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1: pp 5-10 Introduction

Brains evolved
All higher animals have brains
Neurons across species look remarkably similar
How these neurons are connected differs
A hallmark of brains is complexity
Human brains are large and wrinkly and have large frontal cortex

Sept 28
(today)

15: 337-344 Anatomy

The nervous system can be subdivided into regions
The brain is a tube
The brain floats in your skull
NS = PNS + CNS
ANS = PNS + CNS = sympathetic + parasympathetic
Sensorimotor cortices are topographically organized

Sept 30
(Weds)

Discussion 
section

Real human brains
Oct 1
(Thurs)

52: 1165-1185

53: 1187-1194
53: 1218-1227

Development

Most of the complexity of the brain comes from development
It is impossible to create an adult human brain without development
There are relatively simple developmental rules
Development = genes + environment

Oct 2
(Fri)

We emphasize these points from Kandel in Bi/CNS 150

Read Lecture
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Why is development interesting?

Reason 1:  engineering. 
 “you gotta build it to understand it”

“you can’t build it without development”

Reason 2:  ubiquity. 
 “lifespan development”

phylogenetic conservation

Reason 4:  representation.
 How could a brain that never developed know anything about the world? 

Reason 3:  developmental disorders. 
e.g., Autism

3

3

Thomas Hunt Morgan Ed Lewis

Drosophila melanogaster

A favorable animal for genetics:
Brief generation time.

Many animals in a small space

Seymour Benzer

Developmental neuroscience at Caltech
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Roger Sperry’s famous experiments.

 goldfish: 
 
After he cut the optic nerve, individual 
fibers grew back to their original 
destination in the brain.  

Sperry postulated a “chemoaffinity” 
between 

the nerves and their target cells.

Developmental neuroscience at Caltech

(superior 
colliculus)
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THE PROBLEMS OF DEVELOPMENT

• Cell differentiation
– How do cells get different from one another?

• Cell determination
– When do cells first “know” they are going to 

differentiate?

• Pattern formation
– How are differentiated cells positioned correctly in 

space and time to create structure in a brain?
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Basic Mechanisms

Proliferation

Migration

Differentiation

7

7

8

8

Sakai et al.,Current Biology 2012

work of Tetsuro Matsuzawa
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chimpanzee, 34–35 weeks) [4], human 
neonates do have larger brains than 
chimpanzee neonates [2]. It has been 
suggested that the extraordinary brain 
enlargement in humans is due to 
unique features in the human pattern 
of brain development during both the 
prenatal and postnatal periods [1,2]. 
It has been argued that all primates 
conform to a 12% ratio of brain mass 
to body mass from the fetal period 
to birth [5,6], though a recent study 
[7] suggested that the brain of a 
chimpanzee neonate accounts for 
10% of its body weight, whereas that 
of a human neonate, on average, 
accounts for 12.3%, an increase due 
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It is argued that the extraordinary 
brain enlargement observed in 
humans is due to not only the human-
specific pattern of postnatal brain 
development, but also to that of 
prenatal brain development [1,2]. 
However, the prenatal trajectory of 
brain development has not been 
explored in chimpanzees (Pan 
troglodytes), even though they are our 
closest living relatives. To address this 
lack of information, we tracked fetal 
development of the chimpanzee brain 
from approximately 14 to 34 weeks 
of gestation (just before birth) in utero 
using three-dimensional ultrasound 
imaging. The results were compared 
with those obtained for the human 
brain during approximately the same 
period. We found that the brain volume 
of chimpanzee fetuses was only half 
that of human fetuses at 16 weeks 
of gestation. Moreover, although 
the growth velocity of brain volume 
increased until approximately 22 weeks 
of gestation in both chimpanzees and 
humans, chimpanzee fetuses did not 
show the same accelerated increase 
in brain volume as human fetuses 
after that time. This suggests that 
maintenance of fast development of 
the human brain during intrauterine life 
has contributed to the remarkable brain 
enlargement observed in humans.

Earlier studies have suggested that, 
compared with other primates, human 
neonates show a more immature 
brain size relative to that of the adult, 
followed by a rapid rate of brain 
development after birth [1,2]. This 
has been attributed to the constraints 
imposed on neonate head size by 
the structure of the maternal pelvis 
[3]. But although gestational length 
is slightly longer in humans than in 
chimpanzees (human, 38 weeks; 

Correspondences to accelerated brain growth, known as 
encephalization, in humans. 

