
Bill Shuttleworth, PhD
Regents’ Distinguished Professor & Dept. Chair

Dept Neurosciences, UNM HSC

Tsunamis in the Brain
Discovery and potential significance of spreading depolarization

IEEE SPMB
Saturday 7th December 2024





OUTLINE

Introduction
• Spreading Depolarizations (“Brain Tsunamis”)

• Migraine, Brain Injury

Mechanisms & Translation to Practice
• Synaptic Depression

• Neuronal Injury

• Preventing SD Initiation

Summary and Perspectives



SPREADING DEPRESSION

http://jn.physiology.org/cgi/content/full/94/1/2/F1


Focal Stimulus Ischemia
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SPREADING DEPOLARIZATION
(Underlies Spreading Depression)

A, Leao,  Further observations on the spreading depression of activity in the cerebral cortex.  

J. Neurophysiol. 10 (1947) 409-414
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Neurovascular Coupling 
(anesthetized mice)



Spreading Depolarization
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Yu et al., PNAS 109 (2012) 2585-2589

Spreading Depolarization (SD) is a Fundamental Brain Mechanism 
Across Species and Preparations

Isolated Retina from Chicken

Hippocampal Slice from Mouse

Shuttleworth Lab



Spreading Depolarization Underlies

Migraine Aura?

Lashley 1941
~3mm/min across visual cortex



Spreading Depolarization Underlies

Migraine Aura?

Milner 
1958

Karl Lashley
1890-1958

Aristides Leão
1914-1993



Do Spreading Depolarizations

Occur in Humans?

Many decades of evidence from animal studies suggested 

that these events likely contribute to human conditions –

migraine, progression of stroke, TBI injury.



Do Spreading Depolarizations

Occur in Humans?

Many decades of evidence from animal studies suggested 

that these events likely contribute to human conditions –

migraine, progression of stroke, TBI injury.

BUT….

Almost universal rejection of idea that this was relevant for 

human patients (1947 to ~early 2000s)

• Not reported from EEG recordings

• Structure of human brain may not be suitable

• Neuron / glia ratio different

• Other mechanisms were considered more likely



Spreading Depolarizations

Occur in Humans



Spreading Depolarizations

Occur in Humans

Proc Natl Acad Sci U S A. 2001 Apr 10;98(8):4687-92. 



Dirnagl, U., Iadecola, C. & Moskowitz, M.A.  Trends in Neurosciences.  22 (1999) 391-397.

Progression of Brain Injury



“Delayed secondary phase of peri-infarct depolarizations
after focal cerebral ischemia: relation to infarct growth 
and neuroprotection.” 
JA Hartings et al., J Neurosci. 23 (2003) 11602-10.

Spreading Depolarizations

Occur Long after Initial Injury

Time post-occlusion (hours)



?

Progression of Brain Injury

Modified from: 

Dirnagl, U., Iadecola, C. & Moskowitz, M.A.  Trends in Neurosciences.  22 (1999) 391-397.



Spreading Depolarizations are 

Difficult to Detect in Humans



Spreading Depolarizations are 

Difficult to Detect in Humans

(?)



Hartings, Li, Hinzman, Shuttleworth, Ernst, Dreier, Wilson, Andaluz, Foreman & Carlson.

Direct current electrocorticography for clinical neuromonitoring of spreading depolarization.  

J Cereb Blood Flow Metab. 37 (2017) 1857-1870.

Subdural strip electrodes required for SD monitoring in ICU 

Andrew Carlson, M.D.
Dept. Neurosurgery, UVA



C. Dohman et al.,  Ann Neurol 63 (2008) 720-728.

Spreading Depolarizations contribute to injury at

surprisingly late time points 



Modified from: 

Dirnagl, U., Iadecola, C. & Moskowitz, M.A.  Trends in Neurosciences.  22 (1999) 391-397.

A second update to traditional model of stroke progression



2009

International Consortium
(Basic Scientists and Clinical Investigators) 

www.cosbid.org



2016

International Consortium
(Basic Scientists and Clinical Investigators) 

www.cosbid.org

2024

Coming up: 
Windsor, UK; December 2025



Spreading Depolarization (SD) is a Fundamental Brain Mechanism 
Across Species and Preparations

Santos et al., Neuroimage. 99 (2014) 244-55 

Anesthetized Pig

Human, intraoperative recording

Woitzilk et al., Neurology 80 (2013) 244-55 
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1.5 min loop

1.5 s frame interval

Camera
Interline Transfer

Objective
40x,10x; W.I.

K+ Stimulation
100ms pulse, 1MDC Recordings

Picospritzer

Tungsten Lamp

650nm
Bipolar Stim Electrode

500µm

Spreading Depolarization in a Brain Slice



Britta Lindquist

Long Suppression of Evoked 

Synaptic Potentials after SD

Potential Mechanisms for Prolonged

Suppression of Synaptic Activity :
Depolarization Block?

Dendritic Spine Retraction?

