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The study of neural circuits requires methods for simulta-
eously recording the activity of populations of neurons. Here,
sing calcium imaging of neocortical brain slices we take advan-
age of the ubiquitous distribution of calcium channels in neurons
o develop a method to reconstruct the action potentials occurring
n a population of neurons. Combining calcium imaging with
hole-cell or perforated patch recordings from neurons loaded
ith acetoxymethyl ester or potassium salt forms of calcium

ndicators, we demonstrate that each action potential produces a
tereotyped calcium transient in the somata of pyramidal neu-
ons. These signals are detectable without averaging, and the
ignal-to-noise is sufficient to carry out a reconstruction of the
piking pattern of hundreds of neurons, up to relatively high firing
requencies. This technique could in principle be applied system-
tically to follow the activity of neuronal populations in vitro and

n vivo. © 1999 Academic Press

Key Words: networks; multiunit; slices; cortex.

Current understanding of the processing of informa-
ion in the nervous system is based on the piecemeal
econstruction of the function of certain circuits, after
etailed analysis of the responses of single neurons to
particular stimulus. These traditional single-cell ap-

roaches have been extremely fruitful in elucidating
articular neuronal pathways and have generally re-
ulted in feedforward models of neural circuits (1–3).
ecently, the field of artificial neural networks has
uggested an alternative computational strategy that
ervous systems may use: a feedback neuronal net-
ork (4). These network models consist of distributed

ircuits in which a given neuron is connected to many
r most other neurons in the network, thus maximizing
s
i

1 To whom correspondence should be addressed. Fax: (212) 865–
246. E-mail: rafa@cubsps.bio.columbia.edu.

046-2023/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
he distribution of information (5). To properly distin-
uish between these, or other, types of circuit models,
t is necessary to characterize the circuit dynamics by
econstructing the activity of the network (6).
A direct approach to reveal the circuit dynamics is

he use of multielectrode recordings. For example, in
he retina microelectrode arrays permit the simulta-
eous recordings of dozen or hundreds of neurons (7).
his approach, and particularly recordings with few
lectrodes, has the disadvantage of sampling only a
mall proportion of the neurons in a given area. Extra-
ellular electrical recordings also lack anatomical in-
ormation about the particular cells responsible for the
pikes. If different types of neurons have different
unctions in the circuit, as is predicted by the appar-
ntly strict relation between morphology and function
8), then precise anatomical information is essential for
complete understanding of the circuit activation pat-

erns.
An alternative approach to characterize circuit dy-

amics is optical recording from neuronal populations
9). The optical nature of the experiment permits si-

ultaneous recording from many neurons, makes the
echnique noninvasive, and gives it a temporal resolu-
ion limited only by the time course of the optical event
eing monitored and a spatial resolution limited only
y the size of the signal and the wavelength of the light
sed. The use of optical methods for detecting neuronal
ctivity started with the monitoring of intrinsic signals
10, 11). Intrinsic signals suffer the disadvantage that
heir low signal-to-background ratio makes them ill
uited for recording with single-cell resolution. A solu-
ion to this limitation was the development of indicator
yes. Two different types of dyes have been success-
ully used: voltage-sensitive dyes (VSDs) (12) and ion-

ensitive dyes (13). VSDs were pioneered because the
deal indicator should translate membrane potential
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216 SMETTERS, MAJEWSKA, AND YUSTE
nto an optical signal. Unfortunately, currently avail-
ble VSDs have small signals, i.e., ;1% change in
uorescence or transmitted light in experiments done

n slices or in vivo (14, 15). This makes single cell
esolution studies possible only in cultured neurons
16). Indeed, in our work using neocortical slices, we
ave found that VSDs do not enable single-cell resolu-
ion recordings (17).

In contrast, optical monitoring of the activity of a
euronal population is feasible with calcium indicators
18–21) because they produce large signals (up to
000% changes in fluorescence), making it possible to
easure the responses from single neurons (22), pre-

ynaptic terminals (23), or even dendritic spines (24).
n addition, development of bulk loading methods, ex-
loiting the intracellular deesterification of acetoxy-
ethyl ester derivatives of the indicators, enables the
oninvasive loading of an entire population of neurons
25). Finally, an unexpected bonus of calcium imaging
xperiments has been the ability to detect electrical
vents by optically monitoring changes in [Ca21]i. The
biquitous presence of calcium channels in neuronal
embranes and their activation by depolarization

ave made possible the optical detection of (i) sub-
hreshold EPSPs, which can produce calcium influxes
ocalized to a single dendritic spine (24), (ii) sodium
ction potentials, which can produce generalized cal-
ium accumulations throughout the cell, due to the
ackpropagation of the spike (24), and (iii) calcium
pikes, which can produce generalized calcium influxes
hat are much larger than those produced by sodium
pikes (26). Thus, it is possible to detect whether a
euron fired an action potential by monitoring its

Ca21]i (24, 27), and since the amount of calcium influx
er spike is constant (28), it should in principle even be
ossible to distinguish how many spikes triggered
hose accumulations.

