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Abstract 8 

During sleep, neurons in the thalamic reticular nucleus (TRN) participate in distinct types of 9 

oscillatory activity. While the reciprocal synaptic circuits between TRN and sensory relay nuclei 10 

are known to underlie the generation of sleep spindles, the mechanisms regulating slow (<1 Hz) 11 

forms of thalamic oscillations are not well understood. Under in vitro conditions, TRN neurons 12 

can generate slow oscillations in a cell-intrinsic manner, with postsynaptic Group 1 metabotropic 13 

glutamate receptor (mGluR) activation triggering long-lasting plateau potentials thought to be 14 

mediated by both T-type Ca2+ currents and Ca2+ -activated nonselective cation currents (ICAN). 15 

However, the identity of ICAN and the possible contribution of thalamic circuits to slow rhythmic 16 

activity remain unclear. Using thalamic slices derived from adult mice of either sex, we recorded 17 

slow forms of rhythmic activity in TRN neurons, which were driven by fast glutamatergic 18 

thalamoreticular inputs but did not require postsynaptic mGluR activation. For a significant 19 

fraction of TRN neurons, synaptic inputs or brief depolarizing current steps led to long-lasting 20 

plateau potentials and persistent firing (PF), and in turn, resulted in sustained synaptic inhibition 21 

in postsynaptic relay neurons of the ventrobasal thalamus (VB). Pharmacological approaches 22 

indicated that plateau potentials were triggered by Ca2+ influx through T-type Ca2+ channels and 23 

mediated by Ca2+ and voltage-dependent transient receptor potential melastatin 4 (TRPM4) 24 

channels. Taken together, our results suggest that thalamic circuits can generate slow 25 

oscillatory activity, mediated by an interplay of TRN-VB synaptic circuits that generate 26 

rhythmicity and TRN cell-intrinsic mechanisms that control PF and oscillation frequency. 27 

  28 
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Significance Statement 29 

Slow forms of thalamocortical rhythmic activity are thought to be essential for memory 30 

consolidation during sleep and the efficient removal of potentially toxic metabolites. In vivo, 31 

thalamic slow oscillations are regulated by strong bidirectional synaptic pathways linking 32 

neocortex and thalamus. Therefore, in vitro studies in the isolated thalamus offer important 33 

insights about the ability of individual neurons and local circuits to generate different forms of 34 

rhythmic activity. We found that circuits formed by GABAergic neurons in the thalamic reticular 35 

nucleus (TRN) and glutamatergic relay neurons in the ventrobasal thalamus generated slow 36 

oscillatory activity, which was accompanied by persistent firing in TRN neurons. Our results 37 

identify both cell-intrinsic and synaptic mechanisms that mediate slow forms of rhythmic activity 38 

in thalamic circuits.  39 

 40 

Introduction 41 

Slow (< 1Hz) rhythmic activity in the thalamocortical system is a defining feature of natural sleep 42 

and is thought to be essential for the grouping of higher frequency activity such as sleep 43 

spindles (Beenhakker and Huguenard, 2009; Lüthi, 2014), network plasticity and memory 44 

consolidation (Steriade and Timofeev, 2003; Diekelmann and Born, 2010), and homeostatic 45 

processes including the clearance of metabolites (Varga et al., 2016).  On a cellular level, slow 46 

oscillations are characterized by rapid transitions between periods of sustained depolarizations 47 

and persistent firing (Up states) and quiescence (Down states), in both neocortex (Steriade et 48 

al., 1993b; Sanchez-Vives and McCormick, 2000) and thalamus (Steriade et al., 1993a; Crunelli 49 

and Hughes, 2010). It is well established that neocortex plays an important role in the 50 

generation of slow oscillations (Steriade et al., 1993b; Sanchez-Vives and McCormick, 2000; 51 

Neske, 2016), with cortical activity leading to the recruitment of thalamic targets via extensive 52 

corticothalamic projections (Steriade et al., 1993a; Stroh et al., 2013). However, accumulating 53 

evidence shows that rather than being passively entrained by cortical afferents, thalamus can 54 
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generate distinct types of rhythmic activity which in turn shape cortical activity patterns (Rigas & 55 

Castro-Alamancos, 2007; Lemieux et al., 2014; Halassa et al., 2011; David et al., 2013; 56 

Fernandez et al., 2018). Thus, rhythms in the thalamocortical system might result from the 57 

interplay of multiple distinct oscillators (Crunelli and Hughes, 2010). While there is strong 58 

consensus on the mechanisms that underlie slow oscillations in neocortex (Crunelli and 59 

Hughes, 2010; Neske, 2016), it is important to gain a better understanding of how thalamic 60 

neurons and circuits generate slow forms of rhythmic activity. 61 

In vitro studies in the isolated thalamus have shown that  neurons in the TRN (Blethyn et 62 

al., 2006) and in thalamic relay nuclei (Hughes et al., 2002) can act as cellular pacemakers of 63 

slow rhythms, under conditions of sustained activation of postsynaptic Group I mGluRs by either 64 

exogenous agonists or high frequency corticothalamic activity. This results in an increase in 65 

excitability, due to the closure of a K+ leak conductance, enabling low threshold Ca2+ currents 66 

(IT) and Ca2+-activated non-selective cation currents (ICAN) to generate long-lasting and rhythmic 67 

plateau potentials, which in TRN neurons lead to persistent firing (Blethyn et al., 2006). 68 

However, the precise role of IT and the molecular mechanisms mediating ICAN are not known 69 

(Zylberberg & Strowbridge, 2017; Crunelli et al., 2018). Moreover, these findings do not directly 70 

address a potential role of intrathalamic networks. TRN and relay neurons form powerful 71 

reciprocal connections (Gentet and Ulrich, 2003; Pinault, 2004; Pita-Almenar et al., 2014) which 72 

underlie the generation of sleep spindles (Beenhakker and Huguenard, 2009), but whether 73 

these circuits can also generate slower forms of oscillatory activity is not known. 74 

Here we addressed these questions by performing recordings in horizontal slices of 75 

somatosensory thalamus of adult mice. Surprisingly, we observed highly robust slow oscillatory 76 

activity, which was driven by fast synaptic transmission but did not require mGluR activation. 77 

We found that a significant number of TRN neurons displayed synaptically-evoked persistent 78 

firing (PF), which could also be evoked by brief depolarizing current steps in the absence of 79 

synaptic signaling. PF was triggered by Ca2+ influx through T-type Ca2+ channels and generated 80 
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by long-lasting plateau potentials mediated by TRPM4 conductances. Our findings highlight how 81 

intrinsic properties of TRN neurons and intrathalamic synaptic circuits interact to generate slow 82 

thalamic oscillatory activity. 83 

  84 

Materials and Methods: 85 

Animals. We employed C57BL6/J mice (JAX Laboratories, Stock No: 000664) unless specified 86 

otherwise. For some experiments, we used TRPC1,4,5,6 general quadruple knockout mice 87 

