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ABSTRACT

The Antarctic teleost Trematomus bernacchii lives in a saltwater 

environment with an average temperature of -1.8°C. These fish possess several 

unique adaptations including a serum osmolality that is nearly double that of 

temperate teleosts. Upon warm acclimation to +4°C, the T. bernacchii show a 

decrease in serum osmolality by nearly 25%, a doubling of gill Na+/K+-ATPase 

activity, and an increase in Na+/K+-ATPase expressing Cl cells. The Na+/K+- 

ATPase is also found in ion absorptive cells in the ceca, proximal and distal gut.

The serum osmolality of +1°C and +4°C acclimated fish were significantly 

lower after nine days than that of the control -1.5°C acclimated fish. While 

previously published data reported an increase in Na+/K+-ATPase activity upon 

warm acclimation to +4°C and an increase in Cl cells expressing the Na+/K+- 

ATPase enzyme, current data resulted in no significant change in Na+/K+- 

ATPase in either the +4°C or the +1°C acclimated groups. Immunostaining of 

the gill Cl cells also resulted in a significant decrease in cells staining positive for 

a1 isoform and the Na7K+/2CI' and no change in the Cl cells staining positive for 

the a3 isoform and the pan a antibody which recognizes all three isoforms of the 

Na+/K+-ATPase enzyme.

The pan a antibody stained positive in the ceca, proximal and distal 

intestinal regions at both -1.5°C and +4°C after four weeks of acclimation. The 

a3 isoform was also present under these conditions. However, the a1 isoform 

does not appear to be present in the three regions of the intestine. This is the



first study we are aware of that indicates the absence of the a1 isoform of the 

Na+/K+-ATPase within the T. bernacchii ceca, proximal and distal alimentary 

tract.
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Chapter One

Introduction to Antarctic Fish, Osmoregulation, Gill and Gut Morphology, 
and Gill and Gut Na7K*-ATPase
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Antarctica

The Southern Ocean, which surrounds the continent of Antarctica, has an 

extremely distinct environment reflected in the organisms that have adapted to its 

uniqueness. Approximately 40 million years ago, during the middle Eocene era, 

a continental shift led to a drastic change in the basic properties of the Antarctic 

continent and its surrounding waters. Originally lush and rich in vegetation, 

Antarctica shifted to its current position resulting in the frigid desert climate now 

associated with the polar land mass (Briggs 2003). With an average water 

temperature of -1.86°C ± 0.1 °C throughout the year (Littlepage 1965; Eastman 

1993), only the most evolutionarily adaptive species have continued to thrive in 

the sub-zero waters of the Southern Ocean. Surprisingly, the Southern Ocean is 

rich with life ranging from simple single cell organisms such as foraminifera, to 

large mammals such as seals and whales.

The Southern Ocean is defined as the southern most areas of the Indian, 

Pacific, and Atlantic oceans below the Subtropical Convergence and has very 

distinct boundaries as evidenced by a sharp change in water temperature visible 

as the Antarctic Convergence (Fig. 1)(Eastman 1993; Clarke 2005). The 

Southern Ocean has an average osmolality of approximately 1000 mOsm/kg 

along with sub-freezing temperatures, causing the formation and reformation of 

sea ice making seawater from the Southern Ocean the coldest and densest of all 

the oceans. As the seawater sinks to the ocean floor beyond the continental 

shelf it is cooled even further. Once it reaches the Atlantic, Indian and Pacific 

oceans, it begins to flow eastward towards the equator resulting in a balance of
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global heat and energy. This eastward flowing current, combined with others, 

makes up what is known as the Antarctic Circumpolar Current (Eastman 1993; 

Clarke 2005).
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Figure 1. A map of the Antarctic Front (Antarctic Convergence) defining the 

Southern Ocean surrounding Antarctica. Map also shows oceanic currents 

surrounding the continent. Red star indicates McMurdo Sound (Colwell, 2003).
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The Southern Ocean is nearly dominated by the suborder notothenioid, 

which makes up approximately 35% of the marine fauna. While notothenioids 

are considered benthic, they have adapted to non-benthic areas of the pelagic 

realm. Notothenioids are organisms that are highly diverse and are present as 

deep as 1000 m in Antarctic waters (Eastman 1993). In the family of 

Nototheniidae is the species Trematomus bernacchii which are widely spread 

throughout the Southern Ocean. They are relatively inactive in their natural 

environment as well as in captivity. Classified as benthic inhabitants, T. 

bernacchii are scavengers found as deep as 100 m due to the presence of ice 

particles at the surface. Under 30 m of water, the freezing point of the sea ice is 

depressed, therefore, explaining the lack of anchor ice and the presence of fewer 

ice particles at lower depths making a benthic habitat much more practical for the 

fish (Littlepage 1965).

Fish
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Adaptations

Antarctic fish have developed four very unique and specialized 

evolutionary adaptations as a result of the extreme environment in which they 

live. The first and most well studied adaptation is the production of antifreeze 

glycoproteins (AFGP) found within blood plasma as well as many other body 

fluids. Reported by DeVries and Wohlschalg in 1969, AFGPs are responsible for 

30% of the freezing-point depression of Antarctic fish serum. AFGP structures 

have a highly conserved repeating series of alanyl-alanyl-threonine amino acid 

residues joined to a disaccharide via a glycosidic linkage as shown in figure 2 , 

although threonine is substituted with proline in some of the eight classes of 

AFGPs (DeVries 1969; Eastman 1986; Eastman 1993). AFGPs act non- 

colligitively by lowering the fishes’ freezing point disproportionate to the number 

of molecules present within the body. Adaptive factors that behave colligatively, 

such as serum osmolality, are dependent upon the concentration of molecules 

present in the serum to produce a desired effect (like decreasing the pressure of 

the solution resulting in a decreased freezing point). AFGPs adsorb to individual 

ingested ice-crystals through the hydroxyl interactions of the disaccharides to 

prevent ice crystal growth (Raymond 1977; Eastman 1986). Unlike temperate 

fishes (whose freezing point is higher than that of Antarctic fish) serum NaCI 

content accounts for approximately 90% of the freezing-point depression while 

NaCI in Antarctic fish is only responsible for <50% of the freezing-point 

depression. Various other ions and molecules along with AFGPs make up the 

remainder of the freezing-point depression.
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Figure 2. Structure of an antifreeze glycoprotein (AFGP). Structures are a 

highly conserved repeating series of alanyl-alanyl-threonine joined to a 

disaccharide via a glycosidic linkage. Taken from Eastman 1993.
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The second adaptation of Antarctic fishes is an aglomerular kidney which 

helps prevent the loss of AFGPs. In contrast, temperate teleosts have a 

glomerular kidney that filters blood at the beginning of the nephron. The blood is 

filtered through the glomerulus and the remaining fluid is then processed through 

the tubule. Different sections of the tubule are responsible for secreting or 

absorbing fluids or molecules such as water and NaCI in response to the body’s 

specific osmoregulatory needs. The final solution is voided as urine. Since 

AFGPs can be very small in size and have a neutral charge Antarctic fish 

developed aglomerular nephrons in the kidney to prevent the loss of AFGPs 

through the glomerulus into the lumen and ultimately excretion from the body via 

urine. Instead of filtering blood at the beginning of the nephron, ions and fluids 

are secreted along the tubule, allowing the fish to regulate which ions are 

excreted. This process is called tubular secretion verses the plasma filtration 

process occurring in the glomerular kidney. This not only reduces the loss of 

important glycoproteins, but also lowers the cost of energy required for 

maintaining AFGP levels (Eastman 1979).

The third adaptation of Antarctic fish is an increase in membrane fluidity 

due to an increase in fatty acid chain length and an increase in poly-unsaturated 

fatty acids (PUFAs) in the membranes of cells (Eastman 1986; Logue 2000). 

Single-bonded saturated fatty acids become rigid and less fluid as they are 

cooled. The incorporation of double-bonded PUFAs allows cell membranes to 

retain fluidity and flexibility as the membranes are subjected to colder 

temperatures. An increase in lipid stores throughout the bodies of Antarctic fish



also helps maintain buoyancy due to the absence of swim bladders (Eastman 

1986).

The fourth adaptation in Antarctic teleosts is their unique osmoregulation. 

Antarctic fish have serum osmolalities that are nearly double that of temperate 

fish (O'grady 1982b). This increase in ions, specifically NaCI, serves two 

purposes. It conserves energy by lowering the osmotic gradient between the fish 

and its environment, therefore negating the need to excrete large volumes of ions 

leading to a conservation of ATP and the higher NaCI concentration lowers the 

freezing point of the fish’s blood. The teleost has several organs that play a role 

in osmoregulation, but the gill and intestine are the primary sites responsible for 

excretion and absorption of water and ions respectively.
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Osmoregulation

Since marine teleosts are hypo-osmotic to their environment, they are 

constantly losing water due to dehydration across the gills and skin. Teleosts are 

able to osmoregulate by absorbing ingested water in the intestine, excreting 

monovalent ions through the gills, and excreting divalent ions through the kidney 

(Marsigliante 2001; McCormick 2001). As the fish become dehydrated, they 

increase their drinking rate resulting in an increase in the amount of NaCI 

entering their bodies.

A key regulatory hormone system responsible for mediating drinking is the 

renin-angiotensin system (RAS). The RAS largely reacts to changes in blood 

volume and fluid intake. Angiotensin II, the terminal dispogenic messenger of the 

RAS cascade helps initiate drinking in euryhaline fishes, and regulates drinking in 

stenohaline fishes via hypertension (Takei 2000). Injection of angiotensin II as 

well as papaverine, a vasodilator, induces drinking in many fishes, as does 

hemorrhage and increased water temperature/salinity (Beasley 1986; Takei 

2001; Anderson 2002; Petzel 2005).

Marine teleosts utilize several enzymes and channels to Carefully regulate 

and excrete excess ions. The ion channels and pumps specific to 

osmoregulation in fish are generally found within the mitochondria rich chloride 

(Cl) cells of many tissues, including the gill and intestine. In osmoregulation, Cl 

cells utilize ion channels and active transport to achieve their final objective of 

NaCI transport into or out of the tissue. In order to have a net excretion of NaCI, 

each Cl cell contains Na+/K+-ATPases, Na+,K+,2Cr co-transporters, and various
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other channels. The Na+/K+-ATPase initiates the ion transport by setting up an 

electropositive gradient that results in a shifting of electro-charged ions in and out 

of the cell to balance the charge, with the final excretion of NaCI (Zadunaisky 

1997; Morrison 2005b).

