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ABSTRACT 

Childhood absence epilepsy (CAE) is one of the most common forms of epilepsy among 

children. The study of a large Australian family demonstrated that a point mutation in the 

gene encoding the gamma2 subunit of the GABA(A) receptor (G2R43Q) leads to an 

autosomal dominantly inherited form of CAE and febrile seizures (FS). In a transgenic mouse 

model carrying the gamma2(R43Q) mutation heterozygous animals recapitulate the human 

phenotype. In-vitro experiments indicated that this point mutation impairs cortical inhibition 

and thus increases the likelihood of seizures. 

Here, using whole-cell (WC) and extracellular (EC) recordings as well as voltage-sensitive 

dye imaging (VSDI), we systematically searched for an in vivo correlate of cortical 

alterations caused by the G2R43Q mutation, as suggested by the mentioned in vitro results. 

We measured spontaneous and whisker-evoked activity in the primary somatosensory cortex 

and ventral posteriomedial nucleus of the thalamus (VPM) before and after intraperitoneal 

injection of the ictogenic substance pentylenetetrazol (PTZ) in urethane-anesthetized G2R43 

mice and controls in a blinded setting. 

Compared to wildtype controls in G2R43Q mice after PTZ injection we found 1.) Increased 

cortical spontaneous activity in layer 2/3 and layer 5/6 pyramidal neurons (increased standard 

deviation of the mean membrane potential in WC recordings), 2.) Increased variance of 

stimulus evoked cortical responses in VSDI experiments. 3.) The cortical effects are not due 

to increased strength or precision of thalamic output. In summary our findings support the 

hypothesis of a cortical pathology in this mouse model of human genetic absence epilepsy. 

Further study is needed to characterize underlying molecular mechanisms. 

 

Keywords: Epilepsy, GABA, electrophysiology, voltage-sensitive dye imaging 

 

INTRODUCTION 

Childhood absence epilepsy (CAE) is one of the most common epilepsy syndromes mainly 

affecting children 4-10 years of age. Patients exhibit a sudden arrest of movements, loss of 

consciousness, and stereotyped hand or eye movements accompanied by 3 Hz spike-and-

wave discharges (SWD) in the electroencephalogram (EEG) during seizures (Crunelli and 

Leresche, 2002). 

“Genetic Absence Epilepsy Rats from Strasbourg“ (GAERS) and WAG/Rij rats are the two 

most widely used animal models for absence epilepsy (Danober et al., 1998; van Luijtelaar 

and Coenen, 1986). Moreover numerous gene mutations and copy number variants associated 

with absence epilepsy, and partly introduced in mouse models, have been found, affecting a 

heterogeneous group of molecular structures, for instance P/Q and T-Type calcium channels 

(Chen et al., 2003; Fletcher et al., 1996; Jouvenceau et al., 2001; Powell et al., 2009), voltage-
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gated sodium channels (Audenaert et al., 2003; Papale et al., 2009), glutamate receptors 

(Bertaso et al., 2008; Beyer et al., 2008), the GLUT1 glucose transporter (Mullen et al., 2010; 

Suls et al., 2009), the GABA(A) receptor (Dibbens et al., 2009; Johnston et al., 2014; 

Kananura et al., 2002; Maljevic et al., 2006; Wallace et al., 2001) and others (Jiang et al., 

2012; Muhle et al., 2011). 

Research in mouse and rat models of absence epilepsy may roughly be divided in those 

studies, in which molecular mechanisms were investigated that supposedly cause seizures 

(Chipaux et al., 2011; Polack et al., 2007a; Powell et al., 2009) and those in which the 

epilepsy-associated network changes were explored (Carçak et al., 2014; Herd et al., 2013; 

Lüttjohann et al., 2013). From a clinical perspective both molecular and network 

investigations are equally important since they may provide new therapeutic perspectives in 

human patients, using pharmacological or microsurgical approaches, potentially including 

methods such as transcranial electrical stimulation (TES) and deep brain stimulation (DBS), 

which may influence aberrant network activity in specific anatomical structures (Berenyi et 

al., 2012; Vercueil et al., 1998). So far TMS has been used to predict responsiveness to 

anticonvulsive medications (Badawy et al., 2010) but therapeutic use is still experimental 

(Sun et al., 2012) and its effectiveness in different epilepsy syndromes remains to be shown. 

Deep brain stimulation (DBS), an established therapy in Parkinson’s disease and other 

movement disorders, has been shown to terminate absence seizures in rats, in which 

electrodes were implanted in the subthalamic nuclei (Fisher and Velasco, 2014; Vercueil et 

al., 1998). However, DBS surgery in its current form seems problematic in absence epilepsy 

patients since they are mostly young children, and seizure frequency often spontaneously 

decreases over time (Camfield et al., 2014). 

Here we investigated network alterations in an absence epilepsy mouse model, harboring a 

Arginine to Glutamine missense mutation at position 43 in the gene encoding the gamma 2 

subunit of the GABA(A) receptor (G2R43Q). Initially the mutation was found in a large 

Australian family with the phenotypes of CAE and febrile seizures (FS) and was subsequently 

introduced in a transgenic mouse strain (Tan et al., 2007; Wallace et al., 2001). The resulting 

phenotype in heterozygous mice bears a high phenotypic and electroencephalographic 

similarity to affected humans making the model particularly interesting for clinically oriented 

investigators. 

