Journal of Comparative Physiology B (2020) 190:205-217
https://doi.org/10.1007/500360-020-01259-4

ORIGINAL PAPER q

Check for
updates

Reverse translation: effects of acclimation temperature and acute
temperature challenges on oxygen consumption, diffusive water
flux, net sodium loss rates, Q,, values and mass scaling coefficients
in the rainbow trout (Oncorhynchus mykiss)

John O. Onukwufor'2® . Chris M. Wood?

Received: 1 May 2019/ Revised: 17 December 2019 / Accepted: 9 January 2020 / Published online: 21 January 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Our understanding is limited on how fish adjust the effective permeability of their branchial epithelium to ions and water
while altering O, uptake rate (MO,) with acute and chronic changes in temperature. We investigated the effects of acclimation
temperature (8 °C, 13 °C and 18 °C) and acute temperature challenges [acute rise (acclimated at 8 °C, measured at 13 °C
and 18 °C), acute drop (acclimated at 18 °C, measured at 8 °C and 13 °C) and intermediate (acclimated at 13 °C, measured
at 8 °C and 18 °C)] on routine MO,, diffusive water flux, and net sodium loss rates in 24-h fasted rainbow trout (Oncorhyn-
chus mykiss). In the temperature challenge tests, measurements were made during the first hour. In acclimated trout at all
temperatures, allometric mass scaling coefficients were much higher for diffusive water flux than for MO,. Furthermore, the
diffusive water flux rate was more responsive (overall Q,,=2.75) compared to MO, (Q,,= 1.80) over the 8-18 °C range, and
for both, Q,, values were greater at 8—13 °C than at 13—18 °C. The net Na™ flux rates were highly sensitive to acclimation
temperature with an overall Q,, of 3.01 for 8—18 °C. In contrast, very different patterns occurred in trout subjected to acute
temperature challenges. The net Na* flux rate was temperature-insensitive with a Q,, around 1.0. Both MO, and diffusive
water flux rates exhibited lower O, values than for the acclimated rates in response to either acute increases or decreases
in temperature. These results fit Pattern 5 of Precht (undercompensation, reverse effect) and more precisely Pattern IIB of
Prosser (reverse translation). These inverse compensatory patterns suggest that trout do not alter their rates very much when
undergoing acute thermal challenges (diurnal fluctuations, migration through the thermocline). The greater changes seen with
acclimation may be adaptive to long-term seasonal changes in temperature. We discuss the roles of aquaporins, spontaneous
activity, and recent feeding in these responses.
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Clearly, the stimulatory effects of increased temperature (or
inhibitory effects of decreased temperature) on MO, are
greater than can be explained by actions on simple diffu-
sion and chemical reaction rates alone, where Q,, values
are close to 1.0. Rather, they must depend on biologically
mediated processes (e.g. active transport and facilitated dif-
fusion) where Q,, values are close to 2.0, and often above.
Increases in MO, with temperature are probably linked to
the effects of temperature on tissue O, demand due in large
part to increases in mitochondrial respiration rate (Onuk-
wufor et al. 2015, 2017) accompanied by increases in the
effective permeability of the respiratory epithelial mem-
branes, and increases in the convective processes (match-
ing changes in ventilatory flow and cardiac output) which
transport oxygen (Sidell et al. 1973; Hazel and Prosser 1974;
Cossins and Prosser 1978; Brett and Groves 1979). Further-
more, the higher O, values for acute temperature challenges
indicate that the immediate effects are generally greater than
those of acclimation to the same temperatures. Thus longer
term homeostatic responses tend to minimize the changes in
metabolic rate and accompanying processes.

There are far fewer studies on diffusive water flux rate
(measured with tritiated water) than on MO,, but the modern
view is that this occurs mainly through the transcellular route
in the respiratory epithelia (gills), mediated in large part by
channels (aquaporins) which facilitate the diffusion of water
(Tingaud-Sequiera et al. 2010; Cerda and Finn 2010; Mad-
sen et al. 2015). Note that diffusive water flux is not the same
as osmotic water flux, which can only be measured indirectly
from changes in body weight and urine flow. While both are
functions of gill permeability, the relationship between the
two is complex (see Potts et al. 1967; Franz, 1968; Mot-
ais et al. 1969; Loretz 1979; Isaia 1984; Evans et al. 2005;
Kwong et al. 2013). Diffusive water fluxes are unidirec-
tional, very similar in the influx and efflux directions, and
very high, while osmotic water fluxes are net fluxes which
are much lower (e.g. < 1% of unidirectional diffusive water
fluxes). It is impossible to precisely calculate the net flux rate
from the difference of unidirectional flux rates. Thus, the
latter can be measured in either direction; the efflux method,
as used in the present study, is easier, more accurate, and
non-destructive. The relatively few measurements of Q|
values for diffusive water flux rates in acclimated fish (Evans
1969; Isaia 1972; Loretz 1979; Giacomin et al. 2017, 2019;
Onukwufor and Wood 2018) appear to be similar to those
for MO, (i.e. close to 2.0, supporting the view that they
are biologically mediated, probably by aquaporins), while
under temperature challenges, these fluxes tend to increase
with Q,, values slightly higher than those for MO,. Possible
causes could include those also affecting MO, (e.g. convec-
tive changes, increases in the effective permeability of the
respiratory membranes for simple diffusion [i.e. increases
in perfused and ventilated branchial surface area, decreases
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in mean blood-to-water diffusion distance, changes in mem-
brane structure], as well as increases in facilitated diffusive
permeability [e.g. aquaporin function]). Unlike MO, and
diffusive water flux rates that show temperature sensitivity,
the few available measurements of temperature effects on net
sodium flux rate indicate rather minimal effects (Isaia 1972;
Motais and Isaia 1972; Onukwufor and Wood 2018). This
difference could be because net Na™ flux rate is a function of
both active uptake and passive loss processes (e.g. Gonzalez
and McDonald 2000).

