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Abstract

Spontaneous activity is known to be essential for the proper formation of sensory networks in the
developing CNS. This activity can be produced by a variety of mechanisms including the presence
of “pacemaker” neurons, which can be defined by their intrinsic ability to generate rhythmic bursts
of action potential discharge. Recent work has identified pacemaker activity within lamina | of the
neonatal rodent spinal cord that emerges from a complex interaction between voltage-dependent
and voltage-independent (“leak™) ionic conductances, including an important modulatory role for
the inward-rectifying K* (Kj,) channels. The available evidence suggests that lamina | pacemakers
are glutamatergic and project extensively throughout the dorsal-ventral axis of the spinal cord,
although the identity of their postsynaptic targets has yet to be elucidated. A better understanding
of this connectivity could yield valuable insight into the role of the lamina | pacemaker population
in the maturation of spinal circuitry underlying nociceptive processing and/or sensorimotor
integration.
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Neurons possessing the intrinsic ability to generate rhythmic bursts of activity, referred to as
“pacemakers”, have recently been described in the developing superficial dorsal horn (SDH)
of the rodent spinal cord (Li and Baccei 2011). Pacemaker activity was localized to lamina |
of the SDH and largely restricted to the early postnatal period, which is characterized by
significant anatomical and functional reorganization of the SDH network (Koch and
Fitzgerald 2013). The clear importance of the SDH for nociceptive processing in the CNS,
along with the observation that lamina | pacemakers are directly innervated by high-
threshold sensory afferents (Li and Baccei 2011), lead one to hypothesize that these neurons
may be important for the activity-dependent tuning of spinal nociceptive circuits (Beggs and
others, 2002; Waldenstrom and others, 2003). However, many unanswered questions remain
regarding the specific subtypes of lamina | neurons which comprise the pacemaker
population, their connectivity within the developing spinal cord, and the ionic mechanisms
governing the intrinsic burst-firing which distinguishes these cells from adjacent neurons
within the SDH. This review will briefly summarize recent advances in these areas and
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discuss the potential role of pacemaker neurons in the maturation of sensorimotor pathways
in the spinal cord.

Contribution of glutamatergic interneurons to pacemaker activity within
lamina | of the neonatal dorsal horn

In many developing CNS networks, pacemaker neurons provide an endogenous source of
excitation which facilitates the initial, activity-dependent formation of the circuit, which can
then be refined by subsequent sensory experience (Blankenship and Feller 2010). Pacemaker
neurons in the SDH appear to be glutamatergic in nature, as the majority of intrinsically
bursting neurons recorded in the neonatal spinal cord slice preparation expresses the
vesicular glutamate transporter vGluT2. In addition, intrinsic burst-firing was not observed
in GABAergic neurons in the SDH of neonatal Gad-GFP mice (Li and Baccei 2011).

Numerous lines of evidence suggest that the majority of these pacemakers correspond to
local circuit interneurons and/or propriospinal neurons: (1) the prevalence of pacemakers in
the neonatal rat SDH (>25% of the lamina | population) far exceeds the number of
ascending projection neurons reported in lamina | of the rodent spinal cord (Spike and
others, 2003); (2) the average size of the pacemakers (as measured by membrane
capacitance) is significantly smaller than the spino-parabrachial and spino-PAG projection
neurons sampled in our prior studies (Li and Baccei 2012); and (3) targeted recordings from
lamina | projection neurons identified by retrograde labeling with Dil failed to demonstrate
rhythmic bursting in these populations during the first postnatal week (Li and Baccei 2011).
Nonetheless, it must be noted that any spinal cord slice preparation will involve damage to
the axonal and dendritic processes of dorsal horn neurons, with larger neurons particularly
susceptible to injury during the slicing procedure. Therefore, we cannot exclude the
possibility that ascending projection neurons do in fact exhibit pacemaker activity within the
intact dorsal horn network during the neonatal period. This issue can be addressed using a
recently developed infrared illumination technique to allow for visualized patch clamp
recordings from lamina I neurons within the intact spinal cord /n vitro (Szucs and others,
2009). Indeed, we have previously observed rhythmic bursting in a small number of lamina |
projection neurons at later stages of postnatal development (Li and Baccei 2012).

