1005

The Disruption of Daphnia magna Sodium Metabolism by Humic

Substances: Mechanism of Action and Effect of Humic Substance

Source

Chris N. Glover*

Chris M. Wood

Department of Biology, McMaster University, Hamilton,
Ontario L8S 4K1, Canada

Accepted 5/17/2005; Electronically Published 9/8/2005

ABSTRACT

Humic substances have important functions in aquatic systems.
While these roles are primarily indirect, influencing the phys-
icochemical environment, recent evidence suggests these ma-
terials may also have direct biological actions. This study in-
vestigated the mechanism by which humic substances perturb
sodium metabolism in a freshwater invertebrate, the water flea
Daphnia magna. Aldrich humic acid (AHA) stimulated the
maximal rate of whole-body sodium influx (J,,,,) when exper-
imental pH was 6 and water calcium content was 0.5 mM. This
effect persisted at pH 8 and 1 mM calcium but not at pH 8
in the absence of calcium. An indirect action of AHA on apical
transporter activity was proposed to explain this effect. At pH
4 AHA promoted a linear sodium uptake kinetic relationship,
attributed to altered membrane permeability due to enhanced
membrane binding of humic substances at low pH. In contrast,
a real-world natural organic matter sample had no consistent
action on sodium influx, suggesting that impacts on sodium
metabolism may be limited to commercially available humic
materials. These findings question the applicability of com-
mercially available humic substances for laboratory investiga-
tions and have significant implications for the study of envi-
ronmental metal toxicity.
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Introduction

Humic substances are ubiquitous components of aquatic eco-
systems, exercising considerable influence over both the ecology
and physiology of the biota therein (Steinberg 2002). Tradi-
tionally, these influences are considered to be indirect, resulting
from geochemical and physicochemical changes induced by the
humic substances rather than the humic materials themselves.
For example, humic substances have well-described metal bind-
ing properties (e.g., Pagenkopf 1983; Janes and Playle 1995).
Metal pollutants primarily exert their toxic effects as free ions
(M*2*; Campbell 1995). These entities cross biological surfaces
via “accidental transport” through ion channels, by virtue of
their physicochemical similarity to the essential ions that nor-
mally use these pathways (Bury et al. 2003). Silver ions (Ag"),
for example, cross the apical surface of the branchial epithelia
of fish via a sodium channel (Bury and Wood 1999). Once
inside the cell, toxic metal ions such as silver may act to inhibit
several key ionoregulatory enzymes, thus disrupting ion ho-
meostasis (Morgan et al. 1997, 2004) and ultimately causing
death due to ionoregulatory failure (Wood et al. 1996). Humic
substance binding reduces free metal ion activity, rendering the
metal toxicologically inert and, thus, alleviating toxicity (Janes
and Playle 1995; Bury et al. 1999, 2002).

Increasingly, however, direct actions of humic substances on
the physiology of aquatic organisms are being elucidated. A
number of recent reports detail increased activities of antiox-
idant defence enzymes (glutathione S-transferase and gluta-
thione peroxidase) in response to humic exposure in a number
of invertebrate species, including Daphnia magna (Pflugmacher
et al. 2001; Meems et al. 2004; Timofeyev et al. 2004). Humic
substances have been shown to bind to biological surfaces
(Campbell et al. 1997), with resulting increases in membrane
permeability (Parent et al. 1996; Vigneault et al. 2000). Humic
substances also modify ion movements across fish (Wood et
al. 2003; Matsuo et al. 2004) and daphnid uptake surfaces
(Glover et al. 2005). In the latter study, two commercially avail-
able humic substances (Aldrich humic acid [AHA] and Su-
wannee River natural organic matter [SRN]) had specific effects
on the kinetics of sodium influx. AHA stimulated maximal
sodium influx capacity (J,,,,), while SRN stimulated both J_
and transport affinity (K,). Several different mechanisms of
action were proposed but were not experimentally tested.

