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Abstract

Clinically most active anxiolytic drugs are positive allosteric modulators (PAMs) of GABAA receptors, represented by benzodiazepine
compounds. Due to their non-selective profile, however, they potently modulate several sup-type specific GABAA receptors, contributing
to their broad-range side effects. Based on observations in genetically altered mice, however, it has been proposed that anxiolytic action
of benzodiazepines is predominantly mediated by GABAA a2/3 subunit-containing receptors. In the present study we analyzed the actions
of the preferential GABAA a1 and a2/3 PAMs, zolpidem and L-838417, respectively on hippocampal EEG and medial septum neuronal
activity in anesthetized rats. In parallel, a computational model was constructed to model pharmacological actions of these compounds on
the septo-hippocampal circuitry. The present results demonstrated that zolpidem inhibited theta oscillation both in the hippocampus and septum,
and profoundly inhibited firing activity of septal neurons. L-838417 also inhibited hippocampal and septal theta oscillation, however, it did
not significantly alter firing rate activity of septal neurons. Our computational model showed that cessation of periodic firing of hippocampo-
septal neurons, representing absence of hippocampal theta activity, disrupted oscillation of septal units, without altering their overall firing
activity, similar to changes observed in our in vivo experiments following administration of L-838417. Understanding the correlation between
changes in septo-hippocampal activity and actions of selective modulators of GABAA subtype receptor modulators would further advance
design of anxiolytic drugs.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Benzodiazepines, the positive allosteric modulators (PAMs)
of GABAA receptors are clinically proven anxiolytic drugs.
These compounds potently modulate several sup-type specific
GABAA receptors, including a1, a2, a3 or a5 subunit-containing
receptors with comparable efficacy. This non-selective action is
presumed to be responsible for their broad-range side effects,
including muscle relaxant, sedative, ethanol-potentiating and am-
nesic effects (Mohler et al., 2002). Based on observations in ge-
netically altered mice, it has been proposed that the anxiolytic
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action of benzodiazepines is predominantly mediated by a2
and/or a3 subunits containing GABAA receptors, whereas a1
subunit-containing GABAA receptors mediate their sedative
effects (McKernan et al., 2000; Rudolph et al., 2001). Since
effective anxiolytic drugs are clearly in high clinical demand,
there is an intensive research on subunit selective GABAA

PAM compounds, which are devoid of the most common
side effects, like sedation or abuse liability. Recently, several
GABAA receptor PAMs have been developed, which display
preferential modulation towards a2/a3 and a5, but not a1 sub-
unit-containing receptors (Atack, 2005). One of these modula-
tors, L-838417, has a similar efficacy (as a partial agonist at
the benzodiazepine binding site) at a2/a3 and a5 subunit-
containing receptors, but it lacks efficacy at a1 subtype recep-
tors (McKernan et al., 2000; Atack, 2005). Anxiolytic effects
of L-838 417 have been demonstrated in rat and mice anxiety
models (McKernan et al., 2000; Mathiasen and Mirza, 2005)
and in primates (Rowlett et al., 2005).

It has been shown that anxiolytic drugs inhibit oscillatory
neuronal network activity of the limbic system, an effect
that is thought to contribute to their anxiolytic or sedative ef-
fects (Hirose et al., 1990; McNaughton and Gray, 2000). Diaz-
epam, a non-selective PAM of GABAA receptors inhibits
hippocampal field potential (electroencephalography, EEG)
theta band activity (Caudarella et al., 1987; McNaughton
and Gray, 2000; van Lier et al., 2004). We have recently re-
ported that systemic administration of diazepam simulta-
neously inhibits theta oscillation of medial septum/diagonal
band of Broca (MS/DB) neurons and theta wave activity in
the hippocampus in chloral hydrate anesthetized rats (Hajós
et al., 2004). In contrast, FG-7142, a negative allosteric mod-
ulator of GABAA receptors is anxiogenic (Bueno et al., 2005;
Atack et al., 2005), and it induces hippocampal theta band ac-
tivity and theta oscillation of MS/DB neurons (Ongini et al.,
1983; Hajós et al., 2004). Since interconnected GABAergic in-
terneurons are critical to neuronal network oscillations, includ-
ing hippocampal theta rhythm (Buzsáki, 2002; Freund, 2003),
either positive or negative modulation of GABAA receptors
(i.e. enhancing or reducing efficacy of the neurotransmitter
GABA within the circuitry) is expected to have a profound
effect on network activity, like theta oscillation. However,
morphologically and neurochemically distinct hippocampal
GABAergic interneurons show highly specialized synaptic
connectivity, indicating different functional roles in generating
or modulating oscillatory activity (Freund and Buzsáki, 1996;
Freund, 2003; Henderson et al., 2004; Klausberger et al.,
2003). In addition, different subunit specific GABAA receptors
are localized in synapses involved between distinct neurons
in the septo-hippocampal formation (Freund, 2003). It has
been demonstrated, for example, that a2 subunit-containing
GABAA receptors are predominantly located on the axon hill-
ock/initial segments of pyramidal neurons, which are predom-
inantly innervated by axo-axonal neurons in the hippocampus
(Nusser et al., 1996). Therefore, it is a possibility that selective
modulation of different subsets of GABAA receptors will have
different impacts on hippocampal oscillatory activity (Howard
et al., 2005). In fact, our recent computational work indicated
that selective modulation of distinct GABAA mediated synap-
ses could modify oscillatory activity differently (Hajós et al.,
2004). Consequently, the aims of the present experiments were
to analyze the effects of L-838417, a preferential modulator of
a2, a3 and a5 GABAA receptors, and zolpidem, a preferential
modulator of a1 GABAA receptors on activity of the septo-
hippocampal system by using simultaneous recordings of single
units from the MS/DB and hippocampal (CA1) field potentials
(EEG) from anesthetized rats. Furthermore, a computational
model of the septo-hippocampal circuit has been utilized in order
to model in vivo activities of the GABAA receptor PAMs on hip-
pocampal and septal neuronal and network activities.

