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Abstract In a recent study, we highlighted the importance

of cationic charge and arginine residues for the neuropro-

tective properties of poly-arginine and arginine-rich pep-

tides. In this study, using cortical neuronal cultures and an

in vitro glutamic acid excitotoxicity model, we examined

the neuroprotective efficacy of different modifications to

the poly-arginine-9 peptide (R9). We compared an

unmodified R9 peptide with R9 peptides containing the

following modifications: (i) C-terminal amidation (R9-

NH2); (ii) N-terminal acetylation (Ac-R9); (iii) C-terminal

amidation with N-terminal acetylation (Ac-R9-NH2); and

(iv) C-terminal amidation with D-amino acids (R9D-NH2).

The three C-terminal amidated peptides (R9-NH2, Ac-R9-

NH2, and R9D-NH2) displayed neuroprotective effects

greater than the unmodified R9 peptide, while the N-ter-

minal acetylated peptide (Ac-R9) had reduced efficacy.

Using the R9-NH2 peptide, neuroprotection could be

induced with a 10 min peptide pre-treatment, 1–6 h before

glutamic acid insult, or when added to neuronal cultures up

to 45 min post-insult. In addition, all peptides were capable

of reducing glutamic acid-mediated neuronal intracellular

calcium influx, in a manner that reflected their neuropro-

tective efficacy. This study further highlights the neuro-

protective properties of poly-arginine peptides and provides

insight into peptide modifications that affect efficacy.

Keywords Poly-arginine peptides � Arginine-rich
peptides � Cortical neurons � Neuroprotection � Glutamate

excitotoxicity � Cortical neurons � Cell-penetrating peptides

Introduction

Neuronal cell death as a result of glutamic acid receptor-

mediated excitotoxicity is associated with several neuro-

logical disorders such as stroke, global cerebral ischaemia,

traumatic brain injury, and perinatal hypoxic ischaemic

encephalopathy [1–4]. Despite the neurological impact of

glutamic acid excitotoxicity and its downstream damaging

processes, there is still no clinically relevant neuroprotec-

tive pharmacotherapy for neurological disorders. Therefore,

there is an urgent need to identify clinically effective and

widely applicable therapies aimed towards reducing neu-

ronal cell death following stroke and other clinical condi-

tions associated with excitotoxicity. Recently, it has been

demonstrated that poly-arginine (e.g. R9) and arginine-rich

peptides (e.g. TAT, penetratin), which belong to a class of

peptides with cell-penetrating properties are neuroprotec-

tive in vitro and in animal models of stroke [5–10]. For

example, we have previously demonstrated that poly-argi-

nine peptides (R8–R18) and some other arginine-rich pep-

tides are neuroprotective in vitro in neurons exposed to

glutamic acid excitotoxicity and oxygen glucose depriva-

tion, and in the case of R9, R12, and R18, after permanent

middle cerebral artery occlusion in the rat [6, 8, 9]. More-

over, it was demonstrated that peptide neuroprotective
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efficacy increases with the increase in arginine content, and

that peptide cationic charge and arginine residues are crit-

ical for neuroprotection [6].

In terms of neuroprotective action, we have also

demonstrated that poly-arginine peptides have the capacity

to reduce glutamic acid-induced neuronal calcium influx

and are neuroprotective with a single treatment 1–4 h

before, immediately before, during, or after glutamic acid

or OGD exposure [6]. The neuroprotective effect induced

by the poly-arginine peptides could be blocked by incu-

bation with the highly negatively charged molecule hep-

arin, or by neutralising peptide charge with the addition of

negatively charged glutamic acid amino residues (E) fused

to the poly-arginine peptide (E9/R9 peptide) [6]. The

ability of heparin and glutamic acid residues to inhibit

poly-arginine peptide neuroprotection is evidence that

peptide binding to negatively charged cell surface receptors

or membrane structures, such as heparan sulphate proteo-

glycans (HSPGs), sialic acid residues on glycosphin-

golipids, or phosphate head groups in membrane

phospholipids which are known to stimulate peptide

endocytosis/uptake [11–13], is a critical factor for neuro-

protection; however, the peptide–heparin interaction is also

likely to nullify other potential neuroprotective actions

(e.g. perturbation of cationic ion channels).

