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Abstract
This thesis presents two optical techniques for manipulating neurons in the analysis
of their function, namely time-gated holographic two-photon photostimulation and
femtosecond laser dendrotomy.
At the start of this thesis, no illumination technique had been able to activate
synapses along the three-dimensional (3D) dendritic arbour of a neuron using realistic spatio-temporal patterns of light that resemble physiological stimuli, a prerequisite to a systematic study of synaptic integration. This thesis demonstrates that
holographic projection with a spatial light modulator (SLM) enables the generation
of multiple uncaging focal spots at arbitrary locations in 3D and allows full control
over the spatial organisation of uncaging sites. The incorporation of a digital micromirror device (DMD) in the setup allows high-speed independent switching of
individual focal spots, enabling control over the temporal organisation of uncaging
events. Together, the SLM-DMD combination offers unprecedented flexibility in the
design and generation of spatio-temporal patterns of synaptic input for integration
studies.
A technique for optimising the holographic projection technique used for photostimulation is also presented. The technique incorporates a generalised phase contrast (GPC) setup into a typical SLM holographic setup to generate a complex field
hologram, as opposed to conventional phase-only holograms. Numerical simulations show that the technique produces higher optical throughput for the projection
of three or more foci. It also significantly decreases the intensity of unwanted higher
diffraction orders, providing cleaner excitation patterns. This technique has the potential to increase the number of holographic photostimulation foci achievable with
current techniques.
Finally, this thesis demonstrates femtosecond laser dendrotomy as a precise and
minimally-invasive way to prune dendrites at different locations in the tree. Its impact on the firing frequency of the neuron is evaluated. This technique has been used
in vivo but neuronal properties during and after dendrotomy have not been previix

ously measured. This study found that small-scale dendrotomy has negligible effect
on the input resistance or the firing pattern of the neuron. However, large-scale dendrotomy significantly increases the input resistance of the neuron and its excitability.
This technique offers the capability to experimentally manipulate dendritic morphology for the study of neuronal structure-function relationship.
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Chapter i

Introduction

The structure and function of individual nerve cells or neurons and their organisation
into networks in the brain is the foundation on which sensation, perception and
behaviour are built. Neurons comprise one of the two main types of cells in the
nervous system, the other being supporting glial cells. They communicate with one
another through synapses, points of contact which typically do not allow cytoplasmic
continuity between cells [Purves et al., 2012]. Neurons have a functional polarity; that
is, they have a uni-directional flow of information. Incoming information from other
nerve cells arrives at dendrites which extend from the neuronal cell body or soma in
the form of branches (Fig. 1.1). Information is integrated at the origin of the axon at
the soma and the output is sent to the next neuron through the axon.
The number of synaptic inputs a neuron receives from other nerve cells is typically 10,000 [Pare et al., 1998]. This is an indication of the fundamental role played
by neurons, which is to relay and integrate information from other neurons. This
information is typically carried by a wave of electrical activity called an action potential, an all-or-nothing change in the transmembrane electrical potential. An action
potential is initiated at the axon initial segment or hillock and propagates to the axon
terminal, where synaptic contacts are made [Purves et al., 2012].
Although the existence of the cell was known as early as the 17f/' century through
the use of the first light microscopes, little was known about neurons until the middle of the 19f/' century [Shepherd, 1991]. Since then, progress has been primarily
driven by technological advancement. Electrical activity in animals was first reported
by Galvani in 1791 [Galvani, 1791] after he observed muscles in frog nerve-muscle
preparations contract in response to electrical stimulation with metal wires [Zhao
et al., 2009]. This provided the impetus for the development of instruments that
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Figure 1.1: Morphologies for different neurons found in the human nervous system: (a)
cortical pyramidal cell with its apical and basal dendritic regions, (b) retinal bipolar cell,
(c) retinal ganglion cell, (d) neurons in mesencephalic nucleus of cranial nerve V, (e) retinal
amacrine cell, (f) cerebellar Purkinje cell. Green: dendrites, purple: cell body or soma,
brown: axon. Asterisk indicates that the axon length is much longer than shown [adapted
from Purves et al., 2012].

can measure and manipulate "animal electricity." The first instrumental detection of
currents in the frog nerve-muscle preparation was reported in 1828 by Nobili [referenced in Verkhratsky et al., 2006], who used the recently developed electromagnetic galvanometer. In 1920, a crucial technical breakthrough came for Erlanger and
Gasser when a cathode-ray oscilloscope sensitive enough to record nerve potentials
was developed [Hunt, 2006]. By the mid-1930s, the lipid bilayer structure of the
cell membrane was known and the structure of ion channels had been proposed but
intracellular electrical activity had not been recorded [Verkhratsky et al., 2006].
The first intracellular measurement of transmembrane potential, an action potential, was reported by Hodgkin and Huxley [1939] in the squid giant axon, whose
diameter is up to 1 mm, using a glass electrode about 100 }im in diameter filled
with saline solution. Electrical contact with the solution was made by a fine metal
wire. Later, glass microelectrodes with very small tips (outer diameter, OD, < 5
//m, inner diameter, ID, 1 j,im) were developed by Graham and Gerard [1946] and
were used to penetrate the membrane of fine structures like skeletal muscle fibres.

3

Soon after this, the voltage-clamp technique was developed by Cole [1949] and Marmont [1949]. This technique relies on an amplifier-based feedback system to control
membrane potential so that current across the membrane can be measured. This
technique together with sharp microelectrodes (OD 50 —500 nm [Weckstrom, 2010])
allowed intracellular recording of individual cells. Impalement of the membrane
with sharp microelectrodes, however, produced large leakage currents which made
for noisy recordings [Zhao et al., 2009].
The next breakthrough came with the development of the patch clamp technique
by Neher and Sakmann [1976]. In this technique, the blunt tip of a patch micropipette
(OD 0.5 —2 f - i m ) is pressed against the cell to achieve a mega-ohm (MO) seal with a
small patch of membrane. Slight suction could increase the resistance to a giga-ohm
(GO) [Sigworth and Neher, 1980]. The electrical isolation of this small patch reduces
the leakage current sufficiently to enable the recording of single-channel currents.
The patch clamp technique can be used in different configurations (Fig. 1.2) and has
become the technique of choice for electrophysiological recordings in different types
of cells. Patch microelectrodes can also used for stimulation.
Electrophysiological techniques using stimulating and recording microelectrodes
have several limitations. They are limited in the number and the spatial arrangement of stimulation and recording sites. Moreover, they have poor specificity when
stimulating or recording extracellular currents from populations of cells. In recent
years, advances in light-based technology have driven an optical revolution in neuroscience. Synergistic advances in laser microscopy, chemistry and genetic engineering
have provided novel and powerful tools that overcome the limitations of conventional
electrophysiology for analysing single cells or whole cellular networks.
This thesis aims at adding to the growing body of optical techniques available for
analysing neurons. This chapter will give a background on traditional electrophysiological techniques before discussing current optical recording and manipulation
techniques and illumination strategies. It will then present the organisation of the
thesis into the succeeding chapters.
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low-resistance seal
(50 MQ)

GO seal

Cell attached

Figure 1.2: Patch clamp configurations: cell-attached configuration; whole-cell configuration

obtained by rupturing the patched membrane; outside-out configuration obtained by pulling
the micropipette while in whole-cell mode; and inside-out configuration obtained by pulling
the micropipette away while in cell-attached mode [adapted from Hamill et al., 1981].
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1.1 Traditional electrophysiological techniques
The development of the glass capillary microelectrode by Graham and Gerard [1946]
revolutionised the understanding of the electrical and integrative properties of neurons. It has been extensively used for recording and stimulation of neurons both in
vitro and in vivo.
1.1.1

Recording techniques

The strength of electrophysiological recording lies in its unparalleled electrical and
temporal resolution. Because electrical signals are recorded directly, the signal-tonoise ratio (SNR) is high enough for studying the properties even of single ion channels. This strength is also a weakness, however, in the sense that direct recording
requires contact with the tissue. Thus, there can only be as many recording sites as
there are microelectrodes.
1.1.1.1

Intracellular recording

Patch or sharp microelectrodes are used in intracellular recording of electrical activity that results from ion fluxes across the neuronal membrane. 'Microelectrodes' are
distinct from macroscopic electrodes used in electroencephalography (EEG) recordings which may also be considered as electrophysiological recordings [Scanziani and
Häusser, 2009]. From here on, 'pipette' will be taken to mean micropipette and 'electrode' to mean microelectrode.
In whole-cell patch-clamp recording, a glass pipette is sealed over a small patch
of neuronal membrane that is eventually ruptured to provide access to the interior of
the cell. The glass pipette encloses a chlorided silver wire connected to an amplifier.
It is filled at the tip with intracellular fluid which resembles the high-potassium intracellular environment and conducts current from the cytoplasm to the silver wire. The
electrode can record currents (or voltages in current clamp mode) at the soma, dendrite, axon or axon terminal. Dendritic and axonal recordings were initially limited
to thick dendrites (e.g. main apical dendrite) and axons (e.g. axon initial segment)
due to the difficulty of locating thin and small structures under differential interference contrast (DIC) microscopy. However, the development of fluorescence imaging
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has helped to overcome this. Using fluorescence imaging as a guide to locating thin
and small structures has enabled whole-cell recording at distal dendrites [Polsky
et al., 2004; Nevian et al., 2007] and cell-attached recordings from narrow axon fibers
[Sasaki et al., 2012]. When recording from several points from a neuron [Larkum
et al., 1999b, 2001, 2002] or several neurons [Kampa et al., 2006; Song et al., 2005],
multiple electrodes are needed (Fig. 1.3a).
Sharp electrodes are similar to patch electrodes but with much smaller pores and
consequently, much higher resistances. Whereas patch electrodes have resistances to
direct current of several MO, sharp electrodes have resistances of tens to hundreds
of MO. Sharp electrodes are used to impale neurons directly to gain access to the
cell interior. The size of the pore minimises ion exchange between the intracellular
fluid and the conductive electrolyte in the pipette.
l . i . 1.2

Extracellular recording

Electrodes can also be used for extracellular recording. Depending on the size of
the electrode tip, the firing activity of one (single-unit recording), several (multi-unit
recording), or many (field potential recording) cells can be recorded [Hubei, 1957;
Hubei and Wiesel, 1962; Pannasch et al., 2012]. Multi-unit and field potential recordings do not distinguish between the activity of individual neurons but instead give
information on population activity. To record from several individual cells, m ultielectrode or microelectrode arrays (MEAs) have been developed [Thomas et al., 1972;
Wise and Angell, 1975; Gross, 1979]. MEAs consist of a two- or three-dimensional
(2D or 3D) array of tens to thousands of metal, silicon-based or carbon nanotubebased electrodes (Fig. 1.3b-d) [reviewed in Spira and Hai, 2013; Bareket-Keren and
Hanein, 2013]. The extracellular electrodes simultaneously record fast action potentials, synaptic potentials and slow glial potentials from multiple cells but by triangulation and spike sorting, it is possible to trace the signals to their sources. Although
MEAs allow for large-scale recordings from neuronal populations, these populations
consist of unspecified cell types and unknown connectivity. Moreover, the more
electrodes there are in the tissue, the greater the tissue deformation and putatively,
damage. There have been recently developed MEAs also capable of recording intracellularly (Fig. 1.3d) [Spira and Hai, 2013].
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Figure 1.3: Non-optical multi-site electrophysiological recording, (a) Reconstruction based on
biocytin staining of a L5 pyramidal cell overlaid on an image of the rat somatosensory cortex
during the experiment. One somatic and three dendritic recording (also stimulating) electrodes are shown. Cortical layers are labeled on the left-hand side. Scale bar 200 pm [adapted
from Larkum et al., 2001]. (b) Eight-shank silicon probe placed in the rat somatosensory cortex L5 [adapted from Buzsäki, 2004], (c) Neuro-glia culture from embryonic rat cortex grown
on a carbon nanotube MEA [adapted from Bareket-Keren and Hanein, 2013]. (d) Nine silicon
(Si) nanowires of a vertical nanowire electrode array (VNEA) for intracellular recording, (e)
Scanning electron microscope (SEM) image of VNEA consisting of 16 stimulation/recording
pads. The active region at the centre of each pad contains the nine Si nanowires shown in d
[d and e, adapted from Robinson et al., 2012].

-1 mm
(depending on
local anatomy)

Figure 1.4: Extracellular electrical stimulation, (a) A stimulating electrode activates axons
of passage within a small region around its tip. (b) Stimulation results in sparse activation
of neurons within a sphere around the electrode. Increasing the current causes more cells
within the ball to be activated [adapted from Histed et al., 2009].
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1.1.2 Stimulation techniques
Glass and metal electrodes are dual-purpose; they are used for both recording and
stimulation. Dendritic branches and neurons may be stimulated in one of several
ways.
1.1.2.1

Electrical stimulation

A neuron fires an action potential as a result of sufficient depolarisation in its transmembrane voltage (Vm). Vm is the difference between the potential inside (V,) and
the potential outside the cell (V0) [Patterson and Kesner, 1981]. Or
Vm = Vi - V0.

(1.1)

Depolarisation may result from changing V/, V0 or both. V, may be changed by
injecting current intracellularly through a patch or sharp electrode. This is commonly
used to evoke somatic or dendritic action potentials [Schiller et al., 1997; Larkum
et al., 1999b, 2001] or to stimulate synaptic input on dendrites while bypassing the
synapse in order to examine postsynaptic membrane properties [Magee and Cook,
2000; Williams and Stuart, 2000].
Alternatively, the transmembrane voltage may be depolarised by injecting current
extracellularly to change V0. Extracellular microstimulation activates neural elements
in a small area (10 —25 }im diameter) around the electrode tip (Fig. 1.4a) [Histed
et al., 2009; Magee and Cook, 2000]. Metal electrodes are usually the choice because
of their lower impedance compared to pipette electrodes. MEAs may also be used
for stimulation [Joucla et al., 2012].
In microstimulation, axons are primarily recruited due to their low threshold but
dendrites may be activated as well as current is increased [Histed et al., 2009]. A
neuron may be stimulated antidromically (opposite to the normal direction) through
activation of its axonal arbour or synaptically through activation of the axons forming synapses on its dendritic tree [Yuste et al., 1994]. However, there is no control
over how many axons of passage and how many synapses are activated. It has recently been shown with calcium (Ca2+) imaging (see Sec. 1.2.2) that microstimulation
results in the sparse activation of neurons within an area as big as 2 mm in diameter
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and that increasing the stimulation current activates a greater num ber of cells within
the same area (Fig. 1.4b) [Histed et al., 2009]. This unselective stimulation of axons
of passage makes it difficult to map neuronal connectivity to a cell recorded from
using electrical stimulation.
Focal synaptic stimulation may be done using glass pipettes located close (within
5 —10 //m) to selected dendritic segments [Magee and Cook, 2000; Polsky et al., 2004]
or by electrically stimulating an isolated bundle of axons innervating the dendritic
region. The latter has been used to achieve localised synaptic inputs to cornu ammonis
area 1 (CA1) pyramidal cells [Andersen et al., 1980; Andreasen and Lambert, 1998;
Strieker et al., 1996]. In the hippocampus, Schaffer collateral axons and unmyelinated
entorhinal fibers are known to innervate various parts of pyramidal cells in the CA1
region [Amaral and Witter, 1989] and to be oriented parallel to one another and perpendicular to the apical dendritic axis (Fig. 1.5a-b). Andersen et al. [1980] compared
distal and proximal dendritic synaptic inputs on CA1 pyramidal cells in the guinea
pig hippocampus. To achieve synaptic input restricted to a small dendritic region,
all afferent fibres except for a narrow bundle (35 — 100 //m wide) were cut with a
knife made of two razor blade chips mounted on a micromanipulator (Fig. 1.5c). The
remaining fibre bundle was then electrically stimulated while an electrode recorded
from the soma. Apical and basal afferent inputs were stimulated by varying the location of the lesion gap across the stratum radiatum for apical inputs and stratum oriens
for basal inputs. It was assumed that all afferent fibres are parallel to one another.
However, there is a possibility that a small proportion of the fibres fan out from the
point of the lesion gap to different dendritic regions [Andersen et al., 1980].
Another kind of electrical stimulation is presynaptic stimulation where inputs
are stimulated by activating presynaptic neurons connected to the recorded neuron.
However, this requires the arduous procedure of patching multiple connected cells.
Two studies looked at the summation of two excitatory inputs to interneurons and
two inhibitory inputs to pyramidal cells in the rat neocortical layer II/III [Tamäs et al.,
2002] and layer IV (L4) [Tamäs and Szabadics, 2004]. In these experiments, inputs
were stimulated by electrically activating two presynaptic neurons with converging
afferents to a common postsynaptic neuron. Whole-cell recordings were made from
triplets and quadruplets of interneurons and pyramidal cells. In Tamäs et al. [2002],
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Figure 1.5: (a) Basic anatomy of the hippocampus [adapted from Neves et al., 2008], (b
Diagram of a hippocampal slice showing the CA1 region and its stratification. Alv., alveus;
Or., str. oriens; Pyr., str. pyramidale; Rad., str. radiatum; Mol.; moleculare; Fimb., fimbria;
Fiss. hippo., hippocampal fissure; Subic., subiculum. (c) Schematic for localised apical and
basal afferent inputs. Lesions (vertical patterned lines) leave only a narrow bridge across
which fibres can carry impulses from a stimulating cathode (inductor symbol). An electrode
(rec3 ) records somatic membrane potential (reci and rec2 are used to record the extracellular
field potentials) [adapted from Andersen et al., 1980].
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a total of 237 simultaneous triple and 316 quadruple recordings were made, of which
258 yielded unitary connections interconnecting interneurons and pyramidal cells in
the relevant directions and only 28 yielded convergent inputs to a common postsynaptic neuron. Synaptic distances were later determined from 3D light microscope
reconstructions of biocytin staining. Electron microscope images were used to validate locations of synaptic boutons.
1.1.2.2

Chemical stimulation

Finally, another way to stimulate neurons is chemically through microiontophoresis
or micropressure ejection of neuroactive compounds from pipettes positioned close
to neurons. These techniques allow local administration of neurotransmitters and
drugs to single neurons without affecting non-targeted brain regions otherwise affected by systemic drug administration.
Iontophoresis [reviewed in Hicks, 1984] allows controlled release of small amounts
of ions or charged molecules in solution from fine-tip glass pipettes after application
of an ejection current. Current of opposite polarity is applied in between ejections to
retain the charged substance in the pipette [Lalley, 1999]. Extracellular iontophoresis
is typically done to locally apply neuroactive substances such as neurotransmitters,
neuromodulators and other drugs to study their action [del Castillo and Katz, 1955;
Curtis and Eccles, 1958; Krnjevic et al., 1963] and to stimulate individual synaptic
inputs to study synaptic integration [Cash and Yuste, 1998, 1999]. It is also done
to deposit dye to mark recording sites for subsequent histological processing and to
apply tracer compounds for tracing neuronal projections. In such studies, the dye in
the extracellular space may be taken up by axon terminals (retrograde tracing) or by
dendrites and somas (anterograde tracing). Intracellular iontophoresis is also done,
typically to deliver dyes and histochemical markers.
Extracellular iontophoresis may be performed using single or multi-barrel (for
multiple solutions) electrodes while intracellular iontophoresis is typically done with
single electrodes. Single electrodes or individual barrels of a multi-barrel electrode
have small tip diameters, about 1 //m, to minimise the probability of uncontrolled
diffusion of substances out of the electrode [Lalley, 1999]. Stimulation is localised
to an area ~10 pm in diameter [Cash and Yuste, 1998, 1999]. Stimulation may be
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limited to a much narrower area, the width of a single synapse (~1.5 }im), however,
with a smaller tip diameter, 0.1 }im [Murnick et al., 2002].
Alternatively, neuroactive compounds may be delivered through pressure ejection from single or multi-barrel pipettes [Sakai et al., 1979; Palmer et al., 1980]. This
works well for uncharged neuroactive compounds. Similar to iontophoresis, pressure application has been used to deliver neurotransmitters and neuromodulators
to study their effects on synaptic transmission [Szente et al., 1990; Pierrefiche et al.,
1994] and to apply hypertonic solutions containing sucrose to stimulate neurotransmitter release [Bekkers and Stevens, 1989, 1996; Magee and Cook, 2000].

i.2

Optical electrophysiological techniques

Optics has played a major role in driving progress in biology. The existence of the
cell was found through the help of the first optical microscopes. Historically, optical microscopes were simply used as a tool to describe preserved samples that had
been stained through various histological procedures (e.g. Golgi staining) [Wilt et al.,
2009]. The development of the DIC or Nomarski microscope [Nomarski, 1955] enabled imaging of living unstained, transparent samples. This technique relies on the
interference of two wavefronts with orthogonal polarisations to generate contrast for
viewing otherwise poorly-defined features. This enabled the first visual identification of synaptic boutons in living ganglion cells in the thin transparent interatrial
septum of the frog heart [McMahan and Kuffler, 1971].
The next major breakthrough in optics came with the development of fluorescence
microscopy. This technique relies on the use of fluorophores, specialised molecules
that, upon absorption of light at a specific wavelength, emit light at a longer wavelength. Fluorescence microscopy enables high-contrast imaging of structures labeled
with fluorescent chemicals. It has expanded to different forms including epifluorescence microscopy, confocal microscopy and 2P microscopy.
Fluorescence microscopes may use lasers or incoherent light sources such as ultraviolet (UV)-light-emitting mercury or xenon lamps and high-power light-emitting
diodes (LEDs) as light sources. Figure 1.6 compares the different types of fluorescence microscopes. Epifluorescence microscopes use wide-field illumination to excite
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Figure 1.6: Different forms of fluorescence microscopes: epifluorescence, confocal and 2P
microscopes, (a) Basic strategy of a fluorescence microscope. Light from a high-intensity
lamp gets filtered so that only the excitation wavelength illuminates the sample. A dichroic
mirror allows separation of the excitation and emission light, transmitting only the longerwavelength emitted fluorescence from the sample. An emission filter cancels out any remaining excitation light, (b) Basic strategy of a confocal microscope. Light from a continuouswave (CW) laser is focused from a pinhole aperture onto a single point in the sample. A
second pinhole, confocal with the first aperture, allows collection of in-focus emitted fluorescence while blocking out-of-focus fluorescence, (c) Basic strategy of a 2P microscope.
Femtosecond (fs) pulsed laser light illuminates a single point in the sample. At the focal volume, spatial and temporal photon densities are high enough to allow 2P excitation. Above
and below the focal plane the probability of 2P excitation is low, eliminating out-of-focus
fluorescence [adapted from Carter and Shieh, 2010].

a

Figure 1.7: Comparison of (a) IP and (b) 2P excitation of fluorescein with a 0.16 NA objective
lens [adapted from Zipfel et al., 2003].
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fluorophores throughout the entire area and depth of the sample (Fig. 1.6a). They are
simple but have one major disadvantage: fluorescence signals are collected not just
from the plane of focus but also above and below it. This background fluorescence
causes blur and low contrast in images, severely limiting imaging of thick samples
(> 15 —30 //m). To limit detection of out-of-focus fluorescence, confocal systems
utilise pinhole apertures. A pinhole is used to limit the excitation to a spot in a sample plane (Fig. 1.6b). Regions below and above the focal plane receive less intense,
out-of-focus illumination and emit out-of-focus fluorescence. A second pinhole is
placed in front of the detector at a position confocal with the excitation pinhole.
This enables collection of emitted light from the same plane in the sample where
the excitation was focused, giving confocal imaging its optical sectioning capability.
However, it severely limits light harvesting, requiring high illumination intensities.
The minimised background fluorescence though results in sharp images. To obtain
2D images, the point excitation is raster scanned across the sample [Carter and Shieh,
2010]. The sample can also be moved along the optical axis to render a 3D image
from a stack of images.
In epifluorescence and confocal microscopes, the absorption of a single photon
(with UV or visible wavelength) excites the fluorophore to emit fluorescence. This is
called single-photon (IP) excitation, a linear process due to a one-to-one correspondence between the number of incident photon and emitted fluorescence photons.
Hence, fluorescence intensity varies linearly with illumination intensity. IP excitation has limited axial resolution (Fig. 1.7a) and limited penetration depth due to
light scattering in tissue. Scattering degrades focus quality and the deeper into the
tissue light propagates, the more it gets scattered. Higher penetration depths are
achieved with 2P excitation which requires the absorption of two low-energy nearinfrared (IR) photons simultaneously [Göppert-Mayer, 1931]. When absorbed by the
fluorophore, the two photons add up in energy such that the process is equivalent to
the absorption of a single photon with twice the energy. To increase the probability
of two photons being absorbed simultaneously, the excitation light must have sufficiently high spatial and temporal photon densities. High temporal photon density
is achieved by using a femtosecond-pulse laser while high spatial photon density is
achieved by using a high-NA objective lens. 2P absorption has the highest probability
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within the diffraction-limited focal volume where the spatial photon density is highest (Fig. 1.7b); outside this volume, the probability of two photons interacting with
the fluorophore decreases dramatically, with the square of the illumination intensity
[Denk et al., 1990]. 2P excitation is, thus, a nonlinear process. It has an inherent
optical sectioning capability and, consequently, 2P microscopes do not require a confocal aperture (Fig. 1.6c). Also, because tissue scattering decreases with wavelength,
2P excitation is able to penetrate deeper into the tissue than IP excitation, making it
suitable for in vivo applications.
These developments in optics have helped researchers identify cells to record
from and has made optical imaging a necessary step before data gathering. Laser
microscopy is now widely used, not only for imaging but also for stimulation. Since
the development of the glass electrode, it has become evident that the neuron is too
complex for recording or stimulation at just one or a few points. There is a need
for stimulation and recording techniques that offer fine control over the spatial and
temporal organisation of stimulation and recording sites. This is where significant
progress has been made with optical techniques.

1.2.1 Photolysis of caged compounds
The information carried by an action potential is typically passed from one neuron to
another at chemical synapses. A firing presynaptic neuron releases neurotransmitter,
which then binds to receptors expressed on the apposing membrane of the postsynaptic neuron (Fig. 1.8a). This binding causes a conformational change resulting in
the opening of ligand-gated ion channels. Ions then diffuse down their concentration gradients and a measurable postsynaptic current or potential occurs, which may
ultimately shift the membrane potential. This synaptic activity can be imitated by
photostimulation using a caged neurotransmitter where a photolabile cage is photolysed or broken down by exposure to light, releasing an active neurotransmitter
free to bind to receptors. With brain tissue bathed in a solution containing the inert
caged compound, stimulation becomes a more convenient matter of positioning light
beams instead of electrodes.
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Figure 1.8: Comparison of synaptic transmission and 2P uncaging of neurotransmitter, (a)

Synaptic transmission. Neurotransmitter is released by a firing presynaptic neuron. This
binds to receptors in the postsynaptic neuron which results in the opening of ligand-gated ion
channels, generating a postsynaptic current or potential, (b) 2P uncaging of neurotransmitter.
Neurotransmitter is released from a photolabile cage in the focal volume of a 2P laser beam.
This binds to receptors in the postsynaptic neuron which results in the opening of ligandgated ion channels, generating a postsynaptic current or potential.
1.2.1.1

Single-photon uncaging

The first caged neurotransmitters [Walker et al., 1986; Milburn et ah, 1989] were
used to study the kinetics of the acetylcholine receptor [Matsubara et ah, 1992].
Later, caged synaptic messengers such as inositol 1,4,5-trisphosphate (IP3 ), nitrophenyl ethylene glycol tetraacetic acid (nitrophenyl-EGTA or NPE), and caged 7 aminobutyric acid (GABA) were used to show the potential of focal photolysis for
synaptic signalling [Wang and Augustine, 1995]. However, it was the synthesis of
caged glutamate, the prim ary excitatory neurotransmitter of the mammalian central
nervous system, that had a huge impact on neuroscience. Early caged glutamate
compounds [Wilcox et ah, 1990; Wieboldt et ah, 1994] were UV-light-sensitive and
were first applied to activate the squid giant synapse [Corrie et ah, 1993]. Later, they
were used to map functional circuitry in rat brain slices [Callaway and Katz, 1993;
Dalva and Katz, 1994], In such experiments, slices were perfused with caged glutamate (L-glutamic acid a-(4,5-dimethoxy-2-nitrobenzyl) ester). Photostimulation at
different presynaptic locations was done by focusing light from either a xenon flashlamp through the epifluorescence optical pathway [Callaway and Katz, 1993] or from
an argon-ion laser through the objective lens [Dalva and Katz, 1994; Dantzker and
Callaway, 2000]. The uncaging spot (~ 10 —15 //m diameter) was scanned across the
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sample by moving the microscope or the objective in increments of 50 pm. Neurons
in the illuminated region were activated and if any of these formed synapses onto
the recorded neuron, a monosynaptic excitatory postsynaptic potential (EPSP) was
observed. In this way a rough map of the recorded cell's local circuitry within an
area up to 3.8 mm2 was generated [Dalva and Katz, 1994].
IP uncaging with UV light (300 —400 nm) is damaging to tissue. UV light produces free radicals that lead to phototoxicity [Carter and Shieh, 2010]. Moreover, in
IP uncaging, excitation occurs not only in the focal plane but throughout the hourglass profile of the focused laser beam (Fig. 1.7a). This prevents uncaging from being
localised to volumes as small as those of single synaptic spines. It has also been
reported that IP uncaging activates glutamate receptors with kinetics much slower
than that of unitary synaptic inputs [Judkewitz et al., 2006] due to the finite time
required for the photolysis of the chemical cage.
1.2.1.2

Two-photon uncaging

Many limitations of IP uncaging are overcome by 2P uncaging, which combines the
capabilities of multiphoton excitation and photolysis of caged compounds. The inherent optical sectioning capability of 2P excitation translates to a capacity for singlespine activation with submicron resolution using 2P uncaging of neurotransmitters
(Fig. 1.8b). 2P uncaging has also been shown to activate glutamate receptors with
kinetics and amplitude similar to unitary synaptic inputs [Matsuzaki et al., 2001].
The early caged compounds were not suitable for 2P uncaging and this necessitated the synthesis of new compounds with sufficient 2P absorption cross sections
(mathematically, the product of the areas where two photons must be and the time
interval at which they must arrive within one another for their energies to add up
effectively for 2P absorption) [Matsuzaki et al., 2001; Ellis-Davies et al., 2007; Salierno
et al., 2009; Kantevari et al., 2010; Matsuzaki et al., 2010]. Of these, the 4-methoxy-7nitroindolinyl-caged L-glutamate (MNI-Glu) has seen the greatest use.
2P uncaging has been used in many elegant experiments. 2P photolysis of caged
neurotransmitters on spines has been used to map ligand-gated ion channel distributions in vitro [Denk, 1994; Pettit et al., 1997; Matsuzaki et al., 2001; Smith et al., 2003;
Sobczyk et al., 2005] and in vivo [Noguchi et al., 2011]. It has allowed the separation

Introduction

i8

of pre- and postsynaptic contributions in the study of synaptic long-term potentiation and depression (LTP and LTD) [Kandier et al., 1998; Sobczyk and Svoboda,
2007]. It has provided a way to control spine head size as studies have shown that 2P
uncaging of MNI-Glu with an LTP protocol increases spine head volume [Lee et al.,
2009; Hayama et al., 2013].
In current conventional laser scanning microscopes, the objective lens is fixed and
galvanometer (or galvano) mirrors are used to deflect the laser beam at high speed
(~100 }is). This allows uncaging at multiple locations in the same optical plane
within a few milliseconds and makes it ideal for studying spatial and temporal integration of synaptic inputs at multiple spines or dendrites [Losonczy and Magee, 2006;
Carter et al., 2007; Branco and Häusser, 2011; Krueppel et al., 2011]. Such capability
for stimulating an arbitrary number of synaptic inputs with arbitrary timing and spatial pattern is only possible with uncaging. Araya et al. [2006] used 2P uncaging to
compare the integration of two inputs in spines versus in dendritic shafts. They observed linear summation of spine inputs regardless of input amplitude and distance
between spines. Inputs on dendritic shafts summed sublinearly. Branco et al. [2010]
used 2P glutamate uncaging to successively activate eight spines along a single basal
dendrite of a rat neocortical layer II/III (L2/3) pyramidal cell and found that different directions of the stimulus pattern resulted in different integrated responses at the
soma (Fig. 1.9a). In another experiment, Gasparini and Magee [2001] investigated
how spatial and temporal stimulus patterns (clustered versus distributed) affect the
form of dendritic integration and action potential generation in CA1 pyramidal cells
(Fig. 1.9b). They observed linear integration of spatially and temporally distributed
synaptic inputs but highly nonlinear integration of spatially and temporally clustered
synaptic inputs.
Recently, it has been demonstrated that 2P photolysis of caged excitatory and inhibitory neurotransmitters offers bimodal control of the neuronal membrane potential. Kantevari et al. [2010] uncaged 4-carboxy-methoxy-5,7-dinitroindolinyl-caged
glutamate (CDNI-Glu) and 7-(dicarboxymethyl)-aminocoumarin-caged GABA (NDCAC-GABA) to generate and block action potentials, respectively. In this experiment, CDNI-Glu was uncaged at 12 dendritic sites to generate an action potential
but when N-DCAC-GABA was uncaged at a single site near the soma, the action po-
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Figure 1.9: 2P multi-site stimulation, (a) Experiment by Branco et al. [2010] where successive
stimulation along a single branch was compared for inward and outward directions. (Left)
2P fluorescence image of a L2/3 pyramidal cell. Scale bar 10 pm. (Right) Magnified view
of stimulated branch with uncaging sites indicated. Scale bar 5 pm. Somatic glutamateuncaging-evoked EPSPs are shown [figure adapted], (b) Experiment by Gasparini and Magee
[2001] where different spatio-temporal stimulus patterns were tested. (Left) 2P fluorescence
image of CA1 pyramidal neuron. (Right) Input-output curves for different spatio-temporal
stimulus patterns [figure adapted].

tential could not be generated. It is generally difficult to initiate action potentials with
2P uncaging at a single site due to the limited amount of neurotransmitter released at
the uncaging volume [Jerome and Heck, 2011]. This may limit the applicability of the
technique to presynaptic stimulation for neuronal circuit mapping. Some unconventional 2P systems [Nikolenko et al., 2007, 2008] (see Sec. 1.3) have overcome this and
have been able to initiate action potentials in single cells through stimulation near
the soma. By sequentially activating individual cells in a population, it is possible
to map neuronal connectivity [Fino and Yuste, 2011]. Matsuzaki et al. [2008] generated 3D connectivity maps by activating a small number of cells (~5) at a time by
reducing the effective numerical aperture (NA) of the objective lens. This technique,
however, does not have single-cell resolution. In general, 2P uncaging is unable to
generate synchronous action potentials in multiple cells with single-cell resolution.