Connectivity of pacemakers in the developing SDH

Consistent with a potential role in the maturation of spinal nociceptive circuits, pacemaker
neurons within lamina | of the neonatal dorsal horn receive monosynaptic input from high-
threshold primary afferents (Li and Baccei 2011), which presumably correspond to As- and
C-fiber nociceptors in vivo. While low-threshold AB-fiber inputs to the immature SDH have
been demonstrated using /7 vitro patch clamp approaches (Li and Zhuo 1998; Park and
others, 1999), we have yet to find evidence that the pacemaker population is directly
innervated by Ap-fibers early in life.

Interestingly, the axons of lamina | pacemakers are not confined to the superficial laminae of
the developing spinal cord, as the majority of intrinsically bursting neurons sent projections
to the deep dorsal horn as well as the ventral horn (Li and Baccei 2011), where the presence
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of vGLUT2-positive axonal boutons suggests the presence of functional synapses between
pacemaker neurons and postsynaptic cells deeper in the spinal cord. The majority of
pacemaker axons coursing through the deeper regions of the spinal cord appear relatively
unbranched, which stands in contrast to the rich proliferation of axonal branches
documented in local circuit interneurons within lamina | (Szucs and others, 2013). Recent
evidence also suggests that pacemaker axons can cross the midline below the central canal in
the anterior commissure (M.L. Baccei, unpublished observations). Notably, a fraction of
ascending commissural interneurons are thought to reside in lamina | and send a relatively
unbranched axon across the anterior commissure to innervate the contralateral ventral horn
up to 5-6 segments in the rostral direction (Eide and others, 1999).

The direct projections of pacemaker axons to the deep dorsal and ventral horn suggest the
possibility that this population might function, at least in part, as pre-motor interneurons
which provide excitatory drive to developing motor pathways in the spinal cord. Indeed,
recent work using monosynaptically-restricted viral vectors to elucidate the distribution of
pre-motor interneurons in the developing rodent spinal cord revealed a small population
located within the SDH (Tripodi and others, 2011). The injection of retrograde, trans-
synaptic pseudorabies viruses encoding GFP and RFP into flexor and extensor muscles in
the neonatal rodent (Jovanovic and others, 2010), coupled with the labeling of pacemaker
neurons using patch clamp recordings in the intact spinal cord preparation (Szucs and others,
2009), will further identify the motor pathways engaged by rhythmically bursting lamina |
neurons during early life. However, collectively the existing anatomical evidence suggests
that the function of these pacemakers may extend beyond local signal processing in the SDH
and could involve the modulation of sensorimotor integration within the developing spinal
cord.

lonic mechanisms underlying pacemaker activity in the immature SDH

As previously documented in pacemaker neurons within other regions of the CNS, calcium
influx via voltage-gated Ca2* channels (VGCCs) makes a critical contribution to the
generation of rhythmic burst-firing in the neonatal SDH, in part by opening Ca?*-activated
K* channels that are responsible for the termination of the slow, plateau-like depolarization
(Li and Baccei 2011). However, unlike bursting neurons in the thalamus or inferior olive
(Huguenard 1996; Bal and McCormick 1997; Cueni and others, 2008), spinal pacemakers
do not rely on calcium entry through the low-threshold T-type VGCCs (Li and Baccei 2011)
in order to produce the initial membrane depolarization near the resting membrane potential
(Vrest). This is perhaps unsurprising given that lamina | pacemakers exhibited an average
Vst between =55 and —65 mV, membrane potentials at which the vast majority of T-type
VGCCs would be expected to be inactivated (Ryu and Randic 1990).

Instead, pacemaker activity in the spinal cord depends upon persistent, voltage-gated Na*
(Nap) channels (Tazerart and others, 2008; Li and Baccei 2011), which are activated in
lamina I neurons at membrane potentials close to Vst and are very slow to inactivate
(Prescott and De Koninck 2005). Bath application of riluzole abolished the generation of the
slow oscillations in lamina | pacemakers without directly interfering with action potential
discharge, supporting the role for Nap currents in the initiation of the plateau-like
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depolarizations which underlie the rhythmic bursting activity (Li and Baccei 2011).
Nonetheless, lamina | pacemakers do not express higher levels of Nap conductance
compared to adjacent, non-bursting lamina I cells. They do, however, possess a significantly
higher ratio of Nap conductance to “leak” membrane conductance, as reported previously for
pacemaker neurons in the respiratory brain stem (Del Negro and others, 2002). The
observation that high membrane resistance (Ry,) is a distinguishing feature of pacemakers in
the neonatal SDH is interesting in light of the fact that the average Ry, across the lamina |
population decreases sharply between postnatal (P) days 3 and 10 (Li and Baccei 2011),
which may reflect an age-dependent enhancement in the dendritic arborizations of SDH
neurons (Bicknell, Jr. and Beal 1984). This perfectly parallels the reduction in the prevalence
of rhythmic burst-firing within lamina I, suggesting that pacemaker activity may be simply
“turned off” at later stages of development as the neurons grow in size.

