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ABSTRACT
The pesticide, 3-trifluoromethyl-4-nitrophenol (TFM), has been extensively used over the
last 50 years to control invasive sea lamprey (P. marinus) populations in the Great Lakes,
but its mechanism of toxicity is unresolved. Due to its structural similarity to phenolic
compounds known to inhibit mitochondrial ATP production, one hypothesis on the mode
of action of TFM is that it impairs mitochondrial oxidative phosphorylation. A second
hypothesis is that TFM targets the gill, interfering with gill ion uptake. Exposure of larval
sea lamprey and rainbow trout (0. mykiss), to each animal’s respective 12-h TFM LC50,
resulted in marked disturbances to internal fuel stores, but not ion balance. In the brain
and liver, glycogen levels decreased by more than 50% in both species in response to
TFM exposure, suggesting that a mismatch between ATP supply and ATP demand
occurred. These findings support the hypothesis that death in lamprey and trout exposed
to TFM is due to a depletion of ATP and ATP-generating fuels (glycogen). Experiments
with isolated mitochondria demonstrated that TFM uncouples mitochondrial oxidative
phosphorylation. Impairment of mitochondrial oxidative ATP production was most likely
the result of TFM-induced reductions in the proton-motive force, which is needed to drive
H" flow through the ATP-synthase. In lamprey, TFM caused no disturbances in Na*
uptake, suggesting that it does not compromise lamprey gill function. In trout, TFM
exposure resulted in a 60% reduction in Na* uptake, which may have been caused by a
shortfall in ATP supply for gill Na’/K* ATPases. The knowledge that TFM uncouples
mitochondrial oxidative phosphorylation and the effects that it has on energy stores in

lamprey and trout could help better predict target and non-target sensitivity to TFM.
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Chapter 1

History of TFM Application, Hypotheses on its Mode of Action and a

Need to Determine the Mechanism of Toxicity



The Biology and Life History of the Sea Lamprey (Petromyzon marinus)

Sea lamprey (Petromyzon marinus) spend most of their life (generally 3 — 7 years)
burrowed in the sediment of rivers and streams as filter-feeding larvae called ammocoetes
(Beamish and Potter 1975; Youson 1980). This prolonged life history stage is
characterized by a low metabolic rate (Lewis and Potter 1975; Lewis 1980), and the
consumption of detritus and diatoms of low digestibility (Youson 1980; Sutton and
Bowen 1994). As the larval lamprey develop, they gradually increase their lipid stores,
which become a critical fuel reserve used during metamorphosis, a non-trophic (non-
feeding) life stage of both anadromous and landlocked sea lamprey populations (Lowe et
al. 1973; Beamish and Potter 1975; O’Boyle and Beamish 1977; Youson 1980; Youson et
al. 1993).

After sufficient lipid stores have accumulated, larval sea lamprey undergo a
prolonged (several months) metamorphosis characterized by complex structural and
physiological changes (Youson 1980, 2003). These changes include the development of
eyes, changes in body coloration, and a reorganization of the internal organs including the
liver and kidneys (Youson and Potter 1979; Youson 1980). Pronounced changes also take
place in the organization of the feeding and breathing organs, and include the
development of an oral disc (buccal funnel), which lamprey use to attach to fishes, and a
rasping tongue, which penetrates the hide of fishes, giving them access to the fish’s blood
during the subsequent parasitic stage of their life cycle. The gills are also re-organized,
switching from a unidirectionally ventilated respiratory organ to a tidally ventilated gill,
in which water is pumped in and out of the gill pouches, allowing the fish to breathe

while attached to its host (Youson 1980; Rovainen 1969; Bence et al. 2003).



Following metamorphosis, parasitic sea lamprey migrate downstream, to waters of
the northwest Atlantic (anadromous populations) or to the fresh waters of the Great Lakes
and other adjacent waters (landlocked populations; Beamish and Potter 1975; Youson
1980). A parasitic lamprey can stay attached to its host for variable amounts of time (days
to weeks), and the consumption of blood by the lamprey frequently leads to the death of
the host due to blood loss or secondary infections (Lawrie 1970; Farmer et al. 1975).

At the conclusion of the 1.5-2 year parasitic stage, sea lamprey cease feeding and
migrate up freshwater streams, spawn and then die (Beamish and Potter 1975; Youson
2003). Factors such as water temperature, photoperiod, size of the lamprey, lipid store
levels and river discharge are thought to play a role in initiating migratory behaviour
(Applegate 1950; Beamish and Potter 1975; Youson 1980; Beamish 1980). The detection
of bile-acids secreted by resident larval sea lamprey are also thought to act as pheromones
that help the up-stream migrant lamprey locate streams with suitable spawning habitat
(Applegate 1950; Li et al. 1995; Li and Sorensen 1997; Bjerselius et al. 2000). The up-
stream migrant males also secrete another bile-based pheromone to attract the females to

their nests (Li et al. 2002).

The Invasion of the Great Lakes by Sea Lamprey

Historical records of sea lamprey spawning in Lake Ontario in the early 1800s
(Lark 1973), and more recent genetic studies suggest that the sea lamprey are native to
Lake Ontario and that they naturally migrated into the lake via the St. Lawrence River
following the last ice age (Waldman et al. 2004; Bryan et al. 2005). However, their

presence in the Great Lakes was confined to Lake Ontario by Niagara Falls, which



prevented migration into Lake Erie and the other Great Lakes. The construction of the
Welland Canal, however, allowed sea lamprey to circumvent Niagara Falls and
subsequently invade Lake Erie and the Upper Great Lakes in the late 19" and early 20"
century. The lamprey invasion resulted in significant declines in economically important
fish populations such as lake trout (Salvelinus nemaychus), whitefish (Coregonus
linnaeus) and lake herring (Coregonus artedii; Lawrie 1970; Smith and Tibbles 1980).
The sea lamprey invasion (1930-1967), combined with the effects of overfishing, caused
the collapse of many fisheries, including the lake trout fishery (Lawrie 1970). In 1946, the
Great Lakes Sea Lamprey Committee was established to coordinate initial efforts to
control the sea lamprey population (Lawrie 1970; McDonald and Kolar 2007). Nine years
later, the Great Lakes Fisheries Commission (GLFC) was established as a bi-national
partnership between Canada and the U.S., with the mandate to “eradicate and minimize

the sea lamprey population” (GLFC 1955).

Initial Efforts to Control the Sea Lamprey Population

The first objective of the GLFC was to determine the extent of the lamprey
invasion by monitoring commercial catches of affected fish species and surveying
streams and rivers to locate spawning grounds (Lawrie 1970). The first measures taken to
control sea lamprey populations were electrical barriers constructed on spawning streams
in the 1940s. However, these were eventually abandoned because they did not reduce the
adult population as expected, and they also negatively impacted the non-target fish

populations (Lawrie 1970; Smith and Tibbles 1980).



The current integrated pest management sea lamprey control program involves:
the trapping of migrating adults to reduce the number of spawners (Mullett et al. 2003; Li
et al. 2007); the operation of low-head barrier dams to prevent up-stream migration
(Lavis et al. 2003); the release of sterile males to compete for females (Twohey et al.
2003); and the application of lamprey specific lampricides [3-trifluoromethyl-4-
nitrophenol (TFM) and niclosamide (Bayluscide®)] to control sea lamprey populations.
The most effective method of control has proven to be the lampricides, which are applied
in concentrations that eradicate larval sea lamprey, but usually have only minimal effects

on non-target fish populations (McDonald and Kolar 2007).

The Discovery of Lampricides

Due to the lack of effectiveness of the electrical barriers and traps used in the
1940s, extensive research began in early 1950s to discover a water soluble compound that
was selectively toxic to larval sea lamprey, but harmless to the non-target fish and
invertebrate populations. Out of the 6000 chemicals tested, 3-trifluoromethyl-4-
nitrophenol (TFM; Fig. 1-1a) was determined to be the most effective (Applegate et al.
1961). As a consequence, a chemical control program was implemented in 1958 in Lake
Superior tributaries (Applegate et al. 1961), and then extended to the other Great Lakes
over the next decade (McDonald and Kolar 2007). In 1963, the molluscide niclosamide
(Bayluscide®) was also found to be toxic to larval lamprey populations, alone and in
combination with TFM (Howell et al. 1964), which reduced the amounts of TFM required
to treat larger streams and rivers. However, niclosamide is more toxic than TFM to non-

target organisms and it is rarely used alone (Dawson 2003). Although the application of



TFM in combination with niclosamide has proven to be effective in areas of streams that
are characterized by rapidly flowing water, the application of TFM alone is the most
widely used method of reducing the larval sea lamprey populations (Dawson 2003;

McDonald and Kolar 2007).

Characteristics of a Lampricide Treatment

The treatment of a stream with lampricide consists of four steps: assessment of the
larval population, collection of water chemistry and flow data, determination of the mean
lethal concentration (MLC) required to kill 99.9% of the larvae, and the application of the
lampricide (McDonald and Kolar 2007). The pre-treatment assessment determines the
degree of larval lamprey infestation in a particular stream by looking at populations in the
main branch and tributaries, as well as the size, age and structure of the larval lamprey
population. This information is used to determine the condition factor for the larvae,
which is calculated from the measured body length and mass of the larvae (CF = [(body
mass (g)/length (mm)]3 b 106; Holmes and Youson 1994). The CF is an important
indicator of the likelihood that ammocoetes will complete metamorphosis in the
upcoming year, and is therefore an important criterion for determining whether or not a
stream will be treated with TFM the following year (McDonald and Kolar 2007; B.
Stephenson, Manager, Sea Lamprey Control Center, personal communication).

The MLC is determined by either conducting on-site toxicity tests using larvae
and water from the stream of interest, or by using the pH-alkalinity model described in
Bills et al. (2003). The latter is the preferred method, particularly for streams where there

is an abundance of data collected from previous years (B. Stephenson, Manager, Sea



Lamprey Control Center, personal communication). Once the MLC is calculated, the
treatment crew managers then determine the target concentration and application rates of
TFM, and the location of booster sites to counter the lampricide loss due to dilution as the
chemical moves downstream (McDonald and Kolar 2007).

There are two lampricide application methods. The first is the “sprinkler” method
(Fig. 1-2a), where TFM is released directly into the water column at a pre-determined rate
through a perforated hose to ensure optimal mixing at the initial application site on the
main branch and tributaries. The second is the “drop-jug” method (Fig. 1-2b), where
perforated jugs of TFM are set downstream from the main application site to boost the
concentration of lampricide (B. Stephenson personal communication). TFM is applied to
the mainstream at the initial application point for 12-13 hours to achieve a 9-h duration
where the concentration of TFM is 1.5 x MLC. Water samples are collected periodically,
analyzed for TFM, and the TFM application rates are adjusted accordingly, to maintain
the desired concentration in the water. When sensitive non-target species (such as the
larval lake sturgeon (Acipenser fulvescens)) are present in the stream, the concentration of
TFM may be adjusted to 1.2 x MLC to minimize the non-target effects (McDonald and
Kolar 2007; B. Stephenson, Manager, Sea Lamprey Control Center, personal

communication).

TFM Toxicity and the Need to Improve Treatment Effectiveness
The greater sensitivity of sea lamprey to TFM is thought to mainly be due to their
low capacity to detoxify TFM compared to non-target fishes (Lech and Statham 1975;

Kane et al. 1993). In fish, the detoxification of TFM, and many other xenobiotics, occurs



through the process of glucuronidation, which is catalyzed by the enzyme uridine
diphosphate glucuronosyltransferase (UDPGT; Lech and Statham 1975; Clarke et al.
1991). Glucuronidation involves the addition of glucuronic acid to a lipophilic chemical
(e.g. TFM), making the molecule more hydrophillic, which usually decreases its toxicity
and makes it easier to excrete (Meech and Mackenzie 1997). Sea lamprey have low
amounts of UDPGT, a membrane-bound enzyme primarily found in the hepatic
endoplasmic reticulum, which catalyzes the glucuronidation of TFM (Lech and Constrini
1972; Lech and Statham 1975; Clarke et al. 1991; Kane et al. 1994; Vue et al. 2002). The
sensitivity of the larval lamprey to TFM is related to their limited ability to use the
glucuronidation pathway to metabolize this compound to the same degree as most non-
target fish populations (Lech and Statham 1975; Kane et al. 1993).

Although TFM has proven to be effective at controlling the larval sea lamprey
populations in the Great Lakes, parasitic sea lamprey numbers are still above desired
levels (McDonald and Kolar 2007). In their Vision for the New Millennium (GLFC
2001), the GLFC identified the need to improve lampricide treatment effectiveness in
order to reduce TFM use to address the ongoing public concern about the release of
pesticides in the environment and to lower the overall costs of TFM treatments, while
maximizing treatment effectiveness and minimizing non-target effects.

McDonald and Kolar (2007) summarized a number of key priorities identified by
the Lampricide Control Task Force that should be considered to improve the
effectiveness of lampricide treatments. These priorities included better knowledge of non-
target effects, new lampricide development, better understanding of the biological basis

for the selectivity of lampricides, and a more thorough understanding of the mechanisms



of TFM toxicity. The goal of my M.Sc. thesis is to use in vivo and in vitro techniques to
determine the mode of TFM toxicity in larval sea lamprey, and in a representative non-

target fish, the rainbow trout (Oncorhynchus mykiss).

Determining the Mechanism of TFM Toxicity

TFM causes death by impairing ion uptake by larval sea lamprey, but not by non-target
fishes. TFM has been reported to cause morphological ychanges in larval sea lamprey
gills, suggesting that it might impair gill ion uptake, leading to disruptions in ion
homeostasis (Christie and Battle 1963; Mallatt et al. 1984; Mallatt et al. 1994).
Freshwater fishes are faced with a continual influx of water and loss of ions across their
gills due to the presence of large inwardly directed osmotic gradients and outwardly
directed electrochemical gradients for ions (Marshall 2002; Evans et al. 2005). In
response to these unfavorable conditions, freshwater fishes excrete copious amounts of
dilute urine and they also take up ions (Na*, CI,, Ca**) from the water using active
transport processes in the gills (Marshall 2002; Fig. 1-3). For instance, Na* uptake is
thought to take place via Na* channels found in the apical membrane of the fish gill down
electrochemical gradients that are maintained by apical H-ATPase pumps and Na'/K*-
ATPase pumps found on the basolateral membrane (Avella and Bornancin 1989; Lin and
Randall 1993; Sullivan et al. 1995). This Na’/K*-ATPase pump moves the Na* from the
gill cytosol into the blood against the large outwardly directed gradient that is present
between the blood and water. Calcium is taken up in an analogous manner, while CI is
taken up via apical CI/HCOj transporters found in the same mitochondria rich cells.

Many studies have shown that these transport processes can be inhibited by toxins (e.g.



metals such as lead, cadmium), changes in water pH, or hardness, which lead to
disruption of ion homeostasis, and eventually cause death of the fish (e.g. Rogers et al.
2003; Taylor et al. 2003; Birceanu et al. 2008).

The possibility that TFM interferes with ionoregulation was also raised by Mallatt
and colleagues (1984, 1993). Mallatt and colleagues (1984) observed the formation of
spaces between cells, vacuolization within cells, and mitochondrial swelling in the ion-
uptake cells of TFM exposed lamprey. The authors also reported extensive mitochondrial
damage to mitochondria rich (MR) cells, which could impair the ion-uptake capabilities
of these cells. The damage observed in lamprey gills was not observed, however, in
chloride cells of the trout exposed to their respective TFM LC99.9. These findings
suggested that that the mechanism of TFM toxicity in lamprey could be related to
reductions in plasma ions such as Na" and CI’, and Ca”* and/or related osmotic
disturbances. Moreover, this work also raised the possibility that the specificity of TFM
to lamprey could be related to a greater sensitivity of lamprey gills to TFM. Recently,
Wilkie et al. (2007a) reported that that there were no significant changes in the plasma CI’
concentration of larval lamprey exposed to TFM (12-h LC50) suggesting that if there was
gill damage (c.f. Mallatt et al. 1984, 1994), it did not significantly impair internal ion
balance. Wilkie et al. (2007a) did propose that the potential ionic disturbances could be a
secondary effect of TFM exposure, rather than a direct mode of toxicity. However, it
should be noted that the exposure concentrations in the Mallatt et al. (1984, 1994) study
were much higher, leaving the possibility that TFM could still result in ionic disturbances
when fish were exposed to concentrations of TFM normally used in the field (1-1.5 x the

LC99.9). Accordingly, one goal of my thesis was to examine the effects of TFM upon gill
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mediated ion exchange and internal ion balance in greater detail, in both larval sea

lamprey and rainbow trout.

TFM causes death by uncoupling mitochondrial oxidative phosphorylation, thus
depleting the nervous system of glycogen and ATP. Oxidative phosphorylation is the
process by which the energy obtained from oxidation of nutrients is utilized to generate
ATP from ADP + P; (Voet et al. 2006; Fig. 1-4). In eukaryotes, oxidative phosphorylation
occurs in the mitochondria as electrons are passed down the electron transport chain
(ETC) in a series of redox reactions. The ETC is comprised of four protein complexes (I,
II, III, and IV) found in the inner membrane of the mitochondria. As the electrons are
passed from one complex to another, complexes I, IIT and IV pump protons (H") from the
mitochondrial matrix into the inner membrane space, which generates a proton gradient
(or proton-motive force; Fig. 1-4). Because the inner membrane is usually not permeable
to H" ions, the H" flow back into the matrix down their electrochemical gradients via
ATP synthase. The ATP synthase harnesses the energy released by this inward H* flow,
leading to the formation of ATP from ADP (phosphorylation). In this manner, the
formation of ATP and the movement of electrons across the ETC are said to be coupled,
and the whole process is referred to as oxidative phoshorylation (McLaughlin and Dilger
1980; Wallace and Starkov 2000; Voet et al. 2006).

Several xenobiotics, mostly pesticides, are known to cause death by disrupting the
process of oxidative phosphorylation. These compounds are able to disrupt either the
movement of electrons across the ETC, or increase the permeability of the inner

membrane to protons, thus reducing the electromotive force for inward H* movement
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(McLaughlin and Dilger 1980; Wallace and Starkov 2000). The net effect of either
process is a reduced H* gradient, and a reduction or prevention of ATP formation
(phosphorylation), which is referred to as an “uncoupling of oxidative phorphorylation™
(Wallace and Starkov 2000). As a result, ATP supply may no longer be sufficient to meet
ATP demands in the body. If the disturbance is severe, the depletion of ATP supply to
the organs, such as the brain, could eventually lead to death of the organism.

When oxidative phosphorylation becomes uncoupled, the passage of electrons
along the ETC is accelerated, in an attempt to restore the H' gradient. Therefore, there is
an increase in oxygen consumption and the inner mitochondrial membrane becomes
depolarized. Due to TFM’s similar molecular structure to known uncouplers of oxidative
phosphorylation, such as 2,4-dinitrophenol (2,4-DNP; Fig. 1-4), it has been hypothesized
that the lampricide causes death in larval lamprey and non-target fishes by uncoupling
mitochondrial oxidative phosphorylation (Applegate 1950; Kawatski and McDonald
1974; Niblett and Ballantyne 1976), leading to increased oxygen consumption by
mitochondria (Wallace and Starkov 2000; Voet et al. 2006). Indeed, Niblett and
Ballantyne (1976) noted an increase in oxygen consumption in mitochondria isolated
from rats exposed to TFM, without corresponding increases in ADP utilization by the
mitochondria. Moreover, these uncoupling effects of TFM on mitochondrial respiration
were more pronounced than those of 2,4-DNP. However, these findings were never
validated by comparable work in sea lamprey or non-target fishes, in which the evidence
favoring TFM-induced uncoupling of oxidative phosphorylation is limited. Smith and
King (1960) reported that the oxygen consumption rate of intact lamprey increased in the

presence of TFM, indirectly supporting the hypothesis that TFM uncouples oxidative
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phosphorylation in fish. Further evidence was provided by Kawatski and McDonald
(1974), who reported an increase in oxygen consumption in the brain of trout, and in the
liver of the blue gill (Lepomis macrochirus), when fishes were exposed to TFM.

Wilkie et al. (2007a) observed that while there were no changes in whole body
ATP, pyruvate and glycogen concentrations in TFM-exposed lamprey, the concentration
of glucose in the plasma significantly decreased after a 12 h exposure. They suggested
that this glucose depletion may have been due to increased reliance on glycolysis to
produce ATP due to TFM-induced reductions in oxidative phosphorlyation. The authors
did not observe any change in whole body ATP levels. However, any disturbance to ATP
concentrations would have been offset by the hydrolysis of phosphocreatine (PCr) via
creatine phosphokinase (CK). This would cause a decrease in PCr before any change
would be seen in ATP, which is what the authors demonstrated in their study. Similar
findings were reported in mollusks by Viant et al. (2001), where the authors concluded
that after exposure to TFM, mitochondrial ATP formation was impeded. While the
findings of Wilkie et al. (2007a) and Viant et al. (2001) support the prediction that TFM
exposure results in a mismatch between ATP supply and ATP demand, neither study
directly demonstrated that TFM uncoupled oxidative phosphorylation. Moreover, Wilkie
et al. (2007a) suggested that death could arise from neural arrest due to a lack of
glucose/glycogen to energize nervous system activity. It remains unclear from their work
whether or not TFM caused the mismatch in ATP balance by increasing ATP demands,
restricting ATP supply, or both. Moreover, the hypothesis that TFM caused death by
starving the nervous system of glucose has not been verified by measuring glycogen and

its metabolites (e.g. lactate) in critical tissues such as the brain and the liver. Accordingly,
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another goal of my thesis was to determine how TFM exposure influenced energy
reserves, such as glycogen, ATP and PCr, in the brain, liver and muscle of lamprey and
trout exposed to sub-lethal concentrations of TFM. I predicted that TFM exposure would
result in a depletion of these energy reserves in lamprey and trout, and that death would
result when ATP was no longer available to satisfy the requirements of the body.

