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Abstract. Computational modeling by integrating compartmental neural tech-
nique and detailed kinetic description of pharmacological modulation of trans-
mitter - receptor interaction is offered as a method to test the electrophysiological
and behavioral effects of putative drugs. Even more, an inverse method is sug-
gested as a method for controlling a neural system to realize a prescribed tem-
poral pattern. Generation and pharamcological modulation of theta rhytm related
to anxiety is analyzed. Integrative modeling might help to find positive allosteric
modulators of GABAA a1 subunits as potential candidates for being selective
anxyolitics.

Systems Biology is an emergent movement to combine system level description
with microscopic details. It might be interpreted as the renaissance of cybernetics [3|]
and of system theory [4], materialized in the works of Robert Rosen [5]]. (For an ex-
cellent review on applying the system theoretical tradition to the new systems biology
see [6]]).

To have a system-level understanding of biological systems [1i2] we should get
information from five key features:

function,
architecture,
dynamics,
control,
design.
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Function. From proteins via genes, cells and cellular networks to the function of our
body and mind.

Architecture. From network of gene interactions via cellular networks to the modular
architecture of the brain.

Dynamics. Dynamical system theory offers a conceptual and mathematical frame-
work to describe spatiotemporal patterns of concentrations of biochemical com-
ponents, cellular activity, global dynamical activities (such as measured by elec-
troencephalogram, EEG). Bifurcation analysis and sensitivity analysis reveal the
qualitative and quantitative changes in the behavior of the system.

Control. There are internal control mechanisms which maintain the function of the
system, while external control (such as chemical, electrical or mechanical pertur-
bation) of an impaired system may help to recover its function.

Design. There are strategies to modify the system architecture and dynamics to get
a desired behavior at functional level. A desired function may be related to some
"optimal temporal pattern”.

While Systems Biology is now generally understood in a somewhat restricted way
for proteins and genes, its conceptual and mathematical framework could be extended
to neuroscience, as well. Trivially, there is a direct interaction between molecular and
mental levels: chemical drugs influence mood and state of consciousness. "Almost all
computational models of the mind and brain ignore details about neurotransmitters,
hormones, and other molecules." [[7].

In this paper we show how to realize the program of Systems Biology in the context
of a new, dynamic neuropharmacology. Also, we offer a methodology to integrate con-
ventional neural models with detailed description of neurochemical synaptic transmis-
sion in order to develop a new strategy for drug discovery. The procedure is illustrated
on the problem of finding selective anxiolytics.

First, we briefly review the functional aspects of our system to be investigated,
namely the neuropsychology of anxiety. The septohippocampal system is known to be
involved in anxiety. Second, the architecture of the real and the model skeleton network
of the septohippocampal system are discussed. Third, since there seems to be a positive
correlation between the theta rhythm (i.e. the dynamics of the system), and the level of
anxiety, the mechanism of theta rhythm generation is reviewed. Fourth, we review the
available data on GABA 4 receptor kinetics to be integrated to the septohippocampal
network.

Finally, we conceptually formulate the inverse problem to have a method for design.
Having sufficient data for building a detailed kinetic model, we should be able to give
advice to drug designers pointing out which subprocess should be modulated to obtain a
desired behavior. The specific goal we are focusing on now is to design anxiolytic drugs
acting on the az subunit of GABA A receptors without effecting «v; subunits related to
sedative and hypnotic effects.

1 Function: Anxiety vs Mood Regulation

"Anxiety is a complex combination of the feeling of fear, apprehension and worry often
accompanied by physical sensations such as palpitations, chest pain and/or shortness of
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breath. It may exist as a primary brain disorder or may be associated with other medical
problems including other psychiatric disorders.

A chronically recurring case of anxiety that has a serious affect on your life may
be clinically diagnosed as an anxiety disorder. The most common are Generalized anx-
iety disorder, Panic disorder, Social anxiety disorder, phobias, Obsessive-compulsive
disorder, and posttraumatic stress disorder..." [[11]

While the historically used mood regulators acting on the barbiturate or benzodi-
azepine sites of GABA receptors, these drugs have both anxiolytic and hypnotic ac-
tivity. They enhance the action of GABA via an action at separate binding sites of the
GABA 4 receptor.

