Introduction

* Neuropsychiatric disorders strike billions of people worldwide.

* 30% of all Americans have chronic physical pain (Institute of Medicine of
the National Academies of Science).

* 10% of all Americans have chronic emotional pain according to: 1)
Sequenced Treatment Alternatives to Relieve Depression (STAR*D) study
and also 2) National Institute of Mental Health.

* By extrapolation, 40% of the population experiences chronic pain when
somatic and emotional sequelae are combined.
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Pharmacologist's nightmare. Multifaceted activities of ketamine have suggested several potential therapeutic uses including those shown. This conundrum is
reminiscent of the ‘blind men and the elephant’ (Adopted from Original Artist - G. Renee Guzlas).
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Summary

Background: Neuronal elements underlying perception, cog-
nition, and action exhibit distinct oscillatory phenomena,
measured in humans by electro- or magnetoencephalography
(EEG/MEG). So far, the correlative or causal nature of the
link between brain oscillations and functions has remained
elusive. A compelling demonstration of causality would pri-
marily generate oscillatory signatures that are known to corre-
late with particular cognitive functions and then assess the
behavioral consequences. Here, we provide the first direct
evidence for causal entrainment of brain oscillations by tran-
scvamal magnetic stimulation (TMS) using concurrent EEG.

Rest ised rhythmic TMS bursts to directly interact with
an MEG -identified paﬂela\ a-oscillator, activated by attention

itt
a-frequency (+-TMS), we confirmed the three main predic-

are induced during 5-TMS (reproducing an oscillatory signa-
ture of the stimulated parietal cortex), (2) that there is pro-
of this a-activity the tar-
geted, o-g ~TMSt that
on the pre-TMS phase of the background s-rhythm (entrain-
ment of natural, ongoing z-oscillations). Control conditions
ing di ™S i TMS-EEG

mating current stimulation (tACS) allows
stimulation ul the human brain at Irequencnes of blo\oglcally

12
imental support that hoth rhythmic TMS and tACS interact
with natural brain oscillations in a frequency-specific manner
[3-8]. This is based on findings that rhythmic stimulation of
occipital or parietal areas results in specific (and immediate)
perceptual consequences, when the stimulation frequency is
tuned to the preferred oscillation frequency of the target area
[3-8]. (For analogous effects within the motor system, see [9].)

The above research provides new clues on two long-
standing questions: (1) How does TMS (or tACS) interact with
ongoing, here oscillatory brain activity to give rise to behav-
ioral effects, and (2), what is the functional relevance of brain
oscillations? It does so by pointing toward immediate and
specific behavioral consequences depending on TMS (or
1ACS) frequency. However, these studies [3-8] have one main
limitation: they manipulated stimulation frequency (TMS or
tACS) and reported behavioral outcome, but they did not
study changes in brain activity, the underlying
mechanisms.

Here, we present the missing piece to the puzzle of how
these immediate, frequency-dependent effects on perception
could come about during rhythmic TMS. Our study builds from
the evidence that the behavioral effects ol rhythmic TMS (ar
ACS) to stimulation that were id
fied as perceptually relevant in prior EEG/MEG research [3-8].
From this 1:1 frequency locking between the most effective
TMS frequency and the perceptually relevant EEG/MEG
frequency derives the hypothesis that rhythmic TMS pulses
may have entrained the underlying rhythmic generator. This
entrainment hypothesis therefore posits that frequency-
tuned rhythmic TM: in direct i
with the underlying brain oscillation. As a consequence, one
of the mechanisms by which rhythmic TMS exerts its action
on behavior could be the reproduction of a natural oscillatory
signature of brain activity (that is also functionally relevant).

Entrainment supposes (1) the induction of a distinct entrain-
ment signature, which emerges during rhythmic TMS and

whose

head confirmed: specificity of a-boosting to the case of
synchronization between TMS train and neural oscillator.
e periodic force that is

and frequency reproduce the natural oscil-
lation of the lavge(ed generator. Entrainment also supposes
that there is (2) progressive enhancement of the target oscilla-
tion in Ihe course of the TMS train as a result of progressive

generated during rhythmic TMS can cause local
of natural brain oscillations, emulating oscillatory signatures
activated by cognitive tasks. This reveals a new mechanism
of online TMS action on brain activity and can account for
frequency-specific behavioral TMS effects at the level of
biologically relevant rhythms.

