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Ipsilateral inspiratory intercostal muscle
activity after C2 spinal cord hemisection in rats
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Background: Upper cervical spinal cord hemisection causes paralysis of the ipsilateral hemidiaphragm;
however, the effect of C2 hemisection on the function of the intercostal muscles is not clear. We
hypothesized that C2 hemisection would eliminate inspiratory intercostal activity ipsilateral to the injury and
that some activity would return in a time-dependent manner.

Methods: Female Sprague Dawley rats were anesthetized with urethane and inspiratory intercostal
electromyogram (EMG) activity was recorded in control rats, acutely injured C2 hemisected rats, and at 1 and
16 weeks post C2 hemisection.

Results: Bilateral recordings of intercostal EMG activity showed that inspiratory activity was reduced immediately
after injury and increased over time. EMG activity was observed first in rostral spaces followed by recovery
occurring in caudal spaces. Theophylline increased respiratory drive and increased intercostal activity,
inducing activity that was previously absent.

Conclusion: These results suggest that there are crossed, initially latent, respiratory connections to neurons

innervating the intercostal muscles similar to those innervating phrenic motor neurons.
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Introduction

Spinal cord injury (SCI) results in a loss of muscle func-
tion below the site of injury. The primary cause of mor-
bidity and mortality associated with all SCI is due to
complications related to impaired respiratory function,’
despite the fact that some recovery of muscle function is
known to occur in the respiratory muscles.” In all
mammals, inspiration is accomplished primarily by the
contraction of the diaphragm and aided by the activity
of the intercostal muscles. The effect of SCI on dia-
phragm function has been well characterized®®;
however, there are only a few examples of studies that
have examined the effect of SCI on intercostal muscula-
ture.”! It is well known that upper cervical SCI inter-
rupts the neural signals arising from medullary
respiratory neurons that project down the spinal cord
to innervate ipsilateral phrenic motor neurons located
in the cervical cord (C3-C6 in rats) resulting in
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ipsilateral hemidiaphragmatic paralysis. Innervation of
external intercostal muscles appears to be largely due to
polysynaptic pathways, which cross the midline to affect
motoneurons on the contralateral side of the spinal
cord.'"!? Kirkwood et al® and Dougherty er al'®
showed that hemisection of the spinal cord caused an
immediate reduction in ipsilateral intercostal nerve
activity below the injury site. In both studies, intercostal
activity returned; however, Dougherty ez al. '° only exam-
ined the rostral intercostal activity of the first and second
rib space after a C2 hemisection and Kirkwood er al.’
hemisected the thoracic spinal cord and also only
looked at a few thoracic intercostal spaces below the
injury. Therefore, the present study was designed to
better characterize the effect of a C2 spinal cord hemisec-
tion on the 10 most rostral intercostal muscles after
several time points following injury. We hypothesized
that spinal cord hemisection would eliminate inspiratory
intercostal activity ipsilateral to the injury and that we
would see a time-dependent increase in restored activity
throughout the intercostal musculature.
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In addition, we examined the effect of theophylline, a
known respiratory stimulant capable of activating latent
crossed phrenic pathways, to determine whether similar
increases in respiratory drive also activated latent path-
ways projecting to intercostal muscles. Dougherty
et al.'® showed that hypercapnia increased intercostal
activity after SCI and this correlated with increases in
tidal volume. A case study examining the effect of theo-
phylline on respiratory function after chronic SCI in a
patient also reported that theophylline increased
muscle activity not only in the diaphragm but also in
the parasternal intercostal muscles.'® Thus, we further
hypothesized that increasing respiratory drive by theo-
phylline after C2 hemisection would not only increase
hemidiaphragm muscle activity, but also intercostal
muscle activity in the rat.

Methods

All experimental procedures were approved prior to
experimentation by the Wayne State University
Animal Investigative Committee. The C2 hemisection
procedure has been previously published in detail.!*
Briefly, adult Sprague Dawley female rats (Harlan
retired breeders, ~1 year old) were anesthetized with
ketamine (70 mg/kg) and xylazine (20 mg/kg, intra-
muscularly). The spinous process and laminae of the
C2 vertebra were removed and the C2 spinal cord was
hemisected on either the left or right side of the spinal
cord. The neck muscles were sutured (3.0 Vicryl) and
the skin closed with wound clips. After surgery, the
rats were injected with 10 ml of saline (subcutaneously
(s.c.)) to prevent dehydration and buprenorphine
(0.01 mg/kg s.c.), an analgesic for pain management.
The rats were warmed on a heating pad until they
aroused from anesthesia and then placed in cages and
provided with food and water ad libitum, supplemented
with apples for 1-16 weeks. Sham control rats were
treated exactly as above except that during the surgery,
the spinal cord was not cut.