While such measurements of tissue energy reserves could potentially demonstrate
that TFM causes death by causing a mismatch in ATP supply and ATP demand, such
experiments would not directly indicate if TFM interfered with ATP supply by
uncoupling oxidative phosphorlyation. The final goal of my thesis was to use
mitochondria isolated from rainbow trout and lamprey to test the hypothesis that TFM

does in fact interfere with oxidative phosphorylation in the mitochondria.

Thesis Objectives

The toxic effects of TFM on larval lamprey and on non-target fish populations
have been extensively studied (e.g. Applegate and King 1961; Bills et al. 2003; Boogaard
et al. 2003), but the actual mechanism of TFM toxicity remains unknown. Therefore, the
major objective of my M.Sc. thesis was to determine the mechanisms of TFM toxicity to
larval sea lamprey and a representative non-target fish species, the rainbow trout. To
achieve this goal, I tested the following three hypotheses addressing the mode of TFM
toxicity in sea lamprey and rainbow trout;

Hypothesis I. TFM causes reductions in glycogen in the liver and brain due to a

mismatch between ATP supply and ATP demand, and are the actual cause of

mortality in sea lamprey and non-target fishes (Chapters 2, 3).
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Hypothesis II. The death of lamprey exposed to toxic concentrations of TFM
results from internal ion imbalances arising from TFM-induced interference with
gill mediated ion uptake (Chapters 2, 3).

Hypothesis III. TFM interferes with ATP supply by inhibiting oxidative

phosphorylation in the mitochondria (Chapter 4).

Hypotheses I and II were tested in larval lamprey and rainbow trout, respectively,
by exposing the fish to TFM (12-h LC50), and collecting tissues (brain, liver, muscle,
blood) at different time intervals. I then quantified energy stores and metabolites in these
tissues to determine if TFM caused an imbalance in ATP supply and ATP demand. I also
measured Na* uptake, gill Na'/K* ATPase activity, and plasma and whole body ion (Na”,
CI', Ca® and K*) concentrations to determine if TFM exposure interfered with gill
mediated ion uptake leading to potentially toxic internal ion imbalances.

Hypothesis III was investigated using mitochondria isolated from the livers of up-
stream migrant sea lamprey and rainbow trout. I then exposed the isolated mitochondria
to a range of TFM concentrations that these fish would likely experience if exposed to
TFM in the field. To determine if TFM uncoupled oxidative phosphorlyation, I then
monitored its effects on mitochondrial respiration (Chapter 4).

Ultimately, my thesis will provide insight into the mechanism of TFM toxicity,
and provide data on the sub-lethal effects of the lampricide in both lamprey and non-
target species. Identifying the mode of action of TFM will also help fisheries managers
better predict non-target species sensitivity, and determine the time of year when larval

lamprey and non-target fishes are most sensitive to the lampricide. By allowing sea
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lamprey control personnel to schedule TFM treatments when larval lamprey are most
sensitive, it could further reduce the amount of pesticide that is released in the
environment and lower treatment costs. Moreover, understanding the mode of action of
the lampricide will help explain the seasonal variation in TFM sensitivity that has been

recently noted by Scholefield et al. (2008) in sea lamprey.
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Figure 1-1. Molecular Structure of TFM and 2,4-DNP. The lampricide TFM
(a) is believed to exert its toxicity by uncoupling mitochondria oxidative
phosphorylation because of its structural similarity to a known uncoupler, 2,4-

dinitrophenol (2,4-DNP; b).
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Figure 1-2. Application of TFM to Streams. There are two differeﬁt methods
that are currently used to apply TFM to the streams: the “sprinkler” method (a)
and the “drop-jug” method (b). The “sprinkler” method is used to release TFM
directly into the water column at a pre-determined rate through a perforated hose
to ensure optimal mixing at the initial application site on the main branch and
tributaries. The “drop-jug” method uses perforated jugs of TFM that are set
downstream from the main application site to boost the concentration of

lampricide (B. Stephenson personal communication). Pictures by O. Birceanu.
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Figure 1-3. Ion Uptake Model at the Level of the Gill in Freshwater Fishes.
The model describes the uptake of various ions (Na*,CI" and Ca®*) from fresh
water, at the apical side of the chloride cell (CC), and the eventual transfer of
these ions into the body of the fish via ATP-driven enzymes (solid circles) and
exchangers (open circles) at the basolateral membrane. Ion channels are denoted
by the horizontal lines, while the arrows indicate ion movement in and out of the
CC. CA = carbonic anhydrase; PVC = pavement cell. Model adapted from

Marshall (2002).
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Figure 1-4. Mitochondrial Oxidative Phosphorylation. Simplified schematic of
the oxidative phosphorylation process at the level of the mitochondria. As protein
complexes I, III and IV of the electron transport chain located in the inner
mitochondrial membrane pass electrons down, they release a proton (H") in the
inner-mitochondrial membrane. This creates a proton gradient or proton motive
force that drives ATP formation. The mitochondrial inner membrane is
impermeable to these protons. Therefore, the protons move back into the matrix,
down their concentration gradient, through ATP-synthase. This process drives the
phosphorylation of ADP to ATP, thus producing the high energy molecule that
drives all the energy consuming processes in the cell. Figure adapted from Hill et

al. (2004).

23



% Mitochondrion
=

pH=7.2-7.4 pH="7.2-73 pH=7.9-8.0
o
H* I
H+ 11}
H* IV
+ +
H H -
H+*H" H* H+
H*
ATP synthase
ADP
H*
ATP
Inter-membrane
Cytosol space Matrix

24




Chapter 2

Failure of ATP Supply to Match ATP Demand: The Mechanism of
Toxicity of the Lampricide, 3-trifluoromethyl-4-nitrophenol (TFM),
Used to Control Sea Lamprey (Petromyzon marinus) Populations in the

Great Lakes

Manuscript accepted for publication in Aquatic Toxicology (Accepted July 14, 2009).

(Birceanu, O. et al. In Press. doi: 10.1016/j.aquatox.2009.07.012).
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ABSTRACT

The pesticide, 3-trifluoromethyl-4-nitrophenol (TFM), has been extensively used to
control invasive sea lamprey (Petromyzon marinus) populations in the Great Lakes, but
its mechanism(s) of toxicity is unresolved. A better knowledge of the mode of toxicity of
this pesticide is needed for predicting and improving the effectiveness of TFM treatments
on lamprey, and for risk assessments regarding potential adverse effects on invertebrate
and vertebrate non-target organisms. We investigated two hypotheses of TFM toxicity in
larval sea lamprey. The first was that TFM interferes with oxidative ATP production by
mitochondria, causing rapid depletion of energy stores in vital, metabolically active
tissues such as the liver and brain. The second was that TFM toxicity resulted from
disruption of gill-ion uptake, adversely affecting ion homeostasis. Exposure of larval sea
lamprey to 4.6 mg "' TEM (12-h LC50) caused glycogen concentrations in the brain to
decrease by 80% after 12 h, suggesting that the animals increased their reliance on
glycolysis to generate ATP due to a shortfall in ATP supply. This conclusion was
reinforced by a 9-fold increase in brain lactate concentration, a 30% decrease in brain
ATP concentration, and an 80% decrease in phosphocreatine (PCr) concentration after 9 h
and 12 h. A more pronounced trend was noted in the liver, where glycogen decreased by
85% and ATP was no longer detected after 9 and 12 h. TFM led to marginal changes in
whole body Na*, CI, Ca** and K*, as well as in plasma Na* and CI', which were unlikely
to have contributed to toxicity. TFM had no adverse effect on Na* uptake rates or gill
Na’/K* ATPase activity. We conclude that TFM toxicity in the sea lamprey is due to a
mismatch between ATP consumption and ATP production rates, leading to a depletion of

glycogen in the liver and brain, which ultimately leads to neural arrest and death.
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INTRODUCTION

Sea lamprey (Petromyzon marinus) typically spend 3 — 7 years as filter-feeding
larvae, burrowed in the sediment of rivers and streams, before undergoing metamorphosis
into parasitic lamprey which feed on the blood on teleost fishes (Beamish and Potter
1975; Youson 1980). Following the sea lamprey invasion of the upper Great Lakes in the
early 1900s, sea lamprey decimated commercial and recreational fisheries contributing to
the near collapse of the lake trout fishery in the mid-part of the century (Lawrie 1970,
Smith and Tibbles 1980). Since the late 1950’s, the halogenated phenol, 3-
trifluoromethyl-4-nitrophenol (TFM) has been used as a selective lampricide which
targets larval lamprey in Great Lakes rivers and streams as part of an integrated pest
management program to control parasitic sea lamprey populations (Lawrie 1970; Olson
and Marking 1973; Smith and Tibbles 1980; Hubert 2003; McDonald and Kolar 2007).
However, lampricide treatments are expensive, labor intensive and there is increasing
public concern regarding the use of pesticides in general (GLFC 2001). There is therefore
a need to better understand the mechanism(s) of TFM toxicity so that more effective TFM
treatment protocols can be developed to control sea lamprey populations, and to better
assess and manage the risk of potential sub-lethal and lethal adverse effects to non-target
vertebrate and invertebrate organisms.

The sensitivity of larval lamprey and non-target fish populations to TFM have
been described in many acute toxicity studies (e.g. Applegate and King 1962; Bills et al.
2003; Boogaard et al. 2003). It is known that the maximal concentration of TFM tolerated
for juvenile and mature fishes is 3-5 times higher than the concentration required to kill

larval lamprey, due the greater ability of most teleosts to detoxify the pesticide by
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glucuronidation (Olson and Marking 1973; Lech and Statham 1975; Kane et al. 1994).
The actual mechanism of TFM toxicity and its associated physiological disturbances to
fishes have been described in only a few studies, however (e.g. Viant et al. 2001; Wilkie
et al. 2007a). Applegate et al. (1966) proposed that TFM caused death by impairing ATP
production due to TFM’s structural similarity to known uncouplers of mitochondrial
oxidative phosphorylation, such as 2,4-dinitrophenol (2,4- DNP; Fig. 1-1b). To date, the
only direct evidence of mitochondrial uncoupling is in rat liver, where the stimulatory
effects of TFM on mitochondrial respiration were more pronounced than those of 2,4-
DNP (Niblett and Ballantyne 1976).

Wilkie et al. (2007a) reported that the concentration of glucose in the plasma and
the concentration of phosphocreatine (PCr) in whole bodies of larval lamprey
significantly decreased as a result of TFM exposure. These data suggested that there was
a greater reliance on limited glycogen and glucose reserves for anaerobic ATP production
during TFM exposure, supporting the hypothesis that TFM targets ATP supply pathways
and/or increases ATP demand. To our knowledge, no research has shown evidence of
TFM-induced ATP depletion or anaerobic substrate depletion in essential fuel storage
areas such as the liver, or in the brain of lamprey which contain relatively large glycogen
reserves compared to other vertebrates (Rovainen 1970; Rovainen et al. 1971). To test the
hypothesis that TFM exposure resulted in a mismatch between ATP supply and ATP
demand, we exposed larval lamprey to TFM (the 12-h LC50) and measured changes in
tissue glycogen, ATP, PCr, and lactate at different intervals. The 12 h exposure period

matches the duration of actual TFM treatments in the field (Hubert 2003).
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TFM has also been shown to target the gills (Christie and Battle 1963) and cause
ultrastructural changes in the mitochondria rich cells (MR cells, ionocytes or ion uptake
cells), which are involved in gill-mediated ion uptake (Mallatt et al. 1985, 1994). These
findings suggest that TFM might also compromise internal ion homeostasis. Accordingly,
the additional hypothesis that TFM interferes with gill-mediated ion uptake was tested by
measuring Na* uptake, gill Na*/K* ATPase activity, and blood and whole body ion

concentrations in lamprey.
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MATERIAL AND METHODS
Experimental Animals and Holding

Larval sea lamprey (P. marinus, 1-2 g, 9-12 cm in length) were provided courtesy
of the US Geological Survey (USGS) out of the Hammond Bay Biological Station
(Millersburg, MI, USA), and held in 500 1 tanks receiving Wilfrid Laurier University well
water on a flow-through basis (pH ~ 8.0; titratable alkalinity ~ 200 mg CaCOs i
hardness ~ 450 mg CaCOj; I''; temperature ~ 10-13 °C). The tanks were lined with fine
silica sand (4-5 cm deep) to provide substrate for the burrow-dwelling larvae, which were
held under a 12 h light:12 h dark photoperiod, and fed weekly with baker’s yeast (2 g
yeast per larva; Holmes and Youson 1994; Wilkie et al. 1999). The animals were held in
the lab for approximately 4 months before experiments commenced. Prior to experiments,
larvae were starved for 72 h. Experiments and fish husbandry were approved by the
Wilfrid Laurier University Animal Care Committee and followed Canadian Council of

Animal Care guidelines.

Experimental Protocol
Determination of the Acute Toxicity of TFM

To establish TFM exposure concentrations in Wilfrid Laurier well-water, two
separate toxicity range finder experiments were conducted by exposing the larvae to
nominal TFM concentrations of 0.0, 0.5, 1.0, 2.5, 5.0, 10.0, 25.0 mg I TFM for 12 h. In
the first experiment, larvae were provided with 2 g of aquarium cotton that was diffusely
distributed in the 5 1 exposure containers to mimic the burrow-dwelling habitat of the

larvae and to minimize stress (thigmokinesis: Rovainen and Schieber 1975). The toxicity
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data (12-h LC50) was then compared to the 12-h LC50 measured in the absence of
cotton. Because the 12-h LC50 values were identical (4.6 mg/L; see Results), all
subsequent TFM exposure experiments were done in the presence of cotton to ensure that
changes in metabolic, ionic or haematological status were due to TFM and not excessive
activity due to a lack of burrowing substrate. For each toxicity range finder experiment
(cotton or no-cotton), a total of 8 fish were exposed to each TFM concentration. The
experiments were done in the dark, since larval lamprey are negatively phototactic
(Rovainen and Schieber 1975) and TFM is sensitive to photodegradation (Carey and Fox
1981). Field formulation TFM (Clariant SFC GMBH WERK, Griesheim, Germany) was
used for all experiments [35% active ingredient dissolved in isopropanol; provided
courtesy of Fisheries and Oceans Canada (DFQ)], and TFM exposure concentrations
verified using precision TFM standards provided by DFO. Water TFM was measured
using a 96-well plate spectrophotometer (SpectraMax 190, Molecular Devices, CA), at a
wavelength of 395 nm, according to the Standard Operating Procedures of the

Department of Fisheries and Oceans, Sea Lamprey Control Centre (IOP: 012.4).

Effects of TFM on Lamprey Metabolism and Plasma Ion Balance

To test the hypothesis that TFM toxicity was associated with an energy imbalance,
the effects of TFM on fuel stores (high energy phosphagens, glycogen and glucose) and
metabolites (lactate, pyruvate and creatine) were measured in different lamprey tissues
(liver, brain, muscle) and blood at pre-determined intervals (1, 3, 6,9, 12 h) during
exposure to the TFM 12-h LC50 (4.6 mg I''; see Results). Potential haematological and

ionic disturbances were also evaluated by measuring blood haemoglobin (Hb)
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concentration and haematocrit (Hct), ion concentration in the plasma (Na*, CI') and whole
body (Na*, CI, Ca** and K*), muscle water content, and gill Na*/K*-ATPase activity.

Animals were starved for 72 h prior to the beginning of experiments, after which
individual larvae were placed in well aerated, darkened chambers containing aquarium
cotton (0.2 g per chamber) and 0.5 | of well water approximately 12-24 h prior to TFM
exposure. Because the larvae were held under static conditions, approximately 50% of
the water was changed before the start of the experiments to minimize the amount of
ammonia build-up. Since larval lamprey have very low ammonia excretion rates of
between 20-50 nmol N g'l h! (Wilkie et al. 2006, 2007a), ammonia concentrations no
greater than 20 umol 1" would have accumulated in each container, below concentrations
known to be toxic to larval sea lamprey (96-h LC50 =3 mmol I''; Wilkie et al. 1999).
Water samples were collected at 0, 1, 3, 6, 9 and 12 h of exposure for TFM
determination.

The larval lamprey were terminally sampled at 1, 3, 6,9 and 12 h of TFM
exposure or under control conditions (no TFM exposure) with an overdose of tricaine
methanesulfonate (MS222) anaesthesia [1.5 g ' MS222 (Syndel Labs, Vancouver,
British Columbia) buffered with 3.0 g "' NaHCOs]. Initially, there were 8 fish per TFM
exposure time, but the numbers decreased because of mortality prior to the designated
sampling time. For this experiment, only surviving fish were sampled, and 50% mortality
was achieved after 12 h of exposure. To rule out possible diurnal fluctuations in tissue
metabolites, haematology, plasma ions, or whole body ions and water content, control

larvae were sampled at time zero, or after 6 h or 12 h of the experiment.
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After anesthetization, fish were blotted dry with a paper towel, and their mass and
length were measured. An incision was then made through the heart and blood was
collected into non-heparinized capillary tubes. A sub-sample of this blood (10 ul) was
immediately mixed with 20 pul PCA for later determination of lactate and glucose
concentrations. A sub-sample of blood (10 ul) was also mixed with 2.5 ml Drabkin’s
reagent for haemoglobin determination. Capillary tubes were then centrifuged for 5
minutes at 10,000 x g for haematocrit determination, and aliquots of the plasma drawn
off and frozen at -80 °C for later determination of plasma ions (Na*, CI"). Immediately
following blood collection (within 1 minute), the liver, gills, brain and the trunk (minus
the remaining viscera except kidney) were removed from each larval lamprey, snap
frozen in liquid nitrogen (Wang et al. 1994a), and stored at -80 °C until processed for

analysis.

Effects of TFM on Gill Ion Uptake and Whole Body Ion Balance

In addition to the plasma ion concentrations and Na'/K*-ATPase activity
determination, an additional series of experiments was conducted at McMaster University
in dechlorinated, City of Hamilton tap water (pH ~ 8.0; [Ca] ~ 930 umol I'*; [Mg] ~ 400
pmol I''; [Na] ~ 950 umol I''; temperature ~ 10-13 °C; pH ~ 7.4), to determine if TFM
directly interferes with gill-mediated Na* uptake and whole body ion balance. As
described above, a range finder experiment was first conducted to determine the 12-h
TFM LC50 (2.0 mg It TFM), and to determine the TFM concentration for subsequent
exposures (12 -h LC50 = 2.0 mg 1'"). Unlike the experiments designed to examine

intermediary metabolism, the fish in these experiments were held in 0.5 1 of water in
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groups of three per container. The Na* influx rate was measured over different 3 h
intervals (0-3, 3-6, 6-9, 9-12 h) during TFM exposure. Simultaneous control larvae (no
TFM present) were also sampled at time 0, 6 h and 12 h of the experiment to rule out
diurnal fluctuations in Na* influx.

To ensure that isotope was adequately mixed in the flux chambers, each 3 h flux
determination period was initiated following the addition of **Na (5 uCi as Na,COs3,
specific activity 20.0 uCi mg") to each container 10 minutes prior to collecting the initial
water sample (sample volume = 10 mL). Additional water samples were collected 1 h and
3 h after the flux was initiated. The water samples were then analyzed for cold (non-
radioactive) Na* concentration, and total radioactivity. At the end of the flux, the fish
were killed by a blow to the head, and then washed in deionized (DI) water for three
minutes, followed by a second 3 minute wash in 20 mmol 1" NaCl, to wash off any
externally bound isotope. The gamma counts of **Na in whole fish and water were then
immediately determined using a 1480 Automatic Wallac182 Wizard Gamma Counter
(PerkinElmer Life Sciences, Woodbridge, ON).

After >*Na* counts were exhausted (approximately 2 weeks), 5 volumes of 1N
HNO; was added to a 50 ml centrifuge tube containing a single fish, and the whole bodies
digested for 48 h at 60°C. The homogenates were then vortexed, and a sub-sample (1.5
ml) was then withdrawn and centrifuged at 10,000 x g for two minutes. The supernatant
was then diluted using deionized water and analyzed using atomic absorption

spectroscopy for Na*, K*, Mg®*, and Ca** concentration using well established protocols.
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Analytical Techniques
Blood and Tissue Processing and Analysis

Unless noted, all enzymes and reagents were purchased from the Sigma-Aldrich
Chemical Company (St. Louis, MO, USA). Blood haemoglobin concentration was
determined using the cyanomethaemoglobin method and sample absorbance read on a
plate spectrophotometer (SpectraMax 190, Molecular Devices, CA) at a wavelength of
540 nm. Respective blood lactate and glucose concentrations were determined
enzymatically on blood:perchloric acid (1:2 ratio) supernatants using lactate
dehydrogenase or hexokinase, and read at 340 nm on the plate spectrophotometer, as
described by Bergmeyer (1983).

Whole body Na*, K*, and Ca®*, and plasma Na*, were quantified using atomic
absorption spectrophotometry (SpectrAA 880, N» gas; Varian, 171 Mississauga, ON);
water Na* concentrations were determined in a similar manner. Whole body and plasma
CI' concentrations were determined colorimetrically using the mercuric thiocyanate assay
(Zall et al. 1956).

