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Abstract

Calcium and its regulation play central roles diverse physiologic processes. Quantification of calcium concentra-
tions ([Ca?*]) in small neuronal compartments is crucial to understanding Ca?*-dependent signaling. Here, we de-
scribe techniques that are optimized for two-photon imaging of [Ca?*] dynamics in small compartments such as
dendrites and dendritic spines.

Introduction

Ca?" influx into spines and dendrites triggers diverse signaling pathways underlying adaptive neuronal responses. Ca?" accumula-
tions are required to induce most forms of long-term potentiation and depression, putative mechanisms of memory and learning (/,
2). Ca?" also plays essential roles in the regulation of Ca?* channels (3-5), dendritic growth (6), and spine formation (7, 8), as well
as in decisions about cell death and survival (9). A fundamental question in neuronal signaling is how Ca?" can play roles in path-
ways leading to such diverse outcomes. To begin to decipher specificity in Ca>* signaling, quantitative measurements of calcium
concentration ([Ca®"]) dynamics, especially transient changes in [Ca?*] ([Ca?*] transients), with high temporal and spatial resolu-
tions are crucial. Imaging methods can probe [Ca®*] dynamics with submicrometer spatial and submillisecond temporal resolutions.

Here, we describe detailed Ca?" imaging methods, as well as illustrative experiments that were performed on dendrites and dendritic
spines of CA1 pyramidal neurons in rat acute hippocampal brain slices. Dendritic spines, the sites of most excitatory synapses, are
small protrusions emanating from dendrites. Spines typically consist of a small head (volume ~ 0.1 um?) connected to dendrites by a
thin neck (diameter = 0.1 um). The spine neck acts as a diffusion barrier, isolating biochemical reactions in spines from their parent
dendrites and other spines (/0-13). Ca?" imaging methods employing synthetic Ca?*-sensitive fluorescent indicators have been used
to study the mechanisms shaping Ca?* signals in spines. In CA1 pyramidal neurons, weak synaptic stimuli produce Ca>" elevations
largely restricted to spine heads where activated synapses terminate. These local changes in [Ca?*] are due to Ca?* entering the cell
predominantly through N-methyl-D-aspartate (NMDA) receptors (NMDARSs) (/4—18). In contrast, induction of action potentials
(APs) propagating from the cell body into dendrites (back-propagating APs) causes Ca”" influx through voltage-sensitive Ca®"
channels (VSCC) (5, 11, 19, 20).

In addition to Ca®" influx, extrusion and buffering also shape spine Ca>" signals. Small dendritic branches and their spines are char-
acterized by powerful extrusion mechanisms and low Ca®" buffering capacities, facilitating very fast (~ 10 ms) Ca?* clearance from
spines (21). Because diffusional coupling between spines and their parent dendrites is weak [> 100 ms; (/1)], spine Ca®>" does not
diffuse into the dendrite or further to other spines.

Spine Ca?" signals are also of interest because they can be used to monitor the function and plasticity of individual synapses.
NMDAR-mediated increases in [Ca?*] have been used to image the stochastic release of glutamate from individual synaptic termi-
nals (15, 17-19, 22, 23). In addition, spine Ca?* signals can be used to examine the function of particular Ca?*-permeable receptors
and channels. This information then allows measurement of the occupancy of NMDARs (/5) and determination of the number of
voltage-gated channels (5, 20) and NMDARSs (24) opening in individual spines with single-channel resolution.

Like most experiments on neurons, imaging changes in neuronal [Ca®*] are best performed in preparations that are as intact as pos-
sible, such as brain slices or even the intact brain. Experiments on these types of samples are facilitated by the use of two-photon
laser scanning microscopy (2PLSM) (25, 26), and as a consequence the methods introduced here are optimized for this imaging
modality. However, these techniques can be easily adapted to other imaging techniques and preparations, such as confocal imaging
of dissociated cultured neurons (22).

Materials

0.22 um centrifugal filter (Ultrafree-MC; Millipore, Bedford, MA)

Sprague Dawley rat

Chemicals and Reagents
(-)-Bicuculline methiodide (bicuculline; Tocris, Ellisville, MO, #0109)
CaCl,

Choline chloride
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DL-2-Amino-5-phosphonovaleric acid (D-APV; Tocris, Ellisville, MO, #0105)
Note: This may only be required for troubleshooting.

3-((R)-2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid (R-CPP; Tocris, #0247)
Note: This may only be required for troubleshooting.

D-glucose

Dimethylsulfoxide (DMSO; Fluka, Switzerland, #41648)

Disodium adenosine 5’-triphosphate (Na,-ATP; Sigma-Aldrich, #A2383)

Disodium guanosine 5’-triphosphate (Na,-GTP; Sigma-Aldrich, #G8877)

D-serine (Sigma-Aldrich, #54250)

Hepes (Sigma-Aldrich)

Isoflurane (Baxter, Deerfield, IL)

KCI

MgCl,

MgSO,

NaHCO,

NaH,PO,

NaCl

2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-sulfonamide (NBQX; Tocris, Ellisville, MO, #0373)

0,/CO, (95% O, and 5% CO,) tank

Sodium L-ascorbic acid (Sigma-Aldrich, #A7631)

Sodium phosphocreatine (Sigma-Aldrich, #P7936)

Sodium pyruvic acid (Sigma-Aldrich, #P8574)

Equipment

Solution Preparation

Vapor pressure osmometer (Vapro; Wesco Inc., Logan, UT, 84321)

Slice Preparation
Slice chamber [such as that described in (27)]
Slice incubation chamber [for example, see (27)]
Vibrating tissue slicer (such as Vibratome; TPI, St. Louis, MO)

Water bath set at 34°C

o
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Electrodes

Glass capillary tubing for patch pipettes (borosilicate standard wall with filament, outer diameter = 1.5 mm, inner diameter = 0.86
mm; Warner Instruments, #G150F-3)

Glass capillary tubing for extracellular stimulation pipettes (borosilicate thin wall with filament, outer diameter = 1.5 mm, inner
diameter = 1.15 mm; Warner Instruments, #G150TF-4)

Microforge (Narishige, Tokyo, #MF-900)
Pipette puller for extracellular stimulation pipette (such as Davis Kopf, Tujunga, CA, #700 D)
Pipette puller for patch pipette (such as Sutter, Novato, CA, #P-2000)

Microscope
2PLSM (Fig. 1).