In order for poly-arginine peptides to be developed into

neuroprotective therapeutic agents, it will be essential to

determine if specific chemical modifications can further

enhance peptide efficacy and/or peptide stability and to

obtain additional information regarding potential mecha-

nism of action. Therefore, in the present study, we exam-

ined the influence of R9 peptide modifications on

neuroprotective properties, peptide stability, and calcium

influx inhibition when applied to cortical neuronal cultures

exposed to glutamic acid excitotoxicity. Comparative

studies utilised an unmodified R9 peptide and R9 peptides

with C-terminal amidation, N-terminal acetylation, C-ter-

minal amidation/N-terminal acetylation, and C-terminal

amidation/D-amino acid modifications.

Materials and methods

Neuronal cultures

Establishment of rat primary cortical cultures in Neu-

robasal (NB)/2% B27 supplement (B27) (Life Technolo-

gies, Australia) using cortical tissue obtained directly from

E18-day embryos was as previously described [5]; how-

ever, cultures were established from cortical tissue stored

in Hibernate-E (Life Technologies)/2% B27 for 2–7 days

at 5 �C. Neurons were seeded into 96-well-sized glass

wells (7 mm diameter, Grace, Australia), 96-well plastic

plates (Nunc, Thermo Fisher Scientific, Australia), or

96-well plastic strip-plates (Costar, Sigma-Aldrich, Aus-

tralia) and maintained in a CO2 incubator (5% CO2, 95%

air balance, 98% humidity) at 37 �C until use on day

in vitro 10–14. Under these conditions, cultures routinely

consist of[97% neurons and 1–3% astrocytes. Glass and

strip wells were used for calcium kinetic studies.

Peptides used in study

Peptides used in this study are provided in Table 1. Pep-

tides were synthesised by China Peptides (Shanghai,

China) and purified by high-performance liquid chro-

matography. The R9D-NH2 peptide was synthesised in the

protease-resistant D-isoform, using D-amino acids. All the

peptides were resuspended in water (Baxter, Australia;

500 lM) and assessed in a concentration range anywhere

from 0.1 to 20 lM, dependent upon experimental

application.

Glutamic acid excitotoxicity model and peptide

treatments

Peptides were added to culture wells 15 min prior to glu-

tamic acid (L-glutamic acid; Sigma-Aldrich) exposure by

removing media and adding 50 lL of NB/2% B27 con-

taining the specific peptide. To induce excitotoxicity,

50 lL of NB/2% B27 containing glutamic acid (200 lM;

final concentration 100 lM) was added to the culture wells

and incubated at 37 �C in the CO2 incubator for 5 min.

After the 5 min exposure, media was replaced with 100 lL
of NB/2% B27, and cultures were incubated for a further

24 h at 37 �C in the CO2 incubator. Untreated controls with

or without glutamic acid treatment underwent the same

incubation steps and media additions. Note: In this model,

neurons are exposed to peptide for 15 min prior to and

during (half peptide concentration) the 5-min glutamic acid

insult.

For extended pre-glutamic acid exposure experiments,

neurons were exposed to peptide for a 10-min period only

1, 2, 3, 4, 5, or 6 h before glutamic acid exposure. This was

performed by removing media from wells and adding

50 lL of NB/2% B27 containing peptide at the relevant

pre-treatment time point. After 10-min at 37 �C in the CO2

incubator, media were removed and replaced with 100 lL
of NB/2% B27. Subsequently, media were removed from

wells and replaced with 100 lL of NB/2% B27 containing

glutamic acid (100 lM). After 5-min glutamic acid expo-

sure, neuronal cultures were treated as described above.

