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The present E-book consists of original articles and reviews published in our Research Topic 
on injuries to the spinal cord and peripheral nerves and presents a wide array of novel findings 
and in depth discussions on topics within the field of nerve injury and repair. 

Our aim with this Research Topic is to bring together knowledge spanning from basic laboratory 
studies to clinical findings and strategies within the field of spinal cord and nerve injury and 
repair. We hope this publication will provide a basis for accelerated knowlegde exchange within 
the field and hopefully a subsequent increase in research efforts and collaborations.
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Symposium on Injuries to the Spinal Cord and Peripheral Nervous System - An Update on Recent 
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Editorial on the Research Topic

Karolinska Institutet 200-Year Anniversary Symposium on Injuries to the Spinal Cord and 
Peripheral Nervous System—An Update on Recent Advances in Regenerative Neuroscience

The Karolinska Institutet 200-year anniversary symposium on injuries to the spinal cord and periph-
eral nerves in 2010 gathered expertise in the spinal cord, spinal nerve, and peripheral nerve injury 
fields, covering topics from molecular prerequisites for nerve regeneration to clinical methods in 
nerve repair and rehabilitation (Skold et al.). The present Research Topic recognizes the remarkable 
advances in regenerative neuroscience that have occurred over the past years.

In this Research Topic, we are pleased to present contributions from basic laboratory studies to 
new clinical strategies in the spirit of highlighting advancements in regenerative neuroscience and 
functional repair of traumatic injuries to the spinal cord and peripheral nerves.

As the main conduits of information from the periphery to the brain and vice versa, the spinal 
cord and the spinal nerves are of fundamental importance. The location of spinal motor and sensory 
neurons within both the central and peripheral nervous systems, with profoundly different responses 
to nerve injury, make these neurons especially interesting for understanding fundamental aspects of 
nerve injury and regeneration.

In injuries to the spinal cord, the primary injury results in damage of cells, extracellular matrix, 
and vasculature, that in turn give rise to a secondary injury cascade with consequent ischemia, 
inflammation, and death of glial cells and neurons. Formation of glial scars and cystic cavities are the 
result of posttraumatic changes in the structural architecture of the posttraumatic spinal cord which 
are of importance for the capacity of regrowth of axons, the poor recovery potential and resulting 
neurological capacity.

The glial scar is formed in a dynamic process after injury to the spinal cord and its potentially 
inhibitory as well as supportive effect on nerve regrowth has been studied widely (1–4).

In the zone around the lesion, activated astrocytes, microglia, invading macrophages, and fibro-
blast are arranged together with secreted extracellular matrix molecules to form the glial scar. Myelin 
forming oligodendrocytes are commonly lost after spinal cord injuries leaving axons demyelinated (5) 
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while surviving and new oligodendrocytes may not contribute to 
effective functional remyelination (6, 7). On the other hand, it is 
well known that oligodendrocyte progenitor cells, the so-called 
NG2 cells, do migrate to the spinal cord lesion and probably play 
a multifold function therein; secreting nerve growth inhibitory 
ECM molecules (chondroitin sulfate proteoglycans) and dif-
ferentiating to myelin-producing oligodendrocytes and even 
astrocytes, although much of their function remains elusive. In 
the contribution to this Research Topic by Hackett and Lee, we 
do get a comprehensive review on NG2 cells and their role in 
health and disease. Hackett et  al. point out that NG2 cells are, 
besides astrocytes, one major part of the glial scar. However, 
unlike astrocytes, they can differentiate into oligodendrocytes, 
astrocytes, and perhaps even Schwann cells and, thus, be a target 
in many aspects of spinal cord injury and repair.

Even though lack of nerve regeneration, or at least success-
ful nerve regeneration, is the rule after injuries to the central 
nervous system (CNS), endogenous mechanisms and exceptions 
to this dogma of unsuccessful nerve regeneration do exist and 
hold promise of a wider understanding of how, when, and where 
nerve regeneration can occur and be supported. Anatomical 
and synaptic plasticity (8) as well as activation and development 
of neural precursor cells in to neurons and glia (9) after spinal 
cord injury are endogenous reparative attempts that need further 
exploration.

One interesting example of successful CNS nerve regeneration 
is the avulsion-replantation injury of spinal nerves (Carlstedt). 
When spinal roots, typically in high velocity traffic accidents, 
are torn from the spinal cord, this results in an interruption of 
the local transverse segmental spinal cord motor and sensory 
fibers. This will lead to dying back of the centrally located axon 
and, eventually, the motor neuron in the ventral horn of the 
spinal cord. However, if the avulsed spinal root is replanted to 
the spinal cord, survival of motor neurons and successful regen-
eration of axons from the motor neurons within the CNS will 
occur (10), which has resulted in a surgical method to restore 
function after this kind of longitudinal spinal cord injury (11).

In his perspectives article, Carlstedt elaborates on recent findings 
regarding the return of sensory function. Replantation of avulsed 
spinal roots leads to useful motor function if the procedure is 
performed before 1 month after injury (12), but sensory recovery 
cannot be achieved by replanting avulsed dorsal roots since the 
dorsal root ganglion neurons are unable to regenerate into the 
adult spinal cord (13).

Different strategies have been developed to overcome this 
problem and both use of implanted PNS conduits (14) and 
adjuvant therapy with a retinoic acid receptor agonist (15) has 
shown promising results in the restoration of sensory functions 
after spinal root avulsion.

In their original research paper, Bigbee et al. describe further 
progress in the field of sensory dysfunction after spinal root 
avulsion injuries in the lumbosacral plexus where replantation 
of ventral roots can ameliorate the otherwise resulting allodynia. 
In the dorsal horn after replantation of avulsed ventral roots 
on L6  +  S1 level, they can demonstrate selective plasticity for 
vesicular glutamate transporter (VGLUT1) and isolectin B4 (IB4) 
in primary afferent projections. Given that VGLUT1 is a marker 

for cutaneous and muscle afferents and that IB4 is a marker for 
non-peptidergic primary afferents, these findings are suggestive 
of a restoration alternatively preservation of primary afferent 
phenotype expressions.

Neuronal guidance molecules are of fundamental importance 
in the establishment of the neuronal system during develop-
ment, and a multifold of such factors and their receptors work 
in a complex and precisely orchestrated manner in CNS and 
PNS development. One such family of guidance molecules is 
the semaphorins (16). If and how such guidance molecules are 
of importance after injury and in the endogenous repair efforts 
in the injured CNS remains unclear and, therefore, under 
investigation. Previous findings in a model with regeneration 
of injured neurons in the spinal cord shows expression of sema-
phorins and their receptors in a specific pattern (17) as well as 
a possible interplay with growth factors related to angiogenesis 
(18), which is specifically interesting since vasculature and 
nerves share common growth factors and receptors during their 
establishment (19). In the contribution from Lindholm et  al., 
the importance of the semaphorins is investigated further but 
now in primary sensory neurons after dorsal root injury. If such 
injuries are applied to the peripheral axon of the dorsal root 
ganglion it will be followed by vigorous regrowth, but if applied 
to the central part of the axon the regrowth will be much weaker. 
Interestingly, the expression pattern of both semaphorins and 
their receptors neuropilins differ distinctly between the dif-
ferent injuries and with specific temporal patterns, indicating 
an involvement in regenerative efforts of dorsal root ganglion 
neurites rather than inhibitory.

Anatomical variations are a common challenge, both in clini-
cal practice and research. In their contribution to this Research 
Topic, Frostell et al. have made a welcomed contribution to spinal 
research by their effort to calculate the standard the size of the spinal 
cord based on 11 previous studies presenting measurements of 
spinal cord cross-sectional diameters. With this large and com-
bined sample, they are able to compute population estimates of 
the transverse and anteroposterior diameter of the entire human 
spinal cord on a normalized craniocaudal axis. Information from 
this study will be useful in diagnosing and monitoring patients 
with neurodegenerative spinal disorders but also in different 
conditions, both in clinical and research settings, where neuronal 
segment relation to vertebral landmarks has to be achieved.

One important endogenous repair strategy is cerebral plastic-
ity, i.e., the rearrangement of neuronal circuits as an answer to the 
new input injury (20). Thus, in surgical reconstruction of nerve 
injuries recovery, after such operations is a function of nerve 
regeneration and cerebral reorganization. In two interesting 
contributing original research papers and one case report, we get 
new insights into these mechanisms.

Dahlin et al. show in his case report an example of how the 
plastic capacity of the brain can be guided to improve function 
that has been lost in brachial plexus injuries where restoration 
with use of peripheral nerves, in this case phrenic nerve and 
intercostal nerves, have been used.

From the same group comes an original research paper 
(Bjorkman et  al.) investigating the cerebral response to active 
movements in the shoulder and elbow in a group of patients with 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.3389/fneur.2016.00199
https://doi.org/10.3389/fneur.2010.00011
https://doi.org/10.3389/fneur.2016.00135
https://doi.org/10.3389/fneur.2017.00291
https://doi.org/10.3389/fneur.2017.00049
https://doi.org/10.3389/fneur.2016.00238
https://doi.org/10.3389/fneur.2017.00072
https://doi.org/10.3389/fneur.2016.00240


7

Sköld and Fehlings Recent Advances in Regenerative Neuroscience

Frontiers in Neurology | www.frontiersin.org September 2017 | Volume 8 | Article 510

residual shoulder problems after brachial plexus birth injuries. 
In this study, reorganization in both contralateral and, more 
surprisingly, ipsilateral sensorimotor cerebral areas were demon-
strated, which shows how strong the endogenous compensatory 
plasticity mechanisms are. Hopefully a broader understanding 
of this dynamic capacity of the nervous system can be used to 
facilitate axon regeneration in CNS injuries (21).

An example of aberrant plasticity is phantom sensation/
pain after limb amputation. When amputation occurs, nerves 
attempt to make new connections causing reorganization within 
both the residual limb and the brain (22).

In their study, Collins et  al. investigate if face-representing 
somatosensory cortical regions are able to take over the arm area 
in upper extremity amputees and can show that in 42% of upper 
extremity amputees stimulation of the face evokes phantom limb 
arm and hand sensations. These results demonstrate that upper 
limb amputation causes changes within somatosensory cortical 
areas, knowledge that will help understand the phantom limb 
pain better and holds promises for future therapeutic strategies 
to this debilitating condition.

We are thankful to all authors who have contributed to this 
Research Topic and believe that the articles offer the reader an 

overview of the diverse scientific approaches and latest advance-
ments in the field of spinal cord and peripheral nerve injury 
and repair. It is clear from the collection of findings presented 
in the published papers that the progress in this field, both 
methodological and conceptual, will help push forward our 
understanding of nerve injury and repair to the benefit of our 
patients.

We trust that the contributions will be of interest to both 
basic scientists and clinical researchers and hope they will inspire 
further research in the fields of neurotrauma and regenerative 
neuroscience.
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NG2 cells, also known as oligodendrocyte progenitor cells, are located throughout the 
central nervous system and serve as a pool of progenitors to differentiate into oligoden-
drocytes. In response to spinal cord injury (SCI), NG2 cells increase their proliferation and 
differentiation into remyelinating oligodendrocytes. While astrocytes are typically asso-
ciated with being the major cell type in the glial scar, many NG2 cells also accumulate 
within the glial scar but their function remains poorly understood. Similar to astrocytes, 
these cells hypertrophy, upregulate expression of chondroitin sulfate proteoglycans, 
inhibit axon regeneration, contribute to the glial-fibrotic scar border, and some even dif-
ferentiate into astrocytes. Whether NG2 cells also have a role in other astrocyte functions, 
such as preventing the spread of infiltrating leukocytes and expression of inflammatory 
cytokines, is not yet known. Thus, NG2 cells are not only important for remyelination 
after SCI but are also a major component of the glial scar with functions that overlap with 
astrocytes in this region. In this review, we describe the signaling pathways important for 
the proliferation and differentiation of NG2 cells, as well as the role of NG2 cells in scar 
formation and tissue repair.

Keywords: OPCs, oligodendrocytes, scar formation, astroglial scar, oligodendrocyte progenitor cells, axon 
regeneration

iNTRODUCTiON

Many oligodendrocytes are lost after contusive spinal cord injury (SCI) (1, 2), leaving axons demy-
elinated and impairing proper conduction of action potentials (3–6). Although new remyelinating 
oligodendrocytes are formed after SCI (7–11), normal levels of myelination are not achieved (6). 
Pre-existing oligodendrocytes do not contribute to remyelination (12); however, NG2 cells, also 
known as oligodendrocyte progenitor cells (OPCs), are ubiquitously distributed throughout the 
central nervous system (CNS) and are capable of differentiating into oligodendrocytes in the adult 
CNS (13). Thus, targeting their proliferation and differentiation is an appealing target to promote 
remyelination after CNS injury. NG2 cells are present in increased numbers surrounding the lesion 
site (2, 7, 8, 14), and many studies have investigated the mechanisms underlying their differentiation 
into oligodendrocytes and their contribution to remyelination (15–17).

However, a large number of NG2 cells that do not differentiate into oligodendrocytes are present 
within the glial scar, which has been traditionally synonymous with reactive astrocytes. Interestingly, 
similar to astrocytes, these NG2 cells hypertrophy and upregulate expression of chondroitin sulfate 
proteoglycans (CSPGs) after CNS injury (18). In fact, NG2 is itself a CSPG (gene name is cspg4) and 
can inhibit axon growth in vitro (19). Interestingly, NG2 cells have the capacity to differentiate into 
astrocytes at the CNS injury site, as discussed in more detail below. Thus, NG2 cells are potentially 
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FiGURe 1 | Scar formation after SCi. Diagram depicting the events of scar formation after contusive SCI in mice. Astrocytes (blue), NG2 cells (red), and 
myelinating oligodendrocytes (yellow) in the uninjured spinal cord white matter (A). Early after SCI, cell death occurs within the lesion site and axons are damaged. 
Microglia (not shown) and astrocytes respond by secreting cytokines and chemokines. NG2 cells react and proliferate around the lesion site. Macrophages (gray) 
begin to infiltrate the lesion core and perivascular fibroblasts (green) begin to delaminate from blood vessels (B). Inflammation causes secondary death of 
oligodendrocytes and neurons leading to accumulation of myelin debris in the injury site (C). Macrophage and fibroblast density peaks at 7 days after SCI (D). By 
2 weeks after SCI, the scar has matured. There are tight borders between the fibrotic scar (consisting of fibroblasts and macrophages) and the glial scar (consisting 
of astrocytes, NG2 cells, and microglia) (e). The relative number of cells may not accurately reflect actual in vivo pathology.
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a major contributor to the axon regeneration inhibition by the 
glial scar.

In addition to their role in axon growth inhibition, NG2 cells 
may share other properties with astrocytes. For example, astro-
cytes play an important role in preventing the spread of infiltrat-
ing leukocytes, and their ablation leads to increased neuron and 
oligodendrocyte loss (20, 21). Astrocytes also play a major role 
in the immune response after contusive SCI through secretion 
of pro-inflammatory cytokines and chemokines (22, 23). In this 
review article, we will discuss methods of investigating NG2 cells 
in the context of SCI, the mechanisms underlying the proliferation 
of NG2 cells after SCI, as well as their contribution to the glial scar 
including axon regeneration, wound healing and inflammation.

SCAR FORMATiON AFTeR  
CONTUSive SCi

Figure  1 depicts a diagram of the cellular reactions after con-
tusive SCI in mice. Differences between mice, rat, and human 
SCI will be addressed where appropriate. In the uninjured spinal 
cord, astrocytes, oligodendrocytes, and NG2 cells are located 

throughout the parenchyma (Figure 1A). Contusive SCI leads to 
large scale death of neurons and glia at the site of injury, shearing 
of ascending and descending axons, and damage to the vascula-
ture. This damage leads to large-scale hemorrhage at the site of 
the lesion, which leads to the release of factors that contribute 
to the immune response, and responses from resident glia (24, 
25). Microglia reacts within hours after injury by accumulating 
around the lesion site and secreting pro-inflammatory cytokines 
and chemokines that which contribute to the immune response 
(26). While NG2 cells have been shown to proliferate and migrate 
short distances toward the lesion site after laser induced injury 
(27), their migration capacity has not been investigated in more 
clinically relevant traumatic injuries. Astrocytes also prolifer-
ate, hypertrophy, and upregulate expression of glial fibrillary 
acidic protein (GFAP), and secrete cytokines, chemokines, 
growth factors, and CSPGs (28). Increased inflammation leads 
to secondary damage to neurons and oligodendrocytes, as well 
as axonal dieback characterized by dystrophic endings (1, 29) 
(Figures 1B–D). Myelin debris and CSPGs, both inhibitory to 
axon regeneration, accumulate in the lesion core and the glial 
scar. Hematogenous macrophages start to infiltrate the lesion 
(30, 31) and attract perivascular fibroblasts that separate from 
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TABLe 1 | Antibodies used to label NG2 cells after SCi.

Antibody NG2 glia Pericytes Astrocytes OLs Macrophages Schwann cells

Uninjured
NG2 (39) + +
PDGFRα (39)  + +
Olig2 (42, 43) + +

injured
NG2 (39) + + + +
PDGFRα (39) + +
Olig2 (42, 43) + + +
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blood vessels and form the fibrotic scar (32, 33) peaking in den-
sity by 7 days after SCI. By 14 days after SCI, the scar has started 
to mature and form tight borders between the glial and fibrotic 
components of the scar (20, 21, 33) (Figure 1E). (At around this 
time in rats and humans, a fluid-filled cavity starts to form in 
parts of the fibrotic scar, whereas in mice, the fibrotic scar con-
tracts slightly over time.) The formation of this scar is dependent 
on the interactions between CNS cells, namely microglia, NG2 
cells, and astrocytes, with non-CNS cells, namely hematogenous 
macrophages and fibroblasts. In human SCI, astrocytes and NG2 
cells were readily detected in the glial scar, and macrophages in 
the lesion core, within days after SCI (34). Understanding their 
individual contributions to scar formation is essential for design-
ing both regenerative and neuroprotective therapies for SCI. In 
this review, we will focus primarily on the role of NG2 cells in the 
context of the glial scar formation after SCI.

NG2 CeLL FATe MAPPiNG STRATeGieS 
AFTeR CNS iNJURY

Proper understanding of NG2 cells after SCI requires proper 
understanding of the tools that have been used to study them, 
namely antibodies and transgenic mouse lines. In the uninjured 
brain and spinal cord, antibodies against NG2 and PDGFRα 
(platelet-derived growth factor receptor alpha) label NG2+ 
glia, but NG2 antibodies also label pericytes that express this 
CSPG (35–37) (Table  1). After CNS injury, NG2 expression 
is upregulated at the injury site (18), but many cells including 
pericytes, non-myelinating Schwann cells, and macrophages 
also express NG2 (38, 39) (Table 1), making the use of the NG2 
antibody alone insufficient to definitively identify NG2+ glial 
cells. Similarly, PDGFRα antibodies can label fibroblasts, rather 
than NG2 glia, at the injury site (39) (Table 1). Since cells that 
are NG2+ macrophages, NG2+ pericytes, or PDGFRα+ fibroblasts 
are often counted as NG2 glia, the use of these antibodies as sole 
markers for NG2 glia has led to the misconception that NG2 glia 
are located within the injury core (GFAP-negative region) and has 
mostly likely contributed to the highly variable reports of NG2 
cell density across different studies (40). For the remainder of this 
review, our use of NG2 cells refers to NG2+ glia (and not pericytes), 
and we use these two terms along with OPC interchangeably. 
Antibodies against Olig2 has also been used to identify NG2 cells, 
but they also label mature oligodendrocytes, and several reports 
have shown that a small population of protoplasmic astrocytes 

(10, 41) and reactive astrocytes can also express the transcription 
factor Olig2 after CNS injury (42, 43) (Table 1). Thus, co-labeling 
with NG2 and Olig2 antibodies may be the best method of histo-
logically detecting NG2 cells after SCI.

Prior to the advent of genetic fate mapping using transgenic 
mice expressing cell type-specific Cre recombinase, several 
attempts to understand the fate of NG2 cells after SCI were 
made. One of the first attempts to study the fate of NG2 cells 
after SCI utilized a Mahoney retrovirus with reporter expression 
driven by the NG2 promoter (9). Injection of this virus into the 
injury site-labeled dividing NG2 cells, however, due to the fact 
that it was administered after SCI, it also labeled a large number 
of macrophages (since some of them upregulate NG2 as discussed 
above) (39, 44). This study also reported that a high percentage of 
NG2 cells differentiate into GFAP+ astrocytes (35–50%); however, 
this could have included astrocytes that upregulated NG2 after 
SCI. Shortly after, Lytle et  al. (43) used the CNP-EGFP mice 
(which labels 2′,3′-cyclic-nucleotide 3′-phosphodiesterase+ NG2 
cells and oligodendrocytes) to determine the response of NG2 
cells after contusive SCI and reported that a large population of 
NG2+ cells were EGFP−. This could have been due to CNPase 
only being expressed in NG2 cells that have already committed to 
the oligodendrocyte lineage since CNPase is expressed later than 
PDGFRα and NG2 during development (45, 46). However, it is 
also possible that scar forming NG2 cells downregulate CNPase 
expression after injury. Together, these results suggest that NG2 
glia comprise both myelinating cells as well as non-myelinating, 
scar forming cells after contusive SCI.

Transgenic mice expressing tamoxifen-inducible Cre under 
cell-specific promoters (Cre-ER mice) have been particularly 
useful for studying fate of NG2 cells after SCI. Although 
PDGFRα-CreER (13, 47), NG2-CreER (48), and Olig2-CreER 
(41) mice have been used extensively to either fate map and/or 
conditionally delete genes in NG2 cells, each mouse line has its 
advantages and disadvantages. The NG2-CreER mouse line has 
a recombination efficiency of about 30–40% of NG2 cells (48, 
49), while the PDGFRα-CreER has a recombination efficiency of 
over 90% (47). Low recombination efficiency is often desirable 
for lineage tracing studies, while high recombination efficiency 
is often desirable for functional studies. Similar to the limitations 
of antibodies as discussed above, these transgenic lines label cells 
other than NG2 glia. The NG2-CreER mice label pericytes (49, 
50) whereas the PDGFRα-CreER mice label fibroblasts at the 
injury site (unpublished observations), and the Olig2-CreER 
mice label oligodendrocytes as well as a small population of 
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astrocytes (10, 51). Although we did not observe contributions of 
NG2+ pericytes to scar formation after SCI in mice, it is possible 
that experimental manipulations (drugs, viruses, or genes dele-
tions) could induce them to contribute to scar formation (49). 
Thus, these off-target labeling must be carefully considered when 
interpreting any NG2 cell genetic fate mapping studies involving 
these mouse lines.

One possible solution to circumvent these technical hurdles 
is to combine genetic labeling of NG2 cells with antibody 
co-labeling. Genetically labeled cells in NG2-CreER mice can 
be co-labeled with Olig2 or PDGFRβ antibody to distinguish 
NG2 cells from pericytes/fibroblasts respectively. Alternatively, 
instead of using Rosa26 reporter mice, Olig2 promoter-driven 
reporter mice can be used in combination with NG2-CreER 
or PDGFRα-CreER mice, which would label NG2 glia without 
labeling pericytes. This Olig2 strategy can be used to express not 
only fluorescent reporters but also proteins such as diphtheria 
toxin receptor (52) that can be used to probe the function of NG2 
cells more specifically. However, such Olig2 reporter mice have 
not yet been reported in the literature.

PROLiFeRATiON AND 
OLiGODeNDROGeNeSiS

NG2 cells have been shown to react to CNS injuries such as 
traumatic brain injury (18), demyelination (53), and contusive 
SCI (2). This response is reminiscent of astrocyte reactivity as 
they surround the lesion site and hypertrophy (18). Whereas 
NG2 cells are normally evenly dispersed throughout the spinal 
cord (13) and maintain territories due to the dynamic filopodia 
being repulsed by neighboring NG2 cells (27), their processes 
become intertwined as they form the glial scar. Two-photon live 
imaging has revealed NG2 cells react to laser injury by migrating 
only short distances toward the lesion (27), suggesting that the 
large number of NG2 cells at the injury site is most likely due to 
local proliferation rather than migration. In fact, the percentage 
of proliferating NG2 cells is increased sixfold (2) and NG2 cells 
comprise nearly one half of bromodeoxyuridine (BrdU)-labeled 
cells, 3 days after SCI (7). This is most likely an underestimate 
since it does not account for NG2 cells that differentiated into 
oligodendrocytes and/or astrocytes after injury. Overall, these 
data suggest that NG2 cells have a significant capacity to prolifer-
ate after SCI.

As NG2 cells differentiate into oligodendrocytes, they lose 
expression of the NG2 antigen. NG2 cells are capable of dif-
ferentiating directly into oligodendrocytes without cell division 
(27), but they often differentiate after division, where one or 
both differentiate into oligodendrocytes within 6–8  days. This 
represents a critical window where their fate after proliferation 
can be determined by the microenvironment of the injury site 
(48, 54). For example, myelin damage can accelerate and promote 
NG2 cell differentiation into oligodendrocytes (54). Sensory 
deprivation induced by whisker clipping can reduce oligodendro-
genesis after NG2 cell division, suggesting that neuronal activity 
promotes differentiation of NG2 cells into oligodendrocytes (54). 
Conversely, optogenetic stimulation of neurons can increase the 

proliferation of NG2 cells and their subsequent differentiation 
into oligodendrocytes (55). This raises the possibility that the 
myelin and neuronal damage after SCI may create an environ-
ment that significantly influences NG2 cell differentiation.

Several factors important for proliferation and differentiation 
of NG2 cells are upregulated after SCI. These include fibroblast 
growth factor 2 (FGF2) (56, 57), glial growth factor 2 (GGF2) 
(58, 59), and Wnts (60). FGF2 is a potent mitogen for NG2 
cells in vitro (56). Deletion of FGFR1 and FGFR2 in NG2 cells 
reduces oligodendrogenesis and remyelination chronically after 
cuprizone-induced demyelination (61). FGF2 is increased for at 
least a month after SCI (57) and intraspinal injection of FGF2 (62) 
was shown to improve functional recovery after SCI. GGF has 
been shown to increase the proliferation of NG2 cells while inhib-
iting their differentiation in vitro (63). Subcutaneous injection of 
GGF2 increases NG2 cell proliferation, oligodendrogenesis, and 
functional recovery after SCI (59) as well as increased functional 
recovery and myelination after experimental autoimmune 
encephalomyelitis (EAE) (64). Wnts have been shown to play a 
major role in proliferation of NG2 cells during development (65) 
and are upregulated after SCI (60). Overexpression of activated 
β-catenin, a downstream mediator of Wnt signaling, results in 
developmental hypomyelination and delayed remyelination 
after demyelination (65). Wnt3A-conditioned media increases 
proliferation of NG2 cells in  vitro and deletion of β-catenin in 
NG2 cells leads to reduced proliferation of NG2 in the glial scar 
after contusive SCI (66).

