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ARTICLE INFO ABSTRACT

Article history: The lampricides 3-trifluoromethyl-4-nitrophemol (TFM) and niclosamide have been used for over
Received 26 March 2021 60 years to control the invasive sea lamprey (Petromyzon marinus) population in the Laurentian Great
Accepted 13 July 2021 Lakes. In this review, we summarize these findings in the context of the mode of action of both lampri-
2;’?;?3;23;‘3@ ?\Ililcgl;l;ltai(}il]mson cides, with a focus on: (1) the physiology of uptake, bodily distribution and mode of action, detoxification,

and excretion of lampricides in lamprey and non-target fishes, (2) the development of an Adverse
Outcome Pathway for TFM and niclosamide, and (3) the identification of novel avenues for future
research that can be further explored to ensure continuous suppression of the sea lamprey population

I]f:ymml;?irgs&es in the Great Lakes. We explored how research on the mode of action of lampricides has provided novel
Physiology insights into the gill microenvironment and how this impacts lampricide toxicity; described new infor-
TEM mation on mitochondria and tissue physiology; and discussed how the activity of enzymes that are
Niclosamide involved in detoxification pathways impacts the response of fishes to xenobiotics. Considering the infor-

Invasive species

mation that has been generated over the years on sea lamprey and bony fish physiology from studying

the mode of action of lampricides, here we propose an Adverse Outcome Pathway for TFM and niclosa-
mide and identify novel avenues for research on the short and long-term effects of lampricide applica-
tions, either alone or in combination. Lastly, we discuss how the differences in physiology between sea
lampreys and non-target fishes can be further exploited to ensure continuous suppression of the sea lam-

prey population in the Great Lakes.
© 2021 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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General overview

Sea lamprey (Petromyzon marinus) populations in the Great
Lakes have been extensively controlled over the last 60 + years,
to minimize their impact on the multibillion-dollar fishery. The
most effective method of control has been the application of the
piscicides 3-trifluoromethyl-4-nitrophenol (TFM) and niclosamide
(Bayluscide®), known as lampricides (Fig. 1), which are applied
to tributaries of the Great Lakes that contain larval sea lampreys,
in both the US and Canada (Applegate et al., 1961; Lawrie, 1970;
McDonald and Kolar, 2007). TFM was selected among 5000 + chem-
icals that were tested, because it is selectively toxic to the larval
sea lampreys (Applegate et al., 1957). Niclosamide, a pesticide
widely used as a molluscicide, was not incorporated into the sea
lamprey control program until much later, due to a need to reduce
the amount of TFM used in larger, faster flowing waters. While not
as selective as TFM, applications of TFM/niclosamide mixtures
reduce the amount of TFM needed, leading to overall lower treat-
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ment costs. In addition, because of the tendency of niclosamide
to sink, the specificity of the treatment is maintained, with mini-
mal non-target effects (Dawson, 2003). Lampricides are applied
to streams and rivers sustaining larval sea lampreys on a 3-4 year
cycle. TFM is applied at a concentration needed to kill 99.9% of the
larval sea lampreys over 9 h, known as the minimal lethal concen-
tration (MLC), which is dependent on water pH and alkalinity (Bills
et al., 2003; for review on factors influencing TFM toxicity, see
Wilkie et al., 2019).

While extensive research has been conducted to understand
the mode of action of lampricides, most studies have been
focused on TFM, because it is the most widely used of the
two. The work has focused on both the target organism, the
sea lamprey, and non-target fishes, to be able to better predict
the short and long-term effects in fishes. We acknowledge that
there is an extensive body of work done on the effects of lamp-
ricides in plants and invertebrates, but the overarching goal of
this review is to provide a synopsis of how the studies on the
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Fig. 1. Molecular structure of lampricides. The molecular structure of (A) TFM and (B) niclosamide, along with their dissociation constants.
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mode of action of lampricides have led to novel understandings
of the physiology of sea lampreys and bony fishes. To this end,
we will explore the intersection of lampricide toxicity and fish
physiology by (1) describing the physiology of uptake, bodily
distribution and mode of action, detoxification, and excretion
of lampricides in lampreys and non-target fishes, (2) proposing
an Adverse Outcome Pathway for TFM and niclosamide, and
(3) identifying novel avenues for research that can be explored
to ensure continuous suppression of sea lampreys in the Great
Lakes.

Studying lampricides offers insights into bony fish physiology

When determining the mode of action of any compound it is
worth reflecting on the phrase “the dose makes the poison”. The
dose that an organism is exposed to following a lampricide treat-
ment adheres to the pharmacological principles of ADME: absorp-
tion/uptake, distribution, metabolism (or detoxification) and
excretion. In this section, we will present the information through
the lens of the ADME principle, but will add another concept to the
acronym, where we will be looking at the mode of action of the
lampricides, in addition to the pharmacological principles of
ADME.

In the case of lampricides, these are initially concentrated for-
mulas that are applied to water bodies at concentrations between
1.0 and 2.5x the LC99.9 of the larval sea lampreys, depending on
the chemistry of the water that they are applied to. Lampricides
are taken up at the gill of both target and non-target fishes. Rates
of lampricide uptake, and therefore the level of exposure, are medi-
ated by the exposure time, the surface area of the organism, and
whether the organism is passively or actively taking up the lamp-
ricide. Once inside the animal’s body, lampricides will likely dis-
tribute to different tissues and organs based on the
characteristics of the animal’s digestive and/or circulatory systems
and the chemical characteristics of the lampricides themselves
(transport and tissue distribution; Fig. 2). The concentration of
lampricide in each body compartment and/or tissue will not only
depend on the deposition of the chemical but will also be influ-
enced by the ability of the organism to detoxify and remove the
chemical, which we address in the sections below. With regards
to the dose of TFM that exerts negative effects on fish biology, it
is likely that some of this will come down to the ability of the fish

External
environment

"Fish body
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to detoxify the compound via detoxification processes and elimi-
nate it effectively out of the body (Fig. 2).

The A in ADME - Routes and factors that impact lampricide
uptake

The gill as the route of uptake for lampricides

The gill is the major site of uptake of chemicals from water by
aquatic animals (Hayton and Barron, 1990). Lampricides are
absorbed by passive diffusion at the gills, due to a concentration
gradient between the water and the body. This absorption rate
across the gills is heavily influenced by water pH, not only in sea
lampreys but also in non-target species (Hepditch et al., 2019;
Hunn and Allen, 1974; Marking and Olson, 1975). Bioavailability
is higher when lampricides are in the unionized form (pKa for
TFM is 6.07, while that for niclosamide is 6.25), as they are more
lipophilic and able to cross the cell membranes more easily than
the ionized form (Hughes, 1980). Hlina et al. (2017) showed that
TFM uptake rates were approximately 5.5-fold greater at low water
pH in larval sea lampreys, most likely due to the unionized, lipo-
philic form of TFM existing in greater amounts at a lower pH. This
likely explains why TFM becomes less toxic to larval sea lampreys
as water pH is increased (McDonald and Kolar, 2007; Hlina et al.,
2017). Similar effect of pH on TFM uptake was recently observed
in lake sturgeon, which had significantly greater TFM uptake rates
in acidic (pH = 6.5) compared to more alkaline (pH = 9.0) waters
(Hepditch et al., 2019). Uptake of TFM is also greatly influenced
by pH in other non-target species, such as rainbow trout and chan-
nel catfish (Hubert, 2003; Sills and Allen, 1975), where higher
uptake rates are consistently reported in more acidic waters.
Uptake of niclosamide in fishes has been less studied, although
with a pKa of 6.25 (Fig. 1), similar to that of TFM (pKa = 6.07), niclo-
samide is expected to be taken up in a similar way by the fish gill.

The studies on the effects of biotic and abiotic factors on the
rates of uptake of TFM and niclosamide, have provided novel
insights into the morphology and physiology of the fish gill
(Fig. 3). Even though the lampricides are taken up at higher rates
in acidic waters, increasing their toxicity, research shows that lam-
pricides are also taken up in more alkaline waters, albeit at lower
rates (Hlina et al,, 2017; Wilkie et al., 2019). Indeed, while TFM
uptake rates in lake sturgeon juveniles and larval sea lampreys
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Fig. 2. Interaction of lampricides with the fish body. A broad overview of the interaction of lampricides with the fish body. Lampricides are taken up at the gills and
transported in the fish body, where they target the mitochondria, leading to uncoupling of oxidative phosphorylation and reducing the ability of the mitochondria to produce
ATP. This creates a mismatch between ATP supply and demand, forcing the fish to rely on their anaerobic energy reserves (such as glycogen and phosphocreatine) for survival.
Some fishes can detoxify the lampricides (non-target fishes), through Phase I and Phase II detoxification processes, while others, like the sea lamprey, have a limited
detoxification capacity. Our current understanding of lampricide elimination is that it is eliminated either through urine (non-target fishes) or at the gills (in larval sea
lampreys). The figure also denotes that Phase I detoxification pathways for TFM still need to be elucidated (see question mark).
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Fig. 3. The relationship between TFM chemistry in the water and fish gill physiology. TFM speciation is highly dependent on water pH and the physiology of the animal
determines the acidity of the boundary layer (i.e., the layer of water that surrounds the gills filaments). Toxicity of TFM here is defined by the interaction of the two (see Fig. 4
for more details). The dotted line denotes the gill boundary layer, while the black arrows denote the movement of ions and unionized TFM in and out of the boundary layer. In
high pH environments (pH > 6.07), the pH of the water and that of the gill boundary layer are higher, with fewer H* ions present; in addition, less unionized TFM is present, its
bioavailability is lower and less is taken up at the gill (denoted by the red lined circle). In low pH environments (pH < 6.07), more unionized TFM is present in the water and
the pH of the boundary layer is more acidic than that of the water. Therefore, more unionized TFM is present, its bioavailability is higher, and more is taken up at the gill.
Figure . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) adapted from Paquin et al. (2002)

