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onitoring  synaptic  and  neuronal  activity  in  3D  with  synthetic  and
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runo  Pichler,  Hana  Roš,  Paul  A.  Kirkby,  R.  Angus  Silver ∗

epartment of Neuroscience, Physiology and Pharmacology, University College London, London WC1E 6BT, UK

 i  g  h  l  i  g  h  t  s

We  expand  the utility  of acousto-
optic  lens  (AOL)  3D  2P  microscopy.
We  show  rapid,  simultaneous  moni-
toring of synaptic  inputs  distributed
in 3D.
First  use  of  genetically  encoded
indicators  with  AOL  3D  functional
imaging.
Measurement  of  sensory-evoked
neuronal  population  activity  in  3D
in vivo.
Strategies  for  improving  the  mea-
surement of the  timing  of  neuronal
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a  b  s  t  r  a  c  t

Background:  Two-photon  microscopy  is widely  used  to study  brain  function,  but  conventional  micro-
scopes  are  too  slow  to capture  the  timing  of  neuronal  signalling  and  imaging  is  restricted  to one  plane.
Recent  development  of  acousto-optic-deflector-based  random  access  functional  imaging  has  improved
the  temporal  resolution,  but  the  utility  of these  technologies  for mapping  3D  synaptic  activity  patterns
and  their  performance  at the excitation  wavelengths  required  to  image  genetically  encoded  indicators
have  not  been  investigated.
New  method:  Here,  we  have  used  a compact  acousto-optic  lens  (AOL)  two-photon  microscope  to make
high  speed  [Ca2+] measurements  from  spines  and  dendrites  distributed  in 3D  with  different  excitation
ynaptic activity mapping
D functional imaging
alcium imaging

wavelengths  (800–920  nm).
Results: We show  simultaneous  monitoring  of activity  from  many  synaptic  inputs  distributed  over  the
3D  arborisation  of  a  neuronal  dendrite  using  both  synthetic  as well  as  genetically  encoded  indicators.
opulation imaging We  confirm  the utility  of AOL-based  imaging  for  fast in  vivo recordings  by  measuring,  simultaneously,

visually  evoked  responses  in  100  neurons  distributed  over  a  150  �m focal depth  range.  Moreover,  we
explore  ways  to improve  the  measurement  of  timing  of  neuronal  activation  by  choosing  specific  regions
within  the  cell  soma.

� This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-No Derivative Works License, which permits non-
ommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Comparison  with  existing  methods:  These  results  establish  that  AOL-based  3D  random  access  two-photon
microscopy  has  a wider  range  of  neuroscience  applications  than  previously  shown.
Conclusions:  Our  findings  show  that the  compact  AOL  microscope  design  has  the  speed,  spatial  resolu-
tion,  sensitivity  and  wavelength  flexibility  to measure  3D  patterns  of  synaptic  and  neuronal  activity  on
individual trials.
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. Introduction

Understanding how the brain represents and processes infor-
ation in the form of electrical and chemical signals is a central

im of neuroscience. Neuronal signals are typically brief (1–100 ms)
nd are sparsely distributed in 3D space: in the patterns of acti-
ated synapses on the dendritic tree of an individual neuron and
n the electrical activity of populations of neurons within a net-

ork. Recent work shows that representation and processing of
ensory information by networks can occur on very fast time
cales (1–100 ms)  (Gollisch and Meister, 2008; Harvey et al., 2013;
ohansson and Birznieks, 2004; Junek et al., 2010). Signalling on
his time scale is also important for both synaptic integration and
ynaptic plasticity (Sjostrom et al., 2008). Assaying the computa-
ional state of a neuron or a network of neurons therefore requires

 device that can monitor activity at many different locations in 3D
pace at high temporal and spatial resolution.

Two-photon microscopy (Denk et al., 1990) enables neu-
al activity to be monitored with high spatial resolution deep
ithin scattering tissue (Helmchen and Denk, 2005; Zipfel et al.,

003). This allows [Ca2+] to be monitored in spines and dendrites
Chalifoux and Carter, 2011; Higley and Sabatini, 2012; Noguchi
t al., 2005; Svoboda et al., 1999) and receptive fields to be mapped
t both the cellular (Kerr et al., 2005, 2007; Ohki et al., 2005; Sato
t al., 2007) and subcellular (Bollmann and Engert, 2009; Jia et al.,
010) level. However, conventional galvanometer-based whole-
rame imaging is ∼30–100-fold too slow, and multiline imaging
Bonifazi et al., 2009) and custom line scans (Rothschild et al.,
010) are 10-fold too slow to identify spike timing in neuronal
opulations on the millisecond timescale. In addition, functional
easurements are restricted to a single plane, a major constraint

ince neurons and networks are inherently 3D structures.
Several new innovations have enabled more rapid 2-photon

maging in 2D and 3D (Botcherby et al., 2012; Katona et al., 2011;
irkby et al., 2010; Nikolenko et al., 2008; Vucinic and Sejnowski,
007). The fastest of these uses acousto-optic deflectors (AODs) to
oint in 2D (Grewe et al., 2010; Salome et al., 2006), raster scan

n 2D (Chen et al., 2011; Kirkby et al., 2010) or to make 3D Ran-
om Access MultiPhoton (RAMP) point measurements (Duemani
eddy et al., 2008; Katona et al., 2012; Kirkby et al., 2010). How-
ver, AOD-based 3D-RAMP imaging has been limited by inefficient
ight transmission, temporal dispersion, limited spatial resolu-
ion and fixed wavelength excitation. These side effects of using
ODs potentially limit the study of distributed signalling in small
tructures, such as spines, and prevent the use of this technology
ith genetically encoded indicators, which are typically excited at

onger wavelengths than their synthetic counterparts (e.g., GCaMP3
t ∼900 nm vs Fluo-4 at ∼800 nm). Here, we describe the perfor-
ance of a recently developed 2-photon microscope that uses 4

ustom-designed optically and acoustically rotated AODs to form a
ompact AOL that can be fitted to a conventional 2-photon micro-
cope allowing 3D-RAMP at 36 kHz bandwidth (Kirkby et al., 2010).

e tested its utility for high-speed 3D functional imaging of neu-
onal activity using [Ca2+] indicators, both in vitro and in vivo.

e demonstrate two advances over previous 3D-RAMP measure-

ents with AOL microscopes (Duemani Reddy et al., 2008; Katona

t al., 2012). First, we show that our AOL microscope can be used
o simultaneously monitor many synaptic inputs onto dendritic
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

spines distributed over 3D dendritic trees on single trials. Secondly,
we show that AOL microscopes can operate at the long laser wave-
lengths required for imaging genetically encoded indicators.

2. Methods

All experimental procedures were carried out in accordance
with institutional animal welfare guidelines and licensed by the
UK Home Office.

