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ABSTRACT

Background: Transcranial direct current stimulation (DCS) has lasting effects that may be explained by a
boost in synaptic long-term potentiation (LTP). We hypothesized that this boost is the result of a
modulation of somatic spiking in the postsynaptic neuron, as opposed to indirect network effects. To test
this directly we record somatic spiking in a postsynaptic neuron during LTP induction with concurrent
DCS.
Methods: We performed rodent in-vitro patch-clamp recordings at the soma of individual CA1 pyramidal
neurons. LTP was induced with theta-burst stimulation (TBS) applied concurrently with DCS. To test the
causal role of somatic polarization, we manipulated polarization via current injections. We also used a
computational multi-compartment neuron model that captures the effect of electric fields on membrane
polarization and activity-dependent synaptic plasticity.
Results: TBS-induced LTP was enhanced when paired with anodal DCS as well as depolarizing current
injections. In both cases, somatic spiking during the TBS was increased, suggesting that evoked somatic
activity is the primary factor affecting LTP modulation. However, the boost of LTP with DCS was less than
expected given the increase in spiking activity alone. In some cells, we also observed DCS-induced
spiking, suggesting DCS also modulates LTP via induced network activity. The computational model
reproduces these results and suggests that they are driven by both direct changes in postsynaptic spiking
and indirect changes due to network activity.
Conclusion: DCS enhances synaptic plasticity by increasing postsynaptic somatic spiking, but we also
find that an increase in network activity may boost but also limit this enhancement.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

tDCS in human experiments is typically less than 1 V/m [8],
whereas in animal experiments it is often much larger [9]. For

Transcranial direct current stimulation (tDCS) involves low-
intensity electrical current applied to the brain via electrodes
placed over the scalp [1]. tDCS has been used in a variety of human
cognitive experiments [2] and clinical trials [3,4]. While there is a
heated ongoing debate about the robustness of these effects in
human trials [5], the evidence for the effects of direct current
stimulation (DCS) on neural activity in animal studies is extensive
[6,7]. We and others have noted that the stimulation intensity of
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in vitro experiments, it is common to operate at 10 V/m or even
20 V/m and there are many reports of lasting effects under these
conditions [10—12]. While this suggests that higher stimulation
intensities may be required in human experiments, some have
argued that stronger fields may lead to an inversion of the DCS
effects [13,14].

Another open question is how the effects of DCS can outlast the
period of stimulation. In human experiments, stimulation is usually
applied for short periods of time, typically no more than 20 min,
and effects are measured in the subsequent minutes, hours, or days.
It is often argued that these lasting neural and cognitive effects are
mediated by synaptic plasticity [15]. Specifically, some argue that
tDCS can modulate endogenous synaptic plasticity [11,12,16,17],
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while others argue that tDCS has a lasting effect on neuronal
excitability [10], or that it upregulates neurotrophic factors, such as
BDNF that facilitates subsequent synaptic plasticity [16].

One mechanistic hypothesis is that DCS interacts with concur-
rent endogenous mechanisms of synaptic plasticity [11,12]. Spe-
cifically, DCS modulates postsynaptic activity which in turn affects
synaptic plasticity as it is dependent on coincident pre- and post-
synaptic activity. Therefore, by pairing plasticity inductions with
concurrent DCS, one can observe lasting effects of DCS on synaptic
efficacy [11,12]. This has been demonstrated in vitro for two classic
induction plasticity protocols, namely, tetanic stimulation [11] and
theta-burst stimulation [12]. Of particular, interest is theta-burst
stimulation (TBS) because it is thought to more closely emulate
endogenous plasticity mechanisms in the brain [18]. Furthermore,
we have shown with TBS that the effects of DCS follow a number of
properties of Hebbian plasticity, such as pathway-specificity and
associativity [12]. These properties are important in the context of
human learning because they are thought to underline the speci-
ficity of learning and our ability to associate related items [19—22].
A central claim of this hypothesis is that DCS boosts spiking on
postsynaptic neurons during plasticity induction with TBS [12]. We
hypothesized that this is the result of a modulation of somatic
spiking with DCS in the postsynaptic neuron, as opposed to indirect
network effects. While there is support for this claim from extra-
cellular field recordings in vitro [12], there is no direct measure-
ment of somatic spiking in postsynaptic neurons in the presence of
DCS. It is possible that the LTP effects of DCS recorded extracellu-
larly are mediated by indirect network effects. The goal of this work
is to bridge this gap, and more specifically, to test whether explicitly
controlling postsynaptic spiking can abolish or emulate the effects
of DCS during plasticity induction with TBS.

