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1. INTRODUCTION:

Compromised breathing (i.e., respiratory insufficiency) is one of the more devastating and potentially
life-threatening consequences of spinal cord injury (SCI) at mid- to upper-neck (i.e., cervical) levels due to
disrupted connections between respiratory centers in the brainstem and circuits controlling ventilatory
muscles in the spinal cord. Lesions at or above C4 often result in severely, if not completely, reduced
diaphragm function. This muscle, which is often considered the primary muscle of inhalation, receives its
motor innervation from the phrenic nucleus primarily located at spinal C3-C5. Depending upon the severity
and symmetry of the injury, descending inspiratory drive from the brainstem to the phrenic nucleus can
result in uni- or bilateral paralysis of the diaphragm. Severe impairment of diaphragm function requires
individuals to receive some form of assisted ventilatory support (e.g., mechanical, phrenic nerve, or
diaphragm pacing). Even if some individuals are weaned, patterns of breathing rarely approximate normal,
and pulmonary infection-related hospitalizations and deaths remain common. A need thus exists for
interventions that can lead to a greater and more normal restoration of diaphragm and other respiratory
muscle functions. Studies being conducted under this Department of Defense award are based upon
increasing evidence showing that electrical stimulation of the injured spinal cord can elicit some degree of
motor function (e.g., standing, limb movements) in animals and humans even with motor complete SClis.
The most common strategy involves epidural stimulation in which an electrical current is delivered to an
electrode array placed on the surface of the spinal cord. Other studies are now emerging, however, which
show that insertion of tiny microwires directly into spinal cord tissue (intraspinal microstimulation, ISMS)
may produce more natural motor improvements. Epidural high frequency spinal stimulation has been
shown to offer potential for improving aspects of respiratory function, but it is still dependent upon delivery
of programmed signals (i.e., open-loop). We are now proposing to explore the capacity of ISMS to improve
diaphragm function when delivered to phrenic circuitry. An innovative feature of our approach is a custom-
designed circuit that will be used to capture signals from unaffected respiratory muscles. Those signals will
then be used to stimulate the phrenic circuit in a natural and physiologically appropriate fashion under
normal and more demanding ventilatory conditions. The intriguing possibility also exists this type of
closed-loop strategy may lead to persistent recovery by directing functional and anatomical circuit
remodeling and long-term effects no longer dependent upon stimulation. We will also determine
differences in outcomes via epidural vs. ISMS. Overall, we are proposing the first investigation of a
promising approach for stimulating respiratory circuits in two SCI models involving lesions above or within
the phrenic circuit. Success of this project can lead to a significant shift in current approaches for
managing respiratory dysfunction following cervical SCI. Knowledge obtained from this study also may
have broader implications related to the use of ISMS for treating other aspects of SCI alone or in
combination with other interventions.
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3. ACCOMPLISHMENTS:
Major Goals of the Project:

This Final Report is based upon the summary presented at the In-Progress Review meeting of
SCIRP Funded (Unclassified) Research convened September 26, 2017 at Fort Detrick, MD.

The following Specific Aims were proposed for this project:

Aim 1: To determine whether physiologically-based ISMS (intraspinal microstimulation) below a C3/4
lateralized contusion or C2 hemisection will enhance the activity of phrenic motoneurons (PhMNs) and
the diaphragm.

This aim was to be addressed by Major Tasks 1 and 2 which involved mapping phrenic circuit discharge
patterns and obtaining a terminal electrophysiological comparison of epidural stimulation and ISMS after
chronic C2Hx. Also, included was Major Task 3 to analyze tissue responses to microwire implantation.
This effort, however, seemed more appropriate under experiments in Aim 2 and was thus not immediately
pursued beyond some initial experiments. The main part of this aim was to be addressed by Major Task
5 that was designed to obtain proof-of-concept for closed-loop ISMS of PhMNs and thereby obtain a
lead-in to Aim 2. It should be noted that focus of all our lesion studies was the C2 hemisection (C2Hx)
model. With prior DOD approval, the contusion injury was dropped from the study for multiple practical
and logistical reasons. Foremost was the injury model and resulting deficits needed further development
based upon conflicting findings in the literature, whereas the C2Hx model was far more established.
Studies were conducted as part of a University of Florida and University of Washington collaboration
which essentially replicated UF results.

