acclimation salinity)
containing 100 mg L? MS222 (ethyl-3-aminobenzoate methanesulphonic acid, Sigma-
Aldrich Inc., St. Louis, Missouri, USA), which was buffered with 200 mg L™ NaHCOs. Body
mass of the fish was determined prior to placing the individual on an operating table covered
with soft, water-soaked foam. To maintain anaesthesia, the gills were continuously irrigated
with aerated water of appropriate salinity containing 75 mg Lt MS222 buffered with 150 mg
Lt NaHCOs at 10°C.

Throughout the experiment, relative cardiac output was monitored to assess the depth
of anaesthesia. This was achieved by making a small skin incision in the opercular cavity to
expose the ventral aorta, and a 20 MHz Doppler flow crystal (lowa Doppler products, lowa
City, 1A, USA) mounted in 2.3 mm cuffs was placed on the vessel (Fig. 1A). The lead from
the Doppler flow probe was connected to a directional-pulsed Doppler flowmeter (model
545C-4, lowa Doppler products), which in turn was connected to a PowerLab 8/30 system
(ADInstruments, Castle Hill, Australia). Data was collected on a PC using ADInstruments

acquisition software Chart™ 7 Pro v7.2.5, at a sampling rate of 100 Hz. 'Pre-operative'
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cardiac output of anaesthetized fish was measured for 15 minutes prior to opening the
abdominal cavity. If cardiac output had decreased by more than 30% of “'pre-operative' values
during the experimental period then the fish would have been excluded due to insufficient
perfusion of the gastrointestinal system and overall health of the individual, which was based
on observations from previous studies (Brijs et al., 2014; Brijs et al., 2017). However, all fish
maintained stable values of cardiac output throughout the course of the experiment and
therefore no individuals had to be excluded.

The abdominal cavity of the fish was opened via a mid-ventral incision starting 10 mm
anterior of the anus and finishing 10 mm caudal of the pectoral fins (Fig. 1A). The abdominal
cavity was then held open using a disposable retractor system with elastic stays (Lone Star®,
CooperSurgical, Trumbull, U.S.A.). Depending on the size of the fish, approximately 50-80
mm of the intestine beginning just after the pyloric caeca could be visualized. This section of
intestine most likely corresponds to a small section of the posterior proximal intestine and the
majority of the middle intestine (Olsson, 2011), but for simplicity's sake will hereafter be
referred to as the 'middle intestine’. In some individuals it was necessary to reposition
overlaying fat tissue to the side of the intestine in order to provide a clear image. Care was
taken not to twist, restrict, or damage any blood vessels or nerves during this process.
Rainbow trout Ringer's solution (140 mM NaCl, 2.5 mM KCI, 1.5 mM CaCl,, 0.8 mM
MgSOs, 15 mM NaHCO3, 1 mM KH2PO4, 5 mM HEPES, 10 mM glucose, pH 8.1-8.2 at 10-
11°C) was contained in a custom made jacketed organ bath and bubbled with a mixture of
99.7% air and 0.3% CO>. The Ringer's solution was continuously supplied to the abdominal
cavity to ensure that the intestine was completely submerged throughout the course of the
experiment. Following the surgical procedure, the fish was left undisturbed for 1 hour before

video recording commenced.

Video-recordings

A ruler was placed in the field of view as a spatial reference and fibre-optic lights were
strategically placed to achieve optimum contrast between the background and intestine.
Images were captured using a DMK31AF03 monochrome, FireWire camera (The Imaging
Source, Putzbrunn, Germany). The resolution was 1024x768 pixels corresponding to a field
of view at the magnification used of 54x39 mm. Video recordings consisted of 1 h long

videos (7200 frames at 2 frames per second). During this time, fish were left undisturbed and
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the temperature of both the Ringer's solution submerging the intestine, and water irrigating the
gills was maintained at 10°C. At the end of the experiment, the fish was removed from the
surgery table and euthanized with a sharp cranial blow. Post-mortem examinations of the

gastrointestinal tract were conducted to ensure that no food contents were present.

