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Abstract
Traumatic brain injury (TBI) remains a leading cause of mortality and morbidity worldwide. No
effective pharmacological treatments are available for TBI because all Phase II/III TBI clinical
trials have failed. This highlights a compelling need to develop effective treatments for TBI.
Endogenous neurorestoration occurs in the brain after TBI, including angiogenesis, neurogenesis,
synaptogenesis, oligodendrogenesis and axonal remodeling, which may be associated with
spontaneous functional recovery after TBI. However, the endogenous neurorestoration following
TBI is limited. Treatments amplifying these neurorestorative processes may promote functional
recovery after TBI. Thymosin beta4 (Tβ4) is the major G-actin-sequestering molecule in
eukaryotic cells. In addition, Tβ4 has other properties including anti-apoptosis and anti-
inflammation, promotion of angiogenesis, wound healing, stem/progenitor cell differentiation, and
cell migration and survival, which provide the scientific foundation for the corneal, dermal, and
cardiac wound repair multicenter clinical trials. Here, we describe Tβ4 as a neuroprotective and
neurorestorative candidate for treatment of TBI.
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Introduction
An estimated 1.4 million people sustain traumatic brain injury (TBI) each year in the United
States, and more than 5 million people are coping with disabilities from TBI at an annual
cost of more than $56 billion.1 There are no commercially-available pharmacological
treatment options available for TBI because all clinical trial strategies have failed.2,3 The
disappointing clinical trial results may be due to variability in treatment approaches and
heterogeneity of the population of TBI patients.4-9 Another important aspect is that most
clinical trial strategies have used drugs that target a single pathophysiological mechanism,
although many mechanisms are involved in secondary injury after TBI.4 Neuroprotection
approaches have historically been dominated by targeting neuron-based injury mechanisms
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as the primary or even exclusive focus of the neuroprotective strategy.3 In the vast majority
of preclinical studies, the treatment compounds are administered early and, frequently, even
before TBI.10,11 Clinically, the administration of a compound early may be problematic
because of the difficulty in obtaining informed consent.12

Recent preclinical studies by us and others have revealed that endogenous neurorestoration
is present after TBI, including neurogenesis, axonal sprouting, synaptogenesis, and
angiogenesis, which may contribute to the spontaneous functional recovery.13-18 In addition,
treatments that promote these neurorestorative processes have been demonstrated to improve
functional recovery after brain injury.19,20 However, clinical trials in TBI have primarily
targeted neuroprotection, and trials directed specifically at neurorestoration have not been
conducted. The essential difference between neuroprotective and neurorestorative treatments
is that the former target the lesion that is still not irreversibly injured and the latter treat the
intact tissue.19 Thus, neurorestorative treatments can be made available for a larger number
of TBI patients.

Tβ4 is a multifunctional regenerative small peptide containing 43-amino acids, and it is the
major G-actin-sequestering molecule in eukaryotic cells.21 Tβ4 has pro-survival and pro-
angiogenic properties, protects tissue against damage, and promotes tissue regeneration.22,23

It also plays a key role in corneal, epidermal and cardiac wound healing.21 Tβ4 participates
in axonal path-finding, neurite formation, cell proliferation, and neuronal survival.24-26 Our
previous studies show that Tβ4 reduces inflammation and stimulates remyelination and
improves functional recovery in animal models of experimental autoimmune
encephalomyelitis (EAE) and stroke.25,27 In summary, these pleiotropic properties make
Tβ4 an ideal candidate for treatment of TBI.

Early (6 hours post injury) Tβ4 treatment reduces cortical lesion volume and improves
functional recovery after TBI in rats

TBI patients frequently suffer from long-term deficits in cognitive and motor performance.
No single animal model can adequately mimic all aspects of human TBI owing to the
heterogeneity of clinical TBI.11 Some features of cognitive and motor function in humans
have been successfully demonstrated in experimental brain trauma models.28-30 The
controlled cortical impact (CCI) model is one of the most widely used TBI models. The
CCI-TBI model has many clinically relevant features in that CCI causes not only cortical
damage but also selective neuronal death in the hippocampus in rodents, leading to
sensorimotor dysfunction and spatial learning and memory deficits, respectively.18,31-33

