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ABSTRACT 28 

Neuronal circuits' ability to maintain the delicate balance between stability and flexibility 29 

in changing environments is critical for normal neuronal functioning.  However, to what 30 

extent individual neurons and neuronal populations maintain internal firing properties 31 

remains largely unknown. Here, we show that distributions of spontaneous population 32 

firing rates and synchrony are subject to accurate homeostatic control following 33 

increase of synaptic inhibition in cultured hippocampal networks. Reduction in firing rate 34 

triggered synaptic and intrinsic adaptive responses operating as global homeostatic 35 

mechanisms to maintain firing macro-stability, without achieving local homeostasis at 36 

the single-neuron level. Adaptive mechanisms, while stabilizing population firing 37 

properties, reduced short-term facilitation essential for synaptic discrimination of input 38 

patterns. Thus, invariant ongoing population dynamics emerge from intrinsically 39 

unstable activity patterns of individual neurons and synapses. The observed differences 40 

in the precision of homeostatic control at different spatial scales challenge cell-41 

autonomous theory of network homeostasis and suggest existence of network-wide 42 

regulation rules.  43 

INTRODUCTION 44 

Neural circuits achieve an ongoing balance between flexibility and stability to enable plastic 45 

adaptions to environmental changes, while maintaining neuronal activity in a stable regime over 46 

extended timescales. The balance between stability and plasticity has rarely been addressed in 47 

the past due to the technical challenge of monitoring the activity of the same neurons over 48 

extended time scales (Lutcke et al., 2013). Recently, great efforts have been made to establish a 49 
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system for the monitoring of neuronal activity at long time scales in the hippocampus of freely 50 

moving mice (Ziv et al., 2013). That study, performed by monitoring Ca2+ dynamics in 51 

thousands of CA1 cells over weeks through a miniature head-mounted microscope, revealed a 52 

remarkable degree of instability in the coding of space: only 25% of cells with place fields at one 53 

recording session exhibited the same properties 5 days later. Importantly, the diverse activity 54 

patterns at the single-neuron level gave rise to largely invariant spatial representations at the 55 

population level. Such results raise the question of whether inter-neuronal dynamics of spiking 56 

patterns stems from intrinsic variability of the hippocampal network and its constituent neurons, 57 

or whether they reflect extrinsic changes in hippocampal modulation by higher-order brain 58 

structures, adaptations to environmental changes, or subtle changes in animal behavior states.  59 

Diverse homeostatic negative feedback systems operate to stabilize ongoing spiking 60 

properties in neuronal populations around a predefined 'set point' in face of constant 61 

environmental changes (Davis, 2006; Marder and Goaillard, 2006; Turrigiano and Nelson, 62 

2004). Extensive research lead to compelling evidence on a wide repertoire of possible 63 

homeostatic mechanisms, including adaptations of synaptic strength, changes in excitation-64 

inhibition balance and modulation of intrinsic excitability (Turrigiano, 2011). Despite progress in 65 

understanding the homeostatic mechanisms that underlie stability of network firing properties, 66 

several key questions remain open. First, what are the basic properties of neural networks that 67 

are subjected to homeostatic control? Second, are homeostatic control systems equally precise at 68 

the level of individual neurons and neuronal populations? Third, what is the trigger of synaptic 69 

homeostatic mechanisms? And finally, how do compensatory changes in synaptic strength affect 70 

network's functions?  71 
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To address these questions, long-term measurements of spiking activity over several days 72 

from the exact same neuron or population of neurons are required. While long-term monitoring 73 

of spiking activity cannot be reliably performed from the same neurons in vivo due to technical 74 

limitations, greater stability can be achieved in vitro. Therefore, we combined long-term 75 

extracellular spike recordings at the population and single-neuron levels using micro-electrode 76 

arrays (MEAs) and calcium imaging, together with intracellular patch-clamp measurements of 77 

synaptic responses and imaging of synaptic activity. We utilized cultured neuronal networks that 78 

represent an excellent experimental tool to study internal variability versus stability in a highly-79 

controlled environment. Here we describe the basic relationships between ongoing spiking 80 

properties of individual neurons, population dynamics and neuronal adaptive mechanisms.  81 

RESULTS 82 

Quantifying GABABR-mediated inhibition at synaptic, single neuron and network 83 

levels  84 

While the majority of homeostatic mechanisms have been studied following complete 85 

pharmacological blockade of spikes or AMPAR-mediated excitatory postsynaptic currents 86 

(EPSCs), we decided to examine long-term effects of neuromodulation on firing properties of the 87 

network. Specifically, we examined how use-dependent synaptic inhibition via G-protein-88 

coupled receptors, a widespread mechanism of neuromodulation in the central nervous system 89 

(CNS), affects firing properties of the network over long timescales. As a perturbation, we chose 90 

a suppression of synaptic activity via widely expressed GABAB receptors (GABABRs) using a 91 

selective GABABR agonist, baclofen. GABABRs mediate presynaptic inhibition via inhibition of 92 

presynaptic calcium transients (Laviv et al., 2010; Wu and Saggau, 1995). Therefore, we first 93 

conducted experiments to determine the dose-response of baclofen at the level of presynaptic 94 
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terminals utilizing FM1-43 dye in primary hippocampal cultures (Abramov et al., 2009).  As 95 

GABABR-mediated inhibition is frequency-dependent (Kreitzer and Regehr, 2000; Ohliger-96 

Frerking et al., 2003; Varela et al., 1997), we quantified the effects of baclofen for two types of 97 

input: low-frequency single spikes (30 stimuli at 1 Hz) and high-frequency spike bursts (30 98 

stimuli delivered as 6 bursts; each burst contains 5 stimuli at 100 Hz), while maintaining the 99 

mean spiking rate constant at 1 Hz (Figure 1A). As expected, baclofen inhibits synaptic vesicle 100 

release, displaying preferential effects during low-frequency stimulation (Figure 1A). 101 

Quantitatively, IC50 for single spikes was ~23-fold lower than for bursts (0.33 and 7.6 μM, 102 

respectively, Figure 1B). As a result, short-term facilitation was enhanced in a wide range of 103 

baclofen concentrations (0.01 – 10 μM, Figure 1C), indicating a conversion of synapses to a 104 

high-pass filter mode. Similar results were obtained using voltage-clamp experiments in acute 105 

hippocampal slices (Figure 1 – figure supplement 1A,B).  106 

Next, we examined how use-dependent blockade of synaptic transmission affects firing 107 

properties of hippocampal neurons and networks. For this purpose, we grew high-density 108 

hippocampal cultures on MEAs for ~3 weeks. Each MEA contains 59 recording electrodes with 109 

each electrode capable of recording the activity of several adjacent neurons (Figure 1D). Spikes 110 

were detected and analyzed using principal component analysis to obtain well-separated single 111 

units (Figure 1E). Unit firing rates were highly heterogeneous and skewed towards low 112 

frequencies (Figure 1 – figure supplement 1C) as has been previously reported in vivo (Mizuseki 113 

et al., 2012). As expected, baclofen caused a fast and robust drop in single-unit firing rates 114 

(Figure 1F,G), leading to a reduction of the population mean firing rate to 25 ± 4% (1 µM 115 

baclofen, see raster plots in Figure 1 – figure supplement 1D) and to 1.2 ± 0.4% (10 µM 116 

baclofen) of baseline values (Figure 1H). Thus, we can use this system to study how chronic 117 
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changes in the GABABR-mediated neuromodulation impacts properties of individual synapses, 118 

single neurons and neural networks.  119 

Stability of firing rates at the population level  120 

To assess how GABABR activation affects firing properties of the population at long time scales, 121 

we measured spiking activity during a baseline recording period and for 2 days following 122 

application of 10 M baclofen. As expected, baclofen caused a fast and pronounced drop in 123 

firing rates to 1.2 ± 0.4% of baseline values (Figure 2A,C,D). We hypothesized that if the 124 

network has an intrinsically regulated firing rate 'set point', as suggested by theories of 125 

homeostatic plasticity, we would see an increase in firing rates back to baseline values after 126 

administration of baclofen. Indeed, firing rates gradually returned to baseline values, reaching 57 127 

± 8% and 103 ± 14%  of baseline after one and two days, respectively (Figure 2C,D). Notably, 128 

the average firing rates of networks under control conditions showed changes of similar 129 

magnitude during 2 recording days (without baclofen application, 113 ± 9% of baseline after 2 130 

days; Figure 2B-D). Moreover, the characteristic log-normal distributions of single-unit firing 131 

patterns were essentially identical before and two days after baclofen application (Figure 2E, p = 132 

0.66; Kolmogorov–Smirnov test). Importantly, baclofen remains potent after over two days of 133 

exposure to recording conditions (Figure 2 – figure supplement 1A). Additionally, washout of 134 

baclofen following two days caused a significant increase in firing rate, indicating sustained 135 

activity of both baclofen and the GABABR-induced, G-protein-mediated signaling (Figure 2 – 136 

figure supplement 1B-D). Moreover, the magnitude of the GABABR-mediated presynaptic 137 

inhibition, as measured by FM dyes, was not reduced following washout (Figure 2 – figure 138 

supplement 1E,F), indicating that GABABRs did not undergo desensitization under our 139 

experimental conditions. Taken together, these results demonstrate a robust and precise 140 
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compensatory response at the level of population averages, confirming the idea that neuronal 141 

networks grown in vitro (Turrigiano et al., 1998), similarly to the circuits in vivo (Hengen et al., 142 

