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ARTICLE INFO ABSTRACT

Spared corticospinal tract (CST) and proprioceptive afferent (PA) axons sprout after injury and contribute to
rewiring spinal circuits, affecting motor recovery. Loss of CST connections post-injury results in corticospinal
signal loss and associated reduction in spinal activity. We investigated the role of activity loss and injury on CST
and PA sprouting. To understand activity-dependence after injury, we compared CST and PA sprouting after
motor cortex (MCX) inactivation, produced by chronic MCX muscimol microinfusion, with sprouting after a CST
lesion produced by pyramidal tract section (PTx). Activity suppression, which does not produce a lesion, is
sufficient to trigger CST axon outgrowth from the active side to cross the midline and to enter the inactivated
side of the spinal cord, to the same extent as PTx. Activity loss was insufficient to drive significant CST gray
matter axon elongation, an effect of PTx. Activity suppression triggered presynaptic site formation, but less than
PTx. Activity loss triggered PA sprouting, as PTx. To understand injury-dependent sprouting further, we blocked
microglial activation and associated inflammation after PTX by chronic minocycline administration after PTx.
Minocycline inhibited myelin debris phagocytosis contralateral to PTx and abolished CST axon elongation,
formation of presynaptic sites, and PA sprouting, but not CST axon outgrowth from the active side to cross the
midline. Our findings suggest sprouting after injury has a strong activity dependence and that microglial acti-
vation after injury supports axonal elongation and presynaptic site formation. Combining spinal activity support
and inflammation control is potentially more effective in promoting functional restoration than either alone.
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1. Introduction

Brain and spinal cord injury typically disrupt multiple descending
motor pathways leading to motor impairments and paralysis. Motor
deficits are primarily rooted in the loss of cortical control due to dis-
connection of corticospinal tract (CST) axons (Brooks and Stoney Jr.,
1971; Martin, 2005; Lemon, 2008), which show very limited re-
generation capacity (Silver et al., 2014), within spinal circuits. Thus,
the post-injury prognosis—for both the likelihood of motor recovery as
well as the development of further impairment, such as spasticity—is
largely determined by reorganization of spared motor pathways and
spinal motor circuits (Bareyre et al., 2004). Selective lesion of CST
axons in the medullary pyramid has been widely used for studying the
rewiring of spinal motor circuits due to the functional significance of
this pathway (Filipp et al., 2019). After CST lesion, spinal motor circuits

reorganize, a process that includes: degeneration of CST axons; loss of a
class of target interneuron (Jiang et al., 2013; Jiang et al., 2016; Jiang
et al., 2018); and a gain of new axonal projections from spared path-
ways, including the ipsilateral CST and proprioceptive afferent fibers
(Z'Graggen et al., 1998; Bareyre et al., 2004; Brus-Ramer et al., 2007;
Tan et al., 2012; Williams et al., 2017).

While spared axons typically show injury-dependent sprouting
(Schwab, 2002; Brus-Ramer et al., 2007), they are also sensitive to
activity-based manipulations (Martin and Lee, 1999; Brus-Ramer et al.,
2007; Jiang et al., 2016). Importantly, it is difficult to distinguish the
contributions of injury and activity loss to post-injury circuit re-
modeling because the loss of connections due to injury produces an
immediate loss of CST motor control signals and, consequently, spinal
cord activity. CST sprouting after injury depends on similar growth-
related signaling pathways (Lang et al., 2013; Lee et al., 2014) as
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Fig. 1. Experimental design and verification. A. Schematic illustration of experimental design. Gray matter shading on the left side indicates denervated/inactivated
side. B. Time line of individual procedures. C. Summary of the BDA injection locations in all groups on the left side, and muscimol infusion cannula site on right side.
D. Representative cytochrome C histochemical staining (left; 40 um section) and plot profile analysis of cytochrome C optical intensity in the infusion area (right;
N = 4 rats) reveals reduced metabolic activity in infused motor cortex. E. PKCy staining reveals no CST axonal damage in the inactivated dorsal column. F. Unilateral
PTx causes complete loss of PKCy staining in the injured dorsal column (top). Nissl staining of lesion site at medulla reveals that the lesion is limited to pyramidal
tract (bottom). G. Iba-1 staining shows that no obvious microglial activation was induced in the dorsal column after 10 days of MCX inactivation compared to control;
PTx induces dense microlgial cell staining in the injured dorsal column. Insets (below) are higher magnification images of Iba-1 positive microglial cells in each
group. H. Quantification of Iba-1 + microglial cells in the injured dorsal column of the spinal cord from all groups. Cortical inactivation did not produce a significant
increase in the number of microglial cells in the injured DC as did PTx. Kruskal-Wallis test, p = .0258; Dunn's multiple comparison test, *p < .05. Scale: 100 um in E,

F, and dorsal column images in G. 10 pm for insets in G.

activity-dependent sprouting (Zareen et al., 2018). We thus hypothesize
that the immediate loss of activity of spinal circuits that have been
partially denervated after pyramidal tract lesion (PTx) is an important
factor governing sprouting of axons spared after injury.

In addition to intrinsic activity-dependent mechanisms, the capacity
for CST axon outgrowth after injury is also modulated by extrinsic
factors (Tedeschi and Bradke, 2017). Particularly, axonal injury and the
subsequent Wallerian degeneration induce inflammatory responses
(Kumar and Loane, 2012; Spejo and Moon, 2018). Although injury-in-
duced neuroinflammation show both beneficial and harmful effects on
post-injury repair (Popovich and Longbrake, 2008), spared axonal
sprouting has been mostly shown to be promoted by inflammation at or
near an injury site, which is most likely contributed by infiltrated
peripheral macrophages and immune cells (Guth et al., 1994; Vallieres
et al., 2006; Chen et al., 2008; Popovich et al., 2012; Torres-Espin et al.,
2018). Macrophages, in particular, were found to support regeneration
and functional recovery via phagocytosis of dead tissues and trophic
support (Lazarov-Spiegler et al., 1996). However, sprouting is not
limited to the location near the injury, but also is present at sites distant

from injury (Chen et al., 2008; Tan et al., 2012; Bachmann et al., 2014;
Lindau et al., 2014), where neuroinflammation primarily evolves due to
the presence of activated innate CNS immune cells, the microglia
(George and Griffin, 1994; Popovich et al., 1997). We thus further
hypothesize that after PTx, sprouting of spared axons in the cervical
spinal cord requires adequate post-injury inflammation, especially mi-
croglial activation and clearance of myelin debris.

