L T

/

1\

=y

Check for
updates

Phasic inhibition as a mechanism for generation of

rapid respiratory rhythms

Jared M. Cregg?, Kevin A. Chu?, Thomas E. Dick*®, Lynn T. Landmesser®', and Jerry Silver®'

2Department of Neurosciences, Case Western Reserve University, Cleveland, OH 44106; and °Division of Pulmonary, Critical Care, and Sleep Medicine,
Department of Medicine, Case Western Reserve University, Cleveland, OH 44106

Contributed by Lynn T. Landmesser, October 20, 2017 (sent for review June 30, 2017; reviewed by Michael J. O’'Donovan and Huda Y. Zoghbi)

Central neural networks operate continuously throughout life to
control respiration, yet mechanisms regulating ventilatory frequency
are poorly understood. Inspiration is generated by the pre-Bétzinger
complex of the ventrolateral medulla, where it is thought that excita-
tion increases inspiratory frequency and inhibition causes apnea. To
test this model, we used an in vitro optogenetic approach to stimulate
select populations of hindbrain neurons and characterize how they
modulate frequency. Unexpectedly, we found that inhibition was re-
quired for increases in frequency caused by stimulation of Phox2b-
lineage, putative CO,-chemosensitive neurons. As a mechanistic expla-
nation for inhibition-dependent increases in frequency, we found that
phasic stimulation of inhibitory neurons can increase inspiratory fre-
quency via postinhibitory rebound. We present evidence that Phox2b-
mediated increases in frequency are caused by rebound excitation
following an inhibitory synaptic volley relayed by expiration. Thus,
although it is widely thought that inhibition between inspiration
and expiration simply prevents activity in the antagonistic phase, we
instead propose a model whereby inhibitory coupling via postinhibi-
tory rebound excitation actually generates fast modes of inspiration.
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ammals constantly adapt their respiratory rate to meet

both homeostatic and behavioral needs (1). Several dis-
tinct populations of hindbrain neurons modulate inspiratory fre-
quency (2, 3), which is ultimately controlled by the pre-Botzinger
complex (preBo6tC), a medullary nucleus required for generation of
inspiratory bursts (4-8). The preBotC encompasses a heteroge-
neous population of neurons (9, 10), of which a kernel of excitatory
neurons gives rise to inspiratory bursts (11). A subset of these ex-
citatory neurons is derived from Dbx1+ progenitors (12, 13).

The simplest model posits that inspiratory frequency (f) (see
Table S1 for definition of terms) is determined by a balance of
excitatory and inhibitory synaptic inputs to the preBotC, where
excitation increases inspiratory rate and inhibition induces ap-
nea. This model is supported by data demonstrating that (i)
stimulation of the preBotC in vivo increases inspiratory rate (14),
(if) selective stimulation of Dbx1+ neurons in medullary slices or
in vivo evokes inspiratory bursting (12, 13), and (iii) stimulation
of GlyT2+ inhibitory neurons in the preBotC induces apnea
(15). Thus, this “mixed input” model is widely used as a basis for
understanding physiological changes in f (16, 17).

We tested assumptions of this model in hindbrain-spinal cord
preparations from neonatal mice. These preparations are espe-
cially advantageous for studying f because in vitro conditions can
be tightly controlled, allowing for direct comparison of f between
experiments. Using this approach, we unexpectedly found that
inhibition is required for sustaining increases in f caused by
optogenetic stimulation of putative CO,-chemosensitive neurons.
Inhibition-dependent increases in f appeared to depend on a
mechanism of postinhibitory rebound following expiration. Thus,
although it is widely thought that excitatory neurons generate
inspiratory rhythm and inhibitory neurons only coordinate op-
posing activity between inspiration and expiration, these data in-
stead lead us to propose a model in which fast inspiratory rhythms
are actually generated as a result of reciprocal inhibition.

