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The role of complement system-mediated inflammation is of key interest in seizure and epilepsy pathophysiol-
ogy, but its therapeutic potential has not yet been explored. We observed that the pro-inflammatory C5a
receptor, C5ar1, is upregulated in two mouse models after status epilepticus; the pilocarpine model and the
intrahippocampal kainate model. The C5ar1 antagonist, PMX53, was used to assess potential anticonvulsant ac-
tions of blocking this receptor pathway. PMX53was found to be anticonvulsant in several acutemodels (6Hz and
corneal kindling) and one chronic seizuremodel (intrahippocampal kainatemodel). The effects in the 6Hzmodel
were not found in C5ar1-deficient mice, or with an inactive PMX53 analogue suggesting that the anticonvulsant
effect of PMX53 is C5ar1-specific. In the pilocarpinemodel, inhibition or absence of C5ar1 during status epilepti-
cus lessened seizure power and protected hippocampal neurons from degeneration as well as halved SE-
associated mortality. C5ar1-deficiency during pilocarpine-induced status epilepticus also was accompanied
by attenuation of TNFα upregulation by microglia, suggesting that C5ar1 activation results in TNFα release
contributing to disease. Patch clamp studies showed that C5a-inducedmicroglial K+ outward currents were
also inhibitedwith PMX53 providing a potential mechanism to explain acute anticonvulsant effects. In conclusion,
our data indicate that C5ar1 activation plays a role in seizure initiation and severity, as well as neuronal degener-
ation following status epilepticus. Thewidespread anticonvulsant activity of PMX53 suggests that C5ar1 represents
a novel target for improved anti-epileptic drug development which may be beneficial for pharmaco-resistant
patients.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Epilepsy is a debilitating disease, especially if seizures cannot be
managed with medication. The global prevalence of treatment-
resistancewithin epileptic populations is approximately 35%, highlight-
ing the need for new anti-epileptic treatments effective for these
patients (Kwan et al., 2011).

A new approach different from existing anti-epileptic drug (AED)
mechanistic pathways is proposed, stemming from recent findings
relating inflammation with epilepsy (Vezzani et al., 2011). Anti-
inflammatory approaches to block seizures have already shown to be
effective, not only in rodent seizure models (Vezzani and Granata,
l of Biomedical Sciences, The
ensland 4072, Australia.

ect.com).
2005; Maroso et al., 2011) but also in selected drug-resistant patients
(Marchi et al., 2011) advocating inflammation as a key pharmacological
target to reduce seizures and modify the disease.

The complement cascade is a major component of the innate
immune system, and produces a potent inflammatory response when
activated (Amara et al., 2010). Recent evidence has linked complement
factor expression and activation with epilepsy and seizure develop-
ment. For example, gene expression studies demonstrated upregulation
of various complement factors in surgically removed tissue from
patients with temporal lobe epilepsy (TLE), and in rodent TLE models
(Becker et al., 2003; Gorter et al., 2006; Jamali et al., 2006; Aronica
et al., 2007). Increased immunoreactivity of multiple complement fac-
tors, such as C1q, C3, C4, and the membrane attack complex (MAC),
consisting of theC5b-9 complex, are documented on activatedmicroglia
and select neurons in brain tissue from TLE patients and rodent TLE
models (Aronica et al., 2007; Kharatishvili et al., 2014). The presence
of MAC strongly suggests complement cascade activation in “epileptic
tissue”, which includes C5a formation. Moreover, in untreated people
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with epilepsy, significantly increased C3 serum levels were found com-
pared to healthy and epileptic control patients, indicating complement
involvement in seizures (Başaran et al., 1994).

There is also functional evidence that complement in the brain may
contribute to seizure generation. The presence of specific genetic poly-
morphisms in the C3 promoter region was significantly greater in mesial
TLE patients and correlated with increased febrile seizure susceptibility
(Jamali et al., 2010). In addition, sequential infusion of individual C5b-
C9 complement proteins into the rat hippocampus resulted in MAC im-
munoreactivity and induced seizures and neurodegeneration (Xiong
et al., 2003). Recently, it was also reported that C5a receptor (C5ar1) ex-
pression on microglia was upregulated following excitotoxic kainate in-
sult and is controlled by FosB, a mediator of transcriptional activator
AP-1 (Nomaru et al., 2014). Deletion of FosB, and hence lack of C5ar1 up-
regulation also reduced pro-inflammatory cytokine expression following
the insult. These studies provide evidence that complement presence
and/or activation in the brain can mediate changes relevant to seizure
generation and epilepsy pathophysiology.

In this study, we aimed to identify the therapeutic potential of
inhibiting complement-mediated inflammation using several epilepsy
models. We focussed on the complement peptide C5a, an inflammatory
mediator. It is produced from proteolytic cleavage of its precursor C5,
typically via C5 convertases formed fromC3 during complement cascade
activation. C5a is extremely potent at stimulating immune cell recruit-
ment and subsequent activation through its receptor C5ar1, and induces
production of pro-inflammatory cytokines and mediators (Woodruff
et al., 2010).

Here, we used the selective cyclic hexapeptide C5ar1 antagonist,
PMX53 (Wong et al., 1998; Finch et al., 1999) to assess the role of
C5ar1 activation in seizures and epilepsy pathophysiology. Binding stud-
ies have demonstrated that PMX53 binds to and inhibits C5ar1with high
affinity (~20 nM). Also, PMX53 did not alter the action of closely related
inflammatory mediators including fMet-Leu-Phe, leukotriene B4,
platelet-activating factor, C3a, or IL-8 (March et al., 2004). Furthermore,
it has been shown that PMX53 does not inhibit the binding of C5a to
the second, alternative C5a receptor, C5ar2 (Scola et al., 2007). Preclini-
cally PMX53 has been neuroprotective in several neurological disease
models, including Huntington's disease, amyotrophic lateral sclerosis,
traumatic brain injury, stroke, and spinal cord injury (Sewell et al.,
2004;Woodruff et al., 2006, 2008, 2010; Kim et al., 2008; Li et al., 2014).

