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Abstract

A central question in neuronal network analysis is how the interaction between individual neurons
produces behavior and behavioral modifications. This task depends critically on how exactly
signals are integrated by individual nerve cells functioning as complex operational units. Regional
electrical properties of branching neuronal processes which determine the input-output function of
any neuron are extraordinarily complex, dynamic, and, in the general case, impossible to predict in
the absence of detailed measurements. To obtain such a measurement one would, ideally, like to be
able to monitor, at multiple sites, subthreshold events as they travel from the sites of origin
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(synaptic contacts on distal dendrites) and summate at particular locations to influence action
potential initiation. It became possible recently to carry out this type of measurement using high-
resolution multisite recording of membrane potential changes with intracellular voltage-sensitive
dyes. This chapter reviews the development and foundation of the method of voltage-sensitive dye
recording from individual neurons. Presently, this approach allows monitoring membrane potential
transients from all parts of the dendritic tree as well as from axon collaterals and individual
dendritic spines.

Keywords

Fluorescence; Glutamate uncaging; Voltage-imaging; Potentiometric probes; Voltage-sensitive
dyes; Neurons; Axons; Dendrites; Dendritic spines

1 Introduction

Understanding the biophysical properties and functional organization of single neurons and
how they process information is fundamental to understanding how the brain works.
Because the primary function of any nerve cell is to process electrical signals (i.e. membrane
potential (Vp,) transients), usually from multiple sources, there is a need for detailed
spatiotemporal analysis of electrical events in thin axonal and dendritic processes. This
requirement resulted in the development of new measurement techniques that allow
monitoring of the electrical activity of different parts of the same cell simultaneously. A
major experimental advance in this field, which also underscored the importance of such
measurements, was achieved by the development of the multiple patch-electrode recording
method that made possible simultaneous monitoring of voltage transients from two or more
dendritic locations on a single neuron (Stuart et al. 1993; Stuart and Sakmann 1994). More
recently, methods were developed for patch-pipette recording of electrical signals from cut
ends of axons of layer 5 pyramidal cells in the cerebral cortex (Shu et al. 2006) as well as
from presynaptic axon terminals of the giant synapses of mossy fiber-CA3 connections
(Geiger et al. 2006). These techniques, however, are still limited in their capacity for
assessing spatiotemporal patterns of signal initiation and propagation in complex dendritic
and axonal processes. Moreover, many subcellular structures including small diameter
terminal dendritic branches as well as dendritic spines and most axon terminals and axon
collaterals are not accessible to electrodes. To overcome these limitations, it was highly
desirable to complement the patch-electrode approach with technologies that permit
extensive parallel recordings from all parts of a neuron with adequate spatial and temporal
resolution. An adequate temporal resolution in recording neuronal action potential (AP) and
synaptic potential signals is in the sub-millisecond range, as determined by the duration of
different phases of the AP and SP waveforms. An adequate spatial resolution is on the order
of 1 um, as determined by the dimensions of neuronal terminal processes and dendritic
spines. This spatio-temporal resolution can now be realized using optical recording of Vp,
changes with organic voltage-sensitive dyes (Vy,-imaging) (Cohen and Salzberg 1978). The
sensitivity of this measurement technique has recently reached a level that permits single
trial optical recordings of V,, transients from all parts of a neuron, including axon terminals
and collaterals, terminal dendritic branches, and individual dendritic spines. Whenever the
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experimental design allows signal averaging, a relatively small number of trials (4-9) will
result in two or threefold improvements in the signal-to-noise ratio (S/N).

2 Determinants of V,-Imaging Sensitivity

The central figure-of-merit in V,-imaging is the recording sensitivity expressed as the S/N.
The rules governing the sensitivity of light intensity measurements are well understood and
may be put in a nutshell with an expression:

S=N/(AF/F)y® (3.1)

where AF/F is the fractional fluorescence signal per unit change in V, and @ is the number
of detected photons per unit time (fluorescence intensity expressed as photon flux). This
relationship is valid under the shot noise limited conditions fulfilled in most modern
fluorescence measurements. Shot noise limited conditions imply that the noise arising from
the statistical nature of the emission and detection of photons (shot noise) is the dominant
source of noise in the recording system, while the following sources of noise are negligible:
(a) the noise in the incident light intensity arising from an unstable light source (50 or 60 Hz
and harmonic ripple noise and/or arc-wander noise); (b) noise caused by mechanical
vibration of the image projected on the photodetector; (c) electrical noise in the amplifier
circuits (dark-noise), and (d) read noise of the CCD camera (see also Chap. 1). Under these
conditions, one way to increase the S/N for a given dye is to increase ® by increasing either
the incident light intensity or the detection efficiency, or both. An additional possibility is to
increase AF/F per unit change in V, (sensitivity of the dye). Thus, close attention must be
paid to these two parameters.

The detected fluorescence photon flux @ is a function of several parameters. These include:
(a) the excitation light intensity; (b) the extinction coefficient of the dye absorption; (c) the
quantum yield of a given dye (the efficiency of the fluorescence process defined as the ratio
of the number of photons emitted to the number of photons absorbed); (d) the overall light
throughput of the optical elements in the light path, including objectives, mirrors, auxiliary
lenses and optical filters; (e) the quantum efficiency of the recording device (the ratio
between electrons generated to the number of photons absorbed at the photoreactive
surface). In addition to these factors that are usually constant for a given experiment, the
photon flux will also depend on three additional variables: (f) the number of membrane-
bound dye molecules in the light path which will be a function of the amount of staining and
the membrane surface area projected onto individual pixels of the recording device; (g) the
fraction of the fluorescent dye bound to the external membrane that changes potential and
(h) the time interval over which photons are collected for each data point as determined by
the imaging frame rate. Thus, the photon flux and S/N will decrease as the spatial and
temporal resolutions are increased.

The voltage sensitivity of the dye, expressed as AF/F, depends on its chemical structure as
described in Chap. 2. In addition, for a given dye, the voltage sensitivity is a function of the
excitation wavelength, as demonstrated early in the development of organic probes (Cohen
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et al. 1974; Loew 1982). The sensitivity increases at extreme wings of the absorption
spectrum for charge-shift voltage-sensitive probes. Also, the optimal sensitivity will be
reached when all excitation occurs for the wavelength with the best response. In other words,
monochromatic illumination at the appropriate wavelength (as opposed to the conventional
use of a bandpass interference filter to select a range of wavelengths) will result in optimal
sensitivity (Kuhn et al. 2004). These considerations argue that a laser emitting
monochromatic light at an appropriate wavelength will be the optimal excitation light
source. It should be noted that the advantages of laser illumination are more pronounced in
fluorescent voltage-sensitive dye measurements since the loss of coherence introduced by
fluorescence emission eliminates the speckle noise that plagues transmission (absorption)
measurements using laser sources (Daintry 1984).

3 Foundation of Presently Available Recording Sensitivity

The feasibility of multiple site optical recording from individual nerve cells was initially
demonstrated using invertebrate ganglia and monolayer neuronal culture and extracellular
application of the voltage-sensitive dye (Salzberg et al. 1977, Grinvald et al. 1981). It was
subsequently shown that sufficient sensitivity of recording with subcellular spatial resolution
from intact parts of the nervous system can only be achieved if nerve cells are labeled
selectively by the intracellular application of the membrane impermeant probe. This section
reviews the limits to the sensitivity of recording using extracellular and intracellular
application of the voltage-sensitive dyes.

3.1 Extracellular Application of Dyes

3.1.1 Dissociated Neurons in Culture—In 1981 Grinvald, Ross, and Farber
demonstrated that voltage-sensitive dyes and multi-site optical measurements can be
employed successfully to determine conduction velocity, space constants and regional
variations in the electrical properties of neuronal processes in measurements from
dissociated neurons in monolayer (Grinvald et al. 1981) culture. Both absorption and
fluorescence measurements were used in these experiments and the individual dissociated
neurons in a culture dish were stained from the ext r acel | ul ar side by bath application of
the dye (Grinvald and Farber 1981). Typical optical recordings obtained from absorption and
fluorescence measurements using the most sensitive probes available at the time are shown
in Fig. 3.1. It has also been possible, using the same approach, to study synaptic interactions
between several interconnected neurons in culture (Parsons et al. 1989, 1991), and the cell-
to-cell propagation of the AP in patterned growth cardiac myocytes forming two-
dimensional hearts in culture (Rohr and Salzberg 1994). The monolayer neuronal culture is a
low opacity system especially convenient for the extracellular selective staining of the
outside cellular membrane as well as for both absorption and fluorescence measurements.
However, primary cultures are networks of neurons that grow under artificial conditions and
are substantially different from intact neuronal networks. Therefore, a number of important
questions in cellular neurophysiology can only be studied in intact or semi-intact
preparations.

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.
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3.1.2 Invertebrate Ganglia—Extending the same approach to in si t u conditions has
proven difficult and, hence, slow to develop. Ini n si t u conditions, extracellular
application of fluorescent dyes cannot provide single cell resolution because of the large
background fluorescence from the dye bound indiscriminately to all membranes in the
preparation. Thus, in the first attempt to investigate regional electrical properties of
individual neurons in si t u, in the barnacle supraesophageal ganglion, (Ross and
Krauthamer 1984) transmission (absorption) measurements were used and, as in the
experiments on neurons in culture, bath applied voltage-sensitive dyes to record optical
signals from processes of individual nerve cells. Because the S/N of these measurements
was not nearly as good as in recordings from monolayer culture, extensive averaging
(approximately 300 trials) was required to obtain signals from processes of single neurons.
The relatively small signal size which requires extensive averaging limits the utility of this
approach for studying synaptic interactions and plasticity. Also, when many neurons are
active in a densely packed neuropile it is difficult to determine the source of the signal if all
the cells and processes are stained by extracellular dye application (Konnerth et al. 1987).
Thus, the prospect for using measurement of voltage-sensitive dye absorption or
fluorescence with extracellular staining is limited, and no further experiments requiring
subcellular resolution have been reported using this type of staining. The limits to the
sensitivity in these measurements were determined primarily by: (a) the relatively low
voltage sensitivity of the available dyes; and, (b) the large background light intensity
inherent to both absorption and fluorescence measurements with extracellular application of
the dye, which translates into low fractional change in light intensity (Al/l) related to Vi,
transients (Waggoner and Grinvald 1977).