www.pnas.org/cgi/doi/10.1073/pnas. 1711536114

Results

Excitation Increases Inspiratory Frequency. Inspiration can be assayed in
neonatal hindbrain-spinal cord preparations by recording from the
phrenic nerve (Fig. 14), which solely innervates the diaphragm.
Although preparations retaining the pons do not exhibit spontane-
ous inspiration, fictive inspiration can be initiated by cutting off the
pons at the level of cranial nerve VI (Fig. 14). Suppression of in-
spiratory bursting in pontomedullary preparations is thought to be
caused by pontine inhibition of the preBotC (18). We found that
blocking inhibition by bath application of picrotoxin (PTX)/strych-
nine hydrochloride (STRYCH) (ie., disinhibition) completely
accounted for increases in f observed upon removal of the pons (Fig.
1A and B). Importantly, complete inhibitory blockade does not alter
the sensitivity of preBotC-generated bursts to opioids (8, 19), in-
dicating that the fundamental mode of inspiratory burst generation is
not changed by application of PTX/STRYCH. From these results,
we conclude that inhibition suppresses f, and disinhibition (i.e., PTX/
STRYCH application) can return f to a baseline frequency of 4
7 min~" (Fig. 1B; see Table S2 for a summary of results).

We next asked whether optogenetic stimulation of large groups of
hindbrain glutamatergic neurons would be sufficient to increase f. In
Veglut2“*;R26R“"™ preparations (where Vglut2+ neurons express
ChR2-EYFP), photostimulation of Vglut2+ neurons after bath ap-
plication of PTX/STRYCH led to a dramatic increase in f (Fig. 1 C
and D). Even though photostimulation was continuous, phrenic
motor neurons exhibited discrete bursting with almost no unit ac-
tivity during interburst intervals (Fig. 1C), indicating that phrenic
motor neuron burst activity in response to photostimulation is
generated by an excitatory rhythmogenic substrate rather than
downstream premotor nuclei or motor neurons themselves (8).
Importantly, the effective population of Vglut2+ neurons stimulated
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Fig. 1. Excitation increases inspiratory frequency. (A, Top Left) Pontome-
dullary preparations do not exhibit spontaneous inspiration. (Top Right)
Transection at the pontomedullary boundary initiates fictive inspiration.
(Bottom Left) PTX/STRYCH application to pontomedullary preparations also
initiates fictive inspiration. (Bottom Right) Fictive inspiration initiated via
transection at the pontomedullary boundary is not affected by application
of PTX/STRYCH. (B) Quantification of average f. **P < 0.01, artificial CSF
(aCSF) + pons vs. all other conditions. (C, Top) After application of PTX/
STRYCH, stimulation of excitatory neurons resulted in high-frequency in-
spiratory bursting (fnax + pons = 24.8 min~"; fy. — pons = 35.5 min™").
(Middle) Raster plots were constructed from eight biological replicates (each
highlighted by gray shading), with three technical replicates each. (Bottom) f
averaged over 24 trials relative to light onset. (D) Change in average f during
and after light stimulation relative to baseline (off). PTX/STRYCH + pons:
baseline vs. photostimulation, ***P = 1.3 x 107°. Photostimulation vs. after,
**%p = 1.0 x 1077, Baseline vs. after, **P = 0.0012. PTX/STRYCH — pons:
baseline vs. photostimulation, ***P = 3.2 x 107°. Photostimulation vs. after,
***p = 1.5 x 10~". Before vs. after, ***P = 2.1 x 10~°. Welch’s ANOVA with
Bonferroni correction. n = 8 for each condition. Data are mean + SEM. (E-H,
Top and Middle) lllustration of tested hypothesis and output of preBotC.
(Bottom) Summary of finding. (E) Baseline f. (F) Inhibition decreases f (A and
B). (G) Disinhibition can return f to baseline frequency but does not increase f
above baseline (A and B). (H) Excitation increases f above baseline (C and D).

was large, encompassing disparate populations of ventrally po-
sitioned excitatory neurons likely interacting with glutamatergic
preBo6tC neurons via monosynaptic or oligosynaptic connections
(Fig. S14; Fig. S1 also contains anatomical characterization of
each Cre allele used herein). Thus, after application of PTX/
STRYCH, continuous photostimulation of excitatory preBotC
neurons and/or upstream excitatory populations causes rhythmic
inspiratory bursting at high frequencies.

