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CAMH Land Acknowledgement
CAMH is situated on lands that have been occupied by First Nations for millennia; lands 

rich in civilizations with knowledge of medicine, architecture, technology, and extensive 

trade routes throughout the Americas. In 1860, the site of CAMH appeared in the Colonial 

Records Office of British Crown as the council grounds of the Mississaugas of the New 

Credit, as they were known at the time.

Today, Toronto is covered by the Toronto Purchase, treaty No. 13 of 1805 with the 

Mississaugas of the Credit.

Toronto is now home to a vast diversity of First Nations, Inuit, and Métis who enrich this 

city.

CAMH is committed to reconciliation. We will honour the land through programs and 

places that reflect and respect its heritage. We will embrace the healing traditions of the 

Ancestors, and weave them into our caring practices. We will create new relationships and 

partnerships with First Nations, Inuit, and Métis and share the land and protect it for future 

generations.



Simulating brain microcircuit activity in mental health

Etay Hay

9:00 am 

- 10:30 am

Simulating EEG from brain microcircuits in mental health

Etay Hay

10:45 am 

- 12:15 pm

Tutorial ïsimulating and analyzing spiking from neurons 

and microcircuits

Frank Mazza

1:00 pm 

- 2:30 pm

Tutorial ïsimulating and analyzing EEG signals from 

brain microcircuits

Frank MazzaSpeakers]

2:45 pm 

- 4:15 pm

Day 4 - Synopsis



Cortical Microcircuits in Mental Health

Depression, Aging

Schizophrenia

Mechanisms of Cortical 

Processing

Diagnostic 

Biomarkers

Simulated 

EEG

Testing 

Pharmacology

In Silico

Human Microcircuit Models
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Simulating brain microcircuit activity 

in mental health



From Cellular Mechanisms to Brain 

Microcircuit Function

Gene Expression in 

Health and Depression
Brain Activity & Function

Stimulus Processing



Cortical Microcircuits

Microcircuits
Cerebral Cortex

Å~30,000 neurons in a cortical column

Å3,000-7,000 neurons in each layer

ÅDistinct neuronal types and connectivity



Stimulus Processing in Neuronal 

Microcircuits

Feature 

Selectivity

Hubel and Wiesel
(Nobel Prize)

Stimulus

Orientation

Neuron 

Response



Stimulus Processing in Neuronal 

Microcircuits

Feature Detection

Baseline vs. Signal

ÅPopulation coding

ÅBaseline (no signal) vs. response (signal)



Neuronal Microcircuit Properties

Circuit

Connectivity

Neuronal 

Electrophysiology



Neuron Types

Pyramidal 

Neuron
SST

Interneuron

PV

Interneuron
VIP

Interneuron

Reconstructed human morphologies from:



Allen Brain Database



Allen Brain Database



Neuronal Firing and Gain

Model Human 

Pyramidal Neuron

Model Human 

SST Interneuron

Frequency-Input Curve
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Biophysical Models

Simulated in NEURON



Membrane Currents



Ion Channel Models
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Hodgkin & Huxley (Nobel Prize)



