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Abstract
The fluorescent dyes, Alexa Fluor 488 and 594 are commonly used to visualize dendritic structures and the
localization of synapses, both of which are critical for the spatial and temporal integration of synaptic inputs.
However, the effect of the dyes on synaptic transmission is not known. Here we investigated whether Alexa Fluor
dyes alter the properties of synaptic currents mediated by two subtypes of AMPA receptors (AMPARs) at
cerebellar stellate cell synapses. In naive mice, GluA2-lacking AMPAR-mediated synaptic currents displayed an
inwardly rectifying current–voltage (I–V) relationship due to blockade by cytoplasmic spermine at depolarized
potentials. We found that the inclusion of 100 �M Alexa Fluor dye, but not 10 �M, in the pipette solution led to a
gradual increase in the amplitude of EPSCs at �40 mV and a change in the I–V relationship from inwardly
rectifying to more linear. In mice exposed to an acute stress, AMPARs switched to GluA2-containing receptors,
and 100 �M Alexa Fluor 594 did not alter the I–V relationship of synaptic currents. Therefore, a high concentration
of Alexa Fluor dye changed the I–V relationship of EPSCs at GluA2-lacking AMPAR synapses.
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Introduction
Neurotransmitters released from presynaptic terminals

are detected by postsynaptic receptors located on den-
drites where synaptic information is processed. Dendritic

integration of synaptic inputs depends on the electro-
physiological properties and morphological characteris-
tics of the dendrites, as well as the dendritic localization of
the postsynaptic receptors (Magee, 2000; Myoga et al.,
2009; Abrahamsson et al., 2012; Chadderton et al., 2014).
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Significance Statement

Fluorescent dyes are commonly used to visualize dendritic structure in live neurons and to study the spatial
and temporal integration of synaptic inputs. Here we report that a high concentration of the fluorescent dyes
Alexa Fluor 594 and 488 altered AMPA receptor-mediated currents. Both dyes changed the current–voltage
relationship of calcium-permeable AMPA receptors that lack the GluA2 subunit and reduced the EPSC
amplitude. Given that the current–voltage relationship is a commonly used method to determine AMPA
receptor subunit composition, the use of Alexa Fluor dyes at high concentrations is not suitable when
studying AMPA receptor-mediated synaptic transmission.
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Thus, the ability to visualize the dendritic structure is
critical to our understanding of the spatial and temporal
integration of synaptic inputs (Martin and Kosik, 2002;
Grienberger et al., 2015). Alexa Fluor 488 (Alexa 488) and
Alexa Fluor 594 (Alexa 594) are two fluorescent dyes that
are commonly used to reveal the dendritic structure of
neurons, from which membrane excitability and synaptic
transmission are subsequently determined (Ding et al.,
2009; Higley and Sabatini, 2010). This is in part due to the
resistance to photo-bleaching and the high quantum yield
of these molecules (Panchuk-Voloshina et al., 1999). De-
spite the popular use of Alexa Fluor dyes for live cell
imaging and electrophysiological recordings, little is
known about their effects on synaptic transmission.
Therefore, this study addresses the question of whether
the fluorescent dyes Alexa 488 and Alexa 594 alter excit-
atory synaptic transmission.

Fast excitatory synaptic transmission in the brain is
mediated by AMPA receptors (AMPARs) located on den-
drites and dendritic spines (Huganir and Nicoll, 2013). Of
the four AMPA receptor subunits, GluA1–4, incorporation
of the GluA2 subunit into an AMPAR determines a number
of physiological properties (Mansour et al., 2001). AMPA
receptors that lack the GluA2 subunit are permeable to
calcium and can induce Ca2�- dependent synaptic plas-
ticity (Gu et al., 1996; Liu and Cull-Candy, 2000; Kullmann
and Lamsa, 2007; Lamsa et al., 2007). These have a larger
single-channel conductance and more rapid kinetics than
GluA2-containing receptors (Geiger et al., 1995; Swanson
et al., 1997; Liu and Zukin, 2007). Cytoplasmic poly-
amines selectively block GluA2-lacking, but not GluA2-
containing, receptors at depolarized potentials, rendering
an inwardly rectifying current–voltage (I–V) relationship.
Therefore, the I–V relationship of AMPAR-mediated
currents has often been used to detect the subtype of
AMPARs present at synapses (Bowie and Mayer, 1995;
Donevan and Rogawski, 1995; Kamboj et al., 1995; Koh
et al., 1995).

In the cerebellum, excitatory transmission at the parallel
fiber–stellate cell synapse is mediated by GluA2-lacking
AMPARs (Liu and Cull-Candy, 2000). Electrophysiological
recordings of AMPAR-mediated currents at this synapse
yields an inwardly rectifying I–V relationship. However,
following a single exposure to acute stress, the I–V rela-
tionship of synaptic currents at the parallel fiber–stellate
cell synapse changes from inwardly rectifying to nearly
linear. This is due to a long-lasting increase in the expres-
sion of GluA2-containing AMPARs at this synapse (Liu
et al., 2010). The ability to change the GluA2 content has
allowed us to examine the effect of Alexa Fluor dyes on
synaptic currents that are mediated by both GluA2-
lacking and GluA2-containing receptors.

