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Background: Long-term potentiation (LTP) depends on glutamatergic
neurotransmission and is modulated by cholinergic, dopaminergic and GABAergic
inputs. Paired associative stimulation (PAS) is a neurostimulation paradigm that,
when combined with electroencephalography (EEG), assesses LTP-like activity (PAS-
induced LTP) in the dorsolateral prefrontal cortex (DLPFC). Thus, we conducted a
study to assess the role of cholinergic, dopaminergic, GABAergic and glutamatergic
neurotransmission on PAS-induced LTP in the DLPFC. We hypothesized that increasing
the dopaminergic tone with L-DOPA and the cholinergic tone with rivastigmine
will enhance PAS-induced LTP, while increasing the GABAergic tone with baclofen
and inhibiting glutamatergic neurotransmission with dextromethorphan will reduce it
compared to placebo.

Methods: In this randomized controlled, double-blind cross-over within-subject study,
12 healthy participants received five sessions of PAS to the DLPFC in a random
order, each preceded by the administration of placebo or one of the four active drugs.
PAS-induced LTP was assessed after each drug administration and compared to
PAS-induced LTP after placebo.

Results: As predicted, L-DOPA and rivastigmine resulted in enhanced PAS-induced
LTP in the DLPFC and dextromethorphan inhibited it compared to placebo. In contrast,
baclofen did not significantly suppress PAS-induced LTP compared to placebo.

Conclusions: This study provides a novel approach to study DLPFC neuroplasticity and
its modulation in patients with brain disorders that are associated with abnormalities in
these neurochemical systems. This study was based on a single dose administration of
each drug. Given that these drugs are typically administered chronically, future studies
should assess the effects of chronic administration.

Keywords: electroencephalography, neuroplasticity, paired associative stimulation, pharmacology, transcranial
magnetic stimulation

INTRODUCTION

Neuroplasticity refers to the ability of the brain to change and adapt in response to experiences
(Pascual-Leone et al., 2005). Long-term potentiation (LTP) is a synaptic form of neuroplasticity
that is considered to be fundamental for learning and memory (Collingridge and Bliss, 1995).
The dorsolateral prefrontal cortex (DLPFC) plays an important role in several cognitive functions
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including learning and memory (Fuster, 2008). Further,
abnormalities in the DLPFC structure and function are observed
in various brain disorders including Alzheimer’s disease
(Kaufman et al., 2010), depression (Koenigs and Grafman, 2009)
and schizophrenia (Callicott et al., 2000). Thus, studying LTP
and its modulation in the DLPFC could advance knowledge
of DLPFC function and lead to the development of effective
cognitive interventions for these brain disorders.

Paired associative stimulation (PAS) is a neurostimulation
paradigm that induces in vivo LTP-like activity in the human
cortex (Stefan et al., 2000; Rajji et al., 2013). PAS simulates a
spike-timing dependent plasticity protocol by combining single-
pulse transcranial magnetic stimulation (TMS) to a cortical area
with contralateral peripheral nerve stimulation (PNS) such as
the two stimulations arrive contemporaneously at the targeted
cortical area and in turn strengthen the cortical output in
response to single-pulse TMS. Using well-established methods
of combining TMS with electroencephalography (EEG), our
group has shown that PAS results in LTP-like activity in
the human DLPFC as captured by EEG as the potentiation
of TMS-induced cortical evoked activity (CEA; Rajji et al.,
2013; Kumar et al., 2017; Loheswaran et al., 2017). This
PAS-induced LTP-like activity only simulates cellular LTP
and will be referred to hereafter as PAS-induced LTP merely
for simplicity. PAS-induced LTP has also been shown to
be impaired in several brain disorders, e.g., Alzheimer’s
disease (Battaglia et al., 2007; Kumar et al., 2017), depression
(Player et al., 2013) and schizophrenia (Frantseva et al.,
2008).

The pathway that is thought to be targeted by applying PAS
to the DLPFC is a pathway that connects the somatosensory
cortex to the prefrontal cortex as supported by neuroanatomical
and neurophysiological studies in rodents (Van Eden et al., 1992;
Monconduit et al., 1999; Golmayo et al., 2003) and non-human
primates (Petrides and Pandya, 1984; Goldman-Rakic, 1988).
Human neurophysiological studies also support this pathway as
stimulation of the median nerve results in an evoked potential
over the contralateral prefrontal cortex (García Larrea et al., 1992;
Valeriani et al., 1997, 1998).

Synaptic LTP depends on glutamatergic neurotransmission
(Lüscher and Malenka, 2012) and is modulated by cholinergic
(Picciotto et al., 2012), dopaminergic (Tritsch and Sabatini, 2012)
and GABA-ergic (Nugent and Kauer, 2008) neurotransmission.
A few studies have assessed the pharmacological modulation of
PAS in the human motor cortex with output response measured
indirectly from motor evoked potentials (MEPs) not cortically
using EEG. Previously, it has been shown that baclofen (50 mg),
which increases GABA-ergic tone, decreases PAS-induced
LTP (McDonnell et al., 2007). In contrast, dextromethorphan
(150 mg), which has been shown to block NMDA glutamatergic
receptors, decreases PAS-induced LTP (Stefan et al., 2002;
Weise et al., 2017). Further, L-DOPA (100 mg), which increases
dopaminergic tone, increases LTP (Thirugnanasambandam
et al., 2011). Lastly, rivastigmine (3 mg), which increases
cholinergic tone, enhances PAS-induced LTP (Kuo et al., 2007).

Despite the important role the DLPFC plays in cognition,
to date, no study has assessed the pharmacological modulation

of PAS-induced LTP in this bran region. Further, no study
has assessed all of these drugs in the same participants and
not all of the above studies conducted in the motor cortex
were double-blind or randomized. Also, no study to date
has analyzed the pharmacological effects of PAS-LTP using
EEG. Thus, using a double-blind randomized controlled
within-subject design that included all of the above four
drugs we conducted the first pharmacological modulation
study of DLPFC plasticity in vivo using PAS-EEG. We
hypothesized that, compared to placebo, L-DOPA and
rivastigmine would increase PAS-induced LTP, while
baclofen would decrease it and dextromethorphan would
block it.

MATERIALS AND METHODS

Experimental Design
The current study was a double-blind randomized controlled
within-subject cross-overdesign. It consisted of five study visits
where each participant received five sessions of PAS to the
DLPFC in a random order, each followed by the administration
of placebo or one of the four active drugs, and separated by
at least 1 week to minimize drug interference and carryover
effects. The time for each drug administration before PAS was
based on the time of the drugs plasma peak, i.e., 1 h for
baclofen, 3 h for dextromethorphan, 1 h for L-DOPA and
2 h for rivastigmine. The placebo was randomly given to each
participant at 1, 2 or 3 h prior to the administration of PAS.
The doses of the drugs (Baclofen 50 mg, dextromethorphan
150 mg, L-DOPA 100 mg and rivastigmine 3 mg) were based
on the previous studies demonstrating effects at similar doses
on PAS-induced LTP in the motor cortex (Stefan et al., 2002;
Kuo et al., 2007; McDonnell et al., 2007; Thirugnanasambandam
et al., 2011). Across the participants, the sequences of drug
administration were counterbalanced. The administrator of the
experiments and participants were blind to drug assignment. All
data processing and analyses were also completed under blind
condition.

