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h  i g  h  l  i g  h  t  s

• We  propose  a  technique  to assess  the level  of  gap  junction-mediated  intercellular  communication  in  astrocytes  studied  in  acute  hippocampal  slices.
• Astrocytes  constitute  a  brain  subpopulation  of glial  cells  that  tightly  interact  dynamically  with  neurons  and  express  the  greater  amount  of  gap  junction

proteins.
• For  this  purpose  we  used  a gap  junction  permeable  dye,  SR101,  selectively  taken  up  by  astrocytes  that  is different  from  previously  used  CDCF  compounds

that  is  not  astrocyte  specific.
• The  expression  level  of  gap  junction  proteins  in  astrocytes  is impacted  in  a number  of  brain  pathologies  and  injuries.
• The  gap-FRAP  technique  allows  monitoring  gap junctional  communication  in astrocytes  from  aged  acute  brain  slices,  which  so  far  was  difficult  and  time

consuming  with  conventional  techniques.
• Here  we detail  this approach  and  provide  its  validation  by  modelization.
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a  b  s  t  r  a  c  t

Intercellular  communication  through  gap  junction  channels  plays  a key  role  in  cellular  homeostasis  and
in synchronizing  physiological  functions,  a feature  that is modified  in  number  of  pathological  situations.
In the  brain,  astrocytes  are the  cell  population  that expresses  the  highest  amount  of  gap  junction  proteins,
named  connexins.  Several  techniques  have  been  used  to  assess  the level  of gap junctional  communication
in  astrocytes,  but  so  far they  remain  very  difficult  to apply  in  adult  brain  tissue.  Here,  using  specific
loading  of  astrocytes  with  sulforhodamine  101,  we  adapted  the  gap-FRAP  (Fluorescence  Recovery  After
Photobleaching)  to acute  hippocampal  slices  from  9  month-old  adult  mice.  We show  that  gap  junctional
communication  monitored  in  astrocytes  with  this  technique  was  inhibited  either by pharmacological
treatment  with  a gap junctional  blocker  or in  mice  lacking  the  two  main  astroglial  connexins,  while  a
partial  inhibition  was  measured  when  only  one  connexin  was  knocked-out.  We  validate  this  approach
using  a mathematical  model  of  sulforhodamine  101  diffusion  in  an  elementary  astroglial  network  and
a  quantitative  analysis  of  the exponential  fits  to the  fluorescence  recovery  curves.  Consequently,  we
consider  that  the  adaptation  of the  gap-FRAP  technique  to acute  brain  slices  from  adult  mice provides  an
easy  going  and  valuable  approach  that  allows  overpassing  this  age-dependent  obstacle  and  will  facilitate
the  investigation  of  gap junctional  communication  in  adult  healthy  or pathological  brain.

©  2018  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Direct intercellular communication through gap junction chan-
nels plays a key role in cellular homeostasis and in synchronizing
physiological functions (Laird et al., 2015). In the brain, this is the
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case for glial cells and in particular for astrocytes that exhibit the
highest expression level of gap junction proteins, named connexins
(Cxs) (Ransom and Giaume, 2013). Two major Cxs are expressed in
astrocytes of adult mouse brain: Cx43, that is already detected at
birth, and Cx30, that starts to be detected after the second postna-
tal week (Nagy and Rash, 2000). Such high expression level allows
important intercellular exchanges of ions, signaling molecules and
metabolites that provide the basis for a glial networking (Giaume
et al., 2010). A specific feature of astrocytes is that they are located at
the interface between neurons and blood vessels: indeed, they con-
tact the synapses where they contribute to the “tripartite synapse”
(Araque et al., 1999) and the vascular system since astrocyte end-
feet are associated to the brain blood barrier (BBB). In addition,
astrocytes are coupled with oligodendrocytes and can form panglial
networks with them (Griemsmann et al., 2015). Interestingly, gap
junction proteins are detected nearby cortical excitatory synapses
(Genoud et al., 2015) and Cx43 as well as Cx30 are highly expressed
at contacts between astroglial endfeet that enwrap blood vessels
(Ezan et al., 2012). Accordingly, gap junctional communication
(GJC) is involved in the control of synaptic transmission and in the
maintenance of BBB integrity. Indeed, in Double KO mice for Cx43
and Cx30, synaptic transmission and plasticity are impacted in the
hippocampus (Pannasch et al., 2011) and the integrity of the BBB is
weakened (Ezan et al., 2012). Also, it is established that GJC in astro-
cytes is controlled by a number of endogenous compounds such as
neurotransmitters, cytokines and endogenous lipids (Ransom and
Giaume, 2013) and depends on neuronal activity (Roux et al., 2011;
Liu et al., 2013). In addition, the expression level of astroglial Cxs
is modified in a number of brain pathologies and injuries although
the functional status of gap junction channels is much less doc-
umented (see Giaume et al., 2010). Hence, it appears essential to
develop techniques to monitor the level of GJC in astrocytes at adult
stages and in pathological situations to investigate the correlation
between changes in Cx expression and function.

So far, several methods have been used to monitor the level of
GJC and its regulation in astrocytes studied in acute brain slices
(see Giaume et al., 2012). This mainly includes approaches based
either on electrophysiological properties of gap junction channels
or on “dye coupling” experiments that consist in injecting into one
astrocyte a membrane non-permeable molecule with a low molec-
ular weight (<700–800 Da such as Lucifer yellow, sulforhodamine
B, biocytin, . . .)  that diffuses with time to neighboring coupled cells.
In astrocytes, the double patch-clamp technique allows record-
ing single-channel junctional currents in cultured cells (Giaume
et al., 1991; Dermietzel et al., 1991) as well as monitoring macro-
scopic junctional currents in acute slices (Meme  et al., 2009; Zhong
et al., 2016), while dye injections visualize astroglial and pan-
glial networking (Blomstrand et al., 2004; Houades et al., 2006,
2008; Roux et al., 2011; Griemsmann et al., 2015). Alternatively,
the intercellular diffusion of dyes can also by studied by adding
Lucifer yellow in the external solution during the slicing proce-
dure (Menezes et al., 2000) or by applying sulforhodamine 101
(SR101) either in vivo on the pial surface (Nimmerjahn et al., 2004)
or by intravenous injection (Appaix et al., 2012). However, these
methods suffer from some limitations. Although dual patch clamp
recording and dye injections can be routinely performed in slices
from juvenile animals, they become difficult in the adult. Alter-
natively, approaches based on dye loading, mainly SR101, after
deposition on the pia or passage through the BBB can be used
in vivo and in adults, are difficult to control from one experiment
to the other. This strongly jeopardizes the comparison of GJC lev-
els in different conditions. Interestingly, non-invasive techniques
based on the gap-Fluorescent Recovery After Photobleaching (gap-
FRAP) (Delèze et al., 2001) and its derivative the Local Activation of
Molecular fluorescent probes (LAMP) (Yang and Li, 2009) have been
developed in cultured cells. They consist in loading a population

