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There has also been progress in the devel-
opment of optogenetic sensors that report 
neuronal activity when combined with fluo-
rescence microscopy8. This new generation 
of sensors is suitable for imaging large pop-
ulations of individual neurons over time in 
behaving animals2,9. Here we focus on strat-
egies for cell-specific photostimulation with 
ChR2, reflecting its wide use in the commu-
nity, but most methodological issues apply 
to optogenetic transducers in general.

cell type–specific manipulation with 
diffuse light
Specificity in optogenetic experiments 
relies on gene targeting, to deliver trans-
ducers and sensors to cells of interest, and 
light delivery, to probe or to manipulate 
cells in particular locations. Several stud-
ies have used ChR2 to relate the activity of 
genetically defined neuronal populations to 

Optogenetics and related methods 
promise control of neural activity with 
virtually unlimited specificity, with impli-
cations for every area of neuroscience3. 
Optogenetics refers to “optical methods 
for probing and controlling genetically 
targeted neurons within intact neural cir-
cuits” (Wikipedia, “Optogenetics”, Nov. 30, 
2010). Optogenetics is based on geneti-
cally encoded molecules that couple light 
and neuronal function. Much of the recent 
work is based on transducers that change 
the state of neurons when triggered by light. 
Channelrhodopsin-2 (ChR2)4 allows direct 
activation of genetically defined subpopula-
tions of neurons on the millisecond time-
scale with blue light. Similarly, halorho-
dopsin allows inactivation of neurons with 
yellow light5,6. More recent developments 
include faster, bistable and spectrally dis-
tinct channelrhodopsins7.

A major goal of neuroscience is to link pat-
terns of action potentials to behavior1. In a 
standard systems neuroscience experiment, 
neurophysiologists record from individual 
neurons or groups of neurons, ideally in 
behaving animals, and hunt for correlations 
between neural activity and specific percep-
tual, cognitive or motor functions. But the 
causal relationships between activity and 
behavior are rarely tested. A few celebrated 
experiments have used electrical microstim-
ulation to bias, or even create, perceptual 
and motor behaviors, thus directly linking 
patterns of activity in specific brain regions 
to behavior1. However, the number of such 
experiments remains small, likely reflecting 
the complexity of neural circuits and the 
relative crudeness of the methods used.

Individual brain areas often consist of doz-
ens of cell types, connected into highly spe-
cific circuits1. These cell types resemble the 
sections of an orchestra that have different 
instruments contributing distinct timbres 
to the overall sound. However, the perfor-
mance of a symphony requires small groups 
of players in a section to contribute disparate 
melodies. Similarly, neural activity patterns 
in the brain exhibit specificity beyond cell 
types; for example, only sparse subsets of 
CA1 neurons have place fields selective for 
a particular environment2. Electrical micro-
stimulation, with its lack of specificity, is thus 
ultimately no match for the subtle symphony 
played by the brain’s neuronal orchestra.

From cudgel to scalpel: toward precise neural control 
with optogenetics
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Optogenetics is routinely used to activate and inactivate genetically defined neuronal populations in vivo. 
A second optogenetic revolution will occur when spatially distributed and sparse neural assemblies can be 
precisely manipulated in behaving animals.

a b c

Record activity
(for example, GCaMP3)

Silence key neurons
(for example, NpHR)

Activate key neurons
(for example, ChR2)

figure 1 | Manipulating neural assemblies with light. (a) Mapping neural assemblies, for example, using 
calcium imaging and two-photon laser scanning microscopy, in populations of neurons. (b) Silencing 
neurons based on their response type. (c) Activating neurons to elicit specific activity patterns. 
Stippled border indicates expression of both excitatory (cyan) and inhibitory (yellow) transducers.
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experiments are being overcome. One 
particularly promising approach involves 
photostimulation guided by population 
imaging. Using calcium imaging with 
genetically encoded indicators, it will soon 
be possible to map the activity patterns of 
thousands of neurons in a cubic millime-
ter of tissue, even in behaving animals2,9. 
If the neurons also expressed a transducer, 
they could then be targeted by spatially 
selective photostimulation (Fig. 1).

For both imaging and photostimula-
tion, two-photon excitation is required to 
achieve the necessary spatial resolution to 
excite individual cells in highly scattering 
intact brain tissue. Two-photon excita-
tion produces a sub-femtoliter excitation 
volume14. High resolution is a boon for 
imaging, but provides hurdles for photo-
stimulation. A focused laser excites only 
a tiny (~1 µm2) patch of neuronal mem-
brane, containing a few dozen ChR2 mol-
ecules. As the ChR2 conductance is very 
small (~40 femtosiemens)7, the resulting 
depolarization is not sufficient to drive 
action potentials15 (Fig. 2a). Increasing 
expression levels is generally not an option 
because typical transducer expression is 
already high compared to expression of 
all other membrane proteins, and further 
overexpression can produce cytopathic 
effects.