Participants
Participants were females and males; aged 18–55 years because
cortical neuroplasticity as measured using neurophysiologic
methods starts to decline around age 50 (Müller-Dahlhaus et al.,
2008); healthy not diagnosed with any neurologic or psychiatric
disorder (all participants were drug tested); non-smokers; right-
handed to ensure homogeneity in hemisphere dominance; had
no contraindication to TMS (Rossi et al., 2009) or MRI; and
provided written informed consent. Also, pregnancy was ruled
out by a urine test in female participants. The protocol was
approved by the Centre for Addiction and Mental Health
Research Ethics Board. All subjects gave written informed
consent before participation.

Locating and Co-registering the DLPFC
Each participant’s T1-weightedMRI with fiducial markers placed
on the nasion, inion, left and right tragus and vertex was used
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FIGURE 1 | Experimental design. This figure illustrates one session of the paired associative stimulation (PAS) protocol.

to locate the left DLPFC (Rajji et al., 2013; Sun et al., 2016).
The left DLPFC is located at the junction of the middle
and anterior third of the middle frontal gyrus (Talairach
Co-ordinates (x, y, z) = (−50, 30, 36), which corresponds to
the posterior region of Brodmann area 9 and the superior
section of area 46. The localization of the DLPFC was achieved
through neuronavigation techniques using the MINIBIRD
system (Ascension Technologies, Shelburne, VT, USA). The
MRI acquisition parameters were the following: GE Discovery
MR 750, 3 Tesla, Repetition Time = 7 ms, Echo Time = 3 ms, Flip
Angle = 8◦, Slice Thickness = 0.9 mm, Number of Slices = 128,
Voxel Size = 0.9× 0.9× 0.9 mm.

Electromyography (EMG) Recordings From
the Motor Cortex and TMS-EEG in the
DLPFC
At the beginning of each study, we used a 7 cm figure-eight
coil and a Magstim 200 stimulator (The Magstim Company,
Whitland, UK) to determine the participant’s resting motor
threshold (RMT; defined as the minimum stimulus intensity
that elicits a MEP of more than 50 µV in 5 of 10 trials) from
stimulating the left motor cortex at the optimal location for
obtaining an MEP from right abductor pollicis brevis muscle.
MEP activity was measured through electromyography (EMG)
recordings from the abductor pollicis brevis. This signal was
recorded by placing two disposable electrodes over the right
abductor pollicis brevis, which was then amplified using a
Model 2024 amplifier and was filtered at a band pass of
2–2.5 Hz and digitized using micro1401 (Cambridge Electronics
Design, Cambridge UK; Rajji et al., 2013; Sun et al., 2016).

The RMT was then adjusted to a suprathreshold intensity
to produce a mean peak-to-peak MEP amplitude of ∼1 mV
over 20 trials, which corresponded to approximately 120% of
the RMT (Rajji et al., 2013). This intensity referred to as
SI 1 mV was then used to deliver 100 single TMS pulses
at 0.1 Hz to the scalp over the left DLPFC during pre-PAS
while EEG was being recorded to determine baseline CEA
then again for post-PAS 0, 17, 34 and 60 min to assess
change in CEA (Figure 1; Rajji et al., 2013; Loheswaran
et al., 2017). The left DLPFC determined by the participant’s
MRI image was marked on the EEG cap with a marker
to ensure identical placement throughout the experiment.
When stimulating the left DLPFC the handle of the TMS
coil was pointed backwards, at approximately 45◦ to the
midsagittal line.

During pre-PAS and post-PAS CEA was acquired through
a 64-channel Synamps 2 (Neuroscan Inc., Charlotte, NC, USA)
EEG system. All electrodes (Ag/AgCl ring electrodes) impedance
were ≤5 kΩ and referenced to an electrode positioned posterior
to Cz electrode. In addition, EEG signals were recorded using DC
and a low-pass anti-aliasing filter, of 200 Hz, at 20 kHz sampling
rate, which has been shown to avoid saturation of amplifiers
andminimize TMS-related artifact (Rajji et al., 2013; Loheswaran
et al., 2017).

PAS to the DLFPC
PAS was administered to the DLPFC and consisted of
180 simultaneous paired pulses of PNS to the median nerve
followed 25 ms later by a TMS pulse to the scalp over the left
DLPFC during a 30 min period at 0.1 Hz. This paradigm has
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been shown to induce LTP-like activity by potentiating CEA over
the DLPFC in healthy individuals (Rajji et al., 2013; Loheswaran
et al., 2017). PNS was delivered at 300% of the sensory threshold,
defined as the minimum intensity that the participant perceives
sensation. Given that attention affects the level of PAS induced
potentiation PAS (Stefan et al., 2004), participants were asked to
maintain attention by attending to their wrist and continuously
count and randomly report the number of PAS pulses delivered
within the 30 min period and at the end of PAS to report their
final count (Rajji et al., 2013; Loheswaran et al., 2017).

The disadvantage of giving the drug after pre-PAS rather
than before pre-PAS is that the effect post-PAS could be argued
is due to a direct effect on CEA and not necessarily through
PAS. However, if the drug is given before pre-PAS and its
delivery is timed such as its peak corresponds to pre-PAS
CEA rather than PAS, then the post-PAS effects may not
also be related to PAS but could be due simply to the drug
effects on pre-PAS CEA. Further, if two sessions of pre-PAS
CEA measurements were administered and the drug was given
between these two sessions to assess its impact on CEA before
PAS, the effect on PAS per se could still be confounded by
the fact that the post-PAS effect could be only due to the
effect of the drug on the second pre-PAS CEA measurement.
In addition the experiment would be become too burdensome
on participants and the effects of two pre-PAS sessions on PAS
effects are also not known. Finally, several studies showed no
significant impact of these drugs on basic neurophysiological
measures, e.g., RMT, active motor threshold, or baseline MEP
(Ziemann et al., 1998; McDonnell et al., 2006; Kuo et al., 2007;
Thirugnanasambandam et al., 2011). Thus, we elected to give
the drug after pre-PAS CEA measurement and time the drug
such as the peak corresponds to PAS and not post-PAS CEA
measurements.