Cytokines such as ciliary neurotrophic factor (CNTF), leu-
kemia inhibitory factor (LIF), and tumor necrosis factor (TNF) 
are also important in the proliferation and differentiation of 
NG2 cells (67). CNTF and LIF promote oligodendrocyte dif-
ferentiation in vitro (67), however, CNTF knockout (68) and LIF 
knockout mice (69) only have a developmental delay in oligo-
dendrogenesis, indicating that these factors may be a mediator of 
oligodendrogenesis early in development. Daily intraperitoneal 
administration of CNTF increases numbers of NG2 cells, oli-
godendrocytes, and neurons and improves outcome after EAE 
(70). Deletion of the transcription factor signal transducer and 
activator of transcription 3 (STAT3), which is downstream of 
CNTF, LIF, and several other cytokines, delays oligodendrogen-
esis without affecting proliferation after SCI (49). Accordingly, 
overexpression of a constitutively active STAT3 using an adeno-
virus leads to increased oligodendrocyte differentiation in vitro 
(71). Deletion of suppressor of cytokine signaling 3 (SOCS3), a 
negative regulator of STAT3, leads to enhanced proliferation of 
NG2 cells in the glial scar but does not affect their differentiation 
after SCI, suggesting a non-canonical STAT3/SOCS3 signaling 
mechanism in NG2 cells after SCI (49). Although the proinflam-
matory cytokine TNFα is typically associated with oligodendro-
cyte death, it may have important roles in NG2 cell response to 
injury and subsequent remyelination. TNFα signaling through 
TNFR2 is important for NG2 cell proliferation and differentiation 
after cuprizone-induced demyelination (72). Similarly, genetic 
deletion of TNFR2 using the CNPase-Cre mouse resulted in 
impaired functional recovery, reduced number of NG2 cells, and 
impaired oligodendrocyte differentiation and remyelination after 
EAE (73). While similar genetic studies have not been performed 
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after SCI, pharmacological blockade of TNFR1, but not TNFR2, 
promotes functional recovery SCI (74).

NG2 CeLL LiNeAGe PLASTiCiTY AFTeR 
iNJURY

Astrogliogenesis
Both NG2 cells and astrocytes are derived from radial glia during 
development (75, 76). In addition, NG2 cells isolated in  vitro 
differentiate into astrocytes as well as oligodendrocytes (77). 
Thus, while NG2 cells differentiate only into oligodendrocytes 
in the normal CNS, these observations provide a mechanistic 
basis for the potential of NG2 cells to differentiate into astrocytes 
in the injured CNS. The advent of Cre-loxP technology has 
allowed rigorous testing of NG2 cell lineage plasticity in  vivo. 
The NG2-Cre mouse line revealed that, indeed, a population 
of NG2 cells could differentiate into protoplasmic astrocytes in 
the ventrolateral forebrain gray matter (78) and spinal cord (79) 
during development. As mentioned above, Sellers et al. injected 
Mahoney retrovirus with a reporter driven by the NG2 promoter 
into the injured spinal cord, and found that 35–54% of reporter-
labeled cells were GFAP+ astrocytes (limitations of this technique 
is discussed above).

Using CreER mice to permanently label a population of NG2 
cells prior to injury has led to similar results. The NG2-CreER and 
PDGFRα-CreER mouse lines both revealed that NG2 cells can 
only differentiate into oligodendrocytes in the uninjured adult 
CNS (13, 47, 48). To determine if NG2 cells had lineage plasticity 
after injury, the Olig2-CreER mice were used in cortical stab injury 
(41) and dorsal hemisection SCI (10). However, due to the fact 
that 5% of labeled cells were GFAP+ in the uninjured condition, 
it was difficult to determine if NG2 cells had astroglial fate. Using 
the NG2-CreER mice in which astrocytes are not labeled in the 
uninjured spinal cord, 8% of NG2 cells expressed GFAP at 10 days 
post cortical stab injury (80). Since the percentage of reporter-
labeled cells that co-localized with GFAP decreased to 2% by 
30 days after injury and many cells retained NG2 expression, it 
has been suggested that these NG2 cells transiently express GFAP 
after injury and that NG2 cell-derived astrocytes are not major 
contributors to the astroglial scar (80). However, after contusive 
SCI where inflammation, secondary damage, and astrogliosis is 
much greater than stab wounds, 25% of reporter-labeled cells in 
the NG2-CreER mice expressed GFAP at 1 week after SCI and 8% 
by 4 weeks after injury (49).

Possible mechanisms by which NG2 cells differentiate into 
astrocytes after SCI could be similar to the mechanisms underly-
ing astrogliogenesis during development. These include the Janus 
kinase (JAK)/STAT3 (81), bone morphogenetic protein (BMP) 
(82), and/or Olig2 signaling pathways (83, 84). BMP2 and BMP4 
are known to promote astrogliogenesis from NG2 cells in vitro 
(85). Both BMP2 and BMP4 are upregulated after SCI (86), and 
intraspinal injection of BMP4 leads to increased differentiation 
of transplanted NG2 progenitors into GFAP+ astrocytes (9). 
When NG2 cells are treated with conditioned media from reac-
tive astrocytes isolated from injured spinal cords, it reduces their 
differentiation into O1+ oligodendrocytes and increases their 

expression of GFAP (87), suggesting that the injured spinal cord 
could provide a niche for NG2 cell differentiation into astrocytes. 
Astrocytes isolated from the injured spinal cord have increased 
expression of BMP2/BMP4 compared to uninjured spinal cord 
astrocytes and BMP2 is increased in reactive astrocyte condi-
tioned media, suggesting that astrocytes are a major source of 
BMPs after SCI (87). NG2 cells increase expression of the BMP 
downstream effector Smad after exposure to reactive astrocyte-
conditioned media with an associated decrease in MBP and 
increase in GFAP expression, which is reversed upon treatment 
with the BMP inhibitor noggin (87). Together, these data suggest 
that BMPs may be derived from reactive astrocytes and promote 
NG2 cell differentiation into astrocytes after contusive SCI.

In addition to BMPs, the JAK-STAT3 signaling pathway 
could also be important in astrogliogenesis from NG2 cells after 
CNS injury. The JAK-STAT3 signaling pathway is important for 
astrocyte differentiation from nestin+ cortical precursor cells 
and STAT3 binds to the GFAP promoter (81, 88). In addition, 
developmental astrogliogenesis is impaired in LIF knockout mice 
and gp130 knockout mice (89, 90). However, neither deletion of 
STAT3 nor its negative regulator SOCS3 significantly affects NG2 
cell differentiation into astrocytes after SCI (49). Overexpression 
of the oligodendrocyte transcription factor Olig2 reduced astro-
cyte differentiation from neural stem cells in  vitro (83) while 
deletion of Olig2 in developing NG2 cells leads to increased 
astrocyte production at the expense of oligodendrogenesis and 
myelination (91). However, genetic deletion of Olig2 does not 
affect astrogliogenesis from NG2 cells after cortical stab injury 
(80). Together, these data suggest that NG2 cells might differenti-
ate into astrocytes by a mechanism different from developmental 
processes.

Differentiation into Schwann Cells
After contusive SCI, there are many Schwann cells at the injury 
site (92, 93). Since there are no Schwann cells in the normal 
spinal cord and since the majority of the myelin protein 0 (P0+) 
myelinating Schwann cells are located in the dorsal column after 
SCI, it was thought that these Schwann cells had migrated from 
the dorsal roots. However, genetic lineage tracing revealed that, 
after focal demyelination in the dorsal column white matter, the 
majority of Schwann cells were derived from NG2 cells (94). This 
is also supported by a recent study in which a dorsal rhizotomy 
did not lead to a significant decrease in Schwann cells at the SCI 
site, indicating that the peripheral nervous system (PNS) is not 
a major source of Schwann cells present at the injury site (95). 
While there is accumulating evidence that NG2 cells can differ-
entiate into Schwann cells after SCI, there are several issues that 
need to be carefully considered. First, in addition to dorsal roots, 
the ventral roots as well as nerve fibers on blood vessels may also 
serve as sources of Schwann cells (96). Second, unlike the ability 
of NG2 cells to differentiate into astrocytes in vitro, there have 
been no reports of NG2 cells differentiating into Schwann cells 
in vitro. Last, whereas NG2 cells and astrocytes are derived from 
the neural tube, Schwann cells are derived from the neural crest, 
thereby making the mechanism by which NG2 cells differenti-
ate into Schwann cells ontogenetically more complex than the 
mechanism of their differentiation into astrocytes.
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FiGURe 2 | Reactive gliosis after SCi. (A) After SCI in mice and rats, astrocytes proliferate; secrete cytokines, chemokines, and CSPGs; and form glial-fibrotic 
borders. (B) It is known that NG2 cells proliferate, differentiate into oligodendrocytes and astrocytes, and contribute to scar formation after SCI, however, whether 
NG2 cells contribute to the glial scar by secreting cytokines or contribute to the wound healing process is currently unknown.
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CONTRiBUTiONS TO AXON 
ReGeNeRATiON

Increased CSPG expression is widely considered to be a major 
inhibitory barrier to axon regeneration after CNS injury. 
Phosphocan, neurocan, versican, and brevican are all upregulated 
after SCI (97). While reactive astrocytes are considered a major 
source of CSPGs (98), NG2 cells have also been shown to secrete 
versican and neurocan in  vitro (99–101). Unlike other CSPGs, 
NG2 is typically expressed on the cell membrane rather than as 
a secreted factor. However, its extracellular domain can be shed 
from the cell surface via cleavage by metalloproteinases (MMPs) 
(102). Increased expression of NG2 in the glial scar and its abil-
ity to inhibit neurite outgrowth in vitro indicate that NG2 cells 
may be major inhibitors of axon regeneration (19). The NG2 
proteoglycan leads to inhibition of cerebellar granule neuron 
neurite outgrowth even after digestion with chrondroitinase ABC 
(ChABC), indicating that it is not just the glycosaminoglycan 
(GAG) side chains but also the core proteoglycan that is inhibi-
tory to axon growth (19). Treatment with intraspinal injection 
of NG2 neutralizing antibody leads to enhanced regeneration of 
ascending sensory axons after SCI (103), and long-term delivery 
of NG2 neutralizing antibody through an osmotic pump improves 
conduction and functional recovery after SCI (104). Together, 

these studies suggest that NG2 proteoglycan is inhibitory to axon 
regeneration.

However, the inhibitory properties of NG2 proteoglycan does 
not necessarily mean that NG2 cells themselves are inhibitory. 
Despite the increased levels of NG2, several studies have noted 
that NG2 cells are often associated with regenerating axons, and 
similar findings have been reported for astrocytes (105–107). 
Neonatal hippocampal neurites grow better on NG2 cells than 
on poly-l-lysine and laminin (PLL), even after overexpressing 
NG2 using an adenovirus (108). In addition, regenerating axons 
are observed more frequently in areas of the spinal cord that 
are NG2+ after SCI (39, 109) and may facilitate axon entry into 
Schwann cell grafts after SCI (110). Also, cspg4 knockout mice 
display less serotonergic axons that are able to cross into the 
lesion (111), as well as increased dieback of sensory axons after 
SCI (112). In addition, regenerating dorsal root ganglion (DRG) 
axons associate with NG2-expressing cells after dorsal column 
crush (112). These data suggest that while NG2 proteoglycan 
may inhibit axon regeneration, NG2 cells themselves may be 
permissive to axon growth (108, 112). This is similar to the 
role of reactive astrocytes where even though their expression 
of CSPG is inhibitory to axon regeneration, reactive astrocytes 
themselves may be permissive to, and even necessary for, axon 
regeneration (105–107). Thus, we must be cautious in classifying 
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cells as inhibitory to axon regeneration based solely on their 
expression of CSPGs.

While axons may be able to use NG2 cells as a growth-
permissive substrate, the fact that regenerating axons can form 
terminal synaptic contacts with NG2 cells implies that the net 
effect prevents axonal growth (112–114). The ability of NG2 cells 
to form synapse with axons has been known for quite some time 
(115), but its significance in the context of axon regeneration is 
just beginning to be appreciated. NG2 cells form “synaptic-like” 
structures with DRG axons in vitro (112), and NG2 cells are asso-
ciated with dystrophic sensory axons (116). Furthermore, there 
is presynaptic differentiation of injured sensory axons along the 
CNS/PNS border after dorsal root crush injury (117). Together, 
these data indicate that NG2 cells may inhibit axon regeneration 
by both expression of the inhibitory NG2 proteoglycan as well as 
formation of synaptic contacts.

CONTRiBUTiONS TO iNFLAMMATiON

Astrocytes contribute to the inflammatory response after 
CNS injury and attenuating their expression of proinflamma-
tory cytokines and chemokines leads to improved functional 
outcome (118–123). While astrocytes and microglia have been 
the focus of neuroinflammatory studies, there is accumulating 
evidence that NG2 cells may also contribute to the inflammatory 
response. Genetic deletion of Act1, an activator of NFκB (nuclear 
factor kappa-light-chain-enhancer of activated B cells) via 
interleukin-17 (IL-17) signaling, in NG2 cells, leads to reduced 
expression of proinflammatory chemokines, reduced leukocyte 
infiltration, and improved functional outcome after EAE (124). 
Upon stimulation in  vitro, NG2 cells increase expression of 
multiple proinflammatory chemokines and cytokines as well as 
MMPs (124, 125). In addition, NG2 cells upregulate IL1β and C-C 
motif chemokine ligand 2 (CCL2) after cuprizone demyelination 
(126). Interestingly, deletion of β-catenin in NG2 cells leads to 
reduced Iba1+ macrophage/microglia density around the lesion 
after SCI and also reduced astrogliosis, suggesting that NG2 cells 
may play a role in attracting macrophages after CNS injury (66). 
Therefore, these studies raise the possibility that NG2 cells may 
be a major contributor to inflammation after CNS injury, and 

future studies need to directly address this possibility, especially 
in the context of SCI.

SUMMARY

The glial scar has been synonymous with reactive astrocytes, but 
there is substantial evidence indicating that NG2 cells are also 
a major part of the glial scar, both physically and functionally. 
Similar to astrocytes, NG2 cells react to SCI by proliferating, 
becoming hypertrophic, and upregulating CSPG expression 
(Figure 2). However, unlike astrocytes, NG2 cells can differenti-
ate into other cell types, namely oligodendrocytes, astrocytes, 
and perhaps even Schwann cells. This lineage plasticity of NG2 
cells raise the possibility that they can be targeted to promote 
endogenous repair of the injured spinal cord. Most NG2 cells 
remain undifferentiated in the glial scar region, and these NG2 
cells contribute to axon regeneration failure by expressing CSPGs 
and forming synaptic structures that prevent further axonal 
growth. Similar to astrocytes, NG2 cells may also contribute to 
neuroinflammation, which remains an area that has been under-
appreciated in the field (Figure  2). Therefore, NG2 cells share 
similarities and differences with astrocytes as a part of the glial 
scar, which present novel mechanisms that may be targeted to 
promote repair after SCI.
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New treatments for spinal 
Nerve root Avulsion injury
Thomas Carlstedt*

Wolfson CARD, Kings College London, London, UK

Further progress in the treatment of the longitudinal spinal cord injury has been made. 
In an inverted translational study, it has been demonstrated that return of sensory func-
tion can be achieved by bypassing the avulsed dorsal root ganglion neurons. Dendritic 
growth from spinal cord sensory neurons could replace dorsal root ganglion axons 
and re-establish a reflex arch. Another research avenue has led to the development of 
adjuvant therapy for regeneration following dorsal root to spinal cord implantation in root 
avulsion injury. A small, lipophilic molecule that can be given orally acts on the retinoic 
acid receptor system as an agonist. Upregulation of dorsal root ganglion regenerative 
ability and organization of glia reaction to injury were demonstrated in treated animals. 
The dual effect of this substance may open new avenues for the treatment of root avul-
sion and spinal cord injuries.

Keywords: nerve plexus, root avulsion, neurotization, adjuvant therapy, sensory recovery, spinal cord regeneration

iNtrODUctiON

In a previous communication, the basic science background and its clinical translation to the 
first surgical method that results in functional return after a spinal cord injury was given (1). The 
traumatic tear of nerve roots from the spinal cord interrupts the segmental transverse sensory and 
motor nerve fibers causing a longitudinal spinal cord injury. If left untreated, the affected spinal cord 
segments can deteriorate over about 1 month, with disintegration of neuronal networks and death 
of motor (2), sensory (3), and autonomic (4) nerve cells. The clinical effect of such lesion is loss of 
motor and sensory and autonomic function. Such injury in the human occurs most frequently in 
road traffic accidents affecting mainly the nerve plexus formations for limb function mostly for the 
arm, i.e., the origin of the brachial plexus. The cure of this condition depends on regeneration in the 
central nervous system (CNS).

By reimplanting avulsed nerve roots into the spinal cord functional useful motor but not sensory 
function is restored if the procedure is performed before 1 month after injury. This unique surgical 
strategy has since 25 years been a routine procedure in centers for brachial plexus injury in Stockholm 
and London (5). Close to 100 patients with at least subtotal brachial plexus root avulsions have been 
treated. In most patients, there is motor recovery which is functional in about 70% of the cases (6). 
Like in other types of brachial plexus or proximal nerve injuries mainly the proximally situated 
muscles recover good function. Distal muscles such as in the hand rarely regain any useful activity, 
although this has been described in some patients (7, 8). Remaining problems with this technique are 
injury-induced neuronal death, direction and specificity of reinnervation, and muscle and sensory 
receptor disintegration from long time of denervation.

Sensory recovery is not possible to restore only by reimplanting avulsed dorsal roots. The dorsal 
root ganglion neurons are unable to regenerate into the adult spinal cord (9). The molecular and 
cellular events that repel or arrest axons in the PNS–CNS transitional region remain elusive, but the 
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idea that axons may terminate regeneration by synapsing with 
non-neuronal cells was originally proposed (9). This provocative 
idea has recently been supported (10). Proteoglycan producing 
NG2 cells have been indicated to participate in such process 
(11), and it is therefore pertinent to further study these cells in 
conjunction with dorsal root de- and regeneration across the 
PNS–CNS transitional region (see below). Since the previous 
communication (1), experimental and clinical studies have been 
performed in order to overcome the problem of sensory recovery 
after dorsal root avulsion injury.

iNtrAMeDULLArY NeUrON trANsFer 
tO re-estABLisH seNsOrY FUNctiON

A type of palliative “neurotization” procedure to replace the 
avulsed dorsal root and its ganglion containing the primary sen-
sory neurons was developed. The concept of ventral root or nerve 
graft implantation to promote growth from spinal cord motoneu-
rons to the periphery was the basis for a procedure to reconnect 
the periphery with spinal cord sensory systems. Sensory nerve 
cells in the spinal cord could hypothetically in accordance with 
CNS motoneurons potentially elongate new processes into a PNS 
graft implanted into the dorsal spinal cord to reconnect with 
the periphery. When asking spinal cord neurons to extend new 
processes into the PNS, it is likely that not axons but dendrites 
would be recruited by the PNS conduit implanted into the dorsal 
horn. It is well established that dendrites can produce aberrant 
or supernumerary axons after injury. Such processes have been 
shown to extend from dendrites into the PNS and are called den-
draxons (12) or unusual distal processes (UDP) (13). Extension 
of supernumerary axons or dendraxons into a PNS conduit has 
previously been demonstrated for motoneurons (12, 14). It has 
also been shown that such processes can transmit impulses and 
contain transmitter substances for synaptic communication (14).

Experimentally, it was shown that intrinsic sensory spinal 
cord neurons can extend new (non-regenerative) processes into 
an implanted PNS conduit. Immunohistochemical technique 
(MAP2 staining) showed that these neurites were dendrites that 
had extended into the implanted PNS conduit and have functional 
properties (9). Electrophysiology verified that the new growth 
from sensory spinal cord neurons can transmit impulses. There 
was also a demonstration of transsynaptically provoked muscle 
contraction when stimulating these neurites which demonstrates 
that an integration of this new growth of spinal cord neurons 
with segmental spinal cord circuits in particularly ventral horn 
motoneurons occurred.

The implantation of a PNS conduit into both the ventral for 
motor recovery and dorsal part of the spinal cord for sensory 
recovery was performed in clinical cases of brachial plexus avul-
sion injury. Following such procedures, proprioception together 
with muscle function could be demonstrated (8). The biceps 
tendon reflex was confirmed clinically and H-reflex by means 
of electrophysiology (8). This is intriguing as proprioceptive 
function has been demonstrated to disappear and not to recover 
after a nerve injury with regeneration (15). With this extended 
spinal cord surgery including also sensory neurons, it was 

obvious that movements had become more controlled without 
the usual synkinesis seen in cases were motor conduits only had 
been reconstructed. In contrast to recovery of proprioception, 
there were no clinical, electrophysiological, or structural signs of 
exteroception (8).

ADJUvANt tHerAPY FOr sPiNAL cOrD 
seNsOrY reGeNerAtiON

The dorsal root injury is considered as a type of spinal cord injury 
and as such the most common spinal cord injury (16). The pal-
liative neurotization procedure described earlier has not resulted 
in a full sensory recovery. It is obvious that adjuvant therapy is 
necessary to complement surgery in order to recover better sen-
sation after dorsal root injury or avulsion from the spinal cord. 
There are at least two major reasons for the failure of injured 
dorsal root axons to regrow back into the spinal cord. There is 
a lack of intrinsic neuronal growth, based largely on inactivity 
in the phosphoinositide3-kinase (PI3K)/Akt/mammalian target 
of rapamycin (mTOR) pathway, which is negatively regulated by 
phosphatase and tensin homolog (PTEN) (17). Another major 
impediment to regeneration into the spinal cord is the formation 
of an inhibitory environment by a glia scar.

The retinoic acid signaling system is very powerful in neuron 
growth and regeneration. Previous work has shown that retinoic 
acid receptor (RAR) beta 2 signaling stimulates axonal outgrowth 
in human, mouse, and rat (18, 19). In the adult, retinoic acid-
responsive elements are locally activated in the regenerating rat 
nerve after a peripheral nerve injury (20). In adult spinal cord 
explants and dorsal root ganglion neurons where RARbeta 2 is 
absent, overexpression of RARbeta stimulates neurite outgrowth 
(21). Furthermore, delivery of RARbeta 2 to adult neurons 
induces axonal regeneration programs within injured neurons 
and encourages axonal growth also in the inhibitory CNS (22).

A small lipophilic molecule which is an agonist to the nuclear 
receptor RAR beta has been developed to be used in conjunc-
tion with dorsal root to spinal cord reimplantation surgery. In 
a rat model of cervical dorsal root avulsion (C5–T1), the newly 
developed RARbeta agonist was given (23). After 4  weeks of 
treatment, behavioral tests showed recovery of sensory (the 
sticky tape test; sensing and removal) and locomotor function 
(the horizontal ladder test). Dorsal root fiber regeneration across 
the dorsal root peripheral–central transitional region (PNS–CNS 
TR) was shown by biotinylated dextran amine (BDA) labeling 
and by means of tractography which showed a robust ingrowth 
of neurites. Synaptic recovery was demonstrated by analysis of 
noxious heat stimuli response, synaptic density, and mechano- 
and proprioceptive synapses in the dorsal horn showing that new 
connections had been established in the spinal cord (23).

Of paramount importance is how the regenerated dorsal root 
axons re-entered the spinal cord. In the naive adult situation, 
there is a specialized transitional region between a stereotype 
peripheral nerve compartment of the dorsal root and the central 
nervous fiber tracts of the spinal cord, which involves a number of 
unique structural entities (24). Among these are the occurrences 
of fibrous astrocytic processes surrounding and separating the 
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most proximal peripheral paranodes and a compound PNS–CNS 
type of node of Ranvier at the crossing of nerve fibers from the 
PNS to the CNS of organization (25). In the treated animals, a glia 
construct of a similar organization had been re-established at the 
passing of regenerated dorsal root axons into the spinal cord. This 
is of conceptual importance as it seems as a naive structural glia 
organization has to be repeated to allow a successful regeneration. 
This is presently the subject of further studies in particular what 
the role of the NG2 cells are in this context.

Studies of the mechanisms of the switch from a non-permissive 
environment in the CNS and an increased regenerative activity in 
the dorsal root neurons to allow for regeneration demonstrated 
that the RARbeta agonist modulates the PTEN signaling pathway 
in both neurons and astrocytes. In neurons RARbeta, via a cyto-
plasmic effect, induces PTEN to move from the membrane where 
it blocks axonal growth via the PI3K inhibition (17), into the 
cytoplasm, where it becomes phosphorylated and hence inactive 
(26). In addition, stimulation of RARbeta results in an increased 
secretion of PTEN in exosomes. These are taken up by astrocytes, 
resulting in hampered proliferation and glia scar formation as 
well as causing them to arrange in a normal-appearing scaffold 
around the regenerating axons allowing them to grow back into 
the spinal cord (23). The dual effect of RARbeta signaling, both 

neuronal and neuronal–glial, results in axonal regeneration in the 
spinal cord after dorsal root injury.