of coupled cells with a cell-permeable and photoactivatable fluo-
rophore, then photolyzing locally the dye in one cell and recording
fluorescence recovery. We  have adapted the gap-FRAP technique
to study astroglial GJC in acute hippocampal slices from old mice.
Indeed experiments were performed at 9 months, an age at which
very few analysis of GJC has been reported in the literature due to
the difficulty to apply classical double patch-clamp recording or dye
coupling experiments in acute brain slices (see Discussion). In order
to load solely astrocytes, we took advantage of sulforhodamine 101
(SR101), a fluorescent low molecular weight (607 Da) dye that is
selectively taken up by astrocytes and passes through gap junction
channels (Nimmerjahn et al., 2004; Schnell et al., 2015).

In the present study, we  demonstrate that the gap-FRAP tech-
nique can be adapted to acute hippocampal slices from old mice.
GJC monitored in astrocytes with this technique was blocked either
by pharmacological treatment or by genetic deletion of astroglial
Cxs. Finally, we  validate this approach using a mathematical model
of SR101 diffusion in astrocyte networks. This model also suggested
that such approach actually quantifies both intercellular and intra-
cellular GJC.

2. Results

A gene profile study from CNS cells has identified Aldh1L1 as
an astroglial specific marker in the CNS (Cahoy et al., 2008). In the
present study, adult Aldh1L1-eGFP transgenic mice were used to
detect astrocytes in the CA1 area of the hippocampus (Fig. 1A1, B1
and C1). Using 9 month-old mice, we found that eGFP-expressing
cells in Aldh1L1-eGFP mice were always characterized by a soma
size <10 !m and a typical rich arborization (Fig. 1C1) defining the
so-called astroglial domain as previously reported (Yang et al.,
2011; Zhong et al., 2016). In addition, no cell with a neuronal mor-
phology was identified based on the presence of eGFP fluorescent
signal. Similar observations were made using the fluorescent dye
SR101 (Fig. 1A2, B2 and C2) for astrocyte loading (Nimmerjahn et al.,
2004). Consequently, as illustrated in Fig. 1, we examined the co-
localization of eGFP with SR101 staining. Quantification of dual
staining for eGFP and SR101 (Fig. 1A3, B3 and C3) in the adult mouse
hippocampus indicated that 93 ±  1% (n = 809 cells from 4 mice) of
SR101-positive cells were eGFP-positive and 99 ±  1% (n = 754 cells
from 4 mice) of eGFP-positive cells were also SR101-positive. These
numbers are in agreement with previous studies using SR101 stain-
ing in the hippocampus of young mice expressing eGFP driven
either by hGFAP (Schnell et al., 2012) or Aldh1L1 (Zhong et al., 2016)
(see also Nimmerjahn et al., 2004). Consequently, we concluded
that SR101 is a reliable and specific marker for the identification and
loading of adult astrocytes in the CA1 region, and that this marker
can be used for gap-FRAP functional study of GJC in hippocampal
astrocyte networks.

Initially, we carried out gap-FRAP experiments using the two-
photon configuration of the confocal microscope. A SR101-positive
astrocyte was  targeted and a 5 × 5 !m square area was exposed to a
laser illumination (5 flashes of 5 s each during 25 s). This procedure
resulted in a bleaching of this astrocyte as indicated by a reduction
in the recorded fluorescence level. With time, a recovery of fluo-
rescence was  observed and after 8 min  it stabilized to a fluorescent
level corresponding to 74 ±  4% (n = 6) of the basal fluorescence level
recorded before bleaching (with a percentage of recovery 64 ±  3%
obtained by subtracting the background after bleaching) (Fig. 3A1
and A2). When the gap junction channel inhibitor carbenoxolone
(CBX, 200 !M)  was  applied 15 min  before, during and after the
laser pulses, the level of fluorescence recovery was reduced by
24 ±  3%, n = 4 (39 ±  3% of the recovery level compared to control
condition) (Fig. 3A2). These results indicated the occurrence of a
reduction in GJC between the bleached astrocyte and its neigh-
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Fig. 1. Co-localization of eGFP+ cells with the astroglial marker SR101 in the hippocampus CA1 of adult Aldh1L1-eGFP mice.
Representative images showing Aldh1L1-eGFP+ cells (green), SR101 labelled astrocytes (red) and merged (yellow) within the CA1 region, A1-A3, at low magnification scale
bar,  30 !m;  B1-B3, at higher magnification, scale bar, 10 !m;  C1-C3, at high magnification showing the morphology of a single eGFP-expressing cell (green), SR101 labelled
astrocyte (red) and their merge (yellow), scale bar, 2 !m.  For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.

bors. However, as CBX used at this concentration is well known
to totally abolish GJC in hippocampal astrocytes studied in acute
slices (see for instance Wallraff et al., 2004; Rouach et al., 2008)
the sensitivity of the two-photon configuration was  not consid-
ered as satisfactory. In fact, in this configuration, the thickness of
the laser illumination was very limited in the Z axis (Fig. 2A1 and
B1 ), hence the poor resolution of the GJC component in the recov-
ery phase was interpreted as the consequence of a low proportion
of SR101 bleached molecules in the targeted astrocyte compared
to the total amount of SR101 molecules contained in its cyto-
plasm, including the soma and the primary processes (Fig. 2A1 and
B1).

