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Development and Degeneration



Biological twins

2012 - Nobel Prize in  
Physiology or Medicine 
Sir John B. Gurdon and 
Shinya Yamanaka 

hiPSC



Shifting paradigms
2012 - Nobel Prize in  Physiology or Medicine 

Sir John B. Gurdon and Shinya Yamanaka

"for the discovery that mature cells can be reprogrammed to 

become pluripotent."

2020 - Nobel Prize in Chemistry

Emmanuelle Charpentier and Jennifer A. Doudna

"for the development of  a method for genome editing."



Induced Pluripotent Stem Cells (iPSCs)

•Definition: Somatic (adult) cells
reprogrammed back to a pluripotent state.
•Reprogramming Factors: OCT4, SOX2, 
KLF4, c-MYC (“Yamanaka factors”).
•Properties:
•Self-renew indefinitely in vitro
•Differentiate into all three germ layers
(endoderm, mesoderm, ectoderm)
•Applications:
•Disease modeling (patient-derived
organoids)
•Drug screening & toxicity testing
•Personalized & regenerative medicine



Induced Pluripotent  Stem Cells (iPSCs)









From 2D to 3D cell cultures





What are cerebral organoids?



Increasing complexity to mimic the human 
brain in a dish



(Corrò et al, 2020)

A brief history of organoids

Self-organization and aggregation 

properties in vitro



(Kelava and Lancaster, 2016)

Similarities are based on cell biology and transcriptional (RNA-seq and single-cell RNA-seq) features.

However, there are methods’ limitations, such as the inability to vascularize the cultures and the possible lack of  some intrinsic 

and extrinsic cues, which are not replicated with the current protocols .

Similarities between human brain and organoids 
development: the concept of mini-brains 

We are currently able to model early human neocortical development accurately

Mini-brains in a dish



Generation of brain organoids

(Lancaster et al, 2013; Yadav et al, 2021)

➢ Organoids evolve from 3D aggregates of  stem cells known as EBs, which 

partially self-organize to mimic the developing organs. 

➢ Various signals (internal and external) guide the acquisition of  apicobasal 

polarity and generates functional spherical structures showing resemblance 

to the architecture of  human tissues. 

➢ Establishing organoid culture is a bit challenging, as organoids do not 

develop in the same manner as regular organs do. But, the addition of  

tissue-specific components and modulators for the resident stem cell 

populations can result in a successful organoid generation.

Neural 

progenitors 
(SOX2, red) 

and neurons 

(TUJ1, green)



Multiple in vitro methods of neural differentiation

(Kelava and Lancaster, 2016; Chung et al, 2022)



(Chiaradia and Lancaster, 2020)

Brain organoid technology for human brain research
Advantages of  using 3D vs 2D cultures

➢ Brain organoids mimic the development of  human brain

➢ The heterogenous cell polarities and phenotypes present are more representative of  native tissue architecture

➢ Brain organoids mimic the three-dimensional organization of  neuronal networks (e.g., cell-cell and cell-environment 

interactions)



(Jeong et al, 2022)

Brain organoid technology for human brain research





Modeling human brain development using iPSCs



What are cerebral organoids?



What are cerebral organoids?









Day 0 6 10-11 40

hiPSCs

EB formation
Neural

induction
Neuroepithelium expansion Maturation

Lancaster M. et al., Nat Prot 
2014

Static culture
Orbital shaking

Matrigel
embedding

Expansion phase (day25) Maturation phase (day40+)Neural Induction phase (day10)

Generation of human cortical organoids





DAPI Ncadh

Day 50

Generation of human cortical organoids



DAPI FOXG1 PAX6

Day 50

Generation of human cortical organoids



40x

ventricle-like structure -
ventricular and subventricular-
like regions

Day 50

MAP2 Pax6 N-CadherinDAPI

Generation of human cortical organoids



DAPI CTIP2 MAP2 TBR1

Day 50

Generation of human cortical organoids









ARE HUMAN CORTICAL ORGANOIDS 
A RELIABLE MODEL?



The Batch Syndrome



Possible Solutions:

Engineered Cerebral Organoids 
(enCORs)

3D Bioprinted Constructs





Engineered Cerebral Organoids 
(enCORs)









How to study single-cell and network activity in human brain organoids? 

The hallmark of  functional analysis for neural cells and tissues, including brain organoids, is electrophysiology. 

