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Abstract
We have previously demonstrated that Cationic Arginine-Rich Peptides (CARPs) and in particular poly-arginine-18 (R18; 
18-mer of arginine) exhibit potent neuroprotective properties in both in vitro and in vivo neuronal injury models. Based on 
the current literature, there is a consensus that arginine residues by virtue of their positive charge and guanidinium head 
group is the critical element for imparting CARP neuroprotective properties and their ability to traverse cell membranes. This 
study examined the importance of guanidinium head groups in R18 for peptide cellular uptake, localization, and neuroprotec-
tion. This was achieved by using poly-ornithine-18 (O18; 18-mer of ornithine) as a control, which is structurally identical 
to R18, but possesses amino head groups rather than guanidino head groups. Epifluorescence and confocal fluorescence 
microscopy was used to examine the cellular uptake and localization of the FITC-conjugated R18 and O18 in primary rat 
cortical neurons and SH-SY5Y human neuroblastoma cell cultures. An in vitro cortical neuronal glutamic acid excitotoxicity 
model was used to compare the effectiveness of R18 and O18 to inhibit cell death and intracellular calcium influx, as well 
as caspase and calpain activation. Fluorescence imaging studies revealed cellular uptake of both FITC-R18 and FITC-O18 
in neuronal and SH-SY5Y cells; however, intracellular localization of the peptides differed in neurons. Following glutamic 
acid excitotoxicity, only R18 was neuroprotective, prevented caspases and calpain activation, and was more effective at 
reducing neuronal intracellular calcium influx. Overall, this study demonstrated that for long chain cationic poly-arginine 
peptides, the guanidinium head groups provided by arginine residues are an essential requirement for neuroprotection but 
are not required for entry into neurons.
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Introduction

Cationic arginine-rich peptides (CARPs) have gained atten-
tion in recent years due to their inherent neuroprotective 
properties, as demonstrated in preclinical rodent studies of 
acute CNS injuries such as stroke [1–4], traumatic brain 
injury (TBI) [5, 6], and hypoxic-ischaemic encephalopathy 
(HIE) [7], as well as chronic neurodegenerative diseases 
such as Alzheimer’s disease (AD) [8]. This class of pep-
tide also possesses the capacity to traverse cell membranes 
and enter cells, and for this reason they are also known as 
cell-penetrating peptides (CPPs). Due to their membrane-
traversing properties and ability to cross the blood–brain 
barrier and blood–spinal cord barrier, CARPs are highly 
desirable therapeutics for targeting the CNS [9–11]. Neuro-
protective CARPs typically range from 4 to 30 amino acids, 
with arginine residues and an overall positive charge pro-
vided by arginine and other cationic amino acids (e.g. lysine, 
histidine) known to be critical for neuroprotection, as well 
as cell penetration [12, 13].

Our laboratory has demonstrated that CARPs consisting 
of long chained poly-arginine peptides, and in particular R18 
(18-mer of arginine, net charge +18), provide high-level 
neuroprotection in both in vitro glutamic acid excitotoxic 
and oxygen–glucose deprivation models, as well as in rat 
models of stroke, HIE, and TBI [1, 2, 5–7, 14–17]. Fur-
thermore, we have demonstrated that poly-arginine peptides 
attenuate neuronal excitotoxic calcium influx and reduce the 
neuronal cell surface levels of the NMDA NR2B receptor 
subunit [2, 12, 18]. In addition to these potential neuropro-
tective mechanisms, CARPs prevent cell death pathways by 
preserving mitochondrial function [19], and protecting mito-
chondrial architecture [20]. CARPs also inhibit proteolytic 
enzymes that activate matrix metalloproteinases (MMPs) 
[21], and can reduce oxidative stress [22] and pro-inflamma-
tory responses [23]. While the exact structural chemical fea-
tures of CARPs that impart neuroprotective properties have 
not been fully elucidated, it has been hypothesized that the 
guanidinium head group unique to the amino acid arginine 
is a critical requirement for neuroprotection [2, 12, 13, 18].