2. Materials and methods

2.1. Electrophysiological experiments

2.1.1. Animals and surgical procedures

Experiments were performed on male SpragueeDawley rats (weighing

250e300 g) in chloral hydrate anesthesia (400 mg/kg i.p.), under an approved

animal protocol and were in compliance with the Animal Welfare Act Regu-

lations (9 CFR parts 1, 2, and 3) and with the Guide for the Care and Use of

Laboratory Animals, National Institutes of Health guidelines. The femoral

vein was cannulated for administration of test compounds or additional doses

of anesthetic. The anesthetized rat was placed in a Kopf stereotaxic frame, and

craniotomy was performed above the regions of the medial septum and unilat-

eral CA1 hippocampus. Body temperature of the rat was maintained at 36e

37 �C by means of an isothermal (37 �C) heating pad (Braintree Scientific,

Braintree, MA).

2.1.2. Single unit recordings

Single units were recorded from the medial septum and vertical limb of the

diagonal band of Broca (co-ordinates: 0.2e0.6 mm anterior to bregma, lateral

0 mm and 5e7 mm below the dura; Paxinos and Watson, 1986) using glass

microelectrodes filled with 2 M NaCl and saturated with Pontamine Sky

Blue (impedance 4e10 MOhms). Extracellularly recorded potentials were am-

plified, filtered, displayed, discriminated and recorded for off-line analysis us-

ing conventional electrophysiological methods (Hajós et al., 2003, 2004).

Neuronal activity was followed by constructing firing rate, frequency and in-

terspike interval histograms using the Spike3 program (Cambridge Electronic

Design, Cambridge, UK). Oscillation of neuronal activity was analyzed by

auto-correlation; power of oscillation was calculated by fast Fourier transfor-

mation analysis of autocorrelation (Hajós et al., 2003). Effects of GABAA

receptor PAMs were tested on septal neurons showing comparable baseline

activities during the control period; average firing rates of neurons were

25.7 � 5.1 Hz and 22.4 � 5.2 Hz in the zolpidem and L-838,417 groups,

respectively.

Location of the recording electrode was marked with iontophoretic ejec-

tion of Pontamine Sky Blue and revealed by routine histological procedure.

Only neurons located within the MS/DB are included in the study.

2.1.3. EEG recording
Unilateral hippocampal field potential (EEG) was recorded by a metal mo-

nopolar macroelectrode (Rhodes Medical Instruments Co) placed into the CA1

region (co-ordinates: 3.0 mm posterior from the bregma, 2.0 mm lateral and

3.8 mm ventral; Paxinos and Watson, 1986). Field potentials were amplified,

filtered (0.1e100 Hz), displayed and recorded for on-line and off-line analysis

(Spike3 program; Cambridge Electronic Design, Cambridge, UK). Rhythmic

synchronized (theta) and large amplitude irregular hippocampal activities

were distinguished in the EEG; quantitative EEG analysis was performed by

means of fast Fourier transformation (Hajós et al., 2003, 2004). Power spec-

trum density of EEG for theta activity was calculated at peak frequency

between 3 and 6 Hz. Location of the recording electrode was verified

histologically.
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2.1.4. Data analysis and statistics
Mean firing rates were determined in periods of 300 s before and after drug

treatment. Interspike interval histograms, auto-correlograms and hippocampal

EEG power spectra were determined in periods of 300 s, but for an identical

duration preceding and following drug treatment. Differences between base-

line and drug treatment were assessed by ANOVA and paired Student’s t-test.

2.1.5. Materials
Solutions of zolpidem (Tocris), L-838417 (7-tert-butyl-3-(2,5-difluoro-

phenyl)-6-(2-methyl-2H-[1,2,4]triazol-3-ylmethoxy)-[1,2,4]triazolo[4,3-b]pyr-

idazine) and Ro 15-1788 (flumazenil) were made up based upon their salt

weights in H2O and concentrations adjusted so that injection volumes equaled

1 mL/kg body weight. L-838417 and Ro 15-1788 were synthesized at Pharma-

cia Corporation, Kalamazoo, MI.

2.2. Computational methods

2.2.1. Single cell models

2.2.1.1. Septal GABAergic cell. Results of in vivo experiments were repro-

duced by using a mathematical model of the MS/DB neurons. The model

was based on the HodgkineHuxley equation (Hodgkin and Huxley, 1952)

using a single compartmental model developed by Wang (2002) representing

intrinsic properties of the putative GABAergic MS/DB neurons. Membrane

potential change is given by the following current balance equation (the mem-

brane noise term, originally introduced by Wang was omitted and heterogene-

ity is included in the Iapp term):

Cm

dV

dt
¼�INa � IK � IKS � IL � Isyn þ Iapp ð1Þ

where V is the cell’s membrane voltage, Cm ¼ 1 mF/cm2 is the membrane

capacitance, INa, IK, IKS, IL, Isyn, are the sodium, delayed rectifier potassium,

slow potassium, leakage and synaptic currents, respectively. The detailed

form of these currents together with the parameters used in the simulations

can be found in Appendix A. Iapp, the applied current, is a depolarizing current

representing background current mostly due to cholinergic innervation. Its

mean is varied in the m(Iapp) ¼ 15e50 pA interval for exploring the parameter

space. Heterogeneity is introduced into the cell model via Iapp by means of

changing its value every 5 ms according to a Gaussian distribution of standard

deviation s(Iapp) ¼ m(Iapp)/6. The noise modeled this way is a good approxi-

mation of a 100 Hz upper limit frequency noise (Dayan and Abbott, 2001).

For numerical integration of these equations the initial membrane potential

of each unit was chosen randomly from a Gaussian distribution of mean

m(Vinit) ¼ �62 mV and standard deviation s(Vinit) ¼ 5 mV. In control condi-

tions an individual unit fired clusters of action potentials in the theta frequency

range (see Wang, 2002 for details).

2.2.1.2. Hippocampo-septal cell. This cell type was introduced to study reso-

nance between the septal and the hippocampal oscillator systems. This cell

model was also introduced by Wang (2002) as the model of those hippocampal

horizontal cells that project to the medial septum. The equations describing

a hippocampo-septal cell is given by

Cm

dV

dt
¼�INa � IK � IH � ICa � IKCa � IL � Isyn þ Iapp þ Ifield ð2Þ

where V is the cell’s membrane voltage, Cm is the membrane capacitance cho-

sen from a Gaussian distribution of mean m(Cm) ¼ 1 mF/cm2 and standard de-

viation s(Cm) ¼ 0.3 mF/cm2. INa, IK, IH, ICa, IKCa, IL and Isyn are the sodium,

delayed rectifier potassium, hyperpolarization activated non-specific cation,

high threshold calcium, calcium activated potassium, leakage and synaptic

currents, respectively. Details of these currents and appropriate parameters

are given in Appendix A. Iapp again represents the background depolarizing

current, the effect of the tonic septal cholinergic innervation, while Ifield is

a phasic current representing the summation of all phasic synaptic currents.

