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An inverse relationship between cortical plasticity and
cognitive inhibition in late-life depression
Jennifer I. Lissemore1,2, Hayley R. C. Shanks 1, Meryl A. Butters3, Apoorva Bhandari1, Reza Zomorrodi1, Tarek K. Rajji1,2,4,
Jordan F. Karp3,5, Charles F. ReynoldsIII3, Eric J. Lenze6, Zafiris J. Daskalakis1,2,4, Benoit H. Mulsant2,4 and Daniel M. Blumberger1,2,4

Executive dysfunction is a common and disabling component of late-life depression (LLD), yet its neural mechanisms remain
unclear. In particular, it is not yet known how executive functioning in LLD relates to measures of cortical physiology that may
change with age and illness, namely cortical inhibition/excitation and plasticity. Here, we used transcranial magnetic stimulation
(TMS) to measure cortical inhibition/excitation (n= 51), and the potentiation of cortical activity following paired associative
stimulation, which is thought to reflect long-term potentiation (LTP)-like cortical plasticity (n= 32). We assessed the correlation
between these measures of cortical physiology and two measures of executive functioning: cognitive inhibition, assessed using the
Delis–Kaplan Executive Function System Color-Word Interference [“Stroop”] Test, and cognitive flexibility, assessed using the Trail
Making Test. Correlations with recall memory and processing speed were also performed to assess the specificity of any
associations to executive functioning. A significant correlation was found between greater LTP-like cortical plasticity and poorer
cognitive inhibition, a core executive function (rp=−0.56, p < 0.001). We did not observe significant associations between cortical
inhibition/excitation and executive functioning, or between any neurophysiological measure and cognitive flexibility, memory, or
processing speed. Our finding that elevated cortical plasticity is associated with diminished cognitive inhibition emphasizes the
importance of balanced synaptic strengthening to healthy cognition. More specifically, our findings suggest that hyper-excitability
of cortical circuits following repeated cortical activation may promote inappropriate prepotent responses in LLD. LTP-like cortical
plasticity might therefore represent a neural mechanism underlying an inhibitory control cognitive endophenotype of LLD.

Neuropsychopharmacology (2019) 44:1659–1666; https://doi.org/10.1038/s41386-019-0413-9

INTRODUCTION
Late-life depression (LLD) is an understudied yet debilitating
disorder in older adults (i.e., >60 years of age). One cognitive
symptom consistently associated with LLD is executive dysfunc-
tion. Executive functioning encompasses top-down cognitive
control, including the inhibition of prepotent responses, and
the flexible switching between tasks (for a review of core executive
functions, see [1]). Several studies have shown impaired executive
functioning in LLD patients compared to similarly aged healthy
controls [2–6]. More specifically, impairments in inhibitory control
[7, 8] and cognitive flexibility [9] have been linked to LLD, although
inconsistent findings [10] suggest heterogeneous cognitive profiles
amongst patients. Impairment within these executive domains is
associated with a worse prognosis [11]; for example, inhibitory
control deficits are associated with increased risk of suicide in LLD
patients [12]. Moreover, executive dysfunction often persists
following antidepressant treatment [13]. An understanding of the
biological mechanisms related to executive functioning will
therefore be important for the development of treatments that
address this key LLD symptom.
The neurobiological basis of executive functioning in LLD is

not fully understood. Previous studies have associated

executive dysfunction with structural pathologies such as
white matter hyperintensities [2] and reduced white matter
integrity in frontal tracts [14]. Very few studies have examined
the relationship between functional brain processes and
executive functions in LLD. One functional magnetic resonance
imaging study of LLD patients found a link between executive
dysfunction and abnormal inter-network functional connectiv-
ity, which was specific to executive functioning and not recall
memory [15]. A few electroencephalography (EEG) studies of
LLD have also linked executive functioning to the abnormal
latency or amplitude of cortical event-related potential
components [3, 7, 16]. Although LLD involves the interplay
between depression and healthy aging, studies of LLD have yet
to explore the relationship between executive functioning and
cortical physiological processes that have been implicated in
both depression and aging.
Cortical physiological processes that have been associated