To explore the role of activity loss in regulating spared CST and
proprioceptive afferent sprouting, we compared the effects of unilateral
PTx and MCX inactivation in adult rats. PTx eliminates the CST from
one hemisphere and this, in turn, triggers CST sprouting from the MCX
in the other hemisphere (Brus-Ramer et al., 2007), as well as sprouting
of proprioceptive afferents in the spinal cord (Tan et al., 2012). We use
MCX inactivation to test if the loss of activity, like the loss of CST axons
and their connections after PTx, is a suitable trigger for the active CST
axons from the other hemisphere and cervical proprioceptive axon to
sprout. To address injury-induced inflammation at remote locations,
especially microglial involvement in axonal sprouting, we blocked in-
flammation (including microglial activation) after PTx using
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minocycline, a relatively specific and highly effective inhibitor of mi-
croglial activation and inflammation (Garrido-Mesa et al., 2013; Shultz
and Zhong, 2017). By comparing CST and PA sprouting following PTx
alone and PTx plus minocycline, we intend to identify a role for in-
flammatory responses, and the likely clearance of myelin debris after
injury by activated microglia, in promoting sprouting.

We found that MCX inactivation increased the formation of CST
presynaptic sites and PA sprouting, whereas PTx additionally produced
CST axon elongation, in the inactivated/denervated ipsilateral gray
matter and that this injury-dependent axon sprouting response was
blocked by minocycline. Our findings suggest that an important com-
ponent of spared CST and PA sprouting after PTx is due to the loss of
activity that occurs as a consequence of the injury. That injury-induced
remote inflammatory responses, represented by microglial activation,
are necessary for sprouting to occur underscores the myriad factors that
organize neural remodeling after a remote injury.

2. Material and methods
2.1. Animals

Experiments were performed in accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory
Animals. All animal protocols were approved by the City College and
the City University of NY Institutional Animal Care and Use
Committees. Adult male Sprague Dawley rats (250-300 g) were housed
under a 12h light/dark cycle in a pathogen-free area with water and
food provided ad libitum. All surgeries were performed under general
anesthesia (70 mg/kg ketamine, 6 mg/kg xylazine, i.p.) and aseptic
condition.

2.2. Experimental and surgery procedure

A schematic of our experimental plan is shown in Fig. 1A. The CST
was anterogradely labeled with biotinylated dextran amine (BDA) in-
jected into the forelimb representation of MCX. Muscle proprioceptive
afferents (PA) were labeled transganglionically using cholera toxin B
subunit (CTB) injected into the extensor carpi radialis (ECR) muscle,
which also retrogradely labels ECR motoneurons. Surgeries were per-
formed according to the time line shown in Fig. 1B.

2.2.1. Chronic M1 muscimol infusion

To block the activity of motor cortex chronically, the GABA, re-
ceptor agonist Muscimol (10 mM in normal saline, Sigma) was con-
tinuously infused for 10 days using an implanted osmotic minipump
(Alzet, model 2002, 0.5 pul/h) (Martin and Ghez, 1999). The infusion
canula was centered in right M1 forelimb representation (AP: 1.8 mm,
ML: 3mm as shown in Fig. 1C, right) (Brus-Ramer et al., 2009; Jiang
et al.,, 2013), and at a depth of 1.5mm below the pial surface. De-
pression of cortical neuronal activity was confirmed using a metabolic
marker, as loss of Cytochrome C staining (Wong-Riley, 1989), in each
animal (n = 4; Fig. 1D left), which is analyzed using plot profile func-
tion in ImageJ and summarized in Fig. 1D right.

2.2.2. Pyramidal tract lesion (PTx)

Animals were anesthetized (ketamine and xylazine: 70/6 mg/kg,
i.p.) and a small craniotomy was made in the ventral surface of occipital
bone to expose the right pyramidal tract at the caudal medullary level.
An iridectomy scissor was lowered to a depth of 1.2mm below the
ventral medullary surface directly adjacent to the basilar artery and the
entire right pyramid was transected as described before (Brus-Ramer
et al., 2007) (Fig. 1A). We verified the completeness of pyramidal tract
lesion in each animal by two ways: absence of pyramidal tracts with
Nissl staining in medulla (Fig. 1F lower), and complete loss of PKCy
staining in the cervical dorsal column contralateral to the PTx (see
Fig. 1F, upper). Medullary Nissl staining also indicates no further injury
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to pathways adjacent to pyramidal tracts.

2.2.3. Anterograde labeling of MCX corticospinal axons

Seven injections of BDA (10%, 300 nl/injection site, Invitrogen)
were made into forelimb motor cortex, the coordinates of seven sites
are (AP, ML in mm): (1.0, 2.0), (1.0, 3.0), (1.0, 4.0), (1.8, 2.5), (1.8,
3.5), (2.5, 2.5), (2.5, 3.5). The exact location may be slightly shifted
when blood vessels were encountered (Fig. 1C, left). Injections were
made 1.5mm below the pia surface. The injections sites distribute
evenly within forelimb motor cortex and are consistent between con-
trol, inactivation and PTx animals. To study spared CS axonal
sprouting, BDA was injected to either unlesioned MCX in PTx animals,
or the active MCX in inactivation animals. To study the phagocytosis of
the inactivated CST, BDA was injected to muscimol infused MCX in
inactivation animals. We summarized the injection sites in Fig. 1C.

2.2.4. Muscle afferents tracing

CTB (1%; 10 pl, List Biologicals) was injected into the extensor carpi
radialis muscle (ECR) at the side with either CS denervation or MCX
inactivation using a Hamilton syringe (Jiang et al., 2016).

2.2.5. Systemic minocycline administration

Minocycline hydrochloride was administered to PTx rats daily for
10 days (n = 4; Sigma. 45 mg/kg, pH adjusted to 7.4, i.p.) to achieve a
maximal inhibitory effect (Jiang et al., 2018), and the first dose was
given immediately after PTx, as described previously (Jiang et al.,
2018).

2.3. Tissue preparation and staining

Animals were deeply anesthetized and perfused with saline followed
by 4% paraformaldehyde. Frozen brain and spinal cord tissues were cut
transversely at 40pum thickness using a sliding microtome. For
Cytochrome oxidase histochemical staining, brain sections were in-
cubated for 2-6h at 37°C in 0.1 M phosphate buffer containing 4%
sucrose, 0.05% DAB, and 0.03% cytochrome C (Sigma type III). For CST
analysis, BDA was visualized with 1% avidin— biotin complex reagent
(Vector Laboratories), and followed by the chromogen diaminobenzi-
dine (DAB; Sigma) or streptavidin conjugated to FITC or Cy3. The fol-
lowing primary antibodies were used: goat anti- CTB (1: 1000, List
Biologicals), guinea pig anti- VGLUT1 (1:1000, Millipore), rabbit anti-
Iba-1 (1:1000, Wako), mouse anti- myelin basic protein (1:1000, MBP).
FITC, Cy3 or Cy5 conjugated donkey anti-goat, donkey anti-guinea pig,
donkey anti-mouse, donkey anti-rabbit secondary antibodies were used
subsequently according to the combination of co-labeling. Finally,
Sections were digitally imaged using Zeiss LSM 880 confocal micro-
scope.

