
Thesis for doctoral degree (Ph.D.)
2013

The role of striatal inhibition
in the processing of cortical

neuronal avalanches 

Andreas Klaus

Thesis for doctoral degree (Ph.D
.)  2013

A
ndreas K

laus
The role of striatal inhibition in the processing of cortical neuronal avalanches



From the Department of Neuroscience

Karolinska Institute, Stockholm, Sweden

The role of striatal inhibition

in the processing of cortical

neuronal avalanches

Andreas Klaus

Stockholm 2013



All previously published papers are open-access articles that permit free re-

production, or were reproduced with permission from the publisher.

Published by Karolinska Institute. Printed by Larserics.

© Andreas Klaus, 2013

ISBN 978-91-7549-015-1

Cover art: Self-similar (“scale-invariant”) object generated with Context

Free (http://www.contextfreeart.org).



Mystery creates wonder, and wonder is the basis for man’s desire to understand.
Who knows what mysteries will be solved in our lifetime, and what new riddles
will become the challenge of the new generations?

Neil Armstrong

To Martina, Susanne, and my brothers.





Summary

The brain is spontaneously active even in the absence of any obvious motor

actions or sensory perceptions. This so-called resting activity or ongoing ac-

tivity reflects the myriads of neuronal interactions necessary for the brain to

process past actions, allow for current inputs, and prepare for future deci-

sions and responses. In cortex, more than a decade of research has shown

that resting activity exhibits a truly complex organization that partially orig-

inates from the underlying anatomy but equally important emerges from

neuronal dynamics at the systems level. For the basal ganglia, despite their

important role in brain function such as preparatory movement control, the

organization of resting activity is barely understood. The current work cen-

ters on how the striatum, which is the main input nucleus of the basal gan-

glia, processes the spatiotemporally complex resting activity of the cortex.

Without a clear understanding of the spontaneous activity that arises in

cortex, it would have been daunting and — most likely — impossible to

approach this question experimentally. However, a decade of research has

shown that spontaneous activity in cortex is precisely organized and that

it is this organization that optimizes cortical networks for information pro-

cessing. Spontaneous activity in superficial layers of cortex can extend over

large areas with amplitude fluctuations that span multiple orders of mag-

nitude. This activity has been identified as so-called neuronal avalanches,
diverse spatiotemporal neuronal activity clusters that follow a power law

distribution in clusters size with an exponent close to −1.5. This power

law reflects balanced activity propagation where the likelihood of activity

to propagate to distant cortical sites is maximized while avoiding patho-

logical activity explosion, e.g. epilepsy. These and related measures allow

for an absolute and quantitative characterization of cortical activity at rest

to which striatal activity can be compared. Anatomy suggests that striatal

neurons might respond to cortical neuronal avalanches and the pattern of

converging and diverging corticostriatal projections suggests that neurons

in the striatal microcircuit might even recombine neuronal avalanche input.

The main aim of this thesis therefore was to investigate whether and how
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the striatum processes fluctuating input with particular focus on cortical

neuronal avalanches.

Cortical inputs, besides exciting striatal medium spiny (MS) projection

neurons, which constitute about 95% of neurons in the striatum, also project

to a relatively small number of local striatal interneurons, the fast-spiking

(FS) neurons. FS interneurons in turn provide feedforward inhibition to MS

projection neurons. The first part of this thesis on striatal processing of cor-

tical inputs thus examined the firing patterns of FS interneurons in response

to cortical inputs. Using a combination of computational modeling and in
vitro whole-cell recordings, it is shown that input to FS neurons strongly

influenced their firing pattern and spike time reliability. FS neurons fired

precisely timed action potentials with little trial-to-trial variability both in
vitro and in the model in response to fluctuating input. In contrast, FS in-

terneurons exhibited their well-known random stuttering discharge only for

constant input. Our modeling results suggest that FS firing variability, such

as observed in rodents in vivo or in organotypic cultures in vitro, most likely

results from input fluctuations. Importantly, this suggests that the tempo-

ral organization of cortical input to FS interneurons, as present in neuronal

avalanches, translates into corresponding temporally precise feedforward

inhibition of MS projection neurons. Accordingly, the short-term depression

of FS-to-MS synapses further facilitated the translation of input variability at

FS interneurons into variability of postsynaptic responses, i.e. feedforward

inhibition, in MS projection neurons.

The deep location of the striatum in the forebrain and the sensitivity

of cortical avalanches to common anesthetics currently presents huge ob-

stacles when trying to simultaneously record cortical avalanches and stri-

atal dynamics with cellular resolution. A major aim of this thesis therefore

was to establish an experimental model system to study corticostriatal dy-

namics in the presence of cortical neuronal avalanches. I therefore grew

organotypic cortex-striatum-substantia nigra pars compacta cultures on pla-

nar multielectrode arrays and recorded spontaneous activity simultaneously

from cortical and striatal tissue. While cortical cluster sizes followed a

power law distribution with an exponent close to −1.5, striatal dynamics

were characterized by a power law distribution in cluster sizes with a more
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negative exponent close to −3. This difference was absent under condi-

tions of epilepsy or global disinhibition, that is, when blocking inhibition

in both cortex and striatum. Thus, the significantly more negative striatal

exponent under cortical avalanche conditions indeed indicates qualitatively

different dynamics between cortex and striatum. In fact, the striatal local

microcircuit actively decorrelates cortical neuronal avalanche input. This

was demonstrated by intracellular calcium imaging of striatal neurons com-

bined with local blockade of striatal inhibition. Under normal conditions,

neuronal firing in spiny projection neurons fluctuated significantly between

spatially nearby neighboring neurons and also fluctuated strongly in time

between successive cortical avalanche inputs. Removal of local striatal in-

hibition synchronized spontaneous spiking activity between striatal neurons

and increased striatal firing, overall reducing temporal fluctuations in stri-

atal output over time. Thus, acute removal of local striatal inhibition results

in a homogeneous, non-discriminatory following of striatal neurons to cor-

tical avalanche inputs.

In conclusion, the results from this thesis suggest that the striatum pays

attention to the complex spatiotemporal organization of resting activity in

cortex. The locally and temporally diverse responses of striatal neurons

crucially depend on the intact inhibitory striatal microcircuits. The compu-

tational results suggest that FS interneurons in principle are able to trans-

late large fluctuations of cortical inputs into diverse and timely feedforward

inhibition onto MS projection neurons, which might contribute to the ac-

tive decorrelation. Alternatively, recurrent inhibition between MS projec-

tion neurons might play an important role in the striatal response to cortical

resting activity. The precise contributions of these local inhibitory pathways

to striatal resting activity have yet to be determined. These results clearly

establish that the striatum, generally considered to be responsible for move-

ment control, is also active during resting activity. Disturbances of the in-

hibitory striatal circuits might have therefore negative implications for both

resting conditions and movement coordination.

vii





List of publications

I. Andreas Klaus, Henrike Planert, J. J. Johannes Hjorth, Joshua D.

Berke, Gilad Silberberg & Jeanette Hellgren Kotaleski (2011). Stri-

atal fast-spiking interneurons: from firing patterns to postsynaptic

impact. Frontiers in Systems Neuroscience 5:57.

II. Dietmar Plenz, Craig V. Stewart, Woodrow Shew, Hongdian Yang,

Andreas Klaus & Tim Bellay (2011). Multi-electrode array record-

ings of neuronal avalanches in organotypic cultures. Journal of Visu-
alized Experiments (54), e2949.

III. Andreas Klaus, Shan Yu & Dietmar Plenz (2011). Statistical anal-

yses support power law distributions found in neuronal avalanches.

PLoS ONE 6(5): e19779.

IV. Andreas Klaus∗, Shan Yu∗, Hongdian Yang & Dietmar Plenz. Cutoff

in power law distributions and its implication for neuronal avalanche

analyses. Manuscript, ∗equal contribution.

V. Andreas Klaus & Dietmar Plenz. Intrastriatal inhibition decorrelates

cortical neuronal avalanches. Manuscript.

ix





Contents

1 Introduction 1

1.1 Basal ganglia architecture and function . . . . . . . . . . . . . . 1

1.2 The striatal microcircuit . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Striatal afferents . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.2 Neuron types . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.3 Models of striatal information processing . . . . . . . . . 7

1.3 Cortical neuronal avalanches . . . . . . . . . . . . . . . . . . . . . 9

2 Aims 11

3 Methods 13

3.1 Neuron model of a stuttering FS interneuron . . . . . . . . . . . 13

3.2 Synaptic input and electrical coupling in the model . . . . . . . 14

3.3 Modeling of the FS-to-MS synaptic dynamics . . . . . . . . . . . 15

3.4 Organotypic slice cultures . . . . . . . . . . . . . . . . . . . . . . . 16

3.5 Multielectrode recordings . . . . . . . . . . . . . . . . . . . . . . . 17

3.6 Local field potential and multi-unit analysis . . . . . . . . . . . . 18

3.7 Detection of spatiotemporal clusters . . . . . . . . . . . . . . . . 18

3.8 Finite-size scaling analysis . . . . . . . . . . . . . . . . . . . . . . . 19

3.9 Statistical analyses and parameter estimation . . . . . . . . . . . 20

3.10 Calcium imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.11 Pharmacology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.12 Immunohistochemistry and confocal imaging . . . . . . . . . . . 26

4 Results and discussion 27

4.1 The influence of input fluctuations on the firing patterns in

FS interneurons (Paper I) . . . . . . . . . . . . . . . . . . . . . . . 27

4.2 Organotypic cortex-striatum-substantia nigra pars compacta

cultures (Paper II) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.3 Statistical analyses of power law distributions in cortical neu-

ronal avalanches (Papers III and IV) . . . . . . . . . . . . . . . . . 32

4.4 Intrastriatal inhibition decorrelates cortical neuronal avalanches

(Paper V) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5 Conclusions and future perspectives 43

xi



Acknowledgments 45

References 47

xii



List of abbreviations

ACSF artificial cerebrospinal fluid

AMPA α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate

AP action potential

Ctx cortex

DIV day in vitro
FS fast-spiking

GABA γ-aminobutyric acid

GPi/e internal/external segment of the globus pallidus

HBSS Hank’s buffered saline solution

KS Kolmogorov-Smirnov

LFP local field potential

LLR log-likelihood ratio

MEA multi-/microelectrode array

MS medium spiny

MU multi-unit

nLFP negative local field potential

NMDA N-methyl-D-aspartate

NPY neuropeptide Y

OGB Oregon Green 488 BAPTA-1

PDF probability density function

(P)LTS (plateau depolarization and) low-threshold spike

PMF probability mass function

PSP postsynaptic potential

PTX picrotoxin

SD standard deviation

SNc/r substantia nigra pars compacta/reticulata

SR101 sulforhodamine 101

STN subthalamic nucleus

Str striatum

TH tyrosine hydroxylase

VTA ventral tegmental area

xiii





1 Introduction

1.1 Basal ganglia architecture and function

The cortico-basal ganglia-thalamic network is involved in the motivational

and habitual control of cognitive and motor functions (Albin et al., 1989;

Redgrave et al., 2010; Yin and Knowlton, 2006). The contribution of the

basal ganglia to these functions is apparent from the broad spectrum of cog-

nitive and movement disorders that are caused by dysfunctions of these nu-

clei (Denny-Brown, 1962; Wichmann and DeLong, 1996; Graybiel, 2008).