1.2.2

Functional imaging

Functional imaging, as opposed to structural imaging, is a method of detecting ionic
changes in single cells associated with physiological processes. Focal activation of
ionotropic glutamate receptors (e.g. o:-amino-3-hydroxy-5-methyl-4-isoxazolepropionic-
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acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors) opens ion channels permeable to Ca2+ ions, causing a subthreshold membrane depolarisation. When the
membrane potential of a neuron is sufficiently depolarised, voltage-gated Ca2+ channels are activated, allowing Ca2+ ions to enter the cytoplasm. Intracellular Ca2+
concentration ([Ca2+],), then, is an essential reporter of membrane electrical activity.
By imaging cells filled with a Ca2+ indicator, a molecule that changes its fluorescent properties upon binding of Ca2+ ions, [Ca2+], levels and, indirectly, membrane
electrical activity may be reported.
1.2.2.l

Single-photon calcium imaging

Ca2+ imaging in brain slices may be done using fast charge-coupled device (CCD)
cameras with wide-field illumination. For improved resolution and image contrast,
confocal microscopes are used and imaging is done by scanning the point illumination and sampling the photons from one position at a time with a photomultiplier
tube (PMT). PMTs take longer than CCD cameras to take images since the latter sample all points in the image at once but they have higher SNR. Another alternative is
to use a spinning-disk confocal microscope with multiple pinholes and to do parallel
detection with a CCD camera [Namiki and Ikegaya, 2009].
The advantage of Ca2+ imaging is that it allows real-time monitoring from the
scale of single spines to populations of neurons. In brain slices, it has been used to
study Ca2+ influx into dendrites as a result of stimulation [Tank et al., 1988; Yuste,
1991; Yuste et al., 1994] and has helped to elucidate the existence of Ca2+ electrogenesis in the distal apical dendrite of pyramidal neurons in the rat neocortex [Larkum
et al., 1999a, 2007]. In traditional electrophysiology, one way connected neurons are
identified is through simultaneous recordings from cell pairs. Using Ca2+ imaging, postsynaptic neurons can be readily identified by stimulating one neuron and
imaging a population of cells to determine which neurons (called 'followers') are activated as a result [Peterlin et al., 2000]. The population of cells is bulk-loaded with a
membrane-permeable Ca2+ indicator [Tsien, 1981]. Conversely, presynaptic neurons
can be identified by simultaneously imaging the spontaneous activity of a population of cells and recording from a neuron and doing a reverse correlation analysis
to detect which neurons generated synaptic inputs to the recorded cell [Aaron and
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Figure i.io: In vivo 2P Ca2+ imaging of a neuronal population, (a) 2P fluorescence image
of L2/3 pyramidal cells in visual cortex stained with Oregon Green BAPTA-1 (OGB-1 AM).
Scale bar 10 pm. (b) Spontaneous Ca2+ transients in the neurons marked in a. Signal is
given as the ratio of functional activity to total fluorescent light flux [a and b, adapted from
Garaschuk et al., 2008]. (c) Ca2+ transients (top) and electrophysiological responses (bottom)
of a single cell to whisker stimulation. Black arrow points to two successive action potentials;
grey arrow, to a burst of four action potentials. A burst of four action potentials produce a
larger Ca2+ transient than two successive action potentials, which in turn produce a larger
Ca2+ transient than single action potentials [adapted from Svoboda et al., 1997].
Yuste, 2006]. Thus, Ca2+ imaging could greatly simplify mapping of neuronal connectivity within networks [Kozloski et al., 2001]. It also simplifies the monitoring of
the firing activity of a network of neurons (Fig. 1.10) [Mao et al., 2001; Kapoor and
Urban, 2006],
Ca2+ imaging has its drawbacks, one of which is its poor temporal resolution.
Typically, a Ca2+ transient starts a few milliseconds after the onset of an action potential. The slow decay of this signal precludes resolution of individual action potentials at high firing rates (Fig. 1.10c). In general, individual action potentials cannot
be resolved at frequencies higher than 25 Hz [Sullivan et al., 2005]. Moreover, Ca2+
indicators also act as Ca2+ buffers, thus, the Ca2+ signal in the presence of the dye is
longer than the change in [Ca2+], in the absence of the dye [Baker et al., 2005]. Finally,
spontaneous Ca2+ transients can confound the recording of evoked Ca2+ transients.

i.2.2.2

Two-photon calcium imaging

2P Ca2+ imaging has been used to map and monitor neuronal networks in slices
[Crepel et al., 2007; Cossart et al., 2003]. In vitro, confocal (IP) Ca2+ imaging is the
preferred choice due to its ability to minimise scattered light that causes out-of-focus
images and its low cost [Namiki and Ikegaya, 2009]. In vivo, however, 2P Ca2+ imag-
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ing is the technique of choice. IP microscopy is limited to a penetration depth of
< 100

in brain tissue. 2P microscopy increases this limit by about an order of

magnitude [Theer et al., 2003; Heimchen and Denk, 2005], making it suitable for
in vivo application. Similar to confocal imaging, 2P Ca2+ imaging can be done using a PMT. It has enabled imaging of subcellular compartments in vivo. For high
SNR, this requires Ca2+ indicators to be delivered to cells without staining the surrounding neuropil. Thus, single cells are loaded with membrane impermeable Ca2+
indicators either through an intracellular recording electrode or by single-cell electroporation [Göbel and Heimchen, 2007]. This technique has been used to image the
backpropagation of somatic action potentials into the dendritic tree, allowing convenient 'recording' from multiple dendritic compartments at once [Svoboda et al.,
1997; Heimchen et al., 1999; Waters and Heimchen, 2004]. It has been used to verify the organisation of the cortex into columns with functional borders [Ohki et al.,
2005] and to monitor the activity of its networks [Ikegaya et al., 2004; Sullivan et al.,
2005]. One of the greatest advantages of Ca2+ imaging in vivo is its capability to
allow imaging of intact and functioning neuronal networks in the context of animal
behaviour [Dombeck et al., 2007] and plasticity as a result of disease or injury [Winship and Murphy, 2008], experience [Komiyama et al., 2010] and drug administration
[Ghozland et al., 2002].
1.2.2.3

Uncaging plus calcium imaging

The combination of uncaging and Ca2+ imaging has allowed other elegant experiments. By manipulating [Ca2+]; through IP Ca2+ uncaging as well as measuring it
through IP Ca2+ imaging, the dynamics of neurotransmitter release at a large presynaptic terminal, the calyx of Held in the brainstem medial nucleus of the trapezoid
body in rats, has been studied [Schneggerburger and Neher, 2000; Felmy et al., 2003;
Bollmann and Sakmann, 2005]. In addition, combined 2P glutamate uncaging and 2P
Ca2+ imaging have been used to determine the contributions of voltage-gated Ca2+
channels and ionotropic glutamate receptors to Ca2+ signals in dendrites of medium
spiny neurons of the rat basal ganglia [Carter and Sabatini, 2004] and to map synaptic connections between L2/3 and layer V (L5) pyramidal cells in rats [Matsuzaki
et al., 2007].
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Voltage-sensitive dye imaging

Another kind of functional imaging is voltage-sensitive dye imaging (VSDI). VSDI
uses voltage-sensitive dyes, molecules that change their fluorescent properties upon
alterations in membrane potential in the membrane into which they are bound [for
a review, see Chemla and Chavane, 2010]. VSDI has similar applications to those of
Ca2 imaging. It has been used in monitoring the electrical activity of single cells
[Salzberg et al., 1973; Cohen et al., 1974] or neuronal populations [Baker et al., 2005;
Kuhn et al., 2008; Brown et al., 2009; Xu et al., 2010]. VSDI is inherently faster than
Ca2+ imaging because voltage signals are faster than Ca2+ transients [Tsien, 1988].
Ca2+-sensitive dyes, however, have higher SNR and thus, allows more sensitive measurement of subthreshold activities [Namiki and Ikegaya, 2009], In this aspect, and
also because Ca2+-sensitive dyes have a higher dynamic range and lower phototoxicity, Ca2+ imaging is often preferred over VSDI [Grewe and Heimchen, 2009].
1.2.3

O ptogenetics

Optogenetics takes optical electrophysiological methods to another level by combining genetic targeting of specific cell types and optical methods of modulating and
monitoring the activity of target cells.
1.2.3.1

Stimulation with natural light-sensitive proteins

Optogenetics makes use of genetically-encoded light-sensitive proteins called opsins.
One of these is the protein channelrhodopsin (ChR), which was discovered in the
green algae Chlamydomonas reinhardtii. The first ChR, ChRl, is a light-gated proton
channel which opens and closes quickly [Nagel et al., 2002]. But it was the second
kind of ChR, ChR2, and the optimisation of its ectopic expression in mammalian cells
that resulted in a methodological breakthrough in neuroscience [Nagel et al., 2003;
Boyden et al., 2005].
ChR2 is a nonselective cation channel that opens rapidly (< 30 ps) when illuminated by ~500 nm (blue) light [Nagel et al., 2003]. The influx of sodium (Na+) when
the channels are opened can effectively trigger neuronal firing. A complementary
opsin, halorhodopsin (NpHR), from the halobacterium Natronomonas pharaonis, is a
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chloride (Cl- ) pump that activates in response to ~570 nm (yellow) light and serves
to inhibit neuronal activity [Zhang et al., 2007]. Because the excitation wavelengths
of ChR2 and NpHR are different, the two can be coexpressed in the same neuron
and selectively activated by light, providing bidirectional optical control of neuronal
activity with millisecond resolution [Han and Boyden, 2007]. There are other lightsensitive ion channels whose peak activation wavelengths are red-shifted (~570 nm)
including VChRl, a channelrhodopsin homolog from Volvox [Zhang et al., 2008], and
CIVI 7 , a combination of ChRl and VChRl [Packer et al., 2012]. These red-shifted
opsins are compatible with commonly used Ca2+ indicator dyes, whose activation
spectra overlap with the blue-light-activated opsins.
ChR2 was first expressed in cultured mammalian neurons through lentiviral
transfection [Boyden et al., 2005; Li et al., 2005]. Since then, transgenic mouse lines
have been developed with selective expression of ChR2 in specific neuronal subsets.
With the use of the Thyl gene promoter, ChR2 fused to yellow fluorescent protein
(YFP) has been selectively expressed in L5 pyramidal cells in the cortex of line-18
mice [Wang et al., 2007a], YFP allows the identification of ChR2-expressing cells,
which can be selectively activated during photostimulation of neocortical tissue while
the other cells remain quiet, making it easy to map inputs from L5 pyramidal cells
onto other neurons. ChR2 has also been selectively expressed in somato-dendritic
compartments of cortical pyramidal cells in mice by fusion with a myosin-binding
domain of the protein Melanophilin [Lewis et al., 2009]. Other genetic and molecular
tools and delivery methods have been used to selectively express ChR2 in neuronal
subtypes and subsets in specific regions [Adamantidis et al., 2007; Petreanu et al.,
2007; Atasoy et al., 2008; Jerome and Heck, 2011]. Progress with NpHR has been
slower due to toxicity problems encountered with the exogenous expression of the
first generation of NpHR [Zhao et al., 2008]. The current generation, eNpHR3, is a
great improvement over the first version and has been successfully used in combination with ChR2 [Gradinaru et al., 2010; Liu and Tonegawa, 2010].
The optogenetic capability to activate targeted cells has had many important applications in vivo. Combined with electrophysiological recordings, optogenetic stimulation has been used to study the impact of L2/3-specific modulation on other
mouse cortical domains [Adesnik and Scanziani, 2010] and to control the activity of
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somatostatin-expressing inhibitory neurons (SOMs) in the study of spatial summation in the mouse visual cortex [Adesnik et al., 2012]. It has been applied to ChR2expressing pyramidal cells in the mouse motor cortex to map neuronal distributions
associated with limb movement [Hira et al., 2009]. It has also been used to modulate
animal behaviour [Aravanis et al., 2007] and to study learning and behaviour conditioning [Huber et al., 2008]. It has also been used to modulate sympathetic nerve
activity and blood pressure in rats [Abbott et al., 2009] and to inhibit thalamocortical
neurons to interrupt seizures following cortical injury in rats [Paz et al., 2013]. The
last study shows the potential of optogenetics for therapeutic interventions.
The studies described above were all done with IP excitation despite being done
in vivo. They do not have single-cell resolution. Although 2P photostimulation has
single-cell resolution, it has rarely been used in optogenetics owing to current opsins
not being well-suited for 2P excitation. ChR2, for instance, has a sufficient 2P absorption cross section. However, its single-channel conductance, and consequently,
its current injection per channel, is small. This, coupled with the small 2P excitation
volume, necessitates either very high opsin expression in the membrane or relatively
complex photostimulation techniques (see Sec. 1.3) to achieve 2P neuronal activation
with ChR2 [Packer et al., 2012].
1.2.3.2

Stimulation with small molecular photoswitches

Instead of expressing exogenous light-sensitive ion channels, an alternative is to modify endogenous ion channels to make them light-sensitive. This is generally done by
linking a photoisomerisable molecule (a 'photoswitch') to an ordinary ion channel or
receptor [Kramer et al., 2009]. One biocompatible small molecule photoswitch that
has been commonly used is azobenzene. It exists in a linear trans configuration in the
dark but shifts to the shorter bent cis configuration when exposed to 380 nm light.
When the illumination stops, the cis configuration slowly returns to the trans form
but this process can be accelerated by exposure to 500 nm light. The trans and cis
forms deliver or remove a ligand from the binding site on the ion channel or receptor,
facilitating activation/inactivation of the ion channel or receptor.
This technique has been revolutionised by genetic engineering. A specific ion
channel or receptor can be genetically engineered for photoswitch attachment of an
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azobenzene-conjugated ligand. This technique has been used to develop a synthetic
photoswitchable azobenzene-regulated K^ channel (SPARK) [Banghart et al., 2004].
SPARK channels are activated by UV light. The influx of K+ through the channels
results in membrane hyperpolarisation and inhibits the cell from firing action potentials. Conversely, SPARK channels are deactivated by blue light, allowing neuronal
action potential firing. A mutation converts the K+-selective channel to a nonselective cation channel, reversing the polarity of response to UV light [Chambers et al.,
2006]. Another development is a light-gated ionotropic glutamate receptor (LiGluR)
activated by UV light and deactivated by blue light [Volgraf et al., 2006]. A modification in the binding site reverses the responses to UV and blue light [Numano et al.,
2009]. SPARK and LiGluR are among several light-gated ion channels and receptors that provide optical control of neuronal inhibition and excitation. In principle,
any ion channel or receptor can be made light-sensitive with this technique [Kramer
et al., 2009]. Moreover, because these channels or receptors are genetically encoded,
they can be targeted to specific neuronal subtypes. Photoswitches have been used
to impart light sensitivity to hippocampal neurons and retinal ganglion cells in rats
[Volgraf et al., 2007; Fortin et al., 2011].
1.2.3.3

Recording with genetically encoded calcium indicators

Just as there are optogenetic tools for stimulation, there are also optogenetic tools
for recording, namely genetically encoded calcium indicators (GECIs) and genetically encoded voltage indicators (GEVIs). Several GECIs have been developed but
the most widely used are GCaMPs and their derivatives [Griesbeck et al., 2001; Nagai et al., 2001; Nakai et al., 2001; Hasan et al., 2004; Heim et al., 2007]. GCaMP is
based on a combination of green fluorescent protein (GFP), the Ca2+-binding protein
calmodulin and the M13 domain of the myosin light chain kinase. Two characteristics are the focus of current GECI development: cellular and subcellular targeting
and fluorescence excitation and emission wavelength. Most GECIs emit fluorescence
in the green wavelength range. Because tissue generates autofluorescence at the same
wavelength, and because longer wavelengths allow greater penetration depth, some
far-red and infrared-shifted GECIs have been developed. GECIs have the advantage
of being applicable to long-term in vivo imaging. 2P imaging of GECIs in vivo, com-
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bined with traditional stimulation techniques, has been used to monitor dendritic
Ca2+ signals [Heim et al., 2007; Tian et al., 2009] and to image populations of specific
neuronal classes [Diez-Garcia et al., 2007; Mank et al., 2008]. IP imaging has also
been performed [Fletcher et al., 2009].
1.2.34

Recording with genetically encoded voltage indicators

GEVIs have lower SNR compared to GECIs due to the lower number of indicator
molecules that can be accommodated in the cell membrane compared to the cytoplasm [Knöpfei, 2012].

But their advantages include higher sensitivity to sub-

threshold activities, including membrane hyperpolarisation, and the ability to resolve
higher firing frequencies compared to GECIs. Several GEVIs have been developed,
the most prevalent of which is a class called voltage-sensitive fluorescent protein
(VSFP) [for a review, see Mutoh et al., 2012]. Members of this class have fluorescent
proteins that span the colour spectrum from blue to far-red. In principle, GEVIs have
similar applications [Akemann et al., 2010, 2012] as GECIs and also benefit from the
wide range of genetic and molecular tools available for their selective expression in
specific cell types. However, they have not been as extensively used.

1.3 Illumination techniques
Optimal use of optical electrophysiological techniques for stimulation and recording
relies on choosing the optimal light delivery strategy for the specific application being
explored. There are several illumination techniques used for photostimulation.

1.3.1

Scanning approaches

One concern in photostimulation is to increase the excitation area to be able to initiate action potentials in single cells either through 2P glutamate uncaging or 2P
stimulation with ChR2. This has been done by enlarging the laser spot diameter
by underfilling the back aperture of the objective lens, although not with single-cell
resolution [Matsuzaki et al., 2008]. For an enlarged spot (underfilled back aperture)
with diameter 0.78 }im, the reported axial resolution had a full width at half maximum (FWHM) of 10 }im. When the back aperture was overfilled, lateral and axial

Introduction

28

resolutions were 0.30 and 1.6 //m, respectively. Underfilling the back aperture of
the objective lens reduces the axial resolution because the effective NA is also reduced. In general, axial resolution varies inversely as the square of the NA of the
objective lens. In order to achieve an enlarged excitation area matched to the size
of the target cell and still maintain axial resolution, the lateral and axial beam parameters have to be decoupled. This is achieved with temporal focusing (see Sec.
1.3.2.4). Alternative methods for increasing excitation area are temporal and spatial
beam multiplexing. In temporal multiplexing, the 2P excitation spot is sequentially
scanned across multiple locations on the target cell. Action potential initiation using 2P stimulation with ChR2 was first demonstrated in cultured ChR2-expressing
hippocampal neurons by scanning the excitation spot in a spiral trajectory covering
the soma (Fig. 1.11a) [Rickgauer and Tank, 2009]. The NA was reduced to slightly
enlarge the beam and the resulting axial resolution (< 16 y m ) matched the thickness
of the cell. An action potential was successfully initiated within ~30 ms. This can be,
however, too slow for simultaneous activation of multiple cells. Action potentials in
single cells have also been initiated through 2P glutamate uncaging in rat brain slices
by scanning the excitation spot either across 12 dendritic sites [Kantevari et al., 2010]
or 12 sites in a circular arrangem ent at the soma [Nikolenko et al., 2007]. Single-cell
action potentials have also been initiated through spatial beam multiplexing using
a diffractive optical element (DOE) which generated a five-beamlet pattern which
spanned approximately the size of the soma [Nikolenko et al., 2007]. Action potentials were initiated when the pattern was scanned over the soma four times (total of
20 spots) (Fig. 1.11b) within a 5 ms time window. The DOE yielded an axial uncaging
resolution of ~30 ym , however.
Conventional confocal and laser scanning systems use a pair of galvano mirrors to
scan a point illumination across the desired light pattern for uncaging or imaging in
the x and y directions. The inertia of the mirrors limits the maximum scanning speed
and, hence, the number of contiguous sites that can be achieved within a biologically
relevant timescale. Scanning can be made faster by using acousto-optic deflectors
or modulators (AODs or AOMs). These are solid-state devices that deflect the laser
beam to different angular positions by varying the acoustic frequency. Scanning
systems employing a pair of AODs have been used for IP [Losavio et al., 2010] and
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Figure 1.11: Scanning photostimulation techniques, (a) Temporal beam multiplexing using
spiral-scan pattern over soma for 2P ChR2 photostimulation. The red light beam on the left
coincides with the terminal boundary indicated in the right image [adapted from Rickgauer
and Tank, 2009]. (b) Spatial beam multiplexing using a five-beamlet pattern generated by
a DOE for 2P uncaging. The pattern is scanned over the soma four times, illuminating five
spots at a time. Scale bar 10 qm [adapted from Nikolenko et al., 2007]. (c) 2D scanning
photostimulation with inertia-free AOMs. Different radio frequencies deflect the laser beam
to different angular positions.

2P [Shoham et al., 2005; Losavio et al., 2009] glutamate uncaging. Addition of another
pair of AODs can extend scanning into 3D but dispersion of four AODs, while this
may be compensated for, results in low light throughput insufficient for photolysis of
caged neurotransmitters. This 3D scanning technique has been applied to 3D Ca2+
imaging, which requires less power, in vitro [Reddy et al., 2008] and in vivo [Katona
et al., 2012].

1.3.2

Parallel excitation approaches

Laser scanning systems are limited to sequential stimulation. However, fully exploiting the potential of optical methods to control neuronal activity patterns requires
techniques with flexibility and speed in generating complex spatiotemporal patterns
that allow parallel excitation at multiple sites. Parallel excitation can be achieved by
patterning or shaping light either by modulating its amplitude, phase or both.
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Figure 1.12: Patterned IP excitation with a micro-LED array, (a) Bright-field image of microLEDs projected onto a cultured hippocampal neuron, (b) Somatic (S) and dendritic (D)
excitation of a ChR2-expressing cultured hippocampal neuron. Somatic voltage responses
due to ChR2-evoked input currents and illumination pulses are shown. Scale bar 30 //m [a
and b, adapted from Grossman et al., 2010].

1.3.2.1

Amplitude modulation techniques

Amplitude modulation may be achieved with the use of micro-LED arrays (MLAs).
One group has used a 64 x 64 array of gallium nitride (GaN) LEDs 30 /*m in diameter
with 50 j/m centre-to-centre spacing (Fig. 1.12a). Each LED is capable of green,
blue and UV emittances, can be operated in binary mode (ON or OFF), and can be
adjusted in brightness by modulating the pulse width (1 —500 ms). The array allows
the generation of arbitrary stimulation patterns with micrometer and millisecond
resolution. Such an array was used to evoke action potentials in individual ChR2expressing cultured hippocampal neurons [Degenaar et al., 2009] and ganglion cells
in mouse ChR2-transfected retina [Grossman et al., 2010]. It was also used to excite
somatic and dendritic segments simultaneously (Fig. 1.12b). Micro-LEDs were driven
at a frequency of 20 Hz, limited only by the photo-cycle kinetics of ChR2 [Grossman
et al., 2010].
Another way to modulate amplitude is to use digital light processing (DLP) technology using a digital micro-mirror device (DMD). A DMD is an array of hundreds
of thousands of micro-mirrors, each of which can be independently controlled to reflect light in one of two directions, ON or OFF (Fig. 1.13a). Each micro-mirror may
correspond to a potential photostimulation site and a desired excitation pattern can
be generated by redirecting the light from mirrors in the OFF position out of the
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Figure 1.13: Patterned IP excitation with a DMD. (a) Schematic of two micro-mirrors in ON
and OFF positions, (b) Photomicrograph of 25% of DMD surface projected onto a neocortical
slice. Inset shows high magnification image of patched L2/3 neuron at the centre of microscope field of view, (c) (Left) Position and size of sequential or synchronised uncaging sites
(red squares) in L4, patched neuron in L2/3. (Right) Uncaging-evoked voltage responses of
L2/3 cell to sequential activation of sites shown on the left (10 ms dwell time, 30s interstimulus interval) [a —c, adapted from Jerome et al., 2011].

target area into a beam dum p. DMDs can achieve switching rates up to about 10
kHz, allowing spatiotem poral control of excitation patterns. Using wide-field illum ination, DMDs have the advantage of being able to cover a relatively large area for
photostim ulation (Fig. 1.13b). Photostim ulation w ith a DMD system has been used
to stim ulate two LiGluR-expressing cells in a rat hippocam pal culture sim ultaneously
[Wang et al., 2007b]. It has been used to activate ChR2-expressing glom eruli to m ap
glom erular inputs to individual m itral/tu fte d cells in the olfactory bulb [Dhawale
et al., 2010]. It has also been used for UV photolysis of caged glutam ate along m ultiple dendritic branches to study between-branch sum m ation [Liang et al., 2011] and
to sim ultaneously activate a large group of neurons (Fig. 1.13c) distributed across
m ultiple cortical regions [Jerome et al., 2011].

The m ethods described above used IP excitation. A m plitude m odulation has not
been applied to 2P parallel excitation. Micro-LEDs do not have enough power while
DMDs are inefficient in their use of available light, discarding the bulk of the light
away in order to generate the desired excitation pattern.
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1.3.2.2

Digital holography

Light patterning can also be done through phase modulation with liquid crystal
spatial light modulators (SLMs) using the principle of digital holography. This technique was first applied to generate optical tweezers [Reicherter et al., 1999; Curtis
et al., 2002] but it has since also found use for other applications. The technique uses
an algorithm to calculate the phase pattern needed at the back aperture of an objective lens to generate a desired light intensity pattern in the focal plane [Oron et al.,
2012]. This phase pattern is then encoded in the SLM, which applies it to the wavefront of the input laser beam. The reflected output is any desired spatial excitation
pattern, 2D or 3D, at the objective focal plane. This technique differs from amplitude
modulation in that almost all available light is distributed to the projected pattern.
The algorithm used to calculate the phase pattern may be an iterative algorithm
such as the Gerchberg-Saxton algorithm [Gerchberg and Saxton, 1972]. Alternatively,
a simple algorithm calculates the phase pattern as a superposition of prism and lens
functions [Liesener et al., 2000; Curtis et al., 2002]. The prism function controls the
lateral dimension of the excitation pattern and the lens function controls the axial
dimension.
Holographic photostimulation has been demonstrated with 2D and 3D multi-spot
excitation patterns. Using IP excitation, Lutz et al. [2008] used a 2D two-spot pattern
to study the integration of simultaneous uncaging inputs to two granule cell dendrites in a cerebellar slice. Using the same SLM setup, Yang et al. [2011] used a fivespot pattern to investigate summation of up to five inputs on five different branches.
They also used a 3D two-spot pattern to uncage glutamate in two different planes
separated by 19 }im. The group reported average lateral and axial diffraction-limitedspot uncaging resolutions of 3.2 and 9.7 }im, respectively. Anselmi et al. [2011] used
a 3D six-spot pattern to uncage glutamate on different segments of a dendrite simultaneously. Using 2P excitation, Nikolenko et al. [2008] used a 2D multi-spot pattern
to stimulate multiple spines (Fig. 1.14a), to evoke subthreshold responses in two
neurons, and to image Ca2+ from a large group of neurons simultaneously.
Interestingly, 3D spot patterns with IP excitation are possible because the spatial phase pattern of a holographic wavefront improves the axial resolution of holographic spots over that of a regular IP Gaussian excitation beam [Oron et al., 2012].
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Figure 1.14: Patterned excitation with an SLM. (a) Multiple-spot pattern (red) for simultaneous 2P glutamate uncaging in multiple spines. Scale bar 2 qm [adapted from Nikolenko
et al., 2008]. (b) IP uncaging pattern (green) shaped to a dendrite. Scale bar 10 }im [adapted
from Lutz et al., 2008]. (c) IP uncaging pattern (red) shaped to match multiple somas. Scale
bar 20 qm [adapted from Zahid et al., 2010].

For instance, it was shown that a 20-/*m holographic spot had an axial resolution of
33 jim and 25 //m in IP and 2P excitation, respectively, whereas a regular Gaussian
spot of the same size had an axial resolution > 50 }im. In general, the axial resolution
decreases linearly with the size of the holographic excitation spot [Dal Maschio et al.,
2010],

More complex 2D holographic uncaging patterns have also been generated such
as the shape of a neuronal process with IP [Lutz et al., 2008] and with 2P [Dal Maschio et al., 2010] excitation and the shape of one or multiple somas with IP [Zahid et al., 2010] and with 2P [Dal Maschio et al., 2010] excitation (Fig. 1.14b-c).
A multiple-cell pattern was used in the first application of holographic photostimulation to an optogenetically targeted population of neurons, specifically, ChR2expressing retinal ganglion cells, using IP excitation [Reutsky-Gefen et al., 2013].
Holographic photostimulation suffers from intensity fluctuations or speckles within
the excitation pattern due to digital approximation in the algorithm and because of
cross-talk of adjacent pixels in the SLM [Oron et al., 2012], Spurious light in the form
of a zero-order (undiffracted) beam and mirror projections of the first diffraction order light may also be present. The mirror images typically do not have enough power
for 2P excitation and the zero-order beam may be blocked with an appropriate filter
[Nikolenko et al., 2008].
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Figure 1.15: Comparison of the GPC and holographic projection methods, (a) Optical setup
for the GPC method. An SLM imposes a binary phase pattern, calculated from the desired
intensity output pattern, on the incoming laser light. The light is focused onto a PCF plate
which imposes a phase retardation between the on-axis focused and off-axis higher-order
Fourier components. The interference of the two components generates the desired intensity
pattern at the objective focal plane. The SLM is depicted as a transmissive optical element for
simplicity [adapted from [Daria et al., 2004]]. (b) Optical setup for the holographic projection
method. An SLM applies a non-binary phase pattern, calculated by an algorithm based
on the desired output pattern, to the incoming laser light to generate the desired intensity
pattern at the focal plane.
1.3.2.3

Generalised phase contrast method

Another alternative for generating patterned light is the generalised phase contrast
(GPC) method that uses an SLM together with a phase contrast filter (PCF) (Fig.
1.15a) [Glückstad, 1996]. The desired intensity pattern at the focal plane is used to
calculate a binary phase pattern

[0,7 t ]

that is then encoded in the SLM. The input

laser beam is modulated by the SLM and then focused on to a patterned PCF. The
PCF imposes a phase retardation between the on-axis focused component (reference
wave) and the higher-order Fourier components projected around the central spot
(signal wave). The interference of these two generates the desired intensity pattern
at the objective focal plane [Oron et al., 2012],
The difference between the GPC method and digital holography is that in GPC,
the optical wavefront is planar both at the back aperture of the objective lens and at
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the focal plane (Fig. 1.15a) whereas in digital holography the wavefront is planar at
the back aperture of the objective lens but spherical at the focal plane (Fig. 1.15b).
While this generates speckle-free patterns, this also results in very little axial resolution (similar to IP Gaussian beam) [Oron et al., 2012]. To maintain axial restriction
within a single plane, temporal focusing (discussed in the next section) is required.
1.3.2.4

Temporal focusing

The physical principles of diffraction state that the lateral and axial resolutions of a
beam are tightly coupled. For planar wavefronts, the axial resolution varies inversely
as the square of the lateral resolution. Thus, when the excitation area is increased by
reducing the NA, axial resolution is lost. Holographic patterns are different because
they use the full NA of the objective lens. For holographic wavefronts, axial resolution varies linearly with lateral resolution [Matsuzaki et al., 2008]. This improvement,
however, comes with speckled excitation patterns.
For 2P excitation, enlarging the excitation area while maintaining axial resolution
can be achieved by decoupling the lateral and axial beam parameters. This is done by
temporally focusing the beam at the focal plane. The principle of temporal focusing
is to spatially separate the spectral components of the input laser beam with a diffraction grating and then recombine them only at the focal plane (Fig. 1.16a) [Zhu et al.,
2005; Oron et al., 2005]. Because the spectral components overlap only at the focus,
and because of dispersion outside the focal volume, the temporal profile of the pulse
is broadened everywhere except at the focal plane (Fig. 1.16b). The 2P excitation
probability varies inversely as the square of the pulse width. As a result, temporal
focusing has a depth of field ~100 times shorter than that of wide-field IP illumination. This allows an axial resolution close to that of confocal and 2P excitation while
allowing excitation of an area up to ~1000 times bigger than the diffraction-limited
spot (Fig. 1.16c) [Andrasfalvy et al., 2010].
Temporal focusing has been used for 2P optogenetic activation of single cells in
mouse and rat hippocampal slices and cultured human embryonic kidney (HEK)
cells [Andrasfalvy et al., 2010]. Beam spot diameters of 5 —15 }im reliably activated
cells within ~ 1 —3 ms. This is faster than the scanning technique by Rickgauer
and Tank [2009], which took 30 ms. In their experiment, the enlarged beam was
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Figure 1.16: Spatial focusing by temporal focusing, (a) Schematic of temporal focusing technique. Spectral components of illumination are spatially separated using a diffraction grating
and recombined at the focal plane. Pulses are broadened outside the focal volume [adapted
from Zhu et al., 2005]. (b) Typical spatial focusing with 2P excitation (top) versus temporal
focusing (bottom) [adapted from Oron et al., 2005]. (c) Illustrative comparison of typical
IP, 2P scanning and 2P temporal focusing lateral and axial excitation profiles [adapted from
Andrasfalvy et al., 2010].