3.2 Intracellular Application of Dyes

3.2.1 Invertebrate Ganglia—A different approach to optical analysis of electrical events
in the processes of individual nerve cells is to stain particular neurons i n si t u selectively
by intracellular application of an impermeant fluorescent voltage-sensitive dye. This
approach is based on pioneering measurements, carried out on the giant axon of the squid,
which demonstrated that optical signals may be obtained when the dye is applied from the
inside (Davila et al. 1974; Cohen et al. 1974; Salzberg 1978; Gupta et al. 1981). In these
experiments, optical signals were obtained from the large membrane surface area of the
giant axon. Additional efforts were required to demonstrate that the same approach is
feasible at the spatial scale of normal size neurons and their processes. The initial
experiments using intracellular application of the voltage-sensitive dyes were carried out by
Obaid, Shimizu and Salzberg (Obaid et al. 1982) and by Grinvald, Salzberg, Lev-Ram and
Hildesheim (Grinvald et al. 1987) on leech neurons. The results demonstrated the essential
advantages of using intracellular application of fluorescent potentiometric probes.
Fluorescence measurements are more effective than absorption measurements when
measuring from a small membrane area (Waggoner and Grinvald 1977), particularly in
situations where the image of the object (e.g., thin process) is much smaller than the size of
the photodetector picture element (pixel) (Grinvald et al. 1982; Cohen and Lesher 1986).
When transmitted light is used, only a small fraction of the total light captured by individual
pixels will be modulated by the signal from the neuronal process (dendrite or axon)
projected onto that pixel (Al). Most of the light will be projected directly and will only

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.
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contribute to the resting light intensity (I). Thus, the fractional signal (Al/1) will be very
small. On the other hand, in fluorescence measurements, practically all of the light projected
onto individual pixels will come from the object (if auto fluorescence is negligible)
regardless of the fraction of the pixel surface area covered by the image of the object. In the
experiments on leech neurons (Grinvald et al. 1987), fluorescence measurements were used
to record APs and synaptic potential signals from processes of selectively stained single
neurons (Fig. 3.2). As predicted, the S/N was substantially improved relative to prior
absorption measurements, but it was still too low to be of practical value—the available
sensitivity was insufficient for multiple site optical recording of complex electrical
interactions at the level of thin neuronal processes. Due to the low sensitivity of the
measurements, elaborate correction procedures and extensive temporal averaging were
necessary to improve the S/N. Additionally, spatial resolution was sacrificed and the signals
reported were recorded from one location with a single photodiode. Moreover, the signals
originated from a relatively large region of neuropile containing many processes, albeit from
a single identified neuron (Fig. 3.2c). Despite low sensitivity, these experiments clearly
showed the advantages of selective staining of individual neurons by intracellular application
of the dye. The limits to the sensitivity of these measurements were determined primarily
by: (a) the relatively low voltage sensitivity of the available dyes (amino-phenyl styryl dyes,
e.g. RH437 and RH461; fractional change in fluorescence intensity per AP, in intracellular
application, of the order of 0.01-0.1 %); (b) the choice of the excitation light bandwidth, and
(c) the relatively low intensity of the incident light that could be obtained from a 100 W
mercury arc lamp.

At the time, the reported sensitivity was the result of a modest screening effort suggesting
that better signals might be obtained by: (a) synthesizing and screening new molecules for
higher sensitivity; (b) increasing the concentration of the dye to increase the fluorescence
intensity; (c) using an excitation light source capable of providing higher excitation light
intensity and better stability and (d) using detector devices with lower dark-noise and
adequate spatial and temporal resolution. Following this rationale, the first substantial
improvement in the S/N was obtained by finding an intracellular voltage-sensitive dye with
sensitivity in intracellular application two orders of magnitude higher than what was
previously available. The amino-naphthalene styryl dye JPW1114 synthesized by J. P.
Wouskell and L. M. Loew at the University of Connecticut Health Center had the sensitivity
expressed as AF/F per AP, in intracellular application, of the order of 10 % (Anti¢ and
Zecevi¢ 1995). The higher sensitivity of this dye translates directly into higher S/N. At this
stage, the sensitivity was also improved by using a more powerful excitation light source
(Osram, XBO 250 W OFR) powered by a low-noise power supply (Model 1700; Opti-Quip,
Highland Mills, NY). The dramatic improvement in sensitivity and the use of 12 x 12 or 24
x 24 element photodiode detector arrays (Centronix, Inc., Newbury Park, CA) allowed
simultaneous multiple site monitoring of electrical signals from processes of invertebrate
neurons in isolated ganglia (Antic et al. 2000; Anti¢ and Zecevi¢ 1995; Zecevi¢ 1996).
Figure 3.3 shows a diagram of the optical arrangement for epi-fluorescence measurement
and a typical multiple site recording from axo-dendritic processes of an individual neuron
from the land snail Hel i x asper sa. This type of recording permitted the analysis of the
pattern of initiation and propagation of spikes in neuronal processes and provided direct

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.
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information about the location and the number of spike trigger zones in a particular nerve
cell. Also, it was possible to monitor directly spike propagation failure at axonal branch
points (Antic et al. 2000). In all experiments on invertebrate neurons, individual nerve cells
in isolated ganglia were observed using wide-field transmission microscopy and selectively
stained intracellularly with the voltage-sensitive dye by iontophoresis from beveled sharp
electrodes (Obaid et al. 1982; Grinvald et al. 1987; Anti¢ and Zecevi¢ 1995).

The substantial improvement in the sensitivity of optical recording was accompanied by new
demands for increased spatial and temporal resolution. Increased resolution, in turn, tended
to diminish the S/N. The invertebrate neuron studies described above required spatial and
temporal resolution that could only be achieved by using substantial temporal averaging
(from 4 to 100 trials) to improve the S/N. In addition, the spatial resolution was limited by
the available S/N to about 20-50 um long sections of axo-dendritic processes. Clearly,
further improvements were needed in order to reduce the temporal averaging and increase
spatial resolution. The limits to the sensitivity in these measurements were determined
primarily by: (a) the sensitivity of the available voltage dyes; (b) the choice of the excitation
bandwidth; (c) the maximum excitation light intensity that could be obtained from a 250 W
Xenon arc-lamp; and (d) the dark noise of the photodiode array which was the dominant
noise at the fluorescence intensities recorded from individual neurons stained by
intracellular application of the dye.

3.2.2 Vertebrate Brain Slices—It was of considerable interest to apply Vpy,-imaging
techniques to the dendrites of vertebrate CNS neurons in brain slices. This possibility was
first demonstrated with work on layer V neocortical pyramidal neurons (Antic et al. 1999)
that established a basic protocol for intracellular labeling of individual nerve cells in slices
and described the method for simultaneous optical recording of electrical signals from
multiple sites on apical, oblique, and basal dendrites. In these experiments, individual
pyramidal neurons in slices were observed using infrared dark-field video microscopy and
stained selectively by intracellular application of the voltage-sensitive dye by diffusion from
a patch electrode in a whole-cell configuration. The major problem in injecting vertebrate
neurons from patch pipettes was leakage of the dye from the electrode into the extracellular
medium before the electrode is attached to the neuron. Patching requires pressure to be
applied to the electrode during electrode positioning and micromanipulation through the
tissue. This pressure ejects solution from the electrode. To avoid extracellular deposition of
the dye that binds to the slice and produces large background fluorescence, the tip of the
electrode was filled with dye-free solution, and the electrode was backfilled with dye
solution. The amount of dye-free solution in the electrode tip and the applied pressure has to
be adjusted empirically to ensure that no dye leaks from the electrode before the seal is
formed. Usually, no pressure is applied before the electrode enters the slice. Low pressure
(10-20 mBar) is used during electrode positioning in the slice, and the final pressure of 50—
100 mBar, necessary for cleaning the surface membrane of the cell, is applied immediately
(1 s) before the seal formation. Using this method, it was possible to load neurons routinely
without increasing the background fluorescence of the surrounding tissue. At the end of a ~1
h diffusion period, the patch pipette was detached and the injected dye was allowed to spread
for an additional 2 h before the start of optical recording. Within this time, dye would reach

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.
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the apical tuft branches in layer I, ~1 mm from the soma. The results of these experiments
demonstrated: (a) that loading vertebrate neurons with a voltage-sensitive dye using patch
electrodes was possible without contamination of the extracellular environment; (b) that
brain slices did not show significant autofluorescence at the excitation/emission wavelengths
used (in contrast with the experience of Grinvald et al. (1987)); (c) that pharmacological
effects of the dye were completely reversible; (d) that the level of photodynamic damage
was low enough to permit meaningful measurements and could be reduced further; and (e)
that the sensitivity of optical recording with a 464 element photodiode array was comparable
to that reported for invertebrate neurons. At this level of sensitivity, however, modest
temporal averaging in recording AP signals was still required, and spatial resolution was
limited by the available S/N to approximately 20 um long sections of dendritic processes
(Antic et al. 1999). The limits to the S/N in these initial measurements from vertebrate
neurons were determined by the same factors as described above for invertebrate
preparations.

3.2.3 Improvement in Sensitivity with CCD Cameras—The second significant
improvement in recording sensitivity in measurements from individual nerve cells (after the
synthesis of a dye far more suitable for intracellular application) was the introduction of a
cooled, back-illuminated CCD camera in place of the 464-element diode array. Fluorescence
measurements from individual neurons have a lower range of intensities (with
correspondingly lower absolute amplitude of the shot noise) so that the dominant noise, in
recordings with a 464-diode array, was the relatively large dark noise of the amplifier-
photodiode circuit. Thus, the dark noise of the photodiode array limited the detection system
sensitivity, rendering it significantly lower than the theoretically attainable shot noise limit.
It was then realized that in this range of illumination intensities (from 5 x 103 to 5 x 108
photons/ms) the CCD camera can approach the ideal (shot noise limited) sensitivity (Wu et
al. 1999) (see also Chap. 1). The back illuminated CCD camera, because it is cooled and can
have about 1,000 times smaller pixel surface area and proportionally smaller dark currents
compared to available diode arrays, exhibits substantially lower dark noise. Test
measurements performed at low light level (Wu, Cohen and Zecevic, unpublished
observations), established that a particular cooled CCD camera (FastOne, Pixel Vision Inc.,
Beaverton, OR) improved the sensitivity by a factor of approximately 20 (Fig. 3.4a). The
upper trace in Fig. 3.4a shows the recording of a step change in light intensity adjusted in
amplitude to be at the limit of resolution (S/N=1) for the photodiode array. The lower trace
is the recording of the same steps using the high-speed, cooled CCD camera. This result is a
demonstration of the remarkable improvement in S/N resulting from the large reduction in
dark noise.

