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Direct Current Stimulation Induces
mGluR5-Dependent Neocortical Plasticity
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Objective: To obtain insights into mechanisms mediating changes in cortical excitability induced by cathodal trans-
cranial direct current stimulation (tDCS).
Methods: Neocortical slices were exposed to direct current stimulation (DCS) delivered through Ag/AgCl electrodes
over a range of current orientations, magnitudes, and durations. DCS-induced cortical plasticity and its receptor
dependency were measured as the change in layer II/1ll field excitatory postsynaptic potentials by a multielectrode
array, both with and without neurotransmitter receptor blockers or allosteric modulators. In vivo, tDCS was delivered
to intact mice scalp via surface electrodes. Molecular consequences of DCS in vitro or tDCS in vivo were tested by
immunoblot of protein extracted from stimulated slices or the neocortex harvested from stimulated intact mice.
Results: Cathodal DCS in vitro induces a long-term depression (DCS-LTD) of excitatory synaptic strength in both
human and mouse neocortical slices. DCS-LTD is abolished with an mGIuR5 negative allosteric modulator, mechanis-
tic target of rapamycin (mTOR) inhibitor, and inhibitor of protein synthesis. However, DCS-LTD persists despite either
y-aminobutyric acid type A receptor or N-methyl-D-aspartate receptor inhibition. An mGIluR5-positive allosteric mod-
ulator, in contrast, transformed transient synaptic depression resultant from brief DCS application into durable DCS-
LTD.
Interpretation: We identify a novel molecular pathway by which tDCS modulates cortical excitability, and indicate a
capacity for synergistic interaction between tDCS and pharmacologic mGIuRS5 facilitation. The findings support explo-
ration of cathodal tDCS as a treatment of neurologic conditions characterized by aberrant regional cortical excitabil-
ity referable to mGIluR5-mTOR signaling.
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Transcranial direct current stimulation (tDCS) is a
neuromodulatory technique in which low-amplitude
direct current is conducted to the brain via scalp electro-
des. tDCS has been intensively investigated in clinical
applications, such as stroke rehabilitation' and treatment
of schizophrenia,® major depression,” chronic or neuro-

> and epilepsy.®” The mechanisms by

pathic pain,®
which tDCS modulates cortical excitability are incom-
pletely understood, and a variety of parameters influence
tDCS effects, including current polarity, duration, and

intensity. Nonetheless, tDCS aftereffects are predictable;

largely, tDCS leads to increased cortical excitability under
the anode and reduced cortical excitability under the
cathode.'™'" Notably, tDCS engages a form of cortical
plasticity in which cortical excitability substantially out-

11,12 and

lasts the stimulation period by >60 minutes
thus resembles classical forms of synaptic plasticity such
as long-term potentiation (LTP) and long-term depres-
sion (LTD)."?

Human studies in vivo suggest several mechanisms

underlying polarity-specific tDCS-mediated cortical plas-
ticity. For instance, LTP-like change in human motor
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cortex induced by anodal tDCS depends on N-methyl-

14-16 and

D-aspartate receptor (NMDAR) activation
suppression of y-aminobutyric acidergic (GABAergic)
neurotransmission, which jointly facilitate the potentiat-
ing effect of anodal tDCS.''® In humans, NMDARs
are also implicated in ITD-like phenomena that follow
cathodal tDCS.'¢

Intact animal tDCS and in vitro brain slice DCS
(note that “transcranial [t]” is not relevant in vitro) stud-
ies are critical to gain mechanistic insights into the neu-
robiological substrates of tDCS. For example, 2 recent
studies in mouse cortical slices supported an NMDAR
contribution to DCS-mediated LTP and LTD.'"%°
Nonetheless, in addition to NMDAR-dependent LTD,
there is another distinct form of LTD that results from
activation of metabotropic glutamate receptors (mGluRs)
in many brain regions21 including neocortex.”> Abnormal
mGluR-mediated LTD (mGIuR-LTD) is also reported in
prevalent neurologic conditions.”' However, mGluR con-
tribution to tDCS-mediated plasticity is unknown.

Here we demonstrate an LTD-like effect induced
by cathodal DCS (DCS-LTD) in mouse primary motor
cortex (M1) slices, and replicate this phenomenon in
human cortical slices, putatively bridging animal DCS
models with human tDCS. We also find that neocortical
DCS-LTD is critically dependent on the orientation of
the direct current (DC) vector relative to the interrogated
neuronal pathways and requires mGluR5 activation. We
further implicate signaling through the mechanistic target
of rapamycin (mTOR) pathway as an essential DCS-
LTD mechanism downstream of mGluR5 in vitro and

in vivo.

Materials and Methods

Animals

We used 3- to 5-week-old male mice (C57BL/6]J; Jackson Labo-
ratory, Bar Harbor, ME). All procedures were carried out in
accordance with guidelines set by Boston Children’s Hospital

Institutional Animal Care and Use Committee.

