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Abstract: Valve closure behavior in freshwater cl&uarbicula fluminea is a biologically
sensitive endpoint. The purpose of this paper waktive an electrophysiological response
model of C. fluminea to assess copper (Cpdium (Na) interactions in gill membrane,
whereby valve closure behavior and Cu toxicity doogé monitored. The proposed model
was based on the integration of Cu bioavailabilldg and Cu internalizations, and
electrochemically-based gill potentials. Based aralstive transport under non-equilibrium
conditions, predicted gill potential 8.2 mV agreed reasonably well with published the
measured transepithelial potential 6 mV in C. fluminea. Our proposed framework
captured the general features observed in moddicappns including: i) 50% inhibitory
CU?* activities for Na membrane potenti&hg) and uptake ratel(,) were estimated to be
0.072 and 0.043M, respectively, with a stoichiometry of 3€u1Ey, and Uy (i) the
external Cé'-dependent internal Na concentration could be pansiously estimated, and
(iii) the site-specific clam gill potentials could bemtored. Here we provided a new
approach to monitor waterborne metal toxicity tduee the nationwide economic losses
due to bans on harvesting of contaminated clanttemgotential risks to the health of clams.
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1. Introduction

Freshwater clanCorbicula fluminea is a commercially important native bivalve spe@esl has a
high market value to Taiwan’s aquaculture (httpmwfa.gov.tw), with wide farming distribution in¢h
western and eastern coastal areas of Taiwan. Wgnmeed that bivalves were a popular choice of
sentinel organisms for biological early warningteys (BEWS) to monitor the impact of pollutants in
aquatic ecosystems [1-10]. Moreover, the dynamitahspeciation analysis in aquatic ecosystems is
emerging as a powerful tool basis for predictiovali@oments of bioavailability and reliable risk
assessment strategies [11-13]. Here we proposethraework inspired from key concepts of
ecotoxicology (i.e., Cu bioavailability), biology.€., Na transport kinetics and N&K*-ATPase
activity) and electrochemistry (i.e., gill potensipto present the practical implications of tmtegrated
knowledge based on a rigorous quantitative metloayo{Figure 1A).

Morgan and Wood [14] and Zhaa al. [15] indicated that the key mechanism of metaiidity
consists of reduction in Naiptake by blockade of N&K*'-ATPase in the gill epithelia of freshwater
rainbow trout Oncorhynchus mykiss). Na'/K*-ATPase activity has been reported in gills of tjister
(Crassostrea virginica), hard clam ercenaria mercenaria), and freshwater musseCdrunculina
texasensis) [16, 17]. Generally, NaK*'—ATPase pumps generate concentration gradientstminsa
across membranes in nearly all cells, providinglaptransmembrane pathway. In each transport cycle
up to a hundred times a second, a singl&ffaATPase pump exchanges three cytoplasmiciblas
for two extracellular K ions and hydrolyses one molecule of ATP, involvimgy active transport
mechanism [18, 19].

Organisms do not have specific transport systemghi® vast majority of compounds that are
internalized by the cell. Thus, most compounds nhgtow existing pathways designed for the
essential elements: transport through ion chanmealsjer-mediated transport, and active transport,
where ions are moved against electrochemical gn&gldriven by the free energy of ATP hydrolysis. It
is known that most trace metals are moved down tectrochemical gradients by simple diffusion
(passive transport), diffusion through ion chanelsy facilitated diffusion (exchange transpo@hce
inside the cell, transition metals often play inmpat roles as coenzymes or participate in catalytic
processes, due to their ability to adopt seveftdrdint redox states [20].

In gills of marine teleosts and freshwater bivajuia® N& transport system is thought to involve
transmembrane pores, through which® Nens move down an electrochemical activity gratlign
indicates that most of the Na flux-dependent gibtemtials occur through the active transport
mechanism(s) [21-25]. Many studies have been regadtttat ion transport processes in freshwater
bivalves exhibit saturation kinetics [24, 26-29].

