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ABSTRACT: PTEN (phosphatase and tensin homologue) is an
established cellular growth brake whose inhibition stimulates
regeneration of injured neurons in rodent models. Herein, we
employed peptide-based PTEN inhibition targeting PTEN’s phospha-
tase activity. Therefore, a fusion peptide (PAP2-TAT) of PAP2 (PTEN
antagonistic peptide 2) with TAT (transactivator of transcription) was
used to enable cellular entry. PAP2-TAT was not cytotoxic and entered
the cytoplasm of primary mouse neurons, where it enhanced neurite
growth, growth cone size, and synaptophysin abundance. PAP2-TAT
modestly elevated P-AKT and more strongly elevated P-ERK levels.
Furthermore, STATs (signal transducer and activator of transcription)
were phosphorylated after PAP2-TAT administration. So far, PAPs
have not been employed in traumatic brain injury (TBI). In a mouse
TBI model, a single PAP2-TAT injection improved single parameters of gait impairments but had no impact on neuroinflammation
and TBI-associated weight loss. In summary, peptide-based PTEN inhibition aids neuronal cell growth and regeneration after brain
injury.

■ INTRODUCTION
PTEN is a dual-specific lipid and protein phosphatase
operating as an essential inhibitor of cell growth and survival
by counteracting PI3 kinase activity. Given PTEN’s function as
a cellular growth brake, targeted PTEN inhibition reproducibly
stimulated diverse aspects of cell growth.1,2 In neurons, genetic
PTEN ablation resulted in hypertrophy of cell somata3,4 and
growth cones,5,6 more dendritic arborizations,7,8 neurite
growth,9−11 and enhanced circuit formation and activity.12,13

This might impede physiological brain function in mouse
models, resulting in epilepsy.14 Importantly, after neuronal
injury, PTEN deletion enhanced axonal regeneration and
recovery.15,16 This was shown in several mouse models of
spinal cord,17,18 traumatic brain,19−22 and peripheral nerve4,9

injury.
To unlock PTEN’s therapeutic potential, several pharmaco-

logical approaches including compound- and peptide-based
PTEN inhibition have been reported.16,23 Compounds
targeting PTEN such as bisperoxovanadium (bpV) block
PTEN function but also target other enzymes and have side
effects such as modulating blood glucose levels.24 In this study,
peptide-based inhibition of PTEN was employed. In previous
studies, so-called PTEN antagonist peptides (PAPs) targeting
several PTEN functional domains including phosphatase
activity were reported.18 For PAPs to function as an
intracellular PTEN antagonist, conjugation with the TAT

sequence (transactivator of transcription) is used to facilitate
PAP cell entry.25 PAP-TATs were already successfully applied
in rodent models of spinal cord injury: systemic PAP injection
enhanced sprouting of cortico- and bulbospinal fibers and
enhanced recovery of locomotor function in mouse models of
spinal cord injury.25−29 Moreover, PAPs enhanced neuronal
growth in culture and elevated P-AKT levels.25

So far, PAP-based PTEN inhibition has not been tested in
mouse models of traumatic brain injury (TBI). Since in TBI
neuronal connections are directly severed by the mechanical
injury, we thought to enhance neuronal growth and
regeneration by PAP2-mediated PTEN inhibition. For this,
we employed a mouse TBI model of closed-head injury
inducing TBI through a weight-drop apparatus.30 PAP2 is
derived from PTEN’s phosphatase (PTP) domain (amino
acids 60−73) and was previously shown to bind the PTEN
protein.25 In addition, PAP application downregulates PTEN
protein abundance in primary neurons.26 PAP2-TAT was
locally applied to the lesion site, and functional recovery
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through CatWalk XT analysis of gait parameters was applied.
Indeed, specific gait parameters impaired by TBI were
modestly improved by PAP2-TAT application. In addition,
PAP2-TAT enhanced primary neuronal growth, growth cone
area, and presynaptic marker abundance. Mechanistically, we
found modulation of MAP kinase and STAT signaling by PAP-
TAT.

In summary, this study further supports the proregenerative
activity of PTEN inhibition through peptide-based PTEN
interference.

■ EXPERIMENTAL SECTION

Materials and Methods
Solid-Phase Peptide Synthesis and Peptide Modification.

All the peptides were synthesized using the Fmoc (Fluorenylmethox-
ycarbonyl)-SPPS method on 100−200 mesh resins in an automated
microwave peptide synthesizer (Liberty Blue, CEM Corporation)
from the C- to N-terminus. DMF (N,N-dimethylformamide) was
used as the main washing solvent, and the deprotection solvent was a
mixture of 20% piperidine in DMF. The activator and activator base
were 0.5 M DIC (N,N′-diisopropylcarbodiimide) and 1.0 M Oxyma
(Ethyl cyano(hydroxyimino)acetate), both in DMF. The amount of
materials and reagents was prepared in accordance with the
calculation performed by the Liberty Blue software, and the procedure
is described briefly as follows. Rink Amide resin beads were swollen in
DMF for 30 min prior to synthesis and then again in the automatic
synthesizer for an additional 10 min. An additional spacer Fmoc
aminohexanoic acid (Ahx) was inserted at the N-terminus for all
fluorescein-labeled (FITC) peptides. Single amino acid coupling was
routinely applied, unless otherwise stated. The procedure began with
Fmoc removal. The resin beads were immersed in the deprotection
solvent and heated to 75 °C (155 W) for 15 s, followed by 90 °C (30
W) for 50 s. The beads were then washed twice with DMF.
Subsequently, the respective amino acid (at a concentration of 0.2 M)
was coupled in DMF with the assistance of an activator and an
activator base. The reaction mixture was heated to 75 °C (170 W) for
15 s and then to 90 °C (30 W) for 110 s, after which it was flushed
with DMF. Arginine (Fmoc-Arg-Pbf−OH) underwent double
coupling. Coupling of histidine (Fmoc-His-Trt−OH) was carried
out at 25 °C for 120 s and 50 °C (35 W) for 480 s. Deprotection
solvent was added to remove the Fmoc motif after the final coupling.
FITC-labeling was done manually at the N-terminus on resin beads
with a stoichiometry of 1:2:4 (peptide: FITC: DIPEA, diisopropy-
lethylamine) in DMF in a peptide reactor (Carl Roth) for 4 h at room
temperature (RT). Afterward, the resin beads were first rinsed with
DCM (dichloromethane) to unreacted chemicals and were immersed
in a cleavage cocktail 95% TFA (Trifluoroacetic acid), 2.5% Milli-Q
water, and 2.5% TIPS (Triisopropylsilane) for 2 h. The crude product
was obtained by precipitation in cold diethyl ether and centrifugation.
The amino acid sequences are listed in Table 1 and the mechanisms
for FITC-labeling are depicted in Figure S1.

