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Article history: Studies on hydromineral balance in fishes frequently employ measurements of electrolytes following euthanasia.
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sium (Mg?*) and sodium (Na™) ions, cortisol and osmolality in fish exposed to saltwater challenges, and the
ion and steroid hormone fluctuations over time following euthanasia in juvenile spring Chinook salmon
(Oncorhynchus tshawytscha). Salinity of the euthanasia bath affected plasma Mg?* and Na™ concentrations as
well as osmolality, with higher concentrations in fish euthanized in saltwater. Time spent in the bath positively

Iéf,}r};glds' affected plasma Mg?* and osmolality, negatively affected cortisol, and had no effect on Na* concentrations. The
Delayed sampling difference of temporal trends in plasma Mg?* and Na™ suggests that Mg?* may be more sensitive to physiolog-
Euthanasia ical changes and responds more rapidly than Na™. When electrolytes and cortisol are measured as endpoints
Magnesium after euthanasia, care needs to be taken relative to time after death and the salinity of the euthanasia bath.

MsS-222 © 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The study of hydromineral balance of fishes frequently necessi-
tates the measurement of plasma electrolytes (Clarke and
Blackburn, 1977; Congleton, 2006). Changes in blood chemistry
such as spikes in glucose or cortisol, which can cause ion movement,
occur in as little as 2 min following a stressor (Svobodova et al.,
1999). To avoid progressive changes in ion concentrations, fish are
typically captured and immediately euthanized with lethal doses of
anesthetic (Wedemeyer et al., 1990; Congleton, 2006). Unlike
lower immobilizing doses of anesthetic, the lethal dose is believed
to prevent a stress response that would cause a cascade of physiolog-
ical changes (Wedemeyer, 1970; Strange and Schreck, 1978; Barton
and Peter, 1982; Congleton, 2006). Fish from freshwater or saltwater
holding salinities are euthanized by anesthetic overdose (Strange
and Schreck, 1978; Ewing and Birks, 1982; Carter et al., 2011).
Acute physiological changes can indicate passive water movement
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or active ion regulation; these processes can be affected by stress as-
sociated with experiments and sampling protocols.

Blood ion levels, measured following saltwater challenges are used
as an indicator of the osmoregulatory ability of fish and as a predictor
of successful survival and growth in a saline environment (Clarke and
Blackburn, 1977; Folmar and Dickhoff, 1980; Shrimpton et al., 1994;
Zydlewski et al., 2010; Aykanat et al., 2011). When sampling fish follow-
ing saltwater challenges, anesthetics such as tricaine mesylate (MS-222)
are used to reduce potential confounding handling stress (Strange and
Schreck, 1978; Iversen et al., 2003) as well as for animal welfare concerns.
Studies employing MS-222 typically examine changes in plasma sodium
(Na™) ions, but little is known about circulating levels of magnesium
(Mg?™) ions. Magnesium is particularly important because it reportedly
increases with stress when other ions do not (Redding and Schreck,
1983; Staurnes et al,, 1994; Arends et al., 1999; Raggs and Watts, 2015),
and it is known to play a role in Atlantic salmon (Salmo salar) osmoregu-
lation (El-Mowafi et al., 1997). However, the mechanism of Mg " regula-
tion is not well understood (McDonald and Milligan, 1992; Prodocimo
and Freire, 2001; Al-Jandal and Wilson, 2011).

Saltwater challenges were developed to identify salmon that were
prepared for seaward migration to accelerate or to correctly


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbpa.2015.11.011&domain=pdf
http://dx.doi.org/10.1016/j.cbpa.2015.11.011
mailto:hadar.stewart@gmail.com
http://dx.doi.org/10.1016/j.cbpa.2015.11.011
http://www.sciencedirect.com/science/journal/10956433
www.elsevier.com/locate/cbpa

HA. Stewart et al. / Comparative Biochemistry and Physiology, Part A 192 (2016) 38-43 39

time entry of juvenile salmon into seawater net pens (Clarke and
Blackburn, 1977). Clarke and Blackburn (1977) found that fully smolted
salmon had plasma Na™ concentrations less than 170 mM following a
24-hour exposure to saltwater after direct transfer from freshwater.
Cortisol concentration positively correlates with smolting (Barton
et al,, 1985; Richman and Zaugg, 1987; Madsen, 1990), but can also be
induced by stress. As such, the goal of our study was to assess the effects
of salinity and time on plasma ion and cortisol concentrations following
saltwater challenges in juvenile spring Chinook salmon (Oncorhynchus
tshawytscha).

Our study had two objectives. First, we determined whether blood
plasma Mg?* and Na* ion concentrations and cortisol change when
fish from a saltwater challenge are euthanized in a MS-222 euthanasia
bath of a different salinity than the challenge tank. We predicted that
the salinity of the anesthetic would affect osmoregulation, causing
lower plasma Mg?* and Na™ concentrations in fish euthanized in fresh-
water compared to those euthanized in saltwater. We also predicted
that plasma cortisol levels would be greater in treatments where fish
were subjected to salinity changes and thus an osmoregulatory stress
in addition to the confinement stress that is inherent to such tests. Sec-
ond, we determined the magnitude of ion and cortisol changes over
time following euthanasia. We predicted that over time there would
be passive diffusion of water across the gill following death, when os-
moregulation ceased, and this diffusion would alter plasma ion and cor-
tisol concentrations, with decreases in freshwater and increases in
saltwater.