In summary, there is the potential of new growth and plastic-
ity rather than regeneration of spinal cord sensory neurons that 
can replace the injured primary sensory dorsal root neurons and 
reconnect to the periphery for reestablishment of some but not all 
sensory qualities. In order for a more complete return of sensory 
function after dorsal root avulsion from the spinal cord, a unique 
adjuvant therapy has been developed.
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Plasticity of select Primary afferent 
Projections to the Dorsal horn after 
a lumbosacral Ventral root avulsion 
injury and root replantation in rats
Allison J. Bigbee1†, Mahnaz Akhavan 2† and Leif A. Havton1,3*

1 Department of Neurology, David Geffen School of Medicine at UCLA, Los Angeles, CA, United States, 2 Department of 
Molecular, Cell, and Developmental Biology, UCLA, Los Angeles, CA, United States, 3 Department of Neurobiology, David 
Geffen School of Medicine at UCLA, Los Angeles, CA, United States

Injuries to the conus medullaris and cauda equina portions of the spinal cord result in 
neurological impairments, including paralysis, autonomic dysfunction, and pain. In experi-
mental studies, earlier investigations have shown that a lumbosacral ventral root avulsion 
(VRA) injury results in allodynia, which may be ameliorated by surgical replantation of the 
avulsed ventral roots. Here, we investigated the long-term effects of an L6 + S1 VRA 
injury on the plasticity of three populations of afferent projections to the dorsal horn in 
rats. At 8 weeks after a unilateral L6 + S1 VRA injury, quantitative morphological studies 
of the adjacent L5 dorsal horn showed reduced immunoreactivity (IR) for the vesicular 
glutamate transporter, VGLUT1 and isolectin B4 (IB4) binding, whereas IR for calcitonin 
gene-related peptide (CGRP) was unchanged. The IR for VGLUT1 and CGRP as well 
as IB4 binding was at control levels in the L5 dorsal horn at 8 weeks following an acute 
surgical replantation of the avulsed L6 + S1 ventral roots. Quantitative morphological 
studies of the L5 dorsal root ganglia (DRGs) showed unchanged neuronal numbers for 
both the VRA and replanted series compared to shams. The portions of L5 DRG neurons 
expressing IR for VGLUT1 and CGRP, and IB4 binding were also the same between the 
VRA, replanted, and sham-operated groups. We conclude that the L5 dorsal horn shows 
selective plasticity for VGLUT1 and IB4 primary afferent projections after an L6 + S1 VRA 
injury and surgical repair.

Keywords: cauda equine, VglUT1, isolectin B4, calcitonin gene-related peptide, dorsal root ganglion

inTrODUcTiOn

Brachial plexus and lumbosacral nerve root injuries may result in a combination of paralysis of 
peripheral organs and sensory impairments, including the development of neuropathic pain  
(1, 2). Although injuries to peripheral nerves and dorsal roots, which carry sensory fibers, represent 
established causes of neuropathic pain, isolated ventral root transection injuries with degeneration 
of efferent motor fibers may represent another cause of hyperalgesia and allodynia in experimental 
models (3–5). An at-level neuropathic pain presentation with allodynia, but in the absence of 
hyperalgesia, may develop in response to a lumbosacral ventral root avulsion (VRA) injury in rats 
(6). Interestingly, acute surgical repair in the form of direct implantation of the avulsed lumbosacral 
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ventral roots into the lateral funiculus of the spinal cord promotes 
regenerative growth by spinal cord neurons with extension of 
axons into the replanted roots, functional reinnervation of the 
lower urinary tract, and amelioration of neuropathic pain (6–8). 
However, information on the effects of the VRA injury and repair 
on afferent projections into the dorsal horn as a potential con-
tributor to sensory plasticity has remained sparse.

The main objective of this investigation was to study the 
effects of a unilateral L6 and S1 VRA injury, with and with-
out surgical replantation of the avulsed ventral roots into the 
spinal cord, on the expression of select markers for subsets 
of primary afferents in the L5 dorsal horn. This experimental 
model interrupts the ventral horn exit zone at the junction 
between the central and peripheral nervous systems, but the 
dorsal horn entry zone remains anatomically intact and allows 
primary afferents to enter the spinal cord. We investigated the 
immunohistochemical expression patterns for the vesicular 
glutamate transporter (VGLUT1) and calcitonin gene-related 
peptide (CGRP), as well as the histochemical binding patterns 
for the isolectin B4 (IB4). VGLUT1 immunoreactivity (IR) is 
detected primarily within Rexed’s laminae III and IV, and the 
medial portion of lamina V of the dorsal horn, and serves as a 
marker for cutaneous and muscle afferents (9, 10). CGRP IR is 
normally present in Rexed’s laminae I and II and indicates small 
and thinly myelinated or non-myelinated peptidergic primary 
afferents (11). Staining for IB4 is also detected primarily in 
Rexed’s laminae I and II and used to identify the presence of 
non-peptidergic primary afferents (12, 13). We first identified 
the labeling and staining patterns for VGLUT1, CGRP, and IB4 
in the L5 dorsal horn, then examined the corresponding L5 dor-
sal root ganglion (DRG) using the same morphological markers 
to examine signs for intramedullary plasticity of afferent projec-
tions and neuronal counts. This morphological investigation 
represents a direct extension of prior studies on VRA-induced 
at-level neuropathic pain and its amelioration by a surgical root 
reimplantation procedure, and the spinal cord and DRG tissues 
used for the present study were obtained from the same animals 
as those providing behavioral and morphological data for our 
prior report (6).

MaTerials anD MeThODs

All animal procedures were approved by the Chancellor’s Animal 
Research Committee at UCLA and performed according to the 
standards established by the National Institutes of Health (NIH) 
Guide for Care and Use of Laboratory Animals. All efforts were 
made to minimize the numbers of animals needed for the study 
and any suffering associated with the procedures. Adult female 
Sprague-Dawley rats (Charles River Laboratories, Wilmington, 
MA, USA) were included in the studies (n = 25; 200–220 g body 
weight). The rats were divided into three groups: (1) rats undergo-
ing a sham operation procedure of a lumbar laminectomy and 
opening of the dura mater (LAM, n = 13); (2) rats undergoing 
an L6 and S1 VRA injury (VRA, n = 7); and (3) rats undergoing 
an L6 and S1 VRA injury followed by an acute implantation of 
lesioned ventral roots into the lateral funiculus of the correspond-
ing segments (VRI, n = 5).

surgical Procedures
Spine surgeries with ventral root procedures were performed 
according to established protocols (6, 7). In short, all subjects 
were maintained under a surgical plane of inhalational anesthesia  
(2% isoflurane). A midline incision was made over the lumbar 
spinous processes, and an L1–L3 hemi-laminectomy was per-
formed with spinous processes left intact. The dura was opened, 
and the L6 and S1 ventral roots were identified and avulsed from 
the spinal cord surface using a fine jeweler’s forceps to apply trac-
tion along the normal course of the ventral roots. In animals of the 
VRI series, the tip of a scalpel blade was used to make two small 
longitudinal incisions along the lateral funiculus of the L6 and S1 
spinal cord segments, and the avulsed ventral roots were gently 
implanted into the spinal cord white matter. The reimplanted 
roots were held in place within the longitudinal spinal cord inci-
sion, aided by the application of adjacent coagulating blood, but 
without the use of any sutures or tissue glue. In the LAM series, 
the dura was opened, the L6 and S1 ventral roots identified, gently 
manipulated, but not injured. A layer of Gelfoam® was positioned 
over the exposed spinal cord, and a titanium mesh was attached 
over the laminectomy site, secured to the ligaments between the 
T11–T12 and L5–L6 spinous processes using a 6-0 silk suture, to 
provide added stabilization of the vertebral column and protect 
the exposed spinal cord segments against any direct pressure 
from the surrounding tissue (14). The paraspinous muscle and 
skin layers were closed separately, and all rats were allowed to 
recover from the procedure. Buprenex® (0.2–0.5 mg/kg s.c.) was 
given every 12 h for 2 days to provide postoperative pain control. 
All animals were checked daily for overall health, and bladders 
were manually expressed as needed during the recovery phase 
until independent voiding function was present.

Morphological studies
At 8 weeks postoperatively, all animals received an overdose of 
sodium pentobarbital and were perfused intracardially with 0.1 M 
phosphate buffer followed by a 4% paraformaldehyde solution. 
The vertebral column was removed and the spinal cord dissected 
free to visualize individual lumbosacral DRGs and nerve roots. 
Only animals with an anatomically verified L6 + S1 ventral root 
lesion with or without root repair were included in the studies. 
For the repair series of animals, only rats with replanted ventral 
roots still attached at the surgical repair site were included in the 
study. The spinal cord and lumbosacral DRGs from each subject 
were post-fixed in the fixative solution overnight and rinsed 
in 0.1 M phosphate-buffered saline (PBS). The spinal cord and 
DRG tissues were cryoprotected in a 30% sucrose solution for 
24 h, preserved in OCT compound (Sakura Finetek, Torrance, 
CA, USA), and stored in −80°C. Spinal cord tissues were cut at 
30-µm thickness, and DRG tissues were cut at 10-µm thickness 
using a cryostat.

Established criteria for the rat lumbosacral cytoarchitecture 
were used to identify the location of the L5 spinal cord (15). 
Every fifth section of the L5 spinal cord segment or DRG was 
selected for morphological analysis, and a total of 4–8 sections 
were analyzed for each morphological marker. Adjacent sections 
were processed for the detection of CGRP, VGLUT1, and IB4. 
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FigUre 1 | Effects of a unilateral L6 + S1 ventral root avulsion (VRA) injury 
and VRA injury followed by acute root replantation (VRI) on VGLUT1 
immunoreactivity (IR) in the L5 dorsal horn at 8 weeks postoperatively.  
(a–c) The results were compared with sham-operated animals (LAM) and 
expressed as a ratio for the labeling detected on the sides ipsilateral (ipsi) and 
contralateral (contra) to the surgical procedures. The region of interest is 
indicated by the outline of the dorsal horn on the ipsi side for the LAM, VRA, 
and VRI groups. Rexed’s laminae of the dorsal horn are also indicated for 
LAM. (D) Note that VGLUT1 IR was decreased on the ipsi side after the VRA 
injury, whereas the corresponding VGLUT1 IR for the VRI group was 
symmetric and similar to the control group (LAM). Scale bar = 250 µm and  
* indicates a significant difference of p < 0.05 between groups.
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Although the L6 + S1 ventral roots were avulsed, the morpho-
logical studies were performed using the adjacent L5 segment in 
order to minimize involvement of injured ventral root afferents 
of the L6 + S1 segments and to allow direct comparisons with 
prior pain behavioral and morphological studies in the same 
animals (6).

Sections of the L5 spinal cord segment and the L5 DRGs 
were initially rinsed in PBS. Next, the sections were blocked in 
5% normal donkey serum for 1  h (Jackson Immuno Research 
Labs, Inc., West Grove, PA, USA) and processed for VGLUT1 
(anti-rabbit, 1:1,000; Synaptic Systems, Göttingen, Germany), 
CGRP (anti-rabbit, 1:4,000, Millipore, Billerica, MA, USA), or 
IB4 FITC-conjugated lectin (1:100, Sigma, St. Louis, MO, USA). 
The primary antibodies were incubated overnight in 0.3% Triton 
X-100 in PBS at room temperature. Secondary antibodies (Alexa 
Fluor® 594 or Alexa Fluor® 488, 1:500, Invitrogen, Carlsbad, 
CA, USA) were incubated for 1  h at room temperature. The 
sections underwent a final rinse and were mounted on glass 
slides with Vectashield mounting medium (Vector Laboratories, 
Burlingame, CA, USA). The region of interest (ROI) for the analy-
sis of VGLUT1 IR consisted of an outline of the dorsal horn gray 
matter with its ventral border at the same level as the ventral tip 
of the dorsal columns (Figures 1A–C). The ROI for the analysis of 
CGRP IR and IB4 labeling consisted of a total of 10 square boxes 
with an area of 1,225 µm2 each across the inner portion of Rexed’s 
lamina II (Figures 2A and 3A). Fluorescent images were captured 
using a Spot camera (Diagnostic Instruments, Sterling Heights, 
MI, USA), which was attached to a Nikon E600 microscope. 
Magnification, light intensity, and exposure times were held 
constant during the image capturing. Densitometric analysis and 
quantitative studies were performed using C-Imaging software 
(Compix, Inc., Brandywine, PA, USA) and determined an area 
of immunopositive labeling above a constant threshold. ROIs 
included the dorsal horn gray matter for VGLUT1 IR studies 
and the superficial gray matter (laminae I–II) for CGRP IR and 
IB4 labeling. For quantitative studies of neuronal counts of the 
L5 DRGs, DAPI staining allowed for nuclear identification and 
for neuronal profile counts. Neuronal and non-neuronal nuclei 
showed distinct morphological differences with the neuronal 
nuclei being larger, round to oval in shape and showing less 
intense fluorescent labeling with uneven chromatin patterns, 
whereas glial nuclei showed small and round nuclei with bright 
fluorescent labeling. Each L5 DRG was cut serially at 10-µm 
thickness, and every fifth section was stained for DAPI and used 
to determine the total number of sensory neuron. Abercrombie’s 
method was applied to correct for the presence of split nuclei 
in sections using the formula, N  =  A  ×  (T/(D  +  T)), wherein 
N is the corrected number of nuclei in a section, A is the crude 
count of nuclear profiles, T is the section thickness, and D is the 
average diameter of the nuclei (16). For each DRG, a total of 100 
nuclei were measured to determine the average nuclear diameter. 
A total of 6–14 sections were used to determine the corrected 
neuronal count for each DRG. To calculate the proportion of sen-
sory neurons labeled for VGLUT1, CGRP, IB4, and CGRP/IB4, 
profile counts for each of these subtypes of sensory neurons were 
determined and related to the corrected number of DAPI-stained 
DRG neurons in four sections from the mid portion of each DRG.

statistical analyses
Data were expressed as mean ± SE. Analyses between experimental  
groups were performed using the non-parametric Kruskal–Wallis 
ANOVA with Dunn’s post  hoc test. We considered p  <  0.05 as 
statistically significant.
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FigUre 3 | Effects of a unilateral L6 + S1 ventral root avulsion (VRA) injury 
and VRA injury followed by acute root replantation (VRI) on isolectin B4 (IB4) 
binding in the L5 dorsal horn at 8 weeks postoperatively. (a–c) The results 
were compared with sham-operated animals (LAM) and expressed as a ratio 
for the labeling detected on the sides ipsilateral (ipsi) and contralateral 
(contra) to the surgical procedures. The region of interest was indicated by 
the placement of 10 boxes of 1,225 µm2 each across the superficial laminae 
of the dorsal horn for the LAM, VRA, and VRI groups. For comparisons 
between the lateral and medial portions of the dorsal horn, boxes 1–5 
represented the lateral portion and boxes 6–10 represented the medial 
portion of the superficial laminae. Rexed’s laminae for the superficial dorsal 
horn are indicated for LAM. (D) Note that there was a reduced IB4 binding on 
the ipsi side after the VRA injury, whereas the corresponding IB4 binding was 
symmetric and similar between the LAM and VRI groups. Scale 
bar = 250 µm and * indicates a significant difference of p < 0.05 and  
** indicates a significant difference of p < 0.01 between groups.

FigUre 2 | Effects of a unilateral L6 + S1 ventral root avulsion (VRA) 
injury and VRA injury followed by acute root replantation (VRI) on CGRP 
immunoreactivity (IR) in the L5 dorsal horn at 8 weeks postoperatively. 
(a–c) The results were compared with sham-operated animals (LAM) and 
expressed as a ratio for the labeling detected on the sides ipsilateral (ipsi) 
and contralateral (contra) to the surgical procedures. The region of 
interest was indicated by the placement of 10 boxes of 1,225 µm2 each 
across the superficial laminae of the dorsal horn for the LAM, VRA, and 
VRI groups. For comparisons between the lateral and medial portions of 
the dorsal horn, boxes 1–5 represented the lateral portion and boxes 
6–10 represented the medial portion of the superficial laminae. Rexed’s 
laminae for the superficial dorsal horn are indicated for LAM. (D) Note that 
there was no difference between the LAM, VRA, and VRI groups with 
regards to CGRP IR in the superficial laminae of the dorsal horn. Scale 
bar = 250 µm.
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resUlTs

We investigated the effects of an L6 and S1 VRA injury and 
repair on the plasticity of primary sensory afferent projections 
to the dorsal horn of the L5 segment in rats. For this purpose, 
we examined the IR for the vesicular glutamate transporter, 
VGLUT1, and CGRP, as markers for the spinal cord projec-
tions of mechanoreceptive primary afferents and peptidergic 
nociceptive primary afferents, respectively. We also studied 

the binding of the Griffonia simplicifolia IB4, as a marker for 
non-peptidergic primary afferent projections to the dorsal 
horn.

VglUT1 ir in the Dorsal horn
VGLUT1 IR was detected in the dorsal horn of the L5 segment in 
all groups, especially within laminae IV–VI. Using densitometry, 
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FigUre 4 | Effects of a unilateral L6 + S1 ventral root avulsion (VRA) injury 
and VRA injury followed by acute root replantation (VRI) on neuronal counts in 
the L5 dorsal root ganglion (DRG) at 8 weeks postoperatively. The results 
were compared with sham-operated animals (LAM) and expressed as a ratio 
for the labeling detected on the sides ipsilateral (ipsi) and contralateral 
(contra) to the surgical procedures. (a) DAPI staining allowed for the 
identification and counting of neuronal nuclei in the L5 DRG (arrows).  
(B) Note that there was no difference with regards to neuronal counts of the 
L5 DRG between the LAM, VRA, and VRI groups. Scale bar = 20 µm.
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IR for VGLUT1 was quantified in the dorsal horn (laminae I–VI) 
of both the ipsilateral (ipsi) and contralateral (contra) sides in rats 
of the LAM, VRA, and VRI groups (Figure 1). The VGLUT1 IR 
was markedly reduced in the dorsal horn after the VRA injury, as 
demonstrated by a decreased ratio of the ipsi to contra VGLUT1 
IR in this ROI in rats of the VRA series (0.68  ±  0.13, n  =  6) 
compared to the corresponding ratio in rats of the LAM series 
(1.05 ± 0.05, n = 8, p < 0.05). However, the ipsi to contra ratio 
of VGLUT1 IR was maintained in the VRI series (1.21 ± 0.18, 
n = 5) and not different from the corresponding ratio in rats of the 
LAM series but higher than the VGLUT1 IR in the VRA group 
(p < 0.05).

cgrP ir and isolectin iB4 Binding  
in the Dorsal horn
Both CGRP IR and isolectin IB4 were primarily detected within 
lamina I and II of the superficial dorsal horn in rats of all series. 
Double labeling for CGRP IR and IB4 binding combined with 
confocal light microscopy demonstrated that their territories 
largely overlapped in the superficial dorsal horn. Specifically, 
CGRP IR was primarily detected in lamina I and lamina IIo, 
whereas isolectin IB4 binding was mostly detected in lamina IIo 
and lamina IIi. There was no or minimal co-localization of CGRP 
IR and isolectin IB4 binding in the dorsal horn. Densitometry 
showed that the ratio of ipsi to contra values for CGRP in the 
superficial dorsal horn was not different between the LAM, VRA, 
and VRI groups (Figure 2).

The binding of IB4 was in the same ROI markedly reduced after 
the VRA injury, as demonstrated by a decreased ratio of ipsi to 
contra binding of IB4 in the superficial dorsal horn (0.35 ± 0.10, 
n = 7) compared to the corresponding ratio in rats of the LAM 
series (0.93 ± 0.12, n = 8, p < 0.05) (Figure 3). Interestingly, the 
ratio of ipsi to contra binding for binding for IB4 in the superficial 
dorsal horn was maintained in the VRI series (0.71 ± 0.08, n = 5) 
and not different from corresponding binding in the LAM series 
but significantly higher than IB4 binding ratio in the rats of the 
VRA series (p < 0.05) (Figure 3). When the medial and lateral 
portions of the superficial dorsal horn were analyzed separately, 
similar statistically significant differences between the experi-
mental groups were identified.

neuronal numbers Functional  
Phenotypes in the l5 Drg
The effects of an L6 + S1 VRA or VRI on the L5 DRG were deter-
mined by quantitative light microscopy. The ratio of DAPI-stained 
DRG neurons of the ipsi and contra L5 DRG was determined for 
subjects of the LAM, VRA, and VRI series (Figure 4). The ipsi/
contra ratio for the L5 DRG was 1.00 ± 0.07 (n = 5), 1.00 ± 0.04 
(n = 5), and 1.09 ± 0.06 (n = 5), respectively. There were no dif-
ferences between the groups.

The relative frequency for the expression of VGLUT1 IR, 
CGRP IR, and binding for IB4 was determined for the ipsi L5 
DRG neurons of the LAM, VRA, and VRI series (Figure 5). No 
statistical differences were detected for the relative frequencies 
for VGLUT1 IR, CGRP IR, or IB4 binding between the groups. 
In addition, there was no difference between the experimental 

groups with regards to the frequency of co-labeling of CGRP IR 
and IB4 binding.

DiscUssiOn

The present study demonstrated differential plasticity for the 
expression of VGLUT1, IB4, and CGRP in the dorsal horn of the 
L5 spinal cord segment at 8 weeks after a combined L6 + S1 VRA 
injury as well as after a combined L6 + S1 VRA injury followed 
by acute replantation of the avulsed ventral roots. Specifically, 
the expression of VGLUT1 was reduced in the deep dorsal horn 
at 8  weeks after the VRA. In the superficial dorsal horn, the 
expression of IB4 was also reduced, whereas CGRP IR remained 
unchanged after the VRA injury. When the lumbosacral VRA 
injury was followed by an acute implantation of the lesioned roots 
into the lateral funiculus of the affected spinal cord segments, the 
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FigUre 5 | Effects of a unilateral L6 + S1 ventral root avulsion (VRA) injury and VRA injury followed by acute root replantation (VRI) on the relative proportions of 
neurons showing immunoreactivity (IR) for (a) VGLUT1 or (B) calcitonin gene-related peptide (CGRP) or (c) binding for isolectin B4 (IB4) in the L5 dorsal horn at 
8 weeks postoperatively. The results were compared with sham-operated animals (LAM) and expressed as a ratio for the labeling detected on the sides ipsilateral 
(ipsi) and contralateral (contra) to the surgical procedures. Note that there was no difference with regards to the percent dorsal root ganglion (DRG) neurons 
expressing IR for (e) VGLUT1 or (F) GCRP or (g) binding for IB4 between the LAM, VRA, and VRI groups. (h) In addition, there was no difference for the number of 
DRG neurons showing double labeling for CGRP and IB4 between the groups. Scale bar = 100 µm.
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L5 dorsal exhibited baseline expression levels for VGLUT1, IB4, 
and CGRP, suggestive of a restoration or preservation of primary 
afferent phenotype expressions.

Plasticity of Primary sensory  
afferents after Peripheral injury
It is well established that injuries to the peripheral nervous sys-
tem, including a spinal nerve or sciatic nerve ligation, may result 
in neuropathic pain and plasticity of the intramedullary primary 
afferent projections (17–20). Prior studies have demonstrated a 
reduction of both VGLUT1 and isolectin IB4 in the lumbar dor-
sal horn after a sciatic nerve lesion (21, 22) and decreased CGRP 
and isolectin IB4 binding in the L4 and L5 dorsal horns after 
an L5 spinal nerve ligation (23). Such injuries to the peripheral 
nervous system may also result in the degeneration and death 
of axotomized DRG neurons (13, 24, 25). It is therefore possible 
that a loss of axotomized DRG neurons may have contributed 
to the reduced intramedullary labeling of markers for primary 
afferents after a mixed nerve or spinal nerve root lesion. In 
contrast, a VRA injury is sensory-sparing, and no DRG loss 
or change in the relative numbers of VGLUT1, CGRP, or IB4 
positive neurons was detected in the L5 DRG after an L6 + S1 
VRA injury. Our observed downregulation of VGLUT1 IR and 
isolectin IB4 staining in the L5 dorsal horn in the VRA series 
is therefore likely a representation of plasticity within select 
primary afferent projections.

In addition to the at-level injury and effects seen in the present 
study at the L5 segment after an L6 + S1 VRA injury and repair, 
plasticity may also take place at more remote spinal segments, 
which are involved with autonomic functions. The lower urinary 
tract is under parasympathetic control by autonomic innervation 
that originates primarily from the L6 and S1 segments, and it 
receives sympathetic innervation with origin at the lower thoracic 
and upper lumbar segments (26, 27). Both CGRP and VGLUT1 
are present in distinct autonomic fibers that innervate the dorsal 
horn and autonomic nuclei at the thoracolumbar and lumbosacral 
segments (28–31). Following an L6 + S1 VRA injury, there was 
a selective decrease of CGRP in the dorsal horn of the L1 + L2 
dorsal horn and no detectable effect on the VGLUT1 innervation 
of the same segments at 8 weeks postoperatively, whereas an acute 
reimplantation of the avulsed ventral root resulted in a partial 
restoration of the CGRP levels in the L1 + L2 dorsal horn (32). 
We conclude that the L6 + S1 VRA injury and repair may have 
parallel but different effects on spinal cord innervation by both 
somatosensory and visceral afferents.

neuroprotective effects of avulsed  
Ventral root reimplantation
A neuroprotective effect provided by acute reimplantation of 
avulsed lumbosacral ventral roots is well established. Surgical 
reimplantation of avulsed L6 and S1 ventral roots into the lateral 
funiculus of the rat spinal cord augments motoneuron survival 
and regeneration of axons into the grafted roots (7), promotes 
reinnervation of peripheral targets (8), ameliorates neuropathic 
pain and intramedullary inflammatory and glial reactions in the 

dorsal horn (6), and reduces intramedullary degeneration of  
primary afferent axon collaterals in the spinal dorsal columns (33). 
In the present study, surgical reimplantation of avulsed L6 + S1 
ventral roots resulted in the preservation of the intramedullary 
phenotype of VGLUT1 and CGRP IR and IB4 staining in the L5 
dorsal horn. The latter finding represents a previously not known 
outcome of this surgical repair procedure.

The mechanisms behind the neuroprotective effects provided 
by the surgical reimplantation of avulsed ventral roots are not well 
understood. For the present study, it is unclear whether the sur-
gical reimplantation of avulsed ventral roots restored a reduced 
expression of select primary afferent markers or protected 
primary afferent projections against structural degeneration. A 
downregulation of markers associated with transmitter function 
in the spinal cord is possible after a peripheral injury. Specifically, 
myelinated primary afferents to laminae III, IV, and IX in the rat 
spinal cord showed depletion of VGLUT1 IR after a sciatic nerve 
transection injury (22). Future studies are needed to clarify the 
effects of VRA injury on the integrity and the mechanisms for 
the protection of primary afferent marker expressions by root 
reimplantation.