Purification and Characterization of Peptides. The peptide
precipitates were dissolved in a mixture of Milli-Q H2O and ACN
(acetonitrile) and purified by preparative reverse-phase high-perform-
ance liquid chromatography (HPLC; Shimadzu) via a C18 column
(Phenomenex Gemini, 5 μm, NX-C18, 110 Å, 150 × 30 mm) at a
flow rate of 25 mL/min. Samples were collected in fractions based on

chromatography, which was monitored using an ultraviolet (UV)
absorption detector at 214 nm. The purified samples were lyophilized
and stored at −20 °C prior to use.

The samples were identified by matrix-assisted laser desorption/
ionization-time-of-flight mass spectrometry (MALDI-TOF MS) via
the dried droplet method. The samples were mixed with a saturated
solution of the matrix CHCA (cyano-4-hydroxycinnamic acid; Milli-Q
H2O/ACN 1:1 + 0.1% TFA). MALDI-TOF spectra were recorded
using a rapifleX MALDI-TOF/TOF instrument (Bruker).

The purity of the samples was confirmed by analytical reverse-
phase HPLC. The analytical HPLC (Shimadzu) system was equipped
with a C18 column (ZORRBAX Eclipse XDB-C18, 5 μm, 70 Å, 9.4 ×
250 mm) at a flow rate of 4 mL/min. The eluent was a solvent
mixture of ACN/Milli-Q acidified with 0.1% TFA, ranging from 5% to
80% ACN. The samples were monitored using UV absorption at 214
nm.

Cell Viability and Cellular Uptake. To study the potential
cytotoxicity and cellular uptake of PAP2-TAT, SH-SY5Y cells (human
neuroblastoma cell) were incubated at 37 °C and 5% CO2 in
Dulbecco’s Modified Eagle Medium (DMEM)/Nutrient Mixture F-
12 (F-12), supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin−streptomycin (PS), to study the potential cytotoxicity and
cellular uptake of PAP2-TAT. The cells were seeded at a density of
5000 cells/well in a 96-well plate and incubated at 37 °C for 24 h.
Peptide powders were dissolved in DMSO (dimethyl sulfoxide) and
further diluted in the culture medium. The cells were treated with
different concentrations (0.1, 0.33, 0.66, 1.0, 3.3, 6.6, 10, 33, 66, and
100 μM) of PAP2-TAT (50 μL) at 37 °C for 24 h. Cell viability was
assessed using the GloMax-MultiDetector System and CellTiter-Glo
Assay according to the manufacturer’s protocol. The reagent (50 μL)
was added to each well plate, which was gently shaken for 2 min. The
plate was incubated for an additional 10 min in the dark at room
temperature prior to measurement.

Cellular uptake of the peptides was performed using SH-SY5Y cells
with the same cell culture procedure. The cells were seeded at a
density of 40,000 cells/well in an 8-well plate (μ-Slide 8 Well Glass
Bottom, Ibidi) for 24 h. Subsequently, the cells were treated with10
μM of FITC-PAP2-TAT or FITC-PAP2 in culture medium at 37 °C
for 24 h. After incubation, each well was gently washed to remove any
excess compounds. To improve the visualization of cellular uptake,
the cell nuclei were stained with Hoechst 33342 dye (Thermo Fisher
Scientific), and the cell membranes were stained with a deep red
plasma membrane stain (Invitrogen).

Primary Neuronal and Organotypic Cultures. C57BL/6J pups
(postnatal day 0−2) were sacrificed by decapitation directly into ice-
cold PBS. The hippocampi were isolated in ice-cold HBSS (Hank’s
balanced salt solution), then digested in 0.05% Trypsin−EDTA for 10
min at 37 °C. Following digestion, tissues were washed twice with
prewarmed HBSS and subsequently incubated in 1 mL of DMEM
supplemented with 10% FBS to inactivate trypsin. Tissues were gently
dissociated with a full-diameter, flame-polished Pasteur pipet tip,
followed by a half-diameter, flame-polished pipet tip for 1 min each.
The resulting cell suspension was spun down at 600 rpm for 7 min.
After removing the supernatant, the cell pellet was resuspended in
fresh culture media. Cells were counted with a Neubauer chamber
and plated at a density of 5000 cells/well into peptide-supplemented
media at a concentration of 3 μM in 96-well glass-bottom plates
(P96−1.5H−N, Celvis). Plates were left uncoated, except for PLL/
laminin controls, which were coated with poly-L-lysine (10 μg/mL;

Table 1. Name, Peptide Sequence, and Molecular Weight of the Peptides Used for This Study

name sequence Mw

TAT RKKRRQRRR 1338.7
FITC-TAT FITC-AhxRKKRRQRRR 1841.2
PAP2 KHKNHYKIYNLCAE 1761.0
FITC-PAP2 FITC-AhxKHKNHYKIYNLCAE 2263.6
PAP2-TAT KHKNHYKIYNLCAERKKRRQRRR 3081.7
FITC-PAP2-TAT FITC-AhxKHKNHYKIYNLCAERKKRRQRRR 3584.2
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P6282, Sigma-Aldrich) and mouse laminin (20 μg/mL, L2020, Sigma-
Aldrich). Cultures were maintained in a humidified incubator kept at
37 °C and 5% CO2 and stained after 24 h in culture for all
experiments. For long-term (14 DIV, days in vitro) cultures, plates
were additionally coated with PLL to ensure cell attachment.

