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Cyclin-dependent kinase 5 (CDKS5) is a multifaceted protein shown to play important roles in the central
nervous system. Abundant evidence indicates that CDK5 hyperactivities associated with neuronal
apoptosis and death following ischemic stroke. CDKS5 activity increases when its cofactor p35 cleaves
into p25 during ischemia. Theoretically, inhibition of CDK5/p25 activity or reduction of p25 would be

. neuroprotective. TFP5, a modified 24-aa peptide (Lys254-Ala277) derived from p35, was found to

. effectively inhibit CDK5 hyperactivity and improve the outcomes of Alzheimer’s disease and Parkinson’s
disease in vivo. Here, we showed that intraperitoneal injection of TFP5 significantly decreased the size
of ischemia in early-stage of adult ischemic stroke rats. Relative to controls, rats treated with TFP5
displayed reduced excitotoxicity, neuroinflammation, apoptosis, astrocytes damage, and blood-brain

. barrier disruption. Our findings suggested that TFP5 might serve as a potential therapeutic candidate

© for acute adult ischemic stroke.

Multiple mechanisms of ischemic stroke have been described', and designing strategies to counter these mecha-
nisms maybe neuroprotective. The cyclin-dependent kinase (CDK) family, especially CDKS5, play important roles
in excitotoxicity and apoptosis in ischemic neuronal death**. Normal CDKS5 activity in the brain is maintained by
its main cofactor, p35°. However, in some pathological conditions, such as ischemia, calpain-directed proteolysis
. can cleave p35 into a N-terminal myristoylated membrane tether and a shorter, more stable form of the cofactor,
: p25%8. The CDK5/p25 complex is an abnormally hyperactive hyperphosphorylated substrates, thereby leading to
neuronal death®. Kinase inhibitors that target ATP binding sites in CDKs, such as roscovitine and aminothizole,
© have been evaluated as potential therapeutic agents!'®'%. Unfortunately, these compounds can produce serious
. side effects due to their lack of specificity for CDK5. Previous studies have shown that TFP5, which was a 24-aa
. peptide (Lys254-Ala277) derived from truncated p35, competed with p25 for binding to CDKS5, inhibited CDK5/
© p25 hyperactivity, and improved Alzheimer’s disease (AD) and Parkinson’s disease (PD) outcomes in vivo'*15,
Thus far, strategies to specifically inhibit CDK5 hyperactivity have not been studied in adult ischemic stroke.
Based on the similar pathological mechanism of CDK5 hyperactivity in AD, PD, and ischemia, as well as the
: specific neuroprotection provided by TFP5, we designed this study to determine the efficacy of TFP5 in adult rats
. with transient middle cerebral artery occlusion (MCAO) by assessing ischemic size, excitotoxicity, neuroinflam-
mation, apoptosis, astrocyte and blood-brain barrier (BBB) status. We postulated that TFP5 is neuroprotective
for adult ischemic stroke.

- Results

. TFP5 reduced the infarct size in adult rats with ischemic stroke.  2,3,5-triphenyltetrazolium chlo-

¢ ride (TTC) staining was used to confirm and measure infarction lesions located in the MCAO territory. Infarct
size was measured in the sham animals (N =2) and in ischemic animals (Fig. 1A). The ischemic animals were
divided into four groups (N = 8/group): a vehicle group, two TFP5 groups (30 mg/kg, 100 mg/kg), and a Scb group
(30mg/kg). Significant differences in infarct size were revealed between the TFP5 groups (30 mg/kg, 27.9 % 4.0%;
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Figure 1. TFP5 reduced the infarct size in animals that underwent 2h of MCAO and 48 h of blood
reperfusion, and no apparent difference between 30 mg/kg and 100 mg/kg TFP5 groups. (A) TTC staining
showed infarct regions as white regions and non-infarct regions as red regions. (B) The bar graph of infarct
sizes in all groups. Bars represent means = SEs. **p < 0.01 versus vehicle group. MCAO, middle cerebral artery
occlusion; TTC, 2,3,5-triphenyltetrazolium chloride.
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Figure 2. The effect of TFP5 for the level of p25, p35 and CDKS5 in the whole ischemic hemispheres with
2-mm-thick coronal slices of rats. In normal rats, p35 expressions were apparently higher than p25. In
other all animals, p35 expressions were close or apparently lower than p25, even in sham group, which might
be induced by the stress during surgeries. The expressions of p25, p35 and CDKS5 in vehicle and Scb animals
were lower than sham and TFP5 animals, which indicated the non-ischemic tissues in ischemic hemispheres
of animals with TFP5 injection were more than vehicle and Scb animals. Data was from four independent
experiments. CDK5, cyclin-dependent kinase 5; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

100 mg/kg, 26.1 £ 4.1%) and the non-TFP5 groups (vehicle, 45.7 £ 2.7%; Scb, 44.2 £ 2.0%) (p < 0.01) (Fig. 1B).
Infarct size did not differ between the vehicle and Scb groups, nor between the two TFP5 groups (p > 0.05).