In view of the very limited knowledge on the simultane-
ous effects on net sodium loss rate, diffusive water flux rate,
and MO,, our objective was to probe the effects of acute
and chronic temperatures on the three parameters together
in rainbow trout (Oncorhynchus mykiss). We reasoned that
for MO, to increase in response to elevated temperatures,
the effective branchial membrane permeability to water
exchange and ion loss would also increase as a trade-off for
high MO, uptake by the gill. This trade-off is termed the
osmorespiratory compromise (Randall et al. 1972; Nilsson
1986; Wood and Randall 1973a, b; Gonzalez and McDonald
1992, 1994; Giacomin et al. 2017; Onukwufor and Wood
2018). Factors that could contribute to changes in the effec-
tive branchial membrane permeability include functional
surface area, mean diffusion distance, simple diffusive per-
meability, facilitated diffusive permeability, and gill water
and blood flow rates and distributions. We have used two
complementary schemes that have stood the test of time
to interpret our results. Precht’s (1958) scheme considers
changes between two different temperatures, while Prosser’s
(1958) scheme considers changes over a wide range of tem-
peratures by looking at rapid (acute) and prolonged changes
(acclimation).

With this background in mind, our first prediction was
that the sensitivity of diffusive water flux rate to temperature
should be similar to that of MO, (i.e. similar Q,, values).
Our second was that the changes observed in acclimated
fish should be less (i.e. lower O, values) than changes in
the acutely challenged fish. Our final prediction was that
acclimation to different temperatures would not greatly alter
the net sodium flux rate as the acclimated fish should regain
approximate ionic balance, but that due to the osmorespi-
ratory compromise, much larger changes in this parameter
(i.e. higher Q,, values) would occur in fish exposed to acute
temperature challenges.

Materials and methods
Experimental animals

All experimental procedures were approved by the Univer-
sity of British Columbia (UBC) Animal Care Committee
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(Certificate A14-0251) in accordance with the Canadian
Council on Animal Care guidelines. Rainbow trout (Onco-
rhynchus mykiss) weighing 103 +3 g (SEM, N=100) were
obtained from Miracle Springs Inc., Fraser Valley, BC,
Canada; at the hatchery, the fish are raised in natural stream
water where temperature fluctuates both diurnally and sea-
sonally, and feeding is ad libitum. At UBC, the fish were
held initially at 13 °C in dechlorinated Vancouver tapwa-
ter containing in mg/L. CaCO; alkalinity, 3.0; hardness 3.3;
and in mM: K*, 0.004, Mg**, 0.007, Ca>*, 0.03, CI~, 0.05,
Na*, 0.06, pH 7.0. Fish were acclimated for a minimum of
2 weeks to either 8 °C, 13 °C or 18 °C prior to experiments.
Each acclimation group (approximately 30 fish) was held
in a 500-L tank. Acclimation to 13 °C was done in a flow-
through tank. Acclimations to 8 and 18 °C were done in
static systems with daily exchange of 80% of the water with
aged water. During this period, fish were fed at a ration of
1% of their body weight daily with commercial diet (EWOS,
Surrey, BC, Canada). Trout used for experiments were sam-
pled from their acclimation tanks prior to the daily feeding
and, therefore, had been fasted for 24 h. The photoperiod
was maintained at 12L:12D throughout the experimental
periods.