There is extensive in vivo, in vitro, and in silico evidence that
DCS can incrementally polarize the soma and therefore acutely
modulate somatic spiking during DCS [23—25]. We know that
“anodal” stimulation depolarizes the soma and can acutely increase
firing rate [23,24]. It is well established that long-term potentiation
of synapses induced with TBS is dominated by postsynaptic somatic
firing [12]. Therefore anodal DCS should, and indeed does boost LTP
induced by TBS [12]. Here, we aim to directly measure postsynaptic
somatic firing in individual neurons using patch-clamp recordings
and link this to the effects on LTP. To test our hypothesis, we
recorded somatic spiking induced by TBS during DCS in the indi-
vidual neuron. To isolate network effects and demonstrate a causal
effect on the single neuron, we emulate anodal somatic depolari-
zation with DCS by injecting depolarizing current, as well as sup-
press the effect of anodal DCS with an injected hyperpolarizing
current. We record from pyramidal neurons in a classic hippo-
campal CA1 rodent preparation [26]. We also use a computational
multi-compartment model of a pyramidal neuron to estimate the
effects of the various interventions on membrane polarization,
spiking activity, and synaptic plasticity. Overall, these single-cell
experiments largely confirm our mechanistic hypothesis - with
one caveat — namely, the effects of DCS on the whole network can
not be ignored.

Results
Anodal DCS boosts LTP and somatic spiking

It is well established that during DCS neuronal compartments
near the cathode are depolarized and compartments near the
anode are hyperpolarized [27]. Given the orientation of pyramidal
neurons — with the somatic compartment further away from the
cortical surface - “anodal” stimulation depolarizes their somas [27].
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In order to test the effects of this polarization on somatic firing
and synaptic plasticity in single neurons, we performed whole-cell
patch-clamp recording from pyramidal neurons in hippocampal
CA1 (Fig. 1A). We used a TBS pulse-train (Fig. 1B) that is known to
cause robust LTP in hippocampal slices [26]. Plasticity was induced
in synapses relatively close to the soma (100 um) targeting prox-
imal apical dendrite. Action potentials propagate reliably from the
soma to synapses at this distance. Synaptic potentiation was
measured based on changes in the peak amplitude of the excitatory
postsynaptic potential in response to a single-pulse probe
(normalized EPSP, see Fig. 1C and Methods). Following earlier
studies, GABAergic inputs were blocked to prevent the effect of
direct activation of inhibitory interneurons [28]. The input resis-
tance didn’t change significantly before and after induction (Fig. 1E;
control: t(50) =-0.97, p = 0.33; anodal: t(50) = -0.89, p = 0.37, here
and in all subsequent pairwise comparisons we used a t-test)
attesting to the stability of the recording setup. Pairing DCS with
TBS led to an increase in synaptic potentiation (Fig. 1D, con-
trol:1.18 + 0.42, N = 26 cells; anodal: 1.46 + 0.42, N = 26 cells,
t(50) = 2.38, p = 0.0207). Normalized EPSP is EPSP divided by
baseline EPSP. To rule out changes in baseline EPSP as a potential
confound, we confirmed that they did not differ between stimu-
lation conditions (Fig. 1F; two-sample t-test: t(50) = 0.95, p = 0.34).
We also measured the number of spikes during LTP induction with
the TBS. Consistent with our hypothesis, the number of somatic
spikes during TBS increased with anodal polarization (Fig. 1G,
control: 7.84 + 10.26; anodal: 2753 + 9.49, t(50) 7.166,
p = 3.28 x 10?). Importantly, synaptic potentiation appears to be
positively correlated with somatic spiking (Fig. 1H, Pearson’s cor-
relation r = 0.38). This was confirmed with a linear mixed effect
model for normalized EPSP with spike count as linear covariate and
stimulation condition as categorical covariate on the offset. We
found a significant effect of stimulation condition (t(50) = 12.1,
p = 1.8 x 107'%) and of spike count (t(50) = 2.9, p = 0.005). Given
that the stimulation affects spike count, we conclude that increased
spiking is a viable explanation for the effects of DCS on LTP.

Effects of DCS can not be fully emulated or abolished with somatic
current injection

To demonstrate a causal link between enhanced spiking induced
by DCS and enhanced LTP, we implemented two additional condi-
tions (Fig. 2A and B). First, to emulate the effects of anodal DCS on
somatic depolarization and spiking, we injected a positive current
into the soma in the absence of DCS. Earlier in vitro studies in both
hippocampal and cortical slices demonstrated that the soma of
pyramidal neurons is polarized on average by 0.15 V per V/m of
electric field, so that 20 V/m are expected to polarize the soma by
3 mV [29,30]. The amount of depolarization due to DCS is also
validated with a biophysically-realistic, and empirically-validated
computational model of a CA1 pyramidal neuron (Fig. 2C). This
somatic depolarizing current injection increased the number of
somatic spikes (Fig. 2H, t(71) = -3.30, p = 0.0014) and enhanced LTP
over the control condition (Fig. 2D & E; control: 1.19 + 0.43,
N 48 cells; depolarizing current injection: 1.86 + 0.81,
N = 25 cells, t(71) = -4.62, p = 1.63 x 107°).

