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Abstract

Despite the use of cholinergic therapies in Alzheimer’s disease and the development of cholinergic
strategies for schizophrenia, relatively little is known about how the system modulates the
connectivity and structure of large-scale brain networks. To better understand how nicotinic
cholinergic systems alter these networks, this study examined the effects of nicotine on measures
of whole-brain network communication efficiency. Resting-state fMRI was acquired from fifteen
healthy subjects before and after the application of nicotine or placebo transdermal patches in a
single blind, crossover design. Data, which were previously examined for default network activity,
were analyzed with network topology techniques to measure changes in the communication
efficiency of whole-brain networks. Nicotine significantly increased local efficiency, a parameter
that estimates the network’s tolerance to local errors in communication. Nicotine also significantly
enhanced the regional efficiency of limbic and paralimbic areas of the brain, areas which are
especially altered in diseases such as Alzheimer’s disease and schizophrenia. These changes in
network topology may be one mechanism by which cholinergic therapies improve brain function.
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Introduction

The cholinergic system modulates key cognitive functions, including attention, learning and
memory (Wallace & Porter, 2011). Dysfunction of the system plays a central role in
common psychiatric and neurologic diseases, most notably in Alzheimer’s disease (Geula &
Mesulam, 1996). Recent research also points to cholinergic dysfunction in schizophrenia
(Martin & Freedman, 2007) Given its role in disease states, and its widespread role in
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healthy brain function a more complete understanding of the neurobiology of cholinergic
systems is needed.

The cholinergic system has complex features that are not confined to single region, but are
distributed throughout the cortex. Nicotinic acetylcholine receptors (nAChR) are found in all
areas of the cortex and the limbic system. Cholinergic fibers, originating in the nucleus
basalis, project to all areas of the cortex and especially to limbic and paralimbic areas
(Mesulam & Geula, 1988). In addition to this global system of projections, interneurons
responding to nAChR stimulation are found throughout the cortex and provide localized
control of neural activity (Xiang, Huguenard, & Prince, 1998). This anatomical organization
suggests that the cholinergic system is ideally situated to provide both local and global
modulation of cortical networks and information processing.

Indeed, evidence suggests that cholinergic mechanisms modulate networks that are critical
for healthy cognitive function and are vulnerable to disruption. For example, selective
attention, which is mediated by a widespread network of frontal, posterior parietal and
cingulate cortical regions (Ansado, Monchi, Ennabil, Faure, & Joanette, 2012), is impaired
in many neuropsychiatric illnesses (Barr et al., 2007; Festa, Heindel, & Ott, 2010; Levin et
al., 1996). The cholinergic system is a key mediator within the neurocircuitry of attention
(Wallace & Porter, 2011). Pharmacologic enhancement of the system improves attention in
animal models (Hahn, Shoaib, & Stolerman, 2011) and disease states (Barr et al., 2007;
Levin et al., 1996). Similarly, sensory gating, the process by which the brain filters incoming
sensory information, is mediated by a widespread network of regions including the superior
temporal gyrus, dorsolateral prefrontal cortex, insula, and hippocampus (Bak, Glenthoj,
Rostrup, Larsson, & Oranje, 2011). The process is disrupted in disease and improved with
cholinergic treatments (L. Adler, Hoffer, Wiser, & Freedman, 1993).

Despite evidence for cholinergic effects on large-scale brain networks, little is known about
the mechanisms by which these effects occur. In order to better understand these network
dynamics, certain characteristics of networks can be translated into mathematical models.
New analytic techniques now allow hypothesis testing involving large-scale brain networks,
which can be used to improve our understanding of cholinergic mechanisms.