The increase in sensitivity with the introduction of advanced CCD cameras allowed, for the
first time, recording of the spatial and temporal dynamics of electrical events in thin, distal
dendritic processes that cannot be probed with conventional patch-electrode techniques. The
optical approach made possible simultaneous measurements of the V,, transients in basal
and oblique dendrites of pyramidal neurons during single APs and trains of APs (Fig. 3.4b;
(Antic 2003)), as well as the analysis of synaptic potential initiation and spread in terminal

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.
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dendrites of the glomerular tuft of individual mitral cells in the olfactory bulb slice (Djurisic
et al. 2004).

The optical measurements from basal dendrites (Antic 2003) provided unique evidence that,
in contrast to apical dendrites, basal and oblique dendritic processes impose modest
amplitude and time course modulation on the backpropagating AP (bAP) and are robustly
invaded by the somatic spike even when somatic firing rates reach 40 Hz (Fig. 3.4b). A
compartmental model incorporating AP peak latencies and half-widths obtained from optical
measurements indicated that the specific intracellular resistance ( R;) is less than 100 Q cm.
The data obtained simultaneously from multiple dendritic sites and subsequently linked to a
numerical simulation, revealed that all synaptic locations along basal and oblique dendrites,
situated within 200 pm of the soma, experience strong and near-simultaneous (latency < 1
ms) voltage transients during somatic firing (Antic 2003; Zhou et al. 2008). The
continuation of these studies (Acker and Antic 2009) demonstrated that dendritic multi-site
voltage sensitive dye recordings can be combined with pharmacological manipulations of
membrane excitability to test and optimize multicompartmental numerical simulations. For
example, the bAPs in basal dendrites have been monitored before and after blocking the
voltage gated sodium channels with tetrodotoxin (TTX), or blocking A-type potassium
channels with 4-Aminopyridine, in order to determine the contribution of each membrane
conductance to the dendritic AP signal (Acker and Antic 2009).

Experiments on mitral cells (Djurisic et al. 2004) showed that optical data can be used to
measure the amplitude and shape of subthreshold excitatory postsynaptic potentials (EPSPs)
evoked by olfactory nerve stimulation at the site of origin (glomerular tuft) and to determine
its attenuation along the entire length of the primary dendrite. In addition, direct evidence
was provided for the number, location, and stability of spike trigger zones, the excitability of
terminal dendritic branches, and the pattern and nature of spike initiation and propagation in
the primary and secondary dendrites. In a subsequent study (Djurisic et al. 2008), V-
imaging was used to analyze the electrical properties and the functional organization of the
terminal dendritic tuft, which was not accessible to standard electrode recordings (for single
site patch-electrode recordings from small dendritic branches see (Nevian et al. 2007;
Larkum et al. 2009)). Optical recording provided direct evidence that the dendritic tuft
functions as a single electrical compartment for subthreshold signals within the range of
amplitudes detectable by voltage-sensitive dye recording. Figure 3.5 illustrates the
sensitivity of multiple site optical recordings of AP related signals and subthreshold, EPSP
signals from mitral cell tuft dendrites in wide-field epi-fluorescence mode. With this
approach, it was possible to record AP signals at a frame rate of 2 kHz in single trial
recordings from ~4 pm long sections of terminal dendritic branches less than 1 pym in
diameter. As shown in the figure, the modest S/N obtained in single-trial, single-pixel
measurements could be further improved by spatial and temporal averaging. A
representative optical recording of EPSPs from the site of origin on glomerular dendritic
branches is shown in Fig. 3.6. These experiments demonstrated that, at the spatial scale of
dendritic processes, 3-5 mV synaptic potentials can be resolved optically in single-trial
recordings. The relatively weak S/N in measurements of small, subthreshold V, transients
could be improved by modest temporal averaging (4-9 trials).

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.
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The same methodology based on the use of high-speed, low read noise CCD camera
(FastOne, Pixel Vision Inc., Beaverton, Oregon or NeuroCCD-SM, RedShirtimaging LLC,
Decatur, Georgia), has been applied to the analysis of dendritic signals from rat hippocampal
CAL pyramidal neurons during coincident pre- and post-synaptic activity using combined
voltage- and calcium-imaging from neurons labeled with two indicators (see Chap. 4 and
(Canepari et al. 2007)). The combined imaging technique was also applied to the analysis of
dendritic V,, and Ca2* signals associated with parallel fiber and climbing fiber stimulation
in cerebellar Purkinje neurons (Chap. 4 and (Canepari and Vogt 2008)), as well as to the
study of the correlation between dendritic electrical transients (plateau potentials) and
dendritic calcium signals during suprathreshold glutamatergic synaptic input (Milojkovic et
al. 2007). In addition, using exactly the same recording apparatus and protocols, similar
spatial resolution was reported in recordings from axons and basal dendrites of layer 5
pyramidal neurons (Palmer and Stuart 2006; Kampa et al. 2006). However, in these studies,
a significantly lower range of excitation light intensities was utilized, reducing the S/N
significantly. The loss in sensitivity was compensated by extensive temporal averaging,
which is only possible at reduced light intensity because of reduced photodynamic damage.

The studies described above documented that V,-imaging is quite efficient at the spatial
scale of dendritic branches. Clearly, the sensitivity was adequate to monitor suprathreshold,
regenerative AP signals (Figs. 3.3, 3.4, and 3.5) as well as subthreshold, synaptic input
signals (Fig. 3.6) from multiple sites on dendritic processes. The available S/N, however,
was not adequate to allow multisite recordings from thin axons and axon collaterals at high
frame rates (5-10 kHz) without extensive averaging (> 100 trials). Such high frame rates are
required for monitoring fast axonal APs at physiological temperature. In addition, it was still
not possible to monitor V,, signals at the higher optical magnification and finer spatial scale
necessary for resolving electrical events at the level of individual dendritic spines. Clearly,
further improvements in sensitivity were needed.

3.2.4 Improvements in Sensitivity with Monochromatic, Laser Light Excitation
—A possible approach toward achieving high speed multiple site optical recordings of
membrane voltage from axons and axonal collaterals as well as from individual dendritic
spines in brain slices is wide-field epi-fluorescence microscopy applied at high optical
magnification. Several alternative optical approaches to V,-imaging are also available; these
will be discussed in Sect. 3.2.5 below.

The limited sensitivity of available epi-fluorescence V,-imaging methods required extensive
averaging (> 100 trials) in recording fast axonal AP signals because these recordings
necessitate high frame rates (10 kHz) (Palmer and Stuart 2006). Similar low sensitivity is
obtained in recording signals from individual dendritic spines because an order of magnitude
higher optical magnification is required to resolve spines (Palmer and Stuart 2009). Because
extensive averaging (> 100 trials) makes most physiologically relevant experiments very
difficult or impossible, a substantial improvement, by a factor of 10-100, in the sensitivity
was desirable.

Within the constraints imposed by Eg. (3.1), one way to increase the S/N with a given
voltage-sensitive dye is to increase the photon flux (@) by increasing the excitation light
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intensity. Another possibility is to increase the fractional fluorescence change per unit
change in Vy, (sensitivity of the dye) by choosing the optimal excitation wavelength.
Following this rationale, Holthoff et al. (2010) used one of the most sensitive voltage-
sensitive dyes in terms of S/N (JPW3028; (Djurisic et al. 2004; Zhou et al. 2008; Acker and
Antic 2009)), and improved both the excitation (and, hence, emission) light intensity and the
relative fluorescence change in response to V, change by utilizing a laser as an illumination
source in wide-field epi-fluorescence microscopy mode (Holthoff et al. 2010). In
measurements from layer 5 pyramidal neurons in rat visual cortex slices, the light from a
frequency-doubled 200 mW diode-pumped Nd:YVO, continuous wave (CW) laser emitting
at 532 nm (Excelsior 532 single mode; Newport-Spectra-Physics, Mountain View, CA) was
directed to a quartz optical fiber (TILL Photonics GmbH, Gréafelfing, Germany) coupled to
the microscope via a single-port epi-fluorescence condenser (TILL Photonics) designed to
overfill the back aperture of the objective. In this way, approximately uniform illumination
of the object plane was attained. Figure 3.7 depicts the experimental set-up schematically. A
stationary stage upright microscope (Model BX51WI Olympus Inc, Japan) equipped with
three camera ports was used in these experiments. One camera port had a standard, high
spatial resolution CCD camera for infrared DIC video-microscopy (CCD-300-RC, Dage-
MTI, Michigan City, IN). The second camera port had a fast data acquisition camera (up to
20,000 frames/s) with relatively low spatial resolution (80 x 80 pixels) but outstanding
dynamic range (14 bits) and exceptionally low read noise (NeuroCCD-SM,
RedShirtimaging LLC, Decatur, GA). The third camera port had a CCD camera with high
spatial resolution (1,392 x 1,024 pixels; Pixelfly-ge, PCO Imaging, Kelheim, Germany)
mounted on a Yokogawa spinning-disc confocal scanner used to collect z-stacks of confocal
images for detailed morphological reconstruction of the stained cell. The fractional
amplitude noise in low-noise solid-state lasers (< 0.2 %) did not interfere with recording
sensitivity because it was below the typical fractional shot-noise in fluorescence voltage-
sensitive dye recordings (Iwasato et al. 2000; Matsukawa et al. 2003; Zhou et al. 2008). The
excitation light was reflected to the preparation by a dichroic mirror having a central
wavelength of 560 nm, and the fluorescence emission was passed through a 600 nm barrier
filter (a Schott RG600). Imaging was performed with a low-noise high-speed CCD camera.

With this apparatus, a series of control experiments were designed to test three critical
methodological parameters: (a) improvement in the S/N; (b) the extent of photodynamic
damage at the required excitation light intensity; (c) the limits to the spatial resolution as
determined by light scattering in wide-field epi-fluorescence measurements. Robust and
unambiguously favorable results were obtained regarding all three parameters (see below).
Following these initial measurements, further experiments were carried out to characterize
bAP signals in dendrites and spines.