2.4. Image analysis of cervical 6-8 spinal cord segments

2.4.1. Quantification of midline crossing axons

BDA-labeled uninjured or active CST axons located within a 25 um
wide rectangle near the border of Laminae VII and X were counted to
obtain an estimate of the number of midline crossing axons, as shown in
Fig. 3A (middle panel, red rectangles) (Brus-Ramer et al., 2007). For
each animal, 10-15 sections were quantitatively analyzed.

2.4.2. Corticospinal axon length estimation

Uninjured or active CST axons were manually-traced and axon
varicosities (approximately =3x the stem axon diameter) were
marked using Neurolucida (MBF Science). The traced axon length and
varicosity numbers were obtained using Neurolucida Explorer. The
estimation of axon length was corrected for the variability in tracing
between animals using the average number of BDA-labeled axons in the
dorsal CST estimated using the Optical Fractionator program in Stereo
Investigator (MBF Science). For this analysis, 4-5 sections were selected
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for quantitative measurements in each animal.

2.4.3. Proprioceptive afferent terminal density analysis

High-resolution tiled images of CTB-labeled spinal cord sections
were captured using a Zeiss 880 confocal microscope at 20 X with an
optical thickness of 1 um. Because we were interested in changes within
the gray matter only, the white matter areas of the spinal cord were
digitally removed before analyses. All images underwent selective
threshold adjustments using equivalent contrast/brightness levels to
highlight only CTB-labeled fibers, which reduced noise variations be-
tween sections and animals (Photoshop; Adobe); this has been de-
scribed in our previous study (Tan et al., 2012). The mediolateral dis-
tribution of CTB-positive terminals in the deep dorsal horn/
intermediate zone (Fig. 5 B-E, rectangle) was analyzed on the thre-
sholded images using the Plot Profile function in ImageJ. And the area
under medial and lateral parts of the distribution curves were calcu-
lated in using the program Prism 5. For each animal, 10-15 sections
were analyzed.

2.4.4. Density heatmaps

Axon tracing data or processed CTB images from individual sections
were corrected for orientation and aligned with one another according
to fiduciary marks, and then were exported and quantified using custom
programs written in Matlab (MathWorks). Output files of individual
sections of the spinal gray matter were divided into 40 pm by 40 pm
square regions of interest (ROIs). Axon length, varicosity numbers, and
CTB-positive terminal densities are represented according to a color
scale, from the lowest density (blue) to the highest (red). Areas without
labeling are colored black. To compare the distribution of uninjured or
active CST varicosities and PA terminals, we warped the heatmaps in
photoshop to match the contour within MCX inactivation or PTx
groups.

2.4.5. Dorsal column microglia cells count

Microglial cells were visualized using Iba-1 staining. We obtained
40 x confocal z-stack images within dorsal column as the area of in-
terest (ROL; 212.5 x 212.5 um). Only Iba-1 positive cells with a clear
soma and processes were counted as shown in Fig. 1G insets. For each
animal, 4 sections were analyzed.

2.4.6. Quantification of microglial engulfment of myelin or CST axonal
debris

Intensity of myelin basic protein (MBP) or BDA clusters within in-
dividual microglia were obtained using ImageJ. Images were thre-
sholded using consistent values, and only clusters with =3 pixels were
circled for optical intensity analysis, similar to our previous study
(Jiang et al., 2018). For clusters occupying several optical slices, we
analyzed the slice containing the largest cluster area. If multiple clus-
ters appeared in one microglial cell, the intensity of all clusters was
summed to represent the value of the corresponding microglial cell.
Images were taken from 3 animals in each group with a focus on the
medial intermediate zone, which is where contralateral CS axons are
densest (Jiang et al., 2016). For this analysis, 8 sections were randomly
chosen from each animal, and 25-70 microglial cells were analyzed
from each animal, the numbers of cells varied due to the distinct in-
flammatory condition with or without injury. As a result, the total
numbers of microglia cells that were analyzed ranged from 100 to 200
for each group.

Statistics. Statistical analyses were performed using Prism 5 (Graph
Pad Prism 5). For data not normally distributed, the Mann-Whitney test
was used to compare two groups. The Kruskal-Wallis test was used to
compare more than two groups, which was followed by Dunne's
Multiple comparison test. Data that were verified to be normally dis-
tributed were compared with a One-way ANOVA followed by the Tukey
Multiple comparison test. Cumulative curves were compared using the
Kolmogorov-Smirnov (K—S test).
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3. Results
3.1. Corticospinal inactivation did not lesion the CST

We used MCX inactivation to identify activity-dependent sprouting
of CST and PA axons in adult rats. Using cytochrome C staining, we
confirmed successful activity depression in motor cortex after chronic
muscimol infusion in all 4 animals (Fig. 1D). To verify that inactivation
did not lesion CST axons, we first verified the expression of the CST
marker PKCy in the dorsal column. The inactivated CST shows the same
level of PKCy staining as the active (ipsilateral) dorsal column (Fig. 1E).
This contrasts with the complete loss of PKCy-immunoreactivity in the
lesioned dorsal column after PTx (Fig. 1F upper). We next compared the
expression of microglial cells in the inactivated and active sides of the
dorsal column. The proliferation of microglial cells is a sensitive in-
dicator of inflammation associated with axonal injury in the brain and
spinal cord (Riva-Depaty et al., 1994; Greenhalgh and David, 2014). We
detected symmetric and small numbers of Iba-1+ microglial cells in
both sides of the dorsal column after unilateral cortical inactivation
(Fig. 1G). Quantification (Fig. 1H, inact) revealed no significant in-
crease in dorsal column microglial cell numbers compared to control
animals. This contrasts with a strong increase 10days after PTx
(Fig. 1H, PTx10) (ctrl: 11.3 * 1.3, inact: 15.2 * 2.0, PTx10:
41.3 + 6.0; Kruskal-Wallis test, p = .0258; Dunn's multiple compar-
ison test, *p < .05). These findings indicate that inactivation did not
induce an injury-associated inflammatory response in the dorsal col-
umns after cortical muscimol infusion, and that there was no detectable
loss of or injury to descending CST axons. Thus, different from physical
denervation by PTx, cortical inactivation introduces a physiological
denervation in the contralateral spinal cord.