Spatio-temporal map construction and analyses

Spatio-temporal maps were constructed from the video recordings and allowed us to examine
the type, speed, direction and frequency of intestinal contractions. The maps display the
changes in diameter of the intestine over time. The first frame of each movie was imported
into Volumetry G8d (author: GWH) where a cropping mask was drawn over the intestine.
Movies were imported and calibrated for distance and time. Due to the interspecific
differences in the arrangement of blood vessels, adipose tissue and positioning of the intestine
between rainbow trout and shorthorn sculpin (Myoxocephalus scorpius), the previously
described protocol for the construction of spatio-temporal maps in fish by Brijs et al. (2014)
required modification. A mid-point line was manually drawn to follow any bends of the
intestine in the region of interest, and the average transmitted/reflected intensity (colour) was
calculated perpendicular to the mid-point line extending out +30% of total diameter. During
circular contractions, the intestine tended to whiten, likely due to many factors such as
blanching of blood flow, greater thickness of wall material, less luminal volume and changes
in the angle of light reflecting off the gut surface, which made it possible to determine
changes in intestinal diameter. The diameter of the intestine at each point along the section
was then colour coded using a 16-bit grayscale with the smallest recorded diameter (i.e. fully
contracted) represented by a black pixel and the largest diameter (i.e. dilated or distended) by
a white pixel. Thus, each video frame produced a single row of pixels, corresponding to the
diameter of each point along the preparation. These video frames were then compiled together
to form a spatio-temporal map with the top row representing the beginning of the experiment
and the bottom row the end. Although transmitted/reflected intensity could not reliably be
correlated to the strength of contraction, the pattern of intestinal circular muscle contractions
could be measured in terms of their frequency (intervals between successive contractions,
duration of the periods of quiescence, position along the intestine, propagation velocity and
propagation coherence). Changes in longitudinal length could be observed between blood

vessels that branched off the celiaco-mesenteric artery and ran perpendicular to the long axis
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of the intestine. Manual measurements of diameter were made in small regions where there

was sufficient edge contrast to resolve the edges of the intestine.

Investigating dynamic changes in the intestinal motility of FW-acclimated trout following an

acute transition to SW using EEA recordings

Surgical instrumentation for EEA recordings

Rainbow trout acclimated to FW were fasted for 1 week prior to surgery (n=7). Individual fish
were prepared for surgery using the same anaesthesia protocol and surgical table as described
above. Body mass of the individuals was also determined prior to beginning the surgical
procedure.

To access the intestine, a 30 mm ventro-lateral incision was made beginning 10 mm
from the pectoral fins of the animal and heading in a caudal direction (Fig. 1B). The EEA
electrodes were prepared by removing ~2 mm of the insulation from the ends of a twisted pair
lead (model AS631-2, Cooner Wire, Chatsworth, U.S.A.). The bare ends were inserted into a
modified hypodermic needle setup previously described in Grans et al. (2009), which consists
of two 23 gauge, 25 mm-long hypodermic needles glued together so that the tips of the
needles were 2 mm apart. This ensures that the electrodes were similarly spaced apart in all of
the individuals. The insulated leads were then bent backwards and temporarily secured to a 1
ml syringe that acted as a handle for the two hypodermic needles. Using the hypodermic
needle setup, two pairs of electrodes were inserted into the intestinal wall approximately 10
and 30 mm caudal of the pyloric caeca and secured to the intestine with a 6.0 silk suture (this
very fine suture material ensures that the leads are securely fastened to the intestine while
causing as little damage to the outer layer of the intestine as possible; Vémel, Frankfurt,
Germany). The electrodes were exteriorized through the ventro-lateral incision, which was
subsequently closed with interrupted stitches using monofilament 3.0 Prolene sutures (this
suture material prevents the wicking effect seen in braided material and thus minimizes the
chance of infection; Ethicon Inc., Somerville, New Jersey, USA). The electrodes were also
secured on the back of the fish with a 3.0 braided silk suture (this suture material ensures that
the electrodes are securely fastened to the skin; Fig. 1B).

Following instrumentation, fish were individually placed in opaque experimental

chambers (width: 150 mm, length: 600 mm and height: 150 mm) with flow-through, aerated
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FW at 10.0+£0.1°C. The chambers were shielded with black plastic drapes to avoid stressful
visual input, and the fish were left undisturbed to recover for 24 h.