The guanidinium head group present in arginine resi-
dues and peptide charge are also considered to be important 
chemical elements that enable CARPs to efficiently traverse 
cellular membranes via endocytic energy-dependent and 
non-endocytic energy-independent pathways [24]. Further-
more, the cell-penetrating efficacy of CARPs is dependent 

on the peptide arginine content and positive charge, as dem-
onstrated for poly-arginine peptides, which display increased 
cellular uptake with increasing polymer length and charge 
[12, 25]. The ability of CARPs to traverse cell membranes 
is believed to be due in part to the guanidinium head groups 
present in arginine residues forming bidentate hydrogen 
electrostatic interactions with sulphate, phosphate, and car-
boxylate anionic moieties present on cell surface structures, 
including heparin sulphate proteoglycans [26, 27], phospho-
lipid head groups and gangliosides [28], and protein recep-
tors [29, 30]. Moreover, anionic phospholipid head groups 
present in organelle membranes, including mitochondria, 
the endoplasmic reticulum, and the nucleus, are believed to 
contribute to the ability of CARPs to localize within differ-
ent intracellular organelles [31–35]. Interestingly, features 
that enhance CARP cellular uptake efficiency also appear to 
enhance neuroprotective efficacy [1, 12, 13]. For example, 
increasing poly-arginine chain length and the incorporation 
of tryptophan residing in CARPs increases peptide cellular 
uptake [36], as well as neuroprotective potency [2, 12].

Despite the observation that the neuroprotective potency 
of CARPs appears to be correlated with cellular uptake, 
critical features of the peptide believed to be necessary for 
neuroprotection, namely guanidinium moieties, have not 
been thoroughly investigated. In addition, for our lead neu-
roprotective peptide, poly-arginine-18 (R18), we had not 
previously confirmed cell entry and intracellular localiza-
tion. As such, this study examined the importance of guani-
dinium head groups in R18 for cellular uptake, intracellular 
localization, and neuroprotection. In order to elucidate the 
importance of guanidinium moieties for peptide cellular 
uptake and neuroprotection, we used a poly-ornithine-18 
peptide (O18; 18-mer of ornithine, net charge +18) as a 
control. Ornithine is a cationic non-proteinogenic amino 
acid, but is structurally identical to arginine except that it 
possesses an amino group rather than a guanidino group 
attached to the δ-carbon (Suppl. Fig. 1A). While it is known 
that short-chained poly-ornithine molecules (i.e. 9-mer) do 
not possess high-level cell-penetrating properties [36], to our 
knowledge the cell entry and neuroprotective properties of 
longer chained ornithine polymers has not been examined. 
In this study, we investigated cellular uptake of R18 and O18 
in SH-SY5Y cells and cortical neurons, and neuroprotective 
efficacy in a neuronal glutamic acid excitotoxicity model.

Experimental procedures

Peptides used in this study

R18 (H-RRR RRR RRR RRR RRR RRR -OH) and O18 
(H-OOOOOOOOOOOOOOOOOO-18) peptides, and 
fluorescein isothiocyanate (FITC) N-terminal conjugated 
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peptides, FITC-R18 and FITC-O18 were synthesized by 
Mimotopes (Melbourne, Australia) and high performance 
liquid chromatography purified to > 95%. Peptides were 
prepared as 500 μM stocks in water for irrigation (Baxter, 
Australia) and stored at − 20 °C before use.

Cell culture

Rat primary cortical neurons were isolated from E18 
Sprague–Dawley rats and cultured in Neurobasal/2% B27 
supplement (NB/2% B27; Life Technologies, Australia) 
as previously described [18]. Neurons were seeded into 
clear 96-well plastic plates (Nunc, Australia), black clear 
flat bottom 96-well plastic plates (Corning, Australia), or 
35 mm/14 mm coverslip dishes (MatTek Corporation), and 
maintained in the  CO2 incubator until use on in vitro day 
10 or 11. Under these conditions, cultures routinely consist 
of > 97% neurons and 1–3% astrocytes. Approval to obtain 
embryonic rat cortical tissue for in vitro cultivation was 
obtained by the University of Western Australia Animal Eth-
ics Committee (RA/3/100/1432) and adhered to the Animal 
Welfare Act 2002 (Western Australia) and the Australian 
Code for the Care and Use of Animals for Scientific Pur-
poses (8th Ed. 2013).