Experimental protocol

Experimental procedures were performed as described in
detail by Onukwufor and Wood (2018). Briefly, to avoid
visual disturbance, all containers were shielded in black
plastic and fitted with sampling ports and aeration devices.
For all procedures, tanks were placed in a table-trough that
served as constant-temperature bath set to the appropriate
temperature (8, 13, or 18 °C), and normoxic conditions
(> 80% air saturation) were maintained throughout. In each
trial, 4-5 trout were placed together in a 2-L loading bath of
water labelled with 40 uCi of tritiated water (°*H,O, Perkin
Elmer, Woodbridge, ON, Canada), and maintained at the
acclimation temperature. Our pilot study showed that equi-
libration was complete within 6 h. Following 6 h of equi-
libration, trout were netted individually out of the loading
bath, rinsed in clean water to remove any *H,O on the body
surface, and transferred to individual containers containing
11 of clean water at the test temperature. The air exposure
period was < 10 s. Fish equilibrate very quickly upon transfer
to a new temperature, with 90-95% thermal equilibration
occurring within 1-5 min (Crawshaw and Hammel 1974;
Crawshaw 1979; Moffitt and Crawshaw 1983). Therefore,
water samples (5 ml) for 3H20 analysis were taken at time
zero and thereafter every 5 min for 60 min. Additional water
samples (10 ml) for Na™ analysis were taken at 0 and 60 min.
After the 60-min water sampling, a further 6 h was allowed
to ensure that *H,0 washout was complete before taking the
final water sample. The fish were then weighed.

For MO, measurements, our goal was to determine
routine MO, under conditions as close as possible to
those used for diffusive water and Na™ flux measurements
(i.e. a similar degree of handling disturbance). Separate
fish were used. Briefly, 4-5 trout were sampled from the
holding tank and confined in 2 1 of water for 6 h at the
acclimation temperature (i.e. sham *H,O loading), then
individually netted, rinsed, and transferred to the indi-
vidual experimental containers containing 1 1 of water.
Fish were allowed 30 min in the container after which the
aeration device was removed, and the initial water PO, was
recorded using a portable dissolved oxygen (DO) probe
and meter (YSI Model 55, Yellow Spring, OH, USA).
The DO probe was removed, and the container was then
sealed for 10 min, after which a final PO, measurement
was made. This short measurement period ensured that
water PO, remained > 50% air saturation at all experimen-
tal temperatures. Blank tests demonstrated that there was
no detectable microbial respiration, even at the highest
temperature, so no blank corrections were required.

Effects of acclimation temperature on diffusive water,
net Na* flux rates and MO,

Fish were loaded with 3H20 as outlined above, at their
respective acclimation temperatures of 8 °C (N=9), 13 °C
(N=9) and 18 °C (N=9), and then the experiment (diffu-
sive water and Na* flux rates) was carried out in the stand-
ard fashion at this same temperature. The MO, measure-
ment was also done in the standard fashion for separate fish
(N=9) at each acclimation temperature.

Effects of acute temperature challenge on diffusive
water, net Na* flux rates and MO,

In 8 °C-acclimated fish (for acute temperature challenges),
trout were first loaded with *H,O in the standard fashion
at 8 °C. They were then acutely transferred to either 8 °C
[acclimation control (N=10)], 13 °C (N=10), or 18 °C
(N=10) for diffusive water and Na* flux measurements in
the standard fashion. For 13 °C-acclimated fish, trout were
first loaded with *H,O in the standard fashion at 13 °C
and then acutely transferred to 13 °C [acclimation control
(N=10)], 8 °C (N=10) or 18 °C (N=10) for flux measure-
ments in the standard fashion. For 18 °C-acclimated fish,
trout were first loaded with *H,0 in the standard fashion at
18 °C. Fish were then acutely transferred to 18 °C [acclima-
tion control (N=10)], 13 °C (N=10) or 8 °C (N=10) for
flux measurements in the standard fashion. In all these acute
temperature challenge experiments, MO, measurements
were performed in the standard fashion using separate fish.
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Analytical techniques and calculations

The concentration of *H,O in water samples was analyzed
using a scintillation counter (LS6500, Beckman Coulter,
Fullerton, CA, USA) as described by Onukwufor and
Wood (2018). Briefly, 10 ml of Optiphase 3 fluor (Perkin-
Elmer, Wellesley, MA, USA) was added to the 5-ml water
sample. Quenching was constant as demonstrated in our
internal standardization tests so there was no need for cor-
rection. The rate constant of 3H20 efflux, expressed as a
decimal fraction of the total exchangeable body water pool
per hour (h™!), which is approximately exponential with
time (Evans 1967), was calculated by determining the rate
of decline in the total tritiated water content in the fish:

k = (In CPM, — In CPM,)/(time,— time, ), (1)

where k is the rate constant of the efflux (in h™'),
CPM, = total °H,O radioactivity (in cpm) in the fish at time,
(in h), and CPM, =total 3H20 radioactivity (in cpm) in the
fish at time, (in h). The product of kX 100% yields the per-
centage of body water turned over per hour. °H,O efflux rates
were calculated by regressing the natural logarithm of CPM
measurements against time over the 1-h measurement period
to yield the slope k.