The effect of TFP5 injection on the expression of p25, p35 and CDKS5 in ischemic brain tissue.
Previous studies have showed that the CDK5/p25 hyperactivity could be suppressed specifically by TFP5. Here
we observed the ratio of p25/p35 and CDKS5 expression in ischemic hemispheres by western blot (Fig. 2). Data
showed that the p25/p35 ratio was lower in the TFP5 group than in the control groups, which was disturbed by
the possible stress during surgeries. The stress was suggested by the higher expression of p25 in animals with
surgeries than normal animals. The CDKS5 expression in animals with TFP5 injection was higher than control
animals, which indicated that the non-ischemic tissues of animals with TFP5 injection were more than control
animals, which was coincident with the data of TTC staining.

The phosphorylated N-methyl-D-aspartate (NMDA) receptor subunit 2A (NR2A) at Ser1232
site (p-NR2A51232) was reduced after TFP5 injection. CDKS5 activation during ischemia induces cell
death by directly phosphorylating NR2AS232, Here, we wanted to check whether phosphorylation of NR2AS!232
would be inhibited by TFP5. NR2A and p-NR2AS'?3 in cortex neighbouring ischemic regions and hippocampus
of ischemic hemisphere were measured. As showed in Fig. 3A and B, levels of NR2A and p-NR2A%?*2 both in
cortex and hippocampus increased at 48 h after 2 h ischemia, while the p-NR2AS12* Jevels in animals treated with
TFP5 were lower than vehicle and Scb groups, which indicated that TFP5 inhibited on phosphorylation of NR2A
at Ser1232 site.

Apoptosis, astrocyte and BBBinjuries, and neuroinflammation were alleviated afterTFP5 injection.
TUNEL staining demonstrated that the ischemic brains exhibited extensive apoptosis of brain cells. Brain cell
loss in animals given 30 mg/kg TFP5 was markedly lower than that in vehicle animals (N = 5/group; p < 0.01;
Fig. 4A,B).

To assess the effect of TFP5 on astrocytes in the ischemic regions, we measured the expression of the astro-
cytes specific marker, glial fibrillary acidic protein (GFAP) in brains. Interestingly, we did not observe activation
of astrocytes in the ischemic regions. Instead, the GFAP-positive cells contained less glial filaments in the vehicle
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Figure 3. A dose of 30 mg/kg of TFP5 reduced p-NR2AS!232 levels both in cortex neighbouring ischemic
regions (A) and hippocampus of ischemic hemisphere (B) at 48 h after 2h ischemia. The levels of NR2A and
p-NR2AS1232 jn animals with ischemic stroke were higher than normal and sham animals. However, among
three ischemic groups, the p-NR2AS!23 Jevels in TFP5 group were lower than vehicle and Scb groups. Data was
from four independent experiments. p-NR2AS'?*2, phosphorylated N-methyl-D-aspartate receptor subunit 2A
at Ser1232; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4. A dose of 30 mg/kg of TFP5 significantly reduced apoptosis in the ischemic regions of animals
that underwent 2 h of MCAO and 48 h of blood reperfusion. (A), Representative photomicrographs of
immunofluorescence labeled with DAPI (blue) and apoptosis of brain cells (green) in the ischemic regions of
animals at 48 h after 2 h-MCAO. Bar, 20 pm. (B), Semiquantitative results of apoptosis of brain cells. The bars
represent means =+ SEs. #p < 0.01 versus sham group; **p < 0.01 versus vehicle group. MCAO, middle cerebral
artery occlusion; DAPI, 4/,6-diamidino-2-phenylindole.

group than in the TFP5 group (N = 5/group; Fig. 5A,B), although there was no significant difference between the
number of GFAP-positive cells in the vehicle and TFP5 groups (p >0.05). Our data suggested that TFP5 protected
astrocytes in the early-stage of ischemic stroke.

To determine whether TFP5 can relieve BBB disruption, expression of biotinylated IgG'¢ in the brain ischemic
regions and serum matrix metallopeptidase 9 (MMP9) levels'”!® were determined by immunohistochemistry
(IHC) staining and enzyme-linked immunosorbent assay (ELISA), respectively. The number of biotinylated
IgG-positive cells (N = 5/group) and serum MMP?9 level (N = 8/group) were lower in the TFP5 group than in
vehicle group (p < 0.05), which suggested that TFP5 protected the BBB during ischemia (Fig. 5C,D; Fig. 6).