In a second condition, we applied DCS but injected a hyper-
polarizing current to oppose the resulting somatic depolarizing
(Fig. 2A and B). As predicted, this hyperpolarizing current reduced
the number of somatic spikes compared to anodal DCS alone
(Fig. 2H, t(48) = 3.25, p = 0.002). The current injection here was
calibrated to shift the somatic membrane polarization by 3 mV.
However, this may not have been sufficient to compensate for the
effect of anodal DCS as the number of spikes was still significantly
higher than in the control condition (Fig. 2D & H, control: 8 + 10.44;
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Fig. 1. A: Experimental configuration with whole-cell somatic patch-clamp recording and stimulation of Schaffer-Collateral fibers in the presence of an electric field (red) caused by
anodal DCS. B: Top: TBS pulse pattern. TBS: Bursts of 5 pulses at 100 Hz were repeated 5 times at 5 Hz (1s total). This 1s TBS was repeated three times with 30 s spacing. Bottom: a
sample trace of voltage recorded during TBS with DCS. The scale bars represent 20 mV and 200 ms C: Traces of averaged normalized EPSPs amplitude for anodal condition (red, DCS)
and control condition (black, no DCS). LTP was induced at time = 0. D: Normalized EPSP amplitude. E: Input resistance before and after induction. F: Baseline EPSP amplitude in
different stimulation conditions. G: Number of spikes during theta burst stimulation. H.Normalized EPSP amplitude vs. spike count. The blue line represents the linear regression
between the spike count and normalized EPSP amplitude. Significant differences indicated as * p < 0.05, **p < 0.01, ***p < 0.001, n.s. p > 0.05. (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.

anodal with hyperpolarizing current injection: 16.91 + 13.31; two-
sample t-test p = 1.7 x 10~4). Indeed, the boost of LTP with DCS,
was not abolished by this hyperpolarizing current (control:
1.19 + 0.43, N = 48; anodal with hyperpolarizing current injection:
1.46 + 0.74, N = 24 cells, p = 0.06). To rule out methodological
confounds, we again checked for membrane resistance and found
that it was unaltered for the two new conditions (Fig. 2F). In
addition, we did not find a significant difference in baseline EPSPs
across different stimulation conditions to prevent the possible
confound (Fig. 2G, one-way ANOVA: F(3) = 0.61, p = 0.61).

So far the results are consistent with our somatic spiking hy-
pothesis. Indeed, there is a clear correlation between somatic
spiking and LTP across all conditions (Fig. 2I, r = 0.42). To rule out
that this effect is driven by the stimulation condition alone, we used
again a linear mixed effect model and find an effect of spike count
(t(121) 52, p 89 x 1077) and stimulation condition
(t(121) = 15.2, p = 5.4 x 1073°). Indeed, when analysing the control
condition alone (for which we have sufficient statistical power) we
found a significant correlation between spike count and LTP
(r(46) = 0.31, p = 0.03) replicating a well-established finding
[31,32]. However, contrary to our expectations, despite a significant
increase in the number of spikes between anodal DCS and depo-
larizing current injection (t(49) = 2.99), p = 0.0043) we did see a
decrease in LTP relative to depolarizing current injection (t(49) = -
2.25, p = 0.0289). Given the larger number of spikes, we would
have expected a larger effect of anodal DCS on LTP. We note,
however, that there is a fundamental difference between DCS and
current injection, namely, depolarizing current injection affects
only a single neuron, whereas DCS affects all neurons in the
network.

)
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DCS-induced network spiking in neurons

A clue that other neurons in the network can not be ignored
during anodal DCS comes from the observation of induced network
spiking before the onset of TBS (Fig. 3A). We will refer to these
action potentials as early spikes. We observed early spikes in 8 of 26
neurons during anodal DCS with 20 V/m (Fig. 3D). When the DCS
magnitude is reduced to 10 V/m these early spikes are absent
(Fig. 3C), which is a significant drop (Fisher exact: p = 0.018, with
FDR correction: P = 0.027). Injecting a hyperpolarizing current also
reduced the number of cells exhibiting early spikes (Fisher exact
test p = 0.076, FDR correction: p = 0.076). In order to observe LTP in
the experiments above it was necessary to block inhibitory input
(with GABA-A and GABA-B antagonists), consistent with previous
literature [26,28,33]. When inhibitory inputs were left intact early
spikes also disappeared (Figs. 3B and 0 of 20 neurons), which is
again a significant drop (Fisher Exact test: p = 0.0064, with FDR
correction: p = 0.0192). Given the dependence of these early spikes
on electric field magnitude and GABAergic input, we conjecture
that strong fields induced network firing which is amplified by
recurrent excitatory connections within the CA1 network.

