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The mature brain is composed of 100 bil-
lion to 200 billion neurons and perhaps 10
times as many glial cells. Generation of the
I willion diverse, complex cells that regu-
late every aspect of behavior is accom-
plished in human beings during a brief span
of just 3 to 4 months. This critical period
of gestation is sensitive to interference from
environmental, pathogenic, and genetic fac-
tors, and defects in proliferation at this stage
of dev elopment can produce severe corti-
cal malformations such as lissencephaly. We
review the current state of understanding
of cortical progenitor cells in the Lmbl}--

onic cerebral cortex.
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TO ANSWER THIS SCALING QUESTION
ONE NEEDS:




TO ANSWER THIS SCALING QUESTION
ONE NEEDS:

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




RODENTIA —
AN ORDER WITH BRAINS VARYING 180X IN SIZE

0416 g @a mouse

1.020 g - hamster

1.802 g ' rat
3.759 ¢ , guinea pig

18.365 g agouti

—

76.036 g _ capybara

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




PRIMATES —
AN ORDER WITH BRAINS VARYING 500X IN SIZE

MARMOSET

GALAGO

OWL
MONKEY

SQUIRREL
MONKEY

CAPUCHIN

MACAQUE

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

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




TO ANSWER THIS SCALING QUESTION
ONE NEEDS:

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




RATTUS NORVEGICUS —
A SPECIES WITH POSTNATAL BRAINS
VARYING 6.5x IN SIZE
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Bandeira, Lent & Herculano-Houzel, 2009, PNAS 106:14108-14113



TO ANSWER THIS SCALING QUESTION
ONE NEEDS:

3. A SERIES OF BRAINS WITH KNOWN
PATHOLOGIES




ALZHEIMER™ S DISEASE
BRAINS OBTAINED FROM DECEASED SUBJECTS
AT THE SAO PAULO BRAIN BANK (USP)




TO ANSWER THIS SCALING QUESTION
ONE NEEDS:

4. A RELIABLE METHOD FOR ESTIMATING
CELL NUMBERS AND SIZE




ISOTROPIC FRACTIONATOR
A RELIABLE METHOD FOR ESTIMATING
CELL NUMBERS AND SIZE

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




STEREOLOGICAL METHODS
(INNAPROPRIATE FOR THIS PURPOSE)

Human hippocampus




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
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Fixed brain

THE METHOD

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




MENINGES ARE REMOVED

Fixed brin




Fixed brain
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THE METHOD

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




BRAIN IS SEGMENTED INTO REGIONS OF INTEREST
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BRAIN IS SEGMENTED INTO REGIONS OF INTEREST
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DIFFERENT REGIONS OF INTEREST ARE SEPARATED
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Fixed brain

THE METHOD

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

Fractionation
in potters




Iiixed brain

TISSUE IS FRACTIONED

Fractionation
in potters




THE METHOD

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

Fractionation

) Nuclei suspension
In potters

Iiixed brain




NUCLEI SUSPENSIONS ARE COLLECTED AND STAINED

Fractionation

) Nuclei suspension
In potters

Iiixed brain




THE METHOD

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

in potters

Fixed br.in

+ DAPI

Fractionation Nuclei suspension

Counting aliquots in
hemocytometer




NUCLEI ARE COUNTED AT THE NEUBAUER CHAMBER

C Human cerebellum

20um

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




EVOLUTION

OLD PARADIGMS

HE DOGMAS OF QUANTITATIVE
NEUROSCIENCE

-""l

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




EVOLUTION
DEVELOPMENT
PATHOLOGY

FIRST DOGMA:

'THE CEREBRAL CORTEX IS THE PINACLE OF EVOLUTION

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

Neuroanatomical Correlates of Intelligence

*
¥

Eileen Luders1, Katherine L. Narr1, Paul M. Thompson1, and Arthur W. Tc:)ga‘I

T Laboratory of Neuro Imaging, Department of Neurology, UCLA School of Medicine, Los Angeles,
CA, USA

The cerebral cortex holds two thirds of the brain’s neurons and thus appears to be a promising

candidate for determining the primary neuroanatomical correlates of intelligence. Measures of
cortical thickness range between 1.5 and 4.5 mm, and although linked with other measures of
gray matter (Narr et al., 2005), they might be more closely related to intellectual abilities than
volumetric or intensity-based gray matter concentration measures (Narr et al., 2007).

