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ABSOLUTE CELL 
COMPOSITION OF  

BRAINS 



WHAT  MAKES  A  BRAIN BIGGER 
OR SMALLER? 

WHY IS THIS QUESTION IMPORTANT? 



EVOLUTION 
DEVELOPMENT 
PATHOLOGY 

WHAT  MAKES  A  BRAIN BIGGER 
OR SMALLER? 



NUMBER OF NEURONS? 
NUMBER OF GLIAL CELLS? 

NEURONAL SIZE? 
GLIAL SIZE? 

EXTRACELLULAR SPACE? 
VASCULATURE?  

EVOLUTION 
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WHAT  MAKES  A  BRAIN BIGGER 
OR SMALLER? 



TO ANSWER THIS SCALING QUESTION  
ONE NEEDS: 



1. A SERIES OF BRAINS OF DIFFERENT SPECIES 
WITH DIFFERENT SIZES  

TO ANSWER THIS SCALING QUESTION  
ONE NEEDS: 



RODENTIA –  
AN ORDER WITH BRAINS VARYING 180X IN SIZE 

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243 



PRIMATES –  
AN ORDER WITH BRAINS VARYING 500X IN SIZE 

HUMAN 

MACAQUE 

MARMOSET 

GALAGO 

OWL 
MONKEY 

SQUIRREL 
MONKEY 

CAPUCHIN 

Herculano-Houzel et al, 2007, PNAS 104:3562-3567 

1 cm Azevedo et al, 2009, J.Comp.Neurol., 513:530-541 



2. A SERIES OF BRAINS WITH DIFFERENT AGES, 
IN THE SAME SPECIES 

TO ANSWER THIS SCALING QUESTION  
ONE NEEDS: 

1. A SERIES OF BRAINS OF DIFFERENT SPECIES 
WITH DIFFERENT SIZES  



RATTUS NORVEGICUS –  
A SPECIES WITH POSTNATAL BRAINS  

VARYING 6.5x IN SIZE 

Bandeira, Lent & Herculano-Houzel, 2009, PNAS 106:14108-14113 
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TO ANSWER THIS SCALING QUESTION  
ONE NEEDS: 

2. A SERIES OF BRAINS WITH DIFFERENT AGES, 
IN THE SAME SPECIES 

1. A SERIES OF BRAINS OF DIFFERENT SPECIES 
WITH DIFFERENT SIZES  

3. A SERIES OF BRAINS WITH KNOWN  
PATHOLOGIES 



ALZHEIMER´S DISEASE 
BRAINS OBTAINED FROM DECEASED SUBJECTS 

AT THE SÃO PAULO BRAIN BANK (USP) 



TO ANSWER THIS SCALING QUESTION  
ONE NEEDS: 

4. A RELIABLE METHOD FOR ESTIMATING  
CELL NUMBERS AND SIZE 

2. A SERIES OF BRAINS WITH DIFFERENT AGES, 
IN THE SAME SPECIES 

1. A SERIES OF BRAINS OF DIFFERENT SPECIES 
WITH DIFFERENT SIZES  

3. A SERIES OF BRAINS WITH KNOWN  
PATHOLOGIES 



ISOTROPIC FRACTIONATOR 
A RELIABLE METHOD FOR ESTIMATING  

CELL NUMBERS AND SIZE 

Herculano-Houzel & Lent, 2005, J. Neurosci. 25:2518-2521 



*THE NERVOUS TISSUE IS HIGHLY ANISOTROPIC 

STEREOLOGICAL METHODS 
(INNAPROPRIATE FOR THIS PURPOSE) 

Human hippocampus 



 
*MEAN DENSITIES HAVE HIGH VARIANCES 

*ESTIMATION OF ABSOLUTE NUMBERS OF CELLS 
DEPENDS ON BRAIN VOLUME 

STEREOLOGICAL METHODS 
(INNAPROPRIATE FOR THIS PURPOSE) 



ISOTROPIC FRACTIONATION MEANS 
TRANSFORMING A ANISOTROPIC TISSUE... 