We looked for empirical evidence 
for the remarkable enlargement of the 
human brain during the fetal period. 
We performed three-dimensional 
ultrasound imaging on two chimpanzee 
fetuses from approximately 14 to 34 
weeks of gestation (Figure 1A and 
Tables S1–S4 in the Supplemental 
Information) and compared the results 
with previously estimated numerical 
data from human fetuses from 16 to 
32 weeks of gestation [8] — up until a 
few weeks before birth  (Tables S5 and 
S6; see the Supplemental Experimental 
Procedures for details). 
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Figure 1. Evaluation of fetal brain volume relative to gestational age.
Three-dimensional ultrasound images were acquired from two chimpanzee fetuses as they 
developed from 14 to 34 weeks of gestation. (A) Three-dimensional ultrasound scanning of 
a chimpanzee fetal brain. (B) An ontogenetic series of images of the chimpanzee fetal brain. 
Three-dimensional ultrasound brain images from one chimpanzee fetus (Iroha) at 14 weeks, 21 
weeks, and 30 weeks of gestation are shown. The upper row shows sonographic axial images 
of the brain. The lower row shows three-dimensional renderings of the brain. (C) Gestational 
age-related changes in the brain volume in chimpanzee fetuses (Hatsuka and Iroha) and human 
fetuses (n = 68) (see details in [8]). The magenta solid line represents the LOESS fit of the chim-
panzee fetus. The blue line represents the median value (50th percentile) of the human fetus. 
The fine magenta lines represent the 95% confidence band of the LOESS fit. (D) Gestational 
age-related changes in the growth velocity of brain volume in chimpanzee fetuses (Hatsuka 
and Iroha) and human fetuses (n = 68) (see details in [8]). The color bars below the graphs 
represent the gestational time based on the time of conception in chimpanzees (magenta) and 
humans (blue), respectively. 
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Figure 1. Evaluation of fetal brain volume relative to gestational age.
Three-dimensional ultrasound images were acquired from two chimpanzee fetuses as they 
developed from 14 to 34 weeks of gestation. (A) Three-dimensional ultrasound scanning of 
a chimpanzee fetal brain. (B) An ontogenetic series of images of the chimpanzee fetal brain. 
Three-dimensional ultrasound brain images from one chimpanzee fetus (Iroha) at 14 weeks, 21 
weeks, and 30 weeks of gestation are shown. The upper row shows sonographic axial images 
of the brain. The lower row shows three-dimensional renderings of the brain. (C) Gestational 
age-related changes in the brain volume in chimpanzee fetuses (Hatsuka and Iroha) and human 
fetuses (n = 68) (see details in [8]). The magenta solid line represents the LOESS fit of the chim-
panzee fetus. The blue line represents the median value (50th percentile) of the human fetus. 
The fine magenta lines represent the 95% confidence band of the LOESS fit. (D) Gestational 
age-related changes in the growth velocity of brain volume in chimpanzee fetuses (Hatsuka 
and Iroha) and human fetuses (n = 68) (see details in [8]). The color bars below the graphs 
represent the gestational time based on the time of conception in chimpanzees (magenta) and 
humans (blue), respectively. 
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Figure 1. Evaluation of fetal brain volume relative to gestational age.
Three-dimensional ultrasound images were acquired from two chimpanzee fetuses as they 
developed from 14 to 34 weeks of gestation. (A) Three-dimensional ultrasound scanning of 
a chimpanzee fetal brain. (B) An ontogenetic series of images of the chimpanzee fetal brain. 
Three-dimensional ultrasound brain images from one chimpanzee fetus (Iroha) at 14 weeks, 21 
weeks, and 30 weeks of gestation are shown. The upper row shows sonographic axial images 
of the brain. The lower row shows three-dimensional renderings of the brain. (C) Gestational 
age-related changes in the brain volume in chimpanzee fetuses (Hatsuka and Iroha) and human 
fetuses (n = 68) (see details in [8]). The magenta solid line represents the LOESS fit of the chim-
panzee fetus. The blue line represents the median value (50th percentile) of the human fetus. 
The fine magenta lines represent the 95% confidence band of the LOESS fit. (D) Gestational 
age-related changes in the growth velocity of brain volume in chimpanzee fetuses (Hatsuka 
and Iroha) and human fetuses (n = 68) (see details in [8]). The color bars below the graphs 
represent the gestational time based on the time of conception in chimpanzees (magenta) and 
humans (blue), respectively. 
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After gastrulation the ectodermal 
and mesodermal layers approach 
closely