As previously mentioned, Antarctic teleosts with an osmolality of 

approximately 600 mOsm/kg, have a serum osmolality that is nearly double that 

of temperate teleosts. Previous studies have shown that with warm acclimation 

to +4°C, T. bernacchii decrease their serum osmolalities by up to 25%, 

corresponding with a proportionate decrease in serum Na+ and Cl'. These 

decreases correlate with an increase in gill Na+/K+-ATPase activity upon warm 

acclimation (Gonzalez-Cabrera 1995a; Guynn 2002). Initial studies suggest that 

the change in osmolality is proportional to temperature when acclimated for five 

weeks acclimation to +1°C; however it is unclear whether there is a gradual 

response to varying temperatures or if rapid changes can occur (Gonzalez- 

Cabrera 1995a).
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Morphology of the Gill and Intestine

The Antarctic teleost gill is the site for gas exchange as well as ion 

excretion. It is extremely efficient in extracting approximately 80 to 90% of the O2 

in water (Hazelhoff 1952), while the mammalian lung only extracts about one 

quarter of the O2 in air. The teleost gill has four cartilage arches on either side of 

the head. Each arch is made up of cartilage and is feathered with many 

filaments. Along the length of each filament are several lamellae lying 

perpendicular to the filament. In a respiratory function, the lamellae circulate 

blood close to the surface of the tissue-seawater interface in the opposite 

direction of the water flow utilizing an extremely efficient countercurrent flow 

system. The gills also use active transport to excrete Na+ from the body into the 

surrounding seawater. Cl cells associated with osmoregulation and containing 

several ion transferring structures including the Na+/K+-ATPase enzyme and Na+- 

K+-2CI' co-transporter, are located at the base of the lamellae with occasional Cl 

cells found within the lamellae themselves. Immunostaining of T. bernacchii gill 

tissue show increases in Cl cell number staining positive for pan-a antibody, 

which recognizes all three isoforms of the a subunit of the Na+/K+-ATPase after 

four-weeks of warm acclimation to +4°C indicating a possible increase in Cl cells. 

There is no significant change in the number of alpha 2 (a2) and alpha 3 (a3) 

immunopostive cells in warm acclimated fish but there is an increase in the 

number of alpha 1 (a1 ) positive cells, suggesting the a1 isoform may contribute 

to the change in Na+/K+-ATPase activity upon warm acclimation (Brauer etal. 

2005). This is supported by phosphoenzyme analysis of ouabain binding of each
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isoform. Upon warm acclimation, there is a functional loss of one isoform, likely 

the a3 isoform. Since there is no evident change in total enzyme activity, one or 

both of the remaining a isoforms likely increase their individual contributions to 

Na+ transport (Morrison 2005).

The fish digestive tract is comprised of four sections, the anterior section, 

comprised of the oral or buccal cavity and the gill branchial sections, the foregut, 

midgut, and hindgut. The digestive sections of the marine teleost contain four 

layers (Fig. 3). Starting from the central lumen and extending peripherally is the 

mucosal lining of the intestines where the epithelial cells are found, followed by 

the submucosal layer which is made of connective tissues, then the muscularis 

externa or the smooth muscle portion of the tract and finally the outermost or 

serosal layer.

Teleosts begin absorbing ions and water via the mucous-cell covered 

epithelium of the esophagus and foregut (Marshall, 2002; Abdulhadi, 2005). The 

esophagus of sea bream contains a longitudinal smooth muscle layer and a layer 

of stratified-squamous epithelial cells containing numerous mucous cells to 

protect it from damage during food ingestion. It is also covered by many folds of 

mucosa lined with epithelial cells. The sea bream stomach also contains a 

mucosal layer that consists of many folds; however, the epithelial cells are 

columnar in shape. The epithelial lining also contains mucopolysaccharides 

which may participate in the absorption of lipids within the stomach. The 

submucosa of the stomach is made up of connective tissue and smooth muscle 

while the muscularis externa contains circular arrangements of smooth muscle
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(Abdulhadi, 2005). In the T. bernacchii the stomach is curved and largely 

positioned to the left side of the fish and the pyloric region of the stomach has a 

thicker muscularis layer and shorter mucosal folding than other tissues 

(Eastman, 1997) (Fig. 3).

The midgut is categorized as the section of intestine beginning after the 

pylorus and includes the pyloric ceca. This is the last site for food digestion and 

beginning of ion absorption of digested materials. The pseudo stratified 

columnar shaped epithelial cells of the folded mucosa are interspersed with 

several goblet cells that secrete mucus. The midgut also contains many 

enzymes secreted from the intestinal wall and the pancreas as well as bile 

secreted from the liver. The submucosal layer contains blood vessels and the 

muscularis externa is very thick in the midgut (Abdulhadi, 2005).

The pyloric ceca in salmon have been shown to number in the hundreds 

and have been hypothesized to have many functions. They account for the 

majority of fluid uptake in the intestine and it has been suggested that pyloric 

ceca serve as a way to increase the surface area of the midgut (Veillette 2005a) 

The ceca villi have been shown to increase in length upon cold acclimation to 

10°C in the carp (Lee, 1988). The ceca in sea bream have elongated folds and 

microvilli containing absorptive epithelial cells that are in a columnar shape 

(Abdulhadi, 2005). The rainbow trout midgut region also contains columnar, long 

and slender absorptive epithelial cells along the villi (Nonnotte, 1986). In T. 

bernacchii, the pyloric ceca are attached to the stomach and extend outward as 

eight large finger or tentacle-like projections (Eastman 1993). Among the 25
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subjects within the Nototheniidae family studied by Eastman and DeVries in 

1997, the T. bernacchii have some of the highest number of ceca within the 

family as all subjects studied, with the exception of the T. hansoni, have seven or 

fewer ceca.

The short intestine of nototheniids is characterized as having two loops, 

the proximal of which is oriented anteriorly while the distal loop is oriented 

posteriorly. The distinction between the small intestine and the rectum, or 

hindgut is marked by the prerectal valve which was approximately 5-7 mm in 

length for the smaller nototheniids. The prerectal valve can be identified by a 

visible external widening of the canal (Eastman, 1997).

The hindgut includes the anus and contains very few secretory cells and in 

sea bream has a thick smooth muscle layer with bundles of pancreatic acini 

(Abdulhadi, 2005). Since blood flow is comparable to that of the midgut, it has 

been suggested that the hindgut also plays a role in ion and water absorption as 

well as creating feces (Veillette, 2005a).

As previously mentioned, the teleost gut mucosal layer is lined with 

epithelial cells. These epithelial cells are constantly being released and replaced 

and can be stratified or pseudo stratified columnar. Within the epithelium are 

many cells referred to as absorptive epithelial. These absorptive cells contain 

Na+/K+-ATPase and a Na+, K+,2CI co-transporters co-localized within the same 

cell. Marshall et al. (2002) have suggested a model for ion transport indicating 

two separate ion flow configurations in T. bernacchii gill Cl cell and gut absorptive 

cell respectively. While both Cl and absorptive cells in these models contain the
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Na+/K+-ATPase along the basolateral membrane, the ion excreting cells also 

contain a Na+,K+,2Cr co-transporter along this membrane while the cells 

responsible for ion uptake have the co-transporter along the apical membrane. 

As previously mentioned, the change in the number of Cl cells within the gill 

corresponds with changes in gill Na+/K+-ATPase conformation and activity upon 

warm acclimation, showing increases in both the number of Cl cells and Na7K+- 

ATPase activities. Whether or not a change occurs in number of absorptive cells 

in the intestine of these fish is unknown at this time.
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Figure 3. A Hemotoxilyn & Eosin stained image of the proximal intestine of the T. 

bernacchii. Lighter, pink hued areas represent positively charged regions, such 

as proteins of the cytoplasm. Such regions are acidophilic. Darker, more purple 

areas represent negatively charged regions such as the phosphate groups of 

nucleic acids. Such regions are considered basophilic. Goblet and epithelial 

cells as well as smooth muscle are labeled. Image was analyzed by a brightfield 

light microscope. Scale bar represents 50 microns.



The Na*ZK*-ATPase

In the teleost gill opercular epithelium, Cl cells respond to an increase in 

osmolality by cell shrinking, while a decrease in osmolality leads to cell swelling 

(Zadunaisky 1997). The cell shrinkage activates the Na+,K+,2CI' co-transporter 

as well as the Na+/H+ exchanger (for pH regulation) and the apical Cl channels.

Cl cell swelling during hypotonicity decreases Cl' excretion and activates the 

Na+/HC03" exchanger (in response to changes in pH), the Na+,K+,2Cr co

transporter, and closes the apical Cl' channels, all of this is instigated by an 

opening of the basolateral K+channel (Zadunaisky 1997). Figure 4 represents a 

basic model for gill Cl' cell ion excretion (Morrison 2005b). Similar to the teleost 

gill, the intestinal absorptive cells contain K+ channels and Na+,K+,2CI' co

transporters on the apical membranes, and Na+/K+-ATPase pumps, K+ and Cl' 

symport systems, and K+ and Cl* channels on the basolateral membranes 

(Marshall et al. 2002). Figure 5 is a model of gut ion absorption and illustrates 

the differences in ion channel and transport mechanism placement within the cell 

compared to the gill model (Marvao 1994; Movileanu 1998).

The Na+/K+-ATPase is an enzyme responsible for initiating the 

electrochemical gradient which instigates the pumping of two K+ into the cell and 

three Na+ out. The Na+/K+-ATPase is a membrane bound enzyme composed of 

three subunits and is able to utilize up to 70% of available ATP within a cell 

(Skou 1957). The catalytic a subunit contains the binding sites for both ions as 

well as ATP. The ß subunit is responsible for activation of the a subunit activity, 

membrane location of the enzyme and is specific to Na7 K+ and H7 K+-ATPases
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(Hilge 2003). The y subunit plays mainly a regulatory function of the enzyme. 

The Na+/K+-ATPase a subunit has 10 transmembrane domains of which the 

fourth, fifth and sixth transmembrane helices contain K+ and Na+ binding sites 

(Fig. 6) (Capendeguy, 2006). The a subunit has two conformational transitions 

as well as a phosphorylated intermediate. The pump is activated by K+ at the 

extracellular binding sites as well as Na+ and ATP at cytoplasmic binding sites 

(Therien 2000). The first conformation (E2 state) is characterized by the binding 

of two extracellular K+ ions to the enzyme. Binding of ATP triggers a 

conformational change which moves the K+ through the membrane and into a 

position that allows K+ to be released. The three Na+ then bind to the enzyme 

following a second conformational change to E1. The E1 state has a high affinity 

for Na. The Na+/K+-ATPase is then phosphorylated at the Asp-376 resulting in a 

release of ADP as well as lowering the affinity of the enzyme for the nucleotide. 

The Na+ ions are then released out of the cell followed by a conformational 

change of the enzyme back into the E2 state which has a lower affinity for Na+, 

but a higher affinity for K+ (Therien 2000; Hilge 2003; Morrison 2005).

Ouabain is a specific inhibitor of the Na+/K+-ATPase and binds to the 

enzyme during the phosphoenzyme intermediate position preventing the 

continuation of the enzyme’s cyclic process, allowing for the determination of 

Na+/K+-ATPase specific activity versus inorganic phosphate released from other 

ATP driven enzymes. Previous studies have also shown the optimal conditions 

for enzyme activity as well as a significant increase in T. bernacchii gill Na+/K+-
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ATPase activity upon warm acclimation for five weeks to +4°C (Guynn 2002a; 

Morrison 2005).
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Figure 4. A model of gill ion excretion from the blood, through the gill Cl cell, and

into the seawater. The Na+/K+-ATPase pumps three Na+ out of the cell while 

pumping two K+ back in for every molecule of ATP consumed. This sets up an 

electrochemical gradient which activates the Na+-K+-2CI' co-transporter. The 

Na+-K+-2CI' co-transporter moves Cl' and K+ back into the cell along with Na+. 

The Cl' channel moves Cl‘ out of the cell thereby giving the apical membrane a 

charge that pulls Na+ through the intercellular space resulting in a net excretion 

of NaCI. Taken from Morrison, 2005b.
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Figure 5. Hypothesized ion transport in the gut based absorption models 

described for seawater eels (Marvao 1994) and seawater fish (Movileanu 1998). 

