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Abstract
Voltage imaging and optogenetics offer new routes to optically detect and influence neural
dynamics. Optimized hardware is necessary to make the most of these new techniques. Here we
present the Octoscope, a versatile, multimodal device for all-optical electrophysiology. We
illustrate its concept and design and demonstrate its capability to perform both 1-photon and
2-photon voltage imaging with spatial and temporal light patterning, in both inverted and
upright configurations, in vitro and in vivo.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Voltage imaging is a novel technique to probe neural dynam-
ics, allowing the visualization of cellular electrical dynamics
through transduction of changes in cell membrane voltage into
changes in fluorescence of a molecular probe embedded in the
cell membrane. These probes can either be small molecules
[1] or engineered proteins called genetically encoded voltage
indicators (GEVIs) [2, 3]. Voltage imaging can be combined
with optogenetic actuators: light-sensitive ion channels or
pumps that, upon expression in cells, allow illumination based
control of cellular electrical activity [4–6]. The combination is
referred to as all-optical electrophysiology [7].
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While GEVI and voltage imaging assay development have
sometimes been done on commercial microscope scaffolds
[1, 8, 9], custom-built apparatus has often been deemed neces-
sary to achieve optimal results [7, 10–13]. The potential of
all-optical electrophysiology to contribute to the answering of
neuroscientific questions relies on the availability of micro-
scopes that make optimal use of the advantages voltage ima-
ging offers: recording voltage dynamics at high temporal res-
olution (<1 ms), over a large number of cells, in 2D and
3D cellular environments and with the flexibility to accom-
modate different types of samples and experiments. Pat-
terned illumination is often a necessary strategy for signal-
to-background discrimination in voltage imaging [12, 13] or
cellular stimulation in all-optical electrophysiology [7]. These
needs are intensified by the fact that the protein sensors used
in voltage imaging have interesting photophysical properties.
For example, voltage sensitivity of sensors can change depend-
ing on the illumination scheme [14]; and dynamics can occur
that allow accessing different states in the photocycle depend-
ing on the coincidence of light absorption events and voltage
changes [15]. Combined optical and molecular development
leads to novel measurement modalities [12–14, 16–18] that
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ideally can be developed on the same setup where they are
to be applied as in vivo neuroscientific assays.

Many voltage imaging applications use one-photon (1P)
imaging for both GEVI development and voltage imaging
assays [19–21], though recent years has seen the advent of
two-photon (2P) voltage imaging [14, 22]. Thus, a microscope
that has the above flexibility in both 1P and 2P imaging mod-
alities would be an ideal platform for optimization and applic-
ation of voltage imaging and all-optical electrophysiological
assays. Here we introduce the Octoscope, a compact design
for a microscope that features imaging and patterned illumin-
ation with 1P or 2P illumination and recording on a widefield
camera or photomultiplier tube (PMT). Crucially, the design
and its compactness allow a precise and reproducible orient-
ation of the objective throughout a 360◦ angle of rotation,
allowing voltage imaging, patterned illumination, optogenet-
ics and all-optical electrophysiology experiments in upright
and inverted configurations and at custom angles of the object-
ive. Although microscopes combining 1P and 2P excitation
[23], microscopes that are able to pattern illumination [24] and
microscopes that switch between upright and inverted config-
urations exist [25], to our knowledge none of them combine all
these features, let alone in a compact and automated package.

2. Method

2.1. Octoscope concept and custom designs

The Octoscope consists of two illumination pathways, two
detection pathways and currently two imaging configurations
(upright and inverted) for a total of eight different optical
stimulation and imaging modalities. This flexibility is made
possible by a custom designed beam combiner (figure 1(a))
and objective holder, featuring exchangeable dichroic mirrors
and filters and motorized objective translation and rotation.
(figure 1(b)).