The study described above used two commercially available
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humic substances. While these lyophilised powdered substances
have many practical benefits, they may not have the same prop-
erties as aquatic humic substances that occur in the natural
environment (Malcolm and MacCarthy 1986). For example,
preparation of the sample may considerably alter humic prop-
erties, including acid dissociation constants and metal binding
strength (Malcolm and MacCarthy 1986; Gregor and Powell
1987). Humic substances isolated directly from natural water-
ways by reverse osmosis have not undergone the extensive mod-
ifications of the commercially available forms (Aiken and Leen-
heer 1993) and, thus, may better represent real-world humic
materials.

In this study, we sought to extend our earlier observations
regarding the effects of humic substances on ion metabolism
in Daphnia magna. The first objective was to determine whether
changes in ion transport properties observed with commercial
humic substances were also induced by a real-world humic
substance, Luther Marsh natural organic matter (LMN). The
second objective was to delineate the potential mechanism by
which a commercial humic substance, AHA, promotes changes
in daphnid ion metabolism. By varying both water calcium
levels and pH, the goal of this study was to distinguish between
direct effects caused by humic binding to membrane surfaces
at low pH (Vigneault et al. 2000) and indirect effects caused
by membrane permeability changes promoted by calcium che-
lation (Matthews 1986). The activity of Na*,K"-ATPase, the
enzyme that drives sodium influx in freshwater animals, was
also determined in the presence of AHA to examine the pos-
sibility of direct humic substance action on ionoregulation.

Material and Methods
Daphnia Culture

A laboratory culture of Daphnia magna was established from
adult gravid animals acquired from Aquatic Research Organ-
isms (ARO strain; Hampton, NH), and maintained in constant
light (16L: 8D) and temperature (20°-22°C) conditions. The
culture medium was a moderately hard water based on the
composition of Lake Ontario (1 mM CaCO; 0.15 mM
MgSO, - 7H,0, 0.6 mM NacCl), reconstituted from deionised
water generated by reverse osmosis (see Glover et al. 2005).
For all experiments 7- or 8-d-old Daphnia (~ 1 mg wet weight)
were used.

Humic Substances

LMN was collected from Luther Marsh, Ontario, via a portable
reverse-osmosis apparatus, resulting in a stock with a concen-
tration of 1,765 mg of carbon per litre (mg C L™"). The col-
lection process has been described in detail elsewhere (Hollis
etal. 1996). Once isolated, the LMN sample was passed through
a cation exchange resin to remove trace elements that may have
been concentrated in association with the humic substances.

Aldrich humic acid (AHA; sodium salt) was obtained as a
freeze-dried powder from Sigma-Aldrich (St. Louis) and made
up to a concentrated stock of ~750 mg C L™".

Concentrations of humic substances in exposure waters were
determined spectrophotometrically (Glover et al. 2005). Briefly,
samples of known organic carbon content were used to con-
struct standard curves of absorbance per unit carbon at a wave-
length of 300 nm for each humic substance. These standard
curves were consequently used to determine the organic carbon
content of experimental waters.

Effect of Humic Substances on Sodium Influx

The effect of LMN on Daphnia magna sodium metabolism was
examined at three humic substance concentrations (nominally
0,2, and 6 mg CL™"), in five different water chemistries varying
in pH and calcium content (0 mM calcium, pH 4; 0 mM
calcium, pH 8; 0.5 mM calcium, pH 6; 1 mM calcium, pH 4;
and 1 mM calcium, pH 8). The effect of each water condition
on the kinetics of sodium influx was examined by analysing
the uptake of radiolabelled sodium at five different concentra-
tions (nominally 50, 150, 300, 750, and 1,500 uM). The ra-
diolabel (**Na; as NaCl, Perkin Elmer) was added to solutions
at ~1 kBq mL™, with the desired sodium concentration
achieved by the addition of NaCl from a 1 mM stock. Each
test medium was reconstituted from deionised water (>17.5
megohm-cm; Barnstead Nanopure II). The solution pH was
initially adjusted at ~16 h, then finally at ~3 h, before daphnid
introduction. Six daphnids were added to 100 mL of test water
in a 250-mL acid-washed Pyrex glass beaker.

Sodium influx in the presence of AHA was determined at
two concentrations (nominally 0 and 8 mg C L"), in identical
water chemistries to those described above for LMN. The ex-
perimental protocol used was also identical to that detailed for
LMN.

