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The specific roles that different types of neurons play in recovery from injury is poorly
understood. Here, we show that increasing the excitability of ipsilaterally projecting,
excitatory V2a neurons using designer receptors exclusively activated by designer drugs
(DREADD:s) restores rhythmic bursting activity to a previously paralyzed diaphragm
within hours, days, or weeks following a C2 hemisection injury. Further, decreasing
the excitability of V2a neurons impairs tonic diaphragm activity after injury as well as
activation of inspiratory activity by chemosensory stimulation, but does not impact
breathing at rest in healthy animals. By examining the patterns of muscle activity pro-
duced by modulating the excitability of V2a neurons, we provide evidence that V2a
neurons supply tonic drive to phrenic circuits rather than increase rthythmic inspiratory
drive at the level of the brainstem. Our results demonstrate that the V2a class of neurons
contribute to recovery of respiratory function following injury. We propose that altering
V2a excitability is a potential strategy to prevent respiratory motor failure and promote
recovery of breathing following spinal cord injury.
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High-level cervical spinal cord injuries disrupt connections between the brainstem respiratory centers
and the respiratory motor neurons in the spinal cord and severely impair the ability to breathe.
Eighty percent of deaths in patients hospitalized with cervical spinal cord injuries are due to res-
piratory complications, which include respiratory infections, atelectasis, and respiratory failure (1).
Moreover, the number of respiratory complications contributes significantly to the length and cost
of hospitalization after injury (1, 2). There are currently few treatments for respiratory dysfunction
following spinal cord injury outside of mechanical ventilation and diaphragm pacing (2, 3). Neither
of these strategies target the underlying deficit—the disconnect between the brainstem respiratory
centers and the spinal motor neurons driving ventilation.

Plasticity within neural circuits is thought to be a major contributor to the recovery of motor
function following spinal cord injury, including improvements in breathing (4-8). For example,
changes in the function or connectivity of propriospinal or reticulospinal circuits are thought to
contribute to improved motor function at both acute and chronic stages of injury (9-17). However,
as different neurons play distinct roles in motor function (18-20) and may have distinct capacities
for regeneration (21), it is important to assess which types of neurons are the strongest candidates
to promote recovery of different behaviors. A recent study identified the V2a class of propriospinal
neurons as a target of epidural electrical stimulation that is critical for mediating recovery of loco-
motor function after injury (22). Whether this class plays a role in recovery of breathing has not
yet been tested.

V2a neurons are glutamatergic, ipsilaterally projecting neurons in the intermediate laminae of the
spinal cord and brainstem marked by the transcription factor Chx10 (also called Vsx2) and derived
from the P2 progenitor domain during development (23-26). They are distinct from the VO class of
neurons that are the core drivers of inspiration in healthy mice (27). They represent less than a third
of the glutamatergic neurons in the ventral spinal cord (28). We previously showed that V2a neurons
control activity of accessory respiratory muscles and enhance ventilation in healthy animals at rest (29,
30). Although V2a neuron function is not required for normal diaphragm activity in adult animals
during quiet breathing (30), several studies indicate that V2a neurons may be important for recovery
of diaphragm function following injury. Zholudeva ez 4. used a transsynaptic tracing technique to
show that the number of V2a neurons connected to phrenic motor neurons is increased 2 wk after a
C2Hx injury (31). In addition, transplanting V2a neurons along with neural progenitors improves
recovery of breathing one month following a C2Hx more than transplanting neural progenitors alone
(32). However, the role of endogenous V2a neurons in recovery of diaphragm function after injury
has not been tested.

The C2 hemisection model (C2Hx) has long been used to study both functional and anatomical
plasticity in respiratory circuits after injury (5, 33-38). When a hemisection is performed to lesion
one half of the spinal cord at C2, the side of the diaphragm ipsilateral to the injury is paralyzed due
to disrupted descending input from the brainstem pre-motor neurons to phrenic motor neurons
below the injury. However, the diaphragm ipsilateral to injury can be activated within hours of
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injury by increasing respiratory drive. Approaches to increase respiratory
drive include a phrenicotomy contralateral to the C2 hemisection (36),
administration of respiratory stimulants (39), or chemosensory stimula-
tion (40). This response, known as the “crossed phrenic phenomenon,”
is mediated by increased activation of spared brainstem pre-phrenic motor
neurons that cross the spinal cord below the site of injury (33, 34, 41).
In addition, spontaneous recovery of diaphragm function can occur weeks
after injury which contributes significantly to ventilation across different
levels of respiratory drive strength (42). Spontaneous recovery may be
due to changes in connections between the brainstem and phrenic motor
neurons, altered excitability of phrenic motor neurons, or changes in
spared propriospinal circuits (4-8, 16, 17, 43, 44). Mechanical ventilation
is often required in patients with cervical spinal cord injuries because
spared bulbospinal pathways are insufficient to maintain adequate breath-
ing (1, 2, 45, 46). Thus, there is a need to identify neurons or pathways
that provide drive to respiratory motor neurons capable of augmenting
the inspiratory drive from brainstem pre-phrenic motor neurons that are
damaged by cervical injuries.

We hypothesized that V2a neurons could promote recovery of breathing
at both acute and subacute (weeks later) stages following injury. To test this
hypothesis, we used DREADD:s (designer receptors exclusively activated by
designer drugs) (47, 48) to cither increase or decrease the excitability of V2a
neurons acutely following a C2HXx injury to assess their role in promoting
recovery of diaphragm function. Our results demonstrate that increasing
V2a excitability can restore function to a paralyzed diaphragm within hours,
days, or weeks after injury. We also provide evidence that V2a neurons play
a role in recovery of tonic diaphragm activity following injury. Collectively,
these results demonstrate that a class of ipsilaterally projecting, excitatory
neurons, are capable of restoring breathing in an experimental model of
respiratory plasticity. Therefore, therapies to alter the excitability or augment
the function of V2a neurons may improve breathing after cervical spinal
cord injury.

Results

A C2 hemisection (C2Hx) Injury Disrupts Ascending and De-
scending V2a Axons without Impacting V2a Neuron Survival
below the Level of Injury. To assess the impact of a C2Hx injury on
V2a neurons and their axons, we performed 3-dimensional lightsheet
imaging of cleared brainstem-spinal cord preparations from healthy
V2a-tdTomato adult mice in which V2a neurons and their processes
were fluorescently labeled (Fig. 1 A and B). V2a neuron soma and axon
tracts could be readily observed in lamina VII and ventral white matter
of the cleared spinal cords, respectively. Using antibodies to choline
acetyltransferase (ChAT) to label cholinergic neurons, we identified the
phrenic motor nucleus (which contains motor neurons innervating the
diaphragm) based on its location in a medial column of neurons at C4-6
in between the lateral motor column and cholinergic interneurons (near
the central canal) (Fig. 1 Band C). We performed a C2Hx and imaged the
spinal cord 1 d or 14 d after injury. As expected, the C2Hx disrupted V2a
axons crossing the injury site (Fig. 1C). We manually counted axons below
the injury at C5 and observed many residual tdTomato® axons after C2Hx
(as shown in Fig. 1C) and no differences in axon numbers were detected
between the contralateral and ipsilateral sides at 1 d (490.8 + 32.3 vs.
490.2 £31.2) or 14 d (482.8 + 42.3 vs. 441.4 + 34.3) after injury. We next
counted the number of V2a neuron cell bodies located at C5, well below
the injury at C2. We found that there was no significant difference in the
number of V2a neurons in this segment 1 or 14 d after injury compared
to the uninjured cord, and no significant difference in the number of V2a
neurons between the ipsilateral and contralateral side after injury (Fig. 1 D
and E). Thus, despite previous studies demonstrating numerous ascending
and descending V2a neuron projections between the spinal cord and
brainstem (49-51), there does not appear to be a significant loss of V2a
neurons or axons below the injury. Surprisingly, 3-dimensional lightsheet
imaging revealed that there are rare V2a processes (axons or dendrites)
that cross the midline in the cervical cord of healthy and injured mice that
are not readily observed in thin tissue sections. We counted the number
of V2a processes that cross the cord at C5 and found that the number
of crossings does not change 1 or 14 d after C2Hx injury compared to
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uninjured cords (Fig. 1 7). Thus, a C2Hx injury damages V2a axons at the
site of injury but does not significantly alter the number of V2a neurons
below the injury or affect the small number of V2a processes that cross
the spinal cord.

