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Abstract

Despite extensive experimental research, the numbers of neuroprotective drugs that have proven
efficacy following treatment of patients with traumatic CNS injuries still remain meager. It would
be worthwhile to emphasize that majority of the victims are mostly in the second or third decades
of their lives. A survey on the neuroprotective molecules that has been tested experimentally

and subsequently tried clinically has been found somewhat beneficial. In the present review, we
consolidated the updates on a number of such drugs, which hold promise for therapy of traumatic
CNS injuries. Two such agents, endogenous molecules estrogen and melatonin have been under
investigation in our laboratory for their efficacy in experimental spinal cord injury in rats.
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INTRODUCTION

Traumatic Central Nervous System (CNS) injuries include a wide array of devastating and
life threatening injuries. The CNS (the brain and the spinal cord) when stressed or damaged,
can lead to the impairment of many organs and parts of the body and in many cases

even lead to paralysis and death. Since, the structure-function relationships within CNS

are so complex, any amount of damage or injury to a specific area can result in a loss of
homeostasis and/or induce entropy within the system. Traumatic CNS injuries are largely
heterogeneous, but may be broadly grouped as Traumatic Brain Injury (TBI), Spinal Cord
Injury (SCI) and Stroke [1, 2]. The data in Table 1 surmises the financial burden associated
with the annual incidence of such injuries worldwide.
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Treatment following traumatic CNS injuries offers a major biomedical challenge. Attempts
are made to address such trauma by surgical interventions, however, limited corrective
surgeries can be done, and often the damage due to CNS trauma is impossible to

reverse. Thus, the ultimate functional revival may largely depend on the pharmacological
intervention or neuroprotective regimen provided. Several neuroprotectants have been tested
in experimental research and some of them proceeded to clinical trials. Despite, enormous
efforts there is paucity of neuroprotective molecules that benefit the survivors of a traumatic
CNS injury. A major cause of such discrepancy lies in the heterogeneity and multi-factorial
nature of such injuries. Consequently, it has been difficult for pharmaceutical companies

to develop agents for pharmacological intervention. Mono-therapy or drugs with limited
action fail to provide the adequate protection in CNS trauma. A long-standing focus in our
laboratory has been to explore the therapeutic efficacy of drugs with multi-active properties
or combination of drugs as therapy following SCI.

Present review is organized under three major headings: the subset of neuroprotective agents
for CNS trauma, clinical trials on selective neuroprotectants for CNS trauma and the quest
for neuroprotective agents following SCI in our laboratory with reference to others in the
field.

NEUROPROTECTIVE AGENTS FOR CNS TRAUMA

Neuroprotective drugs include an enormous array of potential moieties of diverse

origins - biologically active natural products, plant extracts, endogenous peptides that
are beneficial for preservation of the structural-functional integrity of the CNS. They
may be anti-oxidative, anti-nitrasative, anti-inflammatory, immunosuppressive, ion channel
modulators, angiogenesis-promoters, neurotrophic agents or even a combination of many
such homeostasis promoting agents; however, only a selective subset of them can benefit
CNS trauma. There have been organized attempts to harness the benefits of such
neuroprotective agents, presented in a series of scientific conference, whose proceedings
have been published in select volumes of Annals of New York Academy of Sciences [3-
9]. Table 2 depicts the focus of these proceedings and converges on the selective list of
neuroprotective agents deemed useful for CNS trauma.

CLINICAL TRIALS ON NEUROPROTECTIVE AGENTS FOR CNS TRAUMA

A major advancement occurs in any drug-discovery as an experimental drug enters

the phases of clinical trial. Completion of these phases is a pivotal landmark for any
neuroprotective agent. A current search for neuroprotective agents under clinical trials in
the website of National Institute of Health (NIH) retrieved 838 queries which reduced to
just 41 (» 5%) when further refined with CNS injury/trauma criterion. Thus, this finding
substantiates the fact that not all neuroprotective agents can benefit CNS trauma due to the
multi-factorial nature of CNS injury. The sketch in Fig. (1) represents the fact that only a
marginal fraction of the neuroprotective agents are useful in CNS injury. Furthermore, an
itemized presentation of these selective drugs that may render neuroprotection following
CNS trauma as per clinical trials under NIH is presented (Table 3). Worldwide there may
be several more of completed/ongoing clinical trials for neuroprotective agents that might
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render functionality in post CNS trauma, but, certainly, the statistics on the low availability
of selective neuroprotective agents for CNS injury corroborates the pressing need for greater
experimental and preclinical research, and further clinical trials.

