CHAPTER 2

Monitoring Intracellular Ca** in Brain Slices

with Fluorescent Indicators
Sean J. Mulligan and Brian A. MacVicar

Introduction

maging fluorescent chemical indicators specific for calcium (Ca®*) has provided i important
I insights into our current understandmg of the many Ca?* regulated cellular processes in

the brain such as neurotransmitter release and synapric plasticity. In this chapter we
discuss the use of fluorescent Ca®* indicators for the measurement of intracellular concentra-
tions ([Ca®*];) in brain slices. Single-wavelength intensity-modulating indicators are con-
trasted with dual-wavelength ratiometric indicators and high versus low-affinity indicators
are described. The advantages and disadvantages of usmg a particular indicator form (free
acid, AM-ester or dextran con}ugatc) for reliable Ca®* 1magmg are outlined. Fmally, we re-
view calibration methods to estimate intracellular [Ca?*] from both nonratiometric and
ratiometric indicators. This chapter should provide a guide to how and when to use various
Ca?* sensitive fluorescent indicators to map the spatio-temporal dynamics of intracellular
[Ca?*} in brain slices.

Ca?* Sensitive Fluorescent Chemical Indicators

Our current understanding of the numerous Ca?* regulated physnologlcal cellular phe-
nomena in the brain has been greadly facilitated by the use of the Ca?* sensitive fluorescent
chemical probes developed by Tsien and colleagues 119 The most w1dely used fluorescent
indicators for intracellular measurement of free Ca®* concentration ([Ca®*];) are based on
the Ca?* chelator 1,2-bis-(2- ammophenoxy)ethane—N N,N_,N_-tetraacetic acid (BAPTA)
(Fig. 1). BAPTA has hlgh selectivity for Ca®* (Kg = 100nM at pH 7.0) over competing
concentrations of Mg?* and an extremely fast on rate (108-10°M1S™!) for Ca?* binding. The
main Ca®* sensitive fluorescent indicators are obtained by coupling different ﬂuorophores
thh varying spectral properties to the Ca?* sensor BAPTA. The binding of Ca?* to these
Ca® sensitive indicators alters the excitation or emission spectra such that the fluorescence
of the indicator that binds the Ca?* can be easily distinguished from the fluorescence of the
indicator that remains Ca®* free. The most useful fluorescent probes are those with large
molar extinction coefficients and quantum yields that exhibit strong and stable fluorescence
well above any background tissue autofluorescence. The wide range of Ca** sensitive indica-
tors now available (www.probes.com) can be divided into several operational classes based
on a number of criteria, the advantages and disadvantages of which should be considered
when selecting a probe fora pamcular experiment; 1) smglc-wavelength intensity-modulating
probes vs. dual-wavelength ratiometric probes, 2) Ca** binding affinity, and 3) indicaror
form (salt, AM ester or dextran conjugate).
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Figure 1. Chemical structures of the Ca?* chelator BAPTA and the widely used BAPTA based fluorescent
indicators quin-2, fura-2, indo-1, fluo-3, thod-2, and Calcium Green-1. Adapted with permission from
Tsien RY. Monitoring Cell Calcium. In: Carafoli E, Klee C, eds. Calcium as a Cellular Regulator. New York:
Oxford University Press, 1999:28-54.

Smgle—Wavelength Probes

Increases in [Ca®"]; result in dramatic increases in the quantum yield of single wavelength
probes and hence the intensity of fluorescence emission, while the spectral maxima remain
unchanged (i.e., no spectral shift). Fluo-3, rhod-2, and Calcium Green-1 and Calcium Green-2
are examples of commonly used smgle wavelength Ca® sensitive indicators that undergo an
~100-fold increase in fluorescence emission upon binding Ca*!! (Flg 2). The high quantum
yields characteristic of these smgle wavelength indicators, serves two important functions when
attempting to image [Ca®"]; in the fine structures associated with neurons and glial cells in
brain slices. Firse, because all Ca®* mdncators bind Ca*", they act as additional buffers in the cell
and can 51gn1ﬁcandy alter Ca* dynamics.!? In an attempt to measure undistorted changes in
[Ca®"}; it is necessary to balance the relatively low indicator concentrations needed to best
report unaltered dynamics of free [Ca®*]; with the need for sufficient fluorescence intensity that
is gamed with higher indicator concentrations. The high quanturn yield of these indicators
permits the use of lower dye concentrations to best report [Ca?*]; dynamics while at the same
time still achieving the necessary signal-to-noise for quantitative measurement. Secondly, laser
intensity can be attenuated. The benefit of this is several-fold. First, fluorophores in the excited
state are more prone to chemical reactions with other molecules and other fluorophores that
can result in irreversible destruction or photobleaching, the final product being nonfluorescent.
With laser attenuation, the lifetime of the fluorophore is prolonged. Secondly, fluorophores
may not only undergo complete destruction and become nonfluorescent from photodamage,
but may remain fluorescent, however unable to report Ca?* changes. For example, basal fluo-
rescence in the apical dendrites of neocortical neurons has been shown to increase linearly with
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Figure 2. The Ca?*-dependent fluorescence emission spectra of the single wavelength Ca®* sensitive indi-
cators fluo-3 (A), rhod-2(B), Calcium Green-1(C), and Calcium Green-2(D). These indicators are excited
by visible wavelengths of light and undergo dramatic increases in the intensity of fluorescence emission upon