'scanned' across different positions on the specimen by moving the specimen. In
order to move the excitation spot to any desired number of target sites within a
submillisecond timescale, the temporal focusing beam was integrated into a dualgalvano-mirror scanning system. With this system, somatic action potentials were
initiated with rapid sequential photostimulation at multiple dendritic sites within
~ 6 ms.
This approach is limited to circular excitation patterns. To generate arbitrary
excitation patterns, the GPC method was combined with temporal focusing to shape
2P excitation for optogenetic stimulation [Papagiakoumou et al., 2010]. This was used
to simultaneously activate multiple neurons or multiple subcellular compartments in
cultured HEK cells and cortical brain slices.
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Figure 1.17: Non-optical surgical techniques, (a) Patch pipette is used to pull soma away
from dendrites [adapted from Safronov et al., 1997], (b) Two patch pipettes are used as
pincers for cutting main apical of dendritic tree [adapted from Bekkers and Häusser, 2007].

1.4 Optical surgical techniques
Another application whose progress light has contributed to is cellular surgery. Historically, several mechanical techniques were used to disconnect neurons from their
processes in brain slices. These include using simple [Karst et al., 1993] or complex
blades [Andersen et al., 1980; Andreasen and Lambert, 1998], using the recording
patch pipette to slowly pull the soma away (Fig. 1.17a) [Safronov et al., 1997], using a rapidly vibrating sharp pipette [Kirson and Yaari, 2002] and using two pincer
pipettes (Fig. 1.17b) [Bekkers and Häusser, 2007]. These techniques, however, are
more or less invasive and incur collateral damage to the cell and the surrounding
tissue.
Light is an effective tool for generating damage more focally. The first microsurgery with electromagnetic radiation was the destruction of cellular organelles in
1912 with a UV microbeam ~100 pm in diameter [referenced in Bessis and TerPogossian, 1965]. When the laser was introduced in 1960 [Maiman, 1960], its capability as a microsurgery tool, with its high collimated intensity, was immediately
foreseen [Solon et al., 1961; Townes, 1962]. Conventional lasers that operate in the IP
absorption regime have been used to make ocular lesions in adult rabbits [Zaret et al.,
1961], to damage centrosomes during mitosis [Hyman, 1989] and to kill individual
cells or groups of cells to study behaviour [Sulston et al., 1983] in the nematode
Caenorhabditis elegans.
The more or less transparent nature of biological tissue makes it optically accessible. But this also prevents absorption of laser energy which is a prerequisite to
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produce structural damage. One solution is to label target structures with fluorescent dyes or to target proteins with fluorescent tags that absorb at the wavelength
of the laser. Although damage to unlabeled structures may also be achieved as described in the previous paragraph, dye-sensitised structures usually require much
lower intensities. Selective staining also makes it possible to restrict the damage
to selected structures only [Bessis and Ter-Pogossian, 1965]. This has allowed the
selective destruction of stained mitochondria in cultured single hum an epidermoid
carcinoma KB cells [Amy and Storb, 1965], stained chromosomes in lung epithelial
cultures of the salamander Taricha granulosa [Berns et al., 1969], stained human red
blood cells (RBCs) [Berns, 1972], labeled sea urchin eggs and embryos [Bi et al., 1995],
and labeled zebrafish neurons [Liu and Fetcho, 1999].
The drawback of IP absorption is that laser energy is absorbed and, thus, induces
damage, throughout the hour-glass profile of the beam. Localised damage along the
optical axis is possible with 2P absorption using femtosecond lasers. It has been
demonstrated that using femtosecond-pulse laser allows for cutting of submicronsized structures with minimal or negligible damage to surrounding tissue. This
has been applied to living cells in the dissection of human chromosomes [König
et al., 2001], microtubules in fission yeast cells [Sacconi et al., 2005] and yeast cell
walls [Ando et al., 2008]. It has also been applied to living animals in the study of
functional regeneration of axons [Yanik et al., 2004; Guo et al., 2008] and dendrites
[Chung et al., 2006] in C. elegans worms and in producing subcellular lesions in
squid, zebrafish embryo, sea urchin egg and starfish oocytes [Galbraith and Terasaki,
2003]. This technique has also been applied to the mammalian central nervous system, in vivo to produce vascular damage in rat brain parenchyma to model stroke
[Nishimura et al., 2006] and to dissect dendrites and ablate single spines in the rat
cortex [Sacconi et al., 2007], and in vitro to cut axons, which have submicron diameters [Mejia-Gervacio et al., 2007; Kole, 2011].

1.5

Thesis structure

This thesis seeks to add to the optical toolkit available to neuroscientists for analysing
neurons and their circuits. It proposes two optical techniques for manipulating neu-
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rons in vitro, namely 2P spatio-temporal photostimulation and femtosecond laser
dendrotomy. The first part (Chapters 2, 3 and 4) addresses 2P photostimulation.
Chapter 2 presents a holographic illumination technique for generating arbitrary 3D
multi-spot excitation patterns, its setup design, calibration, testing and application
to some proof-of-principle experiments addressing synaptic integration. Chapter 3
presents a method to extend this technique to four dimensions (4D, 3D space and
time) and demonstrates the generation of spatio-temporal excitation patterns that
can be changed within a submillisecond and which can be used to generate neuronal
action potentials. Chapter 4 proposes a theory to optimise the holographic projection technique used in Chapters 3 and 4 and presents the numerical testing of its
performance. The second part, Chapter 5, addresses laser dendrotomy. It presents
the application of femtosecond laser surgery to the pruning of dendrites and reports
how this affects neuronal properties. Chapter 6 gives a summary of conclusions and
discusses future work. The reader is advised that the chapters have been written as
stand-alone chapters.

i.6

Author contributions

Chapters 2, 3 and 4 present data that have been published (see Appendix 7.1 to 7.3).
I did all the experiments for these publications. Programming of the DMD used in
Chapter 3 was done by Minh-Son To as part of his PhD thesis. The synaptic integration experiments in that chapter (that appear in Fig. 3.9) were done collaboratively
with him. Chapter 5 presents unpublished data. I did all the experiments for this
chapter. Histological processing of brain slices was performed by Alexandru Colibaba for his associate research work at the Medical School, which I co-supervised.
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Chapter 2

3D holographic photostimulation

Photolysis of caged neurotransmitters has revolutionised studies of neuronal synaptic integration. With photostimulation using caged compounds, laser light of sufficient energy releases a neurotransmitter from a chemical cage, allowing it to bind to
synaptic receptors on dendrites of a postsynaptic neuron. This mimics transmitter
release from a presynaptic neuron (see Sec. 1.2.1). Several studies have reported
multi-site photostimulation via IP [Dalva and Katz, 1994; Dantzker and Callaway,
2000; Shoham et al., 2005; Zahid et al., 2010; Yang et al., 2011; Anselmi et al., 2011]
and nonlinear 2P absorption [Matsuzaki et al., 2001; Gasparini and Magee, 2001;
Araya et al., 2006; Matsuzaki et al., 2008; Nikolenko et al., 2008; Losavio et al., 2009;
Dal Maschio et al., 2010; Branco et al., 2010; Branco and Häusser, 2011]. The latter has
the advantage of having a narrow 3D resolution, allowing highly localised uncaging
in the focal volume of a focused femtosecond laser beam. Coupled with scanning
methods, 2P glutamate uncaging affords precise control of spatial patterns for synaptic inputs. This presents a major improvement over traditional electrophysiological
stimulation techniques, which can be invasive and which are typically limited to a
few stimulation sites.
So far, scanning 2P photostimulation has only been demonstrated in a single optical plane as laser scanning systems are typically limited to two dimensions. Although
several systems have been developed for 2P calcium imaging in 3D [Göbel et al., 2007;
Reddy et al., 2008; Botcherby et al., 2010; Cheng et al., 2011; Grewe et al., 2011; Judkewitz et al., 2006], their application to nonlinear photolysis of caged compounds has
not been demonstrated.
Multi-site 2P stimulation with laser scanning systems has submillisecond tempo41
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ral resolution. By rapidly switching from one stimulation site to another, it is possible
to do multi-site photostimulation quasi-simultaneously on a biological timescale (i.e.
within a few milliseconds). This is useful for exploring synaptic integration which
requires the stimulation of more than one synaptic input. Galvano-mirror scanning
systems are limited by the deflection speed of the mirrors (~100 ps) [Losonczy and
Magee, 2006]. Although temporal resolution may be improved with the use of AODs
(<15 ps) [Losavio et al., 2009], the ultimate rate-limiting factor is the dwell time
necessary for generating a sufficiently high glutamate concentration (~200—500 ps)
allowing for good signal-to-noise ratio [Losavio et al., 2009; Judkewitz et al., 2006].
This limits the number of uncaging sites that can be simultaneously excited within a
physiologically relevant time window. Simultaneous activation of multiple synapses
is required to reach the spiking threshold of a neuron. For instance, it is estimated
that of the ~ 300—400 synapses in a single hippocampal CA1 oblique branch, at least
5% need to be activated within 6 ms to evoke a dendritic spike [Losonczy and Magee,
2006],
Using an SLM enables simultaneous multi-site photostimulation in 3D. By encoding the SLM with an appropriate hologram, it is possible to generate shaped illumination [Lutz et al., 2008; Zahid et al., 2010] or a multi-spot pattern for photoactivation
[Nikolenko et al., 2008; Dal Maschio et al., 2010; Zahid et al., 2010; Yang et al., 2011].
The SLM thus makes it possible to design sophisticated 3D spatial stimulus patterns.
Holographic photostimulation has been shown in 2D via 2P excitation [Nikolenko
et al., 2008; Dal Maschio et al., 2010], and recently in 3D via IP excitation [Yang et al.,
2011; Anselmi et al., 2011]. IP excitation uses a shorter wavelength (UV, 300 —400
nm, or blue, 450 —495 nm) laser, which has poor tissue penetration. Moreover, even
with a holographic wavefront, IP excitation [Yang et al., 2011] exhibits less localised
excitation along the optical axis compared to 2P excitaiton [Matsuzaki et al., 2001].
This chapter presents simultaneous 3D multi-site 2P photostimulation on dendrites of rat L2/3 pyramidal cells using holographic projection of multiple focal
spots in arbitrary stimulation patterns. The application of the technique to proofof-principle synaptic integration experiments is demonstrated.
The methods and results presented here have been published in the Journal of
Biophotonics in 2012 in the article titled, "Simultaneous multi-site two-photon pho-
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tostimulation in three dimensions" (Appendix 7.1).

2.1 Materials and methods
2.1.1

Optical setup

The optical setup used was developed from previous work in the laboratory demonstrating multi-site 2P fluorescence excitation [Daria et al., 2009], Figure 2.1a shows
the schematic arrangement of this system. A linearly polarised laser beam from a
near-IR Ti:S laser (MIRA 900, Coherent Scientific, Hilton, SA, Australia) reflects off a
pair of galvano mirrors (GM; GVS012, Thorlabs, Newton, USA) and is expanded by
lenses (LI and L2) to illuminate the 16x12 mm2 area of a programmable phase-only
liquid-crystal-on-silicon (LCOS) SLM (reflective at 800 ± 50 nm with 95% efficiency,
rise time 30 ms, fall time 85 ms; X10468-02, Hamamatsu Photonics, Shizuoka, Japan).
From the SLM, the beam is projected through a Fourier transform lens (L2) and then
scaled to the sample region using a 4 f lens configuration consisting of a lens L3 and
the objective lens (OL; 40 x 1.0 or 0.8 NA, Zeiss, North Ryde, NSW, Australia). In
fluorescence imaging mode, the SLM is kept in equilibrium position and serves as a
mirror while the galvano mirrors scan the laser beam across the sample (Fig. 2.1b).
In holographic photostimulation mode, the galvano mirrors are kept fixed at their
equilibrium positions while the SLM is used to modulate the laser wavefront by applying a phase hologram, which is calculated to project multiple uncaging foci at the
sample region.
The sample region can be viewed via an upright DIC microscope (BX50WI, Olympus, Notting Hill, Australia). In DIC imaging mode, a dichroic mirror (DM2) transmits IR light (> 810 nm wavelength) and focuses it onto a CCD camera (IR-1000EX,
Dage-MTI, Michigan City, USA). DM2 is also used in 2P fluorescence imaging to reflect the phase-encoded near-IR laser beam to the objective and to reflect the green
fluorescence from the sample to another dichroic mirror (DM1), which reflects wavelengths below 700 nm onto a PMT (H6780, Hamamatsu Photonics, Shizuoka, Japan).
For calibrating the FOVs of the 2P imaging system and the CCD camera, as well as
the hologram, DM2 is replaced with a filter that transmits green fluorescence and
reflects the incident near-IR laser (T770LPXR, Chroma, Bellows Falls, USA).
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Figure 2.1: Optical setup of 3D holographic microscope, (a) Schematic of the optical setup.
GM: galvano mirrors, L: lens, M: mirror, DM: dichroic mirror, OL: objective lens, fs: femtosecond. LI: / = 50 mm (/50), L2 and L3: /200, L4 (tube lens): /160. (b) Alignment schematic
for holographic and scanning mirror functions. Distances are given in mm. Laser beam fills
the back aperture (BA) of a 40 x 1.0 NA Zeiss objective lens (diameter 1.98 mm).
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Custom software developed in Labview (vR2010a, National Instruments, North
Ryde, Australia) controls the laser intensity via a polarising beam splitter and a half
wave plate on a motorised rotation mount (PRM1Z8, Thorlabs, Newton, USA), the
acquisition of 3D 2P images and the calculation of the appropriate hologram for
projection of photostimulation sites.

2.1.2

Hologram calculation and elimination of zero-order beam effect

The SLM is encoded with a phase hologram which is derived using the superposition
of prism and lens phase functions [Liesener et al., 2000; Curtis et al., 2002; Leach et al.,
2006]. For N spots distributed around the focal volume, the total field at the input is
described by

ipiU'V) = j-j E exP \ i ^ ( *U- " y ^ VXJ" + ( j ) V k )]

(2-1)

where (u,v) are the Cartesian coordinates in the SLM plane with the center along
the optical axis, r = (u2 + z;2)1/2, A is the wavelength of the incident laser in vacuum,
/ is the focal length of LI, and (xn, y n, z n) are the 3D spatial coordinates of the nth
focal spot. While the ratio of the focal lengths of L3 and the objective lens scales
the spot positions onto the sample region, additional scaling parameters (a, ß, 7) are
incorporated to correct for other factors that may have been introduced when using
paraxial approximation to derive Eq. 2.1. These factors are adjusted during system
calibration.
The SLM is encoded with the phase of the input field, arg{ip(u,v)}. The first term
in the exponential function in Eq. 2.1 is a prism function and is used to control the
lateral position of the projected spots. The second term is a lens function and is used
to control the axial position of the projected spots. With the 800x600 pixels of the
SLM and a 40 x objective lens, focal spots are efficiently positioned within the field
of view (FOV; x ~ or y ~ ±75 y m from the center) and within the working depth
range (z ~ ±80 y m from the nominal focal plane) [Daria et al., 2009].
The SLM consists of phase-encoding pixels separated by dead space, which is
light-transmitting. The fraction of the total SLM area that is phase encoding is quantified by the fill factor. The SLM used in this system has a fill factor of 95%. It also
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has a nonlinear phase map. As a consequence of these, an undiffracted or zero-order
beam is projected [Palima and Daria, 2007]. Here, the zero-order beam was minimised by adjusting a correction factor for the phase map specific to the uncaging
wavelength (730 nm) using a Labview program that was written by Richard Bowman [Bowman et al., 2011]. Within the power settings and concentration of caged
glutamate used in this work, it was experimentally verified that the zero-order beam
(maximum power of ~10 mW at the sample) has negligible effect and is not enough
to bring about 2P uncaging. Nonetheless, to eliminate potential zero-order effects,
the dendrite was shifted away from the optical axis (or center of the FOV).
2.1.3

System alignment and calibration

Alignment of the optical setup is done with the galvano mirrors and the SLM in
equilibrium (or rest) position. Alignment distances are described in Fig. 2.1b. LI and
L2 are chosen so that the laser beam fills the back apertures (BA) of a 40 x 0.8 NA
(diameter 1.7 mm) Zeiss objective lens and a 40 x 1.0 NA (diameter 1.98 mm) lens.
Correct operation of the 2P holographic microscope system relies on the proper
calibration of three components: the CCD camera, the 2P imaging system and the
hologram. Calibration is facilitated by custom software and is done by first obtaining
a DIC image of fluorescent latex microspheres or beads (2 pm diameter, Molecular
Probes, Life Technologies, Mulgrave, Australia) fixed in a microscope slide. A 2P
image of the beads is then obtained and is used to calibrate the x and y scales of the
2P image to those of the DIC image. The sizes of the FOVs of the 2P imaging system
and the CCD camera are determined using a DIC image of a calibration grid.
After the FOV of the 2P imaging system has been calibrated to the FOV of the
CCD camera, the hologram is then calibrated to the wide-field image of the CCD
camera. First, a zero-order beam is projected onto a reflective surface such as a
glass slide and the fine adjustment knobs of the SLM mount are adjusted so that the
zero-order beam is centred on the wide-field image. Next, multiple foci (e.g. four
foci positioned at the corners of a rectangle) are projected and the scaling factors
cc and ß in Eq. 2.1 are adjusted so that the reflected light of the hologram seen in
the wide-field image matches the on-screen cross hair positions of the projected foci.
To calibrate the z scale of the hologram, spots are projected above and below the
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Table 2.1: Zernike polynomials for primary aberrations.
Aberration

spherical aberration
coma
astigmatism
field curvature
distortion

n

m

ym
t-n

4
3
2
2
1

0
1
2
0
1

V5(6p4 + 1)
\/8(3 p3 - 2p)cos(p
\/6p2cos2(p
V3(2p2 - 1)
2pcoscp

objective focal plane and the scaling factor

7

in Eq. 2.1 is adjusted so that the focal

planes of the excitation spots (as assessed from the wide-field image of the hologram
reflection) match the specified z positions in the hologram.
2.1.4

Aberration correction

The SLM-generated focal spots may be degraded due to aberrations of the optical
components (e.g. lenses, mirrors, SLM) in the microscope. The different types of
aberrations can be mathematically described by Zernike [1934] polynomials, a sequence of orthogonal polynomials that characterise the shape of an aberrated wavefront for optical systems with circular apertures. The Zernike polynomials, as defined
in polar coordinates (p, (p) where p is the radial distance and cp is the azimuthal angle,
are given by

z:(P,4») =

R™(p)sin(m(p)

for m odd

R™(p)cos(nup)

for m even

(

2 . 2)

where the radial function R„{p) is defined by

for n —m odd
K (p)=

[ n —m ) / 2

(-1 )l( n - l ) l

to

U[\(n + m ) - l ] l [ \ { n - m ) - l ] \

E

for n and m integers for which n

>

pn 21 for n - m even

m > 0 [Prata and Rusch, 1989].

(2.3)
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Figure 2.2: Sample aberration correction for photostimulation spots, (a) Uncorrected photostimulation spots. Inset shows magnified view of boxed region, (b) Photostimulation spots
after correction for astigmatism, (c) MNI-glutamate uncaging response with (red) and without (black) aberration correction.

The prim ary aberrations are given in Table 2.1 [Born and Wolf, 1989]. Zernike
polynomials may be incorporated in the calculated hologram to correct for system
aberration and optimise the PSF of holographic focal spots. The optical system is
primarily affected by astigmatism due to oblique incidence of the laser on the SLM.
This is corrected for by adjusting the Zernike coefficient Z9 using a Labview program
that was written by Richard Bowman. Figure 2.2 compares photostimulation spots
before (Fig. 2.2a) and after (Fig. 2.2b) correction for astigmatism. This correction
resulted in a 41% improvement in the voltage response to MNI-glutamate uncaging
at a single site (Fig. 2.2c).

2.1.5

Tissue preparation and electrophysiology

15 to 19-day-old Wistar rats were quickly decapitated and parasagittal slices (300 pm)
prepared with a vibratome (VT1200S, Leica Microsystems, North Ryde, Australia). A
cut was made along the midline of the two brain hemispheres. Both hemispheres
were then glued onto a stage angled at 15 0 using cyanoacrylate (Loctite 407, Henkel,
Australia) and then cut horizontally to include the posterior lateral barrel subfield
of the somatosensory cortex and the hippocampus. Slices were cut in ice-cold oxygenated artificial cerebro-spinal fluid (ACSF) that contained (in mM): 1.25 NaH2P04,
1.0 MgCl2, 125.0 NaCl, 2.5 KC1, 2.0 CaCl2, 25.0 N aH C 03, and 10.0 glucose. Slices
were incubated in oxygenated ACSF at 34 °C for 30 min and kept at room temper-
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ature before being transferred to the recording chamber. Experiments were done
according to methods approved by the Animal Experimentation Ethics Committee of
the Australian National University.
Whole-cell voltage- or current-clamp recordings of L2/3 pyramidal cells were
done at room temperature with an AxoClamp 2B (Molecular Devices, Sunnyvale,
USA). Patch pipettes were pulled from 2 mm borosilicate glass (ID 1 mm, Hilgenberg, Malsfeld, Germany) on a Brown-Fleming-type puller (P97, Sutter Instruments,
Novato, USA) using a five-step program and filled using a microsyringe made by
pulling the heated end of a pipette tip to a small diameter. Neurons were filled
through the recording patch pipette (4—6 MO) with standard intracellular solution
containing (in mM): 115 K-gluconate, 20 KC1,10 HEPES, 10 phospho-kreatine, 4 ATPMg, 0.3 GTP, 5.4 biocytin. For imaging, 10 mM of fluorescein (Sigma-Aldrich, Castle
Hill, Australia) was added to the solute. Intracellular solutions had a pH of 7.3 and
osmolarity of 304 mOsm.
Two micromanipulators (MP-285, Sutter Instruments, Novato, USA) were used to
position the recording and glutamate delivery pipettes. Excitatory postsynaptic potentials (EPSPs) and currents (EPSCs) were filtered and sampled at 10 kHz. Digitised
data were analysed offline with AxoGraph X (vl.5.4, Berkeley, USA). Peak currents
and voltages were calculated by averaging 5 —10 repetitions.

2.1.6

Two-photon fluorescence imaging

To choose photostimulation sites, the dendritic tree of a L2/3 pyramidal cell was
visualised via a 3D image. The fluorescent dye was allowed to diffuse into the neuron for 20 —30 min before imaging was commenced. Image stacks with a resolution
of 500 x 500 pixels were obtained with l-/*m increments in the z position. During
image stack collection, the microscope objective was controlled by a motorised focus
drive (H122 focus drive controlled by OptiScan II-ES10ZE, theoretical resolution 0.1
}im; Prior Scientific, Rockland, USA). ImageJ (vl.440, National Institutes of Health,
Bethesda, USA) and Drishti (v l.l, Australian National University, Canberra, Australia) were used for 3D visualisation.
Imaging was done at 750 nm with laser power set to 7 —15 mW. Working depth
in the brain slices was < 1 7 0 }im. During imaging, the glutamate-puffing electrode
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was kept out of the imaging FOV and no positive pressure was applied to the puffer
for releasing caged glutamate.

2.1.7

Two-photon glutamate uncaging

From the 3D fluorescence image, 2P glutamate uncaging sites in the dendritic tree
were chosen. MNI-caged glutamate (10 mM; Tocris Bioscience, Sapphire Bioscience,
Waterloo, Australia) was locally superfused through a large-diameter pipette prepared by poking a patch pipette into tissue paper. Slight pressure (~6 kPa) to the
delivery pipette was applied through a Picospritzer II (General Valve, Fairfield, USA)
at timed intervals just before the laser pulse or with a constant pressure of 1.0 kPa delivered via a syringe. Uncaging was done at 730 nm with 30 —60 mW laser power per
uncaging site. The laser pulse (2—10 ms) was controlled via a Uniblitz VS25 shutter
(Vincent Associates, Rochester, USA). The mechanical properties of the shutter used
imposed a minimum of ~2 ms on the pulse widths. Longer pulses in multi-site
experiments were used to decrease the necessary power for stimulation.

2.2 Results
2.2.1

Performance of the holographic system

The positional accuracy of the holographically projected excitation spots was investigated by imaging 2-/fm-diameter fluorescent beads embedded in agarose gel (Scientifix, Cheltenham, Australia). Figure 2.3a was recorded via conventional multi-plane
2P raster scan imaging. The image stack was rendered in ImageJ to visualise the
beads in the xy and xz planes. Two stimulation spots were then projected onto the
locations of the two beads determined from the 3D image. Figure 2.3b shows the
stack of wide-field images of the fluorescence from both beads resulting from simultaneous excitation. The locations of the excitation spots are accurate in the x (not
shown) and y directions (2.3a-b top images) indicating that the FOVs of the scanned
2P microscope image and the wide-field image were calibrated to the same scale. In
the axial direction, the two excitation sites were found to be accurate to within 1.0 pm
of the axial locations of the fluorescent beads (2.3a-b bottom images). This demon-
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Figure 2.3: Calibration of the 3D holographic microscope with 2-ym fluorescent beads embedded in agarose gel. (a) 2P fluorescence 3D image of two fluorescent beads, (b) Two
stimulation spots projected onto the locations of the two beads in a visualised via wide-field
imaging. Locations of excitation spots are accurate in the y direction and accurate to within
1 ym in the 2 direction. Dashed lines denote positions of spot centers. Scale bar 10 ym.

strates the capability of the microscope to provide accurate localised 2P excitation
along the lateral and axial directions.
Next, the biophysical properties of glutamate uncaging in L2/3 pyramidal cells
were characterised. Figure 2.4a shows the 2P fluorescence image of such a cell filled
with fluorescein as viewed in the xy (Fig. 2.4a top) and xz planes (Fig. 2.4a bottom).
The dendritic arbour of the neuron with some dendritic spines is clearly visible. This
image was used for identifying sites for photostimulation. The inset in Fig. 2.4a
shows a suitable uncaging site near a spine. At such a photostimulation site in the
presence of MNI-glutamate, EPSCs and EPSPs such as those shown in Fig. 2.4b and
c, respectively, can be elicited. These responses have fast 10 —90% risetimes (EPSC:
6.4 ± 0.7 ms, EPSP: 8.0 ± 2.5 ms, n — 10) and 37% decay times (EPSC: 6.0 ± 1.3 ms,
EPSP: 20.5 ± 10.0 ms, n = 10) and are similar in temporal shape to endogenous EPSCs
and EPSPs [Fino et al., 2009] and to previously observed uncaging-evoked responses
in pyramidal cells [Nikolenko et al., 2008]. Figures 2.4d and 2.4e show how the
uncaging-evoked glutamate potential varies with laser power and pulse duration,
respectively. The quadratic intensity dependence of 2P absorption is reflected in
the quadratic power dependence of the peak EPSP (solid line) in Fig. 2.4d. In Fig.

52

3D holographic photostimulation

Figure 2.4: (a) 2P fluorescence image of a L2/3 pyramidal cell as viewed in the xy (top) and

xz (bottom) planes. Inset in top: Magnified view of region of interest. Arrows point to spines
while yellow circle indicates sample uncaging site. Scale bar 25 pm. (b-c) Representative
traces of an uncaging-evoked (b) current and (c) potential. Grey lines denote individual trials
while black line denotes average. Bars above current and below potential onset mark the
duration when the laser was on. (d-e) Peak of voltage response as a function of laser (d)
power and (e) pulse duration. Laser pulse durations: b, 10 ms; c, 5 ms; d, 2 ms. Solid line in
d is a quadratic fit; in e, a negative exponential fit.

2.4e, the peak EPSP increases with laser pulse duration up to 8 ms, after which it
saturates. A further increase in laser pulse duration does not yield a larger EPSP.
The finite number of glutamate receptors around the stimulation site likely limits the
total amount of inward current that can be generated on the dendrite.
To investigate the spatial resolution of glutamate uncaging, the lateral and axial resolution profiles from uncaging-evoked current responses to 2 ms laser pulse
duration were obtained. The responses were measured in voltage clamp with the
uncaging site moved orthogonally from the dendrite while the objective was kept
fixed. Figure 2.5a shows the lateral profile with FWHM of 2.4 ± 0.2 pm. The black
line corresponds to a Gaussian curve fit. Figure 2.5b shows the axial profile with
an FWHM of 3.7 ± 0.3 pm. These resolutions are specific to a particular set of laser
power and laser pulse duration, and to the local MNI-glutamate concentration. With
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Figure 2.5: Example of lateral and axial resolutions of MNI-glutamate uncaging, (a) Peak
current for varying lateral distances orthogonal to the dendrite. FWHM = 2.4 ± 0.2 ].im. (b)
Peak of glutamate-evoked current as a function of axial distance above and below dendrite.
FWHM = 3.7 ± 0.3 }im . Black lines denote Gaussian fit while grey lines denote the PSF of
the 2P excitation beam.

different laser power settings for 10 ms laser pulse duration, lateral and axial FWHM
values were 3.8 ± 0.4 and 4.1 ± 0.7 }im, respectively (not shown). In Figure 2.5, a
numerically calculated 2P point spread function (PSF) is included (grey), calculated
as the square of the illumination PSF based on the properties of a water immersion
objective lens with NA= 1.0 at wavelength A = 730 nm. The response curves are
broader than the calculated 2P PSFs.