We identified the effects of C5ar1 inhibition and absence in several
models of experimental epilepsy revealing that it may provide new av-
enues for AED discovery, specifically for pharmaco-resistant patients.

Materials & methods

Mice

8–10 week old male Swiss CD1 mice (Animal Resources Centre,
Western Australia) were singly housed with a 12 h light/dark cycle and
access to food and water ad libitum. Male C57BL/6 C5ar1-deficient mice
were bred into the CD1 background at The University of Queensland
(UQ). CD1 mice were obtained from Animal Resource Centre (Perth,
Australia). Initial C5ar1-deficient breeding pairs were obtained from
Trent Woodruff (UQ) and were originally described by Hollmann et al.
(2008). After five generational crosses, male mice were used. C5ar1-
deficiency was verified by standard PCR genotyping methods. All exper-
imentswere approved by theUQAnimal Ethics Committee and conduct-
ed in accordance with their guidelines. All experiments were performed
with experimenters blinded to treatment/genotype.

Drugs

PMX53 (AcF-[OP(D-Cha)WR]) and PMX203 (AcF-[OPGWR]) were
synthesized as described (Finch et al., 1999; Woodruff et al., 2005).
PMX53 was provided by Cephalon (Australia). After dissolving in
3.75% ethanol (at 0.75 mg/ml), PMX53 was administered subcutane-
ously 30 min prior to seizure induction unless otherwise stated.

Liquid chromatography tandem mass spectrometry (LC–MS/MS)

Plasma and perfused whole brain samples were extracted as de-
scribed (Strachan et al., 2001). HPLC Grade acetonitrile and formic
acid (AR Grade) was purchased from RCI Labscan (Bangkok, Thailand)
and Labscan (Gliwice, Poland) respectively. Deionisedwater was gener-
ated via an Elga Purelab Classic water purification unit (Veolia Water
Solutions and Technologies, Saint-Maurice Cedex, France).

Liquid chromatography tandem mass spectrometry (LC–MS/MS)
data were acquired on a Dionex UltiMate 3000 liquid chromatography
system (Dionex, Sunnyvale, CA) coupled to an ABSciex 4000 QTRAP
mass spectrometer (ABSciex, Concord, Canada). The liquid chromatog-
raphy system was controlled by Chromeleon software (v6.80, Dionex),
and chromatographic separation was achieved by injecting 10 μl onto
a Gemini-NX C18 150 mm × 2 mm I.D., 3 μm 110 Å particle column
(Phenomenex, Aschaffenburg, Germany) equipped with a pre-column
Security Guard Gemini-NXC18 4mm×2mm I.D. cartridge. The column
oven temperaturewas controlled andmaintained at 60 °C throughout the
acquisition. The mobile phase flow rate was maintained at 300 μl/min
for 5 min and the mobile phase (isocratic) was 50:50 (v/v) purified
water:acetonitrile plus 0.1% (v/v) formic acid.

The mass spectrometer was controlled by Analyst software (v1.5.2,
ABSciex) andwas equippedwith a TurboV electrospray source operated
in positive ion mode. The following optimized parameters were used to
acquire Multiple Reaction Monitoring (MRM) data: ionspray voltage
5300 V, nebulizer (GS1), auxiliary (GS2), curtain (CUR) and collision
(CAD) gases were 40, 80, 15 and high (arbitrary units), respectively,
generated via a N300DR nitrogen generator (Peak Scientific, Massachu-
setts, USA). The auxiliary gas temperature was maintained at 420 °C.
The analyte-dependent parameters for the detection of PMX53 are
given in Table 1. For all analytes the entrance potential (EP) was 10 V.

The sampleswere runwith sample- and analyte-relevant calibration
standards and pooled QC samples (Sangster et al., 2006; Hodson et al.,
2009) to control for reproducibility of data acquisition and to ensure
data integrity. Analyte stock solutions were prepared in purified water
(Veolia). Data were processed and analysed in Analyst 1.5.2 and
MultiQuant 2.1 (ABSciex).

Animal seizure models

6 Hz test
0.5% tetracaine (Sigma Aldrich, Australia) in 0.9% saline was applied

to both corneas of the mice. Corneal electroshocks from a rodent elec-
troshock unit (Ugo Basile, Varese, Italy; 6 Hz, 3 s, 0.2millisecond rectan-
gular pulse width) were given starting at 14 mA (Samala et al., 2008).
Using the up down method we determined the critical current at
which 50% of mice seized (Thomas et al., 2012).

Corneal kindling model
Electroshocks (50 Hz, 0.4 millisecond pulse) to the tetracaine-

anaesthetised corneas were administered twice per day for 20 days
using a rodent electroshockunit (Ugo Basile). A single seizurewas expe-
rienced by each mouse as a result of a single kindling stimulus. Seizures
were scored as previously described (Willis et al., 2010).

Pilocarpine status epilepticus (SE) model
Based on the protocol described by Borges et al. (2003), mice were

injected with methyl-scopolamine (2.5 mg/kg i.p. in 0.9% NaCl) 15 min
prior to 345 mg/kg (s.c.) pilocarpine, which induced SE in N60% of
mice. Ninety minutes post-pilocarpine all mice received 30 mg/kg
(i.p.) pentobarbitone to stop seizures. Post-SE, mice received 1 ml 4%
dextrose twice daily (s.c.) and health was monitored (Smeland et al.,
2013). 3 days later animals were perfused and brains fixed with 4%



Table 1
Analyte-dependent parameters for the transitions used in Multiple Reaction Monitoring data acquisition.

Analyte Q1 mass (daltons) Q3 mass (daltons) Dwell time (milliseconds) DP (volts) CE (volts) CXP (volts)

PMX53 (quantifier) 896.2 69.9 50 151 129 2
PMX53 (qualifier 1) 896.2 158.9 50 151 89 8
PMX53 (qualifier 2) 896.2 223.4 50 151 87 12

Key: Q — quadrupole; DP— declustering potential; CE— collision energy; and CXP — collision cell exit potential.
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paraformaldehyde. For EEG experiments, electrodes were implanted
N1 week before recording (see i.h. kainate model).