Untreated controls with or without glutamic acid treatment
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underwent the same incubation steps and media as the 1-h

pre-glutamic acid-treated cultures.

Post-glutamic acid exposure was performed by replac-

ing media in wells with 100 lL of NB/2% B27 containing

glutamic acid (100 lM). After 5-min glutamic acid expo-

sure, media were replaced with 100 lL of NB/2% B27 with

(0-min post-insult time-point) or without peptide and

placed at 37 �C in the CO2 incubator. In addition, for the

15, 30, and 45-min post-glutamic acid exposure time points

media were replaced with 100 lL of NB/2% B27 with

peptide. Untreated controls with or without glutamic acid

treatment underwent the same incubation steps and media

additions as the 0-min post-glutamic time point-treated

cultures.

Peptide cytotoxicity studies

Peptide cytotoxicity was assessed by exposing neuronal

cultures to different peptide concentrations for 24 h.

Twenty-four exposures consisted of removing media from

culture wells and adding 100 lL of NB/2% B27 containing

peptide at 1, 2, 5, or 10 lM continuously for 24 h at 37 �C
in the CO2 incubator.

Peptide stability studies

Conditioned culture media were harvested from 12-day old

neuronal cultures and clarified by centrifugation. The

conditioned media were used to make-up peptide stock

concentrations (0.5, 1, 2, and 5 lM) for each of the R9

modified peptides and solutions incubated at 37 �C in the

CO2 incubator for 24 h. Following the 24 h incubation,

50 lL of conditioned culture media containing peptide

were added to neuronal culture wells and wells treated as

described above for the glutamic acid excitotoxicity model.

Controls were treated with conditioned media that had

undergone the same incubation steps as media containing

peptide.

Heparin experiments

Peptides were pre-incubated with heparin (20 IU/mL; Pfi-

zer, Australia) in NB/2% B27 for 5 min at room temper-

ature before addition to culture wells (50 lL) for 15 min at

37 �C in the CO2 incubator. After the incubation period,

media in wells were removed and replaced with 100 lL of

NB/2% B27 containing glutamic acid (100 lM) and sub-

sequently treated as described above. For all the experi-

ments, non-heparin-treated peptide controls with glutamic

acid treatment underwent the same incubation steps and

media additions.

Intracellular calcium kinetics

Intracellular calcium influx as monitored in neuronal cul-

ture wells (glass wells) as previously described [6]. The

aim of these experiments was to determine the relative

change in intracellular calcium before and after glutamic

acid exposure. Briefly, cells were loaded with the fluores-

cent calcium-ion indicator Fura-2 AM (5 lM; Sigma-

Aldrich, Australia) in 50 lL NB/2% B27, 0.1% pluronic

F-127, for 20 min at 37 �C (5% CO2). Fura-2 AM solution

was removed from wells, replaced with 50 lL NB/2% B27

containing peptide or glutamate receptor blockers (MK801/

CNQX; 5 lM/5 lM) and incubated for 10 min at 37 �C
(5% CO2). Control cultures received 50 lL of NB/2% B27

only. After the 10 min incubation period, media in wells

were replaced with 50 lL of balanced salt solution (mM:

116 NaCl, 5.4 KCl, 1.8 CaCl2, 0.8 MgSO4, 1 NaH2PO4; pH

7.2) and wells were transferred to a spectrophotometer

(BMG Labtec, CLARIOstar, Australia) while maintaining

temperature at 37 �C. Fifty microliters of NB/2% B27

containing glutamic acid (200 lM; final concentration

100 lM) was added to wells, and every 5 s, starting 30 s

before and for 2 min after glutamic acid addition, spec-

trophotometer measurements (excitation: 355 nm/emission

495 nm) were recorded. Experiments were performed in

triplicate.

