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Abstract

Object—This study was designed to investigate the efficacy of delayed thymosin 4 (TB4)
treatment of traumatic brain injury (TBI) in rats.

Methods—Young adult male Wistar rats were divided into the following groups: 1) Sham group
(6 rats); 2) TBI + Saline group (9 rats); 3) and TBI + T4 group (10 rats). TBI was induced by
controlled cortical impact over the left parietal cortex. Thymosin B4 (6 mg/kg) or saline was
administered intraperitoneally starting at Day 1 and then every 3 days for an additional 4 doses.
Neurological function was assessed using a modified neurological severity score (mMNSS),
footfault and Morris water maze tests. Animals were killed 35 days after injury, and brain sections
stained for immunohistochemistry to assess angiogenesis, neurogenesis, and oligodendrogenesis
after TP, treatment.

Results—Compared to the saline treatment, delayed T, treatment did not affect lesion volume
but significantly reduced hippocampal cell loss, enhanced angiogenesis and neurogenesis in the
injured cortex and hippocampus, increased oligodendrogenesis in the CA3 region, and
significantly improved sensorimotor functional recovery and spatial learning.

Conclusions—These data for the first time demonstrate that delayed administration of Tf4
significantly improves histological and functional outcomes in rats with TBI, indicating that T4
has considerable therapeutic potential for patients with TBI.
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Traumatic brain injury (TBI) is the leading cause of death and disability in young people.3
Neurologic impairment is caused by both immediate brain tissue disruption (primary injury)
and postinjury cellular and molecular events (secondary injury) that worsen the primary
neurologic insult. Ischemia, edema, and inflammation may cause secondary injury. The most
prevalent and debilitating features in survivors of TBI are cognitive deficits and motor
dysfunctions.14 Despite advances in basic research as well as improved neurological
intensive care in recent years, no effective pharmacological therapy for TBI is available that
would promote functional recovery after TBI.34:44 Several TBI clinical trials targeting a
single pathophysiologic pathway have failed; thus, it is likely that successful therapy may

Please send all correspondence to: Ye Xiong, M.D., Ph.D., Henry Ford Health System, Department of Neurosurgery, E&R Building,
Room # 3096, 2799 West Grand Boulevard, Detroit, MI 48202, Tel: 313-916-4743, Fax: 313-916-9855, nsxye@neuro.hfh.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiong et al.

Methods

TBI Model

Page 2

require targeting multiple injury pathways.3* There is also an urgent need for efficient
therapy to improve posttraumatic morbidity and mortality.

Thymaosin By is a polypeptide of 43-amino acids that was first isolated from bovine thymus
tissue and subsequently found to be present in all mammalian species studied.3! The major
intracellular function of TP, is G-actin-sequestration,®2 which is necessary for cell motility
and organogenesis.13 Recent studies have demonstrated that T, is a multifunctional
peptide. It inhibits inflammation and apoptosis,*2 and promotes tissue repair in skin,37:38
cornea,8:20 and heart.”+42:43 Thymosin B, is an essential paracrine factor of endothelial
progenitor cells®22:26 which mediate cardioprotection,® and it promotes angiogenesis after
ischemic injury.46:48 Safety, tolerability and efficacy of TP, are being evaluated in clinical
patients with acute myocardial infarction!3 and other diseases.18:20:47

Thymosin g4 is ubiquitously distributed in mammalian tissues including the nervous system.
Its presence in the nervous system may play a role in many cellular processes including
mobility, axonal path-finding, neurite formation, proliferation and neuronal survival 4061
Our recent study demonstrated that T4 improves neurological functional recovery in mice
with experimental autoimmune encephalomyelitis.63 However, the efficacy of TP, treatment
for TBI has not been studied. In the present study, we hypothesize that T, is a potential
treatment that reduces cell loss, promotes angiogenesis, neurogenesis, and
oligodendrogenesis, and improves functional recovery in rats with TBI.

All experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Henry Ford Health System.

A controlled cortical impact (CCI) model of TBI in the rat was utilized for the present study.
16,30 'y oung adult male Wistar rats (327.6 + 18.1 g) were anesthetized with chloral hydrate
(350 mg/kg body weight) administered intraperitoneally. The rectal temperature was
maintained at 37°C using a feedback-regulated water-heating pad. The rats were placed in a
stereotactic frame. Two 10-mm-diameter craniotomies were performed adjacent to the
central suture, midway between lambda and bregma. The contralateral craniotomy allowed
for movement of cortical tissue laterally. The dura mater was kept intact over the cortex.
Injury was delivered by impacting the left (ipsilateral) cortex with a pneumatic piston
containing a 6-mm-diameter tip at a rate of 4 m/second and 2.5 mm of compression.
Velocity was measured with a linear velocity displacement transducer.