were approximately 6- to 10-fold lower in pH 9.0 water compared
to the uptake rates in water of pH 6.5, animals in alkaline waters
still took up TFM, when most of the compound was ionized, sug-
gesting that active transport of the chemical, through transporters,
may be a possibility (Hepditch et al., 2019). Therefore, the ionized
TFM, and perhaps niclosamide, must be able to enter the gill cell
through previously unexplored mechanisms, such as passive diffu-
sion or organic anion transporters (Bills et al., 2003; Erickson et al.,
2006; Hlina et al., 2017; see Wilkie et al. 2019 for review). Indeed,
the water partition coefficient, log K, for ionized (i.e., lipophobic
or less toxic) nitrophenols is close to that of their unionized (i.e.,
lipophilic or more toxic) counterparts, suggesting that passive dif-
fusion of the ionized form of the lampricides should not be ruled
out (Erickson et al., 2006). Candidate proteins for active transport
of lampricides could be Mrp2 (multi-drug resistance-associated
protein 2) and OATPs (organic anion transporting polypeptides),
which play significant roles in the uptake and detoxification of
organic compounds. More importantly, Mrp2 has been found in
the gills and liver of larval and adult sea lampreys (Cai et al,,
2013), suggesting that it would be a good candidate protein to be
explored as a gill transporter for the uptake of lampricides.
OATPs, which are part of the SLC21/SLCO solute carrier gene
family, have been found in a variety of animals, including teleosts,
and are involved in the uptake/absorption of a variety of anionic
drugs (Verri et al., 2012; Kovacsics et al., 2017). In teleosts, there
are currently 50 families and 338 members of the SLC gene series,
performing major functions such as transport of ionorganic
cations/anions, amino acids, oligopeptides, sugars and metal ions,
performing mitochondrial cross-membrane transport, along with
biotransformation and excretion functions, and many others
(Hagenbuch and Stieger, 2013). Such proteins should be further
explored as candidate transporters of TFM and niclosamide in the
gills to provide a further understanding on how they interact with
the fish body. There should be additional interest in pursuing stud-
ies on transporters for the lampricides, as they could be targets for
exploring the potential development of resistance in sea lampreys.
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The influence of the gill microenvironment on lampricide uptake and
toxicity

In addition to water chemistry, the chemistry of the gill
microenvironment may heavily influence the speciation of the
lampricides, and, therefore, their rates of uptake and overall toxic-
ity (Fig. 3). Recent work on the mode of action of lampricides has
brought forth the importance of the gill boundary layer in TFM spe-
ciation (for a thorough review, see Wilkie et al., 2019). In addition,
the gill microenvironment may also play a role in the relatively
high TFM uptake rates in alkaline waters, as noted above in lake
sturgeon and sea lampreys (Hlina et al., 2017; Hepditch et al,,
2019). Below, we describe the chemistry of the gill boundary layer
in detail and provide a theoretical model on how the speciation of
TFM is affected by the changes in pH at the gill.

The chemistry of the gill boundary layer in fishes

Fishes take up oxygen by washing water over their gills using
two methods: unidirectional and tidal ventilation. Unidirectional
ventilation involves the use of buccal and opercular pumps, to
move water over the gills in one direction: in from the mouth
and out through the operculum. In this way, oxygenated water
comes into contact with the gill filaments and the lamellae only
once (McKim and Erickson, 1991; Evans et al., 2005). As water
passes over the lamellae, oxygen is taken up by the blood in a
counter-current exchange system. A second type of gill ventilation
employed by some bony fishes and the adult life stage of the sea
lampreys is known as tidal ventilation, which involves only the
opercular pump or pumping muscles. Oxygenated water comes
in through the gill pockets (in adult sea lampreys) or the opercular
slits (in lake sturgeon), washes over the gills as it goes in, then it is
expelled back through the same opercular slits. In this type of ven-
tilation, the water washes over the gills twice: once when it goes in
and again as it is expelled (Hunn and Allen, 1974; McKim and
Erickson, 1991; Evans et al., 2005).
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The amount of chemical that will be taken up by a fish is depen-
dent on several factors, including: ventilation and respiration rate,
contact time with the gill lamella, the ability to permeate biological
membranes (which may change based on pH and speciation), and
diffusion capacity into the blood (Larisch and Goss 2018). As oxy-
gen diffuses into the blood, metabolic waste such as CO, is
excreted with the aid of the catalyst carbonic anhydrase (CA). This
process is used for acid-base regulation by the fish, which regulates
H" and HCO3 at the gills via the reaction (Fig. 4):

0, + H,0 — H* + HCO; (1)

This reaction can lead to changes in the pH of the gill microen-
vironment as HCO3 and H" are liberated during the hydration of
CO, (Lloyd and Herbert, 1960; Szumski et al., 1982; Fig. 4 A, B).
Hyperventilation may result in more CO, being excreted over
the gills, whereas hypoventilation can allow for CO, to accumu-
late in the gill microenvironment. In soft water, the gill has an
increased buffering capacity, and under acidic conditions water
that moved across the gill becomes more basic, whereas under
basic conditions the expired water is rendered more acidic in
comparison to the bulk water (Playle and Wood, 1989; Wilkie
et al, 2021; Fig. 4C). The discrepancies between the chemistry
of the bulk water and the water that is directly at the gills of fish
provides valuable information to sea lamprey control officials,
aiding them to better predict lampricide toxicity to both sea lam-
preys and non-target fishes.

Fresh Water

Journal of Great Lakes Research 47 (2021) S673-S689
TFEM toxicity is changed in the gill boundary layer

TFM is an ionizable chemical, with a pKa of 6.07 (Fig. 3). TFM
is weakly acidic and will be present in greater proportions in its
lipophilic unionized form in waters with lower pHs (Bills et al.
2003; McDonald and Kolar 2007). It is considered moderately
lipophilic, with an octanol-water partition coefficient (log Kgw)
of 2.77 (McKim and Erickson, 1991). The octanol-water partition
coefficient is useful in predicting how a xenobiotic will interact
with the gill boundary layer: the lipid membrane will allow lipo-
philic xenobiotics (log Kow 1 — 6) to passively be taken up at the
gills but may act as a barrier to those that are more lipophobic
(log Kow < 1) (Saarikoski et al., 1986; see Fig. 4). A thorough
description of ionizable organic chemical uptake at the gills
can be found in Armitage et al. (2017). Due to the chemical
properties of TFM, a variety of factors, such as water pH and
alkalinity, can influence its uptake rates and toxicity (Bills
et al. 2003; McDonald and Kolar 2007; Hlina et al., 2017;
Hepditch et al., 2019).

The mucus layer at the gill may play a role in the level of acid-
ification of the water at the boundary layer (Saarikoski et al. 1986;
Fig. 4), which, in turn, may impact the speciation of lampricides, as
lower pHs favour their unionized, more toxic form. Erickson et al.
(2006) describes one full pH unit difference across the gill lamella,
with the expired water being rendered more acidic. This pH differ-
ence between inspired (more basic) and expired (more acidic)

A — A ) c Low buffering capacity
Plasma Gill Microenvironment : Bulk Water (Iow alkalinity bulk water)
Tight Junction :
(A co, I
CO, ]
T Mucors Hg»o 5 Gill microenvironment  Bulk water Ralie of 11-'1FM "
NHy—————>NH,; —“;‘}‘—»xn _é_, pH pH upta © att © gl
I ‘ ’ - W.E.Em- ; Higher than
NH, < \ ' predicted by
I ] 5 bulk water pH
Basolateral [—] Apical (Mucosal) Predicted by
I ——]

bulk water pH

Lower than
predicted by
bulk water pH

Fig. 4. The importance of the gill boundary layer on lampricide toxicity in bony fishes. A) As carbon dioxide (CO,) diffuses from the blood, it becomes hydrated at the gill
epithelium to form HCO3 and H". As this occurs, H* increases in the gill boundary layer, leading to a decrease in pH with increases in CO, excretion. The difference in pH
between the microenvironment and the bulk water facilitates ammonia diffusion from the blood and into the water, where it becomes protonated (NH3) and cannot cross
back into the gill due to its positive charge. Figure adapted from Wilkie (2002) and Edwards and Marshall (2012). B) A model of a mitochondrial rich cell (MRC) for
osmoregulation in freshwater fishes. A proton pump (V-type ATPase) drives Cl” uptake via the CI//HCO3 exchanger. Ca®* is taken up both by a Na*/Ca?* exchanger and Ca**-
ATPase. From Edwards and Marshall (2012). The two figures describe the chemistry of the boundary layer, which can have impacts on TFM toxicity (C), particularly in waters
of lower buffering capacity, such as those of lower alkalinity. In such an environment, if the pH of the bulk water is acidic, the gill boundary layer will buffer the water at the
gills, increasing its pH. A higher pH at the gill means that less TFM will be available for uptake than predicted by the bulk water pH (see panel C). In contrast, if the bulk water
pH is high, the gill boundary layer will be acidified to maintain ion balance and ion homeostasis in the fish. A lower pH at the gill would increase the rate of TFM uptake,

making it more toxic than it would have been predicted by the bulk water pH alone.
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water is due to the differences between bulk water pH and pH of
the blood (Wright et al. 1986). This can change the speciation of
TFM at the gill boundary layer, as proposed by Wilkie et al.
(2019), making predictions of TFM toxicity solely based on bulk
water pH less accurate. However, there are inter-species differ-
ences in the amount of acidification and buffering that occurs at
the gill. For example, CO, diffusion in teleost fish is limited to
the entry of HCO3 into red blood cells; whereas, in cartilaginous
fish the whole surface area of the gill can be used for CO, diffusion
and thus it is limited by perfusion (Evans et al., 2005). These differ-
ences in CO, excretion of teleost vs cartilaginous fishes may indeed
change the TFM speciation and uptake at the gills of non-target
fishes.