Drugs

NMDAR  antagonist D-(—)-2-amino-5-phosphonopentanoic
acid (D-AP5, Caw#-0106), GABA type A receptor (GABAAR)
antagonist bicuculline (BIC; Cat#-0130), and positive mGluR5
allosteric  modulator  3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-
yl)benzamide (CDPPB, Cat#-3235) were purchased from Tocris
Bioscience (Minneapolis, MN). Negative mGIuR5 allosteric
2-chloro-4-([2,5-dimethyl-1-(4-[trifluoromethoxy]-
(CTER*  Car#-
B1633) was purchased from ApexBio Technology (Boston,
MA), and mTOR inhibitor rapamycin (Cat#-R-5000) was pur-
chased from LC Laboratories (Woburn, MA). Protein synthesis

modulator

phenyl)-1H-imidazol-4-yl]ethynyl) pyridine

inhibitor cycloheximide (CHX, Cat#-01810) was purchased
from Sigma (St Louis, MO).

The half-maximal inhibitory concentration of D-AP5 to
inhibit NMDAR-mediated LTD is O.4S;LM,24 and we used
50uM D-AP5.*%% We used 25uM BIC, at which concentra-
tion it reliably blocks GABAARs.*®

Slice Preparation

Mice were anesthetized with isoflurane (NDC 10019-360-40;
Baxter Healthcare Corporation, Deerfield, IL) and decapitated.
Brains were removed and sectioned in ice-cold treatment artifi-
cial cerebrospinal fluid (tACSF) containing (in millimolars):
NaCl 124, KCl 3, NaH,PO,4 1.25, NaHCO; 26, CaCl, 2,
MgSOy 2, and glucose 10 (pH 7.4, bubbled with 95% O, and
5% CO, mixture). Coronal slices measuring 350um were cut
by vibratome (Leica VT1000P; Leica Microsystems, Buffalo
Grove, IL) and transferred to oxygenated tACSF for 90 minutes
at 30°C before recording. Slices were then transferred to the
MED64 chamber (MED-P5155; AutoMate Scientific, Berkeley,
CA) with oxygenated recording ACSF (rACSF) containing (in
millimolars): NaCl 124, KCI 3, NaH,PO4 1.25, NaHCO; 26,
CaCl, 2, MgSOy 1, and glucose 10 (pH 7.4) at 30°C.

Human Tissue

Surgical removal of the epileptogenic zone of patients (1-14
years) with focal cortical dysplasia, although not availing com-
pletely normal human cortical tissue, nevertheless provides an
opportunity to study the effect of ¢tDCS in human cortex in
vitro. Human cortical tissues were either from temporal lobe,
insular cortex, or occipital lobe. Tissue was transferred into oxy-
genated ice-cold tACSF in the operating room. The protocols
to prepare and record from human cortical slices were identical
to those described above. All patients and families provided
consent prior to epilepsy surgery, and postoperative tissue analy-
sis was approved under Boston Children’s Hospital Institutional
Review Board Protocol 09-02-0043.

Electrophysiology

Field excitatory postsynaptic potentials (fEPSPs) were recorded
by a multielectrode array system with an MED-P5155 probe.”
After incubation, an M1 slice was positioned in the center of
an MED64 probe to fully cover the 8 X 8 electrode array (Fig
1A). The slice was perfused with oxygenated rtACSF (2ml/min)
by peristaltic pump (Minipuls 3; Gilson, Middleton, WI).
Absent baseline drift was confirmed by pilot 2-hour recordings
without fEPSP slope change (n = 3 mice, 4 slices).

Data were collected by system software (Mobius 0.4.2).
fEPSPs were induced in mouse or human neocortical slices by
single pulses (0.2 milliseconds) delivered at 0.033Hz through 1
planar microelectrode referred to system ground as described
previously.”> For mouse slices, fEPSPs were recorded from layer
II/IIT by stimulating the vertical pathway (layer V to II/III; see
Fig 1).%° The postsynaptic locus of the fEPSPs signal was con-
firmed by signal latency and morphology®” and a robust fEPSP
5 » < 0.001)

slope reduction (21.3 * 4.0% of control; n =
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FIGURE 1: Vector- and polarity-dependent long-term depression (LTD) induced by cathodal direct current stimulation (DCS) in mouse
M1 slices. (A, D, and F) Orientation of the direct current fields parallel (A, D) or orthogonal (F) to the M1 fibers (layer V to II/Ill projec-
tions): cathodal (A), anodal (D), and orthogonal DCS (F). The 8 x 8 electrode array (black dots in A, D, and F) fully covered the M1 area.
We stimulated at layer V and recorded from layer II/lll. Stimulating electrode is marked white (white square), and recording electrode
is marked gray (gray square). Dashed arrows in A, D, and F indicate the electrical field orientation. Scale bars are Tmm in A, D, and F.
(B) An LTD effect was induced by cathodal DCS at 400uA for 25 minutes (45.2 + 0.7% of baseline; n = 8 mice, 9 slices; p < 0.001).
Transparent gray rectangle indicates DCS duration in this and subsequent electrophysiology figures. Representative field excitatory
postsynaptic potential (fEPSP) traces were taken at times indicated by numerals in this and subsequent electrophysiology figures. Scale
bars are equal to 0.1 to 0.3mV and 10 milliseconds in this and subsequent electrophysiology figures. (C) Short-term fEPSP depression
was induced by cathodal DCS at a low intensity (300uA, 25 minutes; n = 5 mice, 8 slices; black trace) or short duration (400xA for 10
minutes; n = 5 mice, 8 slices; gray trace). Black and gray bars on top of the traces indicate cathodal DCS duration. (E) Long-term poten-
tiation was induced by anodal DCS at 400xA for 25 minutes (143.7 = 1.4% of baseline; n = 7 mice, 9 slices; p < 0.001). (G) No fEPSP
change followed orthogonal DCS at 400uA for 25 minutes (96.9 + 1.0% of baseline; n = 7 mice, 8 slices; p > 0.05).
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after 30-minute incubation with 0.3mM Cd?", a Ca®>" channel
blocker.?®