Experimental Groups and Treatment

Young adult male Wistar rats were divided into 3 groups: 1) sham group (6 rats); 2) TBI +
saline group (9 rats); and 3) TBI + T4 group (10 rats). TBI was induced by controlled
cortical impact over the left parietal cortex. Sham rats underwent surgery without injury.
Thymosin B4 (RegeneRx Biopharmaceuticals Inc, Rockville, MD) dissolved in saline at a
dose of 6 mg/kg was administered intraperitoneally starting at Day 1 after injury and then it
was administered every 3 days for 4 additional doses. The dose of T4 was selected based
on our previous study.27:67 Animals in the saline-treated group received an equal volume of
saline. For labeling proliferating cells, 5-bromo-2'-deoxyuridine(BrdU, 100 mg/kg; Sigma,
St. Louis, MO) was injected intraperitoneally into rats daily for 10 days, starting 1 day after
TBI. All rats were killed 35 days after TBI or surgery.
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Evaluation of neurological outcome

All functional tests were performed by investigators who were blinded to the treatment
status.

Morris Water Maze Test

To detect spatial learning impairments, a recent version of the Morris water maze test was
used.10 The procedure was modified from previous versions!®:32:33,:54 and has been found to
be useful for chronic spatial memory assessment in rodents with brain injury.19:27 All
animals were tested during the last five days (that is, from 31 to 35 days after TBI or
surgery) before being killed. The swimming pool was located in a large room, where there
were many clues external to the maze (for example, pictures on the walls, lamps and a
camera on the ceiling); these were visible from the pool and presumably used by the rats for
spatial orientation. The position of the cues remained unchanged throughout the experiment.
Data collection was automated by the HVS Image 2020 Plus Tracking System (US HVS
Image, San Diego, CA). For data collection, the blue pool (1.8 m in diameter) was
subdivided into four equal quadrants formed by imaging lines. At the start of a trial, the rat
was placed at one of four fixed starting points, randomly facing toward a wall (designated
North, South, East and West) and allowed to swim for 90 seconds or until it found the
platform. If the animal found the platform, it was allowed to remain on it for 10 seconds. If
the animal failed to find the platform within 90 seconds, it was placed on the platform for 10
seconds. Throughout the test period the platform was located in the northeast (NE) quadrant
2 cm below water in a randomly changing position, including locations against the wall,
toward the middle of the pool, or off-center but always within the target quadrant. If the
animal was unable to find the platform within 90 seconds, the trial was terminated and a
maximum score of 90 seconds was assigned. If the animal reached the platform within 90
seconds, the percentage of time traveled within the NE (correct) quadrant was calculated
relative to the total amount of time spent swimming before reaching the platform and
employed for statistical analysis. The advantage of this version of the water maze is that
each trial takes on the key characteristics of a probe trial because the platform is not in a
fixed location within the target quadrant.®

Footfault Test

To evaluate sensorimotor function, the footfault test was carried out before TBI and at 1, 4,
7,14, 21, 28 and 35 days after TBI or surgery. The rats were allowed to walk on a grid.54
With each weight-bearing step, a paw might fall or slip between the wires and if this
occurred, it was recorded as a footfault.1:2 A total of 50 steps were recorded for each right
forelimb and hindlimb.

The mNSS test

Neurological functional measurement was performed using the mNSS score test.8 The test
was carried out on all rats preinjury and on Days 1, 4, 7, 14, 21, 28, and 35 after TBI. The
mNSS is a composite of the motor (muscle status and abnormal movement), sensory (visual,
tactile, and proprioceptive), and reflex tests and has been used in previous studies.?8 In this
TBI model, injury in the left hemispheric cortex of rats causes sensory and motor functional
deficiency with elevated scores on motor, sensory, and beam balance tests in the early phase
after injury (Day 1 after injury). Absent reflexes and abnormal movements can be measured
in rats with severe injury. Slow recovery in asymmetry deficiency as reflected by beam
balance test results has been reported in unilateral brain injuries including TBI28 and
ischemia.8 This test is suitable for evaluating long-term neurological function after unilateral
brain injury.
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Tissue Preparation and Measurement of Lesion Volume

At Day 35 after TBI, rats were anesthetized intraperitoneally with chloral hydrate, and they
were perfused transcardially first with saline solution, followed by 4% paraformaldehyde in
0.1 M PBS (pH 7.4). Their brains were removed and post-fixed in 4% paraformaldehyde for
2 days at room temperature. The brain tissue was cut into 7 equally spaced 1-mm coronal
blocks and processed for paraffin sectioning. A series of adjacent 6-um-thick sections were
cut from each block in the coronal plane and stained with H&E. For lesion volume
measurement, the 7 brain sections were traced using a microcomputer imaging device
(MCID, Imaging Research), as previously described.® The indirect lesion area was
calculated (i.e., the intact area of the ipsilateral hemisphere is subtracted from the area of the
contralateral hemisphere),>® and the lesion volume presented as a volume percentage of the
lesion compared with the contralateral hemisphere. H&E sections from Blocks E and F
containing hippocampus were used to acquire images of the dentate gyrus and CA3 regions
at a magnification of 20. To evaluate the cell loss after TBI, we counted the number of cells
per millimeter in the dentate gyrus and CA3 regions.