2013; Keck et al., 2013), have the ability to homeostatically regulate their mean firing rate.  143 

Single units are not stable 144 

After establishing that mean firing rates of hippocampal networks are precisely restored even 145 

after a pronounced, ongoing perturbation, we asked whether this stability is maintained at the 146 

level of the individual neurons that comprise the network. First, we analyzed firing rates of 147 

individual units during 2 days of recording under control condition. While a high correlation 148 

between firing rates at baseline and after 2 days was observed (Spearman r = 0.8, p < 0.0001, n = 149 

490), a large fraction of units did not return to their baseline values (Figure 2F, left). Only 23 ± 150 

3% of units remained significantly unchanged during two days of control recordings, while 77 ± 151 

3% changed their firing rates significantly (Figure 2G). This phenomenon became even more 152 

pronounced after application of baclofen, with only 11 ± 2% of units returning to the baseline, 153 

while 89 ± 2% were significantly changed (Figures 2F right and 2G). The change in firing rate 154 

after two days of recordings was negatively correlated with the initial firing rate of the same unit 155 

under both control (Figure 1 – figure supplement 1E; Spearman r = -0.29, p < 0.0001, n = 490) 156 

and baclofen (Figure 1 – figure supplement 1F; Spearman r = -0.47, p < 0.0001, n = 305) 157 

conditions, due to a larger relative variability of low firing units. Notably, when analyzing 158 

multiunit recordings per electrode, firing rates after 2 days of recording displayed statistically 159 

significant change from the baseline in ~80% of the cases (Figure 2 – figure supplement 2A,B). 160 

To ensure that per unit variability is not due to a possible movement of neurons in and out from 161 

recording electrodes, we measured the movement of individual neurons over the course of two 162 

days and found that the mean movement of neurons (1.6 ± 0.1 M) was negligible in comparison 163 
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to the size of the electrode (30 µM) and neuron's cell body (11.4 ± 0.3 µM). These results 164 

confirm that the observed variability at the level of single units does not result from imperfect 165 

spike sorting or neuronal mobility.  166 

Taken together, these data indicate the existence of significant dynamics at the level of the 167 

individual hippocampal neurons in mature hippocampal cultures, operating under the constraint 168 

that the overall firing rates do not change. The observed instability of firing rates at the 169 

individual neuron level becomes even more pronounced following the perturbation. Thus, the 170 

same mean firing rate of the population arises from variable firing rates of individual neurons. 171 

Calcium imaging confirms the variability of individual firing rates 172 

As fluorescent calcium sensors are widely used to image neural activity, we performed somatic 173 

calcium imaging in visually identified individual neurons to verify whether stabilization of 174 

population mean firing rates emerge from variable firing rates of single neurons following 175 

chronic perturbation. We utilized the genetically encoded Ca2+ indicator GCaMP6f that displays 176 

single-action-potential sensitivity and broad dynamic range (Chen et al., 2013). An AAV-based 177 

gene delivery system under the synapsin promoter was used to express GCaMP6f in 178 

hippocampal neurons. GCaMP6f-expressing neurons displayed spontaneous Ca2+ dynamics 179 

typically consisting of transients of varying amplitudes corresponding to single spikes and spike 180 

bursts (Figure 3A).  We first established the relationship between the calcium transients and 181 

spiking activity. Single spikes induced robust calcium transients (24.6 ± 1.4% ΔF/F; Figure 3 – 182 

figure supplement 1A). Although the exact number of spikes could not be accurately predicted 183 

from the size of the calcium transients, high-frequency bursts consisting of 2-10 spikes at 100 Hz 184 

induced significantly higher ΔF/F peak amplitudes as compared with single spikes, and the 185 

average ΔF/F linearly correlated with the number of spikes (Figure 3 – figure supplement 1B,C). 186 
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Thus, the ΔF/F peak amplitude of calcium transients is approximately proportional to the 187 

number of spikes that triggered it. 188 

To examine the stability of single neurons and neuronal populations at extended time 189 

scales, we performed time-lapse imaging of somatic Ca2+ dynamics during a baseline recording 190 

period, after acute baclofen application and for 2 days following baclofen application. Each 191 

imaging session had a duration of 20 min, fairly representing firing stability of several hours 192 

(Figure 2 - figure supplement 4). Analysis of Ca2+ dynamics in 192 neurons shows that 10 M 193 

baclofen blocked Ca2+ transients acutely, while 48 hours after baclofen incubation the mean 194 

Ca2+-transient amplitude returned to the baseline level (Figure 3A,C). Notably, the distributions 195 

of single-neuron Ca2+ transient sizes were skewed towards low activity levels (Figure 3D) as 196 

seen for electrophysiological measurements of spiking activity, indicating that the population of 197 

visually selected neurons does not represent a frequency-dependent bias.  In addition, the 198 

distributions were indistinguishable before and two days after baclofen application (Figure 3D). 199 

Despite stability of Ca2+ dynamics at the population level, 54 ± 6% of neurons did not return to 200 

their baseline values two days after baclofen application (Figure 3E,F). The change in Ca2+-201 

transient amplitudes after two days of baclofen incubation was negatively correlated with the 202 

initial amplitudes at the same neuron (Figure 3 – figure supplement 1F). Thus, calcium imaging 203 

in identified neurons confirms the electrophysiological data, strengthening our conclusion 204 

regarding the stabilization of population dynamics despite imprecise homeostatic compensations 205 

at the level of single neurons. 206 

Population firing synchrony is stable despite variability of single-unit patterns 207 

We next investigated the persistence of temporal firing patterns in hippocampal networks. We 208 

utilized electrophysiological recordings by MEAs that enable superior temporal resolution 209 
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compared to calcium imaging. Figure 4A presents raster plots during periods of baseline, 4 hours 210 

and 2 days following baclofen application in a single experiment. We first ensured that there was 211 

no significant change in firing synchrony, as estimated by the fraction of spikes participating in 212 

network-bursts and burst duration (Figure 4B, see Materials and methods for burst detection), 213 

under control conditions. Baclofen transiently increased population firing synchrony by 214 

increasing the fraction of spikes participating in bursts, burst duration (Figure 4B,C) and number 215 

of spikes per network burst (Figure 4 – figure supplement 1A). The observed GABABR-mediated 216 

increase in firing synchrony returned to baseline values after 14 hours (Figure 4B,C). These 217 

results indicate that the population burst pattern, similarly to the population firing rate, undergoes 218 

a precise homeostatic compensation.  219 

We then asked whether the observed stability of population firing synchrony results from 220 

stability of spike patterns at the single-unit level. Here too, we ensured that there was no change 221 

in single-unit bursts under control conditions (Figure 4D,E and Figure 4 – figure supplement 222 

1B). Interestingly, following baclofen application, the average fraction of spikes participating in 223 

single-unit bursts returned to baseline levels with dynamics very similar to those of network 224 

busts (Figure 4D). However, single-unit burst analysis per individual unit shows a high degree of 225 

variability. Under control conditions, 42 ± 2% of units significantly changed the fraction of 226 

spikes in bursts, while 56 ± 2% remained unchanged. Two days after baclofen application, 63 ± 227 

8% were significantly changed, while only 37 ± 8% of units remained unchanged (Figure 4F,G). 228 

Notably, bursts characteristics were not significantly changed, outside of the first two hours 229 

following baclofen application (Figure 4E and Figure 4 – figure supplement 1B). These data 230 

indicate that firing synchrony of spontaneous activity is maintained at the network level, despite 231 

large changes in burst patterns at the single-unit level. 232 
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Changes in the inhibition-excitation ratio occur in parallel to firing rate 233 

fluctuations  234 

The inhibition-excitation (I/E) ratio constitutes an important factor in firing rate homeostasis 235 

(Liu, 2004; Maffei et al., 2004; Maffei and Turrigiano, 2008). To assess the effect of chronic 236 

increase in the GABABR activity on the I/E ratio, we isolated the spontaneous excitatory and 237 

inhibitory currents (sEPSCs, sIPSCs, respectively) at the same cell based on the reversal 238 

potentials of AMPAR-mediated excitatory and GABAAR-mediated inhibitory currents (Figure 239 

5A,B). We then calculated the integrated excitatory and inhibitory conductances (GE, GI, 240 

respectively; see Materials and methods).   241 

As expected, acute application of baclofen almost completely blocked both sEPSCs and 242 

sIPSCs, from 0.40 ± 0.07 and 0.87 ± 0.1 nS to 0.02±0.006 and 0.06 ± 0.02 nS for GE and GI, 243 

respectively (Figure 5C,D). After 4 hours of incubation with baclofen, GE and GI partially 244 

recovered to 0.16 ± 0.07 nS and 0.61 ± 0.2 nS, respectively (Figure 5C,D), suggesting a faster 245 

rate of GI homeostatic regulation. Finally, after two days in the presence of baclofen, the network 246 

showed full recovery with GE reaching 0.44 ± 0.1 nS and GI reaching 1.02 ± 0.2 nS (p > 0.8, 247 