Immunocytochemistry. Cells were washed with ice-cold PBS
(phosphate-buffered saline) and fixed in 4% PFA +5% glucose in PBS
for 15 min at RT. After washing three times with PBS, cells were
permeabilized with 0.1% Triton-X-100 in PBS for 5 min at RT. Cells
were washed two more times in PBS and allowed to block for 30 min
in 2% BSA in PBS before incubating with βIII tubulin (0.28 μg/mL,
PRB-435P, TUJ1; Covance), MAP2 (1:3000, Cat# CPCA-MAP2,
EnCor), Synaptophysin1 (2 μg/mL, p38−1,101,308, Synaptic
Systems), or P-STAT5A/B (1.5 μg/mL, Cat No. 12071-1,
Proteintech) for 1 h at room temperature. Cells were washed three
times with PBS and then incubated for 1 h in the dark at RT with
Alexa-488 donkey anti-rabbit (2 μg/mL, A21206, Thermo Fisher),
Alexa-488 donkey anti-chicken (0.67 μg/mL, A-78948, Invitrogen),
Alexa-546 goat anti-mouse (2 μg/mL, A11003, Invitrogen), CF633
donkey anti-guinea pig (2 μg/mL, 20171, Biotium), and Phalloidin
Texas Red (1 U/mL, #00033, Biotium). Cells were washed twice with
PBS and incubated for 5 min with DAPI (1:2000 dilution in PBS).
DAPI was replaced with 1% PFA in 1.25% sucrose in PBS.

Immunoblotting. Neuronal cell cultures were maintained for 24
h before being stimulated with 3 μM of peptides for 30 min and 25
ng/mL of BDNF (brain-derived neurotrophic factor). Protein lysates
were prepared from cells or tissues using freshly made ice-cold lysis
buffer (100 μL per 35 mm dish of primary neurons, 150 μL for
tissue), followed by incubation and scraping on ice. Lysates were
rotated for 30 min at 4 °C, centrifuged (13,000g, 2 min, 4 °C), and
protein concentrations were determined by Bradford assay (0.5%
lysate with 20% Rothi-Quant in PBS, absorbance at 595 nm). Equal
amounts of protein (30 μg) were denatured and separated by SDS-
PAGE using hand-cast resolving and stacking gels prepared in the Bio-
Rad casting equipment. After polymerization, gels were run with
protein ladders for 20 min at 50 V and 125 min at 135 V. Proteins
were transferred to methanol-activated PVDF membranes (90 min, 80
V, 4 °C) in prechilled transfer buffer with an ice pack to maintain low
temperature. Membranes were stained with Ponceau S to verify
transfer, washed in TBST (Tris-buffered saline with Tween), and
blocked for 30 min in 5% milk (or BSA, when required). After
blocking, membranes were incubated with primary antibodies p-AKT
(Ser473) (1:1000, 4060, Cell Signaling), AKT (pan) (1:1000, 4691S,
Cell Signaling), p-ERK 1/2 (1:1000, 4370, Cell Signaling), ERK 1/2
(1:1000, 9102, Cell Signaling), and GAPDH (1:5000, 3683, Cell
Signaling) overnight at 4 °C, washed three times with TBST, and
subsequently incubated with HRP-conjugated secondary antibodies
(1:5000 in 5% milk/TBST) for 1 h at room temperature. Following
additional TBST washes, membranes were incubated with a freshly
prepared ECL substrate and imaged using a ChemiDoc system (Bio-
Rad). Chemiluminescent TIFF images were imported into ImageJ for
quantification. Lanes were aligned and defined using the gel analysis
tool, peak areas corresponding to protein bands were measured after
background subtraction, and values were exported to Excel.
Phosphorylated protein intensities were normalized first to
GAPDH, then to the corresponding total protein, and phospho/
total ratios were calculated to compare experimental treatments.

Phospho-Array. Primary hippocampal neurons from P0−P2 mice
were maintained for 24 h and incubated at 37 °C and 5% CO2.
Cultures from a total of 20 mice were pooled to obtain sufficient
material for two conditions (PAP2-TAT and DMSO; N = 1 each).
Phospho antibody array, comprised of 304 antibodies from 16
commonly studied signaling pathways, was performed using the Full
Moon BioSystems kit (Cat #: PCS300; Full moon Biosystems)
according to the manufacturer’s protocol.

According to the antibody array assay kit, neurons were washed
three times with ice-cold PBS, lysed in 50 μL/well nondenaturing
extraction Buffer (supplemented with protease/phosphatase inhib-
itors), scraped, and pooled (3 wells/condition). Lysis beads were
added, followed by five cycles of vigorous vortexing (1 min) and ice

incubation (10 min), with sequential centrifugation (10,000g, 5 min;
18,000g, 20 min; 4 °C) to yield clarified supernatants. Protein lysates
(30−100 μg) were adjusted to 75 μL of Labeling Buffer, biotinylated
with biotin reagent (1−2 h, RT, intermittent mixing), and stopped
with stop reagent. Antibody array slides were blocked (30 min, orbital
shaker) with blocking solution, rinsed extensively with deionized
water, and then incubated with diluted biotinylated samples (6 mL
coupling solution, 1 h, RT, gentle shaking). Arrays were washed (3×
in 1× wash solution) and rinsed, followed by 20 min incubation with
Cy3-streptavidin diluted in detection buffer (RT, dark), additional
washes, and drying (1000g centrifugation). Slides were scanned at 10
μm resolution in the Cy3 channel using an Affymetrix microarray
scanner, and signal intensities were quantified with the manufacturer-
provided GAL (GenePix Array List) file and microarray analysis
software. Array spots were identified semiautomatically and manually
corrected where necessary. Signal intensities were extracted using
GenePix Pro 6.1 software. For each slide, the median intensity value
of each spot was obtained, and the average of the five replicate spots
was used for downstream analysis. Data were normalized to β-tubulin
and expressed as fold change.

Weight-Drop TBI Model and Peptide Injection. Mice were
individually anesthetized with 5% sevoflurane (800 mL/min O2) in an
induction chamber, then maintained at 3.5% via mask after confirming
loss of pedal withdrawal reflex; analgesia was administered
subcutaneously (buprenorphine, 0.04 mg/kg). Scalps were shaved,
disinfected, and incised (1 cm midline) to expose the skull, with
bregma marked. Heads were secured in the weight-drop apparatus,
eyes protected with Bepanthen salve, and the impactor positioned
flush with motor cortex (0.5 mm posterior, 1.5 mm left of bregma). A
120 g weight was released from a 40 cm height (2.25 mm depth limit
via a spacer) to induce focal TBI. Postimpact, mice received
immediate oxygen and cardiac massage and were stabilized under
3.5% sevoflurane and transferred to stereotaxic injection. For
injections, glass capillaries (1 mm; World Precision Instruments)
were pulled, backfilled, loaded with 2 μL of 10 μM peptide or vehicle
(DMSO), and mounted on a Hamilton syringe (RN compression
fitting) in a stereotaxic frame. A 0.5 mm hole was drilled at the impact
site (Foredom rotary tool, Meisinger carbide bur), cleaned with
cotton swabs, and the capillary was lowered into the cortex at a depth
of 0.2 mm for stepwise injection during withdrawal. Scalps were
sutured, and mice were recovered in a heated transport cage. Sham
animals received the same treatment as TBI-treated mice except for
the TBI weight-drop impact.

