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ABSTRACT 47 

Circadian regulation of autonomic reflex pathways pairs physiological function with the 48 

daily light cycle. The brainstem nucleus of the solitary tract (NTS) is a key candidate for 49 

rhythmic control of the autonomic nervous system. Here we investigated circadian 50 

regulation of NTS neurotransmission and synaptic throughput using patch-clamp 51 

electrophysiology in brainstem slices from mice. We found that spontaneous quantal 52 

glutamate release on to NTS neurons showed strong circadian rhythmicity, with the 53 

highest rate of release during the light phase and the lowest in the dark, that were 54 

sufficient to drive day / night differences in constitutive postsynaptic action potential firing. 55 

In contrast, afferent-evoked action potential throughput was enhanced during the dark 56 

and diminished in the light. Afferent-driven synchronous release pathways showed a 57 

similar decrease in release probability that did not explain the enhanced synaptic 58 

throughput during the night. However, analysis of postsynaptic membrane properties 59 

revealed diurnal changes in conductance; which, when coupled with the circadian 60 

changes in glutamate release pathways, tuned synaptic throughput between the light and 61 

dark phases. These coordinated pre- / postsynaptic changes encode nuanced control 62 

over synaptic performance and pair NTS action potential firing and vagal throughput with 63 

time of day. 64 

  65 
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INTRODUCTION 70 

Nearly all physiological processes and behaviors are synchronized to the environmental 71 

light cycle (Challet, 2019). The suprachiasmatic nucleus (SCN) of the hypothalamus is 72 

the master circadian clock in mammals as it receives direct sensory input from the retina, 73 

integrating daily changes in ambient light with anticipatory behavioral and physiological 74 

changes of the organism (Hastings et al., 2018). SCN rhythmicity is coupled through a 75 

cell-autonomous transcription-translation feedback loop (TTFL) consisting of the rhythmic 76 

activity of BMAL and CLOCK transcription factors on E-box promotor regions (Takahashi, 77 

2017). The output of this molecular clock controls circadian rhythmicity in many aspects 78 

of physiology; including calcium signaling, membrane potential, synaptic transmission, 79 

and endocrine signaling (Harvey et al., 2020). SCN generation of these signals is 80 

essential for the circadian control of physiological responses, autonomic reflexes, and 81 

associated behaviors. Autonomic tone and feeding behavior are strongly under circadian 82 

control, and disruption or desynchronization of these physiological rhythms contributing 83 

to many disease states including the progressive development of cardiovascular and 84 

metabolic dysregulation, as well as the development of obesity (Karatsoreos et al., 2011). 85 

While many studies have focused on understanding rhythm generation in the SCN, much 86 

less is known about extra-SCN clock mechanisms. The nucleus of the solitary tract (NTS) 87 

in the brainstem is a key candidate for the extra-SCN rhythmic control of autonomic 88 

regulation, food intake, processes of satiety, and metabolic regulation (Ritter et al., 2017). 89 

The NTS monitors changes in physiological states and coordinates autonomic 90 

regulation of bodily homeostasis (Andresen et al., 1994). Information regarding visceral 91 

organ status is relayed to the brain via primary vagal afferent neurons which form strong 92 
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excitatory contacts onto second-order NTS neurons. In addition to neural input, NTS 93 

neurons are also responsive to changes in metabolic status and circulating hormones 94 

(Appleyard et al., 2005; Baptista et al., 2005; Cui et al., 2012).  Outputs of the NTS control 95 

many autonomic reflex pathways as well as feeding, satiety and resulting gastrointestinal 96 

physiological responses, all of which possess robust circadian oscillations (Buijs et al., 97 

2006; Konturek et al., 2011; Panda, 2016). Previous studies have demonstrated 98 

rhythmicity of clock gene expression in the NTS and the cell bodies of vagal afferent 99 

neurons (Herichova et al., 2007; Kaneko et al., 2009; Chrobok et al., 2020), suggesting 100 

local TTFL clock signaling. However, the cellular mechanisms through which circadian 101 

rhythms orchestrate information processing in the NTS remain unclear. We posit 102 

circadian nuanced control of synaptic transmission and action potential throughput 103 

mediate these daily changes. 104 

Vagal afferent neurons release glutamate via both action potential driven 105 

(synchronous and asynchronous) and action potential independent (spontaneous) vesicle 106 

release pathways (Wu et al., 2014; Kaeser et al., 2014). While synchronous and 107 

asynchronous vesicle release convey real-time action-potential driven signals arising 108 

from the viscera, ongoing spontaneous glutamate release sets the synaptic tone and 109 

sensitivity to these incoming signals (Shoudai et al., 2010; Kavalali, 2015). It has been 110 

well characterized that hormonal and other receptor mediated signals commonly couple 111 

to the vesicle release machinery to exert their effects on neural circuits (Appleyard et al., 112 

2005; Bailey et al., 2006; Peters et al., 2008). In this set of studies, we systematically 113 

investigate the ability of time of day and circadian regulatory processes to alter pre- and 114 
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postsynaptic processes to shape constitutive and afferent driven action potential 115 

throughput in the NTS.  116 

 117 

118 
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RESULTS 119 

The NTS and nodose ganglia have strongly rhythmic TTFL Clock gene expression 120 

(Figure 1). Tissue was collected from the NTS and both nodose ganglia at six time points 121 

across the day (N = 4 - 5 mice / time point, 25 mice total) from animals under 12:12 LD 122 

conditions; and samples were processed using RT-qPCR for quantification of TTFL Clock 123 

gene expression levels (Figure 1A). Expression for Per1, Per2, and NR1D1 (Rev-erb) 124 

showed significant diurnal change in both the NTS and nodose ganglia (Figure 1B-D). 125 

Whereas Clock expression did not significantly change throughout the day (Figure 1E), 126 

and Bmal1 (Arntl1) was only found to be rhythmic in the nodose tissue (Figure 1F).  127 

 128 

Rhythmicity of spontaneous glutamate release onto NTS neurons is under 129 

circadian control (Figure 2). To investigate the circadian regulation of NTS synaptic 130 

transmission we first assayed spontaneous glutamate release parameters across the 131 

time-of-day using whole-cell voltage-clamp recordings made from NTS neurons in acute 132 

ex vivo horizontal brainstem slices (Figure 2A). We observed marked differences in the 133 

frequency of glutamate mediated spontaneous excitatory postsynaptic currents (sEPSCs) 134 

between recordings taken during the light-phase (day) compared to the dark-phase 135 

