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PERSPECTIVE

Propriospinal interneurons in the 
spotlight for anatomical and functional 
recovery after spinal cord injury

Spinal cord injury (SCI) with consecutive paralysis below the lesion 
level is a severe disorder affecting the patient for the rest of his or her 
life. So far, there is no known fundamental intervention strategy for 
efficiently helping those patients regain their motor abilities, despite in-
tense research in this area. Thus, effective treatment for those patients is 
still an open question. A spinal cord injury is accompanied by a prima-
ry, severe and irreversible neuronal cell death in the trauma region, fol-
lowed by a secondary extensive cell necrosis in the lesion surrounding 
areas. Nevertheless, recent studies indicate that regeneration after spinal 
cord injury could be possible if three substantial steps are fulfilled: (1) 
reduction of the inhibitory environment at the SCI lesion site, (2) iden-
tification of a neural substrate to establish new spinal circuits, and (3) 
support of these circuits to form permanent, functional motor, sensory, 
or autonomic connections (Dru and Hoh, 2015).

In 2014, a study was published on four patients with complete motor 
paralysis for over two years, two of whom also had complete sensory 
SCI (Angeli et al., 2014). Previously, it was thought that incomplete 
sensory SCI was necessary to maintain voluntary movements (Harke-
ma et al., 2011), but Angeli et al. (2014) showed that all of the patients 
studied were able to perform voluntary movements after intensive 
epidural spinal cord stimulation. They speculate that epidural spinal 
cord stimulation neuromodulated the spinal circuitry at sub-threshold 
motor levels, evoking neuronal activity which accumulated to become 
supra-threshold. In addition, they showed convincing evidence that 
the patients were able to make specific voluntary movements of par-
alysed muscles long after injury. Although this represents a clinical 
breakthrough for the four patients in the study, the question remains 
as to the cause of their improvement. One explanation for the observed 
movements could be the mechanical and electrical stimulation of the 
skin or the reduction of body weight support (Harkema et al., 2011), or, 
as claimed by Angeli et al. (2014), the alteration of existing circuitries. 
A further explanation, which we favor, is that new connections were 
established within the spinal cord, altering interneuronal networks by 
acting on commissural spinal cord interneurons with connections to 
more caudal segments to pass information around the lesion site.

Functional recovery could be credited to synaptic plasticity, recruit-
ment of additional spinal cord interneurons, or plasticity in anatomical 
circuitries (Flynn et al., 2011). Recently, different subsets of commissural 
neurons in the spinal cord have been identified and are reported to have 
an influence on functional recovery (Chedotal, 2014). At least 22 sub-
classes of such spinal cord interneurons have been found, many of them 
being gamma-aminobutyric acid (GABA)- or glutamate-positive. The 
impact of intraspinal networks of interneurons on recovery after incom-
plete sensory or motor SCI has long been known (Flynn et al., 2011). 
One of the major factors here is that damaged axons from the motor 
cortex form new connections with the help of interneurons at the sev-
ered level. These interneurons act as an interposition like, for example, 
a transplant of the surreal nerve that helps to reestablish the function of 
the ulnar nerve after transection. Via those new connections information 
from the motor cortex can be transferred to interneurons, which are 
connected to more caudal segments. This circuitry is a unique property 
of the spinal cord. Such a newly established pathway can be reinforced, 
for example, by using epidural electric stimulation (Angeli et al., 2014) 
and that in turn, could lead to functional recovery. 

Within the last year, different embryonic interneuron transplanta-
tion studies have been published confirming the inducibility of cortical 
plasticity (Tang et al., 2014), the recovery of visual cortical function 
(Tang et al., 2014) and the reduction of neuropathic pain after periph-
eral nerve injury in murine in vivo models (Braz et al., 2015). Interneuro-
nal precursors used in these publications were dissected from the media 
ganglionic eminence, a transitory brain structure only present in embry-
onic and fetal stages, and injected into the region of interest. Promising 

attempts have also been made using interneurons generated from mouse 
embryonic stem cells (Brown et al., 2014), olfactory ensheathing cells or 
bone marrow stromal cells, since spinal interneuronal precursors are rare 
to extract.