Table 1 Details of peptides

used in the study
Peptide Sequence Molecular weight (Da) Net charge at pH 7 Purity (%)

R9 H-RRRRRRRRR-OH 1423.71 ?9 93.5

Ac-R9 Ac-RRRRRRRRR-OH 1465.75 ?8 96.6

Ac-R9-NH2 Ac-RRRRRRRRR-NH2 1464.77 ?9 93.4

R9-NH2 H-RRRRRRRRR-NH2 1422.73 ?10 92

R9D-NH2 H-rrrrrrrrr-NH2 1423.73 ?10 97

At the N-terminus, H indicates free amine and Ac indicates acetyl. At the C-terminus NH2 represents

amide. Sequence is standard single letter code with L-isoform amino acid residues represented in uppercase

and D-isoform amino acid residues represented in lowercase. Purity determined by high-performance liquid

chromatography
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Neuronal cell viability

Neuronal viability was quantitatively measured by MTS (3-

(4,5,dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-

(4-sulfo-phenyl-2H-tetrazolium salt) assay (Promega, Aus-

tralia), which involved adding 20 lL of MTS solution to

neuronal culture wells and incubating for 1–3 h at 37 �C (5%

CO2), as per manufacturers guidelines. In the glutamic acid

model, theMTS absorbance (490 nm) datawere converted to

reflect proportional cell viability relative to both the no insult

control (Cont.) and glutamic acid-treated control (Glut.), with

the untreated control taken as 100% viability. After glutamic

acid exposure, cell death in these control wells typically

ranges from 2 to 5%, based on light microscopy.

Statistical analysis

Viability data were analysed by ANOVA, followed by post

hoc Fisher’s protected least significant difference test, with

P\ 0.05 values considered statistically significant. All data

are represented asmean ± standard error of themean (SEM).

Experiments were repeated independently at least two times.

Results

Peptide toxicity

We first examined the cytotoxic effects of different con-

centrations (1, 2, 5, and 10 lM) of the modified R9

peptides in neuronal cultures following a 24-h exposure

duration (Fig. 1). Following the 24-h constant exposure of

peptides to neuronal cultures, the only peptide that

appeared to cause any significant increase in neuronal

death compared to the untreated neuronal cultures was the

R9D-NH2 peptide. At the 5 and 10 lM peptide concen-

trations, R9D-NH2 reduced neuronal metabolism of the

MTS substrate by 47 and 61%, respectively, when com-

pared to the control. Interestingly, at least one concen-

tration dose of all peptides increased the ability of

neurons to metabolise the MTS substrate above control

levels, an observation we have reported previously with

R9 peptide treatment of neuronal cultures following glu-

tamic acid excitotoxicity [4], and likely represents a direct

or indirect effect of poly-arginine peptides increasing the

capacity of neurons to reduce MTS to its formazan pro-

duct and/or to reduce background cell death in control

neuronal cultures.

Peptide dose response studies

Next, we examined the influence of N-terminal acetylation

and/or C-terminal amidation and D-isomer amino acids on

the neuroprotective efficacy of the R9 peptide. The R9

peptide was used in our previous study [6] and was used as

the benchmark for the other modified R9 peptides. The use

of peptide end terminal acetylation/amidation and D-iso-

form amino acids is known to increase peptide resistance to

proteases [14]. Additionally, acetylation decreases peptide

Peptide cytotoxicity: peptides present in neuronal cultures for 24h
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Fig. 1 Glutamic acid excitotoxicity model; assessment of R9 peptide

modifications on peptide stability. Peptides incubated for 24 h in

conditioned culture media before addition to neuronal cultures for

15 min prior to, and during, a 5-min glutamic acid exposure.

Neuronal viability measured 24 h after glutamic acid exposure.

Concentration of peptide in lM. MTS data expressed as percentage

neuronal viability with no insult control taken as 100% viability

(mean ± SEM n = 4; *P\ 0.05, when compared to Glut). Cont no

peptide no glutamic acid-treated control. Glut no peptide glutamic

acid treated control
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net charge by 1 (-1) due to the removal of a positively

charged N-terminal amino group, and amidation increases

peptide net charge by 1 (?1) by removal of a negatively

charged C-terminal carboxyl group [14].

