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were homogeneous and had sharp edges (Supplementary Fig. 1), 
and the generated wavefront had a spatially smooth output phase 
(Supplementary Fig. 2), providing the optimal conditions for 
attaining the limiting axial resolution of temporal focusing20. To 
characterize the effect of temporal focusing, we measured beam 
propagation with the diffraction grating replaced by a mirror 
(Fig. 1c,d). We observed an almost cylindrical excitation shape 
with light modulation resulting from the interference between the 
diffraction component generated by the sharp edges of the circular 
phase profile and the light from the circular pattern. We compared 
these results with the measured z-axis distribution when we placed 
the grating for the temporal focusing at the output mapping plane 
of the GPC (Fig. 1e). The range of focus, b, defined as the full 
width at half maximum (FWHM) of the axial integrated inten-
sity, was extracted from the integrated intensity for the different 
planes of the optical stack shown in Figure 1e (Fig. 1f) and had 
a value of ~3 μm. This value is a twofold better confinement in 
the z axis than one obtains with TF-DH19,20 and corresponds to 
the axial resolution of a conventional line-scanning two-photon 
microscope, that is, the limiting axial resolution achievable with 
temporally focused two-dimensional patterns18 (Fig. 1f). This 
axial resolution was pattern-independent (data not shown).

Shaped two-photon excitation of ChR2-expressing HEK 293 cells
We used whole-cell patch-clamp recordings from HEK 293 cells 
transfected with a plasmid encoding GFP-tagged mutant of ChR2 
(ChR2(H134R)-GFP) to measure ionic currents through ChR2 
channels in response to two-photon illumination. We used wide-
field fluorescence imaging to visualize cells expressing ChR2. We 
used the TF-GPC system to modulate photocurrent amplitude by 
generating excitation spots of variable size and shape (Fig. 2a). 
The average current amplitude for the illumination of the whole 

However, the TF-DH approach has two limitations intrinsic to 
digital holography. First, the light distribution of the illumination 
spots has notable spatial intensity fluctuations, called speckles 
(~50% in the two-photon excitation mode19). Simple solutions 
for eliminating the speckles, such as averaging over many ran-
domized speckle patterns by introducing a rapidly rotating dif-
fuser after the dispersive grating19 or by projecting a sequence of 
shifted holograms21, are not practical because they deteriorate 
depth resolution, lengthen exposure time and, in the case of the 
diffuser, cause power loss. Second, the rapid phase variations, 
typical of holographic wavefronts, interfere with the geometrical 
dispersion of the grating, which is the basis of temporal focusing, 
causing a broadening of the axial resolution19,20.

To overcome these limitations, we developed a method for  
optically confining two-photon excitation patterns in three 
dimensions by combining temporal focusing and generalized 
phase contrast (TF-GPC)22–24 (Supplementary Note 1). We used 
this sculpted two-photon illumination to activate ChR2 in mouse 
cultured neurons and cortical slices with sufficient efficacy to 
reliably fire action potentials with millisecond temporal resolu-
tion and low excitation power when the light was shaped over  
the cell body, one or more dendritic subdomains or multiple  
cells simultaneously.

RESULTS
Spatiotemporal light patterning by TF-GPC
The optical path combining the GPC light mapping scheme with 
temporal focusing is schematized in Figure 1a. We illustrate three 
examples of GPC illumination visualized by exciting a thin fluo-
rescent layer (Fig. 1b): a circular spot, an excitation shape tailored 
to the geometry of a fluorescence image of a dendrite and an exci-
tation shape tailored to multiple cell bodies. The intensity profiles 

Figure 1 | TF-GPC design. (a) Output of Ti:
sapphire laser is expanded to illuminate an 
LCOS-SLM that is located at the front focal 
plane of a 4-f (f is focal length) imaging setup 
(L1 and L2 are lenses with focal lengths of  
400 mm and 300 mm, respectively), with a 
phase-contrast filter (PCF) at the confocal plane 
between the lenses. For temporal focusing, a 
blazed reflectance grating (830 lines mm−1)  
is placed at the output mapping plane of the 
GPC system. L, lens with focal length of 500 mm.  
Intensity and phase distributions at the SLM, 
grating and sample planes are indicated. 
CCD, charge-coupled device. (b) Images of 
circular spot (20 μm diameter; left) and 
shaped patterns (right) created by two-photon 
excitation of a thin (~1 μm) fluorescent layer 
(λexc = 780 nm; objective 60×, 0.9 numerical 
aperture (NA)). Shaped patterns were based 
on a confocal image of a Purkinje cell (center, 
top) and widefield fluorescence image of CA1 
hippocampal neurons loaded with Oregon Green 
Bapta (center, bottom), in selected regions of 
interest (yellow outlines). (c,d) Theoretical (c) 
and experimental (d) y-z section axial propagation of the 20 μm spot without temporal focusing. (e) Experimental y-z section axial propagation of the 
spot in d with temporal focusing (left). Experimental propagation measured on double microscope setup16,19 (right). Scale bars, 10 μm. (f) Axial profile 
of fluorescence intensity in e (TF-GPC) compared to 20 μm circular spot generated by TF-DH and theoretical curve for the axial integrated intensity in 
line-scanning two-photon microscopy (theory), where I ≈ (1 + (z / zR)

2)−0.5, with I being the integrated light intensity, z the actual axial position and zR 
the Rayleigh range for a focused Gaussian beam in our experimental conditions, that is, zR = 0.8 μm.
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From these results we conclude that two-photon TF-GPC gen-
erates sufficiently large ChR2 photocurrents to reliably evoke 
action potentials in primary neuronal cultures at excitation den-
sities well below the damage threshold25.

