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Previous studies have shown that Pseud Sluor: s exerts cytotoxic effects on neurons and glial cells. In the
present work, we investigated the time course effect of Pseudomonas fluorescens MF37 and of its lipopolysaccharide
(LPS) on cultured rat cerebellar granule neurons. The kinetics of binding of P. fluorescens to cerebellar granule
neurons is identical to that of cortical neurons but the binding index is lower, suggesting the presence of a reduced
number of binding sites. As d ‘fatetji by ent of the tration of nitrites in the culture medium, P.
Sluorescens induces a rapid stimulation (3 h) of the nitric oxide synthase (NOS) activity of the cells. In contrast, LPS
extracted from P. fluorescens requires a long lag phase (24 h) before observation of an activation of NOS.
Measurement of the resting membrane potential of granule neurons showed that within 3 h of incubation, there was
no difference of effect between the action of P. fluorescens and that of its LPS endotoxin. Two complementary
approaches allowed us to demonstrate that P. fluorescens MF37 presents a rapid invasive behaviour, suggesting a
mobilisation of calcium in its early steps of action. The present study reveals that P. fluorescens induces the
sequential activation of a constitutive calcium dependent NOS and that of an inducible NOS activated by LPS. Ours
results also suggest that P. fluorescens cytotoxicity and invasion are not mutually exclusive events.
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INTRODUCTION proteins for y-aminobutyric acid, the main
Pseudomonas. fluorescens, a inhibitory neurotransmitter of the CNS [5,

bacterium closely related to the 6].

opportunistic pathogen Pseudomonas We have previously shown that P.

aeruginosa is considered to be as common fluorescens can bind to glial cells [7] and

as this species in the environment [1]. Few that its lipopolysaccharide (LPS) modulates

years ago, P. fluorescens was found to be
responsible for 60% of the cases of post
transfusion septicaemia in United Kingdom
[2]. The involvement of P. fluorescens in
infections of the central nervous system
(CNS) in human remains controversial
because of the difficulty in identifying the
strains present in hospital [3]. However, this
bacterium is known to cause local facial
infections by using routes of penetration
into the CNS identical to those of P
aeruginosa [3]. In addition, it is well
established that P. fluorescens provokes CNS

infections in fish [4] and express binding

potassium channels in target cells (8]. The
dose-related effect of the LPS from .P.
fluorescens has been determined on glial
cells and cortical neurons using a
morphological approach [9]. Also, we have
demonstrated that within 24 h, the LPS can
induce the expression of a nitric oxide
synthase (NOS) associated with apoptosis
[9). However, until now the time course of
the cytotoxic effect of P. fluorescens on
neurons has not been studied in details
since this work requires a cell population to
investigate the effect of both intact living

bacteria and LPS on biochemical indicators



of cytotoxicity and on the plasma membrane
potential.

In addition, since membrane ionic
currents play a central role in the adhesion
of bacteria to the target cells and on the
internalisation activity [10], it appeared
essential to correlate the cytotoxic activity of
P. fluorescens to its binding and invasive
potential.

In the present study, we selected a
homogeneous neurconal cell line, cerebellar
granule neurons, to compare the kinetics of
the cytotoxic action of P. fluorescens MF37
and its LPS and the relative effect of the
bacterium and its LPS endotoxin on the
membrane ¢urrents. The results are
discussed in regard to the activation of the
different NOS expressed in neurons and to
the invasive behaviour of the bacterijal
strain.