Immunohistochemistry Analysis

To examine the effect of TB4 on cell proliferation, oligodendrocyte progenitor cells (OPCs),
mature oligodendrocytes, and angiogenesis, coronal sections were histochemically stained
with mouse anti-BrdU,2” neuron-glia antigen 2 (NG2), 23’ cyclic nucleotide 3’
phosphodiesterase (CNPase), and rabbit anti-human von Willebrand factor (VWF),27
respectively. For BrdU detection, 6-um paraffin-embedded coronal sections were
deparaffinized and rehydrated. Antigen retrieval was performed by boiling sections in 10-
mM citrate buffer (pH 6.0) for 10 minutes.8 After washing with PBS, sections were
incubated with 0.3 % H,0, in PBS for 10 minutes, blocked with 1% BSA containing 0.3 %
Triton-X 100 for 1 hour at room temperature, and incubated with mouse anti-BrdU (1:200;
Dako, Carpinteria, CA) or anti- NG2 (1:100, Chemicon, Temecula, CA, USA) or anti-
CNPase (1:100, Chemicon, Temecula, CA, USA) at 4°C overnight. After washing, sections
were incubated with biotinylated anti-mouse antibody (1:200; Vector Laboratories, Inc.,
Burlingame, CA) at room temperature for 30 minutes. After washing, sections were
incubated with an avidin-biotin-peroxidase system (ABC kit, Vector Laboratories, Inc.).
Diaminobenzidine (Sigma, St. Louis, MO) was then used as a sensitive chromogen for light
microscopy. Sections were counterstained with hematoxylin.

To identify vascular structure, brain sections were deparaffinized and then incubated with
0.4% Pepsin solution at 37°C for 1 hour. After washing, the sections were blocked with 1%
BSA at room temperature for 1 hour, and then incubated with rabbit anti-human vWF
(1:200; DakoCytomation, Carpinteria, CA) at 4°C overnight. After washing, sections were
incubated with biotinylated anti-rabbit antibody (1:200; Vector Laboratories, Inc.) at room
temperature for 30 minutes. The subsequent procedures were the same as for BrdU staining.

The BrdU-positive, NG2-positive and CNPase-positive cells, and vWF-stained vascular
structures in the dentate gyrus, CA3, and cortex of the ipsilateral hemispheres were
examined at a magnification of 20 or 40 and counted.

Immunofluorescent Staining

Newly generated neurons were identified by double labeling for BrdU and NeuN. After
dehydration, tissue sections were boiled in 10 mM citric acid buffer (pH 6) for 10 minutes.
After washing with PBS, sections were incubated in 2.4 N HCI at 37°C for 20 minutes.
Sections were then incubated with 1% BSA containing 0.3% Triton-X-100 in PBS, followed
by incubation with mouse anti-NeuN antibody (1:200; Chemicon, Temecula, CA) at 4°C
overnight. FITC-conjugated anti-mouse antibody (1:400; Jackson ImmunoResearch, West
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Grove, PA) was added to sections at room temperature for 2 hours. Sections were then
incubated with rat anti-BrdU antibody (1:200; Dako, Glostrup, Denmark) at 4°C overnight,
followed by incubation with Cy3-conjugated anti-rat antibody (1:400; Jackson
ImmunoResearch) at room temperature for 2 hours. Each of the steps was followed by three
5-minute rinses in PBS. Tissue sections were mounted with Vectashield mounting medium
(Vector Laboratories). Images were collected with fluorescent microscopy and merged. The
NeuN/BrdU-colabeled cells in the dentate gyrus and the cortex were counted at a
magnification of 40.

Double immunostaining for BrdU and NG2 was performed to demonstrate the proliferation
of OPCs. Double immunostaining CNPase and BrdU was used to identify the differentiation
of OPCs.63