The gut Na+/K+-ATPase initiates absorption of NaCI by pumping three Na+ out of 

the cell and pumping two K+ into the cell. K+ leaves the cell via a K+ channel 

while the Na+-K+-2CI' co-transporter pumps Na+, K+, and Cl" back into the cell. A 

K+/CI' symport transports K+ and Cl' back into the blood while a K+ channel and a 

Cl' channel leak ions across the basolateral membrane. As the basolateral 

membrane is negatively charged due to its Cl' permeability, Na+ leaks through 

the paracellular pathway to balance out the charge resulting in a net absorption 

of NaCI.
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a Subunit
EXTRACELLULAR

CYTOPLASMIC

Figure 6. The transmembrane Ma+/K+-ATPase a subunit. The a subunit is 

responsible for ion bindin 3 and transportation. This model is based on an a 

subunit image spanning the cellular membrane with regions located in the 

cytoplasm as well as extracellular space (Blanco 1998). The amino acid 

residues are colored to indicate the identity between the a (1,2,3,and 4) isoforms. 

The black boxed regions highlight the two isoform defining regions. The blue box 

represents the Na+ and K+ binding sites (Capendeguy, 2006).
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Hypotheses

We hypothesize that serum osmolality in T. bernacchii would decreases in 

a time and temperature dependent manner with warm acclimation, that warm 

acclimation would increase the number of chloride/absorptive cells in a time and 

temperature dependent manner in both the gill and gut of T. bernacchii. Since 

warm acclimation has been shown to increase Na+/K+-ATPase activity within the 

gill, we also hypothesize that warm acclimation would increase the Na+/K+- 

ATPase activity in the gut of T. bernacchii in a time and temperature dependent 

manner.

With osmolalities between 540 mOsm/kg and 575 mOsm/kg (O'grady 

1982b; Gonzalez-Cabrera 1995b; Guynn 2002a), the Antarctic Nototheniid 

Trematomus bernacchii is able to reduce the osmotic gradient between itself and 

seawater, therefore conserving the amount of energy required to produce ATP 

for ion transport. Warm acclimation to +4°C has been shown to decrease serum 

osmolality of the T. bernacchii after five weeks from 590 mOms/kg to 451 

mOms/kg (Gonzalez-Cabrera 1995b; Guynn 2002; Morrison 2005b). This is 

accompanied by an increase in gill Na+/K+-ATPase activity via a conformational 

change of the a subunit (Guynn 2002; Morrison 2005) suggesting that the 

decrease in serum osmolality and increase in Na+/K+-ATPase activity in the gills 

is due to a conformational change of the enzyme to be more efficient at pumping 

ions out of the cell. In this study, we will determine if Antarctic T. bernacchii 

respond to warm acclimation by lowering serum osmolality within two to six days.
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The Na+/K+-ATPase enzyme is located within the Cl cells of the gill and 

absorptive cells of the gut in teleosts. While the gill has a major osmoregulatory 

function in the excretion of ions, the intestine plays a major role in ion absorption. 

While the gill plays a primary role in fish osmoregulation by excretion of ions, it is 

unclear at this time to what degree the intestines are involved in ion absorption in 

response to warm acclimation in the T. bernacchii. Other marine teleosts have 

been shown to absorb ions via Na+/K+-ATPase enzymes and Na+,K+,2CI' co

transporters within different sections of the intestine (Movileanu 1998). T. 

bernacchii gill sections as well as three sections of intestine (ceca, proximal, and 

distal) will be stained with the same antibodies that recognize the Na7K+-ATPase 

and the Na+,K+,2Cr co-transporter proteins in T. bernacchii gills (Brauer et ai. 

2005) to determine if warm acclimation changes the number of Cl cells staining 

positive for the Na+/K+-ATPase and the Na+,K+,2Cr co-transporter in a time and 

temperature dependent manner in both the gill and gut of the T. bernacchii. Time 

and temperature dependent changes in Na+/K+-ATPase activity of gill and gut 

sections acclimated to +4°C four weeks will be monitored.

The current studies were designed to compare changes in serum 

osmolality, in the number of gill Cl cells and gut absorptive cells, and gill and gut 

Na+/K+-ATPase enzymatic activity in an effort to understand multi-system 

contribution to warm acclimation.
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Chapter Two

Materials and Methods
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Osmolality

Fish Collection

T. bernacchii were caught with traps and hook and line in McMurdo 

Sound, Antarctica from September through December 2005. Fish size ranged 

from 25 to 300 grams. Fish were transported back to McMurdo station in aerated 

coolers and placed in aquaria with regulated temperatures of -1 .5°C 

(environmental control group). After 1-6 weeks of cold acclimation, fish were 

placed in aquaria with temperatures at +1°C and +4°C (respective experimental 

groups) for up to four weeks. Fish were then sampled over two separate time 

courses, every three days beginning with day 0 and ending with day 12 (study 1 ) 

and after 48 hours, 1 week, 2 weeks, and 4 weeks (study 2) to determine the 

effects of osmoregulation in a time and temperature dependent manner.

Serum Osmolalities

Fish were placed dorsal side down on a tray of ice and 50-100 pi of blood 

was removed via the caudal vessel with a 25 or 30 gauge needle. Blood was 

placed in a 400 |il microcentrifuge tube and kept on ice until serum could be 

separated by centrifugation at 10,000x g for approximately two min. Serum 

osmolalities were determined by a vapor pressure osmometer (Wescor; Logan, 

Utah).

Analysis

Data were graphed and analyzed using Microsoft Excel and one-way 

ANOVA through GraphPad Prism software to calculate statistical significance.

27



Immunocytochemistry and Histology

Tissue Collection

Fish were removed from aquaria and the spinal cord was immediately 

severed. Whole gill and proximal, distal, and ceca gut sections of about 20-25 

mm in length were removed and placed in a fish ringer solution ([280 mM NaCI 

for -1.5°C acclimation, 250 mM NaCI for +1°C acclimation, and 220 mM NaCI for 

+4°C acclimation], 5 mM KCI, 3 mM MgCI2, 10 mM NaHC03, 10 mM HEPES, 5 

mM glucose, pH 7.8).

Paraffin Embedding

Gill tissue was removed from the fish and placed in 4% paraformaldehyde 

for 2-3 h while gut tissue was removed and placed in 4% paraformaldehyde for at 

least 4 h. After fixation, tissues were then rinsed with phosphate-buffered saline 

(PBS). Tissue was then dehydrated by rinsing in the following series of ethanol 

in water concentrations for 10 min each: 50%, 70%, 80%, 95%, 100%, 100%, 

and 100%. Ethanol was then replaced with Citrisolve and the tissue was again 

placed in each of the following concentrations for 10 min: 2:1 ethanol:Citrisolve, 

1:1 ethanol:Citrisolve, 1:2 ethanokCitrisolve, 100% Citrisove, 100% Citrisolve, 

and 100% Citrisolve. The following steps were performed in a vacuum oven with 

a temperature ranging from 54°C to 58°C. Citrisolve was replaced with Paraplast 

X-tra (which has a lower melting point than Paraplast Plus) or Paraplast Plus 

(Fisher; Hampton, NH). Tissues were placed in the following concentrations: 2:1 

Citrisolve:paraffin for 30 min, 1:1 Citrisolve:paraffin for 30 m, 1:2
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Citrisolve:paraffin for 30 min, 100% paraffin for 1-2 h, 100% paraffin for 1-2 h or 

overnight. Tissue was then embedded in fresh paraffin and oriented so that the 

gill arch and filaments rested horizontally across the plane of the surface of the 

block and gut tissue was oriented as a cross-section. Tissue was cut into five 

micron thick paraffin sections. Sections of ribbon were placed in a water bath at 

a temperature of ~40°C and placed upon clean microscope slides and dried for 

approximately 30 min at 30-35°C before placed in slide boxes for temporary 

storage.

Hematoxylin & Eosin Staining

Slides were first deparaffinized using Citrisolve and rehydrated through an 

ethanol series and then rinsed in tap water for 1-3 min. Slides were placed in 

freshly filtered Harris hematoxylin (Fisher Scientific Waltham, MA) for 1-3 min. 

Slides were then rinsed in tap water until the water ran clear. Slides were then 

stained with 1% eosin Y (Fisher Scientific Waltham, MA) (in DI H2O) for 1-3 min. 

Slides were again rinsed in tap water until the water ran clear. Slides were 

rinsed two times in 95% alcohol, then rinsed in absolute alcohol, and then were 

rinsed briefly in Citrisolve before being coverslipped using Permount (Biomeda; 

Foster City, CA).

Hematoxylin & Eosin Analysis

Pictures were taken from gut sections (n=3 fish for proximal, distal and 

ceca at -1.5°C and +4°C). Three slides (each containing 5-8 sections of tissue)
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from each of the three proximal, distal and ceca samples were stained. The three 

images from each fish sample were saved and studied for visual changes in 

appearance, including swelling and color.

Immunostaining

Slides were deparafinized and rehydrated as described above and 

equilibrated in ethanol and H20  and then rinsed in PBS. Sections were covered 

with blocking buffer (PBS containing 1% normal donkey serum [Lot # 58572 

Jackson Laboratories, Inc.; Westgrove, PA] and 0.1% Tween 20 [Fisher Scientific 

International; Hampton, NH], pH 7.2-7.4) and incubated for 20 min. Blocking 

buffer was then removed from gill tissue and replaced with a 1:50 dilution of 

mouse pan-a monoclonal antibody (Developmental Biology [DB] Hybridoma 

Bank, Iowa City, IA) made in blocking buffer for one hr, a 1:25 dilution of mouse 

T4 co-transport monoclonal antibody (DB Hybridoma Bank) in blocking buffer for 

two h, a 1:25 dilution of mouse a1 monoclonal antibody (DBHybridoma Bank), or 

a 1:25 dilution of goat a3 polyclonal antibody (Upstate Biotechnologies). The gut 

tissues were incubated in a 1:25 dilution of mouse pan-alpha in blocking buffer 

for two hours, a 1:25 dilution of mouse T4 in blocking buffer for two hr, or a 1:5 

dilution of mouse monoclonal a1 or goat polyclonal a3 in blocking buffer for two 

hr. Sections were then washed in PBS-0.1% Tween, three times for 3 min each 

(or Triton-X 100). Sections were then incubated in secondary antibody (goat 

anti-mouse, IgG at 1:1000 in blocking buffer) for one hr. Sections were again 

washed in PBS-0.1% Tween and then incubated in tertiary antibody (donkey anti
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goat IgG Alexa 568: Molecular Probes Inc. Eugene, OR; 1:1000 in blocking 

buffer) for one hour. Sections were again washed in PBS-0.1% Tween. For 

nuclei staining, sections were subsequently incubated in a 1:2000 dilution of 10 

mg/ml 4’6-diamidino-2-phenylindole (DAPI) (Sigma; St. Louis, MO) in PBS-0.1% 

Tween for 10 min. Slides were then rinsed in PBS and sections were 

coverslipped with Vectashield (Vector Laboratories, Inc.; Burlingame, CA) as a 

mounting medium. Slides were then examined and photographed on a 

fluorescent microscope.

Digital images were taken of gill tissue from a single filament of each fish 

using 10x, 20x and 40x objectives with a Nikon EF-4 G-1B filter set with an 

excitation filter wavelength of 546 (+/- 10 nm) and an emission filter of 590 nm to 

detect the Alexa 568. The orientation of the gill was arranged so that the gill 

filament ran parallel with and horizontal to the lower border of the image frame. 

For gut samples, cross-sectioned images of each fish sample were oriented with 

the outer smooth muscle located along the periphery of the image frame.