Tissue processing for ATP, PCr, glycogen and metabolite determination is
outlined in Wilkie et al. (1997, 2001). Briefly, the frozen trunk was initially pulverized to
smaller chunks using a hammer and then muscle chunks were quickly transferred to a
liquid N2-cooled mortar and pestle. For tissue water analysis, 50 mg frozen tissue was
dried at 60°C for 48 h. The remaining frozen pieces of tissue were then ground to a fine
powder under liquid N, followed by deproteination in 4 volumes of 8% perchloric acid
(PCA) containing 1 mmol 1! ethylenediaminetetraacetic acid (EDTA), left on ice for 10

min, and then split into two sub-samples. Sub-sample one was processed for metabolite
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(lactate, pyruvate and creatine) and fuel store (ATP, PCr) determination. Sub-sample two
was neutralized with 3 mol I'! K,COs, frozen in liquid N,, and saved at -80 °C until
processed for glycogen. Sub-sample one (fuels and metabolites) was centrifuged at
10,000 x g for 2 minutes, the supernatant drawn off, weighed and neutralized with 0.5
volumes of 2 mol "' KOH cocktail (composed of 0.4 mol 1"* imidazole and 0.4 mol I"'
KCl). This solution was then vortexed, centrifuged again, and the supernatant removed
and stored at -80 °C. The same procedure was used for the brain and the liver samples,
except that, due to the small size of these tissues, the PCA solution was added directly to
the microcentrifuge tube and the samples were homogenized on ice using a hand held
motorized plastic pestle homogenizer (Gerresheimer Kimble Kontes LLC, Diisseldorf,
Germany).

The extract arising from sub-sample one was analyzed using enzymatic assays
(Bergmeyer 1983) for ATP (hexokinase, using glucose-6-phosphatase as coupling
enzyme), PCr (creatine kinase), pyruvate (lactate dehydrogenase; muscle only) and
lactate (lactate dehydrogenase). ATP, PCr, creatine, and lactate are each expressed as
pmol g wet tissue. Tissue glycogen was determined in the second, neutralized extract
obtained from sub-sample two, to which one part 2 mol I'' acetate buffer to one part tissue
was added, followed by 40 units (U) amyloglucosidase to convert the glycogen to glucose
and incubated at 37 °C for 2 h. The incubation was terminated by adding 70% PCA to the
digest, and then neutralized with 3 mol I'' K,COs. Samples were stored at -80 °C for later
analysis of glucose. A second sub-sample of homogenate was saved and later used to

determine the free glucose in the tissues, which was subsequently subtracted from the

36



total glucose in the tissue to yield the glycogen concentration in pmol glucosyl units g'l

wet tissue.

Gill Na*/K*-ATPase Activity Determination

Gill processing to determine the effects of TFM exposure on Na*/K*-ATPase
activity followed the protocol outlined by McCormick (1993). Briefly, the activity of the
Na'/K*-ATPase was calculated as the difference between the uninhibited total activity
and oubain inhibited ATPase activity. The reaction media contained 2.8 mmol I
phosphoenolpyruvate (PEP), 3.5 mmol I'' ATP, 0.33 mmol I'' NADH, LDH (4 U ml™")
and pyruvate kinase (PK; 5 U ml™") in imidazole buffer (50 mmol I'") at pH 7.5. A salt
solution containing 50 mmol 1" imidazole buffer, 190 mmol It NaCl, 10.5 mmol 1!
MgCl, - 6H,O and 42 mmol I'' KCl in deionized water at pH 7.5 was added to the
reaction media the day of the assay in a 3:1 ratio, and kept on ice before use.

The gills were processed for Na'/K*-ATPase activity quantification by adding
approximately 25 mg gill tissue to 500 ul of salt solution, and homogenized using a hand-
held motorized plastic pestle on ice to homogenize the tissue. For each gill, 12.5 pl of
homogenate were then added to individual wells on the microplate in triplicate, followed
by 200 ul of reaction media-salt solution mixture. The Na*/K*-ATPase activity was then
determined on the homogenates by monitoring the decrease in the absorbance (at 340 nm)
of the mixture over 10 minutes in the presence or absence of ouabain in the reaction
media-salt solution mixture. The protein concentration in the gill homogenate was

determined by Bradford assay (Bradford 1976).
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Determination of Na* Uptake

Determination of Na* influx rate was based on the increase in whole body gamma
radioactivity during exposure to TFM. Following gamma count determination, samples
were allowed to decay for 2 weeks at 4°C (24Na+ has a half life of ~ 15 h), after which the
carcasses were processed for whole body ion (Na, CI', K™ and Ca™) analysis, as
previously described. Whole body Na* influx rates in larval lamprey were determined
based on the accumulation of gamma radioactivity in the fish during the 3-h flux period

as described by Hogstrand et al. (1994):

Na® influx Rate = CPMiamorey ¢y
(MSA «T)

where CPM is the gamma counts per minute per gram fish, MSA is the mean specific
activity of **Na* in the water (cpm **Na* nmol™), and T is the duration of the flux period

(3 h).

Calculations and Statistical Analysis

Determination of the 12-h LC50 for larval lamprey exposed to TFM was done by
probit analysis (Sprague, 1969) using software available from the US Environmental
Protection Agency (USEPA Probit Analysis Program, version 5.1).

Data are presented as mean + 1 SEM. All comparisons were unpaired and
analyzed using one-way analysis of variance (ANOVA). When significant variability was
observed, statistical significance between the means was assessed using the Tukey-
Kramer post-test at the p < 0.05 level. When the requirement for homogeneity of variance
was not satisfied, a nonparametric ANOVA was used, followed by Dunn’s test where

appropriate.
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RESULTS
Determination of the Acute Toxicity of TFM

The nominal TFM concentrations of 0.5, 1.0, 2.5, 5.0, 10.0, 25.0 mg 1! were
reflected by measured TFM concentrations of 0.16 + 0.05, 1.07 £0.1,2.31 £0.1,547 +
0.3, 12.49 £ 0.6, 24.99 + 0.7 mg I, respectively. The larval sea lamprey exposed to TFM
in the cotton versus the non-cotton group had identical 12-h LC50s for TFM of 4.6 mg I
(p>0.05, data not shown). Subsequently, larval sea lamprey were exposed to a nominal
TFM concentration of 4.6 mg I"' (measured 4.60 + 0.04 mg I'") in the subsequent
experiments that investigated how TFM influenced energy use and ion balance in these
fish. The 12-h LC50 in City of Hamilton dechlorinated tap water at McMaster was about
50 % lower, with a value of 2.0 mg I"" (data not shown). Subsequently, larval sea lamprey
were exposed to a nominal TFM concentration of 2.0 mg I (measured 1.80 + 0.04 mg I™")

to assess the effects of TFM on branchial Na” uptake.

Effects of TFM on Larval Lamprey Metabolism

Exposure of larval sea lamprey to 4.6 mg "' TFM significantly altered energy
stores in the brain, liver, blood and muscle of the fish. In the brain, the glycogen
concentration was approximately 7.4 + 0.8 pmol g'1 wet tissue under control conditions,
and steadily declined with TFM exposure. After 9 and 12 h, the levels had significantly
decreased by approximately 72% compared to controls (Fig. 2-1a). This drop in brain
glycogen concentration was accompanied by corresponding increases in brain lactate
concentration, which had increased by 9-fold after 9 h and 12 h (Fig. 2-1b). Brain ATP

reserves were also adversely affected by TFM, declining by approximately 40% (Fig. 2-
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2a) over 9 and 12 h, compared to control values of 1.6 £ 0.1 umol g'l wet tissue. The
impact of TFM was greatest on PCr, however, which decreased by approximately 50 %
after 3 h, from control values of 7.5 + 0.5 pmol g wet tissue (Fig. 2-2b). By 9-12 h, PCr
had declined by more than 80% compared to controls (Fig. 2-2b).

Along with the changes in the brain during TFM exposure, there was also a
marked depletion of fuel reserves in the liver. In control animals, the liver glycogen
concentration was 18.3 + 2.2 umol g wet tissue, and decreased by approximately 60%
after 3 h of TFM exposure (Fig. 2-3a). By the 9 and 12 h sampling periods, there was an
85% decrease in liver glycogen levels (Fig. 2-3a). Predictably, the drop in glycogen was
accompanied by simultaneous increases in liver lactate, which had increased by 4-fold
after 9 and 12 h of TFM exposure compared to controls (Fig. 2-3b). The depletion of
glycogen was accompanied by reductions in ATP, which decreased by more than 60%
from control values of 0.6 + 0.1 umol g wet tissue after only 1 hour of TFM exposure
(Fig. 2-4a). By 3 h, liver ATP levels had decreased by 90%, and after 6 h of exposure,
ATP was no longer detected in the liver (Fig. 2-4a). Liver PCr followed a different trend,
however. Initially, there was a 90% decrease in liver PCr after 1 h of exposure (Fig. 2-
4b), compared to control values of 1.3 + 0.4 umol g™ wet tissue. However, PCr
concentrations rebounded towards control levels after 3 h of exposure and then stabilized
(Fig. 2-4b).

Disturbances in metabolite and fuel stores were less pronounced in the muscle,
where glycogen reserves were unaffected over the first 6 h of TFM exposure compared to
the control values of 20.2 + 2.1 pmol g'l wet tissue. However, a marked 75 % reduction in

muscle glycogen reserves was observed after 9 and 12 h of exposure to TFM (Fig. 2-5a).
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The decrease in glycogen was accompanied by a simultaneous increase in lactate, which
had increased by 3-fold after 12 h of exposure (Fig. 2-5b). Despite the change in glycogen
and lactate, there were no changes in muscle pyruvate concentration, which fluctuated
around 0.1 pmol g'l wet tissue (data not shown). |

Muscle ATP concentrations were unaffected by TFM exposure, at approximately
2.7+0.1 umol g'l wet tissue (Fig. 2-6a). Although muscle PCr exhibited a steady
downward trend, values were not significantly different from the control value of 24.3 +
2.8 pumol g'l wet tissue (Fig. 2-6b).

The metabolic disturbances seen in the brain and in the liver were reflected by
changes in the blood lactate concentration. Although blood lactate was highly variable, it
significantly increased compared to control values only after 12 h of TFM exposure
(Table 2-1). While blood glucose levels were also variable, they remained unaffected by

exposure to TFM (Table 2-1).

Effects of TFM on Lamprey Ion Balance and Haematology

TFM had little effect on haematology, tissue water or plasma ion balance (Table
2-1). Blood haemoglobin (Hb) remained unaltered by the TFM exposure, with values
ranging from 6.7 t0 9.9 g dI'!, and control values of 7.4 + 1.0 g dI"! (Table 2-1).
Haematocrit (Hct) and mean cellular haemoglobin concentration (MCHC) were also
unaffected by TFM, with values averaging 30.7 + 0.6% and 28.7 + 2.1 g dI'', respectively
(Table 2-1). Plasma Na* concentrations ranged from 81-105 mmol 1" in TFM-treated fish,
but were not significantly different from control animals, in which the average Na*

concentration was 96.5 + 2.0 mmol 1" (Table 2-1). Plasma CI” was similarly unaffected,
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and did not deviate from the control value of 92 mmol I" observed in lamprey not
exposed to TFM (Table 2-1).

The Na” influx rates of control larval lamprey were approximately 70.0 + 6.4 nmol
g” h'! and were maintained throughout the entire 12 h period of TFM exposure (Table 2-
3; note that at 9 h only one fish survived and it was not represented on the graph). This
lack of TFM interference with Na* uptake was reflected by an absence of disturbance to
the whole body concentrations of Na*, CI', and K™ which remained stable at 39.3 + 1.5,
35.8+1.8,and 63.9+ 1.0 mmol g', respectively (Table 2-2). Whole body Ca**
concentrations significantly increased at 6 h of exposure, returning to control levels of
21.1 + 1.1 mmol g thereafter (Table 2-2).

Gill Na/K*-ATPase specific activity was maintained near 0.5-0.6 nmol ADP pg
protein” h™ in the presence of TFM, and had significantly increased by approximately
7.5-fold after 9 h exposure, before returning to control levels after 12 h (Table 2-3). This

rate was accompanied by a similar trend in the gill Na'/K*-ATPase wet weight activity, where the
activity increased 2.5-3.5 times after 9 h exposure to TEM, but this trend was not significant

(Table 2-3). The total protein content in the gill remained unchanged over the 12 h

exposure, averaging 44-60 pg protein mg‘1 wet tissue (Table 2-3).
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DISCUSSION
Effects of TFM on Energy Stores

Our findings support the hypothesis that TFM toxicity is due to a failure of ATP
supply to match ATP demand, which is characterized by substantial reductions of on-
board energy reserves in the brain, liver and to a lesser extent the muscle, of larval sea
lamprey. Because our preliminary range-finder experiments indicated that the 12-h LC50
in larval lamprey burrowed in cotton was identical to that determined in the absence of
cotton, we chose to conduct our TFM exposures using the cotton substrate. The presence
of burrowing substrate is known to calm larval sea lamprey (thigmokinesis; Rovainen and
Schieber 1975), and would have minimized any spontaneous activity that could have
altered energy store and metabolite concentrations in the animals. Although larval
lamprey are often considered “sedentary”, short periods of vigorous swimming do result
in marked disturbances to muscle glycogen, lactate and PCr concentrations (Wilkie et al.
2001), which could have masked the effects of TFM on these fuel stores and metabolites.

Exposure to TFM reduced ATP, PCr and glycogen concentrations in the brain and
liver, and resulted in the concordant accumulation of lactate. This observation strongly
supports the hypothesis that larval lamprey are forced to rely on glycolysis when the
aerobically generated ATP supply does not keep pace with resting ATP demands.
Disturbances were less pronounced in the muscle, possibly because muscle was relatively
inactive during TFM exposure compared to the more metabolically active liver and
nervous system. Another important consideration is that unlike the liver and meninges of
the brain, the glycogen in muscle is not involved in maintaining glucose homeostasis in

the circulatory or nervous systems (Panserat et al. 2000). In lamprey, as in other
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vertebrates, muscle glycogen is used to rapidly generate ATP by glycolysis during high
intensity exercise (see Wang et al. 1994b; Kieffer 2000 for reviews), such as would occur
with burrowing or vigorous swimming by larval sea lamprey (Wilkie et al. 2001). It is
also unlikely that TFM impaired oxygen uptake or delivery because TFM toxicity is
unaltered in hypoxic waters (dissolved O, down to 30 % saturation; Seelye and
Scholefield 1990), and it stimulates oxygen consumption in both the whole animal
(Schnick 1972) and in isolated liver mitochondria of lamprey (discussed in Chapter 4).

The pronounced reductions in glycogen in the brain suggest that hypoglycemia
contributed to death in the larval lamprey by depriving the nervous system of its primary
energy supply (“neural arrest™), as suggested previously (Wilkie et al. 2007a). Because
glucose is a critical substrate for brain function in vertebrates it is very susceptible to
reductions, or even depletion, of this critical fuel reserve as a result of food deprivation,
ischemia, or hypoxia/anoxia (Mcllwain and Bachelar 1985; Rovainen et al. 1969;
Rovainen 1970; Soengas et al. 1998; Polakof et al. 2007). For instance, Soengas et al.
(1998) observed a marked decrease in brain glycogen levels in trout that had been starved
for 14 days. Lowry et al. (1964) noted that during brain ischaemia in mice, brain glucose
was the most rapidly consumed energy store. Similarly, exposure of isolated larval
lamprey brain and meninges to anoxic conditions resulted in rapid, marked reductions in
brain glycogen and glucose (Rovainen et al. 1969; Rovainen et al. 1971).

In vertebrates, liver glycogen reserves are usually the most important factor
controlling blood glucose homeostasis (Niswender et al. 1997; Moon 2001). Sea lamprey
have relatively low liver glycogen reserves (O’Boyle and Beamish 1977), but high

concentrations of glycogen in the meninges of the brain compared to other vertebrates
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(Rovainen et al. 1969; Rovainen 1970; Foster et al. 1993), which could partially explain
their high tolerance to hypoxic conditions (Lewis 1980). High brain glycogen stores have
been shown to provide tolerance to long term hypoxia and anoxia in several other species,
such as the crucian carp, freshwater turtles and goldfish (McDougal et al. 1968), which
have brain glycogen reserves between 12.8 and 19.5 umol g'1 (Lutz et al. 2003). The
decrease in brain glycogen seen in the larval sea lamprey in response to TFM is similar to
that noted in crucian carp by Schmidt and Wegener (1988), who found that brain
glycogen decreased by 95 % after 7 h of anoxia, which is comparable to the 70% decrease
in larval sea lamprey brain glycogen reserves observed in this study. Moreover, the
importance of brain glycogen stores in anoxia tolerance is further emphasized by the fact
that in turtles and goldfish ATP levels remain unchanged for 1 h and 4 h, respectively,
after decapitation (McDougal et al. 1968), suggesting that glycolysis plays an important
role in maintaining ATP reserves. In lamprey, Rovainen (1970) also suggested that brain
glycogen might also be important for maintaining homeostasis of the nervous system
between feeding bouts during the parasitic phase of the sea lamprey life cycle. Although
glycogen stores in the meninges of the lamprey brain are higher than in other fishes, the
relatively small mass of this tissue in lamprey (approximately 1 % of the larval lamprey’s
body mass; data not shown) would likely provide only short-term relief from oxygen
starvation or TFM exposure.

The resting brain glycogen concentrations we measured were lower than
previously reported in larval and upstream migrant sea lamprey (Rovainen et al. 1969;
Rovainen 1970; Foster et al. 1993). This observation could be because the larval lamprey

used in this study had been in the laboratory for 4 months prior to the start of the
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experiments, compared to a few weeks or less in previous studies (Rovainen et al. 1969;
Rovainen 1970; Foster et al. 1993). Moreover, the fish used in this study were fed a
weekly maintenance ration of yeast (Holmes and Youson 1994; Wilkie et al. 2001;
Wilkie et al. 2007a), rather than their natural diet of detritus (Sutton and Bowen 1994),
which could have led to a gradual reduction of internal glycogen reserves (see above).
Because TFM results in marked depletion of glycogen stores, this raises the possibility
that other factors influencing on-board glycogen stores such as starvation, season or life
stage could influence the TFM sensitivity of larval lamprey. Indeed, larval lamprey are
reported to be more sensitive to TFM in the spring compared to late summer (Scholefield
et al. 2008), when brain and liver glycogen concentrations could be lower due to a lack of
high quality food during the preceding winter months.

Further support for the hypothesis that TFM interferes with oxidative ATP
production was observed in the liver, where more pronounced decreases (approximately
90 %) in glycogen were detected after 9 and 12 h of exposure to TFM (Fig. 3a). The liver
glycogen concentration of 18 umol g obtained for controls in the present study is in
agreement with previous measurements in larval lamprey (~ 22 pmol g™'; O’Boyle and
Beamish 1977), but lower than measured in other fish of comparable body size (Begg and
Pankhurst 2004; Soengas et al. 1998). As a result, the amount of glycogen available for
glucose homeostasis in the larval lamprey is proportionately less than in other vertebrates.
Thus, in addition to the sea lamprey’s limited ability to detoxify TFM by glucuronidation
(Kane et al. 1994; Hubert et al. 2005), we suggest that these lower hepatic glycogen
reserves might also contribute to the greater sensitivity of this animal to TFM than more

resistant non-target fishes.
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Although muscle glycogen is not thought to be involved in blood glucose-
homeostasis, a similar TFM-induced reduction in glycogen was noted in this tissue. The
numbers were in accord with the literature (O’Boyle and Beamish 1974), and the
decrease observed in glycogen after 9 and 12 h of TFM exposure was significant (Fig.5a).
Unlike the brain and the liver (Rovainen et al. 1971), the muscle of lamprey lacks
glucose-6-phosphatase (Panserat et al. 2000) and is unable to export glucose to the
circulation. At first glance, the reduction noted in muscle glycogen might be considered
surprising, but the muscle does represent the largest glycogen reserve in larval lamprey
(O’Boyle and Beamish 1977), and glycogen is retained in this compartment to fuel burst
exercise (Kieffer 2000; Wilkie et al. 2001). In contrast to many teleosts, the muscle of the
lamprey is a mixture of red fibres (oxidative fibres) and white fibres (glycolytic fibres)
(Peters and MacKay 1961; Meyer 1979). If TFM uncouples oxidative phosphorylation,
then the muscle would rely to a greater extent on glycolysis to satisfy even its resting
ATP demands during exposure to TFM. Muscle activity could be a factor in glycogen
depletion in the wild as larvae come out of the sand during stream treatments with TFM.
These fish did not come out of the cotton as the TFM exposure time increased,
underscoring our thesis that exercise was not a factor that contributed to the decrease in
muscle glycogen after 12 h of exposure.

Further support for the hypothesis that TFM causes a mismatch between ATP
supply and demand was the significant decrease in ATP concentration observed in the
brain and liver after 6 h of TFM exposure. As ATP was consumed in the brain, it was
likely initially replenished by the dephosphorylation of PCr via creatine kinase (CK;

Hochachka 1991). Because PCr buffers ATP concentrations in response to decreases in

47



the ATP/ADP ratio, steady-state ATP concentrations are usually maintained in tissues
except during high intensity exercise or oxygen starvation (Moyes and West 1995;
McLeish and Kenyon 2005). Because the CK reaction is reversible, the replenishment of
PCr following such challenges requires ATP (Hochachka 1991; Ellington 2001). The
persistent reduction of PCr in brain, and muscle indicates that the supply of ATP
continued to be limited during TFM exposure.