Figure 5C,D). As a result, I/E ratio was transiently increased from 3.1 ± 0.4  to 9.9 ± 2.8 248 

following 4h baclofen incubation (p < 0.001), returning to the baseline levels following 2 days of 249 

baclofen (3.04 ± 0.5, p > 0.5; Figure 5E). These data show that I/E balance of the network is 250 

tightly regulated, supporting homeostatic restoration of spontaneous spiking activity of the 251 

network even under a constant increase in the GABABR activity.  252 

Synaptic homeostatic mechanisms: increase in mEPSC frequency and amplitude  253 

Having observed a recovery of the firing properties at the population level, we next investigated 254 

which homeostatic mechanisms were underlying these changes. To accomplish this, we recorded 255 
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mEPSCs from hippocampal neurons under control conditions and at different time points 256 

following baclofen application (Figure 6A). While acute baclofen application did not have a 257 

significant effect on mEPSCs (Figure 6 – figure supplement 1) as has been reported previously 258 

(Lei and McBain, 2003), chronic baclofen incubation triggered gradual changes in mEPSC 259 

frequency and amplitude. We did not observed a significant increase in mEPSC amplitude four 260 

hours after baclofen application (24.7 ± 1.3 and 27.7 ± 3.3 pA in control and after 4h baclofen, 261 

respectively, p = 0.46). However, a 1.25-fold increase to 30.8 ± 2.2 pA (p < 0.05) was detected 262 

two days following baclofen application (Figure 6B,C). This was coupled with 2-fold increase in 263 

the frequency of mEPSCs from 2.1 ± 0.7 to 4.3 ± 1.5 Hz (p < 0.05) four hours following 264 

baclofen application and a large 4.8-fold increase to 10 ± 3.2 Hz (p < 0.01) following 2 days 265 

(Figure 6D,E). These data indicate that both pre- and post-synaptic modifications of quantal 266 

excitatory synaptic transmission occur following chronic, use-dependent inhibition of the evoked 267 

synaptic activity. 268 

Increase in intrinsic excitability in response to chronic activity suppression 269 

In addition to synaptic homeostatic mechanisms, modulation of intrinsic excitability is an 270 

important facet of neuronal adaptation (Desai et al., 1999; Kim and Tsien, 2008; Maffei and 271 

Turrigiano, 2008). To examine the effect of chronic GABABR activation on intrinsic 272 

electrophysiological properties of hippocampal neurons, we incubated cultures with 10 µM 273 

baclofen for 4 hours and 2 days. We then elicited action potentials (APs) in response to 274 

increasing somatic current injections ranging from -40 to +180 pA (F-I curves) in the presence of 275 

postsynaptic receptor blockers. While there was no difference in F-I curves between control and 276 

4 hour baclofen incubation, 2 days of baclofen incubation caused a significant leftward shift of 277 

the curve (Figure 7A,B). Additionally, resting membrane potential (RMP, Figure 7C) was -64.8 278 
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± 1.7 mV in untreated neurons, became more depolarized already after 4 hours (-58.2 ± 2.2, p < 279 

0.05) and further  depolarized after 2 days (-55.4 ± 1.5 mV, p < 0.001). Finally, input resistance 280 

(Rin), determined by the voltage response to increasing somatic current injections ranging from -281 

80 to -20 pA, showed a tendency towards larger values after 4 hours and was significantly 282 

increased following 2 days baclofen incubation (from 233 ± 14 to 373 ± 59 MΩ, p < 0.01; Figure 283 

7D,E). These data show that, in addition to synaptic modifications, increased intrinsic 284 

excitability contributes to the homeostatic restoration of network firing properties following 285 

chronic GABABR-mediated inhibition. 286 

Short-term synaptic plasticity is not homeostatically restored 287 

To assess whether the increase in mEPSC frequency is paralleled by modifications in the evoked 288 

synapse release probability, we quantified basal synaptic vesicle release at different time points 289 

following baclofen application utilizing FM1-43 dye (Abramov et al., 2009). To this end, we 290 

quantified the total amount of releasable fluorescence at each bouton (ΔF) and the density of 291 

FM-positive puncta per image (D) following stimulation (30 stimuli at 1 Hz) in the presence of 292 

10 μM FM1-43. Our results demonstrate a 1.5- and 1.8-fold increase in ΔF across synaptic 293 

populations following 4 hours and 2 days, respectively (p < 0.001, Figure 8A,B). To confirm that 294 

prolonged incubation with baclofen increases synaptic vesicle exocytosis, the total pool of 295 

recycling vesicles was stained by maximal stimulation (600 stimuli at 10 Hz) and subsequently 296 

destained by 1 Hz stimulation. The destaining rate constant (measured as 1/decay, whereas decay is 297 

an exponential time course) increased by ~36% following 2 days of baclofen incubation (p < 298 

0.01; Figure 8 – figure supplement 1). Thus, an increase in the release probability of 299 

hippocampal boutons constitutes an adaptive mechanism stabilizing firing properties of 300 

hippocampal network. 301 
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Given an inverse correlation between release probability and short-term synaptic 302 

facilitation (Debanne et al., 1996; Dobrunz and Stevens, 1997), homeostasis of mean firing rate 303 

is expected to be paralleled by concurrent changes in short-term synaptic plasticity. The total 304 

presynaptic strength within a given region of the hippocampal network (S) can be estimated as 305 

the product of ΔF and D (S = ΔF × D). The magnitude and the sign of short-term presynaptic 306 

plasticity (Sburst / Ssingle) was calculated by dividing the total number of vesicles recycled due to 307 

bursts by the number of vesicles recycled by a similar number of single spikes in the same 308 

population of synapses (Figure 8C). Indeed, short-term synaptic facilitation was decreased from 309 

1.9- to 1.2-fold after 4 hours (p < 0.001, Figure 8D,E) and was completely abolished following 2 310 

days (p < 0.001, Figure 8D,E) of incubation with baclofen. These results demonstrate that short-311 

term synaptic plasticity is not preserved under homeostasis of population firing properties. 312 

Uncompensated reduction in firing rate and synchrony by AMPAR blockade  313 

Having established a relationship between the use-dependent blockade of synaptic transmission 314 

via GABABRs and spontaneous firing properties, we asked whether use-independent blockade of 315 

synaptic transmission triggers similar effects. For this purpose, we blocked fast excitatory 316 

synaptic transmission by using the AMPA receptor (AMPAR) blocker CNQX. While previous 317 

studies demonstrated that chronic AMPAR blockade increases both the frequency and the 318 

amplitude of mEPSCs (Thiagarajan et al., 2002) already 4 hours after application of the 319 

antagonist (Jakawich et al., 2010), its effect on firing properties of the network has not been 320 

explored yet.  321 

CNQX (10 µM) caused a reduction in the population mean firing rate to 52 ± 12% of 322 

baseline values immediately after application (p < 0.01; Figure 9B). Application of NMDAR and 323 

AMPAR blockers together resulted in ~80% of firing rate inhibition (Figure 9 – figure 324 



 
 

15 
 

supplement 1), indicating that NMDARs contribute ~30% to spontaneous spiking activity. The 325 

residual ~20% may arise from electrical coupling via gap junctions (Hormuzdi et al., 2001), 326 

intrinsically bursting neurons (Yue and Yaari, 2004), ephaptic effects and/or rebound spiking 327 

following inhibition. While CNQX triggered a compensatory increase in synapse release 328 

probability already 4 hours after its application (Figure 9F,G and (Jakawich et al., 2010)), the 329 

population mean firing rate remained largely uncompensated, staying at 40 ± 5% of baseline two 330 

days following the perturbation (Figure 9A,B). Likewise, there was a significant shift in the 331 

single-unit firing rates towards lower frequencies after two days (p < 0.001, Kolmogorov-332 

Smirnov test; Figure 9C). When examining changes at the individual unit level, we found that 333 

only 16 ± 8% of units remained significantly unchanged during two days of the perturbation, 334 

while 71 ± 8% decreased their firing rates (p < 0.001, Figure 9D,E). It is noteworthy that CNQX 335 

and AMPAR-mediated signaling remain active even after 2 days incubation as evidenced by the 336 

increase in network and single unit firing rate following washout (Figure 9 – figure supplement 337 

2).  338 

Analysis of firing pattern shows that CNQX caused a permanent reduction in the fraction 339 

of spikes participating in population bursts (Figure 9A,H), as well as in the number of spikes 340 

comprising population bursts (Figure 9 – figure supplement 3A), reflecting a reduction in firing 341 

synchrony. Population-burst duration, however, showed a brief increase followed by a gradual, 342 

non-significant, decrease (Figure 9 – figure supplement 3B). A similar effect was observed at the 343 

single-unit level regarding the fraction of spikes participating in single-unit bursts, while burst 344 

properties were not significantly affected (Figure 9I and Figure 9 – figure supplement 3C,D). 345 

Taken together, these results suggest that use-independent postsynaptic blockade of excitatory 346 

synaptic transmission induces firing rate reduction with concomitant desynchronization of 347 



 
 

16 
 

population firing. Although blockade of AMPAR-mediated excitatory synaptic transmission had 348 

a lower impact on firing rates than frequency-dependent synaptic inhibition via GABABRs 349 