What mechanisms suppress burst initiation during interburst
intervals? Photostimulation was maintained continuously, yet
preBotC circuits were resistant to initiating a subsequent burst;
Velut2“"*;R26R“"*? preparations treated with PTX/STRYCH
exhibited a minimum interburst interval (IBI,,;,) of 2.42 + 0.33 s
(+pons) and 1.69 + 0.24 s (—pons, Fig. 1C). Recently, Kottick and
Del Negro (12) identified a postburst refractory period during
which stimulation of Dbx1+ preBotC neurons could not initiate a
subsequent inspiratory burst. Presumably, this refractory period is
defined by time constants of activity-dependent outward currents
(€-8-» Ipumps INa-k> Tx-aTP) and/or biophysical constraints associated
with synaptic dynamics (12, 20, 21). Importantly, this refractory
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period imposes a boundary condition that defines maximum
inspiratory frequency; fiax is the inverse of IBI,;,. We found
that fi,.x under conditions of excitation/disinhibition was
24.8 min~' in pontomedullary preparations and 35.5 min™' in
medullary preparations, values that are comparable to that of
preBotC slices (9). Together, these data are consistent with a
model in which inhibition decreases f (Fig. 1F), disinhibition
(i.e., PTX/STRYCH application) relieves inhibition and returns f
to baseline frequency (Fig. 1G), and excitation increases f
(Fig. 1H).

Inhibition Is Implicated in Phox2b and Atoh1 Modulation of Frequency.
To validate this model (Fig. 1 E-H), we sought to stimulate select
subsets of excitatory hindbrain neurons and characterize how they
modulate f. Our results from Fig. 1 indicate that PTX/STRYCH
application can discriminate between different modes of f mod-
ulation: inhibition is a decrease in f that is PTX/STRYCH sensi-
tive, disinhibition is masked by application of PTX/STRYCH (i.e.,
blockade of inhibition is disinhibitory), and excitation is an in-
crease in f that is PTX/STRYCH insensitive (Table S2).

We first stimulated excitatory Phox2b-lineage neurons (Fig.
24), a contingent of which increase f as part of the central che-
moreceptive response to elevated CO, (22-24). The mechanism
underlying Phox2b-mediated increases in f is not well understood,
but is thought to result from excitation/disinhibition of the pre-
BotC (16). Photostimulation of excitatory Phox2b-lineage neurons
resulted in a dramatic increase in f (Fig. 2.4 and D). Surprisingly,
we found that PTX/STRYCH application completely abolished
Phox2b-mediated increases in f (Fig. 2 B and D). It is likely that
broad Phox2b-lineage photostimulation preferably engaged
Phox2b+ CO,-chemosensitive neurons because the inspiratory
response to hypercapnia (increased CO,) was also abolished
by application of PTX/STRYCH (Fig. S2). Importantly, PTX/
STRYCH application did not cause the network to enter a state
in which it could no longer be excited because broad stimulation
of Vglut2+ neurons under these conditions still caused a robust
inspiratory response (Fig. 1C). These results indicate that exci-
tation does not explain Phox2b-mediated increases in f.

