


Markers of Hypoxic Stress in Fish in the Kissimmee River 

by 

Lynda J. Dirk 

A Thesis Submitted to the Faculty of 

The Charles E. Schmidt College of Science 

in Partial Fulfillment of the Requirements for the Degree of 

Master of Science 

Florida Atlantic University 

Boca Raton, Florida 

December 2006 



MARKERS OF HYPOXIC STRESS IN FISH IN THE KISSIMM EE RIVER 

by 
Lynda J. Dirk 

This thesis was prepared under the direction of the candidate's thesis advisor, Dr. Sarah 
Milton, Department of Biological Sciences, and has been approved by the members of 
her supervisory committee. It was submitted to the faculty of The Charles E. Schmidt 
College of Science and was accepted in partial fulfillment of the requirements for the 
degree of Master of Science. 

II 

SUPERVISORY COMMITTEE: 

~\ob L f)fdt;fi) 
Th~sis Advisor 

~/11_ f~ 

~p?/J~ 
/ 

;/. j,. 6' 
Date 



Author: 

Title: 

Institution: 

Thesis Advisor: 

Degree: 

Year: 

ABSTRACT 

Lynda J. Dirk 

Markers of Hypoxic Stress in Fishes of the Kissimmee River 

Florida Atlantic University 

Dr. Sarah L. Milton 

Master of Science 

2006 

The channelized Kissimmee River experiences seasonally low dissolved oxygen levels 

which have changed the ecosystem to favor air-breathing species, while gamefish 

populations have declined greatly. In 2001 , the central portion of the river (Pool C) was 

physically restored. 

To evaluate the usefulness of various stress markers and assess the success of the partial 

restoration, the stress responses were analyzed (brain monoamines, heat shock proteins, 

and plasma cortisol) of air-breathing fish (bowfin, Florida gar), versus gamefish 

(largemouth bass and bluegill sunfish). Fish were collected from hypoxic and normoxic 

water at three sites in the Kissimmee River. Statistical analysis (MANOV A) showed 

overall significantly higher stress response in hypoxic gamefish than those in normoxia, 

with higher hsp72 levels, DOPAC, and Dopamine turnover (DOPAC:DA). Hsp60 and 

cortisol was significantly higher only in hypoxic bass while serotonin and 5-HIAA were 

significantly higher in hypoxic bluegill sunfish. Air-breathers did not show higher stress 

levels during hypoxia. 
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INTRODUCTION 

Background on the Kissimmee River 

The Kissimmee River, located between Lake Kissimmee and Lake Okeechobee in 

central Florida, was historically a 166 km narrow meandering river with a 1.5 to 3.0 km 

wide flood plain. Between 1962 and 1971 , the Kissimmee River was channelized and 

reduced to a 90 km, 9m deep, lOOm wide canal (C-38) by the U.S. Army Corps of 

Engineers. The channelized flood control canal , C-38, is divided into five pools (Pools 

A-E) separated by water control structures (figure 1). Remnant river runs remain 

throughout the length of the river where the historic stream once flowed. However, water 

has been diverted to the main channelized river and therefore flow through these remnant 

runs is minimal. Although the channelization provided flood control for the Kissimmee 

River Basin, it dried up 12,000 to 14,000 ha of natural floodplain wetlands surrounding 

the original river (Koebel 1995). 

Life cycles of some wading birds (Robertson and Kushlan 1974), fish (Ross and 

Baker 1983; Bayley 1991 ), and aquatic invertebrates (Forbes 1925; Gladdon and Smock 

1990) depend on periodic flooding of wetlands for breeding and recruitment. As such, 

loss of floodplain habitat has caused the deterioration of a wide range of biological 

communities. The approximated five billion forage fish and six billion freshwater shrimp 

(Palaemonetes paludosus) that were lost as a result of floodplains being drained had once 

been a constant source of food for wading birds and river fish species (Toth 1990). 



0 

J3 

Area of 
D eta it 

\ 

Brevard 

Indian River 

~--Remnant Channel 

Osceola 

\ 
\ 

( 
Lake \ ... t 

lstokpoga V\ 

~~ \ 

~ t=· 

Pool B 

6 

() Lake 
)' 

1/l Okeechobee \ 

Figure I. Kissimmee River System 

2 



With their primary source of food depleted, populations of 16 different species of wading 

birds that once utilized the Kissimmee River diminished and were replaced by the cattle 

egret (Bubulcus ibis), a terrestrial, upland species (Toland 1990). 

The artificial structure of the channelized river also caused changes in the 

physical and chemical makeup of the water, especially levels of dissolved oxygen. The 

river was straightened and deepened which caused the flow rate to decrease from an 

estimated average of 0.6 m/s to below 0.1 m/s (Trexler 1995). As a result, the dissolved 

oxygen (DO) levels have declined from an estimated 3-6mg/L to levels that consistently 

drop below 2mg/L during the summer and fall (Koebel 1995; Colangelo and Jones 2005). 

This decline is primarily due to low water flows which eliminate water mixing and 

aeration, and is compounded by high seasonal water temperatures. 

Decreased flow and low oxygen has caused alteration of invertebrate and plant 

communities. Benthic invertebrate communities exhibit low density and diversity and are 

dominated by species favoring reservoir-like, lentic systems rather than rivine habitats 

(Koebel 1995; Toth 1995). Certain vegetation has thrived in the slow moving waters of 

the channelized river and remnant runs. Floating exotics such as water lettuce (Pistia 

stratiotes) and water hyacinth (Eichhornia crassipes) almost cover the remnant river 

channels (Koebel 1995). Decomposing vegetation covers the once sandy bottom 

substrate with a thick layer of organic material. This causes biological oxygen demand of 

the system to rise and dissolved oxygen levels to decline further (Whalen et a!. 2002, 

Toth 1990). Fish diversity has also therefore suffered, declining from 39 to 17 species in 

the remnant river runs, with the local extirpation of the coastal shiner (Notropis 

petersoni) and the blackbanded darter (Percina nigrofasciata) (Davis et a!. 1990). 
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As DO levels drop during the summer and fall, the severity of hypoxia is stressful 

or lethal to most fish species and is a major cause of deterioration of biological 

communities (Toth 1993). Some fishes, such as the Florida gar (Lepisosteus 

platyrhincus) and bowfin (Amia calva) are able to breathe air and thrive even in hypoxic 

waters. They are able to air-breathe because of a highly-vascularized, physostomus 

swimbladder that acts as a primitive lung (Graham 1997). Game fish, like the largemouth 

bass (Micropterus salmoides) and bluegill sunfish (Lepomis macrochirus), are unable to 

breathe air and become chronically stressed when DO levels drop (Moss and Scott 1961; 

Hughes 1981 ). Such differences in adaptation likely cause a further imbalance in fish 

community structure in the Kissimmee River by favoring hypoxia-tolerant species (Toth 

1993). Fish surveys conducted between 1992 and 1994 indicated that the abundance of 

tolerant fish rose by 900% since channelization of the river, whereas game fish, including 

bass and sunfish, have declined by 30% to over 70% (Glenn 2005). 