(Figure 2E), this effect cannot be efficiently compensated in the network. 350 

DISCUSSION 351 

How neural circuits maintain the balance between stability and plasticity is one of the most 352 

intriguing questions in neuroscience. Taking into account the highly dynamic and heterogeneous 353 

nature of individual synapses, ion channels, transmitters and their receptors, understanding how 354 

individual neurons and neuronal populations maintain stable activity over long timescales or 355 

adjust their properties to changes in their external environment is an important and difficult 356 

challenge. 357 

Homeostatic control of single neurons and network functions  358 

To relate the network’s behavior to properties of its single components, we integrated, in this 359 

study, recordings with extracellular MEA, the intracellular patch-clamp recordings and high-360 

resolution functional imaging at the single-synapse level. In particular, this system enables us to 361 

examine whether homeostatic mechanisms operating at a cell-autonomous level are sufficient to 362 

confer population firing stability (Burrone et al., 2002; Goold and Nicoll, 2010; Turrigiano, 363 

2012) or whether homeostasis operates at the level of network-average properties. 364 

Our results show that population spiking rates and patterns are intrinsically stable not only 365 

under basal conditions, but also following profound activity perturbations. Despite a transient 366 

GABABR-mediated blockade of population firing rate with a simultaneous increase in firing 367 

synchrony, population activity was precisely restored to a 'set point' level after a period of two 368 

days. Interestingly, restoration of firing synchrony displays a faster kinetics than rebound of 369 
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mean rates. In contrast to the observed firing macro-stability, single-unit behavior appears to be 370 

extremely dynamic. Only 23% of units displayed stable firing rates without perturbation, and this 371 

fraction was reduced to 11% following the perturbation. A complementary method, based on 372 

long-term recordings of somatic Ca2+ dynamics, reflecting firing rates, in identified neurons 373 

showed that 46% of neurons returned to their baseline firing rates (Figure 3). Thus, two 374 

independent methodologies suggest that the majority of neurons display unstable firing rates 375 

even at extended timescales, confirming scale-invariant rate dynamics observed in a previous 376 

study (Gal et al., 2010). Thus, stability, as well as the compensatory feedback response, is greater 377 

at the population compared to the single-unit level. Moreover, quantal excitatory synaptic 378 

strength and intrinsic excitability were significantly affected by the perturbation and, thus, differ 379 

between the baseline and rebound periods. These results highlight the idea that similar network 380 

properties may arise from multiple configurations of individual components (Marder and 381 

Goaillard, 2006; Prinz et al., 2004). Most importantly, the observed differences in the precision 382 

of homeostatic regulation at different spatial scales suggests that population firing homeostasis is 383 

more than a sum of single-neuron adaptive responses, implying existence of network-wide 384 

regulation rules (Maffei and Fontanini, 2009).  385 

The trigger of synaptic homeostatic responses 386 

What is the trigger of compensatory synaptic responses? A variety of synaptic compensation 387 

mechanisms have been found following pharmacological or genetic perturbations in 388 

hippocampal and cortical neuronal cultures (Branco et al., 2008; Burrone et al., 2002; Jakawich 389 

et al., 2010; Thiagarajan et al., 2005; Thiagarajan et al., 2002; Turrigiano et al., 1998), following 390 

sensory deprivation (Hengen et al., 2013; Keck et al., 2013; Maffei et al., 2004) or in a more 391 

physiological context of sleep (Lanté et al., 2011; Vyazovskiy et al., 2008). Interestingly, 392 
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synaptic homeostasis hypothesis proposed by Tononi and colleagues (Tononi and Cirelli, 2003, 393 

2014) states that population firing synchrony, a hallmark of slow-wave sleep, contributes directly 394 

to homeostatic synaptic scaling. To examine if changes in population synchrony per se can 395 

trigger adaptive responses, we compared two perturbations producing similar (inhibitory) effects 396 

on the mean firing rate, while differentially affecting firing synchrony. For this purpose, we used 397 

baclofen that increases firing synchrony (Figure 4) and CNQX that induces firing 398 

desynchronization (Figure 9H,I).  Both perturbations trigger the same types of synaptic 399 

adaptation at a comparable timescale: increase in the amplitude and the frequency of mEPSCs 400 

and in release probability (Figures 6, 9F,G and (Jakawich et al., 2010; Thiagarajan et al., 2002)). 401 

Based on these results, we may conclude that (1) firing rates and patterns are independently 402 

regulated; (2) homeostatic systems generally sense a drop in spiking rates to induce an adaptive 403 

increase in excitatory synaptic transmission. Thus, our results in cultured neural networks don't 404 

support a causal relationship between firing synchrony and homeostatic synaptic response, 405 

suggesting that other factors, occurring during slow-wave sleep, may play a role in down-scaling 406 

of synapses in behaving animals.  407 

Why network firing rates and patterns were not compensated following the AMPAR 408 

blockade requires future investigation. On the one hand, complete silencing of excitatory drive 409 

might exceed the capacity of the homeostatic system to compensate. On the other hand, the drop 410 

in the firing rate following baclofen application was even more pronounced, nevertheless, firing 411 

rate homeostasis was achieved. Similarly, blockade of GABA uptake via GAT-1 transporter 412 

resulted in a transient blockade of firing rates that were precisely compensated two days 413 

following the perturbation (Figure 2 - figure supplement 3). We can exclude the necessity of 414 

population bursts for induction of a proper profile of adaptive response since other treatments, 415 
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such as ACh exposure, induce a reduction in synchrony that can be successfully compensated 416 

(Kaufman et al., 2012). Thus, our results indicate that adaptations at the level of intrinsic 417 

neuronal excitability and inhibitory drive are not sufficient to compensate the blockade of 418 

AMPAR-mediated excitatory drive. It is conceivable that AMPAR blockade might perturb the 419 

relationship between the firing rate and the intracellular Ca2+ concentration, causing a failure in 420 

the regulatory system (O’Leary et al., 2014).  421 

Changes in neuronal properties do not always impact network performance  422 

It is generally assumed that experience-dependent modifications of synaptic strength or intrinsic 423 

excitability are associated with functional changes in the network performance. Nevertheless, 424 

under some circumstances, synaptic and intrinsic modifications may have little effect on network 425 

functional properties (Prinz et al., 2004; Thirumalai et al., 2006). For example, networks utilizing 426 

uniform and multiplicative forms of postsynaptic scaling as a main compensatory response to the 427 

perturbation, may preserve learning rules and information content transferred between neurons 428 

(Turrigiano et al., 1998; Turrigiano and Nelson, 2004).  429 

While changes in neuromodulation via GABABRs caused a profound increase in synapse 430 

release probability, intrinsic excitability, mEPSC frequency and amplitude, spontaneous spiking 431 

activity of the network returned to the baseline level during two days in the constant presence of 432 

the perturbation. However, the sensitivity of synaptic population to bursts was profoundly 433 

modified: while acute GABABR activation by baclofen shifts synapses towards high-pass filters 434 

(Figure 1A-C), chronic baclofen application results in complete abolishment of short-term 435 

synaptic plasticity (Figure 8D,E), potentially reducing discrimination of input patterns by 436 

synaptic mechanisms. The reduction in the selectivity of synapses to afferent input may represent 437 

a trade-off between population firing stability and synaptic metaplasticity (Abraham and Bear, 438 
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1996; Thiagarajan et al., 2007). Thus, robust homeostatic control of ongoing population 439 

dynamics may coexist with unstable short-term synaptic plasticity. 440 

In summary, our results suggest that invariant population mean rate and temporospatial 441 

coherence of spontaneous spiking can emerge from highly diverse combinations of synaptic 442 

strength and intrinsic neuronal properties. The observed micro-instability of individual neurons 443 

was truly intrinsic, taking place in a highly-controlled environment, irrespective of changes in 444 

experience, behavioral states and interactions with higher-order supervising circuits. While firing 445 

macro-stability is robustly and accurately maintained by homeostatic control systems in the face 446 

of perturbations and uncertainties, the ability of synapses to discriminate input patterns was 447 

sacrificed. Thus, impairments of short-term synaptic plasticity and working memory functions, 448 

characterizing initial phases of numerous brain disorders, may be the tradeoff resulting from the 449 

system's efforts to maintain phenotypic stability of spontaneous population firing patterns. It 450 

remains to be seen whether hippocampal short-term synaptic plasticity can be maintained 451 

without sacrificing critical parameters of population dynamics.  452 

ACKNOWLEDGMENTS 453 

We thank Ayal Lavi for his help with establishing MEA experiments, Eitan Zahavi and Eran 454 

Perlson for valuable technical help and access to the microscope with stage incubator, Eran Stark 455 

for comments on the manuscript and suggestions on spike sorting, Ronnie Maor and Gal Chechik 456 

for the development of the early version of burst detection algorithm and all the laboratory 457 

members for discussions.  458 

FIGURE LEGENDS 459 

Figure 1. Quantifying GABABR-mediated synaptic inhibition at synaptic, single neuron 460 

and network levels. (A) Representative F images obtained by single (30 APs @ 0.2 Hz) and 461 
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burst (30 APs @ 6 bursts, each burst contained 5 APs; inter-spike-interval, 10 ms; inter-burst-462 

interval, 5 s) stimulations before and 10 min after 10 µM baclofen application. Scale bar: 5 μm. 463 

(B) Dose-response curve for the inhibitory presynaptic effect of baclofen during single versus 464 

burst stimulation patterns. Note shift in the apparent IC50 from 0.33 µM in single stimulation (n = 465 

7 -12) to 7.6 µM for burst stimulation type (n = 8 - 10). (C) Short-term plasticity detected by FM 466 

method (calculated as Sburst / Ssingle) was in the range of 2.0 ± 0.01 to 2.3 ± 0.01 for baclofen 467 

concentrations in the range of 0.1 – 10 µM (n = 10 – 14) comparing to plasticity of control (1.4 ± 468 