with both the pathophysiology of depression and advancing
age include glutamate receptor-mediated cortical plasticity
and γ-aminobutyric acid (GABA) receptor-mediated cortical
inhibition. In a healthy brain, synaptic plasticity is regulated by
a host of mechanisms to avoid the induction of excessively
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high or low firing rates [17], and inhibitory and excitatory
neurotransmission are balanced through feedforward and
feedback mechanisms [18]. Cortical plasticity and inhibition
have been found to be dysregulated in younger adults with
depression [19, 20], and in older adults without depression
[21, 22]. However, at the intersection of aging and depression,
LLD presents with a heterogeneous symptom profile, and the
involvement of cortical plasticity and inhibition/excitation in
LLD is less clear [23, 24]. Specific features of LLD, such as
cognitive endophenotypes, may more closely relate to
abnormalities in cortical physiology than a complex diagnosis
of LLD [25]. To narrow down the problem, we need to assess
how cortical plasticity and inhibition/excitation relate to
cognitive endophenotypes within LLD that have primarily
cortical origins, such as executive functioning [26, 27].
One powerful technique for measuring cortical physiological

processes in humans is transcranial magnetic stimulation (TMS).
Using TMS, we can non-invasively assess cortical plasticity in vivo
in LLD patients (Fig. 1a). In a paired associative stimulation (PAS)
paradigm, single pulses of TMS are repeatedly paired with
somatosensory afferent stimulation, both of which activate
postsynaptic pyramidal cells in the motor cortex. Stimulation is
timed such that the TMS and somatosensory signals arrive
synchronously at the cortex. This form of temporally and spatially
linked repeated stimulation mimics spike-time-dependent plasti-
city paradigms [28]. We can use PAS to measure long-term
potentiation (LTP)-like cortical plasticity by measuring the
potentiation of cortical excitability (motor evoked potential
[MEP] amplitude) after PAS. Like LTP, PAS-induced potentiation
of cortical excitability can be induced rapidly (30 min), lasts >1 h,
and depends on the activation of N-methyl-D-aspartate (NMDA)
receptors [29, 30]. PAS-induced potentiation putatively reflects the
sustained, yet reversible, strengthening of many synapses within a
cortical area that results from the repeated activation of that
cortical area.

TMS paradigms have also been developed to measure cortical
inhibition and excitation. In a short-interval cortical inhibition (SICI)
paradigm (Fig. 1b), paired subthreshold and suprathreshold TMS
pulses are timed precisely to suppress cortical excitability,
reflecting GABAA receptor-mediated inhibitory neurotransmission
[31, 32]. Conversely, in an intracortical facilitation (ICF) paradigm
(Fig. 1b), the paired TMS pulses are timed to enhance cortical
excitability, reflecting NMDA receptor-mediated excitatory neuro-
transmission [31, 32]. GABAB receptor-mediated cortical inhibition
can also be probed using a cortical silent period paradigm (Fig. 1c)
[32, 33], in which a single TMS pulse is delivered during muscle
contraction, so as to produce a measurable “silent period” in the
electromyography signal. Lastly, the resting motor threshold,
defined as the minimum stimulation intensity that elicits an MEP
of a particular size, can be used to assess cortical excitability.
Although the above TMS paradigms have been used to
investigate a range of neuropsychopathologies [34], TMS has
not yet been applied to study the cortical mechanisms under-
pinning LLD endophenotypes.
Here, we used TMS to measure LTP-like cortical plasticity,

cortical inhibition, and cortical excitation in LLD patients, and we
explored the relationship between these TMS measures and
executive functioning. We hypothesized that cortical plasticity and
inhibition/excitation would be associated with two core executive
functions in LLD: cognitive flexibility and cognitive inhibition. To
establish the specificity of any relationships between cortical
physiology and executive functioning, we also examined the
relationship between the above TMS measures and episodic
memory and processing speed.

