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Abstract

Glutamatergic vesicles in hippocampal mossy fiber presynaptic boutons release 
zinc, which plays a modulatory role in synaptic activity and LTP. In this work, a 
fluorescence microscopy technique and the fluorescent probe for cytosolic zinc, 
Newport Green (NG), were applied, in a combined study of autofluorescence and 
zinc changes at the hippocampal mossy fiber-CA3 synaptic system. In particular, 
the dynamics of flavoprotein (FAD) autofluorescence signals, was compared to 
that of postsynaptic zinc signals, elicited both by high K+ (20 mM) and by tetra-
ethylammonium (TEA, 25 mM). The real zinc signals were obtained subtracting 
autofluorescence values, from corresponding total NG-fluorescence data. Both 
autofluorescence and zinc-related fluorescence were raised by high K+. In contrast, 
the same signals were reduced during TEA exposure. It is suggested that the ini-
tial outburst of TEA-evoked zinc release might activate ATP-sensitive K+ (KATP) 
channels, as part of a safeguard mechanism against excessive glutamatergic action. 
This would cause sustained inhibition of zinc signals and a more reduced mito-
chondrial state. In favor of the “KATP channel hypothesis”, the KATP channel blocker 
tolbutamide (250 μM) nearly suppressed the TEA-evoked fluorescence changes. It 
is concluded that recording autofluorescence from brain slices is essential for the 
accurate assessment of zinc signals and actions.

Keywords: autofluorescence, Newport Green, KATP channels, TEA, tolbutamide, 
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1. Introduction

Glutamatergic vesicles in hippocampal mossy fiber presynaptic boutons seques-
ter and actively release zinc together with glutamate [1, 2]. Once released, zinc dif-
fuses in the synaptic cleft and binds to specific sites mainly in the postsynaptic CA3 
neuronal membrane, crossing it via calcium-permeable glutamate receptors and 
voltage-dependent calcium channels (VDCCs) [3–8]. Thus, zinc plays significant 
modulatory roles in synaptic activity and possibly also in long-term potentiation 
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(LTP) [2, 9–12]. A negative feedback action at presynaptic sites seems also to occur, 
when released zinc activates the ATP-sensitive K+ (KATP) channels [13, 14], besides 
inhibiting VDCCs [15, 16] on the boutons. These processes are thought to protect 
synapses from excessive neurotransmitter release and, consequently, too much 
postsynaptic activity.

In previous studies, performed using intracellularly trapped fluorescent dyes as 
zinc probes, it has been shown that single and tetanic stimulation of mossy fibers 
evoke zinc release and postsynaptic intracellular zinc rises [17–19]. It has also been 
reported that the application of high external potassium concentrations elicits a 
strong depolarization in the cells [20, 21], as well as postsynaptic zinc enhance-
ments [22]. However, the application of intense tetanic stimulation caused a depres-
sion of zinc and glutamate release, which was reduced by the application of the KATP 
channel blocker tolbutamide [14]. Furthermore, in the presence of the potassium 
channel blocker tetraethylammonium (TEA), which induces a weaker depolariza-
tion in the mossy fiber region [23], the zinc signals were reversibly depressed being 
this depression also reduced by tolbutamide [24]. Since the depolarizing effect of 
KCl is stronger than that of TEA, it is expected that the increase of the synaptic 
activity will be more intense in the presence of KCl. The postsynaptic actions of zinc 
may not be limited to the membrane or the cytosol, as there is evidence that this 
cation is taken up by cell organelles including the endoplasmic reticulum and mito-
chondria [4, 25, 26]. Recording zinc probe fluorescence from slices is not devoid 
of artifacts. A potential problem is the tissue autofluorescence, which depends on 
the excitation wavelengths, which may arise from both NAD(P)H (near-UV) and 
flavoprotein-bound FAD (visible) [27–29]. In the present experiments, which were 
performed using the fluorescent zinc indicator Newport Green (NG), the prevailing 
contributor to autofluorescence was the FAD-linked fluorescence, since NG was 
excited with visible light. The redox couple FAD/FADH2 operates in the citric acid 
cycle and respiratory chain, and this autofluorescence component might originate 
mostly, if not exclusively from mitochondria [30–32]. Furthermore, dehydroge-
nases are calcium-sensitive [33], suggesting that FAD-linked autofluorescence 
might change following stimulation of hippocampal mossy fibers. Thus, an impor-
tant objective of this study was to determine whether mossy fiber autofluorescence 
might affect the zinc signals and, if so, to extract the real dynamics of the zinc 
signals from the total fluorescence recordings. Autofluorescence of mitochondrial 
origin reflects the metabolic activity of the cells. Therefore, carrying out parallel 
autofluorescence recordings offers the possibility of correlating the postsynaptic 
zinc dynamics of pyramidal CA3 neurons with changes in tissue metabolic activity.