0.07, n = 13). (D) Top: Image of dissociated hippocampal culture plated on MEA. Black circles 469 

at the end of the black lines are the recording electrodes. Scale bar: 200 µm. Bottom: 470 

Representative trace of recording from one MEA channel. Spikes (colored green) are detected 471 

based on a set threshold (blue dashed line). Inset is a zoom to one detected spike. Scale bars: 472 

8 µV, 35 ms (6 ms for insert). (E) Example of spike sorting for one channel. Bottom: Each 473 

waveform is represented in principal component space forming three distinct clusters. Top: 474 

Mean waveforms for each cluster. Scale bar: 10 µV, 1 ms. (F) Representative raster plots of 475 

MEA recording before and immediately after application of 10 µM baclofen (***p < 0.0001, 476 

unpaired, two-tailed Student’s t-test). (G) Acute effect of baclofen on firing rate at the single-unit 477 

level. Left: 1 µM baclofen (n = 5, 260 units). Right: 10 µM baclofen (n = 5, 314 units). (H) Acute 478 

effect of baclofen on the mean firing rate of the population (the same data as in G). Error bars 479 

represent s.e.m. 480 

Figure 2. Homeostatic regulation of firing rates is more precise at the network, than the 481 

single-unit level. (A) Analysis of the firing rate of each unit in a representative MEA experiment 482 

over the course of two days of recording in the presence of 10 µM baclofen. Representative 483 

units that precisely returned (green), increased (red) and decreased (blue) relative to baseline 484 

are highlighted. (B) Analysis of the firing rate of each unit in a representative MEA experiment 485 

over the course of two days of recording under control conditions. Representative units that 486 
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didn’t change (green), increased (red) and decreased (blue) relative to baseline are highlighted. 487 

(C) Mean firing rate of 48 hour control (grey, n = 7) and baclofen (blue, n = 5) MEA recordings. 488 

Three hours of baseline rate are shown for baclofen experiments. (For clarity, only every other 489 

hour is shown). Error bars represent SEM. (D) Statistical comparison of the representative time 490 

points (the same data as in C). Error bars represent SEM. (*** p < 0.0001, baclofen compared 491 

to baseline; all control hours were not significantly changed; repeated-measures ANOVA with 492 

Bonferroni’s multiple comparison test). (E) Distribution of unit firing rates (log scale) during 493 

baseline and after 2 days in the presence of baclofen. (F) Per unit correlation between baseline 494 

firing rates and firing rates after 2 days: Left: control (n = 7; 490 units); Right: in the presence of 495 

baclofen (n = 5; 314 units). Colors represent units that significantly increased (red), decreased 496 

(blue) or remained stable (green) as determined by bootstrapping (see Methods for details). 497 

Note log scale of both axes. (G) Summary of data in F (*p < 0.05; unpaired, two-tailed Student’s 498 

t-test). Error bars represent s.e.m. 499 

Figure 3. Calcium imaging confirms more precise homeostatic regulation of firing rates 500 

at the network, than the single-unit level. (A) Representative traces (ΔF/F) showing the same 501 

16 neurons before, 10 min after 10 µM baclofen application and after 2 days in the presence of 502 

baclofen. Bar scales: 50% ΔF/F, 5 sec. (B) Pseudo-color coded image showing cultured 503 

neurons expressing GCaMP6f. Scale bar: 50 µm. (C) Summary of the mean rate (averaged 504 

peak amplitude per min) before (green), after 10 min (black) and following 2 days (purple) of 505 

baclofen application. Population mean rates were restored after 2 days (n = 4, 192 neurons). 506 

(D) Distribution of neuron F/F rates (log scale) during baseline and after 2 days in the 507 

presence of baclofen. (E) Per neuron correlation between baseline firing rates and firing rates 508 

after 2 days in the presence of baclofen (n = 4; 192 neurons). Colors represent neurons that 509 

significantly increased (red), decreased (blue) or remained stable (green) as determined by 510 
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bootstrapping. Note log scale of both axes. (F) Summary of data in E (54.3% ± 6 cells were 511 

significantly changed). Error bars represent s.e.m. 512 

Figure 4. Temporal firing patterns are homeostatically regulated. (A) Representative raster 513 

plot of MEA recording before, 4 hours and 2 days after application of baclofen. (B) Baclofen 514 

causes a transient increase in fraction of spikes participating in network bursts (hours 2-4, p < 515 

0.01; hours 4-10, p < 0.001; hour 12 p < 0.01; hour 14 p < 0.05; repeated-measures ANOVA 516 

with Bonferroni’s multiple comparison test, compared to baseline values). The number of spike 517 

that are part of network bursts were divided by the total number of spikes. (C) Baclofen causes 518 

a transient, short–lived, increase in duration of network bursts (hours 2-4, p < 0.001; hour 6 p < 519 

0.05; repeated-measures ANOVA with Bonferroni’s multiple comparison test, compared to 520 

baseline values). (D) Baclofen causes a transient increase in fraction of spikes participating in 521 

single-unit bursts (hours 2-4, p < 0.01; hours 4-12, p < 0.001; hour 14, p < 0.01; repeated-522 

measures ANOVA with Bonferroni’s multiple comparison test, compared to baseline values). 523 

The number of spikes that are part of single-unit bursts were divided by the total number of 524 

spikes of that unit. (E) Baclofen causes a transient, short–lived, increase in duration of single-525 

unit bursts (hours 2, p < 0.001; repeated-measures ANOVA with Bonferroni’s multiple 526 

comparison test, compared to baseline values). (F) Per unit correlation of fraction of spikes in 527 

single-unit bursts between baseline and 2 days after baclofen application: Top: control (n = 7; 528 

279 units); Bottom: in the presence of baclofen (n = 5; 234 units). Colors represent units that 529 

significantly increased (red), decreased (blue) or remained stable (green) as determined by 530 

bootstrapping (see Materials and methods for details). Note log scale of both axes. (G) 531 

Summary of data in D (*p < 0.05, unpaired, two-tailed Student’s t-test). Error bars represent 532 

s.e.m. 533 

 534 
Figure 5. Dynamics of I/E ratio following chronic GABABR-mediated inhibition. (A) Image 535 

of patched neuron. Alexa-fluor 488 (10 µM) was added to the patch pipette for imaging. Scale 536 
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bar: 20 µm. (B) Representative traces of sEPSCs (-65 mV holding potential, bottom) and 537 

sIPSCs (+10 mV holding potential, top) for control, 4 hours and 2 days preincubation with 538 

baclofen. Measurements of sEPSCs following baclofen pre-incubation were done in the 539 

presence of baclofen. (C) Mean integrated excitatory conductance (GE) in control (n = 32), 540 

following acute (n = 10), 4hr (n = 11) and 2 days (n = 16) baclofen application. Excitatory 541 

conductance is completely restored following 2 days of exposure to baclofen. Error bars 542 

represent SEM. (*p < 0.05, *** p < 0.0001; Kruskal-Wallis test with Dunn’s multiple comparison 543 

test). (D) Mean integrated inhibitory conductance (GI, same cells as B). Inhibitory conductance 544 

is completely restored as well following 2 days of exposure to baclofen. Error bars represent 545 

SEM. (***p < 0.001; Kruskal-Wallis test with Dunn’s multiple comparison test). (E) Mean I/E ratio 546 

per neuron (same cells as in C,D). The I/E ratio of each cell was calculated and the resulting 547 

ratios were averaged. * p < 0.05, ** p < 0.01, *** p < 0.001; one-way ANOVA with Dunnett’s 548 

multiple comparison test. Error bars represent SEM.  549 

 550 

Figure 6. Chronic GABABR-mediated inhibition triggers an increase in mEPSC frequency 551 

and amplitude. (A) Representative traces of mEPSCs for control, 4 hour and 2 day incubations 552 

in baclofen. Scale bar: 40 pA, 200 ms.  Measurements of mEPSCs were done in the presence 553 

of baclofen. (B) Cumulative histograms of mEPSC amplitudes in control (n = 30) and following 4 554 

hours (n = 11) and 2 days (n =15) of incubation with baclofen. The mean of mEPSC amplitude 555 

increased from 25.4 pA in control, to 27.7 and 30.8 pA following 4 hours and 2 days of baclofen 556 

application, respectively. (C) Summary of data in B. Mean mEPSC amplitude is significantly 557 

elevated 1.25-fold (P < 0.05) only after 2 days in baclofen. Error bars represent SEM. *p < 0.05; 558 

one-way ANOVA with Dunnett’s multiple comparison test. (D) Cumulative histogram of mEPSC 559 

inter-event intervals showing a gradual shift to smaller values from control through 4 hours 560 

baclofen to 2 days baclofen incubation (the same experiments as in C). (E) Summary of data in 561 

D. mEPSC frequency is increased 2-fold after 4 hours (p < 0.05) and 4.6-fold after 2 days (p < 562 
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0.01) incubation in baclofen. * p < 0.05, ** p < 0.01; one-way ANOVA with Dunnett’s multiple 563 

comparison test. Error bars represent SEM. 564 

Figure 7. Intrinsic excitability is increased in response to activity suppression. (A) 565 

Representative traces of voltage responses evoked by 20pA step of current injections after 566 

control, 4 hours and 2 days baclofen incubation, elicited from RMP (Scale bars: 40mV, 100ms) 567 