Note: Suitable instruments can be turnkey (for example, Bio-Rad or Zeiss), based on a modified commercial confocal microscope
(29), or completely custom-built (30, 31). In each, it is critical to optimize the efficiency of the fluorescence detection system (26, 30).

High-magnification lens [such as 60x, numerical aperture (N.A.) > 0.8]
Infrared differential interference contrast (IRDIC) or Dodt contrast (IRDC) in whole field mode for whole cell recordings (32)
Laser scanning Dodt contrast (LSDC; Fig. 1) or differential interference contrast (LSDIC) (30) microscope

Note: Fig. 1 illustrates how high-contrast LSDC and two-photon fluorescence can be imaged simultaneously. This simultane-
ous imaging is crucial for the precise placement of focal stimulating electrodes (30).

Low-magnification objective (such as 4x to 5x)

A ﬁ;?nned Fig. 1. Schematic of the 2-photon microscope with laser
bea?:'er BF2 scanning Dodt contrast (LSDC). (A) Specimen (SPE) is excit-

ed with a Ti:sapphire laser (brown) running at a wavelength of
~ 810 nm (repetition rate, 76 MHz; pulse width, 100 fs). Epi-
and transfluorescence (green, red) are collected through the

bm objective (OB) and condenser (CO), respectively. Fluores-
cence photons are reflected by dichroic mirrors (DM1, 700

OB nm longpass) into detection systems consisting of collection
SPE lenses (CL) that image the respective back apertures onto

co photomultipliers tube detectors (PMT, R3896, Hamamatsu,

Japan). Dichroic mirrors (DM2, typically 565 nm longpass)
and bandpass filters (BF1 and BF2, typically BGG22 and
Q607/45, respectively; all from Chroma, Rockingham, VT)
separate the signals from the red and green fluorophores. In
addition, the laser light passing through the sample is collect-
ed through a Dodt tube (60, 61) and is detected by a photodi-
ode (PD). The Dodt tube consists of a 1:1 telescope, which
generates an intermediate image of the condenser back
aperture onto a mask (for example, a quarter annulus).
Therefore, the mask is at a plane reciprocal to the specimen
plane, admitting only light scattered into certain angles (in-
set). If this laser light is collected during scanning, a high-con-
trast image can be obtained. Dodt gradient contrast has im-
portant advantages compared to DIC microscopy. First, there
are no additional optical surfaces in the 2PLSM fluorescence
B path. Second, a DIC prism is not required. The DIC prism is

expensive and degrades the point spread function of 2PLSM.
(B) Simultaneously acquired 2PLSM (right) and LSDC (left)
images.

DM1

Mask (top view)
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Electrophysiology Setup for Whole-Cell Voltage Clamp Recording

Harp [U-shaped gold wire (Premion; diameter = 0.5 mm; Alfa Aesar, Ward Hill, MA) strung with several strands of fine thread (28)]

Note: The size of the harp should be a little larger than a slice.

Micromanipulator for patch clamp recordings (such as Sutter, #MP-285)

Micromanipulator for synaptic stimulation (Sutter, #MP-285)

Note: For stable focal stimulation, it is important to use motorized manipulators with large movement ranges and excellent

stability.

Patch clamp amplifier (such as Axopatch 200B; Axon Instruments, Union City, CA)

Stimulus isolation unit (such as Iso-flex; A.M.P.I., Jerusalem, Israel)

Temperature controller (Warner Instruments, #TC-324B)

Recipes

Recipe 1: Cutting Solution

NaHCO;
D-glucose
MgSO,
KCI
NaH,PO,
CaCl,

25 mM
25 mM
7mM
2.5 mM
1.25 mM
0.5 mM

Store at 4°C. Within 3 days of use, add:

Choline chloride
Sodium L-ascorbic acid

Sodium pyruvic acid

Bubble with O,/CO, for at least 10 min and chill to <4°C before use.

110 mM
11.6 mM
3.1 mM

Recipe 2: Artificial Cerebrospinal Fluid (ACSF)

NaCl
NaHCO4
D-glucose
KCI
NaH,PO,
MgCl,

127 mM
25 mM
25 mM
2.5 mM
1.25 mM
1.0 mM

Bubble with O,/CO,. Adjust pH to 7.25 to 7.35 (25°C), and the osmolarity to 300 to 310 mOsm after addition of CaCl, using vapor

pressure osmometer. Store at 4°C.

On day of use, bubble with O,/CO,. Then add:

CaCl,

Science’s Stke www.stke.org/cgi/content/full/sigtrans;2004/219/pl5
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Recipe 3: Indicator Stock

Prepare 10 to 20 mM of the Ca?* indicator in dH,O or Patch Pipette Internal Solution (Recipe 4). Store 1- to 2-ul aliquots at —20°C
for up to one year.

Recipe 4: Patch Pipette Internal Solution

KMeSO; (or CsMeSO3) 130 mM
Hepes 10 mM
Sodium phosphocreatine 10 mM
MgCl, 4 mM
Na,-ATP 4 mM
Na,-GTP 0.4 mM
Sodium L-ascorbic acid 3 mM
Indicator Stock (Recipe 3) Variable

Prepare 50 to 250 ml. Adjust pH to 7.25 to 7.35 (25°C) with KOH (or CsOH) and osmolarity to 290 to 310 mOsm using vapor pres-
sure osmometer. Store in 0.5-ml aliquots at —20°C.

Dilute Indicator Stock (Recipe 3) to desired final concentration in ~ 0.5-ml volumes, filter with a 0.22 um pore centrifuge filter, and
freeze in aliquots appropriate for 1 day of experiments (for example, 20 pl; 1 ul per patch pipette is sufficient).

Note: The choice of indicator and its concentration will depend on the experimental question. Different indicators differ in their
affinities for Ca2+ and other variables. As a rough guide, we recommend 100 to 300 mM Fluo-4, Fluo-5F, X-Rhod-1, or X-
Rhod-5F to measure AP-evoked Ca2+ dynamics, and 500 mM Fluo-4FF, X-Rhod-FF, or Rhod-FF to detect changes in [Ca2+]
evoked by synaptic stimulation. Further discussion of indicator choice, including use of single and dual indicators, can be
found in “Choosing a Ca2+-Sensitive Indicator,” in “Notes and Remarks,” below.