EEG Data Processing
All analyses was done while blinded and we were only unblinded
once the data was finalized. EEG data was analyzed using
MATLAB (The MathWorks Inc., Natick, MA, USA) and a
custom script that was developed based on previous work (Rajji
et al., 2013; Sun et al., 2016; Kumar et al., 2017; Loheswaran
et al., 2017; Salavati et al., 2018). First, raw EEG recordings were
down sampled from 20 kHz to 1 kHz and then segmented into
epochs from −1000 ms to + 2000 ms relative to the onset of
the TMS pulse. Each trial was then baseline corrected with the
mean of the TMS artifact-free time period (−500 to −110 ms)
before the TMS pulse. To minimize TMS artifacts, the data was
re-segmented from 25 ms before the TMS pulse to 2000 ms
after the TMS pulse. Next, the EEG data was digitally filtered
using a second-order, Butterworth, zero-phase shift 1–55 Hz
band pass filter (24 dB/Oct). EEG recordings from all five time
points of the study (pre and at time 0, 17, 34 and 60 min
post-PAS) were then concatenated in order to apply the same
objective criteria for cleaning the data. Then, an electrodes-
by-trials matrix of ones and zeros was created and assigned
a value of zero if an epoch had the following: (1) amplitude
larger than±150µV; (2) power spectrum that violated 1/f power
law; or (3) standard deviation (SD) three times larger than the

average of all trials. The power spectral density of EEG signal
is inversely proportional to the frequency of the signal, except
the alpha band, which shows a stronger power spectrum than
1/f shape (Luck, 2014). The epoch was marked for the final
rejection assessment if fitting curve (i.e., nonlinear least squares)
to the power spectrum showed R-squared <0.6. An electrode
was rejected if its corresponding row had more than 60% of
columns (trials) coded as zeros. An epoch was removed if its
corresponding column had more than 20% of rows (electrodes)
coded as zeros. Next, independent component analysis (ICA;
EEGLAB toolbox; Infomax algorithm) was performed to remove
remaining artifacts such as eye blink traces, muscle artifacts
from the EEG data. Finally, the data was re-referenced to the
average, generating a clean signal devoid of noise for each
participant.

To determine potentiation of CEA by PAS we first calculated
the average of the TMS evoked potential (TEP) at pre-PAS and
post-PAS (0, 17, 34, 60 min), from all epochs that corresponded
to the electrode at the site of stimulation, i.e., the left DLPFC
which was determined by each participant’s MRI image (Rajji
et al., 2013; Loheswaran et al., 2017). Then using the Hilbert
transform the instantaneous amplitude of TEP signal was
extracted. Hilbert transform provided an envelope waveform for
TEP signal, which gives a more reliable power estimation for
the signal (Freeman, 2007). The area under the rectified CEA
curve between 50 and 275ms post-TMS pulse was then calculated
for pre-PAS and post-PAS (0, 17, 34, 60 min). The first interval
cut-off (i.e., 50 ms) was chosen as it represents the earliest TMS
artifact-free data, while the second interval cut-off (i.e., 275 ms)
was chosen because it represents the end of the window during
which potentiation of post-PAS CEA is still significant (Rajji
et al., 2013; Loheswaran et al., 2017). An example of raw data
TEPs is shown in Figure 4.

Data Analysis
To measure PAS-induced LTP over the DLPFC, we calculated
CEA at each time point post-PAS (0, 17, 34 and 60 min) and
divided by CEA pre-PAS. The ratio represents potentiation of
CEA at each of the time points (0, 17, 34, 60 min) post-PAS
(Rajji et al., 2013; Loheswaran et al., 2017). Since the timing of
maximum potentiation post-PAS could vary among participants,
the maximum CEA ratio among these time points (0, 17, 34,
60 post-PAS) were selected for each participant per condition
(Rajji et al., 2013; Loheswaran et al., 2017). This maximum
CEA ratio for each drug condition represents PAS-induced
LTP for each participant under the influence of that drug. To
determine PAS-induced LTP in the DLPFCwe used the electrode
corresponding to the participant’s DLPFC for two main reasons.
First, this is the area of interest and stimulation, and second,
previous work has shown that PAS to the DLPFC is focal and
localized to the left frontal brain region and greatest in the
electrodes overlying the DLPFC (Rajji et al., 2013; Kumar et al.,
2017).

Statistical Analysis
All data was first checked for normality using the
Kolmogorov–Smirnov test. To test our primary hypotheses
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and assess whether there was a drug effect on PAS-induced
LTP, a repeated measures analysis of variance (rmANOVA) was
conducted with the drug condition (placebo vs. baclofen, vs.
dextromethorphan vs. L-DOPA vs. rivastigmine) as the repeated
measure. The repeated measure factor that was used in the
rmANOVA was the drug condition because each participant
had PAS repeated five times, each time under one of the
five drug conditions. rmANOVA was followed by a series
of post hoc analyses, with Bonferroni correction, to compare
PAS-induced LTP under each of the active drug conditions
to PAS-induced LTP under placebo. Bonferroni correction was
applied to the post hoc comparisons of each of the four active
drugs to placebo, i.e., for four comparisons. In other words, the
α-value for each comparison of a certain active drug to placebo
was 0.0125.

To assess whether there was PAS-induced LTP under each
drug condition, we ran a series of one-sample t-tests to compare
PAS-induced LTP under each drug condition to a test value
of 1 representing no LTP, a Bonferroni correction was also
applied in this analysis.

In addition to the above primary analyses which are focused
on the DLPFC electrode, i.e., the electrode at the site of
stimulation, we divided all electrodes into six regions: Left
Frontal (F1, F3, F5, F7, AF3, FP1, Right Frontal (F2, F4, F6, F8,
AF4, FP2), Central (FPZ, FZ, FCZ, CZ, CPZ), Left Lateral (FC1,
C1, CP1, FC3, C3, CP3, FC5, C5, CP5, FT7, T7, TP7), Right
Lateral (FC2, 2, CP2, FC4, C4, CP4, FC6, C6, CP6, FT8, T8, TP8)
and Posterior (PZ, P1-P8, POZ, PO3-PO8, OZ, O1, O2). We
then averaged PAS-induced LTP across all electrodes within each
region and conducted similar rmANOVAs to what is described
above to assess the impact of each drug compared to placebo on
PAS-induced LTP within each region as whole. The significance
of these rmANOVAs were Bonferroni corrected by a factor of six,
i.e., α-value for significance was 0.008.

RESULTS

Thirteen participants (4 females and 9 males) took part in this
study. All participants completed all sessions except for one
participant who dropped out after only one out of the five
sessions and data for this participant was not used. Participants’
demographics and basic neurophysiological characteristics are
described in Table 1.

The electrode that was used each participant as site of
stimulation and for the primary analyses were either F5 or
F7 except for one session of one participant in which F3 was used.

All outcome data was normally distributed, rmANOVA
revealed that there was a significant drug effect on PAS-induced
LTP as measured from the electrode over the site of
stimulation (F(4,44) = 10.08, p < 0.001). Further, post hoc
pairwise comparisons against placebo (PAS-induced LTP = 1.25,
SD = 0.14), with a Bonferroni correction, revealed that LTP
was significantly increased after the intake of L-DOPA (PAS-
induced LTP = 1.64, SD = 0.37, p = 0.004) or rivastigmine
(PAS-induced LTP = 1.63, SD = 0.40, p = 0.009) and decreased
after the intake of dextromethorphan (PAS-induced LTP = 0.95,

TABLE 1 | Demographic and basic neurophysiologic characteristics.

Characteristic Mean (SD)

Age (years) 31.3 (10.5)
Gender (Female, %) 4 (25)
Education (years) 15.3 (2.3)
Resting motor threshold 49.0 (4.9)
SI1 mV 61.5 (8.3)
Peripheral nerve stimulation count∗

Placebo 175.5 (9.6)
Baclofen 171.6 (11.2)
Dextromethorphan 183.3 (22.3)
L-DOPA 176.7 (6.0)
Rivastigmine 174.3 (7.1)

Pre-PAS CEA∗

Placebo 895.88 (405.43)
Baclofen 1404.88 (2313.92)
Dextromethorphan 797.96 (446.30)
L-DOPA 814.04 (390.12)
Rivastigmine 796.71 (500.40)

∗There was no significant drug effect on peripheral nerve stimulation count
(F(1.65,18.15) = 1.28, p = 0.30) or pre-PAS CEA (F(1.09,9.810) = 0.86, p = 0.39). For
peripheral nerve stimulation, under each drug condition, the count did not differ
significantly from the actual number of peripheral nerve stimulations (i.e., 180)
(p’s > 0.05). SI 1 mV, Stimulation intensity with a mean peak-to-peak motor evoked
potential amplitude of 1 mV over 20 trials; SD, standard deviation.

