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Abstract (248) 32 

 When baseline activity in a neuronal network is modified by external challenges, 33 

a set of mechanisms is prompted to homeostatically restore activity levels. These 34 

homeostatic mechanisms are thought to be profoundly important in the maturation of 35 

the network. It has been shown that blockade of either excitatory GABAergic or 36 

glutamatergic transmission in the living chick embryo transiently blocks the movements 37 

generated by spontaneous network activity (SNA) in the spinal cord. However, the 38 

embryonic movements then begin to recover by 2 hours and are completely restored by 39 

12 hours of persistent receptor blockade. It remains unclear what mechanisms mediate 40 

this early recovery (first hours) after neurotransmitter blockade, or even if the same 41 

mechanisms are triggered following GABAergic and glutamatergic antagonists. Here we 42 

find two distinct mechanisms that could underlie this homeostatic recovery. First, we 43 

see a highly robust compensatory mechanism observed shortly after neurotransmitter 44 

receptor blockade. In the first two hours of GABAergic or glutamatergic blockade in vitro 45 

there was a clear depolarization of resting membrane potential in both motoneurons and 46 

interneurons. These changes reduced threshold current and were observed in the 47 

continued presence of the antagonist. Therefore, it appears that fast changes in resting 48 

membrane potential represent a key fast homeostatic mechanism for the maintenance 49 

of network activity. Second, we see a less consistent compensatory change in the 50 

absolute threshold voltage in the first several hours of in vitro and in vivo 51 

neurotransmitter blockade. These mechanisms likely contribute to the homeostatic 52 

recovery of embryonic movements following neurotransmitter blockade. 53 

 54 
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 55 

 56 

Significance (120) 57 

Homeostatic plasticity represents a set of mechanisms that act to recover cellular 58 

or network activity following a challenge and is thought to be critical for the 59 

developmental construction of the nervous system. The chick embryo afforded us the 60 

opportunity to observe the timing of homeostatic recovery of network activity following 2 61 

distinct perturbations in a living developing system. Because of this advantage, we have 62 

identified a novel homeostatic mechanism that actually occurs as the network recovers 63 

and is therefore likely to contribute to nervous system homeostasis. We found that a 64 

depolarization of the resting membrane potential and a hyperpolarization of threshold 65 

voltage in the first hours of the perturbation enhances excitability and supports the 66 

recovery of embryonic spinal network activity. 67 

 68 

 69 

 70 
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 78 

Introduction (689) 79 

 Recent work has focused on the mechanisms that allow networks to 80 

homeostatically maintain their activity levels in the face of various perturbations (Marder 81 

and Goaillard, 2006; Turrigiano, 2011; Davis, 2013). Typically, activity is altered for 24 82 

hours or more and compensatory changes in intrinsic cellular excitability and/or synaptic 83 

strength (synaptic scaling) are observed following the perturbation. While most of the 84 

work has been carried out in vitro, homeostatic mechanisms have also been observed 85 

in vivo in the spinal cord (Gonzalez-Islas and Wenner, 2006; Knogler et al., 2010), 86 

hippocampal (Echegoyen et al., 2007), auditory (Kuba et al., 2010) and visual systems 87 

(Desai et al., 2002; Goel et al., 2006). The chick embryo spinal cord expresses a 88 

spontaneously occurring network activity (SNA) that drives embryonic movements 89 

(O'Donovan, 1999; Blankenship and Feller, 2010). SNA likely occurs in all developing 90 

circuits shortly after synaptic connections form. In the embryonic spinal cord this activity 91 

is a consequence of the highly excitable nature of the nascent synaptic circuit where 92 

GABAergic neurotransmission is depolarizing and excitatory during early development 93 

(Ben-Ari et al., 1989; O'Donovan et al., 1998; O'Donovan, 1999; Rivera et al., 1999; 94 

Blankenship and Feller, 2010). Spinal SNA is known to be important in motoneuron 95 

axonal pathfinding (Hanson and Landmesser, 2004), and for proper muscle and joint 96 

development (Ruano-Gil et al., 1978; Toutant et al., 1979; Roufa and Martonosi, 1981; 97 

Persson, 1983; Hall and Herring, 1990; Jarvis et al., 1996). 98 

 The embryonic spinal cord provides an exceptional model of homeostasis. Many 99 

years ago it was demonstrated that SNA expressed in the isolated spinal cord was 100 
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transiently blocked by either glutamatergic or GABAA receptor (GABAR) antagonists, 101 

but within hours was homeostatically restored in the presence of that antagonist (Barry 102 

and O'Donovan, 1987; Chub and O'Donovan, 1998). However, the mechanisms of this 103 

recovery have not been identified. Interestingly, a similar homeostatic recovery of SNA-104 

generated embryonic movements following neurotransmitter antagonists has also been 105 

demonstrated in vivo (Wilhelm and Wenner, 2008). When GABAA or glutamate receptor 106 

antagonists were injected into the egg at embryonic day 8 (E8), SNA-driven embryonic 107 

movements were abolished for 1-2 hours, but then homeostatically recovered to control 108 

levels 12 hours after the onset of pharmacological blockade of either transmitter 109 

(Wilhelm and Wenner, 2008). Therefore, it would be expected that mechanisms that 110 

contribute to the homeostasis of activity in the living system will have occurred by 2-12 111 

hours of treatment. Because the recovery was very similar following either GABAergic 112 

or glutamatergic blockade, one might think that similar mechanisms would drive the 113 

recovery of embryonic activity following injection of either antagonist, but this did not 114 

appear to be the case. It was determined that following 12 hours of GABAA receptor 115 

blockade compensatory changes in intrinsic excitability were observed (increased Na+ 116 

channel, and a decrease of two different K+ channel currents – IA & IkCa), although 117 

changes in quantal amplitude were not observed until 48 hours of receptor blockade 118 

(Wilhelm and Wenner, 2008; Wilhelm et al., 2009). On the other hand following 12 hour 119 

glutamatergic blockade no changes in intrinsic excitability were observed, and even 120 

after 48 hours of glutamatergic blockade no change in quantal amplitude was seen.  121 

 Previous studies had not examined the possibility that compensatory changes in 122 

cell excitability and/or scaling were occurring at the onset and throughout the recovery 123 
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process in motoneurons. In fact, very few studies have compared the expression of 124 

presumptive homeostatic mechanisms with the timing of the homeostatic recovery of 125 

activity, yet we would expect that some of these mechanisms would be expressed at the 126 

very onset of the recovery process. Further, there is little known about compensations 127 

that may be occurring in the interneurons that contribute to the drive of SNA. Therefore, 128 

we set out to identify the mechanisms that are expressed during the actual period of 129 

homeostatic recovery of SNA. We found some changes in threshold voltage, but 130 

importantly we describe a previously unrecognized mechanism of homeostatic intrinsic 131 

plasticity where fast changes in resting membrane potential (RMP) bring both 132 

interneurons and motoneurons closer to action potential threshold. The results suggest 133 

that compensatory changes in RMP could facilitate the homeostatic recovery of activity 134 

during glutamatergic or GABAergic blockade in the living embryo. 135 

 136 

 137 

 138 

Methods. 139 

 140 

Dissection. 141 

Embryonic day 10 (E10 or stage 36 (Hamburger and Hamilton, 1951)) chick spinal 142 

cords were dissected under cooled (15°C) Tyrode’s solution containing the following (in 143 

mM): 139 NaCl, 12 D-glucose, 17 NaHCO3, 3 KCl, 1 MgCl2, and 3 CaCl2; constantly 144 

bubbled with a mixture of 95% O2-5% CO2 to maintain oxygenation and pH around 7.3. 145 

