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Using interleaved transcranial magnetic stimulation/functional magnetic resonance
imaging (fMRI) and dynamic causal modeling to understand the discrete circuit
specific changes of medications: Lamotrigine and valproic acid changes in motor

or prefrontal effective connectivity

Xingbao Li
Paul Morgan

1. Introduction

, Charles H. Large , Raffaella Ricci

, Mark S. George

,Joseph J. Taylor , Ziad Nahas , Daryl E. Bohning

ABSTRACT

The purpose of this study was to use interleaved transcranial magnetic stimulation/functional magnetic
resonance imaging (TMS/fMRI) to investigate the effects of lamotrigine (LTG) and valproic acid (VPA) on
effective connectivity within motor and corticolimbic circuits. In this randomized, double-blind, crossover
trial, 30 healthy volunteers received either drug or placebo 3.5 h prior to interleaved TMS/fMRI. We utilized
dynamic causal modeling (DCM) to assess changes in the endogenous effective connectivity of bidirectional
networks in the motor-sensory system and corticolimbic circuit. Results indicate that both LTG and VPA have
network-specific effects. When TMS was applied over the motor cortex, both LTG and VPA reduced TMS-
specific effective connectivity between primary motor (M |) and pre-motor cortex (PMd), and between M1
and the supplementary area motor (SMA). When TMS was applied over prefrontal cortex, however, LTG alone
increased TMS-specific effective connectivity between the left dorsolateral prefrontal cortex (DLPFC) and the
anterior cingulate cortex (ACC). In summary, LTG and VPA both inhibited effective connectivity in motor
circuits, but LTG alone increased effective connectivity in prefrontal circuits. These results suggest that
interleaved TMS/fMRI can assess region- and circuit-specific effects of medications or interventions.

motor evoked potentials (MEPs) provide useful information about
medication-induced changes in corticospinal physiology, they cannot

Lamotrigine (LTG) and valproic acid (VPA) are broad spectrum
anticonvulsants that are commonly prescribed for their mood-
stabilizing properties (Moeller et al.,, 2009). Many in vitro and in
vivo studies have shown that these drugs modify neuronal excitability
through different molecular mechanisms (Xie et al.,, 1995; Loscher,
1998). LTG has been shown to inhibit voltage-gated sodium channels
(Xie and Hagan, 1998) while VPA is thought to alter intracellular
signaling cascades and gamma-aminobutyric acid (GABA)
(Rogawski and Ldscher, 2004). Unfortunately, little is known about
how these drugs affect neural circuitry in humans.

Transcranial magnetic stimulation (TMS) has been used to exam-
ine how anticonvulsant drugs alter motor circuit excitability in
healthy participants and patients with epilepsy (Ziemann et al., 1996,
1998,2002; Manganotti et al., 1999; Boroojerdi et al.,, 2001). Although

levels

reveal where a drug acts or how it alters non-motor circuits impli-
cated in attention, mood, or sensory processing.

Some of the limitations inherent to pharmacological TMS studies
are addressed by pharmacological functional magnetic resonance
imaging (phMRI) studies, which measure blood oxygen
dependent (BOLD) signal changes in response to neuroactive drugs
(Tracey, 2001; Borsooketal.,2006). However, phMRI studies typically

level

require activation paradigms that selectively elicit brain activity with
cognitive, sensory, or motor tasks performed inside the scanner. A
major problem with these activation paradigms is that behavioral
performance varies between individuals based on skill level, motiva-
tion, and health. These variables can cause inconsistent performance
and thus make it difficult to compare BOLD signal changes between
healthy volunteers and patients (Wise and Tracey, 2006).
Interleaved TMS/functional magnetic resonance imaging (fMRI)
overcomes the drawbacks of either technique in isolation because it
uses cortical stimulation, not behavioral tasks, to evoke brain activity
that can be imaged with a high degree of spatial and temporal



resolution (Bohning et al., 1999; Bestmann et al., 2004; Sack et al.,
2007; Mevorach et al., 2010). Two of our previous studies with
interleaved TMS/fMRI show that broad spectrum anticonvulsant
drugs diminish local and distributed activity induced by TMS in
healthy volunteers (Li et al., 2004b, 2010). However, there are
currently no studies that analyze how these drugs affect functional
integration between cortical and subcortical regions.

The specific purpose ofthis study was to use interleaved TMS/fMRI
to test our hypothesis that LTG and VPA modify different brain cortical
circuits and corticolimbic circuits in humans. W e stimulated motor or
prefrontal cortex and simultaneously imaged brain activity in healthy
participants who had received an oral dose of LTG, VPA or placebo. In a
conventional analysis, we previously demonstrated that LTG and VPA
had similar inhibitory effect on motor cortex and a different effect on
prefrontal cortex (Li et al.,, 2010). Dynamic causal modeling (DCM)
was introduced as ageneric method to estimate effective connectivity
from functional magnetic resonance imaging (fMRI) data in a
Bayesian fashion (Friston et al., 2003). DCM is distinguished from
alternative approaches notjust by accommodating the nonlinear and
dynamic aspects of neuronal interactions, but by framing the
estimation problem in terms of perturbations that accommodate
experimentally designed inputs. In DCM the causal variables that
compose the conventional design matrix become the inputs and the
parameters become measures of effective connectivity (Friston et al.,
2003; Stephan, 2006; Stephan et al., 2007b, 2010). As such, DCM can
be used to measure how neuronal dynamics respond to TMS (Grefkes
et al.,, 2010) and how to drugs alter TMS-specific effective
connectivity.