Intrahippocampal (i.h.) kainate model
Based on the protocol described by Gouder et al. (2003), briefly,

micewere deeply anesthetised with 1.8% isofluranemixedwith oxygen
(Troylab, Glendenning, Australia). Eighty nanolitres of 20 mM kainic
acid (~1.7 nmol, Sigma Aldrich) was stereotaxically (Kopf, Tujunga,
California) injected unilaterally into the hippocampal CA1 pyramidal
cell layer (AP −1.94, ML −1.25, DV −1.5 from bregma) using a 0.1 μl
microsyringe (Hamilton, Reno, NV) attached to a 0.28 mm stainless
steel cannula via PE20 tubing (Plastics One, Roanoke, VA). After awak-
ening, mice underwent SE for a continuous period N3 h. Three weeks
later, a unilateral bipolar depth electrode (formed from two twisted
enamel-coated insulated stainless steel 170 μm diameter wires,
0.4 mm tip separation, Plastics One) was implanted stereotaxically
into the same site, along with 3 stainless steel surface screw electrodes
(1.2 mm diameter, Plastics One). Two were placed bilaterally 2.5 mm
posterior to the lambda and one was placed over the contralateral
(3 mm from midline) frontal cortex 1 mm posterior to bregma, to act
as ground and reference (including cortical reference) electrodes. Elec-
trode wires were mounted into a multichannel electrode pedestal
(MS363, Plastics One) and secured with dental cement. Mice recovered
for N1 week prior to EEG recordings.

Video electroencephalographic (EEG) recording of seizures
EEG was recorded with a sampling frequency of 512 Hz (E-Series

EEG system with Profusion 4 software, Compumedics, Melbourne,
Australia) and analysed using Labchart 8 custom seizure detection and
analysis software involving Matlab calculations (AD Instruments, Bella
Vista, Australia). Seizure detection involved six digital filtering steps
from raw EEG output and detected seizure events within the 6–12 Hz
bandwidth. All seizures were confirmed using parallel video recording
by a blinded experimenter. Seizure frequency is reported as the number
of seizure events per minute. Seizure power is defined as the signal in-
tensity of the EEG trace given in unit μV2 over a defined time period (a
seizure or SE). Seizure power was quantified using Labchart to calculate
the sum of the area under the curve based on EEG trace amplitude for
defined time periods (seizures/SE). This value gave power for an indi-
vidual seizure, which was then calculated for all seizures for each
mouse and averaged. Seizure power is reported as an average for each
individual animal normalized to baseline to compare treatment groups.
SE seizure power is reported as an average for each treatment group.

Typically pilocarpine-SE mice experienced severe clonic seizures
often including loss of balance, whilst kainate-SEmice experienced par-
tial forelimb clonuswith head bobbingmost commonly. However some
generalised seizures were also recorded in kainate-SE mice. Exclusion
criteria: seizures b10 s in length; mice with baseline changes of N50%
total seizure time between recording weeks.

Fluoro-Jade B (FJB) staining
Coronal 9 μm paraffin brain sections were stained as described

(Schmued and Hopkins, 2000). Degenerating cells were visualized on
an upright fluorescent microscope (Axio Imager, Zeiss, Jena, Germany)
and images captured for each slide at 20× magnification. For each ani-
mal three 9 μm sections of medial hippocampus were analysed. We av-
eraged FJB-positive cell number for each mouse based on automated
spot detection of all sections (including both hemispheres) using Imaris
software (BitPlane, Belfast, UK). Spots were automatically detected
based upon cell size, shape and fluorescence intensity andwere verified
for each slide by eye to ensure false-positives were not detected. The
total area of each region of the hippocampal formation in the 2D plane
was outlined in the programme and calculated in mm2. From this
count we then determined the total number of FJB-positive cells per
area (mm2) for each region of the hippocampal formation (CA1, CA3,
DG) for each individual mouse. Average values for a total group of
mice (n=14–20 per group) were then reported in Figs. 4i & j. NoSE an-
imals were used at conditional controls for all experiments.

Flow cytometry
Forebrain cells from two PBS-perfused mice were isolated and

pooled. Cells were incubated with a cocktail containing Alexa Fluor
488 — anti-C5ar1 (MCA2456A488, AbD Serotec), PE-Cyanine 7 — anti-
CD45 (25-0451, eBioscience), BD Horizon V450 — anti-Ly-6G (560603,
BD Bioscience) and non-conjugated anti-CD16/32 (16-0161,
eBioscience) for 20 min at 4 °C before fixation. For IL-1β and TNFα,
cells were pre-incubated for 3 h in RPMI medium containing β-
mercaptoethanol and Brefeldin A (1:1000) with 10% Foetal bovine
serum then incubated in antibody cocktail. Cells were fixed and
permeabilised prior to incubation with APC-conjugated — anti-IL-1β
(17-7114, eBioscience) or PE-conjugated — anti-TNFα (554419, BD
Pharmingen) for 45 min at RT. Cells were analysed using a BD LSRII
flowcytometer (BDBiosciences, San Jose, CA) and BD FACSDiva software.

Real-time quantitative polymerase chain reaction (qPCR)
Forebrains (pilocarpine) or hippocampus (kainate model) were dis-

sected from saline-perfused brains. After RNA extraction (RNAeasy
MiniPrep, Qiagen, Hilden, Germany), DNase I treatment (Promega,
Madison, Wisconsin) and determination of concentrations, cDNA was
synthesised (Tetro kit, Bioline, Alexandria, Australia). qPCRs were per-
formed with gene-specific primers spanning across an intron and SYBR
green reagents (Applied Biosystems, Foster City, CA) on a Viia7 machine
(Applied Biosystems) with Tata Box protein and hydroxymethylbilane
synthase as housekeeping genes and glyceraldehyde-3-phosphate dehy-
drogenase as control for DNA contamination.

