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Abstract

Neocortical neurons mediate the sedative and anticonvulsant properties of benzodiazepines. These

agents enhance synaptic inhibition via positive modulation of -aminobutyric acid (GABAA)

receptors harbouring 1-, 2-, 3- or 5-protein subunits. Benzodiazepine-sensitive GABAA receptors

containing the 5-subunit are abundant in the neocortex, but their impact in controlling neuronal

firing patterns is unknown. Here we studied how the discharge rates of cortical neurons are

modified by a positive (SH-053-2′F-R-CH3) and a negative (L 655,708) 5-subunit-preferring

allosteric modulator in comparison to diazepam, the classical non-selective benzodiazepine. Drug

actions were characterized in slice cultures from wild-type and 5(H105R) knock-in mice by

performing extracellular multi-unit-recordings. In knock-in mice, receptors containing the 5

subunit are insensitive to benzodiazepines. The non-selective positive allosteric modulator
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diazepam decreased the discharge rates of neocortical neurons during episodes of ongoing

neuronal activity (up states). In contrast to diazepam, the 5-preferring positive modulator

SH-053-2′F-R-CH3 accelerated action potential firing during up states. This promoting action was

absent in slices from 5(H105R) mice, confirming that it is mediated by the 5-subunit. Consistent

with these observations, the negative 5-selective modulator L 655,708 inhibited up state action

potential activity in slices from wild-type mice. The opposing actions of diazepam and

SH-053-2′F-R-CH3, which both enhance GABAA receptor function but differ in subtype-

selectivity, uncovers contrasting roles of GABAA receptor subtypes in controlling the firing rates

of cortical neurons. These findings may have important implications for the design of novel

anaesthetic and anticonvulsant benzodiazepines displaying an improved efficacy and fewer side

effects.
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1. Introduction

Benzodiazepines enhance -aminobutyric acid (GABAA) receptor mediated inhibition,

thereby causing anxiolysis, muscle relaxation, amnesia, sedation and depression of seizure

activity (Möhler et al., 2002). These drugs act on a subpopulation of GABAA receptors

which is defined by the presence of an 1-, 2-, 3- or 5-, and a -subunit (Puia et al., 1991;

Rivas et al., 2009). A recent study provided evidence that glutamatergic cortical pyramidal

neurons are a major substrate for mediating the sedative actions of benzodiazepines (Zeller

et al., 2008). In accordance with these findings in rodents, functional magnetic resonance

imaging studies showed that sedative drugs reduce blood flow predominantly in neocortical

circuits of human subjects (Heinke and Koelsch, 2005). On the cellular level,

benzodiazepines significantly depress action potential activity of neocortical neurons

(Drexler et al., 2010), supporting the idea that this action is causally linked to sedation.

Neocortical neurons express a great diversity of GABAA receptor-subtypes (Fritschy and

Brünig, 2003). There is ample evidence in the literature that 1-subunit containing receptors

largely mediate the motor-sedative properties of diazepam, a non-selective benzodiazepine

site agonist (Rudolph et al., 1999; McKernan et al., 2000). However, recent reports

suggested that alpha(Greek symbol)5-preferring benzodiazepine site agonists that are

structurally related to the newly snthesized compound SH-053-2′F-R-CH3 ((R)-Ethyl-8-

ethynyl-6-(2′-fluorophenyl)-4-methyl-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-

carboxylate) can produce, although this compound was not sedating in primates (Fischer et

al., 2010; Savic et al., 2008; Savic et al., 2010). On the other hand, behavioural studies argue

against a role of 5 in producing sedation (Crestani et al., 2002; Cheng et al., 2006).

To further elucidate the role of GABAA receptors harbouring 5-subunits in mediating the

actions of benzodiazepines in neocortical networks, we compared the effects of

SH-053-2′F-R-CH3 and diazepam on the activity patterns of neocortical neurons in

organotypic slice cultures. Furthermore, the actions of L 655,708 (ethyl (13aS)-7-

methoxy-9-oxo-11,12,13,13a-tetrahydro-9H-imidazo[1,5-a]pyrrolo[2,1-c]
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[1,4]benzodiazepine-1-carboxylate) a negative allosteric modulator selective for 5-

containing receptors were evaluated.