Recipe 5: NBQX
Prepare 10 to 20 mM NBQX in dH,O. Store aliquots at —20°C.

Recipe 6: Bicuculline
Prepare 10 to 30 mM bicuculline in DMSO. Store aliquots at —20°C.

Recipe 7: D-Serine
Prepare 10 to 20 mM D-serine in dH,O. Store aliquots at —20°C.

Note: This may only be required if troubleshooting is necessary.

Recipe 8: D-CPP
Prepare 10 to 20 mM D-CPP in dH,0. Store aliquots at —20°C.

Note: This may only be required if troubleshooting is necessary.

Recipe 9: D-APV
Prepare 10 to 20 mM D-APV in dH,0. Store aliquots at —20°C.

Note: This may only be required if troubleshooting is necessary.
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Instructions

Slice Preparation

1.

9}

Anesthetize rat with isoflurane.

. Decapitate rat.

2
3.
4

Rapidly remove desired block of tissue and place in ice-cold Cutting Solution (Recipe 1).

. Mount block on platform of vibrating tissue slicer.

Note: The dendrites of the neurons of interest should run close to parallel to the slice surface.

. Cut 300- to 350-um-thick slices and place them immediately in a slice chamber at 34°C in ACSF (Recipe 2).

. Incubate slices for 45 to 60 min at 34°C and then maintain at room temperature.

Imaging [Ca?*] Transients Evoked by APs

AP-evoked [Ca®"] transients are detected by 2PLSM with the appropriate Ca?" indicator. Whole-cell recordings are made from
neurons in brain slices. The patch electrode delivers the dye and allows the cell to be stimulated. 2PLSM scanning detects
changes in fluorescence associated with changes in [Ca?"]. For each stimulus trial, measure the dark current of the photomultipli-
er (PMT), the fluorescence at resting [Ca?'], and the fluorescence after stimulation.

AW

. Place a slice into recording chamber and secure with harp.
. Let slice settle for 15 to 30 min before recording to minimize the movement of the slice during the recording.
. Visualize neurons by IRDIC or IRDC.

. With an electrode (resistance ~ 4 to 6 MQ) containing K*-based Patch Pipette Internal Solution (Recipe 4) made with the de-

sired Ca”" indicator (see “Choosing a Ca>'-Sensitive Indicator,” in “Notes and Remarks,” below), patch neurons with somata
~ 40 um below the slice surface.

Note: A low-access resistance (<20 MW) is crucial for good dye loading. However, access resistance that is too low (<10
MW) may cause degraded VSCC-mediated responses, possibly due to washout of some critical cellular component. To min-
imize background fluorescence caused by indicator spilled from the pipette, approach the cell with the patch pipette as
quickly as possible and keep the pressure applied to the pipette tip low (~ 0.3 psi). If using a single indicator, it may be ad-
visable to fill the very tip of the electrode with indicator-free internal solution, so that indicator is not ejected into the tissue
while approaching the neuron (see “Quantification of [Ca2+ ] Transients with a Single Indicator,” below).

. After establishing a whole-cell recording, wait for ~ 20 min for indicator loading. Continually check the time course of fluo-

rescence intensity to monitor the state of indicator loading.

. Using 2PLSM, identify suitable structures (such as spines and dendrites) relatively close (< 150 um) to the soma (Fig. 2).

Note: At greater distances, the propagation of APs is not reliable (33), and diffusional equilibration does not occur over the
time scale of the experiment.

. Use 2PLSM linescans intersecting a spine and dendrite (Fig. 2, C and D).

Note: During scanning, expose the sample to light as little as possible.

. A typical trial starts with a measurement of the dark current of the photo-multiplier (0 to 50 ms) followed by shutter opening.

After a short measurements of baseline fluorescence (60 to 120 ms), action potential is evoked by somatic current injection
(1 to 3 nA, 2 ms) through the pipette. Measurement of peak fluorescence is averaged over 3 to 20 ms around the peak (Fig. 2,
D and E).
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Fig. 2. Measurement of changes in
[Ca?*] evoked by APs. (A) 2PLSM im-
age of a hippocampal CA1 neuron.
(B) Dendritic region (box in A). (C)
Spines (box in B). Neurons were
loaded with a green Ca2?* indicator
(300 uM Fluo-5F) and a red Ca?*-in-
sensitive dye (30 uM Alexa-594). (D)
Green fluorescence during linescan : Potential L
(dashed line in C). Horizontal axis in- ,

dicates time. (E) Time courses of ;
membrane potential (top) and green
fluorescence, G (middle) (red, spine;
black, dendrite). The ratio G/R is ob-
tained by dividing G by red fluores-
cence averaged over the entire expo-
sure time (60 to 250 ms). Note that
the shutter was opened with a delay, .
which allows the measurement of the Ratio (G/R) 50 ms :I:)Ser;ggte
dark current level during each trial A — P
and minimizes light exposure.

D Shuttei' open AP

Green (G)

Imaging [Ca?*] Transients Evoked by Synaptic Stimulation
Preparation of stimulating electrode
1. Pull a sharp micropipette with a long taper.

2. Using a microforge, bend the last 200 um of the electrode to an angle such that when mounted in the pipette holder, it will
approach the surface of the slice (Fig. 3A) perpendicularly, allowing the pipette to be positioned vertically without compress-
ing the tissue.

3. Break off the tip of the electrode, leaving a tip diameter of 2 to 3 um.
4. Fill electrode with 1 M NacCl.

Electrophysiology and imaging
1. Place a slice into the recording chamber, as described above.

2. If applicable, block AMPA and GABA , receptors by adding NBQX (Recipe 5) and Bicuculline (Recipe 6) at a final concen-
tration of 10 uM to the ACSE.

. Visualize neurons by IRDIC or IRDC.
. Position the stimulating electrode over the soma of the targeted neuron.

. Move it approximately 1 mm away to prevent collisions with the recording electrode.

AN W B~ W

. With an electrode (4 to 6 MQ) containing Cs*- (for voltage-clamp experiments) or K*-based (for current-clamp experiments)
Patch Pipette Internal Solution (Recipe 4) made with the desired Ca?" indicator, patch neurons with somata 40 um below the
slice surface, with apical dendrites parallel to the slice surface.