2. Experimental procedures

All experiments were carried out in accordance with the Directive 2010/63/EU 
of the European Parliament and Council. In agreement with the Portuguese law, 
the animal care review committee is the Direção- Geral de Alimentação e Veterinária 
(DGAV). All efforts were made to minimize animal suffering and to use only the 
number of animals necessary to produce reliable scientific data.

The experiments were performed in the synaptic system mossy fibers-CA3 
pyramidal cells, using the brain of pregnant Wistar rat females (16–18 weeks old), 
kindly provided by the CNC (Center for Neurosciences) laboratory (as stated in the 
acknowledgments). The hippocampal slices were prepared as previously described 
[22, 24]. Briefly, after cervical dislocation, the isolated brain was rapidly cooled 
(5–8°C) in oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF), 
containing (in mM): NaCl 124; KCl 3.5; NaHCO3 24; NaH2PO4 1.25; MgCl2 2; CaCl2 
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2 and D-glucose 10, pH 7.4. Then, the hippocampus was separated and the slices 
(400 μm thick) were cut transversely and immersed in ACSF at room temperature. 
After a resting period of about 1 h, the slices were transferred to the experimental 
chamber and perfused with ACSF, at a rate of 1.5 to 2 ml/min, T = 30–32°C.

Autofluorescence measurements were carried out in slices immersed in ACSF 
or in the medium of interest. For the detection of zinc changes, the slices were 
incubated during one hour in an ACSF solution containing 5 μM of the permeant 
form of the fluorescent zinc indicator Newport Green (NG). The preparation of the 
solution was performed as follows: 1 mg of NG was dissolved in 250 μl of DMSO 
and then 5 μl of this mixture (DMSO + NG) were diluted in 5 ml of ACSF contain-
ing 5 μl of pluronic acid F-127. The indicator NG has a moderate affinity for zinc 
(Kd ~ 1 μM) and a relatively low affinity for calcium (Kd > 100 mM).

The fluorescence signals recorded from NG loaded slices contain an autofluores-
cence and a zinc-NG components. Having been realized that the first component 
varies both with time and with the perfusing medium, fluorescence signals from 
dye-free slices were recorded using similar experimental protocols as those applied 
in the NG containing slices. The real zinc signals were thus obtained from those 
measured from the indicator-loaded slices, after point-to-point subtraction of the 
intrinsic fluorescence records. Both types of records were normalized by the average 
of the baseline (first ten points) values prior to the mentioned subtraction, to avoid 
non-intrinsic and non-dye associated fluorescence. For the correction procedure, 
the following equations were used:
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FA0 – basal autofluorescence; FAi – autofluorescence; FT0 – basal total fluores-
cence; FTi – total fluorescence; Fi -. zinc fluorescence; F0 – basal zinc fluorescence.

In order to study the role of zinc in autofluorescence changes evoked by 
chemical stimulation with KCl, the zinc chelator ethylenediaminetetraaceticacid 
disodium calcium salt (Ca-EDTA), (25 mM), was, in some experiments, added to 
the medium. The KCl solution consisted of ACSF but with 20 mM concentration 
of KCl. The tetraethylammonium (TEA) solution consisted of ACSF with higher 
concentrations of CaCl2 and KCl, 10 mM and 5 mM, respectively, and with TEA 
at a concentration of 25 mM. The KATP channel blocker tolbutamide (250 μM) was 
directly applied to the perfusion medium, which was recirculated. All solutions 
were applied for periods of 30 min, except the KCl + Ca-EDTA solution that was 
perfused for 1 h.

The detection and measurement of zinc signals was performed using an experi-
mental transfluorescence setup based on a microscope (Zeiss Axioskop), equipped 
with a halogen light source (12 V, 100 W). Excitation and emission wavelengths 
were selected by means of a narrowband filter (480 nm, BW 10 nm) and a high pass 
filter (> 500 nm), respectively. The capture of the transmitted light was done by a 
water immersion lens (40x, N.A. 0.75), being that light focused on a photodiode 
(Hammamatsu, 1 mm2). Subsequently, the current of the photodiode was converted 
in an electrical signal by a current/voltage converter (I/V), with a feedback resis-
tance of 1 GΩ. The signal was digitally processed by a 16 bit analog/digital converter 
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(ƒ = 1.67 Hz) and analyzed using the Signal Express™ software from National 
Instruments. The average value of each group of 100 consecutive points was used in 
order to illustrate the results.