In previous investigations an excellent correlation between the concentrations of various

drugs in causing sedation in behavioural studies and in attenuating spontaneous action

potential activity of cultured neocortical neurons has been reported (Hentschke et al., 2005;

Drexler et al. 2010). We opted for this in vitro approach because active metabolites are not

expected to obscure experimental results. Since benzodiazepines do not only act via the

classical high affinity benzodiazepine binding site but also via additional modulatory

binding sites on GABAA receptors and further molecular targets in the brain (Baur et al.,

2008; Walters et al., 2000), we characterized the effects of SH-053-2′F-R-CH3 in slices

derived from wild type mice and in slices prepared from 5 knock-in mice as well. By

introducing a histidine-to-arginine point mutation at position 105 of the 5-protein subunit,

GABAA receptors containing the mutated subunit are insensitive to allosteric modulation by

benzodiazepine-site ligands, whereas regulation by the physiological neurotransmitter

GABA is preserved (Benson et al., 1998; Crestani et al., 2002).

2. Material and Methods

2.1. Organotypic slice cultures

Wild type and 5(H105R) mutant mice on the 129X1/SvJ background (Crestani et al., 2002)

of both sexes were used for this study. All procedures were approved by the animal care

committee (Eberhard-Karls-University, Tuebingen, Germany) and were in accordance with

the German law on animal experimentation. Neocortical slice cultures were prepared from

two- to five-day old mice as described by Gähwiler (Gähwiler, 1981). Every endeavour has

been made to minimize both the suffering and number of animals used. In brief, animals

were deeply anaesthetized with isoflurane and decapitated. Cortical hemispheres were

aseptically removed and 300μm thick coronal slices were cut. Slices derived from the

somatosensory cortex and were fixed on glass coverslips by a plasma clot, transferred into

plastic tubes containing 750μl of nutrition medium and incubated in a roller drum at 37°C.

After one day in culture, antimitotics were added. The suspension was renewed twice a

week. Cultures were used after two weeks in vitro.

Organotypic slice cultures were used for electrophysiological recordings after 15 - 35 days

in vitro. As the changes in the reversal potential of GABA-evoked currents occur between

postnatal day 5 and 12, all cultures used in the present study had developed into an adult

status, which is also indicated by the morphological differentiation of individual cell types

(Caeser and Schüz, 1992; Di Cristo et al., 2004).

2.2. Electrophysiology

Extracellular network recordings were performed in a recording chamber mounted on an

inverted microscope. Slices were perfused with artificial cerebrospinal fluid (aCSF)

consisting of (in mM) NaCl 120, KCl 3.3, NaH2PO4 1.13, NaHCO3 26, CaCl2 1.8 and

glucose 11, bubbled with 95% oxygen and 5% carbon dioxide at 34°C. aCSF-filled glass

electrodes with a resistance of about 3 to 5 M were advanced into the tissue until

extracellular single- or multi-unit spike activity exceeding 100μV in amplitude were visible.
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Data were acquired at a sampling frequency of 10 kHz with an AM 1800 amplifier (ZAK,

Marktheidenfeld, Germany), the digidata 1200 AD/DA interface, and Axoscope 9 software

(Axon Instruments, Foster City, USA). Action potentials were separated from local field

potentials by digital bandpass filtering (200-2000Hz). As judged from the size and

waveform of single action potentials, about 5-15 different neurons contributed to the signal

pick up by a single extracellular electrode.

