
Contents lists available at ScienceDirect

Neurobiology of Disease

journal homepage: www.elsevier.com/locate/ynbdi

A hydrogel engineered to deliver minocycline locally to the injured cervical
spinal cord protects respiratory neural circuitry and preserves diaphragm
function

Biswarup Ghosha,1, Jia Nongb,1, Zhicheng Wangb, Mark W. Urbana, Nicolette M. Heinsingera,
Victoria A. Trovilliona, Megan C. Wrightc, Angelo C. Leporea,⁎, Yinghui Zhongb,⁎⁎

a Department of Neuroscience, Vickie and Jack Farber Institute for Neuroscience, Sidney Kimmel Medical College at Thomas Jefferson University, 233 S. 10th St., Bluemle
Life Sciences Building - Room 245, Philadelphia, PA 19107, United States of America
b School of Biomedical Engineering, Science and Health Systems, Drexel University, 3141 Chestnut Street, Bossone 7-716, Philadelphia, PA 19104, United States of
America
c Department of Biology, Arcadia University, 450 S Easton Rd, 220 Boyer Hall, Glenside, PA 19038, United States of America

A R T I C L E I N F O

Keywords:
Cervical
Spinal cord injury
Contusion
Phrenic motor neuron
Diaphragm
Respiratory
Minocycline
Biomaterials
Hydrogel
Drug delivery

A B S T R A C T

We tested a biomaterial-based approach to preserve the critical phrenic motor circuitry that controls diaphragm
function by locally delivering minocycline hydrochloride (MH) following cervical spinal cord injury (SCI). MH is
a clinically-available antibiotic and anti-inflammatory drug that targets a broad range of secondary injury
mechanisms via its anti-inflammatory, anti-oxidant and anti-apoptotic properties. However, MH is only neu-
roprotective at high concentrations that cannot be achieved by systemic administration, which limits its clinical
efficacy. We have developed a hydrogel-based MH delivery system that can be injected into the intrathecal space
for local delivery of high concentrations of MH, without damaging spinal cord tissue. Implantation of MH hy-
drogel after unilateral level-C4/5 contusion SCI robustly preserved diaphragm function, as assessed by in vivo
recordings of compound muscle action potential (CMAP) and electromyography (EMG) amplitudes. MH hy-
drogel also decreased lesion size and degeneration of cervical motor neuron somata, demonstrating its central
neuroprotective effects within the injured cervical spinal cord. Furthermore, MH hydrogel significantly pre-
served diaphragm innervation by the axons of phrenic motor neurons (PhMNs), as assessed by both detailed
neuromuscular junction (NMJ) morphological analysis and retrograde PhMN labeling from the diaphragm using
cholera toxin B (CTB). In conclusion, our findings demonstrate that local MH hydrogel delivery to the injured
cervical spinal cord is effective in preserving respiratory function after SCI by protecting the important neural
circuitry that controls diaphragm activation.
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1. Introduction

A major portion of human spinal cord injury (SCI) cases is contusive
in nature and affects mid-cervical levels (Nobunaga et al., 1999;
Hulsebosch, 2002; Lane et al., 2008), the location of the important pool
of phrenic motor neurons (PhMNs) that innervate the diaphragm, the
primary muscle of inspiration (Nicaise et al., 2013). Ventilatory in-
sufficiency and associated complications are primary causes of both
morbidity and mortality after SCI (Shanmuganathan et al., 2008). In-
itial contusive cervical spinal cord trauma is followed by a period of
pronounced secondary degeneration of PhMNs and consequent de-
nervation at the diaphragm neuromuscular junction (NMJ), as well as
damage to the descending bulbospinal axons that activate PhMNs, re-
sulting in debilitating and often chronic respiratory compromise. A
valuable opportunity therefore exists following cervical SCI for pre-
venting PhMN loss, axon damage and synaptic disconnection that occur
during secondary degeneration and consequently preserving respiratory
function.

A number of mechanisms are involved in the secondary injury
cascades following SCI, including inflammation, reactive oxygen spe-
cies (ROS) and nitric oxide (NO), glutamate excitotoxicity, calcium
influx, mitochondrial dysfunction, ischemia, and hemorrhage (Oyinbo,
2011; Shultz and Zhong, 2017; Teng et al., 2004). However, most
current strategies only target one or a few elements in the injury cas-
cades, and have been largely unsuccessful in clinical trials. MH is a
clinically-available anti-inflammatory drug that also has potent neuro-
protective activities (Garrido-Mesa et al., 2013; Kim and Suh, 2009;
Stirling et al., 2005). It targets the aforementioned injury mechanisms
via its anti-inflammatory, anti-oxidant, and anti-apoptotic properties
(Teng et al., 2004; Amin et al., 1996; Garcia-Martinez et al., 2010;
Kraus et al., 2005; Lee et al., 2003; Pi et al., 2004; Stirling et al., 2004;
Takeda et al., 2011; Wasserman and Schlichter, 2007; Xue et al., 2010;
Shultz and Zhong, 2017).

In a recent systematic review of pre-clinical data, MH was con-
sidered the highest scoring neuroprotective therapy for SCI (Kwon
et al., 2011). However, a phase II clinical trial showed that the highest
tolerable human dose only resulted in modest functional recovery,
whereas low-dose was ineffective (Casha et al., 2012). This result is not
surprising, as MH is only fully neuroprotective at high concentrations of
35–75 μg/mL (1.5–50 μg/mL for oxidative stress (Kraus et al., 2005),
5–50 μg/mL for glutamate toxicity (Wang et al., 2003), 35–75 μg/mL
for mitochondria and calcium flux (Garcia-Martinez et al., 2010), and
10–40 μg/mL for hemorrhage-induced toxicity (Xue et al., 2010), in a
dose-dependent manner), whereas the highest tolerable human doses
used in the clinical trial only produced 2.3 μg/mL MH in the cere-
brospinal fluid (CSF) at steady state (Casha et al., 2012). Therefore, the
inability to translate high doses used in experimental animals to tol-
erable doses in patients limits its clinical efficacy.