MATERIALS AND METHODS
Participants
Patients were recruited from the National Institute of Mental
Health (NIMH)-sponsored IRL-GRey clinical trial of aripiprazole

Fig. 1 Illustration of the transcranial magnetic stimulation (TMS) paradigms. a Paired associative stimulation (PAS): peripheral nerve
stimulation is repeatedly paired with TMS, which amplifies motor evoked potential (MEP) amplitudes for ~1 h. PAS reflects long-term
potentiation-like cortical plasticity. b Short-interval cortical inhibition (SICI) and intracortical facilitation (ICF): a subthresold TMS pulse
precedes a suprathreshold TMS pulse, which dampens or enhances the MEP amplitude, respectively. SICI probes inhibitory cortical circuits,
and ICF excitatory cortical circuits. c Cortical silent period: a TMS pulse during muscle contraction results in a period of silenced
electromyography signal, which reflects inhibitory cortical circuits
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augmentation pharmacotherapy at the Centre for Addiction and
Mental Health (CAMH), Toronto. Patients completed all TMS and
neurocognitive assessment at baseline, before initiating a pre-trial
with open-label venlafaxine (ClinicalTrials.gov identifier:
NCT00892047) [35, 36]. All patients were aged 60 years and older,
had a diagnosis of major depressive disorder as per the Structured
Clinical Interview for DSM-IV (Diagnostic and Statistical Manual of
Mental Disorders, 4th Edition) [37], and scored ≥15 on the
Montgomery–Asberg Depression Rating Scale (MADRS) [38].
Exclusion criteria included a comorbid psychiatric diagnosis other
than an anxiety disorder, an unstable medical illness, antic-
onvulsant use, or dementia. Clinical evidence of dementia
included a Mini Mental State Examination [39] score <21, as well
as the assessment of a geriatric psychiatrist, medical records, and
an informant’s interview in unclear cases. Patients were excluded
if taking a psychotropic medication that could not be safely
tapered; exceptions included lorazepam ≤2mg/day (or another
benzodiazepine at an equivalent dosage), zopiclone ≤7.5 mg/day,
or trazodone ≤50mg/day. Due to tapering prior to treatment
initiation, some patients were still taking a low dose of
antidepressant at the time of testing. Treatment resistance was
assessed using the Antidepressant Treatment History Form [40],
and patients with any level of treatment resistance were included
in this study. Medical illness burden was assessed using the
Cumulative Illness Rating Scale for Geriatrics [41], and general
anxiety symptoms using the Brief Symptom Inventory (anxiety
subscale) [42]. Patient demographic, clinical, and neurocognitive
data listed in Table 1 were obtained.
All study procedures were approved by the CAMH Research

Ethics Board in accordance with the Declaration of Helsinki, and all
participants provided written, informed consent.

TMS and electromyography measures
The TMS measures reported here adhere to a TMS methodological
checklist established by international experts [43]. Surface
electromyography was recorded continuously using disposable
9 mm electrodes positioned at the abductor pollicus brevis muscle
(active electrode) and the interphalangeal joint of the thumb
(reference electrode). A ground electrode was placed on the
upper forearm. A figure-of-eight TMS coil (70 mm loop diameter)
was positioned over the left motor cortex “hot spot” to evoke
maximum MEP strength. The TMS coil was held tangentially to the
head, with the handle angled ~45° from the midline to induce a
posterior–anterior current, and the coil position was marked on
the scalp. Monophasic pulses were delivered using two Magstim
200 stimulators (Magstim, Whitland, UK) connected by a Bistim
module.
Patients were instructed to remain relaxed with their eyes open.

Electromyography recordings were monitored to ensure relaxa-
tion of the abductor pollicus brevis muscle. Resting motor
threshold was first established as the minimum TMS intensity
that elicits a ≥50 μV MEP in 5/10 trials. The TMS intensity that
elicited on average a ~1mV peak-to-peak MEP amplitude was
then established as the intensity for the suprathreshold TMS test
pulse in SICI, ICF, and PAS paradigms (described below, see Fig. 1).
In the SICI and ICF paradigms, a subthreshold conditioning

