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MATERIALS AND METHODS

Experimental animals

Freshwater crayfish, Cambarus diogenes diogenes (wt
range 5 19.9–38.6 g) were obtained from Boreal Laboratory
(St. Catharines, ON, Canada). A total of 46 crayfish were held
in a 400-L fiberglass tank, supplied with a minimum of 2.5
L/min of dechlorinated, aerated Hamilton city tap water (ON,
Canada) ([Na1] 0.6 mM; [Cl2] 0.7 mM; [Ca21] 1.0 mM;
[ ] 1.9 mM; DOC 1.3 mg/L; pH 7.9–8.2). The holding2HCO3

tank was supplied with a number of short lengths of polyvi-
nylchloride (PVC) tubing of appropriate diameter for shelter
to reduce aggression. The crayfish were allowed to acclimate
to these laboratory conditions for at least 7 d prior to exper-
imentation. The temperature was 9 6 18C throughout accli-
mation and all subsequent procedures. The crayfish were fed
dry trout pellets (Martin’s Feed Mills, ON, Canada) three times
a week.

Experimental design

Two experiments were performed in this study. In the first
experiment, two groups of eight crayfish were transferred from
the holding tank to individual aerated PVC chambers (vol
;300 ml) for subsequent measurements of unidirectional Na1

flux rates and total ammonia (Tamm) efflux rates. The crayfish
from one group (mean wt 27.3 g, range 23.8–33.0 g) received
dechlorinated, aerated Hamilton city tap water (200 ml/min)
and served as a controls. The second group (mean weight 27.4
g, range 22.9–38.6 g) was exposed to silver via a flow-through
system. A mixing chamber received a constant flow of de-
chlorinated, aerated city water (ionic composition as described
previously) from a head tank, and a concentrated silver (as
AgNO3) stock solution (shielded from light) was added at a
constant rate from a Mariotte bottle (SMS, Tuscan, AZ, USA).
The silver concentration in the stock solution was adjusted to
yield a nominal silver concentration of 10 mg (91 nmol)/L.
This concentration was chosen to allow for a direct comparison
with previous studies of silver toxicity on rainbow trout under
identical conditions [4]. Water silver concentrations were mea-
sured by atomic absorption (Varian AA-1275 with GTA-9 at-
omizer, Varian, Mulgrave, Australia).

In the second experiment, four crayfish were placed in each
of four aerated 5-L PVC containers for subsequent serial sam-
pling of hemolymph. Two containers received silver-free tap
water (300 ml/min), and these crayfish served as controls
(mean weight 24.6 g, range 19.9–31.3 g). The other two con-
tainers received silver-contaminated tap water (300 ml/min)
from the mixing chamber mentioned previously, and these
eight crayfish (mean weight 26.5 g, range 24.4–28.1 g) were
thus exposed to a silver concentration identical to those of the
silver-exposed crayfish in individual containers. All crayfish
were starved for 48 h prior to the start of the test and were
allowed to acclimate to the holding chambers for 24 h prior
to experimentation.

Na1 and Tamm flux experiment

Fluxes were measured for individual crayfish in the first
experiment. The water flow to the individual flux chambers
was terminated, and 22Na (10 mCi/L, Amersham, Oakville, ON,
Canada; specific activity of 303 Ci g/L Na1) was added to the
water of each flux chamber. After a 15-min equilibration pe-
riod, two 5-ml samples of water were obtained from each flux
chamber; one was designated for 22Na1 radioactivity and total

Na1 measurements, and one was frozen immediately in liquid
nitrogen for later analysis of Tamm. After 2 h, an additional two
water samples were collected as described previously, and the
water flow to each flux chamber was reestablished. For the
silver-exposed crayfish, the water contained 8.41 6 0.17 mg
silver/L throughout the duration of the experiment. This pro-
cedure was repeated at 12, 24, 48, and 96 h of silver exposure
and at the same times for control crayfish.

Unidirectional Na1 influx rates were calculated from the
disappearance of 22Na radioactivity from the water in the flux
chamber during the 2-h flux period, the mean specific activity
of the 22Na in the water, the chamber volume, the animal’s
body weight, and the elapsed time as outlined in detail in
Grosell et al. [29]. The specific activity of plasma Na1 never
exceeded 5% of the corresponding specific activity in the wa-
ter, and corrections for 22Na efflux were thus not necessary
(see Grosell et al. [29] for further details). The net Na1 flux
was calculated from the change in total Na1 concentration in
the water over the 2-h flux period, the flux chamber volume,
the weight of the crayfish, and the time elapsed. The unidi-
rectional Na1 efflux was calculated by difference, using the
corresponding equation for each individual set of measure-
ments.

After the 96-h exposure to silver, a terminal hemolymph
sample was obtained via a syringe fitted with a G26 needle
inserted between the carapace of the thorax and the first tail
segment. An aliquot of the hemolymph was frozen immedi-
ately in liquid nitrogen and stored at 2708C for later analysis
of Tamm, and the remaining hemolymph was stored at 2208C
for later analysis of Na1, Cl2, and silver concentration. After
a period of time on ice sufficient to render the crayfish com-
pletely nonresponsive, the gills of thoracic appendages 2 to 7
were excised (the gills of thoracic appendages 1 and 8 are
greatly reduced or absent). Gills from the left side of the animal
were stored for later analysis of silver concentration, while
gills from the right side were freeze clamped in liquid N2 and
stored at 2708C for later analysis of Na/K-ATPase activity. In
addition, the antennal glands (left for silver analysis, right for
Na/K-ATPase activity measurement), the hepatopancreas, a
subsample of the tail muscle, and the thoracic carapace were
obtained for later analysis of silver concentration.

Serial sampling of hemolymph experiment

In the second experiment, hemolymph was obtained from
each individual crayfish prior to and at 24, 48, and 96 h of
silver exposure and at parallel times for the controls. In ad-
dition, after the 96-h sampling, terminal tissue samples for
silver analysis were taken as described previously. This second
experiment was conducted because the serial percentage he-
molymph sampling procedure might have affected the animals
in the first experiment and thus might have interfered with the
previously described flux measurements conducted with them.

Analytical techniques

Hemolymph ammonia was measured using an enzymatic
assay (Sigma Chemical, St. Louis, MO, USA; Kit 171) mod-
ified for microtiter plate use. Ammonia concentrations in water
samples were measured by the colorimetric method of Ivancic
and Degobbis [30], hemolymph Cl2 concentrations were de-
termined using the colorimetric assay of Zall et al. [31], and
Na concentrations in the hemolymph and the water from the
unidirectional flux study were analyzed using a Varian AA-
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by environmental factors (arising from studies on fish) may
apply also to invertebrates.
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