The inspiratory response to stimulation of Phox2b-lineage
neurons (Fig. 24) exhibited several unique properties compared
with excitation caused by photostimulation of Vglut2+ neurons
(Fig. 1C). First, stimulation of Phox2b-lineage neurons evoked a
remarkable f;,., of 68.6 min~!. This fmax Was much faster than that
observed during broad excitation of Vglut2+ neurons in the ab-
sence of inhibition (Fig. S34), suggesting that inhibition is critical
for very fast modes of inspiration. Second, whereas excitation
resulted in amplitude depression upon subsequent bursts (Fig. 1C
and Fig. S3B), Phox2b“"*;R26R“"**-mediated increases in f did not
(Fig. 24 and Fig. S3B), suggesting that inhibitory neurons are also
involved in sustaining burst amplitude at high frequencies. Finally,
whereas excitation evoked inspiratory bursting within 50-150 ms
of the photostimulus (Fig. S3C), stimulation of Phox2b-lineage
neurons initiated inspiration at a considerable delay (367 =+
30 ms; Fig. S3C). Consistent with previous data (25), we found
that Phox2b“"*;R26R“"*? increases in f were independent of cat-
echolamines (Fig. S3D). Phox2b-mediated increases in f also re-
quired an intact pons (Fig. S3E), suggesting that known ascending
Phox2b-lineage axonal projections to the pontine Koélliker-Fuse
nucleus may be important (16). Although the mechanism un-
derlying Phox2b-mediated increases in f is not yet clear, these data
indicate that inhibitory neurons are actively involved.

To further investigate our working model of f control (Fig. 1
E-H), we examined whether stimulation of excitatory Atohl-
lineage neurons would modulate f. Atohl-lineage neurons are
required for proper respiratory function; Atohl~'~ mice die at
birth due to respiratory failure (2, 26-29). We stimulated hind-
brain Atohl-lineage neurons in the absence of spontaneous
motor output (+pons). Interestingly, this stimulation paradigm
resulted in a transient increase in f only upon termination of the
photostimulus (Fig. 2E; half-life of #;, ~ 18 s). Because this
Atoh1 response was out of phase with the photostimulus (Fig. 2E),
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Inhibition is implicated in Phox2b and Atoh1 modulation of inspiratory frequency. (A) Stimulation of Phox2b-lineage neurons dramatically increased f

(fmax = 68.6 min~"). (B) Phox2b-mediated increases in f were blocked by bath application of PTX/STRYCH. (C) Anatomical identification of ventral Phox2b-
lineage neurons likely stimulated in the brainstem. Arrow indicates rostral and caudal directions. (D) Change in average f during and after light stimulation
relative to baseline. Baseline vs. photostimulation, **P = 0.002. Photostimulation vs. after, **P = 0.002. Mann-Whitney U test with Bonferroni correction. PTX/
STRYCH blocked the effect of photostimulation (Mann-Whitney U test). (E) Stimulation of Atoh1-lineage neurons resulted in a transient increase in f after the
termination of the photostimulus. (F) Atoh1-mediated increases in f were blocked by application of PTX/STRYCH. (G) Position of ventral Atoh1-lineage
neurons likely stimulated in the brainstem. (H) Change in average f during and after light stimulation relative to baseline. Baseline vs. after, **P = 0.002.
Photostimulation vs. after, **P = 0.002. Mann-Whitney U test with Bonferroni correction. PTX/STRYCH blocked the effect of photostimulation (one-way

ANOVA). n = 8 for each condition; data are mean + SEM.

we reasoned that inhibitory neurons were again likely to be in-
volved. Consistent with this hypothesis, Atohl-mediated increases
in f were blocked by bath application of PTX/STRYCH (Fig. 2F).
We sought to determine whether stimulation of Atohl-lineage
neurons would suppress fictive inspiration; however, we found
that Atohl-mediated changes in f also required an intact pons
(Fig. S4A4). Therefore, we examined whether stimulation of
Atohl-lineage neurons would suppress substance P-initiated in-
spiratory bursting in preparations retaining the pons (Fig. S4B).
Substance P facilitates inspiratory bursting by neurokinin-1
receptor-dependent activation of Nalcn, a sodium leak channel
(30). Indeed, we found that photostimulation of Atohl-lineage
neurons suppressed substance P-initiated inspiration (Fig. S4B),
demonstrating that excitatory Atohl-lineage neurons engage the
preBotC through inhibition (Fig. 1F). Importantly, these results
indicate that inhibitory neurons contribute to circuit dynamics that
can promote initiation of inspiratory bursts.

