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ABSTRACT: Imaging cytosolic calcium in neurons is
emerging as a new tool in neurological disease diagnosis,
drug screening, and toxicity testing. Ca2+ oscillation signatures
show a signiﬁcant variation depending on GPCR targeting
agonists. Quantiﬁcation of Ca2+ spike trains in ligand induced
Ca2+ oscillations remains challenging due to their inherent
heterogeneity in primary culture. Moreover, there is no
framework available for identiﬁcation of optimal number of
clusters and distance metric to cluster Ca2+ spike trains. Using
quantitative confocal imaging and clustering analysis, we show
the characterization of Ca2+ spiking in GPCR targeting drugtreated primary culture of hippocampal neurons. A systematic framework for selection of the clustering method instead of an
intuition-based method was used to optimize the cluster number and distance metric. The results discern neurons with diverse
Ca2+ response patterns, including higher amplitude fast spiking and lower spiking responses, and their relative percentage in a
neuron population in absence and presence of GPCR-targeted drugs. The proposed framework was employed to show that
the clustering pattern of Ca2+ spiking can be controlled using GABAB and mGluR targeting drugs. This approach can be used
for unbiased measurement of neural activity and identiﬁcation of spiking population with varying amplitude and frequencies,
providing a platform for high-content drug screening.
KEYWORDS: Hippocampal neurons, live cell calcium imaging, confocal microscope, GPCR, k-means clustering and classiﬁcation

■

model drugs11 as they are known to be important for the
formation of synaptic circuitry and synaptic plasticity during
development.12 The GABAB receptor is known to regulate the
excitability of the entire nerve network through modulation of
Ca2+.13 A recent investigation reveals that the expression levels
of two subunits of GABAB receptor are altered in schizophrenia
and bipolar disorders.14 Baclofen and DHPG, targeting GABAB
and mGluR, respectively, are known to mediate neuroprotection in hippocampal neuron cells.15,16 Baclofen has
been used as an important therapeutic target for the treatment
of such as Parkinson’s disease, and Alzheimer’s disease.17−19
The potential of baclofen and DHPG on modulating Ca2+
spiking patterns in hippocampal neurons is less investigated.20−22 Most of the detailed studies on baclofen and
DHPG mediated modulation of neural activity have been
performed using electrophysiological measurements in neuronal population.20,21,23

INTRODUCTION
In the hippocampal neuronal system, cytosolic calcium (Ca2+)
is known to play a vital role in the regulation of cell
diﬀerentiation, migration, and apoptosis.1−3 The amplitude
and the frequency of Ca2+ oscillations regulate various cellular
functions including neuronal transmission.4 Recently, Ca2+
imaging has facilitated the understanding of synaptic plasticity
and synchronicity present in the hippocampal neurons.2,5,6
Speciﬁcally, the calcium hypothesis of Alzheimer’s disease
(AD) investigates how the activation of the amyloidogenic
pathway reprogram the neuronal Ca2+ signaling responsible for
cognition. It is proposed that the remodeling of Ca2+ results in
the learning and memory deﬁcits.7,8 Since Ca2+ is known to
control the memory formation, and play a major role in the
developmental state of neurons,8,9 it is also suggested that
drugs designed to normalize Ca2+ oscillations have the
potential to reverse the consequences of neurodegeneration.10
G-protein coupled receptors (GPCR) including Group I
metabotropic glutamate receptor (mGluR) and γ-aminobutyric
acid (GABAB) receptor are known to be the major excitatory
and inhibitory neurotransmitters, respectively. We chose
baclofen and dihydroxyphenylglycine (DHPG) as the two
© 2018 American Chemical Society
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Figure 1. Measurement of neuronal network activity through time-lapse confocal imaging of Ca2+ spiking in hippocampal neurons. (a−d)
Representative images of the hippocampal neuronal population at various time points showing Ca2+ responses in absence and presence of
increasing concentrations of baclofen (GABAB speciﬁc agonist) (a = no drug, b = 0.2 μM, c = 2 μM, d = 20 μM). The Ca2+ spiking was measured
for 300 s (before addition of the drug, 100 s; and after addition of the drug, 200 s) for each case (scale bar = 20 μm). (e−h) Time-lapse
ﬂuerescence intensity mapping in single neuron (e = no drug, f = 0.2 μM, g = 2 μM, h = 20 μM) (scale bar = 10 μm). Red Arrows in (a)−(d) and
black arrows in (e)−(h) indicate the Ca2+ ﬂash incidences.

neuron population is a critical step towards disease diagnosis
and drug screening.31,32 Although two-photon calcium imaging
in tissue slices and functional clustering algorithm have been
used to show that the epileptic networks exhibit functional
network structure composed of spatially localized neurons,24
clustering of Ca2+ spiking in neurons for early developmental
stages such as primary cultures from 1 day postnatal is less
investigated.
Although Ca2+ imaging has been implemented in drug
screening for Alzheimer’s disease,33 drug screening and scoring
using Ca2+ imaging remain challenging due to diﬃculty in
characterizing heterogenic Ca2+ oscillation in primary
cultures.34 Quantiﬁcation with single cell resolution has been
hampered by the diﬃculty of automated selection of optimal
number of clusters and distance metric to be used for
clustering of Ca2+ spiking in primary cultures. To ﬁll this gap,
we performed a systematic study for selection of clustering
method and compared the network excitability of early stage
neurons in the presence of two GPCR targeting drugs. The
rational behind this work is to develop a method for statistical
modeling that can be used for classiﬁcation of Ca2+ spiking
obtained from neuron population in primary cultures.