3.2. Corticospinal inactivation and PTX increased microglial phagocytosis
on the affected side of the spinal gray matter

Microglia is the major innate immune cell class in the brain and
spinal cord. Using its phagocytosis function, microglia participate in
maintaining the structural and functional homeostasis of the central
nervous systems, such as normal myelin turnover (Ando et al., 2003;
Yeung et al., 2014; Safaiyan et al., 2016), and activity —dependent sy-
naptic plasticity (Nimmerjahn et al., 2005; Tremblay et al., 2010;
Parkhurst et al., 2013). This phagocytosis is significantly up-regulated
after injury, as part of injury-associated inflammatory responses, in
order to engulf damaged neuronal and axonal debris (Riva-Depaty
et al., 1994; Greenhalgh and David, 2014; Jiang et al., 2018). Indeed, as
shown in the set of representative images (Fig. 2A), we detected myelin
basic protein clusters (MBP, arrowhead) within microglial cells in the
gray matter of denervated spinal cord in the PTx animals, consistent
with phagocytosis of myelin debris. We measured the presence of
myelin in microglial cells in the normal and PTx-denervated spinal gray
matter of all groups and quantified the optical intensity of microglial
MBP clusters (Fig. 2B). The mean intensity of microglial MBP clusters
increased significantly 3 days after PTx, with a slight decline at 10 days
(ctrl: 65.5 + 5.0, PTx3: 145.9 + 11.8, PTx10: 97.5 + 8.9; One Way
ANOVA, p < .0001; Tukey's multiple comparison test, **p < .01,
*p < .05). The increased microglial MBP level in the denervated spinal
cord reflects microglial phagocytosis of myelin, which could be due to
Wallerian degeneration after PTx. Chronic application of minocycline,
an inhibitor of microglial cells, completely blocked the increase in
microglial phagocytosis of myelin (Fig. 2B, PTx10 + mino: 56.8 + 5.1;
Tukey's multiple comparison test, “p < .05). This is consistent with our
previous finding that minocycline was effective in completely blocking
the phagocytic actions of microglia on premotor cholinergic inter-
neurons in the spinal gray matter (Jiang et al., 2018).

Despite no significant lesion-associated microglial proliferation in
the dorsal column after cortical inactivation, compared with PTx
(Fig. 1G), we recently showed that MCX inactivation drives a higher
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Fig. 2. Both MCX inactivation and PTx increase microglial phagocytosis of myelin, which is blocked by minocycline treatment. A. Representative images showing
myelin debris (MBP, red, arrow head) within a microglia cell (Iba-1, green), indicating microglial phagocytosis of myelin debris. Part a is projection of the z- stack
image; b shows a single 1 um optical plane image. X and Y views are also shown. B. Optical intensity of microglia-engulfed MBP clusters. One Way ANOVA,p < .001;
Tukey's multiple comparison test, **p < .01, *p < .05. C. Representative images showing inactivated CST axonal debris (BDA, green) within microglia (Iba-1, red),
indicating phagocytosis of corticospinal axon debris. Part a is a projection of the z- stack image; b shows a single 1 um optical plane image. X and Y views are also
shown. D. Optical intensity of microglia-engulfed inactivated CS axonal debris. Mann Whitney test, p = .1012. Scale in A and C: 10 ym. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

number of activated microglial cells (i.e., showing the phagocytic
phenotype) in the spinal gray matter (Jiang et al., 2018). Consistently,
we also found significantly more microglial MBP signal after MCX in-
activation compared to that of controls (Inact: 130.7 = 12.1, Tukey's
multiple comparison test, **p < .01). Moreover, it is not different from
the value of the two PTx groups. These findings imply that cortical
inactivation is sufficient to drive microglial phagocytosis of myelin
debris within the gray matter as after PTx. We next took advantage that
the inactivated CST axons remain intact and continue to be labeled by
BDA to determine if CST axonal components (BDA) was also engulfed
by activated microglia (Fig. 2 C). We were able to detect BDA-positive
puncta in microglial cells (Fig. 2C), reflecting normal surveillance by
microglial cells (Nimmerjahn et al., 2005). However, the quantification
of engulfed BDA puncta in microglia showed no significant increase in
the inactivated spinal cord compared to that of the controls (Fig. 2D.
ctrl: 96.3 = 17.5, inact: 121.8 = 14.3; Mann Whitney test,
p = .1012). This shows that despite increased clearance of myelin
debris, inactivated CS axons remains stable after inactivation. Thus, we
conclude that MCX inactivation primarily caused an activity-dependent
demyelination in spinal gray matter, without evidence for axon loss.

3.3. CST axons in all groups were equally potentiated to cross the midline
but differently elongate in the gray matter

The major source of ipsilateral CST axons is the intact CST axons
that re-cross the midline within lamina X of the spinal cord (midline
crossing, Fig. 3A schematic image on left). In the representative images
in Fig. 3A (enlarged in middle panel), few midline crossing axons were
detected in the control spinal cord. Many of the intact CST axons can be
seen to make hairpin-like U turns when they approach the midline
(arrow). In contrast, axons crossing the midline are frequently detected
after inactivation, PTx10, and PTx10 with minocycline treatment.
Quantification showed a significant and nearly 3-fold increase in the
numbers of midline-crossing axons within a 40-um section in in-
activation and PTx10 animals, with or without minocycline treatment,
compared with controls (Fig. 3B. ctrl: 1.2 + 0.3, inact: 3.4 = 0.3,
PTx10: 3.5 * 0.2, PTx10 + mino: 3.2 *= 0.2; Kruskal-Wallis test,
P < .0001; Dunn's multiple comparison test: ***P < .0001). Con-
sidering that the length of the cervical enlargement is approximately
1 cm, containing ~250 40-um sections, the total increase in crossing
axon numbers can reach nearly 1000 along the cervical enlargement.
These findings show that cortical inactivation is sufficient to promote
sprouting of spared CST axons to the same extent as after PTx, which
induces activity loss immediately after lesion as well as a complete loss

of CST projections from the lesioned side. Inhibition of PTx-induced
inflammation by minocycline did not interfere with this sprouting po-
tential.