(Both barbiturates and benzodiazepines shift the GABA concentration-response
curve to the left, but barbiturates also increase the maximum response. They act on
different states, consequently they have different kinetic effects: average open time of
the channel, but not the channel opening frequency is increased significantly by barbi-
turates. As opposed to benzodiazepines, barbiturate receptors do not contain -y subunits
(see later). One more difference is that at high concentration GABA receptor channels
can directly be opened by barbiturates. For a summary see [45]]. Anxiolytic activity was
not a particular disadvantage when these drugs were used as hypnotics, hypnosis was
a definite disadvantage when they were used as anxiolytics. Recent discoveries made
possible the separation between hypnotic and anxyolitic activity and selective hypnotic
agents (e.g. zolpidem) are already on the market. Selective anxiolytics are on the pre-
clinical and/or in clinical trial stage.

2 Architecture: The Septohippocampal Skeleton Network

It was demonstrated (see e.g. the seminal book of Gray and McNaughton [12] that the
septohippocampal system is strongly involved in anxiety and related disorders.

In a joint pharmacological and computational work [[13]14]] effects of the injection
of the positive and negative GABA 4 allosteric modulators diazepam and FG-7142, re-
spectively, were studied. To investigate the dynamical and functional effects of different
pharmacological agents by computational tools a skeleton model of the septohippocam-
pal system was established.

The skeleton network model (Fig.[I) of the hippocampal CA1 region and the septal
GABAergic cells consisted of five cell populations. The hippocampal CA1 pyramidal
cells model was a multicompartmental model modified from [17] and supplemented
with hyperpolatization activated current I, based on [18]. Besides I, the cell model con-
tained sodium (Ix,), delayed rectifier potassium (Ix), A-type potassium (Ik(a)), mus-
carinic potassium (/xavy), C-type potassium (Ix(c)), low threshold calcium (Ic,) and
calcium concentration dependent potassium (/xanp)) currents. Active and leakage cur-
rents were described using the Hodgkin — Huxley formalism. For online supplementary
materials, see: http://geza.kzoo.edu/theta/theta.html.

In the hippocampal CA1 region basket neurons and two types of horizontal neurons
were taken into account. Basket neurons formed the fast spiking neuron population of
the pyramidal layer, containing I, and Ik currents. These model neurons were previ-
ously used in [20i21] to account for the population of fast, regularly spiking neurons.
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Fig. 1. Left: Computer model of the hippocampal CA1 circuitry. Neuron populations hypothe-
sised to be responsible for the generation of theta oscillation are shown (pyr — pyramidal cells;
i(O-LM) — horizontal cells projecting to the distal dentrites of pyramidal cells in the lacuno-
sum moleculare layer; i(b) — basket interneurons; i(S) — septally projecting hippocampal hori-
zontal interneurons; MS-GABA — septal GABAergic cells, triangles denote excitatory, dots in-
hibitory synapses). Connections originating and ending at the same population denote recurrent
innervation.

The two types of horizontal neurons represented those interneuron populations
whose somata resided at the oriens/alveus border [19]. These neurons were described
by the same set of equations as their observed physiological properties are similar and
contained sodium, potassium, a high-threshold calcium and hyperpolarization-activated
currents [29]. The basket and O-LM neurons were able to generate repetitive action
potentials autonomously, and O-LM neurons showed adaptation and low-frequency au-
tonomous firing in the theta band.

Medial septal GABAergic neurons were previously described using single com-
partment models by Wang [[19]. This cell type evokes action potentials repeatedly in
clusters. Between any two clusters the cell exhibits subthreshold oscillation but no ac-
tion potentials due to a slowly inactivating potassium current, which was added to this
model neuron besides the Hodgkin— Huxley type sodium and potassium currents.

