
Title: Plasticity in the functional properties of NMDA receptors improves network 

stability during severe energy stress    

Abbreviated Title: State-dependent NMDAR plasticity improves hypoxia tolerance   

Authors: Nikolaus Bueschke1 , Lara Amaral-Silva1 , Min Hu2, Alvaro Alvarez2, Joseph 
M. Santin1* 
 
Author Affiliations: 1University of Missouri, Columbia, MO 65201; 2University of North 
Carolina-Greensboro, Greensboro, NC 27402 
 
*Email for correspondence: santinj@missouri.edu  
  Indicates co-first authorship 
 
Number of figures: 7 
 
Number of Words in Abstract: 219 
 
Number of Words in Introduction: 634 
Number of Words in Discussion: 1,499 
 

Conflict of Interests: The authors declare no conflicts of interest. 

Acknowledgment: We would like to thank the National Institutes of Health 
(R15NS112920-01A1, R01NS114514) the U.S. Department of Defense 
(W911NF2010275) for funding to JMS.  

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 16, 2023. ; https://doi.org/10.1101/2023.01.19.524811doi: bioRxiv preprint 

mailto:santinj@missouri.edu
https://doi.org/10.1101/2023.01.19.524811
http://creativecommons.org/licenses/by-nc-nd/4.0/


Abstract 

Brain energy stress leads to neuronal hyperexcitability followed by a rapid loss of 1 

function and cell death. In contrast, the frog brainstem switches into a state of extreme 2 

metabolic resilience that allows them to maintain motor function during hypoxia as they 3 

emerge from hibernation. NMDA receptors (NMDARs) are Ca2+-permeable glutamate 4 

receptors that contribute to the loss of homeostasis during hypoxia. Therefore, we 5 

hypothesized that hibernation leads to plasticity that reduces the role of NMDARs within 6 

neural networks to improve function during energy stress. To test this, we assessed a 7 

circuit with a large involvement of NMDAR synapses, the brainstem respiratory network 8 

of female bullfrogs, Lithobates catesbeianus. Contrary to our expectations, hibernation 9 

did not alter the role of NMDARs in generating network output, nor did it affect the 10 

amplitude, kinetics, and hypoxia sensitivity of NMDAR currents. Instead, hibernation 11 

strongly reduced NMDAR Ca2+ permeability and enhanced desensitization during 12 

repetitive stimulation. Under severe hypoxia, the normal NMDAR profile caused network 13 

hyperexcitability within minutes, which was mitigated by blocking NMDARs. After 14 

hibernation, the modified complement of NMDARs protected against hyperexcitability, 15 

as disordered output did not occur for at least one hour in hypoxia. These findings 16 

uncover state-dependence in the plasticity of NMDARs, whereby multiple changes to 17 

receptor function improve neural performance during energy stress without interfering 18 

with its normal role during healthy activity.  19 
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Significance Statement: 20 

Neural circuits lose homeostasis during severe energy stress, and NMDA-glutamate 21 

receptors play a major role in this response. In contrast, frogs have the remarkable 22 

capacity to use plasticity that improves circuit function from minutes to hours during 23 

hypoxia, likely as an adaptation to survive emergence from hibernation. We found this 24 

occurs, in part, through modification of NMDA receptors that renders them less 25 

permeable to Ca2+ and more likely to desensitize during high activity states. These 26 

NMDA receptor modifications do not influence normal network function but protect 27 

against hyperexcitability caused by hypoxia. This work points to endogenous plasticity 28 

mechanisms that improve network function during energy stress without altering circuit 29 

function when the brain is well-oxygenated.          30 

  31 
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Introduction:  

Brain function requires high rates of ATP synthesis (Bordone et al., 2019). The 32 

sudden loss of oxygen triggers hyperexcitability that leads to ion dysregulation and cell 33 

death, termed <excitotoxicity= (Buck & Pamenter, 2018). A key contributor to 34 

excitotoxicity involves the activation of NMDA-glutamate receptors (NMDARs), causing 35 

pathological Ca2+ influx and saturation of intracellular Ca2+ buffering systems 36 

(Szydlowska & Tymianski, 2010; White & Reynolds, 1995). As rates of ATP synthesis 37 

wane, active transport of Ca2+ out of the cell becomes increasingly difficult, which 38 

culminates in cell death through reactive oxygen species, pro-death signaling pathways, 39 

and mitochondrial damage (Wu & Tymianski, 2018). Therefore, hyperexcitability caused 40 

by overstimulation of NMDARs and subsequent Ca2+ influx represents a critical step in 41 

the loss of homeostasis that drives neurological issues during hypoxia.  42 

Unlike most mammals, some species experience variable oxygen tensions in 43 

their environments and have evolved strategies to survive brain hypoxia (Larson et al., 44 

2014). Survival strategies often involve entry into a hypometabolic state associated with 45 

arrested synaptic transmission to conserve energy (Buck & Pamenter, 2018). However, 46 

some animals must remain active during hypoxia (Czech-Damal et al., 2014; Larson et 47 

al., 2014; Larson & Park, 2009). This presents the challenge of maintaining circuit 48 

function while avoiding hyperexcitability and excitotoxicity. An extreme example of this 49 

problem is embodied by the respiratory network of American bullfrogs. This network 50 

generates rhythmic output through mechanisms that involve AMPA and NMDA-51 

glutamate receptors (Kottick et al., 2013) and, therefore, requires ongoing aerobic 52 

metabolism (Adams et al., 2021). However, for several months each year, frogs 53 
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hibernate in ice-covered ponds without breathing air, using only skin gas exchange. As 54 

a consequence, blood oxygen falls dramatically, which may be as low as 1-3 mmHg 55 

(Tattersall & Ultsch, 2008). Low oxygen in this environment does not pose an immediate 56 

threat due to reduced metabolic rates in the cold (Tattersall & Boutilier, 1997). However, 57 

during emergence at warm temperatures, this life sustaining network, must restart 58 

activity on the background of severe hypoxia. If this was not already difficult enough, an 59 

additional problem lies in the fact that frogs are not generally considered to be strongly 60 

<hypoxia-tolerant,= and low O2 levels present during emergence cannot power brainstem 61 

circuits (Adams et al., 2021). To overcome these challenges, hibernation induces 62 

metabolic plasticity at synapses that improve network function during severe hypoxia 63 

from a few minutes to several hours (Bueschke et al., 2021, Amaral-Silva and Santin, 64 

2023; Hu and Santin, 2022). Therefore, hibernation in frogs provides insight into 65 

plasticity that shifts a typically <hypoxia-intolerant= circuit into a state that functions 66 

remarkably well during severe energy stress.      67 

As in mammals, hypoxia in the frog brain induces network hyperexcitability that 68 

disrupts patterned output, followed by a swift loss of function (Adams et al., 2021; 69 

Bueschke et al., 2021a). Thus, this network must engage mechanisms that constrain 70 

excitability to maintain activity with a limited energy supply upon emergence from 71 

hibernation. Many hypoxia-tolerant vertebrates have low levels of NMDARs or suppress 72 

NMDARs in hypoxia to conserve energy and avoid excitotoxicity (Bickler et al., 2000; 73 

Bickler & Buck, 2007; Wilkie et al., 2008). Therefore, we hypothesized that shifting from 74 

<hypoxia intolerance= to <functional hypoxia tolerance= involves reduced NMDAR 75 

function within the network. To test this hypothesis, we assessed the NMDAR tone of 76 
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the respiratory network, NMDAR currents using whole-cell voltage-clamp, and NMDAR 77 

subunit composition using single-cell quantitative PCR. In contrast to our hypothesis, 78 

hibernation did not influence the role of NMDARs in the network, current amplitude, 79 

kinetics, and hypoxia sensitivity. We instead found that hibernation decreased the Ca2+-80 

permeability of NMDARs and enhanced desensitization, serving to reduce Ca2+ influx 81 

and lower depolarizing drive during high activity states. These modifications oppose the 82 

loss of homeostasis driven by the normal profile of NMDARs. Overall, we identified 83 

