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What is the ultimate goal in 
neuroscience?
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What is the ultimate goal in 
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What is the ultimate goal in 
neuroscience?



Brain – behaviour interactions
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Monetary Reward > Expectations

Petersen et al., 2005

But…
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“A primary challenge has been replicating associations

between inter-individual differences in brain
structure or function and complex cognitive or mental health

phenotypes (brain-wide association studies (BWAS))”



TOP-down vs BOTTOM-up approaches
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Grimm, Balsters, Zerbi. The Neuroscientist, 2020
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Neuron Neuronal ensemble Brain Circuits Brain Areas

Brain Areas Behaviour

What to target?

In which species?



If you control brain-circuit activity, you 
control behavior
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Grimm et al., Cell Reports, 2021
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1. Neural activity and action potentials
Generation

Transmission

Propagation

The synapsis

2. Engineering neural activity
Optogenetics
Chemogenetics

Sonogenetics

3. Some cool examples

O U T L I N E
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1. Neural activity and action potentials
Generation

Transmission

Propagation

The synapsis

2. Engineering neural activity
Optogenetics
Chemogenetics

Sonogenetics

3. Some cool examples

O U T L I N E
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Neural activity and action potentials

The Neuron
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Neural activity and action potentials

The Neuron
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Key proprieties

✓ Their function is to transmit information 

(in a single direction, dendrite → axons)

✓ Asymmetric. They communicate 

between each other at the start or end 

(synapse)

✓ Neurons are highly polarised cells
Axon hillock



Neural activity and action potentials

Polarization or resting potential
(unexcited neuron)
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1.Membrane Potential

The voltage difference across the neuron's 

membrane, known as "membrane potential," is 

comparable to a capacitor, typically resting at around  

-70mV, representing a polarized state

2.Na+ /K+ pumps 

Neurons expend energy to maintain ion concentration 

gradients, allowing for electrical signalling. ATP is 

converted to ADP to actively transport 3 Na+ ions out of 

the cell and pump 2 K+ ions inside

3.Anions

Inside the cell there are large anions, which are 

negatively charged

4.Leaky channels

Diffusion of the Na+ and K+ across channels helps 

maintaining the resting potential across the membrane

Exterior

Cytosol

150mM

12mM 140mM

4mM

Na+

K+

Molecular Cell Biology, Seventh Edition. 
W.H. Freeman and Company



Neural activity and action potentials

It all starts in the dendrites
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Axon hillock

Example: excitatory synapse

Ligand-gated ion channels: allow positive or 

negative ions (eg. Na+) to flow into the cell 
following a chemical signalling (eg. Serotonin)
→ Transient change of membrane potential

+
+

+

+

+

Molecular Cell Biology, Seventh Edition. 
W.H. Freeman and Company



Neural activity and action potentials

The Action Potential (AP)
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Voltage-Gated Na+ channels

Open at -55mV and close at +40mV. 
Sodium ions (Na+) rapidly enter the neuron through 
these channels, causing a swift change in membrane 

potential and depolarizing the membrane. 
These channels physically block after 0.5-1ms, 

impeding more Na+ to enter

Depolarization and K+

Open at +40mV and close at -80mVAs 
As the depolarization progresses, voltage-gated 

potassium (K+) channels also open, allowing 
potassium ions to flow out of the neuron. This 
potassium efflux helps repolarize the membrane quickly, 

restoring the negative resting membrane potential.

Molecular Cell Biology, Seventh Edition. 
W.H. Freeman and Company



Neural activity and action potentials

Action potential is a traveling wave of ions
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https://www.youtube.com/watch?v=kY8FEq0teOs&ab_channel=KhanAcademy



Neural activity and action potentials

Action potential is a traveling wave of ions
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Traveling Wave

• Action potentials act as traveling waves, ensuring 
information travels in one direction along the neuron.

• Because the Na+ voltage-gated channels close after 0.5-
1ms, the AP can’t travel backwards

• In Myelinated axons the speed of conduction is up to 
100fold faster transmission of the signal (speed) AP is 

jumping from node to node

• Disease like Multiple Sclerosis affects the myelin sheet 
(slow down AP, impact in the network communication)



Neural activity and action potentials

Synaptic transmission
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Axon hillock

+
+

+

+

+



Neural activity and action potentials

Synaptic transmission
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At the end of the axon, the synapsis contains vesicles 

that are docked at the plasma membrane and contain 
neurotransmitters

Fusion Trigger: Synaptic vesicle fusion is initiated by an 
increase in intracellular Ca2+ levels, which occurs upon 

receiving an action potential.