(Sachdeva et al., 2018) kindly provided by Dr. Michael Zhu (McGovern Medical School at 88 

UTHealth) or TRPC3 general knockout mice (Hartmann et al., 2008) kindly provided by Dr. Oleh 89 

Pochynyuk (McGovern Medical School at UTHealth). To optogenetically activate cholinergic 90 

inputs to TRN, we used bacterial artificial chromosome (BAC)-transgenic mice expressing 91 

channelrhodopsin (ChR2) under the control of the choline acetyltransferase (ChAT) promoter 92 

(ChAT–ChR2–EYFP; JAX Laboratories, Stock No: 014546, Zhao et al., 2011). All animals used 93 

in this study were treated following procedures in accordance with National Institutes of Health 94 

guidelines and approved by the University of Texas Health Science Center at Houston 95 

(UTHealth) animal welfare committee. 96 

 97 

Slice Preparation. Brain slices derived from adult animals (P90-120) were prepared as 98 

described previously (Ting et al., 2014). Briefly, mice of either sex were anesthetized using 99 

isoflurane and perfused using an ice cold N-Methyl-D-Glutamine (NMDG) based solution 100 

saturated with 95% O2–5% CO2 consisting of the following (in mM): 92 NMDG, 2.5 KCl, 1.25 101 

NaH2PO4, 10 MgSO4, 0.5 CaCl2, 30 NaHCO3, 20 glucose, 20 HEPES, 2 thiouera, 5 Na-102 

ascorbate, and 3 Na-pyruvate. Brains were removed and horizontal slices (300 μm) were cut in 103 

ice-cold NMDG-based solution using a VT1200 S vibratome (Leica). Slices were then held in 104 

NMDG-based solution maintained at 35°C for ~12 minutes before being transferred to a 105 
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modified artificial cerebrospinal fluid (ACSF) held at room temperature, consisting of the 106 

following (in mM): 92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 30 NaHCO3, 25 glucose, 107 

20 HEPES, 2 thiouera, 5 Na-ascorbate, and 3 Na-pyruvate. Slices from younger animals (P13-108 

38) were prepared as described previously (Agmon & Connors, 1991). Briefly, mice were 109 

anesthetized using isoflurane and then decapitated. Slices were cut in ice-cold cutting solution 110 

saturated with 95% O2/5% CO2 consisting of the following (in mM): 213.4 sucrose, 2.5 KCl, 1.25 111 

NaH2PO4, 10 MgSO4, 0.5 CaCl2, 26 NaHCO3, and 11 glucose. Slices were then transferred to 112 

ACSF consisting of the following (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, 113 

26 NaHCO3 and 10 glucose, incubated at 35°C for 20 minutes and then held at room 114 

temperature until used for experiments. 115 

 116 

Electrophysiological Recordings. Recordings were performed in a chamber perfused with 117 

ACSF held at 32-34°C using a Warner Instruments TC-324B in-line heater. Cells were 118 

visualized via infrared differential interference contrast (IR-DIC) under an Olympus BX51WI 119 

microscope equipped with a Dage-MTI IR-1000 camera. Whole-cell recordings were obtained 120 

using glass pipettes with a tip resistance of 3-5 MΩ. For current clamp recordings in TRN, we 121 

used a potassium-based internal solution consisting of (in mM): 133 K-Gluconate, 1 KCl, 2 122 

MgCl2, 0.16 CaCl2, 10 HEPES, 0.5 EGTA, 2 Mg-ATP, and 0.4 Na-GTP (adjusted to 290 mOsm 123 

and pH 7.3). For voltage clamp recordings of inhibitory postsynaptic currents in neurons of the 124 

ventrobasal nucleus of the thalamus (VB), recording pipettes were filled with a cesium-based 125 

internal solution consisting of (in mM): 120 CsMeSO3, 1 MgCl2, 1 CaCl2, 10 CsCl, 10 HEPES, 3 126 

QX-314, 11 EGTA, 2 Mg-ATP, and 0.3 Na-GTP (adjusted to 295 mOsm and pH 7.3). For loose-127 

patch recordings of TRN neuronal firing, glass pipettes (3-5 MΩ) were filled with ACSF, and 128 

recordings were obtained in voltage-clamp mode, at seal resistances of 50–200 MΩ. To 129 

minimize any influence on the cell membrane potential, the holding voltage was adjusted 130 

continually to maintain a holding current near 0 pA (Perkins, 2006). In experiments probing TRN 131 
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oscillatory activity, glutamine (0.3 mM) was added to the ACSF to prevent a rundown of network 132 

activity (Bryant et al., 2009; Pita-Almenar et al., 2014). For experiments examining the 133 

mechanisms of PF, the bath contained NBQX. In some experiments we replaced extracellular 134 

NaCl with equimolar NMDG and used an internal solution consisting of (in mM): 133 K-135 

Gluconate, 1 KCl, 4 NaCl, 2 MgCl2, 0.16 CaCl2, 10 HEPES, 0.5 EGTA, 2 Mg-ATP, and 0.4 Na-136 

GTP (adjusted to 290 mOsm and pH 7.3). For optogenetic activation of cholinergic afferents we 137 

used 1 ms pulses of blue light generated by an LED light source (UHP-T-450-EP, Prizmatix) 138 

delivered through a 60x, 0.9 NA water-immersion objective (Olympus) and centered locally in 139 

the TRN. 140 

NBQX, apamin, nimodipine, TTX, 2-Aminoethoxydiphenylborane (2-APB), flufenamic 141 

acid (FFA), 9-phenthranol, glibenclamide, 4-Chloro-2-[[2-(2-chlorophenoxy)acetyl]amino]benzoic 142 

acid (CBA), JNJ 16259685, MTEP hydrochloride, and atropine were obtained from R&D 143 

Systems. ω-conotoxin MVII and TTA-P2 were obtained from Alomone labs. All other chemicals 144 

were obtained from Sigma-Aldrich. 145 

 146 

Data acquisition. Recordings were made using a Multiclamp 700B amplifier (Molecular 147 

Devices), filtered at 3–10 kHz, and digitized at 20 kHz with a 16-bit analog-to-digital converter 148 

(Digidata 1440A; Molecular Devices). Data were acquired using Clampex 10.3 software 149 

(Molecular Devices) and analyzed using custom macros written in IGOR Pro (Wavemetrics). 150 

 151 

Experimental design and statistical analysis. TRN neuronal firing evoked by brief (25 ms) 152 

current steps was classified into two groups, bursting and persistent firing (PF), based on the 153 

duration of the evoked membrane depolarization measured at half-amplitude (see Results). 154 

Post-hoc K means cluster analysis confirmed that classification into two clusters explained the 155 

largest amount of variance. We used a depolarization duration of 200 ms to distinguish between 156 

bursting and PF. Due to rundown of PF in whole-cell mode, data acquisition in the TRN was 157 



