Chapter 4

Optical Recording from Individual Neurons in Culture

ANDREW BULLEN and PETER SAGGAU

Introduction

Methods for optically recording dynamic processes in single living neurons must be
considered in light of two fundamental questions: what to record and how to record it.
Specifically, deciding what to record involves determining a parameter of interest (e.g.,
membrane potential or ion concentration), the nature of the information required (e.g.,
qualitative or quantitative) and the optical indicator best suited to making these meas-
urements. Likewise, deciding how to record these signals involves consideration of re-
cording methodologies (i.e., photometry or imaging), experimental procedures (e.g.,
loading and staining protocols) and data processing techniques (i.e., signal processing
and analysis). Irrespective of which combination of methods are chosen it is important
to understand the essential factors that contribute to obtaining high quality optical sig-
nals. By fully understanding the fundamental limits of this recording methodology, the
novice investigator should be able to maximize signal quality and effectively solve any
technical problems that might arise.

This chapter considers both instrumentation and experimental factors and their im-
plications for making both qualitative and quantitative optical recordings from individ-
ual neurons in culture. In particular, appropriate methods for making fast recordings of
various physiological parameters, with subcellular resolution, are documented. Two
classes of indicators, voltage-sensitive dyes and calcium indicators, are used to illustrate
the principles underlying successful optical recording. These principles can easily be
extrapolated to other indicator types.

The scope of this chapter is limited to the consideration of methods for making phys-
iological recordings from individual neurons or small group of cells in culture. There-
fore, we do not consider methods used to examine fine structural details or localize cel-
lular markers. Nor do we consider the cell culture methods necessary to produce neu-
rons suitable for optical recording (instead, see Chapter 10). However, several cell cul-
ture properties that should be optimized to facilitate this kind of recording are docu-
mented. Optical recording methods for use in more complex tissues such as brain slices
or in vivo preparations are considered in other chapters in this volume. In particular,
the reader is referred to Sinha and Saggau (Chapter 16) and Grinvald et al. (Chapter 34).

There are a number of preliminary steps that must be undertaken prior to conduct-
ing an experiment employing optical recording methods. The remainder of this section
examines several such issues. These include:

- Desirable properties of cell cultures for optical recording
- Methods for visualizing single neurons
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- Choice of indicator(s) (e.g. parameter, type of signal)
- Choice of recording technique (e.g. photometry or imaging).
- Choice of instrumentation (including light sources, optics and detectors).

Desirable Properties of Cell Cultures for Optical Recording

Neuronal cell cultures can take many forms depending on the cell type and culture con-
ditions employed. Unfortunately, the conditions that favor good optical recordings are
quite stringent and sometimes require modified culture methods. This is especially true
in cases where indicators are bath-applied or subcellular resolution is required. In these
cases the density of neurons or neuronal processes (i.e., axons and dendrites) should be
sufficiently low to allow clear identification of the signal source. This is normally
achieved by producing a single layer of cells at low density (e.g., ~200 cells per mm?).
Additionally, the number of non-neuronal cells in the culture (e.g., glia) must be kept to
a minimum as they are also stained by optical indicators and can easily generate non-
specific optical signals. Finally, cells should be cultured on a substrate optically compat-
ible with high numerical aperture objective lenses and the contrast-enhancement tech-
niques documented in the next section (i.e., < 150m thickness). In particular, while
some plastic substrates have the preferred surface on which to grow some types of neu-
rons, they must also be thin enough to accommodate the working distance of the objec-
tive lens. In addition, these substrates should be non-polarizing; otherwise they can dis-
rupt image formation in cases where polarization-dependent contrast enhancement
techniques are used (see below).

