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The effects of pesticides and their breakdown products on membrane fuxes is a subject of
interest in assessing the potential ecological impact of these substances. As part of a continuing
program we have examined the effects of 2,4-dichlorophenoxyacetic acid {2.4-D) and para-
aitrophenol (PNP} on divalent cation and primary amine losses from and glvcine uptake by gills of
the bivalve molluses Anodonta californiensis (fresh water) and Myvtilus californianus {marine),
Both 2,4-I) and PNP reduce glycine influx into gills of M. cafifornianns. This observalion is
consistent with the view that glycine is bound to the gill surface as a Mg2+ complex prior to active
transport,

For gills of A, californiensis, Ca”* and Mg®* Josses are increased by 193 M 2.4-D relative to
that into distilled water. Primary amine losses are increased for both A. californiensiy and M.
californianus gills at low 2.4-D concentrations,

For A. californiensis and M. californianus gills the uptake of both 2,4-D and PNP are reduced by
increasing concentrations of Ca2* and Mg2+. In the case of A. ealiforniensis, CaZ* has a larger
effect than Mg?~ . which is consistent with the demonstrated stabilizing effect of CaZ+ on hiotog-
ical membranes. The uptake of PNP is farger than that of 2.4-D and glycine for gills of A, califor-
niensis. The uptake of 2,4-D is reduced by the presence of an excess concentration of giycine but
this is probably a physical effect. The uptake of 2.4-D, PNP, and glycine are all passive processes
for A, californiensis gills. Glycine does not reduce 2.4-1> uptake into M. californianns gills. For M.
californignus the transport mechanism for glycine is not the same as that for 2.4-D: the former
being active transport and the latter passive transport. However, 2,4-D does interfer with the active
transport of glycine.

INTRODUCTION branes and its effect on membrane fluxes

would be of interest in light of these obser-

The outer membrane of the gills of vations.

bivalve molluscs are the sites of active and
passive transport of a variety of chemicals
between the organism and the surrounding
aquatic environment. Chemicals involved
in such fransport processes are often crit-
ical to the biological functions of the organ-
ism. An alteration in the balance of these
processes by pollutant-induced inhibition
of influxes and/or increases in effluxes can
disrupt the biological processes dependent
on these fluxes. The herbicide 2,4-di-
chlorophenoxyacetic acid (2,4-I)) has been
shown to be toxic to animals {1). 2.4-D dis-
rupts a number of biological processes (2,
3) and degenerates muscle tissue (4, 5). The
interaction of this chemical with mem-
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The specific aims of this work are to de-
termine what effects 2,4-dichlorophenoxy-
acetic acid (2,4-D), a herbicide, and para-
nitrophenol (PNP), a breakdown product of
some agriculturatly applied chemicals, have
on membrane fluxes of gills of the bivalve
molluscs Anodonta californiensis (freshwa-
ter) and Myrilus californianus (marine). Ad-
ditionally, information on the uptake of
these chemicals and factors affecting their
uptake will be determined.

This work will identify pollutants which
strongly effect membrane fluxes. In pre-
vious work on the effects of heavy metals
on membrane fluxes of gills of M. califor-
nignis (6), it has been shown that Hg2~
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causes excessive losses of primary amines.
These primary amine losses are, in fact, an
indication of the presence of Hg?+. The
mechanism of this efflux process is cur-
rently under investigation and it is the ulti-
mate aim of this continuing study to
understand at a molecular ievel the mecha-
nisms by which these pollutants affect
membrane fluxes.

MATERIALS AND METHODS

Mussels and solurions. Specimens of
Anodonta californiensis were collecled in
irrigation canals approximately 5 miles
north of Knights Landing, California and
Mytilus californianus were collected from
the open coast at the Bodega Marine Labo-
ratory, University of California, Bodega
Bay, California. Specimens were used
within a week of collection and were main-
tained in aquaria having water and tempera-
ture conditions of the natural environment.

The artificial sea water (ASW), and Ca2+
and Mg?+ = deficient sea waters used in
experiments involving M. californianus are
described elsewhere (7). Additionally,
ASW solutions of varying pH were used in
which the pH was adjusted with hydro-
chloric acid. The medium used for experi-
ments on gills of A. californiensis was
distilled water, or distilled water containing
Ca?* or Mg+, The divalent cations were
added as the chloride hydrafes and the con-
centrations of the divalent cations were de-
termined by atomic absorption spectro-
scopy. To these solutions the organic
compounds glycine, 2 4-D, and PNP with
or without their radiotracers were added,
and the uptake or Joss experiments de-
scribed below were carried out.