In addition to tidal vs. unidirectional ventilation, fishes like the
lake sturgeon are unique in that they can implement a quasi-
directional ventilation strategy when feeding (Fig. 3). As the pro-
trusible mouth feeds along the bottom of the lake/river, the stur-
geon can use pressure differentials to draw water across the top
of the gill filaments and expel it via the gill sieve (Burggren
1978). This unique ventilation strategy may result in changes to
the chemistry of the gill microenvironment, depending on how
efficient it is for removing metabolic waste (see Wilkie et al.,
2019). This approach may increase the acidity of the gill boundary
layer and, therefore, lead to higher lampricide uptake rates,
increasing the overall sensitivity of sturgeon to lampricides.

The relationship between metabolic scaling and lampricide uptake

The correlation between oxygen and xenobiotic transfer at the
gills of fishes and its relationship with metabolic rate has been well
studied for a variety of organic compounds (Black and McCarthy,
1988; Brauner et al.,, 1994; Yang et al., 2000). Metabolic rate is
known to dictate the kinetic uptake rate constant of several toxi-
cants (Yang et al., 2000). TEM uptake in sea lampreys is dependent
on biotic factors such as body size, life stage and metabolic rate
(MO,) (Tessier et al., 2018). MO, has an allometric scaling relation-
ship with body size, where smaller organisms typically have a pro-
portionally higher metabolisms compared to larger ones. This
relationship can be described by the equation:
R=aM’ (2)
where R is the metabolic rate (oxygen consumption or metabo-
lism) of the animal, a is a species-specific constant, M is the mass
of the individual organism and b is the (mass) scaling exponent
(Kleiber, 1947; Goolish, 1991; Glazier, 2005). The scaling exponent
for this relationship with the organism’s mass is argued to be
between the power of 0.67 - 0.75 (Goolish, 1991; Glazier, 2005).
During situations which may increase ventilation, such as hypoxia,
elevated temperature or pursuit stress, more water is being drawn
across the gills which results in an increased amount of xenobiotic
being in contact with the gill epithelium, leading to higher uptake
rates (McKim and Goeden, 1982; Randall, 1982; Larisch and Goss,
2018).

TFM is hypothesized to be taken up passively at the fish gill
(Larisch and Goss, 2018), down its concentration gradient. Because
sea lampreys have a negligible capacity to detoxify TFM (Lech and
Statham, 1975), the lampricide uptake rates are independent of the
animal’s ability to detoxify the compound. Consequently, TFM is
taken up at the gill at a rate dependent on ventilation and metabo-
lism alone, until a steady state is reached, known as equilibrium
partitioning (Larisch and Goss, 2018). The most accurate method
to measure TFM uptake rates is to rely on respiration rate at the
gill, which is determined by the amount of water that comes into
contact with the gill lamella for sufficient oxygen uptake to take
place. This occurs because not all water that is pushed through
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the operculum actually comes into contact with the gill (Erickson
and McKim, 1990; Larisch and Goss, 2018). Indeed, the excessive
amount of water that flows over the gills is due to the low amount
of oxygen that is diffused in the water compared to fish blood
(Cameron and Davis, 1970). Thus, high volumes of water across
the gills ensures that enough oxygen is taken up to meet the meta-
bolic demands of the fish.

Oxygen consumption in larval sea lampreys scales according to
the equation (Tessier et al. 2018):

MO, = 1.86M°% (3)

In sea lampreys and in river lampreys (Lampetra fluviatilis), an
increase in oxygen consumption was recorded after metamorpho-
sis, while an increase in temperature also increased metabolic rate
(Lewis and Potter, 1977). However, differences in metabolic rates
between life stages in sea lampreys was not observed by Tessier
et al. (2018), and neither late-stage metamorphosis nor juvenile
parasitic lampreys had significantly higher rates of TFM uptake
compared to the larvae.

TFM uptake scales according to the equation (Tessier et al.,
2018):

TFM uptake = 7.24M%3* 4)

Oxygen consumption is tightly correlated to TFM uptake rates,
as increased ventilation leads to move oxygen and, consequently,
TFM being taken up. Therefore, animals with higher MO, rates
have correspondingly higher rates of TFM uptake (Tessier et al.,
2018). This relationship is not unique to lampreys or TFM; in rain-
bow trout, the uptake rate constant (k;) for three different organic
compounds was predicted based on the metabolic rate of the fish
(Yang et al., 2000). The mass scaling exponent (b) for TFM of 0.34
indicates that uptake is disproportionally greater for smaller sea
lampreys than larger ones (Tessier et al., 2018). The uptake effi-
ciency of xenobiotics with log K, at or > 3 (TFM being at 2.77)
is close to 100% (McKim et al., 1985; Larisch et al., 2017). As such,
TFM is predicted to have a high uptake efficiency when respiration
and ventilation rates are considered with the metabolic scaling
relationship. Xenobiotics with higher K, values will diffuse more
readily from the water into the blood, and thus their initial uptake
rates will be highly dependent on the concentration gradient
between the fish and bulk water (Yang et al., 2000). However,
uptake is not the only factor to consider with the bioaccumulation
of TFM, and its depuration (detoxification and excretion) rates
must also be considered, as these also change allometrically. Previ-
ous studies have found that hydrophobic organic toxicants can be
both taken up and excreted over the gills (Yang and Randall, 1995).
The gills may be a site of excretion for TFM that has not been
metabolized, but this would be dependent on passive diffusion
and the concentration gradient of TFM between the animal and
the bulk water. Further studies need to explore the exact sites of
TFM excretion further, perhaps via divided chamber experiments,
to separate excretion at the gill vs excretion through urine and
feces.

The D in ADME - Lampricide distribution in the body

Lampricides have been measured in sea lampreys and non-
target fish tissues. Schultz et al. (1979), measured TFM and niclosa-
mide in several tissues from largemouth bass (Micropterus sal-
moides). The highest concentrations were found in bile, which
presented increasingly higher concentrations over the 24 h expo-
sure, while the lowest concentrations were detected in muscle
(Schultz et al., 1979; Schultz and Harman, 1978). Both TFM and
its glucuronide metabolite were also measured in rainbow trout
muscle under controlled exposure (Lech, 1974), and in fillet tissues
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from caged rainbow trout and channel catfish after a 12 h exposure
in the field (Vue et al., 2002). Niclosamide was also rapidly accu-
mulated in blood plasma, gallbladder bile, and muscle tissue of
coho salmon (Oncorhynchus kisutch) and rainbow trout, and in bile
and muscle of channel catfish and largemouth bass (Dawson et al.,
1982). Niclosamide glucuronides and sulfate conjugates have been
determined in rainbow trout muscle and channel catfish (Dawson
et al., 2002; Hubert et al., 2005). Faster accumulation was observed
for rainbow trout, reaching maximum concentrations after 12 h
exposure, while channel catfish reached its maximum levels in fil-
let after 18 h (Dawson et al., 2002). The greatest accumulation of
niclosamide in rainbow trout also occurred in the bile, suggesting
that niclosamide is metabolized by the liver and collected in the
gallbladder for excretion. Residues in the blood, heart, and fat tis-
sue were also detected up to 3 days after the exposure. In contrast,
residues in muscle, heart, and brain tissue were relatively low
(Lech and Statham, 1975).

TFM and niclosamide do not accumulate in non-target fish tis-
sues, as they are rapidly eliminated from the body post-exposure
(i.e, TFM Tq2 = 1.8 h in rainbow trout; 2.5 h in lake sturgeon)
(Le Clair, 2014), likely due to detoxification processes, such as
transformation to its glucuronide and sulfate conjugates, which
will be discussed in the next section. In contrast, sea lampreys have
higher accumulation rates and increased equilibrium levels than
non-target species when exposed to identical water concentrations
of TFM (Lech and Statham, 1975). For instance, Le Clair (2014)
reported that concentrations of TFM in sea lampreys were 70%
higher than in rainbow trout at nearly identical water TFM concen-
trations, while rainbow trout was able to maintain steady state
internal concentrations between 15 and 20 nmol g~'. Concentra-
tions of TFM-glucuronide, a metabolite of TFM, reached a steady
state after approximately 9 h in rainbow trout, while no TFM-
glucuronide was detected in larval sea lampreys. The relatively
slow elimination of TFM by larval sea lampreys (T;; = 7-8 h)
was attributed to the low capacity of transforming TFM to TFM glu-
curonide. Although sea lampreys were able to clear TFM from the
body post-exposure, the elimination of TFM was probably
restricted to passive diffusion of un-ionized TFM across the gills
(Clifford et al., 2012; Le Clair, 2014).