Experimental protocol and data acquisition

Following the recovery period, the EEA electrodes and ground leads placed in the water
surrounding the fish were connected to Animal Bio Amps (model FE136, ADInstruments,
Castle Hill, Australia). The sensitivity range (£2 mV), low-pass filter (200 Hz), high-pass
filter (0.1 Hz) and 50 Hz notch filter were adjusted in the Animal Bio Amp to optimize EEA
recordings. The signals were then relayed to a PowerLab 8/30 system (ADInstruments, Castle
Hill, Australia). Data were collected on a PC, via the PowerLab 8/30, using ADInstruments
acquisition software LabChart™ 7 Pro v7.2.5, at a sampling rate of 100 Hz.

Intestinal EEA recordings of undisturbed rainbow trout in FW were captured
continuously for 24 h. The FW was then gradually replaced with SW (salinity: 30-33 ppt)
during a transitional period of approximately 2.5 h. Intestinal EEA recordings were captured
for another 96 h in SW. Throughout the experiments, water temperature was kept at
10.0£0.1°C. At the end of the experiments, fish were removed from the experimental
chambers and killed with a sharp cranial blow. Post-mortem examinations of the
gastrointestinal tract were conducted to ensure that no food contents were present.

Data analysis

The raw EEA signal was further filtered with a low-pass digital filter (0.25 Hz) in LabChart in
order to filter out the majority of the background noise. From the filtered EEA trace a range of
variables were calculated (event frequency, cluster frequency, events per cluster and event
amplitude) as previously described in Grans et al. (2009). Briefly, the remaining background
noise from an individual's EEA trace was determined by calculating the mean of ‘silent’
sections of the EEA trace (i.e. the periods of quiescence). This value was then used to
calculate a threshold (150% of mean noise) from which we could define 'events' (a peak in
EEA that exceeded the threshold value, see Fig. 6A). The correlation between these EEA
events and gastrointestinal contractions has been verified in shorthorn sculpin (Gréns, 2012;
Gréns and Olsson, 2011). A time stamp for each event was collected and a frequency
histogram was created using the time between consecutive events. As in Grans et al. (2009),

visual analysis of the histograms revealed that >1 min between consecutive events was a
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suitable criterion for identifying ‘clusters’ (a group of events, see Fig. 6A). Events per cluster
were calculated by dividing the total number of events within clusters by the total number of
clusters. As demonstrated by Gréns (2012), this variable provides information on the mean
duration of clusters (i.e. an increasing number of events per cluster equates to a longer cluster
duration). Event amplitude was determined by calculating the average cyclic height of each
event in LabChart. The abovementioned EEA variables were calculated from a representative
2 h period, within the 24 h FW period, as well as within every 24 h period following the
transition to SW (i.e. 24, 48, 72 and 96 h).

Correlating EEA with video-recorded intestinal movements

The methods used in the abovementioned experiments were also combined to provide further
insight on how to interpret EEA recordings. By implanting a pair of electrodes in the middle
intestine of an anaesthetised rainbow trout whilst simultaneously video-recording the
intestinal movements around these electrodes, it was possible to correlate the EEA with

specific motility patterns (Fig. 1A).

Statistical analysis

Statistical analyses were performed using SPSS Statistics 21 (IBM Corp., Armonk, NY,
USA). An independent samples t-test was used to determine whether significant differences
occurred between body mass, intestinal diameter, and the mean interval duration between
successive MMCs of FW- and SW-acclimated rainbow trout. A one-way repeated measures
ANOVA was used to determine whether there were any statistically significant differences
between the means of the EEA variables (i.e. events h?, clusters ht, events cluster? and event
amplitude) in rainbow trout during the 96 h period following a transition to SW. All data
subjected to statistical analyses were assessed to ensure they met the assumptions required of
the specific statistical tests (independent samples t-test: no outliers, normally distributed and
homogeneity of variance; repeated measures ANOVA: no outliers, normally distributed and
sphericity). F or t, and p values obtained from the models are reported throughout the text,
with significance defined at p<0.05. Unless otherwise specified, all data are presented as

meanss.e.m.
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Results

Body mass of FW- (957+£73 g, n=8) and SW-acclimated rainbow trout (992+35 g, n=8) did
not differ (t14=-0.435, p=0.670). However, intestinal diameter of trout acclimated to SW
(7.4£0.5 mm) was almost two-fold greater than those acclimated to FW (4.1£0.2 mm, tis=-
6.321, p<0.001, c.f. top panels in 2A with 2B).

