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Abstract The green sturgeon is a long-lived, highly
migratory species with populations that are currently listed
as threatened. Their anadromous life history requires that
they make osmo- and ionoregulatory adjustments in order
to maintain a consistent internal milieu as they move
between fresh-, brackish-, and seawater. We acclimated
juvenile green sturgeon (121 § 10.0 g) to 0 (freshwater;
FW), 15 (estuarine; EST), and 24 g/l (SF Bay water; BAY)
at 18°C for 2 weeks and measured the physiological and
biochemical responses with respect to osmo- and ionoregu-
latory mechanisms. Plasma osmolality in EST- and BAY-
acclimated sturgeon was elevated relative to FW-accli-
mated sturgeon (P < 0.01), but there was no diVerence in
muscle water content or abundance of stress proteins. Bran-
chial Na+, K+-ATPase (NKA) activity was also unchanged,
but abundance within mitochondrion-rich cells (MRC) was
greater in BAY-acclimated sturgeon (P < 0.01). FW-accli-
mated sturgeon had the greatest NKA abundance when
assessed at the level of the entire tissue (P < 0.01), but there
were no diVerences in v-type H+ATPase (VHA) activity or
abundance between salinities. The Na+, K+, 2Cl¡ co-trans-
porter (NKCC) was present in FW-acclimated sturgeon
gills, but the overall abundance was lower relative to stur-
geon in EST or BAY water (P < 0.01) where this enzyme is
crucial to hypoosmoregulation. Branchial caspase 3/7 activ-
ity was signiWcantly aVected by acclimation salinity
(P < 0.05) where the overall trend was for activity to
increase with salinity as has been commonly observed in
teleosts. Sturgeon of this age/size class were able to survive

and acclimate following a salinity transfer with minimal
signs of osmotic stress. The presence of the NKCC in FW-
acclimated sturgeon may indicate the development of SW-
readiness at this age/size.
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Abbreviations
DPS Distinct population segment
TMA Tissue microarray
LSC Laser scanning cytometry
NKA Na+, K+-ATPase
NKCC Na+, K+, 2Cl¡ co-transporter
VHA Vacuolar-type H+-ATPase
MRC Mitochondrion-rich cell
g/l Grams per liter
°C Degrees celsius
FW Freshwater
SW Seawater
EST Estuary water
BAY SF Bay water
NEM N-Ethylmaleimide

Introduction

The green sturgeon (Acipenser medirostris) is a rare chond-
rostean species with a wide distribution, inhabiting river,
estuarine (EST), and marine systems along western North
America (Moyle 2002). Within this range they are sepa-
rated into two distinct population segments (DPS). The
northern includes sturgeon that spawn within the Klamath
and Rogue Rivers of California and Oregon, and the southern
is comprised of sturgeon that spawn within the Sacramento
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River system of California (Moyle 2002). Green sturgeon
hatch in freshwater (FW) where they can spend up to
3 years within river and EST habitats. As adults, they
migrate to open ocean, where they are thought to spend the
winter months (Lindley et al. 2008). During spring, green
sturgeon adults re-enter estuaries, where they may remain
for the summer or continue upstream to FW for spawning
(Lindley et al. 2008). Because of their migratory patterns,
they are considered to be the most anadromous of the stur-
geons (Kelly et al. 2007), although few studies have inves-
tigated their osmoregulatory mechanisms (Allen and Cech
2007). Unfortunately, both green sturgeon DPS are cur-
rently in diYculty, with the northern DPS listed as a species
of special concern and the southern DPS as a threatened
species under the US Endangered Species Act; such classi-
Wcations have made experimental investigations diYcult.