Neurotransmitter Release: This fusion process leads to 

the release of neurotransmitters into the synaptic cleft.

Signal Termination: The signal is terminated by re-
absorption or re-uptake in the presynapse, a target for 
certain drugs like SSRI antidepressants, which are re-

uptake inhibitors.
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1. Neural activity and action potentials
Generation

Transmission

Propagation

The synapsis

2. Engineering neural activity
Optogenetics
Chemogenetics

Sonogenetics

3. Some cool examples

O U T L I N E
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24OPTOGENETICS

Opto? Genetics?

Integration of optics and genetics that allows for experimental 

control of events within a specific cell
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25OPTOGENETICS

Building a tool to reach the ultimate goal in neuroscience

▪ If we could express a light-sensitive ion channel in a neuron .. 

▪ If we could then control their activity by an optic fiber..

✓.. we could influence behavior at the speed of light!
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26OPTOGENETICS

History

The possibility of using light 

to control neural activity 

(action potential) was first 

articulated by Francis Crick
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27OPTOGENETICS

Basic Concepts

Non-specific Cell-type-specific
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28OPTOGENETICS

Recipe for success

In order to light-control neurons, you need few things:

1. Light-sensitive system (sensor)

2. Ability to influence cellular ion flow in response to light (actuator)

3. Potential for co-expression of these systems in neurons

4. A system that does all these things without harming the cell



Opsins in the eye
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30OPTOGENETICS

Early developments: multi-component cocktails
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31OPTOGENETICS

Mayor Breakthrough: single component system

First demonstration of a single-component
optogenetic system, beginning in cultured
mammalian neurons using channelrhodopsin, a
single-component light-activated cation channel
from unicellular algae).

Prof. Karl Deisseroth

https://www.youtube.com/watch?v=MUG

ky_QaaV0&ab_channel=iBiologyScience
Stories
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32OPTOGENETICS

Mayor Breakthrough: single component system

First demonstration of a single-component
optogenetic system, beginning in cultured
mammalian neurons using channelrhodopsin, a
single-component light-activated cation channel
from unicellular algae).

Cited > 5500 times
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33OPTOGENETICS

In six steps
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34OPTOGENETICS

A diverse toolkit

▪ The optogenetic effect experienced by a cell will depend on many factors

• The properties of single-component opsin being used

• The efficiency of the expression of that opsin

• The source/wavelength/intensity of the light

• The location and density of the population of neurons being investigated 
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35OPTOGENETICS

A diverse toolkit Fast excitation
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36OPTOGENETICS

A diverse toolkit

Fast inhibition

Halorhodopsin

Active pumps (slower)
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37OPTOGENETICS

A diverse toolkit

Step Function

Opsins (SFOs)

• Product of molecular engineering

• Much slower deactivation rate

• Cation (or chloride) channels

• Larger disparity between activating wavelength and 

deactivating wavelength
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38OPTOGENETICS

A diverse toolkit

Wick, Krook-Magnuson 2018
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39OPTOGENETICS

Targeting neurons with opsins

1. Anatomical Coordinates (injection & light)

2. Viral vector (Lenti (LV), Adeno-associated (AAV), canine, rabies, ..)
3. Viral promoter (CamKIIa, Syn1, …)
4. Transgenic mouse lines that are under recombinase-dependent control

5. Spatiotemporal targeting (Birthdate of cells , specific layer, …)
6. Light delivery
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40OPTOGENETICS

Light delivery (1)

Assuming you are expressing the correct opsin 

in the desired cell population, you now need to 

somehow get light to those cells.

There are several facets to consider, and the 

best choice will depend on your experiment

✓ Excitation vs inhibition vs bistable

✓ Wavelength

✓ Intensity

✓ Duration



E
N

G
IN

E
E

R
IN

G
 N

E
U

R
O

N
S

V
a

le
ri

o
 Z

e
rb

i

41OPTOGENETICS

Light delivery (2)

Brain tissue scatters and 

absorbs light

Different wavelengths of light 

penetrate brain tissue better 
than others
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42OPTOGENETICS

Advanced Tools

More than just an 

optic fiber ..
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43OPTOGENETICS

Recap
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44CHEMOGENETICS

What if..

Instead of proteins that are sensitive to light, can we engineer 

proteins that respond exclusively to synthetic compounds 

(designer drugs) and not endogenous ligands?