2.1. In vitro experiments

2.1.1. Slice preparation
C57BL/6 (or CD1, see below) mice (P14–22) were anaesthetized

with isoflurane, sacrificed and their brains removed. Slices of the
somatosensory cortex were cut in ice-cold solution (in mM): 85
NaCl, 2.5 KCl, 24 NaHCO3, 1.25 NaH2PO4, 0.5 CaCl2, 4 MgCl2, 25
glucose, 75 sucrose, bubbled with 95% O2/5% CO2. Slices were cut
350 �m thick in either the parasagital (Agmon and Connors, 1991)
or coronal orientation and incubated in artificial cerebrospinal fluid
(ACSF; in mM:  125 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2,
1 MgCl2, 25 glucose and 0.5 ascorbic acid, bubbled with 95% O2/5%
CO2) at 30–35 ◦C for 30–45 min, and then kept at room tempera-
ture for up to ∼6 h before experiments were carried out in ACSF at
∼30 ◦C.

2.1.2. Electrophysiology
Patch pipettes (3–6 M�)  were filled with internal solution

containing (in mM):  130 KMeSO3; 10 Na-Phosphocreatine; 10
Hepes; 4 MgCl2; 4 Mg2-ATP; 0.3 Na2-GTP; 0.5 EGTA. An alternative
solution replacing KMeSO3 with K-gluconate (125 mM), without
EGTA, was  also used in some experiments. Alexa 594 and Fluo-
4 (invitrogen) were added to the internal solution at 20–200 �M
and 100–200 �M,  respectively. Current-clamp recordings began
∼20 min  after establishing whole-cell access (series resis-
tance < 30 M�)  to allow dye diffusion into dendrites. Recordings
were made via an Axoclamp 200B amplifier (Molecular Devices),
low-pass filtered at 10 kHz, and acquired at 50 kHz sampling rate
using Neuromatic (http://www.neuromatic.thinkrandom.com/)
running within the IgorPro environment (Wavemetrics).

2.1.3. In utero electroporation
Electroporation of GCaMP3 (plasmid #22692, Addgene) was car-

ried out in CD1 mice. DNA was  prepared using the EndoFree Plasmid
Maxi Kit (Qiagen, Hilden, Germany) and diluted from 4 �g/�l  to
1–2 �g/�l  in Tris–EDTA buffer (Sigma) with Fast Green (Sigma)
prior to surgery. In utero electroporation was carried out at E16.5
(the morning of a detectable vaginal plug and the first neonatal
day were considered to be embryonic day 0.5 and postnatal day
0, respectively) to express DNA specifically in pyramidal neurons
of L2/3 of one cortical hemisphere, as described previously (Saito
and Nakatsuji, 2001; Tabata and Nakajima, 2001) with slight mod-
ifications. Briefly, pregnant mice were deeply anesthetized with
ketamine (80 mg/kg i.p.), xylazine (10 mg/kg i.p.) and buprenor-
phine (0.05–0.1 mg/kg s.c.), supplemented when necessary until

the animal was unresponsive to foot/tail pinch stimuli, while the
body temperature was  maintained at 37 ◦C using a feedback tem-
perature controller and the uterine horns were exposed. Glass

http://www.neuromatic.thinkrandom.com/
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Fig. 1. A compact acousto-optic lens (AOL) microscope for two-photon functional
imaging in 3D at 36 kHz bandwidth.
(A) Main optical components of the AOL microscope: a femtosecond laser source,
a  customized prechirper to compensate for temporal dispersion, a beam expander,
4  custom-designed acousto-optic deflector (AOD) crystals in series, together with
a  conventional 2-photon microscope including photomultiplier tube (PMT) detec-
tion. Cartoon below showing focusing and steering of a laser beam to 3 points of
interest (POI) within neural tissue. Inset AOL efficiency (fraction of laser power
transmitted through the AOL) during operation of the laser at wavelengths used
in  neuroscience applications. (B) Illustration of remote focusing of laser beam with
two  AODs. Linearly varying sound waves created by ultrasonic transducers (grey
sheets) transformed the planar optical wavefront into a curved wavefront, thereby
focusing the beam in the Z axis. A counter-propagating acoustic wave in the sec-
ond crystal transiently compensates for movements in the X axis, enabling the laser
beam to be transiently focused in the XZ plane. (C) Cartoon illustrating random
T. Fernández-Alfonso et al. / Journal o

ipettes (tip diameter ∼50 �M;  1.5 mm  glass; World Precision
nstruments) were pulled on a P-97 horizontal puller (Sutter Instru-

ents) and filled with DNA solution. 1–2 �L of DNA solution was
ressure injected (Picospritzer, General Valve) into the right lat-
ral ventricle of the embryo. The head of the embryo was placed
etween tweezer electrodes with the positive plate contacting
he right side of the head. Electroporation was achieved with five
quare pulses (duration 50 ms,  frequency 1 Hz, 37 V) using an elec-
roporator (ECM830, BTX). Care was taken to quickly place embryos
ack into the abdominal cavity to avoid temperature loss. The wall
nd skin of the abdominal cavity were sutured, and embryos were
llowed to develop normally. The transfected cortical region in
lectroporated animals was always restricted to L2/3 in the elec-
roporated hemisphere. It usually encompassed most of the barrel
ortex and in some cases included parts of auditory, visual and
econdary somatosensory areas.

.2. In vivo experiments

.2.1. Surgery and dye injection
C57BL/6 mice (P25-P33) were anaesthetized with a mixture

f Fentanyl (0.05 g/kg), Midazolam (5.0 mg/kg) and Medetomidin
0.5 mg/kg) for surgery and recordings. Surgery was  performed
s described previously (Ko et al., 2011). Briefly, a small cran-
otomy (1–2 mm)  was carried out over primary visual cortex and
ealed after dye injection with 1.6% agarose in HEPES-buffered ACSF
nd a cover slip. Fluo-4AM and Calcein red-orange-AM (Molecular
robes) were initially dissolved to 5 mM with 20% Pluronic Acid
n DMSO (Pluronic F-127, Molecular Probes) and further diluted

ith dye buffer (150 mM NaCl, 2.5 mM KCl, and 10 mM HEPES, pH
.4) to a final concentration of 250 �M and 25 �M,  respectively,

n the same solution. Oregon-Green Bapta 1-AM (OGB1-AM) was
rst dissolved to 10 mM and further diluted to a final concentra-
ion of 0.9 mM before injection. Dyes were slowly pressure-injected
nto the right visual cortex at a depth of 150–200 �m with a

icropipette (3–5 M�,  3–10 p.s.i., 2–4 min) under visual control
y 2-photon imaging (10× water immersion objective, Olympus).
xperiments started 1–2 h after dye loading. A total of 3 in vivo
xperiments are presented, one with OGB1-AM (Fig. S3) and two
ith Fluo4-AM (Fig. 6 and S5).

