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The Stimulation Landscape Hypothesis:
GABAergic Tone as the Substrate of Individual
Transcranial Direct Current Stimulation

Response
Chenyang (Leo) Lin and Robert M.G. Reinhart

In the current issue of Biological Psychiatry: Cognitive Neuro-
science and Neuroimaging, Zivanovié et al. (1) provide evidence
that stable affective traits shape responsiveness to neuro-
modulation. Pooling 6 sham-controlled crossover experiments
across 144 healthy adults and 351 stimulation sessions, they
show that trait-level negative affectivity predicts individual
working memory (WM) gains from prefrontal anodal transcranial
direct current stimulation (tDCS), whereas session-level affec-
tivity predicts nothing. The pooling strategy is itself evidentially
important: a moderator rooted in stable neurobiology should
survive variation in task, electrode placement, and stimulation
parameters. The within-subject crossover design controls for
stable trait neurobiology by definition, so the moderation reflects
a genuine within-individual effect. What follows here is a mech-
anistic hypothesis motivated by adjacent literatures the authors
did not invoke, but whose implications the data support.

We propose that variability in tDCS effects reflects each
brain’s occupying a position within a neural state space whose
topology, including its attractors, barriers, and accessible
configurations, is shaped by stable neurobiological traits.
tDCS acts as a perturbation within this landscape. Its effects
are therefore not uniform shifts toward a common target, but
rather state-dependent displacements whose direction and
magnitude depend on both the applied field and the local
structure of the landscape. Because individuals differ in this
local topology, identical stimulation may produce systemati-
cally different outcomes (Figure 1B). This directly challenges a
core assumption of tDCS research: that stimulation drives all
individuals toward a shared optimum. Instead, as shown by
Zivanovié et al. (1), the same prefrontal anodal protocol yiel-
ded WM gains that scaled with trait affectivity, indicating that
outcome is determined as much by the individual’s initial state
as by the stimulation itself. This framework shifts the field’s
question from “Does tDCS work?” to “For whom does tDCS
work, and why?”

The specific prediction for WM follows from attractor
network models. Amit and Brunel (2) demonstrated mathe-
matically that WM states exist as selective stable attractors in
recurrent cortical networks, coexisting with a spontaneous
activity attractor, subject to the constraint that local excitatory
and inhibitory (E/I) inputs approximately balance, with inhibi-
tion slightly dominant. Synaptic potentiation exceeding a
critical threshold produces abrupt emergence of selective
memory attractors. Brunel and Wang (3) extended this to
show that GABAA (gamma-aminobutyric acid A) conductance

directly controls attractor stability: increasing GABA conduc-
tance decreases both spontaneous and memory state activity
until memory attractors disappear entirely, while decreasing
GABA conductance increases both until the spontaneous
state destabilizes (Figure 1C). Critically, in the Brunel and
Wang model, the WM attractor depends on the balance be-
tween NMDA-mediated recurrent excitation and GABAergic
inhibition, and their ratio determines whether the network sits
within the bistability zone. A concurrent increase in both
NMDA and GABA conductance improves the signal-to-noise
ratio by exploiting this interaction because in the persistent
state, elevated NMDA-driven excitation within the selective
population more than compensates for the increased inhibi-
tion, while in the spontaneous state, inhibition predominates.
The NMDA-to-GABA ratio is therefore a candidate dominant
control parameter within the broader E/I landscape: it sets the
position of the individual within the bistability window, and
tDCS constitutes a perturbation whose outcome varies sys-
tematically with that position. We do not assume that this axis
is unique, but rather that it provides a tractable and testable
projection of a higher-dimensional E/I space.