(night) (Figure 2B). The average frequency of sEPSCs demonstrated diurnal rhythmicity 136 

that peaked during late day (ZT6-12) and was at a minimum during late dark phase (ZT18-137 

24; N = 168 neurons / 14 mice across all times points; Figure 2C, left panel). Comparison 138 

of sEPSCs frequencies in 12 hr bins showed significantly higher rates of release during 139 

the day (7.8 ± 0.9 Hz, N = 72 neurons) compared to the night (3.7 ± 0.3 Hz, N = 92 140 

neurons) (Figure 2C, right panel). To determine whether this rhythm was under circadian 141 
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control we replicated this experiment from mice placed in constant dark (DD) conditions 142 

for 24-42 hours (one full circadian cycle) prior to time of recording. Consistent with clock 143 

control, sEPSC frequency remained higher during the relative day (CT 0-12: 5.5 ± 0.5 Hz, 144 

N = 61 neurons) compared to relative night (CT 12-24: 4.0 ± 0.4 Hz, N = 55 neurons) with 145 

a similar periodicity (Total N = 116 neurons / 15 mice across all times points) (Figure 2D). 146 

Waveform analysis revealed sEPSC amplitudes were not statistically different across time 147 

of day in either the LD (Day: 29.7 ± 1.4 pA, Night: 30.2 ± 1.4 pA) or DD conditions (Day: 148 

27.4 ± 1.5 pA; Night: 32.0 ± 2.1 pA) (Figure 2E-F).  149 

To determine whether circadian rhythmicity of sEPSC frequency is secondary to 150 

changes in neuronal action potential firing, we replicated our observations in the presence 151 

of the voltage activated sodium channel inhibitor tetrodotoxin (TTX, 1M) (Figure 3). 152 

Inhibition of action potential firing produced a modest, but statistically significant, 153 

decrease in the frequency of spontaneous glutamate release during both the daytime (ZT 154 

4-9) and nighttime (ZT 16-21) recordings (Total N = 29 neurons / 6 mice) (Figure 3A-B). 155 

However, TTX exposure did not eliminate the day / night difference in sEPSC frequency 156 

(Figure 3B). The amplitude of sEPSCs was not changed by TTX, consistent with the 157 

quantal nature of spontaneous events in the NTS (Figure 3C).  158 

 159 

Diurnal variations in NTS action potential firing are driven by glutamate signaling. 160 

To determine if the changes in glutamate release were sufficient to drive postsynaptic 161 

action potential firing, we next performed cell-attached extracellular and whole-cell 162 

recordings in ex vivo brainstem slices taken between ZT 4-5 for daytime recordings and 163 

ZT 16-17 for nighttime recordings (Figure 4). We found the NTS had a greater percentage 164 
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of neurons spontaneously firing action-potentials at higher frequencies during the day 165 

compared to the night (Figure 4A). Bath application of ionotropic glutamate receptor 166 

antagonists NBQX (25 M) and D-AP5 (25 M) eliminated the day / night difference in 167 

action potential frequency (Figure 4A-B). Further, glutamate receptor antagonism also 168 

decreased the proportion of spontaneously firing neurons from 92% to 50% during the 169 

day (N = 93 neurons / 6 mice total, Chi-square, ***P < 0.001) and 62% to 33% during the 170 

night; eliminating the day / night difference (Figure 4C). Whole-cell recordings showed 171 

NTS neurons trended toward a more depolarized state and showed higher firing 172 

frequencies at rest during the day (Figure 4D-F). Together these findings support the role 173 

of glutamate to drive rhythmic changes in background NTS neuronal firing; with basal 174 

firing greatest during the light and diminished at night. 175 

  176 

Day / night differences in the fidelity of throughput at ST-NTS synapses. The fidelity 177 

of synaptic throughput reflects the ‘attention’ of NTS neurons to incoming viscerosensory 178 

afferent inputs. Presynaptic activation of ST-afferents produces glutamate dependent 179 

action potential firing in NTS neurons (Figure 5). The precision of synaptic signaling is 180 

the result of both presynaptic release conditions and postsynaptic membrane properties. 181 

Similar to previous reports, we found the fidelity of ST-NTS synaptic throughput was high 182 

initially, due to elevated initial release probability, but diminished across the stimulus train 183 

with a decrease in the precision of action potential initiation and increase in failures 184 

becoming more frequent (Figure 5A) (Bailey et al., 2006b). Surprisingly, we observed 185 

that synaptic throughput was significantly lower in recordings taken during the day 186 

compared to the night (Figure 5B). To explore this relationship further we repeated the 187 
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experiment at both higher and lower stimulus intensities. There was no difference in 188 

throughput at lower stimulus intensity (0.1 mA), presumably due to be at or below 189 

threshold. Nor was there a significant difference at higher intensities (1 or 3 mA), likely 190 

due to recruitment of multiple convergent afferent inputs (Figure 5C). Stimulation failed 191 

to elicit action potentials in the presence of ionotropic glutamate receptor antagonists 192 

NBQX and D-AP5 (data not shown).  193 

Immediately following ST synchronized action potentials, many of the NTS 194 

neurons showed potentiated firing (44%) with fewer showing transient inhibition (20%) 195 

(Figure 5D, left panel). Excited neurons had significantly larger post-stimulation action 196 

potential burst frequencies during the night compared to neurons recorded in the day 197 

(Figure 5D, middle panel).  While neurons that were inhibited showed no difference in 198 

response between time of day (Figure 5D, right panel). These data, together with ST 199 

synchronized throughput analysis, demonstrate an unexpected greater responsiveness 200 

off NTS neurons to afferent driven signals during the night. 201 

 202 

Rhythmic changes in solitary tract (ST) evoked synchronous glutamate release. 203 