binding Ca?* with no spectral shift. Adapted with permission from Molecular Probes.!!

cumulative photodamage.!# The increased basal fluorescence is thought to result from irrevers-
ible photo-induced changes in the fluorophores that bind them to the cellular matrix or mem-
branes. The bound fluorophore is molecularly altered and no longer able to report changes but
remains fluorescent. Further, laser attenuation increases cell viability by decreasing phototoxic
effects to the cell, independent of photodamage to the fluorophore.

An important characteristic of single wavelength Ca®* sensitive indicators is that they are
excited by visible wavelengths of light. This makes this class of indicators well-matched for laser
scanning microscopy because they are compatible with the standard fluorescein and rhodamine
optical filter configurations common to most imaging system set-ups and they do not require the
specialized chromatically corrected optical components necessary for use with UV excitation.!
Most laser-based systems are supplied with visible excitation lasers that are ideal for efficient
excitation. The most common being the 488nm argon-ion laser that is optimal for excitation of
the popular indicators fluo-3, Ca®* Green-1, Ca** Green-2 and Oregon Green 488 BAPTA, and
the 543 nm helium/neon-ion laser that is well suited to the excitation maxima of the common
red-shifted wavelength probes thod-2 and Ca®* orange. In addition, visible wavelength light is
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Figure 3. The Ca®*-dependent fluorescence excitation spectra of fura-2 {left) and the emission spectra of
indo-1 (right). Both of these common dual-wavelength ratiometric indicators are excited by UV wavelength
light and show fluorescence intensity changes and spectral shifts in their excitation spectra (fura-2) or
emission spectra (indo-1) with changing {Ca?"]. Adapted with permission from Molecular Probes.!!

less cytotoxic than that of UV excitation'® and minimizes background scattering and the contri-
bution of tissue autofluorescence, because in mammalian cells, intrinsic fluorescence is domi-
nated by proteins and reduced nucleotides that exhibir strong fluorescence after ultraviolet (UV)
excitation (for ex; NADH, NADPH; absorption maximum, 340nm; emission maximum,
460nm)."? Finally, visible wavelength excited indicators are compatible with photolabile ‘caéed’
Ca?* chelators used for rapidly changing {Ca®"]; that require UV (~-350nm) excitation.!>17

Dual-Wavelength Ratiometric Probes

Like the single-wavelength probes, the ratiometric probes also show fluorescence intensity
changes with changing [Ca®*]. Unlike the single-wavelength probes however, the spectral maxima
of the Ca®* -free and the Ca?* -bound forms of the ratiometric probes are at different wave-
length locations (i.e.; they exhibit a spectral shift). The two most commonly used ratiometric
indicators are fura-2 and indo-1.! Both these indicators are excited by UV wavelength light
with resultant emission in the visible spectrum. They display Ca?* dependent spectral shifts in
either their excitation spectra in the case of fura-2, or emission spectra in the case of indo-1
(Fig. 3). The Ca®* -free form of fura-2 displays high fluorescence emission intensity (collected
at ~510 nm) when excited by 380nm wavelength light and low emission intensity upon bind-
ing Ca®*. Reciprocal changes occur in fluorescence emission intensity when fura-2 is excited at
340nm wavelength light (i.e.; fluorescence emission intensity is low in the Ca®* free form and
highest upon binding Ca®"). In contrast, indo-1 is excited at a single wavelength of light (-340
nm) and the fluorescence intensity monitored at two emission wavelengths. The emission spec
maxima of indo-1 shifts from ~480 nm in the Ca®*-free form to ~400 nm when the indicator
is saturated with Ca®*.

