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Neurons, neuronal networks and brain
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There are many ditferent types of neurons

* According to the neurotransmitter
* Glutamatergic, GABAergic, Dopaminergic, etc



Brain slice

Cortex, Hippocampus, thalamus, hypothalamus




* Pyramidal neurons
* Cortex, hippocampus, amygdala
» Glutamatergic neurons
* Projection neurons

https://www.uthsc.edu/neuroscience/imaging-center/images/pyramidal.jpg



Granule cells in the dentate gyrus




Cerebral Cortex
Pyramidal neurons and basket cells
Greg Dunn - microetchings
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Neuronal networks in the brain
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Recurrent excitation and inhibition
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Why do we want to study networks in the brain®

e The function of neuronal networks underlies all animal behavior




How can we study neuronal networks that underlie
behaviour?

- Types of behaviour
* Feeding
* Exploration

* Perception

* Learning
* Memory recall
* Rule learning



How can we study neuronal networks that underlie
behaviour?

e Study neurons that are activated during a specific behavior
* Action potentials - electrophysiological/ imaging
e Synaptic activity - electrophysiological
* markers of activity
* Correlate their activity with specific aspects of behavior

* Manipulate their activity and study the effect on behavior
* optogenetics



How can we study neuronal networks that underlie
behaviour?

Study cellular correlates of behavior
« Persistent activity for working memory
e Long-term potentiation for long-term memory

Study neurons that are activated during a specific behavior
» Action potentials - electrophysiological/ imaging

e Synaptic activity - electrophysiological

e markers of activity

Correlate their activity with specific aspects of behavior
Manipulate their activity and study the effect on behavior

e Ooptogenetics



How can we study neuronal networks that underlie
behaviour?

Study cellular correlates of behavior
« Persistent activity for working memory
e Long-term potentiation for long-term memory

Study neurons that are activated during a specific behavior
* Action potentials - electrophysiological/ imaging

e Synaptic activity - electrophysiological

- markers of activity

Correlate their activity with specific aspects of behavior
Manipulate their activity and study the effect on behavior

e Ooptogenetics



Cellular and molecular technigues

* Immediate early genes - Activity markers
* Arc
* c-fos
* C-jun

* (Genes that are transcribed and translated in response to neuronal
activity



c-fos activation following epileptic seizures

Racl conditional KO mouse

WT mouse, 300mg/kg pilocarpine 100mg/kg pilocarpine

Chalkiadaki, Sidiropoulou, unpublished data



Different types of memory behavior in the T-maze




PREFRONTAL CORTEX

Delayed alternation Left-Right discrimination Open-Field

Data: Mary Vlasgopoulou, Sidiropoulou L.ab



c-fos activation following memory recall (Paul
Frankland)

Identification of a Functional Connectome for Long-Term
Fear Memory in Mice

Anne L. Wheeler"?, Catia M. Teixeira', Afra H. Wang"? Xuejian Xiong>, Natasa Kovacevic?,
Jason P. Lerch™>, Anthony R. Mcintosh®®, John Parkinson®7’, Paul W. Frankland' %%+

1 Program in Neurosciencas and Mental Health, The Hospital for Sick Children, Toronto, Canada, 2Institute of Medical Science. University of Taronto, Toronto, Canada,
3 Program in Molecular Structure and Function, The Hospital for Sick Children, Toronto, Canada, 4Rotmen Research Institute, Baycrest Centre, Tororto, Canada,
5 Department of Medical Biophysics, Univeraty of Toronto, Toronto, Canada, 6 Department of Psychology, University of Toronto, Toronto, Canada, 7 Departments of
Biochemistry and Molecular Genetics, University of Toronto, Toronto, Canada, 8 Dapartmant of Physiology, University of Toronto, Toronto, Canada



Studying memory in mice

Context A Context A Context A
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—Xperimental design

Contextual fear Fos Regional Fos Interregional Network generation Hub
conditioning immunohistochemistry  quantification Fos correlations and analysis identification
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Conftrast

Differential change of c-fos expression between
control and trained mice
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How can we study neuronal networks that underlie
behaviour?