Computational modeling explains results as single neuron effects
and unspecific effect on network activity

To reconcile and explain these results we implemented a bio-
logically realistic model of a CA1 pyramidal neuron (Fig. 4A). This
3D anatomically realistic multi-compartment model of CA1 rat
pyramidal cell includes experimentally-validated membrane
voltage dynamics [30]. The effects of DCS on membrane voltage are
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Fig. 2. A: Experimental setup. B: [llustration of induction protocol. C: Membrane polarization with somatic current injection in a multicompartment neuronal model. Left: Somatic
hyperpolarizing current injection with anodal DCS, Middle: anodal DCS, Right: Somatic depolarizing current injection. D: Traces of average normalized EPSP amplitude. E:
Normalized EPSP amplitude in different conditions: anodal (N = 26 cells), control (N = 48 cells), anodal with hyperpolarizing somatic current injection (N = 24 cells), and
depolarizing somatic current injection (N = 25 cells). F: Input resistance before and after LTP induction G: Baseline EPSP amplitudes in different stimulation conditions. H: The
number of spikes after the first pulse of the first burst and 25 ms after the last pulse in the last burst. I: Positive correlation of LTP with somatic spiking across all cells and
experimental conditions. The blue line represents the linear regression between the spike count and normalized EPSP amplitude. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

implemented by applying an extracellular voltage gradient as
described previously [12]. Also following this work we implement a
standard voltage-dependent plasticity rule, which reproduces
extensive experimental results on LTP [34]. While this single-
neuron model (M1) shows an increase in spiking and LTP for
anodal stimulation over control it does not replicate the observed
excess of spiking above the condition with a depolarizing current
injection (Fig. 4B, M1). Please see Methods for details on the model
neuron, implementation of DCS effects and the plasticity rule.

We postulate that this excess spiking is the result of elevated
network activity induced by DCS which impinges on the single test
neuron. To emulate this effect of DCS in the model we added syn-
apses located at the basal and apical dendrites and activated them
at random with independent Poisson spike trains. This model (M2)
replicates the experimental results of the firing rate for all condi-
tions (Fig. 4B, M2). However, this increase in spiking further

enhances LTP for DCS in disagreement with experiments, in
particular when spiking was limited by hyperpolarizing current
(Fig. 4C, M2). In model M2, this effect is the result of dendritic
membrane polarization, and occurs even if somatic spiking is
reduced by somatic injection of hyperpolarizing current (Fig. 4D).
To reconcile the model with experiment, we considered the effect
of this enhanced network activity on LTP. There is prior evidence for
a homeostatic mechanism, whereby elevated network activity can
suppress LTP due to the depletion of extracellular calcium, which is
affected by neighboring synapses including from nearby neurons
[35]. Following this work, we include a term to the plasticity rule,
which depends on extracellular calcium that is depleted in the
presence of elevated network firing. With this model (M3) of the
effects of network activity, we now replicate the experimental re-
sults on spiking and LTP (Fig. 4C, M3). In total, the model M3 best
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the number of evoked spikes should be positively correlated with
LTP, which was born out by the experiment (Fig. 1H). While we find
a negative correlation with the number of early spikes where they
occur (N = 8), it does not reach significance (r(6) = —0.48, p = 0.22).

Discussion

The goal of most tDCS experiments in humans is to induce
specific changes in behavior that outlast the period of stimulation.
Synaptic plasticity is a putative mechanism to mediate such specific
and lasting effects [11,12,14,16,36]. Our previous in vitro experi-
ments suggested that DCS can enhance ongoing Hebbian synaptic
plasticity by modulating the membrane potential of neurons
[11,12]. Extracellular recordings during DCS provided indirect evi-
dence that synaptic plasticity is modulated by DCS effects on
dendritic membrane polarization [11] as well as effects on somatic
spiking [12]. The present whole-cell recordings show an effect of
DCS on postsynaptic spiking, which in turn modulates synaptic
plasticity of individual neurons, suggesting a highly specific effect
of DCS. However, we also see evidence that DCS, at high field
magnitudes, induced spontaneous network activity, which may
lack the specificity of Hebbian plasticity. This induced network
activity boosts but also limits the effect on LTP through a homeo-
static mechanism.

To show that acute membrane depolarization is directly impli-
cated in the effects of DCS, we injected current to emulate or
abolish the somatic membrane polarization expected as a result of
DCS. The results are consistent with the hypothesized causal role of
membrane somatic depolarization. However, the injected somatic
current may not have entirely emulated/abolished the effect of DCS
on membrane polarization, as it was calibrated to an average
sensitivity reported by earlier studies [27,29,30], rather than the
sensitivity of the individual neuron. Therefore, the mismatch in
observed LTP with the simpler model of our hypothesis may be
partially explained by a miscalibration. But also, we were forced to
introduce an effect of DCS on spontaneous network activity in order
to reconcile the computational model with the experimental data.