An input-output curve was generated per slice. Pulse
stimulus intensity (usually 50-55uA) sufficient to induce 50%
maximum fEPSP slope was used in all experiments. fEPSP
slope was chosen to monitor synaptic responses, as fEPSP
amplitude is frequently contaminated by the population
spike.”” A stable fEPSP slope (varying by <5%) for at least 15
minutes was required as baseline before DCS. If fEPSP baseline
stability did not meet criteria after recording for 1 hour, then
the slice was rejected. This occurred in approximately 1 of 5 sli-
ces. Data were filtered at 1Hz to 10kHz, and digitized at
20kHz.

Drugs were introduced into the recording chamber >20
minutes prior to DCS. With the exception of BIC and CHX,
all baselines were stable in drug conditions, and input—output
curves were obtained before drug application. As baselines
required stabilization in BIC and CHX conditions, the input—
output curve and pulse stimulus selection were obtained in the

presence of these agents.

Paired-Pulse Facilitation

Paired pulses were delivered with 30-millisecond interpulse
intervals. Paired-pulse facilitation (PPF) was measured by com-
paring the first and second fEPSP slopes in layer II/III evoked
by layer V stimulation in an M1 slice. The degree of facilitation
was determined as the PPF ratio (second slope/first slope)
before, during (15-20 min after DCS on), and after (30-35
minutes after DCS off) DCS (400uA, 25 minutes).

DCS In Vitro and In Vivo

In vitro DCS was delivered via 2 Ag/AgCl electrodes (1mm
diameter, 3mm length; EP1; WPI, Sarasota, FL) connected to a
constant-current stimulus isolator (A365R; WPI) as previously
described.>® DCS electrodes were half-submerged in rACSF and
positioned external to the M1 slice in 1 of 2 configurations
such that the DC field oriented either parallel (see Fig 1A, D)
or orthogonal (see Fig 1F) to the layer V to II/III projection.
For “anodal DCS” the positive DC electrode was positioned
proximal to the cortical pial surface, and for “cathodal DCS”
the negative DC electrode was positioned proximal to the corti-
cal pial surface. DCS intensity was either 300uA (8.18 =
0.95mV/mm; mean =* standard deviation [SD]) or 400uA
(10.18 = 1.39mV/mm; mean * SD), and the DCS duration
was either 10 or 25 minutes.

Cathodal tDCS (ImA, 25 minutes) in live mice was
delivered under urethane (2g/kg, intraperitoneal [i.p.]; Cat#-
U2500, Sigma) anesthesia via an Ag/AgCl scalp electrode
(6mm diameter, Cat#-SPIDER100626; Rhythmlink Interna-
tional, Columbia, SC) connecting to the same constant-current
stimulator as for in vitro DCS. In vivo tDCS methods were
otherwise as reported previously.” Mouse scalp was shaved and
gently rubbed using NuPrep skin Prep Gel (Cardinal Health,
Dublin, OH) to lower skin impedance. The active (cathodal)
electrode was filled with conductive gel (Ten20; Weaver and
Company, Aurora, CO). The edge of the active (cathodal) elec-

trode was secured to the dorsal scalp at midline between the
eyes by a minute amount of glue (Krazy Glue; Elmer’s Prod-
ucts, Westerville, OH). The reference anode was a saline-soaked
(0.9% NaCl) sponge (1.5 X 1.5cm) connected to the ventral
torso. After the mouse was anesthetized (~20 minutes after ure-
thane injection), cathodal tDCS (1mA) was administrated for
25 minutes under anesthesia. No current was delivered during
sham tDCS.

For pharmacologic studies the same tDCS protocol was
applied as above, except that mice received a single rapamycin
dose (18mg/kg, i.p.; dissolved in 0.25% polyethylene glycol-
400 and 0.25% Tween-80), CTEP (8.7mg/kg, oral gavage; dis-
solved in 0.9% NaCl [wt/vol] and 0.3% Tween-80 [vol/vol]),
or vehicle 1 hour before i.p. injection of urethane (2g/kg) for

anesthesia.

