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This study has assessed the neuroprotective efficacy of five AP-1 inhibitory peptides in an in
vitro excitotoxicity model. The five AP-1 inhibitory peptides and controls of the JNK inhibitor
peptide (JNKI-1D-TAT) and TAT cell-penetrating-peptide were administered to primary
cortical neuronal cultures prior to kainic acid exposure. All five AP-1 inhibitory peptides and
JNKI-1D-TAT provided significant neuroprotection from kainic acid induced neuronal cell
death. Kainic acid exposure induced caspase and calpain activation in neuronal cultures,
with caspase-induced cleavage of α-fodrin reduced by administration of the AP-1 inhibitory
peptides. Sequence analysis of the AP-1 inhibitory peptides did not reveal the presence of
any secondary structures; however two peptides shared 66% amino-acid sequence
homology. As a result, truncated sequences were designed and synthesised to identify
the active region of the peptides. All truncated peptides were significantly neuroprotective
following kainic acid and glutamate exposure. We have shown for the first time the
neuroprotective efficacy of full-length and truncated AP-1 inhibitory peptides in kainic acid
and glutamate neuronal excitotoxicity models. The identification of therapeutic targets,
such as the AP-1 complex, is an important step for the development of pharmaceuticals to
reduce neuronal loss in disorders with a prevalence of excitotoxic cell death such as
epilepsy, cerebral ischaemia, and traumatic brain injury.
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1. Introduction

The progressive neuronal cell loss with subsequent epileptic
seizures is an area of particular clinical relevance as currently

there is no neuroprotective therapy to inhibit neuronal cell
death. In order to study epileptic cell death processes, seizure
induced excitotoxicity has been modelled in small animals,
such as rats and mice, and in neuronal cultures by kainic acid
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administration (Nadler, 1981; Choi et al., 1987; Ben-Ari and
Cossart, 2000). Kainic acid induced neuronal death is associ-
ated with increased intracellular sodium and calcium (Hoyt et
al., 1998; Niebauer and Gruenthal, 1999), activation of MAP
kinases (p38 and JNK1) (Jeon et al., 2000), activation and/or
increased expression of pro-apoptotic AP-1 transcription
factors (c-Jun and c-Fos) (Morgan et al., 1987; Mielke et al.,
1999), bax (Liu et al., 2001), proteolytic enzymes (e.g., calpain
and caspases) (Gillardon et al., 1997; Schauwecker, 2000;
Manno et al., 2007), and cytochrome c release from the
mitochondria (Liu et al., 2001).

Despite the identification of cell-damaging processes in
seizure induced excitotoxic neuronal injury, there has been no
translation into neuroprotective treatments. To this end, a
potential therapeutic target that warrants further investiga-
tion to inhibit seizure induced neuronal cell death is the AP-1
transcription factor. Previous studies using in vitro and in vivo
kainic acid excitotoxicity models have shown that increased
AP-1 activation (c-Jun and/or c-Fos activation/expression) is
associated with increased neuronal cell death and that
inhibiting activation is associated with decreased neuronal
death (Troy et al., 2001; Fahrig et al., 2005; Fernandez et al.,
2005; Pugazhenthi et al., 2006; Wang et al., 2008). Therefore, in
this study, we have assessed the potential for inhibition of AP-
1 activation to reduce neuronal death in cortical neuronal
cultures exposed to kainic acid.

To inhibit AP-1 activation we used five TAT-peptide
conjugated AP-1 inhibitory peptides, which were derived
from a yeast two-hybrid screen designed to isolate peptide
sequences that bind the c-Jun protein and prevent AP-1
transcriptional activation. The ability of the AP-1 inhibitory
peptides to reduce AP-1 transcriptional activation was previ-
ously confirmed by an AP-1 luciferase reporter assay. Addi-
tionally, verification of competency of the inhibitory peptides
in suppression of c-Jun and c-Fos mRNA expression was
established by real-time PCR (Meade et al., 2010). With this in
mind, we assessed the neuroprotective efficacy of the five AP-
1 inhibitory peptides (PYC19D-TAT, PYC35D-TAT, PYC36D-
TAT, PYC38D-TAT, and PYC41D-TAT) and the control peptides
JNKI-1D-TAT and D-TAT in an in vitro model of kainic acid
excitotoxicity.