Kissimmee Restoration Project 

Plans for restoration were started before the channelization was completed in the 

early 1970s. State and federal governments were forced to act to prevent the continuing 

degradation of water quality and fish and wildlife values in the Kissimmee River. 

Another major concern that fueled the restoration initiative was decreased water quality 

and increased nutrient loads entering Lake Okeechobee due to loss of floodplain 

wetlands, which resulted in loss of an important sediment and nutrient filtration system 

(Toth 1993; Koebel 1995). 
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In February 2001, Phase I of the Kissimmee River Restoration Project was 

completed by the South Florida Water Management District (SFWMD) and the United 

States Army Corps of Engineers (USACE). This initial stage of the $500 million 

restoration included demolition of the water control structure between Pools B and C (S-

65 B), backfilling of 12 km of channelized river, constructing 2.4 km of new river 

channel, and reestablishment of 24 km of contiguous river (Whalen et al. 2002). The 

result is the merging of Pool B into C to form one long meandering stream with 

continuous flow. 

As part of the restoration evaluation program conducted by SFWMD, fish 

communities are being studied to help assess ecosystem response and determine whether 

conditions have returned to those resembling pre-channelization (Toth 1993, Trexler 

1995). Fish are particularly important in river/ floodplain ecosystems because they serve 

as a link between primary producers and higher consumers, as well as between aquatic 

and terrestrial communities as prey for wading birds (Karr et al. 1991 ). However, to 

accurately assess recovery of fish populations, census studies must wait 12-20 years (the 

lifespan of the longest lived fish in the community) for populations to stabilize before 

making conclusions about restoration success (Trexler 1995). As the restoration project 

continues into Phase II in 2008, physiological indicators of stress, which are measurable 

on a much shorter time-scale, can provide an interim indicator of restoration success. 

Moreover, the semi-restored river poses a unique opportunity to compare the physiology 

and baseline stress responses of fishes in restored and channelized (unrestored) areas. 
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The Stress Response 

One definition of stress is the threat to homeostasis by any stimulus (Barton 

1997). It is a state induced by a stimulus, which exercises the adaptive responses of an 

organism beyond the normal range and disrupts homeostasis to such an extent that 

chances of survival are significantly reduced (Brett 1958). Responses to stress are 

adaptations, whether behavioral or physiological, which allow the organism to cope with 

its situation. Stress responses can be specific for a single stressor or may be affected by 

many different types of stressors at once (Wendelaar Bonga 1997). 

While stress responses can help animals adapt to moderate stressors, greater stress 

can compromise various physiological and behavioral functions. It can diminish immune 

system function and decrease disease resistance (Pickering and Pottinger 1989). Because 

of the high energetic cost of stress, reproduction will cease and growth will be retarded 

(Pankhurst and van der Kraak 1997). If acclimation does not occur, the animal will die. 

Stress can be so pervasive that its effects can be seen at all levels of biological 

organization, from the cellular level all the way through the entire ecosystem (Barton 

1997). 

The physiological stress response in fish is divided into three phases: primary, 

which includes the release of stress hormones; secondary, which involves the effects of 

these hormones on the fish ' s physiological functions ; and tertiary, which are the effects 

of stress on a whole-organism to a population level (Barton 1997; Wendelaar Bonga 

1997). 
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Monamines 

During the initial response to stress in fish, two separate pathways release 

hormones from cells of the teleost kidney into the blood stream. First, stored monoamines 

are released from the chromaffin cells in the head kidney, under the control of nerves in 

the sympathetic nervous system (Barton 1997). This response is known as the adrenergic 

or the hypothalamic-sympathetic-chromaffin cell axis in fish . 

There are two categories of monoamines: catecholamines (CAs), such as 

epinephrine, norepinephrine, and dopamine, and indoleamines, like serotonin. 

Monoamine levels rise rapidly to help the animal defend itself and access energy stores 

quickly through glycogenolysis in the liver. They also fall rapidly with acute stress, but 

can remain high for many days during prolonged stress (Sumpter 1997). 

Catecholamines stimulate an increase in gill permeability in an attempt to meet 

the rapid demand for oxygen in the tissues. The increase in permeability is accompanied 

by increasing gill ventilations, branchial blood flow, and dilation of the blood sinuses of 

the branchial lamellae (Wendelaar Bonga 1997). This leaves the fish vulnerable to ion 

and water imbalance, and an influx of harmful environmental chemicals. 

CAs also stimulate an increase in hemoglobin and hemoglobin's oxygen binding 

affinity. This increases the amount of oxygen that can be transported from the gills to the 

tissues . CAs raises hematocrit levels by causing erythrocytes to swell and the spleen to 

contract, releasing stored erythrocytes, thereby increasing hemoglobin levels (Wendelaar 

Bonga 1997). 

Secreted simultaneously with CAs from the chromaffin tissue (Bernier and Perry 

1996), the indoleamine serotonin (5HT) can remain elevated, such as the case of the 
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social stressors of inter- and intraspecific dominance, hierarchy, and antagonization 

(Winberg et al. 1992; Winberg and Nilsson 1993; Khan and Deschaux 1997) or short

term, such as perceived stressors (predators) (Winberg et al. 1993). Some of the 

functions of 5HT include dilating blood vessels, promoting platelet aggregation, 

controlling appetite, memory, learning, and temperature regulation (Borne 1994). 