Glycine, 2,4-D, and PNP uptake experi-
menis. When the uptake of a particular
organic compound was to be studied , a so-
fution 10—4 M in that compound containing
a small concentration of the carbon-14 la-
beled radiotracer ‘was prepared. Typically
the concentration of the radiotracer was
about 10-% M. In some experiments an-
other organic compound was added to this

solution in order to determine the effect of
the compound on the uptake of the radio-
labeled material.

Prior to the experiments, excised gills
were treated in the following manner. Gills
of the freshwater species A. californiensis
and the marine species M. californianus
were incubated in unchlorinated natural
freshwater and ASW, respectively, for pe-
riods of up to 30 min. The gills were then
allowed to drain, dried lightly en & paper
towel, and placed in the solution used in the
experiment. The beakers containing the ex-
perimental media and gills were placed on a
shaker table. At predetermined times gill
samples were removed from the solution,
washed for several seconds in the experi-
mental sofution devoid of the organic com-
pounds, and blotted on filter paper. The
gills were placed on tared scintiflation vials,
dried to constant weight at 60-70°C, and
weighed to the nearest (.1 mg. One millili-
ter of 0.1 M nitric acid was added to the
dried gills; the mixture was allowed to
stand for 2 hr; 10 ml of scintillation fluid
was added; the mixture was incubated for
at least 12 hr; and the radioactivity of the
vials was determined with a scintillation
counter. The data were compuied as micro-
moles of organic compound uptake per
gram dry weight of sample using the ac-
tivity of a known volume of the experimen-
tal solution, and thus a known amount of
organic material, before the gills were add-
ed. All data points are an average of two
experiments with each point run in dupli-
cate.

Experiments involving divalent cation
and primary amine losses. The experi-
ments were carried out as described in the
previous section except radiolabeled com-
pounds were not used and aliquots were re-
moved from the experimental sofution at
predetermined intervals. These aliquots
were analyzed for primary amines, Ca -
and Mg?*. Primary amines were deter-
mined by the fluorescamine procedure of
Udenfriend ef al. (8), as modified by North
(9), using a Turner H fluorometer. The con-
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centrations of primary amines were calcu-
lated using glycine standards and were
expressed as “glycine equivalents™ (10~12).
The concentrations of the divalent cations
were measured with an Instrumentation
Laboratory Model 751 atomic absorption
spectrometer.

RESULTS

Incorporation of 2,4-D and PNP, and
Glveine as Affected by 2.4-D and PNFP

As a reference point for the results on the
incorporation of 2,4-D and PNP to be re-
ported in this paper. Fig. | shows the up-
take of 10—+ M glycine into gills from M.
californianus, a marine bivalve mollusc (7},
and A. californiensis (13), a freshwater
bivaive mollusc. The uptake experiments
reported in this paper were carried out at
the same concentrations as the glycine ex-
periments reported in Fig. 1.

A. californiensis. Figure 2 displays the
uptake of 2,4-D as affected by the divalent
cations Ca?* and Mg?*, and the uptake of
PNP. Figure 2 shows that the incorporation
of 2,4-D at 10-* M is reduced relative to
that in distilled water by 103 M Ca?+ apd
Mg2*. Calcium?~* is more effective than

feX:1s
0T M. colifornisnus
w Q8
=
Ol% o5}
Ol
O
» D4
£5
g™ P
3l 23
02k
(e} & A._califerniensis
| | | L
OO 2 5 0 15

TIME {minutes)

Fic. 1. Uptake of 107% M ghcine into gills of M.
californianus and A. californiensis. Volume 200 co.
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FiG. 2. Uptake of 1075 M PNP{A)Y, and 1073 M 2 ,4- |
D (@) into gills of A. californiensis as affected by added
1072 M Mg™ (O) and Ca®* (A). Velume 200 cc.

Mg?2~ in reducing the incorporation of 2.4-
D. In distilled water the incorporation of
PNP under comparable conditions is over
twice that of 2.4-D (Fig. 2) or glycine (see
Fig. 1). Although the data is not shown, the
addition of Ca?* or Mg?* reduces the up-
take of PNP compared to that in distilled
water.