Ectoderm/mesoderm contact 
induces the neural plate, which 
folds

The neural plate rolls into a tube, 
and neural crest migrates away 
from the dorsal region of the tube

time

Notochord

Epidermis

Neural folds

Notochord

Neural 
crest

Neural 
tube

Floor plate

Cross-sectional views

Notochord

Epidermis

Neural 
folds

Notochord

Neural 
crest

Neural 
tube

Floor plate

Induction of the vertebrate nervous system

Greek, “outer”; Greek, “skin”

Greek, “middle”

13
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Neural crest cells can become lots 
of different tissue!

Bone morphogenetic proteins (BMPs)
Glial growth factor (GGF)
Transforming growth factor β (TGFβ)

Schwann 
cell

Smooth 
muscle

Enteric 
neuron

MelanocyteSympathetic 
neuron

Sensory 
neuron

Parasympathetic      
neuron

Migration and determination

Multipotent 
neural 
crest cell 
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How could a cell be instructed to differentiate?

-external influence (i.e., some molecular signals)

Inducing factors

Signal Molecule A

Signal Molecule B

Signal Molecule C

Note one consequence: 
being in a different place/time = exposure to different inducing factors
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What else is needed?

COMPETENCE of the cell to respond to the signals!

- many different types of cell-surface receptors
- differentially expressed on different cells

16
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Hypothetical
Morphogen
Gradient

Cell type: A B

Different cell
types differentiate
at different positions
along gradient

MORPHOGENS: MORE BANG FOR YOUR BUCK
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Regionalization of the nervous system:
D-V axis determination by diffusible factors

time

As a result of induction, neurons at 
different D-V axis positions in the 
spinal cord adopt different fates

Bone morphogenetic proteins (BMPs) 
induce dorsal fates;
sonic hedgehog (SHH) induces 
ventral fates

As the neural tube forms, gradients 
of signaling factors are established 
along its D-V axis

Roof plate 
& epidermis
Floor plate 

& notochord

Morphogen produces specific responses depending on its conc.

18
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Summary of D-V patterning:

1.  Dorsal:  several BMPs.  These are inhibited for neural induction.
(follistatin, noggin, chordin, fibroblast growth factor, retinoic acid)

2.  Ventral: SHH acts as a morphogen (its gradient matters)
(note this is quite precisely regulated)

19
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But how do inducing factors get cells to differentiate?

1. need to bind to cell surface receptors (competence)
2. to trigger intracellular processes

3. that dictate gene transcription

So genes do matter: namely, when and where they are expressed

20
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Copyright © The McGraw-Hill Companies. All rights reserved.
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Signaling molecules/
gradients

Overall scheme:

active 
regulation

cell-surface
receptors

transcription
factors

lateral
inhibition

neuronal 
identity

23
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Copyright © The McGraw-Hill Companies. All rights reserved.
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In cortical areas, 
detailed cell fate is specified 
during birth and migration 

along radial glia

Most cells are born at the inner surface; 
Vertical division plane → symmetric fates;
  Horizontal plane → asymmetric fates 

Inside-first, outside last
(newly born cells overtake older cells)

25
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Neurogenesis: new neurons are born in the adult rodent brain
. . . and definitely happens in the primate brain.  

Gage, F.H. (2000) Science 287:1433-1438

Hippocampus Olfactory Bulb

26

26
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PERSPECTIVES

        T

here are few positive things to be said 

about above-surface nuclear bomb 

tests, but one of their most unex-

pected fallouts will be the proof of neuro-

genesis in the adult human brain. With help 

from atomic-age history, Spalding et al. 

( 1) have derived a model predicting that 

neurogenesis-based plasticity in humans 

reaches much greater levels than previously 

assumed.