We recently published our improved method for investigating 
source-specific regeneration of the corticospinal tract into spinal cord 
slices and intrinsic parenchymal responses (Pohland et al., 2015). 
Briefly, motor cortices of green fluorescent protein (GFP)-expressing 
mice P0–3 (postnatal day 0–3) are dissected in coronal sections and 
co-cultured with wild type spinal cord slices using pups of the same 
age. We prepared spinal cord slices by cutting the explant perpendicular 
to the longitudinal axis in order to maintain their ventrodorsal polarity 
as well as the intrinsic axonal fiber tract. Nevertheless, the rodent cor-
ticospinal tract trajectories are different from primates, since most of 
all nerve fibers are present in the dorsal column (Ni et al., 2014; Rank 
et al., 2015). We showed outgrowth of motorcortical axons into the 
spinal cord, demonstrated synaptic connections between both explants, 
and analyzed migrating GFP-positive cells within the wild type tissue. 
During the preparation of the motorcortical slices, an artificial transec-
tion of the corticospinal tract is caused, since at this time point axons 
of motorcortical neurons already extend beyond the medulla oblongata 
and reach the cervical spinal cord (Oishi et al., 2004). Using green flu-
orescent and non-fluorescent animals allows us to monitor motorcor-
tical regeneration into the dorsal column of the wild type spinal cord 
slice; even though we cannot rule out that few of the ingrowing fibers 
may come from previously undamaged axons. In addition, other lim-
iting parameters are that the viability of organotypic slice cultures as 
well as the potential of regeneration rapidly decreases with older tissue 
donors, whereas the complexity of explant isolation is increasing (Bon-
nici and Kapfhammer, 2008; Sypecka et al., 2015). Our co-cultures were 
prepared until P3, when axons of motorcortical neurons already extend 
beyond the medulla oblongata and reach the cervical spinal cord (Oishi 
et al., 2004). Of course one has to keep in mind the limitations of early 
postnatal slice cultures, due to the age-dependent declination in the 
regenerative ability of older tissue. Even though postnatal organotypic 
slice cultures cannot mimic all complex aspects occurring after SCI 
they can bridge the gap between cell culture and in vivo experiments. 
They also can provide a convenient approach to cultivate tissue with 
a maintained cytoarchitecture under controlled and comparable con-
ditions (Bonnici and Kapfhammer, 2008). Additionally, organotypic 
slice cultures are suitable for long-term incubation allowing an easier, 
consistent access for instance during microscopically analysis, electro-
physiology or treatment (Sypecka et al., 2015).

Applying our improved organotypic slice co-culture model we have 
published data on axonal outgrowth, regeneration and cell migration. 
While we have already presented our data on astrocytes, which remain 
within the motorcortical slice and on migrating neuronal precursors 
(Pohland et al., 2015), we wanted to further analyze the composition of 
the entering cell population. Using two different approaches, we were 
able to verify that migrating interneurons can be studied in our set-up 
and have already started to differentiate the interneuron population.

On the one hand, we used transgenic mice expressing enhanced GFP 
under the control of the parvalbumin promotor (Pvalb-EGFP) for our 
organotypic slice co-cultures. These motor cortex donors have been used 
before to develop an interneuron network (Bartos et al., 2002). After sev-
en days in vitro we detected, using fluorescent live imaging, Pvalb-EGFP 
interneurons that migrated up to 300 μm into the wild type tissue (Fig-
ure 1A–D). A typical interneuronal soma and dendrite can be seen in 
Figure 1D. On the other hand, we verified those migrating interneurons 
with additional immunohistochemical stainings using the primary an-
tibodies mouse anti mouse against glutamic acid decarboxylase isoform 
1 (GAD67; 1:250) and rabbit anti mouse against Doublecortin (DCX; 
1:200), as well as the secondary antibodies Cy3-conjugated goat anti 
mouse (1:1,000) and Alexa633-conjugated goat anti rabbit (1:750) (Fig-
ure 1E–I). GAD67 is diffusely localized in the cell body and upregulated 
after CNS traumas, explaining its preparation related high distribution 
in our slice model (Figure 1G). GABA, which is produced by decar-
boxylation of glutamic acid with the help of GAD, is one of the major 
inhibitory neurotransmitters in the adult brain and spinal cord, but has 
an exhibitory function during embryonic stages, which changes at about 
P4–5 in rodent spinal cord motorneurons (Allain et al., 2011). 