After an initial reduction in PCr in the liver, it was notable that PCr concentrations
were restored in parallel to the simultaneous depletion of ATP as TFM exposure
continued. While we have no explanation for this observation (the PCr assay was run in
the same manner as for the other tissues, with no methodological changes), it is important
to note that there are different isozymes of CK found in different tissues (e.g. brain vs
muscle), and in the cytosolic versus mitochondrial compartments of vertebrate cells
(McLeish and Kenyon 2005). Since the kinetic properties of these isozymes differ, it is
possible that the unexpected effect of TFM on PCr in the liver compared to the brain and
muscle was a reflection of variation in the type of CK present in these tissues. This

possibility requires further investigation, however.

Effects of TFM on Ion Balance and Haematology

The current findings suggest that acute (12 h) TFM exposure has no negative
impact on gill Na* influx, or plasma and whole body ions, haematology, or tissue water.
The transient increase of the Na*/K™-ATPase activity after 9 h of TFM exposure suggests
that the lamprey may have compensated for a decrease in their ability to take-up Na* from

the water due to limited ATP supply to power Na*/K*-ATPase. However, because the wet
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weight and protein specific activity more or less increased in tandem, our findings
suggest that the increase in Na'/K*-ATPase activity was not due to an increase in the
protein content, but rather due to an increase in the number of active units of the enzyme.
More research is needed, however, to establish if TFM exerts its toxicity by
disrupting ion balance in the body of the sea lamprey. Several studies have reported
histological damage or alterations to the gills of larval lamprey exposed to TFM (Christie
and Battle 1963; Mallatt et al. 1985, 1994). Most damage was noted in the mitochondrial
rich cells [MRCs; and also referred to as ion uptake cells (Mallatt et al. 1994) and MR
platelet cells (Bartels and Potter 2004)], with cell and mitochondrial swelling, the
appearance of vacuoles, and the development of spaces between gill epithelial cells
reported. Based on these observations, Mallatt et al. (1994) suggested that TFM could
impair ion uptake and ion regulation in larval lamprey. While we cannot discount the
possibility that such damage occurs with TFM exposure, especially at the higher TFM
concentrations likely to be encountered during actual field treatments, our findings
suggest that such damage would be unlikely to be the proximate cause of TFM toxicity in
lamprey. In support of our conclusion, Wilkie et al. (2007a) also reported no change in
plasma CI” concentration, haemoglobin, haematocrit, MCHC and tissue water in larval

lamprey exposed to TFM in similar pH hard waters.

Mechanism of TFM Toxicity — Relevance for Field Applications and Risk
Assessment
The current study provides evidence that TFM interferes with hepatic ATP

production in larval lamprey, forcing them to rely on PCr and glycolysis to meet their

49



basal ATP demands. Eventually, the greater reliance on glycolysis likely starves the
nervous system of glucose, leading to death. Our evidence suggests that TFM sensitivity
may be related to the size of the glycogen pools in the brain and liver. This observation
may help explain some of the seasonal variation in larval lamprey TFM sensitivity
recently reported by Scholefield et al. (2008), in which sensitivity to TFM was greater in
spring compared to late summer in lamprey collected from the same streams. We suggest
that the greater TFM sensitivity of larval lamprey in the spring might occur because
glycogen stores are reduced (O’Boyle and Beamish 1977) as the animals emerge from an
over-wintering period when food supply is limited compared to the summer. As a result,
TFM sensitivity would be less in the summer, when these filter-feeding animals would
have consumed higher quality and greater amounts of food (Sutton and Bowen 1994).
This knowledge may provide a mechanistic explanation for the seasonal variation in TFM
sensitivity (Scholefield et al. 2008), and support strategies aimed at modifying TFM
dosages based on season. This could be particularly important in streams known to
contain sensitive non-target organisms, as their sensitivity could be enhanced when the
animals emerge from the over-wintering period and have low glycogen reserves. These
streams containing the sensitive organisms could be designated for treatments when lower
doses of TFM are needed for lampricide treatment.

In the absence of sudden changes in water chemistry, non-target organisms would
rarely be exposed to lethal concentrations of TFM (McDonald and Kolar 2007).
However, non-target fishes could be vulnerable to similar metabolic disturbances to those
described in larval lamprey during exposure to sub-lethal concentrations of TFM

transiently encountered during lampricide treatments. Viant et al. (2001) reported marked
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reductions in PCr in molluscs exposed to TFM. It therefore seems reasonable to suggest
that TFM likely has similar effects on energy stores in both non-target invertebrates and
vertebrates. TFM is also one of many toxicants thought to interfere with oxidative ATP
production in the mitochondria. Our findings suggest that as long as mobilizeable
glycogen is present (e.g. brain, liver), an animal would be able to temporarily make up for
a shortfall in ATP by using glycolysis in the presence of such toxicants. An inability to
clear the TFM or other uncoupling toxicants would culminate in death, however, once the
glycogen stores were depleted. Thus, the size of the mobilizeable glycogen pool and the
factors that influence glycogen stores (season, life stage, presence of environmental
stressors) could therefore be a critical determinant of the sensitivity of aquatic organisms

to TFM or other chemicals that target oxidative ATP production by the mitochondria.
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Figure 2-1. Effects of TFM on Brain Glycogen and Lactate in Lamprey.
Changes in brain concentrations of (a) glycogen and (b) lactate in resting larval
sea lamprey (Petromyzon marinus) following exposure to 3-trifluoromethyl-4-
nitrophenol (TFM; solid bars) at a nominal concentration of 4.6 mg 1" for 1, 3, 6,
9 and 12 h or held under control conditions (no TFM; open bars). Data are
expressed as the mean + 1 SEM (N). Bars sharing the same letter are not

significantly different.
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Figure 2-2. Effects of TFM on Brain ATP and PCr in Lamprey. Changes in
brain concentrations of (a) adenosine triphosphate (ATP) and (b) phosphocreatine
(PCr) in resting larval sea lamprey (Petromyzon marinus) following exposure to
3-trifluoromethyl-4-nitrophenol (TFM; solid bars) at a nominal concentration of
4.6 mg I for 1, 3, 6, 9 and 12 h or held under control conditions (no TFM; open
bars). Data are expressed as the mean + 1 SEM (N). Bars sharing the same letter

are not significantly different.
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Figure 2-3. Effects of TFM on Liver Glycogen and Lactate in Lamprey.
Changes in liver concentrations of (a) glycogen and (b) lactate in resting larval
sea lamprey (Petromyzon marinus) following exposure to 3-trifluoromethyl-4-
nitrophenol (TFM; solid bars) at a nominal concentration of 4.6 mg 1! for 1,3,6,
9 and 12 h or held under control conditions (no TFM; open bars). Data are
expressed as the mean + 1 SEM (N). Bars sharing the same letter are not

significantly different.
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Figure 2-4. Effects of TFM on Liver ATP and PCr in Lamprey. Changes in
liver concentrations of (a) adenosine triphosphate (ATP) and (b) phosphocreatine
(PCr) in resting larval sea lamprey (Petromyzon marinus) following exposure to
3-trifluoromethyl-4-nitrophenol (TFM; solid bars) at a nominal concentration of
4.6mgl' for1,3, 6,9 and 12 h or held under control conditions (no TEM; open
bars). Data are expressed as the mean + 1 SEM (N). Bars sharing the same letter

are not significantly different.
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Figure 2-5. Effects of TFM on Muscle Glycogen and Lactate in Lamprey.
Changes in muscle concentrations of (a) glycogen and (b) lactate in resting larval
sea lamprey (Petromyzon marinus) following exposure to 3-trifluoromethyl-4-
nitrophenol (TFM; solid bars) at a nominal concentration of 4.6 mg 1" for 1, 3, 6,
9 and 12 h or held under control conditions (no TFM; open bars). Data are
expressed as the mean + 1 SEM (N). Bars sharing the same letter are not

significantly different.
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Figure 2-6. Effects of TFM on Muscle ATP and PCr in Lamprey. Changes in
muscle concentrations of (a) adenosine triphosphate (ATP) and ()
phosphocreatine (PCr) in resting larval sea lamprey (Petromyzon marinus)
following exposure to 3-trifluoromethyl-4-nitrophenol (TFM; solid bars) at a
nominal concentration of 4.6 mg I”! for 1, 3, 6,9 and 12 h or held under control
conditions (no TFM; open bars). Data are expressed as the mean + 1 SEM (N).

Bars sharing the same letter are not significantly different.
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Chapter 3

The Mechanism of Toxicity of the Lampricide, 3-Trifluoromethyl-4-
Nitrophenol (TFM) in a Non-Target Fish, the Rainbow Trout

(Oncorhynchus mykiss)
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ABSTRACT

The lampricide, 3-trifluoromethyl-4-nitrophenol (TFM), has been extensively used to
control sea lamprey (Petromyzon marinus) populations in the Great Lakes, but its mode
of toxicity in target and non-target species is not entirely understood. Knowledge on the
mode of toxicity of TFM is needed for improving the effectiveness of TFM treatments,
and predicting potential adverse effects on non-target fishes. We investigated two
hypotheses of TFM toxicity in a non-target species, the rainbow trout (O. mykiss). The
first was that TFM interferes with mitochondrial oxidative ATP production, causing
depletion of energy stores in metabolically active tissues such as the liver and brain. The
second was that TFM toxicity results from disruption of gill-ion uptake, affecting ion
homeostasis. Exposure of rainbow trout to 11.0 mg I TFM (12-h LC50) caused brain
glycogen concentrations to decrease by 50% at 12 h, suggesting that the animals
increased their reliance on glycolysis to generate ATP due to a shortfall in ATP supply.
This was reinforced by an initial 75% decrease in brain ATP at 1 h of exposure, with no
changes in PCr after 9 h and 12 h. The liver remained unaffected by TFM exposure. In
kidney there was a 40% increase in lactate at 1, 3, and 6 h, while ATP and PCr decreased
by ~40-50% and 70%, respectively, by 3 h for ATP and 6 h for PCr. Muscle glycogen
decreased by 60% after 12 h of exposure. TFM exposure led to minimal changes in whole
body Na*, CI', Ca** and K*, as well as in plasma Na* and CI. There was a 60% decrease
in Na* uptake rate, suggesting that an ionic disturbance might have enhanced TFM
toxicity, but TFM had no adverse effect on gill Na*/K* ATPase activity. We conclude that
TFM toxicity in trout is due to a mismatch between ATP supply and demand, leading to a

depletion of glycogen in the brain, leading to neural arrest and death.
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INTRODUCTION

The lampricide 3-trifluoromethyl-4-nitrophenol (TFM), used to control the sea
lamprey (Petromyzon marinus) populations in the Great Lakes, is applied to larval sea
lamprey nursery streams that are found within the Great Lakes basin (Smith and Tibbles
1980; Boogaard et al. 2003; Bills et al. 2003; McDonald and Kolar 2007). TFM is the
major element in the integrated pest management program to control sea lamprey
populations in this region and its application has contributed to the restoration of fisheries
that were decimated in the mid-20™ century due to the combined effects of overfishing
and lamprey predation (Lawrie 1970; Christie et al. 2003; McDonald and Kolar 2007).
Treatments with TFM have proven effective mainly because of the specificity of TFM for
the larval lamprey (Applegate and King 1962; Lech and Costrini 1972; Lech and Statham
1975), and their relatively sedentary life style which restricts them to the streams that
empty into the Great Lakes. Despite its success in sea lamprey control, little is known
about the mode of toxic action of TFM to larval lamprey or non-target fishes (McDonald
and Kolar 2007; Wilkie et al. 2007a).

It is known that the concentration of TFM tolerated by most fishes is 3-5 times
higher than that required to kill larval sea lamprey (Applegate and King 1962; Bills et al.
2003; Boogaard et al. 2003). This ability to withstand TFM is related to the greater
capacity of most non-target fishes to biotransform TFM to TFM-glucuronide via the
process of glucuronidation (Olson and Marking 1973; Lech 1974; Lech and Statham
1975; Kane et al. 1993, 1994). A few studies, however, have examined the actual

mechanism of toxicity of TFM and/or its physiological effects on lamprey (Wilkie et al.
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2007a; Birceanu et al. 2009-Chapter 2) or other species (Christie and Battle 1961; Mallatt
et al. 1985, 1994; Kane et al. 1993; Viant et al. 2001).

Damage to the gills by TFM was reported in trout (Oncorhynhcus mykiss) and
larval lamprey by Christie and Battle (1961), but Mallatt et al. (1994) detected no changes
in gill ultrastructure in trout exposed to their 9-h TFM LC100. Kane et al. (1993) reported
that bullfrog (Rana catesbiana) tadpoles were approximately 13 times more sensitive to
TFM than adults due to a lower glucuronidation capacity in the tadpole phase (larval
LC50 = 0.95 mg I'") vs adult frogs (LC50 = 12.99 mg I'"). Building upon evidence that
TFM might uncouple oxidative phosphorylation in the mitochondria, Viant et al. (2001)
demonstrated that TFM exposure resulted in reduced phosphagen reserves in limpets
(Lottia gigantea) and abalone (Haliotis rufescens) exposed to sub-lethal concentrations of
the lampricide, suggesting there was indeed disrupted ATP supply in these molluscs.

Further evidence that TFM exerts its toxic effects by creating a shortfall in ATP
supply in lamprey was provided by Wilkie et al. (2007a) who observed significant
decreases in plasma glucose and whole body PCr in larval lamprey exposed to TFM (12-h
LC50=2.0 mg I'Y). Moreover, Birceanu et al. (2009-Chapter 2) found that as the
exposure time increased, ATP and glycogen levels in the brains and in livers of the
experimental fish were reduced in a step-wise fashion, and eventually were depleted,
during a 12-h exposure to TFM (12-h LC50). Although Viant et al. (2001) suggested that
TFM tolerance could be related to the ability of organisms, such as limpets (which are not
typically exposed to TFM) to sustain anaerobic glycolysis for long periods, little work has
been done to addresé this question. The objective of this study was to therefore determine

if a non-target species likely to encounter TFM during typical field treatments, the
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rainbow trout, also experienced a mismatch between ATP supply and ATP demand as
recently demonstrated in larval lamprey (Birceanu et al. 2009-Chapter 2). Accordingly, to
test the hypothesis that TFM toxicity results in a mismatch between ATP supply and ATP
demand in the trout, we exposed the fish to their respective 12-h TFM LC50, and
measured changes in tissue (brain, liver, muscle, kidney) glycogen, ATP, PCr and lactate
over the 12 h exposure period.

A second objective was to determine if TFM interfered with gill-mediated ion and
osmotic regulation in the trout. Christie and Battle (1963) reported significant
vasodilation and intra-epithelial edema in the gills of rainbow trout exposed to sub-lethal
concentrations of TFM (3 mg I'"), suggesting that TFM could cause death by inducing ion
loss by increasing the ion permeability of the branchial epithelial cells. Mallatt et al.
(1994) observed ultrastructural changes in gill ion uptake cells of lamprey
(ionocytes/mitochondria rich cells) including vacuolization and damage to mitochondria,
but they did not observe similar changes in the gills of trout. To help resolve these
apparent discrepancies, we therefore tested the additional hypothesis that TFM interferes
with gill-mediated ion uptake and osmoregulation in trout by measuring rates of Na*
uptake, gill Na*/K* ATPase activity, and whole body ion (Na*, CI', Ca** and K*)

concentrations, and muscle tissue water in trout exposed to TFM.
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MATERIAL AND METHODS
Experimental Animals and Holding

Rainbow trout (0. mykiss, 3-5 g, 7.3 £ 2.3 cm) were purchased from Rainbow
Springs Trout Hatchery (Thamesford, ON) and held in 120 1 tanks receiving Wilfrid
Laurier University well water on a flow-through basis (pH ~ 8.0; titratable alkalinity ~
200 mg CaCO; I''; hardness ~ 450 mg CaCO; I''; temperature ~ 10-13 °C). The fish were
held under a 12 h light:12 h dark photoperiod, and fed 3 times per week with ground 3.0
floating pellets (Corey Feed Mills, Fredericton, NB). The animals were held in the lab
for at least 2 weeks before experiments commenced, and were starved for 72 h prior to
the experiments. All experiments and fish husbandry were approved by the Wilfrid
Laurier University Animal Care Committee and followed Canadian Council of Animal

Care guidelines.

Experimental Protocol
Determination of the Acute Toxicity of TFM

To establish suitable TFM exposure concentrations in Wilfrid Laurier well-water,
a range finder experiment was conducted by exposing trout to nominal TFM
concentrations between 8 and 25 mg I"'. A total of 5 fish were exposed to each
concentration, and pH averaged 8.14 + 0.03. The experiments were conducted in the dark,
since TFM is sensitive to photodegradation (Carey and Fox 1981). To determine the
TFM exposure concentration (12-h LC50) in City of Hamilton dechlorinated tap water,
trout were exposed to nominal TFM concentrations ranging from 2.0 to 20.0 mg I'". Field

formulation TFM (Clariant SFC GMBH WERK, Griesheim, Germany) was used for all
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range-finder and TFM exposure experiments [35% active ingredient dissolved in
isopropanol; provided courtesy of the Sea Lamprey Control Center, Fisheries and Oceans
Canada (DFO), Sault Ste. Marie, ON], and TFM exposure concentrations were verified
using precision TFM standards provided by the Sea Lamprey Control Center. Water TFM
was measured using a 96-Well plate spectrophotometer (SpectraMax 190, Molecular
Devices, CA), at a wavelength of 395 nm, according to the Standard Operating
Procedures of the Department of Fisheries and Oceans, Sea Lamprey Control Centre

(IOP: 012.4).

Effects of TFM on Rainbow Trout Metabolism

To test the hypothesis that TFM toxicity was associated with an energy imbalance
in trout, the effects of TFM on fuel stores (high energy phosphagens, glycogen and
glucose) and metabolites (lactate, pyruvate and creatine) were measured in the liver,
brain, muscle and blood at different intervals (1, 3, 6,9, 12 h) during exposure to the pre-
determined 12-h LC50 of TFM (11.0 mg I'!; see Results). The protocol was identical to
that used by Birceanu et al. (2009-Chapter 2) for larval sea lamprey, but slightly
modified. Briefly, fish were contained in static containers filled with 1.0 1 of Wilfrid
Laurier aerated well water and were allowed to acclimate for 12-24 h prior to the
beginning of the experiment. Immediately prior to the addition of TFM, approximately
75% of the water was removed by siphoning, to minimize stress on the fish, and then
replaced. As with the previous experiments on larval lamprey, the containers were
darkened to prevent the photodegration of TFM (Carey and Fox 1981), but cotton

substrate was not added to the water.
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At each sample interval (0, 1, 3, 6, 9, 12 h), sub-sets of fish were anaesthetized
with 1.5 ¢g I'! tricainemethanesulfonate (MS222) buffered with 3.0 g NaHCQO:;, blotted dry
with a paper towel, and their mass and lengths were measured. Blood was then collected
by cardiac puncture using a 1 ml insulin syringe that was previously rinsed with 50 IU
heparin solution to prevent blood from clotting. Blood for subsequent lactate,
haemoglobin, and haematocrit determination, and tissues (brain, muscle, kidney, liver) for
metabolite and fuel store analysis were processed as described by Birceanu et al. (2009-
Chapter 2). Whole blood was processed by adding 10 ul to 2 parts perchloric acid (20 pl)
for later determination of lactate concentration, and another 10 pl sub-sample was added
to 2.5 ml of Drabkin’s reagent for blood haemoglobin determination. The remaining
whole was transferred to capillary tubes, and centrifuged for 5 min at 10,000 x g for
haematocrit determination. The remaining blood sample was centrifuged at 10,000 x g for
3 min, and the plasma was collected and frozen in liquid nitrogen for later determination
of plasma glucose concentration. Immediately following blood sampling (within 1
minute), the brain, liver, gills, kidney and muscle fillets were collected from each fish,
and snap frozen in liquid nitrogen (Wang et al. 1994a). All tissues were kept at -80 °C

until processed for analysis.

Effects of TFM on Rainbow Trout Ion Balance and Haematology

A series of experiments was also conducted at McMaster University in
dechlorinated, City of Hamilton tap water (pH ~ 8.0; [Ca] ~ 930 umol IR [Mg] ~ 400
pmol l'l; [Na] ~ 950 umol It temperature ~ 10-13 °C; pH ~ 7.4), to determine if TFM

directly interfered with gill-mediated Na* uptake and whole body ion balance in rainbow
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trout. Similar to the experiments described above, these studies were preceded by a range
finder experiment to determine the 12-h TFM LC50 (11.0 mg I"' TFM) to which the trout
would be exposed when examining the effects of the lampricide on Na* uptake rates.
Exposure to TFM was conducted in the same manner as described above, except that the
trout were held in 2.0 1 of water in groups of 4 per container (in triplicate). The fish were
also acclimated to these conditions for 12 h, with approximately 75% of the water
replaced prior to the start of the radio-tracer experiments designed to measure Na*-uptake
rates.

The protocol followed that described by Birceanu et al. (2009-Chapter 2). Briefly,
each 3 h flux determination period was initiated following the addition of *Na (5 pCi as
Na,CO3, specific activity 20.0 uCi mg") to each container 10 minutes prior to collecting
the initial water sample (sample volume = 10 mL). Additional water samples were
collected 1 h and 3 h after the flux was initiated. The water samples were then analyzed
for cold (non-radioactive) Na* concentration, and total radioactivity. At the end of the
flux, the fish were killed by a blow to the head, and then washed in deionized (DI) water
for three minutes, followed by a second 3 minute wash in 20 mmol It NaCl, to wash off
any externally bound isotope. The gamma counts of **Na in whole fish and water were
then immediately determined using a 1480 Automatic Wallac182 Wizard Gamma
Counter (PerkinElmer Life Sciences, Woodbridge, ON).