Immunostaining Analysis

Fluorescent pictures were taken from gut sections (n=6 fish for proximal, 

n=3 fish for distal and ceca at -1.5°C and +4°C) and gill sections (n=6 fish at - 

1.5°C, +1 °C and +4°C). Three slides (each containing 5-8 sections of tissue) 

from the six different fish proximal gut samples and three slides from each of the 

three different fish distal and ceca sections were stained with pan a, T4, a1 and 

a3 antibodies in an attempt at having the three fish from each temperature group
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having each of the four tissue samples stained with each of the four antibodies 

(Table 1). The fish from this +1°C temperature group did not yield enough gill 

tissue to stain with all four of the antibodies, so only pan a and T4 

immunostaining was performed on these tissues. The three images from each 

fish gut tissue sample were analyzed by counting individual cells within one 10 

pm long section. Three slides from each of the six gill sections were also stained 

with antibodies. The three images of gill filaments from each fish gill sample 

were analyzed by counting the individual cells within the filament and the lamellar 

samples. Cells were counted when clearly visible/separate and expressed as 

number of cells/100 nm. Measurements of cell/tissue lengths were also 

performed by analyzing lamellar lengths and interlamellar distances. A one-way 

ANOVA coupled with a Tukey’s multiple comparison test was used in the 

statistical analysis of the data.
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pan-a T4 a 1 a3

Fish #1 gill 3 S/3 I 3 S/31 3 S/31 3 S/31

Fish #1 Ceca 3 S/3 I 3 S/31 3 S/3 1 3 S/31

Fish #1 Proximal 3 S/3 I 3 S/31 3 S/31 3 S/31

Fish #1 Distal 3 S/3 I 3 S/3 1 3 S/31 3 S/31

Fish #2 gill 3 S/3 I 3 S/31 3 S/3 1 3 S/3 1

Fish #2 Ceca 3 S/3 I 3 S/31 3 S/3 1 3 S/31

Fish #2 Proximal 3 S/3 I 3 S/3 1 3 S/31 3 S/31

Fish #2 Distal 3 S/3 I 3 S/31 3S/3I 3 S/31

Fish #3 gill 3 S/3 I 3 S/31 3 S/31 3 S/3 1

Fish #3 Ceca 3 S/3 I 3 S/3 1 3 S/31 3 S/3 1

Fish #3 Proximal 3 S/3 I 3 S/31 3 S/3 1 3 S/31

Fish #3 Distal 3 S/3 I 3 S/3 1 3 S/31 3 S/3 1

Fish #4 gill 3 S/3 I 3 S/31 3 S/3 1 3 S/31

Fish #4 Ceca 3 S/3 I 3 S/31

Fish #4 Proximal 3 S/31 3 S/31 3 S/31 3 S/3 1

Fish #4 Distal 3 S/31 3 S/31

Fish #5 gill 3 S/31 3S/3I 3 S/3 1 3 S/3 1

Fish #5 Ceca 3 S/31 3 S/31

Fish #5 Proximal 3 S/31 3 S/31 3 S/31 3 S/31

Fish #5 Distal 3 S/31 3 S/31

Fish #6 gill 3 S/31 3 S/31 3 S/3 1 3 S/31

Fish #6 Ceca 3 S/31 3 S/31

Fish #6 Proximal 3 S/31 3 S/3 1 3 S/3 1 3 S/31

Fish #6 Distal 3 S/31 3 S/31

3 3



Table 1. Antibody stained tissues. Table 1 is a table of fish tissues and 

antibodies used. 3 sections (S) and 3 images (I) were taken from each fish 

tissue stained with each of the four antibodies (with the exception of ceca and 

distal tissues).
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Na+/IC-ATPase Activity

Tissue Collection

Whole gill and proximal, distal, and cecum sections of 20-25 mm in length 

were removed from the fish. The gill filaments were removed from the gill arches 

with scissors and the gut tissue was scraped with a microscope slide to further 

isolate the epithelial layer making sure to keep all instruments on ice as well as 

the slide while tissue was being scraped. The collection yielded approximately 

1.0 g of tissue from each tissue sample. Both gill filaments and gut scrapings 

were placed in foil packets, labeled, flash-frozen in liquid nitrogen, and stored at - 

80°C.

Membrane Preparation

Tissue was then thawed and homogenized at 8000 rpm using a handheld 

homogenizer (Janke and Kunkel IKA Labortechnik Ultra-Turrax model #T25; 

Staufen, Germany) in 50 ml centrifuge tubes containing a protein extraction 

buffer (250 mM sucrose, 5 mM ß mercaptoethanol, 50 mM imidazole, Protease 

Inhibitor Cocktail [Cat. # P2714, 4-(2Aminoethyl) benzenesulfonyl fluoride 

hydrochloride, aprotinin, Bestatin hydrochloride, E-64, ethylenediaminetetraacetic 

acid (EDTA), leupeptin hemisulfate salt; Sigma; St Louis, MO], pH 7.4) at a 

concentration of approximately 1.0 g tissue/10 ml buffer for 10-30 sec depending 

on the tissue. Extraction buffer and homogenizer pestle were kept on ice to 

prevent warming of the tissue during homogenization. The homogenate was 

centrifuged at 2,000 x g for 15 min at +4°C in a Sorvall Instruments Ultra
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Centrifuge (serial #8701533 RC-5C, fixed angle SA-600 rotor type; Ridgefield, 

CT.). The supernatant was removed and centrifuged at 19,000 x g for 90 min at 

+4°C with the same centrifuge and rotor. The pellet was then re-suspended in 

50 mM imidazole buffer at a concentration of approximately 1 mg/ml. The 

suspended protein was either assayed immediately or frozen for storage at 

-80°C.

Na+/tC-ATPase Analysis

Protein concentration of the homogenates was determined using the 

method of Bradford (Bradford 1976). Coomassie blue G-250 (Pierce; Rockford, 

IL) (300 |jl) was added to a microtiter plate and concentrations ranging from 0-1.5 

mg/ml of bovine serum albumin (Pierce; Rockford, IL) (10 nl) were added to the 

reagent to produce a colorimetric reaction indicating concentrations of the 

unknowns. The absorbance at 595 nm was measured using a 

spectrophotometer (EL340 BioTek Instruments; Winooski, VT) to estimate the 

protein concentration of the unknowns based on a standard curve generated 

using the BSA. The Coomassie blue binds to the amino acid residues in the 

protein at a maximum absorbance wavelength of 595 nm. Concentrations of the 

unknowns were determined using the linear regression equation from the 

standard BSA protein curve. It is important to note that the regression for this 

curve is only linear for short concentration ranges between 0-1.5 mg/ml.
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To determine changes in Na+/K+-ATPase activity upon warm acclimation, 

the amount of free inorganic phosphates released by phosphorylation of the ATP 

used by the enzyme during a reaction was measured. Enzyme activity 

quantification was performed as described by (Gonzalez-Cabrera 1995a;

Morrison 2005a). Homogenized protein from the gill and gut (75 pg prepared as 

previously mentioned) was added to 5 mM imidazole, 25 mM KCI, 5 mM MgCL2, 

and 100 mM NaCI. The Na+/K+-ATPase activity was defined as the ouabain (2 

mM) inhibited activity subtracted from the total enzymatic activity of the assay. 

Double distilled water (ddH20) was added to bring the final volume to 500 pi (the 

addition of 5 mM Na-ATP was taken into account for the final volume). The 

solution was kept on ice until a final concentration of 5 mM Na-ATP was added to 

begin the enzyme catalysis. The final volume incubated at 37°C for 20 min was 

500 pi. The concentrations of K+ and Na+ in the assay have been previously 

shown to be optimal for the Na+/K+-ATPase activity (Morrison 2005a); (Guynn 

2002a). The reaction was stopped with the addition of 100 ul 25% trichloroacetic 

acid (TCA).

Analysis

Samples from the ATP assay were analyzed by the colorimetric method of 

Ames (Ames 1966) to determine the amount of free inorganic phosphates 

released during the enzyme reaction with ATP. The ATP assay product (600 pi) 

was diluted with 500 pi of ddH20  for a final volume of 1 ml. Varying amounts of 

0.333 uM standard phosphate (SPEX CertiPrep; Metuchen, NJ) (0 pi, 120 pi, 240
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|il, 480 jil, 720 pi and 840 |_il) were used to create standard absorbance curves 

for inorganic phosphate to determine the concentrations of the unknowns. To 

account for the TCA in the unknowns, 25% TCA was added to the standards at a 

volume of 167 pi. Double distilled H20  was also added to bring the volume to 1 

ml. One part 10% ascorbic acid was added to six parts 0.42% ammonium 

Molybdate and 0.4H20  in 1 N H2S04 to create the Ames reagent. The Ames 

reagent (2.33 mis) was added to each of the standard and unknown tubes and 

incubated at 45°C for 20 min. Each sample was immediately pipetted into a 

microtiter plate reader (300 pi) and absorbance was read at 750 nm on a 

spectrophotometer. The linear regression analysis equation of the standards 

provided the concentrations of phosphate released from the unknowns during the 

ATP assay.

These concentrations were based determined by a standard curve and 

multiplied by the factor (6/5)(3)(1000/75) to determine the specific activity of the 

enzyme (6/5 is the correction for volume (500 pi original volume plus 100 pi 25% 

TCA divided by 500 pi taken for Ames reaction), 3 is the correction for time (20 

min), and 1000/75 is the correction for the amount of protein (75 pg tissue). The 

unknowns subjected to ouabain (Na+/K+-ATPase inhibitor) were subtracted from 

ouabain-free unknowns to determine the amount of Pi released from the Na+/K+- 

ATPase during the reaction. This information was then used to determine a 

change in Na+/K+-ATPase activity between the different experimental groups. 

Linear regression and units of activity were calculated using Excel software while
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statistical analysis and graphs of all fish enzymatic activities were performed 

using GraphPad Prism software.
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Chapter 3

Effects of Warm Acclimation on Serum Osmolality, Gill and Gut Chloride 

Cell Morphology/ Gut Histology, and Gill and Gut Na7K*-ATPase Activity
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Osmolality

The effects of various amounts of time and temperatures on serum 

osmolality were determined and two different temperature studies were 

performed. In the first study, fish were warm acclimated at either -1.5°C, +1°C or 

+4°C and measurements were taken every three days for up to 12 days. After 

six days of warm acclimation at +1 °C or +4°C there was a significant decrease in 

osmolality compared to the control group (Fig. 7). After nine days of acclimation, 

while the +4°C group was still significantly lower than the control, the +1°C group 

was not. While serum osmolalities in both warm acclimated groups were 

significantly lower than the control group at day 12 , acclimation to +4°C was 

significantly lower than the +1°C group by nine and 12 days.