Connections within and among cell populations were created faithfully following
the hippocampal structure. The main excitatory input to horizontal neurons is pro-
vided by the pyramidal cells via AMPA (alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) mediated synapses [22]]. Synapses of the septally projecting
horizontal cells [25] and synapses of the O-LM cell population innervating distal apical
dendrites of pyramidal cells [23] are of the GABA A type. O-LM neurons also inner-
vate parvalbumin containing basket neurons [24]]. Basket neurons innervate pyramidal
cells at their somatic region and other basket neurons as well. Septal GABAer-
gic cells innervate other septal GABAergic cells and hippocampal interneurons
(Figure[T).
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3 Dynamics: Generation of Theta Rhytms

Theta frequency oscillation of the septohippocampal system has been considered as a
prominent activity associated with cognitive function and affective processes. It is well
documented that anxiolytics and hypnotics reduce amplitude of septohippocampal os-
cillatory theta activity, which contributes to their therapeutic effect but causes unwanted
side effects, e.g. cognitive impairment as well [[16/15].

This detailed, realistic model was used to examine the generation and control of
theta oscillation in the hippocampal CA1 region. As shown on Figure 2] (A), firing of
neurons of the four populations were not evenly distributed in time, but time intervals
in which firing was significantly reduced were alternated by intervals where enhanced
firing was observed. This synchronized state of neural firing was further confirmed by
the field potential, which exhibited a prominent ~5 Hz oscillation as reflected in the
power spectrum (Figure 21 (B)).

Simulation results showed that key components in the regulation of the popula-
tion theta frequency are membrane potential oscillation frequency of pyramidal cells,
strength of pyramidal cell-O-LM cell innervation and strength of recurrent basket cell
connections. Membrane potential oscillation of pyramidal cells is determined by their
averages, passive membrane parameters and parameters of the active currents. Aver-
age depolarization in our model results from septal cholinerg innervation. An important
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Fig. 2. Appearance of theta frequency population activity in the firing of cells and the Fourier

spectrum of the field potential. A, firing histograms were calculated by binning firings of all
cells of one of the four populations (pyr — pyramidal cells, i(b) — basket cells, i(O-LM) — oriens-
lacunosum moleculare interneurons, MS-GABA — septal GABAergic cells) into discrete bins.
Resulting graph shows the total activity of the respective population. B, power spectrum of the
field potential. Theta frequency population activity is reflected by temporal modulation of firings
in (A) and the 5 Hz peak in the power spectrum (B).
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factor is the presence and maximal conductance of the hyperpolarization activated cur-
rent. If I}, is present it shortens response times of pyramidal cells to hyperpolarizing
current pulses and more importantly decreases its variance: I, acts as a frequency stabi-
lizer. Synaptic strengths in our description are set by convergence numbers and maximal
synaptic conductances.

An explanation of intrahippocampal theta oscillation generation—based on this
model—includes 7, signal propagation in the pyramidal cell — O-LM cell — basket cell
— pyramidal cell feed-back loop, ii, synchronization of neural activity via the recurrent,
inhibitory GABA 4 connections within the basket cell network and iii, synchronization
of pyramidal cell firing due to rebound action potential generation. It is that the propa-
gation of a single signal throughout this trisynaptic loop would not require the amount
of time characteristic to the theta oscillation (~=0.2-0.25 sec), thus in the present case
the population oscillation is created not by the propagation of single signals but rather
the propagation of a “synchronized state” in the network. The observed periodic pop-
ulation activity is brought about by alternating synchronization and desynchronization
of cell activities due to the interplay of the above mentioned synchronizing forces and
some desynchronizing forces (such as heterogeneity of cell parameters and diversity of
synaptic connections), as observed in previous works [21130].

4 Control: Integrating GABA Receptor Kinetics to the Receptor
Model

4.1 Pharmacological Elements

Receptor Structure. GABA 4 receptors are pentameric structures consisting of multi-
ple subunits. At this moment [31] nineteen subunits have been cloned from mammalian
brain. According to their sequence similarities, they have been grouped into seven fami-
lies: «, 3,7, 9, €, ™ and . Only a few dozen among the many combinatorial possibilities
exist. The most frequent subtyes two «, two (3 and one ~y subunits. The structural varia-
tions imply functional consequnces [31]], among others for the kinetic properties.

Drug-Receptor Interaction. A drug/substance may have affinity for the receptor: it
may have the capacity to maintain contact with or bound to receptor. Potency is the
the absolute number of molecules of drug required to elicit response. Efficacy is the
maximum effect obtainable. Therapeutic index: LD5S0/EDS50; the larger it is the safer
the drug is.

