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Abstract

A subset of glutamatergic interneurons in the neonatal spinal superficial dorsal horn (SDH) 

exhibits intrinsic burst-firing (i.e. ‘pacemaker’ activity), which is tightly regulated by persistent, 

voltage-gated Na+ channels and classic inward-rectifying K+ (Kir2) channels and downregulated 

over the course of postnatal development. Ascending lamina I projection neurons targeting the 

parabrachial nucleus (PB) or periaqueductal gray (PAG) can also display pacemaker activity 

during early life. However, the degree to which the ionic mechanisms driving pacemaker activity 

are conserved across different cell types in the spinal dorsal horn, as well as whether the intrinsic 

bursting is restricted to newborn projection neurons, remains to be elucidated. Using in vitro patch 

clamp recordings from identified lamina I spinoparabrachial neurons in rat spinal cord slices, here 

we demonstrate that adolescent projection neurons retain their ability to generate pacemaker 

activity. In contrast to previous findings in lamina I interneurons, pacemaker projection neurons 

possessed higher membrane capacitance, lower membrane resistance, and a greater Kir-mediated 

conductance compared to adjacent spinoparabrachial neurons that lacked intrinsic burst-firing. 

Nonetheless, as previously seen in interneurons, the bath application of riluzole to block persistent 

Na+ channels significantly dampened pacemaker activity in projection neurons. Collectively, these 

results suggest that intrinsic burst-firing in the developing dorsal horn can be generated by 

multiple combinations of ionic conductances, and highlight the need for further investigation into 

the mechanisms governing pacemaker activity within the major output neurons of the SDH 

network.
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Introduction

Spontaneous activity is critical for the proper establishment and refinement of neuronal 

circuits in the developing CNS [1–3]. Within the superficial dorsal horn (SDH) of the 

neonatal rat spinal cord, a subpopulation of glutamatergic interneurons displays intrinsic, 

oscillatory burst-firing that progressively disappears over the first three weeks of life [4]. 

This ‘pacemaker’ activity is tightly regulated by the balance between persistent, voltage-

gated Na+ channels and leak membrane conductance [4]. Classic inward-rectifying K+ (Kir2) 

channels make a key contribution to the level of leak membrane conductance, as pacemakers 

express a lower density of Kir2-mediated conductance compared to adjacent, non-pacemaker 

interneurons in the SDH, and blocking Kir2 channels with extracellular barium can unmask 

latent burst-firing [5]. These rhythmically active interneurons project to both flexor and 

extensor motor pathways in the spinal ventral horn, suggesting the possibility that 

pacemakers serve as endogenous drivers of the developing spinal networks which ultimately 

mediate nociceptive withdrawal reflexes [6].

Subsequent work revealed that a small fraction (~10%) of both spinoparabrachial and spino-

PAG neurons could exhibit intrinsic bursting during early life [6]. However, it remains 

unclear if projection neurons lose their ability to generate pacemaker activity during 

development as previously seen in interneurons. Notably, while the intrinsic membrane 

properties of SDH interneurons change substantially during the early postnatal period [7, 8], 

lamina I projection neurons display relatively stable membrane properties throughout the 

first three weeks of life [9]. It is also unknown if the same intrinsic membrane properties 

(such as lower membrane capacitance and higher membrane resistance) define pacemaker 

projection neurons compared to non-pacemaker projection neurons, as previously 

documented for glutamatergic interneurons within the region. It has been shown that the 

intrinsic membrane properties of projection neurons, as well as the overall distribution of 

firing patterns, differ substantially from adjacent propriospinal neurons and interneurons in 

the SDH [10]. Furthermore, while Kir2 channels are known to be expressed within 

spinoparabrachial neurons where they strongly regulate intrinsic excitability [11], the ion 

channels responsible for shaping rhythmic burst-firing in projection neurons are poorly 

understood. For example, the degree to which persistent, voltage-gated Na+ channels are 

also essential for pacemaker activity in this neuronal population has yet to be explored.