2. Participants and methods

2.1. Participants

In this study, data previously acquired from thirty healthy men
aged 18-35 (Lietal, 2010) were analyzed with DCM. All participants
were previously given a detailed explanation of the procedure and
signed a written informed consent form approved by the Medical
University of South Carolina Institutional Review Board (IRB).

2.2. Procedures

Study design: After the initial screening visit, we performed a
randomized, double-blind, crossover trial involving three visits at
least 1week apart. After arriving at the laboratory in the early
morning, participants were given a single oral dose of 325 mg of LTG
or 1250 mg of VPA or placebo. They then waited quietly. Three and
half hours after taking the oral pill, combined TMS and fMRI was
performed and serum plasma samples were drawn.

Combined TMS and fMRI: Combined TMS and fIVIRI acquisitions
were performed in a Philips 3.0 Tesla MRI scanner (Intera, Philips
Medical System, The Netherlands) with an eight-channel SENSE head
coil, using a standard gradient echo, echo planar imaging (EPI) fMRI
sequence (flip angle = 90, repetition time (TR) = 2.3 s,echo time (TE)
0.032 s, field of view (FOV) 230 mm, 23 3.5 mm thick slices, 0.5 mm
gap. Matrix (64x64). The fMRI time series consisted of 342 images
preceded by six dummy images. TMS was applied using a Magstim
Super Rapid stimulator which generates biphasic electrical pulses of
approximately 250 |js duration. The pulses were delivered through a
special non-ferromagnetic TMS coil of figure-of-eight design with an
8-meter cable and a room setup identical to prior TMS/fIVIRI studies
from our group (Li et al.,, 2004b). TMS pulses and the fMRI sequence
were interleaved as described before (Shastri et al.,, 1999). LabVIEW
running on a G4 computer was used to control the TMS intensity, as
well as light which was used to trigger voluntary thumb movements.
A CA-Connector Accessory Enclosure from National Instruments was
connected to the TMS and the G4 computer in order to precisely

integrate the TMS pulses (or light) within the scan acquisition. We
employed avariable, jittered block design with three tasks -five 1-Hz
pulses of TMS at 100% of resting motor threshold (RMT), five 1-Hz
pulse of TMS at 120% of RMT, or right thumb voluntary movements
triggered by a light at 1 Hz. This block order was repeated 17 times
during a 786-s scan. The resttime between conditions varied from 8 to
13 s in order to minimize anticipation and to promote novelty. The
order of the tasks (i.e., 100% RMT, 120% RMT, and voluntary thumb
movement) was randomized within each block with a web-based
randomization generator (www.randomization.com). Subjects were
instructed to keep their eyes open and to relax their hands while
repetitive TMS pulses were delivered using the two different
intensities. For the volitional thumb movement task, a light was set
in front of subject's face outside of the MRI head coil, which flashed to
signal subjects to move their thumb.

TMS Coil Placementin the MRIscanner. Before subjects were placed
into the MRI scanner, their resting motor threshold (RMT) was
determined with the Magstim stimulator within the scanner. The site
of TMS stimulation was located at the motor “hot spot”, defined
functionally as the point of maximum evoked motor response in the
relaxed right abductor pollicis brevis (APB). The RMT was defined as
the lowest stimulus intensity that elicited at least five muscle twitches
from 10 consecutive stimuli given over the motor hot spot. This RMT
determined on the first visit was used as the standard intensity for
TMS throughout the three visits. After RMT was determined, the TMS
coil was rigidly mounted in the MR head coil with a specially designed
TMS coil-holder, adjustable in six directions (Bohning et al., 2003).
Subjects wore swim caps on which their individual hot spot was
marked to facilitate coil positioning and earplugs to reduce auditory
responses. Head holder position and the RMT stimulus intensity were
recorded and used for an individual's subsequent visits.

Repeating the method used in the earlier study, the site for
stimulation of the left prefrontal cortex was defined as a location 5-cm
rostral and in a parasagittal plane from the motor hot spot (George
et al., 1995). The TMS coil was repositioned and subjects then re-
entered the scanner for the prefrontal cortex TMS scan. The
stimulation and acquisition protocol was then identical to the motor
cortex scan described above. The order in which TMS was applied over
either motor cortex or prefrontal cortex was also randomized across
weeks (Li et al.,, 2010).

2.3. Conventional fMR| data analysis

IndividualfM R| data analysis: See conventional analysis in details in
the study by Lietal. (2010). These data served as the base for the DCM
below.

2.4. Dynamic causal modeling

2.4.1. Connectivity analysis

Dynamic causal modeling (Friston et al., 2003), as implemented in
the SPM5 software package, was employed for connectivity analysis.
The aim of DCM is to estimate how experimental context influences
the capacity ofone neural system to exert control over or interact with
another. We restricted DCM to the left hemisphere because of data
from previous TMS studies (Lee et al.,, 2003; Li et al., 2004b) and
conventional TMS/fIVIRI data analysis (Li et al., 2010). We defined
regions of interest according to the nearest local maximum in relation
to group coordinates. Regions of interest were extracted in a sphere
region (radius = 6 mm) from the “effects of interest-120%RMT-TMS
minus rest" F-contrast (p<0.001, uncorrected), and adjusted for
effects of 120%RMT-TMS.