Completing ADME with the mode of action of lampricides —
Mitochondria as a target

TFM has been used for many years to reduce sea lamprey num-
bers in the Great Lakes fisheries, because it selectively targets lar-
val sea lampreys. However, non-target fishes, such as whitefish,
channel catfish, and lake sturgeon are relatively sensitive as well
(Boogaard et al., 2003; Wilkie et al., 2019). At TFM concentrations
used in the field, juvenile lake sturgeon less than 100 mm in size
experience high mortality (Boogaard et al., 2003; Hepditch et al.,
2019). In contrast, TFM did not reduce growth, cause avoidance
behaviour, or increased predation on several fish species
(Middaugh et al., 2014).

In the case of niclosamide, it is the most widely used mollus-
cicide (Perrett and Whitfield, 1996). Niclosamide is toxic to all
developmental stages of the snail life cycle and kills schistosome
larvae in addition to fish (Lardans and Dissous, 1998). Niclosa-
mide is toxic to Australorbis glabratus eggs at very low doses
but is less toxic in the presence of chloride ions (Fox et al.,
1967). It is often used to kill intermediate hosts of human para-
sites to reduce infection and outbreaks of these diseases. Clearly,
differences exist in the response of target and non-target organ-
isms to lampricides, but the reasons for these differences are still
being explored.
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TFM and its interaction with the mitochondria

We know that TFM and niclosamide have negative impacts on
the function of the mitochondrial electron transport systems in
fishes (Birceanu et al., 2011). The next question to answer is what
mitochondrial pathways or cellular components are targeted by
and disrupted by lampricides that result in this outcome. Multiple
ideas must be considered. The first one to think about is the role
that the concentration of lampricide might have on mitochondrial
function. As stated above, several lines of evidence indicate that
lampreys are not as effective at detoxifying TFM in comparison
to other fishes. The effect of TFM on mitochondrial function might
therefore be influenced by the fact that TFM is present at a critical
threshold concentration in lamprey mitochondria, but that this
does not occur in other fishes. If this is the case, then we should
expect that the mechanism of TFM effects on mitochondrial func-
tion will be the same across different fish species, but that an effect
will be evident at only at very different TFM concentrations in each
species of fish.

The second consideration is how effectively TFM can cross the
outer mitochondrial and inner mitochondrial membranes as that
might help to determine its targets and mechanism of action. This
might be dependent on the membrane phospholipid composition
of different fishes. The outer mitochondrial membrane (OMM) is
not very selective about what it allows to cross it. It is likely that
the OMM does not pose as a barrier to TFM entering the intermem-
brane space of the mitochondrion. While it is possible that TFM is
exerting its effects at the OMM, this seems unlikely. Once in the
inner mitochondrial membrane (IMM), it might be able to bind
protons and/or interact with various components of the membrane
bilayer and/or complexes and carriers involved in electron trans-
port systems (ETS). Wilkie et al. (2019) proposed that TFM acts
as a shuttle, by binding and moving protons from the IMM into
the matrix, therefore reducing the proton motive force and impair-
ing the ability of the mitochondria to produce enough ATP to sus-
tain vital processes. For example, one could imagine that the
chemical characteristics of TFM might allow it to disrupt areas of
the phospholipid bilayer which could lead to holes in the IMM that
would allow for proton movement from the intermembrane space
into the matrix, therefore impacting the transmembrane potential.
Birceanu et al. (2011) did report that TFM disrupted the transmem-
brane potential in both sea lamprey and rainbow trout isolated
liver mitochondria. This in turn would cause the disruption of
the proton motive force and ATP biosynthesis. This disruption
might also allow the premature release of the carrier cytochrome
c and could lead to programmed cell death.

We could also envision a situation where TFM interacts with
various complexes that are responsible for putting electrons into
the system or removing electrons from the system. For example,
perhaps TFM leads to a disruption in catalysis of enzymes that per-
form dehydrogenase reactions. A full understanding of the compo-
nents present (e.g., complexes, uncoupling proteins, alternative
proteins) is therefore very important. For example, TFM might tar-
get the proteins of Complex I, Complex II, Complex III, Complex 1V,
or Complex V. Using mitochondria isolated from the hearts of adult
and parasitic sea lampreys, Huerta et al. (2020) found that mito-
chondrial energetics were affected as the TFM exposure levels
were increased. Specifically, TFM appeared to target Complexes |
and II from the ETS, and reduce the transmembrane potential
across the IMM, leading to a mismatch between energy supply
and demand. More research is required to examine the molecular
diversity of ETS complexes present in animals, the epigenetic and
post-translational regulation of ETS capacity, and protein turnover
and redox homeostasis and the role that they play in surviving
environmental stressors (Sokolova, 2018).
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Such catalytic mechanisms are also subject to the influences of
temperature and pH on the organism, enzymes, and mitochondrial
characteristics and synergistic effects of multiple stressors are pos-
sible. For example, the seasonality and life history of the animal is
also very important. It has been demonstrated that liver mitochon-
dria in the river lampreys differ significantly in several key factors
depending on whether they are isolated in winter (December to
March) versus spring (April), with mitochondria isolated from win-
ter animals being capable of exhibiting reversible metabolic
depression (Savina et al., 2006). Measurements of membrane per-
meability indicated that the membrane permeability transition
pore (MPT) was open and allowed protons, K*, and Cl” ions to dif-
fuse in and out of the matrix in those mitochondria isolated from
winter animals (Savina et al., 2006), further highlighting seasonal
differences in mitochondria physiology in lampreys.

Work done in larval sea lampreys indicates that TFM likely dis-
rupts oxidative phosphorylation (OXPHOS) and leads to a large
reduction in fuel stores (Wilkie et al., 2007; Birceanu et al., 2009;
Henry et al., 2015). While the precise mechanism of action remains
to be determined, TFM treatment of lampreys results in ATP
demand outstripping ATP supply (Birceanu et al.,, 2009, 2011;
Huerta et al., 2020). In contrast, the mitochondria of animals that
regularly experience changes in their environment have adapted
to maintain operation (Sokolova, 2018). This includes many species
of fishes that can maintain ETS activity, ATP biosynthesis, and
mitochondrial coupling under adverse environmental conditions
(Sokolova, 2018). The mechanisms that allow this may include: i)
tight regulation of ETS capacity, ii) increases in antioxidant capac-
ity prior to oxidative stress occurring, iii) removal and replacement
of damaged mitochondrial proteins (Sokolova, 2018). Initially,
mitochondrial dysfunction manifests as a decrease in ATP biosyn-
thesis and an increase in reactive oxygen species (ROS) production
leading to cellular damage. If left unchecked, ROS may damage
amino acids and proteins, cellular and organelle membranes, lead-
ing to programmed cell death, and eventually organ/tissue failure
and death of the organism (Sokolova, 2018).

Niclosamide interactions with mitochondria

With regards to the mode of action of niclosamide, little work
has been done in fishes. Previous work in the cestode Hymenolepsis
diminuta revealed that niclosamide does not exert its effects by
acting on the ATPase, but that it is likely a protonophore (Park
and Fioravanti, 2006). This protonophore activity of niclosamide
has also been demonstrated using isolated membrane vesicles in
E. coli as it dissipated the proton gradient that had been generated
across the membrane (Fonseca et al., 2012). This effect was also
seen for lysosome organelles (Fonseca et al., 2012). It is hypothe-
sized that niclosamide’s structure allows it to quickly bind and
release protons and thereby dissipate proton gradients across
membranes (Fonseca et al., 2012). When the effects of niclosamide
were tested in human HeLa cells, it was demonstrated that it
induced mitochondria fission, led to IMM depolarization, sup-
presses cell proliferation, and increased ROS (Park et al., 2011).
Mitochondrial dynamics (i.e., mitophagy, proliferation, fission,
and fusion) and the role that it plays in acclimation or adaptation
to environmental stress remains an area ripe for exploration
(Sokolova, 2018). These effects likely contributed to the pro-
grammed cell death and death by autophagy observed in the
experiments (Park et al., 2011). This response is being exploited
by investigating niclosamide as a cancer chemotherapy (Kumar
et al., 2018). Niclosamide was found to upregulate genes encoding
enzymes involved in detoxifying xenobiotics and stress responses,
but in contrast downregulated the expression of a hemoglobin
gene (Zhang et al., 2015). This indicates that niclosamide might
negatively affect oxygen transport in the snail Biomphalaria glab-
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rata (Zhang et al., 2015). However, none of these aspects have been
explored in fishes, at levels of niclosamide that are applied to larval
sea lampreys’ nursery streams.

The M in ADME - Metabolism or detoxification of lampricides
by the fish body

The much higher ability of non-target fishes to detoxify TFM
relative to larval sea lampreys is what makes this lampricide so
effective against the sea lampreys, with minimal to no effects on
non-targets. Animals, fishes being no exception, detoxify com-
pounds via Phase I and Phase II processes. Phase I involve the meta-
bolism or biotransformation of chemicals vis cytochrome enzyme
activity, transforming the in more soluble metabolites that can
either be excreted or further processed in Phase II detoxification.
Phase Il processes involve further modifications of compounds
via glucuronidation, sulfation, glutathione transferase activity
and many more. Until recently, TFM has been known to be metab-
olized by Phase II processes, with little to no biotransformation via
Phase L.