Human SH-SY5Y neuroblastoma cells were used to 
confirm that R18 cellular uptake was not limited to a spe-
cific cell type (i.e. cortical neurons), which is an important 
consideration for a potential neuroprotective therapeutic. 
In addition, SH-SY5Y cells exhibit distinct morphologi-
cal differences to neurons, particularly the lack of neuronal 
processes. SH-SY5Y cells were sourced from the European 
Collection of Authenticated Cell Cultures (ECACC) via 
CellBank Australia (ECCAC Catalogue No. 94030304).

SH-SY5Y cells were cultured and maintained in Dul-
becco’s modified Eagle medium (DMEM; Life Technolo-
gies, Australia) supplemented with 5% foetal bovine serum 
(FBS) and maintained in a  CO2 incubator at 37 °C. Cultures 
were seeded into 35 mm diameter dishes with a centrally 
located 14 mm diameter glass cover slip bottom (MatTek 
Corporation, MA, USA) at 300,000 cells per dish and used 
for peptide uptake studies 24 h after seeding.

FITC‑R18 and FITC‑O18 cell uptake studies using 
epifluorescence and confocal fluorescence 
microscopy

SH-SY5Y and neuronal cells growing on glass cover slips 
were treated with FITC-R18 or FITC-O18 (1 or 5 µM in 
1 mL: DMEM/5% FBS for SH-SY5Y cells and MEM/2% 
B27 for neurons) for 10 min in the  CO2 incubator. Following 
incubation, cells were washed with 1 mL ice-cold phenol red 
free Hanks Balanced Salt Solution (HBSS; Thermo Fisher) 
and fixed with 1 mL of methanol and acetone (50%/50% 

v/v) for 15 min at room temperature. After removing fixa-
tion solution, dishes were left to air dry for 30 min, and 
cells were subsequently stained with DAPI (2 µg/mL in 
HBSS) for 10 min. Epifluorescence microscopy was per-
formed using the Nikon Ti2-E inverted microscope (Nikon, 
Melville, NY, USA) equipped with a DS-Qi2 monochrome 
microscope camera (Nikon) and Pre-centred Fibre Illumina-
tor (INTENSILIGHT; C-HGFIE, Nikon). Images were cap-
tured using NIS Elements AR software (Version 5.01.00, 
Nikon). Confocal microscopy was performed using a Nikon 
C2 mounted Ti-E inverted motorized microscope and A1Si 
spectral detector confocal system (Nikon) controlled by 
NIS-C Elements software (Version 4.3, Nikon).

Neuronal glutamic acid excitotoxicity model

Cortical neurons cultured in 96-well plates were treated with 
R18 or O18 (0.5–5 μM in 50 µL MEM/2% B27) for 10 min 
in a  CO2 incubator at 37 °C. To induce excitotoxicity, 50 µL 
of glutamic acid (200 µM; final concentration 100 µM) was 
added to the culture wells and incubated for 5 min in a  CO2 
incubator at 37 °C. After a 5-min exposure, media in wells 
was replaced with 100 µL of MEM/2% B27 and cultures 
incubated in a  CO2 incubator at 37 °C for a further 24 h.

MTS cell viability assay

Cell viability was determined using the MTS assay (Cell-
Titer 96 aqueous non-radioactive cell proliferation assay; 
Promega, Australia) 24 h post glutamic acid exposure. The 
assay was performed by adding 18 µL of MTS solution to 
each well containing 80 μL of media and incubating for 
1–4 h in a  CO2 incubator at 37 °C, before measuring absorb-
ance at 490 nm. Absorbance data were converted to reflect 
proportional cell viability relative to both the untreated con-
trol (100% viability) and glutamic acid treated control (5% 
viability).

LDH cell death assay

Cell death was determined using the lactate dehydrogenase 
(LDH) release assay (CytoTox 96® non-radioactive cyto-
toxic assay; Promega) 24 h post glutamic acid exposure. 
The assay was performed by transferring 20 µL of culture 
well supernatant to a 96-plate well, adding 20 µL of LDH 
substrate solution, and incubating for 30 min at room tem-
perature, before measuring absorbance at 490 nm.