We have evaluated the efficacy of early Tβ4 treatment on spatial learning and sensorimotor
functional recovery in rats after TBI induced by unilateral CCI.34 In brief, TBI rats received
Tβ4 at a dose of either 6 or 30 mg/kg (RegeneRx Biopharmaceuticals Inc, Rockville, MD)
or a vehicle control (saline) administered i.p. starting at 6 hours after injury and then at 24
and 48 hours. Spatial learning was performed during the last five days (31-35 days post
injury) using the modified Morris water maze (MWM) test, which is extremely sensitive to
the hippocampal injury.35-37 Tβ4-treated TBI rats showed significant improvement in spatial
learning when compared to the saline-treated TBI rats. Tβ4 treatment also significantly
reduced the swim latency to reach the hidden platform by rats post TBI compared to saline
treatment. Using the modified Neurological Severity Score (mNSS) test, our data show that
significantly improved scores were observed after TBI in the Tβ4-treated group compared to
the saline-treated group. Our data also show that Tβ4 reduced the incidence of both right
forelimb and hindlimb footfaults in TBI rats.34 Histological data show that early Tβ4
treatment reduced cortical lesion volume by 20% and 30% for 6 mg/kg and 30 mg/kg,
respectively, and reduced hippocampal cell loss. These findings suggest that TB4 provides
neuroprotection even when the treatment was initiated 6 hours post injury. In addition, 6-
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hour Tβ4 treatment promotes neurogenesis in the dentate gyrus (DG) of the hippocampus,38

which may contribute to improvement in spatial learning.

Delayed (24 hours post injury) Tβ4 treatment does not alter cortical lesion volume but
improves functional recovery after TBI in rats

The CCI model we used causes cortical tissue loss. Traditionally, the target for
neuroprotective treatment of TBI is to reduce the lesion volume.39,40 A major limitation of
neuroprotection strategies is the short time window between injury and treatment. In the vast
majority of preclinical TBI studies, the treatment compounds provide neuroprotection only
when administered early (usually several hours after brain injury).11 The administration of a
compound early in the clinical setting is not practical.41 The neuroprotective effects
demonstrated in rodents may diminish if the treatment compounds are given in the clinical
setting beyond the short neuroprotective window. We are able to stimulate recovery of
neurological function without altering the lesion volume, which has also been demonstrated
in our experimental studies of stroke,19,42,43 and is in essence, enhancement of
neurorecovery.19 The extended 24-hour window for treatment which improves neurological
recovery, without altering CCI cortical volume, is a major benefit of the neurorestorative
therapy. Recently, we evaluated the efficacy of delayed Tβ4 treatment on spatial learning
and sensorimotor functional recovery in rats after TBI induced by CCI.34 Briefly, TBI rats
received Tβ4 at a dose of 6 mg/kg or a vehicle (saline) administered i.p. starting at 24 hours
after injury and then every third day for 2 weeks. The dose of Tβ4 was selected based on our
previous studies in animal models of stroke and EAE.25,27 Tβ4 did not alter lesion volume
(14.2 ± 3.9% for saline treatment vs. 15.7 ± 3.6% for Tβ4 treatment). TBI caused neuronal
cell loss in the ipsilateral CA3 and DG examined 35 days after injury compared to sham
controls. Tβ4 treatment initiated 24 hours post injury significantly reduced cell loss in these
two regions compared to saline controls. Tβ4-treated TBI rats showed significant
improvement in spatial learning (MWM test) and sensorimotor (mNSS test) functional
recovery compared to the saline-treated TBI rats.34

Delayed (24 hours post injury) Tβ4 treatment promotes neurogenesis after TBI in rats
Evidence accumulated over the past decades has overturned the traditional dogma that the
adult mammalian brain cannot generate new neurons. Adult neurogenesis has been
identified in all vertebrate species examined thus far including humans.44-49 Newly
generated neuronal cells originate from neural stem cells in the adult brain. Neural stem cells
are the self-renewing, multipotent cells that generate the neuronal and glial cells of the
nervous system.50 The major function of neurogenesis in adult brain seems to replace the
neurons that die regularly in certain brain areas. Granule neurons in the DG continuously die
and the progenitors in the subgranular zone of the DG may proliferate at the same rate as
mature neuronal death to maintain a constant DG cell number.51 Similarly, the newly
proliferated cells from the subventricular zone migrate and replenish the dead olfactory bulb
neurons.52 Here, we focus on DG neurogenesis which is important for spatial learning and
memory. In normal adult rats, newborn neural cells migrate from the subgranular zone of the
DG of the hippocampus into the granule cell layer and eventually become mature granule
neurons.53 These new granule neurons extend axonal processes to their postsynaptic
targets54-57 and receive synaptic input.58 TBI stimulates widespread cellular proliferation in
rats and results in focal neurogenesis in the DG of the hippocampus.59,60 Some of the newly
generated granule neurons integrate into the hippocampus. The integration of the injury-
induced neurogenic population into the existing hippocampal circuitry coincides with the
time point when cognitive recovery is observed in injured animals.44