Recent advances in the field of complex network theory have led to a focus on the ‘small-
world’ topology (Watts & Strogatz, 1998). The small-world model conceptualizes the brain
as a distributed, massively-multiparallel system that processes information both globally and
locally. In this view, large-scale neural networks are optimized for both global integration
and local specialization, all while minimizing the energy and resources involved in
constructing the network (Latora & Marchiori, 2003). It allows for global features such as
non-localized pathology in disease and the widespread projections of the cholinergic system.
It also includes localized features, by treating individual brain regions as processing nodes
that interact with nearby regions as well as with the whole network. Pathology and
dysfunction manifest as abnormal network parameters, typically associated with inefficiency
and an increased cost. For example, neural networks in schizophrenia require more
connections between nodes to achieve a level of network integration equivalent to that of
controls (Liu et al., 2008).

To better understand the system-wide effects of nicotinic cholinergic systems within the
brain, we used network analysis techniques to examine network topology in an fMRI study
of the nicotinic cholinergic receptor agonist nicotine, as compared to placebo administration,
in healthy subjects. This data set was used in a previous analysis of the effect of nicotine on
default mode network activity (Tanabe et al., 2011). For this study, we hypothesized that
nicotine would improve resting state measures of network efficiency. In addition, we
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hypothesized that limbic/paralimbic regions that have been shown to be particularly altered
in disease states would show improved local efficiency, i.e. enhanced interaction with all
other brain regions, in response to nicotine.

2. Materials and methods

2.1 Subjects

Fifteen healthy adults participated in the study, 9 men and 6 women (average age of 29.4
years, SD 7.5). All subjects were non-smokers, 10 had never smoked, while 5 had minimal
previous tobacco use. Subjects were excluded for axis | disorders, neurologic illness, or
major medical illness. No subject had a lifetime use of more than 100 cigarettes and all were
nicotine-free for at least 3 years prior to the study. Subjects provided written informed
consent as approved by the Colorado Multiple Institutions Review Board.

2.2 Experimental Design and Nicotine Administration

A single-blinded, placebo-controlled, cross-over design was used. Details have been
provided previously (Tanabe et al., 2011). Briefly, subjects participated in three sessions.
During the first session medical, psychiatric and smoking history were obtained and subjects
underwent a nicotine tolerance test. During the second and third sessions, subjects were
scanned before and after receiving either a 7 mg transdermal nicotine patch (Nicoderm CQ,
Alza Corp) covered in tape or the placebo treatment. Subjects were re-scanned 90 minutes
after receiving the patch or placebo, when nicotine levels from the transdermal patch were
expected to peak (Fant, Henningfield, Shiffman, Strahs, & Reitberg, 2000). Heart rate was
measured before and during scanning by an MR-compatible photoplethysmopraph, with a
sampling frequency of 40 Hz. As reported previously (Tanabe et al., 2011), no effects of
drug on heart rate were observed.

2.3 fMRI Data Acquisition & Preprocessing

Resting state images were acquired on a 3T whole-body MR scanner (General Electric,
Milwaukee, WI, USA) using a standard quadrature head coil. A high-resolution 3D T1 -
weighted anatomical scan was collected. Functional scans were acquired with the following
parameters: TR 2000 ms, TE 32 ms, FOV 240 mm?2, matrix size 64 x 64, voxel size 3.75 x
3.75 mm?, slice thickness 3 mm, gap 0.5 mm, interleaved, flip angle 70 degrees. Resting
fMRI scan duration was 10 min, with subjects instructed to rest with eyes closed. Data were
preprocessed using SPM8 (Wellcome Dept. of Imaging Neuroscience, London, UK) in
Matlab 2009b. All subjects had less than 2 mm of movement. The first four images were
excluded for saturation effects. Images were realigned to the first volume and normalized to
the Montreal Neurological Institute (MNI) space.

2.4 Anatomical Parcellation

Volumes were separated into regions of interest using the Anatomical Automatic Labeling
(AAL) templates (Tzourio-Mazoyer et al., 2002). This parcellation divides each hemisphere
into 45 cortical and subcortical regions, for a total of 90 regions. All areas were labeled by
functional zones as described in Mesulam (Mesulam, 1998). Time series were extracted by
averaging the BOLD signal over all the voxels in a region for each time point. These
regional mean time series were used for wavelet decomposition and correlation.