The ionic mechanisms which explain the higher Ry, seen in the pacemaker population are
not yet fully understood, and are likely complex given that any ion channel open at Vet can
contribute to the leak conductance of a neuron. However, our recent work suggests that
inward-rectifying K* (K;;) currents function as key regulators of pacemaker activity within
the developing superficial dorsal horn. Rhythmically bursting cells within lamina | of the
neonatal SDH expressed significantly lower K;, conductance compared to adjacent, non-
bursting neurons (Li and others, 2013). While the reasons behind this difference in K;, levels
remain unclear (Fig. 1), an enhanced degree of inward rectification in pacemakers suggests
the presence of functionally distinct K;,2 channels in these neurons. A reduced Kj,
conductance likely contributes to the higher Ry, and more depolarized Vgt Which are
features of the pacemaker population at early ages. Importantly, blocking K;, channels with
external Ba2* or elevated internal Mg?* increased the prevalence of burst-firing within
lamina I of the neonatal spinal cord (Li and others, 2013).

This finding also indicates that intrinsic burst-firing is a latent property of a wider population
of developing SDH neurons, and that cells can switch between pacemaker and non-
pacemaker modes of activity. Similar conclusions were reached by Derjean et al. (2003) in
their studies of deep dorsal horn neurons during adulthood, as endogenous rhythmic bursting
could be unmasked in the majority of cells following the manipulation of metabotropic
inputs (MGIUR and GABAgR) which resulted in a reduced G-protein-coupled Kj,
conductance (Derjean and others, 2003). Interestingly, recent work in the immature ventral
horn has demonstrated that bursting activity is strongly regulated by the levels of
extracellular Ca%* and K* via their effects on Nap channels (Brocard and others, 2013).
Collectively, these results demonstrate that intrinsically bursting neurons are highly sensitive
to their external and internal environments. As a result, one would predict that the level of
pacemaker activity within developing spinal networks can be rapidly modulated based on
sensory experience.

Potential role of lamina | pacemakers in the maturation of spinal circuitry

The functional importance of pacemaker neurons within the neonatal SDH for the
development of central nociceptive pathways and/or spinal sensorimotor networks has yet to
be elucidated. Ultimately, it will be important to be able to selectively modulate the activity
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of lamina | pacemakers /n vivo, and subsequently examine the maturation of the nociceptive
withdrawal reflex and other assays of pain sensitivity and motor behavior. Unfortunately, a
specific marker of the pacemaker population in the SDH has yet to be identified, thus
preventing the design of strategies to genetically manipulate their excitability in a selective
manner. In contrast, the rhythmically bursting neurons in the parafacial region of the
embryonic hindbrain can be identified by their expression of the Phox2b transcription factor,
and have been shown to be essential for the generation of a normal respiratory rhythm
(Thoby-Brisson and others, 2009).

Despite the current absence of an identified marker of lamina | pacemaker neurons, clues as
to their function may arise from a better understanding of their connectivity within the
developing spinal cord. For example, if lamina | pacemakers are shown to make synaptic
contacts with spinal motor pathways, in conjunction with our prior findings that they are
directly innervated by high-threshold (i.e. AS- and C-fiber) sensory afferents (Li and Baccei
2011), this would support the notion that intrinsically bursting neurons may function to
provide an endogenous drive to the developing circuits which underlie the nociceptive
withdrawal reflex (NWR). Indeed, it has been demonstrated that spontaneous muscle
twitches in the neonatal rodent are instrumental for the proper formation of sensorimotor
networks in the spinal cord (Petersson and others, 2003), and are thought to provide the
tactile feedback which drives the maturation of the NWR circuitry (Waldenstrom and others,
2009). The rhythmic burst-firing of lamina | pacemakers may help initiate this spontaneous
muscle activity early in life via their excitatory synapses onto motor neurons and/or pre-
motor interneurons within the deep dorsal or ventral horn (Fig. 2). In addition, limb
withdrawal evoked by a noxious stimulus requires coordinated muscle activity on both sides
of the body, as ipsilateral flexion must be accompanied by contralateral extension in order to
maintain balance. Therefore, a population of pacemakers which project to the contralateral
side (Fig. 2) could potentially facilitate the formation of the commissural networks which
are important for left-right coordination during a behavioral response to actual or potential
tissue damage.