Study cellular correlates of behavior
« Persistent activity for working memory
e Long-term potentiation for long-term memory

Study neurons that are activated during a specific behavior
- Action potentials - electrophysiological/ imaging

- Synaptic activity - electrophysiological

e markers of activity

Correlate their activity with specific aspects of behavior
Manipulate their activity and study the effect on behavior

e Ooptogenetics



-lectrophysiological recordings
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Acute brain slice

33



In vivo recordings

Air
* B miccepe,
Odors =
Head fixation
B
* Anaesthetized =~
_=

Water reward

e Head-fixed

* Freely-moving




Intracellular or patch-clamp recordings



Patch clamp
technique
Configurations

Various conligu-
rations in patch
clamp measure-
mwents of ionic
currents,

« Current-clamp

— Give current inputs and
record voltage changes

— Monitor Vm, record Action
Potentials

 Voltage-clamp mode

— "Clamp” voltage and
record currents

— Study different ion
channels

. -.'\. i e, . i by .'.' . - -_ e - »a F= /4 : .i_;
Extracellur PG Cstophamic %
domain access ble ; cceasible



e |-V curve

« Membrane properties

S0p A

1Imy
100msec

Current (pA)

-500-450-400-350-300-250-200-150-100 -50

- 10

® saline
® cocaine

*
Nasif et al, 2005

- -10

- -20

- -30

Voltage (mV)

Current-clamp

« Action potential properties

peek (+20mV) "\

1ms
twreshold
.

after hypepolarization




Whole-cell configuration
Current-clamp

ALXAOPOTX TIOL XPNOLUOTOLOVVTHL

EEWKUTTAPLX: TEXVNTO EYKEPAAOVWTLKLO LYPO (artificial
cerebrospinal fluid, aCSF), pH,

EVOOKLTTXPLX (OTO NAEKTPODLO): MXPOPOLK PE TO EVOOKUTTAPLO
neEPLLEAANOV

Voltage Joq,//

response

Current input




Voltage-clamp

* AlaAupata (avaAoya Pe To peupa Tou eival va kataypagdet)

* Ta neplexopeva Twv OLIOAUNATWY PMTTIOPOUV va ETNPEACOUV KATA
TMOAU TA ATIOTEAEOUATA TWV KATAYPADDV.




Current recordings

* Pelpa vatplou (UMAOKApOUUE Ta peUUATA KAALOU Kal acBeoTiou)

* Pelpa KaAiou (MMAOKApoupe Ta pelpata vatplou Kat acBeotiou)

* PeUua aoBeotiou (UMAOKAPOUMUE TA PEUMATA VATPLOU Kal KaAiou)

Tetradotoxin, tetra-ethyl-ammonium (TEA), cadmium



Potassium currents
voltage-dependent
(whole-cell configuration)

30 mV

Dong and White, J Neuroscience, 2003



Whole-cell vs single-channel currents

Macroscopic K * currents

+54 mV

-96 mV

o R a

Combination of both A-current
and the sustained component

Single K - channels

+15mV
-95 mV
2 pA |_
Single A-type K* channel 100 ms

1 s (M-type K* channel)

o

D-type K* channels

Single DR-type K* channel



What Is the connection to networks and
behavior?



-xtracellular recordings

MACROELLECTRODES MICROELECTRODES
i T

A — .

AMPLITUDES: N0ISE LEveEL - 0.4 mY NOISE LEweL - 3.0 &V
DURATION: 10 - 300 MsEec 0.5 - 308 »seC
{FIELD POTENTIALS DOMINATED (sPIxES AWD FIELD POTEN-
sy PSPs) TiALS DEFECTED)

Mountcastle, 1957



—xtracellular

Recordings - Local Field Potentials
stimulation field
artifact excitatory
post-synaptic

potential

fiber volley

45



Srain slice - LFPs

- Record brain areas that are stratified

- hippocampus

- Cortex

- Spontaneous/Epileptiform activity

- Evoked field excitatory postsynaptic potentials (fEPSP)