As described above (Fig. 3.7) imaging was performed with a high-speed CCD camera.
Neurons with easily discernible dendrites were loaded from a patch-pipette with the voltage-
sensitive dye JPW3028. Figure 3.8b shows a composite fluorescence image of a pyramidal
neuron labelled with the voltage-sensitive dye.

Improved V-Imaging from Dendritic Branches: In the initial series of experiments, the
extent of propagation and the time course of bAP signals were monitored from dendrites at

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Popovic et al.

Page 12

relatively low magnification (the full CCD frame (80 x 80 pixels) corresponded to a 300 x
300 um area in the object plane). At this magnification the dendritic spines could not be
resolved even in principle because their image was smaller than individual pixels. Before
optical measurements, the dye-loaded pyramidal neurons were re-patched with a dye-free
pipette (Fig. 3.8b). Spikes were elicited by depolarizing current pulses delivered from a
patch electrode in the soma and bAPs recorded optically from various dendritic
compartments covering the entire dendritic tree (Fig. 3.8a—c). The recordings from different
areas were obtained by sequentially repositioning the field of view. As indicated in the
figure, at all dendritic sites, including the terminal apical tuft (Fig. 3.8a) as well as the
oblique (Fig. 3.8c) and the basal dendrites (Fig. 3.8b), bAPs could be monitored with
unprecedented sensitivity by the voltage probe JPW3028 at the laser excitation wavelength
of 532 nm in single-trial measurements. The combined effect of an increase in light intensity
and the use of a near optimal excitation wavelength was a dramatic improvement in the
sensitivity of voltage imaging by a factor that varied from 10 to 50 in recording from
different sites on neuronal processes. The single-trial signals (no averaging) from some of
the individual pixels (Fig. 3.8c, location 5) yielded fractional fluorescence changes of about
60 % recorded with the S/N of approximately 50. The sensitivity of these measurements is
the largest ever obtained from individual nerve cells in slices. Clearly, the amplitude of AF/F
signals corresponding to the back-propagating spikes varied widely at different locations.
This variability corroborates the earlier findings (Djurisic et al. 2004; Canepari et al. 2007)
that the sensitivity of the optical measurements from different dendritic regions is not
uniform. The sensitivity varied because the ratio of the dye bound to the plasma membrane
that changes potential to the dye bound to intracellular membranes varies between different
regions on the dendritic arbor as a function of many factors that cannot be determined
accurately, including the surface to volume ratio and the amount of intracellular membranes
(see Chap. 4 and (Canepari et al. 2008) for more detailed explanation on dye signal
calibration). A small number of dendritic regions exhibited extremely large fractional
changes (e.g. location 5 in Fig. 3.8c). This result suggest that the intrinsic voltage sensitivity
of the dye is very high closely approaching the theoretical sensitivity limit for charge-shift
probes excited by a wavelength close to the extreme red edge of the absorption spectrum
(Kuhn et al. 2004). The simplest explanation for the large optical signals recorded from a
small subset of dendritic regions is that the fluorescence from these sites was largely
dominated by the dye bound to the plasma membrane, possibly because of a favorable
surface-to-volume ratio and the absence of internal membranes at these locations. Apart
from these sites, the optical signals related to bAP from most of dendritic regions were in the
range of 10-20 %.

Improved V-Imaging from Axons: Another series of experiments was carried out at the
same optical magnification to utilize the improved sensitivity of the voltage-imaging
technique in the analysis of electrical events in individual axons. Recent experimental and
theoretical data (Shu et al. 2007; Bennett and Muschol 2009) indicate that the functional
capabilities of axons are much more diverse than traditionally thought. Consequently, the
field of axonal physiology is rapidly expanding. At the same time, the traditional tools for
analyzing axonal signaling were limited to single site electrode recordings from the cut end
of axons. Clearly, new tools to gain a better understanding of signal integration in axonal
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processes are critical. The first successful attempt to monitor optically AP signals from
multiple sites on the axon of a pyramidal neuron (Palmer and Stuart 2006) clearly
demonstrated advantages of VV,-imaging by providing direct evidence on the approximate
location of the spike initiation site in a vertebrate nerve cell (Fig. 3.9). The sensitivity of
these recordings was limited by the amount of light that can be obtained from a 100 W
tungsten-halogen bulb as well as by the choice of less favorable wavelengths of the
excitation light. Thus, extensive signal averaging (> 100 trials) was required to obtain useful
information. This amount of averaging makes experiments difficult and prone to errors. A
significant improvement in sensitivity brought about by laser excitation facilitated further
studies. By using those improvements in imaging technique that provided exceptional
temporal resolution, it was possible to analyze the individual Purkinje neurons and resolve
the region of spike initiation as well as follow spike propagation into axon collaterals for
each action potential initiated in single trials (Fig. 3.10). The results of this study
demonstrated that the axon initial segment is a critical decision point in Purkinje cell
processing and that the properties of axon branch points are adjusted to maintain faithful
transmission (Foust et al. 2010). In another study focused on layer V pyramidal neurons
(Popovic et al. 2011), the authors utilized the same refinements of dye-based measurements
to elucidate the behavior of cortical pyramidal cell axons and their small, branched
collaterals. Figure 3.11 illustrates how multiple site optical recording was used to directly
determine the location and length of the spike trigger zone (TZ) as defined in functional
terms. The results show that in mature axons of mouse cortical layer 5 pyramidal cells,
action potentials initiate in a region ~20 um in length centered in the axon initial segment
between 20 and 40 um from the soma. From this region, the AP depolarizing wave invades
initial nodes of Ranvier within a fraction of a millisecond and propagates in a saltatory
fashion into axonal collaterals without failure at all physiologically relevant frequencies.
Optical signal processing that was utilized to generate the kind of results described above is
illustrated in Fig. 3.12. More detailed explanation of the limits to spatiotemporal resolution
is given below.

How accurate are optical measurements of fast electrical events? The accuracy of these
measurements is a function of the available sensitivity of V, imaging which is, in turn, a
function of both spatial and temporal resolution. Thus, these parameters have to be
considered in every particular study. For example, it is known that the initiation of the AP in
the sub-region of the axonal initial segment (AIS) and its propagation to the first node of
Ranvier is accomplished in less than 100 s in layer-5 pyramidal neurons (Palmer and Stuart
2006) and in Purkinje cells (Foust et al. 2010). It is also known from electrode
measurements that accurate recording of the fastest frequency components of the axonal AP
(maximum dV/dt of 1,100-1,200 V/s at 32-37 °C) requires sampling rates of 20-80 kHz.
Further increase in the sampling rate gave similar results (Yu et al. 2008). While this range
of sampling frequencies are difficult to realize in optical recordings because of limited
sensitivity, it was possible to effectively apply a frame rate of 10 kHz (Foust et al. 2010;
Popovic et al. 2011). These studies demonstrated that the filtering effect of insufficiently
high sampling rate had a very small effect on determining soma—axon delays used to
establish the location and length of the spike TZ. In other words, it was possible to assume
that the AP waveform reconstructed by cubic spline interpolation from the data obtained at a
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sampling rate of 10 kHz is an adequate approximation of the true AP shape for the purpose
of measuring soma-axon delays. Thus, the reconstructed waveform was treated as an analog
signal that has a known value at all times and the continuous cubic spline interpolation
curve, re-sampled at 100 kHz, was used to characterize timing information with a temporal
resolution of 10 ps.

The necessary spatial resolution is dictated by the anticipated length of the spike TZ. The
average length of the AIS has been determined to be ~40-50 pm (Palmer and Stuart 2006).
The length of the spike TZ defined in functional terms has been unknown because there have
been no direct recordings of this parameter. A plausible prediction for the length of the TZ
based on structural studies as well as from modelling is in the range of 10-40 pm (Hu et al.
2009). In the experiment shown in Fig. 3.11 the optical magnification was adjusted so that 1
pixel of the CCD used for V,, imaging received light from a surface area of ~4 x 4 um in the
object plane. Next, one has to consider the sensitivity (amplitude resolution) of the optical
measurement at the spatiotemporal resolution described above (10 ps; 4 um). First, it is
necessary to take into account relevant V, changes during AP initiation that are likely to
occur at the temporal scale on the order of 10 ps. The steepest slope (dV/dt) of the AP
upstroke measured optically at 32-34 °C, was ~400-550 mV/ms in the soma and ~550-700
mV/ms in the axon (Popovic et al. 2011). The slope of the axonal AP upstroke signal
indicates that the membrane potential will change by ~5-7 mV in 10 ps during a maximum
rate of depolarization. Thus, a meaningful optical readout of V,, transients with a temporal
resolution of 10 ps requires that the sensitivity of optical recording (expressed as the S/N) is
sufficient to reliably resolve V, changes of this magnitude. Figure 3.13 addresses this
question. In the measurement shown in Fig. 3.13c, AP signals were recorded optically from
an axonal region 4 um in length. The trace on the left is a temporal average of optical data
from four trials characterized by a S/N of 7. The middle trace is a temporal average of 16
trials characterized by an increase in sensitivity by a factor of 2 (S/N=14). The noise in the
signal can cause an error in the measurement of the time of the transition to a given signal
amplitude. Figure 3.13c illustrates that this error was negligible. The slow noise of relatively
small amplitude recorded at the resting membrane potential did not have a significant effect
on amplitude measurement during the most rapidly changing phase of the signal. Thus, the
measurements of AP initiation in the axon were limited to the spatial resolution of 4 um,
temporal resolution of 10 ps and amplitude resolution of 4 mV. It was necessary to employ
modest temporal averaging (4-25 trials) to attain this sensitivity in different experiments,
depending on the level of intracellular staining and on axon location relative to the surface of
the slice. It is noteworthy that temporal averaging has strict limitations. Because the S/N
increases with the square root of the number of trials averaged, it is possible to improve the
sensitivity by a factor of 2-5 (by averaging 4-25 trials) without significant difficulties.
Further improvement in the sensitivity, however by a factor of only 2, would require
extensive averaging (> 100 trials), which is not easily realizable because of the preparation
run-down with time and because repetitive exposure to high-intensity excitation light results
in photodynamic damage.