After the dissection, the cord was allowed to recover overnight in Tyrode’s solution at 146 
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18°C. The next day the cord was transferred to a recording chamber and continuously 147 

perfused with Tyrode’s solution heated to 27°C to allow for the expression of bouts of 148 

SNA with a consistent frequency. 149 

 150 

Electrophysiology.  151 

Whole-cell current clamp recordings were made from spinal motoneurons localized in 152 

lumbosacral segments 1-3 and were identified by their lateral position in the ventral 153 

cord. Recordings were also made from interneurons in the same segments, but these 154 

were identified by their more medial position in the ventral cord. Patch Clamp tight seals 155 

(1-3 G ) were obtained using electrodes pulled from thin-walled borosilicate glass 156 

(World Precision Instruments, Inc) in two stages, using a P-87 Flaming/Brown 157 

micropipette puller (Sutter Instruments) to obtain resistances between 5 and 10 M . 158 

Once whole-cell configuration was achieved, voltage clamp at -70mV was maintained 159 

for a period of 5 minutes to allow stabilization before switching to current clamp 160 

configuration at which point the RMP was measured. A liquid junction potential of -12 161 

mV was experimentally measured (Neher, 1992) for our conditions. All reported RMP 162 

and Threshold values were then corrected offline. In some cases, whole cell voltage 163 

clamp recordings were also obtained from motoneurons and interneurons in order to 164 

acquire miniature postsynaptic currents (mPSCs) and these recordings were obtained 165 

for the first 5-10 minutes of the recording before switching to current clamp to record 166 

measures of excitability. Series resistance during the recording varied from 15 to 20 MΩ 167 

among different neurons and was not compensated. Voltage clamp recordings were 168 

terminated whenever significant increases in series resistance (> 20%) occurred or 169 
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when holding current became larger than 50 pA. Cell capacitance was not 170 

compensated. Currents were filtered online at 5 kHz and digitized at 10 kHz. AMPA and 171 

GABA mPSCs were separated by their decay kinetics as described previously 172 

(Gonzalez-Islas and Wenner, 2006). The mPSCs with decay time constants ( ) under 7 173 

ms were counted as AMPAergic and those with s over 10 ms were counted as 174 

GABAergic (Gonzalez-Islas and Wenner, 2006). We did not add TTX to isolate mPSCs 175 

in this study because the frequency and amplitude of spontaneous events (no TTX) and 176 

mPSCs in the presence of TTX have been shown to be the same (Chub and 177 

O'Donovan, 2001; Gonzalez-Islas and Wenner, 2006).  The mPSCs were acquired on 178 

an Axopatch 200B patch clamp amplifier (Molecular Devices), digitized (Digidata 1200, 179 

Molecular Devices) on-line using PClamp 10 (Molecular Devices), and analyzed 180 

manually using Minianalysis software (Synaptosoft). For these recordings, if peak to 181 

peak noise was larger than 5 pA or the RMS was larger than 1 pA, then the recording 182 

was not included in the analysis. The mPSCs were identified automatically by 183 

Minianalysis using the following parameters:  Threshold: 5pA, Period to search a local 184 

maximum: 50 ms; Time before a peak for baseline: 10 ms; Period to search for a decay 185 

time: 35 ms; Fraction of peak to find a decay time: 0.37 Period to average a baseline 186 

5ms; Area threshold 10; Number of point to average peak 7; Direction of peak; 187 

Negative. We then went through these mini waveforms and accepted them or rejected 188 

them following visual inspection of the waveform.  Charts and associated average 189 

values were obtained by determining an average mPSC amplitude for each cell 190 

(variable number of mPSCs/cell, 5pA cutoff), and then calculating the average of all 191 

cells. Recordings in current clamp were terminated whenever significant increases in 192 
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input resistance (>20%) occurred. Current Clamp recordings were filtered online at 10 193 

kHz, digitized at 20 kHz. The intracellular patch solution for both current and voltage 194 

clamp recordings contained the following (in mM): 5 NaCl, 100 K-gluconate, 36 KCl, 10 195 

HEPES, 1.1 EGTA, 1 MgCl2, 0.1 CaCl2, 1 Na2ATP, and 0.1 MgGTP; pipette solution 196 

osmolarity was between 280 and 300 mOsm, and pH was adjusted to 7.3 with KOH. 197 

Standard extracellular recording solution was Tyrode’s solution (see above), constantly 198 

bubbled with a mixture of 95% O2-5% CO2. In order to obtain rheobase, threshold 199 

voltage, and F-I relationships in embryos treated with saline or gabazine in ovo, a step 200 

protocol was employed (1sec duration, 1pA increments for threshold/rheobase or 5pA 201 

increments for the FI curve, at 0.1Hz). To expedite this process so we could get more 202 

accurately timed measures of rheobase and threshold voltage following in vitro 203 

application of gabazine, a ramp protocol (from 0 to 200 pA; 1.2 sec duration at 0.2 Hz; 204 

n=3) was used. A test pulse was delivered 800 ms before every step pulse or ramp, a 205 

200ms hyperpolarizing current step of 20 pA was applied, and this provided our 206 

measure of input resistance, and also served as an indicator of the reliability of the step.  207 

The RMP values were taken as an average of the Vm read at the beginning each 208 

sweep in these protocols. Although most of the experiments were not blinded, in 4 209 

experiments the drug application in ovo was done blindly to corroborate the results. 210 

 211 

In ovo and vitro drug injections. 212 

A window in the shell of the egg was opened to allow monitoring of chick embryo 213 

movements and drug application 6 or 12 hrs before isolating the spinal cord at E10. 50 214 

μl of a 10mM gabazine solution was applied onto the chorioallantoic membrane of the 215 
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chick embryo to a final concentration of ~10μM, assuming a 50 ml egg volume. For the 216 

in vitro drug application, 10μM gabazine or 20μM CNQX and 50μM APV was added to 217 

the perfusate after recording from untreated/control neurons for the first 2-3 hours.  218 

 219 

Recording of Spontaneous Network Activity.  220 

For monitoring Spontaneous Network Activity (SNA), tight-fitting glass suction 221 

electrodes were used to record ventrolateral Funiculus (VLF) signals as described 222 

previously (O'Donovan and Landmesser, 1987). VLF signals were amplified (1000X), 223 

filtered (0.1 Hz to 1 kHz) by an extracellular amplifier (A-M Systems Inc.) and acquired 224 

using PClamp 10 (Molecular Devices). Analyses of the data were performed offline. 225 