pulse (80% resting motor threshold) preceded the suprathreshold
test pulse with an interstimulus interval of 2 ms (SICI) or 10 ms
(ICF). Participants underwent 36 trials; 12 for each condition in a
pseudorandom order (test pulse alone, and test pulse either 2 or
10ms after the conditioning pulse). Peak-to-peak MEP amplitudes
were calculated for each trial and averaged for each condition. The
SICI and ICF ratios were calculated as the average conditioned
MEP amplitude (2 or 10 ms between TMS pulses)/the average
unconditioned MEP amplitude (test pulse alone).
In the cortical silent period paradigm, a suprathreshold test

pulse (140% of resting motor threshold) was administered over 10
trials during tonic muscle contraction (20% of maximum

contraction). The electromyography signal was averaged across
trials and the silent period duration was calculated from the start
of the MEP to the return of electromyography activity by an
experienced rater masked to the patient number.
PAS-induced changes in cortical excitability were measured as

changes in the MEP amplitude in response to single pulses of TMS.
Twenty TMS pulses were delivered at 0.1 Hz prior to and at four
time points following the PAS intervention (i.e., pre-PAS, and
immediately, 15 min, 30 min, and 60min post-PAS). The PAS
intervention consisted of 180 trials at 0.1 Hz in which stimulation
of the right median nerve was paired with a TMS test pulse to the
left motor cortex 25 ms later [29]. Peak-to-peak MEP amplitudes
were averaged at each time point. Average and maximum cortical
plasticity were calculated as ratios of the average or maximum
post-PAS MEP amplitudes/pre-PAS MEP amplitudes.

Table 1. Demographic, clinical, and neurocognitive information for
all late-life depression patients, and for those patients who
underwent PAS

Demographic and clinical information Full sample
(n= 51)

PAS subset
(n= 32)

Age (years) [range] 66.6 ± 5.9
[60–89]

67.2 ± 5.2
[60–78]

Sex 30F/21M 17F/15M

% Caucasian 92.2 (n= 47) 90.6 (n= 29)

Education (years) 13.8 ± 2.7 14.1 ± 2.7

Handedness 47R/4L 29R/3L

MADRS score 25.3 ± 5.6 24.7 ± 5.1

Duration of current depressive
episode (weeks) [range]

87.1 ± 130.9
[2–780]

103.8 ± 160.5
[2–780]

Age of onset of first depressive
episode (years) [range]

45.8 ± 17.0
[16–89]

45.1 ± 16.6
[16–76]

% Treatment resistanta 70.6 (n= 36) 68.8 (n= 22)

CIRS-G total score 6.9 ± 4.2 7.0 ± 2.9

BSI – Anxiety score 1.7 ± 1.0 1.6 ± 0.9

% Concurrent medication use

Antidepressant 51.0 (n= 26) 53.1 (n= 17)

Benzodiazepine 25.5 (n= 13) 25.0 (n= 8)

Both 15.7 (n= 8) 15.6 (n= 5)

% Comorbid anxiety disorder 35.3 (n= 18) 28.1 (n= 9)

Neurocognitive data

CWIT condition 3 (inhibition)
weighted combined scaled score

10.4 ± 3.0 10.3 ± 2.9

CWIT condition 1 (color naming)
scaled score

9.6 ± 3.2 9.6 ± 2.3

TMT condition 4 vs. condition
5 scaled score

8.7 ± 3.0 8.6 ± 3.3

RBANS immediate memory
index score

100.3 ± 16.3 101.0 ± 15.9

RBANS delayed memory
index score

100.0 ± 13.2 101.0 ± 12.3

RBANS modified total score 98.6 ± 14.5 99.1 ± 12.1

Mini Mental State Examination 28.7 ± 1.2 28.7 ± 1.2

PAS paired associative stimulation, MADRS Montgomery–Asberg Depres-
sion Rating Scale, CIRS-G Cumulative Illness Rating Scale for Geriatrics,
BSI Brief Symptom Inventory, CWIT Color-Word Interference Test, TMT
Trail Making Test, RBANS Repeatable Battery for the Assessment of
Neuropsychological Status
aAssessed as a score ≥3 on the Antidepressant Treatment History Form
(non-response to a previous adequate antidepressant trial)
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Attention to the target hand during PAS is important for the
induction of LTP-like cortical plasticity [44]. Patients were asked to
focus their attention on the target hand during the PAS
intervention and count the number of peripheral nerve stimula-
tions. Their count was recorded randomly approximately 8 times
during the PAS intervention. A measure of inattention was
calculated over i time points as:
X

realCounti � realCounti�1ð Þ � guessCounti � guessCounti�1ð Þj j:

A higher score reflects greater inattention, as a function of
greater count errors throughout the PAS procedure. Count errors
at each time point contribute to the inattention score, but are not
carried forward in the calculation of later errors.

