tDCS peripheral nerve stimulation: a neglected mode of action?

The presumed mechanism of tDCS reconsidered

Transcranial direct current stimulation (tDCS) is a non-invasive neuromodulation method in which a
weak DC current is passed through at least two scalp electrodes. Neuroscientists use tDCS as a tool to
study the functional roles of different brain regions, and investigate their behavioral and cognitive
correlates. In a clinical context, tDCS is being investigated as treatment for a wide range of conditions,
including addiction [1], depression [2], and cognitive decline [3]. Due to this broad potential, combined
with its noninvasive nature and low-cost, tDCS is quickly growing in popularity, illustrated by its
exponentially growing output of publications [4] and the growing number of consumer tDCS devices
on the market.

While increasing amounts of research resources are directed towards tDCS’s applications, remarkably
little is known about the technique’s underlying neurophysiological mechanisms. It is widely assumed
that effects of tDCS are solely caused by the electric field that it generates in the brain. This weak field
is believed to modify functioning of the brain by polarizing the membrane potential of neurons, and
thereby altering their excitability [5]. In this opinion piece we would like to suggest that this may be an
oversimplified representation of the mechanisms mediating tDCS’s effects. In the following paragraphs
we discuss evidence which supports this opinion.

There are currently three main non-invasive brain stimulation (NIBS) techniques in the neuroscience
toolbox: tDCS, transcranial magnetic stimulation (TMS) [6], and transcranial alternating current
stimulation (tACS) [7]. TMS uses a changing magnetic field to create an electric field in the desired
brain area. It was generally assumed that this electric field stimulates cortical neurons which then
cause all the observed TMS effects. However, recent research has shown that some TMS effects are
not caused by direct stimulation of cortical neurons, but instead by off-target excitation of peripheral
nerves in the scalp [8] [9]. Similarly, our group has recently demonstrated that tACS motor system
effects can be caused by stimulation of peripheral nerves in the scalp [10]. Interestingly, tACS is highly
similar to tDCS and differs only in its use of alternating current instead of direct current.

Somewhat surprisingly, the involvement of peripheral mechanisms has never been systemically
investigated for tDCS, and appears to have been overlooked by the field (see recent review of tDCS
mechanisms [11]). Meanwhile, interest in tDCS from both academia and the general public continues
to grow. Consequently, it is now timely to ask the question ‘Is there a role for peripheral nerve
stimulation in mediating tDCS effects?’

How does tDCS work?

The neurophysiological mechanism (or more likely range of mechanisms) underpinning observed tDCS
effects is currently poorly understood. tDCS electrodes generally apply currents between 1 and 2 mA.
To reach the cerebral cortex, these currents pass through the scalp, skull and cerebrospinal fluid.
Consequently, the electric field is attenuated to less than 0.5 V/m when it reaches the cortices just
under the electrodes [12] [13]. While this field is too weak to initiate action potentials in cortical
neurons, it can polarize their membrane potential [5]. We term this the tDCS transcranial mechanism
(Figure 1). Importantly, tDCS could also exert its effects through a peripheral route. As tDCS electrodes
are placed directly on the skin, peripheral nerves are exposed to higher electric field strengths that can
reach 20 V/m [14] [10]. This peripheral field is strong enough to initiate action potentials in peripheral



nerves [15]. Consequently, stimulation of peripheral nerves activates the somatosensory system
(causing the reported tingling sensation in tDCS [16]) as well as a plethora of other brainstem and
limbic structures such as the locus coeruleus, amygdala and hippocampus [17] [18]. We term this the
tDCS transcutaneous mechanism (Figure 1). The possible contribution of this mechanism to the
observed tDCS effects has been mostly overlooked, as the standard tDCS sham condition does not
control for the transcutaneous route.
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Figure 1. Comparison of the tDCS transcranial and transcutaneous mechanisms (CSF = cerebrospinal fluid, LC = Locus
coeruleus, NE = Norepinephrine).

