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Abstract  

Low-affinity fluorescent indicators for Ca2+ or Na+ allow measuring the dynamics of intracellular 

concentration of these ions with little perturbation from physiological conditions because they are weak 

buffers. When using synthetic indicators, which are small molecules with fast kinetics, it is also possible 

to extract spatial and temporal information on the sources of ion transients, their localization, and their 

disposition. This review examines these important aspects, from the biophysical point of view, and how 

they have been recently exploited in neurophysiological studies. We first analyze the environment where 

Ca2+ and Na+ indicators are inserted, highlighting the interpretation of the two different signals. Then, we 

address the information that can be obtained by analyzing the rising phase and the falling phase of the 

Ca2+ and Na+ transients evoked by different stimuli, focusing on the kinetics of ionic currents and on the 

spatial interpretation of these measurements, especially on events in axons and dendritic spines. Finally, 

we suggest how Ca2+ or Na+ imaging using low-affinity synthetic fluorescent indicators can be exploited 

in future fundamental or applied research.              

              

  



Introduction  

In the last decades, optical recordings of intracellular transients of Ca2+ [21] and Na+ [63] 

concentrations have been extensively used to investigate neuronal activity. With the notable exception of 

Ca2+ transients mediated by Ca2+ release from intracellular stores [9], neuronal Ca2+ and Na+ signals are 

mediated by ion influx through the plasma membrane either associated with electrical events or with the 

activation of receptors. In the first case, the major sources of ion influx are voltage-gated Ca2+ channels 

(VGCCs) and voltage-gated Na+ channels (VGNCs), which are members of the voltage-gated ion 

channel superfamily [78]. The most common examples are the Ca2+ and Na+ transients associated with 

action potentials (APs). In the second case, the major sources of ion influx are diverse ligand-gated 

cation channels with various permeabilities to Ca2+ and Na+ [58], but other cation channels such as 

transient receptor potential channels [77] can also contribute to Ca2+ and Na+ influx. Thus, local Ca2+ and 

Na+ transients are often associated with specific neuronal events.  

Optical recordings of Ca2+ or Na+ concentration changes are ultimately indirect measurements of the 

fluorescence of an indicator, which is a molecule that binds to the ion and changes its photon absorption 

and emission. While this molecule can be a genetically encoded protein [41], organic indicators are still 

widely used since they can reveal information that would not be available otherwise [64]. In all cases, the 

biophysical challenge consists in extracting, from this indirect measurement, the physiologically relevant 

information. Practical and functional considerations have been addressed in the literature, for instance, 

to interpret Ca2+ imaging data in small neuronal compartments in brain slices [26] or in vivo [5]. The 

ability of Ca2+ and Na+ recordings to dissect the origin and kinetics of diverse ion channels, as well as the 

dynamics of the ions and their interaction with the native environment, depends on the spatial and 

temporal resolution of the imaging techniques utilized in the experiments. Recent work performed in 

individual neurons in brain slices, filled with ion indicators through somatic patch clamp recordings, 

exploit the high spatial and temporal resolution of camera imaging to extract quantitative information on 

ion channels and intracellular processes triggered by ion influx in several neuronal compartments, 

including synaptic spines [50,51,53,75], neuronal dendrites [1,2,6,30,31,60] and axons 

[8,19,20,24,36,40,65,73].  The aim of this article is to review the biophysical aspects that were 

considered in these studies to unravel the native molecular dynamics occurring in neuronal 

compartments.   

 

Biophysical environment of Ca 2+ and Na+ fluorescence measurements  

When loading a neuron with a Ca2+ or a Na+ indicator, the first element to be considered is the 

perturbation to the physiological signaling conditions that is caused by the introduction of the exogenous 

buffer. In the case of Ca2+ indicators, a distinction is made between high-affinity and low-affinity 

indicators [59], the first group having an equilibrium constant (KD) <1 µM and the second group a KD > 10 

µM. The distinction is normally made with respect to the endogenous Ca2+ buffer of the cells that can be 

highly variable [45]. In the case of Na+ indicators [46], there are only two useful compounds, and they 

have KDs in the millimolar range and their buffering is negligible in physiological conditions. Thus, Na+ 

dyes can be always considered low-affinity indicators. If the dye is introduced into the cell at known 



concentration by establishing a whole cell patch clamp recording, the electrical activity at the electrode 

site can be correlated with the ion signal and the total concentration of the indicator is that in the pipette 

solution after diffusional equilibrium [7].  