Cell Counting and Quantitation

For quantitative measurements of BrdU*, NG2*, NeuN*, CNPase*, NG2*/BrdU*, NeuN*/
BrdU*, and CNPase*/BrdU™ cells, we used 5 slides from each brain, with each slide
containing 5 fields of view in the lesion boundary zone from the epicenter of the injury
cavity (bregma —3.3 mm), 3 fields of view in the ipsilateral CA3 and 9 fields of view in the
ipsilateral dentate gyrus in the same section. The fields were digitized under the light
microscope (Nikon, Eclipse 80i, Melville, NY) at a magnification of either 200 or 400 using
a CoolSNAP color camera (Photometrics, Tucson, AZ) interfaced with a MetaMorph image
analysis system (Molecular Devices, Downingtown, PA). The immunopositive cells were
calculated and divided by the measured areas, and were presented as numbers per square
millimeter. Cell counts were performed by observers blinded to the individual treatment
status of the animals. All counting was performed on a computer monitor to improve
visualization and in one focal plane to avoid oversampling.6® To evaluate whether
intraperitoneally administered TB4 reduces neuronal damage after TBI, the number of cells
was counted in the dentate. Although H&E staining is not neuron-specific, the
morphological characteristics of neuronal cells in the dentate gyrus and CA3 region aid in
counting them. Counts were averaged and normalized by measuring the linear distance (in
mm) of the dentate gyrus and CA3 for each section. Although it is just an estimate of the cell
number, this method permits a meaningful comparison of differences between groups. For
cell proliferation, the total number of BrdU* cells was counted in the lesion boundary zone,
CA3 and dentate gyrus. The cells with BrdU (brown stained) that clearly localized to the
nucleus (hematoxylin stained) were counted as BrdU* cells. For analysis of neurogenesis,
additional sections used in the above studies were used to evaluate neurogenesis in the
dentate gyrus and the cortex by calculating the density of BrdU-labeled cells and BrdU/
NeuN-colabeled cells.0 We mainly focused on the ipsilateral dentate gyrus and its
subregions, including the subgranular zone (SGZ), granular cell layer (GCL), and the
molecular layer. The number of BrdU™* cells (red stained) and NeuN/BrdU-colabeled cells
(yellow after merge) were counted in the dentate gyrus and the lesion boundary zone. The
percentage of NeuN/BrdU-colabeled cells over the total number of BrdU™ cells in the
corresponding regions (dentate gyrus or cortex) was estimated and used as a parameter to
evaluate neurogenesis.>® Similarly, the number of BrdU™ cells (red stained) colabeled with
NG2 or CNPase (green stained) was counted to demonstrate OPC proliferation and
differentiation, respectively.53

Statistical Analysis

All data are presented as the means = SDs. Data were analyzed using ANOVA for repeated
measurements of functional tests (spatial performance and sensorimotor function). For
lesion volume, cell counting, cell proliferation, NG2* cells, CNPase™* cells, and vVWF-stained
vascular density, a one-way ANOVA followed by post hoc Student-Newman-Keuls tests
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was used to compare the difference between the T4-treated, saline-treated and sham groups.
Statistical significance was set at p < 0.05.

Delayed TR4 treatment Does Not Change Body Weight in Rats That Sustained TBI

The mean body weight (g) of the rats in the 3 treatment groups was 330.8 + 21.8 (sham),
329.3 £18.2 (saline) and 323.4 + 15.9 (Tp4) before sham surgery and TBI. The rats lost 4—
6% of body weight by Day 1 after TBI, and body weight returned to preinjury level by Day
7, and gradually increased during the 35-day study period. There was no significant
difference in body weight among the 3 groups.

Delayed TB4 Treatment Does Not Reduce Lesion Volume in Rats That Sustained TBI

Rats were killed at 35 days post-TBI for histological measurements. Delayed T, treatment
(24 hours postinjury) did not reduce lesion volume after TBI. For TBI rats treated with
saline and T4, the lesion volume was 14.2 + 3.9% and 15.7 + 3.6%, respectively.

Treatment with T4 Improves Spatial Learning

To detect spatial learning deficits, the water maze protocol was used. The time spent in the
correct quadrant (that is, northeast) by sham rats increased significantly from Days 32-35
after surgery, as compared to time spent in the correct quadrant at Day 31 (p < 0.05). The
saline-treated rats were impaired relative to sham-operated rats (p < 0.05) at Days 32-35
after TBI. The TBy-treated rats with TBI showed significant improvement at Day 33 (p =
0.011), Day 34 (p = 0.003), and Day 35 (p = 0.001) when compared with the saline-treated
rats (Fig. 1A).

Treatment With TB4 Reduces the Incidence of Foot Fault

The incidence of forelimb footfaults during baseline (preoperatively) was about 4-5% (Fig.
1B). TBI significantly increased the occurrence of right forelimb footfaults contralateral to
the TBI at 1 to 35 days postinjury compared with the preinjury baseline and sham controls
(p < 0.05). Treatment with T, significantly reduced the number of contralateral forelimb
footfaults at 7 to 35 days after TBI compared with treatment with saline (that is, for Days 7,
14, 21, 28 and 35, p = 0.002, 0.011, 0.027, 0.023, and 0.035, respectively).

Similar foot fault results were found for the contralateral hindlimb (Fig. 1C). As compared
to preinjury baseline and sham controls, TBI significantly increased the incidence of
contralateral hindlimb footfaults at 1 to 35 days post-injury (that is, for Days 1, 4, 7, 14, 21,
28 and 35, p =0.007, 0.003, 0.014, 0.006, 0.001, 0.022, and 0.036, respectively). Treatment
with T4 significantly reduced the number of contralateral hindlimb footfaults at 7 to 28
days after TBI compared to treatment with saline (i.e., for Days 7, 14, 21, 28, and 35, p =
0.011, 0.005, 0.020, 0.008, and 0.032, respectively).