Animals and treatments were randomized, and the experimenter
was blinded to the group allocation.

Behavior. To assess gait and motor coordination post-TBI and
peptide treatments, mice underwent habituation and testing with the
CatWalk XT system (a glass walkway with a tunnel used to observe
gait deficits). All behavior tests were performed 2−3 days prior to the
TBI, followed by 1, 3, 5, and 7 days post injury as before.31

Immunohistochemistry. Immunohistochemistry was performed
on paraffin-embedded tissue sections to visualize antigens and identify
cell types. Slides were dewaxed overnight at 60 °C, then rehydrated
through sequential incubations: xylene (2 × 5 min), 100% EtOH (5
min, 3 min), 90% EtOH (2 min), 70% EtOH (2 min), followed by
two washes in ddH2O (2 min each). Antigen retrieval was achieved by
pressure cooking slides in citrate buffer for 10 min, followed by 10
min cooling and a 1 min ddH2O wash. Tissue was circled with a PAP
pen, blocked with 2% BSA in TBS (30 min, RT), and incubated
overnight at RT with 80−100 μL/slide of primary antibodies NeuN
(1 μg/mL, MAB377, Millipore), GFAP (2 μg/mL, ab4674, Abcam),
and Iba1 (2 μg/mL, 019−19741, WAKO). The next day, slides were
washed in TBST (10 min), incubated with secondary antibodies
(1:500, 30 min, RT, dark), washed again in TBST (10 min), stained
with DAPI (5 min, dark), and washed once more in TBST (10 min).
Slides were briefly dipped in ddH2O, air-dried (20−30 min, RT), and
mounted with Mowiol under glass coverslips.

Quantification and Statistics. High-throughput primary neuro-
nal outgrowth scans were analyzed using a neural network designed
and provided by Evident Scientific using the scanR 3.1 Analysis
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Software. Nonhigh-throughput cultures and brain sections were
analyzed manually with custom ImageJ macros.

Statistical analysis was conducted using a one-sample t-test, or one-
way ANOVA followed by Kruskal−Wallis test and Dunn’s multiple
comparisons test, depending on the normality and homogeneity of
variance. Data containing two independent variables were analyzed
using two-way ANOVA with interaction terms and appropriate post
hoc tests. Significance is denoted as *P ≤ 0.05, **P ≤ 0.01, and ***P
≤ 0.001. Data are depicted as mean ± SD if not indicated otherwise.

■ RESULTS

Synthesis and Characterization of Peptides

In this study, we combined the previously published PAP2
sequence25 with a TAT sequence (see Table 1 and Figure 1A).
The TAT sequence in this study was shortened by four amino
acids compared to a previous report25 by omitting one amino
acid at the N-terminus and three at the C-terminus (see Table
1). FITC labeling of the peptide was performed on resin with

an additional Ahx spacer on the N-terminus to prevent side
reactions upon TFA cleavage.32 Following the coupling
reactions, the resin beads were rinsed with DCM, immersed
in the cleavage cocktail, and precipitated in a cold diethyl
ether. The crude peptides were dissolved in a mixture of Milli-
Q H2O and ACN before being purified and collected by RP-
HPLC. The purity of each compound was further confirmed
by analytical HPLC (Figure S2), which showed that
compounds were highly pure (purity >95%). The different
retention times of each compound can be explained by the
interaction between the compounds and the column. The
more polar the compound is, the earlier it is eluted from the
column.33 This is consistent with the sequences containing the
highly polar TAT group eluting earlier than the other
compounds. Conversely, fluorophore-labeled compounds
containing relatively hydrophobic dyes were eluted later on
the same column. The MALDI-TOF MS of each compound
shows the expected mass-to-charge (m/z) ratio (Figure S3).

Figure 1. PAP2-TAT has low cytotoxicity and is efficiently taken up by cells. (A) 1-letter amino acid sequences of the peptides employed in the
study. (B−E) FITC-conjugated PAP2 alone did not enter SH-SY5Y cells (B), whereas PAP2-TAT labeled with FITC was found in the majority of
cells (C). Higher magnification revealed cytoplasmic abundance of PAP2-TAT inside cells (D). Quantification revealed that approximately 90% of
cells were PAP2-TAT positive (E). (F) Cell viability of SH-SY5Y cells was not affected by PAP2-TAT concentrations between 0.1 and 10 μM.
Higher concentrations resulted in some cytotoxicity. For statistical analysis in (E), a one sample t-test was performed, and significance was
calculated in relation to FITC-PAP2 (*, **, and *** reflecting P ≤ 0.05, 0.01, and 0.001). Circles or squares depict independent cultures analyzed.
Scale-bar (B,C) = 50 μm; (D) = 20 μm.
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PAP2-TAT Does Not Impair Cell Viability and Is Taken Up
by Different Cell Types

The cellular uptake and concentration range of peptide
administration tolerable by cells were analyzed in SH-SY5Y
cells (Figure 1).

To measure cellular uptake, 10 μM of FITC-conjugated
PAP2-TAT or�as control�PAP2 alone conjugated with
FITC (FITC-PAP2) was added to the growth medium (Figure
1B−E). There was no green fluorescent signal from the FITC-
PAP2-treated group, indicating that FITC-PAP2 could not
enter the cytoplasm (Figure 1B, E). In contrast, FITC-PAP2-
TAT entered almost 90% of all cells (Figure 1C, E) and was
present throughout the cytoplasm (Figure 1D).

Next, cell viability was assessed using an adenosine
triphosphate (ATP)-based luminescent assay (Figure 1F).
We did not observe an impact of PAP2-TAT on cell viability in
a concentration range between 0.1 μM and 10 μM (Figure
1F). However, a higher concentration of PAP2-TAT induced
cytotoxicity in SH-SY5Y cells (Figure 1F). Taken together, a
concentration of up to 10 μM of PAP2-conjugated peptides
was tolerable to cells, and a concentration of 10 μM resulted in
efficient cytoplasmic transfer.