Experimental protocol

On the day of experimentation, rats were prepared for a
second non-survival surgical procedure. They were
anesthetized with urethane (1.6 g/kg, intraperitoneally)
and placed supine and maintained at 37°C using a
rectal thermometer connected to a thermal-controlled
heating pad. An incision was made in the skin down
the midline from the clavicles to just below the xiphoid
process. The superficial thoracic muscles, pectoralis
major and minor, were cut and retracted to expose the
external intercostal muscles. The diaphragm was also
exposed by abdominal laparotomy. Bilateral
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electromyogram (EMG) recordings were taken first in
the lateral costal region of the diaphragm and recorded
on Chart 4.2 (ADInstruments Pty Ltd, Bella Vista,
Australia). Then, external intercostal EMG recordings
were obtained by placing one pair of bipolar electrodes
~1 cm lateral to the sternum on each side in the 10th
intercostal space. This procedure was followed by
recording from each successive intercostal space ros-
trally to the first intercostal space. EMG recordings
were taken for ~30 seconds to | minute bilaterally and
then the electrodes were moved to the next space for
recording. This procedure was repeated until all of the
intercostal spaces were recorded.

Four animal groups were examined: acute (within 1
hour following hemisection) (n = 7), 1 week following
SCI (n =17), 16 weeks following SCI (n = 6), and sham
controls (n = 13). Acutely injured animals were hemi-
sected under urethane anesthesia and EMG intercostal
recordings were made immediately in these animals.
Animals were euthanized after the completion of
EMG recordings.

In some of the animals (controls, n =4, 1 week SCI,
n=7), the effect of increasing respiratory drive was
examined using a known respiratory stimulant of
crossed phrenic activity, theophylline. After EMGs
were recorded as described above, theophylline was
injected (15 mg/kg, intravenously) via a cannula that
was placed in the femoral vein. After 20 minutes,
EMG recordings were again obtained from the dia-
phragm and intercostal spaces as described above.

Data analysis
To obtain a comparison of muscle activity ipsilateral and
contralateral to SCI, right and left EMG activity from the
diaphragm and intercostal muscles were full-wave recti-
fied and integrated using Chart 4.2 software
(ADInstruments Pty Ltd). First, we verified that the
intercostal muscle activity was inspiratory by comparing
the intercostal activity to the diaphragmatic activity. The
integrated traces were assessed for breathing frequency,
mean burst area, and peak amplitude. Mean burst area
and peak amplitude of the EMG activity ipsilateral to
injury (injured side) was then presented as a percentage
of the activity contralateral to injury (non-injured side).
The average burst area and peak amplitude were then cal-
culated by taking activity from all animals, including
animals that showed zero activity. To evaluate the effect
of theophylline treatment in SCI animals, we looked at
how many intercostal spaces had muscle activity before
treatment and then again after theophylline treatment.
Statistics were performed using Systat software (Systat
Software, Inc., San Jose, CA, USA). The differences in
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breathing frequency, and the mean burst area and peak
amplitude of the EMG activity of individual intercostal
muscles at various times after SCI were examined using
a one-way analysis of variance between groups. The
effect of theophylline was examined by comparing the
activity before and after treatment using a paired r-test.
Significance was determined when P-values were <0.05.

Results

The initial assessment of diaphragm activity was deter-
mined at the time of the hemisection surgery to ensure
that all hemidiaphragmatic activity ipsilateral to injury
was initially absent. Spontaneous crossed phrenic
activity was observed in the hemidiaphragm of all of
our 16-week chronic SCI animals, but not in any other
group (Fig. 1). In urethane-anesthetized, spontaneously
breathing rats, the breathing frequency was significantly
decreased immediately after acute SCI (Fig. 2). One
week (P=0.118) and 16 weeks (P = 0.054) post-SCI
animals showed a slight, but non-significant elevation
in breathing frequency during urethane anesthesia com-
pared to the control animals (Fig. 2).