 

8 
 

limited to 3 min following establishment of whole-cell configuration. Pharmacological 158 

experiments examining the mechanisms underlying PF were carried out by performing 159 

recordings in the presence of a given antagonist under study, and comparing results with 160 

recordings performed under control conditions. All data in a given group were collected from 161 

slices derived from a minimum of 2 animals and reported as mean ± SEM. All statistical 162 

analyses were performed with Prism 7 software. To evaluate significant differences in the 163 

proportion of PF between different experimental groups we performed a chi square test, and 164 

report results in the following format: degrees of freedom in parentheses, followed by the chi-165 

square value and p value. To test for significant differences in the duration of evoked membrane 166 

depolarization between groups of neurons, we performed an unpaired t-test and report results 167 

as: degrees of freedom in parentheses, followed by t value and p value. Statistical significance 168 

was set at p < 0.05 and adjusted for multiple statistical comparisons with a Bonferroni correction 169 

to correct for pairwise error and to reduce Type I error. 170 

  171 

RESULTS 172 

 173 

Slow oscillatory activity and persistent firing (PF) in thalamic networks 174 

Following activation of postsynaptic Group I mGluRs, individual neurons in the TRN can 175 

generate slow oscillatory responses, reminiscent of thalamic activity during sleep (Blethyn et al., 176 

2006). It remains unclear how thalamic synaptic networks contribute to slow oscillatory activity. 177 

To examine this issue, we performed experiments in horizontal thalamic slices derived from 178 

adult (> 3 month) mice. We and others have previously employed extracellular or optogenetic 179 

synaptic stimulation to trigger transient (<2 s) forms of rhythmic thalamic activity in vitro 180 

(Huguenard and Prince, 1994; Pita-Almenar et al., 2014). Surprisingly, by performing loose-181 

patch recordings from TRN neurons, we observed spontaneous and highly rhythmic patterns of 182 

action potential activity that could last several minutes (n = 47 TRN neurons, n = 17 slices). For 183 
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12/47 (26%) of recordings, action potential activity was organized as rhythmic bursting 184 

(frequency: 1.9 ± 0.1 Hz, n = 12, Fig. 1A). Interestingly, a second group of recordings (17/47, 185 

36%) revealed rhythmic patterns of sustained action potential activity (> 200 ms duration) we 186 

termed persistent firing (PF), characterized by an initial high-frequency burst, followed by a long-187 

lasting train of action potentials (average duration: 964.9±256.4 ms, average firing frequency: 188 

175±23.4 Hz, n = 17, Fig. 1B). For neurons displaying rhythmic PF, oscillation frequency was 189 

0.5 ± 0.1 Hz (n = 17), significantly lower compared to the oscillation frequency of cells showing 190 

burst firing (t(28) = 6.5, p = 10-16,Fig. 1D). The remaining recordings (n=18) showed more 191 

complex patterns of activity, and included neurons that displayed both rhythmic PF and burst 192 

firing (n=4, Fig. 1C). These data indicate that burst firing and PF are prominent firing modes in 193 

the TRN and are associated with oscillatory activity at distinct frequencies.  194 

Relay neurons in the ventrobasal nucleus (VB) receive their sole inhibitory input from 195 

neurons in the TRN. Therefore, the patterns of synaptic inhibitory responses recorded in VB 196 

neurons should closely reflect rhythmic spike firing observed in TRN. To confirm this, we 197 

performed voltage-clamp recordings from VB neurons at a holding potential of 0 mV to isolate 198 

IPSCs. In 76% (n = 22/29) of all VB neurons that showed oscillatory synaptic activity, we 199 

recorded synaptic responses organized as long-lasting high-frequency IPSC barrages (duration: 200 

620.1±54.3 ms, n = 32, Fig. 1F) which occurred rhythmically over several minutes (0.5±0.1 Hz, 201 

n = 32). A smaller fraction of recordings showed rhythmic IPSC bursts (n = 4, Fig.1E). Thus, 202 

relay neurons are the target of persistent inhibition during slow oscillatory activity, likely 203 

mediated by TRN neurons with PF.  204 

Postsynaptic mGluR activation by exogenous agonists or high-frequency stimulation of 205 

glutamatergic afferents can lead to slow oscillatory activity in TRN neurons, even in the absence 206 

of fast synaptic signaling (Blethyn et al., 2006). In contrast, by performing whole-cell recordings 207 

in TRN, we found that rhythmic patterns of PF did not occur spontaneously but instead were 208 

evoked by brief bursts of large-amplitude thalamoreticular EPSPs (Fig. 1G). Furthermore, 209 
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rhythmic IPSCs recorded in VB cells were fully blocked by bath application of NBQX (n = 5, Fig. 210 

1H), suggesting that similar to spindle-like activity (Huguenard and McCormick, 2007), slow 211 

oscillatory activity relied on a network of interconnected TRN and relay neurons, at least under 212 

our experimental conditions. 213 

Anatomic and functional studies have shown considerable axonal divergence for TRN to 214 

VB projections, resulting in highly overlapping TRN afferents to neighboring VB neurons 215 

(Pinault, 2004; Pita-Almenar et al., 2014). In agreement, the timing and duration of oscillatory 216 

IPSC barrages were highly synchronous for local VB neuronal pairs (< 50 μm somatic distance) 217 

recorded simultaneously (Fig. 2A). Synchrony was maintained for individual IPSCs throughout 218 

the entire barrage suggesting that the large majority of IPSCs were spike-mediated, without a 219 

detectable contribution of asynchronous GABA release (Hefft & Jonas, 2005). 220 

We found that the majority of VB recordings showed oscillatory IPSC events with little 221 

variability of the initial IPSC amplitude and event duration (Fig. 1E,F), consistent with a single 222 

presynaptic TRN neuron. However, for a number of recordings we observed either two (n=10 223 

VB cells, Fig. 1H and 2B,C) or three (n=4 VB cells, data not shown) different types of rhythmic 224 

IPSC events, with each type characterized by a distinct initial IPSC amplitude and event 225 

duration, suggesting convergent inputs from two or three presynaptic TRN neurons, 226 

respectively. For recordings with two types of events, event duration suggested convergent 227 

input by TRN cells that either both displayed PF (n=6, Fig. 2C) or PF and bursting (n=4, Fig. 228 

2B). Importantly, IPSC events evoked by different presynaptic TRN neurons displayed clear 229 

rhythmicity but never occurred synchronously. These data confirm our previous findings derived 230 

in thalamic slices of less mature animals (Pita-Almenar et al., 2014) and suggest that local 231 

thalamic circuits can mediate ongoing oscillatory activity in the absence of widespread 232 

synchrony. 233 

  234 

Brief depolarizations trigger PF in TRN neurons 235 



 