When modeling the hippocampal theta state this current either takes the

form of a 4e5 Hz frequency, 36 pA amplitude sine wave or is taken from
experimental measurements. In latter case Ifield is the signal measured by the hip-

pocampal CA1 field electrode and transformed to a similar shape (amplitude

w36 pA and Iapp w 3 pA). This method is justified by the fact that the majority

(>80%) of the innervation of hippocampo-septal cells originates from axon

collaterals of local pyramidal neurons (Blasco-Ibanez and Freund, 1995).

When modeling a non-theta case evoked in the physiological experiments

by the IV application of L-838417 or zolpidem, Ifield again is the CA1 field sig-

nal scaled to similar amplitude. This signal is analogous to a white noise;

peaks are not observable in its Fourier spectrum. In control conditions hippo-

campo-septal cells fire periodically, 1e3 spikes/theta cycle, while under

the effect of L-838417 they fire aperiodically with a similar firing rate

(6e14 Hz). In all cases Ifield comes from the measurements described by the

present paper (see Fig. 1A, B for representative examples).

2.2.2. Synapse and network models

2.2.2.1. GABAA synapse model. Our simulations focus on the generation and

modification of theta frequency population rhythm generated in a network

of mutually inhibitory cells of the medial septum. The interconnections

between our simulated network units were based on the modeled GABAA

synapses developed by Wang and Buzsáki, (1996)

Isyn ¼ gij
syns
�
V �Esyn

�
ð3Þ

ds

dt
¼ aF

�
Vpre

�
ð1� sÞ � bs ð4Þ

F
�
Vpre

�
¼ 1

1þ exp
Vpre �Qpre

Kpre

ð5Þ

where gij
syn is the maximal synaptic conductance (see below), and the param-

eters between two septal cells Esyn ¼ �75 mV, a ¼ 14/ms, b ¼ 0.07/ms; for

the hippocampo-septal connections Esyn ¼ �80 mV, a ¼ 1/ms, b ¼ 0.05/ms.

Kpre ¼ �2 mV, Qsyn ¼ 0 mV for both synapse types.

2.2.2.2. Network structure. Recent anatomical and physiological findings sug-

gest that a delicate synaptic connection pattern might account for the pace-

maker capability of septal inhibitory cells. First, it was shown that the

distribution of preferred firing phases of medial septal parvalbumin-positive

(PVþ) GABAergic neurons is a bimodal distribution: a subpopulation of these

cells preferentially fire at the peak and others at the trough of the hippocampal

field theta oscillation (Borhegyi et al., 2004). Second, anatomical studies

(Henderson et al., 2004) revealed two PVþ cell populations in the medial sep-

tum: one medially and another more laterally located. These two populations

differ in their GABAergic innervation: PVþ basket-like terminals are on

medially located cells, while there are fewer PVþ synapses on the laterally

located neurons. It is possible that these parvalbumin-positive populations cor-

respond to the two, antiphasically oscillating cell-populations described by

Borhegyi et al. (2004).

These experimental findings led us to develop a septal network model in

which two cell populations (A and B) are distinguished by their preferential

firing phase relative to the hippocampal theta rhythm. Neurons of both popu-

lations are described by the same equation (Eq. (1)) but cells of population A

send axon collaterals to several cells of population B but only to a few other

cells in population A, and vice versa (Fig. 3E). To create this network connec-

tion probabilities pAA, pAB, pBA and pBB are defined to give the probability of

connecting a given cell of population A to an other cell of A, etc. The strength

of individual synapses (gij
synji; j˛fA;Bg) i.e. the strength of a single synapse

between any two neurons was gij
syn ¼ 0:0125� 1 nS, while the total synaptic

strength (gj
syn ¼

P
i˛fA;Bgpijgij) of a cell using networks of 40 or 80 cells typ-

ically varied between gj
syn ¼ 0:04� 1:6 mS=cm2, respectively. To create sep-

tal networks of the type described above pij > piiji; j˛fA;Bg was used, i.e. the

connection probability within a subpopulation is less than between cells from

different subpopulations.

The effect of the hippocampus was taken into account via the hippocampo-

septal cells. In the model these cells do not form connections between each

other but each hippocampo-septal cell innervates each septal GABAergic
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Fig. 1. Effects of systemic administration of GABAA receptor PAMs on activity of the septo-hippocampal system in anesthetized rats. Upper panel: typical

recording showing the effects of zolpidem (1 mg/kg, IV, A) and L-838417 (1 mg/kg, IV, B) on hippocampal EEG and MS/DB single neuron activities. Scale of

y-axis indicates microV. Lower panels: bar diagrams showing percent changes in hippocampal EEG theta activity, power of theta oscillation (periodicity) and firing

rate of MS/DB neurons after administration of zolpidem (Z, 1 mg/kg, IV, n ¼ 6) and L-838417 (L, 1 mg/kg, IV, n ¼ 9), and following subsequent administration of

the benzodiazepine binding site antagonist flumazenil (R, Ro-15 1788, 1 mg/kg, IV). Error bars show the standard error of mean; asterisks indicate significant

changes (ANOVA and paired t-test).
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Fig. 2. Autocorrelation functions of septal unit activities and power spectra of

hippocampal EEG. Both zolpidem (dotted line) and L-838,417 (solid, light

gray line) abolish temporal correlation of septal unit activity (A) and reduce

the theta power of hippocampal EEG (B).
cell of population A by the synapses described above. The strength of these

synapses (gi
HS) varied in the 0e0.6 mS/cm2 interval.

