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Abstract

Objective. Septic arthritis is commonly caused by Staphylococcus aureus and is a medical emergency requiring antibiotics
and joint irrigation. The bacteria produce a-toxin causing rapid cartilage cell (chondrocyte) death. Saline (0.9%NaCl) lavage
is normally used to remove bacteria and toxins, however, its composition might be suboptimal to suppress the lethal
effects of a-toxin. We utilized rabbit erythrocyte hemolysis as a sensitive, biologically relevant assay of a-toxin levels to
determine if changes to osmolarity, temperature, pH, and divalent cation (Mg**, Ca®") concentration were protective.
Design. Erythrocytes were incubated in the various conditions and then exposed to a-toxin (“chronic” challenge) or
incubated with a-toxin and then exposed to experimental conditions (“acute” challenge). Results. Raising osmolarity from
300 mOsm (0.9%NaCl) to 400, 600, or 900 mOsm (sucrose addition) when applied chronically, significantly reduced
hemolysis linearly. As an acute challenge, osmotic protection was significant and similar over 400 to 900 mOsm. Reducing
temperature chronically from 37°C to 25°C and 4°C significantly reduced hemolysis, however, when applied as an acute
challenge although significant, was less marked. Divalent cations (Mg?*, Ca>" at 5mM) reduced hemolysis. Varying pH (6.5,
7.2, 8.0) applied chronically marginally reduced hemolysis. The optimized saline (0.9% NaCl; 900 mOsm with sucrose,
5 mM MgCl, (37°C)) rapidly and significantly reduced hemolysis compared with saline and Hank’s buffered saline solution
applied either chronically or acutely. Conclusions. These results on the effect of S. aureus a-toxin on erythrocytes showed
that optimizing saline could markedly reduce the potency of S. aureus a-toxin. Such modifications to saline could be of
benefit during joint irrigation for septic arthritis.
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Introduction work using in vitro bovine cartilage and an in vivo murine
model of septic arthritis with isogenic mutants of S. aureus,
has identified a-toxin as the primary agent causing the rapid
death of cartilage cells (chondrocytes).'*!™* Chondrocytes
are the only cell type capable of maintaining the tissue’s
resilience through the turnover of extracellular matrix pro-
teins and their loss, through the action of a-toxin, will result
in cartilage degradation. S. aureus a-toxin also has longer
term damaging effects on chondrocytes, for example, it may
increase expression of catabolic factors, including matrix

Septic arthritis, a destructive joint disease leading to perma-
nent cartilage damage and disability, affects all ages with an
incidence in Western Europe of 4 to 10 cases/100,000 per-
sons/year."? Staphylococcus aureus (S. aureus) accounts for
40% to 70% of all cases of septic arthritis'** and the inci-
dence is rising due to factors including an aging population,
increased use of immunosuppressive agents, musculoskel-
etal prosthetics, and surgical procedures.” Management of
septic arthritis is to rapidly eliminate the bacteria and asso-
ciated toxins through intravenous antibiotics and copious | ) ) i ) i
e e e . . 5 . .. . Centre for Integrative Physiology, Deanery of Biomedical Sciences,
joint irrigation.” Despite eradication of the bacteria, the University of Edinburgh, Edinburgh, UK
damage caused to articular cartilage persists in >50% of
cases and may lead to osteoarthritis (OA)."*¢ Corresponding Author: ) ,

S. aureus produces an array of toxins, including exotox- g‘.ndre\g. CI' ;' all Cenf_r'e f:: rRI n;egragvijhys'gogy’ Dse anery th burgh

lomedical >ciences, Hug obson building, George square, Inburgl

ins (including alpha [«], beta [B], gamma [y], and delta [3] EH8 9XD, Scotland, UK.
hemolysin),” which are potent virulence factors.*'" Recent Email: a.hall@ed.ac.uk
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metalloproteinases (MMPs) and inducible nitric oxide syn-
thase (iNOS) leading to deleterious changes to cartilage
metabolism.'>"® While there has been considerable atten-
tion given to the development of antibacterials for treating
S. aureus infection, the protection of chondrocytes against
the deleterious effects of a-toxin has not been as intensively
investigated.