The migratory nature of this species across a range of
salinities requires that they be able to make physiological
adjustments in order to maintain a consistent internal milieu.
Although typical plasma osmolality values for various stur-
geon species including the green sturgeon are lower than
those reported for teleost Wshes (Allen and Cech 2007;
McEnroe and Cech 1985), an osmotic gradient exists with
the ambient environment whether they inhabit FW or seawa-
ter (SW). There has been some previous work showing that
sturgeon generally have similar morphology and biochemical
mechanisms to teleosts with respect to osmo- and ionore-
gulation. Carmona et al. (2004) showed that mitochon-
drion-rich cells (MRC) were larger and more abundant in
SW-acclimated Adriatic sturgeon (Acipenser naccarii) relative
to those in FW, and Martinez-Alvarez et al. (2005) showed
that Na+, K+-ATPase (NKA) activity increased in response
to SW transfer. NKA is a basolateral membrane-bound
enzyme that is found in high abundance within MRCs,
where it serves as the driving force for ion excretion or absorp-
tion at the expense of ATP in SW- or FW-acclimated Wshes,
respectively (Marshall 2002; Perry 1997). In Adriatic stur-
geon, the observed increase in MRC size was attributed to an
enlargement of the basolateral tubular reticulum (Carmona
et al. 2004), which has been closely associated with an
increase in the capacity of NKA in other species (Ernst et al.
1980). What has been missing from the sturgeon literature
however, is a characterization of other osmo- and ionoregu-
latory-associated proteins such as v-type H+-ATPase (VHA),
an apical transporter thought to play a crucial role in the
absorption of Na+ in FW-acclimated Wshes, or the Na+, K+,
2Cl¡ co-transporter (NKCC) a basolateral membrane-bound
protein within the MRCs of SW-acclimated Wshes that uses
the Na+ gradient generated by NKA to drive Cl¡ into the
MRC where it can then diVuse through apical channels and
into the environment (Marshall 2002). Characterization of
the level of apoptosis in sturgeon would also be useful as an
indicator of cellular turnover rate, which has been shown to

increase with SW exposure in other species (van der Heijden
et al. 1999; Wendelaar Bonga and van der Meij 1989).

The purpose of this study was to investigate the osmo-
and ionoregulatory abilities of the green sturgeon using a
comprehensive characterization of physiological and bio-
chemical variables. We measured plasma osmolality and
muscle hydration to assess the level of osmotic stress result-
ing from salinity acclimation, as well as the activities of
NKA and VHA and caspase 3/7. NKA and VHA are well-
documented enzymes involved in the mechanisms of FW
and SW acclimation, and caspase 3/7 was used as a charac-
teristic enzyme of cellular apoptosis. Finally we used tissue
microarrays (TMA) to assess the abundance of several pro-
teins in the branchial epithelium, such as NKA, VHA,
NKCC, heat shock proteins (HSP) 60, 70, and 90, and ubiq-
uitin. HSPs and ubiquitin are good indicators of cellular
stress and were used as indicators for damaged proteins
being salvaged or destroyed, respectively. The measurement
of these variables using TMAs oVered a more rapid, higher
throughput, method for protein quantiWcation, while reduc-
ing the overall variation from sample to sample. The beneWts
of this technique have previously been described by Lima
and Kültz (2004) and Sardella et al. (2008).

Materials and methods

Fish

Adult green sturgeon that had been housed at the UC Davis
Center for Aquatic Biology and Aquaculture were artiW-
cially spawned in the spring of 2007. To our knowledge
this was the Wrst successful spawning eVort of this species
from a captive brood stock. The resulting progeny were
reared in FW and grown to a size of 121 § 10.0 g (approxi-
mately 6 months in age) before experiments were con-
ducted. Eighteen individuals were removed from the Xow-
through rearing tanks and divided equally into three 425 l
FW recirculation systems at the start of the experiment.
Fish were acclimated to three salinities FW (0 g/l), estuary
water (EST; 15 g/l), and San Francisco Bay water (24 g/l;
BAY) in stepwise fashion. Salinity was increased via 50%
water change by 4 g/l per day until reaching target salinity,
and then held for 2 weeks to allow sturgeon to acclimate
(Altinok et al. 1998). Recirculating systems were Wltered by
mechanical, chemical, and biological Wlters so ammonia
accumulation was minimal. Sturgeon were fed by slow-
timed automatic feeders that kept small quantities of food
constantly available. Salinity was manipulated using Deep
Ocean synthetic sea salt and measured with a light refrac-
tometer. After 2 weeks of acclimation, sturgeon were killed
in accordance with UCD IUCAC-approved methods (#
12649) by lethal dose of MS-222 and spinal transaction.
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Sampling protocol

Blood was quickly collected directly into heparinized capil-
lary tubes after severing the tail. After blood collection, we
perfused the ventral aorta with ice-cold phosphate buVered
saline (PBS) in order to clear blood from the gills. Gills
were then dissected, the second arch was rapidly frozen in
liquid nitrogen, and the third arch was Wxed with PBS-
buVered paraformaldehyde (4%). To determine muscle
hydration, a piece of the dorsal epaxial muscle (approxi-
mately 0.5 g) was dissected and the skin was removed. The
muscle was washed with distilled water quickly, patted dry
and placed into pre-weighed aluminum foil to dry for 96 h.
The diVerence in weight before and after drying was
expressed as percent water as described by Sardella et al.
(2004a).