The data contained in Fig. 3 show the
effect of glycine on the uptake of 164 M
2.4-D. At 1074 M glycine the uptake of
2,4-D is the same as that in distitled water,
but increasing the concentration of glycine
from 10410 10~ M reduces the 2,4-D up-
take. At 103 M glycine the 2-min 2.4-D
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inffux point is within experimental error the
same as those in distilled watcr and 109 M
glycine, and only at longer times is the 2.4-
D uptake reduced. In distilled water the up-
take of 2.4-D (Figs. 2 and 3) by A. califor-
niensis gills is the same as that of glycine
(Fig. 1).

M. californianus. The incorporation of
2.4-D into gills of M. californianus as af-
fected by Ca?*, Mg?~*, and glycine is
shown in Fig. 4. Referring to Figs. I and 2,
the 2.4-D uptake into M. californianus gills
is less than that of giycine into M. cafifor-
nignies and skightly greater than that of 2.4~
D into A. californiensis gills. The remaval
of Ca?v or Mg?~+ from ASW and replace-
ment of the divalent cation with Na+ in-
creases slightly the uptake relative to ASW.
If glycine is added to ASW it bas no effect
on the uptake of 2,4-D.

Although not shown, the uptake of PNP
into M. californianus gills is the same with-
in experimental error as that of 2.4-D, and
Ca?* and Mp?* have the same effect on
PNP uptake as on the uptake of 2,4-D.

The effect of 2,4-D on the uptake of
glycine into gills of M. californianus is
shown in Fig. 5. The incorporation of
glycine into M. californianus gills is known
to be an active transport process. At 10—+
M glycine the addition of 10-% or 103 M
2,4-D reduces the uptake of glycine to less
than a fifth of the value in ASW at 15 min.

The uptake of glycine is affected by the
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FIG. 5. Uptake of 10-% M glycine (®) into gills of M.
californianus as affected by 1072 () and 107 M (A)
24-D. YVolume 200 cc.

presence of PNP (Fig. 6). However, the ef-
fect of PNP on glycine uptake is not as
great as that of 2,4-D> (Fig. 5). At a con-
centration of 10-% M PNP the uptake of
10~ % M glycine is about 509 that of glycine
alone. It requires 10-3 M PNP to reduce
the uptake of 1074 M glvcine 1o levels ob-
served for 104 M 2,4-D on [0-3% M
glycine,

The variation in acidity of a solution con-
taining 2.4-D or PNP added to 104 M
ghveine could affect the uptake of a particu-
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FIG. 6. Uprake of 1074 M givcine (@) into gills of M.
californianus as affected by 10-*(0) and 1073 M (&)
PNP. Volume 200 cc.
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lar component of the solution. For solu-
tions 10=% A in 2,4-D or PNP the pH = 7.6
to 7.8, and for 1073 M in 2.4-D or PNP the
pH = 6.6 to 6.8, compared to pH = 7.8
for ASW or ASW containing 10-4 M
glycine. When gills are added to a selution
which is 1073 M in 2,4-D or PNP and 104
M in glycine the pH increases ta 7.0 within
I5 min. To test the effect of acidity on the
uptake of glycine, measurements of the in-

7.8 (ASW aione), 6.5, 6.0, and 5.0 were
made {Fig. 7). The pH was held constant
over the course of the experiment by the
addition of acid. No discernable reduction
of glycine uptake 1s observed until pH 5 is
reached indicating that acidity changes are
not a factor in the observed effect of 2,4-D
and PNP on glycine influx.

