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With advances in genetic and imaging techniques, investigating axon regeneration after spinal cord injury 
in vivo is becoming more common in the literature. However, there are many issues to consider when using 
animal models of axon regeneration, including species, strains and injury models. No single particular model 
suits all types of experiments and each hypothesis being tested requires careful selection of the appropriate 
animal model. in this review, we describe several commonly-used animal models of axon regeneration in the 
spinal cord and discuss their advantages and disadvantages.
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Introduction

There is a fundamental difference between studying axon 
regeneration and other research areas. Unlike development, 
cancer, or many neurodegenerative diseases, axon 
regeneration is a process that does not typically occur in the 
adult mammalian central nervous system (CNS). Therefore, 
in addition to investigating the basic cellular and molecular 
processes that promote axon regeneration, the investigator 
must also have a keen understanding of how to detect 
regenerating axons since this is a major endpoint of the study. 
First, an operational definition of what constitutes an axon that 
has regenerated is needed. Does regeneration refer to any 
type or a specific type of axonal growth? This topic has been 
discussed many times[1-3], and is not the focus of this review. 
Rather, we introduce some of the popular in vivo models of 
axon regeneration that are used to help investigators gain a 
better understanding of the pros and cons of each model.

Rats versus Mice

Most of the earlier studies on spinal cord injury (SCi) and 
axon regeneration were performed in rats. However, with 
advances in genetic mouse models and their increased 
availability to the research community, these models have 
gained much popularity recently. Using mice with knockout 

of a target molecule has become the gold-standard for 
functional testing, and Cre-Lox technology along with 
increasing numbers of transgenic mice have provided 
greater temporo-spatial control of the knockout strategy 
that has proven invaluable for providing mechanistic 
insights into the cellular and molecular processes of axon 
regeneration. Therefore, many scientists have been drawn 
to using mice to study axon regeneration, but certain 
limitations must be considered.

one important difference between rat and mouse 
models of SCi is that while rats develop large fluid-filled 
cystic cavities at the injury site (thereby mimicking the 
human pathology), mice do not[4]. instead, the injury site in 
mice is densely packed with cells and actually decreases 
in size over time[4]. The exact reason for such a significant 
pathological difference between such closely-related 
species is not known. Since axons do not regenerate 
regardless of the presence or the absence of a cavity, the 
lack of a cavity in mice may not matter in most instances. 
However, if the focus is on targeting cells present at the 
injury site, such as the cellular composition of the scar, 
then the findings of the study must be interpreted with this 
difference in mind. in addition, transplantation strategies 
(and findings) may be significantly different between rats 
(that have a cyst) and mice (that do not have a cyst). 
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Therefore, rats are preferable for studies where mimicking 
the human pathology is important. These include preclinical 
studies that focus on the efficacy of novel cellular and/or 
pharmacological therapies. However, to gain mechanistic 
insights into the basic cellular and molecular biology of SCi, 
mouse models may have more to offer.

Another important factor to consider when using mouse 
models is strain differences. That different strains respond 
differently to SCi is now well-described in the literature. 
After contusive SCi, different strains display different 
rates of locomotor recovery[5] and histopathology[6-8]. 
interestingly, the C57BL/6 mouse, which is perhaps the 
most commonly used strain in axon regeneration studies, 
has been reported to have a worse locomotor outcome[5], 
the greatest immunological response[6], and the least 
axonal growth[7] compared to other inbred mouse strains. 
in fact, adult dorsal root ganglia cultures from 129X/
SvJ mice show much more axon growth than those from 
C57BL/6 mice[9]. in addition, the same genetic deletion of 
the myelin-associated inhibitor, Nogo-A, shows much more 
axonal growth in a 129X1/SvJ background than a C57BL/6 
background[9]. While there is no clear consensus about 
which genetic background is ideal for axon regeneration 
studies, it is clear that the backgrounds of experimental and 
control groups should be well-matched.