All the substances binding to any part of the GABA A receptor, except GABA, will
be called modulators below.

Agonists: Chemicals to open or to facilitate opening the C1~ channels thereby enhanc-
ing or creating the inhibitory actions. These are also termed as positive allosteric
modulators.

— Endogeneous agonist: the GABA itself.

— Full agonists: of the benzodiazepine family with sedative effects: e.g.
diazepam, zolpidem.

— Fartial agonists: e.g. bretazenil.
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Inverse Agonists: Chemicals to close or to inhibit opening the C1~ channels (e.g. )
thereby decreasing the inhibitory actions. These are also termed as negative al-
losteric modulators.

— Full inverse agonist of the benzodiazepine type with anxiogenic effect: e.g.
FG-7142.
— Partial inverse agonists: e.g.

Antagonists: Compounds which bind but have no effect on GABA inhibition. They

have affinity, but no efficacy, e.g. bicuculline.

1. Desenzitization
— prolonged/continuous use of agonist,
— inhibition of degradation or uptake of agonist,
— cell may attempt to bring its response back to normal by decreasing the number
of receptors or binding affinity of receptors.
2. Senzitization
— prolonged/continuous use of receptor blocker,
— inhibition of transmitter synthesis or release,
— cell may attempt to bring its response back to normal by increasing the number
of receptors or binding affinity of receptors.

4.2 The Conventional Tool of Computational Neuroscience

One way to describe synaptic transmission is to use a gating variable similar to the well
known Hodgkin—Huxley formalism:

Isyn = gsynS(V - Esyn) (13)
d
d_: = aF (Vo) (1= 5) — Bs (1b)
1
F (Vire) = (1c)

14 exp (Le ;(st“>

with I, being the synaptic current, gy, the maximal synaptic conductance, s the
gating variable of the synaptic channel, Ey, the synaptic reversal potential, F'(-) is an
activation function, o and (3 rate functions describing opening and closing of the gate
of the synaptic channel, Oy, is a threshold.

Figure[3l illustrates the general form of effects of GABA o receptor modulators.

4.3 An Intermediate Level Strategy: The Pharmacokinetic - Pharmacodynamic
Approach

A theoretical framework with intermediate complexity based on pharmacokinetics -
pharmacodynamics (PK/PD) was suggested to model the effects of GABA modulators
on EEG in a series of papers [32/33]]. Pharmacokinetics generally is supposed to de-
scribe drug disposition and biophase equilibration, diffusion included. In the applied
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Fig. 3. Modelling the effects of allosteric GABA, receptor modulators. In a simple description
of synaptic transfer the strength of synapses was modulated via the geyn parameter in eq. (Ia)
in a dose dependent manner. /nset: modelled inhibitory postsynaptic potentials before (smaller
amplitude) and after (larger amplitude) administration of positive GABA, allosteric modulator.

framework pharmacodynamics might consist of two stages: one for drug-receptor in-
teraction, and another one for the signal transduction processes or stimulus-response
relationship. The stimulus - response function is empirically determined, and intention-
ally neglects the architecture of the system under investigation. While this approach
proved to be an efficient method, we believe that the architecture of the neural circuits
should be taken into account explicitly to get a better understanding of the underlying
neural mechanisms.

4.4 Kinetic Modeling of o1 and an cco Modulators: A Plan

From Pharmacodynamics to Detailed Kinetic Scheme. A more effective, but cer-
tainly most expensive, modelling tool to evaluate the pharmacological effects of the dif-
ferent modulators, or even to give help for offering new putative molecules for drug dis-
covery, is the inclusion of more detailed kinetic studies of GABA receptor
modulation.

Suppose the dose response curve of GABA 4 is given and we also have the dose
response curve of a modulator or a drug-modulator pair. Then, one can draw a few
qualitative consequences.

It is important to fix, if the effect is measured as a function of drug concentration
which is usually a hyperbola (naturally, without any inflexion point), or, as a function
of the logarithm of the concentration in which case again a saturation curve is obtained
but with an inflexion point at ED5.