Treatment With TB4 Reduces the mNSS

Figure 1D shows that there is no significant difference in the mNSS score between the
saline- and TPy-treated groups at Days 1 and 4 post-TBI. However, significantly improved
scores were measured at Days 7-35 after TBI in the TB4-treated group compared with the
saline-treated group (that is, for Days 7, 14, 21, 28, and 35, p = 0.011, 0.023, 0.009, 0.017,
and 0.005, respectively).
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Treatment With TB4 Reduces Cell Loss in the CA3 and Dentate Gyrus

When examined at 35 days post TBI (Fig. 2), the neuron counts in the ipsilateral CA3 (p =
0.001) and dentate gyrus (p = 0.002) had significantly decreased after TBI (Fig. 2B and 2E)
compared to sham controls (Fig. 2A and 2D). As compared to saline controls, T, treatment
significantly increased the neuron counts in the CA3 (p = 0.033, Fig. 2C) and dentate gyrus
(p =0.007, Fig. 2F).

Treatment With TB4 Promotes Angiogenesis in the Injured Cortex and Hippocampus

VVon Willebrand factor-staining has been used to identify vascular structure in the brain after
TBI.29 TBI alone significantly increased vascular density in the cortex (p = 0.013), CA3 (p =
0.005), and dentate gyrus (p = 0.004) of the ipsilateral hemisphere compared with sham
controls. Treatment with Tpy4 significantly increased the vascular density in the cortex (p =
0.013), CA3 (p = 0.022), and dentate gyrus (p = 0.002) compared with saline treatment (Fig.
3).

Treatment With TB4 Promotes Cell Proliferation in the Injured Cortex and Hippocampus

An analog of thymidine, BrdU can be incorporated into the newly synthesized DNA of
replicating cells during the S phase of the cell cycle, substituting for thymidine during DNA
replication. Staining with BrdU is commonly used to detect proliferating cells. The number
of BrdU™ cells found in the ipsilateral cortex (p = 0.003), dentate gyrus ((p = 0.001), and
CA3 (p = 0.005) areas was significantly increased at 35 days after TBI, compared with sham
controls (Fig. 4). However, TB4 treatment further increased the number of BrdU* cells in the
cortex (p = 0.005), dentate gyrus (p = 0.011), and CA3 region (p = 0.023) after TBI
compared with saline controls (Fig. 4).

Treatment With TB,4 Increases Mature Oligodendrocytes in the Brain of Rats That
Sustained TBI

Using OPC marker NG2 staining, we found that TBI alone significantly increased NG2*
cells in the lesion boundary zone (p = 0.015), dentate gyrus (p = 0.006), and CA3 (p =
0.001) compared with the sham controls (Fig. 5). However, TB,4 treatment did not have
significant effects on OPC proliferation. The mature oligodendrocytes, the CNPase™ cells,
were significantly increased in these regions (p < 0.05) (Fig. 6). Treatment with T4
significantly increased the number of mature oligodendrocytes only in the CA3 region but
not in other regions.

Treatment With TB4 Promotes Oligodendrogenesis in the CA3 Region and Neurogenesis in
the Injured Cortex and Dentate Gyrus

Double immunostaining using a cell proliferating marker (BrdU) and an OPC marker (NG2)
revealed proliferating OPCs (NG2*/BrdU"cells) in the TBI rat brains (Fig. 7). Treatment
with T4 did not affect the OPC proliferation. Double immunostaining using BrdU and a
mature oligodendrocyte marker (CNPase) revealed that CNPase*/BrdU* cells were present
in the brains of rats that sustained TBI. Treatment with TB, significantly increased CNPase*/
BrdU™ cells in the CA3 region but not in the injured cortex and dentate gyrus region.

To identify newly generated neurons, double labeling for BrdU (proliferating marker) and
NeuN (mature neuronal marker) was performed. The number of NeuN/BrdU-colabeled cells
(newborn neurons) was significantly higher in the injured cortex (p = 0.023) and dentate
gyrus (p = 0.006) after TBI compared to sham controls. Treatment with T4 significantly
increased the number of newborn neurons in the injured cortex (p = 0.023) and dentate gyrus
(p = 0.009) compared with saline controls.

J Neurosurg. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

Discussion

We demonstrate for the first time that delayed (24 hours postinjury) T4 treatment after TBI
significantly improves long-term behavioral benefits. This finding was reflected in
improvements in spatial learning and sensorimotor functional recovery, as evaluated by
Morris water maze and foot fault tests as well as mNSSs. Delayed T4 treatment does not
reduce lesion volume. The improvements in spatial learning and sensorimotor function may
derive from the effect of TR, treatment on reducing hippocampal cell loss and increasing
angiogenesis, neurogenesis, and CA3 oligodendrogenesis. These data suggest that T4
treatment is a potential therapy for patients who have sustained TBI.