Therefore the present study sought to determine if pacemaker activity persists into 

adolescence within lamina I spinoparabrachial neurons, and to identify the degree to which 

the biophysical signature of pacemaker projection neurons (relative to neighboring 

projection neurons) might be distinct from that previously seen in SDH interneurons 

possessing a similar ability to generate intrinsic burst-firing. While the results point to some 

similarities in the ionic mechanisms governing pacemaker activity in projection neurons, 

such as a key role for persistent Na+ currents, the intrinsic membrane properties of 

pacemaker projection neurons are not distinguished from neighboring, non-pacemaker 

projection neurons in the same manner as previously documented in interneurons, thereby 

suggesting that the overall complement of ion channels driving pacemaker activity may vary 

across different cell types in the SDH. This emphasizes the importance of further studies 

into the ionic mechanisms underlying pacemaker activity in spinal projection neurons, which 
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could have important implications for the level of ascending nociceptive transmission to the 

brain.

Materials and Methods

All animals in this study were treated in accordance with welfare guidelines established by 

the University of Cincinnati Institutional Animal Care and Use Committee.

Retrograde labeling of spinoparabrachial neurons

At postnatal days (P) 31–34, Sprague-Dawley rats of either sex (n = 7 males and n = 13 

females) were anesthetized via an intraperitoneal injection of ketamine (90 mg/kg) and 

xylazine (10 mg/kg), positioned in a stereotaxic apparatus, and secured with non-rupture ear 

bars (World Precision Instruments). An incision was made through the scalp to visualize 

both lambda and bregma, and a small hole was made in the skull using an OmniDrill35 

(World Precision Instruments). A single injection (50–100 nl) of FAST DiI oil (2.5 mg/ml; 

Invitrogen) was administered into the parabrachial nucleus (PB) using a Hamilton 

microsyringe (62RN; 2.5 μl volume) equipped with a 28 gauge needle. The following 

stereotaxic coordinates were used (in mm; relative to bregma): 8.0 caudal, 2.0 lateral, and 

6.5 ventral. The skin was closed with Vetbond and the rats returned to the home cage before 

the beginning of the electrophysiological experiments.

Preparation of spinal cord slices

At P34–38, rats were deeply anesthetized with sodium pentobarbital (60 mg/kg) and 

transcardially perfused with ice-cold dissection solution consisting of (in mM): 250 sucrose, 

2.5 KCl, 25 NaHCO3, 1.0 NaH2PO4, 6 MgCl2, 0.5 CaCl2, and 25 glucose continuously 

bubbled with 95% O2 / 5% CO2. The spinal cord was rapidly removed from the vertebral 

column, the dorsal and ventral roots were cut, and the dura mater was carefully removed. 

The lumbar enlargement was isolated and immersed in low-melting-point agarose (3% in 

above solution) at 37°C, and then cooled on ice to solidify. Parasagittal slices (300–350 μm) 

were cut from the side contralateral to the DiI injection site using a vibrating microtome 

(7000smz-2; Campden Instruments) and placed in an oxygenated recovery solution 

containing the following (in mM): 92 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 

HEPES, 25 glucose, 5 Na ascorbate, 2 thiourea, 3 Na pyruvate, 10 MgSO4, and 0.5 CaCl2 

for ≤ 15 min and then placed in an oxygenated aCSF solution (composition in mM: 125 

NaCl, 2.5 KCl, 25 NaHCO3, 1.0 NaH2PO4, 1.0 MgCl2, 2.0 CaCl2, and 25 glucose) for a 

further recovery period of ≥ 1 hr at room temperature. Following recovery, slices were 

transferred to a submersion-type recording chamber (RC-22; Warner Instruments), mounted 

on the stage of an upright microscope (BX51WI; Olympus) equipped with fluorescence to 

identify DiI-labeled lamina I projection neurons, and perfused with oxygenated aCSF at a 

rate of 2 – 3 ml/min.

Patch clamp recordings from lamina I spinoparabrachial neurons

Patch clamp electrodes were constructed using thin-walled, single-filament borosilicate glass 

(1.5 mm outer diameter, 1.12 mm inner diameter; World Precision Instruments), with a 

microelectrode puller (P-97; Sutter Instruments). Current clamp and voltage clamp 

Li and Baccei Page 3

Neurosci Lett. Author manuscript; available in PMC 2022 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recordings used an internal recording solution composed of (in mM): 130 K-gluconate, 10 

KCl, 10 HEPES, 4 MgATP, 10 Na-phosphocreatine, and 0.3 Na2-GTP (pH 7.2–7.4, 295–300 

mOsm). Pipette resistances ranged from 4 – 6 MΩ and formed seal resistances ≥ 1 GΩ.