This holder is embedded in a setup featuring a 2P illu-
mination pathway through scanning galvanometric mirrors
(6215HR, Cambridge Technology), a 1P illumination path-
way via a Digital Micromirror Device (DMD, Vialux V7001,
Texas Instruments), and detection on a camera or a PMT path-
way with motorized switching between the two (figure 1(c)).
The beam combiner and objective holder, made of anodized
aluminum, mounts the tube lenses for 1P excitation, 2P excit-
ation and the detection pathways. The configuration used in
the experiments in this paper employs 200 mm tube lenses
(TTL200, Thorlabs). The beam combiner and objective holder
contains exchangeable holders for the dichroic mirrors that
combine the 1P and 2P excitation pathway and separate excit-
ation and emission pathways (figure 1(d)). The objective is
mounted on a translation stage (M110-DG, Physik Instru-
mente) which drives linear translation of the objective for
focus adjustment. This translatable objective holder contains a
prism reflector mounted on the rotation axis of a rotationmotor
(RS-40, Physik Instrumente) to allow rotation of the objective.

Scan head and scan lens of the 2P excitation pathway
are mounted in a custom aluminum holder (figure 1(e)). The
scanning module is fixed on a large-area translation stage

(TBB1515/M, Thorlabs) so that the scanning mirrors and the
scan lens canmove along the optical axis for fine adjustment of
the focal plane. A compact lens mount with reflection mirror
on the holder turns the incident laser beam 90◦ and directs it to
the first scanning mirror, allowing adjustment of the scanning
module position without changes in alignment of the excita-
tion beam. The scan lens is fixed to the block in a 3D printed
V-clamp.

2.2. 1P excitation pathway

In our lab, 1P illumination was provided by three continu-
ous wave lasers (MLL-III-532, CNI; MLL-FN-639, CNI;
OBIS 488 LX, Coherent). Their output is made uniform
in polarization and beam diameter through zero-order half-
wave plates (WPH05M-488, WPH05M-532, WPH05M-633,
Thorlabs) and polarizers (CCM5-PBS201/M, Thorlabs) and
individual collimators (AC254 mounted achromatic doublets,
Thorlabs). The laser beams are then combined using dichroic
mirrors (DMLP505, DMLP605, Thorlabs) and lead through an
acousto-optic tunable filter (AOTFnC-VI S; AAOptoelectron-
ics) with a modulation rate of 22 kHz to allow fast intensity
modulation. Beam diameter is adjusted with a variable tele-
scope (AC254 mounted achromatic doublets, Thorlabs) using
flip mounts (TRF90/M, Thorlabs). The beam is guided into
the setup over the DMD to allow patterned illumination of
the sample. A dichroic mirror (Di03-R405/488/532/635-t3-
32× 44, Semrock) mounted in the dichroic holder of the beam
combiner separates the excitation lines from the fluorescence
emission.

2.3. 2P excitation pathway

We employ 2P excitation using a Spectra-Physics InSight X3
with a tunable range from 680 to 1300 nm, 120 fs pulse width
and an average power of 1.4 W at 1200 nm. A high speed laser
shutter (LS2, Uniblitz) is used for binary modulation of the
laser beam. Neutra Density (ND) filters are used for analog
modulation of the laser beam intensity. The beam is then mag-
nified by a telescope (AC254-150-B-ML and AC254-500-B-
ML, Thorlabs) to 5mm in diameter, and guided to the galvano-
metric mirrors. The same input port can be used as a separate
1P excitation pathway for widefield illumination without spa-
tial patterning.

To project the beam to the back aperture of the objective, a
scan lens (SL50-2P2, 50 mm focal length, Thorlabs) is com-
bined with the octoscope tube lens (TTL200MP, Thorlabs) to
gain a total magnification factor of 4. The resulting maximum
diffraction limited field of view (FOV) is determined by the
scan lens in the scanning system, 14.1 × 14.1 mm after the
scan lens at the intermediate plane. A long-pass dichroic mir-
ror (Di03-R785-t3-32 × 44, Semrock) passes the 2P excita-
tion beam into the objective and reflects the 1P excitation and
fluorescence emission.

2.4. Emission pathways

Emitted fluorescence is collected by the objective, focused
by the imaging tube lens (TTL200, 200 mm focal length,
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Figure 1. Octoscope design. (a) The customized beam combiner block. (b) The beam combiner and objective holder allow automated
switching between upright and inverted configurations. (c) Schematic of the 1P and 2P excitation pathways, combined and separated from
the emission pathways; (d) the beam combiner and objective holder allows combination of a 1P and 2P excitation pathway with camera and
PMT detection. (e) Mount for the 2P scan head. (f) Camera translation system. (g) PMT mount.