McCorkle and Dietz [24] indicated that Na transpoi€. fluminea is efficient and Na balance could
be examined by partitioning Na flux into three @eses:ij passive diffusion (efflux = diffusion +
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excretion = 2.8% 0.76puM Na g* dw H'and influx = 0.5QuM Na g* dw H%), (i) exchange diffusion
(influx = efflux = 5.91+ 0.80uM Na g* dw H%), and {ii) active transport (influx = 2.44M Na g* dw
h™) (Figure 1B).

Figure 1. (A) Schematic of our proposed framework inspired frkay concepts of
ecotoxicology, biological physiology, and electrentfistry to derive a clam gill-based
membrane interface model for the future design mfirenmental biomonitoring and
prediction of metal toxicity(B) BLM-based Cu bioavailability associated with thignay
and capacity of gill to bind copper based on siteeffic water quality parameters in that
physiological mechanisms of Na transport in gitbtlm ligand membrane including) (
passive diffusion,i() exchange transport, and ) active transport.
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The transepithelial potential (TEP) that is necgstamaintain Naelectrochemical equilibrium can
be estimated by the Nernst equation [24]. McCosakld Dietz [24] reported that the estimated Nernst
TEP of —74 mV dose not equal to the measured TER70MmV, suggesting active transport @
fluminea. Nernst equation can be used to describe themesllip between electrical potentidd,{)
across a membrane and the ratio of the concenisafyC,) and valences of ions on either side of the
membrane. Nernst potential of Nis one of the present key concepts and has maplications in
biological systems [30].

The purpose of this paper is to provide a bio-etettemically inspired framework by incorporating
bioavailability and flux transport kinetics into a&hectrochemical model. The approach facilitates an
electrophysiological response model that descrikdngNa interactions in clam gill membrane for the
prediction of metal toxicity and future design oibinonitoring system in aquaculture settings.
Hopefully, our preliminary initiative can providepsecautionary monitoring programme for assessing
the environmental impact of waterborne metals tshwater species. Thus the economic losses
nation-widely can be reduced from bans on harvgsiincontaminated clam. Moreover, the potential
risks on the health of clams and people who intakecontaminated clam can also be reduced.

2. Results and Discussion
2.1 Model performances

The gill membrane potential (Nernst potential) rssegy to maintain Na in electrochemical
equilibrium is predicted to be84.2 (95% CI-93.9 to—67.9) mV, this modeled value is comparable to
the estimated value of74 mV by [24] (Table 1). Our calculated gill potehtin non-equilibrium
conditions of-8.2 mV based on active transport of Na is reasgnagreed with the measured
transepithelial potentials ef7 mV by [24] (Table 1). This result indicates thative transport of Na can
be used to account for the gill potential of clatew valves are open and the siphoning activity is
engaged.

Table 1. Comparison between published data and our prediadies of clam gill
potentials in equilibrium and nonequilibrium conaiis.

Gill (transepithelial) teatial (mV)

Equilibrium Nonequilibrium
McCorkle and Dietz [24] —74 (estimated) -7 (measured)
This study? -84.2 (93.9- -67.9)° -8.2°¢

&Water chemistry characteristics are based on Md€and Dietz [24].

" Calculated by = RT /nF In(J3,7°®/(k, [BL{Na}) ) where

JiTotaI - JiExchange + JiPassive + JiActive =067 JiTotaI +0.057 Ji otal + 0'273]iTotal [2 4]

in that parenthesis shows 95% CI.

c EiActive - ETotaI _ EDiffusion Wh ere

EP™" = RT/nF In ((JiExcha”ge+ J. Pk [BL'{Na}) )= -76 mV and therefore
thatE**™ = -84.2- (- 76) mV=—- 8.2 m\.
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Na' activity-dependent Na membrane potentials increase frontineda positive with increasing
Cu concentrations, whereas“Cactivity-dependent Na membrane potentials increase frontinedga
positive with decreasing Naactivities (Figures 2A, B). Figure 2A depicts thgill potentials are
depolarized from controlleeB4 mV to +16 mV in response to waterborne Cu irgirgafrom 0 to 2Qug
L. Figure 2B reveals that when €activities increase from 0 to Oj2Ml, a depolarization process
drives the gill potentials from controlle@4.2 mV to nearly 55 mV and 10 mV at Nactivities of 0.1
and 2.8 mM, respectively. On the other hand, Cu brane potential changes decrease with increasing

of CU#* activities (Figure 2C).