The presence of V2a processes above and below the C2Hx injury (both
ascending and descending) makes it challenging to assess axon tract dis-
ruption using standard imaging methods. To better assess the extent that
V2a axons were disrupted by injury, we utilized fluorescence-based trac-
tography (52) to distinguish contiguous versus disrupted V2a axons. This
method uses tools developed for diffusion tractography to trace contiguous
fluorescently labeled streamlines (i.e., axons or axon bundles) originating
from a seed region and projecting to a target region in 3-dimensional
images. Tracing streamlines originating from a seed region in C4 in the
injured spinal cord shows the majority of streamlines on the ipsilateral side
terminating near the C2Hx lesion, as expected, whereas the contralateral
streamlines continue to ascend (Fig. 1 G-1). A small fraction of ipsilateral
streamlines continued past the C2Hx injury site, suggesting some sparing
of medial V2a processes/axon tracts on the injured side of the cord. To
quantify sparing, we counted the number of streamlines projecting from
the level of the C2Hx lesion to C4 and found a marked reduction in
streamlines detected on the ipsilateral side of the spinal cord compared to
the contralateral side (Fig. 1/). No differences were observed in the number
of streamlines between the 1- and 14-d-post C2Hx groups on the ipsilateral
side of the spinal cord. These results confirm that a C2Hx disrupts the
majority of ascending and descending V2a axons on the side of the injury
with no detectable changes in spared streamlines between 1 and 14 d after
injury.

Increasing the Excitability of V2a Neurons Restores Bursting
Activity to a Previously Paralyzed Diaphragm within Hours
or Days Following a C2Hx Spinal Cord Injury. In order to test
the impact of V2a neuron activity on diaphragm function after spinal
cord injury, adult VZa—(Gq)DREADD mice (Chx10°*; ROSAPNP A+,
Tg"“OCHRMY) were generated in which the excitability of V2a neurons
in the brainstem and spinal cord is increased following treatment with
CNO, as previously described (29). We lesioned the left side of the
spinal cord at C2 to paralyze the diaphragm ipsilateral to the injury
(Fig. 2A). The location and completeness of each cervical lesion was
assessed after the termination of the experiment by histological staining
(cresyl violet) of cervical spinal cord sections (Fig. 2B). The extent
of injury to white and gray matter is expressed as the percent of the
cord that contains injured tissue in the region of maximal damage.
There was no significant difference between V2a—(Gq)DREADD mice
and non-DREADD-expressing controls in the amount of injured gray
matter (30.3 + 4.4% DREADD vs. 27.1 + 4.8% non-DREADD; ¢
test, P = 0.698) or white matter (26.3 + 5.0% DREADD vs. 29.2 +
4.9% non-DREADD; rtest, P = 0.748) 1 d following injury. Likewise,
there was no significant difference between the extent of injury to gray
matter (36.5 + 2.0% vs. 30.3 + 4.4%; t-test, P = 0.863) and white
matter (29.9 £ 1.0% vs. 26.3 £ 5.0%; #-test, P = 0.884) in V2a-(Gq)
DREADD mice at 4 h vs. 1 d after injury. Thus, the extent of injury
was consistent between groups.

In freely breathing animals under isoflurane anesthesia, diaphragm
function was assessed by surgically exposing the muscle and recording
electromyography (EMG) from the ipsilateral and contralateral dia-
phragm (relative to the side of the C2Hx) 1 d following injury. The lesion
was sufficient to produce complete paralysis of the diaphragm ipsilateral
to the lesion during a 10-min baseline recording prior to CNO treatment
(Fig. 2C). CNO (1.0 mg/kg*bw) was then administered to increase the
excitability of V2a neurons and diaphragm EMG activity assessed for 1
h. We observed rhythmic bursting activity in the previously paralyzed
ipsilateral diaphragm in 100% of animals following CNO treatment (n
=9) (Fig. 2 C-E). Diaphragm bursting continued until termination of
the experiment 1 h after CNO administration. To demonstrate that the
observed effects were due to activating G, signaling in DREADD-expressing
V2a neurons as opposed to off-target effects of CNO, we performed the
same experiments on non-DREADD-expressing mice. The ipsilateral
diaphragm remained paralyzed in 100% of non-DREADD-expressing
control animals (4/4 Chx10"*; ROSAINP-TA/, TgTetO'CHM/B/+ and 3/3
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Chx109*; ROSAPNP-TA+, Tg”* mice) treated with CNO (1.0 mg/
kg*bw) (Fig. 2F). Because CNO does not diﬂferenti?{gy affect diaphragm
EMG activity in Chx10**; ROSATNFT+, TgTC[O-CH 3+ and Chx 10,
ROSATN-T AR Tg”* mice, we report the pooled data for both
non-DREADD-expressing genotypes in our analyses.

We observed a decrease in frequency of inspiration over time in both
DREADD-expressing and non-DREADD-expressing animals. To verify
that this due to “run-down” of our anesthetized preparation as opposed
to off-target effects of CNO treatment, we recorded diaphragm EMG
from non-DREADD-expressing wild-type mice injected with vehicle
(saline) and compared the change in frequency with that of
DREADD-expressing and non-DREADD-expressing mice treated with
CNO. We measured breathing frequency during a 30-s windows during
the last 2 min of the baseline recording as well as 40 to 60 min after CNO
or saline treatment and found a significant reduction in frequency in all
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Fig. 1. Tissue clearing and 3D light-
sheet imaging to assess changes in
V2a neuron circuitry. (A) Macro-
scopic images of cervical spinal
cords before (Left) and after (Right)
tissue clearing. (B) 3D projection of
a lightsheet image showing cross-
sectional view of endogenous tdTo-
mato fluorescence (Left) and ChAT
immunolabeling (Right) in an un-
injured cervical spinal cord from a
V2a-tdTomato mouse. (C) Horizontal
3D projection of endogenous tdTo-
mato fluorescence (Left) and ChAT
immunolabeling (Right) in the unin-
jured cervical spinal cord (i) and at 1
d (i) and 14 d (iii) post-C2Hx injury.
The white arrowhead indicates the
injury site. The yellow arrow indi-
cates the phrenic motor pool. (D)
V2a neuron somas counted using
40 Imaris software on the contralater-