Functional aspects
Our morphological findings may be compared with prior pain 
behavioral studies of sensory thresholds after a lumbosacral 
VRA injury and ventral root reimplantation in rats. Specifically, 
the examined spinal cord tissues were obtained from the same 
animals that developed long-term allodynia in the absence of 
hyperalgesia within the L5 dermatome after an L6  +  S1 VRA 
injury (6). It is therefore interesting to note that the long-term 
development of neuropathic pain is associated with decreased 
IR for VGLUT1 and reduced staining for isolectin IB4 in the L5 
dorsal horn, whereas there is normal IR for CGRP, at 8  weeks 
after a combined L6 + S1 VRA injury. Interestingly, the animals 
in the surgical treatment group showed gradual amelioration of 
the neuropathic pain within the L5 dermatome when the VRA 
injury was followed by an acute ventral root reimplantation 
(6). The absence of neuropathic pain at 8 weeks postoperatively 
was associated with normal labeling and staining patterns for 
VGLUT1, IB4, and CGRP in the L5 dorsal horn. In addition, 
a VRA injury-associated degeneration of primary afferent col-
laterals in the spinal dorsal columns was also ameliorated by 
reimplantation of avulsed ventral roots into the spinal cord of the 
same rats (33). We conclude that the plasticity for select primary 
afferent markers in the L5 dorsal horn was closely associated with 
our previously reported state of allodynia and the normalization 
of sensory threshold in the VRA injury and surgical root reim-
plantation groups, respectively.
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Dorsal root injury is a situation not expected to be followed by a strong regenerative 
growth, or growth of the injured axon into the central nervous system of the spinal cord, 
if the central axon of the dorsal root is injured but of strong regeneration if subjected to 
injury to the peripherally projecting axons. The clinical consequence of axonal injury is loss 
of sensation and may also lead to neuropathic pain. In this study, we have used in situ 
hybridization to examine the distribution of mRNAs for the neural guidance molecules 
semaphorin 3A (SEMA3A), semaphorin 3F (SEMA3F), and semaphorin 4F (SEMA4F), 
their receptors neuropilin 1 (NP1) and neuropilin 2 (NP2) but also for the neuropilin 
ligand vascular endothelial growth factor (VEGF) and Tenascin J1, an extracellular matrix 
molecule involved in axonal guidance, in rat dorsal root ganglia (DRG) after a unilateral 
dorsal rhizotomy (DRT) or sciatic nerve transcetion (SNT). The studied survival times 
were 1–365 days. The different forms of mRNAs were unevenly distributed between the 
different size classes of sensory nerve cells. The results show that mRNA for SEMA3A 
was diminished after trauma to the sensory nerve roots in rats. The SEMA3A receptor 
NP1, and SEMA3F receptor NP2, was significantly upregulated in the DRG neurons after 
DRT and SNT. SEMA4F was upregulated after a SNT. The expression of mRNA for VEGF 
in DRG neurons after DRT showed a significant upregulation that was high even a year 
after the injuries. These data suggest a role for the semaphorins, neuropilins, VEGF, and 
J1 in the reactions after dorsal root lesions.

Keywords: rhizothomy, Drg, regeneration, semaphorins, neuropilins, VegF

inTrODUcTiOn

Primary sensory neurons represent a link between the peripheral nervous system (PNS) and the 
central nervous system (CNS). Among other things, they convey the crucial information needed 
for feedback and proper function of the motor systems. At spinal levels, the sensory axons enter 
the spinal cord via the dorsal roots, which mainly belong to the PNS. The primary sensory neurons 
are distributed to the dorsal root ganglions located in the distal part of the dorsal root. Hence, 
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unlike other neurons in this pathway, they are located in the PNS 
and are often referred to as dorsal root ganglion neurons (DRG 
neurons). The DRG neuron have a rather unusual configuration 
with only one process—an axon that bifurcates and sends one 
peripheral branch into the peripheral nerve and one central 
branch to the CNS via the dorsal root. The response to injuries 
in these two axonal branches is highly dissimilar. Injury to 
peripheral branch initiates a powerful retrograde reaction in the 
cell body of the affected DRG neuron. This may initiate the death 
of the neuron, but surviving neurons have a capacity to regrow 
the peripheral branch. Injury to the central branch in the dorsal 
root seems to initiate a less vigorous reaction (1, 2). Thus, axon 
regrowth is possible in the PNS environment of the dorsal root, 
but the sprouts are typically arrested at the PNS–CNS border (3), 
and therefore, replantation of avulsed dorsal roots has not been 
considered to be useful even if recent studies have indicated that 
this situation can be changed by pharmacological intervention 
(4) or special procedures, such as removal of the DRG (5, 6). Due 
to this difference in response to injury, the DRG neurons offer 
the possibility to study the same neuron after two different kinds 
of injury where on is followed by regeneration (the peripheral 
injury) but the other one (central injury) followed by much less 
regenerative capacity.

In contrast, axons from spinal motoneurons have a high 
capacity for successful sprouting after lesions in the ventral 
funiculus of the spinal cord (7). These axons have been shown 
to penetrate CNS-type scar tissue inside the spinal cord, reenter 
the ventral root by crossing the CNS-PNS border, and regrow 
for long distances. This unusual regenerative capability has been 
employed for more practical use when avulsed ventral roots 
are replanted into the spinal cord, and this procedure has been 
shown to be followed by reinnervation of the ventral roots and 
functional recovery both in experimental animals (8–11) and 
clinical practice (12, 13).

In previous studies on ventral funiculus lesions or ventral root 
replantation, we have examined the expression of growth factors 
and a number of secreted and membrane-associated proteins 
demonstrated to affect axon steering, fasciculation, branching, 
or synapse formation through their action as chemorepellents 
and/or chemoattracants. These studies included members of the 
semaphorin family, the vascular and neuronal growth factor vas-
cular endothelial growth factor (VEGF) and neuropilin 1 (NP1) 
and 2 and tenascins (14–16).

The semaphorins (SEMA) are secreted and transmembrane 
axon guidance molecules (17–19) that mediate axonal guidance 
in CNS and PNS in various ways including collapsing of growth 
cones (20) and also regulation of apoptosis (21) and neuroattract-
ant capacities (22).

Semaphorin 3A (SEMA3A) (17), the prototype and found-
ing member of the semaphorin family, has been characterized, 
besides ephrins, netrins, and slits, to function as a chemorepel-
lent molecule with primarily inhibitory guidance capabilities 
(19, 23). During development, SEMA3A and its receptor 
proteins, NP1 (24–26), are known to take part in the regulation 
of axon fasciculation, axon guidance, and path finding. Another 
class 3 semaphorin, semaphorin 3F (SEMA3F) (27) has been 
shown to have widespread expression in adulthood and in sub 

regions of the CNS during embryogenesis. Neuropilin 2 (NP2) 
(24), which is the secreted receptor for SEMA3F, acts selectively 
to mediate repulsive guidance events in discrete populations of 
neurons and both ligand and receptor are expressed in strik-
ingly complementary patterns during neurodevelopment (28). 
It has also been shown that a class 4 semaphorin, semaphorin 
4F (SEMA4F), may play an important role in preventing 
growing retinal axons from deviating from their proper paths 
during development. In contrast to other SEMA, SEMA4F is 
expressed at the highest levels postnatal, and this might make it 
a potentially important molecule in nerve system maintenance 
and repair (29).

After intraspinal injuries to the ventral motoneuron axons, an 
injury known to be followed by successful regeneration of moto-
neuron axons (7), we did show increased expression SEMA3A 
in both injured motoneurons and spinal scar tissue (15), which 
indicates that SEMA3A expression could have in influence on 
the observed regenerative capacity of the motoneurons in this 
particular injury model.

Given this background, it appears logical to examine the 
expression of the same growth related genes in DRG neurons in 
a regenerative state (sciatic nerve lesion) or after a dorsal root 
lesion, which is not followed by functional regeneration.

MaTerials anD MeThODs

surgery and collection of Tissues 
concerning animals
Dorsal Rhizotomy (DRT)
Adult female Sprague-Dawley rats (200–250 g) were anesthe-
tized with intraperitonal administration of chloral hydrate 
(300 mg/kg) (KEBO-Lab, Sweden). A half-sided laminectomy 
was performed at the lumbar level, approximately at the L4 to 
S1 segments. The dural sac was cut open, and axotomy of two 
or three of the central processes of the dorsal roots was made 
with microsiccors (Fine Science Tools, Heidelberg, Germany). 
The wound was closed with sutures in multiple layers. The 
rats were allowed to survive for 1 day (n = 3), 3 days (n = 3), 
5 days (n = 3), 7 days (n = 3), 14 days (n = 3), 21 days (n = 3), 
42 days (n = 3), and 365 days (n = 3). Adult rats were deeply 
reanaesthetized and transcardially perfused with Tyrode’s solu-
tion. The pertinent tissues were rapidly dissected out and fresh 
frozen on dry ICE. Tissues from four adult rats were used as 
controls.

Sciatic Nerve Transection and Crush
Young, adult Sprague-Dawley rats (180–220 g; n = 3 per survival 
time) were anesthetized with chloral hydrate (300  mg/kg). 
After surgery, the animals were allowed to survive for 1, 3, 
7, 14, 21, or 42 days. Tissue from four adult rats was used as  
controls.

Sciatic Nerve Transection and Resection
A 5–7  mm segment from the sciatic nerve was unilaterally 
resected below the obturator tendon. The wound was sutured to 
avoid contact between the proximal and distal ends.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


34

Lindholm et al. Semaphorins in Dorsal Root Injury

Frontiers in Neurology | www.frontiersin.org February 2017 | Volume 8 | Article 49

Sciatic Nerve Crush (SNC)
The sciatic nerve was pressed one time with a pair of tweezers 
for 30 s, just below the obturator tendon. The wound was then 
inspected under a microscope to ensure that the crush was cor-
rectly performed.

The animals were killed with an overdose of pentobarbital 
(15 mg per 100 g body weight), and the L5–L6 dorsal root gangli-
ons were taken out and frozen on a chuck.

embryonic Tissue
In addition to tissue from injured and non-injured adult rats, 
tissue from normal embryonic and new-born rats was used 
as positive controls due to the high levels of expression of the 
studied factors in embryonic and new-born tissue. Tissue from 
normal Sprague-Dawley rat embryos was obtained by killing 
pregnant female rats by CO2 overdose and collection by cesar-
ean section at embryonic days 16 (E16, n = 1) or 18 (E18, n = 2). 
The first sperm-positive day of the dam was considered E0. In 
addition, new-born rats were anesthetized by hypothermia 
and killed by decapitation at postnatal day 0.5 (P0.5, n = 1) or 
postnatal day 4.5 (P4.5, n = 1). Noon of the day of delivery was 
considered P0.5. After decapitation the head, spinal cord and 
ventral root were rapidly fresh frozen as described above.

The use of animals for all experiments was approved by the 
local ethical committee for animal experimentation (Stockholms 
Norra Försöksdjursetiska Nämnd, N5/99, N366/01).

surgery and collection of Tissues 
in clinical Material
Cervical dorsal root ganglia whose roots were avulsed from the 
spinal cord were obtained in one female and four male patients 
(age range 18–44 years), all with traumatic injuries to their bra-
chial plexus with delay between injury and collection of tissue at 
operation ranged between 1 day and 6 weeks. The ganglia were 
removed as a necessary part of the surgical repair procedure. 
In  all cases, informed personal consent from each individual 
patient was obtained for tissue collection. Each ganglion was snap 
frozen in liquid nitrogen.

In Situ hybridization
Fresh-frozen DRG tissue was cut in an RNAse free environment 
on a cryostat (Microm HM 500  M, Heidelberg, Germany) in 
14-μm-thick transverse sections from Rattus norvegicus thawed 
onto Probe-on object-slides (Fisher Scientific, Pittsburgh, PA, 
USA) and stored in black, sealed boxes at −70°C until used. 
Synthetic oligonucleotides were synthesized (CyberGene AB, 
Huddinge, Sweden). The sequence of the probes was checked in a 
GeneBank database search to exclude significant homology with 
other genes. The synthesized oligonucleotides were:

  5′ TGG TCT CGC AGC ACT GAC ACC TCC CTC TCC 
AGC ATC TCG ATT CGG CTC AA 39, complementary to 
nucleotides 3,274–3,323 of the mRNA encoding Rattus nor-
vegicus J1-160/180 mRNA (GenBank Accession No. Z18630);

  ACA AAG GCC GGG GCA CTC TCA AGG GAG CAG CAA 
CAA GTG GAA GCA CAT GC, which is complementary to 

nucleotides 2,205–2,254 of the Rattus norvegicus mRNA for 
semaphorin III/collapsin-1 (Genebank accession X95286);

  GGG GTC TGG GCT CAG GGG AGG GGA AGT CAC 
AAA TGC AGC TGC CTT GGC CC, complementary to 
nucleotides 889–938 of the mRNA for the Rattus norvegicus 
collapsin response mediator protein (Genebank U52095);

  5′ AGC AGA CGA GCC GCG CCT TCA GGA ATG TGC 
TCC ACT TGT TGA CCA GGC AA 3′ complementary to 
nucleotides 1,143–1,192 of Homo sapiens SEMA3F, mRNA 
(Genbank accession HSU38276), which is 97% identical with 
Mus musculus, semaphorin 3 F;

  5′ CAG ATC CTC CAA GAC ACT GAG CTG AGC TCC 
AAT GCG CAC AGC CCG GTG GA 3′ complementary to 
nucleotides 1,475–1,524 of Rattus norvegicus (SEMA4F), 
mRNA (Genbank accession NM_019272.1);

  5′ TGG GCC AGG ATG CAC TCT GAG CAG CTC TGG 
AGA CGG CCA CAG TTG GTT GT 3′ complementary to 
nucleotides 1,079–1,128 of Homo sapiens semaphorin 4F 
mRNA (Genbank accession NM_004263.1);

  5′ AAC AGG CAC AGT ACA GCA CGA CCC CAC AGA 
CAG CCC CCA GGA GGA CCC CC 3′ complementary 
to nucleotides 2,601–2,650 of Homo sapiens NP1 mRNA 
(Genbank accession XM_005798.2);

  GCA CAA CTC CAC AGA CTG CAC CCA GGA GCA CCC 
CCA GGG CAC TCA TGG CT complementary to nucleo-
tides 2,580–2,629 of Rattus norvegicus neuropilin mRNA 
(Genebank AF018957);

  CCA CGT CTG CGG GCG GAT CCT GAT GAA ACG AGT 
CAA CAG CGG CGT GTG CA complementary to nucleo-
tides 1,504–1,553 of Rattus norvegicus neuropilin-2 mRNA 
(Genebank AF016297);

  5′ GTC TGT CCA GTC ACA GCC CAG CAC CTC CAG 
CCG CAT CCC AAT CCC CGC CG 3′ complementary 
to nucleotides 1,739–1,788 of Homo sapiens NP2 mRNA 
(Genbank accession XM_002670.2);

  5′ CTG GGG CTG GGG GCG GTG TCT GTC TGT CTG 
TCC GTC AGC GCG ACT GGT CA 3′ complementary 
to nucleotides 157–206 of Homo sapiens VEGF mRNA 
(Genbank accession AF022375.1);

  5′ TCG ACG GTG ACG ATG GTG GTG TGG TGG TGA 
CAT GGT TAA TCG GTC TTT CC 3′ complementary 
to nucleotides 365–414 of the mRNA encoding rat VEGF 
(GeneBank accession AF062644).

The probes were labeled at the 3′-end with deoxyadenosine- 
alpha-(thio)triphosphate -35S- (NEN, Boston, MA, USA) by 
using terminal deoxynucleotidyl transferase (Amersham 
Pharmacia Biotec, Uppsala, Sweden) and hybridized to the 
sections, without pretreatment, for 16–18  h at 42°C. The 
hybridization mixture contained: 50% formamide (G.T. Baker 
Chemicals B W, Deventer, The Netherlands), 4 × SSC (1 × SSC 
is 0.15 M NaCl and 0.015 M sodium citrate), 1 × Denhardt’s 
solution (0.02% each of polyvinyl-pyrrolidone, bovine serum 
albumin and Ficoll), 1% Sarcosyl (N-lauroylsarcosine; Sigma-
Aldrich), 0.02 M phosphate buffer (pH 7.0), 10% dextran sulfate 
(Amersham Pharmacia Biotec), 500 µg/ml sheared and heat-
denatured salmon sperm DNA (Sigma-Aldrich), and 200 mM 
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FigUre 1 | Photomicrographs showing representative sections 
from dorsal root ganglia after in situ hybridization for detection of 
semaphorin 3a (seMa3a) (a,B), neuropilin 1 (nP1) (c,D), neuropilin 
2 (nP2) (e,F), J1 (g), or vascular endothelial growth factor (VegF) 
mrna (h). (a) (=bright field) and (B) (=dark field), two neurons in a DRG 
from a patient treated for root avulsion injury is shown. In dark field 
illumination it is possible to see that the neuron indicated with arrows has a 
positive labeling signal for SEMA3A, whereas the neuron indicated by an 
asterisk is unlabeled. Panel (c) is a low magnification micrograph showing 
a rat DRG hybridized with a NP1 antisense probe. Panel (D) shows a 
section from a DRG one week after dorsal root transection. The labeling 
signal for NP1 is clearly upregulated in Panel (D). Panels (e,F) show DRG 
from a control rat (e) and a rat subjected to dorsal root transection (F) 
after hybridization with a NP2 antisense probe. The labeling signal for NP2 
was clearly higher after dorsal root transection (F) than in the control DRG 
(e). The micrograph 1G shows a section from a rat DRG 1 week after 
dorsal root transection after hybridization with a J1 antisense probe. A 
number of neurons displayed a positive labeling for J1, although at a 
similar level as in control rats. The micrograph 1H shows a section from a 
rat DRG 1 week after dorsal root transection. The small neuron that is 
indicated by the arrows had a fairly high labeling signal for VEGF mRNA.
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dithiothreitol (DTT; Sigma-Aldrich). Following hybridization, 
the sections were washed several times in 1 × SSC for 15 min 
at 60°C, rinsed in distilled water, and dehydrated in ascend-
ing concentrations of ethanol. The sections were then coated 
with NTB2 nuclear track emulsion (Kodak, Rochester, NY, 
USA). After 3–5 weeks, the sections were developed in D-19 
developer (Kodak) for 5  min at room temperature and fixed 
in AL-4 fixative (Kodak) for 5  min. Finally, the slides were 
counterstained with cresyl violet (Sigma C5042, USA) and then 
dehydrated in ascending concentrations of ethanol, mounted 
in Entellan (Histolab products AB, Göteborg, Sweden), and 
coverslipped.

image analysis
The hybridization signal was recorded with a 40× objective in 
a Leica DM RBE microscope equipped with a dark-field con-
denser (Leica, Wetzlar, Germany) and digitized at a final linear 
magnification of 400× using a Kappa video camera (Mikroskop 
System, Näsviken, Sweden) and a Perceptics PixelBuffer image 
grabber card (Parameter AB, Stockholm, Sweden) mounted 
in an Apple Macintosh computer (Apple Inc., USA). The gray 
scale of the darkfield image was adjusted and segmented by 
using the “enhance contrast” and “density slicing” features of 
the NIH Image software (version 1.55), National Institutes of 
Health Image software (version 1.55, Bethesda, MD, USA). 
After that the contour of the cell-soma had been outlined 
manually, the density of silver grains over neuronal profiles in 
the dorsal root ganglia could be assessed automatically. Cells 
having a hybridization signal of three times the background 
level or higher were considered positive. For each neuron 
studied, separate recordings of the area of the soma and the 
area covered by silver grains were obtained. These data allowed 
for a calculation of labeling intensity (particle density), over 
each analyzed neuron. Six spinal cord sections, derived from all 
three of the animals in each experimental group, were analyzed. 
They were randomly selected, but in a few cases, sections were 
excluded due to artifacts. Statistical evaluation of the counts 
was performed using Prism 2.0 (GraphPad Inc., USA) software. 
Images were sampled directly from the microscope, using a 
Nikon 950 and 990 digital camera (Bergström Instrument AB, 
Solna, Sweden). Representative digital images were mounted 
with Adobe InDesign software (Adobe Systems Inc., USA) and 
used for illustration.

statistics
When comparing the density, in series with three or more dif-
ferent animals or humans, of the silver grains located to neurons 
in the affected sides DRG’s, we have used the one-way ANOVA 
Kruskal–Wallis statistics (Dunn’s Multiple Comparison Test). 
When it has been only two humans we have used the Mann–
Whitney’s t-test.

resUlTs

The embryonic tissue was used as a positive control of the differ-
ent mRNA probes and expression patterns similar to what has 
previously described was found (25, 29–32).

Examination of sections incubated with the radiolabeled 
SEMA3A antisense probe showed that many, but not all, DRG 
neurons in both rats and humans had a strong labeling signal 
(Figure 2). Image analysis revealed that there was a trend for 
down regulation of SEMA3A mRNA in the DRG of rats subjected 
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FigUre 2 | (a–c) illustrate the relative density of labeling for semaphorin 3A (SEMA3A) mRNA in dorsal root ganglion neurons at different survival times (expressed 
in days = d) after dorsal root transection (a) or sciatic nerve transection (=SNT) or sciatic nerve crush (=Cr) (B). Each dot represents an analyzed neuron and a 
horizontal bar indicates the median density at each survival time. The asterisks refer to results obtained with one-way ANOVA Kruskal–Wallis statistics (Dunn’s 
Multiple Comparison Test; ***a difference between controls and the experimental group that is significant according to the test; P < 0.001). Panel (a) illustrates that 
there was a transient down regulation in the expression of SEMA3A mRNA after dorsal root transection, whereas the expression of SEMA3A was largely unchanged 
after sciatic nerve injury (B). Panel (c) is a density plot for SEMA3A mRNA in human dorsal root ganglion neurons in two patients who had sustained root avulsion 
injury. Horizontal bar indicates the median density. (D) The diameter (expressed in microns) of the examined dorsal root ganglion neurons (DRG) has been plotted 
against the labeling density for SEMA3A mRNA in control rat DRG and at different survival times after dorsal root transection. Each examined neuron is represented 
by a dot in the diagram. In the control diagram is shown that many of the small DRG neurons had a high labeling density. The observed down regulation in SEMA3A 
after dorsal root transection appeared to affect the small neurons more profoundly than the larger ones. One year after the injury, the size distribution of the labeled 
neurons was found to be largely restored.
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to dorsal rhizotomy. The expression of SEMA3A mRNA reached 
it lowest level at 21  days after the injury. The mean particle 
density (i.e., the fraction of the area of the examined DRG 
neurons that was covered by silver grains) was about 4.6% at 
this stage, to be compared with 18.5% in control DRG neurons. 
These values were obtained by recording labeling density in 
about 100 neurons that were randomly selected in three differ-
ent rats at each survival time. Although, it may be argued that 
the measurements are not independent, these recorded values 
from individual neurons were analyzed using one-way ANOVA 
Kruskal–Wallis statistics (Dunn’s Multiple Comparison Test), 
which indicated that SEMA3A mRNA was significantly down 
regulated in the DRG (P < 0.001) 3, 7, and 21 days after the dor-
sal root injury. The labeling was gradually restored and reached 
a mean value of 18.7% 1 year after the operation. Thus, at 1 year 

after the trauma, there was no significant difference between 
control and experimental DRG (Figure  2A). This transient 
down regulation in the labeling intensity was most pronounced 
in the small DRG neurons (Figure 2D). Examination of sections 
from rats subjected to sciatic nerve transection (SNT) or SNC 
showed that the labeling signal for SEMA3A in the DRG was 
largely unaltered after these injuries. Dunn’s test indicated a 
transient upregulation of the SEMA3A signal 3 days after SNT 
but not after SNC. The signal was normalized 14 days after the 
injury (Figure 2B). The labeling intensity in DRG from patients 
who had sustained root avulsion injury was similar to what had 
been observed in rats (Figures 2A,C).

In sections from normal rat DRG that had been hybridized 
with a SEMA3F antisense probe, there was a significant labeling 
signal in virtually all DRG neurons. We found a trend for down 
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FigUre 3 | This diagram illustrates the relative density of labeling for semaphorin 3F (seMa3F) and semaphorin 4F (seMa4F) mrna in dorsal root 
ganglions neuron at different survival times (expressed in days = d) after dorsal root transection (a) or sciatic nerve transection (=snT) or sciatic 
nerve crush (snc) (=cr) (B). Each dot represents an analyzed neuron and a horizontal bar indicates the median density at each survival time. The asterisks refer 
to results obtained with one-way ANOVA Kruskal–Wallis statistics (Dunn’s Multiple Comparison Test; ***a difference between controls and the experimental group 
that is significant according to the test; P < 0.001). Panel (a) illustrates that there was a transient down regulation in the expression of SEMA3F mRNA after dorsal 
root transection whereas the expression of SEMA3F was significantly upregulated after sciatic nerve injury (B). Panels (c,D) illustrate the relative density of labeling 
for SEMA4F mRNA in dorsal root ganglion neurons at different survival times (expressed in days = d) after dorsal root transection (c) or sciatic nerve transection 
(=SNT) or SNC (=Cr) (D). Each dot represents an analyzed neuron and a horizontal bar indicates the median density at each survival time. The asterisks refer to 
results obtained with one-way ANOVA Kruskal–Wallis statistics (Dunn’s Multiple Comparison Test; ***a difference between controls and the experimental group that 
is significant according to the test; P < 0.001). Panel (c) illustrates that there was a transient down regulation in the expression of SEMA4F mRNA after dorsal root 
transection whereas the expression of SEMA4F showed a transient upregulation after sciatic nerve injury (D). Panel (e) is a density plot for SEMA4F mRNA in 
human dorsal root ganglion neurons in two patients who had sustained root avulsion injury. Horizontal bar indicates the median density.
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regulation of labeling with the radiolabeled SEMA3F antisense 
probe in rats subjected to dorsal root transection (Figure 3A). 
A decrease in mean labeling was observed from day 5 and 
reached the lowest value at 3  weeks (P  <  0.001) after the 
operation. The labeling signal was then gradually restored and 
was completely restored 1 year after the operation (Figure 3A). 
The labeling for SEMA3F was significantly upregulated in all 
rats subjected to sciatic nerve lesions (Figure  3B). Similar 
trends were observed in sections hybridized with a SEMA4F 
antisense probe. Thus, a transient downregultion was observed 
in rats subjected to dorsal root lesion (Figure 3C), whereas a 
transient upregulation in the labeling signal for SEMA4F could 

be detected in rats subjected to SNT or SNC (Figure  3D). 
Labeling with the probe for human SEMA4F in sections of 
DRG from patients after root avulsion seemed to correspond 
fairly with the findings in rats (Figures  3C,E) with regard to 
intensity and distribution.

