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PERSPECTIVES

Synthetic Physiology

PHYSIOLOGY

Brian Y. Chow and Edward S. Boyden  

A marriage of optogenetics and synthetic 

biology could open the door to diverse 

applications, from animal models of disease 

to diagnostics and therapies.
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ptogenetic tools are 

DNA-encoded molecules 

that, when genetically 

targeted to cells, enable the con-

trol of specifi c physiological pro-

cesses within those cells through 

exposure to light. These tools can 

pinpoint how these specifi c pro-

cesses affect the emergent prop-

erties of a complex biological sys-

tem, such as a mammalian organ 

or even an entire animal. They can 

also allow control of a biological 

system for therapeutic or bioen-

gineering purposes. Many of the 

optical control tools explored 

to date are single-component 

reagents containing a photoactive 

signaling domain. An interesting 

question is raised by comparing 

optogenetics to synthetic biology. 

In the latter, interchangeable and 

modular DNA-encoded parts are 

assembled into complex biologi-

cal circuits, thus enabling sophis-

ticated logic and computation as 

well as the production of biolog-

ics and reagents ( 1,  2). Is it pos-

sible to devise strategies for the 

temporally precise cell-targeted 

optical control of complex engi-

neered biological computational or chemi-

cal-synthetic pathways? Such a marriage of 

optogenetics and synthetic biology—which 

one might call synthetic physiology—would 

open up the ability to use optogenetics to trig-

ger and regulate engineered synthetic biology 

systems, which in turn could execute com-

putational and biological programs of great 

complexity ( 3). On page 1565 of this issue, 

Ye et al. ( 4) explore such a hybrid approach 

to controlling a biological system, as well as 

the bioengineering and preclinical capabili-

ties opened up by such an approach.

Single-component optical control tools 

have been successfully devised, such as those 

based on naturally occurring light-gated ion 

channels and pumps that organisms use to 

sense light. When genetically expressed in 

specifi c neurons within the mammalian brain, 

these tools enable the electrical activity of the 

targeted neurons to be driven or silenced by 

pulses of light ( 5,  6), thus revealing the causal 

roles that the targeted neurons play in behav-

iors and pathologies. As another example, a 

photoactivatable version of an intracellular 

signaling protein—the small guanosine tri-

phosphatase (GTPase) Rac1—has recently 

been designed ( 7) in which a photosensor 

domain [the light oxygen voltage (LOV) 

domain] is fused to a mutated form of Rac1 

such that the GTPase can be activated by light.

Ye et al. began with melanopsin, a het-

erotrimeric GTP-binding protein (G pro-

tein)–coupled light-sensitive molecule that, 

upon illumination, signals through the G 

protein subunit Gq to downstream effectors 

such as phospholipase C, protein kinase C, 

and calcium signaling. One of the outcomes 

of calcium signaling is the activation of gene 

expression driven by a transcrip-

tion factor called nuclear factor 

of activated T cells (NFAT). Ye et 

al. coexpressed the gene encod-

ing melanopsin in cultured mam-

malian cells along with a DNA 

cassette encoding a reporter gene 

whose expression is controlled 

by NFAT (see the fi gure). Illumi-

nating the cells for a few hours 

caused near-maximal expression 

of the reporter gene. The authors 

explored the application of this 

fi nding in a number of bioengi-

neering and preclinical domains, 

including light-controlled biore-

actors in which the cellular pro-

duction of a genetically encoded 

payload placed under control of 

the NFAT-dependent promoter can be driven 

by illumination. This allowed production of 

the payload to be regulated over time simply 

by modulating the patterns of light over peri-

ods of hours to days.

Ye et al. also show that this light-respon-

sive melanopsin-NFAT signaling cascade 

can be induced in mice, placing, for exam-

ple, the gene encoding glucagon-like peptide 

1 (GLP-1) into the NFAT reporter cassette. 

Mammalian cells containing this cassette and 

the gene for melanopsin were generated and 

subcutaneously implanted into mice. Such 

mice, when exposed to blue light (transder-

mally), showed an increase in insulin produc-

tion, as would be expected from the adminis-

tration of GLP-1 (which stimulates glucose-

dependent insulin secretion), and a concomi-

tant decrease in blood glucose concentration 

as well. This demonstration shows that syn-

thetic physiology tools can control organism 

states relevant to the understanding and treat-

ment of conditions such as diabetes. Indeed, 

Engineered cells

(melanopsin; GLP-1)

Mouse model 

(diabetes)

Subcutaneous implantation

Blue light exposure

Melanopsin activation

Increase in 

intracellular calcium

Activation of NFAT

transcription factor

Increase in expression of 

NFAT target gene (GLP-1)

Blue light exposure 

(transdermal)

Increase in 

GLP-1 production

 Stimulation of 

insulin secretion

Glucose homeostasis

Optogenetic control of mammalian 

physiology. Mammalian cells are engi-
neered to express light-responsive mela-
nopsin. Melanopsin activates a signaling 
cascade that activates the transcription 
factor NFAT, which drives the expres-
sion of a target transgene (GLP-1). When 
cells are implanted into mice and the 
animals are exposed to pulses of light, 
GLP-1 is produced. GLP-1 affects the 
production of insulin and can restore 
glucose homeostasis.
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The Earth and the Sun
PLANETARY SCIENCE

Robert N. Clayton

Sample collection by the Genesis spacecraft 

reveals the isotopic composition of elements 

in the solar system.

the authors performed this experiment in a 

mouse model of type 2 diabetes and show that 

benefi cial changes in blood insulin and glu-

cose concentrations arise when the diabetic 

mice, implanted with these engineered cells, 

are illuminated.