The role of phase I metabolism in TFM elimination has also been
studied in sea lampreys (Bussy et al., 2018a), but to a lesser extent.
The reduction of the nitro group to an amino residue had been pre-
viously identified in vitro using fish liver enzymes (Lech and
Costrini, 1972). Bussy et al. (2018a) reported higher levels of
reductive metabolites in the sea lampreys than in other fish spe-
cies, after incubation of TFM with liver enzyme extracts from each
species. The presence of the reductive metabolite amino TFM in
fish liver incubates demonstrated that TFM undergoes phase I bio-
transformation via reduction to nitroso and hydroxylamine
metabolites, not only in sea lampreys, but in non-target fish,
although at a lower level in the latter (Bussy et al., 2018a).

Recent studies have shown that larval sea lampreys and non-
target species are also capable of detoxifying TFM by sulfation,
N-acetylation, glutathione conjugation and aromatic nitro group
reduction (Bussy et al., 2018a), thus offering more insights into fish
physiology. Phase II biotransformation processes are the main
agents responsible in the metabolizing of lampricides in non-
target fish (Fig. 5). These processes, which take place in the liver
and, less significantly, in other tissues, increase the hydrophilicity
of these compounds and makes them more susceptible of excretion
via biliary or renal routes (Clarke et al., 1991; Lech and Statham,
1975). The effectiveness of TFM detoxification depends on the
activity and kinetic characteristics of the enzyme UDP-
glucuronyltransferase (UDPGT) (Kane et al, 1994), which is
species-specific. UDPGT is much more active (higher V.x and
lower Ki,) in bluegill (Lepomis macrochirus), rainbow trout (Oncor-
hynchus mykiss), and channel catfish (Ictalurus punctatus) as com-
pared to larval sea lampreys (Kane et al., 1994). Glucuronidation
and sulfation processes have been demonstrated for TFM and
niclosamide in non-target species such as rainbow trout, lake stur-
geon and bluegill (Bussy et al., 2018a; Bussy et al., 2018b; Hubert
et al., 1999; Kane et al., 1994; Lech and Statham, 1975). In contrast,
the capacity of sea lampreys to use these Phase II processes for
lampricide detoxification is limited (Fig. 5). The lower metaboliza-
tion in sea lampreys via glucuronidation has been attributed to a
lesser expression and lower affinity of the enzyme UDPGT for the
lampricide. In larval sea lampreys, the efficiency of UDPGT is 50
% less when compared to most non-target species (Bock, 2016;
Kane et al., 1994; Wang et al., 2014).

Niclosamide and its metabolites accumulate in the liver, and
they are later excreted mainly via the urine (Statham and Lech,
1975). Studies on niclosamide metabolism demonstrated that
niclosamide-glucuronide is the major metabolite of niclosamide
in the bile of rainbow trout and largemouth bass (Dawson et al.,
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1999; Graebing et al., 2004; Griffiths and Facchini, 1979; Schultz
and Harman, 1978). Sulfation is also involved in niclosamide
detoxification (Dawson, 2003; Dunlop et al., 2018), with significant
amounts of the sulfated ester of niclosamide detected in the mus-
cle of rainbow trout and catfish (Hubert et al., 2005). Niclosamide
has been shown to have the potential to be degrade to amino niclo-
samide in aquatic systems (Graebing et al., 2004), but Phase I bio-
transformation appears to have a minor role in the metabolism of
niclosamide in fish (Wilkie et al., 2019).

The effect of temperature and seasonal changes on the ability of
enzymes to detoxify xenobiotics have been extensively studied in
non-target fish. For instance, seasonal changes in UGT activity have
been observed in rainbow trout, whitefish, and common carp,
exhibiting decreased UGT activity during winter months and ele-
vated activity during summer months (Curtis et al., 1990; Daidoji
et al., 2006; Koivusaari, 1983; Koivusaari et al., 1981; Lindstrom-
Seppd, 1985). Sea lampreys are more sensitive to TFM treatments
in the spring months than during the summer, which was attribu-
ted initially to a lower UGT activity as well. Despite the general
lower glucuronidation activity of sea lampreys (Kane et al., 1994;
Lech and Statham, 1975), the changes in sensitivity to lampricide
exposure led to the hypothesis that detoxification activity may
vary seasonally (Scholefield et al., 2008; Muhametsafina et al.,
2019). Although an increase in the UGT mRNA abundance in sea
lampreys has been reported in different seasons, but not at differ-
ent temperatures, it is still unknown if protein abundance and
enzyme activity involved in detoxification could explain the differ-
ential sensitivity to TFM during the year (Hlina et al., 2021).

While most non-target fishes are more tolerant to TFM than sea
lamprey, lake sturgeon (Acipenser fulvescens) juveniles are an
exception. These fish displayed sensitivity to TFM that approached
that of larval sea lampreys (Boogaard et al., 2003; Johnson et al.,
1999; O’Connor et al., 2017), despite being able to eliminate TFM
through transformation into TFM glucuronide (although with 50%
less efficiently than rainbow trout) (Le Clair, 2014). This fact could
indicate that some other factor could be involved in higher toxicity
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of TFM in lake sturgeon compared to other non-target species.
O’Connor et al. (2017) conducted in situ toxicity tests using juvenile
lake sturgeon exposed to TFM during field lampricide treatments
and found that mortality increased in high alkalinity waters, which
required more TFM to treat. While alkalinity is protective against
TFM toxicity in both sea lampreys and lake sturgeon (Boogaard
et al., 2003; Hepditch et al., 2019), the higher levels of lampricide
in more alkaline waters is what likely accounted for the higher
mortality in the juvenile sturgeon. There is yet more to learn about
the various biotic and abiotic factors that affect the sensitivity of
lake sturgeon to lampricides, particularly with respect to TFM/ni-
closamide mixtures, which are often applied in sturgeon nursery
streams (Pratt et al., 2020).

The E in ADME - Excretion of lampricides in fishes

Excretion of lampricides in sea lampreys and non-target fish
occur relatively fast. Elimination of TFM from tissues in non-
target fish, such as largemouth bass, channel catfish, and rainbow
trout, can take less than 12 h (Schultz et al., 1979). TFM elimination
seems to be much faster (4-fold higher) in non-target fish such as
rainbow trout than sea lampreys (Le Clair, 2014; Birceanu et al.,
2014). Regardless, in larval and juvenile sea lampreys, 90 % of
TFM removal is achieved within 24 h, with the highest elimination
rates reached immediately after exposure (Hlina et al., 2017;
Tessier et al., 2018). In the case of niclosamide, elimination periods
fluctuate from 24 h in the case of rainbow trout to 96 h for channel
catfish (Allen et al., 1979; Dawson, 2003).

Lampricides are excreted from the body in the form of their
conjugates metabolites in non-target species, primarily via renal
or biliary routes (Wilkie et al., 2019; Fig. 5). Largemouth bass
exposed to TFM presented an increased concentration of TFM-
glucuronide in bile (Schultz et al., 1979). In rainbow trout the glu-
curonide metabolite of both TFM and niclosamide was detected in
bile and urine (Dawson et al., 1999; Lech, 1974; Statham and Lech,
1975). However, not all non-target fish studied excreted the lamp-
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ricides primarily through those routes. For instance, in the channel
catfish, no TFM nor its conjugated metabolites were detected in
either bile or urine, so it was assumed that gill excretion was the
predominant excretion route (Allen and Hunn, 1977). Sea lampreys
has a low capacity to detoxify TFM via conjugation (Kane et al.,
1994; Lech and Statham, 1975). Phase I (reductive) metabolism
may be a potential route for the TFM elimination, although to what
magnitude is still uncertain (Bussy et al., 2018a; Bussy et al.,
2018b). There is no information about the role that the renal and
biliary excretion of TFM and its metabolites plays in the lampricide
clearance (Hlina et al., 2021). It has been suggested that TFM excre-
tion is mainly performed by passive diffusion of the neutral com-
pound across the gills, with small amounts excreted via renal
routes (Hlina et al., 2017; Tessier et al., 2018; Wilkie et al.,
2019). Little is known about how niclosamide is excreted by sea
lampreys (Wilkie et al., 2019).

Insights into tissue physiology gained from lampricide
exposure studies

The gill

As the main site of lampricide uptake, the gill tissue is the first
to be affected by the

exposure. There is some evidence that TFM can cause damage to
the gills in rainbow trout and sea lampreys. Christie and Battle
(1963) reported that exposure of rainbow trout to sub-lethal levels
of TFM led to gill damage, such as vasodilation and edema, result-
ing in vascular collapse and increased permeability of the cells.
However, it should be noted that in their study, the authors col-
lected the gill tissue after death due to TFM exposure, which could
have affected the tissue quality compared to tissue collection from
surviving animals (i.e., cell apoptosis may induce membrane and
organelle damage). In addition, Mallatt et al. (1994) reported that
the respiratory lamellae of the gills of sea lampreys exposed to
their respective 9-h TFM LC;q0 (TFM concentration that is lethal
to 100% of the fish over a 9 h exposure period) appeared widened
and the damage observed was confined to the ion uptake cells:
vacuolization, enlarged nuclei, necrosis and a disorganization of
the Golgi apparatus and mitochondrial cristae structure. Mallatt
et al. (1994) exposed rainbow trout to their respective 9-h TFM
LCy00 and reported no effects on gill tissue and organelle structure.
Our own work has investigated the possibility that TFM may
induce gill damage, leading to a disruption in ion homeostasis in
trout and lamprey. Birceanu et al. (2009) and Henry et al. (2015)
found no effects on plasma ion balance, haematology and gill
Na*/K*-ATPase (NKA) activity in larval, juvenile and adult sea lam-
preys exposed to their respective 12-h TFM LCsq over 12 h. In rain-
bow trout exposed to their respective 12-h TFM LCsq, Birceanu
et al. (2014) reported transient changes in ion homeostasis, but
the overall effects on ion balance and gill NKA were minimal, sug-
gesting that disruption of ion regulation is not a mechanism of tox-
icity of TFM.