We observed that the C-terminal amidated peptides (Ac-

R9-NH2 and R9-NH2; net charge ?9 and ?10, respec-

tively), and the D-amino acid amidated peptide (R9D-NH2;

net charge ?10) displayed a similar and an increased level

of neuroprotective efficacy, respectively, when compared

to the unmodified R9 parent peptide (net charge ?9)

(Fig. 2; see 2 lM results). Conversely, the N-terminal

acetylated peptide Ac-R9 (net charge ?8) displayed sig-

nificantly reduced neuroprotective efficacy when compared

to the unmodified R9 peptide; for experiments shown in

Fig. 2, the increased level of neuronal survival obtained

with the Ac-R9 peptide only reached statistical significance

at the 5 lM concentration.

Effect of delayed peptide pre-treatment

In previous experiments, peptides were present in neuronal

cultures 10 min before and during (half concentration) the

5-min glutamic acid insult. In this study, we tested the

neuroprotective efficacy of the R9-NH2 peptides when

added to neuronal cultures at 1, 2, 3, 4, 5, or 6-h time

interval (10 min treatment; 5 or 10 lM) before glutamic

acid insult. We observed that for R9-NH2, peptide pre-

treatment of neuronal cultures was neuroprotective at the

1–6 h time intervals and that the effect was time and dose

dependent (Fig. 3).

Effect of post-glutamate peptide treatment

We next assessed the neuroprotective efficacy of the R9-

NH2 peptide when added to neuronal cultures at different

time points (0, 15, 30, and 45 min) post-glutamic acid

insult. We observed that R9-NH2 was neuroprotective

when added after the glutamic acid insult, however, neu-

roprotective efficacy was significantly reduced compared

to the pre-treatment effects (Fig. 4).

Effect of heparin on peptide neuroprotection

To determine if peptide electrostatic interactions with

negatively charged cell surface receptors (e.g. heparan

sulphate proteoglycans and glycosphingolipids) were

important for neuroprotection, as previously reported for

R9D-NH2 and other poly-arginine peptides [6], we pre-

incubated R9, Ac-R9, Ac-R9-NH2, R9-NH2, and R9D-

NH2 with heparin (negative-charged molecule homologous

with aforementioned cell surface receptors) during expo-

sure to neuronal cultures (10 min treatment) and prior to

glutamic acid insult. We observed that the presence of

heparin completely eliminated peptide neuroprotective

efficacy (Fig. 5). Exposure of neuronal cultures to heparin

alone did not cause any neuronal toxicity (data not shown).
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Fig. 2 Glutamic acid excitotoxicity model; R9 peptide modification

dose response experiment. Peptides present in neuronal cultures for

15 min prior to, and during, 5-min glutamic acid exposure. Neuronal

viability measured 24 h after glutamic acid exposure. Concentration

of peptide in lM. MTS data expressed as percentage neuronal

viability with no insult control taken as 100% viability (mean ± SEM

n = 4; *P\ 0.05, when compared to Glut). Cont no peptide no

glutamic acid-treated control. Glut no peptide glutamic acid-treated

control
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Peptide stability

Following a 24-h incubation at 37 �C in conditioned neu-

ronal culture media, peptide stability was assessed by

determining neuroprotective efficacy in the glutamic acid

excitotoxicity model. The only peptide that retained any

significant neuroprotective activity was the R9D-NH2

peptide (Fig. 6). At the 2 and 5 lM R9D-NH2 peptide

concentrations, neuronal survival was 50 and 100%,

respectively, while at the lower concentrations (0.5 and

1 lM), the peptide was ineffective.