In vivo motility patterns in FW-acclimated rainbow trout

Video recordings and spatio-temporal maps revealed a mixture of anteriorly and posteriorly
propagating contractions (Fig. 2). The most commonly observed intestinal motility pattern in
FW-acclimated trout consisted of a cluster of contractions lasting ~1-2 minutes followed by a
period of quiescence (see FW2 in Fig 2A). This rhythmic pattern showed similarities in its
characteristics with mammalian MMCs, and will henceforth be referred to as MMCs. In FW-
acclimated trout, MMCs rhythmically occurred every 6.9£0.5 minutes. In half of the FW-
acclimated trout, the contractile front of MMCs were distinct enough to measure and
propagated at a velocity of 0.53+0.07 mm s (see FW3 in Fig. 2A).

In vivo motility patterns in SW-acclimated rainbow trout

Intestinal motility patterns of SW-acclimated rainbow trout were not only markedly different
to FW-acclimated individuals (Fig. 2), but substantial variation also existed between
individuals (see Effect of resting diameter on patterns of contractions for more details). The
differences between FW- and SW-acclimated individuals was most noticeably due to an
increase in the frequency of MMCs, which occurred every 3.6+0.6 minutes (t14=5.672.
p<0.001; Fig. 3). This resulted in a concomitant shortening or absence of periods of
quiescence between the contractile front of successive MMCs (see SW3 in Fig 2B). In
addition, another type of propagating contraction that displayed similarities in its
characteristics with mammalian ripples were more apparent during these periods (Fig. 3B, see
SW6 in Fig. 2B). Ripples are contractions that can propagate in either direction. The majority
of these contractions occurred at a frequency of one contraction every 12 to 60 seconds (Fig.

3C) and propagated more rapidly along the intestine at a velocity of 1.66+0.18 mm s,
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Characteristics of MMCs in rainbow trout

In FW-acclimated rainbow trout, the intervals between the contractile fronts of successive
MMCs were longer, and thus it was possible to examine the characteristics of MMCs in more
detail. Immediately following the cluster of contractions, intestinal activity was subdued for
~2 minutes with only small, mainly longitudinal movements detected as seen by small
oscillations in the position of the black artifacts left in spatio-temporal maps by blood vessels
running circumferentially around the intestine (Fig 4A, dark lines after arrow). As time
progressed, the amplitude and regularity of these phasic longitudinal movements increased
and were accompanied by an increasing degree of sustained shortening/longitudinal
displacement (for examples see FW3 and FW6 in Fig. 2A). This continued for ~5 minutes
until there was a distinct transition, consisting of a rapid longitudinal shortening accompanied
by sustained or high frequency circular contractions (Fig. 4B-D). During the 1-2 minutes
when the cluster of contractions was occurring, the frequency of phasic contractions
essentially doubled (Fig. 4D, interval between successive contractions decreased from ~36s to
~15s). After the initial phase of circular and longitudinal shortening, the intestine often
appeared to dilate (Fig 4B, red diameter trace and orange mark in 4C). This could be due to a
region of inhibition distal to the contraction front and/or a passive dilation due to the
propulsion of fluid from the contractile front into more distal segments.

Effect of resting diameter on patterns of contractions

Given the almost two-fold increase in resting diameter of most SW-acclimated rainbow trout,
the question arose whether the changes in motility patterns corresponded to the degree of
distension. As we chose not to manipulate the degree of distension in these in vivo
experiments, we relied on the differences in resting diameter between individuals to
investigate any potential relationships. Rainbow trout acclimated to FW showed little
differences in resting intestinal diameter (range: 3.3-4.8 mm), whereas SW-acclimated
individuals displayed intestinal diameters ranging between 4.0 and 10.1 mm.

Using three SW-acclimated individuals with a wide range of resting intestinal
diameters, we observed dramatically different patterns of intestinal contractions (Fig 5). At
high levels of distension (Fig 5A and red trace in 5B), MMCs occurred at a high frequency (~
every 2 min) with strong phasic and sustained circular and longitudinal contractions. These

MMCs had a well-defined contractile front that propagated along the intestine and were
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associated with emptying (sustained reduction in diameter; see red trace in Fig 5B after 20
min). At mid-levels of resting intestinal diameter, observed in most of the SW-acclimated
rainbow trout (see Fig 5A and orange trace in 5B), the frequency of MMCs was reduced (~
every 4 min), and the amplitude of circular and longitudinal contractions was diminished
compared to high levels of distension. However, contractile activity between the clusters of
contractions of successive MMCs remained, with ripples and other types of
circular/longitudinal contractions present (interval between successive contractions ranged
from 15 to 30s). One SW-acclimated individual had a resting intestinal diameter of 4 mm,
which was similar to most FW-acclimated rainbow trout. The contractile activity in this fish
was greatly diminished as longitudinal and circular contractions were of low amplitude and

short duration (Fig 5A and yellow trace in Fig 5B).