QUEST FOR NEUROPROTECTIVE AGENTS FOR TRAUMATIC SCI

Earlier attempts in our laboratory were focused on the calpain and its inhibitors as
therapeutic strategy which has been extensively reviewed [10]. Currently, two endogenous
molecules — estrogen and melatonin are being investigated. The review recapitulates the
research on their efficacy on experimental spinal cord injury.

ESTROGEN AS A POTENTIAL NEUROPROTECTIVE AGENT FOLLOWING

SClI

Neuroprotective efficacy of estrogen is based on diverse biological effects produced by
estrogenic steroids [11]. Classically, estrogen signals through a nuclear receptor, which
targets transcription of mMRNA and cognate protein expression [12]. Estrogen can also

act via activation of its receptors ER-a and ER-f and downstream intracellular signaling
through kinases [13]. It can act as an anti-inflammatory agent [14] and promote growth

of micro vessels [15]. Estrogen can act directly at neurotransmitter receptor complexes

or at ion channels resulting in altered neuronal current conductance or trans-cellular

ion flux [16]. Thus, the hormone initiates generalized signaling pathways to the nuclear

and membrane-localized effectors with ample crosstalk between nuclear activation and
membrane-associated events. Estrogen also has important non-cell type-specific actions,
such as anti-oxidation and conservation of endogenous free radical scavenging agents

[17]. Overall, diverse mechanisms of estrogen mediated neuroprotection includes genomic,
receptor-dependent transcriptional regulation, and non-genomic rapid effects which may

or may not be receptor mediated but involves regulation by kinases as well as other

effects such as anti-inflammatory, anti-oxidative, and anti-apoptotic, making it a versatile
neuroprotectant. Estrogen certainly is a potential candidate with multimodal efficacy against
neurotrauma including SCI. Furthermore, it is important to note that both types of estrogen
receptors (a and B) are distributed widely in the body in both genders. Estrogen receptor-a
predominates in the uterus and mammary gland, whereas estrogen receptor-p has significant
roles in the central nervous, cardiovascular, immune systems and several others [18]. Such
wide-scale distribution of the estrogen receptors infers greater access of low dose of estrogen
to the receptors and underscores the possibility of beneficial effects of estrogen.

ESTROGEN EFFICACY IN EXPERIMENTAL SCI

Applying the in vitro findings on estrogen efficacy in rescuing different neural cells from
diverse injury and/or stress [19-21], to experimental SCI in rats, we observed protection of
the injured cord in acute phase [22, 23]. Supraphysiological levels of estrogen attenuated
inflammation, reduced or restricted the lesion volume, prevented axonal degeneration, and
preserved myelin in acute experimental SCI. Moreover, the profound proteolytic events

of the Ca%*-activated proteinase calpain were reduced which prevented the apoptosis of
neurons largely present in caudal penumbra by estrogen treatment when administered
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immediately after SCI in rats [22, 23]. In addition, similar high dose estrogen could mitigate
the damage and restore functionality in chronic SCI in rats [24]. Such neuroprotective
studies led to further investigations on the clinical relevance on the efficacy of lower
physiological doses of estrogen, applied immediately and at different times in the acute

SCI paradigm. Subsequently, results from these studies helped to explore low dose estrogen
efficacy in chronic SCI in rats. Indeed, estrogen mediated neuroprotection in SCI in rats was
attained at much lower doses in subsequent studies in our laboratory.