Building on this previous work, we now explore the
etection of the spiking activity of a population of neu-
ons using loading of neuronal circuits with AM cal-
ium indicators and calcium imaging. Our experiments
ompare the responses of neurons loaded with AM
alcium indicators with those of neurons filled with
alcium indicators using whole-cell patch pipets. We
ocus our work on the rat somatosensory and visual
ortex and use coronal brain slices to easily access
hese circuits.

ESCRIPTION OF METHOD

oading Neuronal Populations in Slices with AM Calcium
ndicators

Slices and hemispheres were taken from postnatal

ay (PND) 9–20 Sprague–Dawley rats. Animals were
nesthetized by hypothermia or Ketamine–Xylazine

F
i
i

njections (ip) and the brain was removed and placed
nto cold ACSF (126 mM NaCl, 3 mM KCl, 26 mM
aHCO3, 1 mM NaH2PO4, 2 mM CaCl2, 1 mM MgSO4,
0 mM dextrose, bubbled with 95% O2/5% CO2). The
omatosensory or visual cortex was manually blocked
ith a razor blade and a vibratome was used to cut
00- or 400-mm-thick sections. Slices were kept in a
ubmerged incubation chamber at room temperature
;22°C). After 1 to 5 h in the incubation chamber,
lices were transferred to a staining chamber, consist-
ng of a small vial with a carbogen line, where they
ere stained with calcium indicators.
Previously we found that diluted solutions of AM

sters load large populations of cells in developing
ortex, but the labeling becomes more difficult with
ncreasing age of the animal (19). After experiment-
ng with different loading protocols, we found that
oncentrated dimethyl sulfoxide (DMSO) solutions of
he AM indicators help in loading slices from older
nimals (29). Our current protocol is to load slices
ith either Fura 2-AM, Calcium Green 1-AM, or
regon-BAPTA Green 1-AM (all dyes from Molecular
robes, Eugene, OR) using a double-incubation pro-
ocol: (i) an initial incubation with 2 ml of a 1 mM dye
in 100% DMSO) solution for 2 min and then (ii) a
econd incubation in 3 ml of oxygenated 10 mM dye in
CSF for 30 min. This protocol produces reliable

oading of Ca21 indicators in cortical slices from rats
nd mice as old as PND22 (Fig. 1).

alcium Imaging and Electrophysiology
After 15 to 30 min, labeled slices were placed in a

ubmerged recording chamber mounted on the stage of
BX50 upright microscope (Olympus). Images of filled

ells were taken with a cCCD camera (Micromax,
rinceton Instruments) equipped with a EEV 512

rame transfer chip (Kodak). Camera frame rates were
ypically 50–200 Hz and each pixel was digitized at 12
its. Images were acquired, stored, and analyzed using
Macintosh 7100 (Apple Computers, Cupertino, CA)

omputer and IPLab software (Signal Analytics). Fur-
her analysis was carried out with IDL (Research Sys-
ems). For Fura 2-AM imaging, recordings were made
t 340 and 380 nm excitation at the beginning and end
f every experiment to assess the approximate [Ca21]i

nd thus monitor the health of the cells. Some experi-
ents were carried out at the isosbestic excitation of