Adenosine Accumulation?
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Britta Lindquist

Brief Period of Action Potential Failure



Britta Lindquist

Extracellular Adenosine Accumulation
(Electrochemical detection – Sarissa probes)



Britta Lindquist

A1 receptor activation mediates prolonged 

secondary suppression of epsps
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Modified from: 

Dirnagl, U., Iadecola, C. & Moskowitz, M.A.  Trends in Neurosciences.  22 (1999) 391-397.

A second update to traditional model of stroke progression



Kate Reinhart

Kate Reinhart

A burst of excitotoxicity, time locked to SD
(basal glutamate low around stroke, until SD hits)

iGluSnFR cortical injection



Excitation in the late phase of SD (1)

Isamu

Aiba



Isamu

Aiba

Excitation in the late phase of SD (2)



Isamu

Aiba

Sustained Dendritic Ca2+ Elevations in the late SD phase

(Metabolically-compromised neurons)



Modified from: 

Dirnagl, U., Iadecola, C. & Moskowitz, M.A.  Trends in Neurosciences.  22 (1999) 391-397.

A second update to traditional model of stroke progression



Targeting Glutamate Overload with Ketamine



Andrew Carlson

Dept Neurosurgery

10 subjects, 1642 hours of Ecog.  

Strong dose dependent effect 

observed at doses >1.15mg/kg/h.  

OR=13.838, 95% CI= 1.99-1000 

Targeting Glutamate Overload with Ketamine



Targeting Glutamate Overload with Ketamine
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Generation of SD by neurosurgical procedures 
(anesthetized mice)

Andrew Carlson

Dept Neurosurgery



Operating Room Recordings



Cenk Ayata

Dept Neurology

Harvard, MGH

Generation of SD in focal stroke
(anesthetized mice)

von Bornstädt et al, Neuron 85 (2015) 1117-31



“Spontaneous” generation of SD in focal stroke
(anesthetized mice)

von Bornstädt et al, Neuron 85 (2015) 1117-31



Sensory stimulation and generation of SD in focal stroke
(anesthetized mice)

von Bornstädt et al, Neuron 85 (2015) 1117-31

Cenk Ayata

Dept Neurology

Harvard, MGH



Potential Interventions



Potential Interventions
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Perspectives (1)

• SD field is likely to grow 

rapidly

Non-invasive detection in patients will 

increase numbers being examined in an 

expanded number of disorders

• Translational potential 

appears high

As a fundamental brain mechanism, 

features are very well conserved across 

broad range of species

Targeting SD as an “upstream” has a 

number of advantages over targeting 

subsequent intracellular signaling 

cascades 

Migraine

Ischemic Stroke

Trauma

Subarachnoid Hemorrhage

Brain Death

Seizures

Sudden Unexpected Death in Epilepsy

Subdural Hematoma

Concussion

Electroconvulsive Therapy

Glioblastoma

SD studies underway in 

diverse clinical conditions

* Ongoing UNM & UVA studies



Perspectives (2)

Non-invasive detection 

methods may include:

• Scalp EEG

• Functional Near Infrared 

Spectroscopy (fNIRS)

• Functional Ultrasound 

(fUS)

• Others?



Perspectives (3)

• Development of

automated detection will 

be important for SD-

targeted therapies in the 

ICU

• Novel bioassays could 

also be helpful for 

bedside monitoring



Conclusions

• SDs are real in humans 
Contribute to migraine, acute brain injury

Likely a range of other disorders

• SD causes secondary injury progression and there is a 

large window of opportunity to target SD in the neuroICU

First trials underway targeting SDs with ketamine

• There are multiple strategies that could mitigate injury

caused by SD
Pharmacologic, physiological interventions, minimal stimulation, 

metabolic supplementation, astrocyte activation

• The role for SDs in other neurological/psychiatric conditions

is an area of emerging interest
Will benefit greatly from improved non-invasive detection



Support: 

NINDS: R01  NS106901

NIGMS: P20 GM109089 

NCATS: UL1TR000041

Michela Dell’Orco, Ph.D.

Jordan Weisend

Michael Bennett

Alissa Cabada-Gomez

Past Lab Members:

Shuttleworth Lab:
Andrew Carlson, M.D.
UNM Neurosurgery; now UVA

Russell Morton, Ph.D.
UNM Neurosciences

Chris Abbott, M.D., 

Davin Quinn, M.D.
UNM Psychiatry

Michel Torbey, M.D.
UNM Neurology

KC Brennan, M.D. 
University of Utah

Jed Hartings, Ph.D.
University of Cincinnati

COSBID consortium

Kate Reinhart, Ph.D.

Britta Lindquist, MD, Ph.D.

Isamu Aiba, Ph.D.

Russell Carter, Ph.D.

Jessica Seidel, Ph.D.

Rob Dietz MD, Ph.D.

Thom VanderJagt, Ph.D.

Zuzana Sumbalova Ph.D. 

Kevin Rowland, Ph.D.

Meg Hoskison, Ph.D. 

Angela Brennan, Ph.D. 

SD colleagues:

Acknowledgements

New Mexico Spreading 

Depolarization Consortium