With respect to the effects of niclosamide on gill structure and
function in fishes, little work has been done. Mallatt et al. (1994)
exposed sea lampreys to a lethal dose of Bayer 73 (a formulation
of niclosamide) and TFM/1.6% Bayer 73. The gill damage under
both conditions was either similar to that induced by TFM expo-
sure alone or more severe: the ionocytes were necrotic, detached
from the lamellae and their numbers were reduced by 30% when
compared to controls. These findings suggest that, while the effects
of TFM on the gill morphology appear to be minimal, the presence
of niclosamide induces gill damage. It is possible that induction of
gill damage is an attribute of niclosamide alone, which may con-
tribute to its overall higher toxicity and non-specificity when com-
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pared to TFM. Whether niclosamide or TFM/niclosamide mixtures
impact ion regulation and homeostasis in fishes needs further
exploring.

The brain

The brain in fishes is not a major energy storing organ, but its
glycogen, glucose and phosphocreatine stores can be exhausted
rapidly if energy demands are high. Glucose, the main energy
source in the brain of vertebrates, can rapidly decrease in response
to food deprivation, hypoxia and anoxia, ischemia and toxicant
exposure (Lowry et al., 1964; Soengas et al., 1998, 2006; Polakof
et al.,, 2007; Birceanu et al., 2009). Any disturbance to the glucose
levels in the brain can profoundly impair the function of the central
nervous system (CNS; Hochachka et al., 1993), leading to metabolic
depression and death.

Studies on the mode of action of TFM in sea lampreys revealed
that these animals have some of the largest brain glycogen levels
among all vertebrates, yet this does not influence their sensitivity
to lampricides. Compared to the trout brain glycogen, for example,
measuring ~ 5-10 pmol glucosyl units g~! wet tissue, the sea lam-
prey brain stands apart, with measured levels as high as 150-
170 pmol glucosyl units g~! wet tissue in larvae (Clifford et al.,
2012), 60-100 pmol glucosyl units g~! wet tissue in juveniles
and 120-130 pmol glucosyl units g~! wet tissue in adults (Henry
et al., 2015). However, the glycogen present in the brain is mainly
used to support CNS function, should energy reserves be compro-
mised at some point (Rovainen, 1970; Rovainen et al., 1971;
Murat et al., 1979; Foster et al., 1993). Following exposure to lethal
concentrations of TFM, the fish rely first on the high energy phos-
phagen phosphocreatine (PCr) to temporarily meet the ATP
demands of the body, before mobilizing anaerobic energy
resources, like glycogen. However, PCr is quickly depleted, forcing
the animals to access their glycogen reserves. Indeed, brain PCr and
glycogen levels decreased, and lactate increased in larval sea lam-
preys as exposure time to TFM increased (Birceanu et al., 2009;
Clifford et al., 2012; Henry et al. 2015). A similar trend was
reported in rainbow trout (Birceanu et al., 2014) and juvenile and
spawning sea lampreys (Henry et al., 2015). These findings high-
light that the mode of action of TFM is the same, regardless of
species.

Work from our group on the mode of action of TFM in larval,
juvenile and adult sea lampreys has suggested that the effects of
the lampricides may also be life-stage specific. Henry et al.
(2015) reported that the adult sea lampreys were more sensitive
to TFM compared to the larvae and the juveniles and that their
brain glycogen levels were greatly reduced. Interestingly, the study
found that in the adult sea lamprey brain, the stoichiometry of lac-
tate:glycogen was less than 2:1 and brain lactate levels were lower
than expected. Clifford et al. (2012) reported a similar finding in
larval sea lampreys and suggested that the missing lactate may
have been lost to the blood, via the monocarboxylate transporters
(Halestrap and Price, 1999). Taken together, these two studies sug-
gest that not only does the sea lamprey undergo massive morpho-
logical and -physiological changes as it undergoes metamorphosis
into the parasitic juveniles, but that the way in which it accesses its
energy reserves and handles biochemical waste also varies with
life stage.

Our previous work has also shown that larval sea lampreys are
able to recover their lost brain energy reserves following a TFM
treatment. Clifford et al. (2012) found that brain energy reserves
(i.e., glycogen and PCr) recover within 12-24 h after the animals
were placed in clean water. This rapid recovery indicates that those
animals that escape the TFM plume, either by leaving their bur-
rows or seeking refuge near shore, where TFM levels may be lower,
have a high chance of survival. In addition, the study proposed that
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the mechanism by which the lampreys recover from TFM exposure
is by passive diffusion of the lampricide at the gills, in its unionized
form. The Clifford et al. (2012) study is one of the first to suggest
the complexity with which TFM interacts with the fish body. As a
weak acid with pKa of 6.07 (Fig. 3), most (~95%) of TFM would
be in its ionized form at the physiological pH of ~ 7.85 (Boutilier
et al,, 1993). However, when calculating the distribution and spe-
ciation of TFM between in the plasma (pH 7.85) and the muscle
(pH 7.3), Clifford et al. (2012) reported that the more acidic med-
ium of the intracellular pH of the muscle would favour the forma-
tion of more unionized (TFM-OH) than in the plasma. This
difference in concentration of TFM-OH between the two tissues
would favour the passive movement of this unionized form into
the plasma and from the plasma to the water once it reaches the
gills. We now know more about the complex interaction of TFM
with the fish body, from uptake, handling, target, detoxification
and elimination, but it appears that the internal pH of various tis-
sues impacts the distribution and speciation of the lampricides.

The liver

Studies on the mode of action of TFM have revealed that this
lampricide leads to the mobilization of liver energy reserves, such
as glycogen, glucose and phosphocreatine, to maintain vital func-
tions. Our work has revealed that increases in exposure time to
sub-lethal concentrations of TFM lead to time-dependent reduc-
tions in liver glycogen in larval (Birceanu et la., 2009), juvenile
and adult (Henry et al., 2015) sea lampreys, as well as non-target
fish species, such as rainbow trout (Birceanu et al., 2014). These
studies have confirmed that liver glycogen reserves are mobilized
first in these animals, following exposure to lampricides, but have
also pointed to significant differences between the levels of tissue
glycogen in sea lampreys and rainbow trout. Liver glycogen in rain-
bow trout can be as high as 100-150 umol g~ ! wet weight, whereas
in larval, juvenile and adult sea lampreys, the levels are approxi-
mately 9, 2 and 5 pmol g~! wet weight, respectively. In animals,
liver glycogen is readily mobilized to cope with chemical stressors,
whereas the glycogen in the brain and muscle is protected to sus-
tain vital functions and burst exercise, respectively (Panserat et al.,
2000; Polakof et al., 2012; Kieffer, 2000; Wilkie et al., 2001). There-
fore, the lower levels of liver glycogen in the sea lampreys, irre-
spective of life stage, may contribute to their overall higher
sensitivity to lampricides. Conversely, the higher levels of liver
glycogen in the rainbow trout livers allow them to respond to
chemical stressors more efficiently, making them more tolerant.
Indeed, when trout were exposed to the 9-h LC99.9 of the larval
sea lampreys, mimicking a field application, liver glycogen, along
with the enzymes that are responsible for glycogen, glucose and
protein breakdown (i.e., the liver metabolic capacity), remained
unaffected (Birceanu and Wilkie, 2018).

Glycogen in the liver not only stores energy, but also acts as a
pre-cursor for molecules involved in xenobiotic detoxification.
Glycogen is a pre-cursor to the production of glucose-6-
phosphate (G6P), a substrate required to produce glucuronic acid
and fuel the Phase II detoxification process of glucuronidation
(Banhegyi et al., 1998), which is one of the main pathways through
which TFM is detoxified (Bussy et al., 2018a; Bussy et al., 2018b).
Vue et al. (2002) has identified TFM-glucuronide in various non-
target fish tissues several hours following exposure to the lampri-
cide, suggesting that the detoxification process occurs long after
the lampricide has been removed from the water. Therefore, it
indicates that higher levels of glycogen, particularly in the liver,
which is responsible for detoxification, would significantly con-
tribute to the overall tolerance of fishes to chemical stressors such
as lampricides.
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The muscle

The fish muscle is another important organ that has been the
focus of studies that looked at the mode of action of lampricides
over the past 20 years. The muscle contains protein and glycogen,
as major components, but its glycogen reserves play a minor role in
maintaining whole-body homeostasis (Panserat et al., 2000;
Polakof et al., 2012), but are preferentially used to fuel glucose into
glycolysis, to generate ATP during vigorous exercise (Kieffer, 2000;
Wilkie et al., 2001). In addition, the muscle of the sea lamprey lacks
glucose-6-phosphatase, preventing it from releasing glucose into
circulation (Panserat et al., 2000). Therefore, it was quite surprising
when reports from our group found that muscle glycogen levels
were impacted by TFM, in both sea lampreys and non-target spe-
cies exposed to the lampricide (Birceanu et al., 2009, 2014;
Henry et al., 2015). In adult sea lampreys, muscle glycogen levels
decreased by ~ 50% by 2 h of exposure to their respective 12-h
LCg99 for TFM, a concentration required to kill 99.9% of the animals
over 12 h, while lactate levels increased. This indicates that the
animals were relying on anaerobic pathways to generate ATP
(Henry et al., 2015). This effect, however, was not seen in the larval
or juvenile parasitic individuals. Birceanu et al. (2009) did report
marked decreases in muscle glycogen following exposure of the
larval sea lampreys to TFM, but these effects were not seen until
9 h. The lamprey muscle is a mosaic of red (oxidative) and white
(glycolytic) fibres (Peters and Mackay, 1961; Meyer, 1979;
Boutilier et al., 1993), with high metabolic demands. Henry et al.
(2015) proposed that these life-stage differences in the effects of
TFM on muscle glycogen were due to the accumulation of TFM in
the muscle, which would interfere with local ATP production.
Due to the high metabolic demands of the muscle, glycogen
reserves would be mobilized to ensure that ATP supply matches
demand. Indeed, TFM does accumulate in the muscle of fishes
(Hubert et al., 2005; Birceanu et al., 2014), where it interferes with
oxidative phosphorylation. This finding highlights the differences
in physiology between the sea lamprey life stages and is a one of
the reasons why the adults were more sensitive to TFM than any
life stage.