 226 

Immunoblots. 227 

The ventral half of the lumbosacral spinal cords were homogenized in RIPA buffer 228 

containing protease and phosphatase inhibitors. Samples were then centrifuged to 229 

remove cell debris. Protein concentration was quantitated using BCA reagent (Pierce). 230 

Samples were separated on 4–15% SDS-PAGE and blotted to a nitrocellulose 231 

membrane. Films were scanned and analyzed using free software, ImageJ, with 232 

background correction and normalization to actin. The primary antibodies against Nav 233 

1.2 and Kv 4.2 were from Alomone Labs. The blots were visualized by ECL 234 

chemiluminescence (GE Healthcare). Lysate from the ventral half of 4 different 235 

cords/chicks per treatment were used and blots were done in duplicate (total 8 embryos 236 

per treatment). 237 

 238 
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Drugs. 239 

SR-95531 hydrobromide (gabazine), 6-Cyano-7-nitroquinoxaline-2,3-dione disodium 240 

(CNQX), D-(-)-2-Amino-5-phosphonopentanoic acid (APV), and Dihydro-β-erythroidine 241 

hydrobromide (DH E)  were purchased from Tocris Cookson (Cat. No. 1262, Cat. No. 242 

1045, Cat. No. 0106, and  Cat. No. 2349 respectively); All other chemicals and drugs 243 

were purchased from Sigma-Aldrich. 244 

 245 

 246 

Statistics.  247 

Data are expressed as mean ± SE. Statistical analysis of cellular excitability parameters 248 

was performed using ANOVA followed by Bonferroni post hoc test for multiple 249 

comparisons for normally distributed data and Kruskal-Wallis method followed by a 250 

post-hoc Dunn test for data that was not normally distributed, unless mentioned 251 

otherwise. For statistical assessment of mPSC amplitude we used a student t-test for 252 

normally distributed data, and Mann-Whitney test for data that was not normally 253 

distributed. For all of the experiments the number of cells and cords are indicated in 254 

parenthesis at the bottom of the corresponding figure legend.  Throughout the 255 

manuscript * refers to p ≤ 0.05, ** refers to p ≤ 0.01, and *** refers to p ≤ 0.001. 256 

 257 

 258 

Results. 259 

 260 
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Changes in spinal neuron excitability in the first 12 hours of in vivo GABAergic 261 

blockade.  262 

 Previous work showed that spinal motoneuron voltage-gated Na+ and K+ channel 263 

currents were altered following 12 hours of in ovo GABAergic blockade, after embryonic 264 

movements had homeostatically recovered (Wilhelm et al., 2009). In order to determine 265 

if these changes actually contribute to the recovery, we assessed cellular excitability in 266 

motoneurons during the period that the SNA-driven movements were actually 267 

recovering, but before complete recovery was achieved. First, we tested whether 268 

cellular excitability had increased during the period that movements were in the process 269 

of homeostatically recovering, following 6 hours of gabazine treatment (10μM) in ovo. 270 

We isolated the spinal cord following saline/gabazine treatment and recorded whole cell 271 

in current clamp from motoneurons that were no longer in the presence of gabazine. We 272 

found that threshold current (rheobase) was reduced and the absolute threshold voltage 273 

was hyperpolarized suggesting the cells were more excitable following 6 hours of 274 

gabazine treatment (Figure 1B, C, Table 1). Following 12 hours of gabazine treatment in 275 

ovo similar changes were observed (Figure 1B, C, Table 1). We also assessed 276 

excitability by giving current steps and plotting this against firing frequency after either 6 277 

or 12 hours of gabazine treatment (Figure 1A). We saw a very strong shift toward higher 278 

excitability in the F-I curve at the 6 hour time point, which then moved partly back 279 

toward pre-drug values following 12 hour treatment, although cells still showed a 280 

heightened excitability compared to controls. We did not observe changes in resting 281 

membrane potential or input resistance (Figure 1D, E). 282 
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We wanted to determine whether these increases in cellular excitability were only 283 

occurring in motoneurons, or whether this was a more general phenomenon that 284 

extends to the rest of the developing motor circuitry. Thus, we assessed the possibility 285 

that spinal interneurons also increased cell excitability following gabazine treatment and 286 

could therefore contribute to the homeostatic recovery of SNA. Spinal neurons were 287 

targeted in the more medial positions of the cord. The population of spinal interneurons 288 

we recorded from were targeted blindly and therefore represent a diverse class of spinal 289 

interneurons with different neurotransmitters and activity patterns (Ritter et al., 1999). 290 

We found that, like motoneurons, interneurons had reduced threshold current at 6 and 291 

12 hours of gabazine treatment (Figure 2B, Table 1). Threshold voltage was 292 

hyperpolarized at 12 hours of gabazine treatment (Figure 2C, Table 1). In addition, we 293 

did see a depolarization of the RMP at 6 hours of treatment (Figure 2D). Overall the 294 

results suggest that there were increases in intrinsic excitability in motoneurons and 295 

interneurons at the point that embryonic movements were homeostatically recovering 296 

from in ovo GABAA receptor blockade. 297 

 298 

Changes in spinal neuron excitability in the first 6 hours of in vitro GABAergic 299 

blockade.  300 

 One advantage of the earlier experiments was that the perturbation was carried 301 

out in vivo. Unfortunately, in order to measure cellular excitability the cord must be 302 

isolated and was given several hours to recover in the absence of gabazine before we 303 

could make excitability measurements. Such a process could itself alter the excitability 304 

of the cells. Therefore, in addition to the in vivo perturbations, we wanted to assess 305 
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cellular excitability changes in the isolated cord in vitro in the first 6 hours after adding 306 

the GABAA receptor antagonist gabazine (10μM). First, we added gabazine to the bath 307 

and observed its effect on the expression of SNA. Similar to previous work, we saw that 308 

episodes of SNA were initially blocked, but then began to recover in the following hours 309 

of GABAergic blockade (Figure 3). As reported previously (Chub and O'Donovan, 310 

1998), the duration of the episodes of SNA was reduced following bath addition of 311 

gabazine (Figure 3 - 1). To identify the mechanisms that recover SNA and which are 312 

expressed in the continued presence of gabazine we recorded whole cell in current 313 

clamp from motoneurons in the first (0-2), second (2-4), third (4-6) two hour periods, 314 

and in cells that were never exposed to  gabazine. Several aspects of cellular 315 

excitability were observed to increase in these first 6 hours of GABAergic block. We saw 316 

a reduced threshold current (2-6 hours, Figure 4B1, Table 1), a hyperpolarized 317 

threshold voltage (0-2 & 4-6 hours, Figure 4B2, Table 1), and importantly, a fast ~10mV 318 

depolarization of the RMP (0-6 hours, Figure 4B3, Table 1). Cords that were never 319 

treated with gabazine in vitro but where motoneurons were recorded from 0-2 hours, 2-4 320 

hours, or 4-6 hours after warming the bath showed that the depolarized RMP was not 321 

simply a time-dependent process (Figure 4B3 inset). Interestingly, we did not see a 322 

significant change in input resistance (Figure 4B4, Table 1). These results suggest that 323 

compensatory changes in motoneuron excitability occurs very quickly and therefore 324 

could contribute to the recovery of SNA. The most striking compensatory change was a 325 

depolarizing shift in the RMP.  326 

 Similar increases in cellular excitability were observed in interneurons from 327 

isolated cords that were treated with bath application of gabazine for 0-2, 2-4, and 4-328 
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6hrs in vitro (Figure 4D1-4, Table 1). Cords that were never treated with gabazine but 329 

where interneurons were recorded from 0-2 hours, 2-4 hours, or 4-6 hours after 330 

warming the bath showed that the depolarized RMP was not simply a time-dependent 331 

process (Figure 4 D3 inset). Because we were recording from diverse classes of spinal 332 

neurons, the results suggest that various cell types alter their cellular intrinsic excitability 333 

and contribute to the recovery of activity following GABAergic blockade. Importantly, 334 

interneuron RMP was significantly depolarized at each of the time points (Figure 4D3). 335 