By measuring the *H,O radioactivity in the water after
6 h, when the fish had completely equilibrated with the
known volume of water, we were able to calculate the total
amount of *H,0 radioactivity (CPM,,,,) in the system. By
additionally taking into account the total amount of *H,0
removed in each water sample, we were able to accurately
back-calculate the *H,O CPM in the fish at each time point
of the trial.

To obtain the actual diffusive water flux rates (ml h™),
the rate constants of water efflux (k) were used with the
assumption that 80% of the body mass of fish is occupied
by exchangeable water (Holmes and Donaldson 1969; Isaia
1984; Olson 1992).

Diffusive water flux rate (mlh™') = M X k x 0.8, (2)

where M = fish weight, k=rate constant, and 0.8 =fractional
water pool.

In order to take into account the possible influence
of body mass, the logarithm of diffusive water flux
(Y=ml h™!) was regressed against the logarithm of fish
weight (M), with intercept (a) and slope (b), the latter rep-
resenting the allometric mass scaling coefficient:

Y = aM’ 3)

The allometric mass scaling coefficient (b) was used to

correct the observed flux rate of an individual fish (X,
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ml h™") of mass M, (g) to that (X,,,.) of a 100-g fish (mid-
range of the fish used in the experimental tests):

Xeonr = X,

bxlog(100g/Mob:
corr obs x 10 xlog(100g/Mobs) (4)

To obtain the flux rate in ml g~! h™! the value was then
divided by 100 g.

PO, values were converted to umol O, 17! using oxygen
solubility coefficients at the appropriate temperature from
Boutilier et al. (1984). MO, (umol h™!) was calculated from
changes in O, concentration, factored by time and chamber
volume, which was corrected for the volume of the fish. The
logarithm of MO, was regressed against that of fish weight
to account for body mass using Eq. 3 above, and the data
were allometrically scaled to 100 g using Eq. 4. Scaling
coefficients are reported in the ‘“Results”.

The concentration of Nat was determined using flame
atomic absorption spectrophotometry (AAnalyst 800, Per-
kin-Elmer, Wellesley, MA, USA). Certified reference mate-
rials (CRM) BURTAP-05 (Environment Canada, Burlington,
ON) and blanks were analyzed together with water samples,
with a recovery rate of 93—102%. The limit of quantification
was 0.5 umol 17!, As the results demonstrated that allomet-
ric scaling was not appropriate for net Na* flux rate (™ _,
umol g~! h™!), it was simply calculated from changes in Na*
concentration, factored by time, body weight, and chamber
volume.

The temperature coefficients (Q, values) for MO,, diffu-
sive water flux and net Na™ flux rates for temperature-accli-
mated fish, and for fish subjected to acute temperature trans-
fers, were calculated for the temperature ranges 8—13 °C,
13-18 °C and 8-18 °C using the van’t Hoff equation:

QO = (Rz/Rl)[lO/(TZ_TI)]’ )

where R, and R, represent MO,, diffusive water flux, or net
Na* flux rates at two temperatures T, and T, and where
T,>T,. As different fish were used in each trial, we used
mean values in calculating @, for both temperature-accli-
mated fish, and acutely temperature-challenged fish.

Statistical analyses

All data have been expressed as the mean + SEM (). One-
way ANOVA (with temperature as the independent vari-
able) was applied in all series, followed by Tukey’s post hoc
test to identify means that were significantly different from
one another. Prior to test, data were checked for normality
and homogeneity of variances, and where data failed the
test, transformations were applied. Some data passed after
square root transformation, and the remaining failing data
were analyzed using Kruskal-Wallis One Way Analysis of
Variance on Ranks. A significance level of p <0.05 was used
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throughout. SigmaPlot 11 (Systat Software, CA, USA) was
employed for all linear regression, curve fitting, and statisti-
cal analyses.

Results

Allometric scaling of diffusive water flux rates, MO,,
and sodium net loss rates

Mean fractional water turnover rates (k, Eq. 1) increased
substantially with acclimation temperature (p < 0.05) from
0.462+0.011 h™" at 8 °C to 0.798 +£0.031 at 13 °C and
1.212+0.059 at 18 °C (all N=10). When k values were
converted to diffusive water flux rates by Eq. 3, there were
significant log-linear relationships (Fig. 1a—c) at all three
temperatures. The latter yielded the allometric scaling coef-
ficients which were 0.990 at 8 °C, 1.054 at 13 °C, and 0.875
at 18 °C. These values did not differ significantly (p > 0.05).
For MO,, there were also significant log-linear relationships
(Fig. 2a—c) at all three temperatures. The latter yielded much
lower allometric scaling coefficients which were 0.38 at
8 °C, 0.57 at 13 °C and 0.30 at 18 °C, and again there were
no significant differences (p >0.05) among these values. The
scaling coefficients for diffusive water flux were significantly
(p <0.05) higher than those of MO,. In each case the allo-
metric coefficients were used to scale the experimental data
to those of a 100-g fish by Eq. 4. These same coefficients
(based on the temperature of acclimation) were used to
scale the data for the temperature challenge experiments.
For example, for an 8 °C acclimated trout acutely transferred
to 18 °C, a scaling coefficient of 0.990 was used for water
flux and 0.38 for MO,. None of the relationships between
JNanel and body weight were significant at any temperature
(data not shown).