Cognitive measures
Two executive functions were studied here: cognitive flexibility
(set shifting) and cognitive inhibition, as assessed with the
Delis–Kaplan Executive Function System (D-KEFS) Trail Making
Test and Color-Word Interference Test, respectively [45]. The Trail
Making Test condition 4 (number-letter switching; similar to the
Trails B Test) is a visual–motor sequencing task, in which patients
are instructed to draw a line connecting numbers and letters in
an alternating sequence (e.g., 1-a-2-b). In condition 5 (motor
speed) of the Trail Making Test, the patient draws a line over a
dotted line as quickly as possible. We report an age-corrected
scaled score of condition 4 vs. condition 5 to account for motor
speed (D-KEFS scaled scores are based on a mean of 10, standard
deviation [SD] of 3). The D-KEFS Color-Word Interference Test
condition 3 is based on the Stroop test; patients are presented
with the names of colors printed in incongruently colored ink
(e.g., “red” printed in blue ink), and the patient is required to
name the color of the ink as quickly as possible, while inhibiting
the prepotent tendency to read the word. Raw scores were
converted to age-corrected scaled scores, and the final scaled
score used here combines task completion time with number of
errors committed (reported with permission from Pearson Inc.).
The D-KEFS Trail Making Test and Color-Word Interference Test
consisted of other conditions and scores, which were beyond the
current scope of this study.
As control measures, immediate and delayed recall memory

were assessed using the Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS) immediate memory and
modified delayed memory index scores [46, 47]. The immediate
memory index assessed the immediate recall of a 10-item word
list and 12-item short story (List Learning and Story Memory
subtests), and the delayed memory index assessed the recall
of the word list, story and a figure from the Figure Copy subtest
~15min later (List Recall, List Recognition, Story Recall, and Figure
Recall subtests). The RBANS included other subtests and domain-
specific index scores (e.g., language, attention, and visuospatial/
constructional), but these measures were not the focus of the
current study. To further test the specificity of any relationships
with executive functioning, processing speed was also assessed
using the D-KEFS Color-Word Interference Test condition 1 (color
naming) scaled scores. Additionally, overall cognitive functioning
was measured with the Mini Mental State Examination and the
RBANS modified total score.

Statistical analysis
The assumption of normality was assessed for each measure
using histograms, boxplots and Q–Q plots, as well as the
D’Agostino–Pearson normality test. All cognitive measures
(cognitive inhibition, set shifting, immediate memory, delayed
memory, and processing speed) were normally distributed. Of the
TMS measures, cortical silent period duration was normally
distributed, whereas average and max post-PAS plasticity, PAS
inattention score, resting motor threshold, SICI and ICF were found

to be non-normally distributed, and a log transformation was
applied to attain a normal distribution.
Six TMS measures (average and max PAS-induced plasticity,

SICI, ICF, cortical silent period, and resting motor threshold) were
correlated with two measures of executive functioning (cognitive
inhibition and set shifting), two measures of memory as a control
(immediate and delayed recall memory), and a measure of
processing speed as a control (color naming). After Bonferroni
correction, the significance level was set at p < 0.002 (0.05/30).
Pearson’s correlation coefficients (rp) were calculated. When
assessing associations with cortical plasticity, partial correlations
were performed, controlling for attention during the PAS
procedure.
Sensitivity analyses were also performed to assess the influence

of the following demographic and clinical variables: handedness,
benzodiazepine use, treatment resistance, and comorbid anxiety
disorder diagnosis. Any influence of the timing of cognitive and
TMS testing was also examined (those patients who underwent
cognitive and TMS testing on the same day vs. different days),
since PAS has been found to influence response inhibition [48].

