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The study of neural circuits requires methods for simulta-
neously recording the activity of populations of neurons. Here,
using calcium imaging of neocortical brain slices we take advan-
tage of the ubiquitous distribution of calcium channels in neurons
to develop a method to reconstruct the action potentials occurring
in a population of neurons. Combining calcium imaging with
whole-cell or perforated patch recordings from neurons loaded
with acetoxymethyl ester or potassium salt forms of calcium
indicators, we demonstrate that each action potential produces a
stereotyped calcium transient in the somata of pyramidal neu-
rons. These signals are detectable without averaging, and the
signal-to-noise is sufficient to carry out a reconstruction of the
spiking pattern of hundreds of neurons, up to relatively high firing
frequencies. This technique could in principle be applied system-
atically to follow the activity of neuronal populations in vitro and
in vivo. © 1999 Academic Press

Key Words: networks; multiunit; slices; cortex.

Current understanding of the processing of informa-
tion in the nervous system is based on the piecemeal
reconstruction of the function of certain circuits, after
detailed analysis of the responses of single neurons to
a particular stimulus. These traditional single-cell ap-
proaches have been extremely fruitful in elucidating
particular neuronal pathways and have generally re-
sulted in feedforward models of neural circuits (1-3).
Recently, the field of artificial neural networks has
suggested an alternative computational strategy that
nervous systems may use: a feedback neuronal net-
work (4). These network models consist of distributed
circuits in which a given neuron is connected to many
or most other neurons in the network, thus maximizing
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the distribution of information (5). To properly distin-
guish between these, or other, types of circuit models,
it is necessary to characterize the circuit dynamics by
reconstructing the activity of the network (6).

A direct approach to reveal the circuit dynamics is
the use of multielectrode recordings. For example, in
the retina microelectrode arrays permit the simulta-
neous recordings of dozen or hundreds of neurons (7).
This approach, and particularly recordings with few
electrodes, has the disadvantage of sampling only a
small proportion of the neurons in a given area. Extra-
cellular electrical recordings also lack anatomical in-
formation about the particular cells responsible for the
spikes. If different types of neurons have different
functions in the circuit, as is predicted by the appar-
ently strict relation between morphology and function
(8), then precise anatomical information is essential for
a complete understanding of the circuit activation pat-
terns.

An alternative approach to characterize circuit dy-
namics is optical recording from neuronal populations
(9). The optical nature of the experiment permits si-
multaneous recording from many neurons, makes the
technique noninvasive, and gives it a temporal resolu-
tion limited only by the time course of the optical event
being monitored and a spatial resolution limited only
by the size of the signal and the wavelength of the light
used. The use of optical methods for detecting neuronal
activity started with the monitoring of intrinsic signals
(10, 11). Intrinsic signals suffer the disadvantage that
their low signal-to-background ratio makes them ill
suited for recording with single-cell resolution. A solu-
tion to this limitation was the development of indicator
dyes. Two different types of dyes have been success-
fully used: voltage-sensitive dyes (VSDs) (12) and ion-
sensitive dyes (13). VSDs were pioneered because the
ideal indicator should translate membrane potential
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into an optical signal. Unfortunately, currently avail-
able VSDs have small signals, i.e., ~1% change in
fluorescence or transmitted light in experiments done
in slices or in vivo (14, 15). This makes single cell
resolution studies possible only in cultured neurons
(16). Indeed, in our work using neocortical slices, we
have found that VSDs do not enable single-cell resolu-
tion recordings (17).

In contrast, optical monitoring of the activity of a
neuronal population is feasible with calcium indicators
(18-21) because they produce large signals (up to
1000% changes in fluorescence), making it possible to
measure the responses from single neurons (22), pre-
synaptic terminals (23), or even dendritic spines (24).
In addition, development of bulk loading methods, ex-
ploiting the intracellular deesterification of acetoxy-
methyl ester derivatives of the indicators, enables the
noninvasive loading of an entire population of neurons
(25). Finally, an unexpected bonus of calcium imaging
experiments has been the ability to detect electrical
events by optically monitoring changes in [Ca®];. The
ubiquitous presence of calcium channels in neuronal
membranes and their activation by depolarization
have made possible the optical detection of (i) sub-
threshold EPSPs, which can produce calcium influxes
localized to a single dendritic spine (24), (ii) sodium
action potentials, which can produce generalized cal-
cium accumulations throughout the cell, due to the
backpropagation of the spike (24), and (iii) calcium
spikes, which can produce generalized calcium influxes
that are much larger than those produced by sodium
spikes (26). Thus, it is possible to detect whether a
neuron fired an action potential by monitoring its
[Ca*]; (24, 27), and since the amount of calcium influx
per spike is constant (28), it should in principle even be
possible to distinguish how many spikes triggered
those accumulations.