NMDAR plasticity that improves network activity during energy stress without 84 

influencing their contribution in well-oxygenated conditions. 85 

 86 

 87 

  88 
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Materials and Methods: 89 

Animal husbandry and ethical approval:  90 

The use of animals was approved by the Institutional Animal Care and Use 91 

Committee (IACUC) at the University of North Carolina at Greensboro (Protocol #19-92 

006). Female American bullfrogs (Lithobates catesbeianus) were ordered from Phrog 93 

Farm (Twin Falls, ID, USA). Frogs were randomly assigned to one of two groups: 94 

control or hibernation and were placed in designated plastic tubs containing 95 

dechlorinated water bubbled with room air. Control frogs were kept at ambient room 96 

temperatures (20˚C) with access to wet and dry areas and fed pellets provided by Phrog 97 

Pharm once a week. Plastic tubs containing frogs assigned for aquatic overwintering 98 

were placed into low-temperature incubators (Thermo Fisher Scientific, Waltham, MA, 99 

USA) that were gradually reduced from 20˚ to 4˚ C over the course of 7 days. Once at 100 

overwintering temperatures, screens were placed below water level to ensure frogs’ 101 

cutaneous respiration as the primary oxygen exchange, and they were kept at 4˚ C for 102 

30 days before use. Frogs exhibit metabolic suppression at these temperatures, 103 

consistent with hibernation (Tattersall & Ultsch, 2008). Therefore, we refer to this group 104 

as <hibernation.= All frogs were kept under a 12:12 hour light/dark cycle.  105 

Dissection of Brainstem:  106 

Frogs were deeply anesthetized with isoflurane (1 mL) in a sealed 1 L container 107 

until loss of toe-pinch response. They were then rapidly decapitated, and heads were 108 

submerged for dissection in chilled artificial cerebrospinal fluid (aCSF; 104 mM NaCl, 4 109 

mM KCl, 1.4 mM MgCl2, 7.5 mM D-glucose, 1 mM NaH2PO4, 40 mM NaHCO3, and 2.5 110 
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mM CaCl2; (Bueschke et al., 2021), which was bubbled with 98.5% O2 and 1.5% CO2 111 

for oxygenation, resulting in aCSF with a pH of 7.9 ± 0.1. These CO2 and pH values are 112 

normal for frogs at room temperature (Howell et al., 1970). The brainstem-spinal cord 113 

was rapidly exposed, and the forebrain was crushed. Brainstem-spinal cord nerve roots 114 

were carefully trimmed, allowing its’ excision from the cranium, which was followed by 115 

the dura membrane removal. Following all dissections, the preparations were held at 116 

room temperature (22±1oC) and all experiments were performed at this temperature.  117 

Extracellular nerve root recordings:  118 

For experiments that assessed motor output from the intact network, we 119 

assessed extracellular motor output from the vagus nerve rootlets, which innervates the 120 

glottal dilator muscle to control airflow in and out of the lung. Dissected preparations 121 

were pinned ventral side up in 6 mL Petri dishes coated with Sylgard 184 (Dow Inc. 122 

Midland, MI, USA). Brainstem-spinal cords were continuously superfused with 123 

oxygenated aCSF using a peristaltic pump (Watson Marlow, Falmouth, CNL, UK). 124 

Population activity from the vagal nerve root (CNX) was recorded using a suction 125 

electrode attached to a fire-polished borosilicate glass pulled from a horizontal pipette 126 

puller (Sutter Instrument, Novato, CA, USA). Extracellular signals were amplified 127 

(x1000) and filtered (low-pass, 1000 Hz; high pass, 100 Hz) using an AM-Systems 1700 128 

amplifier (Sequim, WA, USA), then digitized using Powerlab 8/35 (ADInstruments, 129 

Dunedin, New Zealand). The raw signal was integrated and rectified (100 ms ) using 130 

LabChart data acquisition system (ADInsruments). After 4 hours of decapitation, a 131 

stable signal was recorded for ~30 minutes, and the preparation was challenged with 132 

hypoxic aCSF (98.5% N2 balanced with CO2) or NMDAR antagonist, D-AP5 (50 µM). All 133 
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preparations included in this study produced rhythmic motor output associated with lung 134 

breathing. 135 

Motoneuron labeling and slice preparation:  136 

For experiments that assessed NMDA receptor currents in motoneurons from 137 

brain slices, we isolated the 4th root of the glossopharyngeal-vagus complex and 138 

attached a fire-polished borosilicate glass pipette to it. Tetramethylrhodamine dextran 139 

dye was then added to the tip of the pipette (Invitrogen, Waltham, MA, USA) in contact 140 

to the nerve root for at least 2 hours to diffuse to the soma. We then sliced the 141 

brainstem-spinal cord preparations at 300 M using a vibratome (Technical Products 142 

International series 1000, St Louis, MO, USA). During dye loading and slicing the tissue 143 

was maintained in regular aCSF (described above). 144 

NMDAR Currents:  145 

Slices were superfused with an extracellular solution (76.5 mM NaCl, 2.2 mM 146 

KCl, 7.5 mM D-Glucose, 10 mM HEPES, 300 M CdCl2, 20 mM TEA-Cl, 250 nM TTX, 147 

10 M DNQX) containing two different Ca2+ concentrations. High Ca2+ had 10 mM of 148 

CaCl2, and low Ca2+ 1 mM of CaCl2. Sucrose was added to maintain consistent 149 

osmolarity (330 mOsm). Thus, 60mM was added to the high Ca2+ solution, and 89mM 150 

was added to the low Ca2+ solution. MgCl2 was excluded to prevent Mg2+ block of 151 

NMDARs. Extracellular solutions were oxygenated by bubbling 98.5% O2 and 1.5% 152 

CO2. 153 

Labeled vagal neurons were approached by glass pipettes (2–4 MΩ resistance) 154 

using a micromanipulator (MP-285/ MPC-200, Sutter Instruments, Novato, CA, USA) 155 
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attached to a head stage (CV203BU, Molecular Devices, San Jose, CA, USA). Positive 156 

pressure was applied to the pipette while approaching the cell and quickly removed, 157 

gentle negative pressure was used to form a >1GΩ, and the whole-cell access was 158 

obtained by breaking the seal with rapid negative pressure. We did not observe any 159 

obvious differences in cell viability and ability to obtain patch clamp recordings in high 160 

and low Ca2+ solutions. The solution filling the patch pipette (76.5 mM K-gluconate, 10 161 

mM D-glucose, 10 mM HEPES, 1 mM Na2-ATP, 0.1 mM Na2-GTP, 2 mM MgCl2, 30 mM 162 

TEA-Cl) was designed with Na+ and K+ concentrations equal and opposite to the 163 

extracellular solution to generate a reversal (Erev) potential of ~0 mV without Ca2+ 164 

(assuming no difference in ion selectivity between Na+ and K+) as seen previously 165 

(Jatzke et al., 2002).  166 

To evoke NMDAR currents, we focally applied NMDA and glycine to the cell 167 

body. For this, a borosilicate pipette pulled with a tip diameter of ~5 m was filled with 168 

NMDA (1 mM) and glycine (10 M) (both from Hellobio, Princeton, NJ, USA) dissolved 169 

in the extracellular solution. The pipette wasdriven by a Picospritzer II, and the focal 170 

solution was applied during 10-20 ms onto the soma of labeled vagal motoneurons 171 