Toward this challenge, we have developed novel dextran sulfate
(DS)-MH particles self-assembled by metal ion-mediated interactions
(Zhang et al., 2015). The particles can be embedded into agarose hy-
drogel that can be injected into the intrathecal space between the dura/
arachnoid and spinal cord at the injury site for local delivery of high
MH concentrations; clinically, this could possibly be delivered, for ex-
ample, when a spinal surgery is performed to decompress and stabilize
the spine (Wang et al., 2017). This route of drug delivery is preferred
over epidural, intraparenchymal or systemic injection because it by-
passes the dura as a diffusion barrier without damaging the spinal cord
tissue or eliciting systemic toxicity (Shoichet et al., 2007; Wang et al.,
2017). Moreover, all the materials used in the drug delivery system are
biocompatible natural polysaccharides that have been shown to be safe
for human use (Komai et al., 2005; Neimert-Andersson et al., 2014;
Scarano et al., 2009; Nagoshi and Fehlings, 2015). We have developed a
formulation capable of locally delivering high doses of MH for at least
3 days in vivo (35.7 to 24.7 μg/mL from day 1 to 3 in the local spinal
cord tissue), followed by low dose for at least 18 days (Wang et al.,

2017). To determine MH levels in spinal cord tissue, we measured MH
concentration in the local spinal cord tissue at the lesion site using high
performance liquid chromatography (HPLC). We previously showed
that this formulation robustly reduced secondary injury and improved
locomotor functions (i.e. forelimb locomotor function and grid walk)
after cervical contusion SCI (Wang et al., 2017). In the present study,
we investigated the efficacy of implantation of MH hydrogel after
unilateral level-C4/5 contusion SCI in preserving diaphragm function,
immunomodulation, and protecting and repairing the important re-
spiratory neural circuitry.

2. Materials and methods

2.1. Animals

Female Sprague-Dawley rats (250–300 g; Taconic Farm, Rockville,
MD) were housed in a facility that controlled for humidity, tempera-
ture, and light, and were given access to water and food ad libitum. All
experimental procedures were performed in compliance with the
ARRIVE guidelines and the NIH guide for the care and use of laboratory
animals. Animal use protocols were approved by the Thomas Jefferson
University IACUC and Drexel University IACUC. Rats were randomly
assigned across laminectomy-only, contusion SCI, blank hydrogel and
MH hydrogel groups in all experiments.

2.2. Unilateral cervical contusion

We previously established a well-characterized and clinically-re-
levant model of unilateral mid-cervical contusion SCI in the rat (Nicaise
et al., 2013; Nicaise et al., 2012a). Our injury model produces robust
loss of PhMNs, diaphragm denervation, and altered diaphragm activity.
Rats received an intraperitoneal injection of a cocktail of ketamine
(100mg/kg), xylazine (5mg/kg) and acepromazine (2mg/kg); orbital
and toe pinch reflexes were monitored to ensure anesthesia. Cervical
dorsal skin and muscles were incised, and a hemi-laminectomy was
performed on the right side of the spinal cord to expose C4/5 spinal
cord. A unilateral contusion was then administered with the Infinite
Horizon spinal impactor (Precision Systems and Instrumentation, Lex-
ington, KY) using a 1.5 mm tip at a force of 395 kDynes.

2.3. Minocycline hydrogel fabrication and implantation

MH hydrogel was fabricated and implanted, as we previously re-
ported (Wang et al., 2017). Briefly, DS was dissolved in 2× Hank's
Balanced Salt Solution (HBSS). Agarose was then dissolved in DS So-
lution (HBSS). Chitosan was prepared in 0.1 M acetic acid and mixed
with MH solution (dissolved in water). Equal amounts of agarose-DS
and MH-chitosan solutions were well mixed to form particles uniformly
in agarose. NaOH was added to neutralize the acid and then the mixture
solution was allowed to gel at 4 °C for 30min. MH concentration in the
hydrogel was 3mg/mL. We injected 30 μL MH hydrogel or blank hy-
drogel control sub-durally immediately following unilateral C4/5 con-
tusion. Another 100 μL MH hydrogel or blank hydrogel control was
applied epidurally to increase MH concentration in the spinal cord
tissue.

2.4. Measurement of diaphragm CMAPs

Isoflurane (2.0–2.5% diluted in oxygen; Piramal Healthcare,
Bethlehem, PA) was used to anesthetize the rats. Positive and negative
stimulating needle electrodes were inserted at the neck close to the
phrenic nerve either ipsilateral or contralateral to the injury and spaced
0.5 cm apart (Lepore et al., 2008; Lepore et al., 2010). A ground needle
electrode was subcutaneously placed into the tail, and a reference
electrode was inserted subcutaneously into the right abdominal region.
A recording electrode with a surface strip was placed along the costal
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margin of the diaphragm. The phrenic nerve was then stimulated
(0.5 ms duration; 6mV amplitude), and 10–20 recordings were ob-
tained with 5 s intervals between stimulations. CMAP amplitude was
measured baseline to peak. An ADI Powerlab 8/30 stimulator and
BioAMP amplifier (ADInstruments, Colorado Springs, CO) were used for
recordings, and Scope 3.5.6 (ADInstruments) was used to analyze data.
CMAPs were measured for each animal weekly for three weeks fol-
lowing SCI.

2.5. EMG recordings

Isoflurane (2.0–2.5% in oxygen) was used to anesthetize the ani-
mals. The hemi-diaphragm was exposed via laparotomy either ipsi-
lateral or contralateral to the injury. Bipolar electrodes were inserted
3mm apart into the dorsal, medial or ventral sub-regions of the hemi-
diaphragm. For each animal, activity was recorded and averaged over
two minutes in order to quantify peak amplitude, burst duration, and
frequency (Li et al., 2015a; Li et al., 2015b; Li et al., 2014). The EMG
signal was amplified and filtered through a band-pass filter
(50–3000 Hz) using LabChart 7 software (ADInstruments, Colorado
Springs, CO). All EMG recordings were terminal procedures.

2.6. Retrograde labeling of PhMNs

Cholera toxin subunit B (CTB) conjugated to Alexa647 (Life
Technologies, Eugene, OR) was delivered into the intrapleural space of
the hemi-diaphragm ipsilateral to the contusion. CTB can then retro-
gradely label PhMN somata and dendrites in the ventral horn of cervical
spinal cord in order to visualize the PhMN pool (Li et al., 2014; Nicaise
et al., 2012a). Rats were anesthetized, and the hemi-diaphragm was
exposed via laparotomy. 5 μL of 0.2% CTB solution in distilled water
were injected trans-diaphragmatically into each of the dorsal, medial
and ventral sub-regions of the ipsilateral hemi-diaphragm (total 15 μL
per hemi-diaphragm) using a 20 μL Hamilton syringe. Abdominal
muscles and skin were then sutured separately.

2.7. Diaphragm and spinal cord dissection

Animals were euthanized with ketamine (300mg/kg), xylazine
(15mg/kg) and acepromazine (6mg/kg) 5 weeks following SCI. The
hemi-diaphragm was exposed laterally along the rib cage and then
excised using spring scissors (Fine Science Tools, Foster City, CA),
stretched flat, pinned down to Sylgard medium (Fisher Scientific,
Pittsburgh, PA), and washed with PBS. Diaphragm was then fixed in 4%
paraformaldehyde (Electron Microscopy Sciences) for 20min, followed
by a wash in PBS. Superficial fascia were then carefully removed from
the surface of the diaphragm, and diaphragm muscles were processed
for NMJ immunohistochemistry. After hemi-diaphragm was removed,
animals were perfused with 0.9% saline solution, followed by 4%
paraformaldehyde. Spinal cord and brain were dissected and post-fixed
in 4% paraformaldehyde overnight at 4 °C. The tissue was then washed
with 0.1 M phosphate buffer solution for 24 h and cryoprotected with a
30% sucrose solution for 3 days. The cervical spinal cord was embedded
in tissue freezing medium, flash frozen, and sectioned in transverse or
sagittal orientations at 20 μm thickness.