Electrophysiological recordings and multibeam two-photon
calcium imaging have been used to understand the neural
activity at the single cell level.6,24 Fluorescent imaging plate
reader (FLIPR) and microelectrode array (MEA) recording
are the other two modes to study the toxicity of drugs on
hippocampal neuronal culture.25,26 However, the existing
methods suﬀer from poor spatial resolution and not suitable
for providing multiple recordings from the single neuron for
studying the micronetwork. Although Fluo-4 has been largely
used to measure cytosolic calcium in the case of in vitro assays,
a genetically encoded calcium indicator (GECI) has also been
used for in vivo calcium imaging.27 −29 Additionally, a recent
work shows the proof of concept for measurement of cytosolic,
mitochondrial, and endoplasmic calcium levels in vitro using a
genetically modiﬁed version of GECI.30 Since large scale
transfection of primary neurons with GECI remain challenging
for in vitro evaluations and obtaining high throughput data, we
propose Fluo-4 based confocal imaging of Ca2+ spiking as a
method for quantiﬁcation of micronetwork in primary cultures
of hippocampal neurons.
Since high level of heterogeneity was observed in dentate
gyrus of hippocampus,24 classiﬁcation of Ca2+ spike trains in
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Figure 2. Schematic diagram of the integrated framework representing the Ca2+ imaging in hippocampal neurons, quantiﬁcation of network activity
through k-means clustering of Ca2+ spiking train, and classiﬁcation of network activity for drug-treated neurons.

Ca2+ plays a major role in neuronal signaling35,36 and is
extensively regulated through mobilizing Ca2+ from the
endoplasmic reticulum (ER) by activating IP3R [IP3 (inositol
1,4,5-trisphosphate) receptor] and inducing inﬂux and eﬄux
through voltage-gated Ca2+ channels on the plasma membrane.
Hence, Ca2+ spiking is controlled by regulating the channel
activities through modulation of GPCRs.37 Baclofen mediated
inhibition of the network activity is known to be regulated by
GABAB-mediated modulation of the L type channel through
βγ subunits of the heterotrimeric G-proteins.37 On the other
hand, mGluR receptors are known to catalyze IP3 production
promoting IP3 receptor activation in the endoplasmic
reticulum (ER), releasing stored Ca2+ into the cytosol.38
Hence, baclofen can be used to reduce the network excitability,
whereas DHPG can be used to increase the excitability of the
network through IP3 production.39 Additionally, the interplay
between fast positive and slow negative feedback responses
among signaling networks has been recognized as a key
modulator of Ca2+ spiking.31 Since selection of a suitable
mathematical model and parameters for recapitulation of
cellular responses remains challenging due to the inherent
heterogeneity in spiking properties, clustering of Ca2+ spiking
can be used for forming mechanistic models. In this paper, we
ask the following questions: (1) How are the network structure

and dynamics modiﬁed using GPCR targeting drugs and how
may clustering of the spiking pattern help in controlling the
network excitability? (2) What is the optimum number of
clusters that can be used to classify Ca2+ oscillations in primary
culture of hippocampal neurons? (3) Which distance metric
gives the minimum separation within the cluster and maximum
separation between the clusters? To address these questions,
we present confocal imaging of somatic Ca2+ spiking and
clustering, that can be used to quantify the Ca2+ spiking in
neuron populations. In particular, we have used a thresholding
based method to obtain the spike count and raster plots,6,24
and k-means clustering to classify Ca2+ spike trains. In this
process, we considered two speciﬁc features maximum
amplitude of Ca2+ (Ca2+max) and number of Ca2+ spikes
(spike count; N) in a given duration and chose to use k-means
clustering due to ease of handling and to improve the
computational eﬃciency.40 The automated analysis shows that
the distribution of basal level spiking can be classiﬁed into four
clusters containing higher amplitude fast spiking, medium
spiking, lower spiking, and low amplitude neurons. Also, we
show that our imaging assay and clustering platform can be
used for quantiﬁcation of the relative proportion of various
responses for GPCR-targeting drug-treated neurons and to
detect the spiking signature corresponding to a drug. Finally,
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Figure 3. Modulation of network activity using two GPCR targeting drugs baclofen and DHPG. (a) Raw plots for time course of cytosolic Ca2+
level (ΔF/F0) in primary cultures of hippocampal neurons with increasing baclofen dose (basal level/no drug and 0.2, 2, and 20 μM). (b) Raster
plots representing the network activity of a neuron population with increasing baclofen dose. (c) Kernel density functions showing the comparative
distribution for Ca2+ spike count and Ca2+max between various drug doses (0.2, 2, and 20 μM baclofen). (d) Raw plots of time course for cytosolic
Ca2+ level (ΔF/F0) in primary cultures of hippocampal neurons with increasing DHPG dose (basal level/no drug and 0.01, 1, and 10 μM). (e)
Raster plots representing the network activity of a neuron population with increasing DHPG dose. (f) Kernel density functions showing the
comparative distribution for Ca2+ spike count and Ca2+max between various drug doses (0.01, 1, and 10 μM DHPG). (Imaging time = 300 s, n =
number of neurons, n > 13/time-lapse video).

we show that the subpopulation-proﬁling of Ca2+ spiking can
be used to quantify the network activity for controlling the
clustering pattern using an appropriate selection of baclofen
and DHPG doses.

show the Ca2+ imaging corresponding to the basal level and
treatment with 0.2, 2, and 20 μM baclofen, and Movies S5 and
S6 show the Ca2+ imaging corresponding to the basal level and
treatment with 1 μM DHPG. In this study, network activity in
the primary culture is measured through monitoring of single
cell Ca2+ spike train in the neuron population.
The Ca2+ spiking responses exhibit that the neuron
population is heterogeneous and allows clustering of spiking
based on their frequency and amplitude. This cell-to-cell
variability of neuronal Ca2+ spiking in frequency and amplitude
can be attributed to factors including heterogeneity present in
membrane polarity and genetic composition. This includes
expression level of GPCRs, G-proteins, extent of PIP2
hydrolysis and IP3 generation, and extracellular Ca2+ or
Mg2+.6 Additionally, such variability in calcium oscillation
may arise due to the topological arrangement of neurons.41,42
However, optimal selection of the data processing matrix,
distance metric, and cluster number is a critical step for
subpopulation proﬁling of Ca2+ spiking in a neuron population.
In order to select the optimal number of clusters and the
distance metric for clustering of Ca2+ spiking, we followed a

