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ABSTRACT

Here we describe an experimental design aimed to investigate changes in total cellular levels of Na* and K* ions in cultures of
freshwater filamentous cyanobacteria. Ion concentrations were measured in whole cells by flame photometry. Cellular Na* levels
increased exponentially with rising alkalinity, with K* levels being maximal for optimal growth pH (~8). At standardized pH conditions,
the increase in cellular Na*, as induced by NaCl at 10 mM, was coupled by the two sodium channel-modulating agents lidocaine
hydrochloride at 1 pM and veratridine at 100 uM. Both the channel-blockers amiloride (1 mM) and saxitoxin (1 uM), decreased cell-
bound Na* and K* levels. Results presented demonstrate the robustness of well-defined channel blockers and channel-activators in the

study of cyanobacterial Nat- K+ fluxes.

INTRODUCTION

Cyanobacteria are oxygenic phototrophic prokaryotes that have a
cosmopolitan distribution and represent important organisms in
all kinds of habitats. The majority of freshwater cyanobacteria are
alkaliphilic microorganisms, growing naturally and preferentially
at pH > 8. In alkaliphilic bacteria, the principal active process
employed for the maintenance of cytoplasmic pH neutrality
involves the cycling of ions (mainly Na™ and K*) across cell
membranes (for review, see (1) and (2)). These mechanisms are
also involved in Na' stress resistance. In cyanobacteria, the

maintenance of non-toxic intracellular sodium levels ([Na*] < 10
mM) and pH neutrality is achieved by net H* accumulation
coupled to Na* efflux as mediated by the Na*/H* antiporter (3-
5). This process is energized by an imposed proton motive force
(6-7), with uptake of Na* required only in alkaline conditions.
Na* uptake can be achieved by general sodium/solute
symporters, cation channels (2, 8) or pH-gated Na* channels (3).
A schematic diagram summarising the proteins involved in the
sodium cycle is shown in Fig. 1. Unfortunately, prokaryotic
sodium channels and their characteristics remain largely
uncharacterized (9-10).
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Fig. 1: Primary elements which have defined roles in the Na* cycle and
alkaline pH homeostasis of facultatively alkaliphilic microorganisms. Na*
ions can be removed from the cytosol either by H* exchangers or by ATP-
dependent ABC-type sodium transporters. Na* uptake can be achieved by
sodium/solute symporters and cation channels, such as NtpJ-, KtrB-,
MotAB/PomAB-, and HKT-1-like proteins (2, 8, 34). Homologues of these
molecules are present in cyanobacteria (5, 29, 34, 35). The existence of a pH-
gated sodium channel (pH-Na) is also hypothesized (3).

The study of sodium homeostasis can be particularly important
in the case of toxic tropical and sub-tropical cyanobactetial
species such as Cylindrospermopsis raciborskii and Anabaena circinalis
(11-13). These freshwater filamentous cyanobacteria represent
the major components of phytoplankton communities in
ecosystems that are periodically punctuated by flood and drought
periods, with alkaline pH and increasing salinity being correlated
to the occurrence of dense and toxic summer water-blooms (14).

The purpose of this paper is to summartize an approach recently
developed and optimized to study cyanobacterial sodium fluxes
and related functions. Here we describe the research technique
and the experimental design to address the effects of natural
conditions (pH, salt) and channel-modulating agents (amiloride,
lidocaine, veratridine, and saxitoxin), on total Na*- K* cellular
levels in the cyanobacterial species Cylindrospermopsis raciborskit.
The results presented were obtained by means of flame
photometry analysis, and suggest that in C. raciborskii, sodium
fluxes are responsive to channel-blockers and channel-activators
similar to the extent that has been well-documented for
eukaryotic cells.

MATERIALS AND METHODS

Growth conditions and cyanobacterial cultures

C. raciborskii strain T3 was kindly provided by Sandra Azevedo
(Federal University of Rio de Janeiro, Brazil). C. raciborskii strain
AWT205 was obtained from Peter R. Hawkins (Australia Water
Technologies, EnSight, West Ryde, NSW, Australia). Both strains
wete grown in ASM-1 medium (15). Cultures were maintained in
glass 250 mL flasks in a cabinet at a constant temperature of
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26°C and under continuous itradiance of cool white light at an
intensity of 15 pumol photon m2 s. Cultures were monitored
spectrophotometrically by recording the optical density at 750 nm
(OD730) with a Lambda 10 UV/VS spectrometer (Petkin Elmert,
Inc., Shalton, CT).

lon-channel modulating agents

Reagents were obtained from Sigma-Aldrich (Sigma-Aldrich Co.,
Dorset, UK). Lidocaine hydrochloride and amiloride solutions
(100 uM and 100 mM, respectively) were prepared freshly in
Milli-Q water prior to each experiment and diluted in culture
medium to obtain the final concentrations required. Veratridine
was dissolved to a final concentration of 10 mM in acidic Milli-Q
water (pH 2) and stored at -20°C. Certified standard solutions of
saxitoxin (PSP-1C and STX-diHCI-C) were obtained from the
Institute of Matine Bioscience (IMB), National Research Council
of Canada, Halifax, NS, Canada. Saxitoxin standards were stored
at -20°C with the stock solutions diluted into the culture medium
to obtain the final test concentrations.