2.4.2. Model definition for motor cortex TMS
The motor cortex TMS network model consisted of four left-
hemisphere regions which were reported in previous studies
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(Bohning et al.,, 1999; Tekin and Cummings, 2002; Lee et al., 2003; Li
et al., 2004b, 2010; Bestmann et al., 2005; Denslow et al., 2005). The
four regions were: primary motor cortex (M|, BA4, —29 —16 57),
pre-motor region (PMd, BA6, —43 148), supplementary motor cortex
(SMA, BA6, -3 1 60), and thalamus (Thai, -12 -20 15).

Using SPM5, BOLD signal time courses were extracted from 6-mm
spheres centered on subject-specific maxima located within 9 mm of
the placebo group maxima for each area in the network model. Using
the above regions of interest, individualized dynamic causal models
were assembled with identical connectivity within subjects. For the
primary network model, information was assumed to travel outward
from M1 to other regions (Ganeshet aL, 2008; Kasessetal., 2008). We
also assumed there were bidirectional connections between the four
regions. A model selection approach can be used to compare
competing models. The primary DCM model was compared with
alternate network models using placebo group data and DCM model
comparison procedures to arrive at the best network model (Penny
et al., 2004).

In this study, we used Bayesian model selection (BMS) to decide
which DCM was optimal. BMS takes into account the relative fit and
relative complexity of competing models (Stephan et al., 2007a). For
DCM, two suitable approximations are the Bayesian information
criterion (BIC) and Akaike information criterion (AIC) (Penny et al.,
2004; Stephan et al., 2007a). The decision between competing models
is then based on that approximation which gives the more
conservative Bayes factor (BF) as formula: Brij= P(y/mi)/P(y/mj).
An established convention is to prefer one model over another if the
BF is >3 (“positive evidence"). When determining the optimal model
for a group of individuals by BMS, it is likely that the optimal model
will vary to some degree across subjects. Because model comparisons
from different individuals are statistically independent, a group Bayes
factor can be computed by multiplying the individual Bayes factors as
formula: GBFy = nBF"ij (Stephan et al.,, 2007a).

Model 1

For each subject for each task, we performed comparisons
between all models and then computed the group Bayes factors
(GBFs) across subjects. We additionally evaluated the number of
comparisons for which the BF passed the threshold for positive
evidence for either of the compared models. These numbers give a
“positive evidence ratio" (PER), which serves as a complementary
measure of which model is optimal at the group level (Stephan et al.,
2007a).

2.4.3. Model definition for prefi-ontal cortex TMS

The model definition for prefrontal cortex TMS is based on
published data from studies of anatomical connectivity in human
(Tekin and Cummings, 2002; Li et al., 2004a,b; Schlosser et al., 2008).
The prefrontal cortex TMS network model consisted of three regions:
left dorsolateral prefrontal cortex (DLPFC, BA9, -39 28 51), medial
prefrontal cortex (mPFC, BA9, —7 35 38), and anterior cingulate
cortex (ACC, BA25, —3 26 0). These three regions are included in an
important fronto-cingulate circuit which had been reported as a
significant activation in our previous study (Li et al., 2004a, 2010).

As reported in previous publications of conventional data, bidirec-
tional connections from DLPFC to mPFC and ACC were estimated. The
primary DCM model was compared with alternate network models
using DCM model comparison procedures applied to data from TMS
applied over prefrontal cortex in the presence of LTG to arrive at the best
network model (see description for motor cortex TMS).

After estimating parameters of intrinsic connections and modula-
tory effects on an individual subject level, with SPSS 12.0, the second-
level statistics was performed by analysis of variance (ANOVA). The
analysis was used to identify main effects of group, which means that
connections across the whole network were significantly different
between the two drugs and placebo. The null hypothesis of no
difference in connection strength between LTG, VPA and placebo was

Fig. 1. Model network ofinterregional connections and experimental inputs for motor cortex experiment Regions were connected with stimulus inputs entering M |, PMd, SMA and

thalamus (black labels indicate cortical region, gray labels indicate non-surface region). The arrows and arrowhead highlight defining organizational features for each network

model: Model 1, M | outputs all other regions and from PMd to SMA; Model 2, M | outputs all other regions and thalamus inputs from all other region, SMA inputs from PMd; Model 3,

M| outputs to all the others, thalamus inputs from all the others, PMd and SMA bidirectional inputs and outputs. Model 4 is a fully interconnected network.



rejected at a significance level of p< 0.05 after Bonferroni's correction
for the number of connections.

3. Results
3.1. Motor cortex stimulation

Twenty five participants completed all three visits to provide
motor cortex TMS/fMRI scans (25x3). The conventional analysis
showed that motor cortex TMS induced activation M1, PMd, SMA,
sensory cortex (parietal), auditory cortex (temporal) and thalamus.

3.1.1. DCM model comparison

Comparing four models of the four areas across all participants by
BMS, the optimal model was found to be the first model. The
alternative models we tested are shown in Fig. 1. The subject-specific
Bayes factors for comparing the first model with the other three
models and resulting group Bayes factors are reported in Supplemen-
tal Table 2. The model comparison among four models shows that
Model 1 accounted better for the data than the alternative models
(Supplemental Table 2). Therefore, this model (Fig. 1) was used to
investigate connectivity for motor TMS data.