Today there is no doubt that SWDs are generated by the thalamus, the neocortex and the 

reciprocal neuronal connections between them (Seidenbecher et al., 1998) with some studies 

pointing towards a mainly cortical focus in absence epilepsy. In vitro research in G2R43Q 

mice as well as studies in heterozygous humans, have provided evidence supporting the 

theory of network alterations affecting predominantly the cortex (Fedi et al., 2008; Reid et al., 

2013; Tan et al., 2007). However, so far the hypothesis of a cortical pathophysiology in 
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G2R43Q has not been tested in an in vivo experimental setting with thalamocortical 

connectivity intact. 

To elucidate physiological changes caused by the G2R43Q mutation we performed voltage-

sensitive dye imaging (VSDI), electrophysiological whole-cell (WC) and extracellular (EC) 

recordings to test the hypothesis of cortical alterations of spontaneous or evoked network 

activity.  

  

 

RESULTS 

Raw data traces and averaged data of the 3 methods used are illustrated in figure 1. 

First we measured spontaneous as well as stimulus evoked neuronal activity of 

individual neurons (electrophysiological) as well as populations of neurons 

(optophysiological).  

In both single-cell electrophysiological (Figure 1A+B) and cell population imaging 

experiments (Figure 1C) responses to a ramp-and-hold whisker stimulus were recorded before 

and after intraperitoneal injection of Pentylenetetrazol (PTZ) in G2R43Q mice and littermate 

controls, in order to assess the susceptibility to the ictogenic drug pentylenetetrazol. PTZ was 

administered in the dose of 40 mg/kg body weight that does not elicit overt convulsions but 

has been shown to evoke absence seizures in awake mice 
22

. Evoked responses were recorded 

in form of action potentials (APs) of thalamic neurons in the ventral posteriomedial nucleus 

(VPM) (figure 1 A1+A2). Stimulus responses were highly reliable and occurred with a 

latency of <8 ms in 22 animals and with a latency of 10 ms in 2 animals. In a peri-stimulus 

time histogram (PSTH) from a single experiment (figure 1A2) and a PSTH from all wild-type 

animals pooled (suppl. figure 1) there was no apparent effect of PTZ on the base line activity 

before the stimulus or the reliability of the first AP, but additional APs occurred with a longer 

latency after PTZ administration (suppl. figure 1).  AP waveforms recorded in extra-cellular 

configuration were not affected by the drug application (suppl. figure 1), thus automated 

action potential (AP) detection was possible.  

In recordings from individual cortical neurons we measured stimulus evoked membrane 

potential depolarization (figure 1 B1) that increased after PTZ application as evident from 

traces averaged over 100 stimuli both before and after PTZ injection (suppl. figure 1). 

Cortical neurons were filled with biocytin in order to allow for anatomical reconstruction 

(Figure 1 B2) and in order to verify that we recorded from cortical pyramidal cells. The 

electrode tip positions during the recordings matched the known anatomy of the cortical 

layers and the position of the VPM nucleus of the thalamus (Suppl. figure 1).  

In order to sample the membrane potential changes of many neurons simultaneously we 

performed voltage sensitive dye imaging (VSDI) experiments of the mouse barrel cortex 
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(figure 1 C1-2).  Averaged time courses of the response amplitude illustrate the effect of PTZ 

(figure 1 C3). 

 

Stronger cortical effect of PTZ on evoked activity than thalamic effect. 

Impaired GABAergic inhibition increases whisker-evoked responses in cortex (Petersen et al., 

2003).  In order to determine where the disinhibition exerts the largest effect, we compared 

responses to whisker stimuli before and after systemic administration of PTZ, while recording 

from thalamic and cortical neurons. Figure 1 shows response rates in VPM (A3+A4), 

response amplitude changes of cortical layer 2/3 and 5/6 neurons (B3+B4) and amplitude 

changes of cortical populations responses (C3+C4). PTZ injection increased the stimulus 

response of thalamic and cortical neurons in both mutant and wildtype mice.  Since mice with 

a mutation in the gamma subunit of the GABA A receptor have a lower seizure threshold 

when challenged with PTZ (data not shown here) we compared the PTZ effect on mutant 

mice and their littermate controls.  Comparing 12 animals in each group (Figure 1 A4) the 

median number of evoked thalamic APs before PTZ-injection was 1.050.44 in mutant and 

1.030.3 in wildtype mice (Mann-Whitney-U test p=0.98)  and after PTZ-injection 1.150.64 

in mutant and 1.140.51 in wildtype mice (p=0.89).  

Comparing genotype effect in cortical layer 2/3 and 5/6 whole-cell recordings (pooled 

analysis of all cells) no difference in PTZ effect on the stimulus response was detected (figure 

1 B4; medians: WT pre PTZ: 3.143.23 mV, WT post PTZ: 2.822.92 mV; Mann-Whitney-

U-test: p=0.31). Also the variability of amplitude height, expressed as the variance of 

response amplitudes, did not differ significantly comparing G2R43Q mice and wildtype 

controls (Fisher’s F-test p=0.82). 