Other protective effects of estrogen administration following SCI thus far include prevention
of astrogliosis and microgliosis, reduction of proteolytic and apoptotic markers, and
preservation of the axon-myelin structural unit. The estrogen-mediated attenuation of all
these parameters is essential and important for recovery of neurological function following
SCI. Functional recovery may be enhanced further by promoting microvessel growth and
restoring blood supply, needed for cell survival as cells may die due to ischemia caused by
disruption of blood vessels following the primary injury to SC. Since, estrogen is known

to promote angiogenesis and microvessel growth; its administration may help protect cells
from ischemic damage following SCI. One of our goals is also to explore the angiogenic
mechanism in both acute and chronic experimental SCI.

A few contemporary studies from other laboratories have also suggested the estrogen
efficacy in SCI. An increase in expression of the estrogen receptors ER-a and ER-p mRNA
in lumbar SC motoneurons is reported after axomotomy following sciatic nerve crush
injury in bilaterally ovariectomized mice where exogenously supplied estrogen capsules
(24 ug) rendered a sustained supraphysiological level of serum estrogen for the first three
weeks [25]. Estrogen treatment induced gene expression resulting in acceleration of the
growth and maturation of the axons. Furthermore, estrogen receptors were transported

from the perikaryon into regenerating neurites, where they promoted local regeneration
through the non-genomic ERK-activated signaling pathway [25]. Such protective effects of
estrogen on motoneurons reflected well in experimental SCI. Pretreatment with estrogen
(3-300 pg) improved functional recovery in the injured rat, in part, by reducing apoptotic
cell death [26]. Furthermore, in a post-treatment paradigm in the same study, male rats
were given a single injection of estrogen (100 pg/kg) immediately post-injury, which also
showed significant recovery in locomotor activity coupled with decreased morphologic
outcome. Subsequently adopting a 1 h post-SCI treatment regimen, the same group
confirmed the steroid’s neuroprotective mechanism being partly mediated by induction

of Bcl-2 through PI3K/Akt-dependent CREB activation [27]. Estrogen also reduced the
severity of autonomic dysfunction in SCI in male mice with administration of physiological
dosage of estrogen in mice, wherein involvement of non-central/non-spinal mechanisms
has been suggested [28]. Protection by estrogen was further confirmed in SCI induced by
complete crush injury. Estrogen effects in such severe SCI were assessed by comparing
non-ovariectomized, ovariectomized control, and ovariectomized with low physiological
level estrogen supplementation (corresponding to 20 pg/ml in blood) in premenopausal and
postmenopausal female rats. The study reported improved BBB scores, white matter sparing,
and lower motor neuron survival by 21-day post injury [29]. Besides, another group reported
that pretreatment with estrogen reduced the development of inflammation, tissue injury,
neutrophil infiltration, expression of iINOS, COX-2 activity and several apoptotic markers
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associated with SC trauma [30] whereas we observed similar effects in a more preclinical
post-treatment approach [22—24]. The estrogen receptor antagonist ICI 182,780 was used to
confirm the estrogen-receptor involvement in neuroprotective action of estrogen following
SCI [30]. A separate study, which adopted our previously reported estrogen dosing regimen
(a higher 4 mg/kg and a lower 100 ug/kg), highlighted a transient neuroprotective window
through which estrogen protected SC by stimulating early cytokines release and astroglial
responses [31]. Investigators suggested that such stimulations might prevent the spread

of lesion and retard inflammatory cells to migrate into the surrounding tissue during the
critical first week following SCI. The study further reported improved locomotor-recovery
over 4 weeks after injury and inferred them as probably the consequence of the transient
hike in astroglial reactivity due to estrogen [31]. As opposed to all the affirmative reports
on estrogen efficacy following SCI, a solitary report suggests that gender differences in

SCI are not estrogen-dependent and hence estrogen may not provide a viable therapy
following SCI [32]. On the contrary, estrogen-related gender differences on the survival of
rats following traumatic brain injury has been reported [33]. However, multiple reports on
estrogen efficacy in experimental SCI conducted in diverse animal models spanning from
acute through chronic models with various dosage regimens and confirming different aspects
of neuroprotection certainly are in favor of the multi-active estrogen as a therapeutic agent.
The results further validate its use as a promising candidate for the treatment of SCI. A
major challenge is the establishment of the minimal effective dose that is beneficial for

the SCI individuals irrespective of their genders. To this end, our studies essentially on
clinically relevant post-injury treatment with estrogen, progressively lowering the dose from
supraphysiological to physiological level indicates estrogen as a promising agent in the
treatment of SCI.

