J Comp Physiol B (2012) 182:341-350
DOI 10.1007/s00360-011-0622-y

ORIGINAL PAPER

Digestion of a single meal affects gene expression of ion
and ammonia transporters and glutamine synthetase activity
in the gastrointestinal tract of freshwater rainbow trout
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Abstract Experiments on freshwater rainbow trout,
Oncorhynchus mykiss, demonstrated how digestion affected
the transcriptional expression of gastrointestinal transport-
ers following a single satiating meal (~3% body mass
ration) after a 1-week fast. Quantitative real-time poly-
merase chain reaction was employed to measure the rela-
tive mRNA expression of three previously cloned and
sequenced transporters [HT-K™-ATPase (HKA), Na'/
HCOj3;™ cotransporter (NBC), and the Rhesus glycoprotein
(Rhbgl; an ammonia transporter)] over a 24-h time course
following feeding. Plasma total ammonia increased about
threefold from pre-feeding levels to 288 pmol 17!, whereas
total ammonia levels in chyme supernatant reached a six-
fold higher value (1.8 mmol 1™') than plasma levels.
Feeding did not appear to have a statistically significant
effect on the relative mRNA expression of the gastric HKA
or Rhbgl. However, the relative mRNA expression of
gastric NBC was increased 24 h following the ingestion of
a meal. Along the intestinal tract, feeding increased the
relative mRNA expression of Rhbgl, but had no effect on
the expression of NBC. Expression of the gastric HKA was
undetectable in the intestinal tract of freshwater rainbow
trout. Digestion increased the activity of glutamine syn-
thetase in the posterior intestine at 12 and 24 h following
feeding. This study is among the first to show that there are
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digestion-associated changes in gene expression and
enzyme activity in the gastrointestinal tract of teleost fish
illustrating the dynamic plasticity of this organ. These post-
prandial changes occur over the relative short-term dura-
tion of digesting a single meal.
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Introduction

The digestion of a typical meal has been shown to affect
plasma ammonia concentrations in fish (Kaushik and
Teles 1985; Wood 1993; Gelineau et al. 1998; Wicks and
Randall 2002; Bucking and Wood 2008; Zimmer et al. 2010),
doubling or even tripling concentrations beyond unfed
levels, with even greater increases in the hepatic portal vein
draining the intestinal circulation (Karlsson et al. 2006).
The excess ammonia is generated by the catalysis of die-
tary proteins. This generates an amino acid surplus, which
in fish are deaminated and used for energy (Ballantyne
2001; Stone et al. 2003). The plasma ammonia surplus
results in an increased ammonia excretion to the environ-
ment (e.g. Handy and Poxton 1993; reviewed by Wood
2001; Bucking and Wood 2008; Zimmer et al. 2010)
through branchial (Beamish and Thomas 1984), and to
some extent renal (Bucking et al. 2010), excretion. In fact,
ammonia excretion to the water is proportional to meal
ration size (Alsop and Wood 1997).

While the exact mechanism(s) of ammonia excretion are
still somewhat controversial, the recent discovery of a
group of proposed ammonia transporters (Rhesus glyco-
proteins; Rh proteins) in aquatic animals (e.g. Weihrauch
et al. 2009; Nakada et al. 2007; Nawata et al. 2007, 2010;
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Tsui et al. 2009) has cast new light on the situation
(reviewed by Wright and Wood 2009; Weihrauch et al.
2009). Briefly, Rh proteins form channels through which
ammonia can be transported (reviewed by Wright and
Wood 2009). There are several isoforms of Rh proteins:
Rhag is typically associated with red blood cells, Rhbg is
thought to be a basolateral channel and Rhcg an apical
channel (e.g. Wright and Wood 2009; Nakada et al. 2007).
Regulation of branchial Rh gene expression in response to
various factors (high external ammonia, Nawata et al.
2007; Hung et al. 2007; elevated internal ammonia by
infusion, Nawata and Wood 2009; feeding, Zimmer et al.
2010; or by blockade of ammonia excretion by water-
buffering, Nawata and Wood 2008) has been found. To
date, study of Rh genes has focused on the gill, the primary
location of Rhcgl and 2 expression (Nawata et al. 2007).
However, Rhbg has been found in most tissues of the
freshwater rainbow trout (blood, brain, eye, gill, heart,
intestine, kidney, liver, muscle, skin, spleen) and was found
to be responsive to high external ammonia (Nawata et al.
2007). Thus, the increase in plasma ammonia following
feeding may also potentially trigger changes in the
expression of Rhbg in these other tissues.