In sections from DRG of normal rats incubated with the 
NP1 antisense probe, there was a detectable labeling signal in 
many of the DRG neurons (Figure 1). This signal was found to 
be clearly up regulated both after dorsal root lesion (Figures 1 
and 4A) and after sciatic nerve injury (Figure  4B). This 
upregulation did not seem to be specific for any size-class of 
DRG neurons (Figure 4C). With exception for rats surviving for 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


FigUre 4 | Diagram illustrating the relative density of labeling for neuropilin 1 (nP1) mrna in dorsal root ganglion neurons at different survival times 
(expressed in days = d) after dorsal root transection (a) or sciatic nerve transection (=snT) or sciatic nerve crush (=cr) (B). Each dot represents an 
analyzed neuron and a horizontal bar indicates the median density at each survival time. The asterisks refer to results obtained with one-way ANOVA Kruskal–Wallis 
statistics (Dunn’s Multiple Comparison Test; ***a difference between controls and the experimental group that is significant according to the test; P < 0.001). There 
was a transient upregulation in the expression of NP1 mRNA after dorsal root transection [panel (a) and after sciatic nerve injury panel (B)]. (c) The diameter 
(expressed in microns) of the examined dorsal root ganglion neurons (DRG) has been plotted against the labeling density for NP1 mRNA in control rat DRG and at 
different survival times after dorsal root transection. Each examined neuron represents a dot in the diagram. The observed upregulation in NP1 after dorsal root 
transection appeared to affect neurons in all size classes.
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42 days after SNC, the difference between normal and operated 
rats was significant at all survival times according to Dunn’s 
test. Almost identical results were obtained with the probe for 
NP2. Thus, a large number of the DRG neurons in control rat 
ganglia had a significant labeling for NP2 (Figure  1), and this 
signal was clearly upregulated in rats subjected to dorsal root 
transection (Figure  1) or sciatic nerve injury. With exception 
for rats surviving for 42 days after SNC, the labeling signal was 
elevated at all survival times both after dorsal root lesion and 
sciatic nerve lesions (Figures  5A,B) and the changes did not 
appear to be size specific (Figure 5C).

Also in sections hybridized with the VEGF probe, there was a 
significant upregulation of the labeling signal at all survival times 
after dorsal root lesion (Figure 6A). Although, still significantly 
upregulated according to Dunn’s test, there seemed to be gradual 
normalization in the labeling 1  year after the operation. The 
upregulation of labeling for VEGF affected neurons of all sizes 
(Figure 6C). The labeling for VEGF in DRG of patients treated 
for avulsion injury (Figure 6B) was similar to the findings in rats 
subjected to dorsal root lesion.

The labeling for J1 mRNA showed two different patterns. With 
the possible exception for the first postoperative day, there were 
no detectable changes in the labeling for J1 after dorsal root tran-
section (Figure 7A), whereas there was a significant upregulation 
in the signal for J1 at all examined stages after sciatic nerve injury 
(Figure 7B).

DiscUssiOn

In this study, we do investigate the expression of SEMA, neu-
ropilins, and tenascin in different injury models to the dorsal 
spinal roots. The injuries are either applied to the central axon 
of the dorsal root (DRT), i.e., the root central to the dorsal 
root ganglion (DRG), or to the peripheral axon [sciatic nerve 
transection (SNT) and SNC], the part peripheral to the DRG. 
These two different injuries to the same neuron results in dif-
ferent regenerative responses, making them interesting models 
for the study of nerve regeneration and thus for study of nerve 
guidance molecules, such as SEMA. After an injury to the central 
axon of DRG neurons, the axons are less able to regenerate 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


FigUre 5 | Diagram illustrating the relative density of labeling for neuropilin 2 (nP2) mrna in dorsal root ganglion neurons at different survival times 
(expressed in days = d) after dorsal root transection (a) or sciatic nerve transection (=snT) or sciatic nerve crush (snc) (=cr) (B). Each dot represents 
an analyzed neuron and a horizontal bar indicates the median density at each survival time. The asterisks refer to results obtained with one-way ANOVA Kruskal–
Wallis statistics (Dunn’s Multiple Comparison Test; ***a difference between controls and the experimental group that is significant according to the test; P < 0.001). 
Panel (a) illustrates that there was a transient upregulation in the expression of NP2 mRNA after dorsal root transection. The expression of NP2 in DRG neurons was 
also found to be increased after sciatic nerve injury (B). (c) The diameter (expressed in microns) of the examined dorsal root ganglion neurons (DRG) has been 
plotted against the labeling density for NP2 mRNA in control rat DRG and at different survival times after dorsal root transection. Each examined neuron represents a 
dot in the diagram. The observed upregulation in NP2 after dorsal root transection could be observed in neurons of all size classes.
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then after injuries to the peripheral axons of the DRG neurons 
that instead are followed by strong regenerative capacity (1, 2). 
This interesting difference has been studied in various ways, 
and it has for example been shown that the growth associated 
protein GAP-43, a molecular marker for regenerative response 
after nerve injury (33) is upregulated in DRG neurons after an 
injury to the peripheral DRG axon but not to the central DRG 
axon (34). Interestingly, the regeneration of the central DRG 
axon can be enhanced by concurrent injury to the peripheral 
DRG axon (2, 35–37), and such injuries do result in cellular 
responses in DRG neurons typical for a regenerative state, 
including induction of GAP-43 (34). These kind conditional 
injuries can also support regeneration of dorsal root axons to 
enter the spinal cord (3).

Another marker for regenerative responses after nerve injury, 
activating transcription factor 3 has been studied after injuries 
to DRG axons and do show a pattern similar to GAP-43 with a 
strong upregulation in DRG neurons after peripheral axon injury 
but a much less pronounced expression after central DRG axon 
injury (38).

We have also previously studied the expression of SEMA and 
VEGF in an injury model where motoneuron axons are cut in the 

ventral funiculus within the spinal cord (15, 16, 39). This is an 
injury model followed by successful regeneration of the injured 
motoneuron axons through the scar tissue and in to ventral roots 
(7), which enables us to compare the expression pattern of the 
SEMA in the present study with the expression of the same factors 
in a model with successful regeneration.

We show in this study that mRNA for SEMA3A in the DRG 
neurons was significantly downregulated after a DRT and that 
its receptor, NP1, showed an instant mRNA upregulation in the 
DRG following DRT, SNT, and SNC, the latter being opposite to 
findings from Gavazzi and colleagues who reported an upregula-
tion of NP1 in DRG after SNT but no changes in NP1 mRNA after 
DRT (40). If considering that DRT is followed by a less vigorous 
regrowth of axons, it is reasonable to speculate that the down 
regulation of SEMA3A as shown by us reflects that SEMA3A 
could be of importance for nerve regrowth in injured DRG. 
Decreased expression of SEMA3A in motor and sensory neurons 
during peripheral nerve regeneration has indeed been discussed 
as a molecular event that is part of the adaptive response related to 
the success of regenerative neurite outgrowth occurring periph-
eral nerve injury (41). We have in a previous publication also 
described increased levels of SEMA3A in both neurons and scar 
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FigUre 6 | The diagram shown in panel (a) illustrates the relative density of labeling for vascular endothelial growth factor (VegF) mrna in dorsal 
root ganglion neurons at different survival times (expressed in days = d) after dorsal root transection. Each dot represents an analyzed neuron and a 
horizontal bar indicates the median density at each survival time. The asterisks refer to results obtained with one-way ANOVA Kruskal–Wallis statistics (Dunn’s 
Multiple Comparison Test; ***a difference between controls and the experimental group that is significant according to the test; P < 0.001). There was a distinct 
increase in the expression of VEGF mRNA after dorsal root transection. Panel (B) is a density plot for VEGF mRNA in human dorsal root ganglion neurons from five 
different patients who had sustained root avulsion injury. It can be revealed that the labeling in these patients had a similar intensity as the labeling that was observed 
in rats subjected to dorsal root transection. (c) The diameter (expressed in microns) of the examined dorsal root ganglion neurons (DRG) has been plotted against 
the labeling density for VEGF mRNA in control rat DRG and at different survival times after dorsal root transection. Each examined neuron is represented by a dot in 
the diagram. The observed upregulation in VEGF after dorsal root transection appeared to affect neurons of all sizes.

40

Lindholm et al. Semaphorins in Dorsal Root Injury

Frontiers in Neurology | www.frontiersin.org February 2017 | Volume 8 | Article 49

tissue in a model followed by successful nerve regeneration of 
motoneuron axons (15) making the described down regulation of 
SEMA3A in a model followed by less successful nerve regenera-
tion interesting. Others have also demonstrated that upregula-
tion of SEMA3A, SEMA3F, NP1, and NP2 are correlated with 
regrowth in peripheral nerve injuries where expression of these 
factors were found mainly in Schwann cells distal of the injury 
(42, 43), again pointing toward possibly positive nerve growth 
guidance capacities of SEMA3A.

On the other hand, do we in this study not find a consistent 
upregulation of SEMA3A after SNT and SNC, SNT 3d postop-
eratively being an exception, see Figure 2B, even though these 
kind of injuries are known to be followed by nerve regeneration 
(1). SEMA3A is secreted and not membrane bound, which could 
be of importance for the interpretation of our findings. It might 
not be that the expression of SEMA3A we find have an impact on 
the DRG neurons directly but rather on peripheral targets such 

as the dorsal horn where others have found increased expression 
of the SEMA3A receptor NP1 after dorsal root rhizotomy (44). 
In this way, the secreted SEMA3A could possibly interact with 
NP1 at the dorsal horn and be a part in the well described inhibi-
tion of regenerating DRG neuritis over the CNS-PNS border of 
the dorsal horn (3).

Our findings show a striking trend for downregulation of 
mRNA for SEMA3F during the examined period after DRT, with 
a decrease from 42 days and normalization at 1-year post-trauma. 
On the other hand, did SEMA3F mRNA show an early significant 
upregulation after SNT. The former finding do correspond to our 
findings on dorsal root injury and downregulation of SEMA3A 
as shown in Figure 2, while the latter do not correspond to the 
findings of unchanged SEMA3A levels after sciatic injury. We 
have previously described that mRNA for SEMA3F has a strong 
expression in the ventral root on the injured side after a ventral 
funiculus lesion in adult rats (15), thus in a model followed by 
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FigUre 7 | This diagram illustrates the relative density of labeling for J1 mrna in dorsal root ganglion neurons at different survival times (expressed 
in days = d) after dorsal root transection (a) or sciatic nerve transection (=snT) or snc (=cr) (B). Each dot represents an analyzed neuron and a 
horizontal bar indicates the median density at each survival time. The asterisks refer to results obtained with one-way ANOVA Kruskal–Wallis statistics (Dunn’s 
Multiple Comparison Test; ***a difference between controls and the experimental group that is significant according to the test; P < 0.001). Panel (a) illustrates that 
the expression of J1 mRNA was largely unchanged after dorsal root transection, whereas the expression of J1 was clearly upregulated after sciatic nerve injury (B).

successful regeneration, which might indicate that the down-
regulation shown after DRT reflects the weak regeneration shown 
after this injury. We observed a significant downregulation of 
mRNA for SEMA4F in the DRG neurons after a DRT. On the 
other hand, in the same time, the labeling of mRNA for SEMA4F 
was instantly higher in the DRG following SNT and SNC. This 
implicates a role in the post-traumatic regenerative response of 
adult axotomized DRG neurons.

Vascular endothelial growth factor is a secreted mitogen 
with importance in regulation of angiogenesis and vascular 
permeability. Induction of VEGF has been reported both after 
traumatic spinal cord injuries (16). It has been shown that VEGF 
do have a direct neurotropic/neuroprotective function (45, 46). 
For example, Sondell and coworkers have shown that VEGF165 
could stimulate axon outgrowth from DRG in  vitro (45). It is 
known that the neuropilin receptors 1 and 2, NP1 and NP2, 
are not only receptors for the SEMA but does also function as 
co-receptors for VEGF165 (47) and are as such of importance for 

the VEGF mediated rearrangement of the actin skeleton in the 
nerve growth cone (48, 49). Thus, the neuropilins are receptors 
for two unrelated ligands: SEMA acting as inhibitors of axon 
growth and VEGF acting as an angiogenic and neurotropic 
factor. The interplay between VEGF and SEMA are not yet fully 
understood, but it has been shown that VEGF165 and SEMA do 
compete for the binding sites of NP1 (50). In this work, we did 
also find a strong upregulation of VEGF mRNA in DRG neurons 
after dorsal root lesions. We did also find an upregulation of 
the VEGF co-receptors NP1 and NP2 mRNA that coincide 
in time with the upregulation of VEGF. In addition, SEM3A 
mRNA is promptly downregulated during the same time. Since 
VEGF and SEMA3A both binds to the NP receptors (47), this 
could imply that there is an interaction between VEGF and 
SEMA3A in  vivo in our injury model system and that VEGF 
could compete with SEMA3A in the binding to the NP recep-
tors. This, in turn, could have a positive impact on the axon 
growth from DRG neurons after dorsal root lesions. Others 
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Knowledge of the average size and variability of the human spinal cord can be of impor-
tance when treating pathological conditions in the spinal cord. Data on healthy human 
spinal cord morphometrics have been published for more than a century using different 
techniques of measurements, but unfortunately, comparison of results from different 
studies is difficult because of the different anatomical landmarks used as reference points 
along the craniocaudal axis for the measurements. The aim of this review was to compute 
population estimates of the transverse and anteroposterior diameter of the human spinal 
cord by comparing and combining previously published data on a normalized craniocau-
dal axis. We included 11 studies presenting measurements of spinal cord cross-sectional 
diameters, with a combined sample size ranging from 15 to 488 subjects, depending on 
spinal cord level. Based on five published studies presenting data on the lengths of the 
segments of the spinal cord and vertebral column, we calculated the relative positions 
of all spinal cord neuronal segments and vertebral bony segments and mapped mea-
surements of spinal cord size to a normalized craniocaudal axis. This mapping resulted 
in better alignment between studies and allowed the calculation of weighted averages 
and standard deviations (SDs) along the spinal cord. These weighted averages were 
smoothed using a generalized additive model to yield continuous population estimates 
for transverse and anteroposterior diameter and associated SDs. The spinal cord had the 
largest transverse diameter at spinal cord neuronal segment C5 (13.3 ± 2.2), decreased 
to segment T8 (8.3 ± 2.1), and increased slightly again to 9.4 ± 1.5 at L3. The antero-
posterior diameter showed less variation in size along the spinal cord at C5 (7.4 ± 1.6), 
T8 (6.3 ± 2.0), and L3 (7.5 ± 1.6). All estimates are presented in millimeters ± 2 SDs. 
We conclude that segmental transverse and anteroposterior diameters of the healthy 
human spinal cord from different published sources can be combined on a normalized 
craniocaudal axis and yield meaningful population estimates. These estimates could be 
useful in routine management of patients with neurodegenerative diseases as well as for 
clinical research and experimental applications aimed at surgical spinal cord repair.

Keywords: spinal cord, reference point conversion, morphometry, segmental diameter, vertebral segment, 
neuronal segment

Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; C, cervical; T, thoracic; L, lumbar; S, sacral.
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TaBle 1 | studies presenting measurements of the cross-sectional diameter of the human spinal cord included in this review.

article Method reference point segments measured number of subjects

Elliot (23) Postmortem examination Neuronal C5, T6, L5 102
Nordqvist (16) Postmortem X-ray myelography Vertebral C2-L1 18
Thijssen et al. (17) In vivo CT myelography Vertebral C1-T1 20
Lamont et al. (18) In vivo X-ray myelography Vertebral C1-T1 69
Sherman et al. (4) In vivo MRI Vertebral C1-T3 66
Kameyama et al. (19) Postmortem examination Neuronal C2-T1 14
Kameyama et al. (19) Postmortem examination Neuronal C7 152
Kameyama et al. (20) Postmortem examination Neuronal C2-S3 12
Fountas et al. (21) In vivo CT myelography Vertebral C2-C7 102
Ko et al. (22) Postmortem examination Neuronal C3-S5 15
Zaaroor et al. (5) In vivo MRI Vertebral C1-L1 20

C, cervical; T, thoracic; L, lumbar; CT, computed tomography; MRI, magnetic resonance imaging.
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inTrODUcTiOn

The spinal cord constitutes the main channel of afferent and effer-
ent signaling between the body and the brain, and pathology in 
the spinal cord typically leads to significant lifelong functional 
deficits in afflicted patients, regardless of traumatic or autoim-
mune etiology (e.g., spinal cord injury and multiple sclerosis).

Knowledge of the average size and variation of the human 
spinal cord can be of importance when treating pathological 
conditions in the spinal cord. It is known that patients suffer-
ing from multiple sclerosis have a reduced cross-sectional area 
compared to healthy matched controls (1). These case-control 
studies typically suffer from low power and without population 
estimates, it can be difficult to determine whether a specific 
patient should be considered to have a pathologically small 
spinal cord. Furthermore, many experimental strategies for the 
treatment of acute and chronic traumatic spinal cord injuries 
are in different phases of development (2). In all studies where 
a premade device, instrumentation, or otherwise physical object 
needs to be applied to the spinal cord, the population estimates 
of spinal cord size are of importance because they represent the 
variation in physical dimensions that will be encountered when 
operating on patients.

Data on healthy human spinal cord morphometrics have been 
published for more than a century using different techniques of 
measurements and different reference points along the craniocau-
dal axis of the spinal cord. Imaging techniques such as computed 
tomography (CT) can be used to detect soft-tissue changes and 
damage to vertebrae, while magnetic resonance imaging (MRI) is 
most appropriate for defining neuronal tissue (3–5). Voxel-based 
techniques, implemented on MRI images, are available for spinal 
cord cross-sectional area measurement as a means for fast and 
comprehensive assessment of volumetric changes (6). Although 
these imaging techniques give important information about the 
existence of damage to vertebrae and/or neuronal tissue, the 
techniques do not provide an exact methodology for determin-
ing the location and morphometries of an affected spinal cord 
neuronal segment. The main disadvantage with the radiological 
approaches is inadequate resolution. Therefore, histological 
studies have also been implemented. However, neuronal tissue 
does not retain shape postmortem, introducing other technical 
challenges and possible bias.

The human spinal cord is made up of 30 neuronal segments 
distributed along the spinal cord in eight cervical, 12 thoracic, 
5 lumbar, and 5 sacral segments. The spinal cord is positioned 
in the vertebral canal of the vertebral column. The vertebral 
column is made up of 24 segments with 7 cervical, 12 thoracic, 
and 7 lumbar segments. However, the spinal cord terminates 
approximately between lumbar vertebrae L1 and L2, and, there-
fore, the 30 spinal cord neuronal segments are distributed over 
20 vertebral bony segments. Most radiological techniques can-
not determine spinal cord neuronal segment level, but instead, 
rely on reporting the vertebral bony segment level. In contrast, 
postmortem studies commonly rely on the spinal rootlets for 
determining spinal cord neuronal segmental level. Comparison 
between and combination of results from different studies are 
inherently difficult because of the diverse anatomical landmarks 
used for the measurements.

This review sought to compute population estimates of the 
transverse and anteroposterior diameter of the entire human 
spinal cord by comparing and combining previously published 
data on a normalized craniocaudal axis.

MaTerials anD MeThODs

studies and Data
Inclusion in the Analysis
We searched PubMed for original research publications report-
ing morphometric data on the human spinal cord. Studies not 
found in PubMed but referred to in the included studies were 
also added. Table 1 shows the studies presenting cross-sectional 
measurements of the human spinal cord, while Table  2 shows 
the studies presenting longitudinal measurements along the 
craniocaudal axis of the spinal cord neuronal segments. We also 
included three studies presenting the length of the vertebral bony 
segments in Table 2 (7–9).

Extracting Data from Studies
Most of the studies included did not present the raw data from 
their measurements; instead, averages and standard deviations 
(SDs) were provided. Some studies presented their data in graphi-
cal instead of numerical format. To ensure correct extraction of 
data from these studies, we imported images of the graphs into a 
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TaBle 2 | studies presenting measurements of the length of the human spinal cord neuronal segments and verebral bony segments included in this 
review.

article Method reference point segments measured number of subjects

Donaldson and Davis (24) Postmortem examination Neuronal C1-S5 4
Panjabi et al. (7–9) Postmortem examination Vertebral C2-L5 12
Ko et al. (22) Postmortem examination Neuronal C3-S5 15
Cadotte et al. (10) In vivo MRI Neuronal/vertebral C3-C8/C3-C7 10

C, cervical; L, lumbar; S, sacral.
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CAD-program (Rhino 5 for Mac, Robert McNeel & Associates) 
and used the internal measurements tool to extract the precise 
values from the graphs.

relative lengths of segments
Calculating Relative Lengths of Spinal  
Cord Neuronal Segments
Using the data from the studies in Table  2, we calculated the 
relative length of each spinal cord neuronal segment by simply 
dividing the length of each segment by the total length of the 
spinal cord. By estimating the segmental diameter, the measure-
ments from the different studies were weighted according to the 
number of subjects (i.e., individuals) in each study.

Calculating Relative Lengths of Vertebral Bony 
Segments and Aligning Spinal Cord Neuronal 
Segments
Using the data from the studies in Table 2, we also calculated the 
relative length of each vertebral bony segment using the same 
method described above for the neuronal segments. A vertebral 
bony segment was defined as the vertebra and half of the two 
adjacent intervertebral disks. The disks were assumed to increase 
in size proportionally to the vertebrae.

There were no measurements for vertebral segments C1 and 
C2 in the studies that we found. Their respective ratios were 
approximated by aligning vertebral bony segments with spinal 
cord neuronal segments in the cervical region according to 
Cadotte et  al. (10). Specifically, the distance between the mid-
point of spinal cord neuronal segment C3 and vertebral bony 
segment C3 was set to 1.3 times the distance between spinal cord 
neuronal segments C3 and C4. Finally, we assumed that both 
the spinal cord and the vertebral column terminated at the same 
cranial level and divided the distance equally between C1 and 
C2 vertebral bony segments. Therefore, our calculated relative 
sizes of C1 and C2 should be considered approximations and 
interpreted with care.

relative Positioning of segments
Relative Positioning and Scaling of Spinal Cord 
Neuronal Segments and Vertebral Bony Segments
To align the spinal cord neuronal segments with the vertebral 
bony segments, we multiplied all cumulative percentages for 
vertebral bony segments by 1.29. This scaling factor was calcu-
lated by dividing the cumulative percentage of entire spinal cord 
(100%) with the cumulative percentage of the vertebral column 
at vertebral bony segment L1. This new scaling of vertebral bony 

segments set the caudal end of the L1 vertebral bony segment 
equal to the caudal end of spinal cord neuronal segment S5. As a 
result, the positioning depends on knowledge of the positions of 
the C3 and C4 spinal cord neuronal segments relative to the C3 
vertebral bony segment presented by Cadotte et al. (10) and the 
level of termination of the spinal cord between vertebral bony 
segments L1 and L2 (11).

Corrected Positioning of Transverse Diameter 
Measurements of the Human Cervical Spinal Cord
The positions of the segments shown in Figure 1 were used to 
find the correct relative positions of each cross-sectional meas-
urement along a normalized craniocaudal axis of the human 
spinal cord. Each measurement was placed as closely as possible 
to the anatomical position described by the original authors, with 
respect to the type of segmental reference used in the study (spi-
nal cord neuronal segment or vertebral bony segment) as well as 
the positioning on that specific segment (cranial end of segment, 
midpoint of segment, or caudal end of segment).

Evaluating the Corrected Positioning  
of Measurements
To estimate the effect of adjusted craniocaudal positions on trans-
verse diameter measurements of the human cervical spinal cord 
shown in Figure 2, we fitted a linear regression model, before and 
after correction of craniocaudal position:

 

Transverse Diameter Position
Position Study

  
 

~ *
* *

β

β β
1

2
2
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The squared term was added because the cervical spinal cord 
transverse diameter approximates the shape of a second-degree 
polynomial, and the dummy term study was added to correct for 
differences in intercept between the studies. Adjusted R-squared 
was used as a measure of alignment of the cervical intumescences 
between studies. Confidence intervals for the adjusted R-squared 
were estimated using a 1,000 iteration bootstrap.

Weighted averages
Calculating Weighted Averages and  
Variances along the Spinal Cord
To combine the cross-sectional measurements of the human 
spinal cord from all studies into single estimates, we calculated 
a moving weighted average. First, measurements from all stud-
ies were aligned along their correct position on our corrected 
craniocaudal axis described above and in Figures  1 and 2. 
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FigUre 2 | (a,B): with the relative positions of spinal cord neuronal segments and vertebral bony segments illustrated in Figure 1, we plotted measurements of the 
transverse diameter of the cervical spinal cord. In panel (a), the measurement of the transverse diameter of the spinal cord is not corrected for craniocaudal 
position, and, therefore, the cervical intumescence is misaligned between studies with different reference points. In panel (B) (corrected for craniocaudal position), 
the intumescence appears aligned. The difference in alignment was tested by fitting a second degree polynomial regression to the data points. Bootstrapping 
confidence intervals for the two estimates of R2 (for corrected and uncorrected, respectively) showed that the confidence intervals were non-overlapping, indicating 
a substantial improvement of alignment after correction.

FigUre 1 | Figure illustrates the relative positions of each neuronal spinal cord segment and vertebral bony segment in the human spine. Relative 
positions were calculated using data from Tables 3 and 4, together with relative positions of the C3-vertebral and C3-neuronal segment (10) and the mean spinal 
cord termination in the spinal canal at L1/L2 (11).
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Thereafter, starting at the cranial end, four consecutive meas-
urements of spinal cord diameter were combined into a single 
average, weighted by the number of subjects in the comprising 
studies for the four included measurements. The average posi-
tion along the craniocaudal axis of the four measurements was 
used as the new position for the weighted average. Next, the 
most cranial of the four measurements was dropped, and the 
closest measurement caudal to the three remaining measure-
ments was included to create a new group of four measure-
ments, with a new weighted average and a new position along 
the craniocaudal axis.