In the second temperature study, the effects of warm acclimation serum 

osmolalities were monitored over several weeks. A significant change in 

osmolalities as early as two days in the +4°C fish was seen and continued 

through week four in study 2 (Fig. 8). No significant change was noted in the 

+1°C fish until two weeks. This study also demonstrated a significant difference 

in serum osmolality between one week and two week cold acclimated -1.5°C fish.
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Warm Acclimation for 12 Days on Osmolality
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Figure 7. Study 1. Effects of warm acclimation on serum osmolality over the 

course of 12 days. Warm acclimation of T. bernacchiito +4°C and +1°C over the 

course of 12 days resulted in significant decreases in serum osmolality. The 

solid blue line represents control fish osmolalities acclimated to -1.5°C for one to 

four weeks. Dashed blue lines indicate SEM. Yellow bars represent acclimation 

to +1°C while red bars represent acclimation to +4°C. The Y axis indicates 

serum osmolalities while the X axis represents days of acclimation. A two-way 

ANOVA coupled to a Bonferroni post-test was used to compare +1°C and +4°C 

serum osmolalities to the -1.5°C. The letter a (P<0.05) indicates a significant 

difference between the two warm acclimation groups while asterisks indicate 

significant differences from control (* P<0.05, ** P<0.01, *** P<0.001). N=6 for all 

groups.
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Warm Acclimation for Four Weeks on Osmolality

1 day 2 days 1 week 2 week 4 week 
Acclimation Time

460

Figure 8. Study 2. Effects of temperature acclimation on serum osmolality over 

the course of four weeks. Fish were acclimated in an aquarium to -1.5°C for 

different lengths of time, represented by single square points (i.e.1, 2, and 4 

weeks). The blue line represents the average of the -1.5°C points. Fish that had 

been acclimated at -1.5°C for a minimum of 1 week were moved into +1° C and 

+4°C tanks for different time periods and are represented by the yellow and red 

bars respectively along the x-axis. A non-parametric ANOVA coupled to a Dunn’s 

multiple comparison test was used to compare +1°C and +4°C serum 

osmolalities to the -1.5°C average (*P<0.05, **P<0.001). 2 week and 4 week - 

1.5°C fish were compared to 1 week -1,5°C fish by an unpaired t-test (a p<0.05). 

N=9 for all -1.5°C acclimation groups and 2 week +4°C, N=7 for 2 week +1°C 

acclimation group, N=10 for 4 week +4°C acclimation group, N=8 for all other 

acclimation groups. (Hudson, 2007)
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Histology and Immunocytochemistry

H&E staining

H&E staining of the gut tissue of the T. bernacchii provided a histological 

reference to the form and function of the Antarctic teleost gut. The proximal, 

distal and ceca of cold and warm acclimated fish were stained with hematoxylin 

and eosin to distinguish negatively charged regions of cellular molecules such as 

phosphate groups of nucleic acids from positively charged regions of cellular 

molecules such as cytoplasmic proteins resulting in a detailed image of the 

intestinal structure. Figure 9 shows all three regions after cold and warm 

acclimation.

The T. bernacchii gut absorptive cells in all regions were columnar and 

pseudo stratified columnar indicated by nuclei generally located within the center 

of the epithelial layer, while the goblet cells were in different stages of excretion 

within the epithelial layer of the villi. There was very little variation in connective 

tissue and the smooth muscle layers. The nuclei of the smooth muscle cells 

were evenly distributed within the layer. Mucosal folds of several samples were 

swollen and puffy while others were more delicate and fragile, likely due to 

fixation or cutting. However these fragile samples tended to be the +4°C fish and 

were found among all three intestinal sections. Epithelial and goblet cell sizes 

and shapes were uniform throughout tissues and experimental groups.

However, length and frequency of villi folding seemed to be relative to each fish, 

not the intestinal section and/or temperature group. H&E staining also revealed
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that the +4°C fish tended to have more connective tissue between the epithelium 

and the smooth muscle. Some samples had large amounts of connective tissue 

on the basolateral side of the epithelial layer while others had very little. Again, 

this was a trend more specific towards individual fish rather than any sort of 

morphological positioning or experimental adaptation.

Figures 9-A and B show the difference between control -1,5°C acclimated 

cold fish ceca and 4-week 4°C warm acclimated fish ceca. Fish that were 

acclimated for 4 week at +1°C were similar to control while the (not shown) 4 

week +4°C fish had few differences. Both the control and warm ceca tended to 

have thick smooth muscle layers with numerous smooth muscle cells identified 

by positive nucleus staining with hematoxylin. Both groups also had a line of 

epithelial cells bordering the serosal border of the submucosa. Comparatively, 

the ceca tissue in both acclimation groups had lighter staining than both the 

proximal and distal warm acclimation groups. While the control ceca had thick 

muscularis and serosal layers, the basophilic regions of the tissue were evident 

mostly at the base of each villi. The warm acclimated ceca group however, had 

basophilic regions throughout each villus. While basophilic regions were 

concentrated at the base of the loops, staining was evident throughout the 

mucosa. The warm acclimated ceca group had darker stained tissues in all 

layers of the sample with the exception of the muscularis. The warm acclimated 

group also had a serosal layer indicated by very dark staining. The warm ceca 

also had more blood vessels in the submucosa and often times had more dense 

staining of nuclei within the smooth muscle.
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Figures 9-C and D show the difference between control -1.5°C acclimated 

cold fish proximal and 4-week 4°C warm acclimated fish proximal intestine. Fish 

that were acclimated for 4 week at 1°C were similar to control while the 4 week 

+4°C fish had few differences. The cold and warm acclimated proximal groups 

both had a dark serosal layer while the layer itself was thinner than other 

intestinal sections. Both warm and cold groups had darker basophilic regions 

compared to the ceca of both temperature groups as well as more goblet cells 

when compared to the ceca samples. The cold proximal group had more 

basophilic regions spread evenly throughout the intestinal loops along the 

epithelium. The cold proximal group also had smooth muscle cells. The warm 

acclimation proximal group was much darker than the control and had larger 

areas of connective tissue and a larger sub mucosal layer. High magnification 

revealed many cell nuclei within the sub mucosal layer. The smooth muscle had 

higher intensity staining than control.

Figures 9-E and F show the difference between control -1.5°C acclimated 

cold fish distal and 4-week 4°C warm acclimated fish distal intestine. Fish that 

were acclimated for 4 week at +1°C were similar to control while the 4 week +4°C 

fish had few differences. Both control and warm acclimated distal gut had much 

thicker smooth muscle layers than both the proximal and ceca gut segments.

Both groups also had a darker serosal layer and more goblet cells than the ceca 

group. The control group however, had a thin serosal layer and the base of the 

intestinal loops had more concentrated hematoxylin staining. The warm 

acclimated group had numerous smooth muscle nuclei as well as large amounts
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of connective tissue. The basophilic regions were spread evenly throughout the 

villi. Several warm acclimated distal tissues had very uniform villi along the 

intestinal loops.

Table 2 is summary of observations from these histology experiments.
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H & E Staining of Gut Regions

-1.5°C +4°C
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Figures 9-A and B. Ceca tissue from the T. bernacchii acclimated to -1.5°C or 

4°C stained with hematoxylin and eosin. The darker hued areas stained with the 

hematoxylin indicate basophilic regions in the tissue such as the nuclei of the 

cells. Pinker areas stained with eosin indicate positively charged regions such as 

cytoplasm. Scale bars represent 100 microns.

Figures 9-C and D. Proximal tissue of the T. bernacchii intestine acclimated to - 

1,5°C and 4°C and then stained with hematoxylin and eosin. The darker hued 

areas stained with hematoxylin indicate the basophilic regions such as the nuclei 

of the cells. Pinker areas stained with eosin indicate positively charged regions 

such as cytoplasm. Scale bars represent 100 microns.

Figures 9-E and F. Distal tissue of the T. bernacchii intestine acclimated to - 

1.5°C and 4°C and then stained with hematoxylin and eosin dyes. The darker 

hued areas stained with hematoxylin indicate the basophilic regions such as the 

nuclei of the cells. Pinker areas stained with eosin indicate positively charged 

regions such as cytoplasm. Scale bars represent 100 microns.
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Summary of Histology Results

-1.5 4
C P D c P D

Swollen several several several few few few
Brittle few few few several several several

Increased 
Connective Tissue X X X
Columnar Stratified 

Epithelial Cells X X X x X X
Goblet Cell 
Excretion X x+ X++ x x+ X++

Smooth Muscle 
Nuclei x x x x X X

Variation in Mucosal 
Folding x x x x x X

Thicker Smooth 
Muscle x x+ x X+

More Intense Staining 
of

Negatively Charged 
Regions X x x

Basophilic Staining 
Evenly Represented x x X

Intense Serosal 
Staining x x x x X

Table 2. Summary of Histology Results. H&E staining of gut ceca (C), proximal 

(P), and distal (D) gut sections revealed several small changes between control 

and warm acclimated fish. X represents presence of described difference, while 

(+) represents either some difference from ceca or most difference (++) from 

ceca. Several noted changes were found in samples within each acclimation 

group.
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Immunostaining

Table 3 shows the osmolalities of fish sampled for these immunostaining 

experiments. All fish were acclimated to each temperature group for at least four 

weeks. For several of the experiments, we were able to use tissue samples from 

the same fish used for the serum osmolality and Na+/K+-ATPase activity studies

1 and 2 experiments. Table 3 is a chart of the osmolalities for each fish used for 

immunostaining.
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Serum Osmolalities of Fish in Immunocytochemistry Studies

Pan
Alpha Fish # OSM Fish # OSM Fish # OSM

2245 539 418 524 118 566
2246 567 419 619 141 515
2247 567 420 553 142 566
2275 536 421 651 143 X
2285 553 422 527 144 X
2295 539 430 477 145 X

T4
2245 539 419 619 114 535
2246 567 420 553 116 552
2247 567 421 651 117 567
2275 536 422 527 118 566
2285 553 430 477 141 515
2295 539 433 500 142

143
144
145

566
X
X
X

Alpha 1
2245 536 418 524
2246 567 419 619
2247 567 420 553
2285 553 421 651
2295 539 422

433
435
436
437

527
500
470
508
489

Alpha 3
2245 536 421 651
2246 567 422 527
2247 567 433 500
2285 553 435 470
2295 539 437 489

Table 3. Serum osmolalities. Acclimation temperature was used in assigning the 

first digit of the numbers assigned to each fish sample. The number 2 indicates 

the -1.5°C acclimated fish, the number 4 indicates the +4°C acclimated fish, and 

the number 1 indicates the +1°C acclimated fish. OSM indicates serum 

osmolalities. The letter x indicates unavailable osmolalities.
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Incubation of gill tissue with antibodies provided an immunocytochemical 

evaluation of the changes in ion pump and channels numbers and distribution. 

Incubation with the pan-a antibody (recognizing all three of the Na+/K+-ATPase a 

sub-units) and the T4 antibody (recognizing the Na+,K+,2Cr co-transporter) 

resulted in no significant change in the number of cells staining positive for either 

antibody upon warm acclimation when compared to control with the exception of 

+4°C acclimation on the T4 antibody which showed a significant decrease (Figs. 

10 and 11).

Both the pan-a and T4 antibodies stained positive in the proximal, distal 

and ceca gut sections (Figs 12 and 13). The pan-a antibody stained along the 

basolateral section of the epithelial layer. The staining was found evenly 

dispersed along the epithelium although the staining was heaviest along the 

apical portions of the villi and was lighter throughout the basolateral portions of 

the loops in all three gut regions. The T4 antibody stained along the luminal 

microvilli of the loops in a much tighter and even pattern than the pan-a (Fig. 14). 

Similar to the pan-a, the T4 stained darker along the apical sections of the villi 

and lighter along the basolateral portions of the loops in all three regions.

Gill a1 antibody staining indicated a significant decrease (P<0.05) in the 

number of cells staining positive for the antibody directed against the a1 isoform 

of the Na+/K+-ATPase subunit upon acclimation to +4°C (+1°C fish were 

unavailable for a1 and a3 immunostaining) (Figs. 14 and 15). However a1 

staining of all three gut tissues from both the control and +4°C temperature 

groups was not detected, only large amounts of background fluorescence and
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non-specific binding was observed (Fig. 16). A western blot was performed on 

the a1 subunit of the gill, and proximal and distal gut of -1.5°C fish (Fig. 17). 