The same recording technology can be used to analyze the spatial pattern of AP propagation
as revealed by monitoring transmembrane potential over longer sections of individual
myelinated axons. Previously, this information was not available for any neuron. A
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representative experiment is illustrated in Fig. 3.14. The spatial plot of the soma—axon
latency along an axonal section of approximately 300 um clearly identified the position of
the spike TZ and putative nodes of Ranvier, all characterized by localized reduction in
soma—axon latency typical for saltatory conduction (Fig. 3.14a). It is likely that the
internodal regions, invaded by the depolarizing wave with a delay, were myelinated. The
spatial plot of AP latency provides a functional readout for the position of the nodes of
Ranvier. Figure 3.14b shows the initiation and the propagation of an AP as revealed by a
time sequence of the colour-coded spatial maps of the depolarizing AP wave. The time
sequence of spatial maps shows the colour coded representation of the relative V, amplitude
on the y-axes (omitted for clarity) at five characteristic points in time—spike initiation at
time 0, the gradual invasion of the three putative nodes of Ranvier during the following 90
us, and the peak depolarization at 360 ps. It is noteworthy that the entire section of the axon,
about 300 um in length, is invaded by the peak of the AP depolarization wave within a
fraction of a millisecond from the time the V,, threshold for excitation was reached. Figure
3.14c, d illustrates the clear correlation between the positions of the putative nodes of
Ranvier determined by functional imaging with anatomical data showing axonal regions that
give rise to collaterals. This same approach has the unique potential to directly address
questions of action potential fidelity which cannot be probed by conventional
electrophysiological techniques. Figure 3.15 illustrates a successful propagation of a train of
15 APs evoked at the frequency of 400 Hz. In this work (Popovic et al. 2011) optical
recordings of a total of 1,770 APs from the main axon and collaterals revealed that the
propagation of APs was reliable for all frequencies of firing supported by the spike TZ.
These measurements established that the superior sensitivity of wide field laser-excitation
epi-fluorescence recordings permit \V,-imaging from the axonal arbor, including small
diameter axon collaterals, with high temporal and spatial resolution.

Improved V,-Imaging of bAPs from Dendritic Spines: The high sensitivity of recording
from dendrites and axons at relatively low optical magnification described above indicated
that it should be possible to increase the optical magnification by a factor of 10 and monitor
Vp-transients from individual dendritic spines and, potentially, from presynaptic axonal
varicosities/boutons. Recording electrical events from individual dendritic spines is
important for several reasons. Spines play a critical role in the input-output transform carried
out by an individual neuron. They receive most of the excitatory synapses in many brain
regions and serve as calcium compartments, which appear to be necessary for input-specific
synaptic plasticity (Yuste and Denk 1995; Sabatini et al. 2002; Noguchi et al. 2005). In the
last decade, a number of investigators, (e.g. Winfried Denk; Rafael Yuste; Karel Svoboda;
Bernardo Sabatini; Haruo Kasai) revisited previously well-articulated theoretical questions
and ideas (Rall 1974; Koch and Zador 1993) and analyzed open problems in spine
physiology with the aid of novel experimental technologies. The methodology has been
developed to measure Ca2* signals from individual spines with great precision using two-
photon microscopy, and many aspects of spine physiology related to Ca2* signaling have
been illuminated (Sala and Segal 2014).

The electrical behavior of spines, however, is less well understood and controversial. For a
long time, the electrical role of spines had to be considered on purely theoretical grounds
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because it was technically impossible to measure V,-signals from individual spines.
Theoretical work (Rall 1974; Segev and Rall 1998; Jack et al. 1975) and, more recently,
several experimental studies (Bloodgood and Sabatini 2005; Noguchi et al. 2005; Araya and
Jiang 2006; Araya et al. 2006; Harnett et al. 2012; Gulledge et al. 2012) provided indirect
evidence that the electrical characteristics of dendritic spines might have important
implications for integrative function and for the plastic properties of neurons. Other studies
based on diffusion measurements (Svoboda et al. 1996; Tannesen et al. 2014) as well as on
multi-compartmental modeling (Koch and Zador 1993) indicated that spines may not play a
significant electrical role. This question is still unresolved because it has never been possible
to document directly the electrical behavior of dendritic spines owing to the limited
sensitivity of the available measurement techniques at the requisite spatial resolution. Thus,
a critical challenge, both conceptually and technically, was to develop an approach for the
direct analysis of V, signals from individual dendritic spines. The improvement in
sensitivity described above made this type of recording possible (Holthoff et al. 2010) as
illustrated in Fig. 3.16. In these measurements a magnified image of a spiny dendrite of a
stained neuron was projected onto a CCD camera and fluorescence intensity changes were
monitored from multiple locations. The bAP related signals from dendritic spines were
clearly resolved in single trial measurements and the S/N was further improved by averaging
a small number of trials (4-9). One concern with respect to these measurements was that
scattered light from the parent dendrite, in wide-field fluorescence measurements, might
contaminate signals from individual spines. To address this issue, Holthoff et al. (2010)
compared dendritic signals from individual spines with recordings from analogous regions
without spines and found that the signals from regions without spines were smaller than the
noise in the measurement (Fig. 3.16a, b, locations 2 and 3). Thus, the interference from
scattered light was insignificant in the superficial layers of the slice. Another concern was
the amount of photodynamic damage caused by the high intensity excitation light. In several
experiments, the very first single-trial optical recording of the bAP (control signal) was
compared with the last bAP signal at the end of the experiment. The results indicated that, in
the range tested (up to 25 recording trials) the first and the last bAP signal were identical,
indicating that the photodynamic damage was not significant.

From the type of data shown in Fig. 3.16, it was possible, for the first time, to determine and
compare the time course of the bAPs signals in spines and parent dendrites (Holthoff et al.
2010). The waveforms of the bAP signals were reconstructed from the data obtained at 2
kHz frame rate using cubic spline interpolation and compared on an expanded time scale.
Figure 3.16e shows that both the upstroke and the downstroke of the AP in spines and
dendrites closely overlapped. The summary result from 20 different neurons (Fig. 3.16f)
showed that signals from spines and dendrites did not differ significantly. Thus, these results
demonstrate that bAPs in spines have a rapid time-course that is very similar to that of
spikes recorded in the parent dendrite. The rapid time-course of the bAP in the spines may
be a critical determinant for the precise regulation of spike timing-dependent synaptic
plasticity within a very narrow time window (Caporale and Dan 2008).

Improved V-Imaging of Subthreshold EPSP from Dendritic Spines: On the conceptual
level, a key open question regarding the electrical role of dendritic spines is whether the
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hypothetical electrical isolation of synapses on spine heads caused by a narrow spine neck
provides specific functions which are not available to synapses on dendrites. Several such
functions have been proposed based on computational modeling and indirect evidence: (1)
Spines reduce location-dependent variability of local EPSPs and, thus, standardize and
enhance synaptic activation of voltage-gated channels. (2) Changes in structure and
electrical resistance of the spine neck under hypothesized activity control mediate the
induction of synaptic plasticity underlying learning and memory formation. (3) Electrical
properties of spines promote either linear or nonlinear (depending on evidence) dendritic
integration and associated forms of plasticity, thus fundamentally enhancing the
computational capabilities of neurons. (4) Spines have the capacity to act as discrete
electrogenic compartments that amplify synaptic potentials by activation of voltage-sensitive
channels. These functions, if directly demonstrated, would define the electrical role of
spines. However, a direct demonstration of the electrical behaviour of dendritic spines would
require recording of unitary subthreshold synaptic responses at the spatial scale of individual
spines with adequate sensitivity and temporal resolution to allow quantitative analysis. The
central problem was the sensitivity of optical recordings in terms of the signal-to-noise ratio
(S/N) at the required spatiotemporal resolution. The best existing sensitivity which allowed
optical monitoring of bAP from dendritic spines, as shown above, was insufficient because
EPSP signals would be 5-10-fold smaller in amplitude. The required improvement in
sensitivity was recently accomplished by: (a) further increase in the excitation intensity from
a laser at the wavelength that has the best signal; (b) minimizing photodynamic damage by
restricting the excitation light to a small area (18 um x 18 pum) around the spine of interest
and by briefly lowering oxygen concentration in the extracellular solution during optical
recording. The sensitivity of optical recording under these conditions is illustrated in Fig.
3.17. A subthreshold EPSP was evoked by stimulating one synapse on a dendritic spine
using 2-photon uncaging of glutamate while optical signals were acquired at a frame rate of
2 kHz from a small segment of a basal dendrite of a layer 5 pyramidal neuron. The uncaging
was followed by a bAP evoked by a depolarizing current pulse delivered from a somatic
patch-electrode. Both the subthreshold signal and the action potential signal can be clearly
resolved in optical recordings from the spine head and the parent dendrite with modest
signal averaging; the EPSP and bAP recordings are average of 8 and 4 trials respectively.
Calibration of optical signals on an absolute scale (in mV) was obtained by normalizing the
subthreshold signal to an optical signal from a bAP which has a known declining amplitude
along basal dendrites (Nevian et al. 2007). These measurements established that voltage-
sensitive dye recording based on wide-field laser-excitation fluorescence microscopy permits
monitoring of subthreshold electrical signal integration in individual dendritic spines and
parent dendrites in acute brain slice preparations.

V-Imaging of Inhibitory Synaptic Potentials: In parallel to the improved ability to
resolve EPSPs from dendritic spines, laser light excitation also allows discriminating
inhibitory postsynaptic potentials (IPSPs) from larger dendritic segments. The possibility of
obtaining this type of measurement was demonstrated by Canepari et al. (2010) who
monitored IPSPs in the apical dendrites of CAL hippocampal pyramidal neurons (Canepari
et al. 2010). In contrast to EPSPs, IPSPs are mediated by GABA, or glycine receptors and
CI™ ions which have negative reversal potential under physiological conditions resulting in a
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smaller driving force at rest. Thus, IPSPs are typically smaller in amplitude compared to
EPSPs and their discrimination requires averaging fluorescence over dendritic segments >
10 um. Nevertheless IPSPs of 1 mV or smaller can be optically measured as shown in the
example of Fig. 3.18 (Canepari et al. 2010). Beside the possibility of resolving this
important synaptic signal locally and with a relatively good spatial resolution, the optical
measurement of IPSPs offers another advantage compared to the electrode measurement.
Indeed, the polarity and the size of the IPSPs depend on the intracellular CI~ concentration
which is perturbed by the dialyzing effect of the invasive electrode recording. In the same
pilot study Canepari et al. (2010) showed that it is possible to image IPSPs under
physiological CI~ concentration without concomitant electrode recording. Therefore, voltage
imaging offers a tool to investigate IPSPs during the evolution of CI~ homeostasis occurring
in early postnatal development (Cherubini et al. 1991).