Intracellular calcium kinetics

Intracellular calcium influx kinetics was performed using the 
fluorescent  Ca2+-indicator Fura-2 AM dye (Sigma Aldrich), 
as previously described [2]. Briefly, neurons cultured in 
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black clear-bottom 96-well plates were loaded with Fura-2 
AM in MEM/2%B27 (5 µM in 100 µL) for 20 min in a  CO2 
incubator at 37 °C. After the incubation period, cells were 
washed with HBSS and treated with either R18 or O18 in 
MEM/2% B27 (5 µM in 50 µL) for 10 min in a  CO2 incuba-
tor at 37 °C. After the incubation period, media was replaced 
with HBSS (50 µL), and fluorescent recording measurement 
commenced using a Cytation5 plate reader (Gen5 Version 
3.05.11; BioTek) every 30 s for 1 min before and for 5 min 
after glutamic acid addition (50 µL in HBBS: final concen-
tration 100 µM). Fold change in fluorescence ratio (ΔF: 
340/380 nm) measurements relative to non-glutamic acid 
control neuronal culture was used to compare changes in the 
intracellular calcium influx before and after glutamic acid 
addition in untreated and peptide treated neuronal cultures.

Assessment of caspase and calpain activity

Caspase and calpain activation was measured using the 
Caspase-3, -8, and -9 Multiplex Assays (Abcam; ab219915) 
and Calpain Activity Assay (Abcam; ab65308), respectively 
according to the manufacturer’s protocols. Cortical neurons 
cultured in 96-well plates were treated with R18 or O18 
(5 μM) and glutamic acid (100 µM final concentration) as 
described above. At 6 or 24 h post glutamic acid exposure, 
media in wells was replaced with a caspase substrate solu-
tion (DEVD-ProRed™, IETD-R110, and LEHD-AMC, for 
caspases-3, -8, and -9, respectively) or calpain substrate 
solution (Ac-LLY-AFC) and incubated for 1 h in the  CO2 
incubator. The 6-hour time point was chosen as previous 
studies have demonstrated that caspase and calpain activity 
is triggered in neuronal cultures 4–6 h after excitotoxicity 
[37, 38]. The 24-hour timepoint was chosen to determine 
whether the amelioration of caspase and calpain activation 
was maintained up to 24 h post-excitotoxicity, and aligns 
with the preservation of cell viability at 24 h (as demon-
strated by MTS assay). Cleavage of caspase- and calpain-
specific substrates were measured using the Cytation5 plate 
reader (Ex/Em = 535/620 nm; Ex/Em = 490/525 nm; Ex/
Em = 370/450 nm for caspases-3, -8, and -9, respectively 
and Ex/Em = 400/505 nm for calpain). Fluorescent measure-
ments were subtracted from background signal (media and 
substrate solution) and are represented as fold change of the 
non-glutamic acid control neuronal cultures.

Statistical analysis

Statistical analysis was performed using Prism statistical 
software (Version 8.02, USA). For data relating to viability 
and biochemical assays, experimental group differences were 
analysed using a one-way analysis of variance (ANOVA) 
and subsequent Tukey post hoc tests. Data are presented 
as mean ± SEM, with p < 0.05 considered statistically 

significant. Experiments were repeated at least three times 
independently, with a minimum of eight replicates (n = 8) 
for cell viability and cell death assay, or a minimum of four 
replicates (n = 4) per all other biochemical assays.

Results

FITC‑R18 and FITC‑O18 uptake in SH‑SY5Y cells 
and cortical neurons

Based on epifluorescence microscopy and FITC staining, 
FITC-R18 and FITC-O18 uptake into SH-SY5Y cells were 
highly efficient at the 1, 2, and 5 µM concentrations and 
localizing throughout the cell cytoplasm (Suppl. Fig. 2). 
Using a 5 µM concentration, confocal fluorescent micros-
copy and FITC staining in different cell layers in the XY and 
YZ orthogonal scans confirmed the presence of FITC-R18 
and FITC-O18 within the cytoplasm, with little to no nuclear 
staining (Fig. 1a, b).

Based on epifluorescence microscopy and FITC stain-
ing, FITC-R18 and FITC-O18 uptake into neurons was also 
highly efficient at the 1, 2, and 5 µM concentrations (Suppl. 
Fig. 3), with FITC-R18 localizing primarily within the cell 
body and neuronal processes (Fig. 2a), and FITC-O18 local-
izing primarily within the cell body and nucleus (Fig. 2b). 
When using a 5 µM concentration, confocal fluorescent 
microscopy and FITC staining in different cell layers in the 
XY and YZ orthogonal scans confirmed FITC-R18 distribu-
tion within the cell body and neuronal processes, and FITC-
O18 was distributed in the cell body and nucleus (Fig. 2a, b).