Sodium Influx and Ion Measurement

All water samples were analysed for sodium content by flame
atomic absorption spectrometry (220FS, Varian). Influx was
determined as described previously (Glover et al. 2005). Briefly,
Daphnia were exposed to *Na-labelled solutions for 1 h, then
transferred through a series of rinse solutions (1 M NaCl fol-
lowed by deionised water) that acted to displace surface-bound
*Na and also served to exchange the trapped carapace water
with deionised water. These rinses thus eliminated sources of
unabsorbed radioactivity. Following weighing (UMT2; Mettler
Toledo), daphnids were counted for **Na v activity (Canberra-



Mechanism of Humic Substance Disruption of Ion Metabolism

1007

3.0 4

® Control
O Low(25mgcCL™
© High(66mgCL")

2.5 4

Sodium influx (uequiv g wet weight h™")

OO Ll T T

0 200 400 600

800 1000 1200 1400 1600

Sodium Concentration (uM)

Figure 1. The effect of Luther Marsh natural organic matter (2.5 or 6.6 mg C L™') on sodium influx (pequiv g wet weight™' h™") in Daphnia
magna at pH 6 and a calcium concentration of 0.5 mM. Plotted points represent the means = SEM of five or six individuals at each sodium

concentration.

Packard, Minaxi Auto-gamma 5000). Sodium influx (J,,) was
calculated according to the following equation:

cpm

J TSAxmxt

@

where cpm is the vy counts per minute, SA is the specific activity
of the exposure water (cpm pequiv™'), m represents the
daphnid wet mass (in grams; corrected for trapped carapace
water by multiplying by 1.25; Stobbart et al. 1977), and ¢ is the
time of exposure in hours. This resulted in a J,, for sodium
expressed as microequivalents per gram wet weight per hour.

Statistical analysis was performed by comparing kinetic pa-
rameters of influx curves using t-tests (Motulsky 1998), using
a conservative approach whereby groups rather than individuals
were treated as a single value. This obviated the need to apply
multiple comparison corrections that can erroneously inflate
the probability of Type II errors (Perneger 1998).

Sodium- and Potassium-Dependent Adenosine
Triphosphatase Assay

Following a 1 h exposure to AHA or humic-free conditions in
synthetic Lake Ontario water, adult Daphnia (~4 mg wet
weight) were rinsed in 250 mL of clean synthetic water for ~1
min and blotted dry. Three daphnids were grouped into each
replicate, with a total of eight replicates per treatment. Na*,K*-

ATPase activity was determined according to the method de-
tailed by Bianchini and Wood (2003), a modification of a
method earlier described by McCormick (1993). Enzyme ac-
tivity was determined kinetically at 25°C in a temperature-
controlled microplate reader (Molecular Devices, Menlo Park,
CA), as the ouabain-sensitive difference in ADP production
over 10 min.

Results

The reverse-osmosis isolate of real-world humic material, LMN
had little effect on sodium influx in Daphnia magna (see Fig.
1). Control (LMN-free) curves conformed to that expected for
a Michaelis-Menten kinetic relationship, with a rapid increase
in sodium influx with increasing sodium concentration, fol-
lowed by a saturation of influx as sodium concentration in-
creased further. The addition of LMN had no effect on this
relationship (with the single exception noted below).

For all conditions tested, transport kinetic parameters were
calculated and detailed in Figure 2. Confirming the lack of effect
on daphnid sodium metabolism in the presence of LMN, there
was no consistent effect of this humic substance on J_,. and
K. The only significant action of LMN was in calcium-free
water at pH 8, where low LMN (2.5 mg C L") significantly
increased .. from 1.20 + 0.09 to 2.19 = 0.26 pequiv g wet

weight h™' (P = 0.007). This effect was not concentration de-
pendent as there was no significant effect of the higher LMN
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Figure 2. The effect of Luther Marsh natural organic matter (LMN; 2.5 or 6.6 mg C L™') on the Michaelis-Menten transport kinetic parameters
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the o = 0.05 level using the test protocol described in “Material and Methods.” Kinetic parameters were calculated directly from plots using
SigmaPlot (ver. 8.02; SigmaStat).
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level (6.6 mg C L") on sodium influx. In no other water
chemistry did LMN have an effect on sodium influx. Under
conditions of high calcium (1 mM) and low pH (4), sodium
influx was an approximate linear function of sodium concen-
tration for control and LMN treatments. The lack of confor-
mation to the Michaelis-Menten transport model resulted in
the exclusion of this data from kinetic curve comparison. This
effect under high calcium (1 mM) and low pH (4) was con-
sistent with our previous findings regarding the pH and calcium
dependence of sodium uptake in Daphnia magna (Glover and
Wood 2005).

