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Practice makes perfect, even for breathing

Jack L Feldman, Kaiwen Kam & Wiktor A Janczewski

Breathing relies on a respiratory rhythm generator. A study characterizes an early emerging oscillatory group of Phox2b-
expressing parafacial cells that entrain and couple with the preBétzinger Complex at the onset of fetal breathing.

Successful team performance requires
practice; stepping onto the field with new
players who have just met is not a recipe
for success. Even if all the players have
been working out individually, practicing
together is essential to coordinate plays and
to develop a successful team rhythm. At
birth, mammals are thrust into a game of
survival and to play this game must reliably
breathe and suckle. To accomplish these
goals, mammals practice breathing in utero.
These episodic rhythmic fetal breathing
movements (FBMs) are required for proper
lung development and assure that respiratory
muscles and the neural system that drives
them are functional and coordinated
at birth. In rodents!, the onset of FBMs
involving the diaphragm is coincident with
the onset of rhythmicity in the preBotzinger
Complex (preBotC), a medullary area that
is essential for respiration®. In this issue,
Thoby-Brisson et al. have identified a second
rhythmogenic area, the embryonic parafacial
nucleus (e-pF), as being important in the
neurogenesis of respiratory rhythms. They
present elegant and definitive experiments
showing that the e-pF is the source of the
earliest behaviorally relevant rhythm for
FBMs, starting at embryonic day 14.5 (E14.5)
in mouse®. Furthermore, they show that it
contributes substantially to the subsequent
onset and development of rhythmicity at
E15.5 in the preBotC, the presumptive onset
and maintenance of FBMs, and reliable
breathing at birth.

Since its identification in 1990%, the preBotC
has increasingly assumed the mantle of the
principal rhythm generator for breathing. The
preBotC drives inspiratory muscle activity
and is the only known group of neurons that,
when silenced, promptly results in a complete
arrest of breathing, sufficient to asphyxiate
conscious, unanesthetized adult rodents®.
The coincident onset of rhythmicity in the
preBotC and FBMs in rodents suggests a causal
relationship. In 1996, however, it was shown
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that the preBotC is not sufficient to secure
robust breathing during the perinatal period®.
Mice with a deletion of the transcription
factor Egr2, also known as Krox20, have
alterations affecting rhombomeres 3 and 5
that remove an embryonic rhythmic source
near the facial motor nucleus (nVII),
resulting in markedly depressed breathing
at birth. These results suggest that the
e-pF, defined as the population of neurons
flanking and partially capping the lateral
aspect of nVII and extending approximately
200 um caudal to nVII, is essential for driving
breathing rhythm at birth when it acts as
an ‘anti-apnea’ center’.

In this issue, Thoby-Brisson et al.3 examine
the ontogeny of the e-pF and its relationship
to the preBotC during prenatal development
and reveal intriguing functional interactions
in the respiratory rhythm generator. They
treated blocks and slices of medulla from
embryonic mice with a calcium indicator dye
that fluoresces to reflect neuronal activity.
Observing the ventral face of the embryonic
brainstem, they found that the very first
rhythmic neurons appeared at E14.5 (Fig. 1a).
These bilateral neuronal populations each
formed a cap over the ventrolateral and
caudal part of nVII (that is, the e-pF). The
e-pF oscillator on each side of the medulla
is composed of about 260 Phox2b-positive
glutamatergic neurons that are derived from
Egr2-expressing progenitors. About 70%
of these neurons express the neurokinin 1
receptor, which is also a marker for critical
preBotC neurons®. Using pharmacology
and knockout mice, Thoby-Brisson et al’3
found that rhythm generation in the e-pF
network appears to be independent of gluta-
matergic synaptic transmission and opioid
modulation, relying instead on a riluzole- and
carbenoxolone-sensitive mechanism. This
suggests the involvement of a persistent Na*
current and functional gap junction coupling.
However, glutamatergic synaptic transmission
is necessary for synchrony across the midline
between bilateral e-pF areas (Fig. 1b).

PreBotC neurons begin to oscillate 1 d later
(E15.5) in synchrony with the e-pF. These two
regions can oscillate independently; when the
en bloc brainstem is completely transected
between the preBotC and the e-pF, both

segments continue to oscillate endogenously.
However, the frequency of oscillation is altered
in both regions (Fig. 1a). These changes are
probably the results of either the removal
of interactions between the two oscillators
and/or a modification in common, modulatory
inputs, such as the raphe or locus coerelus.
Although the e-pF contributes substantially to
the establishment of a normal rhythmic activity
in the preBotC, the e-pF does not appear
to be essential for preBotC development.
In mutants lacking the Egr2 gene, there is
no rhythmic activity around nVII at E15.5,
probably resulting from a loss of neurons
that express Phox2b or neurokinin 1 receptor
in the expected e-pF region. The respiratory
rhythm measured in the hypoglossal nerve is
still present, although it is slowed to half of
the frequency of that observed in wild-type
mice. Transection between the presumptive
e-pF and the preBo6tC has no effect on this
rhythm, suggesting that its origin is the
preBotC, which presumably developed in
the absence of the e-pF. At birth, breathing in
these mutants is slow and variable, and most
of the mice die shortly after birth. However,
injection of an opioid receptor antagonist
after birth can rescue the breathing defect
and markedly improve mutant viability. The
e-pF may therefore be essential for overcoming
preBotC depression caused by the substantial
opiate surge at birth?.

