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A rTMS o

How does rTMS produce lasting
therapeutic changes in the brain?



How The Brain Works

Electro Chemical

The Brain is an Electrochemical Organ

Electricity is the Currency of the Brain

All of synaptic pharmacology simply serves to transmit electrical
signals to the next neuron

\R7, N - Reuptake of the neurotransmitter
Enzymes conver! M limits the duration of the signal and
tyrosine to do ne g
allows the cell to recycle the neuro-

T M S e . transmitter.
a
’

Higoins & George, Brain Stimulation Therapies for Clinicians, 2019, slide adapted from Mark George



The End at the Beginning

IE Cumulative distribution
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DCS nonresponder
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Figure 2. Clinical Outcomes in Participants Who Received Intermittent
Plus Placebo and iTBS Plus D-Cycloserine (DCS)
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Why d-cycloserine?

FDA-approved for Tuberculosis
FDA-approved for Cystitis

NMDA receptor partialagonist

At low doses:

— NMDA recéptet agonist ~ @




Why the NMDA receptor?
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Tang et al., Nature, 1999
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Brown, Higgins & George, Neuromodulation, 2022



Synaptic Plasticity
critically depends on NMD A receptors

LTD . LTP
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Brown, Higgins & George, Newuromodulation, 2022



Does TMS Work through
L'TP-like Mechanisms??
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Testing plasticity 1n humans

Motor-Evoked Potentials

Reeeptor Modulation

Baseline Post-rTMS A MEP =

Excitability g2 @& “Plasticity 4 Excitability
(MEPSs) Protocol” (MEPs) PLASTICITY



Journal of Physiology (2002),543.2, pp. 699-708

DOL: 10.1113/jphysiol.2002.023317
© The Physiological Society 2002

www jphysiol.org

Mechanisms of enhancement of human motor cortex
excitability induced by interventional paired associative
stimulation

Katja Stefan *, Erwin Kunesch *, Reiner Benecke *, Leonardo G. Cohen 1 and Joseph Classen *#

Placebo Dextromethorphan

Amplitude (percent of control)

J Neurophysiol 89: 2339-2345. 2003.
First published January 22, 2003: 10.1152/j0.00900.2002.

translational physiology

A Temporally Asymmetric Hebbian Rule Governing Plasticity in the Human
Motor Cortex

Alexander Wolters,"* Friedhelm Sandbrink,* Antje Schlottmann,' Erwin Kunesch, Katja Stefan,’
Leonardo G. Cohen,2 Reiner Benecke,l and Joseph Classen™®
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Heat-Evoked Experimental Pain Induces Long-Term Potentiation-Like Plasticity
in Human Primary Motor Cortex

A. Suppal, A. Biasiotta?, D. Belvisi?, L. Marsili2, S. La€Cesa?) A. Truini?, G. Cruccu? and A. Berardelli'-?
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NMDAR Antagonism:
Ketamine + rTMS?

* Systematic Review from Debowski et al; Front Neurosci, 2023:
— No Prospective Studies!
— 11 studies reported
e 7 of 1 Case studies: 7
* 4 retrospective studies:total 7 of 53
— 1-Hz x2 (I'study a 2-year follow up
— 10-Hzx1

—Conclusion: We don’t yet know!



Are NMDARs
Sufficient

to Enhance
TMS effeCtS? R:ati?t,ion intiri?lfs et

Tang et al., Nature, 1999
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Is NMDAR activation sufficient
(specific) to enhance 1TBS facilitation?
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Occlusion
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NMDA Receptor Agonism
Augments 10-Hz+FMS
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N
ot
N o

Post/Pre MEPs

Placebo

;
E
@
o
2
s
S
<

o
(3]

—e—D-Cycloserine

Placebo D-cycloserine

Brown et al., Brain Stimulation, 2020



Change in RC Intercept

NMDA Receptor Activation |_G_G__——
Enhances Plasticity

Recruitment Curves
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“Practice (Learning) =2
Enhanced Plasticity’”

Normalized Post-rTMS MEPs
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M&A: Musicians & Athletes

rTMS Omin  15min 30min 45min 60 min
Kweon et al., Front Neural Circuits, 2023




Paired-Pulse TMS

Baseline |CI

ISI: 3 ms

Subthreshold
pre-pulse
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Intracortical Facilitation:
L'TP-like Occlusion?
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Brown et al, Brain Stimulation, 2021




Intracortical Inhibition:
L'TP (like)-induced homeostatic depression?