■

RESULTS AND DISCUSSION
Confocal Imaging of GPCR-Targeting Drug Mediated
Modulation of Calcium Spiking in Hippocampal
Neurons. In order to observe the Ca2+ spiking in neuron
population present in a primary hippocampal culture (1 day
postnatal), we performed cytosolic calcium imaging using
spinning disk confocal microscopy. First, we characterized the
basal level Ca2+ spiking in neurons using time-lapse imaging
(Figure 1a). Next, we performed dose−response experiments
by activating endogenous GABAB receptors using baclofen.
Time-lapse images were acquired for three doses of baclofen,
0.2, 2, and 20 μM (Figure 1b−d). In order to depict the time
course of calcium transport to the cytosol, we performed
intensity mapping in single neurons. The spatial mapping of
intensity in single neurons shows the Ca2+ ﬂash incidence
under various baclofen doses (Figure 1e−h). Movies S1−S4
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systematic comparison as shown in Figure 2. The workﬂow of
the confocal imaging coupled with the data analysis is
presented in Figure 2.
Controlling Network Activity through GABAB-Mediated Inhibition and MGluR Mediated Excitation. The
images at various time points (Figure 1a) and Ca2+ spiking
pattern at the basal level (Figure 3a) indicate that Ca2+
oscillates at various frequencies for closely connected neurons
in a population. Next, we examined network activities in
neuron population through monitoring of Ca2+ dynamics using
excitatory and inhibitory drugs. The Ca2+ spiking levels for
representative neurons at the basal level and treated with 0.2, 2,
and 20 μM baclofen are shown in Figure 3a. Corresponding
raster plots of network activity as a function of time are
presented in Figure 3b. Similarly, Ca2+ spiking levels for
representative neurons at the basal level and treated with 0.01,
1, and 10 μM DHPG are shown in Figure 3d. Corresponding
raster plots of network activity are presented in Figure 3e. With
the increase of baclofen dose, the range of the distributions of
spike count and Ca2+max are shifted from higher to lower
(Figure 3c). In contrast, the spike count and Ca2+ max
distribution are shifted toward a higher value after DHPG
treatment (1 μM) compared to independent spiking of the
neurons at basal level (Figure 3f). The dose−response study
indicates that baclofen can be used to reduce the Ca2+ spike
count and Ca2+max, whereas DHPG can be used to increase
Ca2+ spike count and Ca2+max.
Day-to-Day Variability of Network Dynamics Using
Bhattacharyya Distance. In order to investigate day-to-day
variability and the robustness of the assay, we performed
confocal imaging of Ca2+ using Fluo-4 for primary cultures for
several days. Supporting Information Figure S2 shows the box
plot representation of N and Ca2+max obtained from Ca2+
spiking pattern in hippocampal neurons from nine diﬀerent
days (9 diﬀerent rats). The analysis shows that N and Ca2+max
are not signiﬁcantly diﬀerent between days (p > 0.05) (Figure
S2). For each day, normalized histograms of spike count in
Ca2+ spike trains is computed, three of which are depicted in
Figure 4a−c as representative. Next, we measure the similarity
among those histograms pairwise in terms of Bhattacharyya
distance (BD).43 (Bhattacharyya distance between two
distributions p and q is deﬁned as

(

n

Figure 4. Similarity analysis of Ca2+ spiking train obtained from
primary cultures at various days using Bhattacharyya distance (BD).
(a−c) Three representative normalized histograms for Ca2+ spike
count from three diﬀerent days. (d) Normalized histogram analysis
and cumulative relative frequency plot of BD with respect to spike
count. (e) Kernel density functions showing the comparison of Ca2+
spike count for 9 days. (f−h) Three representative normalized
histograms for Ca2+max from three diﬀerent days. (i) Normalized
histogram analysis and cumulative relative frequency plot of BD with
respect to Ca2+max. (j) Kernel density functions showing the
comparison of Ca2+max for 9 days (n = number of neurons, n > 13/
time-lapse video).

4i. Low BDs appear to have a high frequency of occurrence.
Indeed, superimposing the cumulative relative frequency of
BDs on the same plot, we observe that the curve approximates
the brickwall corresponding to identical distributions. The
estimated probability density function for Ca2+max remain
similar for various days as depicted in Figure 4j. In statistical
terms, the median BD has a low value of 0.07 with a quartile
coeﬃcient of dispersion (QCD) of 0.42, which is also low.
This indicates that the tendency of underlying distributions of
Ca2+max remains statistically similar across diﬀerent days.
Hence, we chose N and Ca2+max as two features for clustering
and quantiﬁcation of the network activity.
Automation of Neuronal Response-Clustering Using
Ca2+ Spike Count and Ca2+max: Systematic Analysis of kMeans Clustering and Optimal Selection of Data
Processing Matrix, Cluster Number, and Distance
Metric. We compared several methods for processing of
spiking data matrix including (1) clustering of the raw data
(without reduction of dimension) using k-means (Figure 5a),
(2) clustering of data with reduction of dimension using PCA
(Figure 5b), (3) clustering of data with Ca2+ spike count as a

)

DB(p , q) = −ln ∑i = 1 pq
, where pi (respectively qi) is
i i

the probability of symbol i under distribution p (respectively q)
and the symbols are i = 1, 2, ..., n.) In particular, we compute
normalized histograms of such pairwise BDs and depict these
in Figure 4d. The result shows that low BDs have a high
frequency of occurrence. Indeed, superimposing the cumulative relative frequency of BDs on the same plot, we observe
that the curve approximates the brickwall reference corresponding to identical distributions. The estimated probability
density function for spike count remains similar for various
days as depicted in Figure 4e. In statistical terms, median BD
has a low value (0.08) with a quartile coeﬃcient of dispersion
(QCD) of 0.5.44 (QCD =