...INTO A ISOTROPIC MEDIUM 



MEASURED DENSITIES BECOME MORE RELIABLE, 
AND VOLUMES CAN BE CHOSEN AT WILL 



THE METHOD 
Herculano-Houzel & Lent, 2005, J.Neurosci. 25:2518-2521 

Fixed brain 
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THE METHOD 
Herculano-Houzel & Lent, 2005, J.Neurosci. 25:2518-2521 

Fixed brain 

Segmentation 



Fixed brain 

BRAIN IS SEGMENTED INTO REGIONS OF INTEREST 

Segmentation 
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BRAIN IS SEGMENTED INTO REGIONS OF INTEREST 

Segmentation 



Fixed brain 

DIFFERENT REGIONS OF INTEREST ARE SEPARATED 

Segmentation 



THE METHOD 
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Fractionation 
in potters 

Fixed brain 

Segmentation 



Fixed brain 

TISSUE IS FRACTIONED 

Fractionation 
in potters 

Segmentation 



THE METHOD 
Herculano-Houzel & Lent, 2005, J.Neurosci. 25:2518-2521 

Fractionation 
in potters 

Fixed brain 

Nuclei suspension 
Segmentation 



NUCLEI SUSPENSIONS ARE COLLECTED AND STAINED 

Fractionation 
in potters 

Fixed brain 

Segmentation 
Nuclei suspension 

 



THE METHOD 
Herculano-Houzel & Lent, 2005, J.Neurosci. 25:2518-2521 

Fractionation 
in potters 

Counting aliquots in  
hemocytometer Fixed brain 

Segmentation 
Nuclei suspension 

+ DAPI 
+ αNeuN 



NUCLEI ARE COUNTED AT THE NEUBAUER CHAMBER 

Azevedo et al., 2009, J. Comp. Neurol, 513:530-541 

Human cerebellum 



OLD PARADIGMS 
THE DOGMAS OF QUANTITATIVE 

NEUROSCIENCE 

EVOLUTION 
DEVELOPMENT 
PATHOLOGY 

Herculano-Houzel, Mota & Lent, 2006, In Evolution of Nervous Systems, J. Kaas, ed. (Elsevier) 
Lent et al., 2011, Eur. J. Neurosci., in press 



FIRST DOGMA:  
“THE CEREBRAL CORTEX IS THE PINACLE OF EVOLUTION” 

“BRAIN GROWTH IN EVOLUTION MEANS GROWTH OF 
THE CEREBRAL CORTEX” 
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FIRST DOGMA:  
“THE CEREBRAL CORTEX IS THE PINACLE OF EVOLUTION” 

“BRAIN GROWTH IN EVOLUTION MEANS GROWTH OF 
THE CEREBRAL CORTEX” 

 

IS IT TRUE? 



COMPARATIVE CELLULAR COMPOSITION OF THE 
BRAINS OF SIX RODENT SPECIES 

 

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243 

 
Species 

 

Body mass,  
g 
 

Brain mass,  
g 
 

Total Cells,  
x106 

 

Total Neurons, 
x106 

 
Mouse 
 

40.4 ± 11.6 
 

0.416 ± 0.028 
 

108.69 ± 16.25 
 

70.89 ± 10.41 
 

Hamster 
 

168.11 ± 13.6 
 

1.020 ± 0.147 
 

166.12 ± 23.77 
 

89.97 ± 9.55 
 

Rat 
 

315.1 ± 102.9 
 

1.802 ± 0.313 
 

331.65 ± 8.84 
 

200.13 ± 12.17 
 

Guinea pig 
 

311.0 ± 49.1 
 

3.759 ± 0.499 
 

477.87 ± 10.57 
 

239.62 ± 2.79 
 

Agouti 
 

2843.3 ± 195.5 
 

18.365 ± 2.061 
 

1941.46 ± 65.81 
 

856.74 
 

Capybara 
 

47500.0 ± 
3535.5 

 

76.036 ± 3.787 
 

4866.44 ±  
1080.76 

 

1601.12 ± 81.16 
 

  
 

  
 

  
 

  
 