11 
 

So far our data indicate that a significant fraction of TRN neurons shows PF during network 236 

activity. To better characterize the properties and underlying mechanisms of PF, we performed 237 

whole-cell recordings and blocked network activity by adding NBQX (10 μM) to the bath 238 

solution. Neurons were held at a membrane potential of -75 mV unless stated otherwise and 239 

action potentials were evoked using brief depolarizing current steps (25 ms, 400 pA). Such 240 

stimuli led to bursts of action potentials (average number of spikes: 8.1±0.2, n = 74) in 67% of 241 

neurons recorded (Fig. 3A). For the remaining neurons (37/111, 33%) we observed sustained 242 

action potential activity (average number of spikes: 72.2±9.8, firing frequency: 99.1±7.5 Hz, n = 243 

37) closely resembling PF observed during network activity. PF was mediated by long-lasting 244 

plateau potentials (amplitude from rest: 29.3±0.8 mV, plateau duration: 807.1±41.7 ms, n = 37, 245 

Fig. 3A,B) that terminated in a stepwise manner. Using the duration of the current-step evoked 246 

membrane depolarization, we performed K means cluster analysis, confirming that TRN firing 247 

patterns can be most readily classified into two distinct groups, bursting and PF, with the latter 248 

group displaying membrane depolarizations of > 200 ms. Neurons with current-step evoked PF 249 

were not restricted to a specific TRN subregion and were localized along the entire thickness of 250 

the TRN shell (not shown). We found that PF remained stable for several minutes but then 251 

decayed over time, regardless of composition of the internal solution (Fig. 3C). This might partly 252 

explain why studies employing whole-cell methods have not reported PF in adult TRN neurons 253 

(e.g. Clemente-Perez et al., 2017), while at least one study using sharp electrode recordings 254 

described PF in a subset of neurons of the cat perigeniculate nucleus (Kim and Mccormick, 255 

1998). For the remainder of this study we limited data acquisition to the first 3 minutes in whole-256 

cell mode. 257 

 258 

PF occurs late during development and is controlled by SK conductances 259 

Previous work characterizing TRN firing patterns in slices derived from younger (<P30) animals 260 

has not reported PF (Lee et al., 2007), indicating that PF might be developmentally regulated. 261 
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To examine this possibility, we carried out additional recordings in slices prepared from mice 262 

aged P13-18 and P28-38. Compared to adult mice, only 1/24 (4%) of cells at P13-18 and 1/23 263 

(4%) of cells at P28-38 displayed PF (Fig. 3D-F), indicating that PF is prominent only in fully 264 

mature animals. 265 

The generation of plateau potentials that underlie PF is likely to be tightly regulated by 266 

K+ conductances, including small conductance Ca2+-activated K+ channels (SK). To examine 267 

this possibility, we performed recordings in the presence of the SK channel blocker apamin (100 268 

nM). Under these conditions a much larger fraction of TRN cells in adult animals showed PF 269 

(92%, n = 46/50 χ2(1) = 47.5, p = 10-16, Fig. 3D-F). Thus, excitatory conductances responsible 270 

for PF are widely expressed in the adult TRN but appear to be strongly controlled by SK 271 

conductances. Given the role of SK channels in regulating PF in the adult, the developmental 272 

increase in PF we observed might be solely mediated by a progressive decrease of SK 273 

expression. However, we found that even in the presence of apamin the incidence of PF 274 

remained very low early in development and dramatically increased with animal age (P13-18: 275 

12%, n = 25, P28-38: 41%, n = 24, P90-120: 92%, Fig. 3D-F), suggesting a developmental 276 

upregulation of excitatory mechanisms that underlie PF. Finally, we examined if neurons in the 277 

VB displayed plateau potentials in control or in the presence of apamin. In contrast to TRN, PF 278 

was completely absent from VB under both conditions (Fig. 3E,G). Thus, the mechanisms 279 

underlying PF do not appear to be uniformly expressed in all thalamic nuclei. 280 

 281 

Metabotropic glutamate receptor activation is not necessary for PF 282 

Previous work has highlighted a critical role of postsynaptic group I mGluR activation in enabling 283 

intrinsic oscillations and Up states in TRN neurons (Blethyn et al., 2006). While PF under our 284 

experimental conditions did not require exogenous or synaptic mGluR I activation, it is possible 285 

that mGluRs were tonically activated by ambient glutamate (Crabtree et al., 2013) or in a ligand 286 

independent manner (Sun et al., 2016). To examine this possibility, we probed TRN firing in the 287 
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presence of the non-competitive mGluR1 antagonist JNJ 16259685 (JNJ) and the non-288 

competitive mGluR5 antagonist MTEP. Block of group I mGluRs did not significantly change the 289 

incidence of PF (control: 33%, n = 111, JNJ+MTEP: 48%, n = 27, χ2(1) = 1.7, p = 0.19) or the 290 

plateau potential duration for cells with PF (control: 807.1±41.7 ms, JNJ+MTEP: 599.8±64.3 ms, 291 

t(46) = 1.85, p = 0.071, Fig. 4A,B). These data suggest that under our experimental conditions 292 

Group I mGluR activation is not essential for PF. 293 

 294 

Activation of T-type Ca2+ channels is required for PF 295 

         Next, we examined if PF is voltage-dependent, by evoking action potential activity from 296 

two distinct holding potentials. TRN cells held initially at -60 mV never displayed PF or plateau 297 

potentials (0/15 cells, Fig. 4C,D). However, when the holding potential was adjusted to -75 mV, 298 

8/15 neurons generated PF (χ2(1) = 1.7, p = 0.0013), suggesting that the underlying 299 

mechanisms of PF are voltage dependent.  300 

To further isolate the mechanisms responsible for PF, we employed a pharmacological 301 

approach. Due to the washout of PF in whole-cell mode, it was not possible to quantify changes 302 

in PF prior to and following bath application of antagonists for a given neuron. Therefore, we 303 

performed all recordings in the presence of a given antagonist and made comparisons to 304 

neurons recorded under control conditions (see Materials and Methods). To limit the number of 305 

recordings required for meaningful statistical comparisons, we performed the following 306 

experiments in the presence of apamin, which, as described above, results in PF in 92% of 307 

neurons (Fig. 3E,F). 308 

Previous studies have indicated that in thalamic neurons T-type Ca2+ channels are 309 

critical for the generation of mGluR-dependent Up states (Hughes et al., 2002; Blethyn et al., 310 

2006). The voltage-dependence of PF we observed appears to be consistent with these results. 311 

To confirm the involvement of T-type Ca2+ channels in generating PF, we performed recordings 312 

in the presence of the specific antagonist TTA-P2 (1 μM). Under these conditions, PF was 313 
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completely eliminated (apamin: 92%, apamin+TTA-P2: 0%, n = 17, χ2(1) = 46.5, p = 10-20, Fig. 314 