With newly sprouted axons entering the denervated or inactivated
spinal cord gray matter, axonal elongation is required to achieve a
denser and more extensive termination, which is particularly remark-
able only in the PTx10 spinal cord (Fig. 3A; heatmaps). To quantify
axon elongation, we measured the length of individually traced axons
in the four groups, and plotted the data as frequency distribution
curves, which were then fitted to Gaussian distributions (Fig. 3C). The
inactivated group was not different from controls (Fig. 3C, black and
blue curves, K-S test, p = .5307). The PTx10 group (red curve) showed
a significant axon length shift to the right; a lower percentage of short
axons (double red arrows), and a larger percentage of longer axons
(single red arrow) compared with controls (K-S test, p < .0001).
Minocycline treatment (green curve) led to the opposite pattern, with
more shorter axons (double green arrows) and fewer longer axons
(single green arrow) compared with controls (K—S test, p < .0001) and
with the PTx10 group (K—S test, p < .0001). Similarly, the mean
length of individual axons showed a significant increase in the PTx10
group, whereas cortical inactivation did not trigger a change compared
with controls. Minocycline treatment blocked the axonal elongation in
PTx animals, with a mean length that is even shorter than that of the
control animals (Fig. 3D. ctrl: 51.2 + 1.5, inact: 50.0 = 1.2, PTx10:
59.1 = 1.9, PTx10 + mino: 45.5 * 1.4; Kruskal-Wallis test,
P < .0001; Dunn's multiple comparison test: ***P < .0001,
**P < .01). As a result of CST axon elongation after PTx, but not MCX
inactivation, total CST axon length in affected spinal cord (Fig. 3E)
showed: no significant change immediately after 10 days of MCX in-
activation, but approximately a 107% increase 10 days after PTx, and
minocycline completely abolished the increase after PTx (x10° um, Ctrl:
5.18 = 0.34, Inact: 6.19 = 0.42, PTx10: 10.74 = 0.10,
PTx10 + mino: 4.65 * 0.37; Kruskal-Wallis test, p = .0001, Dunn's
Multiple Comparison test, ***p < .001, **p < .001). Again, the
averaged changes in a 40- um section reflects a substantial amount
sprouting along the entire cervical enlargement. This is also shown in
the heatmaps as much broader and denser terminations in the PTx10
group, but not in inactivation or minocycline groups, comparing with
controls (Fig. 3A, lower panel). Together these findings indicate that
suppression of neuronal activity is sufficiently strong to provoke active
CST axons to cross the midline to enter the denervated spinal cord to
the same extent as after PTx. Injury-induced inflammation, which is
represented by activation of phagocytic microglia, and robust after PTx,
was not involved in determining the capacity for midline axonal
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Fig. 3. The midline-crossing capability, but not elongation, of ipsilateral CST
axons is equally potentiated after MCX inactivation, PTx- and combined min-
ocycline-and PTx. A. Representative images and heatmaps of BDA-labeled ip-
silateral CST axons. The schematic on the left shows axons re-crossing the
midline to enter the affected (denervated/inactivated; gray) spinal cord gray
matter, where the axons could branch and elongate to project to different areas.
The red rectangle marks the area for counting of midline-crossing axons. Upper
panel: lower magnification images show greater ipsilateral CST axons in the
gray matter of the PTx group compared to all other groups. Middle panel: high
magnification of ipsilateral lamina X region, indicated in upper images,
showing midline crossing axons. The rectangular area was used for axon
counting. Arrow indicates that contralateral CS axons make hairpin-like turns at
the midline in the control. Scale: 0.2 mm. Lower panel: heatmaps of ipsilateral
CST axons showing the marked increase in density of ipsilateral CST axons after
PTx, but not after MCX inactivation. Minocycline treatment blocked the in-
crease after PTx. Colour scale represents normalized pixel densities. The scale is
the same for all heat maps (1 x 10~ 3. B. Quantification of the number of axons
crossing the lamina 10 boundary in a 40 pm thick section shows similar changes
among all groups. All treatments equally and significantly elevated midline
axon crossing (Kruskal-Wallis test, P < .0001; Dunn's multiple comparison
test: ***P < .0001). C. Frequency distribution curves for single axon length
analysis (K-S test, ***P < .0001, **P < .01). D. Group comparisons for
averaged single axon gray matter length analysis. PTx, but not MCX inactiva-
tion, induced significant axonal elongation, which is blocked by minocycline
(Kruskal- Wallis test, P < .0001; Dunn's multiple comparison test:
%P < 0001, **P < .01). E. Total length of ipsilateral CST axons in the gray
matter. PTx, but not MCX inactivation, induced significant axonal elongation,
which is blocked by minocycline (Kruskal-Wallis test, P < .0001; Dunn's
multiple comparison test: ***P = .0001, **P < .01). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. MCX inactivation potentiates the formation of new presynaptic sites on
ipsilateral CST axons, which is more prominent after PTx and is blocked by
minocycline. A. Representative images showing co-labeling of BDA positive
ipsilateral CST axon varicosities (red, arrows) with excitatory presynaptic
terminal marker for CST axons, VGLUT1 (green, arrow heads). Projection of z
stack confocal images (left) and enlarged single optical plane images of square
areas (a and b) are shown. Scale: 10 um. B. Heatmaps of ipsilateral CST axon
varicosities showing the change in density and distribution pattern. Both MCX
inactivation and PTx increased the varicosity density and territories.
Minocycline treatment blocked the increase after PTx. The scale is the same for
all heat maps (8 x 107°). C. Quantification of the varicosity densities of ipsi-
lateral CST axons show a significant increase after both MCX inactivation and
PTx. The response after PTx is completely abolished with minocycline treat-
ment (One-way ANOVA analysis, p < .0001; Tukey's multiple comparison test,
*p < .05, **p < .01, ***p < .001). D. The association between total axon
length and varicosity numbers for ipsilateral CST axons in individual animals
from the different groups (PTx10, open circles; Inactivation,; filled gray circles;
PTx10 + minocycline, half open and gray; Control, filled black circles). MCX
inactivation primarily promotes formation of new presynaptic sites from the
unaffected CST, whereas PTx additionally drives axonal elongation.
Minocycline treatment blocks both processes after PTx. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

crossing, but was necessary for individual gray matter axon elongation.

3.4. Gray matter CST terminations are differentially potentiated in response
to inactivation and PTx and blocked by minocycline after PTx

After PTx, the activity-dependent increase in crossing axons and the
elongation of axons—which depends on injury-associated inflamma-
tion, including microglial activation—could contribute to reconstruc-
tion of the connections of spared CST axons within the denervated
spinal cord gray matter. We next determined if CST denervation pro-
duced changes in the topography and regional density of presynaptic
sites. CST presynaptic terminals are morphologically characterized as
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axonal varicosities, defined as a tracer-filled 3-fold (or greater)
widening of the axon (Fig. 4A, left; arrows in the z-stack of optical
images). As we have previously shown, CST axon varicosities co-label
with VGLUT1 (Fig. 4A, a and b; arrow heads in single plane images),
which mark their excitatory presynaptic boutons. Taking advantage of
their morphological characteristic, we marked CST axon varicosities
along traced axons, and constructed regional density heatmaps to show
changes in the topographic distribution of putative presynaptic sites
across animal groups (Fig. 4B). In control animals, ipsilateral CST axon
terminals are normally sparse and largely restricted to the medial in-
termediate zone and medial ventral horn. Immediately after 10 days of
MCX inactivation, despite the lack of significant CST axonal elongation
(Fig. 3C and E), there is a larger increase in axon varicosities in the
ventromedial area, a small diffuse increase laterally in the intermediate
zone and dorsal horn, and a new strong focus in the lateral dorsal horn.
Ten days after PTx, there is a further increase in ventromedial, dorso-
lateral, and dorsomedial varicosity labeling. The quantification of total
number of varicosities showed a 121% increase after 10 days of MCX
inactivation and a 279% increase after PTx compared with the control
group (Fig. 4C. ctrl: 43.4 + 8.5, inact: 96.1 = 7.5, PTx10:
164.6 = 19.9; One Way ANOVA analysis, p < .0001; Tukey's multiple
comparison test, *p < .05, **p < .01, ***p < .001). In addition,
minocycline treatment completely abolished the varicosity increase
after PTx (47.2 £ 6.0, ***p < .001). These findings suggest that se-
lective cortical inactivation is sufficient to drive spared CST axons to
form new putative synaptic connections, largely along their original
axons. The further varicosity increase after PTx may reflect the con-
current axon elongation. The findings further indicate that in addition
to activity loss robust injury-induced inflammation, including micro-
glial activation, is also required for the formation of a greater number of
new varicosities after injury.