Intracellular calcium kinetics

In a previous study, we showed that the R9D-NH2 peptide

attenuated neuronal intracellular calcium influx immedi-

ately following glutamic acid insult [6]. Therefore, we

decided to compare the dose-dependent effects of R9, Ac-

R9, Ac-R9-NH2, R9-NH2, and R9D-NH2 on intracellular

calcium levels in neuronal cultures following glutamic acid

exposure. All peptides, to varying degrees, reduced neu-

ronal intracellular calcium levels when administered

immediately prior to (10 min treatment) glutamic acid

insult (Fig. 7). Interestingly, while the R9 and Ac-R9-NH2

peptides displayed a dose-dependent effect at reducing

intracellular calcium levels, the R9-NH2 and R9D-NH2

peptides reduced intracellular calcium to similar levels for

all three concentrations tested (1, 2, and 5 lM). The Ac-R9

peptide only had a very modest effective at reducing neu-

ronal calcium influx at the 2 and 5 lM concentrations.

Discussion

This study extends the findings of our previous reports

demonstrating the neuroprotective efficacy and calcium

influx inhibitory properties of R9 and other poly-arginine

peptides using in vitro glutamic acid excitotoxicity and

oxygen-glucose deprivation models [5–7]. In particular,

this study has made a number of novel findings that have

implications for improving poly-arginine peptide

Glutamic acid model: peptides added for 10min prior to insult
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Fig. 3 Glutamic acid excitotoxicity model; assessment of R9 peptide

treatment before glutamic acid exposure. R9-NH2 peptide present in

neuronal cultures for 10 min only at 1–6 h before glutamic acid

exposure. Neuronal viability measured 24 h after glutamic acid

exposure. Concentration of peptide in lM. MTS data expressed as

percentage neuronal viability with no insult control taken as 100%

viability (mean ± SEM n = 4; *P\ 0.05, when compared to Glut).

Cont no peptide no glutamic acid-treated control. Glut no peptide

glutamic acid-treated control
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Fig. 4 Glutamic acid excitotoxicity model; assessment of R9 peptide

treatment after glutamic acid exposure. R9-NH2 peptide present in

neuronal cultures after 5-min glutamic acid exposure at different time

points (0–45 min). Neuronal viability measured 24 h after glutamic

acid exposure. Time of peptide addition post-insult in minutes. MTS

data expressed as percentage neuronal viability with no insult control

taken as 100% viability (mean ± SEM n = 4; *P\ 0.05, when

compared to Glut). Cont no peptide no glutamic acid-treated control.

Glut no peptide glutamic acid-treated control
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neuroprotective efficacy and for gaining a better under-

standing of neuroprotective mechanism of action.

With respect to neuroprotection in the glutamic acid

excitotoxicity model, when compared to the unmodified R9

(net charge ?9) parent peptide, N-terminal amidation (Ac-

R9-NH2; net charge ?9, R9-NH2; net charge ?10, and

R9D-NH2; net charge ?10) increased the neuroprotection,

while N-terminal acetylation (Ac-R9; net charge ?8)

decreased the neuroprotection in primary neuronal cultures.

The neuroprotective effects associated with N-terminal

amidation were largely mirrored with the ability of the

peptides to reduce neuronal calcium influx, with the R9-

NH2 and R9D-NH2 peptides being the most effective

across the dose range examined, and the Ac-R9 peptide

being the least effective. We have previously hypothesised

that one mechanism, whereby poly-arginine, reduce cal-

cium influx associated with excitotoxicity is by inducing

the internalisation cell surface ion channel receptors and

transporters [7]. To this end, we have recently demon-

strated that poly-arginine R12 and the TAT-fused neuro-

protective peptide TAT-NR2B9c down-regulate the cell

surface expression of the NMDA NR2B subunit protein in

cortical neuronal cultures [15], indicating that this is likely

a general property of cationic arginine-rich peptides.