The ability to record neuronal function is essential for many brain organoid applications, especially disease 

modeling and drug development → functional readout

Critical points when performing 

functional analysis:

➢ Maturation state of  the circuit

➢ Type of  starting material

All these techniques are suitable for studying how neuronal/network activity changes in 

response to genetic or pharmacological manipulations.



Calcium imaging
Use of  calcium indicators, fluorescent molecules that respond to the binding of  Ca2+ ions by fluorescence properties.

Chemical indicators

▪ Small molecules that bind calcium ions via 
chelation

▪ Often modified with acetoxymethyl esters (AM), 
in order to render the molecule lipophilic and to 
allow easy entrance into the cell

Critical point
▪ “Bulk” loading of cells
▪ Not suitable for in vivo or screening application



Calcium imaging



Calcium imaging
Use of  calcium indicators, fluorescent molecules that respond to the binding of  Ca2+ ions by fluorescence 

properties.

Genetically encoded calcium indicators

▪ Obtained from the fusion of voltage-sensing domains and fluorescent proteins (e.g., GFP, 
RFP,…)

▪ Monitoring of Ca2+ changes in the cytosol and subcellular compartments
▪ Selective expression in neuronal populations 

▪ Potentially suitable for high-throughput screenings
Critical point
▪ Interference with intracellular C2+-dependent pathways
▪ Virus titer conditions





Calcium Signaling



Calcium Signaling



Calcium Signaling in Neurons



The fisrt optical measurement of neuronal calcium











Calcium imaging
Use of  calcium indicators, fluorescent molecules that respond to the binding of  Ca2+ ions by fluorescence properties.

Chemical indicators

▪ Small molecules that bind calcium ions via 
chelation

▪ Often modified with acetoxymethyl esters (AM), 
in order to render the molecule lipophilic and to 
allow easy entrance into the cell

Critical point
▪ “Bulk” loading of cells
▪ Not suitable for in vivo or screening application



Cooled CCD 

[Ca2+]





https://www.jove.com/embed/player?id=5203&t=1&chap=1&s=1&fpv=1





FMRP-KO cortical cultures display increased spontaneous and 

evoked calcium activity at day 70
Calcium Imaging

FLUO4 Calcium

Indicator

4Hz sampling

FMRP-WT day 70 FMRP KO day 70



FMRP-KO cortical cultures display increased spontaneous and 

evoked calcium activity at day 70



FMRP-KO cortical cultures display increased spontaneous and 

evoked calcium activity at day 70



Brighi et al, Cell Death and Disease (2021)

FMRP-KO cortical cultures display increased spontaneous and 

evoked calcium activity at day 70



























Imaging of  mitochondrial potential



Calcium imaging in 3D constructs 

(de Melo Reis et al, 2020)

• From whole organoid or slices (see slicing procedure)

• Loading with calcium dye OR viral labelling (i.e., AAV, lentivirus) for genetic indicators

• Imaging equipment: fluorescent microscope or confocal for high resolution 



Slicing organoids

Where to patch?

Experimental settings:

▪ Slice thickness (200-300 µm)

▪ Slice recovery (ACSF @ 32°-37°C) for at least 30 min

▪ Recordings in controlled temperature

Critical points:

▪ Slicing

▪ Orientation into the slice – the cytoarchitecture is not easy 

to decipher

▪ Residual matrigel on the slice – the pipette cannot reach 

the surface
or

Agarose embedding

Custom made holding chamber for slice recovery

Vibratome for slicing



Monitoring spontaneous and evoked network activity in cerebral organoids
(Chemical indicator)

*Cells loaded with Fluo-4

** Evoked activity with bath application 
of glutamate

(Lancaster et al, 2013; Renner et al, 2020)

Time-lapse experiment





3D 

ORGANOID

Monitoring spontaneous and evoked network activity in cerebral organoids
(Chemical indicator)



Multi-electrode array

Increasingly adopted for screening applications and other studies due to the ability to combine the temporal resolution of  

patch clamping with the network resolution of  calcium imaging.

MEA provides similar connectivity data as calcium imaging but on a much larger scale, allowing for entire region analysis 
or potential analysis of several organoid regions.