The effect of different modulators is as follows. If the effect is that the saturation
point (the limit of the dose response curve atinfinite modulator concentration) is smaller
then without the modulator, then the modulator is a partial agonist. If the modulator has
no effect (although it binds to the same binding site or to a site which hinders the
endogenous agonist to act), i.e. the dose effect curve is constant zero, then we have
an antagonist. If the effect of the modulator is a monotonously decreasing curve then
we have an inverse agonist. One may also have a dose response curve shifted to the
right (left); the modified system (modulator, or modulator + endogeneous agonist) has
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a smaller (larger) potency, i.e. a larger (smaller) number of drug molecules are required
to elicit the same response. If the modified system’s curve goes parallel with the original
but below it (i.e. not only its limit is smaller), then the efficacy is decreased.

Kinetic Schemes. Jones and Westbrook [8] established a model for describing the
rapid desensitization of the GABA 4 receptors. More specific kinetic models should be
studied to describe the effects of the different (full and partial) agonists and antagonists.
Baker et al. [34] explained the functional difference between the effects of protophol
(which has hypnotic effect) and of midazolam (a sedative - amnestic drug) based on a
detailed kinetic model.

LDy
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Fig. 4. Basic scheme of GABA 4 receptor kinetics. C, L1 C, LoC denote closed states with zero,
one and two bound ligands respectively. L2O is the open state, while L2 Dy, LoD, are the de-
senzitized states. Modulators may effect different steps of these complex chemical reaction.

The main difference is that protophol modifies the desenziation processes, more
dramatically the slow desenzitation steps and the modified kinetic parameters. These
differences imply distinct behavior of the network (synchronization, frequency of os-
cillation) and therefore also in function.

4.5 Models of Anxioselective Actions: Search for Data

Recently it became clear that « subunits exhibit a remarkable functional specificity.
Genetic manipulations helped to show that o; subunits are responsible for mediating
sedative effects, while ao subunits mediates anxiolytic effects [[10]. Preliminary exper-
imental data and modelling studies for the the effects of the preferential GABAA oy
and v positive allosteric modulator, zolpidem and L838, 417 for the septohippocampal
theta activity have been reported [9].

In this study we examined the effects of the oy and a9 subtype-selective benzodi-
azepine site ligand zolpidem and L838,417 on the septohippocampal system. In elec-
trophysiological experiments extracellular single unit recordings were performed from
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medial septum/diagonal band of Broca with simultaneous hippocampal (CAl) elec-
troencephalogram (EEG) recordings from anesthetized rats. Both of the drugs elimi-
nated the hippocampal theta oscillation, and turned the firing pattern of medial septal
cells from periodic to aperiodic, but only the zolpidem reduced the firing rate of the
these neurons. In parallel to these experimental observations, a computational model
has been constructed to clearly understand the effect of these drugs on the medial sep-
tal pacemaker cells. We showed that the aperiodic firing of hippocampo-septal neurons
can reduce the periodicity of the medial-septal cells, as we have seen in the case of
the L838,417. The reduction of firing rates in the case of zolpidem is attributed to the
increase of the synaptic conductances and the constant inhibition of these cells. We
modelled these drug effects by modifying (i) the synaptic maximal conductances of the
GABA synapses. (ii) the constant excitatory drive of the median septal cells and (iii) the
hippocampal input. The incorporation of a more detailed synaptic model is in progress.

Zolpidem increases by concentration-dependent manner the duration and amplitude
of the postsynaptic current, most likely by enhancing the affinity of the receptors for
GABA [35]]. It significantly increased the amplitude and frequency of the postsynap-
tic current, but these effects were diminished or absent in neurons from «; knock-out
mice [36].

There seem to be compounds, which might have comparable binding affinity but
different efficacies at the various subtypes, thereby preferentially exerting its effects at
subtypes thought to be associated with anxiety. L838,417 seems to be an an example
for efficacy selective compounds [37]], but kinetic or even pharmacodynamic data could
not be found (at least not very easily) in the public domain.