Because Alexa Fluor dyes at 10–250 �M are often used
intracellularly to reveal the dendritic structure of neurons

during patch-clamp recording (Sabatini et al., 2002; Bre-
nowitz and Regehr, 2007; Albantakis and Lohmann, 2009;
Mathy et al., 2009; Myoga et al., 2009; Watt et al., 2009;
Zito et al., 2009; Higley and Sabatini, 2010; Smith and
Häusser, 2010; Wilms and Häusser, 2015), we assessed
their cytoplasmic effects on AMPAR-mediated synaptic
transmission in cerebellar stellate cells. We found that the
inclusion of 100 �M, but not 10 �M, Alexa Fluor dyes in the
pipette solution led to a gradual increase in the amplitude
of EPSCs at �40 mV, changing the I–V relationship from
inwardly rectifying to more linear within 20 min. However,
after an acute stress the synaptic GluA2 content in-
creased and cytoplasmic Alexa 594 did not alter the I–V
relationship of EPSCs. This indicates that intracellular
Alexa Fluor dyes at a high concentration selectively al-
tered the rectification property of synaptic currents medi-
ated by GluA2-lacking AMPARs. We also observed a
reduction in EPSC amplitude at �60 mV in cells recorded
in the presence of Alexa 594 relative to controls. These
results indicate that Alexa Fluor dyes can alter AMPAR-
mediated synaptic transmission.

Materials and Methods
Slice preparation

Sagittal cerebellar slices (300 �m) were obtained from
postnatal day 18 (P18) to P24 C57BL/6J male mice using
a Leica VT1200 vibrating microslicer in the following slic-
ing solution (in mM): 81.2 NaCl, 2.4 KCl, 0.5 CaCl2, 6.7
MgCl2, 1.4 NaH2PO4, 23.4 NaHCO3, 69.9 sucrose, and
23.3 glucose, pH 7.4, bubbled with 95% O2 and 5% CO2.
Slices were kept in the following artificial CSF (ASCF; in
mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4,
26 NaHCO3, and 25 glucose, pH 7.4, at room temperature
(21–23˚C) for 30–60 min before recording. All animal pro-
cedures were performed in accordance with the regula-
tions of the LSU Health Sciences Center animal care
committee.

Electrophysiological recordings
Whole-cell patch-clamp recordings were performed

using a Multiclamp 700B amplifier, a Digidata 1440A
Digitizer, and pClamp 10 Software (all from Molecular
Devices). Slices were viewed and fluorescence images
were acquired using a Photometrics Cascade 512b Cam-
era and �Manager open source microscopy software
(www.micro-manager.org; Edelstein et al., 2010).

Spontaneous EPSCs (sEPSCs) were recorded from
stellate cells in cerebellar slices maintained in ASCF con-
tinuously bubbled with 95% O2 and 5% CO2. ACSF was
supplemented with 100 �M picrotoxin to block GABAA

receptors and 5 �M 3-((R)-2-carboxypiperazin-4-yl)-propyl-
1-phosphonic acid to block NMDA receptor-mediated
currents. Pipettes (5-9 M�) were filled with the following
cesium chloride-based solution (in mM): 130 CsCl, 2 NaCl,
1 CaCl2, 10 HEPES, 10 Cs-EGTA, 4 Mg2�-ATP, 1 Qx314,
5 TEA, and 0.1 spermine, pH 7.3. Spermine was included
to identify the AMPAR subtype. Alexa Fluor dye 594
hydrazide sodium salt (catalog #A10438, Life Technolo-
gies) or Alexa Fluor dye 488 hydrazide sodium salt (cata-
log #A10436, Life Technologies) was dissolved in 150 mM
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KCl at a concentration of 10 mM and stored at �20˚C.
Alexa Fluor dyes were then diluted in the pipette solution
to the desired concentration (10 or 100 �M). Stellate cells
were identified by their location in the outer two-thirds of
the molecular layer and by the presence of spontaneous
action potentials. Spontaneous EPSCs were recorded at
�60 and �40 mV (for 2.5 min at each potential) at room
temperature (21–23˚C) in the whole-cell voltage-clamp
configuration, as well as at 0 mV to confirm the reversal
potential. Recordings began immediately after obtaining
the whole-cell configuration and lasted for at least 20 min.
Series resistance was monitored throughout the record-
ings (27.9 � 1.7 M� at 5 min; 32.3 � 1.9 M� at 20 min;
n � 31).