(General Valve Corporation, Fairfield, NJ, USA) to activate NMDARs. Glycine is a co-172 

agonist of the NMDAR but did not elicit a response when applied alone in control or 173 

hibernation neurons.  174 

NMDAR Erev was recorded by a voltage clamp step protocol with a +5 mV step 175 

between -20 mV and 40 mV. In 3 recordings, Erev was more hyperpolarized, and those 176 

cells were stepped from -40 mV to 20 mV in 5 mV increments (control, n=16; 177 

hibernation, n=16). NMDAR desensitization was assessed by puffing at a rate of 0.5 Hz 178 
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for a total of ten pulses at -20 mV (control, n=12; hibernation, n=14). Hypoxia was 179 

applied to brain slices by bubbling extracellular solution with 98.5% of N2 and 1.5% of 180 

CO2 for ~5 minutes before recording. All desensitization protocols and single activation 181 

amplitude and kinetics experiments were performed on neurons held at -20 mV. All data 182 

were acquired in pClamp 11 software using Axopatch 200B amplifier and Axon Digidata 183 

1550B digitizer (Molecular Devices, San Jose, CA, USA). 184 

NMDAR subunits electrophysiology: 185 

Vagus motoneurons were recorded using patch-clamp as described above. For 186 

this protocol, the pipette solution contained 110 mM K-gluconate, 2 mM MgCl2, 10 mM 187 

HEPES, 1 mM Na2-ATP, 0.1 mM Na2-GTP, and 2.5 mM EGTA. Once gaining whole cell 188 

access the solution bathing the slice was changed from regular aCSF to 104 mM NaCl, 189 

4 mM KCl, 7.5 mM D-glucose, 1 mM NaH2PO4, 40 mM NaHCO3, 2.5 mM CaCl2, 250 nM 190 

TTX, 10 µM DNQX, 3 µM Glycine, and 2 µM Strychnine. NMDA currents were elicited 191 

once every minute by focal application of NMDA (1 mM) and glycine (3 μM) diluted in 192 

the aCSF in 500 ms pulses. The cell was continuously monitored in voltage clamp, and 193 

after observing a stable current in 3 consecutive NMDA puffs (~ 10-15 min of recording), 194 

we applied a specific NMDA subunit inhibitor in aCSF.  195 

The subunit GluN2A was inhibited using 1 µM TCN 201  (Tocris Bioscience, 196 

Bristol, UK) (Bettini et al., 2010; Edman et al., 2012); GluN2B was inhibited by 2 µM RO 197 

25-6981 (Tocris Bioscience, Bristol, UK) (Abrahamsson et al., 2017; France et al., 198 

2017); GluN2C/GluN2D was inhibited using 10 µM QZN 46 (Tocris Bioscience, Bristol, 199 

UK) (Hansen and Traynelis, 2011); and GluN3 was blocked by 30 µM TK30 (4-(2,4-200 

dichlorobenzoyl)-1H-pyrrole-2-carboxylic acid; Santa Cruz Biotechnology, Dallas, TX, 201 
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USA) (Kvist et al., 2013; Christian et al., 2021). A time control experiment was 202 

performed recording NMDAR currents while maintaining the slice in the aCSF described 203 

above with no inhibitor added.    204 

Electrophysiology Data analysis:  205 

Extracellular motor output: Burst amplitude and frequency were determined by 206 

averaging amplitude of fictive breaths selected in a 5-minute window prior to D-AP5 207 

application. Amplitude and frequency in the presence of NMDAR antagonist were 208 

analyzed for 5 minutes after burst amplitude stabilized. Peak amplitude was determined 209 

using the Peak Analysis extension in LabChart (ADInstruments, Dunedin, New 210 

Zealand). To characterize chaotic bursting behavior during hypoxia, we analyzed the 211 

peak of the largest <non-respiratory= motor burst that clearly disrupted patterned 212 

network output associated with respiratory activity and normalized it to the background 213 

nerve signal value at the baseline to allow comparisons across groups. 214 

NMDAR Ca2+ permeability: Relative Ca2+ permeability was determined by the 215 

degree of shift in the NMDAR reversal potential (Erev) based on the mean data of the 216 

population in different Ca2+ concentrations in extracellular recording solution. The 217 

underlying premise is that receptors that are permeable to Ca2+ have a depolarizing shift 218 

in Erev, while Ca2+-impermeable channels do not (Jatzke et al., 2002). We evoked 219 

NMDAR currents using low (1 mM) and high (10 mM) Ca2+ and measured the peak 220 

current evoked by NMDA-glycine at each voltage step. We then plotted the current-221 

voltage relationship and interpolated Erev through the x-intercept of the line of best fit 222 

from 3-5 plot points near the intercept where I=0 pA. The currents elicited by NMDA-223 

glycine were small near Erev and were unlikely to be affected by voltage errors due to 224 
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the series resistance (Rs). However, the holding current at depolarized voltages was 225 

often substantial, even in the presence of TEA to block outward currents. Therefore, we 226 

corrected the holding voltage for Rs errors. For this, we measured Rs at each voltage 227 

step based on the peak of the transient current and corrected the holding voltage by the 228 

voltage error caused by Rs. Currents were measured using the Peak Analysis extension 229 

in LabChart. Averaging/decimation at 0.05-0.1 ms was applied to the traces prior to 230 

peak analysis to filter out high-frequency spontaneous synaptic activity. This level of 231 

filtering was chosen as it did not alter the amplitude of the NMDAR current. 232 

Single NMDAR currents and desensitization: Single NMDAR currents were 233 

measured using similar methods as the NMDAR Ca2+ permeability, where peak currents 234 

induced by NMDA and glycine were assessed at -20 mV. Decay time constant was 235 

determined between 90% and 10% of the peak height and calculated using the Peak 236 

Analysis tool in LabChart. Desensitization was assessed by measuring the peak current 237 

evoked at each step. The baseline for each current in the series was taken as the 238 

recovered current after proceeding puff. 239 

NMDAR subunit inhibition: The current amplitude was analyzed using peak 240 

analysis in LabChart. The average of the last 3 currents before inhibitor application was 241 

compared to currents recorded after 10 minutes of exposure to the drug. A set of time 242 

control experiments compared the 3 first stable currents (parameter used to decide to 243 

apply the inhibitor) to 10 min after that. 244 

Single-cell Real-time quantitative PCR: 245 
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We used single-cell quantitative PCR (qPCR) to determine mRNA expression for 246 

NMDARs subunits using the same cell harvesting, RNA extraction, cDNA synthesis, 247 

and preamplification procedures detailed in Pellizzari et al., 2023.  248 

PCR primers for open reading frames of the genes that code for NMDA 249 

glutamate receptor subunits, Grin1, Grin2a, Grin2b, Grin2c, Grin2d, Grin3a, and Grin3b, 250 

were designed from sequences found in the coding DNA sequence for Lithobates 251 

catesbeianus (Table 1 and Table 2). For this, we used annotated amino acid sequences 252 

for GluN subunits from Rana temporaria as a query in the Lithobates catesbeianus 253 

amino acid database. This search revealed peptide sequences with high amino acid 254 

sequence conservation. We then performed a reciprocal BLAST against the entire 255 

nonredundant protein database using hits from Lithobates catesbeianus to verify the 256 

identity of the target. Accession numbers were then used to identify the open reading 257 

frame in the CDS to design PCR primers. Only Grin1, Grin2a, and Grin3a were 258 

identified in the bullfrog CDS, likely due to low coverage and/or poor assembly of the L. 259 

catesbeiansus genome (Hammond et al., 2017). For Grin2b, Grin2c, Grin2d, and 260 

Grin3b, we found the regions of the coding sequence in Rana temporaria (a species 261 

closely related to L. catesbeianus) and N. parkeri (more distantly related frog species) 262 

with high similarity to design PCR primers. Our rationale was that close sequence 263 

identity at the nucleotide level between these two species (~98%) would allow us to 264 

design primers for use in Lithobates catesbeianus.      265 

Primer sets were validated with a series of four four-fold dilutions of brainstem 266 

cDNA. All primer sets used here produced efficiencies greater than 80% (Table 1 and 267 