Digestion not only alters ammonia metabolism, but also
acid—base balance (Wood et al. 2005, 2007a, b; Bucking
and Wood 2008; Bucking et al. 2009, 2010) through the
generation of an alkaline tide (reviewed by Hersey and
Sachs 1995; Niv and Fraser 2002). Briefly, the secretion of
HCI (acid) into the stomach lumen ultimately results in the
secretion of HCO3™ (base) into the blood generating a
systemic metabolic alkalosis—the alkaline tide. Acid
secretion in the stomach is facilitated by the gastric H -
K*-ATPase (HKA) located in the apical membrane of the
acid-secreting cell. This enzyme is a member of the P-type
ATPase family, which includes Na™—K"-ATPase, Ca®'-
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ATPase and colonic H'—K*-ATPase (MacLennan et al.
1985; Shull et al. 1985; Crowson and Shull 1992), and as
such shares structural and enzymatic identity with other
members of the family (Hersey and Sachs 1995; Munson
et al. 2000). The effect of feeding on the expression of
HKA is not known in fish.

The metabolic base load generated by the activity of the
HKA in freshwater rainbow trout is corrected mostly
through increased base excretion at the gill (Bucking and
Wood 2008) while the kidney appears to relieve a small
portion of the metabolic alkalosis (Bucking et al. 2010).
A potential additional route of base excretion is the intestine.
Recently, studies have suggested that entry of HCO;™
across the basolateral membrane of gulf toadfish (Opsanus
beta) intestinal tissue is regulated by the basolateral Na*/
HCO;™ cotransporter (NBC; Grosell and Genz 2006;
Kurita et al. 2008; Taylor et al. 2010). The increases in
plasma [HCO; "] following feeding may hence trigger an
increase in basolateral NBC expression in the intestine.
Together with branchial base excretion, intestinal HCO;™
secretion would act to relieve metabolic alkalosis. In fact,
recent evidence suggests that the intestine indeed plays a
role in base excretion of the alkaline tide in seawater-
acclimated rainbow trout but this has not been shown in
freshwater fish (Bucking et al. 2009).

The mRNA expression levels of the HKA, NBC and
Rhbgl in each section of the gastrointestinal (GI) tract
were examined in freshwater rainbow trout before, and
at various time points up to 24 h following feeding
using quantitative real-time polymerase chain reaction
(qRT-PCR). The putative cellular locations of each trans-
porter examined in both the gastric and intestinal cells are
shown in Fig. 1. The expression of HKA was expected to
increase, in accord with previous evidence for an increase
in gastric acid secretion during digestion of the meal
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Fig. 1 Putative cellular locations of the HKA, Rhbg and NBC transporters in both gastric and intestinal cells as well as role of glutamine

synthetase (GS) in detoxifying ammonia
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(Bucking and Wood 2009). mRNA expression levels of
NBC in various parts of the intestine were not expected to
change due to the lack of evidence of intestinal involve-
ment in relieving the alkaline tide (Bucking et al. 2009).
Finally, Rhbgl expression was expected to decrease to
prevent excess ammonia entering the bloodstream from the
chyme. Intestinal glutamine synthetase activity was also
measured as it aids in converting ammonia into glutamine
and potentially into urea, through the use of glutamine in
the ornithine-urea cycle, both of which are much less toxic
nitrogen products. We hypothesized that increases in
enzyme activity would correlate with changes in relative
gene expression of ammonia transporters.