.2.2. Visual stimulation
Visual stimuli were generated using MATLAB Psychophysics

oolbox (Brainard, 1997; Pelli, 1997), and displayed on an LCD mon-
tor (375 mm × 300 mm;  60 Hz refresh rate) positioned 20 cm from
he left eye, at approximately 45 degrees to the long axis of the
nimal, covering ∼86 × 74 degrees of visual space. A stimulation
equence comprised the presentation of gratings (i.e., consecu-
ive black and white stripes, 0.04 cycles per degree) in 8 different
rientations (45◦ steps). Fluorescence acquisition during each ori-
ntation lasted 2 s, starting with a motionless grating that began to
rift at a constant rate (2 cycles per second; normal to the stripes

ength) after 400 ms  and for the remaining time. The display was
hen shifted to the next orientation before the next 2-s trial started.

.3. AOL-based two-photon imaging

.3.1. Microscope layout
The AOL microscope consisted of a tunable femtosecond laser

ource, a customized prechirper to compensate for the tempo-
al dispersion introduced by the AOL, and a compact AOL (Kirkby
t al., 2010), together with the relay optics required to route the

eam into a conventional two-photon microscope (Fig. 1A). The
pecific components were as follows (from light source to sam-
le): a laser (Mai Tai, Newport-Spectra Physics or Chameleon Ultra

I, Coherent), a custom prechirper (−50,000 fs2 GVD, APE GmbH,
access measurements from 5 POIs. It takes 28 �s to revisit each point (24 �s for a
sound wave to fill the AOD plus 4 �s dwell time), giving a total serial bandwidth of
36  kHz, which divided across 5 selected POIs is 7 kHz.

Berlin), a Pockels cell (Conoptics Model 302CE), a beam expander,
the AOL, relay optics (including an Ultima scanhead, Prairie Tech-
nologies), an upright microscope (BX51, Olympus) with tube lens
and IR antireflection coated water-immersion objective (Olympus
LumPLanFL/IR 40x/0.80W or 20x/0.95W), and conventional photon
collection and detection components (see below).

2.3.2. The acousto-optic lens
2.3.2.1. Design and general operation. The AOL was constructed of
4 acousto-optic deflector (AOD) crystals, half waveplates (ACWP-
700-1000-10-2, CVI Laser Optics) and linear polarizers (ColorPol
VIS 700 BC4 CW02, CODIXX AG, Germany) arranged in series.
The custom-designed AOD crystals were optically and acoustically
rotated and the second crystal of each pair had narrower ultra-
sonic transducers (Kirkby et al., 2010). They were manufactured
by Gooch & Housego (Somerset, UK) following our specifications
(Supplementary Table 2). High speed remote focusing to different
locations within the 3D field of view was achieved by driving each
AOD with ultrasonic sound waves (range 25–47 MHz), which pro-
duced a diffraction grating across the crystal (Fig. 1B). The focus (Z
direction) was altered by changing the slope of the linear frequency
ramp of the acoustic drive (chirping), while lateral displacement
was achieved by offsetting the ramp frequencies. Two AODs, with
counter propagating sound waves, were used to cancel out the
movement introduced by the sound propagating across the crys-

tals allowing a stationary focus (Kaplan et al., 2001). Each pair
of crystals formed a cylindrical lens that focused and steered the
beam along the X–Z and Y–Z planes, with the two orthogonally
aligned pairs forming a dynamic spherical lens (i.e.,  the AOL) in a
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Fig. 2. AOL-based volumetric structural imaging of neuronal dendrites and spines over a 150 �m depth range.
(A)  Examples of 2D images of a pyramidal cell patch-loaded with the fluorescent dye Alexa 594 (200 �M) and focused with the AOL at different depths from top of slice
( tensit
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15  �m, 45 �m,  90 �m and 145 �m for i, ii, iii and iv, respectively). (B) Maximum in
 150 �m range in depth (100 focal planes spaced every 1.5 �m).  (C) 3D rendering 

ocal  depths with respect to the natural focal plane of the objective. The defocus in
ompensated for by the AOL (display gain was  enhanced at +75 �m and −75 �m,  se

ompact configuration without telecentric relays between the
ODs (Kirkby et al., 2010). The AOL could address, sequentially, any
oxel within the volumetric field of view in 24 �s regardless of the
istance between points (Fig. 1C) (Kirkby et al., 2010). Combining
his with a dwell time of 4 �s gave a total acquisition time per point
f 28 �s or a total serial bandwidth of 36 kHz. The compact design of
he AOL simplified its physical introduction into an existing two-
hoton system, since it occupied only ∼20 cm of the input beam
ath (Fig. 1A). The maximal power achieved at the back aperture of
he objective was 150 mW (800 nm)  which was sufficient for deep
n vivo imaging given the narrow pulse width (110–160 fs). Typi-
al imaging powers in were 5–20 mW and 20–80 mW at the back

perture for in vitro and in vivo experiments, respectively.

.3.2.2. Operation at 720–920 nm wavelengths and power through-
ut. During imaging at 800 nm,  the acoustic centre frequency
y projection (MIP) constructed from the Z-stack of structural images encompassing
 same images as B. (D) AOL-based images of the same dendritic section at different
ced by physical Z displacement of the objective between −75 �m and +75 �m was
erials and methods).

was set at 35 MHz. Since the angle of diffraction produced by
the acoustic wave filling the AOD crystal depends on the opti-
cal wavelength of the incoming laser beam (i.e.,  ø = � f/Vac, where
ø is the angle of diffraction, � is the wavelength of the opti-
cal beam, f is acoustic wave frequency driven by the ultrasonic
transducer and Vac is the acoustic velocity through the crys-
tal, see Kirkby et al., 2010), changes in imaging wavelength (�)
were compensated for by changing the acoustic centre frequency
(fc) of the crystals, thereby keeping the diffraction angle con-
stant (i.e., fc2 = �2 fc1/�1). Thus, when the excitation wavelength
was set at 800 nm,  870 nm or 920 nm,  the acoustic centre fre-
quency was  35 MHz, 32.2 MHz  or 30.4 MHz, respectively. While

mechanically the AOL was unaltered, wavelength changes involved
tuning the motorized prisms and the mirror within the prechirper.
Measurements of power throughput across the AOL showed that
the efficiency of light transmission was 10-18% at wavelengths
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Fig. 3. 3D functional imaging of synaptic inputs on spines and dendrites using a synthetic calcium indicator.
(A)  MIP  of a L2/3 cortical neuron patch loaded with a green calcium indicator (Fluo-4) and a red morphological tracer dye (Alexa 594) imaged with the AOL microscope at
800  nm wavelength. A second pipette for synaptic stimulation is shown on the left. (B) MIP  of region of dendritic tree spanning 70 �m in depth selected for functional imaging
(box  in A). (C) A dendritic branch (box in B) with 3 selected POI on spines (Sp1 & 2) and shaft (d) (1 pixel = 260 nm). (D) Single-trial [Ca2+] measurements (�F/R) during an
AP,  evoked by injecting current through the somatic electrode, followed by extracellular synaptic stimulation (2.4 kHz acquisition filtered with 4 ms  window). Whole-cell
voltage recordings in red. (E) Schematic diagram of dendritic branches in B showing the POIs selected in the volumetric field of view for functional imaging (spines in grey
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nd  shaft in black). (F) Increasing synaptic stimulation intensity from left to right co
ine  on the right) single-trial traces are arranged from most proximal at the top to

ith  increasing stimulation intensity, with most distal from soma at the bottom. Th

ypically used in neuroscience applications (720–920 nm)  (inset of
ig. 1A).