The effect of experimental water pH and calcium level on
sodium influx in Daphnia magna in the presence of the com-
mercially available humic substance AHA is exhibited in Figure
3. Kinetic parameters calculated directly from Figure 3 are plot-
ted in Figure 4 and show stimulation of sodium transport
capacity, without an effect on sodium transport affinity at pH
6, Ca 0.5 mM. Under conditions where pH and calcium were
lowered (pH 4, Ca 0 mM), control (humic-free) sodium influx
could still be described by Michaelis-Menten kinetics. In the
presence of AHA, however, the saturable transport relationship
between external sodium concentration and sodium influx was
distorted to a linear relationship, for which kinetic parameters
could not be calculated. A similar occurrence was observed at
pH 4, Ca 1 mM, with a hyperbolic control (humic-free) curve
described, in contrast to the linear sodium influx curve in the
presence of AHA.

At higher pH (8) J,., stimulation was observed only in high-
calcium conditions (1 mM). Maximal sodium influx was stim-
ulated 1.8-fold over control, an increase in magnitude similar
to that observed at pH 6, Ca 0.5 mM. There were no significant
differences in sodium influx parameters between control and
AHA treatments at pH 8, 0 mM calcium. AHA had no signif-
icant effect on whole-body Na*,K"-ATPase activity (Fig. 5).

Discussion

What Is the Mechanism by Which AHA Stimulates
Sodium Influx?

The examination of sodium influx in Daphnia magna as a
function of water calcium, proton, and humic substance con-
centration permitted a mechanistic analysis of how humic ma-
terials influence this important physiological process. In a pre-
vious study AHA stimulated maximal sodium influx at a
calcium concentration of 0.5 mM and at a slightly acidic pH
(~5-6; Glover et al. 2005). An identical action was observed
herein. This effect has previously been attributed to an increase
in surface binding activity of humic substances (Glover et al.
2005) such as that which may occur at acidic pH’s generated
by CO, at uptake surfaces such as gills (Playle and Wood 1989).
An alternative explanation was that humic substance chelation
of calcium ions was responsible. The removal of calcium from
membranes promotes changes in fluidity and can thus cause

altered permeability (Matthews 1986). Both these mechanisms
would explain the findings of a mixed stimulatory effect on
sodium influx (Glover et al. 2005).

Under conditions where calcium (1 mM) and pH (8) were
high, it would be expected that both the calcium chelation
effects and the surface binding effects of the humic material
would be minimised and sodium influx stimulation would be
diminished. Surprisingly, therefore, the J . effect persisted, ar-
guing against both hypotheses. Two important factors need to
be considered, however. The experimental waters were unbuf-
fered, meaning that significant acidification of the uptake sur-
face by physiological processes (Playle and Wood 1989) could
still have occurred, thus promoting humic binding (Vigneault
et al. 2000). Also, the lowered H" concentration may have had
a secondary effect, whereby decreased competition between H*
and calcium for chelation by humic substances may have en-
hanced humate calcium binding. At pH 6 the H" concentration
is 100-fold higher than at pH 8, while calcium levels were raised
only twofold (from 0.5 to 1 mM). The mechanism that allows
the ], effect to persist under these water chemistry conditions
is unclear.

If the actions observed were the result of calcium chelation
and subsequent changes in membrane fluidity, then eliminating
calcium from the water should have exacerbated the sodium
influx stimulation. At pH 8, where H"-Ca*" competition effect
would have been minimised, ], was unchanged in humic-
exposed animals compared to control, thus strongly arguing
against a calcium chelation effect. Interestingly, in a recent study
that examined the effects of AHA on ion regulation in rainbow
trout effects were noted only in high calcium water and not in
low calcium water (Matsuo et al. 2004). These results are similar
to those noted here and, thus, suggest that mechanisms of AHA
action on ion transport may be conserved across phyla and
likely do not involve calcium chelation effects on membrane
permeability. Conversely, the surface-binding effect promoted
by pH cannot be eliminated. The distinct actions of AHA on
the pattern of sodium influx at low pH (Fig. 3B, 3D), coupled
with the possibility of uptake surface acidification at higher pH
may be a more plausible mode of action.