Alexa Fluor diffusion
To estimate the diffusion of Alexa 594 (100 �M) along

the dendrites of stellate cells, a series of pictures was
taken at 60� magnification under fluorescent illumination
(Lambda DG4, Sutter Instrument Company; excitation
wavelength, 530–550 nm; emission wavelength, 590–650
nm). The images were acquired with a 1 s exposure time
at a rate of approximately four images per 5 min, for 25
min (four images were taken at different focal planes in
5 min). Analysis was conducted using Fiji/ImageJ Soft-
ware (http://fiji.sc; Schindelin et al., 2012). A maximum
z-projection image of three to five stacked images was
used at each time point (collected within a 5 min interval)
to estimate the diffusion distance of Alexa 594 dye from
the soma. Fluorescence intensity was determined by trac-
ing the dendrite using the line scan tool and then sub-
tracting the background (the latter was measured using
the same line scan placed 2–3 �m away from the den-
drite). For each time point, we examined the pixel fluores-
cence intensity along the dendrites, and the diffusion
distance was determined as the dendritic length from the
location where the fluorescence intensity rapidly de-
creased and returned to the baseline level.

Fox urine exposure
Mice were placed in a chamber (33 � 23 � 15 cm) with

a floor that was perforated with holes. After 3 min of
habituation, a paper towel soaked in fox urine (5 ml;
GreenSense) was placed underneath the chamber for 5
min. The animal was then returned to its home cage for 3
h before decapitation, and cerebellar slices were pre-
pared for electrophysiology recordings.

Data analysis
Analysis of sEPSCs was performed using NPM044

Software (from Stephen Traynelis, Emory University, At-
lanta, GA; www.pharm.emory.edu/straynelis/Downloads/
index.html). Spontaneous events were aligned by the
rising phase, and the average amplitude of 10–50 events
was used to calculate the rectification index (RI; RI � 1.5
� EPSC amplitude at �40 mV/amplitude at �60 mV). A
difference in the frequency of sEPSCs detected at �60
mV compared with that at �40 mV could lead to an error
in the calculation of the rectification index. We thus mon-
itored the frequency of sEPSCs and found that the aver-
age frequency at 0–5 min was 0.16 � 0.02 Hz at �60 mV,

and 0.16 � 0.03 Hz at �40 mV (n � 31). The frequency at
15–20 min was 0.17 � 0.03 Hz at �60 mV, and 0.16 �
0.03 Hz at �40 mV (see Table 3).

Statistical analysis of the group data is shown in
Tables 1, 2, and 3 located before the Discussion section.
Values are given as the mean � SEM. In each figure,
significance is reported as follows: �p � 0.05, ��p � 0.01,
and ���p � 0.001.

Results
I–V relationship of EPSCs becomes more linear
during cytoplasmic application of Alexa Fluor dyes

To determine the effects of cytoplasmic Alexa Fluor
dyes on glutamatergic synaptic currents, we included
Alexa 594 (100 �M) in the pipette solution and recorded
sEPSCs. We reasoned that Alexa Fluor dyes were likely to
be present in the soma and proximal dendrites immedi-
ately after achieving the whole-cell configuration and
would take time to diffuse to the distal dendrites. We
started recording sEPSCs immediately after obtaining the
whole-cell configuration at �40 and �60 mV, and record-
ings lasted for 20 min. The RI of synaptic currents was
calculated from the ratio of the EPSC amplitude (1.5 �
EPSC ampl�40 mV/EPSC ampl�60 mV).