2. Results

2.1. Neuronal morphology following kainic acid exposure

Acute exposure of neurons to kainic acid induces cell death
that is morphologically representative of both necrosis and
apoptosis, thoughwith a greater proportion of necrosis (Fig. 1).
Light microscopy revealed that from 15 min after the 45-
minute kainic acid exposure, the majority of dying neurons
appeared swollen and rounded with easily visible shrunken/
condensed nuclei (fried egg appearance). These are generally
accepted as indicators of necrosis. The proportion of neurons
with PI staining nuclei increased slightly after the 15-minute
to 2-hour time points following kainic acid exposure. At the 3-
hour time point, over 50% of cells displayed PI stained nuclei,
with the majority displaying condensed nuclei, and a small
number displaying pyknotic or fragmented nuclei. Nuclear

pyknosis and fragmentation are generally regarded as mor-
phological markers of apoptosis.

2.2. Neuroprotective efficacy of AP-1 inhibitory peptides
following kainic acid exposure

All five AP-1 inhibitory peptides (PYC19D-TAT, PYC35D-TAT,
PYC36D-TAT, PYC38D-TAT, and PYC41D-TAT) and the JNK
inhibitory peptide (JNKI-1D-TAT) showed significant neuro-
protection, in a concentration-dependent manner with a
range of protection from 35% to 75% (Table 1 and Fig. 2).
Peptide PYC36D-TAT presented the greatest efficacy and
potency with an IC50 value of 5.1 μM (Table 1). The TAT-D
peptide did not provide neuroprotection from kainic acid
exposure (Fig. 2).

2.3. Sequence homology of AP-1 inhibitory peptides and
peptide truncation

Algorithms to predict potential structures from the AP-1
inhibitory peptide amino-acid sequences did not reveal
evidence of leucine zippers, coils or areas of significant
hydrophobicity. Sequence alignment of the five AP-1 inhibi-
tory peptides revealed homology evident between peptides
PYC36D-TAT and PYC38D-TAT (Fig. 3). Peptides PYC36 and
PYC38, which are 15 and 38 amino acids in length respectively,
shared identical amino-acid residues at eight positions and
amino acids with similar properties at two positions, such as
the hydrophilic residues arginine and glutamine, or the polar
uncharged amino-acid residues serine and proline. Due to the
high level of amino-acid sequence similarity (≈66%) between
the two peptides, and the fact that PYC36D-TAT is 10 residues
shorter than PYC38D-TAT and still neuroprotective, eight
truncated consensus peptides were synthesised (AM1D-TAT
to AM8D-TAT; Fig. 3 and Table 1) from the two peptides. These
8 smaller peptides were subsequently evaluated in both the
kainic acid and glutamate excitotoxicity models.

2.4. Neuroprotective efficacy of truncated AP-1 inhibitory
peptides following kainic acid and glutamate exposure

All eight truncated peptides provided neuroprotection follow-
ing kainic acid ranging from 35% to 70%, and glutamate
exposure ranging from 44% to 92% (Table 1, Figs. 2 and 4). In
the kainic acid exposuremodel, IC50 values ranged from1.7 μM
for AM6D-TAT to >15 μM for peptides AM2D-TAT and AM5D-
TAT. In the glutamate exposure model, IC50 values ranged
from 0.8 μM for AM3D-TAT to 9.6 μM for peptide AM7D-TAT.
As we have reported previously, the TAT-D peptide at high
concentrations (>5 μM) provided significant neuroprotection
following glutamate exposure.