Although the e-pF is important during
practice and in the earliest portion of the
game, what happens after birth? Convergent
data from many laboratories point to the
parafacial region as a potential rhythmic
source for breathing in postnatal rodents,
and three main lines of supporting evidence
are highlighted here. First, on the basis of
its projections to the medullary respiratory
network, we identified and named the
retrotrapezoid nucleus (RTN)3, a small region
that is ventral to nVII and is demarcated by
neurons expressing the transcription factor
Phox2b. We speculated that it was a site for
central chemoreception® and a potential
respiratory oscillator*. Humans with
mutations affecting Phox2b have congenital
central hypoventilation syndrome, which
is characterized by an inability to sustain
robust breathing during sleep and a marked
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Figure 1 Development and properties of the respiratory rhythm generator. (a) Rhythmic activity appears earliest in the e-pF at E14.5 and only inconsistently
drives FBMs in nVII and the hypoglossal nerve (XIIn). At E15.5, with the appearance of the preBotC, rhythmic FBMs are reliably generated. Transections do
not eliminate rhythmic activity in either the e-pF or the preBotC, but the frequency is altered. After birth, the preB6tC controls inspiratory motor activity, as
recorded in the phrenic nerve (C4/phr), whereas a parafacial region, the pFRG/RTN, whose precursor is likely the e-pF, generates expiratory-modulated motor
activity in abdominal muscles recorded in L1 and serves as a chemosensory area. (b) Schematic of the prenatal respiratory rhythm generator circuit. Arrows

are schematic and may represent mono- or polysynaptic connections through intervening areas. Rhythmic activity in the e-pF is blocked by riluzole (RIL).
Rhythmic activity in the preBotC can be silenced by DAMGO or CNQX.

insensitivity to CO, stimulation of breathing’.
In mice, similar mutations severely disrupt
breathing at birth and typically result in early
postnatal death!®. Second, another study
found two sources of respiratory-phased
rhythm in neonatal brainstem: the preBotC
and a region ventral to nVII that was called
the parafacial respiratory group (pFRG)'..
Some RTN/pFRG neurons project caudally
to brainstem premotoneurons, which drive
spinal expiratory motoneurons, suggesting
that these neurons are involved in the
generation of expiratory movements'?
Third, after depressing preBotC neurons with
opioids, an unusual breathing pattern, called
quantal slowing, can develop in both en bloc
preparations and in young rats in vivo'3. In this
pattern, inspiratory motor activity skips beats,
but expiratory motor activity is unaffected'>14,
Transecting the brainstem rostral to the RTN/
PERG in juvenile rats does not substantially
affect inspiratory and expiratory motor
activity, but transection between RTN/pFRG
and preBotC completely abolishes active
expiratory motor activity with only a modest
effect on inspiratory pattern'®. These data
underlie our hypothesis that in older rodents,
and presumably other mammals, the preBotC
drives the inspiratory-dominated respiratory
pattern, whereas the RTN/pFRG produces
a CO,/state-dependent rhythmic drive to
expiratory muscles. The preBotC-driven
inspiratory breathing pattern dominates
at rest, during which the RTN/pFRG may
only have tonic activity>!4. During exertion,

however, when O, consumption and CO,
production rise substantially, the activity of
RTN/pFRG neurons may become increasingly
rhythmic (Fig. 1a).

To help understand the distinct prenatal
development of the preBstC and e-pF, we
considered their evolutionary origin, a
perspective that, although speculative, suggests
a basis for their functional roles postnatally.
The e-pF, which develops first, represents the
phylogenetically ancient rhythm generator
that drove breathing in aquatic vertebrates,
whereas the preBotC represents the newer
oscillator that emerged with the evolution of
the lung and its complement of muscles. The
evolutionary appearance of the diaphragm
in mammals enabled a highly efficient
inspiratory-driven pattern at rest that is
sufficient to support endothermy. This would
have led to the dominance of the preBotC
at rest, with RTN/pFRG quiescent at rest,
but becoming rhythmic to produce active
expiration necessary for higher levels of
ventilation, such as during exercise.