Thorlabs), and then filtered by emission filters placed in
a linear translation mount (ELL9, Thorlabs). In the exper-
iments described in this paper, these are band-pass fil-
ters (FF01-560/94-25, FF01-582/64-25, LP02-664RU-25 and
FF01-790/SP-25, SemRock). The signal is then passed to
detection pathway one, or redirected by a mirror mounted on a
motorized translation stage (DDSM50/M, Thorlabs) to detec-
tion pathway two. In our lab, we positioned a sCMOS cam-
era (ORCA Flash4.0 V3, Hamamatsu; 2048 × 2048 pixels,
6.5 µm pixel size) on a rail system (XT34HP/M, Thorlabs)
with 3D printed adapter and a micrometer head (150–801ME,
Thorlabs) for fine adjustment of the focal position in detection
pathway one (figure 1(f)). In this pathway, the recording speed

reaches 500 Hz over a 95 µm × 477 µm FOV and 1000 Hz at
48 µm × 477 µm FOV. In pathway two, we used an aspher-
ical lens (LAGC065, Ross Optical) to project the back aperture
of the objective onto a PMT. We mounted PMTs (H10721-
01, peak sensitivity at 400 nm; H10721-20, peak sensitivity
wavelength at 630 nm; Hamamatsu) in a custom 3D printed
adaptor for easy mounting and switching (figure 1(g)) in a
Thorlabs SM2 lens tube.

In the described configuration, beam combiner, objective
holder and tube lens holder are all part of a micro-machined
whole, which makes the compact geometry of the octoscope
possible; nevertheless, the objective focal plane, 2P excitation
plane and camera image plane can all be independently aligned

3



J. Opt. 24 (2022) 054004 X Meng et al

for perfect overlap with the sample plane using the described
custom translation mounts.

2.5. Electrophysiology setup

While not a defining feature of the octoscope, we describe
here the electrophysiology modules used for the experiments
described in this paper. We use a motorized stage for petri
dish positioning in the inverted configuration (BioPrecision2,
Ludl), and a homebuilt sample holder in the upright con-
figuration. In our lab, we added a patch clamp amplifier
(Model 2400, A-M Systems) and a micromanipulator (Patch-
Star system, Scientifica) for patch clamp electrophysiology,
which enables fast, faithful recording and control of current
through and voltage across the cell membrane, which provides
a ground truth measurement for the membrane voltage or cur-
rent dynamics of an individual cell [26]. We supplemented
this with a perfusion system (TC-1-100, TC-E50 × 30, TC-
1-100S, PS-8H, Bioscience tools).

2.6. Synchronization and software

Device triggering, control signals for the Galvanometric mir-
rors, AOTF and patch clamp electronics, and detection of
signals from the patch clamp amplifier are provided by
coupled Input/output devices (USB-6363, National Instru-
ments). The output current from the PMT is amplified by
a trans-impedance amplifier (DHPCA-100, FEMTO), and
filtered by a programmable electronic filter (USBPGF-S1,
Alligator technologies) before being sampled. The camera
uses a Camera Link card (FireBird PCI Express Gen II 8×)
for data acquisition.

Dedicated instrument control software was written
in Python, with hardware control interface backend and
user interface frontend. (https://github.com/Brinkslab/
Octoscope.git)

3. Results and discussion

3.1. Imaging specifications

In the experiments described here, a long working dis-
tance multiphoton microscopy objective is used (Olympus
XLPLN25XWMP2, NA 1.05, working distance 2 mm), for a
total magnification of the imaging system of 27.8. Calibration
of the FOV provides, in combination with the used excitation
and emission pathways, a 507× 507 µm FOV for 2P imaging
and a diffraction limited resolution of ∼500 nm at 1200 nm
excitation; and a 490 × 490 µm FOV for 1P imaging with an
image pixel size of 233 nm (based on the employed camera).