Building on this previous work, we now explore the
detection of the spiking activity of a population of neu-
rons using loading of neuronal circuits with AM cal-
cium indicators and calcium imaging. Our experiments
compare the responses of neurons loaded with AM
calcium indicators with those of neurons filled with
calcium indicators using whole-cell patch pipets. We
focus our work on the rat somatosensory and visual
cortex and use coronal brain slices to easily access
these circuits.

DESCRIPTION OF METHOD

Loading Neuronal Populations in Slices with AM Calcium
Indicators

Slices and hemispheres were taken from postnatal

day (PND) 9-20 Sprague—Dawley rats. Animals were
anesthetized by hypothermia or Ketamine—Xylazine

injections (ip) and the brain was removed and placed
into cold ACSF (126 mM NacCl, 3 mM KCI, 26 mM
NaHCO;, 1 mM NaH2PO,, 2 mM CaCl,, 1 mM MgSO,,
10 mM dextrose, bubbled with 95% O,/5% CO,). The
somatosensory or visual cortex was manually blocked
with a razor blade and a vibratome was used to cut
300- or 400-um-thick sections. Slices were kept in a
submerged incubation chamber at room temperature
(~22°C). After 1 to 5 h in the incubation chamber,
slices were transferred to a staining chamber, consist-
ing of a small vial with a carbogen line, where they
were stained with calcium indicators.

Previously we found that diluted solutions of AM
esters load large populations of cells in developing
cortex, but the labeling becomes more difficult with
increasing age of the animal (19). After experiment-
ing with different loading protocols, we found that
concentrated dimethyl sulfoxide (DMSO) solutions of
the AM indicators help in loading slices from older
animals (29). Our current protocol is to load slices
with either Fura 2-AM, Calcium Green 1-AM, or
Oregon-BAPTA Green 1-AM (all dyes from Molecular
Probes, Eugene, OR) using a double-incubation pro-
tocol: (i) an initial incubation with 2 ul of a 1 mM dye
(in 100% DMSO) solution for 2 min and then (ii) a
second incubation in 3 ml of oxygenated 10 uM dye in
ACSF for 30 min. This protocol produces reliable
loading of Ca®" indicators in cortical slices from rats
and mice as old as PND22 (Fig. 1).

Calcium Imaging and Electrophysiology

After 15 to 30 min, labeled slices were placed in a
submerged recording chamber mounted on the stage of
a BX50 upright microscope (Olympus). Images of filled
cells were taken with a cCCD camera (Micromax,
Princeton Instruments) equipped with a EEV 512
frame transfer chip (Kodak). Camera frame rates were
typically 50—200 Hz and each pixel was digitized at 12
bits. Images were acquired, stored, and analyzed using
a Macintosh 7100 (Apple Computers, Cupertino, CA)
computer and IPLab software (Signal Analytics). Fur-
ther analysis was carried out with IDL (Research Sys-
tems). For Fura 2-AM imaging, recordings were made
at 340 and 380 nm excitation at the beginning and end
of every experiment to assess the approximate [Ca®'],
and thus monitor the health of the cells. Some experi-
ments were carried out at the isosbestic excitation of
360 nm. For Calcium Green and Oregon-BAPTA
Green, imaging was carried out at 485 nm excitation.
Optical filters were obtained from Omega Optical. For
Fura-2 potassium salt recordings (380 nm excitation),
we defined the fluorescence change over time as AF/
F = (F, — F)/(F,). For analysis of the AM loaded data
we defined AF/F = [(F, — By) — (F, — B)J/(Fo — By).
For Calcium Green or Oregon-BAPTA Green record-
ings, we inverted the sign of the AF/F. Photomultiplier
imaging was carried out with a scanning confocal mi-
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croscope (Fluoview, Olympus), using a PMT (Hamamatsu
R3896) and Fluoview Software (Olympus).