Methods for Visualizing Single Neurons

Single neurons in culture possess inherently low visual contrast. This is especially ap-
parent with traditional brightfield illumination. In cell culture, phase contrast micros-
copy is commonly used to identify and assess the viability of these neurons. Typically,
healthy neurons are very phase-bright, while unhealthy cells and glia are phase-dim.
However, transillumination with phase contrast optics does not necessarily provide the
high spatial resolution or the perception of depth appropriate to distinguish between
cells or amongst small cellular structures. Hence other illumination methods are often
used to select cells or parts of cells for optical recording. Some examples of these other
methods are:

- Normarski or Differential Interference Contrast (DIC)

- Hoffman Modulation Contrast (HMC)

— Varel Contrast or variable relief contrast (VC)

While HMC is relatively inexpensive, easy to implement and insensitive to birefrin-
gence, its optical sectioning capabilities are typically less than DIC. However, DIC per-
forms poorly with highly birefringent structures such as myelinated axons. Moreover,
as DIC uses polarized light, care needs to be taken with plastic dishes or coverslips be-
cause their anisotropic nature can seriously degrade image quality. Varel relief contrast
is a recent innovation and currently is available from only one vendor. Like HMC, VC is
relatively low cost and easy to implement. However, it is more difficult to combine with
epifluorescence optics. For more detailed information on these methods see Spector et.
al. (1998).
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Choice of Indicator

One advantage of optical recording techniques is the variety of different physiological
parameters (e.g., ion concentration, membrane potential and second messengers) that
can be examined. However, for each of these parameters there are a vast array of seem-
ingly similar indicators to choose from. For instance, within each indicator class, a
range of dyes are available based on a number of properties. These properties can in-
clude:

Mode of application (bulk loading vs. single cell);

Spectral properties (UV vs. visible excitation);

Absolute binding affinities (for ions or membranes);

Special properties (e.g., near-membrane dyes or low-leakage or dextran conjugates).

Prior to undertaking studies using optical indicators a number of important choices
must be made regarding the indicator to be employed. These decisions are typically
based on the underlying experimental objectives and the likely signal characteristics.
For instance, an investigator must decide whether a qualitative result is sufficient or a
quantitative result is required and therefore ratiometric methods should be employed.
To aid the reader in this decision making process a simple flowchart is presented below
(Figurel.).

Other more advanced considerations (e.g., sensitivity, brightness, and photostability)
that are important in choosing between these seemingly similar indicators are dis-
cussed in a later section (“Criteria for Comparing Indicators”). Two excellent sources of
information about currently available optical indicators are Haugland (1996) and John-
son (1998).

A variety of optical parameters can be measured and related to a physiological variable
of interest. For instance, some indicators require that fluorescence be monitored while
others are best assayed with absorbance methods. In some instances, both fluorescence
and absorbance can be measured from the same indicator. Still other indicators are lu-
minescent and require no excitation at all.
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Fig. 1. Decision making scheme to determine “What to record”.
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Voltage-sensitive Dyes

(Ca Indicators

In general, when optical signals are assayed from small structures or when a low con-
centration of indicator molecules is used, fluorescence methods are preferred. This is
especially true in experiments utilizing cell cultures where fluorescence methods are al-
most always favored over other possibilities. In this case, fluorescent signals are usually
superior to those recorded with absorbance approaches because of the limited surface
area and/or volume of subcellular structures from which the signal is generated. Fur-
thermore, the signals from fluorescent dyes (AF/F) are typically larger than correspond-
ing signals (AI/I) from absorbance indicators and thus the instrumentation require-
ments are less rigorous. In light of these facts, subsequent discussions are limited to flu-
orescent indicators.

The choice of optical indicator will, in part, dictate which light sources, optical con-
figuration and detector(s) are employed. Different classes of optical indicators exhibit
different characteristics and require optimization of different parameters. In this chap-
ter we have chosen to examine two fundamentally different kinds of fluorescent optical
indicators: voltage-sensitive dyes and Ca indicators (see below). Each of these indicators
presents a distinctly different set of instrumentation requirements and methodological
problems.

Optical indicators that are sensitive to membrane potential are commonly referred to as
voltage-sensitive indicators or voltage-sensitive dyes (VSDs). Two classes of VSDs are
recognized based on their response time to changes in membrane potential. They are
referred to as either slow-response VSDs or fast-response VSDs. Slow-response VSDs are
also called redistribution dyes. Typically these membrane-permanent dyes partition be-
tween extracellular and intracellular compartments in a manner dependent on mem-
brane potential. In general, redistribution dyes exhibit high sensitivity to membrane
potential (AF/F >1072 per 100mV). However, the slow response time of these dyes (usu-
ally in the second range) caused by their electrodiffusion across the membrane, strongly
limits their usefulness for measuring neural activity. Fast-response VSDs are typically
amphipathic and membrane-impermanent dyes that attach to membranes and change
either their orientation or parts of their structure in response to a change in the electri-
cal field. Such structural changes cause these molecules to exhibit a change in the fluo-
rescence. In general, fast-response VSDs show quite small changes in fluorescence with
respect to a change in membrane potential (107*-10~2 per 100mV). However, these indi-
cators have fast response times (usually in the psec range) which make them attractive
for measuring neural activity. Except for some dyes that exhibit voltage-dependent
spectral shifts, the absolute calibration of fast-response VSD signals is difficult. Dyes ex-
hibiting voltage-dependent spectral shifts are commonly designated electrochromic and
allow ratiometric measurements and therefore absolute calibration.