The basal ganglia integrate excitatory, glutamatergic input from the cortex

and thalamus in functionally segregated pathways (McGeorge and Faull,

1989; Bolam et al., 2000; Smith et al., 2004), and exert GABA-mediated

inhibition over brainstem targets and the thalamocortical network (DeLong

and Wichmann, 2009). The striatum, the major input nucleus of the basal

ganglia, sends direct GABAergic projections to the output nuclei, that is,

the internal segment of the globus pallidus (GPi) and the substantia nigra

pars reticulata (SNr) (Féger and Crossman, 1984; Alexander and Crutcher,

1990). This so-called direct pathway is complemented by the indirect path-

way, which sends striatal output to the GPi and SNr via the external segment

of the globus pallidus (GPe) and the subthalamic nucleus (STN).

The basal ganglia output neurons in the GPi and SNr are tonically active,

thus exerting a certain tonic inhibition onto thalamocortical (and brainstem)

targets. The two pathways are considered to have largely opposite down-

stream effects, that is, the direct pathway facilitates thalamocortical network

activity (Deniau and Chevalier, 1985), whereas the indirect pathway im-

poses inhibition. The balance between the two pathways critically depends

on the dopaminergic input from the substantia nigra pars compacta (SNc).

Striatofugal neurons of the direct pathway express dopamine D1 receptors,

whereas indirect pathway neurons express predominantly dopamine D2 re-

ceptors (Gerfen et al., 1990; Bertran-Gonzalez et al., 2010). Degeneration

of dopaminergic neurons of the SNc eventually leads to increased synchro-

nized burst activity in the GPe, STN and GPi/SNr (Bergman et al., 1998;

Plenz and Kital, 1999; Brown et al., 2001; Hammond et al., 2007; DeLong

and Wichmann, 2009; Cruz et al., 2009). This type of abnormal activity

strongly correlates with the devastating motor impairments found in Parkin-
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son’s disease. Drug therapy (e.g., levodopa or apomorphine) and/or deep

brain stimulation of the STN, GPi or related nuclei (Bergman et al., 1990;

Marsden and Obeso, 1994; Clarke et al., 2009) reduces abnormal bursting

and ameliorates neurological dysfunctions. In addition to the two pathways

described above, a third major pathway has been identified that does not

involve the striatum. The so-called hyperdirect pathway links the cortex di-

rectly to the STN, which excites the GPi/SNr via its glutamatergic projection

(Bolam et al., 2000; Nambu, 2008). This pathway appears to be impor-

tant for normal basal ganglia function (Aron and Poldrack, 2006; Gradinaru

et al., 2009; Redgrave et al., 2010), and is also involved in some of the im-

pairments observed in Parkinson’s disease, such as tremor (Leblois et al.,

2006; Redgrave et al., 2010).

This brief description of the major anatomical structures of the basal

ganglia and their linkages with cortex and other forebrain and midbrain

structures already outlines the enormous functional complexity faced when

trying to understand the basal ganglia network under normal and patholog-

ical conditions (Marsden and Obeso, 1994; DeLong and Wichmann, 2009;

Redgrave et al., 2010). Additional complexity is given, for example, by

the extensive feedback loops within the basal ganglia (e.g., Mallet et al.,

2012) and by the axon collaterals that distribute neuronal activity more

broadly than considered in most models (Parent et al., 2000). In addition,

the anatomical description of the basal ganglia largely neglects the dynam-

ics of the input that the basal ganglia receive as well as the processing that

is performed within each nucleus (Bar-Gad et al., 2003). In the current the-

sis, this aspect was studied in detail for the corticostriatal system as will be

described below.

1.2 The striatal microcircuit

1.2.1 Striatal afferents

The striatum is the largest nucleus of the basal ganglia and the major in-

put stage. At a large scale, the projection from the cortex to the striatum is

topographically organized (Kemp and Powell, 1970; McGeorge and Faull,

1989; Kincaid et al., 1998). Yet, as tracing methods improved, a com-

plex picture emerged with cortical areas that are reciprocally connected

2



in cortex revealing overlapping target regions in the striatum (Gerfen and

Sawchenko, 1984; Gerfen, 1989; Selemon and Goldman-Rakic, 1985; Fla-

herty and Graybiel, 1994; Parent and Hazrati, 1995; McFarland and Haber,

2000; Haber and Calzavara, 2009). Small areas within the cortex often

span multiple projection zones in the striatum, providing essential building

blocks for combinatorial evaluation of input from different cortical areas

at the striatal level (Kincaid et al., 1998; Zheng and Wilson, 2002). Despite

the general topographical organization, corticostriatal projections show also

convergence from motor and somatosensory areas, and multisensory inte-

gration (Ramanathan et al., 2002; Reig and Silberberg, 2012). A similar

complex organization has been reported for the thalamostriatal projections

(Powell and Cowan, 1956; Jones and Leavitt, 1974; Berendse and Groe-

newegen, 1990; Smith et al., 2004, 2009). Both cortico- and thalamostriatal

synapses use glutamate as their neurotransmitter and together they account

for the majority of striatal synapses (Wilson, 2007). In vitro, thalamostriatal

synapses have a higher release probability than corticostriatal synapses and

show short-term synaptic depression with repetitive stimulation (Ding et al.,

2008). This suggests that functionally, a single spike or short burst from

a thalamostriatal projection neuron can have a strong functional impact.

In contrast, corticostriatal synapses show short-term synaptic facilitation in

response to short, repeated stimulation (Mahon et al., 2000; Ding et al.,

2008) and exhibit various forms of long-term synaptic changes (Di Filippo

et al., 2009; Gerfen and Surmeier, 2011). This suggests that a corticostriatal

projection neuron might increase its impact on striatal projection neurons

through prolonged burst activity. The striatum has the highest density of

dopaminergic synapses arising from the midbrain SNc. Not surprisingly,

dopamine plays a significant role in long-term plasticity of corticostriatal

synapses, which converge with dopaminergic terminals on the dendrites of

striatal projection neurons (Reynolds et al., 2001; Smith et al., 2004; Cal-

abresi et al., 2007; Tritsch and Sabatini, 2012). Besides glutamatergic input

from cortex and thalamus, the striatum receives considerable GABAergic in-

put from the external segment of the globus pallidus (Bevan et al., 1998;

Mallet et al., 2012) as well as neuromodulatory serotonergic input from the

dorsal raphe nucleus (Soubrié et al., 1984).
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1.2.2 Neuron types

Medium spiny projection neurons

The medium-sized spiny (MS) projection neuron constitutes the majority

of neurons in the striatum. For example, in rodents, they are estimated

to make up more than 95% of all striatal neurons (Oorschot, 1996). MS

neurons are divided into two groups based on their projection targets, which

largely correlates with the expression of specific dopamine receptors. The

first group expresses dopamine D1 receptors and forms the direct pathway;

whereas the second group, which expresses predominantly dopamine D2

receptors, gives rise to the indirect pathway (see above).

MS neurons are characterized by a low firing rate in vitro and in vivo
(Plenz and Kitai, 1998a; Berke, 2008). Under anesthesia and in organotypic

cultures, MS neurons show spontaneous transitions from a hyperpolarized

resting potential (i.e., the down-state) to a depolarized membrane potential

(i.e, the up-state) close to spiking threshold (Wilson and Kawaguchi, 1996;

Stern et al., 1997; Plenz and Kitai, 1998a; Kerr and Plenz, 2004). The hy-

perpolarized resting potential is the result of an inward-rectifying potassium

current (Calabresi et al., 1987; Nisenbaum and Wilson, 1995). This conduc-

tance inactivates at more depolarized membrane potentials and requires the

neuron to receive sufficient input in order to enter the up-state (Wilson and

Kawaguchi, 1996).

It has been consistently shown that the excitatory drive MS neurons ex-

perience during an up-state is accompanied by strong inhibitory input (Wil-

son and Kawaguchi, 1996; Blackwell et al., 2003; Wilson, 2009). However,

the precise source of this inhibition has been, and still is, highly controver-

sial. MS cells provide lateral connections onto the dendritic regions of neigh-

boring MS neurons (Wilson and Groves, 1980; Bolam et al., 2000; Wilson,

2007). These anatomically well described MS-to-MS connections, initially,

had been difficult to identify physiologically (Jaeger et al., 1994; but see

Park et al., 1980; Katayama et al., 1981; Guzmán et al., 2003). Since then,

pairwise recordings in acute slices and organotypic cultures using numerous

different techniques that also include whole-cell patch recordings, and/or

visual control of identifying nearby MS neurons, and reasonably high num-

bers of recordings to increase the likelihood of finding connected pairs of
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MS neurons, clearly established that MS neurons communicate with each

other through GABAA-synapses (Tunstall et al., 2002; Czubayko and Plenz,

2002; Gustafson et al., 2006; Tecuapetla et al., 2007; Planert et al., 2010;

Gittis et al., 2010). Since then, one of the most debated topics in striatal

physiology has been the functional role of these connections. Surely, due

to the fact that the chloride reversal potential in MS neurons is located be-

tween resting potential and spike threshold, MS-to-MS input, by interacting

with intrinsic conductances as well as excitatory inputs, might act in numer-

ous ways to modulate action potential firing in these neurons. However, the

direct effect of MS-to-MS inputs on action potential firing has been difficult

to establish (see, e.g., Gustafson et al., 2006), and it is currently not clear

how the lateral interaction between MS neurons compares functionally with

GABAergic input provided by striatal interneurons. A network of lateral in-

hibition between individual MS neurons or groups of MS cells could provide

a framework to decorrelate or select among alternatives (e.g., alternative

motor programs) represented in the cortical input, as hypothesized in some

models of striatal function (see below). In a recent study it has been shown

that the lateral connections among MS neurons are disturbed in Parkinson’s

disease (Taverna et al., 2008), although it is not clear whether and to what

extent this contributes to changes in the neuronal activity of the basal gan-

glia.

Parvalbumin-expressing fast-spiking interneurons

Striatal parvalbumin-positive fast-spiking (FS) interneurons constitute ∼1%

of striatal neurons (Kita et al., 1990; Luk and Sadikot, 2001). They are char-

acterized by a high spontaneous firing rate in vitro and in vivo (Plenz and

Kitai, 1998a; Berke et al., 2004). FS neurons provide proximal, GABAer-

gic input in a highly selective manner to MS neurons (Koós and Tepper,

1999; Tepper et al., 2004; Szydlowski et al., 2013) with synapses that show

short-term synaptic depression (Plenz and Kitai, 1998a; Koós et al., 2004;

Gustafson et al., 2006; Planert et al., 2010; Gittis et al., 2010). Such synap-

tic dynamics lowers the synaptic efficacy during repeated firing. Together

with the lack of synchronized activity among FS interneurons in vivo (Berke,

2008), it raises the question of the ultimate impact FS neurons have over

MS firing. In line with a selective functional role of the feedforward inhibi-
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tion provided by FS neurons onto striatal output, both FS and MS neurons

showed an opposite direction selectivity in a left/right movement choice

task (Gage et al., 2010). However, amphetamine treatment, which increases

FS firing and motor activity, has no consistent effect on changes in MS spik-

ing (Wiltschko et al., 2010). If FS firing changes can affect motor behavior,

it is expected to be mediated in one way or another by the MS projection

neurons. The effect of FS neurons on motor output is supported further

by a study, in which the pharmacological blockade of AMPA-mediated in-

put to FS neurons resulted in dyskinesia (Gittis et al., 2010), although the

involvement of other interneurons cannot be completely ruled out.