2.3. Preparation and application of test solutions

Stock solution of SH-053-2′F-R-CH3 (which has previously also been referred to as

SH-053-R-CH3-2'F) and L 655,708 (Tocris Bioscience, Bristol, UK) were made by

dissolving in DMSO. The final concentration of DMSO did not exceed 0.01% and was

found to have no effects on cortical firing patterns. To yield the desired concentration,

diazepam (Braun, Melsungen, Germany), SH-053-2′F-R-CH3 and L 655, 708 were diluted

in aCSF and filled into syringes. The drug containing aCSF was applied via bath perfusion

using syringe pumps (ZAK, Marktheidenfeld, Germany), connected to the experimental

chamber via Teflon tubing (Lee, Frankfurt, Germany). The recording chamber consisted of a

metal frame with a glass bottom and had a volume of 1.5 ml. The flow rate was

approximately 1 ml min-1. When switching from aCSF to drug-containing solutions, the

medium in the experimental chamber was replaced by at least 95% within 2 min. To ensure

steady state conditions, recordings during diazepam treatment were carried out 10 - 12 min

after commencing the change of the perfusate. This time interval has been proven to be

sufficient for steady state conditions in organotypic slice cultures (Antkowiak, 1999; Dai et

al., 2009), as diffusion times in slice cultures are considerably shorter compared to acute

slice preparations (Gredell et al., 2004; Benkwitz et al., 2007).

2.4. Data analysis

Extracellular recorded signals were filtered and counted offline using self-written programs

in Matlab R2007b (The Mathworks, Natick, USA). The activity pattern of neocortical slice

cultures is characterized by bursts of spontaneous action potential firing separated by

periods of neuronal silence. Action potentials were detected using an automated event

detection algorithm with a threshold set approximately two times higher than the baseline

noise.

Parameters are shown as relative change compared to control condition. We used Student t

test for statistical testing, P values <0.05 were considered significant. Results are given as

mean ± S.E.M., unless stated otherwise. For comparison of drug effects on episodes of

ongoing neuronal activity peri-event time histograms were calculated using self-written

routines in Matlab (The Mathworks, Natick, USA). Comparison of neuronal activity was

performed using Hedges' g.

3. Results

To elucidate the effects of SH-053-2′F-R-CH3 a total of 53 slice cultures from the

neocortex of 129X1/SvJ wild type mice and 76 cultures from 5(H105R) knock-in mice on

the same genetic background were used. The firing pattern of the neocortical slice cultures
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was characterized by bursts of action potentials (up states) separated by neuronal silence

(down states). The mean up state frequency was slightly higher in wild type slices (0.19 ±

0.02 Hz) compared to slices from the 5(H105R) mutant (0.14 ± 0.01 Hz, P = 0.04). For a

more detailed analysis of the neuronal activity the up states of all recordings were collected,

divided into bins of 10ms, and averaged. As the up state duration was variable, we restricted

our analysis to the first 500ms after the beginning of the up state. The averaged up states

derived from extracellular multi-unit recordings were characterized by a high frequency of

action potential firing right at the beginning, followed by a step-wise decrease of activity

(Fig. 1). Comparison of the activity pattern derived from cultured wild type neurons and

from tissue slices derived from the 5(H105R) mutant revealed almost identical neuronal

firing under control conditions, as shown in figure 1.

An original recording illustrating the firing pattern of cultured neocortical neurons and the

effects of SH-053-2′F-R-CH3 is shown in figure 2. The 5-selective compound SH-053-2′F-

R-CH3 modified the cortical network activity in a characteristic way: it reduced the number

of up states, thereby depressing the overall activity of the network. However, SH-053-2′F-

R-CH3 contemporaneously increased the duration of up states and also the number of action

potentials during these up states.

Unlike the 5-selective compound SH-053-2′F-R-CH3 diazepam did not induce an increase

of up state duration nor an increase of action potentials within up states (table 1).

Benzodiazepines are used clinically over a wide concentration range to induce desired

actions from mild anxiolysis at low doses to abortion of seizure activity or induction of

general anaesthesia at high doses. Therefore we were curious to test whether SH-053-2′F-R-

CH3 would display 5-selectivity at higher concentrations (Fig. 3).