The hippocampal region of the brain 

in most, if not all, mammals, including 

humans, generates new neurons. A land-

mark study 15 years ago applied a method 

routinely used in animal research to human 

subjects and revealed new neurons in the 

adult human brain in fi ve individuals up to 

72 years of age ( 2). But this classical method 

involved injecting a label that permanently 

integrates into the DNA of dividing cells. 

The compound, bromodeoxyuridine (BrdU), 

can be recognized with antibodies and used 

to visualize cells that originate from a cell 

that took up the label when it was injected, 

and subsequently divided. For a short time, 

BrdU was used in clinical studies for tumor-

staging purposes. The 1998 study relied on 

the availability of a cohort of patients that 

had received BrdU injections and were will-

ing to donate their brains after death. This 

situation will not occur again, as BrdU is no 

longer given to patients for safety reasons. 

Thus, information on adult hippocampal 

neurons in humans has relied on this one 

infl uential study, although there has been 

some additional indirect evidence since 

then. For example, the characteristic molec-

ular markers that identify adult hippocampal 

neurogenesis in the mouse are also present 

in the adult and old human hippocampus ( 3).

The long-awaited, more direct proof 

has f inally been provided by Spalding 

et al. through an ingenious approach (see 

the figure). Their strategy makes use of 

the extreme peak of carbon isotope 14 

(

14

C) that was released into the atmosphere 

during the aboveground nuclear bomb tests 

between 1945 and 1963. Following the 

Limited Test Ban Treaty of 1963, most 

aboveground blasts ceased. Since then, the 

amount of atmospheric 

14

C has declined. 

Dividing cells require carbon, and as this 

carbon is ultimately taken from the atmo-

sphere, 

14

C fi nds its way into the DNA of 

proliferating cells, where the atoms are sta-

bly integrated into chromosomes as they are 

being duplicated. Conveniently, the amount 

of incorporated 

14

C correlates with the atmo-

spheric 

14

C at the time of cell division. So 

one “only” has to measure 

14

C in the DNA 

to estimate, quite precisely, the age of a cell, 

based on the age of its DNA (the decline in 

14

C over time is used to calculate the age). 

The technical realization of this kind of cel-

lular carbon dating turned out to be a tre-

mendous challenge ( 4), but over the years, it 

has been used to study the cellular turnover 

in several tissues, such as adipose ( 5).

What the Bomb Said About 

the Brain

NEUROSCIENCE

Gerd Kempermann

A retrospective carbon dating approach 

proves that there is substantial production 

of new neurons in the adult human brain 

throughout life.
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Deutsches Zentrum für Neurodegenerative Erkrankungen 
(DZNE) and the Center for Regenerative Therapies Dresden, 
Technische Universität Dresden, Fetscherstrasse 105 Dres-
den, 01307 Germany. E-mail: gerd.kempermann@dzne.de

planets, or a massive debris disk ( 15) sim-

ilar to the Kuiper Belt, at larger radii than 

would otherwise be possible. Future obser-

vations will be needed to determine whether 

traps are also present in younger disks where 

there is no evidence for preexisting planets. 

Such traps could be important even if they 

are substantially weaker than that observed 

in the IRS 48 disk. The sensitivity and image 

fi delity of ALMA has been improved further 

since the Early Science phase observations 

executed last year, so answers should soon 

be forthcoming.  
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The brain, time-stamped. Atmospheric 14C that was released during nuclear bomb tests between 1945 and 
1963 has been incorporated into the DNA of dividing cells, providing a time-stamp. This has been used to 
prove adult hippocampal neurogenesis in humans, thereby confi rming a particular type of structural and 
functional brain plasticity involved in higher cognitive function.
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would have less influence (Appleby et al., 2011). The adult
generation of neurons serves to uphold a pool of neurons with
specific functional properties rather than replacing individual
neurons that are lost. Therefore, the continuous generation of
new neurons in the adult human hippocampus may have an
additive role functionally in the circuitry, although more neurons
are lost than generated.
Can the number of new neurons generated in the adult human

hippocampus have functional significance? An indication of this
may be gained by comparing the extent of adult neurogenesis in
humans with that in other species, in particular the mouse, in
which most experiments on the function of adult hippocampal
neurogenesis have been carried out. It is difficult to make direct
comparisons because there are several factors influencing the
potential impact of newborn neurons that may vary between
species; for example, the total number of cells in the circuitry
and for how long newborn neurons have distinct features. The
best measure of adult neurogenesis when comparing across
speciesmay be the relative proportion of newborn to old neurons
(Kempermann, 2012). We conclude that 0.004% of the dentate