RESULTS
Participants
Cognition and cortical inhibition/excitation were assessed in 51
patients with LLD (30F/21M, 66.6 ± 5.9 years of age). The PAS
paradigm was initiated partway through the study, thus cortical
plasticity was also assessed in 32 of these patients (17F/15M, 67.2
± 5.2 years of age). One patient did not complete the D-KEFS Trail
Making Test, and cortical silent period duration is missing for one
patient. The LLD patients investigated here showed normal overall
cognitive functioning, as indicated by Mini Mental State Examina-
tion scores and RBANS total scaled scores. Patient demographic,
clinical, and neurocognitive data are presented in Table 1.

Associations between neurophysiology and cognition
Moderately strong partial correlations were identified between
cognitive inhibition and both average PAS-induced plasticity
(rp=−0.56, p < 0.001, see Fig. 2) and max PAS-induced plasticity
(rp=−0.55, p= 0.001); both were significant after Bonferroni
correction. By contrast, although set shifting showed the same
direction of correlation with cortical plasticity, no significant
correlations were observed between average or max plasticity and
set shifting (rp=−0.18, p= 0.33; rp=−0.18, p= 0.35, respectively).
Similarly, no significant correlations were found between average or
max plasticity and immediate memory (rp=−0.11,
p= 0.57; rp=−0.17, p= 0.35, respectively), delayed memory
(rp=−0.15, p= 0.42; rp=−0.15, p= 0.43, respectively), or proces-
sing speed (rp=−0.35, p= 0.053; rp=−0.30, p= 0.11, respectively).
TMS measures of cortical inhibition (SICI and cortical silent period)
and excitation (ICF and resting motor threshold) were
not significantly correlated with cognitive inhibition, set shifting,
immediate memory, delayed memory, or processing speed (all
p > 0.05).
The mean ± SD TMS test pulse intensity was 64.2 ± 15.8% of the

maximum stimulator output. The mean MEP amplitude in
response to the test pulse alone was 0.99 ± 0.54 mV. Of note,
age did not show any correlations with cognitive or TMS
measures, other than a weak correlation with cognitive inhibition
(rp=−0.30, p= 0.036, uncorrected). However, a partial correlation
with both inattention during PAS and age as covariates still
yielded a significant correlation between cognitive inhibition and
cortical plasticity (average plasticity: rp=−0.54, p= 0.002). MADRS
scores also did not show any significant correlations between
cognitive or TMS measures (all p > 0.2).
To further explore the link between cognitive inhibition and

cortical plasticity, patients were divided into those who did and
did not show significant PAS-induced potentiation of cortical
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excitability (n= 17 and n= 15, respectively). For each post-PAS
time point, a paired t test compared the baseline MEP amplitudes
of 20 pre-PAS trials to the MEP amplitudes of 20 post-PAS trials.
Significant PAS-induced plasticity was defined as a significant (p <
0.05) increase in MEP amplitudes from pre- to post-PAS at one or
more post-PAS time points. A significant difference in cognitive
inhibition was observed between patients who did and did not
show significant PAS-induced cortical plasticity (two-tailed inde-
pendent t test, t30= 3.49, p= 0.002); patients with significant PAS-
induced changes in cortical excitability showed lower cognitive
inhibition (dCohen= 1.24). By contrast, no significant differences in
set shifting, memory, or processing speed were observed between
groups (p > 0.3).

Sensitivity analyses
The sensitivity analyses indicated that the association between
cognitive inhibition and cortical plasticity was robust in the
presence/absence of a number of demographic, clinical and
methodological variables. A moderately strong partial correla-
tion between cognitive inhibition and cortical plasticity
remained when the analyses included only: right-handed
participants (n= 29; average plasticity: rp=−0.57, p= 0.001;
max plasticity: rp=−0.55, p= 0.002), patients benzodiazepine
free at the time of the study (n= 23; average plasticity: rp=
−0.59, p= 0.004; max plasticity: rp=−0.63, p= 0.002), patients
without a comorbid anxiety disorder (n= 23; average plasticity:
rp=−0.58, p= 0.005; max plasticity: rp=−.53, p= 0.012),
and treatment-resistant patients (n= 23; average plasticity: rp
=−0.61, p= 0.003; max plasticity: rp=−.61, p= 0.002). Addi-
tionally, patients who underwent TMS and cognitive testing on
the same day (n= 11; average plasticity: rp=−0.70, p= 0.025;
max plasticity: rp=−.66, p= 0.036), and those who underwent
TMS and cognitive testing on different days (n= 21; average

