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Learning Objectives

1. The brain is an electrochemical organ.
2. What are the effects of daily medications on rTMS effectiveness.

• Chronic effects: Homeostatic Plasticity

3. Putative mechanisms of repetitive rTMS.
4. Leveraging these mechanisms can enhance rTMS efficacy.
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How The Brain Works

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

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

DrugsTMS
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The Problem: The Gap 

Carpenter et al., Depress Anxiety, 2012Adapted from Rush et al., AJP, 2006 (STAR-D)

MDD treatment 
resistance: 90 Million 

Sackeim et al., J Affect Dis, 2020

1st Med 2nd Med 3rd Med 4th Med

TM
S 

R
es

po
ns

e 
an

d
R

em
is

si
on

 R
at

es
 (P

H
Q

-9
)

n=307
n=2084

 Pulse # [3000]

The Goal:

The Gap:
Early Days

Recent Days

Our Q: How do we make TMS better? PLE
ASE D

O N
OT C

OPY



Treatment resistant? More meds vs. TMS 

Papakostas et al, Molecular Psychiatry, 2024

Remission Rates

Dalhuisen, et al, AJP, 2024
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What role do medications have in TMS response? 

What recommendations should we make for our 
patients? 
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Is TMS better with Meds? 

Sehatzadeh et al., J Psychiatry Neurosci, 2019PLE
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“Concurrent antidepressant or 
mood stabilizer therapy was 

associated with a higher rate of 
response.” (Fitzgerald, 2006)

“The medication-free patients…had given up on medication treatment usually after 
multiple failed trials…they may be a different… subgroup.”  (Fitzgerald, 2016)

Is TMS better with Meds? 

PLE
ASE D

O N
OT C

OPY



Psychostimulants: Enhances TMS response
*Retrospective
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Antipsychotics: interfere with TMS response
Lorazepam: interferes with TMS response

*Both Retrospective
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Benzo’s & Stimulants

Hunter et al., Brain Behav, 2019

Supported by: THREE-D study sub-analysis: 123/388 patients. (Kaster, AJP, 2019)
• BDZ users more likely NON-responders
• BDZ users more likely slower trajectory

BDZ Not Supported by: Two clinical trials: 64/121 patients. (Fitzgerald, Brain Stim, 2020)
More to come on Stimulants? PLE
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Drug effects on 
Cortical Excitability
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Summary of Naturalistic Rx’s
• 5 retrospective comparisons: 

– Antipsychotics and Benzo’s (x2) (may) impair
– Stimulants/dopaminergics (may) enhance (x2)

• *Non-controlled open-label data*

• What level of evidence do we need to change practice??

• What about NON-Rx drugs?
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Turco, Brain Sci, 2020
THC–Observational Data from Butler Hospital:
(n of  56, 28 THC users, 28 matched)

Users: 12/28 responders, 5/28 remitters
Matched: 16/28 responders, 11/28 remitters 

6 cases (Confusion, Psychosis, Sensory Changes, Panic)
-DePamphilis, Brain Stimulation, 2024 PLE
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How about our Drug of Choice?
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How Does the Most 
Common Stimulant 

(Caffeine) Effect 
TMS?

Vigne et al, Front Psych, 2023

Caffeine
Non-Caffeine

Caffeine

Caffeine-Free
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Should we advise against caffeine use during TMS??

Frick et al, Psychopharm, 2021

Kweon et al, TMS, 2025 PLE
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What is the rate-limited “engine” of  TMS modulation of  the brain? 

How did we get from 
Model T to F1? 

Early/current TMS Future TMS
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rTMS

How does rTMS produce lasting 
therapeutic changes in the brain?
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The 

Brown, Higgins & George, Neuromodulation, 2022
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Synaptic Plasticity
critically depends on NMDA receptors

Brown et al, Neuromodulation, 2022

Vlachos, J Neuro, 2012
Huang, Clin Neurophys, 2007PLE
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Receptor Modulation

NMDA
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Adapted from Brown et al., Brain Stimulation, 2020

NMDAR 
Activation is 
Sufficient to 

Enhance Plasticity

Vlachos et al., Neuroforum, 2017

Baseline Post-TMS
Does TMS work 

through LTP? 

• Brown et al., Brain Stimul, 2021
• Vigne et al., Front Psych, 2023

• Kweon et al., Front Neural Circuits, 
2023

Homeostatic Depression

Occlusion

NMDAR-mediated

Enduring Effects

• Brown et al., Brain Stimul, 2021

Learning Augments

• Brown et al., Brain Stimul, 2020
• Kim et al., In prep
• Ganesh et al. Submitted
• Kweon et al, SubmittedPLE
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Evidence for LTP 

Vlachos et al, J Neuro, 2012

And ↓GABA! 

Lenz et al, Nat Comm, 2016Vlachos et al, J Neuro, 2012PLE
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iTBS

Kim et al., In Prep

• NMDAR agonism (DCS) 
enhances plasticity

• NMDAR antagonist 
(DXM) “knocks down”

• GABAR agonism NOT
increased after TMS = No 
reduction in receptors
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10-Hz rTMS

Kweon et al., Submitted Manuscript
10

-H
z 

TM
S *

*
• NMDAR agonism (DCS) 

enhances plasticity

• NMDAR antagonist 
(DXM) “knocks down”

• GABAR agonism NOT
increased after TMS = No 
reduction in receptors
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Does iTBS and 10-Hz 
work in the same way?