gyrus neurons are exchanged daily in adult humans, which can
be compared to 0.03%–0.06% per day in 2-month-old mice
and 0.004%–0.02% per day in 5- to 16-year-old macaque mon-
keys (Jabès et al., 2010; Kempermann et al., 1997; Kornack and
Rakic, 1999). Hippocampal neurogenesis has been estimated to
decrease approximately 10-fold between 2 and 9 months of age
in the mouse (Ben Abdallah et al., 2010), indicating that the rate
of neurogenesis in adult humans may correspond to that of a
9-month-old mouse. Along with the extended period of imma-
ture features of the adult-born neurons in nonhuman primates
(Kohler et al., 2011), and potentially humans, the relative propor-
tion of adult-born neurons with unique functions in the human
hippocampus may not be smaller than that in a middle-aged
mouse. Therefore, the extent of neurogenesis in the adult human
hippocampus may be sufficient to convey similar functions as in
themouse, in which adult neurogenesis is important for cognitive
adaptability.
Adult-born hippocampal neurons have enhanced synaptic

plasticity for a period of time after their differentiation (Ge
et al., 2007; Schmidt-Hieber et al., 2004). This, along with the
fact that the dentate gyrus acts as a bottleneck in the network,
allows a small proportion of neurons to have a substantial influ-
ence on the circuitry and hippocampal function. The new neu-
rons are required for efficient pattern separation and the ability
to distinguish and store similar experiences as distinct mem-
ories, whereas the old granule cells are necessary for pattern
completion, which serves to associate similar memories to
each other (Clelland et al., 2009; Nakashiba et al., 2012; Sahay
et al., 2011). Failing pattern separation may result in generaliza-
tion, a common feature in anxiety and depression in humans
(Kheirbek et al., 2012). There are a number of indications that
implicate reduced neurogenesis in psychiatric disease, but it
has been difficult to explore whether there is a link in humans
(Eisch and Petrik, 2012). We find considerable interindividual
variation in this study, and the assessment of hippocampal neu-
rogenesis, along with the reconstruction of medical histories,
may reveal whether reduced neurogenesis is associated with
psychiatric disease in humans.

EXPERIMENTAL PROCEDURES

Tissue Collection
After informed consent from the individual or next-of-kin was given, tissues

were procured from autopsy cases from 2000 to 2012 from the Swedish Na-

tional Department of Forensic Medicine, the Department of Neurology of the

Miller School of Medicine Brain Endowment Bank, and the Department of Pa-

thology of the University of Debrecen. Ethical permission for this study was

granted by Regional Ethics Committee of Sweden (No 02-418, 2005/185,

2006/1029-31/2, 2006/189-31, 2010-313/31-3), the institutional review board

of the University of Miami Miller School of Medicine (FWA00002247;

IRB00005622), and the local institutional review board of the medical faculty

in Debrecen, Hungary. Whole hippocampi were dissected and analyzed. Brain

tissue was frozen and stored at !80"C until further analysis.

Nuclei Isolation
Tissue samples were thawed and Dounce homogenized in 10 ml lysis buffer

(0.32 M sucrose, 5 mM CaCl2, 3 mM magnesium acetate, 0.1 mM EDTA,

10 mM Tris-HCl [pH 8.0], 0.1% Triton X-100, and 1 mM DTT). Homogenized

samples were suspended in 20 ml of sucrose solution (1.7 M sucrose, 3 mM

magnesium acetate, 1 mM DTT, and 10 mM Tris-HCl [pH 8.0]), layered onto

Figure 6. An Integrated Model of the Number and Age of Neurons in
the Human Hippocampus
A schematic illustration of the number of neurons in the dentate gyrus (above

thewhite line) and other subdivisions of the hippocampus (below thewhite line)

and the age of neurons within the dentate gyrus at different ages. The total

number of neurons declines with age in the hippocampus, though the dentate

gyrus is relatively spared. The dentate gyrus is composed of a declining

fraction of cells generated during development (black), which is gradually re-

placed by postnatally generated cells. For a given age of the person, post-

natally generated cells are shown with different shades of gray indicating

decade intervals, the lightest gray being cells generated during the last

decade, and cells one shade darker being generated 10 to 20 years ago, etc.