2.2.3. Modeling drug effects

Zolpidem and the L-838417 compound (Atack, 2005) are known to bind to

the benzodiazepine binding site of the GABAA receptors. Modeling the effects

of these drugs was based on the following observations. First, benzodiaze-

pines, such as zolpidem are known to increase the affinity of the GABAA re-

ceptor to its intrinsic agonist GABA (Mohler et al., 2002), increasing the

frequency of opening of the associated chloride ion channel in the presence

of the GABA. This causes an increase in the decay time constant and also

the amplitude of the IPSCs when the receptor occupancy is incomplete. In

the case of hippocampal interneurons (and pyramidal cells) 10 mM zolpidem

increased the conductance of IPSCs to 140% (135%) and the decay time con-

stant to 184% (173%) of the control value (Hájos et al., 2000), i.e. more than

a two fold increase in the net synaptic current. Second, zolpidem is a preferen-

tial a1 GABAA receptor positive allosteric modulator, while the L-838417

is a preferential a2/a3/a5 subunit selective positive allosteric modulator of

the GABAA receptors. Third, a1 GABAA receptors are expressed by septal

GABAergic cells (Gao et al., 1995), hippocampal pyramidal cells and in several

hippocampal interneurons including hippocampal horizontal cells (Gao and

Fritschy, 1994) projecting to the MS/DB. Fourth, a2/a3 GABAA receptors

are absent on septal GABAergic neurons (Gao et al., 1995), but they present

at the perisomatic region of hippocampal pyramidal cells (Nusser et al., 1996).

Thus, in our mathematical model application of zolpidem was hypothe-

sized to increase the maximal synaptic conductance of every GABAA synapses

(gij
synin Eq. (3)) to account for the direct effect of zolpidem and decreased the

mean of the tonic background depolarizing current of all cells (Iapp in Eqs. (1)

and (2)) to describe decreased excitatory innervation. Typically, in the control

situation gj
syn was in the 0.12e0.48 mS/cm2 and Iapp was in the 35e45 pA

interval; when modeling the effect of zolpidem gj
syn was increased to 0.6e

1 mS/cm2 and Iapp was decreased to 15e25 pA. In the simulations we altered

either the time constant or the amplitude of the IPSPs. Both of these modifications
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Fig. 3. Effect of GABAA positive allosteric modulators on the temporal pacemaker properties of the septo-hippocampal system. When decoupled from its hippo-

campal input (A) the population of numerically modeled septal GABAA cells exhibit synchronized periodic behavior as indicated by the population activity of one of

the two subpopulations (upper trace; see Section 2 for a description of population activity) and the unit activity (lower trace) of an arbitrarily chosen cell of the

selected subpopulation. When innervation by hippocampal horizontal interneurons (B) in the control situation (see Section 2) is taken into account, the septal pop-

ulation and unit activity remain unchanged. Simulated effect of zolpidem (C) is a decrease in both the synchronization of septal GABAergic neurons and in the firing

rate of these cells; in the case of L-838417 (D) the decrease in the firing rate cannot be observed. (Note that the line in the upper trace in Fig. 1 shows the hippo-

campal field potential while the line on this figure is the population activity of septal GABAergic neurons.) Parameters for (A), (B) and (D): gi
syn ¼ 0:32 mS=cm2,

gj
syn ¼ 0:40 mS=cm2, gi

HS ¼ 0:16 mS=cm2, Iapp ¼ 44 pA, where i indexes cells of septal subpopulation A, j indexes cells of subpopulation B. In (B), Iapp for the

hippocampal interneurons is a periodic current, while in (C) and (D) Iapp is aperiodic (see Section 2). For (C): gi
syn ¼ 0:64 mS=cm2, gj

syn ¼ 0:80 mS=cm2,

gi
HS ¼ 0:32 mS=cm2, Iapp ¼ 22 pA. (E) Medial septal GABAergic neurons form two subpopulations (gray and black) reciprocally innervating each other. The thickness

of the arrows is proportional to the strength of the connections between the cells from the given subpopulations. Hippocampo-septal neurons innervate one of the two

MSDB subpopulations. (F) Quantification of simulated drug effects on the modeled septal theta activity. Changes in the amplitude of autocorrelograms and in the

firing rate of the septal cells can be compared directly between simulations and experiments (see Fig. 1A and B). Changes in the Fourier power of septal GABAergic

cell population activity (Fourier power) can be compared with changes in the power spectrum of hippocampal field potential. C, control; L, L-838,417; Z, zolpidem.

Statistics: a paired t-test was used to calculate significance of septal cell periodicity differences and the KolmogoroveSmirnov test in the other two cases.
resulted in an approximately two fold increase of the net synaptic current, and

the simulations gave very similar results (data not shown).

Contrary to this, as the L-838417 exerts its direct effect in the septo-

hippocampal system solely on hippocampal pyramidal cells, gij
syn and Iapp

were not changed at any modeled neuron types. To model the effects of L-

838417 the phasic component of the input of hippocampo-septally projecting

cells (Ifield) was varied. In the control situation this current was a 4e5 Hz fre-

quency, 36 pA amplitude sine wave or the signal recorded from the CA1 field

electrode during the control situation scaled to 36 pA amplitude. In the case

when administration of the L-838417 was modeled the Ifield was the signal

of the CA1 field electrode recorded during IV administration of the L-

838417 scaled to similar amplitude.

2.3. Data analysis

2.3.1. Population activity

In numerical simulations of the mathematical model networks of 40e80

septal GABAergic and 20e40 hippocampo-septal cells were used. Half of

the septal cells made up subpopulation A, the other half subpopulation B.

The activity of the subpopulations was approximated by the sum of its cells

instantaneous firing rate. Instantaneous firing rates were calculated by con-

volving the series of firings by a Gaussian of 1 ms standard deviation.

2.3.2. Periodicity of septal cell firing

We define a quantitative measure to characterize periodicity of spike trains.

First, the autocorrelation function is calculated from a series of firings. Second,
maximal (Qmax) and minimal (Qmin) values of the autocorrelation function are

identified in the 50e300 ms interval. Finally, periodicity is defined as the dif-

ference of these two values, P ¼ Qmax � Qmin.