2.8. Assessment of lesion volume and ventral horn motor neurons

Transverse spinal cord sections 160 μm apart from cervical regions
C3–5 were stained for Nissl bodies and myelin using cresyl violet and
euriochrome cyanine, respectively. Images were acquired with a Zeiss
Imager M2 upright microscope. The lesion area per section was mea-
sured using ImageJ software, and these values were used to quantify
total lesion volume (Wang et al., 2017). Lesion was defined as areas
including both lost tissue (cystic cavity formation) and surrounding
damaged tissue in which the normal anatomical structure of the spinal

cord was lost. The number of motor neuron cell bodies was quantified
manually in a blinded manner. Motor neurons with a clearly identifi-
able nucleus and a cell soma>200 μm2 were counted (Wang et al.,
2017). CTB-labeled PhMNs in the C3–5 ventral horn were also counted
in 100 μm spaced transverse sections in a blinded manner (Li et al.,
2014; Nicaise et al., 2012a).

2.9. Neuromuscular junction (NMJ) analysis

Fresh hemi-diaphragm muscle was dissected as described above and
connective tissue was removed for optimum antibody penetration.
Incubation with primary antibodies SMI-312R (Covance, Princeton, NJ)
and SV2-s (DSHB, Iowa City, IA) followed by the FITC anti-mouse IgG
secondary (Jackson ImmunoResearch Laboratories, West Grove, PA)
labeled motor axons and axon terminals, respectively. Rhodamine-
conjugated α-bungarotoxin (Life Technologies) labeled postsynaptic
acetylcholine receptors. Diaphragms were then coverslipped with
Vectashield mounting medium (Vector Laboratories, Burlingame, CA).
Diaphragms were imaged on a FluoView FV1000 confocal microscope
(Olympus, Center Valley, PA) and analyzed in a blinded manner for
total numbers of intact, denervated and partial denervated NMJs
(Wright et al., 2007; Wright et al., 2014; Wright et al., 2009; Wright and
Son, 2007). We restricted NMJ analysis to the ipsilateral hemi-dia-
phragm because no change in denervation or sprouting in contralateral
hemi-diaphragm was detected after unilateral cervical contusion SCI in
our previous study (Nicaise et al., 2012b).

2.10. Immunohistochemistry

Frozen transverse sections of cervical spinal cord were air-dried and
washed three times (5min each) with PBS. Samples were then in-
cubated in blocking solution (5% normal goat serum and 0.4% Triton X-
100 diluted in PBS) for 1 h at room temperature. Sections were in-
cubated overnight at 4 °C with primary antibodies in blocking solution.
The following primary antibodies were used: anti-CD68 (1:1000, AbD
Serotec) to identify reactive microglia/macrophages, anti-iNOS
(1:5000, Millipore) to identify M1 phenotype, anti-arginase 1 (Arg1,
1:500, Santa Cruz Biotechnology) to identify M2 phenotype, and
polyclonal rabbit 5-HT antibody (1: 15,000, Immunostar, Hudson, WI).
Sections were then washed with PBS (3 washes, 5 min each) and in-
cubated with secondary antibodies conjugated to Alexa fluorophores
(1:200, Invitrogen) in blocking solution for 1 h at room temperature.
After washing with PBS (3 washes, 5 min each), sections were cover-
slipped. For 5-HT staining, images were acquired with a Zeiss Imager
M2 upright microscope, and MetaMorph software was used to quantify
the intensity of 5-HT immunostaining specifically in the ventral horn of
sections with CTB-labeled PhMNs. For stereological quantification of
the number of CD68+ reactive microglia/macrophages, iNOS+/CD68+

M1 cells and Arg1+/CD68+ M2 cells, tissue sections were imaged on a
Zeiss AxioObserver Wide Field inverted microscope equipped with
Slidebook 6 software. All quantifications were conducted in a blinded
manner. The percentages of M1 and M2 microglia/macrophages were
determined by dividing the number of iNOS+/CD68+ (M1) and
Arg1+/CD68+ (M2) cells by number of CD68+ cells (reactive micro-
glia/macrophage), respectively.

2.11. Statistics

Results were expressed as means± standard error of the mean
(SEM). Comparisons between two groups were analyzed using an un-
paired t-test, and multiple comparisons between three or more groups
were analyzed using analysis of variance (one-way ANOVA), followed
by post hoc test (Bonferroni's method). Graphpad Prism 5 (GraphPad
Software, La Jolla, CA) was used to calculate statistics. P < .05 was
used as the threshold for statistical significance.
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3. Results

3.1. Minocycline hydrogel implantation significantly preserved diaphragm
function following cervical contusion SCI

We assessed inspiratory EMGs and evoked CMAPs in order to
evaluate the in vivo effects of MH hydrogel implantation on respiratory
functional recovery of the diaphragm following SCI. We measured EMG
burst amplitude in the ipsilateral hemi-diaphragm during normal,
rhythmic breathing to assess diaphragm activation and function. The
ventral, medial, and dorsal sub-regions of the diaphragm are innervated
by PhMNs, whose cell bodies are predominantly located in cervical
regions C3, C4, and C5, respectively (Laskowski and Sanes, 1987);
therefore, we recorded EMGs in each sub-region as a measure of dia-
phragm innervation from each cervical level. In contusion animals that
received a blank hydrogel control, we observed a significant decrease in
EMG amplitude at all three sub-regions; the most pronounced loss oc-
curred in the dorsal region, which is innervated primarily by PhMNs
whose somata are found at C5. Our unilateral contusion injury is lo-
cated at the C4/C5 level, which may explain the lower EMG burst
amplitudes in blank-hydrogel control animals at the dorsal and medial
sub-regions. Compared to blank hydrogel (Fig. 1A), MH hydrogel sig-
nificantly preserved diaphragm EMG amplitudes at 5 weeks post-SCI
(Fig. 1B). MH hydrogel exerted a therapeutic effect on EMG amplitude
only at the dorsal sub-region (Fig. 1B-C). Our hydrogel was implanted
directly above the contusion epicenter, and we found that MH con-
centration in the lesion epicenter segment was higher than that in the
adjacent segments (data not shown). This may explain why MH

hydrogel selectively preserved diaphragm EMG amplitudes at the dorsal
sub-region. We observed no differences in burst frequency (Fig. 1D) or
burst duration (Fig. 1E) between blank hydrogel control and MH hy-
drogel treatment groups at any sub-region of the hemi-diaphragm; these
burst frequency and duration values were similar to previously reported
values for uninjured control animals (Li et al., 2015a).