All data are expressed as mean ± SEM. The results of the statistical studies were 
obtained using the Mann–Whitney U test (p < 0.05).

In the experiments, the chemical products used were: NG, Pluronic acid F-127 (Life 
technologies, Carlsbad, CA); DMSO, TEA, Tolbutamide (Sigma-Aldrich, Sintra, PT).

3. Results

In this study, fluorescence changes evoked by the application of KCl and TEA 
media were measured both from non-incubated and from NG loaded slices. In 
most figures the first 10 min represent data from slices exposed to the ACSF solu-
tion, the next 30 min data evoked by the media of interest (KCl or TEA) and in the 
following 30 min ACSF was again perfused. Since the excitation wavelength used 
was 480 nm, the recorded fluorescence emission from dye-free slices is considered 
essentially autofluorescence, with flavoprotein origin. Taking into account the 
spectral characteristics of the intrinsic fluorescence of FAD and of zinc-bound NG, 
the fluorescence signals obtained from slices incubated in NG, using excitation light 
of 480 nm and recording above 500 nm, have two different components: autofluo-
rescence and the fluorescence of the zinc-NG complex. The results of a group of 
experiments designed to extract the real zinc signal, as the difference between those 
two components, are shown in Figure 1.

The autofluorescence trace (Figure 1a) reveals that the KCl (20 mM) solution 
caused an increase of the signals, of 11 ± 2% in the period 35–40 min (n = 4). The 
total fluorescence signals (Figure 1b) were enhanced by 36 ± 5% above the basal 
values in the same period (n = 3). Thus, it can be observed that the zinc signals 
(Figure 1c), obtained as the total fluorescence minus the autofluorescence changes, 
reached a stable value having an amplitude of 27 ± 3% during the last 5 min in 
KCl. The autofluorescence changes continued to increase during the reperfusion 
of ACSF, reaching a maximum between 45 and 50 min after the beginning of the 
experiment, corresponding to an amplitude of 20 ± 2% above baseline. Afterwards 
they decreased again to 11 ± 2%. The total fluorescence trace decreased less during 
washout, having an amplitude of 29 ± 4% during the last 5 min. The zinc signals 
decreased during the first 10 min of washout but were maintained in the remaining 
period at 16 ± 4% above baseline.

Unlike the behavior observed with KCl, both the autofluorescence and the total 
fluorescence signals were reduced in the presence of 25 mM TEA, recovering, upon 
its removal, to a value above the baseline (Figure 2a and b). The application of 
TEA caused a decline of the amplitude of the total signal (Figure 2b) by 17 ± 3% of 
control (35–40 min., n = 8). In these experiments, autofluorescence (Figure 2a) was 
responsible for almost half of the depression since the intrinsic signals decreased by 
8 ± 2% (35–40 min, n = 5). Consequently, it can be concluded that the zinc signals 
(Figure 2c), obtained again as the difference between the traces in panels b and a, 
were reduced by 9 ± 1%, in the same period.

The superimposed results of the autofluorescence and of the corresponding zinc 
signals are shown in Figure 3, for the experiments performed with KCl (Figure 3a) 
and TEA (Figure 3b). They reveal that the signals from the unincubated and the 
NG-treated slices have different time courses in the case of KCl, rising the autofluo-
rescence transients more slowly than the zinc ones (Figure 3a). TEA causes roughly 
similar autofluorescence and zinc changes (Figure 3b). It should also be noticed 
that the KCl evoked zinc changes remained potentiated upon washout, while, fol-
lowing TEA removal the zinc signals recovered completely.
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Figure 1. 
Autofluorescence, total fluorescence and zinc signals evoked by KCl. (a) KCl-induced changes in 
autofluorescence (n = 4). (b) Total fluorescence data obtained in slices incubated with NG (n = 3). (c) Zinc 
signals obtained as the difference between data in panels (b) and (a). The application of KCl (20 mM) was 
made at the times indicated by the bars. All values were normalized by the average of the first 10 responses and 
represent the mean ± SEM. FA, autofluorescence; FT, total fluorescence; F, zinc signals; FA0, FT0, F0, basal auto-, 
total and zinc fluorescences, respectively.
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Figure 2. 
Pooled data of autofluorescence, total fluorescence and zinc signals evoked by TEA. (a) Effect of the 
application of TEA (25 mM) on autofluorescence changes (n = 5). (b) Total fluorescence signals obtained 
from slices incubated with NG (n = 8). (c) Zinc signals given by the difference between the traces in panels 
(a) and (b). The solution with TEA (25 mM) was perfused during the period indicated by the bars. 
All values were normalized by the average of the first 10 responses and represent the mean ± SEM. FA, 
autofluorescence; FT, total fluorescence; F, zinc signals; FA0, FT0, F0, basal auto-, total and zinc fluorescences, 
respectively.
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In order to verify the involvement of KATP channels in the TEA induced fluores-
cence depression, tolbutamide, a KATP channel blocker was applied with TEA, at the 
concentrations of 250 μM and 25 mM, respectively. In the control group of experi-
ments, the TEA solution was perfused twice, circulating ACSF for 30 min after each 
TEA application, in order to determine the degree of recovery upon washout. In the 
other group of experiments, the second TEA solution contained also tolbutamide.