To summarize the changes in total CST axon length and varicosity
numbers after different CST manipulation, we plotted the two values
from individual animals (Fig. 4D). The data points of PTx10 animals
occupy the top right compartment of the figure due to greater axon
length and higher varicosity numbers. The values of MCX inactivation
animals are much higher in varicosity density than controls but less so
for axon length than after PTx10, and thus locate in the middle left
portion of the plot. Minocycline treatment shifted the values of PTx10
animals to the lower left corner, similar to control values, due to both
shorter axon lengths and lower varicosity numbers. This representation
of the data shows that activity loss in the target side of the spinal cord is
critically involved in the formation of putative synapses on spared CST
axons, but not for axonal elongation. This, in turn, seems to constrain
the increase in total number of putative presynaptic sites compared to
PTx. Moreover, our findings show that injury-induced inflammation
supports the formation of new connections after PTx by enabling
greater axonal elongation.

3.5. Reactive sprouting of proprioceptive afferents in response to CST
denervation and minocycline treatment

In addition to the sprouting of CST axons produced by inactivation
or PTx, proprioceptive afferents (PA) also show increased gray matter
innervation after PTx, as shown in our earlier study (Tan et al., 2012).
Here, we investigated the activity- and microglial-dependence of this
response. We studied proprioceptive afferents from the extensor carpi
radials muscle (ECR) as the target muscle due to its large MCX re-
presentation (Brus-Ramer et al., 2009). We traced ECR proprioceptive
afferents using transganglionic transport of CTB. In a subset of animals,
we co-labeled CTB with VGLUT1, the glutamate transporter for large-
diameter afferents (Alvarez et al., 2004), and found that CTB+ clusters
stain with VGLUT1 (Fig. 5A). This indicates that marking of CTB po-
sitive puncta well-represents the presynaptic terminals of ECR pro-
prioceptive afferents. In turn, we reason that a change in the density of
CTB+ clusters indicates a change in PA presynaptic terminals.
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We captured changes in CTB cluster density both as heatmaps
(Fig. 5B-E) and as mediolateral CTB density distributions (Fig. 5F, G).
We compared the distribution of proprioceptive terminals after MCX
inactivation, PTx10, and after PTx10 + minocycline. We verified that
CTB labeling across groups was not different by comparing the numbers
of retrogradely-labeled ECR motoneurons in the ventrolateral motor
neuron pool on both sides of the spinal cord within animals, and across
all groups (Fig. 5B to E). Proprioceptive ECR afferents showed a dense
band across laminae III to IV, which did not seem to differ across
groups. In contrast, labeling in laminae V to VII increased after cortical
inactivation (Fig. 5C) and more so after PTx10 (Fig. 5D). Interestingly,
the increases were topographically distinct, with inactivation elevating
PA terminations laterally (Fig. 5Cii) and PTX, medially (Fig. 5Dii).
Minocycline treatment completely abolished the medial CTB increase in
PTx animals (Fig. 5E). These topographic distribution patterns and
changes are well-demonstrated by the mediolateral distribution curves,
which were also fitted to Gaussian distributions (Fig. 5F). Compared
with the relatively even mediolateral distribution pattern in control
animals (black curve), MCX inactivation resulted in a laterally-centered
elevated peak in CTB labeling (blue curve, K—S test, p < .0001). In
contrast, PTx produced a medial-centered peak (red curve, K—S test to
control: p < .0001). Minocycline treatment after PTX prevented the
robust sprouting response after PTX (green curve, K-S test,
p < .0001). The area under the lateral and medial parts of the curves
(AUG; dotted line, Fig. 5F) was measured, respectively, and summarized
(Fig. 5G). CTB staining in the inactivation group (lateral) nearly dou-
bled compared with lateral labeling in controls, and the PTx10 medial
CTB signal showed nearly a 6-times increase compared with medial
labeling in controls. Total CTB label in the inactivation animals (lateral)
was not different from the total PTx labeling (medial). Minocycline
treatment largely eliminated the increase in CTB signal in the medial
intermediate zone in PTx10 animals (AUC, Kruskal-Wallis test,
P < .0001; Dunn's multiple comparison test: **P < .01,
***P < .001). These findings show that changes in ECR proprioceptive
terminals are similar to those of spared CST axons. They together
suggest that cortical inactivation can trigger formation of new PA fiber
connections nearly as efficiently as PTx at remote locations, and this
requires support of injury-induced inflammation, especially activated
microglia cells.