While of interest from a biological perspective, our aim was also to
help provide an understanding of possible sampling methodology. Be-
cause of constraints inherent in sampling under many field situations,
it is often not safe or feasible to obtain blood samples immediately.
Based on our experience we selected 30 min as an extreme time during
which fish might sit in anesthetic before sampling. Also because of prac-
tical constraints in the field, we were interested in testing whether or
not salinity of the anesthetic might have an effect.

2. Material and methods
2.1. Animals

We reared juvenile spring Chinook salmon originating from
Oregon's McKenzie Fish Hatchery 2013 brood year at the Fish Perfor-
mance and Genetics Laboratory (FPGL; Oregon State University, Cor-
vallis, Oregon) under temperature and feeding regimes to achieve
body size characteristics similar to those of sub-yearling or fall-
migrating smolts. This included flow-through 11-12 °C, pathogen-
free well water, exposure to natural daylight, low stocking density,
and a low-lipid diet (fat content = 11.5% dry weight; manufactured
and provided by W. Sealy, Bozeman Fish Technology Center of the US
Fish and Wildlife Service). We fed fish this diet to emulate growth
characteristics more like their wild counterparts compared to typical
hatchery growth rates. We did not feed fish on the day they entered
the 24-hour saltwater challenge. The fish ranged between 33 and
102 g in body weight and 109 and 216 mm in fork length at the
time of the experiment. We conducted the 24-hour saltwater chal-
lenge in December 2014 when, based on our experience with these
fish, they would presumably be undergoing or have completed
smoltification.

2.2. Saltwater challenge and euthanasia

We used eight static 85 L opaque tanks (4 saltwater and 4 freshwa-
ter) with 20 fish each for a 24-hour saltwater challenge. We filled each
tank with water from the stock tank from which the fish were reared. In
half of the tanks, we added 3058 g of salt (Oceanic Natural Sea Salt Mix,
Franklin, WI, USA) to produce a salinity of 34 ppt (comparable to seawa-
ter), once dissolved. We placed fish into each challenge tank at 1-hour

intervals to allow sufficient time for sampling at the end of the
24 hour challenge test. Each tank had an opaque cover to minimize out-
side light from entering, with aeration from compressed air through dif-
fusing stones to maintain dissolved oxygen levels at atmospheric
saturation. Tanks were immersed in a water bath to maintain stable
temperature (11.3-11.6 °C). Following the 24-hour test exposure, we
placed 10 fish from each tank in a freshwater euthanasia bath of
200 mgL~! MS-222 buffered to pH 7.0 with 500 mgL~! sodium bicar-
bonate (NaHCO3), and placed the other 10 fish in a saltwater euthanasia
bath with the same concentration of MS-222. We repeated this for each
tank following its 24-hour exposure with a new euthanasia bath pre-
pared for each tank. In total, we had four final treatments, each in qua-
druplicate: freshwater challenge to freshwater anesthetic, saltwater
challenge to freshwater anesthetic, saltwater challenge to saltwater an-
esthetic, and freshwater challenge to saltwater anesthetic. All fish lost
equilibrium in less than 20 s (stage 4 anesthesia) after being placed in
the anesthetic and were unresponsive to external stimuli in less than
90 s (stage 5 anesthesia, as defined by Summerfelt and Smith, 1990).
From each euthanasia bath, we sampled 5 fish immediately (1.5-
2 min after being placed in the bath) and sampled the other 5 fish
after they had remained in the euthanasia bath for 30 min. For each
sampling, bleeding of all the fish took less than 5 ¥2 min. Due to mechan-
ical failure, we omitted one of the saltwater challenge tanks from the
study.

2.3. Sampling and plasma analyses

We collected blood from each fish via caudal peduncle transection
with ammonium heparinized blood collecting tubes (Natelson tubes,
250 pl), prior to collecting data on individual wet mass (g), fork length
(mm), and sex. We separated the plasma from blood using centrifuga-
tion (Beckman Coulter Microfuge 16 Centrifuge) and froze samples at
— 20 °C until analysis. We measured plasma Na™ and Mg?* ion concen-
trations in an atomic absorption spectrophotometer (Perkin Elmer
AAnalyst 100). Prior to measurement, we diluted plasma with deionized
water by 1:1000 for Na™ and by 1:200 for Mg?*. We measured total
cortisol using the radioimmunoassay procedure described by Redding
et al. (1984), employing an antibody obtained from Fitzgerald (lot #
P7071075), and validated by us for cortisol. Finally, we measured osmo-
lality on duplicate 10 pl samples using vapor pressure osmometers
(Wescor vapor 5100B and 5520, Wescor, Inc., Logan, Utah, USA).

3. Statistics

Analyses of plasma Na™, Mg?™, cortisol, and osmolality concentra-
tions indicated the presence of a tank-level effect, requiring the use of
a linear mixed model to evaluate the differences among treatments.
We conducted statistical analyses using the Ime4 (Bates et al., 2014)
and ImerTest (Kuznetsova et al., 2014) packages in program R (R Core
Team, 2014). We assessed goodness-of-fit for each model by plotting re-
siduals vs. predicted values (Lindsay and Roeder, 1992) and examining
normal Quantile-Quantile (Q-Q) plots (Ricci, 2005). These evaluations
indicated that no transformations were needed for Na™ or osmolality,
while an inverse transformation of Mg?*, and a square root transforma-
tion of cortisol data were needed to meet constancy of variance assump-
tions. We evaluated the effect of challenge salinity, euthanasia bath
salinity, and time on Na™, Mg?™, cortisol, and osmolality using additive
linear models controlling for tank effects with a random variable. The
best approximating linear model was selected using Akaike's informa-
tion criterion (AIC) (Burnham and Anderson, 2002). The significance
of variables in the best approximating models was assessed using
Satterthwaite's approximation for degrees of freedom (Gaylor and
Hopper, 1969). We considered differences as significant using an o of
0.05.
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4. Results
4.1. Plasma sodium concentrations