Phasic Inhibition Increases Inspiratory Frequency. We directly in-
vestigated inhibitory mechanisms which contribute to increases in f. In
Vgat“;R26R“"™* medullary preparations (—pons), we found that
continuous photostimulation of GABA/glycinergic neurons immedi-
ately induced apnea (Fig. 34). Indeed, prolonged photostimulation of
medullary Vgat+ neurons almost completely arrested inspiration for
the duration of the stimulus (120 s; Fig. 34). We observed a transient
increase in f upon termination of the photostimulus (Fig. 34; half-life
of t, ~ 4 s). This increase in f is reminiscent of the “reset” phe-
nomenon observed in response to stimulation of preBotC GlyT2+
neurons in awake mice, where the first inspiratory burst occurs at a
consistent latency after photostimulation (15).

To examine the nature of this mechanism, we reasoned that
stimulation of inhibitory neurons in a silent preparation (+pons)
would differentiate between reset and rebound. This is an im-
portant distinction to make because reset implies that inhibitory
neurons simply dictate when the preBo6tC cannot initiate a burst,
whereas rebound indicates that inhibition actually drives preBotC
bursting. In pontomedullary preparations, we found that a 60-s
stimulus resulted in a pronounced rebound response (Fig. 3B;
half-life of #;, ~ 23 s). Furthermore, phasic inhibition induced
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sustained increases in f (Fig. 3C), indicating that inhibition does not
simply pattern the activity of an ongoing rhythm, but can drive in-
spiration at a high frequency. Rebound inspiratory bursts were
observed from both phrenic and hypoglossal motor neurons (Fig.
3D), which are controlled by different premotor nuclei. These data
indicate that rebound bursts arise at the level of the preBotC rather
than from downstream premotor nuclei or from motor neurons
themselves. The probability of observing a rebound inspiratory burst
was directly proportional to the photostimulus duration (Fig. 3E),
indicating that the characteristics of an inhibitory synaptic volley
predict the postsynaptic inspiratory response. Finally, rebound in-
spiratory bursts were blocked by application of PTX/STRYCH (Fig. 3
F and G). We conclude that, in addition to excitation (Fig. 1H),
phasic inhibition is a mechanism that can increase f (Fig. 3H).

Phox2b-Lineage Neurons Initiate Expiration. Our results indicate
that neither excitation nor disinhibition can account for Phox2b-
mediated increases in f (Fig. 2 B and D); therefore, we examined
whether Phox2b-lineage neurons might increase f through phasic
inhibition. Although Phox2b+, CO,-chemosensitive neurons do
not exhibit phasic activity themselves (3), they are situated within
the parafacial (pF) nucleus close to a group of excitatory neurons
which exhibits phasic oscillatory activity associated with expira-
tion (known as the pF oscillator) (31-34). Although mechanisms
of inspiratory/expiratory coupling are not well understood (31), it
is widely thought that inhibition is responsible for antiphasic in-
spiratory/expiratory patterning because purely excitatory networks
exhibit synchrony (8, 35, 36). Thus, in the context of Phox2b-lineage
photostimulation, expiration might actually initiate inspiration
through phasic inhibition.

Whereas neonatal preparations normally exhibit passive rather
than active expiration (37), which we confirmed (Fig. S54), we
found—strikingly—that stimulation of Phox2b-lineage neurons
evoked active expiratory activity alternating with inspiratory ac-
tivity (Fig. 44). Expiration was assayed by recording from motor
neurons of the L1 ventral root, a contingent of which innervate
abdominal muscles that are engaged during active expiration (27,
38). Photostimulation of Phox2b-lineage neurons immediately
evoked expiratory bursting from the L1 ventral root (Fig. 4 A and
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B; L1 latency, 113 + 11 ms), which was only then followed by an
inspiratory response (Fig. 4 A and B; PN latency, 389 + 20 ms).
The latency of expiration was consistent with a direct excitatory
response (Fig. 4B; compare with PN excitation, Fig. S3C). Pho-
tostimulation of Phox2b-lineage neurons for 50 ms was sufficient
to cause an inspiratory burst several hundreds of milliseconds later
(Fig. 4D), a response which was blocked by application of PTX/
STRYCH (Fig. 4D; see also Fig. 2B).

