
Biocytin labeled pyramidal neuron recorded in piriform cortex

The neuron



Discovery of the neuron

New invention:

- the silver impregnation technique 

(Golgi stainining)



(A) Reticularist Doctrine

(B) Neuron Doctrine

Exception to Neuron 

Doctrine……

….GAP JUNCTIONS 

between neurons

In retrospect, it is clear that one 

reason for the long confusion over this 

issue (discrete cells or a continuous 

syncytium) is the complexity of brain 

tissue…

A large number of different neuron 

types exist and many of them have a 

complex asymmetric, 3D-structure that 

makes it extremely difficult to ascertain 

where one cell ends and the next 

begins

winner



Studying the unique structure of neurons: 

cells devoted to “information transfer”, both 

intracellularly and intercellularly

Dendrites

Soma

Axon

Pyramidal neuron 

(multipolar)

How can we study 

neuronal morphology?

What are the basic 

principles and applications 

of neuroanatomical 

techniques?



Questions on neuroanatomical techniques

https://www.jove.com/science-education/5204/an-introduction-to-neuroanatomy

https://www.jove.com/science-education/5204/an-introduction-to-neuroanatomy




https://www.jove.com/science-education/5206/histological-staining-of-neural-tissue

Which other types of neural staining can be used? For what purpose?

https://www.jove.com/science-education/5206/histological-staining-of-neural-tissue


Amazing diversification of  

neuronal shapes





Fiala & Harris, 1999 

Dendrite structure; in 

“Dendrites”, Oxford Univ

Press



Fiala & Harris, 1999 

Dendrite structure; in 

“Dendrites”, Oxford Univ

Press





Fiala & Harris, 1999 Dendrite 

structure; in “Dendrites”, 

Oxford Univ Press





Structural classification:

Functional classification:

•

•

•

•

Unipolar, bipolar, multipolar (different arborization patterns) …

projection (inter)neurons

local circuit (inter)neurons

excytatory (neurotransmitters: Glutamate, etc.)

inhibitory (neurotransm.: GABA, glycine, etc.)

“Simple” neuronal classification separately

considers morphology and basic functional features



GABAergic interneurons

comprise 20–30% of the 

cortical neuronal

population and are locally

projecting cells that control 

and synchronize the 

output of pyramidal

neurons.

Interestingly, the influence 

of GABAergic interneurons 

on pyramidal cells is 

largely dependent on the 

subcellular location of their 

inputs, which varies 

among different 

interneuron subtypes.

Two fundamental types of neurons in cerebral cortex:

- projection (Pyramidal) neurons

- local circuit neurons (Interneurons)

Pyramidal

neuron



How many subtypes of interneurons exists?

How can we classify them?

How can we put together information from 

different approaches?

A key feature of cortical inhibitory interneurons

is the structural and functional diversity



Sultan & Shi, 2018

Morphologically defined subtypes of interneurons

Black and colored lines represent dendritic and axonal 

processes, respectively

Electrophysiological 

classification

based on the action 

potential response 

pattern upon electrical 

stimulation.

FS, fast-spiking; LS, late-

spiking; IS, irregular-

spiking; LTS, low 

threshold spiking; BST, 

bursting

Different classification approaches of cortical interneurons



Diversity in subcellular

targeting

Classification of subtypes based 

on molecular marker expression

PV, parvalbumin; SOM, somatostatin; VIP, vasointestinal

peptide; CR, calretinin; CCK, cholecystokinin; NPY, 

neuropeptide Y; 5HTR-3A, serotonin receptor 3A.

Sultan & Shi, 2018



COMBINING different approaches to define 

INTERNEURON SUBTYPES.  

(1) Whole-cell electrophysiological 

recording on cortical slices

+

(2) intracellular injection of byocytin in 

recorded neurons (for later recognition 

and morphological analysis)

+

(3) fluorescence immunocytochemistry for 

selected markers (calcium-binding 

proteins: parvalbumin, calbindin and 

calretinin)

ABSTRACT



The phenotype of BC-injected/electrophysiologically-recorded

interneurons is determined by immunocytochemistry

Zaitsev et al., 2005

Cerebral Cortex

doi:10.1093/cercor/bhh218

https://www.jove.com/science-education/5040/introduction-to-fluorescence-microscopy

https://www.jove.com/science-education/5040/introduction-to-fluorescence-microscopy


The combination of intracellular-

injection techniques and 

immunocytochemistry suggests 

that the same phenotypic 

marker is expressed by 

interneurons with different 

morphologies

Do different morphologies 

indicate different functional 

features?

Basket c.
Chandelier c.

Vertically oriented c.

Ascending 

arbors c.

Descending 

arbors c.

Zaitsev et al., 2005

Cerebral Cortex

doi:10.1093/cercor/bhh218



Data were processed using

CLUSTER ANALYSIS:

correlation between 

electrophysiological properties 

and expression of specific Ca+-

binding proteins

When cells are grouped based only on 

electrophysiological properties, two main 

groups (= clusters) of interneurons are 

obtained: FS (Fast Spiking) and non-FS.

These two clusters do show significant 

differences in Ca+-binding protein content

Zaitsev et al., 2005

Cerebral Cortex

doi:10.1093/cercor/bhh218



CONCLUSIONS:

• parvalbumin-expressing interneurons are exclusively FS

• calretinin- and calbindin-expressing interneurons are mainly non-FS

• multiple morphologies can correspond to a single functionally-defined phenotype

FS neuron

non-FS neuron

PARVALBUMIN 

phenotype

CALRETININ 

phenotype

CALBINDIN 

phenotype

basket cells

chandelier cells

cell with ascending arbors

cell with discending arbors

vertically-oriented cells



Yano et al., 2006   J Physiol

DOI: 10.1113/jphysiol.2006.113712

Electrophysiological and gene expression

profiling of neuronal cell types



A new way to identify neuronal subtypes with 

transcriptomics: Patch-seq = patch-clamp + Next

Generation Sequencing
focusing on cholecystokinin (CCK)-containing(+) GABAergic

interneurons by using dual-labeled CCKBAC/dsRed::GAD67gfp/+ 

mouse reporter

Fuzik et al., 2016

Nature Biotechnology

doi:10.1038/nbt.3443 



FACS
Fluorescent reporter lines



http://casestudies.brain-map.org/celltax#section_introa

The Allen Brain Atlas

cell taxonomy project

http://casestudies.brain-map.org/celltax#section_introa