Based on the evidence presented above, that the diges-
tion of a meal results in transient changes in overall
ammonia metabolism and acid/base balance in fish, the aim
of the current study was to examine the relatively imme-
diate effect of digesting a meal on gene expression of
several transporters, as well as enzyme activity, related to
these functions along the GI tract.

Materials and methods
Animals

Freshwater rainbow trout (Oncorhynchus  mykiss;
234-313 g), obtained from Humber Springs Trout Hatch-
ery (ON, Canada) were used for all experiments. The fish
were acclimated to laboratory conditions and water
(dechlorinated Hamilton tap water; Na™ = 0.6, K™ = 0.05,
Cl™ = 0.8,Ca’>" = 0.8, Mg>" = 0.3 mmol 1 '; pH = 8.0;
hardness = 140 mg 1~' as CaCO; equivalents; tempera-
ture 11-13°C) and were fed every other day at a consistent
time with commercial fish feed (Martin Mills, ON, Canada)
for a 6 week period to synchronize feeding-associated
processes.

Sampling

Following the 6-week acclimation and feeding schedule,
the fish were fasted for 1 week to remove any undigested
food from the GI tract. Fish were then sampled 3 h before
the scheduled feeding (—3 h), fed to satiation (~3% body
mass ration) and sampled at 6, 12 and 24 h after feeding.
During sampling, fish were rapidly sacrificed by cephalic
concussion, and a blood sample obtained though caudal
puncture with an iced pre-heparinized #22 gauge needle.
The plasma was immediately separated from the red blood
cells through centrifugation (13,000g, 30 s) and placed in
liquid nitrogen for further analysis of plasma ammonia
levels. The GI tract was then exposed through a mid-line
incision from mouth to anus. Chyme was extracted from

each section (when present) and centrifuged (13,000g,
60 s) to obtain the supernatant fraction which was also
placed in liquid nitrogen for further analysis of total
ammonia concentrations. A tissue sample of each section
of the tract (stomach, anterior intestine including caeca,
mid-intestine, and posterior intestine) was then obtained,
with a conscious effort to collect samples from the same
general area of the tissue at each time point. The tissue
samples were immediately placed in liquid nitrogen for
later quantification of mRNA expression. All fish sampled
had evidence of recently consuming a meal.

The remaining fish were placed back on the original
feeding schedule for 3 weeks, before being fasted again for
1 week and subsequently fed to satiation as before. Trout
were then sacrificed in the same manner as above following
the same sampling schedule. The GI tract was exposed as
before and each GI tract section identified and sampled as
above to determine tissue glutamine synthetase activity.

Analysis

Plasma and chyme samples were analyzed for total
ammonia (Tymm; tmol 17 ') by an enzymatic assay based on
the glutamate dehydrogenase/NAD method using a com-
mercial kit (Raichem; San Diego, CA, USA). Samples
were analyzed on a microplate reader (SpectraMax 340PC)
at 590 nm. Both plasma and chyme samples were depro-
teinized using 4% perchloric acid and neutralized using
KOH prior to measuring ammonia.