In n = 4 of 10 preparations in which we obtained a stronger
signal from the L1 ventral root (compare Fig. 44 with Fig. 4F), we
observed full triphasic rhythms consisting of expiratory, inspiratory,
and postinspiratory bursting (Fig. 4E). These data indicate that
Phox2b-mediated increases in f do not represent sniffing behavior,
which consists solely of inspiratory/postinspiratory bursting (an
elimination of the expiratory phase) (39, 40). Moreover, because
pontomedullary preparations do not exhibit any spontaneous ac-
tivity from the PN or L1 ventral root (see Fig. 4 A and E before
photostimulus), these data indicate that stimulation of Phox2b-
lineage neurons evokes all three phases of respiration—expira-
tion, inspiration, and postinspiration (Fig. 4F), suggesting a mode
of unitary oscillation in which one phase drives increases in the
frequency of a subsequent phase (Fig. 4F, mode 2).

We used high-speed video to further examine how the in-
spiratory rhythms we observed control the muscular apparatus.
During fictive inspiration (—pons), we observed upward (in-
spiratory) ribcage movements (Fig. S54 and Movie S1). We
found that after initial upward deflection, the ribcage returned
downward to its original position long after the termination of
phrenic inspiratory bursts (Fig. S54), suggesting that expiration
in these conditions is passive. In stark contrast, photostimulation
of Phox2b-lineage neurons initially caused downward (expira-
tory) ribcage movements which were quickly followed by upward
deflection of the ribcage (Fig. S5B). The ribcage then returned to
its original position upon termination of phrenic inspiratory
bursts (Fig. SSB and Movie S1).

Discussion

This study demonstrates that inhibition is critical for certain
physiological modes of increased inspiratory frequency. The
mechanism of inhibition-dependent increases in f is independent
of previously proposed models which depend on disinhibition
(17). We found that disinhibition is not a mechanism which in-
creases f above baseline frequency. Instead, the mechanism of
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crease f via postinhibitory rebound.

inhibition-dependent increases in f appears to involve post-
inhibitory rebound excitation. Photostimulation of Phox2b-
lineage, putative CO,-chemosensitive neurons evoked alternat-
ing expiratory/inspiratory activity, and resultant increases in
inspiratory frequency were completely abolished by application
of PTX/STRYCH. These data lead us to propose a model in
which rhythmic inspiratory bursting can be generated by the
medulla in two functionally distinct modes: excitatory circuits
alone are sufficient for generation of rhythm—but a second
mode of rhythm generation involving reciprocal inhibition be-
tween inspiration/expiration/postinspiration acts in parallel to
achieve homeostatic and behavioral needs.

An Inhibitory Mechanism of Rhythm Generation. How do inhibitory
neurons contribute to generation of inspiratory rhythms? In the
simplest model, two inhibitory neurons with reciprocal connectivity
exhibit antiphasic patterning, that is, one neuron fires while the
other is inhibited. Adding rebound kinetics to this system causes the
output of each neuron to become rhythmic (41). In this reduced
form, rhythm generation (rhythmic output of each neuron) and
pattern formation (antiphasic output of each neuron) are one and
the same. We propose that thls type of rhythm generation is re-
sponsible for Phox2b Ce.ROGR - mediated increases in f. Thus,
under certain circumstances, respiratory rhythm generation and
pattern formation may be network features that are inherently
yoked. A similar type of rhythm generation has been extensively
characterized in left/right swimming in the Xenopus tadpole (42, 43).

Modularity in Respiratory Control. During eupnea (resting unla-
bored breathing), inspiratory and expiratory burst frequency can be
manipulated independently with p-opioid receptor-directed per-
turbations (38). These data suggest that the respiratory system is
modular, such that one phase does not drive a subsequent phase
(e.g., expiration does not cause inspiration). Modular design could
allow for considerable behavioral flexibility in vocalization, swal-
lowing, sigh, etc. In this case, reciprocal inhibitory coupling would
simply prevent activity in the antagonistic phase (Fig. 4F, mode 1).