Several approaches have been proposed 
to overcome this problem. At one extreme, 
the laser focus is scanned rapidly (compared 
to the deactivation time of the transducer) 
over the cell of interest (serial excitation) 
to recruit more channels distributed across 
the cell membrane15 (Fig. 2b). At the other 
extreme, the light can be sculpted to excite 
multiple cells simultaneously (parallel exci-
tation) using temporal focusing combined 
with digital holography as well as gener-
alized phase contrast16 (Fig. 2c,d). In an 
intermediate approach, temporal focusing 
can be combined with scanning to move 
a soma-encompassing excitation volume 
from cell to cell17.

These schemes abut different constraints 
related to light delivery and nonlinear exci-
tation (Box 1). Serial excitation is forgiving 
in terms of the average power delivered to 
the brain, but requires high peak intensi-
ties of light. Parallel excitation demands 
high average powers but with modest 
peak intensities. Higher peak intensities 
make nonlinear photodamage more likely, 
whereas higher average powers imply more 
global heating.

temporal variability across cells (up to 
10 milliseconds)11, limiting its ability to 
probe questions regarding spike timing. 
Compared to the tools available to electri-
cal engineers for the analysis of electronic 
circuits, photostimulation using diffuse 
light is thus still a relatively blunt tool for 
studying neural circuits.

In the experiments discussed so far, neu-
rons have been activated based on their cell 
type but irrespective of their activity pat-
terns. But cell type is only a crude descrip-
tion of any one neuron. In complex mam-
malian circuits, sparse subsets of neurons 
have distinct task-related activity patterns 
and presumably carry different types of 
information to guide the animal’s behavior. 
Neurons relevant to a particular aspect of 
behavior are intermingled with many ana-
tomically and molecularly indistinguishable 
cells with other functions. Examples include 
the place cells in the CA1 region of the hip-
pocampus2 and pyramidal cells coding for 
object location in layer 2/3 of the barrel cor-
tex9. These sparse activity patterns might 
reflect the neuronal assemblies postulated 
by D.O. Hebb, strongly connected groups of 
cells that correspond to a functional unit13. 
Understanding how these assemblies con-
tribute to perception, cognition and action 
requires identifying and manipulating them 
in behaving animals.

spatially selective photostimulation
Although studies that directly target func-
tional assemblies for manipulation have 
not yet been done, in some circumstanc-
es the technical challenges facing such 

behavior. When combined with behavioral 
analysis, ChR2 photostimulation allows 
precise tests of hypotheses about how pat-
terns of action potentials in genetically 
targeted neurons contribute to behavior. 
For example, phasic photostimulation of 
dopaminergic neurons in the brain’s ven-
tral tegmental area alone drives behavioral 
conditioning, implicating these cells in 
triggering reward-dependent behavior10.

In these and similar studies, photostimu-
lation has been performed with diffuse light, 
delivered either through an external light 
source (laser or miniature LED) or through 
an optical fiber implanted directly into the 
brain. For accessible neuronal populations 
it has been possible to calibrate photostim-
ulation—for example, to estimate the num-
ber of action potentials required to drive a 
choice behavior11. However, in more typi-
cal situations the number and distribution 
of neurons directly activated by the light are 
largely unknown. This is because activation 
depends on the light intensity in the tissue 
and the expression of the transducer, factors 
which are not easily measured.

Photostimulation can be combined with 
extracellular electrical recordings, but as 
these recordings can only be used to detect 
active cells, they are not easily used for 
calibration12. Furthermore, distinguishing 
direct stimulation, mediated by ChR2, from 
indirect stimulation, mediated by synaptic 
transmission from ChR2-expressing neu-
rons, is difficult. Furthermore, compared 
to the precise timing of action potentials 
observed in many systems, photostimula-
tion produces action potentials with large 
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figure 2 | Methods for two-photon photostimulation with ChR2. (a) Photostimulation with a stationary 
diffraction limited excitation volume in a two-photon microscope produces subthreshold excitation. 
(b) Photostimulation with a diffraction-limited excitation volume scanned rapidly over the cell of 
interest, here with a spiral pattern. (c,d) Photostimulation with extended excitation volumes, defined 
by temporal focusing (c) or temporal focusing combined with generalized phase contrast (d), to excite 
one (c) or multiple (d) neurons. Transducer expression is indicated with a cyan border; cells attaining 
desired response are indicated in yellow.
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could produce unacceptable rates of unde-
sired responses. Although it has been shown 
that two-photon photostimulation methods 
can evoke reliable action potentials in a tar-
geted neuron, it has not been demonstrated 
that undesired responses can be maintained 
at acceptably low levels (much less than one 
action potential per targeted neuron). To 
resolve this issue, more rigorous control 
experiments are required—for instance, 
photostimulation along a dense three-
dimensional grid coupled with electro-
physiological recording19. Solutions to the 
single-cell stimulation problem will likely 
involve targeting transducers to subcellular 