Because this class of indicators exhibit Ca?* dependent spectral shifts, fluorescence intensity
measurements can be made at two different wavelengths of the spectrum and a ratio calculated
to determine [Ca®*}; (see below). The ratiometric measurements are independent of the fluores-
cence intensity changes that arise from confounding factors unrelated to changes in [Ca®); such
as variations in indicator concentration, cell thickness, focal plane, cell volume or movement,
and photobleaching effects to the probe. This fact makes the ratiometric indicators powerful
tools for monitoring and quantifying Intracellular [Ca?*]. Ratiometric imaging of [Ca®*]; in
brain slices using fura-2 has greatly increased our understanding of the spatio-temporal dynam-
ics of [Ca®"}; in fine neuronal structures such as dendrites'>?* and presynaptic terminals.?>>°
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Table 1. Properties of commonly used high- and low-affinity Ca** indicators

Ca?* Free Ca** Bound

Indicator Excitation  Emisson Excitation  Emisson Kp uM

High-Affinity Indicators
Fluo-3 503 506 526 0.39
Ca’* Green-1 506 531 506 531 0.19
Ca®* Green-2 506 536 503 536 0.55
Oregon Green 494 523 494 523 0.17
488 BAPTA-1
Rhod-2 548 552 578 0.57
Ca?* Orange 549 575 549 576 0.185
Fura-2 363 512 335 505 0.145
Indo-1 346 475 330 401 0.23

Low-Affinity Indicators
Mag-Fura-2 369 51 329 508 25
BTC 464 533 401 529 7
Mag Fura-5 369 505 330 500 28
Magnesium 506 531 506 531 6
Green
Ca Green-5N 506 532 506 532 14

Ca?* Binding Affinity

Fluorescent Ca®* indicators bind Ca?* in a reversible manner and as a result act as Ca2*
buffers once introduced into cells. These exogenous buffers can significantly alter Ca** dynam-
ics. 1227283134 14 order to reduce the buffering effects on Ca®* signals, an important criterion
for selecting an indicator is matching the Ca?* binding affinity of the indicator to the range of
interest over which [Ca®*); changes occur during a particular experiment. Ca?* concentrations
in astrocytes have been shown to be elevated to 3.5 pM with dopamine application®> and
estimates of Ca®* concentrations exceeding 200 UM have been reported at the inner membrane
surface next to voltage-gated Ca?* channel clusters (Ca>* microdomains) in the presynaptic
terminals of neurons during stimulation.*® The common Ca?* indicators mentioned above
belong to the high-affinity class of fluorescent Ca®* indicators, having Kp’s in the nanamolar
range (Table 1). These high-affinity indicators greatly underestimate the increases in [Ca®*];
during ‘physiological’ stimulation typically seen in neurons and astrocytes because Ca®* con-
centrations above 1 UM produce almost complete binding saturation.!! For example, in the
apical dendrites of neocortical layer V and hippocampal CA1 pyramidal neurons in rat brain
slices, the amplitude of a single action potential evoked fluorescence transient was reduced by
a factor of about three with just 125UM Fura-2.'? The situation is equally dramatic at the
presynaptic terminal. During trains of action portential evoked [Ca?*]; increases, the fluores-
cence changes per spike decreased markedly during the train using high-affinity indicators
such as Fura-2 and Calcium-Green-2%7-2833 (Fig. 4 top). The [Ca®"]; increases during the train
saturate the responses of the indicators and thus the fluorescence transient is not linearly re-
lated to the changes in [Ca®*]; and accurate quantification is not possible (given that an equal
amount of Ca®* enters the presynaptic terminal with each stimulus in the train (300 nM;).%

Low-affinity Ca®* indicators have been developed that have greatly improved our ability to
more accurately follow and quantify the activi?' evoked [Ca®"]; changes in neurons and astro-
cytes in brain slice preparations. Mag-fura-2,%’ mag fura-5,”® BTC,*” Magnesium Green,!
and Calcium-Greeen-5SN* are some of the most widely used low-affinity Ca®* indicators that
can detect [Ca®*); levels in the micromolar range (Table 1). The spectral shifts of the Fura-2
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Figure 4. High-affinity Ca®* indicators distort rapid Ca®* changes. During trains of action potential evoked
[Ca®* ]; increases (20Hz stimulus pulses indicated by double-arrows), the fluorescence changes per spike
decrease markedly due to saturation of the high-affinity indicator Fura-2. The [Ca?* }; increases do not
saturate the response when the low-affinity indicator mag-fura-2 is used. Each stimulus in the train produces
approximately the same change in fluorescence and thus the fluorescence transient is linearly related to the
changes in [Ca?*};. In addition, the decay time course of the Ca2* transients using the low-affinity indicator
mag-fura-2 is undistorted. Reprinted with permission from Molecular Probes'! and Regehr WG, Atluri PR,
Calcium transients in cerebellar granule cell presynaptic terminals. Biophys J 1995; 68(5):2156-70.