Published in final edited form as:

Intellicence. 2009 March 1: 37(2): 156—163. doi:10.1016/7.1ntell . 2008.07.002.




FIRST DOGMA:

'THE CEREBRAL CORTEX IS THE PINACLE OF EVOLUTION

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

Neuroanatomical Correlates of Intelligence

*
¥

Eileen Luders1, Katherine L. Narr1, Paul M. Thompson1, and Arthur W. Tc:)ga‘I

T Laboratory of Neuro Imaging, Department of Neurology, UCLA School of Medicine, Los Angeles,
CA, USA

The cerebral cortex holds two thirds of the brain’s neurons and thus appears to be a promising

candidate for determining the primary neuroanatomical correlates of intelligence. Measures of
cortical thickness range between 1.5 and 4.5 mm, and although linked with other measures of
gray matter (Narr et al., 2005), they might be more closely related to intellectual abilities than
volumetric or intensity-based gray matter concentration measures (Narr et al., 2007).

Published in final edited form as:

Intellicence. 2009 March 1: 37(2): 156—163. doi:10.1016/7.1ntell . 2008.07.002.




COMPARATIVE CELLULAR COMPOSITION OF THE
BRAINS OF SIX RODENT SPECIES

Body mass,

Brain mass,

Species g g
Mouse 40.4 +£11.6 0.416 £ 0.028
Hamster 168.11 + 13.6 1.020 + 0.147
Rat 315.1 +£102.9 1.802 + 0.313
Guinea pig 311.0+£49.1 3.759 £ 0.499
Agouti 2843.3 + 195.5 18.365 + 2.061
Capybara 47500.0 + 76.036 + 3.787
3535.5
Variation 1176x% 183x

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243
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BIGGER BODIES, BIGGER BRAINS
(POWER FUNCTION IN RODENTS)
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COMPARATIVE CELLULAR COMPOSITION OF THE
BRAIN OF SIX PRIMATE SPECIES

Species

Body mass,

Brain mass,

g g
[Tree 172.5+ 3.5 2.752 + 0.011
shrew]
Marmoset 361.0+£1.4 7.780 £ 0.654
Galago 946.7 £ 102.9 10.150 + 0.060
Oowl 925.0+£ 35.4 15.730
monkey
Squirrel n.a. 30.216
monkey
Capuchin 3,340.0 52.208
Macaque 3,900.0 87.346
Variation 10.8x 11.2x

Herculano-Houzel et al, 2007, PNAS 104:3562-3567
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BIGGER BODIES, BIGGER BRAINS
(LINEAR FUNCTION IN PRIMATES)
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BIGGER BRAINS, BIGGER CORTEX

Cerebral cortex

®% mass
p=0.748, p<0.0001

% of total brain
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Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243




BIGGER BRAINS, BIGGER CORTEX,
INVARIANT CEREBELLUM
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BIGGER BRAINS, BIGGER CORTEX,
INVARIANT CEREBELLUM
(SAME FOR OTHER SPECIES)
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GROWTH OF BRAIN MEANS GROWTH OF CORTEX
OR

ENCEPHALIZATION = CORTICALIZATION

—

IS IT REALLY TRUE?