As shown in the scheme of Fig.1, while the loading procedure is identical for Ca2+ and Na+ indicators, 

the biophysical conditions for Ca2+ and Na+ transients are different. In the case of Ca2+, the concentration 

gradient of the free ion between the intracellular and the extracellular spaces is several orders of 

magnitudes, from nominally 0 (<100 nM) in the cytosol to 1-2 mM outside the cell. Indeed, intracellular 

Ca2+ is buffered by diverse Ca2+-binding proteins that determine the endogenous buffering capacity, 

defined as the ratio between the bound and free Ca2+. The endogenous buffer capacity varies from cell 

to cell, but also within different compartments of the same cell [45]. In CA1 hippocampal pyramidal 

neurons, for instance, the endogenous buffering capacity may vary from ~20 in dendritic spines [67] to 

~200 in dendritic bulks [25]. In the dendrites of cerebellar Purkinje neurons, it can reach values of ~2000 

[16]. Loading a cell with a Ca2+ indicator increases the total buffering capacity by a factor that is given by 

the ratio between the dye concentration and its KD. For low-affinity Ca2+ indicators with KD = 10-50 µM at 

concentrations of 0.15-2 mM, the additional buffering capacity may range between 3 and 200, a value 

that can be either smaller or larger than the endogenous buffering capacity. At this point, the short (1-20 

ms) opening of Ca2+ channels produces a Ca2+ influx that transitorily and locally increases the 

intracellular total Ca2+ concentration to values that typically range between 10 µM to 100 µM, although 

larger transients can be potentially reached with longer time windows. Of these Ca2+ ions, only a very 

small fraction remains free whereas the rest binds to membrane proteins (immobile buffer), to cytosolic 

proteins (mobile buffer) and to the dye (Fig.1). Notably, since the total Ca2+ influx is normally limited to 

≤100 µM, loading the cell with any Ca2+ indicator at concentrations ≥500 µM prevents dye saturation 

since less than 20% of the dye is bound to Ca2+ following a Ca2+ transient. After a Ca2+ transient has 

reached a maximal value, the initial cytoplasmic Ca2+ concentration is eventually restored by extrusion 

through multiple Ca2+ pumps [44].  

In the case of Na+, the concentration gradient between the intracellular and the extracellular spaces is 

of the order of 10, from a few millimolar in the cytosol to >100 mM outside the cell, leading to a smaller 

driving force for Na+ with respect to Ca2+. Commercial Na+ indicators SBFI and ANG-2 (or ING-2) have 

KD measured in cuvettes of 7.4 mM [46] and 8.3 mM [61] respectively, but higher values were obtained 

in measurements that were performed in neurons [50,63]. The low affinity of these indicators guarantees 

that the fluorescence change is linearly related to the change in ion concentration. Thus, only a fraction 

of Na+ is sequestrated by the dye and the concentration of the free dye is always higher than that of the 

bound dye. Notably, since Na+ is either free or bound to dye, the accurate measurement of the fractional 

change of fluorescence can be translated to quantitative estimates of the bound and free Na+ 

concentrations after correcting for background fluorescence [18]. As an example, in the case of an AP in 

the axon initial segment (AIS) of the neocortical layer-5 (L5) pyramidal neuron, the transient opening of 

Na+ channels produces local Na+ influx that increases the intracellular Na+ concentration by 0.7-1.4 mM 

[18,20,40]. Since only a fraction of this Na+ binds to the dye and there is no significant endogenous Na+ 

buffer, the majority of this ion which remains free equilibrates in the cytoplasm by diffusion [20,51,52] 

and it is finally extruded by Na+ pumps to restore the initial condition [35].  



 

 

Figure 1 . Recording conditions in Ca2+ and Na+ imaging. The 

indicated extracellular and intracellular Ca2+ and Na+ 

concentrations are those of the solutions used in Canepari’s 

laboratory. In Ca2+ recordings (top), Ca2+ ions entering the cell 

bind to the immobile buffer (membrane proteins), to the mobile 

buffer (cytosolic proteins) and to the dye. Free Ca2+ is 

negligible with respect to bound Ca2+. Free dye is higher than 

bound dye when using a low-affinity indicator. In Na+ 

recordings (bottom), mM Na+ entering the cell (estimated for an 

AP in the AIS of L5 pyramidal neurons) binds to the dye only. 