3. Results

3.1. Effects of GABAA receptor positive allosteric
modulators on the septo-hippocampal
oscillatory activity in vivo

Systemic administration of zolpidem (0.1e1 mg/kg, IV,
n ¼ 6), a preferential PAM of a1 GABAA receptors, instanta-
neously attenuated or abolished theta oscillation of the septo-
hippocampal system. Since lower zolpidem doses (0.1e0.3
mg/kg, IV) elicited only a transient inhibition of theta activity,
quantitative analysis on hippocampal EEG and septal neuronal
activity were performed after administration of the 1 mg/kg
(IV) dose. Thus, the power of oscillation (or periodicity) of
MS/DB neurons was significantly reduced by zolpidem
(32% of baseline, p < 0.01), as revealed by fast Fourier trans-
formation analysis of their autocorrelation (Fig. 2). In addi-
tion, zolpidem significantly inhibited the firing activity of
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MS/DB neurons by reducing the firing rate to approximately
10% of baseline activity ( p < 0.01). Parallel to changes of
MS/DB neuronal activity, zolpidem significantly reduced hip-
pocampal EEG power at the theta frequency range (Fig. 1A).
Subsequent administration of flumazenil (Ro 15-1788, 1 mg/kg,
IV) a non-selective antagonist at the benzodiazepine binding
site of GABAA receptors, reversed, at least partially, zolpidem-
induced inhibition of theta activity of both MS/DB neurons
and hippocampal EEG (Fig. 1A).

Administration of L-838417 (0.1e1 mg/kg, IV, n ¼ 9), the
preferential PAM of a2/3/5 GABAA receptors, significantly in-
hibited theta oscillation of the septo-hippocampal system;
quantitative analyses on hippocampal EEG and septal neuro-
nal activity were performed after administration of the 1 mg/
kg (IV) dose. L-838417 significantly reduced the power of
theta oscillation in the hippocampus ( p < 0.05) to a similar
level to what was observed after zolpidem (1 mg/kg, IV) ad-
ministration (Figs. 1B and 2). In parallel, oscillation of MS/
DB neurons was also significantly abolished ( p < 0.05). How-
ever, the firing activity of MS/DB neurons was not signifi-
cantly altered by L-838417, in contrast to zolpidem. In fact,
the small decrease in firing rate activity could reflect the de-
crease of the firing rate of the ‘‘theta on’’ subpopulation of
MS/DB neurons, which shows a reduction in firing rate
when theta activity of septo-hippocampal system ceases
(Ford et al., 1989). Inhibition of theta oscillation of the
septo-hippocampal system was reversed, at least in part, by
the subsequent administration of flumazenil (Ro 15-1788,
1 mg/kg, IV). Flumazenil, given to control rats, did not change
hippocampal EEG, or activity and oscillation of MS/DB neu-
rons (n ¼ 3, data not shown).

3.2. Computational modeling of rhythm generation in the
septo-hippocampal system

The computational neural network model outlined in Sec-
tion 2 was used to explore the effects exerted by GABAA

allosteric modulators on the septo-hippocampal system. Peri-
odicity of firing, firing rate and firing pattern of single septal
neurons characterized by autocorrelation functions, together
with septal population activity and autocorrelation of the
population activity, provided reference points in our simula-
tions to establish the range of computational parameters that
resulted in patterns and activities corresponding to in vivo
observations. First, an extensive parameter-space search
was conducted by varying the connection probabilities
(pij

synji; j˛fA;Bg), gij
syn, Iapp and building several randomly con-

nected networks to determine the properties of the septal part
of the model alone. Our numerical results show that the septal
model consisting of subpopulations A and B as described in
Section 2 is capable of robust theta periodic population activ-
ity generation (Fig. 3A) in a wide parameter regime. Based on
the characteristic frequency and periodicity of single cell
firing, on the population activity (Fourier spectrum of the
population activity), anti-correlation of the population activity
of subpopulation A and B (determined by cross-correlation
functions) a parameter-space region was identified where
stable theta rhythm generation was achieved. According to our
numerical simulations this region is given by the following
parameter intervals: gij

syn˛½0:075; 0:3� nS; Iapp˛½20; 50� pA.
Investigations also show that synchronization properties
within the septal part of the computer model are mostly deter-
mined by the total innervation (gj

syn ¼
P

i˛fA;Bgpijgijni) of a sep-
tal cell, which was found to be in the gj

syn˛½0:12; 0:48� mS=cm2

interval for robust theta rhythm generation. Note that in accor-
dance with recent experimental findings (Borhegyi et al.,
2004) the preferred firing phase distribution of septal cells in
our numerical simulations is bimodal as shown in Fig. 3A.
Second, further simulations show that the basic properties of
septal temporal pattern generation remain unchanged when
the innervation of the septal two-subpopulation system by the
hippocampo-septally projecting interneurons is taken into
account (Fig. 3B).

The parameter regime identified above where stable, anti-
phase theta periodic rhythmic activity is observed in the
septo-hippocampal model is considered to be the equivalent
of the control situation of electrophysiological experiments.
As we describe in detail below, an increase in the maximal
synaptic conductance of every GABAA synapse and a decrease
in the background current of every modeled cell, simulating
the effect of the positive allosteric modulator zolpidem, in-
hibited theta activity. Inhibition of theta activity was reflected
by a decrease of periodicity, the disappearance of the charac-
teristic theta peak in the Fourier spectrum of the septal popu-
lation activity and a decrease in the septal single unit firing
rate, resembling our in vivo pharmacological observations.
Furthermore, a similar correlation was found between pharma-
cological and computational findings when the L-838417
compound was modeled by changing the phasic excitation
of hippocampo-septally projecting cells from periodic to ape-
riodic. In this case only the disappearance of the theta peak
and a decrease of periodicity was observed without a signifi-
cant drop in the firing rate.

3.3. Computational modeling of the effects of the positive
allosteric modulator zolpidem

In the control situation of our computational model describ-
ing the electrical activity of the rat septo-hippocampal system
during chloral hydrate anesthesia, a 4e6 Hz frequency, large
amplitude oscillation was the dominant hippocampal pattern,
while septal GABAergic cells fired in clusters of 3e9above
Hz spikes per cluster phase locked to the hippocampal field
theta activity. The calculated frequency of the large amplitude
population activity of the septal cells was also in the 4e6 above
Hz frequency range in the control situation (Fig. 3A, B).
Cells of the septal subpopulations A and B fired in antiphase,
subpopulation A (the one being innervated by hippocampo-
septal cells) at the trough, B at the peak of the hippocampal
theta. Autocorrelation functions of single cell events show
long-range temporal correlations (Fig. 4, solid line). Modeling
of the effects of the GABAA a1 subunit selective positive al-
losteric modulator zolpidem required taking two phenomena
into consideration. First, the direct effect of zolpidem is an
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increase of the maximal synaptic conductance, gij
syn, of all