Evidence that network activity could affect synaptic efficacy
through a homeostatic mechanism comes from a study on spike-
timing-dependent plasticity (STDP) [35]. This study suggests that
bursting network activity may deplete extracellular calcium con-
centration and thus limit LTP. Such homeostatic regulation may
serve to counteract run-away potentiation. Motivated by a
computational model of this effect, we searched for a correlation
with DCS-induced spiking but the negative correlation with LTP
was not significant. This homeostatic mechanism reconciled the
empirical observation that the boost of LTP was limited despite a
substantial increase in postsynaptic spiking during strong anodal
DCS (20 V/m).

We inferred that the induced spiking activity observed here
during DCS may result from the activation of recurrent connections
between CA1 pyramidal neurons. Although we do not provide
direct evidence for this, there are several factors supporting this
interpretation. First, the DCS-induced activity required the removal
of GABAergic inhibition, which normally limits the spread of ac-
tivity via recurrent excitatory connections. Second, our slice prep-
aration removes the CA3 area so that we can rule out DCS activation
of CA3 pyramidal neurons. Finally, these CA1 recurrent connections
synapse to the basal and apical dendrites [37—39] and the experi-
ment and model match one another when we replicate this feature.

Earlier studies demonstrated that electric fields <30 V/m were
not strong enough to induce activity in cortical [29] and hippo-
campal slices [30]. However, our results suggest that spontaneous
activity can be evoked by electric fields with an intensity of 20 V/m
in the presence of GABAergic input blockers. While blocking GABA
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receptors is common in hippocampal LTP studies [26,28,33], this
manipulation is merely intended to facilitate the study of excitatory
plasticity and does not model normal physiology. Similarly, we use
20 V/m fields here to more reliably detect small effects with limited
sample sizes, as is common in the literature [11,12]. A caveat of our
study is that cortical electric fields during typical human tDCS ex-
periments are known to be < 1 V/m, a full order of magnitude lower
[8]. An important question is therefore whether these effects
persist under physiological levels of inhibition and lower electric
field magnitudes. Another caveat is that tDCS mostly reaches
cortical regions, while the present study analyzed hippocampal
pyramidal cells often used in LTP studies due to the well-segregated
input pathways. However, the basic mechanisms identified here
should generalize to cortical effects of DCS.

In principle, direct effects of tDCS on the firing of individual cells
can be propagated throughout any network via recurrent excitatory
connections, suggesting that similar but weak effects may persist
under physiological conditions [40]. The propagation of excitatory
activity in a network is particularly sensitive to the balance of
excitatory and inhibitory synaptic connection strengths [41—43],
suggesting that these effects need to be directly tested under more
physiological conditions. Indeed, more physiologically realistic
preparations show that weak DCS can have acute modulatory ef-
fects on endogenous gamma activity [24]. The same preparation
also shows lasting plasticity of DCS that are purely enhancing [44].
What we show here is that network activity may have also con-
strained this enhancing effect. Known homeostatic plasticity
mechanisms depend on neuronal firing [45], and conceivably the
effects of tDCS on neuronal excitability can in principle recruit these
mechanisms [46]. Regardless, network effects are likely to be less
specific than the pathway specific mechanisms studied with classic
plasticity induction mechanisms [12] We conclude that the specific
effects of DCS will depend strongly on the endogenous network
activity, which motivates future research with more realistic
preparations.

As with our previous studies [11,12,47], the effects of DCS during
plasticity induction have again been to increase synaptic efficacy.
Here we activated synapses at the proximal apical dendrites as they
are expected to be dominated by somatic polarization. Therefore
anodal DCS is depolarizing and thus boosts LTP. For distal apical
dendrites, DCS causes the opposite polarization and therefore a
boost of LTP required cathodal DCS [11].

In conclusion, we provide the first direct evidence linking the
effects of DCS on neuronal membrane potential and excitability to
Hebbian synaptic plasticity. While this mechanism now has some
support [12,48,49], we also uncovered that it cannot fully account
for the effects of DCS on plasticity. We propose that DCS also affects
plasticity via the propagation of DCS effects over recurrent excit-
atory connections in combination with a homeostatic plasticity
mechanism. These mechanisms may also help account for several
features of human tDCS experiments which are difficult to explain
with a Hebbian mechanism alone, such as effects of tDCS when
applied prior to training [50] or previous reports of highly
nonlinear dose-response functions in humans [13,14]. The degree
to which these mechanisms contribute to the effects of tDCS in
humans is an exciting area for future research.