2.2.2 3D multi-site photostimulation
To demonstrate simultaneous multi-site photostimulation in 3D, glutamate was uncaged
on two different dendrites in different optical planes. Figure 2.6a shows the 2P fluorescence image of a L2/3 pyramidal cell with the chosen glutamate uncaging sites
on two dendrites that are 9 /<m apart along the optical axis. This separation was
determined by identifying the focal planes of the dendrites from the 3D fluorescence
image. While the initial calibration with fluorescent beads identified accurate photostimulation locations in 3D, this experiment further helped to calibrate the system in
identifying the exact planes that exhibit the largest uncaging-evoked EPSPs. To do
this, one stimulus site was fixed in the plane of one dendrite while the other site was
holographically translated above and below the plane of the other dendrite while
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1 fixed, 2 moved
• 2 fixed, 1 moved
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Figure 2.6: 3D multi-site uncaging of glutamate, (a) 2P fluorescence image of a L2/3 pyramidal cell with two uncaging sites 9 pm apart along the optical axis. Scale bar 25 pm. Right:
Illustration of experiment protocol for simultaneous uncaging at two sites with one site fixed
and the other holographically moved axially, (b) Peak EPSP as a function of axial distance
for simultaneous uncaging at the two sites in a. FWHM: 4.3 ± 0.2 pm, site 1; 3.6 ± 0.6 pm,
site 2. Black and red lines denote Gaussian curve fits. Grey lines denote the PSF of the 2P
excitation beam.

measuring uncaging-evoked EPSPs (Fig. 2.6a right).
The planes at which the neuronal responses were maximum were compared to
the apparent focal planes of the dendrites. Figure 2.6b shows the calibration curves
obtained from voltage responses to 5 ms laser pulses. The black curve corresponds
to when uncaging site 1 is fixed while uncaging site 2 is translated along the axial
direction with the nominal focus of the objective in the same plane as uncaging site
2 (Fig. 2.6a right). The zero axial position in Fig. 2.6b marks the position of the
nominal focus of the objective lens. The red curve corresponds to when uncaging
site 2 is fixed while uncaging site 1 is translated axially. The peaks in Fig. 2.6b occur
at z = 0.7 ± 2.3 pm and z = —6.5 ± 1.9 pm, giving a separation of Az = 7.2 ± 3.0
pm. The focal planes of the respective dendrites as identified from the fluorescence
image are at 0.0 and —9.0 pm, respectively. The discrepancy is within the standard
deviation of the experimentally measured curves.
Figure 2.6b shows how each uncaging site contributes to the measured EPSP. As
an uncaging site is moved farther away from a dendrite, the uncaged glutamate is
assumed to diffuse over a larger distance, decreasing the concentration of glutamate
that can bind to receptors. This results in a smaller EPSP. The non-zero baseline of
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Coplanar

Figure 2.7: Signal integration of two synaptic inputs (a) on two planes separated by a distance

of 9 [im and (b) on the same plane. Integration is sublinear for both cases. Lines below
voltage responses denote when laser was on. (Inset) 2P fluorescence images of neurons and
the photostimulation sites. Scale bar 25 ;/m.

the voltage curves in Fig. 2.6b is due to a background glutamate level uncaged at
the fixed sites. The peaks of the voltage curves differ in amplitude because in each
case, the fixed spot is projected onto the apparent dendritic focal plane instead of the
plane of optimum response. Each curve in Fig. 2.6b also serves as an axial resolution
plot. The FWHM values are 4.3 ± 0.2 and 3.6 ± 0.6 //m for sites 1 and 2, respectively.
The theoretical 2P axial PSFs are also plotted for comparison.
After identifying the exact planes where the two sites generate the largest EPSP,
a proof-of-principle 3D neuronal synaptic integration experiment was performed.
Figure 2.7a shows voltage responses due to separate glutamate uncaging onto the
two dendrites in Fig. 2.7, and the compound signal from simultaneous uncaging
at the two sites. Comparing the compound signal from simultaneous uncaging to
the calculated sum of the individual responses from separate uncaging events, it is
evident that the integration is sublinear. Figure 2.7b shows results from a similar
experiment but with the dendrites in the same optical plane. The integration is
likewise sublinear.
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2.3 Discussion
It has been shown here that holographic projection with an SLM enables the generation of multiple uncaging spots at arbitrary locations in 3D. Calibration with 2-//m
fluorescent beads demonstrated the capability of the holographic microscope to localise 2P excitation and accurately position excitation spots in 3D. Although the axial
positions of the excitation spots were off by 1 pm from the locations of the fluorescent
beads, this can easily be corrected by adjusting the value of 7 in Eq. 2.1. The scaling
factor 7 is adjusted during calibration of the hologram which is normally done by
visually identifying the plane of focus of the projected excitation spot from the widefield image of the hologram reflection on a glass slide. Accurate identification of the
focal plane through visual inspection has limited accuracy and thus, during the initial setup of the optical system, calibration with fluorescent beads such as is shown
in Fig. 2.3 is necessary. For calibration with greater accuracy, fluorescent beads with
smaller diameters may be used. In addition, image stacks during calibration may be
obtained with finer increments (> 0.1 pm) in the 2 position. As increasing the 2 increment increases imaging time, it is recommended that the 2 increment be returned
to 1 pm after calibration.
The lateral and axial spatial profiles of glutamate uncaging reported here are
broader than the calculated 2P PSFs (Fig. 2.5). This suggests diffusion of uncaged
glutamate to neighbouring spines surrounding the uncaging site. This response is
dependent on the density of receptors and glutamate concentration profile in the
region of uncaging. Modulating the volume of uncaged glutamate by decreasing
laser pulse duration or laser intensity could decrease the concentration of uncaged
glutamate and limit binding to receptors at the site of interest and thereby, improve
the lateral and axial resolutions.
The two-synaptic-input integration experiments reported here (Fig. 2.7) demonstrate sublinear summation. In these cases, uncaging was done on dendritic shafts,
not on spines. A similar finding was observed by Araya et al Araya et al. [2006]. Examining the summation of two shaft inputs on the same basal dendrite, they found
that synaptic inputs onto shafts sum sublinearly, in contrast to synaptic inputs onto
spines that sum linearly. Here, however, the inputs are on different dendrites. Yang
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et al. [2011] observed a similar sublinear integration when examining input summation of different oblique dendrites of CA1 pyramidal cells.
The number of uncaging sites for simultaneous photostimulation is limited only
by the available laser power and the resolution of the SLM. The hologram approaches
the resolution limit of the SLM as the number of stimulation sites is increased. This
results in reduced diffraction efficiency, defined as the ratio of the light power directed to the desired excitation pattern to the power at the focus of the lens when the
SLM is off. To get around this, the number of sites that can be simultaneously stimulated within a physiological time window may be increased by incorporating galvano mirrors to shift the SLM-generated multi-site stimulation pattern. This would
allow more stimulation sites than either galvano mirrors or SLM alone would afford.
Moreover, such a protocol would enable both simultaneous and sequential multi-site
stimulation, offering unprecedented flexibility in designing spatio-temporal patterns
of synaptic input for neuronal integration studies.
Recent studies reporting holographic IP photostimulation in 3D have initiated
controlled and simultaneous synaptic inputs to the 3D extent of the neuron's dendritic tree [Yang et al., 2011; Anselmi et al., 2011]. Using higher energy blue photons
brings about a more consistent IP uncaging since it has a lower demand on the applied laser power. However, the low transmittance of light with shorter wavelengths
limits the operating depth of IP uncaging, making it impractical for studying neurons deeper in brain tissue. Aside from depth limitations, the high probability of IP
absorption could unnecessarily induce photolysis in regions into which weak spurious diffraction orders are projected. The spurious diffraction orders are by-products
of representing a complex field as a phase-only hologram [Palima and Daria, 2006;
Go et al., 2011]. Nonetheless, holographic IP uncaging can be attractive for more
controlled experiments that use low average excitation power achieved via shorter
exposure times (~500 }is) to study neurons near the surface of brain tissues (< 40
}im) or in cell cultures.
Dendritic integration remains a problem of interest in neuroscience. Progress has
been limited because existing methods such as glutamate iontophoresis and electric neural stimulation [Curtis et al., 1960; Murnick et al., 2002], and laser scanning
systems with galvano mirrors and AODs do not afford 3D control for simulating
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synaptic activation. For practical purposes, most studies have been limited to a single dendrite, to dendritic locations close to the soma, or to a single optical plane.
Recently, Branco et al. [2010]; Branco and Häusser [2011] showed photostimulation
at distal parts of the dendrite and on multiple dendritic branches. Yang et al. [2011]
further extended photostimulation to several optical planes using holographic excitation. Multi-site photostimulation in 3D provides the means to extend synaptic integration studies to the entire dendritic tree of the neuron with no restrictions on the
number of dendritic branches or the region of the dendritic tree that can be accessed.
Moreover, the use of an SLM allows truly simultaneous multi-site photostimulation.

2.4

Summary

This chapter demonstrated holographic projection of multiple focal spots at arbitrary
locations in 3D using an SLM. The technique has capacity for full control over the
3D positions of uncaging sites, enabling simultaneous 3D multi-site 2P photolysis
of caged neurotransmitters on neuronal dendrites. Its application to preliminary
studies of synaptic integration by performing simultaneous and controlled glutamate
delivery at multiple locations on dendritic trees was shown.

Chapter 3

Time-gated holographic
photostimulation

Information processing in neuronal networks is achieved via signaling between neurons at synapses. Thus, controlled and localised activation of synapses offers the
possibility to systematically study how individual neurons in the brain process information. 2P photolysis of caged compounds allows the simulation of highly localised release of neurotransmitter, enabling targeted activation of receptors at single
synapses. Through activation of multiple synapses, it is possible to study how neurons integrate synaptic inputs to generate action potentials. However, to date it has
not been possible to activate synapses arbitrarily along the 3D dendritic arbour of
a neuron using realistic spatio-temporal (4D) patterns of light that resemble physiological inputs.
Dual-galvano-mirror-based laser scanning systems [Matsuzaki et al., 2001; Gasparini and Magee, 2001; Branco et al., 2010] provide quasi-simultaneous multi-site
stimulation in 2D. In the previous chapter, a holographic system capable of arbitrary
3D multi-foci uncaging was presented. While holographic projection allows simultaneous multi-site photostimulation in 3D, the slow response of the SLM (~30 ms)
remains the limiting factor in achieving fast switching light patterns within physiologically relevant timescales (~1 ms). This chapter presents how to overcome the
speed limitation by temporally gating the 3D multi-spot uncaging pattern generated by the SLM using a high-speed spatial light switching array provided by a
DMD. The programmable array of micro-mirrors can be used to independently control each beamlet in less than a millisecond (~0.7 ms) allowing the multi-site pattern
59
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to be changed with submillisecond speed. Random spatial light patterns in 3D are
therefore possible within physiologically relevant timescales. Here, the performance
of such a system as a tool for studying neuronal integration is assessed by uncaging
glutamate at spines on different dendritic branches with submillisecond resolution.
Methods and data presented in this chapter have been published in Frontiers
of Cellular Neuroscience in 2013 in the article titled, "Four-dimensional multi-site
photolysis of caged neurotransmitters" (Appendix 7.2).

3.1 Materials and methods
3.1.1

Optical setup

The time-gated holographic microscope system employs an SLM, encoded with a
phase hologram to generate a multi-focal excitation pattern from the incident laser
beam, and a DMD, which acts as a spatial light switch allowing independent switching (ON or OFF) of the individual foci. The resulting spatio-temporal excitation
pattern can be used for glutamate uncaging. Galvano scanning mirrors are also used
to generate the 3D morphology of the neuron.
A schematic of the system is shown in Fig. 3.1a. Two laser beams for imaging (800 nm) and uncaging (720 nm) are combined ahead of the objective lens (OL;
40 x 1.0 NA, Zeiss, North Ryde, Australia) via a polarising beam splitter (PBS1) following reorientation of the polarisation of each laser using half-wave plates (A/2).
Galvano mirrors (GM; GVS012, Thorlabs, Newton, USA) scan the linearly polarised
imaging beam from a near-IR Ti:S laser (MIRA 900, Coherent Scientific, Hilton, Australia) for 2P fluorescence imaging and a dichroic mirror (DM2) reflects the beam to
the objective. The 2P image is obtained by collecting the green fluorescence from
the sample directed to another dichroic mirror (DM1), which reflects wavelengths
below 650 nm into a PMT (H6780, Hamamatsu Photonics, Shizuoka, Japan). The
uncaging laser beam from a Ti:S laser (Chameleon, Coherent Scientific, Hilton, Australia) is expanded by a telescope (LI and L2) to illuminate the 16 x 12 mm2 area
of a programmable phase-only SLM (reflective at 800 ± 50 nm with 95% efficiency,
rise time 30 ms, fall time 85 ms; X10468-02, Hamamatsu Photonics, Shizuoka, Japan),
where the phase-only hologram is encoded. The hologram is computed using custom

§3-i Materials and methods

61

software based on the standard prism-lens superposition algorithm (see Sec. 2.1.2)
[Liesener et al., 2000; Curtis et al., 2002].
The DMD (array size 608 x 684, ±12° micro-mirror tilt angle, micromirror reflectivity 88%, array fill factor 92%, efficient in 420 —700 nm; DLP3000, Texas Instruments, Dallas, USA) is located at the Fourier plane with respect to the SLM and is
interfaced to the microscope using 4 / relay lenses (L4, L5) which position the DMD
at the conjugate image plane with respect to the sample region. The DMD is used to
individually switch each beamlet of the excitation pattern ON or OFF. Alignment is
so that in the ON state, the micro-mirrors direct the laser light to the sample (see Fig.
3.1b); in the OFF state, the laser light is directed to a beam dump. The relay lenses
are chosen to ensure that the back aperture (diameter 1.98 mm) of the objective lens
is filled and that the working area of the DMD encompasses the FOV of the objective
lens (200 x 200 jam2 for a 1.0 NA 40 x objective).
The system is also equipped with a DIC microscope (BX50WI, Olympus, Notting Hill, Australia; for details on DIC imaging, see Sec. 2.1.1). Custom software
developed in Labview (vR2010a, National Instruments, North Ryde, Australia) is
used to control the laser intensity via a polarising beam splitter (PBS1 in Fig. 3.1a)
and a half-wave plate (A//2 in Fig. 3.1a) on a motorised rotation mount (PRM1Z8,
Thorlabs, Newton, USA), the acquisition of 3D 2P images, the switching between
imaging and uncaging lasers, the calculation of the appropriate hologram for projection of photostimulation sites, the switching of individual micro-mirrors in the DMD
and the implementation of the drift correction algorithm. For time-gated multi-site
photostimulation, a program written in Matlab (vR2010a, MathWorks, Chatswood,
Australia) by Minh-Son To is used to control the DMD via its HDMI port.

3.1.2

DMD operation

The dimension of one micro-mirror in the DMD is smaller than the diffraction-limited
focal spot of the Fourier transform lens (L3). L3 has an effective NA of ~0.06 as
determined from the radius of the beam incident on the SLM, r, and the focal length
of L3, f i 3:
N A = nsin6 ~ r / f n .

(3.1)
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Figure 3.1: (a) Optical design of 4D holographic microscope. A/2: half-wave plate, PBS:
polarising beam splitter, L: lens, M: mirror, DM: dichroic mirror, OL: objective lens, GM:
galvano mirrors, ACSF: artificial cerebro-spinal fluid. LI: /50, L2: /200, L3: /100, L4: /150,
L5: /300, L6: /50, L7: /100, L8: /200, L9 (tube lens): /160. (b) Alignment schematic for
uncaging and imaging paths. Distances are in mm. Laser beam fills the back aperture (BA)
of a 40 x 1.0 NA Zeiss objective lens (diameter 1.98 mm), (c) The DMD switches the excitation
focus ON and OFF by changing the tilt of the subset of programmable micro-mirrors in the
corresponding focus (Focusj if confocal with the objective lens). A larger subset of micromirrors is needed when the beam focus (F0 CUS2) is off the DMD plane. In the ON state, the
laser beam is directed to the objective lens; in the OFF state, to a beam dump. Zero and
higher diffraction orders are also directed to the beam dump, (d) The number of foci turned
ON is indicated by the laser intensity incident on the sample measured using the photodiode
located in the conjugate Fourier plane. Minimum switching time with the DMD is 0.7 ms.
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Hence, it takes a small set of micro-mirrors to switch a single beamlet of the
multi-focal pattern ON and direct it to the sample for uncaging (see Fig. 3.1c). The
length of the subarray of micro-mirrors, /, is calculated based on the NA of the
Fourier transform lens (L3) and the uncaging wavelength, A. When the holographic
focus generated by the SLM is either above or below the plane of the DMD (or the
objective focal plane), a larger subarray of micro-mirrors is needed. The length of the
subarray of micro-mirrors is then calculated from the conical angle of the focus with
respect to the NA of the Fourier transform lens using paraxial approximation. / is
calculated as

(3.2)

where z is the distance of the focus from the plane of the DMD (or the objective
focal plane).
Figure 3.Id shows the relative intensity in the sample plane as measured by a
photo-diode located in the conjugate Fourier plane (Fig. 3.1a) for varying numbers
of focal spots turned ON by the DMD. The intensity is more or less quantised and
gives information about the number of foci active for uncaging.
The DMD receives 24 bit RGB data at 60 Hz through its electronic video interface,
with each color channel (RGB) having 8-bit depth. The DMD was operated in 1-bit
monochrome mode. In this mode, a single image frame consists of 24 1-bit planes
which encode the micro-mirror state at consecutive time epochs. Since each plane
is weighted equally, this allows temporal sequences to be read out at 1440 Hz. By
driving the DMD this way, the minimum switching time for a full ON-OFF cycle is
0.7 ms (Fig. 3.Id).

3.1.3

System alignment and calibration

Optical alignment of the optical setup is done with the galvano mirrors and the
SLM in equilibrium (or rest) position and all micro-mirrors of the DMD turned ON.
Alignment distances are described in Fig. 3.1b. The SLM and DMD are aligned
carefully with the aid of a power meter. With one central holographic spot, the total
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power output of the SLM is measured. The position of the DMD, mounted on a fineadjustment mount, is then adjusted until the measured power output from the DMD
is maximum. This ensures that most of the light from the SLM falls on micro-mirrors
instead of the dead space in between mirrors.
Correct operation of the time-gated 2P holographic microscope system relies on
the proper calibration of four components: the CCD camera, the 2P imaging system,
the hologram and the working region of the DMD. With all the micro-mirrors of the
DMD turned ON, the FOVs of the 2P imaging system and the CCD camera, as well
as the hologram are calibrated to the same scale as detailed in Sec. 2.1.3. Next, to
calibrate the working area of the DMD to the same scale, multiple foci are projected
onto a glass slide and only the micro-mirrors for gating these foci are turned ON;
the rest are turned OFF. The length of the subarray of micro-mirrors for gating each
focus is gradually decreased from an initial value of 100 while the scaling parameters
of the DMD region are adjusted so that the reflected excitation spots are centred on
the DMD subarrays.

3.1.4

Tissue preparation and electrophysiology

300 pm thick slices of rat somatosensory cortex and hippocampus from 22 —35 dayold Wistar rats were prepared as detailed in Section 2.1.5.
Neurons were filled through the recording patch pipette (R = 3 —5 MO) with
standard intracellular solution (see Sec. 2.1.5) to which 0.1 mM Alexa-488 (Invitrogen,
Life Technologies, Mulgrave, Australia) was added. The recording patch pipette was
positioned using a micromanipulator (MP-285, Sutter Instruments, Novato, USA).
Whole-cell current clamp recordings of L2/3 and L5 pyramidal cells were obtained
with a MultiClamp 700B (Molecular Devices, Sunnyvale, USA). Current was injected
when necessary to maintain a resting membrane potential of -70 mV. For the experiments in Fig. 3.6d—f, the resting membrane potential was depolarized to -55 mV to
allow for action potentials to be more easily generated. Data analysis was done with
AxoGraph X (vl.5.4, Berkeley, USA) and Matlab. Peak currents and voltages were
determined by averaging 5 —12 trials.

§3-i Materials and methods

3.1.5

65

Two-photon fluorescence imaging

Neurons filled with 0.1 mM Alexa-488 were imaged at 800 nm using 12—22 mW of
laser power. The dye was allowed to diffuse into the neuron for 20—30 min before
imaging. Image stacks of 800 x 800 pixels in a single plane were generated by
imaging single planes in l-//m increments along the z-axis. During image stack
collection, the microscope objective was controlled by a motorised focus drive (HI22
focus drive controlled by OptiScan II-ES10ZE, theoretical resolution 0.1 /<m; Prior
Scientific, Rockland, USA). ImageJ (vl.440, National Institutes of Health, Bethesda,
USA) was used for 3D visualisation.
3.1.6

Two-photon glutamate uncaging

Potential sites on the dendritic tree for photostimulation, usually mushroom and
thin spines, were chosen from the 3D image map of the fluorescently labeled neuron.
The appropriate phase hologram for the desired multi-focal pattern around the neuron was then calculated and encoded onto the SLM. The DMD was used to switch
individual sites ON or OFF.
MNl-caged glutamate (Tocris Bioscience, Sapphire Bioscience, Waterloo, Australia) was bath-applied (3 mM) and uncaged at 720 nm in the presence of 0.1 mM
cyclothiazide to minimise AMPA receptor desensitisation. Uncaging power per site
was 9—30 mW. A closed recirculating system using a peristaltic pump (Minipuls 3,
Gilson, Middleton, USA) was used to minimise the ACSF volume.
3.1.7

Image drift correction

To account for sample drift, an automated drift correction algorithm was run before
every uncaging event to ensure that the photostimulation sites remained optimally
positioned. The program works after an image stack of the neuron of interest has
been obtained. It takes a new image of the objective focal plane and accepts a userdefined region of interest in this image as a template. The template is cross correlated
with one image (source image) in the saved image stack. The intensity values of
corresponding pixels in the template and a same-sized region in the source image
are multiplied, then summed to a single correlation value, R. The template is then
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moved one pixel at a time across the source image while a 2D matrix of correlation
values is produced. This process is repeated for all images in the saved stack until a
3D matrix of correlation values is produced.

Mathematically, the 3D cross correlation matrix is calculated as
R{i/j/k)

C

=

XT

J/T

^^{lTemplate(Xf}/'ko))(Isource{i
*=iy=i

X,

where Xj and yj are the dimensions of the template image,

j
hemvlate

(3 .3)
is the intensity

of the pixel at (x,y) in the template image, which is in the plane ko of the saved image
stack, and

Isource is

the intensity of the pixel at (i + x,j + y,k) in the source image and

C is a normalisation factor given by
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R has values [0,1]. (x, y) are coordinates in the template image which range in
values from [1,1] to [*7,1/7] while (i,j,k) are coordinates in the source image which
range in values from [1,1,1] to [is,js,ks\, which correspond to the dimensions of the
source image (Fig. 3 .2).
The position in the saved image stack that best matches the template is indicated
by the highest correlation value, Rmax at the coordinates (imax, jmax,kmax). The amount
of drift, D, is then calculated as
Dx

—

itnax ~~ i-T

Dy = jmax ~ ]T '
Dz = kmax

(3 -5)

ko

where (17,77) are the coordinates of the starting corner of the template image. If
drift is detected, the objective lens and the hologram are automatically moved to the
new coordinates.
Figure 3.3 shows an example of sample drift measured during the course of a
four-hour experiment using the image drift correction algorithm. Signals are greatly
reduced when the sample has drifted by ~1 pm in x or y and ~2 pm in z but they
return to the initial values after image drift correction.
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Figure 3.2: Template image matching for determining image drift.

Figure 3.3: Representative sample drift measured during the course of a four-hour experi-

ment using the image drift correction algorithm, (a) 2D plots and (b) 3D scatter plot.
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Figure 3.4: SLM-generated hologram cleaned by DMD. (a) Light pattern produced by nine
foci by the SLM with all DMD pixels turned ON. Shown are the zero order (0 order), second
order (+2 (A)) and mirror projections (-1 (A,B,C)) of the first diffraction order (+1 (A,B,C)).
(b) Same photostimulation pattern as in a but with only the nine desired foci gated by the
DMD. All other light is eliminated by being directed to the beam dump. Scale bar 10 pm.

3.2 Results
3.2.1

Performance of the time-gated holographic system

The DMD offers a convenient way to eliminate spurious light patterns that normally result from holographic projection using a phase-only SLM with finite spacebandwidth product. To provide evidence that the hologram is cleaned up by the
DMD, multiple foci were projected onto a reflective surface (e.g. glass slide) placed
in the sample plane and the reflected light transmitted through the dichroic mirror
directly above the objective lens (DM2 in Fig. 3.1a) was imaged. Figure 3.4a shows
the photostimulation pattern produced by the SLM projected onto the sample with
all DMD pixels in the ON position. The pixels for the light pattern have been saturated for clarity. Figure 3.4b shows the same photostimulation pattern with only the
intended nine foci switched ON. in comparison, the undiffracted (i.e. zero-order; see
image centre in Fig. 3.4a) beam from the SLM is missing in the latter, as are other
higher diffraction orders and mirror projections of the first orders. The DMD therefore provides a simple way of eliminating the zero-order beam, thus, eliminating the
risk of unintended uncaging by it, and gives independent control over switching each
stimulation site ON or OFF.
Next, it was assessed whether the SLM-DMD photostimulation system performs
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as expected. Figure 3.5a shows how the power on one uncaging focus scales with
the number of foci, N. The relationship is an inverse proportionality as reported
earlier [Daria et al., 2009]. The error bar for N — 1 shows the variability in power
among different non-central positions of the holographic spot which results from the
spatial variation in the diffraction efficiency of the SLM. For N = 2 to 20, the ON
focus was kept at a fixed position as the spot configuration for a fixed number of foci
was varied. Note that the variability in power within a single position is much less
than the spatial variability. The laser beam has a Gaussian intensity profile. Figure
3.5b shows the normalised power as a cumulative Gaussian function of DMD array
length, which defines the length of the square subarray of micro-mirrors for gating
each uncaging focus, averaged over different positions of the holographic spot. On
average, 96% of the maximum intensity at each spot was recovered using a DMD array size of 21, whereas 90% was recovered with an array length of 15. Based on this
information, for most of the experiments performed in this chapter an array length
of 15 was used. Figures 3.5c and 3.5d show how the glutamate uncaging-evoked response varies with number of uncaging sites, N, and DMD array length, respectively.
The quadratic intensity dependence of two-photon (2P) absorption is reflected here
with the peak voltage seen as a function of 1/N 2 and a squared cumulative Gaussian
function of DMD array size. As the total laser power was kept constant for the experiment in Fig. 3.5c, data points for N < 6 were not taken to avoid damaging the DMD
surface with high laser power. Laser pulse duration in Figures 3.5c and 3.5d is 2 ms.
These plots show that the SLM-DMD system performs according to expectation.
The spatial resolution of glutamate uncaging was investigated. Figures 3.7a and
3.7b show representative lateral and axial resolution profiles from uncaging-evoked
voltage responses to 700 ps laser pulse duration. This pulse duration was achieved
via time-gating with the DMD. The responses were measured while the uncaging
site was moved orthogonally from the spine while the objective was kept fixed. The
lateral profile has a FWHM of 0.8 ± 0.1 pm. The axial profile was 1.3 ± 0.1 pm.
The solid lines correspond to Gaussian curve fits. This resolution depends on laser
power, laser pulse duration and local MNI-glutamate concentration. For example,
the previous chapter reported uncaging resolution with FWHM of 2.4 ± 0.2 pm and
3.7 ± 0.3 pm for the lateral and axial profiles, respectively, using 2 ms laser pulse
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Figure 3.6: DMD gating of 3D light patterns, (a) 3D photostimulation pattern with objective
lens focused in the reference plane 2 = 0 }im and the other 10 sites holographically projected
either above (negative) or below (positive) the reference plane. Scale bar 10 }im. (b) Same
photostimulation pattern as in a but with objective lens focused in the plane 2 = +10 //m. (c)
Sizes of micro-mirror arrays for switching foci shown in a. The array size scales with distance
from the objective focal plane allowing collection of out-of-focus light.
duration.
Figure 3.6a shows 11 foci positioned in a circular arrangement with z-axis positions ranging from 10 /<m above (negative) to 10 }im below (positive) the nominal
focal plane of the objective lens (0 }im). The spot in the focal plane is in focus (i.e.
sharpest) but the rest are out of focus with the spots farthest away (± 10 //m) most
out of focus. Airy rings are apparent in the out of focus spots. Figure 3.6b shows the
same light pattern but with the objective lens focused at z = +10 }im. The spot at
z = +10 //m is in focus while the rest are out of focus with the spot at z = —10
most out of focus. Figure 3.6c shows the DMD array sizes for gating the different foci
in the light pattern in Fig. 3.6a. By scaling the micro-miror array size for gating the
relevant site with distance from the nominal focal plane of the objective lens, there is
accommodation for the increasing size of the out-of-focus projection of the beamlets
and collection of light for points projected above and below the focal plane.
The DMD array size puts a limit on the minimum axial and lateral separation
between two uncaging sites for independent gating. Figure 3.7c plots the calculated
minimum distance between two uncaging sites as a function of axial distance for an
array length of 15 for the case where one spot is fixed while the other spot is moved
away axially and for when both spots are moved together along the axial depth. The
deviation of data points from a straight line (dashed line) is due to programming of
a discrete number of DMD pixels. The minimum separation for two uncaging sites
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Figure 3.7: Spatial resolution of independent uncaging and gating, (a) Minimum separation

for independent gating of two uncaging sites as a function of axial distance for the case when
one spot is fixed while the other spot is moved away axially (filled circles) and for when both
spots move together in the axial direction (open circles). DMD array size is 15. Solid line is
linear fit. (b) Peak voltage with varying lateral distance orthogonal to a spine. FWHM = 0.8
±0.1 pm. (c) Peak voltage as a function of axial distance above the spine. FWHM = 1.3 ±
0.1 pm. For e and / , solid lines are Gaussian fits.

in the same plane is 6.5 pm. Uncaging sites were positioned at least 10 pm from the
center of the visual field to avoid uncaging caused by the zero-order beam and/or
unnecessarily illuminating the sample. These results show that the spatial resolutions
for independent uncaging and independent gating at two sites are different.
3.2.2

Spatio-temporal patterned stimulation

The system offers access to the 3D dendritic arbour of the neuron for activating
synaptic receptors. This enables the study of how neurons integrate multiple synaptic
inputs on their dendritic trees. Such an experiment is illustrated in Fig. 3.8. A 2P
fluorescence image of a L5 pyramidal cell is shown in Fig. 3.8a with the recording
patch pipette near the soma and four basal dendrites either viewed from the top (xy)
or side (yz). Four uncaging sites are chosen with two each projected onto two basal
dendrites located 5 pm apart in the vertical direction. A static hologram for all four
sites is generated with the SLM, and the DMD is used to switch one focus ON at a
time. Figure 3.8b shows glutamate-evoked excitatory postsynaptic potentials (EPSPs)
generated by individually uncaging glutamate at each site for 3 ms duration. Laser
power was set to generate EPSPs consistent with single unitary synaptic inputs (< 0.5
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Figure 3.8: Synaptic integration experiment, (a) L5 pyramidal cell with uncaging sites in
two planes 5 ym apart (1 and 2 are in one plane, 3 and 4 in another) as viewed in the xy
and yz planes. Scale bar 25 ym. (b) Individual uncaging-evoked EPSPs obtained by turning
ON stimulation sites in a static hologram one at a time with the DMD. Stimulus duration
(3 ms) is indicated by red bars at the start of the EPSP (c) Summary of results for different
combinations of uncaging sites. Linearity is expressed as the ratio of the peak amplitudes
of the measured compound EPSP and the arithmetic sum of individual EPSPs. Dashed line
denotes linear summation (100%). Blue bar corresponds to within-branch summation; red,
between-branch summation. Data are shown as mean ± SEM for all combinations.

mV) [Nevian et al., 2007; Fino et al., 2009]. Figure 3.8c summarises the relative EPSP
summation for all the possible combinations of the uncaging sites with the linear
sum being 100%. The blue bar corresponds to within-branch and the red to betweenbranch summation, respectively. No statistically significant difference is observed,
suggesting that the summation under both conditions is largely linear (two inputs in
one basal, n - 2; two inputs on two basal dendrites, n - 4; three inputs, n - 4; four
inputs, n = 1; pooled data, n - 11 combinations). This observed linear within-branch
summation is consistent with the observation by Polsky et al. [2004] who showed
that two weak EPSPs on the same L5 basal dendrite 20 ym apart sum linearly.
Given the spatio-temporal flexibility of the system in designing photostimulation
patterns, it was tested if fast multi-site uncaging patterns could elicit action potentials. Figure 3.9a shows five marked uncaging sites on three apical oblique dendrites
of a L2/3 pyramidal neuron. The DMD is used to randomly switch uncaging sites
ON or OFF for 0.7 — 4 ms at a time for a total period of 4 s. Figure 3.9b shows the
relative intensity at the sample, indicating the number of superposed uncaging stim-
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Figure 3.9: Action potential generation with spatio-temporal patterned stimuli, (a) L2/3
pyramidal cell with five uncaging sites situated along three apical oblique branches and all
in a single plane. Scale bar 25 pm. (b) Representative membrane potential time courses
generated by two repeats of the same train of random stimulus for uncaging glutamate at
the sites in d. In the stimulus, the spatial selections and their time intervals are both random.
The resting membrane potential at the soma was set to -55 mV. Several action potentials
align in time triggered by the same uncaging patterns. Laser intensity in the sample plane is
indicative of the number of simultaneously active stimulus sites, (c) Magnified view showing
membrane potential (black) and laser intensity (red) for a time window from 60 ms before to
20 ms after the peak of the action potential, (d) Mean membrane potential and laser intensity
(n = 53 action potentials) from 60 ms preceding peak of action potential to 20 ms after. Action
potential is driven by a significant increase in laser intensity shortly (~23 ms) before its peak.
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uli, together with the membrane potential at the soma for two identical time-varying
uncaging trials. Several peaks of the action potentials during the two trials align in
time indicating that the action potentials are not randomly evoked, but are triggered
by specific uncaging patterns. Figure 3.9c shows a magnified view of 4 action potentials with the membrane potential trajectories and laser intensity 60 ms before to
20 ms after the peak. Action potentials are generated by simultaneously uncaging at
several sites. Figure 3.9d shows the average membrane potential and laser intensity
(n = 53 action potentials) from 60 ms preceding peak of the action potential to 20 ms
after when all action potentials are peak-aligned. On average, an action potential is
driven by a significant increase in laser intensity ~23 ms before its peak.