One potential explanation for increased afferent throughput would be for evoked 204 

glutamate release to be regulated differently from spontaneous and enhanced during the 205 

night while diminished during the day. Spontaneous and evoked vesicle release pathways 206 

are known to have many points of opposing control which may explain the differences in 207 

spontaneous versus afferent signaling across day and night (Kavalali et al., 2015). We 208 

examined primary afferent synaptic transmission by stimulating the ST and recording 209 

synchronous EPSC responses onto second order neurons (Figure 6). For each neuron 210 
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we carefully isolated single afferent inputs using stimulus recruitment protocols; allowing 211 

for dissection of release parameters and synaptic performance with minimal 212 

contamination from convergent direct and indirect synaptic inputs (Peters et al., 2010; 213 

Bailey et al., 2006). Suprathreshold stimulation reliably produced monosynaptic EPSCs 214 

which showed no significant difference in EPSC latency to onset (Day: 5.0 ± 0.3 ms vs. 215 

Night: 4.8 ± 0.3 ms, T-Test, N = 22 – 23 neurons / 11 mice, P = 0.69) nor synaptic jitter 216 

(Day: 105 ± 9 s vs. Night: 115 ± 9 s, Mann-Whitney Ranked Sum Test, P = 0.35) 217 

between day and night recordings (Figure 6A). While evoked EPSC amplitudes varied 218 

greatly across neurons (Ranging Day: 72 - 350 pA and Night: 26 – 195 pA) the average 219 

initial release (EPSC1) was significantly larger during the day compared to the night 220 

(Figure 6B). Fluctuation analysis of EPSC1 found an increased covariance (CV) and 221 

decreased 1/CV2 in recordings during the night consistent with presynaptic changes in 222 

either release probability (Pr), number of release site (N), or both (Figure 6C-D). Trains 223 

of stimuli revealed an increased paired-pulse ratio (PPR) between EPSC1 and 2 during 224 

the night but no significant differences in steady-state release (Figure 6E-F). These data 225 

together suggest that across the day afferent-evoked glutamate release undergoes 226 

functional presynaptic changes in initial release parameters with no changes in sustained 227 

release mediated by vesicle trafficking.  228 

Following bursts of stimuli, the majority of afferents onto NTS neurons exhibit a 229 

distinct asynchronous release profile (Peters et al., 2010). Asynchronous release peaks 230 

immediately following the final stimulation and was calculated using the first 100 ms bin. 231 

We found asynchronous release was lower during the night but just missed statistical 232 

significance (Figure 6G). The magnitude of asynchronous release scales with size of the 233 
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synchronous EPSC and was likely diminished due to the decrease in evoked release at 234 

night, as there was no change in the slope of the asynch / EPSC1 relationship (Figure 235 

6H) (Peters et al., 2010)). Thus, because evoked release was suppressed at night, the 236 

asynchronous release profile also tended to be smaller; however, there were not obvious 237 

day / night differences specific to this release pathway. 238 

 239 

Diurnal changes in membrane conductance and intrinsic neuronal excitability. In 240 

addition to synaptic inputs, neuronal excitability can be modulated intrinsically via 241 

changes to membrane conductances (Figure 7). Using voltage-clamp, we first measured 242 

current responses to depolarizing voltage steps in neurons recorded during the day and 243 

night (Figure 7A). There was an increase in the resting membrane current (-100 to -60 244 

mV) during the day compared to night as determined using a current-voltage (I-V) plot 245 

(Figure 7B). From these data we calculated the slope conductance for each neuron and 246 

found it was significantly higher during the day (Figure 7C). Using current-clamp, we next 247 

assayed the ability of injected current to depolarize the neuron and produce action 248 

potential firing (Figure 7D). NTS neurons showed a subtle but statistically significant 249 

increase in action potential firing frequency during the night (Figure 7E). These changes 250 

in conductance and excitability suggest that intrinsic membrane properties shape 251 

neuronal output in addition to synaptic inputs. 252 

 253 

 254 

  255 
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DISCUSSION 256 

The role of circadian rhythms in regulating the timing of physiological processes and 257 

behavioral responses is established, and the neurophysiological mechanisms mediating 258 

these changes remain of considerable interest. Here, we demonstrate that glutamatergic 259 

neurotransmission onto NTS neurons is under circadian regulation with peak release 260 

during the light phase. This rhythm coupled with daily changes in NTS membrane 261 

conductance drives day/night variation in basal and afferent-evoked neuronal firing. We 262 

provide evidence for a temporally coordinated shift from high-level constitutive action 263 

potential firing during the light to enhanced vagal afferent-evoked synaptic throughput 264 

during the dark (Figure 8). These fundamental circadian shifts in synaptic release 265 

pathways and synaptic throughput help explain important differences in autonomic 266 

regulation that occurs across the day/night cycle and provides a unique mechanism by 267 

which circadian rhythms regulate neuronal circuit performance.  268 

Primary visceral afferent and NTS Clock gene expression.  269 

In this study we observed a clear rhythm of many clock genes in both the nodose ganglia 270 

and the NTS. This confirms studies that have previously identified clock rhythmicity in the 271 

hindbrain (Kaneko et al., 2009; Herichova et al., 2007; Chrobok et al., 2020) and nodose 272 

ganglia (Kentish et al., 2013) and further corroborates the role of the vagal afferent 273 

hindbrain circuit as a circadian oscillator. We demonstrate that Per1, Per2, and Nr1d1 are 274 

in phase between NTS and nodose ganglia neurons. Whereas Bmal1 was only rhythmic 275 

in the nodose ganglia and Clock was not rhythmic in either tissue. The molecular clock 276 

regulates numerous cellular signaling pathways that are involved in the control of cellular 277 

excitability. For example, in the SCN calcium rhythmicity is abated in Cry1/Cry2 DKO or 278 
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Bmal1 KO mice (Noguchi et al., 2017; Enoki et al., 2017). The increasing evidence that 279 

this circuit expresses clock rhythmicity indicates a likelihood for similar cellular rhythmicity 280 

to the SCN. Previously in the NTS only the rhythmicity in neuronal action potential firing 281 

has been explored (Chrobok et al., 2020). Our current findings on synaptic release and 282 

synaptic throughput extend and develop our understanding of the circadian coordination 283 

of neurophysiology.  284 

Circadian regulated spontaneous glutamate release drives tonic NTS activity.  285 

Here we show that spontaneous glutamate release onto NTS neurons is increased during 286 

the light and diminished during the dark, and that this difference persists in constant 287 

conditions and in the presence of TTX. Based on previous studies it is possible that this 288 

type of rhythm is synapse specific. In the SCN there is conflicting evidence as to whether 289 

synaptic release, both glutamate and GABA, is rhythmic (Itri et al., 2004; Lundkvist et al., 290 