In addition to EMG recordings to measure rhythmic breathing, we
also conducted CMAPs to measure evoked diaphragm function. In
contrast to spontaneous EMG recordings, CMAPs enable us to assess
functional innervation of the diaphragm by PhMNs independent of
descending input from the brainstem. We stimulated the phrenic nerve
to a supramaximal level, and using a surface electrode, we recorded
CMAP amplitudes simultaneously from all three sub-regions of the
hemi-diaphragm. We compared CMAP recordings of blank hydrogel
and MH hydrogel implanted rats, as well as both the ipsilateral and
contralateral hemi-diaphragm in each group (Fig. 2A). We found a
significant and persistent increase in peak CMAP amplitudes in the
ipsilateral hemi-diaphragm of the MH hydrogel group in comparison to
the blank hydrogel group at 1, 2 and 3weeks post-injury (Fig. 2B).
Moreover, compared to the intact contralateral hemi-diaphragm of the
same animal, CMAP amplitudes from the ipsilateral hemi-diaphragm of
blank hydrogel animals were significantly decreased at all three weeks.
In contrast, MH hydrogel rescued CMAP amplitudes in the ipsilateral
hemi-diaphragm compared to the contralateral hemi-diaphragm of the
same animal (Fig. 2B).

Based on the results of our electrophysiological assessments of
diaphragm activation, we found that local delivery of a MH hydrogel at
the injury site significantly and persistently protected against

Fig. 1. Minocycline hydrogel preserved diaphragm function following cervical contusion SCI. We recorded EMGs from ipsilateral hemi-diaphragm five weeks after
injury and MH hydrogel implantation. Representative raw (upper) and integrated (lower) EMG recordings for blank hydrogel control (A) and MH hydrogel (B)
groups. We quantified integrated EMG amplitude (C), burst frequency (D) and burst duration (E). Our results are reported as means± SEM (n=6–10 animals per
condition). *p < .05; ***p < .001; ANOVA; MH hydrogel group versus blank hydrogel or experimental group versus contralateral intact. In panel C, all statistical
comparisons along the top line of the graph are versus the intact condition, demonstrating that all contusion groups (regardless of treatment) still had lower EMG
amplitudes than the intact EMGs.
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diaphragm compromise after cervical contusion.

3.2. Minocycline hydrogel decreased lesion size and degeneration of cervical
motor neuron cell bodies

We quantified size of the contusion lesion and sparing of motor
neurons located in the ventral horn to address whether the improve-
ment in diaphragm function in MH hydrogel animals was due to a
central neuroprotective effect in the cervical spinal cord. We used cresyl
violet to stain for Nissl bodies in transverse sections of cervical spinal
cord tissue. In MH hydrogel animals (Fig. 3D-F), lesion size was sig-
nificantly reduced compared to blank hydrogel control animals
(Fig. 3A-C) both at the lesion epicenter as well as extending up to
1–2mm rostral and caudal from the epicenter (Fig. 3G). Additionally,
using the Cavalieri estimator of volume, we found that MH hydrogel
implantation reduced total lesion volume compared to the blank hy-
drogel controls (Fig. 3H). EMG recovery (in the dorsal sub-region of the
ipsilateral hemi-diaphragm) was also correlated with reduced lesion
size (Fig. 3I). In addition to cresyl violet analysis, we quantified lesion
size using GFAP immunostaining to mark the extent of the lesion.
Compared to blank gel (Fig. 3J-L), MH hydrogel (Fig. 3M-O) reduced
lesion size in GFAP-labeled sections at multiple rostral-caudal distances
from the lesion epicenter (Fig. 3P) and overall lesion volume (Fig. 3Q).
These results are consistent with our previous observation in a uni-
lateral C5 contusion injury model (Wang et al., 2017), confirming that
local delivery of high concentrations of MH from subdurally implanted
hydrogel can significantly reduce tissue damage after cervical contusion
SCI.

Compared to blank hydrogel controls (Fig. 4A), MH hydrogel miti-
gated the loss of motor neuron cell bodies within the ipsilateral ventral
horn at 5 weeks following contusion SCI (Fig. 4B). We observed this
cervical motor neuron protection at multiple locations both rostral and
caudal to the lesion epicenter (Fig. 4C). MH hydrogel also increased the
total number of these ipsilateral motor neurons across the entire C3–5
spinal cord (Fig. 4D). Lastly, EMG recovery in the dorsal sub-region of
the muscle was correlated with increased numbers of total MNs
(Fig. 4E).

The results of our histological analyses suggest that MH hydrogel
exerted a central neuroprotective effect in the cervical spinal cord by
reducing lesion size and preserving motor neurons post-SCI.

3.3. Minocycline hydrogel preserved PhMN innervation of the diaphragm

In addition to promoting central neuroprotection within the cervical
spinal cord, MH hydrogel may have also played a protective role in
peripheral innervation at the diaphragm NMJ, where the PhMNs sy-
napse onto the diaphragm to stimulate diaphragmatic activity.
Therefore, we delivered the retrograde axonal tracer, Alexa647-con-
jugated CTB, to the ipsilateral hemi diaphragm via intrapleural injec-
tion at four weeks following injury in order to selectively label PhMN
cell bodies and assess diaphragm innervation. At this late injection time
point post-injury, secondary loss of PhMNs has already occurred
(Nicaise et al., 2013) and CTB will only be retrogradely transported to
selectively label PhMNs in an intact circuit where the PhMN innervates
the muscle. As shown in the sagittal orientation from contusion rats,
CTB-labeled PhMNs form a compact, linear column along cervical
spinal cord (Fig. 5A-B). Transverse spinal cord sections from contusion
animals implanted with blank or MH hydrogel demonstrate that the
CTB-labeled PhMNs are located in the ipsilateral ventral horn (Fig. 5C-
D). In MH hydrogel animals, we observed a significantly greater
number of CTB-labeled PhMNs per section compared to blank hydrogel
controls at 1–2mm rostral to the lesion epicenter (Fig. 5C-E). EMG
recovery (in the dorsal diaphragm sub-region) was also correlated with
increased numbers of PhMNs at this rostral 1–2mm location (Fig. 5F).
At 0–1mm rostral to the epicenter, there was complete loss of CTB
labeling in both groups and therefore no effect of MH on CTB+ PhMN
numbers. In addition, there were no differences between blank and MH
hydrogel groups in average number of CTB-labeled PhMNs per section
at 2–3mm or 3–4mm rostral to the lesion epicenter, likely because the
contusion induced little-to-no PhMN injury at these greater distances
from the lesion. These data suggest that MH hydrogel robustly pre-
served PhMN innervation of the diaphragm.