At low pH the binding of humic substances to biological
surfaces is enhanced (Petersen and Persson 1987; Vigneault et
al. 2000). This is an action that is attributed to the decreased
negative charge of the biological surface that facilitates greater
interaction with the polyanionic humic material (see Vigneault
et al. 2000). Under conditions of low pH, sodium uptake was
greatly reduced in both control and humic-exposed daphnids
(note scale differences in Fig. 3). This was likely a consequence
of the pH-induced inhibition of sodium uptake that is char-
acteristic of the apical 2Na*/1H" exchanger (see below). The
linearisation of uptake in the presence of AHA at low pH
suggests that the change induced by this humic substance com-
pletely inhibits the passage of sodium through this transport
system. Instead, only a diffusive absorptive pathway remains,
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Figure 3. The effect of Aldrich humic acid (7.9 mg C L™") on sodium influx (uequiv g wet weight ' h™') in Daphnia magna under the following
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which may be a consequence of humic substance increasing
nonspecific ion transport via generalised membrane perme-
ability changes.

The apical uptake of sodium across many invertebrate epi-
thelia is achieved by the actions of an electrogenic 2Na*/H"
exchanger (see Ahearn et al. 2001 for review). This transporter
is responsible for the uptake of sodium from the milieu in
exchange for the extrusion of intracellular protons. Recent
physiological evidence has suggested that such a transporter
may be responsible for sodium uptake in D. magna (Glover
and Wood 2005). This transporter is sensitive to external cal-
cium and proton levels (Ahearn et al. 2001; Glover and Wood
2005). Calcium is an alternative substrate for the transporter
and competes with sodium for passage across the apical
membrane (Ahearn et al. 2001). High external H* concentra-
tion (low pH) removes the favourable gradient for proton ex-
trusion generated by intracellular proton production and, con-
sequently, reduces proton efflux and the associated sodium
influx. In this study, under conditions that are highly favourable
to sodium influx (0 mM Ca’*, pH 8) there was no effect of
AHA. In every experiment that was conducted in the presence
of inhibitory conditions (either low pH or high calcium), AHA
significantly stimulated or linearised sodium influx. The im-
plication of this observation is that AHA may alter the inter-
action of the transporter with potential inhibitors. This is likely
to be an indirect action, caused either by altering the confor-

mation of the transporter in the membrane or by physically
precluding transporter access. There is other evidence from the
literature suggesting that humic substances can alter transporter
function. For example, the hyperpolarisation of internodal cells
in the plant Nitellopsis obtusa was attributed to an increased
permeability to protons, with the author suggesting the pos-
sibility of a direct action on the plasma membrane proton pump
(Zientara 1983).

The apparent ability of AHA to preclude access to the trans-
porter may be a particularly significant finding for the study
of waterborne metal toxicity. Humic substances are believed to
ameliorate toxicity primarily by chelating metals and preventing
them from accessing sites of toxic action (e.g., Pagenkopf 1983).
The capacity of humic substances to preclude access to these
sensitive sites may prove to be a further means by which metal
ion toxicity may be alleviated.

Sodium Influx Stimulation Is Not due to a Direct Humic
Substance Action on Na*,K"-ATPase

The basolateral enzyme Na*,K"-ATPase powers the apical up-
take of sodium ions in freshwater animals (Kirschner 2004).
By pumping sodium ions from the intracellular compartment,
an electrochemical gradient is generated favouring the influx
of sodium from the dilute medium into the absorptive cells of
uptake epithelia. In this study humic substances had no effect
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on Na®,K*-ATPase activity (Fig. 5). There is some evidence
that humic substances can influence the activities of other en-
zyme systems in invertebrates (e.g., Pflugmacher et al. 2001;
Meems et al. 2004; Timofeyev et al. 2004). A direct action such
as this would require the absorption of humic substances or a
breakdown product. While there is some circumstantial evi-
dence that this may occur (e.g., in plant cell culture; Wang et
al. 1999), an indirect effect, such as chelation of a metal cofactor
may also explain actions on enzyme systems. The lack of an
effect of humic substances on Na*,K*-ATPase does not exclude
a possible action on other ionoregulatory enzymes. For ex-
ample, as proposed above, there may be an effect on the major
apical transporter (2Na*/H"* exchanger). Such an effect would
not require absorption of the humic substance or a breakdown
product but would most likely be an indirect effect acting not
on the transporter itself but influencing transport properties
by altering membrane fluidity.