analogs mag-fura-2 and mag-fura-5 are very similar to those of fura-2 but occur at higher Ca?*
concentrations (Kp’s = 25 UM and 28 uM respectivelg). BTC exhibits a shift in excitation
maximum from ~480 nm to ~400 nm upon binding Ca** which makes it the only low-affinity
ratiometric indicator (K4 = 7 pM) with visible excitation wavelengths. BTC thus permits
ratiometric measurements of [Ca®*]; while retaining the advantages associated with using longer
wavelength excitation (outlined above). The spectral properties of the single-wavelength
low-affinity Calcium-Green analoges Calcium Green-5N and Magnesium Green are the same
as Calcium Green-1 but have Kp’s = 14 pM and 6 UM respectively.

In addition to underestimating increases in [Ca*];, high-affinity Ca?* indicators signifi-
cantly distort the kinetics of rapid Ca®* changes associated with the physiological processes that
operate on millisecond time scales in neurons and astrocytes. Both the high- and low-affinicy
classes of fluorescent indicators have Ca?* binding on-rates in the range of 10%-10°Ms™!. They
differ significantly however with respect to their off-rates. Low-affinity indicators have much
faster Ca®* dissociation rates that make them much more suitable for tracking the kinetics of
rapid Ca®* fluxes (the backward rate constants (k-) for Fura-2 and Mag-Fura2 are ~100s™! and
26,0005 respectively). For example, the decay time constants of fluorescent transients evoked
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by single back-propagating action potentials in the apical dendrites of neocortical and hippoc-
ampal CA1l neurons increased dramatlcally with increasing concentrations of the high-affinity
indicator Fura-2.'%#! Fura-2 concentrations of 20, 80 125, and 250 MM corresponded to de-
cay time constants of 78, 117, 265 and 703 msec respectively.!? In contrast, in a study with
parallel experimental procedures, high concentrations (up to 2mM) of the low—aﬂimty indica-
tors Magnesium Green and Oregon green BAPTA-5N did not distort the decay time course of
action potential evoked [Ca?*]; transients, but in fact, were faster than the predicted ‘physi-
ological’ [Ca?*]; transient (estimated from linear regression extrapolation to zero fura-2, durmg
Fura-2 concentration dependence of decay time constant experiments).? At the presynaptic
terminal the properties of the fluorescent transients also depend on the affinity of the indicator
used. As discussed above, during trains of action potentlal evoked [Ca®*]; increases, the fluores-
cence changes per spike decrease markedly during the trains usi ng hxgh -affinity indicators such
as fura-2 and Calcium-Green-2 (Fig. 4 top). However, the {Ca®*]; increases dunng trains did
not saturate the response when low-affinity indicators were used Each stimulus in the train
produced approximately the same change in fluorescence and thus the fluorescence transient is
linearly related to the changes in [Ca®*]; and accurate quantification is possible.””?833 (Fig, 4
bottom) The slow Ca®* bmdmg off-rates of the hlgh afﬁmty indicators make them unable to
reliably track the decay time course of the Ca®* transients in presynaptic terminals?’283>42
(Fig. 4 for qualitative decay comparison). At climbing fiber presynaptic terminals, single action
potential evoked Calcium Green fluorescent transients decayed with a half decay time of 168
msec compared to only 33 msec with the novel low-affinity indicator Fluo-4 Dextran.??