Neuron Simulations

Simulated in NEURON

Istim

Vm

Experiment

Model

Ion channel densities optimized 

using Genetic Algorithms



Electrophysiological Features

Spike height, width

Spike rate

Adaptation

Latency



Multi-Objective Optimization

Å Objectives: electrophysiological features

Å Non-dominance

Å Pareto-front

Green models do 

not dominate each 

other

Black model 

doesnôt dominate 

green models



Genetic Algorithm Optimization

1. Population of N models

NaT CaHVA KT KP

Model 1 0.5 0.01 0.1 0.3

Model 2 0.2 0.05 0.5 0.5

é

Model N 0.1 0.1 0.2 0.2

Channel density



Genetic Algorithm Optimization

2a. Mutation with some probability

NaT CaHVA KT KP

Model 1 0.5 0.01 0.1 0.3

Model 2 0.18 0.05 0.75 0.5

é

Model N 0.1 0.1 0.2 0.2

NaT CaHVA KT KP

Model 1 0.5 0.01 0.1 0.3

Model 2 0.2 0.05 0.5 0.5

é

Model N 0.1 0.1 0.2 0.2



Genetic Algorithm Optimization

2b. Crossover between models

NaT CaHVA KT KP

Model 1 0.5 0.01 0.1 0.3

Model 2 0.18 0.05 0.75 0.5

é

Model N 0.1 0.1 0.2 0.2

NaT CaHVA KT KP

Model 1 0.5 0.05 0.75 0.3

Model 2 0.18 0.01 0.1 0.5

é

Model N 0.1 0.1 0.2 0.2



Genetic Algorithm Optimization

3. Evaluate model fitness

NaT CaHVA KT KP

Model 1 0.5 0.05 0.75 0.3

Model 2 0.18 0.01 0.1 0.5

é

Model 2N 0.1 0.1 0.2 0.2

Fitness (SD)

0.8

4.4

1.1



Genetic Algorithm Optimization

4. Select N best models as next generation

5. Iterate until model fitness is satisfactory

(converges within experimental variability)

NaT CaHVA KT KP

Model 1 0.5 0.05 0.75 0.3

Model 2 0.18 0.01 0.1 0.5

é

Model 2N 0.1 0.1 0.2 0.2

Fitness (SD)

0.8

4.4

1.1



Genetic Algorithm Optimization

SciNet, NSG, BlueGene

ÅUseful for optimizing biophysical models 

- Complex solution space

- System with unclear learning rule

ÅOptimality not guaranteed but convergence is 

often good

ÅParallel computing

ÅBluePyOpt available



Models of Neuronal Firing

(Yao et al, 2021)

Dendritic 

Properties

Input-Output

Properties



Parameter ranges from ~150 

models for somatic firing
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Biophysical Mechanisms

(Hay et al, 2011)

Experiment

Model

Model



Dendritic Na+ conductance in 

backpropagating spikes

~150 models for somatic spiking

vs.

~900 models for dendritic spiking
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Biophysical Mechanisms

(Hay et al, 2011)

Backpropagating spikes



Microcircuit Connectivity



Excitatory Connections

EPSP Summation

(Short-term Dynamics)
(Yao et al, 2021)



Lateral Inhibition

Pyramidal 

Neuron 1

SST

Interneuron

Pyramidal 

Neuron 2

Facilitating 

Summation

(Yao et al, 2021)



Microcircuit Models ïcell proportions

Cortical Layer 2/3

Microcircuit Models

Å20% interneurons in 

somatosensory microcircuits

Å30% interneurons in prefrontal 

microcircuits

ÅSlightly higher % in human vs. 

mice

(Yao et al, 2021)



Microcircuit Models ïconnectivity

Cortical Layer 2/3

Microcircuit Models
ÅPyrŸPyr, p = 0.15 (literature)

ÅType-specific probabilities 

(Allen Brain, Blue Brain)

(Yao et al, 2021)



Human vs. Rodent 

Cortical Microcircuits

ÅLarger neurons

ïaltered input integration 

ÅStronger inhibitory synapses

ÅLarger layer dimensions

- altered EEG contributions?

ÅModel prediction power for human 

disorders

Human Rat



Simulating Baseline Microcircuit Activity

Background input

(random)

Model reproduces baseline 

rates across neuron types(Yao et al. 2021)



Altered Inhibition in Depression

ÅMDD ïmajor depressive disorder 

(depression)

ÅLeading cause of disability 

worldwide

Å66% of patients resistant to SSRI 

treatment

ÅAltered inhibition associated with 

treatment-resistant depression 



Reduced SST Inhibition in Depression

(Seney et al. 2015)

SST Expression in SST+ Interneurons

SST

Interneuron

ÅPostmortem tissue, healthy vs. depression

Å~40% reduction across layers

ÅSupported by pharmacological (prevot 2019) and 

optogenetic (Fee 2021) studies in rodent models



SST - Baseline vs Response

ÅSST interneurons mediate baseline inhibition

ÅSilent during early response

(stimulus)

Gentet et al. 2012



Reduced SNR in depression?