Blumberger et al., Lancet, 2018

Ganesh et al., Revised Manuscript Submitted

No Difference 
between protocols

No Difference 
between protocols

10Hz more 
inhibited by LZP

10Hz more 
facilitation with DCS
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Does iTBS and 10-Hz 
work in the same way? No Difference 

between protocols

No Difference 
between protocols

10Hz more 
inhibited by LZP

10Hz more 
facilitation with DCS

• DCS enhances 10-Hz > iTBS:
• Partial occlusion?

• 10-Hz more inhibited by iTBS: 
• iTBS removes GABARs?
• iTBS LTP compensates?

Ganesh et al., TMS, 2025PLE
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The 

Brown, Higgins & George, Neuromodulation, 2022

Does this Translate to 
Clinical Improvements?

Behavior

Network

Neuron

Synapse

Protein

DNA
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What does Synaptic Plasticity 
have to do with Clinical TMS? 

Cole et al., JAMA Psych, 2022

2 weeks DCS

O’Reardon et al., Biol Psych, 2007

Pivotal TMS Trial

10-Hz
3000 pulses
120%
4/26 sec duty cycle
5cm targeting

iTBS
600 pulses
80%
5/50Hz, 2/8 sec 
Beam F3

D-cycloserine

Boosting Synaptic Plasticity Improves Clinical TMS Efficacy
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4 weeks DCS

DeMayo et al., J Affect Dis, 2025

4 weeks: 
75% Remission 

What does Synaptic Plasticity 
have to do with Clinical TMS? 

Carpenter et al., Depress 
Anxiety, 2012

Sackeim et al., J Affect Dis, 2020

6+ weeks: 
29% Remission 

(Naturalistic)
6+ weeks: 

~30% Remission 
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McGirr et al., AJP, 2025

What does Synaptic Plasticity 
have to do with Clinical TMS? 

Carmi et al., AJP, 2018

YBOCS 𝚫𝚫: 2YBOCS 𝚫𝚫: 8 DCS v Active 𝚫𝚫: 6

For OCD
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Why d-cycloserine?
• FDA-approved for Tuberculosis
• FDA-approved for Cystitis

• NMDA receptor partial agonist (when 
<250mg) (Review: Schade et al., Int J Neuropsychopharm, 
2016)

Why the NMDA receptor? 

Tang et al., Nature, 1999
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If NMDAR makes TMS better, 
what about an antidepressant? 

Brunelin et al., Brain Stim, 2014
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NMDA?? What about (Ketamine) + rTMS?

• Systematic Review (Debowska, Front Neurosci, 2023):
– No Prospective Studies!
– 11 studies reported 

• n of 1 Case studies: 7
• 4 retrospective studies: total n of 53 

– 1-Hz x2 studies (short-term and 2-year follow up)
– 10-Hz x1 study

–All report improvement 
–1 comparative study

36 TMS (H-coil) +/- 6 IV ketamine treatments 

Shanok et al., Psychopharm, 2024PLE
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Recap

• NMDAR agonist, d-cycloserine, enhances TMS effectiveness
– …Through NMDA receptor activation
– …Which is central to LTP
– …suggests TMS works through LTP. 
– May be Trandiagnostic!

• Neither SNRI (venlafaxine) nor ketamine helped TMS.

• Any other augmentation candidates??
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Survey of Pharmacologic Enhancement
Sohn et al., J Psychiatry Neurosci, 2024
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Legend
Increased
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No Effect

Blocked

Flipped

LTP LTD

LTP LTD
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iTBS
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Legend
Increased
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Legend
Increased
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LTP LTD

LTP LTD

LTP LTD

LTP LTD

LTP LTD

Low: High: 
Clinical:   ?

PLE
ASE D

O N
OT C

OPY



Where are we Headed?
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To the Future!
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The Problem of TMS’ 
Infinite Parameter Space

Caulfield & Brown, Front. Psych, 2022

Potential
⌵
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Accelerated TMS

n=14

n=15

71% Response Rate
(57% Remission)

69% Response Rate
(46% Remission)

Cole et al., AJP, 2021

Open-label: 70% 
Response Rate (n=20)

Sham in Pivotal Trial

Active in Pivotal Trial
(20-30 sessions)

(50 sessions)

*(Comparable to 
Response rates to 
50 daily sessions)*
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What if we Combined the Rapid action of Accelerated TMS with the 
Enhanced Efficiency of Mechanism-guided Augmentation of TMS?  

TMS aTMS
TMS 

mechanisms
TMS mechanisms 
clinically applied

Hypothesis: 

Null 
Hypothesis: 
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D-cycloserine had lower MEPs than Placebo D-cycloserine did NOT
improve clinical responsePLE
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Vaughn et al, TMS 2025

What Happened?  
• One key difference: 

1800 pulses vs 600 pulses

• 600 v 900 pulses: more pulses= 
more robust plasticity

• Only weak LTP protocols 
enhanced by DCS (Vestring 2024) = 
Occlusion

• Our DARPA-funded 3-day
study 1800 pulses w/ similar 
effects

In the meantime…

80-90% remission rates @ 3 months –
After 1 day of  treatmentPLE
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Take Home Points – TMS & Pharmacology

• Daily TMS with D-cycloserine: Not yet FDA-cleared: NMDAR agonism (d-
cycloserine) has RCT and open-label and physiology data suggesting benefit (Only 
RCT)

• One-day accelerated TMS with D-cycloserine: Naturalistic Case Series
• Controlled trials: Ketamine, SNRI = no benefit when added to TMS. 
• Naturalistic Observations: 

– Antidepressants and mood stabilizers seem to help overall TMS response (nothing prospective) 
– Stimulants (incl caffeine) could help TMS (nothing prospective)
– Benzos could impair TMS (nothing prospective)
– Marijuana could be harmful with TMS
– Augmenting Accelerated TMS (Possible!)
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Questions?

Thank You!
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