2.5 Wavelet Correlation Analysis

We applied the maximal overlap discrete wavelet transform (MODWT) over the first four
scales to each regional mean time series. For each pair of time series we measured the
correlation between wavelet coefficients at each scale. This resulted in a set of four 90 x 90
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correlation matrices for each subject. Resting state functional connectivity is typically
greatest at low frequencies, while non-neural sources of regional correlation are typically
represented at higher frequencies (Cordes et al., 2001). The frequency range of the kth scale
of the wavelet decomposition is [2Ck=D/TR, 2(-K)/TR] (Percival & Walden, 2006). Based on
the results of previous studies (Ginestet & Simmons, 2011; 2011; Supekar, Menon, Rubin,
Musen, & Greicius, 2008), the 4th scale, corresponding to the frequency interval of [0.01,
0.03] Hz was used for further network analysis. The mean correlation coefficient, the
averaged wavelet coefficient for a correlation matrix, was used as a global measure of
functional connectivity.

2.6 Statistical Parametric Networks (SPNs)

Visual representations of brain networks were created as in Ginestet and Simmons, 2011.
Following their terminology, we use ‘statistical parametric networks’ (SPNs) to denote these
graphs. Mean SPNs represent the mean functional network of the population of subjects for
the conditions of the experiment. Differential SPNs were created as well as in Ginestet and
Simmons, 2011, but no edge survived correction for multiple comparisons. Mean SPNs were
created as detailed previously (Ginestet & Simmons, 2011). Briefly, condition mean
correlation coefficients were Fisher z-transformed, standardized to the grand sample mean
and grand sample standard deviation, and used in a one-sample location test against a
significance level determined by the false discovery rate (FDR), with a base FDR of g=0.05.
This identified connections that were significantly stronger than the grand sample mean.

2.7 Network Topology Measures

Standard graph-theoretical measures were used to compare the organization of networks
across conditions. Formally, a graph G is defined as a set of vertices {V} connected by a set
of edges {E}. The term ‘node’ is often used interchangeably with vertex and here will be
used when referring to specific regions of the brain, while vertex is used in this section’s
notation. The degree of a vertex is the number of edges connecting it to other vertices. The
total number of vertices and edges of a graph are denoted N, and Ng and defined by N:= |
V| and Ng:= |E|, where |.| indicates the number of elements in the set. Here, a vertex is an
anatomical region and N,, = 90. The total number of possible edges in a saturated graph can
be calculated from this by Ng = Ny, * (N,, — 1)/2 = 4005. Which specific connections
between regions will be used as edges in the following calculations will be addressed below.

Global and local efficiencies are measures of network topology (Figure 1a) and are related
to theoretical information transfer within a network (Latora & Marchiori, 2003). Both are
similar to other small-world measures in graph theory, but more directly relate to
information processing within a network. Global efficiency measures how integrated the
entire network is; that is the efficiency of information transfer throughout the entire network.
Local efficiency measures the network’s capacity for regional specialization, by looking at
how well connected its sub-networks are. Additionally, it provides an estimate of fault
tolerance, since an abundance of local connections allows the network to route around
damage to vertices or edges. Both measures derive from a single equation that describes the
efficiency of any network in terms of the inverse of the harmonic mean of the minimum path
length:

1 _
ECr =32 2% &

i€V j#ieV
where dij is the shortest path between vertices i & j, and the set {J#/€ V} is the set of all

vertices in {V} that are different from i. Global efficiency is then defined as the efficiency of
the entire network:
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Local efficiency is related to the average efficiency of the subnetworks. Let G; indicate a
subnetwork containing all vertices that are neighbors of the it vertex; ie, G)) = {v;€ G|
v;~ Vi}, where vj ~ vj indicate that the it and jt vertices are connected. Local eff|C|ency is
then defined as the averaged efficiencies of all subnetworks G;:

ELo(aZ ZE(G ) ®)

VeV

Regional efficiency, sometimes referred to as nodal efficiency, is a measure of how
connected a specific vertex is to all other vertices in the network (Figure 1b, (He et al.,
2009)). The regional efficiency for vertex v is defined as the inverse of the harmonic mean
of the minimum path length between an index vertex and all other vertices in the network:

; 1
Regional . —1
E (G, V).—N ] E dz] (4)

Ve jEveV

Of note, the average of all regional efficiencies is the global efficiency since
N;] Z‘.EVERegionul (G, V)ZEGIObaZ_

The cost or sparsity of a network is defined as the fraction of edges in a network compared
to a saturated network with the same number of nodes.