Note: A low-access resistance (<20 MW) is crucial for good indicator loading. To minimize background fluorescence
caused by indicator spilled from the pipette, approach the cell with the patch pipette as quickly as possible and keep the
pressure applied to the pipette tip low (~ 0.3 psi).

7. If working at the reversal potential of the NMDAR, depolarize the somatic membrane potential until the synaptic current re-
verses (range 0 to 20 mV, depending on the distance from the synapse to the soma).

8. Return the stimulating electrode to its position above the patched soma.
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10.

11.

12.

13.
14.
15.
16.

. With 2PLSM, find suitable dendritic segments with a number of spines.

Note: For quantitative measurements, it is crucial to restrict imaging to dendrites within ~ 150 mm of the soma, because at
sites farther than that in the dendritic tree, diffusional equilibration does not occur. Furthermore, at greater distances, volt-
age control is difficult.

Using LSDC or LSDIC, place tip of stimulating electrode within 5 to 20 pm of the targeted dendritic segment (Fig. 3, A and B).

Note: Placing the electrode closer than 5 mm increases the likelihood of direct depolarization of the membrane. Placing it
farther than 20 mm reduces the chance of stimulating an axon impinging on the imaged dendrite. Try to avoid imaging
through the stimulating electrode. The addition of a red Ca’* -insensitive fluorophore to the Ca’"-sensitive indicator helps
to visualize the structure of the target dendrite (Fig. 3, B and C).

During the acquisition of an image (5 frames, ~ 100 ms each), open the shutter between frames 1 and 2, and stimulate with
paired pulses (0.1 to 10V, 0.1 to 0.5 ms) between frames 3 and 4.

Note: Pair pulses enhance the probability of release (34), and, therefore, of a response.
Measure the difference (AG, Figs. 3 C and D) between the image before stimulation (frame 3) and after (frame 4) online.
Note: Stimulated synapses can be seen as bright regions corresponding to dendritic spines (Fig. 3D).
While repeating steps 11 and 12 at 5-s intervals, change the stimulus voltage until an active synapse is found.
If necessary, move the stimulating electrode in the axial direction between trials until an active synapse is found.
If no active synapse is found, raise the stimulating electrode out of the tissue, move a few microns laterally, and try again.
If an active synapse is found, increase the stimulation voltage by ~ 20% to avoid stimulation failures, and collect data.

Note: Start collecting data no less than 20 min after whole-cell recording.

Fig. 3. Measurement of changes in [Ca?*] Stimulation B

evoked by synaptic stimulation. (A and B) electrode Patch Stimulation
Schematic of the experiment. Paired-pulse
stimuli (0.2 to 5V, 0.2 ms, interstimulus inter-
val 20 ms) are applied with an extracellular
glass stimulation pipette. The stimulation
electrode is bent so that the tip enters the
slice perpendicular to the surface. This al-
lows positioning of the stimulus electrode tip
close to the target dendrite with minimal me-
chanical perturbation. (C) The red Ca?*-in-
sensitive dye (30 uM Alexa-594) helps in vi-
sualization of small structures. The green
Ca?* indicator (300 uM Fluo-5F) is very dim
at rest, but shows large fluorescence
changes in activate spines (compare before
and after). (D) Difference (AG) image.

@ electrode

Dendrite

Stimulation
V  After

Before

Troubleshooting

Slice Quality

Slices should be used as soon as possible after the rest period. If there is evidence of unhealthy slices, such as crinkled neuronal sur-
faces, prominent nuclei, or an abundance of dead cells, it is better to discard the slices and cut fresh ones.

o
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Small Fluorescence Change in Response to an AP

100 uM Fluo-4 or Fluo-5F applied to pyramidal neurons should result in greater than 50% increases in fluorescence in response to
single APs. Response can be smaller for several reasons:

(i) ATP is required to prevent Ca>" channels from running down, that is, losing responsiveness over time (35). Make sure that a satu-
rating concentration of ATP is in the internal solution and use fresh aliquots.

(i1) Very-low-access resistance (<10 MQ) patch recordings can lead to degradation of VSCC-mediated responses, possibly due to
washout of some critical chemicals.

(iii) AP propagation can be unreliable at distal (> 100 um) spines and dendrites (33). Image proximal spines and dendrites.

(iv) Spilling indicator in the extracellular space increases background fluorescence, decreasing the signal-to-noise ratio. When the patch
pipette is in the slice, keep the pipette pressure low (< 0.3 psi) and patch as quickly as possible. These precautions will also prevent the cells
from firing trains of APs due to high K in the extracellular medium. Firing of APs can lead to depression of VSCCs (5).

(v) Ca?" indicators act as buffers, thus large indicator concentrations may lead to small signals (see “Notes and Remarks,” below, for further
discussion).

(vi) A local or global increase in resting [Ca®>"] may reduce the measured ratio of the transient fluorescence response to the baseline fluores-
cence (AF/F,) (see Table 1 for a list of symbols and abbreviations). Increased resting [Ca?*] should be immediately evident as a change in
the baseline. For example, the ratio of the Ca?*-sensitive to Ca**-insensitive fluorescence intensities should increase or, if a single Ca?*-sensi-
tive indicator is used, the baseline fluorescence should rise (see “Notes and Remarks,” below, for further discussion).

(vii) Phototoxicity can lead to local or global degradation of the health of the cell and can also produce a fluorescent deposit that
contributes to baseline fluorescence. To avoid phototoxicity, image only as long as absolutely necessary and determine the lowest
laser intensity that can generate the necessary signal-to-noise ratio (SNR).

Problems in Imaging [Ca?*] Transients Evoked by Synaptic Stimulation
Tissue health

The search for [Ca"] transients evoked by synaptic stimulation can be time consuming. Ideally, one wants to start collecting data no
less than 20 min after patching the neuron, because it is important to allow the local indicator concentration to reach steady state. (If
the indicator concentration changes during the experiment, the amplitude of Ca>" responses will change as a result.) However, be-
cause the health of the tissue is crucial, it is also difficult to record from a neuron for much longer than an hour. Therefore, depend-
ing on the nature of the planned experiment (number of trials required, wash-in and equilibration of drugs, washout), it may not be
advisable to persist in trying to find an active synapse 30 to 40 min after patching; instead, patch a fresh neuron.