In order to further evaluate the effects of MH hydrogel on dia-
phragm innervation, we used confocal imaging to conduct a morpho-
logical analysis of individual NMJ synapses in the dorsal, medial and
ventral sub-regions of the ipsilateral hemi-diaphragm 5weeks post-SCI.
We performed whole-mount immunohistochemistry on the hemi-dia-
phragm to label phrenic motor axons with neurofilament (SMI-312) and
their terminals with synaptic vesicle protein 2 (SV2) antibodies. Post-
synaptic nicotinic acetylcholine receptors were labeled with Alexa555-
conjugated α-bungarotoxin. Complete overlap of SV2+SMI32 with α-
bungarotoxin was indicative of a fully innervated synapse. MH hydrogel
animals (Fig. 6B) had a significantly greater percentage of fully-

Fig. 2. Minocycline hydrogel preserved functional diaphragm innervation following cervical contusion SCI. We supramaximally stimulated the phrenic nerve and
recorded CMAPs from the ipsilateral or contralateral hemi-diaphragm for blank hydrogel control (left traces) and MH hydrogel treatment (right traces) groups (A).
We quantified CMAP amplitudes at 1, 2, and 3 weeks following injury (B). Our results are reported as means± SEM (n=4–5 animals per condition). *p < .05;
ANOVA; MH hydrogel group versus blank hydrogel.
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innervated NMJs (Fig. 6C) in comparison to blank hydrogel animals in
the dorsal sub-region (Fig. 6A). Furthermore, MH hydrogel animals had
a decreased percentage of both partially-denervated (Fig. 6D) and
completely-denervated (Fig. 6E) NMJs in the same sub-region. Our NMJ
morphological analysis was consistent with our functional EMG data
(Fig. 1C). We observed a lesser degree of diaphragm denervation in the

ventral sub-region (which showed the largest EMG amplitudes), while
we found the largest amount of denervation in the dorsal sub-region
(which had the lowest EMG amplitudes). We also found a smaller de-
gree of denervation in the medial sub-region. These results are likely
because the dorsal sub-region is predominantly innervated by PhMNs at
C5 that are located closest to the contusion epicenter. MH hydrogel

Fig. 3. Minocycline hydrogel reduced lesion size following cervical contusion SCI. At five weeks post-injury, we quantified size of the contusion lesion in transverse
sections of the cervical spinal cord following Cresyl-violet staining. Representative images of spinal cord at lesion epicenter, 1 mm rostral to epicenter, and 1mm
caudal to epicenter for blank hydrogel (A-C) and MH hydrogel (D-F) treated animals. Scale bar, 500 μm. With MH hydrogel treatment, there was a significant
decrease in lesion area at multiple rostral-caudal locations (G) and in total lesion volume (H). EMG recovery (in the dorsal sub-region of the ipsilateral hemi-
diaphragm) was also correlated with reduced lesion size (I). In addition to cresyl violet analysis, we quantified lesion size using GFAP immunostaining to mark the
extent of lesion expansion. Compared to blank gel (J-L), MH hydrogel (M-O) reduced lesion size in GFAP-labeled sections at multiple rostral-caudal distances form
the lesion epicenter (P) and overall lesion volume (Q). Our results are reported as means± SEM (n=4–6 animals per group). *p < .05; ANOVA (G); t-test (H); MH
hydrogel group versus blank hydrogel. (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. Minocycline hydrogel reduced degeneration of cervical motor neurons following cervical contusion SCI. Representative images showing motor neuron cell
bodies (indicated by arrow in both lower magnification images and higher magnification insets) in ventral horn of the cervical spinal cord of blank hydrogel (A) and
MH hydrogel (B) treated animals. Scale bar, 200 μm. Distribution of motor neuron cell body counts per section at multiple rostral-caudal distances from the epicenter
(C). Total motor neuron counts from C3-C5 spinal cord (D). EMG recovery in the dorsal sub-region of the muscle was correlated with increased numbers of total MNs
(E). Our results are reported as means± SEM (n=4 animals per group). *p < .05; ANOVA (C); t-test (D); MH hydrogel group versus blank hydrogel.

Fig. 5. Minocycline hydrogel preserved number of
CTB-labeled PhMNs that innervate the diaphragm
following cervical contusion SCI. We intrapleurally
injected the retrograde tracer, Alexa647-conjugated
CTB, into the ipsilateral hemi-diaphragm to selec-
tively label PhMN cell bodies in the ipsilateral ven-
tral horn of the cervical spinal cord. Sagittal spinal
cord sections from contusion animals show a com-
pact, linear column of CTB-labeled PhMNs located in
the cervical spinal cord (A, higher magnification of
outlined area shown in B). Transverse sections were
used to quantify the number of CTB-labeled PhMNs
in the ipsilateral ventral horn (C-D). Compared to
blank hydrogel controls (C), MH hydrogel animals
(D) had significantly greater numbers of CTB-labeled
PhMNs per section at 1–2mm rostral to the lesion
epicenter, but no effects of MH were noted at 0–1,
2–3 or 3–4mm rostral to the epicenter (E). EMG
recovery (in the dorsal diaphragm sub-region) was
correlated with increased numbers of PhMNs at the
rostral 1–2mm location (F). Scale bars in A, C-D:
100 μm. Our results are reported as means± SEM
(n=3 animals per group). *p < .05; t-test; MH
hydrogel versus blank hydrogel.
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implantation significantly attenuated peripheral NMJ denervation at
the dorsal sub-region, which corresponds to the significant preservation
of EMG amplitudes at this same location. Lastly, EMG amplitudes in the
dorsal sub-region correlated with the degree of intact NMJs in the same
dorsal hemi-diaphragm sub-region (Fig. 6F), but were inversely corre-
lated with the degree of partial (Fig. 6G) and complete (Fig. 6H) de-
nervation.

Using retrograde PhMN labeling and NMJ analysis, we found that
MH hydrogel significantly preserved diaphragm NMJ innervation by
PhMNs, which was consistent with the results of our EMG recordings of
diaphragm activity. We have shown that local MH hydrogel treatment
protects both motor neuron cell bodies (Fig. 4) and axonal projections
(Wang et al., 2017). This may lead to the protection of PhMNs and their
axons, and consequently the overall PhMN-diaphragm circuit.

3.4. Minocycline hydrogel was effective in modulating microglia/
macrophage response

We next evaluated the microglia/macrophage response at 1mm
rostral to the lesion epicenter as we observed significant neuroprotec-
tive effects of MH hydrogel at this location compared to blank hydrogel
control (Fig. 3A, D, G). At 5 weeks after SCI, MH hydrogel significantly
reduced the number of CD68+ cells compared to blank control (Fig. 7A
and B), suggesting that MH hydrogel suppressed the activation of mi-
croglia/microphages. We further examined the effect of local MH hy-
drogel treatment on microglia/macrophage polarization. Fig. 7A and C
show that the percentage of iNOS+/CD68+ cells (denoted as “%M1”)

was significantly reduced in the MH hydrogel group compared to blank
hydrogel, whereas that of Arg1+/CD68+ cells (%M2) remained un-
changed. As a result, M1/M2 ratio was significantly reduced in the MH
hydrogel group (Fig. 7D). Furthermore, dorsal hemi-diaphragm EMG
amplitudes were correlated with reduced CD68+ cell counts (Fig. 7E),
M1 cell percentage (Fig. 7F) and M1/M2 ratio (Fig. 7G).