Methods
Slice preparation

All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee At The City College of New York, CUNY

(protocol 2016—24). 3-5-week-old male Wistar rats were anes-
thetized by Ketamine and Xylazine injection and were euthanized
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by cardiac perfusion with an artificial cerebrospinal fluid (ACSF)
containing (in mM): 110 choline chloride, 3.2 KCl, 1.25 NaH2-
P0O4,26NaHCO3, 0.5 CaCl2,7 MgCl2, 2 ascorbate, 3 pyruvate and 10
p-glucose. After cardiac perfusion, the whole brain was transferred
to an ice-cold dissection chamber containing the same ACSF solu-
tion. The dissection chamber was mounted on a vibrating micro-
tome (Campden Instruments) and transverse hippocampal brain
slices were obtained with 400-pum thickness. The CA3 area was cut
to limit recurrent excitatory connections and prevent seizure-like
activity in experiments that involved GABA blockers. After dissec-
tion, slices were transferred to a recovery chamber at 34 °C for
30 min with a modified ACSF solution containing (in mM): 124
NaCl, 3.2 KCl, 1.25 NaH2P04, 26 NaHCO3, 2.5 CaCl2, 1.3 MgCl2, 2
ascorbate, 3 pyruvate, and 25 p-glucose. After 30 min of recovery,
slices were then transferred to a holding chamber at 30 °C for at
least another 30 min with the recording ACSF containing (in mM):
124 Na(l, 3.2 KCl, 1.25 NaH2P04, 26NaHC03, 2.5 CaCl2, 1.3 MgCl2,
25 p-glucose. After at least 30 min in the holding chamber slices
were transferred to a recording chamber perfused with the same
recording ACSF for experiments. All ACSF solutions were saturated
with a carbogen gas mixture containing 95% 02 and 5% CO2.

Whole-cell electrophysiology recording in vitro

Slices were perfused in a submerged chamber (Harvard Appa-
ratus) with oxygenated recording ACSF with a flow rate of 1-1.5 ml/
min. The temperature of the chamber was set to 30 °C using both
inline and chamber temperature controllers. For most experiments,
GABA-A and GABA-B inputs were blocked by adding 2 uM of SR
95531 and 1 uM of CGP52432 to the recording ACSF, respectively. In
the presence of GABA antagonists in the ACSF, the intracellular
solution contained (in mM): 115 K-Gluconate, 20 KCl, 10 Na2-
phosphocreatine, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP followings
[26]. Otherwise, the intracellular solution contained (in mM):
128 K-Gluconate, 10 Na2-phosphocreatine, 10 HEPES, 4 Na-ATP, 0.4
Na-GTP, 4 MgCl2 following [51]. Raw electrical signals were
amplified with a MultiClamp 700B amplifier and then low-pass
filtered at 10 kHz and sampled at 20 KHz with a 1550B Digitizer
(Molecular Devices). The resistance of patch pipettes was within
3—5 MQ. Patch pipette series resistance was always lower than
40 MQ.

After anchoring the slice in the chamber, two parallel Ag—AgCl
wires with 1 mm diameter were placed on opposite sides of the
slice with the slice equidistant from each wire. DCS was applied as a
constant current between the wires (Caputron LCI 1107 High Pre-
cision). The slice and field wires were oriented so that the applied
electric field was parallel to the somatodendritic axis of CA1 py-
ramidal neurons. Anodal stimulation was applied such that CA1l
apical dendrites were closer to the positive electrode and CA1 basal
dendrites were closer to the negative electrode. This configuration
mimics the relative orientation of cortical pyramidal cells when
current flows inward from the cortical surface and depolarizes
pyramidal neuron somas [27,29], which is assumed during anodal
stimulation in humans. The applied current was calibrated to pro-
duce a 20 V/m electric field as measured by two electrodes placed
in the slice.

To activate excitatory synapses, bipolar stimulation was applied
using a theta glass electrode filled with ACSF (pulled by a Sutter
Instruments P-97). The tip was then broken to produce a tip size of
15—20 pm. The stimulation electrode was placed in the apical
dendrites, 100—150 um away from the patched neuron toward CA2.
Single excitatory postsynaptic potentials (EPSP) were evoked with
probing stimuli of 5—100 pA amplitude and 60 ps duration square
pulses. Probing stimulation amplitude was set to evoke an EPSP
amplitude between 2 and 5 mV. EPSP amplitudes were measured as
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the peak amplitude of the difference between the membrane po-
tential after a probe stimulus and the median of the membrane
potential over 1 s time window before the probe stimulus. Once the
probing stimulation amplitude was determined, baseline EPSPs
were recorded every 20 s for at least 10 min. During baseline
recording, input resistance was monitored by injecting —25 pA
through the patch electrode 1 s after each probing stimulus. We
divided the recorded voltage by the amount of current we injected
to calculate input resistance. If the EPSP amplitude and membrane
resistance were stable over the 10 min baseline period, TBS was
applied to induce plasticity. TBS consisted of bursts of 5 pulses at
100 Hz, with each burst repeated 5 times at 5 Hz to compose an
epoch, and each epoch repeated 3 times at 0.033 Hz (30 s inter-
epoch interval). After TBS, baseline EPSPs were again recorded
every 20 s for 30 min. For some experiments (Fig. 3), a monopolar
stimulating electrode was used, instead of bipolar stimulating
electrode, by pulling a regular glass capillary instead of theta glass.
The other pole was then placed in the bath far away from the slice.
For these monopolar experiments the TBS protocol was also
changed to a single epoch consisting of 15 bursts at 5 Hz, with each
burst again consisting of 5 pulses at 100 Hz.