3.2. Multimodal imaging

Fluorescence imaging under widefield 1P excitation
(figure 2(a)) provides spatial (figure 2(b)) and temporal
(figure 2(c), supplementary video 1 available online at

stacks.iop.org/JOpt/24/054004/mmedia) information at res-
olutions suitable for voltage imaging. For higher time resol-
ution recordings, the PMT can be used for data acquisition
(figure 2(d)). In the widefield pathway, patterned illumination
using the DMD can be used to specifically illuminate parts
of the sample of interest to record e.g. voltage responses of
GEVIs with microsecond accuracy (figure 2(e)). Similarly,
2P excitation of the sample and collection of fluorescence
on the PMT (figure 2(f)) can be employed for standard ras-
ter scanning imaging (figure 2(g)) or patterned illumination
where the membrane of a cell can be traced for selective
excitation of fluorescence and recording with high time res-
olution (figure 2(h)). Strong photo bleaching is seen in the
shownmeasurement because of the high excitation power used
(90 mW after objective). 2P excitation can also be employed
with image projection on the camera (figures 2(i) and (j), sup-
plementary video 2) for e.g. laser etching [27], local ablation
[28] or optogenetic stimulation [29] combined with sample
inspection or voltage imaging.

3.3. Objective orientation

The rotational motor grants the setup the ability to easily con-
vert between upright and inverted configurations. (figure 3(a))
and effortlessly perform imaging and patterned illumination
in both (figure 3(b)). The needed time to convert the config-
urations only depends on the motor rotating speed, which is
currently set to 45 s in our setup (figure 3(c), supplementary
video 3). In this demonstration experiment, two zebrafish lar-
vae expressingGCaMP6swere positioned onto the two sample
stages associated with the inverted and upright configurations.
Widefield images of both fish were recorded after which two
DMD illumination patterns were created, one for the top fish
and one for the bottom fish. The measurements demonstrate
automated reproducible positioning of the objective and par-
allel automated switching of illumination patterns, as both fish
are illuminated with their appropriate cell selecting DMD pat-
terns. The multimodal capabilities of the octoscope make it,
in the context of voltage imaging, suitable for a range of opto-
genetic and all-optical electrophysiology experiments, ranging
from recordings of protein dynamics [16], single cell and sub-
cellular voltage dynamics [13] to in vivo imaging in behavioral
assays [12].

3.4. Large scale screening imaging

Themicroscope is able to perform large scale imaging by auto-
mated tiling of acquired FOVs with both 1P and 2P excitation.
Figure 4(a) shows the image from a single FOV acquisition
with 2P excitation, tuned to 340 µm × 340 µm of sample
of cultured HEK293T cells expressing QuasAr1. A zoom-in
inspection is shown in figure 4(b), with a pixel resolution of
680 nm. To sample over cells across the petri-dish, 18 × 18
FOVs were automatically imaged and stitched (figure 4(c)).
The total area is 6.12 × 6.12 mm, with the diagonal being
8.45 mm. This type of large scale tiled imaging is useful for
e.g. screens of protein or drug libraries.
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Figure 2. Four types of measurements using four different octoscope configurations. (a) Schematic diagram of camera imaging under 1P
excitation. (b) Human embryonic kidney 293T cells (HEK293T cells) expressing Archon1-eGFP [10] under 488 nm excitation (left) and
639 nm excitation (right). (c) Fluorescence trace from camera recording of HEK293T cell expressing Archon1 imaged at 639 nm while
membrane potential is changed in steps. (d) Schematic of PMT imaging under 1P excitation. (e) Fluorescence recording of a HEK293T cell
expressing Archon1 upon altering its membrane potential with a time resolution of 50 µs. (f) Schematic diagram of PMT recording under
2P excitation. (g) 2P image of a HEK293T cell expressing QuasAr1-Citrine [7] under excitation of 900 nm (left) and 1200 nm (right)
wavelength. (h) Fluorescence trace from PMT recording under 2P contour scan conditions. (i) Schematic diagram of camera imaging under
2P excitation. (j) Camera recording under 2P patterning (supplementary video 2). Switching laser patterns written into the sample at a
switching rate of 1.6 kHz. All scale bars: 10 µm.