There was a significant effect of challenge salinity on plasma Na™
concentration (F = 48.78, P < 0.01, df = 6.96, Fig. 1A), such that fish
challenged in freshwater had significantly lower plasma Na* con-
centrations than those challenged in saltwater. There was also a sig-
nificant effect of euthanasia bath salinity on plasma Na™
concentration (F = 13.11, P< 0.01, df = 129.05, Fig. 1A). Fish placed
into a saltwater euthanasia bath had higher plasma Na™ concentra-
tions than fish placed into freshwater euthanasia baths. Time in the
euthanasia bath did not significantly affect plasma Na™ concentra-
tion (F = 1.36, P = 0.25, df = 129.00, Fig. 1A), indicating that plasma
Na™ concentrations did not change significantly over time. Sex of
fish did not have an effect on plasma Na + concentration (F = 0.06,
P = 0.80, df = 133.09) but there was a slight effect of fork length
(F =3.78, P> 0.05, df = 129.60).

4.2. Plasma magnesium concentrations

All three variables of challenge salinity (F = 12.12, P = 0.01, df =
7.02, Fig. 2), euthanasia bath salinity (F = 17.31, P< 0.01, df = 131.01
Fig. 2), and time in the euthanasia bath (F = 192.25, P < 0.01, df =
130.95, Fig. 2) significantly affected plasma Mg?* concentration. Fresh-
water challenged fish had significantly lower plasma Mg?" concentra-
tions than saltwater challenged fish. Fish placed into a saltwater
euthanasia bath had higher plasma Mg?" concentrations than fish
placed into freshwater euthanasia baths. Finally, fish held in the eutha-
nasia bath for 30 min, regardless of salinity, had significantly higher
plasma Mg?* concentrations than fish bled immediately. Size of fish
did not have an effect on plasma Mg?* concentration (F = 2.52, P =
0.11, df = 131.21) but there was an effect of sex (F = 4.49, P = 0.04,
df = 133.23) with males having, on average, slightly greater concentra-
tions of Mg?™ after 30 min in the saltwater to freshwater and saltwater
to saltwater treatments.

4.3. Plasma cortisol concentrations

There was no significant effect of challenge salinity (F = 1.10, P =
0.32, df = 7.02, Fig. 1B) or euthanasia bath salinity (F = 0.80, P = 0.37,
df = 129.05, Fig. 1B) on cortisol concentrations. Time in the euthanasia
bath (F =43.12, P< 0.01, df = 129.03, Fig. 1B) affected cortisol concen-
trations with levels being lower in fish that remained in the bath for an
additional 28 min following death. Neither sex of fish (F = 0.72, P =
0.40, df = 130.71) nor size (F = 1.36, P = 0.25, df = 129.26) affected cor-
tisol concentrations.

4.4. Osmolality

All three variables of challenge salinity (F = 32.29, P<0.01, df = 7.05,
Fig. 1C), euthanasia bath salinity (F = 18.21, P < 0.01, df = 126.17,
Fig. 1C), and time in the euthanasia bath (F = 35.73, P < 0.01, df =
126.08, Fig. 1C) significantly affected osmolality concentrations. Fresh-
water challenged fish had significantly lower osmolality than saltwater
challenged fish. Fish placed into a saltwater euthanasia bath had higher
plasma osmolality than fish placed into freshwater euthanasia baths.
Fish held in the euthanasia bath for 30 min, regardless of salinity, had
significantly higher osmolality than fish bled immediately. Neither sex
of fish (F = 0.01, P = 0.94, df = 128.92) nor size (F = 0.12, P = 0.73,
df = 126.51) affected osmolality concentrations.

5. Discussion

Based on their ability to regulate plasma Na™ concentration below
170 mM as suggested by Clarke and Blackburn (1977), 93% of the fish
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Fig. 1. Plasma ion concentrations for Chinook salmon (Oncorhynchus tshawytscha) by
treatment for: (A) sodium, (B) cortisol, and (C) osmolality. Graphs show pooled replicate
means (3-4 replicates) of each treatment type, coded on the X-axis, with standard error
from the modeled data. The first letters in the treatment code correspond to the salinity
of the challenge (FW for freshwater control and SW for saltwater challenge) and the sec-
ond letters correspond to the salinity of the euthanasia (FW for freshwater and SW for salt-
water). Time 1 represents fish sampled as soon as unresponsive to external stimuli/less
than 90 s and time 2 represents fish sampled after 30 min of entering the euthanasia. Chal-
lenge salinity and euthanasia salinity were found to have a significant effect (o of 0.05) on
sodium concentration. Only time in euthanasia had a significant effect on cortisol concen-
tration. Challenge salinity, euthanasia salinity, and time in euthanasia had a significant ef-
fect on osmolality.

in our study were able to adapt to saltwater. Euthanasia bath salinity
had an effect on the plasma ion concentration for both Mg?™ and
Na™; however, Mg?>™ and Na™ behave differently over time with regard
to salinity after death by anesthetic overdose. This means that assess-
ment of the osmoregulatory ability of fish following a saltwater chal-
lenge should use a euthanasia bath of the same salinity as the water
used in the challenge to prevent post-morbidity ionic changes. When
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Fig. 2. Plasma magnesium concentrations for Chinook salmon (Oncorhynchus tshawytscha) by treatment for female (solid) and male (dashed). Graphs show pooled replicate means (3-4
replicates) of each treatment type, coded on the X-axis, with standard error from the modeled data. The first letters in the treatment code correspond to the salinity of the challenge (FW for
freshwater control and SW for saltwater challenge) and the second letters correspond to the salinity of the euthanasia (FW for freshwater and SW for saltwater). Time 1 represents fish
sampled as soon as unresponsive to external stimuli/less than 90 s and time 2 represents fish sampled after 30 min of entering the euthanasia. Challenge salinity, euthanasia salinity, time

in euthanasia, and sex had a significant effect (o of 0.05) on magnesium concentration.