For anodal DCS conditions, DCS started 500 ms before TBS and
ended 500 ms after TBS. For conditions involving additional current
injection with the patch electrode, this current injection was cali-
brated to produce a +3 mV change in membrane potential at the
soma. This calibration was done after establishing a stable baseline
but before induction. Current injection through the patch elec-
trodes was timed identically to the DCS condition, starting 500 ms
before TBS and ended 500 ms after.

Data analysis

Normalized EPSP

To assess synaptic plasticity within a given slice, the average
EPSP amplitude over the last 10 min (21—30 min after TBS) was
calculated and normalized to the average of baseline EPSPs
(normalized EPSP).

Spike count

Spikes were detected by thresholding membrane potential
at —8 mV which is far from spike initiation threshold (~-50 mV).
Then, spikes were counted over the period of TBS, starting with the
first pulse and ending 25 ms after the last pulse. All the analyses
were performed using MATLAB.

Computational Modeling

Multicompartmental simulations of a CA1 pyramidal neuron
were performed using NEURON v7.7 [52] and Python v3.7. The
detailed morphology of a CA1 pyramidal cell from an adult rat was
obtained from a previous publication by Berzhanskaya et al. [30]
(c62564 from NeuroMorpho.Org). The passive membrane proper-
ties were also set to have the same values as that work. We
incorporated the active membrane properties similar as in Kron-
berg et al. [12] such as voltage gated channels and receptors. We
only made a few adjustments as described below (Table 1).

The effects of DCS on the model neuron were implemented in
NEURON by specifying an external potential gradient following
[12]. Note that the model uses a single representative 3D neuron
morphology, whereas in the experiment each recording was from
different neurons, with potentially different morphology. Although
we know that length and orientation of the neuron affects their
sensitivity to DCS, we do not believe that the main findings of the
computational work depend on these factors (other than in overall
scale). Indeed, in the experiment we injected somatic currents
assuming a single average sensitivity to DCS.
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Table 1
Parameters for the neuron model.
Parameter Value Explanation
Nf]qd 42- dgy,*d mS*cm 2 Voltage gated sodium conductance in dendrites decreases with distance d (in um) from the soma
gane 42 mS*cm~—2 Voltage gated sodium conductance in soma
ghxon 105 mS*cm 2 Voltage gated sodium conductance in axon
dgng+ —0.2 mS*cm 2 Gradient of voltage gated sodium conductance
Ena 50 mV Sodium reversal potential
Shang:aon —4 mV Parameter to shift the midpoint of activation curve of voltage gated sodium conductance in axon.
1/2
Ey- —77 mV Potassium reversal potential
Ey -30 mV H-current reversal potential
8z, 10 mS*cm 2 Delayed rectifier potassium peak conductance
gk 30 mS*cm 2 A-type potassium peak conductance
gh .025%(1+-2d/100) mS*cm 2 H-channel conductance. Linearly increasing with distance d (in pm) from the soma
htorox —-81 mV Activation threshold for proximal (<100 um from soma) h channel conductance
12
V{’jﬁ' —-90 mV Activation threshold for distal (>100 pm from soma) h channel conductance
"er%;fa 2 ms AMPA receptor conductance decay time constant
Tg,ﬁfga 0.2 ms AMPA receptor conductance rise time constant
?;fga 1 ms NMDA receptor conductance rise time constant
T;&%S;ﬂ 50 ms NMDA receptor conductance decay time constant
Zampa 1nS Peak AMPA receptor conductance
Znmda 1nS Peak NMDA receptor conductance
TE 60 ms Facilitation time constant
D, 540 ms 1st depression time constant
D, 45 ms 2nd depression time constant
D, 120s 3rd depression time constant
f 2.8 Additive facilitation factor
dq 0.68 1st Multiplicative depression factor
dy 0.12 2nd Multiplicative depression factor
ds 0.95 3rd Multiplicative depression factor
T 30C Temperature

For the axonal firing, the voltage sensitivity for activation of
sodium channels was more hyperpolarized in the initial segment of
axon compared with soma and dendrites as has been suggested in
previous publications [53]. A gradient was considered for the
density of sodium channels according to the findings of Kim et al.
[26]. Every synapse was considered to have both AMPA and NMDA
receptors. These receptors were modeled by the difference of two
exponential functions as previously published by [Ref]. 16 synapses
were selected randomly across the apical dendrites within 300 um
from the soma. This number of synapses was activated to mimic
spiking activity due to TBS. We refer to this model as model 1 (M1).