Post-Pre rTMS ICI Change . Single-Pulse and Paired-Pulse MEPs
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Recap

D-cycloserine improved TMS etfectiveness
... Through NMDA receptotactivation
...Which is central to LLTP

So, there 1s evidence to suggest TMS works
through LTP.

And that’s it!



The GABA 2) GABA receptors decreased after rMS
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.| #=NMDA antagonist different from agonist (knockdown)
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So...Does conventional rTMS work through
NMDARs or GABARs (1n healthy-humans)?

Normalized to Baseline MEP Amplitudes Over Time - 10Hz

*= different from placebo

* GABAR

Post-0 Post - 30

DCS —--DCS+DMO —-LZP

Unpublished Data in Preparation



d) SRC Change from Baseline to Next Day

1 - *

Does
Healthy = MDD?
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Does
10-Hz = 1TBS?

HRSD-17 score

Conditions
—&— 10 Hz rTMS
—&- iTBS
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Figure 3: Change in HRSD-17 scores over time, comparing the 10 Hz rTMS and iTBS treatment groups

Blumberger et al., Lancet, 2018

Unpublished Data in Preparation




If GABAR were Reduced, what is
Clinical Effect of GABA agonists?

An externefilé that holds.a picturepillustration,
etc.
Object nare is BRB3-9-e01275-g002.jpg

Hunter et al., Brain Behav, 2019

Supported by: THREE=D study sub-analysis: 123/388 patients. (Kaster, AJP, 2019)
* More likely nofi-résponder group,
* More likelyslower'trajectory group

Not Supportéed by: Two clinical trials: 64/121 patients. (Fitzgerald, Brain Stim, 2020)




How Does the Most
Common Stimulant
(Catteine) Etfect
TMS?

Normalized Post rTMS MEPs

Non-Caffeine Users

5]

MEP/Baseline MEP
= N ¢
[ IS ORI RTINS ]

e

rTMS Post 15 Post 30 Post 45 Post 60

et al, Front Psych, 2023

MEP/Baseline MEP

MEP/Baseline MEP

5 i w
BN w s

S
o u

Normalized Post-rTMS MEP Averages

Baseline rTMS Post15 Post30 Post45 Post 60

= NCUPBO ==e=—=NCUDCS -+ CUPBO ~-e—(CUDCS

Normalized Post-rTMS MEP Averages

PBO DCS
EPBONCU EPBOCU BDCSNCU @DCscCU




C affelﬁe (a) 3-back > o-back (b) 0-back > 3-back
Continued

(d) Reaction time overall
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QIDS vs. Time

—+= (Caffeine

Clinical Effects
of Caffeine

Change from Baseline QIDS

Raw'Change in Score

1 a5 i 52 =] D7
Time Point
PHQ9 vs. Time -
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Unpublished Data in Preparation

Change from Baseline PHQ9

Time Point




Other Pharmacologic Considérations

DEPRESSION AND ANXIETY 33:746-753 (2016)

Research Article

A STUDY OF THE PATTERN OF RESPONSE TO rTMS
TREATMENT IN DEPRESSION

Paul B. Fitzgerald, M.B.B.S., M.P.M., Ph.D., FRANZCP,!*Kate E. Hoy, B.B.N.Sc. (Hons.),
D.Psych. (Clin. Neuro.),! Rodney J. Anderson, B.Sc. (Hons.), G.Dip.Psych.,! and
Zafiris J. Daskalakis, MiD., Ph.D., FRCP (C)?

* “Concurrent antidepressant or mood stabilizer therapy
was associated with a higher rate of response.”

* THC (# of 56, 28 THC users, 28 matched)
— Users: 12 responders, 5 remitters

— Matched:16 responders, 11 remitters



Can we Enhance Accelerated TMS?