In order to increase the proportion of SR101 molecules available
for photolysis, we decided to use the same confocal microscope
but in a one-photon configuration which results in a much larger
thickness of the laser stimulation in the Z axis (Fig. 2A2 and B2)
and consequently in a higher number of SR101 bleached molecules,
in particular in the soma. Moreover, a larger square area with the
size 15 × 15 !m targeting a SR101-positive astrocyte was exposed
to a laser illumination (15 flashes of 0.684 s each during 10.26 s).
By using the one-photon configuration, the recovery level in con-
trol condition is 65 ±  3% (n = 5), while it is only 23 ±  4% (n = 4) in
presence of CBX, so the CBX-sensitive component is 42±  3% (n = 4)

(Fig. 3B1 and B2). Fig. 4 illustrates examples of gap-FRAP exper-
iments in SR101 loaded populations of hippocampal astrocytes
using the one-photon configuration of the microscope. In control
condition, after selection of a targeted SR101-positive astrocyte
(Fig. 4A, left image) in the CA1 region, fluorescence disappeared
after the laser bleaching in the soma (Fig. 4A, middle image)
and reappeared progressively with time after laser illumination
(20 min, Fig. 4A, right image). In contrast, when the slice was
pre-incubated with CBX (200 !M)  the recovery of fluorescence
monitored after bleaching was much weaker (sequential images in
Fig. 4B taken at similar time than in Fig. 4A). Quantification of these
two conditions is illustrated in Fig. 4C. We  also noted that fluores-
cence recovery appeared faster with CBX than in control condition.
Then we  took advantage of knock out mice for the two major Cxs
expressed in astrocytes, i.e. KO Cx43 and KO Cx30 (Ransom and
Giaume, 2013), as well as the Double KO mice (KO for both Cxs,
see Methods) to obtain conditions in which GJC is partly or totally
abolished. Using these animals we  observed that the recovery after
photo-bleaching was reduced by 21 ±  3% (n = 12) for the KO Cx43,
15 ±  3% (n = 10) for the KO Cx30 and 38 ±  3% (n = 9) for the Dou-
ble KO compared to the recovery value in control condition, i.e.
wild type. These values were determined by subtracting the plateau
value measured at t = 20 min  after bleaching to the value measured



106 C. Yi et al. / Journal of Neuroscience Methods 303 (2018) 103–113

Fig. 2. Larger bleaching area in the targeted astrocyte by using one-photon
microscopy in FRAP experiments.
A1, B1, using the two-photon configuration of the confocal microscope, a 5 × 5 !m
square area (shown in B1 left using a reference slide, scale bar 8 !m)  in one SR101-
positive astrocyte was  targeted and exposed to laser illumination (5 flashes of 5 s
each for 25 s); the thickness of the laser illumination illustrated in A1 was limited
in  the Z axis (B1 right scale bar 8 !m);  A2, B2, using a one-photon configuration, a
larger square area of 15 × 15 !m (B2 left scale bar 20 !m)  targeting a SR101-positive
astrocyte was  exposed to laser illumination (15 flashes of 0.684 s each for 10.26 s);
this results in a much larger thickness of laser stimulation in the Z axis (A2 and B2
right, scale Bar 20 !m)  and consequently, also in a higher number of SR101 bleached
molecules especially in the soma.

immediately after bleaching. In this set of experiments the recov-
ery for hippocampal slices from wild type mice was 65 ±  3% (n = 5)
(Fig. 4D). It is noteworthy that the inhibition of fluorescence recov-
ery was the same for CBX-treated wild type mice and the Double
KO mice (Fig. 4C and D). Altogether, these results indicate that gap-
FRAP applied in the one-photon configuration allows assessing the
level of GJC between astrocytes in various situations.

Moreover, after the initial bleaching of the fluorescent
molecules in the targeted cell exposed to laser illumination, the
neighboring reservoir cells are expected to give in return new
fluorescent ones if the cells are coupled together by gap junc-
tion channels. This supposes that the level of fluorescence in the
reservoir cells should decrease as fluorescence comes back in the
bleached cell (see Delèze et al., 2001). This feature was  qualita-
tively observed in gap-FRAP in SR101-loaded astrocytes from acute
slices. Indeed, in astrocytes close to the bleached cell, fluorescence
significantly decreased with time reaching 86 ±  6% (n = 9) of fluo-
rescence, at t = 20 min, compared to its level before illumination,
while in astrocytes located far from the targeted cell, the change
in fluorescence level was  not detectable 99 ±  1% (n = 16) (Fig. 4E).
In the classical gap-FRAP method initially described between two
coupled cells, there is a direct relationship between the fluores-
cence recovery in the bleached cell and the donor cell (Delèze et al.,
2001). In our case, the situation is more complex since we are deal-
ing with a bleached cell and a network of donor cells; also the

Fig. 3. gap-FRAP experiments using the two-photon vs one-photon microscope.
A1,  Curves showing time-lapse percentage of fluorescence intensity (FI) normalized to F0 in the astrocytes of 9-month WT mice in control conditions (CTL, in black) and in
CBX  conditions (CBX, in red) by using a 2-photon microscope; A2, Bar histogram illustrates the quantification of fluorescence recovery percentage measured at 8 min after
photobleaching; (*p < 0.05, unpaired Student’s t-test, mean ±  SEM, CTL n = 6, CBX n = 4); B1, Curves showing a single FRAP experiment by using a one-photon microscope B2,
Quantification of the fluorescence recovery percentage measured at 20 min  after photobleaching (*** p < 0.001, unpaired Student’s t-test; mean ±  SEM, CTL n = 5; CBX n = 4).
(For  interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. gap-FRAP experiments in SR101 loaded hippocampal astrocytes.
Fluorescence images showing astrocytes of acute brain slices from 9 month old WT mice loaded with SR101 before bleaching (left), immediately after bleaching in the white
rectangle (middle), and 20 min  after laser bleaching (right) in (A) control conditions (CTL) and in (B), under CBX conditions, scale bar, 20 !m; C, Curves showing the time-lapse
percentage of fluorescence intensity (FI) normalized to F0 in astrocytes of WT  mice treated or not with CBX (mean ±  SEM, CTL n = 5; CBX n = 4); D, time-lapse percentage of
normalized FI in the astrocytes from 9-month WT,  Cx43KO, Cx30KO and Double KO mice (mean ±  SEM, WT  n = 8; Cx43KO n = 12, Cx30KO n = 10 and DKO n = 9); E, time-lapse
percentage of normalized FI in bleached astrocytes from WT  mice (black), and in the astrocytes close (green) or far from the bleached cell (blue) (*** p < 0.001, Close vs Far,
Two-way ANOVA, mean ±  SEM, CTL n = 5; Close n = 9; Far n = 16); F, time-lapse percentage of normalized FI in bleached astrocytes from WT mice treated with CBX (red), and
in  the astrocytes close (green) or far from the bleached cell (blue) (mean ±  SEM, CBX n = 4; Close n = 6; Far n = 5). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

fluorescence recovery of the bleached cell is not completed after
1250 s. Thus the rule of fluorescence loss in donor cells does not fol-
low this direct relationship initially observed for a pair of cultured
cells. This explains why  the kinetics of fluorescence in donor cells
continues to decrease while the fluorescence of the bleached cell
reaches a plateau. In the presence of CBX, as expected, no change
in the fluorescence was observed in astrocytes whether located

close or far from the bleached cell (97 ±  2%, n = 6 and 98 ±  2%, n = 5,
respectively) (Fig. 5F) while the rate of fluorescence recovery in this
astrocyte was  greatly reduced as described above (Fig. 5C).