al (yellow spots) and ipsilateral (blue
20 spots) sides of the spinal cords at C5
at 1d (i) and 14 d (i) post-C2Hx inju-
ry. (E) Total V2a neuron soma counts
per 1-mm length of the spinal cord
at C5. P = 0.036 between contralat-
eral and ipsilateral sides across all
time-points. P > 0.19 at each time-
point. Two-way ANOVA with Sidak’s
multiple comparisons test. (F) Quan-
tification of V2a neuron neurites
crossing the midline (white arrows)
per 200 pum length of the spinal
cord at C5. P =0.81. One-way ANO-
VA with Tukey's multiple compari-
sons test. (G and H) Fluorescence-
based tractography of V2a neuron
streamlines (Left) performed in the
ascending (Middle) and descending
(Right) directions in uninjured spinal
cords (G) and at 1 d (H) and 14 d (/)
post-C2Hx injury. The yellow line
indicates the manually designated
seed plane, and the yellow arrow-
head indicates the direction of trac-
tography. Orange ovals indicate the
region of interest for quantification
of streamlines. (/) Total number of
tractography streamlines projecting
¥ from C2 to C4. P <0.0001 between
contralateral and ipsilateral sides at
1dand 14 d post-C2Hx injury. Two-
way ANOVA with Sidak’s multiple
comparisons test.
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groups from baseline to post-treatment in wildtype mice injected with
saline (1.67 + 0.15 Hz to 0.74 + 0.22 Hz, n = 4, P = 0.0007), Non-
DREADD-expressing mice treated with CNO (1.38 + 0.53 Hz to 0.053
+0.33 Hz, n = 4, P = 0.0009), and DREADD-expressing mice treated
with CNO (1.81 + 0.45 Hz to 1.10 + 0.28 Hz, n = 5, P = 0.0013),
demonstrating that the decline in frequency is independent of CNO.
‘We next quantified the degree of recovery in V2a-(G)DREADD mice
and controls. To control for potential differences in EMG amplitude due
to variations in electrode placement in different animals (53), we normal-
ized the EMG peak amplitude of each hemidiaphragm during the baseline
(-CNO) and experimental (+CNO) periods to the EMG peak amplitude
observed following maximal chemosensory stimulation, performed at the
end of each recording session (Fig. 2G). For reference, the diaphragm EMG
peak amplitude in uninjured anesthetized mice is 63% of the maximal
amplitude observed during maximal chemosensory stimulation (30). As
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Fig. 2. Increasing the excitability of V2a neurons restores bursting activity to a previously paralyzed diaphragm within 1 d of a C2Hx injury. (A) Experimental
timeline. V2a-(G,)DREADD mice or non-DREADD-expressing controls received a hemisection at C2 (C2Hx). After either 4 h or 1 d, a surgical procedure was
performed under anesthesia to record electromyography (EMG) from the diaphragm ipsilateral and contralateral to injury for 10 min. CNO was administered
while continuously measuring diaphragm EMG for an additional hour. Chemosensory stimulation was performed to produce maximal ventilatory drive. (B)
Representative images of C2Hx injured spinal cord sections in which neurons are stained with cresyl violet to demarcate the gray (violet, outlined) and white
matter (unstained tissue, outlined). The percent of injury to the gray matter in each representative section is shown in the lower left corner. (C) Representative
trace showing the contralateral (Top) and ipsilateral (Bottom) diaphragm before (Left) and after (Right) treatment with 1.0 mg/kg*bw CNO in a V2a-(G,)DREADD
animal 1 d post C2Hx. The diaphragm EMG peak amplitude (D) and inspiratory time (£) were measured and quantified in V2a-(G,)DREADD mice before and after
CNO treatment 1 d post C2Hx (n = 9). (F) Representative trace showing the contralateral (Top) and ipsilateral (Bottom) diaphragm before (Left) and after (Right)
treatment with 1.0 mg/kg*bw CNO in a non-DREADD-expressing control animal. (G) Representative trace from a non-DREADD-expressing control animal showing
that chemosensory stimulation restores bursting activity to the previously paralyzed diaphragm. The diaphragm EMG peak amplitude (H) and inspiratory time
(/) were measured and quantified in all non-DREADD-expressing controls 1 d post C2Hx (n = 7). (/) Representative trace showing the contralateral (Top) and
ipsilateral (Bottom) diaphragm before (Left) and after (Right) treatment with 1.0 mg/kg*bw CNO in a V2a-(G,)DREADD animal 4 h after a C2Hx. The diaphragm
EMG peak amplitude (K) and inspiratory time (L) were measured and quantified in V2a-(G,)DREADD mice 4 h after a C2Hx (n = 3). White bars = contralateral
diaphragm. Black bars = ipsilateral diaphragm. Red X = paralyzed ipsilateral diaphragm where no bursting activity is detected. Black arrowheads in (C) indicate
diaphragm EMG bursts. White arrowheads in (C) indicate ECG activity (detected in all animals). The ipsilateral and contralateral diaphragm data were analyzed

separately with a parametric paired t-test (D and E- contralateral, H and / and K and L) or non-parametric Wilcoxon signed-rank test (E-ipsilateral), *P < 0.05.

expected, all animals (DREADD expressing and non-expressing) showed
rthythmic inspiratory bursting activity in the previously paralyzed dia-
phragm following maximal chemosensory stimulation. Note that normal-
ization does not allow direct comparison of the ipsilateral to the contralateral
diaphragm EMG peak amplitude because the EMG activity during max-
imal drive in the ipsilateral diaphragm is different than the contralateral
diaphragm due to the injury. For this reason, we also include the raw (not
normalized) EMG peak amplitude data in Table 1.

One day after a C2Hx, the diaphragm ipsilateral to injury becomes
paralyzed (0% of maximal amplitude), whereas the contralateral diaphragm
shows near maximal amplitude (97.5%), likely due to increased respiratory
drive compensating for only one functional hemidiaphragm. CNO treat-
ment restored activity to the ipsilateral diaphragm to 59.4% of maximal
amplitude (p<0.001), with a corresponding decrease in contralateral dia-
phragm activity to 59.9% maximal amplitude (similar to pre-injury levels)
(P =0.032) (Fig. 2D). The decrease in contralateral diaphragm activity is
consistent with less need for a compensatory increase in respiratory drive
from the brainstem and argues against an increase in respiratory drive from
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the brainstem as a potential mechanism of recovery. None of the non-
DREADD-expressing controls (0/7) showed recovery of diaphragm activity
following CNO treatment and there was no change in the contralateral
diaphragm EMG peak amplitude (P = 0.852) or inspiratory time (P =
0.108) in these animals following treatment with CNO (n = 4) (Fig. 2H).
We found that the inspiratory time of the ipsilateral diaphragm post CNO
was only 70.5% of the contralateral diaphragm post CNO (ipsi: 12.2 +0.7
ms vs. contra: 17.3 + 0.7 ms, Student 7 test, P < 0.002), indicating that
CNO treatment did not fully restore ipsilateral diaphragm activity to levels
achieved in the contralateral diaphragm (Fig. 2E). This is consistent with
observation that raw diaphragm peak EMG values of the previously para-
lyzed diaphragm after CNO treatment in VZa-(Gq)DREADD mice is 32%
of uninjured animals (Table 1). These results show that acutely increasing
the excitability of V2a neurons can restore significant function to a previ-
ously paralyzed diaphragm without increasing respiratory drive to the con-
tralateral diaphragm.

In order to evaluate the potential of targeting V2a neurons to restore
breathing shortly after a traumatic injury, we next tested whether we
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Table. 1. Diaphragm EMG peak amplitude (not
normalized)
Peak amplitude of rectified and integrated diaphragm EMG
Average (mV) + SEM

V2a-(Gq)DREADD mice -CNO +CNO
Intact Left 82+13 81+1.4
Right 9.6+1.2 9.1+1.6
4 h Post C2Hx Ipsi Paralyzed 26+0.3
Contra 9.3+0.5 121 +11
1 d Post C2Hx Ipsi Paralyzed 25+0.8
Contra 16.4+2.0 10.1+1.3
2 wk Post C2Hx - Non-recovered Ipsi Paralyzed 2202
Contra 11.6+24 11.0+1.7
2 wk Post C2Hx - Recovered Ipsi 31+03 33202
Contra 17.0+£0.1 16.2+0.1
Non-DREADD mice -CNO +CNO
1 d Post C2Hx Ipsi Paralyzed Paralyzed
Contra 11.0+£23 10.2+2.1
2 wk Post C2Hx - Non-recovered Ipsi Paralyzed Paralyzed
Contra 9.1+0.8 9.0+0.8
2 wk Post C2Hx - Recovered Ipsi 1.9£03 22+03
Contra 11.7+0.4 9.9+0.3
V2a-(Gi)DREADD mice- Chemosensory Stimulation -CNO +CNO
2 wk Post C2Hx - Non-Recovered Ipsi 84+13 3304
Contra 20.1+4.0 18.7+49
V2a-(Gi)DREADD mice- Eupnea -CNO +CNO
2 wk Post Ipsi 6.9+1.6 59+1.1
Contra 153+1.8 17.3+£3.0

C2Hx- Recovered- Rhythmic

could achieve recovery within hours of a C2Hx. The same experimental
paradigm described above was used to measure diaphragm EMG and
increase the excitability of V2a neurons 4 h after injury. All of the animals
(3/3) showed strong recovery of ipsilateral hemidiaphragm bursting activ-
ity following CNO treatment with an average normalized peak amplitude
of 73 + 14% maximal activity (Fig. 2/). Unlike animals tested 1 d fol-
lowing injury, the contralateral diaphragm EMG peak amplitude did not
decrease as the ipsilateral diaphragm recovered function (P = 0.281)
(Fig. 2K). Similar to the results seen in V2a-(G))DREADD mice tested
1 d following injury, the inspiratory time of the ipsilateral diaphragm was
lower than the inspiratory time of the contralateral diaphragm (ipsi: 15.9
+ 0.8 ms vs. contra: 23.4 £ 2.0 ms, = 0.0565) (Fig. 2L), suggesting that
recovery is not to pre-injury levels (see also Table 1). Nevertheless, these
data demonstrate that increasing the excitability of V2a neurons can
restore rhythmic bursting activity to a previously paralyzed diaphragm as
soon as 4 h following a C2Hx spinal cord injury.