Free Na+ and free dye are higher than bound dye.         

 
Spatial and temporal interpretation of Ca 2+ and Na+ fluorescence signals  

Considering ion-binding kinetics and diffusion, in addition to the general biophysical conditions 

described in the previous paragraph, allows the interpretation of the spatial and temporal aspects of Ca2+ 

and Na+ fluorescence signals. Fig.2A shows an example of a localized ion source where influx occurs in 

a small protrusion, which can be, for instance, a synaptic terminal or a dendritic spine. In the case of 

Ca2+, ions bind to a mobile buffer and indicator and both bound species can diffuse away from the 

protrusion and equilibrate in the bulk. This means that the presence of the indicator may facilitate Ca2+ 

transport and that a delayed fluorescent transient can be in principle detected outside the protrusion 

[43,66]. Both phenomena critically depend on the affinity of the indicator. Whereas high-affinity indicators 

can transport Ca2+ for longer distances producing fluorescent transients several microns away from the 

cell membrane [12], Ca2+ bound to low-affinity indicators equilibrates with unbound buffers close to the 

source and signals can be localized in small domains [13]. In the case of Na+, in contrast, most ions 

remain free and rapidly diffuse outside the protrusion [20,50]. This means that fluorescent transients 

rapidly decay from the localized source and fluorescence signals can be detected at the adjacent sites of 

the bulk cytoplasm. The spatial uniformity of the ion source, together with the kinetics of diffusion, have 

important consequences when analyzing the time course of fluorescence signals, as illustrated in Fig.2B. 

In the case of Ca2+, whereas the KON of the dye is very fast, being limited only by diffusion of this 

relatively small molecule [34], the cooperative binding to mobile proteins such as parvalbumin [39], 

calbindin [54] and calretinin [15] is governed by complex kinetics leading to slower equilibration. Thus, on 

a fast time scale, Ca2+ can initially bind to dye and afterwards can be sequestered by an endogenous 

protein. This mechanism, which is responsible for fast decay of the fluorescence signal in cerebellar 

Purkinje neurons following the activation of the climbing fiber [47], can occur also when Ca2+ influx is 

spatially uniform. In the case of Na+, in contrast, the concentration of the free ion equilibrates very rapidly 

in space with a diffusion coefficient <1 µm2·ms–1 [38], potentially leading to fast decay of fluorescence 

signals at the site of initial Na+ accumulation if Na+ influx is not spatially uniform [18,20,40,50,52,73]. The 

two processes of Ca2+ sequestration and Na+ diffusion, which depend on the biochemical composition of 

the endogenous Ca2+ buffer and on the spatial organization of the ion sources respectively, are 



responsible for the early part of the falling phase of the ion fluorescence signals. The time scale of these 

two mechanisms may overlap with the time window of ion entry. In the second case, i.e. when the time-

window of ion influx precedes the mechanisms responsible for ion decay, the kinetics of the rising phase 

of the fluorescence signal and that of the ionic current are linearly correlated when the indicator is far 

from being saturated. Thus, the time course of the fluorescence signal is linear with the integral of the ion 

influx in the time scale of the equilibration of the ion-dye binding reaction. In the opposite case, i.e. when 

the buffer-dye sequestration processes for Ca2+ or the spatial equilibration of Na+ (see [73]) begin in the 

time-window of the ion influx, the linearity between the rising phase of the fluorescence signal and the 

ionic current is compromised. Fig.2C shows the time-course of fluorescence signals obtained from 

computer simulations using the algorithms reported in [3]. If Ca2+ sequestration or Na+ diffusion are 

neglected, the time-derivative of the fluorescence signals match the kinetics of the Ca2+ or the Na+ 

current. In contrast, if Ca2+ sequestration or Na+ diffusion are not negligible, the resulting fast decay of 

the fluorescence signals leads to negative components of the respective time-derivatives that 

consequently do not match the kinetics of the Ca2+ or Na+ current.     