S. aureus «-toxin binds to the A Disintegrin And
Metalloproteinase 10 (ADAMI10) receptor present on ani-
mal and human articular chondrocytes and rabbit erythro-
cytes.'”?' This leads to the formation of a heptameric pore
and rapid influx of Na* and water, causing cell swelling and
lysis, leading to the release of intracellular components
resulting in inflammation.”” Rabbit erythrocytes show
only low sensitivity to other hemolysins™ (in contrast to
human erythrocytes>*) and are therefore an extremely flex-
ible and sensitive model system for studying the interaction
between this a-toxin and cell lysis.”* Additionally, the
release of hemoglobin can easily be measured spectropho-
tometrically, allowing the dynamic effects of biologically
relevant activity of a-toxin on cell viability to be assessed.**

The fluid used for joint irrigation is normally isotonic
saline (0.9% NaCl; 300 mOsm), which is hypo-osmotic
compared with normal synovial fluid (400 mOsm).”
Previous work has shown that the sensitivity of chondro-
cytes to other forms of injury may be markedly reduced
when the osmolarity of isotonic saline or culture medium
(typically 300 mOsm) is increased.’®?” This raised the pos-
sibility that the saline currently used for irrigation might be
suboptimal and that altering some of its properties might
reduce the injurious effects of a-toxin and thus be chondro-
protective against a-toxin. Accordingly, we have tested the
effects of osmolarity (300, 400, 600, 900 mOsm), tempera-
ture (4°C, 25°C, 37°C), divalent cations (Ca’* and Mg*")
and pH (6.5, 7.2, 8.0) on the potency of S. aureus a-toxin
using the sensitive rabbit erythrocyte hemolysis assay. The
aim of this study therefore was to determine if these rela-
tively simple alterations to the properties of standard saline
could reduce the damaging effect of S. aureus a-toxin.

Materials and Methods

Biological Materials, Tissue Culture, Reagents

Saline (0.9%; 300 mOsm) used clinically for irrigation
was obtained from Baxter Healthcare Ltd., Norfolk, UK.
Hank’s buffered saline solution (HBSS; 300 mOsm) was
purchased from Invitrogen Ltd., Paisley, UK. HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
buffer was obtained from Sigma-Aldrich Chemical Co.,
Gillingham, UK. TSA (tryptone soya agar), TSB (tryptone
soya broth), and skimmed milk were obtained from Oxoid
Ltd., Basingstoke, UK.

Rabbit Red Blood Cells

The rabbit red blood cell (RBC) hemolysis assay was used
to semiquantitatively determine biologically relevant a-
toxin activity.** Fresh, heparinized RBCs from Orygen Ltd.,
Penicuik, UK, were prepared at ~5% hematocrit in saline
(0.9% NaCl) and kept at 5°C until required. Fresh blood
was obtained weekly and was suitable for up to 5 days of
experimentation after receipt.

Preparation of Bacterial Pellets and Supernatant
Samples

S. aureus strain 8325-4 was kindly provided by Prof. T. J.
Foster and stored at —80°C in 10% v/w skimmed milk.
This strain is a well-characterized prophage-cured deriva-
tive of strain NCTC8325 that produces large amounts of
a-toxin®® and has comparable potency to clinical strains of
S. aureus in terms of chondrocyte-damaging potential.'
When required, bacteria were thawed and streaked onto
TSA plates and cultured (24 hours; 37°C). TSB plates con-
taining 2 pg/mL tetracycline were then prepared and inoc-
ulated with several single bacterial colonies from the TSA
plates and incubated (24 hours; 37°C) with shaking. From
this culture, serial dilutions were performed in saline to
107, spread on TSA plates and incubated (24 hours;
37°C). The number of colony forming units/mL (CFU/
mL) in TSB was typically ~1 X 10°. a-toxin-containing
supernatants were obtained by centrifugation (800 X g; 10
minutes) of the TSB cultures, which were then filter-ster-
ilized and stored (4°C) until required, which was within 1
week. To establish an appropriate time course at the begin-
ning of a week’s experiments, the sensitivity of rabbit
RBCs to a-toxin were assessed by adding a small volume
of toxin to a 5% RBC suspension and incubating at 37°C
for 60 minutes. Samples were taken every 10 minutes,
centrifuged (10,000 X g; 10 seconds) and hemolysis
determined by the absorbance of hemoglobin at 540 nm
(Abs5 . 0) on a Nanodrop spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA). Maximum (100%) hemo-
lysis was determined by freeze/thawing a sample of the
RBC suspension. Percent hemolysis (%H) was then calcu-
lated ((Abs5 0 of sample — Abs5 0 of negative control)/
(Abs5 0 of 100% hemolysis — Abs5 0 of negative control)
X 100%) to give a measure of a-toxin activity. The sensi-
tivity of erythrocyte samples to a-toxin and the amount
and potency of a-toxin produced from each S. aureus cul-
ture, were variable. Rabbit erythrocytes which were rela-
tively insensitive to toxin requiring >1 hour of incubation
before hemolysis was detectable, were not studied further.
A rabbit blood sample that produced ~50% hemolysis
after about 15 minutes was considered acceptable for
experimentation.
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Chronic or Acute Exposure of a-Toxin-
Treated Erythrocytes to Various Solutions and
Temperatures