SD = 0.19, p = 0.007). In contrast, there was no change after the
intake of baclofen (PAS-induced LTP = 1.15, SD = 0.52, p = 0.54;
Figures 2, 3).

Compared to a test value of 1 which represents no LTP,
participants experienced PAS-induced LTP under placebo,

FIGURE 2 | Effects of drugs on dorsolateral prefrontal cortex (DLPFC)
neuroplasticity. This figure illustrates the effects of drugs (L-DOPA, baclofen,
rivastigmine, dextromethorphan and placebo on PAS-induced long-term
potentiation (LTP)-like activity (PAS-induced LTP) expressed as a ratio of
post-PAS cortical evoked activity (CEA)/pre-PAS CEA over the DLPFC.
∗Refers to significant increase in PAS-induced LTP compared to placebo
(L-DOPA: p = 0.004; Rivastigmine: p = 0.009); #refers to significant decrease
in PAS-induced LTP compared to placebo (Dextromethorphan: p = 0.007).
+refers to significant PAS-induced LTP compared to a value of 1 which is
represented by the horizontal black line. Error bars: ±1 SE.
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FIGURE 3 | Topoplots of plasticity. These topoplots illustrate the effects of drugs (L-DOPA, baclofen, rivastigmine, dextromethorphan and placebo) on PAS-induced
LTP-like activity in the DLPFC.

L-DOPA and rivastigmine, but not under baclofen or
dextromethorphan condition after a Bonferroni correction
(Table 2).

Finally, the region-based rmANOVAs revealed that there
was a significant drug effect on PAS-induced LTP in only the
Left Frontal region (F(4,44) = 23.59, p < 0.001). There was
no effect in the Right Frontal (F(4,44) = 2.76, p = 0.039), Left
Lateral (F(4,44) = 0.60, p = 0.66), Right Lateral (F(4,44) = 0.35,
p = 0.85), Central (F(4,44) = 0.79, p = 0.54), or Posterior
(F(4,44) = 0.75, p = 0.57) region. Post hoc pairwise comparisons
against placebo (PAS-induced LTP = 1.05, SD = 0.20), with
a Bonferroni correction, revealed that LTP was significantly
different (increased) only after the intake of L-DOPA (PAS-
induced LTP = 2.18, SD = 0.70, p = 0.002) but not
rivastigmine (PAS-induced LTP = 1.14, SD = 0.19, p = 1.0),
dextromethorphan (PAS-induced LTP = 0.97, SD = 0.22,
p = 1.0), or baclofen (PAS-induced LTP = 1.13, SD = 0.17,
p = 1.0).

DISCUSSION

This study confirmed our hypotheses that L-DOPA and
rivastigmine enhanced neuroplasticity in the DLPFC in vivo and
that dextromethorphan blocked it. It did not confirm the fourth
hypothesis that baclofen reduces DLPFC neuroplasticity when
compared to placebo although under baclofen exposure
participants did not experience significant potentiation
compared to baseline. To our knowledge, this is the first
study to assess the pharmacological modulation of DLPFC
neuroplasticity in humans.

Our finding that L-DOPA enhanced DLPFC neuroplasticity
is consistent with animal studies that reported enhanced LTP
in the prefrontal cortex following dopaminergic intervention
(Otani, 2003). Dopaminergic neurons project from the ventral
tegmental area to the prefrontal cortex. These projections

activate dopamine D1 receptors on prefrontal pyramidal
neurons and facilitate NMDA receptor activity (Seamans et al.,
2001; Wang and O’Donnell, 2001). L-DOPA is a dopamine
precursor that is converted to dopamine, which activates
these dopaminergic receptors (Okereke, 2002), resulting in
enhanced LTP.

Our finding is also consistent with human studies that
assessed dopaminergic modulation of PAS-induced LTP in the
motor cortex measured through MEP activity (Kuo et al.,
2008; Nitsche et al., 2009; Korchounov and Ziemann, 2011;
Thirugnanasambandam et al., 2011; Kishore et al., 2014). In the
motor cortex, L-DOPA increased the magnitude and duration
of PAS-induced LTP (Kuo et al., 2008). This effect was not
affected by sulpiride (Ross et al., 2006; Nitsche et al., 2009), a
D2 receptor antagonist, underlining the role of D1 receptors in
L-DOPA enhancement of PAS-induced LTP (Monte-Silva et al.,
2009).

We also found that rivastigmine enhanced DLPFC
neuroplasticity. Rivastigmine increases synaptic levels of
acetylcholine by inhibiting acetylcholine-esterase, allowing
for longer cholinergic receptors activation (Polinsky, 1998).
In animal and human brain slice studies, cholinergic activity
plays a pivotal role in LTP facilitation in the prefrontal cortex
(Vidal and Changeux, 1993). Several studies have shown
that cholinergic agonists enhance LTP (Blitzer et al., 1990;
Bröcher et al., 1992). This effect on LTP is thought to be
mediated by a transient reduction in inhibitory transmission,
which in turn, lowers the threshold for NMDA receptor
dependent LTP, presynaptic nicotinic receptors activation and
an increase in calcium influx, as well as postsynaptic muscarinic
receptors activation and related intracellular signaling pathways
(Metherate and Ashe, 1993; Jerusalinsky et al., 1997; Letzkus
et al., 2011; Teles-Grilo Ruivo and Mellor, 2013). In the human
motor cortex, biperiden, a muscarinic M1 receptor cholinergic
antagonist suppressed (Korchounov and Ziemann, 2011), while

TABLE 2 | Potentiation over the dorsolateral prefrontal cortex (DLPFC) under each drug condition.

Drug PAS-induced LTP (SD) t (df) p-value

Placebo 1.25 (0.14) 4.31 (11) 0.001
Baclofen 1.15 (0.52) 1.0 (11) 0.34
Dextromethorphan 0.95 (0.19) −0.95 (11) 0.36
L-DOPA 1.64 (0.37) 6.0 (11) <0.001
Rivastigmine 1.63 (0.40) 5.36 (11) <0.001

PAS-induced LTP, Paired Associative Stimulation (PAS)-induced Long-Term Potentiation (LTP)-like activity as measured by Cortical Evoked Activity (CEA) post-drug/CEA
pre-drug at maximum LTP-like activity; SD, standard deviation; t(df), one sample t-test (degrees of freedom) with a test value of 1 which is equivalent to no LTP.
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FIGURE 4 | Examples of TMS evoked potentials (TEPs) for pre-PAS and post-PAS under each drug condition.

rivastigmine enhanced PAS-induced LTP measured through
MEP (Kuo et al., 2007).