Q 3 − Q1
Q 3 + Q1

, where Q1 and Q3 stand for

ﬁrst and third quartiles, respectively.) This indicates the
tendency of underlying distributions of spike count remains
statistically similar across diﬀerent days. A similar operation
has been performed using Ca2+max, and three representative
normalized histograms are shown in Figure 4f−h. Similarly, a
normalized histogram of such pairwise BDs is shown in Figure
3098
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Figure 5. Assessment of the clustering analysis of Ca2+ spiking using various data matrix raw data [Xij], reduced data [Rij], 1-d data with only spike
count, 1-d data with only Ca2+max, and 2-d data with N and Camax [Fij] using Davies−Bouldin index. Clustering of Ca2+ spiking train in a neuron
population using k-means for (a) raw data matrix [Xij], method 1; (b) feature matrix using PCA [Rij], method 2; (c) clustering of data with Ca2+
spike count as a feature, method 3; (d) clustering of data with Ca2+max as a feature, method 4; and (e) processed data matrix [Fij] with two features,
Ca2+ spike count and Ca2+max, method 5. (f) Identiﬁcation of optimal method for data processing before clustering of the Ca2+ spiking train using
DBI.

feature (Figure 5c), (4) clustering of data with Ca2+max as a
feature (Figure 5d), and (5) clustering of data with two
features, Ca2+ spike count and Ca2+max (Figure 5e). Since we
have shown that the neurons can be characterized with respect
to Ca2+ spike count and their amplitudes (Figure 3), we
performed clustering of Ca2+ responses based on two features,
Ca2+max and spike count in a given duration. The result shows
that there is intermixing of multiple signal types in a single
cluster in the case of methods (1)−(4) (Figure S3a−d; colored
arrow shows the intermixing) compared to method (5) (Figure
S3e). Additionally, it was found that clustering using two
features yielded minimum DBI (Figure 5f) indicating that
methods (1)−(4) work suboptimally and hence method (5)
has been selected as the optimum method for clustering of
Ca2+ spiking pattern (Figure 5e). Next, we constructed raster
plots of network activity where individual neurons were
ordered according to the cluster to which they belong. The
raster plots and silhouette plots corresponding to all the
methods are presented in Figure S4.
In order to identify the optimal number of clusters, we
clustered two-dimensional data containing Ca2+ spike count
versus Ca2+max for each neuron using k-means clustering. We
performed simulations for cluster numbers k = 2, 3, 4, and 5
and computed DBI for each of the cases to calculate the
compactness within the cluster and separation among clusters.
Additionally, we calculated Silhouette index that represents
how well each data points are ﬁtted within its cluster compared
to neighboring clusters (Figure S5a−d). Comparison of
clustering results for various cluster numbers such as k = 2,

3, 4 indicates that k = 4 having lowest DBI shows the best
separation from neighboring clusters and compactness within
the cluster (Figures 6a−d and S6). Additionally, the raster
plots corresponding to k = 2−5 are presented in Figure S5a−d.
We subsequently performed a systematic comparison
between the k-means clustering using distance metrics such
as Euclidean, Manhattan, cosine, and correlation distance
(Figure 6e−h). Mapping of Ca2+ spiking proﬁle in each of the
cluster indicates that incorrect allocation takes place when
Euclidean, cosine, and correlation distance methods are used
(Figure S7). Visualization of data in two dimensions and
spiking trains under each cluster show that Manhattan distance
gives better separation of individual clusters compared to the
Euclidean distance (Figures 6f and S7b), cosine distance, and
correlation distance (Figure 6e, g, and h). Comparison of
clustering using four distance metrics described above is also
shown in raster plots (Figure S5e−h). In order to identify the
optimal cluster number and distance metric, we computed DBI
for k = 2−5 for each of the distances (Figure 6i). The values of
DBI indicate that clustering based on Manhattan distance and
k = 4 corresponds to maximum compactness within the cluster
and minimum separation across the clusters (Figure 6i).
Hence, we selected k = 4 as the optimum number of clusters
and Manhattan distance as the optimum distance metric for
clustering Ca2+ spiking patterns. Furthermore, we performed
validation of selected cluster number and a distance metric for
nine time-lapse videos obtained from primary cultures
collected at nine diﬀerent days. The DBI values show that k
3099
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Figure 6. Optimization of cluster number and distance metric. Clustering results using method 5, Euclidean distance, for (a) k = 2, (b) k = 3, (c) k
= 4, and (d) k = 5 (number of clusters = k). Clustering results using method 5 and k = 4 for (e) Euclidean distance, (f) Manhattan distance, (g)
cosine distance, and (h) correlation distance. (i) Identiﬁcation of optimal k and distance metric for clustering of the Ca2+ spiking using DBI (total
number of neurons, n = 22). Red arrow indicates lowest DBI index for Manhattan distance and k = 4.

average percentage of higher amplitude fast spiking (17.33% ±
2.24), medium spiking (9.52% ± 1.30), lower spiking (34.33%
± 1.73), and low amplitude (38.80% ± 2.14) neurons present
in the hippocampal primary culture (number of groups = 3,
Table S2). The clustering patterns of Ca2+ response in
hippocampal neurons across three groups indicates that
collection of large-scale data using high throughput imaging
with confocal microscope and automated analysis based on
random sampling of neurons has a potential to be used for
drug screening or toxicity testing.
In order to test the generality of the proposed framework,
we performed Fluo-4 intensity imaging of α2 adrenergic
receptor (α2AR) mediated Ca2+ spiking in HeLa cells using
confocal microscopy (t = 100 s). It was found that the α2AR
mediated Ca2+ spiking in HeLa cells can be clustered in three
groups (optimum k = 3 and the optimum distance metric is
manhattan distance) (Figure S9). Result shows that the same
clustering framework can also be used for computing the
percentage of higher amplitude fast spiking cells (29.46% ±
1.94), lower spiking (31.78% ± 3.60), and low amplitude
(38.76% ± 3.55) for norepinephrine-mediated Ca2+ spiking
trains obtained from a nonexcitable cell population (Figure
S9c). Further we transfected HeLa cells with Red-Genetically
Encoded Calcium Indicator (GECI) and performed Ca2+
imaging. Time lapse images corresponding to Red-GECI
transfect cells were shown in Figure S10a. We found that