In addition to modeling evoked synaptic input, we also modeled
synaptic input due to the DCS induced network activity of other
neurons in the CA1 network and we called it model 2 (M2). This
network input was modeled as 10 synapses randomly distributed
on the apical and basal dendrites, which activated via a poisson
process. The number, weight and mean input rate of these synapses
were manually fit to reproduce two aspects of the experimental
spike data, the fraction of neurons exhibiting early spikes (after DCS
onset, but before TBS onset) and the ratio of the total number spikes
in each condition compared to control.

Normalized spike counts
We normalized the average of spike counts relative to the
average of spike counts in the control condition.

Voltage-dependent synaptic plasticity rule

We adopted a voltage-dependent synaptic plasticity rule intro-
duced by Clopath et al. in line with our previous work [12,34].
According to this plasticity rule, the arrival time of presynaptic
input and postsynaptic membrane potential determines the
amount of synaptic weight change as:
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dt!

+ A Olu(6) ~ 0., [ (0~ 0.
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+

+

where w; represents to the weight of the it" synapse, A;rp and A;rp
correspond to parameters controlling LTD and LTP rate respectively,
X;(t) is the presynaptic spike count, x; (t) is the results of low-pass
filtering X;(t), u_ (t) and u, (t) are low-pass filtered of the post-
synaptic potential u(t) with different time constants, §_ and 6, are
LTD and LTP threshold parameters, and [], is a heaviside function.
The dynamics of u_ (t), u, (t) and x; (t) are considered as:

P ()= —u () + u)
d
P = —u o+ u

Tx% ﬁ(t) = —ﬁ(t) + Xi(t)

The parameters used in the synaptic plasticity rule are sum-
marized in Table 2. We quantified the overall synaptic plasticity as
the average of synaptic changes across TBS-activated synapses. We
used the aforementioned calculations to calculate synaptic plas-
ticity in M1 and M2.

We then modeled resource depletion due to network activity
and its resulting homeostatic effect on plasticity following [35].
This model, which we refer to as model 3 (M3), assumes that
plasticity at individual synapses depends on a resource that is
shared by the whole network and is depleted by elevated network
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Table 2
Parameters for voltage-based plasticity rule.
Parameter Value Explanation
At 0.36 mvV~! LTD rate
Arp 0.16 mV—2 LTP rate
0_ —-62 mV LTD threshold
0. —44 mV LTP threshold
Tx 6 ms presynaptic input trace lowpass time constant
T_ 12 ms LTD voltage trace lowpass time constant
T4 5 ms LTP voltage trace lowpass time constant
k 20 Hz depletion rate constant
T 2.5 ms Filter time constant for the network spiking
T 100 ms Recovery time constant of resource availability
7 0.57 LTP-LTD reversal point
m 0.03 Steepness of reversal

activity. The equilibrated resource availability 7, is obtained for a
given fixed average network firing rate «a by:

o)

where k is the depletion rate constant. The dynamics of the shared
resource availability n(t) were modeled as:

mo(@) = (1

dn(t) _ mola(t)) — n(t)
dr no(@(6)) -7y

in which «(t) is network firing after it has been low-pass filtered
and normalized by Nyeqyorks the number of synapses activated by
network activity as:

6(t - tspike)

N network

a(t)
T e

= —a(t) +

where 6(t — tgik) is equal to one when a synapse is activated and
T Tepresents the filter time constant for the network activity. In
addition, ng(a(t)) is the steady-state resource availability for
average network spiking «(t). To augment the plasticity rule, we
scaled synaptic weight changes 4w; by y(7(t))

Awr = y(n(t))-Aw;
where v(7(t)) is a sigmoidal resource modulation function as:
2

1+ exp(—"*}’,"”)

Where n* sets the LTP-LTD reversal point and m is the steepness of
the reversal.

y(n(t) = -1

Normalized synaptic efficacy

To induce synaptic changes in the CA1 pyramidal neuron we
model a synaptic input to the Schaffer collateral synapses (selected
at random) with a TBS pulse train. TBS consisted of bursts of 5
pulses at 100 Hz, with each burst repeated 5 times at 5 Hz. This
pulse train (epoch) was applied 3 times in our experiments with
intervals of 30 s, while in the model only a single TBS epoch was
applied to reduce computation times. Synaptic efficacy before and
after the TBS are averaged across synapses and divided to give the
normalized synaptic efficacy (change) analogous to the normalized
EPSP in the experiment.
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