The increased neuroprotective efficacy of C-terminal

amidated R9 peptides could be due to increased peptide

charge and/or increased peptide stability. As noted in our

previous study [6], peptide net charge is an important
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Fig. 5 Glutamic acid excitotoxicity model; peptides incu-

bated ± heparin (20 IU/mL) for 5 min at room temperature before

being added to neuronal cultures for 10 min only and then removed

prior to glutamic acid exposure. Neuronal viability measured 24 h

after glutamic acid exposure. Concentration of peptide in lM. MTS

data expressed as percentage neuronal viability with no insult control

taken as 100% viability (mean ± SEM n = 4; *P\ 0.05, when

compared to Glut). Cont no peptide no glutamic acid-treated control.

Glut no peptide glutamic acid-treated control. ?Hep peptide

incubated with heparin, -Hep no heparin
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Fig. 6 Effect of prolonged peptide exposure on neuronal viability.

R9 peptides present in neuronal cultures for 24 h prior to viability

assessment. Concentration of peptide in lM. MTS data expressed as

MTS absorbance (mean ± SEM n = 4; *P\ 0.05, when compared

to Cont.). Cont no peptide no glutamic acid-treated control
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chemical determinant with respect to neuroprotection. The

influence of peptide charge on neuroprotection is further

supported by the reduced efficacy of the N-terminal

acetylated R9 peptide (Ac-R9), which has a net charge of

?8 as compared to ?9 for the unmodified R9 peptide. The

reduced efficacy of Ac-R9 due to reduced charge is con-

sistent with the decreased efficacy of R8 (net charge ?8)

compared to R9 reported in our earlier study [6]. Inter-

estingly, the reduced neuroprotective effect of N-terminal

acetylation (Ac-R9) can be effectively overcome and

improved beyond the parent R9 peptide with N-terminal

amidation (Ac-R9-NH2; net charge ?9), suggesting other

chemical/physical factors besides peptide net charge can

also influence peptide neuroprotective function.

The D-isoform R9D-NH2 peptide did not display any

significant improvement in neuroprotective efficacy com-

pared to the L-isoform R9-NH2 peptide in the glutamic acid

excitotoxicity model. This is not totally unexpected, as the

neuroprotective effect induced by peptide treatment of

neuronal cultures occurs within minutes [6], and therefore,

peptide stability, in terms of reduced degradation, is unli-

kely to offer a significant advantage in the glutamic acid

model. Notwithstanding this result, the stability of the

R9D-NH2 peptide was confirmed following the
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Fig. 7 Intracellular calcium assessment using Fura-2 AM after

glutamic acid exposure in neuronal cultures. Fluorescent tracers;

fluorescence intensity (FI) of neuronal cultures 30 s before and after

the addition (arrow) of glutamic acid (100 lmol/L final concentra-

tion). Peptides or glutamate receptor blockers (MK801/CNQX) were

added to neuronal cultures for 10 min and removed (time = 0) before

glutamic acid addition. Glutamic acid control received glutamic acid

exposure only. Control did not receive peptide or glutamic acid

exposure. Values are mean ± SEM; n = 3
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demonstration that the peptide, unlike the other R9 pep-

tides (R9, Ac-R9, R9-NH2, and Ac-R9-NH2), retained

neuroprotective properties in the glutamic acid model fol-

lowing a 24-h incubation in conditioned neuronal culture

media at 37 �C. The increased stability of R9D-NH2 is also
the likely reason why this peptide displayed cytotoxic

effects in neuronal cultures at high concentrations (5 and

10 lM) following a 24-h exposure period. With respect to

in vivo efficacy and toxicity, we have already confirmed

that the R9D-NH2 peptide is neuroprotective in a stroke

model [6] without causing any evidence of histological

damage to the kidney and liver (unpublished observation).

In addition, a safety study in humans using Ac-R9D-NH2

(ALX40-4C) at doses 50, 150, 300, 400, or 500 nmol/kg

administered intravenously three times per week over

4 weeks to asymptomatic HIV-positive patients was well

tolerated and not associated with serious side effects [16].