Effect of acclimation temperature on diffusive water
flux rates, MO, and Na* net flux rates

Diffusive water flux rates increased significantly with
acclimation temperature with significantly different rates
at all three temperatures with an overall Q,, (8—18 °C) of
2.75 (Fig. 3a). MO, also increased significantly with accli-
mation temperature (Fig. 3b), but the relative increases
were lower than those of diffusive water flux, with an over-
all Q,, (8-18 °C) of 1.80. For both, increases were greater
in the 8-13 °C range than in the 13—18 °C range. Net Na*
flux rates were slightly negative at all three temperatures,
and loss rates increased significantly with acclimation
temperature (Fig. 3c), in a similar pattern to that of dif-
fusive water flux rates, though Na™ net loss rates were not
significantly different at 8 versus 13 °C. Q,, values for Na™
net loss rates (3.01-3.03) were high and very stable across
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the temperature range. As net Na* flux rates and diffusive
water efflux rates were measured on the same animals, we
tested whether there were any correlations between these
two parameters, but none were significant (p > 0.05) at any
of the acclimation temperatures.
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Effects of acute temperature challenge on diffusive
water flux rates, MO, and net Na™ loss rates

Data for the acute temperature challenge tests of each of
the acclimation groups have been plotted in Figs. 4, 5, 6,
using the same format as in Fig. 3. This facilitates display
of the Q,, values and comparisons of patterns among the
three parameters (diffusive water flux, MO,, and net Na*
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flux rates). In Supplementary Figs S1-S3, the same acute
temperature challenge data have been plotted for all treat-
ment groups as a function of each parameter, facilitating
comparisons among acclimation groups.
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When 8 °C acclimated trout were acutely challenged
with higher temperatures, diffusive water exchange rates
increased progressively, with an overall Q,, (8-18 °C) of
2.28 (Fig. 4a). MO, increased with acute temperature rise,
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Fig.5 Effects of acute temperature decreases on a diffusive water
flux rates (ml g~' h7!) and mean Q,, values, b MO, (umol O,
g_] h~™!) and mean 0, values, and ¢ net Na* loss rates (umol g" h™)
and mean Q,, values. Rainbow trout were acclimated (gray bars)
to 18 °C (N=10), and acutely challenged (white bars) with 13 °C
(N=10) or 8 °C (N=10). Different sets of fish were used for each
treatment (see ‘“Materials and methods”). Values are means+ SEM.
Means not sharing the same letter are significantly different from one
another at p <0.05

with an overall Q,, (8-18 °C) of 1.47 (Fig. 4b). Overall,
the relative changes with temperature were less than in the
acclimation series, and increases in the 13—18 °C range were
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Fig.6 Effects of acute temperature decreases and increases on a
diffusive water flux rates (ml g~' h™!) and mean Q,, values, b MO,
(umol O, g7! h™') and mean Q,, values, and ¢ net Na* loss rates
(umol g™' h™!) and mean Q,, values. Rainbow trout were accli-
mated (gray bars) to 13 °C (N=10) and acutely challenged (white
bars) with 8 °C (N=10) or 18 °C (N=10). Different sets of fish were
used for each treatment (see “Materials and methods”). Values are
means + SEM. Means not sharing the same letter are significantly dif-
ferent from one another at p <0.05

lower than in the 8—13 °C range. The net Na™ flux rates did
not change significantly (p > 0.05) during acute temperature
increases, with Q,, values staying close to 1.0 (Fig. 4c), in
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contrast to the high values (> 3.0) in the acclimation series.
(cf. Fig. 3¢).

When 18 °C acclimated trout were acutely challenged
with lower temperatures (Fig. 5a), diffusive water exchange
rates decreased progressively, with an overall Q,, (18-8 °C)
of 2.08. MO, decreased only slightly with acute decreases in
temperature, with an overall Q;, (18-8 °C) of 1.27 (Fig. 5b).
Again, the relative changes were smaller than in the acclima-
tion series, with greater sensitivity over the lower tempera-
ture range. Similar to the acute temperature increase series
(Fig. 4c), the net Na* flux rate did not change significantly
(p>0.05) with acute decreases in temperature, so the Q,,
stayed close to 1.0 (Fig. 5¢).