60 nm. For Calcium Green and Oregon-BAPTA
reen, imaging was carried out at 485 nm excitation.
ptical filters were obtained from Omega Optical. For
ura-2 potassium salt recordings (380 nm excitation),
e defined the fluorescence change over time as DF/
5 (F0 2 F1)/(F0). For analysis of the AM loaded data
e defined DF/F 5 [(F0 2 B0) 2 (F1 2 B1)]/(F0 2 B0).
or Calcium Green or Oregon-BAPTA Green record-
ngs, we inverted the sign of the DF/F. Photomultiplier
maging was carried out with a scanning confocal mi-
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217IMAGING SPIKES WITH CALCIUM INDICATORS
roscope (Fluoview, Olympus), using a PMT (Hamamatsu
3896) and Fluoview Software (Olympus).
Pyramidal neurons were identified morphologically

sing differential interference contrast (DIC) micros-
opy and fluorescence images. Whole-cell patch-clamp
ecordings were performed using 3- to 7-MV pipets
lled with intracellular solution containing (mM) 120–
50 potassium gluconate, 0–20 KCl, 4–10 NaCl, 10
epes, 0–50 MgATP, and 0–0.1 EGTA. Nystatin stock

46 mM, 1 mg/ml in Me2SO; Sigma) was prepared
efore each experiment, stored at room temperature in
lightproof container, and used for up to 6 h after

reparation. A gigaohm seal was formed by pressing
he pipet gently against the soma of a neuron and
roviding light suction. Whole-cell recordings devel-
ped within 1–5 min of making a seal, with access

IG. 1. Loading neocortical slices with AM indicators. (A) Fura 2-A
ial surface is up and to the left. Bar 5 100 mm. Note how dozens o

rom a PND 13 rat loaded with 200 mM Oregon-BAPTA Green potass
endritic trunks are visible. (C) Perforated patch recording from a fu
ura 2-AM loading allows imaging of the largest dendrites. Bar 5 25
ayer 2/3 of a slice from a PND 10 rat. The background cells were loaded
as only dimly stained before patching. The image was taken after 20

ame as in (C).
esistances between 10 and 20 MV. The amplifiers
Axopatch 200B or Axoclamp 2B, Axon Instruments)
ere then switched to current-clamp mode. In all ex-
eriments, potentials were recorded at room tempera-
ure and, when necessary, current was injected to keep
he resting potential at approximately 265 mV. The
otential was filtered at 1 kHz, digitized, stored, and
nalyzed using Igor (Dr. R. Bookman’s macros) and an
/D board (Instrutec).

stimation of the Concentration of Indicator Loaded
To estimate the amount of free indicator present in

eurons loaded with Fura-2-AM using the above men-
ioned protocol, we patched a neuron in a field of Fura
-AM loaded cells, and filled it with 50 mM potassium
alt of Fura-2 (Fig. 1D). In previous experiments, we

oading in layer 2/3 of a slice from PND 18 rat somatosensory cortex.
urons are labeled by the indicator. (B) Layer 2/3 pyramidal neuron
salt via a patch pipet. Bar 5 25 mm. Note how the apical and basal

2-AM loaded cell in layer 2/3 from a PND 10 animal. In some cases
. (D) Comparison of Fura 2-AM and pipet loading. Image taken from
M l
f ne
ium
ra
mm
with fura 2-AM. The central pyramidal neuron, with pipet attached,
min whole-cell recording with a pipet filled with 50 mM fura-2. Bar
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218 SMETTERS, MAJEWSKA, AND YUSTE
ad observed that whole-cell recordings from AM
oaded neurons results in a fast (1–5 min) dialysis of
he Fura-2 present in the cell. Therefore, by using
lectrodes with a known concentration of Fura-2 we
ffectively clamped the Fura-2 concentration in the
oma to that present in the electrode. After waiting for
bout 10 min for diffusional equilibrium to occur, we
hen imaged the filled cell and compared its fluores-
ence with that of other cells in the same field, loaded
ith Fura 2-AM (Fig. 1D). By imaging at the isosbestic
xcitation of 360 nm, we avoided fluorescence intensity
ifferences that could have been produced by different
esting [Ca21]i. Then, using the fluorescence intensity
f the reference cell as calibration, we estimated the
mount of free indicator in the other cells by comparing
heir fluorescence intensities. These measurements
ere carried out with a 603, 0.9 NA objective, and by

hanging the focal plane to maximize the fluorescence
ntensity of each cell. With this technique we estimated
n intracellular concentration of indicator of approxi-
ately 25–100 mM. These values, obtained in experi-
ents with excellent loading at PND 9–15, should be

nterpreted only as estimates, since their actual values
ill depend on many factors that affect loading, such as
ge, incubation time, and health of the slices.

maging Calcium Transients in Neurons Produced by
ingle Action Potentials
To characterize the calcium dynamics associated
ith action potentials, we first measured the fluores-

ence of the somata of neurons loaded with whole-cell
atch pipets with known amounts potassium salts of
he calcium indicators (Fig. 1B). To enable comparisons
ith AM loaded neurons, we carried out these experi-
ents with low (50 mM) concentrations of dye. In re-

ponse to an action potential, triggered by a current
njection through the patch pipet, we observed fluores-
ence changes of 2–15% DF/F (Fig. 2A). Depolarizing
ulses that did not reach threshold did not result in
ny calcium accumulations. The times-to-peak of these
hanges were approximately 5–50 ms while the decays
asted from 1 to 4 s.