No changes were observed in input resistance in any condition. Therefore, interneurons 336 

increased their cellular excitability after GABAergic blockade similarly to motoneurons.  337 

 Since the changes in cellular excitability following GABAAR blockade appear to 338 

be expressed across multiple cell types throughout much of the cord, we ran Western 339 

blots of isolated spinal cords (ventral half) and assessed 2 of the voltage-gated 340 

channels that we expected could mediate this process. It has been reported (Wilhelm et 341 

al., 2009) that gabazine-induced changes were observed in voltage-gated Na+ and K+ 342 

channels. In that study we saw TTX-sensitive voltage-gated Na+ channel currents were 343 

increased. Therefore, we assessed the levels of Nav1.2, an alpha subunit of the 344 

voltage-gated Na+ channel, which had been shown to be expressed early in the 345 

development of the embryonic chick (Kuba et al., 2014). We found that following 12 346 

hour gabazine treatment in ovo, Nav1.2 expression was increased (172.4±14.8%, p ≤ 347 

0.05), but not after 6 hour treatment (105.3 ± 5.3%, Figure 5). Further, it was also 348 

observed in that study that currents of the A-type transiently-activated K+ channel (IA) 349 

and the calcium-dependent K+ channel (IK(Ca)) were both decreased following gabazine 350 

treatment (Wilhelm et al., 2009). Here, we show that expression of Kv4.2 (mediates the 351 
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A-type K+ channel in chick embryo (Dryer et al., 1998)) is down regulated following 12 352 

hour gabazine treatment (54.5 ± 2.5%, p ≤ 0.05), but not after 6 hours (104.2 ± 17.2%, 353 

Figure 5). Together the results show that cellular excitability is altered during and after 354 

the homeostatic recovery of SNA, and that expression changes in two different voltage-355 

gated channels do not occur until later stages of the recovery. 356 

 357 

The trigger for changes in RMP was distinct from the homeostatic mechanisms 358 

expressed after GABAergic blockade. 359 

 Following GABAR blockade compensatory changes in synaptic strength (scaling) 360 

were not observed until 48 hours, but voltage-gated conductance changes were 361 

triggered by 12 hours (Wilhelm and Wenner, 2008; Wilhelm et al., 2009). It has been 362 

recently reported that simply reducing GABAAR activation due to spontaneous miniature 363 

release of GABA vesicles (spontaneous GABAergic transmission) was sufficient to 364 

trigger upscaling (Garcia-Bereguiain et al., 2016). We were able to do this by taking  365 

advantage of our observation that manipulating nicotinic receptor activation altered 366 

spontaneous GABAergic release (Gonzalez-Islas et al., 2016). In this previous study we 367 

showed that the nicotinic antagonist DHβE, reduces GABAA, but not AMPA, mPSCs by 368 

~30%. Therefore, we tested the possibility that the fast changes in cellular excitability 369 

observed in the current study were also mediated by reduced spontaneous miniature 370 

GABAergic neurotransmission. Whole cell recordings from motoneurons were obtained 371 

before and 2 hours after DHβE application in vitro. We did not find any differences in 372 

cellular excitability following reduction of GABA quantal release by DHβE (Figure 6). 373 

Therefore, unlike the trigger for synaptic scaling, the compensatory changes in cellular 374 
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excitability in the first hours of GABAergic blockade were not mediated by changes in 375 

spontaneous GABAergic transmission. 376 

 377 

Synaptic scaling does not contribute to the homeostatic recovery of SNA-378 

generated movements. 379 

 Previously, it had been shown that AMPAergic and GABAergic upscaling were 380 

not observed in chick embryo motoneurons following 12 hour gabazine treatment in ovo 381 

(Wilhelm and Wenner, 2008). It remained possible that interneurons experienced 382 

scaling and contributed to the homeostatic recovery of SNA in the first hours of 383 

gabazine treatment. However, following 6hrs of gabazine treatment in ovo we found no 384 

change in interneurons in AMPA mPSC amplitude (Figure 7A) or decay kinetics (Figure 385 

7 - 1). We would not have expected GABAergic scaling to contribute to the recovery of 386 

movements as we were blocking GABAA receptors. Regardless, we did not see any 387 

change in GABA mPSC amplitude (Figure 7A) or decay kinetics (Figure 7 - 1) in 388 

interneurons following 6hr gabazine treatment in ovo. The results show that neither 389 

AMPAergic nor GABAergic scaling in interneurons contributed to the homeostatic 390 

recovery of activity levels. 391 

 It was shown previously that scaling is not triggered in motoneurons after 12 392 

hours of gabazine treatment (Wilhelm and Wenner, 2008). We tested whether 393 

AMPAergic and GABAergic scaling was expressed in motoneurons following 6 hours of 394 

gabazine treatment in ovo. We found no difference in AMPAergic or GABAergic mPSC 395 

amplitude (Figure 7C) or decay kinetics (Figure 7 - 1) from controls. These findings 396 

showed that synaptic scaling of AMPAergic mPSCs in different spinal populations could 397 
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not have contributed to the recovery of SNA or the movements it drives following 398 

GABAergic blockade. Finally, there was no compensatory increase in mPSC frequency 399 

in interneurons (Figure 7B), or motoneurons (Figure 7D). In fact, we found a significant 400 

reduction in GABAergic mPSC frequency. 401 

 402 

Recovery of embryonic movements following glutamatergic blockade is mediated 403 

by fast changes in resting membrane potential. 404 

 Previous work has demonstrated that a similar homeostatic recovery of 405 

embryonic movements was observed following either glutamatergic or GABAergic 406 

blockade (Wilhelm and Wenner, 2008). Movements recovered in around 12 hours, but 407 

after 12 hours of glutamatergic blockade no synaptic scaling or homeostatic changes in 408 

intrinsic excitability were observed. However, it is unknown if changes in intrinsic 409 

excitability occur at earlier time points in the presence of glutamatergic antagonists. 410 

Therefore, we isolated spinal cords and applied CNQX (20μM)/APV (50μM) to the in 411 

vitro preparation and monitored the expression of SNA. We saw that glutamatergic 412 

blockade delayed the next episode of activity but then recovered to a slightly faster rate 413 

than before the drugs were added (Figure 8). As reported previously (Chub and 414 