Pyramidal neurons were identified morphologically
using differential interference contrast (DIC) micros-
copy and fluorescence images. Whole-cell patch-clamp
recordings were performed using 3- to 7-MQ pipets
filled with intracellular solution containing (mM) 120—
150 potassium gluconate, 0-20 KCI, 4-10 NacCl, 10
Hepes, 0-50 MgATP, and 0—0.1 EGTA. Nystatin stock
(46 mM, 1 mg/ml in Me,SO; Sigma) was prepared
before each experiment, stored at room temperature in
a lightproof container, and used for up to 6 h after
preparation. A gigaohm seal was formed by pressing
the pipet gently against the soma of a neuron and
providing light suction. Whole-cell recordings devel-
oped within 1-5 min of making a seal, with access

resistances between 10 and 20 MQ. The amplifiers
(Axopatch 200B or Axoclamp 2B, Axon Instruments)
were then switched to current-clamp mode. In all ex-
periments, potentials were recorded at room tempera-
ture and, when necessary, current was injected to keep
the resting potential at approximately —65 mV. The
potential was filtered at 1 kHz, digitized, stored, and
analyzed using Igor (Dr. R. Bookman’s macros) and an
A/D board (Instrutec).

Estimation of the Concentration of Indicator Loaded

To estimate the amount of free indicator present in
neurons loaded with Fura-2-AM using the above men-
tioned protocol, we patched a neuron in a field of Fura
2-AM loaded cells, and filled it with 50 uM potassium
salt of Fura-2 (Fig. 1D). In previous experiments, we

FIG. 1.

Loading neocortical slices with AM indicators. (A) Fura 2-AM loading in layer 2/3 of a slice from PND 18 rat somatosensory cortex.

Pial surface is up and to the left. Bar = 100 um. Note how dozens of neurons are labeled by the indicator. (B) Layer 2/3 pyramidal neuron
from a PND 13 rat loaded with 200 uM Oregon-BAPTA Green potassium salt via a patch pipet. Bar = 25 um. Note how the apical and basal
dendritic trunks are visible. (C) Perforated patch recording from a fura 2-AM loaded cell in layer 2/3 from a PND 10 animal. In some cases
Fura 2-AM loading allows imaging of the largest dendrites. Bar = 25 um. (D) Comparison of Fura 2-AM and pipet loading. Image taken from
layer 2/3 of a slice from a PND 10 rat. The background cells were loaded with fura 2-AM. The central pyramidal neuron, with pipet attached,
was only dimly stained before patching. The image was taken after 20 min whole-cell recording with a pipet filled with 50 uM fura-2. Bar

same as in (C).
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had observed that whole-cell recordings from AM
loaded neurons results in a fast (1-5 min) dialysis of
the Fura-2 present in the cell. Therefore, by using
electrodes with a known concentration of Fura-2 we
effectively clamped the Fura-2 concentration in the
soma to that present in the electrode. After waiting for
about 10 min for diffusional equilibrium to occur, we
then imaged the filled cell and compared its fluores-
cence with that of other cells in the same field, loaded
with Fura 2-AM (Fig. 1D). By imaging at the isosbestic
excitation of 360 nm, we avoided fluorescence intensity
differences that could have been produced by different
resting [Ca*'];. Then, using the fluorescence intensity
of the reference cell as calibration, we estimated the
amount of free indicator in the other cells by comparing
their fluorescence intensities. These measurements
were carried out with a 60X, 0.9 NA objective, and by
changing the focal plane to maximize the fluorescence
intensity of each cell. With this technique we estimated
an intracellular concentration of indicator of approxi-
mately 25-100 uM. These values, obtained in experi-
ments with excellent loading at PND 9-15, should be
interpreted only as estimates, since their actual values
will depend on many factors that affect loading, such as
age, incubation time, and health of the slices.