= 4 and Manhattan distance were found to be optimum for
75% of the cases (Table S1).
Clustering Pattern of Cytosolic Ca2+ Spiking Train in
Hippocampal Neurons. Next, we show that the clustering
pattern of network level activity in hippocampal neurons using
method (5), k = 4 and distance metric as Manhattan distance.
The result shows that the k-means clustering has grouped
neurons with similar Ca2+ spiking pattern and the activity level
can be divided into four types: higher amplitude fast spiking,
medium spiking, lower spiking, and low amplitude neurons.
Time course of Fluo-4 intensity corresponding to each cluster
shows that the network dynamics is composed of clusters
having similar spiking trains (Figure 7a). Figure 7b shows
subpopulation proﬁling, allowing quantitative analysis of
heterogeneous Ca2+ responses. Also, spatial mapping of
neurons from four clusters in the original image shows that
neurons present in close proximity may have various levels of
spiking (Figure 7c). We also performed clustering of Ca2+
spiking in neurons obtained from three groups, each group
containing three rats. Figure 7d shows the stack bars
representing subpopulation proﬁles, each corresponding to
one group. This analysis shows that the percentages of each
subtype are not signiﬁcantly diﬀerent between groups (p >
0.05) (Figure 7d, e). We also found minor displacement of the
centroid locations for three groups of rats (Figure S11). The
result shows that the approach is robust and able to detect the
3100
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Figure 7. Subpopulation proﬁling using the proposed framework for clustering of Ca2+ spiking train obtained from hippocampal neurons (method
5, k = 4 and Manhattan distance). (a) Time course of Ca2+ spiking pattern corresponding to four clusters. (b) Clustering of the network activity
and stack bar representation of the subpopulations of the neuronal responses. A corresponding circle enclosing the cluster has been used to
visualize the identiﬁed clusters (total number of neurons, n = 23). (c) Mapping of speciﬁc neurons in the actual network (raw image)
corresponding to each cluster. (d) Stack bar representation of subpopulation proﬁles of Ca2+ spiking, each corresponding to one group of three rats.
(e) Comparison of average relative percentages of four clusters across three groups. (number of neurons taken in each group = 140; N.S. = not
signiﬁcant).

clustering with k = 3 and Manhhatan distance yielded the
minimum DBI for the Ca2+ spiking obtained using Red-GECI
(Figure S10b−e). The result indicates that the large peaks
obtained from GECI can be separated from rest of the calcium
signals using the proposed clustering algorithm. Therefore,
method (5) is useful for clustering the calcium spiking resolved
through GECI as well as Fluo-4.
Controlling Clustering Pattern of Ca 2+ Spiking
through GPCR Targeting Drugs: Classiﬁcation of
GABAB and mGluR Receptor Mediated Modulation of
Ca2+ Spiking. We compared clustering pattern of Ca2+ spiking
after GABAB and mGluR activation in the hippocampal
neurons. First, we classiﬁed Ca2+ spiking of drug-treated
neuron population based on the clusters containing various
types of Ca2+ spiking pattern obtained from the basal level Ca2+
responses. In order to compare spiking patterns corresponding
to two GPCR-targeting drugs, we plotted the Ca2+ spike count
vs Ca2+max for the two GPCR-targeting drugs at three doses
(Figure 8a−c for baclofen and Figure 8d−f for DHPG). Next
we show the subpopulation proﬁling obtained from the
classiﬁcation of Ca2+ responses corresponding to diﬀerent
doses of baclofen and DHPG based on the centroids obtained

from the control neurons that were not exposed to a drug
(Figure 8g−i and j−l respectively).
The box plot indicates that the Ca2+ spike count for the
unclassiﬁed population signiﬁcantly decreases with increase in
baclofen concentrations from 2 to 20 μM (p < 0.05), whereas
spiking count for the untreated as well as 0.2 μM baclofen
treated neuron population are not signiﬁcantly diﬀerent (p >
0.05) (Figure 9a). On the other hand, in the presence of
DHPG (0.01 and 1 μM), the Ca2+ spike count and Ca2+max
exhibit a signiﬁcant increase in (p < 0.05) network activity
indicated by Ca2+ oscillation (Figure 9b). Comparison of two
drugs indicates that baclofen induces sparsely distributed
spiking pattern whereas DHPG induces an increase in network
activity.
Here we have used Ca2+max instead of mean Ca2+ amplitude,
as the eﬀect of activating drugs on Ca2+ spiking can be best
captured though use of Ca2+max (Figure S12). Figure S12a−c
clearly shows that the mean Fluo-4 intensity and mean
amplitude are not able to detect the eﬀect of the drug.
Comparison of subpopulation proﬁling for untreated (control)
and drug treated neurons corresponding to Ca2+max and mean
Ca2+ amplitude shows that the subpopulation proﬁling based
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Figure 8. Classiﬁcation of GABAB and mGluR mediated modulation of Ca2+ spiking in hippocampal neurons. Comparison of clustering pattern for
(a) control (0 μM) and 0.2 μM baclofen, (b) control (0 μM) and 2 μM baclofen, and (c) control (0 μM) and 20 μM baclofen (n = 40, for all the
baclofen doses). (d) Control (0 μM) and 0.01 μM DHPG, (e) control (0 μM) and 1 μM DHPG (f), and control (0 μM) and 10 μM DHPG (n =
28, for all DHPG doses). Stack bars representing the relative percentages of four clusters (subpopulation proportion) with increasing baclofen dose
(g) control (0 μM) and 0.2 μM, (h) control (0 μM) and 2 μM, and (i) control (0 μM) and 20 μM and stack bars representing the relative
percentages of four clusters with increasing DHPG dose (j) control (0 μM) and 0.01 μM, (k) control (0 μM) and 1 μM, and (l) control (0 μM)
and 10 μM.