Ca?* Indicator Form

Salts (Free Acids)

The common salt (or free acid) form of the Ca®* indicators are negatively charged
polycarboxylate anions that are membrane impermeant and so must be introduced into cells by
microinjection. Because this form of the indicator is negatively charged, cells may be filled by
iontophoretic injection usmg hlgh resxstance sharp electrodes (50-150 MQ) that contain mil-
limolar indicator concentrations.?>#4> Cells are rapidly filled with indicator using this tech-
nique while the intracellular environment is not dialyzed with pipette solutions (hyperpolariz-
ing at -0.2-0.5nA for 2-5 minutes loads an entire neocortical pyramidal cell with mdxcator)
Patch—clampmg neurons and astrocytes in brain slices in the whole-cell configuration®” with
low resistance pipettes (3-10 MQ) has become the preferred method for loading impermeant
indicators into cells and simultaneously making electrophysilogical measurements. Micromo-
lar concentrations of indicator (50-500 pM) are loaded by the rapid diffusional exchange that
takes place between the low resistance pipette tip and the intracellular cytoplasm 8 This allows
for defined intracellular indicator concentrations to be determined, which is a critical param-
eter in indicator calibrations (see below). The great advantage of using the free acid indicator
form (in addition to avoiding the problems associated with using the AM-ester form -see be-
low) is the remarkable fluorescence signal-to-noise achieved. Images from the finest neuronal
structures are p0331ble, mcludmg individual dendritic spines, axons and presynaptic terminals,
and the Ca®* transients in these structures can be reliably quantified (Fig. 5A,B). 29,30,49-53

Dextran Conjugates

Fluorescent Ca?* indicators may be conjugated to dextrans, which are 3000 to 500,000
MW biologically inert hydrophilic polysaccharides. As with the salt forms, dextran conjugates
are not membrane permeable and so must gain intracellular access by whole-cell patch pipette.
Iontophorctic injection is not suitable because there is a reduction in the negative charge per
unit mass. While the spectral characteristics of the dextran conjugates are similar to the free
acid forms, the Ca®* binding affinity is slightly reduced. For exam 1ple, the Kp of the salt form of
Fura-2 is 145 nM compared to 200-400 nM for Fura-2 dextran.”* Molecular probes (Eugene,
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Figure 5. Neurons and astrocytes in the brain slice preparation loaded with the free acid, dextran conjugate,
or AM-ester forms of Ca®* sensitive indicators. A) Two-photon image of a pyramidal neuron dendrite with
spines from mouse visual cortex filled with 200 pM of the free acid form of Calcium Green-1 by whole cell
patch pipette. (scale=5 pim) Reprinted with permission from Holthoff K, Tsay D, Yuste R. Calcium dynamics
of spines depend on their dendritic location. Neuron. 2002 Jan 31;33(3):425-37. B) Two-photon image of an
axonal arbor of a layer 2/3 neocortical pyramidal neuron filled with 100 pM of the free acid form of Oregon
BAPTA-1 via patch pipette. (scale=1 pm) Reprinted with permission from Cox CL, Denk W, Tank DW,
Svoboda K. Action potentials reliably invade axonal arbors of rat neocortical neurons. Proc Nat Acad Sci U
S A 2000; 97(17):9724-8. C) An overlay of two confocal image stacks in a sagital cerebellar slice showing a
Calcium Green Dextran-labeled climbing fiber incoming axon (white) innervating the thick proximal den-
drites of a Purkinje ncuron (grey) labeled with the fluorescent dye Alexa Fluor 568 hydrazide (Molecular
Probes). (scale=20 pm) Reprinted with permission from Kreitzer AC, Gee KR, Archer EA, Regehr WG.
Monitoring presynaptic calcium dynamics in projection fibers by in vivo loading of a novel calcium indicator.
Neuron. 2000; 27(1):25-32. D) Dozens of neurons in layer 2/3 somatosensory cortex are labeled with the
AM-ester form of Fura-2. The brain slice was taken from an 18 day old rat. (scale=100 pm) Reprinted with
permission from Smetters D, Majewska A, Yuste R. Detecting action potentials in neuronal populations with
calcium imaging. Methods. 1999;18(2):215-21. E) Two-photon image stack f GFP labeled astrocytes (left)
loaded with Ca™ Orange-AM (right). (scale=20 pm). Mulligan and MacVicor unpublished observations.
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OR) offers a 70,00MW dextran simultaneously conjugated to Calcium Green-1 and the
Ca”*-insensitive dye Texas Red that provides ratiometric Ca?* measurements with visible wave-
length excitation. Dextran-conjugated Ca®* indicators retain all the advantages the salt form
indicators have over AM-ester forms, and in addition, are much less likely to bind to cellular
proteins and are better retained in cells and less resistant to extrusion.'! The fact that they do
not leak out of cells makes them ideall;r suited for long-term Ca®* measurements and excellent
retrograde and anterograde tracers.’ >’ Krietzer et al (2000)%> have loaded dextrans in to the
cellular nuclei of the inferior olive in vivo, and monitored Ca?* dynamics days later in presyn-
aptic terminals at the cerebellar climbing fiber to Purkinje cell synapse (Fig. 5C).

