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PERSPECTIVES

Forming Terrestrial Planets

PLANETARY SCIENCE

John Chambers

Recent numerical models may provide a 

clearer understanding of the forces that 

shape planetary systems.

        T
he Sun’s rocky planets come in a 

range of sizes. Mercury weighs in at 

barely 5% of Earth’s mass, perhaps 

because it formed under harsh conditions 

close to the Sun. Venus is similar in size to 

our own planet. However, the modest mass 

of Mars is perplexing. Current theories for 

planet formation can explain the gross fea-

tures of the solar system, such as the dichot-

omy between its rocky and gas-rich planets, 

but there is no consensus on why Mars is 

almost a tenth the mass of Earth and Venus. 

Now, simulations by Izidoro et al. ( 1) show 

that Mars’ small size may date back to a par-

tial gap in the solar nebula, the cloud of gas 

surrounding the young Sun.

The Sun’s planets grew in several steps, 

beginning with microscopic grains of dust 

embedded in the solar nebula. These grains 

clumped together owing to electrostatic 

forces and gravity to form asteroid-sized 

planetesimals, which then coalesced into a 

few dozen planetary embryos. In the outer 

solar system, where the effect of the Sun’s 

gravity is weak, each embryo held sway over 

a large region, sweeping up a lot of mate-

rial as a result. A few objects grew mas-

sive enough to pull in gas from the nebula, 

becoming gas giant planets within a few 

million years. Closer to the Sun, embryos 

were smaller, probably similar in size to 

Mars. The fi nal growth of Venus and Earth 

involved occasional mergers between these 

embryos over a time scale of tens of millions 

of years ( 2).

The mystery is why Mars failed to grow 

larger in the same way. Most simulations of 

planet formation in the solar system produce 

Mars analogs that are similar in size to Earth 

( 3). These simulations usually begin with a 

solar nebula that varies smoothly with dis-

tance from the Sun apart from a jump in the 

asteroid belt where temperatures became 

cold enough for water ice to condense. That 

leaves a lot of material for Mars to sweep up. 

The masses of the terrestrial planets would be 

easier to understand if the solar nebula were 

nonuniform with a depleted region extending 

outward from Earth’s orbit at 1 astronomical 

unit (AU) ( 4,  5).

Why would the solar nebula have had 

such a gap? To date, the most plausible expla-

nation is the Grand Tack model ( 6). In this 

scenario, the orbits of Jupiter and Saturn 

migrated inward through the asteroid belt 

owing to gravitational interactions with the 

solar nebula, changed tack, and then retreated 

back to the outer solar system (see the fi gure, 

panel B). Most planetesimals and planetary 

embryos encountered en route were swept up 

or scattered elsewhere by the giants’ gravity. 

This behavior is consistent with detailed sim-

ulations of planetary migration, but the timing 

of the tack cannot be predicted from fi rst prin-

ciples, and yet it is critical to the outcome. Pro-

vided that Jupiter changed direction close to 

1.5 AU, the growth of Mars would be success-

fully stunted while leaving enough material 

closer to the Sun to form Earth and Venus ( 6).
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Stunted growth. Two ways to stop Mars growing larger. (A) If the solar nebula (shown in pink) had a partial 
gap near Mars’ orbit, the growth of solid bodies would have been less effective, reducing the fi nal mass of 
Mars while allowing Earth and Venus to grow larger. Separate events then depleted the asteroid belt. (B) In the 
Grand Tack model, Jupiter’s orbit crossed the asteroid belt twice, removing most planetary building blocks from 
the region beyond Earth’s orbit and reducing the mass of Mars and the asteroid belt.

which will lead to the formation of defective 

structures. This may explain why so many dis-

tinct mutations generate similar outcomes and 

account for the elaboration of MMPs in the 

face of high stresses. Cells that mistake high 

stress for low stress would likely activate the 

degradative pathways observed in TAADs.