Flame photometry analysis

Total cellular Na* and K™ levels in cyanobacteria were assayed by
flame photometry. Na* and K* standard solutions (both 100
mM) wete prepated fresh every week in 15 mL Falcon® plastic
tubes using sterile Milli-Q water and stored at 4°C. Prior to
calibration, Na* and K* standards were diluted 1/200 in diluent
flame solution (3 mM Li in MilliQQ water) and immediately
analysed. Two millilitre aliquots of C. raciborskii cultures were
collected and harvested by centrifugation in 2 ml. Eppendorf
plastic tubes at 11000 g for 15 min. All sampled pellets were
resuspended in 0.5 mL of diluent flame solution and immediately
analysed for total Na*- K* cellular content using a FLM3 Flame
Photometer (Radiometer, Copenhagen, Denmark).

Statistical analyses

All experiments were performed in triplicate or quadruplicate.
Graphical and descriptive statistical analyses were performed
using the software for PC Origin 5.0 (Microcal Software, Inc.,
Northampton, MA).

RESULTS AND DISCUSSION

Experimental design

In this study we chose, as experimental cultures, cyanobacteria in
mid—logarithmic growth phase (OD750 = 0.3 to 0.4). Such
condition provides a sufficient density of cells to detect changes
in cellular ion levels without the physiological constraints induced
by higher cell concentrations. To evaluate the effect of pH on
total cyanobacterial Na*- K* levels, aliquots of the same mid-
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logarithmic culture were adjusted to different pH and analysed
after 2 h. To further study cellular Na*- K* levels, we chose the
optimal conditions for strain growth, corresponding to pH > 8,
which are also associated with active Na* homeostasis (1, 2).
Additionally, some channel-blockers such as lidocaine are
considered active only when the net charge of the molecule is
equal to 0, which is achieved at alkaline pH (16). To assay
cyanobacteria with the different agents, cultures were adjusted to
pH 8.1 by adding HEPES buffer to a final concentration of 10
mM.

Experiments were catried out for 60 min or 120 min in 20 mL
volume cultures, from which 2 mL aliquots were withdrawn at
each time point. Samples treated with NaCl were harvested
immediately after exposure (0 min) and at 30, 60 and 120 min,
with unexposed controls monitored for an additional sample at
90 min. To study the effects of channel-modulating agents,
culture aliquots were withdrawn also prior to treatment (-5 min).
A short time-scale was preferred in these experiments since Na*
homeostasis mechanisms are known to be activated very quickly
in cyanobacterial cells (4). Long-term adaptation, conversely, can
result in the production of osmolytes or in the induction of
different homeostatic responses rather then the cycling of Na*
ions (4, 17). Cultures were exposed to NaCl at 10 mM, lidocaine

at 1 pM, amiloride at 1 mM, veratridine (VID) at 100 uM, and

saxitoxin (STX) at 1 uM. Concentrations of NaCl and channel-
modulating agents were chosen based on previous studies on
cyanobacteria (8, 18, 19), and general physiological investigations
on animal sodium channels (20-24). Samples withdrawn from
cyanobacterial cultures were prepared and immediately analysed
by flame photometry. This is an atomic emission technique for
the routine detection of metal salts, principally Na, K, Li, Ca, and
Ba. Flame photometry is a simple, relatively inexpensive, high
sample throughput method used for clinical, biological, and
environmental analysis. This method has been preferred to the
use of fluorescence probes in the study of total cyanobacterial
Na*- K* levels.