3.5. Minocycline hydrogel did not enhance serotonergic axon innervation of
PhMNs

MH has been shown to decrease axon growth-inhibitory chondroitin
sulfate proteoglycans (CSPGs) (Kang et al., 2010) and astrogliosis (Teng
et al., 2004) after SCI, possibly because it inhibits the activation of
microglia/macrophage and their production of pro-inflammatory cy-
tokines that can activate astrocytes. Therefore, MH could potentially
promote repair/regeneration by creating a less inhibitory environment
for axon growth. We investigated whether the therapeutic effects of MH
hydrogel on diaphragm function occurred via reparative mechanisms in
addition to neuroprotection within the spinal cord and preservation of
NMJ innervation. It is known that descending serotonergic signaling
modulates motor neuron excitability in the spinal cord (Perrier et al.,
2013). Along these lines, MH hydrogel may be able to strengthen
rhythmic glutamatergic bulbospinal input to PhMNs by increasing
serotonergic fiber sprouting and thus increasing excitatory input to
PhMNs. To investigate this hypothesis, we immunostained the ipsi-
lateral ventral horn of cervical regions C3–5 for 5-HT at 5 weeks fol-
lowing injury and quantified the intensity of the 5-HT staining. We

Fig. 6. Minocycline hydrogel preserved phrenic
motor neuron innervation of the diaphragm NMJ
following cervical contusion SCI. On the ipsilateral
hemi-diaphragm, we labeled phrenic motor axons
and their terminals with neurofilament (SMI-312)
and synaptic vesicle protein 2 (SV2) antibodies, re-
spectively, at five weeks post-SCI using whole-mount
immunohistochemistry. Both SMI-312 and SV2 la-
beling are shown in green. Alexa555-conjugated α-
bungarotoxin (red) labeled post-synaptic nicotinic
acetylcholine receptors in the diaphragm. In the
dorsal sub-region of the muscle, MH hydrogel (B)
significantly increased the percentage of fully-in-
nervated NMJs (C) compared to blank hydrogel (A).
Panels A-B: F.I. denotes fully-innervated NMJs; P.D.
denotes partially-denervated NMJs. MH hydrogel
also reduced the percentage of both partially-dener-
vated (D) and completely-denervated (E) NMJs in
the dorsal sub-region. EMG amplitudes in the dorsal
sub-region correlated with the degree of intact NMJs
in the same dorsal hemi-diaphragm sub-region (F),
but were inversely correlated with the degree of
partial (G) and complete (H) denervation. Scale bar,
50 μm. Our results are reported as means± SEM
(n=3 animals per condition). *p < .05; ANOVA;
MH hydrogel versus blank hydrogel. (For inter-
pretation 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. 7. Minocycline hydrogel reduced reactive mi-
croglia/macrophages and inhibited M1 polarization
following cervical contusion. At five weeks post-
contusion, transverse sections 1mm rostral to lesion
epicenter were double-immunostained for CD68
(red) and iNOS (green) to identify M1 polarization or
CD68 (red) and Arg1 (green) to identify M2 polar-
ization. Representative images of CD68+ reactive
microglia/macrophages, iNOS+ M1 phenotype and
Arg1+ M2 phenotype for blank hydrogel and MH
hydrogel treated animals (A). Scale bar, 100 μm.
With MH hydrogel treatment, there was significant
reduction in the number of CD68+ reactive micro-
glia/macrophages (B) % M1 cells (no significant
change in % M2 cells) (C), and M1/M2 ratio (D).
Dorsal hemi-diaphragm EMG amplitudes were cor-
related with reduced CD68+ cell counts (E), per-
centage of M1 cells (F) and M1/M2 ratio (G). We
expressed results as means± SEM (n=6 animals
per group). *p < .05, **p < .01; t-test (B, D);
ANOVA (C); MH hydrogel group versus blank hy-
drogel. (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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found that MH hydrogel (Fig. 8B, D) did not increase the density of
serotonergic axons surrounding CTB-labeled PhMNs in comparison to
blank hydrogel controls (Fig. 8A, C) (quantification in Fig. 8E). In ad-
dition, there was no correlation between diaphragm recovery as de-
termined by EMG amplitudes in the dorsal hemi-diaphragm and 5-HT
axon density in the C3–5 ventral horn (Fig. 8G). Therefore, MH hy-
drogel did not promote serotonergic axon plasticity surrounding the
location of the PhMNs in the cervical spinal cord and likely did not alter
descending input that modulates PhMN excitability. We also tested
whether MH hydrogel implantation exerted effects on the cell body size
of CTB-labeled PhMN, as neuronal excitability is associated with somal
size. We found no alteration of PhMN cell body size between blank
hydrogel and MH hydrogel (Fig. 8F). Given these findings, it is likely
that local MH hydrogel delivery to the injured cervical spinal cord
improved respiratory function via protecting rather than repairing the
neural circuitry that controls diaphragm activation.

4. Discussion

4.1. Summary of findings and conclusions

High concentrations of MH can potentially target multiple sec-
ondary injury mechanisms after SCI. In a clinically relevant animal
model of cervical contusion SCI, we show that local delivery of high MH
concentrations from a hydrogel-based drug delivery system effectively
preserved diaphragmatic respiratory function by protecting the im-
portant neural circuitry that controls diaphragm activation.
Specifically, MH hydrogel decreased lesion size and degeneration of
cervical motor neuron somata. Furthermore, MH hydrogel significantly
preserved diaphragm innervation by the axons of PhMNs, as evidenced
by increased intact NMJs and CTB-retrograde labeled PhMNs.
Moreover, MH hydrogel significantly reduced microglia/macrophage
activation and selectively inhibited M1 polarization, which may also

Fig. 8. Minocycline hydrogel did not alter ser-
otonergic axon innervation of PhMNs following cer-
vical contusion. We immunostained for 5-HT in the
ipsilateral ventral horn of cervical levels C3–5. At
five weeks following contusion injury, in comparison
to blank hydrogel controls (A, C), MH hydrogel (B,
D) did not alter the density of serotonergic fibers
directly surrounding PhMNs that had been retro-
gradely labeled with CTB (E). Somal size of CTB-la-
beled PhMNs in the MH hydrogel group was similar
when compared to blank hydrogel control (F). There
was no correlation between diaphragm functional
recovery as determined by EMG amplitudes in the
dorsal hemi-diaphragm and 5-HT axon density in the
C3–5 ventral horn (G). Our results were expressed as
means± SEM (n=4 animals per group); t-test (E-F).
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contribute to the neuroprotective effects of MH. On the other hand,
minocycline hydrogel did not enhance serotonergic axon innervation of
PhMNs, suggesting that its therapeutic mechanism of action was not via
neural repair/regeneration, though we tested only this one form of
axonal plasticity. In conclusion, our findings demonstrate that local MH
hydrogel delivery to the injured cervical spinal cord is an effective
strategy for preserving respiratory function after SCI.