Deciding between different VSDs within the same class is a difficult task. In addition
to differences in absolute voltage-sensitivity and brightness, most VSDs exhibit species
and cell type differences in voltage sensitivities and membrane affinity (Ross and Rei-
chardt, 1979). Often the best voltage-sensitive dye for a particular application is deter-
mined empirically. Some of the most widely used fluorescent VSDs for single cell studies
are documented in Tablel.

Most modern calcium-sensitive dyes (CaSD) are tetracarboxylic dyes which were derived
from the calcium buffer BAPTA. In fact, a large family of fluorescent calcium indicators
has been created by conjugating BAPTA with different fluorophores. Members of this
family, which includes Fura-2 and Fluo-3, are highly selective for calcium over other cat-
ions. Two types of measurements are typically made with these modern calcium indica-
tors: qualitative or quantitative. Different indicator molecules are required for each type
of measurement. Qualitative measurements reflect changes in calcium levels without
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Table 1. Fluorescent Voltage-sensitive Dyes Used in Single Cell Studies

VSD Site of Application Structure Signal Size  Relative Membrane Refs.
(per 100mV) Affinity

RH 237 Extracellular . 2% Low 1,2
3—-)‘ O_HIQ\w,

RH 421 Extracellular . 5% Moderate 3

di-4-ANEPPS Extracellular 10 % Moderate 4

di-8-ANEPPS Extracellular 20 % High 5,6
\sa,.

di-2-ANEPEQ Intracellular _ 3% Low 7,8
<; p ‘—< il’ v,

Pine (1991a) (2) Chien and Pine (1991b), (3) Meyer et al. (1998), (4) Kleinfield et al. (1994), (5) Rohr and Salzberg (1994),
(6) Bullen and Saggau (1997) (7) Antic and Zecevic (1995), (8) Zecevic (1996).

reference to resting levels or the absolute size of these changes. This kind of measure-
ment is normally depicted as the change in fluorescence normalized by the overall mean
fluorescence (AF/F). In contrast, quantitative measurements are made ratiometrically
and give an estimate of absolute calcium changes. Ratiometric measurements are par-
ticularly useful because they inherently eliminate distortions caused by photobleaching,
variations in probe loading and retention, and by instrumentation factors such as long-
term illumination instability. However, this kind of measurement typically requires a
post-experiment calibration. Commonly, indicators employed for ratiometric determi-
nations undergo calcium-dependent spectral shifts while qualitative indicators simply
change their brightness in proportion to bound calcium. CaSDs are also distinguished
by their binding affinity and relative sensitivity. The binding affinity indicates their sen-
sitivity for Ca ions and is described by the dissociation constant (Kj). In contrast, the
relative sensitivity indicates the magnitude of their fluorescence change to fluctuations
in calcium concentration. This parameter is normally given as a ratio of calcium-bound
and calcium-free levels. When compared to VSDs, calcium indicators typically produce
a much larger change in AF/F (i.e., 1072-10°) and consequently are less affected by
source noise (i.e., variations in illumination intensity from the light source that are di-
rectly reflected in the resulting fluorescence).