Whole-cell patch clamp recordings were obtained from DiI-labeled projection neurons 

residing in lamina I of the L4–L6 dorsal horn (i.e. within 50 μm of the edge of the dorsal 

white matter) which were visualized with infrared-differential interference contrast. 

Membrane resistance (Rm) was calculated from a hyperpolarization produced in response to 

a −20 pA current injection from the resting membrane potential (Vrest), while capacitance 

(Cm) was measured in voltage clamp using the pClamp membrane test (33.3–200 Hz, −10 

mV). Spontaneous activity in projection neurons was observed at the resting membrane 

potential. In neurons displaying irregular action potential discharge or lacking spontaneous 

firing, current was then slowly injected via the patch electrode (at an approximate rate of 1–

2 pA/sec) to evoke membrane depolarization to determine if intrinsic burst-firing could be 

evoked. Bath perfusion with a cocktail containing 10 μM NBQX, 25 μM AP-5, 10 μM 

gabazine and 0.5 μM strychnine (to block AMPA, NMDA, GABAA and glycine receptors, 

respectively) was used to confirm that any observed rhythmic burst-firing reflected intrinsic 

pacemaker activity.

Inward-rectifying K+ (Kir) currents were isolated as described previously [5, 12]. Briefly, 

neurons were voltage-clamped at −55 mV in the presence of the above cocktail to block fast 

synaptic transmission. Negative voltage ramps (from −55 to −155 mV) were applied at a rate 

of 0.2 mV/ms. BaCl2 (200 μM) was bath-applied to block Kir [13] and the Ba2+-sensitive 

component of the current was subsequently isolated via electronic subtraction (see Fig. 2A). 

Conductance (gBa-sensitive) was calculated as: g = I / (Vm − Erev) at two different membrane 

potentials that were equidistant (25 mV) from the reversal potential. The degree of inward 

rectification was calculated as a ratio of these conductances (i.e. gBa ratio) as follows: 

g(E−25) / g(E+25). The potential role of persistent, voltage-gated Na+ currents in the 

generation of pacemaker activity within projection neurons was examined via the bath 

application of the anti-convulsant riluzole (10 μM), which shows a greater selectivity for 

persistent Na+ currents over transient Na+ currents [14]. However, it should be noted that 

while our prior work has demonstrated that this concentration of riluzole blocks persistent, 

voltage-gated Na+ currents in unidentified lamina I neurons during early life [4], these 

currents were not directly isolated in the present study.

Statistical analysis

The resting membrane potential (Vrest) was compared between silent, burst-firing, and 

irregular firing spinoparabrachial neurons using the Kruskal-Wallis test. Membrane 

resistance (Rm) and membrane capacitance were compared between pacemaker and non-

pacemaker projection neurons, or between spontaneous vs. induced pacemakers, using the 

Mann-Whitney test or unpaired t-test depending on the normality of data distribution as 

evaluated by the D’Agnostino and Pearson test (Prism 8.0, GraphPad Software). The level of 

Ba2+-sensitive conductance was analyzed using Repeated Measure (RM) two-way analysis 

of variance (ANOVA) with cell type (i.e. pacemaker vs. non-pacemaker) and holding 

potential as factors, with the Sidak’s post-test for multiple comparisons. The gBa ratios were 
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compared between pacemakers and non-pacemakers using the Mann-Whitney test. The 

effects of external Ba2+ on Rm and Vrest were analyzed using RM two-way ANOVA using 

cell type and time (i.e. before vs. after external Ba2+ application) as factors with Sidak’s 

post-tests. Finally, the effects of riluzole on rhythmic burst-firing, Vrest, action potential (AP) 

threshold and AP amplitude were examined using the Wilcoxon Signed Rank test or paired 

t-test. All data are expressed as mean ± SD.