MATERIAL AND METHODS
Bacterial culture and LPS extraction

The strain MF37 of Pseudomona
fluores.ens is a natural rifampicin resistant
mutant of the psychrotrophic strain MFO
isolated from crude milk [11]. P. fluorescens
MF37 was grown at 28°C in Luria Bestani
(LB). Just before the experiments bacteria
in early stationary phase were harvested by
centrifugation (6000 rpm, 4 min, 20°C) and
resuspended in ‘culture medium bathing
nevrons without antibiotics or antimycotics.
The LPS from P. fluorescens was purified as
previously described [12]. The degree of
purification of the LPS and tlre absence of
contaminant protein was controlled by
capillary electrophoresis analysis of the
extracted molecule foilowing tue technigue
of Picot et al [13]

Culture of neurons

Cerebellar granule neurons were
obtained from 6-8 day old rats. The
cerebellum was mechanically dispersed in
culture medium coasisting of DMEM/Ham’s
medium (3:1) supplemented with 10% foetal
calf serum, 2 mM glutamine, 5 ug/ml
insulin, 100 pg/ml transferrin, 20 uM
putrescine, 1 mM sodium pyruvate, 30 nM
sodium selenite, 25 mM KCl, 20 nM
progesterone and-:containing 1% antibiotic-
antimycotic solution. The suspension was
filtered on a sterile 82 um nylon filter to
remove the remaining tissue fragments.
Neurons were plated on glass coverslips at a
density of 1.5 x 106 - 8 x 106 cells/ml after
the experiments.
Adherence assays

For the adherence assays, the
culture medium of neurons was replaced by
‘medium without antibiotics and
antimycotics, and the bacterial suspension
was added at a concentration of 106 CFU/ml
which  roughly corresponds to that
considerea as a pathogenic dose [14]. The
cells were fixed for 5 min in methanol and
incubated in Coomassie blue 0.5% in
methanol/water (V/V) and counterstained
tor 15 min in a Giemsa solution. Culture
shdes were rinsed 3 times for 5 min in
methanol/water {1:1) and mounted under
glass slides in phosphate buffer (PB; 0.1 M,
pH 7.4) — glycerol (1:1). The binding index
was determined by counting the number of
bacteria adherent to the cytoplasmic
membrane of the cells. Observations were
done under an Axiovert' S100 optical
microscope (Zeiss, Oberkochen, Germany})
equipped with an Olympus SC35
prhotographic system.



Determination of the nitric oxide synthase
{NOS} activity
Nitrite ions {NO?2-), considered as

representative of the activation of nitric
Ooxide synthase (NOS) involved in the
apoptotic process of neurons, were assayed
using a technique derived from the Griess
colorimetric reaction. The experiments weére
performed using neurons plated at high
density (8 x 106 cells/ml) and after 7 days
of culture in vitro (DIV=7). The assays were
carried out wusing living bacteria (P.
fluorescens 106 CFU/ml) and LPS from P.
Jluorescens (200ng/ml}. Control studies were
performed by the wuse of; i} bacteria
incubated for the same period in culture
medium for neurons but in the absence of
the cells, and ii) an extraction buffer made
following the same protocol used for the
extraction of LPS but in the absence of
bacteria. The intra- and inter-assay
coefficients of variation were lower than 3
and 8% respectively

Measurement of the resting membrane
potential (RMP) of neurons
Electrophysiological recordings were

performed at room temperature (20-22°C)
using the patch-clamp technique [15] in the
whole-cell configuration in current-clamp
mode. Recordings were made with a patch-
clamp amplifier (Axopatch 200B, Axon
Instruments Inc, USA). The culture medium
was replaced by a bathing solution (pH =
7.4) containing 145 mM NaCl, 2.5 mM KC],
2 mM CaCl;, 1 mM MgCl,, 10 mM HEPES
and 10 mM glucose. Cells were allowed to
adapt to the new medium for 15 min. The
patch-pipette (3-S5 MQ, Harvard apparatus)
was filled with a solution of 100 mM KCl, 2
mM MgCl2, 1 mM CaClz, 10 mM EGTA and
10 mM HEPES, (pH = 7.4). Data acquisition

was performed with a computer-controlled

interface using pclamp software version 8.1
(Axon Instruments, USA).
Tests of invasiveness

The invasive behaviour of P.
fluorescens in cerebellar granule neurons
was investigated using two complementary
approaches, the microscopic acridine orange
internalisation assay and the gentamicin
survival assay.