To test if subtle hyperexcitability of cortical cells would be detectable by measuring large 

neuronal population activity with high spatial and temporal resolution, we carried out VSDI-

experiments in the mouse somatosensory cortex (Figure 1C). The variance of neuronal 

population response amplitudes after PTZ injection was higher in G2R43Q mice compared to 

wildtype controls (figure 1 C5; Fisher’s F-test * p=0.04). The remaining results of the VSD 

experiments were in line with evoked single-cell activity: No statistically significant 

difference of response amplitudes was found comparing genotypes. We analyzed normalized 

response amplitudes by comparing ratios of four responses immediately after and four 

responses immediately before PTZ injection (panel C5; medians: WT post PTZ: 1.310.62 

*10
-3

 dF/F, G2R43Q post PTZ: 1.661.19 *10
-3

 dF/F; Mann-Whitney-U test: p=0.60).   

 

Enhanced spontaneous activity in cortex, but not in thalamus after PTZ injection in 

single cell recordings  
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In vitro studies in G2R43Q mice have shown that cortical disinhibition is subtle (Tan et al., 

2007). Also, whisker-evoked responses are a product of complex interactions between cortical 

and subcortical brain structures, being highly dependent on stimulus timing and strength and 

on the state of vigilance of the animal. Thus it is conceivable that subtle alterations might not 

be detectable by a simple analysis of response amplitudes (Gentet et al., 2010). Furthermore 

we hypothesized that the increased response variance seen in the VSD recordings of whisker-

evoked responses might be related to altered spontaneous cortical activity. We thus analyzed 

spontaneous activity (figure 2) of thalamic VPM cells (panels A1+A2), cortical layer 2/3 and 

5/6 cells (B1+B2) and cortical cell populations (C1+C2). 

In VPM recordings APs in a 500ms interval before-stimulation were considered spontaneous. 

The number of spontaneous APs did not differ between groups before PTZ (medians: WT pre 

PTZ: 0.0050.6 Hz, G2R43Q pre PTZ: 0.070.27 Hz; *Mann-Whitney-U test p=0.53) or 

after PTZ injection (medians: WT post PTZ: 0.130.4 Hz, G2R43Q post PTZ: 0.072.1 Hz;  

**Mann-Whitney-U test p=0.79). 

Cortical spontaneous activity in WC recordings was expressed as standard deviation (SD) of 

membrane potential changes before stimulus onset in layer 2/3 and layer 5/6 cells. Comparing 

the differences of SD values before and after PTZ injection between both groups (medians: 

WT post PTZ: 0.600.59 mV
2
, G2R43Q post PTZ: 1.150.66 mV

2
) revealed higher SD 

values in G2R43Q mutant mice after PTZ injection compared to littermate controls (figure 2 

B2; Mann-Whitney-U test p=0.018)  

In cortical cell population measurements using VSDI, there was no correlate of  this finding 

on a single cell level (C1+C2). An increase of spontaneous subthreshold activity could only 

be seen on trend level when comparing the median responses after PTZ with the median 

responses before PTZ in G2R43Q mice (figure 2 C1 medians: WT pre PTZ: 0.460.11 10
-

3
(dF/F)

 -2
, WT post PTZ: 0.640.14 10

-3
x(dF/F)

-2
, medians: G2R43Q pre PTZ: 0.480.25 10

-

3
x(dF/F)

 -2
, G2R43Q post PTZ: 0.710.12 10

-3
x(dF/F)

 -2
; Mann-Whitney-U-tests: ° p=0.73,  

°° p=0.07). Also the comparison of spontaneous activity change, i.e. the subtraction of median 

signal amplitudes after PTZ injection from the median signal amplitudes before PTZ injection 

(panel C2),  between the two groups did not show a statistically significant difference 

between G2R43Q and control animals (figure 2 C2: medians: WT post-pre PTZ: 0.170.17 

10
-3

x(dF/F)
 -2

, G2R43Q post-pre PTZ: 0.260.18 10
-3

x(dF/F)
 -2

,Mann-Whitney-U-test:  

p=0.197). 

 

A trend towards a depolarizing membrane potential shift after PTZ in cortical cells of 

G2R43Q mice 
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To further characterize the finding of enhanced spontaneous activity in cortical layer 2/3 and 

layer 5/6 cells the resting membrane potential of these cells during the experiments was 

analyzed (figure 3). In a pooled analysis of cortical layer 2/3 and layer 5/6 cells a shift of 

membrane potential towards more depolarized values was observed in G2R43Q mice (figure 

3B medians: G2R43Q post PTZ: 5.842.46 mV, n=10. This was not seen in control animals 

(figure 2B, medians: WT post PTZ: 2.543.19 mV, n=14; Mann-Whitney-U test: p=0.065).  

 

 

 

Differential impact of G2R43Q on fast synaptic and tonic extrasynaptic inhibition? 

Apart from synaptic GABA-mediated fast inhibition, the existence of extrasynaptic GABA 

receptors mediating so-called „tonic inhibition“ has been postulated. In cultured hippocampal 

cells carrying the recombinant G2R43Q receptor some results support the idea of differential 

impact of the mutation on phasic and tonic GABAergic inhibition (Cope et al., 2009; Eugène 

et al., 2007; Semyanov et al., 2004, 2003; Yagüe et al., 2013). We aimed to investigate if that 

might account for the discrepancy between spontaneous single cell and cell population 

activity. 

