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Cases of spinal cord injury (SCI) are increasing all over the world; and in USA alone, there are 273,000 patients, which not only leads 
to morbidity and mortality but also results in a great economic burden. Many approaches are being used at the pre-clinical and clini-
cal level to treat SCI including therapeutic agents, surgical decompression, stem cell therapy etc. Recently, a new approach called 
optogenetics has emerged in which light sensitive proteins are used to switch neurons on and off, and this approach has great po-
tential to be used as therapy due to its specificity and rapid response in milliseconds. Few animal studies have been performed so far 
in which the respiratory and bladder function of rats was restored through the use of optogenetics. On the basis of promising results 
obtained, in the future, this approach can prove to be a valuable tool to treat patients with SCI.
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Introduction

Optogenetics is a recently introduced approach to control 
the activity of cells through the use of light stimulation at 
a particular wavelength. This manipulation of activity of 
cells can be done both in vitro and in vivo with high pre-
cision. In this technique, individual cells can be targeted 
and their activity can be switched on and off by light on a 
timescale of milliseconds, and this makes it unique. The 
approach is very precise and it also has a quick action 
than the available drugs, although some molecular ma-
nipulations would be needed in advance. This technology 
is very amazing and it has enormous potential and that’s 
why the prestigious “Nature Journal” declared optoge-
netics as the “method of the year” in 2010. In addition 
the “Science Magazine” also declared optogenetics as the 

“breakthrough of the last decade” [1]. 
The pioneer work in this field was done by Deisseroth 

et al. [2] and Boyden et al. [3] of Stanford University. 
They made neuronal cells light sensitive by applying a 
light sensitive protein isolated from Chlamydomonas re-
inhardtii. The same team coined the term “optogenetics”. 
After this pioneering work, there has been an explosion 
in optogenetics research all around the world.

The earlier work in the field of optogenetics was 
performed in cell culture; but with the advent and ap-
plication of fiber optics, some trials with living animals 
have been initiated, and this is how in vivo optogenetic 
experimental work started. Therefore, with an increase 
in the optogenetics toolkit, its application to study neural 
circuits, neurological diseases, neuronal stem cells, and 
non-neuronal cells has enhanced [4,5]. 
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Spinal Cord Injury 

According to World Health Organization, the term ‘spinal 
cord injury’ (SCI) refers to “damage to the spinal cord 
resulting from trauma or from disease or degeneration”. 
Due to lack of data, especially from the developing coun-
tries, there is no reliable estimate of global prevalence of 
SCI; but according to an estimate there are 40–80 cases 
of SCI per million population. In USA alone, there are 
273,000 patients of SCI. Majority of the cases are due to 
trauma, while the cases of non-traumatic injury are also 
increasing [6]. Most of the individuals who sustain a SCI 
die before reaching the hospital, and those who survive 
face high risk of morbidity and mortality. In addition, 
the economic costs related to SCI are in billions of dol-
lars in developed countries and they are also a great eco-
nomic burden in developing countries. Among all the age 
groups, mostly young people sustain a traumatic SCI, and 
in all the cases, it not only results in economic loss but 
also in great personal and family suffering [7,8].

Current Treatment Strategies

SCI occurs at different locations of the spinal cord, and 
the intensity and degree of the damage varies from pa-
tient to patient. The following is the list of available treat-
ment options for SCI patients (Fig. 1); but a few of these 
treatments have been tested in animal models and no hu-
man trials have been performed so far.

1. Therapeutic agents 

More facts and knowledge of SCI and pathological data 
of the disease have been accumulated as compared to the 
past; therefore, many new therapeutic agents are in clini-
cal trials and they offer the possibility of being used as 
therapy. Among these different therapeutic agents, neuro-
protective agents are the main focus of researchers. One of 
the neuro-protective agents is riluzole, which is currently 
in use to treat amyotrophic lateral sclerosis patients. It has 
received special attention and many pre-clinical studies 
have been performed. It blocks voltage sensitive sodium 
channels and also inhibits presynaptic calcium dependent 
glutamate release. Most of these studies were performed 
in a rat model of SCI and rats showed improvement in 
electro-physiological activities, better locomotor scores, 
and better performance in the inclined plane test. After 

treatment with riluzole, the number of neurons at the 
injury site was reported to be increased. Kitzman [9] also 
reported transient improvement in plasticity [10-14]. 

2. Rho antagonists

Rho is a signaling molecule which acts as an inhibitor 
of the regeneration process; therefore, scientists also 
focused on the inhibitor of Rho to block its signaling. 
When surgery for SCI is performed, Rho inhibitors are 
applied directly under the dura mater. So far, many pre-
clinical trials of Rho antagonists have been performed. 
The compounds not only caused an improvement in his-
tological, biochemical, and physiological functions, but 
also in behavioral function of the mice and rats as shown 
in locomotor activity. Most of the studies concluded that 
there was reduction in lesions after the antagonist treat-
ment and only a single study did not show an effect on 
the regeneration process [15-22].