A network has a small-world topology if its properties are midway between comparable
networks with either random or regular lattice topologies (Watts & Strogatz, 1998). This
definition, while imprecise, qualitatively captures the usefulness of the small-world model,
with its ability to encompass the properties of two very different types of network topology.
A comparable random network has the same number of vertices and edges, but the
connections between nodes are randomly determined. A comparable regular lattice has the
same number of vertices and edges, but its connections are distributed evenly to neighboring
vertices. Random networks have high global efficiency but low local efficiency, whereas
lattice networks have low global efficiency but high local efficiency. Small-world networks
have higher global efficiency than a comparable lattice network and higher local efficiency
than a comparable random network (Latora & Marchiori, 2003). Regular and lattice
networks were generated over the full range of possible costs then compared to brain
networks with equal costs.

Previous studies using network topology in the neurosciences have used either thresholding
or cost-based functions to determine which correlations are relevant edges. However, there
is no definitive way to select a threshold or cost value and the choice of arbitrary values can
bias results (Ginestet, Nichols, Bullmore, & Simmons, 2011). Instead, we use cost-
integrated versions of global, local and regional efficiencies (£C/0bal, Local - pRegional
evaluate a network’s efficiency independently from the correlation strength of its edges,
where the efficiency function is integrated over the full range of possible cost values, [0, 1]
(Ginestet & Simmons, 2011; He et al., 2009; 2009).
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2.8 Network Topology Statistics

To assess the hypothesized interaction of drug (placebo versus nicotine) by session (pre-
versus post-patch), we computed a paired t-test on the subtraction of the pre- from the post
data (equivalent to the interaction term in a 2 x 2 repeated measures ANOVA). Type | errors
in multiple comparison testing were controlled using the false discovery rate (FDR)
technique with a base of g = 0.05 (Benjamini, 2001). All analysis were carried out in the R
statistical programming language (http://www.r-project.org) using the base installation and
the packages ‘Brainwaver,” ‘waveslim,” ‘igraph,” and ‘NetworkAnalysis;’ available in the
Comprehensive R Archive Network (http://cran.r-project.org).

3. Results

3.1 Statistical Parametric Networks

Nicotine, as compared to placebo, did not change mean correlation coefficient (t = -1.064, p
= 0.305). A mean Statistical Parametric Network (SPN), which represents the connection
patterns and nodal degrees for the whole-brain, is shown in Figure 2. No significant
differences between drug conditions were observed. The pattern of connections in all cases
showed prominent bilateral connections with a prominent symmetry in the degree
distribution, with identical nodes in either hemisphere having similar degrees.

3.2 The Efficient Small-world of Functional Brain Networks

The functional networks in all experimental conditions showed small-world properties. The
networks were intermediate between simulated networks with a random topology, which
have a high global efficiency and a low local efficiency, and those in simulated networks
with a lattice topology, which have low global but high local efficiency (Figure 3). This was
particularly true for values in the small-world regime of cost = 0.1 to 0.3 (Liu et al., 2008).
Both global & local efficiencies in all functional networks started low and rose rapidly with
small increases in cost. At very low cost values, all networks were closer to a lattice
topology with relatively low global efficiency and relatively high local efficiency. As cost
increased all networks approached a random topology, with relatively high global efficiency.