Effects of 2,4-D on Ca**, Mg**, and
Primary Amines Losses
Figure 8 shows the effect of 2. 4-D at 104
and 1072 M on the loss of Ca?~ from the
gills of A. californiensis. The loss of Mg?+
as affected by 2.4-D shows the same trend.
The losses of both Ca2* and Mg?+ are en-
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hanced relative to that in distilled water
alone by the presence of 2 4-D at 103 M.
The loss of primary amines is increased rel-
ative to that in distilled water at 104 M,
but is reduced at 10-3 M. For gills of M.
californianus, the loss of primary amines is
increased upoa the addition of 10-4 and
1073 M 2,4-D 1o ASW. At 104 M 2.4-D
the loss of primary amines is approximately
twice thal observed in ASW. When the
caoncentration of 2,4-D Is increased to 103
AM the loss of primary amines increases 1o
three times the value of ASW alane,

DSCUSSION

Ifncorporation Experiments

In the case of the gilis of A. californien-
sis, the uptake of 2,4-D (Fig. 2} and glycine
(Fig. 1) (13) are nearly the same, while that
of PNP (Fig. 2) is a factor of three larger
than both 2,4-D and glycine. All of these
experiments were executed at concentra-
tions of 10=% M in the carrier compound
with the radiotracer at negligible concentra-
tions compared to the carrier, It seems like-
ly from the data in Fig. 1 that givcine
uptake into A. californiensis gills is not an
active transport process as it is for gills of
M. californianus. Thus, it can be concluded
that the uptake of 2.4-D and PNP into gilis
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of A. californiensis is also a passive pro-
cess. Calculations of the “concentrations”
of these substances in the gills versus the
water substantiates this view.

The amount of organic compound (2.4-D,
PNP, or glycine) that accumulates in A. cal-
iforniensis gitis compared to the level pres-
ent in the surrounding water is of interest in
assessing the permeability of the gill to the
compound and to what extent the “concen-
tration” of compound i the gill is a reflec-
tion of concentration in the surrounding
water, In these experiments the compound
concentration in the surroundings was 104

accumulation of 2,4-D after 30 min of con-
tact with the surrounding water (Fig. 2} and
agill of 0.1 g dry wt has a wet wtof I g, the
“concentration” of 2,4-D in the gill is
2 x 1075 M. Thus, after 30 min, the level
of 2,4-D in the gill is approximately 20% of
the concentration of the surrounding water.
This is true of the glycine as well. For PNP
the level found in the gili after 30 min is
about 60% of that found in the water. In
neither case do the “concentrations™ of 2 ,4-
D or PNP exceed that of the surrounding
media.

In patural waters the “concentration™
reached in the gills will certainly be less due
to the jower levels of the compounds in the
water and the fact that Ca?+ and Mg?* are
present. The data presented in Fig. 2 show
that the presence of these divalent cations
in a 2,4-D-containing solution reduces the
rate of uptake of this compound by a sub-
stantial amount, Ca?* being more effective
than Mg® . The same result is found for the
cffect of divalent cations on the uptake of
PNP. In an earlier study (13) it has been
shown that increasing concentrations of
Ca?* and Mg?* reduce the uptake of
glycine into gills of Corbicuia manilensis
and A. californiensis, both freshwater
bivalve molluscs. In the same study, pri-
mary amine losses from the gills of these
species are reduced by Mg?>+ and Ca2+,
and Ca?* is more effective than Mg?* . It
has been suggested in a number of studies
that divalent cations induce changes in

membrane packing properties and reduce
membrane permeability (14-16). 1t has been
shown that Ca?* binds more strongly than
Mg?* to phospholipid vesicles (17). The
stronger binding of Ca?* compared to
Mg+ could account for the observed varia-
tion in properties between these divalent
cations,

For the gills of M. californianus the up-
take of PNP and 2,4-D are approximately
the same, but considerably less than the in-
flux of glycine which is known to occur by
an active transport process. Figure 4 shows
that the removal of Ca?+ or Mg2* from
ASW increases the uptake of 2,4-D and
PNP (data not shown). Thus the effect of
the divalent cations on the uptake of 2.4-D
and PNP is the same for freshwater species,
A. californiensis, and the marine species,
M. californianus. However, for the influx
of glycine into the gills of M. californianus,
an active transport process, the effects of
the divalent cations are entirely different
(7). In this case the removal of Mg?+ from
the ASW reduces the influx of glycine, but
the loss of CaZ* has no effect on the pro-
cess. As reflected in the effects of Ca2+ and
Mg?* on the uptake process by gills, PNP,
2.4-D, and glycine for A. californiensis and
PNP and 2.4-D for M. californianus have
the same properties, but glycine for M. cal-
ifornianus is entirely different. Again, this
suggests entirely different processes based
on the effects of Ca?+ and Mg2* on up-
take.

