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Background: Despite extensive studies, there are still no clinically available neuroprotective treatments
for traumatic brain injury.

Objectives: In previous studies we demonstrated beneficial treatment effects of polyarginine peptides
R18 (18-mer of arginine; 300 nmol/kg) and R18D (18-mer of D-arginine; 1000 nmol/kg) in a rat model of
impact-acceleration closed-head injury.

Methods: We examined the efficacy of R18D when intravenously administered at a low (100 nmol/kg)
and high (1000 nmol/kg) dose, 30 minutes after a closed-head injury in male Sprague-Dawley rats.
Results: At postinjury day 3, treatment with R18D at the high dose significantly reduced axonal injury
(P=0.044), whereas the low-dose treatment of R18D showed a trend for reduced axonal injury. Following
assessment in the Barnes maze, both doses of R18D treatment appeared to improve learning and memory
recovery compared with vehicle treatment at postinjury days 1 and 3, albeit not to a statistically signif-
icant level. Rotarod assessment of vestibulomotor recovery did not differ between R18D and the vehicle
treatment groups.

Conclusions: R18D modestly decreased axonal injury only at the highest dose used but had no signifi-
cant effect on functional recovery. These findings warrant further studies with additional doses to better

understand peptide pharmacodynamics and provide information to guide optimal dosing.

Crown Copyright © 2020 Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Due to its massive burden on affected patients, society and the
economy, there is a need to develop a neuroprotective therapeutic
for traumatic brain injury (TBI). This need is further compounded
by the complex and multifactorial pathophysiology associated with
TBI. Many previous approaches to developing a neuroprotective
therapeutic agent have focused on targeting only a specific aspect
of the TBI injury cascade. An alternative approach involves the
use of potential therapeutic agents with multiple neuroprotective
modes of action.
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Recent studies have demonstrated that cationic arginine-rich
peptides (CARPs) are beneficial in both in vitro and in vivo
stroke-related injury models,'> and there is increasing evidence
that these peptides exert their neuroprotective actions through
multiple mechanisms.*> For example, we have previously demon-
strated that CARPs can protect neurons from excitotoxicity by
inhibiting intracellular calcium influx and reducing neuronal
surface expression of the N-methyl-D-aspartate receptor subunit
protein NR2B9c.6” Moreover, CARPs have the capacity to reduce
the activity and/or surface expression of other ion channels and
receptors (eg, AMPAR, NCX, TRPV1, CaV2.2, CaV3.3, and TNFR)
that may exacerbate brain injury associated with excitotoxicity or
neurotrauma.®~!! CARPs can also target and stabilize mitochondria,
and reduce mitochondrial reactive oxygen species production,
inhibit proprotein convertases that activate matrix metallopro-
teinases, modulate inflammatory responses, and activate pro-cell
survival signalling.'?
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The neuroprotective actions of CARPs are further supported
by several studies that reveal this class of peptide can reduce
cortical damage’® by reducing inflammation and acute vasogenic
edema,'*!> increasing antioxidant activity,”> and therefore func-
tional recovery.'® Studies in our laboratory have demonstrated that
our current lead neuroprotective CARP, polyarginine-18 (R18) (18-
mer of arginine), was able to significantly reduce the extent of
injury in the corpus callosum in a closed head injury model in
rats.” R18 was also shown to promote neurocytic cell growth as
well as reduce apoptosis; brain water content; and activity of cas-
pases 3, 8, and 9.7 Furthermore, an 18-mer of D-arginine (R18D)
significantly improved sensorimotor and vestibulomotor recovery,
and reduced brain glial fibrillary acidic protein and interleukin 6
protein levels after closed head injury in male Long-Evans rats.'8

Following our positive results with R18D, the aim of the current
study was to further investigate the effectiveness of the peptide to
improve functional (Barnes maze and rotarod) and histological (ax-
onal injury) outcomes when administered at a low (100 nmol/kg)
and high (1000 nmol/kg) dose following an impact-acceleration
closed-head injury. Because male Sprague-Dawley rats are more
widely used in TBI studies than the Long-Evans strain, this study
was carried out using Sprague-Dawley rats to further inform our
initial exploratory study.’

Methods
Peptides used in this study

The R18D (H-rrrrrrrrrrrrrrrrrr-OH; r=D-arginine; net charge
+18) peptide was synthesized by Mimotopes Pty Ltd (Mulgrave,
Victoria, Australia) and purified by HPLC to 98%. Peptide used for
dose response and serum uptake studies were prepared in 0.9%
sodium chloride for injection (Pfizer, Sydney, New South Wales,
Australia) before approximately 650 pL was aliquoted into 3 mL
syringes. Reconstituted peptides were stored at -20°C until use.