.3.3. Collection of photons and data acquisition
Emitted photons, collected through the objective, were sepa-

ated from excitation photons using a 660 nm long-pass dichroic
irror (660dcxr) followed by a 650 nm short-pass filter. Green

nd Red emitted photons were further isolated using a 575 nm
ong-pass dichroic (575dcxr) and emission filters (HQ 525/70-
P and HQ 630/100-2P, respectively), and detected using GaAsP
Hamamatsu H7422) and multialkali (Hamamatsu R3896) pho-
omultipliers (PMTs), respectively. During in vitro experiments,
n extra set of dichroics, filters and PMTs were used to detect
uorescence photons collected through an achromatic aplanar con-
enser (Olympus U-AAC, 1.4 NA) underneath the stage. Filters
nd dichroics were from Chroma Technology. PMT  signals were
mplified and low-pass filtered at 1.25 MHz  (Prairie Technolo-
ies), digitized (12bit) at 1 MHz  (National Instruments PCI-6115)
nd down-sampled at 250 kHz (average of 4 consecutive digitiza-
ions) during acquisition with custom-made software written in
abview (National Instruments). At each point, a single 4 �s dwell
ime (see Fig. 1C) was used for both structural imaging and 3D
AMP measurements. Excitation light was shuttered with a Pock-
ls cell except during 4–12 �s spanning the 4 �s dwell time. Laser
ntensity was modulated exponentially with depth using the Pock-
ls cell in order to compensate for scattering (Chaigneau et al.,
011). Although the AOL microscope can be used to do ultra-
apid raster scanning (Kirkby et al., 2010), in this work structural
maging was carried following sequential pointing and images

econstructed from “red” or “green” channel (for experiments
ith synthetic or genetic indicators respectively). Except for the

mages shown in Fig. S1 A–B, which were taken with an under-
lled 20× objective (Olympus) which gave a field of view (FOV) of
 (1.2 kHz acquisition filtered with 8 ms  window). Within each branch (colour coded
 measurements at POIs during neuronal activation as in D. Four consecutive trials

 depth from top of the slice is shown on the left.

250 �m × 250 �m × 150 �m,  all functional and structural imaging
was done with a 40×,  0.8NA objective. Single focal plane images
were typically 130 �m × 130 �m (cropped to 80–130 �m per axis
to display) except in Fig. 2D which was  zoomed 8 times. Images
were reconstructed with 512 × 512 pixels (Figs. 2–5) or 200 × 200
pixels (rest of figures). The display in Fig. 2D was shown with dif-
ferent gain display settings for −75 �m and +75 �m to compensate
for a slight drop in excitation efficiency, which is likely to be due to
optical aberrations (Kirkby et al., 2010).

2.4. Data analysis

Structural images were displayed and rendered using ImageJ.
Data was analyzed using Neuromatic and custom-written routines
in IgorPro6 (Wavemetrics). Changes in Fluo-4 fluorescence were
expressed relative to its baseline fluorescence (�F/F) or to the aver-
age fluorescence of the red morphological tracer (�F/R). Changes
in GCaMP3 fluorescence were expressed as �F/F. The average of
a sliding boxcar smoothing window (length reported in Fig. leg-
ends) was  used to digitally filter the data. Data are presented as
mean ± standard deviation (SD) unless otherwise stated. Signal to
Noise Ratio (SNR) was  calculated as the peak of the fit to the [Ca2+]
transient divided by the standard deviation of the baseline signal
calculated over 200–400 ms.  Fluorescence transients were fit to a
tri-exponential function with two decay components (Nielsen et al.,
2004):

F(t) =
(

1 − e−(t−t0)/�r
)N ×

(
A1e−(t−t0)/�1 + A2e−(t−t0)/�2

)
,

where the exponent N produces a small “foot” at the beginning of

the transient (N between 1 and 4). The rise time reported refers to
the time taken for the fit of the signal to rise from 10% to 90% of the
peak value. The decay corresponds to the time for the fitted func-
tion (equation above) to decay to 37% of its peak value. Fluorescence
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Fig. 4. 3D functional imaging of synaptic inputs on spines and dendrites using a genetically encoded calcium indicator.
(A)  Background-excluded MIP  40–64 �m below slice surface) of a L2/3 pyramidal cell expressing GCaMP3 imaged at 870 nm wavelength. Extracellular synaptic stimulation
pipette  (at 50 �m depth) is visible on the left. (B) Montage of single plane images of spines at different dendritic locations and depths. Traces below show simultaneous
single-trial GCaMP3 based [Ca2+] measurements from 5 spines and dendrite locations in images for 4 trials with increasing extracellular stimulation intensity (arrow, single
stimulus). (C) Schematic of dendrites and spines showing 31 POIs selected for functional measurements. Numbers indicate depth in �m,  of POI  from top of the slice. (D)
Simultaneous measurements of GCaMP3 fluorescence changes in the 31 locations shown in C. POIs are arranged from proximal to distal (top to bottom, spines in grey and
dendrites in black) in each branch (colour coded rightmost line). Each column is a single trial lasting 2 s. Stimulation voltage was increased every pair of trials consisting of
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 single and double shock (red and green arrows, respectively). Middle and right bl
ata  was  acquired at 0.9 kHz/POI and filtered with a 100 ms  window. (For interpr
ersion of this article.)

mplitudes were calculated from the fitted function. The 95% con-
dence interval for the estimated action potential (AP) time was
alculated from 4 times the S.D. of the onset times (the time at
hich the signal rose to 10% of its peak value) of the fluorescent

ransients.