3.3 Nicotine Increased Network Efficiencies

Nicotine administration, compared to placebo, significantly increased cost-integrated local
efficiency of the network (Figure 4, t = 2.23, p = 0.043). A trend for cost-integrated global
efficiency also was observed (Figure 5, t = 1.82, p = 0.091). Regional efficiencies also were
examined to determine which areas of the brain contributed most to the changes in network
efficiencies. Changes in cost-integrated regional efficiency for each region, averaged
between hemispheres, are displayed in Figure 5. For most regions, nicotine administration
resulted in modest changes of regional efficiency of less than ten percent. Primary
sensorimotor areas showed the least amount of change. Association areas showed a greater
range of responses to nicotine, with both increases and decreases. Subcortical areas had
widely varying responses, with the thalamus and putamen increasing their regional
efficiencies while other areas of the basal ganglia had the largest decrease. Overall, none of
these areas significantly changed in response to nicotine, compared to placebo, either
individually or grouped by cortex type, and no laterality was evident in the responses. In
grouping regions as either prefrontal, sensorimotor, association, subcortical, or limbic/
paralimbic (Mesulam, 1998); nicotine, as compared to placebo, was associated with a
significant increase in cost-integrated regional efficiency for the limbic and paralimbic areas
(Wilcoxon signed rank test on medians, Hg as above, V = 108, p = 0.0043). This effect was
more pronounced on the right side compared to the left (Wilcoxon signed rank test on
medians with Hy: no change in response to treatment: right VV = 102, p = 0.0151, left VV = 72,
p = 0.52).
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4. Discussion

This study used wavelet analysis and network theory to investigate how nicotine alters
functional networks within the brain. The primary findings were: 1) No effect on average
connectivity or on SPNs was observed. 2) Network topologic measures showed a significant
increase in local efficiency, a trend towards increased global efficiency, and a significant
increase in the regional efficiency of limbic and paralimbic areas. These results suggest that
nicotine influences cognition by improving the efficiency of information transfer within the
brain on both global and local levels, particularly by increasing the integration of
information in limbic and paralimbic areas within the brain’s network. These results are
relevant to our understanding of the large-scale networks that mediate cognition and for
diseases that involve nicotinic cholinergic pathology.

4.1 Cholinergic Effects on Network Topology

Nicotine administration improves cognitive, electrophysiological, and hemodynamic
measures of neuronal function in many disease states, particularly Alzheimer’s disease
(Festa et al., 2010) and schizophrenia (L. Adler et al., 1993; Barr et al., 2007). Attention,
working memory, episodic memory and sensory gating are all fundamental cognitive
functions that are disrupted in these diseases and improved by cholinergic agonists (L. Adler
etal., 1993; Barr et al., 2007; Festa et al., 2010). All of these cognitive functions are
mediated by networks of connected regions within the brain.

A main finding of this study was that nicotine increased local efficiency. A very similar
network measure, clustering coefficient, has been shown to be associated with higher
performance on many cognitive tests in healthy subjects: It positively correlates with
measures of attention, working memory, verbal & spatial memory and psychomotor speed
(Douw et al., 2011). Part of nicotine’s effect on cognition could be due to modifying the
exchange of information within the networks that mediate these functions. A possible
mechanism for this effect may involve nicotinic receptors that are found on interneurons
throughout the cortex. Nicotinic receptor agonists have been shown to synchronize
interneuron activity (Bandyopadhyay, 2006). Through these interneurons, cholinergic
agonists decrease the surround inhibition of neurons and enhance intracolumnar inhibition
(Xiang et al., 1998). Cholinergic activity promotes information transfer by enhancing the
influence of afferent inputs (Kimura, 2000) or facilitating ‘neuronal avalanches’ that convey
information across cellular networks (Pasquale, Massobrio, Bologna, Chiappalone, &
Martinoia, 2008). Any or all of these mechanisms could contribute to the network efficiency
changes observed in the present study.