Absence of response

The flow chart (Fig. 4) describes multiple tests to diagnose the cause of the lack of response and the appropriate action to take once
the problem is identified.

Nature of the response

If the stimulating electrode is too close (<5 um) to the imaged segment, signals due to direct depolarization of the postsynaptic neu-
ron may occur. These responses can be recognized because the signal will extend spatially beyond a single spine without failures.
Additional tests include application of NMDAR antagonists, such as D-APV (50 uM) or D-CPP (10 uM); if the signals disappear
completely, they were likely synaptic.

Loss of synaptic responses

Unstable [Ca”"] responses can be due to several factors:
(1) Movement of the slice. This can be prevented by using an appropriately shaped harp.

(if) Movement of the stimulating electrode. The requirements for the mechanical stability of the stimulating electrode holder are as stringent
as those for the patch electrode. Use a high-quality manipulator. Test for drift of the electrode relative to the slice chamber.

(iii) Receptor desensitization or downregulation. There are several forms of desensitization for NMDAR. Addition of 50 uM

D-serine to the bath will prevent the glycine-dependent form of desensitization (36). For problems caused by increases in resting
[Ca?*"] or photodamage, see the solutions to these issues described in “Small Fluorescence Change in Response to an AP.”
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Table 1: Symbols and ab- Symbols Unit Description
breviations. [Ca®T M Free Ca®* concentration
[Ca, M Resting [C&’']
[Ca&+ M Total (free and bound) [Ca™]
B Endogenous buffer
Dex m Background fluorescence outside compartment per unit volume
b m Background fluorescence inside compartment per unit volume
et) mol/s Ca’" efflux from a compartment
f m3 Fluorescence after stimulation per unit volume
fo m3 Fluorescence of baseline per unit volume
F Fluorescence
Fg Background fluorescence
Fo, raw Raw fluorescence of baseline
F, Baseline fluorescence
Frrax Fluorescence intensity at saturating [Ca’']
Frrin Fluorescence intensity at zero [Ca']
G Green fluorescence
Go Baseline green fluorescence
i(t) mol/s Ca’" current into a compartment
Kp or Kp@? M Dissociation constant of [C&a’"] indicator
Kp® M Dissociation constant of endogenous buffer
N Number of photons detected
NL Nonlinearity of fluorescence response
Q mol Amount of CaZ* ions transferred
R Red fluorescence
SNR Signal-to-noise ratio
Vex m° Excitation volume outside compartment
Ve m’ Volume of dendritic spine
AF Transient fluorescence response
AG Transient green fluorescence response
r st Extrusion rate constant
Kp Buffer binding ratio of endogenous buffers
Kaye Buffer binding ratio of the Ca® indicator
TNMDA S Time constant of NMDAR current

Notes and Remarks

Loading Cells with Ca?* Indicator

Various methods have been used to load neurons with Ca>" indicators. Bulk loading methods based on indicators conjugated to ace-
toxymethyl esters (37, 38) and dextrans (39, 40) are convenient, but they do not allow precise control of the quantity of the indicator in the
cellular cytoplasm. In addition, these Ca?" indicators tend to partition into poorly defined intracellular compartments, compromising the
quantitative interpretation of fluorescence measurements. Neurons can be loaded with Ca?" indicators by microinjection and iontophoresis
through sharp electrodes (41, 42), which allows somewhat better, but still limited, control of the cytoplasmic indicator content. Whole-cell
recording methods, in which the cell cytoplasm is allowed to equilibrate with the pipette solution, are preferred for quantitative measure-
ments (11, 43-46) and should be used whenever possible.
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No [Ca?*] response Fig. 4. Troubleshooting an absence of [Ca?*] transient in
Increase stimulus intensity. response to synaptic stimulation.
Make sure stimulation is
generating EPSC.
[Ca2*] response No [Ca2*] response
If too many spines light up, Fire action potentials or rapidly
reduce stimulation intensity depolarize neuron from resting
and keep trying to find a potential to generate Ca2* influx.
synapse. Check for fluorescence increase.
Fluorescence increase No fluorescence increase
Indicator and ACSF are ok. In a cuvette, compare indicator
Keep trying to find activated fluorescence with and
synapse. without Ca2*.
Fluorescence responsive to Ca2* Fluorescence not responsive to Ca2*
Indicator is ok. Make sure ACSF Indicator is bad. Contact manufacturer.
has Ca?*. Check health of tissue. Ask for a fresh Iot (not another vial
from the same lot!).
No [Ca2*] response [Ca2*] response

Choosing a Ca?*-Sensitive Indicator

A standard Ca?" sensor consists of a fluorophore coupled to a Ca®" buffer, such as ethylenedioxybis(o-phenylenenitrilo)tetraacetic
acid (BAPTA) (47). Ca>" binding to the buffer changes the fluorescence properties of the indicator. A large number of Ca?* indica-
tors that differ in the affinity for Ca?" and dynamic range have become available. The choice of the most appropriate indicator must
be made on the basis of the particular scientific question. Here, we discuss factors that influence the choice of Ca®* indicator for cer-
tain types of measurements.

Some Ca?'-sensitive indicators, such as Fura-2, change absorption and emission spectra upon Ca’* binding. These indicators allow calibra-
tion of absolute [Ca”'] independent of focal position, geometrical factors, and photobleaching by “ratiometric” measurements (48). Howev-
er, because of SNR considerations, we do not consider ratiometric measurements practical in small cellular compartments.

Instead, we employ single-wavelength measurements with selected Ca?* indicators with large dynamic ranges. These indicators can
be used in combination with Ca®*-insensitive dyes to perform dual color measurements (Figs. 2 and 3). Numerous variants of indi-
cators with suitable properties are available, such as the Fluo, Rhod, and Oregon green BAPTA (OGB) families (from Molecular
Probes). Members of these families cover a broad range of Ca?* binding affinities.

Maximizing SNR

Typically, the Ca>" response is quantified as AF/F,, where F, is the baseline fluorescence, and AF is the transient fluorescence re-
sponse above baseline. For measurements in small neuronal compartments, SNRs are fundamentally limited by stochastic fluctua-
tions in the number of photons detected (V) (20). We define SNR as the ratio between the fluorescence signal (AF) and the shot
noise on the baseline fluorescence (~F,/N"""?). Thus, the number of photons required for SNR ~ 1 is given by Eq. 1.