GABAergic synapses from gij
syn ¼ 0:125 nS to gij

syn ¼ 0:25 nS
resulting only in a decrease of the frequency of spike clusters
of septal cells. Modeling of the increase of synaptic transmis-
sion at GABAA synapses among the septal GABAergic pace-
maker cells, however, was not enough to describe the complete
action of zolpidem. Indeed, to explain the decrease of the
firing rate together with the desynchronization of septal
GABAergic cells a decrease of excitation has to be taken
into account as an indirect effect of zolpidem. Thus, as a sec-
ond step, the background depolarizing current, Iapp, both at the
septal GABAergic neurons and at the hippocampo-septally
projecting horizontal interneurons were decreased from
Iapp ¼ 44 pA to Iapp ¼ 22 pA and from Iapp ¼ 3 pA to Iapp ¼
�8 pA, respectively. A decrease of Iapp at the hippocampal
horizontal cells means that cells of this cell type also decrease
their firing rate. Simultaneous modification of both gij

syn and
Iapp resulted in a septal firing pattern comparable to our elec-
trophysiological results (Figs. 3C and 4, dotted line).

3.4. Computational modeling of the effects of the positive
allosteric modulator L-838417

The L-838417 compound was identified as a GABAA a2
subunit selective positive allosteric modulator and given that
no a2 immunoreactivity was found in the medial septum, we
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(B) Modeling the effect of zolpidem removes the theta peak from the power

spectrum, while L-838417 decreases it significantly.
hypothesize that the effect of the L-838417 on the medial sep-
tal GABAergic cells emerges from the hippocampus via the
hippo-campo-septally projecting interneurons. Thus, in our
computer simulations of the administration of L-838417 the
septal part of the network model was not altered at all. Instead,
the phasic input of the hippocampo-septal cells, Ifield, which is
a periodic signal in control situations representing recurrent
innervation of horizontal interneurons by local pyramidal cells
is modified. In cases when application of L-838417 is simu-
lated, Ifield takes the form of an aperiodic signal, which makes
the firing of horizontal interneurons aperiodic. Depending on
the synaptic strength between horizontal neurons and septal
cells, gHS, aperiodic hippocampal innervation can make the
septal activity aperiodic as reflected by the population activity,
the firing pattern of the single cells (Fig. 3D), and the autocor-
relation function of septal cell firing (Fig. 4, gray line). Specif-
ically, we found that when the ratio of gi

HS and gj
syn is greater

than or equal to approximately 0.4, septal cell firing becomes
aperiodic. Comparing the results of the simulations with the
experimental findings, we see that the effects of the two drugs
in the model and on the experiments are similar: while zolpi-
dem significantly decreases hippocampal theta power, medial
septal theta power (Fig. 4) and septal firing periodicity to-
gether with the firing rate of septal GABAergic neurons, the
L-838417 compound expresses its effect only on the hippo-
campal and septal theta power (Fig. 4) without significantly
modifying the firing rate of septal cells (compare Figs. 1 and
3F). Our modeling results suggest that besides modulating
the GABAA synapses among the septal GABAergic cells, zol-
pidem also had an effect on GABAA synapses among other
cells. This indirect effect also had a critical influence on the
septal theta generation. Furthermore, we showed that the effect
of the L-838417 compound on the septal theta generation can
be explained through the hippocampo-septal projection alone
only if the application of the drug turns the firing profile of
the hippocampo-septal cells from periodic to aperiodic.

4. Discussion

The present findings demonstrate that preferential modula-
tion of a1 subunit-containing GABAA receptors by zolpidem
as well as preferential modulation of a2, a3 and a5 subunit-
containing GABAA receptors by L-838417 inhibit theta oscilla-
tion of the septo-hippocampal circuitry in anesthetized rats with
a similar potency. Although both zolpidem and L-838417 abol-
ished theta-related oscillatory activity of MS/DB neurons, only
zolpidem, but not L-838417 inhibited their firing rate. Our com-
putational model, utilizing a conductance-based description of
neurons and an interconnected septal inhibitory neural network,
revealed similar responses when drug actions were represented
by modification of maximal synaptic conductances of respective
GABAA synapses, supporting our pharmacological observation
on differential modulation of MS/DB neurons by subunit selec-
tive GABAA modulators.

Recent studies on genetic deletion of a discrete subunit of
GABAA receptors have not only revealed their potential phys-
iological role in CNS functions, but also provided novel
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opportunities to analyze the involvement of different GABAA

receptors in the diverse pharmacological effects of GABAA re-
ceptor allosteric modulators. Moreover, in order to overcome
compensatory developmental changes in knockout mice,
GABAA subtype selective receptor point-mutated knockin
mice have also been generated (Rudolph and Mohler, 2004).
Thus, studies on genetically modified mice with the a1
subunit-containing GABAA receptors knocked out, or in
a1(H101R) knockin mice, have revealed that the sedative
effects of benzodiazepines are mediated via a1 GABAA recep-
tors (Rudolph et al., 2001). Interestingly, the diazepam-
induced anterograde amnesia was also absent in these a1
receptor mutant mice (Rudolph et al., 2001). In contrast, the
anxiolytic effects of benzodiazepine compounds were abol-
ished in a2(H10R) knockin mice (Low et al., 2000). Based
on observations in these genetically altered mice, as well as
the anatomical distribution and function of GABAA receptors,
it has been proposed that anxiolytic action of benzodiazepines
is predominantly mediated by a2 and/or a3 subunit-containing
GABAA receptors (Atack et al., 2005). Thus, a considerable
effort has been made to synthesize a2 subunit selective
GABAA receptor PAMs (Atack, 2005), highlighted by the dis-
covery of L-838417, a preferential a2, a3 and a5 GABAA re-
ceptor PAM (McKernan et al., 2000). L-838417, which shows
selective efficacy for these receptors has anxiolytic activity in
various preclinical animal models without inducing sedation
(Atack, 2005).