AM-Esters

Loading neurons and astrocytes in brain slices can be achieved without the use of micropi-
pettes for indicator injection and disruption to cell membranes. The negative charged carboxy-
late groups of the salt and dextran-conjugated forms of Ca?* indicators that render them hy-
drophilic and cell impermeant, may be derivatized as acetoxymethyl (AM) —esters.” The AM-ester
form of the Ca?* indicator is lipophilic, membrane-permeant and insensitive to ions. Incuba-
tion of brain slices in a solution of the AM-ester form results in cellular loading by diffusion
through the cell membrane. Once inside the cells, the acetyl-ester linkages are then hydrolyzed
by intracellular esterases to release the active Ca?* sensitive indicator, which is now
membrane-impermeant and trapped in the cytoplasm.

The advantage of using the AM-ester form of indicator, is that it facilitates the bulk loading
of many cells or many specific cellular structures, while avoiding delicate intracellular micro-
electrode techniques required for loading the salt and dextran-conjugate forms. This method
then, provides a way of monitoring intracellular Ca?* dynamics in many neurons (or neuronal
processes) and astrocytes in a brain slice. For example, Yuste and colleagues have been able to
bulk load AM-ester forms of Ca** indicators into populations of neurons in brain slices and
image somatic Ca®* transients (Fig. 5D).%%>® By stimulating one excitatory neuron while im-
aging hundreds of others they are able to identify connected neurons and begin to explore
cortical microcircuitry. Regehr and Tank (1991)°” developed a method for selectively filling
presynaptic terminals in adult brain slices by localized perfusion with the AM-ester form of
Fura-2. They and others have used this method to image presynagtic Ca?* transients and have
greatly contributed to our current understanding of the role of Ca** in synaptic transmission at
central synapses.26-284260-67 Aqirocytes in brain slices are readily loaded with AM-esters (Fig.
SE). Results from studies monitoring Ca®* transients in AM-ester loaded astrocytes has forced
us to expand our current view of the functional roles astrocytes play in thes central nervous
system. For example, it is now believed that astrocytes are involved in activity-dependent modu-
lation of synaptic transmission and that spontaneous intrinsic Ca?* oscillations in astrocytes
can propagate and act as a primary source for generating neuronal activity.“’69

There are a number of pitfalls of using AM-ester Ca®* indicators. First and foremost there is
a dramatic reduction in the cellular fluorescence signal-to-noise over background compared
with the intracellular injected forms due to nonspecific loading and indicator that remains
extracellular but fluorescent. Another major problem is incomplete hydrolysis of the esters.
The fully esterfied form of Fura-2 for example contains five AM groups linked to the carboxy-
late groups.!! If there is not complete hydrolysis of all five groups a new form thar is Ca®*
insensitive yet highly fluorescent remains.”® Incomplete hydrolysis can also result in sequester-
ing or compartmentalization inside the cell.”"”? If the cell has low esterase activity and slow
de-esterification results, the indicator is able to move freely from the cytoplasm and into intra-
cellular organelles such as mitochondria, sarcoplamic reticulum, lysosomes and the nucleus
where it then becomes cleaved and remains trapped there but unable to report cytoplasmic
Ca?* changes.”® Extrusion across the plasma membrane by the multidrug resistance transporter
is also a problem that is specific to the AM form but not the free acid or dextran forms.”* The
above problems make it virtually impossible to petform quantitative indicator calibrations in
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vivo (see below). A final complication of the AM-ester form is that the successful loading of
neurons is highly age dependent. Indeed, few labs have been able to load any neurons in adult
brain slices (but esee ref. 56).