TBI model

This study was approved by the Animal Ethics Committee of
the University of Western Australia and follows the guidelines out-
lined in the Australian Code for the Care and Use of Animals for
Scientific Purposes. Male Sprague-Dawley rats weighing 370 to 410
g were housed in pairs under controlled conditions with a 12-hour
light-dark cycle and free access to food and water ad libitum be-
fore and after surgery.

A weight-drop impact-acceleration model of TBI was used to in-
duce the injury as previously described.” '® Briefly, rats underwent
anaesthesia induction with 5% halothane (mix 30% oxygen/70% ni-
trous oxide gas), were intubated, and maintained under 1% to 2%
halothane during attachment of the metal disc to the skull, jugular
vein cannulation, and the intravenous infusion of treatments. Ani-
mals were temporarily disconnected from the anaesthetic (<1 min-
utes) to induce TBI. Sham animals underwent the same surgery,
but were placed adjacent to the weight-drop apparatus when the
weight was released. Treatments were randomised and consisted
of the vehicle control (0.9% sodium chloride for injection) and
R18D at a low (100 nmol/kg) or high (1000 nmol/kg) dose admin-
istered in a blinded fashion at 30 minutes postimpact (600 puL over
6 minutes) through the right internal jugular vein using an infu-
sion pump. Sham animals were administered the vehicle control
via the same route.

A total of 26 animals underwent the procedure and 24 survived
to the 3-day post-TBI end point (7.69% mortality). The 2 animal
deaths consisted of 1 vehicle and 1 R18D-treated (100 nmol/kg)
animal. Both animals experienced shallow, labored breathing dur-
ing the surgical recovery phase and died within 1-hour post-TBIL

Sham and vehicle treatment groups consisted of 6 animals each,
and the low- and high-dose R18D treatment groups consisted of 5
and 7 animals, respectively.

Postsurgical animal care and monitoring

At the conclusion of surgery, pethidine (1 mg in 0.2 mL saline,
IM) and bupivacaine were administered (0.1 mg in 0.2 mL saline
per site, SC) to the head surgical wound. A 2 mL volume of in-
jectable saline was also subcutaneously administered to aid hydra-
tion. Rat cages were placed on a heating mat during postsurgical
monitoring, subsequently housed in a holding room maintained at
26°C to 28°C. Rats were monitored at least twice a day, and if ani-
mal behaviour suggested they were in pain, pethidine (1 mg in 0.2
mL saline) was administered. If weight did not steadily increase,
saline (2 mL) was administered once daily. Rats were also provided
with sweetened nourishments (eg, cereal or gel packs) to encour-
age food intake.

Functional assessments

The Barnes maze and rotarod (model No. MK-630B; Muromachi,
Tokyo, Japan) tests are commonly utilized in TBI studies to identify
functional deficits as previously described.”-9-20 Briefly, the Barnes
maze is a well-characterized test that encourages spatial learning
and memory by using a rat’s innate need to escape brightly lit
areas,?! and the rotarod is a reliable measure for vestibulomotor
deficits.2?0 However, because the adhesive tape test was relatively
insensitive in detecting functional differences between peptide-
treated and untreated Sprague-Dawley rats,” it was omitted for
this study. Although experimenters were blinded to each animal’s
treatment status, latency for each assessment was measured in the
early morning (commencing at 0730 hours) the day before surgery
(baseline), then at days 1 and 3 postinjury. On each day, animals
were given three consecutive attempts (trials) at each test. Each
animal was given 180 seconds to locate the 1 darkened escape
hole out of 20, and no time limit for the rotarod as animals at-
tempted to stay on the rotating rod (4-40 rpm) for as long as pos-
sible. Mean latencies for each treatment group on postinjury days
1 and 3 were compared with baseline mean latency and presented
as a percent change from baseline, which was then used for statis-
tical analysis. A treatment group recording a positive or a negative
value indicated an improvement or decline in functional recovery,
respectively.