Although individual cell bodies are widely 
spaced compared to the resolution of two-
photon excitation stimulation techniques, 
their processes are entangled over fractions 
of a micrometer. For example, 350 µm3 of 
hippocampal tissue contains more than 600 
axonal elements, most belonging to different 
cells (Fig. 3 and ref. 18). Transducers such 
as ChR2 and halorhodopsin are efficiently 
transported into axons and dendrites; pho-
tostimulation of these structures can trigger 
action potentials19 or block action poten-
tial propagation (K.S.; unpublished data), 
respectively. Therefore, even low probabili-
ties of spurious photostimulation in axons 

Serial excitation requires moving across 
the cell’s membrane sufficiently fast to out-
run channel deactivation. Molecules with 
slower deactivation7 are thus conducive 
to serial excitation but at the expense of 
temporal precision. For serial excitation of 
multiple cells, the path length that needs to 
be traversed and the speed of the scanners 
impose hard limits on the rate at which cells 
can be excited.

The promise of parallel excitation is 
the ability to stimulate single cells rapidly 
and multiple cells simultaneously. To date, 
parallel excitation approaches have used 
high powers even at modest depths in the 
tissue16,17. In applications for which mul-
tiple groups of cells need to be excited over 
extended time periods, the necessary ener-
gies may cause heat damage. This problem 
will be most pronounced in opaque prepa-
rations with small brains, such as flies and 
mice. Translucent preparations, such as 
larval zebrafish and brain slices, are likely 
less susceptible to heating. The tradeoffs 
between these optical methods have not 
been quantified; they will depend on the 
hardware used, the susceptibility of the tis-
sue to photodamage, and the properties and 
expression levels of the optogenetic trans-
ducer (Box 1).

Two-photon excitation of individual neurons has been achieved 
by rapidly scanning a diffraction limited laser spot over a cell 
body (serial excitation, denoted with the subscript ‘S’) or with 
light sculpting in which one or several cell bodies are excited 
simultaneously (parallel excitation, denoted with the subscript 
‘P’). The constraints acting on these photostimulation modes 
differ in important ways. Assume the goal is to generate a current 
ε in time T in a spatially extended membrane area A. With 
parallel excitation, the entire area is illuminated simultaneously. 
Assuming absence of saturation, the total generated current 
scales as

 P ∝        (PP /A)2TAδ σ ρε

in which PP is the power delivered to the sample. δ, σ and ρ 
are the two-photon cross-section, single-channel conductance 
and the membrane density of the transducer, respectively. 
Alternatively, one can scan a spot rapidly (relative to the 
transducer’s decay time constant) over the cell. To cover the 
same area, the number of positions that need to be visited 
during time T is n = A/a, in which a is the cross-sectional 
area of the diffraction-limited excitation volume. The current 
generated at one spot in T/n is proportional to δ (PS/a)2 (T/n)
a, in which PS is the laser power. In the limit of fast scanning 
(neglecting channel closing), the current generated after 

scanning over the cell scales as

 S ∝          1 (PS /a)2(T/n)aδ σ ρ Σnε

or
  S ∝        (PS /a)T.δ σ ρ 2ε

Achieving the same net current for serial or parallel excitation 
(εS = εP) implies

PP /PS =  n =   (A/a)

Therefore, the average power required is larger for parallel 
excitation by the factor (A/a) . For a typical soma, A is on 
the order of 100 µm2, and the cross-section of the beam waist 
a is 0.25 µm2; the average powers to achieve similar levels of 
excitation can easily differ by a factor of 20 or more. Parallel 
excitation techniques require high average energy loads (~1 mJ; 
300 mW for 3 ms; depth of ~150 µm) to reliably photostimulate 
single neurons in brain slices17. Depending on the duration of the 
experiment, these energies could put considerable heat loads into 
small brains. Although serial excitation produces lower heat loads, 
the smaller excitation volume implies greater peak intensities by 
a factor of A/a compared to that for parallel excitation. This could 
enhance nonlinear mechanisms of photodamage.