Enzyme assays

Gill tissue was homogenized in 1 ml of SEID buVer
(250 mM sucrose, 10 mM EDTA Na2, 50 mM imidazole,
pH 7.3, deoxycholic acid (0.05%)). NKA activity was mea-
sured as the ouabain-inhibited fraction of total ATP hydro-
lysis as described by McCormick (1993) and expressed as
�mol of ADP per hour. VHA activity was measured in sim-
ilar fashion to NKA, with ouabain present in all VHA
assays and the activity measured as the fraction of ATP
hydrolysis inhibited by N-ethylmaleimide (NEM) as
described by Lin and Randall (1993). Gill caspase 3/7
activity was quantiWed using the Promega CaspaseGlo 3/7
luminescent assay. Crude homogenates were diluted 100£
with buVer (10 mM Tris–HCl 7.5, 100 mM NaCl, 0.1 mM
EDTA, and 0.2% Triton-X), and mixed 50:50 with Cas-
paseGlo reagent in triplicate using a 96-well microplate.
Assays were incubated at room temperature (»20°C) for
1 h before measuring the relative luminescence. All
enzyme assays were standardized by total protein, which
was measured as absorbance at 560 nm following 30 min of
incubation at 37°C with a 50:1 solution of bicinchoninic
acid to CuSO4.

Tissue microarray construction

Using the method originally described by Lima and Kültz
(2004), Wxed gill tissue was embedded in paraYn using a
Tissue Tek vacuum inWltration processor (Sakura Finetek,
Torrance, CA, USA). ParaYn blocks were constructed with
a Tissue Tek tissue embedding center (Sakura Finetek, Tor-
rance, CA, USA). One millimeter wax cores were removed
from an empty paraYn block using an MTA-1 tissue
microarrayer (Beecher Instruments, Sun Prairie WI, USA),
and Wlled with cores taken from embedded gill tissue. Gill
tissue cores from all treatment groups were inserted into

recipient block, which was then sectioned at 4 �m using a
Bromma 2218 Historange microtome (LKB, Uppsala,
Sweden). Sections were Xoated on to a poly-lysine coated
glass microscope slide, and slides were dried overnight at
44°C.

Sections were blocked with PBS containing 1% bovine
serum albumin (PBA) for 30 min, followed by 60 min of
incubation in PBA containing the various primary antibod-
ies. We used antibodies to measure the abundances of
NKA, VHA, NKCC, HSP 60, 70, and 90, and ubiquitin.
Antibodies to NKA (�5) and NKCC (T4) were purchased
from the University of Iowa Developmental Studies
Hybridoma Bank and were diluted with PBA by 1:100 and
1:200, respectively. VHA, HSP, and ubiquitin antibodies
were purchased from Sigma. Anti-VHA antibody was
diluted 1:1,000 with PBA while all HSP antibodies as well
as the anti-ubiquitin antibodies were diluted 1:5,000 with
PBA. �5-stained sections were incubated with a secondary
goat anti-mouse antibody covalently bound to PaciWc Blue
(Molecular Probes, Eugene, OR, USA) that was diluted
1:100 with PBA. The remaining slides were stained with a
secondary goat antibody covalently bound to Alexa 688
(Molecular Probes, Eugene, OR, USA) that were diluted
1:100 with PBA. After 60 min of incubation in secondary
antibody with 5 �l RNase, slides were rinsed with PBS and
counterstained for 10 min with propidium iodide, which
was diluted 1:500 with distilled water.