2002; Michel et al., 2002). In another case, glutamate release showed diurnal rhythmicity 291 

onto lateral habenula (LHb) neurons but not onto hippocampal neurons (Park et al., 292 

2017). One feature that may contribute to the observed rhythm in the present work is the 293 

intrinsically high rates of spontaneous release at solitary tract terminals due to the 294 

presence of TRPV1 (Shoudai et al., 2010). TRPV1 provides a unique point of control over 295 

this synapse because of its high presynaptic expression and role in mediating quantal 296 

release (Peters et al., 2010; Shoudai et al., 2010). It has been shown that TRPV1 mRNA 297 

expression is under circadian control suggesting circadian changes in the channel could 298 

regulate synaptic release (Kimura et al., 2019; Yang et al., 2015)  299 

Another point of control is calcium, however a role for VGCCs in controlling 300 

spontaneous release is still under debate. Some studies in the NTS have determined that 301 
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spontaneous release is insensitive to VGCC block (Fawley et al., 2016) while others have 302 

found VGCCs can regulate spontaneous release (Kline et al., 2019). VGCCs have also 303 

been shown to regulate circadian rhythms of firing rates in SCN neurons providing 304 

another potential role in regulating neurophysiological rhythms (Enoki et al., 2017b; 305 

Pennartz et al., 2002).  306 

Previous studies using organotypic coronal brainstem slices demonstrated a 307 

robust circadian rhythm in spontaneous and evoked firing of NTS neurons (Chorbok et 308 

al., 2020). The current study demonstrated a rhythm of spontaneous neurotransmission, 309 

and that this is sufficient to drive rhythmicity of spontaneous action potential firing of NTS 310 

neurons. Spontaneous neurotransmission conveys a large portion of charge transfer in 311 

the NTS and selectively increasing or decreasing spontaneous neurotransmission by 312 

manipulating temperature modulates action potential firing respectively (Shoudai et al., 313 

2010). This coupling between synaptic transmission and action potential firing has been 314 

indicated many times in the SCN. Reducing excitatory postsynaptic activity in the SCN 315 

diminishes rhythmicity of SCN firing frequency indicating glutamate may play a role in 316 

driving circadian neuronal activity (Lundkvist et al., 2002b). Further, blockade of 317 

glutamate receptors reduces both the firing rate and calcium levels of SCN neurons 318 

(Michel et al., 2002). This reveals a similarity between the NTS and SCN for a role for 319 

glutamate in amplifying circadian firing rates. Another possible role for glutamate is 320 

revealed in cultured SCN neurons which only express synchronized circadian firing 321 

rhythms once they form synaptic connections (Shirakawa et al., 2000). Whether rhythmic 322 

NTS glutamate signaling is a consequence, cause, or both to brainstem circadian 323 

rhythmicity remains to be determined.   324 
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Afferent evoked release shows rhythmic changes in release probability.  325 

ST-NTS synapses exhibit a high initial release probability (Pr) which is evident by robust 326 

frequency dependent depression in response to a train of stimulation (Bailey et al., 2006). 327 

Here, we demonstrate diurnal rhythmicity in ST-evoked neurotransmission with peak 328 

release occurring during the light. During the dark, we observed a reduced initial evoked 329 

EPSC amplitude accompanied by increased EPSC variance and PPR. The coordinated 330 

change in both the variance and PPR is indicative of a presynaptic reduction in Pr. Pr can 331 

be modulated by many factors and the exact origin of this change is still uncertain. Many 332 

proteins that have been shown to regulate presynaptic vesicle fusion, release, and 333 

recycling are known to be rhythmic. For example, expression of several voltage gated 334 

calcium channels (VGCCs), such as P/Q-type, T-type, and L-type, show circadian 335 

rhythmicity in the SCN and cerebellum (Ko et al., 2007; Nahm et al., 2005). In SCN 336 

neurons, VGCCs contribute to rhythmic spike generation and intracellular calcium 337 

oscillations (Pennartz et al., 2002; Colwell et al., 2000). Other presynaptic proteins, 338 

including those that mediate vesicle recycling (Synapsin-I and II), and vesicle fusion 339 

(SNAP25, and Munc18), are also rhythmic (Deery et al., 2009; Panda et al., 2002). 340 

Alternatively, Pr can be impacted by numerous neuromodulators including corticosterone 341 

(Ragozzino et al; 2020), oxytocin (Peters et al., 2008), and vasopressin (Bailey et al., 342 

2006), all of which are under clock control (Kalsbeek et al., 1992; Gillette et al., 1987; 343 

Zhang et al., 2011). However, it is unlikely these factors are present at physiological 344 

concentrations during ex vivo recordings, thus we predict there is likely an in vivo role of 345 

neuromodulators to amplify or diminish this rhythm. Regardless of the specific 346 
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mechanism involved, circadian regulation of presynaptic Pr provides a strong leverage 347 

point for controlling circuit activity and constitutive firing. 348 

Intrinsic membrane properties gate neuronal excitability.  349 

One of the more striking observations we made is that peak spontaneous and afferent-350 

evoked action potential firing occur out of phase with each other. This provides an 351 

interesting contrast to presynaptic release as it reveals a shift in the preferential mode of 352 

signaling between day and night. The neurophysiological control for this difference 353 

appears to be changes in the postsynaptic Na+ leak conductance given our observations 354 

of time-of-day changes in the resting membrane conductance of the recorded NTS 355 

neurons. Specifically, the membrane conductance is lower during the night producing a 356 

‘tighter’ membrane more responsive to current injections as a function of Ohm’s law. We 357 

observed this with the afferent-driven synaptic throughput experiments as well as with 358 

directly injecting current and determining the resulting action potential firing frequencies. 359 