- Long-term potentiation



B3asal spontaneous activity

Glud2-

e = S i o e L e

20mV Glud2+

1sec

Spanaki, Sidiropoulou et al, in preparation



Evoked LFPs - Long-term potentiation

|1mV

5ms

Tetanus

10-20min 100Hz - 1sec
3x - 20sec

50min
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Relative voltage

—xtracellular

Recordings

170Mus



-xtracellular Recordings
Jopamine neurons
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Dopamine neuron waveforms

non-bursting cell >2 B5ms
bursting cell u
« Spontaneously active, and fire at low irregular
frequencies (1-10Hz)
. Triphasic waveform of long duration
- o Tonic or burst-firing

Avaopa: Marinelli and White, 2000, J. Neuroscience



Correlation between dopamine neuron firing rate
and exploratory activity in a novel environment

(Marinelli and White, 2000)



Differentiating the neuronal type based on the
wavetorm properties

K-

<
2 Cortex
3 Interneurons
©
®
N Pyramidal
£ ‘ | neurons
© .0.75} Duration Duration
Z 200ps 500 ps

-1 . : . :

200 0 200 400 600

Time (ps)




(A)

-lectrophysiology and
behavior

« Working memory

* Persistent activity

Dorsolateral prefrontal cortex
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In vivo intracellular recordings

A
-63 mV
250 msec
B
54 mV
_ WW'WMVWN
65 mV
250 msec



Tetrode-array technology

* Bruce McNaughton (Arizona)
* Matt Wilson, MIT (open course)

http://ocw.mit.edu/OcwWeb/Brain-and-Cognitive-Sciences/9-96Experimental-Methods-of-Adjustable-Tetrode-Array-Neurophysiologylanuary--IAP-2001/
CourseHome/index.htm



http://ocw.mit.edu/OcwWeb/Brain-and-Cognitive-Sciences/
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Place cells movie

cell activity behavior

# | .- 513

e
o

overall

& -
) Jgée !
¥ g s i .
- - A st >? .
;' - “"J_'r“. .
N
A5 A s
"X .
! g

-
-
-
-
.

1

li

"

ongoing

.—




Grid cells in enthorhinal cortex

Moser group

61



2014 Nobel prize in Medicine

Photo: David Bishop;' UCL May-Britt Moser
John O'Keef Photo: G. Mogen/NTNU dlvard |. Moser
ahn LYRecie o10: Q. Wogen Photo: G. Mogen/NTNU
Prize share: 1/2 May-Britt Moser

Edvard |. Moser

Prize share: 1/4 Prize share: 1/4



Functional imaging technigues

e Calcium imaging
e \/oltage imaging
e PET

e MRI, fMRI

e Real-time imaging



Calcium imaging

- Calcium cannot be measured directly

- Calcium indicators used

- Calcium-binding molecules are used that change their
fluorescence properties

- calcium changes can be measures in multiple milliseconds
(compared to microseconds in electrophysiology)

- Requirements for successful calcium imaging
- fast calcium indicator
- high signal-to-noise ratio

- proper instrumentation (images without photobleaching, fast
scanning)



Advantages compared to recording techniques

Multiple cells
Cell-type identification

Calcium -imaging video of spontaneous neuronal activity,
Golshani Lab, UCLA, http://golshanilab.neurology.ucla.edu/

techniques



http://golshanilab.neurology.ucla.edu/techniques
http://golshanilab.neurology.ucla.edu/techniques

Molecules used for calcium imaging

 Natural calcium-binding proteins with fluorescent properties,
aequorin

A Bioluminescent protein 470 nm

@®Ca?*, 0, O /

Aequorin

» Synthetic chemicals

* Genetically modified calcium indicators



Synthetic chemical compounds

» Fura-2/Fura-2AM (membrane permeable)

« BAP

A-AM

 Orange green

B Chemical calcium indicator

350/380 nm  505-520 nm 350/380 nm 505-520 nm
coz‘)coz- CO, COy NrCOz‘.COz’\N
. _ 9e
Ca“"-chelating kr\' kN) @®Ca \CO, CO,~/
| O o) 0 0
site , \
i o) o
fluorophore LN fura-2 N
—
"0,C 0,C