Analysis of the blot showed a band for the a1 isoform in the gill tissue, but no 

bands were observed for any of the gut tissues.

Gill a3 antibody staining showed there was no significant difference in the 

number of cells staining positive for the antibody (Figs. 18 and 19). All three gut 

tissues also stained positive for the a3 antibody, unlike the a1 antibody. (Fig. 20). 

The a3 antibody stained in the gut tissue with a majority of dark staining along 

the basolateral membrane of the mucosal layer and along the luminal portion of 

the loops, while staining along the basolateral portion of the loops was much 

fainter.
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Pan-a Cells T4 Cells

Temperature Temperature

Figure 10. Number of pan-a and T4 positive cells in gill of -1.5°C and +4°C 4 

week acclimated fish. Warm acclimation of T. bernacchii gill immunostaining of 

the pan a antibody resulted in no significant difference from control for either four 

week acclimation group. However, +4°C was significantly lower than +1°C. 

Immunostaining of the T4 antibody at +4°C for four weeks resulted in a 

significant decrease from control. The blue bar represents -1.5°C, the red bar 

represents +4°C, and the yellow bar represents +1 °C. The Y axis represents cell 

number and the X axis represents temperature. A one-way ANOVA coupled with 

a Tukey’s multiple comparison test was used to determine significance. n=5 for 

pan a study. n=6 for T4 study.

55



-1.5°C +4°C

Figure 11. pan-a immunostaining of T. bernacchii gill. A) Image of T. bernacchii 

gill acclimated to -1.5°C and then incubated with pan-a antibody. B) Image of T. 

bernacchii gill acclimated to +4°C and then incubated with pan-a antibody. C) 

Image of T. bernacchii gill acclimated to -1.5°C and then incubated with T4 

antibody. D) Image of T. bernacchii acclimated to +4°C and then incubated with 

T4 antibody. Blue areas (DAPI staining) indicate cell nuclei while bright red 

areas indicate positive staining of the Na+/K+-ATPase and Na+,K+,2CI' co

transporter respectively. Scale bars represent 50 microns.
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Figure 12. A ,B) pan-a immunostaining of ceca gut from T. bernacchii acclimated 

to -1.5°C or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red 

areas indicate positive staining of the Na+/K+-ATPase as indicated by arrow.

Scale bar represents 50 microns.

C, D). pan-a immunostaining of proximal gut from T. bernacchii acclimated to - 

1.5°C for +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas 

indicate positive staining of the Na+/K+-ATPase as indicated by arrow. Scale bar 

represents 50 microns.

E, F) pan-a immunostaining of distal gut from T. bernacchii acclimated to -1.5°C 

or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas 

indicate positive staining of the Na+/K+-ATPase as indicated by arrow. Scale bar 

represents 50 microns.
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Figures 13 A, B) T4 immunostaining of ceca gut from T. bernacchii acclimated to 

-1.5°C or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas 

indicate positive staining of the Na+,K+,2CI' co-transporter as indicated by arrow. 

Scale bar represents 50 microns.

C, D) T4 immunostaining of proximal gut from T. bernacchii acclimated to -1.5°C 

or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas 

indicate positive staining of the Na+, K+,2CI' co-transporter as indicated by arrow. 

Scale bar represents 50 microns.

E, F) T4 immunostaining of distal gut from T. bernacchii acclimated to -1.5°C or 

+4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas indicate 

positive staining of the Na+, K+,2CI' co-transporter as indicated by arrow. Scale 

bar represents 50 microns.
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a1 Cells

Temperature

Figure 14. Number of a1 positive cells in gill filaments of -1.5°C and +4°C 

acclimated fish. Warm acclimation of T. bernacchii gill stained for the a1 subunit 

isoform resulted in a significant decrease (P<0.05) from control. The blue bar 

represents -1.5°C and the red bar represents +4°C. The Y axis represents cell 

number and the X axis represents temperature. An unpaired twotailed student T- 

test was used for statistical analysis. N=6 for each group. +1°C fish were 

unavailable for this study.
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Figure. 15 A) a1 staining of gill filaments from T. bernacchii acclimated to -1.5°C. 

B) a1 staining of gill filaments from T. bernacchii gill acclimated to +4°C. Blue 

areas indicate cell nuclei while bright red areas indicate positive staining of the 

Na+/K+-ATPase a1 isoform. Scale bar represents 50 microns.
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Figure 16 A and B) a1 immunostaining of ceca gut from T. bernacchii acclimated 

to -1.5°C or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red 

areas (not evident with a1 staining) indicate positive staining of the Na7K+- 

ATPase a1 isoform. Scale bar represents 50 microns.

C and D. a1 immunostaining of proximal gut from T. bernacchii acclimated to -

1.5°C or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas 

(not evident with a1 staining) indicate positive staining of the Na7K+-ATPase a1 

isoform. Scale bar represents 50 microns.

E and F. a1 immunostaining of distal gut from T. bernacchii acclimated to -1.5°C 

or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas (not 

evident with a1 staining) indicate positive staining of the Na7K+-ATPase a1 

isoform. Scale bar represents 50 microns.
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Figure 17. Western blot image of the a1 subunit isoform in gill, proximal and 

distal gut. The a1 isoform was detected in gill filament in two separate 

experiments but was not detected in either the proximal or distal gut tissues from 

two different fish.
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a3 Cells

Temperature

Figure 18. Number of a3 positive cells in gill filaments of -1.5°C and +4°C 

acclimated fish. Warm acclimation of T. bernacchii gill immunostained with the 

a3 antibody resulted in a non significant decrease (P>0.05) from control. The 

blue bar represents -1.5°C and the red bar represents +4°C. The Y axis 

represents cell number and the X axis represents temperature. An unpaired 

twotailed student t-test was used for statistical analysis. N=6 for each group.
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Figure 19. A) Image of T. bernacchii gill acclimated to -1.5°C and then incubated 

with a3 antibody. B) Image of T. bernacchii gill acclimated to +4°C and then 

incubated with a3 antibody. Blue areas indicate cell nuclei while bright red areas 

indicate positive staining of the Na+/K+-ATPase a3 isoform. Scale bar represents 

50 microns.
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Figure 20 A and B) a3 immunostaining of ceca gut from T. bernacchii acclimated 

to -1.5°C or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red 

areas indicate positive staining of the Na+/K+-ATPase a3 isoform as indicated by 

arrow. Scale bar represents 50 microns.

C and D) a3 immunostaining of proximal gut from T. bernacchii acclimated to - 

1.5°C or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas 

indicate positive staining of the Na+/K+-ATPase a3 isoform as indicated by arrow. 

Scale bar represents 50 microns.

E and F) a3 immunostaining of distal gut from T. bernacchii acclimated to -1.5°C 

or +4°C for 4 weeks. Blue areas indicate cell nuclei while bright red areas 

indicate positive staining of the Na+/K+-ATPase a3 isoform as indicated by arrow. 

Scale bar represents 50 microns.
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Upon warm acclimation to +4°C or +1°C, both time course studies showed 

no change in gill activity after 12 days or four weeks unlike previously reported 

data (Fig. 21). Two-way ANOVA statistical analysis showed no effect of 

temperature upon Na7K+-ATPase activity however, there was some effect of 

time upon Na+/K+-ATPase activity in the second time course study. This was 

evident in all three temperature groups including the -1.5°C acclimated fish. Both 

studies show a non-significant declining trend of Na7K+-ATPase activity unlike 

previously reported studies. The total gill ATPase activities were examined and 

also resulted in no significant change in total activity (Fig. 22).

Fish in the first temporal acclimation study showed a consistent drop in 

Na+/K+-ATPase activity through 12 days of acclimation to +4°C while acclimation 

to +1 °C showed no significant effect until day nine (Fig. 21). Study 2 showed a 

wide variation in activity between the weeks for the cold acclimated fish which 

was unexpected. After four weeks, both warm acclimated groups were lower 

than the control but were not statistically significant due to the large variations in 

activities over time in all three groups and the wide variation in the SEM. Na+/K+- 

ATPase activity assays performed on proximal gut tissue of the same fish also 

showed no significant change after 12 days of acclimation (Fig. 23).

Aquaria temperatures were monitored daily to determine consistency in 

the acclimation process for all experiments to and were ruled at as an influence 

on Na+/K+-ATPase activity (Fig. 24).

Na+/K+-ATPase Activity
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Gill Warm Acclimation Studies

—  -1 -5°C c m  +1 °c H i  +4°C

Figure 21. Gill Na+/K+-ATPase warm acclimation studies. Two separate time 

course studies of the effects of warm adaptation on gill Na+/K+-ATPase activity of 

the T. bernacchii were conducted. Na+/K+-ATPase activity shown in study 1 

corresponds to the fish having serum osmolality shown in Fig. 6. The solid blue 

lines represent the average Na+/K+-ATPase activities in fish acclimated to -1.5°C 

for one to four weeks. Dashed blue lines indicate SEM. Yellow bars represent 

acclimation to +1°C while red bars represent acclimation to +4°C. In B, the blue 

bars represent the average values obtained from fish acclimated at -1,5°C for 1,

2 and 4 weeks. The Y axis indicates Na+/K+-ATPase activity while the X axis 

represents days/hours/weeks of acclimation. Two-way ANOVA was used to 

compare +1°C and +4°C Na+/K+-ATPase activities to the control -1.5°C in Study 

1, while two-way ANOVA coupled with a Bonferroni post-test was used in Study

2 to determine time and temperature had any significant interactions. Neither 

study showed any significant change. A) N=6 except day 12 at +4°C while the 

N=4; B, N=4.