Previous work has demonstrated that changes in this conductance are is well known to 360 

control basal neuronal firing and underly rhythmicity across varying time scales (Impheng 361 

et al., 2021; Lu et al., 2007; Simasko et al., 1994). Further, background membrane 362 

conductances are proposed to couple and produce an oscillating “bicycle” model where 363 

the opposite regulation / expression of resting K+ and Na+ conductances drive rhythmic 364 

firing and neural excitability in circadian pacemaker neurons (Flourakis et al., 2015). The 365 

extent to which this occurs in NTS neurons is not clear, although we did not measure any 366 

obvious changes in K+ conductances. As a consequence of these coordinated 367 

presynaptic changes in release probability and postsynaptic changes in membrane 368 

conductance, the NTS neurons exhibit this paradoxical increase in intrinsic excitability 369 
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and synaptic throughput during the dark phase; whereas during the light basal firing is 370 

elevated while afferent synaptic throughput is reduced. These coordinated pre- / 371 

postsynaptic changes encode nuanced control over synaptic performance and pair NTS 372 

action potential firing and vagal throughput with time of day. 373 

Functional consequences of rhythmic neurophysiological changes.  374 

Many components of the parasympathetic nervous system are under circadian control 375 

and previous reports have found that signals that act in the NTS to control metabolic 376 

function, including CCK and ghrelin, are rhythmic (Chrobok et al., 2020). CCK effects on 377 

food intake also show diurnal variation with peak effectiveness during the inactive phase 378 

of the animal (Kraly, 1981). We propose one possible role for rhythmic changes in 379 

spontaneous glutamate release and afferent synaptic throughput at this synapse is to 380 

provide necessary anticipatory information of rhythmic changes in physiological state 381 

including cardiac, respiratory, and digestive rhythms. Increased vagal activity, or 382 

parasympathetic tone, is associated with reduced heart rate and respiratory rate, and 383 

increased digestive function all of which occur during the inactive phase of the animal 384 

(Purnell et al., 2020; Vachon et al., 1987; Hu et al., 2008). This coincides with the 385 

observed higher rates of synaptic transmission and basal NTS firing during the light. 386 

Furthermore, it is possible that the switch from passive to active signaling enables efficient 387 

transmission of viscerosensory signals during the active phase of the animal. Additionally, 388 

the NTS projects to the SCN indicating that viscerosensory and interoceptive signals can 389 

potentially modulate the clock and that the SCN is likely part of a neural feedback loop 390 

which may be involved in regulating autonomic activity (Buijs et al, 2003; Buijs et al., 391 

2014).  392 

393 
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MATERIALS AND METHODS 394 

Animals: 395 

Adult male C57BL/6N mice (20 - 30 g) were obtained from either Envigo or Jackson 396 

laboratories. Mice were maintained under standard 12:12 hour light – dark (LD) cycle in 397 

a temperature-controlled (23 ± 1 °C) room with ad libitum access to water and standard 398 

pellet chow. For experiments involving constant darkness (12:12 hour dark – dark (DD), 399 

animals were house in identical conditions except for constant darkness for 24-42 hours 400 

prior to experimentation. All experiments were performed in accordance with procedures 401 

approved by the Institutional Animal Use and Care Committee (IACUC) at Washington 402 

State University. 403 

 404 

Molecular biology: 405 

Tissue preparation: Mice were deeply anesthetized and euthanized at six time points 406 

across the circadian cycle: ZT0, ZT4, ZT8, ZT12, ZT 16, and ZT 20 (N = 4 mice / time-407 

point, 24 mice total). Brainstems and nodose ganglia were isolated and flash frozen on 408 

dry ice and stored at -80°C. Brainstems, separated rostral to the cerebellum, were 409 

mounted on a Leica cryostat and cut on the coronal plane producing 3 x 300 m thick 410 

slices that were direct mounted onto frozen glass slides. From these slices we collected 411 

NTS enriched tissue using a 0.5 mm diameter tissue punch. All collected tissues were 412 

stored in RNAlater (ThermoFisher). 413 

RT-qPCR: The tissue was processed for RNA extraction using Qiazol extraction and 414 

RNeasy Micro Kit (QIAGEN). Concentrations of mRNA were determined using 415 

spectrophotometry with samples diluted to the same final concentration. Immediately 416 
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following extraction, mRNA was treated with Ambion DNase treatment and removal (Life 417 

Technologies) and cDNA synthesis was performed with QuantiTect® cDNA reverse 418 

transcription kit (QIAGEN). Reverse-transcription qPCR assays were performed using 419 

TaqMan chemistry commercially available validated assays from Life Technologies. 420 

Transcripts were amplified on a 7500 Fast Real-Time PCR System by Applied 421 

Biosystems (Life Technologies) using TaqMan probes for Rn18s (control gene; 422 

Mm03928990_g1), Per1 (Mm00501813_m1), Per2 (Mm00478099_m1), Bmal1 (Arntl1) 423 

(Mm00500226_m1), Nr1d1 (Rev-erb) (Mm00520708_m1), Clock (Mm00455950_m1), 424 

Cckar (Mm00438060_m1), Cckbr (Mm00432329_m1). Samples were run in triplicate with 425 

a standardized 5 ng (2.5 ng / L x 2 L) of cDNA and compared using the ΔΔCT method 426 

of relative quantification, with Rn18s used as the control housekeeping gene and ZT0 427 

values as the relative target. Kruskal-Wallis test with post-hoc multiple comparison was 428 

performed for statistical analysis. 429 

 430 

Slice electrophysiology: 431 

Horizontal brainstem slice preparation: Brainstem slices were isolated from mice deeply 432 

anesthetized with isoflurane as previously described (Appleyard et al., 2005). The 433 

brainstem was removed from just rostral to the cerebellum to the first cervical vertebrae 434 

and placed in ice-cold artificial cerebral spinal fluid (aCSF) containing (mM): 125 NaCl, 3 435 

KCl, 1.2 KH2PO4, 1.2 MgSO4, 25 NaHCO3, 2 CaCl2, and 10 dextrose, bubbled with 95% 436 