Effects of R18 and O18 on neuronal survival 
and calcium influx after exposure to glutamic acid

As previously demonstrated [1], R18 displayed high-level 
neuroprotection at the 1, 2 and 5 μM concentrations follow-
ing exposure to glutamic acid, as shown by increased cell 
survival and reduced LDH release (Fig. 3a, b). In contrast, 
O18 treatment did not display any significant neuroprotec-
tion through preserved cell viability or reduced cell death 
(Fig. 3a, b). In addition, R18 (5 µM) pre-treatment signifi-
cantly reduced neuronal intracellular calcium levels after 
glutamic acid exposure, whereas O18 resulted in a non-sig-
nificant trend in reducing glutamic acid-induced intracellular 
calcium levels (Fig. 3c).

Effects of R18 and O18 on neuronal caspase 
and calpain activation after exposure to glutamic 
acid

Following glutamic acid exposure, neuronal caspase-3, -8 
and -9 and calpain activity were significantly elevated at 6 
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and 24 h post glutamic acid exposure (Figs. 4a–c and 5a, b). 
R18 at 1, 2, and 5 μM prevented caspase-3, -8, and -9 and 
calpain activation at both the 6- and 24-hour time points. 
In contrast, O18 at 5 μM (only the 5 µM concentration was 
assessed for O18) did not prevent the activation of caspases 
or calpain.

Discussion

R18 and O18 cellular uptake

There is an increasing body of research that has demon-
strated that cationic arginine-rich peptides (CARPs) have 
innate neuroprotective and cell-penetrating properties, how-
ever the key peptide structural features that underpin these 

properties have yet to be fully elucidated. In this in vitro 
study, we examined cellular uptake of the neuroprotective 
CARP, poly-arginine-18 (R18), and the potential importance 
of the guanidinium moiety present on arginine residues for 
both cell penetration and neuroprotection. Importantly, and 
as expected based on other poly-arginine peptide cellular 
uptake studies [36, 39–41], we confirmed that R18 has the 
capacity to enter both cortical neuronal cells and neuroblas-
toma cells (SH-SY5Y), and demonstrated that the guani-
dinium head group is essential for neuroprotection after 
excitotoxic injury.

We also demonstrated that O18 displays high-level cell-
penetrating properties in both SH-SY5Y and cortical neu-
ronal cells. This was unexpected based on a previous study 
showing that O9 (9-mer of ornithine) displays a poor capac-
ity to enter Jurkat cells [36]; however, it is important to note 
that studies examining poly-ornithine peptide cellular uptake 

Fig. 1  FITC-labelled R18 and O18 peptides exhibit similar intracellu-
lar localization in SH-SY5Y neuroblastoma cells. Representative con-
focal microscopy of SH-SY5Y cells incubated with FITC-conjugated 
a R18 and b O18 peptides (5 µM) for 10 min at 37  °C. Cells were 
washed 3 times with HBSS and counterstained with DAPI for 10 min. 
Intracellular localization of peptides was examined with confocal 
laser scanning microscopy (Nikon TiE; × 60 magnification). Green 
indicates FITC signal in the cells. (Color figure online)

Fig. 2  FITC-labelled R18 and O18 peptides exhibit different cel-
lular localization in primary cortical neurons. Representative confo-
cal microscopy of cortical neuronal cultures incubated with FITC-
conjugated a R18 and b O18 peptides (5 µM) for 10 min at 37  °C. 
Cells were washed 3 times with HBSS and counterstained with DAPI 
for 10 min. Intracellular localization of peptides was examined with 
confocal laser scanning microscopy (Nikon TiE; × 60 magnification). 
Green indicates FITC signal in the cells. (Color figure online)
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are limited, and these results may be specific to this cell type 
and O9. These results suggest that for long chain cationic 
amino acid polymers (i.e. 18-mer of arginine, lysine, orni-
thine), positive charge alone is sufficient for cellular uptake 
of the peptide. This is not entirely unexpected, as increas-
ing cationic amino acid polymer length also increases over-
all peptide positive charge, which would have the effect of 
strengthening peptide electrostatic interactions with anionic 
structures on the outer plasma membrane that are critical 
for cellular uptake. It also provides an explanation as to 
why short poly-arginine peptides (e.g. R8 and R9), but not 
short poly-lysine and poly-ornithine peptides (e.g. 9-mer) 
have high cell-penetrating properties (Suppl. Fig. 1A). The 
superior cell-penetrating properties of arginine polymers is 
likely due to the ability of the guanidinium head group on 
arginine residues to form bidentate hydrogen electrostatic 
interactions with sulphate, phosphate, and carboxylate ani-
onic moieties on cell surface structures, while the amide 
head group on lysine and ornithine can only form weaker 
monodentate hydrogen electrostatic interactions [31–33, 35, 
42] (Suppl. Fig. 1B). However, it appears that the weaker 
electrostatic peptide cell surface interactions associated with 
the short chained ornithine and lysine polymers, compared 