Serotonin has also been linked to immunoregulation (Khan and Deschaux 1997; Khan 

and Hichami 1999) which may, in part, be secondary to its regulation of prolactin (Grau 

and Helms 1990) and cortisol along with its precursor, ACTH (Wendelaar Bonga 1993, 

Chaouloff 1993) both of which have been found to regulate the immune system (Freeman 

et al. 2000, Pickering and Pottinger 1989). 

Monoamines that are released into the plasma rise and fall very rapidly with acute 

stress, which make them poor indicators of chronic stress. However, monoamines 

produced in the brain do not rise and fall as ephemerally. Although plasma monoamines 

can pass through the blood-brain barrier in fish (Khan and Deschaux 1997), brain 

monoamines are primarily produced in situ. The precursor amino acids, tyrosine and 

tryptophan, are transported into the brain where they converted into catecholamines and 

indoleamines, respectively. Tyrosine is first converted into L-DOP A by the enzyme 

tyrosine hydroxylase, and then into dopamine by DOPA decarboxylase. Dopamine may 

be further processed to form norepinephrine, followed by epinephrine via catalyzation by 

dopamine P-hydroxylase and phenylethanolamine N-methyltransferase, respectively. 

Synthesis of 5HT begins when tryptophan is converted into 5-hydroxytryptophan (5-

HTP) as it comes in contact with tryptophan hydroxylase . Serotonin, or 5-
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hyroxytryptamine (5HT), is then produced from the catalyzation of 5-HTP by aromatic 

L-amino acid decarboxylase (Siegel et al. 1989). 

Turnover of either dopamine or 5HT occurs when they are broken down into their 

metabolites. In the brain, monoamine oxidase (MAO) metabolizes dopamine into 

dihydroxyphenylacetic acid (DOPAC), and 5HT into 5-hydroxyindolacetic acid (5-

HIAA) (Siegal et al. 1989). The ratio of the monoamine and its metabolite is used as a 

measure of the monoamine's activity. An increase in serotonergic and dopaminergic 

activity in the brain in particular, is responsible for inhibiting activity which drains 

precious energy resources like locomotion and reproduction. (Newsholme et al. 1987; Yu 

and Peter 1990; Yu and Peter 1992; van Hall eta!. 1995). 

Cortisol 

Within a few minutes to an hour after the emergence of a stressor, cortisol is 

produced and released from the interrenal tissue via the hypothalamic-pituitary-interrenal 

(HPI) axis (Wendelaar Bonga 1997, Barton 2002). The HPI axis is a chain of hormonal 

events that begins with the secretion of CRH (corticotropin-releasing hormone) in the 

hypothalamus, from the same sympathetic nerves that control the release of 

catecholamines. CRH controls the release of ACTH (adrenocorticotropic hormone) from 

the pituitary gland, which in turn controls the production and release of cortisol (Sumpter 

1997). 

The major target organ of cortisol is the liver where it induces gluconeogenesis, 

(the production of new glucose). There is a high demand for glucose during stress and 

mobilization of energy stores becomes more important as anaerobic respiration increases. 
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Although glycogenolysis IS the maJor source of glucose during stress and 

gluconeogenesis only accounts for 3-20%, it may become more important as glycogen 

stores in the liver are depleted, as in the case of chronic stress (Wendelaar Bonga 1997) 

such as hypoxia. 

Another important role of cortisol during stress is protein catabolism and 

mobilization of amino acids for use in gluconeogenesis, oxidation, and protein synthesis. 

Cortisol is also responsible for lipolysis to release stored energy and central nervous 

system activation. CAs are the first hormones to target the gills during stress, making 

them more permeable which initiates a detrimental ionic imbalance. Cortisol causes 

changes in the gills to compensate for the increased permeability, including increasing 

chloride cells which correct the ion imbalance (Barton 2002). However, it is also the 

major hormone responsible for the hindrance of growth and reproduction, as well as 

immunosuppression in fish (Mommsen et al. 1999). 

Long-term effects of Stress 

Because of the substantial alteration of physiological processes during stress, the 

overall demands of chronic stress, such as hypoxia, is exhausting and energetically 

costly. When energy reserves run low, fish experience the tertiary stress response. This 

phase in the response includes whole-animal changes, as well as community and 

population level changes. 

The demands of stress divert energy away from processes that are not vital to 

immediate survival, such as growth and reproduction. Susceptible fish in hypoxic 

conditions, as with many other chronic stressors, will experience little to negative growth, 
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and cease reproduction (Pankhurst and van der Kraak 1997, Greeley 2002). Weight loss 

may be due to more than just higher metabolism caused by stress. Decreased appetite is 

also very common to stressed fish and food assimilation capacity may be impaired as 

well (Bernier and Peter 2001 ). 

The chance of survival for the fish decreases with the increase in length and 

severity of hypoxia. This is not only because its energy reserves are running low, but the 

fish also has a reduced capacity to tolerate subsequent or additional stressors (Wendelaar 

Bonga 1997). This is especially true for disease. Cortisol is known to have an 

immunosuppressive effect on fish. Even the usually benign or beneficial environmental 

microorganism can cause infections and outbreaks of epizootic diseases during chronic 

stress (Wedemeyer 1997). 

The overall effect of the tertiary response to hypoxia is decreased productivity 

(Wendelaar Bonga 1997; Barton 1997), which may alter community composition when 

there are varying tolerances to low oxygen levels among species. Such alterations in fish 

species communities have occurred in the Kissimmee River since channelization (Toth 

1993) and are likely caused, in part, by seasonal hypoxia. 

Cellular response 

Stress also provokes a response at the cellular level through the upregulation of 

stress responsive proteins. Usually referred to as heat shock proteins (hsp ), they are a 

group of highly conserved proteins that are expressed during exposure to a wide array of 

stressors such as temperature stress, acidosis, environmental contaminants, bacterial 

disease, as well as hypoxia (Donnelly eta!. 1992; Heads eta!. 1996; lwama et al. 1999). 