O2 – 5% CO2. aCSF was brought to a pH of 7.40 using 1M HCl. Once chilled, the tissue 437 

was cut to remove the cerebellum and the tissue block was mounted horizontally to a 438 

pedestal with cyanoacrylate glue and submerged in cold aCSF on a vibrating microtome 439 
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(Leica VT1200S). Approximately 150-200 μm was removed from the dorsal surface and 440 

then a single 250 μm thick horizontal slice was collected containing the solitary tract (ST) 441 

along with the neuronal cell bodies of the medial NTS region. Slices were cut with a 442 

sapphire knife (Delaware Diamond Knives, Wilmington, DE) and secured using a fine 443 

polyethylene mesh in a perfusion chamber with continuous perfusion of aCSF bubbled 444 

with 95% O2 – 5% CO2 at 32 °C. Brainstem slices were generated at 6-hour intervals, 445 

starting at zeitgeber time (ZT) 0, and data were binned with reference to the time of each 446 

recording; either every 4 hours or into day (ZT0-12) and night (ZT12-24). In some 447 

experiments where only two time points were used, slices were taken between ZT4-5 and 448 

ZT16-17. 449 

 450 

Whole cell patch-clamp recordings: Recordings were performed on NTS neurons 451 

contained in horizontal brainstem slices using an upright Nikon FN1 microscope with a 452 

Nikon DS-Qi1Mc digital camera and NIS-elements AR imaging software. Recording 453 

electrodes (3.0 – 4.5 MΩ) were filled with one of two intracellular solutions containing 454 

either (Cs-internal, mM): 10 CsCl, 130 Cs-Methanesulfonate, 11 EGTA, 1 CaCl2, 2 MgCl2, 455 

10 HEPES, 2 Na2ATP, and 0.2 Na2GTP; or (K+ internal, mM) 6 NaCl, 4 NaOH, 130 K-456 

gluconate, 11 EGTA, 1 CaCl2, 1 MgCl2, 10 HEPES, 2 Na2ATP, and 0.2 Na2GTP. For 457 

measurements of excitatory post-synaptic currents (EPSCs), neurons were studied under 458 

voltage-clamp conditions with an MultiClamp 700A amplifier (Molecular Devices, Union 459 

City, CA) and held at VH = -60 mV in whole-cell patch configuration. Only recordings with 460 

a series resistance of <20 MΩ were used for experiments to ensure good access and 461 
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maintenance of voltage-clamp. Signals were filtered with a 1 kHz bezel filter and sampled 462 

at 20 kHz using Axon pClamp10 software (Molecular Devices).  463 

 464 

Extracellular recordings: To monitor action potential firing in single NTS neurons with 465 

unperturbed intracellular conditions we utilized loose-seal extracellular recordings. 466 

Recording pipets (3.0 – 4.5 MΩ) were filled with the standard extracellular aCSF and a 467 

relatively low resistance (loose) seal was formed with the NTS neuron. The typical seal 468 

resistance was between 10 - 20 MΩ and neurons were recorded in the current-clamp 469 

configuration with no injected current. This allowed for stable recordings and the clear 470 

resolution of single-unit extracellular spikes resulting from spontaneous and evoked 471 

action potential firing.  472 

 473 

Solitary tract stimulation: Second-order neurons in the NTS receive direct innervation 474 

from ST afferents, which include the primary vagal afferent terminals, and can be 475 

identified based on the precision of shock evoked synchronous glutamate release. To 476 

selectively activate ST afferent fibers, a concentric bipolar stimulating electrode (200 μm 477 

outer tip diameter; Frederick Haer Co., Bowdoinham, ME, USA) was placed on distal 478 

portions of the visible ST rostral to the recording region. We delivered a train of five current 479 

shocks to the ST (60 μs shock duration at 25 Hz, 6 s inter-stimulus interval) using a 480 

Master-8 isolated stimulator (A.M.P.I., Jerusalem, Israel). Input latency, the time between 481 

the shock artifact and onset of the synchronous EPSC, and synaptic “jitter”, the standard 482 

deviation of the latency, were measured to identify monosynaptic inputs. Jitters of <200 483 
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μs identify monosynaptic afferent inputs onto the NTS neuron (Doyle and Andresen, 484 

2001). 485 

 486 

Data analysis: For brainstem slice recordings the digitized waveforms of action potentials 487 

and synaptic events were analyzed using an event detection and analysis program 488 

(MiniAnalysis, Synaptosoft, Decatur, GA). Analysis for all ST-stimulated currents was 489 

accomplished using Clampfit 10 (Molecular Devices). For quantal, spontaneous 490 

glutamate release, all events >10 pA were counted for frequency values. Fitting of quantal 491 

EPSC amplitudes and decay kinetics (90-10%) was performed using a fitting protocol 492 

(MiniAnalysis) on > 500 discrete events or 5 minutes of recording time if less than 500 493 

events occurred. 494 

 495 

Chemicals and drugs: Drugs were purchased from retail distributers including tetrodotoxin 496 

(TTX, 1 M; Tocris #1069), 2,3-dioxo-6-nitro-7-sulfamoyl-benzoquinoxaline (NBQX, 25 497 

M; Tocris #0373), D-2-Amino-5-phosphonopentanoic acid (D-AP5, 25 M; Tocris 498 

#0106). These were stored as stock aliquots and diluted in fresh aCSF to their final 499 

concentration the day of recording. The general salts used for making bath solutions were 500 

purchased from Sigma-Aldrich. All drugs were delivered via bath perfusion at a flow rate 501 

of ~2 mL / min and slices were allowed to fully recover before the start of recording. 502 

 503 

Statistical analyses: 504 

For statistical comparisons we used Sigma Stat software (Systat Software Inc., San Jose, 505 

CA). The data were tested for normality and equal variance and the appropriate 506 
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parametric or nonparametric statistics were used; including, ANOVA with post hoc 507 

analysis, T-tests, Mann Whitney Rank Sum test, and linear regression analysis. Data sets 508 

were analyzed using Grubb’s test and extreme outlier values were excluded from 509 

statistical comparisons. Specific test used are indicated in the results section. 510 

Comparisons were considered statistically different with an alpha level of P < 0.05.  511 
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FIGURE LEGENDS 680 

FIGURE 1: Rhythmic clock gene expression in NTS and vagal afferent neurons 681 

across time of day. A) Clock gene expression was determined in the NTS and nodose 682 

ganglia using RT-qPCR from tissues taken at six time points throughout the light/dark 683 

cycle. For each time point tissue was collected from N = 4 - 5 mice and samples were run 684 

in triplicate. Canonical clock gene expression from nodose ganglia (squares) and NTS 685 

(circles) show rhythmic changes for B) Per1 (NTS: ANOVA, #P = 0.039; Nodose: ANOVA, 686 