* Planar probes * 3D flexible probes

(Fair et al, 2020; Soscia et al, 2020)

Recordings from  whole organoid or slices (see slicing 

procedure) 

To note: the same organoid can be reused for several 

recordings over time





Raster Plots 

Raw Traces



Patch clamp
▪ High cellular resolution (single-

cell)

▪ High temporal resolution

▪ Little-to-no information on 
network connectivity or 
dynamics (low spatial resolution)

▪ Patch clamp in organoids is hard 
and time consuming → do not 
indicate for large screening 

Calcium imaging

▪ Medium spatial resolution 

(imaging of  small groups of  

neurons)

▪ Suitable for screening

▪ Loss of  temporal resolution

▪ The 3D configuration of  

organoids limits imaging of  the 

entire tissue

Multi-electrode array

▪ High temporal resolution

▪ High spatial resolution (inter-

regional connectivity)

▪ Suitable for screening

▪ Loss of  cellular resolution

▪ The 3D configuration of  

organoids limits recordings to the 

outer edges

Advantage Disadvantage



Transparency Matters: 
Tissue Clearing for Enhanced 
Cerebral Organoid Research



Day 30 Day 50 Day 100

Generation protocol for human cortical organoids

Human cortical

organoid



Counting cortical plates… on a slice…



40x

Day 50

MAP2 Pax6 N-CadherinDAPI

Counting cortical plates… on a slice…



http://dx.doi.org/10.3390/cells8050391

Imaging the whole brain organoids while keeping them intact with their details. 

Transparency = 
homogenizing the 
refractive index 
(RI)

Counting cortical plates… on the entire organoid

Before Clearing After Clearing



Clearing Approaches iDISCO

Visikol

organic solvent-based tissue clearing techniques

RI 1.55

RI 1.48



PlanApo λD 20x NA 0.8; WD 800 µm

3D volume view 1mm thick.

Visikol

Counting cortical plates… on the whole organoid…

MAP2 – N-cadherin



MAP2 – PAX6 – N-cadherin
Visikol

Analyzing neuronal morphology into the whole organoid…

PlanApo λD 60x oil NA 1.42; WD 0.15 µm



Looking at different cell types… on the whole organoid

iDISCO

PlanApo λD 20x NA 0.8; WD 800 µm

HT-7 - GFAP - TUJI



Analyzing glial morphology into the whole organoid…

iDISCO

PlanApo λD 60x oil NA 1.42; WD 0.15 µm

GFAP



Pros and Cons of  Brain Organoids Clearing

Take Home Message:
Incorporating tissue clearing techniques empowers organoid researchers to 
delve deeper, preserving intricate 3D structures and enabling enhanced
visualization and analysis, although it requires careful consideration of 
technical challenges and limitations."

Pros Cons 

1.Improved Visualization

2.Preservation of  3D Architecture

3.Multi-Modal Imaging

4.Quantitative Analysis

5.Reduced Sample Destruction

1.Complexity of  Techniques

2.Sample Size Limitations

3.Tissue Integrity

4.Costs

5. Data Handling



Induced Pluripotent 
Stem Cells (iPSCs)

3D Bio-fabrication

3D BIOPRINTED CONSTRUCTS



gene profiling

gene editing

Induced Pluripotent 
Stem Cells (iPSCs)

Bricks



New tools- bricks









consistent

versatilethree-dimensional

functional

3D Bioprinted Constructs



B. Pre-printing differentiation

A. Post-printing differentiation

iPSCs

3D bioprinted iPSCs

3D bioprinted 

iPSCs-derived neural cells

differentiationprinting

iPSCs

3D bioprinted 

iPSCs-derived neural cells

printingdifferentiation

iPSCs-derived neural cells

iPSCs Printing Strategies



3D bioprinting of differentiating cortical neurons



day 0 day 10 day 20 day 70day 35

NPC formation

Passage

Neural induction Neuronal differentiation Neuronal maturation

Passage Passage

day 27

Imaging of differentiating cortical neurons



3D bioprinting of differentiating cortical neurons



3D bioprinting of differentiating cortical neurons



3D bioprinting of differentiating cortical neurons



3D Neural Network Maturation

Gene expression



Imaging of 3D bioprinted cortical neurons



Imaging of 3D bioprinted cortical neurons



Live/dead d50 post-printing

LIVE
DEAD

10X

40X



ASTROCYTES!

Imaging of 3D bioprinted cortical neurons



Calcium Imaging

Calcium Imaging of 3D bioprinted cortical neurons



Calcium Imaging of 3D bioprinted cortical neurons



Patch clamp recording of 3D bioprinted cortical neurons



TheANGEL:  The Amazing Neuro Glia Electrophysiology  Lab

Chiara D’Antoni

Silvia Ghirga

Erica Debbi

Lorenza Mautone

Ylenia Gigante

Federica Cordella

Lucrezia Tondo

Caterina Sanchini

Carlo Brighi
Alessandro Soloperto

silvia.diangelantonio@uniroma1.it
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