Many factors including serious side effects, significant risks, and poor brain penetration of
the drugs studied may contribute to unsuccessful TBI clinical trials.3* Whether injected Tp4
stays in the cerebral vasculature or crosses the blood-brain barrier into the brain parenchyma
has not been investigated. However, studies with intraperitoneal administration of T34 have
demonstrated passage of TP, into the brain.31 For example, the pharmacokinetic study of
TB4 in mice demonstrates that the peak concentration is found in the brain homogenate at
40 minutes and 2 hours following intraperitoneal administration of TB4.31 In addition, the
intravenous administration of Tp,4 over a dose range of 0.6-60mg/kg is safe and tolerated
without evidence of dose-limiting toxicity in all study animals.23 Thymosin p4 protects
human corneal epithelial cells against oxidative injury,24 induces hair growth via stem cell
migration and differentiation,3° promotes epicardium-derived neovascularization in the adult
heart,*3:47 reduces rat hippocampal neuronal loss by kainic acid excitotoxicity,* reduces
apoptotic death of chick and rat neurons,1! and inhibits inflammation.*® These studies
suggest that TP, is a multifunctional peptide (that is, it has angiogenic, anti-apoptotic, anti-
inflammatory, anti-oxidative, and tissue-protective effects). Detrimental factors including
inflammation, oxidative injury, excitotoxicity, apoptosis, and hypoxia/ischemia have been
suggested in secondary injury after TB1.58 Thymosin B4 seems to be capable of targeting
these factors. In the present study, we first investigated the functional therapeutic effect of
Tp4 for treating TBI in rats and then evaluated its effects on cell loss, angiogenesis,
neurogenesis, and oligodendrogenesis.

Our data demonstrate that delayed Tp4 treatment significantly improves sensorimotor and
spatial learning functional recovery after TBI; however, it does not reduce TBI-induced
lesion volume. This is in agreement with our previous studies® and others,2! which
demonstrated that delayed pharmacological treatments do not reduce lesion volume after
TBI. Our present study shows that T4 treatment promotes not only angiogenesis but also
neurogenesis in the injured cortex and hippocampus. TB4 is a strong angiogenic peptide
which promotes angiogenesis after ischemic injury.*® Thymosin p4 also reduces cardiac
infarction by promoting cell migration and myocyte survival.” Our previous studies
demonstrate that treatments promoting angiogenesis and neurogenesis significantly improve
functional recovery after strokel2 and TB1.59 Angiogenesis and neurogenesis are well
coupled in the neurovascular niche.59 The therapeutic benefits of T4 may be derived from
increased angiogenesis and neurogenesis. Neurogenesis normally occurs in 2 neurogenic
areas — the subventricular zone (SVZ)-olfactory bulb pathway and the subgranular zone of
the dentate gyrus.’? TBI alone enhances neurogenesis in the dentate gyrus and SVZ.
29,51,57,60 The newly formed neurons in the dentate gyrus are able to project axons to the
CA3 region to establish anatomical connections.>2 Thymosin B, further increases
neurogenesis in the dentate gyrus. In addition, T4 treatment reduces neuronal loss in the
dentate gyrus and CA3 regions of the hippocampus. The hippocampus is involved in spatial
learning and memory processing. This suggests that increased neurogenesis in the dentate
gyrus and reduced neuronal loss in the dentate gyrus and CA3 regions may play a role in
improving spatial learning after TB,4 treatment. Our present and previous studies have shown
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that TBI and treatment also induce cortical neurogenesis.2:°7:60 Cortical neurogenesis may
be mediated by neuroblasts migrating from the SVZ into the lesion boundary zone after
TBI36 and stroke.55:67:68 Increased cortical angiogenesis and neurogenesis may partially
contribute to sensorimotor functional recovery after brain injury.

Our recent study demonstrates that T, treatment improves functional recovery and
stimulates oligodendrogenesis in mice with experimental autoimmune encephalomyelitis
(EAE), which causes an immune-mediated myelin destruction and axonal 10ss.83 In the
present study, we examined the effect of TB, therapy on OPCs (NG2™ cells) and mature
oligodendrocytes (CNPase™ cells) at Day 35 after TBI. TBI alone significantly increased the
number of OPCs in the injured cortex and hippocampus. Similarly, TBI alone significantly
increased the number of mature oligodendrocytes in the injured cortex and hippocampus.
The number of NG2*/BrdU™ cells that represent the newly generated OPCs is much lower
than the number of NG2* cells in the present study. The newly generated mature
oligodendrocytes (CNPase*/BrdU™* cells) is also lower than the number of CNPase* cells.
These data suggest that many OPCs and mature oligodendrocytes come from OPC
proliferation and differentiation 10 days later after TBI because BrdU injection was given
during the first 10 days after TBI. Increased OPC proliferation and differentiation indicate
that the myelinating process is stimulated after TBI. This process may partially underline
spontaneous functional recovery seen after TBI. Treatment with TB,4 did not increase the
number of NG2* cells in the injured cortex and hippocampus. The TP, effect on OPCs in the
present TBI study differs from that reported in our previous EAE study in which T4
stimulated OPCs.53 The discrepancy may derive from the difference in animal models (TBI
vs EAE), species (rats vs. mice), treatment timing (posttraumatic treatment for TBI vs
preventive treatment for EAE), and brain regions studied (cortex/hippocampus vs SVZ/
striatum). Thymosin B4 did not promote OPC differentiation in the injured cortex and
dentate gyrus, but increased OPC differentiation in the CA3 region. This may facilitate
myelination of axons projected from new neurons generated in the dentate gyrus. Our
present data indicate that the TP, effects are region-dependent after TBI. TB4 treatment
promotes angiogenesis in the injured cortex, dentate gyrus and CA3 regions of the
hippocampus and increases neurogenesis in the dentate gyrus and injured cortex while it
promotes OPC differentiation in the CA3 region.