. Results
.1. Spatial resolution of the AOL microscope

To test the performance of the AOL microscope for resolving
mall biological structures in brain tissue, we imaged layer 2/3
ow same protocol in presence of 10 �M APV and following washout, respectively.
 of the references to color in this figure legend, the reader is referred to the web

(L2/3) pyramidal cells loaded with the red synthetic tracer dye
Alexa 594 in acute slices of mouse neocortex. The field of view
with a fully back-filled 40 × 0.8NA water immersion objective was
130 �m × 130 �m in the X–Y plane and extended over a 150 �m
depth (Fig. 2A–C), and represents the maximum volume that can be
imaged simultaneously with high temporal and spatial resolution.
The maximum intensity projection (MIP) (Fig. 2B) and 3D projec-
tion (Fig. 2C) of 100 planes show a large part of the dendritic tree

of a L2/3 pyramidal neuron within the imaging volume. A side-
by-side comparison of Z stacks acquired by AOL focusing, when
the microscope objective was fixed, vs conventional focusing with
objective displacement gave a similar imaging quality for the same
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Fig. 5. High speed functional imaging of [Ca2+] transients evoked by an action poten-
tial as it backpropagates into a 3D dendritic tree.
(A) MIP  of L2/3 pyramidal cell patch-loaded with Fluo-4 (100 �M)  and Alexa 594
(20  �M)  showing 15 POIs selected for functional imaging. Two  representative planes
at  different depths shown below. (B) Single trial [Ca2+] signals during a single AP
followed by a burst of 5 evoked APs (red trace on top) recorded simultaneously at
1.6  kHz from 15 POIs, with their respective depth from top of slice indicated on left.
(C) Examples of averaged [Ca2+] transients on a fast timescale (POIs 3 and 13, fit to
transient shown in black). Right, relationship between onset of AP-evoked [Ca2+]
transient and distance of measurement locations from soma. The slope of the linear
fit  of tri-exponential function was 0.17 m/s. (Spearman correlation coefficient = 0.73,
R  = 0.81, p = 0.00022). (D) Peak amplitude (�F/R) of AP-evoked [Ca2+] transients in
response to a single (left) or 5 APs (right). Each trial is represented with a circle and
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he  bar height is the average of 10 trials. The coloured bins correspond to the trials
hown in B. (For interpretation of the references to color in this figure legend, the
eader is referred to the web  version of this article.)

olume (Suppl. Movie 1). Moreover, using the AOL to compensate
or the focus when the objective was physically displaced, so that
he focal plane of the objective was above or below the imaged den-
rite, shows that submicrometer spines can be resolved over the
ntire 150 �m focusing range of the AOL using a modest amount of
ower (10–15 mW at the back aperture) (Fig. 2D), consistent with
he point spread function (PSF) dimensions over this focal range
0.35–0.7 �m;  Supplementary Table 1 and Fig. 16 of Kirkby et al.,
010).

.2. Simultaneous monitoring of spatially distributed synaptic
nputs in 3D

.2.1. Functional imaging of dendrites and spines with a synthetic
Ca2+] indicator

To test the functional performance of the AOL microscope, we
hole-cell patch clamped the soma of L2/3 pyramidal cells and

oaded them with two synthetic dyes: the Ca2+ indicator Fluo-4
green) and Alexa 594 (red) to visualize the neuron (Fig. 3A). A

egion of the dendritic tree was identified and a second pipette was
laced near one of the dendritic branches for local extracellular
ynaptic stimulation (Fig. 3A and B). Fig. 3C shows a short sec-
ion of dendrite, with two points of interest (POI) in neighbouring
roscience Methods 222 (2014) 69– 81 75

spines and a third in the shaft. Triggering a single action potential
(AP) with current injection through the somatic electrode produced
large, rapidly rising and decaying [Ca2+] transients simultaneously
at all three dendritic locations (Fig. 3D). In contrast, local extracel-
lular stimulation of synaptic input only triggered a [Ca2+] transient
in spine 2, with no detectable [Ca2+] transient in spine 1, just
5 �m away, consistent with previous observations (Bloodgood and
Sabatini, 2007; Chalifoux and Carter, 2011; Noguchi et al., 2005).
These results show that the spatial resolution of the AOL micro-
scope and signal-to-noise ratio (SNR) of functional measurements
are sufficiently high to enable us to distinguish synaptic activa-
tion from failures in individual spines on a single trial. Next, to
investigate how backpropagating APs and synaptic input affected
dendritic [Ca2+] on a larger scale, we  examined the responses in
spines and dendrites distributed in 3D across a substantial part of
the dendritic tree (Fig. 3E). Simultaneous recordings from 13 POIs
located between 42 �m and 94 �m from the surface of the slice
revealed that all locations responded to the somatically evoked
AP, but that weak synaptic stimulation only produced a response
in a subset of locations (Fig. 3F, left pair of columns). Increas-
ing the strength of synaptic stimulation to a level that triggered
an AP produced a widespread [Ca2+] transient (Fig. 3F, last two
columns). These results show that the AOL microscope has the spa-
tial and temporal resolution to simultaneously monitor the activity
of spines distributed in 3D across multiple dendritic branches.

3.2.2. Functional imaging of dendrites and spines with a
genetically encoded [Ca2+] indicator

Genetically encoded indicators have two main advantages over
synthetic indicators: they can be used to target specific cell popu-
lations and they can be expressed for prolonged periods, enabling
both cell-type specific and chronic functional measurements. To
assess the performance of our AOL microscope with genetically
encoded [Ca2+] indicators we expressed GCaMP3 in L2/3 pyramidal
cells by performing in utero electroporation of a plasmid encoding
GCaMP3 (Tian et al., 2009). To image at the longer excitation wave-
lengths required, we  changed the acoustic centre frequency of the
AOL drive, without having to physically adjust any of the AOL opti-
cal elements. Images of acute slices of sensory cortex taken at low
magnification during excitation at 870–920 nm revealed the pres-
ence of GCaMP3 in a subset of L2/3 neurons (Fig. S1 A and B). At
higher magnification, dendrites and spines were evident (Fig. S1C).
Functional measurements from dendrites spanning a 90 �m depth
revealed the presence of a dendritic section that responded to both
single and bursts of electrical stimuli (Fig. S1 C and D). Fig. 4A shows
a MIP  image in which a mask outlining a subset of in-focus dendritic
segments was  used to isolate the dendrites of interest in multiple
planes (Movie S2 shows the unedited version of each plane). To
study the recruitment of synapses and the [Ca2+] profile along the
dendrite we placed POIs on spines and shafts of the distal dendritic
tree, 47–64 �m below the surface of the slice, and made 3D-RAMP
measurements at different stimulation intensities (Fig. 4B and C).
Fig. 4B, which shows three examples of spines at different dendritic
locations, shows that the stimulus-evoked GCaMP3 signals were
localized to particular spines, while others nearby did not respond.
While minimal intensity stimulation recruited few spines across
the dendrite, more were recruited as the intensity was  increased
(Fig. 4B). Examining measurements from a larger part of the den-
drite revealed that [Ca2+] transients were also present in some
dendritic shafts (Fig. 4D). Transient bath application of the NMDAR

antagonist AP5 (10 �M)  reversibly abolished both the spine signals
and those in the dendrites, indicating that they were mediated by
synaptically activated NMDARs, possibly reflecting NMDA spikes
(Schiller et al., 2000). These data show that the AOL microscope
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an resolve spatially distributed synaptic activity in spines and
endrites using genetically encoded indicators.