MELATONIN AS A NEUROPROTECTIVE AGENT IN EXPERIMENTAL SCI

Melatonin is another such endogenous candidate with enormous neuroprotective potential. It
is a versatile anti-oxidant, anti-nitrosative agent, immunomodulator, oncostatic, and overall
a potent neuroprotectant. Melatonin is non-toxic, safe and has been tested for long-term
human usage at both physiological and pharmacological doses. A designated drug status

for melatonin in clinics for treatment of CNS trauma is being tried. We investigated the

role of melatonin as an intervening agent for ameliorating Ca?*-mediated events, including
activation of calpain in moderately severe experimental SCI [34]. Calpain, a Ca?*-dependent
neutral protease, is known to be a key player in the pathogenesis of SCI. In an acute

SCI regimen, immunofluorescent labeling was used to identify calpain expression in
neurons, glia, or macrophages. A combination of TUNEL and double immunofluorescent
labeling was used to identify neuronal apoptosis in spinal cord. Furthermore, the effect

of melatonin on axonal damage was assessed using an antibody, which was specific

for dephosphorylated neurofilament protein. Treatment of SCI animals with melatonin
attenuated calpain expression, inflammation, axonal damage, and neuronal death, indicating
that melatonin was highly neuroprotective in this situation. Moreover, examination of levels
of calpain and caspase-3 expression and activity indicated significant reductions in the
proteolytic events in SCI animals after treatment with melatonin. Taken together, our studies
strongly suggest that melatonin may be an effective neuroprotective agent for the treatment
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of SCI [34]. Melatonin efficacy has been confirmed by other researchers in diverse models
of experimental traumatic CNS injury as reviewed recently [35].

CONCLUSION

Further experimental and preclinical research on endogenous, non-toxic molecules like
estrogen or melatonin as potential neuroprotective agents may help restore functionality in
individuals with traumatic CNS injury, as there are no proven neuroprotective agents thus far
for them.

Acknowledgments

Supported in part by grants from NIH-NINDS NS-31622; NS-45967 and State of South Carolina Spinal Cord
Injury Research Fund (SCIRF)-1205; SCIRF - 0607.

REFERENCES

[1]. Lindsey RZGSP Injury to the vertebrae and spinal cord. In Trauma; Moore Ef Dv; Mattox KI.
Eds.; McGraw-Hill, Medical Publication Division: New York, 2003, pp. 459-492.

[2]. Saatman KE; Duhaime AC; Bullock R; Maas Al; Valadka A; Manley GT; Workshop scientific
team and advisory panel members. Classification of traumatic brain injury for targeted therapies.
J. Neurotrauma, 2008, 25, 719-738. [PubMed: 18627252]

[3]. Neuroprotective Agents Second International Conference. Slikker WJ; Andrews RJ; Trembly B
Eds.; The New York Academy of Sciences, 1995.

[4]. Neuroprotective Agents Third International Conference. Slikker WJ Ed.; The New York Academy
of Sciences, 1997.

[5]. Neuroprotective Agents Fourth International Conference. Trembly B; Slikker WJ Eds.; The New
York Academy of Sciences, 1999.

[6]. Neuroprotective Agents Fifth International Conference. Slikker WJ; Trembly B Eds.; The New
York Academy of Sciences, 2001.

[7]. Neuroprotective Agents Sixth International Conference. Slikker WJ; Andrews RJ; Trembly B Eds.
The New York Academy of Sciences, 2003.

[8]. Neuroprotective Agents Seventh International Conference. Slikker WJ; Andrews RJ; Trembly B
Eds.; The New York Academy of Sciences, 2005.

[9]. Neuroprotective Agents Eighth International Conference. Slikker WJ; Andrews RJ; Trembly B
Eds.; The New York Academy of Sciences, 2007.