This study by Ye et al. shows that cou-

pling an optogenetic driver to a downstream 

system can result in biologically meaningful 

changes. It also extends previous synthetic 

physiology results to use of such technologies 

in mammals in vivo with noninvasive stimu-

lation ( 8). Relevant past work includes cou-

pling a light sensor to transcription in bacteria 

( 9), driving the heterodimerization of a DNA 

binding domain and a transcriptional activa-

tion domain by light to control gene expres-

sion ( 10,  11), and using the G protein–coupled 

light-sensitive molecule rhodopsin to actuate 

potassium currents in neurons in response to 

light, thereby enabling optical neural silenc-

ing ( 12). Ye et al. demonstrate that one of the 

most diffi cult aspects of designing and imple-

menting synthetic physiology is coupling the 

optogenetic tool to downstream signaling 

pathways. For example, using calcium to cou-

ple light reception by melanopsin to NFAT-

driven transcription may result in unintended 

side effects of illumination, given the diverse 

cellular functions that calcium signaling con-

trols. Clearly, synthetic physiology will need 

to devise more specifi c coupling strategies for 

connecting optogenetic tools to downstream 

synthetic biology processes.

The power of synthetic physiology 

approaches—leveraging the high speed and 

dynamic control of optogenetics and the 

computational power and biological rich-

ness of synthetic biology—may open up new 

applications, ranging from animal models of 

disease that are modulated by light, to per-

sonalized medicine applications in which 

cells from patients can be probed in vitro 

using causal tools to assess which pathways 

are involved in a given disease state. A tan-

talizing possibility also explored by Ye et al. 

is whether these tools may be useful as com-

ponents of a new generation of prosthetics, 

allowing ultraprecise correction of dysfunc-

tional biological processes. Assessing opto-

genetic methods in nonhuman primates may 

be of use in exploring such translational pos-

sibilities ( 13,  14). 
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        F
or more than 2 years, NASA’s Genesis 

mission collected atoms of the solar 

wind (charged particles ejected from 

the Sun’s atmosphere). Positioned at the Sun-

Earth L1 Lagrange point about 1.5 million km 

from Earth, the spacecraft was well beyond 

the complicating effects of Earth’s atmo-

sphere and magnetic fi eld, which hinder accu-

rate ground-based astronomical measure-

ments. The balance of gravitational forces at 

the Lagrange point allowed the spacecraft to 

maintain a fi xed relationship to the Earth and 

the Sun with minimal expenditure of propel-

lant. The highest priority of the mission was 

to determine the abundances of the stable iso-

topes of oxygen (16O, 17O, and 18O) and nitro-

gen (14N and15N) in the Sun and, by inference, 

in the whole solar system ( 1). However, on 

returning to Earth with its payload, the cap-

sule suffered an unplanned hard landing in 

Utah in 2004, shattering most of the collec-

tor materials and thereby greatly complicat-

ing the initial sample analysis. After years of 

developing analytical techniques, McKeegan 

et al. and Marty et al., on pages 1528 and 

1533 of this issue ( 2,  3), reveal that these goals 

have now been accomplished.

Variations in stable isotope abundances 

have been studied in solar system samples 

(Earth, Moon, and meteorites), but interpret-

ing this information has been thwarted by 

the lack of precise knowledge about the iso-

topic abundances of the initial material from 

which the elements evolved. It may be sur-

prising that these initial isotopic abundances 

were not already known for such abundant 

elements (oxygen ranks third and nitrogen 

sixth in solar system abundance). Earlier 

attempts were made to use lunar surface min-

erals as collectors of the solar wind (metal 

grains for oxygen, oxide grains for nitrogen), 

but the results were ambiguous and lacked 

adequate precision.

The solar wind is very dilute. The small 

number of atoms implanted in the collector 

material presents an analytical challenge, as 

illustrated by mass spectrometer count rates 

of the key rare isotopes (17O2+ and 12C15N−) 

of only 10 to 40 ions per second. In addition, 

the relatively low velocity of solar wind ions 
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From space to lab. The pho-
tograph shows the MegaSIMS 
facility at the University of 
California–Los Angeles used 
for oxygen isotope analysis 
of the Genesis samples ( 2,  3). 
The initial sputtering source 
for oxygen ions is in the far 
background; the cream-col-
ored cylindrical structure at 
right is the tandem accelera-
tor; in the right foreground 
is the electrostatic sector of 
the double-focusing mass 
spectrometer; in the left fore-
ground is the magnetic sec-
tor; the large silver-colored 
cylindrical structure at the left 
contains the ion detectors.
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