11 



Some stress proteins are constitutive and are present in the cell at all times to aid in 

protein metabolism and folding, functions which are important in maintaining cellular 

homeostasis (Fink and Goto 1998). Other hsps can be upregulated during stress events 

and act as molecular chaperones to proteins that have become denatured or function to 

prevent irreversible protein aggregation which can lead to proteotoxicity (Parsell and 

Linquist 1993; Sanders 1993). 

Hsps are grouped into families based on their molecular weights. For example, 

stress proteins that have molecular weights of 69, 72, and 73kDa, are all placed in the 

hsp70 family. They are the most well studied family of all the heat shock proteins. 

Hsp72, commonly referred to as hsp70, is responsible for binding unfolded or nascent 

protein to prevent their aggregation. During stress, hsp70 binds denatured proteins and 

aids in their renaturation or disposal (Fink 1998; lwama et a!. 2003). Hsp72 has been 

found to be upregulated in fish exposed to pesticides (Hassanein 1999), heavy metals 

(Airaksinen 2003), and aquatic contaminants (bleached kraft pulp mill effluent, sodium 

dodecylsulphate) (Vijayan 1998). Hsp72 has also been studied for its role in brain tissue 

during hypoxia or ischemia (Yenari eta! 1999; Sapolsky 2001; Prentice eta!. 2004). 

Another common hsp family is hsp60. Hsp60 is found in the mitochondria of 

animals and is responsible for the import, folding, and maturation of mitochondrial 

matrix proteins (Horowitz 1998). It also partners with hsp70 in the folding of nascent 

proteins (Fink 1998). Synthesis of hsp60 increases during exposure to environmental 

stressors that cause the denaturation of proteins (Lewis et a!. 2000). 

Hsps are likely produced during hypoxia, in part, to prepare the cell for the 

reperfusion of oxygen, which results in the generation of harmful oxidative molecules 
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called reactive oxygen species (ROS). ROS can cause serious damage to the cell by 

attacking biological macromolecules, such as unsaturated fats in the cell membrane and 

DNA. Once one macromolecule has been altered by ROS, it also becomes a radical and 

will react with other macromolecules, causing a destructive chain reaction. This results in 

oxidative stress, which can be just as detrimental as hypoxia (Chi and Karliner 2004). 

Induction of heat shock proteins has been shown following reoxygenation in mammals 

(Sciandra eta!. 1984). 

During episodes of chronic stress, such as prolonged hypoxia, cortisol level can 

stay elevated for weeks or months and may be used as an indicator of environmental 

stress. (Pickering and Pottinger 1989; Gill et a/. 1993; Martinez-Alverez et a/. 2002). 

Plasma monoamine levels are conventionally used as indicators of stress in fish (Barton 

1997), but are ephemeral and last only a few days (Mazeuad et a!. 1977); therefore they 

make poor markers of environmental or chronic stress. Monoamine levels in brain tissue, 

however, remain elevated under chronic stress and serve as much better indicators of 

environmental stress (Brager 1997; Nilsson 1989). 

Both plasma monoamines and cortisol responses are non-specific to stressor type 

and are sensitive to handling stress. Yet, handling stress does not elicit an hsp70 

response in fish (Vijayan et a/. 1997), making stress proteins appear more attractive as 

markers of environmental stress. However, stress proteins have not been accepted as 

indicators of stress in fish because of the lack of studies that relate physiological and 

cellular stress responses of fish in vivo, and the variability of expression between species 

and tissue type (lwama et a!. 2003). If stress protein levels can be correlated to brain 
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monoamine and plasma cortisol levels, it would strengthen the justification for using hsps 

as markers of environmental contamination and stress in fish. 

Hsp 60 and 72 appear to be the best candidates to study as potential biomarker of 

environment stress as opposed to using other common families , including hsp90 and low 

molecular weight stress proteins (12-47 kDa). Use of hsp90 is limited because its high 

baseline abundance in the cell restricts the extent to which it is inducible. Low molecular 

weight stress proteins, however, are quite inducible, but are not genetically well 

conserved (Lewis et a!. 2000). Species specific antibodies would have to be made to 

insure compatibility. Hsp 60 and 70 are very well conserved, have low constitutive 

levels, and have been shown to be induced by environmental stress (Parsell and Lindquist 

1993, Iwama et al. 1998; Lewis et a!. 2000), hypoxia and elevated ammonia (Delaney 

and Klesius 2004), and anoxia (Ossum eta!. 2004; Prentice et al. 2004). 

The purpose of this study was to correlate and compare the various markers of 

stress to see if the stress proteins can be used successfully as indicators of hypoxic stress. 

Physiological stress indicators, including the monoamines, cortisol, and stress proteins 

were measured in both air-breathing fish and in hypoxia-sensitive game fish. The air

breathing fish sampled were the Florida gar (Lepisosteus platyrhincus) and bowfin (Amia 

calva). The hypoxia sensitive fish species chosen were the largemouth bass (Micropterus 

salmoides) and bluegill sunfish (Lepomis macrochirus) . Additionally, this study sought to 

evaluate the success of the Kissimmee River restoration at a fisheries level before 

accurate population surveys can be taken. 
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MATERIALS AND METHODS 

Field Methods 

Fish were collected from Pools A, C, and D. Pool A serves as a long-term 

control , since it will not be restored and is upstream, it is unlikely to be affected by the 

restoration efforts downstream. Pool D, set for restoration in 2008, served as a short-term 

control, and Pool C served as the restored (impact) site. 

Sampling gear consisted of a 5.5 meter jon boat outfitted with a 5-kilowatt 

generator, Coffelt electrofishing unit (Model #VVP-15), and cable electrodes, with the 

boat serving as the anode. Pulsed DC current ranging from 200 to 240 volts and 4 to 8 

amperes was applied to the electrodes which were partially immersed in the river. 

Sampling was conducted by a two to three-person crew along the deep-water edge of 

littoral vegetation as the boat traveled downstream . 

Water quality data including dissolved oxygen, water temperature, pH, and 

specific conductance was collected at each sampling location using a Hydrolab® multi

parameter water quality logger. Recordings were taken along a depth gradient at 0.5 

meter intervals extending from the water surface to the river channel substratum. 