We observed that the main effects of SH-053-2′F-R-CH3 were most prominent at low

concentrations of the compound. SH-053-2′F-R-CH3 in concentrations up to 15 μM

increased the duration of neocortical up states. This effect was most pronounced at 10 μM,

where SH-053-2′F-R-CH3 increased the up state duration by 5.3 ± 1.7 fold. The number of

action potentials during up states was also enhanced by low concentrations of SH-053-2′F-

R-CH3. At 7.5 μM the number of action potentials during up states was 2.7 ± 0.3 fold

increased, compared to control condition. However, these characteristic actions were absent

in cases where the concentration of SH-053-2′F-R-CH3 was 15 μM or higher.

To test whether the actions of SH-053-2′F-R-CH3 are indeed mediated by 5-subunit

containing GABAA receptors, this compound was also tested in cultured slices derived from

5(H105R) knock-in mice, a genetically modified mouse line where 5-containing GABAA

receptors are insensitive to benzodiazepines. An effect of SH-053-2′F-R-CH3 should be 5-

dependent if present in slices from the wild type, but abolished by the 5(H105R) mutation.

As can be seen in figure 3, the typical effects of SH-053-2′F-R-CH3 in the wild type like the

prolongation of up states and the increase in number of action potentials during up states are

abolished in 5(H105R) mutant slices. To further strengthen the finding that the effects

observed with SH-053-2′F-R-CH3 were mediated via 5-containing GABAA receptors,

similar experiments were performed with L 655,708, an inverse agonist at 5-containing
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GABAA receptors. (Quirk et al., 1996) This compound affected the firing characteristics of

neocortical wild type neurons in opposite ways compared to SH-053-2′F-R-CH3: the

duration of up states was shortened and the number of action potentials per up state was

decreased in the presence of L 655,708 (table 2). Based on these experiments we conclude

that these characteristic effects are mediated via 5-subunit containing GABAA receptors.

A more detailed analysis of the actions of SH-053-2′F-R-CH3 on the firing pattern of

neocortical neurons, performed as outlined above, revealed that in cultured neurons from

wild type mice SH-053-2′F-R-CH3 (10 μM) progressively increased the neuronal activity,

starting around 100ms after the beginning of the up state. At 500ms after up state onset (the

end of our analysis window) action potential activity was roughly twice as high as compared

to control (Fig. 4 A). This activity increasing action of SH-053-2′F-R-CH3 was absent in

cultured cortical slices from the 5(H105R) mutant (Fig. 4 B), indicating that this

SH-053-2′F-R-CH3 action is mediated via 5-containing GABAA receptors. This

observation is also supported by the effects of L 655,708 (2.5 μM), showing inverse actions

compared to SH-053-2′F-R-CH3, i.e. a depression of neuronal activity (Fig 4 C).

Furthermore, we analyzed the actions of the classical benzodiazepine diazepam on cortical

up state activity. As expected from a previous study (Drexler et al., 2010), diazepam (12.5

μM) induced a depression of neuronal activity, most pronounced around 50ms after the

beginning of the up state (Fig. 4 D).

4. Discussion

Sedative therapeutics such as benzodiazepines and the anaesthetics act by positive allosteric

modulation of GABAA receptors. On the cellular level, enhanced GABAA receptor-

mediated inhibition most commonly translates into a decreased action potential activity of

neocortical neurons, which have been shown to be a major substrate in mediating sedation

and hypnosis induced by the above-mentioned drugs (Hentschke et al., 2005; Zeller et al.,

2008). However, it is unknown which of the GABAA receptor subtypes that are expressed in

the neocortex are capable of decreasing action potential firing rates of neocortical neurons.

There is evidence in the literature that GABAA receptors harboring the 5-subunit are

abundant at higher densities in the deep cortical layers (Fritschy and Brünig, 2003). The

present study therefore raised the question whether action potential firing of neocortical

neurons can be significantly changed by exclusively enhancing the function of the latter

GABAA receptor-subtype. To tackle this issue, the effects of 5-selective positive modulator

SH-053-2′F-R-CH3 on cortical neurons ex vivo were studied. This agent enhanced cortical

action potential firing, an effect that was absent in slices prepared from 5-knock in mice,

where SH-053-2′F-R-CH3 cannot bind to 5-containing GABAA receptors. Furthermore, the

inverse 5-agonist L 655,708 displayed opposite effects.