Moving weighted variances were calculated using the same 
method as described for the moving weighted averages. The 
calculated variances were then converted to weighted SDs.

Population estimates
Constructing Continuous Population Estimates  
with a Generalized Additive Model
To construct continuous population estimates and achieve 
further smoothing, a generalized additive model was used to fit 
the weighted averages and weighted SDs. We used the smooth-
ing function of ggplot2 (12) in R (13) with the formula y ~ s(x, 
k = 12), allowing a 12° polynomial function to fit the data.

Extracting Point Values of Continuous Population 
Estimates along the Spinal Cord
To facilitate comparison between our continuous population 
estimates and other studies, we extracted values for each spinal 
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TaBle 3 | relative lengths of human neuronal spinal cord segments.

segment Percentage  
of spinal cord

cumulative percentage  
of spinal cord

C1 1.6 1.6
C2 2.2 3.9
C3 3.5 7.3
C4 3.5 10.8
C5 3.5 14.3
C6 3.3 17.6
C7 3.2 20.8
C8 3.4 24.1
T1 3.6 27.7
T2 3.9 31.6
T3 4.4 36
T4 5 41
T5 5.1 46.1
T6 5.6 51.8
T7 5.6 57.4
T8 5.4 62.7
T9 5.1 67.8
T10 4.7 72.4
T11 4.3 76.7
T12 3.9 80.6
L1 3.6 84.2
L2 2.8 87
 L3 2.4 89.4
L4 2.2 91.6
L5 1.7 93.3
S1 1.5 94.9
S2 1.6 96.4
S3 1.4 97.8
S4 1.3 99.1
S5 0.9 100

With data from the articles in Table 2, we calculated the relative proportions of each 
spinal cord neuronal segment relative to the length of the whole spinal cord.
C, cervical; T, thoracic; L, lumbar, S, sacral.
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cord neuronal segment and vertebral bony segment. The number 
of subjects measured for a given segment was defined as the 
total number of subjects included in any study with a calculated 
craniocaudal position inside the cranial and caudal limits of 
the segment in question. This was used as an approximation of 
sample size, as there is no obvious way of calculating exact sample 
size for different portions of a smoothing function.

Number of Measurements and Relative Contribution 
of Studies along the Spinal Cord
To present the total number of measurements included at dif-
ferent points along the craniocaudal axis of the spinal cord, we 
plotted the total number of measurements in each vertebral bony 
segment in Figure  6A. Figure  6B shows the relative contribu-
tion of each included study along the spinal cord, and Figure 6C 
shows the relative contribution of different methods for obtaining 
measurements.

software
Data was gathered in Microsoft Excel and stored as comma-
separated values (.csv), all calculations were performed in R 
(13), and graphs were produced with the ggplot2 and cowplot 
packages (12, 14). Bootstrapping was performed with the boot 
package (15).

resUlTs

studies and Data
Studies Included in the Analysis
Data on the diameter of the healthy human spinal cord were 
available from various published sources, covering more than 
100  years of research and various acquisition methodologies 
(4, 5, 16–24). The published papers differed in terms of meth-
odology of measurement, anatomical reference points, segments 
measured, and the number of subjects included. Six published 
papers reported data on the lengths of the spinal cord neuronal 
and vertebral bony segments (7–9, 22).

All studies reported SDs of measurements, except for the fol-
lowing: Fountas et  al. (21), Ko et  al. (22), and Nordqvist (16). 
Donaldson and Davis (24) did not report SDs, but all raw data was 
presented in the paper, so the SDs could be computed. Raw data 
for measurements of anteroposterior diameter in Nordqvist (16) 
was also presented in the paper, but not for transverse diameter. 
Tables 1 and 2 give an overview of included studies.

relative lengths of segments
Relative Length of Spinal Cord Neuronal Segments
The longest spinal cord neuronal segments were found in the 
thoracic spinal cord, and each segment constituted approximately 
5% of the whole spinal cord. Multiplying the relative length of a 
spinal cord neuronal segment in Table 3 with the average length 
of the spinal cord yielded segments lengths well above 2 cm in 
the thoracic spinal cord and around 1.5 cm in the cervical spinal 
cord. The calculated relative lengths of each spinal cord neuronal 
segment are presented in Table 3.

Relative Length of Vertebral Bony Segments
The vertebral bony segments became longer in the caudal direc-
tion, with the lumbar vertebrae being the longest. The lumbar ver-
tebrae constitute almost 6% each of the whole vertebral column, 
or 3.5  cm per  segment. The absolute measurement is naturally 
highly dependent on the length of torso of the individual. The 
calculated relative length of each vertebral bony segment is 
presented in Table 4.

relative Positioning of segments
Effect of Corrected Positioning of Transverse 
Diameter Measurements of the Human Cervical 
Spinal Cord—R-Squared and Bootstrap
Figure  1 shows the alignment of spinal cord neuronal seg-
ments and vertebral bony segments calculated by our method. 
Figure  2A shows a raw positioning using only segment index, 
and Figure 2B shows our best effort to position measurements 
of the transverse diameter of the human cervical spinal cord cor-
rectly along a normalized craniocaudal axis.

To estimate the effect of the adjustment of craniocaudal posi-
tion of measurements, we set up two second-degree polynomial 
regression models. The R-squared value for Model 1 (uncor-
rected positioning) was 68.8% and 86.4% for Model 2 (corrected 
positioning), which was applied to the corrected data shown in 
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TaBle 4 | relative lengths of human vertebral bony segments.

segment Percentage of vertebral 
column

cumulative percentage of 
vertebral column

C1 3.2a 3.2
C2 3.2a 6.4
C3 2.8 9.1
C4 2.7 11.9
C5 2.7 14.6
C6 2.6 17.2
C7 3.1 20.2
T1 3.4 23.6
T2 3.7 27.3
T3 3.7 31.1
T4 3.9 34.9
T5 3.9 38.8
T6 4.2 42.9
T7 4.3 47.3
T8 4.5 51.7
T9 4.6 56.3
T10 4.8 61.2
T11 5.1 66.2
T12 5.4 71.7
L1 5.7 77.3
L2 5.8 83.1
L3 5.7 88.8
L4 5.7 94.6
L5 5.5 100

aApproximated.
With data from Panjabi et al. (7–9), we calculated the relative proportions of each 
vertebral bony segment relative to the length of the whole vertebral column. One 
vertebral bony segment was defined as the vertebra and half of both adjacent 
intervertebral disks. There was no data for segments C1 and C2, and their respective 
percentages were approximated using the relative positions of C3 and C4 spinal cord 
neuronal segments and C3 vertebral bony segment from Cadotte et al. (10), with the 
assumption that the upper end of the C1 spinal cord neuronal segment was aligned 
with the upper end of the C1 vertebral bony segment and the termination of the spinal 
cord was located between vertebral bony segments L1 and L2.
C, cervical; T, thoracic; L, lumbar.
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Figure 2B. The 95% confidence intervals for the R-squared values 
were non-overlapping, indicating a robust difference.

The numerical results from the models and bootstraps are 
presented with the underlying data in Figures 2A,B.

Weighted averages
Weighted Averages along the Spinal Cord
To combine the cross-sectional measurements and SDs of the 
human spinal cord from all studies into single estimates, we 
calculated weighted averages. Figure 5 shows the raw weighted 
averages and SDs along the spinal cord.

Population estimates
Continuous Population Estimates along  
the Spinal Cord
To construct continuous population estimates and achieve further 
smoothing, a generalized additive model was fit to the weighted 
averages and weighted SDs.

The smoothed continuous population estimates of human spi-
nal cord transverse and anteroposterior diameters are shown in 
Figure 3 (cervical spinal cord with original data from the studies), 

Figure 4 (whole spinal cord with original data from the studies), 
and Figure 5 (whole spinal cord with weighted averages and SDs). 
The transverse diameter of the spinal cord showed the expected 
shape with a marked cervical intumescence and a smaller lumbar 
intumescence. The anteroposterior diameter decreased through-
out the spinal cord.

Point Values of Continuous Population Estimates 
along the Spinal Cord
To facilitate comparison between our continuous population 
estimates and other studies, we extracted exact values for each 
spinal cord neuronal segment as well as vertebral bony segment.

Results for each spinal cord neuronal segment are presented in 
Table 5 and for vertebral bony segment in Table 6.

Number of Measurements and Relative Contribution 
of Studies along the Spinal Cord
As seen in Figure 6A, the number of measurements in the cervi-
cal spinal cord is much greater than in the thoracic, lumbar, and 
sacral parts, with around 10 times the sample sizes. The propor-
tion of in vivo methods is also greater in the cervical spinal cord 
(Figures 6B,C).

DiscUssiOn

We estimated normal human spinal cord transverse and 
anteroposterior diameter from previously published data. To 
compare and combine these different studies, we created and 
analyzed a conversion method to place measurements correctly 
along a standardized craniocaudal axis. We created weighted 
averages of measurements and combined them with a gener-
alized additive model to create a final continuous population 
estimate of transverse and anteroposterior diameter, as well 
as the associated SDs along the craniocaudal axis of the entire 
human spinal cord.

studies and Data
Studies Included in the Analysis
We included a variety of studies from different eras of research 
using different methodologies. We deemed this necessary 
because of the small number of studies available overall and the 
incomplete coverage of the spinal cord in these studies.

Quality of Original Data Included in the Analysis
The reliability of the estimated segmental spinal cord diameters 
presented is based on the quality of the reported data in the 
studies included. These reported data were based on either 
radiology or postmortem examination of the healthy human 
spinal cord. When implementing a radiological approach for 
segmental measurements, the delimitation of the cord is vital 
in order to achieve accurate measurements (18). Lamont et al. 
found it challenging to delimit the nerve root from the actual 
spinal cord, which prompted them to measure the whole width 
of both the cord and the root and to conduct the measurements 
at the mid-vertebral level only (18). Single reference points 
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FigUre 3 | (a,B): figure illustrates measurements of the human cervical spinal cord transverse [panel (a)] and anteroposterior diameter [panel (B)] from different 
published studies. The size of the dots represents the number of subjects included in each study. The full black line shows the continuous population estimate from 
the general additive model, and the gray ribbon represents the population estimate ± 2 standard deviations (SDs) (based on the SDs of the studies).
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imply error consistency throughout the spinal cord but are 
likely to reduce the quality of the estimate and aggravate the 
comparison between previously published data. Sherman et al. 
used a more rigorous approach in obtaining between 10 and 110 
samples from each cord level (4). Techniques such as computed 
myelography allow sectioning down to 13 mm thickness, which 
is significantly thicker than what is achievable through post-
mortem studies (17). However, both Thijssen et al. and Sherman 
et  al. emphasized the need for axial radiological sectioning 
perpendicular to the cord to avoid elongation of the sections 
(4, 17). Other elements which might influence the quality of 
radiological measurement are: window settings, concentration 
of contrast media like computed tomographic myelography 
(20, 25), and window level and pulse sequence for MRI (20, 26). 
Finally, cranial parts of the cervical spinal cord are especially 
difficult to measure using the radiological approach, as overlap 
with the base of the skull, incisor teeth, and maxilla greatly 
obstructs vision (18).

Despite the potential for differences in quality between studies, 
we did not weigh the different studies based on their perceived 
quality.

relative lengths of segments
Relative Length of Spinal Cord Neuronal Segments
Delimitation of the segments is vital when calculating the length 
of spinal cord neuronal segments. Donaldson and Davis meas-
ured the distance between the uppermost fila of successive nerves 
in four subjects on the dorsal and ventral aspect of the cord (24). 
However, Ko et al. measured the distance between the lowermost 
filament of the just proximal segment and the lowermost filament 
within each root, based on a sample consisting of 13 males and 
2 females (22).

relative length of Vertebral Bony 
segments
We have included three studies from the same research group 
reporting data on vertebral length (7–9). The sample size 
included in the respective publications was 15 or lower, and 
additional studies and/or more subjects would have been an 
advantage. When estimating the height of the vertebral body, the 
points of measurement are important. Panjabi et  al. measured 
the posterior vertebral body height of cervical vertebras in the 
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FigUre 4 | (a,B): figure illustrates measurements of the human spinal cord transverse [panel (a)] and anteroposterior diameter [panel (B)] from different published 
studies. The size of the dots represents the number of subjects included in each study. The full black line shows the continuous population estimate from the general 
additive model, and the gray ribbon represents the population estimate ± 2 standard deviations (SDs) (based on the SDs of the studies).
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midsagittal plane (7). The authors reported that this resulted in 
an average underestimation of the height of each vertebral body 
by approximately 2 mm, when comparing to previously reported 
data (7, 27, 28). The same research group (8) found that the 
posterior thoracic vertebral body height was consistently one 
to 2 mm less than that reported by Berry et al. and Scoles et al. 
(29, 30) but in line with data reported by Cotterill et  al. (31). 
The same applied for lumbar vertebral body posterior height 
(27, 29, 30). Since we used relative vertebral size rather absolute 
measurements, a systematic error in measurement is of minor 
importance. Panjabi et al. did not report the lengths of the C1 and 
C2 vertebrae. Therefore, we calculated approximate percentages 
for these vertebrae by using previously published relative posi-
tions of segments in the cervical spinal cord (10), termination 
of the spinal cord between lumbar vertebral bony segments L1 
and L2 (11), and the assumption that the upper end of the C1 
vertebrae is aligned with the upper end of the C1 neuronal seg-
ment. Therefore, the relative proportions of segments C1 and C2 
in our model should be interpreted with care.

Because we defined a vertebral bony segment as the vertebra 
and half of both the adjacent intervertebral disks, our model 
assumes that intervertebral disks increase in thickness along the 

craniocaudal axis by same proportion as the vertebrae. This is 
not an unreasonable assumption, but one that was not backed 
with any data.

relative Positioning of segments
Effect of Corrected Measurement Positioning of the 
Transverse Diameter of the Human Cervical Spinal 
Cord—R-Squared and Bootstrap
Despite the complexity and shortcomings of our model, with 
scarce data and reliance on a number of assumptions, the strategy 
to create a normalized craniocaudal axis for comparison of cross-
sectional measurements of the human spinal cord was successful. 
Success was indicated by the increase in adjusted R-squared from 
68.8 to 86.4% when comparing the raw positioning using only 
segment index and our best effort to place measurements based 
on their calculated position. The increase in adjusted R-squared 
was robust, as shown by the non-overlapping 95% confidence 
intervals achieved by bootstrapping the adjusted R-squared for 
the two models. The relative positioning of segments along the 
spinal cord relies heavily on the studies by Cadotte et al. (10) and 
Boonpirak and Apinhasmit (11).
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FigUre 5 | (a,B): figure illustrates the weighted averages of the human spinal cord transverse [panel (a)] and anteroposterior diameter [panel (B)] from different 
published studies. The full black line shows the continuous population estimate from the general additive model, and the gray ribbon shows two standard deviations 
(SDs) from the population estimate based on the SDs of the studies.
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Weighted averages
Weighted Averages along the Spinal Cord
The weighted averages were calculated by combining four adja-
cent measurements. This step was necessary to normalize the 
number of measurements along the spinal cord before fitting the 
generalized additive model to decrease problems where sample 
sizes changed suddenly along the spinal cord.

The number four was reached empirically by the authors and 
can therefore be questioned. We argue that it combined measure-
ments to a reasonable degree without losing frequency response in 
the signal. In the measurements of anteroposterior diameter, the 
small number of measurements resulted in periodical oscillations 
of the weighted averages in the cervical spinal cord (Figure 5B). 
This was ameliorated in the next step by fitting the generalized 
additive model.

Weighted SDs along the Spinal Cord
The weighted SDs were calculated by squaring the known SDs 
to become variances and computing the weighted average 

variances. Taking the square root of the weighted average 
variances yielded the weighted SDs. This approach assumes 
that samples were drawn from the same population, which is 
probably not entirely true but represented the only practical 
way of estimating aggregated SDs known to us without the 
original data.

Population estimates
Weighted Averages along the Spinal Cord
The continuous population estimates of the transverse and 
anteroposterior diameter resulting from the combination of the 
included studies (Figures 3–5) were consistent with the expected 
shape of the spinal cord (e.g., cervical and lumbar intumescence). 
The population SDs enclosed almost all data points when plot-
ted as two SDs, giving further confidence that these data were 
combined with some accuracy.

The choice of parameters for the generalized additive model 
was reached empirically just like the weighted average. When 
choosing parameters that accurately described the data, we 
chose the lowest possible order polynomial that would follow the 
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FigUre 6 | (a–c): figure demonstrates the total number of individual measurements contributed from each study at different points along the craniocaudal axis 
[panel (a)] and the proportional contribution of studies [panel (B)] and methods [panel (c)] used to measure the diameters of the human spinal cord.
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perceived shape of the spinal cord with some accuracy. This was 
only evaluated visually and represents a weakness of the approach.

Correlation between Spinal Cord Size and Other 
Morphometrics
It is reasonable to discuss the impact of morphometrics defin-
ing body size, such as gender, height and body weight. Sherman 
et al. confirmed the previously established (32) lack of correla-
tion between body weight, age, and spinal cord size, and that 
these parameters do not have to be adjusted (4). Kameyama 

et al. (20) also confirmed that the size of the spinal cord has 
no correlation with age, height, or body weight by conclud-
ing that the relative ratio of the cross-sectional area of each 
cervical, thoracic, and lumbar segment to that of the C3 are 
similar between individuals, even with a large interindividual 
variation in spinal cord size. However, some contradictory 
results were presented by Kameyama et al. (19), who reported 
that differences between genders seem to include not only 
spinal cord length (11) but also the cross-sectional area. They 
found that the cross-sectional area for C7 was significantly 
smaller in females when compared to males, hypothesizing 
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TaBle 6 | estimated spinal cord diameters—vertebral column bony 
segment reference.

Vertebral column 
segment

Transverse 
diameter

anteroposterior 
diameter

number of 
subjects

C1 11.5 ± 1.9 8.2 ± 1.6 207
C2 12.3 ± 2.4 7.9 ± 1.6 318
C3 13.1 ± 2.4 7.6 ± 1.7 336
C4 13.3 ± 2.1 7.3 ± 1.6 438
C5 13.1 ± 1.9 7 ± 1.6 488
C6 12.1 ± 2 6.8 ± 1.6 336
C7 11 ± 2.3 6.8 ± 1.6 351
T1 10.2 ± 2.4 6.9 ± 1.7 200
T2 9.7 ± 2 6.8 ± 1.8 131
T3 9.5 ± 1.9 6.6 ± 1.9 131
T4 9.2 ± 2.4 6.4 ± 1.9 65
T5 8.8 ± 2.9 6.4 ± 1.9 65
T6 8.4 ± 2.9 6.3 ± 2 167
T7 8.3 ± 2.3 6.3 ± 2 65
T8 8.6 ± 1.7 6.4 ± 2 65
T9 8.6 ± 1.8 6.5 ± 2 77
T10 8.2 ± 2.1 6.4 ± 1.8 80
T11 8.6 ± 1.9 6.7 ± 1.7 92
T12 9.4 ± 1.5 7.5 ± 1.6 119
L1 7.1 ± 2.5 5.8 ± 2.4 251

Point values of population estimates shown in Figures 3 and 4 are shown here in 
numerical format at the craniocaudal position of the middle of each vertebral bony 
segment. “Number of subjects” indicates the number of measurements found within 
the craniocaudal limits of each segment and should not be interpreted as an exact 
“n” for statistical calculations, but rather as an approximation of the amount of data 
available along the spinal cord.
C, cervical; T, thoracic; L, lumbar; S, sacral.

TaBle 5 | estimated spinal cord diameters—spinal cord neuronal 
segment reference.

spinal cord 
segment

Transverse 
diameter

anteroposterior 
diameter

number of 
subjects

C1 11.3 ± 1.7 8.3 ± 1.6 26
C2 11.5 ± 1.9 8.2 ± 1.6 181
C3 12 ± 2.3 8 ± 1.6 318
C4 12.8 ± 2.4 7.7 ± 1.7 362
C5 13.3 ± 2.2 7.4 ± 1.6 234
C6 13.1 ± 1.9 7 ± 1.6 438
C7 12.5 ± 1.9 6.9 ± 1.6 488
C8 11.3 ± 2.2 6.8 ± 1.6 336
T1 10.7 ± 2.3 6.9 ± 1.6 316
T2 10 ± 2.3 6.9 ± 1.7 27
T3 9.6 ± 2 6.8 ± 1.8 131
T4 9.5 ± 1.9 6.6 ± 1.9 131
T5 9.2 ± 2.4 6.4 ± 1.9 65
T6 8.7 ± 3 6.4 ± 1.9 65
T7 8.4 ± 2.7 6.3 ± 2 167
T8 8.3 ± 2.1 6.3 ± 2 77
T9 8.6 ± 1.7 6.5 ± 2 65
T10 8.6 ± 1.8 6.5 ± 2 65
T11 8.3 ± 2.1 6.4 ± 1.9 65
T12 8.2 ± 2.1 6.4 ± 1.8 27
L1 8.6 ± 1.9 6.7 ± 1.7 65
L2 9.1 ± 1.6 7.2 ± 1.6 27
L3 9.4 ± 1.5 7.5 ± 1.6 77
L4 9.3 ± 1.5 7.5 ± 1.6 27
L5 8.8 ± 1.7 7.1 ± 1.8 27
S1 8.4 ± 1.9 6.8 ± 2 129
S2 7.1 ± 2.5 5.8 ± 2.4 65
S3 6.3 ± 2.8 5.2 ± 2.7 27
S4 5.5 ± 3.2 4.6 ± 2.9 15
S5 4.7 ± 3.5 3.9 ± 3.2 15

Point values of population estimates shown in Figures 3 and 4 are depicted here 
in numerical format at the craniocaudal position of the middle of each spinal cord 
neuronal segment. “Number of subjects” indicates the number of measurements found 
within the craniocaudal limits of each segment and should not be interpreted as an 
exact “n” for statistical calculations, but rather as an approximation of the amount of 
data available along the spinal cord.
C, cervical; T, thoracic; L, lumbar; S, sacral.
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that the difference in size of the spinal cord between sexes 
may be partly explained by the variation in height. However, 
they could not find any correlation between spinal cord size 
and body weight.

Individual variation in cord size was substantial between indi-
viduals with equal height and resulted in significant positive cor-
relation to cross-sectional area, transverse diameter, and sagittal 
diameter (19). However, Kameyama et al. found that body weight 
had no significant correlation to cross-sectional area, diameter, or 
sagittal diameter. The authors report that age had a slight negative 
correlation to cross-sectional area and sagittal diameter at C7, but 
not for transverse diameter at the same level. They hypothesize 
that age-related degenerative changes may explain the flattening 
of the cervical spinal cord with age, confirming previously pub-
lished data (16, 19, 33). We observed that many of the included 
studies tended to include more males than females, which could 
have affected our analysis.

In summary, some contradictions seem to exist between the 
impact of body type characteristics on spinal cord size, but most 

previous studies have been underpowered to detect all but very 
strong correlations. Because our present study lacks the raw 
data, further investigation of predictors for spinal cord size was 
not possible. An interesting expansion of this study would be 
to gather all raw data and analyze predictors of size in a larger 
sample.

clinical implications
Clinical Implications of Population Estimates
Continuous population estimates of the transverse and anteropos-
terior diameters of the spinal cord could be useful in diagnosing 
and monitoring patients with neurodegenerative and neuro-
inflammatory diseases. It is known, for example, that patients 
suffering from multiple sclerosis have a reduced cross-sectional 
area compared to healthy matched controls (1), but these studies 
have low power. Without population estimates, it can be difficult 
to determine whether a specific patient should be considered to 
have a pathologically small or large spinal cord.

Clinical Implications of Model for Relative  
Segmental Positions
In the future, the model of spinal cord neuronal segment 
relation to vertebral bony segment could be used to achieve 
a better understanding of visible localized pathology on MRI 
in the spinal cord in  situations where identification of spinal 
cord neuronal segments is challenging. This would require a 
validating study in patients in whom a well-defined pathology 
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of the spinal cord is present and can be correlated to a segmental 
symptom such as the motor or sensory level of a patient with 
a spinal cord injury. Such a study is currently being planned in 
our research group.

Clinical Research Implications
Multiple experimental studies for treatment of acute and chronic 
human spinal cord injuries are in different phases of development 
(2). In all studies where a premade device, instrumentation, or 
otherwise physical object needs to be applied to the spinal cord, 
the population estimates are of importance because they repre-
sent the variation in physical dimensions that will be encountered 
in patients.

Our research group is involved in a clinical trial exploring 
surgical repair of the human spinal cord (http://ClinicalTrials.
gov Identifier: NCT02490501). During the design of the biode-
gradable device used in the study, knowing population estimates 
of the human spinal cord was a necessity, and, therefore, we 
believe that this work can be useful for other groups in similar 
projects.

cOnclUsiOn

We conclude that segmental transverse and anteroposterior 
diameters of the healthy human spinal cord from different pub-
lished sources can be combined on a normalized craniocaudal 
axis and yield meaningful population estimates with reasonable 
sample sizes. These estimates could be useful for the routine 
management of patients with neurodegenerative diseases as well 
as for clinical research and experimental applications involving 
surgical spinal cord repair.

eThics sTaTeMenT

This review was based solely on published papers and their 
reported data. We did not conduct any radiological or postmor-
tem examinations by ourselves. Hence, this review itself is exempt 
from ethical approval but relies on the ethics of the included 
studies, which we have found no reason to question.
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Recovery after surgical reconstruction of a brachial plexus injury using nerve grafting 
and nerve transfer procedures is a function of peripheral nerve regeneration and cerebral 
reorganization. A 15-year-old boy, with traumatic avulsion of nerve roots C5–C7 and a 
non-rupture of C8–T1, was operated 3 weeks after the injury with nerve transfers: (a) 
terminal part of the accessory nerve to the suprascapular nerve, (b) the second and 
third intercostal nerves to the axillary nerve, and (c) the fourth to sixth intercostal nerves 
to the musculocutaneous nerve. A second operation—free contralateral gracilis muscle 
transfer directly innervated by the phrenic nerve—was done after 2 years due to insuffi-
cient recovery of the biceps muscle function. One year later, electromyography showed 
activation of the biceps muscle essentially with coughing through the intercostal nerves, 
and of the transferred gracilis muscle by deep breathing through the phrenic nerve. 
Voluntary flexion of the elbow elicited clear activity in the biceps/gracilis muscles with 
decreasing activity in intercostal muscles distal to the transferred intercostal nerves (i.e., 
corresponding to eighth intercostal), indicating cerebral plasticity, where neural control of 
elbow flexion is gradually separated from control of breathing. To restore voluntary elbow 
function after nerve transfers, the rehabilitation of patients operated with intercostal 
nerve transfers should concentrate on transferring coughing function, while patients with 
phrenic nerve transfers should focus on transferring deep breathing function.