Total RNA was extracted from ~ 15 mg of each GI tract
tissue sample using TRIzol (Invitrogen, Burlington, ON,
Canada) and quantified spectrophotometrically. The
integrity of the RNA was verified through electrophoresis
on 1% agarose gel stained with ethidium bromide. First
strand cDNA was subsequently synthesized from 1 pg total
RNA using an oligo(dT17) primer and Superscript II
reverse transcriptase (Invitrogen). Quantitative real-time
PCR (gqPCR) was then performed using the cDNA syn-
thesized above and primers listed in Table 1. Reactions
(20 pl) containing 4 pl of DNasel-treated (Invitrogen)
cDNA, 4 pmol of each primer, 10 pl of Platinum SYBR
Green qPCR SuperMix-UDG (Invitrogen), and 0.8 pl of
ROX (1:10 dilution) were performed at 50°C (2 min), 95°C
(2 min), followed by 40 cycles of 95°C (15 s) and 60°C
(30 s) using a Mx3000P QPCR System (Stratagene, Cedar
Creek, TX). Melt-curve analysis confirmed production of a
unique product. Relative expression of mRNA was deter-
mined using f-actin as a reference gene in the stomach
tissue, while 18s rRNA was used for intestinal tissues,
employing the AAC, method (Livak and Schmittgen 2001).

Glutamine synthetase (GS) activity was determined
according to Webb and Brown (1980). Briefly, samples of
intestine were homogenized (using a Brinkman Polytron
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Table 1 Primers used for quantitative real-time PCR

Gene

Sequence 5'-3’

Forward primer

Reverse primer

HKA (Sugiura et al. 2006)
NBCI1 (Grosell et al. 2007)
Rhbgl (Nawata et al. 2007)
18s (Grosell et al. 2007)
p-Actin (Nawata et al. 2007)

GCC ACT GAC ATT TTT CCC TCT G
TGG ACC TGT TCT GGG TAG CAA
CGA CAA CGA CTT TTA CTA CCG C
TCT CGA TTC TGT GGG TGG T

ACT GGG ACG ACA TGG AGA AG

TTG CGC CAA TCT GGA AGT AGG
AGC ACT GGG TCT CCA TCT TCA G
GAC GAA GCC CTG CAT GAG AG
CTC AAT CTC GTG TGG CTG A
AGG CGT ATA GGG ACA ACA CG

HKA H™-K"-ATPase, NBC Na'/HCO; ™ cotransporter 1, Rhbgl Rhesus glycoprotein bg

homegenizer) in five volumes (w/v) of ice-cold homo-
genization buffer containing 20 mmol 17" K,HPO,,
10 mmol 17" HEPES, 0.5 mmol I”' EDTA, 1 mmol "'
dithiothreitol, 50% glycerol adjusted with NaOH to pH 7.5
at 24°C. The homogenates were centrifuged at 10,000g and
4°C for 20 min. After centrifugation, the resulting super-
natant was used for the determination of GS activities. The
GS activity was expressed as pmol y-glutamyl hydroxa-
mate formed min~" g~' tissue. Freshly prepared glutamic
acid monohydroxamate solution was used as a standard for
comparison.

Statistics

Changes in plasma and chyme ammonia concentrations
(Tamm)> mRNA expression, and intestinal GS activity over
time were examined using a one-way ANOVA followed by
a Tukey’s post hoc test (SPSS 12). All values have been
presented as mean £ SEM (N = 6).

Results
Plasma and chyme composition

Plasma T, increased approximately threefold following
feeding, with the highest measured value at 24 h post-
feeding (288 £ 83 pmol 1 Fig. 2a). In contrast, Ty, in
the supernatant of chyme was similar in all sections of the
gastrointestinal tract and was unchanged with time
(Fig. 2b; excluding the mid and posterior intestine at 6 h
where no chyme was present). The average T,,, in the
supernatant of chyme found along the entire gastrointesti-
nal tract was 1.8 £ 0.6 mmol 17! (N = 18), over sixfold
higher than concentrations found in the plasma.