Neuropeptide Y-expressing interneurons

These cells, which make up less than 1% of all striatal neurons, express

the neuropeptide Y (NPY; Kawaguchi et al., 1995; Ibáñez Sandoval et al.,

2011). They can be further divided depending on their electrophysiological

and immunohistochemical properties. One group of NPY-expressing cells

co-expresses somatostatin and nitric oxide synthase and shows low plateau

depolarization and low-threshold spikes (PLTS) in response to current in-

jections (Kawaguchi, 1993; Ibáñez Sandoval et al., 2011). A distinct group,

the NPY-neurogliaform interneuron, lacks somatostatin and nitric oxide syn-

thase staining and does not exhibit the PLTS properties of the first group

(Ibáñez Sandoval et al., 2011). In contrast to the NPY-PLTS interneurons,

NPY-neurogliaform cells have been shown to innervate MS neurons. This in-

hibitory circuit can be activated by cholinergic interneurons and suppresses

firing in MS output neurons (English et al., 2012).

Cholinergic interneurons

Striatal acetylcholine-releasing interneurons, which are identified by their

immunoreactivity for choline acetyltransferase, comprise a similar small

fraction of striatal neurons than the above classes of interneurons (Kawa-

guchi et al., 1995; Raz et al., 1996; Goldberg and Wilson, 2010) and receive

glutamatergic input mainly from the thalamus (Lapper and Bolam, 1992).

These neurons possess large cell bodies (50–60 µm in length) and exhibit

tonic firing (Wilson et al., 1990; Goldberg and Wilson, 2010). The neuro-

transmitter acetylcholine regulates the release of dopamine and increases FS
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cell excitability via nicotinic receptors (Zhou et al., 2001; Koós and Tepper,

2002; Goldberg and Reynolds, 2011), reduces glutamatergic and GABAergic

transmission in MS neurons via presynaptic muscarinic receptors (Koós and

Tepper, 2002; Perez-Rosello et al., 2005; Goldberg and Reynolds, 2011), and

modulates long-term synaptic changes of corticostriatal synapses (Lovinger,

2010).

In vivo, striatal cholinergic neurons change their activity in concert with

nigral dopaminergic cells (Morris et al., 2004; Goldberg and Reynolds, 2011).

While the dopaminergic neurons encode reward prediction error (mainly

increasing dopamine release in response to rewarding stimuli), cholinergic

neurons respond with an invariant firing pause to reward-related events

(Morris et al., 2004) and a subsequent increase in firing (Joshua et al.,

2008). In a recent study, this excitation has been shown to strongly en-

gage NPY-neurogliaform interneurons via nicotinic receptors, which in turn

provide significant inhibition onto MS neurons (English et al., 2012). Thus,

striatal cholinergic neurons have not only a modulatory or long-term influ-

ence on the striatal microcircuit, but can control striatal output via GABAer-

gic interneurons. Because the firing discharge of cholinergic interneurons

in vivo is considerably synchronized and the rate changes occur well-timed

(Raz et al., 1996; Morris et al., 2004), the drive provided to the NPY-neuro-

gliaform cells is expected to be rather stereotypical.

Other interneurons

The striatum contains a small fraction of other interneurons, which have not

been studied to the same extent as the cell types mentioned above. Among

those are the calretinin-expressing, GABA-releasing interneurons (Kawa-

guchi et al., 1995), and striatal tyrosine hydroxylase-positive cells (Tepper

et al., 2010).

1.2.3 Models of striatal information processing

A single striatal MS neuron receives input from more than 5000 cortical

neurons, each of which makes only a single or at maximum a few synaptic

contacts predominantly onto dendritic spines (Kincaid et al., 1998; Wilson,

2007). From the perspective of the MS neuron, this represents a massive

7



convergence of cortical input and is interesting from a computational per-

spective. Initially shown for multilayer feedforward networks (Hornik et al.,

1989), also single layer networks are able to approximate any continuous

function (Auer et al., 2008). The function of the corticostriatal connectivity

has been explored in the context of generalization in some striatal models

(Dominey et al., 1995; Plenz and Kitai, 2000). Most computational network

studies of the striatum, though, focused on the lateral connections between

the MS projection neurons (Wickens et al., 1991; Wickens and Oorschot,

2000; Ponzi and Wickens, 2010) and the influence of inhibitory interneu-

rons (Wickens and Arbuthnott, 1993; Humphries et al., 2009). Early mod-

els of lateral competitive inhibition among MS neurons investigated the so-

called winner-takes-all dynamics, that is, a scheme in which the synaptic

connections of a neuron are strong enough to inhibit all its neighbors and

to dominate striatal output (Wickens and Oorschot, 2000; Plenz and Ki-

tai, 2000). Because MS collaterals were found to be electrophysiologically

less strong than originally expected (Tepper et al., 2004), recent modeling

studies consider network effects in which lateral inhibition can form cor-

related and anticorrelated cell assemblies (Humphries et al., 2009; Ponzi

and Wickens, 2010). These models show temporal switching of activity, a

feature that has also been observed in early striatal models (Gillies and Ar-

buthnott, 2000). Because the switching dynamics does not require changing

input, the striatum might have the required circuitry for the sequencing of

actions as suggested from experimental studies (Kermadi and Joseph, 1995;

Aldridge and Berridge, 1998). Temporal switching of cell groups in sparse,

asymmetrically connected inhibitory networks has also been modeled in the

olfactory system, where it can produce a rich, input-specific temporal struc-

ture of output neurons (Rabinovich et al., 2000). The dynamical behavior

of these models is interesting because temporal profiles that resemble the

switching of cells or cell assemblies have also been observed experimentally

in vitro and in vivo (Carrillo-Reid et al., 2008; Miller et al., 2008; Berke,

2008).

Lateral competitive networks are often associated with the notion of “ac-

tion selection,” in which some activity is gated through the striatum whereas

alternative activities are filtered out. A different idea, which does not as-

sume loss of information, is the reinforcement-driven dimensionality reduc-
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tion (Bar-Gad et al., 2000, 2003). In this model, corticostriatal and lateral

connections form a low-dimensional representation of the cortical activity.

Interestingly, lateral connections are only needed during the (reinforcement-

driven) learning phase and become weak after a representation of the input

statistics has been modeled by the plastic corticostriatal synapses (Bar-Gad

et al., 2000; Plenz and Kitai, 2000; Plenz, 2003).

1.3 Cortical neuronal avalanches

An interesting property of cortical networks is their ability to spontaneously

generate diverse activity patterns (Fox and Raichle, 2007; Harris and Thiele,

2011) that can engage large parts of the network and span a wide range of

amplitudes (Smith and Kohn, 2008; Ringach, 2009; Plenz, 2012). Several

studies have shown that these activities in large part determine the high

variability of evoked cortical responses, that is, a deterministic evoked com-

ponent is linearly superimposed on “random” spontaneous activity resulting

in variable trial-to-trial responses (Arieli et al., 1996; Fox et al., 2005).

Despite its large spatiotemporal diversity, clusters of negative local field

deflections measured with multielectrode arrays in superficial cortical lay-

ers have recently been shown to follow precise statistical laws (Beggs and

Plenz, 2003; Klaus et al., 2011; Yu et al., 2011; Plenz, 2012). These activ-

ity clusters, so-called neuronal avalanches, can be described by a scale-free

power law distribution P(s) ∝ sα with an exponent α close to −1.5, where

P(s) denotes the probability of a neuronal avalanche of size s (Beggs and

Plenz, 2003). A power law with particular exponent −1.5 is indicative of

long-range correlations (Jensen, 1998) as a result of balanced activity prop-

agation, in which one active site in the network on average triggers another

active site in the near future (Plenz, 2012). Consequently, pharmacologi-

cal manipulations that disturb excitatory or inhibitory synaptic transmission

also abolish the power law scaling (Beggs and Plenz, 2003; Plenz, 2012).

These observations are in line with critical state dynamics in the cortex

and led to theoretical predictions of optimal properties in critical networks

(Beggs and Plenz, 2003; Kinouchi and Copelli, 2006; Tanaka et al., 2008).

In subsequent studies it has been shown that cortical networks that exhibit

neuronal avalanches have a maximum dynamic range, coding capacity, and

phase variability (Shew et al., 2009, 2011; Yang et al., 2012), all features

that may support information processing and storage.
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Neuronal avalanches have been identified in the local field activity in vitro
in organotypic cultures and acute slices (Beggs and Plenz, 2003; Stewart

and Plenz, 2006), in vivo in anesthetized rats and awake monkeys (Gireesh

and Plenz, 2008; Petermann et al., 2009; Yu et al., 2011), in spiking activity

in vitro and in vivo (Pasquale et al., 2008; Hahn et al., 2010; Ribeiro et al.,

2010), and in the blood-oxygen-level-dependent and magnetoencephalo-

graphic signal in humans (Tagliazucchi et al., 2012; Shriki et al., under

revision). Changes in these dynamics have been observed after pharma-

cological manipulations of synaptic transmission (Beggs and Plenz, 2003;

Shew et al., 2009) and in recordings of epileptic tissue (Hobbs et al., 2010;

Meisel et al., 2012). Thus, the scale-free dynamics in neuronal avalanches

that are characterized by a power law with exponent −1.5 represent an ab-

solute reference point from which deviations from normal resting activity

can be precisely quantified (Shew et al., 2009; Meisel et al., 2012; Plenz,

2012).

As described in the previous sections, striatal neurons require spatiotem-

poral correlations in the cortical input to enter the up-state during which

they fire action potentials. The wide range of amplitudes and levels of phase

synchronization during neuronal avalanches (Beggs and Plenz, 2003; Yang

et al., 2012), however, raises the question whether the striatum is exposed

to the scale-free cortical activity given the low firing rate in striatal MS neu-

rons under normal conditions (Plenz and Kitai, 1998a; Berke et al., 2004).
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2 Aims

The striatum is the main input nucleus of the basal ganglia, a set of subcor-

tical nuclei that are involved in normal and abnormal brain function. The

research presented in the current thesis is concerned with the mechanisms

that underlie the corticostriatal network dynamics under spontaneous (i.e.,

resting) conditions, and their proper statistical description.

The main objectives of the present thesis were:

• To identify the essential factors that control firing patterns in striatal

fast-spiking interneurons (Paper I).

• To establish an in vitro model in which striatal processing of cortical

neuronal avalanches can be studied experimentally (Paper II).

• To establish stringent statistical analyses to test for the presence of

cortical neuronal avalanches (Papers III and IV).

• To study whether and how the striatum processes cortical neuronal

avalanches (Paper V).
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3 Methods

All animal procedures were in accordance with guidelines of the Stock-

holm municipal committee for animal experiments and National Institutes

of Health guidelines (approved by the National Institute of Mental Health

Animal Care and Use Committee).