Finally, an inflammatory reaction during acute ischemic stroke could be reflected by activated microglial cells,
which were marked with the ionized calcium-binding adapter molecule 1 (Ibal). IHC staining showed that the
number of Ibal-positive cells were lower in the TFP5 group than in the vehicle group (p < 0.05), which suggested
that injection with TFP5 after ischemia induced an anti-neuroinflammatory effect (N = 5/group; Fig. 5E,F).

Discussion
During normal development and function of the nervous system, CDK5 and its main cofactor p35 maintain nor-

mal CDKS5 activity, which is involved in a wide variety of physiological processes, including neuronal migration,
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Figure 5. TFP5 at a dose of 30 mg/kg alleviated astrocyte and BBB injuries, as well as neuroinflammation
in animals that underwent 2h of MCAO and 48 h of blood reperfusion. (A,C,E), Representative
photomicrographs of immunohistochemistry for GFAP, biotinylated IgG, and Ibal in the ischemic regions at
48h after 2 h-MCAO (arrows). Bar, 20 pm. (B,D,F), Semiquantitative results of GFAP, biotinylated IgG, and
Ibal. The bars represent means & SEs. **p < 0.01 versus sham group. *p < 0.05 versus vehicle group. MCAO,
middle cerebral artery occlusion; BBB, blood-brain barrier; GFAP, glial fibrillary acidic protein; Ibal, ionized
calcium-binding adapter molecule 1.
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Figure 6. TFP5 at a dose of 30 mg/kg reduced significantly serum MMP?9 levels in animals that underwent
2h of MCAO and 48h of blood reperfusion. The bars represent means = SEs. *p < 0.05 versus sham group.

*p < 0.05 versus vehicle group. MCAO, middle cerebral artery occlusion; MMP9, matrix metallopeptidase 9.

synaptic activity, as well as axon and dendrite development'®-2!. The pathological states of neurological disorders
and neurodegenerative diseases, including AD, amyotrophic lateral sclerosis, Niemann-Pick type C disease, and
ischemic stroke, lead to cleavage of p35 into the more stable p25 by the calcium-dependent protease calpain and
to increased CDK5 activity??. Recently, several interesting studies found that AD and PD outcomes could be
improved by TFP5, which suppressed CDK5/p25 hyperactivity specifically'*!®. Although a previous study showed
that P5-TAT, which lacks the green fluorescent FITC that TFP5 contains, improved the outcomes of neonatal
hypoxic-ischemic encephalopathy?, no prior studies have been done in adult ischemic stroke. Here, we used an
in vivo model of ischemic stroke to explore the therapeutic effects of TFP5. Our results were significant because
they provided clear evidence of neuroprotection induced by TEP5 in early-stage adult ischemic stroke.

CDKG5 activity increases when its cofactor p35 is cleaved into p25 in various pathologies®$. TFP5 and CDK5
inhibitory peptide (CIP) produced a selective reduction in abnormal CDKS5 hyperactivity in AD mice, but the
details of the conversion from p35 to p25 had not been shown!*?. Previous studies had indicated that TFP5
targeted CDK5 specifically, without affecting other CDKs?*%, and that CDK5 hyperactivity was inhibited by
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TFP5!4152425 In this experiment, brain lysates were obtained from whole ischemic hemispheres in 2-mm-thick
coronal slices because it was technically difficult to distinguish precisely between the ischemic core area and the
penumbra. A previous study showed CDK5 had mostly dissociated in ischemic areas by 8 h post-ischemia induc-
tion?; however, GAPDH, which degraded just ~5% after 48 h of ischemia?’, could not be used to normalize for
the quantity of targeted proteins in brain lysates. Theoretically, p25 or p35 level depends largely on the volume of
the non-infarction tissue, which was verified by the expression of p25, p35 and CDKS5 in western blotting here.
The p25/p35 ratio can be used as an index of p25 formation from p35 cleavage. An in vitro study of ischemic
stroke showed that the p25/p35 ratio increased in a time-dependent manner?. We found that TFP5 adminis-
tration decreased the p25/p35 ratio in the ischemic hemisphere, which was in accordance with a CIP-peptide
study?. However, the higher expressions of p25 were founded in animals with surgeries than normal animals,
which suggested increased p25 expression might be induced by stress during surgeries. Thus, the p25/p35 ratio
would be fail with expressing the cleaving from p35 into p25 precisely.