tDCS transcranial mechanism

The typical cortical electric field strength generated when tDCS is applied is around 0.2 V/m [12] [13].
As this is too low to directly initiate action potentials in neurons, it is proposed that the tDCS
transcranial mechanism acts by polarizing the membrane potential. Work in brain slices shows that
excitatory cortical neurons have an average polarization length constant of 0.2 [19], i.e. a 0.2 mV
membrane potential shift for an extracellular electric field strength of 1 V/m. When tDCS generates its
typical electric field strength of 0.2 V/m, the membrane potential of excitatory neurons would thus
shift by 0.04 mV. How could this small shift account for the significant changes in cortical excitability
reported in human tDCS experiments [20]? Slice experiments provide a possible answer: it was recently
shown that the shift in membrane potential at the synapse can be 4 times larger than the shift at the
soma [21]. The typical shift of 0.04 mV in an excitatory neuron during tDCS may thus cause a membrane
potential shift of 0.16 mV at its synaptic boutons. Interestingly, the study showed that this polarization
of axon terminals was already high enough to significantly alter actional potential dynamics. Work by
the Parra lab in hippocampal slices suggests that changes in polarization due to tDCS can directly
modify endogenous synaptic plasticity, by enhancing LTP and reducing LTD [22] [23]. It should however
be noted that electric field strengths of 20 V/m were used, which is 100 times stronger than the 0.2




V/m typically reached in the human head. Similar experiments with lower electric field strengths
applied in in-vivo setups could shed more light on this.

While electric fields may improve task performance by increasing synaptic plasticity, it is also possible
that they act by modifying the brain’s network dynamics. Liu et al. postulate several mechanisms
through which weak electric fields could induce spiking of neurons and alter network patterns [13]. A
core mechanism may be stochastic resonance, in which low electric fields can bias the timing and
probability of spikes in neurons that are nearing their spike threshold. This may then influence neural
population coding that can ultimately cause cognitive and behavioral changes. There is evidence to
support this theory, as electric fields as low as 0.2 V/m have been shown to modulate firing rates
periodically and affect network dynamics [24]. This would imply that tDCS has a modulatory impact on
the neural state of the brain. The neural state, or brain state, can be described as reliable patterns of
brain activity that involve the activation and/or connectivity of multiple large-scale brain networks
[25]. The neural state is dynamic by nature, and alterations in this state will alter the brain’s functioning
in response to environmental demands [25]. If tDCS’s effects are effectively caused by modulating the
brain’s neural state, inter-subject differences in baseline neural state could explain (some of) the
substantial individual differences observed in tDCS learning paradigms. Likewise, this could explain the
differential effectiveness of tDCS on different types of learning tasks, as distinct tasks may require
specific neural states. Finally, it should be pointed out that the effect of the transcranial electric field
on glial cells [26] and the immune system [27] is under investigation, but this is not further discussed
in this article.

tDCS transcutaneous mechanism

During tDCS, peripheral nerves in the scalp are exposed to electric fields of 20 V/m and higher. These
fields are strong enough to initiate action potentials in peripheral nerves which could then indirectly
modify brain activity. Two nerves that are likely to be stimulated in conventional tDCS electrode

montages are the greater occipital nerve and
the trigeminal nerve (Figure 2). The greater
occipital nerve arises from the C2 spinal nerve
and innervates the posterior part of the scalp
up to the vertex of the skull [28]. More
anterior tDCS montages may stimulate the
trigeminal nerve. This is the biggest cranial
nerve whose nerve endings branch
throughout the face, jaw, and forehead [29].
Interestingly, direct stimulation of the
occipital and trigeminal nerves using pulsed
stimulation are both recognized
neuromodulation techniques with a long
history [30]. The occipital and trigeminal
nerves are interconnected [31] and process
information in a number of parallel brain LC-Nor
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Figure 2. TDCS transcutaneous mechanism (LC = locus coeruleus,
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network of nerves with nuclei clusters throughout the brainstem. Sensory information is then
processed through the thalamus and somatosensory cortex, which mediates the tDCS tingling
response. Importantly, the reticular formation participates in the ascending reticular activating system
(ARAS): a system that integrates a wide variety of peripheral sensory information from cranial and
spinal nerves. The ARAS contains a set of nuclei that release neurotransmitters in the cortex, both
directly and through thalamic relays [34]. Through these nuclei, the ARAS exerts its influence on many
basic behavioral processes, including arousal and vigilance [35]. One key nucleus in the ARAS is the
locus coeruleus (LC), the main source of noradrenaline (NE) in the brain [33] [36]. Functional-imaging
studies indicate that the LC-NE system is activated during situations that require attention, perceptual
rivalry and memory retrieval [37]. We suggest that an increase in NE release mediated by LC activation
[33] may be key to the learning effects of tDCS. More specifically, NE is known to increase cortical
excitability [38], drive synaptic plasticity and modulate learning [39] and cognition [37]. Importantly,
NE has already been reported as a mediator of tDCS effects [40] [41]. In these experiments, it was
however not clear how tDCS drives NE release in the cortex. The transcutaneous mechanism provides
a plausible answer, implicating the LC as the missing link. Direct input of the locus coeruleus to the
hippocampus has moreover been shown to promote the formation of new memories through its
noradrenergic [42] and dopaminergic [43] projections.