Seen this way, regulatory pathways that 

govern mechanotransduction and matrix 

remodeling are potential targets for treating 

TAADs. For example, inhibiting a kinase that 

signals low stress could block maladaptive 

signaling that contributes to weakening of 

the aortic wall, whereas activating a pathway 

that signals high stress might increase wall 

strength. Understanding the mechanobiol-

ogy of the thoracic aorta in molecular detail 

is thus essential to future progress in tackling 

this disorder. 

References
 1. D. M. Milewicz et al., Annu. Rev. Genomics Hum. Genet. 

9, 283 (2008).  
 2. M. E. Lindsay, H. C. Dietz, Nature 473, 308 (2011).  
 3. D. Dajnowiec, B. L. Langille, Clin. Sci. 113, 15 (2007).  
 4. J. D. Humphrey, Cell Biochem. Biophys. 50, 53 (2008).  
 5. P. Lacolley, V. Regnault, A. Nicoletti, Z. Li, J.-B. Michel, 

Cardiovasc. Res. 95, 194 (2012).  

 6. A. Forte, A. Della Corte, M. De Feo, F. Cerasuolo, 
M. Cipollaro, Cardiovasc. Res. 88, 395 (2010).  

 7. S. Li, C. Van Den Diepstraten, S. J. D’Souza, B. M. C. 
Chan, J. G. Pickering, Am. J. Pathol. 163, 1045 (2003).  

 8. M. A. Schwartz, Cold Spring Harb. Perspect. Biol. 2, 
a005066 (2010).  

 9. Q. Li, Y. Muragaki, I. Hatamura, H. Ueno, A. Ooshima, 
J. Vasc. Res. 35, 93 (1998).  

 10. C. C. DuFort, M. J. Paszek, V. M. Weaver, Nat. Rev. Mol. 

Cell Biol. 12, 308 (2011).  
 11. S.-Q. Kuang et al., Arterioscler. Thromb. Vasc. Biol. 33, 

2172 (2013).  
 12. W. Li et al., J. Clin. Invest. 124, 755 (2014).  

10.1126/science.1253026

Published by AAAS



2 MAY 2014    VOL 344    SCIENCE    www.sciencemag.org 480

PERSPECTIVES

A New Wrap for Neuronal Activity?

NEUROSCIENCE

Marie E. Bechler and Charles ffrench-Constant  

Neuron activity alters the state of white matter 

in the mammalian brain.

        A
s we learn and experience the world 

around us, our brains are remodeling 

neuronal pathways. Is this remodel-

ing only a property of neurons, or are other 

brain cell types also adapting and contribut-

ing to learning? A substantial proportion of 

cells in the mammalian brain are oligoden-

drocytes and their precursors (collectively 

called oligodendroglia). Oligodendrocytes 

generate multiple myelin sheaths, lipid-rich 

extensions of specialized plasma membrane 

that spirally coat condensed layers around 

neurons. This insulation facilitates rapid 

nerve conduction, increasing velocities of 

neuron signals 10-fold ( 1) by restricting cur-

rent fl ow to the small gaps between sheaths—

the nodes of Ranvier. More than half of the 

human brain is composed of myelinated 

nerves (“white matter”). With such exten-

sive myelinated neural networks, it raises the 

questions: Do the myelin-producing oligo-

dendrocytes in the brain also adapt as neural 

circuits are modifi ed in response to activity, 

and does adaptation of oligodendrocytes then 

affect the underlying neural circuits? On page 

487 of this issue, Gibson et al. ( 2) provide 

new evidence to address how neuron activity 

may promote oligodendroglia changes.

Brain magnetic resonance imaging stud-

ies of individuals engaging in long-term 

learning tasks, such as practicing piano, 

show white matter changes in brain regions 

associated with these experiences ( 3). 