4E,F). Thus, T-type Ca2+ channels are required for the generation of PF. 315 

 316 

The plateau potential underlying PF is mediated by a sodium current 317 

It is possible that long-lasting plateau potentials in TRN neurons are entirely mediated by 318 

persistent T-type Ca2+ currents (Williams et al., 1997; Zylberberg and Strowbridge, 2017). While 319 

these channels show rapid inactivation following strong depolarization, their inactivation is not 320 

complete for smaller depolarizations near the resting membrane potential, resulting in a steady-321 

state inward (“window”) current. However, PF observed in the present study was accompanied 322 

by large membrane depolarizations that do not appear to be compatible with a significant role of 323 

T-type Ca2+ channels. Therefore, we systematically examined the possible involvement of other 324 

voltage- or Ca2+-gated non-inactivating conductances. We first tested the role of high-threshold 325 

Ca2+ channels (L, P/Q, and N). In the presence of the selective L-type antagonist nimodipine 326 

(nim, 20 μM, Fig. 5A) the incidence of PF (apamin: 92%, apamin+Nim: 80%, n = 10, χ2(1) = 0.3, 327 

p = 0.6, Fig. 5B) and plateau potential duration for cells with PF (apamin: 1108.5±126.6 ms, 328 

apamin+Nim: 846.8±235 ms, t(48) = 0.9, p = 0.38, Fig. 5C) remained comparable to responses 329 

recorded in apamin. Similarly, incubating slices in the P/Q and N antagonist ω-conotoxin MVIIC 330 

(ω-Ctx , 1 μM) did not lead to significant changes in the incidence of PF (apamin: 92%, 331 

apamin+ω-Ctx: 70%, n = 10, χ2(1) = 1.4, p = 0.23, Fig. 5B), and plateau potential duration 332 

(apamin: 1108.5±126.6 ms, apamin+ω-Ctx: 726.7±196.2 ms, t(47) = 1.2, p = 0.24, Fig. 5C), 333 

suggesting that high-threshold Ca2+ channels do not play a critical role in PF. 334 

It is possible that plateau potentials are mediated by activation of a persistent Na+ 335 

current (INaP) as was suggested previously (Kim and Mccormick, 1998; Fuentealba et al., 2005). 336 

We found that in the presence of apamin and TTX (500 nM), fast action potential activity was 337 

completely blocked, revealing a plateau potential in 9/16 cells (amplitude: 30±1.2 mV, n = 16, 338 

Fig. 5A), a smaller fraction compared to conditions in apamin (apamin: 92%, apamin+TTX: 56%, 339 
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χ2(1) =10, p = 0.002, Fig. 5B). Plateau potential duration remained comparable to control 340 

(apamin: 1108.5±126.6 ms, apamin+TTX: 912.8±325.7 ms, t(49) = 0.7, p = 0.5, Fig. 5C). These 341 

data indicate that voltage-gated Na+ currents facilitate plateau potential generation, but are not 342 

strictly required for many TRN neurons. 343 

Next, we examined if Na+ currents other than the ones carried by voltage-gated Na+ 344 

channels are essential for plateau potentials, by substituting the majority of extracellular Na+ 345 

with NMDG. We found that in the presence of NMDG (together with apamin and TTX) the 346 

incidence of plateau potential generation was significantly reduced (apamin + TTX: 56%, 347 

apamin + TTX + NMDG: 11%, n = 28, χ2(1) = 10.6, p = 0.001, Fig. 5A-C), suggesting that PF is 348 

mediated at least in part by a TTX-insensitive Na+ current. 349 

  350 

TRPM4 channels underlie PF in the TRN 351 

Our data thus far are consistent with a role of the Ca2+-activated nonselective cationic current 352 

(ICAN) in mediating plateau potentials. Transient receptor potential (TRP) channels have been 353 

previously proposed as molecular mechanisms mediating ICAN (Launay et al., 2002), with 354 

transient receptor potential canonical (TRPC) and melastatin (TRPM) channels as the most 355 

likely candidates. To examine the potential involvement of TRPC channels, we performed 356 

recordings in slices derived from global TRPC3 null mutant mice (TRPC3 KO, Hartmann et al., 357 

2008) and from global quadruple TRPC1,4,5,6 null mutant mice (QKO, Tian & Zhu, 2018), in the 358 

presence of apamin. For both mouse lines, the incidence of PF (apamin: 92%, TRPC3 KO: 359 

70%, n = 10, χ2(1) = 3.4, p = 0.65, QKO: 70%, n = 10, χ2 (1) = 3.4, p = 0.65, Fig. 6B) and 360 

plateau potential duration (apamin: 1108.5±126.6 ms, TRPC3 KO: 841.1±136 ms, t(47) = 0.9, p 361 

= 0.39, QKO: 752.6±133.4 ms, t(47) = 1.1, p = 0.27, Fig. 6C) were comparable to our 362 

observations in WT animals, suggesting that at least 5 of the 7 TRPCs known to be expressed 363 

in the brain are not involved in mediating PF. 364 
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Next, we investigated a possible role of TRPM channels in mediating PF. TRPM2 has 365 

been shown to facilitate burst firing (Lee et al., 2013), while both TRPM4 and TRPM5 have been 366 

implicated in the generation of plateau potentials in cortex (Lei et al., 2014) and of slow inward 367 

currents in cerebellar Purkinje cells (Kim et al., 2013). We found that in the presence of the TRP 368 

channel inhibitor FFA (100 μM), PF was completely eliminated (apamin: 92%, apamin+FFA: 369 

0%, n = 17, χ2(1) = 46.6, p = 10-20, Fig. 6A-C). Next, we examined the effects of the broad-370 

spectrum inhibitor 2-APB which among TRP channels blocks TRPC7 and TRPM2, but does not 371 

inhibit TRPM4 or TRPM5. 2-APB had no effect on PF (apamin: 92%, apamin+ 2-APB: 90%, n = 372 

10, χ2(1) = 0.4, p = 0.54, Fig. 6B), with plateau potential duration comparable to control 373 

conditions (apamin: 1108.5±126.6 ms, apamin+2-APB: 758±132.4 ms, t(49) = 1.3, p = 0.22, Fig. 374 

6C), ruling out a role of TRPM2 or TRPC7 and suggesting that either TRPM4 or TRPM5 might 375 

mediate PF. Both channels are voltage-dependent, monovalent-selective, and require increases 376 

in intracellular Ca2+ for their activation (Launay et al., 2002; Nilius et al., 2003). We found that in 377 

the presence of the TRPM4/5 antagonists 9-Phenthranol (9-Phen, 100 μM) and glibenclamide 378 

(Glib, 100 μM) PF was completely eliminated (apamin: 92%, apamin+9-Phen: 15%, n = 15, 379 

χ2(1) =  34.2, p = 10-14, Glib: 0%, n = 21, χ2(1) = 51.4, p = 10-26, Fig. 6B). Next, we performed 380 

experiments using the recently developed selective TRPM4 antagonist CBA (Ozhatil et al., 381 