4.2 Disrupted Network Topology in Schizophrenia

In addition to its association with poorer cognitive function in healthy individuals,
inefficient network topology also has been shown in schizophrenia. Which network feature
is disrupted is dependent on the type of network (ie, anatomical or functional), but overall,
studies typically have found decreased global integration and local specialization. In
functional networks studied with fMRI (Alexander-Bloch et al., 2010; Liu et al., 2008;
Lynall et al., 2010) or EEG (Micheloyannis et al., 2006; Rubinov et al., 2009), schizophrenia
has been associated with decreased local specialization, measured as either local efficiency
or the conceptually similar clustering coefficient. Anatomical networks constructed with
diffusion tensor tractography (DTI) also found decreases in local efficiency, but show
decreases in global efficiency as well (Q. Wang et al., 2012; Zalesky et al., 2011). Both local
and global efficiency have been shown to negatively correlate with duration of illness (Liu
et al., 2008). Clustering coefficient has been shown to positively correlate with medication
dosage (Rubinov et al., 2009). In structural networks, local and global efficiency negatively
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correlate with scores on the Positive and Negative Symptom Scale (PANSS, (Q. Wang et al.,
2012)). All together, reductions in network measures of local specialization, along with
symptom correlations, suggest that schizophrenia is associated with a subtle randomization
of connection patterns within the brain. Nicotine’s ability to increase local efficiency shown
in the present study suggests, therefore, that cholinergic enhancement may be a potential
therapeutic mechanism in the illness.

4.3 Disrupted Network Topology in Alzheimer’s Disease

Abnormal network topology also has been shown in Alzheimer’s disease. Much like in
schizophrenia, the network measure disrupted depends on the type of network and the
experimental modality used. Functional networks studied with fMRI have found a decreased
measure conceptually similar to local efficiency, the clustering coefficient (Supekar et al.,
2008). In functional networks measured by EEG or MEG, the clustering coefficient was
decreased while the characteristic path length, approximately the inverse of global
efficiency, was increased (Stam et al., 2008; Stam, Jones, Nolte, Breakspear, & Scheltens,
2006).

In summary, functional networks in Alzheimer’s disease have shown decreased local
specialization and decreased global integration. These changes suggest that functional
networks in Alzheimer’s disease have a more randomized structure, relative to those
observed in healthy individuals. Nicotine’s ability to increase local efficiency in functional
networks, shown in the present study, may contribute to the efficacy of cholinergic agonists
used in treating Alzheimer’s disease.

4.4 Paralimbic and Limbic Regional Efficiency Effects

The present study suggests that nicotine increases regional efficiency in limbic and
paralimbic areas, thereby promoting information exchange between these areas and the rest
of the brain. This effect also may be particularly relevant to disease states. Schizophrenia
has been associated with grey matter deficits in these regions (Ellison-Wright & Bullmore,
2010). In particular, temporal pole grey matter volume negatively correlates with
hallucinations and delusions in the disease (Crespo-Facorro et al., 2004). These deficits
extend to the superficial white matter associated with the paralimbic regions (Makris et al.,
2010). On the cellular level, limbic and paralimbic areas in schizophrenia have decreased
neuron and interneuron counts (Kreczmanski et al., 2007; A. Y. Wang et al., 2011) and
decreased nicotinic receptor concentrations (Freedman, Hall, Adler, & Leonard, 1995). In
terms of functional physiology, schizophrenia has been associated with decreased activation
of the amygdala, orbitofrontal cortex, and anterior cingulate gyrus as measured with fMRI
using an oddball paradigm (Liddle, Laurens, Kiehl, & Ngan, 2006). By increasing the
regional efficiency of these regions, nicotine could act to improve information processing of
limbic and paralimbic areas in schizophrenia.