Table 2) and a single peak in the melt curve in a SYBR Green assay, suggesting the 268 
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amplification of a single PCR product. As we observed in Pellizzari et al., 2023 some 269 

primer sets that produced one peak in the melt curve using bulk brain cDNA as the input 270 

material showed multiple peaks in the melt curve after single-cell preamplification. 271 

When this occurred, these primer sets were redesigned.  272 

All neurons in this experiment were assessed for the expression of each of the 7 273 

Grin subtypes. Grin2b, Grin2c, Grin2d, and Grin3b were run using SYBR Green assays, 274 

and Grin1, Grin2a, and Grin3a were run in one multiplex assay. For SYBR Green 275 

assays, quantitative PCR was run in 10 µL reaction volumes containing 2.5 µM forward 276 

and reverse primers and followed the instructions of the 2X SYBR Green Mastermix 277 

(Applied Biosystems, ThermoFisher Scientific, Waltham, MA). Assays were run on 96-278 

well plates on an Applied Biosystems QuantStudio 3 (Applied Biosystems, 279 

ThermoFisher Scientific, Waltham, MA) using the following cycling conditions according 280 

to the SYBR Green instructions: 50°C-2m, 95 °C-10 m, 95 °C-15 s, 60 °C-1 m. Following 281 

40 cycles of PCR (95°C-15 s, 60°C-1 m), melt curves for all PCR products were 282 

acquired by increasing the temperature in increments of 0.3°C for 5 seconds from 60°C 283 

to 95 °C. For multiplex assays, we ran triplexed probed-based assays. For this, we used 284 

the same primer concentration as described for SYBR Green assays, 312.5 nM reporter 285 

probes, and followed the instructions of the 5X PerfeCTa qPCR Toughmix mastermix 286 

(Quanta Bio). 18s ribosomal RNA was run to ensure the quality of the sample and for 287 

normalization of copy number to account for the possibility of different amounts on 288 

cDNA input and efficiency in the cDNA synthesis reaction.  289 

Absolute quantitation of transcript abundance was estimated through copy 290 

number standard curves as previous described (Santin & Schulz, 2019). We normalized 291 
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absolute copy number by a normalization factor using 18s Cq values to account for the 292 

possibility of different amounts of harvested cytoplasm and efficiencies of the cDNA 293 

synthesis reaction across samples (Garcia et al., 2018). We ran qPCR for all Grin 294 

subunits on 19 control neurons and 20 hibernation neurons. In some neurons, Grin 295 

subunits appeared to be absent, or to be very lowly expressed. However, it is also 296 

possible a lack of detection represents a false negative due to stochasticity in the cDNA 297 

synthesis reaction due low RNA input quantities associated with the single cell. Thus, 298 

we included Grin genes in analysis that had Cq values <29.5 after preamplification. The 299 

only exception to this was for Grin2D. The abundance was consistently low for most 300 

samples; therefore, we included all data points in the analysis for Grin2D.         301 

Statistical analysis:  302 

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, 303 

San Diego, CA, USA). Comparisons between independent 2 groups were carried out 304 

with a two-tailed unpaired t-test. With 3 or more groups, we used a one-way ANOVA. In 305 

experiments with a <before-after= design, we used a two-tailed paired t-test. In 306 

experiments with two main effects, we used a two-way ANOVA. One-way and two-way 307 

ANOVA were followed up with Holm-Sidak multiple comparison test when appropriate. 308 

Individual data points were presented in addition to mean±SD or with box-and-whisker 309 

plots, on the latter, boxes represent the interquartile range, and whiskers indicate 310 

maximum and minimum values in the data set. Significant was accepted when p<0.05.    311 

 312 

 313 

314 
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Results: 315 

Function of the brainstem respiratory network in severe hypoxia increases by 316 

hours after animals emerge from hibernation (Bueschke et al., 2021; Amaral-Silva & 317 

Santin, 2023). To determine if reductions in NMDAR function play a role in this 318 

response, we assessed the NMDAR tone in in vitro brainstem-spinal cord preparations. 319 

This preparation produces rhythmic output associated with breathing that can be 320 

recorded from the cranial nerve X rootlet (Fig. 1A). NMDARs are involved in transmitting 321 

synaptic input from the respiratory rhythm generator to the motor pools (Kottick et al., 322 

2013). If the contribution of NMDAR was reduced following hibernation, we expected to 323 

observe a lower sensitivity to the block of NMDARs using D-AP5 relative to controls. D-324 

APV reduced the amplitude of the motor output by ~50%, corroborating previous results 325 

demonstrating that NMDAR transmission plays a large role in recruiting motoneurons to 326 

the population burst (Kottick et al., 2013). However, sensitivity of the motor amplitude to 327 

D-APV did not change after hibernation (Fig. 1B-C, t(13) = 0.9325, p = 0.37, unpaired t-328 

test). In addition, sensitivity of respiratory burst frequency to D-APV, which provides an 329 

assessment of rhythm generator function, did not change after hibernation (Fig. 1D, t(13) 330 

= 1.699, p = 0.11, unpaired t-test). These results show that the overall contribution of 331 

NMDARs to network function is unchanged following hibernation.  332 

Although the contribution of NMDAR to network function did not change, we 333 

hypothesized that functional properties of the NMDAR may play a role in improving 334 

robustness in hypoxia. For example, plasticity in current amplitude or kinetics (i.e., 335 

smaller currents with fast deactivation times) may lower ionic fluxes through NMDARs, 336 

and, therefore, play a role in energy conservation. Moreover, some hypoxia-tolerant 337 
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species contain NMDARs that are inhibited by hypoxia, offsetting excitotoxicity during 338 

energetic stress (Bickler et al., 2000). Therefore, we measured NMDARs currents in 339 

identified vagal motoneurons from brain slices using whole-cell voltage clamp in 340 

response to focal application of the NMDAR co-agonists, 1 mM NMDA and 10 µM 341 

glycine (Fig. 2A). Current amplitude and deactivation time constants at -20 mV did not 342 

change in response to hibernation (Fig 2B-D, amplitude: t(24) = 1.502, p = 0.1461, 343 

unpaired t-test; deactivation time constant: t(24) = 0.4516, p = 0.6556, unpaired t-test). In 344 

addition, superfusion of aCSF bubbled with a hypoxic gas mixture (0% O2) for 5 minutes 345 

did not consistently alter the amplitude or deactivation time in controls (Fig 2E, 346 

amplitude: t(4) = 1.455, p = 0.2193, paired t-test; deactivation time constant: t(4) = 1.980, 347 

p = 0.1189, paired t-test) or following hibernation (Fig 2F, amplitude: t(3) = 0.2362, 348 

p=0.8285, paired t-test; deactivation time constant: t(3) = 0.1515, p=0.8892, paired t-349 

test). Therefore, hibernation does not alter whole-cell NMDAR currents, as well as their 350 

deactivation kinetics and sensitivity to acute hypoxia. 351 

Ca2+ influx through NMDARs plays a role in network dysfunction during hypoxia 352 

(Szydlowska and Tymianski, 2010). Thus, we assessed the Ca2+ permeability of 353 

NMDARs before and after hibernation, as Ca2+ selectivity may increase or decrease 354 

without obvious changes in the whole-cell current amplitude and kinetics (Murphy et al., 355 