Relative mRNA expression

The relative mRNA expression of HKA in the stomach
of rainbow trout was unaffected by feeding (Fig. 3).
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Fig. 2 a Total ammonia plasma concentrations (7y,; tmol 171) in
response to feeding. Feeding occurred at 0 h. Values are mean +
SEM (N = 6). Asterisk indicate a significant increase from control
values (—3 h = pre-feeding). b Total ammonia chyme supernatant
concentrations (mmol 17") following feeding (0 h). Values are
mean + SEM (N = 6)

In contrast, the gastric expression of NBC1 mRNA was
increased post-feeding, rising fourfold at 24 h following
the ingestion of a meal (Fig. 4a). The relative expression of
Rhbgl mRNA in the stomach of rainbow trout was unaf-
fected by feeding (Fig. 5a).
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Fig. 3 The effect of feeding on the relative mRNA expression of
H"—K*-ATPase (HKA) in the stomach of the freshwater rainbow
trout. f-actin was used as the reference gene. Feeding occurred at 0 h
(=3 h = pre-feeding). Values are mean + SEM (N = 6). There were
no significant differences

The expression of HKA mRNA was below detectable
levels in the intestinal tract of freshwater rainbow trout.
The digestion of a meal had no effect on the relative
expression of NBC1 mRNA along the intestinal sections
(Fig. 4b), in contrast to the increased expression observed
in the stomach (Fig. 4a). Additionally, while digestion
had no effect on gastric mRNA expression of Rhbgl, the
relative expression of Rhbgl mRNA increased in the
anterior intestine fivefold over unfed control values at
12 h post-feeding (Fig. 5b). Digestion of a meal also
increased the relative expression of Rhbgl in the pos-
terior intestine, rising sixfold over control values at 6 h
following feeding (Fig. 5b). The relative expression
remained fourfold elevated over control values in the
posterior intestine up to 24 h (Fig. 5b). In contrast, Rhbgl
expression in the mid-intestine did not exhibit a post-
prandial change.

Enzyme activity

In the anterior intestine, glutamine synthetase (GS) activity
did not mirror changes in mRNA expression of Rhbgl as
there was no significant change with feeding (Fig. 6),
despite increases in Rhbgl mRNA in the anterior intestine
at 12 h (Fig. 5b). In contrast, the four- to sixfold increase in
Rhbgl mRNA expression in the intestine at 6-24 h was
accompanied by an increasing activity level of GS at 12 and
24 h following feeding (Fig. 6), increasing to approxi-
mately fourfold higher than pre-feeding values at 24 h. The
mid-intestine did not show any significant changes in GS
activity (Fig. 6), similar to the lack of change of Rhbgl
expression in this segment (Fig. 5b).
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Fig. 4 a The effect of feeding on the relative mRNA expression of
NBC1 (Na*t/HCO;~ cotransporter 1) in the stomach of the freshwater
rainbow trout. f-actin was used as the reference gene. Feeding
occurred at 0 h. Values are mean £ SEM (N = 6). Asterisk indicate a
significant increase from control values (—3 h = pre-feeding). b The
effect of feeding on the relative mRNA expression of NBC1 (Na*t/
HCO;™ cotransporter 1) in the anterior, mid, and posterior intestine of
the freshwater rainbow trout. 18s was used as the reference gene.
Feeding occurred at O h (—3 h = pre-feeding). Values are mean +
SEM (N = 6). There were no significant differences within segments

Discussion

To our knowledge, this is the first evidence of the effects of
feeding on the transcription levels of Rhesus glycoproteins,
the HKA and the NBC transporters in the gastrointestinal
tract of fish. In fact, this study adds to the relatively few
glimpses at the gene expression responses of proteins to
feeding and digestion in the GI tract of fish. Up to now,
investigations have focused mostly at transporters or
enzymes related to nutritional uptake (e.g. lipase-encoding
mRNA, Kilittilson et al. 2011; dipeptide transporters,
Ostaszewska et al. 2010; Bakke et al. 2010; trypsin, Lui et al.
2007; Lilleeng et al. 2007; fatty acid desaturase, Leaver
et al. 2006; Geay et al. 2010) or hormonal regulation of
feeding (e.g. leptin, Ronnestad et al. 2010; Ostaszewska
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Fig. 5 a The effect of feeding on the relative mRNA expression of
Rhbgl (Rhesus glycoprotein bgl) in the stomach of the freshwater
rainbow trout. f-actin was used as the reference gene. Feeding
occurred at O h (—3 h = pre-feeding). Values are mean £ SEM
(N = 6). There were no significant differences. b The effect of
feeding on the relative mRNA expression of Rhbgl (Rhesus
glycoprotein bgl) in the anterior, mid, and posterior intestine of the
freshwater rainbow trout. 18s was used as the reference gene. Feeding
occurred at 0 h. Values are mean £ SEM (N = 6). Asterisk indicate a
significant increase from control values (—3 h = pre-feeding) for that
particular segment