3.2.5 Alternative Approaches—A possible way to further improve V,-imaging from
individual neurons is by synthesizing new organic probes with characteristics designed
specifically for a particular application. In recent studies, Leslie Loew, Srdjan Antic, and
their collaborators introduced a new series of long-wavelength voltage-sensitive dyes for
intracellular application (Wuskell et al. 2006; Zhou et al. 2008). These new voltage probes
called blue dyes (Shoham et al. 1999) extended the range of excitation wavelengths to near
700 nm, with emission reaching 800-900 nm. Longer wavelength dyes permit deeper
penetration by the excitation light into the nervous tissue which could be of considerable
importance in optical measurements for both brain slice and i n vi vo preparations (see
Chap. 2). These dyes also offer new possibilities for the design of combined recordings and
optogenetic stimulations with multiple probes (Canepari et al. 2008; Willadt et al. 2014) (see
also Chap. 4). The new probes seem to be characterized by somewhat higher voltage
sensitivity in terms of the fractional fluorescence change in response to a unit change in Vy,,
when applied intracellularly (but see Fig. 3.8¢ and the discussion of dye sensitivity in Sect.
3.2.4). The sensitivity of recording from individual neurons in terms of the S/N, however,
has not, as yet, been fully exploited with the application of blue dyes (Zhou et al. 2007,
2008). Additional sensitivity comparisons remain to be carried out at similar excitation light
intensities and for each particular preparation.

Both the new long-wavelength voltage-sensitive dyes and the more conventional probes
excited by the green portion of the visible spectrum were used, together with stationary,
small spot laser illumination, to investigate the dynamics of bAPs in the terminal sections of
basal dendrites (dendritic tips) of prefrontal cortical pyramidal neurons, a region that has
never been probed for electrical signals by any method (Zhou et al. 2008). In this recording
mode, the excitation light was provided from laser sources emitting at 532, 633, or 658 nm.
The laser beam was directed into one end of a 0.2 mm diameter optical fiber (light guide)
with a collimator attached to the other end of the fiber which was coupled to the
epifluorescence port of a microscope. In this way, a stationary spot of laser light (25-50 um
in diameter) was projected onto the object plane. For recordings of voltage-sensitive dye
signals, a selected region of the neuronal process of interest was moved into the laser spot
using the X-Y microscope positioning stage. The sensitivity of these measurements in
recordings from 25 to 50 um long sections on dendritic processes allowed optical monitoring
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of AP signals from the tips of basal dendrites, as well as from individual axons, with
minimal temporal averaging. Representative AP related signals obtained in these studies are
shown in Fig. 3.19. The results indicated that in short (< 150 um) and medium (150-200
um) length basal dendrites APs backpropagated with modest changes in AP half-width or
AP rise-time. The lack of substantial changes in AP shape is inconsistent with the AP-failure
model based mainly on electrode recordings (Nevian et al. 2007). Large access resistance,
up to 200 MQ, and incomplete electrode capacitance compensation associated with high-
resistance patch pipettes (100 MQ) manufactured to patch thin (submicron diameter)
dendritic branches (Nevian et al. 2007) may affect both the amplitude and half-width of fast
sodium APs (see Fig. 9 in Zhou et al. 2008). Thus, the information from optical recordings
(Zhou et al. 2008) calls into question the commonly held view that spikes are severely
attenuated in both apical and basal dendrites and fail to propagate to the most distal dendritic
regions (see Vetter et al. (2001) for references).

The disadvantage of the small spot laser illumination approach is that it sacrifices spatial
resolution by recording from a single site on the neuron. On the other hand, this method has
the advantage that it improves the sensitivity by reducing the background fluorescence and
by eliminating scattered fluorescence light from neighboring regions which degrades spatial
resolution in the wide-field illumination mode. Additionally, small spot illumination reduces
possible photodynamic damage and allows longer recording periods because only a
relatively small region on a neuron is exposed to high intensity light at any one time.

Several other alternative optical approaches to V,, measurements with organic dyes,
including fluorescence resonance energy transfer (FRET), confocal fluorescence
microscopy, second harmonic generation (SHG) microscopy as well as imaging methods
with genetically encoded membrane protein V,, sensors, are currently being explored. At
present, however, these methods are less efficient and seem less likely to achieve adequate
response time and sensitivity at high frame rates and single-spine resolution. Only two-
photon excitation of voltage-sensitive dye fluorescence (Chap. 17) has, thus far, exhibited
the requisite sensitivity when tested on mouse neurohypophysis, a preparation composed of
tightly packed excitable axon terminal membranes and, hence, uniquely convenient for V-
imaging. More recently this technique has been successfully applied to detect back-
propagating action potentials in single dendritic spines (Acker et al. 2011) as well as spikes
in single axonal boutons (Rowan et al. 2014; see also Chap. 17).

Another important approach to multiple site voltage-imaging from individual neurons is the
use of hybrid voltage-sensors consisting of fluorescent proteins and voltage-dependent
quenchers. This idea, based on Fluorescence Resonance Energy Transfer (FRET), was
introduced by Gonzélez and Tsien (1995) using fixed fluorescent donors and translocating
oxonol acceptors (see Chap. 6). The two component system was subsequently improved
(Chanda et al. 2005) to include a genetically encoded component—farnesylated enhanced
GFP (eGFP-F)—and a synthetic voltage sensing molecule, dipicrylamine (DPA). The
sensitivity of this approach in terms of AF/F per unit change in membrane potential was
further optimized by substituting eGFP-F component for a fluorescent neuronal tracer dye
DiO (Bradley et al. 2009; Fink et al. 2012) or a cerulean fluorescent protein (Wang et al.
2010). The hybrid voltage sensor (hVOS) which includes a fluorescence protein has an
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advantage that it can be genetically targeted to a specific cell type (Wang et al. 2010). The
genetic targeting of hVOS has been demonstrated in transgenic mice (Wang et al. 2010) but
the specificity of expression was insufficient for single cell resolution. The use of hVOS
which includes DiO applied to individual neurons by electroporation is limited to the soma
and proximal axonal and dendritic processes because DiO is lipophilic and its diffusion
within a neuron is too slow (Fink et al. 2012). The FRET response time constant tends to be
inversely proportional to the hydrophobicity of the acceptor (Gonzalez and Tsien 1995,
1997) or the donor dye (Bradley et al. 2009); the highly lipophilic dyes that yield fast
response time constants and high sensitivity to V, changes are more difficult or impossible
to load into cell membranes at locations distal to the dye injection site. Thus, while voltage-
sensitive probes based on FRET demonstrated relatively high sensitivity in recordings from
proximal neuronal processes (Fink et al. 2012), they have not been successfully employed in
imaging Vp, signals from distal processes of individual neurons (see Chap. 6 for more
detailed description of the FRET imaging approach).

The application of confocal fluorescence microscopy for measuring signals from voltage-
sensitive dyes had been limited by another type of difficulty. The superior spatial resolution
of confocal microscopy technique has not been effectively utilized in V-imaging from
dendritic spines and other very small structures owing to insufficient S/N. This is mainly
because of the high fractional shot noise related to the small number of photons available for
collection (Kuhn et al. 2004; Dombeck et al. 2006; Kerr and Denk 2008); (see also Chap.
17). A study by Palmer and Stuart (2009) demonstrated that, in spite of the technical
difficulties to which we have already alluded, V, transients from presynaptic terminals and
individual spines could be monitored using voltage-sensitive dyes and the confocal
fluorescence microscopy mode with the aid of extensive temporal averaging. The
fluorescence signals related to V, transients were detected from individual dendritic spines
using confocal microscopy (Palmer and Stuart 2009). Optical signals from spines and parent
dendrites were monitored with Olympus FVV300 confocal microscope with a 60x objective
(Olympus; NA 0.9) using an open pinhole to maximize light intensity. The voltage-sensitive
dye JPW3028 was excited using a 543 nm laser (HeNe; Melles Griot). An important
advantage of this approach is its excellent spatial resolution that allowed visualization of
individual dendritic spines below the surface of a brain slice as well as monitoring of V,
signals clearly isolated to individual spines and neighboring parent dendrites (Fig. 3.20).
There are, however, three important disadvantages of confocal V,-imaging. The first
disadvantage is related to the relatively low photon flux that can be achieved in this
microscopy mode. Due to low light intensity, the AP signal size was approximately ten times
smaller than the shot noise. Therefore, extensive averaging (> 100 trials) as well as adding
averaged results to create so called super-averages, were required to extract useful
information. The necessity for extensive averaging makes repeated recordings under
different conditions difficult or impossible. In addition, signal averaging limits this approach
to studies of relatively simple phenomena while many aspects of dendritic signal integration
are too complex to be analyzed by extensive averaging. The second disadvantage of confocal
measurements is that the recording speed is restricted to approximately 800 Hz by the
available S/N. This sampling rate is insufficient for correct reconstruction of AP and EPSP
signal size and shape according to the Nyquist-Shannon sampling theorem (Roberts 2004).
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The theorem defines the Nyquist rate, the minimum sampling rate required to avoid
distortion of the analog signal, to be equal to twice the highest frequency contained within
the signal. The upstroke of the AP waveform (threshold to peak) at room temperature is
completed in 300-600 ps corresponding to frequencies of 1.6-3 kHz and, thus, requiring
optical recording frame rates in the range of 3—6 kHz. At physiological temperature this
requirement is even more stringent. It is helpful that the general shapes of the AP and EPSP
waveforms are well defined from electrical measurement, so that aliasing, a certain type of
signal distortion, can be safely excluded. This fact allows a modest relaxation of the strict
Nyquist rate rule. Nevertheless, the data obtained with sampling rates significantly lower
than the Nyquist rate must be regarded as an approximation because of the significant
distortion of both the waveform and the amplitude of the signal. Finally, the third important
limitation of laser-scanning confocal V,-imaging is that, in applications where the goal is to
monitor electrical events at many locations on an individual neuron, a line scan imaging
mode cannot replace a true multiple site optical recording. Notwithstanding these
limitations, the results described in Palmer and Stuart (2009) argue convincingly that bAPs
invade dendritic spines without significant voltage loss. Additionally, the measurements of
EPSP signals at different \V, levels showed that voltage-activated channels do not
significantly boost the voltage response in dendritic spines during synaptic input. This work
also emphasizes the crucial importance of adequate spatial resolution in recordings from
small structures within an opaque brain slice tissue. If the recording is carried out from
neurons deep in a slice, the required resolution can only be provided by microscopy modes
that reject scattered and out of focus light (confocal microscopy, second harmonic
generation (SHG) microscopy, and two-photon fluorescence microscopy).