Individuals of four different fish species were collected: Florida gar (Lepisosteus 

platyrhincus), bowfin (Amia calva), largemouth bass (Micropterus salmoides) and 

bluegill sunfish (Lepomis macrochirus) . The former two species, which are air-breathers, 

served as controls as changes in DO levels should not cause a stress response. On 

average, five individuals of each species were collected at each site for each sampling 

15 



trip. Collection events occurred over the course of a year and a half in order to sample 

during times of varying temperatures and DO levels. 

Shocked fishes were immediately sacrificed by decapitation. Blood was collected 

via the dorsal aorta or the caudal vein with a heparinized syringe and then placed in tubes 

on ice until the end of the day. Plasma was separated from blood after centrifugation at 

10,000 rpm for 5 minutes. The plasma was placed on dry ice and then stored at -20°C 

until analysis. Whole brain tissue samples were collected and immediately placed on dry 

ice and then stored at -80°C until analysis. Weight and length measurements of each 

specimen were taken. 

ELISA Cortisol analysis 

Plasma cortisol was measured usmg an enzyme-linked immunosorbent assay 

(ELISA) kit (Neogen Corporation) according to the manufacturer's protocol. Samples 

were diluted 2 to 200 fold before assaying. 1 N HCl was used as a stop reagent before the 

microplate was read. Cortisol (ng/mL) was measured using a microplate reader with a 

wavelength filter of 450 nm. 

Monoamine extraction 

Extraction of catecholamines from brain tissue samples was done according the 

method ofNilsson (1989). Brains were weighed while frozen, and homogenized in liquid 

nitrogen with a mortar and pestle. Approximately 40 mg of brain tissue was then be 

homogenized in ice cold perchloric acid solution containing 4% w/v PCA, 0.2% EDTA 

and 0.05 sodium bisulfite using a variable speed Tissue Tearor from Biospec Products, 
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Inc. The volume of PCA were adjusted to obtain a 20% (w/v) homogenate which was 

then centrifuged for 25 min at 13, 000 rpm at 4°C and the supernatant collected. The 

supernatant was stored at -80°C until analysis. Catecholamine standards (norepinephrine, 

epinephrine, dopamine) were obtained from Bioanalytical Systems (West Lafayette, IN) 

and serotonin and monoamine metabolite standards, DOPAC and 5-HIAA, were obtained 

from Sigma (St. Louis, MO). 

HPLC Monoamine analysis 

Analysis for catecholamines was done usmg high performance liquid 

chromatography (HPLC) with electrochemical detection. The HPLC system consists of a 

Waters 510 HPLC pump, a Rheodyne 7725i Manual Injector with a 20111 sample loop 

(both from Waters, Milford, MA), a reversed phase column (Atlantis dC 18 31J.m, 4.6 x 

150mm, from Waters), and an LC-4C electrochemical detector with a glassy carbon 

working electrode set to +650m V with an Ag/ AgCl reference electrode, all from 

Bioanalytical Systems, (West Lafayette, IN). The system was connected to a computer 

integration unit and a Macintosh computer with Macintegrator software (from Rainin 

Industries). The analysis of monoamines was done according to a method adapted from 

Sloot and Gamsbergen (1995). Analyses were done in one isocratic run at a flow rate of 

1.3 ml/min, with a mobile phase consisting of O.lM sodium acetate trihydrate, 9% (v/v) 

methanol, 1291J.M sodium octylsulfate, and 1 0-15mg/l EDT A (pH to 4.08 with glacial 

acetic acid). Chromatographs were analyzed using Maclntegrator software from 

Dynamax and monoamine levels were reported in units of nmol per mi. 
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Protein extraction 

Proteins were extracted according to methods adapted from Ramaglia (2004). 

Brain tissue was homogenized in liquid nitrogen, weighed frozen and extracted using a 

handheld glass homogenizer in ice-cold cell lysis buffer. The cell lysis buffer contains 

50mmol/l Tris-HCl (pH 7.4), 0.5mmol/l 1 ,4-dithio-DL-threitol (DDT), 0.5% Tween 20, 

150mmol/l NaCl, and 1% Triton X-1 00. A protease inhibitor cocktail was added 

(purchase for Sigma, St. Louis, Ml) at a concentration of 1 ml per 20 g tissue. 

The homogenates were then centrifuged at 10,000 g for 25 minutes and the 

supernatant collected for protein analysis. Total protein was quantified using a 

commercially available kit from BSA BioRad (Hercules, CA). 

Gel electrophoresis and Western blot protocol 

Proteins were separated electrophoretically according to size. Twenty-five 

micrograms of total protein were loaded per lane on an SDS-polyacrylamide (1 0%) gel 

and separated at 150V for 2h. Molecular weight markers (Rainbow, GE Healthcare) 

were employed to determine the mobility of specific proteins on the gel. Subsequently, 

proteins were transferred for 1h at 300mA onto nitrocellulose membranes (Hybond ECL, 

GE Healthcare) on a BioRad Protean apparatus. Membranes were blocked overnight at 

4° C in 5% non-fat dried milk in Tris buffered saline (TBS; 25 mM Tris-Cl, pH7.5 at 20 

degrees C, 150 mM NaCl) and then incubated for 2h with a rabbit polyclonal antibody 

against hsp72 or hsp60 diluted 1:4000 in 5% milk with TBS/Tween (SPA-812, 

StressGen, Victoria, BC). After washing in TBS/Tween, the membranes were incubated 

for 2h with a horseradish peroxidase (HRP) conjugated goat anti-rabbit secondary 
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antibody (I :4500 dilution, SAB-300, StressGen, Victoria, BC). Anti-tubulin was used as 

a loading control for every blot. After blocking, blots are incubated for 2h with a 

monoclonal anti-~ tubulin (I :3000 dilution, Chemicon) in 5% milk in TBS/Tween, they 

were washed and then incubated with an HRP conjugated goat anti-mouse antibody 

(1 :4000, StressGen). The protein antibody complex was detected by chemiluminscence 

(ECL, GE Healthcare) for visualization. For quantification of band intensities, 

autoradiography film (Kodak, BioMax XAR) was exposed over the membrane. Digital 

images were then obtained using a flatbed scanner and analyzed with image-analysis 

software (NIH Image J 1.60). 