O'Donovan, 1998), the duration of the episodes of SNA was reduced following bath 415 

addition of CNQX/APV (Figure 8 - 1). We examined the compensatory changes in 416 

intrinsic excitability that might mediate the increased excitability of these cords. We 417 

assessed intrinsic excitability from 0-6 hours of glutamate receptor blockade in the 418 

continued presence of the antagonists. We observed that motoneurons did indeed 419 

express reductions in threshold current from 2-6 hours and a hyperpolarized threshold 420 
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voltage at 4-6 hours of drug application (Figure 9B-C, Table 1). In addition, there was a 421 

significant depolarization of resting membrane potential (>10mV) from 0-6 hours 422 

accompanied by no change in input resistance from 0-4 hours (Figure 9D-E, Table 1). 423 

Similar changes were observed in interneurons following glutamatergic blockade, 424 

however the compensations in threshold voltage and RMP (>15mV) were even more 425 

dramatic, while threshold voltage was slightly hyperpolarized but this did not reach 426 

significance (Figure 10, Table 1). The results suggest fast homeostatic changes in 427 

membrane potential significantly contribute to compensatory changes triggered by 428 

neurotransmitter receptor blockade. Together, the results focus our attention on 429 

homeostatic changes in RMP as contributors to the recovery of embryonic movements 430 

during either GABAergic or glutamatergic blockade. 431 

 432 

 433 

Discussion 434 

 Homeostatic mechanisms such as synaptic scaling and changes in voltage-gated 435 

conductances are thought to be the main strategies that allow maintenance of activity 436 

levels. Here we describe a new mechanism for homeostatic recovery using 437 

compensatory changes in RMP that occurs in the first hours of the perturbation. 438 

 439 

Homeostatic mechanisms and their contribution to the recovery of embryonic 440 

activity following neurotransmitter receptor blockade. 441 

Synaptic scaling was not expressed at 6 hours in motoneurons or interneurons 442 

(Figure 7), and therefore this form of homeostatic plasticity does not appear to be 443 
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involved in the recovery of embryonic spinal activity, consistent with previous work 444 

(Wilhelm and Wenner, 2008). While scaling does not appear to mediate the recovery in 445 

the embryonic spinal cord, it appears to influence recovery of spiking activity in the 446 

cortex following in vivo sensory deprivation (Hengen et al., 2013; Glazewski et al., 447 

2017), however see (Bridi et al., 2018). 448 

 Compensatory changes in homeostatic intrinsic excitability were observed 449 

following 6 and 12 hours of in vivo GABAergic blockade. Significant reductions in 450 

threshold current were observed in both motoneurons and interneurons. This appears to 451 

be largely due to a hyperpolarization of the threshold voltage. On the other hand, 452 

compensatory changes in RMP were not observed, with one exception (interneurons 453 

following 6 hour gabazine treatment). Therefore, GABAA receptor blockade in vivo 454 

triggers clear compensatory changes in threshold voltage at both 6 and 12 hours of 455 

treatment that can be observed in the isolated cord no longer in the presence of the 456 

GABAergic antagonist.  457 

 458 

These mechanisms were different when the cord was treated with GABAergic or 459 

glutamatergic receptor antagonists in vitro, where the drugs remained in place as we 460 

made measurements of cellular excitability. We observed some changes in threshold 461 

voltage in motoneurons and interneurons, but it was clear that reductions in threshold 462 

current were, in this case, largely due to significant depolarizations in RMP (>10mV), at 463 

0-2, 2-4, and 4-6 hours of GABAergic or glutamatergic blockade in both motoneurons 464 

and interneurons. The recovery of embryonic movements following GABAergic and 465 

glutamatergic blockade were temporally very similar, even though the mechanisms 466 
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appeared to be distinct as compensatory changes in threshold current were not 467 

previously observed following 12 hour glutamatergic blockade in ovo (Wilhelm et al., 468 

2009). This, therefore, focusses our attention on the fast homeostatic changes in RMP 469 

as a critical mechanism of homeostatic recovery of SNA in this developing circuitry.  470 

The spinal interneurons were patched blindly, and so this population will 471 

represent a diverse one of many cell classes (Ritter et al., 1999). Therefore, in cases 472 

where we did not see a change in the measured parameter, the variability of the 473 

populations could contribute to this. Similarly, we did not distinguish among 474 

motoneurons projecting to different muscles, and so again this could contribute to 475 

variability. Importantly, no matter what kind of interneuron (GABAergic or glutamatergic) 476 

or motoneuron (femorotibialis or tibialis anterior) that we recorded from, the change in 477 

resting membrane potential was a universally observed feature. Further, it is becoming 478 

clear that variability is a biological reality as functionally equivalent cells and circuits can 479 

achieve their common behaviors using highly different strategies or parameter space 480 

solutions (distinct constellations of synaptic and voltage gated conductances) (Marder et 481 

al., 2015). 482 

 483 

Homeostatic perturbations and RMP 484 

 No changes in RMP were reported in two of the earliest studies on homeostatic 485 

plasticity where different strategies were used to chronically block spiking for days (TTX, 486 

CNQX, or cell isolation) - in rat cortical cultures (Turrigiano et al., 1998) or the 487 

stomatogastric neurons of the lobster (Turrigiano et al., 1994). Since these early 488 

studies, several other homeostatic experiments have been performed where spiking or 489 



 

 22 

neurotransmission were chronically blocked to trigger homeostatic synaptic or intrinsic 490 

plasticity and no changes in RMP were observed. These studies have been carried out 491 

using various perturbations (TTX, TTX/APV, CNQX, NBQX, gabazine, bicuculline, cell 492 

isolation) in rat cortical cultures (Turrigiano et al., 1998), mouse cortical cultures (Bülow 493 

et al., 2019), and in the embryonic spinal cord of the chick embryo in vivo (Gonzalez-494 

Islas and Wenner, 2006; Wilhelm and Wenner, 2008; Wilhelm et al., 2009). On the other 495 

hand, none of these studies followed the RMP before and immediately after the 496 

perturbation as we have done in the current study. Therefore, changes in RMP may 497 

have occurred in these previous studies but over the duration and/or after removal of 498 

the perturbation no change was detected. An exception to this was described following 499 

a strong perturbation (2 week exposure to 15mM KCl), where a homeostatic 500 

hyperpolarization of RMP was observed in cultured hippocampal neurons (O'Leary et 501 

al., 2010).  502 

 503 

Conductances that contribute to the RMP.   504 

 Several different ion channels exhibit activation at subthreshold potentials and 505 

thus contribute to setting the RMP including multiple kinds of K+ channels (Ia, Ikir, Ileak) 506 

(Plant et al.; Coetzee et al., 1999),  hyperpolarization-activated cationic channels (Ih) 507 

(Robinson and Siegelbaum, 2003; Biel et al., 2009), low-threshold calcium channels 508 

(Perez-Reyes, 2003), persistent sodium currents (NaPIC) (Crill, 1996; Waxman et al., 509 

2002), and leak sodium channels (NALCN) (Lu et al., 2007; Ren, 2011). In addition, 510 

ongoing synaptic conductances can also influence the RMP (Mody and Pearce, 2004; 511 