From in vitro and in vivo VSD experiments it is known that the tangential spread of the VSD 

signal is dependent on intact fast synaptic inhibition and markedly increased after blockage of 

fast synaptic GABA receptors by the topical application of bicuculline(Laaris et al., 2000; 

Petersen and Sakmann, 2001). We thus analyzed the tangential spread of the cortical VSD 

signal calculating the area of signal expansion including all VSD image pixels with a signal 

intensity of >=0.75x maximum signal amplitude (figure 4 A1+A2). In all experiments 

included in the analysis it was manually ascertained that the maximum signal amplitude was 

located in projection above the D2 barrel. 

We found a strong increase of the area of spread after PTZ injection in both mutant and 

littermate mice (figure 4C medians: WT pre PTZ: 166102 pixels, WT post PTZ: 252113 

pixels, G2R43Q pre PTZ: 223211 pixels, G2R43Q post PTZ: 398163 pixels). However, 

there was no significant difference between mutant and littermate mice neither before (Mann-

Whitney-U-Test *p = 0.6891) nor after PTZ injection (Mann-Whitney-U-Test p = 0.3401). 

 

DISCUSSION 

In summary we found: 1.) Enhanced spontaneous single-cell activity in cortical pyramidal 

cells in G2R43Q mice. 2.) A membrane potential shift in these cells, which seemed to be 

larger in mutant than in wildtype mice, occurring in the initial phase after the PTZ-challenge 

and 3.) Increased variance of cortical whisker-evoked VSD amplitudes in mutant mice. 4.) 
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We found no effect of the genotype on whisker-evoked amplitudes in cortex in VSD and WC 

recordings. 5.) Our finding of a cortical membrane potential shift was not due to alterations of 

frequency and timing of spontaneous or evoked AP in the VPM nucleus of the thalamus. 

 

Cortical findings 

Concerning cortical findings many previous studies suggest that the mouse somatosensory 

cortex is likely to be the focus of absence seizure initiation (Kole et al., 2007; Meeren et al., 

2002; Nersesyan et al., 2004). Therefore we conducted the VSD experiments in the 

somatosensory cortex, which provide data from the entire S1 region. Previous in vitro results 

in the G2R43Q mouse model showed, that cortical disinhibition is a very subtle feature, 

which is plausible from a clinical perspective, given that patients with epilepsy have normal 

EEG-recorded brain activity in most cases, most of the time (Tan et al., 2007). Thus our 

imaging finding of a trend level change of spontaneous activity in mutant G2R43Q mice may 

be interpreted as an in vivo correlate of this disinhibition. The fact that spontaneous activity 

was measured inter-ictally (simultaneous EEG recordings did not show seizure activity) and 

mice were anesthetized during the experiments support this hypothesis. Moreover, differences 

between mutant and wildtype mice might be masked by several features inherent to the VSDI 

technique: VSDI measures unselectively cellular signals originating from neurons of all 

cortical layers (dendrites from deeper layers mingle with layer 2/3 neurons) and glial cells. 

Thus cortical cells from the cortical surface to 200-300 m depth contribute to the VSD 

signal(Ferezou et al., 2007).  Most importantly, VSDI measures mean amplitudes from all 

cells in the imaging region. The activity of these cells is, at least interictally, largely 

asynchronous. Thus amplitude changes, potentially caused by the G2R43Q mutation, that we 

detected on single cell level, would be omitted by averaging of the VSD signal.  

 

The membrane potential shift in cortical WC recordings after PTZ might be related to the 

increased spontaneous activity seen in these cells, which in turn might be a result of the 

interaction of the mutation and PTZ. PTZ is believed to work as an unspecific inhibitor of 

GABA(A) receptors, although studies about the precise PTZ effects on different subtypes of 

GABA(A) receptors are not available. It is known, that local application of the GABA(A) 

receptor antagonist gabazine leads to depolarization of cortical pyramidal cells (Mann et al., 

2009). Thus it is conceivable that PTZ might have a similar depolarizing effect on pyramidal 

cells. 

The experiments presented here were not intended to explore alterations of molecular 

mechanisms, caused by the G2R43Q mutation.  Thus the molecular interaction between PTZ 

and the mutation remains speculative at this point. A hypothetical explanation is the 

interaction between the mutation and extrasynaptic GABA(A) receptors (Semyanov et al., 
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2004). Studies have shown extrasynaptic GABAergic currents in slice preparations, that could 

be evoked through ambient GABA concentrations. The hypothesis that extrasynaptic GABA 

receptors might contribute to the stabilization of membrane potential is plausible, in that a 

constantly active chloride-mediated current would stabilize the membrane potential towards 

the reversal potential of chloride. The strength of this stabilizing effect towards a negative 

potential in the adult brain would depend on the one hand on the available number of 

involved GABA(A) receptors that mediate this current. On the other hand it would depend on 

the open probability of the GABA receptors. It has been speculated about an involvement of 

tonic inhibition in epilepsy and there are studies supporting the idea of altered tonic inhibition 

in the G2R43Q mouse model (Eugène et al., 2007; Semyanov et al., 2004). Nevertheless tonic 

inhibition is yet only described in cerebellar granule cells, dentate gyrus granule cells and 

hippocampal interneurons (Semyanov et al., 2004). It is also unknown which specific subunits 

of the GABA(A) receptors might mediate tonic inhibition. Our finding that VSD signal 

spread is not increased in mutant mice is in principle compatible with the idea of unimpaired 

fast synaptic inhibition (Laaris et al., 2000; Petersen and Sakmann, 2001). However, to date, 

the role of tonic inhibition in absence epilepsy is still controversial (Herd et al., 2013; Zhou et 

al., 2014). Further investigations are needed to test the hypothesis of a causal role of tonic 

inhibition in G2R4Q-related absence epilepsy. 