Immediately after C2 SCI surgery, there was a small
amount of EMG activity recorded in five of seven
animals between the second and the eighth intercostal
spaces on the side of the injury. In the other two acute
animals, there was no activity recorded in any intercos-
tal space ipsilateral to injury. Measurement of the peak
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Figure 1

amplitude and the burst area of the EMG activity
measured as a comparison between the injured side
relative to the uninjured side revealed similar results;
therefore, only peak amplitude data is reported here.
Measurement of the peak amplitude of the EMG
burst revealed a significant decrease in thoracic intercos-
tal muscle activity ipsilateral to the hemisection (Figs. 3
and 4). At 1 week post-SCI, all animals showed motor
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Figure 2 The breathing frequency of urethane-anesthetized,
spontaneously breathing Sprague Dawley rats was significantly
decreased (*P = 0.041) immediately following a C2 SCI surgery
(acute, n = 7) compared to sham control rats (n = 13). One week
(n =7) and 16 weeks (n = 6) following SCI, the respiratory
frequency of urethane-anesthetized, spontaneously breathing
rats was slightly higher than controls, but was not significantly
different from control values (P = 0.054).

1 wk C2 hemisection

16 wk C2 hemisection

1 volt

1 min

(A) Representative raw traces of EMG activity of the right (R) and left (L) hemidiaphragm of a control rat, immediately after

C2 hemisection (acute), 1 week following C2 hemisection, and 16 weeks following C2 hemisection. Note the absence of EMG activity
ipsilateral to SCI in animals immediately following hemisection (R) and 1 week following hemisection (R); only EKG activity is visible.
By 16 weeks, spontaneous activation of crossed phrenic pathways occurs and activity is recorded in the hemidiaphragm ipsilateral
to the SCI (L). (B) A 10-minute representative trace of the working hemidiaphragm from a 1-week hemisected rat showing the

stability of the preparation over time.
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Figure 3 Acute C2 spinal cord hemisection resulted in a
significant reduction in the amount of inspiratory related
intercostal muscle activity (IM) ipsilateral to the SCI as
measured by the peak amplitude of the integrated EMG activity
expressed as a percentage of the non-injured side (set at
100%). EMG activity was measured at each intercostal space
between the first and the tenth space on the ventral thoracic
surface. Spontaneous recovery of intercostal activity increased
starting at 1 week following SCI and activity significantly
increased compared to acute SCI rats (*P < 0.05). After 16
weeks post-SCl, all intercostal muscles showed some
spontaneous recovery of intercostal activity and this activity
was significantly greater than acute SCI rats (*P < 0.05). Many
were significantly increased compared to 1 week (*P < 0.05).
The spontaneous recovery of the hemidiaphragm ipsilateral to
the hemisection is also expressed by 16 weeks after SCI.
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activity in some ipsilateral intercostal muscles and EMG
activity was noticeably increased compared to immedi-
ately after SCI. It is noteworthy that the motor activity
observed in intercostal muscles at 1 week post-SCI was
not accompanied by any recovery of the ipsilateral hemi-
diaphragm activity at the same time. The activity was
more pronounced in the more rostral spaces with the
first three intercostal spaces showing about half the
activity of the non-injured side. At 16 weeks post-
injury, there was a prominent increase in the amount
of EMG activity in the intercostal spaces ipsilateral to
the injury and activity was now observed in all intercos-
tal spaces in all animals. The most obvious amount of
motor activity was present in the two most rostral
spaces (back to control levels); however, the EMG
activity in most intercostal spaces was still well below
normal levels.

Theophylline treatment resulted in an increase in
breathing frequency in controls (from 72.7 3.9 to
86.3 = 3.8) and in 1 week post-SCI animals (91.5 = 1.3
to 105.6 = 1.4) indicating increased central respiratory
drive. At 1 week after SCI, theophylline treatment
induced a significant increase in the number of intercos-
tal spaces that expressed EMG activity (from 4.6 = 0.48
to 6.1 +0.67); i.e. the muscles were quiescent prior to
theophylline treatment.