Figure 2. Predictions of clam gill membrane potentigla) Na“ activity-dependent Na
membrane potentials in response to Cu ranging f@nio 20 pg LY (B) CU/*
activity-dependent Na membrane potentials at &tdivity ranging from 0.1 to 2.8 mMC)
Cu membrane potential changes range from 6-46.4 mV varied with Cl activity

ranging from 60.2 uM.
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The predicted Naactivity-dependent transport process-specific Na membramasNpotentials
decrease sharply when Nactivities are less than 0.1 mM and stay nearlystzort when Naactivities
are larger than 0.1 mM (Figure 3A). The partitigniatios of the unidirectional influx of Na i@.
fluminea to the total influx are based on the empiricabdabm [24] (Figure 3B). The predicted Na
uptake rateNernst membrane potential profile indicates thatiNambrane potentials decrease from
+10 to -84 mV with increasing Na uptake rates ranging frorh — 13pmol g* h* (Figure 3C).
Decreasing of Cu uptake rates from 0.35 — Qu®!| g' h™ results in a increasing Cu membrane
potential changes from —40 — 0 mV (Figure 3D).

Figure 3. Physiological and electrophysiological kinetics Nd flux partitions:(A) Na
membrane potentials ar(@) the unidirectional Na influx. Predicted the preslof ion
uptake rate- Nernst membrane potentials {&) Na and(D) Cu.
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We predicted the relationship between clam valaswle behavior and electrophysiological
properties by using the valve closure respeNsemembrane potential profile to assess the bicédgi
responses (Figure 4A). A sharp change of valveucksesponses from 10 to 76% occurred when Na
membrane potentials increase from —84 to —74 m¥mSlexperience a smooth closure response from
76 to 100% when Na membrane potentials notablyeass from —74 to 10 mV (Figure 4A). The 50%
inhibitory Na membrane potentials (IP50) for valesure response and Na uptake rate are,
respectively, —73.54 mV and -64.16 mV (Figures 4, Figure 4C demonstrates the “Cu
activity-dependent interplay among valve closure responiBavim, gill potentials, and Na uptake
rates, revealing a substantial link between ecotagy (Cu bioavailability) and electrophysiology&g
transport and gill potentials) i@. fluminea. It plays a crucial role in determining the kimstiof gill
ligand binding mechanisms.

Figure 4. Predicted biological and electrophysiological msges that includes clam valve
closure behavior, Na uptake, and gill potentigdg.Relationships between closure response
and electrophysiological properties (Na membraneni@l). (B) Relationships between
inhibition of Na uptake and Na membrane potenti@) CU** activity-dependent
interactions, showing that changes of valve closesponse, Na uptake rate, and Na
membrane potential.
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2.2 Model applications

We reconstructed Hill-based dose-response reldtipssbetween inhibitions of Na membrane
potential and Na uptake rate and*Cactivities. The results indicate that 50% inhibjtooncentrations
(IC50) for Na membrane potential and uptake ragebast estimated(= 0.99) to be 0.072 and 0.043
UM Cu** with fitted Hill coefficients of 2.95 and 3.29, smectively (Figure 5A). The Gl
activity-dependent Na uptake rate profiles pamitig with different transport mechanisms are shown
Figure 5B. To assess the effect of externd*@ctivity on gill potential at nonequilibrium conitins,
we estimated the Gliactivity-dependence gill active potentials basedrenC§* activity-dependence
Na uptake rate profiles (Figure 5B).

At a nonequilibrium condition, the predicted actgitk potentials have a mild depolarization process
from —8.2 to 0 mV when external €activities increase from 0 — 0jM (Figure 5C). The result
demonstrates that a sigmoidal dependence on tleenektCG" activities followed a best fitted Hill
equation E{™ = 8.2+ ( (E e {CU™ ") /(EC 0, 50) + {CUP}")) with a Hill coefficientn = 2.97,
Emax= 8.2, and the effective Cu activity that block 50%active Na channel transport (EGiv50) is
estimated to be 0.042M (r? = 0.99).