et al. 2010; peptide Y, Murashita et al. 2006; Gonzalez and
Unniappan 2010; ghrelin, Terova et al. 2008; Xu and
Volkoff 2009). However, the majority of these studies
examine long-term adaptations to specific diets and/or
fasting, and not short-term responses in gene regulation
(i.e. within 48 h of consuming a meal) to the digestion of a
meal. The analysis of short-term, post-prandial transporter
expression in the GI tract provides a mechanistic basis for
the interpretation of the physiological evidence provided in
earlier studies of immediate alterations in homeostasis.
An interesting finding of the gene expression analysis
was the increase in basolateral NBC1 expression levels in
the gastric epithelium at 24 h post-feeding. At first glance,
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this response appears to be counterproductive, as the
mechanism of gastric acid formation results in elevated
intracellular [HCO3™], which is then removed from the cell
across the basolateral membrane and eventually creates the
alkaline tide in the systemic bloodstream (reviewed by
Hersey and Sachs 1995; Niv and Fraser 2002). However,
evidence exists that the basolateral loading of HCO3 into
the gastric cells can be physiologically beneficial. Early in
vitro studies in amphibians suggest that a basolateral NBC
may provide HCO3™ intended for secretion into the stom-
ach lumen (Takeuchi et al. 1982) in order to preserve
gastric epithelium integrity in the face of an acidic pH
necessary for digestion by forming an alkaline mucus
(reviewed by Allen et al. 1993). This theory has been
supported by evidence from mammalian models as well
(Seidler et al. 2000). In the trout, the HCI acid secretion
associated with digestion has started to decline by 24 h
following the ingestion of a meal based on gastric fluid and
ClI™ secretion rates (Bucking and Wood 2006a, b, 2009).
Hence, a secretion of an alkaline mucus would not coun-
teract gastric acid secretion. Additionally, Bucking and
Wood (2009) showed that gastric lumen pH had fallen
below a pH of 4.0 by 24 h, and continued to fall to ~2.0
by 48 h following ingestion of a meal. This continued fall
in pH, despite an apparent reduction in gastric acid secre-
tion, may be caused by the reduction of the buffering
capacity of chyme as digestion proceeds. The alkaline
mucous secretion could be triggered by the falling pH of
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the stomach lumen as has been shown in mammals (Guha
and Kaunitz 2002).

A further potential mechanism to explain the large
increase in gastric NBCI1, in addition to the lack of an
observable post-prandial response in HKA mRNA
expression, could involve the acid-secreting cells. In
response to secretory stimulation in mammals, the gastric
acid-secreting cell undergoes a morphologic transforma-
tion. Its apical membrane becomes highly infolded when
secretory canaliculi are formed from the fusion of the
tubulovesicles, which are membrane-bound structures that
harbor the HKA (Forte et al. 1981; Agnew et al. 1999).
Upon cessation of HCI secretion, the tubulovesicles are
reformed, and the HKA is re-internalized. Thus, while
there is an increase in the activity of HKA, it is as a result
of pre-existing transporters, and not de novo synthesis.
However, when the HKA transporters are endocytosed into
the intracellular space, a continuous slow leak of protons
out of the tubulovesicle lumen has been observed (Gerbino
et al. 2004). The NBC transporter has been hypothesized as
being important in neutralizing changes in intracellular pH
of gastric cells themselves (reviewed by Guha and Kaunitz
2002) potentially caused by the reformation of tubulove-
sicles; a basolateral NBC could provide intracellular
HCOj;™ to buffer this proton leak. Evidence for this is,
however, controversial and when NBC is detected in acid-
secreting cells, it is at levels much lower than in the mucus
secreting cells (Seidler et al. 2000). Regardless, the timing
of the increase in the expression of the NBC1 suggests that
this could be occurring in rainbow trout.