 

 

Figure 2 . Spatial and temporal development of Ca2+ and Na+ 

fluorescence signals. (A) Spatial development of ion signals 

generated at a protrusion. In Ca2+ recordings (left), Ca2+-bound 

mobile buffer and dye can diffuse outside the protrusion and 

equilibrate in the bulk. In Na+ recordings (right), free and dye-

bound Na+ can diffuse outside the protrusion and equilibrate in 

the bulk. (B) Temporal development of ion signals. In Ca2+ 

recordings (left), intracellular Ca2+ elevated by the current ICa 

binds to dye and mobile buffer with different kinetics: Ca2+ initially 

bound to dye (top) is later sequestrated by buffer (bottom). In 

Na+ recordings (right), intracellular Na+ elevated by the current 

INa partially binds to dye (top) and later both free and bound Na+ 

diffuse away from the site of influx (bottom). (C) With respect to 

the scenarios in panel B, comparison between the kinetics of the 

currents (superimposed black traces) and those of the time-

derivatives of dye-bound transients from computer 

simulations. Top, in the absence of Ca2+ sequestration from dye 

to buffer (left), or Na+ diffusion (right), time-derivatives match 

currents. Bottom, with Ca2+ sequestration (left), or Na+ diffusion 

(right), time-derivatives don’t match currents.   

 

The rising phase of Ca 2+ and Na+ signals and the derivation of ionic currents in de ndrites and 

axons  

From the considerations reported in the previous paragraph it follows that Ca2+ and Na+ signals are 

characterized by two temporal phases: (1) a rising phase dominated by the ion influx and (2) a falling 

phase dominated by diffusion, buffer sequestration and extrusion. The mechanisms underlying the two 

phases generally overlap and the end of the rising phase normally coincides with the beginning of the 



falling phase. In several cases, however, the end of the rising phase is characterized by the appearance 

of a brief plateau. Under this condition, the temporal overlap can be considered small enough to be 

neglected so that the slope of the early part of the rising phase of the signal is entirely governed by ion 

influx. In these cases, the kinetics of the ionic current can be extrapolated from the signal with temporal 

precision given by the relaxation time of the dye-ion reaction. 

Conventionally, ionic currents are measured using the patch clamp technique in voltage clamp mode 

[70], an approach that consists of maintaining the membrane potential (Vm) at the tip of an electrode at 

given values by injecting currents and then at measuring the additional current necessary to clamp the 

Vm when ion channels open or close. This approach is ideal for recording ionic currents from ion 

channels expressed in electrically uniform host systems [23], but it fails in native systems where the Vm 

is not uniform. In these cells, the kinetics of Ca2+ and Na+ currents at their sites of origin can be in 

principle derived from the analysis of the rising phase of fluorescence signals independently of the Vm, 

i.e. without artificially clamping the Vm at the site of the electrode. This quantitative approach was initially 

pioneered by Ogden et al. [57] and by Sabatini and Regehr [68] who estimated the kinetics of Ca2+ 

currents obtained in the axons of cerebellar granule cells using the time-derivative of fluorescence 

transients. The formal procedure to extrapolate the kinetics of the Ca2+ current was further developed by 

Jaafari et al. [32] in experiments on the apical dendrites of CA1 hippocampal pyramidal neurons from 

brain slices. Cells were filled with relatively high concentrations (1-2 mM) of the low-affinity Ca2+ indicator 

Oregon Green BAPTA-5N to obtain enough resting fluorescence when sampling at 20 kHz. In this 

preparation, as shown in the example of Fig.3A, the fluorescence increase associated with the back-

propagating AP (bAP) reaches a plateau that lasts for a few milliseconds after the end of the bAP. In this 

case, the kinetics of the Ca2+ current can be extracted by calculating the time-derivative of the 

fluorescence transient either filtered by a smoothing algorithm or fitted by a model function to obtain a 

noise-free estimate of the current [33]. As shown in Fig.3A, the Ca2+ current associated with the bAP in 

the apical dendrite of a pyramidal neuron peaks during the decay phase of the somatic AP, which 

reflects the delayed activation of VGCCs by the depolarizing waveform. Technically, although the 

kinetics of the Ca2+ current could be sampled at a few kilohertz, the highest possible acquisition rate was 

desirable in this measurement since the current extraction is the result of the calculation of a time 

derivative. Thus, the acquisition rate of 20 kHz was necessary to precisely reconstruct the kinetics of the 

Ca2+ currents associated with bAPs along the entire apical dendrite, and to link these currents to the 

diverse activated VGCCs [31].  