Introduction

As a method, transcranial magnetic stimulation (TMS) enables
direct rhythmic stimulation of the human brain at frequencies
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by each > TMS pulse. Flnally,
) dl fthe target

generator, because it is supposedly driving e rain
oscillations, as opposed to generating new artificial rnymms.
We tested
rhythmic TMS of MEG-localized brain oscillators and con-
current multichannel EEG. We first identified a parietal z-oscil-
lator (i.e., showing oscillatory activity at a-frequency, 814 Hz),
whose EEG/MEG amplitude is regulated by visual attention
[10-13] and correlates with visual perception [13-16]. We
then tested in a passive condition whether rhythmic TMS of
this parietal area at ts preferred frequency entrains the under-
lying s-generator during TMS, explaining immediate and
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Abstract

Cumulative evidence from both humans and animals suggests that the anterior cingulate
cortex (ACC) is important for pain-related perception, and thus a likely target for pain relief
therapy. However, use of existing electrode based ACC stimulation has not significantly re-
duced pain, at least in part due to the lack of specificity and likely co-activation of both excit-
atory and inhibitory neurons. Herein, we report a dramatic reduction of pain behavior in
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ic mice by optogeneti of the inhibitory neural circuitry of the ACC ex-
pressing 3 confirmed that stimula-
tion of ACC inhibitory neurons is associated with decreased neural activity in the ACC.
Further, a distinct optogeneti intensity and frequency-deps tinhibition of
spiking activity in the ACC was observed. Moreover, we confirmed specific electrophysio-
logical responses from different neuronal units in the thalamus, in response to particular
types of painful stimuli (i,e., formalin injection, pinch), which we found to be modulated by
optogenetic control of the ACC inhibitory neurons. These results underscore the inhibition
of the ACC as a clinical alternative in inhibiting chronic pain, and leads to a better under-
standing of the pain processing circuitry of the cingulate cortex.
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Intr
Chronic pain is a major world-wide health issue, leading to severe impairment of patient’s nor-
mal psychological and physical function [1]. Chronic pain is associated with long-term over-
activity of sensory pathways involved in the natural processing of noxious information such as
peripheral i in the spinal dorsal horn, thalamic nuclei, and sensory

manuscript.
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cortex [2]. Sustained inhibition of such circuits has been proposed as a possible strategy to mit-
igate pain. However, inhibition of idiopathic chronic pain s rarely achieved, and management
of chronic pain remains a significant challenge. Therefore, there is an intense need for
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Optogenetic stimulation of infralimbic PFC reproduces
ketamine's rapid and sustained antidepressant actions
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Ketamine produces rapid and sustained antidepressant actions in
depressed patients, but the precise cellular mechanisms underlying
these effects have not been identified. Here we determined if
modulation of neuronal activity in the infralimbic prefrontal cortex
(IL-PFC) underlies the antidepressant and anxiolytic actions of keta-
mine. We found that neuronal inactivation of the ILPC completely
blocked the antidepressant and anxiolytic effects of systemic keta-
mine in rodent models and that ketamine microinfusion into IL-PFC
reproduced these behavioral actions of systemic ketamine, We also
found that optogenetic stimulation of the IL-PFC produced rapid and
long-lasting antidepressant and anxiolytic effects and that these
ects are associated with increased number and function of spine
synapses of layer V pyramidal neurons. The resuits that

guidelines for the care and use of laboratory animals and the Yale University
Institutional Animal Care and Use Committee. Rats were anesthetized with
pentobarbital (50 mgkg, ip.) and implanted with bilateral guide cannula
positioned 1 mm above the site of infusion in either IL [+2.8 mm AP (ante-
roposterior); 3.1 mm ML (mediolateral); 3.8 mm DV (dorsoventral); angled at
307 or Prl (+3.0 mm AP; £0.50 28 mm DV) (12). An angled placement
was used for IL. Microinfusions were performed bilaterally into L or PrL (0.2 L.
0.1 umin) 7 d after surgery. The infusion sites and volumes were based on
previous reports demonstrating restricted spread and subregion-specifc in-
activation following muscimol infusion in the IL or PrL (19, 20). Muscimol
(1.25 4ug/0.2 L per hemisphere) or vehicle were microinfused 30 min before
ketamine (10 mgkg, i), a dose that produces antidepressant responses (4).
Mlcvomius\on of ketamine included 3,10, or 30 ng0.2 . per hemisphere

ketamine infusions or optogenetic stimulation of IL-PFC are sufficient
to produce long-asting antidepressant behavioral and synaptic re-
sponses similar to the effects of systemic ketamine administration.