According to the results in Figure 4, both perfusions of the TEA solution caused 
similar declines in the intensity of the autofluorescence signals, which have also 
similar time courses as illustrated in Figure 4a. The first depression had an ampli-
tude of 11 ± 1%, with respect to baseline (35–40 min, n = 3). The second one had an 
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Figure 3. 
Superimposed curves of the KCl- and TEA-evoked fluorescence signals. (a) Autofluorescence (blue, n = 3) 
and zinc (green) signals induced by KCl (20 mM). (b) Autofluorescence (blue, n = 5) and zinc (orange) 
changes evoked by TEA (25 mM). The solutions of KCl and TEA were applied at the times indicated by the 
bars. All values were normalized by the average of the first 10 responses and represent the mean ± SEM. FA, 
autofluorescence; F, zinc fluorescence; FA0, F0, basal auto- and zinc fluorescences.
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amplitude of 10 ± 2% (95–100 min, n = 3). The washout of the TEA solution was, 
as expected, accompanied by the recovery of the autofluorescence signal, which 
reached, at the end of the subsequent 30 min period in ACSF, a small potentiation, 
3 ± 1% at 65–70 min and 2 ± 1% at 125–130 min.

In a similar type of experiments, the second TEA application was combined 
with tolbutamide (250 μM) (Figure 5). This compound had no effect on the 
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Figure 4. 
Fluorescence signals induced by two consecutive applications of TEA. (a) Autofluorescence responses (n = 3). 
(b) Total fluorescence data (n = 8). (c) Zinc signals calculated subtracting trace (a) from trace (b). The 
solution with TEA (25 mM) was circulated during the period indicated by the bars. All values were normalized 
by the average of the first 10 responses and are represented as mean ± SEM. FA, autofluorescence; FT, total 
fluorescence; F, zinc signals; FA0, FT0, F0, basal, auto-, total and zinc fluorescences, respectively.
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autofluorescence signal since the second depression was similar to the first one 
(Figure 5a), as observed in the experiment with two consecutive TEA applica-
tions (Figure 4a). On the other hand, the application of tolbutamide significantly 
blocked the depression of the total (Figure 5b) and of the zinc (Figure 5c) signals, 
having the latter been, once more, obtained subtracting the autofluorescence 
component from the total fluorescence changes. As noticed before, tolbutamide 
applied only in ACSF had essentially no effect on the autofluorescence depression. 
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Tolbutamide significantly blocks zinc signals evoked by TEA. (a) Effect of the application of TEA (25 mM) 
followed by TEA (25 mM) plus tolbutamide (250 μM) on autofluorescence (n = 2). (b) Similar records for total 
fluorescence (n = 3). (c) Zinc signals determined as trace (b) minus (a). The solutions of TEA and TEA plus 
tolbutamide were applied at the times indicated by the bars. The data were normalized by the average of the 
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Figure 6. 
Schematic representation of the major cellular mechanisms and ionic fluxes involved in KCl depolarization 
(20 mM) at the hippocampal mossy fibers-CA3 pyramidal cells synapses.

The application of TEA evoked a depression of the zinc signal with an amplitude of 
8 ± 1% (35–40 min, n = 3), while in the presence of tolbutamide, the corresponding 
amplitude was only 3 ± 1% (35–40 min, n = 3). Thus, tolbutamide blocks about two 
thirds of the TEA evoked zinc signal inhibition, suggesting that the zinc, but not the 
autofluorescence depression, is mainly mediated by the activation of KATP channels.