3.6. Overlap of the areas of ipsilateral corticospinal and proprioceptive
terminals in spinal cord

Proprioceptive afferents and descending motor pathways, including
the CST, are the two major classes of extrinsic inputs to spinal seg-
mental motor circuits; they closely interact with each other during
postural control, locomotion, and voluntary movements (Dietz, 2002).
The parallel sprouting of proprioceptive afferents and CST axons in
response to CS system manipulation, either by MCX inactivation or PTx,
is different from competition between bilateral CST pathways during
development (Martin and Lee, 1999), or between contralateral CST
axons and PAs that we observed previously (Jiang et al., 2016). This
prompted us to examine whether there is any topographic association
between the location of the spared CST and PA labeling in spinal gray
matter with a focus in lamina VI to VII, where there are projections
from both inputs. We first co-labled CST and PA axons in the dener-
vated spinal cord (Fig. 6A-C). Similar to what we described previously,
both ipsilateral CST and PA axons are very sparse in lamina V to VII of
control spinal cord (Fig. 6Ai and ii) and there is minimal overlap be-
tween them, as shown on a representative single section (Fig. 6Aiii).
After MCX inactivation, there is a small increase in active CS axons and
PA terminals in same area of lateral deep dorsal horn (arrow head in fig.
6Biii). PTx drives a larger projection from PA and spared CST axons to
both medial and lateral deep dorsal horn (arrows in fig. 6Ciii). We then
warped the varicosity heatmaps of the spared CST and PA terminations
that we presented earlier to enable direct topographic comparison
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Fig. 5. Muscle proprioceptive afferents sprout in re-
sponse to M1 inactivation and PTx. A. Colocalization
of CTB+ ECR proprioceptive afferent terminals
(green) with the excitatory presynaptic terminal
marker, VGLUT1+ (red). Scale: 10ym. B to E.
Representative images (i) and density heatmaps (ii)
of CTB traced ECR proprioceptive afferent terminals
in the spinal cord. Note that there are more CTB
positive terminals in the lateral deep dorsal horn in
the MCX inactivation animals (Ci and ii), which ex-
panded to the medial deep dorsal horn after PTx (Di
and ii). CTB signal is much lower in the deep dorsal
horn in the PTx + minocycline treated group (Ei and
ii). Scale: 0.2 mm. F. Mediolateral distributions of
CTB signal in the deep dorsal horn showed sig-
nificantly increased signal laterally after inactiva-
tion, and medially after PTx; minocycline abolished
the increase after PTx (K—S test, p < .0001). G.
Quantification of area under the medial or lateral
half of the mediolateral distribution curves, respec-
tively. The integrated CTB signal significantly in-
creased laterally after MCX inactivation, and medi-
ally after PTx, minocycline significantly suppressed
the increase after PTx (Kruskal-Wallis test,
p < .0001, Dunn's multiple comparison, ***
p < .001, ** p < .01, * p < .05). (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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Fig. 6. The territories of newly formed ipsilateral CST axon varicosities and proprioceptive afferent terminals overlap within the spinal cord after MCX inactivation
and PTx. A-C. Co-labeling of ipsilateral CST (BDA, i) and PA (CTB, ii) in control (A), inactivation (B) and PTx10 (C) spinal cords. The merged images (iii, red for CST,
green for PA.) show topographic overlap between the two pathways (arrow head in 6Biii, arrows in 6Ciii). Scale: 0.2 mm. D-F. The ipsilateral CST varicosities (i) and
CTB labeled ECR-PA terminal (ii) density heatmaps were warped into the same gray matter size/shape and compared within controls (D), MCX inactivation (E) and
PTx groups (F) individually. The termination territory of each pathway is summarized in iii (green, ECR-PA terminals; orange, for ipsi-CST varicosities). The
boundaries correspond to the bright blue area. The ECR motor pool is shown in gray. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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(Fig. 6D-F, i and ii). We compared the high-density areas of the ter-
minations from each pathway (corresponding to bright blue colour,
Fig. 6D-F, iii). Consistent with the double-labeled images, there is no
overlap between spared CST and PA termination in control animals
(Fig. 6Diii). MCX inactivation drove nearly complete topographic
overlap in the lateral deep dorsal horn (Fig. 6Eiii). This overlap ex-
panded into the medial dorsal horn in PTx animals (Fig. 6Fiii). The
segregation of overlap zones in medial and lateral deep dorsal is likely
related to the targets of CS manipulations. Cortical inactivation dis-
rupted CST axons from MCX only, which primarily terminate in the
lateral intermediate zone of spinal cord, while PTx disrupted CST axons
from both MCX and the somatic sensory cortex; the sensory projection
is predominantly to the more medial intermediate zone (Ueno et al.,
2018; Kameda et al., 2019). The overlap of spared CST and PA term-
inals, although somewhat different in individual groups, suggests that
they may be affected similarly when encountering activity manipula-
tion of spinal motor circuits; mildly by MCX inactivation and strongly
by PTx. The emergent anatomical overlap may enable interactions be-
tween the two new pathways in the spinal sensorimotor circuit.

4. Discussion

Spared axonal sprouting in the spinal cord mechanistically may
underlie motor recovery after injury, which is a gain of function, as well
as hyperreflexia, a gain of dysfunction. Since most spinal cord injuries
are incomplete, promoting adaptive sprouting of spared descending
axons after injury is a potential target for motor repair to foster vo-
luntary control. In this study, using MCX inactivation to silence the
forelimb area, which gives rise to a portion of the cervical CST pro-
jection, we show a significant and substantial contribution of activity
loss to the triggering of CST sprouting into the affected side of spinal
cord and subsequent formation of putative synapses. PA sprouting also
was augmented with activity loss. Axon elongation and synapse for-
mation, from the CST and PAs alike, was further dependent on injury-
induced inflammation, including microglial phagocytosis of myelin
debris in spinal cord, which is far from the primary injury site. Our
findings suggest that an important component of CST and PA sprouting
on the denervated side of the spinal cord is due to the loss of activity
that occurs as a consequence of the injury. And our data further suggest
possible distinctive roles for neural activity and inflammatory re-
sponses, in mature axonal outgrowth, including guidance, elongation,
and synaptogenesis. Combining an activity-promoting manipulation
and inflammation control may help achieve better functional restora-
tion after injury than either alone.

4.1. Changes in neuronal activity trigger spinal circuit rewiring

Neuronal activity is known to be pivotal for axonal plasticity and
circuit reorganization during development and in maturity (Katz and
Shatz, 1996; Martin and Lee, 1999). In our study, for the first time, we
suggest three component steps towards CST axonal growth to its
terminal field in the spinal gray matter, based on comparison of the
characteristics of these steps produced by forelimb MCX inactivation
and PTx. We show that the loss of activity is capable of triggering CST
axon outgrowth across the midline towards the side with reduced ac-
tivity. Presumably, this is related to controlling the guidance of the
sprouting axon, including the initial direction (i.e., increased crossing
axon numbers), the eventual termination within a particular territory in
the intermediate zone and dorsal horn, as well as the density of the
terminals. The capacity for spared axonal outgrowth and guidance to
the affected side are equally strengthened following forelimb MCX in-
activation and PTx, which would produce an immediate loss of post-
synaptic target circuit activity. These findings strongly support our
hypothesis that the loss of activity, while likely not the only factor, is an
essential trigger for axonal sprouting after injury. The activity change
not only determines the capacity for sprouting, but may also bias that
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growth towards the inactive/denervated side.

It is important to recognize that inactivation did not produce a le-
sion. Whereas the injection cannula would displace and possibly da-
mage MCX cells at the implantation site, we previously found that la-
beled CST neurons are present close to the cannula tract (Martin et al.,
1999). And in our present study, there was no microglial activation and
no loss of PKCy-labeled inactivated CST axons in the dorsal column, as
after PTx. These observations point to a lack of direct injury to CST
axons, and thus activity suppression is the major driven for circuit re-
organization. More interesting, we observed significantly increased
microglial phagocytosis of myelin (MBP), but not inactivated CST ax-
onal debris (BDA), in the contralateral spinal cord after MCX in-
activation. This strongly suggests that an activity dependent demyeli-
nation, but not axon loss, was primarily induced by activity
suppression. This not only might open up space for the formation of
new connections by axonal demyelination, but the preservation of in-
activated axons also enables more dynamic modulation of manipulated
axons as we found previously; where the return of activity quickly
brings back normal functional connections (Jiang et al., 2016).