Tissue microarray analysis

A laser scanning cytometer was used to quantify protein
concentrations per unit area within individual branchial
MRCs and within randomly assigned areas of tissue on
TMAs (Phantoms) as described by Sardella et al. (2008).
Immunohistochemical analysis of TMAs was conducted
using a 40£ objective (UPlanFL 40£/0.75/1/0.17, Olym-
pus, Melville, NY, USA) in combination with a UV laser
(400 nm). WinCyte CompuColor was used to generate
images by which the cells stained with Alexa 688 appeared
green and those stained with PaciWc Blue appeared blue.
Contouring and event detection for TMAs was optimized as
described in Lima and Kültz (2004) and Sardella et al.
(2008), and protein concentrations are presented as relative
Xuorescent units (RFU).

Statistical analysis

Data was analyzed using a one-way analysis of variance
(ANOVA), followed by a post hoc Tukey’s HSD test when
treatment means were signiWcantly diVerent (� = 0.05;
n = 6). Statistical tests were performed using SigmaStat
version 3.0 and plots were made using SigmaPlot version
9.0.
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Results

Green sturgeon survived all salinity transfers and acclima-
tions throughout the experiment. There was a signiWcant
diVerence in plasma osmolality with acclimation salinity,
where EST- and BAY-acclimated sturgeon showed an
approximate 10% increase relative to FW-acclimated stur-
geon (P < 0.01; Fig. 1a), but there was no diVerence in
muscle water content (Fig. 1b). NKA was detected by Xuo-
rescence of PaciWc Blue and was abundant within distinct

large cells (MRCs) along the Wlamental and lamellar
regions. Both VHA and NKCC were detected by Alexa 688
Xuorescence and NKCC was localized similar to NKA
within throughout the branchium within easily distin-
guished MRCs. NKA, NKCC, and VHA were present in all
gill sections regardless of acclimation salinity (Fig. 2).

There was no signiWcant diVerence in NKA activity
between the acclimation salinities (Fig. 3a), but the NKA
abundance within individual MRCs increased by 11% in
BAY-acclimated sturgeon (P < 0.01; Fig. 3b). FW-accli-
mated sturgeon had the greatest NKA abundance when
assessed at the level of the entire tissue; abundance was
nearly 16% lower in EST- and BAY-acclimated groups
(P < 0.01; Fig. 3c). There were no signiWcant diVerences
detected in VHA activity or abundance with acclimation
salinity (Fig. 4). NKCC was present in FW-acclimated stur-
geon (Fig. 5a), but the overall abundance was reduced by
approximately 22% relative to sturgeon in EST or Bay
water (P < 0.01; Fig. 5b). Caspase 3/7 activity was signiW-
cantly aVected by acclimation salinity (P < 0.05; Fig. 6),
but diVerences were not detected by the post-hoc Tukey’s
HSD test. The overall trend was for activity to increase
with salinity.

Finally, there were no signiWcant diVerences in the abun-
dance of HSP 60, 70, or 90 with salinity acclimation. HSPs
were detected on TMAs using Alexa 688 and no diVerences
were seen within MRCs or when assessed along the epithe-
lium as a whole. There was also no diVerence in the abun-
dance of ubiquitin, which similar to HSPs was present in all
salinities to some degree and detected by Alexa 688 Xuo-
rescence (data not shown).

Discussion

As has been observed previously by Allen and Cech
(2007), green sturgeon of this age/size class were able to
acclimate to salinities greater than FW. Despite 100%
survival, plasma osmolality was signiWcantly increased in
sturgeon acclimated to EST or BAY water, relative to those
in FW (Fig. 1a). This diVerence in osmolality was similar
to what was observed by Allen and Cech (2007) for indi-
viduals of this size, and Wts within a pattern where the

Fig. 1 The eVect of acclimation salinity on a plasma osmolality and b
muscle water content of green sturgeon in freshwater (FW), estuary
water (EST), and SF Bay water (BAY). Data are presented as
means § SE. Letters denote signiWcant diVerences between salinities
as determined by one-way ANOVA (P < 0.05; n = 6)
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Fig. 2 Immunohistochemical plates of green sturgeon gill tissue stained with a anti-NKA antibody, b anti-NKCC antibody, and c anti-vATPase
antibody. All slides were counter-stained with the nuclear stain propidium iodide 
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diVerences between salinities tend to decrease with size.
Based on our data and those of Allen and Cech (2007), we
speculate that the diVerences in plasma osmolality would
become more subtle as the Wsh continued to grow and
would ultimately not be observed. An increased plasma
osmolality in sturgeon of this size class may be typical for
this species and not necessarily a detrimental eVect; it also
remains a possibility that it may be crucial in driving the
upregulation of mechanisms for SW acclimation. The