COMPARATIVE CELLULAR COMPOSITION OF THE

BRAIN OF SIX RODENT SPECIES

] Body mass, Brain mass, Total Cells, Total Neurons,

Species g g %106 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 + 76.036 + 3.787 4866.44 + 1601.12 + 81.16

3535.5 1080.76

Variation 1176x 183x 45x 22X

Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243
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IN RODENTS:
BIGGER BRAINS - MORE NEURONS
( scaling function)

© Cx, 1.760
A Ra, 1.772

® Cb, 1.370
3x107 3x108

Nneurons

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




IN PRIMATES:
BIGGER BRAINS - MUCH MORE NEURONS
( scaling function)

6x10° 6x10°
# neurons

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




% of total brain

BIGGER BRAINS, INVARIANT PROPORTION
OF CORTICAL NEURONS

Cerebral cortex

@®% mass
p=0.748, p<0.0001

O% neurons
p=-0.171, p=0.5212
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Herculano-Houzel, Mota & Lent, 2006, PNAS 103:1238-1243




BIGGER BRAINS, LARGER PROPORTION
OF CEREBELLAR NEURONS
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COORDINATED SCALING OF CORTICAL
AND CEREBELLAR NEURONS
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Herculano-Houzel 2010, Front Neuroanat [Epub]




FOR THERE ARE
4 NEURONS IN CEREBELLUM
(IN ANY SPECIES)

| gt
bbbl"‘

Herculano-Houzel 2010, Front Neuroanat [Epub]




OR

GROWTH OF BRAIN MEANS COORDINATED INCREASE

IN NUMBER OF

| _
&.bbhﬁ”

AND CEREBELLAR NEURONS




FIRST DOGMA:

'THE CEREBRAL CORTEX IS THE PINACLE OF EVOLUTIONY

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




WHAT ABOUT HUMANS?




SECOND DOGMA:
“THE HUMAN BRAIN HAS ONE HUNDRED BILLION
NEURONS AND 10 TIMES MORE GLIAL CELLS”
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Contribution of Intermediate Progenitor Cell

to Cortical Histogenesis NEUROLOGICAL REVIEW

Stephen C. Noctor, PhD; Verénica Martinez-Cerdeno, PhD; Arnold R. Kriegstein, MD, PhD

The mature brain is composed of 100 bil-

lion to 200 billion neurons and perhaps 10
times as many glial cells| Generation of the

1 trillion diverse, complex cells that regu-
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150g

Body weight = 75 kg

3 billion!

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




COUNTING NEURONS IN HUMAN BRAIN

85,80 84,00

B Neurons

B Non-neurons

Cerebellum Cortex Remaining
regions

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




COUNTING NEURONS IN HUMAN BRAIN

Whole brain
1,508.91+ 299.14g Cerebral cortex (GM+WM)

170.68 +13.86 B cells / 1,232.93% 233.68¢

86.06 £ 8.12 B neurons e 77.18% 7;72 B cells
84.61* 9.83 B glia — X 16.34 £ 2.17 B neurons

0.99 g/n P 60.84+ 7.02 B glia
‘ A D 3.76g/n

Basal gang + dienceph + brainstem - 80.2% of B— Cerebellum

117.66 * 45.42g . brain neurons SERTVIPERT LY,

8.42%+1.50 B cells " ' 27 85.08 £ 6.92 B cells
0.69 £ 0.12 B neur 69.03 = 6.65 B neur
7.73 £1.45 B glia 16.04 £ 2.17 B glia
11.35 g/n 0.23 g/n

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




SECOND DOGMA:
“THE HUMAN BRAIN HAS ONE HUNDRED BILLION
NEURONS AND 10 TIMES MORE GLIAL CELLS”




SECOND DOGMA:
“THE HUMAN BRAIN HAS ONE HUNDRED BILLION
NEURONS AND 10 TIMES MORE GLIAL CELLS”
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EVOLUTION
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TRENDS in Cognitive Sciences Vol.9 No.5 May 2005

SCIEN

Evolution of the brain and intelligence

Gerhard Roth"? and Ursula Dicke?