Aim 2: To demonstrate with neuroanatomical and electrophysiological methods that patterned electrical
stimulation of spinal circuitry, caudal to the site of injury, will promote altered connectivity in conjunction
with changes in PhMN and diaphragm function.

This aim identified with Major Tasks 6-11 which were to test open- and closed-loop ISMS in awake, freely-
behaving C2Hx rats. Replication of the most promising stimulation approach was to be pursued with follow-
up neuroanatomical studies. This aim, unfortunately, could not be completed as intended as the protocols
needed to perform these experiments involved complex surgeries and more technical refinement than
envisioned for the original proposal. Nevertheless, progress did continue, and this aim represents a control
for two recently funded proposals based upon work carried out during this DOD award period. Some initial
findings showing diaphragm responses in awake C2Hx rats are presented at the end of this report.

Specific Accomplishments of the Project:

Table 1 (Appendix) presents a summary of the status of work that was originally listed in our Statement
of Work. The detailed descriptions below, reflect the more natural progression of research directed at the
main objectives of the supported research — namely to obtain insights regarding the potential of intraspinal
microstimulation for improving respiratory outcomes following cervical spinal cord injury. Accordingly,
several major tasks were either fused by virtue of the focus of the individual experiments or overlapped in
varying degrees.

Study (Major Tasks 2 and 7): Terminal electrophysiological analysis of affected hemidiaphragm
function after C2Hx and respiratory-triggered intraspinal microstimulation (ISMS). As noted above,
one of the primary objectives of Aim 1 was to obtain proof-of-concept for physiologically-triggered ISMS
serving to restore diaphragm function below a high cervical injury. The results of that study were published
in the J. Neurophysiology (see Item 6) and a copy of that article is appended to this Report.

In brief, the design of that study entailed animals being maintained under tightly controlled physiological
conditions with regard to temperature and blood gases especially. Mechanical ventilation was employed to
remove fluctuations in Paog, and Paco.. End-tidal CO; was continuously monitored. Genioglossus EMGs
were used as a physiological trigger for ISMS since the tongue moves in synchrony with inspiratory
activation of the diaphragm. ISMS stimulation involved a continuous 250ms train and 0.3 ms pulses at 100Hz
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2017.
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Figure 2. From Mercier et al. J. Neurophysiol. 117:767-776,
2017.

Collectively, this study demonstrated the

feasibility of using intra-spinal
microstimulation (ISMS) of the cervical
spinal cord to evoke diaphragm activity
ipsilateral to acute and subacute
hemisection of the upper cervical spinal cord
of the rat. In addition, these data provide
proof-of-concept for the efficacy of
diaphragm activation using an upper airway
respiratory EMG signal to trigger ISMS at the
level of the ipsilesional phrenic nucleus
during acute and advanced post-injury
intervals.

Even more interesting was that the
lasting effect of ISMS as shown in Figure 2
by recordings that illustrate persistence of
ipsilateral diaphragm EMG activity following
ISMS. Figure 2A shows tongue and
ipsilateral (left) diaphragm EMG activity after
acute C2Hx, during ISMS, and immediately
after cessation of ISMS. Note that clear
phasic (inspiratory) activity can be seen after
ISMS, whereas the baseline showed no
such activity. A similar response can be
observed in a subacute C2Hx animal. In

these examples, the ISMS was triggered by the inspiratory genioglossus EMG signal and was delivered at
100 Hz for 1 min of respiratory efforts. This potentially important observation was not part of our original
hypothesis. Persistence of inspiratory bursting in the hemiparetic diaphragm for several respiratory cycles

3
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Figure 3. Average changes in phrenic and hypoglossal nerve activity following C4 HF-ES. Depicted are changes in
phasic (A—C), tonic (D—F), and total (G—I) phrenic and hypoglossal nerve activity following HF-ES of the C4 spinal
cord, delivered at 2 and 12 weeks post-injury. Data were calculated over the 3 min following each bout of stimulation
and are represented as % change from baseline activity. HF-ES delivered to the C4 spinal cord at 12 weeks post-
C2HXx resulted in an increase in phasic phrenic activity. No other group differences were observed, although dose-
dependent increases in amplitude (%change above baseline) were observed following HF-ES across both groups,
with the greatest amplitude changes occurring following the highest stimulation intensities (e.g., 500 and 1,000 pA).
Note that profound increases in tonic activity comprised much of the increase in total activity and that the ipsilateral
phrenic nerve demonstrated the most dramatic changes in nerve amplitude relative to baseline. *P< 0.05, different
from 100 pA. #P < 0.05, different from 500 pA. %P 0.05, different from 2 wk at same stimulus current. Data were
evaluated using 2-way repeated-measures ANOVA with Holm-Sidak post hoc tests for individual comparisons
(groups: 2-wk C4, n = 8; 12-wk C4, n=8).