prefrontal cortex | synapse | neural depolarization | antidepressant |
glutamate

'he NMDA receptor antagonist ketamine produces rapid and

robust therapeutic responses in treatment-resistant (1, 2) as
well as bipolar depressed patients (3). Preclinical studies report
that ketamine also rapidly increases the number and function of
spine synapses in the medial prefrontal cortex (mPFC) and that
these effects are associated with rapid antidepressant behavioral
responses in rodent models (4). These findings represent a major
advance for the treatment of depression, although the widespread
use of ketamine is limited by side effects (e.g., psychotomimetic
and dissociative symptoms) and abuse potential. Further studies of
the mechanisms underlying the actions of ketamine could lead to
novel rapid antidepressant treatments with fewer side effects.

Neuroimaging studies in humans demonstrate that ketamine
increases the activity of PFC (5-7), consistent with evidence of
rapid increases of glutamate transmission in rodent PEC (8, 9). In
addition, depressed patients are reported to have reduced activity
in the PFC (10) that is normalized with treatment (11). Rodent
studics also demonstrate that long-term stress causes neuronal
atrophy of mPFC neurons (12, 13) that is rapidly reversed by
ketamine (14). Subregions of the mPFC, including infralimbic (IL)
and prelimbic (PrL), have been implicated in diverse cognitive and
emotional processes, including fear learning, extinction, and anx-
iety (15-18). However, the role of PFC activity in the behavioral
responses to ketamine has not been examined.

Here we examined the antidepressant behavioral effects of neu-
ronal inactivation or direct infusions of ketamine into the IL-PFC
and compared these effects with PrL-PFC. Using optogenetics, we
also examined the antidepressant and anxiolytic effects of neuronal
activation in IL-PFC and determined the impact on pyramidal cell

FAAV2/CaMKila-C}
o o Cocolmavil Core) or a control vector expressing GFP (rAAV2-GFP, in-
house) were infused. Rats were anesthetized with ketamine (80 mg/ka) and
xylazine (6 mg/kg); this anesthetic dose of ketamine does not produce anti-
depressant actions (4). Virus was infused (05 uL, 0.1 yLimin) into the IL (+3.2 mm
8 mm ML 5.5 mm DV) or Prl (+3.2 mm AP; =0.8 mm ML 30 mm DV)
(12), and optical fibers were placed 0.2 mm above the vius injection site and
attached to the skull. For optical stimulation, rats were lightly anesthetized
(isoflurane) o attach the fiberoptic, and animals with both control and active
GERGEE ol o it B by Dl iy
mW; 473-nm laser) for 60 min (1 min on and 1 min off for 30 cyles).
pyramidal
by NMDA receptor antagonism (9) and optogenetic settings necessary to re-
produce ths firing pattern (2

CEDE SR T cl s (s e

o from rats that
had been stereotaxically Inected nto the I with FAAV2.CHZ-oYFP or
TAAV2-GFP as Dvevlously described (14, 22). One dy late, brans from
stimulated rats were sectioned (400-um-thick coronal mPFC sections). YFP+
or GFP+ pyramidal neurons i layer V were visualized by infrared differential

Significance

Clini i ingle, low dose of ketamine prod
a rapid antidepressant response in treatment-resistant depressed
tients. Although rodent studies have begun to elucidate the
molecular mechanisms underlying the behavioral actions of ket-
amine, the brain regions and cellular mechanisms have not been
defined. Using a combination of pharmacological silencing and
optogenetic stimulation approaches, the results of the current
study demonstrate that ketamine infusion or optogenetic stimu-
L0 T T P T
behavioral and synaptic responses similar to the actions of sy
et R oot e e et e
underlying the therapeutic actions of ketamine and will enhance
the development of safer rapid-acting and efficacious agents.

Author contrbutions: MF., GK A, and RS.. designed research; M£, AT, RL, ESW, and
8s. RJD, and GKA.,

spine number and function to assess long-term

Methods and Materials

dult
Dawley rats (Charles River Laboratories) weighing 150-250 g were pair-
housed on a 12-h light/dark cycle (lights on 07:00 h) with food and water
available ad libitum. All procedures were done in accordance with the NIH

www.pnas org/egiidoif10.1073/pnas 1414728112
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