BOX 1 CONSTRaINTS ON SPaTIaLLy SELECTIvE PHOTOSTIMULaTION

ba

Target

Dendrite

Axon

Dendrite alone Some axons All axons

Undesired
response

figure 3 | Effects of dense packing of neural element on the precision of photostimulation. (a) Stimulation 
of the targeted cell (target) and undesired stimulation (undesired response). (b) Volume electron 
microscopy reconstruction showing 600 axons in a 9.1 µm × 9.0 µm × 4.1 µm volume of cortical tissue 
(hippocampal CA1 stratum radiatum; reconstruction provided by D.B. Chklovskii; see ref. 18).
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schemes. One hypothetical scheme involves 
molecular systems that drive gene expression 
triggered by simultaneous activity and light 
(Fig. 4). The use of light as a trigger would 
presumably allow experimenters to control 
expression of transducers defined on a mil-
lisecond timescale. Light-dependent con-
trol of transcription, mediated by geneti-
cally encoded systems without cofactors, 
has already been demonstrated24.

Ideally such systems should rely on sig-
nal transduction events that ensure precise 
relationships between activity and gene 
expression. For example, neural activ-
ity could be sensed via well-understood 
calcium-binding proteins. Systems driv-
ing expression in active cells contingent 
on light would allow experimenters to tag 
neural assemblies for gene expression dur-
ing precise behavioral epochs, facilitated 
by the control provided by light. In subse-
quent experiments the tagged cells, which 
comprise spatially distributed, sparse 
assemblies, could be manipulated during 
behavior. Postmortem histological analy-
ses would provide a map of the tagged cells 
throughout the entire brain.

outlook
Optogenetics is revolutionizing our under-
standing of the roles of genetically defined 
neurons in behavior. But precise control 
of groups of neurons based on their activ-
ity patterns, rather than genetic identity, 
remains an unfulfilled challenge. In situ-
ations that allow cellular imaging, it will 
be possible to target neural assemblies for 
manipulation based on the cell’s activ-
ity pattern, using optical methods alone. 
Additional advances in the development of 
transducers and sensors are still essential to 
realize the full potential of this approach. 
For example, transducers producing larger 
membrane currents7 likely will be required 
for stimulation of even modest assemblies 
of neurons (>100 neurons). Additionally, 
more precise methods for targeting expres-
sion, ideally based on spatiotemporal activ-
ity patterns, promise manipulation of coact-
ive neurons throughout the brain.
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element that provides dependence on neu-
ral activity can be used to drive expression 
of a heterologous transgene—for example, 
an optogenetic transducer—providing a 
potential tool for manipulating recently 
active neurons.

However, immediate early gene promot-
ers by themselves have poor temporal reso-
lution compared to the dynamics of neural 
assemblies. Assemblies change over time 
scales of milliseconds to seconds, whereas 
immediate early gene–dependent expres-
sion is modulated over hours. In addition, 
the expressed protein remains trapped in 
the recently activated neuron for days, gov-
erned by protein turnover rates. Transgene 
expression would thus reflect neural activ-
ity integrated over days, rather than activity 
during specific behavioral epochs.

Genetic schemes have been developed to 
drive expression controlled by an activity-
dependent promoter and small-molecule 
triggers (for example, the TetTag mouse)22, 
allowing the experimenter to select the 
behavioral epoch of interest during 
which neurons are tagged for expression. 
Although these clever schemes can be use-
ful in some experimental situations, phar-
macological manipulations are still much 
too slow to capture specific assemblies. A 
second problem with the use of immediate 
early gene promoters is that the coupling 
between neural signals and expression is 
poorly defined. This coupling differs across 
cell types and the different immediate early 
genes, and is subject to regulation indepen-
dent of neural activity23.

Entirely synthetic approaches might even-
tually replace immediate early gene–based 

locations, though with ChR2, this has only 
been partially successful (in dendrites20 and 
in an axon initial segment21).

Depth penetration is an important con-
cern in the context of optical methods. 
Noninvasive, spatially selective photostimu-
lation targeted by cellular imaging can only 
be achieved in optically accessible regions 
of the brain. Depth limits for two-photon 
excitation are imposed by scattering in 
nervous tissue (~1 mm in the neocortex)14. 
Experiments in deeper brain regions cur-
rently demand highly invasive methods, 
including removal of overlying brain areas 
or insertion of an endoscope directly into 
the tissue of interest.