Well-documented experimental evidence supports the critical involvement of NMDA receptor-mediated
excitotoxicity in neuronal damage after stroke. However, several large-scale clinical trials have failed to find the
expected efficacy of NMDA receptor antagonists in reducing brain injuries**-*, and the underlying reason might
be the differential roles of NMDA receptor subunits in mediating excitotoxic neuronal death®®. Previous studies
showed that ischemia induced the phosphorylation of NR2A%%2 which was contributed by CDK5 signaling path-
way, and a nonspecific CDK inhibitor roscovitine could inhibit the cell apoptosis***. In this study, the enhanced
p-NR2AS!1232 expression after ischemia was inhibited by TFP5, which indicated specific CDK5 inhibitor TFP5
protecting the brain cells after ischemia may be resulted from the inhibition on NR2A-mediated excitotoxicity.
Hence, TFP5 might be a potential NR2A antagonist in the treatment for ischemic stroke.

Astrocytes perform many functions, including biochemical support for endothelial cells that form the BBB,
provision of nutrients to nervous tissue, and a role in the repair and scarring processes of the central nervous
system following traumatic injury. The presence of activated astrocytes is characteristic of neuroinflammation
in chronic neurodegenerative diseases®. In a previous study about AD, there was a reduction in the number of
GFAP-positive cells after TFP5 treatment'®. In contrast, this study showed that the GFAP-positive cells in the
TFP5 group had more normal morphologies than the GFAP-positive cells in the control groups. This indicated
that TFP5 might protect astrocytes from damage in ischemia early-stage, and this may be beneficial for the pro-
tection of BBB and the recovery of damaged neurons.

In summary, our in vivo study employing an ischemic stroke model with TFP5 injection demonstrated that
TFP5 is a promising therapeutic candidate for adult ischemic stroke. Although a benefit for ischemia-related neu-
rological deficits was not demonstrated, the TFP5 peptide did provide clear neuroprotection in terms of reducing
infarct size, alleviation of NR2A-mediated excitotoxicity, neuroinflammation and apoptosis, and the protection of
astrocytes and the BBB. Additionally, because there are multiple mechanisms for ischemic stroke, co-treatments
with multiple neuroprotective agents are being evaluated. Our previous study showed that combined treatment
with hypothermia and neuroprotective agents, such as neuroglobulin and MK-801, provided better protection
for ischemic stroke in vitro®”. Currently, agents that specifically target CDK5 hyperactivity in ischemic stroke
are scarce, but TFP5 has potential to serve as a CDK5-targeting agent and might also be used as an agent in
co-treatments for ischemic stroke.

Materials and Methods

Animal protocol. Male Sprague-Dawley rats with weights ranging from 250-280 g were obtained from
the Guangdong Medical Laboratory Animal Center (Guangzhou, China). Animals were housed individually in
the animal facility. All procedures performed on rats were approved and carried out in accordance with the
Institutional Animal Care and Use Committee of the Laboratory Animals Center, Nanfang Hospital, Southern
Medical University. Randomized animals were used in sham surgeries, ischemic models, or post-ischemia treat-
ment studies. For the surgical procedures, anesthesia was induced with 4% isoflurane in an induction chamber
and anesthesia was maintained with 2% isoflurane delivered through a face mask (RWD, Shenzhen, China). A
heating pad and bubble wrap were used to maintain each rat’s the core temperature at 37 °C throughout the sur-
gical procedure.

Cerebral ischemia model. A modified intraluminal filament model was used to induce MCAO as pre-
viously described®®*. After 2h of MCAO, reperfusion was established by retracting the filament. To verify the
success of MCAO surgery and reperfusion, blood flow in the cortex supplied by the MCA was measured in the
core MCA territory (2 mm posterior and 6 mm lateral to bregma) by Laser Doppler Flowmetry (RWD, Shenzhen,
China). The rats that did not show a reduction in blood flow below 30% of the baseline value after filament inser-
tion were eliminated from the study. The success of reperfusion was determined by an increase in blood flow
above 80% of the baseline value after retraction of the filament. During the sham surgeries, a nylon filament was
inserted into the internal carotid artery approximately 5mm from the recurved external carotid artery, and this
procedure failed to induce brain ischemia.