3. Surgical decompression

Surgical decompression is another treatment of SCI, in 
which surgery is performed and the spinal cord is com-
pressed with a fixed duration of time. Many pre-clinical 
and clinical trials have shown improved neurological 
outcome after early decompression. In this case, early 
surgery is required which is usually performed within 24 
hours of injury. In different studies, the degree and length 
of compression were studied and they were correlated 
with the degree of recovery. There are also some negative 
consequences in the form of direct damage to the neural 

Fig. 1. A simplified chart of different SCI treatment options including 
the traditional and new options. SCI, spinal cord injury.
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cell membrane by applying direct pressure after SCI and 
it can lead to loss of neurological function [23-26]. 

According to some animal studies, if less force is ap-
plied and the duration is short, animals showed improve-
ment after SCI and better behavioral outcome [27,28]. 

4. Stem cell therapy 

It is very difficult to restore the normal function after 
SCI by using conventional approaches as addition of new 
functional cells at the site of injury is needed to com-
pensate for the loss of cells. Recently, stem cells have also 
been considered to be a potential therapy for SCI. After 
SCI, the endogenous regenerative system becomes ac-
tive and attempts to repair the injury, especially Schwann 
cells, which promote regeneration, move towards the 
injury site, and myelinate spinal cord exons. In addition, 
the genes which are involved in the regeneration process 
also become active at the site of injury [29-31]. Some in-
vestigators have also shown that there is proliferation of 
local stem cells but their growth is inhibited by release of 
inhibitors of scar tissue formation. In addition, there is 
also a problem that the stem cells do not integrate func-
tionally into the spinal cord tissue at the site of injury 
[32-34]. Stem cells and neuronal progenitor cells can be 
used to repair SCI as these cells can become neural cells 
and can support not only anatomical but also functional 
recovery. In addition, they also secrete growth factors 
and neuro-protective factors that not only promote 
axon regeneration and formation of new connections, 
but also protect the neurons from further injury. So far, 
many studies have been performed to assess the effect 
of stem cells on SCI repair and the short-comings of the 
methods have also been investigated in detail [35-38]. In 
a study by Abematsu et al. [39], they used neural stem 
cells (NSCs) for the treatment of SCI together with the 
administration of valproic acid and this combination dra-

matically enhanced the restoration of hind limb function 
in the mouse model. The study also demonstrated that 
the transplanted NSCs reconstructed broken neuronal 
circuits and contributed to restoration of motor function 
[39]. According to different pre-clinical and clinical trials, 
stem cell therapy is a promising approach to treat SCI [37]. 

5. Optogenetics

In addition to stem cell therapy, it is necessary to make 
the transplanted cells work together with endogenous 
neurons to rebuild the functional network, and optoge-
netics can play a vital role in reconstruction of broken 
neuronal circuits. 

By the expression of algal protein (chan nelrhodopsin-2, 
ChR2), which is a light activated cation channel protein 
the action potential can be generated in neurons [40]. Ac-
cording to some of the studies performed on nematodes, 
their swimming behavior can be changed by expression 
of a light sensitive protein and on exposure to light, in the 
same way these light sensitive channels can be expressed 
in mammalian neurons and functional activity of the 
neurons can be changed [41-43]. 

One potential application of these light switches is in 
the treatment of neurological disorders including trau-
matic brain and SCI. As we have previously mentioned 
that after SCI, the motor neurons are disrupted and there 
is a loss of motor function of the body. In this condition, 
the light sensitive protein can be expressed in motor neu-
rons and they can be activated by a specific wavelength 
of light; otherwise, they remain dormant because of lack 
of regeneration and are also unable to develop connec-
tions with other neurons on the other side of injury [44]. 
In the following sections, we will provide some specific 
examples of application of optogenetics in cases of SCI. 
A simplified working model for optogenetics is shown in 
Fig. 2. 

Fig. 2. Optogenetics working model. Initially, channelrhodopsin (ChR2) gene is expressed in neurons and then the ChR2 gene is 
activated by a specific wavelength of light which stimulates the neurons. 
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1) Restoration of respiration function after SCI
Among SCI, the injuries at the cervical level are the most 
common and often result in severe respiratory problems 
as there is an interruption of the descending bulbospinal 
inputs to the ipsilateral phrenic nucleus which normally 
results in unilateral paralysis [45]. The electromyographic 
activity can be restored by the crossed phrenic pathway; 
but this can be stressful to the animal and also the activity 
is partially restored [45,46]. The advantage of optogenet-
ics technique is that it is relatively less invasive and also 
has powerful stimulating effects on the central nervous 
system (CNS). In a study performed by Alilain et al. [47], 
they introduced the Sindbis viral vector containing ChR2 
gene into the gray matter of the spinal cord after a SCI in 
the C2 region. The results clearly indicated that there was 
expression of ChR2 in both spinal motor neurons and in-
terneurons, and on activation of ChR2 by light, there was 
recovery of muscle activity and restoration of respiratory 
activity in injured rats [4].