Adults learning new skills, such as juggling, 

also have shown potential changes in myelin 

( 4). However, this imaging technique can-

not defi nitively pinpoint changes specifi c to 

myelin sheaths, as the measurements may 

also refl ect changes in axon diameter, den-

sity, and organization ( 3). Therefore, direct 

analysis of oligodendrocyte morphology is 

required. Such analysis in mice has shown 

a correlation between social isolation and 

the appearance of fewer and thinner myelin 

sheaths in brain regions associated with 

social behavior ( 5,  6).

Previous studies have linked neuron 

activity to changes in oligodendrocyte pre-

cursor proliferation, differentiation, and 

myelination. Gibson et al. extend these fi nd-

ings using optogenetics, a technique that 

allows specifi c neurons expressing a light-

sensitive ion channel to be excited by light. 

Surprisingly, short periods (2.5 min/day 

for 7 days) of selective stimulation of pre-

motor cortex neurons in juvenile and adult 

mice, suffi cient to induce turning behavior, 

led to precursor proliferation and increased 

oligodendrocyte numbers (see the f ig-

ure). The authors also noted an increase in 

myelin thickness and improvements in 

motor function, neither of which was seen 
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An added bonus is that the wandering 

giant planets would have caused mayhem in 

the asteroid belt. In the Grand Tack model, 

most planetesimals and planetary embryos 

were ejected from the belt, and the survivors 

are a mixture of objects that formed interior 

and exterior to Jupiter’s original orbit. This 

may explain the paltry mass of the belt today 

and the diverse characteristics of asteroids’ 

spectra ( 7). However, this diversity may also 

be a weakness of the model because the wide 

range of implied formation locations may 

be hard to reconcile with the isotopic abun-

dances seen in meteorites ( 8).

Izidoro et al. propose a less traumatic 

alternative. They point to simulations of gas 

flow within the solar nebula ( 9) that sug-

gest that material flowed toward the Sun, 

moving at different speeds at different dis-

tances from the star (see the fi gure, panel A). 

As a result, the nebula probably thinned out 

somewhere between 1 and 3 AU. If this par-

tial gap survived long enough, it could have 

been preserved in the distribution of plane-

tesimals and planetary embryos that formed 

subsequently. The simulations performed by 

Izidoro et al. show that reducing the number 

of planetary building blocks near Mars’ cur-

rent orbit by 50 to 75% favors the formation 

of a puny red planet.

In both of these models, a Mars-like planet 

typically forms near 1 AU and is gravitation-

ally scattered into the depleted region of the 

solar nebula at an early stage. Here the planet 

is starved of building material and stops grow-

ing. This suggests that Mars should be appre-

ciably older than Earth, which is supported 

by radiometric dating ( 10), and that Earth 

and Mars should be made of similar stuff. It 

remains to be seen whether known differences 

in the two planets’ compositions ( 11) are small 

enough to be consistent with this prediction.

The two models differ when it comes 

to the asteroid belt. The scenario described 

by Izidoro et al. predicts that the asteroids 

formed more or less where they are today, and 

the asteroid belt was depleted gradually over 

several hundred million years by long-range 

gravitational perturbations from the giant 

planets. In the Grand Tack model, the aster-

oid belt was purged at a very early stage, and 

the surviving members sample a much larger 

region of the solar nebula. These differences 

may help us distinguish between the models 

in future.

Some caveats are in order. Like all cur-

rent theories for planet formation, the mod-

els described here are incomplete. In particu-

lar, we lack a clear understanding of how and 

where planetesimals formed in the solar neb-

ula, which obviously has a bearing on subse-

quent events. The fi nal stage of growth is also 

notoriously chaotic—a tiny change in initial 

conditions can completely change the fi nal 

outcome. So, luck played a big role in shap-

ing the solar system. Conventional planet-for-

mation simulations ( 12) generate respectable 

Mars analogs in a few percent of cases without 

requiring any special measures. This leaves the 

slim possibility that Mars represents a bizarre 

statistical outlier, and its small size contains no 

deeper truths about our solar system. 
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