In order to validate the correctness of our interpretation of the
gap-FRAP data and the analysis of GJC in astrocytes, we used a
mathematical model based on morphological and experimental
data. This mathematical model is based on SR101 diffusion in an
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Fig. 5. A mathematical model validates our interpretation of GAP-FRAP experiments.
(A)  Layout of the two  dimensional model used for numerical simulations of GAP-FRAP: the bleached cell (Cell 1, blue) is made of a central cell body (10 × 7 !m2) surrounded
by  two  thinner process compartments (20 × 1 !m2 each). Cell 1 is coupled to two flanking cells (Cell 2 and 2’, green) via gap junctions (GJ) located at the contact point between
the  extremities of Cell 1 processes and the flanking cells. The intracellular space is discretized by a square lattice, on which we solve numerically the diffusion equation to
simulate  SR101 intracellular and intercellular diffusion (see Experimental Procedure). The output of this mathematical model is shown (B) in the presence of CBX or with
the  Double KO mice or (C) in control conditions. Figure B1 & C1 show the spatial distribution of SR101 in the cells at the indicated time point, using the indicated colormap.
At  time t = 0, a central section of Cell 1 (the ROI), encompassing the cell body plus part of the processes (dashed rectangles) is photobleached. The simulation then monitors
the  recovery with time of the total fluorescence in the ROI, normalized by its value before photobleaching (B2–C2). After adjustment of the values of the model parameters
G  (strength of the GJ-coupling between Cell 1 and 2 or 2’) and D (diffusion coefficient of SR101), the match between the model and the experimental data is excellent in
the  three conditions (B2–C2). Parameter estimates were: i) CBX: vS = 70 !m2, D = 1.35 !m2/s, vR = 105 !m2, ii) Dble KO: vS = 50 !m2, D = 1.00 !m2/s and iii) Ctrl: vS = 70 !m2,
D  = 3.04 !m2/s, vR = 105 !m2, G = 1.0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

elementary network. In agreement with the morphologies shown
in Fig. 1, the photo-bleached cell (Cell 1 in Fig. 5A) was  modeled
as an object of 50 !m total length, which included a 10 !m-large
cell body flanked by two 20 !m long processes on each side. These
parameters were deduced from morphological analysis of stained
astrocytes as illustrated in Figs. 1C1 and C2. Since we  do not expect
significant signal variation in the Z-axis during the experiments,
we considered cells as two-dimensional objects. To emulate diffu-
sion into the bleached astrocyte of SR101 molecules coming from
nearby coupled astrocytes, we also position two  “reservoir” cells
(Cell 2 and Cell 2′ in Fig. 5A) that are coupled to the extremities
of Cell 1 processes via gap junctions. Note that the overall shape
of Cells 2 and Cell 2′ was kept as simple as possible to limit com-
putation times. As a starting point, we used the experimental data
obtained in the presence of CBX (Fig. 4C), i.e. without GJC, to esti-
mate the SR101 diffusion coefficient Dcbx and the soma surface area
of the bleached cell (Cell 1), vS. Fig. 4F shows that in the presence of
CBX the fluorescence level in astrocytes around the bleached cell
is not altered by the photo-bleaching process, even for those that
are found close to the bleached cell. Therefore we considered that
in the presence of CBX, GJC between astrocytes is totally abolished,
in agreement with the well-documented effect of CBX on GJC in
acute slices (Wallraff et al., 2004; Rouach et al., 2008). We  thus
fixed the coupling strength G in the mathematical model to G = 0
and used nonlinear optimization to estimate the values of Dcbx

and vS based on the experimental data of Fig. 4C. We  estimated
Dcbx = 1.35 !m2/s and vS = 70 !m2. As illustrated in Fig. 5B1, the
initial reduction of fluorescence in the ROI after photo-bleaching
progressively recovered due to fluorescent SR101 molecules com-
ing from the processes of the photo-bleached cell itself but not
from the reservoir cells, as expected. Note that in this case the
resulting quality of the fit between the curve obtained from the
model and the experimental data was excellent (Fig. 5B2). When
applied to the gap-FRAP data in the Double KO mice (Fig. 4D), we
obtained similar results (DdoubleKO = 1.00 !m2/s and vS = 50 !m2),
with, again an excellent fit to the data (Fig. 5B2). We  then used the
experimental gap-FRAP data obtained in control condition (Fig. 4C)
to estimate the SR101 diffusion coefficient in control condition
Dctrl; the surface area of each reservoir cells vR and the coupling
strength G. In this case, we  fixed the soma surface area of the
bleached cell to the value estimated with CBX condition indicated
above, i.e. vS = 70 !m2. Our estimations yielded: Dctrl = 3.04 !m2/s,
G = 1.0 and vR = 105 !m2, with excellent fit to the experimental
data (Fig. 5C2). Unlike the CBX case, the initial reduction of fluo-
rescence in the ROI after photobleaching now recovered both by
fluorescence coming from the processes of the photo-bleached cell
and from the reservoir cells. This is evidenced in Fig. 5C1 where
the color intensity of both the processes of Cell 1 and that of
Cell 2 and Cell 2’ decreased during fluorescence recovery while
intensity in the ROI increased. The estimated apparent diffusion
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coefficient D is therefore reduced by a factor of 2.2 with CBX,
(Dctrl = 3.04 vs Dcbx = 1.35 !m2/s). We  note that such a difference
between the apparent diffusion coefficients (ctrl vs CBX) was  con-
sistently obtained in our fits to the experimental data. For instance,
we could not get good fitting quality when the two diffusion coef-
ficients (ctrl and CBX) were constrained to adopt identical values.
Hence, our study indicates that CBX reduces the apparent diffusion
coefficient of SR101 within the processes of the photo-bleached
cell.