Since evoked activity is highly dependent on ongoing spontaneous activity at the time of 

stimulus input (Arieli et al., n.d.; Curto et al., 2009; Petersen et al., 2003; Tsodyks et al., 

1999), it is unclear why evoked activity in VSD and WC recordings was unchanged in mutant 

mice. A possible explanation for this finding is that increased membrane potential fluctuations 

will produce the same average amplitude of evoked signals as in controls, although the 

variance of signal amplitudes might be increased, compared to control mice. 

 

 

Thalamic findings 

The amplitude of cortical layer 2/3 cells in response to a sensory stimulus is driven by 

pronounced thalamic synchrony (Bruno and Sakmann, 2006). Cortical amplitudes in our 

study were not different between mutant and wildtype mice as well as before and after PTZ 

injection. However, to rule out an obvious influence of thalamus on our cortical findings, we 

carefully analyzed both spontaneous and evoked thalamic activity. This did not reveal a 

significant difference of the evoked or spontaneous number of APs. We observed, that also 

the precision of evoked APs in R43Q was not significantly different from AP precision in 

controls (data not shown). 

To further investigate thalamocortical interactions future studies should ideally gather data 

from simultaneous thalamic and cortical cell pairs in vivo (Bruno and Sakmann, 2006). 
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Limitations of the present study 

In vivo experiments are state of the art for studying many diseases. However, our experiments 

were carried out with mice being anesthetized. The influence of Urethane anesthesia on 

cortical and thalamic networks is unclear. Epileptic seizures and discharges were suppressed 

(as verified by EEG recordings), thus, final conclusions about seizure initiation cannot be 

drawn. Our study was designed to investigate single cell and cell population physiology in 

G2R43Q mice. If these changes are causally linked to initiation and maintenance of spike-

wave-discharges needs to be investigated in a different experimental setting, dedicated to 

answering this question. 

Furthermore the mode of action of PTZ, although being a widely used agent for seizure 

initiation and kindling, is not entirely understood. Thus the PTZ intervention in our 

experiments is unlikely to contribute to the understanding of underlying molecular 

mechanisms in G2R43Q mice. 

CAE occurs predominantly in female patients. A similar predominance has been found in 

some but not all rodent models of absence epilepsy (Scharfman and MacLusky, 2014; van 

Luijtelaar et al., 2014). For the G2R43Q mouse no direct comparison between male and 

female mice has been conducted so far. Since the presented experiments were carried out in 

male mice, potential gender differences in G2R43Q mice need to be taken into account when 

interpreting the results. 

Finally, thalamic and cortical measurements were not carried out simultaneously, which is 

necessary for the better understanding of thalamocortical network changes.  

 

CONCLUSIONS AND OUTLOOK 

Here we provide the first systematic in vivo cortical and thalamic measurements in a mouse 

model of human genetic childhood absence epilepsy and febrile seizures carrying a point 

mutation in the gamma2 subunit of the GABA(A) receptor. Our findings are compatible with 

previously obtained in vitro data in G2R43Q mice, that demonstrated subtly decreased 

inhibition in layer 2/3 cells mediated by miniature inhibitory currents (mIPSCs) (Tan et al., 

2007). Moreover our results are in line with a growing body of evidence in rat models, 

supporting the idea of a cortical focus of pathology in absence epilepsy (Kole et al., 2007; 

Meeren et al., 2002; Nersesyan et al., 2004; Pinault, 2003; Polack et al., 2007b; Seidenbecher 

et al., 1998). 

 

Future experiments should focus on distinct cortical circuits and cell types that might be 

affected by the G2R43Q mutation. For example, this might be achieved using transfection 

techniques to express the G2R43Q subunit only in a given structure in vivo. In a model of 
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conditional activation of a hypomorphic R43Q allele in adult mice the role of the mutation in 

developmental steps and neuronal plasticity has been assessed on a behavioral level (Chiu et 

al., 2008). However, these findings need to be complemented by characterization of neuronal 

and network alterations in vivo. 

 

MATERIALS AND METHODS 

 

All animal experiments were in accordance with the ethical guidelines of the Max-Planck-

society and experiments were approved by the regional ethics council Karlsruhe, Baden-

Württemberg, Germany. 

Mice were maintained on a 12 hr light-dark cycle in isolated cages in a temperature- and 

humidity-controlled animal facility. 

 

Surgical Procedures. Experiments were performed in C57Bl6 mice (G2R43Q heterozygous 

and wild type littermates, aged P28-P48. Mice were anaesthetized with 1.5 mg/g of Urethane 

intraperitoneally. The site of surgery was additionally treated with topical Lidocaine. Paw 

withdrawl, whisker movement and eye blink reflexes were largely suppressed. Breathing 

frequency and depth were observed on a regular basis and mice were continuously EKG-

monitored. A heating blanket maintained the rectally measured body temperature at 37°C. 