addition of 2 μM baclofen (Figures 8b,h and 9d, Table S3).
Results show that a decrease in percentage of subpopulation
with high and medium frequency oscillation was compensated
by an increase in percentage of low frequency oscillation
(Figures 8b,h and 9d, Table S3). On the other hand, at higher
dose of baclofen (20 μM), percentages of each subpopulation
undergo signiﬁcant modiﬁcations (8.82 ± 2.11 to 0% for
higher amplitude fast spiking, 10.60% ± 1.15 to 0% for
medium spiking, and 10.56% ± 1.79 to 5.03% ± 0.80 for lower
spiking, Table S3) (p < 0.05). Application of high dose
baclofen eliminated two subpopulations having higher
amplitude, fast spiking and medium spiking of Ca2+ oscillations
(Figures 8c,I and 9e). The present analysis indicates that
baclofen dosing protocol can be generated to control
subpopulation proﬁling of Ca2+ spiking.
Next, we investigated if the percentage of neurons having
higher amplitude fast spiking can be controlled using DHPG
that targets mGluR. At lower dose of DHPG (0.01 μM), there

on Ca2+max analysis depicts the eﬀect of drug (Figure S12d).
The analysis based on maximum Ca2+ amplitude shows the
signiﬁcant diﬀerence in amplitude for drug treated neurons
compared to untreated neurons (p < 0.05, Figure S12e).
Subpopulation proﬁling of drug-treated neurons reveals that,
compared to higher doses, lower dose of baclofen (0.2 μM)
induces a signiﬁcantly lower percentage of neurons (9.86% ±
2.34 to 2.46% ± 1.17, p < 0.05) to have higher amplitude and
fast spiking, and higher percentage of neurons to have lower
spiking (9.07% ± 2.06 to 35.98% ± 1.78, p < 0.05) (Figure 9c,
Table S3). However, baclofen did not induce signiﬁcant
changes in percentage of cells having medium frequency and
low amplitude Ca2+ oscillation at 0.2 μM (p > 0.05) (Figures
8a,g and 9c). Except the group containing low amplitude cells,
relative percentages of higher amplitude fast spiking, medium
spiking and lower spiking neurons undergo signiﬁcant changes
(8.36% ± 1.71 to 0%, 10.30% ± 2.48 to 0.67% ± 0.66, and
11.52% ± 2.66 to 19.15% ± 2.54, respectively, Table S3) upon
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Figure 9. Controlling relative percentages of four clusters of Ca2+ spiking through baclofen and DHPG. Box plots showing the comparison of the
Ca2+ spike count and Ca2+max between untreated (control) and drug-treated neurons for (a) baclofen and (b) DHPG. Bar graph representation of
average relative percentages of four clusters for untreated and drug treated neurons: (c) control (0 μM) and 0.2 μM baclofen, (d) control (0 μM)
and 2 μM baclofen, (e) control (0 μM) and 20 μM baclofen, (f) control (0 μM) and 0.01 μM DHPG, (g) control (0 μM) and 1 μM DHPG, and
(h) control (0 μM) and 10 μM DHPG. Data presented as median, interquartile range, and whiskers and the dots in the box plot represents all data
points. Data were analyzed using Kruskal−Wallis test, N.S. = not signiﬁcant, *p < 0.05, **p < 0.005.

spiking, medium spiking, lower spiking, and low amplitude
responses in neurons.
Here we show that GPCR targeting drugs can be used to
modulate clustering pattern of Ca2+ spiking. Although
correlation among neuronal Ca2+ spiking and synaptic
plasticity has been investigated earlier,2,5,6 here we demonstrate
statistical modeling of heterogeneity in spiking pattern present
in hippocampal neurons. In order to identify drug-speciﬁc
signature embedded in Ca2+ spiking patterns, we present an
integrated approach combining single-cell imaging and
clustering of Ca2+ oscillations in a neuronal population.
Ca2+ oscillation is a key feature as well as a readout of
neuronal signaling that underlies synaptic plasticity, learning,
and memory.2,5 Understanding the spiking patterns and
periodicity associated with Ca2+ oscillation at single-cell-level
neuron is expected to provide a molecular-level interpretation
of the neuronal response and the strength of the postsynaptic
nerve impulse transmission.6 Although patch clamp provides

is a signiﬁcant increase in neuron percentage with lower
spiking Ca2+ oscillations (25% ± l3.57 to 45% ± 3.31, Table
S4) (p < 0.05) (Figures 8d,j and 9f, Table S4). However, there
is no signiﬁcant change in the percentages of medium spiking,
higher amplitude and fast spiking neurons at lower dose (p >
0.05). In contrast at 1 μM, there is signiﬁcant increase in
percentage of neurons with higher amplitude, fast spiking Ca2+
oscillations (12.25% ± 1.888 to 36.77% ± 1.64, Table S4) (p <
0.05) (Figures 8e,k and 9g). However, at 10 μM, there is no
signiﬁcant diﬀerence between percentages of subpopulation
before and after drug addition (Figures 8f,l and 9h).
Classiﬁcation of drug-treated responses can be used for
selection of drug doses to induce a desired level of neural
activity and to decide on dosing of baclofen and DHPG to
modulate the frequency and amplitude of Ca2+ spikes in
primary hippocampal cultures. Overall, the results show that
combination of clustering and classiﬁcation can be used to
quantify the relative percentage of higher amplitude fast
3103