Immunoblot
To measure DCS-mediated phospho-S6 ribosomal protein:S6
(p-S6:S6) changes in vitro, we collected M1 slices at 0, 15, 30,
and 60 minutes after DCS (400uA, 25 minutes). To measure
DCS-mediated p-S6:S6 changes in vivo, we collected brains,
dissected neocortex, and isolated the region corresponding to
M1 60 minutes after tDCS (1mA, 25 minutes). Tissues were
snap frozen in liquid nitrogen and stored at —80°C until used.
Frozen M1 samples were incubated in 100 to 200ul of
lysis buffer (30mM Tris-HCI, pH 7.5, 15mM MgCl,, 0.8%
Nonidet P-40, 2mM ethyleneglycoltetraacetic acid), freshly sup-
plemented with Complete ethylenediaminetetraacetic acid—free
protease inhibitor mini tabs and PhosStop phosphatase inhibi-
tor (1 tab per 10ml of buffer each; Roche, Basel, Switzerland)
on ice for 5 minutes. Each sample was homogenized by tritura-
tion through an insulin syringe (4-6 passages), and the homog-
enate was incubated for another 5 minutes on ice. Samples
were centrifuged at 16,000 X g for 10 minutes at 4°C. Super-
natants were recovered to a fresh tube. Samples were normal-
ized after measuring protein concentration with Bradford
reagent. Normalized total protein was added to Laemmli sam-
ple buffer, boiled for 5 minutes, and placed on ice prior to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis on 4
to 20% gradient gels (Bio-Rad, Hercules, CA). Primary anti-
bodies (all from Cell Signaling Technology, Danvers, MA)
included: S6 ribosomal protein (Cat#-2317), phospho-S6 ribo-
somal protein (Ser240/244; Caw#-5364), MAPK (Erk1/2; Cat#-
4695), and phospho-MAPK (Erk1/2; Thr202/Tyr204; Cat#-
9101) antibodies.

Data Analysis and Statistics

Electrophysiological data were analyzed offline by the MEDG4
Mobius software. To detect LTD/LTP after DCS, fEPSP slope
values 1 hour (55-65 minutes) after DCS were normalized and
expressed as fold change relative to averaged baseline (0-10
minutes). To quantify transient fEPSP change during DCS, val-
ues within 0 to 5 minutes after DCS were normalized and
expressed as a fold change of averaged baseline. To quantify
fEPSP baseline change after drug exposure, values within 20 to

25 minutes (D-AP5, CTEP, rapamycin, and CDPPB) or 35 to
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40 minutes (BIC and CHX) of drug application were normal-
ized and expressed as a fold change of averaged baseline.

Statistics were performed using the number of mice as n
value, with data from 1 to 3 slices per mouse for electrophysiol-
ogy experiments and 1 slice per mouse for Western blot. For
DCS work in human cortical slices, we use the number of slices
as n value, with 1 to 2 slices per individual. Statistical signifi-
cance between >2 groups was determined by 1-way analysis of
variance, followed by appropriate post hoc test using Prism
(GraphPad, La Jolla, CA) software. Paired and unpaired # test,
as necessary, was used to compare two means. Differences with
2 < 0.05 were considered statistically significant. Unless other-
wise indicated, experimental data are presented as mean *
standard error.

Results

DCS induces vector- and polarity-specific LTD and LTP
that is dependent on current amplitude and duration

Duration- and intensity-dependent fEPSP depres-
sion was induced by cathodal DCS, with the cathode
over the pial surface, the anode beneath the subcortical
white matter, and the electrical field oriented parallel to
the vertical M1 fibers (layer V to II/III pathway; see Fig
1A). Cathodal DCS over M1 slices for 25 minutes at
400pA resulted in reliable LTD (DCS-LTD; see Fig 1B).
The fEPSP slope decreased immediately after DCS onset
and continued to decrease slightly after DCS cessation
for about 30 minutes before stabilizing. Similar to classic
in vitro LTD, DCS-LTD lasted for at least 2 hours after
DCS.

Whereas the fEPSP slope was significantly reduced
to 45.2 = 0.7% of baseline (1 hour after DCS; n = 8; p
< 0.001) by 400uA cathodal DCS for 25 minutes (see
Fig 1B), no change in fEPSP was induced by cathodal
DCS at intensities <300uA. Only a transient depression
was observed after 300uA cathodal DCS for 25 minutes
(87.9 £ 0.6% of baseline; n = 5; p < 0.001; see Fig
1C). The depression started immediately after DCS onset
but returned to baseline 20 minutes after DCS.

In addition to the response of DCS-LTD to
changes in current amplitude, we observed similar sensi-
tivity of DCS-LTD to current duration. Specifically, only
transient fEPSP depression (65.2 * 1.5% of baseline)
was seen after 400uA cathodal DCS for 10 minutes (n
= 5; p < 0.001; see Fig 1C, gray trace). Under these
conditions, fEPSP depression also started right after DCS
onset but returned to baseline 20 minutes after DCS
(400uA, 10 minutes).

Reversing DCS polarity while maintaining current
orientation along the vertical neocortical pathways with
the anode over the pial surface (see Fig 1D) produced an
opposite effect to that of cathodal DCS. Specifically, LTP
of layer V to layer II/IIl connections was induced by
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anodal DCS (4004A, 25 minutes) parallel to the vertical
M1 fibers (see Fig 1E). This potentiation was evident
immediately after DCS onset and lasted for at least 2
hours after DCS. The fEPSP slope increased to 143.7 *
1.4% of baseline (1 hour after DCS offset; n = 7; p <
0.001) induced by anodal DCS. The DCS-LTP with this
electrode orientation was consistent with what has been
reported previously in M1 slices.?”

