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Abstract. Identification of a small population of neuronal action poten-
tials (APs) firing is considered essential to discover the operating prin-
ciples of neuronal circuits. A promising method is to indirectly monitor
the AP discharges in neurons from the recordings their intracellular cal-
cium fluorescence transients. However, it is hard to reveal the nonlinear
relationship between neuronal calcium fluorescence transients and the
corresponding AP burst discharging. We propose a method to recon-
struct the neuronal AP train from calcium fluorescence diversifications
based on a multiscale filter and a convolution operation. Results of
experimental data processing show that the false-positive rate and the
event detection rate are about 10 and 90%, respectively. Meanwhile,
the APs firing at a high frequency up to 40 Hz can also be success-
fully identified. From the results, it can be concluded that the method
has strong power to reconstruct a neuronal AP train from a burst firing.
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1 Introduction

Spatiotemporal dynamic patterns of local neural circuits are es-
sential for discovering the mechanisms of the nervous system.'=
Recently, with the advances in calcium indictors and the two-
photon microscopy technique, reconstructions of the action po-
tential (AP) discharge in local neural circuits from their simul-
taneously recorded calcium fluorescence transients in vivo and
in vitro were carried out.” Furthermore, two-photon fluores-
cence random scanning microscopy has been designed and con-
structed, through which calcium fluorescence transients sampled
at about a 1-kHz frequency from neuronal local circuits can be
recorded synchronously.'%-'? These data at a high sampling rate
enable us to reconstruct AP firing of local neuronal circuits
at a millisecond-scale precision.!® Although the neuronal burst
discharge carries more coding information than a single AP
firing,'4'® revealing neuronal AP burst trains from the corre-
sponding calcium waves is well-known as hard work.!”-2 This
is so not only because burst firing is caused by the large amount
of depolarization'>!® and has not been clearly defined, but
also because neuronal calcium fluorescence transients always
have a nonlinear relationship with their APs firing, causing the
diversities and complexities of calcium fluorescence waves.?!
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Practically,'*'® some burst firing sequences consist of APs with

intervals of less than 20 ms.

Driven by the necessity to reveal the principles of neuronal
circuits, many valuable methods to reconstruct AP sequences
from their corresponding calcium fluorescence transients have
been designed. For example, the template-matching method
was developed to detect a single AP discharge from a cal-
cium fluorescence transient, which works well whenever neu-
rons discharge sparsely.?>2* The uncorrected”* and corrected
first-derivative method including deconvolution”-232% can pro-
vide reliable neuronal firing rates, but are limited to inferring
neuronal AP trains from calcium fluorescence transients with
a low signal-to-noise ratio (SNR), defined as the ratio of the
amplitude of the template to the standard deviation of noise
in the initial calcium waves. Some statistical methods such as
clustering?’ and a combination of principal component analysis
and a support vector machine,?® can only partially describe the
calcium wave diversities that derive from the neuronal irregu-
larly discharging at a high frequency rate. Some sophisticated
methods® 2% 3 are suitable for reconstructing the AP train from a
burst firing. However, compared to the methods just mentioned,
more setting parameters or hypotheses may confine their appli-
cations. Recently, a method termed “peeling” was proposed for
this purpose, but a fixed template matching the rising duration
is still necessary.'?
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For the calcium fluorescence transients at a high frequency
(1 kHz), the nonlinear calcium dynamics triggered by neuronal
burst firing have become increasingly obvious and are difficult
to describe using a single model or several patterns. In addition,
the SNR of fluorescence signals is a decisive factor for the
accuracy of the reconstruction. Therefore, aimed to reconstruct
the AP burst firing trains from calcium fluorescence transient
with relative low SNRs, a method based on multiscale filter
combined with template convolution (MSF_TC) is proposed.
First, the parts of calcium fluorescence transients corresponding
to neuronal AP firing are identified using a multiscale filter, and
the AP train candidates are generated. Then, we combine the
AP train candidates with the template function, depending on
the fitting degrees with the original calcium waves, to confirm
AP firing timing sequences.