Histological assessment for axonal injury

Three days after TBI, animals were killed with pentobarbital
(100 mg/kg, IP) and transcardially perfused with normal saline, fol-
lowed by 10% neutral buffered formalin. Brains were removed and
postfixed in 4% formalin for 1 week before embedding in paraffin.
Sectioned 10 pm coronal slices corresponding to bregma -4.5 were
stained using Bielschowsky silver stain as previously described.’”
Following rehydration, slides were treated with a 10% silver ni-
trate solution for 8 to 10 minutes at 40°C, followed by ammoniacal
silver (1 drop ammonium hydroxide in 10% silver nitrate) for 18
minutes, before reducing (50 mL developer stock solution: 0.25 g
sodium citrate, 2 drops concentrated nitric acid, 10 mL 37% to 40%
formaldehyde; 50 mL developer working solution: 8 drops each
of concentrated ammonium hydroxide and developer stock solu-
tion) to a visible metallic silver. Slides were dehydrated in 1 change
each of 95% and 100% ethanol, 2 changes of xylene, and mounted
with Depex mounting medium. Stained sections were then im-
aged using light microscopy to qualitatively grade axonal injury (0-
4) within the corpus callosum from 3 consecutive sections, while
still blinded to the treatment groups. Axonal injury grading ranged
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from O (indicating absence of injury) to 4. Increasing grade was
indicative of increasing degree of axons displaying an increasing
degree of disorganised architecture and orientation of oligodendro-
cyte nuclei, undulation, and varicosities. Images were captured us-
ing an Olympus DP-70 digital camera (Olympus, Tokyo, Japan) fit-
ted to an Olympus IX70 inverted microscope.

Statistical analysis

All statistical analyses were conducted in R version 3.5.1 (R
Foundation for Statistical Computing, Vienna, Austria) and pre-
sented as mean (SEM). Two-way and 1-way ANOVA were per-
formed, followed by a Fisher LSD post hoc test when the omnibus
ANOVA was significant. Data from the axonal injury assessment
measurements were analyzed using the Kruskal-Wallis test with
post hoc Bonferroni analyses. For statistical analysis of functional
and histological outcomes, both R18D groups were compared with
the vehicle treatment group. A value of P < 0.05 was considered
statistically significant for all data sets.

Results
Functional outcomes

A 2-way ANOVA with repeated measures was initially per-
formed. However, the interaction between treatment and day was
not significant for either Barnes maze (P=0.395) or rotarod perfor-
mance (P=0.1333). Therefore, we analyzed day 1 and day 3 sepa-
rately, using a 1-way ANOVA.

On postinjury day 1, low and high R18D treatment groups re-
sulted in an 8% and 30% decrease in performance from baseline in
the Barnes maze assessment for learning and memory (F3 5o =1.31;
P=0.297), whereas the vehicle treatment group exhibited a 148%
decrease (Figure 1A). On postinjury day 3 (F3,0=125; P=0.317),
treatment with R18D at the low and high dose resulted in a
66% and 68% improvement, respectively, from baseline, whereas
the vehicle group displayed a 36% improvement from baseline
(Figure 1A). Although treatment with R18D appeared to provide
positive effects on learning and memory recovery compared with
vehicle, the results were not statistically significant. Sham animals
did not appear to display any obvious functional deficits.

On postinjury day 1, rotarod assessment for vestibulomotor
function (F350=28.9; P < 0.001) for the low- and high-dose R18D
treatment groups resulted in a respective 90% (P=0.85) and 72%
(P=0.36) decrease in performance from baseline, whereas the
vehicle treatment group exhibited an 87% decrease (Figure 1B).
On postinjury day 3 (F30=4.21; P=0.018), the low- and high-
dose R18D groups resulted in a respective 65% (P=0.80) and 29%
(P=0.24) decrease in performance, whereas the vehicle group ex-
hibited a 58% decrease (Figure 1B). Sham animals did not appear
to display any obvious functional deficits.

Histological outcomes

Based on Bielschowsky silver stain, axonal injury in the corpus
callosum ranged from grade O to 3.5 (P=0.013) across all treat-
ment groups (Figure 2A and 2B). Vehicle-treated animals recorded
the highest average axonal injury score (2.25), despite one animal
displaying no apparent axonal injury (Figure 2C). Animals treated
with the low and high doses of R18D reduced average axonal in-
jury grades to 140 (P=0.121) and 121 (P=0.044), respectively,
with the high dose significantly reducing injury compared with
vehicle-treated animals. As expected, sham animals displayed no
axonal injury (grade 0). Further analysis found no correlation be-
tween axonal injury scoring and either functional outcome.
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Figure 1. (A) Learning and memory and (B) vestibulomotor functional recovery on
the Barnes maze and rotarod. Postinjury day 1 (D1) and day 3 (D3) for each group
(N=5-7). Data are presented as mean (SEM). The mean latency (SEM) of each treat-
ment group on the Barnes maze is shown in Supplemental Table 1 in the online
version at doi:XXXXXXXX. The mean latency (SEM) of each treatment group on the
rotarod is shown in Supplemental Table 2 in the online version at doi:XXXXXXXX.