ÅIncreased baseline spiking (noise)? 

ÅReduced signal-to-noise ratio, detection 

quality?

ÅMay play a role in rumination

(noise)

(signal)



Depression Microcircuit Models

SST expression data

(Yao et al. 2021)



Increased Baseline Activity in 

Depression Microcircuits

(Yao et al. 2021)

~50% increased 

firing in depression



Baseline vs Response Activity

Gentet et al. 2012

SST

PV

Pyr

VIP



Response Latency

Yu et al. 2019

(Pyr) (PV)



Simulating Microcircuit Response

(Yao et al. 2021)



Reduced Cortical SNR in 

Depression

(Yao et al. 2021)



Failed/False Stimulus Detection

(Yao et al. 2021)



Failed/False Detection in Depression

(Yao et al. 2021)



Measurable Deficits

Similar deficits seen in continuous performance test 

(CPT) in depression (visual attention)

(Koetsier et al, 2002)



Modeling Brain Microcircuits
Applications in Mental Health

ÅEstablish target mechanisms 

for new treatments

ÅImprove patient stratification
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Simulating EEG from brain 

microcircuits in mental health



From Cellular Mechanisms to Brain 

Microcircuit Signals

Altered Mechanisms in 

Depression
EEG Biomarkers?



EEG Biomarkers in Depression

(Grin-Yatsenko et al, 2009)

ÅIncreased spectral power in early Depression

ÅEEG - cost-effective, temporal resolution



Simulating EEG Signals

3D Microcircuit Model Simulated EEG and LFP

Simulated in LFPy

and NEURON

(Mazza et al. 2021, in preparation)



EEG Calculation

(Naess et al, 2021)

ÅMulti-compartmental EEG from neuron ~ single dipole

ÅLFPy tool ïforward calculation



Four Sphere Head Model



Resting EEG Properties
Microcircuit Model Validation

ÅPower spectral density (PSD)

ÅTheta and Alpha (4 ï12 Hz) peak power

ÅLog 1/f relationship

(Mazza et al. 2021, in preparation)

1/f



Microcircuit EEG Oscillations

ÅSpectrogram ïfrequency power in time

ÅTheta and Alpha (4 ï12 Hz) events

ÅIn line with human in-vivo resting EEG

(Mazza et al. 2021, in preparation)



Simulated EEG in Depression

ÅIncreased spectral power in depression

ÅPeriodic vs. Broadband?

(Mazza et al. 2021, in preparation)



EEG Changes in Depression

ÅIncreased broadband power

ÅIncreased Theta (4 ï8 Hz) peak power

ÅBiomarkers of reduced SST inhibition

(Mazza et al. 2021, in preparation)

PeriodicBroadband



Spiking Phase Preference

(Mazza et al. 2021, in preparation)

EEG

Neuronal 

Spikes

Phase



EEG ïRealistic Head Model

ÅPlace dipole in dlPFC (in MNE)

ÅAccount for brain curvature

(Mazza et al. 2021, in preparation)



EEG ïRealistic Head Model

ÅMicrocircuit signal is local (few mm)

ÅAsymmetric spatial spread

(Mazza et al. 2021, in preparation)



EEG Biomarkers - Schizophrenia

ÅPFC activity ïprocessing deviation

ÅMismatch negativity reduced in SCZ

EEG

Mismatch 

Negativity

(100 - 200 ms)

Standard tone

Deviant (oddball) tone



Microcircuit Mechanisms in 

Schizophrenia

ÅAltered PV inhibition implicated

ÅMultiple mechanisms

- NMDA input

- PV output

ÅSchizophrenia subtypes?



In Silico EEG Biomarkers
Applications

ÅLink EEG to disease mechanisms

ÅImprove patient stratification

ÅMonitor new pharmacology

Depression Schizophrenia



Etay Hay

Further Topics

In

Cortical Microcircuit Modeling



Multiple Cortical Layers

ÅProcessing hierarchy

ÅLayer specific disease changes

ÅOscillatory dynamics

LFP

(Florez et al, 2015)

(Markram et al, 2015)