Bromodeoxyuridine (BrdU), a thymidine analogue, can be incorporated into the DNA of
dividing cells and is widely used to label new cells.61-63 To label proliferating cells, BrdU
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(100 mg/kg) was injected i.p. daily starting at day 1 post TBI for 10 days. The number of
BrdU-positive cells found in the ipsilateral cortex, DG, and CA3 areas was significantly
increased 35 days after TBI compared with sham controls.18,34,64,65 Tβ4 treatment further
increased the number of BrdU-positive cells compared to saline controls.34 The increased
number of BrdU-positive cells may result from effects of Tβ4 on either increasing cell
proliferation or reducing cell death of newborn cells. Our recent data show Tβ4 increases
oligodendrocyte precursor cell proliferation and differentiation in animal models of stroke25

and experimental autoimmune encephalomyelitis.27 Tβ4 may not directly affect cell
proliferation but inhibit cell death, for example, in corneal and conjunctival epithelial cells
treated with benzalkonium chloride in vitro66 and endothelial precursor cells under serum
deprivation.67 Our data further show that neurogenesis increases in TBI rats treated with
Tβ4, suggesting that Tβ4 promotes newborn cells to differentiate into neurons. This is
consistent with the effect of Tβ4 on promoting epicardium-derived progenitor cell
differentiation into endothelial and smooth muscle cells to form the coronary vasculature.22

Whether the increased number of BrdU-positive cells in the brain of TBI rats treated with
Tβ4 is tissue specific remains unknown. Tβ4 may not directly affect cell proliferation.
Increased cell proliferation and neurogenesis are also possibly secondary to that Tβ4-
mediated angiogenesis, as described later.

To identify newborn neurons, double immunofluorescent staining for BrdU/NeuN (mature
neuronal marker) was performed (Fig.1). TBI alone significantly increased the number of
newborn neurons (NeuN/BrdU-colabeled cells) in the DG of injured hemisphere. Tβ4
treatment significantly further increased the number of newborn neurons compared to saline
controls. These data suggest that Tβ4 administration initiated 24 hours after TBI promotes
neurogenesis in rats.

To investigate whether the newborn neurons generated in the DG are capable of projecting
their axons into the CA3 region of the hippocampus after TBI, we stereotactically injected a
fluorescent tracer, 1,1″-dioleyl-3,3,3″,3″-tetramethylindocarbocyanine methanesulfonate
(Dil, Delta 9-DiI; AnaSpec, San Jose, CA) into the ipsilateral CA3 region (stereotaxic
coordinates AP, -3.6 mm bregma, ML, 3.6 mm, DV, 3.0 mm, Paxinos and Watson, 1994) at
day 28 after TBI. BrdU (100mg/kg, ip) was injected i.p. daily starting at day 1 after TBI for
10 days to label newly generated cells. One week after DiI injection (i.e., 35 days after TBI),
the animals were anesthetized and sacrificed. Their brains were fixed in 4%
paraformaldehyde. The brain was cut into seven equally spaced 2-mm coronal blocks using
a rat brain matrix. The brain blocks containing the hippocampus were processed for
vibratome sections (100 μm) followed by BrdU staining. BrdU and DiI labeling in the
hippocampus on brain sections was analyzed with a Bio-Rad MRC 1024 (argon and
krypton) laser-scanning confocal imaging system mounted onto a Zeiss microscope (Bio-
Rad, Cambridge, MA). Co-localization of BrdU-positive nuclei within retrogradely DiI-
labeled granule cells was found, indicating that newborn granule neurons extend axons into
the CA3 region that are capable of retrogradely transporting DiI from the CA3 to their cell
bodies within the DG after TBI (Fig.2). This finding suggests that newborn granule neurons
may be incorporated into functional hippocampal circuitry after TBI.