When the acute temperature challenges were performed
on trout acclimated to the intermediate temperature (13 °C),
diffusive water exchange decreased at low (8 °C) and
increased at high temperatures (18 °C) with an overall Q,,
of 2.16. MO, followed the same pattern as that of diffusive
water flux, with a decrease at low (8 °C) and increase at high
temperatures (18 °C), with an overall Q,, of 1.61 (Fig. 6b).
Again relative decreases in the 13—8 °C range exceeded the
increases in the 13—18 °C range, and all changes were lower
than in the acclimation series. Again the net Na* flux rate
did not change significantly (p > 0.05) with acute increase or
decrease in temperature with an overall Q,, value that was
close to 1 (Fig. 6¢).

As with acclimated trout (“Effects of acute temperature
challenge on diffusive water flux rates, MO, and net Na+ loss
rates”), there were no significant relationships (i.e. p>0.05)
between net Na*t flux rates and diffusive water efflux rates
within any of the temperature challenge treatment groups.

Discussion
Overview

Measurements of the rates of diffusive water flux, MO,, and
net Na* flux in both acclimated and acutely temperature-
challenged rainbow trout revealed some surprising differ-
ences from previous studies. Notably, all three of our predic-
tions based on these previous studies (see “Introduction”)
were disproven. In contrast to our first prediction, diffusive
water flux rate was more sensitive than MO, to tempera-
ture in both acclimated fish and fish subjected to acute tem-
perature challenges. This may reflect the differential role of
aquaporins in both diffusive water fluxes and MO,. Perhaps
our most important finding was the disproval of our second
prediction. Rather than seeing that temperature effects were
lower in acclimated fish, for all three flux rates, there was
in fact less temperature sensitivity of both MO, and dif-
fusive water flux (i.e. lower Q;, values) when the fish were
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acutely challenged with altered temperature. With respect
to the frameworks of Precht (1958) and Prosser (1958),
this result indicates that all three rates followed Pattern 5
(“under compensation”) of Precht (1958) and Pattern I1IB
(“reverse translation’) of Prosser (1958), as illustrated in
Fig. 7. Contrary to our final prediction, net Na™ loss rates
were not independent of acclimation temperature but rather
increased greatly with temperature, whereas the opposite
was true with respect to acute temperature challenges that
had minimal effects on net Na* balance. Thus again, in our
protocol, the rates during acute temperature challenge were
set more by the temperature of acclimation than by the tem-
perature of challenge.

Allometric scaling of diffusive water flux rates
and MO,

When the allometric scaling coefficients at the three accli-
mation temperatures (i.e. 8, 13, and 18 °C) were compared
(Fig. 1a—c), there were no significant differences among the
values, suggesting temperature-independence. Our scaling
coefficient values for diffusive water flux rates at the three
acclimation temperatures were within the range reported for
brown trout (Salmo trutta) and Mozambique tilapia (Tilapia
mossambica) acclimated at 20 °C (Potts et al. 1967; Evans
1969). Thus scaling coefficients, at least at warmer acclima-
tion temperatures, are similar across different fish species.

The MO, scaling coefficients (Fig. 2a—c) were much
lower than the canonical value of 0.75 at all three accli-
mation temperatures (Schmidt-Nielsen 1984; Clarke and
Johnston 1999; Savage et al. 2004). Others have also noted
much lower scaling exponents in MO, (Barlow 1961;
Clarke and Johnston 1999) suggesting that the 0.75 scaling
exponent is not universal (Glazier 2006; Killen et al. 2010;
Carey et al. 2013, 2014). Variability in scaling may arise
from differences in fish size, nutrition, experimental condi-
tion, and temperature (Glazier 2005; Carey et al. 2014). As
a cautionary, we note that the sample sizes were relatively
small, and size—stress interactions may have occurred, both
of which may have influenced the calculated scaling coef-
ficients. Regardless, the observed low scaling coefficients
for MO, at the three temperatures indicate that body size
has less effect on absolute MO, (and more effect on mass-
specific MO,) than it does on the comparable metrics for
diffusive water flux rate. The net Na* flux did not corre-
late with body mass at the three temperatures (results not
shown). This agrees with our earlier findings on rainbow
trout under acute temperature stress as did the lack of sig-
nificant relationships between net Na™ flux rates and dif-
fusive water flux rates in the individual fish (Onukwufor
and Wood 2018).
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Fig.7 A summary comparison of the mean rates of a diffusive water
flux (ml g=' h™"), b MO, (umol O, g~' h™!), and ¢ net Na™ loss rates
(umol g=! h™!) in trout acclimated to the three temperatures (8 °C,
13 °C, 18 °C, solid black lines) versus trout (dotted blue lines) acutely
transferred from acclimation temperature 8 °C to challenge tempera-
tures 13 °C and 18 °C, versus trout (dotted red lines) acutely trans-
ferred from acclimation temperature 18 °C to challenge temperatures
13 °C and 8 °C. The arrows on the dotted lines indicate the direction
of change over time. The transfer data for the 13 °C-acclimated trout
have been omitted for clarity
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Effects of acclimation temperature on diffusive water
flux, MO, and net Na* loss rates