Quantitative Measurement of [Ca®*];

Ratiometric Calibration

The best quantitative descriptions of [Ca®']; can be achieved when using dual-wavelength
ratiometric dyes, such as fura-2, because fluorescence measurements can be made at two differ-
ent wavelengths and a ratio calculated to determine {Ca®*]; independent of the fluorescence
intensity changes that arise from confounding factors unrelated to changes in [Ca?*];, such as
vatiations in indicator concentration, cell thickness, focal plane, cell volume or movement,
photobleaching effects to the probe, and instrument sensitivity. The relationship between [Ca®"];
and the experimentally measured fluorescence is described in the calibration equation given by

Grynkiewicz et al (1985);
[Ca®); = Kp (R-Rpin/Rinax-R) (Sp/S2)

For Fura-2, Kp is the dissociation constant of Fura-2, R is the background corrected experi-
mentally measured ratio of fluorescence intensity produced by 340 nm and 380 nm excitation,
Rynin is the ratio at 0 [Ca?*];, Ryay is the ratioat a saturating [Ca?*], and Spl Sp2is the ratio of the
fluorescence intensities in 0 {Ca®*] and saturating [Ca?*]. To determine Ryin, Rmax, and Spl Sp2
» in vitro or in vivo calibrations must be performed and requires that the Kp for the indicator be
known. These calibrations entail using a set of buffer solutions of known [Ca®*], and are avail-
able in ‘Kit’ form from Molecular Probes. When doing calibrations, it is again important to
consider the Ca®* binding affinity of the indicator. Kits for high-affinity Ca** indicators con-
tain 10 mM K;EGTA and 10 mM CaEGTA buffered solutions that provide a range of “zero”
free Ca®* to 40 UM free Ca**. Solutions for low-Affinity Ca** Indicator calibration provide a
range from 1 pM to 1 mM free Ca?*. The choice of whether to do an in vitro or in vivo
calibration will depend on the indicator loading technique used during the experiment, i.e;
bulk loading with AM-esters or whole-cell patch pipette.

AM ester-loading indicators require calibrations to be performed in vitro, under conditions
that closely mimic experimental conditions. Incomplete hydrolysis of the AM-ester, indicator
compartmentalization, and ineffective access of ionophores (used to equilibrate [Ca®*}; with
buffers of known Ca®* concentrations) into regions within brain slices, as well as indicator
leakage from the cells when permeabilized all make in vivo calibration impractical. 2! In vitro
calibrations suffer however, from the fact that the spectral properties of the indicator are altered
by the pH, ionic strength, intracellular binding and uptake and viscosity of the cytoplasmic
environment and thus do not represent in vivo conditions.”?”> In an attempt to correct viscos-
ity, a viscosity correction (0.7-0.85) may be applied.”® In vivo calibrations are possible when
indicator loading with whole-cell patch pipettes because the pipette has direct access to the
intracellular environment and thus circumvents the problems associated with using ionophores
for the equilibration of internal and external [Ca®*] A8 Durin§ these calibrations, standard in-
tracellular patch solutions are loaded to different known [Ca*'] levels, the fluorescence ratios
experimentally measured and the parameters Ripin, Rinaxs and SpfS;» determined.

Single-Wavelength Calibration

Single-wavelength indicators are fluorescence intensity modulating probes and so do not
allow for wavelength ratioing. As an alternative, when imaging [Ca®}; in neurons and astro-
cytes in brain slices it is typical to report [Ca?*]; changes in normalized terms of relative flores-

cence changes over the baseline fluorescence level, commonly known as AF/E31:30:6%77-80
Defined as;

AF/F = ((F; -By) - (Fo - Bg))/(Fo - By)
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where Fy and Fy are fluorescence in the imaged region of interest at any given time point and at
the beginning of the experiment respectively, and B; and By are the background fluorescence at
any given time point and at the beginning of the experiment respectively. Background values
are taken from an adjacent area distant to any indicator-containing structures. Although re-
porting [Ca*); changes in terms of AF/F does not allow for quantitative molar measurement of
[Ca®*];, it is independent of indicator concentration, optical path and imaging sensitivity and
is useful for reporting relative changes, induced for example by drug application. To accurately
assess relative [Ca?*]; changes however, it is necessary to show that the fluorescent transients are
linearly related to the changes in [Ca®"};. This condition is best met by using low-affinity indica-
tors, as saturation of high-affinity indicators occurs during most physiological increases in [Ca®*};
at typical indicator concentrations used and results in nonlinear changes.'%?-%51:56.81.82

In theory, fluorescence signals from single wavelength indicators can be converted to [Ca®*];
by the equation given by Grynkiewicz et al (1985);