2.5. Western blot analysis of α-fodrin cleavage following
kainic acid exposure

The activation of calpain and caspases in the kainic acid
model was determined by Western analysis of α-fodrin
cleavage products; calpain generates 150 and 145 kDa
products whilst caspases generate 150 kDa and 120 kDa
products. Following the exposure of neuronal cultures to
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kainic acid, Western analysis revealed 150, 145 and 120 kDa
α-fodrin cleavage products signifying activated calpain and
caspases (Fig. 5). The one-hour post-kainic acid exposure
time point was chosen to assess whether the five full-length
and eight truncated AP-1 inhibitory peptides could reduce
calpain and caspase α-fodrin cleavage products. Western
analysis suggested that all the truncated AP-1 inhibitory
peptides, except AM2D-TAT reduced α-fodrin caspase cleav-
age (reduced 120 kDa fragment); however statistical signifi-
cance was only reached for AM1D-TAT, when data from
multiple blots was combined. There was no reduction in
calpain generated α-fodrin cleavage products by any of the
AP-1 inhibitory peptides following kainic acid exposure
(Fig. 5).

3. Discussion

In the present study, we have shown that five AP-1
inhibitory peptides (PYC19D-TAT, PYC35D-TAT, PYC36D-
TAT, PYC38D-TAT, and PYC41D-TAT) reduced neuronal
death in a kainic acid excitotoxicity model. In a previous

study we showed that the same five peptides can also reduce
neuronal death in glutamate excitotoxicity model (Meade et
al., 2010), with peptides PYC36D-TAT and PYC38D-TAT
providing the greatest neuroprotection against glutamate
excitotoxicity, akin to the results seen here with kainic acid.
In addition, in this study, we have presented eight truncated
peptides derived PYC36D-TAT and PYC38D-TAT that reduce
neuronal death in both the kainic acid and glutamate
excitotoxicity models.

Whilst it is becoming clearer in the current literature
(Blomgren et al., 2007; Degterev and Yuan, 2008; Gill and Perez-
Polo, 2008), and from our own observations, that both models
are not restricted to a single mode of cell death, there does
appear to be a bias towards the necrotic form of cell death in
both models. Despite the predominance of necrotic cell death
in these models our past and current findings show a
neuroprotective effect with AP-1 inhibitory peptides in the
kainic acid and glutamate models correlating with the ability
of these AP-1 inhibitory peptides to significantly down-
regulate c-Jun mRNA (Meade et al., 2010), thus indicating
that the peptides appear to be blocking AP-1mediated necrotic
and apoptotic cell death pathways.

Fig. 1 – Time course photomicrographs of neurons following kainic acid exposure (200 μM for 45 min) under light and
fluorescence microscopy; morphological features and propidium iodide staining of dying neurons suggest the occurrence of
both necrotic and apoptotic forms of cell death. The time points stated commence at the conclusion of exposure to kainic acid.
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Our findings showing that both calpain and caspases are
activated in neuronal cultures following exposure to kainic acid
is in line with previous studies (Bi et al., 1996; Liu et al., 2001).
Interestingly, in the present study we observed that following
kainic acid exposure, the truncated AP-1 inhibitory peptides
reducedcaspaseactivation, but therewasnovisible reduction in
calpain activation. This is in contrast to our previous study in
which the AP-1 peptides reduced glutamate induced calpain
activation in neuronal cultures. The differential inhibition of
caspases and calpain by the AP-1 inhibitory peptides across the
two models of neuronal excitotoxicity was unexpected. This
disparitymaybedue to theactivationof calpain followingkainic
acid by a pathway independent of c-Jun. Whilst beyond the
scope of this study, this may warrant further investigation.

Thedifference inactivatedcellularpathwaysbetweenmodels,
even though the cell death modes appear similar, may in part
explain the overall increased neuroprotective capabilities of the
AP-1 inhibitory peptides in the glutamate excitotoxicity model
over that of thekainic acid excitotoxicitymodel. Inboth thekainic
acid and glutamate excitotoxicity models, the full-length AP-1
inhibitory peptide PYC36D-TAT had the greatest efficacy and
potency, and PYC41D-TAT was the least efficacious and potent
(Table 1). The efficacy of the other peptides (PYC19D-TAT,

PYC35D-TAT, PYC38D-TAT, and JNKI-1D-TAT) in the twomodels
was less consistent. For example, PYC19D-TAT and JNKI-1D-TAT
were highly potent in the glutamate model (IC50: 2.6 and 2.1 μM
respectively), but only mildly so in the kainic acid model (IC50:
>15 μM and 6.5 μM respectively). With respect to the truncated
peptides, a similar pattern of efficacy and potency was observed,
with some peptides being highly effective in both the kainic acid
and glutamate models (AM1D-TAT and AM8D-TAT), whilst
others displayed differential efficacy in the two models (AM2D-
TAT and AM7D-TAT).