Increasing the Excitability of V2a Neurons Restores Diaphragm
Function 2 wk Following a C2Hx. Spontancous recovery of ipsilateral
diaphragm function can occur in some animals within weeks of a C2Hx
injury (43, 54-57), likely due to plasticity within respiratory circuits
[which may include changes in the connectivity between V2a and phrenic
motor neurons (31)]. We assessed the impact of altering V2a neuron
function during this subacute phase. We recorded diaphragm EMG, as
described previously, 2 wk after a C2Hx injury and classified the animals
into groups: “animals with recovery” (i.e., thythmic inspiratory bursting
activity is observed in ipsilateral diaphragm, 5/12 V2a-(Gy) DREADD
mice) or “animals without recovery” (i.e., no inspiratory activity, 7/12
V2a-(Gy) DREADD mice). The recovery group may include animals that
underwent spontaneous recovery as well as those with incomplete lesions.
Note, however, that recovered animals comprised just 15% of animals 1
d after injury (presumably due to incomplete lesions). All animals showed
lack of chest movement ipsilateral to injury immediately following the
C2Hx, demonstrating significant impairment of respiratory function
on that side at the time of injury. We found no significant difference
in the anatomical extent of injury between V2a-(G) DREADD animals
that did not show recovery versus animals that showed recovery prior to
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CNO treatment (Gray matter: 24.1 + 5.6% no recovery vs. 26.1 + 3.1%
recovery, P = 0.458; White matter: 22.6 + 5.8% no recovery vs. 26.6
+ 3.6% recovery, P = 0.337). Thus, the 2-wk time point after a C2Hx
injury provides an opportunity to assess the impact of altering V2a neuron
excitability on animals with different levels of functional deficits during
the subacute period.

We first measured the effects of increasing the excitability of V2a neurons
in the group of 7 V2a-(G)DREADD mice without recovery (prior to
CNO treatment). CNO restored inspiratory bursting activity to the pre-
viously paralyzed ipsilateral diaphragm in all seven animals (Fig. 3 A-C).
The contralateral diaphragm EMG peak amplitude was not significantly
changed after CNO treatment (P = 0.895), indicating that V2a neurons
are not increasing respiratory drive. In non-DREADD-expressing controls
(without recovery group), CNO did not restore activity to the ipsilateral
diaphragm or alter contralateral diaphragm EMG peak amplitude (n = 4,
paired ~test, P = 0.895) or inspiratory time (paired #-test, P=0.181) (Fig. 3
D-and E). Thus, increasing the excitability of V2a neurons can improve
diaphragm function at subacute stages as well as acutely after injury.

We next examined the effects of increasing the excitability of V2a neurons
in the group of 5 V2a-(G))DREADD mice that showed rhythmic inspira-
tory activity in the ipsilateral diaphragm prior to CNO treatment (Fig. 3F).
Increasing the excitability of V2a neurons with CNO in these animals had
no effect on the ipsilateral diaphragm EMG peak amplitude (ipsi: 2= 0.229;
contra: P = 0.182) or inspiratory time (ipsi: P = 0.725; contra: P = 0.520)
(Fig. 3 G and H). However, we did observe an increase in tonic muscle
activity in the ipsilateral diaphragm during the expiratory period in
V2a-(G)DREADD animals treated with CNO (Fig. 37), which has also
been observed in uninjured V2a-(G,)DREADD animals treated with CNO
(30). Additionally, no effects of CNO on diaphragm EMG peak amplitude
were observed in 5/5 non-DREADD-expressing controls that showed recov-
ery prior to CNO treatment (Fig. 3 Jand /). Thus, increasing the excitability
of V2a neurons has a minimal impact on peak diaphragm activity in mice
that have already recovered thythmic inspiratory diaphragm function.

Cycle Triggered Averaging Reveals that the Predominant
Pattern of Diaphragm Activity after Activating V2a Neurons
Is Rhythmic Inspiratory Bursting. We observed differences in the
pattern of diaphragm activity throughout the post-CNO recording
period, even within individual animals. For example, tonic activity
would appear and disappear over time in animals that showed tonic
activity (Fig. 44). In order to better characterize and quantify the
different patterns of diaphragm activity observed following CNO
treatment, we performed cycle triggered averaging (CTA) to correlate
ipsilateral diaphragm activity with the rhythmic inspiratory burst
activity observed in the contralateral diaphragm (Fig. 4). Five different
CTA patterns were observed in the ipsilateral diaphragm using this
analysis: 1) paralysis- characterized by a complete lack of EMG activity
2) rhythmic bursting- characterized by ipsilateral diaphragm activity
only during inspiration and synchronous with contralateral diaphragm
bursting activity 3) rhythmic bursting combined with tonic activity
during expiration 4) tonic activity only during expiration and no activity
during inspiration and 5) tonic activity during both the expiratory and
inspiratory phases of respiration.

We measured the average amount of time each V2a-(G,)DREADD
mouse spent in each CTA pattern after CNO administration 4 h, 1 d, and
2 wk following the C2Hx spinal cord injury. Only V2a-(G)DREADD
mice without recovery (prior to CNO) were included in this analysis. CTA
pattern frequency analysis was initiated as soon as the first non-paralyzed
CTA pattern emerged following CNO administration and the percentage
of time spent in each CTA pattern was calculated. There was no difference
among groups (4 h, 1 d, or 2 wk) in the amount of time it took for the
first non-paralyzed CTA pattern to emerge (4 h group: 14.2 + 5.4 min vs.
1-d group: 18.7 + 4.5 min vs. 2-week group: 8.7 + 2.0 min, one-way
ANOVA, P = 0.266). Most of the time was spent in the rhythmic-only
bursting pattern for all three time points after injury (Fig. 4G). However,
the fraction of time spent in the rhythmic-only bursting pattern was sig-
nificantly greater in the 2 wk and 1 d post injury group compared to the
4 h post injury group (two-way ANOVA, Bonferroni post-hoc test,
P < 0.05 in both comparisons). These data demonstrate that rhythmic

https://doi.org/10.1073/pnas.2313594121
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Fig. 3. Increasing the excitability of V2a neurons restores diaphragm function 2 wk following a C2Hx. V2a-(G,)DREADD mice or non-DREADD-expressing controls
received a C2Hx and diaphragm EMG was recorded 2 wk later. (A) Representative trace showing the contralateral (Top) and ipsilateral (Bottom) diaphragm
before (Left) and after (Right) treatment with 1.0 mg/kg*bw CNO in a V2a-(G,)DREADD animal without recovery (prior to CNO). (B-£) The diaphragm EMG peak
amplitude (B and D) and inspiratory time (C and £) were measured and quantified in V2a-(G,)DREADD mice and non-DREADD-expressing controls, respectively.
(F) Representative trace showing the contralateral (Top) and ipsilateral (Bottom) diaphragm before (Left) and after (Right) treatment with 1.0 mg/kg*bw CNO
in a V2a-(G,)DREADD animal that showed recovery of inspiratory bursting. (G-J) The diaphragm EMG peak amplitude (G and /) and inspiratory time (H and J)
were measured and quantified in V2a-(G,)DREADD mice and non-DREADD-expressing controls, respectively. White bars = contralateral diaphragm. Black bars
= ipsilateral diaphragm. Red X = paralyzed ipsilateral diaphragm where no bursting activity is detected. The ipsilateral and contralateral diaphragm data were
analyzed separately with a parametric paired t-test (C, D, and G-J) or non-parametric Wilcoxon signed-rank test (B and E), *P < 0.05.

inspiration is the predominant pattern of diaphragm activity elicited by
increasing the excitability of V2a neurons following a C2Hx injury.

In addition to the percent of time spent in each CTA pattern, we also
measured the average duration of each CTA pattern before transitioning
to a different pattern at each time point following injury. The duration
of the rhythmic-only CTA pattern increases as the time following injury
increases from 4 h (6.5 + 4.0 min,n=3) to 1d (12.9 + 10.9 min, n = 9)
to 2 wk (25.9 £ 15.9 min, n = 6) post C2Hx (P < 0.05) while the average
duration of all other CTA patterns decreases, with a significant interaction
between the time following the C2Hx and the duration spent in each
CTA segment (two-way ANOVA, P =0.006). One day and 2 wk follow-
ing injury, the rhythmic-only CTA pattern has the greatest duration over
any other CTA pattern during that same time point, lasting an average
of at least 12 min before transitioning to a different pattern (P < 0.05)
(Fig. 4H). Thus, the rhythmic inspiratory pattern elicited by increasing
the excitability of V2a neurons becomes more dominant and stable at the
subacute (2 wk) vs. acute (4 h, 1 d) stages after injury.