The same limitation in sensitivity applies to SHG imaging of V,, signals, a nonlinear optical
technique that generates a similar or lower photon flux compared to two-photon imaging
(Dombeck et al. 2005). There are two important additional restrictions to SHG imaging.
First, SHG is, essentially, a non-linear scattering phenomenon and, as such, is predominantly
in the forward direction (see Chaps. 17 and 19), limiting this approach to thin preparations
and precluding epi-illumination. Secondly, SHG requires a non-centro-symmetrical radiating
(scattering) source. If the molecular distribution of the probe in a focal volume is partially
symmetrical, with molecules oriented in opposing directions, they will produce SHG signals
with opposing phases. This leads to a partial destructive interference of SHG signals,
reducing the signal size by a factor that is unknown in the general case (Moreaux et al.
2000). Thus, the same V, transient in different dendritic compartments may produce optical
signals of dramatically different amplitudes, preventing correct calibration of the optical
response in terms of V,, from measurements at any one site. The same difficulty in
calibrating optical signals on an absolute scale exist in V,-imaging using intracellular
voltage-sensitive dyes, as described above, albeit for a different reason. The first attempt to
analyze electrical events in individual spines (Nuriya et al. 2006) was based on recording
SHG signals. The results of this work provided excellent impetus for making V,-imaging
with single spine resolution possible. The same results, however, are a good illustration of
the current methodological difficulties. The low sensitivity of these measurements required
extensive averaging (> 100 trials) but still resulted in an insufficient S/N, precluding
quantitative analysis of the signal size and shape. It is noteworthy that signal averaging has
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strict limitations and a further improvement in the S/N by a factor of only 2 would require
averaging more than 1,000 trials, which is not feasible in most experiments. Thus, no further
application of this approach to monitoring electrical events from individual spines has been
reported.

Finally, the most modern approach to V-imaging is a methodology focused on genetically
encoded protein V, sensors (see Chap. 20 for more details). The genetic approach could
potentially develop into an ideal method to selectively label and monitor different classes of
neurons. Thus, protein sensors (voltage-sensitive fluorescent proteins, VSFPSs) are being
extensively investigated and some of the prototype molecules have shown considerable
promise in their ability to detect V,, transients (see Chap. 20). At present, however, this
approach to monitoring Vy, signaling in individual neurons is limited in several ways. First,
the sensitivity and the response time of genetically encoded protein sensors are, as yet,
insufficient. Kinetics in particular need to be two orders of magnitude look for the kind of
experiments envisioned here. In addition, the problems regarding linearity of response,
adequate expression in vertebrate neurons, and possible undesirable effects (e.g. significant
capacitive load) on neuronal physiology have not been resolved. Thus, the practical
application of this approach is just beginning to be realized (Cao et al. 2013; Jin et al. 2012).
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Transmission (a) and fluorescence (b) signals recorded with a single photodiode from
extracellularly stained neuroblastoma cells in culture. Multiple site recording using a
photodiode array is shown on the ri ght . Adapted from Grinvald et al. (1981)
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Fig. 3.2.
Single photodiode optical recording from a neuron selectively stained by intracellular

application of a voltage-sensitive dye. (a) Leech motoneuron following a 20 min
iontophoretic injection with the styryl dye, RH-461. The soma, main process and its
arborization within the neuropile are all clearly visible. (b) Optical recording of the AP in
175 pym long axonal segment of a P-sensory neuron in the anterior root. 12 trials were
averaged. (c) Optical recording of the excitatory postsynaptic potential in the arborization of
the L-motorneuron. The experimental arrangement for interganglionic stimulation and
recording shown on t op. Microelectrode recordings of the presynaptic AP in the P sensory
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neuron and the postsynaptic potential in the soma of the L motor neuron are shown. The
region of the neuropile that was monitored is shown in the i nset . The optical recording of
the post synaptic potential from the neuropile in the adjacent ganglion is shown at the

bot t om Adapted from Grinvald et al. (1987)
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Fig. 3.3.
Multiple site optical recording with a photodiode array from a neuron selectively stained by

intracellular application of a voltage-sensitive dye. (a) Schematic drawing of the optical
apparatus for multiple site epi-fluorescence measurements. The photodiode array was placed
at the plane where the objective makes a real, magnified and inverted image. Epi-
illumination was provided via a 10%, 0.4 NA, long working distance objective. The
preparation was illuminated with the green portion (interference filter 520 x 45 nm) of the
output of a 100 W xenon arc lamp. Fluorescence emission from the preparation was selected
by means of a dichroic mirror and an appropriate barrier filter (Schott RG610). The output
of each detector was amplified individually, filtered, multiplexed, digitized and stored in a
computer also used to analyze and display the data. (b) Optical recordings of AP signals
from elements of a photodiode array positioned over the image of the axonal arborization of
a Hel i x metacerebral cell from the left cerebral ganglion. The neuron was injected with the
voltage-sensitive dye JPW1114 (structural formula shown in | ower ri ght panel ). Spikes
were evoked by transmembrane current pulses delivered through the recording
microelectrode in the soma. The cell was depolarized from the resting V,, of —64 mV. Each
optical trace represents 70 ms of recording centered on the peak of the spike. The recordings
are shown divided by the resting light intensity. The ar r ow indicates the direction and the
stated value of the relative fluorescence change (AF/F). Each diode received light from a 50
x 50 um area in the object plane. A total of 90 trials were averaged to improve the S/N from
distal processes. Optical signals were found in the regions of the array that corresponded
closely to the geometry of the cell. Data from the detectors that do not receive light from the
cell were deleted to improve clarity and allow color-coded display, shown in (d), based on a
relative scale applied separately to each trace. (c) AP signals from four different locations
indicated in (b) scaled to the same height, are compared on an expanded time scale to
determine the site of the origin of the AP and the direction of propagation. (d) Color-coded
representation of the data shown in (b) indicating the size and location of the primary spike
trigger zone and the pattern of spike propagation. Consecutive frames represent data points
that are 1.6 ms apart. Color scale is in relative units with the peak of the AP shown in r ed.
Adapted from Zecevi¢ (1996)
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2 DIODE ARRAY

100 pum

Fig. 3.4.
Optical detectors for voltage-sensitive dye recordings. (a) The performance of a 464-element

photodiode array and a cooled back-illuminated CCD camera are compared directly using
the same preparation. The measurements were done at a relatively low resting light level,
comparable to the resting fluorescence intensity in recordings from processes of selectively
stained individual neurons. Upper trace: recording of a step change in light intensity adjusted
in amplitude to be at the limit of resolution (S/N ~ 1) for the photodiode array. Lower

t r ace: the recording of the same signals using the high-speed, cooled CCD camera. The
improvement in the S/N ratio by a factor of approximately 20 is attributable to the large
reduction in dark noise. (b) AP signals in distal segments of basal dendrites of a pyramidal
neuron obtained with a cooled CCD camera. A composite fluorescence image of a layer V
pyramidal neuron in recording position shown on the | ef t . Optical signals from distal
dendritic segments at distances larger than 180 mm, as indicated, shown on the ri ght . Each
trace is the product of temporal (four trials) and spatial (6-9 pixels) averaging. Adapted from
Antic (2003)

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Popovic et al.

93 mV AP
TRIALS =1

Page 34

17.5 mV EPSP
TRIALS = 20

single pixels
"r'fﬁ'l’fMW. e«m.ﬁ*w'-‘w-\w

R
i % WMW“J .

30ms 30ms

b

Spatial average of 4 pixels
c f M—w
Spatial average of whole tuft

dm)m gw,[_\m
A 3% AL

STIMULUS  3omms s#muws 30ms

Fig. 3.5.
Sensitivity of voltage imaging with low noise CCD camera in recordings from the apical

dendritic tuft of a mitral cell of the olfactory bulb. (a) Low resolution ( t op) and high
resolution ( bot t om) fluorescence images of the terminal dendritic tuft in recording
position. (b) Recordings of AP signals from four individual pixels receiving light from four
3.7 x 3.7 um locations on the dendritic tuft. (c) The S/N ratio with spatial averaging of four
pixels marked in (b). (d) The S/N ratio with spatial averaging of the entire tuft area. (e) An
evoked EPSP recorded from four individual locations on the dendritic tuft; 20 trials
averaged. (f) Spatial average of signals shown in (e). (g) Spatial average of the entire tuft
area. Adapted from Djurisic et al. (2004)
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Fig. 3.6.
Spatial distribution of subthreshold EPSP signals is uniform in thin terminal dendritic

branches of a mitral cell dendritic tuft. (a, b) Fluorescence image of a mitral cell tuft
obtained with a conventional high-resolution CCD (a) and with a fast, low-resolution (80 x
80 pixels) CCD used for voltage imaging (b). Six color-coded recording locations indicated
on the image in (b) correspond to traces shown in (c). (c) Trace display of V, signals.
Traces are spatial averages of colored pixels. Bot t om bl ack traces, electrical recordings
from soma. Left traces: Single-trial recordings of the small EPSP signal are at the limit
of amplitude resolution. M ddl e traces: Nine averages of the small EPSP signals shown
on the | ef t improved the S/N ratio. Ri ght traces: Nine averages of the EPSP four times
larger in amplitude. Adapted from Djurisic et al. (2008)
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Fig. 3.7.
Experimental setup for voltage-imaging from dendritic spines in cortical brain slices. The

voltage-sensitive dye was excited using a 532 nm solid-state laser in wide-field illumination
mode. Emission light was recorded with a high-speed CCD-camera. A spinning-disc
confocal scanner with 488 nm laser was utilized for morphological reconstruction. Adapted
from Holthoff et al. (2010)
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Fig. 3.8.
Dendritic bAP signals in apical, basal and oblique dendrites. (a) The bAP signals from the