Results

Higher expression of Ba2+-sensitive leak conductance distinguishes spinal projection 
neurons exhibiting pacemaker activity

Patch clamp recordings were obtained from 82 lamina I projection neurons retrogradely 

labeled via DiI injection into the parabrachial nucleus (Fig. 1A, B). The majority of 

adolescent spinoparabrachial neurons examined were silent at their resting membrane 

potential (n = 54; 66%), which likely reflects the fact that Vrest was significantly more 

hyperpolarized within this subpopulation of spinoparabrachial neurons (−70.1 ± 6.9 mV; n = 

47) compared to those displaying spontaneous burst-firing (−64.2 ± 7.6 mV; n = 20) or 

irregular action potential discharge (−63.5 ± 12.1 mV; n = 7; H = 7.22, p = 0.027; Kruskal-

Wallis test). The slow depolarization of Vrest via direct current injection evoked rhythmic 

burst-firing in a subset of previously silent lamina I projection neurons (29 out of 54 

sampled; 54%; Fig. 1C). These induced pacemakers possessed more negative resting 

potentials (−71.4 ± 6.3 mV) compared to spontaneous pacemakers (t(42) = 3.37, p = 0.0016; 

unpaired t-test). Both spontaneous and induced rhythmic burst-firing occurred despite the 

block of fast synaptic transmission in the slice, thereby suggesting the presence of intrinsic 

pacemaker activity in lamina I projection neurons as reported previously [6].

Interestingly, the population of projection neurons that showed intrinsic bursting (either 

spontaneous or induced) possessed significantly higher membrane capacitance than adjacent 

spinoparabrachial neurons that either remained silent or displayed an irregular pattern of 

spontaneous firing following direct membrane depolarization (Pacemakers: 110.1 ± 24.1 pF, 

n = 49 neurons; Non-pacemakers: 89.1 ± 18 pF, n = 32, U = 378, p < 0.0001; Mann Whitney 

test; Fig. 1D), with no significant difference observed between spontaneous and induced 

pacemakers (t(47) = 1.66, p = 0.103; unpaired t-test). This was accompanied by a 

significantly lower membrane resistance in the pacemakers compared to non-pacemaker 

projection neurons (Pacemakers: 624.6 ± 348.1 MΩ, n = 22 neurons; Non-pacemakers: 407 

± 211 MΩ, n = 16, U = 104, p = 0.033; Mann Whitney test; Fig. 1E), with no significant 

difference observed between spontaneous and induced pacemakers (t(20) = 1.53, p = 0.142; 

unpaired t-test).

Our prior studies demonstrated that a hallmark feature of pacemaker interneurons in lamina I 

of the immature SDH was a lower Ba2+-sensitive, inward-rectifying K+ (Kir2) conductance 

compared to adjacent non-pacemakers in the same neuronal network [5]. To determine if the 

same differential expression of Ba2+-sensitive Kir channels might be found in pacemakers 

vs. non-pacemakers within the population of spinoparabrachial neurons, we administered a 

voltage ramp from −55 mV to −155 mV before and after the bath application of 200 μM 

BaCl2, and subsequently isolated the Ba2+-sensitive component of the current via electronic 
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subtraction (Fig. 2A) as described previously [5, 12]. As expected when isolating an inward-

rectifying K+ current, there was a significant main effect of membrane voltage on the level 

of Ba2+-sensitive conductance with higher levels seen at more negative membrane potentials 

(F(1,19) = 9.173, p = 0.0069; RM two-way ANOVA; Fig. 2B). More importantly, there was 

also a significant main effect of cell type, with pacemakers (n = 10) surprisingly 

demonstrating a greater Ba2+-sensitive conductance compared to non-pacemakers (n = 11, 

F(1,19) = 11.10, p = 0.0035; RM two-way ANOVA; Fig. 2B). Furthermore, in contrast to 

prior observations in burst-firing interneurons of the SDH [5], there was no significant 

difference in the degree of inward rectification of the Ba2+-sensitive K+ current between 

pacemakers and non-pacemakers (Pacemakers: 1.49 ± 0.67; Non-pacemakers: 1.89 ± 2.29; 

U = 46, p = 0.557; Mann Whitney test; Fig. 2C).

Separate current clamp recordings showed that the bath application of Ba2+ led to a 

significant membrane depolarization in both pacemaker (Fig. 3A) and non-pacemaker 

spinoparabrachial neurons (n = 21 in each group; Drug: F(1,40) = 33.25, p < 0.0001; Cell 

type × Drug Interaction: F(1,30) = 0.234, p = 0.631; RM two-way ANOVA; Fig. 3B). 

Similarly, the addition of external Ba2+ evoked a significant elevation in membrane 

resistance in lamina I projection neurons regardless of whether or not they displayed 

intrinsic burst-firing (Pacemakers: n = 19; Non-pacemakers: n = 13; Drug: F(1,30) = 26.78, p 

< 0.0001; Cell type × Drug Interaction: F(1,30) = 0.437, p = 0.514; RM two-way ANOVA; 

Fig. 3C).