In the past years the phenomenon of cortical up- and down states has gained considerable

interest in the literature (Johnson and Buonomano, 2007; Lau and Bi, 2005; McCormick et

al., 2003; Shu et al., 2003a; Shu et al., 2003b). Neuronal activity in neocortical networks is

characterized by phases of persistent activity (termed up states) and phases of relative

neuronal quiescence (termed down states). The occurrence of up- and down states is not an

artefact produced by culturing neocortical tissue, but is characteristic for neocortical circuits
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in general, in vivo (Timofeev et al., 2000) and ex vivo (Sanchez-Vives et al., 2010). In the

present study we have shown that diazepam decreases action potential activity of cortical

neurons during up states. However, SH-053-2′F-R-CH3 did not reduce but increased

neuronal activity in slices derived from wild type mice, which is opposite to the effects of

diazepam. How to explain these inverse actions of diazepam and SH-053-2′F-R-CH3?

Diazepam lacks subtype-selectivity and thus acts via multiple GABAA receptor subtypes

whereas SH-053-2′F-R-CH3 only targets receptors containing 5-subunits. It seems likely

that action potential enhancing actions are only mediated via 5-containing receptors whereas

activation of non-5 receptors reduces neuronal activity. As 5 is only a minor subtype in the

neocortex, the overall effect of diazepam is inhibitory. It is interesting to note that the

inverse 5-agonist L 655,708 decreased action potential firing during up states. This result is

consistent with the inverse action of SH-053-2′F-R-CH3 and might have important

implications for the design of novel anaesthetic and anticonvulsive GABAergic drugs. As

these agents largely cause their therapeutically desired effect via decreasing the activity of

cortical neurons (Hentschke et al. 2005; Zeller et al. 2008; Drexler et al., 2010; Drexler et

al., 2011), their efficacy might increase if positive modulation of 5-containing receptors is

lacking.

In summary, the dissimilar actions of SH-053-2′F-R-CH3, L 655,708 and diazepam on

neuronal activity patterns provide further evidence of highly specific physiological roles of

distinct GABAA receptor subtypes in cortical information processing.

On the background of these results it is noteworthy that the sedative properties of

SH-053-2′F-R-CH3 reported previously in behavioural studies (Savic et al., 2008; Savic et

al., 2010) do not necessarily involve 5-subunit containing GABAA receptors, since

interactions with the low affinity binding sites on GABAA receptors may also come into

play. Furthermore, benzodiazepines are rapidly cleaved in vivo and the resulting neuroactive

metabolites may not maintain subtype selectivity.

4.1. Action potential promoting effects mediated by an 5-prefering benzodiazepine

It was a surprising finding that SH-053-2′F-R-CH3 enhanced action potential firing during

cortical up states while L 655,708 depressed neuronal activity. Several different hypotheses

can be considered for explaining this finding. For example, it seems possible that 5 is

predominantly expressed in inhibitory interneurons. In this scenario, enhancing the function

of alpha5-containing GABAA receptors decreases the discharge rates of inhibitory

interneurons which in turn reduces synaptic inhibition in postsynaptic cells. As a

consequence, action potential firing of postsynaptic neurons is increased by SH-053-2′F-R-

CH3. However, so far there is little evidence that 5-subunits reside on inhibitory

interneurons in the neocortex (Fritschy and Brünig, 2003; Christie and De Blas, 2002; Ali

and Thomson, 2008).

In an alternative scenario, GABA operates as a depolarizing neurotransmitter during up

states. Such a mechanism has been elucidated in the literature in some detail (Kaila et al.,

1997; Ruusuvuori et al., 2004; Rivera et al., 2005). In brief, long lasting activation of

GABAA receptors substantially increases the intracellular concentration of chloride ions in

cortical neurons. Chloride mass influx is maintained by an efflux of HCO3- ions, which also
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flow through activated GABAA receptors. A high intracellular concentration of chloride ions

not only shifts the reversal potential of GABAA receptors towards more depolarized

potentials, but also enhances the extrusion of chloride ions via the K+-Cl--cotransporter

KCC2 (Viitanen et al., 2010). Since removal of chloride ions from the intracellular

compartment via KCC2 transporters is linked in a 1:1 manner to an efflux of potassium ions,

long lasting activation of GABAA receptors causes a rise in the interstitial potassium

concentration, which in turn depolarizes the membrane potential of neurons (Viitanen et al.,

2010). Therefore the excitatory action of SH-053-2′F-R-CH3 may involve both a

depolarizing shift of the reversal potential of GABAA receptors and a potassium dependent

depolarization of neocortical neurons due to an activation of KCC2 transporters.