Chronic Exposure. Suspensions of rabbit erythrocytes were
initially exposed to the experimental conditions of osmolar-
ity, temperature, pH, or divalent cations for 10 minutes
before an aliquot of a-toxin was added, the cell suspension
mixed quickly, and the time course of percent hemolysis
(%H) measurements commenced.

Acute Exposure. The a-toxin-treated erythrocyte suspen-
sions were initially incubated under control conditions and
hemoglobin release measured until this reached 20% to
30% hemolysis. The cell suspension was then challenged
with the various experimental conditions, and the extent of
hemolysis determined until the end of the time course. The
rate of change in %H/10 min for the chronic challenge was
measured over 10 to 20 minutes and for the acute challenge,
the time course was measured over 20 to 30 minutes after
the start of the experiment. Data were shown as the change
in %H/10 min. For the control condition in the “acute expo-
sure” experiments for osmolarity and divalent cations, an
identical volume of saline was added at the same time point
to correct for a-toxin dilution. For the pH experiments,
HEPES (10 mM) was present and pH adjusted using HCI or
NaOH. For some experiments, erythrocytes were suspended
in HBSS (pH 7.2).

Data Analysis and Statistics

Data are shown as means * standard error of the mean
(SEM) for N independent experiments and # replicates for
each experiment (N(n)) and analyzed using GraphPad Prism
Version 7.0b (GraphPad, San Diego, CA, USA).
Nonparametric ¢ tests and analyses of variance were per-
formed as indicated and significant differences accepted
when P < 0.05.

Results

Suppression of a-Toxin Damage by Raising
Saline Osmolarity

To assess the effects of raising saline osmolarity (300
mOsm) above that of synovial fluid (i.e., =400 mOsm) on
the damaging effect of a-toxin on rabbit erythrocytes, 2
types of experiments were performed: (1) chronic challenge
- where erythrocytes were exposed to the various osmotic
conditions, including a-toxin throughout (Fig. 1A) or (2)
acute challenge - where erythrocytes were exposed to o-
toxin until approximately 20% to 30% hemolysis had
occurred, before the hyperosmotic challenge was delivered
(Fig. 1B). For the chronic challenge, by the end of the time

course, control %H (300 mOsm; ~93%) was significantly
greater than 400 mOsm (72%; P = 0.0008), 600 mOsm
(47%; P < 0.0001), and 900 mOsm (21%; P < 0.0001)
(Fig. 1A(i)). An inverse linear relationship was evident
between osmolarity and %H induced by a-toxin (R* =
0.9626; P = 0.0189; Fig. 1A(ii)). The change in %H/10
min was calculated after toxin exposure and was 3.9% for
the control and although reduced at 400 mOsm, was not
significant (2.2%; P = 0.506). However, a reduction was
observed at 600 mOsm (0.7%; P < 0.0001) and 900 mOsm
(0.1%; P < 0.0001; Fig. 1A(iii)).

When osmolarity was raised >300 mOsm, approxi-
mately 10 minutes after a-toxin addition (“acute chal-
lenge”), there was rapid and almost complete protection of
erythrocytes (Fig. 1B(i)). There was a significant decrease
in hemolysis between the control (300 mOsm; 82%) and
hyperosmotic solutions (44%, 41%, 41% for 400, 600,
900 mOsm, respectively) by the end of the experiment
(P <0.0001 for all osmolarities compared with 300 mOsm).
Interestingly, in contrast to the chronic challenge, the effects
of 400 mOsm and greater were not significantly different
when compared with each other (P = 0.327; Fig. 1B(ii)).
The rates of change in %H were significantly decreased for
osmolarities of =400 mOsm (Fig. 1B(iii)). Raising osmo-
larity using sucrose was thus strongly protective particu-
larly after «-toxin damage to erythrocytes had been
initiated.