2014; Skeberdis et al., 2006). For this, we measured the reversal potential of the 356 

NMDAR current (Erev) in low Ca2+ (1 mM) and high Ca2+ (10 mM). Changes in Erev during 357 

exposure to high Ca2+ concentrations provide a way to assess the relative Ca2+ 
358 

permeability of ligand-gated ion channels (Jatzke et al., 2002). Consistent with the 359 

canonical role of NMDAR as a Ca2+ permeable channel, raising extracellular Ca2+ 
360 
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depolarized Erev of in control neurons (Fig. 3A top). Divalent cations can adhere to the 361 

outer edge of cell membranes and alter the surface charge, making the apparent 362 

voltage at the membrane more depolarized with increasing concentrations of divalent 363 

cations (Hille, 2001). This is important to consider, given that we found a depolarizing 364 

shift in Erev in response to high Ca2+. However, charge screening is unlikely to affect our 365 

interpretation since Erev shows a <2 mV difference between 1 mM and 10 mM Ca2+ on 366 

Ca2+-impermeable kainite receptors (Jatzke et al., 2002). Thus, most of the ~13 mV 367 

depolarization we observe between low and high Ca2+ in control neurons likely reflects 368 

its true Ca2+ permeability and not changes in the surface charge. After hibernation, the 369 

change in Erev during high Ca2+ appeared to be far smaller (Fig. 3A bottom). Indeed, 370 

there was a significant interaction between Ca2+ concentration and group on Erev (Fig. 371 

3C, F(1,60) = 7.735, p = 0.0072, two-way ANOVA), with a strong increase in Erev by high 372 

Ca2+ in the control group and no significant change in Erev in high Ca2+ after hibernation. 373 

Therefore, hibernation leads to a reduction in the Ca2+ permeability of the NMDAR, with 374 

minimal influence on the whole-cell current amplitude and deactivation kinetics. 375 

 We next investigated the dynamic properties of NMDAR currents. Desensitization 376 

describes the degree to which a receptor loses responsiveness to the agonist in 377 

response to continued exposure, which may reflect a mechanism to dynamically reduce 378 

NMDAR currents when the network is in a high activity state. For this, we simulated 379 

NMDAR receptor activation that likely occurs during large phasic motor activation that 380 

disrupts normal rhythmic output in severe hypoxia (Fig. 4A) (Adams et al., 2021). Thus, 381 

we applied NMDAR agonists every 2 seconds for a total of 10 pulses per neuron to 382 

assess desensitization in a physiologically-relevant way (Fig 4B).  We observed a 383 
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moderate degree of desensitization in controls, whereby the 10th pulse in the series 384 

produced a current that was ~60% of the baseline amplitude. NMDARs from hibernators 385 

also desensitized, but the final puff elicited a current that was significantly smaller than 386 

controls, at ~20% of the initial value (Fig. 4C, t(24) = 2.946, p=0.0071, unpaired t-test). In 387 

addition, a two-way ANOVA for relative current amplitude across all puffs shows a main 388 

effect of group, indicating that currents from hibernators were more desensitized across 389 

the entire experimental protocol (Fig. 4D, F(1, 24) = 7.084, p=0.0137, two-way ANOVA). 390 

Therefore, NMDAR currents not only become less permeable to Ca2+ after hibernation, 391 

but they also pass less current during repetitive activation that otherwise causes 392 

network output to lose homeostasis. 393 

 NMDARs are heterotetramers composed of an obligatory GluN1 subunit and a 394 

combination of GluN2A-D and/or GluN3A-B protein subunits (Paoletti et al., 2013). To 395 

gain insight into the NMDAR subunits that correspond these physiological changes, we 396 

used inhibitors for the subunits GluN2A, GluN2B, GluN2C/GluN2D, and GluN3 to 397 

uncover the physiological participation of NMDA subunits in neurons from controls and 398 

hibernators. In controls, we observed a significant inhibition of the total NMDAR current 399 

when the GluN2B and GluN2C/GluN2D subunits were inhibited compared to time 400 

control, shown by a current decrease of 44% for GluN2B (t17=4.915, p=0.0001 t-test) 401 

and 29% for GluN2C/D (t15=2.916, p=0.0106 t-test). It is important to appreciate that 402 

time controls underwent a slight increase in current amplitude during the experimental 403 

time course (Fig 5A); thus, the decreases induced by each drug represent an 404 

underestimation of their true contribution to the total current. After hibernation GluN2B 405 

maintained its participation in the NMDA current, showing a decrease relative to time 406 
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control when inhibited (t22=3.103, p=0.0052 t-test), which did not differ from control 407 

neurons (t20=1.427, p=0.1689 t-test; Fig. 5C). However, GluN2C/GluN2D no longer 408 

contributed to the NMDA current after hibernation (t19=0.2833, p=0.7800 t-test 409 

compared to time control), showing a difference from the control group (t15=2.612, 410 

p=0.0196 t-test, Fig. 5D). The subunits GluN2A (Fig. 5B) and GluN3 (Fig. 5E) did not 411 

seem to have a consistent functional contribution to the NMDA current in control or 412 

overwintered frogs. Therefore, the GluN2B subunit appears to be the main GluN2 413 

subunit participating in the NMDA current, while GluN2C/D plays a smaller role and is 414 

lost after hibernation.   415 

To understand the potential for transcriptional control of NMDAR subunits, we 416 

followed up physiology experiments with single-cell quantitative PCR (qPCR) to 417 

measure the mRNA expression of all 7 NMDAR subunits that encode the NMDAR (the 418 

Grin gene family). These data are summarized in Fig. 6. Consistent with the dominant 419 

contribution of GluN2B to the total NMDAR current, Grin2B appeared to be the most 420 

abundant Grin transcript for both controls and hibernators, along with Grin1 that codes 421 

for the obligatory GluN1 subunit.  Pharmacologically, QZN 46 is selective for both 422 

GluN2C and GluN2D. However, most neurons lacked mRNA expression of Grin2D (Fig 423 

6), indicating the GluN2C is the main functional subunit blocked by QZN 46 in control 424 

neurons. Consistent with our functional results, after hibernation we observed a 425 

significant decrease in the mean abundance Grin2C (p=0.0003, Mann-Whitney U test). 426 

Surprisingly, although we did not observe a contribution from the GluN3 subunit to the 427 

NMDAR in either group, we observed mRNA expression of both Grin3A and Grin3B, 428 

and each of these subunits decreased after hibernation (Grin3A: t34=2.920, p=0.0062, 429 
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unpaired t test; Grin3B: t21.62=2.597, p=0.0166, Welch’s t-test). These data suggest that 430 

a transcriptional program influences the NMDAR subunit composition in concert with 431 

modification of whole-cell receptor current properties. 432 

What are the functional impacts of NMDAR modifications on the ability of the 433 

network to function during hypoxia? In control brainstems, the first several minutes of 434 

hypoxia leads to large, uncoordinated output that interferes with the normal patterned 435 

activity of the respiratory network (Fig. 7A1). This type of chaotic activity is thought to 436 

arise, at least in part, due to motor hyperexcitability induced by energy stress, as it does 437 

not occur when the brainstem is well-oxygenated (Adams et al., 2021; Bueschke et al., 438 

2021). To determine the extent to which NMDARs play a role in this response, we 439 

exposed a group of brainstem preparations to D-AP5 and then measured the degree of 440 

large amplitude output that disrupted normal activity shortly after the onset of hypoxia. 441 