The same concept utilized to analyze the rising phase of Ca2+ transients applies to Na+ transients. In 

this case, however, the discriminating mechanism that separates the rising and the falling phases of the 

fluorescence transient is the diffusion of free Na+, as shown in the simulation of Fig.2C. Precisely, the 

extent to which free Na+ diffusion affects the Na+ transient at each individual site depends on the spatial 

arrangement of the Na+ influx and on the morphology of cellular compartments. In the case of the AIS of 

L5 pyramidal neurons, it was shown that the relatively long segment (~40 µm) where VGNCs are 

clustered and the conical shape of the structure ending in the cell body make the contribution of Na+ 

longitudinal diffusion small in the ~1 ms time scale [18], but the scenario is different in a Ranvier node 

[20]. This is the characteristic time scale of activation and inactivation of VGNCs. Thus, as shown in the 



example of Fig.3B, the Na+ current associated with the generating AP could be extracted by calculating 

the time-derivative of a fitted fluorescence transient recorded at 10 kHz. Notably, in contrast to the case 

of the Ca2+ current, the Na+ current could be calibrated in terms of pA/µm2 after converting the 

fluorescence change to Na+ concentration and estimating the surface/volume of the axonal compartment 

[18]. As shown in the example of Fig.3B, the largest and fastest component of the Na+ current peaks at 

the beginning of the rising phase of the somatic AP. This component, which is due to fast inactivating 

VGNCs [76], is a mark of the kinetics of VGNCs. This approach of extracting the Na+ current was later 

utilized to investigate in detail the current components of the two VGNC types expressed in L5 pyramidal 

neurons, namely Nav1.2 and Nav1.6 [19]. Interestingly, it was found that in the distal part of the AIS the 

Na+ current and Ca2+ current associated with an AP have similar kinetics since they both peak at the AP 

upstroke, in contrast to the proximal part of AIS where the kinetics of the two signals are different [36,40]. 

This phenomenon is due to the Ca2+ permeability of Nav1.2 [24], which determines a major component of 

Ca2+ current compared to the slower one mediated by VGCCs. Note, in that study, Na+ and Ca2+ 

measurements were obtained in separated recordings. Yet, simultaneous Na+ and Ca2+ measurements 

at high speed are achievable [49], potentially allowing the simultaneous extraction of Na+ and Ca2+ 

currents. 

 

 

Figure 3 . Examples of extraction of Ca2+ and Na+ currents 

from time-derivatives of fluorescence signals. (A) In Ca2+ 

recordings from an apical dendritic region of a CA1 

hippocampal pyramidal neuron filled with 2 mM OG5N, the 

fluorescence transient associated with a bAP is acquired at 

20 kHz (average of 9 trials). The time-derivative representing 

the Ca2+ current (ICa) is calculated either from the smoothed 

signal (blue trace) or from its fit (black trace superimposed). 

ICa, peaking during the somatic AP decay, is not calibrated. 

(B) In Na+ recordings from a site on the AIS of a L5 pyramidal 

neuron filled with 0.5 mM ING-2, the fluorescence transient 

associated with an AP is acquired at 10 kHz (average of 4 

trials. The time-derivative representing the Na+ current (INa) is 

calculated from its fit. INa, peaking at the beginning of the 

somatic AP upstroke, is calibrated in pA/µm2 after estimating 

the diameter of the AIS.   

 

The falling phase of Ca 2+ and Na+ signals in dendrites and axons  

The falling phase of evoked Ca2+ transients using low-affinity indicators varies depending on the cell 

type and location within the cell. In dendrites and axons, this decay phase is due to a combination of 

Ca2+ binding to endogenous buffers, membrane pumps, and Na+/Ca2+ exchangers. Diffusion of Ca2+, as 

a removal process, is not important in most cases, mainly because binding of Ca2+ to intracellular 

proteins and membranes slows diffusion by ~100 times compared to diffusion in water [38]. The falling 

phase of evoked Na+ transients often appears similar to that of evoked Ca2+ signals, but the underlying 



mechanisms are different. When Na+ concentration gradients are small as in the case of trains of bAPs 

in the dendrites, diffusion is not significant and removal of Na+ is by a membrane pump [63]. The decay 

time constant in the dendrites of pyramidal neurons following a train of 20 bAPs was about 6 s at 23 oC 

and was reduced to 1.7 s at 33 oC [63] indicating that a membrane pump was controlling the removal in 

this time frame. When large concentration gradients are generated, as in the case of APs propagation 

through nodes of Ranvier or the AIS, fast removal by diffusion to internode regions or to the soma 

becomes the dominant mechanism responsible for the falling phase. Half recovery time of Na+ transients 

in nodes is on the order of 5 ms and ouabain, a blocker of the Na+/K+-ATPase, has no effect on the fast 

recovery time (~0.3 s) of AP evoked sodium transients in the AIS [20]. 