The potent neuroprotective efficacy of some of the truncated
peptides was surprising as several consisted of only 3–6 amino
acids conjugated to the TAT peptide (AM3D-TAT, AM5D-TAT,
AM6D-TAT, AM7D-TAT, and AM8D-TAT). In some cases, the
truncatedpeptidesprovideda3–4 foldgreaterefficacy thanthatof
thederived full-lengthpeptide (AM8D-TAT).Whilstweandothers
(Wei et al., 2008; Vaslin et al., 2009) have shown that the TAT
peptide has endogenous neuroprotective activity following
glutamate/NMDA excitotoxicity, and therefore may be responsi-
ble for some of the neuroprotection demonstrated in these
models by the AP-1 inhibitory peptides, particularly in the
glutamate excitotoxicity model, it is unlikely that the neuropro-
tective effects observed with the truncated peptides (and full-
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Fig. 2 – Concentration response graphs for primary cortical neurons administered with AP-1 inhibitory peptides (PYC19D-TAT,
PYC35D-TAT, PYC36D-TAT, PYC38D-TAT, and PYC41D-TAT), truncated peptides (AM1D-TAT, AM2D-TAT, AM3D-TAT,
AM4D-TAT, AM5D-TAT, AM6D-TAT, AM7D-TAT, and AM8D-TAT), or peptide controls D-TAT and JNKI-1D-TAT, following
kainic acid exposure (200 μM for 45 min). MTS data was taken 18 h post-kainic acid andwas expressed as percentage neuronal
viability with no insult control taken as 100% viability (mean±SEM; n=4; *p<0.05; **p<0.0001).
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length peptides) following kainic acid exposure are entirely
associated with TAT. We have shown that the control neuronal
cultures treated with the TAT peptide (0.1–15 μM; Fig. 2) and
exposed to kainic acid did not display any significant increase in
neuronal viability. However, it is possible that some of the AP-1
inhibitory peptides and/or truncated peptides may be enhancing
the neuroprotective efficacy of TAT in the glutamate model,
especially in regard to the peptides which appear to be an
extension of the TAT amino-acid sequence (AM6: GQRRR; TAT:
RRRQRRKKRG).

It is likely that the diversity in neuroprotective efficacy in
the full-length and truncated AP-1 inhibitory peptides is due
to differences in one or more of the following: i) peptide c-Jun
binding affinity, ii) peptide half-life/susceptibility to intracel-
lular proteases, or iii) cellular/nuclear uptake. With respect to
binding affinity, as the amino-sequence varies between the
peptides it is likely that their affinity to c-Jun will differ. In
addition, AP-1 activation involves both c-Jun homodimerisa-
tion, and c-Jun heterodimerisation with c-Fos and ATF (Smeal
et al., 1989). Therefore, the efficacy of each AP-1 inhibitory
peptide depends upon its individual competitive binding
affinity to c-Jun, relative to c-Jun protein binding to c-Fos or
ATF, and upon its ability to displace c-Jun homo- and hetero-
dimers.

In conclusion, effective screening of potential neuropro-
tective therapeutics is enhanced if evaluation occurs in

multiple cell death models relevant to the disorder being
targeted. In this study, we have shown for the first time the
neuroprotective efficacy of full-length and truncated AP-1
inhibitory peptides in kainic acid and glutamate neuronal
excitotoxicity models. Hence, the identification of therapeutic
targets, such as these AP-1 inhibitory peptides, is an important
step for the development of pharmaceuticals to reduce
neuronal loss and improve neurological outcome in patients
following acute brain injuries such as epilepsy, stroke, and
traumatic brain injury.