As mentioned above, there remains a distinct possibility that a fraction of lamina |
pacemakers either directly correspond to ascending projection neurons or form
glutamatergic synaptic contacts onto these cells (Fig. 2). If so, the rhythmic bursts of activity
could be transmitted to the supraspinal targets of lamina | projection neurons, including the
parabrachial nucleus, periaqueductal gray (PAG), and thalamus (Todd 2010). Indeed,
pacemaker activity within other sensory networks is known to coordinate activity across the
population of output neurons (McLaughlin and others, 2003; Zheng and others, 2006).
Assuming that the formation of supraspinal nociceptive networks is dependent on neuronal
activity, as has been demonstrated in the spinal cord (Beggs and others, 2002; Waldenstrom
and others, 2003), lamina | pacemakers may thus provide the excitatory drive needed to
shape the organization of fully mature pain circuits in the brain. This would provide a clear
advantage compared to a reliance on modality-specific (i.e. noxious) sensory experience, as
the presence of a population of spinal neurons which spontaneously generates rhythmic
bursts of activity would remove the need for the animal to sustain repetitive tissue damage in
various dermatomes in order to develop the nociceptive withdrawal reflexes which facilitate
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survival. In essence, pacemakers in the SDH could act as a surrogate for noxious stimulation
during early postnatal development.

Conclusion

It is clear that much work needs to be done to delineate the functional significance of
pacemaker activity in the SDH of the developing spinal cord. It seems likely that rhythmic
burst-firing is not restricted to a single subpopulation of cells in the neonatal dorsal horn. As
a result, there remains an exciting possibility that pacemaker neurons may contribute in
multiple ways to the maturation of the highly complex circuitry which characterizes the
spinal cord.
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Figure 1.
Potential mechanisms underlying the reduced K;, conductance in pacemaker neurons of the

immature superficial dorsal horn (SDH). (A) Pacemakers (yel/low) may express similar K;;2
isoforms compared to adjacent, non-bursting neurons within lamina | (orange) but exhibit a
lower density of K;2 channels in the membrane. However, the greater degree of K;, inward
rectification in pacemakers would seemingly argue against this scenario (Li and others,
2013). (B) Pacemakers may preferentially express K;;2 subunits that have a higher
sensitivity to intracellular block by free Mg?* or polyamines (PA) near the resting membrane

it
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potential (Hibino and others, 2010). (C) Intrinsically busting neurons could be distinguished
by elevated internal concentrations of free Mg2* or polyamines compared to non-
pacemakers in the SDH, as the levels of these cations are known to be rapidly regulated by
second messenger pathways (Romani 2007) and sensory experience (Aizenman and others,
2002) within the CNS.
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PB, PAG, thalamus

Figure2.
Lamina | pacemaker neurons may modulate the output of the neonatal spinal cord.

Rhythmically bursting neurons (blue) send glutamatergic axonal projections throughout the
dorsal-ventral axis of the immature spinal cord (Li and Baccei 2011). Collaterals which
remain in the superficial laminae could contact lamina | projection neurons (1) to drive
spontaneous activity in the nociceptive pathways which ascend to supraspinal sites including
the parabrachial nucleus (PB), periaqueductal gray (PAG) and thalamus. Meanwhile,
synaptic boutons in the deep dorsal horn could engage pre-motor interneurons (2) which are
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part of the flexor (F) or extensor (E) motor pathways in the spinal cord, and/or ascending
projection neurons located in lamina V (not shown). The presence of pacemaker axons in the
ventral horn raises the possibility that these rhythmically bursting neurons directly synapse
onto motor neurons (3) and contribute to spontaneous muscle contractions which are
common in the neonate. Finally, the final destination of pacemaker axons which cross in the
anterior commissure remains unknown (4), but these contralateral fibers suggest that some
lamina | pacemakers may correspond to ascending projection neurons and/or function as
commissural interneurons within the developing spinal cord.
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