To illustrate the MSF_TC algorithm performance, this
method was applied in processing real data sets from our optical
system.!!"!2 The reconstruction results of the proposed method
and that of two typical methods, the template-matching method
and the deconvolution method, were compared. The reconstruc-
tion results were further analyzed to emphasize some important
features of the MSF_TC algorithm.

2 Methods
2.1 Recording Calcium Fluorescence Transients
2.1.1  Sample preparing and fluorescence labeling

Slices were made from postnatal (P)14-P20 Wistar rats. The
animals were anesthetized with 1% sodium phentobarbital
(50 mg/kg). After fast decapitation, the brain was dis-
sected rapidly and placed in ice-cold oxygenated (95% O2
and 5% CO2) ACSF (artificial cerebrospinal fluid) contain-
ing (in mM) 119 NaCl, 2.5 KCI, 2.5 CaCl2, 1.3 MgCI2,
1 NaH2PO4, 26 NaHCO3, and 11 glucose. Cortical and
hippocampal slices, 350- to 400-um thick, were cut with
a vibratome (VTS1000, Leica) and maintained in an in-
cubation chamber for at least 1 h at room temperature
(22 to 25°C) before recording. During the experiments, the
slice was transferred to a submersion-recording chamber and
incubated in oxygenated ACSF (1 to 3.0 ml/min) at room
temperature.

After 1 h in the incubation chamber, the slices were trans-
ferred to a recording chamber, where they were stained with
calcium indicators. As in whole-cell patch recording, all local
population cells were performed sequentially by the glass mi-
cropipette and maintained about 20 min to result in reliable and
rapid loading of somata and subsequent complete labeling of
dendritic and axonal arborizations. Bath-applied 4-AP at a fi-
nal concentration of 100 uM was used to induce epileptiform
discharging.

2.1.2  Imaging system for calcium fluorescence
transients

A custom-constructed random access two-photon fluorescence
microscope system was used to image the calcium fluorescence
transients. The setup of the system has been described in de-
tail by Lv et al.!! Briefly, a Ti:sapphire laser (Tsunami, Spec-
tra Physics) was pumped by a solid state cw laser (Millennia
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Xs, Spectra Physics) to produce a mode-locked laser output?!
(800 nm, ~100-fs pulse width at 80 MHz repetitive frequency).
Laser intensity was adjusted with an electro-optic modulator
(EOM). After the dispersion compensation prism (tilted at 45
deg), two orthogonal acousto-optic deflectors (AODs) were used
for x—y deflection of the laser beam. Then, the laser beam was
coupled to an upright microscope (BX61WI, Olympus). A water
immersion objective 40 x (Olympus) with a working distance of
3.3 mm, and a numerical aperture 0.80 was used for imaging.
The imaging process was controlled by software custom-written
in LabVIEW.

2.1.3  Simultaneous recording of calcium fluorescence
transients and AP train

To compare the real with the reconstructed AP train of a single
neuron, neuronal calcium fluorescence transients and AP firing
were recorded simultaneously. Calcium fluorescence transients
was expressed as AF/F = (F-Fy)/Fy, where Fy is the resting
calcium fluorescence signal, and F are the calcium fluorescence
intensities. In this paper, the dwelling time of each region of
interest (ROI) is 250 ws, and four ROIs were preselected, so
the random access sampling rate is 1 kHz. Whole-cell patch
recording was obtained to monitor membrane voltage of neu-
rons using a patch clamp amplifier (EPC-9, HEKA). Recording
pipettes were routinely filled with a solution containing (in mM)
125 K-gluconate, 15 KCl, 10 Hepes, 4 MgCl,, 3 Mg-ATP,
0.3 Na-GTP, 10 Na,-phosphocreatine, 0.2 EGTA; and 100 uM
Fluo-5F (pH 7.3 with KOH, 290 to 300 mOsm). Signals were
sampled at 10 kHz by the amplifier system.

2.2 Reconstructing Neuronal AP Train

The MSF_TC algorithm contains three steps. The first step is the
extraction of the template, which is then used in the following
two steps. The AP train candidates are generated in the second
step. Last, through template convolution, the optimal AP train
is confirmed and regarded as the reconstruction results.