Spermine, which is known to block GluA2-lacking
AMPAR currents at depolarized potentials, was included
in the pipette solution to compensate for the washout of
endogenous spermine (Kamboj et al., 1995) and to iden-
tify the AMPAR subtype (Liu and Zukin, 2007). Spontane-
ous EPSCs in stellate cells are mediated by AMPARs, and
have an inwardly rectifying I–V relationship and thus a low
rectification index (Liu and Cull-Candy, 2000). When we
recorded synaptic currents with Alexa 594 in the patch
pipette, the average amplitude of sEPSCs at �60 mV was
�34.2 � 3.3 pA (n � 9) during the initial 5 min of record-
ing. The current amplitude at �40 mV was 10.3 � 1.0 pA
and was markedly reduced compared with EPSCs at
negative potentials. Thus, synaptic currents had an in-
wardly rectifying I–V relationship with a rectification index
of 0.47 � 0.1 (n � 9; Fig. 1A,B), indicating that stellate
cells have a high proportion of synaptic GluA2-lacking
AMPARs.
However, the rectification index of sEPSCs increased
significantly to 0.59 � 0.1 (vs RI0-5 min, P � 0.03, n � 9a;
Fig. 1B) during 15–20 min of recording when Alexa 594
had presumably diffused into the distal dendrites, sug-
gesting that Alexa 594 altered the properties of EPSCs.
AMPAR-mediated synaptic currents in stellate cells show
a wide range of rectification index values (Liu and Cull-
Candy, 2002). To test whether cytoplasmic Alexa 594
preferentially altered the rectification index of EPSCs in
stellate cells that express GluA2-lacking receptors, we
examined the relationship between the initial RI (deter-
mined within 5 min) and the change in RI following 15–20
min of recording (Fig. 1C). The stellate cells with a lower
initial RI showed a greater increase in RI. Thus, changes in
the rectification index of synaptic currents occurred pre-
dominantly in stellate cells that initially displayed an in-
wardly rectifying I–V relationship (RI � 0.5). In seven cells
with a low initial RI (�0.5), Alexa 594 did not alter the
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Figure 1. Intracellular Alexa 594 altered the rectification index of spontaneous EPSCs mediated by AMPARs in cerebellar stellate cells.
A, Left, Example traces of spontaneous EPSCs recorded at �40 mV (top) and �60 mV (bottom) when 100 �M Alexa 594 was included
in the recording electrode. EPSC traces recorded immediately after obtaining the whole configuration (0–5 min) are shown in black,
and those recorded at 15–20 min are shown in red. Right, Averaged spontaneous EPSCs. B, RI of sEPSCs recorded with Alexa Fluor
594 in the patch pipette at 0–5 and 15–20 min. Average, bar graphs; individual cells, open circles. Paired t test, p � 0.05 (n � 9 cells,
7 animals). C, Scatter plot of the percentage change in RI at 15–20 min (100 � (RI15–20 min � RI0–5 min)/RI0–5 min) vs the initial RI at 0–5
min of cells filled with Alexa Fluor 594. Stellate cells with a lower initial rectification index have a greater increase in the magnitude
of RI. D–G, RI of sEPSC amplitudes recorded at �60 and �40 mV from cells with an initial RI � 0.5 (n � 7). D, RI of EPSCs increased
at 15–20 min of recording. Paired t test, p � 0.004. E, The amplitude of sEPSCs at �60 mV did not change. F, sEPSC amplitude at
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amplitude of EPSCs at �60 mV (0–5 min: �36.8 � 3.6 pA;
15–20 min: �31.3 � 3.7 pA; p � 0.11; n � 7c; Fig. 1E).
However, the amplitude of EPSCs at �40 mV increased
from 9.2 � 1.1 to 11 � 1 pA (p � 0.03; n � 7d; Fig. 1F).
Consequently, the RI of EPSCs in stellate cells changed
from 0.38 � 0.03 at the beginning of the recording to
0.55 � 0.05 at 15–20 min (p � 0.01; n � 7b; Fig. 1D). The
increase in the RI occurred gradually and reached a pla-

teau after 15–20 min of recording (p � 0.01; n �7e; Fig.
1H). We also monitored the diffusion of Alexa 594 by
determining the fluorescence intensity along dendrites
over the same time window. Alexa 594 was located in the
soma immediately after obtaining the whole-cell configu-
ration, and the fluorescence intensity in dendrites gradu-
ally increased such that the distal dendrites became
visible. After 15–20 min, Alexa 594 fluorescence could be

Figure 2. Alexa 488 increased the rectification index of sEPSCs in stellate cells. A–D, Spontaneous EPSCs were recorded using a
pipette solution that did not contain any Alexa Fluor dye (control). A, Left, Example traces of sEPSCs recorded at �40 mV (top) and
�60 mV (bottom) at 0–5 min (black trace) and after 15–20 min of recording (blue trace). Right, Average synaptic currents. B–D,
Average and individual RIs of sEPSCs (B) and amplitude at �60 mV (C), and �40 mV (D) in control cells with an initial RI � 0.5 (n �
7 cells, 6 animals). Neither the RI nor the amplitude of EPSCs changed within 20 min of recording. E–H, Spontaneous EPSCs were
recorded using a pipette solution that included 100 �M Alexa Fluor 488. E, Left, Example traces of sEPSCs recorded with Alexa 488
in the recording electrode (black traces, 0–5 min; green traces, 15–20 min). Right, Average EPSCs. F, RI increased after 15–20 min
of recording (paired t test, n � 7 cells, 6 animals, p � 0.004). G, EPSC amplitude at �60 mV did not change with time. H, The
amplitude of synaptic currents at �40 mV (paired t test, p � 0.025). Bar graphs represent the average, and open circles represent
individual values.