When applied to Cx30 KO and Cx43 KO, the estimates from our
mathematical model for the intercellular coupling strength G were
clearly nonzero but less than 1.0 (G = 0.27 and 0.50, respectively).
This suggests that intercellular GJC is severely impaired in Cx30
KO and Cx43 KO hippocampal astrocytes as previously reported
(see Rouach et al., 2008). This is in strong contrast with the value
estimated in control conditions above, G = 1.0. The interpretation of
G = 1.0 in the model is that the rate of intercellular diffusion of SR101
is not significantly different from its intracellular diffusion rate. This
suggests that in control condition, the targeted astrocyte and its
coupled neighbors can be considered as a unique cell from the point
of view of SR101 diffusion, this is directly due to the well-known
very high level of GJC in hippocampal astrocytes. Indeed, astroglial
networking can involve about 80 to more than 100 astrocytes when
biocytin is used as an intercellular tracer (Blomstrand et al., 2004;
Xu et al., 2010; Strohschein et al., 2011). In contrast, in Cx30 KO
and Cx43 KO, reduction of GJC strength would partially disrupt the
astroglial networking.

We tested this idea using non-linear fitting of the gap-FRAP
curves. In the case of an isolated astrocyte, with no coupling to
any other cell, one expects fluorescence recovery to exhibit 1-
component exponential kinetics, since fluorescence recovers from
a single, intracellular source of SR101. However, when the astrocyte
is coupled to other cells, fluorescence recovers from two  sources
(intracellular SR101 and the SR101 initially present in the cou-
pled cells), and one expects a 2-component kinetics with a fast
component due to the intracellular SR101 diffusion and a slower
one due to the intercellular SR101 diffusion. We  thus fitted each
gap-FRAP curves with 1-component or 2-component exponential
functions and used Akaike Information Criterion to compare the
quality of the fits (see Methods). Fig. 6A shows the fraction of cells
in each condition for which the best model was  found to be 1-
component (white) or the 2-component (black) kinetics. With CBX,
we found that the best model is 1-component kinetics for most
of the cells, in agreement with our hypothesis above. Marginal
improvements of the 2-component fits are not enough to com-
pensate for the larger number of fitting parameters (Fig. 6B). We
interpret the corresponding time constant of the single exponen-
tial (referred to as the “time scale” below) Kcbx = 0.00147 s− 1 as
the time scale for intracellular diffusion of SR101 (see Table 1).
In control conditions however, the 2-component scenario is the
best fit for all our experiments (Fig. 6C), again as expected. A minor
fraction of recovery comes from a fast component with estimated
time scale Kctrl1 = 0.00362 s− 1 (Table 1), whereas a larger recov-
ery fraction is due to a component that is almost tenfold slower
(Kctlr2 = 0.00049 s− 1). Considering the fraction of recovery associ-
ated with each component, we associate the fast component with
intracellular diffusion and the slower one with intercellular diffu-
sion. Comparing the values of the time scales between CTRL and
CBX is difficult because they result from different fitting models.
However, when we compare Kctrl1 and Kcbx, the decrease due to CBX
is similar to the reduction of the apparent diffusion coefficient sug-
gested by our mathematical model above (Kctrl1/Kcbx = 2.5 whereas
Dctrl/Dcbx = 2.2). We  therefore conclude that this analysis confirms
the decrease of apparent diffusion kinetics with CBX.

For the two KO models (CX30 and CX43), fluorescence recov-
ery is almost always best fitted with a 2-component exponential

(Fig. 6A and D). Statistical analysis of the parameters (Table 1)
shows that in both cases the two  time scales and the fraction of
recovery associated with the fast intracellular component are not
different from control conditions. The only statistically significant
difference is the fraction of recovered fluorescence associated with
the slow intercellular component (Amplitude2) that is between 60
and 70% of the control value. We  note that this decay is of the same
magnitude as the decrease of the intercellular coupling strength
parameter G in the KO astrocytes, obtained with our mathematical
model above (between 27% and 50%). Therefore, our analysis sug-
gests that CX30KO and CX43KO astrocytes are coupled to a lower
number (or a lower volume) of astrocytes, as intuitively expected.

The results with the Double KO CX30/CX43 are more complex.
One half of our measured cells are best fitted with 1-component
kinetics and the rest with 2-component kinetics (Fig. 6A). The
cells for which 1-component kinetics is the best exhibit the same
kinetic parameters (recovery time scale and amplitude) as the CBX
cells (Table 1). However, the Double KO cells that are best fitted
with 2-component kinetics display kinetic parameters that share
common features with single KOs: compared to control, their fast
intracellular kinetics are unchanged while the fraction of recov-
ered fluorescence contributed by the slow intercellular component
is much smaller. However, in addition, the time scale of the slow
intercellular component of the Double KO is significantly larger,
which is not the case for single KOs. Therefore, our analysis of
the Double KO mutants indicates SR101 recovery kinetics that are
intermediate between CBX and the single KOs.

3. Discussion

We here report how the gap-FRAP technique, so far mainly
used in cultured cell systems, can be adapted to assess gap
junction-mediated communication in astrocytes studied in acute
hippocampal slices from the adult mouse. Its accuracy to detect
changes in GJC was demonstrated by using pharmacological as well
as genetic tools to reduce or abolish GJC in astrocytes. In addition,
we carried out a data fitting and model comparison that validated
experimental data and interpretation. The development of this
approach provides an easy going technique that allows assessing
the level of GJC in astrocytes at late ages, a feature that was so far
difficult to achieve and was  time consuming when using classical
dye coupling experiments in adult acute brain slices. However, as it
has been reported (Schnell et al., 2012) the active uptake of SR101
by astrocytes depends on brain areas; such feature should thus be
taken into account for GJC measurement by gap-FRAP technique in
regions other than the hippocampus.