***P < 0.001)  , C) Per2 (NTS: ANOVA, #P = 0.01; Nodose: Kruskal-Wallis, **P = 0.003), 687 

D) Nr1d1 (Rev-erb) (NTS: Kruskal-Wallis, #P = 0.032; Nodose: Kruskal-Wallis, ***P < 688 

0.001); but not for E) Clock (NTS: ANOVA, P = 0.44; Nodose: ANOVA, P = 0.48), and F) 689 

only in nodose tissue, but not NTS, for Arntl1 (Bmal1) (NTS: ANOVA, P = 0.62; Nodose: 690 

Kruskal-Wallis, *P = 0.031). Ct was calculated relative to RN18s and ZT0, with data 691 

expressed as a fold-change on a log base 2 scale.  692 

 693 

FIGURE 2: Spontaneous glutamate release frequency shows circadian rhythmicity. 694 

A) Infrared-DIC images of a mouse horizontal brain slice (top) and whole-cell recording 695 

of a single NTS neuron (bottom) during patch-clamp experiments. NTS, nucleus of the 696 

solitary tract; ST, solitary tract; 4V, fourth ventricle. Cells were voltage-clamped at -60 697 

mV. B) Representative current traces showing spontaneous EPSCs (sEPSCs) from 698 

recordings in slices taken at one of four time-points throughout the day: ZT 0, ZT 6, ZT 699 

12, and ZT 18. C) Average sEPSC frequency recorded from animals housed under 12:12 700 

LD conditions plotted in four-hour bins across time-of-day showing the change in 701 

frequency (left panel). Frequency of release was significantly different during the day (ZT 702 
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0-12) when compared to the night (ZT 12-24) (right panel) (N = 72 – 92 neurons / 14 mice, 703 

Mann-Whitney Rank Sum Test, **P < 0.001). D) Recordings from mice taken after 24-42 704 

hrs of constant darkness (12:12 DD) maintained rhythmicity of sEPSC frequency 705 

independent of light cues. Frequency was significantly higher from cells taken during the 706 

respective day (CT 0-12) compared to the dark (CT 12-24) (N = 55 – 61 neurons / 15 707 

mice, Mann-Whitney Rank Sum Test, **P = 0.01). E) Average sEPSC waveforms across 708 

time of day. Traces are averages of 100 discrete events from representative recordings. 709 

F) There was no significant difference in sEPSC amplitude between day and night in LD 710 

(Mann-Whitney Rank Sum Test, P = 0.89) or DD conditions (Mann-Whitney Rank Sum 711 

Test, P = 0.14).  712 

 713 

FIGURE 3: Rhythmic changes in spontaneous glutamate release occur 714 

independent of action potential firing. A) Representative current traces showing 715 

spontaneous events before and after bath perfusion of tetrodotoxin (TTX, 1 M) during 716 

daytime and nighttime recordings. B) Bath application of TTX reduced the sEPSC 717 

frequency during day (Paired T-test, N = 16 neurons / 3 mice, *P = 0.015) and night 718 

(Paired T-test, N = 13 neurons / 3 mice, *P = 0.012) but failed to eliminate the day/night 719 

difference (Control Day/Night: Mann-Whitney Rank Sum Test, N = 13 – 16 neurons / 6 720 

mice, *P = 0.04; and TTX Day/Night: Mann-Whitney Rank Sum Test, N = 13 – 16 neurons 721 

/ 6 mice, *P = 0.05). C) Exposure to TTX had no effect on sEPSC amplitude during either 722 

the day (Paired T-test, P = 0.80) or night (Paired T-Test, P = 0.35). 723 

 724 
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FIGURE 4: Glutamate drives diurnal rhythmicity in basal action potential firing. A) 725 

Representative extracellular voltage traces showing spontaneous action potentials during 726 

the day (ZT5-9) and night (ZT17-21) under control conditions and following bath 727 

application of ionotropic glutamate antagonists (NBQX 25 M and AP5 25 M). B) 728 

Baseline action potential frequency was significantly greater during the day compared to 729 

night (Mann-Whitney Rank Sum Test, N = 50 - 53 neurons / 6 mice, ***P < 0.001). Bath 730 

application of NBQX + AP5 lowered frequency during the day (Mann-Whitney Rank Sum 731 

Test, N = 44 – 50 neurons / 6 mice, ***P < 0.001) and night (Mann-Whitney Rank Sum 732 

Test, N = 46 – 53 neurons / 6 mice, ***P < 0.001); eliminating the day / night difference in 733 

action potential firing (Mann-Whitney, N = 44 – 46 neurons / 6 mice, P = 0.12). C) 734 

Similarly, the percent of neurons firing action potentials spontaneously under control 735 

conditions was greater during the day compared to the night (Chi-square, N = 103 736 

neurons / 6 mice, ***P < 0.001). This day / night difference was reduced following NBQX 737 

+ AP5 and no longer statistically significant (Chi-square, N = 100 neurons / 6 mice, P = 738 

0.21). D)  Whole-cell recordings from NTS neurons confirmed the day / night difference 739 

in action potential frequency. E) While there was no significant difference in the resting 740 

membrane potentials (RMP) (T-test, N = 32 – 35 neurons / , P = 0.08) spontaneous action 741 

potential firing frequencies were significantly faster during the day (F, Mann-Whitney 742 

Ranked Sum Test, N = 32 – 35 neurons / , *P = 0.03).  743 

 744 

FIGURE 5: Paradoxical increase in afferent-evoked synaptic throughput at night. 745 

A) Representative traces showing evoked action potentials by 0.5 mA stimulations at 25 746 

Hz from cell-attached recordings of NTS neurons. Insets show individual action potentials 747 
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evoked after shock 1 (left), shock 5 (middle), and shock 10 (right). Red traces denote 748 

failures. B) Plot of the throughput (% successes) of individual stimulations over a train of 749 

10 ST shocks at 0.5 mA stimulation intensity during daytime (ZT5-9) and nighttime (ZT17-750 

21) recordings. At 0.5 mA stim intensity there was a statistical interaction between 751 

stimulus number and timed of day with throughput was significantly higher during the night 752 

(2-way ANOVA, N = 30 – 39 neurons / 6 mice, ***P < 0.001). C) Recruitment curve of 753 

action potential throughput at increasing stimulation intensities. There was a significant 754 

interaction between time of day and stimulus intensity with throughput was higher at night 755 