3.1 Neuron model of a stuttering FS interneuron

Parvalbumin-positive FS interneurons have been characterized by their im-

munochemical, morphological and electrophysiological properties in both

striatum (Kawaguchi, 1993, 1997; Taverna et al., 2007) and cortex (Kawa-

guchi and Kubota, 1997; Markram et al., 2004). Despite some striking

differences in the organization of the cortical and striatal microcircuits, in

which they are embedded, these neurons show many similarities in both ar-

eas, including a similar electrophysiological signature (see references above),

a common developmental origin (Marín et al., 2000) and the coupling via

gap junctions (Galarreta and Hestrin, 1999; Beierlein et al., 2000; Amitai

et al., 2002; Koós and Tepper, 1999; Fukuda, 2009). Therefore, to model

the stuttering in striatal FS interneurons, the channel descriptions of a pre-

viously published cortical one-compartment model was used (Golomb et al.,

2007). This model contained the following voltage-dependent ionic chan-

nels, which have also been reported to be expressed in the rat striatum (Lenz

et al., 1994; Weiser et al., 1994; Chung et al., 2000; Kotaleski et al., 2006):

a fast sodium (Na+) window current (INa), a fast delayed rectifier potassium

(K+) current (IKdr), and a slowly inactivating (d-type) K+ current (IKd). The

d-type current has been shown to delay spike initiation (Goldberg et al.,

2008), which is also observed in many striatal FS interneurons (Plenz and

Kitai, 1998a). With a small Na+ window current and a sufficiently large

d-type K+ current, the model was able to generate the typical subthreshold

oscillations (40–50 Hz) and stuttering episodes in response to somatic cur-

rent injections as observed in striatal FS interneurons. The half-maximum

potential for the sodium current was set to θm = −22 mV and the d-type

conductance to gKD = 1.6 mS/cm2 (see also Golomb et al., 2007). Some

experiments were also performed with a model neuron that produces tonic

discharge (θm = −28 mV, gKD = 0.39 mS/cm2). To induce oscillatory fluc-
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tuations in the subthreshold membrane potential and during the interburst

episodes, a Gaussian white noise current with zero mean and 15 pA stan-

dard deviation (0.1 ms time step) was applied to the model neuron (Golomb

et al., 2007).

In order to model distal synaptic input and dendritic gap junctions, the

original one-compartment model of Golomb et al. (2007) was extended by

a dendritic tree consisting of three identical sub-trees (cf. Kotaleski et al.,

2006). Each sub-tree comprised one primary, two secondary, and four ter-

tiary dendrites (i.e. each of the primary and secondary dendrites branched

into two daughter arms). To allow for the same high firing rates as in the

original one-compartment model, the active conductances were increased

by a factor of 2 in the morphologically extended model with active primary

dendrites. For the study of electrical coupling in a pair of FS neurons, the FS

model cell was implemented in Parallel GENESIS (Bower and Beeman, 1998)

to allow the use of parallel computing (step size, 10 µs).

3.2 Synaptic input and electrical coupling in the model

The FS neuron model included α-amino-3-hydroxyl-5-methyl-4-isoxazole-

propionate (AMPA) and fast γ-aminobutyric acid (GABA) synapses. The

presence of N-methyl-D-aspartate (NMDA) synapses in the model was tested

with no significant changes observed (data not shown). All synapses re-

ceived independent inputs in the form of random Poisson spike trains. AMPA

synapses were distributed over all 127 compartments (Kotaleski et al., 2006).

If NMDA synapses were present, they were located in the same compart-

ments and received the same input as the AMPA synapses. GABA synapses

were located more proximally, resulting in a total number of 31 inhibitory

synapses. Measurements of spontaneous activity in organotypic cultures in
vitro have shown that FS neurons receive a similar ratio between inhibitory

and excitatory currents during an up-state (Blackwell et al., 2003). There-

fore, to compensate for the smaller number of inhibitory synapses, the acti-

vation rate per GABA synapse was approximately threefold higher than for

AMPA synapses. This was equivalent to using three GABA synapses per prox-

imal compartment and activating them at the same rate as AMPA, since we

used the non-saturating synapse model synchan in GENESIS. The time con-

stants of the double-exponential function, which described the evolution of
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the synaptic conductances in this model, were τ1 = 0.7 ms, τ2 = 2 ms for

AMPA, τ1 = 1.3 ms, τ2 = 4 ms for GABA, and τ1 = 3.6 ms, τ2 = 116 ms for

NMDA synapses, respectively (Hjorth et al., 2009).

Gap junctions between two FS neurons were modeled as conductive el-

ements between the soma, the outer proximal dendrites, or the outer sec-

ondary dendrites. The conductance of a single gap junction was set to 0.5

nS, a value within the range of gap junction conductances in cortical FS

neurons (Galarreta and Hestrin, 2002). A single soma-somatic gap junction

resulted in a coupling coefficient of ∼11% in our model, which was within

the range of coupling coefficients reported in the striatum (Galarreta and

Hestrin, 2001; Koós et al., 2004). In order to obtain the same coefficient for

the dendro-dendritic coupling, the number of gap junctions on the primary

and secondary dendrites was increased to two and three, respectively.

3.3 Modeling of the FS-to-MS synaptic dynamics

For the FS-to-MS connections, data from rat was used recently published

by Planert et al. (2010). In short, synaptic connections were identified and

characterized by stimulation of a presynaptic FS cell with a train (10, 20, or

40 Hz) of 8 strong and brief current pulses (0.5–2 nA, 3 ms), followed by a

so-called recovery test pulse approximately 550 ms after the end of the train,

all reliably eliciting action potentials (APs). Postsynaptic neurons were held

near −80 mV to ensure strongly depolarizing responses to GABAergic in-

put. For the analysis of synaptic properties, average postsynaptic traces over

multiple repetitions were examined for the existence of synaptic responses

(Planert et al., 2010).

Short-term synaptic depression was modeled using a scheme described

by Markram et al. (1998), where the synapse is assumed to have a limited

amount of resources which is slowly restored over time (see also Tsodyks

et al., 1998). The amplitude of a postsynaptic potential, PSPn, in response to

the nth AP in a spike train is a product of the fraction of available resources,

Rn, and a facilitating utilization factor, un, scaled by the absolute synaptic

efficacy, Ase:

PSPn = AseRnun.
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The utilization factor is increased by each AP and decays back towards

U in the time between APs:

un+1 = un exp
�
− t ISI

τF

�
+ U

�
1− un exp

�
− t ISI

τF

��
with u1 = U . t ISI denotes the time between the nth and (n+ 1)th AP.

Each AP utilizes the fraction un from the synaptic resources, Rn, which then

recovers to a value of 1 at a rate of τD:

Rn+1 = Rn(1− un)exp
�
− t ISI

τD

�
+ 1− exp

�
− t ISI

τD

�
,

with R1 = 1. The parameters U , τD, and τF were fitted to the experi-

mental traces using a two-step process. First, the amplitudes were extracted

by fitting an exponential decay to the previous response and subtracting it

from the new response. The second step in the parameter fitting performed

a grid search (range 0–5 s for τD,F and 0–1 for U). The error was defined

as the weighted sum of the absolute values of the amplitude difference at

each peak between the reference trace and the modeled trace. The initial

response and the recovery test response (RTR) were weighted five times

stronger, and the second response was weighted double. This was done to

prevent the first set of inputs from dominating over the RTR. The parame-

ters were fitted to a train of spikes at 20 Hz and verified for some synapses

at 10 and 40 Hz.

3.4 Organotypic slice cultures

Paper II describes in detail the culture preparation for organotypic cortex-

ventral tegmental area (VTA) cultures on multielectrode arrays (MEAs). For

the triple cortex-striatum-substantia nigra pars compacta cultures that were

used in this thesis, the same protocol was followed. However, instead of

the VTA, tissue from the striatum and the substantia nigra pars compacta

was used. For the culture preparation on either MEA carriers or glass cov-

erslips, coronal slices from rat cortex (350 µm thick, postnatal day 0–2;

Sprague Dawley), striatum (500 µm thick), and midbrain (substantia nigra

pars compacta; 500 µm thick) were cut on a vibratome (VT1000 S, Leica,

Wetzlar, Germany) in sterile Gey’s balanced salt solution (0.4% D-glucose)
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and cultured on carriers that were coated with poly-D-lysine and treated

with plasma/thrombin to allow proper tissue adhesion (Plenz et al., 2011).

Carriers were either coverslips for the calcium imaging experiments, or 60-

channel, planar microelectrode arrays for the recording of local field and

multi-unit activity (see below). After tissue adhesion to the carrier, stan-

dard culture medium was added (600–1200 µl of 50% basal medium, 25%

HBSS, 25% horse serum, 0.5% glucose, and 0.5% of 200 mM L-glutamine;

Sigma-Aldrich) and changed every 3–4 days in vitro (DIV). At 1, 8, and 20

DIV, 10 µl mitosis inhibitor (0.3 mM uridine, 0.3 mM ARA-C cytosine-β-

D-arabinofuranoside, and 0.3 mM 5-fluoro-2’-deoxyuridine) was added for

24 h to prevent excess glia cell formation. Triple-cultures were incubated at

35.5±0.5°C. Cultures on coverslips were incubated in a roller tube incubator

(0.6 rotations·min−1), and MEA cultures were incubated on a rocking stor-

age tray (±75°, 0.25 cycles·min−1 to allow oxygenation during the first two

weeks in vitro and for the developmental recordings; ±25°, 0.6 cycles·min−1

during the recording sessions for all other experiments).

3.5 Multielectrode recordings

Planar, titanium nitride microelectrode arrays with 60 channels (59 record-

ing electrodes plus one reference electrode; 200 µm inter-electrode dis-

tance) were obtained from Multichannel Systems (Reutlingen, Germany).

For the developmental recordings, a standard 8×8-layout was used. For all

other MEA recordings a custom layout with two sub-arrays for cortex (4×8,

31 electrodes) and striatum (5×6, 28 electrodes) was used. Both sub-arrays

were separated by 1200 µm (Fig. 6A, p. 31).

Spontaneous activity for the developmental data (20 min) and the ex-

periments with drug bath application (60 min), was recorded in culture me-

dium under sterile conditions. Washout recordings were done 24–48 h after

the culture medium was replaced with conditioned medium collected 3–4

days before the experiment. For all other experiments, cultures were per-

fused with artificial cerebrospinal fluid (ACSF; bubbled with 95% O2 and

5% CO2; flow rate ∼100 ml/h), containing (in mM): 124 NaCl, 3.5 KCl,

10 D-(+)-glucose, 26.2 NaHCO3, 0.3 NaH2PO4, 1.2 CaCl2, and 1 MgSO4.

Washout conditions were recorded 10–20 min after the drug application

ended. All recordings were done at 34–35°C.
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3.6 Local field potential and multi-unit analysis

Data for multi-unit (MU) spike analysis was recorded at 25 kHz using the

MC_RACK software (Multichannel Systems). MU spike activity was band-

pass filtered between 300–4000 Hz, and spikes were detected by applying a

negative threshold (–5 standard deviations, SD). Local field potential (LFP)

activity was recorded at, or downsampled to 1 kHz, and subsequently band-

pass filtered at 1–50 Hz if not mentioned otherwise. Negative LFP (nLFP)

deflections were detected by finding the minimum value of the LFP signal

that crossed a threshold of z SD. The SD was determined for each channel

individually. For the analysis of the developmental data with ±75° incuba-

tion, the SD value was the standard deviation of the entire signal. For all

other data sets, the SD was determined by calculating the standard deviation

of 2–3 s baseline activity. The threshold value z was varied to confirm the

robustness of the results. All quantitative results are reported for z =−4.5.