Chuang and Reddy, 2018). Previous work has shown that blocking GABARs by direct 512 
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application of a GABA receptor antagonist onto a chick embryo spinal cord preparation 513 

causes an acute hyperpolarization in spinal neurons that can be as large as 10mV, 514 

suggesting a significant tonic GABAergic depolarizing current (Chub and O'Donovan, 515 

2001). The effect of acute application of GABAergic antagonist onto the cord (Chub and 516 

O'Donovan, 2001) is in the opposite direction (hyperpolarizing) compared to the current 517 

studies finding that bath application of gabazine leads to a depolarization of RMP in the 518 

first hours of drug exposure. The current study is the only one we are aware of that 519 

follows RMP before and throughout the first hours of the perturbation and may explain 520 

why this form of homeostatic intrinsic plasticity has not been previously reported.  521 

 522 

Mechanisms of early homeostatic changes following neurotransmitter receptor 523 

blockade. 524 

What is a potential trigger for these homeostatic changes in RMP? It has been 525 

shown previously that homeostatic synaptic scaling is triggered following 48 hour block 526 

of GABAergic transmission (Wilhelm and Wenner, 2008) and compensatory changes in 527 

voltage-gated ion channel conductances by 12 hours of GABAR block (Wilhelm et al., 528 

2009). In fact, merely altering GABAR activation due to spontaneous release of GABA 529 

vesicles can fully trigger synaptic scaling (Garcia-Bereguiain et al., 2016). However, 530 

compensatory changes in RMP were not so reliant on GABAR activation. Fast changes 531 

in RMP were not triggered by altering the frequency of spontaneous vesicle-mediated 532 

GABAR activation (Figure 6). Further, these changes can also be triggered by reduced 533 

glutamatergic receptor activation where GABAR activation is intact. Therefore, the most 534 

straightforward explanation for the trigger of homeostatic changes in RMP would be the 535 
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reduction in network activity caused by blocking either glutamatergic or GABAergic 536 

receptors.  537 

 538 

 A commonly described mechanism underlying a change in RMP involves a 539 

change in some resting channel conductance (e.g. K+ channels), however we did not 540 

detect a change in input resistance, making this possibility less likely. A potentially more 541 

plausible mechanism would involve a change in the function of the Na+/K+ ATPase. 542 

Previous studies are consistent with this possibility. First, resting membrane potential of 543 

invertebrate neurons can be changed by an alteration of the electrogenic Na+/K+ 544 

ATPase (Carpenter and Alving, 1968; Carpenter, 1973; Willis et al., 1974). Next, work in 545 

the spinal cord of xenopus and neonatal mice, as well as in motoneurons of the fly 546 

larva, show that bursts of spiking activity expressed in these systems lead to an 547 

increase in intracellular Na+, that is necessary to activate an isoform of the Na+/K+ 548 

ATPase that is not active at baseline Na+ levels. The Na+-dependent activation of this 549 

Na+/K+ ATPase produces a hyperpolarizing current due to the electrogenic nature of the 550 

pump that has been called an ultra slow afterhyperpolarization (usAHP) (Pulver and 551 

Griffith, 2010; Zhang and Sillar, 2012; Picton et al., 2017b; Picton et al., 2017a). This 552 

hyperpolarizing current is maintained for up to a minute. SNA in the chick embryo spinal 553 

preparation experiences a very similar usAHP after episodes of SNA (O'Donovan, 1999; 554 

Chub and O'Donovan, 2001). Further, embryonic spinal neurons have very high Na+ 555 

concentrations at baseline (Lindsly et al., 2017). Therefore, it is possible that Na+ levels 556 

constitutively activate this  Na+/K+ ATPase and when SNA is blocked for many minutes 557 

by glutamatergic or GABAergic antagonists, Na+ levels eventually are reduced to a point 558 
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that pump activity is minimized and the hyperpolarizing current abates, thus 559 

depolarizing the RMP.  560 

 561 

Most of our results appear to suggest that the changes in RMP are expressed 562 

transiently while the antagonists are in place, and once washed off the RMP returns to 563 

pre-drug levels. This kind of temporary perturbation might not permanently change the 564 

developmental trajectory of spinal neurons or their network. However, if this initial fast 565 

homeostatic mechanism does not recover activity levels or is maintained for long 566 

periods, then other mechanisms may be triggered, which could alter the development of 567 

the spinal circuitry in a long lasting manner. This may be the case following GABAergic 568 

blockade where compensatory changes in threshold voltage are triggered in vivo and in 569 

vitro. This is consistent with previous 12 hour GABAergic blockade in vivo where 570 

threshold current is dramatically reduced by compensatory changes in voltage-gated 571 

Na+ and K+ channels (Wilhelm et al., 2009). Changes in protein levels of 2 of these 572 

previously implicated voltage-gated ion channels were observed at 12 hours, although 573 

not at 6 hours of in vivo gabazine treatment (Figure 5). In some cases, homeostatic 574 

changes in RMP may be sufficient and exist temporarily, but in other cases these 575 

additional mechanisms could be engaged to recover the activity. 576 

 577 

 578 

 579 

 580 

 581 
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Figure  Legends 752 

 753 

Figure 1. Changes in motoneuron excitability observed after chronic in vivo 754 

gabazine treatments. Motoneuron excitability was measured in isolated embryonic 755 

spinal cords by whole cell current clamp using progressively more depolarized current 756 

steps to assess rheobase current and voltage threshold. Measurements were obtained 757 

from embryos that were untreated (12 cells, 5 cords), or treated for 6 (7 cells, 4 cords) 758 

or 12 (9 cells, 5 cords) hours with gabazine (10μM at E9.5 or E9.75). (A) Average F-I 759 

curves for control motoneurons (n=9), 6 hr gabazine treatment (n=6)  or 12 hr gabazine 760 

treatment (n=9). Gabazine treatments shifted the average F-I curve to the left. All curves 761 

were significantly different from each other (values for steps of 90-110pAs were 762 

combined, horizontal bar, one way ANOVA, Tukey post p<0.001). The arrows point to 763 

representative traces for each condition evoked by current steps of 100 pA. Threshold 764 

current (B) or threshold voltage (C) was obtained by determining the minimum current 765 

necessary to evoke a spike in the recorded motoneuron. No significant changes in 766 

resting membrane potential (D) or Input resistance (E) were found in the motoneurons 767 
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recorded after chronic gabazine treatment at 6 or 12 hrs. * P<0.05; ** P<0.01 and 768 

***P<0.001. 769 

 770 

Figure 2. Interneuron excitability increased following in vivo GABAergic 771 

blockade. Interneuron excitability was measured in isolated spinal cords from control or 772 

after in ovo chronic treatment with gabazine (10μM) for 6 or 12 hours. A step protocol 773 

(1s, in 1pA increments) was used to assess rheobase current and voltage threshold. 774 

Representative traces of interneuron firing in control (10 cells, 5 cords), or after 6 (12 775 

cells, 4 cords) and 12 (n=9, 3 cords) hours of chronic in ovo treatment with gabazine. 776 