2) Lower body functions
SCI results in the loss of locomotor, bowel, bladder, and 
sexual functions, and it becomes difficult to restore all of 
these functions. The patients have to use adoptive strate-
gies such as the use of wheel chair or urinary catheter 
throughout their remaining life. In an optogenetics study 
of SCI, ChR2, and halorhodopsin (NpHR) genes were 
introduced into the spinal cord of rats before SCI and it 
was expected that light activation could restore normal 
bladder function after injury [48]. Both ChR2 and NpHR 
genes were introduced into the adult male spinal cord by 
lentiviral vectors followed by SCI at the T8 region. After 
the injury, the lost bladder function was restored by light 
stimulation. In conclusion, the targeting of motor neu-
rons in the spinal cord with optogenetics tools resulted 
in induction of recovery of urinary function after experi-
mentally induced SCI in rats, and on the basis of these 
promising results, this technology can be translated and 
used in humans to restore the bladder and other body 
functions after SCI [48]. 

3) Control of muscle function
After SCI, there is loss of connection between the motor 
and sensory axons of the central and peripheral nervous 
system (PNS). If there is electrical stimulation of mo-
tor axons in the PNS, it results in induction of muscle 
contraction as phrenic nerve pacing is currently used to 

control the function of the diaphragm [49]. But, as the 
peripheral nerves are composed of different sensory and 
motor axons, functional electrical stimulation not only 
stimulates the nerves indiscriminately but also causes 
considerable discomfort; therefore, more specific activa-
tion of nerves is needed [50].

Recently, it has been observed that motor neurons from 
embryonic stem cells (ESCs) can be engrafted into the 
PNS and these neurons can also be activated but they do 
not connect with the CNS due to SCI or other traumatic 
injury of the nervous system; hence, these nerves cannot 
receive descending inputs from the brain. In addition, 
on electrical stimulation of these neurons, endogenous 
neurons also get activated due to the lack of specificity 
[49]. As the optogenetic approach is very specific, the op-
togenetics technology is the solution to this problem and 
other similar problems as according to a study when the 
ChR2 gene was expressed in endogenous motor neurons 
of mice, the axons of these motor neurons were excited 
by optical stimulation in a graded fashion and this re-
sulted in optogenetic control of muscle function [51]. In 
another study, the ChR2 gene was expressed in motor 
neurons of adult rats and it resulted in generation of ac-
tion potential on light stimulation and hence restoration 
of muscle function [52]. 

According to a recent study by Bryson et al. [50], mo-
tor neurons were generated from ESCs that express the 
ChR2 gene and were engrafted into partially denervated 
branches of the sciatic nerve of mice. In the first step, 
these engrafted motor neurons reinnervated muscles and 
on optogenetic stimulation, they restored the function of 
muscle in a controlled and specific way. Therefore accord-
ing to this study, optogenetics and regenerative medicine 
could be very helpful in restoration of normal muscle 
function after SCI or other traumatic brain injuries [50]. 

Future Perspective

With the current understanding of neuroscience at the 
molecular level and emergence of new tools in the form 
of light sensitive proteins, there is a good chance to un-
derstand and treat different neurological disorders like 
epilepsy, Parkinson’s disease, and SCI. The motor and 
interneurons can be targeted and light sensitive protein 
can be expressed in these neurons, as proved by differ-
ent studies, to restore the function of neurons and also 
to enhance their plasticity and connectivity. In addition 
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with the optogenetics toolkit and the expression of spe-
cific gene under neuron specific promoters, the exact 
function of different neurons can be studied in detail and 
hence better treatment can be provided after different 
spinal cord diseases. So far, there are fewer studies on the 
use of optogenetics for treating SCI; but on the basis of 
results of recently performed studies, it can be speculated 
that the technology has great potential, especially for the 
restoration of lower body functions (bowel, bladder, and 
sexual functions). However, to reach the therapy stage a 
lot more investigations and animal models are needed so 
that the therapy could be specifically tailored according to 
the requirement of SCI patients. On the basis of success-
ful results, more studies should be performed in higher 
primates as they are genetically closer to humans so that 
the success rate of this technology could be measured and 
finally it could be used in human trials. 

Conclusions

Optogenetics is a new scientific approach that can stimu-
late neuronal cells in milliseconds with great precision, 
which has paved the way for its enormous number of 
applications in areas of basic and applied neurosciences. 
Although there are very few studies on application of 
optogenetics in SCI using animal models, the results have 
provided great hope for the use of this technology in hu-
mans. In future, optogenetics could be a valuable tool for 
the treatment of patients with SCI. 
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