The osmotic protection conferred by sucrose was com-
pared with that of a different osmolyte (NaCl) to the same
osmotic pressure. At 40 minutes, NaCl (600 mOsm) reduced
%H from the control (300 mOsm) value of 66% * 6% to
56% = 8%, whereas with sucrose this was decreased fur-
ther to 20% = 3%. In additional experiments at the same
time point, when the osmolarity was raised to 900 mOsm,
the %H for the control was 68% = 8% and reduced to 21%
* 7% in the presence of NaCl but was only 4% * 2% with
sucrose (data are means = SD, N = 2). Although NaCl pro-
tected erythrocytes against a-toxin, it appeared less effec-
tive when present at the same osmolarity as sucrose.

Reducing Temperature of Saline Conferred
Protection against a-Toxin-Induced Hemolysis

RBC suspensions were incubated for 10 minutes at the vari-
ous temperatures, treated with a-toxin and then hemolysis
determined. The chronic exposure to reduced temperature
protected erythrocytes treated with a-toxin (Fig. 2A(i)).
After 60 minutes at 25°C, the %H was 48% and signifi-
cantly less compared with 37°C (75%; P = 0.0056).
However, when the a-toxin-treated RBCs were incubated at
4°C, hemolysis was virtually abolished over the time course
studied (P < 0.0001; Fig. 2A(i)). An inverse linear regres-
sion was observed between decreasing temperature and
hemolysis (R* = 1.00; P = 0.002; Fig. 2A(ii)). The rate of
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Figure |. Raised osmolarity reduced rabbit erythrocyte hemolysis induced by Staphylococcus aureus a-toxin. The percent hemolysis
(%H) was measured over 60 minutes under either (A) chronic or (B) acute challenge with various osmolarities as follows; 0.9% saline
(control, 300 mOsm (*)) and saline osmolarity raised by sucrose addition to 400 mOsm (O), 600 mOsm (A) or 900 mOsm (V) either
before toxin addition (chronic) or at approximately 20% to 30% hemolysis (indicated by the bar and arrow — “osmolarity change”).
The panels labeled (ii) show the %H data at t = 60 minutes plotted as a function of osmolarity, and the panels labeled (iii) show the
rate of change of %H/10 min plotted as a function of osmolarity. In this and subsequent figures, significant differences are indicated as
follows: * P < 0.05; ** P < 0.01; *** P < 0.001). Results are means = SEM from 5(2), that is, from 5 independent experiments and 2

replicates for each experiment.

change in hemolysis (%H/10 min) for 4°C, 25°C, and 37°C
was 0.02%, 2.0%, and 2.6%, respectively (4°C vs. 37°C,
P = 0.0115; 4°C vs. 25°C, P = 0.0451) (Fig. 2A(iii)).
When temperature was changed quickly during the time
course (“temperature switch protocol”), no significant dif-
ference in hemolysis was observed between 37°C and 25°C
until the 50-minute time point (71% vs. 66%; P = 0.0232;
Fig. 2B(i)). A significant difference was also found between
37°C and 4°C after 40 minutes (65% vs. 59%; P = 0.001).
Although a linear relationship was evident, there was no
significant deviation from a gradient of zero (R* = 0.979;

P = 0.0923; Fig. 2B(iii)). Therefore, reducing temperature
was more protective before a-toxin addition. However,
after its addition, reducing the temperature from 37°C to
4°C reduced hemolysis by ~10% (Fig. 2B(i)).

Protective Effect of Divalent Cations against
a-Toxin-Induced Erythrocyte Hemolysis
For the chronic exposure experiments, divalent cations

(Ca®* or Mg*" at 5 mM) produced a modest decrease in
hemolysis with significant protection observed as early as
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Figure 2. Decreasing temperature suppressed rabbit erythrocyte hemolysis induced by Staphylococcus aureus a-toxin. The percent
hemolysis (%H) was measured over 60 minutes under either (A) chronic or (B) acute challenge at different temperatures as follows;
37°C (control) (¢), 25°C (O), 4°C (A) either before toxin addition (chronic) or at about 20% hemolysis (indicated by the bar and
arrow — “temperature change”). The panels labeled (ii) show the %H data at t = 60 minutes plotted as a function of temperature, and
the panels labeled (iii) show the rate of change of %H/10 min plotted as a function of temperature. Results are means + SEM from
(4(2)), that is, from 4 independent experiments and 2 replicates for each experiment.