It has been shown that anxiolytic GABAA receptor PAMs
inhibit spontaneous theta oscillation, shift frequency of theta
oscillation to lower frequencies, reduce theta frequency and
responsiveness to brainstem or medial septum stimulation
(McNaughton and Gray, 2000; Kopp et al., 2004; Hajós et al.,
2004). In line with these observations, our current findings
show that the septo-hippocampal theta oscillation is effectively
disrupted by either zolpidem or L-838417 in chloral hydrate
anesthetized rats, similar to the non-selective GABAA PAM di-
azepam (Hajós et al., 2004). In fact, the two compounds differ
only in their effects on the firing rate of MS/DB neurons. While
L-838417 did not inhibit the firing rate of MS/DB neurons, zol-
pidem reduced the firing rate of these neurons by approximately
90%. These findings most likely reflect differences in distribu-
tion of a1 and a2/3/5 GABAA receptors. Thus, it has been
shown that a1 GABAA receptors are expressed by both hippo-
campal and MS/DB GABAergic neurons (Gao and Fritschy,
1994; Gao et al., 1995); consequently their activation would
lead to reduction in firing rate activity, as observed after appli-
cation of zolpidem. However, MS/DB GABAergic neurons do
not express a2 GABAA receptors (Gao et al., 1995), and in
our recordings these presumed GABAergic neurons were not
significantly inhibited by L-838417. Furthermore, L-838417-
or zolpidem-induced changes in septo-hippocampal activity
were sensitive to the GABAA receptor benzodiazepine binding
site antagonist flumazenil, indicating selective involvement of
GABAA receptors in the observed pharmacological effects.

The present computational modeling provided further
theoretical support to our hypothesis on the mode of action
of GABAA receptor positive allosteric modulators. Our
computational model of the septo-hippocampal system, based
on a detailed description of the septal inhibitory network and
an abstract model of the hippocampal CA1 area, showed sim-
ilar responses to those measured in our electrophysiological
experiments. The computational model incorporated a novel
process for generating a synchronized theta rhythm in the sep-
tum, as well as relevant and appropriate neuronal attributes for
modeling the effects of GABAA receptor PAMs on the septo-
hippocampal activity. Since in vivo recordings of identified
septal GABAergic neurons demonstrate cluster-firing behavior
(Brazhnik and Fox, 1997; Borhegyi et al., 2004), these neurons
were represented in our mathematical model as cluster-firing
type units (Wang, 2002). The modeled septal GABAergic neu-
rons were interconnected into two subpopulations in order to
generate emergent population activities similar to those ob-
served in a recent in vivo electrophysiological experiment
(Borhegyi et al., 2004). Typically, this model system generated
robust synchronized activity where clusters of spikes emitted
by septal units were synchronized after a very short initial
transient. Units of one of the two subpopulations fired at the
peak, others at the trough of the simulated hippocampal field
theta. In the present computational approach hippocampal
rhythm generation was not explicitly modeled; detailed mod-
eling of the hippocampal theta was considered in an earlier
work (Hajós et al., 2004). However, particular emphasis was
put on the hippocampo-septal projection, which derives from
GABAergic interneurons of the hippocampus CA1 and CA3
regions, and terminates predominantly on GABAergic septal
neurons (Tóth et al., 1993). In our mathematical model this
hippocampo-septal projecting neuronal population was taken
into account in order to model the interactions between the
hippocampus and septum. This mathematical scheme enabled
us to numerically study how different modes (periodic and
aperiodic) of the hippocampal innervation modify the autono-
mous septal pacemaker function, serving as a primary tool to
understand subunit specific drug action.

Utilizing our computational model, mathematical representa-
tion of the effects of zolpidem on septal neuronal activity was de-
scribed by direct and indirect effects. Although strengthening of
all GABAA synapses in the model via increasing maximal synap-
tic conductance by a pharmacologically relevant extent (direct ef-
fect) impacted the oscillatory behavior of septal units, it failed to
reproduce the experimentally observed decrease in their firing
rate. This fact warranted decreasing the tonic depolarizing input
impinging septal units (indirect effect), to simulate our in vivo
electrophysiological observations. These findings might indicate
that zolpidem alters the activity of various neuron populations
projecting to the MS/DB, which could contribute to the dramatic
decrease in their firing rate. On the other hand, this could reflect
the fact that benzodiazepines increase the conductance of extrasy-
naptic GABAA channels (Eghball et al., 1997) activated by low
concentration of extracellular GABA. In contrast, the effects of
the L-838417 were modeled only by changing the activity of
the hippocampo-septal projecting inhibitory neurons from peri-
odic to aperiodic fashion, but parameters of septal units (e.g.
representing direct modulation of GABAA receptors) and the
intra-septal circuitry were unchanged. It was presumed that this
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modification alone could only account for the observed change in
the septal behavior if (1) during hippocampal theta the firing
pattern of the hippocampo-septal cells is theta periodic; (2) the
a2 agonist L-838417 changes the firing pattern of these cells
from periodic to aperiodic; (3) the hippocampo-septal coupling
is strong enough to modulate the firing activity of MS/DB neu-
rons. Our experimental findings demonstrated that L-838417 dis-
rupted theta activity in the hippocampus with similar efficacy to
zolpidem. This is not unexpected, however, given the fact that
a2 GABAA receptors are expressed at the initial segments of py-
ramidal neurons, a functionally excellent position to regulate
generation and propagation of action potentials (Howard et al.,
2005). The hippocampo-septal neurons receive local axon
collaterals from pyramidal neurons (Blasco-Ibanez and Freund,
1995), enabling them to effectively transfer the pyramidal cell
synchrony to the septum (Freund and Buzsáki, 1996). On the
other hand, Dragoi et al. (1999) found that hippocampal
GABAergic inhibition of MSDB neurons could be strong enough
to suppress MSDB neurons firing, e.g. during hippocampal sharp
waves or theta oscillation. Thus, the combination of our experi-
mental and computational findings indicate that changes in
hippocampal oscillatory activity can shift oscillatory activity of
MS/DB neurons to the same direction without impacting signifi-
cantly on their firing rate (Nerad and McNaughton, 2006).