Statistical analysis 

Results of the cortisol ELISA, protein western blots, and monoamme HPLC 

analyses were analyzed statistically using a MANOV A (a=0.05) to test for overall 

difference in stress response based on cumulative data of all response variables. 

Individual ANOV As were run for each response variable to detect which variables were 

significant and contribute to the significance of the MANOV A. Data that did not meet the 

assumptions of the MANOV A and ANOV A were transformed using the appropriate 

lambda value and the means reported have been back transformed. 
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RESULTS 

Statistical analysis by MANOV A showed a significant difference in overall stress 

response in both M salmoides (largemouth bass) (p<0.05, df=81, F=3.35) and L. 

macrochirus (bluegill) (p<0.05 , df=79, F=2.03) between those collected from normoxic 

and hypoxic waters . However, A. calva (bowfin) showed no significant overall 

difference m stress response and L. platyrhincus (gar) showed a near significant 

difference (p=0.058, df=80, F= 1.91), but with higher stress levels occurring during 

normoxta. 

Heat shock response 

Univariate ANOV As of all the response variables revealed that hsp72 levels were 

significantly higher during hypoxia in lvf. salmoides and L. macrochirus p<O.OS, F=6.74 

and p<0.05, df=80, F=4.37, respectively (figure 2). In M. salmoides, the increase in hsp72 

was accompanied by a significant increase in hsp60 (figure 3) as well. Means and 

confidence intervals of hsp60 and hsp72 for all species are reported by species in Table 

1-4. 
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Figure 3. Brain Hsp60 levels. Significant values are denoted with *, (a=O.OS) 
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Physiological stress response 

Cortisol was significantly elevated in hypoxic M. salmoides and normoxic air

breathing (figure 4) L.platyrhincus. Other significant changes (p>0.05) occurred in 

dihydroxyphenylacetic acid (DOPAC) levels as well as dopamine turnover, measured by 

the ratio DOPAC:Dopamine (figure 5) in both hypoxia sensitive species. In L. 

macrochirus alone, there were also significant differences in the serotonin and its 

metabolite 5-hydroxyindolacetic acid (5-HIAA) (figures 6 and 7). No significant changes 

between hypoxia and normoxia were seen in norepinephrine or dopamine in any species 

(Tables 1 -4). 
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Table 1. L. macrochirus (bluegill sunfish) response variable means and confidence intervals. 
St f f II "fi t d"U b t d h oxia are denoted with * . (a=O.OS) a IS 1ca •Y s1gm 1can I erences e ween normox1a an IYJl 

Upper Lower P values 
Variable DO Mean Cl Cl 
Cortisol 

Hypoxic 0.34 0.67 0.23 0.3798 
Norm oxic 0.27 0.59 0.18 

Hsp60 Hypoxic 459.68 561 .12 290.17 0.3251 
Norm oxic 364.13 525.70 249.10 

Hsp72* 
Hypoxic 55.03 137.80 39.32 0.0397 
Norm oxic 32.12 51 .09 19.72 

Norepinephrine 
Hypoxic 264.53 158.83 109.30 0.4169 
Norm oxic 238.69 150.47 101 .94 

Dopamine 
Hypoxic 28.06 13.36 9.83 

(DA) 0.7638 
Norm oxic 27.13 15.23 10.70 

DOPAC* 
Hypoxic 6.79 4.54 3 01 0.0073 
Norm oxic 4.29 4.27 2.43 

5-HIAA* 
Hypoxic 22.75 28.00 14.42 0.0101 
Norm oxic 12.52 17.49 8.43 

Serotonin* 
Hypoxic 96.15 92 .58 61 .66 0.0152 
Norm oxic 58.28 63.34 40.30 

5-HIAA: 
Hypoxic 0.25 0.16 0.08 

Serotonin 0.4781 
Norm oxic 0.23 0.18 0.08 

DOPAC:DA* 
Hypoxic 0.24 0.16 0.10 0.0046 
Norm oxic 0.15 0.15 0.07 

Overall 0.0427 (MANOVA) 
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Table 2. M.salmoides (largemouth bass) response variable means and confidence intervals. 
S · fi ~ ia are denoted with * . (a=O.OS) tatistically s1gni 1cant dif erences between normoxia and hypox 

Variable DO Mean 
Upper Lower 

P values 
Cl Cl 

Hypoxic 0.59 2.32 040 
0.0003 Cortisol* 

Normoxic 0.16 0.56 0.11 

Hypoxic 936.43 608.22 408.01 
0.0088 Hsp60* 

Norm oxic 594.00 597.07 338.27 

Hypoxic 57.40 73.99 32.32 
0.0112 Hsp72* 

Norm oxic 31 .76 49.85 1940 

Hypoxic 246.70 170.96 112.18 
0.5336 Norepinephrine 

Norm oxic 230.10 106.39 78.91 

Hypoxic 24.61 20.91 12.72 
Dopamine (DA) 0.6437 

Norm oxic 22.92 17.26 10.99 

Hypoxic 6.11 7.36 3.83 
0.038 DO PAC* 

Norm oxic 4.03 4.20 2.34 

Hypoxic 5.67 10.35 4.28 
0.3615 5-HIAA 

Norm oxic 7.22 10.24 4.90 

Hypoxic 67.42 111 .17 58.07 
0.8062 Serotonin 

Norm oxic 71 .67 77.16 49.28 

5-HIAA: Hypoxic 0.10 0.07 0.04 
0.6639 Seroton in Norm oxic 0.11 0.18 0.06 

Hypoxic 0.26 0.19 0.14 
0.0358 DOPAC:DA* 

Norm oxic 0.19 0.13 0 10 

Overall 0.0012 (MANOVA) 
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Table 3. L. platyrltincus (Florida gar) response variable means and confidence intervals. 
St f f II · "fi t d"U b t · d h · denoted with * . (a=O.OS) a ts tea ty stgm tcan 1 erences e ween normoxta an 1'\-poxta are 