Since we aimed at analyzing PAP2-TAT’s impact on
neuronal growth, we investigated the efficiency of cellular
uptake in mouse primary neuronal and organotypic culture
(Figure 2). As observed for SH-SY5Y cells (Figure 1), FITC-
PAP2 alone conjugated to FITC did not enter βIII tubulin-
positive neurons (Figure 2A, B, I). In contrast, FITC-PAP2-
TAT conjugated with FITC was found in mouse primary
hippocampal neurons with approximately 90% of cells being
positive (Figure 2C, D, I). To analyze uptake in an in vivo-
related model, we employed mouse cortical organotypic slices
preserving the cortical architecture for some time in culture
(Figure 2E−H; J). As before, almost no FITC-PAP2 was
present in cortical neurons (Figure 2E,F; J). However, addition
of TAT to PAP2 allowed for entry into cortical neurons in
brain slices (Figure 2G,H; J).

In summary, PAP2-TAT was also present in the primary
mouse neurons.
PAP2-TAT Stimulates Primary Neuronal Growth and
Enhances Growth Cone Size and Presynaptic Marker
Abundance

In the next step, the potential of PAP2-TAT to stimulate
neuronal growth was tested (Figure 3). For this, mouse
primary hippocampal neurons were plated on uncoated

Figure 2. PAP2-TAT enters primary cultured mouse neurons (A−D). FITC-PAP2 was not found in mouse primary hippocampal neurons (A,B).
In contrast, FITC-PAP2-TAT-positive signals were found in neurons (C,D). Dashed areas in (A,C) indicate higher magnifications presented in (B,
D). (E−H) Mouse cortical brain slices were incubated with FITC-PAP2 (E,F) or FITC-PAP2-TAT (G,H). FITC-PAP2-TAT was clearly present
in neuronal layers of the cortex (G,H). In contrast, only weak signals were observed for FITC-PAP2 (E,F). (I,J) Quantification of the percentage of
FITC-positive cells for primary hippocampal neurons (I) or cortical brain slices (J). Circles or squares depict independent cultures analyzed. For
statistical analysis in (I,J), a one sample t-test was performed, and significance was calculated in relation to FITC-PAP2 (*, **, and *** reflecting P
≤ 0.05, 0.01, and 0.001). Scale-bar (A, C, E, G) = 100 μm; (B, D) = 10 μm; (F, H) = 25 μm.
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Figure 3. PTEN inhibition by PAP2-TAT enhances neurite growth and growth cone size in primary neurons (A−F). Primary mouse hippocampal
neurons were plated on glass coverslips with no coating (A−E) or coated with PLL/laminin (F). PAP2-TAT (E) added to the growth medium
enhanced numbers of neurons with growth, average neurite length, and branching in relation to blank (A), DMSO (B), PAP2 (C), and TAT (D).
Insets revealed higher magnifications of growth cones labeled with dashed boxes. Growth cones of neurons treated with PAP2-TAT had the largest
area (E). (G−J) Quantification of three size categories of neurons (small, medium, large) per field of view (FOV; G). PAP2-TAT incubation
resulted in comparable values obtained with the growth permissive substrate PLL/laminin (G). The PLL/laminin substrate achieved the highest
average neurite length with PAP2-TAT almost reaching similar neurite length (H). The number of neurite branches/neurons was also elevated by
PAP2-TAT similarly as PLL/laminin (I). PAP2-TAT-mediated PTEN inhibition resulted in the largest areas of growth cones (J). Each dot in (H
and I) represents one culture analyzed (N = 4−16). In each culture, >50 neurons were analyzed. In (J), each dot represents one independent
culture (N = 4−16) with 10−30 growth cones analyzed per culture. In each culture, 3−6 animals were pooled. For statistical analysis in (G), an
ordinary two-way ANOVA with Dunnett’s multiple comparisons test and a single pooled variance was performed. For (H−J), an ordinary one-way
ANOVA with Tukey’s multiple comparisons test with a single pooled variance was performed, and significance is indicated relative to FITC-PAP2
(*, **, and *** reflecting P ≤ 0.05, 0.01, and 0.001; ## reflects P ≤ 0.01). In (G), asterisks provide significance in relation to PAP2-TAT for large
neurons, whereas “#” refers to small neurons. Scale-bar (A−F) = 100 μm; (insets A−F) = 10 μm.
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coverslips to provide a growth-restrictive environment (Figure
3A−E). As a positive control, coverslips were coated with PLL
and laminin (PLL/lam; Figure 3F), thereby providing a
growth-permissive substrate reflecting the optimal neuronal
growth achievable.

Neurons incubated with no peptide (blank; Figure 3A) or
DMSO to account for the peptide solvent used (Figure 3B)
expectedly resulted in poor neuronal growth (Figure 3G−I).
Neuronal growth was quantified by three parameters including
numbers of small, medium, or large-sized neurons/area (Figure
3G), average neurite length (Figure 3H), and number of
branches/neuron (Figure 3I). Similarly, PAP2 alone did not
enhance any of the growth parameters compared to blank or
DMSO (Figure 3C,G−I). The TAT sequence alone was also
analyzed and resulted in a slight but not significant increase in
neurite length (Figure 3D,H). However, TAT alone also
significantly enhanced the neurite branching activity. This
suggests some biological activity exerted by the TAT peptide
alone (Figure 3D,I). In accordance with this, in a single study
available in the literature so far which analyzed unconjugated
TAT peptide alone, TAT-associated neuroprotective activities
were reported.34

PAP2-TAT addition to primary neurons grown on uncoated
coverslips (Figure 3E) resulted in stimulation of numbers of
neurons with outgrowth (Figure 3G), elevated average neurite
length (Figure 3H), and branching (Figure 3I). Notably,
effects obtained with PAP2-TAT were comparable to the
results of the positive control, i.e., neurons grown on PLL/
laminin (Figure 3G−I).

An important neuronal structure is a growth cone elaborated
at the neurite tip involved in axon guidance during brain
development and axonal injury.35 Growth cones are F-actin-
rich structures that can be visualized with phalloidin
recognizing F-actin. Previously, PTEN inhibition was asso-
ciated with the hypertrophy of cellular structures.36 Thus, we
wondered whether growth cone size might likewise be affected
by PAP2-mediated PTEN inhibition (insets Figure 3A−F; J).
Indeed, administration of PAP2-TAT (inset Figure 3E)
resulted in almost twice the growth cone area compared to
blank (Figure 3A), DMSO (Figure 3B), and PAP2 (Figure 3C;
quantified in J). TAT alone (Figure 3D) also elevated growth

cone size, albeit not to the same extent as PAP2-TAT (Figure
3J). This suggests some biological cellular activity of the TAT
sequence alone, as noticed above. Notably, PLL/laminin
(Figure 3F) did not raise growth cone size (Figure 3J),
suggesting a PAP2-TAT-specific activity on growth cones.