Silencing V2a Neurons Impairs Chemosensory Stimulated
Activation of the Diaphragm Ipsilateral to Injury. We assessed the
contribution of V2a neurons for recovery of diaphragm activity 2 wk

60f 12 https://doi.org/10.1073/pnas.2313594121

after a C2Hx by acutely decreasing the excitability of (i.e., “silencing”)
V2a neurons in 15 V2a-(G)DREADD mice. This mouse line expresses
the inhibitory (G)DREADD and decreases the excitability of V2a
neurons in the spinal cord and brainstem following treatment with
CNO (30). Two weeks following injury, we measured ipsilateral and
contralateral diaphragm EMG to divide mice into three groups (prior
to CNO treatment): 1) “non-recovered”- mice with paralyzed ipsilateral
diaphragms (n = 5). 2) “recovered- tonic”- mice that show increased
ipsilateral diaphragm activity during the expiratory (or both inspiratory
and expiratory) phase (n = 3), and 3) “recovered- rhythmic™- mice that
show rhythmic inspiratory activity in the ipsilateral diaphragm (n = 7).
As in the V2a-(G))DREADD experiments, the recovered groups could
include animals that spontaneously recovered function as well as animals
that were not completely paralyzed at the time of injury. All animals
showed lack of chest movement ipsilateral to injury immediately following
the C2Hx. There was no difference in the percent of injury observed in
the white matter (non-recovered: 38.3 + 5.4% vs. recovered-tonic: 33.4
+ 1.7% vs. recovered rhythmic: 36.4 + 6.1%, one-way ANOVA, P =
0.897) or gray matter (non-recovered: 32.3 + 6.5% vs. recovered-tonic:
31.1 + 1.1% vs. recovered rhythmic: 30.0 + 4.5%, one-way ANOVA, P
= 0.910) between the three groups of mice.
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Fig. 4. Cycle triggered averaging reveals that the predominant pattern of diaphragm activity after activating V2a neurons is rhythmic bursting during
inspiration. The patterns of diaphragm activity elicited by CNO treatment were analyzed by cycle triggered averaging in V2a-(Gq)DREADD mice 4 h, 1 d, or
2 wk after a C2Hx injury. Only animals without ipsilateral diaphragm activity prior to CNO treatment were included in these analyses. (A) Representative
ipsilateral and contralateral diaphragm EMG traces from a V2a-(G,)DREADD mouse 2 wk after a C2Hx and following administration of CNO. The rectified
(Top) and non-rectified (Bottom, from boxed area on top) signals show rhythmic inspiratory activity as well as tonic (throughout the cycle) activity that
appears and disappears over time. (B-F) Example of cycle triggered averaging (CTA) analysis from the same V2a-(G,)DREADD animal 1 d following injury
to identify and characterize five different patterns of activity. Gray line = average and orange lines = SD for all breaths analyzed during the 20-s period.
Inspiration is highlighted in gray while expiration is highlighted in yellow. Example diaphragm EMG traces from the same V2a-(G,)DREADD animal are
shown below the CTA graphs. (G) Graph showing the percent of total time that is spent in each CTA pattern following CNO administration in V2a-(G,)
DREADD mice at each time point following the C2Hx injury. (H) Graph showing the average duration that is spent in each CTA pattern before transitioning
to a different CTA pattern following CNO administration in V2a-(G,)DREADD mice at each time point following the C2Hx injury. All values shown represent
the average + SD. The number of animals varies by time point: 4 h (n =3), 1 d (n =9), and 2 wk (n = 7). White bars = paralyzed CTA pattern. Black bars =
rhythmic-only CTA pattern. Orange bars = rhythmic and tonic CTA pattern. Green bars = expiratory only tonic CTA pattern. Blue bars = expiratory and
inspiratory tonic CTA pattern. Statistics: G and H are analyzed with a two-way ANOVA. *P < 0.05 among the rhythmic-only CTA pattern and all other CTA

patterns at that time point post C2Hx. #P < 0.05 between the parameters specified by the black bars.

We assessed whether V2a neurons might contribute to activation of
the paralyzed diaphragm following maximal chemosensory stimulation,
using the non-recovered group of mice (n = 5). We first confirmed that
maximal chemosensory stimulation could elicit robust rhythmic inspir-
atory activity in the diaphragm ipsilateral to injury (Fig. 5 4 and B).
The ipsilateral diaphragm returned to a paralyzed state after stimulation
ceased. We then silenced V2a neurons by administration of 10.0 mg/
kg*bw CNO (30) and repeated the maximal chemosensory stimulation.
We measured the diaphragm EMG peak amplitude during stimulation
after CNO and expressed it as the percent of diaphragm EMG peak
amplitude recorded prior to CNO (from the same side of the dia-
phragm). CNO treatment reduced diaphragm peak EMG by 59 + 5%
(n =5, one-way #-test, P < 0.001) during maximal chemosensory stim-
ulation (Fig. 5C). We observed only a 14 + 10% (n = 5, Student ¢ test,
P =10.007) change in the contralateral diaphragm peak EMG after CNO
treatment. As expected, non-DREADD-expressing control mice (n =
5, Chx10""*; ROSAPNP'CHRMM*) did not show a difference in ipsilateral
(-1.3 £ 21.8%) or contralateral (-6.9 + 10.8%) diaphragm EMG peak
amplitude following 10.0 mg/kg*bw CNO treatment. These results
demonstrate that V2a neurons contribute significantly to activation of
the paralyzed diaphragm by maximal chemosensory stimulation 2 wk
after a C2Hx injury.

PNAS 2024 Vol.121 No.11 2313594121

Silencing V2a Neurons Impairs Tonic Diaphragm Activity Observed
in Animals 2 wk after Injury. We next examined the potential role of V2a
neurons in recovery of diaphragm activity under normal breathing conditions
(i.e., without maximal chemosensory stimulation). We examined the impact
of silencing V2a neurons on the tonic (inspiratory and expiratory) ipsilateral
diaphragm activity observed in the recovered-tonic group of V2a-(G)
DREADD mice (n = 3). Note that we did not observe tonic activity in any
animals 4 h or 1 d after injury prior to CNO treatment, suggesting that the
tonic activity is a product of spontaneous recovery rather than incomplete
injury, consistent with prior studies (55). The tonic activity was abolished in
all V2a-(G)DREADD mice after silencing V2a neurons with CNO (Fig. 64)
indicating that V2a neurons contribute significantly to the tonic activity that
is observed during recovery from injury.

We next examined the role of V2a neurons in the recovered-rhythmic
group of V2a-(G)DREADD mice at 2 wks after injury (n = 7). Silencing
V2a neurons drastically reduced the ipsilateral diaphragm EMG peak
amplitude by 48.9% in 1/7 V2a-(G,)DREADD mice (Fig. 6B). However,
6/7 animals did not show an appreciable effect of silencing V2a neurons
on ipsilateral diaphragm activity. As a group, there was not a significant
change in the diaphragm EMG peak amplitude before and after silencing
V2a neurons (Ipsi: n = 7, P = 0.282; Contra: n = 7, P = 0.954) in animals
that spontaneously demonstrated recovery of inspiratory burst activity

https://doi.org/10.1073/pnas.2313594121
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(Fig. 6D). We noted that the animal that showed decreased diaphragm
activity following CNO treatment had the smallest diaphragm EMG peak
amplitude (raw and normalized) of the group prior to CNO treatment.
Thus, silencing V2a neurons does not consistently impair robust rthythmic
inspiratory activity in the ipsilateral diaphragm 2 wk after a C2Hx injury.
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mice) were analyzed with a t-test, *P < 0.05.
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mice received a C2Hx and 2 wk later EMG was recorded from
the diaphragm contralateral (contra) and ipsilateral (ipsi) to
injury. (A) Representative diaphragm EMG trace from a V2a-

(G;)DREADD animal with spontaneous recovery of tonic activity
"“““"H’“‘*‘“‘*’*"*“‘ [10mV in the ipsilateral diaphragm prior to CNO treatment (~CNO).