To test the contribution of electrical field orienta-
tion to the DCS-LTD phenomenon, we also measured
the effect of DCS (400pA, 25 minutes) applied orthogo-
nally to M1 fibers (layer V to II/III; see Fig 1F). No
change in the fEPSP slope (n = 7) followed orthogonal
DCS (neither anodal nor cathodal; see Fig 1G).

These data demonstrate that DCS modulation of
cortical excitability is dependent on DCS duration,
intensity, and orientation. Although novel in vitro, these
results are consistent with published in vivo results from
humans and animals.'®!"!%3°
Cathodal DCS Results in DCS-LTD in Human
Neocortical Slices
We further tested the effect of cathodal DCS on cortical
slices of human brain extracted during epilepsy surgery.
Baseline fEPSP recordings from human brain slices were
stable (n = 4 slices, 3 individuals). Similar to results in
mouse M1 slices, cathodal DCS (400uA, 25 minutes)
robustly elicited an LTD-like response in human cortex
in vitro (Fig 2); the fEPSP slope 1 hour after DCS
decreased to 76.0 = 1.1% of baseline (n = 8 slices, 4
individuals; p < 0.001). If reanalyzed with n as number
of individuals, rather than slices, the fEPSP slope is
nevertheless reduced (75.9 = 0.9% of baseline; n = 4
individuals, 8 slices; p < 0.001) 1 hour after DCS. These
results demonstrate that cathodal DCS induces LTD in

both human and mouse cortex in vitro.

Cathodal DCS Does Not Change the PPF Ratio
We next tested whether DCS-LTD could be attributed to
a presynaptic process. We found no difference in the
PPF ratio measured before, during, or after cathodal
DCS (400pA, 25 minutes; n = 6; Fig 3). These data
suggest that presynaptic vesicular glutamate release is not
modulated by cathodal DCS in M1 slices.

NMDAR and GABAAR Antagonists Attenuate
but Do Not Completely Block DCS-LTD

As suggested by human pharmacologic studies, durable
tDCS  modulation of cortical excitability involves
NMDAR activation."*"®3! To assess the NMDAR role
in DCS-LTD, cortical slices were treated with the com-
petitive NMDAR antagonist D-AP5. DCS-LTD was par-
tially preserved in the presence of D-AP5. The fEPSP
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FIGURE 2: Direct current stimulation-induced long-term depression (DCS-LTD) in human cortical slices. (A) Human cortical slice
photograph shows electrode array placement and the orientation of direct current field (indicated by dashed arrows). Stimulat-
ing electrode is marked white (white square), and recording electrode is marked gray (gray square). (B) DCS-LTD was induced
by applying cathodal DCS (400uA, 25 minutes) to human cortical slices (76.0 = 1.1% of baseline; n = 8 slices, 4 individuals; p
< 0.001). The dotted line in this and subsequent electrophysiology figures indicates the magnitude of normal DCS-LTD in

mouse M1. fEPSP = field excitatory postsynaptic potential.

slopes (1 hour after DCS) were 84.3 = 0.7% of baseline
(n = 5; p < 0.001) when slices were exposed to 50uM
D-AP5 before and during DCS (Fig 4A, D). However,
DCS-LTD magnitude was attenuated by D-AP5 relative
to the control: ~16% reduction from baseline with D-
AP5 versus ~55% reduction from baseline without D-
AP5 (p < 0.001; see Fig 4D).

Furthermore, we find that DCS-LTD is preserved
after GABAAR blockade, although the LTD magnitude is
partially reduced. When incubated with BIC, fEPSP slopes
1 hour after DCS were 79.6 = 0.7% of baseline (n = 5; p
< 0.001; see Fig 4B, D). However, DCS-LTD magnitude
was attenuated by BIC relative to the control: ~20%
reduction from baseline with BIC versus ~55% reduction
from baseline without BIC (p < 0.001; see Fig 4D).

These results show that both NMDAR and
GABAAR contribute to DCS-LTD in M1 slices. How-
ever, neither D-AP5 nor BIC completely blocked DCS-
LTD, suggesting that other mechanisms are involved.

Pharmacologic Modulation of mGIuR5
Regulates DCS-LTD

Given that DCS-LTD was preserved despite NMDAR
and GABA4R blockade, we tested the mGluR5 contribu-
tion to DCS-LTD by bath application of mGluR5 nega-
tive allosteric modulator (NAM) CTEP. CTEP (10uM)
completely blocked DCS-LTD; the fEPSP slopes 1 hour
after DCS did not differ from baseline (n = 7; see Fig
4C, D). These data indicate that mGluR5 activation is
essential for DCS-LTD in M1 slices. Notably, in contrast
to DCS-LTD, which is abolished by CTER DCS-LTP
induced by anodal DCS (400uA, 25 minutes) persisted

despite CTEP (10uM) administration; fEPSP slopes 1
hour after anodal DCS were 132.0 = 0.8% of baseline
(n = 7; p < 0.001 as compared to baseline).