Delayed (24 hours post injury) Tβ4 treatment promotes angiogenesis after TBI in rats
The vascular system in the normal adult brain is stable, but is activated in response to certain
pathological conditions including injuries.68 Von Willebrand factor (vWF) staining has been
used to identify vascular structure in the brain after TBI.69 TBI alone significantly increased
vascular density in the injured cortex, CA3, and DG of the ipsilateral hemisphere when
examined at day 35 after TBI compared to sham controls.18,34,64,65 Tβ4 treatment
significantly increased the vascular density in these regions compared to saline treatment.34

This is in agreement with in vitro and in vivo pro-angiogenic effect of Tβ4.70,71
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Coupling of neurogenesis and angiogenesis
Neurovascular units within the central nervous system consist of endothelial cells, pericytes,
neurons and glial cells, as well as growth factors and extracellular matrix proteins that are
close to the endothelium.72,73 Neurovascular units provide niches for neural stem/progenitor
cells in the adult brain and, within these units, newly-generated immature neurons are
closely associated with the remodeling vasculature. The generation of new vasculature
facilitates several coupled neurorestorative processes including neurogenesis and
synaptogenesis, which improve functional recovery.74-76 The vascular production of
stromal-derived factor 1 and angiopoietin 1 is involved in neurogenesis and promotes
behavioral recovery after stroke.77 The disruption of this neurovascular coordination has
been observed in a variety of brain conditions including infection, stroke and trauma.78 The
injured brain promotes angiogenesis and neurogenesis,13,32,69,79-84 that may contribute to
spontaneous functional recovery from injuries such as stroke and TBI. Neurorestorative
agents that increase angiogenesis and neurogenesis have been shown to improve functional
outcome following brain injury.19,33 Vascular endothelial cells within the neurovascular
niche affect neurogenesis directly via contact with neural progenitor cells, while soluble
factors from the vascular system that are released into the CNS enhance neurogenesis via
paracrine signaling.85 Here, we demonstrate that Tβ4 treatment promotes both angiogenesis
and neurogenesis in rats after TBI, suggesting that the neurovascular remodeling at least
partially contributes to Tβ4-mediated improvement in functional recovery. A better
understanding of molecular mechanisms in the neurovascular niches will be important for
developing novel angiogenic and neurogenic therapies for brain injuries.

Conclusion
These studies demonstrate that in the animal model of TBI, early (6 hours post injury)
treatment with Tβ4 i.p. at doses of 6 and 30 mg/kg reduces cortical lesion volume and
hippocampal cell loss and improves functional recovery, suggesting its potential as a
neuroprotective therapy for TBI. More importantly, delayed (24 hours post injury) treatment
with Tβ4 administered i.p. at a dose of 6 mg/kg does not reduce lesion volume but
significantly improves functional outcome in rats.34 Tβ4-induced angiogenesis,
neurogenesis and oligodendrogenesis may contribute to functional recovery.34 Therefore,
our data suggest that promoting endogenous neurorestorative processes using Tβ4 provides
a novel therapeutic option for TBI. It should be noted that systemic administration of Tβ4 is
safe and well-tolerated by animals and humans.26 Further investigation of the molecular
mechanisms underlying Tβ4-mediated neuroprotection and neurorestoration is warranted.
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Fig. 1.
Double immunofluorescent staining for BrdU (red, A) and NeuN (green, B) to identify
newborn neurons (yellow after merge, C) in the dentate gyrus of hippocampus from rats
examined 35 days after TBI. Micrographs (D) show location of DiI injection in the CA3
region (indicated by white asterisk). In the CA3 region, axons projected from granule
neurons in the dentate gyrus will take up injected DiI to their cell bodies. Co-localization
(merge, H) of BrdU-positive nuclei (green, F) within retrogradely DiI labeled (red, E)
granule cells were examined at 35 days after TBI. Scale bar = 25 μm (C, H). Scale bar = 50
μm (D).
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Fig. 2.
Delayed Tβ4 treatment increases vascular density in the injured cortex, ipsilateral dentate
gyrus, and CA3 region 35 days after TBI. Arrows show vWF-stained vascular structure. TBI
alone (B) significantly increases the vascular density in the injured cortex compared to sham
controls (A, P < 0.05). Tβ4 treatment (C) further enhances angiogenesis after TBI compared
to the saline-treated groups (P < 0.05). The density of vWF-stained vasculature in different
regions is shown in (D). Scale bar = 25 μm (C). 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 (Tβ4).
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