After **Na counts were exhausted (approximately 2 weeks), 5 volumes of 1N
HNO; was added to a 50 ml centrifuge tube containing a single fish, and the whole bodies
digested for 48 h at 60°C. The homogenates were then vortexed, and a sub-sample (1.5

ml) was then withdrawn and centrifuged at 10,000 x g for two minutes. The supernatant
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was then diluted using deionized water and analyzed using atomic spectroscopy for Na®,

K*, Mg*", and Ca®* concentration using well established protocols.

Analytical techniques
Blood and Tissue Processing and Analysis

Unless noted, all enzymes and reagents were purchased from the Sigma-Aldrich
Chemical Company (St. Louis, MO, USA). Blood haemoglobin concentration was
determined using the cyanomethaemoglobin method and sample absorbance read on a
plate spectrophotometer (SpectraMax 190, Molecular Devices, CA) at a wavelength of
540 nm. Blood lactate and glucose were determined enzymatically (lactate
dehydrogenase and hexokinase, respectively) using micro-modifications of procedures
described in Bergmeyer (1983). Whole body Na*, K*, and Ca®*, and water Na* were
quantified using atomic absorption mass spectrophotometry (SpectrAA 880, N2 gas;
Varian, 171 Mississauga, ON). Whole body and water CI” concentrations were
determined colorimetrically using the mercuric thiocyanate assay (Zall et al., 1956).

Tissue processing for ATP, PCr, glycogen and metabolite determination is
outlined in Wilkie et al. (1997, 2001) and was conducted as described in Chapter 2
(Birceanu et al. 2009). Briefly, frozen muscle tissue was initially pulverized using a
hammer and the still frozen-pieces were quickly transferred to a liquid N»-cooled mortar
and pestle. Approximately 50 mg of the frozen muscle was dried to constant weight at
60°C for 48 h, and the difference used to calculate the percentage muscle water, which
was then expressed as ml water per g dry tissue (e.g. Wilkie et al. 2007b). The remaining

frozen tissue pieces were then ground to a fine powder under liquid N, followed by
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deproteination in 4 volumes of 8% perchloric acid (PCA) containing 1 mmol I
ethylenediaminetetraacetic acid (EDTA), left on ice for 10 min, and then split into two
sub-samples. Sub-sample one was processed for metabolite (lactate, pyruvate and
creatine) and fuel store (ATP, PCr) determination. Sub-sample two was neutralized with
3 mol I'! K,CO3, frozen in liquid N, and saved at -80 °C until processed for glycogen.
Sub-sample one (fuels and metabolites) was then centrifuged at 10,000 x g for 2 minutes,
the supernatant drawn off, weighed and neutralized with 0.5 volumes of 2 mol I"' KOH
cocktail (composed of 0.4 mol 1" imidazole and 0.4 mol 1! KCl). This solution was then
vortexed, centrifuged again, and the supernatant removed and stored at -80 °C. The same
procedure was used for the brain and the liver samples, except that, due to the small size
of these tissues, the PCA solution was added directly to the microcentrifuge tube and the
samples homogenized on ice using a hand-held motorized pestle (Gerresheimer Kimble
Kontes LLC, Diisseldorf, Germany). The extract arising from sub-sample one was
analyzed enzymatically for determination of ATP (hexokinase, using glucose-6-
phosphatase as coupling enzyme), PCr (creatine kinase), pyruvate (lactate dehydrogenase;
muscle only) and lactate (lactate dehydrogenase) based on methods in Bergmeyer (1983).
ATP, PCr, creatine, and lactate were each expressed as pmol g'l wet tissue. Tissue
glycogen was determined in the second, neutralized extract obtained from sub-sample
two, to which one part 2 mol I"' acetate buffer to one part tissue was added, followed by
40 units (U) amyloglucosidase to convert the glycogen to glucose, and incubated at 37 °C
for 2 h. The incubation was terminated by adding 70% PCA to the digest, and then
neutralizing the solution with 3 mol I"' K,CO;. Samples were stored at -80 °C for later

analysis of glucose. A second sub-sample of homogenate was saved and later used to
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determine the free glucose concentration in the tissues. This glucose concentration was
subsequently subtracted from the total glucose in the tissue to yield the glycogen

concentration in pmol glucosyl units g™ wet tissue.

Gill Na*/K*-ATPase Activity Determination

Gill Na'/K*-ATPase activity followed the protocol outlined by McCormick
(1993), in which the activity of the Na'/K*-ATPase was calculated from the difference
between the uninhibited total ATPase activity and ouabain inhibited ATPase activity. The
reaction media for the experiment contained 2.8 mmol I phosphoenolpyruvate (PEP), 3.5
mmol I'' ATP, 0.33 mmol I"' NADH, LDH (4 U mlI™") and pyruvate kinase (PK; 5 U ml™)
in imidazole buffer (50 mmol 1) at pH 7.5. A salt solution containing 50 mmol I
imidazole buffer, 190 mmol I"' NaCl, 10.5 mmol I'' MgCl; - 6H,0 and 42 mmol 1" KCI
in deionized water at pH 7.5 was added to the reaction media the day of the assay ina 3:1
ratio, and kept on ice before use.

Quantification of Na*/K*-ATPase activity was done on approximately 25 mg gill
tissue added to 500 pl of the salt solution, and then homogenized on ice using a hand-held
motorized pestle. For each gill, 12.5 ul of homogenate were then added to individual
microplate wells in triplicate, followed by 200 ul of reaction media-salt solution mixture,
and the decrease in absorbance (at 340 nm) of each mixture followed over 10 minutes in
the presence or absence of ouabain. The protein concentration in each gill homogenate
was determined by Bradford assay (Bradford, 1976), so that specific Na*/K*-ATPase

activity could be calculated, as well as wet weight activity.

78



Determination of Na* Uptake

Determination of Na™ influx rate was based on the increase in whole body gamma
radioactivity during exposure to TFM. Following gamma count determination, samples
were allowed to decay 2 weeks at 4°C (**Na has a half life of ~ 15 h), after which the
carcasses were processed for whole body ion (Na*, CI', K* and Ca**) analysis (described
above). Whole body Na* influx rates in rainbow trout were determined based on the
accumulation of gamma radioactivity in the fish during the 3-h flux period as described

by Hogstrand et al. (1994) and in Chapter 2 (Birceanu et al. 2009):

Na'influx Rate =  CPMjumprey/ (MSA * T) (D

where CPM is the gamma counts per minute per gram fish, MSA is the mean specific

activity of the water, and T is the duration of the flux period (3 h).

Calculations and Statistical Analysis

Determination of the 12-h LC50 for rainbow trout exposed to TFM was done by
probit analysis (Sprague 1969) using software provided by the US Environmental
Protection Agency (USEPA Probit Analysis Program, version 5.1). All data are presented
as the mean + 1 SEM. All comparisons were unpaired and analyzed using one-way
analysis of variance (ANOVA). When significant variability was observed, statistical
significance between the means was assessed using the Tukey-Kramer post-test at the p <
0.05 level. When the requirement for homogeneity of variance was not satisfied, a

nonparametric ANOV A was used, followed by Dunn’s test where appropriate.
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RESULTS
Determination of the Acute Toxicity of TFM in Rainbow Trout

To determine the TFM exposure concentration in Wilfrid Laurier well-water (12-h
TFM LC50), a range finder experiment was conducted by exposing the trout to measured
TFM concentrations of 0.0, 9.5, 14, 20, 25 and 29 mg 1'). This experiment yielded a 12-h
TFM LC50 of 11.3 mg I'' (CI = 0.9 to 16.0), which became the nominal TFM
concentration to which the trout were subsequently exposed in the experiments designed
to determine how TFM affected energy balance and ion homeostasis. A range-finder
experiment was conducted in City of Hamilton dechlorinated tap water, to determine if an
exposure concentration of 11.3 mg I'' TFM was appropriate. Subsequently, trout were
exposed to a nominal concentration of 11.3 mg I"' (12-h TEM LC50 in City of Hamilton
dechlorinated tap water) , which was used to assess the effects of TFM on whole body

ions (Na*, CI', Ca** and K*) and Na* uptake.

Effects of TFM on Rainbow Trout Metabolism

Exposure of rainbow trout to the 12-h LC50 (measured concentration = 12.8 + 0.1
mg I’V of TFM markedly lowered energy stores in the brain, kidney and muscle, but not in
the liver. Brain glycogen levels were approximately 4.6 + 0.9 pmol glucosyl units g™ wet
tissue, and decreased by approximately 50% after 12 h of exposure (Fig. 3-1a). The
decrease in brain glycogen was reflected by a significant increase in brain lactate at 1 h
and 6 h, after which lactate levels returned to control values of 10.6 + 0.8 pmol g'l wet
tissue (Fig. 3-1b). Brain ATP levels were also adversely affected by TFM, decreasing by

approximately 64% after 1 h of exposure, from control values of 0.6 £ 0.1umol g" wet
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tissue (Fig. 3-2a). PCr values were not significantly different from control levels of 3.0 +
1.2 pmol g wet tissue (Fig. 3-2b).

The changes noted in brain fuel store and metabolite levels were not reflected in
the liver. Liver glycogen appeared to decrease by 3 h of exposure to TFM, but the
decrease was not significantly different from controls. After 3 h, liver glycogen
concentrations increased back to control values of 47.9 +9.5 pmol glucosyl units g wet
tissue (Fig. 3-3a). Liver lactate values were not significantly different from control levels
of 4.2 +0.6 umol g wet tissue, fluctuating between 4.5 and 7.0 umol g wet tissue (Fig.
3-3b). Liver ATP and PCr levels were unaltered by exposure to TFM, at approximately
1.1 £0.1 pmol g‘l and 8.4 £ 0.1 umol g'1 wet tissue, respectively (Fig. 3-4).

Kidney glycogen levels were unaffected by TFM, with controls averaging 8.5 +
1.2 pmol glucosyl units g wet tissue (Fig. 3-5a), but kidney lactate was 40% higher after
1, 3, and 6 h of exposure compared to control lactate concentrations of 6.4 + 0.5 pmol g'1
wet tissue (Fig. 3-5b). Kidney ATP had decreased by almost 50% over the first 6 h of
TFM. By 9 h, however, ATP concentrations in the surviving animals were similar to the
control values of 0.4 + 0.03 umol g wet tissue (Fig. 3-6a). These changes were
accompanied by 70% lower concentrations of PCr after 3 h of TFM. However, PCr
concentrations were comparable to the control values of 1.2 + 0.3 pumol g'l wet tissue
from 6-12 h in those fish that survived TFM exposure (Fig. 3-6b).

Disturbances were also observed in the muscle where glycogen fluctuated between 2-5
pmol glucosyl units g'l wet tissue over the first 9 h of TFM exposure compared to control
values of 5.4 £ 0.9 pmol glucosyl units g wet tissue (Fig. 3-7a). At 12 h, however,

muscle glycogen had significantly decreased by more than 60% compared to the non-
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TFM exposed controls (Fig. 3-7a). The adverse effect of TFM exposure on muscle
glycogen was accompanied by a 40% increase in muscle lactate after 1 h, which was
sustained for 6 h (Fig. 3-7b). However, lactate declined slightly between 9 and 12 h in
surviving fish, to levels that were not significantly different from the control values of 0.8
pmol g wet tissue. Muscle ATP, although variable, remained unaltered from control
values of 0.7 + 0.3 umol g'1 wet tissue (Fig. 3-8a), and muscle PCr was unaffected by
TFM fluctuating around 31.7 + 2.0 umol g'1 wet tissue (Fig. 3-8b).

The metabolic disturbances noted in the brain, muscle and kidney were reflected
by minimal changes in blood lactate concentrations, which increased by 50% at 3 h and 6
h of TFM exposure. However, this increase was not quite significant (p = 0.08) from
control values of 1.6 + 0.3 mmol I'". Blood glucose levels remained unaltered throughout

the exposure, averaging 9.2 + 1.2 mmol I'' (Table 3-1).

Effects of TFM on Trout Ion Balance and Haematology

TFM significantly altered Na" uptake in trout. After 3 h of exposure, Na™ uptake
decreased by approximately 60% from control values of 1091.0 + 85.9 umol g™ h™' (Fig.
3-9), and this decrease was maintained throughout the 12 h exposure. Despite this
inhibition, gill Na*/K* ATPase activity was maintained at 3.3 + 0.5 nmol ADP ug protein’
"h! and was not affected by TFM (Table 3-3). Similarly, wet weight activity and total
gill protein concentration remained unchanged over the 12 h exposure (Table 3-3).

TFM had some transient effects on haematology (Table 3-1). Blood haemoglobin
(Hb) concentration increased by 35% after 3 h of exposure to TFM. However, Hb values

returned to control levels of 6.8 + 0.7 g dL”! by 6 h (Table 1). Haematocrit (Hct) and
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mean cellular haemoglobin concentration (MCHC) were unaffected by TFM, averaging
222+22%and 33.3+3.2gdL", respectively (Table 3-1).

Whole body Na* levels varied slightly with TFM exposure, increasing by 13%
compared to control values of 47.8 + 1.5 mmol 1" after 12 h. However, whole body CI
and Ca** remained unaltered from control concentrations of 35.6 + 2.0 mmol 1" and 111.2
+0.9 mmol I, respectively. Whole body K* however, decreased by 18% after 3 h of
exposure, and then increased by 23% after 6 h, when compared to the control value of

79.1 + 1.4 mmol I'! (Table 2).
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DISCUSSION
Effects of TFM on Energy Stores in Rainbow Trout

To determine the effects of TFM on a representative non-target fish species,
rainbow trout were exposed to a concentration of TFM (12-h LC50) that was low enough
to cause partial mortality, but high enough to elicit a metabolic response. Subsequently,
trout were exposed to a nominal TFM concentration of 11.3 mg 1" for various intervals of
time in Wilfrid Laurier University well water, to determine the effects of the lampricide
on metabolites and fuel stores in vital tissues. A similar 12-h TFM LC50 value (11.0 mg
1'") was calculated for trout in City of Hamilton dechlorinated tap water, after fish were
exposed to a range of TFM concentrations. This TFM exposure was used to assess the
effects of the lampricide on Na* uptake and whole body ions in City of Hamilton
dechlorinated tap water. The 12-h TFM LC50 value was well within the range predicted
by the alkalinity model developed by Bills et al. (2003) for brown trout. According to the
criteria outlined by Bills et al. (2003), water with a pH and alklalinity similar to City of
Hamilton dechlorinated tap water (alkalinity ~ 120 mg CaCO? I''; pH ~ 8.0; Morgan et al.
2005), should result in a 12-h TFM LC50 of approximately 9.8 + 1.0 mg 1"', while the 12-
h LC50 in water similar to Wilfrid Laurier University well water (alkalinity ~ 200 mg
CaCO’ I''; pH ~ 8.0) should be approximately 11.2 + 1.3 mg I'™.

The current study provides evidence that TFM causes a metabolic disturbance in
non-target fishes exposed to TFM (12-h LC50). Exposure of rainbow trout to TFM
caused marked decreases in brain and muscle glycogen levels by 12 h of exposure. The
concordant accumulation in lactate in both tissues also supports the hypothesis that trout

increased their reliance on glycolysis to meet their ATP demands. Liver glycogen was not

84



affected by TFM, although it is known to be involved in maintaining glucose homeostasis
in the circulatory and nervous systems of vertebrates (Pagliasotti et al. 1994; Panserat et
al. 2000). However, trout have much larger reserve of glycogen in their livers compared
to other tissues (Vijayan and Moon 1992; Bleau et al. 1996; Soengas et al. 1998;
Shanghavi and Weber 1999; Begg and Pankhurst 2004). The trout rely on this large
glycogen pool is for immediate energy requirements, such as maintaining blood glucose
levels during starvation or during chronic exposure to stressors (Vijayan and Moon 1992;
Bleau et al. 1996). Vijayan and Moon (1992) determined that handling had no effect on
liver glycogen in fed trout, but liver glycogen reserves were approximately 50% lower in
fish that had been starved for 30 days and then further decreased 8 h post-handling. This
suggests that liver glycogen is a robust energy store, but that it appears to be negatively
impacted by prolonged exposure to a stressor. Therefore, it is possible that the 12 h
exposure to TFM was not long enough to elicit as much of a disturbance in trout liver
glycogen as it did in the brain or in the muscle of these fishes.

The pronounced decrease in brain glycogen (Fig. 3-1a) suggests that
hypoglycaemia contributed to death in rainbow trout by depleting the nervous system of
its main fuel source, glucose, thus causing neural arrest, as previously suggested by
Wilkie et al. (2007a) and reported by Birceanu et al. (2009-Chapter 2) in larval sea
lamprey. Glucose is the main energy source in the brain of vertebrates, which is highly
susceptible to glucose reductions caused by food deprivation, hypoxia/anoxia, ischemia
and toxicant exposures (Lowry et al. 1964; Soengas et al. 1998, 2006; Polakof et al. 2007;
Birceanu et al. 2009). Soengas et al. (1998) reported that brain glycogen significantly

decreased in trout that had been starved for 14 days, while Lowry et al. (1964) determined
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that glycogen was the most rapidly consumed energy store in the brain of ischaemic mice.
Birceanu et al. (2009) showed that TFM decreased brain glycogen reserves in larval sea
lamprey by 70% after 9-12 h of exposure. The current study shows that TFM does cause a
decrease in glycogen in trout, but not to the same degree as it does in larval lamprey
exposed to doses of TFM with equivalent toxicity (i.e. the respective 12-h LC50 for each
species).

Liver glycogen did appear to follow a downward trend after 3 h of TFM exposure
(Fig. 3-3a), which is consistent with the response observed in the livers of fishes during
the early stages of recovery from severe hypoxia (Mandic et al. 2008). Mandic et al.
(2008) suggested that decreases in liver glycogen stores (e.g. as a result of hypoxia) could
be related to the replenishment of glycogen in other organs that are more sensitive to
hypoxia and anoxia, such as the brain (Lowry et al. 1964; Lutz et al. 2003), thus
increasing and/or replenishing the brain glycogen levels to provide temporary relief from
the stress. Indeed, high brain glycogen levels have been linked to hypoxia/anoxia
tolerance in several species, such as the Crucian carp (Carassius carassius) and goldfish
(Carassius auratus). High glycogen is thought to act as a line of defence against ATP
depletion during hypoxia and recovery from hypoxia, when the only source of ATP
production is via the anaerobic process of glycolysis (Soengas and Aldegunde 2002; Lutz
et al. 2003).

Similar to liver glycogen, kidney glycogen levels were unaffected by TFM
exposure. Lactate, however, increased slightly by approximately 40% after 1 h of
exposure, and this increase was maintained up to 6 h (Fig. 3-5a). The kidney and the liver

are the two most important organs that maintain glucose levels in the body (Shanghavi

86



and Weber 1999; Moyes and Schulte 2006). The finding that kidney glycogen decreased
with exposure to TFM therefore suggests that trout were relying more on glycolysis in
this and other tissues, to meet the body’s glucose requirements. Although the liver and the
kidney are the sites of toxicant detoxification in fish, the fact that TFM had little impact
on kidney glycogen was not surprising, as previous studies found that kidney glycogen
did not appear to be affected by exercise or starvation. Shanghavi and Weber (1999)
demonstrated that steady exercise had little impact on kidney glycogen in rainbow trout,
and that fish were able to maintain a steady glucose level in the body by matching the rate
of hepatic glucose production with the rate of peripheral glucose utilization. Soengas et
al. (2006) determined that trout use glucose poorly, as fasting did not significantly impact
kidney glycogen, but re-feeding significantly increased glycogen in all the tissues studied.
Further support for the hypothesis that TFM interferes with oxidative ATP
production was observed in the muscle, where glycogen levels decreased by more than
50% after 12 h of exposure to TFM. The decrease in muscle glycogen might appear
surprising at first, since the trout muscle glycogen is not involved in maintaining glucose
homeostasis in the nervous and circulatory systems (Panserat et al.. 2000). Instead, muscle
glycogen is used to generate ATP by glycolysis during vigorous exercise, such as during
burst swimming (Wang et al. 1994b; Kieffer 2000). However, Mandic et al. (2008)
reported a 60% decrease in white muscle glycogen levels immediately following hypoxia
in goldfish, and provided evidence that muscle glycogen stores were preferentially used
over liver glycogen stores to support glycolysis. This provides an explanation as to why
muscle glycogen decreased, but liver glycogen reserves remained unaffected in the

presence of TFM in the current study. Moreover, the trout used in this study had low

87



muscle glycogen reserves due to their small size, as reported by Ferguson et al. (1993) for
similar size trout. These lowe; glycogen reserves might have made the muscle more
susceptible to TFM-induced perturbations, thus leading to the decrease in glycogen noted
in this study after a prolonged (12 h) TFM exposure. It seems unlikely, however, that
TFM impaired oxygen uptake or delivery to the tissues, as TFM toxicity is unaltered in
hypoxic waters (Seelye and Scholefield 1990). Moreover, Kawatski and McDonald
(1974) reported an increase in in vitro oxygen utilization in isolated trout brain and
bluegill liver preparations in the presence of low concentrations of TFM of 1.0-1.5mg I’
!'and 10.0 mg 1", respectively.

Additional evidence that TFM causes a mismatch between ATP supply and ATP
demand was provided by the initial decreases in brain and kidney ATP after 1 h exposure
to lampricide (Fig. 3-2a). The decreased ATP in these tissues was likely replenished by
dephosphorylation of PCr (Hochachka 1991). PCr buffers ATP in response to low ATP
concentrations, thus temporarily maintaining ATP levels in the body (Moyes and West
1995; McLeish and Kenyon 2005). The decrease in PCr also coincides with that of ATP
in the kidney (Fig. 3-6b), with levels recovering 6-9 h of TFM exposure.