(B) F-I relationship after control, 4 hours and 2 days baclofen incubation. After 2 days incubation 568 

there is a significant leftward shift of the curve showing greater excitability (control n = 18, 4 569 

hours n = 18, 2 days n = 16; * p < 0.05) following long-term GABABR activation. (C) RMP is 570 

depolarized after short baclofen incubation (control n = 19, 4 hours n = 21, 2 days n = 14). (D) I-571 

V curve, (same cells as C). (E)  Rin is significantly increased following 2 day baclofen incubation 572 

(same cells as C). 573 

Figure 8. Short-term synaptic plasticity is not preserved in networks with similar firing 574 

properties. (A) Cumulative histogram of fluorescence intensity of FM stained puncta following 575 

30 stimuli given at 1 Hz. (Fsingle control- n = 15; 6099 puncta; 4 hours- n = 15, 6269 puncta; 2 576 

days- n = 13; 5551 puncta). (B) Summary of mean Fsingle from a. Mean Fsingle is increased 577 

already after 4 hours of incubation with baclofen and remains high after 2 days of baclofen 578 

incubation. *** p < 0.001; one-way ANOVA with Tukey’s multiple comparison test. (C) 579 

Experimental protocol used for STP experiments. (D) Representative images of FM1-43 staining 580 

from STP experiments. Note the increase in fluorescence intensity after 1 Hz stimulation 581 

following baclofen incubation. Scale bar: 5 µm. (E) The mean burst-to-single ratio of S is 582 

significantly decreased following baclofen incubation (control- n = 15; 4 hours- n = 15; 2 days- n 583 

= 13; p < 0.0001). *** p < 0.001; one-way ANOVA with Tukey’s multiple comparison test. Error 584 

bars represent SEM. 585 
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Figure 9. Effects of chronic AMPAR blockade on spontaneous network firing. (A) 586 

Representative raster plot of MEA recording before and 2 days after application of CNQX. (B) 587 

Changes in mean firing rate following 10 µM CNQX application utilizing MEA recordings (n = 4). 588 

Three hours of baseline rates are shown. There is an immediate and prolonged reduction of 589 

firing rate (p < 0.001 for all hours compared to baseline; one-way ANOVA with Bonferroni’s 590 

multiple comparison test.) For clarity, only every other hour is shown). Error bars represent 591 

SEM. (C) Distribution of unit firing rates (log scale) during baseline and after 2 days in the 592 

presence of CNQX. (D) Per unit correlation between baseline firing rates and firing rates after 2 593 

days in the presence of CNQX (n = 4, 128 units). Colors represent units that significantly 594 

increased (red), decreased (blue) or remained stable (green) as determined by bootstrapping 595 

(see Materials and methods for details). Note log scale of both axes. (E) Summary of data in D. 596 

*** p < 0.001; one-way ANOVA with Tukey’s multiple comparison test. (F) Cumulative histogram 597 

of fluorescence intensity of FM1-43 stained puncta following 30 stimuli given at 1 Hz. (Fsingle 598 

control- n = 9, 3631 puncta; 2 days CNQX- n = 9, 5251 puncta). (G) Summary of mean Fsingle 599 

from F. Mean Fsingle is increased already after 4 hours of incubation with baclofen and remains 600 

high after 2 days of baclofen incubation. *** p < 0.001; one-way ANOVA with Tukey’s multiple 601 

comparison test. (H) Normalized fraction of spikes in network bursts (the same experiments as 602 

in B). There was a significant reduction from the fourth hour on (p < 0.001; repeated-measures 603 

ANOVA with Bonferroni’s multiple comparison test). (I) Normalized fraction of spikes in single-604 

unit bursts (the same experiments as in B). There was a significant reduction from the sixth hour 605 

on (hours 6-10, p < 0.05; hours 12-36, p < 0.01; hours 36-48, p < 0.001; repeated-measures 606 

ANOVA with Bonferroni’s multiple comparison test. Error bars represent SEM. 607 

Figure supplements 608 
 609 
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Figure 1 - figure supplement 1. Properties of baclofen-induced changes in synaptic 610 

dynamics and single-unit firing in hippocampal neurons. (A) EPSC (-60 mV holding 611 

potential) traces evoked by low-frequency stimulation and by high-frequency spike bursts under 612 

control and 10 min after 10 µM baclofen application in acute hippocampal slices.  Scale bars: 613 

Top: 20 pA, 20 ms; Bottom: 50 pA, 50 ms. (B) Baclofen increases short-term synaptic facilitation 614 

calculated based on EPSC measurements (1 µM – n = 5, p < 0.001; 10 µM - n = 4, p < 0.001) in 615 

acute hippocampal slices. (C) Distribution of per unit firing rate during one hour of control MEA 616 

recording (490 units). Firing rates are heavily skewed towards low frequencies. (D) 617 

Representative raster plots of MEA recording before and immediately after application of 1 µM 618 

baclofen. (E) Per unit correlation between baseline firing rates and the percent change in firing 619 

rates after 2 days of control recording showing significant negative correlation (Spearman r = -620 

0.29, p < 0.001, 467 units). (F) Per unit correlation between baseline firing rates and the percent 621 

change in firing rates after 2 days in the presence of baclofen showing significant negative 622 

correlation (Spearman r = -0.47, p < 0.001, 311 units).  623 

Figure 2 – figure supplement 1. Prolonged exposure to baclofen does not cause 624 

reduction in the sensitivity of synapses and neurons to the GABABR-mediated inhibition. 625 

(A) Baclofen (10 µM) was added to a culture dish for 2 days. The medium from this dish was 626 

applied to a new MEA. The reduction of firing rate by pre-incubated baclofen was 4 ± 1% (n = 627 

50, p < 0.0001), similarly to the one observed by fresh baclofen (Figure 1G). (B) Washout of 628 

baclofen causes an increase in mean firing rate relative to both baseline and after 2 days 629 

baclofen incubation (relative to baseline: 306% ± 67, relative to 2 days baclofen: 296% ± 38; n = 630 

77 units) (C) Per unit correlation between firing rates before and after washout of baclofen. 631 

Colors represent units that significantly increased (red), decreased (blue) or remained stable 632 

(green) as determined by bootstrapping. Note log scale of both axes. Same units as in B. (D) 633 

Summary of data in C. (E) Experimental protocol used for determining acute effect of baclofen 634 
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after 2 days incubation with 10 µM baclofen and subsequent washout. (F) Baclofen (1 µM) 635 

decreased FM staining to 52 ± 5% (n = 18) and 49 ± 8% (n = 8) relative to control with and 636 

without 2 days incubation with baclofen, respectively (p = 0.89).  637 

Figure 2 – figure supplement 2. Firing rate homeostasis is not precise at the level of 638 

multi-units. (A) Per unit correlation between baseline firing rates and firing rates after 2 days: 639 

Left: control (n = 7; 192 multi-units); Right: in the presence of baclofen (n = 5; 133 multi-units). 640 

Colors represent units that significantly increased (red), decreased (blue) or remained stable 641 

(green) as determined by bootstrapping (see Methods for details). Note log scale of both axes. 642 

(B) Summary of data in A (unpaired, two-tailed Student’s t-test). Error bars represent s.e.m. 643 

 644 
Figure 2 – figure supplement 3. Effect of GABA uptake inhibitor on mean firing rate. 645 

Mean firing rate is decreased by 10 M SKF89976A, a selective GAT-1 blocker, and fully 646 

recovers after 2 days (n = 46 units).  647 

Figure 2 - figure supplement 4.  MEA analyses are robust over different parameters (A) 648 

Histogram detailing the relationship between the mean firing rate of 20 minute time segments 649 

and the mean firing rate of the full hour they represent.  No representative time segment is 650 

more than 20% different than the full hour and 90% are within 10% (n = 792 segments). (B) CV 651 

was calculated over 8 hours using time segments of between 10 seconds and 1 hour. There 652 

was no significant difference when time segments greater than 10 minutes were used. (C, D, E) 653 

Per-unit MFR during baseline and after 2 days of baclofen incubation were compared using 654 

bootstrapping statistics. No differences were observed when using different durations of time 655 

segments (C, p > 0.3), different bin sizes (D, p > 0.9) or different numbers of iterations (E, p > 656 

0.9).   657 

Figure 3 – figure supplement 1. Calcium imaging using GCaMP6f sensor in cultured 658 

hippocampal neurons. (A) Fluorescence change in response to one action potential (AP). 659 

Single sweeps (grey) and averages of 10 sweeps (blue) are overlaid. Scale bars: 10% ΔF/F, 660 
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500 ms. (B) Fluorescence change (average of 10 sweeps) in response to 1 - 10 APs (3 trials). 661 

Scale bars: 200% ΔF/F, 2 sec. (C) Peak fluorescence change as a function of number of APs 662 

(normalized to the peak fluorescence changed induced by 1 AP). A linear relationship between 663 

ΔF/F and number of APs (slope of linear fit is 1.928 ± 0.078, r2=0.99, n = 5). Recurrent activity 664 

was suppressed with 20 µM DNQX and 50 µM AP5 in (A-B). (D) Example of cultured neurons 665 

before and 2 days following baclofen incubation show no notable change in cell appearance. 666 

