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Valentino Braitenberg , 1926 - 2011  



 Sistema visivo della mosca



Horizontal section through the fly visual system. From: Valentino Braitenberg 



From: Valentino Braitenberg, Gehirngespinste (1973)



From Kuno Kirschfeld (1967)



Fibres crossings between 
the ommatidia and the  
first visual ganglion. 
From V.Braitenberg



From Valentino Braitenberg, 
Gehirngespinste (1973)
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Cortical Functions 

Learning 
Thinking  
Perception (acoustic, visual, tactile, olfactory) 
Recognition 
Voluntary movements 
Language 
Categorisation 
Calculating 
Composing music …



Variety of functions – 

Relative homogeneity of structure



Nissl-stain, 
visual cortex, mouse 
From:  
Braitenberg and Schüz 
(1991/98)
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Golgi-stain, 
Cat cortex, 
Pyramidal cells

0.1 mm



From: Valentino Braitenberg

somatosensory acoustic

V2 V1



From:  
Valentino  
Braitenberg 
(1981)

10 µm



Electron microscopy, Osmium stainElectron microscopy, cortex, Osmium stain

 1 µm



 MEASUREMENTS                                              DEDUCED QUANTITIES                                           CONCLUSIONS 

No. of sensory input fibres < 106                                           
Vol. (iso- and allocortex) 2 x 87 mm3 

                                                                                   Total neurons 1.6 x 107                                   No. of neurons >> no. of input fibres 
Density of neurons 9 x 104/mm3 

                                                                                   Synapses/neuron  8000                                    Connections between neurons of the  
Density of synapses 7 x 108/mm3                                                                                                                         same kind 
Average distance of synap. on axons 5 mm              Syn./length of axon 200/mm 
                                                                                                                                                             Mostly excitatory synapses 
Density of axons 4 km/mm3   
Length of the axonal tree 10 - 40 mm                       Rel. density of axons (synaps.) 
                                                                                              pyramidal    10-5                                   Great divergence / convergence 
Range of axons: pyramidal cell 1 mm                                  stellate         10-3  
                   small stellate cell 0.2 mm                                  afferent        10-3 

Density of dendrites 0.4 km/mm3                                                                                                       Connections very weak 
Length of the dendritic tree 4 mm                              Rel. density of dendrites 10-3 

                                                                                               (py., basal dendrites) 
Range of dendrites 0.2 mm 
                                                                                                                                                              Mixing machine        Memory rather 
Spines/unit length of dendrites 1 – 2 /µm                    Probability of synapses betw.                                                          than computation 
(Synapses on spineless dendrites 3/µm)                       2 py-cells 0.2-0.3 mm apart: 
                                                                                                 0 syn. p = 0.9 
Percent pyramidal cells  85 %                                                 1 syn. p = 0.09                                     Associative memory with 
                                                                                                 2 syn. p = 0.004                                   formation of cell assemblies 
Percent Type-I-synapses  89 % 
Percent synapses on spines  75 %                                                                                                        Modifiable synapses  

From: Braitenberg and Schüz (1991/1998)



Methodological problems in quantitative neuroanatomy 

- Completeness of stain 

- Unambiguous recognition of structures 

- Shrinkage 

- transformation of number per area into number per volume 



Nissl stain human cortex, layer 5,  
From Schüz (2008), Scholarpedia, 3(3):3158. 



neuron
oligodendroglia

astroglia

Nissl stain human cortex, layer 5,  
From Schüz (2008), Scholarpedia, 3(3):3158. 



Laver IV 
Mouse 
cortex



  Fixation 

Synthetic Celloidin  Paraffin  freezing 
resin 

                 Cutting 

Mounting (Nissl,   Staining (Immunohisto- 
 Myelin)    chemical stains) 

Staining    Mounting 

               
             Dehydration 
              Fluorescent 
                   dyes                
  Covering       



From: Schüz and Palm (1989)

1 mm



From: Schüz and Palm (1989)