-> A step toward a translational tool (no optic fiber required)
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45CHEMOGENETICS

DREADDs

Designer

Receptors

Exclusively

Activated by

Designer

Drugs

DREADDs were originally invented by modifying muscarinic acetylcholine receptors 
to be activated by the inert ligand clozapine-N-oxide (CNO) via directed molecular 

evolution in genetically engineered yeast (Armbruster et al., 2007) 

Prof. Bryan Roth

https://www.youtube.com/watch?v=lfddjwrk6e8
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46CHEMOGENETICS

DREADDs

Designer

Receptors

Exclusively

Activated by

Designer

Drugs

Sharma et al., 2018
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47CHEMOGENETICS

DREADDs

Designer

Receptors

Exclusively

Activated by

Designer

Drugs
Neuronal inhibitionNeuronal excitation

hM3Dq hM4Di
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48CHEMOGENETICS

DREADDs

Designer

Receptors

Exclusively

Activated by

Designer

Drugs
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CHEMOGENETICS  or OPTOGENETICS?

Chemogenetic: DREADDs
• AAV delivery
• Neuron-specific
• Activated systemically by drug
• Reversible
• No external implant
• Effect lasts 30min-2h

Optogenetics
• AAV delivery
• Neuron-specific
• Activated locally by light
• Reversible
• Requires external implant
• Millisecond control 
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50SONOGENETICS

Replacing light with soundwaves?
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51SONOGENETICS

How Does it Work? US can produce thermal or 
mechanical effects on the tissue
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52SONOGENETICS

SONOGENETICS

Replacing light with soundwaves?
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53SONOGENETICS

Sonogenetics of dopaminergic neurons in VTA & 
behavior

Mix of AAVs to target the TH+ neurons (Cre strategy)

Co-expression of EYFP and TH 

(punctiform staining in MscL mice?)

Appetitive conditioning

(real-time place preference essay)

MscL mice spend more time in the stimulated side

NB: worked only with smooth waveform, rectangular 

had an aversive effect in control mice 

-> unspecific auditory effects?



E
N

G
IN

E
E

R
IN

G
 N

E
U

R
O

N
S

V
a

le
ri

o
 Z

e
rb

i

54

1. Neural activity and action potentials
Generation

Transmission

Propagation

The synapsis

2. Engineering neural activity
Optogenetics
Chemogenetics

Sonogenetics

3. Some cool examples

O U T L I N E
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OPTOGENETICS – EXAMPLES (1)

Can memories be controlled via optogenetics? 



E
N

G
IN

E
E

R
IN

G
 N

E
U

R
O

N
S

V
a

le
ri

o
 Z

e
rb

i

56

OPTOGENETICS – EXAMPLES (1)

LTD Optogenetics protocol 
abolishes CS responses 

(erase fear memory)

LTP Optogenetics protocol 
re-establishes CS 

responses

Can memories be controlled via optogenetics? 
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OPTOGENETICS – EXAMPLES (2)

Opto-fMRI to perform whole-brain mapping of effective connectivity?
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OPTOGENETICS – EXAMPLES (2)

Kim et al., 2023

Opto-fMRI to perform whole-brain mapping of effective connectivity?
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OPTOGENETICS – EXAMPLES (2)

Kim et al., 2023

Opto-fMRI to perform whole-brain mapping of effective connectivity?



E
N

G
IN

E
E

R
IN

G
 N

E
U

R
O

N
S

V
a

le
ri

o
 Z

e
rb

i

60

OPTOGENETICS – EXAMPLES (2)

Kim et al., 2023

Excellent agreement between effective FC and structural axonal connectivity 

(from the cortex)

Opto-fMRI to perform whole-brain mapping of effective connectivity?
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OPTOGENETICS – EXAMPLES (2)

Kim et al., 2023

Opto-fMRI to perform whole-brain mapping of effective connectivity?
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OPTOGENETICS – EXAMPLES (3)

Optogenetics & addiction
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63

OPTOGENETICS – EXAMPLES (3)

Some rats keep seeking 

cocaine despite foot shock

These rats have lower activity 

in infralimbic cortical neurons
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64

OPTOGENETICS – EXAMPLES (3)

In vivo optogenetic inhibition of 

prelimbic cortex enhances 

compulsive cocaine seeking

In vivo optogenetic stimulation of 

prelimbic cortex suppresses 

compulsive cocaine seeking
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OPTOGENETICS – EXAMPLES (3)

Clinical impact of optogenetics

*



Thank 
you

Valerio.Zerbi@unige.ch
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