10 minutes with CaCl, (P = 0.0149) and 20 mins with
MgCl, (P < 0.01; Fig. 3A(i)). This was maintained through-
out the exposure protocol. By the end of the experiment,
lower hemolysis levels resulted from cell suspensions con-
taining Ca’* (58.8%, P 0.0063) or Mg*" (60.7%,
P = 0.0231) compared with the control (71.7%; Fig. 3A(i)).
The protective effects of the divalent cations were indistin-
guishable (P > 0.99; Fig. 3A(, ii)). The addition of Mg*"
after a-toxin exposure (“acute exposure”) gave significant
protection (P = 0.02) against hemolysis; however, no dif-
ference was recorded with Ca>™ (P = 0.12) at 60 minutes

(Fig. 3B(i)). Furthermore, the rate of change showed no dif-
ferences between the control and divalent ions (P > 0.05;
Fig. 3B(ii)). Thus, divalent ions provided only minor pro-
tection against hemolysis induced by a-toxin.

Influence of pH on a-Toxin-Induced Erythrocyte
Hemolysis
Altering saline pH might provide some protection against

the damaging effects of a-toxin. A significant decrease in
%H occurred between pH 6.5 and 8.0 (2-way analysis of
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Figure 3. Divalent cations inhibited rabbit erythrocyte hemolysis induced by Staphylococcus aureus a-toxin. The percent hemolysis
(%H) was measured over 60 minutes under either (A) chronic or (B) acute challenge in the presence of Ca’" or Mg?" normal saline
(NS; 0.9% NaCl control) (¢), Ca®>" (5 mM) or Mg** (5 mM) (A) either before toxin addition (chronic) or at about 20% hemolysis
(indicated by the bar and arrow — divalent challenge).The panels labeled (ii) show the %H data at t = 60 minutes plotted as a function
of temperature, and the panels labeled (iii) show the rate of change of %H/10 min plotted as a function of temperature. Results are
means = SEM from (4(2)), that is, from 4 independent experiments and 2 replicates for each experiment.

variance; P = 0.0015) at 60 minutes (Fig. 4(i)). However,
there were no significant differences between normal pH
(pH 7.2) and pH 6.5 (P = 0.1995) or pH 8.0 (P =
0.0892). The data points fitted a linear regression, but
the slope was not significantly different from zero (R* =
0.9685, P = 0.1136; Fig. 4(ii)). The rate of change of
%H between 10 and 20 minutes of toxin exposure
showed little variation across the pH values (P > 0.99)
(Fig. 4(ii)) suggesting that increasing saline pH may
only offer marginal protection.

Effect of Optimized Saline on a-Toxin-Induced
Erythrocyte Hemolysis

On the basis of the previous results, an optimized saline
solution (0.9% NaCl, 900 mOsm, 5 mM MgClz, 37°C) was

prepared. This was compared with normal saline (0.9%
NaCl) and HBSS (which contains Ca®") in its ability to
protect erythrocytes against a-toxin (Fig. SA(i)). When the
RBCs were preincubated in these solutions for 10 minutes
before addition of a-toxin, the optimized saline abolished
subsequent hemolysis in contrast to both normal saline and
HBSS (both P < 0.0001), where levels of hemolysis were
78% (normal saline), 63% (HBSS), 4% (optimized saline)
at 60 minutes (Fig. SA(i)). The rate of change of hemolysis
was greatest for normal saline (3.3%) followed by HBSS
(1.7%) then optimized saline (0.05%; Fig. 5A(ii)). The
addition of optimized saline after toxin exposure also sig-
nificantly suppressed hemolysis compared with the other
solutions. With optimized saline, hemolysis showed a
small increase from 36% to 46% by the end of the experi-
ment, whereas these levels rose considerably more with the
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Figure 4. Effect of varying pH on rabbit erythrocyte hemolysis induced by Staphylococcus aureus a-toxin. The percent hemolysis (%H)
was measured over 60 minutes under chronic challenge at pH values of 7.2 (control) (O), 6.5 (¢), and 8.0 (A) in Hank’s buffered saline
solution (HBSS) containing the buffer HEPES (10 mM) with pH altered using HCI or NaOH (all at 300 mOsm). The panel labeled (ii)
shows the %H data at t = 60 minutes plotted as a function of temperature, and the panel labeled (iii) shows the rate of change of
%H/10 min plotted as a function of temperature. Results are means = SEM from (3(2)), that is, from 3 independent experiments and 2

replicates for each experiment.

use of normal saline (75%) and HBSS (72%; Fig. 5B(i)).
Likewise, the rate of change was much reduced with opti-
mized saline (0.2% H/10 min) compared with normal
saline (1.3% H/10 min, P = 0.0374) and HBSS (1.4% H/10
min, P = 0.03; Fig. 5B(ii)).