Method Linear schrinkage Volume shrinkage
Nissl stain after 
paraffin embedding

≈ 0.75  
(0.67 – 0.81)

to 42 %

Nissl stain on frozen 
sections

≈ 0.88 to 68 %

Golgi stain and 
celloidin embedding 

≈ 0.89 to 70 %

Electron microscopic 
material (osmium)

swelling and shrinkage 
compensate each other

no change in 
volume



  Fixation 

Synthetic Celloidin  Paraffin  freezing 
resin 

                 Cutting 

Mounting (Nissl,   Staining (Immunohisto- 
 Myelin)    chemical stains) 

Staining    Mounting 

               
             Dehydration 
              Fluorescent 
                   dyes                
  Covering       



Transformation of number per area to number per volume: 

Stereology 



Transformation of number per area to number per volume: 

Stereology 

-Counting cell bodies 

-Counting synapses 

-Length of dendrites or axons per neuron 

-Density of axons per mm3 

-Density of spines per dendritic length 

-Density of synapses along dendrites 

-Density of synapses along axons 

-Probability of connections between neurons



t + 2 r

t ~ 10 – 30 µm



t + 2 r

                               Ncounted 
N / V = ------------------------------                      (Abercrombie, 1946) 
                 Area x (t + 2 x radius)  

t ~ 10 – 30 µm



t + 2 r

Alternative approaches: 

  



t + 2 r

Alternative approaches: 

 determining the center of each neuron by focussing 
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Alternative approaches: 

 determining the center of each neuron by focussing 

 counting nucleoli



t

Alternative approaches: 

 determining the center of each neuron by focussing 

 counting nucleoli 

 Bok‘s method (1959): using 2 alternating section thicknesses



t1

t2



t1

t2

                           N1 - N2 
N / V  =  ------------------------------                       
                      Area x (t1 – t2)  



t + 2 r

                               Ncounted 
N / V = ------------------------------                      (Abercrombie) 
                 Area x (t + 2 x radius)  



Günther Palm (now chair for neuroinformatic, University of Ulm)







From Schüz and Palm (1989)

_ 
d = measured average diameter 
d = real average diameter 
t = thickness of section 
v = variance



≈ 9 x 104 neurons/mm3



2) Counting synapses



Section thickness ~ 60 nm





From Schüz and Palm (1989)



≈ 7 x 108 synapses/mm3





From Colonnier and Beaulieu (1985)



From Colonnier and Beaulieu (1985)



Disector method (Sterio 1984; Gundersen)



1) Counting cell bodies 

2) Counting synapses 

3) Length of dendrites or axons per neuron 

4) Density of axons per mm3 

5) Density of spines per dendritic length 

6) Density of synapses along dendrites 

7) Density of synapses along axons 

7) Probability of connections between neurons



Golgi Macaca mulatta





Shortening of the lengths due to projection:

α







≈ 10 – 40 mm axon/neuron



1) Counting cell bodies 

2) Counting synapses 

3) Length of dendrites or axons per neuron 

4) Density of axons per mm3 

5) Density of spines per dendritic length 

6) Density of synapses along dendrites 

7) Probability of connections between neurons



1 µm



Dendrites  35 % 

Axons   34 % 

Spines   14 % 

Glia processes  11 % 

Extracellular space   6 %
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Dendrites  35 % 

Axons   34 % 

Spines   14 % 

Glia processes  11 % 

Extracellular space               6 %

Neve cell bodies 11 % 
Glia cell bodies 1 % 
Blood vessels 4 % 

  29 % 

  29 % 

  12 % 

   9 % 

   5 %

≈ 1 - 4 km axon/mm3



1) Counting cell bodies 

2) Counting synapses 

3) Length of dendrites or axons per neuron 

4) Density of axons per mm3 

5) Density of spines per dendritic length 

6) Density of synapses along dendrites 

7) Density of synapses along axons 

8) Probability of connections between neurons



1 µm dendritic spines





≈  1 spine/1-2 µm



Density of synapses along dendrites

≈ 3 synapes/µm



1) Counting cell bodies 

2) Counting synapses 

3) Length of dendrites or axons per neuron 

4) Density of axons per mm3 

5) Density of spines per dendritic length 

6) Density of synapses along dendrites 

7) Density of synapses along axons 

8) Probability of connections between neurons