Variable DO Mean Upper Cl Lower Cl P values 

Cortisol* 
Hypoxic 0.11 0.18 0.08 

0.0283 
Norm oxic 0.20 0.35 0.15 

Hsp60 
Hypoxic 680.94 688.56 450.42 

0.0793 
Norm oxic 890.95 528.54 406.01 

Hsp72 
Hypoxic 32.49 67.96 21 .98 

0.4629 
Norm oxic 39.08 70.13 25.09 

Norepinephrine 
Hypoxic 95.66 50.40 33.01 

0.7503 
Norm oxic 98.62 47.92 32.25 

Dopamine (DA) 
Hypoxic 150.26 59.74 49.76 

0.1648 
Norm oxic 128.01 80.23 60.80 

DO PAC 
Hypoxic 26.94 21 .85 10.88 

0.2774 
Norm oxic 21 .78 39.39 12.19 

5-HIAA 
Hypoxic 12.42 11 .11 5.26 

0.1598 
Norm oxic 9.57 14.83 5.09 

Serotonin 
Hypoxic 111 .11 63.20 49.03 

0.2081 
Norm oxic 91 .19 81.45 55.67 

5-HIAA: Serotonin 
Hypoxic 0.12 0.06 0.04 

0.4056 
Norm oxic 0.14 0.11 0.06 

DOPAC:DA 
Hypoxic 0.19 0.11 0.07 

0.7574 
Norm oxic 0.18 0.16 0.09 

Overall (MANOVA) 0.058 
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Table 4. A. calva (bowfin)response variable means and confidence intervals. 
S · · II · ·r. t d·n b t · d h · denoted with * . (u=O.OS) tat•st1ca 1y S12DI 1can 1 erences e ween normox1a an IY flOXIa are 

Variable DO Mean Upper Cl Lower Cl P values 

Cortisol 
Hypoxic 0.54 4.33 0.41 

0.7177 
Norm oxic 0.42 11 .61 0.35 

Hsp60 
Hypoxic 638.47 793.13 406.58 

0.552 
Norm oxic 793.02 1393.44 589.89 

Hsp72 
Hypoxic 67.54 236.57 52.54 

0.2015 
Norm oxic 38.07 80.89 25.88 

Norepinephrine 
Hypoxic 163.57 93.79 59.61 

0.0983 
Norm oxic 129.26 59.02 40.52 

Dopamine (DA) 
Hypoxic 85.67 76.96 45.75 

0.6527 
Norm oxic 93.84 57.99 39.54 

DO PAC 
Hypoxic 27.37 20.90 11 .85 

0.1918 
Norm oxic 21 .25 15.89 9.09 

5-HIAA 
Hypoxic 26.88 27.33 15.41 

0.4352 
Norm oxic 21 .81 23.40 12.87 

Serotonin 
Hypoxic 207.11 233.27 146.31 

0.1447 
Norm oxic 134.84 127.90 85.63 

5-HIAA: Serotonin 
Hypoxic 0.14 0.15 0.06 

0.3791 
Norm oxic 0.16 0.21 0.07 

DOPAC:DA 
Hypoxic 0.34 0.37 0.18 

0.0954 
Norm oxic 0.23 0.17 0.10 

Overall (MANOVA) 0.3062 

Cellular and physiological response correlation 

Only weak correlations could be found between either hsp60 or hsp72 and any 

other measure of physiological stress . Not surpri singly, there was a strong correlation 

found between hsp60 and hsp72 wi thin each species (Table 5). 

Table 5. Correlations between hsp60 and hsp70 by species. 

Species Correlation P value 
coefficient 

L. macrochirus 0.701 :::; 0.0001 

M salmoides 0.317 :::; 0.01 

L. Platyrhincus 0.360 :::; 0.01 

A.calva 0.681 :::; 0.0001 
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DISCUSSION 

Overall, the gamefish, L. macrochirus and M salmoides experienced a higher 

stress response when inhabiting hypoxic waters. Interestingly, the air-breathing L. 

platyrhincus, showed higher stress levels during normoxia, at nearly significantly levels 

(p=0.058). The other air-breathing species, A. calva, was found to have a wildly variable 

cortisol response, and was eliminated from the study since it could not be used as a 

control. The specimens of this species that had already been collected were analyzed for 

correlation of cellular and physiological stress although no significant differences were 

found for any measure of stress. 

Despite predictions to the contrary, DO levels in the semi-restored area of the 

Kissimmee River, Pool C, dropped below hypoxic levels and remained hypoxic during 

much of the wet season, including during sample collection. On the other hand, DO 

levels in one of the unrestored collection sites, Pool D, remained norm oxic through most 

of the sample collection during the wet season. Therefore, the independent variable, DO, 

was treated as a discrete variable of either normoxia (D0>2mg/L) or hypoxia 

(D0<2mg/L). 

Based on this distinction, significant stress responses related to DO were found in 

both bluegill sunfish (L. macrochirus) and largemouth bass (M. salmoides). For both 

species, the cellular response, Hsp72, was significantly higher during hypoxic periods. 

Hsp60 was also found to be significantly higher at low DO for M. salmoides. It should 

be noted that a study by Fader et al. (1994) concluded that one should be careful when 
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using stress proteins as biomarkers in stream fish. That study reported a natural seasonal 

variation in Hsc/Hsp70 in stream fish. They found that stream fish have the lowest levels 

of Hsc/Hsp70 in the winter, followed by a sharp increase in the spring. Levels then 

decreased significantly in the summer, and again in the fall. However, that study was 

performed with fish from a cold water system, whereas the Kissimmee River is a warm 

water system. Moreover, the results presented in this study show an opposite seasonal 

variation, i.e. levels were highest in the summer and fall , when DO is low. The air

breathing, Florida gar (L. platyrhincus) , on the other hand, did not show higher levels of 

stress proteins when DO levels dropped. On the contrary, L. platyrhincus showed a trend 

of higher stress protein levels when DO was high, including nearly significant differences 

in hsp60 levels (p=0.0793). This strongly suggests that the differences in stress protein 

levels seen in L. macrochirus and M. salmoides are not merely due to season changes, but 

are caused by a lack of available oxygen. 