Microglial cell culture
Briefly, forebrains were isolated from E17 CD1 mouse embryos

and the meninges removed. Tissue was digested with 0.5% trypsin
solution and then incubated with 1% trypsin inhibitor (Sigma Aldrich,
St. Louis, MO). Cells were dissociated via trituration and plated at
3 × 105 cells/ml density in poly-D-lysine (PDL) coated culture flasks
with 1:1 Dulbecco's modified Eagle's medium (DMEM) with Ham's
F12 nutrient containing 10% foetal bovine serum and antibiotics (peni-
cillin, streptomycin, 25 U/ml final). Mixed glial cells were cultured for
approximately 2 weeks until the underlying astrocyte layer was conflu-
ent, during which time frequent media changes occurred. No neurons
were present in this culture. At this time,microglial cells were separated
from astrocytes by shaking and allowed to adhere to PDL-coated glass
coverslipsmaintained inmacrophage serum-freemedium supplement-
ed with 20% astrocyte conditioned medium (DMEM cultured for 3 days
with astrocyte-only cultures and filtered). Isolated microglia were
maintained for 2 days prior to use in patch clamp experiments. All tissue
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culture mediums and reagents were obtained from Life Technologies,
Carlsbad, CA.

Patch clamping
The procedure was modified from Ilschner et al. (1996). Coverslips

were placed on the stage of an inverted microscope (CKX4ISF, Olympus
Ltd., Japan) and superfused with standard extracellular solution (KCl
5.4, NaCl 150, MgCl2 1, CaCl2 2, glucose 10, HEPES 10 at pH 7.3 adjusted
with KOH). Whole cell recordings were made using the patch-clamp
technique in the whole cell voltage clamp configuration using an Axon
Multiclamp 700B (Molecular Devices LLC, Sunnyvale, CA). Patch pi-
pettes were pulled from borosilicate glass (GC150F-7.5, Harvard Appa-
ratus, UK) with a vertical micropipette puller (PC10, Narishige, Japan).
The resistance of pipettes was 4–5 MΩ. The standard recording pipette
solution contained (in mM): KCl 130, CaCl2 1, MgCl2 1, EGTA 10 mM,
HEPES 10mM, ATP 2mMat pH 7.4 adjustedwith KOH. The series resis-
tance was compensated by 40–50% prior to recordings and cells were
held at −70 mV. When measuring potassium currents, voltage steps
with 35 mV increments were applied for 100 ms from a holding
potential of 0 mV in both depolarising and hyperpolarising directions.
Currents were digitized at 10 kHz and filtered at 2 kHz. Mouse recombi-
nant C5a (20 nM, R&D systems,Minneapolis,MN) and PMX53 (100nM)
were applied via a continuous gravity perfusion system.

Statistical analysis

Statistical tests completed using GraphPad Prism 6.0 software (La
Jolla, CA) are detailed for each data set in the results. Post-hoc
Bonferroni multiple comparisons test was used for all ANOVA analysis.

Results

C5ar1 antagonist, PMX53, reached the CNS in levels equivalent to the IC50

LC–MS/MS analysis of plasma and brain tissue after PMX53 injection
(3mg/kg, s.c.) showed that circulating PMX53 levelswere highest at the
measurement timepoint 15min post-injection at 432 ng/ml (~480 nM)
and were rapidly depleted by 90 min (Fig. 1a), with no drug detectable
in the plasma or brain after 4 h (data not shown). 15 ng/g of PMX53was
found in perfused brain tissue at 30 min post-injection, equating to ap-
proximately 20 nM in brain extracellular fluid, the IC50 for the drug at
the C5a receptor (Finch et al., 1999) (Fig. 1b). This pharmacokinetic pro-
file correlates well with the protective effects described below, as
maximal anticonvulsant action in the 6 Hz test was observed 30 min
post-administration, when the IC50 of PMX53 was present, which was
diminished by 20% 60 min post-administration and absent after
90 min (data not shown). For this reason the 30 minute timepoint
was chosen as the optimal pre-treatment timeframe for further
PMX53 anticonvulsant experiments.

PMX53 significantly reduces electroencephalographic spontaneous seizures
in the chronic i.h. kainate epilepsy model

Significant improvements in seizure behaviour were found with
single PMX53 administration (s.c.) to chronically epileptic mice in the
intrahippocampal kainatemodel compared to vehicle. In a paired cross-
over design, each animal was injected with PMX53 and vehicle one
week apart, with half of the group receiving PMX53 first. Seizure behav-
iour during a 90 minute period following injection was evaluated rela-
tive to a 90 minute baseline recorded before treatment (Figs. 2a, b). A
58% reduction in the total time spent in seizure, as well as a 22% reduc-
tion in average seizure power was found with PMX53 treatment, rela-
tive to vehicle injection (Figs. 2c, d). Decreased seizure frequencies
were seen with PMX53 treatment in the majority of mice (Fig. 2e),
but no significant changes to average seizure length were observed be-
tween treatments (Fig. 2f).
At both 3 and 21 days post-kainate-induced SE, we observed signif-
icant increases in hippocampal mRNA levels of C5ar1 and C3, central
components of the complement cascade, suggesting a consistent pres-
ence of complement components throughout the epileptogenic period.
Relative to vehicle-injected control mice, mRNA levels of C5ar1were in-
creased by 4 and 1.7 fold and those of C3 by 2.4 and 3.6 fold, respectively
(Fig. 2g). Additionally, C3mRNA, but not C5ar1, was also increased by 4
fold at the chronic 12 month timepoint post-SE compared to vehicle-
injected control mice, inferring upregulation of complement once sei-
zures were established (Fig. 2h).

PMX53 is anticonvulsant in a model predisposed to seizures and shows
C5ar1-dependent anticonvulsant effects in the 6 Hzmodel of acute seizures

In the predisposed seizure model, mice were stimulated through
their anesthetised corneas until 5 consecutive stage 5 seizures were ex-
perienced from 5 independent kindling stimuli, at which time they
were considered to be “fully kindled” (Fig. 3a). Thirty minutes before
the next kindling stimulus mice were injected with PMX53 (3 mg/kg,
s.c.) or vehicle. 50% less of the PMX53-treated mice experienced stage
5 seizures compared to the vehicle-treated mice, showing an anticon-
vulsant effect of PMX53 in this model (Fig. 3b).