For extracellular experiments a brass pin for a stereotactical head holder (Jensen Studio, 

Penland, USA) was glued to the bone near lambda. For whole cell and imaging experiments a 

metal plate was used instead of a brass pin. For voltage-sensitive dye imaging a 3x3 mm 

craniotomy was produced above the barrel cortex. Craniotomy was markedly smaller in WC 

experiments (diameter=approx. 0.5mm). In cases of excessive brain edema, which usually 

happened with the larger craniotomies in imaging experiments, the cisterna magna was 

punctured to allow for intracranial pressure reduction. For intracranial (extracerebral) EEG 

recordings holes with a diameter of about 0.2mm were drilled into the skull over both 

hemispheres and two pieces of silver wire were carefully advanced without harming the 

integrity of the dura. 

 

Electrophysiological Recordings. Intracellular and extracellular pipettes were pulled from 

borosilicate filamented glass on a DMZ universal puller (Zeitz Instruments, Munich, 

Germany). Extracellular pipettes had a long shank and 7-9 M, filled with extracellular 

solution containing 4/5 of “F1 rat ringer” containing 138mM NaCl, 2.8 mM KCl, 2.3 mM 

CaCl, 2.7 mM MgCl 2.5 mM Glucose and 1/5 of PBS containing 137 mM NaCl, 2.7 mM 

KCl, 8 mM Na2HPO4 and 1.5 mM KH2PO4 (pH 7.1-7.2). 
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Extracellular recordings in the ventro-posterior medial nucleus (VPM) of the thalamus were 

carried out using an in vivo juxtasomal recording technique. The pipette was advanced to the 

region of interest. After 10 minutes, to allow time for delayed tissue movements, the pipette 

was advanced in 2m steps every 2s. Increase in pipette resistance was interpreted as contact 

to a cell surface. VPM-cells were identified by applying a stimulus to every whisker. Cells 

firing on a single whisker stimulus with short latency ( 8ms for n=22, around 10ms for n=2) 

were considered VPM-cells and the principle whisker was attached to a piezoelectronic 

bimorph. VPM cells were typically very calm, firing only on whisker stimulation.  

For WC-recordings Intrinsic imaging with a high-speed camera (Fujifilm, Tokyo, Japan) was 

used to localize the D2 barrel: the D2 whisker was attached to a piezoelectric bimorph and 

cortical responses were visualized with the camera system   

Intracellular recordings were carried out using low-resistance whole cell technique as 

described.(Margrie et al., 2002) Patch pipettes had 5-7 M. Pipettes were filled with 

„intracellular“ solution containing: 135 mM K-Gluconat, 10 mM Hepes, 10 mM 

Phosphocreatin-Na, 4 mM KCl, 4 mM ATP-Mg and 0.3 mM Guanosintriphosphat. pH was 

adjusted to 7.2 with KOH. Series resistance was between 20 and 100M during whole cell 

recordings. Series resistance usually slightly increased upon PTZ injection.  

In whole-cell recordings resting membrane potential was defined as the 10th percentile of 

measured membrane potential values within the first 500 ms of each trial. 

All electrophysiological recordings were conducted using an Axoclamp 2B amplifier (Axon 

instruments, Union City, CA, USA) and an ITC-16 (Instrutech, NY, USA). Data was acquired 

using an Apple Power Macintosh 7600 (Apple Inc, Cupertino, USA) with Pulse Software 

(HEKA Elektronik, Lamprecht, Germany) sampling extracellular traces at 50kHz and 

intracellular traces at 20kHz. Data were analyzed by using custom-written routines in Matlab 

(MathWorks). 

 

VSDI.  The dye RH1691 was applied at 0.1 mg_ml in Ringer’s Solution (Optical Imaging 

Inc., OD A = 0.26 to 0.56 measured at 480 nm and diluting the dye solution 1:20 in ASCF) 

for a period of 90 minutes to the craniotomy followed by rinses to remove unbound dye. The 

cortex was covered with 1% agarose and a glass coverslip placed on top to minimize 

respiration and heartbeat-related movement artifacts. VSD signals were imaged from a focal 

plane 200-300 m below the pia by using a tandem lens arrangement attached to a Fuji 

Deltaron HR 1700 camera (4.8 ms per frame). Excitation light was filtered with a 630-nm 

band pass filter, reflected onto the cortex by a 650-nm dichroic, and the epifluorescent image 

was collected after a 665-nm-long pass filter. Imaging data acquisition was triggered on the 

QRS-complex to reduce heartbeat artifacts. Experiments lasted for 5-7 hours, including 
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animal preparation and cortical staining, total imaging was approximately 60 minutes. 

Illumination was limited to the time of data acquisition, in total 3-5 minutes per animal.  

For analysis imaging data were normalized to illumination (divided by the average of 4 

baseline frames). Bleaching- and heartbeat-related artifacts were removed before further 

analysis. This was achieved by subtraction of the mean of non-stimulus trials. Response 

amplitudes were taken from the center of the responsive area averaged during the first 50 ms 

after response onset. Relative increase of response amplitudes were normalized to the average 

responses before PTZ-administration. Spontaneous cortical activity was determined by 

calculating for each animal the mean standard deviation of all camera pixel signals in all non-

stimulus trials. Data were analyzed by using custom-written routines in Matlab (MathWorks). 