Scale bar: 50 µm. (E) Baseline firing rates 1h and after 2 days of control recording show stability 667 

with no evidence of phototoxicity (62 neurons). (F) Per unit correlation between baseline F/F 668 

mean rates and the percent change in F/F rates after 2 days in the presence of baclofen 669 

showing significant negative correlation (Spearman r = -0.33, p < 0.0001, 192 neurons). 670 

Figure 4 – figure supplement 1. Number of spikes in network- and single-unit bursts in 671 

the presence of baclofen. (A) Baclofen causes a transient increase in the number of spikes 672 

per network burst (hours 2-4, p < 0.001; repeated-measures ANOVA with Bonferroni’s multiple 673 

comparison test, compared to baseline values).  (B) Baclofen causes a transient increase in the 674 

number of spikes per unit burst (hour 2, p < 0.001; repeated-measures ANOVA with 675 

Bonferroni’s multiple comparison test, compared to baseline values).  676 

Figure 4 - figure supplement 2. Single-unit burst characteristics are stable across a large 677 

range of thresholds. (A) Single unit burst data for experiments from Figure 4D-G after using a 678 

burst threshold of 100 Hz, minimum 3 spikes per burst. (B) Single unit burst data for 679 

experiments from Figure 4D-G after using a burst threshold of 20 Hz, minimum 3 spikes per 680 

burst. 681 

 Figure 6 - figure supplement 1. Baclofen does not affect mEPSC frequency and 682 

amplitude acutely. (A) mEPSC amplitude is not effected by acute application of baclofen (Cnt: 683 

25.4 ± 1.5pA, n = 31; acute Bac: 24.4 ± 2.9, n = 14, p = 0.72, unpaired, two-tailed Student’s t-684 

test). (B) mEPSC frequency is slightly, but not significantly, lowered by acute application of 685 
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baclofen (Cnt: 2.1 ± 0.7Hz, n = 31; acute Bac: 1.7 ± 0.6Hz, n = 14, p = 0.7, unpaired, two-tailed 686 

Student’s t-test). 687 

 688 
Figure 8 – figure supplement 1. Synaptic vesicle exocytosis evoked by 1 Hz stimulation 689 

is increased after 2 days baclofen incubation. (A) FM1-43 destaining rate curves of 50 690 

synapses under control and 2 days after 10 uM baclofen application. (B) Averaged destaining 691 

rate constants in control (n = 5) and in cultures pretreated for 2 days with baclofen (n = 6).  692 

 693 

Figure 9 – figure supplement 1. Effect of AMPAR and NMDAR blockers on mean firing 694 

rate measured by MEA in hippocampal cultures. Addition of 10 µM CNQX together with 50 695 

µM AP5 reduced mean firing rate by 80%. 696 

Figure 9 – figure supplement 2. CNQX washout reveals an increase in the mean firing 697 

rate. (A) Washout of CNQX causes an increase in MFR relative to both baseline and after 2 698 

days CNQX incubation (relative to baseline: 212% ± 28, relative to 2 days CNQX: 442% ± 67; n 699 

= 51 units). (B) Per unit correlation between firing rates before and after washout of CNQX. 700 

Colors represent units that significantly increased (red), decreased (blue) or remained stable 701 

(green) as determined by bootstrapping. Note log scale of both axes. Same units as in A. (C) 702 

Summary of data in C.  703 

 704 

Figure 9 – figure supplement 3. Characteristics of network- and single-unit bursts in the 705 

presence of CNQX. (A) The mean number of spikes in each network burst is reduced by 706 

CNQX with no return to baseline (hour 6, p < 0.05; hour 8, p < 0.01; hours 10 – 48, p < 0.001; 707 

repeated-measures ANOVA with Bonferroni’s multiple comparison test, compared to baseline 708 

values). (B) CNQX causes an acute increase in duration of network bursts (p < 0.001; 709 

repeated-measures ANOVA with Bonferroni’s multiple comparison test, compared to baseline 710 

values) followed by a slow, non-significant reduction in duration.  (C) The mean number of 711 
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spikes in single-unit bursts was not changed by CNQX (p > 0.05, repeated-measures ANOVA 712 

with Bonferroni’s multiple comparison test, compared to baseline values). (D) CNQX causes a 713 

small non-significant increase in duration of single-unit bursts (repeated-measures ANOVA with 714 

Bonferroni’s multiple comparison test, compared to baseline values).   715 

MATHERIALS AND METHODS 716 

MEA preparation and recordings. Primary cultures of CA3-CA1 hippocampal neurons were 717 

prepared from newborn BALB/c mice on postnatal days 0–2, as described (Slutsky et al., 2004). 718 

The experiments were performed in 15–22 DIV cultures. All animal experiments were approved 719 

by the Tel Aviv University Committee on Animal Care. Cultures were plated on MEA plates 720 

containing 59 TiN recording and one internal reference electrodes (Multi Channel Systems 721 

(MCS)). Electrodes are 30µm in diameter and spaced 500µm apart. Data was acquired using a 722 

MEA1060-Inv-BC-Standard amplifier (MCS) with frequency limits of 5000 Hz and a sampling 723 

rate of 10 kHz per electrode mounted on an Olympus IX71 inverted microscope. Recordings 724 

were carried out under constant 37Ԩ and 5% CO2 conditions, identical to incubator conditions.  725 

Spike sorting. Raw data was filtered, offline, at 200Hz using a Butterworth high-pass filter. 726 

Spikes cutouts were then detected, offline, using MC Rack software (MCS) based on a fixed 727 

threshold set to between 4-5 standard deviations from noise levels. In order to ensure the veracity 728 

of the detected spikes, TTX was added at the end of some experiments, resulting in an immediate 729 

loss of all spiking activity. Only the first twenty minutes of each hour were used for all analyses 730 

in order to reduce computation time. We showed that twenty minutes can reliably represent the 731 

MFR of a full hour by comparing the MFR of 792 twenty minute segments to the MFR of the 732 

full hours represented by those segments. We found that only 9.6% of segments were more than 733 

10% different from their full hour and none were more than 20% different (Figure 2 - figure 734 
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supplement 4A). Furthermore, we calculated the coefficient of variation (CV) for 104 units over 735 

the course of 8 consecutive hours using different bin sizes. The CV represents the variability of 736 

MFRs within each unit over a given time-frame. We found that small bin sizes resulted in 737 

significantly higher CVs compared to one hour bins while bins larger than 10 minutes were not 738 

significantly different from bins of a full hour (CV = 121.3% ± 8.4, 53.4% ± 4.1, 25.1% ± 2, 739 

19.2% ± 1.4, 14.8% ± 1.1, 13.5% ± 1, 11.60% ± 0.8, for bins of 10 seconds, 1, 5, 10, 20, 30 and 740 

60 minutes, respectively; Figure 2 - figure supplement 4B). This is an indication that, while there 741 

is always some intrinsic variability in per unit MFR, 20 minutes is an accurate representation of a 742 

full hour. 743 

Spike cutouts were then transferred to Offline Sorter (Plexon Inc.) for spike sorting. Spikes were 744 

plotted in 2-D or 3-D principal component (PC) space and unit clusters were semi-automatically 745 

detected using K-means clustering algorithm followed by template sorting. Clusters were then 746 

manually inspected to insure stability throughout experiment. Only clusters that fulfilled the 747 

following requirements were considered units and used for analysis: 1) There was no spiking 748 

during the absolute refractory period. 2) The clusters were well defined relative to other clusters 749 

from the same electrode throughout the entire experiment. 3) There were no sudden jumps in 750 

cluster location on PC axes. 4) The cluster is not centered around the origin of the PC axes. 5) 751 

Auto-correlation histograms showed a distinct peak at t ≠ 0.  A cluster was classified as 752 

'multiunit' if the autocorrelogram lacked a clear refractory period.  753 

MEA data analysis. All analysis was performed using custom-written scripts in MATLAB 754 

(Mathworks). Network mean firing rates were calculated by averaging the mean firing rates of 755 

all units for a given time-point. For comparison of single unit parameters we checked whether 756 

the difference in values between two time-points for a given unit significantly deviated from a 757 
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null (zero centered) distribution using a bootstrapping method (see supplementary file 758 

“bootstrap.m”). The two time segments to be compared were divided into one minute bins which 759 

were then randomly shuffled 10,000 times into two groups. The differences between the means 760 

of the two randomly shuffled groups produced a null-distribution. The real difference was 761 

significant if it fell outside of the 95% confidence interval of the null distribution. The length of 762 

time segments, size of bins and number of iterations had no effect on bootstrapping results 763 

(Figure 2 - figure supplement 4C-E).  764 

Burst Detection. For population burst detection and analysis, we used the following algorithm 765 

(see supplementary file “network_burst_analysis.m”). We start with a set of spike time 766 

sequences acquired from a group of single units. The sequences are then projected onto a single 767 

timeline to produce an ordered time sequence  768 

߆ ൌ ራሼݐ௜
ఈሽ

ఈ,௜

 

Here, ݐ௜
ఈ is the ݅-th spike inside the ߙ-th unit sequence. 769 

Next, we estimate the local spike density መ݂ሺݐሻ. To reduce binning issues, we use Parzen kernel 770 

density estimation (KDE) approach (Parzen, 1962): 771 

መ݂ሺݐሻ ൌ  ∑ ݐఙሺߩ െ ௜ሻ௜ݐ , 772 

where we choose a Gaussian kernel 773 

ሻݐఙሺߩ ൌ ሺ2ߪߨଶሻିଵ/ଶ expሺെݐଶ/2ߪଶሻ. 774 

The timeline is discretized with sampling intervals of 50 msec; for the kernel, we set ߪଶ ൌ 0.5.  775 