Lack of Effect of a Real-World Humic Substance

LMN had no consistent action on sodium influx in D. magna.
The only statistically significant action (stimulated ., at 0 mM
calcium, pH 8) was noted for the lowest concentration of LMN
(2.5 mg C L") and was not reproduced at the highest level
tested (6.6 mg C L™') suggesting that the effect was likely an
anomaly. Similarly, no effect of LMN on the maximal sodium
influx rate was noted for rainbow trout exposed to LMN, in a
(Matsuo

nax

study that did demonstrate stimulation of sodium J,

max

et al. 2004) by the commercially available AHA, in accordance
with our results in Daphnia.

Humic substances are highly heterogeneous. Precursor sub-
strates are highly variable, and substances can undergo nu-
merous physical, chemical, and biological modifications both
before reaching a given water body and within it (McKnight
and Aiken 1998). Consequently, every aquatic system is likely
to have a unique humic substance composition. Such differ-
ences are now being recognised within the field of environ-
mental toxicology, where, for example, copper and silver tox-
icity amelioration may be influenced by natural organic matter
source (e.g., Van Genderen et al. 2003; De Schamphelaere et
al. 2004; Ryan et al. 2004). These differences among humic
substances are likely to extend to the surfactant-like properties
hypothesised in this study. For example, Suwannee River humic
acid is more hydrophobic than is the fulvic fraction (Thorn
1995); thus, in an artificial phospholipid membrane vesicle
preparation, it was demonstrated to be the better surfactant
(Vigneault et al. 2000). The humic nature of AHA, versus the
mixed humic/fulvic content of LMN, may thus explain the
source-related differences on daphnid sodium metabolism.

It is noteworthy that only commercially available substances
have thus far demonstrated effects on sodium influx. Com-
mercial products such as AHA and SRN have numerous prac-
tical benefits over reverse-osmosis isolates. These are readily
available, more economical to use and obtain, and standardised,
thus allowing direct comparison between studies. However,
there is considerable evidence that the isolation methods of
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commercial substances can substantially alter the properties of
these substances (Gregor and Powell 1987) and that this results
in materials that differ considerably from natural samples (Mal-
colm and MacCarthy 1986). As such, results obtained from the
use of such substances may not necessarily be applicable to the
natural environment. Further testing of naturally obtained hu-
mic substances is required to ascertain whether the lack of effect
on sodium influx seen with LMN is a standard response to
real-world samples. Nevertheless, results showing sodium me-
tabolism disruption in the presence of commercially available
humic substances have significant implications for laboratory
experiments that use these materials. Studies investigating metal
toxicity amelioration by humic materials, for example, could
be considerably influenced by altered sodium metabolism. The
toxic mode of action of copper and silver ions to freshwater
organisms involves inhibition of sodium metabolism (e.g., Lau-
rén and McDonald 1985; Morgan et al. 1997; Bianchini and
Wood 2003). Actions of humic substances on sodium metab-
olism could exacerbate or counter toxic effects in competition
or collaboration with the beneficial effects of metal ion che-
lation by humic matter.

Conclusion

The actions of humic substances on daphnid sodium metab-
olism are source dependent. AHA stimulates sodium metab-
olism in D. magna, probably via altering the ability of inhibitory
substrates to interact with the apical transporter responsible
for sodium influx. Such an effect would be consistent with
membrane binding of humic substances that alters transporter
properties or obstructs inhibitor access to the transport binding
sites. These effects have significant implications for environ-
mental toxicology, where sodium metabolism inhibition may
be the major mode of toxic action. There is, as yet, no evidence
to suggest that the effects of humic substances are mediated by
a direct action on the ionoregulatory machinery.
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