In the acridine orange assay, which
is based on the technique described by
Goldner et al [16], neurons exposed to
bacteria (106 CFU/ml) for 4 h were
incubated with 0.01% acridine orange in
Gey’s solution for 45 s at room temperature.
The samples were rinsed with fresh culture
medium and then stained with 0.05%
crystal violet in culture medium for 45 s.
After rinsing, the slides were mounted with
culture medium and immediately observed
or photographed. Acridine orange enters
freely into the neurone cells and stains both
extracellular and intracellular bacteria.
Crystal violet, which does not penetrate into
the neurons, quenches the extracellular
acridine fluorescence. Thus the only bacteria
that can be visualised are those present
inside the cells.

The gentamicin survival assay is a
technique adapted from that used to
quantify Pseudomonas aeruginosa invasion
in epithelial cells [17]. Briefly, neuroris were
exposed to bacteria (106 CFU/ml} for 4 b in
culture medium without antibiotics and
antimycotics. The bacterial concentration
was controlled by measurement of optical
density and plating. At the end of the
incubation period, cultured neurons were
rinsed 3 times with fresh medium to remove
free  bacteria. Control cultures were

immediately treated with 1 ml Triton X100



in PB (0.1% v/v). After plating and counting,
the total number of bacteria present at the
surface and inside the cells was determined.
To determine the number of intracellular
bacteria, after incubation with P. fluorescens
and rinsing, the cultures were exposed to
gentamicin (300ug/ml) for 1 h. The cultures
were ,then rinsed 3 times with 1 ml fresh
culture medium to remove residual
gentamicin and the cells were lysed with 1
ml Triton X100 in PB (0.1% v/v) before
plating and counting. A blank was
performed by incubating P. fluorescens
MF37 for 1h with gentamicin [300ug/ml) to
verify the effect of the antibiotic on the
viability of the micro-organism. Colonies
corresponding to living Dbacteria were
counted after 2 days of culture at 28°C.
Each measure was performed in triplicate.
Statistics

All data were calculated as mean +
S.E.M. Statistical analysis were evaluated by
use of the .unpaired Student’s t test. The
curves were fitted through polynomial
regression equations using Sigma Plot V.

RESULTS

Adherence of P. fluorescens to cerebellar
granule neurons and morphological effects
Cultured rat cerebellar granule

neurons at day 7 were used. This culture
period was previously found to correspond
to the minimal duration allowing the
cerebellar granule neurons to reach their
mature state [18]. As illustrated in Fig. 1 A,
adherence of bacteria to neurons occurred
rapidly. After a 5-h period of incubation, the
adsorption index reached 3.03 £ 0.14
bacteria/neuron. The adherence of bacteria
to the plasma membrane was followed by
marked morphological changes at the level
of both the cell body and neurites. In the

absence of bacteria, mature cerebellar

granule neurons typically exhibited clear T-
shapes and possessed several dendrites and
thin axons with well defined cytoplasmic
limits (Fig. 1 B). In contrast, in the presence
of bacteria, a large number of vacuoles were
observed in the cell body (Fig. 1 C).
Moreover, a pronounced leakage of the
cytoplasmic content was detected.

Kinetics of the stimulation of the NOS of
cerepellar granule neurons by P. fluorescens
and its LPS:

The effect of P. fluorescens MF37

(10 CFU/ml) and of its lipopolysaccharide
(LPS, 200 ng/ml) on the nitric oxide
synthase (NOS) activity of cerebellar granule
neurons was determined after 3, 12 and 24
hours of incubation. In the absence of
treatment, the basal level of NO2 measured
in the medium was under the detection limit
of the assay and remained undetectable
after 3, 12 or 24 h of culture. A 3 hour
incubation of neurons with P. fluorescens
MF37 induced a rapid increase in the
concentration of NO?- that reached 22.3 +
0.4 ug/ml (Fig. 2A). As indicated by the
concentration of nitrite ions detected in the
medium after 12 and 24 h of incubation
(21.2 = 0.9 pg/ml and 21.1 + 1.2 pg/mi,
respectively), the effect of living bacteria was
already maximal after 3 h of incubation.