In vivo motility patterns during an acute transition to SW

Visual and statistical analyses of the EEA data revealed clear changes in the intestinal motility
patterns of euryhaline rainbow trout transitioning from FW to SW (n=7, mass=1148+54 g).
EEA consisted of clusters of activity followed by periods of quiescence (Fig 6A). Analyses of
the simultaneous recordings of EEA and intestinal movements revealed that EEA clusters
were coincident with the clusters of contractions within the MMCs (Movie S1). Figure 6B
illustrates the typical increase in the number and amplitude of EEA events that occurred
during the transition from FW to SW in an individual rainbow trout (Fig. 6B).

EEA event frequency, which provides a measure of the overall contractile activity of the
intestine, significantly increased from 6612 events h™t in FW to reach values two-fold higher
after 96 h in SW (13616 events h!, Fig. 6C). The frequency of rhythmically occurring EEA
clusters (corresponding to the clusters of contractions within MMCs) also significantly
increased from a cluster every 5-6 minutes in FW to every 3-4 minutes after 48 h of SW
acclimation (Fig. 6D). The EEA events per cluster, which is associated with the duration of
the cluster of contractions within the MMCs, significantly increased during the acclimation
period from ~5 in FW to 7-8 events per cluster after 96 h in SW (Fig. 6E) and event amplitude
significantly increased two- to three-fold (Fig. 6F).
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Discussion
The present study provides qualitative and quantitative descriptions of in vivo intestinal
motility patterns in rainbow trout, and clearly demonstrates the substantial influence that

salinity of the surrounding environment has on the intestinal motility of a euryhaline teleost.

The presence and potential osmoregulatory role of MMCs in rainbow trout

The main pattern of intestinal motor activity observed in the rainbow trout was an ongoing,
cyclical pattern consisting of a period of quiescence, followed by steadily increasing
longitudinal and circular oscillations that culminated in a cluster of contractions. Similar to
MMC-like contractions previously described in teleosts (Brijs et al., 2014; Brijs et al., 2017;
Holmberg et al., 2007; Holmberg et al., 2006; Holmberg et al., 2003; Holmberg et al., 2004),
this propagating complex closely resembles the different phases of mammalian MMCs in rats
and mice (Bush et al., 2000; Deloose et al., 2012; Husebye, 1999). However, the relatively
long period of quiescence and build-up of contractile activity prior to the cluster of
contractions is also reminiscent of neurally-mediated peristalsis (Costa and Furness, 1976;
Hennig et al., 1999; Waterman et al., 1994).

In FW, the MMCs in rainbow trout most likely serve a housekeeping function to
prevent the overgrowth of bacteria and remove waste products such as undigested food and
sloughed enterocytes from the gastrointestinal tract (Grzesiuk et al., 2001; Nieuwenhuijs et
al., 1998; Vantrappen et al., 1977). However, in SW, the two to three-fold increase in the
frequency and strength of this motility pattern suggests it plays an important role in the
mixing, propulsion and emptying of intestinal fluids. The appearance of ripples, a contraction
type well documented to be involved in the mixing of intestinal contents in guinea pigs
(D'Antona et al., 2001; Schulze - Delrieu et al., 1996), also suggests that increased mixing of
fluids is important in SW environments. The contractile activity of the intestine likely aids in
the maintenance of osmotic homeostasis, as the optimal transportation and mixing of imbibed
SW increases the efficiency of ion and water absorption by preventing the depletion of ions in
the boundary layers near the epithelial surfaces (Lee, 1983). Furthermore, increased intestinal
contractile activity would most likely be necessary for the transportation and expulsion of
carbonate precipates that are formed as a result of intestinal bicarbonate secretion (Grosell,
2011; Wilson and Grosell, 2003; Wilson et al., 2009; Wilson et al., 2002). An area that

warrants further investigation is whether or not euryhaline teleosts acclimated to SW maintain
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an elevated level of intestinal motility following the ingestion of a meal when compared to
individuals acclimated to FW. If so, then this may enhance digestion and nutrient absorption
in SW and could potentially, at least in part, underlie the substantial increases in daily growth
rate that salmonids can experience when at sea, which allows them to grow larger than non-
migratory conspecifics (Gross et al., 1988; McDowall, 1993; McDowall, 2001; Neilson et al.,
1985).