3.1.2. intrinsic (task-independent) connectivity

Mean intrinsic connectivity parameters are displayed in Supple-
mental Table 3 and Fig. 2. Significant directional connectivities are the
M| —PMd connection, the M| —=SMA connection, the M| —thalamus
and the PMd—SMA connection in placebo group. Note that the
M| —PMd connection was also significant in both drug groups. To test
our main hypothesis regarding the effect of anticonvulsant drugs versus
placebo on the networks, we compared intrinsic connectivity parame-

A. Placebo

D. PlaceboLTG

B. LTG

ters in LTG and VPA with respect to placebo. No significant difference
was found between drug and placebo (see Fig. 2, Supplemental Table 3).

3.1.3. Drug modulatory effects of motor TMS

Fig. 3A shows motor TMS modulatory effect in the MI->PMd
connection, the M| —=SMA connection and the PMd —=SMA connec-
tion in placebo group (Supplemental Table 3). To test our main
hypothesis regarding the effect of the anticonvulsant drugs versus
placebo on the networks, we compared modulatory effects of LTG and
VPA with respect to placebo. The results showed that both LTG and
VPA significantly reduced modulatory effect from M1 to PMd and M|
to SMA ( Fig. 3D and E, Supplemental Table 3).

3.2. Prefrontal cortex stimulation

Twenty-one participants provided usable data from the prefrontal
interleaved TMS/fMRI visits (21x3). Previous conventional analysis
showed that prefrontal cortex stimulation induced significant
activation of several brain regions such as medial prefrontal cortex
(mPFC), sensory cortex and auditory cortex.

3.2.1. DCM model comparison

Comparing three models of the three-area across all participants
by BMS, the optimal model was found to be the second model. The
alternative models we tested are shown in Fig. 4. Supplemental Table
5 (available subject-specific Bayes factors for comparing the models)
shows the subject-specific Bayes factors for comparing Model 2 with
other models and resulting group Bayes factors. The model compar-
ison shows that model 2 accounted for the data more effectively than
the alternative models (Supplemental Table 5). Therefore, this model

C.VPA

E. PlaceboVPA

Fig. 2. Compared to placebo, LTG and VPA affect intrinsic connections related TMS (M|, PMd, SMA, thalamus, black labels indicate cortical region, gray labels indicate non-surface

region). Intrinsic connections of Placebo (A), LTG (B) and VPA (C) in motor cortex are presented top pictures. The average strengths of influences across individuals are presented.

Significantconnections (posterior probability, >0.95, Bonferroni's correction) are presented in solid line and nonsignificant connections in dash line. Compared to placebo, LTG effect

(D) and VPA effect (E) in intrinsic connections are presented in bottom pictures. Numerical values represent significant effect of drugs (p<0.05, Bonferroni's correction, labeled

numbers are p value). The solid arrow indicates that drugs block the connectivity in motor circuit



A. Placebo B. LTG C.VPA

D. Placebo>LTG E. Placebo>VPA

Fig. 3. Compared to placebo, LTG and VPA modulatory effects by TMS (M|, PMd, SMA, Thalamus, Black labels indicate cortical region. Gray labels indicate non-surface region).
Modulations of Placebo (A), LTG (B) and VPA (C) in motor cortex are presented top pictures. The average strengths of influences across individuals are presented. Significant
modulations (posterior probability, >0.95, Bonferroni's correction) are presented in solid line and nonsignificant connections in dash line. Compared to placebo, LTG effect (D) and
VPA effect (E) in the modulation of TMS are presented in bottom pictures. Numerical values represent significant effect of drugs (p<0.05, Bonferroni's correction, labeled numbers

are p value). The solid arrow indicates that drugs block the connectivity in motor circuit

(Fig. 4) was used to investigate effective connectivity for prefrontal mPFCMACCandACC- smPFC was only found during the session when
TMS data. participants took LTG.
3.2.2. intrinsic (task-independent) connectivity 3.2.3. Drug effect on intrinsic connectivity

Mean intrinsic connectivity parameters for suprathreshold TMS over To test our main hypothesis regarding the effect ofanticonvulsant
DLPFC with drugs or placebo are displayed in Supplemental Table 6. drugs on the networks, we found that LTG significantly increased
Significant directional connectivity of the DLPFC -> ACC, DLPFC -> mPFC, connectivity from DLPFC to ACC (Fig. 5, Supplemental Table 6).

Fig. 4. Model network of interregional connections and experimental inputs for prefrontal cortex experiment. Regions were connected with stimulus inputs entering DLPFC, mPFC
and ACC. The arrows and arrowhead highlightdefining organizational features for each network model: Model 1, DLPFC outputs to both mPFC and ACC, ACC input from mPFC; Model
2, DLPFC outputs to both mPFC and ACC, mPFC and ACC bidirectionally connected; Model 3 is a fully interconnected network.



A. Placebo

D. LTG>placebo

B. LTG

C. VPA

E. LTG>VPA

Fig. 5. Compared to placebo, LTG and VPA affect Intrinsic connections related TMS over DLPFC (DLPFC, mPFC, ACC. Gray indicates non-surface region). Intrinsic connections of

Placebo (A), LTG (B) and VPA (C) in frontal-subcortical neuronal circuits are presented top pictures. The average strengths of influences across individuals are presented. Significant

connections (posterior probability, >0.95, Bonferroni's correction) are presented in solid line and nonsignificant connections in dash line. Compared to placebo, LTG effect (D) and

the differences between LTG and VPA (E) in intrinsic connections are presented in bottom pictures. Numerical values represent significant effect of drugs (p<0.05, Bonferroni's

correction, labeled numbers are p value). The solid arrow indicates that drugs boost the connectivity in mPFC to ACC connections.