Our finding that activity loss mimics connection loss after injury
helps to explain transcallosal sprouting after unilateral stroke
(Carmichael and Chesselet, 2002). In a rat model with a unilateral
thremocoagulation lesion in sensorimotor cortex, increased low fre-
quency synchronized neuronal activity was present in the peri-lesion
cortex early after injury, and then in the contralesional cortex, where
axonal sprouting occurs. The synchronized neuronal activity in peri-
lesion cortex is similar to the patterned activity in the developing re-
tina, hippocampus, and cortex, which is known to be pivotal for circuit
formation (Katz and Shatz, 1996; Stellwagen and Shatz, 2002; Egorov
and Draguhn, 2013). Indeed, activity blockade in the peri-lesion cortex
abrogates the contralesional sprouting (Carmichael and Chesselet,
2002), implying a direct association between increased activity with
axonal sprouting and circuit rewiring in the spared ipsilateral cortex. It
is plausible that unilateral PTx or MCX inactivation also leads to in-
creased activity in the intact MCX, which gives the spared forelimb CST
axons a competitive advantage in gaining synaptic target space in the
spinal cord (Jiang et al., 2016). A similar mechanism may also apply to
the sprouting of spared PA pathways, due to its close interaction with
the CST (Chakrabarty and Martin, 2011). It will be interesting to look
directly at the neuronal activity of spared CST pathway and PAs in our
cortical inactivation and PTx models. This idea is consistent with our
MCX stimulation-based intervention to promote sprouting of spared
CST axons and function after injury (Brus-Ramer et al., 2007; Carmel
et al., 2014).

4.2. Targeting injury-induced inflammation and microglial activation by
minocycline abrogates establishment of expanded PA and spared ipsilateral
CST terminations after PTx

Neuroinflammation typically develops following spinal cord and
brain injury, which is induced by Wallerian degeneration of damaged
axons (George and Griffin, 1994; Chen and Shine, 2013). Despite the
traditional known destructive effects of neuroinflammation (Fitch and
Silver, 2008; Jiang et al., 2018), an increasing number of studies have
revealed constructive effects of neuroinflammation in post-injury re-
pair. For example, eliciting additional inflammatory responses in in-
jured animals by systemic injection of LPS was found to decrease the
size of lesion cavities (Guth et al., 1994; Popovich et al., 2012), and
increase spared axonal sprouting near the injury sites (Popovich et al.,
2012; Torres-Espin et al., 2018). Since these studies mostly focus on the
injury sites or nearby tissue, peripheral macrophages and circulating
immune cells are considered to be the major functional cell types
contributing to these effects (Schnell et al., 1999; Babcock et al., 2003).
Our study differs from the others in three ways. First, we studied the
cervical spinal cord, which is far from the medullary lesion. Because
this is not the lesion site, microglia cells are likely the major player here
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(Popovich et al., 1997). Second, we used chronic application of mino-
cycline, a widely used anti-inflammation drug (Garrido-Mesa et al.,
2013) targeting endogenously activated inflammatory responses. Third,
with step-by-step comparisons, we found that minocycline treatment
blocked the formation of axon elongation in the gray matter after in-
jury, and associated presynaptic site formation, without much of an
effect on the enhanced midline axon re-crossing. These findings
strongly suggest the presence of a sufficiently robust post-injury in-
flammatory response, most likely produced by microglia at remote
spinal locations. In turn, this inflammatory response supports axon
sprouting triggered by activity, enabling expansion of gray matter ax-
onal projections and establishment of more synaptic connections.

Several mechanisms are considered to be involved in the supportive
function of neuroinflammation on axon sprouting. One is increased
phagocytosis performed by activated microglial cells (Czeh et al.,
2011), as we showed in this study. This process not only vacates spaces
for axon growth, but more important, it eliminates the growth-in-
hibiting molecules produced by degenerated myelin tissue, such as
Nogo (Chen et al., 2000; Neumann et al., 2009). Insufficient phagocy-
tosis of degenerated tissue has been shown to interfere with axonal
outgrowth and functional recovery (Neumann et al., 2009; Lampron
et al., 2015). We found parallel changes in microglial phagocytosis of
myelin debris and axonal sprouting after PTx, with or without mino-
cycline treatment, which strongly implies the positive association of
microglial phagocytosis with axonal sprouting. In animals with cortical
inactivation, although we did not observe injury-induced microglial
proliferation in the dorsal column, the phagocytosis of MBP by micro-
glial cells increased in the gray matter where inactivated CST axons
project, which suggests that inactivation is able to drive mild activity-
dependent demyelination and subsequent neuroinflammation. And this
may partially contribute to the formation of new presynaptic sites on
spared CS and PA axons.

With that being said, we do not exclude the contribution of other
supportive functions of microglial cells—as well as circulating immune
cells, which also can be targeted by systemic minocycline. Both mi-
croglia and T lymphocytes are able to produce neurotrophins, and anti-
inflammatory cytokines that stimulate axon sprouting (Batchelor et al.,
2002; Chen and Shine, 2013). Activated microglia may also indirectly
increase neuronal activity, by stimulating astrocytes to release the ex-
citatory neurotransmitter glutamate (Pascual et al., 2012), or en-
sheathing neurons to displace inhibitory synapses (Chen et al., 2014).
All of the above mechanisms would be expected to promote spared
axonal sprouting after injury (Kumar and Loane, 2012) and would be
blocked by minocycline treatment.

4.3. Functional significance of activity and neuroinflammation-dependent
axonal sprouting

Axon sprouting after injury is typically associated with function
change. Spontaneous sprouting of spared CST (Weidner et al., 2001)
and descending brain stem pathways (Bachmann et al., 2014) are as-
sociated with motor behavioral improvement after injury. On the other
hand, PA sprouting is associated more with the development of dys-
function because it contributes to the hyperreflexia after PTx (Tan et al.,
2012) and muscle spasms after SCI (Dietz, 2002). In our study,
sprouting of spared CST and PA axons—which contribute to gain of
adaptive and maladaptive functions, respectively—are similarly
modulated by neuronal activity and neuroinflammation, and seemingly
interrelated. These adaptive and maladaptive gains in functions are
achieved by overlapped sprouting of the two pathways, which underlie
the complexity of post-injury physiological changes and the determi-
nants of functional recovery.

That different spinal inputs respond similarly to activity and in-
flammation is also a challenge for rehabilitation. When we try to pro-
mote CST axons to sprout to compensate for lost descending motor
inputs, we need to avoid development of hyperreflexia that is
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associated with PA sprouting (Tan et al., 2012). Systemic minocycline,
for instance, showed inconsistent rehabilitation effects in spinal cord
injury patients in clinical trials (Casha et al., 2012). This may be due to
simultaneously preventing the benefits of spared CST sprouting and the
disadvantages of PA sprouting. This urges us to explore pathway-spe-
cific interventions in functional rehabilitation.
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