Our third and confirmed hypothesis was that
dextromethorphan blocks DLPFC neuroplasticity. This finding
is consistent with previous studies assessing the effects of
dextromethorphan on LTP in animal and human studies (Krug,
1993; Stefan et al., 2002; Weise et al., 2017). Dextromethorphan
is a non-competitive NMDA receptor antagonist (Church
et al., 1985). Thus, it is expected to suppress NMDA-receptor
dependent LTP. Our finding with dextromethorphan also
provides evidence that PAS-induced LTP in the DLPFC
represents synaptic LTP by being dependent on functional
NMDA receptors similar to cellular LTP.

Contrary to our fourth hypothesis, we did not find a
difference in PAS-induced LTP under baclofen compared to
placebo. However, we still found that under baclofen exposure,
participants did not experience significant PAS-induced LTP
compared to baseline (pre-PAS). Our original hypothesis
was based on a study that assessed the effects of baclofen
in the motor cortex which included only five participants
(McDonnell et al., 2007). Thus, the discrepancy may be due
to difference in brain region. Baclofen is a GABAB receptor
agonist that can post-synaptically suppress PAS-induced LTP or
enhance PAS-induced LTP via presynaptic GABAB receptors,
as it could also lead to decreased release of GABA through
GABAB receptor-mediated auto inhibition (Jablensky, 1997). For
instance, it has been shown in mice that the deletion of GABAB
auto-receptors led to a failure in LTP expression (Vigot et al.,
2006).

This study is limited by a relatively small sample size.
However, the sample size was calculated based on previously
published literature in the motor cortex. Another limitation

is that we did not measure blood levels of the drugs prior
to the delivery of PAS. However, this limitation is mitigated
by administrating PAS based on published plasma peak values
of the drugs. Further, this study assessed the impact of a
single dose on PAS-induced LTP. These medications are used
chronically in clinical settings. Thus, future studies should assess
the effects of chronic exposure to these medications in healthy
individuals as well as patients with brain disorders associated
with abnormalities in these neurochemical systems. One more
limitation is the fact that low frequency rTMS protocol can
impact brain excitability. While this is a limitation of several
TMS-EEG protocols, the placebo arm in our study design would
mitigate the impact of this confound. Another limitation of
the experimental design is that we administered the drug after
pre-PAS rather than before pre-PAS, confounding the effect
post-PAS by a direct effect on CEA and not necessarily through
PAS. However, this confound is at least partially mitigated by the
fact that, as detailed above, several studies showed no significant
impact of these drugs on basic neurophysiological measures.
Finally, we did not use auditory masking to control for auditory
artifacts due to several reasons. First, given the length of these
experiments, it would have been extremely uncomfortable for
a participant to wear earplugs for the entire duration of the
study. This would have, in turn, affected the participant’s state
and interfered with the quality of data. Second, considering that
this sound can travel through the air and the bone, the auditory
evoked potentials cannot be fully obscured by wearing earplugs
or using white noise (Nikouline et al., 1999). Third, our pre-PAS
and post-PAS conditions were administered in the samemanner,
which should control for the auditory artifact. That is, any small
auditory artifact is not anticipated to have influenced the effects
of any one pharmacological agent on PAS more so than any
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other. Further, we also concatenated the EEG data for pre-PAS
condition with post-PAS conditions. As such, no one involved
in the study was aware of which condition was pre-PAS or
post-PAS and all analyses were done under completely blind
conditions, further enhancing the objectivity of data cleaning.
Lastly, our work assessing cortical inhibition using TMS-EEG
demonstrated that CEA in the DLPFC was unaffected when the
auditory artifact was subtracted out using a sham experiment
while the suppression of CEA remained significant (Farzan et al.,
2009).

In conclusion, this is the first study to investigate the
pharmacological modulation of DLPFC neuroplasticity
in humans. The study confirmed our hypotheses that
dopaminergic and cholinergic neurotransmission enhance
DLPFC neuroplasticity while suppressing glutamatergic
neurotransmission blocks it. Future studies could assess a
time dynamic analysis of these pharmacological modulations of
neuroplasticity using a larger sample size of healthy individuals.
Other future studies should also assess these modulations in
clinical conditions to better understand the pathophysiology
underlying these conditions as well the mechanisms that these
drugs target in various brain disorders.

AUTHOR CONTRIBUTIONS

BS, ZJD and TKR first conceptualized and designed the study.
BGP, DMB and RC contributed to the conceptualization. BS and
TKR wrote the first main draft of the manuscript. BS, ZJD and
TKR revised and prepared the final draft. All authors revised
and edited the final version. BS prepared Figure 1. BS and RZ
prepared Figures 2, 3. RZ prepared Figure 4.

ACKNOWLEDGMENTS

This work was supported by funds from the Temerty Centre
for Therapeutic Brain Interventions and the Brain and Behavior
Research Foundation (YIA 17826 to TKR), Canadian Foundation
for Innovation (Grant ID: 25861 to TKR) andCanadian Institutes
of Health Research (CIHR; OOG 244041 to TKR). DMB has
received research support from the CIHR, National Institute of
Health (NIH), Brain Canada and the Temerty Family through the
Centre for Addiction and Mental Health (CAMH) Foundation
and the Campbell Research Institute. He receives research
support and in-kind equipment support for an investigator-
initiated study from Brainsway Ltd. and he is the site principal
investigator for three sponsor-initiated studies for Brainsway Ltd.
He also receives in-kind equipment support fromMagventure for
an investigator-initiated study. He receives medication supplies
for an investigator-initiated trial from Invidior. ZJD receives
research and equipment in-kind support for an investigator-
initiated study through Brainsway Inc and Magventure Inc. He
served on the advisory board for Sunovion, Hoffmann-La Roche
Limited and Merck and received speaker support from Eli Lilly.
He has received operating grant support from CIHR, the Ontario
Mental Health Foundation, the Brain and Behavior Research
Foundation and the Temerty Family and Grant Family and
through CAMH Foundation and the Campbell Institute. TKR
receives support from Brain Canada, Canadian Foundation for
Innovation, CIHR, Ontario Ministry of Health and Long-Term
Care, Ontario Ministry of Research and Innovation, the US
NIH and the W. Garfield Weston Foundation. TKR reports no
competing interests. Ms. Salavati receives funding from Ontario
Mental Health Foundation. BGP has received support from Brain
Canada, CIHR, NIH and CAMH Foundation.