Discussion

In line with our previous studies examining the effectiveness of
R18D in a rat closed-head injury model, the current findings in-
dicate that intravenous administration of R18D at 1000 nmol/kg
has therapeutic potential in TBI. Histological examination demon-
strated that R18D treatment could reduce the extent of axonal
injury in the corpus callosum. Furthermore, R18D treatment dis-
played a tendency to improve functional recovery in the Barnes
maze and on the rotarod, although these changes were not robust.

Diffuse axonal injury is an important feature of TBI caused by
both biomechanical and biochemical disturbances. Although the
biomechanical primary phase of brain trauma is not amenable to
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Figure 2. Representative images of each treatment status and the corpus callo-
sum where images were obtained (A) following Bielschowsky silver stain, with total
magnification at 200 x (horizontal yellow bar =200 pm), and (B) axonal injury grad-
ing criteria from O to 3. No samples were graded at 4. (C) Grading of the extent of
axonal injury in the corpus callosum. Horizontal bar represents mean grade (N=5-
7). *P < 0.05 when compared with vehicle treatment group. °Oligodendrocyte nu-
cleus. AAxonal fibers.

pharmacological treatment, the secondary pathophysiological con-
sequences associated with the biochemical aspect can be targeted.
Secondary injury processes such as excitotoxicity, mitochondrial
dysfunction, oxidative stress, and inflammation contribute to dis-
rupted axonal transport and degeneration.?? Histologically, axonal
injury is characterized by axons exhibiting a beads-on-a-string ap-
pearance and, in more severe cases, axonal retraction bulbs. The
ability of R18D at the high dose, and low dose to a lesser degree,
at reducing the extent of axonal damage is in line with an earlier
study in our laboratory demonstrating that R18 at a 300 nmol/kg
dose reduced axonal injury.”

With evidence that CARPs, including polyarginine-18 pep-
tides (eg, R18 and R18D), have beneficial immunomodulatory ef-
fects'>-18:23 and can reduce the toxic accumulation of intracellu-
lar calcium,®7 it is becoming increasingly apparent that this class
of peptide may provide a viable neuroprotective therapeutic agent

for TBI. Furthermore, as previous neuroprotective agents developed
for TBI have generally targeted a single pathophysiological event
such as glutamate receptor antagonists (eg, dexanabinol, selfotel,
and magnesium) and calcium channel blockers (eg, nimodipine
and nicardipine)** for excitotoxicity and mitochondria-interacting
agents (eg, cyclosproin A),?°> all have failed clinically. Therefore,
R18D represents a therapeutic with a multitude of neuroprotective
actions® that greatly enhances its neuroprotective potential and
translational clinical effectiveness.

In a previous study, we demonstrated that treatment with R18D
reduced TBI-associated sensorimotor and vestibulomotor deficits, '®
whereas in the present study only a positive trend for improved
recovery was observed for learning, memory, and vestibulomotor
function. There could be several reasons for different functional
outcomes observed in the 2 studies. Most notably, a different strain
of rat was used for the current study. Strain-specific differences in
injury susceptibility and recovery outcome have been well docu-
mented in TBL26 However, a lack of significant findings suggests
that the postinjury examination time points and functional assess-
ment regimen may not have been optimal. Additionally, higher ani-
mal numbers and a longer study end point may have reduced vari-
ability and uncovered statistically significant differences with R18D
treatment.

The current and previous studies suggest that R18D has po-
tential to improve motor and cognitive outcomes after TBI. The
molecular mechanisms contributing to these improvements may
be attributed to its ability to reduce neuronal apoptosis and pro-
mote outgrowth.”'7 Furthermore, other CARPs have also demon-
strated the ability to improve functional outcome in TBI models.
For example, the peptides COG1410 (Ac-AS(Aib)LRKL(Aib)KRLL-
NH,, net charge: +4) and CN-105 (Ac-VSRRR-NH,, net charge: +3)
provided significant improvements in spatial learning and mem-
ory in mouse TBI models.”>?” Furthermore, pretreatment with
PACAP38 (Ac-HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNK-
NH,, net charge: +9.1) improved learning and memory function
in rats subjected to a TBL2® Uninjured healthy rats treated with
PACAP38 demonstrated an improvement in spatial memory and
increased expression of antioxidative enzymes.??

Conclusions

This study has demonstrated that R18D only modestly reduced
axonal injury at a dose of 1000 nmol/kg and had no effect on func-
tional recovery. To elucidate whether R18D may be at least partly
responsible for these effects, further dose-response and long-term
studies are required.
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