4. Experimental procedures

4.1. Primary neuronal cortical cultures

Establishment of cortical cultures was as previously described
(Meloni et al., 2001). Briefly, cortical tissue from E18–E19
Sprague–Dawley rats was dissociated in Dulbecco's modified
Eagle medium (DMEM; Invitrogen, Australia) supplemented
with 1.3 mM L-cysteine, 0.9 mM NaHCO3, 10 U/mL papain
(Sigma, USA) and 50 U/mL DNase (Sigma) and washed in cold
DMEM/10% horse serum. Neurons were resuspended in
Neurobasal (NB; Invitrogen) containing 2% B27 supplement
(B27; Invitrogen). Before seeding 96-well plastic plates (ProSci-
Tech, Australia) were coated with poly-D-lysine (50 μg/mL; 70–
150 K; Sigma) and incubated overnight at room temperature.
Excess poly-D-lysine solution was then removed and replaced
with NB (containing 2% B27; 4% fetal bovine serum; 1% horse
serum; 62.5 μM glutamate; 25 μM 2-mercaptoethanol; and
30 μg/mL streptomycin and 30 μg/mL penicillin). Neurons
were plated to obtain approximately 10,000 viable neurons
for each well of a 96-well plate on days in vitro (DIV) 11–12.
Neuronal cultures were maintained in a CO2 incubator (5%
CO2, 95% air balance, 98% humidity) at 37 °C. On DIV 4 one
third of the culture medium was removed and replaced with
fresh NB/2% B27 containing the mitotic inhibitor, cytosine
arabinofuranoside (1 μM final concentration; Sigma). On DIV
8 one half of the culture medium was replaced with NB/2%
B27. Cultures were used on DIV 11 or 12 after which time they
routinely consist of >97% neurons and 1–3% astrocytes
(Meloni et al., 2001).

4.2. Kainic acid and glutamate excitotoxicity models

For comparative purposes a glutamate excitotoxicitymodelwas
also used for some experiments. To induce excitotoxicity in the
cortical neuronal cultures (96-well plate format) 50 μL of
conditioned media (media in which the neurons were previ-
ouslymaintained) containing kainic acid (Sigma) or L-glutamate
(Sigma) was added to culture wells containing 50 μL of
conditioned media (200 μM final kainic acid concentration and
100 μM final L-glutamate concentration). Cultures were incu-
batedat 37 °C in theCO2 incubator for 45min for kainic acid, and
5 min for glutamate, after which time the media was replaced
with 100 μL of 50% NB/2% N2 and 50% balance salt solution (NB/
N2:BSS). Peptideswere added towells 15minprior to kainic acid
or glutamate exposure. A non-peptide positive control consist-
ing of theNMDA andnon-NMDA receptor blockers 5 μMMK801/
5 μM 6-cyano-7-nitroquinoxaline (MK801/CNQX) were added in

a)

b)

Peptide sequence alignments

Fig. 3 – Clustal X alignment of a) AP-1 inhibitory peptide
sequences and b) truncated AP-1 inhibitory sequences
against PYC36D-TAT or PYC38D-TAT, without inclusion of
the TAT sequence. Legend: colours indicate amino-acid
residueproperties,hydrophobicareblue,hydrophobic tendency
are light blue, hydrophilic are green, basic are red, acidic are
purple, glycine is orange, andproline is yellow (Thompsonet al.,
1994); ‘*’ indicates position containing fully conserved residues,
‘:’ indicatesposition containingstronggroupof aminoacids, and
‘.’ indicates position containing weak group of amino acids.
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a similar manner to the peptides prior to kainic acid or
glutamate exposure. The kainic acid and glutamate treated
controls and untreated controls received media additions with
and without kainic acid or glutamate respectively.