4.2. Location and function of different GABAA receptor subtypes

Membrane depolarization caused by GABA, as discussed in the last section, does not

necessarily facilitate action potential firing. In an elegant study, (Gulledge and Stuart, 2003)

demonstrated that, depending on the site of GABA application, GABA-induced membrane

depolarization of neocortical pyramidal neurons can affect the mechanism of action potential

generation in opposing ways. If GABA was applied at remote dendritic sites and membrane

depolarization was observed, the generation of action potentials at the soma was promoted.

Interestingly, the opposite was true if membrane depolarization was produced by focal

application of GABA in the somatic and perisomatic region. In this case, the generation of

action potentials was prevented by an increase in membrane conductance, a mechanism

commonly referred to as shunting-inhibition. In summary, these authors showed that the

GABA-induced depolarization of the membrane potential can only facilitate action potential

activity if there is no shunting inhibition at perisomatic sites.

How do these findings relate to the effects of SH-053-2′F-R-CH3 and diazepam observed in

the present study? There is ample evidence that synapse-specific clustering of GABAA

receptors is largely determined by the type of the presynaptic GABAergic interneuron

(Fritschy and Brünig, 2003; Freund and Katona, 2007; Thomson and Jovanovic, 2010). In

the cerebral cortex bitufted interneurons innervate the dendrites of pyramidal cells but not

the perisomatic region. It has been shown recently that this branching pattern is well

preserved in organotypic tissue cultures of the neocortex (Di Cristo et al., 2004). The 5-

subunit is highly enriched at synapses made between bitufted interneurons and pyramidal

cells (Ali and Thomson, 2008; Thomson and Jovanovic, 2010). The predominant existence

of 5 at remote dendritic sites therefore meets the requirement that GABA-induced

membrane depolarization mediated via these receptors is capable of increasing the firing

rates of pyramidal cells because activation of 5-subunit containing GABAA receptors does

not produce shunting inhibition in the perisomatic region.

As mentioned above, the benzodiazepine-site agonist diazepam largely lacks subtype

selectivity (Puia et al., 1991; Rivas et al. 2009). Therefore diazepam not only acts on 5-

containing GABAA receptors but also on receptors harboring 1-, 2-, and 3-subunits (Fig. 5).

The somata of pyramidal neurons are heavily innervated by parvalbumin positive basket

cells and cholecystokin positive basket cells (Freund and Katona, 2007). The GABAA

receptors activated by the former interneurons mostly include 1-protein subunits whereas
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GABAA receptors harboring 2- or 3-subunits are activated predominantly by the latter

interneurons. The 2-subunit is also enriched at the axon hillock, a region that is innervated

by chandelier cells (Fritschy and Brünig, 2003). We found that unlike SH-053-2′F-R-CH3,

diazepam attenuated action potential activity during up-states. The finding that diazepam

decreased the discharge rates can be explained by the drug's propensity to modulate

synapses located in the perisomatic region, thereby producing shunting inhibition. With

regard to the effects of diazepam it is interesting to note that at the onset of episodes of

ongoing activity, action potential firing is initially significantly below control values, but

then steadily increases, finally reaching drug-free levels (Fig. 4 D). Therefore it is tempting

to speculate that similar to SH-053-2′F-R-CH3, diazepam causes a depolarization of the

dendritic membrane potential. However, this action is probably overlaid by a prominent

shunting inhibition caused by positive modulation of GABAA receptors residing in the

perisomatic region.