Matching genetic background is possible with inbred 
mice after many generations of backcrossing. Since 
this can significantly delay research progress, some 
studies have used mixed backgrounds. However, when 
the targeted allele is present in a mixed background, the 
genetic differences between mutant and wild-type animals 
is not as clear as a pure background, leading to a spectrum 
of phenotypes which may increase the variability in the 
outcome measures[10]. With a single mutation, this issue can 
be addressed by using littermate controls; a homozygous 
mutant mouse is bred to a heterozygous mouse to produce 
offspring that are either mutants or heterozygotes, which 
can be used as littermate controls that should have 
the same genetic background. However, this strategy 
becomes impractical when the experiment involves 
compound mutants (i.e. two or more genetic deletions). 
An alternative strategy is to establish a new founder line(s) 
using compound heterozygotes to generate the wild-type, 
single and/or compound mutants necessary for the study. 
Then these mutant (and wild-type) mice can be used to 

establish a breeding colony that will generate the animals 
to be used in the study. As long as the breeding scheme is 
isolated from other genetic backgrounds and genetic drift 
is avoided, this strategy should provide a similar (but not 
identical) background between the different groups.

Large Animal Models

While the focus of this review is on rodent models of SCi, 
we briefly discuss the utility of large animal models such 
as cats, pigs and non-human primates. These models 
are not as commonly used as rodents for several reasons 
including size, cost, availability, housing facilities, medical 
care and ethics. However, they have provided valuable 
information on our understanding of SCi pathophysiology 
and have served as important preclinical models for testing 
new therapies. Cats have been a popular model for spinal 
cord electrophysiologists and have been used for decades 
to decipher the physiology of the normal and injured spinal 
cords[11, 12]. Due to their large size and greater similarity 
to human physiology, pig models are becoming more 
important as a preclinical model that is intermediate in size 
between rodents and humans[13, 14]. There is obvious utility 
in using non-human primates as a preclinical model (e.g. 
bipedal locomotion), but ethical reasons typically limit their 
use in the SCI field. Even with this limited use, non-human 
primate models have provided important information on 
anatomical plasticity[15] and behavior[16, 17], and have been 
instrumental in advances in brain-machine-interface 
devices[18]. Therefore, while the rodent is still the popular 
model among basic scientists, large animal models remain 
a necessity for finding effective therapies for SCI.

Penetrating Lesions

Dorsal Hemisection
The dorsal hemisection model (Fig. 1A) has become 
the model-of-choice for investigating regeneration of 
corticospinal tract (CST) axons. in this model, the top 
one-half to two-thirds of the spinal cord is cut usually at 
the thoracic level, which injures the descending CST and 
rubrospinal tract (RST) axons as well as the ascending 
sensory axons in the dorsal columns[19]. Thus, in a typical 
experiment, the spinal cord lesion is followed by injections 
of anterograde tracers (e.g. biotinylated dextran amine) into 
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the motor cortex (for the CST) or the red nucleus (for the 
RST). Ascending sensory axons are typically studied using 
a dorsal column lesion as described below. if performed 
correctly in mice, there should be virtually no detectable 
traced CST/RST axons caudal to the injury site under 
normal circumstances. This can be confirmed by observing 
cross-sections of the caudal spinal cord. The presence of 
significant numbers of traced axons caudal to the injury 
site in control animals confounds the interpretation of 
increased numbers of axons in the experimental animals; 
the increased number could be due to frank regeneration 
of severed axons that have extended down the spinal cord 
and/or more spared axons that display increased growth.