N> [AF
F

(Eq. 1)
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For example, for typical Fura-2 signals in response to single APs (AF/F, ~ 0.05) (49), SNR ~ 1 demands collection of hundreds of
photons, whereas only a few photons will suffice for Fluo-4 (AF/F, ~ 0.6) (20). Therefore, for optimal SNR it is crucial to choose
indicators and experimental conditions that maximize AF/F,.

Other important factors include the absorption cross-section and quantum efficiency, both of which contribute to N. Finally, an im-
portant consideration in choosing an indicator is phototoxicity and photobleaching. Fluorophores that are easily bleached also tend
to be toxic to cells. Less toxic indicators can thus be excited more strongly, leading to better SNR. Unfortunately, little quantitative
information is currently available on this important topic. On the basis of our experience, we would rank indicators as follows
(keeping fluorescence intensity, not SNR, constant; from best to worst): Fura-2 > Fluo-4, -5F, and -4FF > OGB-1 > Fluo-3. We pre-
fer Fluo-4, -5F, and -4FF; although the Fura indicators produce the greatest intensity, we have found the SNR of Fluo-4 and its rela-
tives to be superior to that of the Fura family.

Affinity and dynamic range of the Ca?* indicator

The fluorescence intensity of Ca®" indicators is related to [Ca®'] as defined by Eq. 2, where F,,,, and F;, are the fluorescence inten-
sities at saturating and zero Ca>" concentrations, respectively, and K}, is the dissociation constant (Fig. 5).

F- I:min _ [Ca2+]
I:max - I:min [Ca2+] + KD

(Eq. 2)
Fig. 5. Fluorescence of Ca?* indicator as a function of [Ca?*]. =S Y A
Curves correspond to the linear approximation (red; Eq. 3) and the max A
exact curve (black; Eq. 2).
F Tt L]
Fo--y/
Fmin : :
E E 1 1 1 l
: . NS
OE E KD 2KD 3KD 20KD
[Ca®"], [Ca*']

Choosing the correct K, is important for high SNRs. If the K, is too large (affinity is too low) compared to typical transient changes
in [Ca®"], AF/F, will be small. Conversely, if K, is too small, transient changes in [Ca?*] (or perhaps even the resting [Ca®*]) will
saturate the dye, and AF/F, will also be small. Furthermore, in this case AF/F, will be a nonlinear function of [Ca?*], complicating
the quantitative interpretation of the data (see Linerarity below for further discussion). A large dynamic range, defined as F,/Foin,
is also important for good SNR (Eq. 1).

It is useful to calibrate the K, and F/Fin of particular Ca>* indicators. Because these parameters depend on ionic strength, pH, and tem-
perature, they need to be measured when the indicators are dissolved in the internal solution (50). Briefly, [Ca®*] is clamped by 10 mM ethy-
lene glycol-bis(2-aminoethylether)-N,N,N’ N’ -tetraacetic acid (EGTA) to different levels, and the relation between fluorescence and [Ca*"]
is measured. [Ca”"] is computed by the MaxChelator program (5/) (http://www.stanford.edu/ ~cpatton/maxc.html). To measure ranges of
[Ca?"] larger than 1 uM, buffers are not required to set the [Ca®*]. Table 2 summarizes measurements from our laboratory in K*-based inter-
nal solution (listed as Recipe 4, for simplicity prepared without ATP, GTP, phosphocreatine, and ascorbic acid). These values are only a
rough guide, because F,/Fmi, can vary from batch to batch and is likely to be smaller in cells because of interactions between the indicators
and cytoplasmic proteins (46, 52, 53). Similarly, the K, may be larger in cells than when measured in cuvettes (54). Table 2 also includes ex-
pected values of AF/F, evoked by single APs and synaptic stimuli in small CA1 dendrites and spines (/7).
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Indicator Kp 24°C Kp 34°C F AP (50 nM) NMDA (1 uM) Kpye
(uM) (uM) —m AF NL | AF NL (100 um)
Fin | =@ | @ | = | @
FO FO
Green indicators
OGB-1 0.38 0.21 10 40 48 300 500 310
Fluo-4 0.80 0.34 >40 >60 29 500 300 220
Fluo-5F 1.6 1.3 >40 >50 8 700 81 70
Fluo-4FF 10.4 8.1 >40 >20 1 >400 13 10
Red indicators

X-Rhod-1 0.82 0.73 >40 60 14 700 144 120
X-Rhod-5F 1.9 2.3 >40 >40 4 700 46 40

X-Rhod-FF 24 23 >30 >6 0.4 >113 5 4

Rhod-FF 26 20 >40 >9 0.5 >68 5 5

Table 2: Properties of Ca?* indicators. Typical response (AF/F,) and NL for AP-evoked A[Ca?*] (AP; A[Ca?*] = 50 nM, [Ca®*], = 50 nM,
34°C) and for synaptic stimulation-evoked A[Ca?*] (NMDA; A[Ca?*] = 1 uM, [Ca®*]es = 50 NM, 34°C) at ~ 0 mV. Buffer capacity «kpye
([dye] = 100 uM, [Ca?*] = 50 nM, 34°C) are also shown.

Linearity
When [Ca®'] << K, the fluorescence intensity is proportional to [Ca?'] as defined by Eq. 3 (Fig. 5, red line).

F- I:min _ [Ca2+]
I:max - I:min KD

(Eq. 3)

For quantitative experiments, it is best to operate in this linear range. Nonlinearities cause difficulties in quantifying [Ca®*], buffer-
ing capacities (see Endogenous and added buffer below), and biologically interesting fluctuations in [Ca®'] (5, 20). Nonlinearity
(NL), defined as the difference (0F) between the linear approximation (Eq. 3) and the exact relationship (Eq. 2), is given by Eq. 4.

. oF  [Ca”]
(F-Fu) Ko

(Eq.- 4)

Therefore, to limit NL to less than 20%, [Ca”*] should not exceed ~ K,/5. Estimates of NL under typical experimental conditions are
summarized in Table 2. It is possible to use a variety of indicators to measure AP-evoked A[Ca”*], but only low-affinity dyes (Fluo-
4FF, X-Rhod-FF, Rhod-FF) are ideal for quantitative measurements of NMDA-mediated changes in [Ca?]. Higher Ca®" indicator
concentrations lead to smaller changes in [Ca®'], and therefore also tend to improve linearity at the expense of decreasing SNR (see
choice of indicator below).

