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Functional classification of neurons

• Projection neurons

• Local circuit neurons



Neurons can also be identified by 

immunocytochemistry



Pyramidal 
neuron

Granular neuron 
(interneuron)

Various NEURONAL TYPES  

in the mammalian brain

Purkinje cell



Molecular/functional heterogeneity

of Purkinje cells?

Morphology 

and neuronal 

types in the 

cerebellum



Morphology and distribution of 

pyramidal neurons in the neocortex

Molyneaux et al., 2007

Nature Reviews Neuroscience

doi:10.1038/nrn2151

These pyramidal 

n. never project 

axons to targets 

outside the

telencephalon

These include

Pyramidal neurons 

of the largest size, 

which are located 

in deep-layer V and 

extend projections 

to the brainstem 

and spinal cord



Interneurons comprise 20–30% 

of the cortical neuronal

population and are locally 

projecting GABAergic neurons 

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.

(Local circuit) cortical interneurons



Neocortical interneurons 

diversity

Huang et al., 2007

Nature Rev Neurosci

doi:10.1038/nrn2188



Structural classification:

Functional classification:

•

•

•

•

Unipolar, bipolar, multipolar, more …

projection (inter)neurons

local circuit interneurons

excytatory (neurotransmitters: Glutamate, etc.)

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

“Easy” neuronal classification

This classification is not sufficient to describe neuronal diversity!



We need to classify different neuronal types in order to speak a 

“common language” with other neuroscientists and in order to 

understand the complexity of brain function…

HOW should we classify neurons?

By morphology?

By functional features?

By expression markers?

How do we put together information from different approaches?

for discussion see Yuste, 2005

The problem of neuronal classification 

and subtype identification…………….



The problem of 

neuronal 

classification…

The obvious (but not the easiest) solution would 

be COMBINING different approaches in the same 

experimental model.  An example: 

(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



another way to classify cortical interneurons is….

....to consider their developmental origin:

Gelman & Marin, 2010   Eur J Neurosci

doi:10.1111/j.1460-9568.2010.07267.x



Cortical

development

Vitalis & Rossier, 2010

Devlopmental Neurobiology

DOI 10.1002/dneu.20810



Coronal section (indicated in 

a) illustrating the major routes 

of tangential migration through 

the embryonic telencephalon.

Interneurons migrate from

the MGE (M) and traverse the 

LGE (L) whilst avoiding the 

striatum (Str).

Primary routes of interneuron migration 

during cortical development.

Cortical interneurons born in the MGE and CGE 

in the ventral telencephalon follow tangential

migratory paths into the developing cortex. Once 

within the cortical wall, cells disperse before 

entering the cortical plate and reside in a final 

position. The LGE-derived neurons migrate 

rostrally and ventrally into the olfactory bulb (OB) 

and striatum, respectively

Faux et al, 2012

Neuro-Signals

DOI: 10.1159/000334489



MGE-originating 

interneurons

FS, 

parvalbumin(somato

statin)-positive cells

CGE-originating 

interneurons

non-FS, 

calretinin(VIP, NPY)-

positive  cells



In utero fate-mapping of cortical interneurons ...

Ventricular and subventricular zones of 

the MGE and CGE were dissected from 

mouse embryos expressing EGFP under 

the b-actin promoter (b-actin EGFP mice) 

and transplanted in the appropriate 

regions of wild-type host-embryos 

(“homotypic” transplants)

…..followed byButt et al., 2005   Neuron

DOI 10.1016/j.neuron.2005.09.034



electrophysiological, immunocytochemical and morphological 

riconstruction of mature interneurons in young-adult mice

CONCLUSIONS:

• parvalbumin-expressing/FS/basket-

shaped neurons originate from MGE

• calretinin-expressing/non-FS/bipolar 

(vertically-oriented?) neurons originate 

from CGE

This means that different subtypes of 

interneurons are generated at different 

spatial positions (= from different 

progenitors)

CLASSIFYING neurons BY THEIR 

ORIGIN could be a new method of 

neuronal classification

Butt et al., 2005   Neuron

DOI 10.1016/j.neuron.2005.09.034



Cortical interneuron 

diversity largely emerges 

from spatially segregated

progenitor cells with distinct 

transcriptional profiles

Gelman & Marin, 2010   Eur J Neurosci

doi:10.1111/j.1460-9568.2010.07267.x



IN SUMMARY:

Origins and diversity of 

neocortical interneurons

(A) Neocortical interneurons are 

derived from progenitor cells

located in the proliferative 

zones of the ventral

telencephalon, specifically

within the medial ganglionic

eminence (MGE) and caudal

ganglionic eminence (CGE). A 

small proportion is produced in 

the preopticarea (PoA). (B) 

Various transcription factors are 

expressed in distinct patterns

throughout the subpallial

germinal zones. (C) Neocortical

interneurons are highly diverse 

and can be defined based on 

morphology, neurochemical

expression, electrophysiological

properties, and subcellular

synaptic targeting specificity. Sultan et al., 2013

Frontiers in Cellular Neuroscience

Volume 7, Article 221 



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 Biotech

doi:10.1038/nbt.3443 



http://www.jove.com/video/52537/using-fluorescence-activated-cell-sorting-to-

examine-cell-type

Using Fluorescence Activated Cell Sorting to Examine 

Cell-Type-Specific Gene Expression in Rat Brain Tissue

Figure 3. Neurons, astrocytes, and microglia sorted from a male 

hippocampus. The hippocampus from one male rat was dissociated and 

stained with the antibodies for CD11b, GLT1 and Thy1 and sorted using a 

FACS machine. (A) Cells were first sorted based on their forward and side 

scatter from all possible events. This gate is called P1 (population 1). (B) 