Some fluorescent CaSDs commonly used in single cell studies are documented in the
adjacent table (Table2.).
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Dual Indicator Studies

Table 2. Fluorescent Calcium-sensitive Dyes Used in Single Cell Studies

CaSD Ratiometric  Structure Ca Affinity (Kq)  Relative Refs.
Sensitivity
Indo-1 Emission "o " o Rinax/Rmin 1,2
0{}0 °{j‘° Std. - 230 nM 20
O o\_/o(; 1EF - 33 uM 20
7 NH
O 0
-
Fura-2 Excitation - o e Riax/Rmin 1,2
0{ j)=° 0{ }0 Std.-145nM 45

2FF - 35 UM 45

Fluo-3 No Fea/Frree 2,3
Std. - 390 nM 200
3FF-41p 120
Calcium  No Fea/Frree 2,4
Green IN -19nM 14
2N - 550 nM 100
5N - 14uM 38
Oregon  No Fea/Frree 2
Green 1-170nM 14
2 -580nM 100
5-20uM 44
Calcium  No Fea/Frree 2,4
Orange IN - 185 nM 3
5N - 20uM 5

Molecular structures shown refer to Indo-1(Std), Fura-2(Std), Fluo-3(Std), CaGn-1N, OrGn-488-BAP-
TA-2 and CaOr-5N. (1) Grynkiewicz et al. (1985), (2) Haugland (1996) (3) Minta et al. (1989), (4) Eber-
hard and Erne (1991).

In principle, measurements with two or more optical indicators could be made simulta-
neously from the same tissue using two or more dyes. However, simultaneous recording
of two or more physiological signals from the same point in space and time is consider-
ably more difficult than examining a single parameter alone (for details see Bullen and
Saggau, 1998 and Morris, 1992).
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Choice of recording technique

A number of recording techniques are available to obtain optical measurements from
single neurons. Typically, an investigator must choose between some form of photo-
metry and imaging. In pure photometry, a continuous measurement is made from the
whole field or a subset of the field defined by a fixed aperture. While in imaging ap-
proaches, the signal is included in a series of images recorded at equally spaced intervals
in time. Different variations of these basic techniques are possible and some of the more
common types are depicted schematically in Figure2.

Each of these approaches possesses various advantages and disadvantages depending
on the experimental objectives. A comparison of these approaches and their compati-
bility with various types of optical indicators is documented in the table below (Table3).

In its simplest form, photometry involves a single measurement from a predefined area. ~ High-speed, random-
As shown in Figure?2, this area can encompass a whole cell, parts of a single cell or parts  access, laser scanning
microscopy

Photometry Imaging

mal 59
il

Random-access Non-
Scanning Iﬂnﬂr‘lg Eﬂ-mlng scanning

Cablular
Aespiution

Sub-cellular

Fig. 2. Different types of Optical Recording Schemes Used in Single Cell Studies. Note: the cell(s)
stained with optical indicator are always shown in red.

Table 3. Comparison of Optical Recording Methods for Use with Single Neurons

Photometry Imaging
Non-scanning Scanning Non-scanning Scanning
(e.g., PMT or single (e.g., random access (e.g., imaging detec- (e.g., confocal micro-
photodiode) scanning microscopy)tor) scopy)
Spatial None High High High
Resolution
Temporal High High Low to moderate Low
Resolution
Compatible Yes Yes Yes No
with CaSDs
Compatible Yes Yes No No

with VSDs
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of multiple cells. The obvious advantage of this approach is recording speed which can
be very high. However, simple photometry only provides information from one site or
area at a time. An alternative form of photometry with spatial resolution is “scanning
photometry.” In this approach optical recordings are made from multiple interlaced re-
cording sites with a scanning light source. One implementation of scanning photometry
is “high-speed, random-access, laser scanning microscopy”. In this composite approach
image capture and optical recording function are performed separately to gain tempo-
ral bandwidth and/or spatial resolution. Through the use of a very fast scanning scheme
based on acousto-optical deflection this method repeatedly samples a series of prede-
termined scanning sites, with high digitizing resolution and at rates compatible with the
fastest physiological events. Thus, this approach is able to optimize both spatial and
temporal resolution. For more details about this approach see Bullen et al. (1997).

Imaging applications can also be divided into scanning and non-scanning classes.
Non-scanning approaches typically use a scientific grade video camera (i.e., cooled
CCD) or alower spatial resolution photodiode array. The spatial resolution of these sys-
tems is dependent on the number of pixels per dimension which can be quite high (i.e.,
1024). However, the drawback of many of these systems is their poor temporal resolu-
tion. Moreover, the full range of spatial resolution cannot always be utilized because
spatial averaging techniques such as binning are often required to generate a useful
physiological signal.