Roger Tsien
Nobel prize in chemistry 2008
Green Fluorescent Protein



Genetic calcium indicators

* Forster resonance energy transfer (FRET)

eYellow cameleon Roger Tsien

Nobel prize in chemistry 2008
Green Fluorescent Protein

e Two fluorescent substances (donor and recipient)

C FRET-based GECI




Genetically-encoded calcium indicators (2012)

Camgaroo 1
Camgaroo 2
Inverse pericam
GCaMP 2
GCaMP 3

Yellow Cameleon 3.6
Yellow Cameleon Nano
D3cpV

TN-XL

TN-L15

TN-XXL



Genetically encoded calcium indicators

GECI expression

gg (

Op 0

a@

Viral transduction In utero electroporation Transgenic mice




Microscopy to study
calcium imaging

* Fluorescence microscopy
- confocal laser microscopy

» portable microscopy
devices

A Photodiode array

Light
source

Dichroic

mirror \

Spacmen

———

C Confocal microscope

Dichroic

cw_ TOr Scanner
Laser
PMT
Spacimen
E Endoscope
Micro-optical
| rooe
| P

5

B CCD-based camera

Light
source

7

Dichroic

mirrer \

N

Sopacimen

D Two-photon microscope

Scanner

Dichroic
mirror

Spacimen

B

Pulsed

.gsar

A

PMT

F  Portable microscope

Heaad-fixad
microscope



Study activation of neural networks

A Mouse barrel cortex
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In vivo activation of neural networks
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(A)

Neuronal activity
during working
memory tasks

RESPONSE

O 20 Ciaaer kssactabes. Tne.

(B) (C) Stimulus presented

O 201 Sineuer fssociobes, Tnc,



Working memory task in head-fixed animals
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To image task-related neuronal activity....

* head-fixed mice

- CaMKIlla-Cre mice

 Cre-inducible adeno-associated virus
(AAV) expressing the calcium
indicator GCaMP6f30 into the
dorsomedial PFC (dmPFC)

Twro-photon
High-sgpeed microscope M~

videograph L~
il }‘ Electrophysiclogy

Wa:er rewiard glj" ~

p— gl £ £

Pele -
positicn (2) . y

Target ' “Distractor
location location

modified from O’Connor DH et al 2009

a SIS frene



Pyramidal neuron activity during the delayed Go vs. No-Go task.
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Karl Deisseroth, Stanford

Ed Boyden, MIT



Optoge
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"The major challenge facing neuroscience was t

need to control one type o

- cell in the brain whi

leaving others unaltered. E
meet this challenge."

- Francis Crick

ne

e

ectrical stimuli cannot




Optogenetics

 Combination of optical and genetic techniques for

specifically controlling neuronal subtypes

e Use of ion channels that are activated by light, are
expressed in archeobacteria and not expressed in
animals



Channels used to control excitability
Opsins

Natronomonas pharaonis

Chlmydomonas reinhardetii :
Halorhodopsin

Channelrhodopsin-2

a . : b
Blue light ChR? Yellow light NpHR
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Activation
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Wavelength (nm)

Nature Reviews | Neuroscience



Step 1: Expression of opsin in the desired
neuronal population

Scientists combine an opsin gene with an element called a promoter The modified gene i inserted into a virus,
that will cause the gene to be active only in a specific type of cell. which can then be injected into a mouse’s brain.

¢ Viral transfection

e Use of Cre-loxP system in mice
® P\V/-cre mice

e Som-cre mice

e CamKll-cre mice



Step 2: Activate opsin with light

Closed pore » Open pore

1: Controlling the Brain with Light by Karl Deisseroth, Scientific American, November, 2010, pages 49-55



How to direct light into the brain: Optical fibres

(@ ()




Verifying the effect of opsin expression in
neurons

(a) Channelrhodopsing (e.g. ChR2)

(1) (ii)
Na*, H*, K*, Ca?*

ChR2
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Using optogenetics to study behaviour
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