Next, single cells, also called singlets, were sorted based on their size from 

the doublets or larger clumps of cells. This gate is called P2. (C) Third, the 

single cells were gated as either APC-CD11b positive (CD11b+ gate, P4) or 

APC-CD11b negative (CD11b- gate, P3). (D) APC-CD11b negative cells 

were subsequently sorted into PE-GLT1 positive cells (GLT1+ gate, P6) and 

FITC-Thy1 positive cells (Thy1+ gate, P5). The breakdown of all events and 

all gates was generated from the FACS software depicted in a table which is 

presented on the right.

http://www.jove.com/video/52537/using-fluorescence-activated-cell-sorting-to-examine-cell-type


Figure 5. Real-time PCR analysis of cell-type-

specific genes from sorted cells. Neurons (green 

bars), astrocytes (red bars) and microglia (blue bars) 

were sorted based on the protocol described above 

and mRNA was extracted for confirmation of cell-

type-specific gene expression. (A) Iba1 is a calcium 

binding protein expressed exclusively in microglia

sorted from the male hippocampus. (B) GFAP is a 

filament protein expressed predominantly in 

astrocytes sorted from the male hippocampus (C) 

NR1 is a ubiquitous subunit of the NMDA 

glutamatergic receptor that was expressed 

predominantly on neurons sorted from the male 

hippocampus. (D) Iba1 was also expressed 

exclusively on microglia sorted from the male 

cerebellum. (E) Interestingly, GFAP was not 

expressed in any of the cell types sorted from the 

male cerebellum. (F) The NR1 subunit of the NMDA 

receptor was also expressed predominantly on 

neurons sorted from the male cerebellum.

Figure 6. Real-time PCR analysis of calbindin expressed in 

sorted neural cells. Cells sorted using FACS can be used to 

analyze cell-type specific gene expression. (A) Neurons (green 

bars) expressed significantly more Calbindin than either 

astrocytes (red bars) or microglia (blue bars) sorted from the 

male hippocampus. (B) Neurons sorted from the male 

cerebellum expressed significantly higher levels of Calbindin than 

either astrocytes or microglia sorted from the cerebellum, but 

also significantly higher levels than the neurons sorted from the 

hippocampus.



FACS
Fluorescent reporter lines



Tasik et al., 2016

Nature Neurosci

doi:10.1038/nn.4216



Tasik et al., 2016

Nature Neurosci

doi:10.1038/nn.4216



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

The Allen Brain Atlas

Cellular taxonomy of the 

mouse visual cortex

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


(A) Workflow for obtaining and analyzing single-cell RNA-seq from juvenile mouse cortical cells, from dissection to single-

cell RNA-seq and biclustering. (B) Visualization of nine major classes of cells using t-distributed stochastic neighbor 

embedding (tSNE). Each dot is a single cell, and cells are laid out to show similarities. Colored contours correspond to 

the nine clusters in (A) and fig. S3. Expression of known markers is shown using the same layout (blue, no expression; 

white, 1% quantile; red, 99% quantile). (C) Hierarchical clustering analysis on 47 subclasses. Bar plots show number of 

captured cells in CA1 and S1, number of detected polyA+ RNA molecules per cell, and total number of genes detected 

per cell.

Fig. 1 Molecular census of somatosensory S1 
cortex and hippocampus CA1 by unbiased 
sampling and single-cell RNA-seq.

Cell types in the mouse cortex and hippocampus revealed by 

single-cell RNA-seq* Zeisel et al., 2015 Science 347:1138-1142

* RNA-Seq (RNA sequencing), uses next-generation sequencing (NGS) to reveal 

and quantify the whole transcriptome in a biological sample.  See Mutz et al., 2013 

(Current Opinion in Biotechnolog, 24:22–30) for review of the technique



Fig. 2 Neuron subclasses in the somatosensory cortex

(A) Subclasses of pyramidal neurons in 

the somatosensory cortex (S1) identified 

by BackSPIN clustering. Bar plots show 

mean expression of selected known and 

novel markers (error bars show standard 

deviations). Layer-specific expression 

shown by in situ hybridization (Allen Brain 

Atlas). S1PyrL23, layer II-III; S1PyrL4, 

layer IV; S1PyrL5a, layer Va; S1PyrL5, 

layer V; S1PyrL6, layer VI; S1PyrL6b, 

layer VIb; S1PyrDL, deep layers; 

ClauPyr, claustrum.

(B) Identification of interneuron 

subclasses. Bar plots show selected 

known and novel markers. Fraction of 

S1/CA1 cells is depicted at bottom: blue, 

S1; yellow, CA1; white, flow-sorted 

Htr3a+ cells from S1.

(C) Immunohistochemistry demonstrating 

the existence and localization of novel 

PAX6+/5HT3aEGFP+ interneurons, 

Int11. Bar plots show the layer 

distribution of these neurons. (D) Intrinsic 

electrophysiology and morphology of 

PAX6+ interneurons in S1 layer I, 

identified by post hoc staining.

Zeisel et al., 2015  Science

doi: 10.1126/science.aaa1934