to arginine polymers, can be overcome by increasing poly-
mer charge and length, and in doing so improve cell uptake 
efficiency. At present, the minimum peptide charge and 
chain length of ornithine and lysine polymers that result in 
a significant improvement in peptide cell entry still remains 
to be determined.

R18 and O18 intracellular localization

Following entry into SH-SY5Y cells, R18 and O18 exhib-
ited a similar cytoplasmic localization; while following entry 
into neurons, R18 localized mainly within the cell body and 
neuronal processes, whereas O18 localized mainly to the 
cell body and nucleus. The reasons for these differences in 
intracellular localization of the two peptides is not known; 
however, there are a number of possibilities. SH-SY5Y cells 
lack neuronal processes, and thus have a more uniform outer 
surface plasma membrane structure. It is therefore conceiv-
able that anionic interactions between R18 and O18 pep-
tides and the outer cell surface, and subsequent cell entry 
mechanisms, induce a consistent and uniform uptake of 
both peptides into the cytoplasm. In contrast, primary neu-
rons possess highly specialized outer membrane structures 

Fig. 3  R18, but not O18, pro-
vides neuroprotection against 
glutamic acid excitotoxicity 
in cortical neurons. Neuronal 
viability was determined by a 
MTS, and b LDH assays at 24 h 
post glutamic acid exposure 
following a 10-min peptide 
pre-treatment (0.5, 1, 2, and 
5 μM). Absorbance values 
were adjusted to represent cell 
viability (untreated control as 
100%, and glutamic acid control 
as 5% viability, respectively). 
Values are mean ± SEM; n = 8; 
*p < 0.05. c Intracellular cal-
cium influx was measured fol-
lowing glutamic acid insult with 
the fluorogenic Fura-2 AM dye. 
Neurons were pre-loaded with 
Fur-2 AM (5 µM) for 20 min 
prior to peptide incubation 
(5 µM R18 or O18; 10 min). 
Basal intracellular calcium 
concentrations were measured 
with the Cytation5 fluorescent 
plate reader (BioTek) every 
30 s for 1.5 min. Glutamic acid 
(100 µM final concentration) 
was then added, and changes to 
intracellular calcium concentra-
tions were measured every 30 s 
thereafter for a further 5 min
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including axonal and dendritic processes, synapses and cell 
body, as well as possessing a high resting transmembrane 
potential. Furthermore, the composition of the plasma mem-
brane within the different membrane structures is likely to 
differ, which together may influence the differential uptake 
of FITC-R18 and FITC-O18 within different cytoplasmic 

domains (i.e. neuronal processes). For example, the avail-
ability of anionic moieties in neuronal processes may be suf-
ficient for R18 entry due to the stronger electrostatic attrac-
tions provided by guanidinium head groups, while the amino 
head groups of O18 may not be sufficient to induce uptake 
within these structures. More intriguing was the inability 
of FITC-R18 and FITC-O18 to localize within SH-SY5Y 
cell nuclei, while FITC-O18 was exclusively able to localize 
to neuronal nuclei. This observation may be due to differ-
ences in the properties of the nuclear envelope in the two 
cell types and its differential permeability to the R18 and 
O18 peptides.