71



Total Activity Graph 
Gill

7n

6

£  5H
*3) . 
E 4

5  3’  
i
3  2 -  

1-

0

I I l l+4on
I 1+1°n

3 6 9 12 
Days of Acclimation

Figure 22. Total activity in gill Na+/K+-ATPase activity of +1°C and +4°C 

acclimated fish. The total Na+/K+-ATPase activities of gill tissue obtained from 

acclimated were calculated to determine an increase in ATPase activity due to 

non-Na+/K+-ATPase sources once Na+/K+-ATPase specific activity was 

subtracted. Red bars represent +4°C and yellow bars represent +1°C. One-way 

ANOVA showed no significant change between any groups. n=6 except day 12 

at +4°C where the n=4.
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Warm Acclimation on Gut Activity
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Figure 23. Warm acclimation for 12 days on proximal gut. Warm acclimation of 

T. bernacchii to +4°C and +1°C over the course of 12 days resulted in no change 

in Na+/K+-ATPase activity (Day 12 at +4°C was not significantly different from 

control). The solid blue line represents control fish osmolalities acclimated to - 

1.5°C for one to four weeks. Dashed blue lines indicate SEM. Yellow bars 

represent acclimation to +1°C while red bars represent acclimation to +4°C. The 

Y axis indicates Na+/K+-ATPase activity while the X axis represents days of 

acclimation. Two-way ANOVA was used to compare +1°C and +4°C Na+/K+- 

ATPase activities to the control -1.5°C. N=6 for all groups except day 12, +4°C 

(n=5). A four week study of gut Na+/K+-ATPase activity tissue as seen in Fig. 12, 

was unavailable due to the limited volume of the samples and the variances in 

tissue collection.
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Tank temperatures at McM New Aquarium - 2005-2006

Figure 24. Tank temperatures from temperature acclimated aquaria at McMurdo 

station Antarctica. Black line indicates dates through which temperatures were 

taken. Red line indicates ~+4.0°C acclimation, yellow line indicates ~+1.0°C 

acclimation, and the blue line indicates —1.0°C acclimation. The Y axis is the 

temperature in °C. From Dr. David Petzel 2006.
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Chapter 4

Discussion and Conclusions



The results from these experiments indicate warm acclimation decreases 

serum osmolality and supports previously reported data by S. Guynn (2002a) 

and P. Gonzalas (1995a). Both studies showed overall trends of a decline over 

the course of warm acclimation. In the first warm acclimation time course 

conducted in this study a significant difference in osmolality was observed at both 

warm acclimation temperatures after six days, while the second time course 

showed a significant difference as soon as two days of +4°C acclimation and no 

change in +1°C until two weeks. Both of the current studies showed a decrease 

in serum osmolalities occurring somewhere between six to nine days in the +1°C 

fish while a consistent drop in osmolality was observed in the +4°C fish within a 

week. In fact by two days at +4°C, there was a significant decrease in serum 

osmolality indicating that acclimation to +4°C clearly causes the fish to change 

their osmoregulatory function fairly rapidly toward one having osmolalities more 

similar to that of temperate teleosts. Since +1°C is close to the freezing 

temperature of fresh water and possibly not considered a thermal stress to the 

fish, it is likely that changes in osmoregulatory functions may take longer than 

one week to achieve. As seen in the second study, a significant decrease in 

serum osmolality in the -1.5°C acclimated fish occurs after two weeks in the 

aquarium. Considering that the studies -1.5°C fish were used as control without 

regard to time acclimated in -1,5°C tanks, a portion of the SD seen in these other 

studies may be attributed to differences in acclimation to the aquaria.

Osmolality
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Regardless, both studies showed that by four weeks serum osmolality decreased 

to the same level (i.e. -490 mOsm/kg) as seen in previous studies (Gonzalez- 

Cabrera 1995a). These changes appear to be unique to Antarctic fish. For 

instance, the Antarctic T. newnesi also decrease their osmolalities from ~ 454 

mOsm/kg to ~ 378 mOms after five weeks of warm acclimation to +4°C (Guynn 

2002) whereas warm acclimation of temperate nototheniids such as the New 

Zealand N. angusta, do not.
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Histology

Sea bream have been shown to have epithelial absorptive cells as well as 

mucus secreting goblet cells. The absorptive cells in sea bream were simple 

columnar and stratified columnar in shape, and the goblet cells were so named 

due to their goblet-like shape (Abdulhadi, 2005). Nonnotte (1986) also found that 

the epithelial layer of the gut contained absorptive cells accompanying the 

mucosal cells.

H & E  staining of the gut revealed warmer tissues tended to have darker 

more purple epithelial layers indicating more negatively charged regions most 

likely the nucleic acids of the epithelial cell nuclei. These results could support 

previous findings of an increase in gill Cl cells (Brauer, et al. 2005) and gill 

Na+/K+-ATPase activity (Gonzalez-Cabrera, 1995b) upon warm acclimation by 

indicating an increase or change in the gut epithelial absorptive cells resulting in 

an increase in gut Na+/K+-ATPase activity as the Cl cells contain the ion 

transporting enzyme. However, this is unlikely due to the lower ATPase activities 

of the warm acclimated gut tissues after four weeks. The lack of consistent 

tissue swelling upon warm acclimation was interesting as mid-gut sections of 

rainbow trout have swelling of the intercellular space upon acclimation to 

saltwater (Nonnotte et al. 1986).

Neither H&E staining nor immunocytochemistry revealed significant 

swelling in these tissues. However, the goblet cells observed in various stages 

of excretion found within the T. bernacchii were similar to those found by 

Nonnotte in rainbow trout adapted to saltwater that resembled those seen here.
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The T. bernacchii absorptive cells were pseudo stratified columnar indicated by 

centrally located nuclei within the epithelial layer. The goblet cells were in 

various stages of excretion within the epithelial layer and villi of the various 

regions of the gut in both cold fish and warm acclimated fish. There was very 

little variation in connective tissue and the smooth muscle layers. The nuclei of 

the smooth muscle cells were evenly distributed within the layer.

Occasionally the cutting process of the embedded tissue causes a static 

charge to develop which causes the tissue to become very brittle or causes the 

section to fold upon itself. Interestingly, these fragile tissue samples tended to be 

the +4°C fish and were represented among all three intestinal sections of that 

temperature group however, brittle samples were observed in the control fish as 

well. Epithelial and goblet cell sizes and shapes were uniform throughout tissues 

and experimental groups however length and tightness of mucosal folding varied. 

H&E staining also revealed that the +4°C fish tended to have more connective 

tissue between the epithelium and the smooth muscle. Some tissues had large 

amounts of connective tissue on the basolateral side of the epithelial layer while 

others had very little. Again, this was a trend more specific towards individual 

fish rather than any sort of morphological positioning or experimental adaptation. 

There were no consistent differences between any warm acclimated group when 

compared to control as well as no consistent differences between intestinal 

regions to be able make any conclusions regarding a particular change in 

intestinal region in response to warm acclimation.
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Immunocytochemistry

Gill

While the number of Na+/K+-ATPase pumps do not change in the gill upon 

warm acclimation to +4°C (Guynn 2002b), the number of cells staining positive 

for the a1 isoform increase while those staining for a2 and a3 do not change, 

indicating a change in Na+/K+-ATPase isoforms upon warm acclimation (Brauer 

2005). In this study, the T4 antibody showed a significant decrease when 

compared to control fish while previous studies showed no significant change in 

T4 positive cells (Brauer 2005). Moreover, this study did not detect a change in 

pan-a cell numbers unlike previous studies showing an increase in pan-a positive 

cells in the gill (Brauer 2005). However, there was a significant difference in pan- 

a cell counts between the +4°C acclimated fish and the +1°C acclimated fish.

The number of gill cells staining positive for the a1 isoform increase upon warm 

acclimation to +4°C with no change of the number of cells expressing the a3 

isoform. However, in the current studies the opposite was found. Warm 

acclimation of gill tissue resulted in a significant decrease in the number of cells 

staining positive for the a1 antibody as well as no change in the a3. Several 

factors that may have influenced fish acclimation to different temperature groups 

could include different forms of stress and different stages of maturation both of 

which could result in changes in cortisol levels which has been shown to affect 

Na+/K+-ATPase activity (Laiz-Carrion, 2003 ). This unexpected data is also 

reflected in the Na+/K+-ATPase results unseen in previously reported results.
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What would account for these discrepancies is unclear. One possibility is 

that the methods by which the cells were quantified were slightly different. 

Previous studies counted sections from several filaments of six + fish, while 

current studies took three to four sections from a single filament of six separate 

fish. While the methods for quantifying the cells were not the same, it was 

predicted that the overall trend of cells staining positive for the antibodies after 

warm acclimation should be comparable. To determine if membrane permeability 

interfered with the penetration of the antibody, tissues were rinsed with the 

detergent Triton X 100 rather than Tween 20 as an alternative means to measure 

all penetration. No change was noted indicating that the cell membranes were 

sufficiently permeable to the antibodies.

Gut

Based upon the existing literature regarding warm acclimated T. 

bernacchii gills, we suspected that there would be a corresponding change in gut 

epithelial cell staining that mirrored Na+/K+-ATPase activities and isoform 

changes seen in gill studies as the gut also plays a major role in osmoregulation. 

In freshwater and seawater teleosts, intestinal epithelial cells swell and shrink in 

response to hypertonicity or hypotonicity, respectively and initiates an increase in 

Na+,K+,2CI' co-transporter activity via Cl' accumulation in the cell due to an 

increase in Na+/K+-ATPase activity; which results in a cumulative -influx of NaCI 

into the blood (Movileanu 1998; Lionetto 2006) The Na+,K+,2CI' co-transporter 

isoform number two (cot2) found primarily in the mammalian thick ascending limb
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of Henle (Gamba, 1994,Starremans 2003) is associated with osmolality 

regulation and regulation of extracellular fluid volume and also responds to 

cellular swelling or shrinkage. The anterior and midgut regions of the marine 

teleost Anguilla anguilla have recently been shown to express cot2 mRNA while 

expression in the posterior gut section was limited (Marvao 1994; Lionetto 2006) 

suggesting that ion absorption via Na+/K+-ATPase in absorptive cells in the gut of 

teleosts has a role in osmoregulation. Cortisol has also been shown to cause 

intestinal tissue shrinkage in freshwater sockeye salmon after three or six days in 

culture (Veillette 2005b) while adaptation of freshwater trout to artificial soft water 

induced gill lamellar swelling (Sloman 2001) indicating a morphometric response 

of osmoregulatory tissue in response to several different external stimuli. While 

the current studies of gut stained positive for the Na+/K+-ATPase enzyme and the 

Na+,K+,2CI' co-transporter, they appeared to have no change in shape of 

epithelial cells due to warm acclimation.

The three regions of the intestine were stained for Na+/K+-ATPases and 

Na+,K+,2Cr co-transporters with the pan-a and T4 antibodies to maintain similar 

parameters of past studies for comparable analysis of the current data. Gut 

immunostaining proved impossible to quantify changes in cell numbers because 

individual cell borders of immuno-positive cells could not be distinguished unlike 

the gills where Cl cells are separated from one another. Other difficulties include 

obtaining consistent planes of section necessary for quantifying cell number per 

unit of distance. Also, attempts to quantify by intensity of staining were thwarted 

by variations in staining intensity.
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Freshwater trout have shown proliferation of gill Cl cells upon introduction 

to ion-deficient water (Sloman 2001) while previous studies of T. bernacchii fish 

gill Cl cells expressing the a1 isoform of the Na+/K+-ATPase increased upon 

warm acclimation (Brauer 2005). Marine teleosts have been shown to transport 

ions via Na+/K+-ATPase enzymes and Na+-K+-2CI' co-transporters within different 

regions of the intestine (Movileanu 1998) and introduction of cortisol maintained 

salmon Na+/K+-ATPase activity in the pyloric ceca and posterior intestine in vitro 

(Veillette 2005b). The studies performed here are the first studies we are aware 

of that demonstrate gut absorptive cells immunostaining positive for the pan-a,

T4, and a3 antibodies in the Antarctic teleost intestine. These studies suggest 

that warm acclimation does not up regulate the Na+,K+,2CI' co-transporter nor the 

a3 isoform of the Na+/K+-ATPase in the gill. These results suggest, through 

immunostaining and western blot analysis, that the a1 isoform may not be 

expressed in the proximal and distal sections of the T. bernacchii intestine. This 

might be explained by the likely upregulation of the a1 isoform within the gill upon 

warm acclimation in that upregulation of the a1 isoform in the gill contributes to 

increased Na+/K+-ATPase activity in the form of ion excretion, while Na+/K+- 

ATPase in the gut is responsible for ion absorption. The placement of the 

enzyme along the opposite membrane of the cell might influence the 

upregulation of alternative isoforms such as the a3, since it was present in all 

three gut regions. As it is hypothesized that the gill uses the a1 isoform as a 

more efficient means of excreting NaCI upon warm acclimation, it is plausible that 

the a3 isoform is more efficient in the gut with absorptive properties and the a1
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may have little or no contribution to NaCI transport in the gut of warm acclimated 

fish.