TFP5 design and administration. TFP5 is a 24-aa residue peptide (Lys254-Ala277) derived from trun-
cated p35, which was described previously'. As a control, the Scb peptide was used (sequence below). Both TFP5
and Scb were commercially synthesized by Chinapeptides (Shanghai, China) and were dissolved in saline at a
concentration of 7.5 mg/ml. The ischemic animals were immediately administered a single dose of 30 mg/kg TFP5
or Scb by intraperitoneal (i.p.) injection when reperfusion was started by retracting the filament. TFP5 or Scb was
replaced with the same volume of saline in vehicle animals. Peptide sequences were as follows:

TFP5 peptide, ITCGGGKEAFWDRCLSVINLMSSKMLQINAYARAARRAARR;
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Scb peptide, ITCGGGGGGFWDRCLSGKGKMSSKGGGINAYARAARRAARR.

Infarct size analysis. After 48h of reperfusion, the animals were killed by an overdose of chloralic hydras
through the enterocoelia. The brains were removed and coronally sectioned (thickness, 2mm) in a special groove
(RWD, Shenzhen, China). The sections were immediately immersed in 4ml of 1% TTC and incubated at 37°C
for 10 min. Afterwards, the TTC solution was replaced with 4% paraformaldehyde. The sections were photo-
graphed with a digital camera after 2h, and the infarct size was measured by Image] software (National Institutes
of Health, US). To eliminate the contribution of post-ischemic edema to the volume of injury, infarct size was
corrected as described previously®®*. The infarct size (%) was calculated as [(volume of the left hemisphere - non-
infarct volume of the right hemisphere)/volume of the left hemisphere] x 100%.

ELISA. Serum samples were collected from animals after 48 h of reperfusion and were analyzed in duplicate
for serum concentrations of MMP9 using commercially available ELISA test kits (CUSABIO, Wuhan, China). The
assays were performed in accordance with the manufacturer’s specifications. Researchers who were blind to the
group designations of the specimens collected all of the data.

Western blot analyses. For analyses of p25/p35, CDK5, NR2A and p-NR2AS!232 expression, 2-mm-thick
coronal slices 3.30 mm posterior to bregma or cortex neighbouring ischemic regions and hippocampus of
ischemic hemisphere were obtained and analyzed by western blot. Briefly, tissue homogenates were prepared from
animals that underwent sham surgeries or were injected with saline, TFP5, or Scb after 2h of MCAO followed by
48h of reperfusion. Equal amounts of total protein were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were probed with primary antibodies, washed, and incubated with HRP-conjugated
secondary antibodies. Membranes were exposed to X-ray film and resulting autoradiograms were scanned and
analyzed using Image-Pro Plus 6.0 (Media Cybernetics Inc., US). Quantitation was presented as the normalized
ratio of the optical density (OD) of the targeted protein to the OD of GAPDH. Anti-p25/p35 and anti-CDK5
were obtained from Cell Signaling Technology Inc. and Abcam Inc., and the primary antibodies were used at a
1:1000 dilution. Anti-NR2A and anti-p-NR2AS1232 were obtained from BIOSS (Beijing, China), and the primary
antibodies were used at a 1:300 dilution.

TUNEL and IHC staining.  After 48h of reperfusion, the rats were perfused transcardially with 4 °C saline
followed by 4% paraformaldehyde. Then, the brains and major organs were removed and soaked in 4% par-
aformaldehyde for >24h. Paraffin-embedded brains were dissected into 7 um sections at 3 coronal levels: +
1.70 mm (frontal cortex), —0.26 mm (optic chiasm), and —3.30 mm (middle of the hippocampus) from bregma.
Two sections from each of the levels were stained. TUNEL staining was performed according to the manufactur-
er’s instructions with the TUNEL FITC Apoptosis Detection Kit (Vazyme, Nanjing, China).

THC of GFAP, Ibal and biotinylated IgG were performed. Briefly, 7 pm sections of the same coronal level
were prepared from paraffin-embedded brains. The sections were placed on slides and incubated with primary
antibodies overnight. The slides were washed with PBS and incubated with secondary antibodies before being
dehydrated and coverslipped in DPX. Anti-GFAP, anti-Ibal and anti-biotinylated IgG antibodies were obtained
from Biosynthesis Biotechnology (Beijing, China), Abcam Inc. and ZSGB-BIO (Beijing, China), respectively.
Images were captured using an Olympus microscope and analyzed with Image]J software by a researcher who was
blind to the group designations.

Statistical analysis. Statistical analysis was performed with the SPSS 16.0 for Windows software package
(SPSS, US). Data were expressed as means =+ standard errors (SEs). One-way ANOVA was used to determine
statistical differences in all of the observed indicators from the different groups. The Least Significant Difference
(LSD) t-test or Dunnett T3 test, if the variance was heterogenous, was used to further analyze differences.
Statistical significance was defined as p < 0.05. Numbers of animals were indicated as N in the results.
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