In the acute 6 Hz seizure model the effect of PMX53 was maximal
30 min after a single injection (3 mg/kg, s.c.) and lost after 90 min (data
not shown). The current atwhich 50% ofmice seize (CC50)was increased
on average by 6.6 mA± 1.6 relative to vehicle-injected mice (Fig. 3c).

To determine if this anticonvulsant effect in the 6 Hz model (Fig. 3c)
was C5ar1-dependent,we injected inparallel, an inert structural analogue
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decreased seizure frequency (P = 0.053, n = 8), but (f) no change in average seizure length (P = 0.1221, n = 8). (c–f) Paired student's t-tests were used for analysis. (g, h) Real time
PCR of hippocampal RNA from vehicle-injected vs. kainate-SE mice with gene-specific primers revealed upregulation of C5ar1 mRNA (g); at 3 days (*P = 0.0253, n = 5–8) but not at
21 days (P N 0.05, n = 6–14) or 365 days post-SE (P N 0.05, n = 5–6) and of C3 mRNA at (h) 3 days (***P b 0.001, n = 5–9), 21 days (*P = 0.044, n = 6–14) and 365 days post-SE
(****P b 0.0001, n = 6–8). Data presented as Box and Whisker plots showing median and range. Expression of mRNA is relative to housekeeping genes. 2-way ANOVA with Bonferroni
multiple comparisons test was used.
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of PMX53, where glycine is substituted for D-cyclohexylalanine
(PMX203). In contrast to PMX53, no changes in seizure threshold were
seen with this inert compound (Fig. 3d). Additionally, the effect of
PMX53 was tested in C5ar1-deficient mice. PMX53 again elevated the
seizure threshold in C5ar1 wild type mice by 6.1 mA, but no significant
protective effects were found in C5ar1-deficient and heterozygous mice
(Fig. 3e). Interestingly, lack of C5ar1 expression alone did not alter the sei-
zure threshold in a statistically significant manner (Fig. 3e), suggesting
that other molecules compensate for the lack of C5ar1 in these animals.
Together, these results support that functional C5ar1 is necessary for the
anticonvulsant effect of PMX53 in the 6 Hz model.
No effects were seen with PMX53 in either the intravenous pentyl-
enetetrazol (PTZ) or maximal electroshock threshold mouse seizure
tests at the same dosage and timepoint (data not shown). Lack of effect
in the PTZ model may suggest that acute anticonvulsant action of
PMX53 is not through a GABAA receptor related mechanism.

PMX53 is anti-convulsant in the pilocarpine model of SE leading to
subsequently reduced hippocampal neuronal damage

The effect of PMX53 on SEwas determined in the pilocarpinemodel.
Injection of PMX53 30 min after pilocarpine administration halved SE-
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Fig. 3. Anticonvulsant effects of PMX53 in two seizure models; the corneal kindlingmodel and the 6 Hz acute seizure model. (a) Overview of corneal kindling paradigmwith median sei-
zure score shown for total group (n = 30). (b) 30 min pre-treatment with PMX53 reduced the number of mice with stage 5 seizures by 50% compared to vehicle-injected mice
(****P b 0.0001, n = 15, Fisher's exact test). (c) In the 6 Hz acute seizure model PMX53 pre-treatment significantly increased the critical current at which 50% of the mice seize (CC50)
by 6.6 mA (~35%) compared to vehicle (***P = 0.0003, n= 17, student's t-test). (d) Whilst PMX53 increased the CC50 (*P = 0.0063, n= 15, one-way ANOVA with P b 0.05 Bonferroni
post-test), the inert structural analogue PMX203 did not in the 6 Hzmodel. (e) There was a lack of effect of PMX53 in C5ar1-deficient and heterozygotemice in the 6 Hzmodel, whilst the
CC50 was increased by 6.1 mA in C5ar1-wild type mice (*P b 0.05, n = 14, 2-way ANOVA with Bonferroni post-test). Data expressed as mean ± SEM.
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associated mortality (Fig. 4a). Furthermore, 30% fewer mice experi-
enced SE, defined as a period of continuous seizure activity lasting
N30 min (Fig. 4b), corroborating the anticonvulsant efficacy of PMX53.

When injecting PMX53 15 min prior to pilocarpine (Figs. 4c, d), we
could not detect any significant changes in the time to the first seizure
or SE induction (Figs. 4e, f). However, there was a N70% decrease in
overall SE seizure power evaluated by EEG in PMX53-treated mice
(Fig. 4g). Hippocampal neuronal damage was assessed 3 days post-SE
using Fluoro-Jade B (FJB) as a marker for degenerating neurons
(Fig. 4h). PMX53 treatment prior to SE reduced the number of FJB-
positive cells in both the CA1 and CA3 pyramidal areas, by 50% and
75% respectively, but not in the hilus (Fig. 4i). Comparison of C5ar1-
deficient vs.wild typemice 3 days after pilocarpine-induced SE revealed
a significant 40% reduction in FJB-positive cells in the CA3 region inmice
lacking the C5ar1 gene (Fig. 4j). No significant differences were seen in
the CA1 region or the hilus between the different genotypes, indicating
inflammation-independent cell death mechanisms.

Three days post-SE, we found an 18 fold rise in hippocampal C5ar1
mRNA levels relative to NoSE control mice (Fig. 4k) and a 27 fold in-
crease in C5ar1-immuno-positive microglia, confirming that C5ar1
mRNA is expressed in the post-SE brain at elevated levels indicating a
potential role in epileptogenesis (Fig. 4l).

Absence of C5ar1 in the pilocarpine SE model attenuates TNFα increases in
microglia

Microglial-specific expression of cytokines TNFα and IL-1β was
assessed 3 days post-pilocarpine SE in C5ar1-deficient and wild type
mice. Initial experiments with C5ar1-deficient mice in the pilocarpine
model showed no differences fromwild type in SE-associatedmortality,
proportion ofmice undergoing SE vs. NoSE or seizure score severity dur-
ing SE (scored by a modified Racine scale, data not shown).