The role of NBC in intestinal HCO3 secretion in fish has
primarily been observed in seawater fish (Grosell and Genz
2006; Taylor et al. 2010), or fish transferred to seawater
(Grosell et al. 2007), due to the pivotal (and unique) role of
HCO;™ secretion and precipitation in seawater osmoregu-
lation (Wilson et al. 2002; Wilson and Grosell 2003;
Marshall and Grosell 2006). The source of the luminal
HCO;5™ is both endogenous and serosal (Wilson et al. 2002;
Grosell 2006; Marshall and Grosell 2006) and recent evi-
dence suggests that NBC plays a significant role in the
basolateral transport mechanism for serosal HCO;™ supply
(Kurita et al. 2008; Taylor et al. 2010). Additionally, the
intestine has demonstrated postprandial elevations in
bicarbonate secretion (Taylor and Grosell 2006; Bucking
et al. 2009) which may play a role in alleviating the
alkaline tide. However, no such response has been
observed in freshwater fish (Bucking et al. 2009) and the
present lack of response of NBC to digestion, further
reinforces a lack of acid—base regulation by the intestine in
freshwater rainbow trout. However, there are temporal
limitations to the current study. Transporter expression and
enzyme activity were monitored for 24 h following the
consumption of a meal, the period during which the most

profound changes in plasma 7T,.,, ammonia excretion
rates, blood pH and HCO;, and chyme pH along the
intestine were seen in our previous studies (Bucking et al.
2010; Bucking and Wood 2006a, b, 2008). However, based
on these and other previous studies (Bucking and Wood
2009; Bucking et al. 2010) using similar feeding protocols,
digestion most likely would have continued for another
24 h. Therefore, it is possible that changes in gene
expression or enzyme activity could have continued (or
begun) after the cessation of the current study.

The intestinal expression of Rhbgl was expected to
decrease in response to feeding based on the assumption
that ammonia levels found along the GI tract would exceed
those found in the plasma due to amino acid and adenylate
catabolism within the chyme itself (Wood et al. 2009). This
was confirmed by the present measurements (plasma
Tamm = 288 pmol 1! vs. chyme T, = 1.8 mmol 1=
Fig. 2). A similar gradient has been seen in the GI tract of
dogfish sharks during digestion where chyme supernatant
levels rose to about 2.0 mmol 17" relative to plasma levels
of 32 umol 1™ (Wood et al. 2009). As Rhbgl transporters
are channels, ammonia transport depends on the diffusive
gradient. A decrease in Rhbg expression and a corre-
sponding decrease in ammonia transport would then miti-
gate the potentially lethal rise in plasma ammonia.
However, relative expression levels of Rhbgl mRNA
actually increased, suggesting that ammonia transport was
actually being facilitated by the intestinal tissue down this
large gradient. Facilitated ammonia transport in the GI tract
fits with the observations of Karlsson et al (2006) that T,
was much higher in the hepatic portal vein than in the
dorsal aorta following a force-fed meal in trout. The
increase in Rh gene expression in the intestinal tissue
corresponds to increased Rh gene expression (as well as
H"-ATPase) in the gill (Zimmer et al. 2010) although the
time-frame of response does not match between the two
investigations. A potential explanation may lie with the
difference in the size of the trout between the two studies as
digestion appears to progress more rapidly in smaller fish
(i.e. shorter gastric evacuation time in smaller fish; Jobling
et al. 1977).