Imaging Calcium Transients in Neurons Produced by
Single Action Potentials

To characterize the calcium dynamics associated
with action potentials, we first measured the fluores-
cence of the somata of neurons loaded with whole-cell
patch pipets with known amounts potassium salts of
the calcium indicators (Fig. 1B). To enable comparisons
with AM loaded neurons, we carried out these experi-
ments with low (50 wM) concentrations of dye. In re-
sponse to an action potential, triggered by a current
injection through the patch pipet, we observed fluores-
cence changes of 2-15% AF/F (Fig. 2A). Depolarizing
pulses that did not reach threshold did not result in
any calcium accumulations. The times-to-peak of these
changes were approximately 5-50 ms while the decays
lasted from 1 to 4 s.

To explore the calcium dynamics of neurons loaded
with AM calcium indicators, we used perforated patch
recording techniques to electrically record from AM
loaded neurons without dialyzing their indicator (Figs.
1C, 2B). As in cells loaded with 50 uM potassium salt
of indicator, AM loaded cells produced calcium tran-
sients of 2-10% AF/F amplitudes in response to action
potentials (Fig. 2B). Their time-to-peak (around 10—40
ms) and decay kinetics (1-5 s) were also similar. The
parallelism in calcium Kinetics suggests that the be-
havior of the two different forms of indicator are sim-
ilar. While this may not seem surprising, it reassures
us that known problems with AM indicator loading,
including incomplete deesterification, compartmental-
ization of the dye, and consequent changes in chemical

properties of the indicator (30), did not substantially
contribute to our measured signals.

Imaging Calcium Transients Produced by Trains of Action
Potentials

To characterize the responses of AM loaded neurons
to trains of action potentials, we carried out similar
experiments, by first measuring somatic calcium Kkinet-
ics in Fura-2 and Oregon-BAPTA Green loaded neu-
rons and then comparing those measurements with
those of AM loaded neurons, under perforated patch
recording conditions (Fig. 3).

In neurons loaded with potassium salt of Fura-2 or
Oregon-BAPTA Green, trains of action potentials
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FIG. 2. Detection of individual action potentials with calcium im-
aging. (A) Pipet loading: Measurements from a layer 2/3 pyramidal
neuron from a PND 10 rat loaded with 50 uM Fura 2-AM in the
pipet. The cell was injected with three 100-pA current pulses (upper
trace), and produced an action potential in response to the first
stimulus (middle trace). The bottom trace shows the AF/F from
soma. Exponential bleaching was corrected by subtracting fluores-
cence measured in the background region. The AF/F is a single trial,
without smoothing. Note that the spike produces a 3% increase in the
fluorescence, with a fast onset and slow decay. (B) AM loading:
Similar measurements from a neuron loaded with Fura 2-AM, re-
corded using perforated patch. Three 60-pA current pulses were used
to elicit action potentials (top trace). The bottom trace shows the
AF/F from the soma and a background region (flat trace). Note how
the amplitude and Kkinetics of the calcium accumulations in response
to action potentials are similar to those of the neuron loaded with the
potassium salt form of fura-2 with a patch pipet.
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(4-50 Hz) produced cumulative calcium transients
that were superimposed on top of one another (Fig. 3A).
Because of the long decays associated with each spike-
induced calcium transient, subsequent action poten-
tials produced calcium accumulations that summated
with the decays of the previous ones (Fig. 3A, bottom).
At frequencies above 0.5 Hz, the average amplitude of
the action potential-induced calcium influx was re-
duced as a factor of the number of previous spikes,
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indicating indicator saturation reached with higher
[Ca®']; levels.

Neurons loaded with the AM forms of indicators also
produced similar calcium Kinetics in response to trains
of action potentials (2-25 Hz) produced by current in-
jections under perforated patch conditions (Fig. 3B). In
the cell illustrated in Fig. 3B the perforated patch
produced an unusually low access resistance, so possi-
bly some dye washout occurred. Under presumably low
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FIG. 3. Detection of trains of action potentials with calcium imaging. (A) Pipet loading:
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Imaging of a neuron loaded with 200 uM

Oregon-BAPTA Green 1-AM potassium salt via a patch pipet. The neuron is injected with depolarizing current pulses, producing a train of
action potentials at 4 Hz (top trace). The bottom shows the AF/F from the soma (larger trace), apical dendrite (smaller trace), and pipet and
background regions (flat traces). The first spike produces a AF/F close to 15%, whereas the rest of the spikes produce smaller changes. Note
how every spike produces a corresponding calcium accumulation. On one pulse, the cell fails to spike, showing that the calcium accumulations
are due to spikes and not to the current pulses. (B) AM loading: Similar experiment on a neuron loaded with Oregon-BAPTA Green 1-AM,
recorded using whole-cell patch. The cell was actually imaged during on-cell patch, but without complete washout of the AM dye. Seven
spikes were elicited at 2 Hz. Note how every spike produces a corresponding calcium accumulation.
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dye concentration, each spike produced a calcium tran-
sient with a small amplitude (~1% AF/F). As before,
subsequent spikes produced calcium transients of
lower amplitude, indicative of indicator saturation.