One of the surprising findings of this study was the substantial increase in the diameter
of the intestine in trout exposed to SW. Whether the increase in diameter is due to a greater
volume of intestinal contents maintained at higher pressures, or a greater degree of relaxation
by the external muscle layers of the intestine (Smith et al., 2003), could be resolved by
measuring intraluminal pressure but was beyond the scope of the present study. The resting
diameter appeared to be correlated to the frequency and strength of contractions similar to
what occurs in peristalsis in a range of rodents (Costa and Furness, 1976; Hennig et al., 1999;
Trendelenburg, 2006; Waterman and Costa, 1994; Waterman et al., 1994), and likely involves
increased input from mechano-receptors in the intestinal wall mediated by neurogenic and/or
myogenic mechanisms (Smith et al., 1990; Tonini et al., 1996; Won et al., 2005). However, it
is well documented that euryhaline teleosts acclimated to SW also display elevated levels of
ions such as Na"and CI in the tissue and cells when compared to levels displayed in FW
(Houston, 1959; Eddy, 1982; Bath and Eddy, 1979a; b). Therefore, the influence of iono-
receptors and the direct effects of ions on intestinal smooth muscle and/or interstitial cells of

Cajal warrant further investigation.

Temporal changes in the intestinal motility during a transition to SW

The correlation between EEA and gastrointestinal smooth muscle contractions has previously
been verified in teleosts (Gréans, 2012; Gréns et al., 2009; Gréns et al., 2013). However, prior
to the present study it could not be conclusively stated if the rhythmically occurring EEA
clusters were propagating. By directly comparing EEA recordings to video-recordings of
intestinal motility, we demonstrate that EEA clusters corresponds to the clusters of
contractions within the MMCs (see Movie S1). Using this information, we are now better able
to interpret the changes that occur in the intestinal motility of conscious individuals in
response to changing environmental conditions, such as those faced by euryhaline teleosts

transitioning from FW to SW.
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Continuous recordings of EEA in conscious rainbow trout revealed a similar pattern of
contractions to that observed in anaesthetised individuals, as FW-acclimated trout displayed
rhythmically occurring clusters of contractions separated by periods of quiescence, albeit at a
slightly higher frequency (a complex every ~6 minutes compared to ~7 minutes in
anaesthetised individuals). The slight differences in frequency can most likely be attributed to
the effects of anaesthesia, which are known to alter the contraction frequency in a range of
mammals (Bueno et al., 1978; Fujimiya and Inui, 2000). During the transition from FW to
SW, intestinal contractile activity of rainbow trout gradually increased and plateaued at a
significantly elevated level after ~2 days in SW. Specifically, the frequency and duration of
the clusters of contractions within the MMCs increased concomitantly with a reduction in the
period of quiescence between complexes, which is consistent with the findings from the
video-recordings of anaesthesised individuals.

Previous research on anadromous salmonids has demonstrated that migration speed
significantly decreases when individuals transition from the rivers to saline estuaries
(Aarestrup et al., 2014; Aarestrup et al., 2002; Aldven et al., 2015). The median residence
time documented for sea trout (Salmo trutta) in the inner estuary prior to migration into the
sea was ~2-3 days, and was suggested to be due to differences in current velocity or
exploration of the environment of the individual for feeding or imprinting purposes (Aldvén
et al.,, 2015; Hansen and Jonsson, 1994). Interestingly, the residence time approximately
matches the temporal responses of intestinal motility documented in the present study (~2
days), as well as essential cardiovascular modifications associated with osmoregulation in
trout (e.g. gastrointestinal blood flow and cardiac output increase between ~2-4 days) (Brijs et
al., 2015; Brijs et al., 2016; Brijs et al., 2017). Collectively, this may indicate that even in the
face of increased predation pressure and mortality associated with these shallow estuarine
habitats (Aldvén et al., 2015; Gregory, 1993), certain physiological modifications in
migrating salmonids that are likely triggered by exposure to waters of increasing salinity must

occur prior to completing the migration to sea.