4.6 Modulation of Synaptic and Extra-Synaptic GABA 5 Receptors

There are different mechanisms for postsynaptic modulation. It might be a long-term
change in the number of receptors, a change in the affinity of a ligand, or a change on
ionic conductances [38]. Recently it was emphasized that in addition to the conven-
tional ("phasic") synaptic transmission the extrasynaptic "tonic" GABAergic cell-cell
communication also has a significant functional role [39/40/31]. GABA can activate
receptors on presynaptic terminals or at neighboring synapses (’spillover’). The phasic
and tonic inhibitions are spatially and temporally discrete, and continuous, respectively.
(For a review on non-synaptic communication see [46].) The two distinct mechanisms
of the GABA 4 -receptor mediated inhibition implies different functional roles. Also,
most likely different receptor subtypes mediate the two types of inhibition, and might
be modulated by different kinetic schemes. Future works will show the similarities and
differences among the different kinetic schemes behind the modulatory mechanisms of
the phasic and tonic inhibition.

4.7 Direct Problem: To Simulate Modulatory Effects

Kinetic modeling of synaptic transmission has a flexibility in the level of detailed de-
scription from chemical kinetic to simplified representation [41]]. The development of
new pharmacological, electrophysiological and computational techniques make possi-
ble to investigate the modulatory effects of putative drugs for synaptic currents, and
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consequently for local field potentials and even behavioral states. Putative drugs with
given kinetic properties can be tested in silico before (instead of?) real chemical and
biological studies.

5 Design (Inverse Problem): From System Identification to
Optimal Temporal Patterns

We have shown that in a moderately complex conductance-based model of the hip-
pocampal CA1 region theta rhythm generation can be observed and major interactions
between cell populations and within cells responsible for the phenomena can be iden-
tified. These results qualify the model for consideration as a useful tool in the hands
of pharmacologists, physiologists and computational neuroscientists to complete their
repertoire of available tools in the search for efficient and specific drugs.

Desired pattern

_w increased cognitive function
€.9.-6 S anxiety!

Septo-hippocampal

system —— | Modelled pattern |——— Comparision

r— non-mgatching 2
Modification of model parameters and paftern \
modification of pharmacology

Further testing

Fig. 5. Computational neuropharmacology—an idealized method for drug discovery. See text for
a description.

Figure [3lis an oversimplified scheme offered for finding finding a modulator to set
optimal septohippocampal EEG pattern.

In order to decrease anxiety first a desired EEG pattern shold be defined. Anxyoli-
tics should reduce the amplitude the theta amplitude (but preserving the cognitive per-
formance and avoiding sedative hypnotic side effects). Computational analysis should
offer a best kinetic scheme and rate constant to modulate te fixed network to minimize
the deviation from the desired "optimal pattern". (Network architecture is supposed to
be fixed. By neglecting this assumption we should turn from neuropharmacology to
neurosurgery...) Most likely there are more than one possibilities to reach the goal, and
model discrimination and parameter estimation techniques may help to narrowing the
alternatives.

As it is known from chemical kinetics [43l47/]] sensitivity analysis shows that in a
kinetic scheme there are "more and less important" components and reactions. It helps
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to answer the question, whether how to modify the structure of a given drug to change
the reaction rate constants in the desired direction—and leaving everything else intact.

6 Discussion, Further Research

The aim of the present paper is to offer conceptual and mathematical frameworks to
integrate network and receptor level descriptions for investigating the effects of poten-
tial drugs for the global electrical patterns of a neural center, and and for the behavioral
states (mood, consciousness etc.). Once we have understood (i) the basic mechanisms
of rhythm generation, (ii) the elementary steps of the modulatory process, we shall a
be able to give advice to drug designers pointing out which subprocess and how to be
modulated to reach a given goal.

Specifically, we briefly reviewed some aspects of GABA 4 receptor kinetics, and
the effects of (full and partial) agonists, antagonists and inverse antagonists to septo-
hippocampal theta rhytms. The specific goal we are focusing is to design anxiolytic
drugs with as small as possible side effects. While is is known that positive allosteric
modulators acting on GABA 4 «; subunits are potential candidates for being selective
anxyiolitics, integrative computational modeling would help to find the appropriate ki-
netic properties of potential drugs.
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