Up-to-now the sole work reported to use gap-FRAP technique in
acute slices from aged brain was performed using CDCF (dicarboxy-
dichlorofluorescein diacetate), a gap junction channel- and cell
membrane-permeable dye that becomes membrane-impermeable
after de-esterification (Cotrina et al., 2001). This study reported that
while the expression of Cx43 and Cx30 is rather stable, according
to age, GJC tends to decrease. However CDCF, based on its perme-
ability properties, is expected to enter all cells, which is certainly a
handicap in a tissue like the brain composed of a variety of cellu-
lar populations including neurons, glial and endothelial cells. Thus,
although in adult mouse the main cell population connected by gap
junctions is the astrocytes, it cannot be assumed that CDCF recov-
ery after bleaching is only mediated by GJC between these cells. We
overpassed this problem by using SR101, a dye that is specifically
up-taken by astrocytes thanks to an active transport (Schnell et al.,
2012) and passes through gap junction channels (Nimmerjahn
et al., 2004). We verified that this was  the case in 9 month-old
hippocampal slices and thus considered to have in hand a method
in which solely astrocytes were loaded. We  have also been care-



110 C. Yi et al. / Journal of Neuroscience Methods 303 (2018) 103–113

Fig. 6. Comparison of 1-component and 2-component fits for fluorescence recovery.
Each GAP-FRAP curve was  fitted with 1-component exponential and 2-component exponential functions. The Akaike Information Criterion was used to decide whether one
of  the two  functions yielded a better fit of the data. The fraction of cells for each case is shown as histograms in (A). The number above each bar gives the total number of
cells  tested for each experimental condition or cell type. Illustration of the corresponding fits are given in (B–D) with empty circles for experimental data (gap-FRAP curve
for  a single cell), full black lines for fits with 2-component kinetics, and dashed red lines with 1-component kinetics.

Table 1
Statistical analysis of the exponential fits. For each condition, the numbers shown are the estimated mean ±  SEM of the two or four parameters of the 1-component or
2-component exponential fits, respectively. For the double KO mice (CX30/CX43) we segregated the cells into two groups (1-component, 2-component), depending on what
was  their best fit, and analyzed each group separately. n indicates the total number of cells for each case. The italicized numbers below the estimated parameter values give
the  p-value for hypothesis testing of the mean (homoscedastic t-test, two-tailed). All 2-component fits (CX30KO, CX43KO and DBLEKO 2-components) were tested against
CTRL,  whereas DBLEKO 1-component was tested against CBX.

Condition 103 K1 (s− 1) Amplitude1 (%) 103 K2 (s− 1) Amplitude2 (%) n

CTRL 36.2 ±  11.9 11.5 ±  4.1 4.90 ±  0.66 54.2 ±  4.8 5
CBX  14.7 ±  4.0 24.3 ±  3.8 N/A N/A 4
CX30KO 38.0  ±  3.4 11.6 ±  1.5 4.85 ±  0.56 39.0 ±  2.3 10

0.854 0.975 0.959 0.006**
CX43KO 45.5 ±  5.5 13.2 ±  3.2 5.53 ±  0.81 31.9 ±  3.4 12

0.424 0.757 0.644 0.0024**
Dble
KO

1comp 14.6 ±  2.4 29.7 ±  3.0 N/A N/A 6
0.987 0.293

2comp 48.4 ±  7.6 6.8 ±  2.0 8.4 ±  1.0 26.1 ±  2.4 6
0.389 0.303 0.0214* 0.0004***

ful to avoid the secondary staining of oligodendrocytes that starts
to be detected after 40 min  (Hagos and Hulsmann, 2016; Hill and
Grutzendler, 2014). Indeed, this astrocyte-to-oligodendrocyte cou-
pling occurs through heterotypic gap junctions forming a panglial
network that is, however, minor in the hippocampus compared to
other brain region like the thalamus (Griemsmann et al., 2015). In
our experimental condition, the use of the Aldh1L1-eGFP mouse
indicated that more than 93% of the SR101 loaded cells expressed

eGFP and thus were identified as astrocytes. Moreover, it has also
been reported that low concentration (1 !M)  of SR101 induces a
direct effect on pyramidal neuron membrane structures, leading
to a reduction in action potential firing threshold, and a long-term
increase in neuronal excitability and synaptic efficacy (Kang et al.,
2010; Garaschuk, 2013). So, we do not exclude that in our exper-
iments such SR101-induced effects on neuronal activity occurred.
However, we  have previously shown that in the CA1 region of the
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hippocampus, dye coupling (tested with sulforhodamine B and bio-
cytin) is not controlled by changes in neuronal activity including
epileptic-like discharges or TTX application (Rouach et al., 2008).
Moreover,this technical approach of GJC is mainly proposed to
compare different situations (animal models of brain diseases or
injuries) so we consider that if the bleaching process induces cel-
lular changes, these changes are supposed to be similar in both
models, allowing to compare their level of GJC. For instance, we
have recently used such technique to compare the level of cou-
pling in wild type mice and in APP/PS1 mice (a murine model of
Alzheimer’s disease) (see Yi et al., 2017). Consequently, based on
these considerations we consider that the gap-FRAP technique pro-
vides a trustable assessment of GJC in adult hippocampal slices
and can be used to determine whether GJC is affected in differ-
ent pathological situations as recently applied in a murine model
of Alzheimer’s disease (Yi et al., 2016).

By using pharmacological treatment with CBX or transgenic ani-
mals lacking the two major astroglial Cxs, the Double KO mouse,
we demonstrated that the gap-FRAP technique was able to detect
the total inhibition of GJC with a reduction of about 39% and 38%
compared to control, respectively. The residual resting fluorescence
was interpreted as the return of non-bleached molecules of SR101
from distant processes of the targeted astrocyte located outside the
bleached zone. Based on this statement, it is expected that, using
CDCF for cell loading (see Cotrina et al., 2001), this component that
will also include neuronal processes and endothelial cells present in
the bleached zone, will be largely increased and thus will reduce the
signal-to-noise ratio. Using single astroglial Cx knock out, Cx43KO
and Cx30KO, we demonstrated that the gap-FRAP was enough sen-
sitive to detect changes in the level of GJC. The lack of Cx43 was
found to reduce by 21% fluorescence recovery compared to control
condition, while the absence of Cx30 was associated to a 15% reduc-
tion. These data indicate that Cx43 contributed to 55% of GJC and
Cx30 to 40%. Interestingly, these changes in GJC associated to each
Cx are very close to those reported previously using patch-clamp
recording and dye coupling experiments in 3 week-old hippocam-
pal slices which established that Cx43 and CX30 contribute to 50%
and 35% of GJC, respectively, with the same single Cx knockout mice
(Rouach et al., 2008). In addition, in another study (Wallraff et al.,
2006) in the Cx43KO it was reported that Cx30 accounts for 50% of
coupling. Finally, we demonstrated that while fluorescence recov-
ered in the bleached astrocyte, those located close to this target
cell loosed fluorescence while those located far did not show flu-
orescence loss. These features are expected when considering the
processes of gap junction-mediated diffusion involved using the
gap-FRAP technic (see Delèze et al., 2001).