R18 and O18 neuroprotection: importance 
of guanidinium head groups

While both FITC-R18 and FITC-O18 were able to enter 
neurons, although at different cellular locations, only the 
R18 peptide reduced cell death in the glutamic acid excito-
toxicity model. The lack of neuroprotective properties for 
O18 is in line with our previous study demonstrating that 
poly-lysine-10 (K10; 10-mer of lysine; net charge +10), 
which has a similar structure to arginine and ornithine, but 
possesses an amino group attached to the ε-carbon, is also 
ineffective at reducing neuronal death in the glutamic acid 
excitotoxicity model [12] (Suppl. Fig. 1A). Together, the 
positive neuroprotective result for R18 (and other poly-
arginine peptides and CARPs) and negative neuroprotective 
findings for O18 and K10 indicate that the guanidinium head 
group in arginine residues is an essential structural element 
for neuroprotection in poly-arginine peptides, and mostly 
likely also in other neuroprotective CARPs.

The high neuroprotective potency of R18 observed 
in the excitotoxicity model is likely to be mediated in 
part by the capacity of the peptide to inhibit glutamic 
acid-induced neuronal intracellular calcium influx. It is 
noteworthy that O18 also reduced neuronal intracellular 
calcium influx, but not to a level to elicit a neuropro-
tective effect in the excitotoxicity model. This finding 
indicates that while guanidinium head groups in poly-
arginine peptides provide a high capacity for the poly-
mer to block glutamic acid-induced intracellular calcium 
influx, positively charged amino groups on ornithine and 
most likely lysine polymers, also have some capacity 
to block calcium influx. One mechanism whereby R18 
can reduce glutamic acid-induced intracellular calcium 
influx may involve reducing the surface expression of 
calcium-permeable glutamate receptors. To this end, 
we have previously shown that poly-arginine-12 (R12) 
is able to rapidly reduce neuronal NMDA NR2B recep-
tor surface levels [18] which is an important subunit for 
intracellular calcium influx during excitotoxicity [43]. 
Related CARPs have also been shown to modulate surface 
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Fig. 4  R18, but not O18, attenuates activation of caspases 3, 8, and 
9 at both 6 and 24 h post glutamic acid excitotoxicity in cortical neu-
rons. Neuronal cultures received a 10-min pre-treatment with R18 
(1, 2, or 5 µM) or O18 (5 µM) and subsequent 5-min glutamic acid 
exposure (100 µM). Culture media was then replaced, and activity of 
a caspase 3, b caspase 8, and c caspase 9 were measured with the 
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fluorescence was subtracted, and values were adjusted to relative fold 
change compared to untreated control. Values are mean ± SEM; n = 4; 
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expression of receptors including NMDARs [44, 45] and 
voltage-gated calcium channels (VGCCs) [46–48], as well 
as TNF receptors [49]. It is hypothesized that the ability 
of cationic cell-penetrating peptides to modulate surface 
levels of cell surface receptors may be due to their abil-
ity to induce endocytosis during peptide uptake, causing 
receptor internalization [13, 49]. Furthermore, given the 
differences in neuroprotective potency and intracellular 
localization of R18 and O18 following treatment of neu-
rons, these findings suggest that the uptake mechanisms 
for the two peptides and effects on surface ion channel 
receptors may also differ.

Additionally, R18 may antagonize ion channel recep-
tor function directly through electrostatic interactions 
mediated by its positively charged guanidino moieties. 
Guanidinium-containing agents, such as agmatine [50], 
amiloride [51, 52], diarylguanidines [53], 2-guanidin-
obenzimidazole [54, 55], and tetrodotoxin [56, 57] are 
known to inhibit the function of various ligand gated and 
voltage-gated ion channel receptors by interacting with 
anionic moieties within the ion channel pore or chan-
nel regulatory structures [58]. Similarly, poly-amino-
containing agents, such as putrescine, spermidine and 
spermine, also have the capacity to block different ion 
channel receptors by interacting at or near the channel 
pore [59–61]. Taken together, it is feasible to conclude 
that guanidino and amino moieties within the R18 and 
O18 peptides, respectively, also antagonize calcium 
influx during excitotoxicity by interacting with ion chan-
nel function. Furthermore, it appears that guanidino moi-
eties are more potent inhibitors of ion channel calcium 
influx than amino moieties.