In the presence of D-AP5 (Fig. 7A2), the mean amplitude of this chaotic <non-442 

respiratory= activity was strongly blunted relative to controls. In addition, the small 443 

degree of disruption was often not sufficient to disrupt patterned output during hypoxia 444 

as shown in Fig. 7A2. These results show that the normal profile of NMDARs (with a 445 

permeability to Ca2+ and relatively less desensitization) contribute to chaotic output that 446 

disrupts normal function of the network during hypoxia.  447 

As disruptive motor activity during hypoxia arose largely due to NMDARs, this 448 

type of activity provided a sensitive indicator of how the modified NMDAR profile 449 

influenced network excitability in hypoxia. Strikingly, the chaotic, large amplitude, non-450 

respiratory bursting in hypoxia that was caused largely by NMDARs did not occur in any 451 

hibernation preparation (Fig. 7B1). We also applied D-AP5 to a group of hibernation 452 
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preparations. The addition of D-AP5 did not influence network function during hypoxia, 453 

as there was no disruptive activity to suppress (Fig. 7B2). These results are summarized 454 

in Fig. 7C by a one-way ANOVA for control, control+D-AP5, hibernation, and 455 

hibernation+D-AP5 (F(3,31)=15.25, p<0.0001, one-way ANOVA). Post hoc tests reveal 456 

that blocking NMDARs in control preparations suppresses the large non-respiratory 457 

bursting in hypoxia (p=0.0002, Holm-Sidak multiple comparisons test). This is not 458 

different than the degree of large amplitude bursting during hypoxia from hibernation 459 

preparations without (p=0.6824, Holm-Sidak multiple comparisons test) or with D-AP5 460 

(p=0.6824, Holm-Sidak multiple comparisons test). These results show that control 461 

preparations without functional NMDARs (because they have been blocked by D-AP5) 462 

behave similar to circuits with intact NMDARs after they have become less permeable 463 

to Ca2+ and desensitize more strongly. Thus, modifications in NMDAR function act in a 464 

way to prevent hyperexcitable network states during energy stress while maintaining 465 

their role in network output under well-oxygenated conditions.                466 

  467 
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Discussion: 468 

 During energy stress, NMDAR activation disrupts circuit output in a wide range of 469 

species, including amphibians (Fig 7). To emerge from hibernation in an ice-covered 470 

pond, frogs must restart critical behaviors, including breathing, on the background of 471 

extraordinarily low oxygen levels (Tattersall & Ultsch, 2008; Ultsch et al., 2004). The 472 

challenge lies in the fact that most frogs are not generally considered to be a strongly 473 

<hypoxia-tolerant= species. Metabolically, a suite of plasticity mechanisms arise during 474 

hibernation and improve the fuel supply needed to operate brainstem synapses under 475 

anaerobic conditions (Bueschke et al., 2021a; Hu & Santin, 2022, Amaral-Silva & 476 

Santin, 2023). Here, we tested the hypothesis that these animals also use physiological 477 

mechanisms to avoid hyperexcitable network states induced by energy stress. We 478 

identified two key modifications to NMDARs that offset hyperexcitable output in hypoxia: 479 

reduced Ca2+ permeability (Fig. 3) and enhanced desensitization (Fig. 4).  480 

These NMDAR modifications are consistent with plasticity that acts to maintain 481 

network excitability and reduce energy consumption in hypoxia. First, enhancing 482 

desensitization reduces depolarizing drive during repetitive stimulation that normally 483 

occurs during hypoxia (Fig. 4). As NMDARs contribute to chaotic bursting that disrupts 484 

patterned network output (Fig. 4A, Fig. 7A), stronger desensitization during high activity 485 

states likely acts as a potent brake on excitability. Second, switching to NMDARs with 486 

lower Ca2+ permeability likely incurs a cost savings. Here, roughly 50% of the population 487 

motor output that drives breathing is generated through NMDARs (Fig 1), which means 488 

for every breath the animal takes, increases in intracellular Ca2+ from NMDARs must be 489 

cleared to maintain ion homeostasis. Although the regulation of intracellular Ca2+ is 490 
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multifaceted, the plasma membrane Ca2+ ATPase plays a large role in maintaining Ca2+ 
491 

homeostasis in active neurons (Malci et al., 2022; Schmidt et al., 2017). This pump 492 

consumes more than 3 times the ATP as the Na+/K+ ATPase, as it extrudes 1 Ca2+ ion 493 

per ATP hydrolyzed and transports Ca2+ against a larger electrochemical gradient 494 

compared to Na+ and K+. Thus, in addition to minimizing well-established pathways for 495 

Ca2+-induced excitotoxicity (Szydlowska and Tymianski, 2010), lowering the Ca2+ 
496 

permeability of NMDAR may also reduce the metabolic burden of Ca2+ regulation in 497 

hypoxia, allowing neurons to allocate energy to other processes required to maintain 498 

homeostasis.  499 

Interestingly, these modifications do not alter the normal role of the NMDARs in 500 

generating motor output under well-oxygenated conditions (Fig. 1). One reason for this 501 

may be that NMDAR currents in this study were measured at the cell body. Thus, the 502 

plasticity in NMDAR function we observe may be localized to extra-synaptic regions, 503 

which are well known to elicit the pathological actions of NMDARs during hypoxia and 504 

ischemia (Tu et al., 2010; Zhou et al., 2013). It is not yet known if hibernation influences 505 

NMDARs at respiratory-related synapses. However, if hibernation alters the properties 506 

of synaptic NMDARs, reduced Ca2+ permeability and enhanced desensitization likely 507 

have little influence on network output since these modifications do not alter the whole-508 

cell current amplitude and kinetics over the timescale of individual networks population 509 

bursts (<1 s burst every ~10 s) (Fig. 1A). Altogether, NMDAR plasticity appears to 510 

contribute to a state of resilience during metabolic stress without influencing normal 511 

functioning of the network under healthy conditions.      512 
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 What cellular mechanisms influence the functional changes we observe? 513 

NMDAR receptors are heterotetrameric complexes composed of an obligatory GluN1 514 

subunit and GluN2A-D and GluN3A-B subunits, which determine receptor properties 515 

(Paoletti et al., 2013). Heterologous expression of GluN3 with GluN1 renders the 516 

receptor impermeable to Ca2+ and highly responsive to glycine (Chatterton et al., 2002). 517 

Although our single-cell qPCR data show altered mRNA expression of genes that code 518 

for the GluN3 subunit, our functional studies show that it does not contribute to the 519 

NMDAR current, indicating that changes in GluN3 are not responsible for decreases in 520 

Ca2+ permeability after hibernation. Interestingly, in NMDAR complexes containing 521 

GluN2, Ca2+ permeability is not an intrinsic property of the protein, but rather, is caused 522 

by phosphorylation of the GluN2B subunit (Skeberdis et al., 2006; Murphy et al., 2014). 523 

As GluN2B had the greatest functional role and mRNA expression (Fig. 5 and Fig. 6), 524 

we speculate that alterations in the phosphorylation state of GluN2B may regulate Ca2+ 
525 

permeability. For desensitization, many factors influence this property, including subunit 526 

composition (Vicini et al., 1998), protein binding partners (Sornarajah et al., 2008), and 527 

intracellular signaling pathways (Alagarsamy et al., 1999). Most relevant to our results, 528 

GluN1/GluN2C heterodimers undergo relatively weak desensitization (Dravid et al., 529 

2008; Alsaloum et al., 2016). We observed a decrease in Grin2C mRNA expression and 530 

a reduced contribution of GluN2C to the whole-cell current after hibernation. These 531 

results suggest that transcriptional control of GluN2C expression may shift neurons to 532 

favor subunit combinations with greater degrees of desensitization, such as 533 

GluN1/GluN2B (Vicini et al., 1998). As a caveat, we acknowledge that attributes of 534 