All data was analyzed in MATLAB (Mathworks, MA, USA) using the phase-

neutral filter implementation filtfilt, and the NEUROSHARE library1 for data

import.

For the power spectral analysis of the developmental data, time win-

dows of ±500 ms around negative LFP threshold crossings were analyzed.

The power spectrum was calculated by using the fast Fourier transform. Av-

erages for individual cultures were calculated across all channels and sub-

sequently normalized (integral over the entire frequency range normalized

to unity) before calculating the average over all cultures.

3.7 Detection of spatiotemporal clusters

Rasters of nLFP events that crossed a predefined threshold, z, were cre-

ated by binning the nLFP times with bin size ∆t (Fig. 1A and B). From

the nLFP rasters, neuronal avalanches were extracted by finding clusters of

nLFP events that were separated by at least one bin width. The size of a

neuronal avalanche was defined as the number of active electrodes during

a cluster. Multiple electrode activations were counted if an electrode was

activated more than once during a cluster. Therefore, the size of a neu-

ronal avalanche is equivalent to the number of nLFPs during the avalanche.

1http://neuroshare.sourceforge.net
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Alternatively, avalanche size can be defined as the sum of absolute nLFP am-

plitudes measured in µV, resulting in a continuous distribution (Beggs and

Plenz, 2003).
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Figure 1: Detection of spatiotemporal clusters. A. Example activity from four cortical elec-
trodes in a culture after two weeks in vitro. Red dots indicate significant negative deflections
(−4.5 standard deviations). B. Illustration of the algorithm to detect spatiotemporal clusters.
Red dots indicate nLFPs and are considered to be member of the same cluster unless separated
by at least one empty bin (light green). C. Cluster size distribution from a recording with 31
electrodes (gray arrow).

To quantify the propagation of spontaneous neuronal activity, we used

the branching parameter σ (Beggs and Plenz, 2003) defined as the number

of nLFPs in the bin following the first bin of each avalanche divided by the

number of nLFPs in the first bin. In Paper V, the bin size, ∆t, was varied

between 1–16 ms, and the ∆t was chosen that resulted in σ equal to unity

(∆t = 2− 4 ms; σ = 0.99± 0.03, mean ± standard deviation).

3.8 Finite-size scaling analysis

In scale-free systems, the maximum event size is not limited by the dy-

namics of the system but only by the system’s finite size (Bak et al., 1988;

Jensen, 1998). We systematically varied the number of channels for the

avalanche detection and studied the probability distribution of normalized

cluster sizes, z = s/N , where N denotes the finite number of channels in the

(sub-) array. Rescaled sizes z are expressed in units of system size N and are

no longer integers.

Here, we write the PMF for z as Pz(z) = A(N)zα, where A(N) is the nor-

malization factor that depends on N . With s = 1,2, . . . , N and the property
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N∑
s=1

Pz(s/N) = 1,

one obtains

A(N) =
Nα

1+ 2α + · · ·+ Nα
. (1)

Dividing Pz(z) by A(N) gives zα, which is independent of N . Thus, the

transformation Pz(z)/A(N) = P(s)/A(N) results in a collapse for power law

distributions with slope parameter α, where P(s) = sα/(1+ 2α + · · ·+ Nα)
denotes the normalized PMF for cluster sizes s = 1,2, . . . , N . For a derivation

of this result and of Eq. 1, see the Supporting Information (Text S1 in the

appendix). For the empirical distributions, we fitted the slope parameter

α in Eq. 1 individually for each system size N using Kolmogorov-Smirnov

estimation (see below).

3.9 Statistical analyses and parameter estimation

For the cluster size distributions in neuronal avalanches, we tested the power

law model — indicative of long-range spatiotemporal correlations — against

the alternative of an exponential distribution, which would be expected

from uncorrelated, random activity (for an identical rate between channels

it would be the binomial distribution). We also compared the power law

to the lognormal distribution as both are heavy-tailed, a property that can

make them difficult to distinguish (Malevergne et al., 2009; Levy, 2009;

Eeckhout, 2009; Mitzenmacher, 2004). In addition, we performed a com-

parison for the power law with exponential cutoff (“truncated” power law),

the gamma and the inverse Gaussian distribution.

Power law distribution. The probability mass function (PMF) for the discrete

power law (Pareto distribution) is

Pα(s) =

csα for smin ≤ s ≤ smax,

0 otherwise,
(2)
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with exponent, i.e., slope parameter, α < −1. For the probability func-

tions, we use the parameter symbols as index to denote the correspond-

ing model, which for the power law is the symbol α. The constant c =
1/
∑smax

s=smin
sα normalizes the PMF, such that

∑smax

s=smin
Pα(s) = 1. The definition

of the theoretical PMF in Eq. 2 requires a lower bound smin > 0, since Pα(s)
diverges for s = 0, but can be written with an upper bound smax =∞. For

the cluster size distributions in this study, however, smax was determined by

the finite system size, i.e., the finite number of electrodes in the recording

array. Thus, parameter estimates and log-likelihood ratios are reported for

the range of sizes from smin = 1 to smax = total number of electrodes in the

array. In any case, the probability function in the range smin to smax has to

be normalized to unity for both the empirical and theoretical PMF.

Exponential distribution. The PMF for the exponential distribution with pa-

rameter λ > 0 is

Pλ(s) =

ce−λs for smin ≤ s ≤ smax,

0 otherwise,

with normalization constant c = 1/
∑smax

s=smin
e−λs.

Lognormal distribution. The PMF of the lognormal distribution is given by

Pµ,σ(s) =

 cp
2πσs

exp
�
− 1

2

�
ln s−µ
σ

�2�
for smin ≤ s ≤ smax,

0 otherwise,

with dispersion parameter σ, location parameter µ ≥ 0 and proper nor-

malization c.

Power law distribution with exponential cutoff. The power law distribution

with exponential cutoff (“truncated” power law) is given by

Pα,λ(s) =

csαe−λs for smin ≤ s ≤ smax,

0 otherwise,
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with λ≥ 0 and proper normalization constant c.

Kolmogorov-Smirnov (KS) estimation. The KS-statistic is based on cumula-

tive distribution functions. For the empirical CDF of data x = (x1, . . . , xn),
Cemp(s), and a power law distribution, Cα(s), the KS-statistic is defined as

D(x;α) =max
s
|Cemp(s)− Cα(s)|. (3)

Minimizing the objective function in Eq. 3 yields an estimate for the

slope parameter α of the power law model (estimates for other model dis-

tributions can be obtained analogously):

α̂= argmin
α

D(x;α). (4)

Maximum likelihood (ML) estimation. The likelihood of the power law model

with parameter α, given the sample of cluster sizes, x= (x1, . . . , xn), is

L(α|x) =
n∏

i=1

Pα(x i). (5)

For numerical convenience, maximum likelihood and likelihood ratios

are calculated with logarithmically transformed values of L(α|x). The log-

likelihood is given by

`(α|x) =
n∑

i=1

ln Pα(x i). (6)

An estimate, α̂, of the power law exponent for data x can then be ob-

tained by maximizing the log-likelihood function in Eq. 6 (see, Pawitan,

2001 and Hald, 1999):

α̂= arg max
α
`(α|x). (7)

Maximum likelihood estimates for all other models can be obtained analo-

gously (Eqs. 5 to 7).

For the minimization of Eq. 4 and the maximization of Eq. 7, we ap-

plied the Nelder-Mead method (Press et al., 2007). Here, the fminsearch
implementation in MATLAB was used. For all models, different initial values
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were tested and the algorithm was tested for convergence. For example, for

the power law, initial conditions between –1 and –2 were found to give the

same optimal solution. To assure the validity of the optimization results,

objective functions were also studied by a grid search method for a wide

range of parameter values.

Log-likelihood ratio test. The log-likelihood ratio for the power law and ex-

ponential distribution was defined as

LLR(x) = `(α|x)− `(λ|x), (8)

where x= (x1, . . . , xn) is the sample of cluster sizes, and the α and λ are

ML estimates of the power law and exponential distribution, respectively

(cf. Eq. 7). If LLR(x) is significantly larger than zero then the power law is

considered to be the better model for data x when compared to the expo-

nential distribution. Conversely, if LLR(x) is significantly smaller than zero,

the exponential distribution is the better fit. The p-value for the LLR test is

given by

p = erfc

 |LLR|p
2nσ2

 , (9)

where

σ2 =
1

n

n∑
i=1

��
`(α|x i)− ¯̀

α

�− �`(λ|x i)− ¯̀
λ

��2
,

with ¯̀
α = `(α|x)/n and ¯̀

λ = `(λ|x)/n (Clauset et al., 2009). Here,

we used a significance level of 0.01. The LLR for the comparison of the

truncated power law with the other model distributions can be calculated

analogously (Eqs. 8 and 9).

All statistical tests are denoted in the text or figure legends. Values are

expressed as mean ± standard error of the mean if not stated otherwise.

3.10 Calcium imaging

Calcium imaging was performed on coverslip cultures loaded with 50 µM

Oregon Green 488 BAPTA-1 (OGB; Life Technologies, NY, USA) and per-
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fused with ACSF (bubbled with 95% O2 and 5% CO2; flow rate 100 ml/h).

OGB was dissolved in 10 µl pluronic F-127 (20% in DMSO; Life Technolo-

gies, NY, USA) and 790 µl freshly prepared ACSF (Ikegaya et al., 2005;

Grewe et al., 2010). Cultures were incubated for 60–90 minutes in a roller

tube incubator and washed in ACSF for 10–30 minutes before imaging. Im-

age sequences (12 bit, 2×2 binning, 320×240 pixels) were acquired with

a Peltier-cooled CCD camera (Imago from TILL Photonics, Gräfelfing, Ger-

many) on an inverted microscope (Olympus IX70) with a 20× water-im-

mersion objective (Olympus UApo/340, numerical aperture 0.7). Excita-

tion wavelength was set to 492 nm using a monochromator (Polychrome II,

TILL Photonics). Excitation, dichroic and emission filters from Omega Opti-

cal (Brattleboro, VT, USA) were XF1087 (445–495 nm band-pass), XF2077

(reflection <500 nm), and XF3105 (508–583 nm band-pass), respectively.

Image sequences of up to 320 s (7000 frames) were obtained at a rate of

21.7 frames/s (cycle time 46 ms, exposure 28 ms) using the TILLVISION 4.0

software (TILL Photonics), converted into TIF file format after acquisition

and analyzed in MATLAB.

Regions of interest (ROIs) were manually selected by identifying typical

cell bodies, and background subtraction was performed by automatically

subtracting the fluorescence signal from a dark background region within

the area of two cell body diameters. All fluorescence values are expressed

as relative change in fluorescence from baseline, denoted by ∆F/F and

measured as percentage. Formally, ∆F/F is defined as the change in flu-

orescence over baseline, that is, ∆F/F = (FROI − F0)/F0, where FROI and F0

denote the background-corrected fluorescence intensities in the ROI and of

the baseline (calculated from a 30-second sliding window), respectively. To

allow for a more robust detection of calcium transients, successive increases

in fluorescence (∆Ft+1 > ∆Ft) were summated and the threshold detec-

tion was performed on this summated signal (t and t + 1 denote the time

of two subsequent image frames). The percentage of spuriously detected

∆F/F -peaks was lower than 0.5% (n= 8 neurons).