The ability of surviving rainbow trout to maintain or restore fuel store reserves as
TFM exposure continued might be related to an ability to enhance their glucuronidation
capacity during the exposure period. Glucuronidation is a major pathway of
detoxification of endogenous and xenobiotic compounds, and it is catalyzed by the
enzyme UDP-glucuronosyltransferase (UDPGT; Clarke et al. 1991). In fishes, it is the
major route by which phenolic compounds such as TFM are detoxified (as opposed to the

mixed function oxidases). Because the liver and kidney are major sites of glucuronidation
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in fishes (Lech and Costrini 1972; Kawatski and McDonald 1974), a rapid increase in
their capacity to detoxify TFM might therefore explain why only lesser changes in
glycogen concentrations occurred in these organs compared to larval lamprey (Birceanu
et al. 2009-Chapter 2), which have a very low glucuronidation capacity and experience
pronounced reductions in glycogen, ATP and PCr in the brain, liver and, to a lesser
extent, muscle.

Unlike mammals, which use the process of glucuronidation in phase II
detoxification, fish such as trout rely on this pathway to inactivate a variety of xenobiotics
including TFM. Several studies have shown that the selective toxicity of TFM could be
related to the higher glucuronidation capacity of non-target species to detoxify this
lampricide (Lech 1973; Lech and Statham 1975). Lech and Statham (1975) determined
that larval sea lamprey not only accumulated more TFM per unit time in various tissues
than trout, but also had a limited capacity for glucuronidation compared to trout. Lech et
al. (1973) reported that the concentration of TFM-glucuronide excreted in trout bile
increased by more than 50% after 4 h of exposure, while Lech and Statham (1975) could
not detect any TFM-glucuronide formation in larval lamprey exposed to lethal
concentrations of TFM. Our study showed that trout start to recover from the initial
metabolic disturbances noted after 1 h of exposure. After 6 h, the fish recovered their fuel
stores in the tissues that were affected (kidney and muscle) by TFM, except for the more
sensitive brain glycogen stores. Although this aspect of TFM toxicity needs further
investigation, it is possible that trout increase their glucuronidation detoxification
capacity during exposure to TFM, either by increasing the UDPGT transcription rate or

the specific activity of this enzyme. Further studies investigating the detoxification
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activity of the enzymes involved in the glucuronidation pathway, as well as how the gene
and protein expression of UDPGT changes in the presence of various concentrations of
TFM, or after longer TFM exposure, need to be conducted to elucidate how this pathway

is influenced by exposure to the lampricide.

Effects of TFM on Ion Balance and Haematology in Rainbow Trout

The 60% decrease in Na™ uptake suggests another manner in which TFM exerts its
toxicity is by impairing ionoregulation in rainbow trout (Fig. 3-9). This hypothesis was
also supported by the increase in haemoglobin concentration at 6 h of exposure. There
were, however, no changes in haematocrit or mean cellular haemoglobin concentration.
The absence of substantive changes in muscle water and ions (Na*, K*, CI°, Ca®*) and gill
Na®/K" ATPase activity suggests that, although the impact on Na" uptake was significant,
any internal homeostatic disturbances that resulted were minimal (Tables 3-1 to 3-3).

One possible explanation for the TFM-induced reductions in Na*-uptake was that
TFM impaired ATP substrate supply to the gill Na’/K™ ATPase, resulting in a direct
reduction in Na*/K*-ATPase turnover. Such an effect would be impossible to detect,
using the current Na’/K* ATPase assay, which uses crudely homogenized gill filaments
exposed to saturating concentrations of ATP (excess ATP) in order to assess the maximal
activity of the enzyme. Further studies could be conducted to determine ATP levels in the
gills prior to processing them for Na*/K* ATPase activity, which could provide
information as to whether a potential decrease in ATP in the gills due to TFM exposure
also decreases the activity of the enzyme. The absence of an effect of TFM on the

Na'/K*-ATPase activity also suggests that TFM did not damage this critical transporter
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either directly or indirectly. Thus, it seems unlikely that any effects of TFM on ion uptake
would only be temporary if these fish were transiently exposed to TFM during an actual
TFM treatment in the field. This conclusion is supported by the findings of Mallatt and
colleagues, who reported significant changes in the gill ultrastructure of lamprey exposed
to lethal concentrations of TFM, but did not find similar damage in trout (Mallatt et al.

1985, 1994).

Mechanism of TFM Toxicity in Rainbow Trout — Relevance for Field Applications
and Risk Assessment

The current study provides evidence that TFM interferes with ATP production in
rainbow trout, a representative non-target species that resides in many streams treated
with this lampricide. The effects of TFM in trout, although less pronounced, appear to be
similar to those described by Wilkie et al. (2007a) and Birceanu et al. (2009) in larval sea
lamprey in that it results in a mismatch between ATP supply and ATP demand, forcing
the fish to rely more on glycolysis to generate ATP. Eventually, due to the greater
reliance on glycolysis, glycogen and glucose stores are reduced. When this occurs in the
brain, and significant TFM exposure persists, the nervous system is eventually starved of
glucose, leading to the death of the fish.

Although non-target fish will not encounter lethal concentrations of TFM during a
regular stream treatment (McDonald and Kolar 2007), they may be inadvertently exposed
to toxic/lethal concentrations of TFM due to sudden drops in stream pH which could
occur due to changes in plant/algal respiration which generates acidifying CO,. As a

result, death could result from marked deficits in ATP, leading to increased reliance on
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anaerobic glycolysis, and eventually death should neural stores of glycogen be depleted.
However, this study demonstrates that even fish that survive the lampricide lampricide
exposure experience metabolic disturbance characterized by marked in the fuel stores in
not only the brain, but also the muscle. Such decreases in muscle glycogen could
adversely impact burst and/or endurance swimming, which are essential processes for
foraging, migration, reproduction and predator evasion.

The sensitivity of fishes to TFM could also be greater as they emerge from the
over-wintering periods, when food supply, and their glycogen reserves are limited. As
previously shown (Soengas et al. 1998; Soengas and Aldegunde 2002; Soengas et al.
2006; Polakof et al. 2007), trout glycogen reserves, especially brain glycogen, are quite
labile when the fish are starved. Therefore, starvation could increase sensitivity to TFM in
non-targets. Moreover, glycogen reserves vary with life stage and size in non-target fishes
(Ferguson et al. 1993), which implies that sensitivity of non-target fishes could also be
life stage dependant. Further studies analyzing the TFM sensitivity of fishes at different
life-stages and Seasons are therefore needed to better evaluate the sub-lethal effects that
transient TFM exposure has on non-target fishes. Perhaps pre-treatment surveys could
eventually use a “life stage and glycogen index” to estimate the TFM sensitivity of non-
target fishes, so that the timing and amounts of TFM used for treatments can be adjusted
by sea lamprey control personnel to minimize the amounts of larvicide used in the

presence of sensitive non-target species.
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Figure 3-1. Effects of TFM on Brain Glycogen and Lactate in Trout. Changes
in brain concentrations of (a) glycogen and (b) lactate in resting rainbow trout
(Oncorhynchus mykiss) following exposure to 3-trifluoromethyl-4-nitrophenol
(TFM; solid bars) at a nominal concentration of 11.3 mg I for 1,3,6,9and 12 h,
or held under control conditions (no TFM; open bars). Data are expressed as the

mean + 1 SEM (N). Bars sharing the same letter are not significantly different.
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Figure 3-2. Effects of TFM on Brain ATP and PCr in Trout. Changes in brain
concentrations of (a) adenosine triphosphate (ATP) and (b) phosphocreatine (PCr)
in resting rainbow trout (Oncorhynchus mykiss) following exposure to 3-
trifluoromethyl-4-nitrophenol (TFM; solid bars) at a nominal concentration of
11.3 mg I for 1, 3, 6,9 and 12 h, or held under control conditions (no TFM; open
bars). Data are expressed as the mean + 1 SEM (N). Bars sharing the same letter

are not significantly different.
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Figure 3-3. Effects of TFM on Liver Glycogen and Lactate in Trout. Changes
in liver concentrations of (a) glycogen and (b) lactate in resting rainbow trout
(Oncorhynchus mykiss) following exposure to 3-trifluoromethyl-4-nitrophenol
(TFM; solid bars) at a nominal concentration of 11.3 mg I'for1,3,6,9and 12 h,
or held under control conditions (no TFM; open bars). Data are expressed as the

mean + 1 SEM (N). Bars sharing the same letter are not significantly different.
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Figure 3-4. Effects of TFM on Liver ATP and PCr in Trout. Changes in liver
concentrations of (a) adenosine triphosphate (ATP) and (b) phosphocreatine (PCr)
in resting rainbow trout (Oncorhynchus mykiss) following exposure to 3-
trifluoromethyl-4-nitrophenol (TFM; solid bars) at a nominal concentration of
11.3 mg 1! for 1, 3,6,9 and 12 h, or held under control conditions (no TFM; open
bars). Data are expressed as the mean + 1 SEM (N). Bars sharing the same letter

are not significantly different.
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Figure 3-5. Effects of TFM on Kidney Glycogen and Lactate in Trout.
Changes in kidney concentrations of (a) glycogen and () lactate in resting
rainbow trout (Oncorhynchus mykiss) following exposure to 3-trifluoromethyl-4-
nitrophenol (TFM; solid bars) at a nominal concentration of 11.3 mg I for 1, 3, 6,
9 and 12 h, or held under control conditions (no TFM; open bars). Data are
expressed as the mean + 1 SEM (N). Bars sharing the same letter are not

significantly different.
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Figure 3-6. Effects of TFM on Kidney ATP and PCr in Trout. Changes in
kidney concentrations of (a) adenosine triphosphate (ATP) and (b)
phosphocreatine (PCr) in resting rainbow trout (Oncorhynchus mykiss) following
exposure to 3-trifluoromethyl-4-nitrophenol (TFM; solid bars) at a nominal
concentration of 11.3 mg I for 1, 3, 6, 9 and 12 h, or held under control
conditions (no TFM; open bars). Data are expressed as the mean + 1 SEM (N).

Bars sharing the same letter are not significantly different.

106



o
[+]
o
)
e

o
o

o
FS

Kidney [ATP]
(umol g™ wettissue)
=] =]
N w

o
-

o
(=)

a(11)

(b)

Kidney [PCr]

(umol g™ wettissue)
© © © = =2 4 4
- (+,] [=2] (=] N = [+}]

et
(O

Controls

a(11)

a,b (6)

b(8)

1

a,b (6)

o
(=)

Controls

12

1 3 6 9

107



Figure 3-7. Effects of TFM on Muscle Glycogen and Lactate in Trout.
Changes in muscle concentrations of (a) glycogen and (b) lactate in resting
rainbow trout (Oncorhynchus mykiss) following exposure to 3-trifluoromethyl-4-
nitrophenol (TFM; solid bars) at a nominal concentration of 11.3 mg 1"! for 1, 3, 6,
9 and 12 h, or held under control conditions (no TFM; open bars). Data are
expressed as the mean + 1 SEM (N). Bars sharing the same letter are not

significantly different.
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Figure 3-8. Effects of TFM on Muscle ATP and PCr in Trout. Changes in
muscle concentrations of (a) adenosine triphosphate (ATP) and (b)
phosphocreatine (PCr) in resting rainbow trout (Oncorhynchus mykiss) following
exposure to 3-trifluoromethyl-4-nitrophenol (TFM; solid bars) at a nominal
concentration of 11.3 mg I'* for 1, 3, 6,9 and 12 h, or held under control
conditions (no TFM; open bars). Data are expressed as the mean + 1 SEM (N).

Bars sharing the same letter are not significantly different.
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Figure 3-9. Effects of TFM on Na* Influx Rate in Trout. Changes in Na* influx
rates in resting rainbow trout (Oncorhynchus mykiss) following exposure to 3-
trifluormethyl-4-nitropenol (TFM; solid bars) at a nominal concentration of 11.0
mg 1! for 3, 6,9 and 12 h. Data are expressed as the mean + 1 SEM (N). Bars

sharing the same letter are not significantly different.
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Chapter 4

TFM-Induced Mismatches Between ATP Supply and ATP Demand in
Sea Lamprey (Petromyzon marinus) and Rainbow Trout (Oncorhynchus

mykiss) Are Due to Inhibited Mitochondrial ATP Production
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ABSTRACT

Toxicity of 3-trifluoromethyl-4-nitrophenol (TFM), is due to a mismatch between ATP
supply and ATP demand in lamprey and trout, leading to glycogen depletion that starves
the nervous system of ATP (Chapters 2,3). The cause of this TFM-induced ATP deficit is
unknown. One possibility is that TFM uncouples mitochondrial oxidative
phosphorylation, thus impairing ATP production. To test this hypothesis, mitochondria
were isolated from the livers of sea lamprey and rainbow trout. Mitochondrial O,
consumption rates were measured in the presence of TFM or 2,4-DNP, a known
uncoupler of oxidative phosphorylation. TFM and 2,4-DNP markedly increased basal
mitochondrial (State IV-absence of ADP in the reaction media) O, consumption in a
dose-dependent fashion. The presence of the uncouplers decreased the respiratory control
ratios [RCR = State III O, consumption rate (in presence of ADP) divided by the State IV
O, consumption rate] by 50% in lamprey and 70% in trout. Thus, TFM uncouples
oxidative phosphorylation in mitochondria. To determine how TFM exerted its
uncoupling effect, the mitochondrial transmembrane potential (TMP) was recorded using
the mitochondria-specific dye rhodamine 123 (RH123). TMP decreased by 17% in sea
lamprey, and by 28% in trout. These findings suggest that TFM acted as a protonophore,
shuttling H" into the mitochondrial matrix, thus reducing the H* gradient (proton motive
force) between the inter-membrane space and the matrix which drives ATP synthesis.
Fluorescent images revealed a breakdown in electrical properties of the mitochondria,
which likely contributed to the uncoupling effects of TFM. It is concluded that the mode
of action of TFM in both sea lamprey and rainbow trout is uncoupling of oxidative

phosphorylation, leading to a depletion of ATP in the body, eventually causing death.
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INTRODUCTION

The lampricide, 3-trifluoromethyl-4-nitrophenol (TFM) is a halogenated phenol
compound, with similar structural and chemical properties to compounds such as 2,4-
dinitrophenol (2,4-DNP; Fig. 1-4; see Hubert 2003 for review), which are known to
impair ATP production in the mitochondria by uncoupling oxidative phosphorylation
(Wallace and Starkov 2000). Applegate et al. (1966) originally suggested that TFM could
cause death by impairing mitochondrial ATP production. Compounds such as 2,4-DNP
are thought to increase the permeability of the inner mitochondrial membrane to H' ions
(protons; see Wallace and Starkov 2000 for review), resulting in a dissipation of the
proton gradient (proton motive force) which drives ATP formation, leading to the
reduction or elimination of ATP production. This uncoupling is manifested by an increase
in oxygen consumption by the mitochondria, as flow through the electron transport chain
(ETC) increases in order to compensate for the reduced proton gradient (Emel yanova et
al. 2004; Wallace and Starkov 2000).

Indirect evidence of possible uncoupling by TFM were noted by Smith and King
(1960), who reported that the O, consumption rates of larval sea lamprey (Petromyzon
marinus) increased with exposure to TFM. Similarly, Kawatski et al. (1974) reported
increased in vivo O, consumption rates of aquatic midges (Chironomus tentans) in the
presence of the lampricide. Birceanu et al. (2009-Chapter 2) reported that there were
marked decreases in the glycogen and ATP reserves in different tissues of TFM-exposed
larval sea lamprey and non-target rainbow trout (Oncorhynchus mykiss), further
supporting the hypothesis that the mode of action of the lampricide is due to a TFM-

induced mismatch between ATP supply and ATP demand. Wilkie et al. (2007a),
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proposed that when all these anaerobic glycogen and glucose reserves were depleted as a
result of TFM exposure, ATP production would cease and neural arrest and death would
soon follow.

Despite evidence that TFM exposure results in a mismatch between ATP supply
and ATP demand in larval lamprey (Chapter 2) and trout (Chapter 3), there is no evidence
to suggest how this ATP deficit arises in the first place. The only direct evidence that
TFM uncouples oxidative phosphorlyation is from experiments on mitochondria isolated
from rat liver, where a marked increase in oxygen consumption in the presence of TFM
was noted by Niblett and Ballantyne (1976). The purpose of this study was to test the
hypothesis that TFM inhibits ATP production by uncoupling oxidative oxidative
phosphorylation in mitochondria isolated from the sea lamprey, and from a representative
non-target fish, the rainbow trout. In order to determine the mechanism of toxicity of the
lampricide, the effects of TFM on mitochondrial respiration were measured in vitro in
both species, and compared to those of the known uncoupler 2,4-DNP. To shed more
light on how TFM exerts its toxic effects on mitochondria, the hypothesis that TFM
increased the proton permeability of the inner mitochondrial membrane was also tested
by measuring the electrical potential between the outside of the mitochondria and the
mitochondrial matrix using rhodamine 123 (RH123). RH123 is a fluorescent, cationic dye
that is localized inside the mitochondrial matrix in proportion to the electrical potential
difference between the inter-membrane space and the mitochondrial matrix (Yamamoto
et al. 1995; Dykens and Stout 2001; Skérka and O3t 4dal 2002; Baracca et al. 2003). If

the electrical potential of the matrix becomes more positive due to an influx of protons,
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which would occur in the presence of uncouplers such as 2,4-DNP, less RH1,2,3

accumulates in the matrix (Rottenberg 1984).
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MATERIAL AND METHODS
Experimental Animals and Holding

Adult up-stream migrant sea lamprey (P. marinus, 156.6 £ 7.1 g) were provided
courtesy of US Geological Survey (USGS) Hammond Bay Biological Station
(Millersburg, MI), and held in 500 L tanks receiving Wilfrid Laurier University well
water on a flow-through basis (pH ~ 8.0; titratable alkalinity ~ 200 mg CaCO; a8
hardness ~ 450 mg CaCOs I'"). The holding water was chilled to 6 °C to depress the
metabolic rate of the lamprey and to allow the animals to survive longer in the laboratory.
Rainbow trout (0. mykiss, 273.0 + 56.1 g) were purchased from Rainbow Springs Trout
Hatchery (Thamesford, ON) and held in 120 1 tanks also receiving Wilfrid Laurier
University well water on a flow-through basis (identical water quality to that used for
lamprey, but at 11-12 °C). Fish were held under a 12 h light:12 h dark photoperiod.
Because sea lamprey do not feed during the up-stream migration period, they were not
fed for the time they were in the laboratory (at least 2 weeks). Rainbow trout were fed to
satiation 3 times per week with 3.0 point floating pellets (Corey Feed Mills Ltd.,
Fredericton, NB). The animals were held in the laboratory a minimum of 2 weeks, and
the trout were starved 72 h, before experiments commenced. All experiments and fish
husbandry were approved by the Wilfrid Laurier University Animal Care Committee, and

followed Canadian Council of Animal Care guidelines.

Isolation of Mitochondria
Unless otherwise specified, all the chemicals used in this study were purchased

from Sigma-Aldrich Chemical Company (St. Louis, MI). Field formulation TFM
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(Clariant SFC GMBH WERK, Griesheim, Germany) was used for all experiments [35%
active ingredient dissolved in isopropanol; provided courtesy of Fisheries and Oceans
Canada (DFO)].

The isolation of mitochondria from sea lamprey liver was conducted as described
by Ballantyne et al. (1989) and LeBlanc et al. (1995). Immediately prior to extracting the
liver from lamprey, the animals were killed by a blow to head. The liver was then rapidly
removed and placed in ice-cold isolation buffer (approximately 10 volumes), consisting
of sucrose (250 mmol 'Y, HEPES (30 mmol '), ethylene
glycolaminoethylethertetraacetic acid (EGTA; 1 mmol I'", 1% fatty acid-free BSA
(Roche Diagnostics GmbH, Mannheim, Germany), at pH 7.4. The liver was then
homogenized using a Potter-Elvehjem homogenizer with a loose-fitting Teflon pestle,
which was passed over the tissue three times, to break the cells and expose the
mitochondria. The homogenates were then centrifuged two successive times at 500 x g
for 10 min at 4°C, and the resulting supernatant was passed through cheese cloth between
the centrifugations. The supernatant was then centrifuged at 9700 x g for 10 min at 4°C,
and the resulting mitochondrial pellet was re-suspended in the ice-cold isolation buffer
and centrifuged again at 9700 x g for 10 min at 4°C. The final mitochondrial pellet was
then re-suspended in 500 pl of ice cold isolation buffer to yield a final protein
concentration of 10-20 mg ml™, and kept on ice until used in mitochondrial O,
consumption experiments. The protein concentration for both sea lamprey and rainbow
trout mitochondria isolates was determined by the Bradford method (Bradford 1976),

using bovine serum albumin (BSA) as a standard.
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The rainbow trout liver was removed as previously described for the lamprey,
using isolation buffer that was identical to that used to isolate mitochondria from sea
lamprey, except that the concentration of HEPES was 10 mmol 1"'. Other methods
followed those of Suarez and Hochachka (1981), with the following changes. Briefly, as
for lamprey, the liver was processed using a Potter-Elvehjem homogenizer with a loose-
fitting Teflon pestle, which was passed over the tissue three times, to break the cells and
expose the mitochondria. The homogenates were then centrifuged two successive times at
1000 x g for 10 min at 4°C, and the resulting supernatant was passed through cheese
cloth between the centrifugations. The resulting supernatant was then centrifuged at 8700
x g for 10 min, and the pellet re-suspended in the isolation buffer, and centrifuged again
at 8700 x g for 10 min. The resulting mitochondrial pellet was re-suspended in 500 pl

isolation buffer, to yield a final protein concentration of 15-20 mg ml ™.