plasticity: rp=−0.44, p= 0.053; max plasticity: rp=−.46,
p= 0.043), showed similar negative correlations between
cognitive inhibition and LTP-like cortical plasticity. Lastly, the
association between cognitive inhibition and cortical plasticity
remained significant when a PAS outlier (highest PAS measure-
ment, Fig. 2) was removed (n= 31; average plasticity: rp=−0.57,
p= 0.001; max plasticity: rp=−0.53, p= 0.003).

DISCUSSION
Using TMS paradigms to investigate the neural correlates of
executive functions in LLD offers an opportunity to better under-
stand the pathophysiology of LLD by breaking LLD down into its
tractable dimensions. Our findings demonstrate an association
between lower cognitive inhibition, that is, a reduced ability to
inhibit prepotent responses, and higher LTP-like cortical plasticity in
LLD. Consistent with our hypotheses, this relationship was specific to
executive functioning, and was not observed for recall memory or
processing speed. Contrary to our hypotheses, cognitive flexibility
showed the same direction of association with cortical plasticity, but
the association was not significant. Similarly, other neurophysiolo-
gical processes, namely baseline cortical inhibition and excitation,
were not found to be associated with cognitive inhibition, cognitive
flexibility, episodic memory, or processing speed.
The observed relationship between lower cognitive inhibition

and higher PAS-induced cortical potentiation suggests that LLD
patients with healthy levels of cognitive inhibition show more
stable levels of cortical excitability following repeated firing of
cortical circuits. Conversely, the direction of this association
suggests that elevated potentiation of cortical excitability upon
repeated synaptic firing may be involved in the inhibitory control
deficits seen in some patients with LLD [2–4, 8, 12]. Consistent
with our findings, a relationship between poorer cognitive
inhibition and hyperactivity in frontal cortical regions has been
observed in younger patients with depression, and not healthy
controls [27]. Similarly, Daselaar et al. [49] found an association
between poorer executive functioning and greater cortical firing
during an executive functioning task in older adults. Considering
our findings within the broader literature, it is possible that in
some LLD patients, repeated firing of maladaptive cortical circuits
allows prepotent, inappropriate responses to become overly
facilitated, and thus more difficult to inhibit. Alternatively, given
that the prolonged elevation of NMDA receptor activation in the
brain can produce excitotoxicity, causing neuronal injury [50], it is
also possible that the facilitated induction of elevated cortical
excitability could promote excitotoxicity [51] within cortical
circuits important for executive functioning. We should note,
however, that there were too few patients in the current sample
showing below-average cognitive inhibition scores to draw
conclusions specific to LLD patients with executive dysfunction.
The inverse relationship observed here between cognitive
inhibition and cortical plasticity highlights the importance of
efficient cortical plasticity, in which stable levels of total excitation
are maintained, for optimal cognitive functioning [52].
Our observation that cognitive inhibition, a core executive

function, is related to cortical plasticity is also in line with evidence
that novel plasticity-based interventions can influence executive
functioning in LLD patients. For example, intensive cognitive
interventions, such as neuroplasticity-based computerized cogni-
tive remediation for geriatric depression, influence functional
plasticity in the aging brain [53, 54], and improve executive
functions, including cognitive inhibition, in LLD patients [55].
Similarly, repetitive TMS treatment has been shown to both
induce cortical plasticity [56] and improve executive functions
such as cognitive inhibition in non-elderly patients with depres-
sion [57, 58]. In contrast, traditional antidepressant treatments do
not influence executive functioning in LLD [13]. The preliminary
findings from plasticity-based treatments raise the possibility of a