32A. Drug effects on modulation of prefrontal TMS

Although we found a significant modulatory effect from mPFC to
ACC, no drug effect was found in modulatory effects (Supplemental
Table 6).

4. Discussion

To our knowledge, this is the first interleaved TMS/fMRI imaging
study to directly compare the effects ofdifferent anticonvulsant drugs
on motor or prefrontal neural circuits in the same participants. Our
data suggest that LTG and VPA have similar effects on motor circuits
but different effects on limbic circuits. LTG and VPA both significantly
reduced modulatory effects in the M| -> PMd and M| -> SMA, butonly
LTG significantly increased directional connectivity of the
DLPFC—>ACC. These results may partially explain why LTG and VPA
have similar efficacy for epilepsy yet different efficacy for bipolar
disorder (Ketter et al., 2003; Moeller et al., 2009).

4.1. Effects of TMS on brain circuits

Task-dependent over-activation within several motor areas is a
consistent finding in TMS studies (Lee et al.,, 2003; Li et al., 2004b;
Bestmann et al., 2005). TMS-induced movement has been shown to
cause BOLD changes in cortical regions such as SMA, PMd, and visual
cortex(Grefkes et al.,, 2008). Additionally, the sound of the TMS coil
and the sensation of its discharge on the scalp have been shown to
induce BOLD changes in auditory and sensory cortices, respectively
(Bohning et al.,, 1999; Bestmann et al., 2003). With conventional
image analysis, we found that TMS produced brain activity in broad
regions (Lietal.,2004a,b, 2010; Sack etal., 2007; de Graafet al., 2009).

The analysis of task-independent (intrinsic) connectivity results
supports previous data that show TMS affecting brain regions beyond
the focal stimulation site (Bohning et al.,, 1999; Nahas et al., 2001;

Bestmann et al.,, 2004; Li et al., 2004b; Sack et al., 2007; de Graafet al.,
2009). Among the four brain regions analyzed in this study, a
significant connectivity was observed in the M| -> PMd connection,
the M| —=SMA connection, the M| —thalamus in connection and the
PMd —SMA connection. Anatomically, the SMAs in each hemisphere
are reciprocally connected and each projects to both contralateral and
ipsilateral M1. Under normal conditions, however, activation of both
SMAs may appropriately modulate M| activity. In other words,
activation of both SMAs may mediate the intended action and
suppress unintended mirror movements (Muakkassa and Strick,
1979; Kasess et al., 2008). Similarly, the present study shows that
TMS over M| can modulate the M1 -> PMd connection, the M| -> SMA
connection and the PMd -> SMA connection. We suggest that TMS
induces activation in remote regions through efferent connections
from the regions underneath TMS coil.

4.2. LTG and VPA inhibit motor circuits

The current data imply that both LTG and VPA alter network
connectivity between several motor areas, including M1, PMd, and
SMA. The two drugs showed similar significant inhibition of motor
circuits including connections from M1 to PMd and M| to SMA. The
current data imply that both LTG and VPA produce a similar
anticonvulsant mechanism that blocks motor circuit pathways from
M1 to PMd and M1 to SMA. With respect to the mechanisms ofaction
researchers have proposed that anticonvulsant drugs be divided into
three classes based on their ability to block sustained high-frequency
repetitive firing of action potentials: (1) those that block voltage-
dependent Na”~ channels, (2) those that enhance GABAergic inhibi-
tion, or (3) those that block slow, pacemaker-driven, repetitive firing
and T-Ca”+ current (Loscher, 1998).

LTG binds and stabilizes the inactivated state of voltage-gated
sodium channels, thus limiting sustained repetitive neuronal activity



without substantially affecting normal synaptic activity (Xie et al.,
1995). Previous combined TMS/fMRI studies have shown that LTG can
reduce activation of local motor cortex by TMS as well as inhibit
cortical excitability (Li et al., 2004b, 2010). The present network
analysis showed that LTG also reduced activation of motor cortical
circuits which include the modulatory effect in the M1 ->PMd
connection, the M1->SMA connection. Interestingly, VPA has a
similar effect in motor circuits without any effect on cortical
excitability (Li et al., 2009).

4.3. LTG and VPA differentially affect corticolimbic circuits

In a recent study, fronto-cingulate effective connectivity in both
depressed and healthy individuals was analyzed with DCM. The
results showed that intrinsic connections between prefrontal cortex
and dorsal ACC were significantly different in depressed individuals
than they were in healthy controls (Schlosser et al.,, 2008). Our
hypothesis was that LTG and VPA would have different effects on
DLPFC and related circuits, and that these differences might underlie
their different clinical profiles in the treatment of bipolar depression
(Ketter and Calabrese, 2002; Gajwani et al., 2005). The current
network analysis showed that ACC was significantly connected to the
cortical area (DLPFC) underneath the TMS coil when participants took
LTG compared to placebo. This connection was not evident in
participants after VPA compared to placebo. Most importantly, our
results showed that LTG increased the DLPFC->ACC connection
compared to VPA (Fig. 5). These results demonstrate that LTG and
VPA have different effects on corticolimbic circuits. One could
speculate that these differences might underlie the different clinical
profiles of LTG and VPA in the treatmentofbipolar depression (Ketter
and Calabrese, 2002; Gajwani et al., 2005).