It also seems possible that the opposing drug actions mediated by different subtypes of the

GABAA receptor may involve differences in the reversal potential of chloride ions along the

somato-dendritic axis or differences in the expression of KCC2 transporters, which are

considered as a major mechanism in the mediation of GABA-induced membrane

depolarization. However, neither the reversal potential for GABA-induced currents nor the

density of KCC2 transporters is significantly different at dendritic and somatic sites

(Gulledge and Stuart, 2003; Baldi et al., 2010).

Conclusions

The 5-preferring benzodiazepine SH-053-2′F-R-CH3 enhances the discharge rates of

neocortical neurons during up states in vitro. As this action is abolished by the 5(H105R)-

mutation and the inverse 5-agonist L 655,708 inversely alters the firing rates of cortical

neurons, it is concluded that positive modulation of 5-containing GABAA receptors

increases action potential firing of cortical neurons. These results are prompting an

unexpected hypothesis, namely that drugs acting as inverse agonists at 5-containing GABAA

receptors should enhance the efficacy of anaesthetic and anticonvulsive drugs in current use

that act via GABAA receptors and lack subtype-selectivity.
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Figure 1.
Neuronal activity of cultured neocortical neurons from wild type (black) and 5(H105R) mutant (grey) mice under control

conditions. All activity phases (up states) were collected, divided in bins of 10ms and averaged. The action potential firing

frequency of multi-unit recordings is high at the beginning of the up state and declines in a gradual fashion. Comparison

between genotypes is given as effect size (Hedges'g including 95% confidence interval). An effect size of 1 would indicate that

the two genotypes are one standard deviation apart. A significant difference between genotypes can be assumed, if the 95%

confidence interval does not cross the zero-line. Apart from the first 10ms, where slices from the 5(H105R) mutant showed

slightly higher activity, neuronal activity between the two genotypes is almost identical.
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Figure 2. Firing pattern of cultured slices from the neocortex and actions of the 5-selective GABAA receptor modulator SH-053-2′F-
R-CH3

(A) Original extracellular recording from a cultured neocortical slice. Eight bursts of action potentials (up states) are separated

by neuronal silence (down states).

(B) SH-053-2′F-R-CH3 in a concentration of 10 μM reduces the number of up states and simultaneously prolongs them.

Additionally, the number of action potentials during up states is increased in the presence of SH-053-2′F-R-CH3.
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Figure 3.
Concentration-dependent effects of SH-053-2′F-R-CH3 on the duration of up states and on the number of action potentials

during up states in cultured cortical neurons from wild type and 5 (H105R) knock-in mice.

(A) The duration of up states is increased by low concentrations of SH-053-2′F-R-CH3 in wild type slices. Values are presented

as duration of up states in the presence of SH-053-2′F-R-CH3 divided by duration of up states under control condition.

SH-053-2′F-R-CH3 leads to an increase in the wild type (black dots) by 3.5 ± 1.0 at 7.5 μM, by 5.3 ± 1.7 at 10 μM, and by 2.2 ±

0.4 at 12.5 μM, respectively. In cultured slices from the 5(H105R) mutant (grey stars) this effect is absent. * significantly

different from 5(H105R) mutant (P < 0.05, t-test).

(B) Low concentrations of SH-053-2′F-R-CH3 lead to an increased number of action potentials during up states in wild type

slices. The values are given as number of action potentials during up state in the presence of SH-053-2′F-R-CH3 divided by

control condition. SH-053-2′F-R-CH3 increases the number of action potentials during up state in the wild type (black dots) by

2.7 ± 0.3 at 7.5 μM and by 2.1 ± 0.3 at 10 μM, respectively. In slices from the 5(H105R) mutant (grey stars) no such increase is

present. * significantly different from 5(H105R) mutant (P < 0.05, t-test). At higher concentrations SH-053-2′F-R-CH3 reduces

the number of action potentials during up states in both, wild type and 5(H105R) mutant slices.
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Figure 4.
The 5-selective compound SH-053-2′F-R-CH3 enhances neuronal activity in cortical slice cultures during up states.