To confirm mGIluR5 involvement, we tested the
effect of an mGluR5 positive allosteric modulator (PAM)
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FIGURE 3: Paired-pulse facilitation (PPF) induced in mouse
M1 slices is not affected by cathodal direct current stimula-
tion (DCS). There was no change of the PPF ratio (2nd
slope/1st slope) before (1.5 = 0.3), during (1.1 = 0.1), and
after (1.2 = 0.2) cathodal DCS (400uA, 25 minutes; n = 6
mice, 12 slices; Fp,45 = 0.95, ns = p > 0.05 by 1-way analy-
sis of variance). Representative field excitatory postsynaptic
potential (fEPSP) traces induced by paired pulses (30-milli-
second interpulse interval) during each phase are shown;
black traces indicate the first fEPSP, and gray traces indi-
cate the second fEPSP.
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0.001) or 25uM bicuculline (BIC; 79.6 + 0.7% of baseline; n = 5 mice, 6 slices; p < 0.001), antagonists of N-methyl-D-aspartate
receptor and y-aminobutyric acid type A receptor, respectively. (C) Bath application of mGIuR5 negative allosteric modulator
(2-chloro-4-[(2,5-dimethyl-1-[4-(trifluoromethoxy)phenyl]-1H-imidazol-4-yl)ethynyllpyridine [CTEP], 10uM) completely abolished
DCS-LTD in M1 slices (98.3 = 0.7% of baseline; n = 7 mice, 10 slices; p > 0.05). Black bars under the traces in A-C indicate
timing of drug exposure. (D) Statistical analysis of DCS-LTD changes on specific drug conditions (F;ss = 423.2, p < 0.001); 1-
way analysis of variance (ANOVA) post-test between each treatment and its baseline, ### = p < 0.001 and ns = p > 0.05; 1-

way ANOVA post-test between 2 means as indicated in the graph, ***p < 0.001. fEPSP

potential.

CDPPB on the transient depression induced by 10-min
DCS. After CDPPB (10uM) pretreatment, the transient
depression by short DCS (Fig 5A, gray trace; similar to
Fig 1C, gray trace) was significantly enhanced to durable
DCS-LTD (see Fig 5A, black trace; slopes decreased to
83.3 £ 0.4% of baseline 1 hour after DCS; n = 4; p <
0.001; see Fig 5B).

mTOR Activation Is Required for mGIluR5-
Dependent DCS-LTD In Vitro and In Vivo

mGluRs activation is coupled to protein synthesis via the
mTOR signaling pathway.?>?>% Therefore, we tested
whether the mTOR inhibitor rapamycin (60nM) blocks
mGluR5-dependent DCS-LTD. We found that DCS-
LTD was blocked by rapamycin; the fEPSP slopes 1
hour after DCS did not differ from baseline (n = 7; Fig
6A, C). DCS-LTD was also abolished by treatment with
the protein synthesis inhibitor CHX (80uM) in M1 sli-
ces; the fEPSP slopes 1 hour after DCS did not differ
from baseline (n = 4; see Fig 6B, C). These data indi-
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cate that DCS-LTD requires protein synthesis and
mTOR signaling.

Individual drug effects on baseline fEPSPs were
tested (Fig 7). Baselines were stable in the D-AP5, BIC,
CTEP, CDPPB, and rapamycin conditions, although
BIC (see Fig 7B) and CHX (see Fig 7F) induced a tran-
sient baseline change, lasting for ~35 minutes after drug
introduction. In all instances, DCS was delivered in the
setting of stable baselines.

mTOR activation leads to phosphorylation of p70
ribosomal S6 kinase and the latter then phosphorylates
ribosomal protein S6, among other substrates,®> " and
mGIuR-LTD positively correlates with S6 phosphoryla-
tion via mTOR signaling, which influences protein syn-
thesis in mGIuR-LTD maintenance.’>*” We therefore
measured mTOR pathway activity by quantifying ratios
of phosphorylated S6 (p-S6) to total S6 in M1 slices har-
vested 0, 15, 30, and 60 minutes after DCS (400uA, 25
minutes). As control, M1 slices were collected without
DCS p-S6  concentration

treatment.  Interestingly,
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gradually increased following DCS offset (Fig 8A, B) and
reached significance 60 minutes after DCS (213.0 *
26.9% of control; n = 4; p < 0.05; see Fig 8B). No sig-
nificant change was detected in total S6 at the same time
points after DCS.

Next, we asked whether increased p-S6 could also
be detected in the neocortex after in vivo cathodal tDCS.
As in Figure 8C and D, p-S6 increased in M1 tissue 1
hour after tDCS (1mA, 25 minutes), and the p-$6:S6
ratio increased to 227.8 * 32.0% of control (control [+
vehicle], n = 9; tDCS [*vehicle], n = 9; p < 0.01; see
Fig 8E). Supporting that the increase in ratio was result-
ant from p-S6 gain rather than S6 loss, total S6 did not
change after in vivo tDCS.