The air-breathing L. platyrhincus also showed a significant difference in cortisol 

levels between those collected in hypoxic areas and those in normoxic areas, but in the 

reverse of the response found in the M salmoides. The latter experience higher cortisol 

levels during hypoxic periods while the Florida gar had higher levels during normoxia. It 

should be noted that these differences might be the result of the extremely low levels of 

cortisol found in the fish collected compounded with low sensitivity of the ELISA kit 

used. Plasma cortisol levels in the present study were far lower than those reported in 

other studies (review Barton et al. 2002). This difference is probably due to the fact that 

the present study' s methods did not include euthanizing subjects with MS-222, a time 

intensive process that allows stress hormone levels to rise. 
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The brain monoamines also showed significant differences between hypoxia and 

normoxia in L. macrochirus and M. salmoides, but not the hypoxia-tolerant L. 

platyrhincus and A. calva. Most notably, dopamine turnover (DOPAC: DA) was 

significantly higher in both the former species during hypoxia. These findings support 

the results of past research (Ortiz and Lutz 1995), which found that fish show an increase 

in dopamine metabolism with stress associated with hypoxemia. The reason for this 

increased activity may be because dopamine activity has been shown to have an 

inhibitory effect on LHRH (luteinizing hormone releasing hormone) thereby inhibiting 

both LH (luteinizing hormone) and FSH (follicle stimulating hormone) (Yu and Peter 

1990; Yu and Peter 1992). Thus, dopaminergic activity in the brain suppresses 

reproduction, which allows energy to be allocated to survival. Yet, reproductive 

suppression also has an effect on the population and community structure in a system 

such as the Kissimmee River. Since some species are more vulnerable to hypoxia than 

others, there is a disproportionate increase in hypoxia tolerant species. Such a shift in 

community composition of fish in the Kissimmee River has been reported after 

channelization (Toth 1993). 

However other research involving fish exposed to severe hypoxia or anoxia has 

shown a decrease in dopamine and dopamine turnover, as the mechanisms for both 

synthesizing and metabolizing dopamine are oxygen dependent (Nilsson 1990a; Nilsson 

1990b ). In this study, the decreased oxygen levels were likely low enough to cause a 

stress response without DO levels dropping so low as to inhibit DA turnover at the 

physiological level, as occurs in studies of anoxia. 
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There was also a significant increase in both serotonin and its metabolite, 5-HIAA 

in L. macrochirus collected in hypoxic water. These findings support previous studies 

that found stress activates the serotonergic system in fish (Ortiz and Lutz 1995; 0verli et 

a!. 1998). This activation begins with hypoxemia that occurs from hypoxia or exhaustive 

exercise, which causes an increase in free fatty acid concentration in the blood. This is 

followed by the disassociation of tryptophan from plasma albumin (Davis et al. 1992). 

Tryptophan then crosses the blood-brain barrier where it is converted into serotonin, and 

eventually its metabolite , 5-HIAA (5-hydroxyindolacetic acid). The serotonergic 

activation in fish inhibits locomotor activity, and in humans is believed to be responsible 

for the feeling of lethargy after exercise (Newsholme et a!. 1987; van Hall et a!. 1995). 

This decrease in activity also lowers the demand for oxygen, so instead the available 

oxygen can be diverted to crucial processes that allow the survival of the animal. It is 

unclear why a similar response was not seen in M salmoides as well. 

One reason may be because the smaller sample size of hypoxic fish due to 

unexpectedly short wet season of the Kissimmee River during the collection year, 2005. 

This was mostly due to severe weather and rainfall from hurricanes that caused high flow 

rates through the river, with the river being subsequently closed to boats. The increased 

flow during the wet season, which generally has low flow, caused DO levels to rise 

unseasonably early. Perhaps a larger sample of fish from hypoxic water would allow for 

more consistent results between L. macrochirus and M. salmoides. 

There was no significant correlation found between either hsp60 or hsp70 and any 

measure of physiological stress. The only significant correlation that could be found was 

between hsp60 and hsp70 alone (Table 5). The lack of studies showing a correlation 
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between the cellular stress response and the physiological stress response in fish was 

noted by lwama et al. (2003) and has hindered the use of stress proteins as markers of 

environmental stress. The lack of correlation might be due to differing rates at which 

stress hormones and stress proteins increase and decrease after exposure to environmental 

stress. It could also be due to the fish regulating stress hormones from wider variety 

stimuli than that of stress proteins. It is likely that a laboratory controlled experiment 

would be more useful in finding a correlation, if it exists, by eliminating some of the 

unknown stressors which fish are exposed to before they can be analyzed. Such 

unknowns are inescapable caveats when performing stress studies in the field. 

Also hindering this study was the unexpectedly low DO levels during the wet 

season in Pool C, when DO is usually above 2mg/L, thus excluding the possibility of 

comparing fish responses in the unrestored areas of the river to the (albeit semi-) restored 

Pool C. Therefore, although the experimental design originally planned for a comparison 

of hypoxic and norm oxic fish during the wet season, any future studies should allow for 

such a comparison. 

Other response variables could be considered in future studies as well. Different 

stress proteins, such as heme-oxygenase 1 (H0-1) and hsc73, have shown potential in 

other vertebrates as indicators of hypoxic stress (Otterbein and Choi 2000; Prentice et al. 

2004), but compatible antibodies were not available at the time of this study. These same 

variables should also be tested in a controlled laboratory experiment with both air

breathing and hypoxia sensitive fish exposed to chronic hypoxia. 

However, this study shows that the low DO levels in the Kissimmee River have 

an adverse effect on the stress levels of hypoxia sensitive fishes in the system including 
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game fish. Therefore, once the river is fully restored, such that DO levels remain above 

2mg/L, the findings of this study show that non-air breathing fishes will be significantly 

less stressed, specifically the largemouth bass and bluegill sunfish. Since chronic 

physiological stress in fish hinder or halt growth and reproduction (Wendelaar Bonga 

1997; Barton 1997), it can be induced that the population size of these and similar species 

will increase in the fully restored Kissimmee River. 

This study indicates that stress proteins and brain monoamines, especially hsp72 

and DOPAC or dopamine turnover, are useful markers of environmental hypoxia. 

However, levels of hsp72 were highly variable and should only be used when control fish 

are available as reference, and are analyzed alongside stressed animals. With that in 

mind, once the Kissimmee River is fully restored, both hsp72 and dopamine turnover 

would be effective measures of restoration success. 
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