4.3. AP-1 inhibitory peptides and control peptides

The peptides were synthesised and HPLC purified (<95%
purity) by Mimotopes Pty Ltd (Australia) in the protease
resistant D-retro-inverso form, synthesised from D-amino
acids in reverse sequence (referred to as D-isoforms hereafter)
(Brugidou et al., 1995) (Table 1) (Borsello et al., 2003) amino
terminus to allow peptides to enter cells (Vives et al., 1997; Patel
et al., 2007). A TAT-fused JNK inhibitory peptide (JNKI-1D-TAT)
in the D-isoform was synthesised (Borsello et al., 2003) and
evaluated, and used as a peptide positive control. The TAT
peptide (D-TAT) was also synthesised in the D-isoform and
administered as a carrier control. All peptides were prepared as
100× stocks (500 μM) in normal saline and assessed in a dose
range from 0.1 to 15 μM. Peptide sequences were analysed to
determine homology using the multiple alignment program

Clustal X (Larkin et al., 2007); primary and secondary structure
determinationwas performedusing 2ZIP (Bornberg-Bauer et al.,
1998) and Jpred (Cole et al., 2008).

4.4. Neuronal viability and statistical analysis

Eighteen hours after kainic acid or glutamate exposure,
neuronal cultures were examined by light microscopy for
qualitative assessment of neuronal cell viability. Neuronal
viability was quantitatively measured by 3-(4,5,dimethyliazol-
2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tet-
razolium salt (MTS) assay (Promega, Australia). TheMTS assay
measures the mitochondrial conversion of the tetrazolium
salt to a water-soluble brown formazan salt, which is detected
spectrophotometrically at 490 nm. MTS absorbance data were
converted to reflect proportional cell viability relative to both
the untreated and kainic acid treated controls, with the
untreated control taken as 100% viability, and presented as
mean±SEM. Viability data were analysed by ANOVA, followed
by post-hoc Fischer's PLSD test, with p<0.05 values considered
statistically significant. IC50 values were determined from
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concentration response curves, where the concentration of
the peptide enabled neuronal viability to reach 60% for kainic
acid and 52% for glutamate insults. These percentages were
determined as being half way between maximal cell viability
(no insult control) and minimal cell viability (kainic acid/
glutamate control). All assays were performed in quadrupli-
cate with sister neuronal cultures and repeated a minimum of
three times independently.

For the morphological time-course, 15 min to 18 h follow-
ing kainic acid exposure, propidium iodide (PI) staining
(0.05 μg/mL final concentration) was added 15 min prior to
visualisation by fluorescence microscopy. Image acquisition
was performed using an Olympus IX70 inverted microscope
fitted with a digital camera (DP70; Olympus) under software
control (DP controller; Olympus).

4.5. Western blot analysis for α-fodrin cleavage following
kainic acid exposure

For protein extraction, cultured cells were lysed in buffer
[50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 20 mM EDTA, 0.1%
sodium dodecyl sulfate (SDS), 0.2% deoxycholic acid, contain-
ing Complete protein inhibitor (Roche, USA)], vortexed briefly,

and clarified by centrifugation at 4 °C. Protein concentrations
were determined by the Bradford assay (Bio-Rad). Equivalent
amounts of protein (5–10 μg per lane) were loaded and
separated on 10% SDS-polyacrylamide Bis–Tris minigels,
(Invitrogen) and transferred to PVDF membrane. Membranes
were blocked in phosphate-buffered saline/0.5% Tween 20
(PBS/T) containing 5% skim milk for 1 h at room temperature
before washing in PBS/T and PBS. Membranes were incubated
at 4 °C overnight in PBS/T containing 1 mg/mL ovalbumin and
primary antibody, washed, and incubated in blocking solution
containing horseradish peroxidase (HRP)-conjugated second-
ary antibody for 1 h at room temperature. Protein bands were
detected using ECL Plus (Amersham, United Kingdom),
visualized by exposure to X-ray film (Hyperfilm; Amersham),
and scanned and quantified in Image J. As required, mem-
branes were incubated for 10 min at room temperature in
stripping solution (Chemicon, USA) prior to immunodetection
of control proteins. Primary antibodies used were mouse
monoclonal anti-α-fodrin (1:500;MPBiomedicals, USA)antibody
andmouse monoclonal anti-β-tubulin (1:1000; BD Pharmingen,
USA). Secondary antibody was sheep anti-mouse IgG (1:10,000;
Amersham). These experiments were repeated three times
independently and data analysed by ANOVA, followed by post-
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hoc Fischer's PLSD test, with p<0.05 values considered statis-
tically significant, and presented as mean±SEM.
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