.3. Monitoring the timing of action potential backpropagation
nto a 3D dendritic tree

To test the temporal performance of the AOL microscope in
etecting fast neuronal signalling in 3D, we examined the [Ca2+]
ransients triggered by backpropagation of an AP into the dendritic
ree. Fig. 5A shows a MIP  and two individual X–Y planes of a L2/3
yramidal cell loaded with Alexa 594 and Fluo-4, revealing a den-
ritic tree that spanned ∼40 �m in depth. Fifteen POIs were defined
long the main dendritic trunk and a secondary branch. Evoking a
ingle AP at the soma, followed by a 10 Hz burst of 5 APs, trig-
ered robust fast-rising low-noise [Ca2+] transients at all locations
Fig. 5B; responses are single trials). To examine whether differ-
nces in the timing of the [Ca2+] transients could be resolved at
ifferent locations, we averaged the transients across 10 trials and
stimated their onset time by fitting the rising phase (Fig. 5C left).
he relationship between onset time and distance of the POI from
he soma revealed a significant correlation, despite some scatter in
he onset times (p = 0.00022; Fig. 5C right). Moreover, the slope of
he linear fit was  0.17 m/s, a value similar to that estimated from
endritic patch-clamp recordings in L5 pyramidal cells (0.15 m/s)
Stuart and Sakmann, 1994) and recent measurements with a dif-
erent AOL microscope design (0.23 m/s) (Katona et al., 2012).
nalysis of the amplitude of the AP-evoked �F/R fluorescent transi-
nts showed that they varied considerably from location to location
n the dendrite (Fig. 5D). This variation did not arise from depth-
ependent changes in the SNR due to remote focusing (Fig. S2),
nd thus it seems that AP-evoked [Ca2+] transients are heteroge-
eous, as previously suggested (Svoboda et al., 1999). These results

llustrate how AOL microscopy can be used to track rapidly propa-
ating neuronal signalling in 3D dendrites at a temporal resolution
hat has previously been the sole preserve of electrophysiology.

.4. 3D functional imaging of neuronal population activity in vivo

To test the performance of the compact AOL microscope for
n vivo measurements we performed functional imaging in pri-

ary visual cortex of anaesthetized mice. For this, we  bolus loaded
ynthetic dyes (Stosiek et al., 2003) since they have been used
xtensively to study neuronal population activity.

.4.1. AOL depth penetration
To image signalling within neuronal populations in vivo, greater

epth penetration is typically required than for acute slice prepara-
ions. Our structural imaging tests with OGB1-AM showed that the
OL microscope has sufficient laser power to Image 400 �m below

he surface of the brain (Fig. S3).

.4.2. Monitoring the activity of 100 neurons distributed in 3D
ver 150 �m depth

Fig. 6A shows an example of a 3D field of view of a region of
ortex loaded with green Fluo-4-AM, and the red neuronal tracer
alcein-red orange-AM 180–330 �m below the pia. We  selected
00 neurons distributed within this block of tissue and defined a
ingle POI within the soma of each neuron (Fig. 6A–C). Simulta-
eous measurement from all 100 neurons at 360 Hz during visual
resentation of drifting gratings with different orientations trig-
ered [Ca2+] transients in a subset of cells (Fig. 6D). Comparison
f responses to different orientations in 2 consecutive sequences

ndicates that some neurons responded selectively to specific orien-
ations (e.g., cell 34), while others exhibited no detectable response
o the stimulus (e.g., cell 10). Responses of three neurons, located
etween 196 and 312 �m deep, to their preferred orientation are
roscience Methods 222 (2014) 69– 81

shown on a faster timescale in Fig. 6E. Each cell exhibited a similar
delay in the response when the same orientation was presented.
However, a larger dispersion in the response latency was observed
across cells responding to different orientations (Fig. 6E). These
results show that the AOL microscope can be used in vivo to make
high-speed functional measurements from populations of neu-
rons distributed in 3D space. Importantly, tissue movement was
minimal during in vivo recordings (Fig. S4) and the POI typically
remained within the neuronal boundaries during recording (Fig.
S5). However, experiments comparing the responses of two  POIs
placed within the same neuron suggest that, at some locations (e.g.,
within the nucleus), the [Ca2+] transient is too small to be detected
reliably in vivo (Fig. S5). In the next section, we  investigate the origin
of this variability.

3.5. Temporal precision of action potential-evoked [Ca2+]
transients at points of interest in the perisomatic compartment
in vitro

3.5.1. Spatial dependence of [Ca2+] transients in the perisomatic
compartment in vitro

The amplitude and rise time of [Ca2+] transients recorded
in vivo from POIs in the same neuron exhibited a larger vari-
ability than those observed for AP-evoked responses in dendrites
in vitro (Fig. S5 E and F, compare with Fig. 5B). To investigate the
source of this variability, we  made whole-cell patch-clamp record-
ings from L2/3 cells in slices and examined how the AP-evoked
[Ca2+] transient varied with location within the somato-dendritic
compartment (Fig. 7A and B). The largest and fastest transients
occurred in the dendrite and the smallest and slowest at the cen-
tre of the soma. We  quantified the time course by fitting mean
transient waveforms with exponentially rising and decaying func-
tions (Fig. 7B), a procedure previously used to assess the temporal
precision of action potential detection during calcium imaging
with AODs (Grewe et al., 2010; Otsu et al., 2008). This showed
that the peak �F/F was  substantially higher in the dendrite com-
pared to the centre of the soma, as previously shown (Svoboda
et al., 1999). Moreover, the rise time varied from just 1.5 ms in
the dendrite to 105 ms  at the centre of the soma of this cell
(Fig. 7C). This, together with a decay time course that was also
much slower in the soma, made estimation of the onset time
of the transients difficult. Analysis of single-trial [Ca2+] transi-
ents using different temporal filters showed that somatic signals
required heavier filtering than dendritic signals to achieve a com-
parable single-trial SNR (i.e., 50 ms  vs 5 ms;  Fig. 7D and E). This
limited the temporal precision with which the timing of the trans-
ients could be estimated at the soma. These results suggest that
there is a ‘sweet spot’ that trades off the requirements of max-
imizing the size of the compartment from which the recording
is made (making it robust to tissue movement) and minimizing
the rise time of the transients. POIs at this sweet spot (Fig. 7F)
gave transients with sufficiently good SNR to allow AP timing
to be estimated within a <5 ms  window with 95% confidence
(Fig. 7G and H). On average, the 95% confidence interval was
2.8 ms  ± 0.75 ms  (range 1.5–4.7, n = 4 experiments with 20–200
trials each, Mean ± SE). Moreover, individual transients could be
distinguished during bursts of 25 Hz (Fig. 7I). Importantly, there
was relatively little change in the properties of the transients
or the electrophysiology during a 300 s acquisition, suggesting
that detection from a single POI is reasonably robust to photo-
damage (Fig. S6). These results show that the spatial dependence