after cessation of the stimulation occurred in the majority of acute and subacute C2Hx lesions and is similar
to the previously described phenomenon of respiratory short-term potentiation (STP), which is manifested
as a progressive enhancement of activity followed by a slow decline to baseline levels after removal of a
stimulus. We previously demonstrated that hypoxia can induce STP of phrenic motor output in rats with
subacute C2Hx, and the response is greater in the nerve ipsilateral vs. contra-lateral to the lesion (Lee et
al. 2015). The STP in C2Hx rats appeared to reflect recruitment of a population of phrenic motoneurons that
had been silenced by injury, which continued to burst beyond the period of hypoxic stimulation. This
increased phrenic bursting after cessation of ISMS also may be analogous to longer-duration functional
recoveries others have observed with chronic ISMS in other motor systems.

Study (Major Task 2, 5): Epidural Stimulation and Respiratory Function Following C2Hx. This study
was included in the Statement of Work per recommendation of the reviewers of our proposal. The basic
goal was to obtain some comparative information relative to what could be achieved by ISMS versus a
less invasive form of spinal cord stimulation. The publication resulting from this study (Gonzalez-Rothi et
al., 2017) is appended. The hypothesis tested was that high frequency epidural stimulation (HF-ES)
would potentiate ipsilateral phrenic output after subacute and chronic C2Hx. We thus investigated
whether applying HF-ES with a continuous paradigm similar to stimulation studies targeting increased
limb muscle activation, can induce phrenic motor plasticity on short timescales in rats with subacute (2
weeks) or chronic (12 weeks) C2HXx.




For this study HF-ES (300 Hz) was applied to the ventrolateral C4 (Fig. 3) or T2 (Fig. 4) spinal cord
ipsilateral to C2Hx in anesthetized and mechanically ventilated adult rats. Stimulus duration was 60-sec
and currents ranged from 100-1000 pA. Bilateral phrenic nerve and ipsilateral hypoglossal nerve activity
were recorded before and after HF-ES. This study is the first to explore the impact of HF-ES on phrenic
and XII motor output after subacute and chronic incomplete cervical SCI.
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Figure 4. Average changes in phrenic and hypoglossal nerve activity following T2 HF-ES. Shown are changes in
phasic (A-C), tonic (D-F), and total (G—I) phrenic and hypoglossal nerve activity following HF-ES of the T2 spinal
cord, delivered at 2 and 12 weeks post-injury. Data were calculated over the 3 min following each bout of stimulation
and are represented as %change from baseline activity. A dose-dependent increase in amplitude (%change above|
baseline) was observed in all nerves (*P< 0.05, different from 100uA; #P <0.05, different from 500 pA) across all
outcomes (phasic, tonic, and total nerve activity), with the greatest amplitude changes occurring following the|
highest stimulation intensities. Note that profound increases in tonic activity comprised much of the increase in total
activity and that the ipsilateral phrenic nerve demonstrated the most dramatic changes in nerve amplitude relative
to baseline. No significant group differences were observed in any nerve in any of the outcomes assessed. Datd|
were evaluated using 2-way repeated-measures ANOVA with Holm-Sidak post hoc tests for individual comparisons
(groups: 2-weeks T2, n =7; 12-weeks T2, n=7).

Higher T2 stimulus currents potentiated ipsilateral phasic inspiratory activity at both 2 and 12 weeks
post-C2Hx (Fig. 4), whereas higher stimulus currents delivered at C4 (Fig. 3) potentiated ipsilateral phasic
phrenic activity only at 12 weeks (P <0.028, Figs. 3 and 4, from Gonzalez-Rothi et al., 2017). Meanwhile,
tonic output in the ipsilateral phrenic nerve reached 500% of baseline values at the high currents with no
difference between 2 and 12 weeks. HF-ES did not trigger inspiratory burst-frequency changes. Similar
responses occurred following T2 HF-ES (Fig. 4, from Gonzalez-Rothi, 2017). Increases in contralateral
phrenic and XIl nerve output were induced by C4 and T2 HF-ES at higher currents, but the relative
magnitude of these changes was small compared with the ipsilateral phrenic response.