2.2.1 Extraction of the template

The template extraction is primarily based on the fact that
the calcium wave triggered by single AP remains almost
unchanged.?>3* Thus, 10 to 20 calcium waves from individ-
ual calcium fluorescence transients are aligned at the time when
they are ascending most rapidly, and then averaged. The aver-
aged trace is then regarded as the template. For demonstration
in Figs. 1(d) to 1(g) a template is used to be convoluted with the
AP train. Note that the value of the template baseline should be
rectified to zero.

2.2.2 AP train candidates generation

In this step, identification of a valid calcium fluorescence tran-
sient and the extraction of its rising duration are necessary.
The 10- and 100-Hz low-pass Butterworth filtered calcium flu-
orescence transients sampled at 1 kHz were used to identify a
valid signal and reconstruct the AP train, respectively, as shown
in Figs. 1(a) and 1(b). The number of zeros and poles in the
Butterworth filter were set to be 3 and 10, respectively, at all
times. The rising and decay duration triggered by a single AP
firing usually last hundreds of milliseconds. Using the 10-Hz
low-pass filter, the AP firing and corresponding rising durations
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Fig. 1 MSF_TC algorithm for AP train reconstruction. (a) calcium fluorescence transients after 10- and 100-Hz low-pass filtering, respectively. (b)
Identify the valid calcium fluorescence transient and extract its rising duration [the box in (b)]. (c) The extracted rising duration (middle) corresponds
to 5 APs (top), and the predicted APs firing at the peak of the differential of the rising duration of the calcium waves, as indicated by the arrows
(bottom). Note that the peak should be more than the given threshold (horizontal line in the bottom panel). Five predicted APs can generate 32
AP train candidates according to Eq. (4). (d) and (f) Two of 32 AP train candidates that convolved with the template and simulated signals were
generated. The AP train is regarded as a reconstructed AP train, which corresponds to the simulated signal that has the most similar real signal. Based

on this, the AP train in (d) is the reconstructed AP train rather than that in (f).

are easily identified. The identified arising duration, the adjacent
decay duration, and the following 500-ms duration consist of a
part of the calcium fluorescence transients [Fig. 1(b)], the time
interval of which corresponds to the 100-Hz filtered signal. The
corresponding signal is used to reconstruct the AP train, which is
mostly based on the consideration that the rising duration trigged
by two APs firing at a 25-ms interval can still be completely sep-
arated [Fig. 1(c)] using a 100-Hz low-pass filter. Accordingly,
MSF_TC can successfully identify APs firing at frequencies up
to 40 Hz from the calcium fluorescence transients.

As indicated in the box in Fig. 1(b) and the middle panel
of Fig. 1(c), the extracted rising duration p(¢) t € [#;,t; 4 1 + 2]
from the identified valid signal could meet the following
criteria:

p(tiv1) — p(;) > thr, ey

P(tivi42m) < max[p(tiyzyom), Plitstom), Ptitr4om)]

m=0,1,..., k—1, 2)

P(ivivor) > max [p (fiv1420) 5 p (Givssa) » P Givv20)],  (3)

where #; is the time corresponding to the peak or valley value
p(t;), and thr denotes the threshold determined by clustering for
the amplitudes of the noise and the calcium waves triggered by
a single AP. A suitable setting is 0.6 to 0.7 times the ampli-
tude of the template. The times [¢, f,,..., #], indicated by the
arrows in the bottom panel of Fig. 1(c), correspond to the peaks
of the differential of the extracted rising duration [Fig. 1(c),
middle], and the peak values are larger than the standard devia-
tion of the differential signal [horizontal line in Fig. 1(c), bottom
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panel]. These times are used to generate AP train candidates,
as follows:

lor2 t=mn
li(t)={00orl t=1G>1), @)
0 otherwise

where £,(¢) is a candidate of AP train, s = 1, 2,..., 2. Here,
£y(t;) =1 means that single AP fires at time #;. Note that
£4(t;) = 2 represents a special AP burst firing pattern that two
AP fire at an about 10-ms time interval and their waves are not
completely separated. This usually happens at the beginning of
the burst.>*3