Na+/K+-ATPase Activity

The Na+/K+-ATPase enzyme plays an important role in the process of 

osmoregulation in teleosts. It has been shown to change activity under many 

different manipulations including warm acclimation (Gonzalez-Cabrera 1995b; 

Guynn 2002a; Morrison 2005a), the presence of cortisol (Seidelin 1999; Veillette 

2005b), and changes in environmental salinity (Forrest 1973; McCormick 1995; 

Piermarini 2000). The current studies of gill and gut Na+/K+-ATPase activity upon 

warm acclimation of T. bernacchii resulted in unexpected data that was 

inconsistent with data previously reported. While gill Na+/K+-ATPase studies on 

eight week warm acclimated (22°C and 29°C) carp have shown decreased 

enzyme activity (Metz 2003), warm acclimated T. bernacchii gill has been shown 

to increase enzymatic activity upon warm acclimation to +4°C after five weeks 

(Gonzalez-Cabrera 1995b; Guynn 2002a; Morrison 2005a). Here, both the warm 

acclimation and time course studies on gill Na7K+-ATPase activity showed no 

significant change in Na+/K+-ATPase activity upon warm acclimation to +4°C or 

+1 °C. Since the longest time allowed for acclimation used in these studies was 

only four weeks, it is possible that a significant increase in enzyme activity 

occurred after four weeks. As a positive control for the assay, preliminary studies 

on tissues collected from previous seasons were analyzed. These studies
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showed the expected increase in Na+/K+-ATPase activity seen in past research 

indicating that the performance of the assays was accurate. Hence, it is difficult 

to make any conclusions of the subsequent Na7K+-ATPase activity studies of 

warm acclimated gut tissue of T. bernacchii, as the gill activity levels which 

served as an experimental control were inconsistent with past data. Several 

factors that could have influenced a difference in this season versus others could 

include differences in fish collection and/or handling such as longer times in 

transition from collection site to aquaria, or harsher transport conditions. Other 

factors could include fish preparation for tissue collection ranging from stress of 

blood collection due to the small size of the fish to differences in the 

anesthetizing process this season. A very likely concern is the potential thawing 

and re-freezing of one lot of frozen samples upon shipment from Antarctica. 

These studies did however show that there is measurable Na+/K+-ATPase 

activity within the proximal gut region studied of the T. bernacchii.

Moreover, the total ATPase enzyme activities in the tissues was 

measured to determine if perhaps different ATPases might account for the 

decrease in osmolality independent of the Na+/K+-ATPase. There was no 

significant change in total ATPase activity. This suggests that no other ATPase 

was taking over the role of the Na+/K+-ATPase in the exchange of ions in the gill 

resulting in a lowering of serum osmolality.

McCormick et al. (2003) found no significant increase (although calculated 

as a 24% increase) in Na+/K+-ATPase enzyme activity of the freshwater teleost 

Hawaiian goby upon introduction to 20% and 30% salinity indicating an
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upregulation of the apical chloride channel cystic fibrosis transmembrane 

conductance regulator (CFTR)-like protein which accounted for the greater Cl' 

excretion upon acclimation. Since these results are consistent with marine 

ancestry of gobies (McCormick 2003) and previous studies of T. bernacchii 

indicate that the 2005 season is unique, it would be of interest to explore the 

change in CFTR upon warm acclimation of Antarctic teleosts to determine if the 

CFTR plays a role in osmoregulation of these fish.

86



Discussion and Conclusions

Temperate marine teleosts are constantly losing water to their 

environment as their osmolalities are approximately one-third that of seawater. 

Hypovolemia is the major dispogenic effect on drinking rates in teleosts, while 

variations in serum osmolality play a secondary role in osmoregulation (Takei 

2000; Anderson 2002). Warm acclimation of Antarctic teleosts such as the T. 

bernacchii has also been shown to play a role in regulation of drinking rates 

(Petzel 2005). Hormonal controls of osmolality include the renin-angiotensin 

system (Takei 2000; Petzel 2005), cortisol (McCormick 2001; Takahashi 2005), 

bradykinin (Takei 2001), atrial natiuretic peptide (Tsukada 2005), and growth 

hormone/insulin-like growth factor 1 (McCormick 2001). The increase in serum 

osmolality due to ingestion of seawater is attributed to an increase in primarily 

Na+ and Cl' ions (Gonzalez-Cabrera 1995b; Abelli 2005) and is a result of water 

and ion absorption across the intestine, monovalent ion regulation by the gills, 

and divalent ion regulation by the kidneys (Marsigliante 2001; McCormick 2001).

Warm acclimation of the Antarctic teleost T. bernacchii increases drinking 

rates, lowers serum osmolality, increases gill Na+/K+-ATPase activity via a sub

unit conformation high in a1 subunit activity, and increases the number of cells 

immunostaining positive for the Na+/K+-ATPase a1 subunit (Gonzalez-Cabrera 

1995b; Guynn 2002a; Brauer 2005; Petzel 2005; Morrison 2005a). The current 

studies were in partial agreement in that there was a decrease in serum 

osmolality upon warm acclimation to both +4°C and +1°C, but differed in that 

there was no change in gill-associated Na+/K+-ATPase activity and a decrease
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rather than increase in the number of cells staining positive for the pan-a 

antibody. The immunostaining experiments corroborated the Na+/K+-ATPase 

activity experiments indicating no change in the number of Cl cells. This 

suggests that warm acclimation had little to no effect on Na+/K+-ATPase activity 

even though the fish lowered their serum osmolality upon warm acclimation, 

conflicting with previously published studies.

This study was designed to test the hypothesis that there would be an 

increase in gut Na+/K+-ATPase activity corresponding to the increase in drinking 

rates and lower serum osmolality observed with warm acclimation. Moreover, it 

was hypothesized that there would be an accompanying increase in the number 

of absorptive cell staining in the gut for Na7K+-ATPase activity. Again, the 

results of the current studies regarding gill Na+/K+-ATPase activity were 

inconsistent with those obtained from other seasons. Hence, the cause of 

change in Na+/K+-ATPase activity in the gill as well as other changes associated 

with warm acclimation is also thrown into question which makes it difficult to 

interpret the results seen in the gut.

Concerns of temperature changes in the acclimation aquaria might be 

responsible; however there was no variation in the tank temperature (Fig. 24). 

Also, fish during the 2005 season were not perfused unlike previous seasons, 

however this was shown to have no effect on measurable gill Na+/K+-ATPase 

activity in these fish (not shown).

Other factors that could have played a role in the fishes’ acclimation could 

have included stress from larger fish in the tanks as large T. bernacchii have



been noted to prey on smaller fish while in captivity. Cortisol is released in 

response to acute stress and has been shown to affect Na+/K+-ATPase activity in 

teleosts (McCormick 2001). The presence of constant overhead lighting could 

have caused stress on the fish due to the fact that they are normally constantly 

protected by the shadow of sea ice in their natural habitat; however this is 

unlikely as these same aquaria and acclimation protocols were present in the 

previous studies and did not give these results.

Fish under stress have elevated cortisol levels. Cortisol plays a direct 

role in increasing the role of the Na+/K+-ATPase under several different 

manipulations (Laiz-Carrion, 2003). H. Hudson (unpublished) has shown no 

change in plasma/serum cortisol levels of the same warm acclimated fish used in 

Study 1 of these experiments, as well as no change in other fish introduced to 

different manipulations such as papaverine, hemorrhage, hypervolemia and 

temperature (with the exception of an unexplained drop in cortisol at 48 h upon 

warm acclimation). The current studies suggested that cortisol levels in these 

fish did not increase upon warm acclimation resulting in no change in Na+/K+- 

ATPase activity. These cortisol studies indicated that these teleosts did not react 

to warm acclimation with an osmoregulatory response typical of fish introduced to 

such manipulations. Injection of cortisol increased gill Na+/K+-ATPase activity of 

the euryhaline teleost gilthead sea bream (Laiz-Carrion 2003) and freshwater 

carp increased gill Na7K+-ATPase activity ( V a p p a re n t) and increased plasma 

cortisol in response to warm acclimation to 29°C (Metz 2003) indicating an 

osmoregulatory response to warm acclimation by releasing plasma cortisol which
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acts upon Na+/K+-ATPase enzymes, triggering a change ion secretion and 

absorption. The drop in serum osmolality but no change in Na+/K+-ATPase 

activity, no change in Na+/K+-ATPase numbers upon antibody staining, and no 

change in cortisol all suggest that something abnormal to marine teleosts 

occurred during warm acclimation of T bernacchii to +1°C and +4°C this 2005 

season.

The fish used for the current study were approximately the same size as 

previous studies’ fish however it is difficult to determine the physical maturity of 

smaller fish. Young adult sturgeon have been shown to tolerate seawater 

adaptation better than juvenile sturgeon, however this was probably due to lower 

enzyme activity in the gills of adults, indicating that juvenile sturgeon can rapidly 

adjust to changes in salinity at the cost of overall tolerance to seawater (McEnroe 

1985). If in fact a large portion of fish from the current studies were juveniles, it is 

possible that they were acclimated in terms of enzyme activity to the warmer 

temperatures before two or three days. However, this immediate acclimation 

would occur sooner than the 12 days seen here. Also, an immediate reaction to 

warm water does not account for the lack of significant change in enzyme activity 

compared to control cold fish.

In response to the abnormalities of T. bernacchii during these studies, we 

recommend a subsequent study of gill and gut Na+/K+-ATPase activities and gill 

and gut morphology (specifically the antibody staining of the pan-a, T4, a1 and 

a3 antibodies) as well as studies concerning a possible change in membrane
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permeability and antifreeze glycoproteins to rule out a larger scale of abnormal 

adaptations of the T. bernacchii regarding osmoregulation and warm acclimation.

Future studies should include the development of an a2 Na+/K+-ATPase 

antibody for immunostaining in the gill and gut tissues. Western blot analysis of 

the a1 isoform in the ceca as well as the a3 isoform in all gut tissue should be 

included to further determine the location and function of each of the Na+/K+- 

ATPase isoforms within T. bernacchii tissues. An experiment designed to 

quantify the changes in the a3 isoform in the gut such as the one performed by 

Morrison in 2005 could confirm a lack of a1 isoforms within those tissues. A 

beneficial osmoregulatory/ Na+/K+-ATPase study would include a time course 

study extending over the course of eight weeks. Each fish should be acclimated 

to -1.5°C for at least five weeks before warm acclimation due to the variation in 

osmolalities up to that point. Each fish at each time point should be tested for 

changes in osmolality, drinking rate, plasma cortisol, gill and gut Na+/K+-ATPase 

activities, and gill and gut morphology.

These studies were designed to test the hypotheses that upon warm 

acclimation of the T. bernacchii, serum osmolality would decrease, Cl/absorptive 

cells in the gill and gut staining positive for the Na+/K+-ATPase would increase 

and the Na+/K+-ATPase activity in the gill and gut would increase. These studies 

showed that while the serum osmolality of these fish decreased upon warm 

acclimation after 9-12 days at +4°C and +1°C, Cl cells staining positive for the 

Na+/K+-ATPase enzyme in the gill resulted in no change based on the pan-a after 

four weeks (with the exception of a decrease in T4 and a1 positive cells),

91



absorptive cells staining positive for the Na+/K+-ATPase enzyme in the gut were 

observed (with the exception of the a1 isoform), Na+/K+-ATPase activity in the gill 

and gut showed no change after acclimation to either +4°C or +1 °C over the 

course of several days.
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