PTEN-deficiency in the nervous system was previously
connected to circuit assembly and neuronal activity in mice.13

We analyzed a putative role of peptide-based PTEN inhibition
in presynaptic marker abundance in early differentiation stages
of mouse hippocampal cultures (Figure 4). For this, MAP2, a
marker of dendrites, was used to label neurons along with
synaptophysin, labeling presynaptic structures of synapses
(Figure 4A−F). PAP2-TAT (Figure 4D−F) enhanced the
number of synaptophysin puncta in comparison to control
treatments including no addition (“-“), DMSO (Figure 4A−
C), PAP2 or TAT alone, and laminin (Figure 4G). Thus,
interfering with PTEN resulted in elevated numbers of
presynaptic structures along MAP2-positive neurites.

In summary, peptide-mediated PTEN inhibition enhanced
neuronal growth, growth cone size, and synaptophysin puncta.
PAP2-Mediated PTEN Inhibition Upregulates MAP Kinase
and STAT Signaling
To investigate underlying signaling alterations caused by
PTEN interference, we performed immunoblotting for
phosphorylated AKT and ERK (P-AKT and P-ERK; Figure
5A−C). For this, primary hippocampal neurons were
incubated with TAT alone or three different concentrations
of PAP2-TAT (1 μM, 3 μM, 10 μM; Figure 5A−C). In
addition, BDNF (brain-derived neurotrophic factor) was used
as positive control known to activate ERK and AKT. When
normalized to GAPDH and total AKT levels, PAP2-TAT did
not result in consistent P-AKT upregulation (Figure 5A,B). In
contrast, 1 and 3 μM PAP2-TAT did induce P-ERK which was
not observed for TAT alone (Figure 5A, C). Thus, PTEN
inhibition augmented ERK phosphorylation more strongly
than P-AKT levels.

In addition to known PTEN signaling targets, a protein
phosphor-array for more global alterations of phosphorylated
and total abundance of signaling proteins induced by PTEN
inhibition was performed (Figure 5D). For this, primary mouse
hippocampal neurons were maintained for 24 h before being

Figure 4. PTEN inhibition increases the abundance of presynaptic marker synaptophysin along neurites (A−F). Primary mouse hippocampal
neurons were stained for the dendrite marker MAP2 (green) and the presynaptic marker synaptophysin (red). Synaptophysin puncta were elevated
by PAP2-TAT incubation (D−F) in comparison with DMSO (A−C). (G) Quantification of synaptophysin puncta/area revealed significantly
highest numbers obtained by PAP2-TAT incubation, whereas PAP2 or TAT peptides resulted in comparable levels to DMSO. Each dot in (G)
represents one independent culture with >20 neurons analyzed per coverslip. Each experiment consisted of pooled tissue from 3 to 6 animals. For
statistical analysis in (G), a one-way ANOVA with Kruskal−Wallis test and Dunn’s multiple comparisons test was performed, and significance is
indicated by *, **, and *** reflecting P ≤ 0.05, 0.01, and 0.001. Scale-bar (A−F) = 30 μm.
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stimulated for 30 min with 3 μM of PAP2-TAT or DMSO.
Thereafter, protein lysates were added to the array slides
coated with antibodies. Out of the 304 proteins recognized by
the protein array antibodies, we found that among the top 10
PAP2-TAT upregulated phospho-sites were P-STAT5A/B and
P-STAT2 (Figure 5D). For downregulated phospho-sites, the
B cell linker protein (BLNK) was the top hit among the 10
most regulated proteins (Figure 5D). To confirm upregulation
of P-STAT proteins by PAP2-TAT-mediated PTEN inhibition,

we employed primary hippocampal neurons (Figure 5E−J; K).
Indeed, PAP2-TAT but neither PAP2 nor TAT alone
upregulated the nucleus to cytoplasmic ratio of P-STAT5A/
B (Figure 5E−J; K), therefore corroborating protein phosphor-
array results (Figure 5D).
PTEN Inhibition by PAP2-TAT Modulates and Improves
Selected TBI-Affected Parameters

Previously, PTEN inhibition with PAP peptides successfully
improved recovery in mouse spinal cord injury models.25,26,28

Figure 5. Elevated P-ERK and P-STAT levels after PAP2-TAT application in neurons. (A) Protein lysates of primary mouse hippocampal neurons
were immunoblotted with antibodies directed against P-AKT and P-ERK along with antibodies recognizing total AKT and ERK levels. P-AKT
levels were weakly modulated by PAP2-TAT application, whereas P-ERK levels were increased. (B,C) Quantification of P-AKT (B) and P-ERK
(C) levels relative to total AKT or ERK at 30 min of stimulation with 3 μM of peptide concentrations. Each dot in (B) or (C) indicates one
independent culture analyzed. (D) Protein phospho-arrays were incubated with primary hippocampal neuron lysates, and Top10 up- and
downregulated proteins by PAP2-TAT were depicted. P-STAT5B and P-STAT2 showed the strongest induction by PAP2-TAT. (E−K) Primary
mouse hippocampal neurons were incubated with DMSO (E−G) or PAP2-TAT (H−J) followed by labeling neurons with MAP2 and
phosphorylation status of STAT5A/B. PAP2-TAT significantly elevated the nuclear abundance of P-STAT5A/B in relation to control treatments
(K). Each dot in (K) depicts one independent culture analyzed. For statistical analysis in (B, C, and K), a one-way ANOVA with Kruskal−Wallis
test and Dunn’s multiple comparisons test was performed, and significance is indicated by *, **, and *** reflecting P ≤ 0.05, 0.01, and 0.001. Data
are depicted as mean ± SEM. Scale-bar (E−J) = 10 μm.
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Figure 6. Analysis of PAP2-TAT injection in a mouse TBI model. (A) Outline of the experimental scheme with time line. BW reflects body weight
measurement. (B) Body weight decreased after TBI or sham treatment in all cohorts in relation to body weight measured before (“pre”) TBI/sham
intervention. Zero change in body weight over the 7 days is reflected by a straight line. Animals receiving a single TAT peptide injection had at all
time points the least weight reduction although with no statistical significance. (C−F) CatWalk XT analysis of four different gait parameters at 1
day post TBI or sham treatment. All changes are provided in relation to values obtained before (“pre”) TBI or sham surgery. TBI reduced the stand
time of the hindlimbs in relation to sham surgery with no obvious impact by any of the treatments (C). The duty cycle was reduced by TBI with
the highest reduction obtained in DMSO, PAP2, and TAT groups (D). Animals with a single PAP2-TAT injection after TBI had values comparable
to sham-treated animals (D). Stride length (E) was elevated by TBI in relation to sham in all groups except for PAP2-TAT. The hindlimb print
width was reduced in DMSO and PAP2 groups after TBI in relation to sham which was not observed in animals injected with either PAP2 or
PAP2-TAT (F). Each square in (C−F) reflects one mouse analyzed. (G−L) Cortical brain sections at 7 days post sham (G) or TBI (H,I)
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So far, peptide-mediated PTEN inhibition has not been
employed in rodent TBI models.