[10]. Ray SK; Banik NL Calpain and its involvement in the pathophysiology of CNS injuries and
diseases: therapeutic potential of calpain inhibitors for prevention of neurodegeneration. Curr.
Drug Targets CNS Neurol. Disord, 2003, 2, 173-189. [PubMed: 12769798]

[11]. Vasudevan N; Pfaff DW Non-genomic actions of estrogens and their interaction with genomic
actions in the brain. Front. Neuroendocrinol, 2008, 29, 238-257. [PubMed: 18083219]

[12]. Marino M; Galluzzo P; Ascenzi P Estrogen signaling multiple pathways to impact gene
transcription. Curr. Genomics, 2006, 7, 497-508. [PubMed: 18369406]

[13]. Brann DW; Dhandapani K; Wakade C; Mahesh VB; Khan MM Neurotrophic and neuroprotective
actions of estrogen: basic mechanisms and clinical implications. Steroids, 2007, 72, 381-405.
[PubMed: 17379265]

[14]. Straub RH The complex role of estrogens in inflammation. Endocr. Rev, 2007, 28, 521-574.
[PubMed: 17640948]

[15]. Miller VM; Duckles SP Vascular actions of estrogens: functional implications. Pharmacol. Rev,
2008, 60, 210-241. [PubMed: 18579753]

[16]. Kelly MJ; Levin ER Rapid actions of plasma membrane estrogen receptors. Trends in
endocrinology and metabolism: TEM, 2001, 12, 152-156. [PubMed: 11295570]

Open Drug Discov J. Author manuscript; available in PMC 2025 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Samantaray et al.

[17].
[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

Page 7

Nilsen J Estradiol and neurodegenerative oxidative stress. Front. Neuroendocrinol, 2008, 29,
463-475. [PubMed: 18275991]

Gustafsson JA Novel aspects of estrogen action. J. Soc. Gynecol. Investig, 2000, 7(1 Suppl),
S8-S9.

Sur P; Sribnick EA; Wingrave JM; Nowak MW; Ray SK; Banik NL Estrogen attenuates
oxidative stress-induced apoptosis in C6 glial cells. Brain Res., 2003, 971, 178-188. [PubMed:
12706234]

Sribnick EA; Ray SK; Banik NL Estrogen prevents glutamate-induced apoptosis in C6

glioma cells by a receptor-mediated mechanism. Neuroscience, 2006, 137, 197-209. [PubMed:
16289585]

Sribnick EA; Ray SK; Nowak MW; Li L; Banik NL 17beta-estradiol attenuates glutamate-
induced apoptosis and preserves electrophysiologic function in primary cortical neurons. J.
Neurosci. Res, 2004, 76, 688-696. [PubMed: 15139027]

Sribnick EA; Matzelle DD; Ray SK; Banik NL Estrogen treatment of spinal cord injury
attenuates calpain activation and apoptosis. J. Neurosci. Res, 2006, 84, 1064-1075. [PubMed:
16902996]

Sribnick EA; Wingrave JM; Matzelle DD; Wilford GG; Ray SK; Banik NL Estrogen attenuated
markers of inflammation and decreased lesion volume in acute spinal cord injury in rats. J.
Neurosci. Res, 2005, 82, 283-293. [PubMed: 16130149]

Sribnick EA; Samantaray S; Ray SK et al. Estrogen improves locomotor function following
spinal cord injury. In: International Society for Neurochemistry. J. Neurochem, 2007, p. 203.
[PubMed: 18021294]

Islamov RR; Hendricks WA; Katwa LC; McMurray RJ; Pak ES; Spanier NS; Murashov AK
Effect of 17 beta-estradiol on gene expression in lumbar spinal cord following sciatic nerve crush
injury in ovariectomized mice. Brain Res, 2003, 966, 65—75. [PubMed: 12646309]

Yune TY; Kim SJ; Lee SM; Lee YK; Oh YJ; Kim YC; Markelonis GJ; Oh TH Systemic
administration of 17beta-estradiol reduces apoptotic cell death and improves functional recovery
following traumatic spinal cord injury in rats. J. Neurotrauma, 2004, 21, 293-306. [PubMed:
15115604]