Thymosin By is a pleiotropic peptide and is mainly recognized as a regulator of actin
polymerization by sequestering G-actin. It forms a 1:1 complex with actin dissociated from
actin filaments, and thereby helps to maintain an actin pool for filament reorganization.>3
The peptide has been implicated in lymphocyte maturation, carcinogenesis, apoptosis,
angiogenesis, blood coagulation, and wound healing?®:53 The peptide is also involved in
lesion-induced neuroplasticity through microglia upregulation and it participates in the
growth of neuronal processes.3® Increased expression of TB, was found in the microglia in
the entorhinally denervated zones of the hippocampus,’ suggesting that T, may participate
in the process of activated microglia, the earliest event of lesion-induced plasticity.
Intracerebroventricular administration of T4 significantly reduced hippocampal neuronal
loss induced by kainic acid.*0 Upregulation of TB, in the pyramidal neurons of the
hippocampus may be related to restoration of neurite circuits after focal ischemic damage.>®
The signal pathways underlying these benefits remain largely unknown. Thymosin 34
induces expression and release of plasminogen activator inhibitor type 1 (PAI-1) in
endothelial cells via activation of the mitogen-activated protein kinase cascade, which leads
to enhanced c-Fos/c-Jun binding to the AP-1-like element present in the PAI-1 promoter.6 A
recent study shows that TB, induces endothelial progenitor cell migration via the PI3K/Akt/
eNOS signal transduction pathway, which may mediate angiogenesis.*! Internalization of
exogenous TPy is essential for the antiapoptotic effects of exogenous Tp4 on human corneal
epithelial cells.?3 Internalization of the exogenous T4 and a consequential activation of
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integrin-linked kinase and Akt by this peptide seem to be the major mechanisms that
promote the survival of cardiomyocytes.?1? Recently, the Ku80 subunit of ATP-dependent
DNA helicase 11 was found to be associated with TP, it functions as a novel receptor for
TPB4 and mediates its intracellular activity.* These signal pathways may also mediate
neuroprotection and neurorestoration of TB,4. Further verification is required.

Conclusions

The therapeutic efficacy of delayed Tp4 treatment for TBI in the present study, along with
the fact that multifunctional T4 without evidence of dose-limiting toxicity in all study
animals can enter the brain,3! suggests that TP, is a potential therapy for patients who have
sustained TBI. These data warrant further investigation of the optimal dose and therapeutic
window of T, treatment for TBI and the associated underlying mechanisms.
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Fig. 1.

The effect of TP4 on functional recovery after TBI. A: Effect of T34 on spatial learning
function 31-35 days after TBI. TBI significantly impairs spatial learning at Days 32—-35
compared to sham controls. Delayed treatment with TB,4 improves spatial learning
performance measured by a recent version of the water maze test at Days 33-35 compared
with the saline group. B: Effect of TB4 on sensorimotor function (forelimb footfault) after
TBI. TBI significantly impairs sensorimotor function at Days 1-35 compared with sham
controls. Delayed T4 treatment significantly reduces forelimb foot faults at Days 7-35
compared with the saline-treated group. C: Effect of T4 on sensorimotor function
(hindlimb footfault) after TBI. TBI significantly impairs sensorimotor function at Days 1-35
compared with sham controls. Delayed T4 treatment significantly reduces hindlimb foot
faults at Days 7-35 compared with the saline-treated group. D: Line graph showing the
functional improvement detected on the mNSS. Treatment with T4 significantly lowers
MNSS scores at Days 7-35 compared with the saline group. Data represent mean + SD.
There were 6, 9, and 10 rats in the sham, saline, and T4 groups, respectively. Pre =
preinjury level.
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Fig. 2.