  
 

Variation 
 

1176x 
 

183x 
 

45x 
 

22x 
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BIGGER BODIES, BIGGER BRAINS 
(POWER FUNCTION IN RODENTS) 

MOUSE 

HAMSTER 

RAT 

GUINEA PIG 

AGOUTI 

CAPYBARA 

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243 



COMPARATIVE CELLULAR COMPOSITION OF THE 
BRAIN OF SIX PRIMATE SPECIES 

 

Herculano-Houzel et al, 2007, PNAS 104:3562-3567 

 
Species 

 

Body mass,  
g 
 

Brain mass,  
g 
 

Total Cells,  
x106 

 

Total Neurons, 
x106 

 
[Tree 
shrew] 
 

172.5 ± 3.5 
 

2.752 ± 0.011 
 

261.40 
 

199.65 
 

Marmoset 
 

361.0 ± 1.4 
 

7.780 ± 0.654 
 

635.80 ± 115.73 
 

590.74 ± 70.81 
 

Galago 
 

946.7 ± 102.9 
 

10.150 ± 0.060 
 

936.00 ± 115.26 
 

666.59 ± 63.50 
 

 
Owl 
monkey 
 

925.0 ± 35.4 
 

15.730 
 

1,468.41 
 

1,195.13 
 

Squirrel 
monkey 
 

n.a. 
 

30.216 
 

3,246.43 
 

2,075.03 
 

Capuchin 
 

3,340.0 
 

52.208 
 

3,690.52 
 

3,297.74 
 

  
 

  
 

  
 

  
 

  
 

Variation 
 

10.8x 
 

11.2x 
 

10x 
 

12.1x 
 

Macaque 
 

3,900.0 
 

87.346 
 

6,376.16 
 

7,162.90 
 

Body mass,  
g 
 

Brain mass,  
g 
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BIGGER BODIES, BIGGER BRAINS 
(LINEAR FUNCTION IN PRIMATES) 

Herculano-Houzel et al, 2007, PNAS 104:3562-3567 
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BIGGER BRAINS, BIGGER CORTEX 

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243 

- 
- 

- 
- 



BIGGER BRAINS, BIGGER CORTEX, 
INVARIANT CEREBELLUM 

 123 

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243 



BIGGER BRAINS, BIGGER CORTEX, 
INVARIANT CEREBELLUM 

(SAME FOR OTHER SPECIES) 

Cerebral cortex Cerebellum 



ENCEPHALIZATION = CORTICALIZATION 

GROWTH OF BRAIN MEANS GROWTH OF CORTEX 
OR 

IS IT REALLY TRUE? 
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Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243 

IN RODENTS: 
BIGGER BRAINS  MORE NEURONS 

(Power scaling function) 



Herculano-Houzel et al, 2007, PNAS 104:3562-3567 

1.077 

0.990 

1.040 

IN PRIMATES: 
BIGGER BRAINS  MUCH MORE NEURONS 

(Linear scaling function) 

Re 



BIGGER BRAINS, INVARIANT PROPORTION 
OF CORTICAL NEURONS 

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243 

T 



BIGGER BRAINS, LARGER PROPORTION 
OF CEREBELLAR NEURONS 

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243 



Herculano-Houzel 2010, Front Neuroanat [Epub] 

COORDINATED SCALING OF CORTICAL 
AND CEREBELLAR NEURONS 

(primates) 

(rodents) 

(insectivores) 



FOR EACH NEURON IN CORTEX THERE ARE 
4 NEURONS IN CEREBELLUM 

(IN ANY SPECIES) 

Herculano-Houzel 2010, Front Neuroanat [Epub] 



ENCEPHALIZATION = CORTICALIZATION! 
OR 

GROWTH OF BRAIN MEANS COORDINATED INCREASE 
IN NUMBER OF CORTICAL AND CEREBELLAR NEURONS 



FIRST DOGMA:  
“THE CEREBRAL CORTEX IS THE PINACLE OF EVOLUTION” 

“BRAIN GROWTH IN EVOLUTION MEANS GROWTH OF 
THE CEREBRAL CORTEX” 

 
FIRST DOGMA REVISED:  

“THE CEREBRAL CORTEX MAY NOT BE  
THE PINACLE OF EVOLUTION” 

“BRAIN GROWTH IN EVOLUTION MEANS THE  
COORDINATED GROWTH OF CORTEX AND CEREBELLUM” 

 



WHAT ABOUT HUMANS? 