DOI: 10.1021/acschemneuro.8b00297
ACS Chem. Neurosci. 2018, 9, 3094−3107

Research Article

ACS Chemical Neuroscience

our approach may help in grouping spiking patterns in a mixed
culture and identifying the signature for individual cell types.
Another limitation of this approach is the manual selection of
region of interest in each neuron. Further improvement on
automation can be performed through integration with an
eﬃcient image segmentation algorithm for the hippocampal
neurons. The eﬃciency of clustering can be further improved
through incorporation of more features associated with Ca2+
oscillation and using a hybrid of linear and nonlinear clustering
techniques and time-series clustering techniques.46,47

single-cell measurements, experimental cumbersomeness and
more importantly the inevitable loss of cellular contents during
patching are impediments to examine underlying signaling.6
Previous work used ﬂuorescent microscopy to study calcium
response in hippocampal neurons obtained from rat embryos
and tissue slices with 4−15 frames/min.5,23 Even using twophoton microscopy, it is rather challenging to obtain a higher
spatial resolution with subcellular information in single neuron
in tissue slices or primary cortex culture.2,24 Here we show that
the presented method based on real-time imaging of Ca2+ in
primary hippocampal cultures using confocal microscopy is
capable of providing the neural activity at a higher resolution in
single neurons. Since Ca2+ spiking properties of the neurons
can be obtained for a single cell, tools developed here can be
useful for constructing mathematical models for Ca 2+
oscillations in neuronal population.31 The speciﬁc advances
made here over existent knowledge include (I) improved
spatial resolution in quantiﬁcation of neural activity in a single
neuron obtained by confocal imaging, (II) estimation of Ca2+
spiking pattern for neurons treated with baclofen and DHPG
in neurons obtained from postnatal 1 day (7th day in culture),
(III) analysis through clustering of spiking pattern generated
from time-lapse images of neurons in primary culture, (IV)
unbiased decision on cluster number and distance metric to be
used, (V) estimation of relative percentages of low spiking,
high amplitude fast spiking, and medium spiking neurons in
primary culture, (VI) classiﬁcation of GABAB and mGluR
mediated modulation of Ca2+ spiking in neurons obtained from
postnatal 1 day, and (VII) analysis of reproducibility of the
distribution of Ca2+ spike count, and Ca2+max in primary
cultures across days. This assay can be completed within
minutes and the typical time frame required for clustering
analysis for 96-, 384-, and 1536-well plates range from 4 to 200
s (Table S5). The imaging can also be performed using an
epiﬂuorescence microscope, making this method less expensive
and widely applicable.
Here we demonstrate the proof of concept that the
clustering can be used for generating a Ca2+ spiking pattern
for drugs targeting Gi/o and Gq coupled receptors, GABAB and
mGluR, respectively. Such an experimental system is valid for
more extensive analysis of these receptors as well as other
receptor signaling system that is capable of remodeling Ca2+
spiking pattern. It can also be used to identify the distinct
patterns of Ca2+ response corresponding to multiple drugs
targeting various Gi/o receptors or ion channels. Since
hippocampal neurons can be imaged in 96-well plates using
high content imaging system having robotic arms,45 and
automated analysis can be performed to monitor Ca 2+
oscillations, such technique can be updated to high throughput
drug screening and toxicity assays. Additionally, this technique
can also be implemented for ranking drugs and determination
of optimal doses during drug screening. Further, this assay can
also be improved through long-term imaging (2−3 h) of Ca2+
concentration that will provide more information on memory
and learning over time.
The proposed imaging assay and data analysis scheme can
also be used for recording network activity and clustering the
spike train in other neuron types in primary cultures into
categories including fast and low spiking. However, one of the
limitation of the proposed method is that it is not able to
resolve with the medium and low Ca2+ spiking neuron with
respect to amplitude. Since primary cultures may contain
microglia, astrocytes, and other cell types along with neurons,