2018). In the presence of CBA (50 μM), PF was completely eliminated (apamin: 92%, apamin + 382 

CBA: 0%, n = 15, χ2(1) = 44, p = 10-17, Fig. 6A,B). Taken together, our results indicate that 383 

TRPM4 conductances mediate the plateau potential underlying PF. 384 

Since increases in intracellular Ca2+ are required for TRPM4 activation, exogenous 385 

buffers such as BAPTA should eliminate PF. However, due to the rundown of PF, experiments 386 

relying on the infusion of Ca2+ chelators were not feasible. We therefore probed a possible Ca2+ 387 

requirement of PF by replacing extracellular Ca2+ with equimolar Ba2+. Ba2+ passes through T-388 

type Ca2+ channels and generates large inward currents (Huguenard & Prince, 1992), but unlike 389 

Ca2+ does not lead to TRPM4 activation (Nilius et al., 2004; Yamaguchi et al., 2014). Under 390 
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these conditions, brief depolarizing steps still led to prominent burst firing, indicating that T-type 391 

Ca2+ channel dependent dendritic depolarizations were not affected (Fig. 6A). However, none of 392 

the cells displayed PF (apamin: 92%, apamin+Ba2+: 0%, n = 15, χ2(1) = 44, p = 10-17, Fig. 6B,C). 393 

These data further confirm that T-type Ca2+ channels alone are not sufficient to generate 394 

plateau potentials. Instead, our data suggest that T-type Ca2+ channel activation and the 395 

resulting Ca2+ increases lead to the activation of TRPM4 conductances and the generation of 396 

PF. 397 

 398 

Synaptic recruitment of muscarinic acetylcholine receptors suppresses PF 399 

Finally, we examined the modulation of PF by synaptic activity. TRN neurons are the target of 400 

cholinergic afferents from the basal forebrain and brainstem (Hallanger and Wainer, 1988). Our 401 

previous studies have shown that acetylcholine (ACh) release leads to a biphasic postsynaptic 402 

response, with fast excitation mediated by nicotinic ACh receptors (nAChRs) and slow and long-403 

lasting inhibition mediated by M2 muscarinic receptors (mAChRs) coupled G protein-gated 404 

inward rectifying K+ (GIRK) channels (Sun et al., 2013). To examine if cholinergic inputs can 405 

trigger PF in the TRN, we performed experiments using BAC-ChAT-ChR2 mice that selectively 406 

express ChR2 in cholinergic neurons (Zhao et al., 2011) and optogenetically evoked ACh 407 

release with light pulses (1 ms) centered over the recorded neuron. To avoid decay of PF, TRN 408 

neurons were recorded in loose-patch mode. Under these conditions, 2/5 of neurons displayed 409 

PF (Fig. 7A,C). We reasoned that the activation of mAChRs and the resulting GIRK activation 410 

might limit a full manifestation of PF. Indeed, following atropine application to block mAChRs, 411 

the duration of action potential firing was significantly prolonged in all neurons recorded (control: 412 

213.5±94 ms, atropine: 416.3±84.1 ms, t(4) = 7.1, p = 0.002, Fig. 7A-C), and the incidence of 413 

PF increased from 40% to 80%. These data show that the activation of K+ channels by 414 

synaptically released neuromodulators such as ACh can dynamically modulate the expression 415 

of PF. 416 
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Discussion 417 

Here we have identified TRPM4 as the mechanism underlying PF in adult neurons of the TRN. 418 

Our data indicate that the large depolarizations and intracellular Ca2+ increases required for 419 

TRPM4 activation are mediated by T-type Ca2+ channels. PF was associated with robust slow 420 

oscillatory activity in thalamic circuits which required fast synaptic transmission but did not rely 421 

on mGluR receptor signaling. Previous studies have shown that both TRN and thalamic relay 422 

neurons can act as cellular pacemakers for slow thalamic oscillations. Our present findings 423 

highlight intrathalamic circuits as an alternative mechanism capable of generating slow rhythmic 424 

activity.  425 

 426 

Mechanisms of PF in the TRN 427 

Our results extend recent work that has implicated TRPM4 in controlling neuronal excitability in 428 

cortex (Lei et al., 2014; Riquelme et al., 2018), hippocampus (Menigoz et al., 2016), substantia 429 

nigra (Mrejeru et al., 2011), and brainstem (Picardo et al., 2019). A unique property of TRPM4 430 

activation within physiological ranges is the requirement for both depolarization and large 431 

increases in intracellular Ca2+ concentration (Launay et al., 2002; Nilius et al., 2003; Nilius et al., 432 

2004). Since dendritic Ca2+ signals can experience decay under whole-cell conditions, this might 433 

partly explain why we consistently observed rundown of PF in the present study. Alternatively, 434 

recordings in whole-cell mode might have led to the dialysis of critical signaling molecules. 435 

TRPM4 conductances rapidly desensitize in excised patches (Zhang et al., 2005) and in whole-436 

cell mode, but modulators such as PIP2 can restore TRPM4 activity. Additional investigations 437 

into the mechanisms of TRPM4 regulation under physiological conditions will be important. 438 

What are the Ca2+ sources of TRPM4 activation? We found that pharmacological block 439 

of T-type Ca2+ channel using the specific antagonist TTA-P2 completely eliminated PF. In 440 

addition, replacing Ca2+ with Ba2+ abolished PF. These findings suggest that the Ca2+ increases 441 

required for TRPM4 activation are mediated by influx through T-type Ca2+ channels although we 442 
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cannot rule out a contribution of R-type Ca2+ channels (Zaman et al., 2011) or release from 443 

internal stores (Neyer et al., 2016). CaV3.3 channels mediating IT are primarily expressed in the 444 

distal dendrites of TRN neurons and their activation during burst firing results in large dendritic 445 

but more modest somatic Ca2+ signals (Crandall et al., 2010; Astori et al., 2011). This would 446 

suggest a dendritic location of TRPM4. In this scenario, membrane depolarizations necessary 447 

for TRPM4 activation would likely be mediated by synaptically-generated T-type dependent Ca2+ 448 

spikes, which in contrast to fast Na+ action potentials, propagate effectively into TRN dendrites 449 

(Crandall et al., 2010; Connelly et al., 2015). 450 

We found that in the presence of apamin, PF could be observed in most recordings, 451 

suggesting that TRPM4 conductances are expressed in the large majority of TRN neurons. 452 

Thus, SK channels control both the initiation and duration of PF, likely due to the close 453 

functional association with T-type Ca2+ channels (Cueni et al., 2008). Similarly, we found that 454 

the synaptic activation of M2 muscarinic receptors curtailed the duration of PF. It is therefore 455 

likely that under physiological conditions, TRPM4 activation and the generation of PF in a given 456 

neuron does not occur in all-or-none manner, but instead is constantly regulated by multiple 457 

synaptic and intrinsic processes. For example, an increased likelihood and duration of PF might 458 

be promoted by mechanisms that increase T-type mediated Ca2+ increases or directly facilitate 459 