The posterior intestine showed the greatest and most
prolonged transcriptional increase in Rhbgl expression
compared to all other intestinal segments, beginning 6 h
following a meal and lasting for an additional 18 h
(Fig. 5b). Notably, this segment also exhibited the highest
chyme pH (close to 9.0; Bucking and Wood 2009), and
therefore the greatest NH; concentration, with the greatest
potential for resultant toxicity. Interestingly, the only tissue
to exhibit an increase in GS activity was the posterior
intestine at 24 h (Fig. 6). This suggests that while the Rhbg
channels are present along the entire intestinal tract, per-
haps the posterior intestine is responsible for regulating the

@ Springer



348

J Comp Physiol B (2012) 182:341-350

amount of ammonia transported from the meal. Zonation in
transporter expression along the gastrointestinal tract of
fish has been observed for a variety of transporters from
nutrient transporters (dipeptide transporters: Gongalves
et al. 2007; glucose transporters: Gongalves et al. 2007) to
Nat and C1™ transporters (Grosell et al. 2007; Cutler and
Cramb 2008). As GS activity did not increase until 18 h
following the up regulation of the ammonia channel, we
hypothesize that the up-regulation in Rhbgl expression,
presumably as a basolateral export channel, was great
enough to prevent ammonia toxicity in the intestinal cells.
However, as digestion progressed, the intracellular
ammonia concentration increased beyond levels that could
be removed by the basolateral channel and increased GS
activity was required to prevent toxicity.

The present findings set the stage for future studies.
First, natural daily rhythms in gene expression, indepen-
dent of feeding, may have contributed to the results, and
should be examined in future investigations. Additionally,
transporter (HKA, NBCI1, Rhbgl) activity remains to be
investigated. Rapid and direct measurement of the activi-
ties of transporters tested in this study may not be possible
due to the lack of assays tailored to these particular
transporters. However, indirect evidence of activity can be
relatively easily obtained. For example, the gastric pH of
fed freshwater trout decreased over time, presumably due
in part to gastric acid secretion as discussed above. This is
circumstantial evidence suggesting that the activity of
HKA is increased during digestion in freshwater rainbow
trout (Bucking and Wood 2009). In vitro techniques such
as gut sacs made at various times after a meal (e.g. Wood
et al. 2010) can be used to further show the activity levels
of the transporters under investigation. Examining differ-
ential regulation of transporter isoforms may also add some
insight into transporter regulation along the GI tract. For
example, while the gastric HKA has no known isoforms in
fish, multiple variants of Rhbgl (Rhbgla and Rhbglb)
have been observed in rainbow trout (Nawata et al. 2007),
as has a Rhbg2 isoform (itself with three variants, Rhbg2a,
Rhbg2b, Rhbg2c; Nawata and Wood 2008). Rhbgla and
Rhbg1b have identical sequences except for a region in the
3/-UTR, which could relate to a regulatory difference in
transcription (Nawata et al. 2007). However, with identical
sequences, it would be difficult to identify which isoform
was expressed. Finally, as mRNA is only itself an indirect
measurement of transporter expression, protein expression
analysis (through immunocytochemical studies; e.g. Perry
et al. 2010) would reveal if the increase in mRNA
expression relates to an increase in transporter number and
not simply an increase in transporter turnover rate.

This study adds to the relatively few glimpses at the
short-term response of transporters to feeding and digestion
of a single meal in the GI tract of fish. While it has been

@ Springer

shown that digestion affects acid-base balance (Bucking
and Wood 2008), ion regulation (Bucking and Wood
2006b, 2007; Taylor et al. 2007) and osmoregulation
(Bucking and Wood 2006a) are also altered by digestion,
areas that have yet to be investigated at a mechanistic level.
To conclude, our results are suggestive of short-term,
dynamic alterations in gene expression at the transcrip-
tional level and enzyme activity in the GI tract triggered by
digestion.
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