4.2. Neuroprotective effects of MH hydrogel on respiratory neural circuitry

Together, our histological findings of decreased lesion size and de-
generation of cervical motor neuron cell bodies demonstrate that MH
hydrogel exerted robust neuroprotective effects within the injured
cervical spinal cord. Studies have shown that MH is fully neuropro-
tective at a concentration range of 35–75 μg/mL (Kraus et al., 2005)
(Wang et al., 2003) (Garcia-Martinez et al., 2010) (Xue et al., 2010).
Our previous study showed that the current MH hydrogel formulation
can deliver 35.7 to 24.7 μg/mL from day 1 to 3 in the local spinal cord
tissue (Wang et al., 2017). Therefore, local MH concentration starting
from day-2 post-injury may not have been sufficiently high to target
some secondary injury mechanisms effectively. In addition, studies
have shown that tissue loss extends out to approximately 7 days after
SCI, with apoptosis of certain cell lineages occurring beyond this point
(Liu et al., 1997; Ek et al., 2010). Therefore, further optimization of the
drug delivery system to achieve high doses of MH release for at least
7 days (or longer) may be even more effective in reducing tissue da-
mage and cell loss.

Compared to the blank hydrogel group, MH hydrogel was more
effective in preserving total CTB counts across the PhMN pool (by
202%; data not shown) than protection of all motor neuron somata in
the cresyl violet analysis (by 30%; Fig. 4D). For quantification in cresyl
violet-stained tissue, we counted all motor neurons with intact cell
bodies. However, the neural circuitry into which some of these neurons
are integrated may be disrupted because of axonal damage/loss or sy-
naptic disconnection. In contrast, for PhMN quantification only the
neurons with intact PhMN-diaphragm synaptic connection can be la-
beled and counted using CTB. Therefore, the more pronounced pro-
tective effect of MH hydrogel on total CTB counts than total motor
neuron counts suggests that MH also strongly preserved the entire
PhMN-to-diaphragm portion of the respiratory circuit beyond effects on
just cell body protection. This result is not surprising, as we previously
showed that MH hydrogel significantly preserved myelinated axons
centrally within the spinal cord compared to blank hydrogel control
(Wang et al., 2017).

While our findings do support the notion that MH preserved dia-
phragm function via neuroprotective effects on respiratory circuitry, we
do not provide causal data to directly establish this conclusion. We did
conduct correlation analyses that show on an individual animal basis
that diaphragm functional recovery was significantly correlated with
reduced lesion size, increased numbers of total MNs and PhMNs, the
degree of morphological NMJ innervation, and reduction in the in-
traspinal pro-inflammatory response, supporting that local MH delivery
was indeed acting via a neuroprotective mechanism.

4.3. Temporal considerations for targeting the PhMN-diaphragm circuit

To date, studies have not shown PhMN loss beyond the first 24 h
post-injury in mid-cervical contusion animal models. Specifically, we
previously quantified PhMN loss at days 1, 4, 8 and 14 post-injury in
this SCI model and found no additional loss of PhMNs after day-1
(Nicaise et al., 2013). Nevertheless, while we and other groups have not
assessed the early time course (i.e. within the first 24 h) of PhMN soma
loss or lesion expansion in mid-cervical contusion SCI models, we do
show in the current study that acute delivery of MH hydrogel can de-
crease PhMN loss, regardless of when it occurs. Our proof-of-principle
study suggests that early manipulation using MH can impact PhMN

survival, which, given our previous CTB time-course data, is likely
mediated through effects on events occurring only during the first day
post-injury.

In addition to PhMN protection, we find a significant effect on
preservation of diaphragm innervation by phrenic motor axons using
NMJ morphological analysis; therefore, our approach is not only re-
stricted to central protection of PhMN cell bodies within the cervical
spinal cord. Unlike with our time-course analysis of PhMN somal loss,
we previously reported a progressive decrease in morphological in-
nervation at the diaphragm NMJ following mid-cervical contusion from
1 to 14 days post-injury (Nicaise et al., 2013). This longer window may
allow for therapeutic benefit of MH delivery even when hydrogel is
implanted with a delay.

Of relevance to the PhMN counts in both the current study and in
our previous work, the timing of intra-diaphragm CTB injection dif-
fered; in the current experiment, we injected CTB several weeks after
contusion, while we delivered CTB 10 days before to the contusion in
our prior study (Nicaise et al., 2013). As retrograde labeling of PhMN
somata by CTB injected into the diaphragm requires muscle innervation
by the terminals of phrenic motor axons, there are interpretational
challenges with directly comparing the results of these two studies.
Importantly, CTB injection prior to injury labels all of the PhMN cell
bodies, regardless of their diaphragm innervation state at the time of
sacrifice and counting, while PhMN somal counts may be confounded
by CTB injection performed after injury if a subset of PhMNs have
survived the injured but their axons are not innervating the diaphragm.
Give this technical issue, the effect of MH hydrogel on CTB counts may
have been partly (or even completely) based on changes in peripheral
innervation of the diaphragm NMJ by phrenic motor axons and not via
PhMN somal protection. Our current data also show significant pre-
servation of NMJ innervation morphologically, which would be in line
with the peripheral preservation interpretation of the CTB counts,
though these findings do not rule out a simultaneous impact on motor
neuron cell body protection within the spinal cord.

With respect to lesion size, we have previously shown progressive
lesion expansion from day-1 to day-14 in our unilateral cervical con-
tusion model (Nicaise et al., 2013). Similar to PhMN loss, we have not
conducted this lesion analysis during the first 24 h post-injury; none-
theless, our MH hydrogel neuroprotective approach is still relevant
given that the lesion continues to expand even beyond day-1 after in-
jury (similar to the progressive denervation at the diaphragm NMJ
discussed above), thereby providing an extended time window during
which to intervene.

4.4. Therapeutic relevance of findings

In order to study diaphragmatic respiratory dysfunction in a manner
that is applicable to the human condition, it is critical to consider the
model system. A number of studies have examined respiratory outcome
in rodent paradigms of high-cervical (C2) hemisection (Mantilla et al.,
2013; Urban et al., 2018) and mid-cervical unilateral (Choi et al., 2005;
Nicaise et al., 2012a; Nicaise et al., 2012b) (or midline (Lane et al.,
2012)) contusion SCI. Of note, the studies focused on cervical contusion
resulted, in general, in modest-to-absent (and relatively-transient)
physiological effects on actual ventilatory behavior under normal eu-
pneic conditions, as assessed by whole-body plethysmography. Fur-
thermore, exposing cervical contusion animals to respiratory challenge
(e.g. hypercapnia) was often necessary to observe compromised venti-
latory function (Choi et al., 2005), though such deficits were not noted
in all models (Choi et al., 2005) and diaphragmatic compromise ap-
peared to depend, at least in part, on factors such as the degree of white
matter degeneration, likely given the necessity of bulbospinal axon
drive to the PhMN pool to achieve diaphragm activation.