Keywords: brachial plexus injury, nerve transfer, intercostal nerve, phrenic nerve, electromyography, cerebral 
plasticity, guided plasticity, rehabilitation

INtRoDUCtIoN aND BaCKGRoUND

A brachial plexus injury (BPI) is a devastating injury, which can result in severe and permanent 
neurologic impairment and disability of the upper extremity. Recovery after surgical reconstruction 
using nerve grafting and nerve transfer procedures for BPI is a function of peripheral nerve regenera-
tion and adaptations within the central nervous system, i.e., plasticity. The plastic capacity of the 
brain opens possibilities, where plasticity can be guided to substitute or improve functions that have 
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been damaged or lost, i.e., guided plasticity (1). Nerve, muscle, 
or tendon transfers are procedures that require a plasticity to 
function, and this is important to take into consideration during 
rehabilitation after such a procedure (2–4).

Intercostal nerves are commonly used to reinnervate muscles 
after a BPI with avulsion of spinal nerve roots (5–7); where two 
intercostal nerves should be enough for reinnervation of a muscle 
(8). Intercostal nerves can be harvested without any residual 
problems, e.g., pulmonary dysfunction (9). In contrast, the 
phrenic nerve, innervating the diaphragm, should only be used 
as a second alternative as a nerve transfer for muscle reinnerva-
tion because of potential pulmonary dysfunction (9–11). An 
important question is how patients with these two nerve transfers 
should be rehabilitated to transfer control of the original nerve 
function to a new function, for example, elbow flexion. Here, 
we describe a patient with a BPI, who was initially treated with 
a transfer of intercostal nerves to the musculocutaneous nerve 
to acquire elbow flexion, but due to insufficient regain of active 
elbow flexion a second procedure, i.e., a free gracilis muscle 
transfer reinnervated by a phrenic nerve transfer, was performed.

Our aim is to visualize, through electromyography (EMG), 
the different activation patterns of the biceps and gracilis muscles 
by coughing and deep breathing, respectively; observations that 
are relevant for how patients with such nerve transfers can be 
rehabilitated after surgery.

Case RepoRt

A 15-year-old boy sustained a severe BPI with a complete loss 
of motor and sensory function corresponding to the brachial 
plexus in the dominant, right, arm after a motorcycle accident. 
There was no blunt trauma to the patient’s chest according to the 
history of the patient, and the results from the trauma-computer 
tomography (CT) just after the accident did not indicate any injury 
to the chest wall or to the lungs. The patient also had a Horner 
syndrome. The extent of the BPI was confirmed after a week by 
magnetic resonance imaging (MRI) and CT-myelography as well 
as at surgical exploration 3 weeks post-injury; showing avulsion 
of nerve roots C5–C7 and injuries to the spinal roots C8–T1 (i.e., 
intraoperatively not ruptured, but in continuity). No further 
action was done concerning the two lower roots. At the surgical 
reconstruction, 3 weeks after the injury multiple nerve transfers, 
focusing on restoring shoulder and elbow function, were done: 
(a) the terminal part of the accessory nerve was transferred to the 
suprascapular nerve, (b) the second and third intercostal nerves 
transferred (the upper intercostal via two radial nerve grafts) to 
the axillary nerve, and (c) the fourth to sixth intercostal nerves 
were transferred (the two lower via three radial nerve grafts) to the 
musculocutaneous nerve. Postoperatively, he trained under the 
supervision of a physiotherapist with experience in rehabilitation 
of patients with BPI.

Twenty-one months after surgery, he had voluntary activa-
tion in the infra- and supraspinatus muscles [Medical Research 
Council (MRC) grade 3], but insufficient function in the biceps 
muscle (i.e., M1–2). Therefore, the contralateral gracilis muscle 
was transferred, as a free muscle graft and attached to the 
coracoid process and to the distal parts of the biceps tendon 

25  months after the first procedure. The gracilis muscle was 
directly reinnervated, through end-to-end repair to the distal part 
of the specific nerve branch originally innervating the transferred 
gracilis muscle, using the phrenic nerve that was harvested via an 
open thoracotomy. The patient had postoperative complications 
with pneumonia on the left side (X-ray examination; spiral-CT 
also to exclude pulmonary emboli) and a delayed wound healing 
in the upper part of the incision on the right upper arm, which 
was treated with antibiotics, revisions with split skin graft, and 
vacuum-assisted closure therapy, where after these conditions 
were completely healed. Ultrasound investigations with color-
laser-Doppler at 6 and 8 weeks showed a viable gracilis muscle 
with detectable blood vessels. Postoperative training was initiated 
6 weeks after the operation.

Examination with EMG after clinical signs of reinnervation, 
i.e., 1  year after surgery, showed extensive denervation activ-
ity in the biceps muscle with few neurogenic altered activated 
motor units in the muscle through activation of the intercostal 
nerves (i.e., essentially with coughing but also with deep expira-
tion, Figure 1), although still suboptimal strength (M1–2). The 
transferred gracilis muscle, innervated by the phrenic nerve, 
showed no denervation activity, but was rhythmically activated 
(a large number of motor units) during the inspiration phase of 
deep breathing (not with coughing; Figure 2), and by voluntary 
elbow flexion (weak M3). Voluntary flexion of the elbow (weak 
M3; up to 30 degrees of flexion) elicited clear activity in the 
biceps/gracilis muscles, with minor activity in intercostal muscles 
(shown for biceps in Figure 3). The intercostal muscles showed 
activation during coughing, while the modulation during normal 
breathing was hardly detectable with surface electrodes. At the 
final follow-up, there was no muscular activity at all, observed 
or palpated, in the brachioradialis muscle (M0), i.e., the elbow 
function was entirely caused by the biceps and gracilis muscles. 
He had no supination induced by activity in the supinator muscle, 
but supination (M3) was observed to be performed by the biceps/
gracilis muscles as one would expect due to their insertion at the 
tuberosity of the proximal part of the radius. No function was 
observed in the pronator muscle to compensate for the supina-
tion. Clinical examination also revealed some finger (i.e., flexor 
digitorum superficialis/profundus muscles) and thumb (i.e., 
flexor pollicis longus muscle) activity [i.e., M3–4(−)], but without 
any real function in activity of daily living. No further surgery was 
performed. Rehabilitation was terminated in agreement with the 
patient 2.5 years after the latest surgical procedure, although he 
still did not show optimal elbow function.

DIsCUssIoN

In the present case, the initial procedures, after careful preopera-
tive evaluation of the injury with MRI and CT-myelography (12), 
included different nerve transfers to improve/restore shoulder 
and elbow function (13). The preoperative investigations, as well 
as intraoperative findings, indicated continuity of the C8 and Th1 
and lower trunk, but without clinical function, and no further 
action was taken concerning this part of the brachial plexus, 
including attention to elbow extension. Some finger and thumb 
function, although not functional in daily activity, had returned 
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FIGURe 1 | electromyogram recorded from the intercostal muscles (IC), distal to level of the transferred intercostal nerves (i.e., around eighth costal 
level; surface electrodes), as well as from the biceps muscle (biceps; needle electrode) after the second surgery. Recordings were done during deep 
breathing (upper panel) and during coughing (lower panel).

FIGURe 2 | electromyogram recorded from the intercostal muscles (IC), distal to the transferred intercostal nerves (i.e., around eighth costal level; 
surface electrodes), as well as from the gracilis muscle (gracilis; needle electrode) after the second surgery, where the gracilis muscle was transferred 
as a free muscle graft and reinnervated by the phrenic nerve. Recordings were done during deep breathing (upper panel) and during coughing (lower panel).
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at the final follow-up, indicating that C8 and Th1 roots were 
indeed not avulsed at injury. We cannot explain the presence of 
the Horner syndrome in spite of the lack of avulsed C8 and Th1.

Stabilization of the shoulder was achieved with the first two 
mentioned transfers at the initial procedure, while the conven-
tional transfer of three intercostal nerves to the biceps brachii 
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FIGURe 3 | electromyogram recorded from the intercostal muscles (intercostal), distal to the transferred intercostal nerves (i.e., around eighth 
costal level; surface electrodes), as well as from the biceps muscle (biceps; needle electrode) after the second surgery. Recordings were done during 
voluntary elbow flexion (arrow indicates start of the voluntary flexion).
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muscle was insufficient to restore elbow function (M1–2) in the 
present case (8). In the second procedure, it was necessary to do 
a free gracilis muscle transfer with the intention to improve elbow 
flexion (14–16). Because the intercostal nerves had been used in 
the first surgical procedure, we chose to reinnervate the transferred 
gracilis muscle through the phrenic nerve (17, 18), which can be 
done without affecting pulmonary function although intercostal 
nerves previously have been used (19). The phrenic nerve was 
harvested and transected close to the diaphragm through an open 
thoracotomy. The possibility of a contralateral C7 transfer was 
discussed (20), but declined for several reasons, including the 
patient’s own opinion. The phrenic nerve was sutured directly 
end-to-end to the distal nerve supplying the gracilis muscle with 
the intention to have a short distance for the regenerating nerve 
and thus a more rapid reinnervation of the muscle (9). In this way, 
it was also possible to avoid nerve grafts, although considered to 
be not necessary in phrenic nerve transfer to musculocutaneous 
nerve (21). The intrathoracic part of the phrenic nerve is rather 
thin and by relocating the phrenic nerve extensively, as was done 
in the present case, there may be a risk that the intraneural blood 
supply can be jeopardized. However, it is known that nerve grafts, 
and also a thin phrenic nerve, can survive through diffusion 
before revascularization. This was obviously the case here since 
the results from the EMG showed that the axons survived and had 
grown into the gracilis muscle with functional reinnervation. The 
reinnervation of the present transferred gracilis muscle, noted 
clinically and by EMG, is in agreement with an earlier report 
examining gracilis muscle transfers in a large population, where 
those patients were reconstructed with a similar surgical delay as 
well as had a similar postoperative follow-up and time for rein-
nervation (22). Interestingly, around 35% of their patients had a 
similar recovery (i.e., M3), based on MRC scale, as the present 
patient, while only 26% had M4 (22). In the present case, the 
intercostal nerves and the phrenic nerve were used to restore 
elbow function at two different time points with the purpose to 
reinnervate the elbow flexors through the musculocutaneous 

nerve and through the branch innervating the transferred gracilis 
muscle; thus, a synergistic function could be achieved, which is an 
advantage in view of the acting cerebral plasticity. Previous data 
indicate that the two nerves should not be used simultaneously 
to restore elbow extension and flexion, respectively; thus, with an 
antagonistically intended function (19).

The clinical outcome following complex brachial plexus 
reconstructions, like the present one, is not only dependent on 
regeneration of nerve fibers into the target muscle, but also highly 
dependent on adaptations within the central nervous system, i.e., 
plasticity. This was observed in the present case since the patient 
also could independently, without coughing or deep breathing 
(i.e., “respiratory standstill”), activate both the biceps and the 
gracilis muscles by voluntary elbow flexion although it was not 
functional [i.e., only weak M3 (3)]. Thus, an initial coughing and 
deep breathing function of the intercostal and phrenic nerves, 
respectively, had been transferred to voluntary elbow flexion 
through cerebral plasticity.

A nerve transfer will always induce a cerebral reorganization 
as well as alteration of respiratory spinal descending inputs to 
thoracic motoneurons (23). We did not investigate the influence 
of trunk flexion in the rehabilitation process. Trunk flexion can 
activate the biceps muscle through the intercostal nerves as 
presented by Chalidapong et al. in a larger study (24). Higher 
amplitude was measured in the reinnervated elbow flexor 
muscles at EMG in that study, but only 6/32 patients preferred 
trunk flexion to activate flexor muscles of the elbow; most of 
the patients preferred other techniques alone or in combination 
to flex the elbow (24). It is imperative that the team treating 
patients with BPI reconstructed with muscle and/or nerve 
transfers has a good knowledge in neuroscience in order to 
understand the cerebral changes caused by the injury and by 
the surgical reconstruction. With this knowledge at hand, it is 
possible to individually tailor the rehabilitation and physical 
therapy protocols using guided plasticity in order to achieve 
the best possible clinical outcome (1).
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Limitations of the study
During normal breathing, expiration is a passive process. Thus, 
one would not expect any activation during expiration in a 
muscle where a nerve is transferred. However, in deep breathing, 
the expiratory phase can be an active process with the purpose 
to speed up such a phase. Hence, some EMG activation can 
be expected during deep breathing, which was observed in the 
biceps muscle as indicated in Figure 1. In the present case, we 
observed little activity during normal and deep breathing, with 
EMG, from the intercostal muscles, when one would expect 
that the quiet and passive expiration would not result in any 
activity at all. We have no explanation for this observation, but 
during coughing, bursts of EMG activity were recorded from 
the intercostal muscles as expected. The intercostal muscles 
showed activation during coughing, while the modulation 
during normal breathing was hardly detectable with surface 
electrodes.

CoNCLUDING ReMaRKs

The present data indicate that intercostal nerves, which was used 
in the first surgical procedure since there were no concomitant 
chest trauma (25), support important function as coughing, while 
the phrenic nerve is crucial for deep breathing. We suggest that 
the training of patients, in whom transfer of intercostal nerves 
has been performed, should concentrate to transfer coughing 
function to the biceps brachii muscle, which is in contrast to a 
previous study, suggesting trunk flexion during training of the 
new function in order to facilitate elbow flexion (24). In contrast, 
patients with a phrenic nerve transfer, which can be performed 
through harvesting the phrenic nerve via a thoracotomy for 

direct end-to-end attachment to the distal nerve end of the target 
muscle, should focus on transferring deep breathing function to 
the reinnervated muscle.
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The functional outcome after a brachial plexus birth injury (BPBI) is based on changes in 
the peripheral nerve and in the central nervous system. Most patients with a BPBI recover, 
but residual deficits in shoulder function are not uncommon. The aim of this study was to 
determine cerebral activation patterns in patients with BPBI and also residual symptoms 
from the shoulder. In seven patients (six females and one male, aged 17–23 years) with a 
BPBI and residual shoulder problems (Mallet score IV or lower), the cerebral response to 
active movement of the shoulder and elbow of the injured and healthy arm was monitored 
using functional magnetic resonance imaging at 3 T. Movements, i.e., shoulder rotation 
or elbow flexion and extension, of the injured side resulted in a more pronounced and 
more extended activation of the contralateral primary sensorimotor cortex compared to 
the activation seen after moving the healthy shoulder and elbow. In addition, moving the 
shoulder or elbow on the injured side resulted in increased activation in ipsilateral primary 
sensorimotor areas an also increased activation in associated sensorimotor areas, in 
both hemispheres, located further posterior in the parietal lobe, which are known to be 
important for integration of motor tasks and spatial aspects of motor control. Thus, in 
this preliminary study based on a small cohort, patients with BPBI and residual shoulder 
problems show reorganization in sensorimotor areas in both hemispheres of the brain. 
The increased activation in ipsilateral sensorimotor areas and in areas that deal with both 
integration of motor tasks and spatial aspects of motor control in both hemispheres 
indicates altered dynamics between the hemispheres, which may be a cerebral com-
pensation for the injury.

Keywords: brain, reorganization, brachial plexus, brachial plexus birth injury, nerve, children

inTrODUcTiOn

Brachial plexus birth injury [BPBI; incidence 0.4–5.0 per 1,000 births (1, 2)] is caused by stretching 
or tearing of the brachial plexus, usually during vaginal delivery. High birth weight and shoulder dys-
tocia are the most important risk factors (2, 3). Most children with BPBI recover spontaneously, but 
up to 30% may suffer from permanent disability (2, 4), and the number of patients with spontaneous 
recovery may have been overestimated (5). Following a BPBI, a cascade of processes in the peripheral 
nerve culminate in target muscle reinnervation (6). However, in cases with a severe injury, successful 
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TaBle 1 | Patient characteristics, narakas group at birth, and Mallet score before and after reconstructive surgery in patients with brachial plexus birth 
injury.

Patient 
no.

gender age at functional magnetic 
resonance imaging (fMri), years

affected 
side

narakas 
group

Mallet score 
before operationa

age at surgery, 
years

Type of 
operation

Mallet score after operationa 
(months after op.)

1 F 17 L I V/II/IVb n/a n/a n/a
2 F 23 R I V/II/III 12 A, B, D V/IV/V (130)
3 F 18 R II V/I/II 14 C, D V/IV/V (46)
4 M 21 L I V/I/V 13 A, B, C V/II/V (90)
5 F 23 L I IV/II/V 9 B, D IV/IV/V (160)
6 F 17 L I IV/II/III 14 A, B, C, D V/IV/V (36)
7 F 23 R I III/I/III 5 and 6 B, D III/IV/IV (200)

aMallet score for shoulder abduction, external rotation of the shoulder, and hand to mouth.
A, resection of the coracoid process; B, lengthening of subscapular muscle; C, rotational osteotomy of humerus; D, transfer of latissimus dorsi muscle; n/a, not applicable.
bPatient not operated. Mallet score at the time of fMRI investigation.
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nerve regeneration may not be possible at all (7). In patients in 
whom regenerating axons reach the target muscles, there are 
still significant barriers to an optimal functional outcome, and 
the outcome is most often an incomplete reinnervation with a 
reduced number of functional motor units (8). In patients with 
residual symptoms after a BPBI, a pattern of recovery is often 
noted, but deficits are often seen in C5- to C7-innervated muscles. 
The degree of recovery of external rotation of the shoulder, elbow 
flexion, and supination at 3 months can be used as a predictor 
of which infants will retain functional deficits (9). Although 
external rotation of the shoulder and forearm supination are most 
affected and recover last, elbow flexion and shoulder abduction 
are the functional movements that often prove most challenging 
in patients with severe BPBI (9). Depending of the type of residual 
problems, surgical muscle transfer and osteotomy can improve 
function in patients with permanent disability (10). Even so, a 
number of patients have residual shoulder problems that restrict 
their daily life.

Evidence is accumulating to suggest that adaptations within 
the central nervous system are relevant for the clinical recovery 
following BPI in adults (8, 11–13). Some previous studies, using 
EMG, in patents with BPBI and residual symptoms has shown 
partial muscle reinnervation but poor clinical function—a 
condition termed developmental apraxia (14). This indicates a 
maladaptation of the cerebral motor network early in infancy 
following BPBI (15, 16). Thus, beyond peripheral nerve regen-
eration, plasticity in the central nervous system is involved in 
determining whether there is successful or failed functional 
recovery in patients with BPBI.

Our aim was to investigate cerebral activation patterns fol-
lowing activation of muscles controlling shoulder rotation and 
elbow flexion in young adults with BPBI and subjective shoulder 
problems.

MaTerials anD MeThODs

Patients
All patients treated for BPBI at the Department of Hand Surgery, 
Skåne University Hospital, Malmö, Sweden between 2010 and 
2011 were asked to participate. Inclusion criteria were as fol-
lows: (1) unilateral BPBI; (2) age between 15 and 25 years; (3) 

no previous reconstructive nerve surgery, i.e., neurolysis, nerve 
grafting, or neurotisation; (4) residual symptoms from the shoul-
der with a suboptimal Mallet score (17) (IV or lower) in one or 
more of the following variables: shoulder abduction, shoulder 
rotation, and hand to mouth; and (5) a minimum of 36 months 
since operation in patients operated with reconstruction to 
improve shoulder function. Exclusion criteria were as follows: (1) 
a history of neurological disease other than BPBI; (2) psychiatric 
disorders; and (3) contraindications to investigation by MRI.

Ten patients (eight females and two males) were identified, 
but one had moved abroad, and two did not want to undergo 
MRI investigation. Thus, seven patients (six females and one 
male) between 17 and 23 years of age were included in the study 
(Table  1). All patients had been meticulously followed since 
birth by specialists from the Departments of Paediatrics and 
Hand Surgery. At birth, they all had a normal hand function 
and a rapid initial recovery of some function in the biceps 
muscle, which indicates a nerve injury at trunk level. The 
probability of an avulsion injury of one or two of the nerve 
roots corresponding to the upper trunk seems to be low, which 
is also supported by the facts that none of the patients had a 
breech delivery.

Six participants had been operated with reconstructive surgery 
in some form, although not nerve surgery, to improve shoulder 
function. None of the patients had been operated to improve 
elbow function. All the participants were classified according to 
the Narakas score at birth (18) and according to the Mallet score 
at the time of surgery and at follow-up (Table 1).

The study was approved by the ethical committee of Lund 
University (number 269/2008, 2009/728, additional approval 
2011/23) and was conducted according to the tenets of the 
Declaration of Helsinki. All the participants gave written consent.

imaging
Functional magnetic resonance imaging (fMRI) was performed 
36–200 months (mean 110 months) after surgery in six patients 
who were operated with reconstruction to improve shoulder 
function and in one additional patient with residual shoulder 
problems who had not been operated.

Functional magnetic resonance imaging was used to 
investigate cortical activation following active movement 
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of the shoulder and elbow in a whole-body 3  T MR scanner 
(Tim-TRIO; Siemens Medical Solutions, Erlangen, Germany) 
equipped with a 12-channel head matrix coil. Initially, a high-
resolution 3D anatomical scan was acquired with transversal 
slices oriented to form a plane through the anterior and poste-
rior commissures.

Each patient was instructed to perform repetitive flexion/
extension of the elbow joint or shoulder rotation (internal/exter-
nal) at a constant pace during four 30-s periods interspersed with 
four 30-s periods of “rest.”

Sessions of motor activation were alternated with rest con-
ditions of no stimuli in a block design. Each block was 30 s in 
length, and the experiment started with a rest condition. The 
same procedure was followed in the injured arm and uninjured 
arm in a pseudo-randomized order to avoid temporal bias, such 
as habituation effects and fatigue.

Blood oxygen level-dependent imaging was performed using 
a gradient echo–echo planar pulse sequence with an echo time 
of 30 ms, a repetition time of 2,000 ms, and a voxel resolution of 
3 mm × 3 mm × 3 mm. After the scanning session, each patient 
was asked whether any complications had occurred, in order to 
ensure the use of proper data and to allow data to be excluded on 
reasonable grounds.

analysis
Evaluation of the fMRI data was performed using BrainVoyager 
QX 2.6 software (Brain Innovation B.V., Maastricht, the 
Netherlands). The functional data series was motion-corrected 
and spatially smoothed using a smoothing kernel width of 
6 mm. The data series was then normalized to Talairach space 
(19) by co-registration to Talairach-processed anatomical data. 
Furthermore, low-frequency modulation below two cycles 
per  session was suppressed. Activation maps were created 
by modeling of mixed effects using the general linear model. 
Resulting activation maps were visually inspected at a statistical 
threshold of p  <  0.05, corrected for multiple comparisons by 
controlling the false discovery rate (20). Activation present at 
this threshold was subsequently evaluated at a statistical thresh-
old of p < 0.01, uncorrected for multiple comparisons, to avoid 
cluster size bias when comparing different sessions. Statistical 
comparisons between groups were performed at p  <  0.05, 
uncorrected. Activation clusters were located using Talairach 
coordinate standardization, and the corresponding Brodmann 
area (BA) (defined as the BA within 3 mm of the most significant 
voxel of each cluster) was defined using the Talairach client (21, 
22) in applicable cases. This automated classification resulted in 
some clusters being located in BAs not generally considered to 
be part of the motor network.

When performing group analysis, the activation maps of 
patients with a left-side injury were flipped in the left-to-right 
direction to prevent substantial loss of power, a strategy that has 
already been used (23). Since the hemispheres in a single subject 
are neither functional nor anatomically equal, the spatial noise is 
likely to increase. The contribution of spatial noise is, however, 
minimized—as the data are smoothed both individually and in 
group analysis.

resUlTs

The characteristics of the patients and the Narakas group at birth 
and Mallet score before and after any reconstructive surgery 
are presented in Table  1. All seven patients showed activation 
of the contralateral primary sensorimotor cortex during elbow 
movement and shoulder rotation of both the injured arm and the 
healthy arm. However, moving the injured arm, elbow flexion and 
extension, or shoulder rotation resulted in a more pronounced 
and more extended activation of the contralateral primary senso-
rimotor cortex and also the ipsilateral primary sensorimotor cor-
tex than when moving the healthy arm (Figure 1). Furthermore, 
compared to when moving the healthy arm, moving the injured 
arm resulted in increased activation in associated sensorimotor 
areas, in both hemispheres, located further posterior in the pari-
etal lobe. These areas are known to be important for integration 
of motor tasks and spatial aspects of motor control. In addition, 
increased activation was also seen in other regions, such as the 
supplementary motor area, secondary somatosensory cortex, the 
ipsilateral insula, and the cerebellum.

In the case of elbow movement, these differences were statisti-
cally significant (p  <  0.05, uncorrected) when comparing the 
injured and healthy arms (Figure  1, right-hand side). During 
shoulder rotation, differences were less evident than changes 
seen during elbow movement, and they were not statistically 
significant at p < 0.05 (uncorrected) (Figure 1, right-hand side).

DiscUssiOn

Patients suffering from unilateral BPBI and residual symptoms 
from the shoulder show increased activation in the primary sen-
sorimotor cortex bilaterally and in associated sensorimotor areas, 
in both hemispheres, located further posterior in the parietal lobe 
which are known to be important for integration of motor tasks 
and spatial aspects of motor control, when using the injured arm 
compared to when using the healthy arm.

Normal use of the hands is highly dependent on interhemi-
spheric control of motor and sensory areas in both brain hemi-
spheres (24). In adults, a peripheral nerve injury in the forearm or 
a brachial plexus injury is known to result in substantial reorgani-
zation in sensorimotor areas in both brain hemispheres—and also 
in changes in functional connectivity between sensorimotor areas 
(11, 25). In addition, the return of sensory and motor functions 
after these injuries is often poor (26).

