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Ozden I, Lee HM, Sullivan MR, Wang SS-H. Identification and
clustering of event patterns from in vivo multiphoton optical record-
ings of neuronal ensembles. J Neurophysiol 100: 495–503, 2008. First
published May 21, 2008; doi:10.1152/jn.01310.2007. In vivo mul-
tiphoton fluorescence microscopy allows imaging of cellular struc-
tures in brain tissue to depths of hundreds of micrometers and, when
combined with the use of activity-dependent indicator dyes, opens the
possibility of observing intact, functioning neural circuitry. We have
developed tools for analyzing in vivo multiphoton data sets to identify
responding structures and events in single cells as well as patterns of
activity within the neural ensemble. Data were analyzed from popu-
lations of cerebellar Purkinje cell dendrites, which generate calcium-
based complex action potentials. For image segmentation, active
dendrites were identified using a correlation-based method to group
covarying pixels. Firing events were extracted from dendritic fluores-
cence signals with a 95% detection rate and an 8% false-positive rate.
Because an event that begins in one movie frame is sometimes not
detected until the next frame, detection delays were compensated
using a likelihood-based correction procedure. To identify groups of
dendrites that tended to fire synchronously, a k-means-based proce-
dure was developed to analyze pairwise correlations across the pop-
ulation. Because repeated runs of k-means often generated dissimilar
clusterings, the runs were combined to determine a consensus cluster
number and composition. This procedure, termed meta-k-means, gave
clusterings as good as individual runs of k-means, was independent of
random initial seeding, and allowed the exclusion of outliers. Our
methods should be generally useful for analyzing multicellular activ-
ity recordings in a variety of brain structures.

I N T R O D U C T I O N

An important step in understanding dynamic principles of
brain circuit function is the ability to monitor many neurons at
once. Such monitoring has been made possible by in vivo
multiphoton microscopy, which when combined with the ap-
plication of membrane-crossing precursors of calcium indica-
tors (Tsien et al. 1982) to intact brain tissue (Helmchen and
Waters 2002; Stosiek et al. 2003), makes it possible to record
from many neighboring neural processes within a field of view
(Ohki et al. 2005; Sullivan et al. 2005).

Calcium imaging data have superior spatial resolution than
electrophysiological recordings: a single neural structure can
span many submicron pixels, while electrodes typically record
from multiple units at once. However, calcium imaging data
are gathered at lower bandwidth (0.01–1 kHz per location) than
electrophysiology data (�10 kHz). Consequently, several new
challenges in data analysis arise. First, individual structures of

interest, whether single neurons or neuronal processes, must be
identified by image segmentation or by their activity-dependent
fluorescence changes over time. Second, the lower time reso-
lution of frame scanning makes determination of event timing
less certain. Third, patterns of activity across the whole ensem-
ble need to be inferred with as little as a few hundred temporal
samples per structure because light-induced damage and pho-
tobleaching place upper limits on the amount of obtainable
useful data.

Here we present methods for analyzing movies obtained
through calcium imaging from large groups of neurons. Our
target for analysis is complex spike activity in cerebellar
Purkinje cells (PCs) in which intercellular synchrony is prom-
inent (Lang et al. 1999). We have developed semiautomated
software tools to identify individual active structures, estimate
the timing of individual events, and find clusters of structures
that are synchronously active. To determine the level of syn-
chrony between neurons more reliably, we present a correction
method for event times detected from movies in which the
relative timing of events in multiple structures can be incor-
rectly assigned when the structures are scanned at different
moments. Finally we present a clustering method for detecting
synchronous subgroups that uses pairwise correlations between
dendritic event times and k-means, an algorithm widely used in
gene expression analysis. By combining many results of k-
means, we can robustly identify cluster membership and the
likely number of clusters within a data set. Until now this
clustering problem has not been adequately addressed in
multineuronal in vivo recordings.

We demonstrate our methods on recordings from tens of
dendrites of PCs, the sole output neurons of the cerebellar
cortex. In PCs, dendritic calcium transients are triggered by the
activity of climbing fiber (CF) axons (Ross and Werman 1987),
which originate from the inferior olive. The CF projection is
spatially organized so that each CF innervates many PCs in a
thin parasagitally oriented plane, and neighboring inferior olive
neurons innervate PCs that are neighboring in the mediolateral
direction (Ruigrok and Voogd 2000; Sugihara et al. 2001).
Functional structure in the mediolateral direction has not been
well investigated because multielectrode methods only sample
at intervals of several hundred micrometers. Our analysis uses
imaging data taken from all PCs at once to identify synchrony
on a fine scale of �100 micrometers.
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M E T H O D S

Animal preparation

Experimental procedures were approved by the Princeton Univer-
sity Institutional Animal Care and Use Committee. Mice (P24–P42)
were deeply anesthetized with intraperitoneally injected ketamine HCl
(80 mg/kg body wt) and xylazine (12 mg/kg body wt). Deep anes-
thesia was maintained throughout the experiment as confirmed by the
lack of a pinch foot-withdrawal reflex and a lack of whisking, and
body temperature was maintained at 37°C. A small craniotomy of
diameter 2 mm was made over crus IIa. Purkinje neurons and other
structures were loaded with calcium indicator Oregon Green bis-(o-
aminophenoxy)-N,N,N’,N’-tetraacetic acid (BAPTA)-1/AM (Invitro-
gen, Carlsbad, CA) as described in Sullivan et al. (2005).