R18 neuroprotection: potential intracellular 
neuroprotective mechanisms

The observation that although R18 did not completely block 
glutamic acid-induced neuronal calcium influx, it still pro-
vided complete neuroprotection suggests that additional 
intracellular neuroprotective mechanisms may also be 
at play. The multi-modal action of CARPs has been well 
documented, including the ability to target mitochondria 
and preserve mitochondrial membrane potential (ΔΨm) 
and stabilization of ATP production [40], maintenance of 
cytochrome c integrity [62], attenuation of ROS production 
[22], and inhibition of calcium influx into the organelle [63]. 
Moreover, since mitochondria can act as central mediators of 
cell death events, such as caspase and calpain activation and 
the release of pro-cell death molecules [64, 65], R18 may 
also be having positive effects on these pathways after injury. 
To this end, arginine, ornithine and lysine tetramers (4-mer) 
have been shown to exert beneficial effects on isolated mito-
chondria when challenged with high calcium concentrations 
by inhibiting calcium-induced mitochondrial permeability 
transition, transmembrane potential disruption, mitochon-
drial swelling and glutathione release, with poly-arginine 
showing the greatest efficacy, followed by poly-ornithine and 
poly-lysine [63]. Furthermore, CARPs can activate pro-cell 
survival signalling and possess antioxidant properties [45, 
66–68], which would also be beneficial to neurons following 
excitotoxic stress.

Given that R18 was highly neuroprotective in the glu-
tamic acid excitotoxicity model and significantly attenu-
ated the calcium influx, we also confirmed that treatment 
of neuronal cultures with the peptide blocked the activation 
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calcium-dependent proteolytic enzymes involved in cell death 
pathways, which are known to be activated following excito-
toxicity [69, 70]. R18 blocked activation of both the initiator 
(caspase 8 and 9) and effector caspases (caspase 3), whereas 
O18 did not have any impact on the activation of the proteo-
lytic enzymes. These findings are supported by a recent study 
that demonstrated the ability of R18 to significantly attenuate 
the activation of caspases-3, -8 and -9 in the brain in a con-
trolled cortical impact TBI model in the rat [71]. Similarly, a 
study by Marshall et al. demonstrated that the poly-arginine-7 
(R7) peptide successfully attenuated NMDA-induced activa-
tion of caspases-3, as well as caspases-1, -4, and -7 in a murine 
model of excitotoxic retinal neuronal death [40]. In addition, 
R18 also resulted in a marked reduction in glutamic acid-
induced activation of calpains, which are calcium-dependent 
proteases that exert their neurotoxic actions through proteolytic 
degradation of cytoskeletal and structural cellular components 
[38, 72], as well as subsequent apoptotic signalling via activa-
tion of caspase-9 [73]. The ability of other CARPs such as 
TAT-CBD3 (YGRKKRRQRRR-ARSRLAELRGVPRGL; net 
charge +11) and R9-CBD3 (RRR RRR RRR-ARSRLAELRG-
VPRGL; net charge +12) to reduce calpain activity following 
glutamic acid excitotoxicity have also been demonstrated [74].

Limitations of study

While the ability of CARPs to inhibit glutamic acid-induced 
neuronal intracellular calcium influx is well established, 
further studies are required to explore other intracellular 
mechanisms of action that underlie their neuroprotective 
effects. For example, future studies should attempt to fur-
ther distinguish neuroprotective mechanisms that may be 
occurring at the cell surface and within the cell, such as 
mitochondrial-targeted mito-protection, ROS mitigation and 
proteolytic enzyme inactivation. This could be achieved by 
direct intracellular administration of the peptide using whole 
cell patch-clamp delivery and subsequent intracellular bio-
chemical and functional assays. In addition, studies should 
examine peptide cell entry at lower concentrations and 
perform a quantitative assessment of peptide uptake using 
fluorescent densitometry or flow cytometry. Future studies 
should also examine CARP uptake and potential cytoprotec-
tive mechanisms in glial cells that also play a pivotal role in 
acute and chronic brain injury and neuroprotection, such as 
astrocytes, microglia and brain endothelial cells.

Conclusion

In this study, we have demonstrated that for long chain 
cationic peptide polymers (e.g. 18-mers), peptide posi-
tive charge provided by either guanidino or amino moie-
ties is sufficient for cellular uptake; however, subsequent 

intracellular localization of the peptides may differ in differ-
ent cell types. In addition, the study confirms that the guani-
dinium head groups of arginine residues in neuroprotective 
poly-arginine peptides, and most likely other CARPs, are an 
essential requirement for neuroprotection.
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