TRPM4 activation, and curtailed by modulatory synaptic systems that reduce TRN excitability 460 

via opening of specific K conductances. 461 

We want to emphasize that our findings do not provide clear evidence for a well-defined 462 

cell type that displays PF. Previous studies using molecular markers (Clemente-Perez et al., 463 

2017) or firing patterns (Lee et al., 2007) described TRN neuronal subtypes that differ in the 464 

magnitude of T-type Ca2+ -mediated currents, likely a critical factor in determining the incidence 465 

of PF in a given neuron. However, as outlined above, we predict that a range of mechanisms 466 

including the spatial arrangement and density of synaptic and intrinsic conductances, and 467 

intracellular Ca2+ signaling pathways interact to control PF. 468 
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 469 

Comparison to previous studies 470 

Plateau potentials and PF have been observed throughout the brain including the thalamus, 471 

though in most cases there is little consensus on the underlying mechanisms (Zylberberg and 472 

Strowbridge, 2017). In vitro studies have reported plateau potentials in a fraction of neurons of 473 

the perigeniculate sector of the ferret TRN, with very similar properties as described here (Kim 474 

and Mccormick, 1998). In contrast to our findings, plateau potentials were found to be TTX-475 

sensitive, suggesting that INaP was the underlying mechanism. Similar conclusions were reached 476 

in an in vivo study of TRN in anesthetized cats, which demonstrated block of plateau potentials 477 

using intracellular dialysis with QX-314 (Fuentealba et al., 2005). Here we find that in apamin a 478 

significant number of TRN neurons shows plateau potentials even in the presence of TTX. It is 479 

possible that under physiological conditions transient or persistent forms of voltage-gated INa 480 

indirectly aid PF by increasing activation of TRPM4 and T-type Ca2+ channels. 481 

For both TRN and thalamic relay neurons, group I mGluR activation can trigger rhythmic 482 

forms of PF, mediated by the closure of a K+ leak conductance, allowing the generation of a 483 

long-lasting inward current mediated by the non-inactivating portion of T-type Ca2+ channel 484 

conductance (Hughes et al., 2002; Blethyn et al., 2006). Our present findings differ from these 485 

results in four important aspects: First, PF did not require mGluR activation and the resulting 486 

closure of K+ leak conductances. Second, in the absence of mGluR activation, PF did not occur 487 

in a cell-intrinsic manner but required fast synaptic inputs. Under our experimental conditions, 488 

both cholinergic inputs and bursts of glutamatergic thalamic inputs triggered PF, likely by 489 

generating global Ca2+ spikes (Connelly et al., 2015). Third, while T-type Ca2+ channels were 490 

important for the initiation of PF, our results are inconsistent with a critical role of IT in generating 491 

long-lasting currents that lead to plateau potentials. We found that plateau potentials reached 492 

levels of ~-45 mV, for which T-type Ca2+ conductances approach full inactivation at steady-493 

state. Furthermore, the lack of PF in the presence of Ba2+, which should allow for the generation 494 
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of a IT-mediated window current  (Huguenard and Prince, 1992) suggests that T-type Ca2+ 495 

currents alone are unlikely to mediate PF. Fourth, using the potent and selective antagonist 496 

CBA (Ozhatil et al., 2018), we showed that ICAN was essential for the generation of plateau 497 

potentials and was mediated by TRPM4. However, virtually all TRP antagonists employed in 498 

previous studies have a number of non-specific effects, so the validation of CBA as a selective 499 

TRPM4 antagonist under our experimental conditions will require independent confirmation. 500 

 501 

Mechanisms of slow thalamic oscillations 502 

Accumulating evidence indicates that both cortex and thalamus can generate oscillations in 503 

isolation, suggesting that rhythmic activity in the intact thalamocortical system results from the 504 

complex interplay of multiple distinct oscillators (Crunelli and Hughes, 2010). While there has 505 

been extensive research on the cortical mechanisms mediating slow rhythms, the nature of 506 

thalamic pacemakers are less well understood. Previous work has shown that both TRN and 507 

relay neurons are capable of generating cell-intrinsic rhythms in the 1 Hz range, but only under 508 

conditions of postsynaptic mGluR activation (Hughes et al., 2002; Blethyn et al., 2006). Under 509 

physiological conditions, this would require sustained corticothalamic activity, indicating that 510 

both thalamic cell types act as conditional oscillators. Our findings derived from adult thalamic 511 

slices highlight an alternative mechanism and suggest that networks of TRN and VB cells can 512 

generate robust and long-lasting slow oscillatory activity, mediated by powerful bidirectional 513 

synaptic connectivity (Gentet and Ulrich, 2003; Pinault, 2004; Pita-Almenar et al., 2014). We 514 

observed an inverse relationship between TRN firing duration and oscillatory frequency. It is 515 

therefore tempting to suggest that changes in TRN activity as seen during PF acts to reduce the 516 

frequency of thalamic oscillations, via recruitment of GABABRs (Kim et al., 1997) or 517 

extrasynaptic high-affinity GABAARs (Herd et al., 2013), thereby changing the latency to 518 

rebound burst generation (Schofield et al., 2009).  519 
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Our network data suggest that robust thalamic rhythmicity can occur in the absence of 520 

precise synchrony, highlighting that both processes can occur independently. While thalamic 521 

oscillatory activity is commonly referred to as synchronous (Fogerson and Huguenard, 2016), 522 

there have been few studies that have directly examined the degree of precise thalamic 523 

synchronization during distinct behavioral states. Our current data showing a lack of precise 524 

synchrony in local thalamic circuits confirm previous findings (Pita-Almenar et al., 2014) and 525 

indicate that the variability in TRN firing might act as an additional factor in preventing 526 

synchrony in isolated thalamic networks. As has been suggested (Contreras and Steriade, 527 

1996), this would argue that synchronization of thalamic networks is primarily regulated by 528 

afferent inputs, particularly from cortex.  529 
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Figure legends: 720 

Figure 1. Rhythmic activity in thalamic networks. A. Loose-patch recording of TRN neuron 721 

showing rhythmic burst firing. B. Top, TRN neuron showing rhythmic persistent firing (PF). 722 

Bottom, Close-up highlighting an individual barrage of PF. C. TRN neuron showing rhythmic 723 

activity consisting of both burst firing and PF. D. Summary data (n = 29) plotting the average 724 

duration of TRN firing as a function of oscillation frequency, for neurons with either burst firing or 725 