Pacemaker activity is driven by persistent, voltage-gated Na+ currents in lamina I 
spinoparabrachial neurons

Persistent, voltage-gated Na+ channels have been implicated in the generation of intrinsic 

burst-firing in multiple neuronal subtypes across the CNS, including spinal interneurons [4] 

and neurons within the respiratory brainstem [15]. To explore a potential role of these 

channels in the generation of pacemaker activity within ascending spinal projection neurons, 

we examined the effects of bath applying riluzole on intrinsic bursting in adolescent 

spinoparabrachial neurons (Fig. 4A). As reported previously in glutamatergic interneurons 

of the newborn SDH [4], riluzole (RLZ) significantly decreased burst frequency in 

projection neurons showing pacemaker activity (Baseline: 9.30 ± 5.10 per min; RLZ: 4.55 ± 

4.99 per min; n = 10, W = −43.0, p = 0.027; Wilcoxon Signed Rank test; Fig. 4B), which 

included the abolition of burst-firing in 3 neurons which showed tonic firing (n = 1) or were 

silent (n = 2) in the presence of riluzole. Amongst the neurons displaying residual bursting 

following riluzole administration, the mean frequency of action potential (AP) discharge 

within an individual burst (i.e. intraburst frequency) was also significantly reduced by 

riluzole (Baseline: 6.01 ± 2.91 Hz; RLZ: 3.38 ± 2.66 Hz; n = 7, W = −24.0, p = 0.047; 

Wilcoxon Signed Rank test; Fig. 4C). The ability of riluzole to dampen pacemaker activity is 

unlikely to reflect a general disruption of AP firing, as AP threshold was not significantly 

affected by the block of persistent Na+ channels (n = 7, Baseline: −49.7 ± 6.1 mV; Riluzole: 

−47.9 ± 4.8 mV; W = 14.0, p = 0.297; Wilcoxon Signed Rank test; data not shown). Riluzole 

also failed to significantly alter Vrest (Baseline: −68.3 ± 4.2 mV; RLZ: −67.0 ± 4.8 mV; t(9) 

= 1.72, p = 0.119; paired t-test; data not shown) or AP amplitude (Baseline: 77.9 ± 7.8 mV; 

RLZ: 75.5 ± 8.5 mV; t(7) = 1.31, p = 0.233; paired t-test; data not shown).
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Discussion

The present results clearly indicate that lamina I spinoparabrachial neurons retain their 

ability to generate pacemaker activity through adolescence. Although the extent to which 

pacemaker activity occurs in vivo remains to be determined, this raises the interesting 

possibility that the rhythmic bursting of spinoparabrachial neurons can provide an 

endogenous excitatory drive to the immature brain, thereby avoiding the need to endure 

noxious stimulation during development in order to promote the activity-dependent 

refinement of supraspinal nociceptive circuits. Overall, the maturation of pain networks in 

the parabrachial nucleus (PB) remains poorly understood, although it has been shown that 

noxious mechanical stimulation can evoke cfos expression in both NK1R-expressing lamina 

I projection neurons and PB neurons by P3 [16]. Age-dependent changes in the efficacy or 

frequency of ascending nociceptive inputs to the PB could also have important implications 

for the development of descending inhibitory pathways originating in the brainstem [17], 

given the presence of direct connections between the PB and rostroventromedial medulla 

[18, 19]. Interestingly, these descending inhibitory pathways are known to mature slowly 

during early postnatal development [20], as descending facilitation dominates throughout the 

first three weeks of life in the rat [21].

The precise role that pacemaker activity within projection neurons might play in nociceptive 

processing within the CNS remains to be identified. The lateral PB is a highly complex 

structure which is involved in the modulation of salt appetite, thirst and the regulation of 

blood pressure in addition to nociception [22]. The presence of burst-firing in ascending 

spinoparabrachial neurons may help to entrain subsets of PB neurons to respond in concert 

to peripheral noxious stimulation. This could occur by facilitating higher action potential 

frequency, as seen in intrinsically bursting neurons within the anterior cingulate cortex 

(ACC) following noxious mechanical stimulation [23], and/or enhancing the reliability of 

excitatory synaptic signaling [24] which likely results from increased glutamate release. For 

example, spontaneous burst-firing in inner hair cells of the developing cochlea [25, 26] leads 

to the synchronized activation of spiral ganglion neurons that ultimately encode similar 

sound frequencies [27].