Proportions of microglia (CD45-intermediate) and infiltrating im-
mune cells (CD45-high) were consistent between genotypes of both
SE and NoSE mice (Figs. 5a, b). C5ar1-deficient animals showed com-
plete attenuation of TNFα protein increase compared to wild type SE
animals (Fig. 5c). No significant differences of IL-1β expression on mi-
croglia were observed between genotypes (Fig. 5d). Similarly, changes
to IL-6, IL-12 and IL-10 following acute pilocarpine-SE were not differ-
ent between C5ar1-deficient and wild type mice (data not shown).

PMX53 inhibits C5a-induced outward K+ currents in cultured microglial
cells

To activate voltage-gated currents in cultured embryonic-derived
forebrain microglial cells, the membrane potential was stepped from a
potential of 0 mV to membrane potentials from −70 to +140 mV at
35 mV intervals (Figs. 6a, b, c). In the absence of C5a, hyperpolarising
steps activated an inwardly rectifyingK+ current however, after C5a ap-
plication outward currents at depolarising potentials were significantly
increased (Fig. 6d) consistent with the findings of Ilschner et al. (1996).
Pre-application of PMX53 (100 nM) prior to C5a applications selectively
inhibited the outward C5a-induced currents with no significant differ-
ences found between control and PMX53-pre-treated cells (Fig. 6d).

Discussion

In these studies we have shown the therapeutic potential for the in-
hibition of the innate immune complement receptor C5ar1 as a novel
anticonvulsant pathway with possible association to neuroprotective
effects.

The ability of PMX53 to significantly increase seizure thresholds and
reduce spontaneous recurrent seizures in several murine seizure
models suggests that C5ar1 has an important influence on seizures
and that C5ar1 inhibitionmay be a viable strategy to reduce seizure bur-
den in several types of epilepsy. In addition, the increased expression of
this receptor atmRNA and protein levels in two chronic epilepsymodels
is consistent with previous literature (Osaka et al., 1999; Nomaru et al.,
2014) and further supports its involvement in epilepsy.

Given the dual efficacy of PMX53 as an anticonvulsant against both
acute (6 Hz and pilocarpine models) and chronic seizures (i.h. kainate,
kindled mice), it is suggested that there may be several mechanisms
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Fig. 4. PMX53 reduced the severity of pilocarpine-induced status epilepticus (SE) and reduced subsequent neuronal loss in the hippocampus 3 days post-SE. (a) PMX53 pre-treatment
halved themortality after pilocarpine injection (*P=0.0136) and (b) reduced the number of mice experiencing SE by 30% (**P=0.044, n=20, both Fisher's exact test). Data expressed
as percentage of total group. (c) Drug administration and EEG recording timeline to assess the effect of PMX53 on pilocarpine induced SE. (d) Representative hippocampal EEG recording
trace of amouse reaching SE in the pilocarpinemodel. PMX53 did not affect the latency to (e) first seizure activity (P=0.3243) or (f) SE (P=0.5777), but reduced (g) EEG power of SE by
73% (*P=0.0429,n=5, student's unpaired two-tailed t-tests for all data). (h) Representative Fluoro-Jade B stainingof a hippocampal formationwith degeneratingneurons at 3 dayspost-
SE. (i) Imaris quantification of FJB-positive neurons permm2 revealed a reduction in FJB-positive neurons inCA1 (P b 0.0001, n=15–20) and CA3 (P b 0.0001, n=14–50), but not the hilus
(P N 0.05, n = 13–15; 2-way ANOVA P b 0.0001 with Bonferroni post-tests). (j) After pilocarpine-SE C5ar1-deficient mice showed a 40% reduction in FJB-positive neurons in the hippo-
campal CA3 (P b 0.05), but not CA1 area (P N 0.05) or the hilus (P N 0.05,n=14–18, 2-wayANOVAwith Bonferroni post-test; P=0.0056). (k, l)Hippocampal expression of C5ar1C5ar1was
increased 3 days after SE relative to NoSE control mice at the mRNA level (k, ****P b 0.0001, n= 9–11) and in terms of (l) C5ar1-immuno-positive microglia (****P b 0.0001, n= 6, both
unpaired, two-tailed student t-tests). Data expressed as mean ± SEM.
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of action by which PMX53 can exert its anticonvulsant and potential
neuroprotective effects. Primarily, inhibition of inflammationwould ex-
plain actions against both chronic seizures (i.h. kainate and potentially
kindled mice) and acute neuronal death (pilocarpine model). However
acute anticonvulsant actions in healthy mice are difficult to explain as-
suming lack of inflammation in the normal brain. It is currently not pos-
sible to deduce a definitive mechanism of action from the
anticonvulsant profile of a drug, due to the fact that drugs with different
mechanisms of action are effective in specific models, indicating that
numerous anti-epileptic approaches can block seizures in these animal
models. The anticonvulsant profile of PMX53 is similar to that of
levetiracetam (Klitgaard et al., 1998), which binds to the synaptic pro-
tein SV2a, but in addition is postulated to act via other mechanisms.
Lack of effects in the PTZ and MEST models suggest mechanisms of ac-
tion independent from GABAA receptors and sodium channels. The i.h.
kainate model (Wilcox et al., 2013) is resistant to major AEDs, which
all inhibit voltage-gated sodium channels. Efficacy of PMX53 in this
model therefore advocates that C5ar1 inhibitionwith PMX53may be ef-
fective against refractory seizures, independent from sodium channel
inactivation and GABAA receptors. Assessment of the impact of PMX53
against chronic seizures in the pilocarpine model, which are known to
be more refractory to benzodiazepines, would also be of interest should
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Fig. 5. C5ar1-deficiency leads to reduced TNFα expression onmicroglia 3 days post-pilocarpine SE. (a, b) Representative gating of CD45 positive cells as either CD45-intermediate (microg-
lia) or CD45-high (infiltrating immune cells) by flow cytometry. Both microglial and infiltrating cell populations were consistent in number between genotypes, in both NoSE (a) and SE
(b) mice. Values indicate proportion of cell total within each gate. SEmice show a greater proportion of infiltrating cells due to BBB breakdown. (c) Microglial specific expression of TNFα
was increased in wild type SE animals compared to NoSE controls (****P b 0.0001, n= 6) measured by flow cytometry, however C5ar1-deficient SE mice showed a non-significant TNFα
expression increase compared to NoSE controls (P N 0.05, n= 6). (d) Microglial expression of IL-1βwas increased in SE mice compared to NoSE controls of both wild type (***P b 0.001,
n = 6) and C5ar1-deficient mice (*P b 0.05, n = 6). No significant differences between NoSE or SE groups between each genotype were observed (P N 0.05, n = 6). 2-way ANOVA with
Bonferroni post-tests used for all data sets. Data expressed as mean ± SEM, normalised to naïve control animals of each respective genotype.
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further development of this compound occur. Efficacy of PMX53 against
seizures such as this would further support C5ar1 inhibition as a novel
anticonvulsant pathway.