It was recently proposed, however, that in some situations
expiration might actually excite inspiration, and vice versa (31).
Our data suggest that there is indeed a “switch,” such that under
certain circumstances expiration actually initiates inspiration
through phasic inhibition. This type of inhibitory coupling be-
tween inspiration/expiration is fundamentally different from
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Fig. 4. Phox2b-lineage neurons evoke expiration, inspiration, and post-
inspiration. (A) Stimulation of Phox2b-lineage neurons evoked phasic expi-
ratory (L1, abdominal) motor activity preceding inspiratory bursts. (Top)
Integrated and rectified traces. (Bottom) Raw traces. (B) Latency to first re-
sponse. n = 10 preparations; ***P = 0.0002, Mann-Whitney U test. (C) Cou-
pling between PN and L1 exhibited a phase separation of 0.85 + 0.17 rad (49 +
10% n = 10). (D) The 50-ms Phox2b";R26R“""? photostimulation was suffi-
cient to cause an inspiratory burst several hundreds of milliseconds later. This
inspiratory response was blocked by application of PTX/STRYCH (Fig. 2B). The
pulse of light in the Bottom was performed between two spontaneous bursts
(outside trace). (E) Stimulation of Phox2b-lineage neurons evoked all three
phases of respiration—expiration (E), inspiration (I), and postinspiration (Pl),
forming a continuous triphasic rhythm. (F) Illustration of proposed coupling
between E, I, and PI. In mode 1, inhibition does not couple E/I/Pl and instead
causes antiphasic patterning (38). Here, rhythmic oscillations (represented by
green circular arrows) in motor output are the consequence of excitatory
mechanisms. In mode 2, inhibition causes postinhibitory rebound, which acts
to couple E, I, and Pl. Here, rhythmic oscillation (represented by a single green
circular arrow) is generated as a consequence of inhibitory synaptic coupling
between E, |, and PI. pF, parafacial oscillator (E); preBo6tC (I); PICo, post-
inspiratory complex (Pl); PIR, postinhibitory rebound excitation.

antagonistic motor patterning observed during eupnea (38).
Presumably, if an inhibitory synaptic volley relayed by expiration
initiates inspiration, then the shape of the (present) inspiratory
burst will be defined, in part, by characteristics of that (previous)
inhibitory synaptic volley. This type of rhythm is deterministic,
implying that rapid respiratory rates exhibit stereotyped motor
patterns (Fig. 4F, mode 2). The concept of deterministic thythms
might help to explain long-lasting effects on f after a given
stimulus. For example, we found that increases in f following a
long inhibitory photostimulus persisted for several seconds (half-
life of #1, ~ 23 s). In another example, photostimulation of
Phox2b+ neurons in adult rats caused long-lasting (1, ~ 11 s)
effects on f in vivo (24).
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Although it is unclear what underlies a switch between modes,
the strength of inhibitory synaptic coupling is likely to contribute.
In Xenopus tadpoles, a right/left swimming rhythm is thought to
depend on postinhibitory rebound during reciprocal inhibition
between sides (42). Here, the strength of inhibition (defined by
the amplitude of inhibitory postsynaptic potentials in descending
interneurons) dictated the probability of observing a rebound
burst (42). We also found evidence that the “strength” of an in-
hibitory stimulus (defined by photostimulus duration) dictates the
probability of observing a rebound inspiratory burst. Importantly,
rebound bursts are, by definition, increases in f in comparison with
inhibitory synaptic volleys that do not evoke rebound. This sug-
gests that inspiratory rhythms driven by postinhibitory rebound
(mode 2) operate at a higher frequency. Indeed, in Xenopus
tadpoles, weakening phasic inhibition without changing back-
ground excitation slows down left/right swimming rhythms (43).
Thus, it is possible that there are frequency-dependent modes of
inspiratory rhythm generation (i.e., mode 1, low frequency; mode
2, high frequency); however, the range of frequencies over which
each mode operates is entirely unclear—these ranges may exhibit
extensive overlap. Interestingly, we found evidence that mode
1 and mode 2 do segregate at least at very high frequencies:
Phox2b-lineage photostimulation evoked inspiratory frequencies
which far exceeded those which could be evoked by stimulation of
Vglut2+ neurons after inhibitory blockade.