The kinetics of action of the LPS
extracted from P. fluorescens was totally
different (Fig. 2B). When cerebellar granule
neurons were incubated for 3 or 12 h with
LPS, the concentration of nitrite ions in the
culture medium remained below the
detection limit of the assay and apparently
unchanged. It is only after 24 h of
incubation that a rise in the concentration of
NO?2- was observed and the value (11.1 + 0.4
ug/ml) was only half of that measured with

living bacteria.



Effect of P. fluorescens and LPS on the RMP of
cerebellar granule neurons
The measures were performed on

neurons exhibiting at least 2-3 adherent
bacteria after 4 hours of incubation. The
resting membrane potential of granule
neurons exhibiting bacteria was significantly
(P < 0.001) less negative (~ 46.0 + 4.7 mV,
n=9) than in control neurons (- 63.7 £+ 2 mV,
n=12) (Fig. 3). The LPS extracted from P.
Sfluorescens MF37 (200 ng/ml) provoked a
membrane potential shift of the same range
as that measured with the intact micro-
organism (- 47.2 + 4.8 mV, n=9) and this
value was also significantly different (P <
0.001) from the control (n=9). In order to
verify that the effect of the LPS was
independent of artefacts the same measure
was performed using the extraction buffer
used to purify the endotoxin. Under these
conditions, the resting membrane potential
{(-66.5 + 2.4 mV, n=12) did not significantly
differ from the control.

Invasive behaviour of P. fluorescens in
cerebellar granule neurons
The microscopic acridine orange

internalisation assay allowed us to visualise

clearly stained bacteria in the cytoplasmic

compartment of neurons (Fig. 4A). Counting
of homologous fields showed that an average
of 58% of granule neurons contained
bacteria in their cytoplasm. This value is
above the 5% acecepted as the upper limit
value to consider that a bacterium has an
invasive behaviour [19]. The blank test
performed for the gentamicin survival assay
revealed that gentamicin 300ug/ml was
capable of provoking a total destruction of P.
fluorescens MF37 (106 CFU/ml} in 1 hour.

When cultured neurons were
incubated with bacteria for 4 hours and
then exposed for 1 h to gentamicin
{300ug/ml), a significant number of viable
bacteria were detected, suggesting that these
micro-organisms were protected from
gentamicin by the cytoplasmic membrane of
the cells (Fig. 4 B). This population
represented 32.6 * 3.7 % of the total
number of remaining bacteria associated
with cultured neurons after a 4 h incubation
and 3 rinsing steps. This percentage of
invasive bacteria is in the same range as
that obtained by the acridine orange

internalisation assav.
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Fig. 1: Effects of Pseudomonas fluorescens MF37 (106 CFU/ml) on cerebellar granule neurons at day 7. (A)
Time-course curve of the adherence of the bacteria. Each point corresponds to the mean number of adherent
bacteria/neuron (+ SEM) and was determined over a minimum of 50 neurons. (B-C} Photomicrographs of
cultired cerebellar granule neurons in the absence (B) or presence (C) of bacteria after Sh exposure. Note that
neurites have lost their cytoplasmic content ( _») while the soma is markedly vacuolated ( _))A
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Fig. 2 Effects of Pseudomonas florescens and its LPS on NOS activity of cerebellar granule
neurons. (A) Effects of the living bacteria (10% CFU/ml) on concentration of NO?' measured
in culture medium after 3, 12, and 24 hours of incubation. Control studies were
performed to show absence of NOS activity in P. florescens MF 37 in the experimental
conditions. (B} Effects of the LPS extracted from P. florescens (200ng/ml} on the
concentration of NO? measured in culture medium after 3, 12 and 24 hours of incubation
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Fig. 3. Effects of Pseudomonas florescens MF 37 and its LPS on the
resting membrane potential (RMP} of cultured cerebellar granule
neurons at day 7. The histograms represent the level of the RMP in
control neurons (Left bar], neurons incubated for 4 h with P.
fluorescens 10 CFU/ml and exhibiting at least 1-2 adherent bacteria
(Second bar), neurens incubated for 3 h with 200 ng/ml LPS (Third
bar) or with the extraction buffer employed for the purification of LPS
{Fourth bar). Each bar corresponds to the mean value (+ SEM) of 9
measurements from 3 independent experiments.
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' DISCUSSION
Since it is postulated that the
virulence factors produced by Pseudomonas
are essentially released in response to a
cascade of events initiated by the binding of
the bacterium to its host [1], a first step of
our study was required to determine the
kinetics of binding of P. fluorescens on
cerebellar granule neurons, a cell type on
which

investigated before.