This result implies that three €tions bind to a single site in the outer gill menm&raore of the Na
channel to block the active Na transport. It resirita depolarization-induced shift of clam behawvio
such as daily valve closing/opening rhythm and @ipig capacity from high to low in response to
waterborne Cu. We therefore incorporated the flBgl* function into Eq. (18) to estimate internal Na
concentration inC. fluminea. A parsimonious exponential function ([Nia = 6.37+4.2%exp
({Cu?/0.147),r? = 0.96) best describes the relationship betweerxternal Ct activity and internal
Na concentration in blood (Figure 5D).

We employed our proposed framework to predict steeific clam valve closure behavior (Eq.
(T1)), Na uptake rate (Eq. (T7)), and associatédrggmbrane potentials in response to waterborne Cu
(Eq. (7)) for major clam farms located at Changand Hualien, respectively, in the southwestern and
eastern Taiwan. The adopted water quality dat&fanghua and Hualien farms are listed in Table 2.
Figure 6 reveals that physiological and electropiiggical characteristics d. fluminea in Changhua
clam farm are more sensitive than those in Huali€his result suggests that the proposed
bio-electrophysiological model could be used td the bivalve biological and electrophysiological
response abilities to close its shell as an alaignat to reflect clam’s health when exposed to
waterborne metals by taking account of the metahvailability. Figure 6C also shows that the
site-specific clam gill potentials could be preditty the present model and could also be usdtkin t
assessment of metal ion bioavailability in the agltare settings.

2.3 Clamgill potential as a determinant in environmental risk assessment

We proposed the mechanistic models based on canobpdined from BLM, M-M kinetics, and
electrochemistry to explore the interplay amongveatliosure behavior, Na/Cu transport, and gill
membrane potentials.



Sensors 2008, 8 5258

Figure 5. Predicted dose-response profilgs) Hill-based dose-response profiles showing
the relationships between inhibitions of Na membrantential/Na uptake rate andCu
activity. (B) CU** activity-dependent Na uptake rate profiles pamithg with different
transport mechanisms of exchange, passive, aai,total influxes(C) Prediction of
active gill potentials at a non-equilibrium conditi showing increasing of Euactivities
has a mild depolarization process from8.2 to 0 mV. (D) Predicted CH
activity-dependent internal Na concentration indoddshowing the changes of internal Na
concentration from 10.56 to 7.40 mM varied with"@etivities ranging from & 0.21pM.
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Table 2 Measured pH and temperature values with the idnvites of key water
chemistry characteristics calculated by WHAM froombjished data for two selected clam
farms of Changhua and Hualien

lon activities (mM)

pH Temp. (C)  C&* Mg** Na' cr Slo
Changhud 8.01+0.19 29.3+0.9 0.41+0.14.34+0.08 0.43+0.23 0.40+0.25 0.098%0.15
Hualien® 7.80 30.5 0.36 1.17 12.28 55.57 1.42

@Adopted from Liao et al. [31] where data are repnésd as mean + SID € 3).

Figure 6. Simulations of freshwater clanC. fluminea physiological and electro-
physiological characteristics in response to water® Cu for major clam farms located at
Changhua and Hualien, showing the site-specifiacityx effect of (A) valve closure
response,(B) Na uptake rates, an@C) Na membrane potentials varied with Cu
concentrations ranging from-0150ug L™
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The present model can be used to describe therabgsiological response i@. fluminea in
response to waterborne Cu.Gdrbicula-based electrophysiological response frameworleielbped
by incorporating previous Cu-BLNTorbicula model and flux-biological response kinetics into a
electrochemical mechanism for providing an acclyateeasuring endpoint based on a clam-gill
membrane interface. We estimated acute Cu toxiuityis associated with inhibition of Naptake rate
involving active N4 membrane potential at the gill interface.