3.11 Pharmacology

Picrotoxin (PTX; Sigma-Aldrich, St. Louis, MO), a GABAA-receptor antag-

onist, was dissolved in ACSF at a final concentration of 100 µM for local
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drug application. Fresh solutions were prepared daily. For bath application,

a 400 µM solution was prepared and dissolved in culture medium at a final

concentration of 4 µM.
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Figure 2: Two-compartment chamber for locally confined drug application as confirmed by
dye staining with sulforhodamine 101 (SR101). A. Brightfield image of a cortex-striatum-
substantia nigra culture showing cortex (ctx), striatum (str), coverslip (cv) for compartmen-
talization of the bath, and the pipette (p) for dye/drug application. The white dashed line
shows the approximate border between cortex and striatum. The white and black squares
show approximate locations of the imaging regions for cortex and striatum, respectively. ACSF
flow was from cortex to striatum. Scale bar, 200 µm. B. SR101 staining in cortex and stria-
tum with coverslip compartmentalization. Left panels: Minimal autofluorescence under the
given imaging conditions (no pipette in bath). Inset shows the same image with increased
gain for comparison with (C). Middle panels: local application of 200 µM SR101 stained glia
cells in the striatal but not the cortical compartment. Scale bar, 100 µm. C. Top panel: local
application of diluted SR101 (1 µM) in the cortical compartment increased fluorescence and
labeled previously unstained processes (inset). Same intensity scale as in (B). Bottom panel:
probability density function (PDF) of the fluorescence intensity in the cortical region. Control
condition and application of 200 µM SR101 in the striatal compartment resulted in almost
identical (i.e., overlapping) PDFs. Focal application of diluted SR101 in the cortex (1 µM, ctx)
strongly increased fluorescence.

Local drug application in the striatum was done in a two-compartment

chamber in which a glass coverslip separated the bath between the cortical

and striatal tissue (see Fig. 2 above). PTX (100 µM) was applied with a

glass pipette (80–100 µm tip opening) at a rate of 12 µl/min. The glass

coverslip was ∼300 µm above the tissue and sealed with agar pieces at the

side of the recording chamber. ACSF flow was directed away from the cortex

to avoid drug spillover to the cortical tissue.
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3.12 Immunohistochemistry and confocal imaging

A sub-set of cultures was used for post-hoc immunostaining of tyrosine hy-

droxylase (TH). Cultures were rinsed in phosphate buffered saline (PBS),

fixed in 4% paraformaldehyde for 40–60 minutes, and incubated for 2 hours

at room temperature in blocking solution (10% normal goat serum and 0.5%

Triton X-100 in PBS). For all subsequent steps, a carrier solution consisting

of 1% normal goat serum and 0.3% Triton X-100 in PBS, was used. Cultures

were incubated for ∼12 hours at 4° in a TH-antibody solution (1:1000, anti-

mouse, Immunostar, WI, USA), washed three times for 10 minutes each,

incubated 1–2 hours at room temperature in secondary antibody solution

(1:1000, Alexa 555 anti-mouse, Invitrogen, NY, USA), and washed again

three times for 10 minutes each at room temperature. Before the confocal

imaging, cultures were rinsed in PBS and mounted on coverslips using a

fluorescence-preserving mounting medium (Vector Laboratories, CA, USA).

Confocal images were obtained with a Zeiss LSM 510 using a 63× oil

immersion objective (numerical aperture 1.4, 0.6 µm optical thickness).
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4 Results and discussion

4.1 The influence of input fluctuations on the firing pat-
terns in FS interneurons (Paper I)

In the first part of Paper I, we investigated the influence of input fluctuations

on the firing pattern in striatal fast-spiking (FS) interneurons. In awake be-

having animals, these neurons show an irregular firing pattern with highly

variable interspike intervals (Berke, 2008). The source of this firing vari-

ability could originate from the input that these neurons receive (Lapper

et al., 1992; Wilson, 2004) and/or from intrinsic cellular properties such as

the ones underlying the random stuttering discharge observed in many FS

neurons in response to steady current inputs (Kawaguchi, 1993; Plenz and

Kitai, 1998a; Bracci et al., 2003; Taverna et al., 2007). Using whole-cell

patch-clamp recordings, we measured the voltage responses of striatal FS

neurons that were subject to current injections with varying degree of fluc-

tuations, that is, from random (Poisson-like, qDC = 0) to constant (qDC = 1;

Fig. 3A). The behavior of a typical striatal FS cell with increasing levels

of membrane depolarization and increased spike clustering for more steady

input is shown in Fig. 3B (the fraction of spikes that were part of spike

clusters increased from 0.05± 0.01 for qDC = 0 to 0.83± 0.07 for qDC = 1,

p < 0.001, n= 5, unequal variance t-test).

qDC = 0 qDC = 0.75

2 s300 pA

qDC = 1A

B

Figure 3: A. Current traces with varying degree of fluctuations, ranging from qDC = 0
(Poisson-like input, left) to qDC = 1 (steady input, right). B. Voltage traces of a striatal FS
neuron in vitro in response to the somatically applied current traces in (A). Scale bar, 30 mV.
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In addition, the spike discharge that was random across trials for stut-

tering FS neurons in response to steady input became very reliable when

the neurons received fluctuating input (Fig. 4). This behavior was reported

previously in pyramidal cells (Mainen and Sejnowski, 1995) and might con-

stitute a more general property of various neuron types (Schneidman et al.,

1998; La Camera et al., 2006).
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Figure 4: A. Example rastergram for a striatal FS neuron in vitro that received five identical
trials of fluctuating input (qDC = 0, top rasters) and steady input (qDC = 1, bottom rasters).
B. Summary for n = 5 striatal FS neurons (left panel, black lines) and the model cell (red
line, see text below). The difference between qDC = 0 and qDC = 1 was statistically significant
(∗∗∗p < 0.001, n = 5 striatal neurons, unequal variance t-test). Error bars denote standard
deviations.

FS neurons have been shown to be coupled by electrical synapses (Kita

et al., 1990; Tepper et al., 2004; Fukuda, 2009), which can influence spike

synchronization among coupled neurons as suggested by modeling studies

(Nomura et al., 2003) and experimental evidence in vitro (Galarreta and

Hestrin, 1999; Gibson et al., 2005; Mancilla et al., 2007). However, simul-

taneous recordings from striatal FS neurons in vivo (Berke, 2008), and a

recent modeling study that used a model of a tonically firing FS cell (Hjorth

et al., 2009), suggest that spike synchronization is not a prevailing feature

of FS firing in the striatum. In the second part of Paper I, we tested if this

prediction would hold for a model of electrically connected FS stuttering

neurons (Golomb et al., 2007). The FS model was in agreement with our

in vitro measurements (i.e., level of depolarization, percentage of clustered

spikes, and trial-to-trial correlation; cf. Fig. 4B, black lines: striatal neurons,

red line: model). In line with observations in vivo (Berke, 2008) and in a

model of tonically firing FS neurons, we found little spike synchronization

in the stuttering FS model when the neurons were driven by fluctuating in-
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put (qDC = 0). Together with the lack of spike synchronization in vivo, this

result suggests that the firing variability in striatal FS neurons in vivo most

likely originates from fluctuations in the input to these neurons.

In the last part of Paper I, we investigated the influence of firing vari-

ability in FS neurons in vivo on the variability of postsynaptic responses in

a model of FS-to-medium spiny (MS) synapses. The dynamics of FS-to-

MS synapses is characterized by strong depression (Plenz and Kitai, 1998a;

Koós et al., 2004; Gustafson et al., 2006; Gittis et al., 2010; Planert et al.,

2010), that is, repeated synaptic release results in diminished synaptic effi-

cacies. Fig. 5A shows simulated postsynaptic potentials (PSPs) of a FS-to-

MS synapse in response to an in vivo FS spike train. The presence of spike

clusters and spike pauses led to a wide range of PSP amplitudes.
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Figure 5: Influence of natural FS firing discharge on the PSP distribution in MS neurons. A.
Distribution of simulated PSPs for a typical FS-to-MS synapse in response to an in vivo FS spike
train. For the original spike train (awake), the distribution of PSPs covered the widest range,
i.e., from very small (depressed synapse) to almost maximum (fully recovered; maximum possi-
ble PSP for this synapse was∼1 mV). B. Summary of depressed PSPs (PSPsmall), recovered PSPs
(PSPlarge), and the ratio PSPlarge/PSPsmall for 11 synapses and three FS neurons (∗∗p < 0.001,
∗∗∗p < 0.0001, Kruskal-Wallis test with Tukey-Kramer multiple comparison). Error bars denote
standard deviations.

In contrast, shuffled spike trains did not have the extended pauses and

spike clusters that were present in the original data, and consequently re-

sulted in a smaller range of PSP amplitudes (Fig. 5).
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The synaptic dynamics of the model was derived from paired in vitro
recordings (Planert et al., 2010). Although synaptic depression might be

less pronounced in vivo (Reig et al., 2006; Reig and Sanchez-Vives, 2007),

the qualitative behavior in Fig. 5 is not expected to change. This assumes

that mainly the synapse utilization factor changes and that the recovery time

constant for the synaptic depression remains larger than the short interspike

intervals within spike clusters.

Together, the results from Paper I suggest that input fluctuations in stri-

atal FS neurons significantly contribute to the firing variability observed in
vivo, and ultimately to the variability of postsynaptic efficacies in striatal MS

output neurons. Striatal FS neurons receive input from multiple sources, in-

cluding cortex, thalamus and basal ganglia (Wilson, 2004). In the following

sections, the dynamics of the cortex and striatum are studied in more detail

in organotypic cortex-striatum-substantia nigra pars compacta cultures.

4.2 Organotypic cortex-striatum-substantia nigra pars com-
pacta cultures (Paper II)

Paper II describes a protocol for the preparation of organotypic cultures on

planar multielectrode arrays (MEAs) for the recording of cortical neuronal

avalanches (Beggs and Plenz, 2003; Shew et al., 2009; Yang et al., 2012).

Many steps of the culture preparation on MEAs are identical to the protocol

for culture growth on coverslip glass (Plenz and Kitai, 1998a), such as the

coating of the carriers with poly-D-lysine to enhance tissue binding to the

surface, the preparation of solutions and culture medium, the dissection of

the tissue pieces, and the strict adherence to sterile preparation and culture

conditions in the absence of any antibiotics, which are known to affect neu-

ronal activity. However, other aspects of the protocol are precisely adjusted

to the properties of the MEAs. One critical parameter is the exposure of the

tissue to both medium and oxygen. For organotypic cultures on semiporous

membranes, this condition is given at the interface between medium and

air (Stoppini et al., 1991; Gähwiler et al., 2001). Cultures in roller tubes

are exposed to medium and air in an alternating fashion (Plenz and Kitai,

1998a; Gähwiler et al., 2001). For organotypic cultures on MEAs, an incu-

bator with precisely controllable tilt and rocking trajectory was used to op-
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timize growth and developmental conditions, that is, to achieve appropriate

alternating exposure to culture medium and air with minimal mechanical

disturbances. Under proper culture conditions, healthy tissue shows thin-

ning from initially 500 µm in case of the striatum, to ∼50 µm after 2–3

weeks without the appearance of necrosis. Fig. 6A shows an organotypic

triple-culture on a 59-electrode array after two weeks in vitro.