assessing osmoregulatory ability and stress of fishes, it is insufficient to
only examine Na* ion concentrations. Magnesium may be a better indi-
cator of rapid physiological changes. Normal Mg? ™ concentrations are
less than 1 mM and typically do not exceed 2 mM (Bijvelds et al.,
1998). At the first sampling time the fish that underwent the saltwater
challenge were on average above 1 mM indicating difficulty maintain-
ing homeostasis whereas Na™ concentrations of these treatments
were in a normal range. At the second sampling time, fish in all treat-
ments had Mg®™ concentrations above 1 mM and fish in the saltwater
to saltwater treatment had an average exceeding 2 mM. Again, Na™
concentrations did not show such trends. Arends et al. (1999) found
that the stressors of air exposure and confinement slightly increased
plasma Na™ concentrations of gilthead sea bream (Sparus aurata),
whereas plasma Mg?™ concentrations doubled. Similar results have
been shown in Atlantic salmon exposed to transport stressors with or
without clove oil and Aqui-S sedation during truck transport prior to
transfer to sea. The results from these studies showed that, while osmo-
lality and plasma chloride temporally changed after transport and trans-
fer to sea in stressed groups (unsedated), plasma magnesium became
elevated and never returned to pre-stressed levels. The authors
suspected that the prolonged elevated plasma magnesium (3 to 6
times) also were the reason for the elevated mortality experienced in
the stressed groups (un-sedated) (Iversen et al., 2009; Iversen and
Eliassen, 2009). There is some evidence to support the suggestion that
Mg?* may be a second messenger coordinating cellular responses to
environmental changes (Flatman, 1984).

Leaving fish in the euthanasia bath for 30 min allowed us to detect
passive movement of ions via gill permeability since all fish were past
the point of osmoregulation. If the fish were osmoregulating then in
the gill epithelium would be tight to limit passive ion loss in the fish
in freshwater and more permeable in the fish in saltwater to facilitate
Na™ secretion (Sardet et al., 1979; Chasiotis et al., 2012). If the fish are
unable to osmoregulate then the gills at both salinities would become
permeable and ion secretion would stop causing internal ion concentra-
tions to dilute. Thus we predicted that plasma Na™ and Mg? " concen-
trations would decrease in the fish challenged in saltwater and
euthanized in freshwater over time. Congleton (2006) investigated
the temporal changes (up to 35 min post euthanasia) in Na™ and
calcium (Ca®™), as well as additional blood chemistry variables, when
juvenile spring Chinook salmon from freshwater were euthanized in
freshwater MS-222. Congleton (2006) found that plasma Na™* concen-
tration did not change, but total Ca>* concentrations increased progres-
sively over time. Although Congleton (2006) did not examine Mg?™, our
results were similar in that plasma Na* concentration remained con-
stant over time while Ca?* (Congleton, 2006) or Mg?* (our study)

increased, regardless of salinity. Both Ca?* (10 mM) and Mg?*
(50 mM) are divalent ions and abundant in saltwater, which may ex-
plain their similar patterns. Increased Mg?* concentrations over time
suggest changes were not related to passive movement.

Stress has been linked to increased plasma Mg? " concentration over
time in anesthetized rainbow trout (Oncorhynchus mykiss) when MS-
222 was used following a stressor (being lifted out of the water for
20 s) (Soivio et al., 1977). Similar link between plasma cortisol and
Mg?™ has also been shown in Atlantic salmon following daily crowding
stress for 4 weeks with a subsequent vaccination (Iversen and Eliassen,
2014). Iversen and Eliassen concluded that fish who may have entered
an allostatic overload type 2 became oversensitive to ACTH, reducing ef-
ficient negative feedback system and elevating base-line level of plasma
cortisol. We tested cortisol concentrations to determine whether elevat-
ed Mg?* concentrations were correlated. Contrary to our hypothesis,
cortisol concentrations were the same between salinity treatments
and there was no correlation with Mg?* concentrations. Since it is insuf-
ficient to explain the difference of patterns we observed between Mg?*
and Na™ based on stress alone, we propose that the cause of increased
Mg?* over time while Na™ remained constant is due to a combination
of factors: capacity to excrete, fluid shifts, and passive diffusion in
concert.

Osmolality followed a similar pattern to Mg? ™ increasing over time
following euthanasia. Mean osmolality of all treatment groups fell in
the normal range for euryhaline teleost fishes (Folmar and Dickhoff,
1980; McCormick and Saunders, 1987; Mortensen and Damsgadrd,
1998; Gallaugher et al, 2001; Velan et al., 2011). Osmolality was found
to increase over time following death in another posthumous study on
Na™, chloride (Cl™), and osmolality (Calhoun et al., 1964). In that
study, Na™ decreased in the first few minutes after death but returned
to baseline at 30 min, prior to continuing to increase in concentration.
Since our last sample point was at 30 min, this could be why it appeared
that Na™ concentration did not change. Without having sampled fur-
ther out than 30 min, we cannot determine whether Na* concentration
would have increased later.