PF. Data points in red denote cells shown in A and B. Dashed line marks criterion separating 726 

between rhythmic bursting and PF. E. Voltage-clamp recording of VB neuron held at 0 mV 727 

displaying rhythmic bursts of IPSCs. F. Top, Recording of VB neuron displaying rhythmic 728 

barrages of IPSCs. Bottom, close-up shows an individual barrage of IPSCs. G. Top, Current 729 

clamp recording of TRN neuron, showing PF during network activity. Bottom, Close up shows 730 

that bursts of EPSCs (marked by red arrows) trigger PF. H. Representative recording of 731 

rhythmic barrages of IPSCs in VB neuron, under control conditions and following bath 732 

application of NBQX (10 μM). Similar data were obtained from 4 other VB neurons. 733 

Figure 2. Local TRN neurons display rhythmicity in the absence of precise synchrony. VB 734 

recordings were performed in voltage clamp, at a holding potential of 0 mV. A. Divergent TRN 735 

output to VB neurons. Left, Dual recordings of neighboring VB cells showing a single barrage of 736 

IPSCs. Middle, Close-up of IPSCs (normalized to the initial IPSC amplitude) highlighting precise 737 

IPSC synchrony across both cells. Right, Schematic outlines proposed divergent TRN 738 

projections giving rise to VB responses. B. TRN neurons with PF and burst firing form 739 

convergent input onto VB neuron. Left, Voltage-clamp recording of VB neuron with IPSC bursts 740 

(red tick marks) and prolonged IPSC barrages (cyan tick marks) with distinct initial amplitudes. 741 

Middle, For the same recording, overlay of representative IPSC events and summary data 742 

(n=40 for each event) quantifying the initial amplitude of IPSC events. Right, Schematic of 743 

proposed circuit. C. Two TRN neurons with PF form convergent input onto VB neuron. Left, 744 
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Recording of VB neuron showing IPSC barrages with two distinct initial amplitudes (green and 745 

purple tick marks, respectively). Middle, For the same recording, overlay of representative IPSC 746 

events and summary data (n=40 for each event) quantifying the initial amplitude of IPSC events. 747 

Right, Schematic of proposed circuit. 748 

Figure 3. PF occurs late in development and regulated by SK conductances. A. Brief 749 

depolarizing current steps (25 ms, 400 pA, RMP = -75 mV) lead to two distinct firing patterns, 750 

Persistent Firing (PF, top) or Burst Firing (Bu, bottom). B. Summary data (n = 111) showing 751 

bimodal distribution of current-step evoked membrane depolarizations. Grey line indicates 752 

criterion separating PF and Bu. C. Raster plot of AP activity in representative TRN neuron 753 

showing rundown of PF. D. Representative recordings of TRN neurons with PF at three 754 

developmental stages, in control conditions (black) and in the presence of apamin (500 nM, 755 

red). D. Representative recordings of TRN neurons with PF at three developmental stages, in 756 

control (black) and in the presence of apamin (500 nM, red). E. Representative recordings of VB 757 

cells, in control (black) and in the presence of apamin (red) show lack of PF in both conditions. 758 

F. Summary data showing incidence of PF in TRN across development (P13-18: n = 24 in 759 

control, n = 25 in apamin, P28-38: n = 23 in control, n = 22 in apamin, P90-120: n = 111 in 760 

control, n = 50 in apamin) and in VB (n = 15 in control, n = 16 in apamin). G. For the same cells 761 

as in F, summary data quantifying membrane potential duration for all TRN cells across 762 

development, in control conditions and in apamin. 763 

Figure 4. T-type Ca2+ channels but not mGluRs are required for PF. A. Representative 764 

recordings of PF from two different TRN neurons, in control conditions and in the presence of 765 

the mGluR1 antagonist JNJ 16259685 (1 μM) and the mGluR5 antagonist MTEP (10 μM). B. 766 

Summary data quantifying duration of evoked membrane depolarization in control (n = 111) and 767 

in the presence of mGluR 1/5 antagonists (n = 23). C. Representative recording of neuron with 768 

PF, initially held at a holding potential of -60 mV and then at -75 mV. D. Summary data 769 
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quantifying evoked depolarization duration as a function of holding potential (n = 15 TRN 770 

neurons). E. Representative recordings in the presence of apamin and in the presence of 771 

apamin and the T-type Ca2+ channel antagonist TTA-P2 (1 μM). F. Summary data quantifying 772 

evoked depolarization duration (n = 50 in apamin, n = 17 in apamin + TTA-P2).  773 

Figure 5. A TTX-insensitive sodium current generates plateau potential. All recordings 774 

were performed in the presence of apamin. A. Representative TRN recordings in the presence 775 

of the L-type Ca2+ channel antagonist nimodipine (20 μM, top), in TTX (500 nM, middle), and in 776 

the presence of TTX and NMDG replacing extracellular Na+ (bottom). B. Summary data 777 

showing incidence of PF in the presence of nimodipine (Nim, n = 10), the P/Q- and N-type Ca2+ 778 

channel antagonist ω-conotoxin MVIIC (ω-Ctx, 1 μM, n = 10), TTX (n = 16), and TTX and 779 

NMDG (n = 28). Dashed line indicates incidence of PF in apamin. C. Summary data from the 780 

same cells as in B quantifying evoked depolarization duration in each condition. Grey solid line 781 

represents criterion for PF. * denotes statistical significance of p < 0.05 compared to recordings 782 

in apamin group, # denotes statistical significance of p < 0.05 compared to recordings in TTX. 783 

Figure 6. TRPM4 conductances mediate PF. All recordings were performed in the presence 784 

of apamin. A. Representative recordings in control and in the presence of the non-selective 785 

transient potential receptor (TRP) channel antagonist FFA (100 μM, top), the TRPM4 antagonist 786 

CBA (50 μM, middle), and in 2 mM BaCl2 replacing extracellular CaCl2 (bottom). B. Summary 787 

data showing incidence of PF in TRPC3 KO (KO, n = 10 cells) in TRPC1,4,5,6 quadruple KO 788 

(QKO, n = 10 cells), FFA (n = 17), the non-selective TRP channel antagonist 2-APB (50 μM, n = 789 

10), the TRPM4/5 antagonists 9-phenthranol (9-Phen, 100 μM, n = 15) and glibenclamide (Glib, 790 

100 μM, n = 21), CBA (n = 15), and Ba2+, (n = 15). Grey dashed line represents incidence of PF 791 

in apamin. C. For the same cells as in B, summary data quantifying the evoked depolarization 792 

duration. * denotes statistical significance of p < 0.05 compared to recordings in apamin. 793 
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Figure 7. Synaptic recruitment of muscarinic AChRs suppresses PF. Recordings were 794 

carried out in slices of ChAT-ChR2-EYFP BAC mice. A. Loose-patch recording of a TRN neuron 795 

showing brief barrage of ACh-evoked activity (black), which is prolonged following application of 796 

the mAChR antagonist atropine (10 μM, blue). B. Raster plot of ACh-evoked neuronal activity 797 

prior to and following atropine application, for the cell shown in A. C. Summary data quantifying 798 

the average duration of ACh-evoked action potential activity before and after atropine 799 

application (n = 5). * p < 0.05 800 
