Discussion

This study demonstrates that ipsilateral inspiratory
intercostal muscle activity is initially interrupted by an
acute upper cervical hemisection. Some intercostal
activity gradually returned in a time-dependent
manner. Activity in the most rostral regions of the thor-
acic intercostal spaces appeared first and returned to
near or at control levels by 16 weeks, whereas activity
in the more caudal spaces appeared much later after
SCI and continued to remain significantly reduced com-
pared to controls at 16 weeks post-injury. The functional
significance of these results appears to be related to cor-
related increases in tidal volume.'® In addition, the
return of intercostal activity in the more rostral intercos-
tal spaces with increasing time after SCI may increase
thoracic cage stability. Increasing respiratory drive
with theophylline enhanced neural output of inspiratory
intercostal muscle activity and turned some “silent”
pathways on. Taken together, these results suggest that
there are initially latent, crossed premotor respiratory
synaptic connections to neurons innervating the inter-
costal muscles after SCI that can be turned on by
increasing drive. Utilizing these neural pathways may
be a useful alternative for pacing mechanisms when
the diaphragm muscle is not an option."> !’
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Figure 4 Representative raw traces of three intercostal spaces (IM 2, 4, and 9) of a control rat, acutely injured rat, and at 1 week
and 16 weeks following C2 spinal cord hemisection injury. Note the prominent reduction in EMG activity immediately after injury.
At 1 week following SCI, activity was increased in rostral thoracic intercostal spaces and we observed activity appearing over
the middle thoracic spaces. By 16 weeks following SCI, EMG activity was observed in all 10 intercostal spaces, but the EMG
activity was still reduced compared to control values in the caudal half of the thoracic region (IM7 - IM10). Each trace is 6 seconds in

total length.

A Primary contralateral medullary
projections to intercostal pool

Propriospinal
c2sc descending control
(interneurons)
P — Thoracic intercostal
motor neurons
B /
* S
C2 SCl trengthened
/ ‘ pathways
(Bold lines)
Increased r/'. .
thoracic oo
output <_-. ._ >

Figure 5 A model of neural pathways that project to thoracic
motor neurons. The primary projection to intercostal motor
neurons arises from contralateral medullary neurons and is
polysynaptic. (A) A C2 SCI disrupts the primary signal
descending to the thoracic motor neurons ipsilateral to the
injury and the thoracic output is silenced. (B) Recovery of motor
function most likely arises from the strengthening of
established connections from the contralateral spinal cord
below the site of injury. A possible pathway for this
contralateral, propriospinal input is hypothesized in (B).
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Effect of SCI on muscles controlling ventilation
The effect of C2 hemisection on diaphragm function has
been examined extensively over the past 30 years.'>2°
C2 hemisection results in complete paralysis of the
ipsilateral hemidiaphragm due to the interruption of
signals that arise primarily from descending monosynap-
tic, bulbospinal premotor neurons.**'* This results in a
decreased tidal volume and a compensatory increase in
respiratory frequency which is observed consistently in
unanesthetized rats.>’* In the present study, respiratory
frequency was not significantly increased. This is most
likely due to the effect of the anesthetic and the fact that
we did not maintain blood gases constant. In studies of
anesthetized rats, frequency is not always significantly
elevated after SCI.%714.24

Activity in the paralyzed hemidiaphragm can be par-
tially restored due to the activation of crossed phrenic
pathways that have been localized in the spinal cord con-
tralateral and below the site of SCI. These crossed phrenic
pathways consist of latent bulbospinal pathways that cross
below the site of SCL* and possibly inputs from pro-
priospinal interneurons located within the cervical spinal
cord.®* Multiple methods to restore function to the pre-
viously paralyzed hemidiaphragm have been examined in
both males and females and, so far to date, enhancement
of respiratory drive or synaptic input to phrenic moto-
neurons, or a decrease in inhibition, results in some restor-
ation of phrenic activity below the site of SCL%*>2°
Functionally, the activation of the crossed phrenic path-
ways appears to make a meaningful contribution to venti-
lation in anesthetized rats after SCI’***° which may
contribute even more during augmented breaths or
sighs.® Spontaneous activation of the crossed phrenic
pathway also occurs over time. Earlier studies by



Goshgarian and colleagues™*!1#?%?%2  performed on

female retired breeders showed spontaneous activation
between 12 and 16 weeks after SCI. More recent studies
have showed that the spontaneous activation of the
crossed phrenic phenomenon is also present in young
male rats as early as 2-4 weeks after SCL.>%10:2425:27 ¢
is unknown whether this is due to age, sex, or individual
rat strains.