An alternative to camera-based imaging systems is various forms of scanning micro-
scopy; in particular, confocal microscopy and multi-photon microscopy. Many types of
confocal microscopes are commercially available and are often considered for optical
recording from single neurons. In comparison, two-photon microscopy is a relatively
recent innovation and there are still only a few systems in existence. Both these technol-
ogies allow imaging in complex three-dimensional preparations. However, several fea-

Optical Recording from
indivicual Maurans: in Call Culure

Fig. 3. Decision making scheme to determine “How to record”.
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tures of these instruments limit their suitability for optical recording from single neu-
rons. Most obviously, these instruments are almost exclusively imaging devices with
limited overall frame rates and therefore they are not very useful for recording fast phys-
iological signals. Moreover, commercial versions of these instruments commonly em-
ploy only 8-bit digitizing resolution, which is sometimes sufficient for CaSDs but is gen-
erally insufficient for use with VSDs. Finally, the considerable cost of these instruments
is a significant issue for the novice investigator. Furthermore, because cultured neurons
are typically a monolayer of cells, there is little benefit to be gained by adding an optical
sectioning capability or from sub-micron spatial resolution. To aid the reader in decid-
ing between this array of recording possibilities the following flowchart was derived to
simplify the process (Figure3).

Instrumentation

Correct instrumentation choices are important. In particular, it is critical to optimally
illuminate the preparation to ensure success. Furthermore, collecting the maximum
amount of emission light available ensures the highest possible signal quality. These in-
strumentation choices include consideration of:

- Light sources

- Optics

- Photodetectors

Important factors in determining the best light sources include:
- Brightness

- Spectral distribution

- Intensity stability

The most common light sources for optical imaging are:
- Tungsten halogen bulbs

- High pressure gas discharge bulbs

- Lasers

Tungsten halogen bulbs exhibit the highest intensity stability (AI/I = 10-5-10~%. The spec-
trum of tungsten bulbs can be regarded as mostly white light, with a weak emission in
the UV. High-pressure gas discharge bulbs such as Hg- or Xe-burners are light sources
with much higher intensity but their amplitude noise is somewhat larger (i.e., 1074-1073).
While Hg-burners emit an inhomogeneous spectrum with many peaks down to the UV,
the spectrum of Xe-burners is quite homogeneous. If Hg-burners are chosen for fluo-
rescent applications, care should be exercised to ensure that the absorbance spectra of
the fluorophores and the associated excitation filter correspond to a known Hg emission
line (e.g., 365, 405, 436, and 546nm). Lasers are an increasingly attractive light source.
In particular, their ability to generate a diffraction-limited illumination spot makes
them a perfect high intensity light source for various scanning applications. Unfortu-
nately, the relative noise of lasers is commonly quite high, usually in the 1073 —102
range. However, some recently introduced lasers with improved cavity designs have
performed much better in this regard (i.e. 107>-10~%). In addition, the coherence of laser
light can give rise to interference-based speckles that adds to the total noise, thus mak-
ing the use of lasers for absorbance measurements difficult. Lasers inherently emit
monochromatic light but only at a discrete number of wavelengths (or lines). Thus, if a
laser source is to be used, indicators must be chosen that match the available laser lines.

Optical considerations include:
- Type of microscope (upright or inverted)
- Objective lens and condenser

Light Sources

Optics
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- Filters
- Dichroic mirrors

I. Type of microscope: The type of microscope that is typically considered for optical re-
cording from single neurons could in principle be either upright or inverted. However,
inverted microscopes are commonly chosen because they allow the use of high magni-
fication, high numerical aperture objective lenses.

Likewise in fluorescence applications, an epifluorescence configuration is normally
chosen over transfluorescence. There are several logical reasons for this choice. Firstly,
with epifluorescence illumination, the excitation light and emitted fluorescence travel in
opposite directions and are easily separated by a dichroic beam splitter. Secondly, the
objective also serves as the condenser, assuring perfect alignment and maximal illumi-
nation and collection efficiencies. Epifluorescence illumination in combination with an
inverted microscope also allows easy access with micropipettes. Finally, epifluorescence
illumination is most easily combined with other transmitted light techniques such as
phase contrast or DIC. A typical epifluorescence-recording configuration demonstrat-
ing these aspects is shown in Figure 4.