Figure 3. Automated inversion of microscope orientation. (a) Sketch of the switching principle. (b) Zebrafish larvae expressing GCaMP6s
imaged under widefield excitation with 488 nm, and under DMD projection upon selected cells in dashed line (insert). (c) Two zebrafish
larvae expressing GCaMP6s imaged sequentially in inverted (left) and upright configuration (right) in a single automated experiment.
Scalebars: 10 µm.

3.5. Patterned illumination

Shaping the illumination reduces background fluorescence
and improves the signal to noise ratio tremendously, especially
for in vivo imaging. The Octoscope is able to pattern both 1P
and 2P excitation light onto selected regions with sufficient
accuracy to not only tag the cell body (figure 5(a), left), but also
the cell membrane (figure 5(a), right). This is useful for voltage
imaging as the voltage sensitive fluorescence is collected from
GEVIs located in the cell membrane, and therefore only the
outer edge of the cell provides useful signal, as opposed to for

instance calcium imaging where useful signal can be recor-
ded from the entire cytosol. The cells marked with white dot-
ted lines were selected for projection. The bottom left figure
showswhole cell patterning, while the bottom right figure only
has the cells’ membrane projected. This patterning is also pos-
sible in vivo. Figure 5(b) top left displays a widefield image
of a zebrafish larva expressing GCaMP6s, flood illuminated
with 488 nm. Fluorescence from different depth contributes
to background fluorescence and noise. Patterned illumination
was applied to the cell membrane (in dashed square) using
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Figure 4. Large scale screening 2P imaging under 1200 nm
excitation. (a) Single FOV image of a cell culture of HEK293T cells
expressing Archon1. Scale bar: 50 µm. (b) Digital zoom only shows
sufficient resolution to mark the cell membrane. Scale bar: 20 µm.
(c) Large scale image of the same sample with an 8.45 mm
diagonal. Scale bar: 1 mm. All images taken on the octoscope.

the DMD and 1P excitation (figure 5(b), top right) and using
the galvo scanners and 2P excitation (figure 5(c), top right).
Cross section profiles of the cell fluorescence (dashed hori-
zontal lines in figures 5(b) and (c) bottom), show accurate pat-
terning of the cell membrane in both modalities and a marked
increase in SNR and decrease in background fluorescence for
both 1P and 2P patterned illumination.

Patterned illumination with 2P excitation could benefit
from several upgrades to the setup: z-axis scan speed can
be improved by incorporation of a remote focus unit or a
deformable lens; acousto-optical deflectors could be used for
an improvement in speed in sequential patterning; or spatial
light modulators in combination with temporal focusing could
be used for parallel 2P patterning in three dimensions. All of
these improvements would increase the time resolution of 3D
patterning, but would have to be carefully considered in terms
of tradeoffs regarding either compactness of themicroscope (if
new pathways are added to house the upgrades) or achievable
FOV, throughput and resolution.

Figure 5. Patterned illumination on the octoscope can mark cell
bodies and cell membranes in vitro and in vivo. (a) HEK293T cell
cultures (top) imaged with 488 nm excitation. DMD patterning of
cell bodies (bottom left) and cell membranes (bottom right) is
possible. (b) Top left: widefield image of cells expressing GCaMP6s
in zebrafish larva, excited at 488 nm. Top right: 1P patterning of
488 nm illumination on cell membrane. Bottom: cross section along
the dotted line in widefield and patterned illumination mode. (c) Top
left: widefield image of cells in zebrafish larva under 488 nm
excitation. Top right: 2P patterning of 900 nm illumination on the
chosen cell membrane. Bottom: cross section along the dotted line
in 1P widefield and 2P patterned illumination mode. Scale bars:
10 µm.

4. Conclusion

We demonstrate a compact, versatile, multimodal microscope
with patterned illumination capabilities and the temporal and
spatial resolution necessary for voltage imaging in 1P and
2P excitation schemes, in inverted and upright configurations.
The compact design and hardware automation make advanced
physical and biological imaging experiments in physical and
biological samples possible on the same setupwithout the need
for elaborate hardware reconfigurations or realignment. Pat-
terned illumination capabilities at high spatial and temporal
resolution allow a spectrum of voltage imaging, optogenetic
and all-optical electrophysiological experiments, of which we
have shown a few proof-of principle examples.
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