The present results are also consistent with a recent imaging study
by Haldane et al. (2008) in which fMRI was used to investigate the
effect of LTG on the neural circuits underlying working memory and
emotional processing in 12 patients with bipolar disorder. In this
study, LTG monotherapy over 12 weeks was associated with increased
task-dependent activation within the prefrontal cortex and cingulate
gyrus. The authors suggest that LTG may enhance cortical function
within neural circuits involved in memory and emotional self-
regulation (Haldane et al., 2008).

4.4. Combined TMS and fMR1 in CNS drug development

Drug development needs to balance agility, speed and risk in
defining the probability of success for molecules, mechanisms and
therapeutic concepts. Over the past decade, researchers have used
TMS measures of cortical excitability in CNS-active drug studies,
especially in anticonvulsant drugs (Boroojerdi, 2002; Ziemann, 2004).
Since these measures are based on the amplitude of MEP, the
information concerning the drug effects is limited to motor cortex.
Hence, finding methods of measuring drug effects in other non-motor
brain regions is important. Functional MRI has provided another
method to examine drug effects in the brain, referred to as phMRI
(Borsook et al., 2006). However, there are several problems associated
with the activation paradigms in conventional phMRI (e.g. different
behavioral response from healthy participants to patients) (Wise and
Tracey, 2006). Combining TMS with functional MRI may provide a
bridge connecting motor cortex excitability measures to BOLD
functional response. Furthermore, combining functional MRI and
DCM analysis may allow for network analysis of medication effects.

4.5. Limitations
A number of limitations to the current study could be addressed in

future studies. First, the methods for coil placement over frontal
cortex were based on a probabilistic method used previously (George

et al.,, 1995). This crude algorithm likely resulted in a spread of
activation as documented by others (Herwig et al., 2001). In future
studies, T1 structural or even activation based MRI scans to locate the
prefrontal stimulation site may be used to reduce inter-subject
variability.

Second, the regions selected for DCM analysis were based on those
identified in previous studies with TMS/fMRI, as well as conventional
fMRI results from the current study (Lee et al., 2003; Li et al., 2004b,
2010). We excluded auditory and sensory cortical regions from the
DCM analysis because we assumed that these regions were most
likely activated by auditory or sensory stimuli secondary to the TMS.
Since interpretations of studies using DCM only pertain to those
regions and connections specified in the chosen model, we cannot
rule out the contribution of other regions to our regions of interest.

Third, we limited our analysis to three regions within the
prefrontal cortex. While this approach enabled us to analyze data
from more individuals, it limits our ability to make conclusions about
additional regions of the prefrontal cortex and their corticofugal
projections.

Finally, we cannot claim that all changes in effective connectivity
observed after LTG or VPA would appear similarly in epilepsy and
mood disorders. Further investigation using the interleaved fMRI/TMS
technique in patients with epilepsy and mood disorder would be
valuable.

4.6. Conclusions

Using the combined TMS-fMRI technique in 30 healthy men, DCM
analysis showed that both LTG and VPA significantly reduced
connectivity between M1 and PMd and between M| and SMA when
TMS was applied over motor cortex. These results suggest that
anticonvulsant drugs may produce their therapeutic effect by
reducing excitability within motor circuits and within motor cortex.
Consistent with the positive effect of LTG on activation of cortico-
limbic structures following TMS applied over prefrontal cortex, LTG
alone also increased effective connectivity between cortical regions
underneath the TMS coil and the ACC. These results demonstrate for
the first time that the combination of TMS/fMRI can be used to
investigate how drugs affect neural circuits relevant to different
neurological or psychiatric disorders. The technique promises to be
valuable in predicting and understanding the clinical efficacy of novel
and even existing CNS-active drugs.

Supplementary materials related to this article can be found online
at doi:10.1016/j.pscychresns.2011.04.012.

Acknowledgments

This study was funded primarily by an unrestricted research grant
from GlaxoSmithKline to Dr. George, as well as from Center for
Advanced Imaging Research and Brain Stimulation Laboratory
infrastructure and resources. CHL is a full-time employee of
GlaxoSmithKline S.p.A. None of the other authors has equity or
financial conflicts. Drs. Li and George had full access to all of the data
in the study and take responsibility for the integrity of the data and
the accuracy of the data analysis. Presented in abstract form at the
annual meeting of American College of Neuropsychopharmacology,
Hollywood, FL, Dec 14, 2006 and the annual meeting of the Society of
Biological Psychiatry, San Diego, CA, May 21, 2007.

References

Bestmann, S., Baudewig, J.,, Siebner, H.R., Rothwell, J.C., Frahm, J., 2003. Subthreshold
high-frequency TMS of human primary motor cortex modulates interconnected
frontal motor areas as detected by interleaved fMRI-TMS. Neuroimage 20,
1685-1696.



Bestmann, S., Baudewig, J., Siebner, H.R., Rothwell, J.C., Frahm, J.,, 2004. Functional MRI
of the immediate impact of transcranial magnetic stimulation on cortical and
subcortical motor circuits. The European Journal of Neuroscience 19,1950-1962.

Bestmann, S., Baudewig, J., Siebner, H.R., Rothwell, J.C., Frahm, J,, 2005. BOLD MRI
responses to repetitive TMS over human dorsal premotor cortex. Neuroimage 28,
22-29.

Bohning, D.E., Shastri, A., McConnell, K.A., Nahas, Z., Lorberbaum, J.P., Roberts, D.R,
Teneback, C., Vincent, DJ., George, M.S., 1999. A combined TMS/fMRI study of
intensity-dependent TMS over motor cortex. Biological Psychiatry 45, 385-394.