of the kinetics and amplitude of AP-evoked [Ca2+] transients
in the somatic compartment recorded in vitro can account for
much of the variability observed in sensory-evoked responses
recorded in vivo.
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Fig. 6. In vivo AOL RAMP measurements from 100 neurons distributed in 3D within the primary visual cortex of an anaesthetized mouse.
(A)  Structural image of a block of L 2/3 primary visual cortex (100 �m × 100 �m × 150 �m) bolus loaded with calcein-red orange-AM and the synthetic calcium indicator
Fluo4-AM. The Z stack consisted of 38 planes spanning 180–330 �m from the pial surface. (B) Two X–Y planes at different depths colour coded as for A. (C) Schematic showing
100  POIs selected (one per neuron) for functional imaging within the tissue block. The location of POIs on 3 representative neurons (cells 6, 34 and 89) are shown in red, green
and  brown respectively, as illustrated in A and B. (D) Simultaneous [Ca2+] measurements from the 100 neurons distributed in 3D (180–330 �m depth; C) during presentation
of  drifting gratings of different orientations (arrows, vertical columns, drifting onset at 400 ms). Asterisk shows control with no visual stimulus presented. Left and right
blocks  show responses during two consecutive orientation sequences (traces filtered with 282 ms  window). Coloured traces show examples of cells with orientation-tuned
responses (as for A–C). (E) Single-trial recordings from cells 6, 34 and 89 (bold in D) filtered with a 56 ms  window. Note trial-to-trial jitter in response onset for individual
c  band
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.5.2. Comparison of signals at the centre of soma vs the
sweet-spot’

Results from 7 experiments quantifying the transients in a
omatic POI located in the junction with the dendrite showed that
ot only the �F/F and SNR was 2.5–3 times larger, but also the rise
nd decay times were > 10 times faster compared to a POI in the
entre of the soma (Fig. 7E). This result suggest that future opti-
ization in labelling techniques as well as 3D rendering where

endrites leaving the soma can be automatically identified dur-
ng in vivo imaging can be exploited to significantly improve both
etection and timing of AP-evoked calcium transients.
. Discussion

We  have tested the performance of a compact AOL microscope
Fig. 1) by measuring spatially distributed neuronal signalling in
width was  36 kHz or 0.36 kHz/POI, including 4 �s dwell time. (For interpretation of
is article.)

3D in vitro and in vivo. Our results establish that the activity of
many synaptic inputs distributed in 3D space can be monitored
near simultaneously on a single trial with this new technology
(Figs. 3 and 4). We  confirm previous results (Katona et al., 2012)
showing that the temporal resolution of AOL microscopy is suf-
ficient to track the backpropagation of an AP into a 3D dendrite
with sub-millisecond temporal precision (Fig. 5) and that 3D neu-
ronal population activity patterns can be measured in vivo as they
respond to sensory input (Fig. 6 and S5). Here we have combined,
for the first time, AOL-based 3D imaging with genetically encoded
indicators (Fig. 4 and Fig. S1) and explored strategies for opti-
mizing functional imaging of neuronal populations (Fig. 7). Our

results establish that AOL microscopy has the performance and
flexibility to monitor rapid neuronal signalling in 3D across a wide
range of spatial scales using both synthetic and genetically encoded
reporters.
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Fig. 7. Spatial heterogeneity of [Ca2+] transients in somato-dendritic compartment and estimation of action potential timing.
(A)  Structural image of a cortical L2/3 cell patch loaded with Alexa 594 and Fluo-4. Coloured pixels indicate POIs along the soma and proximal dendrite. (B) AP-evoked [Ca2+]
transients (�F/F) in POIs shown in A (same colour codes). A single trial (filtered with 5 ms  window, left), and the average of 20 unfiltered trials (fits in black) is shown in the
middle  and with enlarged temporal scale in the right (1.9 kHz acquisition rate). (C) Comparison of single-trial �F/F (Mean +/−SD for 20 trials) and 10–90% rise time and decay
time  at the different POIs shown in A. (D) SNR [Ca2+] transients following processing with different length boxcar filter (FLT) windows. (E) Pool data from 7 experiments.
Comparison of AP-evoked [Ca2+] transients in a POI at the centre of the soma (dark blue) vs a POI at the junction with the proximal dendrite (light blue). * indicates a significant
difference between the population means (p < 0.05, Wilcoxon Signed test). Error bars are standard error of the mean. (F) POI location (green pixel) on L2/3 cell with reasonable
trade-off between compartment size and SNR. (G) AP-evoked [Ca2+] transients for 200 trials acquired at 5.8 kHz (filtered with 1 ms  window). Whole-cell voltage recording
in  red, individual [Ca2+] transients in grey, average in green. Below: individual transient (grey) fit with a tri-exponential function (blue trace). (H) Histogram of interval
between the peak of the measured AP and the time at which the fitted function rose to 10% of its peak value. A Gaussian fit (red) to the interval histogram indicates that the
estimated AP time was distributed normally, and the 95% confidence could be determined from 4 × S.D. (blue arrow). (I) Single-trial AP-evoked [Ca2+] transients (data filtered
with  1 ms window) in response to a burst of 5 APs at ∼25 Hz. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this  article.)
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.1. Design features of the acousto-optic lens 3D 2-photon
icroscope

A number of the design features of our AOL microscope (Kirkby
t al., 2010) and its functionality differ from other AOL 3D micro-
copes (Duemani Reddy et al., 2008; Katona et al., 2012). The thin
ptically and acoustically rotated AOD crystals allow a simple and
ompact AOL design that can operate over a range of different
xcitation wavelengths, with relatively little chromatic (see also
Duemani Reddy et al., 2008)) or temporal dispersion. This allows
he device to be easily added to an existing 2-photon microscope,
nabling rapid remote focusing and scanning of a femtosecond laser
eam, with the only additional modification of a more powerful
rism-based prechirper (Kirkby et al., 2010). These features have

llowed us to perform low-power, high-temporal resolution imag-
ng of spines. Moreover, the ability to change excitation wavelength

ithout moving the optical elements within the AOL has allowed
s to combine 3D AOL two-photon microscopy with genetically
encoded [Ca2+] indicators (Fig. 4 and Fig. S1), which operate at
longer excitation wavelengths than green synthetic dyes (Fig. 3).
As we show, this enables measurement from specific neuronal sub-
types (e.g., L2/3 pyramidal cells).