elevated osmolality did not appear to be stressful to the Wsh,
as there were no increases in HSP or ubiquitin abundances
in the EST or BAY group. Moreover, HSP 70 expression,
which is commonly associated with osmotic stress (Werner
et al. 2007), remained unchanged despite the higher plasma
osmolality. The increased plasma osmolality within the
EST and BAY sturgeon also did not correspond with a
decrease in muscle water content, which remained consis-
tent between the salinity treatments (Fig. 1b).

Fig. 3 The eVect of acclimation salinity on green sturgeon a NKA
activity, b MRC NKA abundance, and c total NKA abundance. Micro-
array data is presented as relative Xuorescent units (RFU), see Fig. 1
for statistical details
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We measured the abundances of NKA, VHA, and
NKCC in green sturgeon gills and all were present regard-
less of acclimation salinity (Fig. 2). NKA was present in
abundance along the branchial epithelium (blue Xuores-

cence) and can be used to clearly distinguish MRCs. These
cells were located along the Wlamental epithelium as has
been described for many species (Carmona et al. 2004;
Katoh and Kaneko 2003; Lima and Kültz 2004; Wendelaar
Bonga and van der Meij 1989), as well as along the second-
ary lamellae, which has been seen in this and other sturgeon
species previously (Allen and Cech 2007; Carmona et al.
2004). NKA is known to drive both ion absorption and
excretion by dramatically diVerent mechanisms in FW- and
SW-acclimated Wshes, respectively (Marshall 2002; Perry
1997). Our results indicate that this enzyme was present in
greater abundance within the MRCs of BAY-acclimated
sturgeon relative to those in FW (Fig. 3a). This has also
been observed using TMAs from Mozambique tilapia,
which is a commonly used teleost model for osmoregula-
tory studies (Sardella et al. 2008). While the MRCs of the
BAY-acclimated sturgeon had more NKA per unit area, the
FW-acclimated sturgeon had a greater abundance of NKA
within the epithelium as a whole. A greater abundance in
FW-acclimated sturgeon may result from the presence of
more than one MRC type. The presence of at least two dis-
tinct MRC types has been described for FW-acclimated tel-
eosts (Goss et al. 2001), both of which are NKA abundant;
this is likely the case for green sturgeon as well. We did not
conduct counts of MRCs, but it has been shown in tilapia
that FW individuals had more MRCs, while SW had fewer
but larger MRCs (Sardella et al. 2008). Despite the diVerent
patterns of abundance, we did not detect any diVerence in
the activity of this enzyme with salinity (Fig. 3c), which
was also observed between FW and SW-acclimated short-
nosed sturgeon (A. brevirostrum) (Jarvis and Ballantyne
2003; Rodriguez et al. 2003), however SW-acclimated
Siberian sturgeon (A. baerii) have been shown to have a
greater activity relative to those in FW. Regression analysis
between abundance pattern and activity pattern of individ-
ual sturgeon revealed no signiWcant relationship (not pre-
sented). Direct correlation between abundance and in vitro
activity may be unlikely, however, as these measurements
of activity represent Vmax of NKA and do not necessarily
reXect in vivo activity at physiological temperature and
osmolality. Furthermore, abundance as determined by TMA
does not take into account if the enzyme is in active form, as
dissociated � sub-units and covalently modiWed enzymes
(phosphorylated) are also labeled by the �5 antibody. Lastly,
it is also reasonable to conclude that NKA activity patterns
vary with species and most likely individual size.