The effect of TB4 on cell number in the ipsilateral dentate gyrus and CA3 region at 35 days
after TBI. H&E staining: A-F. Delayed treatment with TB4 (C, F) significantly reduces cell
loss as compared with the saline-treated group (B, E) (p < 0.05). The cell number in the
dentate gyrus and CA3 region is shown in (G). Scale bar = 25um (F, applicable to A-F).
Data represent mean = SD. *p < 0.05 vs Sham group. #p < 0.05 vs Saline group. N (rats/
group) = 6 (Sham); 9 (Saline); and 10 (TB4).
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Fig. 3.

The effect of TB4 on VWF-staining vascular structure in the injured cortex, ipsilateral
dentate gyrus, and CA3 region 35 days after TBI. TBI alone (B, E, and H) significantly
increases the vascular density in these regions compared to sham controls (p < 0.05). TB4
treatment (C, F, and I; arrow as example showing VWF-staining vascular structure) further
enhances angiogenesis after TBI compared to the saline-treated groups (p < 0.05). The
density of vWF-stained vasculature is shown in (J). Scale bar = 50 um (I, applicable to A-I).
Data represent mean = SD. *p < 0.05 vs Sham group. #p < 0.05 vs Saline group. N (rats/
group) = 6 (Sham); 9 (Saline); and 10 (TB4).
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Fig. 4.

The effect of TB4 on BrdU™* cells in the injured cortex, ipsilateral CA3, and dentate gyrus 35
days after TBI. TBI alone (B, E, and H) significantly increases the number of BrdU* cells in
the ipsilateral cortex, CA3 and dentate gyrus compared to sham controls (A, D, and G) (p <
0.05). TB4 treatment significantly increases the number of BrdU™* cells in these regions (C,
F, and I; arrow as example showing BrdU* cell) compared to the saline-treated groups (p <
0.05). The number of BrdU* cells is shown in (J). Scale bar = 25um (1, applicable to A-I).
Data represent mean = SD. *p < 0.05 vs Sham group. #p < 0.05 vs Saline group. N (rats/
group) = 6 (Sham); 9 (Saline); and 10 (TB4).
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Fig. 5.

The effect of TB4 on oligodendrocyte progenitor cells (NG2*) in the injured cortex,
ipsilateral CA3 and dentate gyrus 35 days after TBI. TBI alone (B, E, and H) significantly
increases the number of NG2* cells in the ipsilateral cortex, CA3 and dentate gyrus
compared to sham controls (A, D, and G) (p < 0.05). TB4 treatment does not affect the
number of NG2* cells in these regions (C, F, and I; arrow as example showing NG2* cell)
compared to the saline-treated groups. The number of BrdU™ cells is shown in (J). Scale bar
= 25um (I, applicable to A-I). Data represent mean + SD. *p < 0.05 vs Sham group. N (rats/
group) = 6 (Sham); 9 (Saline); and 10 (TB4).
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Fig. 6.

The effect of TB4 on mature oligodendrocytes (CNPase*) in the injured cortex, ipsilateral
CA3, and dentate gyrus 35 days after TBI. TBI alone (B, E, and H) significantly increases
the number of CNPase* cells in the ipsilateral cortex, CA3, and dentate gyrus compared to
sham controls (A, D, and G) (p < 0.05). TB4 treatment does not affect the number of
CNPase* cells in the cortex (C, arrow as example showing CNPase* cell) and DG (1) but
significantly increases the number of CNPase™ cells in the CA3 region (F) compared to
saline groups. The number of BrdU™* cells is shown in (J). Scale bar = 25um (1, applicable to
A-1). Data represent mean + SD. *p < 0.05 vs Sham group. #p < 0.05 vs Saline group. N
(rats/group) = 6 (Sham); 9 (Saline); and 10 (TB4).

J Neurosurg. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiong et al.

500 1

(3

400 -

300 -

200 A

Number/mm?

100 A

#

]

<

'0'4
%%
K2

OO0
be%e%%

NN
SOSK

%
XX

.,.
RR
KR

X X
KL
SRR

9
X
%

=]

,v
2%
KA

e

p<0.05 vs. Saline [ cortex-saline

[ cortex-TB4
] CA3-Saline

| CA3-TB4
EX) pe-saline
EX pe-TB4

#

g P e

Fig. 7.

BrdU-NeuN

BrdU-NG2 BrdU-CNPase

Double immunofluorescent staining for BrdU (red) and NeuN (green) to identify newborn
neurons (yellow after merge) in the brain (A-C), for BrdU (red) and NG2 (green) to identify
newborn OPCs in the brain (D-F), and for BrdU (red) and CNPase (green) to identify
newborn mature oligodendrocytes in the brain (G-I). The arrows indicate newborn neurons
(A-C), OPCs (D-F) and mature oligodendrocytes (G-I). Bar = 25 um (for all panels). J: Bar
graph showing the numbers of NeuN*, NG2*, and CNPase™ cells colabeled with BrdU.
Scale bar = 25um (1, applicable to A-I). Data represent mean + SD. #p < 0.05 vs Saline
group. N (rats/group) = 6 (Sham); 9 (Saline); and 10 (TB4).
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