In rainbow trout, muscle glycogen reserves appeared to be less
impacted by exposure to TFM when compared to the larval sea
lampreys. Glycogen levels decreased by ~ 50% only after 12 h of
exposure to their respective 12-h TFM LCso (Birceanu et al,
2014). The study noted that this change could be due to the tissue
essentially becoming anoxic as TFM levels increased in the body.
Under this scenario, white muscle glycogen stores would be pref-
erentially used over those in the liver, to support glycolysis
(Mandic et al., 2008). Unlike lampreys, trout muscle has glucose-
6-phosphatase, allowing it to release glucose into circulation and
contribute to glucose homeostasis, but solely under specific stress
conditions, such as ischemia/anoxia. This finding shed more light
on the interactions of TFM with the fish muscle and provided addi-
tional insights into the role that this tissue plays in maintaining
glucose homeostasis. Given this information, the possibility that
TFM may impair swim performance in fishes should be investi-
gated, as it can have long-term implications for burst swimming
and predator avoidance behaviour. While this is less important
for larval sea lampreys, the muscle physiology in non-target fish
species may be impacted.

Less work has been done on the effects of niclosamide on the
physiology of the muscle in fishes. This lampricide does accumu-
late in the muscle, much like TFM (Hubert et al., 2005), and studies
on invertebrates and bacteria provide evidence that it exerts its
toxicity by uncoupling oxidative phosphorylation (Park and
Fioravanti, 2006; Fonseca et al., 2012). Wilkie et al. (2019) pro-
posed that niclosamide has a similar mode of action as TFM once
in the mitochondria. Therefore, if would be plausible that its effects
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on the fish muscle would be similar to those of TFM. This aspect
needs to be further investigated, for both niclosamide alone and
in combination with TFM, to better understand how it impacts
non-target species.

The kidney

The effects of lampricides on the kidney of sea lampreys and
non-target species has not received much attention. The few stud-
ies into the mode of action of TFM conducted by our group have
explored how kidney bioenergetics and steroidogenesis are
impacted by the lampricide, with the first analysis being done on
both sea lampreys and rainbow trout (Birceanu et al., 2014;
Henry et al., 2015), while the latter was only done on rainbow trout
(Birceanu and Wilkie, 2018). When exploring the impacts of TFM
exposure on kidney bioenergetics in larval, juvenile and adult sea
lamprey life stages, Henry et al. (2015) found that glycogen levels
in the kidney of the larval sea lampreys was approximately 10-12
fold higher than in the juveniles and adults. This indicates that,
perhaps, the larvae rely more on the kidney to maintain glucose
homeostasis than the later life stages. Murat et al. (1979) reports
that the kidney in adult river lampreys had higher glucose-6-
phosphatase activity than the liver and the brain, further under-
scoring the important role that this organ plays in maintaining
energy balance in the body. However, it should be noted that the
juvenile and adult sea lampreys have a higher metabolic rate than
the larvae, which may mean that their rates of glucose turnover are
higher and could explain the lower glycogen stores. Henry et al.
(2015) also noted that the larvae were most tolerant to TFM out
of the three life stages explored and concluded that the kidney
glycogen stores may play a more important role in this increased
tolerance than previously believed. It should be noted that TFM
exposure did not significantly impact kidney glycogen stores in
either life stage, meaning that perhaps kidney glycogen is not read-
ily mobilized unless the liver stores are severely impacted. ATP
levels, however, were reduced in all life stages with an increase
in exposure time, suggesting that the kidney energy reserves were
indeed impacted by the lampricide. The role that the sea lamprey
kidney plays in regulating glucose homeostasis, particularly during
lampricide exposure, should be further investigated, as this organ
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plays an important role in stress response in these animals (Close
et al,, 2010).

In rainbow trout, kidney glycogen levels were not impacted by
TFM exposure (Birceanu et al., 2014). Kidney phosphocreatine and
ATP, however, were significantly reduced by 3 h of exposure, only
to quickly recover by 9-12 h. Taken together with the previous
findings in sea lampreys, these studies suggest that lampricide
exposure affects numerous organs in fish, from the liver, brain,
muscle and, of course, the kidney, which plays a key role in regu-
lating the stress response in fishes, particularly the region known
as the head kidney (Mommsen et al., 1999). Birceanu and Wilkie
(2018) exposed rainbow trout to environmentally relevant concen-
tration of TFM, then collected the head kidney and investigated its
steroidogenic properties, independent of the hypothalamus and
the pituitary. The study found that TFM exposure had no effect
on in vitro stimulated cortisol production, but that fish still showed
elevated plasma cortisol up to 36 h post-exposure. The authors
could not exclude the possibility that the elevated cortisol could
be due to either impaired cortisol breakdown or altered signaling
from the. Further studies exploring the impacts of TFM and niclo-
samide on kidney function should be considered, with a focus on
the steroid production pathway.

Lampricide interactions with the stress axis

To our knowledge, little work has been done on the interaction
of lampricides with the stress axis [or the hypothalamic-pituitary-
interrenal (HPI) axis] in fishes. Part of the kidney known as the
head kidney houses the interrenal cells, which produce corticos-
teroids. The interrenals are part of the HPI axis, which regulates
the production of stress hormones; of particular interest to energy
regulation is the production of cortisol (in non-target fish species)
or 11-deoxycortisol (in sea lampreys), hormones that mediate
energy re-allocation and mobilize energy stores in the body during
stress (Mommsen et al., 1999; Shaughnessy and McCormick, 2021).

Birceanu and Wilkie (2018) investigated the effects of a TFM
exposure, mimicking a treatment, on the response of rainbow trout
to a chasing stressor post-treatment, but no similar studies to date
have been done on sea lampreys stress axis. The study found that
TFM-exposed fish had higher basal cortisol levels than the controls
and that their mRNA abundance profile of the steroidogenic genes
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melanocortin-2-receptor (MC2R), steroidogenic acute regulatory
protein (StAR) and cytochrome p450 side-chain cleavage
(p450scc) was altered when compared to controls. Surprisingly,
the steroidogenic genes showed a profile similar to that of fishes
exposed to chronic stress. This finding suggested that exposure
to TFM impacts the stress response post-treatment, but whether
this is by directly affecting the steroidogenic genes during the
treatment or by impairing the hypothalamus or pituitary signaling
is unknown. However, by exploring this interaction of TFM with
the fish stress physiology, Birceanu and Wilkie (2018) suggested
that perhaps the elevated cortisol post-treatment was beneficial,
because it mobilized glycogen stores to glucose. These energy
reserves are used when the mitochondria are unable to maintain
ATP supply to the tissues, which is the case during TFM exposure,
as this lampricide limits ATP production. However, the glucose
generated from glycogenolysis is not only used for energy produc-
tion, but it is also needed for detoxification (Banhegyi et al., 1998);
it generates glucose-6-phosphate, a substrate required to produce
glucuronic acid, which is used to detoxify TFM to TFM-glucuronide
in the liver.

Whether niclosamide interacts with the stress axis in a similar
manner to TFM, it remains to be determined. However, glu-
curonidation does appear to be a main pathway by which this lam-
pricide is detoxified (Dawson et al., 2002; Hubert et al., 2005), and,
therefore, a similar effect would be expected. More work needs to
be done to elucidate how niclosamide interacts with the HPI axis in
fishes, particularly in those that are sensitive to lampricide
treatments.

The development of an adverse outcome pathway (AOP) for
TFM

In the last decade, numerous studies have explored the mode of
action of TFM in fishes and have identified several pathways by
which this lampricide may exert its toxic effects, either directly
or indirectly. In this manuscript, we developed the first adverse
outcome pathway (AOP; Fig. 6) for TFM in fishes, taking into con-
sideration all the work that has been conducted to date on its mode
of action in these organisms. The purpose of the TFM AOP is two-
fold: (1) to provide a framework that summarizes the direct and
indirect effects of exposure to TFM, in both target and non-target
fishes and (2) to identify areas that need further exploration that
can provide additional insights into the mode of action of this
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lampricide. An AOP may also guide our understanding of how
the lampricide interacts with the fish body at all levels of organiza-
tion and help identify potential biomarkers of TFM exposure. These
biomarkers are molecules that are detected in the body and are
typically produced following exposure to the lampricide.