4. Discussion

The experiments presented in this work, performed at the hippocampal mossy fiber 
synapses from CA3 area, allow the comparison of autofluorescence signals, recorded 
from non-incubated slices, with fluorescence zinc changes obtained from NG-loaded 
slices, after subtraction of the autofluorescence component. At these synapses, it 



11

FAD-Linked Autofluorescence and Chemically-Evoked Zinc Changes at Hippocampal Mossy…
DOI: http://dx.doi.org/10.5772/intechopen.100898

was observed that chemically induced depolarization by KCl (20 mM), evoked clear 
autofluorescence changes that recovered partially during the 30 min period following 
washout. These changes have a lower amplitude and a slower time course than those of 
the similarly evoked fluorescence signals observed in slices incubated with the zinc indi-
cator Newport Green. The latter signals, corresponding to the total fluorescence changes 
in this work, have previously been described by Bastos et al. [22]. The application of 
20 mM KCl promotes the depolarization of the presynaptic membrane, mediated by 
voltage dependent potassium channels (VDKCs), to a resting value of about −54 mV 
[13]. This increase in the membrane potential activates presynaptic VDCCs, triggering 
glutamate and zinc co-release, as illustrated in Figure 6.
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Figure 7. 
Diagram of the principal mechanisms and ionic movements involved in TEA depolarization at the 
hippocampal mossy fiber-CA3 synaptic system.
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Subsequently, after diffusion in the cleft and binding to specific pre- and post-
synaptic sites, zinc flows into the postsynaptic region through several channels and 
receptors, including NMDA and calcium permeable AMPA/KA receptors and L- and 
T-type VDCCs [3–5, 8, 34]. There is also experimental evidence that zinc can be 
released from intracellular sources following blockade of ERs [35, 36]. Consequently, 
at the postsynaptic region, calcium and zinc entry through both glutamate receptor 
channels and VDCCs leads to cytosolic calcium and zinc accumulation that may 
cause the flow of both ions to mitochondria, through the activation of the mitochon-
drial Ca-uniporter [30, 37–43].

TEA also causes membrane depolarization that may trigger various cellular 
processes, as described in Figure 7.

In this work, the autofluorescence changes evoked by a single or by consecu-
tive identical TEA applications were all similar. Interestingly, the time course of 
these changes is similar to that of the corresponding fluorescence signals recorded 
from Newport Green loaded slices. The TEA triggered fluorescence changes are 
depressed during the perfusion of TEA and recover to or above the baseline level 
upon washout, as previously reported [24]. In the present study, after subtracting 
the autofluorescence component, the real zinc signals evoked by TEA have about 
half the amplitude of that of the total fluorescence traces.

The changes of both autofluorescence and total fluorescence TEA induced 
signals are the opposite of those evoked by KCl. As previously mentioned, the 
membrane depolarization is higher in the presence of KCl than in TEA. The block-
ade of presynaptic VDKCs by TEA evokes a weak depolarization [23], followed by 
glutamate and zinc release and the activation of KATP channels by this ion. This leads 
to membrane hyperpolarization with a lower amplitude than that of the KCl evoked 
depolarization. Consequently, the hyperpolarizing effect of the zinc induced activa-
tion of presynaptic KATP channels can be occulted by the large increase in the resting 
potential, due to the strong KCl evoked depolarization, mediated by VDKCs [13].

5. Conclusions

The amount of calcium entry is related to the intensity of autofluorescence 
because increased intracellular calcium and zinc can trigger an increase in FAD 
(flavoprotein) and NAD, as well as in the oxidation of FADH2 and NADH [28, 44]. 
In the present experimental conditions (excitation wavelength of 480 nm, emission 
light collected above 500 nm) and taking into account the spectral properties of 
FAD, the autofluorescence detected is considered to have FAD origin. As previously 
mentioned, KCl depolarization causes the entry of both calcium and zinc ions 
to the postsynaptic region [10, 22, 24, 45, 46]. When increases in cytosolic zinc 
concentration are high, zinc ions enter the mitochondria, and if in excess may have 
neurotoxic effects [4, 47, 48]. Thus, the origin of the KCl evoked autofluorescence 
signals is, under our experimental conditions and based on previous studies, the 
flavoproteins. For example, Pancani [49], have found, using the complex I inhibitor 
rotenone a KCl induced NADH fluorescence decrease of mitochondrial origin. This 
is in agreement with the observed FAD enhancement since the NADH and FAD 
fluorescence changes are opposite [29, 44, 50].
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