In contrast to the scenarios where the falling phase negligibly overlaps with the rising phase of the 

Ca2+ transient (see previous paragraph), in other dendrites such as those of the cerebellar Purkinje 

neuron, the plateau is not observed. In this case, Ca2+ binds to Calbindin-D28k [4] and Parvalbumin [72] 

and the binding to Calbindin-D28k occurs within a few milliseconds or less (see the simulation of Fig.2C). 

This specific scenario was examined by Ait Ouares et al. [3], who showed that the dendritic Ca2+ current 

associated with a climbing fiber (CF) synaptic potential still could be estimated from the rising phase by 

de-convolution after analyzing the falling phase of the Ca2+ transient. Alternatively, the Ca2+-binding 

processes that are responsible for the falling phase of the Ca2+ transient can be integrated in NEURON 

simulations [28] to obtain a computational estimation of the Ca2+ current. This approach was used by Ait 

Ouares et al. [2] to precisely link the dendritic Ca2+ current at different initial Vm, associated with CF 

synaptic potentials, to T-type or to P/Q-type VGCCs. Specifically, a single-compartment model 

comprising diverse Ca2+ and K+ channels was built and parameters were optimized to match Vm and 

Ca2+ transients, obtained by combining Vm and Ca2+ imaging, and Ca2+ transients before and after the 

selective blockade of each individual ion channel type. In this way, it was found that T-type VGCCs are 

activated when the initial Vm is hyperpolarized (Vm < -75 mV) whereas P/Q-type VGCCs are activated 

when the initial Vm is depolarized (Vm > -55 mV). The precise characterization of the two VGCCs 

activated by the CF synaptic potential revealed the origin of the local supralinear Ca2+ signals, 

associated with paired parallel fiber (PF) and (CF) synaptic activity [1]. Specifically, it was found that 

Ca2+ influx triggered by activation of metabotropic glutamate receptors (mGluRs) and mediated by PF 

synaptic potentials, transiently saturates the endogenous buffer allowing an increase of the Ca2+ 

transient associated with the CF synaptic potential, regardless of the activated VGCC (T-type or P/Q-

type). mGluR1 boosting of the T-type VGCC [27] still could be detected suggesting that the initial Vm 

plays an important role in the way the cell processes incoming CF and PF inputs.   

 

Ca2+ and Na+ signals in dendritic spines  

The case of dendritic spines deserves particular attention since in this small compartment the ionic 

influx may localize over a surface < 1 µm2. The key requirements to resolve fast ionic transients from 

these small areas are: (1) the use of indicators that are non-buffering over the physiological 

concentration ranges activated by the stimuli (either bAPs or synaptic stimulation) and (2) the use of 

detector systems fast enough (500 kHz or higher) to follow the ionic signals. For Ca2+, very low 

concentrations of high affinity indicators (e.g. Oregon Green BAPTA-1, Magnesium-Green, or fluo-4) or 



higher concentrations of low affinity indicators (e.g. Oregon Green BAPTA-5F, fluo4-FF) were shown to 

accurately follow Ca2+ dynamics in spines. For Na+, the two popular indicators (SBFI and ING-2) both 

bind the ion with low affinity and follow spine and dendrite Na+ changes accurately at concentrations up 

to 2 mM. Popular detectors of spine signals are 2-photon systems in line scan mode and fast cameras 

(e.g. RedShirtImaging NeuroCCD-SMQ and SciMeasure DaVinci 2K CMOS). 

In dendritic spines, when the Ca2+ transient is evoked by a bAP, the rise time of Ca2+ signals was 

measured as <2ms using low affinity indicators and 2-photon detectors with 2 ms time resolution [67,69]. 