Interestingly, the cerebral response and clinical outcome 
after peripheral nerve injury have been shown to be highly 
dependent on age at injury (27, 28). The consequences of a 
neonatal peripheral nerve injury, such as BPBI, on the central 
nervous system in humans are largely unknown. However, 
studies on peripheral nerve injuries in neonatal rodents have 
shown that within days after injury most functional synapses 
turn into “silent synapses.” This is followed by a period of new 
synapse formation, i.e., reactive synaptogenesis, where new 
synapses are formed to support the damaged function (29). 
It is difficult to transform these findings to newborn humans 
with a BPBI, but a peripheral nerve injury, operated with nerve 
suture, in the forearm in children less than 13  years of age 
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FigUre 1 | cerebral activation during motor stimulation in patients with brachial plexus birth injury. The left-hand side of the figure shows brain activation 
during elbow flexion and extension and shoulder rotation compared to rest using the injured and healthy (control) arm, respectively. Activation patterns represent 
group results, and individual data have been shifted in the right–left direction so that the contralateral hemisphere in respect to motor stimulation is always the left 
hemisphere (conventionally to the right in radiological images). The right-hand side of the figure shows statistically significant differences (p < 0.05, uncorrected for 
multiple comparisons) in the activation pattern in the injured arm compared to the healthy arm. Elbow flexion resulted in significantly increased activation in the 
primary sensorimotor cortex in the contralateral hemisphere and in the ispilateral hemisphere compared to when moving the healthy arm (p < 0.05). Shoulder 
rotation on the injured side also resulted in increased activation in the primary sensorimotor cortex bilaterally, but this was not statistically significant.
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results in a cerebral activation in sensorimotor areas identical 
to that in healthy controls, in combination with an excellent 
return of sensory and motor function. On the other hand, a 
peripheral nerve injury in children older than 13 years results 
in a cerebral response similar to that seen in adults and a 
poor clinical outcome regarding return of sensory and motor 
functions (27). Given the fact that peripheral nerve injuries 
sustained at a young age have an excellent clinical outcome, 
patients with BPBI should have a good possibility of regaining 
function, and many patients with BPBI do have a complete 
functional recovery. Those who do not recover—as with the 
participants in the present study who had residual symptoms 
from their shoulder—probably have a more severe injury with 
extensive changes in afferent and efferent nerve signaling. This 
is supported by the present study, where fMRI showed cerebral 
changes that were more similar to what is seen in adults with 
peripheral nerve injuries, where activation in sensorimotor 
areas in both brain hemispheres is changed. Previous studies 

on adults with BPI have suggested altered interhemispheric 
dynamics, resulting in loss of the deactivation normally seen 
in ipsilateral sensorimotor areas (25). These results have been 
corroborated here in patients with BPBI and residual shoulder 
problems, who showed an increased activation in the primary 
sensorimotor cortex in the ipsilateral hemisphere. Furthermore, 
patients with BPBI also showed an increased activation in areas 
in the posterior parietal cortex in both hemispheres, which 
are known to be important for integration of motor tasks and 
spatial aspects of motor control. The mechanisms behind the 
change in neural activity in the ipsilateral primary sensorimo-
tor cortex and the in associated sensorimotor areas found in 
this study are not clear. Previous studies in healthy humans have 
suggested a functional interhemispheric inhibition between the 
primary somatosensory cortices (30, 31), most likely mediated 
by transcallosal activation of inhibitory GABAergic interneu-
rons (32). Thus, the changes in the ipsilateral hemisphere seen 
in our study could be driven by changes contralaterally, or they 
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could be due to an altered balance between homologous parts 
of sensorimotor areas in both hemispheres. Furthermore, the 
increased activation seen in posterior parietal areas known to 
be important for spatial aspects of motor control and motor 
task integration also suggest that there may be a cerebral com-
pensatory mechanism whereby more neurons are recruited to 
compensate for the impaired function in the arm.

All but one participant had Narakas I at birth, indicating 
shoulder and elbow problems. Over time, however, all the par-
ticipants had improved spontaneously, and none of them had 
been operated to improve elbow function. At follow-up, none 
of them experienced any subjective problems from the elbow. 
On the other hand, all but one participant had been operated to 
improve shoulder function, and those who were operated also 
had an improved Mallet score although they still experienced 
problems from their shoulder to some extent. Interestingly, both 
shoulder rotation and elbow flexion of the injured arm resulted 
in cerebral changes in both brain hemispheres. However, these 
differences were only significant, compared to when using the 
healthy arm, after flexion and extension of the elbow. Keeping 
the small number of patients in mind, one possible explanation 
for this intriguing difference may be found in the dynamic 
capacity of the brain. Directly after the BPBI, there is a cerebral 
plasticity trying to compensate for the injury. The difference 
in clinical recovery in flexion and extension of the elbow and 
shoulder rotation in the patients may indicate a more severe 
injury to nerves supplying the shoulder. Six out of the seven 
patients underwent surgical reconstruction, at a later stage in 
life, to improve shoulder function, and even if they did not have 
nerve reconstructions, the surgical procedures performed are 
likely to result in a new period of cerebral plasticity where the 
neurons supplying the shoulder muscles adopt to the recon-
structions done. This neural process can be detected as a clinical 
improvement in shoulder function. Thus, in the present study 
group, plasticity in neurons controlling elbow flexion and exten-
sion mainly take place at a very young age whereas the operative 
reconstructions to the shoulder are done at an older age where 
the dynamic capacity of the brain is diminished compared to 
what is the case in the period immediately after birth. This may 
result in a “smaller” reorganization, which is insufficient to 
improve shoulder rotation to a normal state.

Furthermore, the increased use of the hemisphere ipsilateral 
to the injury as well as areas in the posterior part of the parietal 
cortex bilaterally suggests that neurons in these areas have a more 
important role in the cerebral recovery processes in patients with 
BPBI than previously realized.

Our results were limited by the number of patients being 
examined. However, BPBI is rare, and there have been no previ-
ous studies focusing on cerebral changes in patients with BPBI 
and residual shoulder problems. Considering the long follow-up 
in this study, we believe that evaluation of seven patients can give 
valuable information, despite the small number. However, a study 
involving more patients who are randomized to different opera-
tive reconstructions is required to help answer two important 
questions: (1) is there a correlation between the cerebral changes, 
clinical deficits experienced by the patients, and the type of surgi-
cal reconstruction? and (2) does age at reconstruction affect clini-
cal outcome and cerebral changes? Studies in neonatal rodents 
have shown that there is a critical time window for reactive, 
compensatory, synaptogenesis following a neonatal peripheral 
nerve injury (29). This time window is not known in humans; 
but since nerve repair before the age of 13 years results in perfect 
restitution of nerve function, reconstructive surgery for residual 
shoulder problems should, at least in theory, be done before the 
age of 13 years in order to optimize clinical outcome. These are 
important questions requiring further attention.

Many rehabilitation programs for patients with BPBI are purely 
empirical and are not based on current knowledge in neurosci-
ence. The dynamic capacity of the nervous system creates possi-
bilities, and recent studies have suggested the possibility of using 
specific interventions to accelerate axon regeneration and CNS 
plasticity, i.e., guided plasticity (33–35). It has been proposed that 
rehabilitation programs should be tailored individually according 
to the nerve injury and the functional problems experienced by 
the individual patient, to maximize the effects of guided plastic-
ity (36). Further studies are needed to better understand the 
cerebral response to BPBI and to explore the potential therapeutic 
approach of guided plasticity in patients with BPBI.
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Discrimination Observed on the 
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Oleg Vyacheslavovich Favorov3, Robert S. Waters2 and Jack W. Tsao1,2,4*

1 Department of Neurology, University of Tennessee Health Science Center, Memphis, TN, USA, 2 Department of Anatomy 
and Neurobiology, University of Tennessee Health Science Center, Memphis, TN, USA, 3 Department of Biomedical 
Engineering, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA, 4 Children’s Foundation Research Institute, 
Le Bonheur Children’s Hospital, Memphis, TN, USA

Unilateral major limb amputation causes changes in sensory perception. Changes may 
occur within not only the residual limb but also the intact limb as well as the brain. 
We tested the hypothesis that limb amputation may result in the detection of hand 
sensation during stimulation of a non-limb-related body region. We further investigated 
the responses of unilateral upper limb amputees and individuals with all limbs intact 
to temporally based sensory tactile testing of the fingertips to test the hypothesis that 
changes in sensory perception also have an effect on the intact limb. Upper extremity 
amputees were assessed for the presence of referred sensations (RSs)—experiencing 
feelings in the missing limb when a different body region is stimulated, to determine 
changes within the brain that occur due to an amputation. Eight of 19 amputees (42.1%) 
experienced RS in the phantom limb with manual tactile mapping on various regions of 
the face. There was no correlation between whether someone had phantom sensations 
or phantom limb pain and where RS was found. Six of the amputees had either phantom 
sensation or pain in addition to RS induced by facial stimulation. Results from the tactile 
testing showed that there were no significant differences in the accuracy of participants 
in the temporal order judgment tasks (p = 0.702), whereby participants selected the digit 
that was tapped first by a tracking paradigm that resulted in correct answers leading 
to shorter interstimulus intervals (ISIs) and incorrect answers increasing the ISI. There 
were also no significant differences in timing perception, i.e., the threshold accuracy 
of the duration discrimination task (p = 0.727), in which participants tracked which of 
the two digits received a longer stimulus. We conclude that many, but not all, unilateral 
upper limb amputees experience phantom hand sensation and/or pain with stimulation 
of the face, suggesting that there could be postamputation changes in neuronal circuitry 
in somatosensory cortex. However, major unilateral limb amputation does not lead to 
changes in temporal order judgment or timing perception tasks administered via the 
tactile modality of the intact hand in upper limb amputees.
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TaBle 1 | Unilateral upper extremity amputee participant information.

Participant # amputation cause rs Pls PlP

1 RAE Trauma Yes Yes Yes
2 RBE Trauma Yesb No No
3 RBE Trauma No No No
4 RBE Trauma No Yes No
5 LBE Congenital Yes Yes No
6 LBE Trauma Yes Yes No
7 LBE Congenital No Yes No
8 LAE Trauma Yes Yes Yes
9 LBE Congenital No Yesa No
10 LAE Trauma No Yes Yes
11 RBE Trauma Yesb No No
12 LBE Trauma No Yes Yes
13 RAE Trauma No Yes Yes
14 RBE Trauma No Yes Yes
15 RBE Trauma Yes Yes Yes
16 LBE Trauma No Yes No
17 RAE Cancer Yes Yes Yes
18 RBE Compartment syndrome No Yes Yes
19 RAE Trauma No Yes Yes

Data include participant number, location of the amputation (R, right; L, left; AE, above 
elbow; BE, below elbow), cause of the amputation, whether or not they experienced 
referred sensation (RS), phantom limb sensation (PLS), and/or phantom limb pain 
(PLP).
aReported feeling a “fizzy” sensation in the missing limb.
bPhantom sensation only brought on by mislocalization of touch.
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inTrODUcTiOn

Great debate ensues regarding the etiology of phantom limb 
sensations (PLSs) and associated pain. Almost all amputees 
experience PLSs (1, 2). The minority that tends not to experience 
any phantom sensations typically includes congenital amputees 
(3, 4), although one study has identified such experiences in this 
population (5). More than 80% of all amputees will also experi-
ence phantom limb pain (PLP), characterized by electric shock, 
stabbing, and cramping sensations (6). PLP is a debilitating 
condition for many amputees. Unfortunately, the mechanisms 
that create phantom experiences, including sensation and pain, 
are not understood. When an amputation occurs, the peripheral 
limb is removed from the body causing drastic changes not only 
in the peripheral but also in the central nervous systems. Muscles 
and nerves attempt to forge new connections in place of lost ones, 
causing reorganization within the residual limb and the brain (7). 
Several imaging studies have shown that, after an amputation, 
cortical representations of adjacent remaining body parts take 
over the cortical area that once responded to the now amputated 
region. In particular, the face-representing somatosensory corti-
cal region expands and takes over the arm area in upper extremity 
amputees (3, 8–11).

Determining the mechanisms and specific pathways within 
the brain that are affected by an amputation will lead to further 
insight regarding the experience of PLS and pain. This study 
aimed to investigate the changes that occur within the brain of 
upper extremity amputees, testing the hypothesis that upper 
extremity amputees will experience hand-to-face remapping. 
Through the utilization of temporally based tactile stimulation, 
we also examined potential sensory perception changes that 
could occur within pathways controlling the intact limb. This 
study aimed to confirm previous studies on hand-to-face remap-
ping while also determining other factors that may play a role in 
such experiences.

ParTiciPanTs anD MeThODs

Participants
Participants for this study included 19 unilateral upper extremity 
amputees (Table 1) and 27 normal control participants. Control 
participants were recruited through the University of Tennessee 
Health Science Center from July 2015 through July 2016, and 
amputee participants were recruited at the National Amputee 
Coalition conferences in Tucson, AZ (July 2015) and Greensboro, 
NC (June 2016). The Institutional Review Board at the University 
of Tennessee Health Science Center gave approval for the study, 
and all participants provided written informed consent. Inclusion 
criteria, except for the presence of an amputation, were the same 
for all groups and included being between the ages of 18 and 65, 
not having brain injury, able to follow instructions, and normal or 
corrected-to-normal vision. Exclusion criteria included evidence 
or the history of a major medical, neurological, or psychiatric ill-
ness, any traumatic brain injury, a learning disability, and drug or 
alcohol abuse/dependence within the last 3 months, except nico-
tine, taking prescription drugs or supplements that might affect 
brain function, and having serious vision or hearing problems.

hand-to-Face remapping
Amputees were asked to complete a series of questions regarding 
their amputation and phantom experiences. Information regard-
ing the time since the amputation, the experience of phantom 
sensations, and the experience of PLP were investigated. Nineteen 
upper extremity amputees participated in facial mapping in order 
to determine how the brain reorganizes sensations as a result of 
amputation. The facial responses experienced by each amputee 
were mapped by using a stimulus consisting of a Q-tip brushed 
over different areas of the face. Testing began over the forehead 
with short smooth brushes and then moved around the eye, 
down the cheek, and over the chin. Brushing was completed 
both contralateral and ipsilateral to the side of amputation. As the 
investigator was brushing the face, the amputee was instructed 
to verbally express where the location of the brushing was felt. 
If facial mapping caused sensations within the phantom limb, 
repeat testing with a Q-tip dipped in cold water was performed. 
Finally, participants attempted to map the sensations on their 
own. All verbal reports of sensation felt within the phantom limb 
were recorded and the location(s) identified.

Tactile Testing
Tactile stimuli were delivered to two fingers with a custom-built 
tactile stimulator (Cortical Metrics, Carrboro, NC, USA). Control 
participants underwent a battery of testing conducted on the index 
and middle fingers of both right and left hands. Upper extremity 
amputees completed the testing with the intact hand. Testing 
included temporal order judgment and duration discrimination 
tasks. During the testing session, the participants were situated 
with their arm (right then left for controls, intact arm for ampu-
tees) on a wrist support and fingers positioned appropriately over 
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the tactile stimulator. Mechanical stimulation was applied to the 
tips of the index and middle fingers. A computerized procedure 
guided participants through a series of questions, answered via 
verbal report and recorded by a research member, relating to what 
the participants perceived on the tips of each finger. In both of 
the tasks described below, a simple tracking paradigm was used 
to determine each participant’s difference limen, the amount that 
the stimulus must be changed in order for differences between 
finger perceptions to be detected. Visual cues on the computer 
screen informed participants about appropriate times to provide 
their response. Practice trials were performed before each test to 
allow the participants to become familiar with the test, and three 
consecutive correct responses to the training trials were required 
before data acquisition began. The participant was not provided 
with feedback or knowledge or response accuracy during data 
collection trials.

Temporal Order Judgment
To assess temporal order judgment, two taps were delivered 
sequentially, one to each finger, with an initial interstimulus 
interval (ISI) of 150 ms. Participants were queried as to which 
of the two stimuli came first. Subsequently, as the result of the 
subjects’ response, the ISI was altered between each trial. The 
tracking paradigm employed resulted in correct answers lead-
ing to shorter ISIs and incorrect answers increasing the ISI. For 
each trial, the finger that received the first of the two pulses was 
chosen randomly. Subjects were required to report which finger 
was tapped first.

Duration Discrimination
Duration discrimination is the minimal difference in durations 
of two stimuli at which an individual can successfully identify 
the stimulus that has a longer duration. Sequential stimulus 
vibrations of varying durations were delivered, one to each finger. 
Subjects were asked to report which of the two fingers received the 
longer stimulus duration. The “standard” stimulus lasted 500 ms 
and at the start the “test” stimulus lasted 750 ms. Discrimination 
threshold determination was assessed using the same tracking 
paradigm, which reduced the duration of the test stimulus when 
subjects answered correctly and increased the duration of the test 
stimulus when the responses were incorrect. The finger and order 
of the stimuli were chosen at random for each trial.

Data analysis
ANOVA was used to analyze results of tactile testing comparing 
between upper extremity subject groups and controls. Analyses 
conducted on the experience of referred sensation (RS) and the 
presence of PLP were also completed utilizing direct participant 
verbal reports, a 2 × 2 factorial ANOVA test and a Pearson’s cor-
relation test. Significance was determined by a p value <0.05.

resUlTs

hand-to-Face remapping
Eight out of 19 (42.1%) upper extremity amputees, including 
one congenital participant, experienced a mislocalization of 

touch when an area of their face was brushed. Similar to the 
results reported by Ramachandran and Rogers-Ramachandran 
(10), points on the face of each participant who reported 
elicited sensations within the phantom limb were documented 
and marked on a forelimb and face diagram, indicating the 
appropriate body region (Figure  1). The cheek area evoked 
the greatest number of RSs. Two participants experienced the 
feeling of their little finger when the cheek was brushed. Two 
participants also reported feeling the first finger when the cheek 
was stimulated. In addition, amputees reported feeling the 
thumb, back of hand, underside of the arm, and elbow through 
cheek stimulation. Three participants reported mislocalization 
of touch when the forehead was stimulated, expressing feelings 
within the third finger, palm, and thumb. When the chin was 
brushed, two participants experienced RSs of the thumb and 
palm. Four of the participants only experienced phantom sensa-
tions in the amputated limb when the ipsilateral side of the face 
to the amputation was stimulated. Two participants experienced 
sensations in the amputated limb when either side of the face 
was stimulated, and one felt sensations when more of the center 
of the face was stimulated.

After the identification of prominent mislocalization of touch, 
investigators attempted to remap the experiences with a Q-tip 
dipped in cold water. Only one participant felt that the sensa-
tions were more intense with the cold water, all other participants 
reported the same experiences as felt with the dry Q-tip. Once 
the cold-water test was completed, the subjects were then asked 
to conduct the facial mapping on themselves. Two participants 
reported being able to still feel RSs, while six participants no 
longer felt any RSs.

In addition to obtaining reports of the mislocalization of 
touch, investigators also asked participants to report the time 
since amputation and their experiences with phantom sensa-
tion or PLP. Statistical analysis conducted on the time since 
amputation and the presence of RS showed no correlation, 
with the average time since amputation being 211.26  months 
(p  =  0.507). A 2  ×  2 factorial ANOVA determined that there 
was no significant correlation between any of the experiences 
and the presence of RS (p = 0.134). A Pearson’s correlation test 
confirmed these results as well (p = 0.134). Out of the eight upper 
extremity amputees who experienced RS, four had PLP and four 
reported no PLP. In addition, six regularly experienced phantom 
sensations prior to testing and only two did not. Also, 6 of the 11 
amputees who did not experience RSs also experienced PLP, and 
10 experienced PLS, with only 1 not experiencing the presence 
of the missing limb.

Amputees who do not experience PLSs tend to be congenital 
amputees (those born without a limb) (3, 4). Three congenital 
amputees completed the hand-to-face remapping study and 
reported their experiences with phantom sensations and PLP. 
Initially, all three congenital upper extremity amputees self-
reported no RSs, no phantom sensations, and no PLP. However, 
two of the three participants, when asked to graphically depict 
their phantom limb on a piece of a paper, completed the task, 
suggesting that they do, in fact, feel the presence of a phantom 
limb. The one congenital amputee who was unable to trace 
the phantom limb reported that they did not have phantom 
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FigUre 1 | locations touched on the faces that were reported to also elicit sensations within the phantom limb. Each point marked by an “X” on the 
face corresponds to a location that was felt on the phantom limb, represented in the same color. (a)–(g) represent the individual experiences felt by different 
participants, labeled by subject numbers that correspond to Table 1.
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sensation, just a “fizzy” feeling, again implying the feeling of 
sensation within the missing limb. Additionally, while conduct-
ing the hand-to-face remapping task, one of the congenital 
amputees who was able to depict their phantom limb felt the 
brushing sensation within the palm of the phantom limb when 
the forehead and chin were stimulated. This information is 
important to note, considering the rarity of phantom sensation 
reported by congenital amputees.

Temporal Order Judgment
In the temporal order judgment task, in which the participant 
was instructed to determine which digit experienced a test tap 
stimulus first, the mean threshold scores were 31.4 ± 19.5 and 
34  ±  22.8  ms for the control and upper extremity amputees, 
respectively (p  =  0.702). Additional analysis was conducted to 
determine correlations between threshold scores and whether 

the left or right arm was amputated. When compared to controls, 
neither right nor left-arm amputees differed in the temporal order 
judgment task (p = 0.668).

Duration Discrimination
The threshold accuracy of the duration discrimination task 
was determined to investigate the potential changes in the 
accuracy of timing perception for upper extremity amputees. 
In the duration discrimination task, participants were asked 
to identify which digit received a longer stimulus. The mean 
threshold scores were 66  ±  25.5 and 69.1  ±  28.3  ms for con-
trol and upper extremity amputees, respectively (p  =  0.727). 
When the amputees were separated based on the side of 
their amputation, results showed no significant difference 
in the scores obtained on the duration discrimination task  
(p = 0.204).

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


73

Collins et al. Hand-to-Face Remapping Following Amputation

Frontiers in Neurology | www.frontiersin.org January 2017 | Volume 8 | Article 8

DiscUssiOn

When an individual loses a limb, many changes occur, not only 
within the peripheral system but also within the central nervous 
system. Although descriptions of phantom sensations and phan-
tom pain have been around since at least the sixteenth century 
(12), the etiology of these experiences is still not understood. 
After an amputation occurs, the nerves and muscles attempt to 
build connections wherever possible, leading to reorganization 
within the residual limb. Whether this reorganization fuels the 
central nervous system reorganization or vice versa needs further 
investigation. Results from this study indicate that cortical reor-
ganization may be confined to the contralateral somatosensory 
cortex and does not significantly affect other cortical areas or 
spread transcallosally to the somatosensory cortex in the opposite 
hemisphere.

Our investigation of the effects of an amputation on the cortex 
were conducted through the use of facial mapping. By using a 
Q-tip to brush areas of an amputee’s face and evoking phantom 
sensations in the missing limb, we were able to positively identify 
hand-to-face remapping in 42.1% of upper extremity ampu-
tees. Such results show that the removal of an upper extremity 
does indeed cause changes within the main cortical target of 
somatosensory input projections, the somatosensory cortex. 
Additionally, this study showed that cortical reorganization is 
not always directly linked to the experience of PLP, since half of 
those experiencing mislocalization of touch failed to report any 
PLP. The time since amputation also did not play a role in the 
experience of cortical reorganization. Results are encouraging, 
if not definitive, and provide an important first step for future 
studies involving the timing of the onset and overall plasticity 
of cortical reorganization. One very interesting finding arising 
from this study was the identification of a congenital amputee 
who experienced mislocalization of touch. Facial mapping caused 
sensation within the palm of the missing limb as the forehead and 
chin were brushed. Initially, this participant reported that they 
did not experience PLP or a phantom limb; however, when asked 
to depict the phantom limb on a piece of paper, they proceeded 
to trace around a limb that they still perceived, a phantom rep-
resentation. The ability of this individual to feel the palm of the 
missing limb on their forehead and chin shows that the brain has 
undergone cortical reorganization. These findings raise questions 
about the cause of the congenital limb loss. Although this person 
was born without the limb, there is the possibility that the limb 
was formed in utero and then removed, such as from amniotic 
band syndrome. In this scenario, there was regression of the limb 
during development such that the limb representation developed 
within the brain and did not disappear when the limb was lost. 
If the limb never formed during development, it is possible that 
the cortex still maintains some innate representation of all body 
parts. Such findings go against multiple studies that indicate 
congenital amputees do not experience phantom limbs and/or 
RS due to cortical reorganization (3, 4, 8). Furthermore, since 
there was no correlation between the presence of phantom pain 
and whether there was detectable hand-to-face remapping, these 
findings suggest that cortical reorganization alone is not the etiol-
ogy of phantom pain as previously postulated (13–15).

Furthermore, temporally based tactile stimulation testing 
was completed on upper extremity amputees to determine the 
effects of amputation on the temporal processing in the CNS. 
Temporal order judgment task and duration discrimination task 
are timing tests that are controlled by areas of the brain other 
than the somatosensory cortex. As described by multiple stud-
ies, the ability to judge which finger receives the first test pulse 
is controlled mainly by the pre-supplementary motor area and 
posterior parietal cortex (16–18). Duration discrimination, the 
ability to determine which test pulse lasted longer, is thought to 
reflect activity predominantly centered in the cerebellum (19). 
Results from tactile testing on the intact limb of upper extremity 
amputees and controls showed that there is no significant differ-
ence on timing perception tasks between the two groups. These 
findings suggest that amputations lead to remapping effects that 
do not have an impact on timing measures that take place outside 
of the denervated somatosensory cortex or changes within path-
ways controlling the intact limb.

For clinical purposes and the management of PLP, more effort 
into determining the utility of visualization and residual limb 
movement therapies is necessary, especially if cortical reorganiza-
tion alone is not a key factor in the presence of phantom pain. 
Future research efforts should focus on the timing of cortical 
reorganization to gain more insight into whether the peripheral 
or central nervous systems cause and/or maintain the phantom 
experiences. Additionally, tactile testing targeting the soma-
tosensory cortex contralateral to the amputated side will provide 
information regarding changes there and effects that therapies 
and treatments contribute to these changes. Determining the 
effects that an amputation has on the organization of the brain 
will enable researchers to gain further knowledge about the pres-
ence of PLSs. Finally, more research needs to be conducted on the 
experience of phantom sensations felt by congenital amputees. It 
is possible that determining the factor that causes a congenital 
amputee to experience phantom sensations may lend great insight 
to the understanding of overall phantom experiences.
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