Electrophysiological-based biological responsesshasen widely applied to variety of species for
investigating internal physiological mechanism-loagexicity effects [21, 25, 32, 33] suggested that
Na" transmembrane potential difference in mussels aasasonably good indicator of toxicity.
Furthermore, our approach should have a poteria@stimate gill damage and individual death by
inhibition of Na/K*-ATPase activity-induce electrophysiological potalsi[32].

The estimated dose-response profiles in Figureebtlae pivotal results for environmental risk
assessment in this paper. From our analysis, wiigbee the effective Cu activity that blocks 50% of
active Nd channel transport (EGive50) is 0.072uM with a stoichiometry of3Cu** :IE;™. That
causes a depolarization of the gill membrane byreat Cu ion activity to result in a significant
decrease in active Na influx that directly/inditgctlisturbs the clam valve daily opening/closing
rhythm. Our results also implicate that the uptakd toxicity of Cu is much better correlated with
activity at gill membrane surface than with aciniit the bulk phase medium.

Kinraide [33] argued that the BLM incorporated witke ion activity model (FIAM) generally do not
take into account the membrane potentials, althothgh BLM might consider the gill surface.
Consequently, it is often inadequate for the exgioesof ionic effects, suggesting that membrane
potential concept could be used as a general imdagsessment of the bioavailability of ions. Kidea
[33] further pointed out that the BLM involves coetipion among ions as the mechanism of interaction.
Site-specific competition, however, cannot expkame instances of interaction. Diffuse electrostati
effects appear to account for the interactionsrelgtibecause ions of opposite charge are unlikely t
compete for ligand binding sites.

Here we suggested that although site-specific ctitigpeamong ions might occur, competition only
cannot be assessed without consideration of meralpatentials. Therefore we recommended that the
effects of membrane potential on the gill-biotgaind could be incorporated with the effects of lrigd
site competition to assess the metal toxicity. Timesbioavailability of a metal ion in solution rhigoe
dominated more by the membrane potential-depolayizirocesses of ions than by competitive
interactions of the ions at a ligand binding site.

Cereijido et al. [34] pointed out that epitheliaaambiguously demonstrated active Na transport that
was first observed by Ussing and Zerahn [35], shgwhat frog skin can actually transport a net amhou
of Na" in the inward direction and in the absence of =ereal electrochemical potential gradient.
Assessments of metal risk have been specific feir@mment and organism. In these cases, our
framework that relates the biotic response to Nev@dransport-induced active membrane potentials
might be adequate. Gill membrane depolarizatiomgsses do occur in aquatic animals in response to
external stressors [36, 37].
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Membrane surface activities associated with sieeic binding and competition should be
incorporated into the BLM as proxies to represdr@ bulk phase concentrations where the gill
membrane surface activities must be computed frciiveaNa potentials [22, 23, 25, 38, 39]. Bricdlj e
al. [37] integrated behavioral, electrophysiologiemd molecular biological approaches to studyNbe
channel mutation that leading to saxitoxin resisgaim clams. They indicated that the increased
accumulation of toxin in resistance clams pointthie resistance mutation as an important riskofact
for human paralytic shellfish poisoning (PSP) résglfrom the consumption of this species.

Hence our proposed framework linking Cu bioavallgband electrophysiological responses®f
fluminea could provide a practical environmentskrssessment tool. We further suggests that dlam g
membrane potential could be adapted as an elegismpbgical endpoint of bioavailability and metal
toxicity action used in environmental risk analysi€nhance broad risk management strategies (37, 4

Merging the concepts of ion bioavailability andeimtalization flux, such as BLM, and M-M kinetics,
with the gill membrane potentials described by Meand Ussing flux ration equations may provoke
new measurement and modeling approaches for mmgtohe behavioral dynamics of freshwater
bivalves. A new way forward would be a further efto distinguish between inherent kinetic propesti
of individual clams and the suite of environmermahstraints to response that frequently exisitu.
Although further experiments to investigate theadetof multiple transports in biological membranes
are underway, the results described here demoadtrat the integration of Cu bioavailability and
electrophysiological responses ©f fluminea provided a means to reconfigure mechanisms of ectiv
transport across epithelia in bivalves.