Yune TY; Park HG; Lee JY; Oh TH Estrogen-induced Bcl-2 expression after spinal cord injury

is mediated through phosphoinositide-3-kinase/Akt-dependent CREB activation. J. Neurotrauma,
2008, 25, 1121-1131. [PubMed: 18785877]

Webb AA; Chan CB; Brown A; Saleh TM Estrogen reduces the severity of autonomic
dysfunction in spinal cord-injured male mice. Behav. Brain Res, 2006, 171(2), 338-349.
[PubMed: 16712973]

Chaovipoch P; Jelks KA; Gerhold LM; West EJ; Chongthammakun S; Floyd CL 17beta-estradiol
is protective in spinal cord injury in post- and pre-menopausal rats. J. Neurotrauma, 2006, 23(6),
830-852. [PubMed: 16774470]

Cuzzocrea S; Genovese T; Mazzon E; Esposito E; Di Paola R; Muia C; Crisafulli C; Peli

A; Bramanti P; Chaudry IH Effect of 17beta-estradiol on signal transduction pathways and
secondary damage in experimental spinal cord trauma. Shock, 2008, 29(3), 362-371. [PubMed:
17704735]

Ritz MF; Hausmann ON Effect of 17beta-estradiol on functional outcome, release of cytokines,
astrocyte reactivity and inflammatory spreading after spinal cord injury in male rats. Brain Res.,
2008, 1203, 177-188. [PubMed: 18316064]

Swartz KR; Fee DB; Joy KM; Roberts KN; Sun S; Scheff NN; Wilson ME; Scheff SW Gender
differences in spinal cord injury are not estrogen-dependent. J. Neurotrauma, 2007, 24(3), 473—
480. [PubMed: 17402853]

Roof RL; Hall ED Estrogen-related gender difference in survival rate and cortical blood flow
after impact-acceleration head injury in rats. J. Neurotrauma, 2000, 17, 1155-1169. [PubMed:
11186229]

Samantaray S; Sribnick EA; Das A; Knaryan VH; Matzelle DD; Yallapragada AV; Reiter RJ; Ray
SK; Banik NL Melatonin attenuates calpain upregulation, axonal damage and neuronal death in
spinal cord injury in rats. J. Pineal. Res, 2008, 44, 348-357. [PubMed: 18086148]

Open Drug Discov J. Author manuscript; available in PMC 2025 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Samantaray et al.

Page 8
[35]. Samantaray S; Das A; Thakore NP; Matzelle DD; Reiter RJ; Ray SK; Banik NL Therapeutic

potential of melatonin in traumatic central nervous system injury. J. Pineal. Res, 2009, 47, 134—
142. [PubMed: 19627458]

Open Drug Discov J. Author manuscript; available in PMC 2025 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Samantaray et al.

Fig. (1).

o e * Home Search Study Topics Glossary

Clinlcalliials goy =)
List Results Refine Search Results by Topic Results on Map Search Det:
Found 1172 studies with search of CNS, neuroprotective agent

Hide studies that are not seeking new volunteers. =#| Display Options

Clinical trials
drops to less than 5%
when

are sought} for CNS

trauma J or injury.

O~ L) L Home Search Study Topics Glossary
Clncalinalseoy )

List Results ‘ ] Refine Search ‘ ‘ Results by Topic L Results on Map ‘ (

ound 50 studies with search of CNS, neuroprotective agent, injury

Hide studies that are not seeking new volunteers. < Display Options

s g P * Home Search Study Topics Glossary
Luisicallnaissdy =

List Results \ Refine Search | Results by Topic [ Results on Map |

Found 50 studies with search of CNS, neuroprotective agent, trauma
Hide studies that are not seeking new volunteers. < Display Options

Clinical trials conducted elsewhere in the world
will also show similar trend.

Page 9

A schematic representations of the organized trials to consolidate the neuroprotective agents
is presented, outlining the selective neuroprotective agents for CNS trauma.
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