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Single spike detection with a genetic calcium sensor
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Although genetically encoded calcium probes have started to be used in thelive
recording of neuronal activity, their low sensitivity and expression levels have
not allowed the detection of single action potentials. Recently, Wallace et al.
over came this consider able problem by delivering the sensor protein D3cpv
using an adeno-associated viral vector.

The brain exertsits high-order function through the dynamic interactions of myriad
neurons. Individual neurons work as functional elements within atopologically
defined network. The mechanisms underlying the neural information processing,
however, have not been fully elucidated, principally due to the experimental
difficulty in monitoring large neuronal populations at the single cell resolution for
long periods. To solve this problem, fluorescent calcium indicator proteins (FCIPs),
I.e., genetically encoded reporters which alter their fluorescent propertiesin
response to an increase in calcium ion activities, have recently been employed [1].
In neurons where the FCIP gene has been introduced under the downstream
influence of an appropriate promoter, spike activity may be captured as achangein
fluorescence intensity, as action potentials evoke transient calcium elevations
through an activation of voltage-sensitive calcium channels. In arecent report [2],
an experimental group has fine-tuned the properties of FCIP and enhanced its
expression level in order to reliably detect single spikes within both in vitro and in
Vivo preparations.
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FCIPs have significant advantages over chemically synthesized fluorescent
indicators such as fura-2, fluo-4, or Oregon green. First, once sensor genes are
introduced into neurons, for example in transgenic animals, the stable expression of
the sensor proteins allows long-term recording from individual neurons, whereas
with chemical dyesit isimpractical to monitor the activity of the same neurons over
days or weeks. More critically, widely used chemical indicators tend to decrease
their loading efficiency in mature neural tissues, and hence experiments employing
adult animal brains prove virtually impossible to record activity from in many cases.
Another advantage of FCIPs s the ability to attain specific expression within certain
types of cells or tissues under the control of appropriate promoters. Indeed, in a
recent report TN-XXL, anovel FCIP, was introduced into neurons within the mouse
visual cortex, and the same identical neurons were repetitively recorded from for a
couple of weeks[3].

FCIPs are classified into two types, based on their structure and principles of
operation, namely (i) single fluorescent protein-based sensors, and (ii) fluorescence
resonance energy transfer (FRET)-based sensors [1]. Both types of FCIPs employ
green fluorescent protein (GFP) or its derivatives to serve as a fluorescence emitter
and use a core peptide of calcium-binding proteins, including calmodulin (CaM)
and Toroponin C, to function as calcium detectors (Figure 1).

Thefirst FCIP group (i) includes a set of G-CaM Ps that absorb blue light and emit
green fluorescence. In G-CaMPs, a circular permutated enhanced GFP (cpEGFP)
moleculeislinked to CaM and the M 13 fragment of myosin light chain kinase.
Calcium binding to the CaM moiety triggers the interaction between CaM and M 13
domains and thereby changes the three-dimensional conformation of cpEGFP,
resulting in a~5-fold increase in fluorescence. In G-CaMPL.6, the brightnessis
augmented by point mutations within G-CaMP [4], and the stability at body
temperature is enhanced in G-CaMP2 [5, 6].
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Figure 1. Schematic ar chitecture of fluorescent calcium indicator proteins (FCIPs). A. The
structure of G-CaMP, which consists of circularly permutated enhanced GFP (cpEGFP), CaM,
and itstarget peptide M13. B. (1) The structure of yellow chameleon, a FRET-based sensor. In
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the absence of calcium ions, the donor CFP mainly generates fluorescence, whereas in the
presence of calcium ions, the binding of CaM to M 13 augments the FRET efficiency between
CFP and Y FP, and the acceptor Y FP increases in fluorescence. (2) Structure of D3cpV. The
FRET efficiency and the signal-to-noise ratio are both improved, as compared to yellow
cameleon.

The second FCIP group (ii) includes cameleon and yellow cameleon. Genetic
modifications of GFP produced a variety of useful fluorescent mutants, such as blue
fluorescent protein (BFP), cyan fluorescent protein (CFP), and yellow fluorescent
protein (Y FP). Cameleon is the first FRET-based protein sensor, binding BFP and
GFPviaalinker of CaM and M13 [7]. Following cameleon, yellow cameleon was
developed by replacing chameleon’s BFP and GFP with CFP and Y FP, respectively
[8]. Binding to calcium ions changes the direction and distance between two
fluorescent groups, leading to an increase of the FRET efficiency. The increased
energy transition from the excited donor CFP to the acceptor Y FP resultsin arise of
the fluorescence intensity. A core advantage of FRET isthe capacity for ratiometric
Imaging at different wavelengths, which enables relatively stable and highly
sengitive calcium detection even within gradually photobleached or shape-changing
samples. Various combinations of donor and acceptor proteins have been designed
to produce different levels of fluorescence intensity. Calcium sensor parts have also
been improved to attain higher stability against changes in temperature or pH, and
to reduce undesirable interactions with other endogenous molecules,

The sensor D3cpv is one of these improved FRET-based sensors. In a previous
study, the precise locations of several point mutationsin M 13 were computationally
determined to suppress its interaction with endogenous CaM [9]. Among these
candidates, the so-called design |11 was adopted in D3cpv. To obtain FRET, two
tails of D3cpv were fused to enhanced CFP and circularly permutated Venus. Due to
itsrelatively high affinity to calcium ions, D3cpv isresponsive to arelatively small
change in the concentration of free calcium, such that it detects spontaneous spike
activity within hippocampal neuronsin vitro, but was still however unable to detect
single spikes, due to alack of sensitivity.

In order to enable the detection of single spikes, the authors tried to increase the
expression level of this sensor protein. They used recombinant adeno-associated
virus (rAAVs) to introduce the D3cpV gene. TherAAV system is known to bring
about high protein expression levels with little resulting damage to the infected cells
[10]. The authors used the rAAV gene delivery technigue and succeeded in
detecting single spike activity with high fidelity in both hippocampal pyramidal
cellsin vitro and somatosensory cortex in vivo. They also combined this technique
with the tetracycline promoter system to further enhance the expression level. This
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gene expression system seems to work well, especially in somein vitro
experiments.

However, at present the FRET kinetics of D3cpv are not fast enough to separate
individual spikes at firing frequencies greater than 1 Hz. Thus, the sensor needs to
be further improved so as to display more rapid, temporally defined responses to the
calcium fluctuations which arise from individual action potentials. Nonetheless, this
new optical system, which offers single spike sensitivity, isalready proving a
promising tool for the recording of network activity in large populations of defined
neurons over long time intervals at a cellular level and fine temporal resolution.
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