3.3 Discussion
It has been shown here that holographic projection with high-speed temporal gating
via a DMD overcomes the 2D limitation of galvano-mirror-based laser scanning systems and the poor temporal resolution of SLM-based holographic projection systems
for 2P uncaging of neurotransmitters. This chapter presented a microscope design
which is an extension of that used in the previous chapter (Fig. 2.1). The incorporation of a DMD allows for full-cycle (OFF-ON-OFF) switching of photostimulation
patterns within 0.7 ms (i.e. 1440 Hz). This is a rate that is not possible to achieve
with just the SLM, which has a response time of ~10—30 ms, alone. Although highspeed shutter systems can operate at the same submillisecond timescale, they do
not allow independent switching of multiple foci. The addition of the DMD to this
set-up also "cleans up" the 3D multi-site photostimulation pattern produced by the
SLM. The DMD offers a convenient way to eliminate the spurious light patterns
that normally result from holographic projection using a phase-only SLM with finite
space-bandwidth product [Palima and Daria, 2006, 2007; Go et al., 2011].
The DMD, by enabling independent switching of individual photostimulation
sites, makes it possible to activate different combinations of the sites without having to change the phase hologram; i.e. the hologram remains static and sites are
switched ON/OFF by the DMD. Moreover, as different stimulus combinations need
to be compared, it is critical that the power at each uncaging site is kept constant.
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The DMD allows this and eliminates the necessity to adjust the total power for distribution among the uncaging sites when using different numbers of stimulus sites
in this experiment. In addition, because the hologram is kept static and the power
at each site constant, the power variability due to the spatially varying diffraction
efficiency of the SLM is not an issue.
The DMD array size sets a minimum lateral distance between two uncaging sites
for independent gating. For an array size of 15 pixels, the minimum distance is 6.5
pm. This distance could be smaller as glutamate uncaging has a much narrower
profile (0.8 ± 0.1 pm lateral FWHM) and considerable overlap between two DMD
arrays is needed to induce 2P uncaging in the OFF site but this was not quantified
here. The gating resolution can be further improved with a slight adjustment in the
optical system. By replacing the Fourier transform lens (see L3 in Fig. 3.6a) between
the SLM and DMD with one with a shorter focal length, smaller foci on the DMD
can be achieved. Consequently, smaller DMD array sizes for gating may be required.
This, however, will increase the incident power density level on the DMD and will
require high-tolerance mirror coatings to prevent damage.
The system presented here uses a DMD (DLP3000) from an evaluation module
(DLP LightCrafter, Texas Instruments). Only the components in the module necessary to address the bare DMD via the video interface were retained; the other
components (e.g. light source and projection lenses) were removed. The DMD is
electronically driven at 1440 Hz when delivering the uncaging binary pattern via the
computer's digital video output. This rate can be increased up to 4 kHz (250 ps)
when 96 frames are preloaded onto the on-board memory of the DMD's driver circuit but this would give a total of only 24 ms of stimulation. Alternatively, one can
use more advanced DMD systems (e.g. DLP V-module, ViALUX), which are capable
of switching rates of up to 22 kHz. One limitation in this work is the low damage
threshold of the DMD component itself. Since it is not designed for use with high
power light sources (e.g. lasers), illuminating the DMD for long periods with focused laser spots damages the device. Such a technical constraint could be overcome
by custom fabricating DMDs with specific mirror coatings to tolerate higher power
levels. In this work, the DMD was potentially stretched to its limits by positioning it
in the Fourier plane where the holographically projected foci from the 2P laser were
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incident. Long sequences of spatio-temporal stimulation patterns are not possible
with the current device.
The basic component of holographic projection is a phase-only liquid crystal (LC)
SLM encoded with a computer-generated phase hologram. The response time of
the LC is dependent on its phase retardation rate, which relates to the operating
wavelength of the SLM [Wu, 1986]. This response time is typically ~30 ms. There
have been several attempts to increase the response time of SLMs [Dayton et al.,
2001; Kirby and Love, 2004], but no technique using spatially addressable SLMs has
achieved multi-level phase-only modulation to perform a full OFF-ON-OFF cycle of
the hologram at submillisecond timescales. Thalhammer et al. [2013] recently demonstrated high-speed hologram transition using a device with an extended phase map
of up to 471 and choosing the minimum route in phase shift for each pixel in between
transitions. This technique allows for one-way transitions of 1—3 ms. An iterative hologram optimization routine is necessary to improve the diffraction efficiency
with the reduced phase representation of the hologram. While this technique can
potentially be applied to 4D photostimulation, changing the hologram introduces
spurious light patterns during hologram transitions, which could result in unwanted
uncaging. While a high-speed shutter or an AOD can be used to turn OFF the light
during transitions, the projection of zero and higher diffraction orders can still pose a
potential issue when the hologram is ON especially when the iterative optimization
routine does not produce an efficient hologram for a specific stimulation pattern.
Holographic projection with binary phase modulations (0 and t t ) has been demonstrated recently for the study of neuronal circuits [Reutsky-Gefen et al., 2013]. SLMs
employing ferroelectric LCs have fast response times (~0.5 ms). However, binary
holograms produce mirror projections of equal light intensity in addition to the zero
order. This reduces the power available for stimulation (after blocking zero order and
mirror projection) to significantly less than 40%. While such technique can well be
applied for IP excitation, either for optogenetics or uncaging, its low optical throughput can be an issue when applying the technique to 2P uncaging in 4D. Moreover,
even for a fixed number of foci, global changes in the binary hologram impact the
intensity level of each focus and could introduce variable 2P uncaging responses.
Changing the number of foci necessitates dynamic control of the laser intensity af-
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fecting both IP and 2P uncaging modes.
This technique uniquely distinguishes itself from existing techniques in that it
uses a conventional phase-only SLM with slow refresh rate combined with a DMD,
which enables independent gating of the holographically projected multiple foci at
high speeds. Here, the SLM first modulates the phase of the incoming laser beam
to generate the desired multi-focal spatial profile before the DMD allows each focus
to be individually turned ON or OFF. Thus, there is minimal loss of laser intensity
compared to the method of using DMDs to remove unwanted light from a wide-field
illumination to shape the excitation light [Bednarkiewicz et al., 2008; Zhu et al., 2012].
This method offers unprecedented flexibility in the design of spatio-temporal (or
4D) light patterns for highly localised release of neurotransmitters. It opens up a
fresh possibility to study synaptic integration in 3D with high temporal resolution.
Since holographic projection allows easy positioning of photostimulation sites along
the dendritic arbor of neurons, this method allows integration between branches to
be directly investigated. This is crucial since in pyramidal neurons, which are abundant in several regions of the central nervous system in mammals [Spruston, 2004],
apical oblique and basal dendrites collectively receive the vast majority of excitatory synapses [Megias et al., 2001; Larkman, 1991; Wang et al., 2007a]. This method
could also be applied to the spatio-temporal control of neuronal activity which allows probing of neural coding, i.e. w hat kinds of spatio-temporal input patterns a
neuron responds to. This technique may also be used for population calcium imaging in the study of network activity [Ducros et al., 2013] and the interaction between
different subnetworks.

3.4

Summary

This chapter presented an advanced technique that enables the design and application of arbitrary spatio-temporal photostimulation patterns that can mimic physiological synaptic inputs. By combining holographic projection with a programmable
high-speed light-switching array, the temporal limitations of holographic projection
were overcome, allowing distributed activated of synaptic inputs leading to action
potential generation. Multi-site 2P glutamate uncaging in 3D with submillisecond
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tem poral resolution was dem onstrated. Im plem enting this approach opens up new
prospects for studying neuronal synaptic integration in 4D.
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Chapter 4

Optimised holographic projection
for photostimulation

Patterned illumination has had many innovative applications such as simultaneous
manipulation of arrays of microscopic objects [Liesener et al., 2000; Curtis et al., 2002;
Eriksen et al., 2002; Rodrigo et al., 2005], patterned 2P microfabrication [Bautista
et al., 2009] and, as seen in Chapters 2 and 3, multi-site photostimulation in neurons
[also, Lutz et al., 2008; Nikolenko et al., 2008; Dal Maschio et al., 2010; Yang et al.,
2011]. For most of these applications, high optical throughput is essential. Because
amplitude modulation techniques (see Sec. 1.3.2.1) are inefficient, modulating light
using phase-only optical devices (see Sec. 1.3.2.2 and Sec. 1.3.2.3) is preferred. In
phase-only holographic projection using an SLM, a 2D phase function, which can
be derived via an iterative optimisation algorithm or via a combination of prism
and lens phase functions [Liesener et al., 2000; Curtis et al., 2002], is applied to the
wavefront of an incident laser beam to produce a desired spatial excitation pattern at
the objective focal plane.
Light can be described mathematically as a complex function. Therefore, accurate
holographic projection requires encoding the input laser wavefront with a complex
field hologram. However, SLMs can only modulate either the phase or the amplitude of an incident light field. Truncating the input function to use only the phase
component of the hologram results in reduced diffraction efficiency and projection
of unwanted high diffraction orders [Palima and Daria, 2006]. Also, cascading two
SLMs to modulate phase and amplitude separately to represent a complex hologram
[Gregory et al., 1992; Tudela et al., 2003; Hsieh et al., 2007] results in significant re81
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duction of the light throughput. An amplitude SLM may made up of a micro-mirror
array or a twisted Nematic liquid crystal combined with spatial polarisation filtering
to produce light patterns with maximum intensity scaled with respect to the incident
light.
In the context of photostimulation, it is important to maximise light throughput in
order to be able to afford more foci for simultaneous photostimulation. This chapter
explores a complex field holographic projection method that uses the GPC method to
produce an optimal amplitude pattern in the hologram plane and assesses whether
it yields a higher light throughput compared to phase-only holographic projection
and complex field holographic projection using a cascade of phase and amplitude
modulators.
The GPC method (Sec. 1.3.2.3) uses an SLM together with a phase contrast filter
(PCF). It is a lossless phase-to-intensity conversion technique that produces a highcontrast intensity image of an input phase-encoded pattern [Glückstad, 1996]. Such
technique has also been widely used in producing multiple beam optical tweezers
[Eriksen et al., 2002; Rodrigo et al., 2005]. The GPC and phase-only holographic projection methods are two major techniques that provide efficient patterned light illumination. Both techniques use phase-only SLMs to achieve optimal optical throughput, but they differ in their operating domains. This method brings these two techniques together to produce optimal 3D light patterns at the output that may be used
for photostimulation. While this method has been conceptualised previously [Bartelt,
1984; Glückstad, 2005], there has been so far no reported demonstration of its actual
operation and efficacy.
The theory and numerical data presented in this chapter have been published
in Optics Letters in 2011 in the article titled, "Optimal complex field holographic
projection" (Appendix 7.3).

4.1 Theory
The technique is implemented by deriving the complex hologram for producing multiple foci at the output using a superposition of combined prism and lens phase
functions. From this complex hologram, the amplitude function is extracted and a
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Figure 4.1: Geometry of combined system for full complex field holographic projection using
the generalised phase contrast method for optimal projection of the amplitude profile.
unique amplitude-to-phase mapping is implemented prior to performing phase-toamplitude conversion via the GPC method. The output of the GPC method is then
combined with the phase component of the complex hologram to project multiple
foci at the output.
Figure 4.1 illustrates the principle behind the complex holographic projection
method using two phase-only SLMs. Efficient light pattern generation at the output (x , y , z ) requires a complex light field, containing both amplitude and phase
functions, at the hologram plane SLM2. The complex field hologram can be determined by mathematically backpropagating the desired light field at the output.
At SLM2, h{u, v) is derived from the superposition of combined lens and prism functions [Liesener et al., 2000; Curtis et al., 2002; Leach et al., 2006], given by the relation
N- 1
2 N Ar
2n , N A
K U'V) = xi E exp[i— ( — (uXi + vyi) + (
)2Zf)]

(4.1)

= a(u/ v)ei^
where a(u, v) and cp(u, v ) are the amplitude and phase functions, respectively, N A
is the numerical aperture of lens L3, A is the wavelength of the laser, R is the radius
of the input aperture, (u, v) and r2 — u2 + v2 are the coordinates in the hologram
plane, and (x,, t/;.z,) denote the positions of the N foci at the output. The first term
in the exponential function in Eq. 4.1 is a prism function and is used to control the
lateral position of the projected spots. The second term is a lens function and is used
to control the axial position of the projected spots.
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Eq. 4.1 results in a complex field and rather than setting a(u,v) — 1, as typically
done in phase-only holographic projection, an optimised amplitude function is determined using the GPC method. The left side of Fig. 4.1 shows the GPC method
(for comparison, see Fig. 1.15a). The amplitude function a(u,v) is mapped out as
a phase pattern, b'(u',v'), at the GPC input (SLM1) which is then converted into an
amplitude pattern, b(u,v), at the GPC output or hologram plane (SLM2) that best
represents a(u,v). The GPC setup produces an output field given by,

g(u,v) =
= b(u,v)eiS^

Z{Z{A(u',v')eib'(u

(4.2)

where b(u,v) and S(u,v) are the output amplitude and phase functions, respectively, A(u' , v ’) and fr'(w',i/) are input circular aperture and phase functions, respectively, and
= 1 + eiecirc(p 1( x z + J/2)1/2)

(4.3)

describes the circular DC filtering PCF with radius p and phase 9 [Glückstad,
1996]. ^ denotes a 2D Fourier transform, and (u',v') and (x',y') represent the coordinates at the input and GPC Fourier plane (PCF), respectively. To optimise the
throughput, the relationship between the radii of the PCF, p, and input aperture, R,
may be set as rj = 0.61 ~l Rp = 0.627 [Glückstad and Mogensen, 2001]. This value
corresponds to the optimal GPC conversion of the input phase pattern into a highcontrast amplitude pattern at the hologram plane. The phase of the PCF, 9, normally
takes on a fixed value of n but this can be made variable for efficient projection of
grayscale intensity patterns [Glückstad et al., 2007]. The PCF can also be designed
with a ring to improve the uniformity of the intensity distribution [Romero and
Daria, 2007]. Note that the output of the GPC contains an extra phase component,
5{u, v), which can perturb the field at the hologram plane (SLM2). To eliminate this
phase, the conjugate of S(u,v) can be encoded onto SLM2 in addition to (p such that
the total field at the hologram plane is given by

h(u,v) = g(u,v)e,{- ^ u'v)- s{u'v)).

(4.4)
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Using Eq. 4.2, this resolves to
h(u,v) = b(u,v)el(p<<u’v\

(4.5)

Note that the amplitude function, b(u,v), is not an exact representation of a(u,v).
Projection of linear grayscale images using the GPC method requires applying phase
conjugation of the input phases or matching the average phase of the input pattern
to the phase of the PCF [Glückstad et al, 2007], The former method entails high
frequency encoding at SLM1, which can affect the diffraction efficiency of the system, while the latter requires a variable PCF. Both methods are therefore impractical.
However, another way to match the average phase of the input pattern to that of the
PCF is to modify the distribution of the phase values corresponding to the intensity
values of the grayscale image while keeping the desired spatial information intact.
To achieve this, b'{u',v') is calculated from the desired output amplitude pattern,
a{u,v), using the following sigmoidal relation,
b'(u',v')=

tt

(1 + e- 7 («(»V)-05 ) ) - 1/

where a(u',v') = a( —u ,—v) and 7 is a scaling factor that varies from 1 to 100.
Low values of 7 approximate a linear relationship between b' and a, while higher
values correspond to a binary mapping of the phase values.

4.2 Numerical results
The performance of the proposed method was numerically evaluated by representing
the 2D light field in a square array with length, M, of 1024 pixels. Each pixel in the
array was represented by a complex number. To relate the position of each pixel
to physical coordinates, the dimension of the square pixel was defined as Ad such
that

Uj

= iAd,

Vj

= jAd and £,-y = £(Ui , V j ). In practice, Ad relates to the pixel size

of the SLM. The field at the hologram plane, hjj, was first calculated using Eq. 4.1.
Then the phase b{j was determined from a,-y using Eq. 4.6. This was set as the phase
input to the GPC setup. The effective operating region at the center of the array was
truncated by A,-,- with the radius set to R/ Ad = 150 pixels. The PCF radius was

(4
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Figure 4.2: Profiles of the Airy pattern and the PCF (grey circle) at the Fourier plane of the
simulated GPC setup.
then set as rj = 0.61 ~ lRp = 0.98. The relatively small aperture with respect to M
results in a well-pronounced transverse Airy pattern at the Fourier plane of the GPC
setup (Fig. 4.2). This allows sufficient pixel representation for the PCF to provide
for accurate numerical simulation of the GPC method. Such aperture size also sets
the maximum resolution of the numerical model and defines the diffraction-limited
focus at the output. For each output pattern calculated using Eq. 4.1, an optimal
phase mapping of bjj was obtained by comparing the GPC amplitude output, h[j, to
the desired amplitude function, atj. An optimum value of 7 was obtained by iterating
Eqs. 4.2 and 4.6 until the normalised error, e, between aij and bjj was within e < 0.001
radians.
For ease in evaluating optical throughput, multiple foci positioning was limited
to a single plane. Throughput was calculated using Parseval's theorem which states
that the total light power leaving a diffracting obstacle is equal to the power at the
diffraction pattern by virture of conservation of light energy [Lipson et al., 1995], or
(4.7)
where h(u,v) is the amplitude distribution leaving the object and

the

Fourier transform of h(u,v), is the amplitude distribution at the diffraction pattern.
The throughput of the GPC-SLM system was then calculated as the sum of intensities
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Figure 4.3: Holographic projection using (a) a phase-only hologram and a complex field hologram with a (b) normalised amplitude pattern and (c) similar amplitude pattern produced
via the GPC method, and intensity distributions showing four foci at the output using (d)
phase-only and complex hologram encoding with a (e) lossy and (f) optimal GPC generated
amplitude pattern.
of the focal spots at the objective focal plane.
Figure 4.3a shows the phase pattern calculated to project a phase-only hologram
of four randomly positioned foci. Figure 4.3d shows the intensity distribution at the
output. The four foci are visible, as well as several spurious high diffraction orders
(yellow arrows). Using phase-only encoding, the peak intensities of the four foci
average to within 20%, giving a maximum of 80.1% optical throughput. With a complex hologram using the normalised amplitude pattern a(u,v) (Fig. 4.3b) combined
with the phase (p(u,v) (Fig. 4.3a), the multi-foci projection at the output (Fig. 4.3e)
is accurate with no high-order spots. However, the optical throughput goes down to
24.9%. Using the GPC method to project an equivalent amplitude pattern, b(u,v),
(Fig. 4.3c) the intensity of each focus averages to ~23%, producing a total optical
throughput of 92.0% (Fig. 4.3f). This is a 14.9% increase over the total throughput
obtained using a phase-only hologram. More importantly, spurious high diffraction
orders are no longer visible when using the combined method.
The performance of the method was evaluated by calculating the throughput
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Figure 4.4: (a) Normalised optical throughput and (b) ratio of highest 2nd order peak, I2 , to
mean 1st order peak, < I\ >, comparing phase-only and complex hologram encoding using
a lossy amplitude modulator and the generalised phase contrast method (GPC).
for varying number of foci, N. Figure 4.4a shows the optical throughput versus
N for the proposed method (GPC & phase) compared to a phase-only hologram
(phase only) and a complex hologram using both amplitude and phase modulators
(amp & phase). For each N, the throughput was averaged for 10 random patterns
or spot positions. For 1 <N< 3, the proposed methods yields a lower throughput
compared to the phase-only encoding method. For N > 3, it either has higher optical
throughput or has throughput comparable to the phase-only encoding method. The
complex hologram encoding method using a lossy amplitude modulator has a much
lower throughput compared to the phase-only method for N > 1 and only exceeds
the GPC plus phase method for N < 3.
The performance of the method was also evaluated in terms of the contrast between the first and second diffraction orders at the output. The ratio of the light
intensity of the brightest second diffraction order, /2, to the mean intensity of the
first-order foci, < I\ >, is plotted in Fig. 4.4b. The lower the value of this ratio, the
higher the contrast between the first and second diffraction orders and the less light
there is distributed to high diffraction orders. For N < 3, the GPC plus phase method
has poorer contrast (higher ratio) compared to the phase-only encoding method. For
N > 3, it has significantly higher contrast (lower ratio) compared to phase-only holographic projection. The complex hologram encoding method using a lossy amplitude
modulator has the highest contrast (lowest ratio) for N > 1.
On the combined basis of optical throughput (Fig. 4.4a) and high-order sup-
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pression (Fig. 4.4b), the proposed method improves on both phase-only modulation
and complex field holographic projection using a cascade of amplitude and phase
modulators for N > 3.

4.3 Discussion
A complex field holographic projection technique that uses an optimal amplitude
pattern produced by the GPC method and a phase-only hologram has been demonstrated and is shown to produce higher optical throughput and cleaner holograms
for projection of more than three foci. The reduced throughput of the proposed
method for projection of three foci or less is due to the fact that the optimal bij that
was calculated corresponds to a GPC binary phase pattern with a ratio of 7r-phase
shifted pixels to 0-phase shifted pixels > 50%. Optimal operation of the GPC method
requires that this ratio be around 25% [Glückstad and Mogensen, 2001].
The PCF radius used to achieve high optical throughput in the numerical simulations had a fixed ratio rj = 0.98 with respect to the input aperture. It has been
previously reported that rj = 0.627 yields optimal GPC conversion [Glückstad and
Mogensen, 2001] of the input phase pattern into a high-contrast amplitude pattern.
However, it was found that this value yields a lower total diffraction efficiency, ~89%,
at the final output of the GPC plus phase hologram technique. Here, remapping the
grayscale of the input phase by varying 7 in Eq. 4.6 provides for optimal light transmission. This results in a slightly different GPC-generated amplitude pattern seen
in Fig. 4.3c compared to the normalised amplitude pattern seen in Fig. 4.3b. An
iterative linear search was used to obtain optimal conditions with values ranging
from 7 = 10 to 50. However, binary search algorithms may also be used for faster
response.
Commercially available SLMs have limited diffraction efficiency. This may be due
to several factors including a phase shift range less than 2n, the pixilated structure of
the SLM which constraints the diffracted pattern below a (^ A )2 envelope, limited fill
factor and imperfect anti-reflection coating [Bowman et al., 2011; Ronzitti et al., 2012].
A limited phase modulation range is the primary cause of low diffraction efficiency
[Bowman et al., 2011]. However, even an SLM capable of phase modulation of 2zr
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(such as the one used in Chapters 2 and 3) still produces spurious light patterns.
The pixilated structure of the SLM results in some light power being directed to
higher diffraction orders which result from representing a complex field as a phaseonly hologram [Palima and Daria, 2007]. Finally, a limited fill factor and imperfect
anti-reflection coating result in an undiffracted zero-order beam.
The proposed method yielded a diffraction efficiency of 92.0% for projection of
four foci compared to 80.1% for phase-only encoding. For a greater number of foci,
the two methods yielded comparable diffraction efficiencies. It is possible that by
using other values for the parameters used in the numerical simulations, a higher
diffraction efficiency of the proposed method for N

4 would have been obtained.

But this was not explored.
This technique has the potential to be applied to photostimulation or Ca2+ imaging, particularly in studies that require more than three stimulation foci. It has the
potential to increase the number of foci available for photostimulation given a finite
available laser power. Its ability to produce cleaner excitation patterns also reduces
the risk of unintended photostimulation.
Here, the analysis has been limited to projecting 2D foci patterns to simplify the
calculation of the optical throughput via ParsevaTs theorem. However, application
to holograms calculated from multiple foci projected in 3D should be straightforward. To implement this technique using two phase-only SLMs, a previously reported alignment procedure may be used [Rodrigo et al., 2005]. However, the need
for two SLMs would double the cost for setting up a holographic projection system.
Alternatively, a single SLM divided into two operating regions [Jesacher et al., 2008]
together with a reflecting PCF (with 9 = zr/2 on-axis phase shift) may be used.

4.4

Summary

This chapter demonstrated a technique that uses complex field holograms to project
3D light patterns. Using a lossless amplitude field projection via the GPC method,
an optimal amplitude pattern is incorporated into a phase hologram to achieve complex field holographic projection. The technique was numerically evaluated and was
shown to yield higher optical throughput for the projection of spot patterns with
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more than three foci compared to phase-only holograms and complex field holograms that use lossy amplitude modulation. It also significantly decreased the intensity of undesired high diffraction orders, providing cleaner excitation patterns.
Analysis was limited to projecting 2D foci patterns to simplify the calculation of the
optical throughput. However, application to 3D foci patterns should be straightforward.
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Chapter 5

Femtosecond laser dendrotomy

Information output of a neuron is encoded in its firing pattern [Connors and Gutnick,
1990]. Similarity in firing pattern among neurons has allowed the classification of
neurons into electrophysiological classes [Connors and Gutnick, 1990; Larkman and
Mason, 1990; Mason and Larkman, 1990; Contreras, 2004]. Moreover, modelling studies have suggested that, in addition to ion-channel composition, dendritic morphology significantly influences firing pattern [Mainen and Sejnowski, 1996; Krichmar
et al., 2002]. Investigations of the structure-function relationship have been largely
limited to fortuitous observations and modelling approaches. Dendrotomy would
be useful to experimentally manipulate dendritic structure and to study its effect
on neuronal firing and, ultimately, on information processing [van Elburg and van
Ooyen, 2010].
Several mechanical techniques have been used to disconnect neurons from their
processes in brain slices. These include using simple [Karst et al., 1993] or complex
blades [Andersen et al., 1980; Andreasen and Lambert, 1998], using the recording
patch pipette to slowly pull the soma away [Safronov et al., 1997], using a rapidly vibrating sharp pipette [Kirson and Yaari, 2002] and using two pincer pipettes [Bekkers
and Häusser, 2007]. These techniques, however, are invasive and incur collateral
damage to the cell and the surrounding tissue. As such, their application has been
mostly restricted to dissection of the main apical dendrite. The need is for a tool that
can access dendrites embedded deep within brain tissue and focally perform dendrotomy while keeping the neuron functional and the surrounding neuropile more
or less intact.
Focused laser light has found use in cellular surgery as an ultra-sharp scalpel.
93

Femtosecond laser dendrotomy

94

A femtosecond-pulse laser with ultra-thin light pulses and very high peak powers
spatially compressed by a lens brings about nonlinear light-matter interactions at
the submicron focal volume [Denk et al., 1990; Zipfel et al., 2003]. At regions below
and above the focus where the density of photons is much lower, individual photons
have negligible effect on the tissue. At the focal volume (<0.5 //m3) where the photon density is highest, the combined energy of two photons simultaneously absorbed
brings about a wide range of multi-photon light-tissue interactions including photochemical processes, plasma formation, tissue expansion and denaturing of proteins
due to temperature. The exact underlying principle for all these processes is not yet
fully understood. However, it has been demonstrated that using femtosecond-pulse
laser allows for dissection of submicron-sized structures with minimal or negligible
damage to surrounding tissue (Sec. 1.4).
This technique has been applied to the mammalian central nervous system, in vivo
to produce vascular disruptions in rat brain parenchyma to model stroke [Nishimura
et al., 2006] and to dissect dendrites and ablate single spines in the rat cortex [Sacconi et al., 2007], and in vitro to cut axons, which have submicron diameters [MejiaGervacio et al., 2007; Kole, 2011]. However, to date no study has characterised the
electrophysiological properties of neurons during and following dendrotomy or axotomy.
In this chapter, the dendritic tree of neocortical pyramidal neurons in vitro is
pruned optically using a custom-built 2P microscope and the properties of the neurons following dendrotomy are assessed. Neurons are monitored electrophysiologically post dendrotomy and the separation is verified by evoking EPSPs via 2P glutamate uncaging at identified spines proximal and distal to the site of dendrotomy.
This is also verified by biocytin staining post hoc. The effects of small- and large-extent
dendrotomy on neuronal firing characteristics are investigated.

5.1 Materials and methods
5.1.1

Optical setup

The optical setup is part of the time-gated holographic 2P microscope shown in Fig.
3.1. The schematic of the microscope subset used here with slight modification is
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shown in Fig. 5.1. Two near-IR laser beams, one for imaging (800 nm; MIRA 900,
Coherent Scientific, Hilton, Australia) and another for uncaging (720 nm) and cutting
(720 nm or 800 m; Chameleon, Coherent Scientific, Hilton, Australia), are combined
ahead of the objective lens (OL; 40 x 1.0 NA, Carl Zeiss, North Ryde, Australia) via
a polarising beam splitter (PBS) following reorientation of the polarisation of each
laser using half-wave plates (not shown). Galvano mirrors (GM; GVS012, Thorlabs,
Newton, USA) scan the linearly polarised imaging beam for 2P fluorescence imaging and choice of position for uncaging or dendrotomy. A dichroic mirror (DM2)
reflects the beam to the objective. A 2P image is obtained by collecting the green
fluorescence from the sample directed to another dichroic mirror (DM1), which reflects wavelengths below 650 nm into a PMT. The sample can also be viewed via
an upright DIC microscope (BX50WI, Olympus, Notting Hill, Australia; for details
on DIC imaging, see Sec. 2.1.1). Custom software developed in Labview (vR2010a,
National Instruments, North Ryde, Australia) controls the acquisition of 2P fluorescence images and enables easy switching between the two lasers, the modulation of
their intensities by driving the motorised mount (PRM1Z8, Thorlabs, Newton, USA)
of a half-wave plate, and the positioning of the laser beam at any arbitrary point for
dendrotomy or uncaging.

5.1.2

Slice preparation and electrophysiology

Young male Wistar rats (P15-19) were rapidly decapitated and parasagittal cortical
brain slices 300 }im thick were prepared as detailed in Section 2.1.5.
Whole-cell voltage- or current-clamp recordings were obtained from L2/3, L5 and
CA1 pyramidal neurons as detailed in Section 3.1.4. For imaging and subsequent
histological processing, 0.1 mM Alexa-488 (Invitrogen, Life Technologies, Mulgrave,
Australia) and 13.5 mM biocytin, respectively, were added to the standard intracellular solute (see Sec. 2.1.5). To evoke neuronal action potentials, current steps from
-100 to 800 pA in increments of 100 pA (duration 500 ms) were delivered in current
clamp at 1 Hz.
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Figure 5.1: (a) Optical setup for femtosecond-laser dendrotomy. M: mirror, PBS: polarising
beam splitter, GM: galvano mirrors, L: lens, DM: dichroic mirror, OL: objective lens. LI: /50,
L2: /200, L3: /50, L4: /200. (b) Schematic of alignment showing distances in mm. Laser
beam fills the back aperture (BA) of a 40 x 1.0 NA Zeiss objective lens (diameter 1.98 mm).
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Two-photon fluorescence imaging, dendrotomy and uncaging

Imaging was carried out as described in Sec. 3.1.5. The location for subsequent
dendrotomy was chosen from the 3D fluorescence stack. Ist-, 2nd-, 3rd- and 4f/,-order
dendritic segments were pruned with 100 ms pulses at 720 or 800 nm. Dendrotomy of
thin 3rd and 4th order dendritic segments was performed with a point excitation (spot
size or 1/e radius of the intensity PSF of 165.5 nm for A = 720 nm and 183.8 nm for
A = 800 nm) while dendrotomy of thicker l s< and 2nd order segments was done with
a line scan (scan speed 100 Hz, 10 repetitions). The holding current of the neuron
was monitored in whole-cell voltage-clamp. The firing response to current steps
was acquired in current-clamp before and after dendrotomy. Only post-dendrotomy
neuronal responses for which the holding current returned to close to the initial value
following the cut were analysed.
To verify if dendrotomy was functionally successful, EPSPs were generated via
2P uncaging of MNI-glutamate at identified spines up to 10 }im proximal and distal
to the locus before and after dendrotomy. The uncaging sites were determined from
the 3D image map prior to dendrotomy. MNI-caged glutamate (10 mM; Tocris Bioscience, Sapphire Bioscience, Waterloo, Australia) was locally superfused through a
large-diameter pipette (1 —2 MO) and uncaged at 720 nm. Slight pressure (~3 kPa)
to the delivery pipette was introduced through a syringe. The laser pulse (2 —4 ms)
was controlled via shutter (Uniblitz VS25, Vincent Associates, Rochester, USA). An
automated drift correction algorithm (see Sec. 3.1.7) was run before every uncaging
event to ensure that the photostimulation sites remained optimally positioned.
Two separate lasers were used, one for imaging (at 800 nm) and another for
cutting (at 720 or 800 nm) and uncaging (at 720 nm). Laser power was set to 12 —22
mW for imaging, 22 —108 mW for dendrotomy and 9 —30 mW for uncaging.
5.1.4

Histology and 3D reconstruction

Staining of biocytin, present at 0.5% in the intracellular solution, was investigated
to histologically verify the success of a cut. After recording, the pipette was slowly
and carefully retracted from the cell. The slice was fixed in a 0.1 M phosphate buffer
solution containing 4% paraformaldehyde and was stored in the refrigerator until
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histological processing. Histology was done based on previously published methods
[Horikawa and Armstrong, 1988; Kawaguchi et al., 1989]. The paraformaldehyde was
removed by rinsing slices in 0.1 M PBS. Slices were then washed in 2% peroxide dissolved in 0.1 M PBS to quench endogenous peroxidases. Slices were rinsed again and
permeabilised with a solution containing Trizma-based solute (TBS), 0.5% Triton and
10% swine serum. To identify the patched cells, slices were incubated at room temperature with biotin, avidin and horseradish peroxidase (Vectastain ABC Kit, Vector
Labs) and stored overnight in the fridge. Afterwards, slices were washed in TBS and
then incubated with a solution containing di-ammonium nickel sulphate-6-hydrate,
cobalt chloride, phenylenediamine and catchol in cacodylate buffer to set up optimal
conditions for redox reaction. Slices were then reacted with a drop of 2% hydrogen
peroxide. After staining of the cells was evident, the reaction was stopped by rinsing
the slices in PBS and then mounting them on microscope slides in a drop of moviol
and sealing the slides with coverslips with varnish. Stained neurons were imaged
on a standard microscope (AxioSkop 2MOT, Zeiss, Germany) equipped with a highresolution colour camera. Neurolucida software (MBF Bioscience, Williston, USA)
was used to generate neuronal morphology reconstructions, which were exported to
Neuron software [v7.3, Carnevale and Hines, 2006] for visualisation.