2.2.3 Template convolution

The AP candidate train £,(#) was convolved with the template to
get the corresponding simulating signal f,(7). As shown in Figs.
1(d) and 1(e), the simulated signal [solid line in the Fig. 1(e)]
was obtained by convoluting the AP train candidate containing
five APs [Fig. 1(d)] with the template. The difference between
the simulated signal f,(f) and the extracted rising duration p(¢)
t € [t ti+ 1 +2¢] is measured by the Euclidean distance shown in

ky = ml_in {norm [p[t,t+AtJ» Sfs@, i+ At)]} : ®)

The minimum value k," indicates that the simulating signal f," (¢)
is the most similar to the rising duration. Thus, the AP train £ (z)
corresponding to f;"(f) is regarded as reconstructed AP train. As
illustrated in Figs. 1(d) through 1(g), the AP train candidate in
Fig. 1(d) is more suitable to represent the real AP train than that

in Fig. 1(f).
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3 Results

The MSF_TC algorithm was applied to eight pieces of experi-
mental data from four different cells. They are 300 s long and
sampled at a 1-kHz frequency. The template of any trace was
extracted from the individual data sets. The difference between
the reconstructed and real AP trains reflecting the efficiency of
the MSF_TC algorithm was weighed with false positive rates
and event detection rates.

In Fig. 2(a), the data set 1 (top) contains 301 APs, and the
visual comparison of real (middle) and reconstruction (bottom)
AP train indicated that no difference between them exists. In
this case, the false positive rate and the event detection rate were
6 to 11 and 94 to 95%, respectively, when the threshold was set
to be 0.6 to 0.7 times the amplitude of the template, as indicted
in Figs. 2(e) and 2(f) (labeled the number 1 on the x axis). As
shown in Figs. 2(e) and 2(f), the reconstruction results from
the other seven pieces of data were similar with that already
considered.

We also measured the time precision of the AP train recon-
struction by comparing it with the real AP train. The absolute
error of AP firing estimated timing and real timing distributed
over the 0- to 10-ms interval was more than 90% [Fig. 2(b)].
The standard deviation of the absolute errors was less than 7 ms
for data set 1, and was also suitable for the other seven data sets
[Fig. 2(2)].

To show the ability of the MSF_TC algorithm to reconstruct
the burst firing, a histogram of the inter-AP interval (ISI) less
than 1000 ms was given by analyzing data set 1 [Fig. 2(c)].
From the histogram, we can conclude that high-frequency and
short-duration firing are common patterns in our data set. For
further verification, ISI distribution from eight AP trains was
also given and ISIs less than 50 ms held 30% [Fig. 2(h)]. In
addition, a part of calcium fluorescence transient triggered by a
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burst firing is shown in Fig. 2(d). During the AP burst firing, the
rising duration generated by individual AP obviously changes,
which heavily hinders the reconstruction of AP train using some
characteristics of a calcium fluorescence transient, such as its
rising amplitude and the amplitude variance. Considered from
the reconstruction results and our data set features, the MSF_TC
algorithm can effectively identify an individual AP from a burst.

To test the robustness of the MSF_TC algorithm against the
threshold, a 10% change in the threshold was applied, namely,
the threshold increasing from 0.6 to 0.7 times of the amplitude
of the template. The false positive rate (FPR) and the event de-
tection rate (EVR) were increased and decreased by an average
of about 3%, respectively [Figs. 2(e) and 2(f)].

We compared the reconstruction performance of the
MSF_TC algorithm with that of two other typical methods, tem-
plate matching?>?* and the deconvolution method’ (Table 1).
The calculations, including parameter selection, were carried
out in accordance with previous work.”?%23 For MSF_TC, the
threshold value was set to 0.7 times the amplitude of the tem-
plate. Low EDRs demonstrate that the template matching is
unsuitable for reconstructing the neuronal burst firing. For the
deconvolution method, the effective results are strongly depen-
dent on the high SNR. For example, the SNRs of data sets 1 to
4 are about a range of from 2 to 2.5; in contrast, the data set 6
reaches 4. Therefore, compared with the deconvolution method,
the MSF_TC algorithm could provide effective results from the
calcium transients even with a relatively low SNR.