Under each trace, the corresponding rheobase current applied to evoke firing is shown. 777 

Resting membrane potential (RMP) is also indicated at the left of each trace. Box and 778 

whisker plots superimposed to their corresponding dot plots show quartile distribution 779 

and individual values for Rheobase (B), spike threshold voltage (C), resting membrane 780 

potential (D), and input resistance (E). Kruskal-Wallis method followed by a post-hoc 781 

Dunn test was used to assess statistical significance. ** P<0.01 and ***P<0.001. For all 782 

plots, the continuous line represents the median and the dotted line represent the mean 783 

of the sample.  784 

 785 

Figure 3. Episodes of spontaneous network activity are abolished and then begin 786 

to recover following GABAergic blockade. The interval between episodes of SNA 787 

are plotted against elapsed time for 3 different cords before and following addition of 788 

gabazine to the bath. Episode intervals were increased following GABAergic block 789 

(10μM gabazine), but then began to recover in the hours following gabazine. Inset 790 
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shows example traces of SNA from a cord before (black) and after bath addition of 791 

gabazine (grey). Traces were filtered from 0.1Hz – 10KHz. 792 

 793 

Figure 4. Spinal neuron excitability increased during the continuous blockade of 794 

GABAA receptors in vitro. Motoneuron excitability was measured in isolated spinal 795 

cords using a ramp protocol from 0 to 200 pA in 1.2 sec to assess rheobase current and 796 

voltage threshold in the absence (control – 33 cells, 12 cords) or in the continuous 797 

presence of gabazine 10 mM at 3 different blockade periods: 0-2 hrs (13 cells, 4 cords 798 

cells); 2-4 hrs (9 cells, 3 cords) and 4-6 hrs (10 cells, 4 cords). Representative traces of 799 

motoneuron firing in a control motoneuron or after 4 hours in the continuous presence of 800 

gabazine in the bath. Lower trace shows the ramp protocol applied to evoke 801 

motoneuron firing (A). Box and dot plots showing quartile distribution and individual 802 

values for of the rheobase (B1), threshold (B2), resting membrane potential (B3), and 803 

input resistance (B4) in control; 0-2, 2-4 and 4-6 hrs in gabazine. Inset of B3 shows 804 

results for cords that were never treated with gabazine but cells were recorded in the 805 

first, second or third 2hr period. (C and D) Interneuron excitability was measured in 806 

isolated spinal cords using the same protocol as above to assess rheobase and 807 

threshold in the absence (control – 22 cells, 8 cords) or in the continuous presence of 808 

gabazine (10 mM) at 3 different blockade periods: 0-2 hrs (14 cells, 5 cords), 2-4 hrs (9 809 

cells, 3 cords) and 4-6 hrs (6 cells, 3 cords). Representative traces of firing in a control 810 

interneuron or after 4 hours in the continuous presence of gabazine in the bath. Lower 811 

trace shows the ramp protocol applied to evoke interneuron firing (C). Box and dot plots 812 

showing the value of the rheobase (D1), threshold (D2), resting membrane potential 813 
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(D3), or input resistance (D4) in control; 0-2, 2-4 and 4-6 hrs periods in the presence of 814 

gabazine. Inset of D3 shows results for cords that were never treated with gabazine but 815 

interneurons were recorded in the first, second or third 2hr period. Kruskal-Wallis 816 

method followed by a post-hoc Dunn test was used to asses statistical 817 

significance.*P<0.05; ** P<0.01 and ***P<0.001. For all plots, the continuous line 818 

represents the median and the dotted line represent the mean of the sample.  819 

 820 

Figure 5. Changes in voltage-gated channel expression following in ovo gabazine 821 

treatment.  Western blots showing changes in the expression of voltage-dependent Na+ 822 

channels (Nav1.2) and inactivating K+ channels (Kv4.2) in the chick embryo spinal cord 823 

following 12 hrs (A) or 6 hrs (B) of GABAA receptor blockade in ovo.  824 

 825 

 826 

Figure 6. Chronic reductions in quantal GABA release that mediate synaptic 827 

upscaling do not trigger changes in motoneuron excitability. Whole cell voltage 828 

and current clamp recordings from motoneurons were obtained from isolated spinal 829 

cords before (14 cells, 6 cords) or after 2hrs of the nicotinic receptor antagonist (16cells, 830 

6 cords) DH E (10 mM). Representative traces  are shown. Top black trace - mPSC 831 

before DH E addition; bottom gray trace - following nicotinic receptor inhibition with 832 

DH E addition (A). Despite this, no changes in intrinsic cell excitability were measured 833 

after 2 hours of DH E treatment. Whole cell current clamp recording during a ramp test 834 

showing representative traces of motoneurons, before and after 2hrs of DH E (B). The 835 

ramp protocol was applied to evaluate rheobase current and voltage threshold. Box and 836 
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dot plots show that rheobase (C) threshold (D), RMP (E), and input resistance (F) were 837 

not different after two hours of DH E compared to controls. A Mann-Whitney test was 838 

used to quantified statistical significance. For all plots, the continuous line represents 839 

the median and the dotted line represent the mean of the sample. 840 

 841 

 842 

Figure 7. Synaptic scaling does not contribute to the homeostatic recovery of 843 

SNA-generated movements. (A) Representative traces of the average mPSCs from 844 

single interneurons in control conditions or after 6 hours of in vivo gabazine treatment 845 

(left side). Box and dot plots (right side) showing quartile distribution and individual 846 

values for of AMPAergic and GABAergic miniature postsynaptic current amplitudes 847 

(mPSCs) from embryonic spinal interneurons in control conditions (12 cells, 4 cords) 848 

and after 6 hrs of chronic treatment with 10 M gabazine (15 cells, 5 cords). (B) Box 849 

and dot plots showing AMPAergic and GABAergic mPSC frequency from embryonic 850 

spinal interneurons neurons in control conditions and after 6 hrs of chronic treatment 851 

with gabazine. (C) Representative traces of the average mPSCs from single 852 

motoneurons in control conditions or after 6 hours of gabazine treatment (left side). Box 853 

and dot plots (right side) showing quartile distribution and individual values for of 854 

AMPAergic and GABAergic miniature postsynaptic current amplitudes (mPSCs) from 855 

embryonic spinal motoneurons in control conditions (15 cells, 5 cords) and after 6 hrs of 856 

chronic treatment with 10 M gabazine (14 cells, 5 cords). (B) Box and dot plots 857 

showing AMPAergic and GABAergic mPSC frequency from embryonic spinal 858 

motoneurons in control conditions and after 6 hrs of chronic treatment with gabazine. 859 
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For all plots, the continuous line represents the median and the dotted line represent the 860 

mean of the sample. Sample size is indicated as (interneurons/chick embryos) in all 861 

plots. 862 

 863 

Figure 8. Episodes of spontaneous network activity are delayed and then recover 864 

following Glutamatergic blockade. The interval between episodes of SNA are plotted 865 

against elapsed time for 3 different cords before and following treatment with CNQX and 866 