apical terminal tuft 700 um from the soma (spatial average from location 1 in b). Single-trial
recordings and a temporal average of four trials illustrate the sensitivity of recording (S/N ~
15 and 30 respectively). (b) A composite fluorescence image of a pyramidal neuron. The
size of the full frame imaging region is outlined by dashed-line rectangle. Traces on the right
are temporal averages of four trials and spatial averages from locations 1 to 5 indicated on
the image. The peak of the first bAP was used as a reference point for averaging.
Consequently, the second spike shown in gr ay did not average coherently because of
temporal jitter. The electrode recording from the soma is on the | ef t . (¢) A composite
fluorescence image of a dendritic region from another neuron with several oblique dendrites
in focus for voltage-imaging. Single-trial recordings on the | ef t are spatial averages from
locations 1 to 4 indicated on the image. Adapted from Holthoff et al. (2010)
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Fig. 3.9.
High-speed recording of AP signals from axons of a cortical pyramidal neuron. High-

magnification image of the axon of a layer 5 neocortical pyramidal neuron filled with
voltage-sensitive dye. Average fluorescence change of 130 individually aligned APs
recorded from indicated axonal locations at a frame rate of 10 kHz. APs were evoked by
somatic current injection
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Fig. 3.10.
APs initiate in the Purkinje cell axon initial segment. (a) Voltage-sensitive dye fluorescence

image of the soma—axon region in recording position shown on the | ef t . Traces on the

ri ght, Single-trial recordings of AP signals, initiated by somatic current injection, from
nine locations indicated on the image. Each trace is a spatial average of four to five same-
color pixels. Signals are scaled to the same peak height. The synbol s represent actual data
points; the sol i d | i nes are reconstructed signals using cubic spline interpolation. The
vertical |ine denotes the time at half-maximum amplitude at the edge of the soma
(location 1). Note that the AIS segment traces ( gr een and r ed) initiate the action potential
first. (b) AP recordings from the AIS and the first node of Ranvier scaled to the same height
and compared on an expanded timescale. (c) The time to half-maximum amplitude
subtracted from the time at half-max for the edge of the soma (“onset latency”) as a function
of distance from the soma. (d) Group data (n=15) illustrating the level of consistency in the
spatial localization of spike onset and the spike propagation velocity across cells. Error bars
indicate SEM. (e) Group data statistics. The onset latency is lowest in the axon initial
segment, and in all cells preceded the spike in the first node of Ranvier (p=0.000006; n=15).
The di agonal |i ne represents equity. The di anonds represent spikes initiated with a
current pulse. The data obtained from spontaneous spikes are indicated by cr osses. The
data in r ed was obtained at 35 °C, whereas the data in blue was obtained at 23 °C
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Fig. 3.11.
Measurement of the spatial distribution of membrane potential as a function of time along

the proximal axon during AP initiation. (a) High resolution confocal image of the axon in
recording position. (b) Low spatial resolution fluorescence image of the axon obtained by
CCD used for Vy,, imaging. (c) AP signals from ten locations indicated by yel | ow

rect angl es, each 10 um in length. (d) Soma—axon latency to 30 % ( gr ey) and 50 %
(bl ack) AP amplitude as a function of distance from the cell body. The first minimum
identifies the location and length of the spike TZ. (e) Time sequence of frames showing
spatial profile of color coded relative V, amplitude in the axon at four characteristic time
points: 0 us—AP initiation at TZ; 45 and 80 ps—invasion of the first node; 240 ps—peak
depolarization. (f) Comparison of AP signals from four characteristic locations on an
expanded time scale. The measured data points and cubic spline interpolation curves are
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shown. Red traces—TZ and first node; gr een dashed trace—axon hillock; gr een
t r ace—first internodal region. Membrane potential color scale shown on | ef t
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Fig. 3.12.
Signal processing. (a) Synaptic stimulation. Upper i mage, high resolution confocal image

of a stained neuron with axon in recording position. Recording electrode attached to soma
and stimulating electrode next to basal dendrite shown schematically. Lower i mage, low
spatial resolution fluorescence image of the axon obtained by CCD used for Vy,, imaging. (b)
electrode recordings from soma, optical recordings from spike TZ (r ed), and from node of
Ranvier ( gr een). Top traces: row data from nine trials showing temporal jitter in AP
initiation following synaptic activation. Second row of traces: temporally aligned
signals. Third row of traces: averaged signal. Fourth row of traces: bleach
correction. Bot t om t r aces: cubic spline interpolation with one pass of temporal
smoothing. (c) Somatic stimulation. Upper i mage, high resolution confocal image of
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another neuron with axon in recording position. Lower i nage, low spatial resolution
fluorescence image of the axon obtained by CCD used for V, imaging. Tr aces on

ri ght : AP transients from three locations: 1-electrode recording from soma; 2-optical
recording from axon hillock; 3-optical recording from the first node of Ranvier. Bot t om
t races: superimposed signal from same three locations
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Spatiotemporal resolution and recording sensitivity. (a) Fluorescence confocal image of a
dye loaded pyramidal neuron with proximal axon in recording position. (b) The size and
shape of the AP recorded from the soma of layer 5 pyramidal neuron at 34 °C. (c) Optical
recording of AP related signal from axonal region 4 um in length indicated by whi t e
rectangl e in (a). Left trace, average of four trials. Middle trace, average of 16 trials.
Ri ght trace, superimposed upstroke of the two AP signals on expanded time scale. (d)

First derivative (dV/dt) of the somatic and axonal AP
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Fig. 3.14.
Spatial pattern of AP initiation and propagation in an individual axon. (a) Soma—axon

latency to 50 % AP amplitude as a function of distance from the soma. (b) Time sequence of
frames showing spatial profile of colour coded relative Vy, amplitude in the axon at five
characteristic points in time: 0 us—AP initiation at TZ; 30, 60 and 90 pus—invasion of the
nodes; 360 us—the peak depolarization. Membrane potential color scale shownonri ght .
(c, d) Alignment of image of the axon, showing axonal collaterals, and membrane potential
changes at spike initiation. Note that each point of issuance of an axon collateral appears
functionally to be a node of Ranvier. G ey dot denotes the location of the soma
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Fig. 3.15.
Reliability of AP propagation in the axonal arbor. (a) A schematic representation of the

axonal arbour reconstructed from a confocal image of a L5 pyramidal neuron loaded with
the voltage-sensitive dye. Seven recording locations on the main axon and several collaterals
are indicated by bl ue and red rect angl es. (b) A typical optical recordings of a train of
APs evoked at 400 Hz from multiple locations on the axonal arbor. No evidence for AP
failures was found
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Fig. 3.16.
bAP signals from individual dendritic spines and parent dendrites. (a, b) Left panel s:

Upper ni crogr aphs—fluorescence images of dendritic spiny branches obtained with the
CCD camera for voltage-imaging. Lower i cr ogr aphs—anatomical reconstructions
obtained from deconvoluted stacks of spinning-disk confocal images. Ri ght panel s:
Fluorescence intensity traces from locations 1 to 3 outlined on CCD images. Single-trial
recordings and temporal averages of 4 and 9 trials are shown. Bot t om t r aces: electrode
recordings from the soma. The bAP signals are absent from regions without spines
(locations 2 and 3). (c) A fluorescence image of a section of a spiny dendrite. (d) Anatomical
reconstruction from a stack of confocal images. (¢) Comparison of bAP waveform in the
spines and parent dendrite. (f) Summary results: comparison of bAP duration in the spines
and parent dendrites. The individual results of waveform comparison from 20 neurons are
shown together with the average values + SEM. Adapted from Holthoff et al. (2010)
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Fig. 3.17.
Recording subthreshold electrical events from individual dendritic spines. (a) Fluorescence

images of a small section of a spiny basal dendritic branch obtained with the CCD camera
for voltage-imaging. (b) High-resolution mage of the same area from a z-stack of confocal
images. (c) Traces on | ef t : EPSP recordings from spine head ( r ed) and parent dendrite
(gr een). Average of eight trials. Bot t om bl ack traces: Somatic electrode recording
and the uncaging command pulse. Traces onri ght : bAP signals from same locations.
Average of four trials. (d) Left traces: superimposed EPSP signals from spine head and
parent dendrite calibrated in terms of membrane potential. Ri ght traces: bAP signals
corrected for recording sensitivity difference

Adv Exp Med Biol. Author manuscript; available in PMC 2017 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Popovic et al.

Page 49

electrical (soma)
50 pm
stim
[05mv
20ms
V,=-65mV
optical

| 0.05%

20ms

Fig. 3.18.
Optical recording of dendritic IPSP. The reconstruction of a CA1 hippocampal pyramidal

neuron and the dendrite portion in the recording position are shown on the | ef t . Optical
recordings are spatial average from dendritic region indicated by the r ect angl e. The
position of the stimulating electrode is illustrated. Electrical recordings from the soma
(upper traces) and optical recordings from the dendrite (1 ower traces) following one
extracellular stimulus at three different intensities are shown on the ri ght ; the weakest
intensity failed to evoke an IPSP; the intermediate intensity evoked a unitary IPSP of less
than 1 mV; the strongest intensity evoked a larger IPSP of ~2 mV. Recordings are averages
of 16 trials obtained in the presence of glutamate receptors antagonists. Adapted from
Canepari et al. (2010)
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Fig. 3.19.
AP signals from basal dendrites of a pyramidal neuron from the prefrontal cortex slice

obtained with laser spot illumination.(a) Five images (1-5) of different dendritic segments
illuminated by a motionless laser spot (~50 um in diameter). (b) A composite image of the
whole basal dendrite (from images 1 to 5 shown in a). (c) Enlargement of a section from
image 1. Ar r owmarks the tip of the dendrite. (d) Simultaneous whole-cell electrode
recording from soma and optical recording from the tip of the dendrite of evoked APs. The
optical signal is the spatial average from eight neighboring pixels averaged over four trials.
The peak of the first AP was used as a reference point for averaging. Adapted from Zhou et
al. (2008)
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Fig. 3.20.

Imaging Vy, in dendritic spines using confocal line scan microscopy mode. (a) A
fluorescence image of a basal dendrite with two dendritic spines. Scale bar¥s1 um. Dashed
red |ine indicates a laser line-scan traversing two spines and the resulting average
fluorescence change in response to ~100 bAPs (ri ght ). Red arrow head indicates
timing of stimulus, and colored bars represent four labeled regions of interest. (b)
Fluorescence traces ( col or ed) in response to somatically evoked bAPs ( bl ack) for the
regions of interest shown in (a). Adapted from Palmer and Stuart (2009)
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