II. Objective lens and condenser: The objective lens is perhaps the most critical compo-
nent in any microscope. It governs, among other things, the resolution, magnification
and light gathering capabilities of the total system. In choosing an appropriate objective
for optical recording from single neuron in culture the following features are critical:

- Magnification

- Numerical aperture

- Working distance

- Optical corrections

Fig.4. Typical Optical Recording
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Magnification: The magnification required to accurately measure fluorescence from a
single neuron or parts of individual cells with spatial resolution corresponding to the
structures of interest is typically 40x. Other commonly used objective lenses include
63x or 100x. It is important to remember that any additional magnification secondary
to the objective, while increasing image size, does not add resolution or light gathering
capability and therefore should be considered “empty magnification”.

Numerical aperture: In addition to its resolution, the numerical aperture (N.A.) of an
objective lens determines its collection efficiency and hence the image brightness. Im-
age brightness is proportional to the brightness of illumination and the light-gathering
power of the objective. Both parameters are determined by the square of the N.A. of the
lens and therefor in an epifluorescence configuration there is a 4th power relationship
between image brightness and N.A. As a consequence, a relatively small change in nu-
merical aperture can significantly change image brightness and thus signal strength in
optical recording.

Working distance: Working distance (W.D.). is an important parameter listed in the
specification of all lenses and refers to the free space between an objective lens and the
specimen. It becomes a major issue with upright microscopes when imaging approach-
es are combined with micropipette applications. W.D. specifications are normally given
by manufacturers as the distance above a normal thickness coverslip (#1). W.D. is in-
versely proportional to numerical aperture and thus the resolving power and collection
efficiency of high N.A. lens normally come with a W.D. penalty.

Optical corrections: High quality objective lenses are commonly corrected for spher-
ical and chromatic lens aberrations. While many of these corrections are important in
image formation, they are in large part inconsequential for optical recording where oth-
er factors are limiting and most manufacturers have developed objectives specialized
for fluorescence recording. However, it is important for an investigator to know the lim-
itations of the various objective lens choices and understand the specifications given for
each lens type.

Another important factor in choosing an objective lens is whether it is designed to
act as a fixed tube-length or infinity-corrected lens. A fixed tube-length objective lens
directly projects a real image within the microscope, normally at 160mm from the back
focal plane. In contrast, an infinity-corrected lens projects this image towards infinity.
The advantage of an infinity-corrected lens arises from the reduced number of subse-
quent relay lenses required in the optical path of a typical compound microscope. Fewer
lenses in any given light path yield fewer internal reflections and higher relative trans-
mission. This is especially true in cases such as DIC microscopy or epifluorescence mi-
croscopy where additional prisms or filters are inserted into the optical path.

Typically all these parameters are best met with high power, high N.A., immersion
lenses specialized for fluorescence recording. Each microscope vendor offers one or
more objective lenses that are specialized for recording fluorescence. Currently we use
the Zeiss Fluar 100x (N.A. 1.3) objective but many other compatible lenses are available
from Nikon, Leica, Olympus, etc. The condenser is of no practical importance for epi-
fluorescence microscopy. However, it plays an important role in image formation with
transillumination and for this reason, the condenser selected should be closely matched
to the numerical aperture of the objective lens. This ensures that the resolving power of
the objective is not limited by that of the condenser.

III. Filters and dichroic mirrors. The spectral properties of filters (i.e. excitation and
emission) and the dichroic mirror(s) determine:

- The strength and appropriateness of excitation light.

- The relative separation between excitation and emission light.

- The collection efficiency for emission light.
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Together these factors are strong determinants of signal strength and therefore signal
quality. Under ideal conditions the excitation and emission filters (also known as exciter
and emitter) chosen should be centered on the dye’s respective absorption and emission
peaks. To maximize the signal strength it is advantageous to employ filters that also have
wide bandwidths. However, this strategy requires a sufficient separation between the
excitation and emission spectra of the dye; otherwise optical cross-talk can occur be-
tween channels. A commonly used alternative is to employ a relatively narrowband ex-
citation filter, because source light is plentiful and can be easily increased. Single laser
lines are also an attractive excitation source for the same reason. The extra spectral sep-
aration achieved in these cases can then be used by the emission filter which should be
as wide as possible to ensure all emission light is collected. In most cases the spectral
properties of fluorescent indicators used in optical recording from single neurons are
well characterized and standard filter sets are commonly available. A selection of these
are documented in the following table (Table4.). In special cases where novel filter de-
signs are required, several manufacturers, notably Chroma or Omega (both of Brattle-
boro, VT), are proficient in producing customized optical elements.