Endogenous and added buffer

Because Ca”* indicators bind Ca?*, they act as Ca*>" buffers. The effect of this added buffer on [Ca®"] can be illustrated in terms of a single
compartment model (43, 45, 55), which is an excellent approximation for small dendrites and spines (56). If we assume that [Ca?*] equilibrates
rapidly (at typical experimental time resolutions of ~ 1 ms) in the compartment, then the dynamics of changes in [Ca**] are given by Eq. 5.

d[Ca*],

Ve (i) —e(t))

(Eq.5)
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The variables i(r) and e() indicate Ca®" influx to and efflux from the system, respectively, and Vj, is the accessible volume. [Ca*"];
is the total (bound and free) [Ca?*], and its rate of change can be decomposed as Eq. 6.

d[Ca™], _d[Ca™]  d[BCa™]  dldyeCa™]

dt dt dt dt

d[Ca*]
dt

=L+xg+ Kdye)

(Eq. 6)

[B Ca®"] is the concentration of endogenous buffer bound to Ca®*, and Eq. 7 defines the buffer binding ratio (the sub- and super-
script X indicates either B or dye).

=8[><Caz*]= KSOIX],
“og[ca*] (KLY +[Ca*])?

(Eq. 7)
Thus, [Ca®"] is given as Eq. 8.
d[Ca* 1
Ead_ 2 (i)-ew)
t P
B=(1+ s+ Kaye)
(Eq. 8)

Assuming that extrusion is proportional to ([Ca?*] — [Ca®*],), e(r) =I'([Ca**] — [Ca®*],), where [Ca®*], is the resting [Ca?*] and T is
the extrusion rate constant, the above equation can be solved as Eq. 9 (21).

[Ca2+]=jdr@exp[—%(t—r) +[Ca*],

Y

(Eq. 9)

For example, a brief Ca?* current evoked by an action potential at = 0 yields an exponential [Ca®*] transient, defined by Eq. 10.

[Ca®] = ﬂ\%pexp(—%t) +[Ca*],

(Eq. 10)
In this case, the variable Q is the total amount (moles) of Ca®" transferred. As buffer concentration increases, f increases (Eq. 7 and

Eq. 8) and both the peak of the [Ca®'] transient amplitude and the decay rate decrease (Fig. 6A). Approximating NMDAR-mediated
currents as i(¢) = (Qtavpa~ ) ™MPA, the [Ca®'] transient is defined by Eq. 11.

2+7 _ Qﬂ_l _E _ _ t 2+
e ]_VSp(l_rlB_lTNMDA) exp( :B) exp( TNMDA) e,

(Eq. 11)
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Fig. 6. Buffering effects of added dye on A B

(A) AP-evoked and (B) synaptic activity- Action potential NMDA current
evoked changes in [Ca?*]. Curves are it) P

derived from Eq. 10 and Eq. 11 (param-

eters: kg = 20, T=16 mS’1, TNMDA = 50

ms). Kaye = 0
Kdye = 30
Kgye = 100

[ Ca2+] |100 ms

Note that the attenuation of the amplitude by addition of buffer is smaller for the synaptic stimulus-evoked [Ca’"] transient
than for the AP-evoked [Ca’*] transient (Fig. 6B). This difference is largely due to the longer durations of the synaptic cur-
rents, which allow the resulting [Ca’*] transients to summate. Nevertheless, it is clear that under the experimental condi-
tions used in most published studies, the indicator severely perturbs [Ca’"] dynamics and dominates endogenous buffers. In
hippocampal spines, K is about 20. Therefore, 100 uM OGB-1 or Fluo-4 attenuates the [Ca’*] transient amplitude by a
factor of 10 (Table 2). Lower dye concentrations give higher SNR, but also larger NL.

Choice of indicator

The choice of indicator and its concentration should be guided primarily by the scientific goals of the measurement. If one wants to
probe the Ca?* dynamics of the neuron as it would be in the absence of the Ca?" indicator, it is important to add low amounts of ex-
ogenous buffer compared to the amount of endogenous buffer in the cell (kg >> Kgy.); alternatively, it may be possible to correct for
the presence of the Ca?" indicator (43, 45, 55, 56). In contrast, if a quantity proportional to the total Ca®" influx is desirable, high
added buffer capacity is necessary, Ky << Kqy.. Additional important factors in choosing an indicator include the SNR and linearity.
Low concentrations of high-affinity indicators [for example, 20 uM Fluo-4 (21)] give the best SNR, but also suffer from nonlineari-
ties. As a rough guide, we recommend 100 to 300 pM Fluo-4, Fluo-5F, X-Rhod-1, or X-Rhod-5F to measure AP-evoked Ca**
dynamics, and 500 pM Fluo-4FF, X-Rhod-FF, or Rhod-FF for changes in [Ca®'] evoked by synaptic stimulation.

Quantification of [Ca?*] Transients with a Single Indicator

The standard method of monitoring Ca?* dynamics involves a single Ca?" indicator (15, 19, 22). In the linear regime, the quantity
AF/F, is proportional to the transient changes in Ca?* and does not depend on focal position and geometric factors. However, great
care must be taken for the background subtraction and the calibration of Ca®" signal.

Background subtraction

Relating fluorescence and [Ca®*] requires subtraction of background from the fluorescence signal. Because neuronal compartments
such as spines and boutons are typically smaller than the excitation volume of 2PLSM (57, 58), the background calculation is com-
plicated. Background fluorescence is commonly estimated by measuring fluorescence far from the spine, F. AF/F, is defined by
Eq. 12, where F and F, ,,,, are the raw fluorescence signals during the response and baseline periods.

AF F- I:o,raw
F, Fou—Fs

o oraw

(Eq. 12)
Because the spine volume is smaller than the excitation volume, F, F,, F,,, and Fg can be expressed by Eq. 13, where V, and V-,
are the spine volume and the excitation volume outside the compartment, by, and b, are background fluorescence intensities inside
and outside the compartment per unit volume, respectively, and f; and f are the fluorescence intensities from fluorophore in the com-
partment per unit volume before and after the stimulation.