The upper part of the figure displays the mean frequency of action potential firing during up states under control condition

(black) and in the presence of the benzodiazepine (grey). All up states were collected, divided into time bins of 10 ms and

averaged. The graph shows the mean value of action potential frequency, measures of statistical dispersion have been omitted

for clarity reasons. In the lower part of the figure the difference between drug condition divided by control condition is shown to

illustrate the effect of the drug on action potential firing during up state.

(A) SH-053-2′F-R-CH3 at a concentration of 10μM (n = 9) leads to an increase in action potential frequency during up states in

wild type slices (grey line, marked by the arrow). Although SH-053-2′F-R-CH3 is a positive modulator at GABAA receptors,

the compound does not depress, but instead increases neuronal activity during up states. This increase in action potential

frequency is the more pronounced the longer the up state lasts (activity approximately twice as high compared to control

condition from 300ms to 500ms after the beginning of the up state), as indicated in the lower part of the figure.

(B) In cultured slices from the 5(H105R) mutant the increase in action potential frequency during up states by SH-053-2′F-R-

CH3 (10μM, n = 10) is absent. This is consistent with this effect being mediated by 5-containing GABAA receptors.

(C) L 655,708 acts as an inverse agonist at the benzodiazepine site of 5-containing GABAA receptors and can thereby be

regarded as an “anti- SH-053-2′F-R-CH3”. In fact, the neuronal activity of cultured cortical neurons shows nearly opposing

behaviour in the presence of 2.5 μM L 655,708 compared to SH-053-2′F-R-CH3. The depression of neuronal activity is rather

uniform beginning around 50 ms after the onset of the activity phase.
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(D) The classical benzodiazepine diazepam (12.5μM, n = 13) leads to a depression of action potential frequency with a

maximum around 50 ms after the beginning of the up state (marked by arrowhead in the upper part) in cultured slices from wild

type mice. Note the small but steady relative increase in activity, starting at 40ms and reaching control levels at 200ms after up

state onset is evident. This upward-sloping course of action potentials points to a similar, activity-enhancing action of diazepam

which is superimposed by its overall depression of the cortical network.
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Figure 5.
Schematic picture of a pyramidal neuron from the cortex. While GABAA receptors containing 1-, 2-, and 3-subunits are

enriched at the soma, 5-containing GABAA receptors are mainly found at distal dendritic locations. The unselective

benzodiazepine diazepam targets all these GABAA receptor subtypes, resulting in a depression of network activity. The 5-

prefering compound SH-053-2′F-R-CH3 acts predominantly at dendritic GABAA receptors. Due to their specific location and

properties 5-containing GABAA receptors are capable of inducing excitation during phases of ongoing neuronal activity.
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Table 1

Effects of diazepam (DZP) on up state duration and on the number of action potentials (AP) per up state in

organotypic slice cultures from the neocortex of wild type mice. Data are normalized to control condition.

DZP in μM up state duration AP per up state

6.25 0.94 ± 0.12 (n = 19) 0.80 ± 0.14 (n = 18)

12.5 1.30 ± 0.17 (n = 28) 1.41 ± 0.18 (n = 29)

25 1.35 ± 0.15 (n = 33) 1.29 ± 0.14 (n = 34)

50 1.29 ± 0.12 (n = 34) 0.97 ± 0.10 (n = 35)

Diazepam induced changes are not significantly different from control condition (t-test, P > 0.05).

Eur J Pharmacol. Author manuscript; available in PMC 2014 April 23.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Drexler et al. Page 20

Table 2

Effects of L 655,708, an inverse agonist specific for the 5 subunit containing GABAA receptor subtype, on up

state duration and on the number of action potentials (AP) per up state in organotypic slice cultures from the

neocortex of wild type mice.

L 655,708 in μM up state duration AP per up state

2.5 0.59 ± 0.06 (n = 13) a 0.61 ± 0.06 (n = 13) a

5.0 0.54 ± 0.04 (n = 25) a 0.57 ± 0.05 (n = 25) a

Data are normalized to control condition,

a
= significantly different (P < 0.05) from control condition (t test).
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