The AOP framework starts with a molecular initiating event
(MIE), which is the interaction of the chemical with the organism,
leading to the initiation of the toxic process. In the case of TFM, we
have identified two direct (Fig. 6 A and C) and one indirect (Fig. 6 B)
MIEs. The two direct events that have been explored to date, in
either sea lampreys, non-target species or both, identify the mito-
chondria (Fig. 6A) and the stress response pathway (Fig. 6C) as tar-
gets of TFM. This lampricide targets the mitochondria and enters
the IMM by crossing the OMM. Once in the intermembrane space,
TFM behaves like a protonophore (Birceanu et al., 2011), binding
hydrogen ions and disrupting the proton motive force that drives
ATP formation. Huerta et al. (2020) has shown that TFM targets
the protein complexes in the ETS, leading to a disruption in the
proton motive force.

How TFM precisely interacts with the mitochondria in fish is
not entirely known, but Wilkie et al. (2019) proposed that TFM acts
as a shuttle for protons: once TFM binds the hydrogen ions, it
moves them in the matrix, bypassing the ATP synthase, uncoupling
the oxidation reactions from the phosphorylation of ADP to ATP
and disrupting the transmembrane potential (TMP; Birceanu
et al. 2011). From the perspective of an AOP, this disruption in
mitochondria TMP is a key event (KE), that triggers toxicity. How-
ever, there are additional KEs to the TFM AOP, such as an increase
in mitochondria oxygen consumption to restore the proton motive
force (Fig. 6A), a possible increase in ROS, leading to an increase in
antioxidant defenses, which have yet to be explored in fishes. The
compromised ability of the mitochondria to produce ATP leads to a
mismatch between energy supply and demand, forcing the animal
to rely on tissue energy reserves (such as glycogen and phospho-
creatine) to maintain ATP demands for survival. A depletion of tis-
sue energy reserves in fish exposed to TFM (Wilkie et al., 2007;
Birceanu et al. 2009, 2014; Clifford et al., 2012; Henry et al.,
2015) is an additional KE of the AOP, leading to adverse outcomes
at the level of the individual, such as metabolic depression, reallo-
cation of energy reserves to maintain vital bodily functions and
eventually death. These adverse outcomes at the level of the indi-
vidual also translate to adverse outcomes at the level of the popu-
lation, such as a reduction in fish population. In the case of the sea
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lampreys, that is a desirable outcome in the Great Lakes. However,
in the case of sensitive non-target species, such as young-of-the-
year lake sturgeon, a reduction in population would not be desir-
able, but it must be considered when discussing and AOP.

An additional direct mode of action of TFM that our group has
explored in rainbow trout is the effect on the stress response pathway
following TFM exposure at environmentally relevant concentrations
(Fig. 6C). In this context, the MIE represents an alteration in the mRNA
abundance profile of the steroid genes in fish exposed to an additional
stressor 12 h post-TFM treatment (Birceanu and Wilkie, 2018). This
led to a KE where circulating levels of cortisol remained elevated up
to 36 h post-TFM treatment, to reallocate energy reserves to the
detoxification pathway. This additional KE contributes to the deple-
tion of energy reserves, in addition to the effects of TFM on the mito-
chondria. Whether the effects on steroidogenic gene mRNA
abundance are due to impaired signaling in the hypothalamus and/
or pituitary, and whether these effects are also seen on the stress
response axis in larval sea lampreys remain to be resolved.

A final, but indirect, MIE that we have identified that may con-
tribute to the toxicity of TFM is the accumulation of the compound
in the body of the fish (Fig. 6B). We called this MIE “indirect” because
the accumulation of the lampricide in the body triggers the detoxifi-
cation pathways in the fish liver, leading to a reallocation of energy
reserves towards detoxification (KE). Taken together, the effects of
TFM on mitochondria and the stress response pathway, in combina-
tion with the increased detoxification, increase energy demand on
the body. Since the fish cannot maintain the supply, death ensues.

Future avenues for research - at the intersection of toxicology
and physiology

Towards a niclosamide AOP: Identifying the mode of action of
niclosamide in fishes

Although not as much work has been with respect to the mode of
action of niclosamide in fishes, we have proposed a framework
around which the AOP could be developed: it uses the TFM AOP to
highlight what is known to date and it proposes additional avenues
for research (Fig. 7). Similar to TFM, an indirect MIE for niclosamide
would be the tissue accumulation, which has been studied to date
(Lech and Statham, 1975; Kane et al., 1994; Dawson et al., 2002;
Hubert et al., 2005), albeit not in as much detail as TFM. Research
has shown that this lampricide is detoxified by fishes via glu-
curonidation and sulfation (Dawson et al., 2002; Hubert et al.,
2005). Therefore, allocation of energy towards detoxification pro-
cesses could be a key event on the AOP, much like it is for TFM. With
respect to mechanism of toxicity of niclosamide, it is believed to tar-
get the mitochondria and behave as a protonophore, although this
has not yet been shown in fish mitochondria. In other systems, how-
ever, such as cestodes and bacteria (Park and Fioravanti, 2006;
Fonseca et al., 2012), niclosamide acts as a protonophore, binding
hydrogen ions and dissipating the transmembrane potential. In
addition, the effects of niclosamide on stress genes and hemoglobin
(Zhang et al., 2015) suggest that the HPI axis and pathways of ion
regulation should be explored as potential targets. Potential avenues
for research with respect to the mode of action of niclosamide are
further highlighted in Fig. 7. We encourage researchers to use this
only as aguideline and consider adding additional MIEs, which could
arise from the work done on the mode of action of this lampricide.

Furthering our understanding of the interaction of TFM/
niclosamide on fish physiology

Another gap in our understanding on how lampricides interact
with the fish body is knowledge on the effects of TFM/niclosamide
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mixtures. Few studies have explored this aspect and none have
looked at the physiological effects in either sea lampreys or non-
target species. Early studies indicated that TFM/niclosamide inter-
actions were additive or less than additive, depending on the con-
centrations used, the duration of exposure and the species of fish
tested (Bills and Marking, 1976; Marking and Bills, 1985), whereas
others suggested that the interaction was greater than additive or
synergistic (Marking and Dawson, 1975). These studies highlight
that the response to lampricide exposure is species-specific, mean-
ing that some fishes, while not sensitive to exposure to one lamp-
ricide alone, may be quite sensitive to the mixtures. These studies,
however, only used mortality as an endpoint and did not look fur-
ther into the physiological aspects of exposure to lampricide mix-
tures. Therefore, several questions remain that are worth
exploring, in both sea lampreys and non-target sensitive species:

1. Can the interactions of lampricides in mixture be predicted?

2. What are the physiological effects of exposure to lampricide
mixtures?

. What are the long-term effects of TFM/niclosamide exposure on
non-target fishes?

. Does the mode of action of the lampricides change in mixture?

. What are some of the biotic and abiotic factors that impact sen-
sitivity to lampricide mixtures?

. Can we identify a biomarker of exposure to lampricide
mixtures?

We are also proposing that an adverse outcome pathway be
developed for the mixtures as well, to add to the body of knowl-
edge on the effects of lampricides in fishes.

Towards the next generation lampricides

The lampricides TFM and niclosamide have been used for over
60 years to control the invasive sea lamprey population in the
Great Lakes. Considering the sea lamprey life cycle, where they
spend 3-7 years as larvae that are exposed to lampricide treat-
ments, the risk of resistance developing in this species cannot be
ignored. Dunlop et al. (2018) have explored this aspect and con-
cluded that resistance could develop through:

(i) avoidance behaviour — where the animal moves away from a

treatment once it detects the lampricide in the water

(ii) target modification - where the lampreys increase their
number of mitochondria or make them more resilient to
lampricide exposure

(iii) increased detoxification — where the lampreys increase their
detoxification capacity

(iv) excretion - where the routes of lampricide excretion are
rendered more efficient

Recent work on the risk of resistance to lampricides developing
in sea lampreys has suggested that perhaps such a phenomenon is
unavoidable (Christie et al., 2019). A deeper understanding of how
lampricides impact fish physiology, what they target and how the
animals handle such challenges will allow us to make better pre-
dictions on how resistance could develop. Current practices on
lampricide applications favour TFM alone because of its specificity
to the lampreys, with mixtures of TFM/niclosamide and niclosa-
mide applications being sparse. Could the application of mixtures,
at TFM/1-2% niclosamide, which increases toxicity to lampreys
without impacting specificity, be a way to decrease or delay the
risk of resistance to TFM in larvae?

Our current use of lampricides makes it an efficient method of
controlling the sea lamprey population because of the reduced
ability of the sea lampreys to detoxify them compared to non-
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target species. Exploring how lampricides interact with lampreys
and non-target fish physiology will allow us to further identify
and explore physiological, biochemical and genetic differences
between lampreys and non-targets. Such differences could then
be used to develop novel lampricides that could target only the
lampreys. RNAi technology, targeting and blocking the onset of
metamorphosis in the larvae, thus preventing them from trans-
forming into parasitic juveniles, has been proposed, but numerous
questions remain on its specificity (Dunlop et al., 2018). The
CRISPR/Cas technology, to create sterile lampreys or skew the sex
ratio towards males has been explored in theory, but it is far from
being deployed (SLIS IIl group discussion). Physiological and bio-
chemical differences between lampreys and other fishes appear
to be preferred over genetic control/targets of lampricides; that
is, until the feasibility of more specific genetic means of controlling
sea lamprey populations, is further established.
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