Slightly faster rise times (1.6 ms) were measured with Oregon Green BAPTA-5F and a camera with 0.5 

ms time resolution [51], similar to the rise time of AP calcium signals in the dendrites [32]. In contrast to 

Ca2+, the rise time of the bAP evoked Na+ signal in the spine could not be determined because the signal 

was too weak, probably because of the low density of Na+ channels at that location [42]. Whereas the 

rising phase of bAP-evoked ionic transients is governed by the kinetics of voltage-gated ion channels, 

the rising phase of synaptically activated Na+ and Ca2+ signals in pyramidal neuron spines involve 

additional factors, in particular, the kinetics of AMPA and NMDA receptors and their interactions. In 

principle, also mGluRs contribute, but their effect on the Na+ and Ca2+ spine signals appears to be 

insignificant when only one presynaptic spike is evoked. Synaptically activated Ca2+ signals in spines 

have been measured in many experiments (e.g. [10,11,22,29,37,55,56,79]), but rarely with low-affinity, 

non-buffering indicators. Synaptically activated Na+ signals have been measured in only a few 

experiments, starting with the work of Rose and Konnerth [62]. Only two efforts had the time resolution to 

accurately follow the spine Na+ transients [50,51]. Fig. 4 shows an example of bAP-activated and 

synaptically-activated Ca2+ and Na+ transients in the same spine. Whereas the synaptic Ca2+ signal 

primarily is mediated by NMDA receptors, the synaptic Na+ signal primarily is mediated by AMPA 

receptors. The rise times of both synaptically activated Na+ and Ca+ transients in spines are about 7-8 

ms [51], significantly slower than the rise times of bAP evoked signals. The different slope, compared to 

the bAP evoked signal, is mostly a reflection of the kinetics of the synaptically activated AMPA 

conductance which directly determines the rise time of the Na+ signal, and indirectly determines the rise 

time of the calcium signal through the removal of the Mg2+ block of NMDA receptors. The small 

contribution of VGCCs to the synaptically activated Ca2+ signal has about the same rise time since it is 

driven by the AMPA dominated excitatory postsynaptic potential [10,51]. The falling phase of bAP-

evoked Ca2+ signals in dendritic spines is fast (10-15 ms half decay times) as measured both with two-

photon systems and fast cameras [51,67]. This rapid decay is due to a combination of Ca2+ binding to 

endogenous buffers, membrane pumps, and Na+/Ca2+ exchangers [71], but the exact proportion of each 

mechanism is not clear. Diffusion of Ca2+ close to the sites of entry through membrane channels is 

important but has not been measured accurately. The importance of removal of Ca2+ from spines by 

diffusion following synaptic activation has been difficult to determine [43,71], in part because Ca2+ bound 

to the indicator diffuses faster than free Ca2+ diffuses. But current experiments suggest that it is not a 

significant removal mechanism [74]. The falling phase of synaptically activated Ca2+ transients in spines 

is slightly slower (~26 ms) than the falling phase of bAP evoked transients [51], probably because there 

is some Ca2+ entry through the NMDA receptor after the Mg2+ block recovers [10], and this entry 

counteracts the removal process. The decay time of synaptically activated Na+ transients in spines 



ranges between 10-60 ms and is almost entirely due to diffusion of Na+ from the spine to the dendrite. 

The variability in decay times probably reflects the variability of spine neck morphology, which also 

affects spine neck resistance. Similar to the determination of Ca2+ currents in axons from the derivative 

of the fluorescence transient, a measurement of the synaptically evoked Ca2+ current in spines can be 

calculated from the deconvolution of the evoked fluorescence transient [10,51]. In these experiments 

only an estimate of the time course of the current was made since the volume of a spine is much less 

than the volume of the axon segment used to calculate the Ca2+ current at that location, reducing the S/N 

of the measurement. Estimates of synaptically activated Na+ currents using this method have not been 

made, although it seems possible. Improvement in indicators or technology (see below) may lead to 

better assessments of these currents. 

 

 
Figure 4 . Comparison between Ca2+ and Na+ signals in dendritic spines evoked either by a bAP or by synaptic 

stimulation. On the left, fluorescence image of a dendritic segment with a spine outlined in red (top) and color-scale 

images of Ca2+ and Na+ signals(bottom) evoked by synaptic stimulation and localized on the spine. In the middle, 

Ca2+ and Na+ signals in the dendritic spine in response to a bAP, to synaptic stimulation or to both. The Na+ signals 

are shown downward because SBFI fluorescence is quenched by Na+. On the right, responses to the same stimuli 

after addition of 100 µM APV to block NMDA receptors, showing that the synaptic Ca2+ signal, but not the Na+ 

signal, was inhibited. The figure was reproduced from [51]. 