Silencing V2a neurons with 10.0 mg/kg*bw CNO (+CNO)

I i l‘ " “ | ' ; |10 iy abolishes the tonic activity. The gray inset demonstrates that
EMG signal (gray arrow heads) is easily distinguished from

ECG signal (indicated by PQRST features) at the scale used for

analysis. (B) Representative diaphragm EMG trace from a V2a-
—%%MW% MMHqM |100 mv  (G)DREADD mouse (1/7) that exhibited spontaneous recovery
of inspiratory bursting activity and then showed a decrease
W“‘M“W“W *‘%“"‘”"*“H“‘M |100 mV  in EMG peak amplitude following treatment with CNO. (C)

Representative diaphragm EMG trace from one of the 6/7
V2a-(G;)DREADD animals that showed spontaneous recovery
of inspiratory bursting activity and did not show a decrease
in EMG peak amplitude following treatment with CNO. (D)
Diaphragm EMG peak amplitude from all V2a-(G)DREADD
animals that showed spontaneous recovery of inspiratory
bursting activity is quantified for the ipsilateral (black bar)
and contralateral (white bar) diaphragm. Statistics: data (n =7)
were analyzed with a paired t-test, *P < 0.05.
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Fig. 7. Hypothetical model of phrenic motor neuron activation by V2a
neurons after injury. Prior to injury, phrenic motor neurons (MN) receive
strong inputs from the brainstem ventral respiratory group neurons (VRG)
whose axons are on the same side of the cord (Left) and weak inputs from
contralateral VRG neurons and other neurons (red, yellow, and blue “V2a").
The VRG neurons provide rhythmic inspiratory drive that depolarizes motor
neurons to their threshold for action potential generation during inspiration.
After injury, the weak rhythmic inspiratory drive from spared VRG axons is
insufficient to depolarize motor neurons to the threshold for action potential
generation, resulting in a paralyzed diaphragm. We propose that increasing
the excitability of V2a neurons increases tonic drive to phrenic motor neurons,
allowing the weak rhythmic inspiratory drive from the VRG to depolarize motor
neurons during inspiration.

projecting excitatory neurons can restore activity to the diaphragm below
a C2 hemisection injury without increasing activity of the contralateral
diaphragm. In addition, silencing V2a neurons impairs the ability of che-
mosensory stimulation to activate the diaphragm ipsilateral to injury.
Further, silencing V2a neurons prevented tonic diaphragm activity that
arose during the recovery period two weeks after injury. Thus, our data
support a role for V2a neurons in the circuits that contribute to recovery
of respiratory function and suggest that strategies to alter the activity of
V2a neurons could improve breathing following injury.

The C2 hemisection model has been an established model to study neural
plasticity for over a century (5, 33-38). For example, this model has been
used to investigate the “crossed phrenic phenomenon”—the observation that
increasing respiratory drive can restore function to a previously paralyzed
diaphragm below a C2 hemisection injury via latent pathways from the
medulla that cross below the site of injury and directly contact phrenic motor
neurons (58, 59). The medullary pre-motor neurons belong to the VO devel-
opmental class of neurons (27), which are distinct from the V2a class.
However, a number of studies have indicated that propriospinal neurons also
play a role in this phenomenon as well as recovery of breathing after injury
(7, 16, 17, 60—64). For example, silencing all glutamatergic neurons in the
cervical cord impairs recovery of breathing in the C2 hemisection model, as
well as a non-traumatic spinal cord injury model (17). The authors provided
evidence that this was via commissural excitatory neurons that may relay
respiratory drive from the spared side of the cord to the phrenic motor neu-
rons below the site of injury. Here, we provide evidence that ipsilaterally
projecting neurons contribute to or play a permissive role in the crossed
phrenic phenomenon (i.e., activation of the previously paralyzed hemidia-
phragm following maximal chemosensory drive). Silencing only the V2a
subset of neurons [representing less than 1/3 of the excitatory neurons in the
ventral spinal cord (65)] significantly reduced activation of the diaphragm
ipsilateral to injury following increased chemosensory drive. Although silenc-
ing V2a impairs activation of the diaphragm ipsilateral to injury, it has min-
imal effect on the diaphragm contralateral to injury, whereas targeting both
V2a and non-V2a glutamatergic neurons in the cervical cord significantly
impairs breathing in injured mice (17).

We hypothesize that V2a neurons provide tonic drive to phrenic motor
neurons (or pre-motor neurons) to make them more responsive to spared
pathways that provide rhythmic inspiratory drive from the brainstem
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(Fig. 7). First, increasing the excitability of V2a neurons can induce tonic
diaphragm EMG activity (e.g., spikes throughout the respiratory cycle)
in both injured and uninjured (30) mice. Second, silencing V2a neurons
eliminates tonic activity that spontaneously occurs in mice 2 wk after
spinal cord injury but is not observed 4 h or 1 d after injury. Previous
studies in rats measuring phrenic motor neuron discharge patterns fol-
lowing a C2 hemisection demonstrated the emergence of tonically firing
motor neurons 2 wk (and persisting for at least 8 wk) after injury (55).
It was proposed that this tonic activity was the result of spontaneous
plastic changes in respiratory circuits, which likely include changes in
intrinsic motor neuron properties and/or formation of new synaptic
inputs to motor neurons after injury. Tonic phrenic activity can also be
elicited by optogenetically exciting spinal circuits 4 d after injury (66),
indicating that it can be driven at the spinal level. The observation that
increased connectivity between cervical V2a neurons and phrenic motor
neurons (31) and the emergence of tonic activity both occur within 2 wk
after injury is also consistent with the idea that increased connectivity
between V2a (and possibly other) spinal neurons increases tonic drive to
phrenic motor neurons, thereby allowing them to respond to weak inspir-
atory drive provided by spared pathways. Importantly, our results do not
rule out a role for V2a neurons in directly relaying rhythmic inspiratory
drive to phrenic motor neurons and it is even possible that V2a neurons
could provide both tonic and rhythmic drive. For example, in the lumbar
cord, some V2a neurons are rhythmically active during fictive locomotion
whereas other V2a neurons fire tonically (67, 68). Since our studies tar-
geted both spinal and brainstem V2a, we cannot rule out the possibility
that brainstem V2a contribute to activation of the diaphragm after injury.
This could occur via spared reticulospinal projections or projections to
brainstem respiratory neurons. The lack of a significant effect of increasing
the excitability of V2a on the activity of the diaphragm contralateral to
injury argues against a role for V2a in increasing respiratory drive at the
level of the brainstem, but does not disprove this possibility.

After increasing the excitability of V2a neurons, animals show sponta-
neous changes in the pattern of diaphragm activity ipsilateral to injury over
time (rhythmic inspiratory, tonic, or a combination of rhythmic + tonic).
However, the reason(s) for these changes in pattern are not currently clear.
Movement or changes in posture are not possible since the animals are
anesthetized and immobile. We also see no evidence for changes in the
depth of anesthesia during breathing transitions. The animals are freely
breathing, so it is possible that fluctuations in blood oxygen or carbon
dioxide trigger changes in the motor pattern. Prior studies showed that
increasing respiratory drive (by increasing end-tidal CO,) could increase
the probability that phrenic motor neurons below a C2Hx lesion would
fire during inspiration as opposed to tonically (55). This result is consistent
with a model in which both tonic and phasic inputs drive phrenic motor
neuron output. Alternatively, fluctuations in neurotransmitter release may
drive changes in motor patterns. For example, our previous study showed
that tonic activity (or a combination of rhythmic and tonic activity) is
observed in the ipsilateral diaphragm of C2 hemisectioned rats following
treatment with serotonin or treatments that altered serotonergic innervation
of the spinal cord (69). Future experiments should investigate potential
interactions between V2a neurons and serotonergic neurons in the control
of phrenic motor neuron output. Although efficient breathing likely
requires predominantly inspiratory bursting activity, tonic activity may
represent an early stage of recovery. If true, our data would suggest that
therapies targeting V2a neurons would be most beneficial during early stages
or severe injuries but would likely be less effective if robust inspiratory
activity has already been achieved.