5.1.5

Data analysis

Input resistances were calculated from voltage responses to intracellular current steps
below the minimum current am plitude that caused the neuron to fire. Firing frequency, / , was plotted against stimulus current amplitude, /, and plots were compared using an F test. For simplicity in calculations, / —I curves were fitted with an
exponential fit.

5.2 Results
5.2.1

Morphological effects of dendrotomy

3D images of neurons labeled with Alexa-488 were obtained using a custom 2P laser
scanning microscope. From the 3D image, a site for dendrotomy was chosen. As
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Figure 5.2: Time-lapse observations of morphological effects of dendrotomy. (a) 2P fluorescence images showing dendritic segment before (O') and after (2', 20') dendrotomy. Images
show swelling in distal dendritic segment, then recovery, (b) Sustained swelling during the
observation period, (c) Beading, degeneration and disappearance of distal dendritic end.
Arrows mark laser irradiation sites. Scale bars 20 /*m.

there was no way of predicting the power threshold for damage a priori, the power
was increased in small increments starting from a low level, typically 10 mW. However, the average power settings were 58.3 ± 39 mW (n = 10) and 89.9 ± 33.4 mW
(n = 9) for 720 and 800 nm, respectively. The area was imaged before and after
(up to two hours post dendrotomy) to assess how dendrotomy affected the dendritic
structure both distal and proximal to the irradiation site.
Irradiating dendrites with laser light at power levels below a damage threshold
induced no observable changes in morphology. Beyond the damage threshold, irradiation resulted in either swelling or complete dissection. Swelling was observed
either locally beyond the submicron focal volume of the laser beam extending for
~ 1 —4 pm along both distal and proximal dendritic ends or along the entire length
of the distal end, sometimes also including several microns along the proximal part.
Swelling or beading resolved to three outcomes: full recovery to pre-dendrotomy
morphology within the observation period (Fig. 5.2a), maintained swelling for the
whole duration of observation (Fig. 5.2b), or beading of the distal end and its eventual degeneration and disappearance (Fig. 5.2c).

Femtosecond laser dendrotomy

100

In the case of dissection, sometimes the degeneration of the distal end of the
dendrite was so fast that in images taken immediately after dendrotomy, the distal
end of the dendrite simply disappeared. At times there was no apparent effect on the
proximal end. At other times, the damage also extended ~ 1 —2 ym to the proximal
end (Fig. 5.3i). In some cases, it was noted that neighbouring dendrites close to the
site of irradiation also showed beading (Fig. 5.3d).
5.2.2

Histological and functional confirmation of dendrotomy

Figures 5.3a and 5.3f show 2P fluorescence images of L5 neurons prior to dendrotomy. Between 8 —11 images were required to be stitched to cover the entire length
of the neurons. Figures 5.3d and 5.3i show time-lapse images of the dendrotomy
regions used for documenting changes in structural integrity. To further assess structural integrity, slices were histologically processed post hoc. Bright-field images of
the processed slices (Fig. 5.3b,e,g,j) were taken and the neurons subsequently reconstructed (Fig. 5.3c,h). Dendrotomy was considered successful if separation was
evident in both the 2P and bright-field images.
To provide functional assessment of dendrotomy, MNI-glutamate was locally
uncaged at identified spines proximal and distal to the site of cut before and after
dendrotomy. Figures 5.4a-c show an example of successful dendrotomy supported
by a retained proximal (1) uncaging response but lost distal (2) response after dendrotomy (grey lines, Fig. 5.4c). This is consistent with the disappearance of the
distal dendrite in the post-dendrotomy fluorescence images (Fig. 5.4aII-III) and in
the biocytin image (Fig. 5.4b).
Functional confirmation of dendrotomy proved to be important because there
were instances when the distal part of the dendrite disappeared in the 2P image
following dendrotomy suggesting a successful cut but the uncaging data indicated
otherwise. In the example shown in Figure 5.4d-f, the distal part of the dendrite
is missing in the 2P fluorescence image taken immediately after dendrotomy (Fig.
5.4dII). However, it reappears in the 2P image taken 30 minutes after dendrotomy
(Fig. 5.4dIII) with some minor swelling and is also evident in the biocytin image
(Fig. 5.4e). These images confirm the uncaging data (Fig. 5.4f), which show that both
proximal (1) and distal (2) responses are reduced but, nevertheless, retained after
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Figure 5.3: Structural and histological verification of dendrotomy in (a-e) a 4f/'-order and (f-j)
a l sf-order dendrite of a L5 pyramidal cell. (a,f) Montage of 2P fluorescence images of a L5
pyramidal cell prior to dendrotomy. Boxed region indicates region of cut. Red arrow and
line indicate site of point and line scans, respectively, for dendrotomy. Scale bar 50 f ,i m . (b,g)
Bright-field image of biocytin stain after histology with the same boxed region in n indicated.
Breaks in the image are artefacts from embedding. (c,h) Neuronal reconstruction based on
b and g. The axon and its collaterals were not reconstructed. (d,i) Magnified view of boxed
area in a , f showing dendritic segment before (O', I) and at two time points after (II—III)
dendrotomy. Scale bar 10 } i m . (e,j) Magnified view of boxed area in b showing histological
evidence of separation. Dendrotomy was performed with 100 ms of 108 mW for a-e and 54
mW for f-j at 800 nm.
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laser irradiation (grey lines) suggesting incomplete dendrotomy. As a consequence
of incomplete dendrotomy, fluorescent dye from both the proximal and the distal
dendrites presumably leaks into the extracellular compartment. The remaining dye
in the distal dendrite reduces to a much lower concentration and thus, gives a faint
signal in the image taken with no adjustment to the laser power. With the incomplete
cut partially resealing, dye diffuses back into the distal dendrite from the proximal
part such that the distal piece of dendrite reappears in the image.

5.2.3

Impact of dendrotomy on electrophysiological properties

To characterise the neuron physiologically prior to dendrotomy, its firing response
to current steps was recorded. Dendrotomy was monitored through the holding current, Ihoid. A sudden increase in 1 ^ was observed during dendrotomy regardless of
the location of the cut in the dendritic tree. Z/,0/^ typically returned to the initial level
within 20 min (Fig. 5.5a,c), an indication that the dendrite may have resealed. This
was observed for 91% (21/23) of experiments. The magnitude of the increase in 7;,0/^
depended on the distance of the dendrotomy site from the soma (Fig. 5.5e), indicative of distance-dependent current attenuation along the dendritic tree. Sometimes
an increase in holding current was observed even though dendrotomy was unsuccessful. In these cases, the holding current immediately (< 1 min) returned to the
initial level. Laser power was then increased until dendrotomy was successful.
To characterise the neuron physiologically after dendrotomy, the neuron's firing
response was recorded again after Z/J0/^ returned to the initial level. Figures 5.5b
and d compare the firing frequencies before and after dendrotomy for representative
cuts in At,l-order and l sf-order dendrites, 600 ym and 360 ym away, respectively,
from the soma of L5 pyramidal cells. Dendrotomy in the 4f/'-order dendrite did
not significantly change the frequency versus current step am plitude ( / — I) curve
(P > 0.2) (Fig. 5.5b). It also did not alter the neuron's input resistance (RIM) which
was 80.2 ± 17.9 MO before dendrotomy and 85.4 ± 6.8 MO after. On the other hand,
dendrotomy in the l s*-order dendrite significantly increased the firing frequency of
the neuron (P < 0.001) (Fig. 5.5d). This was accompanied by an increase in Rin
from 82.1 ± 23.4 MQ to 140.9 ± 22.4 MO. This observation is consistent with the
removal of a larger area of dendritic membrane in the case of the l sf-order dendritic
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Figure 5.4: Functional verification of dendrotomy. Evidence for a successful (a-c) and an
unsuccessful dendrotomy (d-f). (a,d) 2P fluorescence images showing a dendritic segment
before (O', I), immediately after (II) and 30 min (III) after dendrotomy. Scale bar 10 }im. (b,e)
Bright-field image of biocytin stain used for verifying dendrotomy. (c,f) EPSPs evoked by
MNI-glutamate uncaging at spines proximal (1) and distal (2) to dendrotomy site prior to
(black line) and post (grey line) dendrotomy. Locations of sites are indicated in a,d. Red
lines under uncaging responses indicate uncaging laser pulse duration (4 ms). The dendritic
segment in the upper left corner of e lies in another plane that was not covered in the 2P
images.
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Figure 5.5: Electrophysiological characterisation of laser dendrotomy in 4^'-order (a,b) and
l s<-order (c,d) dendrites of L5 pyramidal cells. (a,c) Representative time course plot showing
sudden increase in
with dendrotomy. C marks the time of laser irradiation. (b,d) Representative / —/ plots before (black filled circles) and after (red open circles) dendrotomy.
Solid lines denote exponential fit. Site of dendrotomy in a-b is 600 ym from the soma while
the site in c-d is 360 /;m away along the main apical of a different cell, (e) Increase in f/,0/rf
following dendrotomy for varying distances from the soma, (f) Mean difference between preand post-dendrotomy firing frequencies plotted against the ratio of the value of R;„ after dendrotomy to its initial value. For comparison of corresponding / —/ curves before and after
dendrotomy, P value < 0.01 is denoted by * while P < 0.001 is denoted by **. Filled circle:
L5 pyramidal cell, open square: L2/3, open triangle: CA1. Red: l s/-order apical dendrite,
black: 2nd-, 3rd- or 4f/'-order apical dendrite, blue: 2”rf-order basal dendrite.
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Laser power (mW)
Figure 5.6: Dependence of cutting efficiency and cell viability on laser power for 720 nm
(black) and 800 nm (red). Cell is characterised as viable when its holding current returns to
close to initial level after dendrotomy. Solid lines denote sigmoidal fit.

cut compared to the 4f/l -order dendritic cut.
Figure 5.5f summarises the change in firing frequency for dendrotomy at different locations in the dendritic tree corresponding to the removal of varying amounts
of dendritic membrane. The difference between firing frequencies before and after dendrotomy is averaged over the different current step amplitudes and is plotted
against the ratio of

after dendrotomy to its value before dendrotomy

( Rd e nd / R ctri)-

The graph shows that dendrotomy in 2nd-, 3rd- and 4f/'-order dendrites produces less
change in dendritic membrane area
to dendrotomy in l sf-order dendrites

( Rde nd/ Rctri
{ Rd e n d / R c t r i

— 1-07 ± 0.09, n = 9) compared
— 1-72 ± 0.25, n = 3) and conse-

quently has a smaller influence on the firing pattern. With the exception of a cut in a
2"^-order basal dendrite in a L2/3 pyramidal cell (P < 0.01), f — 1 curves were only
significantly changed by dendrotomy in W -order dendrites (P < 0.001).
Finally, the effect of laser power on cell viability, defined as I/Wid returning to the
initial level or close to it, was investigated. Figure 5.6 compares for two wavelengths
(720 nm, black and 800 nm, red) the cutting efficiency of different laser power settings
and their effect on cell viability. Cell viability dominates cutting efficiency up to 50
and 86 mW for 720 and 800 nm, respectively, after which cutting efficiency dominates.
Dendrotomy occurs without fail (cutting efficiency of 1.0) with 142 and 161 mW
for 720 and 800 nm, respectively. In the experiments in this chapter, the optimal
laser power for achieving successful dendrotomy while maintaining cell viability
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was attained by systematically incrementing the laser power from a very low initial
level. The lower-energy wavelength, 800 nm, required higher power to achieve the
same level of cutting efficiency as 720 nm. On average, dendrotomy using 800 nm
required 89.9 ± 33.4 mW (n — 9) while dendrotomy using 720 nm required 58.3 ±
39 mW {n = 10).

5.3 Discussion
Femtosecond laser dendrotomy has been demonstrated and has been shown to allow for highly localised dissection of individual dendritic branches. Dendrotomy
was characterised by a sudden and large increase in Ifl0idt which typically returned
close to the initial level. This suggests that the dendrite may have resealed after dendrotomy. If the cut end reseals completely, the uncaging response in the proximal
uncaging site, which is typically positioned within 10 //m of the dendrotomy site,
can be expected to increase due to current reflection from the sealed end. The postdendrotomy proximal uncaging responses shown in Fig. 5.4 are either comparable
or lower than the pre-dendrotomy response suggesting that at the time of uncaging,
the dendrite may not have completely resealed.
Dendrotomy in 2nd-, 3rd-, and 4^-order dendrites did not change neuronal firing
rate significantly. However, dendrotomy in l sf-0rder dendrites resulted in an increase
in firing rate for the same current injected. The dendritic tree serves as an electrical load for action potential generation and removal of a large part of it lowers the
electrical load on the neuron, consequently enhancing its excitability. Similar observations have been reported after dissection of the main apical trunk of Purkinje cells
and L5 pyramidal cells [Bekkers and Häusser, 2007].
The morphological effect of laser irradiation was either beading or complete dissection. For cases where separation was not evident but beading in the dendrite persisted for the whole duration of observation, it is likely that the distal dendrite would
have eventually degenerated and disappeared given a longer observation period. In
dendrotomy performed in vivo, Sacconi et al. [2007] observed swelling within the first
40 minutes after dendrotomy but no dissection was evident until after 24 hours.
Here, success of dendrotomy was verified in three ways: 2P fluorescence imaging,
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glutamate uncaging and biocytin staining. In the case of 2P fluorescence imaging, it
is important to note that structural integrity is inferred from the dye concentration,
which in turn is inferred from the measured intensity. Loss of fluorescence, however,
does not always equate to removal of material. Fluorescent dyes are susceptible
to photobleaching. Bourgeois and Ben-Yakar [2007] observed the photobleaching
effect in C. elegans axons right after laser irradiation. They observed that below the
threshold causing damage, axons may lose fluorescence in irradiated regions despite
incomplete axotomy. Moreover, it has been shown here that dye from the distal part
of an incompletely cut dendrite may leak out and, so, cause the distal dendrite to
"disappear" in the fluorescence image taken immediately after laser irradiation. In
general, such dendrites reappeared in fluorescence images taken > 15 min after the
unsuccessful dendrotomy attempt. Thus, when concluding success of dendrotomy
solely from the 2P fluorescence image, it is important to confirm the cut again after
15 min.
The underlying working mechanism for femtosecond laser nanosurgery is not
yet fully understood. In a modelling work that simulated plasma formation in water,
the evolution of temperature distribution, thermoelastic stress generation and stressinduced bubble formation, Vogel et al. [2005] reported that nanosurgery with 80MHz repetition rate lasers, such as is used here, is mediated by free-electron-induced
chemical decomposition or bond breaking in conjunction with multiphoton-induced
chemistry. It has been interpreted that such chemical decomposition of membrane
components changes membrane permeability, leading to dendritic swelling [Mascaro
et al., 2010]. If the effect is small enough, the neuron recovers. Otherwise, beadlike structures form and the distal dendritic end degenerates similar to how severed
axons go into Wallerian degeneration [Waller, 1850; Beirowski et al., 2005]. With
increased laser energy levels, damage may also be created by heating and long-lasting
bubbles produced by tissue dissociating into volatile components [Vogel et al., 2005].
It is possible that the sudden increase in

observed here is due to the re-

cruitment of mechanosensitive (MS) channels [Martinac et al., 1987; Kung, 2005] that
respond to mechanical perturbation of the membrane. Such perturbation may result from thermal molecular agitation or cell swelling [Martinac, 2004], Several MS
channels belong to the transient receptor potential (TRP) superfamily [Corey, 2003;
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Maroto et al., 2005] and are present in the mammalian nervous system [Kung, 2005].
The role of MS channels may be tested in pharmacology experiments where dendrotomy is carried out with MS channel blockers.
Dendrotomy with localised damage can only be achieved with an optical technique using 2P excitation. Non-optical techniques generate extensive collateral dam age and are mostly restricted to dissection of the main apical dendrite [Safronov
et al., 1997; Kirson and Yaari, 2002; Bekkers and Häusser, 2007]. This technique has
the potential to be used for manipulating dendritic topology to study its effect on
neuronal firing. This may be useful because alterations in dendritic topology have
been observed in diseases such as Alzheimer's [Yamada et al., 1988; Moolman et alv
2004], epilepsy [Teskey et al., 2006], mental retardation [Kaufmann and Moser, 2000]
and even prolonged stress [Sousa et al., 2000; Radley et al., 2004; Cook and Wellman,
2004; van Elburg and van Ooyen, 2010]. The capacity of this technique to dissect
individual dendrites while leaving the rest of the dendritic tree intact would allow
the in vitro study of signal integration without impairing it. For example, the interaction between currents from different cellular compartments and their contributions
to synaptic integration [Bekkers and Häusser, 2007; Bekkers, 2011] could be studied.

5.4

Summary

A method that incorporates an ultra-sharp scalpel in the form of a focused femtosecondpulse laser into an in vitro electrophysiological rig to analyse morphology-dependent
neuronal properties was presented. It was shown that femtosecond laser dendrotomy offers a precise, non-invasive cutting tool that allows dissection of individual
dendrites while leaving the rest of the dendritic tree intact. Dendrotomy was characterised by a sudden and large increase in holding current which returned close to
the initial value within 20 min. Successful dissection was verified via 2P photolysis
of caged neurotransmitters performed before and after dendrotomy at sites around
the cut location and via biocytin staining. Small-scale dendrotomy did not change
neuronal firing rate significantly but large-scale dendrotomy significantly enhanced
neuronal excitability. This technique can be used for arbitrarily pruning dendritic
morphology and investigating the relationship between dendritic structure and neu-
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Chapter 6

Conclusion

The aim of this thesis has been to add significantly to the optical toolkit available
to neuroscientists for exploring neuronal function. This thesis set out to generate
2P spatio-temporal photostimulation patterns that resemble physiological synaptic
inputs. The literature addressing synaptic integration has remained incomplete because of limitations imposed by existing stimulation techniques. Experimentally,
there is the need for spatio-temporal flexibility in controlling synaptic input patterns.
Scanning photostimulation techniques are limited to a single plane and, despite
their submillisecond resolution, do not allow truly simultaneous multi-site photostimulation. Although IP holographic projection using an SLM allows simultaneous
stimulation at multiple sites in 3D, 2P excitation can greatly improve lateral and axial resolution. Thus, this thesis set out to generate 2P holographic photostimulation
patterns for simultaneous highly-localised multi-site photostimulation in 3D. The
limitation of this technique, however, is the slow response time of the SLM (~30 ms),
which is not fast enough to control photostimulation temporal sequences. To achieve
submillisecond temporal resolution, a system was designed where the 3D multi-spot
photostimulation pattern generated by the SLM was temporally gated by a spatial
light switching array, provided by a DMD, capable of switching within 0.7 ms.
This thesis also aimed to optimise the holographic projection technique used for
photostimulation by employing a complex field hologram generated by a combined
GPC-SLM system. The convention is to generate a phase hologram with a phaseonly SLM. While a technique for obtaining a complex field hologram by cascading
a phase-only SLM with an amplitude-only SLM exists, it generally leads to loss of
optical throughput.
Finally, this thesis sought to demonstrate the potential of femtosecond laser den-
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drotomy as a tool for manipulating dendritic morphology in vitro and to document
its impact on electrophysiological properties of neurons. It also sought to investigate
the influence of dendritic morphology on neuronal firing. This technique has only
been applied in vivo, and the electrophysiological properties of neurons during and
after dendrotomy have not been characterised.
The chapter-specific results were summarised within Chapters 2, 3, 4 and 5. This
chapter will synthesise the main results and give an outlook for future work.

6.i

Contribution to neuroscience

In Chapter 2, it was shown that holographic projection with an SLM enables the generation of multiple focal spots at arbitrary locations in 3D. This allows full control
over the spatial organisation of uncaging sites and enables multi-site photostimulation with submicron lateral (0.8 ± 0.1 }im) and micron (1.3 ± 0.1 }im) axial resolution.
This provides spatial flexibility in designing synaptic input patterns for signal integration experiments. For practical purposes, most studies have been limited to a
single dendrite, to dendritic locations close to the soma, or to a single optical plane.
Multi-site photostimulation in 3D provides the means to extend synaptic integration
studies to the entire dendritic tree of the neuron with no restrictions on the number of
dendritic branches or the region of the dendritic tree that can be accessed. Moreover,
the use of an SLM allows truly simultaneous multi-site photostimulation.
In Chapter 3, it was shown that the addition of a high-speed light-switching
micro-mirror array (DMD) to the holographic system allows independent switching
of individual focal spots in less than a millisecond (0.7 ms), enabling control over the
temporal organisation of uncaging events. In addition, this device also provides a
convenient way to eliminate unwanted diffraction orders. Together, the SLM-DMD
combination offers unprecedented control over the spatio-temporal organisation of
uncaging patterns.
There are a number of limitations that need to be considered. For one, the finite
number of micromirrors used to gate each focal spot imposes a low lateral resolution
(>6.5 /*m) for independent switching of uncaging spots. In reality, the resolution
may be higher when the resolution for independent uncaging, which is an order of
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magnitude higher, is taken into account, but this was not quantified here. In addition,
the total laser power of the laser used limits the maximum number of simultaneous
uncaging sites in a plane to ~15. This figure could be lower if the uncaging sites
are distributed throughout a greater axial range. Also, compared to conventional
scanning systems, an SLM-DMD system, having more optical components, requires
more careful alignment. Notwithstanding these limitations, the time-gated holographic projection brings neuroscientists one step closer to mimicking physiological
synaptic inputs in an ideal experiment addressing synaptic integration.
In Chapter 4, numerical simulations showed that projection of multiple focal
spots with complex field holograms generated by incorporating a GPC setup into
a typical SLM holographic setup produced higher optical throughput for the projection of three or more foci. It also significantly decreased the intensity of unwanted
higher diffraction orders, providing cleaner excitation patterns. This technique has
the potential to be used for photostimulation in studies that require more than three
uncaging sites. It could potentially increase the number of photostimulation focal
spots achievable. However, the need for two SLMs would double the cost for setting
up a holographic projection system.
Finally, in Chapter 5, femtosecond laser dendrotomy demonstrated a precise and
minimally-invasive way to prune dendrites at different locations in the dendritic tree.
2P uncaging at sites around the site of dendrotomy gave immediate confirmation of
the success of the cut. Dendrotomy was characterised by a sudden increase in IhoidSmall-scale dendrotomy at 2nd-, 3rd- and 4/;,-order dendrites did not increase R,„ nor
significantly alter the firing pattern of the neuron. On the other hand, large-scale
dendrotomy at l s/-order dendrites increased Rz„, consistent with the removal of a
significant amount of dendritic membrane, and the neuron firing rate, consistent
with the removal of an electrical load for AP generation.
Dendrotomy with localised damage can only be achieved with an optical technique using 2P excitation. On the one hand, mechanical techniques generate considerable collateral damage to the cell and the surrounding tissue. Thus, they are
mostly limited to dissection of the main apical dendrite. On the other hand, optical techniques using IP excitation do not afford localised damage along the optical
axis. In vitro, femtosecond laser dendrotomy offers a way to experimentally manipu-
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late dendritic morphology for the study of neuronal structure-function relationship.
Moreover, it would allow individual cellular compartments to be eliminated while
leaving the rest of the dendritic tree intact and, thereby, allow the contribution of the
different compartments to synaptic integration to be studied. In vivo, this technique
can be applied to several applications including severing neuronal connections and
killing cells in the study of animal behaviour and development and functional nerve
regeneration.

6.2

Future research

The tools described here put researchers in a position to carry out a systematic study
of dendritic integration. The scale of such a study is extensive but it would be worthwhile exploring, for example, whether photostimulation at multiple sites along a
single basal dendrite leads to AP generation or if simultaneous activity of several
basal dendrites is required.
The SLM-DMD system is designed for future incorporation of a wavefront correction technique [Vellekoop and Aegerter, 2010; Cizrnar et al., 2010] for countering
light scattering and for optimal light delivery into neuronal tissue for 3D imaging
and photostimulation. The SLM, which is used here to modulate the laser beam
with a phase hologram, can also be used to shape the laser wavefront to match the
exact scattering introduced by the tissue with an additional term in the calculated
phase hologram. This would serve to increase light penetration depth and allow
more uncaging sites for photostimulation at different depths. Moreover, maximised
use of the available laser power would decrease the risk of phototoxicity.
The maximum penetration depth of laser light in tissue is inversely proportional
to the laser repetition rate. It is possible to decrease the laser repetition rate by
using a regenerative amplifier and, so, increase penetration depth for imaging and
photostimulation. This technique has been used to achieve an imaging penetration
depth of ~1000 }im in vivo [Theer et al., 2003]. Using this technique, spatio-temporal
photostimulation may be extended to the living adult brain.
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Concluding remark

After the first working laser was reported in I960, the laser was described as "a solution seeking a problem." It has since become the tool at the heart of an ongoing
optical revolution in neuroscience. Neuroscientists now have an optical toolkit in
addition to a set of traditional electrophysiological techniques for exploring neurons
and their circuits. One critical aspect to harnessing the potential of these optical
techniques is the choice of a light delivery strategy optimal for a specific application.
For synaptic integration studies, the need is for an illumination strategy that offers
full spatio-temporal flexibility for stimulation with single-spine resolution. The timegated 2P holographic photostimulation technique presented here offers such flexibility. Moreover, contributions of individual dendritic compartments to synaptic integration could be studied by experimentally manipulating neuronal morphology. The
need is for a precise, minimally-invasive surgical technique that leaves the dendritic
tree more or less intact so as not to impede the integration process. The femtosecond laser dendrotomy technique demonstrated here meets this requirement. Thus,
2P spatio-temporal patterned photostimulation and femtosecond laser dendrotomy
have great potential to be applied to the comprehensive analysis of synaptic integration.
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We demonstrate simultaneous multi-site two-photon photolysis of caged neurotransmitters with close to diffraction-limited resolution in all three dimensions (3D). We
use holographic projection of multiple focal spots, which
allows full control over the 3D positions of uncaging
sites with a high degree of localized excitation. Our system incorporates a two-photon imaging setup to visualize the 3D morphology of the neurons in order to accurately determine the photostimulation sites. We show its
application to studies of synaptic integration by performing simultaneous and controlled glutamate delivery at
multiple locations on dendritic trees.
3D two-photon fluorescence image of a pyramidal neuron
filled with fluorescein. Arrows point to spines and denote
potential uncaging sites.

1. Introduction
Photolysis of caged neurotransmitters has revolutionized studies of neuronal synaptic integration. In
photostimulation with caged compounds, laser light
of sufficient energy releases a neurotransmitter from
a chemical cage, allowing it to bind to synaptic receptors on dendrites of a postsynaptic neuron. This
mimics transmitter release from a presynaptic neuron. Several studies have reported multi-site photostimulation via single-photon (IP) [1-6] and nonlinear two-photon (2P) absorption [7-15]. Nonlinear

photostimulation has the advantage of having a
narrow three-dimensional (3D) resolution, allowing
highly localized uncaging in the focal volume of a focused femtosecond (fs) laser beam. Coupled with
scanning methods, 2P glutamate uncaging affords
precise control of spatial patterns for synaptic inputs.
This presents a major improvement over traditional
electrophysiological stimulation techniques, which
can be invasive and which are typically limited to a
few stimulation sites because of the difficulty in positioning stimulus electrodes. So far, 2P photostimulation has only been demonstrated in a single optical
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plane. Laser scanning systems are typically limited to
two dimensions. Although several systems [16-21]
have been developed for 2P calcium imaging in 3D.
their application to nonlinear photolysis of caged
compounds has not been demonstrated.
Multi-site 2P stimulation with laser scanning systems has submillisecond temporal resolution. By rapidly switching from one stimulation site to another,
it is possible to do multi-site photostimulation quasisimultaneously on a biological timescale. This is useful for synaptic integration studies that require the
stimulation of more than one synaptic input. Galvanometer (GM) scanning systems are limited by
the deflection speed of the mirrors (~100ps) [22].
Although temporal resolution may be improved with
the use of AODs (<15 ps) [8. 13], the ultimate ratelimiting factor is the dwell time necessary for generating a sufficiently high glutamate concentration
(~200—500 ps) allowing for good signal-to-noise ratio [13, 22]. This limits the number of uncaging sites
that can be simultaneously excited within a physiologically relevant time window. Simultaneous activation of multiple synapses is required to reach the
spiking threshold of a neuron. For instance, it is estimated that of the ~300-400 synapses in a single hippocampal CA1 oblique branch, at least 5% need to be
activated within 6 ms to evoke a dendritic spike [23].
Using a spatial light modulator (SLM) enables simultaneous multi-site photostimulation in 3D. By encoding the SLM with an appropriate hologram, it is
possible to generate shaped illumination [4, 24] or a
multi-spot pattern for photoactivation [5, 6, 12, 13].
The SLM thus makes it possible to design sophisticated 3D spatial stimulus patterns for synaptic integration studies. By using scanning devices to shift
the SLM-generated multi-site stimulation pattern, the
number of synapses activated within a physiologically
relevant time window may be increased to more than
what is possible with either SLM alone or current laser scanning systems.
Holographic photostimulation has been shown in
2D via 2P excitation [12, 13], and recently in 3D via
IP excitation [5, 6], IP excitation uses a shorter wavelength (ultra-violet or blue) laser, which has poor
tissue penetration. Moreover, the high probability of
IP excitation exhibits poor localized excitation along
the optical axis. Combined holographic photostimulation and multi-site functional imaging has also been
shown recently in 2D via 2P excitation [13] and in
3D via IP excitation [6].
In this paper, we report for the first time simultaneous 3D multi-site 2P photostimulation on neuronal
dendrites. Our setup uses holographic projection of
multiple focal spots to form any stimulation pattern
on the neuron. Prior to photolysis, we use the same
laser at a low power setting to obtain the 3D morphology of the neuron. Based on this 3D image, we
can accurately position photostimulation sites within
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the neuron's dendritic arbor. Our results show localized photolysis in 3D within targeted stimulation
sites in neuronal dendrites with close to diffractionlimited resolution.