Bohning, D.E., Denslow, S., Bohning, P.A., Walker, J.A,, George, M.S., 2003. A TMS coil
positioning/holding system for MR image-guided TMS interleaved with fMRI.
Clinical Neurophysiology 114, 2210-2219.

Boroojerdi, B., 2002. Pharmacologic influences on TMS effects. Journal of Clinical
Neurophysiology 19, 255-271.

Boroojerdi, B., Battaglia, F., Muellbacher, W., Cohen, L.G., 2001. Mechanisms influencing
stimulus-response properties of the human corticospinal system. Clinical Neuro-
physiology 112, 931-937.

Borsook, D., Becerra, L, Hargreaves, R, 2006. A role for fMRI in optimi

ing CNS drug
development Nature Reviews Drug Discovery 5,411-424.

de Graaf, T.A, Jacobs, C., Roebroeck, A, Sack, AT., 2009. FMRI effective connectivity and
TMS chronometry: complementary accounts of causality in the visuospatial
judgment network. PloS One 4, e8307.

Denslow, S, Lomarev, M., George, M.S., Bohning, D.E., 2005. Cortical and subcortical
brain effects of transcranial magnetic stimulation (TMS)-induced movement: an
interleaved TMS/functional magnetic resonance imaging study. Biological Psychi-
atry 57, 752-760.

Friston, K.J., Harrison, L, Penny, W., 2003. Dynamic causal modelling. Neuroimage 19,
1273-1302.

Gajwani, P, Forsthoff, A, Muzina, D., Amann, B., Gao, K., Elhaj, 0., Calabrese, J.R., Grunze,
H., 2005. Antiepileptic drugs in mood-disordered patients. Epilepsia 46 (Suppl 4),
38-44.

Ganesh, G., Burdet, E.,, Haruno, M., Kawato, M., 2008. Sparse linear regression for
reconstructing muscle activity from human cortical fMRI. Neuroimage 42,
1463-1472.

George, M.S., Wassermann, E.M., Williams, W.A, Callahan, A., Ketter, T.A, Basser, P.,
Hallett, M., Post, R.M., 1995. Daily repetitive transcranial magnetic stimulation
(rTMS) improves mood in depression. NeuroReport 6,1853-1856.

Grefl(es, C., Eickhoff, S.B., Nowak, D.A., Dafotakis, M., Fink, G.R, 2008. Dynamic intra-
and interhemispheric interactions during unilateral and bilateral hand movements
assessed with fMRI and DCM. Neuroimage 41,1382-1394.

Grefl(es, C, Nowak, D.A, Wang, L.E., Dafotakis, M, Eickhoff, S.B., Fink, G.R., 2010.
Modulating cortical connectivity in stroke patients by rTMS assessed with fMRI and
dynamic causal modeling. Neuroimage 50, 233-242.

Haldane, M., Jogia, J., Cobb, A, Kozuch, E., Kumari, V., Frangou, S., 2008. Changes in brain
activation during working memory and facial recognition tasks in patients with
bipolar disorder with lamotrigine monotherapy. European Neuropsychopharma-
cology 18,48-54.

Herwig, U., Padberg, F., Unger, J., Spitzer, M., Schonfeldt-Lecuona, C., 2001. Transcranial
magnetic stimulation in therapy studies: examination of the reliability of
“standard” coil positioning by neuronavigation. Biological Psychiatry 50, 58-61.

Kasess, C.H., Windischberger, C, Cunnington, R., Lanzenberger, R, Pezawas, L, Moser, E,,
2008. The suppressive influence of SMA on M in motor imagery revealed by fMRI
and dynamic causal modeling. Neuroimage 40, 828-837.

Ketter, T.A., Calabrese, J.R, 2002. Stabilization of mood from below versus above
baseline in bipolar disorder: anew nomenclature. The Journal ofClinical Psychiatry
63,146-151.

Ketter, T.A, Manji, H.K., Post, RM., 2003. Potential mechanisms ofaction of lamotrigine
in the treatment of bipolar disorders. Journal of Clinical Psychopharmacology 23,
484-495.

Lee, L, Siebner, H.R, Rowe, J.B., Rizzo, V., Rothwell, J.C, Frackowiak, RS., Friston, KJ.,
2003. Acute remapping within the motor system induced by low-frequency
repetitive transcranial magnetic stimulation. The Journal of Neuroscience i 23,
5308-5318.

Li, X., Nahas, Z., Kozel, F.A, Anderson, B., Bohning, D.E., George, M.S., 2004a. Acute left
prefrontal transcranial magnetic stimulation in depressed patients is associated
with immediately increased activity in prefrontal cortical as well as subcortical
regions. Biological Psychiatry 55, 882-890.

Li, X., Teneback, C.C., Nahas, Z., Kozel, F.A,, Large, C., Cohn, J, Bohning, D.E., George, M.S.,
2004b. Interleaved transcranial magnetic stimulation/functional MRI confirms that
lamotrigine inhibits cortical excitability in healthy young men. Neuropsychophar-
macology 29, 1395-1407.

Li, X., Ricci, R, Large, C.H., Anderson, B., Nahas, Z., George, M.S., 2009. Lamotrigine and
valproic acid have different effects on motorcortical neuronal excitability. The
Journal of Neural Transmission 116,423-429.

Li, X., Ricci, R., Large, CH., Anderson, B., Nahas, Z.,, Bohning, D.E., George, M.S., 2010.
Interleaved transcranial magnetic stimulation and fMRI suggests that lamotrigine
and valproic acid have different effects on corticolimbic activity. Psychopharma-
cology (Berl) 209, 233-244.