The VHA data was more diYcult to interpret, and it
remains unclear what role this transporter has in sturgeon
gills. VHA is one potential mechanism for Na+ absorption
in FW-acclimated Wshes, whereby the transport of protons
at the expense of ATP, provides an electromotive force to
drive Na+ movement through an apical Na+ channel
(Marshall 2002; Perry 1997). Furthermore, it has been

Fig. 5 a Immunohistochemical plate of a FW-acclimated green stur-
geon gill stained with anti-NKCC antibody, counterstained with the
nuclear stain propidium iodide, and b the eVect of acclimation salinity
of total gill NKCC abundance. Microarray data is presented as relative
Xuorescent units (RFU), see Fig. 1 for statistical details
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shown previously that the activity of this enzyme decreased
with SW-exposure in rainbow trout (Oncorhynchus mykiss)
(Lin and Randall 1993). Our data does not indicate that this
mechanism was crucial to green sturgeon Na+ absorption in
this study, as the abundance and activity of VHA were
unchanged among the salinity groups (Fig. 4). The role of
VHA in acid–base regulation, and the possibility that an
apical Na+/H+-exchanger (NHE) may be present in stur-
geon gills, further complicated drawing conclusions from
these data. More experiments are needed to elucidate the
role of VHA in sturgeon, in addition to characterizing their
mechanism of Na+ absorption.

The role of NKCC has been much better deWned and
when present on the basolateral membrane of MRCs has
been characterized as part of the mechanism for ion excre-
tion in SW-acclimated Wshes (Marshall 2002). In this
model, the Na+ gradient produced by NKA is used to drive
two Cl¡ into the MRC where they diVuse though an apical
Cl¡ channel and into the environment (Marshall 2002).
Much like the NKA-labeled slides, NKCC could be used to
deWne MRCs along both the Wlament and lamellae. NKCC
was present within the MRCs of sturgeon regardless of
acclimation salinity, although the abundance was greatest
in EST- and BAY-acclimated Wsh (Fig. 5b). It is not sur-
prising that the EST- and BAY-acclimated sturgeon had a
greater abundance of NKCC as the function of this trans-
porter is crucial to hypoosmoregulation. The presence of
this transporter in sturgeon that had been reared and held in
FW may indicate that at this age/size, sturgeon are pre-
acclimating to SW, or at least for entry into water of vari-
able salinity such as an estuary. Similar results have been
observed in the anadromous Atlantic salmon (Salmo salar)
where there was essentially no diVerence between FW and
SW individuals with respect to NKCC abundance (Hiroi
and McCormick 2007). Furthermore, injection of cortisol
and growth hormone, which have been associated with sal-
monid smoltiWcation, resulted in an upregulation of NKCC
in FW-acclimated Atlantic salmon (Pelis and McCormick
2001a, b). There have been previous discussions of how
age/size aVects SW-readiness in sturgeon (Allen and Cech
2007; McEnroe and Cech 1985; McKenzie et al. 2001;
Rodriguez et al. 2003), and the age of initial expression of
NKCC may provide some insight into the precise age at
which sturgeon become SW-ready.

Based on caspase 3/7 activity and similar to what has
been observed in teleosts transferred from FW to SW, it
appears that the rate of apoptosis is greater in green stur-
geon acclimated to BAY water. Apoptosis is typically asso-
ciated with the turnover rate of the branchial epithelium
(Sardella et al. 2004b; Wendelaar Bonga and van der Meij
1989), and it has been shown that cellular turnover is
accelerated in SW versus FW-acclimated individuals
(Wendelaar Bonga and van der Meij 1989). There is

considerable work to be done on elucidating the cellular
restructuring of the epithelium of green sturgeon, but we
have presented some basal evidence that mechanisms simi-
lar to those of euryhaline teleosts may be in place. Anadr-
omy is observed across a very wide range of species,
including very primitive groups such as lamprey (Agnatha).
It has been previously suggested that the mechanistic simi-
larity between groups that evolved in SW (lamprey) and
those that are thought to have evolved in FW (Osteichth-
yes) indicates a convergent evolution with respect to these
mechanisms (Wright 2007).

In summary, green sturgeon were capable of surviving
and acclimating to EST and BAY water at this age/size
range, and defended both the plasma and intracellular com-
partments. We have shown the extent to which osmo- and
ionoregulatory mechanisms are developed in 6 month old
sturgeon following salinity acclimations, and it appears that
sturgeon mechanisms are quite similar to that of teleosts
with respect to the typical transporters involved, although
the role of VHA versus NHE remains to be determined.
Finally, of the bioindicators of possible SW-readiness that
we have characterized, expression of NKCC on the basolat-
eral membrane of MRCs was the most intriguing, and it
would be interesting to determine when this protein is Wrst
synthesized in order to characterize the precise age/size at
which sturgeon are capable of tolerating SW transfers.
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