SECOND DOGMA:  
“THE HUMAN BRAIN HAS ONE HUNDRED BILLION 

NEURONS AND 10 TIMES MORE GLIAL CELLS” 
Segundo dogma 



1,400g 

90 billion! 

Herculano-Houzel et al, 2007, PNAS 104:3562-3567 

IS IT TRUE? 
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1,400g 

90 billion! 

Herculano-Houzel et al, 2007, PNAS 104:3562-3567 

Ops! 

45,000g! 



150g 

3 billion! 

Herculano-Houzel et al, 2007, PNAS 104:3562-3567 

Ops! 

Body weight = 75 kg 



Neurons 

Non-neurons 

Cerebellum Cortex Remaining  
regions 

Whole 
brain 

Azevedo et al, 2009, J.Comp.Neurol, 513:530-541 
in collaboration with the São Paulo Brain Bank, FM-USP 

4 brains, 50-70 yrs-old 
CDR=0 

COUNTING NEURONS IN HUMAN BRAIN 

Fred Azevedo 



Azevedo et al, 2009, J.Comp.Neurol, 513:530-541 
in collaboration with the São Paulo Brain Bank, FM-USP 

COUNTING NEURONS IN HUMAN BRAIN 



SECOND DOGMA:  
“THE HUMAN BRAIN HAS ONE HUNDRED BILLION 

NEURONS AND 10 TIMES MORE GLIAL CELLS” 

SECOND DOGMA REVISED:  
“THE HUMAN BRAIN HAS LESS THAN ONE HUNDRED  

BILLION NEURONS AND AN EQUAL NUMBER  
OF GLIAL CELLS” 
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THIRD DOGMA:  
“THE HUMAN BRAIN IS EXCEPTIONALLY 

COMPLEX, AS COMPARED WITH OTHER PRIMATES” 

EVOLUTION 
DEVELOPMENT 
PATHOLOGY 

Herculano-Houzel et al, 2007, PNAS 104:3562-3567 
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IS IT TRUE? 

Herculano-Houzel et al, 2007, PNAS 104:3562-3567 

1 cm 

THIRD DOGMA:  
“THE HUMAN BRAIN IS EXCEPTIONALLY 

COMPLEX, AS COMPARED WITH OTHER PRIMATES” 



Azevedo et al, 2009, J. Comp. Neurol., 513:530-541 

MASS OF BRAIN STRUCTURES FITS WELL  
IN PRIMATE CURVE 
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NUMBER OF NEURONS ALSO FIT WELL  
IN PRIMATE CURVE 

Azevedo et al, 2009, J. Comp. Neurol., 513:530-541 
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NUMBER OF GLIAL CELLS ALSO FIT WELL  
IN PRIMATE CURVE 

Azevedo et al, 2009, J. Comp. Neurol., 513:530-541 
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Azevedo et al, 2009, J. Comp. Neurol., 513:530-541 

DEVIATION FROM AVERAGE IS SIMILAR FOR  
ALL PRIMATES 
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1 cm 

THIRD DOGMA:  
“THE HUMAN BRAIN IS EXCEPTIONALLY 

COMPLEX, AS COMPARED WITH OTHER PRIMATES” 

THIRD DOGMA REVISED:  
“THE HUMAN BRAIN HAS JUST THE SIZE AND 

NUMBER OF NEURONS AS EXPECTED 
FOR A LARGE PRIMATE” 

Azevedo et al, 2009, J. Comp. Neurol., 513:530-541 



THE BRAIN OF HOMININS INFERRED 



Moraes et al, 2011, 
 work in progress 
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HIPPOCAMPAL FORMATION 

Humberto Moraes 
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ABSOLUTE NUMBERS 



Moraes et al, 2011, 
 work in progress 
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HOW WOULD EXPANSION OF THE BRAIN TAKE PLACE? 