Dose-Response Curve Model
a) Inverted U-Shaped Curve
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Caulfield & Bfown
Front. Psych, 2022
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g) Sessions Per Day

1x TMS x 6 weeks
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Can we Augment Accelerated TMS?
(Repeated Doses)

Stimulus Response Curve
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Wrightson et al., Newuropsychopharn, 2023



For Next Time...

Experimental Days 2-4

Baseline Synaptic
Transmission
R




28d Recap

* 1 Recap: LTP, NMDA, Ketamine, Augmented FMS with d-

cycloserine
* Since:
— GABA receptor mechanism
* Benzo’s (May impair TMS effeets?)
— 1TBS vs 10-Hz mechanisms.(I.TP-like +/- GABA)
— Healthy controls vs MDID\(MDD room to improve plasticity)
— Stimulants including Caffeine (Impairs LTP-like, Clinical??)
— Augmenting Aceelérated TMS (Possible!)
— Rx Meds 1n clinieal practice (Helps)
— THC 1n ¢linical practice (Hinders?)



k=1

What have we missed?

Excitatory synapse
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Sohn et al., Pharmacological enhancement of transcranial magnetic stimulation-induced synaptic plasticity: a
systematic review of mechanistically informed adjuncts. | Psychiatry Neurosci, In Press




Excitatory synapse
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Legend
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Legend Neuromodulatory synapse
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Non-(r)TMS as a Probe of
Drug Effects on Brain Excitability

A Resting motor threshold B Silent period duration
Phenytoin  [18mgikg
Phenytoin  f16mgikg
Lamotrigine [s2siig Tiagabine | 15mg
Lamotrigine  [300rg
Lamotrigine  [200g

Carbamazepine (600mg

Carbamazepine [600rig

Carbamazepine  |400mg Lorazepam | 2.6ug/kg/h iv.

Carbamazepine [400rig (7]

Carbamazepine (300mg (8]

0,00 0,50 1,00 1,50 2,00-3,00 200 -1,00 0,00 1,00
Cohen's d Cohen's d
C Short-interval intracortical inhibition D Intracortical facilitation [ Voltage-gated ion channel blockers
| Anti-glutamatergic drugs
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an Fluzole=3 100G 28] Riluzole | 150mg

(18] Lorazepam=| 2.5mg {17 Ri
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[20] Lorazepam | 2.5mg 2] Diazepam™| 0.17mglkg i..

(18] Diazepam™ 20mg [29] Diazepam™| 5mg

[19] Diazepame#| 20mg [24] Colbergalinems 2mg

(21] Diazepam | 20mg .

(0] Tiagagine 200,15/kg [iz] Halopeidol f:mg

22] Baclofen |"50mg [30] d-AMPH g

23] Bromocriptines 5mg (311 Reboxgtine |mémg

24] Cabergoline™s 2mg (32 Reboxdtine [mBmg

gg} Pergolide™s 0.125mg 33] Methylphenidlate mii2mg
Haloperidol _[#26mg 34 .

26] Methylphenidate _0mg: {27} Met:y:p:engate g::glkg
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5,00 3,00 -200 -1,00 0,00 1,00 -3,00 -2,50 -2,00 -1,50 -1,00 -0,50 0,00 0,50 1,00 1,50
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Ziemann et al., Clin Neurophys, 2015

|:| Anti-dopaminergic drugs
[ Noradrenergic drugs




Alprazolam
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TMS-EEG-

Pharm

Voltage (uV)

(16 Studies,
None with rTMS)

MEP amplitude;
[decreased by VGSC blockers (CBZ)

\ Decreased by AMPAR antagonist (PER )
Decreased by VGSC blockers (CBZ, LTG)

P23 P70/ _

Baclofen

Increased by GABABR agonist (BAC)

's\"“e’m
e
N100
N Decreased by positive modulators of
m GABAARS (ALF, DZP) and inhibitors of
”mism,ere

Increased by positive modulators presynaptic excitatory transmitter release)
of GABAARSs (ALP, DZP, ZLP) and (BRV, LEV)
NMDAR antagonist (DMO);

decreased by a5-GABAAR

antagonist (S44819)

Darmani & Ziemann, Brain Stimulation, 2019
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