Our data for routine MO, as a function of temperature are
generally similar to those of other studies on salmonids
(reviewed by Fry 1971; Brett and Groves 1979; Clarke and
Johnston 1999), though comparable studies of temperature
effects on routine diffusive water flux rates and net Na* flux
rates in salmonids are lacking. We clearly showed that accli-
mation to higher temperatures results in greater MO,, and
greater diffusive water flux rates, as well as greater Na* net
loss rates (Fig. 3a—c). As explained in “Introduction”, the
first two were expected based on the basic effects of tem-
perature on mitochondrial-driven metabolic demand and
membrane permeability, with both resulting in the osmores-
piratory compromise. Relative to previous reports on a range
of species summarized in the Introduction, the overall Q|
for diffusive water flux (2.75; Fig. 3) for our acclimated trout
was somewhat higher, and the overall Q,, for MO, (1.80)
was somewhat lower (Fig. 3). This greater sensitivity of
water flux rate (higher Q,,) than MO, was contrary to our
first prediction, and probably resulted from the involvement
of aquaporins, protein channels that facilitate the diffusion of
water (Agre et al. 2002; King et al. 2004; Tingaud-Sequiera
et al. 2010; Cerda and Finn 2010; Madsen et al. 2015). As
the osmotic gradient from water to blood was likely invariant
in our experiments, and osmotic water flux is very small rel-
ative to diffusive water flux (see “Introduction”), this would
have made negligible contribution. Aquaporin function is
highly regulated under variable environmental conditions
such as pH (Zeuthen and Klaerke 1999; Sutka et al. 2005),
salinity (Cutler and Cramb 2002; Watanabe et al. 2005;
Tipsmark et al. 2010), and temperature (Azad et al. 2004;
Ionenko et al. 2010). The exact mechanism(s) responsible
for temperature-dependence of aquaporin function are not
clear, but could involve the following: (i) changes in the
lipid boundary layer, altering the available space for water
movement (Azad et al. 2004; Ionenko et al. 2010); (ii)
changes in the protonation and deprotonation of the gated
pores (Zeuthen and Klaerke 1999; Sutka et al. 2005); (iii)
allosteric effects on the subunits resulting in conformational
changes in aquaporin protein structure (Hazel and Prosser
1974), and (iv) protein expression levels of aquaporins could
be up or downregulated (Cutler and Cramb 2002). Regard-
less, there is as yet no evidence that O, moves similarly by
facilitated diffusion through comparable membrane pores.
Overall, our results suggest that diffusive water flux and
MO, were regulated through different pathways with differ-
ent temperature sensitivities.

For both diffusive water flux and MO,, the acclimation Q,,
values between 13 and 18 °C were much lower than those
between 8 and 13 °C. While 13-16 °C is close to the optimal
temperature for rainbow trout (Fry 1971; Brett and Groves
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1979), 18 °C is starting to approach the temperature (20 °C)
where negative effects on appetite, growth, and metabolism
have been observed in rainbow trout (e.g. Linton et al. 1998).
There are similar reports of higher Q,, values at lower temper-
atures in a variety of species (Roberts 1964; Crawshaw 1984;
Walsh et al. 1983; Lemons and Crawshaw 1985).

Contrary to our third prediction, the net Na* flux rates
became more and more negative with increasing acclimation
temperature, with a high O, (Fig. 3c). Gonzalez and McDon-
ald (2000) observed similar patterns in rainbow trout. While
these authors did not measure net Na™ flux rates, they reported
that Na* influx rate was approximately constant across accli-
mation temperatures, whereas Na* efflux rate increased greatly
with acclimation temperature. This pattern could well explain
our present results (Fig. 3c). We had expected that after long-
term acclimation, the fish would be in approximate ionic bal-
ance at each temperature. It is possible that the observed pat-
tern was due to temperature effects on the fluidity of branchial
cell membranes and/or the activity of membrane-bound trans-
port enzymes in a differential fashion (Hazel 1969, Cossins
and Prosser 1978). In addition, temperature could alter the
protein structure or composition of the tight junctions (Hazel
and Prosser 1974). Any or all of these mechanisms could have
altered the balance between active uptake and passive diffusive
loss of Na™, resulting in more negative flux rates at higher
acclimation temperature, though it is difficult to see how this
would contribute to ionic homeostasis. An alternative expla-
nation for the high-temperature dependence could be feeding,
which is a significant source of ions in freshwater fish (Wood
and Bucking 2011). Our fish had been fasted only 24 h, and so
were likely still absorbing Na* from the food. Digestive pro-
cessing is faster at higher temperature, so the excretion of the
excess ingested salt in the food would happen faster. Overall,
many studies (Evans 1969; Motais and Isaia 1972; Onukwufor
and Wood 2018) have noted that temperature had minimal
effects on the net Na™ flux rates; however, these studies were
done either with minimal acclimation, acute temperature chal-
lenge, and/or a prolonged fasting regime. Future studies could
clarify these issues by examining the responses of the unidi-
rectional influx and efflux rates of Na* separately, in both fed
and fasted trout subjected to acute temperature challenges and
long-term temperature acclimation.