‘We found an increase in the proportion and duration of rhythmic activ-
ity caused by activating V2a neurons at 2 wk compared to 1 d after injury,
despite evidence that new V2a neurons are recruited into phrenic circuitry
2 wk following injury (31). If non-respiratory neurons were recruited into
respiratory circuits, one might predict more tonic rather than rhythmic
activity. One explanation is that the increase in connectivity to phrenic
motor neurons from V2a neurons is accompanied by an increase in con-
nectivity (or strength of connections) from spared brainstem pathways.
Changes in the intrinsic properties of motor neurons or neuromodulatory
input (e.g., serotonin) over the subacute period may also play a role.
Importantly, although the ipsilateral diaphragm is paralyzed prior to CNO

treatment in our experiments, we cannot rule out the possibility that
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activity-dependent plasticity plays a role in rhythmic versus tonic firing
patterns. This is because our diaphragm EMG recordings are made under
anesthesia [known to inhibit recovery of diaphragm function (43)], and it
is possible that there is some activity in ipsilateral phrenic motor neurons
during the 2 wk following injury while the animal is not under anesthesia.
Future studies will need to investigate the potential of V2a neurons to
restore diaphragm function in cases of chronic injury since our studies did
not assess the impact of increasing V2a neuron excitability beyond 2 wk of
age or evaluate the effects of chronically altering V2a neuron excitability.

Importantly, restoring activity to phrenic motor neurons by targeting
V2a neurons does not require formation of de novo circuits, because
increasing the excitability of V2a neurons can restore diaphragm function
as early as 4 h after injury and produce tonic activity in uninjured animals.
Thus, V2a neurons likely contribute to control of diaphragm activity in
healthy animals, although their role is currently not defined. Since V2a
neurons are not required for normal breathing in adult mice at rest (30),
these neurons may only be needed under certain conditions, such as behav-
iors with high ventilatory demands like running or non-ventilatory behav-
iors such as coughing or vocalizing (29, 53, 70). To better understand the
role of V2a neurons in healthy animals, additional studies are necessary to
measure and/or alter the activity of V2a neurons during different behaviors
and assess their role in breathing.

Our data provide evidence suggesting that V2a neurons would be strong
candidates to target therapeutically to improve breathing after injury. First,
despite numerous long propriospinal and supraspinal connections, we
detected no significant loss of V2a neurons or axons below a hemisection
injury, indicating that V2a are resilient. Second, altering V2a activity
appears relatively safe without known adverse effects on motor behaviors.
For example, activating V2a neurons is unlikely to impact brainstem control
of breathing (e.g., chemosensation) because V2a neurons appear to increase
activity of the diaphragm without increasing respiratory drive. This data is
consistent with our prior studies showing that altering the activity of V2a
neurons does not impair breathing in healthy adult mice, despite the fact
that V2a neurons provide excitatory drive to brainstem rhythm generating
neurons necessary for regular breathing rhythm during the neonatal period
(29, 30, 65, 71). Further, activating V2a neurons does not appear to
adversely affect other motor functions, like walking (22, 29, 30, 71). Future
experiments to identify druggable molecules expressed by V2a neurons
and/or develop improved methods (e.g., electrical stimulation) to target
these neurons in humans could lead to advances in the treatment of res-
piratory insufficiency following spinal cord injury.

Materials and Methods

Animal Models to Label or Alter Excitability of V2a Neurons. V2a-(G,)
DREADD mice (Chx10%®*; ROSAPNF-TA+, gTetO-CHRM3M) (jax4# 008600; JAXH
014093) express the G, excitatory DREADD receptor in brainstem and spinal cord
V2a neurons, as well as the eye (29). In these mice, the endogenous Chx10 regu-
latory region drives expression of Cre recombinase, which removes a loxP flanked
stop sequence and allows expression of the tetracycline controlled transactivator
(tTA)in Chx10™ V2a neurons. Binding of the tetracycline controlled transactivator
(TA) to the Tet operator (TetO) drives (G,)DREADD expression in V2a neurons.
Doxycycline, which blocks tTA activity, was not administered to any animals.
Treatment of V2a- (G4)DREADD mice with clozapine-N-oxide (CNO) activates G,
signaling in V2a neurons increasing their excitability, as previously descrlbed
(29). Non-DREADD-expressi NchontrolsmcIude both (Chx10¢/*; ROSAPNP-A+.
Tg+/+)and (Chx10+/+ ROSAP TAI+ T TetO-CHRM3/+ mice.

V2a-(G,)DREADD mice (Chx 00k ROSAPIP-CHRUALE (104 02619) express
the (G;) inhibitory DREADD receptor in brainstem and spinal cord V2a neurons,
as well as the eye. Treatment with CNO acutely decreases the excitability of V2a
neurons, as previously described (30). CNO was delivered by topical applica-
tion to the exposed intraperitoneal cavity in all experiments. Our prior studies
demonstrated that higher doses of CNO are required to silence neurons in V2a-
(G;)DREADD mice (10.0 mg/kg*bw CNO) (30) than are required to increase the
excitability of V2a neurons in V2a-(G,)DREADD mice (1.0 mg/kg*bw CNO) (29),
consistent with other reports (72).

Although rare, we occasionally observe widespread expression of DREADDs
(or other reporters) in Chx10“®* animals, likely due to sporadic expression of Cre
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recombinase in the germline or early embryo. We used PCR to detect abnormal
recombination in tail DNAfrom V2a-(G,)DREADD animals as previously described
(30) and eliminated these animals from our experiments. In order to eliminate
V2a-(G,)DREADD mice with abnormal recombination, we performed immuno-
histochemistry on tail tissue using an antibody that recognizes the HA-tag on the
(Gq)DREADD (rabbit anti-HA at 1:1000, Cell Signaling #3724).

Spinal Cord Tissue Clearing. The spinal column, including the spinal cord, lower
brainstem, spine, and surrounding muscle, was harvested from V2a-tdTomato mice
after perfusion with phosphate buffered saline solution followed by 4% paraform-
aldehyde in phosphate buffer (PFA). Columns were post-fixed overnight in PFA
at 4 °C. The spinal cords were dissected out, meninges removed, and the tissue
was optically cleared using a modified version of the passive CLARITY technique
(PACT) as previously described (73). Briefly, spinal cords were cross-linked with an
acrylamide hydrogel solution containing VA-044 thermal initiator and then delip-
idated over the course of 6 d in a clearing solution consisting of 8% SDSin 0.2 M
boricacid buffer. Following clearing, samples were immunolabeled with anti-ChAT
antibody (1:500; MilliporeSigma) and AlexaFluor Plus 647 secondary antibody
(1:500, Thermo Fisher). After staining and washing, samples were mounted in 1.5%
agarose in 1 mL syringes and equilibrated in refractive index matching solution
(RIMS) for2 d.

3D Lightsheet Imaging and Image Analysis. Cleared spinal cord samples
were imaged on a Zeiss Z1 lightsheet microscope with a 5x/0.16 NA objective.
Multiple images spanning the length of the cervical region of the spinal cord were
acquired and stitched together using Imaris Stitcher software (BitPlane) or the
FIJI BigStitcher plugin. The image Z-stacks were imported into Imaris software
and V2a interneuron soma were counted using the built-in spots feature and the
in-app machine learning toolkit. Manual neurite counting along the spinal cord
midline at C5 was performed in Image J by two independent observers. Image
data were analyzed using Prism software (GraphPad).

Fluorescence-based Tractography. Tractography was performed in MATLAB
using code modified from Ye et al. 2016. Briefly, the lightsheet images were
convolved with a derivative of the Gaussian kernel to compute the gradients of
fluorescent intensity within a local neighborhood of each voxel. Astructure tensor
matrix was computed for each voxel from the image intensity gradients. Structure
tensor matrices were converted to .nii files and input into Diffusion Toolkit software
(TrackVis) to derive the tertiary eigenvector at each voxel. The resulting eigenvectors,
along with image thresholds and manually designated seed regions, were used
to create streamlines following V2a neuron axon tracts in the lightsheet images.
TrackVis software (TrackVis) was then used to display and quantify the streamlines.