Nonetheless, oscillatory burst-firing of spinal projection neurons could also disrupt high-

fidelity transmission of ascending nociceptive input to the brain, as prior studies show that 

high-threshold primary afferent input to SDH interneurons can be heavily filtered by the 

presence of this rhythmic activity [4]. Notably, in vivo recordings from pyramidal neurons in 

the electrosensory lateral line lobe of weakly electric fish have demonstrated that intrinsic 

burst-firing interferes with the ability of neurons to precisely encode the temporal dynamics 

of sensory input [28]. Therefore, lamina I projection neurons may be able to switch between 

two distinct states of neuronal activity and information transfer, similar to that previously 

proposed for thalamic neurons in the lateral geniculate nucleus [29]: (1) a ‘pacemaker 

mode’, which is characterized by intrinsic, rhythmic bursting and a decreased sensitivity to 

the peripheral sensory receptive fields; and (2) a ‘transfer mode’ which maintains neuronal 

sensitivity to excitatory synaptic inputs and faithfully transmits incoming sensory 

information to higher order nociceptive circuits. Given that many pacemaker projection 

neurons required slow membrane depolarization from Vrest in order to trigger the intrinsic 

Li and Baccei Page 7

Neurosci Lett. Author manuscript; available in PMC 2022 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



burst-firing, it will ultimately be important to better understand how metabotropic signaling 

onto projection neurons might regulate the transition between these two modes of 

information transfer, as described for burst-firing neurons of the deep dorsal horn [12]. It 

would also be interesting to elucidate if persistent aberrations in sensory input alters the 

generation of pacemaker activity in spinoparabrachial neurons, as seen in the rodent 

somatosensory cortex where sensory deprivation elevates the prevalence of burst-firing in 

layer 5 pyramidal neurons [30].

The ability of riluzole to dampen rhythmic burst-firing strongly suggests a key role for 

persistent, voltage-gated Na+ channels in the generation of pacemaker activity in lamina I 

projection neurons, as reported for glutamatergic interneurons in the newborn SDH [4], 

although we cannot exclude the possibility that riluzole modulates rhythmic burst-firing of 

projection neurons via actions at other types of voltage-dependent or voltage-independent 

ion channels. Persistent Na+ currents have also been previously implicated in the intrinsic 

bursting of spinal neurons involved in central pattern generation, including commissural and 

Hb9 interneurons [31]. This burst-firing can be triggered by changes in the extracellular 

concentrations of K+ or Ca2+ [32], the latter of which reflects a shift in the voltage 

dependence of activation of persistent, voltage-gated Na+ channels [33]. However, the 

observation that membrane resistance was significantly lower in pacemaker projection 

neurons compared to non-pacemaker projection neurons, while the inward-rectifying K+ 

conductance was greater, suggests that a low level of leak conductance is not a hallmark 

feature of pacemaker neurons within the population of spinoparabrachial neurons. In 

contrast, neonatal SDH interneurons exhibiting pacemaker activity were distinguished by 

both a high ratio of persistent Na+ to leak membrane conductance (gNa,P / gleak) and a low 

expression of classic Kir2-mediated currents. Nonetheless, it should be noted that persistent 

voltage-gated Na+ currents were not isolated, and gNa,P / gleak ratios were not calculated, in 

spinal projection neurons in the present experiments, thereby making direct comparisons 

across studies more difficult. A multitude of other ionic conductances have been shown to 

underlie the generation of rhythmic bursting in other types of projection neurons across the 

CNS, ranging from R-type voltage-gated Ca2+ currents and large conductance Ca2+-

activated K+ (i.e. BK) currents in the accessory olfactory bulb [34] to heteromeric Kv1 

channels in the output neurons of the deep cerebellar nuclei [35]. Further investigation is 

clearly needed to delineate the full complement of ion channels which shape intrinsic burst-

firing in ascending spinal projection neurons.