Another important difference between rats and mice is 
the detection of the ventral CST using conventional tracing 
methods. injection of anterograde tracers into the motor 
cortex in rats labels the dorsal CST axons (the main tract in 

the dorsal column and the minor tract in the dorsolateral 
white matter) as well as the ventral CST axons located in 
the ventromedial white matter[20, 21]. However, for unknown 
reasons, the ventral CST is rarely labeled in mice[22] even 
though genetic labeling studies clearly demonstrate their 
presence[23]. Therefore, a dorsal hemisection in mice results 
in the caudal spinal cord being virtually devoid of any traced 
CST axons, whereas a similar experimental approach in 
rats displays many CST axons in the caudal spinal cord. 
Under these circumstances, a therapeutic treatment in mice 
that leads to increased CST axons caudal to the lesion may 
be interpreted as enhanced axon regeneration, whereas 
similar results in rats could be due to any kind of axonal 
growth.
Complete Transection
A complete transection of the spinal cord (Fig. 1B) is the 
most severe type of injury and can be considered as the 

Fig. 1. Diagram of different mid-thoracic penetrating SCI lesions. Coronal and sagittal views of the injury site after dorsal hemisection (A), 
complete transection (B) and a dorsal column lesion (C). After tracers (red) are injected into the cortex (for dorsal hemisection and 
complete transection) or into the peripheral nerve (for dorsal column lesion), the traced axons typically fail to regenerate across 
the lesion and are absent from the other side of the spinal cord. Green denotes spared axons that are not labeled by the tracer and 
intentionally left intact. 
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most rigorous test of axon regeneration since the two 
stumps of the spinal cord are completely separated and no 
axons are spared. However, under such harsh conditions, 
the scar tissue may be too much of an inhibitory barrier for 
axons that may otherwise be able to regenerate across 
healthier tissue that is left after partial injuries. This is an 
advantage of the dorsal hemisection model described 
above where a bridge of non-lesioned tissue remains in the 
ventral white matter that may serve as a more preferable 
substrate for axon growth than the glial scar. Complete 
transections are necessary for studying axons that are 
distributed throughout the spinal cord, such as serotonin 
axons.

Dorsal Column Lesion
Dorsal column lesions (Fig. 1C) typically involve either a cut 
or a crush of the ascending sensory axons located in the 
dorsal part of the dorsal columns. Since this tract is located 
at the dorsal surface of the cord, it is easily accessible 
and can be lesioned without significantly affecting other 
axonal pathways. These axons can be labeled by injecting 
retrograde transganglionic tracers (such as cholera toxin 
beta) into the peripheral nerve or into the associated 
muscle. Alternatively, tracer can be injected directly into 
the dorsal root ganglia, although this may cause some 
damage and likely leads to a conditioning lesion response 
as described below.

The dorsal column sensory axons offer a unique model 
system in that their cell bodies, the dorsal root ganglia, have 
a peripheral branch as well as a central branch stemming 
from the same soma. interestingly, the peripheral branch 
can regenerate, while the intraspinal central branch of the 
same neuron cannot. This supports the theory that the 
failure of regeneration in the CNS is due, at least in part, to 
the inhibitory (non-growth-permissive) nature of the CNS. 
Moreover, a lesion of the peripheral nerve prior to a lesion 
of the corresponding central axons can promote a limited 
degree of regeneration of the central axons[24], indicating 
that the peripheral lesion enhances the intrinsic state of 
growth that enables the central branch to regenerate. This 
“conditioning lesion” paradigm has served as a model 
system to study regeneration-associated mechanisms 
such as the expression of growth-associated genes[25-28]. 
However, the exact mechanism behind conditioning lesions 
remains poorly understood.

Contusion

The contusion model of SCi (Fig. 2) is the preferred 
model for mimicking the pathophysiology that occurs most 
commonly in humans. Although there are various contusion 
models for rats and mice[29-34], the basic principle is to use 
an injury device to deliver a force that can be adjusted to 
control the contusion severity. The mechanical force that 
generates this type of injury leads to a lesion morphology 
that is very different from penetrating injuries such as those 
described above. in addition to the dura remaining intact, 
contusion results in a lesion that is typically larger than a 
penetrating injury and leaves a peripheral rim of spared 
white matter[35]. By design, lesions in penetrating injuries 
are typically limited to the target areas without significant 
damage to adjacent areas as occurs in contusive injuries. 
Because of their clinical relevance, most behavioral assays 
are based on contusive models that have become the gold-
standard for pre-clinical trials of therapeutic agents after 
SCi. 