This way, at age 15 among postnatally generated cells, only cells generated

0 to10 years ago and 10 to 20 years ago are present. Read vertically for a fixed

age of the person, the cell age distribution goes from oldest cells (black) to the

youngest ones (light gray). Read horizontally, the fraction of adult-born cells

(nonblack) increases with age. The model is based on scenario 2POPEd. The

figure was generated with the following parameters: initial fraction of renewing

neurons, 0.31; death rate of the nonrenewing neurons, 0.0035 per year; death

rate of newborn neurons, 0.11 per year; and cell age at which the death rate

has reduced by half, 19 years. The parameter set was selected among the 3%

best out of 33 105 parameter sets explored with a Markov chain Monte Carlo

algorithm and consistent with scenario 2POP.

See also Figure S4.
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Axonal guidance

once neurons have differentiated and are in the right place....

how do they make the right connections?

28
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Debates about how axons get to their targets

-Langley: they are guided by cues (early 1900s)
- Weiss: random outgrowth and subsequent matching by “resonance” (1930s)

decisive experiment:  Roger Sperry’s frog (1940s).
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Roger Sperry’s famous experiments.

 goldfish: 
 
After he cut the optic nerve, individual 
fibers grew back to their original 
destination in the brain.  

Sperry postulated a “chemoaffinity” 
between 

the nerves and their target cells.

Developmental neuroscience at Caltech

(superior 
colliculus)
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The Chemoaffinity Hypothesis:

1.  Axons have differential markers on them
2.  Targets cells and pathways have corresponding markers

3.  Axonal growth is actively directed by markers to establish specific connections

31
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Sever optic nerve, Rotate the eye 180o  → the frog sees an inverted world.  Why?
Because the connections are appropriate for the right-side-up eye.

Roger Sperry’s classic experiment

P PA A

D

V

Retina Tectum   Retina Tectum   

B.  InvertedA.  Normal
Optics
Field of view Field of view

Connectivity

Action
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tyrosine 
kinase 

receptors 
peptide 

ligands for 
these 

receptors

Ephrins:
cell-surface proteins that 
can induce growth cone 
collapse.

Eph kinases and Ephrins 
are distributed in gradients 
in the retina and tectum.

Eph repulsive signaling 
partially defines Sperry’s 
“chemoaffinity” that sets up 
the  retinotectal map. 

Axons with high 
Eph kinase 
expression avoid tectal 
regions with high 

levels of ephrin

Sperry’s “chemoaffinity”
in the retinotectal system:

a 21st Century view

A  Normal

A P A PRetina Tectum

Cell bodies Growth cones

A P A P

C  Inactivate Ephrin A5

B  Confined overexpression of Ephrin A2

A P A P
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Fischer et al., Neuron 1998

GFP-actin growth cone in a hippocampal neuron
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Once neurons have ....

-differentiated
-are in the right place

-and have made connections

... how do they form the right synapses?
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Activity
Trophic Factors
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Nerve Growth Factor (effect on DRG neuron)

Hypothesized: 1930s
Isolated: 1970s
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The Trk class of Neurotrophins and their receptorsThere are 4 NTs, recognized 
by 3 tyrosine receptor kinase 
subtypes, called Trks.

There is cross-talk between 
NTs in activation of TrkB.

The low MW NGF receptor
(not shown) 
binds to all NTs and 
facilitates their activation of 
Trks.

NTs regulate:
Neuronal survival
Precursor proliferation
Neuronal differentiation
Axon growth
Axon branching
Transmitter synthesis
Synaptic efficacy
Dendritic arborization
Synaptic rearrangement

(trk is a proto-oncogene)

nerve growth factor brain-derived neurotrophic factor

Kinase domain 39

39

Some themes to note:

BMP prevents dorsal neural tube cells from becoming neurons
Ephrins repel axons coming into the tectum

NGF rescues normal neuronal cell death

A lot of mechanisms have to do with stopping complex, pre-established programs, rather 
than initiating new ones.
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Once neurons have ....

-differentiated
-are in the right place

-and have made connections
-and have formed synapses

... is development over??
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Your brain is always on
Your brain is always changing

Brain changes -> behavioral changes -> environment changes
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