Conclusions
The present study shows a dramatic elevation in intestinal contractile activity in vivo in a
euryhaline teleost species during acute and chronic exposure to SW, which is likely important

for the maintenance of osmotic homeostasis by optimising intestinal water and ion absorption.
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The temporal dynamics in the frequency and patterning of intestinal motility in rainbow trout
transitioning from FW to SW coincides with previously documented cardiovascular
modifications associated with osmoregulation and may provide further insight into the

underlying reasons shaping migration patterns of anadromous salmonids.
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Figures
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Figure 1. Schematic drawing of the surgical instrumentations. (A) Anaesthetised rainbow
trout (Oncorhynchus mykiss) ventral side up, as it is surgically prepared for the video-
recording of the movements of the middle intestine. In some individuals surgically prepared
for the video-recording, pairs of electrodes were also implanted to record enteric electrical
activity (EEA). (B) The middle intestine of rainbow trout instrumented with two pairs of
electrodes exiting the abdominal cavity via the ventrolateral incision and secured to the fish

with silk sutures.

Q
©
)
-
©
()
O
C
©
>
©
<
(]
>
(o)}
9
2
m
©
o
C
()
£
o
(O]
o
b
L
G
o
©
C
-
>
O
S



Freshwater

A
0 min
:
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
1
b i
60 min
Anterior Posterior
Saltwater
B m z
OminiT i ]
1 L
! i
I i i }
1 &
1
1
! i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1 {
1
: |
! !
i {
] {
A\ {
60 min ]
T >
Anterior Posterior

Figure 2. Spatio-temporal maps displaying the differences in intestinal motor activity of
FW- and SW-acclimated rainbow trout. The spatio-temporal maps display changes in the

diameter (portayed as a greyscale value with black pixels representing contractions and white
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pixels representing dilations) of a section of intestine (the horizontal axis of each spatio-
temporal map represents the distance along the section of intestine beginning shortly after the
pyloric caeca and extending posteriorly) during the 1 h recording period (the vertical axis
represents the duration of the experiment) of five individual FW- and SW-acclimated rainbow
trout. (A) In FW, trout generally displayed rhythmically occurring clusters of contractions that
were separated by periods of quiescence, which resembled migrating motor complexes
(MMCs). A clear example of successive clusters of contractions (small blue horizontal lines)
separated by a period of quiescence (blue double headed arrow) can be observed in FW2.
When the contractile front was distinct enough to measure as seen in FW3 (blue dashed
arrows), propagation velocity could be determined. (B) In SW, MMCs occurred at
frequencies two to three-fold higher, which resulted in a concomitant shortening or absence of
periods of quiescence between successive contractile fronts of MMCs. A clear example of this
can be observed in SW3 where an increased frequency of contractions (small red horizontal
lines) result in a concomitant reduction in, or absence of, the periods of quiescence between
successive contractile fronts (red dashed arrows). In addition, ripples propagating either
anteriorly (from right to left) or posteriorly (from left to right) were more apparent in SW (see
red dashed arrows in SW6 for clear examples). Above each spatio-temporal map is an image
of the section of intestine that the map was generated from.
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Figure 3. Frequency and velocity of migrating motor complexes (MMCs) and ripples in
FW- and SW-acclimated rainbow trout. Magnified view of spatio-temporal maps
(horizontal axis: distance along the section of intestine, vertical axis: duration of the
experiment) displaying examples of (A) posteriorly propagating MMCs and (B) bi-
directionally propagating ripples in the middle intestine of SW-acclimated individuals. (C)
Histogram displaying duration of intervals between successive contractions of FW- and SW-
acclimated rainbow trout (n=8 for each group). SW-acclimated individuals displayed a high
frequency of ripples (green bars) while the interval between successive MMCs (red bars) was
two to three-fold shorter than in FW-acclimated individuals (blue bars).
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Figure 4. Characteristics of MMCs in the middle intestine of rainbow trout. (A) Spatio-
temporal map displaying four successive MMCs propagating along the middle intestine of
rainbow trout in a posterior direction. Note that this map differs from previous maps, as the
horizontal axis represents the duration of the experiment (from the left to right), whereas the
vertical axis displays the distance along the intestine (the top represents the anterior end of the
section). The white dashed arrow represents the contractile front of the MMC. (B) Traces
demonstrating the changes occurring in intestinal diameter (red trace) and longitudinal length
(green trace) of the middle intestine during four successive MMCs. (C) Images showing the
intestinal diameter (red scale bar) and distance between two blood vessels (green scale bar),
which correspond to the horizontal red and green lines in B, shortly after the contractile front
of the MMC had ceased (430 s) and during the period of sustained longitudinal shortening
and intestinal dilation (773.5 s, changes indicated by orange and light green bars in B and C).
(D) Magnified view of a spatio-temporal map demonstrating the period between 430 and 830
s, which shows one complete MMC cycle, beginning with relatively subdued intestinal
activity, followed by a steady increase in strength and regularity of longitudinal contractions,
before transitioning into a period of rapid longitudinal shortening which was accompanied by
high frequency circular and longitudinal contractions.
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Figure 5. Relationship of intestinal diameter and contractile activity in SW-acclimated
rainbow trout. A demonstration of the degree and amplitude of intestinal contractile activity
related to resting diameter levels is presented in three individual SW-acclimated rainbow trout
with varying degrees of intestinal distension (from left to right: high, medium and low
distension) and their corresponding (A) intestinal motility patterns and (B) changes in
intestinal diameter. The spatio-temporal maps in (A) display the changes in the diameter
(portayed as a greyscale value with black pixels representing contractions and white pixels
representing dilations) of the section of middle intestine from the three individual SW-
acclimated rainbow trout (horizontal axis: distance along section of middle intestine, vertical