It is well characterized that many tDCS effects are polarity-specific, meaning that there is a different
effect for anodal and cathodal tDCS stimulation on certain learning tasks for a specified electrode
montage [44] [45]. Interestingly, suprathreshold stimulation of peripheral nerves is also polarity-
specific with lower thresholds for cathodal stimulation [46] [47]. While we know that tDCS stimulates
cranial nerves (as evidenced by the somatosensory response), we currently do not know if these effects
are similar to those from a pulsed peripheral nerve stimulator. Recent research does however show
that DC currents modulate peripheral nerves in a polarity-specific way [48]. Cathodal and anodal
stimulation may thus stimulate the occipital and / or trigeminal nerve to a different degree, providing
a putative explanation for tDCS’s polarity specificity.

Ambiguities in the tDCS Field

The effects of tDCS on learning and memory in both humans and animals are very diverse. It seems
unlikely that just one mechanism can account for all these effects. tDCS effects may be mediated by a
range of different transcranial and potentially transcutaneous mechanisms, but this is currently
unknown. Moreover, a recent surge in molecular research in the field is starting to shed light on the
molecular mechanisms underpinning these effects [49] [50] [51]. Yet, it is unclear whether (and in what
way) the molecular signature of cells is differentially altered by the transcranial and transcutaneous
paths of tDCS. A current major issue in the tDCS field is that potential contributions from the
transcutaneous route are not being controlled for nor investigated. In almost all tDCS experimental
designs, a sham condition is used as control in which the tDCS is simply switched off. This control
terminates both the transcranial and the putative transcutaneous tDCS routes, making it impossible to
tell which of these routes is driving the observed tDCS effect.

Improving experimental design

The tDCS field could benefit from an improved experimental design that would allow for discrimination
between transcranial and transcutaneous effects. To this aim, we suggest that new controls could be
added to tDCS experiments. One such control could be ‘transcranial-only’ control groups, in which the



transcutaneous route of tDCS is blocked. This means that all observed effects in this group can be
attributed to the transcranial tDCS mechanism (i.e. the electric field in the brain). In human
experiments, the transcutaneous route could be blocked by applying topical anesthetic creams on the
scalp, under and around the electrodes. These anesthetics increase the threshold for firing action
potentials by blocking sodium channels and stabilizing the membrane potential [52]. Consequently,
peripheral nerve input will be blocked (or at least reduced) while leaving the electric field in the brain
unchanged [10]. In animal in-vivo tDCS experiments, more invasive ways to evade the transcutaneous
route may also be considered, such as implantation of electrodes directly on the skull or even
sectioning of peripheral nerves. An alternative (or complementary) approach would be to implement
‘transcutaneous-only’ control groups in which the electric field in the brain is lacking. This can be
achieved with active control groups targeting peripheral sites more distant to the brain, such as the
neck, arms, and abdomen. In animals, transcutaneous-only stimulation could also be realized by
directly implanting cuff electrodes around nerves. Finally, to see whether tDCS effects are brain-region
specific, active controls can be applied to other positions on the scalp (note that this will only modify
the transcranial and transcutaneous routes but not block any of them).

Standard use of these controls would help clarify to what extent tDCS effects are mediated by the
transcutaneous or transcranial mechanism. Moreover, studies investigating the underlying
mechanisms of tDCS could characterize how molecular and neurophysiological changes have a
transcranial or transcutaneous basis. A clearer, improved understanding of the tDCS mechanism would
give us the knowledge to direct research and resources towards novel tDCS approaches; improve
effectiveness and reproducibility; and advance the field.
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