While the Na™ pumps at the gills help to quickly regulate Na™, Mg?™
enters the gut through drinking and has a more complex excretion pro-
cess through intestinal uptake mechanisms and renal excretion. The dif-
ference of trends in ion concentration could have been due to different
regulatory time-courses in response to the saltwater challenge. As Mg? ™"
is primarily excreted through the renal system (Oikari and Rankin,
1985) whereas Na™ is excreted branchially, differential ion changes
during the euthanasia could also be due to these excretion systems
shutting down at different times. Thus, if the renal system shuts down
first then more Mg?* would accumulate.
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Magnesium is maintained through active transport in live fish
(Quamme et al., 1993). In the euthanasia bath, the fish become oxygen
limited and stop respiring. Decreasing blood oxygen levels cause a de-
crease in blood pH and an increase in plasma catecholamine levels
(Fiévet et al., 1990; Caldwell et al., 2006). If blood pH concentrations
get sufficiently low, then acidosis occurs which causes a release of
Ca%™" from bone (Ruben and Bennett, 1981) and presumably Mg?™.
Given that no hemolysis was visible in our samples, it is likely that
Mg?™" elevations came from outside the blood. Bony tissues and scales
are Mg?* reservoirs which maintain ionic concentration in soft tissues
when Mg?™ intake is low (Reigh et al., 1991; Bijvelds et al., 1996,
1998). These reservoirs account for 50-70% of the total Mg?™" in the
fish's body (Van der Velden et al., 1989; Bijvelds et al., 1996, 1998)
whereas extracellular magnesium makes up around 1% (Weisinger
and Bellorin-Font, 1998). Studies in mammalian cells show that hor-
monal stimulation, such as increased catecholamine levels, can cause
up to 15% of total intracellular Mg " to move out of the tissue within
15-30 min (Keenan et al., 1995; Romani and Maguire, 2002). Without
active transport of Mg? ", we propose that passive diffusion is occurring,
moving pools of Mg?™ from bone or intercellularly to reach homeosta-
sis. Fish remaining in the euthanasia bath for 30 min would have devel-
oped extreme respiratory acidosis compared to fish who have only been
in the bath for 90 s. This respiratory acidosis corresponds with observed
elevated Mg?" concentrations. The fish remaining in the euthanasia
baths would also have the greatest depletion of ATP, of which over
90% is bound to Mg?* (Scarpa and Brinley, 1981). We propose that
this depletion would cause large amounts of Mg?* to become free in
the cytosol and ready to be transported out. Additionally, stress affects
muscle ATP content at the time of death (Berg et al., 1997; Thomas
et al., 1999; Ribas et al., 2007) and concentrations of Mg (Khalil
etal, 2012).

The lower plasma cortisol levels in fish that remained in the eutha-
nasia bath for 30 min compared to the fish that were only in the eutha-
nasia bath for 90 s was unexpected. As the liver will unlikely continue to
clear the cortisol from the blood after death, and typically in living fish,
cortisol levels do not decrease for hours following stress (Redding et al.,
1984; Barton et al., 1986; Shrimpton et al., 1994), we speculate that
post-mortem, cortisol is diffusing out of the circulatory system and
being bound to binding sites on various tissues. During and following
morbidity, vascular tonus of capillaries would have been lost, thereby
exposing cells to the circulation (the heart continues to beat for a con-
siderable while after death and the blood flowed freely into collection
tubes 30 min after euthanasia) that had been restricted and hence per-
haps making glucocorticoid binding sites available, effectively removing
the steroid from the circulation.

6. Conclusions

Our research is a unique study of the interactive effects of salinity
and MS-222 over time on blood plasma. Although anesthetics are de-
signed to decrease stress and lethal doses should not stimulate cortisol
responses (Strange and Schreck, 1978; Wedemeyer et al., 1990; Carter
etal., 2011), our study shows that there can still be plasma ionic and ste-
roidal changes taking place during euthanasia. Furthermore, these fluc-
tuations are not consistent across ions. Care needs to be taken to
incorporate necessary controls and be aware of variables that could
alter the correct interpretation of the obtained data. If only measuring
plasma Na™ concentrations, time is not as much of a concern as with
Mg? ™, cortisol, and osmolality. When using plasma Mg, cortisol, or
osmolality concentration as a dependent variable, blood collection
should be performed immediately after operculum movements cease.
Published seawater challenge studies should include description of the
salinities used, both in the challenge as well as in the anesthetic/eutha-
nasia baths, together with the time fish are left in anesthetic before
being sampled.

Acknowledgments

We thank Thrandur Bjornsson, Rob Chitwood, Courtney Danley,
Olivia Hakanson, Crystal Herron, Rachel Palmer, Kate Self, and Julia
Unrein for their assistance with data collection and active discussions
on the topic. Jason Podrabsky for allowing us to use his facility to run os-
molality. This research was funded by the US Army Corps of Engineers
(W66QKZ50650733), the US Geological Survey, and the Oregon Hatch-
ery Research Center. This study was performed under the auspices of
the Institutional Animal Care and Use Committee of Oregon State Uni-
versity (ACUP # 4289). Any use of trade, firm, or product names is for
descriptive purposes only and does not imply endorsement by the U.S.
Government. The Oregon Cooperative Fish and Wildlife Research Unit
is jointly sponsored by the U.S. Geological Survey, the U.S. Fish and
Wildlife Service, the Oregon Department of Fish and Wildlife, Oregon
State University, and the Wildlife Management Institute.

References

Al-Jandal, N.J., Wilson, RW., 2011. A comparison of osmoregulatory responses in plasma
and tissues of rainbow trout (Oncorhynchus mykiss) following acute salinity chal-
lenges. Comp. Biochem. Physiol. A 159, 175-181.