The model can be readily extended to account fditiadal phenomena, such as ATPase activity and
NaCl uptake in the gills of freshwater bivalves.eTKernst equation presented in this paper might be
linked with Goldman-Hodgkin-Katz equatiod; = RT/FIn{( Pna/ Pc[Na'lo+ [CIT];/ Pna/ Pc[Na']; +
[Cl]o)}where the subscripte andi indicate external and internal ion activities tdues ofV, as a
function of Nd and CT activities, to calculate resting membrane potérfié) and to estimate the
permeability ratio oPy/Pc) while CI ion transport inC. fluminea is considered. The model has the
additional feature that it can be used to address af the key challenges in biological membrane
kinetics, namely, how to determine the activemgillentials of a living clam that responds to exaé@u
concentrations. Because the model captures thgameiaation of biological and electrophysiological
characteristics of clam in response to external inetal ion activities, it can be used as a franmkwm
design and interpret appropriate experiments.

2.4 Implications for biomonitoring systems

Our results may have practical implications foufettechnological and biomonitoring applications.
These results provide a scientific basis for futdesigning the environmental biomonitoring systems.
Cu bioavailability, physiological mechanism of Nartsport, and electrochemical transmembrane that
has an important theoretical advantage over tradititoxicity models [41,42] to potentially takeian
account of both clam physiological and environmeff@ators affecting metal-induced biological
responses. Practically, we have to first obsereevéitve daily rhythm dynamic fashion in respons€uo
to indirectly obtain a BLM-based concentration-tinesponse profile. In the following step, we need t
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estimate the waterborne free ‘Gactivity {Cu**} by using the major physiological parametersdn
fluminea and thus that a real waterborne Cu ion conceotr@@f*] can then be evaluated depending on
the site-specific water quality conditions. We fe@n calcium, magnesium, and sodium because they
have positive effects against copper toxicity base@LM schemg43]. The possible toxicity of copper
hydroxide complexes would imply that at the highkl;, less would be needed to exert the same toxic
effect. The temperature also has significant effeatthe biological behavior or chemical speciatiba
toxicant as well. In the future work, such a biomarng tool will be implemented to detect toxidesfts

of multiple metals.

Our proposed model can be applied to develop #icattclam gill-based membrane interface that
mimics ion transports of Na and Cu@nfluminea to evaluate the relationships between gill potdsti
and Na and Cu internalization fluxes. The'd-ATPase activity and NaCl uptake in the gills of
freshwater bivalves might be further monitored. \A&ticipate that our model can provide the
fundamental properties and methodology to portenoédd development of commercial and research
applications based on the low cost and proceduitanceptual simplicity of these methods.

The proposed gill-based artificial membrane intefacan link with measured bivalve data to
guantitatively assess the effects of environmdiatabrs on the biouptake kinetics, ion bioavailidpil
and electrophysiological performance of membrangcde and the variability of bivalve biodynamics
and metabolic availability [10, 44-46]. Succes#fgplementation ofn situ biomonitoring is contingent
upon understanding how bioavailability of metais)dggical, and electrophysiological factors afféod
artificial membrane interface kinetically and dyneatly [12, 13, 47, 48]. Additional research
concerning the gill architecture and geometry asfer regions [31, 49-50] and dynamics in
electrophysiological performances in clams is sitessary to improve the model.

3. Materialsand Methods
3.1 Integration model

The biologically based kinetic reaction of a mdig&nd process in a membrane interface can be
described by the Nernst equation as:

_aeo RT( {ML}
AE = AE nFIn([M]{L}J’ (1)

whereAE andn are the measured redox potential (V) as an elactive force (e.m.f.) and the number
of electrons transferred, respectiveE° is the standard state potentidljs the gas constant (8.3 J
mol* K™): T is absolute temperaturgk); [] and {}denote the bulk concentratiopd L™*) and free ion
concentration of a sensitive site on surface indtganism (mole L), respectivelyM andL are the
metal concentration and ligand in solution, respebt (mole LY. {L} in Eq. (1) can be seen as the site
of toxic action in the BLM scheme as:
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M]+{t} -t {mi} o - {m, }+{L}, @

where k., is internalization rate constant (hrand {M,,} represents the metal has been internalized
with membrane carrier ligands (molé)g