We conclude that following incomplete cervical spinal cord injury, HF-ES of the ventrolateral mid-
cervical or thoracic spinal cord can potentiate efferent phrenic motor output with little impact on inspiratory
burst frequency. However, the substantial increases in tonic output indicate that the uninterrupted 60s
stimulation paradigm is unlikely to be useful for respiratory muscle activation after spinal cord injury.



Study (Major Task 1): Mapping respiratory-related circuitry in the intact spinal cord of the adult

rat. Part A.

A fundamental question related to most, if not all, approaches to
spinal cord stimulation is what is being stimulated.
may become extremely useful to have a perspective regarding
neural substrate changes occurring after spinal cord injury (SCI). As
a prelude to a detailed mapping study of respiratory-related circuitry
(now in progress) following SCI, two studies were carried out
involving spinal-intact rats in which we first wanted to demonstrate
an ability to identify multielectrode array (MEA) recording sites and
then use MEASs to study respiratory-modulated interneurons which
we would ultimately wish to target with ISMS. The first study involved
development of a silver labeling approach which was described in a
publication listed in Item 6 and appended to this Report (Streeter et
al., 2017a)

In addition, it

Figure 5A shows the MEA consisting of 16 fine tungsten wire
electrodes each controlled by micromotors and held in place by the
array guide. The electrode tips maintained in a “fixed matrix” by the
array guide (Fig. 5B). For recording, the electrodes are positioned in

the dorsal C4 spinal cord at the dorsal root entry zone
(e.g., black arrows, Fig. 5C). Figure 5D shows a
schematic of the recording matrix consisting of 8
electrodes arranged in 2 rows of 4. The inner distance
between the 2 sets of 8 electrodes was ~1 mm, and the

Figure 6. Representative histological sections
from the cervical spinal cord containing silver-
labeled sites counterstained with cresyl violet

distance between electrodes within each row
was ~300 pm.

We delivered 100-nA currents to electro-
plate silver onto and subsequently deposit sil-
ver from electrode tips after obtaining mid-
cervical (C3—C5) recordings using an MEA in
anesthetized and ventilated adult rats. Histo-
logical studies verified that the silver deposi-
tion method discretely labeled (50um resolu-
tion) spinal recording locations between lam-
inae IV and X in cervical segments C3-C5
(Fig. 6). Using correlative techniques, we
next tested the hypothesis that mid-cervical
neuronal discharge patterns are temporally
linked. Cross-correlation histograms pro-
duced few positive peaks (5.3%) in the range
of 0-0.4 ms, but 21.4% of neuronal pairs had
correlogram peaks with a lag of ~0.6 ms.

Inspiratory and Tonic Interneurons
A Silver+ Crasyl Violet B
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Figure 7. Silver labeling of mid-cervical spinal interneurons. A:
representative C4 section containing a silver-labeled site|
counterstained with cresyl violet and high-resolution image
containing the silver-labeled site (callout). B: corresponding
neuronal output and integrated phrenic output during baseline,
hypoxia, and post-hypoxia depicting a single tonic firing neuron
at baseline and recruitment of a phasic inspiratory neuron
during hypoxia and post-hypoxia. C: integrated phrenic output,
raw neuronal discharge, and sorted spikes (waveforms) during
hypoxia. D: cycle-triggered histograms of both neurons during
50 consecutive breaths overlaid with the average integrated
phrenic waveform during hypoxia. E: spike-triggered average|
of the raw and rectified phrenic nerve depicting a lack of

positive features.
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Figure 8. C-INs temporally linked to pre-phrenic neurons before, during,

phrenic C-IN (B). C,D, Excitatory C-INs (as a percentage of possible
connections) temporally linked to excitatory pre-phrenic C-INs (C) and
inhibitory (D) pre-phrenic C-INs. E, F, Linear regression analysis of the
proportion of second-order excitatory connections to excitatory (E) and
inhibitory (F ) pre-phrenic C-INs. G, H, Schematic summarizing second-
order excitatory C-INs projecting to excitatory (G) and inhibitory (H) pre-
phrenic interneurons at BL (brown) and recruited (orange) during
intermittent hypoxia. (From Streeter et al., 2017b).