 

For Statistical Comparisons paired or unpaired Student's t tests, Mann-Whitney U test, and 

one- and two-way ANOVA were used as appropriate. 

 

Whisker Stimulation. In imaging experiments responses to single D2-whisker deflections 

were recorded. Stimuli were given with a piezoelectric bimorph using a 100ms ramp-and-hold 

waveform generated by custom-made software based on LabView (National Instruments, 

Austin, USA). Two stimuli of different strengths (amplitude and maximum speed of piezo 

deflection) were applied in random order in order to cover a larger part of the dose-response-

curve. There was a 20 s pause between individual trials. In total per experiment there were 32 

strong whisker stimulations, 32 weak whisker stimulations and 32 blank trials before 

pentylenetatrazol-injection (see below), and the same number of trials after PTZ injection. 

Only strong stimuli were analyzed as they produced the more stable and reproducible 

responses at baseline (before PTZ injection). Stimulus strengths in electrophysiological and 

imaging experiments were identical. 

In single-cell experiments stimuli were applied through the same software and amplifier 

combination. Single trials lasted 1s in total. A 100ms ramp and hold stimulus was applied at 

t=500ms during the trial. There was a stimulus-free pause of 1s between individual trials.  A 

train of 100 trials (duration = 200s) was started every 5 mins.  

 

Pharmacological manipulations. To investigate effects of a disinhibiting seizure-facilitating 

drug on cortical population and single-cell responses in both animal groups, PTZ dissolved in 

saline (40 mg/kg intraperitoneally), was administered(De Deyn et al., 1992; Huang et al., 

2001). In a previous study, in which EEG and fMRI measurements were combined, 

comparing intraperitoneal (50 mg/kg body weight) and intravenous administration of PTZ, 

i.p.-PTZ consistently elicited BOLD signal changes in cortex and thalamus in all animals 

(n=5). Signal change was most pronounced approximately 11 minutes after i.p.-PTZ 
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administration and correlated with spiking on  EEG recordings (Keogh et al., 2005). 

Therefore, in our VSD-recordings, imaging was started 10 minutes after i.p.-injection of PTZ. 

 

Reconstruction of the barrel pattern and single cell morphology. After completion of the 

experimental protocol the response to a second whisker stimulation was imaged for alignment 

of the VSD signal to the anatomical structures. Subsequently mice were cardially perfused 

(using 0.1M PBS followed by 4% paraformaldehyde), the brains removed and fixated with 

PFA and cut into 70m-slices. Subsequent Cytochrome-C-staining made the barrel pattern 

and – in case of single cell experiments – the biocytin-filled cells visible (compare figure 2A),  

In single cell experiments this allowed the localization of the recording site and the 

identification of cell types. The barrel pattern and single cell morphology was then 

graphically reconstructed using Neurolucida software (MBF Bioscience, Williston, USA). 
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FIGURE LEGENDS 

 

Figure 1 

Whisker-evoked activity in thalamic extracellular (A), cortical whole-cell- (B) and VSD-

recordings (C) is not increased in G2R43Q mice. 

(A) Thalamic action potential (AP) responses to a 100 ms ramp-and-hold stimulus at 0.5 Hz. 

(A1) Example trace from a wildtype (WT) mouse sampled at 50 kHz. (A2) PSTH from a 

single animal showing average number of APs per trial from the example in (A) with 5 ms 

binning. Blue: average PSTH from 200 stimuli before PTZ injection. Cyan: PSTH from 300 

stimuli 10-20 mins after PTZ injection. (A3) Median evoked APs per stimulus averaged from 

100 trials (bars: SEM) during the course of experiments. t=0: time of PTZ injection. (A4) 

Average evoked APs in single animals before and 10-20 mins after PTZ injection (also 

indicated by grey overlay boxes in A3). Crosses represent single experiments.  

(B1) Example traces from intracellular recordings in a cortical pyramidal neuron of a WT 

mouse both before and after PTZ injection together with the 100 ms ramp-and-hold stimulus. 

The rectangular overlay indicates the time window in which the amplitude is calculated. (B2) 

Reconstructed layer 2/3 pyramidal neuron. Left: projection from above, right: from the side. 

Dendritic arbor shown in blue, axon in red. Soma is located above barrel D2. (B3) Effect of 

PTZ on stimulus response amplitude in pooled layer 2/3 and 5/6 cells (each cell different 

animal) normalized to mean amplitude before PTZ. Mean depolarization in an average from 

100 sweeps within a 50 ms post stimulus time-window (also indicated by grey overlay boxes 

in Figure 1 E and F). (B4) Change of average depolarization for 5-10 minutes after PTZ 

injection in all animals normalized to mean before PTZ.  

(C) Voltage-sensitive dye imaging of whisker-evoked responses in the mouse primary 

somatosensory cortex (S1)/barrel cortex 

(C1) VSD signal dF/F increase after PTZ administration in an example G2R43Q mouse. Map 

average of 32 repetitions. Left: “Green” image showing the blood vessel pattern of the barrel 

cortex region. (C2) Schematic of the barrel system pathway: trigeminal neuron, brainstem 

neuron, VPM neuron. The latter projects to cortical layer 4, barrel cortex. Light microscopy 

image: cytochrome-C-stained tangential section of the mouse barrel cortex. 