To explore the calcium dynamics of neurons loaded
ith AM calcium indicators, we used perforated patch

ecording techniques to electrically record from AM
oaded neurons without dialyzing their indicator (Figs.
C, 2B). As in cells loaded with 50 mM potassium salt
f indicator, AM loaded cells produced calcium tran-
ients of 2–10% DF/F amplitudes in response to action
otentials (Fig. 2B). Their time-to-peak (around 10–40
s) and decay kinetics (1–5 s) were also similar. The

arallelism in calcium kinetics suggests that the be-
avior of the two different forms of indicator are sim-

lar. While this may not seem surprising, it reassures
s that known problems with AM indicator loading,
ncluding incomplete deesterification, compartmental-
zation of the dye, and consequent changes in chemical

t
t
p

roperties of the indicator (30), did not substantially
ontribute to our measured signals.

maging Calcium Transients Produced by Trains of Action
otentials
To characterize the responses of AM loaded neurons

o trains of action potentials, we carried out similar
xperiments, by first measuring somatic calcium kinet-
cs in Fura-2 and Oregon-BAPTA Green loaded neu-
ons and then comparing those measurements with
hose of AM loaded neurons, under perforated patch
ecording conditions (Fig. 3).
In neurons loaded with potassium salt of Fura-2 or
regon-BAPTA Green, trains of action potentials

IG. 2. Detection of individual action potentials with calcium im-
ging. (A) Pipet loading: Measurements from a layer 2/3 pyramidal
euron from a PND 10 rat loaded with 50 mM Fura 2-AM in the
ipet. The cell was injected with three 100-pA current pulses (upper
race), and produced an action potential in response to the first
timulus (middle trace). The bottom trace shows the DF/F from
oma. Exponential bleaching was corrected by subtracting fluores-
ence measured in the background region. The DF/F is a single trial,
ithout smoothing. Note that the spike produces a 3% increase in the
uorescence, with a fast onset and slow decay. (B) AM loading:
imilar measurements from a neuron loaded with Fura 2-AM, re-
orded using perforated patch. Three 60-pA current pulses were used
o elicit action potentials (top trace). The bottom trace shows the
F/F from the soma and a background region (flat trace). Note how

he amplitude and kinetics of the calcium accumulations in response
o action potentials are similar to those of the neuron loaded with the
otassium salt form of fura-2 with a patch pipet.
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219IMAGING SPIKES WITH CALCIUM INDICATORS
4–50 Hz) produced cumulative calcium transients
hat were superimposed on top of one another (Fig. 3A).
ecause of the long decays associated with each spike-

nduced calcium transient, subsequent action poten-
ials produced calcium accumulations that summated
ith the decays of the previous ones (Fig. 3A, bottom).
t frequencies above 0.5 Hz, the average amplitude of

he action potential-induced calcium influx was re-
uced as a factor of the number of previous spikes,

IG. 3. Detection of trains of action potentials with calcium im
regon-BAPTA Green 1-AM potassium salt via a patch pipet. The n
ction potentials at 4 Hz (top trace). The bottom shows the DF/F from
ackground regions (flat traces). The first spike produces a DF/F clos
ow every spike produces a corresponding calcium accumulation. On o

re due to spikes and not to the current pulses. (B) AM loading: Simila
ecorded using whole-cell patch. The cell was actually imaged during
pikes were elicited at 2 Hz. Note how every spike produces a correspo
ndicating indicator saturation reached with higher
Ca21]i levels.