NMDAR currents may represent the sum of many potential combinations of GluN 535 
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subunits; although we did not find significant functions of GluN3 and GluN2A, some 536 

individual cells within the population did appear to respond to their inhibitors, suggesting 537 

that variable combinations of NMDAR subunits compose the total whole cell current. In 538 

addition, receptor expression may vary depending on the localization within the cell 539 

(e.g., synaptic vs. extrasynaptic). This complicates the connection between single cell 540 

mRNA abundances and NMDAR function measured at the cell body. Nevertheless, 541 

combining functional and molecular approaches point to mechanisms that alter the 542 

functional properties of the NMDARs to improve function during energy stress. 543 

 The frog brainstem has a remarkable ability to improve its function during 544 

hypoxia and ischemia after hibernation (Bueschke et al., 2021). This response involves 545 

enhancing anaerobic glucose metabolism at active synapses (Amaral-Silva & Santin, 546 

2023; Bueschke et al., 2021a). Dominant hypotheses for neural circuit evolution posit 547 

that natural selection acts on the efficiency of synapses, optimizing the ratio of 548 

information transfer to ATP consumption (Harris et al., 2015; Quintela-López et al., 549 

2022). However, synapses here can switch into a state that supports network activity for 550 

hours with ~1/15th the amount of ATP through adjustments in synaptic metabolism that 551 

maximize glycolytic ATP production (Amaral-Silva & Santin, 2023). Our results suggest 552 

that physiological modifications help to lower the cost of network activity to match the 553 

dramatically reduced rate of energy production while maintaining seemingly normal 554 

output. Given that this circuit makes physiological and energetic modifications that allow 555 

it to run on very little energy, these results demonstrate some neural circuits may reside 556 

far from their <optimal= efficiency. This begs the question of why animals would 557 
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suppress such a state until it is critical for survival (e.g., emerging from an ice-covered 558 

pond after months of hibernation).  559 

Although our results show strong support for NMDAR plasticity as a potential 560 

energy-saving mechanism, they also hint at a potential cost of maintaining an <ultra-561 

high= efficiency network state. NMDARs play a key role in plasticity, whereby Ca2+ influx 562 

through the receptor potentiates synaptic strength in a wide range of systems, including 563 

the respiratory motoneurons in this species (Bueschke et al., 2021b). NMDAR 564 

modifications we observe likely incur an energy savings but have features that appear 565 

to be incompatible with NMDAR-dependent plasticity: strongly reduced Ca2+ 
566 

permeability and greatly enhanced desensitization which quickly reduces channel 567 

activity upon repetitive stimulation. Indeed, Ca2+ impermeable NMDARs cause memory 568 

impairments and reduce long-term potentiation in mice (Conde-Dusman et al., 2021; 569 

Hurley et al., 2022). Therefore, we suggest a trade-off exists between metabolic 570 

robustness and the capacity for plasticity within circuits. It seems sensible for an animal 571 

to favor an extreme degree of energetic resilience to restart critical behaviors in 572 

severely hypoxic conditions. However, when animals are not faced with energy stress, 573 

as is the case for most vertebrates most of the time, it is clearly beneficial for the brain 574 

to adapt to changes in the environment through plasticity. In support of the relationship 575 

between plasticity and metabolic resilience, the rodent hippocampus shows a dorsal-576 

ventral gradient in damage by ischemia (Ashton et al., 1989), which mirrors the capacity 577 

for synaptic plasticity owing to the degree of Ca2+-permeability of the NMDARs (Hurley 578 

et al., 2022). Therefore, hypotheses for selective pressures shaping the evolution of 579 
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neural circuits may need to incorporate how synapses have balanced the need for 580 

plasticity and robust function during energy stress.         581 

In conclusion, a failure to balance energy supply and physiological demands of 582 

neurons leads to disordered circuit activity. We identified a circuit that has the capacity 583 

to modify NMDARs to reduce Ca2+ influx and constrain excitability in hypoxia without 584 

altering their normal contribution to network function. These findings represent a state-585 

dependent form of NMDAR plasticity that likely plays an adaptive role by promoting 586 

coordinated network activity in a circuit that cannot typically maintain homeostasis in low 587 

oxygen. These results provide insight into natural mechanisms that reduce neural circuit 588 

reliance on high rates of energy production. Yet, they also point to a potential trade-off 589 

between energetic robustness and plasticity that requires Ca2+ influx through NMDARs. 590 

Uncovering mechanisms that shift the balance between these two states may inform 591 

novel neuroprotection strategies with high clinical relevance.  592 
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Tables 818 

Table 1. Primer Sequences for SYBR Green qPCR Assays 
Target Forward Reverse Efficiency 
Grin2b GAGTGGGAGGACAGAACTGC TGGCAGACTTCACAGCGGAT 81% 
Grin2c GGTGCTGCAAGTGGAAACTG GGATGTAGCGGGCACTCTTT 100% 
Grin2d TGTTCGCATGGGAGCATCTT GCCTTTGGATCCTCAGCACT 95% 
Grin3b CCAGCGATCTTCCTTGGTGT TGTCCAACCAGCCAGTGAAA 84% 
18S rRNA CAGGCCGGTCGCCTGAATAC GGCCCCAGTTCCGAAAACCA 101% 

 819 

Table 2. Primer Sequences for Probe-based qPCR Assays 

Target Forward Primer Reverse Primer Efficiency 
Grin1 TGGTGGCGGTAATGTTGTATC 

 
TCAGTGCATCCTCCTCTTCTTC 
 

91% 

Grin2a TGACCCATTGCCGAAGTTG 
 

GCATTCGGTCTTCATCAATGTCA 
 

91% 

Grin3a GGCCAGACCAAGCACAAAG CACAAAGGGTGGCTCAATCAAG 
 

96% 

Prober Sequences Probe-Quencher 

Grin1 CAGGTTCAGTCCTTTTGGCCGGTT 
 

FAM-BHQ1 

Grin2a ACCCAGTTATACTGGTCACTACTCAACCA ROX-BHQ2 
Grin3a CAGAAGTCATTTCCAACAACCACCTCGA VIC-BHQ1 

 820 
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Figures and Legends 824 

 825 

Figure 1. Hibernation does not alter the NMDAR tone of respiratory motor output. (A) 826 

Schematic of the in vitro brainstem preparation. Raw motor output associated with breathing 827 

can be recorded from the cut cranial nerve X rootlet (CNX). Raw signals are then rectified and 828 

integrated for analysis. (B) Representative respiratory motor bursts in baseline conditions and 829 

after block of NMDA-glutamate receptors with 50 µM D-AP5. Control animals are shown on the 830 

top and hibernation is shown on the bottom. (C) Box and whisker plot comparing burst 831 

amplitude in D-AP5 relative to control between controls (left, green, n = 8) and hibernation 832 

(right, blue, n = 7) brainstems, showing no significant change in D-AP5 sensitivity (unpaired t-833 

test). (D) Box and whisker plots comparing burst frequency changes in response to D-AP5. 834 

There was no significant difference between the change in burst frequency induced by D-AP5 835 

across groups. Dots represent each data point of individual experiments. 836 
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 838 

 839 

 840 

Figure 2. Hibernation does not alter the whole-cell NMDAR current amplitude, decay 841 

kinetics, and hypoxia sensitivity in identified respiratory motoneurons. (A) Schematic 842 

illustrating the backfill labeling process to identify motoneurons and the setup to focally apply 843 