Measurement of Mitochondrial Oxygen Consumption Rates

Mitochondria O, consumption rates were measured with a Rank Brothers Oxygen
Monitoring System (Model 20, Bottisham, Cambridge, England). All assays were
conducted in a final volume of 1 ml, in a water-jacketed cell, at 22 °C, in which the
mitochondrial suspensions were mixed with a magnetic stirrer and a Teflon-covered stir
bar. Measurements of oxygen consumption were made using Clarke-type O, electrodes
(Series 1392, Rank Brothers Ltd., Cambridge, England), with the Vernier LabPro four-
channel unit. The sea lamprey mitochondria reaction medium (MRM) consisted of KCl
(150 mmol I'Y), HEPES (30 mmol I'"), KH,PO, (10 mmol I'!), 1% fatty acid-free BSA , at

pH 7.4 (Ballantyne et al. 1989; LeBlanc et al. 1995). The rainbow trout MRM consisted
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of sucrose (225 mmol I'"), HEPES (20 mmol 1'"), KH,PO, (10 mmol I''), EGTA (0.5
mmol I')), 1% fatty acid-free BSA, at pH 7.4 (Suarez and Hochochka, 1981). In each
case, mitochondria were added to the MRM to get a target protein concentration of 0.3-
1.0 mg mI™" in the chamber. Mitochondrial respiration was initiated by adding succinate
(6 mmol 1‘1), in the presence of rotenone (5 pmol I'!, dissolved in ethanol), to the reaction
media to induce State II oxygen consumption (also known as “sparking”). State III
oxygen consumption (Chance and Williams 1955) was measured after adding ADP (0.1
mmol I'") to induce ATP production (phosphorylation), in the presence of the succinate
sparker and rotenone. 6-ketocholestanol (kCh; 20 pmol 1'') was added to the
mitochondria suspension after addition of the treatments, in an attempt to recover the
mitochondria from the effects of TFM or 2,4-DNP. Substrates were dissolved in MRM
and injected into the cell through a removable stopper using a Hamilton syringe. Oxygen
consumption was then monitored in the presence of 12.5, 25, 50 and 100 pmol 1" 2,4-
DNP or TFM to determine their effects on State III and State IV O, consumption, which
were used to calculate mitochondria respiratory control ratios (RCR). Rates of O,
consumption were based on the rate of O, disappearance in the each chamber, while
RCRs were calculated according to Estabrook (1967) where:

(D

RCR = State IIT O, consumption rate
State IV O, consumption rate

where State III and State IV O, consumption is expressed in nmol O, mg prot.’l min'l,

and RCR is unitless.
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Measurement of Mitochondrial Membrane Potential

For the measurement of the mitochondrial potential, mitochondria were isolated
from the livers of sea lamprey and rainbow trout as previously described. Changes in the
relative electrical potential of the mitochondria relative to the suspension medium were
measured in State IV mitochondria as previously described by Yamamoto et al. (1995),
with minor changes. Mitochondria were isolated as sea lamprey and rainbow trout
(described above), and the mitochondria suspension was diluted in MRM to 1 mg ml”’
mitochondrial protein, after which succinate and rotenone were added. After mixing for 5
min, different concentrations of 2,4-DNP or TFM (0, 12.5, 25, 50 and 100 umol l'l) were
added in appropriately labeled centrifuge tubes. Samples were gently mixed by inversion
for 5 min, after which they were diluted to 0.5 mg ml™ mitochondrial protein. The
homogenate was then stained with 0.5 pg ml™ RH123, and gently mixed for another 5
min. RH123 distributes electrophoretically into the mitochondrial matrix in response to
an electrical potential across the mitochondrial membrane (Dykens and Stout 2001;
Baracca et al. 2003). The stained mitochondria pellet was obtained by centrifugation at
13,200 x g for 15 min. The supernatant (SN) was removed and the pellet (P) was
resuspended in the respective mitochondria reaction medium for each species.
Absorbance of the supernatant and the resuspended pellet was then measured on 100 pl of
sample at 500 nm, using a 96-well plate spectrophotometer (SpectraMax 190, Molecular
Devices, CA). The uncoupler p-trifluoromethoxy carbonyl cyanide phenyl hydrazone
(FCCP; 8 umol I') was used as a positive control for both the sea lamprey and the

rainbow trout mitochondria experiments.
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The absorbance coefficient (¢) of RH123 under the experimental conditions was
calculated to be 0.2808 nm (ug ml'1)" em?, using the Beer-Lambert equation. The
protein concentration in the reaction medium was determined by the Bradford method
(Bradford 1976), with BSA as a standard. For the assay, 0.5 mg ml™!' mitochondrial
protein was used.

RH123 accumulates in the matrix due to its charge and solubility in the inner
membrane and in the matrix. Therefore, rhodamine uptake, the in-to-out RH123 gradient
and membrane potential of the mitochondria were calculated as described by Yamamoto

et al. (1995) in which:

(SNabs — Pabs) /0.2808 2
[protein]

RH123 uptake =

where RH123 is measured in pg mg protein", SNabs and Py are the respective
supernatant and pellet absorbances at 500 nm, and 0.2808 is the absorbance co-efficient
of RH123.

The in-to-out concentration gradient of RH123 (AG) was needed to calculate the

membrane potential, and was calculated using the following equation:

RH 123 uptake x 1000 3
SN, / 0.2808

AG =

where AG is based on 1 mg mitochondria in 1 pul of media (Yamamoto et al. 1995).
Mitochondrial membrane potential (TMP in mV) was calculated according to the

Nernst equation as:

TMP = 58.4 x log (AG) 4)
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Qualitative Assessment of Mitochondria Fluorescence

Mitochondria fluorescence was evaluated using confocal microscopy (Olympus
FV1000 Confocal Laser Scanning Microscope), at 600X magnification with oil
immersion. Mitochondria were isolated as previously described. Exactly 50 uL from each
sample were then added to the slides, and viewed using the Rhodamine green dye
protocol from the Fluoview FV1000 (FV10-ASW, Ver. 1.7) software, using an argon
laser. Epifluorescence was conducted using the mercury lamp, with a fluorescein
isothiocyanate (FITC) filter cube, with an excitation wavelength of 488 nm, which is
closest to the excitation wavelength of RH123 (500 nm). Pictures were collected at a high

voltage (HV) of 488 mV and a confocal aperture (CA) of 96 mV.

Statistical Analysis

All the data are presented as the mean + standard error of the mean (S.E.M.), with
the number of animals at each exposure concentration indicated in brackets. Rates of O,
consumption, respiratory control ratios and membrane potential between the various
exposure concentrations were analyzed using Friedman parametric repeated measures
analysis of variance (ANOVA) with Dunn’s post-test, at the 95% confidence interval.
Measurements of O, consumption rates and RCR were conducted simultaneously with
control measurements (non-TFM or —-DNP exposed mitochondria) for each fish.

Statistical significance was set to the P < 0.05 level.
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RESULTS

The isolation procedure yielded mitochondria in which State II, III and IV
respiration were clearly distinguishable from one another. Representative tracings for
both lamprey and trout are presented in Figure 4-1. State Il respiration was initiated
(sparked) by the addition of succinate (6 mmol 1", after inhibiting Complex I of the
electron transport chain with rotenone (5 pmol 1'"). The addition of ADP, as a substrate
for mitochondrial ATP-synthase, resulted in a period of increased O, consumption (State
IMI), which typically lasted 10-15 min, before O, consumption rates decreased as the
mitochondria entered State [V respiration, due to the depletion of the ADP. As Fig 4-1
demonstrates, the addition of TFM (100 pmol I'") increased rates of State IV oxygen
consumption, and the effect was only slightly reversed by the addition of the kCh (20
pmol 1) in lamprey mitochondria (Fig. 4-1a), and not at all in trout mitochondria (Fig. 4-
1b).

Predictably, when the TFM concentration was sequentially increased in the
reaction medium, State IIT oxygen consumption was unaffected in both lamprey and trout,
averaging 14.5 + 2.0 nmol O, mg protein” min™ in lamprey (Fig. 4-2a) and 9.0 + 1.0
nmol O, mg protein”' min™ in trout (Fig. 4-3a). Similar findings were observed for 2,4
DNP, which served as a positive control. However, successive increases in TFM
concentration, or 2,4-DNP concentration, each resulted in a dose dependent increase in
State IV O, consumption in lamprey and trout mitochondria, from control values of 6.8 +
0.3 nmol O, mg protein'l min™ in lamprey (Fig. 4-2b) and 3.5 + 0.8 nmol O, mg protein™
min’! in trout (Fig. 4-3b). As aresult of the TFM and 2,4-DNP mediated increases in

State IV respiration, there was a pronounced 50 % reduction in the RCR in lamprey
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mitochondria, which decreased from a control average of approximately 2.3 + 0.2 to ~ 1.0
in the presence of both TFM, and the positive control, 2,4-DNP (Fig. 4-2c). Similar, but
more pronounced reductions in the RCR were observed in trout mitochondria, which
decreased by almost 70 % from a value of approximately 3.3 + 0.4 in the absence of TFM
to ~ 1.0 when exposed to the highest concentration of TFM or 2,4-DNP (100 umol I
Fig. 4-3¢).

TFM and FCCP induced marked changes in membrane potential in both sea
lamprey and rainbow trout (TFM only; Fig. 4-4), but only the higher concentration of 2,4-
DNP had an effect on membrane potential only in lamprey. In sea lamprey (Fig. 4-4a), 50
and 100 umol I'" TFM caused an approximately 25% decrease in membrane potential,
from control values of -192.5 + 4.8 mV. These values were also significantly lower than
the membrane potential measured in the presence of the same concentrations of 2,4-DNP.
Membrane potential was less affected by exposure to 2,4-DNP. There was a 17%
decrease in membrane potential only at 100 pmol "' DNP, compared to controls. The
positive control (FCCP exposure) also induced a marked decrease in membrane potential,
which was significantly lower than the disturbances induced by 2,4-DNP and the lower
concentrations of TFM (Fig. 4-4a). In rainbow trout (Fig. 4-4b), 2,4-DNP did not appear
to affect membrane potential. TFM, however, caused a marked, 28% decrease in
membrane potential at the 50 umol I'' TFM, but this was not maintained at 100 pmol It
TFM. This marked decrease was also lower than the positive control, which induced a
membrane potential that was not significantly different from control values of -188.5 +

8.1 mV (Fig. 4-6b).
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Measured decreases in RH123 uptake, and, hence, in membrane potential were
validated using confocal microscopy. This analysis clearly demonstrated that TFM and
FCCP, but not 2,4-DNP, caused a reduction in the fluorescence of mitochondria. In sea
lamprey (Fig. 4-5a), less RH123 dye was absorbed as the concentration of TFM was
increased. A similar trend was noted in the FCCP exposure when compared to the
negative control. In the 2,4-DNP exposure it appeared that there was a decreased RH123
uptake only at the 100 umol 1! DNP. Similarly, in rainbow trout (Fig. 4-5b), there was
qualitatively less fluorescence at the 25 and 50 pmol 1" TFM, after which fluorescence
appeared to increase at 100 pmol I"' TFM. There appeared to be no qualitative difference

in the fluorescence of the mitochondria exposed to 2,4-DNP or FCCP in trout.
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DISCUSSION

The increases in State IV respiration and corresponding reductions in RCR, along
with decreases in mitochondrial membrane potential that were observed in lamprey and
trout mitochondri,a support the hypothesis that TFM uncouples oxidative
phosphorylation, most likely by increasing the H" permeability of the inner mitochondrial
membrane. Moreover, there appear to be few differences in the responses of mitochondria
isolated from lamprey and trout to TFM, or to the positive control, 2,4-DNP.

To determine the effects of TFM on isolated liver mitochondria, and compare
them to those of 2,4-DNP, a range of concentrations were used to identify dose-
responsiveness of lamprey and trout to each compound. The exposure concentrations of
TFM and 2,4-DNP used, bracket the TFM concentrations measured by Lech and Statham
(1975) in the livers of rainbow trout and larval sea lamprey exposed to the LC99.9 of the
sea lamprey (1.0 mg ml™). It was notable that oxidative phosphorylation was impaired
even at the lowest concentrations of TFM used (10 pmol I"') suggesting that even fish
transiently exposed to sub-lethal concentrations might experience some metabolic
disturbance. During a TFM stream treatment, non-target species such as the rainbow
trout, would typically encounter sub-lethal concentrations of TFM, as their LC50 is
approximately 3-4 times higher than that of larval sea lamprey (Chapter 3; Olson and
Marking 1973; Bills et al. 2003; McDonald and Kolar 2007). Although the concentratioﬁ
of TFM used for stream treatments are not lethal to non-target species, they still appear to
accumulate mostly in the liver or in the muscle (Lech 1974; Lech and Statham 1975;
Schultz et al. 1979; Hubert et al. 2005). The dose-dependent nature of uncoupling caused

by TFM, therefore suggest that there could be mild metabolic disturbances if the amount
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of TFM entering the body were low, or very pronounced if concentrations approached
more toxic levels (e.g. the 120-h LC50) as reported by Birceanu et al. (2009-Chapter 2) in
larval sea lamprey exposed to their 12-h TFM LC50.

The finding that TFM is an uncoupler of oxidative phosphorylation, and that its
mechanism of toxicity could be similar to that of 2,4-DNP, confirms that it interferes with
ATP production in both the sea lamprey and non-target species, such as the rainbow trout.
The addition of 100 umol I"' TFM to mitochondria in State IV respiration markedly
increased O, consumption during State IV respiration (Fig. 4-1). State IV respiration is
normally marked by lower oxygen consumption compared to State III respiration. O,
consumption increases during State III respiration due to greater ETC activity due to
increased H* flow through the ATP- synthase when ATP is being generated from ADP
(phosphorylation). In other words, O, consumption increases in the presence of ADP
(State III) in order to maintain the proton gradient between the inter-membrane space and
the mitochondrial matrix. After ADP is depleted, oxygen consumption typically decreases
and remains low (State IV). The increase in State IV oxygen consumption in the presence
of TFM suggests that the lampricide disrupted the proton gradient causing these protons
to move back into the matrix non-specifically. As a consequence, the activity of the ETC
increased in an attempt to restore the proton gradient (McLaughlin and Dilger 1980;
Starkov et al. 1997; Wallace and Starkov 2000; Boelsterli 2009). Since oxygen is the final
electron acceptor of the ETC, mitochondrial O, consumption rate increased.

TFM and 2,4-DNP appear to act in a similar manner on mitochondria. State IV
respiration rates were markedly increased by the presence of the two chemicals, which

resulted in corresponding decreases in RCR. In sea lamprey mitochondria, TFM appeared
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to be a more effective uncoupler than 2,4-DNP at lower concentrations (25 umol 1'; Fig.
4-2), which is in agreement with the findings of Nibblett and Ballantyne (1976). These
authors noted that 4.3 nmol "' TFM caused a 50% reduction in ADP/O ratios (the amount
of ADP consumed per oxygen molecule), while 11.2 nmol I"' DNP were necessary to
cause the same effect. The decrease in ADP/O ratios suggests that more oxygen is
consumed per ADP molecule, which leads to an increase in mitochondrial respiration
with less ATP production (i.e. the mitochondria become uncoupled). Neither TFM nor
2,4-DNP caused marked changes in oxygen consumption in mitochondria in State III
respiration, compared to control values, which was expected because mitochondria in this
state have high oxygen consumption rates to begin with, due to the aforementioned
increased rates of proton movement through the ATP synthase. Since State III respiration
was unaffected by TFM and 2,4-DNP, it suggests that neither uncoupler negatively
interacts with the ATP-synthase.

Additional evidence that TFM uncouples mitochondria by disrupting the proton
gradient or the proton motive force comes from the mitochondrial transmembrane
potential data. The significant decreases in TMP suggest that TFM caused protons to
move from the inter-membrane space, back into the matrix, without going through the
ATP-synthase. In both trout and lamprey, TFM had more potent effects than 2,4-DNP,
which resulted in no or little change in TMP. In lamprey, only the 100 pmol 1" 2,4-DNP
caused a significant decrease in membrane potential, while in trout liver mitochondria
2,4-DNP had no effect. These findings further support the hypothesis that TFM is a more
potent uncoupler than 2,4-DNP, as suggested by Niblett and Ballantyne (1976). One

possible explanation is that TFM may be more efficient at moving protons back into the
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matrix, either by shuttling them through the inner membrane, or by causing the inner
membrane to become leakier and more permeable to protons. Indeed, it has been
speculated that this is the mode of action of FCCP and 2,4-DNP, which are called
protonophores, due to their propensity to increase the net proton permeability of the inner
mitochondrial membrane (Rottenberg 1970; Mitchell 1979; McLaughlin and Dilger 1980;
Wallace and Starkov 2000; Boelsterli 2009). It should be noted, however, that 8 umol 1!
FCCP did not cause a significant decrease in transmembrane potential in trout in the
current study. This could be attributed to the mechanism by which FCCP interacts with
the trout mitochondrial inner membrane, which could be different from the 2,4-DNP or
TFM interactions. However, this aspect needs further investigating.

Protonophores such as 2,4-DNP and FCCP are weak acids (Wallace and Starkov
2000), and are thought to bind to specific protein-binding sites on the inner mitochondrial
membrane, which facilitates their movement across inner mitochondrial membrane
(McLaughlin and Dilger 1980; Wallace and Starkov 2000). Andreyev et al. (1989)
postulated the possibility that for 2,4-DNP, such a protein channel might be the
ATP/ADP antiporter, which transports a molecule of ATP from the matrix to fhe inter-
membrane space, in exchange for a molecule of ADP from the inter-membrane space.
Schénfeld et al. (1996) demonstrated that the translocation of fatty acids by the ATP/ADP
antiporter in the inner mitochondrial membrane was necessary for these compounds to
exert their uncoupling effects. Indeed, fatty acids are weak acids, and are also known to
uncouple oxidative phosphorylation using a similar inter-membrane space to matrix
proton shuttle arrangement (McLaughlin and Dilger 1980), although this depends on the

chain length and unsaturation level of the fatty acids (Rottenberg and Hashimoto 1985). It

132



remains to be determined if the mechanisms behind the protonophore-like effects of TFM
are similar to those described for 2,4-DNP or fatty acids (Rolo et al. 2000).

Both TFM and 2,4-DNP uncoupled the mitochondria, bringing the RCR (State
I1I/State IV ratio) near 1. It should be noted that sea lamprey mitochondria had lower
RCR values than the rainbow trout, to begin with (Fig. 4-2). However, the lamprey
mitochondria RCRs are in agreement with values previously reported in river lamprey
(Lampetra fluviatilis) and the sea lamprey (LeBlanc et al. 1995; Emel’yanova et al. 2004;
Savina et al. 2006). The lower RCRs of lamprey appear to be influenced by ambient
temperature and life stage of the lamprey. Savina et al. (2006) reported that the
respiration rates of isolated liver mitochondria from river lamprey were 5-6 times lower
in February compared to April. The low metabolic rates of lamprey compared to
terrestrial vertebrates might also explain the low basal RCR. Emlel’yanova et al. (2004)
reported that uncouplers such as 2,4-DNP, FCCP and laurate, caused more pronounced
reductions on basal (non-phosphorylating or State IV O, consumption) in rats and frogs,
compared to river lamprey mitochondria. They therefore suggested that organisms with
lower metabolic rates may not only have lower mitochondrial respiration rates, but that
the mitochondria may not be as tightly coupled (lower RCR values). Moreover, the livers
of sea lamprey accumulate bile acids as they mature following metamorphosis due to a
loss of their bile ducts (Youson 1980; Youson 2003). Rolo et al. (2000) showed that bile
acids decreased State III respiration rate and RCR, and increased State IV in isolated rat
liver mitochondria. Similar bile acid accumulation might also contribute to the lower

RCR’s seen in lamprey mitochondria.

133



The build-up of bile salts in the sea lamprey only occurs following
metamorphosis, which initially gives the liver an orange, followed by emerald-green
coloration, as the animals proceed through the parasitic and upstream migrant phases of
their life cycle, and the plasma becomes progressively greener due to the increasing
presence of bile pigments as the animals approach reproductive maturity. Thus, all tissues
in the body, with the possible exception of the cerebrospinal fluid, would be exposed to
increasing concentrations bile salts, as sea lamprey enters the terminal phase of its life
cycle, compromising mitochondrial function (Jaeschke et al. 2002). Thus, it is possible
that the mitochondria isolated from the livers of upstream migrant sea lamprey could be
more sensitive to TFM than those of larval sea lamprey with intact bile ducts. Indeed, the
12-h LC50 for TFM is about 50 % lower for upstream migrant lamprey compared to
larval sea lamprey (M. Henry, O. Birceanu, and M.P. Wilkie, unpublished findings). It
would therefore be very informative to develop techniques to isolate the mitochondria
from the much smaller ammocoetes to further understand how bile affects not only the
TFM sensitivity of lamprey at different life stages, but also metabolic processes in
general.