Loscher, W., 1998. New visions in the pharmacology of anticonvulsion. The European
Journal of Pharmacology 342,1-13.

Manganotti, P., Bongiovanni, L.G., Zanette, G., Turazzini, M., Fiaschi, A., 1999. Cortical
excitability in patients after loading doses of lamotrigine: a study with magnetic
brain stimulation. Epilepsia 40, 316-321.

Mevorach, c, Hodsoll, J, Allen, H., Shalev, L, Humphreys, G., 2010. Ignoring the
elephant in the room: a neural circuit to downregulate salience. The Journal of
Neuroscience 30, 6072-6079.

Moeller, JJ.,, Rahey, S.R., Sadler, RM., 2009. Lamotrigine-valproic acid combination
therapy for medically refractory epilepsy. Epilepsia 50,475-479.

Muakkassa, K.F., Strick, P.L, 1979. Frontal lobe inputs to primate motor cortex: evidence
for four somatotopically organized ‘premotor’ areas. Brain Research 177,176-182.

Nahas, Z, Lomarev, M., Roberts, D.R, Shastri, A., Lorberbaum, J.P., Teneback, C.,
McConnell, K., Vincent, D.J., Li, X., George, M.S., Bohning, D.E., 2001. Unilateral left
prefrontal transcranial magnetic stimulation (TMS) produces intensity-dependent
bilateral effects as measured by interleaved BOLD fMRI. Biological Psychiatry 50,
712-720.

Penny, W.D., Stephan, K.E., Mechelli, A., Friston, KJ., 2004. Comparing dynamic causal
models. Neuroimage 22,1157-1172.

Rogawsld, M.A, Loscher, W., 2004. The neurobiology of antiepileptic drugs. Nature
Reviews Neuroscience 5, 553-564.

Sack, AT., Kohler, A, Bestmann, S., Linden, D.E., Dechent, P.,, Goebel, R., Baudewig, J,
2007. Imaging the brain activity changes underlying impaired visuospatial
judgments: simultaneous FMRI, TMS, and behavioral studies. Cerebral Cortex 17,
2841-2852.

Schlosser, RG., Wagner, G., Koch, K., Dahnke, R., Reichenbach, J.R., Sauer, H., 2008.
Fronto-cingulate effective connectivity in major depression: a study with fMRI and
dynamic causal modeling. Neuroimage 43, 645-655.

Shastri, A., George, M.S., Bohning, D.E., 1999. Performance of a system for interleaving
transcranial magnetic stimulation with steady-state magnetic resonance imaging.
Electroencephalogr Clinical Neurophysiology 51, 55-64 Suppl.

Stephan, K.E.P., 2006. Dynamic causal models and Bayesian selection. In: Friston, KJ.
(Ed.), Statistical Parametric Mapping: The Analysis of Functional Brain Images.
Elsevier, Amsterdam, pp. 577-585.

Stephan, K.E., Marshall, J.C,, Penny, W.D., Friston, KJ., Fink, G.R., 2007a. Interhemi-
spheric integration of visual processing during task-driven lateralization. The
Journal of Neuroscience 27, 3512-3522.

Stephan, K.E., Weiskopf, N., Drysdale, P.M., Robinson, P.A., Friston, KJ., 2007b.
Comparing hemodynamic models with DCM. Neuroimage 38, 387-401.

Stephan, K.E., Penny, W.D., Moran, RJ., den Ouden, H.E., Daunizeau, J, Friston, K.J., 2010.
Ten simple rules for dynamic causal modeling. Neuroimage 49, 3099-3109.

Tetén, S, Cummings, J.L, 2002. Frontal-subcortical neuronal circuits and clinical
neuropsychiatry: an update. Journal of Psychosomatic Research 53, 647-654.

Tracey, L, 2001. Prospects for human pharmacological functional magnetic resonance
imaging (phMRI). The Journal of Clinical Pharmacology 21S-28S SuppL

Wise, RG., Tracey, L, 2006. The role of fMRI in drug discovery. Journal of Magnetic
Resonance Imaging 23, 862-876.

Xie, X, Hagan, RM., 1998. Cellular and molecular actions of lamotrigine: possible
mechanisms of efficacy in bipolar disorder. Neuropsychobiology 38,119-130.
Xie, X., Lancaster, B., Peakman, T., Garthwaite, J., 1995. Interaction of the antiepileptic
drug lamotrigine with recombinant rat brain type IIA Na”~ channels and with native
Na+ channels in rat hippocampal neurones. Pfligers Archiv: European Journal of

Physiology 430, 437-446.

Ziemann, U., 2004. TMS and drugs. Clinical Neurophysiology 115,1717-1729.

Ziemann, U,, Lonnecker, S., Steinhoff, B.J,, Paulus, W., 1996. Effects ofantiepileptic drugs
on motor cortex excitability in humans: a transcranial magnetic stimulation study.
Annals of Neurology 40, 367-378.

Ziemann, U, Steinhoff B.J., Tergau, F., Paulus, W., 1998. Transcranial magnetic
stimulation: its current role in epilepsy research. Epilepsy Research 30,11-30.
Ziemann, U., Tam, A., Butefisch, ¢, Cohen, L.G., 2002. Dual modulating effects of
amphetamine on neuronal excitability and stimulation-induced plasticity in

human motor cortex. Clinical Neurophysiology 113,1308-1315.