Arends, R}, Mancera, .M., Muiioz, ].L., Wendelaar Bonga, S.E., Flik, G., 1999. The stress re-
sponse of the Gilthead Sea Bream (Sparus aurata L.) to air exposure and confinement.
J. Endocrinol. 163, 149-157.

Aykanat, T., Thrower, F.P., Heath, D.D., 2011. Rapid evolution of osmoregulatory function
by modification of gene transcription in steelhead trout. Genetica 139, 233-242.
Barton, B.A., Peter, R.E., 1982. Plasma cortisol stress response in fingerling Rainbow Trout,
Salmo gairdneri Richardson, to various transport conditions, anaesthesia, and cold

shock. J. Fish Biol. 20, 39-51.

Barton, B.A,, Schreck, C.B., Ewing, R.D., Hemmingsen, A.R,, Patifio, R., 1985. Changes in
plasma cortisol during stress and smoltification in Coho Salmon, Oncorhynchus
kisutch. Gen. Comp. Endocrinol. 59, 468-471.

Barton, B.A., Schreck, C.B., Sigismondi, L.A., 1986. Multiple acute disturbances evoke cu-
mulative physiological stress responses in juvenile Chinook Salmon. T. Am. Fish.
115, 245-251.

Bates, D., Maechler, M., Bolker, B., Walker, S., 2014. Lme4: linear mixed-effects models
using Eigen and S4. R package version 1.1-7 URL http://CRAN.R-project.org/
package=Ime4.

Berg, T., Erikson, U., Nordtvedt, T.S., 1997. Rigor mortis assessment of Atlantic salmon
(Salmo salar) and effects of stress. J. Food Sci. 62, 439-446.

Bijvelds, M.J.C, Flik, G., Kolar, Z.I., Wendelaar Bonga, S.E., 1996. Uptake, distribution and
excretion of magnesium in Oreochromis mossambicus: dependence on magnesium
in diet and water. Fish Physiol. Biochem. 15, 287-298.

Bijvelds, MJ.C., Van Der Velden, ].A., Kolar, ZI, Flik, G., 1998. Magnesium transport in
freshwater teleosts. . Exp. Biol. 201, 1981-1990.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A Prac-
tical Information-theoretic Approach. 2nd ed. Springer-Verlag, New York, pp. 1-454.

Caldwell, S., Rummer, ].L., Brauner, CJ., 2006. Blood sampling techniques and storage du-
ration: effects on the presence and magnitude of the red blood cell 3-adrenergic re-
sponse in rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. A 144,
188-195.

Calhoun, M.C,, Eaton, H.D., Woelfel, C.G., Rousseau Jr., ].E., 1964. Effect of sampling time
after death on osmolality and sodium and chloride concentrations of bovine aqueous
humor. ]. Dairy Sci. 47 (5), 559-561.

Carter, KM., Woodley, CM., Brown, R.S., 2011. A review of tricaine methanesulfonate for
anesthesia of fish. Rev. Fish Biol. Fish. 21, 51-59.

Chasiotis, H., Kolosov, D., Bui, P., Kelly, S.P., 2012. Tight junctions, tight junction proteins
and paracellular permability across the gill epithelium of fishes: a review. Respir.
Physiol. Neurobiol. 184 (3), 269-281.

Clarke, W.C,, Blackburn, J., 1977. A seawater challenge test to measure smolting of juve-
nile salmon. Canada Fisheries and Marine Service Technical Report 705.

Congleton, J.L., 2006. Stability of some commonly measured blood-chemistry variables in
juvenile salmonids exposed to a lethal dose of the anaesthetic MS-222. Aquac. Res.
37, 1146-1149.

Core Team, R., 2014. R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria (URL http://www.R-project.org/).
El-Mowafi, AR.A.,, Waagbg, R., Maage, A., 1997. Effect of low dietary magnesium on im-
mune response and osmoregulation of Atlantic Salmon. J. Aquat. Anim. Health 9

(1), 8-17.

Ewing, R.D., Birks, E.K., 1982. Criteria for parr-smolt transformation in juvenile Chinook
Salmon (Oncorhynchus tshawytscha). Aquaculture 28, 185-194.

Fiévet, B., Caroff, J., Motais, R., 1990. Catecholamine release controlled by blood oxygen
tension during deep hypoxia in trout: effect on red blood cell Na+/H+ exchanger
activity. Respir. Physiol. 79, 81-90.

Flatman, P.W., 1984. Magnesium transport across cell membranes. ]. Membr. Biol. 80,
1-14.

Folmar, L.C., Dickhoff, W.W., 1980. The parr-smolt transformation (smoltification) and
seawater adaptation in salmonids a review of selected literature. Aquaculture 21,
1-37.


http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0005
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0005
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0005
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0300
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0300
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0300
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0010
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0010
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0015
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0015
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0015
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0020
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0020
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0020
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0025
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0025
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0025
http://CRAN.R-roject.org/packageme4
http://CRAN.R-roject.org/packageme4
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0030
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0030
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0035
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0035
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0035
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0040
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0040
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0045
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0045
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0050
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0050
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0050
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0050
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0055
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0055
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0055
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0060
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0060
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0065
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0065
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0065
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0310
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0310
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0075
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0075
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0075
http://www.R-roject.org/
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf9100
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf9100
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf9100
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0080
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0080
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0085
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0085
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0085
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0085
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0085
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0090
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0090
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0095
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0095
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0095

HA. Stewart et al. / Comparative Biochemistry and Physiology, Part A 192 (2016) 38-43 43

Gallaugher, P.E., Thorarensen, H., Kiessling, A., Farrell, A.P., 2001. Effects of high intensity
exercise training on cardiovascular function, oxygen uptake, internal oxygen trans-
port and osmotic balance in Chinook salmon (Oncorhynchus tshawytscha) during crit-
ical speed swimming. J. Exp. Biol. 204, 2861-2872.