In a next step, we used a weight-drop mouse closed head
TBI model to analyze PAP2-TAT’s impact in post-TBI
recovery (Figure 6). For this, mice were either sham-treated
(“control surgery”) or treated with TBI. In the TBI group, TBI
was immediately followed by a single injection into the impact
site of DMSO, PAP2 alone, TAT alone, or PAP2-TAT. After
this, animals were regularly monitored for weight loss and gait
performance in the CatWalk XT Test over 7 days and
histology at the terminal time-point (see Figure 6A).

First of all, we analyzed weight loss (Figure 6B). All animals,
including sham-treated mice, lost weight in relation to their
weight before TBI or sham surgery intervention (Figure 6B).
Also, all animals gained weight between 6 h and 7 d after sham
or TBI treatment without any specific impact by the PAP2-
TAT peptide (Figure 6B). However, surprisingly, the TAT-
treated group consistently had the least weight loss over the
seven day observation period although with no statistical
significance (Figure 6B). Thus, as noted for neuronal growth
(Figure 3), the TAT peptide alone appears to exert some
biological activity by itself.

Next, we employed CatWalk XT gait analysis to analyze the
impact of PAP2-TAT on the recovery of gait parameters
affected by TBI (Figure 6C−F). In all TBI-treated animals, the
stand time of the right hindlimb was reduced compared to
sham-treated animals at 1 day post injury, suggesting TBI-
inflicted gait impairment irrespective of peptide or DMSO
treatment (Figure 6C). The duty cycle (i.e., the ratio of stand
time to step cycle; Figure 6D) was reduced by TBI at 1 day
post injury for DMSO and PAP2 and TAT peptides alone.
However, the PAP2-TAT-injected animals had values com-
parable to those of sham (Figure 6D). A similar trend without
reaching significance was observed for the stride length (Figure
6E). After TBI, the stride length was increased in DMSO,
PAP2, and TAT groups in relation to sham animals but not as
much in PAP2-TAT-treated animals (Figure 6E). The print
width of the paws was reduced by TBI in relation to sham in
DMSO and PAP2 groups (Figure 6F). In contrast, not only
PAP2-TAT but also TAT-treated animals showed a tendency
toward maintaining the same paw width after TBI as before the
intervention (Figure 6F).

Finally, the extent of TBI-associated neuroinflammation as
revealed by astrocyte (labeled with GFAP) and microglia
(labeled with IBA1) abundance in the cortex was assessed
(Figure 6G−K). Both cell types were strongly induced by TBI
in relation to sham-treated animals at 7 days post injury
(Figure 6G−K). In animals experiencing TBI, no obvious
difference for GFAP-(Figure 6J) or IBA1-positive (Figure 6K)
cells was observed for all the peptide treatments in relation to
DMSO (Figure 6J,K). This suggests no obvious impact of
PAP2-TAT on TBI-associated neuroinflammatory responses
under experimental conditions employed in this study. Finally,

the wound area (see Figure 6H,I) in the cortex was quantified
(Figure 6L). PAP2-TAT-treated animals had a reduced wound
area compared to the other peptide treatments and DMSO,
although this effect was not significant.

In summary, PAP2-TAT-mediated PTEN inhibition showed
a trend toward elevating TBI’s impact on selected gait
parameters.

■ DISCUSSION

Effect of PAP2-TAT on Neuronal Growth, Growth Cones,
and Synapse Formation

In this study, the potential of peptide-based PTEN inhibition
as treatment for neuronal injury was further exploited. Using
several neuronal cell types (SH-SY5Y, primary mouse
neurons), we observed that two preconditions for peptide
treatments were met with (i) low cell toxicity (up to 10 μM;
Figure 1) and (ii) high percentage of penetration of PAP2-
TAT into cells (Figures 1 and 2). Of note, high cell transfer
was achieved even though peptide size was reduced through
omission of four TAT flanking amino acids (see Table 1).

Enhanced neuronal growth of peripheral neurons was
previously reported for PAP2.25 In addition, PAP4 targeting
PTEN’s C-terminal domain stimulated central neuron
growth.25,26 Herein, we demonstrated that PAP2 targeting
PTEN’s phosphatase domain also stimulates central neuronal
growth (Figure 3). Taken together, several PAPs targeting
multiple PTEN domains interfere with PTEN function and
stimulate the growth of primary central and peripheral
neurons. Furthermore, our finding on an enhanced number
of presynaptic marker decoration along dendrites (Figure 4) is
in line with similar findings on PTEN deletion.12,13

Previously, genetic PTEN deletion resulted in larger growth
cones.5,6 In line with this, when PTEN was blocked by PAPs,
as used in this study, growth cone size was also increased
(Figure 3). Growth cone shape and motility are largely
influenced by actin and microtubule dynamics.35 For instance,
increased growth cone size correlates with a decrease in neurite
growth rate.37 Notably, PTEN was previously associated with
growth cone microtubule dynamics and posttranslational
modification such as tyrosination.7,38,39 Proper microtubule
tyrosination and dynamics are required for neuronal
growth.40,41 Indeed, several approaches targeting microtubule
function have proven successful to enhance axonal regener-
ation in mouse models.38,42 Thus, PTEN deletion might
alleviate a break on microtubule dynamics and modifications,
allowing for more neuronal growth and regeneration.
Signaling Pathways Affected by PTEN Inhibition

The main signaling activity upregulated after the PTEN
blockade is PI3 kinase signaling. In contrast, in the present
work (Figure 5), P-AKT levels were only mildly affected. Since
PTEN/PI3 kinase signaling acts upstream of many signaling
pathways, including MAP kinases, other pathways may be