Effects of pH and NaCl on Na+- K+ levels

The imbalance of total cellular Na*- K* levels induced in C.
raciborskii strain T3 by applied pH and sodium stresses is shown
in Fig. 2. In response to rising alkalinity, K* levels had their
maximum for optimal growth pH (7 to 10.5), but decreased for
pH values higher than 11. On the other hand, cellular Na*
content increased exponentially with the rising alkalinity of
media, achieving the highest concentration at pH 12. Exposing
C. raciborskii T3 cultures to 10 mM NaCl resulted in an increase
of total Na* levels coupled with a corresponding decrease in
cellular K*. The effects induced by salt stress on total cellular
Na*-K* levels reached a maximum 30 min after the onset of the
experiment, and slightly decreasing subsequently. This may
indicate the activation of long-term adaptation mechanisms
occurring only 60 min after the induction of a salt stress
response. The highest and lowest values reached for the two ions
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over the samples at 0 min were 36% and -25% for Na* and K,
respectively.
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Fig. 2: (a) Total cellular Na* (m) and K* (0) concentrations measured by
flame photometry (mM = Standard Error in the final cells suspension) in C.
raciborskii strain T3 cell suspensions adjusted to different pH and
analysed after 2 h. (b) Time course of total cellular Na* - K* levels in C.
raciborskii ‘T3 cultures exposed to 10 mM NaCl for 2 h (Na* = m, Kt = @), in
comparison with untreated samples (Na* = O, K* = 0); values are expressed as
average percentile variation over the sample at 0 min + Standard Error.

Effects of lidocaine and amiloride on Na+- K+ levels

To further investigate changes in Na* and K* cellular levels, we
utilized amiloride at 1 mM and lidocaine at 1 uM to alter ion
fluxes in C. raciborskii T3 over 2 h of exposure. Amiloride is a
Na* channel-blocker that has been associated with the blockage
of sodium channels utilized in the maintenance of pH and
sodium homeostasis in eukaryotes (24) and prokaryotes (25),
including the cyanobacterium Symechocystis PCC 7120 (4).
Lidocaine is a medical local anaesthetic and its physiological
effect is related to the blockage of animal sodium channels (16).
Additionally, lidocaine hydrochloride has been shown to intetfere
with the activity of Na*/H' antiporters in several other
organisms (23, 26, 27). According to the model of alkaline pH
and Na* homeostasis previously introduced, the inhibition of
Na*/H* antiporters would result in a net Na® intracellular
accumulation, while the blockage of sodium uptake would lead to
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a concomitant cytoplasmic decrease in this ion. Here we show
that amiloride and lidocaine can interfere with cyanobacterial Na*
uptake and Na' export mechanisms, respectively, affecting in
opposite ways the total cellular sodium concentrations (Fig. 3).
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Fig. 3: Effects of amiloride at 1 mM (a) and lidocaine hydrochloride at 1
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The two sodium channel blockers elicited a rapid response by ion
cycles, as seen by comparison of Na* and K* values at -5 min
and 0 min (ie., immediately after addition of the blockers).
Amiloride at 1 mM (Fig. 3A) induced a decrease in total cellular
Na* and K* levels. However, Na* values diminished by only 21%
after 2 h, while K* content decreased to -76% of samples at -5
min. This may indicate a more specific effect of amiloride for K*
rather than Na* uptake mechanisms. Lidocaine hydrochloride at
1 pM, in contrast, promoted the cellular increase of both Na*
and K* values within 30 minutes (Fig. 3B). Potassium ions
eventually decreased to control levels after 60 minutes, with the
highest and lowest values reached for Na* and K*, compared
with samples at -5 min, of 42% and -15% at 60 and 120 minutes,
respectively.
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Effects of veratridine and saxitoxin on Na+- K+
levels

STX, one of the most potent natural neurotoxic alkaloids (28),
selectively blocks voltage-gated Na*t channels in excitable cells
(21). This toxin acts from the extracellular side of the plasma
membrane by occluding the entry of the sodium channel pore.
VTD is a Na* channel activator that binds to the inner side of the
sodium channel pore. By its action, VID alters the channel
activation kinetics and inhibits the sodium channel inactivation,
thereby increasing Na* permeability in eukaryotic cells (20). In C.
raciborskii strain AWT205, the stress induced by 10 mM NaCl
increased total cellular Na* levels compared to the untreated
controls (Fig. 4A).
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Fig. 4: (a) Time course of total cellular Na*- K* levels in C. raciborskii
strain AWT205 cultures exposed to 10 mM NaCl (Na* = m, K* = O) in
comparison with untreated control samples (Na* = ®, K* = o). (b) Effects
of STX at 1 pM (Na* = ¥, K* = V) and VID at 100 upM (Na* = A, K* = A)
on total cellular Na*- K* concentrations in C. raciborskii AWT205. Values are
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expressed as average percentile variation over the sample at -5 min + Standard
Error.