 

Discussion and perspectives 

The previous paragraphs present an overview of the information that can be obtained by performing 

Ca2+ and Na+ imaging with low-affinity indicators at high spatial and temporal resolution. While there is 

margin for improvement for better organic indicators, most current efforts are focused on genetically 

encoded indicators (GECIs). Although there have been great improvements in the speed of response 

and sensitivity of GECIs [80], the rise time and decay time of AP evoked transients, using these 

indicators, is still significantly slower than the responses with synthetic indicators. Also, there is no easy 

way of determining the concentration of GECIs in cells, which has a significant effect on the time course 



and amplitude of fluorescence transients. Therefore, as long as the application is focused on biophysical 

parameters and not on circuit studies in vivo, synthetic indicators are preferred. Unfortunately, there has 

been little recent effort to improve low affinity indicators, either for Ca2+ or for Na+, in terms of sensitivity 

(dynamic range) and brightness. Other technical ways for improvement can come from better detectors 

and light sources. The appropriate detector should have high quantum efficiency and high spatial and 

temporal resolution. Ideally, it should also be part of a system that rejects as much background 

fluorescence as possible. For instance, two-photon microscopes, because they reject out of focus light, 

are best at reducing background light, which is important for detecting signals from single cells in brain 

slices. However, individual spines located close to the slice can be often resolved by whole field 

illumination using CCD or CMOS cameras. For instance, the discontinued back-illuminated 

RedshirtImaging CCD-SMQ camera had very high quantum efficiency, low noise, and it could acquire 

frames at 2 kHz with 80x80 pixels resolution [50,51] or frames at 20 kHz with 4x26 pixels resolution 

[31,32]. The abilities of CCD technologies recently have been surpassed by CMOS cameras such as the 

SciMeasure DaVinci 2K that is capable of acquiring frames at 10 kHz with a 30x128 pixels resolution 

[18]. Currently, novel CMOS cameras with improved quantum efficiency and spatio-temporal resolution 

are commercially available offering significant opportunities for further advancing these types of 

fluorescence measurements. Notably, significant improvements in spatial resolution can be further 

achieved using spinning disk confocal systems [17] that reduce background light and have potentially 

better time resolution than 2-photon systems. An underappreciated parameter is the light source for 

exciting indicators. For many years arc lamps (mainly xenon) were used to activate fluorescence at the 

peak absorption wavelength using bandpass filters. An issue with these lamps is that they cannot be 

turned on and off rapidly, which requires the use of a mechanical shutter that limits the switching time to 

a few milliseconds. Thus, LEDs have recently replaced arc lamps in most systems because they can 

switch on and off in microseconds, eliminating the need for shutters, and they offer a wide selection of 

peak wavelengths at high intensity, which makes them adequate for most experiments. Diode lasers can 

also be switched on and off rapidly and high intensities can be reached in relatively cheap devices at 

some selected visible wavelengths. One factor, which has been found critical in some experiments 

[18,48], is that the narrow laser beam can be focused to a small spot, which reduces background 

fluorescence and lowers photodynamic damage. Future lasers, with a wider choice of wavelengths, 

should help the kinds of experiments discussed in this review. Finally, the techniques described in this 

review have been performed in a relatively low number of laboratories, sharing advanced expertise in 

optical techniques and electrophysiology. Up to now, this fact has limited the analysis of neuronal 

systems to a few cell types. Yet, an increase in the number of users would improve the detailed 

characterization of Ca2+ and Na+ signals in cell types that remain mainly unexplored. Another important 

potential future exploitation of these techniques is the study of ion channels, particularly in relation to 

channelopathies. As an example, rapid Ca2+ measurements in the AIS were used to characterize an 

animal model of autism caused by a point mutation of the VGNC Nav1.2, unraveling a critical change in 

Ca2+ permeability associated with this mutation [14]. In addition to this type of characterization, the 

optical methods presented in this review can be exploited in drug screening on brain slices since they 

can reveal with precision the effect of a potentially therapeutic molecule on the native system.      
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