However, it still remains to be determined if D-isoform

peptides (e.g. R9D-NH2) due to their increased plasma

half-life and resistance to proteolytic degradation are more

efficacious than their L-isoform counterparts (e.g. R9-NH2)

following stroke. Studies in our laboratory are planned to

directly compare L- and D-isoform poly-arginine peptides

in a stroke model to address this question.

In line with our previous poly-arginine peptide studies

[6], R9 peptides were neuroprotective with extended pre-

and post-glutamic acid treatments of neuronal cultures and

displayed a time and concentration-dependent neuropro-

tective effect. Possible explanations for the time and

concentration-dependent pre-treatment effects could be

related to the extended time required to degrade higher

concentrations of the peptide and/or the time to fully

reverse the peptide-induced dose-dependent neuroprotec-

tive effects (e.g. recovery of NMDA receptor cell surface

levels [15]).

The findings in this study provide additional data to

support a neuroprotective mechanism involving poly-argi-

nine peptides inducing internalisation of cell surface ion

receptors and channels, especially with respect to reducing

neuronal intracellular calcium influx immediately follow-

ing glutamic acid exposure and in light of our study

demonstrating the ability of R12 to down-regulate cell

surface levels of NR2B [15]. In addition, in the current and/

or our previous study, we have demonstrated that co-in-

cubation of poly-arginine peptides R9, R12, and R15 with

heparin, a highly negatively charged molecule, during

peptide treatment of neurons completely attenuated neu-

roprotective efficacy following glutamic acid excitotoxic-

ity. The inhibitory effect of heparin on peptide

neuroprotection is consistent with an electrostatic interac-

tion occurring with negatively charged cell surface struc-

tures such as heparan sulphate proteoglycans, chondroitin

sulphate proteoglycans, glycosphingolipids, and phosphate

head groups in phospholipids binding positively charged

poly-arginine peptides and inducing endocytic uptake or

membrane transduction of the peptide [7, 17]. Furthermore,

inhibiting access of the peptide to the cell cytoplasm and/or

the heparin–peptide interaction will also prevent the pep-

tide from exerting any potential intracellular neuroprotec-

tive actions (e.g. mitochondrial stabilisation).

As part of the uptake process induced by poly-arginine

and arginine-rich peptides, we hypothesised that cell

surface receptors associated with excitotoxic calcium

influx (e.g. NMDA receptor, AMPA receptor, and voltage

gated calcium channels) are also internalised [7]. As

mentioned above, the demonstration that the R12 peptide

reduces neuronal cell surface NR2B levels [15] is sup-

portive of this hypothesis. Also of interest is the lack of

stereo-selectivity with respect to neuroprotection of the

R9 peptides (i.e. L-isoform and D-isoform peptides). This

is inline with a more general neuroprotective mechanism

of action (e.g. glutamate receptor internalisation) for poly-

arginine and arginine-rich peptides, likely mediated by

their positive charge, rather than inhibition of a specific

protein–protein interaction, which is likely to be

sequence- and stereoselective.

While other studies have also shown that arginine-rich

peptides including putative ‘‘neuroprotective peptides’’

fused to TAT can interfere with neuronal calcium receptor

function [18–26] or cause receptor internalisation/reduced

cell surface levels [20, 21, 25], other neuroprotective

mechanisms are also likely. For example, it has been

demonstrated that cationic arginine-rich peptides (R4,

C-R7, SS-31) have the capacity to target mitochondria,

whereby they can preserve ATP synthesis, reduce reactive

oxygen species production, attenuate loss of the mito-

chondrial transmembrane potential, maintain cytochrome

c integrity, and/or increase mitochondrial resistance to the

toxic effects of calcium influx [10, 27–30].

Conclusion

In conclusion, we believe that poly-arginine and arginine-

rich peptides due to their multiple potential beneficial

biological actions represent a new class of neuroprotective

molecule, which could be tailored for the treatment of a

range of neurological disorders. However, additional

studies are required in order to better elucidate and confirm

peptide neuroprotective mechanisms and to modify peptide

sequences to further improve neuroprotective efficacy.
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