Neurons loaded with the AM forms of indicators also
roduced similar calcium kinetics in response to trains
f action potentials (2–25 Hz) produced by current in-
ections under perforated patch conditions (Fig. 3B). In
he cell illustrated in Fig. 3B the perforated patch
roduced an unusually low access resistance, so possi-
ly some dye washout occurred. Under presumably low

ng. (A) Pipet loading: Imaging of a neuron loaded with 200 mM
on is injected with depolarizing current pulses, producing a train of
e soma (larger trace), apical dendrite (smaller trace), and pipet and

o 15%, whereas the rest of the spikes produce smaller changes. Note
pulse, the cell fails to spike, showing that the calcium accumulations
agi
eur

th
e t
ne
r experiment on a neuron loaded with Oregon-BAPTA Green 1-AM,
on-cell patch, but without complete washout of the AM dye. Seven
nding calcium accumulation.
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220 SMETTERS, MAJEWSKA, AND YUSTE
ye concentration, each spike produced a calcium tran-
ient with a small amplitude (;1% DF/F). As before,
ubsequent spikes produced calcium transients of
ower amplitude, indicative of indicator saturation.

etection of High Firing Frequencies with Calcium
maging

In neurons filled with the potassium salt form of
alcium indicators, we measured a time-to peak for
alcium accumulations of approximately 5–50 ms. To
xplore the maximum frequencies of firing that we
ould realistically detect with calcium imaging we de-
olarized the neurons at different frequencies and im-
ged them with either the cCCD camera or a photo-
ultiplier. For single trials, the maximum frequency

t which we could reliably detect each single action
otential without averaging was 50 Hz (Fig. 4A). In-
eed, in those experiments it was relatively easy to
econstruct the pattern of action potential firing by
hresholding the first derivative of the calcium changes
Fig. 4A, bottom). Higher frequencies produced calcium
ignals that were too noisy to reliably detect the onset
f the accumulations associated with each spike.
In AM loaded neurons the signal-to-noise necessary

or optimal reconstruction of action potentials at high
requencies was feasible only under optimal loading
onditions. Figure 4B shows results from one AM
oaded neuron, patched using perforated patch, where
airs of action potentials at frequencies of ;25 Hz were
enerated. In these experiments, the DF/F reflected
he occurrence of each action potential, making the
etection of individual spikes at 25 Hz feasible.

ONCLUDING REMARKS

In this work we sought to explore the limits of action
otential detection as a function of spike frequency.
ur strategy was to concentrate on detecting the on-

F/F measurements from the soma, where each action potential
roduces a calcium accumulation. The bottom panel shows the de-
ivative of the D F/F. Note how each spike produces a change in the
erivative that can be easily detected. Single trial, without filtering.
B) AM loading: Measurements taken from a layer 2/3 pyramidal
euron from PND 10 rat. The neuron was loaded with Fura 2-AM
nd recorded with perforated patch. The cell was injected with 70-pA
urrent pulses (top panel), and fired pairs of action potentials in
esponse to the first two pulses and a single action potential in
esponse to the third pulse (middle panel). The bottom panel shows
F/F measurements from the soma, apical dendrite (middle trace),
nd background region (bottom trace). Linear bleaching was sub-
racted. The first pair of spikes are 41.5 ms apart (24 Hz), and the
econd pair are 51 ms apart (19.6 Hz). In the soma, the response to
IG. 4. Detection of high frequencies of action potential firing. (A)
ipet loading: Measurements taken from a layer 2/3 pyramidal neu-
on from PND 14 rat. The neuron was loaded with 100 mM Oregon-
oth spikes together is almost twice the response to a single spike
see third response), and onset of the second spike can be clearly
etected. Single trial, without filtering.
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221IMAGING SPIKES WITH CALCIUM INDICATORS
ets of the calcium accumulations, which are produced
y the opening of calcium channels that occurs during
he action potential (31). The onset kinetics of the
uorescent signals depends on the calcium kinetics,

nfluenced by the geometry of the cell, and on the
iffusional and buffering properties of calcium, as well
s on the rate constants of the indicators. In experi-
ents imaging spike-induced calcium transients in

endritic shafts and spines we had previously found
hat the spike-induced calcium accumulations had
imes-to peak of less than 2 ms, which was the time
esolution of our measurements (24). This would in
rinciple produce an upper bound limit of approxi-
ately 500 Hz to the detection of firing frequencies in

endrites. Nevertheless, in neuronal somata we now
easure much slower onset times, probably because of

he diffusional delays associated with the smaller
urface-to-volume ratio of the soma. In our experi-
ents we could detect firing rates of up to 50 Hz
ithout averaging, and we suspect that the diffusional
elays will limit this approach to detecting frequencies
f up to 100 Hz, which seems appropriate for optimal
ecording from most classes of neurons.
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