Electrophysiology

Extracellular single-unit recordings from PCs were made using
glass micropipettes pulled to 6–10 M� with a P-2000 puller (Sutter
Instrument, Novato, CA) and filled with artificial cerebrospinal fluid
containing (in mM) 135 NaCl, 5.4 KCl, 5 NaHEPES, 1 MgCl2, and 2
CaCl2 (pH 7.3 with HCl). Signals were acquired using a NeuroData
IR-283A amplifier (Cygnus Technology, Delaware Water Gap, PA),
amplified 10–100 times, band-pass filtered at 0.3–10 kHz with a
Brownlee Model 440 amplifier (Brownlee Precision, San Jose, CA),
and saved to a personal computer equipped with a data-acquisition
board (PCI-MIO-16E-4 from National Instruments, Austin, TX) and
custom MATLAB software.

Multiphoton laser scanning microscopy

In vivo calcium imaging was performed using a custom-built
multiphoton microscope running ScanImage software (B. Sabatini and
K. Svoboda). The tissue was illuminated with a pulsed Mai Tai
(Spectra-Physics, Mountain View, CA) Ti:sapphire laser (830–840
nm, 80 MHz repetition rate, 100–150 fs pulse width). Excitation light
was focused onto tissue using a �40, 0.8 NA water-immersion
IR-Achroplan objective (Carl Zeiss, Thornwood, NY). Emitted light
was reflected by a 720-nm long-pass dichroic mirror (750dcxru,
Chroma Technology, Rockingham, VT), filtered with green BG39
Schott glass and infrared-blocking filters (Calflex X 380227034, Linos
Photonics, Milford, MA), and detected using a photomultiplier tube
(H7422P-40, Hamamatsu Photonics, Hamamatsu City, Japan). The
movies were collected as 64 � 64 (128 ms/frame) or 128 � 128 (256
ms/frame) pixel frames or 2 ms/line scans.

Data analysis

Data analysis was performed with software written in MATLAB
version 7.1 (MathWorks). All code is available at http://synapse.
princeton.edu/programs. The correlation between two dendritic
signals x(t) and y(t) was calculated as the Pearson correlation

r �

�
i

x�t� � y�t� � �x� � �y� � �	t/T�

�
�x2� � �x�2 � �	t/T�� � 
�y2� � �y�2 � �	t/T��

where T is the total recording time and 	t is the sampling time.

R E S U L T S

Multiphoton recording of complex spikes in PC ensembles

Multiphoton imaging data were obtained from the molecular
layer of the cerebellar cortex by bulk-loading the tissue with
the calcium indicator Oregon Green BAPTA-1/AM (Fig. 1A).
Bulk loading of this dye stains many cellular structures in

neuropil, including PCs, interneurons, and glia (Sullivan et al.
2005). After taking up the dye, the cellular structures showed
fluorescence intensity changes, which were caused by calcium
concentration changes. Fields of view were located at 90–120
�m above the PC layer, where the observed calcium signals
were mainly from PC dendrites. PC dendrites are finely
branched and fill a flat, fan-like, parasagittally oriented space
�200 �m wide and 6–10 �m thick (Fig. 1A), appearing in
transverse section as tube-like structures separated by 4–8 �m
(Fig. 1B) (Palay and Chan-Palay 1974). The orientation of the
scan pattern was adjusted to align dendrites in the direction of
fast scanning, thus establishing a precise within-frame time at
which each dendrite was scanned.

Signal-based image segmentation of dendrites

In full-field scans (64 � 64 pixels at 128 ms/frame or 128 �
128 pixels at 256 ms/frame, field of view 135 or 270 �m wide),
between 18 and 45 PC dendrites were visible at once (Fig. 1B;
Supplementary Movie S11). PC dendrites generated large
(�10% 	F/F) calcium transients between 0.2 and 1 times per
second as expected given the fact that CF firing evokes a
calcium-based complex action potential (Eccles et al. 1966;
Llinás and Sugimori 1980).

To identify each dendrite, average fluorescence intensity
was not a sufficient criterion because the cell type specificity of
bulk loading was low, leading to poor contrast between neigh-
boring structures. This fact was apparent in our raw data sets
(see Supplementary Movie S1), in which individual PC den-
drites did not have sharp borders (Fig. 1B, left). Therefore to
identify dendrites, we exploited the properties of complex
spike-evoked calcium transients, which span the dendrite, rise
in �10 ms, and fall with a half-maximal decay time of 0.17 

0.05 s, and an exponential decay time constant of 0.28 
 0.06
(SD) s (29 dendrites in 4 experiments), consistent with previ-
ous reports in vivo (Göbel and Helmchen 2007; Sullivan et al.
2005). These slow decay times make it possible to detect
individual events even for a frame acquisition time of 256 ms;
in the worst-case scenario, an action potential that occurs
immediately after a dendrite is scanned will leave a signal in
the next frame that is 30% of the peak 	F/F amplitude. In
addition to this, the low rate of calcium signals (0.48 
 0.15
Hz) makes it possible to record at low frame rates (4–8 Hz).

Raw movies were high-pass filtered by Fourier-transforming
each pixel’s trace, removing low-frequency components below
0.1–0.3 Hz, and taking the real part of the inverse Fourier
transform. In some cases, drift in average brightness, due
largely to photobleaching, was removed by calculating a linear
fit for each pixel’s fluorescence time course and then subtract-
ing it. The resulting filtered movies (e.g., Supplementary
Movie S2) showed conspicuous transients against a relatively
dark background. A correlation-based identification algorithm
was then used to recognize individual dendrites. First the
filtered movie was examined to find candidate dendrites as
judged by the co-occurrence of signals in the shape and
orientation of PC dendrites and by the criterion that a candidate
structure fire by itself (for example, see Fig. 1B, right) and all
at once. To find the pixels belonging to this dendrite, a
region was selected slightly larger than the bright pixels

1 The online version of this article contains supplemental data.
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