In conclusion, the current results demonstrate that adolescent spinoparabrachial neurons can 

generate intrinsic burst-firing that is driven in part by persistent, voltage-gated Na+ channels, 

despite the presence of lower membrane resistance compared to adjacent lamina I projection 

neurons lacking pacemaker activity. These findings suggest that the developing spinal cord 

may persistently retain the ability to drive neuronal activation in supraspinal nociceptive 

circuits independently of peripheral sensory input.
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Highlights:

• Spinoparabrachial neurons exhibit pacemaker activity through adolescence.

• Pacemakers exhibit different intrinsic membrane properties than non-

pacemakers.

• Persistent Na+ currents contribute to pacemaker activity in projection neurons.
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Figure 1. Passive membrane properties of pacemaker vs. non-pacemaker spinoparabrachial 
neurons during adolescence.
A: Representative example of DiI injection into the rat parabrachial nucleus. Scale bar = 0.5 

mm. B: Examples of retrogradely labelled lamina I projection neurons following DiI 

injection into the parabrachial nucleus. Scale bar = 10 μm. C: Representative current-clamp 

recording demonstrating the presence of rhythmic burst-firing in a lamina I 

spinoparabrachial neuron at P35. Scale bar = 15 mV, 5 s. D: Membrane capacitance was 

significantly higher in projection neurons exhibiting pacemaker activity compared to 

adjacent projection neurons lacking intrinsic burst-firing (n = 32 – 49 neurons per group; U 

= 378, p < 0.0001, Mann Whitney test). E: Bursting spinoparabrachial neurons displayed 

significantly lower membrane resistance compared to adjacent, non-bursting projection 

neurons (n = 16 – 22 per group; U = 104, p = 0.033, Mann Whitney test).
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Figure 2. Intrinsic burst-firing in lamina I projection neurons is associated with greater levels of 
inward-rectifying K+ conductance.
A: Example of the Ba2+-sensitive current (obtained via electronic subtraction) evoked by a 

voltage ramp from −55 mV to −155 mV which displays marked inward rectification. B: The 

Ba2+-sensitive conductance was greater in pacemakers compared to non-pacemakers within 

the population of spinoparabrachial neurons examined (n = 10–11 per group; Cell Type: 

F(1,19) = 11.10, p = 0.0035, RM two-way ANOVA; **p = 0.0042, Sidak’s multiple 

comparisons test). C: The degree of inward rectification of the Ba2+ sensitive conductance 

(as measured by the gBa ratio; see Methods) was similar between bursting and non-bursting 

spinoparabrachial neurons (U = 46, p = 0.557, Mann Whitney test).
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Figure 3. Extracellular barium application increases membrane resistance and evokes 
membrane depolarization in intrinsically bursting and non-bursting spinoparabrachial neurons.
A: Representative trace illustrating the depolarization of resting membrane potential 

following the bath application of BaCl2 (200 μM) in a pacemaker spinal projection neuron. 

Dotted line indicates the initial resting membrane potential. Scale bar = 10 mV, 5 s. B: The 

degree of membrane depolarization evoked by external Ba2+ was similar between the types 

of projection neuron (n = 21 in each group; Drug: F(1,40) = 33.25, p < 0.0001; Cell type × 

Drug Interaction: F(1,30) = 0.234, p = 0.631; RM two-way ANOVA; **p = 0.001, ***p = 

0.0001, Sidak’s multiple comparisons test). C: Membrane resistance was increased by the 

presence of extracellular Ba2+ in both pacemakers and non-pacemakers (n = 13–19 per 

group; Drug: F(1,30) = 26.78, p < 0.0001; Cell type × Drug Interaction: F(1,30) = 0.437, p = 

0.514; RM two-way ANOVA; *p = 0.013, ***p = 0.0002, Sidak’s multiple comparisons 

test).
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Figure 4. Persistent, voltage-gated Na+ channels contribute to the intrinsic burst-firing of 
adolescent lamina I projection neurons.
A: Example of pacemaker activity in a lamina I spinoparabrachial neuron before and after 

the bath application of riluzole (gray bar; top). The dotted rectangle highlights a burst which 

is displayed at a different time scale below (bottom). Scale bars = 15 mV, 10 s (top); 15 mV, 

100 ms (bottom). B, C: Riluzole (RLZ; 10 μM) significantly decreased the burst frequency 

(n = 10; W = −43.0, p = 0.027, Wilcoxon Signed Rank test; B) as well as the mean 

frequency of action potential discharge within a burst (n = 7; W = −24.0, p = 0.047; 

Wilcoxon Signed Rank test; C).
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