To verify that the p-S6 increase is a downstream
effect of mTOR activation, we pretreated mice with a
single injection of rapamycin (18mg/kg, i.p.) 1 hour
before urethane injection (2g/kg, i.p.). We applied tDCS
under anesthesia (~20 minutes for mice being fully anes-
thetized after urethane injection) and collected M1 tissue
1 hour after tDCS. Pretreatment of mice with rapamycin
abolished tDCS-induced increase in the p-S6:S6 ratio.
The p-S6:S6 ratio of rapamycin-treated mice exposed to
sham tDCS did not significantly differ from control (see
Fig 8C, E).

We next tested whether CTEP interfered with cath-
odal tDCS-induced mTOR pathway activation in vivo.
CTEP pretreatment (8.7mg/kg, per os) abrogated the p-
S6 increase (n = 6; see Fig 8D, E). Similar to the

tDCS+CTEP condition, the p-S6:S6 ratio of mice
exposed to CTEP and sham tDCS did not differ from
control.

Finally, we tested the involvement of extracellular
signal-regulated kinase (ERK 1/2) signaling pathway in
DCS-LTD.*> However, no significant change of p-
MAPK:MAPK (mitogen-activated protein kinases, origi-
nally called ERK) ratio was detected in M1 tissue of
tDCS-treated mice (n = 6) as compared to the sham
tDCS control (n = 4).

Together these data strongly suggest that cathodal
DCS-induced mTOR pathway activity requires mGIluR5
activation. These biochemical results are consistent with
our electrophysiological studies showing that CTEP/rapa-
mycin blocks DCS-LTD in vitro (see Figs 4C, GA).
Thus, both in vitro and in vivo studies indicate that
cathodal DCS elicits LTD via the mGIluR5-mTOR
pathway.

Discussion

We have identified a previously unrecognized mechanism
of long-term depression of cortical excitability induced
by cathodal constant electrical current in the neocortex,
which depends on the activation of mGluR5-mTOR
pathway and downstream protein synthesis.

DCS-LTP, induced by anodal DCS, has been char-
acterized in mouse M1 slices.”® Here we describe a novel
DCS-LTD effect on neocortical excitabilicy when the
stimulation polarity is reversed to the cathodal montage.

Volume 00, No. 00
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FIGURE 6: Direct current stimulation-induced long-term
depression (DCS-LTD) depends on mechanistic target of
rapamycin (mTOR) pathway activation and protein synthesis
in mouse M1 slices. (A) Rapamycin (RAPA; 60nM), an inhibi-
tor of mTOR, blocks DCS-LTD (97.5 + 0.6% of baseline; n =
7 mice, 12 slices; p > 0.05). (B) Similar to rapamycin, a
global protein synthesis inhibitor, cycloheximide (CHX;
80nM), also blocks DCS-LTD (97.2 + 1.0% of baseline; n =
4 mice, 5 slices; p > 0.05). (C) Statistical analysis of field
excitatory postsynaptic potential (fEPSP) changes that fol-
low cathodal DCS with and without rapamycin or cyclohexi-
mide (Fs42 = 928.8, p < 0.001); 1-way analysis of variance
(ANOVA) post-test between each treatment and its respec-
tive baseline, ### = p < 0.001 and ns = p > 0.05; 1-way
ANOVA post-test between 2 means as indicated in the
graph, ***p < 0.001.

As is relevant to desired pathway-specific neuromodula-
tion by tDCS in humans, we show that DCS-LTD in
M1 slices occurs only when the DC field orientation is
parallel to the interrogated fiber projections, which is
consistent with our past recordings from isolated hippo-
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campal slices,”® and also published mouse thalamocingu-
late slice data.'” In addition to polarity and DC vector
orientation, we also demonstrate that intracortical DCS-
LTD depends on stimulation duration and amplitude,
which complements previous findings in vivo and in
vitro.'®11193% However, we acknowledge that calibration
to current rather than to electrical field strength is a limi-
tation of the in vitro components of our experiments.
We also recognize that scaling preclinical in vivo and in
vitro DC protocols with respect to stimulus amplitude
and focality to human tDCS studies may be difficult,
and is another study limitation.

As the number of tDCS studies in humans

10.1L.14-1638 o 4o in vitro rodent brain slice

expands,
studies that demonstrate modulation of brain excitability
by DCS."”***° Now, we present the first human in vitro
brain slice data showing a strong similarity between DCS
effects in mouse and human slices, suggesting that DCS-
LTD is not species-specific. With results that link mouse
and human in vitro DCS phenomena, we hope to sup-
port the translational value of rodent in vitro DCS
research and the potential of rodent work to inform clin-
ical tDCS applications in humans. One limitation of the
present human work is that tissues were derived from
patients with epilepsy, and were inconsistent with respect
to brain regions. Nevertheless, the resultant DCS-LTD in
human brain was qualitatively similar to DCS-LTD
measured in mouse M1 slices.