Based on the premise that seizures cause inflammation that potenti-
ate further seizures (Vezzani et al., 2011), we suggest that C5ar1 antag-
onism reduces inflammation leading to fewer seizures in the chronic
phase. C5ar1 inhibition or absence can reduce the generation of pro-
inflammatory cytokines such as TNFα and IL-1β (Lappas et al., 2012),
which are known to be pro-convulsant (Vezzani et al., 1999, 2000;
Riazi et al., 2008), and we propose a similar mechanism in this study.
This effect on inflammation is consistent with our finding that C5ar1 is
expressed on microglial cells and that 1) PMX53 reduces C5a-induced
outward potassium currents and 2) C5ar1 absence leads to attenuation
of SE-induced microglial TNFα upregulation, indicating that C5ar1-
mediated release of microglial TNFα and/or potassium may be a con-
tributor to seizures and subsequent neuronal damage. Furthermore, it
has been shown in several cell types, including macrophages and
dendritic cells, that C5a/C5ar1 activation drives production of pro-
inflammatory cytokines, such as TNFα and IL-1β, through NFκB activa-
tion (O'Barr and Cooper, 2000; Kastl et al., 2006; Lappas et al., 2012).

TNFα is a key pro-inflammatory and pro-convulsant mediator
(Balosso et al., 2013). Microglial specific expression of TNFα induced
by peripheral inflammation caused a significant decrease in seizure
thresholds of rats in the i.v. PTZ seizure test (Riazi et al., 2008). The
mechanisms by which TNFα can affect brain excitability have been
well studied and include promotion of increased synaptic AMPA recep-
tor availability (Beattle et al., 2002), endocytosis of GABAA receptors
(Stellwagen et al., 2005) and alterations to glutamate uptake and re-
lease by glia through CXCR4 signalling (Bezzi et al., 2001).

Furthermore, there is extensive evidence that inhibition of IL-1β is
anticonvulsant and neuroprotective in rodent models and that C5ar1
can drive IL-1β expression through the NFκB pathway (Lappas et al.,
2012). Direct effects of IL-1β on neuronal excitation, via activation of
Src kinase, causing NMDA receptor activation were shown leading to
calcium flux into neuronal cells promoting excitotoxicity and seizures
(Viviani et al., 2003; Balosso et al., 2008). Similar to TNFα, IL-1β is also
thought to affect excitability through inhibition of glutamate uptake
by astrocytes (Hu et al., 2000). Even though no changes to IL-1β levels
were observed in C5ar1-deficient compared to wild type post-SE mice,
it is possible that this cytokine is still playing a role in earlier and/or
later stage inflammatory events promoting excitation, which may be
mediated in part by C5ar1.

Reduction of C5ar1-mediatedNFκB signallingmay also contribute to
potential neuroprotection, as seen in the pilocarpine-SE model. In addi-
tion to the decreased SE seizure power foundwith PMX53, reduction of
NFκB signalling would improve neuronal survival as inflammation is
thought to contribute significantly to neuronal death. This is due to pro-
duction of pro-inflammatory cytokines, such as IL-1β and TNFα, which
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Fig. 6. C5a application induced outward rectifyingK+ currents inmousemicroglial cells whichwas inhibited by PMX53. (a) Inwardly rectifying K+ currents recorded from amicroglial cell
without stimulation by C5a. During this time, the holding potential was 0 mV and voltage steps of 100 ms duration to potentials from−70 to +140 mV with a 35 mV increment were
applied. The stimulation protocol is presented in the inset. (b) Recording from the same cell after 20 nM C5a application. (c) Current trace from the same cell pre-applied with PMX
(100 nM) followed by C5a application (20 nM). (d) Averaged current–voltage curves. C5a (squares) at 20 nM exhibited a significant increase (*P b 0.05, n=4) in outward rectifying cur-
rents as compared to control (circles). Pre-application of PMX53 (100 nM, diamonds) inhibited the C5a-induced outward current inmicroglia (P N 0.05 as compared to C5a-only and con-
trol stimulations). PMX53 application had no effect on baseline current (triangle). One way ANOVA with Bonferroni post-hoc multiple comparisons test used for analysis. Data shown as
mean ± SEM (n = 4–5 cells per group).
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have been shown previously to be toxic to neurons (Thornton et al.,
2006). It must be made clear however, that reduced neuronal death in
PMX53-treated mice following pilocarpine-SE can be attributed to the
anticonvulsant actions of PMX53, however this same statement does
not hold true for C5ar1-deficient mice which showed no difference in
SE or seizure severity compared towild typemice followingpilocarpine.
Lack of altered SE in C5ar1-deficientmice is consistentwith results from
the 6 Hz study showing that vehicle-treated C5ar1-deficient and wild
type mice had consistent seizure thresholds (CC50) therefore C5ar1-
deficiency alone did not alter seizure response. For this reason reduced
neuronal damage in C5ar1-deficient mice following pilocarpine may be
attributed to a neuroprotective role of inhibiting C5ar1 and not due to
anticonvulsant actions. The putative neuroprotective mechanism of
C5ar1 inhibition during SE suggested here is similar to that found in sev-
eral disease models (Woodruff et al., 2010), and may also be related to
improved preservation of the blood brain barrier during prolonged
seizures.