The diaphragm is not the only respiratory muscle that
is affected by upper SCI. Both inspiratory and expira-
tory intercostal muscles, as well as abdominal muscles
are affected by SCI. Recent attention given to the
expiratory system has shown that a reduction in expira-
tory maneuvers such as coughing,’! reduces the capacity
to fight disease and contributes significantly to the mor-
bidity and mortality associated with SCI.! Information,
however, regarding the effect of SCI on inspiratory
intercostal musculature is still lacking.”'° The present
study examines and characterizes for the first time the
effect of upper SCI on the EMG activity of the first 10
inspiratory intercostal muscles.

Studies in cats have shown that the primary drive to
intercostal muscles was through descending inputs’
arising from the contralateral medulla.'" Like others,” !
this study showed that C2 hemisection resulted in paraly-
sis of ipsilateral inspiratory intercostal muscle activity con-
firming that the primary ipsilateral descending drive in
rats is carried through projections that cross above C2
before descending through the ipsilateral spinal cord
(Fig. 5A). The majority of descending inputs to intercostal
muscles are polysynaptic involving interneurons.
Monosynaptic connections to intercostal muscles are
rare.!1? The return of some activity in the most rostral
intercostal muscles appeared rather quickly indicating
that crossed inputs at the thoracic level must be rather
common. However, activity in the lower half of the
spinal cord did not return as quickly or as robust
suggesting that the amount of input or drive is substan-
tially less than the activity in the rostral sections.

In cats, studies showed that at least 60% of respiratory
interneurons projected contralaterally and at the same
level of the spinal cord from which they arose.'>*? In
the present study, this interneuronal pool did not suffi-
ciently activate the side ipsilateral to the injury. It also
does not appear to be a strong input on the side contral-
ateral to the injury, since there were no differences in the
contralateral activity in injured animals compared to
controls. However, strengthening of the synapses onto
and from these interneurons may be a possible substrate
for the spontaneous activity that appears weeks after C2
hemisection (Fig. 5B) Recently, a population of inter-
neurons was found throughout the cervical spinal cord
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in the rat that may be part of crossed phrenic pathways.®
There may be silent or low activity pathways in the thor-
acic cord, similar to the pathways in the cervical cord at
the level of the phrenic nucleus that needs time for
synaptic strengthening in order to be activated. More
studies are needed to address the exact pathways that
contribute to the appearance of crossed intercostal
activity after SCI.

Immediately after SCI, breathing frequency was sig-
nificantly reduced compared to control animals during
urethane anesthesia. This is not an uncommon obser-
vation after surgery (in neonates;° in adult female rats
— personal observations). We speculate that the fall in
frequency may be due to an abrupt decrease in respirat-
ory drive associated with the removal of ascending affer-
ent input. SCI removes many ascending inputs that
would result in an altered integration of neural output
in regions above the site of injury.*® In fact, there are
findings which indicate that respiratory alterations
occur above the site of SCI to affect respiratory function
days to weeks after the injury.>*

Increasing respiratory drive

Increasing respiratory drive with acute administration of
theophylline resulted in an enhanced inspiratory motor
output. Both acute and chronic administration of theo-
phylline have been shown to induce the crossed phrenic
phenomenon in the C2 hemisected rat.>®* In this study,
we found that acute theophylline administration signifi-
cantly increased breathing frequency, and turned on inter-
costal activity in previously silent muscles. These results
indicate that enhancing central neural output is sufficient
to activate previously quiescent intercostal muscle activity
similar to that observed with the crossed phrenic pathway.
Increasing intercostal muscle activity enhances the stab-
ility of the chest wall during inspiratory and expiratory
movements. DiMarco e al.'>"'7 have been examining
the use of intercostal muscle pacing to aid in inspiratory
and expiratory movements after SCI, especially when
phrenic nerve pacing is not an option. Selective targeting
of intercostal muscle function after SCI is proving to be a
practical method to restore ventilation when the dia-
phragm is not effective.' If thoracic muscle activity can
be enhanced with drug therapy or other means, muscle
pacing techniques may become even more effective.
More studies are needed to fully understand the effect of
SCI on intercostal muscle activity to aid in the treatment
and care of SCI patients.
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