Mechanism of Rebound Excitation. What mechanism governs
postinhibitory rebound excitation? One possibility is that re-
bound excitation is mediated by hyperpolarization-activated
cation current () carried by HCN channels (44). In preBotC
slices, application of Cs** or ZD7288 blocks only a portion of I},
observed in inspiratory preBotC neurons (44), suggesting that
HCN-independent mechanisms also contribute. Inward current
from T- and L-type calcium channels is known to activate upon
hyperpolarization in certain contexts (45, 46). Rebound bursts
might also be independent of hyperpolarization-activated inward
currents altogether: in one example, Purkinje cells of the cere-
bellar cortex can synchronize fast-spiking target neurons in the
deep cerebellar nuclei via inhibition (47). It is possible that an
inhibitory synaptic volley relayed by expiration could synchronize
subthreshold activity within the preBotC in a similar manner.
Although neurons of the preBotC do not exhibit a high intrinsic
firing rate, synchronization of just a few neurons is thought to be
sufficient to evoke a population-wide burst (48).

Understanding rebound mechanisms will likely be difficult with-
out better identification of the underlying anatomical substrate(s)
involved. Importantly, our results do not shed light on the ana-
tomical location of the inhibitory neurons which mediate responses
generated by stimulation of Phox2b-lineage, Atohl-lineage, and
Vgat+ neurons—which may ultimately exert their effects on the
preBotC through any number of different relay configurations
(Table S2). Indeed, using the Vgat“™ allele, we could not re-
capitulate high frequencies evoked by stimulation of Phox2b-lineage
neurons alone, which is likely due to broad engagement of inhibitory
neurons using this Vgat“™ approach. In support of this in-
terpretation, we found that rebound bursts were evoked at a variable
latency following termination of the photostimulus (100-2,000 ms).

Materials and Methods

For a full description of all materials and methods, see SI Materials
and Methods.

Animals. All animal procedures were approved by the Case Western Reserve
University Institutional Animal Care and Use Committee (IACUC). Mice were
obtained from The Jackson Laboratory. Vglut2® (49), Phox2b“ (50),
Atoh1<" (51), or Vgat“"™ (49) mice were crossed to R26R"F2EYFP R26R'3Z, or
Tau"*"3Z reporter mice. Experiments were performed with male/female
postnatal day 2 (P2) to P4 mice using heterozygous combinations of alleles.

Recording and Drugs. After cryoanesthesia, the caudal neural axis was
exposed under oxygenated Ringer’s solution and the phrenic nerves
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were dissected free. Suction electrodes were attached to the phrenic
nerve, hypoglossal nerve, or the L1 ventral root, and signal was amplified.
Photostimulation was carried out with a Polychrome V monochromator
at a light intensity of 0.2 mW-mm~2. We used the following drugs: PTX
(10 pM), STRYCH (0.3 uM), prazosin (25 pM), propranolol (25 uM), and
substance P (1 uM).

Analysis and Statistics. Representative raw or integrated (rectified, smoothed)
traces are presented. Burst time and duration are quantified with respect to
light onset. In raster plots, individual bursts are represented by black rect-
angles. Instantaneous frequency (f) is calculated continuously every 0.1 s over
24 trials (bin = 5 s). Phase relationships between PN and L1 were determined
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using circular plot analysis (52). Details on statistical analyses are available in
the legends. Data are mean + SEM.

X-Gal Staining and Imaging. We performed whole-mount X-gal staining for
2 h at 37 °C, which allowed X-gal substrate to react with LacZ-expressing cells
positioned within 152 + 13 pm (n = 3) of the tissue surface. Whole-mount
bright-field images were captured using a stereomicroscope.
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