Observations concerning the effect of
one organic compound (2.4-13, PNP, oi
glycine) on the uptake of another can give
information about the sites at which uptake
occurs. An interesting case is the effect of
2.4-D or PNP on the influx of glycine into
the gills of M. californianus. Glycine infiux,
an active transport process, s reduced by
the presence of 2,4-D (Fig. 5} and to a lesser
extent by PNP (Fig. 6). At 10-4 M glycine,
an equimolar concentration of 2.4-2-D re-
duces glycine influx by a factor of five,
while PNP at 10~ % M reduces the influx by
a factor of two. If glycine initially binds to
the gill surface in a Mg?* complex (10), 2.4-
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D or PNP could effectively compete with
glycine for Mg2+ and reduce the amount of
glycine availabie for transport across the
membrane. The functional group that can
complex Mg?* is a carboxylate for 2.4-D
and phenolate for PNP. The former group is
a better in complexing Mg?~+ than the lat-
ter, and thus would produce a greater re-
duction in the glycine bound in a Mg2+.
glycine complex (18, 19). Interference with
this surface compiexation process has been
proposed to explain the reduction of
glycine influx into gills of M. californianus
by Hg2*, Cu?+, and Fe*+ (13).

The uptake of 104 M 2,4-D by gills of
M. califorrnianus, a passive process, is un-
affected by the addition of glvcine at 10—4
and 103 A (Fig. 4). Aithough 2.4-D can
block the influx of glycine, 2,4-D uptake
does not occur by the glycine active trans-
port process. Since glycine does not effect
2,4-D uptake, this process is distinct from
that of glycine and does not involve di-
valent cation complexation.

The uptake of 10—4 A4 2,4-D by gills of A.
californiensis is unaffected by an equimolar
conceatration of glycine, but is reduced by
102 M glycine (Fig. 3). The uptake of 2,4-
D at the 2-min value is the same in distilled
water, 10-% and 103 M glveine, but at §
min and longer the uptake of 2,4-D at [0—3
M glycine is increasingly reduced below
that of the rising uptakes of the other solu-
tions and the 2-min value for all solutions.
Several explanations are possible. The 2.4~
D could bind rapidly to surface sites but be
displaced from these sites by a slower bind-
ing but more thermodynamically favored
glycine association. Another possibility is
that glycine at 10~ M slowly alters the
physical properties of the surface and re-
duces the surface area available for 2,4-D
association,

Losses of Ca>*, Mg>*, and Primary
Amines

For gills of A. californiensis the losses of
CaZ* (Fig. 8) and Mg2+* are increased over
that found in distilled water by the addition
of 2,4-D at concentrations of 10-4 M or

greater. Primary amines loss is increased
over that found in distilled water by 10-4 M
2,4-D, but is reduced below that found in
distilled water by 103 A 2.4-D. There
probably is a connection between this ob-
servation and that of the effect of glycine on
the uptake of 2,4-D by A, californiensis gills
described in the previous paragraph. A pos-
sible explanation involves physical changes
in the gili induced by the addition of glycine
or 2,4-D. For the marine species, M. cal-
ifornianus, the addition of 2.4-D at the lev-
efs used for A. cqliforniensis increases the
loss of primary amines with increasing con-
centration of 2,4-D,

Potential Ecological Impact

In summary, in terms of their potential
ecological impacts, both 2,4-D and PNP re-
duce the influx of glvcine into the gills M.
californianus. The inhibition of this active
transport process decreases the accumula-
tion of a biologically important compound
used by the organism in its amino acid pool
(20}.

For A. californiensis gills the losses of
Ca’* and Mg?*, cations known to stabilize
membranes, and primary amines from the
amino acid pool are enhanced at fow con-
centrations of 2,4-D. For M. californianus
gills 2,4-D enhances primary amine !oss.
The data show that 2,4-D acts to disrupt the
membranes of these gills and cause exces-
sive losses of amino acids.

Thus, the net effect of the presence of
2,4-D at the levels studied is a reduction in
the amino acid pool. Changes in the size of
amino acid pools as a result of stress im-
posed upon bivalve molluscs have been the
subject of several studies (20, 21). The
work of Sanson et al. (21) suggests that
stress resulting from pollutants causes
changes in both the composition and
amount of the free amino acid pool. This
work suggests the same result and indicates
on a molecular level why the amino acid
pool is altered.
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