Figure 6. continued

treatment were stained for astrocyte (GFAP+, green) or microglia (IBA-1+, red) abundance. After TBI, both inflammatory cell types were induced
in relation to sham (G), however without any difference between DMSO (H) or PAP2-TAT (I) administration. GFAP- (J) or IBA1-positive (K)
area in the cortex was quantified for all conditions. The cortical wound area (L) was elevated by TBI with the smallest wound area measured after
PAP2-TAT-mediated PTEN inhibition (I, L). In (J, K, L), each dot or square reflects one animal analyzed. For each readout in Figure 6, N = 7−12
animals/condition. For statistical analysis in (B), an ordinary two-way ANOVA with Dunnet’s multiple comparisons test and a single pooled
variance was performed, and in (C−L), a one-way ANOVA with Tukey’s multiple comparisons test with a single pooled variance was performed,
and significance is indicated by *, **, and *** reflecting P ≤ 0.05, 0.01, and 0.001. (G−L) Scale-bar (G−I) = 100 μm.
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affected indirectly or in a cell-type-specific manner. Herein, we
observed elevated P-ERK levels upon PAP2-mediated PTEN
inhibition (Figure 5). This is in agreement with a previous
study in the injured mouse spinal cord where PAP-mediated
PTEN inhibition also elevated P-ERK abundance.26 This
suggests enhanced MAP kinase pathway signaling after PAP2-
TAT-mediated PTEN inhibition.

So far, the connection between PTEN ablation and
concomitant elevation of MAP kinase activity is less well
studied, particularly in neurons. However, in cancer cells,
PTEN downregulation is connected to enhanced ERK
phosphorylation.43−45 In neurons, PTEN overexpression
caused P-ERK downregulation46 which is congruent with our
findings (Figure 5). MAP kinases are established targets in
axonal regeneration.47 Thus, in addition to P-AKT, our
findings suggest that MAP kinases might emerge as a pathway
involved in enhancing regeneration after PTEN inhibition.

Similar to the connection of PTEN deletion with MAP
kinases, regulation of STAT transcription factors by PAP2-
TAT (Figure 5) is not well-established so far. PAP2-TAT
resulted in enhanced STAT phosphorylation suggesting more
STAT activity after PTEN blockage (Figure 5). In few reports
available in non-neuronal cells, PTEN was associated with
JAK/STAT signaling.48−50 In endothelial cells, JAK/STAT
signaling was activated following PTEN silencing,50 a finding
in agreement with neurons analyzed in this study. Further-
more, autophosphorylation of CaMK2 (Phospho Thr 287;
Figure 5D) known to activate CaMK2 activity was elevated by
PAP2-TAT (Figure 5D). Notably, phospho-Thr287 levels of
CaMK2 were previously reported to be enriched in growth
cones and CaMK2 inhibition modulates growth cone
collapse.51 Thus, PAP2-mediated PTEN inhibition might
exert its modulatory function on growth cones (Figure 3)
through elevating Phospho-CaMK2 levels.

Taken together, our findings suggest an interaction of PTEN
blockage with enhanced MAPK and STAT signaling.
PAP2-TAT Effects in a Mouse Model of TBI

So far, peptide-based PTEN blockage was not employed in
mouse TBI models in contrast to compound-mediated and
genetic inhibition, resulting in enhanced recovery for selected
parameters.17,19,21,22 As mentioned before, PAP2-TATs were
successfully applied to enhance regeneration in mouse spinal
cord injury models.25,26,28 Here, two studies have shown
behavior improvements of locomotor parameters (e.g., grid
walk, stride length) by PAP-mediated PTEN inhibition.25,26 In
our study, we can confirm such a positive impact of PAPs on
behavior parameters after neuronal injury (Figure 6). We
observed positive effects of PAP2-TAT on the recovery of gait
parameters which were impaired by TBI and reduction of the
TBI-induced lesion site (Figure 6). Nevertheless, PAP2-TAT
effects obtained were modest, and results frequently did not
reach significance. One confounding factor contributing to this
is the high variability in the TBI severity between animals.
Furthermore, in previous studies mentioned above, PAP2-
TATs were systemically and not locally injected, and injection
was performed multiple times. This might result in a broader
and more sustained PTEN inhibition in more (brain) cells
over a longer time and therefore stronger effects in post-TBI
recovery. However, given PTEN’s function as a tumor
suppressor gene, such systemic PTEN inhibition particularly
in proliferating cells might pose the risk of tumor formation as
shown in a previous report in adult mice with long-term

genetic PTEN ablation.4 One possibility to circumvent
systemic PTEN inhibition would have been delivery via
mini-pump infusion over 1−3 weeks directly into the brain.
While future experiments have to underscore the potential of
PAP2-TATs to enhance regeneration after brain injury in
rodent models, this study provides first hints that PAP2-TAT
might be a promising tool for such translational approaches.

■ LIMITATIONS
In this study, we noted that the TAT sequence alone resulted
in some biological activity, e.g., on neuronal growth and
growth cone morphology (Figure 3). These effects by TAT
alone were, in general, weaker, or, in some assays, even absent
(e.g., Figure 4) compared to PAP2-TAT showing that the
biological activity achieved was mainly exerted through PAP2-
mediated PTEN inhibition. However, our data clearly point
toward the necessity of including a control group of TAT alone
when performing experiments with TAT fusion peptides.

For the phosphor-array, we only provided N = 1 since many
animals had to be pooled to obtain sufficient material (see
Materials and Methods). Thus, we did not provide sufficient
N-numbers for statistical testing. However, using immunocy-
tochemistry, we were able to independently confirm P-STAT
regulation by PAP2-TAT as one of the candidate molecules
(Figure 4).

■ CONCLUSIONS
In this study, we have shown that peptide-based PTEN
inhibition through PAP2-TAT enhances neuronal growth and
growth cone size. This points to a potential PAP2-TAT
function in stimulating regrowth of severed axons after CNS
injury. So far, PAP2-TAT has not been investigated in TBI. In
a rodent weight-drop TBI model, a single PAP2-TAT injection
into the lesion site immediately after TBI slightly modulated
some TBI-impaired gait parameters. This suggests that single
or multiple PAP2-TAT injections after TBI might be an
interesting approach to enhance neuronal growth, thereby
reducing TBI-associated impairments in, e.g., motor function.
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