Note: In some cases the signal size (AF/F) of selected VSDs can be made larger by em-
ploying excitation and emission filters that do not correspond to the spectral maximum
of the dye. This phenomenon arises from the voltage-dependent spectral shifts that oc-
cur in addition to the absolute amplitude changes caused by depolarization. For exam-
ple, while the excitation and emission peaks of di-8-ANEPPS are 476 nm and 570nm, re-
spectively, Rohr and Salzberg (1994) found the best signal-to-noise ratio with this dye
could be achieved with a 530(25) exciter, a DCLP560 dichroic mirror and a OG570 emis-
sion filter.

Table 4. Filters, Dichroic Mirrors and Laser Lines for Fluorescent Dyes Commonly Used in Single
Cell Studies.

Dyes Excitation (nm) Dichroic Emission (nm)
Mirror
Peak Filters Laser Lines Peak Filters
(FWHM) (FWHM)
Calcium Indo-1 346 350 (20) 351, 354, DCLP379, (401,475 |400 (40),
Sensitives 355 DCLP455 480 (40)
Dyes
Fura-2 340,380, | 340 (20), |334, 364 DCLP430 512 510 (60)
(363) 380 (20)
Fluo-3 503 490 (20) |488 DCLP505 |525 525 (30)
Calcium Green |506 490 (20) 488 DCLP505 |530 530 (40)
Oregon Green 496 490 (20) 488 DCLP505 |524 530 (40)
Calcium Orange |549 540 (20) |532 DCLP560 |575 580 (30)
Voltage— RH 237 506 500 (40) 488, 514 DCLP560 687 0G610
Sensitive
Dyes RH 421 493 500 (40) 488 DCLP550 638 0G590
di-4-ANEPPS 476 470 (40) 476, 488, DCLP570 605 0G570
514
di-8-ANEPPS 476 470 (40) |476, 488, DCLP565 |600 0G570 or
514 540 (60) &
600 (60)

di-2-ANEPEQ 497 500 (40) |488,514 DCLP575 |640 0G570
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A substantial role in the overall performance of an optical recording system is played by
the photodetector employed, and this component should be selected carefully. Detec-
tion devices can range from a single element photodetector used in the simplest forms
of photometry to high resolution, scientific-grade cooled CCD cameras used in ad-
vanced imaging applications. In deciding between different detector types the main pa-
rameters of concern are:

- Sensitivity

- Quantum efficiency (QE)

- Dark noise

- Dynamic range

- Spectral response

- Cost

In imaging detectors, readout speed and digitizing resolution are also important consid-
erations.

I. Non-imaging detectors The most prevalent single element photodetectors are photo-
diodes and photomultipliers. Such detectors have no spatial resolution but are still im-
portant for many imaging applications. For instance, in scanning microscopy, where an
image can be produced with point illumination by sequentially scanning a whole prep-
aration or parts thereof. Semiconductor photodiodes are an attractive photodetector op-
tion due to their high dynamic range, high quantum efficiency (>90%) and low cost. De-
spite their somewhat higher complexity and cost, photomultiplier tubes (PMT) are par-
ticularly attractive for scanning applications because they possess both sensitivity and
response speed. These devices are an integral combination of a vacuum photodiode and
a multistage photocurrent amplifier that makes use of multiple amplification stages to
generate secondary photoelectrons. While the internal gain of a photomultiplier can be
quite high (the gain increases exponentially with the number of stages), the true quan-
tum efficiency is much less when compared to a semiconductor photodiode (about 10%,
meaning that only every 10th photon generates a photoelectron). In addition, this inter-
nal gain also amplifies the dark noise. In comparing photodiodes and PMTs, it is some-
what difficult to make a global statement about which detector is better because it de-
pends on the amount of light to be detected and the bandwidth required. Above a cer-
tain light level, the photodiode will always outperform the PMT and will only be con-
strained by shot noise limitations. However, below this level, the dark noise of the pho-
todiode and its accompanying electronics will become dominant and the PMT will pro-
duce a better signal-to-noise ratio. This general principle is confounded by bandwidth
considerations. The response speed of the photodiode at low light levels is limited by the
time constant imposed by the large feedback resistors (i.e., GQ range) required in the
current-to-voltage conversion process. This is not a problem for the typical PMT be-
cause of the current amplification in each internal gain stage. Thus, in the case where
both sensitivity (i.e., low light levels) and speed (i.e., scanning applications) are re-
quired, the PMT is probably superior to the photodiode.