continued
�40 mV increased at 15–20 min. Paired t test: n � 7, p � 0.03. G, The decay time constant of sEPSCs at �60 mV (p � 0.171). H,
Time course of average RI (n � 7). One-way repeated-measures ANOVA, p � 0.004; post hoc: Bonferroni t test: 0–5 vs 10–15 min,
p � 0.05; 0–5 vs 15–20 min, p � 0.01; n � 7). I, J, Alexa Fluor 594 (100 �M) fluorescence intensity along stellate cell dendrites (5
dendrites, 4 cells, 4 animals) at each time point. I, Plot of the average fluorescence intensity along dendrites from the soma at 0–5
min (open circles) and 15–20 min (red circles). Arrows show the locations where Alexa Fluor 594 fluorescence intensity decreased to
the basal level. J, Time course of the diffusion distance of Alexa Fluor 594 along dendrites. One-way repeated-measures ANOVA, p
� 0.014; post hoc: Bonferroni t test: 0–5 vs 10–15 min, p � 0.05; 0–5 vs 15–20 min, p � 0.05; n � 5.
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detected at dendritic sites that were at least 50 �m from
the cell soma (57.0 � 5.1 �m; N �5 f; Fig. 1I,J). The time
course of Alexa 594 diffusion matches the time taken for
the change in the rectification index of EPSCs and is
consistent with the idea that the diffusion of Alexa 594
from the soma to distal dendrites contributes to the grad-
ual increase in EPSC rectification index. The decay time
constant of EPSCs did not change over the same time
window (0–5 min: 1.2 � 0.1 ms; 15–20 min: 1.3 � 0.1 ms;
n � 7g; p � 0.171; Fig. 1G).

As a control we also recorded EPSCs without including
Alexa Fluor dye in the patch electrode (Fig. 2A–D). As
expected, the EPSC amplitude at �40 mV (11.7 � 0.7 pA)
was markedly reduced compared with the current at �60
mV (�50.4 � 5.1 pA), giving rise to an inwardly rectifying
I–V relationship. The rectification index of EPSCs at 0–5
min (0.37 � 0.04) was comparable to the initial RI ob-

served with Alexa 594 (RI0–5min � 0.38 � 0.03; p � 0.8).
After 20 min of recording, the RI of EPSCs did not change
(RI15–20min � 0.37 � 0.04; p � 0.86; n � 7h), and the EPSC
amplitude remained the same at both potentialsi, j. Thus,
the increase in RI was indeed due to the presence of Alexa
594. Note that the initial synaptic current amplitude at
�60 mV in control cells was greater than the EPSC am-
plitude in the presence of Alexa 594 (0–5 min: �36.8 �
3.6 pA; p � 0.05t; Table 2; Fig. 1E and 2C).

To determine whether the change in the RI of EPSCs is
a common feature when Alexa Fluor dyes are included in
the patch pipette, we also tested the effects of Alexa Fluor
488 (Fig. 2E–H). While the EPSC amplitude at �60 mV
remained unaltered throughout the recordingl, the current
amplitude at �40 mV increased from 9.8 � 0.4 pA at 0–5
min to 11.6 � 0.8 pA at 15–20 minm. This led to an
increase in the RI of EPSCs from 0.38 � 0.02 to 0.48 �

Figure 3. Intracellular Alexa Fluor 594 did not alter the rectification index of EPSCs mediated by GluR2-containing AMPA receptors.
Mice were exposed to fox urine for 5 min, a treatment that increased GluA2-containing AMPARs and therefore the initial rectification
index of EPSCs. Cerebellar slices were prepared 3 h later, and sEPSCs were recorded with a pipette solution that included Alexa 594.
A, Example trace of average synaptic currents (top, �40 mV; bottom, �60 mV; lines: black, 0–5 min; orange, 15–20 min). B–D,
Average and individual sEPSC rectification index (B) and amplitude (C) recorded at �60 mV and �40 mV (D). Neither the RI nor the
amplitude of EPSCs changed after 15–20 min of recording (5 cells, 5 animals). Bar graphs represent the average, and open circles
represent individual values.

Figure 4. A low intracellular concentration of Alexa Fluor 594 did not alter the EPSC rectification index. A, Example trace of average
synaptic currents when 10 �M Alexa Fluor 594 was included in the recording electrode (top, �40 mV; bottom, �60 mV; lines: black,
0–5 min; pink, 15–20 min). B–D, sEPSC rectification index (B) and amplitude (C) recorded at �60 mV and �40 mV (D). Neither the
RI nor the amplitude of EPSCs changed at 15–20 min compared with initial values (5 cells, 4 animals). Bar graphs represent the
average, and open circles represent individual values.
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0.04 (p � 0.01; n � 7k). Therefore, Alexa Fluor dyes
progressively increase the EPSC amplitude at positive
potentials and render the AMPAR I–V relationship more
linear in stellate cells. We observed a reduction in the
EPSC amplitude at �40 mV compared with controls (0–5
min: Alexa 488, 9.8 � 0.4 pA; control, 11.7 � 0.7 pA; p �
0.05u; Table 2).