2. Setup and methods
2.1 Optical setup and hologram calculation
The optical setup was developed from our previous
work demonstrating multi-site 2P fluorescence excitation [25]. Figure la describes the geometry of the
system. GM scanning mirrors are used to scan a linearly polarized TEMoo laser beam from a near infrared (NIR) Ti:S laser (Coherent Inc. MIRA 900)
for 2P fluorescence imaging. The mirrors are fixed
during uncaging. Appropriate lenses are used to expand the beam to illuminate the 16 x 12 mm: area
of a programmable phase-only SLM (Hamamatsu
X10468-02), where the phase-only hologram is encoded. The hologram is calculated to project multiple focal spots suitable for nonlinear uncaging. From
the SLM. the focal spots are projected via a Fourier
transform lens (L I). The spots are then scaled to the
sample region using a 4/ lens configuration consisting of lens L2 and the objective lens (Zeiss 40 x 1.0
or 0.8 NA). The same sample region can be viewed
via an upright differential interference contrast
(DIC) microscope (Olympus BX50WI).
In DIC imaging mode, we use a dichroic mirror
(DM1) that allows infrared light (>810 nm wavelength) to pass through and focus onto a chargecoupled device (CCD) camera. DM1 also reflects
the phase-encoded near-infrared laser beam to the
objective. We obtain a 2P image by collecting the
green fluorescence from the sample directed to a
second dichroic mirror (DM2), which reflects wavelengths below 700 nm into a photomultiplier tube
(PMT). For calibrating the fields of view of the 2P
imaging system and the CCD camera, as well as the
holographically projected photostimulation sites,
DM1 is replaced with an appropriate filter to transmit
fluorescence while reflecting the incident NIR laser.
The setup is equipped with two micromanipulators required for electrophysiology and for controlled
release of caged neurotransmitters via a glutamate
delivery pipette. Our custom software developed in
Labview (National Instruments) controls the laser
intensity via a polarizing beam splitter and a half
wave plate on a motorized rotation mount, the acquisition of 3D 2P images and the calculation of the
appropriate hologram for projection of photostimulation sites.
The SLM is encoded with a phase-hologram which
is derived using the superposition of a prism and a
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Figure 1 (online color at: www.biophotonics-journal.org) (a) Schematic of the optical setup, (b) Calibration of photostimulation sites with fluorescent beads embedded in agarose gel. Top: 2P fluorescence 3D image of two fluorescent beads.
Bottom: Two stimulation spots projected onto the locations of the two beads visualized via wide-field imaging. Locations
of excitation sites are accurate to within ±1 pm in the axial direction; dashed lines denote same z positions in the top and
bottom images. Scale bars: 10 pm.
lens phase function [24-26], For N spots distributed
around the focal volume, the total field at the input
is described by
v)

N-l

N

E exP
n= 0

/ (« uxn + ß v y n)

V

f

( 1)

where (it, v) are Cartesian coordinates at the SLM
plane with the center at the optical axis, r =
(t r 4- v2) l/2, A is the wavelength of the incident laser
in vacuum, / i s the focal length of LI, and (x,„ y,„ z„)
are 3D spatial coordinates of the nlh focal spot.
While the ratio of the focal lengths of L2 and the
objective lens scales the spot positions onto the sample region, we incorporate additional scaling param eters (a, ß, y) to correct for other factors that
may have been introduced when using paraxial approximation to derive Eq. (1). The SLM is encoded
with the phase of the input field, arg [i//(u, v)}. With
800 x 600 pixels in our SLM and a 40x objective
lens, we are able to efficently position the focal spots
within our field of view (,r~ or y ~ ± 75 pm from
the center) and within our working depth range (z ~
± 80 pm from the nominal focal plane) [24].
The SLM has a limited fill factor and a nonlinear
phase map. which normally projects an undiffracted
or zero-order beam [27], We calibrated the system to
minimize the zero-order beam by applying appropriate correction to the phase map specific for 730 nm
wavelength. However, with an SLM fill factor of
95%, a small fraction of the excitation light is projected at the center of the sample region. Within the
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power settings and concentration of caged glutam ate
used in this work, we verified that the zero-order
beam (maximum power of ~ 10m W at the sample)
has negligible effect and is not enough to bring
about 2P uncaging. Nonetheless, we shifted the neuron away from the optical axis (or center of the field
of view) to avoid the zero-order beam from hitting
the soma or dendrites.

2.2 Tissue preparation
Experiments were perform ed on parasagittal slices
(300 urn) prepared from 15 to 19-day-old Wistar
rats with a vibratome (Leica VT1200S). The slices
were cut in ice-cold oxygenated artificial cerebrospinal fluid (ACSF) that contained (in mM):
1.25NaH: P 0 4, 1.0MgCl2, 125.0 NaCl, 2.5 KC1,
2.0CaCl2, 25.0NaHCO:„ and 10.0 glucose. Slices
were incubated in oxygenated ACSF at 34 CC for
30 min and kept at room tem perature before being
transferred to the recording chamber. Animal experim ents were according to methods approved by
the Animal Experim entation Ethics Com mittee of
the Australian National University.

2.3 Two-photon fluorescence imaging
and glutamate uncaging
To identify photostimulation sites, we visualized the
dendritic tree by taking a 3D image of the neuron of
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interest. For imaging, we filled the neuron through
the recording electrode (resistance: 4-6 MQ) with
fluorescent dye solution containing (in rnM): 115 Kgluconate, 20KC1, 10 HEPES, 10 phospho-kreatine,
4ATP-Mg, 0.3 GTP, 5.4 biocytin, and 10 mM of
fluorescein (Sigma-Aldrich). The dye was allowed to
diffuse into the neuron for 20-30 min before imaging was commenced. Image stacks with a resolution
of 500 x 500 pixels were obtained with 1 pm increments in the z position. For 3D visualization, we used
ImageJ (National Institute of Health) and Drishti
vl.l (Australian National University). From the 3D
fluorescence image, we identified sites for 2P glutamate uncaging in the dendritic tree. MNI-caged
glutamate (10 mM; Tocris Bioscience) was locally
perfused through a large-diameter pipette. Slight
pressure (~6 kPa) to the delivery pipette was introduced through a Picospritzer II (General Valve Inc.)
at timed intervals just before the laser pulse or with
a constant pressure of 1.0 kPa delivered via a syringe.
The laser pulse (2-10 ms) was controlled via a Uniblitz VS25 shutter (Vincent Associates). The mechanical properties of our shutter impose a minimum
of ~2 ms on our pulse widths. We used longer pulses
in multi-site experiments to decrease the necessary
power for stimulation.

Imaging was done at 750 nm with laser power set
to 7-15 mW while uncaging was done at 730 nm
with 30-60 mW laser power per spot. We worked
down to depths of ~170 pm in the brain slices. During imaging, the glutamate-puffing electrode was
kept out of the imaging field of view and no positive
pressure was put on the puffer for releasing glutamate. Whole-cell voltage- or current-clamp recordings of layer 2/3 pyramidal cells were done with an
AxoClamp 2A. filtered and sampled at 10 kHz. Digitized data were analysed offline with AxoGraph X.
Peak currents and voltages were calculated by averaging 5-10 runs. We used a Student’s t-test to determine statistical significance.

3. Results and discussion
We first investigated the accuracy of the positions of
the excitation sites by imaging 2 pm diameter fluorescent latex microspheres (Molecular Probes, Inc.)
embedded in agarose gel (Scientifix). Figure lb (top)
was recorded via conventional multi-plane 2P raster
scan imaging. We applied a 3D rendering program
to visualize the beads from the xy and yz planes.

Figure 2 (online color at: www.biophotonics-journal.org) (a) Two-photon fluorescence image of a layer 2/3 pyramidal neuron as viewed in the xy (top) and xz (bottom) planes. Inset in top: Magnified view of region of interest. Arrows point to
spines while yellow spot indicates sample uncaging site. Scale bar: 25 pm. (b)-(c) Representative traces of an uncagingevoked (b) current and (c) potential. Grey lines denote individual runs while black lines denote averages. Bars over current and under potential time courses mark when laser was on. (d)-(e) Peak of voltage response as a function of laser (d)
power and (e) pulse duration. Laser pulse durations: 6, 10 ms; c, 5 ms; d, 2 ms. Solid line in d is a quadratic fit.
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number of glutamate receptors around the stimulation site limits the response of the neuron (EPSP).
To investigate the spatial resolution of glutamate
uncaging, we obtained lateral and axial resolution
profiles from uncaging-evoked current responses to
2 ms laser pulse duration. The responses were measured in voltage clamp as the uncaging site was moved
orthogonally from the dendrite while the objective
was kept fixed. Figure 3a shows the lateral profile
with a full width at half maximum (FWHM) of 2.4 ±
0.2 pm. The black line corresponds to a Gaussian
curve fit. Figure 3b shows the axial profile with an
FWHM of 3.7 ± 0.3 pm. These resolutions are specific to the laser power and laser pulse duration settings, and to the local MNI-glutamate concentration.
With different laser power settings for 10 ms laser
pulse duration, we obtained lateral and axial FWHM
values of 3.8 ± 0.4 and 4.1 ±0.7 pm. respectively.
The plots include a numerically calculated 2P point
spread function (PSF), calculated as the square of
the illumination PSF based on a water immersion
objective lens with N A =1.0 and wavelength A =
730 nm. The response curves are broader relative to
the calculated 2P PSFs. This suggests diffusion of uncaged glutamate to neighbouring spines surrounding
the uncaging site. This response is dependent on the
density of receptors and glutamate concentration
profile in the region of uncaging. Modulating the volume of uncaged glutamate by decreasing laser pulse
duration or laser intensity could decrease the concentration of uncaged glutamate and limit binding to
receptors at the site of interest.
To demonstrate simultaneous multi-site photostimulation in 3D, we uncaged glutamate on two different dendrites in different optical planes. Figure 4a
shows the 2P fluorescence image of a layer 2/3 pyramidal cell with the glutamate uncaging sites on two
dendrites that are 9 pm apart along the optical axis.
This separation was determined by identifying the

Two stimulation spots were then projected onto the
locations of the two heads determined from the 3D
image. The fluorescence from both beads resulting
from simultaneous excitation was visualized via widefield imaging (Figure lb bottom) with the appropriate filter placed at DM1 (see Figure la). The fields
of view of the 2P microscope image and the widefield image were calibrated to the same scale. To
check our calibration along the optical axis, we acquired a stack of wide-field images of the same
depth range in the gel. The two excitation sites are
accurate to within ±1 pm of the axial locations of
the fluorescent beads. This demonstrates the capability of our microscope to provide accurate localized
2P excitation along the optical axis.
We next characterized the biophysical properties
of glutamate uncaging in layer 2/3 pyramidal cells.
Figure 2 shows the 2P fluorescence image of such a
cell filled with fluorescein as viewed in the xy plane
(Figure 2a top) and xz plane (Figure 2a bottom).
The dendritic arbor of the neuron, together with
some dendritic spines, is clearly visible. This image is
used for identifying sites for photostimulation. The
inset in Figure 2a shows a suitable uncaging spot
near a spine. At such a photostimulation site in the
presence of MNI-glutamate, excitatory postsynaptic
currents (EPSCs) or potentials (EPSPs) such as
those shown in Figures 2b and 2c, respectively, can
be elicited. These responses have fast risetimes, and
are similar in temporal shape to endogenous EPSCs
and EPSPs and to uncaging-evoked responses in pyramidal cells [11, 28]. Figures 2d and 2e show how
the glutamate potential varies with laser power and
pulse duration, respectively. The quadratic intensity
dependence of 2P absorption is reflected in the
quadratic power dependence of the peak EPSP in
Figure 2d. In Figure 2e, the peak EPSP increases
with laser pulse duration up to 8 ms. Further increase does not yield an increase in EPSP. The finite

Figure 3 Example of lateral and
axial resolutions of MNI-glutamate uncaging, (a) Peak current
for varying lateral distances orthogonal to the dendrite. FWHM —
2.4 ± 0.2 pm. (b) Peak of glutamate-evoked potential as a function of axial distance above and
below dendrite. FWHM = 3.7
± 0.3 pm. Black lines denote Gaussian fit while grey lines denote the
point spread function of the twophoton excitation beam.
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Figure 4 (online color at: www.biophotonics-journal.org) 3D multi-site uncaging of glutamate, (a) Two-photon fluorescence
image of a layer 2/3 pyramidal cell with two uncaging sites 9 pm apart along the optical axis. Scale bar: 25 pm. Right:
Illustration of experiment protocol for simultaneous uncaging at two sites with one site fixed and the other moved axially,
(b) Peak EPSP as a function of axial distance for simultaneous uncaging at the two sites in a. FWHM: 4.3 ± 0.2 pm, site 1;
3.6 ± 0.6 pm, site 2. Black and red lines denote Gaussian curve fits. Grey lines denote the point spread function of the twophoton excitation beam.

focal planes of the dendrites from the 3D fluorescence image. While our initial calibration with fluorescent beads identified accurate photostimulation locations in 3D, our next experiment further calibrated
the system to identify the exact planes that exhibit
optimum neuronal response. To do this, we kept one
site fixed in the plane of one dendrite and was
moved translated the other site away from the plane
of the other dendrite while measuring uncagingevoked voltage responses in current clamp. We then
compared the apparent focal planes of the dendrites
to the planes at which the neuronal responses were
maximum. Figure 4b shows the calibration curves
obtained from voltage responses to 5 ms laser pulses.
The black curve corresponds to when uncaging site 1
is fixed while uncaging site 2 is translated along the
axial direction with the nominal focus of the objective in the same plane as uncaging site 2 (Figure 4a
right). The zero axial position in Figure 4b marks the
position of the nominal focus of the objective lens.
The red curve corresponds to when uncaging site 2
is fixed while uncaging site 1 is translated axially.
The peaks in Figure 4b occur at z = 0.7 ± 2.3 pm
and z = —6.5 ± 1.9 pm (p, < 0.0001), giving a separation of Az = 7.2 ± 3.0 pm. The focal planes of the respective dendrites as identified from the fluorescence image are at 0 and —9 pm, respectively. The
discrepancy is within the standard deviation of the
experimental curves and is consistent with the calibration accuracy obtained with the fluorescent beads.
Figure 4b shows how each uncaging site contributes to the measured EPSP. As the uncaging site is
moved farther away from the dendrite, the uncaged
glutamate is assumed to diffuse isotropically, decreasing the concentration of glutamate that binds to

© 2012 by W1LEY-VCH Verlag GmbH & Co. KGaA, Weinheim

receptors. TTiis corresponds to a smaller EPSP. The
non-zero baseline of the voltage curves is due to a
background glutamate level uncaged at the fixed
sites. The peaks of the voltage curves differ because
in each case, the fixed spot is projected onto the apparent dendritic focal plane instead of the plane of
optimum response. Each curve in Figure 4b also
serves as an axial resolution plot. The FWHM values
are 4.3 ± 0.2 and 3.6 ± 0.6 pm for sites 1 and 2, respectively. The theoretical 2P axial PSFs are also
plotted for comparison.
After identifying the exact planes where the two
sites generate the largest EPSP, we then proceeded
to show as a proof of principle neuronal synaptic integration in 3D. Figure 5a shows voltage responses
due to separate glutamate uncaging onto the two
dendrites in Figure 4, and the compound signal from
simultaneous uncaging at the two sites. Comparing
the compound signal from simultaneous uncaging to
the calculated sum of the individual responses from
separate uncaging events, it is evident that the integration is sublinear. Figure 5b shows results from a
similar experiment but with the dendrites in the
same optical plane. The integration is likewise sublinear. In these cases, uncaging was done on dendritic shafts, not on spines. A similar finding was observed by Araya et al. [9], Examining the summation
of two shaft inputs on the same basal dendrite, they
found that synaptic inputs onto shafts sum sublinearly, in contrast to synaptic inputs onto spines that
sum linearly. Here, however, the inputs are on different dendrites. Yang et al. [5] observed a similar sublinear integration when examining input summation
of different oblique dendrites of CA1 pyramidal
neurons.
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Figure 5 (online color at:
www.biophotonics-journal.org)
Signal integration of two synaptic
inputs (a) on two planes separated by a distance of 9 pm and
(b) on the same plane. Integration
is sublinear for both cases. Pulses
under voltage responses denote
when laser was on. (Inset) Twophoton fluorescence images of
neurons and the photostimulation
sites. Scale bar: 25 pm.
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Dendritic integration remains a problem of interest among neuroscientists. Progress has been limited
because existing methods such as glutamate iontophoresis and electric neural stimulation [29, 30], and
laser scanning systems with GMs and AODs do not
afford 3D control for simulating synaptic activation.
For practical purposes, most studies have been limited to a single dendrite, to dendritic locations close
to the soma, or to a single optical plane. Recently,
Branco et al. [14, 15] showed photostimulation at distal parts of the dendrite and on multiple dendritic
branches. Yang et al. [5] further extended photostimulation to several optical planes using holographic
excitation. Multi-site photostimulation in 3D provides the means to extend synaptic integration studies to the entire dendritic tree of the neuron with
no restrictions on the number of dendritic branches
or the region of the dendritic tree that can be accessed. Moreover, the use of an SLM allows truly simultaneous multi-site photostimulation. The number
of sites for uncaging is limited only by the available
laser power and the resolution of the SLM.
The hologram approaches the resolution limit of
the SLM as the number of stimulation sites is increased. This results in reduced diffraction efficiency.
To get around this, we may increase the number of
sites that can be simultaneously stimulated within a
physiological time window by incorporating GM mirrors to shift the SLM-generated multi-site stimulation pattern. This would allow more stimulation sites
than either GM mirrors or SLM alone would afford.
Moreover, such a protocol would enable both simultaneous and sequential multi-site stimulation, offering unprecedented flexibility in designing spatiotemporal patterns of synaptic input for neuronal integration studies.
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Recent studies reporting holographic IP photostimulation in 3D have initiated controlled and simultaneous synaptic inputs to the 3D extent of the neuron’s dendritic tree [5, 6], Using higher energy blue
photons brings about a more consistent 1P uncaging
since it has a lower demand on the applied laser
power. However, the low transmittance of light with
shorter wavelengths limits the operating depth of IP
uncaging, making it impractical for studying neurons
deeper in brain tissue. Aside from depth limitations,
the high probability of 1P absorption could unnecessarily induce photolysis in regions into which weak
spurious diffraction orders are projected. The spurious diffraction orders are by-products of representing a complex field as a phase-only hologram [31,
32]. Nonetheless, holographic IP uncaging can be
attractive for more controlled experiments that use
low average excitation power achieved via shorter
exposure times (~500 ps) to study neurons near
the surface of brain tissues (<40 pm) or in cell cultures.
Here, we used 2P uncaging where weak diffraction orders and the zero-order beam do not cause
photolysis. We also worked down to depths of up to
~ 170 pm in brain slices. Longer wavelengths (e.g.
NIR) are less absorbed and penetrate deeper into
the brain tissue as evidenced by previous studies
showing penetration depths of up to 800 pm for 2P
microscopy [28]. While scattering can still pose a
problem at deeper regions, our current setup has
been designed for future incorporation of wavefront
correction techniques [33, 34] to counter scattering
and optimize light delivery applicable to both 3D
imaging and photostimulation. For this reason, its
application to photostimulation may be extended to
the living adult brain [35].
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Nonlinear 2P excitation has a localized response
in 3D. While the transverse and axial responses measured here are broader than the theoretical PSFs, we
can further improve them by shortening the laser
pulse duration. Shorter pulses, however, would require higher average power per focal spot and, thus,
would come at the expense of a smaller num ber of
excitation spots with the available laser power. The
nonlinear 2P response can also be utilized to further
improve the spatial resolution through ultrafast tem poral gating achieved by varying the laser's repetition rate whilst maintaining the average power,
e.g. using a regenerative amplifier. Such technique
has also been shown in imaging through deep
(~1()()() pm) biological tissue [36] and in vivo calcium
imaging in the somatosensory cortex [37],
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4. Conclusion
We have dem onstrated simultaneous 3D multi-site
2P photolysis of caged neurotransm itters on neuronal dendrites. We have shown its application to preliminary studies of synaptic integration by perform ing simultaneous and controlled glutamate delivery
at multiple locations on dendritic trees. We used holographic projection of multiple focal spots using an
SLM, which allows full control over the 3D positions
of uncaging sites. In the future, scanning devices can
be used to shift the multi-site stimulation pattern
generated by the SLM. This allows more stimulation
sites with temporal spread over a period of a few
milliseconds than is afforded by either SLM alone or
current laser scanning systems. We believe such combined protocol presents unprecedented flexibility in
designing 3D spatio-temporal patterns of synaptic input for neuronal integration studies.
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Neurons receive thousands of synaptic inputs that are distributed in space and time.
The systematic study of how neurons process these inputs requires a technique to
stimulate multiple yet highly targeted points of interest along the neuron's dendritic
tree. Three-dimensional multi-focal patterns produced via holographic projection combined
with two-photon photolysis of caged compounds can provide for highly localized release
of neurotransmitters within each diffraction-limited focus, and in this way emulate
simultaneous synaptic inputs to the neuron. However, this technique so far cannot
achieve time-dependent stimulation patterns due to fundamental limitations of the
hologram-encoding device and other factors that affect the consistency of controlled
synaptic stimulation. Here, we report an advanced technique that enables the design
and application of arbitrary spatio-temporal photostimulation patterns that resemble
physiological synaptic inputs. By combining holographic projection with a programmable
high-speed light-switching array, we have overcome temporal limitations with holographic
projection, allowing us to mimic distributed activation of synaptic inputs leading to
action potential generation. Our experiments uniquely demonstrate multi-site two-photon
glutamate uncaging in three dimensions with submillisecond temporal resolution.
Implementing this approach opens up new prospects for studying neuronal synaptic
integration in four dimensions.
Keywords: two-photon photolysis, holographic projection, two-photon microscopy, caged neurotransmitters,
synaptic integration

1. INTRODUCTION
Photostimulation using caged neurotransmitters (Callaway and
Katz, 1993; Denk, 1994) and light-activated ion channels (Nagel
et al., 2003; Boyden et al., 2005) have revolutionized the capacity
to study the brain. Inform ation processing in neuronal networks
is achieved via signaling between neurons at synapses. Thus, controlled and localized activation o f synapses offers the possibility to
systematically study how individual neurons in the brain process
inform ation. Two-photon (2P) photolysis o f caged compounds
allows the sim ulation o f highly localized release o f neurotransm itter, enabling targeted activation o f receptors at single synapses.
Through activation o f m ultiple synapses, it is possible to study
how neurons integrate synaptic inputs to generate action potentials (APs). However, to date it has not been possible to activate
synapses arbitrarily along the three-dimensional dendritic arbor
o f a neuron using realistic spatio-temporal [i.e., four-dimensional
(4D )j patterns o f light that resemble physiological inputs.
Laser-scanning systems utilizing galvanometer (G M ) m irrors
(Gasparini and Magee, 2001; Matsuzaki et al., 2001; Branco et al.,
2010) implemented in conventional tw o-photon laser-scanning
microscopes provide quasi-simultaneous m ulti-site stim ulation
by scanning the laser beam at fast rates ( ~ 10 kHz; i.e., switching time o f ~ 100 |is). These scanning systems, however, are
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two-dimensional and are restricted to a single optical plane. A
high-speed 3D scanning system has been described utilizing four
acousto-optic modulators (AOMs) (Reddy et al., 2008). This system has been used to m o n ito r neuronal activity via calcium
imaging (Reddy et al., 2008; Katona et al., 2012). However, using
four AOMs results in low optical throughput, and the dispersion through the AO M crystal significantly decreases 2P efficiency
due to pulse broadening. Consequently, such a system has not
been utilized for m ulti-site photolysis o f caged neurotransmitters
in 3D.
Beam-shaping techniques using a spatial light m odulator
(SLM) can split a single laser beam into several beamlets and
generate arbitrary illum ination patterns for photostim ulation.
These techniques have been demonstrated for photostim ulation
w ith shaped illum ination in single-photon (IP ) (Lutz et al.,
2008; Zahid et al., 2010) and 2P (Dal Maschio et al., 2010;
Papagiakoumou et al., 2010), and for a m ulti-foci photostim ulation pattern in IP (Anselmi et al., 2011; Yang et al., 2011) and
2P (Nikolenko et al., 2008). IP excitation exhibits poor localized excitation along the optical axis. While 2P photostim ulation
offers the required axial resolution, previous studies have only
showed stim ulation in a single plane. We recently demonstrated
2P photolysis o f caged neurotransmitters using holographic
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projection of an arbitrary 3D multi-foci uncaging pattern (Go
et al., 2012). While holographic projection allows simultaneous multi-site photostimulation in 3D, the slow response of the
SLM (~ 10-30 ms) remains the lim iting factor in achieving fast
switching light patterns within physiologically relevant timescales
(~1 ms). Here, we overcome this limitation by temporally gating the 3D multi-foci uncaging pattern generated by the SLM
using a high-speed spatial light switching array provided by a
digital m icro-mirror device (DM D). The programmable array of
micro-mirrors can be used to independently control each beamlet
in less than a millisecond (~0.7 ms) allowing the multi-site pattern to be changed with submillisecond speed. Random spatial
stimulation patterns in 3D are therefore possible within physiologically relevant timescales. We demonstrate the performance
o f such a system as a tool for studying neuronal integration by
uncaging glutamate at multiple foci with submillisecond resolution and thereby stimulate dendritic spines on different dendritic
branches.
2. MATERIALS AND METHODS
2.1. MICROSCOPE DESIGN

Our time-gated holographic microscope system employs an SLM,
encoded with a phase hologram to generate a multi-focal excitation pattern from the incident laser beam, and a DMD, which acts
as a spatial light switch allowing independent switching of the
individual foci. The resulting spatio-temporal excitation pattern
is used for glutamate uncaging. We also use GM scanning mirrors

to image the 3D morphology of the neuron. A schematic of the
system is described in Figure 1A. Two laser beams for imaging (800 nm) and uncaging (720 nm), respectively, are combined
ahead of the objective lens via a polarizing beam splitter following re-orientation of the polarization of each laser using half-wave
plates. GM scanning mirrors scan the linearly polarized imaging beam from a near infrared (NIR) Ti:S laser (Coherent Inc.
MIRA 900) for 2P fluorescence imaging and a dichroic m irror
reflects the beam to the objective. We obtain a 2P image by
collecting the green fluorescence from the sample directed to a
second dichroic mirror, which reflects wavelengths below 650 nm
into a photomultiplier tube. The sample may also be viewed via
an upright differential interference contrast (DIC) microscope
(Olympus BX50WI). In DIC imaging mode, the dichroic m irror
above the objective lens allows infrared light (>810 nm wavelength) to pass through and focus onto a charge-coupled device
(CCD) camera (Dage-MTI IR-1000EX). The uncaging laser beam
from a Ti:S laser (Coherent Inc. Chameleon) is expanded by a
telescope to illuminate the 1 6 x 1 2 mm2 area of a programmable
phase-only SLM (Hamamatsu X10468-02), where the phase-only
hologram is encoded. The hologram is computed using custom software based on the standard prism-lens superposition
algorithm (Liesener et al., 2000; Curtis et al., 2002). The DMD
(DLP3000, Texas Instruments) is located at the Fourier plane with
respect to the SLM and is interfaced to the microscope using 4 /
relay lenses, which position the DMD at the conjugate image
plane with respect to the sample region. The DMD is used to

Beam
dump

DIC microscope

Beam dump
UMU

Zero and
higher diffractii
orders

Camera
Photodiode I

* U-CJ
r . ,

L

Focus 2

yJta?

L

PBS

To microscope _ ^ S .

GM"

Mirrors
Sajnple *

f^

Peristaltic
pump

u

40*

i

IR Filter!

Light source

!

/ ’

Multiclamp
700B

t
Data
acquisition

FIGURE 1 | Optical design of 4D holographic microscope. (A) Light from a
laser tuned to 800 nm is projected through tw o polarizing beam splitters
(PBS) onto tw o galvanometer (GM) scanning mirrors that scan the excitation
beam across the sample for imaging. Fluorescence from the sample is
collected by a photomultiplier tube (PMT). Light from another laser tuned to
720 nm is expanded, projected onto a spatial light modulator (SLM), focused
onto a digital micro-mirror device (DMD) and imaged onto the sample. The
SLM is encoded w ith a phase hologram that generates a multi-focal excitation
pattern from the incident laser beam. The DMD acts as a spatial light switch
allowing independent switching of the individual foci. The resulting
spatio-temporal excitation pattern at the sample plane is used for uncaging
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glutamate. A/2, half-wave plate; DM, dicroic mirror; M, mirror; L, lens; L f t .
Fourier transform lens; OL, objective lens; ACSF, artificial cerebro-spinal fluid.
(B) The DMD switches the excitation focus ON and OFF by changing the tilt
of the subset of programmable micro-mirrors in the corresponding focus
(Focusi if confocal w ith the objective lens). A larger subset of micro-mirrors
is needed when the beam focus (F0CUS2) is off the DMD plane. In the ON
state, the laser beam is directed to the objective lens; in the OFF state, to a
beam dump. Zero and higher diffraction orders are also directed to the beam
dump. (C) The number of foci turned ON is indicated by the laser intensity
incident on the sample measured using the photodiode located in the
conjugate Fourier plane. Minimum switching time w ith the DMD is 0.7 ms.
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individually switch each beamlet o f the excitation pattern ON or
OFF. In the ON state, the m icro-m irrors direct the laser light to
the sample (see Figure IB). In the OFF state, the laser light is
directed to a beam dump. The relay lenses are chosen to ensure
that the back aperture o f the objective lens is filled and that the
area o f the D M D encompasses the field o f view o f the objective
lens (200 p m 2 for a 1.0 NA 40x objective).
The dimension o f one m icro -m irro r in the D M D is smaller
than the diffraction-lim ited focal spot o f the Fourier transform
(FT) lens, w ith an effective numerical aperture (N A) o f ~0.1.
Hence, it takes a small set o f m icro-m irrors to switch a single
beamlet o f the m ulti-focal pattern ON and direct it to the sample
for uncaging (see Figure IB). When the holographic focus generated by the SLM is either above or below the plane o f the DM D,
a larger subset o f m icro-m irrors is needed. The size o f the subset o f m icro-m irrors is calculated based on the conical angle o f
the focus w ith respect to the NA o f the FT lens and the operating wavelength (720 nm ). Figure 1C shows the relative intensity
in the sample plane as measured by a photo-diode located at the
conjugate Fourier plane (see Figure 1A) for different numbers o f
focal spots turned ON by the D M D. The intensity is more or less
quantized and gives inform ation on the number o f foci active for
uncaging. The D M D receives 24 b it RGB data at 60 Hz through
its electronic video interface, w ith each color channel (RGB) having 8-bit depth. We operated the D M D in 1-bit monochrome
mode. In this mode, a single image frame consists o f 24 1-bit
planes which encode the m icro -m irro r state at consecutive time
epochs. Since each plane is weighted equally, this allows temporal
sequences to be read out at 1440 Hz. By driving the D M D this way,
the m inim um switching time for a full O N -O FF cycle is 0.7 ms
(see Figure 1C).
The setup is also equipped w ith a m icrom anipulator (Sutter
Instruments), peristaltic pump (Gilson M inipuls 3) and am plifier (M ultiC lam p 700B, Molecular Devices) for electrophysiology. We use custom software developed in Labview (National
Instruments) to control the acquisition o f 3D 2P images, the
calculation o f the appropriate hologram for projection o f photostim ulation sites, and the laser intensity via a polarizing beam
splitter and a half-wave plate on a motorized rotation mount.
2.2.

TISSUE PREPARATION AND ELECTROPHYSIOLOGY

Three hundred micrometer thick slices o f rat somatosensory cortex and hippocampus (P22-35) were prepared w ith a
vibratome (Leica VT1200S). The slices were cut in ice-cold oxygenated artificial cerebrospinal fluid (ACSF) that contained (in
m M ): 1.25 NaH2P04, 1.0MgCl2, 125.0 NaCl, 2.5 KC1, 2.0CaCl2,
25.0NaHCO3, and 10.0 glucose. Slices were incubated in oxygenated ACSF at 34°C for 30 m in and kept at room temperature
before being transferred to the recording chamber. Anim al experiments were performed w ith the protocol approved by the Anim al
Ethics Committee o f the Australian National University.
We filled neurons through the recording patch pipette (R =
3.5-4.5M Q ) w ith an intracellular solution containing (in m M ):
115 K-gluconate, 20 KC1, 10 HEPES, 10 phospho-kreatine, 4 ATPMg, 0.3 GTP, 5.4 biocytin, and 0.1 Alexa-488 (Invitrogen).
Whole-cell current clamp recordings o f layer II/III and V pyramidal cells were obtained w ith a M ultiC lam p 700B. Current
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was injected when necessary to maintain a resting membrane
potential o f —70 mV. For the experiments in Figures 3D -F, the
resting membrane potential was depolarized to —55 m V to allow
for APs to be more easily generated. Data analysis was done
w ith AxoGraph X and Matlab. We calculated peak currents and
voltages by averaging 5-12 trials.
2.3. T W 0 -P H 0 T 0 N IMAGING

Neurons filled w ith 0.1 m M Alexa-488 were imaged at 800 nm
w ith 12-22 m W laser power. The dye was allowed to diffuse into
the neuron for 20-30 m in before imaging. Image stacks o f 800 x
800 pixels in a single plane were generated by imaging in d ivid ual planes in 1 |im increments along the z-axis. ImageJ (National
Institute o f Health) was used fo r 3D visualization.
2.4. T W 0 -P H 0 T 0 N GLUTAMATE UNCAGING

We determined the potential sites on the dendritic tree for photostim ulation from the 3D image map o f the fluorescently labeled
neuron. The appropriate phase hologram for the desired m u ltifocal pattern around the neuron was then calculated and encoded
onto the SLM. The D M D was used to switch individual sites ON
or OFF.
MNI-caged glutamate (Tocris Bioscience) was bath-applied
(3 m M ) and uncaged at 720 nm in the presence o f 0.1 mM
cyclothiazide using 9-30 m W power per uncaging spot. A closed
recirculating system using a peristaltic pump was used to m in imize the ACSF volume. An automated d rift correction algorithm
was run before every uncaging event to ensure that the photostim ulation sites remained optimized.