C2Hx Spinal Cord Injury Surgeries. Lesions to one half of the spinal cord at C2
(C2Hx) were performed in adult mice (age 73 to 145 d, males and females) under
isoflurane anesthesia. Blunt dissection of the paravertebral muscles using cotton tip
applicators exposed the back of the skull and the cervical vertebrae. Microscissors
were used to perform a laminectomy. Once the spinal cord was exposed, a 30G nee-
dle was used to hemisect the left side of the spinal cord just caudal to the C2 dorsal
root. Multiple needle passes (up to 5) were performed until a complete injury was
confirmed by observing the lack of chest wall movement on the side of the injury
(but normal breathing movements on the contralateral side). The paravertebral
muscles were sutured back togetherfollowing the C2Hx. Dermal adhesive was used
to close the skin incision. Inmediately following the surgery, mice were injected
subcutaneously with carprofen (5Smg/kg*BW) and placed in an incubator set at 29
°C overnight. Each cage was supplied with nutritional gel and a water bottle. Mice
also received subcutaneous injections of 1.0 mL saline twice daily for the first two
post-operative care days following surgery.

Terminal Bilateral Diaphragm EMG Recordings. Terminal bilateral diaphragm
EMG recordings were performed in separate cohorts of animals at the following
time points: 4 h, 1d, or 15 d (i.e., 2 wk) after the C2Hx surgery, or in uninjured
control mice. Animals were anesthetized under 1% isoflurane/1% oxygen and
placed supine on a heating pad. A 4-cm lateral incision through the skin and
abdominal muscle just below the xiphoid process exposed the intraperitoneal
cavity and diaphragm. Bipolar electrodes connected to an amplifier (BMA-400
AC/DC Bioamplifier) were inserted into both hemidiaphragms (left and right)
to record diaphragmatic activity via Spike2 Data Analysis software (Cambridge
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Electronic Design Limited, Cambridge, England). Electrodes were grounded with
an additional lead inserted into the abdominal muscle.

A 10-min baseline of bilateral diaphragm activity was recorded. Animals with
incomplete C2Hx njury (e.g., they did not show complete paralysis of the hemidia-
phragm below the C2Hx lesion) atacute (4 h or 1d)time points were excluded from
furtheranalysis (1/1 0V2a-(G,)DREADD mice, 2/9 non-DREADD-expressing controls
at 1-d time point, 2/9 V2a-(G,)DREADD mice at 4 h time point). CNO was then
topically applied to the exposea intraperitoneal cavity and the effect on diaphragm
EMG was recorded for 60 min. We induced maximal chemosensory stimulation
(70) by performing three 15-s nasal occlusions, each separated by a 10-s break. All
animalsat 1d or 2 wkfollowing injury responded to chemosensory stimulation with
rhythmicinspiratory bursting in the previously paralyzed diaphragm. At the 4 h post
injury time point, we excluded animals that did not exhibit rhythmic bursting activity
following chemosensory stimulation (4/7 animals), a ratio consistent with previous
studies performed within hours after injury (74). Diaphragm activity was allowed
to return to the pre-stimulated level before stopping the recording, removing the
electrodes, and harvesting the brain and spinal cord. All mice were maintained at
1% isoflurane/1% oxygen for the entire recording.

Assessing the Extent of Anatomical Damage Due to the C2Hx injury. The
harvested brains and spinal cords were placed in 4%PFAin 10x PB for 24 h.The
tissue was then transferred into 1x PBS and washed on a rocker O/N before being
placed in cryoprotectant 30% sucrose O/N. Cervical segments 1-6 were embedded
in OCTcompound and stored at —80C until sectioned. Cervical tissue was sectioned
at 20 pM thickness using a cryostat. Every third section was stained with cresyl violet
to measure spared spinal cord tissue (54). Briefly, sectioned spinal cord tissue was
dehydrated, placed in xylenes and rehydrated before staining in cresyl violet for 6
min. Tissue was then dehydrated again, placed in xylenes and coverslipped with
permount. This cervical tissue was then imaged with the Zeiss Axio Scan.Z1 at C2
to assess the completeness and consistency of the C2Hx lesions. The spinal cord
section with the greatest amount of damage was assessed for the extent of injury
for each animal as previously described (54). Briefly, ImageJ was used to trace the
outline and measure the area of the spared gray matter and spared white matter.
The total area of the spinal cord was estimated by multiplying the area of the gray
matter or white matter in the uninjured half of the spinal cord by 2. The percent of
injury out of the total area of the spinal cord was separately calculated for the gray
and white matter using the following equation:

%injury =[(2 x HemicordArea) — (TotalSparedTissueArea)}/(2 x HemicordArea)
x 100

Diaphragm EMG Analysis. The diaphragm EMG signal was amplified (gain
2,000x) and bandpass filtered (30 to 3,000 Hz) with a sampling frequency of
6.25 kHz. EMG signals were further processed to remove DC noise and sub-
sequently rectified and integrated over a 50 ms window. Electrocardiogram
(ECG) artifact was digitally filtered out using the "ECGDelete02" Spike2 script
(Cambridge Electronic Design) in traces where the ECG amplitude exceeded the
diaphragm EMG amplitude. ECG was distinguished from EMG activity by its reg-
ular occurrence (~9 to 11 Hz) and its characteristic shape with definitive QRST
peaks (75).The rectified and integrated signal was used to calculate the raw EMG
peak amplitude for at least 30 s before and after CNO treatment. These values
were normalized to the raw EMG peak amplitude recorded during maximum
ventilatory effort (nasal occlusion) in order to reduce intra-animal variability (53).
Respiratory cycle and inspiratory time were also analyzed for each breath using
the rectified and integrated signal from the same time period analyzed for peak
amplitude. The regularity of breathing was assessed by calculating the coefficient
of variation of bursting frequency (CVy). CV; for each animal reflects the average
value over each 30-s analysis period.

Cycle Triggered Averaging. We performed cycle triggered averaging (CTA)
on rectified and integrated diaphragm EMG signals to correlate the phase of
the respiratory cycle (inspiration vs. expiration) from the ipsilateral diaphragm
with that seen in the intact contralateral diaphragm. The rectified and integrated
EMG signal from the intact contralateral diaphragm was used as a reference
to define inspiration vs. expiration. Spike2 was used to generate a memory
channel that marked the onset of expiration (channel m1) in the contralateral
diaphragm based on the falling threshold amplitude detected from the pro-
cessed contralateral diaphragm channel for each period of analysis. Next, an
average waveform for all breaths in a 20-s analysis period was generated for the
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contralateral and ipsilateral processed diaphragm channel. Each waveform was
generated using the previously generated contralateral memory channel (m1)
as the reference channel. The offset value was specified as 0.5 s while the width
was set to the maximum respiratory period in each period of analysis in order
to encompass the entire respiratory cycle. Each waveform generated reflects
the average and SD for all breaths analyzed within the 20-s analysis period.
The final waveform graphs highlight the inspiratory and expiratory periods. The
inspiratory period was defined as the average duration of the inspiratory time
during the analyzed period prior to the onset of expiration in the contralateral
diaphragm channel.

Statistical Analysis. Diaphragm EMG peak amplitude and inspiratory time
forthe ipsilateral and contralateral diaphragm before and after CNO treatment
were analyzed with separate paired t-tests. Data that failed the normality test
were analyzed with the Wilcoxon signed rank test (indicated in figure leg-
end when applicable). The CV; between the ipsilateral and contralateral dia-
phragm under one condition only were compared using Student t-tests (i.e.,
CV; between the ipsilateral and contralateral diaphragm post CNO). Data that
failed the normality test were analyzed with the non-parametric equivalent
Mann-Whitney U-test instead (indicated in figure legend when applicable).
Analysis of frequency changes over time (“run-down" experiment) was per-
formed via mixed effects model (REML) using repeated measures with Tukey
post-hoc analysis. A one-way ANOVA was used to compare the average amount
of time it took for CNO to produce a response from the ipsilateral diaphragm
in V2a-(G,)DREADD mice among the different time points: 4 h, 1d, and 2 wk
post C2Hx. A two-way ANOVA was used to compare the percentage of time
spentin each cycle triggered average pattern among the different time points
following the C2Hx spinal cord injury. Chi-square tests of independence were
used to analyze how the presence of the (G,)DREADD receptor in V2a neurons
were related to two mutually exclusive outcomes (i.e., tonic activity vs. no tonic
activity). When the expected outcome from a chi-square test was less than 5,
a Fisher's exact test was used to accurately analyze a 2 x 2 contingency table
with small sample sizes. Data are reported as average + SEM. The significance
level is set at P = 0.05 with (*) a two-tailed P < 0.05.

Data, Materials, and Software Availability. All study data are included in
the main text.
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