The mechanistic chain rests on 3 independent empirical
publications. Wassermann et al. (4) measured paired-pulse
intracortical inhibition in 46 healthy adults who completed
the Revised NEO Personality Inventory. The ratio of condi-
tioned to unconditioned motor evoked potential amplitude
correlated positively with trait neuroticism. Because GABA
agonists enhance paired-pulse suppression and reduce this
ratio, higher ratios in individuals with greater negative affective
disposition indicate attenuated GABAergic tone. Wu et al. (5),
across 4 high-density electroencephalography (EEG) experi-
ments with 3 independent samples, found that trait anxiety
was associated with visual cortical hyperactivity, with the EEG
aperiodic exponent implicating disrupted E/I modulation as
the underlying mechanism. Ridding and Ziemann (6) estab-
lished that the direction and magnitude of plasticity induction
by noninvasive brain stimulation are determined by cortical
excitability at the moment of stimulation, with enhanced
GABAergic tone specifically blocking long-term potentiation
(LTP)-like plasticity, and tDCS-induced plasticity was shown
to be NMDA receptor dependent.

The chain is as follows: High trait negative affectivity is
associated with attenuated GABAergic tone at the synaptic
level. In the Brunel and Wang (3) model, the network must sit
within the bistability zone, defined by the ratio of NMDA-
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Figure 1. The stimulation landscape hypothesis: GABAergic (gamma-aminobutyric acidergic) tone as the substrate of individual transcranial direct current
stimulation (tDCS) response variability. (A) Empirical support from Zivanovié et al. (1). Working memory (WM) improvement from prefrontal tDCS scales
positively with trait negative affectivity (left). Associative memory improvement is uniform across trait levels (right). (B) Individual differences in stimulation
response depend on baseline neural state. Individuals with low negative affective traits return to baseline after identical stimulation (left); individuals with high
negative affective traits show substantial gain from tDCS (right) by crossing the energy barrier into a stable working memory state because the system is
closer to the bistability boundary defined by the NMDA-to-GABA ratio. The same perturbation produces different outcomes because the 2 groups occupy
different positions in neural state space. (C) Biophysical mechanism underlying landscape variability. The NMDA-to-GABA conductance ratio determines
attractor structure: excessive GABA (low NMDA-to-GABA ratio) (left) eliminates the WM attractor entirely, as persistent activity states disappear with
increasing GABAergic inhibition; intermediate balance (medium NMDA-to-GABA ratio) (middle) creates a bistability window where both spontaneous and
persistent activity attractors coexist, and anodal tDCS, by boosting NMDA-mediated recurrent excitation, can shift the network from the spontaneous into the
WM attractor; and insufficient GABA (high NMDA-to-GABA ratio) (right) destabilizes the spontaneous state. The bistability window is therefore the regime in
which tDCS-induced increases in NMDA conductance can engage the WM attractor without triggering runaway excitation. (D) Three neurophysiological
measures index distinct aspects of prestimulation GABAergic tone and each should predict individual tDCS working memory response if the landscape
hypothesis is correct: resting-state electroencephalography (EEG) aperiodic exponent as a putative marker of network-level excitatory and inhibitory (E/I)
balance, paired-pulse transcranial magnetic stimulation (TMS) intracortical inhibition as a proxy for evoked GABAergic and excitatory synaptic activity, and
magnetic resonance spectroscopy GABA/glutamate ratio as a measure of local neurochemical E/I. cMEP, conditioned motor evoked potential amplitude; Glu,

glutamate; ppm, parts per million; uMEP, unconditioned motor evoked potential amplitude.

mediated excitation to GABAergic inhibition, for WM attractors
to be accessible under external perturbation. Attenuated
GABAergic tone both positions the system within the bist-
ability window and maintains permissive conditions for
NMDA-dependent plasticity induction. Individuals with high
trait negative affectivity therefore occupy a region of cortical
state space in which the WM attractor exists, the barrier to it is
crossable, and synaptic conditions for plasticity induction are
met. Anodal tDCS, delivering a perturbation to this landscape,
should produce larger WM gains precisely in these individuals.
This is what Zivanovié et al. (1) observed. Each link requires
direct verification within a cognitive tDCS paradigm, and that
experiment has not been done.