While contusion injuries are useful for understanding 
the pathophysiology of SCi, they have some disadvantages 
in the study of axon regeneration. Since the biomechanical 
force of the injury can vary and is more difficult to 
predict than manual lesions, it is difficult to control which 
axons are severed and which are spared. For example, 
when performed correctly, a dorsal hemisection in mice 
eliminates virtually all CST axons in the caudal spinal cord. 
However, contusion injuries usually spare the dorsolateral 
CST, which could be misinterpreted as regeneration. This is 
also true of serotonin axons that are distributed throughout 
the entire spinal cord; while a complete transection is 
guaranteed to lesion all descending serotonin axons, even 
severe contusive injuries typically display serotonin axons 
in the caudal cord (personal observations).

one case where contusion injuries can be used to 
study axon regeneration is in attempts to observe axons 
in the actual lesion site (a region devoid of astrocytes 
sometimes called the GFAP-negative region) or in tissue 
that has been transplanted into the lesion site[36-39]. Since 
most axons fail to grow into the lesion, experimental 
manipulations that lead to axons being detected in the 
lesion can be interpreted as having caused regeneration. 
This is possible in mice since the lesion is filled with cells 
that can serve as a substrate, but not the case in rats where 
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a fluid-filled cyst develops. However, in rats, transplants 
that promote the growth of axons into the transplant can 
be interpreted as axon regeneration since the original 
transplant was devoid of axons. of course, this criterion 
also applies to any injury model involving transplants.

Pyramidotomy

Pyramidotomy (Fig. 3) involves lesion of the CST (typically 
unilaterally) at the level of the pyramidal tract located 
at the ventral surface of the brainstem. Unlike the SCi 
models described above, a pyramidotomy does not 
lesion the spinal cord and therefore has limited utility for 
understanding SCi pathophysiology. However, as a CST-
selective lesion, this model has been used extensively for 
understanding the contribution of CST axons to forelimb 
movements[40, 41] and as a model for promoting CST axonal 
growth[42-45]. After a unilateral pyramidotomy, one side of the 
spinal cord (contralateral to the lesion since the lesion is 
made before the pyramidal decussation) is virtually devoid 

of CST innervation while the other side is not significantly 
affected since CST axons in rodents typically do not 
innervate the spinal cord bilaterally to a significant degree.  
The intact CST is labeled with a tracer and the growth of 
these axons across the midline is observed at a specified 
time after injury. Since only the intact axons are labeled, 
this is a model to study purely axonal sprouting rather than 
bona fide regeneration. The completeness of the lesion can 
be verified by PKCγ immunohistochemistry of spinal cross-
sections, which show much more robust immunostaining in 
the intact main CST[41, 42, 44, 45]. 

one unique feature of the pyramidotomy model is 
the absence of a significant glial scar, which is typically 
observed after SCi. While there is reported evidence of 
some microglial activation[46], pyramidotomy does not lead 
to the significant glial scar that typically forms after CNS 
injury. This can be advantageous because the glial scar 
does not serve as an inhibitory barrier to axonal growth 
in the pyramidotomy model, increasing the likelihood of 
observing a positive effect by the experimental treatment. 

Fig. 2. Diagram of a mid-thoracic contusion injury. A contusion injury is typically induced by a device that impacts the surface of the 
spinal cord with a predetermined force. This results in a pathology where a peripheral rim of white matter is spared. In many 
instances, corticospinal axons are partially spared as denoted by the red axons caudal to the injury site.
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on the contrary, lack of axonal growth in a spinal cord 
injury model can be attributed to either the presence of 
the inhibitory glial scar or the lack of an intrinsic growth 
mechanism. Therefore, the pyramidotomy model offers a 
simpler experimental model to specifically manipulate CST 
axons while reducing the likelihood of producing false-

negatives.