J. Szentagothai (1912-1994) 

CORTICAL MODULES AND SURFACE BRAIN GROWTH 



= 150,000 neurons/mm2 

IS THERE A CONSTANT NUMBER OF NEURONS  
IN EVERY CORTICAL MODULE? 

Rockel et al., Brain 103:221-244 (1980) 
The Basic Uniformity of Neocortical Structure 

(mice, rats, cats, macaques, humans, 
2D counts) 
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FOURTH DOGMA:  
“BRAINS GROW IN EVOLUTION AND DEVELOPMENT  

BY THE ADDITION OF UNIFORM MODULES” 



Species 
 

M, g 
 

A, mm2 
 

T, mm 
 

N, millions 
 

Dneur, 1000/mg 
 

N/A, 1000 
 

Tupaia glis (n=2) 
 

0.515  0.063 
 

497  158 
 

1.089  0.021 
 

21.95  1.60 
 

38.16  7.42 
 

47.09  18.18 
 

Callithrix jacchus (n=3) 
 

2.042  0.120 
 

1534  273 
 

1.310  0.235 
 

120.33  43.30 
 

54.24  23.34 
 

78.00  22.70 
 

Otolemur garnetti (n=2) 2.556  0.129 1745  331 1.462  0.196 88.50  14.75 31.90  7.26 50.83  1.18 

Aotus trivirgatus (n=3) 
 

3.698  0.663 
 

2214  213 
 

1.499  0.039 
 

200.32  67.34 
 

47.96  15.34 
 

92.96  39.07 
 

Callimico goeldi (n=1) 
 

3.872 
 

1953 
 

1.600 
 

178.77 
 

38.55 
 

91.53 
 

Saimiri sciureus (n=3) 
 

6.996  0.356 
 

5250  1332 
 

1.465  0.023 
 

645.73  43.74 
 

80.92  9.68 
 

129.67  39.62 
 

Macaca fascicularis (n=1) 
 

10.459 
 

9381  
 

1.413 
 

400.74 
 

32.94 
 

42.71 
 

Macaca radiata (n=1) 
 

15.493 
 

8441 
 

1.572 
 

829.60 
 

43.81  
 

98.28 
 

Cebus apella (n=2) 
 

15.820  4.982 
 

7653  29 
 

1.767  0.147 
 

930.67  507.78 
 

51.08  15.44 
 

121.73  66.80 
 

Papio sp. (n=2) 
 

36.334  8.233 
 

16689  3052 
 

2.034  0.028 
 

1420.34  18.07 
 

33.73  7.23 
 

86.65  16.93 
   

 
  
 

  
 

  
 

  
 

  
 

  
 

Variation 
 

70.6 x 
 

29.2 x 
 

1.6 x 
 

60.7 x 
 

2.4 x 
 

3.0 x 
 

Herculano-Houzel et al., 2008, PNAS, 105:12593-12598 
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CORRELATE LINEARLY WITH NEURONAL NUMBER 
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THE DOGMA PREDICTS: SURFACE AREA OF 
DIFFERENT MAMMALS SHOULD  

CORRELATE LINEARLY WITH NEURONAL NUMBER 

α 

IS IT TRUE? 



NO, SURFACE AREA OF DIFFERENT PRIMATES 
CORRELATES WITH NEURONAL NUMBER AS A  

POWER FUNCTION 

Herculano-Houzel et al., 2008, PNAS 105:12593-12598 
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ANOTHER PREDICTION: FOR MODULES TO BE UNIFORM, 
NEURONAL DENSITY SHOULD CORRELATE 
INVERSELY WITH CORTICAL THICKNESS 

N = A X T X D 

N/A = T X D 

IF N/A IS CONSTANT, WHEN T INCREASES,  
D SHOULD DECREASE 

(INVERSE CORRELATION) 

X X 

X 



ANOTHER PREDICTION: FOR MODULES TO BE UNIFORM, 
NEURONAL DENSITY SHOULD CORRELATE 
INVERSELY WITH CORTICAL THICKNESS 

N = A X T X D 

N/A = T X D 

IF N/A IS CONSTANT, WHEN T INCREASES,  
D SHOULD DECREASE 

(INVERSE CORRELATION) 

X X 

X 

IS IT TRUE? 