A mathematical model based on experimental data obtained
along our study was also carried out to validate the gap-FRAP tech-
nique. To reach this aim, we considered a two-dimension model
that takes into account two compartments in the targeted cell, the
central part that will be bleached and the distal processes that are
out of this zone. Our model-based estimation of the apparent intra-
cellular diffusion coefficient of SR101 in astrocytes is 3.0 !m2/s in
control conditions and 1.3 in CBX-treated cells. Albeit the diffu-
sion coefficient of SR101 has thoroughly been measured in water
(in the [200,400] !m2/s range, Gendron et al., 2008), quantitative
studies of its value in living cells are very rare. In rod photorecep-
tors, SR101 diffusion coefficient was estimated to around 6 !m2/s
(Chen et al., 2002). Given that astrocyte processes are expected to
be highly tortuous (Rusakov, 2015), our estimations fall within the
expected range of values.

Inspecting the fitting of experimental recovery curves with
those given by the model, we were able to distinguish two  com-
ponents in the recovery, one rapid and one slower. This was the
case when using data from control (wild type), KO Cx43 and KO
Cx30. In these cases, the rapid component was associated to the

recovery due to SR101 molecules coming from the non-bleached
distal processes of the targeted cells while the second component
was associated to SR101 molecules contributed by adjacent cells
through gap junction channels. The difference between KO and
control mice was that in KO astrocytes, the slow intercellular com-
ponent brought less SR101 in the bleached zone, thus confirming
a weaker coupling. With the Double KO, half of the cells exhib-
ited exponential fit results identical to those obtained with CBX, as
intuitively expected. For the other half however, the fit results were
close but not identical to single KOs. We  cannot exclude that such
discrepancy was due to alterations of morphology and physiol-
ogy of Double KO astrocytes, reported as hypertrophic and reactive
compared to wild type (Pannasch et al., 2011), a situation that was
not taken into account in our model. However, it should be kept in
mind that in the Double KO the lack of coupling is permanent dur-
ing all animal life, while CBX-induced uncoupling only results from
short time exposure and in this case morphological changes have
not been studied so far. Finally, the analysis of recovery and our
mathematical model indicated that the apparent diffusion coeffi-
cient of SR101 within the distal processes of the photo-bleached
cell is strongly reduced in the presence of CBX. Our interpretation
is that this reduction of apparent diffusion is caused by a global
increase of the intracellular tortuosity of the astrocytes with respect
to SR101. We  can however only speculate on the cause of such a
CBX-induced increase of intracellular tortuosity. For instance, this
could be due to CBX-induced changes in the cell or process mor-
phology. Alternatively, it could be due to the inhibition by CBX of
reflexive gap junctions, i.e. the gap junctions between processes
belonging to the same astrocyte. Indeed, the occurrence of gap
junctions between astroglial processes of the same cell has been
evidenced by electron microscopy data (Wolff et al., 1998; Genoud
et al., 2015)

There is increasing evidence that Cxs in astrocytes may play a
role in several models of brain pathologies. Interestingly their roles
are at the moment more considered through their hemichannel
function (Bennett et al., 2012; Bosch and Kielian, 2014; Davidson
et al., 2013; Orellana et al., 2016; Kim et al., 2016) than through gap
junctional channel function. We  think that this lack is in part due to
the difficulty to have a simple experimental approach to determine
the level of astroglial GJC in adult brain. Consequently, we consider
that the adaptation of the gap-FRAP technique to acute brain slices
from adult mice should now allow overpassing this technical obsta-
cle. Indeed, the combination of approaches to assess hemichannel
and gap junction channel functions of astroglial Cxs will contribute
to fully investigate and understand their role in brain pathologies.

4. Experimental procedure

All experiments were performed according to the European
Community Council Directives of January first 2013 (2010/63/EU)
and followed the Institute National de la Santé et de la Recherche
Médicale (INSERM) guidelines for ethical treatment of animals.
Experiments were also done in accordance with the institutional
French (Comité Opérationnel pour l’Ethique dans les Sciences de
la Vie du Centre National de la Recherche Scientifique, CNRS) and
the international (NIH guidelines) standards and legal regulations
(Ministère de l’Agriculture et de la Pêche) for the use and care of
animals. Along this work all efforts were made to minimize the
number of animals used and their suffering.

4.1. Reagents

All drugs were from SIGMA while Sulforhodamine 101 was
obtained from ThermoFisher Scientific.
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4.2. Acute brain slices

Acute brain hemisphere slices (300 !m)  from 9 month-old
C57Bl6, Cx30(− /− ), (KO Cx30) (Dere et al., 2003), Cx43(fl/fl):hGFAP-
Cre (KO Cx43) (Theis et al., 2003), Cx30(− /− )Cx43(fl/fl):GFAP-cre
(Double KO) (Wallraff et al., 2006) and Aldh1L1-eGFP (Yang et al.,
2011) mice were cut on a vibratome (Microm HM 650 V) and trans-
ferred to a holding chamber where they rested on a nylon mesh,
submerged in oxygenated artificial cerebro-spinal fluid (ACSF) at
room temperature for a stabilization period of 60 min. The ACSF
solution contained (in mM):  NaCl (125); KCl (2.5); NaHCO3 (25);
NaH2PO4 (1.25); glucose (25); MgCl2 (1); CaCl2 (2).