Cytoplasmic Alexa Fluor 594 does not alter the
amplitude of EPSCs mediated by GluA2-containing
AMPARs
Our results so far showed an increase in the RI of GluA2-
lacking AMPAR-mediated currents when 100 �M Alexa
594 or 488 was included in the recording electrode. The
magnitude of the increase in the RI of EPSCs was in-

Table 1: Statistical analysis per figures

Figure Distribution Statistical test Statistics p Values N
Figure 1

aB Normal Paired Student’s t test t(8) � �2.587 0.032 9
bD Normal Paired t test t(6) � �4.469 0.004 7
cE Normal Paired t test t(6) � �1.889 0.108 7
dF Normal Paired t test t(6) � �2.926 0.026 7
gG Normal Paired t test t(6) � �1.555 0.171 7
eH Normal One-way repeated-measures ANOVA

Bonferroni post hoc test:
0-5 vs 5–10 min
0-5 vs 10–15 min
0-5 vs 15–20 min

F(2,23) � 6.920

t(6) � 1.59
t(6) � 3.646
t(6) � 3.693

0.004

0.804
0.016
0.008

7

fJ Normal One-way repeated-measures ANOVA
Bonferroni post hoc test:
5 vs 10 min
5 vs 15 min
5 vs 20 min

F(3,19) � 5.375

t(4) � 1.413
t(4) � 4.115
t(4) � 4.453

0.014

0.959
0.043
0.025

5

Figure 2
hB Normal Paired t test t(6) � �0.181 0.862 7
iC Normal Paired t test t(6) � �0.651 0.539 7
jD Normal Paired t test t(6) � �0.099 0.924 7
kF Normal Paired t test t(6) � �4.545 0.004 7
lG Non-normal Wilcoxon signed rank test z � 1.183 0.297 7
mH Normal Paired t test t(6) � �2.957 0.025 7

Figure 3
nB Normal Paired t test t(4) � 1.551 0.196 5
oC Normal Paired t test t(4) � �0.296 0.782 5
pD Normal Paired t test t(4) � 1.511 0.205 5

Figure 4
qB Normal Paired t test t(4) � �0.051 0.962 5
rC Normal Paired t test t(4) � 0.741 0.500 5
sD Normal Paired t test t(4) � �1.801 0.146 5

Table 2: Amplitude and rectification at 0–5 min recording

Group
Distri-
bution

Amplitude
at �60 mV (pA)

t Test
(vs control) p Value

Amplitude
at �40 mV (pA)

t Test
(vs control) p Value RI N

Control n.a. �50.4 � 5.1 n.a. n.a. 11.7 � 0.7 n.a. n.a. 0.37 � 0.04 7
tA594 (100 �M) Normal �36.8 � 3.6 t(12) � �2.192 0.049 9.2 � 1.1 t(12) � 1.928 0.078 0.38 � 0.03 7
uA488 (100 �M) Normal �39.4 � 3.1 t(12) � �1.871 0.086 9.8 � 0.4 t(12) � 2.347 0.037 0.38 � 0.02 7
vA594 (10 �M) Normal �39.6 � 3.8 t(10) � �1.586 0.144 8.4 � 0.7 t(10) � 3.188 0.01 0.33 � 0.03 5

n.a., Not applicable.

Table 3: Spontaneous EPSCs frequency per group

Group

Time 0–5 min
p Value
(Paired
t test)

Time 15–20 min
p Value
(Paired
t test) N

Frequency at
�60 mV (Hz)

Frequency at
�40 mV (Hz)

Frequency at
�60 mV (Hz)

Frequency at
�40 mV (Hz)

Control 0.14 � 0.02 0.12 � 0.03 0.36 0.21 � 0.05 0.22 � 0.12 0.94 7
A594 (100 �M) 0.12 � 0.03 0.10 � 0.02 0.12 0.12 � 0.02 0.08 � 0.01 0.10 7
A488 (100 �M) 0.23 � 0.10 0.27 � 0.11 0.06 0.25 � 0.1 0.22 � 0.1 0.04 7
A594 �FxU 0.15 � 0.03 0.17 � 0.06 0.42 0.14 � 0.02 0.12 � 0.04 0.73 5
A594 (10 �M) 0.18 � 0.02 0.15 � 0.01 0.13 0.14 � 0.02 0.13 � 0.02 0.58 5
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versely proportional to the initial rectification (Fig. 1C),
raising the possibility that synapses with high levels of
GluA2-containing AMPARs were less sensitive to the ef-
fect of the dyes. To test this hypothesis, we increased the
expression of GluA2 subunits in stellate cells by exposing
mice to fox urine, an acute stressor that elevates synaptic
GluA2-containing AMPARs, for 5 min (Liu et al., 2010).
Three hours after exposure, we prepared cerebellar slices
and recorded sEPSCs in stellate cells with 100 �M Alexa
594 in the pipette solution. As expected, the initial recti-
fication index of EPSCs in stellate cells was high (0.63 �
0.04; n � 5), was significantly larger than that in naive
mice (p � 0.001), and was consistent with published
results without Alexa 594 [RI � �1.5 � 18.2/(�41.2) �
0.67 � 0.05; Liu et al., 2010; p � 0.421]. The average
EPSC amplitude was 15.2 � 0.5 pA at �40 mV and
�36.5 � 1.9 pA at �60 mV (Fig. 3A–D). In contrast to cells
from naive mice, cytoplasmic Alexa 594 did not increase
the RI (RI15–20min � 0.57 � 0.02; p � 0.2n) compared with
the initial RI. EPSC amplitude at �40 mV and �60 mV
remained unaltered at 15–20 min (amplitude at �40 mV
for 15–20 min, 13.4 � 0.9 pA, p � 0.2p; amplitude at �60
mV 15–20 min, �35.6 � 3.2 pA, p � 0.78o; n � 5). Since
Alexa 594 failed to alter the rectification index of EPSCs at
GluA2-containing AMPAR synapses, our results support
the idea that cytoplasmic Alexa Fluor dyes change the
properties of synaptic currents mediated by GluA2-
lacking AMPARs.