4.2. Utility of compact AOL-based 3D random access
measurements for functional imaging

The fact that electrical signalling events in the brain are brief
(1–100 ms)  and sparsely distributed in 3D space makes them par-
ticularly difficult to monitor with conventional two-photon laser
scanning microscopy. Unlike scanning systems with mirrors that
have inertia (Botcherby et al., 2012; Gobel et al., 2007), our AOL  3D
microscope has a high bandwidth (36 kHz) and a voxel access time

that is independent of distance, making it particularly well suited
for measuring rapid, sparsely distributed signals in 3D (Fig. 1C).
The high spatial resolution of our AOL allowed us to resolve spines
over a 150 �m focal range (Fig. 2), while our proof-of-principle
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xperiments show that AOL-based microscopy can be used for
unctional [Ca2+] measurement in spines and dendritic shafts. We
stablish that it is now possible to simultaneously monitor the
ctivity of synaptic inputs at many different locations on the 3D
endritic tree of pyramidal neurons (Figs. 3–5). We  also confirm
Katona et al., 2012) that our AOL microscope design has sufficient
emporal resolution to determine the speed of AP backpropagation
rom the timing of AP-evoked [Ca2+] transients at multiple locations
long a 3D dendritic tree (Fig. 5). AOL-based 3D microscopy there-
ore has the spatial resolution and speed necessary for measuring
he spatio-temporal patterns of synaptic input onto a dendritic tree.
his will be particularly useful for studies of spike timing dependent
lasticity (Sjostrom et al., 2008), and for understanding the compu-
ations that individual neurons perform (Silver, 2010), as well as the
nderlying mechanisms (Bloodgood and Sabatini, 2007; Chalifoux
nd Carter, 2011; Noguchi et al., 2005). Moreover, this technology
s likely to be to useful for mapping the receptive field of synaptic
nputs onto dendritic arborisations, which have been limited to the
imultaneous read-out of a few spines located in the same focal
lane (Chen et al., 2011). This will make it easier to test hypotheses
egarding the spatio-temporal clustering of synaptic input on the
endritic tree during sensory input (Larkum and Nevian, 2008).

We have established that it is possible to operate our AOL at
he longer wavelengths necessary to excite genetically encoded
ndicators. The ability to combine AOL 3D microscopy with genet-
cally encoded reporters is an important development because,
nlike synthetic dyes, they can be expressed selectively in spe-
ific neuronal subpopulations. High speed imaging will allow the
nvestigation of the types of sensory information being conveyed
y axons and enable synaptic inputs to be studied over extended
eriods of time, revealing how their functional properties change
ith experience and during development (Mank et al., 2008).

We have also shown that our AOL can deliver sufficient laser
ower for measuring neural population activity deep within a
D block of cortex in vivo, confirming previous results (Katona
t al., 2012). The experiments were carried out with a fully back
lled 40 × 0.8 NA objective to attain a high spatial resolution. This
esulted in a smaller field of view than that previously reported
Katona et al., 2012). However, the field of view of our system can
e substantially increased by using a 20× objective and a lower
umerical aperture (Fig. S1 A and B, Supplementary Table 1), an
pproach that is well suited to imaging the activity of a larger pop-
lation of neurons (Grewe et al., 2010; Katona et al., 2012). During
resentation of a visual stimulus, the activity of 100 neurons dis-
ributed over ∼150 �m in depth was monitored simultaneously at
igh rates and latency information obtained (Fig. 6). This opens
he possibility of using optical imaging to investigate the extent to
hich the brain uses temporal sequences to encode and process

nformation (Gollisch and Meister, 2008; Johansson and Birznieks,
004). In addition, the depth penetration and focusing range of the
OL will potentially enable the study of the flow of information
cross layers located at different focal depths (e.g., L4 and L2/3).
oreover, the ability to monitor from sparsely distributed points

n 3D and genetically labelled neurons will also facilitate the study
f low density neuronal subtypes (e.g., interneurons), which are
urrently difficult to study with 2D microscopy.

Our results show that in vivo 3D-RAMP recordings require
urther optimization if we are to attain the < 5 ms  precision in esti-

ating AP timing that we can achieve in vitro. This is due to the
arge spatial heterogeneity in the responses in the somato-dendritic
ompartment. Improvements in SNR can be achieved with spatial
veraging: either by increasing the size of the illumination point-

pread function (with a lower NA) and/or by making multiple point
easurements from each somata. Both of these strategies have

een used for 2D RAMP imaging in vivo, enabling the timing of APs
o be estimated from [Ca2+] transients with a temporal precision
roscience Methods 222 (2014) 69– 81 79

of ∼10 ms  (Grewe et al., 2010). The disadvantage of increasing
the number of recording locations per cell is that it reduces the
acquisition rate. Alternatively, we found that the junction between
the soma and primary dendrite provides a ‘sweet spot’ where the
amplitude and speed of transients is higher than the centre of the
soma. Making point measurements from this region has a higher
SNR and has the advantage that it does not compromise the speed
of acquisition (Fig. 7).

4.3. Future prospects and challenges

The unprecedented temporal resolution of AOL-based 3D
functional imaging together with the advances shown here,
demonstrate that it is a flexible tool for addressing a range of
questions in cellular and systems neuroscience. The feasibility of
measuring the spatiotemporal patterns of synaptic input onto a
3D dendrite, the ability to simultaneously monitor the activity
of a large number of dendrites on a neuron and the capacity to
readout the sequence of activation of a neuronal population dis-
tributed in 3D space should be useful for studying how the brain
rapidly represents and transforms information at synaptic, neu-
ronal and network levels. Our demonstration of the feasibility of
combining AOL microscopy with genetic indicators opens the pos-
sibility of high speed 3D measurements from a range of identified
neurons (Hofer et al., 2011), as well as chronic functional imag-
ing studies (Mank et al., 2008) which are difficult with synthetic
dyes. However, application of 3D RAMP to the awake head-fixed
animal preparation (Dombeck et al., 2010; Petreanu et al., 2012)
will require the development of rapid online movement correction,
particularly for monitoring signalling in small structures. While
at present the power throughput may not be sufficient to pho-
toactive MNI-glutamate (Fig. 1A, inset), compounds with higher
two-photon cross sections, and/or improvements in AOL design
or more powerful lasers should make rapid 3D neural activation
feasible. The high bandwidth of the AOL combined with the contin-
ued improvement in the SNR of voltage-sensitive dyes (Akemann
et al., 2012; Bradley et al., 2009; Zhou et al., 2007) make opti-
cal measurement of voltage across 3D dendritic trees, axons and
local networks feasible in the near future. Another exciting short-
term prospect is to combine the long wavelength excitation AOL
microscopy described here with a recently developed genetically
encoded glutamate sensor (Marvin et al., 2013), since this will
enable synaptic glutamate release to be mapped at high spatio-
temporal resolution onto the 3D dendrites of genetically distinct
neuronal populations.

5. Conclusion

We have demonstrated new applications of AOD-based rapid
functional imaging in 3D using a custom-designed acousto-optic
lens (AOL) which has a compact design and can be introduced in
existing two-photon microscopes. We  showed that our AOL can be
operated at a range of wavelengths and have exploited this flexi-
bility to establish that genetically encoded indicators can be used
with this technology. We  also showed that dendritic spines can
be resolved over 150 �m depth range within the AOL volumet-
ric field of view and demonstrated the utility of AOL two-photon
microscopy to read-out, simultaneously, 3D patterns of synaptic
activity.
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