bacteria have not been

The profile of the

these

binding curve ‘of P. fluorescens on cerebellar

granule neurons was similar to that
previously observed on cortical neurons [7]..
In contrast, the binding index of P.
fluorescens on cerebellar granule neurons
was limited to a mean of 3 bacteria per cells
whereas it reached 12 bacteria per cell in
cortical neurons [7]

The heterogeneity of the cell types
present in cortical neurons in primary
culture is much higher than in cerebellar
granule neurons cultures and the difference
of binding index may be ascribed to the
presence in the population of cortical
neurons of cell lines presenting a very high
affinity for hacteria. However, the limited
variations of the statistical values in both
studies is not in favour of -this hypothesis
and, since the size of cortical and cerebellar
neurons in primary culture is in the same
range, we can presume that the number of
binding sites for bacteria in cerebellar
neurons is lower than in cortical neurons. In
spite of these differences, the morphological
effects of P. fluorescens are similar in
cerebellar and cortical neurons. Within 5
hours of incubation with the bacteria,
cerebellar presented

granule neurons

vacuolar inclusions and nuciear

aggregations typical of apoptosis [20]. Thus,

10

cerebellar granule neurons appeared as ;
valuable representative model for the stud;
of the time course effect of P. fluorescen:
and its LPS.

Until now, the effect of P. fluorescens
on the formation of NO2 in the culture
medium of eukaryotic cells, which results
from the activation of NOS, was only
determined after 24 hours of exposure to the
bacteria [13]. The present study revealed
that the activation of NOS: in granule
neurons is very rapid since 3 hours
incubation with P. fluorescens is sufficient to
reach the maximum response. As clearly
indicated by experiments of brain ischemia
in animal models, the stimulation of NOS is
an early event in the apoptotic process of
neurons [21] and the observation of a rapid
rise of the concentration of nitrites (NOZ2)
following exposure of neurons to bacteria is
in agreement with our previous observations
[7].

A striking result was the delay in
response of neurons to the LPS extracted
from P. fluorescens. In addition, even after
24 h of incubation, when a rapid increase in
the production of nitrites was observed, the
level of NO2- measured in the medium was
only half of that obtaingd using the living
The LPS was*

concentration (200ng/ml) corresponding to

bacteria. used at a
that potentially released by bacteria at the
concentration employed in the present study
(106 CFU/ml) [9]. Even though LPS probably
plays a major role in the cytotoxic effect of P.
Jluorescens MF37,
suggest that at least another virulence factor

the present results
is essential in the very early effedts of the
bdcteria. In cerebellar granule neurons, two
types of NOS have been
constitutive type 1 NOS (nNOS]), the activity

identified, a



of which depends on calcium/calmodulin,
and an inducible or type 2 NOS (iNOS) [22].
Rodrigo et al [23] have shown that an
increase in the level of expression of iNOS
can occur within 2 to 4 hours after
stimulation. A concomitant activation of
nNOS can also take place. However, a delay
of 3 hours is short to provoke a maximal
iNOS, the

accumulation of its metabolite (NO) and its

induction of massive
spontaneous conversion into nitrites, as
detected in the medium. Thus, it appears
that the rise of NO observed with intact
bacteria within 3 hours may be essentially
ascribed to a direct activation of nNOS
whereas the action of LPS, characterised by
a long lag phase, could correspond to the
activation of iNOS.