APV (20 and 50μM, respectively). Episode intervals are increased just after adding 867 

glutamate receptor antagonists, but then recover to a higher rate. Inset shows example 868 

traces of SNA from a cord before (black) and after bath addition of CNQX/APV (grey). 869 

Traces were filtered from 0.1Hz – 10KHz. 870 

 871 

Figure 9. Motoneuron excitability increased following in vitro glutamatergic 872 

blockade. Motoneuron excitability was measured in isolated spinal cords using a ramp 873 

protocol from 0 to 200 pA in 1.2 sec to assess rheobase current and voltage threshold 874 

in the absence (control – 33 cells, 12 cords) or in the continuous presence of CNQX 10 875 

mM and APV 50 mM at 3 different blockade periods: 0-2 hrs (11 cells, 4 cords); 2-4 876 

hours (8 cells, 3 cords) and 4-6 hrs (12 cells, 4 cords). Representative traces of 877 

motoneuron firing in control and after 3 hours of continuous CNQX and APV in the bath 878 

(A). Box and dot plots showing quartile distribution and individual values for of the 879 

rheobase (B), threshold (C), resting membrane potential (D), and input resistance (E) in 880 

isolated spinal cord motoneurons. For all plots, the continuous line represents the 881 
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median and the dotted line represent the mean of the sample. * P<0.05, ** P<0.01, *** 882 

P<0.001, ANOVA with Bonferroni Post Hoc test. 883 

 884 

Figure 10. Interneuron excitability increased following in vitro glutamatergic 885 

blockade. Interneuron excitability was measured in isolated spinal cords with the same 886 

protocol used for motoneurons to calculate rheobase current and voltage threshold in 887 

controls without drugs (22 cells, 8 cords, these are the same values as in Figure 4 888 

control interneurons) or in the continuous presence of CNQX 10 mM and APV 50 mM at 889 

3 different blockade periods: 0-2 hours (8 cells, 3 cords), 2-4 hours (7 cells, 3 cords) 890 

and 4-6 hours (6 cells, 3 cords). (A) Representative traces of interneuron firing in control 891 

with no drugs and after 5 hours of continuous CNQX and APV in the bath. Box and dot 892 

plots showing quartile distribution and individual values of rheobase (B), threshold (C), 893 

resting membrane potential (D), and input resistance (E) in isolated spinal cord. For all 894 

plots, the continuous line represents the median and the dotted line represent the mean 895 

of the sample. Sample size is indicated as (interneurons/chick embryos) in all plots.  *** 896 

P<0.001, ANOVA with Bonferroni Post Hoc test. 897 

 898 

 899 

Table 1. Cellular excitability measures for motoneurons and interneurons following 900 

different treatments in vitro and in vivo. Numbers in bold are show significant difference 901 

with controls. Measures are averages +/- standard errors. 902 

 903 

 904 
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 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

Extended Data 913 

 914 

Figure 3 - 1 915 

SNA episode duration is reduced following neurotransmitter receptor blockade. 916 

Following the bath addition of gabazine episode duration is reduced compared to that 917 

before adding the drug. Individual dots represent duration of a single episode before 918 

and after drug addition to an individual cord. 919 

 920 

Figure 7 - 1  921 

Decay time constants ( for GABA mPSCs, A) before (  =17.06 ± 0.83 ms; n=15) and 922 

B) after (  = 15.7 ± 0.86 ms; n=14) the addition of gabazine to the bath - were not 923 

significantly different  (p=0.26).  C)  for AMPA mPSCs before (  = 3.16 ± 0.19 ms; 924 

n=15) and D) after addition of gabazine to the bath (  =3.39 ± 0.17 n=14) are shown. No 925 

significant difference was observed (p=0.39). 926 

 927 
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 928 

Figure 8 - 1 929 

SNA episode duration is reduced following neurotransmitter receptor blockade. 930 

Following the bath addition of CNQX/APV episode duration is reduced compared to that 931 

before adding the drugs. Individual dots represent duration of a single episode before 932 

and after drug addition to an individual cord.  933 

 934 
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Condition Motoneuron  
Rheobase 

(pA)  

Motoneuron 
Vm-Vt  
(mV)  

Motoneuron  
RMP  
(mV)  

Motoneuron 
Rm (M )  

Interneuron 
Rheobase 

(pA)  

Interneuron  
Vm-Vt  
(mV)  

Interneuron  
RMP  
(mV)  

Interneuron  
Rm  

(M )  
Controls in 

vivo  
81.8 ± 4.3 30.3 ± 1.6 -68.1 ± 1.3 599.6 ± 13.8 84.1 ± 8.3 34.7 ± 2.7 -70.2 ± 2.2 578.5 ± 49.0 

GABAAR 
Blockers 6 hrs 

in vivo  

41.7 ± 14.0 19.7 ± 3.1 -62.9 ± 2.5 584.3 ± 23.9 29.1 ± 5.3 21.5 ± 2.1 -61.1 ± 1.7 701.7 ± 57.3 

GABAAR 
Blockers 12 hrs 

in vivo  

47.3±5.3 26.8 ± 2.9 -72.7 ± 2.4 657.2 ± 67.3 20.6 ± 3.7 21.1 ± 2.3 -66.0 ± 2.2 624.8 ± 88.1 

Controls in 
vitro  

74.3 ± 6.7 34.5 ± 2.1 -68.0 ± 1.4 537.2 ± 30.6 81.6 ± 5.7 33.7 ± 1.8 -71.3 ± 1.5 560.8 ± 40.9 

GABAAR 
Blockers 0-2 
hrs in vitro  

57.8 ± 7.1 20.3 ± 1.3 -59.6 ± 1.8 432.3 ± 37.3 37.0 ± 6.9 16.3 ± 1.4 -55.6 ± 1.1 494.6 ± 58.7 

GABAAR 
Blockers 2-4 
hrs in vitro  

21.8 ± 7.2 28.1 ± 1.8 -58.6 ± 1.8 474.4 ± 22.0 35.7 ± 7.4 21.6 ± 1.4 -55.4 ± 1.3 550.56 ± 70.0 

GABAAR 
Blockers 4-6 
hrs in vitro  

32.1 ± 6.3 20.0 ± 1.4 -60.3 ± 1.1 442.0 ± 41.0 16.5 ± 2.5 15.8 ± 1.5 -60.3 ± 1.5 582.5 ± 109.13 

GluR Blockers 
0-2 hrs in vitro  

46.6 ± 10.3 18.6 ± 7.2 -57.4 ± 1.5 492.7 ± 76.1 34.3 ± 8.7 15.8 ± 1.1 -55.4 ± 1.1 555.9 ± 56.4 

GluR Blockers 
2-4 hrs in vitro  

27.6 ± 7.4 19.1 ± 1.8 -59.0 ± 1.8 704.4 ± 54.3 13.7 ± 2.7 14.6 ± 1.5 -53.7 ± 1.1 687.1 ± 85.9 

GluR Blockers 
4-6 hrs in vitro  

17.7 ± 4.2 16.1 ± 1.9 -58.0 ± 1.5 722.5 ± 54.1 12.2 ± 4.2 14.2 ± 1.1 -53.7 ± 0.9 776.7 ± 72.9 

 