REFERENCES

Battaglia, F., Wang, H. Y., Ghilardi, M. F., Gashi, E., Quartarone, A.,
Friedman, E., et al. (2007). Cortical plasticity in Alzheimer’s disease in humans
and rodents. Biol. Psychiatry 62, 1405–1412. doi: 10.1016/j.biopsych.2007.
02.027

Blitzer, R. D., Gil, O., and Landau, E. M. (1990). Cholinergic stimulation enhances
long-term potentiation in the CA1 region of rat hippocampus. Neurosci. Lett.
119, 207–210. doi: 10.1016/0304-3940(90)90835-w

Bröcher, S., Artola, A., and Singer, W. (1992). Agonists of cholinergic
and noradrenergic receptors facilitate synergistically the induction of
long-term potentiation in slices of rat visual cortex. Brain Res. 573, 27–36.
doi: 10.1016/0006-8993(92)90110-u

Callicott, J. H., Bertolino, A., Mattay, V. S., Langheim, F. J., Duyn, J.,
Coppola, R., et al. (2000). Physiological dysfunction of the dorsolateral
prefrontal cortex in schizophrenia revisited. Cereb. Cortex 10, 1078–1092.
doi: 10.1093/cercor/10.11.1078

Church, J., Lodge, D., and Berry, S. C. (1985). Differential-effects of
dextromethorphan and levorphanol on the excitation of rat spinal neurons
by amino-acids. Eur. J. Pharmacol. 111, 185–190. doi: 10.1016/0014-
2999(85)90755-1

Collingridge, G. L., and Bliss, T. V. (1995). Memories of NMDA receptors and
LTP. Trends Neurosci. 18, 54–56. doi: 10.1016/0166-2236(95)80016-u

Farzan, F., Barr, M. S., Wong, W., Chen, R., Fitzgerald, P. B., and
Daskalakis, Z. J. (2009). Suppression of γ-oscillations in the dorsolateral
prefrontal cortex following long interval cortical inhibition: a TMS-EEG study.
Neuropsychopharmacology 34, 1543–1551. doi: 10.1038/npp.2008.211

Frantseva, M. V., Fitzgerald, P. B., Chen, R., Möller, B., Daigle, M., and
Daskalakis, Z. J. (2008). Evidence for impaired long-term potentiation in
schizophrenia and its relationship to motor skill leaning. Cereb. Cortex 18,
990–996. doi: 10.1093/cercor/bhm151

Freeman, W. J. (2007). Hilbert transform for brain waves. Scholarpedia 2:1338.
doi: 10.4249/scholarpedia.1338

Fuster, J. M. (2008). The Prefrontal Cortex. Boston, MA: Academic Press.
García Larrea, L., Bastuji, H., and Mauguière, F. (1992). Unmasking of

cortical SEP components by changes in stimulus rate—a topographic
study. Electroencephalogr. Clin. Neurophysiol. 84, 71–83. doi: 10.1016/0168-
5597(92)90069-n

Goldman-Rakic, P. S. (1988). Topography of cognition: parallel distributed
networks in primate association cortex. Annu. Rev. Neurosci. 11, 137–156.
doi: 10.1146/annurev.ne.11.030188.001033

Golmayo, L., Nuñez, A., and Zaborszky, L. (2003). Electrophysiological
evidence for the existence of a posterior cortical-prefrontal-basal forebrain
circuitry in modulating sensory responses in visual and somatosensory
rat cortical areas. Neuroscience 119, 597–609. doi: 10.1016/s0306-4522(03)
00031-9

Jablensky, A. (1997). The 100-year epidemiology of schizophrenia. Schizophr. Res.
28, 111–125. doi: 10.1016/s0920-9964(97)85354-6

Jerusalinsky, D., Kornisiuk, E., and Izquierdo, I. (1997). Cholinergic
neurotransmission and synaptic plasticity concerning memory processing.
Neurochem. Res. 22, 507–515. doi: 10.1023/A:1027376230898

Kaufman, L. D., Pratt, J., Levine, B., and Black, S. E. (2010). Antisaccades: a probe
into the dorsolateral prefrontal cortex in Alzheimer’s disease. A critical review.
J. Alzheimers Dis. 19, 781–793. doi: 10.3233/JAD-2010-1275

Frontiers in Human Neuroscience | www.frontiersin.org 8 April 2018 | Volume 12 | Article 155

https://doi.org/10.1016/j.biopsych.2007.02.027
https://doi.org/10.1016/j.biopsych.2007.02.027
https://doi.org/10.1016/0304-3940(90)90835-w
https://doi.org/10.1016/0006-8993(92)90110-u
https://doi.org/10.1093/cercor/10.11.1078
https://doi.org/10.1016/0014-2999(85)90755-1
https://doi.org/10.1016/0014-2999(85)90755-1
https://doi.org/10.1016/0166-2236(95)80016-u
https://doi.org/10.1038/npp.2008.211
https://doi.org/10.1093/cercor/bhm151
https://doi.org/10.4249/scholarpedia.1338
https://doi.org/10.1016/0168-5597(92)90069-n
https://doi.org/10.1016/0168-5597(92)90069-n
https://doi.org/10.1146/annurev.ne.11.030188.001033
https://doi.org/10.1016/s0306-4522(03)00031-9
https://doi.org/10.1016/s0306-4522(03)00031-9
https://doi.org/10.1016/s0920-9964(97)85354-6
https://doi.org/10.1023/A:1027376230898
https://doi.org/10.3233/JAD-2010-1275
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Salavati et al. Pharmacology and LTP in the DLPFC

Kishore, A., Popa, T., James, P., Yahia-Cherif, L., Backer, F., Chacko Varughese, L.,
et al. (2014). Age-related decline in the responsiveness of motor cortex to plastic
forces reverses with levodopa or cerebellar stimulation. Neurobiol. Aging 35,
2541–2551. doi: 10.1016/j.neurobiolaging.2014.05.004

Koenigs, M., and Grafman, J. (2009). The functional neuroanatomy of depression:
distinct roles for ventromedial and dorsolateral prefrontal cortex. Behav. Brain
Res. 201, 239–243. doi: 10.1016/j.bbr.2009.03.004

Korchounov, A., and Ziemann, U. (2011). Neuromodulatory neurotransmitters
influence LTP-like plasticity in human cortex: a pharmaco-TMS study.
Neuropsychopharmacology 36, 1894–1902. doi: 10.1038/npp.2011.75

Krug, G. (1993). [The molecular biology mechanism of action of benzodiazepine].
Anaesthesiol. Reanim. 18, 24–30.

Kumar, S., Zomorrodi, R., Ghazala, Z., Goodman, M. S., Blumberger, D. M.,
Cheam, A., et al. (2017). Extent of dorsolateral prefrontal cortex plasticity and
its association with working memory in patients with Alzheimer disease. JAMA
Psychiatry 74, 1266–1274. doi: 10.1001/jamapsychiatry.2017.3292

Kuo, M. F., Grosch, J., Fregni, F., Paulus, W., and Nitsche, M. A.
(2007). Focusing effect of acetylcholine on neuroplasticity in the human
motor cortex. J. Neurosci. 27, 14442–14447. doi: 10.1523/JNEUROSCI.4104-
07.2007

Kuo, M. F., Paulus, W., and Nitsche, M. A. (2008). Boosting focally-induced brain
plasticity by dopamine.Cereb. Cortex 18, 648–651. doi: 10.1093/cercor/bhm098

Letzkus, J. J., Wolff, S. B., Meyer, E. M., Tovote, P., Courtin, J., Herry, C., et al.
(2011). A disinhibitory microcircuit for associative fear learning in the auditory
cortex. Nature 480, 331–335. doi: 10.1038/nature10674

Loheswaran, G., Barr, M. S., Zomorrodi, R., Rajji, T. K., Blumberger, D. M.,
Foll, B. L., et al. (2017). Impairment of neuroplasticity in the dorsolateral
prefrontal cortex by alcohol. Sci. Rep. 7:5276. doi: 10.1038/s41598-017-04764-9

Luck, S. J. (2014). An Introduction to the Event-Related Potential Technique. 2nd
Edn. Cambridge, MA: MIT Press.