F = (f + byp) Ve + DexVex
Fo, raw = (fo + bsp)Vsp + DexVex

(Eq. 13)
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Because the excitation volume is V,+ Vey, AF/F, is defined by Eq. 14.

AF (f-f)

F f, — (b, —Dby)

(Eq. 14)

Therefore, this type of background subtraction gives the correct value only if by, = b, that is, if background is exactly the same inside and
outside spine. Unfortunately, this is rarely the case. Under some conditions, depending on the excitation wavelength, spatially heterogeneous
background fluorescence is excited. More importantly, it is often the case that small quantities of indicator spilled in the extracellular space
during patching produce substantial background fluorescence in the brain slice. In this case, background subtraction always results in an un-
derestimate of F, and a resulting overestimate of AF/F,. Moreover, this error depends on the size of the compartment; it is larger for smaller
compartments. In our view, quantitative measurements demand conditions in which the background is not significantly different from the
dark noise of the PMT. If background fluorescence is higher than the dark noise of the PMT, the data are severely compromised for analysis
of the amplitudes and time-courses of transient changes in [Ca?*] (21).

Calibrating [Ca?*] signals

To calibrate fluorescence changes in terms of absolute Ca®" concentrations, further steps are required. Assuming [Ca?*], is approxi-
mately 50 nM, the amplitudes of transient changes in [Ca®*] can be easily estimated. However, [Ca?*], differs from cell to cell and
depends on subcellular location (2/) and neuronal health (46). Under some conditions, a more robust and precise estimate of [Ca?*]
can be calculated (46) by Eq. 15.

max

[Ca*] _FIF e —Fun/F
Ko 1-F/F,,

(Eq. 15)

F i/ Frax can be estimated in cuvette experiments (Table 2), and for large dynamic-range indicators, the exact value is not required.
However, F,,,, needs to be estimated quantitatively in situ, for example, using trains of action potentials (46).

Quantification of [Ca2*] Transients with Dual Indicators

The interpretation of Ca®" imaging experiments greatly benefits from the use of two fluorophores with emission wavelengths that
are spectrally separable. This approach is especially useful in the case of 2PLSM, because their broad two-photon cross sections
(59) allow the simultaneous excitation of two or more fluorophores with vastly different emission wavelengths (Figs. 2 and 3). For
Ca?" imaging experiments, one of the fluorophores is Ca’*-sensitive (typically green, G) and the other is Ca?'-insensitive (typically
red, R) (5, 18). The ratio AG/R is then a measure of [Ca?'].

The dual indicator method has several advantages. First, for the Ca®*-insensitive dye, relatively high concentrations of bright fluo-
rophore can be used, which aids in locating small structures such as dendritic spines (Figs. 2 and 3). Second, the denominator in
AGI/R is large and can be integrated over the entire imaging trial. For example, with an excitation of 810 nm, 20 to 40 uM Alexa-594
produces more than 20 times the photons produced by 100 pM Fluo-4. AG/R is therefore a substantially less noisy estimate of [Ca*"]
than AF/F,. Third, AG/R is relatively insensitive to background fluorescence. AG does not depend on a background measurement,
and several factors conspire to make the estimate of R robust: (i) R is a large signal; (ii) Ca**-insensitive dyes tend to be less
“sticky” in the extracellular space; and (iii) there is little autofluorescence in the tissue at red wavelengths. Fourth, the dual indicator
method is insensitive to changes in baseline fluorescence due to fluctuations in [Ca®'],. These fluctuations cause fluctuations in
AG/G,, which can be mistaken for fluctuations in [Ca>"] transients. AG/R is much less susceptible to this error (Fig. 7). Fifth, mea-
suring G./R is an excellent gauge of [Ca®*], and cell health.

Using the dual indicator method [Ca®'] can be measured by Eq. 16 (5)

[Ca*] _ (G/R) = (G/R)mn
Ko  (G/R), —(G/R)

(Eq. 16)
Alternatively, in the linear regime ([Ca®"] << K),), [Ca>"] can be measured by Eq. 17.
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A Fig. 7. Fluorescence transients in response to synaptic stimula-
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[Ca™]  (G/R)=(G/R)y,
Ko (G/R)yu—(G/R)

min
(Eq. 17)

(G/R)nax and (G/R),n are the green:red ratios under saturating and zero [Ca®"] conditions, measured in a pipette containing the fluo-
rophore mixture plus 2 mM Ca?* or 2 mM EGTA (in practice, be sure to adjust the pH), respectively. Note that the values of G/R de-
pend on factors other than [Ca?'], including particular optics and detectors, batches of indicator, and other factors. Therefore, for ab-
solute measurements of [Ca”*], or in cases where values of AG/R are to be compared over extended times, routine measurements of
(G/R)nax and (G/R) i, are essential.

We typically use the green fluorescent Ca®*-sensitive indicators Fluo-4, Fluo-5F, and Fluo-4FF, and the red fluorescent Ca®*-insensi-
tive fluorophore Alexa-594 (5, 18). It is also possible to use the opposite spectral configuration: For example, the green fluorescent
Ca”*-insensitive fluorophore Alexa-488 and the red fluorescent Ca**-sensitive indicator X-Rhod 1, X-Rhod-5F, X-Rhod-FF, or
Rhod-FF (53). All of these fluorophores can be efficiently excited at 810 nm or 910 nm, and red and green fluorescence can be sepa-
rated with dichroic mirrors and bandpass filters with negligible cross talk (Fig. 1).

Pharmacologic Analyses of [Ca?*] Transients

The molecular sources of Ca?* can be dissected pharmacologically in Ca?>" imaging experiments (5, 20). However, the fact that indi-
cators attenuate the amplitudes of transient changes in [Ca?*] makes pharmacologic analysis challenging. This is especially true for
drugs that interfere with the function of voltage-gated Ca®>" channels (for example, dyhydropyridines, agatoxins, and conotoxins),
which often equilibrate slowly. If the concentration of the Ca?" indicator increased during drug application, an attenuation of the
change in [Ca®"] would be observed even if the Ca?* influx were not affected by the drug. It is, therefore, very important to allow for
complete indicator equilibration, often requiring more than 30 to 40 min of baseline recording even when recording close (<150 um)
to the cell body (21). Testing for diffusional equilibration is best done by online data analysis, measuring, for example, the time-de-
pendent increase of the Ca>*-insensitive fluorescence channel (217, 45, 46).
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