The WM/associative memory (AM) dissociation provides a
boundary condition. Zivanovi¢ et al. (1) report that unlike trait-
contingent WM gains, tDCS-induced AM benefits were consis-
tent and positive across all participants regardless of trait score
(Figure 1A). In the Brunel and Wang (3) model, prefrontal WM
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persistent activity requires the network to occupy a specific re-
gion of the NMDA-to-GABA ratio space, a network-level
constraint directly sensitive to resting E/I tone across the pre-
frontal circuit. Hippocampal AM consolidation also depends on
NMDA-mediated LTP (7), and tDCS-induced plasticity is NMDA
dependent (6). The WM and AM systems are therefore not
dissociable based on NMDA dependence. The relevant distinc-
tion is more specific: WM requires network-level bistability, crit-
ically dependent on global E/I balance, whereas AM depends on
local synaptic coincidence detection at specific converging in-
puts, a mechanism less sensitive to the network-level E/I shifts
that trait affectivity produces. The uniform AM benefit across all
trait levels is consistent with this account: parietal stimulation
may reach hippocampal encoding circuits through a route less
dependent on the network-level E/I balance that trait negative
affectivity modifies.

A purely “room to improve” account, in which higher
negative affectivity reflects worse baseline performance and
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thus greater potential for gains, predicts monotonic baseline-
performance moderation across tasks. However, the absence
of moderation in AM argues against a generic ceiling or floor
explanation and instead points to a mechanism specific to
circuits supporting WM. The boundary condition this disso-
ciation generates is falsifiable: a task engaging hippocampal
circuits through a plasticity mechanism with documented
sensitivity to global E/I balance should show trait moderation
under corresponding parietal stimulation.

Horvath et al. (8) documented that the same dorsolateral
prefrontal cortex (DLPFC) montage produces little reliable
cognitive effect across healthy volunteers in the published
literature. The landscape hypothesis offers a parsimonious
account: studies average across individuals whose E/I land-
scape topologies differ in ways that determine whether stim-
ulation reaches the WM attractor at all. van Bueren et al. (9)
showed that baseline E/I, indexed by the EEG aperiodic
exponent, moderated transcranial random noise stimulation—
induced learning gains over the DLPFC: participants with
more inhibition-dominant cortices showed greater benefit
from stimulation. This establishes that individual E/I differ-
ences are large enough to determine neurostimulation
outcome within the healthy population, and that the direction
of the relationship is consistent with the landscape account. A
transdiagnostic meta-analysis of DLPFC tDCS for depression
and anxiety symptoms (10) found replicable effects on
depression but substantially greater heterogeneity for anxiety,
consistent with a continuous landscape parameter unevenly
distributed across clinical samples and orthogonal to diag-
nostic category. Measuring baseline E/I indices via resting-
state EEG aperiodic exponent, paired-pulse TMS intra-
cortical inhibition, or GABA/glutamate magnetic resonance
spectroscopy before stimulation begins converts this variance
from confound to predictor and constitutes the direct test of
the proposed mechanism (Figure 1D).

In conclusion, Zivanovié¢ et al. (1) provide the most direct
behavioral evidence to date that tDCS response variability
reflects stable trait differences rather than measurement error
or protocol inconsistency. The trait/state dissociation, the
consistency of trait moderation across 6 pooled within-subject
experiments, and the asymmetry between trait-contingent
WM gains and trait-independent AM benefits are collectively
consistent with a stimulation landscape whose topology is
shaped by the ratio of GABAergic inhibitory tone to NMDA-
mediated excitation, indexed by trait personality neurobi-
ology. That mechanistic account is proposed here, and it
generates 3 immediate and testable predictions: that resting-
state aperiodic exponent and intracortical inhibition should
correlate with tDCS-induced WM gains within the Zivanovié
et al. paradigm; that the network-level E/I boundary condition
should determine which circuits show trait-moderated versus
trait-independent stimulation responses; and that mapping
the three 21-item Depression Anxiety Stress Scale subscales
against E/I indices will reveal whether depression, anxiety, and
stress converge on the same landscape dimension or deform
it through distinct neuromodulatory routes. An important
extension is that tDCS itself may reshape the landscape over
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repeated dosing, so that trait-defined responsiveness may
evolve across sessions. Testing these predictions requires
adding neurophysiological measurement to a paradigm that
already exists. The stimulation landscape hypothesis gives the
field a framework precise enough to be wrong and a set of
experiments specific enough to find out.
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