A low concentration of Alexa Fluor 594 does not
alter EPSC rectification
Since Alexa Fluor dyes are valuable tools that can be used
to reveal the cytoarchitecture of live neurons, we tested
whether Alexa 594 at a lower concentration still altered
synaptic currents. We included 10 �M Alexa 594 in the
patch electrode, and recorded sEPSCs at �40 and �60
mV, sequentially for 20 min (Fig. 4A–D). During the initial 5
min of recording, synaptic currents displayed an inwardly
rectifying I–V relationship with a rectification index of
0.33 � 0.03, which was indistinguishable from that of
controls (without Alexa Fluor dyes, p � 0.144). In contrast
to 100 �M Alexa 594, after 20 min the rectification index of
EPSCs remained unaltered (RI15–20 min � 0.33 � 0.02 vs
RI0–5min, p � 0.92q; n � 5), and the EPSC amplitude at
�40 mV did not increase (amplitude at �40 mV for 0–5
min, 8.4 � 0.7 pA; amplitude at �40 mV for 15–20 min,
9.4 � 0.5 pA; p � 0.15s). The initial EPSC amplitude at
�60 mV did not change throughout the recordings (am-
plitude at �60 mV for 0–5 min, �39.6 � 3.8 pA; amplitude
at �60 mV for 15–20 min, �43.4 � 3.3 pA; p � 0.5r).
Therefore, although 100 �M Alexa Fluor dye can increase
the rectification index of GluA2-lacking AMPAR-mediated
currents, inclusion of a low concentration of Alexa 594 in
patch electrode did not alter the rectification properties of
synaptic currents in cerebellar stellate cells. However, we
also noted a reduction in the EPSC amplitude at �40 mV
compared with controls (0–5 min: 10 �M Alexa 594, 8.4 �
0.7 pA; control, 11.7 � 0.7 pA; p � 0.01v; Table 2), which
is consistent with the decrease in the EPSC amplitude
when Alexa 488 was used.

Discussion
We have found that the inclusion of 100 �M Alexa Fluor
488 and 594 dyes in the pipette solution produced a
gradual increase in the rectification index of synaptic
currents mediated by GluA2-lacking AMPARs. This in-
crease was associated with a rise in the amplitude of
spontaneous EPSCs recorded at �40 mV, while the am-
plitude at �60 mV remained unchanged. In contrast, the
rectification index of sEPSCs at synapses with GluA2-
containing AMPARs was not sensitive to Alexa 594. This
reveals that Alexa Fluor dyes can selectively alter the
properties of synaptic currents conveyed by GluA2-
lacking AMPARs at the parallel fiber–stellate cell synapse
in the cerebellum. However, a lower concentration of 10
�M Alexa 594 did not alter the rectification index of
EPSCs.

Can slow diffusion of small molecules, such as Alexa
Fluor dyes, from the soma to dendrites explain a progres-
sive increase in the rectification index? We showed that
the diffusion of Alexa 594 along the dendrites increased
during the 0–15 min window after obtaining the whole-cell
configuration (Fig. 1J). This is the same time period during
which intracellular the Alexa Fluor dyes produced an in-
crease in the rectification of EPSCs (Fig. 1H). The diffusion
of other small molecules between the neuronal somata
and dendrites also takes 	15 min. A study by Kamboj
et al. (1995) has shown that endogenous polyamines
wash out slowly from neurons when using a spermine-free
internal solution, and this results in a time-dependent
increase in the rectification index. This phenomenon also
occurs within 15 min after obtaining the whole-cell con-
figuration (Kamboj et al., 1995). Therefore, the diffusion of
Alexa Fluor dyes along dendrites can give rise to a gradual
increase in the rectification index.