3. RESULTS
3.1. TIME-GATED HOLOGRAPHIC SYSTEM

O ur microscope design builds on an earlier reported two-photon
holographic microscope system capable o f simultaneous m u ltisite photostim ulation in 3D (Co et al., 2012). The incorporation
o f a D M D allows for full-cycle (O FF-O N -O FF) switching o f photostim ulation patterns w ith in 0.7 ms. This is a rate that is not
possible w ith just the SLM alone, which has a response time
o f ~ 10-30 ms. Although high-speed shutter systems can operate
on the same submillisecond timescale, they do not allow independent switching o f m ultiple foci. The addition o f the D M D
to our set-up also “ cleans up” the 3D m ulti-site photostim ulation pattern produced by the SLM. The D M D offers a convenient
way to eliminate the spurious light patterns that norm ally result
from holographic projection using a phase-only SLM w ith finite
space-bandwidth product (Palima and Daria, 2006, 2007; Go
et al., 2011). To visualize the different foci, we placed a reflective surface (e.g., glass slide) in the sample plane and imaged the
reflected light leaked through the dichroic m irro r directly above
the objective lens (see Figure 1A). Figure 2A shows the photostim ulation pattern produced by the SLM projected onto the
sample w ith all D M D pixels in the ON position. Figure 2B shows
the same photostim ulation pattern w ith only the intended nine
foci switched ON. Note that the undiffracted (i.e., zero-order; see
image center in Figure 2A) beam from the SLM is missing in the
latter, as are other higher diffraction orders and m irro r projections o f the first orders. The D M D therefore provides an easy
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FIGURE 2 I SLM-generated 3D photostimulation pattern with DMD
gating. (A) Nine-foci light pattern produced by the SLM with all DMD pixels

turned ON showing zero order (0 order), second order [+2 (A)] and mirror
projections [-1 (A-C)l of the first diffraction order [+1 (A—C)] (B) Same
photostimulation pattern as in (A) but with only the nine desired foci gated
by the DMD. All other light is eliminated by being directed to the beam
dump. (C) Power on one ON focus as a function of number of foci, N
(n = 10 different spot configurations). For N = 2-20, the ON focus was kept
at a fixed position. Solid line is 1/N fit. (D) Normalized power as a function
of DMD array size (n = 10 focal spot positions). Solid line is a cumulative
Gaussian fit. (E,F) Peak of glutamate-evoked voltage from one ON uncaging
site as a function of (E) number of uncaging sites and (F) DMD array size
(n = 8-10 trials). Solid lines are proportional to squares of curve fits in C
and D, respectively.

way o f eliminating the zero-order beam, thus, eliminating the
risk o f unintended uncaging, and gives independent control for
switching each stimulation site.
Figure 2C shows how the power on one uncaging focus
depends on the number o f focal spots, N. The relationship is an
inverse proportionality as reported earlier (Daria et al., 2009).
The error bar for N = 1 shows the variability in power among
different non-central positions of the holographic spot which
results from the spatial variation in the diffraction efficiency of
the SLM. For N = 2 to 20, the ON focus was kept at a fixed
position as the spot configuration for a fixed number of foci
was varied. Note that the variability in power within a single
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position is much less than the spatial variability. The laser beam
has a Gaussian intensity profile. Figure 2D shows the normalized
power as a cumulative Gaussian function of DMD array size,
which defines the length of the square array o f micro-mirrors for
gating the uncaging focus, averaged over different positions of
the holographic spot. On average, 96% of the maximum intensity at each spot was recovered using a DMD array size of 21,
whereas 90% was recovered with an array size of 15. Based
on this information, for most o f the experiments in this paper
we used an array size of 15. Figures 2E,F show how the glutamate uncaging-evoked response varies with number o f uncaging
sites, N, and DMD array size, respectively. The quadratic intensity dependence of 2P absorption is reflected here with the
peak voltage seen as a function of 1/1V2 and a squared cumulative Gaussian function o f DMD array size. As the total laser
power was kept constant for the experiment in Figure 2E, data
points for N < 6 were not taken to preclude damaging the DMD
with high laser power. Laser pulse duration for Figures 2E,F
is 2 ms.
Figure 3A shows 11 foci positioned in a circular arrangement
with z-axis positions ranging from 10 pm above (negative) to
10 pm below (positive) the nominal focus of the objective lens
(0 pm). The point in the focal plane is in focus (i.e., sharpest)
but the rest are out of focus with the points in the farthest away
planes (±10 pm ) the most out of focus. Figure 3B shows the
same light pattern but with the objective lens focused in the plane
z = +10 pm. Figure 3C shows the DMD array sizes for gating
the different foci in the light pattern in Figure 3A. By scaling the
micro-miror array size for gating the relevant site with distance
from the nominal focal plane of the objective lens, we accommodate the increasing size o f the out-of-focus projection of the
beamlets and allow collection of light for points projected above
and below the focal plane. The DMD array size puts a restriction
on the minimum separation between two uncaging sites for independent gating. Figure 3D plots the minimum distance between
two uncaging sites as a function of axial distance for an array size
of 15 for the case where one spot is fixed while the other spot is
moved away axially and for when both spots move together in the
axial direction. The deviation o f data points from a straight line
is due to the DMD having a finite number of discrete pixels. The
minimum separation for two uncaging sites in the same plane is
6.5 pm. We refrained from positioning uncaging sites within 10
pm o f the center to avoid switching ON the zero-order beam and
unnecessarily illuminating the sample. Technically, however, this
minimum separation is a soft lim it as independent uncaging at
two sites, defined by the spatial resolution of glutamate uncaging,
has a much narrower profile. Figures 3E,F show representative
lateral and axial resolution profiles from uncaging-evoked voltage responses to 700 ps laser pulse duration. The responses
were measured in current clamp as the uncaging site was moved
orthogonally from the spine while the objective was kept fixed.
The lateral profile has a full width at half maximum (FWHM) of
0.8 ± 0.1 pm. The axial profile was 1.3 ± 0.1 pm. The solid lines
correspond to Gaussian curve fits. The final resolution depend on
laser power, laser pulse duration and local MNI-glutamate concentration. For example, we earlier reported uncaging resolution
with FWHM of 2.4 ± 0.2 pm and 3.7 ± 0.3 pm for the lateral
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FIGURE 3 I Spatial resolution of independent gating and uncaging. (A) 3D
photostimulation pattern w ith objective lens focused in the reference plane
2 = 0 p.m and the other 10 sites holographically projected either above
(negative) or below (positive) the reference plane. (B) Same photostimulation
pattern as in C but w ith objective lens focused in the plane z = +10 p.m. (C)
Sizes of micro-mirror arrays for switching foci shown in A. The array size scales
w ith distance from the objective focal plane allowing collection of out-of-focus

and axial profiles, respectively, using 2 ms laser pulse duration
(Go etal., 2012).
3.2. SPATIO-TEMPORAL PATTERNED STIMULI

The system offers access to the 3D dendritic arbor o f the neuron for activating synaptic receptors. This enables the study o f
how neurons integrate m ultiple synaptic inputs on their dendritic
trees. We illustrate such an experiment in Figure 4. A 2P fluorescence image o f a layer V pyramidal neuron is shown in Figure 4A
w ith the recording pipette at the soma and some basal dendrites
either viewed from the top (xy) or side (yz). Four uncaging sites
are chosen w ith two each projected onto two basal dendrites
located 5 p.m apart in the vertical direction. A static hologram
for all four sites is generated w ith the SLM, and the D M D is used
to switch ON one focus at a time. Figure 4B shows glutamateevoked excitatory postsynaptic potentials (EPSPs) generated by
individually uncaging glutamate at each site for a duration o f
3 ms. Laser power was set to generate EPSPs consistent w ith single
synaptic inputs (<0.5 m V) (Nevian et al., 2007; Fino et al., 2009).
Figure 4C summarizes EPSP summation for all the possible combinations o f the uncaging sites. Linearity is expressed as the ratio
o f the peak amplitude o f the composite EPSP generated when
all sites are simultaneously stimulated and the arithm etic sum
o f individual EPSPs. The blue bar corresponds to w ithin-branch
and the red to between-branch summation, respectively. No statistically significant difference is observed, indicating that the
summation is largely linear (two inputs in one basal, n = 2; two
inputs on two basal dendrites, n — 4; three inputs, n = 4; four
inputs, n = 1; pooled data, « = 1 1 combinations). This observed
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Axial distance (pm)

light. (D) Minimum separation for independent gating of tw o uncaging sites as
a function of axial distance for the case when one spot is fixed while the other
spot is moved away axially (ncoplan) and for when both spots move together in
the axial direction (coplan). DMD array size is 15. Solid line is linear fit.
(E) Peak voltage w ith varying lateral distance orthogonal to a spine.
FWHM = 0.8 ± 0.1 p.m. (F) Peak voltage as a function of axial distance above
the spine. FWHM = 1.3 ± 0.1 p.m. For E and F, solid lines are Gaussian fits.

linear w ithin-branch summation is consistent w ith the observation by Polsky et al. (2004) who showed that two weak EPSPs on
the same layer V basal dendrite 20 p m apart summate linearly.
The DM D, by enabling independent switching o f in d iv id ual photostim ulation sites, makes it possible to activate different
combinations o f the sites w ith o u t having to change the phase
hologram; i.e., the hologram remains static and sites are switched
ON/OFF by the D M D. Moreover, as different stimulus combinations need to be compared, it is critical that the power at each
uncaging site is kept constant. The D M D allows this and elim inates the necessity to adjust the total power fo r distribution
among the uncaging sites when using different numbers o f stim ulus sites in this experiment. In addition, because the hologram is
kept static and the power at each site constant, the power variability due to the spatially varying diffraction efficiency o f the SLM is
not an issue.
Next, we explored if fast m ulti-site photostim ulation patterns
could elicit APs. Figure 4D shows five marked uncaging sites on
three apical oblique dendrites o f a layer II/III pyramidal neuron.
The D M D is used to random ly switch uncaging sites ON or OFF
for 0.7-4 ms at a time for a total period o f 4 s. Figure 4E shows the
relative intensity at the sample, indicating the number o f stim ulus sites at which neurotransmitter is released due to uncaging,
together w ith the membrane potential at the soma fo r two trials o f
identical time-varying uncaging patterns. Several peaks o f the APs
during the two trials align in time indicating that the APs are not
random ly evoked, but are triggered by specific uncaging patterns.
Figure 4E' shows a magnified view o f sections o f the membrane
potential trajectory and laser intensity 60 ms before to 20 ms after
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FIGURE 4 | Synaptic integration experiments. (A) Layer V pyramidal cell
with uncaging sites in two planes 5 pm apart (1 and 2 are in one plane, 3 and
4 in another) as viewed in the xy and yz planes. Scale bar 25 pm (B)
Individual uncaging-evoked EPSPs obtained by turning ON stimulation sites in
a static hologram one at a time with the DMD. Stimulus duration (3 ms) is
indicated by red bars at the start of the EPSP (C) Summary of results for
different combinations of uncaging sites. Linearity is expressed as the ratio of
the peak amplitudes of the measured compound EPSP and the arithmetic
sum of individual EPSPs. Dashed line denotes linear summation (100%). Blue
bar corresponds to within-branch summation; red, between-branch
summation. Data are shown as mean ± s.e.m. for all combinations. (D) Layer
ll/lll pyramidal cell with five uncaging sites situated along three apical oblique

the peak for four o f the APs generated by this uncaging pattern.
Integration o f several inputs is required prio r to AP generation.
Figure 4F shows the average membrane potential and laser intensity (n = 53 APs) from 60 ms preceding peak o f the AP to 20 ms
after. On average, an AP is driven by a significant increase in laser
intensity ~23 ms before its peak.

4. DISCUSSION
4.1. APPLICATIONS OF A TIME-GATED HOLOGRAPHIC SYSTEM IN
NEUROSCIENCE

We have shown that holographic projection w ith high-speed
temporal gating via a D M D overcomes the 2D lim ita tio n o f
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branches and all in a single plane. Scale bar 25 pm. (E) Representative
membrane potential time courses generated by two repeats of the same
train of random stimulus for uncaging glutamate at the sites in D. In the
stimulus, the spatial selections and their time intervals are both random. The
resting membrane potential at the soma was set to -5 5 mV. Several action
potentials (APs) align in time triggered by the same uncaging patterns. Laser
intensity in the sample plane is indicative of the number of simultaneously
active stimulus sites. (E') Magnified view showing membrane potential
(black) and laser intensity (red) for a time window from 60 ms before to 20 ms
after the peak of the AP (F) Mean membrane potential and laser intensity
(n = 53 APs) from 60 ms preceding peak of AP to 20 ms after. AP is driven by
a significant increase in laser intensity shortly (~23ms) before its peak.

GM-based laser scanning systems and the poor temporal resolution o f SLM-based holographic projection systems for 2P
uncaging o f neurotransmitters. The D M D allows independent
control o f each focus in the SLM-generated photostim ulation pattern and offers a convenient way to eliminate the zero and higher
diffraction orders. This method offers unprecedented flexibility
in the design o f spatio-temporal (or 4D) light patterns for highly
localized release o f neurotransmitters. It opens up a fresh possibility to study synaptic integration in 3D w ith high temporal
resolution. Since holographic projection allows easy positioning
o f photostim ulation sites along the dendritic arbor o f neurons,
this method allows integration between branches to be directly

www.frontiersin.org

December 2013 | Volume 7 | Article 231 | 6

4D multi-site photostimulation

Go et al.

investigated. This is crucial since in pyramidal neurons, which
are abundant in several regions o f the central nervous system
in mammals (Spruston, 2008), apical oblique and basal dendrites collectively receive the vast majority o f excitatory synapses
(Larkman, 1991; Megias et al., 2001; Wang et al., 2007). This
method could also be applied to the spatio-temporal control of
neuronal activity which allows probing of neural coding, i.e., what
kinds o f spatio-temporal input patterns a neuron responds to. In
addition, uncaging may be extended to neuronal populations. By
generating a multi-cell holographic stimulation pattern and using
the DMD to sequentially evoke suprathreshold 2P activation of
neurons in a population, connections to a patched neuron may be
determined. This facilitates a fast method for finding connected
pairs, for instance. This multiplexing technique may also be used
for population calcium imaging in the study o f network activity
(Ducros et al., 2013) and the interaction between different subnetworks. Another potential field of application for these 4D light
patterns is optogenetics. By using sculptured light to activate specific subnetworks of genetically labeled neuronal populations, an
even higher degree of selectivity can be achieved than is possible
with traditional optogenetic approaches alone (Liu et al., 2012;
Lovett-Barron et al., 2012).

stimulation (after blocking zero order and m irror projection) to
significantly less than 40%. While such technique can well be
applied for IP excitation, either for optogenetics or uncaging, its
low optical throughput can be an issue when applying the technique to 2P uncaging in 4D. Moreover, even for a fixed number
o f foci, global changes in the binary hologram impact the intensity level of each focus and could introduce variable 2P uncaging
responses. Changing the number of foci necessitates dynamic
control o f the laser intensity affecting both IP and 2P uncaging
modes.
Our technique uniquely distinguishes itself from existing techniques in that it uses a conventional phase-only SLM with slow
refresh rate combined with a DMD, which enables independent gating of the holographically projected multiple foci at
high speeds. Here, the SLM first modulates the phase of the
incoming laser beam to generate the desired multi-focal spatial profile before the DMD allows each focus to be individually
turned ON or OFF. Thus, there is minimal loss of laser intensity
compared to the method of using DMDs to remove unwanted
light from a wide-field illumination to shape the excitation light
(Bednarkiewicz et al., 2008; Zhu et al., 2012).
4.3. CHALLENGES AND FUTURE DEVELOPMENTS

4.2. RELATIONSHIP WITH OTHER WORK

The basic component o f holographic projection is a phase-only
liquid crystal (LC) SLM encoded with a computer-generated
phase hologram. The response time o f the LC is dependent on its
phase retardation rate, which relates to the operating wavelength
of the SLM (Wu, 1986). This response time is typically ~10ms,
but addressing via computer video output further limits the temporal resolution to ~30 ms. There have been several attempts to
increase the response time o f SLMs (Dayton et al., 2001; Kirby
and Love, 2004), but no technique using spatially addressable
SLMs has achieved multi-level phase-only modulation to perform
a full OFF-ON-OFF cycle o f the hologram at submillisecond
timescales. Thalhammer et al. (2013) recently demonstrated highspeed hologram transition using a device with an extended phase
map o f up to 4 tt and choosing the minimum route in phase
shift for each pixel in between transitions. This technique allows
for one-way transitions o f 1-3 ms. An iterative hologram optimization routine is necessary to improve the diffraction efficiency
with the reduced phase representation of the hologram. While
this technique can potentially be applied to 4D photostimulation,
changing the hologram introduces spurious light patterns during
hologram transitions, which could result in unwanted uncaging.
While a high-speed shutter or an acousto-optic deflector can be
used to turn OFF the light during transitions, the projection of
zero and higher diffraction orders can still pose a potential issue
when the hologram is ON especially when the iterative optimization routine does not produce an efficient hologram for a specific
stimulation pattern.
Holographic projection with binary phase modulations
(0 and 7i) has been demonstrated recently for the study o f neuronal circuits (Reutsky-Gefen et al., 2013). SLMs employing ferroelectric LCs have fast response times (~0.5 ms). However, binary
holograms produce m irror projections o f equal light intensity in
addition to the zero order. This reduces the power available for
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The DMD array size sets a minimum lateral distance between two
uncaging sites for independent gating. For an array size o f 15,
the minimum distance is 6.5 pm. This is a soft lim it as glutamate uncaging has a much narrower profile (0.8 ±0.1 pm lateral
FWHM) and considerable overlap between two DMD arrays is
needed to induce two-photon uncaging in the OFF site. However,
we can further decrease this distance with a slight adjustment in
the optical system. By replacing the FT lens (see L f t ' n Figure 1A)
between the SLM and DMD with one with a shorter focal length,
we can achieve smaller foci on the DMD and consequently require
smaller DMD array sizes for gating. This, however, will increase
the incident power density level on the DMD and will require
high-tolerance m irror coatings to prevent damage.
Our system uses a DMD (DLP3000) from an evaluation module (DLP LightCrafter, Texas Instruments). We retained only the
components in the module necessary to address the bare DMD via
the video interface and removed the other components (e.g., light
source and projection lenses). The DMD is electronically driven
at 1440 Hz when delivering the uncaging binary pattern via the
computer’s digital video output. This rate can be increased up
to 4 kHz (250 ps) when 96 frames are preloaded onto the onboard memory o f the DM D ’s driver circuit but this would give a
total o f only 24 ms o f stimulation. Alternatively, one can use more
advanced DMD systems (e.g., DLP V-module, ViALUX), which
are capable o f switching rates o f up to 22 kHz. One limitation in
this work is the low damage threshold of the DMD component
itself. Since it is not designed for use with high power light sources
(e.g., lasers), illuminating the DM D for long periods with focused
laser spots damages the device. Such a technical constraint could
be overcome by custom fabricating DMDs with specific m irror coatings to tolerate higher power levels. In this work, the
DMD was potentially stretched to its limits by positioning it in
the Fourier plane where the holographically projected foci from
the 2P laser were incident. Long sequences of spatio-temporal
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stimulation patterns are not possible with the current device.
Nonetheless, even with the limits of the current device it is apparent that the combination of SLM and DMD can be cooperatively
applied to the study of synaptic integration.
In summary, holographic projection using an SLM combined
with high-speed temporal gating via a DMD allows the generation of random spatio-temporal stimulation patterns in 3D
with submillisecond temporal resolution, and in this way offers
unprecedented flexibility in the design of 4D light patterns for
highly localized release of neurotransmitters. Implementing this
approach opens up a wide range of prospects for the study of
neuronal circuits.
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We describe a technique that uses complex field holograms to project three-dimensional light patterns. Holographic
projection commonly uses phase-only encoding since accurately representing complex holograms using both amplitude and phase spatial light modulators reduces the optical throughput significantly. Here, we use a lossless
projection via the generalized phase contrast method to produce the necessary amplitude pattern required for complex field holographic projection. We numerically evaluate the technique and demonstrate high optical throughput
with reduced undesired high diffraction orders. © 2011 Optical Society of America
OCIS codes: 090.0090, 070.0070, 230.6120.

Projection of patterned light fields has brought about
many innovative uses for light such as simultaneous
manipulation of arrays of microscopic objects [1-4],
patterned two-photon microfabrication [5], multi-site
photostimulation [6], and neurophotonics [7]. For these
applications, high optical throughput is essential and
modulating light using phase-only optical devices is preferred. In phase-only holographic projection, an incident
laser beam is spatially encoded with a two-dimensional
(2D) phase function, which can be derived via an iterative optimization algorithm or alternatively from a combination of prism and lens phase functions.
However, accurate holographic projection requires encoding of a complex field at the input. Truncating the
input function to use only the phase component of the
hologram results in reduced diffraction efficiency and
projection of unwanted high diffraction orders [8].
Simply applying a combination of phase and lossy amplitude spatial light modulators (SLM) to represent a complex hologram results in significant reduction of the light
throughput. A lossy amplitude modulator can be made up
of a micromirror array or a twisted Nematic liquid crystal
combined with spatial polarization filtering to produce
light patterns with maximum intensity scaled with respect to the incident light.
In this Letter, we use the generalized phase contrast
(GPC) method to produce an optimal amplitude pattern
at the hologram plane. The GPC method is a lossless
phase-to-intensity conversion technique that produces
a high-contrast intensity image of a phase-encoded
pattern at the input [9,10]. Such technique has also
been widely used in producing multiple beam optical
tweezers [3,4].
The GPC and phase-only holographic projection methods are two major techniques that provide efficient patterned light illumination. Both techniques use phase-only
SLMs to achieve optimal optical throughput, but they
differ in their operating domains. Our method brings
these two methods together to produce optimal threedimensional (3D) light patterns at the output. While this
method has been conceptualized previously [11,12],
there has been no reported demonstration of its actual
operation and efficacy.
Our implementation begins by deriving the complex
hologram for producing multiple foci at the output using
0146-9592/11/163073-03$ 15.00/0

a superposition of combined prism and lens phase
functions. From this complex hologram we extract the
amplitude function and implement a unique amplitudeto-phase mapping prior to performing phase-toamplitude conversion via the GPC method. The output
of the GPC method is then combined with the phase component of the complex hologram to project multiple foci
at the output.
Figure 1 illustrates the principle behind the complex
holographic projection method using two phase-only
SLMs. To efficiently generate patterns at the output,
the field at the hologram plane, h{u,v), should contain
both amplitude and phase functions. The appropriate
amplitude and phase functions for a particular pattern
can be calculated via wave optics theory. At SLM2,
h(u,v) is derived from the superposition of combined
lens and prism functions, given by the relation
h ^ v) = ^ J 2 exp { i Y

( ^ ( ^ +^ ) + ( ^ ^ ) **))

= a(u,v)exp(i(f>(u,v)),

(1)

where a{u,v) and (f)(u,v) are the amplitude and phase
functions, respectively, NA is the numerical aperture
of lens L3, X is the wavelength of the laser, R is the radius
of the operating region, while (u, v) and r 2 = u2 + v2 are
coordinates in the hologram plane. The A-foci positions
at the output are designated by (xt ^y^zf). Equation (1)
results in a complex field and rather than setting
a{u,v) = 1 as typically done in phase-only holographic
projection, we incorporate an optimized amplitude function using the GPC method. The left side of Fig. 1 shows
Generalized phase contrast method Holographic projection

SLM1

L1

PCF

L2

SLM2

L3

Fig. 1. (Color online) Geometry of combined system for full
complex field holographic projection using the GPC method
for optimal projection of the amplitude profile.
©2011 Optical Society of America

3074

OPTICS LETTERS / Vol. 36, No. 16 / August 15, 2011

the GPC method, where a(u, v) is mapped out as a phase
pattern and encoded onto SLM1. The GPC setup converts
the phase into an amplitude pattern that best represents
a(u,v) at the hologram plane. The GPC setup produces
an output field given by
g(u,v) — 3{%{A(u',v') exp(ib'(u',v'))}

,y')}

= b(u,v) exp(iö(u,v)),

(2)

where
f{pd,y') = 1 + exp(iö)circ(/?_1(^/2 + yr2)l/2)
describes the phase contrast filter (PCF) with radius p,
while 5 denotes a 2D Fourier transform. The input field
includes a circular aperture, A(v!, v') and phase b'{u', v'),
while the output field has amplitude, b(u,v) and phase
S(u,v). The coordinates at the input and GPC Fourier
plane are represented by (u\ v') and (oc', y'), respectively.
To optimize the throughput, the relationship between the
radii of the PCF, p, and input aperture, R, is set as
tj = 0.6V1 Rp = 0.627 [10]. This ensures optimal conversion of the input phase pattern into a high-contrast
amplitude pattern at the hologram plane. The phase of
the PCF, 6, normally takes on a fixed value of n but this
can be made variable for efficient projection of grayscale
intensity patterns [13]. The PCF can also be designed
with a ring to improve the uniformity of the intensity
distribution [14]. Note that the output of the GPC contains an extra phase component, S(u, v), that can perturb
the field prior to performing holographic projection. To
eliminate this phase, the conjugate of 8{u, v) can be encoded onto SLM2 in addition to cf)(u, v) such that the total
field at the hologram plane is given by
h{u, v) = g(u, v) exp{i((p(u, v) - <5(u,n))).

(3)

Note that the amplitude function, b(u,v), is not an exact representation of a(u,v). Projection of linear grayscale images using the GPC method requires applying
phase conjugation of the input phases or matching the
average phase of the input pattern with the phase of
the PCF [13]. The former method entails high frequency
encoding at SLM1, which can affect the performance of
the system, while the latter requires a variable PCF. Both
methods are therefore impractical. However, another
way to match the average phase of the input pattern with
that of the PCF is to modify the distribution of the phase
values while keeping the desired spatial information intact. To achieve this, we calculate for b'(u',v') from the
desired output amplitude pattern, a(u,v), using the following relation:
b'(u',v') = 7t(l + exp(-y(a(u' ,i/) - 0.5)))-1,

els with M = 1024. Each pixel in the array is represented
by a complex number. To relate the position of each pixel
to physical coordinates, we define the dimension of the
square pixel as Ad such that Uj = / Ad, Vj = j ’Ad, and
Zij = £(ui,Vj). In practice, Ad relates to the pixel size
of the SLM. We first calculate the field at the hologram
plane, hy, using Eq. (1). We then determine the phase by
from cijj using Eq. (4) and set it as phase input to the GPC
setup. The effective operating region at the center of
the array is truncated by Ay with the radius set to
ß /A d = 150 pixels. The relatively small aperture with respect to M results in a well-pronounced transverse Airy
pattern at the Fourier plane of the GPC setup. This allows
enough pixel representation for the PCF to provide for
accurate numerical simulation of the GPC method. Such
aperture size also sets the maximum resolution of our numerical model and defines the diffraction-limited focus
at the output. For each output pattern calculated using
Eq. (1), we find an optimal phase mapping of by by comparing the GPC amplitude output, by, and the desired amplitude function, ay. We search for an optimum value of y
by iterating Eqs. (2) and (4) until the normalized error, e,
between ay and by is within e < 0 001
Here, we limit multiple foci positioning to a single
plane in order to evaluate the optical throughput using
Parseval’s theorem. Figure 2(a) shows the phase pattern
calculated to project four randomly positioned foci
shown in Fig. 2(d). Using phase-only encoding, the peak
intensities of the four foci average to within 20%, giving a
maximum of 80.1% optical throughput. With a complex
hologram using the normalized amplitude pattern
a(u.v) [Fig. 2(b)] combined with the phase (f>{u,v)
[Fig. 2(a)], the multifoci projection at the output
[Fig. 2(e)] is accurate with no high-order spots. However,
the optical throughput goes down to 25%. Using the GPC
method to project an equivalent amplitude pattern,
b(u,v), [Fig. 2(c)] the intensity of each focus averages
to ~23%, producing a total optical throughput of 92%
[Fig. 2(f)]. This is an 11.9% increase compared to using
a phase-only hologram. More importantly, spurious high
diffraction orders are no longer visible when using the
combined method.
.

-...A

. f ' - ’”

E]

.

□

(4)

where a(u',v') = a( -u,-v) and y varies from 1 to 100.
The relationship between b1 and a is otherwise known
as a sigmoid function. Low values of y approximate a
linear relationship between b' and a, while higher values
correspond to a binary mapping of the phase values.
We numerically evaluate the performance of our method by representing the 2D field in an M x M array of pix-

Fig. 2. Holographic projection using (a) a phase-only encoding
and a complex field with a (b) normalized amplitude pattern
and (c) similar pattern produced via the GPC method, and intensity distributions showing four foci at the output using
(d) phase-only and complex hologram encoding with a (e) lossy
and (f) optimal GPC-generated amplitude pattern.
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Fig. 3. (Color online) (a) Normalized optical throughput and
(b) ratio of highest second order peak, / 2, to mean first order
peak, (J)), comparing phase-only and complex hologram encoding using a lossy amplitude modulator and the GPC method.

The PCF used to achieve high optical throughput has a
fixed ratio i/ = 0.98 with respect to the input aperture.
While i/ = 0.627 yields optimal GPC conversion [10],
the total diffraction efficiency at the final output is lower,
~89%. Moreover, remapping the grayscale of the input
phase by varying y in Eq. (4) provides for optimal light
transmission through the GPC setup. This results in a
slightly different GPC-generated amplitude pattern
[Fig. 2(c)] compared to the normalized amplitude pattern
[Fig. 2(b)]. Here, we used iterative linear search to obtain
optimal conditions with values ranging from y — 10 to 50.
However, binary search algorithms may also be used for
faster response.
To further evaluate our method, we calculate the
throughput as the number of foci, N, is increased.
Figure 3(a) shows the optical throughput of our method
compared to using a phase-only hologram and a complex
hologram using both amplitude and phase modulators.
The throughput is calculated by summing the peak intensities of the foci array. We take the average of 10 random
patterns for each N. From N > 3, our method either has
the highest optical throughput or has throughput comparable to the phase-only method. The reduced throughput
for 1 < N < 3 is due to the fact that the optimal by corresponds to a spatial pattern with fill factor >50%. The
fill factor describes the ratio of bright areas over the entire area of the amplitude pattern. Optimal operation of
the GPC method requires that the fill factor be around
25% [10].
Next, we plot the ratio of the light intensity of the
brightest second diffraction order, I 2, with the mean
intensity of the first-order foci, (i)). Figure 3(b) clearly
shows that the amount of light directed to higher
diffraction orders is significantly lower for the GPCgenerated amplitude profile compared to that for phaseonly holographic projection. Thus, on the combined basis
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of optical throughput and high-order suppression, our
method improves on both phase-only modulation and
complex field holographic projection using an amplitude
modulator.
In summary, we have demonstrated a technique that
uses complex field holograms to project 3D light
patterns. Using a lossless amplitude field projection via
the GPC method, we are able to produce the optimal amplitude pattern to achieve complex field holographic projection. We have numerically evaluated the technique
and have shown that it yields higher optical throughput
for the projection of spot patterns with more than three
foci. Lastly, we have shown that it significantly decreases
the intensity of undesired high diffraction orders, providing us with a cleaner output pattern. To simplify the calculation of the optical throughput via Parseval’s theorem,
we have limited our analysis to projecting 2D foci patterns. However, we expect that this technique can also
be applied to holograms calculated from multiple foci positioned in 3D. To implement this technique using two
phase-only SLMs, we may use a previously reported
alignment procedure [4]. Alternatively, dividing a single
SLM into two operating regions [15] and fabricating a reflecting PCF (with ß — n/2 on-axis phase shift) may also
be implemented.
We acknowledge the support from the vice-chancellor
of the Australian National University. M. A. G. acknowledges the Eccles Scholarship in Medical Sciences from
the John Curtin School of Medical Research.
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