Shaped two-photon excitation in cortical brain slices
To explore the efficiency of TF-GPC in brain slices, we used coro-
nal slices of somatosensory cortex from Thy1-ChR2-YFP trans-
genic mice, in which wild-type ChR2 is expressed in pyramidal 
neurons of cortical layer V (ref. 5). Using widefield imaging we 
searched for YFP-ChR2–positive cells and used the fluorescence 
or transmission images to design and locate the excitation spot 
(Fig. 4a). Most tested neurons (13/14) responded with an action 
potential to a 10-μm excitation spot (0.30–0.52 mW μm−2;  
10 ms pulse). To define the exact threshold for action-potential 
generation, we stimulated neurons with excitation spots of various 

diameters: the average threshold was 9.8 ± 0.8 μm (± s.e.m.;  
n = 9 cells). The amplitude of the photocurrents increased, and 
the latency to the action potential decreased as the diameter of the 
excitation spot increased (Fig. 4b,c). Similar trends occurred with 
increasing excitation density (Supplementary Fig. 4).

Increasing the illumination area during a sustained (1 s) light 
pulse increased action-potential firing (Fig. 4d), reaching a spik-
ing rate of 15 Hz (11.8 ± 0.8 Hz; 6 trials). Stimulation with a train 
of brief light pulses evoked action-potential trains at 10 Hz or 
greater (of eight cells, five reached 10 Hz, three reached 20 Hz 
and two reached 30 Hz; Fig. 4d).

Finally, we tested the ability of TF-GPC to maintain the  
two-photon excitation confinement in the greater depth and 
scattering medium of the cortical slice. To test the lateral 
precision, we compared (Fig. 5a) the photocurrent evoked by 
an excitation shape covering the whole cell to the one evoked 
by an illumination area covering the space surrounding the cell 
(antishape). The shape-evoked current was about sevenfold 
larger than that evoked by the antishaped excitation in two 
different cells (ratio between antishape- and shape-evoked cur-
rents was 7.7- and 7.1-fold, respectively). This demonstrated 
an x-y axis contrast almost as sharp as what we observed in 
monolayer cultures (Fig. 2b).
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Figure 5 | TF-GPC provides lateral and axial precision in ChR2 activation 
in brain slices. (a) Widefield fluorescence images of a ChR2-YFP positive 
neuron filled with Alexa Fluor 594 and superimposed excitation patterns 
(red) with shaped and anti-shaped profiles (top). Photocurrents evoked  
by shaped and antishaped excitation (bottom; 10 ms laser pulses,  
0.24 mW μm−2). (b) Integrated photocurrent (area under inward current 
measured in picocoulombs and shown as negative picocoloumbs) evoked 
by a 10 μm excitation spot centered on the cell body when displaced 
along the z axis in a ChR2-YFP–positive neuron (0.30 mW μm−2).  
(c) Fluorescence image of a ChR2-YFP positive neuron filled with Alexa 
Fluor 594 with superimposed shaped excitation profile covering the apical 
dendrite (red; top). Photo-depolarizations evoked by the excitation shape 
at different z-axis positions (bottom; 10 ms pulse, 0.30 mW μm−2).  
Scale bars, 20 μm. λexc = 920 nm, 40×, 0.8 NA objective.

Figure 4 | Two-photon photoactivation by TF-GPC 
in cortical brain slices. (a) Widefield fluorescence 
image of a layer V pyramidal neuron positive 
for ChR2-YFP (λexc = 488 nm, 5 nm bandwidth). 
(b) Plot of the peak current (inward currents 
indicated in negative picoamperes) (n = 6 cells) 
as a function of excitation spot diameter (average 
on three trials in all cases, 0.52 mW μm−2, 10 ms 
pulse). (c) Voltage responses to photoexcitation 
with spots of increasing size (left; 3, 7, 10 and 
15 μm in diameter; 0.52 mW μm−2; 10 ms pulse). 
Action potential latency as a function of the 
excitation spot diameter (right; n = 7 cells). Error 
bars, s.e.m. Average of three trials is shown in 
all cases. (d) Widefield epi-fluorescence image 
of cell body loaded through the patch pipet with 
the fluorescent indicator Alexa Fluor 594 (left; λexc 
= 590 nm, bandwidth 10 nm). Action potential 
trains evoked by 1-s light pulse with increasing 
excitation spot size (middle). Average frequencies 
were 11.8 ± 0.8 Hz (6 trials) for a 15 μm spot, 8.7 ± 0.3 Hz (3 trials) for a 10 μm spot, 7.7 ± 0.3 Hz (3 trials) for a 7 μm spot and 4.8 Hz ± 0.3 (4 trials) for a 
5 μm spot (0.4 mW μm−2). Example of action potential firing after light stimulation at 10 Hz (5/5 trials), 20 Hz (5/5 trials) and 30 Hz (4/11 trials) (0.40 mW 
μm−2; 10 ms pulse; 15 μm excitation spot; right). Scale bars, 20 μm. λexc = 920 nm, 40×, 0.8 NA objective, excitation depth of 50–70 μm.