Lüscher, C., and Malenka, R. C. (2012). NMDA receptor-dependent long-term
potentiation and long-term depression (LTP/LTD). Cold Spring Harb. Perspect.
Biol. 4:a005710. doi: 10.1101/cshperspect.a005710

McDonnell, M. N., Orekhov, Y., and Ziemann, U. (2006). The role of GABAB
receptors in intracortical inhibition in the humanmotor cortex. Exp. Brain Res.
173, 86–93. doi: 10.1007/s00221-006-0365-2

McDonnell, M. N., Orekhov, Y., and Ziemann, U. (2007). Suppression of LTP-like
plasticity in humanmotor cortex by the GABAB receptor agonist baclofen. Exp.
Brain Res. 180, 181–186. doi: 10.1007/s00221-006-0849-0

Metherate, R., and Ashe, J. H. (1993). Nucleus basalis stimulation facilitates
thalamocortical synaptic transmission in the rat auditory cortex. Synapse 14,
132–143. doi: 10.1002/syn.890140206

Monconduit, L., Bourgeais, L., Bernard, J. F., Le Bars, D., and Villanueva, L.
(1999). Ventromedial thalamic neurons convey nociceptive signals from the
whole body surface to the dorsolateral neocortex. J. Neurosci. 19, 9063–9072.
doi: 10.1523/JNEUROSCI.19-20-09063.1999

Monte-Silva, K., Kuo, M. F., Thirugnanasambandam, N., Liebetanz, D.,
Paulus, W., and Nitsche, M. A. (2009). Dose-dependent inverted U-shaped
effect of dopamine (D2-like) receptor activation on focal and nonfocal plasticity
in humans. J. Neurosci. 29, 6124–6131. doi: 10.1523/JNEUROSCI.0728-
09.2009

Müller-Dahlhaus, J. F., Orekhov, Y., Liu, Y., and Ziemann, U. (2008).
Interindividual variability and age-dependency of motor cortical plasticity
induced by paired associative stimulation. Exp. Brain Res. 187, 467–475.
doi: 10.1007/s00221-008-1319-7

Nikouline, V., Ruohonen, J., and Ilmoniemi, R. J. (1999). The role of the coil click
in TMS assessed with simultaneous EEG. Clin. Neurophysiol. 110, 1325–1328.
doi: 10.1016/s1388-2457(99)00070-x

Nitsche, M. A., Kuo, M. F., Grosch, J., Bergner, C., Monte-Silva, K., and Paulus, W.
(2009). D1-receptor impact on neuroplasticity in humans. J. Neurosci. 29,
2648–2653. doi: 10.1523/JNEUROSCI.5366-08.2009

Nugent, F. S., and Kauer, J. A. (2008). LTP of GABAergic synapses in the ventral
tegmental area and beyond. J. Physiol. 586, 1487–1493. doi: 10.1113/jphysiol.
2007.148098

Okereke, C. S. (2002). Role of integrative pharmacokinetic and pharmacodynamic
optimization strategy in the management of Parkinson’s disease patients
experiencing motor fluctuations with levodopa. J. Pharm. Pharm. Sci. 5,
146–161.

Otani, S. (2003). Prefrontal cortex function, quasi-physiological stimuli and
synaptic plasticity. J. Physiol. Paris 97, 423–430. doi: 10.1016/j.jphysparis.2004.
01.002

Pascual-Leone, A., Amedi, A., Fregni, F., and Merabet, L. B. (2005). The plastic
human brain cortex. Annu. Rev. Neurosci. 28, 377–401. doi: 10.1146/annurev.
neuro.27.070203.144216

Petrides, M., and Pandya, D. N. (1984). Projections to the frontal-cortex from the
posterior parietal region in the rhesus-monkey. J. Comp. Neurol. 228, 105–116.
doi: 10.1002/cne.902280110

Picciotto, M. R., Higley, M. J., and Mineur, Y. S. (2012). Acetylcholine
as a neuromodulator: cholinergic signaling shapes nervous system
function and behavior. Neuron 76, 116–129. doi: 10.1016/j.neuron.2012.
08.036

Player, M. J., Taylor, J. L., Weickert, C. S., Alonzo, A., Sachdev, P., Martin, D.,
et al. (2013). Neuroplasticity in depressed individuals compared with
healthy controls. Neuropsychopharmacology 38, 2101–2108. doi: 10.1038/npp.
2013.126

Polinsky, R. J. (1998). Clinical pharmacology of rivastigmine: a
new-generation acetylcholinesterase inhibitor for the treatment of
Alzheimer’s disease. Clin. Ther. 20, 634–647. doi: 10.1016/s0149-2918(98)
80127-6

Rajji, T. K., Sun, Y., Zomorrodi-Moghaddam, R., Farzan, F., Blumberger, D. M.,
Mulsant, B. H., et al. (2013). PAS-induced potentiation of cortical-evoked
activity in the dorsolateral prefrontal cortex. Neuropsychopharmacology 38,
2545–2552. doi: 10.1038/npp.2013.161

Ross, R. G., Heinlein, S., and Tregellas, H. (2006). High rates of comorbidity
are found in childhood-onset schizophrenia. Schizophr. Res. 88, 90–95.
doi: 10.1016/j.schres.2006.07.006

Rossi, S., Hallett, M., Rossini, P. M., and Pascual-Leone, A. (2009). Safety,
ethical considerations, and application guidelines for the use of transcranial
magnetic stimulation in clinical practice and research. Clin. Neurophysiol. 120,
2008–2039. doi: 10.1016/j.clinph.2009.08.016

Salavati, B., Rajji, T. K., Zomorrodi, R., Blumberger, D. M., Chen, R.,
Pollock, B. G., et al. (2018). Pharmacological manipulation of cortical inhibition
in the dorsolateral prefrontal cortex. Neuropsychopharmacology 43, 354–361.
doi: 10.1038/npp.2017.104

Seamans, J. K., Durstewitz, D., Christie, B. R., Stevens, C. F., and Sejnowski, T. J.
(2001). Dopamine D1/D5 receptor modulation of excitatory synaptic inputs to
layer V prefrontal cortex neurons. Proc. Natl. Acad. Sci. U S A 98, 301–306.
doi: 10.1073/pnas.011518798

Stefan, K., Kunesch, E., Benecke, R., Cohen, L. G., and Classen, J. (2002).
Mechanisms of enhancement of human motor cortex excitability induced
by interventional paired associative stimulation. J. Physiol. 543, 699–708.
doi: 10.1113/jphysiol.2002.023317

Stefan, K., Kunesch, E., Cohen, L. G., Benecke, R., and Classen, J. (2000). Induction
of plasticity in the humanmotor cortex by paired associative stimulation. Brain
123, 572–584. doi: 10.1093/brain/123.3.572

Stefan, K., Wycislo, M., and Classen, J. (2004). Modulation of associative
human motor cortical plasticity by attention. J. Neurophysiol. 92, 66–72.
doi: 10.1152/jn.00383.2003

Sun, Y., Farzan, F., Mulsant, B. H., Rajji, T. K., Fitzgerald, P. B., Barr, M. S., et al.
(2016). Indicators for remission of suicidal ideation following magnetic seizure
therapy in patients with treatment-resistant depression. JAMA Psychiatry 73,
337–345. doi: 10.1001/jamapsychiatry.2015.3097