In rodents, SE is known to harm the integrity of the blood brain bar-
rier. Also, the extent of blood brain barrier damage, induced by seizures
or mannitol treatment, correlated positively with increased spontane-
ous and induced seizures (Van Vliet et al., 2007; Fabene et al., 2008).
PMX53was previously shown to block NFκB translocation to the nucle-
us in mouse brain microvascular endothelial cells treated with mouse
serum containing high levels of endogenous C5a (Jacob et al., 2011).
This prevented transcription of inflammatory mediators, maintained
expression of ZO-1, a key tight junction scaffolding protein of the
blood brain barrier, and reduced caspase-3 activity of endothelial cells
thereby decreasing apoptosis and improving blood brain barrier integri-
ty (Jacob et al., 2011). These findings collectively signal that C5ar1 inhi-
bition may contribute to preserving blood brain barrier integrity during
SE, thus reducing SE severity aswell as neuronal damage and potentially
lessening spontaneous seizure development and/or improving disease
outcomes. The latter outcomes still need to be investigated.

Additionally, the effect of C5ar1 activation on neurons is of interest
in regards to the reduced neuronal loss in CA1 and CA3 seen with
C5ar1 inhibition or absence prior to pilocarpine SE. C5a treatment of cul-
tured murine neurons was shown to induce apoptosis, which was re-
duced with PMX53 pre-treatment and C5ar1-deficiency (Pavlovski
et al., 2012). Despite the difficulty to assess the extent towhich contam-
inating microglia and astrocytes contributed to these effects, these data
confirm that C5ar1 inhibition is beneficial to neuronal survival and
hence may suggest a neuroprotective contribution of inhibiting C5ar1
signalling in the pilocarpine model, which is in addition to reduced sei-
zures via anticonvulsant mechanisms. In order to fully define and con-
firm neuroprotective potential of C5ar1 inhibition, treatment with
PMX53 following termination of pilocarpine-SE would be required.
Such experiments are planned in the future.

The anticonvulsant mechanism of PMX53 in the acute 6 Hz seizure
model may seem difficult to explain due to the expected lack of inflam-
mation in the animals. However, neuro-modulatory actions of IL-1β and
TNFα in normal brain have been previously reviewed (Vitkovic et al.,
2000). Similar to our data with C5ar1 inhibition, blockade of IL-1β
actions either through direct receptor antagonism (anti-IL-1ra) or inhi-
bition of caspase-1 (the interleukin-converting enzyme) was anticon-
vulsant in both the acute bicuculline and kainic acid rodent models of
acute seizures (Vezzani et al., 1999, 2000), aswell as in chronic epilepsy
models (Vezzani et al., 2000;Maroso et al., 2011). This reveals that acute
cytokine inhibition in normal brain can reduce excitability and increase
seizure thresholds (Vitkovic et al., 2000).

An additional potential anticonvulsant mechanism to explain ac-
tions of PMX53 in acute seizure tests is related specifically to C5ar1
expressed by microglia. In microglia, C5a can stimulate outward



Fig. 7. A proposedmechanism of C5ar1 involvement in seizure initiation and neuronal hyper-excitability and damage. Increases in C5a driven by seizures or status epilepticus (SE) lead to
C5ar1 activation which modulates multiple pathways affecting neuronal hyper-excitability and damage. These pathways include NFκB-mediated production of pro-inflammatory cyto-
kines including TNFα, IL-1β and IL-6, which have each been shown to have proconvulsant actions in a variety of seizure models. C5ar1 activation is also known to affect all brain cell
types and causes apoptosis in neurons, changes K+ channel outflow inmicroglia and potentially indirectly impairs glutamate uptake and release in astrocytes through TNFα. Additionally,
deleterious effects of C5ar1 activation in endothelial cells alter BBB integrity potentially leading to increased inflammatory cell infiltration, perpetuating further CNS inflammation. We
propose that inhibition of C5ar1 reduces the extent of inflammation and lessens neuronal hyper-excitability and subsequent excitotoxic damage through some of these mechanistic
pathways.
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rectifying K+ currents through C5ar1 binding (Ilschner et al., 1996),
which may contribute to neuronal excitation if microglia are in close
proximity to neuronal membranes, that are highly sensitive to
depolarisation. PMX53 was shown to inhibit this outward current
therefore preventing destabilisation of extracellular K+ homeostasis
and potentially providing a possible explanation as to how PMX53 can
increase acute seizure thresholds.

Clinically PMX53 has previously been trialled as a dermal cream for
inflammatory psoriasis and as an oral treatment for chronic rheumatoid
arthritis (Ji et al., 2002; Koehl, 2006). In both trials, PMX53 passed safety
and tolerability barriers, with apparent efficacy in the psoriasis, but not
rheumatoid arthritis study (Koehl, 2006; Vergunst et al., 2007). These
data support that chronic C5ar1 antagonism is not deleterious in itself,
which is key for future drug development. Furthermore, a C5a antibody,
Eculizumab, is currently used in the clinic for a rare immunological con-
dition, paroxysmal nocturnal hemoglobinuria (Hillmen et al., 2006),
further supporting that C5ar1 pathway inhibition is safe. However,
due to the short half-life of PMX53, newer brain-permeable C5ar1 in-
hibitors with an improved pharmacokinetic profile would need to be
developed.
Conclusions

In conclusion, this work has demonstrated a pathogenic role of com-
plement C5ar1 signalling in seizure initiation and severity as well as SE-
induced neuronal degeneration. From these studies the definitive
mechanisms of anticonvulsant action for PMX53 are still unclear. How-
ever, this work has outlined that inflammatory cytokine expression and
modulation of microglial potassium channels are affected by C5ar1 ab-
sence or inhibition by PMX53 and may be part of a larger mechanism
of action (Fig. 7). Given the efficacy of PMX53 in refractory seizure
models, ourfindings provide a novel target for future AED development,
which may be effective for pharmaco-resistant seizure types.
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