Discussion

During treatment for S. aureus septic arthritis, it is impor-
tant that the synovial fluid and infected tissues of the joint
are rinsed quickly with a benign solution to remove bacte-
ria and associated toxins. Traditionally, saline (0.9%
NaCl) is used; however, this might be suboptimal for sup-
pressing a-toxin activity and there may be opportunities
for its composition and other properties to be modified to
protect chondrocytes. To assess the protective effects of
these modified solutions, the release of hemoglobin from
rabbit erythrocytes was used as a sensitive and biologi-
cally relevant measure of S. aureus a-toxin activity. The
results suggested that increased osmolarity, reduced tem-
perature, divalent cations, and to a lesser extent alkaline
pH, could significantly reduce the damaging effect of a-
toxin suggesting that relatively simple modifications to
saline could be of benefit during joint irrigation for septic
arthritis.

It could be considered that the rabbit hemolysis assay for
determining methods for protecting cells against the dam-
aging effects of a-toxin would not be an appropriate model.
However, rabbit erythrocytes contain the S. aureus a-toxin
receptor ADAMI10, which is also present on chondrocytes
of animals and normal and degenerate human cartilage.'”'
The measurement of hemoglobin release following the
interaction between a-toxin and erythrocytes provided a
dynamic and sensitive assay for the lethal effects of a-toxin
and was highly flexible experimentally and reproducible.
While it would be possible to test these conditions on carti-
lage explants, interpreting the results obtained under these
various conditions might not be as straightforward, as for
example access to the receptor in cartilage zones could be
delayed and/or restricted. While studies on isolated chon-
drocytes could be of benefit, the receptor may be damaged
or its sensitivity altered as a result of the enzymic treatment
of cartilage, which is required for the release of chondro-
cytes. Our previous work has demonstrated that S. aureus
a-toxin is the key damaging agent to chondrocytes in a car-
tilage model of septic arthritis.'*'* Thus, although the rabbit
erythrocyte model could be considered a limitation in this
study, it nevertheless yielded valuable information about
whether protection against a-toxin was possible and identified
alterations to the irrigation fluid which could potentially be
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Figure 5. The protective effect of optimized saline on rabbit erythrocyte hemolysis induced by Staphylococcus aureus a-toxin. The
percent hemolysis (%H) was measured over 60 minutes under either (A) chronic or (B) acute challenge in the presence normal saline
(NS; 0.9% NaCl control) (¢), HBSS (0), or optimized saline (OS; 0.9% NaCl, 900 mOsm, 5 mM MgCl,, 37°C) (A) either before toxin
addition (chronic) or at about 20% hemolysis (indicated by the bar and arrow — medium change). The panels labeled (ii) show the rate
of change of %H/10 min for chronic and acute challenges, respectively, in the various solutions. Results are means = SEM from (5(2)),
that is, from 5 independent experiments and 2 replicates for each experiment.

extended to detailed in vivo and clinical studies on S. aureus
septic arthritis.

Two protocols were used, which would broadly corre-
spond to different stages of a-toxin action on the cell mem-
brane, which is time-dependent with the binding and pore
formation occurring within 2 to 3 minutes.** For the chronic
challenge, erythrocytes were equilibrated with the various
conditions (osmolarity, temperature, pH, divalent cations),
before toxin was added and the hemolysis time course com-
menced. For the acute challenge, the time course was started
by a-toxin addition to the RBC suspension, and when
there was 20% to 30% hemolysis, the erythrocytes were
exposed to the experimental conditions. Thus, the chronic
exposure would mainly represent the effect of experimental

conditions on early steps of toxin action but for the acute
exposure, pore formation would be complete and the patho-
logical changes (i.e., increased ion permeability, cell swell-
ing) would be underway with hemolysis following. The
acute exposure would be closer to the clinical situation
where the majority of cells in the joint would already have
been exposed to prevailing levels of a-toxin, and cell injury/
death would be proceeding. While the overall effects of
chronic and acute challenges of osmolarity, reduced tem-
perature and divalent cation concentration (Figs. 1-4) were
similar and gave significant protection, the time courses
appeared different.