Gaylor, D.W., Hopper, F.N., 1969. Estimating the degrees of freedom for linear combina-
tions of mean squares by Satterthwaite's formula. Technometrics 11, 691-706.

Iversen, M.H,, Eliassen, R.A., 2009. The effect of AQUI-S R sedation on primary, secondary,
and tertiary stress responses during salmon smolt, Salmo salar L., transport and trans-
fer to sea. J. World Aquacult. Soc. 40 (2), 216-225.

Iversen, M.H., Eliassen, R.A., 2014. The effect of allostatic load on hypothalamic-pituitary-
interrenal (HPI) axis before and after secondary vaccination in Atlantic salmon
postsmolts (Salmo salar L.). Fish Physiol. Biochem. 40, 527-538.

Iversen, M.H., Finstad, B, McKinley, R.S,, Eliassen, R.A., 2003. The efficacy of metomidate,
clove oil, Aqui-S and Benzoak as anaesthetics in Atlantic salmon (Salmo salar L.)
smolts, and their potential stress-reducing capacity. Aquaculture 221, 549-566.

Iversen, M.H,, Eliassen, R.A., Finstad, B., 2009. Potential benefit of clove oil sedation on an-
imal welfare during salmon smolt, Salmo salar L. transport and transfer to sea. Aquac.
Res. 40, 233-241.

Keenan, D., Romani, A., Scarpa, A., 1995. Differential regulation of circulating Mg?* in the
rat by ;. and (3. adrenergic receptor stimulation. Circ. Res. 77, 973-983.

Khalil, N.A,, Hashem, A.M,, Ibrahim, A.A.E., Mousa, M.A.,, 2012. Effect of stress during han-
dling, seawater acclimation, confinement, and induced spawing on plasma ion levels
and somatolactin-expressing cells in mature female Liza ramada. ]. Exp. Zool. 317A,
410-424.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2014. ImerTest: tests for random and
fixed effects for linear mixed effects models (Imer objects of Ime4 package). R pack-
age version 2.0-11 URL http://CRAN.R-project.org/package=ImerTest.

Lindsay, B.G., Roeder, K., 1992. Residual diagnostics for mixture models. J. Am. Stat. Assoc.
87, 785-794.

Madsen, S.S., 1990. Cortisol treatment improves the development of hypoosmoregulatory
ability in the euryhaline Rainbow Trout, Salmo gairdneri. Fish Physiol. Biochem. 8,
45-52.

McCormick, S.D., Saunders, R.L., 1987. Preparatory physiological adaptations for marine
life of salmonids: osmoregulation, growth, and metabolism. Am. Fish. Soc. Symp. 1,
211-229.

McDonald, D.G., Milligan, C.L., 1992. Chemical properties of the blood. In: Hoar, W.S.,
Randall, DJ,, Farrell, A.P. (Eds.), Fish Physiology. Academic Press, Inc., San Diego, CA,
pp. 55-133.

Mortensen, A., Damsgard, B., 1998. The effect of salinity on desmoltification in Atlantic
salmon. Aquaculture 168, 407-411.

Oikari, A.0.J., Rankin, ].C., 1985. Renal excretion of magnesium in a freshwater teleost,
Salmo gairdneri. . Exp. Biol. 117, 319-333.

Prodocimo, V., Freire, C.A., 2001. lonic regulation in aglomerular tropical estuarine
pufferfishes submitted to sea water dilution. J. Exp. Mar. Biol. Ecol. 262, 243-253.

Quamme, G.A., Dai, L., Rabkin, S.W., 1993. Dynamics of intracellular free Mg?* changes
in a vascular smooth muscle cell line. Am. J. Physiol. 265, H281-H288.

Raggs, N.L.C,, Watts, E., 2015. Physiological indicators of stress and morbidity in commer-
cially handled abalone Haliotis iris. . Shellfish Res. 34 (2), 455-467.

Redding, J.M., Schreck, C.B., 1983. Influence of ambient salinity on osmoregulation and
cortisol concentration in yearling Coho Salmon during stress. Trans. Am. Fish. Soc.
112, 800-807.

Redding, ].M., Schreck, C.B., Birks, E.K., Ewing, R.D., 1984. Cortisol and its effects on plasma
thyroid-hormone and electrolyte concentrations in fresh-water and during seawater
acclimation in yearling Coho Salmon, Oncorhynchus kisutch. Gen. Comp. Endocrinol.
56, 146-155.

Reigh, R.C., Robinson, E.H., Brown, P.B., 1991. Effects of dietary magnesium on growth and
tissue magnesium content of blue tilapia Oreochromis aureus. ]. World Aquacult. Soc.
22, 192-200.

Ribas, L., Flos, R,, Reig, L., MacKenzie, S., Barton, B.A., Tort, L., 2007. Comparison of methods
for anesthetizing Senegal sole (Solea senegalensis) before slaughter: stress responses
and final product quality. Aquaculture 269, 250-258.

Ricci, V., 2005. Fitting Distributions with R. R Foundation for Statistical Computing, Vien-
na, Austria.

Richman III, N.H., Zaugg, W.S., 1987. Effects of cortisol and growth hormone on osmoreg-
ulation in pre- and desmoltified Coho Salmon (Oncorhynchus kisutch). Gen. Comp.
Endocrinol. 65, 189-198.

Romani, AM.P., Maguire, M.E., 2002. Hormonal regulation of Mg? " transport and homeo-
stasis in eukaryotic cells. BioMetals 15, 271-283.