In vivo Imaging

The most definitive way of verifying whether an axon has 
regenerated or not is to document the process while it is 
happening. Live images of an axon re-growing from its 
injured tip are irrefutable evidence of axon regeneration. 
But this is technically very difficult and only recently 
have there been the tools necessary to make significant 
advances in this field. In vivo imaging of single axons in 
the spinal cord requires animal models with appropriate 
fluorescent labeling. A popular choice has been to use 
transgenic mouse lines developed by Feng et al.[47] in 
which different fluorescent markers are expressed under 
the Thy1 promoter in specific subsets of neurons. Using 
the GFP-S line of these transgenic mice, Kerschensteiner 
et al.[48] were the first to describe the response of lesioned 
ascending dorsal sensory axons through repetitive imaging 
in vivo. Using a thin needle to sever the axons, they 
discovered that after a period of acute degeneration of both 
the proximal and distal tips, the proximal axons often grew 
in the wrong direction. Therefore, it seems that ascending 
sensory axons fail to regenerate, at least in part, due to the 
absence of proper navigational cues. in addition, through 
live imaging of axons at the dorsal root entry zone, Di Maio 
et al.[49] demonstrated that axons may regenerate across 
this border into CNS territory but stall after exhibiting 
presynaptic features[50].

More recently, there have been improvements in in 
vivo imaging of the spinal cord including spinal clamps to 
reduce movement artifacts from respiration, the use of two-
photon microscopy, and the use of chronically-implanted 
glass chambers[51-54]. The use of two-photon microscopy 
has many advantages including deep penetration into 
the tissue and low phototoxicity. in the context of axon 
regeneration, an additional advantage is being able to use 
the laser to lesion axons. This provides unparalleled control 
of the lesion and produces minimal scarring, which may 
be useful in distinguishing between neuron-intrinsic and 
-extrinsic mechanisms of axon regeneration. This laser 
ablation technique has also been used in the C. elegans 
model of axon regeneration[55, 56]. Such rapid improvements 
in in vivo imaging techniques will provide unprecedented 
temporo-spatial resolution of axon regeneration.

Fig. 3. Diagram of a pyramidotomy model. Corticospinal axons 
originate from layer 5 of the motor cortex, decussate at the 
medullary pyramids and descend the length of the spinal 
cord without significant bilateral innervation in rodents 
(A). A pyramidotomy lesions the corticospinal axons at the 
level of the brainstem before the decussation so that the 
contralateral spinal cord is virtually devoid of corticospinal 
innervation (B). Injection of a tracer into the intact tract 
can be observed at the level of the spinal cord (C) and 
assessed for axonal growth into the contralateral side.



Neurosci Bull     August 1, 2013, 29(4): 436–444442

So Which Model Should I Choose?

Animal models of SCi require skilled small-animal surgeons 
with proper knowledge of neuroanatomy as well as the 
ability to administer proper postoperative care such as 
manual bladder expression. if behavioral assessment is 
planned, then additional training in these techniques is 
required.  in addition, the necessary equipment, such as a 
stereotaxic frame and contusion device, must be available. 
if any of these resources are not available, then the 
choice of animal models is limited. For example, if twice-
daily manual bladder expression for the duration of the 
experiment is not logistically possible, then models such 
as dorsal hemisection or mid-thoracic contusion are not 
feasible. or if stereotaxic injections of anterograde axonal 
tracers are not feasible, then the study may be limited to 
axons that can be detected immunohistochemically, such 
as serotonin axons.

The particular goals of the study are also important 
factors in the selection of the animal model. if the main 
focus is on the intrinsic mechanisms of CST growth, then 
the pyramidotomy model offers several advantages such as 
ease of animal care and absence of a glial scar. However, if 
the goal is to overcome the glial scar, then an injury model 

with a robust glial response, such as a dorsal hemisection 
model, is suitable. These advantages and disadvantages 
are summarized in Table 1.
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