Alzheimer’s disease also is characterized by prominent deficits in limbic and paralimbic
regions. The temporal pole, insula, orbitofrontal cortex and hippocampus are all atrophied
and show decreases in cholinergic fibers (Geula & Mesulam, 1996; 1996; Halliday, Double,
Macdonald, & Kril, 2003). The hippocampus, amygdala and anterior cingulate cortex all
show decreased perfusion and metabolism (David Callen, Black, & Caldwell, 2002; Nestor,
Fryer, Smielewski, & Hodges, 2003). Similarly, limbic and paralimbic areas show decreases
in grey matter (DJ Callen, Black, Gao, Caldwell, & Szalai, 2001; Frisoni, 2005; Thompson
et al., 2003). Nicotine’s ability to increase the regional network efficiency of these areas
observed in the present study may mediate its cognitive effects in Alzheimer’s disease, and
suggests a possible mechanism for therapeutic cholinergic effects in the disease.
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4.5 Limitations

This study used the anatomical AAL atlas (Tzourio-Mazoyer et al., 2002) to parcellate grey
matter into distinct regions, then average the signal of all voxels within each region to obtain
time series for further correlation and network analysis. Because the relationship between
anatomical and functional anatomies is not precisely known, some of the regional
boundaries in the atlas may be arbitrary and some functional subdivisions may not be
included. Any networks created from this method are necessarily approximations of brain
function (Smith, 2012). However, since the same anatomical atlas was used throughout this
study, all measured network parameters can be reliably compared across conditions (Zalesky
et al., 2010).

Physiological noise is another potential confounding factor in studies of functional
connectivity. As reported in a previous analysis of this data set (Tanabe et al., 2011), heart
rate was not significantly changed in response to nicotine administration. From this, it is
unlikely that these network changes resulted from this source of noise. Respiration rate was
not measured and cannot be ruled out. However, previous work has shown that both
respiratory and cardiac effects are primarily found at higher frequency ranges than were
examined in this study (Cordes et al., 2001).

5. Conclusion

Nicotine significantly improves network local efficiency with a trend towards improving
global efficiency, and improves regional efficiencies in limbic and paralimbic regions. These
measures of network topology are abnormal in schizophrenia and Alzheimer’s disease, both
of which show deficits in nicotinic cholinergic systems. This effect not only improves our
understanding of the mechanism of cholinergic effects on network topology, but points to a
possible explanation for some of the positive therapeutic effects of cholinergic agonism in
the diseases.
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Network topology examples, a) Random networks, with randomly determined connections,
have high global efficiency, as shown by the many connections crossing the center of the
graph, and low local efficiency, as shown by the relatively few connections between nearby
nodes. Lattice networks show the reverse pattern. Small-world networks are intermediate,
with properties of both, b) Regional efficiency. Both networks have an identical number of
nodes and connections, with only small differences in their topology. Left: The regional
efficiency of node ‘n’ is low due to the many connections separating it from the nodes
marked with asterisks. Communication between n and these nodes will be inefficient. Right:
The regional efficiency of n is improved by redistributing its connections. All nodes are now
relatively close to node n, allowing for efficient communication between it and all other
areas of the network.
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Figure 2.

Mean SPN for the post-placebo condition as an example of a whole-brain network. Glass-
brain layout, circles represent nodes and their size proportional to nodal degree. No
significant differences between experimental conditions were observed.
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Small-world properties of brain networks. For all conditions and costs, local and global
efficiencies were intermediate between simulated random and lattice networks.

Neuroimage. Author manuscript; available in PMC 2013 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wylie et al. Page 16

Change in Change in
Global Efficiency Local Efficiency
T S B
| o |
1 |
|
S T 8 :
o : o 1
A T
o !
_ 3 ©
= _
s — § g .
| TN} . |
< | < ° |
AN B | |
o | - 1
o 0 o I
! OI | —_l
|
N :
< o I ()
3 = :
CID !
™ |
o |
o p =0.091 o ——  p=0.043
placebo nicotine placebo nicotine
Figure4.

Nicotine-associated changes in global and local efficiencies. Nicotine, compared to placebo,
significantly increased local efficiency. A trend towards increased global efficiency also was
observed.
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Change in Regional Efficiency, nicotine vs. placebo
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Figure5.

Changes in regional efficiencies for each AAL region, averaged across hemispheres. Limbic
and paralimbic areas showed increased regional efficiencies in response to nicotine as
compared to placebo.
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