Fig. 2 Scatterplot of cognitive inhibition scaled scores, assessed
using the Delis–Kaplan Executive Function System (D-KEFS) Color-
Word Interference (“Stroop”) Test, and average long-term potentia-
tion (LTP)-like cortical plasticity induced by paired associative
stimulation (PAS). Data points represent individual patients. A
higher cognitive inhibition score reflects a greater ability to inhibit
prepotent responses, and a higher PAS-induced plasticity ratio
reflects greater potentiation of cortical output following the PAS
paradigm. For visualization purposes, the gray line represents a
least-squares linear fit with standard error confidence intervals
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close mechanistic association between cortical plasticity and
cognitive inhibition in LLD.
Both cognitive inhibition and cortical plasticity showed

considerable variability in the LLD patients we studied (Fig. 2).
Similarly, in previous studies approximately half of LLD patients
exhibited normal cognitive functioning, including in the
executive domain [6, 9]. This variability might explain why some
studies do not find a relationship between LLD and abnormal
LTP-like cortical plasticity [24] or deficits in cognitive inhibition
[59]. Within this variability, it is possible that there is a
distinct subpopulation of LLD patients who demonstrate lower
cognitive inhibition and elevated LTP-like cortical plasticity.
Although speculative, the possibility that neurobiological/
cognitive subtypes of LLD exist is in line with evidence that
LLD patients with and without executive dysfunction show
different clinical profiles [60].
Surprisingly, the relationship with cortical plasticity was specific to

cognitive inhibition, and not cognitive flexilibity. While both cognitive
processes are components of executive functioning, cognitive
inhibition and flexibility have been shown to have both shared and
distinct neural substrates [61], and may accordingly play distinct roles
in the pathophysiology and prognosis of LLD. For example, in a
previous study of LLD patients, cognitive flexibility, and not cognitive
inhibition, was found to be predictive of clinical response to
aripiprazole augmentation [62]. It is plausible that cortical plasticity
is involved in inhibitory control, but not the flexible switching
between tasks, which may involve other neurobiological mechanisms.
Nevertheless, our findings require replication due to the cross-
sectional design of the current study.
Additional limitations of the current study should be

considered. (i) First, the current report cannot comment on
the specificity of the observed relationship to LLD; an
investigation of the relationship between cognitive inhibition
and cortical plasticity in healthy older adults and patients with
other psychiatric disorders is needed. (ii) Second, we assessed
neurophysiological measures in the motor cortex, whereas
subregions of the prefrontal cortex are most commonly
associated with LLD pathology and executive functions. Never-
theless, the neocortex shows similar cellular organization and
patterns of connections across cortical areas [63]. Abnormal
motor cortical plasticity has also been reported in patients with
depression using TMS [19]. Future LLD studies could utilize TMS
combined with EEG to assess the relationship between
executive functions and cortical plasticity, inhibition, and
excitation in the prefrontal cortex, as was done in a recent
PAS study of the relationship between working memory and
dorsolateral prefrontal cortex plasticity in Alzheimer’s disease
[64]. (iii) Third, the number of patients in this sample with
cognitive inhibition deficits is insufficient to draw conclusions
specific to LLD patients with executive dysfunction. (iv) Fourth,
due to the cross-sectional nature of this study, the relationship
of the current measures to treatment outcome was not
addressed here, and should be assessed in future studies. (v)
Finally, given the high proportion of medicated and treatment-
resistant patients studied here, we cannot infer whether our
observed association applies differently to medication-free and
non-treatment-resistant LLD patients.
To our knowledge, this is the first study to use TMS to investigate

the association between specific endophenotypes of LLD and cortical
physiology. It is also the first report of a relationship between
cognitive inhibitory control (top-down executive functioning) and
cortical plasticity in LLD. The direction of association observed here
suggests that in patients with reduced cognitive inhibition, repeated
activation of the same cortical regions may temporarily promote
hyper-excitable output of these regions. By uncovering the cortical
mechanisms specific to executive functioning in LLD, the present
work may help to inform the development of treatments for LLD that
address this key cognitive dimension.
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