axis: duration of the experiment).
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Figure 6. Enteric electrical activity (EEA) in the middle intestine of rainbow trout
transitioning from freshwater to seawater. (A) An example of how the EEA signal is
analysed. Electrical spikes that exceed the threshold value (150% signal noise) were defined
as 'events', which corresponds to individual contractions, and groups of events were defined
as 'clusters', which directly correspond to the clusters of contractions within the MMCs. The
clusters were separated by periods of quiescence or low EEA (background noise). (B)
Different sections of a raw EEA trace from an individual rainbow trout demonstrating the
typical increase that occurs in intestinal contractile activity, as observed by the increase in the
number and amplitude of EEA events that occur during the 96 h SW acclimation period. (C)
Event frequency, (D) cluster frequency (equal to MMC frequency), (E) events per cluster
(corresponding to the duration of the clusters within the MMC), and (F) event amplitude
during the transition of rainbow trout (n=7) from FW (blue square) to SW (red squares).
Statistical analyses for each EEA variable were generated using a one-way repeated measures
ANOVA and are summarized at the bottom of each figure. Significance is defined as p<0.05.

The parameter estimates generated by the model are presented as meansxs.e.m.
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Journal of Experimental Biology 220: doi:10.1242/jeb.156000: Supplementary information

#® 156000-filel.mov

Trout Proximal IW »

-

ST Map

2 min

Movie S1. Simultaneous recordings of intestinal movements and EEA in an individual
SW-acclimated rainbow trout reveal that MMCs are coincident with EEA clusters. The
video-recording of the section of proximal intestine that surrounds the implanted pair of
electrodes in an anaesthesised SW-acclimated rainbow trout demonstrates the rhythmic
occurence of MMCs (top panel). By determining the changes in translucency and reflectivity
along the surface of this section of proximal intestine during the recording period, a spatio-
temporal map can be generated to allow the visual identification of MMCs, as well as the
spatial and temporal characteristics of this motility pattern (middle panel). Recordings of EEA
reveal that the bursts of contractions during the MMC observed in the video-recordings are
coincident with EEA clusters (bottom panel). This information allows better interpretation of
EEA recordings, and therefore gastrointestinal motility, in conscious individuals during real

time responses to environmental or physiological challenges.
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SW-acclimated rainbow trout reveal that MMCs are coincident with EEA clusters. The
video-recording of the section of proximal intestine that surrounds the implanted pair of
electrodes in an anaesthesised SW-acclimated rainbow trout demonstrates the rhythmic
occurence of MMCs (top panel). By determining the changes in translucency and reflectivity
along the surface of this section of proximal intestine during the recording period, a spatio-
temporal map can be generated to allow the visual identification of MMCs, as well as the
spatial and temporal characteristics of this motility pattern (middle panel). Recordings of EEA
reveal that the bursts of contractions during the MMC observed in the video-recordings are
coincident with EEA clusters (bottom panel). This information allows better interpretation of
EEA recordings, and therefore gastrointestinal motility, in conscious individuals during real

time responses to environmental or physiological challenges.
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