After the proof of principle regarding the migration of motorcortical 
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interneurons, we would like to further specify this very heterogeneous 
population (Chedotal, 2014). Additionally we want to apply our set-
up to investigate the influence of propriospinal interneurons. For this 
purpose, we want to study organotypic slice co-cultures using motor 
cortices of red fluorescent protein (RFP)-expressing mice as well as 
spinal cord tissue of transgenic mice expressing enhanced GFP under 
the control of the parvalbumin promotor (Pvalb-EGFP). Due to the 
sagittal longitudinal cutting of the spinal cord during preparation we 
do expect an appropriate amount of interneurons within our slice, for 
example in the dorsal horn (Yang, 2015). Our approach is suitable to 
study if outgrowing corticospinal tract axons can functionally interact 
with intraspinal networks of interneurons. In addition, if a lesion is 
placed within the spinal cord slice ingrown motorcortical fibers might 
be able to surround the scar and allowing the passage of information to 
segments beyond it by local spinal interneuronal circuits. 

It is undeniable that the outcome of organotypic slice culture exper-
iments is not totally comparable to the manifold, complex processes 
occurring after a spinal cord injury in vivo. But, we think that our co-cul-
ture model could help to answer fundamental questions in this field by 
providing a simple approach to easy analyze propriospinal networks 
under controlled and comparable conditions. Our method could con-
tribute to better understanding and overcoming the substantial steps that 
are necessary to induce regeneration after spinal cord injury for instance 
by different treatments in order to reduce the growth inhibitory environ-
ment at the lesion site. Trying to alter the outcome of our model with the 
focus on local propriospinal interneurons could help to investigate repair 
strategies in finer detail. And if the dorsal horn interneurons can also 
form functional connections, receive input from ingrowing corticospinal 
tract fibers of the motor cortex, the question arises as to whether we can 
influence those interneurons to promote regeneration after a second spi-
nal cord lesion within the in vitro co-culture.

Further studies will help to address the question of how plasticity of 
the CNS might be influenced to promote functional recovery. Trying to 
alter the outcome of a SCI in vitro model using interneuronal precur-
sors or alteration of intraspinal interneuronal networks could help to 
investigate such a repair strategy in finer detail. 

In summary, although two of the patients in the Angeli et al. (2014) 
study had complete sensory and motor SCI we believe that they still 
had preserved connections from the rostral to the caudal spinal cord 
via the network of interneurons. Of course we cannot rule out, that 
those patients had spared supraspinal fibers such a long time after the 
injury. In all cases, where the spinal cord has not a complete misalign-
ment, some fibers are preserved. But do to the sheer number of propio-
nalspinal neurons (Flynn et al., 2011), we think, that it is more likely, that 
propriospinal interneurons and not supraspinal fibers have survived the 
injury. In addition, recent studies indicate the plasticity of dorsal horn 
interneurons after SCI as well as the presence of propriospinal interneu-
rons that are located in the mouse upper spinal cord and their long-pro-
jecting connections to motor neurons in the lumbar segments (Rank et 
al., 2015). If those connections can be reinforced by epidural spinal cord 
stimulation and/or by additional interneurons migrating from the motor 
cortex into the spinal cord, or by transplantation of neuronal precursors, 
functional recovery might be possible by amplifying the potential of in-
terneurons to plastic reorganization after SCI.
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Figure 1 Cortical parvalbumin-positive interneurons and GAD67-positive 
neuronal precursors migrate into spinal cord.
(A) Overlaid bright field and parvalbumin EGFP (Pvalb-EGFP) images of a 
representative co-culture at 7 days in vitro (DIV). For this and the following 
images: MC: Motor cortex; SC: spinal cord; IF: interface between MC and SC 
(dotted line). Scale bar: 500 μm. (B and C) Sections of (A) at a higher magni-
fication. Overlaid bright field and Pvalb-EGFP images in (B) and Pvalb-EGFP 
signal in (C) showing green fluorescent cells within the MC (yellow arrows) 
and the wild type SC (white arrows). Scale bar: 100 μm. (D) Section of (C) at 
a higher magnification. Scale bar: 20 μm. (E) Confocal image of neuronal pre-
cursor (DCX) and glutamic acid decarboxylase isoform 1 (GAD67) staining as 
well as beta-actin GFP (ACTB-GFP) signal. Scale bar: 300 μm. (F–I) Magnified 
section of (E) shows in (F) ACTB-GFP, (G) GAD67 and (H) DCX-positive cells. 
(I) Merge of (F–H) depicting single (green arrow = ACTB-GFP), double (blue 
arrow: ACTB-GFP and DCX; magenta arrow: GAD67 and DCX), and triple 
(white arrow: all channels) stained cells. Scale bar: 37.5 μm.