4.3. Gap-fluorescence recovery after photobleaching (gap-FRAP)

Acute brain hemisphere slices of 9 month-old mice were pre-
pared as described above and then were incubated with ACSF
containing SR101 (1 !M)  at 37 ◦C for 30 min. After 20 min  wash
in ACSF, slices were placed in a perfusion chamber on the stage of
a confocal microscope and perfused with oxygenated ACSF during
the entire experiment. Acquisitions were performed using a 25x
(NA = 0.95) Leica water immersion objective hold on a Leica SP5
microscope controlled by the Leica acquisition software. The gap-
FRAP experiments consisted in a three parts illumination sequence.
During the initial part, the baseline fluorescence was collected
every 25 s during 3 min  on a 196.9 × 196.9 !m field. Laser power
was set so that no bleaching of the SR101 happened. This power
was 1 mW in the single-photon experiments and 67 mW in the two-
photon experiments. Next, in order to photobleach the cell body
of the target astrocyte, the laser scanning area was restricted to a
smaller field (5 × 5 !m and then 15 × 15 !m,  see Results section)
and 15 pulses of light were applied. The power applied was 3 mW
in the single-photon experiment and 67 mW in the two-photon
experiment. Then, the fluorescence recovery was recorded during
3 different time courses, one image immediately after bleaching, 10
images every 5 s and then every 25 s during 20 min. Same field size
and laser power were used as in the baseline acquisition. All laser
power measurements were done by placing a power sensor at the
objective turret, without an objective in place. We  used the bleach-
point function of the Leica acquisition software in order to avoid
scanning and laser blanking during power measurement. Images
were analyzed off-line: the mean fluorescence intensity (F0) of the
astrocyte cell body was measured with ImageJ software. F0 was
obtained from the first value of the baseline recording. The fluores-
cence intensity of each time point was normalized to F0 and then
expressed as percentage of F0 (Ft/F0%). The percentage of recovery
was calculated by using the plateau value (the average of the last
6 values of the recording) subtracting the value of the first time
point after photobleaching. All studies were performed in the CA1
region of the hippocampus at a depth of 45 !m below the surface
to ensure that the cells of interest had not been damaged during
the slicing procedure.

4.4. Microscope settings

Confocal images were acquired on a Leica SP5 confocal scan-
ning unit installed on a DM6000CFS upright confocal stand. We
used the HCX IRAPO, L 25x, NA = 0.95, water immersion objective
for all images. The acquisition software was the Leica Application
Suite Advanced Fluorescence (LASAF) that provided all the needed
options for realizing GAP-FRAP experiments. During all acquisitions
(pre- and post-bleach as well as bleach itself) the scanning speed
was set to 400 Hz and image format to 512 × 512 pixels which is
equivalent to a pixel dwell time of 4.88 !s. Field size was set to
196.9 × 196.9 !m for pre- and post- bleach. Field size was  reduced
to 5 × 5 !m or 15 × 15 !m in order to improve bleaching efficiency.

4.5. Mathematical model

We  modeled intracellular diffusion of SR101 in a two-
dimensional model (Fig. 5A) featuring the bleached astrocyte (Cell
1 in the figure) and its gap junction-mediated coupled nearby
astrocytes (Cells 2 and Cell 2’). We  discretized the intracellular
space of the cells with a square Euclidean lattice with spacing
!x = !y  = 1 !m.  The lattice was used to solve numerically the dif-
fusion equation: ∂t u(x,y,t) = D∇2u(x,y,t) where u(x,y,t) represents
SR101 concentration at location (x,y) and time t and D is the appar-
ent diffusion coefficient of SR101 in the cell. Numerical resolution
was done with a semi-implicit (Crank-Nicolson) finite volume
scheme with Von Neumann boundary conditions and time step
!t  = 0.1 s.

In the model, SR101 diffusion between the bleached cell (Cell 1)
and its two  neighbors (Cell 2 and 2’) occurred exclusively at the
contact point between the extremity of Cell 1 processes and its
neighbors. To model gap-junction coupling (GJC), the SR101 flux
between the cells at these contact points was  set toJ  = − GD∇u(x,y,t)
where G ∈ [0,1] is the strength of GJC relative to the intracellu-
lar diffusion of SR101. Therefore, we modeled GJC as a diffusive
type of coupling but with possibly slower kinetics than intracel-
lular cytosolic diffusion (i.e. G < 1). Note that G = 0 corresponds to
non-coupled cells.

In agreement with our experimental setup (Fig. 2A2–B2), the
region of interest (ROI) i.e. the zone where fluorescence is mon-
itored and/or bleached, was defined as the 16 !m-long area
centered on the cell body and comprising in addition the first 3 !m
of the processes on each side. During numerical simulation, we
computed the total SR101 amount present in the ROI at time t and
normalized it with the corresponding quantity before photobleach-
ing, thus yielding FImodel(ti). We  estimated from the experimental
data the following parameters: the strength of GJC between the
bleached cell and the coupled astrocytes G; the SR101 apparent dif-
fusion coefficient D; the surface area of the soma of the bleached cell
vS and the surface area of each reservoir astrocyte vR. We used non-
linear optimization through evolution strategy (CMA-ES, Hansen,
2006) to find the parameter values that minimize the fitting error
ε = $i = 1.N [FImodel(ti) −  FIexp(ti)]2 where FIexp(ti) is the experimen-
tal value of the normalized fluorescence intensity in the ROI at the
ith time point and N the number of time points in the time series.
For consistency, we  constrained the estimated value of G to remain
in [0,1] during optimization. We  also checked that optimization
systematically converged to the same optimal values whatever the
initial guesses.

4.6. Data fitting and model comparison

Each GAP-FRAP curve was  successively fitted with a 1-
component exponential model: Y(t) = Ymax −  (Ymax −  Ymin)exp(− Kt)
and with 2-component exponential model: Y(t) = Ymax1 −  (Ymax1
−  Ymin/2)exp(− K1t) + Ymax2 −  (Ymax2 −  Ymin/2)exp(− K2t). Ymin was
not fitted but fixed to the value of the fluorescence intensity imme-
diately after bleaching (where t = 0 by convention). These fitting
functions define the recovery time scales of each component (K
or K1 and K2) and the fraction of recovery contributed by each
component, i.e. its amplitude (Ymax −  Ymin or Ymax1 −  Ymin/2 and
Ymax2 −  Ymin/2). Since the number of parameters to be estimated
doubles in the 2-component model, we  compared the qualities
of the resulting fit using the Akaike Information Criterion with a
correction for finite sample sizes (Burnham and Anderson, 2004):
AICc = Nln(%2) + 2k + 2k(k + 1)/(N −  k −  1), where N is the number of
data points of the time series, k is 1+ the number of parameters to
be estimated and %2 = 1/N  $i = 1.N[Y(ti) −  FIexp(ti)]2, the mean esti-
mated residuals from the fitted model. The best model is the one
with the minimum AICc value.
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4.7. Statistical analysis

All data are presented as the mean ±  SEM. Comparisons between
groups were conducted using unpaired t-test, except the compar-
ison between groups “close” and “far” by two-way ANOVA, and
P < 0.05 was considered to indicate a statistically significant dif-
ference. GraphPad Prism 6.0 software (GraphPad Software Inc., La
Jolla, CA, USA) was used for graph processing.
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