The effect of the TFM on State IV respiration in rainbow trout did not appear to
be affected by addition of 6-ketocholestanol (kCh; Fig. 4-1b). In sea lamprey, however,
kCh slightly reversed the inhibition of oxidative phosphorylation during exposure to high
concentrations of TFM (Fig. 4-1a). By increasing the membrane dipole potential, kCh
completely prevents or reverses the uncoupling activity of low concentrations of potent
protonophores, such as SF6847 or 2,4-DNP (Starkov et al. 1997). However, the mode of

action of kCh is not by binding with the uncoupler, thus preventing it from reaching the
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membrane (Starkov et al. 1997). Rather, inner-mitochondrial proteins appear to be
involved in recovery by kCh, which could suggest that similar proteins may be involved
in the initial uncoupling of the mitochondria with TFM noted in this study. Starkov et al.
(1997) demonstrated that uncoupling with low concentrations of 2,4-DNP was partially
mediated by the ATP/ADP antiporter. Skulachev (1988, 1991) demonstrated that
thermogenin, a brown fat protein, and the ATP/ADP antiporter, were involved in
uncoupling by fatty acids. Thus it is possible that such proteins are involved in
uncoupling by 2,4-DNP or TFM but further investigation is required.

The rainbow trout mitochondria in the current study appeared to be at least as
sensitive to uncoupling by TFM as were the sea lamprey mitochondria. This suggests that
the ability of the trout to tolerate higher concentrations of TFM is not directly related to
differences in the sensitivity of mitochondria to TFM, but it is more likely dependent
upon the fish’s ability to detoxify the lampricide before it reaches the mitochondria. The
major pathway of detoxification of xenobiotics in teleosts is glucuronidation, which uses
a pathway catalyzed by the enzyme UDP-glucuronosyltransferase (UDPGT; Clarke et al.
1991). In fishes, glucuronidation is the major route by which phenolic compounds such as
TFM are detoxified (as opposed to the mixed function oxidases), with the liver and
kidney as the major sites for this process (Lech and Costrini 1972; Kawatski and
McDonald 1974). Because the UDPGTs are found in the cytosol or in the endoplasmic
reticulum (Lech and Constrinin 1972; Lech and Statham 1975; Kane et al. 1994; Vue et
al. 2002), not in mitochondria, no TFM detoxification would have taken place in the trout
mitochondria isolates used in the present study. As a result, the trout isolated

mitochondria used in this study were just as sensitive to TFM exposure as the sea lamprey
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mitochondria. In actual field TFM treatments, however, trout mitochondria would not
normally encounter such high internal TFM concentrations due to trout’s greater ability to
use glucuronidation to detoxify the little TFM that does accumulate.

The current study provides evidence that the mechanism of toxicity of the
lampricide TFM is by uncoupling of oxidative phosphorylation in the mitochondria of sea
lamprey and rainbow trout. Birceanu et al. (2009-Chapter 2) noted marked decreases in
glycogen, phosphocreatine and ATP stores in critical tissues of larval sea lamprey and
rainbow trout exposed to their respective 12-h TFM LC50s, including the brain and liver.
It is now clear that this mismatch in ATP supply versus ATP demand was initiated at the
level of the mitochondria by TEM. The evidence presented here strongly suggests that
TFM increased the proton permeability of the inner mitochondrial membrane, leading to a
break-down in the proton-motive force, which consequently reduced proton flow through
the ATP synthase, lowering the rates of ATP production. Thus, previously reported
deficits in ATP likely resulted from declines in mitochondrial ATP production,
necessitating greater reliance on anaerobic metabolism, and therefore reducing
phosphocreatine and glycogen reserves. When glucose/glycogen reserves are depleted,

death of the fish rapidly follows.
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Figure 4-1. Effects of TFM and kCh on Lamprey and Rainbow Trout
Mitochondria. Representative tracings of O, consumption rates in mitochondria
isolated from the liver of (a) sea lamprey or (b) rainbow trout in the absence and
presence of TFM. O, consumption (nmol O, ml™' min™') rates are indicated by the
numbers included on each trace. State II O, consumption was initiated by
“sparking” the mitochondria with succinate (6 mmol 1"") in the presence of
rotenone (5 pmol 1'). State IIT O, consumption was then induced by the addition
ADP (100 pmol I'") to initiate ATP synthesis. State IV O, consumption followed
after all ADP substrate was consumed, at which time TFM was added to
determine its effects on basal (State IV) mitochondrial O, consumption. 6-
ketocholestanol (kCh) was added to the mitochondria reaction medium (MRM) to
determine if it was protective against TFM-induced increases in State IV O,
consumption. All measurements were conducted at 22°C, in 1 ml MRM. Arrows
indicate the points at which each chemical was added to the MRM, and Roman

numerals represent the State II, III or IV O, consumption.
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Figure 4-2. Effects of TFM and 2,4-DNP on Sea Lamprey Mitochondrial
Respiration. Rates of O, consumption in mitochondria isolated from upstream
migrant sea lamprey in the presence of TFM (solid circles) or 2,4-DNP (open
circles) during (a) State III respiration (presence of ADP), or (b) State IV
respiration (ADP depleted). The ratio of State III (no treatment)/State IV (controls
and treatments) O, consumption rates were used to calculate the (c) respiratory
control ratios. Letters represent significant differences between the treatments and
their respective controls. Asterisks (*) represent significant differences between
the same exposure concentrations of TFM and 2,4-DNP. Data points sharing the
same letter are not significantly different. Refer to method and materials and

legend of Fig. 4-1 for further details of experimental conditions.
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Figure 4-3. Effects of TFM and 2,4-DNP on Rainbow Trout Mitochondrial
Respiration. Rates of O, consumption in mitochondria isolated from rainbow
trout in the presence of TFM (solid circles) or 2,4-DNP (open circles) during (a)
State III respiration (presence of ADP), or (b) State IV respiration (ADP
depleted). The ratio of State III(no treatment)/State IV (controls and treatments)
O, consumption rates were used to calculate the (c) respiratory control ratios.
Letters represent significant differences between the treatments and their
respective controls. Asterisks (*) represent significant differences between the
same exposure concentrations of TFM and 2,4-DNP. Data points sharing the
same letter are not significantly different. Refer to method and materials and

legend of Fig. 4-1 for further details of experimental conditions.
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Figure 4-4. Effects of TFM and 2,4-DNP on Mitochondrial Membrane
Potential. Mitochondrial membrane potential measured in (a) sea lamprey and (b)
rainbow trout in the presence of TFM (solid circles) or 2,4-DNP (open circles).
FCCP (open diamonds) was used as a positive control. Letters represent
significant differences between the treatments and their respective controls.
Asterisks (*) denote significant differences between State IV respiration in the
presence of the two uncouplers at the same concentrations; daggers (1) denotes
significant differences between TFM or 2,4-DNP treatments and the positive

control (FCCP). Data points sharing the same letter are not significantly different.
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Figure 4-5. Qualitative Effects of TFM and 2,4-DNP on Sea Lamprey and
Rainbow Trout Mitochondrial RH123 Uptake. Photomicrographs of RH123
fluorescence in mitochondria (0.5 mg ml™) isolated from (a) sea lamprey and (b)
rainbow trout livers in the presence of TFM, 2-4 DNP or FCCP (8 pmol |
positive control) for both species. Control micrographs (the negative control)

represent RH123 stained mitochondria, with no treatment.
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Chapter 5

An Integrated Model of TFM Toxicity in Sea Lamprey

(Petromyzon marinus) and Rainbow Trout (Oncorhynchus mykiss)

147



An Overview of the Integrated Responses of Sea Lamprey and Trout to TFM
The lampricide 3-trifluoromethyl-4-nitrophenol (TFM), was initially
thought to exert its toxic effects by interfering with mitochondrial ATP production
(Applegate et al. 1966) because of its structural similarity to phenolic compounds
such as 2,4-dinitrophenol (2,4-DNP; Fig. 1-4). Such compounds are known to
inhibit the process of oxidative phosphorlytaion, which drives ATP production in
mitochondria. Niblett and Ballantyne (1976) used isolated rat mitochondria to
show that TFM is indeed an uncoupler of oxidative phosphorylation, and that its
effects on mitochondria were more pronounced than those of 2,4-DNP. However,
similar isolated-mitochondria studies were never conducted in the sea lamprey
(the target organism) or non-target species. My thesis demonstrates that TFM
exerts its toxicity in both sea lamprey and rainbow trout by uncoupling
mitochondrial oxidative ATP production, resulting in increased reliance on
anaerobic fuels (glycogen) and phosphagens (PCr). This increased reliance on
glycolysis and PCr hydrolysis eventually results in death when the glycogen and
phosphagen reserves are depleted and the ATP supply becomes insufficient for
critical organs such as the brain. Below I provide a model which depicts these

events, and propose how such disturbances occur when fish are exposed to TFM.

Model of the Mechanism of Toxicity of 3-Trifluoromethyl-4-Nitrophenol
(TFM)
Using isolated mitochondria from liver in sea lamprey and trout, I

demonstrated that as the concentration of TFM increased, basal rates of
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mitochondrial oxygen consumption (State IV) increased, lowering the respiratory
control ratio (RCR) of the liver mitochondria of these fish. These findings are
strong evidence that processes mediated by the electron-transport chain
(establishment of the proton motive force) and ATP production (phosphorylation)
processes are not as tightly linked (or coupled) in the presence of TFM. The
similar response of the mitochondria to TFM as to 2,4-DNP is also evidence that
TFM has a similar mechanism of action to this well-known uncoupler of oxidative
phosphorylation (Figs. 4-2c, 4-3c).

In normally functioning mitochondria, complexes I, III and IV of the
electron transport chain (ETC) pump protons (H") across the inner-mitochondrial
membrane, from the matrix into the inter-membrane space. These events are
driven by the movement of electrons down the ETC. Oxygen is consumed in the
process because it is the final electron acceptor of the ETC (Moyes and Schulte
2006). The movement of H' from the matrix into the inter-membrane space
generates the proton-motive force (proton gradient). The proton motive force
drives ATP formation via ATP-synthase (Fig. 5-1a); as the H" move down their
electrochemical gradient from the inter-membrane space back into the matrix via
the ATP-synthase, energy is released that is harnessed by the ATP-synthase to
convert ADP to ATP (phosphorylation).

Protonophores, such as 2,4-DNP, FCCP and likely TFM, shuttle protons
back into the matrix and dissipate the proton gradient that drives the formation of
ATP in the mitochondria (Fig.5-1b). This shuttling process occurs either by direct

binding of H" to the uncoupler (Wallace and Starkov 2000), or by formation of
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protein channels (pores) in the inner mitochondrial membrane (Cunnaro and
Weiner 1975; McLaughlin and Dilger 1980; Wallace and Starkov 2000). It is
unclear which mechanism is used by TFM from the work conducted in my thesis,
but this certainly deserves future investigation.

The phenolic compound 2,4-DNP is a classic protonophore, which shuttles
the H* across the inner mitochondrial membrane (McLaughlin and Dilger 1980;
Skulachev 1998; Wallace and Starkov 2000). In other words, protonophores
increase the net H" permeability of the inner mitochondrial membrane (Fig. 5-1).
The net effect of such protonophores is that the H electrochemical gradient is
reduced between the intermembrane space and matrix (proton motive force
decreases). Due to the reduction in the proton-motive force, this process reduces
H" movement through ATP-synthase, resulting in a corresponding reduction in
ATP production by the mitochondria (Fig. 5-1).

Regardless of how TFM increases the H'-permeability of the inner
membrane, the net effect of TFM exposure is a decrease in the proton motive
force which drives ATP production by oxidative phosphorylation. As a
consequence, the ETC will increase its activity in an attempt to maintain or
restore that proton gradient, thus stimulating non-phosphorylating (State IV)
mitochondrial oxygen consumption (Fig. 5-1b) as previously described for many
other types of protonophores including 2,4-DNP and p-
trifluoromethoxyphenylhydrazone (FCCP; Skulachev 1971; Liberman et al.

1969).
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In vivo experiments on lamprey and trout (Chapters 2 and 3) demonstrated
that a consequence of TFM-induced reductions of ATP production in trout and
larval lamprey was increased reliance on PCr hydrolysis and glycolysis to meet
their ATP demands as TFM exposure time increased. Compared to glycogen, PCr
provides only short-term relief from decreases in ATP, as the levels of PCr in
various tissues are quite small compared to the glycogen. As mitochondrial ATP
production remained suppressed in the presence of TFM, the fish relied more on
their glycogen reserves to sustain glycolysis, in an attempt to meet ATP demands.
As a result, the glycogen reserves in different tissues, particularly the liver and the
brain, markedly decreased in both sea lamprey and rainbow trout (Fig. 5-2). The
reduction in glycogen was more pronounced in larval sea lamprey, despite the fact
that each was exposed to its respective 12-h TFM LCS50. One explanation for less
pronounced reductions in glycogen and PCr in trout compared to lamprey could
be that the trout were able to detoxify the TFM more efficiently and at a faster
rate than the lamprey (Lech and Statham 1975). Another implication of this
observation is that it suggests that there may be other mechanism(s) of TFM
toxicity in trout that are not as prevalent in lamprey, such as disturbances in ion
homeostasis. Indeed, the decrease in Na* uptake by rainbow trout exposed to
TFM supports the hypothesis that TFM could interfere with ion homeostasis in
these fish. Due to TFM-induced ATP deficits, it is possible that the gill, and
possibly kidney, Na*/K* ATPases did not have enough ATP to maintain their
function of shuttling Na™ ions into the body, leading to decreased Na* uptake (Fig.

5-2).
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Implications for TFM Field Treatments

Three goals of the Great Lakes Fisheries Commission (GLFC), which
oversees sea lamprey control in the Great Lakes, are to decrease the amount of
TFM that is released in the environment, reduce the non-target effects of TFM,
and reduce treatment costs (GLFC 2001; McDonald and Kolar 2007). A better
understanding of the mechanism of toxicity of TFM could therefore have
important implications for achieving these goals. For instance, differences in
glycogen reserves could explain the seasonal sensitivity of larval sea lamprey to
TFM (Scholefield et al. 2008). One explanation for this finding could be that the
larvae could have lower glycogen reserves when they come out of the over-
wintering period, when food is limited, compared to late summer/early fall, when
food is readily available. Indeed, O’Boyle and Beamish (1977) demonstrated that
liver glycogen reserves were 28% lower in winter than late summer in pre-
metamorphic lamprey, the targets of most lampricide treatments (McDonald and
Kolar 2007). If the TFM sensitivity of lamprey is greater when they have lower
glycogen reserves, it may then allow sea-lamprey control personnel to use lower
amounts of lampricide in the spring compared to the later summer treatments. The
use of less TFM in the spring would result in cost savings, and minimize the
environmental impact of the TFM treatment by reducing possible non-target
effects on other fishes and invertebrates. Alternatively, TFM-sensitive non-target
fishes, such as sturgeon (Acipenser fulvescens) and other organisms, such‘ as
mudpuppy (Necturus maculosus), could be more TFM-sensitive, and have lower

glycogen levels and higher TFM sensitivity in the spring compared to late
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summer. In such situations, it may be possible to restrict treatments to later in the

year when the sensitive non-target species may be less vulnerable to TFM.

Future Directions

While it is clear that TFM causes ATP deficits in the body by uncoupling
mitochondrial oxidative phosphorylation; further experiments are needed to
identify the exact pathway(s) that TFM interferes with in the oxidation/
phosphorylation chain of reactions. Experiments analyzing the effects of this
uncoupler on artificial membranes of various porosities and lipid contents
(McLaughlin and Dilger 1980) could elucidate the mode in which TFM interacts
with the mitochondrial inner membrane. In addition, to determine if TFM might
cause depolarization across the inner mitochondrial membrane through the
generation of inner membrane pores, thus increasing permeability H"
permeability, experiments using drugs that block such inner membrane pore
formation, such as cyclosporine A (Jaeschke et al. 2002), could be used. If the
presence of cyclosporine A causes a decrease in the effects of TFM, one can
conclude that the lampricide increases mitochondrial membrane permeability by
causing the formation of pores, which allow the H* to move back into the matrix
without going through the ATP-synthase.

The ATP/ADP antiporter, which shuttles ADP from the inner-membrane
space into the matrix, and ATP from the matrix into the inner-membrane space to
drive the ATP formation reactions, could play a role in TFM toxicity, but this

needs further investigating. The ATP/ADP antiporter appears to be involved in
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the toxicity of 2,4-DNP and fatty acids (Andreyev et al. 1989; Schonfeld et al.
1996). This protein could promote the translocation of TFM from the inter-
membrane space, across the inner-mitochondrial membrane and into matrix, along
with H*. Thus, this process could be an additional/alternate mechanism by which
TFM reduces the proton-motive force across the inner-mitochondrial membrane
(Fig. 4-4; McLaughlin and Dilger 1980; Wallace and Starkov 2000).

While determining the mechanism of toxicity of TFM is important, it
would also be helpful to understand more about the glucuronidation process in
non-target species. Experiments investigating the circumstances under which the
activation of UDP-glucuronyltransferases, the group of enzymes that catalyze
glucuronidation, is stimulated and how their absence would affect TFM
sensitivity in non-targets would provide more information on the detoxification
process. Western Blots analyzing the expression level of UDPGTs could
determine which UDPGT isoforms are involved in TFM detoxification, and how
altering their levels of expression would affect TFM sensitivity in fish. This could
provide further information on the various strategies used by fishes to detoxify
xenobiotics. Linking the ability of non-target organisms to detoxify the lampricide
with their ability to recover from exposure to sub-lethal doses of TFM would
provide more information on the mechanism of toxicity of TFM as well as on the
detoxification process.

Knowing the mechanism of toxicity of TFM could be advantageous to the
GLFC, because such knowledge could improve their ability to predict when non-

target organisms are most vulnerable to TFM or when larval lamprey are most
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sensitive. Targeting the larvae when they are most sensitive could potentially
reduce the amount of TFM used, or the duration of TFM treatments, thus saving
human and financial resources. The finding that trout muscle glycogen is affected
by exposure to sub-lethal concentrations of TFM suggests that the lampricide
could have indirect effects on non-target fishes. Such reductions in glycogen
could compromise the burst and prolonged swimming abilities of non-target
fishes, thus affecting foraging, predator evasion, migration and mating behavior

(Kiefer 2000; Wilkie et al. 2001).

Conclusions

This thesis used an integrative approach to demonstrate that the lampricide
TFM uncouples mitochondrial oxidative phosphorylation, leading to a mismatch
between ATP supply and demand in the bodies of lamprey and trout. Therefore,
fish rely more on glycolysis, in an attempt to increase ATP supply. Although
glycogen reserves offer a limited relief from such a challenge, once these reserves
are depleted, death ensues. This improved understanding of the mode of TFM
toxicity may therefore aid the GLFC in predicting which non-target species are
more sensitive to the lampricide and why, and allow the GLFC to adjust treatment
concentrations accordingly. Finally, this improved knowledge on the mechanism
of TFM toxicity should assist the GLFC in their efforts to re-register this pesticide
with the USEPA and Health Canada in the future, so that TFM can continue to be
used in the integrated management of the sea lamprey in the Great Lakes, where

this invasive species continues have a detrimental effect on sport fisheries.
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Figure 5-1. Model for the Mechanism of Toxicity of TFM. In (a) control
mitochondria complexes I, IIl and IV of ETC (filled circles labeled with roman
numberals) move protons (H") from the matrix (M) into the inter-membrane space
(IMS; step 1). The resultant generation of a proton gradient (proton-motive force
(step 2), is used to drive proton movement through the ATP synthase (step 3). As
the protons move from the IMS into M via the ATP-synthase, the energy released
is harnessed to drive the phosphorylation of ADP to ATP (step 4). In the presence
of (b) TFM, however, the proton gradient is dissipated (step 5) as TFM shuttles
H" into the matrix, but bypassing the ATP synthase (step 6). By reducing H" flow
through the ATP-synthase, the activity of the ETC is increased in an attempt to
restore the H' gradient, which results in an increase in basal (State IV)
mitochondrial O, consumption. More O3 is consumed in this process because it is
the final acceptor of electrons from the ETC. The net effect of TFM is therefore
lowered ATP production by the mitochondria, which results in a mismatch
between ATP supply and ATP demands. Therefore, the fish primarily rely on
glycolysis to compensate for the short-fall in ATP supply. When the
glycogen/glucose stores that drive glycolysis are depleted, the organism can no

longer survive.
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Figure 5-2. Integrating In vivo and In vitro Studies on the Mode of Action of
TFM in Sea Lamprey and Rainbow Trout. As fish are exposed to lethal
concentrations of TFM, the unconjugated form of the lampricide accumulates in
vital tissues, such as the liver, brain and muscle. As TFM dissipates the
mitochondrial proton gradient, ATP production decreases. As a consequence, fish
rely more on glycolysis, in an attempt to match the ATP supply with the ATP
demand. Therefore, glycogen levels in the tissues decrease, along with PCr, which
is dephosphorylated to produce ATP. Once glycogen levels are depleted, death
eventually results. The effects of TFM on metabolites and fuel stores were more
pronounced in the lamprey, which are more sensitive to the lampricide than the
trout, due to their limited ability to detoxify TFM. However, in trout, there could
be ionic disturbances that could enhance the effects of TFM possibly due to gill
damage or a decrease in Na*/K" ATPase activity due to a mismatch between ATP
supply and demand. Trout picture obtained from http://palaeo-

electronica.org/2001 2/fish/ images/17/17 11.ipg
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APPENDIX A

List of Abbreviations

2,4-DNP 2,4-dinitrophenol

ADP adenosine diphosphate

ATP adenosine triphosphate

CA carbonic anhydrase

CcC chloride cell

CK creatine kinase

ETC electron transport chain

FCCP p-trifluoromethoxy carbonyl cyanide phenyl hydrazone
M mitochondrial matrix

T™MP (mitochondrial) transmembrane potential
IMS (mitochondrial) inter-membrane space
PCr phosphocreatine

pPVvC pavement cell

TFM 3-trifluoromethyl-4-nitrophenol
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