Given this collective body of work (including our studies), in the
current study we used a unilateral contusion at level C4/5 that resulted
in significant - though partial - loss of PhMNs, degeneration of phrenic
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motor axons and diaphragm NMJ denervation. We conducted electro-
physiological recordings (i.e. EMGs and CMAPs) to specifically assess
effects on diaphragm activation and PhMN-diaphragm circuitry
(Nicaise et al., 2012a; Nicaise et al., 2012b), though EMGs and CMAPs
do not fully provide evaluation of the physiological effects on re-
spiratory function. Importantly, we did not perform assessments of
overall ventilatory function such as plethysmography or blood gas
measurements (Nicaise et al., 2013). In addition, we did not conduct
EMG recordings in response to hypercapic and hypoxic challenges as in
some of the previously published studies using similar cervical contu-
sion models. To further examine the therapeutic potential of our MH
hydrogel approach, in future work we will need to test effects on these
additional functional outcomes and in response to respiratory chal-
lenges, in addition to implanting the hydrogel with various delays post-
injury that are relevant to clinical translation. That being said, our data
do support the potential benefit both of high-dose local MH delivery for
preserving this critical neural circuitry and of our novel MH-hydrogel
delivery system. Lastly, the therapeutic effects that we have achieved
with MH hydrogel only partially improved diaphragm electro-
physiological outcome measures; therefore, combination with ap-
proaches targeting other disease mechanisms will likely be necessary to
further enhance efficacy.

4.5. Modulation of microglia/macrophage response

Macrophages are plastic and adopt dynamic phenotypic and func-
tional properties in response to environmental stimuli (Stout and
Suttles, 2004). The pro-inflammatory environment produced by SCI
potentiates pathological, neurotoxic microglia/macrophage activation,
also called “M1” or classical activation (Kigerl et al., 2009; Kroner et al.,
2014; Wang et al., 2015). Following SCI, the potentially reparative and
immunosuppressive M2 microglia/macrophage activation (alternative
activation) decreases over time, while pathological M1 activation re-
mains elevated (Kigerl et al., 2009) (Kroner et al., 2014; Wang et al.,
2015). As a potent anti-inflammatory agent, MH has been shown to
reduce inflammation after SCI (Teng et al., 2004; Lee et al., 2003; Wang
et al., 2017). Moreover, it has been shown to selectively inhibit M1
polarization of microglia in vitro and in the SOD1-G93A mouse model
of amyotrophic lateral sclerosis (ALS) in vivo (Kobayashi et al., 2013).
In the context of SCI, we previously found that only local (but not
systemic) delivery of MH inhibited M1 microglia/macrophage polar-
ization 6 weeks after unilateral C5 contusion (Wang et al., 2017). On
the other hand, the impact force used in our previous work (200 kDyne)
was much lower than that used in the present study (395 kDyne). A
more severe tissue injury can lead to a stronger inflammatory response.
Therefore, in the current study, we examined whether MH can still
reduce inflammation and modulate microglia/macrophage polarization
in the more severe SCI model. Our data suggest that local MH gel
treatment has the same modulatory effect on microglia/macrophage
activation and polarization in both modest and severe cervical contu-
sion injuries. MH has been shown to inhibit iNOS activation (Amin
et al., 1996; Zhang et al., 2014) and production of pro-inflammatory
cytokines including TNFa, IL-1β, and IL-6 (Lee et al., 2003; Kobayashi
et al., 2013; Pang et al., 2012), all of which are M1 markers. Therefore,
it is not surprising that MH can inhibit M1 polarization. Persistent M1
and transient M2 microglia/macrophage response after SCI leads to
enhanced neurotoxicity and impaired wound heading following SCI
(Kigerl et al., 2009; Wang et al., 2015). A study showed that for suc-
cessfully healing diabetic ulcers, M1/M2 ratio started to decrease at
2 weeks and remained low at 3–4weeks, whereas for non-healing ulcers
a high M1/M2 ratio continued increasing over time through 4weeks
(Nassiri et al., 2015). Therefore, the reduced M1/M2 ratio may con-
tribute to the neuroprotective effect of MH. On the other hand, MH
hydrogel treatment did not significantly change M2 polarization. Be-
cause M2 phenotype is immunomodulatory and is involved in repair
and regeneration after SCI (Kigerl et al., 2009; Kroner et al., 2014), it is

possible that simultaneously inhibiting M1 and enhancing M2 polar-
ization will be more effective in promoting a normal wound healing
response and functional recovery after SCI. It is important to note that
we used only immunohistochemistry to study the inflammatory re-
sponse by assessing expression of a small set of proteins; therefore, it
will be critical in future work to more comprehensively address this
issue of immunomodulation by MH hydrogel using additional markers
and other measures such as flow cytometry.

4.6. MH hydrogel effects on serotonergic axons

Our results show that MH hydrogel did not promote serotonergic
axon plasticity within the cervical spinal cord that is associated with
modulating PhMN excitability. We also tested whether MH hydrogel
implantation exerted effects on the cell body size of CTB-labeled
PhMNs, as neuronal excitability is associated with somal size. We found
no alteration of cell body size between blank hydrogel and MH hydrogel
(Fig. 8F). Given these findings, it is likely that local MH hydrogel de-
livery to the injured cervical spinal cord improved respiratory function
via protecting rather than repairing the neural circuitry that controls
diaphragm activation. Following SCI, axons fail to mount a regenerative
response due to both a diminished neuronal-intrinsic growth potential
and the axon growth inhibitory environment of injured spinal cord,
thereby limiting functional recovery (Bradbury and McMahon, 2006).
Studies have shown, for example, that combined application of chon-
droitinase ABC and neurotrophin-3 (NT-3) was more effective in pro-
moting axon regeneration than each individual treatment (Massey
et al., 2008; Lee et al., 2010). These studies suggest that it is important
to target both the axon growth inhibitory environment and the poor
intrinsic regeneration potential to effectively promote regeneration
after SCI. We previously showed that local brain-derived neurotrophic
factor (BDNF) delivery using a similar engineered hydrogel promoted
serotonergic axon growth (Ghosh et al., 2018). Therefore, combined
local delivery of both MH (which may be able to reduce environment
growth inhibition by modulating the pro-inflammatory macrophage
response and by decreasing CSPG levels) and BDNF using our hydrogel
approaches may be more effective than BDNF alone or MH alone in
promoting the repair of respiratory neural circuitry.
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