Additionally, microscopy with cellu-
lar resolution has restricted fields of view 
(<1 mm2). It is therefore unlikely that opti-
cal techniques can be used to manipulate or 
image assemblies that are distributed over 
more than 1 mm3, corresponding to less 
than 0.1% of the mouse brain. Behaviors, 
however, involve neurons in disparate brain 
areas. Tagging and manipulating sparse and 
spatially distributed assemblies will require 
fundamentally different approaches.

activity-dependent gene regulation
An orthogonal strategy for targeting func-
tional assemblies relies on using neural 
activity, during a specified time window of 
a behavioral task, to drive the expression of 
a transducer. Immediate early genes such as 
Egr1 (also known as Zif268), Arc and Fos 
are all induced by activity. Their expres-
sion pattern, usually probed in postmor-
tem tissue, has been used as a rough record 
of recent neural activity. The promoter 

Behavior-induced neural activity 
combined with illumination

Transducer expression in
cells active during light trigger

Diffuse-light activation of
transducer-expressing cells

a b c

And
Activity

Light
Expression And

Expression

Light
Activity

figure 4 | Hypothetical scheme to manipulate distributed, sparse assemblies. (a) Neurons that are 
active during a well-defined behavioral epoch are selected for expression by illuminating with diffuse 
light. (b) Neurons expressing the optogenetic transducer. (c) Activation of the transducer in specific 
assemblies using diffuse light.

©
 2

01
1 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

http://www.informatics.jax.org/javawi2/servlet/WIFetch?page=markerDetail&key=8337


34 | VOL.8 NO.1 | JANUARY 2011 | nature methods

special feature | COMMENTARY 

18. Mishchenko, Y. et al. Neuron 67, 1009–1020 
(2010).

19. Petreanu, L., Huber, D., Sobczyk, A. & Svoboda, 
K. Nat. Neurosci. 10, 663–668 (2007).

20. Lewis, T.L. Jr., Mao, T., Svoboda, K. & Arnold, 
D.B. Nat. Neurosci. 12, 568–576 (2009).

21. Grubb, M.S. & Burrone, J. PLoS ONE 5, e13761 
(2010).

22. Reijmers, L.G., Perkins, B.L., Matsuo, N. & 
Mayford, M. Science 317, 1230–1233 (2007).

23. Guzowski, J.F. et al. Proc. Natl. Acad. Sci. USA 
103, 1077–1082 (2006).

24. Kennedy, M.J. et al. Nat. Methods 7, 973–975 
(2010).

10. Tsai, H.C. et al. Science 324, 1080–1084 (2009).
11. Huber, D. et al. Nature 451, 61–64 (2008).
12. Lima, S.Q., Hromadka, T., Znamenskiy, P. & 

Zador, A.M. PLoS ONE 4, e6099 (2009).
13. Buzsaki, G. Neuron 68, 362–385 (2010).
14. Helmchen, F. & Denk, W. Nat. Methods 2, 932–

940 (2005).
15. Rickgauer, J.P. & Tank, D.W. Proc. Natl. Acad. 

Sci. 106, 15025–15030 (2009).
16. Papagiakoumou, E. et al. Nat. Methods 7, 

848–854 (2010).
17. Andrasfalvy, B.K., Zemelman, B.V., Tang, J. 

& Vaziri, A. Proc. Natl. Acad. Sci. USA 107, 
11981–11986 (2010).

2. Dombeck, D.A., Harvey, C.D., Tian, L., 
Looger, L.L. & Tank, D.W. Nat Neurosci 13, 
1433–1440 (2010).

3. Deisseroth, K. Nat. Methods 8, 26–29 (2011).
4. Nagel, G. et al. Proc. Natl. Acad. Sci. USA 100, 

13940–13945 (2003).
5. Han, X. & Boyden, E.S. PLoS ONE 2, e299 

(2007).
6. Zhang, F. et al. Nature 446, 633–639 (2007).
7. Hegemann, P. & Möglich, A. Nat. Methods 8, 

39–42 (2011).
8. Tian, L. et al. Nat. Methods 6, 875–881 (2009).
9. O’Connor, D.H., Peron, S.P., Huber, D. & 

Svoboda, K. Neuron 67, 1048–1061 (2010).

©
 2

01
1 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.


	From cudgel to scalpel: toward precise neural control with optogenetics 
	igure 1 | Manipulating neural assemblies with light
	Cell type-specific manipulation with diffuse light 
	Figure 2 | Methods for two-photon photostimulation with ChR2.
	Spatially selective photostimulation 
	Figure 3 | Effects of dense packing of neural element on the precision of photostimulation.
	BOX 1 constraints on spatially selective photostimulation
	Figure 4 | Hypothetical scheme to manipulate distributed, sparse assemblies
	Activity-dependent gene regulation 
	Outlook 
	ACKNOWLEDGMENTS 
	COMPETING FINANCIAL INTERESTS 
	References