A B CSNc

Striatum

Cortex

Striatum 500 ms

40 µV

Figure 6: A. Organotypic cortex-striatum-substantia nigra pars compacta culture after 14
days in vitro (Ctx, cortex; Str, striatum; SNc, substantia nigra pars compacta). The white
circles indicate the electrodes for which representative local field potentials (LFPs) are shown
in (C). B. Tyrosine hydroxylase immunostaining of dopaminergic neurons in the SNc (top panel,
0.8 µm optical slice) and the striatal innervation by dopaminergic fibers (bottom panel, 5 µm
maximum intensity z-projection) at 14 DIV. C. Example LFP activity for four cortical and striatal
electrodes (white circles in A).

Successful cultures show neuron types, neuron morphologies, and neu-

ron electrophysiologies that are observed in other slice culture preparations

and which have been shown to be very similar to that in the acute slice with

spontaneous activities similar to that in in vivo resting conditions (Plenz

and Aertsen, 1996a; Plenz and Kitai, 1998a; Klostermann and Wahle, 1999;

Gähwiler et al., 2001). Some differences are, however, worth to discuss.

MS neurons in organotypic cultures have a higher input resistance than

in acute slices (Plenz and Kitai, 1998a; Taverna et al., 2004; Gittis et al.,

2010), which could be a result of the lower spine density in culture (Gustaf-

son et al., 2006). In addition, the lateral connections between MS neurons

have a slightly increased conductance and are more numerous compared
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to acute slice (Czubayko and Plenz, 2002; Gustafson et al., 2006; Tunstall

et al., 2002; Taverna et al., 2004). Because the spontaneous rate of MS firing

in organotypic cultures is comparable to in vivo data, the above differences

might constitute unknown homeostatic mechanisms.

The triple culture preparation used in this thesis consists of the cortex,

striatum, and substantia nigra. The latter tissue contains two parts: (i) the

pars compacta part with dopaminergic neurons (Fig. 6B, top panel) that

resulted in a dense fiber innervation of the striatum (lower panel) already

at 14 days in vitro (DIV) (Plenz and Kitai, 1998b); (ii) the pars reticulata

part that most likely provides a target for striatonigral MS neurons. Other

brain structures important for in vivo brain function and considered in many

basal ganglia models were not present in this preparation. If required for

an experimental question, it is possible to co-culture other brain regions in

organotypic cultures, such as the thalamus, globus pallidus and subthalamic

nucleus (Klostermann and Wahle, 1999; Plenz and Kital, 1999). However,

including additional nuclei in the organotypic culture, increases the com-

plexity and makes certain parameters more difficult to control. Using a

reduced preparation, on the other hand, requires that experimental findings

are confirmed under more physiological conditions and ultimately in vivo.

Despite the lack of external input, organotypic cortex cultures generate

spontaneous activity after 4–6 DIV that can be monitored for many weeks.

Fig. 6C shows a short period of local field potentials (LFPs) from each of

four cortical and striatal electrodes (white circles in Fig. 6A). In the cortex,

spontaneous LFP activity organizes as neuronal avalanches, that is, scale-

free activity clusters that are characterized by a power law distribution,

P(s) ∝ sα, of cluster sizes, s, with exponent α close to −1.5. The follow-

ing section (Papers III and IV) provides the necessary framework to analyze

cluster size distributions and statistically test the power law hypothesis for

neuronal avalanches.

4.3 Statistical analyses of power law distributions in cor-
tical neuronal avalanches (Papers III and IV)

Cortical neuronal avalanches are identified by a power law in avalanche

size distributions. However, deciding whether an empirical probability dis-

32



tribution actually follows a power law can be difficult (Jones and Handcock,

2003; Goldstein et al., 2004; Clauset et al., 2009). Commonly, visual inspec-

tion and least-square fitting on logarithmically transformed data is used to

determine if a given distributions is consistent with the power law hypoth-

esis and to estimate the power law exponent (Albert et al., 1999; Liljeros

et al., 2001; Beggs and Plenz, 2003). Problems with this approach arise

with small sample sizes, which affects particularly the tail of the distribu-

tion, or if only a limited range of the distribution is analyzed (Goldstein

et al., 2004; Newman, 2005; Malevergne et al., 2009). Furthermore, testing

the power law scaling in empirical data without comparison to alternative

distributions can be misleading (Clauset et al., 2009).

In Paper III, we tested the power law hypothesis for neuronal avalanches

using and expanding recently suggested more stringent statistical methods

(Goldstein et al., 2004; Newman, 2005; Clauset et al., 2009) that were ap-

plied to previously published data sets from organotypic cultures (Beggs

and Plenz, 2003), rat in vivo under anesthesia (Gireesh and Plenz, 2008),

and awake macaque monkeys in vivo (Petermann et al., 2009; Yu et al.,

2011) from various cortical areas, including somatosensory, primary motor

and premotor cortex. In particular, to test the power law hypothesis, we

performed the following steps: (i) finite-size scaling analysis to motivate

the power law model as an appropriate description for the distribution of

avalanche sizes, (ii) parameter estimation of the statistical models to de-

termine the exponent of the power law and to allow the subsequent model

comparison, and (iii) comparison of the power law and the exponentially

truncated power law to the alternatives of an exponential, lognormal and

other distributions.

For all data sets, finite-size scaling showed a collapse of rescaled clus-

ter size distributions as expected for power law distributed values (Fig. 7).

Importantly, rescaling of time-shuffled data did not result in a collapse of

the rescaled distributions (not shown). These results, which demonstrated

the scale-free behavior of neuronal avalanche size distributions, motivated

the next steps of the analysis, that is, parameter estimation and model com-

parison. Many studies used least-square fitting on log-log transformed data

(Beggs and Plenz, 2003; Albert et al., 1999; Liljeros et al., 2001) to estimate

the power law exponent, an approach that can suffer from the sample noise
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in the tail of the distribution as pointed out previously (Newman, 2005;

Clauset et al., 2009).
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Figure 7: Collapse of rescaled cluster size distributions for average in vitro distributions (n=
7), average in vivo distributions under anesthesia (rat, n = 7), and the two awake monkeys
with low- and high-density array, respectively (from left to right). All distributions showed a
cutoff at the system size (s/N = 1).

Therefore, in Paper III, we calculated parameter estimates by using two

additional methods, that is, a fit of the cumulative distribution (based on the

Kolmogorov-Smirnov statistic) and likelihood maximization (Clauset et al.,

2009). In line with previous reports (Beggs and Plenz, 2003; Gireesh and

Plenz, 2008; Petermann et al., 2009), the power law exponent α was found

to be close to −1.5 with all three methods. Importantly, to obtain accurate

estimates, the cutoff at the system size (i.e., the number of electrodes in the

multielectrode array, Fig. 7) had to be taken into account. The existence

of the cutoff in the cluster size distributions was not only evident from the

strong decrease in the probability beyond the system size (Fig. 7) but also

from the comparison of avalanche size, s, and the number of unique elec-

trodes that contributed to the avalanche (Fig. 8). Up to the system size,

the size of an avalanche reflected the spatial extent (Fig. 8A, black arrow),

that is, multiple participations of a single electrode were rare and s was ap-

proximately equal to the number of unique electrodes. In the model, the

cutoff was incorporated by setting the upper bound, smax, to the system size,

N , and not to infinity. In Paper IV, we compared the results obtained for

the two different choices of the upper bound, since smax = ∞ is assumed

without critical evaluation by many authors (Clauset et al., 2009; Dehghani

et al., 2012).

34



−3

−2

−1

100 102 104 106

α

Cutoff N

ML estimation

smax = N
smax = ∞

A B

Figure 8: Ignoring the cutoff biases the estimation of the power law exponent. A. Avalanche
sizes below the system size (N = 91, black arrow) reflect the number of unique electrodes that
are part of an avalanche. Multiple electrode activations were rare and mainly observed for
s > N . B. For synthetic power law distributions with exponent −1.5, the estimated exponent,
α, is plotted as a function of the cutoff, N , which ranged from 2 to >105. Blue: estimation that
takes the cutoff into account. Gray: estimation that assumes no cutoff (i.e., smax =∞). For each
cutoff value, 100 simulations were performed. The data are represented as mean±standard
deviation.

In Fig. 8B, we used synthetic data with an underlying power law expo-

nent of −1.5. Using the correct upper bound, smax = N , gave estimates of

α close to −1.5 (i.e., the “true” underlying exponent) independent of N . In

contrast, using smax = ∞ resulted in biased, more negative estimates of α

for small N (Fig. 8B). Importantly, neglecting the cutoff is equally problem-

atic when examining the complementary cumulative distribution of the data

in double-logarithmic coordinates (Clauset et al., 2009; Dehghani et al.,

2012). While the complementary cumulative distribution with smax = ∞
follows a straight line in double-logarithmic coordinates, the same underly-

ing distribution with finite cutoff, N , does not. Instead, the complementary

cumulative distribution is curved in a double-logarithmic plot and cannot

be compared to a straight line. Consequently, for the proper parameter es-

timation and interpretation of data with finite cutoff, this cutoff needs to be

incorporated in the model distribution.

To confirm that the power law was indeed a good fit to the data, we com-

pared the power law fit to alternative distributions, such as the exponential

distribution, which would be expected from random, independent activity.

This was done by using a log-likelihood ratio (LLR) test (Pawitan, 2001;

Clauset et al., 2009) and by a model comparison based on the Kolmogorov-

Smirnov (KS) statistic. The exponential distribution did not provide valid
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fits to the data as evident from visual inspection (Fig. 9A) and additional

statistical analyses.
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Figure 9: Model comparison using the LLR test. A. Model fits obtained by ML estimation for
the power law (red) and the exponential model (green) for an in vivo cluster size distribution
obtained in monkey cortex. B. The same for the comparison between the exponentially trun-
cated power law (red) and the lognormal distribution as the alternative model (green). The
insets show detailed views of the distributions, corresponding to the respective gray rectangles.
C. Average KS distance of the model distributions for all data sets (n = 16, which includes 7
data sets recorded in vitro, 7 in vivo under anesthesia, and 2 in vivo awake). Error bars denote
the standard deviation. The single-parameter power law and the power law with exponen-
tial cutoff yielded significantly better fits to the data than the lognormal or the exponential
distribution (∗p < 0.0001, Kruskal-Wallis test and Tukey-Kramer multiple comparison).

First, the distance between the data and model distribution as measured

by the KS statistic, D, was significantly smaller for the power law (Fig. 9C,

power law versus exponential), indicating that the power law distribution

provided the better fit. Second, the LLR analysis, which provides a signif-

icance value for individual data sets, showed that all LLR values (n = 16

data sets) were significantly in favor of the power law (LLR = 377− 8269,

all p < 0.0001). In addition, we compared the power law to other heavy-tail

distributions such as the lognormal distribution. Because many finite-size

systems show an exponential cutoff below the system size (Jensen, 1998),

we used the power law without and with exponentially truncated tail for

the model comparison (Fig. 9B,C; Supplemental Table S1 in the appendix,

Paper III). The LLR test revealed that the exponentially truncated power law

provided better fits than the lognormal distribution for all tested avalanche

size distributions (p < 0.01 for 12 out of 16 data sets). In line with this re-

sult, the average KS distance between the empirical and model distributions
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was smallest for the power law (with and without exponential truncation)

compared to the other evaluated model distributions (Fig. 9C).