NO, 
NEURONAL DENSITY DOES NOT CORRELATE 

AT ALL WITH CORTICAL THICKNESS 

Herculano-Houzel et al., 2008, PNAS 105:12593-12598 
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THE PROTOMAP HYPOTHESIS 

Pasko Rakic, Yale Univ. 

EVOLUTION 
DEVELOPMENT 



FOURTH DOGMA:  
“BRAINS GROW IN EVOLUTION AND DEVELOPMENT  

BY THE ADDITION OF UNIFORM MODULES” 

Herculano-Houzel et al., 2008, PNAS 105:12593-12598 

1 cm 

FOURTH DOGMA REVISED:  
“BRAINS GROW IN EVOLUTION AND DEVELOPMENT  

BY THE ADDITION OF NON-UNIFORM MODULES” 



FIFTH DOGMA:  
“BRAINS GROW IN DEVELOPMENT BY  

PRENATAL NEURONAL PROLIFERATION IN CORTEX” 

EVOLUTION 
DEVELOPMENT 

Fabiana Bandeira 



FIFTH DOGMA:  
“BRAINS GROW IN DEVELOPMENT BY  

PRENATAL NEURONAL PROLIFERATION IN CORTEX” 

EVOLUTION 
DEVELOPMENT 

Fabiana Bandeira 



PRECAUTION:  
CHECK WHETHER NeuN IS EXPRESSED IN DEVELOPING ANIMALS 

Bandeira, Lent & Herculano-Houzel, 2009, PNAS 106:14108-14113 

DAPI NeuN Merge 



PRECAUTION:  
CHECK WHETHER NeuN IS NEURONAL IN DEVELOPING ANIMALS 

Bandeira, Lent & Herculano-Houzel, 2009, PNAS 106:14108-14113 
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Bandeira, Lent & Herculano-Houzel, 2009, PNAS 106:14108-14113 

YES, THERE IS NEUROGENESIS IN NEOCORTEX  

NeuN BrDU NeuN 



FIFTH DOGMA:  
“BRAINS GROW IN DEVELOPMENT BY  

PRENATAL NEURONAL PROLIFERATION IN CORTEX” 

FIFTH DOGMA REVISED:  
“BRAINS GROW IN DEVELOPMENT BY  

PRENATAL AND POSTNATAL  
NEURONAL PROLIFERATION IN CORTEX” 

Bandeira, Lent & Herculano-Houzel, 2009, PNAS 106:14108-14113 



CONCLUSIONS 
 

1. DIFFERENT CELL SCALING RULES APPLY FOR CORTEX, 
CEREBELLUM AND REMAINING AREAS 

 
2. COORDINATED SCALING OF CORTEX AND CEREBELLUM 
SEEMS TO BE THE TRUE EVOLUTIONARY RULE FOR BIGGER 

BRAINS 
 

3. ABSOLUTE NUMBER OF NEURONS IN THE ADULT HUMAN 
BRAIN IS LOWER THAN 100 BILLION 

 
4. THE RATIO BETWEEN NEURONS AND GLIAL CELLS IN 

HUMANS IS JUST 1:1 
 

Lent et al., 2011, Eur. J. Neurosci., in press 



CONCLUSIONS 
 

5. CONSIDERING THEIR NEURONAL POPULATION, HUMANS 
ARE ONLY LARGE PRIMATES 

 
6. EVOLUTION DOES NOT OCCUR BY ADDITION OF UNIFORM 

MODULES 
 

7. THERE ARE TWO WAVES OF NEURONAL ADDITION 
POSTNATALLY IN THE CEREBRAL CORTEX, SUGGESTING 

NEUROGENESIS 
 

Lent et al., 2011, Eur. J. Neurosci., in press 
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