Effects of acute temperature challenge
versus temperature acclimation on diffusive water
Flux rates, MO, and net Na" loss rates

Our findings on the acute temperature sensitivity did not
align with the general patterns observed by others on dif-
fusive water flux rates (Evans 1969; Isaia 1972; Loretz
1979), MO, (Schurman and Steffensen 1997; Rodnick et al.
2004; Gollock et al. 2006; Clark et al. 2011; Hvas et al.
2017), and net Na* flux rates (Evans 1969; Motais and Isaia
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1972) where acute temperature challenges resulted in larger
changes than the acclimation temperature effects. In con-
trast, we show that acute challenges cause smaller changes
(i.e. lower Q| values) than acclimation temperature effects
(i.e. higher Q,, values). Thus, when trout were acclimated
at higher temperature and measured after acute transfer to
lower temperature, their rates were higher than when they
were acclimated to this lower temperature. Conversely, when
they were acclimated at lower temperature and measured
after acute transfer to high temperature, their rates were
lower than when they were acclimated to this higher tem-
perature. This can be seen by comparing the Q,, values in
Figs. 4, 5, and 6 versus Fig. 3, or by comparing the acclima-
tion rates with temperature-challenge rates in Supplementary
Figs S1, S2, and S3. The overall pattern is illustrated by
Fig. 7 and clearly fits Pattern 5 of Precht (1958) (undercom-
pensation, reverse effect) and more precisely Pattern IIB of
Prosser (1958) (reverse translation). In common parlance,
this is often termed inverse compensation.

Fry (1971) has emphasized that the importance of spon-
taneous activity is often overlooked in temperature versus
metabolism studies and pointed to the seminal work of
Peterson and Anderson (1969) who measured both routine
MO, and spontaneous activity immediately after temper-
ature challenges, in fish in boxes in the laboratory. They
reported that when 6 °C-acclimated salmon were challenged
with higher temperature, there was a small increase in spon-
taneous activity in a time course corresponding to our meas-
urements (i.e. first hour) which eventually stabilized at an
even higher level of spontaneous activity. In contrast, when
18 °C-acclimated salmon were challenged with lower tem-
perature, there was a large increase in spontaneous activity
in the first hour, but this eventually stabilized at a much
reduced level. Routine MO, tended to track these events.
These different spontaneous activity responses caused by
temperature challenges in opposite directions would result
in exactly the pattern of reverse translation in MO, that we
observed, but would have been missed in most studies where
the acutely challenged fish are given more time to stabilize
before the measurements are made.

Perspectives

We have demonstrated that as temperature changed acutely
and then chronically, for all three parameters (MO,, diffusive
water exchange rate, and net Na™ loss rate), trout followed
Pattern 5 (“under compensation”) of Precht (1958) and Pat-
tern IIB (“reverse translation”) of Prosser (1958). Thus, for
example, as temperature increased, the rate rose by only a
moderate amount immediately, but would increase further
as acclimation occurred. Conversely, as temperature fell,
the rate fell moderately, but would fall to a greater extent
as acclimation occurred (Fig. 7). These patterns were most

clear when the starting acclimation temperature was one of
the extremes (8 °C or 18 °C), and somewhat less clear when
the starting temperature was intermediate (13 °C) where
the challenges caused a rotation response. Nevertheless, the
rates during acute temperature challenge were set more by
the temperature of acclimation than by the temperature of
challenge, and the greater quantitative separation of steady-
state rates seen in acclimated fish took some time to develop.
In terms of adaptive significance, these patterns mean that
trout do not change their rates very much immediately when
undergoing acute thermal challenges. This would be homeo-
static for quick diel migrations through the thermocline for
feeding (Brett 1971; Brett and Groves 1979) and would also
be homeostatic when the fish are living in lakes and streams
with big diurnal thermal cycles. The greater changes seen
with acclimation would be adaptive to long-term seasonal
changes in temperature. Why have these patterns been seen
in our fish, but rarely in previous studies? It may be that the
experimental treatment used in our trials was more repre-
sentative of real-world conditions. The trout had been fed
only 24 h previously, in contrast to extended fasting that
is often used to achieve “standard metabolic conditions”.
Furthermore, rather than recording rates at zero activity
level, we elected to work with spontaneously active fish and
made measurements during the first hour after temperature
challenge, necessitated by the requirements for measuring
diffusive water flux rates.
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