[Ca™};i = Kp (F-Fmin/ FrnaxF)

where Kp is the dissociation constant of the indicator, F is the background subtracted experi-
mentally measured fluorescence intensity, Fpy, is the fluorescence intensity at 0 [Ca®*};, and
Frnax is the fluorescence intensity at a saturating a [Ca®]. Analogous to the situation using
ratiometric indicarors, the indicator Kp must be known and F;;, and Fp,, determined from
calibrations with solutions of known {Ca?*]. Fpi, and Fpuy can only be reliably established in
an in vitro setting at the same indicator concentration, optical pathlength and without any
photobleaching or change in instrument sensitivity because the great variability in these re-
quirements makes performing in vivo calibrations not practical. Quantritative measurements of
intracellular Ca®* concentrations may be determined from single wavelength indicators in vivo
however, if coloaded with another indicator of a differing wavelength. For example, because
the single-wavelength indicators Fluo-3 and Fura Red exhibit reciprocal shifts in fluorescence
intensity upon binding Ca®*, ratiometric measurements of [Ca®"]; are possible.83#* Simply
coloading single-wavelength Ca®* indicators with Ca?*-insensitive indicators that are excited at
the same wavelengths, but detected at much longer wavelengths can also be done to make
ratiometric measurements possible.

Changes in calcium concentration (A[Ca**];) can be quantified bg two methods with
single-wavelength indicators, one method for use with low-affinity Ca** indicators and the
other for use with high-affinity indicators. The method appropriate for use with low-affinity
indicators is based on the relative florescence changes over baseline fluorescence levels (AF/F).
Fluorescg;lcc intensity changes can be converted to changes in [Ca?*]; using the following
formula;

(A[Ca®); = (Kp / (AF/F) ) (AF/F) (AF/F << (AF/F) )

where, the parameters are the same as above and (AF/F)y, is the maximal change in fluores-
cence upon indicator saturation, which can be estimated in neurons using strong stimulation.
The formula is only applicable if the indicator is far from saturation during evoked changes in
[Ca®*}; , a condition met with low-affinity Ca?* indicators. The method appropriate for use
with high-affinity indicators is derived from the nonlinear dependence of fluorescence on {Ca®*};
caused by high-affinity indicator saturation. Two closely timed stimulation pulses produces
fluorescent transients (for example, action potential evoked Ca®* influx into dendritic spines’”
or presynaptic terminals,”>® the second of which is smaller than the first when loaded with
high-affinity Ca®* indicators but not low-affinity indicators.””333%7785 This indicates that par-
tial saturation of the high-affinity indicators is responsible for the AF/F decrements and enable
quantification of changes in intracellular Ca? influx (A[Ca®*]) per action potential using the
following formula;

A[Ca™]; = ([Ca®]p + Kp) (1 - ) / 20
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Figure 6. Quantification of changes in intracellular Ca?* influx per action potential is possible using
high-affinity indicators. Two closely timed stimulation pulses produces fluorescent transients in a CAl
neuron, the second of which is smaller than the first when loaded with the high-affinity Ca®* indicator
Calcium Green-1 (500 uM)(left), but not with the low-affinity indicator Magnesium Green (500 uM)(right).
See accompanying text for explanation of symbols. Reprinted with permission from Yuste R, Majewska A,
Cash SS, Denk W. Mechanisms of calcium influx into hippocampal spines: heterogeneity among spines,
coincidence detection by NMDA receptors, and optical quantal analysis. ] Neurosci 1999; 19(6):1976-87.

where 0 = (F3— F;) / (Fy —F¢) and [Ca®*], is the estimated resting Ca®* concentration, Kp is the
dissociation constant of the indicator, Fy is the indicator fluorescence at resting [Ca?*]o, F) is
the peak fluorescence produced by the first action potential, F; is the fluorescence immediately
before the second action potential, and Fj is the peak fluorescence produced by the second
action potential (Fig. 6 left). Use of this equation to estimate A[Ca?*}; assumes that the influxes
produced by each action potential are the same (as confirmed by low affinity indicators (Fig. 6
right)?7*>5>7785 and that the decay in [Ca®]; between action potentials is small compared
with the peak [Ca®]..

Conclusion

The use of Ca®* sensitive fluorescent indicators has proven to be an indispensable tool for
studying the spatio-temporal dynamics of intracellular [Ca?*], which plays a critical role in
many cellular processes. In this chapter we have discussed commonly used fluorescent Ca®*
indicators for the measurement of intracellular [Ca?*] in neurons and astrocytes in brain slice
preparations. By reviewing the properties of the several operational indicator classes and dis-
cussing the experimental advantages and disadvantages of each, it is hoped that many of the
experimental pitfalls may be avoided when attempting to accurately follow and quantify intra-

cellular [Ca?*] changes.
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