■

METHODS

Hippocampal Neuron Culture. All animal protocols were
approved by the Washington University Animal Studies Committee
guidelines set forth by the National Research Council in the Guide for
the Care and Use of Laboratory Animals. Hippocampal neurons were
obtained from postnatal day 1−2 Sprague−Dawley female rat pups, as
described by Mennerick and Zorumski.48 The resulting hippocampal
neurons were cultured on a 29 mm glass-bottom dish coated with thin
layer of collagen (type I rat tail collagen, Sigma, St. Louis, MO). The
same amount of neurons in media was delivered to each of the 29 mm
glass-bottom imaging dishes (In Vitro Scientiﬁc, Sunnyvale, CA).
After 3 days, 10 μM cytosine arabinoside was added to each dish to
reduce the proliferation of astrocytes (4th day). The neurons were
maintained in vitro for 7 days in Eagle’s medium (Invitrogen)
(supplemented with 5% heat-inactivated horse serum, 5% fetal bovine
serum, 17 mM D-glucose, 400 μM glutamine, 500 U/mL penicillin,
and 50 μg/mL streptomycin) at 37 °C and 5% CO2 in an incubator
before time-lapse imaging of cytosolic calcium and drug treatment
studies.31
HeLa Cell Culture. HeLa cells (ATCC, Manassas, VA) were
cultured in minimum essential medium (CellGro) supplemented with
10% dialyzed fetal bovine serum (DFBS) (Atlanta Biologicals), in the
presence of 1% penicillin−streptomycin (PS) in glass-bottom tissue
culture dishes at 37 °C in CO2 (5%) humidiﬁed incubator.
Transfection. Cells were transfected using in vitro transfection
reagent Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s protocol with the following recombinant DNA
plasmids: alpha2-adrenergic receptor (α2AR-CFP) and Red-Genetically encoded calcium indicator (GECI) (jRCaMP1a, addgene#:
61562).
Calcium Imaging with Fluo-4 Dye (Spinning Disc Confocal
Microscopy). Hippocampal neurons were incubated for 30 min in
Hank’s balanced salt solution (HBSS, Invitrogen, Life Technologies,
Grand Island, NY) with 1.26 mM Ca2+, 5.3 mM KCl, and 0.44 mM
KH2PO4 (Sigma, St. Louis, MO) with 2 μM Fluo-4 dye (Molecular
Probes, Life Technologies, Grand Island, NY) followed by washing
with HBSS without Fluo-4. The neurons were rinsed with HBSS
without Fluo-4 three times with 15 min of incubation time to allow
for the de-esteriﬁcation. Calcium imaging was carried out under a
spinning-disk confocal imaging system (Leica DMI6000B microscope,
a Yokogawa CSU-X1 spinning disk unit), and the neurons were
maintained at 37 °C and 5% CO2 in the incubator attached to the
microscope system.31 Fluo-4 intensity was recorded with an argon
laser at 488 nm excitation, and emission was recorded at 510 nm. To
obtain the time course of cytosolic calcium oscillation in a neuron
population, the neurons were imaged using 20× dry objective in the
confocal imaging system with an Andor-IXon EM-CCD camera. Basal
level somatic calcium was measured without any drug. The time
course of Fluo-4 intensity was recorded (every 900 ms) before and
after addition of the drug. Since, we aim to have the assay duration to
be less than 5 min after addition of drugs, we did not use higher frame
rate for imaging.
Calcium Imaging with Red-GECI. Calcium imaging was
performed with a genetically encoded calcium biosensor, RedGECI. Cell culture medium was replaced with 1× HBSS
(supplemented with calcium, pH 7.2). The confocal images of cells
with ﬂuorescence of Red-GECI (594 nm excitation-624 nm emission)
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were acquired every 1 s interval. Field of vision was selected such that
majority of cells having α2AR-CFP expression. Norepinephrine (400
μM) was added to cells at 45−60 s to activate α2AR and images were
acquired.
GPCR Targeting Drugs Loading. Baclofen and dihydroxyphenylglycine (DHPG) (Sigma, St. Louis, MO) reconstituted in HBSS
were used to activate the GABAB receptor at concentrations of 0.2, 2,
and 20 μM and metabotropic glutamate (mGluR1/5) receptor at
concentrations of 0.01, 1, and 10 μM, respectively. For drug treatment
studies, the drug was added after 100 s by pipetting and the Fluo-4
intensity was measured for 300 s after adding drugs. Time course of
Fluo-4 intensity obtained from time-lapse imaging after treatment
with baclofen and DHPG was used for the dose−response analysis.
Acquisition of Data from Time-lapse Calcium Imaging. The
pattern of cell-to-cell connectivity is diﬀerent in the case of diﬀerent
regions present in the same tissue culture dish, and such video to
video variability cannot be avoided. Hence, we performed random
sampling for a larger data set containing neuron from multiple dishes.
The sampling procedure and data collection scheme are presented
in Figure S8. Multi-tiﬀ time lapse ﬁles were analyzed using Andor iQ
software.31 Leica adaptive focus control (AFC) was used to prevent
the changes to plane of imaging (drifting) over time. Regions having
neuronal morphology were chosen as a region of interest (ROIs). An
area of each of the ﬁeld of vision showing no ﬂuorescence at 488 nm
was considered as the average background ﬂuorescence. The
background ﬂuorescence for each frame was subtracted from the
average pixel ﬂuorescence (at 488 nm) of each ROI, to correct for the
background noise. Raw image data were analyzed to obtain the time
course of ﬂuorescent intensity of Fluo-4 for the entire duration of
Ca2+ spiking in single neuron. [Xij] represents the input matrix for a
time lapse multi-tiﬀ ﬁle that consists of the Fluo-4 intensity vs time
data for n neurons where i denotes the number of time point and j
denotes number of cells (i = 1, 2, ...t and j = 1, 2, ...n).
Data Analysis. Data were acquired and processed using MATLAB
(The MathWorks, Natick, MA). We have compared ﬁve diﬀerent
methods: ﬁrst, k-means clustering based on raw data; second, k-means
clustering after dimension reduction using principal component
analysis (PCA); third, k-means clustering based on Ca2+ spike count
feature; fourth, k-means clustering based Ca2+ max as feature; and ﬁfth,
k-means clustering based on Ca2+ spike count and Ca2+ max as feature,
for processing a given data set before performing the k-means analysis.
The optimal method was selected based on DBI and Silhouette index.
Further, the optimal number of clusters (k) was determined through
performing the simulations for k = 2−5. For comparison of cell
populations at diﬀerent drug doses (baclofen and DHPG), a
nonparametric kernel density function was ﬁtted. The data set for
various days and various drug doses were tested for normality using
the Jarque−Bera test.49 Non-normally distributed data sets were
compared through the Kruskal−Wallis test.50 The signiﬁcance level
was set to 0.05, and data were presented as mean ± SEM, or median,
interquartile range, and whiskers 10−90%. Additional details are
provided in the Supporting Information.

■

■

and 1536-well plates, illustration for peak detection
method, box plot for Ca2+max and N of for nine rats,
clusterwise separation of each type of spiking response
for ﬁve diﬀerent methods, distance metric and cluster
number, assessment of clustering performance between
maximum and mean amplitude as feature, cluster,
schematic diagram of the integrated framework
representing the sampling procedure, and clustering of
the α2AR mediated Ca2+ spiking in HeLa cells using
Fluo-4 and GECI sensor (PDF)
Ca2+ spiking corresponding to basal level for baclofen
treated cells (AVI)
Ca2+ spiking corresponding to basal level 0.2 μM
baclofen treated neuronal population (AVI)
Ca2+ spiking corresponding to 2 μM baclofen treated
neuronal population (AVI)
Ca2+ spiking corresponding to 20 μM baclofen treated
neuronal population (AVI)
Ca2+ spiking corresponding to basal level for DHPG
treated cells (AVI)
Ca2+ spiking corresponding to 1 μM DHPG treated
neuronal population (AVI)
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