Detection of High Firing Frequencies with Calcium
Imaging

In neurons filled with the potassium salt form of
calcium indicators, we measured a time-to peak for
calcium accumulations of approximately 5-50 ms. To
explore the maximum frequencies of firing that we
could realistically detect with calcium imaging we de-
polarized the neurons at different frequencies and im-
aged them with either the cCCD camera or a photo-
multiplier. For single trials, the maximum frequency
at which we could reliably detect each single action
potential without averaging was 50 Hz (Fig. 4A). In-
deed, in those experiments it was relatively easy to
reconstruct the pattern of action potential firing by
thresholding the first derivative of the calcium changes
(Fig. 4A, bottom). Higher frequencies produced calcium
signals that were too noisy to reliably detect the onset
of the accumulations associated with each spike.

In AM loaded neurons the signal-to-noise necessary
for optimal reconstruction of action potentials at high
frequencies was feasible only under optimal loading
conditions. Figure 4B shows results from one AM
loaded neuron, patched using perforated patch, where
pairs of action potentials at frequencies of ~25 Hz were
generated. In these experiments, the AF/F reflected
the occurrence of each action potential, making the
detection of individual spikes at 25 Hz feasible.

CONCLUDING REMARKS
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FIG. 4. Detection of high frequencies of action potential firing. (A)
Pipet loading: Measurements taken from a layer 2/3 pyramidal neu-
ron from PND 14 rat. The neuron was loaded with 100 uM Oregon-
BAPTA Green 1-AM potassium salt via a patch pipet. The cell was
injected with five 500-pA current pulses lasting 10 ms and fired five
action potentials at 50 Hz (upper panel). The middle panel shows

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

AF/F measurements from the soma, where each action potential
produces a calcium accumulation. The bottom panel shows the de-
rivative of the A F/F. Note how each spike produces a change in the
derivative that can be easily detected. Single trial, without filtering.
(B) AM loading: Measurements taken from a layer 2/3 pyramidal
neuron from PND 10 rat. The neuron was loaded with Fura 2-AM
and recorded with perforated patch. The cell was injected with 70-pA
current pulses (top panel), and fired pairs of action potentials in
response to the first two pulses and a single action potential in
response to the third pulse (middle panel). The bottom panel shows
AF/F measurements from the soma, apical dendrite (middle trace),
and background region (bottom trace). Linear bleaching was sub-
tracted. The first pair of spikes are 41.5 ms apart (24 Hz), and the
second pair are 51 ms apart (19.6 Hz). In the soma, the response to
both spikes together is almost twice the response to a single spike
(see third response), and onset of the second spike can be clearly
detected. Single trial, without filtering.
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sets of the calcium accumulations, which are produced
by the opening of calcium channels that occurs during
the action potential (31). The onset kinetics of the
fluorescent signals depends on the calcium Kinetics,
influenced by the geometry of the cell, and on the
diffusional and buffering properties of calcium, as well
as on the rate constants of the indicators. In experi-
ments imaging spike-induced calcium transients in
dendritic shafts and spines we had previously found
that the spike-induced calcium accumulations had
times-to peak of less than 2 ms, which was the time
resolution of our measurements (24). This would in
principle produce an upper bound limit of approxi-
mately 500 Hz to the detection of firing frequencies in
dendrites. Nevertheless, in neuronal somata we now
measure much slower onset times, probably because of
the diffusional delays associated with the smaller
surface-to-volume ratio of the soma. In our experi-
ments we could detect firing rates of up to 50 Hz
without averaging, and we suspect that the diffusional
delays will limit this approach to detecting frequencies
of up to 100 Hz, which seems appropriate for optimal
recording from most classes of neurons.
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