II. Imaging detectors Various types of video cameras are the most common imaging de-
tectors for optical recording. However, due to the requirements imposed by both the op-
tical indicators and the speed of the signals to be measured, only very few imaging de-
tectors are really suited to record neural activity. A normal video camera provides
30 frames/second and has a maximal intensity resolution of ~0.5% which is insufficient
for optical imaging of neural activity with VSDs that requires a detector that supplies
10° frames/second and the ability to resolve signals that are 10~ of the static light inten-
sity. One example of a scientific grade imaging camera that is often used in neurobiol-
ogy is a frame-transfer cooled CCD camera. This device possesses high sensitivity, low
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noise but only modest frame rates. A more appropriate imaging detector for recording
fast neuronal activity is the low resolution photodiode matrix (PDM). This photodetec-
tor can be regarded as an array of single photodiodes. Consequently, the favorable quan-
tum efficiency and high sensitivity of photodiodes also applies to the photodiode ma-
trix. The array sizes in these devices vary from 5x5 to 128x128 elements, with 10x10 or
12x12 being the most common. For very fast applications true parallel access can be
used with arrays of up to 32x32 elements. Each photodiode is connected to its individ-
ual current-to-voltage converter, which can allow for gap-free recording (i.e., no shift or
readout time delay). As was the case with a single photodiode, the bandwidth of such
imaging detectors depends largely on the amount of light and the required signal-to-
noise ratio. For a more detailed discussion of these issues see section “Data Acquisition
and Digitization Issues”.
The following table (Table5.) summarizes the relative merits of each photodetector.

Table 5. Comparison of Photodetector Properties

Sensitivity Quantum  Dark noise Dynamic Readout  Spatial Cost
efficiency range speed resolution
Photodiode + +++ - +++ N/A 1 $
Photomultiplier +++ + -- ++ N/A 1 $$
Photodiode + +++ - +++ +++ 16x16 $$$
matrix
CCD (ccoled, ++ ++ ++ + 512x512 $$$

frame-transfer)

Note: Quantum efficiency is defined as the ratio of photons detected over total number
of incident photons. Sensitivity is defined as a measure of the minimum amount of de-
tectable light.

Outline

The important steps in undertaking optical recording from single neurons can be divid-
ed into three parts:

- Instrumental design and construction

- Experimental design and implementation

- Signal analysis and presentation

Most of the instrumental considerations were addressed in the previous section and
outlined in the flowcharts in Figure1 and 3. The following sections document important
considerations for the remaining two areas.

Materials
Cells: Previously prepared and plated at an appropriate density (i.e. 200-300 cells per
mm?).
Solutions: Physiological saline(s) and drugs depending on experimental objectives.

Optical Indicators: Stock solutions ready for each specific application. Optical indica-
tors are available form a number of sources with the best being Molecular Probes (Eu-
gene, OR). See Haugland (1996).
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Optical Recording System: Including microscope, light source, filters, epifluorescence
optics and detector(s).

Auxiliary Electrophysiological Equipment: Such as stimulators, amplifiers, perfusion
system and micromanipulators (cf. Chapter 5).

Data Acquisition System: Including computer, A/D and D/A plug in boards and data
storage devices (cf. Chapter 45).

Procedure

This section addresses a number of methodological issues or experimental techniques
important for successful optical recording. No single procedure is presented because ex-
periments using optical recording methods can be quite heterogeneous in nature. In-
stead, those elements that are common to all experiments are considered. Many of these
elements are quite mundane but often represent the difference between successful ex-
periments and unnecessary frustration. These considerations include:

- Mixture and storage of optical indicators

- Loading and staining protocols

- Experimental design issues

- Calibration procedures

- Signal processing methods

Mixture and Storage of Optical Indicators

There is no universal way to solubilize and store 