The present results demonstrating inhibition of theta oscil-
lation by both zolpidem and L-838417 in a similar fashion to
the non-selective GABAA PAM diazepam (Hajós et al., 2004)
provide further support for the hypothesis that anxiolytic
drugs effectively interact with the oscillatory activity of the
septo-hippocampal system (McNaughton and Gray, 2000). In
a recent study, recordings of hippocampal EEG from non-
anesthetized rats showed similar significant reductions in theta
activity after administration of diazepam and zolpidem (van
Lier et al., 2004). Although studies using genetically altered
mice suggest that a2 and/or a3 GABAA receptors mediate
anxiolysis of benzodiazepines, anxiolytic effects of zolpidem
have also been established in certain anxiety models (Nazar
et al., 1997; Rowlett et al., 2001). Interestingly, a recent pub-
lication disclosed an azaisostere analogue of zolpidem, show-
ing exceptional selectivity towards a1 GABAA receptors, with
very potent anxiolytic action (Selleri et al., 2005). In summary,
our electrophysiological findings, together with the theoretical
support of computational modeling, suggest that responses of
the septo-hippocampal system can discriminate between a1
and a2/3/5 preferential GABAA PAMs. Our current results fur-
ther support a connection between septo-hippocampal theta
oscillation and anxiety. However, additional studies are war-
ranted to reveal the functional relevance of the dissimilar firing
rate activities of MS/DB neurons in response to GABAA re-
ceptor PAMs having distinct a subunit preferential activity.
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Appendix A

A.1. Septal GABAergic cell model

The version of the Wang (2002) model neuron used in the
simulations consists of a single compartment where the mem-
brane potential is described by the following current balance
equation (the membrane noise term, originally introduced by
Wang was omitted)

Cm

dV

dt
¼�INa� IK� IKS � IL� Isynþ Iapp ðA1Þ

The membrane currents are given by

INa ¼ gNam
3
NhðV �ENaÞ ðA2aÞ

IK ¼ gKn4ðV �EKÞ ðA2bÞ

IKS ¼ gKSpqðV �EKÞ ðA2cÞ

IL ¼ gLðV �ELÞ ðA2dÞ

A gating variable x (x˛fh; n; p; qg) satisfied first order kinetics

dx

dt
¼ 4x½axðVÞð1� xÞ � bxðVÞx�h

ðxNðVÞ � xÞ
txðVÞ

ðA3Þ

The rate constants are:

am ¼
�0:1ðV þ 33Þ

exp½�0:1ðV þ 33Þ� � 1
ðA4aÞ

bm ¼ 4exp

�
�V þ 58

18

�
ðA4bÞ

ah ¼ 0:07exp

�
�V þ 51

10

�
ðA4cÞ

bh ¼
1

exp½�0:1ðV þ 21Þ� þ 1
ðA4dÞ

an ¼
�0:01ðV þ 38Þ

exp½�0:1ðV þ 38Þ� � 1
ðA4eÞ

bn ¼ 0:125exp

�
�V þ 48

80

�
ðA4fÞ

pN ¼
1

exp

�
�V þ 34

6:5

�
þ 1

ðA4gÞ
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tp ¼ 6 ms ðA4hÞ

qN ¼
1

exp

�
V þ 65

6:6

�
þ 1

ðA4iÞ

tq ¼ 100

(
1þ 1

exp

�
�V þ 50

6:8

�
þ 1

)
ðA4jÞ

The kinetic variable m was approximated by its asymptotic
value mNðVðtÞÞ ¼ am=ðam þ bmÞ instantaneously.

Parameter values were set according to Wang (2002): Cm ¼
1 mF=cm2, gL ¼ 0:1 mS=cm2, gNa ¼ 50 mS=cm2, gK ¼
8 mS=cm2, gKS ¼ 12 mS=cm2, EL ¼ �50 mV, ENa ¼
þ55 mV, EK ¼ �85 mV, the temperature factors 4h ¼ 4n ¼ 5.

A.2. Hippocampo-septal cell model

The horizontal cell model used to convey the hippocampal
effect to the septal network is a single compartmental model.
Evolution of the membrane potential is governed by the fol-
lowing current balance equation:

Cm

dV

dt
¼�INa � IK � IH � ICa� IKCa � IL� Isynþ Iapp þ Ifield

ðA5Þ

The membrane currents in this model are given by

INa ¼ gNam
3
NhðV �ENaÞ ðA6aÞ

IK ¼ gKn4ðV �EKÞ ðA6bÞ

IH ¼ gHHðV �EHÞ ðA6cÞ

ICa ¼ gCac
2
NðV �ECaÞ ðA6dÞ

IKCa ¼ gKCa½Ca2þ�=
��

Ca2þ� þKD

�
ðV �EKÞ ðA6eÞ

IL ¼ gLðV �ELÞ ðA6fÞ

The intracellular calcium concentration is described by

d½Ca
2þ�

dt
¼�aICa2þ � ½Ca2þ�

tCa2þ
ðA7Þ

The rate constants are:

am ¼
�0:1ðV þ 35Þ

exp½�0:1ðV þ 35Þ� � 1
ðA8aÞ

bm ¼ 4exp

�
�V þ 60

18

�
ðA8bÞ
ah ¼ 0:07exp

�
�V þ 58

20

�
ðA8cÞ

bh ¼
1

exp½�0:1ðV þ 28Þ� þ 1
ðA8dÞ

an ¼
�0:01ðV þ 34Þ

exp½�0:1ðV þ 34Þ� � 1
ðA8eÞ

bn ¼ 0:125exp

�
�V þ 44

80

�
ðA8fÞ

HNðVÞ ¼
1

exp
V þ 80

10
þ 1

ðA8gÞ

tHðVÞ ¼
200

exp
V þ 70

20
þ exp

�
�V þ 70

20

�
þ 5

ðA8hÞ

The kinetic variable c was substituted by its steady state value

cNðVÞ ¼
1

exp
V þ 20

9
þ 1

ðA8iÞ

The parameter values of this model according to Wang (2002)
are: 4n ¼ 4h ¼ 5 for the temperature factors, KD ¼ 30 mM,
a ¼ 0.002, tCa ¼ 80 ms, and for the maximal conductances
gL ¼ 0.1 mS/cm2, gNa ¼ 35 mS/cm2, gK ¼ 9 mS/cm2, gH ¼
0.15 mS/cm2, gCa ¼ 1 mS/cm2 and gKCa ¼ 10 mS/cm2. Rever-
sal potentials were set to EL ¼ �65 mV, ENa ¼ þ55 mV,
EK ¼ �90 mV and ECa ¼ þ120 mV. The membrane capaci-
tance was Cm ¼ 1 mF/cm2.
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