Na* uptake by the cells was shown to be very rapid, and the total
cyanobacterial sodium content remained stable over the 60 min
course of the experiment. Total K* content of cells was only
slightly affected by 10 mM NaCl, suggesting that the homeostasis
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of K* is of marginal consequence in the Na* stress response of
this strain. On the other hand, both Na™ and KT cellular levels
wete altered due to the effects of STX at 1 pM and VTD at 100
uM (Fig. 4B). The addition of VID dramatically stimulated
cyanobacterial Na*™- K* accumulation while STX markedly
inhibited the cellular uptake and hence intracellular levels of both
ions. The observed opposing effects of STX and VID on
cyanobacterial Na*- K* jon fluxes were rapid but not Na*
specific, as predicted by the interaction of these compounds with
eukaryotic cells. These results suggest that, in cyanobacteria, Na*
flux is not the only cellular response elicited by these two
compounds. Furthermore, STX and VID may have less specific
effects on prokaryotic cells than those reported in the literature
for eukaryotic sodium fluxes, or the target of these two agents on
cyanobacterial cells may be a binding protein involved in both
Na* and K* homeostasis. The latter hypothesis is consistent with
several reports in the literature demonstrating the presence, in
cyanobacterial cells, of channel proteins permeable to both
sodium and potassium ions (29-31).

Culturing factors that can influence response

Cyanobacterial growth can be affected by a variety of factors,
that can determine substantial changes in the physiological
response. Alkaline pH represents one of the most critical among
these factors. To facilitate cyanobacterial growth and to maintain
an active Na* cycle, it is necessary to maintain the pH level above
8. As seen in Fig. 2A, however, a change in 1 unit of pH could
result, in extreme alkaline conditions, in a 2 to 3 fold increase in
cellular Na* levels. For this reason, the use of buffers with pH
range from 8 to 9 is critical for these kinds of experiments.
Similarly, culture media too rich in nutrients, salts, or NaHCO;
should be avoided. In addition, varying light intensity or
photoperiod could result in substantial changes in the
cyanobacterial physiological response to pH, Na* stress or ion-
channel modulating agents. As previously —mentioned,
cyanobacterial homeostasis mechanisms can be energized by an
imposed proton motive force (6, 7), which is principally derived
from photosynthetic activity.

Reproducibility and statistics

Reproducibility from laboratory to laboratory of the physiological
investigations performed in this study can be influenced by the
nature of the strain utilized. As seen in Figs. 2B and 4A, different
strains of the same species may respond to applications of the
same stress in quantitatively diverse measures. Heterogeneity in
the response, in this case, reflects both the origin and the genetic
background of the two strains employed (11, 12, 32).
Additionally, as mentioned earlier, reproducibility can be
influenced by the interplay between the different culturing and
inducing factors. Together with inter-strain heterogeneity, intra-
strain phenotypic-switching phenomena can also occur. After
generations of lab-culturing, although it is uncommon, it has
been documented that sub-cultures may diverge from the
originals with respect to certain physiological functions, such as
the production of secondary metabolites (33). In this study,
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experiments were performed in replicates maintained in identical
conditions. In some instances, however, we observed samples
eliciting no expected response, and possible explanations for
these occurrences range from rare contamination to experimental
inaccuracies and unknown biological factors. We strongly
suggest, therefore, to approach similar investigations performing
replicate experiments, repeating them at least twice, with samples
prepared in duplicate or triplicate for a final data set of four to six
replicates. This allows the use of statistical analysis such as
ANOVA, and a more sound interpretation of results.

CONCLUSIONS

The present paper indicates, as summarised in Table 1, the
usefulness of well-defined pharmaceuticals for studying
cyanobacterial physiology. Traditionally, this type of study would
have been approached by varying known ecological parameters.
Ton-channel modulating agents are a potential tool to further
investigate aspects of the cyanobacterial stress response and
related metabolisms. The experimental design proposed can be
applied to other cyanobacterial species, algae or bacteria. Results
revealed hetre also indicate an association between prokatyotic
and eukaryotic alkaline pH/Na*™ homeostasis, an association that
may also suggest analogies in ion channel structures and
functions.

Table 1: Properties of the agents used in this investigation,
with respect to their primary effects on eukaryotic cells and
their effect on Na* and K* fluxes, as observed in this study.

Concen- Principal effect on Effect on
Agent . . .
tration eukaryotic cells cyanobacteria
o Blockage of Pt thelial Decreases both Na*
Amiloride 1 mM mechano-sensitive Na*
and K* uptake
channels
+ . ceQ +
Lidocaine 1M Bl()ckage of Na* channels Increases th uptake,
in neurons decreases K* uptake
o Blocks voltage-gated Na* Decreases both Na*
Saxitoxin TuM channels and K* uptake
. . . 1o+
Veratridine 100 uM Maintains voltage-gated Na Increases both Na

channels in activation state and K* uptake
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