Raising osmolarity prior to toxin addition (chronic
osmotic challenge) reduced the rate of hemolysis in a
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dose-dependent manner (Fig. 1A(i)-(iii)). This suggested
that erythrocyte shrinkage could have interfered with early
events of toxin action i.e. monomeric a-toxin binding to the
cell membrane and pore formation. However, studies by
Cooper et al.,”* where an osmolyte (polyethylene glycol)
was added after a-toxin addition, suggested that binding
and pore formation were unaffected and that pore permea-
bility instead was more sensitive to osmolarity. An acute
hyperosmotic challenge to erythrocytes in which a-toxin
pores would already have formed, was rapidly (within 10
minutes) effective over the range studied (400-900 mOsm).
However, there was no difference between the osmolarities
(Fig. 1B(i)-(iii)). This protective effect may be different
compared to the chronic challenge, with the acute hyperos-
motic medium causing rapid erythrocyte shrinkage thereby
conferring protection against the cell swelling induced by
a-toxin. The raised osmolarity might simply shrink the cells
rapidly meaning that it would take longer for the cells to
swell to a critical volume. It was noted that NaCl was less
effective at protecting erythrocytes compared to sucrose to
the same osmolarity. This may be because Na™ can enter via
Na* channels and Na*/K*/2CI™ cotransporter” effectively
reducing the osmolarity compared to sucrose. Thus, sucrose
would be the preferred osmolyte for the optimized irriga-
tion fluid as it is impermeable and metabolically inert (see
Amin et al.*®).

Preincubating erythrocytes at 25°C delayed the damag-
ing action following a-toxin addition. However, once estab-
lished, the rate of increase in hemolysis was the same as for
cells equilibrated at a physiological temperature (Fig.
2A(iii)). This suggested that the early steps of pore forma-
tion were sensitive to reduced temperature. However, pre-
equilibration at 4°C completely protected erythrocytes
against o-toxin (Fig. 2A(i)). This may accord with
Reichwein ez al.,*” who demonstrated a temperature-depen-
dent transition from toxin monomers to a functional hepta-
meric pore. They preincubated rabbit erythrocytes with
a-toxin (0°C; 30 minutes), and then washed and maintained
the erythrocytes at either 0°C or 37°C. Enzyme-linked
immunosorbent assays (ELISA) showed that there were no
a-toxin oligomers on the cell membrane nor any hemolysis
at the lower temperature. In contrast, the cells that were
incubated at 37°C experienced hemolysis, suggesting that
a-toxin binding/pore formation was suppressed at low tem-
perature. This is supported by Freer’' who showed that -
toxin binding did not necessarily lead to erythrocyte
destruction and that lysis (i.e., functional pore formation)
did not occur until temperatures were >12°C. Notably, the
effects of reduced temperature in the acute challenge exper-
iments (Fig. 2B(i)) were less marked than for the chronic
challenge as there was a delay before the inhibition occurred
(Fig. 2A and B). This could be because the pores had
formed, and reduced temperature had little effect on the cat-
ion flow and subsequent erythrocyte swelling. Clinically,

the acute challenge methodology would represent the situa-
tion where irrigation fluid was introduced into the infected
joint during treatment. The toxin would already be present,
bound to the cell membranes and acting on chondrocytes
and other cells in the joint to cause its damaging effects.

There was a mild but significant protection of erythro-
cytes when pH was increased from 6.5 to 8.0 (Fig. 4(i)).
The pH of 0.9% NaCl should be ~7.0 but the true value
often oscillates around pH = 5.5 due to varying levels of
dissolved C0232). Work by others® suggested that acidity
converted a-toxin from an amphipathic form into a more
hydrophobic molecule, thus accelerating pore formation. It
has also been proposed that acidic pH enhanced H" binding
to histidine residues on the toxin molecule vital for polym-
erization, accelerating pore formation.** There may there-
fore be benefit in introducing a benign pH buffer to stabilize
irrigation fluid pH, perhaps at a slightly alkaline level, to
provide some protection against a-toxin and also dampen
any eclevated pCO, levels present in the clinical
environment.