Generally, the metal transfer across a biologiaaintorane is assumed to be a first-order process. The
internalization flux ) can be directly related to any metal speciegjunldrium, including gill metal
burden ML} as:

J =k ML €)

We obtained the electrochemistry—based mechamstidel to capture the relationships between
internalization flux (uptake) and electrons trangfé potential by linking Egs. (1) and (3),

0 _ klnt [ﬂML} — 0 E —‘J
AESAE T (k mwm}] A e (k mMmL}j @

Acute metal toxicity is always associated with bihon of sites involved in active uptake at gills,
resulting in death from failure to maintain homesst. We employed the physiological-based
mechanistic approach associated with acute medaltiyto identify species sensitive to metal exj@s
and further to predict toxic response of biologisahavior inC. fluminea.

3.2 Clam gill ‘based electrophysiological response model

The importance of metal bioavailability in metajdnd chemical reactions is best described by
Michaelis-Menten (M-M) kinetics. The internalizatidlux is J,,, X[S]/(K,, +[S])where § is metal
activity concentrationJnax is the maximum internalization flux, atq, is the M-M affinity constant,
representing the metal activity concentration aictvithe internalization flux equalz /2. When § is
abundant,K,, becomes insignificant; however, whe§ [is low, K, becomes relevant. We have
developed a model (called Cu-BL®brbicula model) [31] to link acute Cu toxicity and its effeon
valve closure behavior in freshwater cl@nfluminea to support the biotic ligand model (BLM). That
model confirms that BLM could be improved to anaiglly and rigorously describe the bioavailable
fraction of metal causing toxicity to valve closurehavior in freshwate€. fluminea. We have also
provided a flux transport model based on BLM and/Mtinetics to link valve closure behavior and'Na
transport mechanism @. fluminea [52] (Figure 1B).

Table 3 lists the essential mathematical equatigesd to describe the Cu-BLMerbicula model and
the flux-biological response framework. Table 3 emckes Na transpettalve closure response model,
Na transport, and Cu internalization flux kinetics.

Here we integrated flux-biological response mecsrasiand Cu-BLM=orbicula model (Egs. (T1) —
(T3)), taking into account the bioavailability aptysiological response, into thermodynamics-based
Nernst equation to formulate a clam gill-based tebgtysiological response model. We firstly linked
electrochemistry—based mechanistic model (Eqg. (24)) Na transport-valve closure response model
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(Egs. (T4) — (T6)) to obtain the key relationshéysong valve closure response, Na uptake rate,iind g
Na membrane potentials:

_RTIn( 3. (@) j

Na" " nF | Ky, BLT]Na"}

1x ) ©
Jmax X 1= m(at)
RT | [ER50, (at)] ") + e | |,
= n
1[F k.. IBL"]§Na‘}

whereE . represents the gill Na membrane potential (ng\3, a {CU#"}-dependent clam valve
closure response function taking into account exeNa activity based on Cu-BLMGorbicula
model (Egs. (T1) — (T3)N(At) is the response time-dependent Hill coeffici&@R50Q(At) is the 50%
effective response due to the % inhibition of Nmptake rate, and [Bl is the concentration of
unoccupated gill BL sitegitmol g*).

We refined Eq. (5) for further predicting the vél@ membrane potential based on different ion
species transporting across gill membran€.ifluminea. We incorporated Na transport kinetics (Egs.
(T7) - (T9)) into Eq. (5) to describe the perforro@amf Na membrane potentials:

J Na*,max ({CU2+})X {Na+}
_RT | K Bt {Cu" )+ {Na'}
B TIE | T k, dBC e} ©

On the other hand, Cu membrane potentig| () can be described by the Cu internalization flux
kinetics (Eqg. (T10)) as:

JCUZ",max X{CU2+}
— RT Km,(_:u2+ -i:{CUZJr}
Ser o k.. OBL™|gCu®} | "

Egs. (6) and (7) provide the information of an aately electrophysiological response—based
mechanisms to estimate the gill membrane poterfbalsirther estimating the waterborne Cu toxicity.
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Table 3 The mathematical descriptions for Cu-BLM-Corbiculadel associated with Na
transport mechanism and valve closure respon§k fluminea in response to waterborne

Cu (see text for the meanings of symbols)

Cu-BLM-Corbicula model?