Teles-Grilo Ruivo, L. M., and Mellor, J. R. (2013). Cholinergic modulation
of hippocampal network function. Front. Synaptic. Neurosci. 5:2.
doi: 10.3389/fnsyn.2013.00002

Thirugnanasambandam, N., Grundey, J., Paulus, W., and Nitsche, M. A.
(2011). Dose-dependent nonlinear effect of L-DOPA on paired associative
stimulation-induced neuroplasticity in humans. J. Neurosci. 31, 5294–5299.
doi: 10.1523/JNEUROSCI.6258-10.2011

Tritsch, N. X., and Sabatini, B. L. (2012). Dopaminergic modulation of synaptic
transmission in cortex and striatum. Neuron 76, 33–50. doi: 10.1016/j.neuron.
2012.09.023

Valeriani, M., Restuccia, D., Di Lazzaro, V., Le Pera, D., Barba, C., Tonali, P., et al.
(1998). Dipolar sources of the early scalp somatosensory evoked potentials to
upper limb stimulation—effect of increasing stimulus rates. Exp. Brain Res. 120,
306–315. doi: 10.1007/s002210050404

Frontiers in Human Neuroscience | www.frontiersin.org 9 April 2018 | Volume 12 | Article 155

https://doi.org/10.1016/j.neurobiolaging.2014.05.004
https://doi.org/10.1016/j.bbr.2009.03.004
https://doi.org/10.1038/npp.2011.75
https://doi.org/10.1001/jamapsychiatry.2017.3292
https://doi.org/10.1523/JNEUROSCI.4104-07.2007
https://doi.org/10.1523/JNEUROSCI.4104-07.2007
https://doi.org/10.1093/cercor/bhm098
https://doi.org/10.1038/nature10674
https://doi.org/10.1038/s41598-017-04764-9
https://doi.org/10.1101/cshperspect.a005710
https://doi.org/10.1007/s00221-006-0365-2
https://doi.org/10.1007/s00221-006-0849-0
https://doi.org/10.1002/syn.890140206
https://doi.org/10.1523/JNEUROSCI.19-20-09063.1999
https://doi.org/10.1523/JNEUROSCI.0728-09.2009
https://doi.org/10.1523/JNEUROSCI.0728-09.2009
https://doi.org/10.1007/s00221-008-1319-7
https://doi.org/10.1016/s1388-2457(99)00070-x
https://doi.org/10.1523/JNEUROSCI.5366-08.2009
https://doi.org/10.1113/jphysiol.2007.148098
https://doi.org/10.1113/jphysiol.2007.148098
https://doi.org/10.1016/j.jphysparis.2004.01.002
https://doi.org/10.1016/j.jphysparis.2004.01.002
https://doi.org/10.1146/annurev.neuro.27.070203.144216
https://doi.org/10.1146/annurev.neuro.27.070203.144216
https://doi.org/10.1002/cne.902280110
https://doi.org/10.1016/j.neuron.2012.08.036
https://doi.org/10.1016/j.neuron.2012.08.036
https://doi.org/10.1038/npp.2013.126
https://doi.org/10.1038/npp.2013.126
https://doi.org/10.1016/s0149-2918(98)80127-6
https://doi.org/10.1016/s0149-2918(98)80127-6
https://doi.org/10.1038/npp.2013.161
https://doi.org/10.1016/j.schres.2006.07.006
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1038/npp.2017.104
https://doi.org/10.1073/pnas.011518798
https://doi.org/10.1113/jphysiol.2002.023317
https://doi.org/10.1093/brain/123.3.572
https://doi.org/10.1152/jn.00383.2003
https://doi.org/10.1001/jamapsychiatry.2015.3097
https://doi.org/10.3389/fnsyn.2013.00002
https://doi.org/10.1523/JNEUROSCI.6258-10.2011
https://doi.org/10.1016/j.neuron.2012.09.023
https://doi.org/10.1016/j.neuron.2012.09.023
https://doi.org/10.1007/s002210050404
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Salavati et al. Pharmacology and LTP in the DLPFC

Valeriani, M., Restuccia, D., Di Lazzaro, V., Le Pera, D., and Tonali, P. (1997). The
pathophysiology of giant SEPs in cortical myoclonus: a scalp topography and
dipolar source modelling study. Electroencephalogr. Clin. Neurophysiol. 104,
122–131. doi: 10.1016/s0168-5597(97)96616-8

Van Eden, C. G., Lamme, V. A. F., and Uylings, H. B. M. (1992). Heterotopic
cortical afferents to the medial prefrontal cortex in the rat. A combined
retrograde and anterograde tracer study. Eur. J. Neurosci. 4, 77–97.
doi: 10.1111/j.1460-9568.1992.tb00111.x

Vidal, C., and Changeux, J. P. (1993). Nicotinic and muscarinic modulations
of excitatory synaptic transmission in the rat prefrontal cortex in vitro.
Neuroscience 56, 23–32. doi: 10.1016/0306-4522(93)90558-w

Vigot, R., Barbieri, S., Bräuner-Osborne, H., Turecek, R., Shigemoto, R.,
Zhang, Y. P., et al. (2006). Differential compartmentalization and distinct
functions of GABAB receptor variants. Neuron 50, 589–601. doi: 10.1016/j.
neuron.2006.04.014

Wang, J., and O’Donnell, P. (2001). D1 dopamine receptors potentiate
nmda-mediated excitability increase in layer V prefrontal cortical
pyramidal neurons. Cereb. Cortex 11, 452–462. doi: 10.1093/cercor/
11.5.452

Weise, D., Mann, J., Rumpf, J. J., Hallermann, S., and Classen, J. (2017).
Differential regulation of human paired associative stimulation-induced and
theta-burst stimulation-induced plasticity by L-type and T-type Ca2+ channels.
Cereb. Cortex 27, 4010–4021. doi: 10.1093/cercor/bhw212

Ziemann, U., Chen, R., Cohen, L. G., and Hallett, M. (1998). Dextromethorphan
decreases the excitability of the humanmotor cortex.Neurology 51, 1320–1324.
doi: 10.1212/WNL.51.5.1320

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Salavati, Daskalakis, Zomorrodi, Blumberger, Chen, Pollock and
Rajji. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 10 April 2018 | Volume 12 | Article 155

https://doi.org/10.1016/s0168-5597(97)96616-8
https://doi.org/10.1111/j.1460-9568.1992.tb00111.x
https://doi.org/10.1016/0306-4522(93)90558-w
https://doi.org/10.1016/j.neuron.2006.04.014
https://doi.org/10.1016/j.neuron.2006.04.014
https://doi.org/10.1093/cercor/11.5.452
https://doi.org/10.1093/cercor/11.5.452
https://doi.org/10.1093/cercor/bhw212
https://doi.org/10.1212/WNL.51.5.1320
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Pharmacological Modulation of Long-Term Potentiation-Like Activity in the Dorsolateral Prefrontal Cortex
	INTRODUCTION
	MATERIALS AND METHODS
	Experimental Design
	Participants
	Locating and Co-registering the DLPFC
	Electromyography (EMG) Recordings From the Motor Cortex and TMS-EEG in the DLPFC
	PAS to the DLFPC
	EEG Data Processing
	Data Analysis
	Statistical Analysis

	RESULTS
	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