Drawing in from Feldman DE and Brecht M, 2005, Science, 310(5749):810-815. Reprinted 

with permission from AAAS. (C3) Averaged response traces (32 repetitions) of the same 

animal before (red) and after (magenta) PTZ. The rectangular overlay indicates the time 

window (50 ms) in which the mean amplitude was calculated. (C4-C5) Mean of VSD 

response amplitudes (dF/F) normalized to mean before PTZ injection. Response amplitudes 

calculated in the center pixels of the responsive area. Each data point mean of 8 whisker 

stimulations times number of animals. (C4) Time course of response amplitudes relative to 

PTZ i.p.-injection. (C5) Average of 4 cortical response amplitudes immediately before versus 

after PTZ (each data point represents mean of 4 responses in one animal respectively). * 

indicates significant difference of variance (F-test p=0.04). 

 

Figure 2 

Higher spontaneous activity in cortical pyramidal cells in G2R43Q compared to 

littermates. 

(A1) Median spontaneous AP frequency of all VPM cells recorded during the course of 
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experiments. 100 trials were averaged per time point (bars: SEM).  t=0: time of PTZ injection. 

(A2) Mean spontaneous firing frequency in WT and R43Q animals (values averaged from 

grey overlay boxes in (A1)). Crosses represent single experiments. Black lines connect paired 

data points. (B1) Spontaneous activity of all animals as single data points.  Mean SD values 

of the first 500 ms of 100 recorded traces per data point both before and 5-10 minutes after 

PTZ injection. (B2) Change of spontaneous activity 5-10 minutes after PTZ injection. Crosses 

represent single animals. G2R43Q n=10, WT n=14. (C1) Spontaneous VSD cortical activity 

plotted as average standard deviation of the VSD signal (dF/F) of all pixels of all camera 

frames of all trials in one animal both before and after PTZ injection. Black lines connect 

paired data points. * Fisher's test: p=0.0006, mutant vs. WT post PTZ Fisher's test: p= 0.42; 

G2R43Q n=23, WT n=24. (C2) Change of spontaneous activity after PTZ. Values normalized 

to spontaneous mean SD before PTZ injection. Crosses represent average values of single 

animals.  

 

Figure 3 

Membrane potential shift of cortical pyramidal cells after PTZ higher in G2R43Q. 

(A) Normalized median resting membrane potential: errorbar plot showing median of all 

animals with standard error. The 10
th
 percentile of membrane potential values within the first 

500 ms of each recorded trace was considered as resting membrane potential. Average of 100 

traces per data point. Individual cells were normalized to pre PTZ values. (B) Increase of 

membrane potential 5-10 minutes after PTZ administration. Crosses represent single animals. 

G2R43Q n=10, WT n=14.  

 

Figure 4 

PTZ increases the area of spread of the cortical VSD signal in both groups, but not more 

in G2R43Q mice.  

Tangential spread of voltage-sensitive dye signal within somatosensory cortex layer 2/3. 

(A1)+(A2) Example maps of 4 averaged whisker-evoked cortical responses each, normalized 

to the region of maximum response within a time window of 96 ms (20 camera frames) after 

response onset. The area of spread (encircled by white line) includes all image pixels with a 

response magnitude >=0.75 x maximum response. Color bar: Signal amplitude normalized to 

maximum. (B) Time course of mean signal spread relative to PTZ injection. Each data point 

mean of 8 whisker stimulations x number of animals. (C) Mean spread of VSD signal shown 

for each animal included in (B). Each data point mean of 4 whisker stimuli before and after 

PTZ injection respectively. 

 

Supplementary Figure 1 

Thalamic (VPM) extracellular (A) and cortical layer 2/3 and 5/6 whole-cell (B) data 

acquisition and binning 

Thalamic action potential (AP) responses to a 100 ms ramp-and-hold stimulus at 0.5 Hz. (A1) 

Example traces from a wildtype (WT) mouse sampled at 50 kHz. (A2) PSTH from a single 

animal showing average number of APs per trial from the example in (A) with 5 ms binning. 

Blue: average PSTH from 200 stimuli before PTZ injection. Cyan: PSTH from 300 stimuli 

10-20 mins after PTZ injection. (A3) PSTHs showing the average number of APs per trial 

from all WT animals (n=12) with 5 ms binning both before and after PTZ administration.  

(A4) All APs detected in a complete experiment superimposed together with autocorrelation 

plots of all detected APs superimposed. Note the uniformity of APs and 2 ms absolute 

refractory time supporting that only a single neuron was recorded. 

(B1) Example traces from intracellular recordings in a cortical pyramidal neuron of a WT 

mouse both before and after PTZ injection together with the 100 ms ramp-and-hold stimulus. 

The rectangular overlay indicates the time window in which the amplitude is calculated.(B2) 

Average of 100 stimuli before and after PTZ injection in a WT animal (cells from layer 2/3 

n=11, layer 5/6 n=3). (B3) Reconstructed layer 2/3 pyramidal neuron. Left: projection from 

above, right: from the side. Dendritic arbor shown in blue, axon in red. Soma is located above 

barrel D2. (B4) Mean recording depth in VPM, L2/3 and L5/6 cells. 
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