4 Discussion and Conclusions

As already noted, the neuronal bursts firings are extremely
important for information encoding. We proposed a simple
method to reconstruct an AP train from the calcium fluorescence
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Fig. 2 Capability of MSF_TC algorithm in AP train reconstruction: (a) calcium fluorescence transients (top), the corresponding real (Middle) and
reconstructed (bottom) AP trains; (b) histogram of the difference between AP firing reconstruction and real timing obtained by analyzing data set in (a);
(c) ISI distribution from the actual AP train [middle panel in (a)]; and (d) burst AP firing corresponding calcium fluorescence, real and reconstructed
AP train. For an eight-data-set analysis, a 10% change of the threshold influenced by (e) the false positive rate and (f) the event detection. (g) plot of
the standard deviation of the absolute error between real and reconstructed AP timings and (h) ISI distribution for eight real AP trains.
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Table 1 MSF_TC algorithm compared with template matching and
the deconvolution method.

MSF_TC

Algorithm Template Matching Deconvolution
Data
Set FPR (%) EDR (%) FPR (%) EDR (%) FPR (%) EDR (%)
1 6 95 18 38 2 65
2 7 99 28 70 6 67
3 4 94 30 70 7 70
4 4 89 37 75 8 83
5 0 91 25 74 17 100
6 2 92 19 33 5 98
7 6 98 12 44 3 93
8 3 91 18 43 20 100

transients that is suitable for even neuronal burst firing. By the
multiscale filter application and valid calcium identification, the
influence of long-duration noise on the reconstruction result is
eliminated to a large extent. Furthermore, the simulation signals
generated by the convolution of AP train candidates with the
template can provide many patterns to match neuronal burst fir-
ing. These procedures guarantee the reliability and effectiveness
of the MSF_TC algorithm in the analysis of the data sets.

Note that the method requires a proper template, so acquiring
the template is an important procedure. Calcium fluorescence
transients induced by a single AP is an all or nothing process.*®
In addition, the model for computing calcium dynamics demon-
strates that the amplitude of the calcium fluorescence transient
is almost constant.?! Therefore, the template can be success-
fully obtained by extracting and averaging the calcium traces
generated by a single AP.

In the MSF_TC algorithm, multiscale filters are adopted. The
scale selection is determined by the sum of the rise and decay
duration formed by single AP firing and the noise type. There
is a significant difference between the AP firing and no AP
firing, corresponding to a 10-Hz low-pass-filtered calcium fluo-
rescence transient. Thus, identifying valid calcium fluorescence
is easy and the threshold is not discussed. In addition, properly
increasing the length of the valid calcium fluorescence transient
prevents missing the APs, whose firings lead to calcium wave
part separations. Obviously, identifying an individual AP from a
burst is impossible using the 10-Hz filtered signal. To resolve the
rising durations triggered by two APs with 25-ms firing inter-
vals, that is, the two rising durations are completely separate—
100-Hz low-pass filters were properly selected, as verified by
our results. Note that, in part of our data sets, the occurrence
of two APs with an interval of 20 ms can cause the complete
separation of the rising duration. As a result, the APs firing at a
50-Hz frequency from a burst were successfully identified.

Compared with other typical methods, i.e., template
matching®? and the deconvolution method,” the results illus-
trate that MSF_TC algorithm is superior to these two meth-

Journal of Biomedical Optics

066002-5

ods. The reason may be as follows: many of the burst firings
corresponding to the calcium fluorescence transients lead the
template matching to have a low efficacy and an outstanding per-
formance of the deconvolution method is strongly dependent on
a high SNR. For sparse AP firing, the MSF_TC algorithm is still
inferior to template matching, because it chooses only the char-
acteristics of the rising duration that identify an individual AP
from a burst firing. Furthermore, like the other methods,? 2930
the MSF_TC algorithm can not provide the AP firing rate when
the rising durations are not separated. Properly use of decay du-
ration may enhance the efficiency of identifying individual APs
from a burst firing.

In summary, according to the characteristics of the data sets
from our optical system, a reliable method was designed to re-
construct AP trains from calcium fluorescence transients. The
results showed that the MSF_TC algorithm has a perfect perfor-
mance in revealing an individual AP from calcium fluorescence
transients corresponding to a burst firing, which should be ben-
eficial for further deciphering neuronal circuits with a higher
temporal resolution.
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