The most parsimonious interpretation, then,
is that the e-pF becomes the pFRG. However,
several issues warrant further investigation.
First, in neonatal en bloc preparations, the
activity pattern of pFRG neurons is markedly
different from patterns at E14.5/E15.5. The
inspiratory-modulated pattern in the e-pF is
transformed into a peri-inspiratory pattern
consisting of pre-inspiratory, and sometimes
post-inspiratory, activity, but is silent during
inspiration. The cause of this transformation

may be changes in inspiratory-modulated
Cl-dependent inputs, presumably from the
preBotC, which are depolarizing at E15.5,
but are hyperpolarizing after birth (Fig. 1a).
Second, it is not clear under what conditions
the RTN/pFRG is rhythmic in the adult rat.
Under resting conditions in anesthetized
rats, there is little, if any, rhythmic activity in
RTN'3; there is also very little, if any, active
expiration. Third, Egr2”/~ mutants retain
their responsiveness to CO, after birth,
whereas mutants lacking Phox2b-derived
neurons do not. Perhaps there are two groups
of Phox2b neurons, one of which is critical
for chemoreception (RTN) and the other of
which is rhythmogenic (e-pF/pFRG).
Thoby-Brisson et al?® convincingly
demonstrate that the e-pF is important in the
ontogeny of rhythmic circuits for FBMs. They
also provide tantalizing details regarding its
function and its interactions with the preBstC.
These findings contribute substantially to our
understanding of how the neural network
underlying the vital motor behavior of
breathing prepares to perform for a lifetime.
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Should I stay or should I go: genetic bases for
uncertainty-driven exploration

Jérome Sallet & Matthew F S Rushworth

In the face of uncertainty, how do we choose between maintaining our current strategy or trying new strategies?
A study shows that a gene controlling prefrontal dopamine function is predictive of uncertainty-driven exploration.

The Clash’s Mick Jones’ lyrics “Should I stay
or should I go?...This indecision’s bugging
me” eloquently conveyed the experience of
being caught on the horns of a dilemma. The
song seems particularly apposite when the
dilemma occurs in the context of cognitive
control and when it concerns uncertainty
about that most basic of questions —
whether or not to act. His lyrics convey
the singer’s uncertainty in identifying the
best course of action. They also imply that
action is prompted by the hope of desirable
consequences, reward, while refraining from
action is more naturally linked to avoidance
of negative outcomes. Recent papers by Frank
and colleaguesl’ 2, including one in this issue,
investigate the neurogenetic underpinnings of
these basic behaviors. Frank ef al. have shown
that action or “go” responses and inaction or
“no-go” responses are under the control of
different dopamine-related genes expressed
primarily in the striatum. In contrast, a gene
controlling prefrontal dopamine function is
predictive of exploration when the value of
alternative strategies is uncertain.

Dopamine is thought to be important in
reward guided learning?. It is a key regulator
of two neural pathways for action control that
run from the basal ganglia to the thalamus and
back to the cortex (Fig. 1a) and that are the
subject of a computational model* refined by
Frank et al.!. The direct pathway entails two
inhibitory connections: striatum to internal
globus pallidus to thalamus and then back
to cortex. Activating this pathway leads to
disinhibition of the thalamus and excitation
of the cortex, which is thought to promote a
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Figure 1 The neural substrates of learning from rewards, errors and exploring. (a) This network
summarizes the key network nodes suggested by Frank et al.14 and those discussed by others®:12:13,15,
DL-PFC, dorso-lateral prefrontal cortex; GPe, globus pallidus external segment; GPi, globus pallidus
internal segment; LC, locus coeruleus; OFC, orbito-frontal cortex; SNc, substantia nigra pars compacta;
SNr, substantia nigra pars reticulata; VTA, ventral tegmental. (b) Subjects were asked to press a button
to stop the clock presented on a computer screen. The picture approximates the situation in the DEV
condition used in the experiment: the shorter the response time, the higher the magnitude of the
points given as reward. (c) In contrast, a response made with the same latency in the IEV condition
was associated with low reward levels. Instead, later responses were associated with high reward levels
in IEV. (d) Discovering the correct solution is only achieved by exploring both modes of response and
Frank et al.! suggest that this might be done by exploring each option in proportion to the subject’s
uncertainty about the likelihood of a positive prediction error when making that choice.

go response. Dopamine is thought to facilitate
the direct pathway via D1 receptors in the
striatum. In contrast, inhibition of action
is thought to occur via an indirect pathway
running from the striatum through the
external globus pallidus, subthalamic nucleus
and internal globus pallidus that ultimately
results in inhibiting thalamic excitation of
the cortex. It is thought that this pathway
is inhibited by dopamine via D2 striatal
receptors. There is strong evidence linking
this pathway to action inhibition, although
it is clear that it is not the only pathway to
mediate suppression of an unwanted action
in favor of a desired action®. By influencing
both the direct and indirect pathways,

dopamine might promote actions that were
associated with its release and reward delivery
and it might promote restraint from action
associated with dopamine absence and
nondelivery of expected rewards.
Polymorphisms of genes that encode
proteins involved in dopamine signaling
pathways are associated with differences
in learning®. This is presumably because
of efficiency differences in the aspects of
dopamine signaling in which the proteins
are involved. The PPPIRIB gene codes for a
protein phosphorylated by D1 stimulation,
DARPP-32, and is thought to influence the
direct pathway. The DRD2 gene is associ-
ated with the distribution of D2 receptors,
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