+n(at)
NIRRT B
[ECSth)CuBL] n(at) +{Cuz+}n(m)
Time-varying Hill coefficient function in valve cénire response
n(At) = 1.221+ 0.988exp(— At /37.7),r2 = 089

Time-varying BLM-predicted 50% effective responsaaentration function

EC50At =
(( )CuBL (1_ szL?I;AI,_ (At))

Sodium transport - valve closure response mbddel
3. (@=3, [t dat.cu Na))= 3, <11, (ot dat,cuz* Na' )

=] { 1x<”mm }
" [ER50, (at)[") + @)
Time-varying Hill coefficient function in inhibitio of Na™ uptake
m(At) = 2433- 77843/ At,r? = 097
Time-varying 50% effective response function inilition of Na™ uptake
ERS50,(At) =84.15-110327/At,r* = 095
Sodium transport kinetids
J.JCu”j)x{Na"
K. |At,{Cu* 1)+{Na"
{Cu?}-dependent maximum Nauptake function

Jmax({Cu2+}):0.345+12.90ex;{ﬁ}—} = 085

6.154x10°

Response time- and {€§-dependent half-saturation affinity constant fuiont
<, (atou]) = afafou =
al( t) = 384+19366exp - At/13623),r? = 099
a,(At) = 0.862exp(— At/ 287588),r* = 068
Copper internalization flux kineti®s
_[ouBL], _ Joi e ¥ {007}
WAt K, +HCu¥

3 (at,cu Nat)=

m,Cu?*

f(i?é/oL (At) [1+ KCaBL{C o }+ |<MgBL {MgZ+}+ KNaBL{Na }+ KHBL
KCUBL + |’<CUOHBL|<CUOH{OH }+ KCUCOSBL CuCOS{ O

(T1)

(T2)

(T3)

(T4)

(T5)

(T6)

(T7)

(T8)

(T9)

(T10)

@ Adopted from Liao et al. [31].
® Adopted from Liao et al. [52)].
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By linking Ussing flux ratio equation [24, 53] withg. (6), the external Cu concentration-dependent
internal (blood) Na concentration @ fluminea can be estimated to be:

. . JoDiffusion+Excretion FE Aactive
ey ={ e}, 2 e P ®

RT

where [Nd]; and [Nd], are the internal (blood) and external Na concéiotia (AM), respectively, the
Ussing flux ratig(J2m™eemeeretons g Piuson coyld be obtained from [24] and was estimated t& 7d,
andE;S™ (mV) is the Na membrane potential due to the actie@sport mechanism that can be
estimated by our present model framework.

5. Conclusions

Our analysis of Cu bioavailability and electroploysgical response interactions@fluminea leads
to several conclusions. We present an ecotoxiccdtigtelectrophysiologically inspired model for the
kinetic reconsideration of the clam valve respohsbavior that incorporates Na active transport
mechanism. It entails a highly nonlinear interacteanong external Cu bioavailability, Cu-gill ligand
binding affinity, Na/Cu internalization kineticsn@ depolarization processes of gill transmembrane
potentials. The framework captures the featureemks in model applications including 0%
inhibitory CU/* activities for Na membrane potential and uptake aae estimated to be 0.072 and 0.043
UM, with a stoichiometry of 3 Cii 1En, and Dys, (i) the external Ci-dependent internal Na
concentration can be parsimoniously estimated, (andthe site-specific clam gill potentials can be
predicted in the aquaculture settings. Our studygssts that a detailed understanding of the natiure
ion bioavailability-electrophysiology interactions, together with idicdtion of valve response
behaviors validated in an aquaculture setting, dsn combined with physiologically-based
toxicokinetics and toxicodynamics to identify thikes and mechanisms of action of metabolically
available metal and stored detoxified metal in agltare species.
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