The activity of nNOS is controlled by
transient increases of calcium resulting from
the opening of voltage dependent calcium
channels activated by membrane
depolarisation [22]. The resting membrane
potential of cerebellar granule neurons was
studied using matured cells at 7 DIV since,
as previously observed by Shibata et al 18],
we observed that the resting membrane
potential of the cells, initially less negative (-
41 + 1.2 mV {n=12) at days 2-3}, stabilised
from day 7 to a mean value of - 63.7 £ 2 mV
(n=9). The resting membrane potential of
neurons was measured in cells exhibiting 2
to 3 adherent bacteria and in cells exposed
for 3 hours to LPS. Living bacteria and LPS
both induced a significant shift of the
resting membrane potential to less negative
values, - 46.0 £ 4.7 mV and - 47.2 £+ 4.8 mV
(n=9), respectively (P < 0.001}. These results
were not biased by compounds present, in
the extraction buffer used to purify LPS as
The

demonstrated by control studies.

H

between the
of the

its endotoxin demonstrates

difference
effect

absence of
electrophysiological living
bacteria and
that LPS

responsible for membrane depolarization in

is the major virulence factor

cerebellar granule neurons. The absence of
significant difference between the effect of
bacteria and LPS in these experiments also
indicates that the rise of NO measured after
3 hours using living cells is independent of
LPS and probably involves other virulence
factor(s).
The

observed

membrane depolarization
in the present study is in
agreement with our previous works, showing
that in cerebellar granule neurons, LPS
provokes the reduction of two of the major
voltage-dependent potassium currents [8]. It
is known that in neurons depolarization
the of N-methyl-D-
(NMDA) receptors

calcium influx and to the activation of nNOS

triggers activation

aspartic coupled to
[24]. Prolonged activation of NMDA receptors
leads to apoptosis [25]. Thus, the present
results suggest that the bacterium and its
LPS provoke the biosynthesis of NO by two
pathways resulting in cell death.

The hypothesis that P. fluorescens
rapidly activates nNOS presumes that the
membrane depolarization activates local
This
supported by the morphological changes

calcium influx. presumption is
provoked by the bacteria. Calcium influx

plays a central role in -cytoskeletal
rearrangements involved in cell binding and
(10]. In the

present- study, we demonstrate using two

internalisation of bacteria

different and complementary approaches
that, in addition to binding to cerebellar
P. fluorescens MF37

exhibit an invasive behawviour that can be

granule neurons,



observed within 4 hours of contact, before
any effect of LPS on NOS. As indicated from
the gentamicin assay, P. fluorescens MF37
survived through the
process, ‘but since P. Jluorescens MF37 is a

internalisation

psychrotrophic strain, it is impossible to
determine if the bacteria were able to grow,
in the intracellular compartment.

Nonetheless, since they suggest that
rapidly after binding of P. fluorescens to its
target cell, local changes in calcium
concentrations coupled to internalisation
occur, these resuits support the hypothésis
of an early stimulation of the calcium
dependent nNOS. Further
should be performed to characterise the

calcium channels involved in this process,

experiments

but since the pharmacological agents used
to selectively block ionic channels could aiso
affect the bacterial physiology, this study
deserves a complex electrophysiological
approach. On the other hand, it is important
to note that studies performed with P.
aeruginosa have shown that in epithelial
cells, and cytotoxicity are
independent and mutually exclusive events
[17].

invasion

Thus, the situation of P. fluorescens
MF37 appears more ambiguous since in
addition to presenting a significant, and
occasionally very active cytotexic activity,
when grown at low temperature [13], this
bacterium also  exhibit
behaviour. These résults are in agreement
with clinical observations showing that
whereas P. fluorescens is generally a low

an invasive

virulence micro-organisms, some stfains can
behave as life threatening opportunistic
pathogens [3].

Taken together,
demonstrate that

these results

P. fluorescens can

12

sequentially activate constitutive and

NOS expressed
granule neurons. We have shown that LPS is

inducible in cerebellar
essentially involved in a late induction of
iNOS whereas other virulence factors are
possibly responsible for the early effects of
the bacterium and coulid control its invasive
behaviour.
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