?Hanse Institute for Advanced Study, D-27753 Delmenhorst, Germany
?Brain Research Institute, University of Bremen, D-28334 Bremen, Germany

Absolute size 1s the most general of all brain properties

(Figure 1; Table 1), and ranges in mammals from brains of
small bats and insectivores (weighing less than 0.1 g) to *
B those of large cetaceans (up to 9000 gfﬁl. It is assumed that| =




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




MASS OF BRAIN STRUCTURES FITS WELL
IN PRIMATE CURVE

Homo
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NUMBER OF NEURONS ALSO FIT WELL

Structure mass (Q)

2,000

pdele

20
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Number of neurons

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




NUMBER OF GLIAL CELLS ALSO FIT WELL
IN PRIMATE CURVE

Structure mass (Q)
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DEVIATION FROM AVERAGE IS SIMILAR FOR
ALL PRIMATES
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BRAIN CELL COMPOSITION: d vs. Q
ABSOLUTE NUMBERS

CEREBELLUM

Males (n=5; 71-83yo0)
Females (n=6; 60-75y0)

p = 0.0559

Number of cells (billions)

Moraes et al, 2011,

. Neurons Non-neurons Total cells Humberto Moraes
work in progress




BRAIN CELL COMPOSITION: d vs. Q
ABSOLUTE NUMBERS

HIPPOCAMPAL FORMATION
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BRAIN CELL COMPOSITION: d VS. Q

CELL DENSITY

CEREBELLUM

Males (n=5; 71-83yo0)
Females (n=6; 60-75y0)

Moraes et al, 2011,
work in progress
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BRAIN CELL COMPOSITION: d VS. Q
CELL DENSITY

HIPPOCAMPAL FORMATION

Males (n=5; 71-83yo0)
Females (n=6; 60-75y0)
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BRAIN CELL COMPOSITION:
DEMENTED vs. NON-DEMENTED

HIPPOCAMPAL FORMATION + AMYGDALA

CDR = 0 (n=5, 72-88y0)
CDR = 3 (n=4, 71-86y0)
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HOW WOULD EXPANSION OF THE BRAIN TAKE PLACE?

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




CORTICAL MODULES AND SURFACE BRAIN GROWTH
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IS THERE A CONSTANT NUMBER OF NEURONS
IN EVERY CORTICAL MODULE?
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FOURTH DOGMA:
“BRAINS GROW IN EVOLUTION AND DEVELOPMENT
BY THE ADDITION OF UNIFORM MODULES”

Herculano-Houzel et al, 2007, PNAS 104:3562-3567
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QUANTIFICATION OF CORTICAL MODULES IN PRIMATES

1om E N

Species M, g A, mm? T, mm N, millions D, 1000/mg
Tupaia glis (n=2) 0.515 0.063 497 158 1.089 0.021 2195 1.60 38.16 7.42
Callithrix jacchus (n=3) 2942 0120 1534 273 1310 0235 12033 4330 = 5424 2334
Otolemur garnetti (n=2) | 2°°6 0129 ' 4745 331 1.462 0.196 8850 14.75 31.90 7.26
Aotus trivirgatus (n=3) 3698 0663 5714 213 1.499 0.039 20032 67.34 47.96 15.34
Callimico goeldi (n=1) | 3872 1953 1.600 178.77 38.55
Saimiri sciureus (n=3) | 0996 0.356 ' 5950 1337 1.465 0.023 64573 43.74 80.92 9.68
Macaca fascicularis (n=1) 10-499 9381 1.413 400.74 32.94
Macaca radiata (n=1) 15.493 8441 1.572 829.60 43.81
Cebus apella (n=2) 15820 4.982 4653 99 1.767 0.147 | 930.67 507.78 51.08 15.44
Papio sp. (N=2) 36.334 8.233 16639 3052 2034 0.028 1420.34 18.07 33.73 7.23