What are the possible mechanisms for the cytoplasmic
effect of Alexa Fluor dyes on the properties of EPSCs?
The rectification index of AMPAR-mediated EPSCs de-
pends on the subunit composition of receptors (Verdoorn
et al., 1991; Mansour et al., 2001; Liu and Zukin, 2007),
their interactions with auxiliary proteins such as trans-
membrane AMPAR regulatory proteins (TARPs; Tomita
et al., 2005; Soto et al., 2007; Coombs and Cull-Candy,
2009), and intracellular spermine (Kamboj et al., 1995;
Koh et al., 1995). Thus, cytoplasmic Alexa Fluor dyes may
alter any of these three parameters, leading to a gradual
increase in the rectification index. First, could Alexa Fluor
dyes increase the expression of synaptic GluA2-con-
taining receptors? Because the EPSC amplitude at �60
mV was unaltered throughout the recordings, it is unlikely
that the presence of Alexa Fluor dyes increased the num-
ber of synaptic receptors and altered the AMPAR single-
channel conductance. Second, could Alexa Fluor dyes
promote the association of TARPs with AMPARs? TARPs
prolong the deactivation time of AMPARs as well as in-
crease the channel conductance (Cho et al., 2007). How-
ever, both the amplitude and the decay time constant of
EPSCs at �60 mV did not change, indicating that the
interaction between AMPARs and TARPs was not altered.
Third, could Alexa Fluor dyes perturb the concentration
of polyamines, which specifically block GluA2-lacking
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AMPARs at positive potentials? A possible explanation for
the progressive increase in the RI of EPSCs is that cyto-
plasmic Alexa Fluor dyes reduce the ability of spermine to
block GluA2-lacking AMPARs. Alternatively, Alexa Fluor
dyes may deplete the available free spermine by buffering
it or by blocking its access to the channel pore of GluA2-
lacking AMPARs at positive potentials. This would lead to
a rise in EPSC amplitude only at positive potentials, but
not at �60 mV, resulting in an increase in the RI. Since
polyamines in the recording pipette allow the determina-
tion of a synaptic AMPAR subtype (Koh et al., 1995), the
inclusion of Alexa Fluor dyes could lead to errors in esti-
mating the subtype of synaptic AMPARs. This raises the
possibility that Alexa Fluor may also reduce the polyamine
block of Ca2�-permeable kainate, nicotinic receptors, and
inwardly rectifying potassium channels (Lopatin et al.,
1994; Bowie and Mayer, 1995; Haghighi and Cooper,
1998). However, whether Alexa Fluor dyes alter the prop-
erties of other synaptic receptors and channels remains to
be tested.

Are there other effects of Alexa Fluor dyes? Alexa Fluor
dyes have been widely used during electrophysiological
recordings in many different cell types (Mameli et al.,
2007; Myoga et al., 2009; Zito et al., 2009; Higley and
Sabatini, 2010; Maroteaux and Mameli, 2012) and have
never been reported to be toxic within the time frame of
the recording (Alford et al., 2009). However, in addition to
changes in the EPSC rectification index, we also detected
a reduction in the amplitude of sEPSCs immediately after
obtaining the whole-cell configuration in the presence of
Alexa Fluor dyes (Table 2). Because the RI was not altered
at that time, the inhibitory effect was not subtype specific.
This indicates that Alexa Fluor dyes should also reduce
the EPSC amplitude at GluA2-containing synapses. Fur-
thermore, we did not observe a gradual decrease in EPSC
amplitude, suggesting that it is unlikely to be associated
with the diffusion of Alexa Fluor dyes from the soma into
the distal dendrites. Thus, one possible explanation is that
Alexa Fluor dyes blocked AMPARs extracellularly as the
dye escaped from the pipette due to the positive pressure
that is applied while approaching the cell prior to seal
formation. Our results suggest that Alexa Fluor dyes have
unwanted effects on AMPAR-mediated synaptic trans-
mission.

In conclusion, this study reveals that a widely used tool
in live cell imaging can affect synaptic transmission in
neurons. We show that both Alexa Fluor 488 and 594 alter
the properties of AMPAR-mediated EPSCs at the parallel
fiber–cerebellar stellate cell synapse. When present in the
cytoplasm, Alexa Fluor dyes at 100 �M affect synaptic
currents that are mediated via GluA2-lacking receptors,
altering their rectification index, whereas lowering the
Alexa 594 concentration to 10 �M did not produce this
effect. Therefore, high concentrations of Alexa Fluor are
not suitable for experiments that are designed to deter-
mine the subunit composition of synaptic currents.
Because GluA3 and 4 AMPAR subunits are the most
abundant in cerebellar stellate cells (Martin et al., 1993;
Ripellino et al., 1998; Schwenk et al., 2014), whether Alexa
Fluor dyes affect AMPARs composed of GluA1, such as

those in hippocampal neurons (Wenthold et al., 1996; Zhu
et al., 2000; Lu et al., 2009; Schwenk et al., 2014), remains
to be tested. When Alexa 488 or 594 is included in pipette
solution, it is, therefore, important to take into consider-
ation the possibility that both dyes may alter the proper-
ties of synaptic currents, as we have shown here in
cerebellar stellate cells.
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