The main parameters for the analyses in Papers III and IV are the thresh-

old for the nLFP detection and the bin size for the detection of spatiotem-

poral clusters. To confirm the robustness of the first parameter, we per-

formed an LLR test for the cluster size distributions for one monkey data

set and varied the threshold values from −1.5 to −5 standard deviations

(Petermann et al., 2009). For all comparisons, the LLR was in favor of the

power law without and with exponential cutoff when compared to the ex-

ponential and lognormal distribution, respectively. However, because more

negative threshold values resulted in a smaller number of samples (i.e., ava-

lanches), not all LLR values did reach statistical significance. For the second

parameter, that is, the bin size, ∆t, we applied the values that were used

in the original studies (Beggs and Plenz, 2003; Gireesh and Plenz, 2008;

Petermann et al., 2009; Yu et al., 2011). Because changes in ∆t lead to a

systematic change of the power law exponent but do not affect the scaling

(Beggs and Plenz, 2003; Plenz, 2012), the above analyses are robust with

respect to changes in ∆t.

In summary, the results presented in Papers III and IV support the power

law scaling in neuronal avalanches in many cortical areas in vivo and in

organotypic cultures in vitro. The exponent α = −1.5 together with the

balanced propagation of activity (i.e., branching parameter close to unity;

Plenz, 2012), provide strong evidence for critical state dynamics in cortical

networks.

4.4 Intrastriatal inhibition decorrelates cortical neuronal
avalanches (Paper V)

In Paper V, we studied the network dynamics in cortex and striatum in organ-

otypic cortex-striatum-substantia nigra pars compacta cultures using cortical

and striatal multielectrode recordings and calcium imaging of striatal neu-

rons. Local field (LFP) activity was measured simultaneously from up to 31

electrodes in the cortex and 28 electrodes in the striatum. The analysis of

spatiotemporal clusters revealed neuronal avalanches in the cortex as evi-

dent from power law distributed avalanche sizes with an exponent α close
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to −1.5 (Fig. 10A, left panel; α=−1.47±0.02, n= 8 cultures) and positive

LLR values that were in favor of the power law compared to the exponential

distribution (LLR = 1564− 27,090, all p < 0.001). Accordingly, avalanche

sizes when measured as the sum of absolute nLFP amplitudes, followed a

continuous power law distribution (Fig. 10A, right panel).
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Figure 10: A. Discrete (left panel) and continuous (right panel) cluster size distributions for
cortex and striatum (n = 8 cultures). Arrow: maximum system size for the cortical sub-array
(31 electrodes). Black lines indicate a power law with α = −1.5 for comparison. B. Average
power law exponent for cortex and striatum under normal conditions (∗∗p < 0.01, n = 8,
Wilcoxon signed- rank test). Error bars in (B) and (D) denote the standard error of the means.
C. Same as in (A) with bath application of picrotoxin (PTX, 4 µM). D. Kolmogorov-Smirnov
distance, D, between cortical and striatal cluster size distributions under control, PTX, and
24-hour washout condition (∗p < 0.05, n= 8, Friedman test with Bonferroni correction).

In contrast to cortical cluster sizes, the striatum showed reduced spa-

tiotemporal correlations and power law distributions with a significantly

more negative exponent at the same spatial and temporal scale (α=−3.04±
0.27, p < 0.01; see Fig. 10A,B). Although the striatum showed a smaller

number of large clusters, the size distributions were consistent with a power

law distribution (LLR = 123− 3225 compared to an exponential distribu-

tion, all p < 0.01 for n = 8 cultures). Importantly, the difference between

cortical and striatal cluster size distributions was significantly smaller in the
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presence of the GABAA-receptor antagonist picrotoxin (PTX; Fig. 10C,D).

This demonstrates two aspects of striatal dynamics. First, dynamical differ-

ences between cortex and striatum observed under normal conditions dis-

appear under abnormal conditions, for example, when inhibition is reduced

in cortex and striatum. Second, the small probability of large striatal clus-

ters under normal conditions does not result from an anatomical constraint

of the striatum (i.e., absence of long-range connections or more flattening

of the striatal tissue compared to cortical tissue in the culture system). In-

stead, the difference reflects dynamical differences. Thus, under normal

conditions, cortical and striatal networks follow qualitatively different dy-

namics.

The bath application of PTX in the above experiment does not allow to

distinguish between the cortical and striatal contribution to the increased

probability for larger striatal activity clusters. That is, increased cortical

synchronization (Yang et al., 2012) could result in a more effective drive

of the striatal circuit and thus lead to larger striatal clusters. Similarly, re-

duced intrastriatal inhibition is likely to increase the probability of larger

activity clusters in the striatum. To study the influence of intrastriatal in-

hibition on the activity of the MS output neurons, we measured calcium

activity in striatal neurons loaded with the calcium dye Oregon Green 488

BAPTA-1 (OGB) under normal conditions and in the presence of local stri-

atal application of PTX. Fig. 11A shows 5 min of calcium activity (measured

as percentage change in fluorescence over baseline, ∆F/F) in 11 striatal

neurons under control and PTX condition, and ∼10 min after washout. The

average amplitude of ∆F/F -peaks, which was linearly related to the num-

ber of action potentials (R2 = 0.99, n = 8), increased significantly under

PTX (Fig. 11B). This increase was also measured after acute lesions of the

SNc (Fig. 11B), indicating that it did not depend on GABAergic input from

the substantia nigra (Tritsch et al., 2012). Importantly, the use of a two-

compartment chamber with directed flow of ACSF prevented any significant

drug spillover to the cortical tissue (see Fig. 2, p. 25). This was shown

by the fact that local application of PTX in the striatum did not affect the

total rate of events as measured by the number of calcium transients in the

wide-field fluorescence signal (Fig. 10D). This rate of events in the striatum

reflects the rate of cortical up-states that led to striatal excitation (Plenz and

Aertsen, 1996b).
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Figure 11: A. Example ∆F/F traces of 11 striatal neurons before (control), during (PTX, 100
µM), and 10 min after (washout) local drug application. B. Average ∆F/F -peak amplitudes
under PTX (∗∗p < 0.01, n = 8 cultures). C. Average ∆F/F -peak amplitudes in striatal neurons
after acute lesion of the substantia nigra (∗p < 0.05, n = 4). D. Global event rate as measured
by the rate of ∆F/F -peaks in the wide-field, striatal fluorescence signal (p = 0.72, n = 3). E.
Average pairwise correlation for all three conditions (∗∗∗p < 0.001, n = 8). For all tests the
Friedman test with post-hoc Bonferroni correction was used.

Local blockade of striatal inhibition significantly increased the correla-

tion of calcium transients across striatal neurons (Fig. 11E) as well as the

overall number of action potentials per cortical input. This result suggests

that neurons in the striatal microcircuit receive correlated input from the

cortex, which is decorrelated through striatal inhibition. It should be noted

that the decay kinetics of OGB (at the order of hundreds of milliseconds;

Kovalchuk et al., 2000; Grewe et al., 2010) does not allow to measure spike

timing at a high temporal resolution. The fine temporal scale at which the

striatum might receive the correlated input can therefore not be inferred

from the calcium imaging (but see Stern et al., 1998).

From the known statistics of striatal neuron numbers (Oorschot, 1996;

Plenz and Aertsen, 1996a), most of the imaged neurons are expected to be

MS neurons as identified by morphological and electrophysiological prop-

erties (Czubayko and Plenz, 2002; Kerr and Plenz, 2004; Gustafson et al.,

2006). The results in Fig. 11 can thus be considered to reflect changes in

the striatal output.
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That local application of GABAA-receptor antagonists into the striatum in
vivo is able to cause behavioral changes, such as motor tics and dyskinesia,

has been demonstrated in various studies (Standefer and Dill, 1977; Mura-

matsu et al., 1990; McCairn et al., 2009). The results from Paper V sug-

gest that in addition to the elevated activity level (which is also observed in
vivo), increased output correlations among MS neurons could contribute to

the behavioral effects. A recent study suggests that dyskinesia can be caused

by a selective blockade of AMPA-mediated input to striatal FS interneurons

to reduce their activity (Gittis et al., 2010). However, the reduction of FS

discharge was accompanied by a dichotomous change of the firing rate in

simultaneously recorded MS neurons. The increase of activity in some of

the MS neurons does not allow to clearly differentiate between the con-

tribution of the feedforward versus feedback inhibitory circuit. Additional

experiments are necessary to elucidate the role of these two cortex-driven

circuits, and the organotypic culture preparation provides a reduced and

versatile system to study this question.
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5 Conclusions and future perspectives

The results from this thesis show that the striatum receives spatiotemporally

diverse inputs from the cortex during neuronal avalanches in vitro. Under

normal conditions, cortical and striatal networks follow qualitatively differ-

ent dynamics; whereas spontaneous local field potentials in the cortex are

characterized by scale-free dynamics with long-range spatiotemporal corre-

lations, striatal local field activity shows a significantly smaller percentage

of extended activity clusters at the same spatial and temporal scale. Future

studies should determine if the striatal dynamics observed during sponta-

neous activity in the organotypic cultures are also present during evoked

activity and whether the striatum exhibits these dynamics also in vivo.

In the first part of this thesis (Paper I), we have shown that spike tim-

ing in striatal FS neurons is largely determined by input fluctuations, and

that the resulting firing variability leads to a wide range of postsynaptic

responses in MS neurons. It has been shown that MS neurons receive sub-

stantial inhibitory input during up-states (Blackwell et al., 2003; Wilson,

2007) and it would be of interest to determine the precise contribution of

FS inhibition to this input by modulating their activity. Several techniques,

such as electrophysiological recordings (Kerr and Plenz, 2004; Gustafson

et al., 2006), pharmacological manipulations (Magazanik et al., 1997; Git-

tis et al., 2010) and/or optogenetics (Mattis et al., 2012; Szydlowski et al.,

2013), could be used to increase or reduce FS activity.

The importance of intrastriatal inhibition in shaping striatal output is

also evident from the results of the calcium imaging experiments in Paper

V. These experiments indicate that intrastriatal inhibition shapes striatal ac-

tivity by (i) decreasing the average number of action potentials during up-

states, and (ii) decorrelating the output rate across neurons. Two questions

should be addressed in future studies. First, does an increase in the striatal

output correlation change the activity in downstream structures? If this is

the case, it would be important to determine the striatal network dynamics

under pathological conditions. For example, chronic dopamine depletion

in Parkinson’s disease, which causes multiple changes at the striatal level

(Tseng et al., 2001; Day et al., 2006; Kreitzer and Malenka, 2007; Taverna

et al., 2008; Gittis et al., 2011), also leads to increased levels of synchro-
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nized activity in the external and internal segments of the globus pallidus

(Nini et al., 1995; Hammond et al., 2007). It would be interesting to deter-

mine a possible role of the striatum in these pathological dynamics. Second,

if disrupted striatal output does indeed affect the activity in downstream

nuclei, it would be important to reveal the origin of the inhibition that ap-

pears to be crucial for normal striatal dynamics. Different striatal cell types

are implicated in basal ganglia dysfunctions (Vonsattel and DiFiglia, 1998;

Kalanithi et al., 2005; Gittis et al., 2010) and understanding the functional

roles of these cell types in shaping striatal output under normal and abnor-

mal conditions will bring us closer to understanding and restoring healthy

brain function.
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