We discovered an mGluR5-dependent mechanism
underlying DCS-LTD. Notably, while confirming previ-
ously suggested GABAAR and NMDAR contributions to
(ODCS  aftereffect,'*2*3! we found that neither
GABAAR nor NMDAR blockade abolished DCS-LTD.
In contrast, an mGluR5 NAM (CTEP) completely abol-
ished DCS-LTD. Furthermore, an mGluR5 PAM
(CDPPB) facilitated cathodal DCS efficacy such that a
stimulus of insufficient duration to produce DCS-LTD
resulted in robust and lasting depression of cortical excit-
ability after CDPPB pretreatment. These data led us to
hypothesize that DCS-LTD shares essential features (eg,
dependence on mTOR activation and downstream pro-
tein synthesis) with conventional mGIluR-LTD. The lat-
ter can be reliably induced by group I mGluR agonists
or by paired-pulse low-frequency stimulation in diverse

212225 which is particularly relevant to

brain regions,
clinical embodiments of tDCS, which may be applied to
a range of cortical targets. We anticipate follow-up
experiments to test whether pharmacological mGluR5
modulation also affects DCS-LTD in human neocortical
slices.

Given the postsynaptic locus of group I mGluRs,

our data indicate that cathodal DCS triggers a
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and *p < 0.05 by 1-way ANOVA post-test.
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postsynaptic signaling pathway to induce LTD. This is
confirmed by our finding that no significant PPF change
was induced by cathodal DCS (see Fig 3).mTOR-
dependent

translational regulation has been well

described as an essential mechanism of mGluR-
LTD.?"**?* Our finding that rapamycin inhibited DCS-
LTD similarly supports a critical role for mTOR activa-
tion in DCS-LTD. Further support for this conclusion
comes from increased phosphorylation of S6 after DCS-
LTD. Moreover, we find that protein synthesis inhibition
by CHX blocks DCS-LTD. Thus, we conclude that
DCS-LTD and classic protein synthesis—dependent
mGIluR-LTD share common mechanisms.*'

Given that NMDAR blockade attenuates (but does
not abolish) DCS-LTD, we propose that NMDAR acti-
vation contributes to the DCS-LTD phenomenon via a
mechanism shared with the mGIuR5-mTOR signaling
pathway, rather than via a separate pathway. We base this
hypothesis on our results showing that rapamycin com-
pletely blocks DCS-LTD, thus indicating that the signal-
ing pathways engaged by either NMDARs or mGluR5
activation are both upstream of mTOR activation. Our
finding that ERK/MAPK pathway is not involved in
DCS-LTD also supports a common (mTOR-mediated)
mechanism rather than multiple parallel processes leading
to DCS-LTD. One possibility is that NMDAR activation
facilitates mGluR5-mediated LTD after DCS. This is
consistent with growing evidence that NMDAR and
mGIuRS5 are closely associated signaling partners involved
in synaptic plasticity.>* !

Our finding that DCS-LTD is attenuated by BIC
suggests that enhancement of GABAergic inhibition by
cathodal DCS also contributes to DCS-LTD. In this
regard, published results show that mGIluR5 activation
increases GABA release in vivo®? and GABA,R-mediated
postsynaptic currents in vitro.*> Thus, GABAAR activa-
tion might be a downstream effect of mGluR5 activation
by cathodal DCS. Taken together, our results show that
the mGluR5-mTOR pathway is necessary and sufficient
for DCS-LTD, whereas the NMDAR and GABAAR
pathways, although contributory, are not sufficient for
DCS-LTD. However, the interaction between mGluR5-
mTOR and NMDAR/GABAAR mechanisms will require
further study.

In the clinical arena, impaired mGIuR-LTD or
mTOR signaling contributes to the pathophysiology of
neurological diseases such as Parkinson disease,?! drug
and Rett
syndrome.”> Complementing these data are results indi-

addiction,?’ Phelan-McDermid syndrome,44

cating that augmented mGluR5 signaling restores synap-

tic function in some disease models.***® In our
experiments, we find that mGluR5-dependent LTD can

12

be induced by cathodal DCS in cortex, which suggests a
therapeutic potential for cathodal DCS in neuropsychiat-
ric disorders characterized by impaired mGluR5 signaling
and/or mGluR5-dependent synaptic plasticity. Moreover,
our finding that the mGluR5 PAM (CDPPB) transforms
a transient depressive effect of DCS application into
LTD suggests that combining appropriate pharmacother-
apy with tDCS will enhance tDCS therapeutic efficacy.
Notably, CDPPB alone did not change baseline fEPSPs
(see Fig 7D), which indicates a synergistic rather than
additive interaction between DCS and pharmacologic
mGluR5 modulation. Prior studies show that tDCS
combined with pharmacotherapy is more effective than
tDCS alone in the treatment of depressed patients®*4*47
and suppressing epileptic seizures in rats,/ and our data
add a mechanistic insight that may further the develop-
ment of logical drug—tDCS combinations.

Our findings also underscore the importance of
carefully selecting neurologic disorders whose pathophysi-
ology is a correct match for tDCS. In disorders with
already pathologically enhanced mGluR5 and/or mTOR

activity—such as Fragile X?"*® or certain forms of epi-
lepsy**5°

these and similar instances, the benefit of focal reduction

—cathodal tDCS may not be appropriate. In

in cortical excitability by cathodal tDCS will have to be
considered in the context of the molecular mechanisms
and cellular consequences of this intervention. In short,
continued research will have to address how to optimally
select patients for tDCS and to combine tDCS and
pharmacotherapy.
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