NMDAR agonists (1 mM NMDA and 10 µM glycine) to the cell body. (B) Traces showing typical 844 

responses to focal application of NMDA and glycine. (C-D) NMDAR current amplitude and 845 

decay time constant is unaltered between control (n = 11 neurons from N = 5 animals) and 846 

hibernation (n = 13 neurons from N = 4 animals) neurons following unpaired t tests. Boxes show 847 

interquartile range and whiskers represent min and max values with dots showing individual 848 

data points.  (E-F) Individual NMDAR amplitude and decay values before and after ~5 minutes 849 

of hypoxia (0% O2). Paired t test results suggest hypoxia does not change either NMDAR 850 

variable in control (n = 5 neurons from N = 4 animals) or hibernation (n=4 neurons from N = 4 851 

animals) neurons. Line represents the <before= and <after= response for individual neurons in 852 

response to hypoxia. 853 
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 855 

Figure 3. Hibernation decreases Ca2+ permeability of NMDARs. (A-B) Raw whole-cell 856 

voltage clamp traces held at a range of voltages (-20 to +40 mV, Δ5 mV) responding to NMDAR 857 

activation via focal application of NMDAR agonists. Control (A) is shown on the top in green, 858 

and hibernation (B) is shown in blue. Reversal potentials (Erev) in these example traces are 859 

highlighted to visualize the typical reversal potentials in 1 mM and 10 mM Ca2+ from control and 860 

hibernation motoneurons. (C) Results of NMDAR Erev (n = 16 neurons, all groups) show 861 

significance in 2-way ANOVA interaction (p = 0.0072), indicating that hibernation affects the 862 

response to Ca2+. Pairwise comparisons reveal a significant depolarization of Erev by 10 mM 863 

Ca2+ in control neurons but not hibernation neurons. We used 4 animals for hibernation in low 864 

Ca2+ and 5 animals for all other groups. Dots represent each data point of individual cells in 865 

each group, with boxes representing interquartile range and whiskers displaying min and max 866 

Erev values. Erev values shown in this plot are corrected for calculated series resistance errors 867 

based on the holding current. ****signifies p<0.0001 868 
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 870 

 871 

 872 

Figure 4. Hibernation enhances NMDAR desensitization in response to repetitive 873 

activation. (A) Example recording of population motor output from a control brainstem 874 

preparation ~5 minutes into hypoxia. This illustrates the transition from normal patterned output 875 

to chaotic, higher frequency output with large amplitude <non-respiratory= bursting activity that 876 

occurs during hypoxia. (B) Representative traces of vagal motoneuron response to pulses of 877 

NMDAR/glycine onto the soma at 0.5 Hz. Controls under a moderate degree of desensitization 878 

(green, top), while hibernation neurons (bottom, blue) tended to have smaller current amplitudes 879 

by the end of the experiment. (C) Final (10th) pulse current amplitude relative to initial pulse. 880 

Hibernation motoneurons (n = 14 neuron from N = 4 animals) had a significantly lower final 881 

amplitude than controls (n = 12 neurons, N = 5 animals), suggesting that NMDARs after 882 

hibernation are more susceptible to desensitization. (D) Plot showing all data from the 883 

experimental series. Two-way ANOVA reveals a main effect of group and puff number. A 884 

significant group effect indicates that NMDAR currents throughout the experimental series were 885 

overall smaller after hibernation, consistent with enhanced desensitization. Dots represent each 886 

data point from individual cells, boxes represent the interquartile range, and lines display mean 887 

with min and max values.  888 

 889 

 890 

10 NMDA + glycine

2 s

Control

Hibernation

A.

C.

P=0.0071

0.0

0.5

1.0

1.5

N
M

D
A

R
 C

u
rr

e
n

t 
a
ft

e
r 

1
0

th
p

u
ff

(R
e
la

ti
v
e
 t

o
 f

ir
s
t 

c
u

rr
e
n

t)

**

Pulse, P=0.0006***
Group, P=0.0137**
Interaction, P=0.6643

0.0

0.5

1.0

1.5

N
M

D
A

R
 C

u
rr

e
n

t
(R

e
la

ti
v
e
 t

o
 f

ir
s
t 

c
u

rr
e
n

t)

Control

Hibernation

30 s

B.

D.

0% O2 after 5 minutes

Respiratory bursts
Rapid chaotic 

activity

Silence

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 16, 2023. ; https://doi.org/10.1101/2023.01.19.524811doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.19.524811
http://creativecommons.org/licenses/by-nc-nd/4.0/


 891 

 892 

Figure 5. Physiological contributions from NMDAR subunits and changes after 893 

hibernation. Change in NMDAR current amplitude after 10 minutes of recording (A, Time 894 

control), inhibition of GluN2A (B, 1 µM TCN 201), GluN2B (C, 2 µM RO 25-6981), 895 

GluN2C/GluN2D (D, 10 µM QZN 46), and GluN3 (E, 30 µM TK30). Left - change in current 896 

amplitude (expressed as % of baseline) in control neurons compared to after hibernation. Right- 897 

Example traces of a baseline current overlapped with a current after 10 min of recording (A) or 898 

after 10 min of the inhibitor exposure (B-E) in neurons from frogs in control and hibernation 899 

conditions. The <after drug= or time controls traces are slightly offset from their respective 900 

baseline recordings to enhance visibility. Number of cells (n) and frogs (N) used in these 901 

experiments: Time control in control n= 10, N= 4, in hibernation n=11, N=7; GluN2A inhibition in 902 

control n= 9, N= 3, in hibernation n=9, N=6; GluN2B inhibition in control n= 9, N= 3, in 903 

hibernation n=13, N=6; GluN2C/GluN2D inhibition in control n= 7, N= 3, in hibernation n=10, 904 

N=6; GluN3 inhibition in control n= 7, N= 2, in hibernation n=10, N=9. 905 
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 907 

Figure 6. Single-cell qPCR shows that hibernation changes in the NMDAR subunit profile 908 

in motoneurons. Single-cell mRNA abundances for all 7 Grin family members. The dominant 909 

subunits were Grin1, which encodes the obligatory NMDAR subunit, GluN1, as well Grin2B and 910 

Grin3B. Hibernation led to decreases in the abundance of Grin2C, Grin3A, and Grin3B. Sample 911 

sizes for each gene are as follows for control and hibernation. Grin1, n=19 control, n=20 912 

hibernation; Grin2A, n=16 control, n=16 hibernation; Grin2B, n=18 control, n=20 hibernation; 913 

Grin2C, n=19 control, n=20 hibernation; Grin2D, n=19 control, n=20 hibernation; Grin3A, n=18 914 

control, n=18 hibernation; Grin3B; n=19 control, n=20 hibernation. Control cells came from N=6 915 

animals and Hibernation cells came from N=5 animals. * p<0.05; **p<0.01; ****; p<0.001. 916 
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Figure 7. Modified NMDAR profile after hibernation protects against network 921 

hyperexcitability during hypoxia. Extracellular recordings of motor nerve output from the 922 

brainstem-spinal cord preparation. (A1) Shows the typical response to hypoxia in controls, 923 

whereby large amplitude bursting disrupts patterned output from the respiratory network. (A2) 924 

shows motor output during hypoxia in a preparation that was pretreated with D-AP5 to block 925 

NMDARs. In the presence of D-AP5, large amplitude bursting is less severe and often does not 926 

fully disrupt the respiratory rhythm. This indicates the normal profile of NMDARs contributes to 927 

disruptive motor activity in hypoxia. (B1) Shows patterned motor output from a hibernation 928 

preparation over the same timescale as controls. Despite intact NMDARs, there is no 929 

observable disruptive motor output. (B2) A hibernation preparation pretreated with D-AP5, also 930 

showing disrupted motor output. (C) Summary data of the degree of large amplitude non-931 

respiratory bursting from n=11 controls, n=9 control+D-AP5, n=8 hibernation, and n=7 932 

hibernation+D-AP5 analyzed by a one-way ANOVA. Non-respiratory bursting was smaller on 933 

average after the application of D-AP5, and this was not statistically different from hibernation 934 

preparations with or without D-AP5. 935 
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