The resulting spike density function peaks strongly around potential burst locations, where the 776 

spike density is especially high. We use this fact as a cue to detect network bursts – every peak 777 

higher than a certain threshold is considered a candidate burst. Spike density threshold is 778 

estimated as the 95% percentile for a random Poisson process producing the same quantity of 779 
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spikes. The timelines for each unit and thus for the entire network are divided into hourly 780 

intervals; we assume that throughout each interval the physiological state of the network and thus 781 

the spike statistics do not change. Thus, a different threshold is calculated for each hourly 782 

interval. Since we are looking for collective behavior modes, as a concluding filtering stage, we 783 

eliminate candidates generated by a small number of units. A unit is considered active if during 784 

the candidate burst it contributed at least a predefined number of spikes (usually 2-3). Then, for 785 

each hourly interval, a histogram of number of active units in a burst is calculated. The threshold 786 

for candidate burst elimination is set at the predefined percentile. In practice, choosing any value 787 

between 20-30% produces very similar results. 788 

For detection of bursts at the single-unit level, bursts were defined as 3 or more spikes at a 789 

minimum of 50 Hz (see supplementary file “single_unit_bursts.m”). We analyzed data for all the 790 

combinations of parameters ranging from a minimum of 2,3 and 4 spikes at frequencies of  ≥ 20, 791 

50 and 100 Hz and found no difference in the qualitative results showing that this analysis is 792 

robust over a wide range of definitions (Figure 4 - figure supplement 2).   793 

Calcium imaging. Hippocampal cultures were infected by AAV2/1-Syn-GCaMP6f at 5-8 day in 794 

vitro. The experiments were performed 8-12 days post-infection when expression reached stable 795 

levels. Time lapse images were acquired at 37°C and CO2 controlled environment, using Nikon 796 

Eclipse Ti microscope with air 20× objective lens (NA = 0.45), controlled via iQ software 797 

(Andor). Time lapse images were collected at 20 Hz (1920 × 1080 pixels; 624 × 351 m) using 798 

Neo sCMOS camera (Andor) and binned 4x4 pixels. The light source was AMH-2000 metal-799 

halide lamp. The excitation wavelength was 485/20 nm, the emission band-pass filter was 525/50 800 

nm. Imaging parameters were optimized to minimize photobleaching and phototoxicity, while 801 

preserving sufficient signal-to-noise ratio and temporal resolution. Light intensity was kept 802 
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constant in all measurements during the 2 days of the experiment. Images were taken each for 2 803 

minutes with 5 minutes intervals for 10 cycles, thus sampling 20 minutes of activity over a 65 804 

minute period. We saw no discernible changes in neurons' morphologies or in mean Ca2+-805 

transient amplitudes within or across sessions under our imaging conditions (Figure 3 – figure 806 

supplement 1D,E). For AP-evoked signals (Figure 3 - supplement Figure 1A,B), synaptic 807 

blockers (50 M AP5 and 20 M CNQX) were used to block recurrent activity.  808 

Signal intensity was measured using imageJ software by selecting ROIs over the soma of 809 

neurons expressing GCaMP6f while avoiding the nucleus. The fluorescence time course of each 810 

cell was measured by averaging all pixels within the ROI. Only cells that were in the same 811 

estimated focal plane and visually separated from neighboring cells and surrounding neuropil 812 

were used. For long-term GCaMP6f imaging, baseline fluorescence images of multiple sessions 813 

were inspected manually, and only the cells that could be clearly identified in all imaged sessions 814 

in the focal plane were included in the analysis. F/F was quantified for each cell as change in 815 

fluorescence divided by baseline fluorescence measured one second before the spontaneous 816 

signal or stimulation. The sum of amplitudes of all the events was divided by the recording time 817 

to estimate the rate of Ca2+ transients.   818 

Whole-cell recordings in hippocampal culture. Experiments were performed at room 819 

temperature in a recording chamber on the stage of FV300 inverted confocal microscope. 820 

Extracellular Tyrode solution contained (in mM): NaCl, 145; KCl, 3; glucose, 15; HEPES, 10; 821 

MgCl2, 1.2; CaCl2, 1.2; pH adjusted to 7.4 with NaOH. Whole-cell patches were recorded using 822 

the following intracellular solution (in mM): Cs-MeSO3, 120; HEPES, 10; NaCl, 10; CaCl2, 0.5; 823 

Mg2+-ATP, 2; Na3GTP, 0.3; EGTA, 10 for mEPSC and E/I experiments; pH adjusted to 7.25 824 

with NaOH. Serial resistance was not compensated. For mEPSCs recordings, Tetrodotoxin 825 
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(TTX; 1 M), amino-phosphonopentanoate (AP-5; 50 M), and gabazine (30 M) were added to 826 

the Tyrode solution. For measurement of excitation/inhibition (E/I) balance, sEPSCs and sIPSCs 827 

were isolated in the same cell based on reversal potentials of GABAAR-mediated and AMPAR-828 

mediated currents, respectively. When corrected for the liquid junction potential, the reversal 829 

potential for E (VE) was close to 10 mV and VI was close to -65 mV, close to the predicted value 830 

for the intracellular and extracellular solutions used in the present study. For intrinsic excitability 831 

measurements, the following intracellular solution was used (in mM): K-gluconate 120; KCl 10; 832 

HEPESs 10; Na-phosphocreatine 10; ATP-Na2 4; GTP-Na 0.3; MgCl2 0.5. Recordings were done 833 

in the presence of synaptic blockers (in µM:  25 DNQX, 50 APV and 10 bicuculline). Frequency 834 

versus current intensity curves were plotted by measuring the average rate of action potentials in 835 

current clamp during 500-ms long depolarizing steps of increasing intensity; a small DC current 836 

was injected to maintain membrane potential at – 65 mV in between depolarizations. Input 837 

resistance (Rin) was measured by calculating the slope of the voltage change in response to 838 

increasing current injections from -80 pA to -20 pA in 20 pA increments. Access resistance was 839 

between 5 - 15 M. Neurons were excluded from the analysis if RMP was > - 55 mV, serial 840 

resistance was > 15 M and Rin was < 80 M or if any of these parameters changed by >20% 841 

during the recording. Signals were recorded using a MultiClamp 700B amplifier, digitized by 842 

DigiData1440A (Molecular Devices) at 10 kHz, and filtered at 2 kHz. Electrophysiological data 843 

were analysed using MiniAnalysis (Synaptosoft) for mEPSCs, and in pClamp10 (Molecular 844 

Devices) for sEPSCs and sIPSCs. The integrated conductances GE and GI were calculated 845 

according to the following equations  ܩE ൌ ׬
௦ா௉ௌ஼

௧ሺ௏Mି௏Erevሻ

௧

଴
 and ܩI ൌ ׬

௦ூ௉ௌ஼

௧ሺ௏Mି௏Irevሻ

௧

଴
 . 846 
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FM dye imaging and analysis. Activity-dependent FM1-43 styryl dye was used to estimate 847 

basal synaptic vesicle recycling and exocytosis. Action potentials were elicited by passing 50 mA 848 

constant current for 1 ms (~50% above the threshold for eliciting action potential) through two 849 

platinum wires, separated by ~7 mm and close to the surface of the coverslip. The extracellular 850 

Tyrode solution contained non-selective antagonist of ionotropic glutamate receptors (kynurenic 851 

acid, 0.5 mM) to block recurrent neuronal activity. Synaptic vesicles were loaded with 10 μM 852 

FM1-43. FM loading and unloading were done using protocols described previously(Abramov et 853 

al., 2009). The fluorescence of individual synapses was determined from the difference between 854 

images obtained after staining and after destining (F). To estimate vesicle recycling / release 855 

during low frequency stimulation, we quantified: (i) F signal for staining by 30 action potentials 856 

at a rate of 1 Hz stimulation; (ii) FM destaining rate during 1 Hz stimulation following staining of 857 

boutons by maximal stimulation. For FM-(+) puncta detection, F images have been analyzed 858 

(only the puncta exhibiting  90% destining were subjected to analysis). Detection of signals has 859 

been done as described (Abramov et al., 2009). 860 

Chemical reagents. FM1-43 and Advasep-7 were purchased from Biotium, TTX from Alamone 861 

Labs, baclofen, CNQX and AP-5 from Tocris.  862 

Statistical analysis. Error bars shown in the figures represent standard error of the mean 863 

(s.e.m.). The number of experiments is defined by n. Unless otherwise noted, Student’s paired t-864 

tests were used in all the experiments where the effect of baclofen was tested in the same 865 

cell/synapse (*p < 0.05; ** p < 0.01; *** p < 0.001). Unpaired t-tests were used to compare 866 

different populations of synapses. One-way ANOVA Kruskal-Wallis non-parametric test was 867 

used to compare several populations of synapses. Nonparametric Spearman test has been used 868 

for correlation analysis. For comparison of mEPSC amplitude or frequency under different 869 
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conditions, 200 mEPSCs were randomly selected for each cell and pooled for each condition. A 870 

Kolmogorov-Smirnov (K-S) test was used to compute differences in distributions across the 871 

pooled data sets.  872 
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