Variation 70.6 x 29.2 x 1.6 X 60.7 x 2.4 X

Herculano-Houzel et al., 2008, PNAS, 105:12593-12598
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THE DOGMA PREDICTS: SURFACE AREA OF
DIFFERENT MAMMALS SHOULD
CORRELATE WITH NEURONAL NUMBER
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SURFACE AREA OF DIFFERENT PRIMATES
CORRELATES WITH NEURONAL NUMBER AS A
POWER FUNCTION
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ANOTHER PREDICTION: FOR MODULES TO BE UNIFORM,
NEURONAL DENSITY SHOULD CORRELATE
INVERSELY WITH CORTICAL THICKNESS

N=AXTXD ‘

IF N/A IS CONSTANT, WHEN T INCREASES,
D SHOULD DECREASE
(INVERSE CORRELATION)
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NEURONAL DENSITY DOES NOT CORRELATE
AT ALL WITH CORTICAL THICKNESS

10

Cortical thickness, mm

p = 0.8256

10

Neuronal density, N/mg

Herculano-Houzel et al., 2008, PNAS 105:12593-12598
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FOURTH DOGMA:
“BRAINS GROW IN EVOLUTION AND DEVELOPMENT
BY THE ADDITION OF UNIFORM MODULES”
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DEVELOPMENT

FIFTH DOGMA: Fabian;Bandeir
“BRAINS GROW IN DEVELOPMENT BY
PRENATAL NEURONAL PROLIFERATION IN CORTEX”




DEVELOPMENT

FIFTH DOGMA: Fabiana Bandeir,
“BRAINS GROW IN DEVELOPMENT BY
PRENATAL NEURONAL PROLIFERATION IN CORTEX”

The Journal of Neuroscience, February 1,2003 - 23(3):937-942 - 937

Nonrenewal of Neurons in the Cerebral Neocortex of Adult
Macaque Monkeys

e 0,! and Tatsuhiro Hisatsune! —
The co ]1{-5-_}]1 tt of ashi 1pan, and Primate Research Institute, Kyoto University, Inuyama wable has been ’
challenged by - pan key. Therefore, §&
we have reexamined this issue in two different Macaque species using the thymidine analog bromodeoxyuridine (BrdU) as an indicator

of DNA replication during cell division. We found several BrdU+/NeuN+ (neuronal nuclei) double-labeled cells, but cortical neurons,
distinguished readily by their size and cytological and immunohistochemical properties, were not BrdU positive. We examined in detail
the frontal cortex, where it is claimed that the largest daily addition of neurons has been made, but did not see migratory streams or any
sign of addition of new neurons. Thus, we concluded that, in the normal condition, cortical neurons of adult primates, similar to other
mammalian species, are neither supplemented nor renewable.




PRECAUTION:
CHECK WHETHER NeuN IS EXPRESSED IN DEVELOPING ANIMALS

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




PRECAUTION:
CHECK WHETHER NeuN IS NEURONAL IN DEVELOPING ANIMALS

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




BRAIN WEIGHT ALONG DEVELOPMENT
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BRAIN NEURONAL NUMBER
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NEOCORTEX NEURONAL NUMBER
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NEOCORTEX NEURONAL NUMBER
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NEOCORTEX NEURONAL NUMBER
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YES, THERE IS NEUROGENESIS IN NEOCORTEX

white matter
~cortex
P]ippocampus
50 um ™. e 50 pm
el N -
Vo Vo Yy
’ Yoy d Yoy ’ Yy
rF - F y -
Vo Yoy Vy
Vo Wy Wiy
¥4 ¥ ’
Wy Yy Vay
Yoy Yy Vo
Vay Wy b
50 pm
NeuN BrDU NeuN

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




FIFTH DOGMA:
“BRAINS GROW IN DEVELOPMENT BY
PRENATAL 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

|
i . SN

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

b”"l

Lent et al., 2011, Eur. J. Neurosci., in press
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THANK YOU
VERY MUCH!
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