and following acute intermittent hypoxia. A, B, Schematic of second-order
excitatory C-IN projecting to excitatory pre-phrenic (A) and inhibitory pre-

Accordingly, we identified in-
spiratory (Fig. 7) and expira-
tory (not shown, see publica-
tion) interneuronal popula-
tions. These results are con-
sistent with synchronous dis-
charge involving mono- and
polysynaptic connections
among mid-cervical neurons.
We conclude that there is a
high degree of synaptic con-
nectivity in the mid-cervical
spinal cord and that the silver-
labeling method can reliably
mark metal electrode record-
ing sites and “map” interneu-
ronal populations, thereby
providing a low-cost and
effective tool for use in MEA
experiments. We suggest that
this method will be useful for
further exploration of mid-
cervical network connectivity.

Study (Major Task 1):
Mapping respiratory-
related circuitry in the
intact spinal cord of the
adult rat. Part B.

The above study was
followed up by a more
detailed analysis of phrenic
neural circuitry using the MEA
approach described. In
addition, we added
intermittent hypoxia (IH) to the

recording protocols to
demonstrate respiratory-
modulated interneuronal

connectivity. IH is becoming
recognized as a viable
rehabilitative  strategy for
improving respiratory function
and may be coupled with
other interventions such as
ISMS. Acute intermittent
hypoxia (AIH) can trigger
spinal plasticity associated
with sustained in-creases in
respiratory, somatic, and/or
autonomic  motor  output.

However, the impact of AIH on cervical spinal interneuron (C-IN) discharge and connectivity is unknown.
Thus, we were in-terested in gaining insights into the connectivity of respiratory-modulated spinal
interneurons and how that might be affected by IH. Accordingly, bilateral phrenic nerve activity was
recorded in anesthetized and ventilated adult male rats and a multielectrode array was used to record
C4/5 spinal discharge before [baseline (BL)], during, and 15 min after three 5 min hypoxic episodes (11%
Oz, H1-H3). The published paper (Streeter et al., 2017b) is appended in Item 6.



We found that most C-INs (94%) responded to hypoxia by either increasing or decreasing firing rate.
Functional connect-ivity was examined by cross-correlating C-IN discharge. Cor-relograms with a peak
or trough were taken as evidence for ex-citatory or inhibitory connectivity between C-IN pairs. We further
identified C-INs that were functionally connected to pre-phrenic C-INs (ideal targets for ISMS); these
neurons were operationally defined as “second order” (Fig. 8). The relationship between the number of
excitatory connections from second-order C-INs to either excitatory pre-phrenic neurons or inhibitory pre-
phrenic neurons was quantified (Fig. 8C, D), and examined using linear regression (Fig. 8E,F). A strong,
positive relationship was present between the number of excitatory connections (n = 24) from second
order neurons to excitatory pre-phrenic interneurons (n = 5) during (R? = 0.982; p < 0.0091), but not after
hypoxia (R? = 0.048; p<0.7211; Fig. 8E). We did not detect a sufficient number of inhibitory pre-phrenic
interneurons (n=2) to enable a similar statistical test, but data are shown in Figure 8F.

These results provide evidence that the number of excitatory connections between C-INs and
excitatory pre-phrenic interneurons is enhanced during hypoxia (summarized by Figs. 8 G and H). Thus,
we conclude that C-INs are an integral part of the neural network that controls the diaphragm, and that
the strength of synaptic connections in this network may be altered during and after AIH. Similar mapping
experiments are currently in progress to see how these patterns of connectivity and effects of AIH are
altered by C2Hx. That study will cap off this Major Task of the Statement of Work.
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Additional Mapping Data and Replication: Major Tasks 1 and 8

The above mapping studies were reproduced at the University of Washington, and the manuscript to
Exp. Neurol. has just been accepted with very minor revision (Sunshine et al., In Press). A next-to-final
draft is appended (Iltem 6).
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to predict how gray matter
intraspinal microstimulation (ISMS)