Ruben, A, Bennett, A.F., 1981. Intense exercise, bone structure and blood calcium levels
in vertebrates. Nature 291, 411-413.

Sardet, C., Pisam, M., Maetz, J., 1979. The surface epithelium of teleostean fish gills. J. Cell
Biol. 80, 96-117.

Scarpa, A, Brinley, FJ., 1981. In situ measurements of free cytosolic magnesium ions. Fed.
Proc. 40, 2646-2652.

Shrimpton, J.M., Bernier, N.J., Randall, D.J., 1994. Changes in cortisol dynamics in wild and
hatchery-reared juvenile Coho salmon (Oncorhynchus kisutch) during smoltification.
Can. J. Fish. Aquat. Sci. 51, 2179-2187.

Soivio, A., Nyholm, K., Huhti, M., 1977. Effects of anaesthesia with MS 222, neutralized MS
222 and benzocaine on the blood constituents of Rainbow Trout, Salmo gairdneri.
J. Fish Biol. 10, 91-101.

Staurnes, M., Rainuzzo, J.R., Sigholt, T., Jagensen, L., 1994. Acclimation of Atlantic Cod
(Gadus morhua) to cold water: stress response, osmoregulation, gill lipid composition
and gill Na-K-ATPase activity. Comp. Biochem. Physiol. A 109, 413-421.

Strange, R.C., Schreck, C.B., 1978. Anesthetic and handling stress on survival and cortisol
concentration in yearling Chinook Salmon (Oncorhynchus tshawytscha). J. Fish. Res.
Board Can. 35, 345-349.

Summerfelt, R.C,, Smith, L.S., 1990. Anesthesia, surgery, and related techniques. In:
Schreck, C.B., Moyle, P.B. (Eds.), Methods for Fish Biology. American Fisheries Society,
Bethesda, MA, pp. 213-272.

Svobodov4, Z., Kalab, P., Dusek, L., Vykusova, B., Kolafov4, J., Janouskova, D., 1999. The ef-
fect of handling and transport on the concentration of glucose and cortisol in blood
plasma of Common Carp. Acta Vet. Brno 68, 265.

Thomas, P.M., Pankhurst, N.W., Bremner, H.A., 1999. The effect of stress and exercise on
post-mortem biochemistry of Atlantic salmon and rainbow trout. J. Fish Biol. 54,
1177-1196.

Van Der Velden, J.A,, Kolar, Z, Flik, G., De Goeij, ]J.M., Wendelaar Bonga, S.E., 1989. Mag-
nesium distribution in freshwater tilapia. Magnes. Bull. 11, 28-33.

Velan, A, Hulata, G., Ron, M., Cnaani, A., 2011. Comparative time-course study on pituitary
and branchial response to salinity challenge in Mozambique tilapia (Oreochromis
mossambicus) and Nile tilapia (0. niloticus). Fish Physiol. Biochem. 37, 863-873.

Wedemeyer, G.A., 1970. Stress of anesthesia with MS222 and benzocaine in Rainbow
Trout (Salmon gairdneri). . Fish. Res. Board Can. 27, 909-914.

Wedemeyer, G.A., Barton, B.A.,, McLeay, D.J,, 1990. Stress and acclimation. In: Schreck, C.B.,
Moyle, P.B. (Eds.), Methods for Fish Biology. American Fisheries Society, Bethesda,
MA, pp. 451-489.

Weisinger, ].R., Bellorin-Font, E., 1998. Magnesium and phosphorus. Lancet 352, 391-396.

Zydlewski, J., Zydlewski, G., Danner, G.R., 2010. Descaling injury impairs the osmoregula-
tory ability of Atlantic salmon smolts entering seawater. Trans. Am. Fish. Soc. 139 (1),
129-136.


http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0100
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0100
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0100
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0100
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0105
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0105
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0110
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0110
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0110
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0115
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0115
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0115
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0125
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0125
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0125
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0120
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0120
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0120
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0130
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0130
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0130
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0130
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0130
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0130
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0130
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0130
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0135
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0135
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0135
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0135
http://CRAN.R-roject.org/packagemerTest
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0140
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0140
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0145
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0145
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0145
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0150
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0150
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0150
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0155
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0155
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0155
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0160
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0160
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0165
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0165
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0175
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0175
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0170
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0170
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0170
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0170
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0180
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0180
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0185
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0185
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0185
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0190
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0190
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0190
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0190
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0195
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0195
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0195
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0200
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0200
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0200
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0205
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0205
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0210
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0210
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0210
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0215
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0215
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0215
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0215
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0220
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0220
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0225
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0225
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0230
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0230
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0235
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0235
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0235
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0240
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0240
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0240
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0245
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0245
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0245
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0250
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0250
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0250
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0255
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0255
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0255
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0260
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0260
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0260
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0265
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0265
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0265
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0270
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0270
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0275
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0275
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0275
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0280
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0280
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0285
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0285
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0285
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0290
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0295
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0295
http://refhub.elsevier.com/S1095-6433(15)00285-8/rf0295

	Salinity effects on plasma ion levels, cortisol, and osmolality in Chinook salmon following lethal sampling
	1. Introduction
	2. Material and methods
	2.1. Animals
	2.2. Saltwater challenge and euthanasia
	2.3. Sampling and plasma analyses

	3. Statistics
	4. Results
	4.1. Plasma sodium concentrations
	4.2. Plasma magnesium concentrations
	4.3. Plasma cortisol concentrations
	4.4. Osmolality

	5. Discussion
	6. Conclusions
	Acknowledgments
	References