(2-way ANOVA, N = 30 -39 neurons / 6 mice, **P = 0.008). Post hoc analysis showed a 756 

significant difference in throughput at an intermediate stimulus intensity (0.5 mA) 757 

(Bonferroni corrected T-Test, N = 30 – 39 neurons / 6 mice, **P = 0.006) but not at very 758 

high (1 mA: P = 0.25 and 3 mA: P = 0.72) or low intensities (0.1 mA: P = 0.71). D) 759 

Representative traces of excited (top) and inhibited (bottom) post-simulation responses. 760 

Neurons recorded during the night had a significantly larger post-stimulation excitatory 761 

responses compared to day (T-Test, N = 13 – 19 neurons / 6 mice, *P = 0.03). There was 762 

no significant difference in the less common inhibitory responses between day or night 763 

(T-Test, N = 6 – 7 neurons / 6 mice, P = 0.61). 764 

 765 

FIGURE 6: FIGURE 6: Day / night differences in evoked synchronous glutamate 766 

release consistent with presynaptic regulation of the probability of release. A) 767 

Representative current traces showing 25 Hz suprathreshold stimulation of solitary-tract 768 

(ST) afferents and resulting synchronous EPSCs (ST-EPSCs) recorded from slices taken 769 

in the day compared to the slices taken at night. Arrows denote time of ST shocks with 770 
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traces shown as an overlay of 10 individual trials. B) The average ST-EPSC amplitude 771 

was significantly smaller in recordings made at night compared to the day (T-Test, N = 772 

23 – 27 neurons / 11 mice, **P = 0.002). C)  The amplitude variability of EPSC1, 773 

Coefficient of variance (CV), was significantly higher in recordings made at night (Mann-774 

Whitney Rank Sum Test, **P = 0.004). D) Due to this difference in CV, 1/CV2 was 775 

significantly higher during the day compared to the night (Mann-Whitney Rank Sum Test, 776 

**P = 0.004). E) As a result of changes in EPSC1, the paired-pulse ratio (PPR) was 777 

significantly higher at night compared to the day (T-Test, N = 23 – 27 neurons / 11 mice, 778 

***P = 0.0004). F) Average ST-EPSC amplitude across five shocks show a significant 779 

difference between day and night (2-way RM ANOVA, N = 42 neurons / 11 mice, ***P < 780 

0.001). Post hoc analysis confirmed EPSC1, but not EPSC2-5, was significantly smaller 781 

during the night compared to recordings made during the day (Bonferroni corrected T-782 

Test, EPSC1: ***P < 0.001, EPSC2: P = 0.29, EPSC3: P = 0.21, EPSC4: P = 0.66, 783 

EPSC5: P = 0.83). G) Afferent-evoked asynchronous EPSCs, elicited by a series of five 784 

ST shocks, were not statistically different between day and night recordings (Mann-785 

Whitney Rank Sum Test, N = 27 – 31 neurons / 11 mice, P = 0.053). H) Plot of 786 

asynchronous release as a function of EPSC1 amplitude. There was no significant 787 

difference in the slope of the EPSC1 to asynchronous frequency relationship between 788 

day and night (Mann-Whitney Rank Sum Test, N = 27 – 31 neurons / 11 mice, P = 0.67). 789 

Summary data boxplots show the mean (long gray bar) median (short black bar) with 25-790 

75%, and 10-90% whisker length.  791 

 792 

 793 
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FIGURE 7: Rhythmic changes in postsynaptic NTS whole-cell conductances impact 794 

action potential firing sensitivity to injected current. A) Voltage-clamp current traces 795 

from NTS neurons demonstrating the current-voltage (I-V) relationship in NTS neurons 796 

during day and night. Inset shows the step protocol with 10 mV step intervals from -100 797 

mV to -60 mV. B) Plot of the average I-V curves from recordings during the day and night. 798 

Values are the average ± stdev of steady-state current density. C) The average calculated 799 

slope conductance of neurons recorded at night was lower than that of neurons recorded 800 

during the day (T-test, N = 67 – 92 neurons / 14 mice, *P = 0.017). D) Representative 801 

voltage traces from NTS neurons held at -60 mV showing action potential firing elicited 802 

during a 1 s, 40 pA, current injection during day (top) and night (bottom) recordings. E) 803 

Summary plot showing the subtle, but statistically significant, differences between day 804 

and night in the action potential firing rate in response to increasing current injections 805 

(Mann-Whitney Rank Sum Test, N = 32 – 35 neurons / 6 mice, *P = 0.026).  806 

  807 

FIGURE 8: Changes in glutamate release and intrinsic membrane properties shift 808 

synaptic processing in the NTS. Model diagram summarizing the observed changes in 809 

synaptic function across time of day. A-B) During the light phase high spontaneous 810 

glutamate release drives elevated postsynaptic action potential firing, while increased 811 

postsynaptic membrane conductance diminishes afferent driven throughput. Together 812 

this produces a high tone / low responsive synaptic state. In contrast, during the night 813 

spontaneous glutamate release is low resulting in decreased basal action potential firing. 814 

However, decreased postsynaptic membrane conductance facilitates a high fidelity of 815 

synaptic throughput and potentiated post-stimulation bursts. Thus, at night, the synapse 816 
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has low basal tone and is highly responsive to incoming vagal afferent signals. C) 817 

Schematic drawing proposing the relationship between each oscillating component within 818 

ST afferents and NTS neurons. The axon terminal represents vagal afferents from the 819 

solitary tract. Increased glutamate release and membrane conductance enhance firing at 820 

rest during the day; while, reduced glutamate release during the night combined with 821 

increased membrane resistance enhances afferent evoked AP firing. The symbol ‘g’ 822 

represents a change in conductance/membrane resistance. 823 

  824 
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FIGURES 825 

 826 

FIGURE 1:  827 

 828 

 829 
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FIGURE 2:  831 
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FIGURE 3: 833 
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FIGURE 4: 835 

 836 

837 
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FIGURE 5:  838 

 839 

 840 
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FIGURE 6:  843 
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FIGURE 7: 846 

 847 
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Circadian regulation of brainstem synaptic transmission. 
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FIGURE 849 
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