Ca*" and Mg** produced small but significant protec-
tion against a-toxin (Fig. 3A and B) with no differences
between these ions. Previous studies on Ca*" suggested
that it reduced the lateral movement of monomeric a-toxin
in the plane of the membrane thereby reducing the rate of
pore formation.” Depletion of Ca’>* was sufficient to
remove the protection suggesting a reversible effect.
However, it was unclear if this was Ca’’-specific or
whether due to the osmolarity of the CaClz, which would
contribute ~90 mOsm.>* Apart from the protective effects
of divalents on the action of a-toxin on cells, antibacterial
roles for Ca®* and Mg*" have been reported.”® Raised
divalent concentrations disrupted S. aureus membranes
possibly by forming complexes with cardiolipin which
introduced membrane bending and destabilized its integ-
rity. Stationary-phase bacteria, which are resilient against
environmental pressures, were subjected to either divalent
ion for 40 minutes and ~60% of the bacterial culture did
not survive. A threshold of 10 mM Ca®* and 20 mM Mg**
to destroy S. aureus was established.® This study used
concentrations greater than the present work, and there-
fore it may be interesting to further investigate increasing
Ca*" and Mg”" concentrations on S. aureus survivability
and a-toxin potency.

On the basis of these experiments, we tested an opti-
mized saline applied as either a chronic or an acute chal-
lenge and observed substantial protection of erythrocytes
against a-toxin (Fig. 5A and B). That there was little dif-
ference between normal saline and HBSS suggested that
the majority of the protection was due to the raised osmo-
larity. With the acute challenge (Fig. 5B), the protection
was very rapid indicating the quick suppression of the
damaging effect of a-toxin, which could be considered
potentially clinically relevant for joint irrigation. There
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was still, however, a small increase in %H (Fig. 5B) pos-
sibly because further optimization may be required, and/or
there are other toxic elements produced by S. aureus,
which could have a relatively minor damaging effect on
rabbit erythrocytes. A modified irrigation solution may
also have benefits beyond those of protecting cells against
a-toxin. For example, cooled irrigation fluid could offer
pain relief and anti-inflammatory effects. A study involv-
ing patients who underwent total knee arthroplasty found
that saline administered at 4°C alleviated pain, localized
swelling, and decreased analgesia intake, as well as improv-
ing the quality of postoperative recovery.’’ Furthermore, a
hyperosmolar irrigation saline, in addition to rapid protec-
tion against a-toxin, could be beneficial as Chan and
Foster’® found that addition of 20 mM sucrose in growth
media suppressed a-toxin gene (h/a) expression by ~98%
of the control.

While the present results were obtained using the rabbit
RBC model, some caution should be exercised when
extrapolating these results to the protection of chondro-
cytes within the cartilage matrix. Previous studies using a
bovine osteochondral explant model have shown that S.
aureus o-toxin can rapidly penetrate the matrix and cause
chondrocyte death.'” We have also shown that chondro-
cyte volume changes very quickly (within minutes) fol-
lowing alterations to extracellular osmolarity.”’ Thus there
is the expectation that by raising osmolarity, protection of
in situ chondrocytes against a-toxin should be achieved in
the same way this has been demonstrated with rabbit
erythrocytes. With these observations in mind and taking
the results from the present study together with previous
observations, the beneficial effects of modifying the irri-
gation saline used during joint lavage should be consid-
ered in further in vivo animal and/or clinical research. The
use of a relatively benign, inexpensive, drug-free and rap-
idly effective modified saline as part of the normal lavage
process is potentially an attractive novel method for limit-
ing the damaging action of S. aureus a-toxin during septic
arthritis.

S. aureus infections have been treated with B-lactams
(e.g., penicillin) for decades, but the appearance and
rapid spread of methicillin-resistant S. aureus (MRSA)
have all but eliminated these antibacterials for treat-
ment.** Non-antibiotic treatment is therefore an area of
important research interest since suppressing activity of
bacterial toxins either by influencing toxin production,
or blocking their action would not only make the bacteria
less pathogenic, but may also increase their susceptibil-
ity to host immune defence.*' For example, inhibition of
S. aureus pathogenesis by interfering with the signal
transduction pathways for virulence using the RNA III
inhibiting peptide has been described.* This peptide
reduced the pathology and delayed the onset of disease
symptoms in models of S. aureus infection, including

septic arthritis.** Other methods include an a-toxin anti-
body,* cyclodextrin-lipid complexes to suppress the
damaging effect of S. aureus a-toxin** and nanoparticle-
based a-toxin entrapment to deliver the nondisrupted
pore-forming toxin for immune processing.*’ These
methods could be particularly important for cells with
high levels of the ADAM10 receptor,”' which would ren-
der them particularly sensitive to S. aureus a-toxin. In
summary, the development of the optimized irrigation
saline described here potentially offers a cheap, very
rapid (within minutes) and relatively benign method to
suppress the damaging effects of a-toxin and may be of
benefit during joint irrigation for septic arthritis caused
by S. aureus.
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