—
)
< 400
£ = PBS
) 77 INI-0602
C 200
; F*k
R
200 -

WT cu~33“"7’8

Figure 10. /n vivo administration of the HC inhibitor INI-0602
alters astrocyte electrophysiological properties. CLN32®7/% and
wild type (WT) mice (n=6-9/group) were treated with INI-0602 (10 mg/
kg) or PBS from postnatal day 30 to 60, whereupon acute brain slices
were prepared to quantitate resting membrane potential (RMP; A),
resting membrane conductance (Gm; B), and voltage-dependent
membrane conductance (Gv; C) in astrocytes from the somatosensory
cortex using whole-cell patch clamp recordings. Significant differences
between WT and CLN32%"/ astrocytes are denoted by hatched signs
(#4444, p<0.001), whereas changes between WT or CLN34*78 mice
treated with INI-0602 or PBS are indicated by asterisks (*p<<0.05; **p<
0.01; ***p<<0.001).

doi:10.1371/journal.pone.0095023.g010

synthetase and GLAST expression may also originate from the
protein trafficking defects that have been described in JNCL
(75,76,77].

Based on the finding that astrocyte HC activity was significantly
elevated at postnatal day 30 in CLN327/8 mice, coupled with
published reports suggesting that HC opening can be linked with
pathology, we treated CLN3%*7/% mice with the HC inhibitor
INI-0602. The rationale for delayed administration at postnatal
day 30 was to more closely model the age when a diagnosis of
JNCL is made in children. Treatment of CLN32%7/8 animals with
INI-0602 for a 30 day period significantly decreased lysosomal
ceroid inclusions in several brain regions. In addition, the
“passive” component of membrane conductance i CLN347/#
astrocytes (Gm) was also affected by INI-0602 treatment; however,
its “reactive” voltage-dependent component (Gv; Figure 10) was
not. The latter agrees with the failure to detect any changes in
astrocyte HCs following INI-0602 administration @ vivo, since Gv
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is more linked with HG activity than Gm [41]. Another beneficial
effect of INI-0602 was its ability to modify resting membrane
potential in CLN3**7"% astrocytes. Although HC opening in
various brain regions of CLN37% mice was only transient, it is
clear that INI-0602 exerts beneficial effects, which may he
explained, in part, by its ability to enhance astrocyte GJG and
modify membrane conductance and potential. We found that INI-
0602 blocked HC opening in acute brain slices from untreated
mice, whereas, surprisingly, no changes in HC activity were
observed in slices recovered from animals after a one month
treatment period with INI-0602 @ vive. This discrepancy could be
explained by the short-term actions of INI-0602 in the CNS.
Indeed, Takeuchi et. al. reported a steady decline in brain INI-
0602 concentrations  vwo during the first three hours after
injection when the drug was administered to mice every other day,
as was done in the current study [68]. In addition, our @ viro
studies in acute brain slices showed that INI-0602 was easily
washed out of brain tissues and, as such, its primary effect (Le.
inhibition of HC activity) is expected to be relatively short-lived.
Therefore, the repetitive inhibition of astrocyte HC activity and/
or membrane depolarization during the one month treatment
period with INI-0602 may cause secondary adaptations in the
brains of GLN3%*7/% mice, resulting in the therapeutic benefits
reported here (i.e. reducing lysosomal inclusion burdens). This
possibility is supported by the fact that astrocyte GJC was
significantly increased following INI-0602 treatment, which,
theoretically would occur by HC pairing to form more GJs and/
or HC closure. Another option is that INI-0602 may influence
pathways that are distinct from HC/GJ. This is suggested by the
fact that CBX,, the parental compound from which INI-0602 was
derived, possesses other effects besides regulating GJ/HC activity
[78,79,80] and was only partially capable of blocking INI-0602
action in acute brain slices (Figure 8B). Indeed, the changes in
astrocytic membrane potential and conductance evoked by INI-
0602 in brain slices are expected to influence other cellular
functions in the CNS. An alternative explanation is that INI-0602
changes membrane fluidity and/or alters the trafficking patterns of
molecules that improve disease outcomes, attributes that are
consistent with other GJ/HGC inhibitors [81,82]. By extension,
INI-0602 may slow HGC diffusion in the lipid bilayer to facilitate
the docking of HCs on neighboring astrocytes and/or promote
HC trafficking to the plasma membrane, both of which would
facilitate the establishment of GJ channels. This possibility agrees
with our findings that astrocyte GJC was significantly increased in
both WT and CLN32"/% astrocytes following a one month
treatment period with INI-0602; however, future studies outside
the scope of the current report are needed to support this
mechanism of action. A final option emanates from the finding
that CLN3%/® astrocyte HC activity declines over time. Since
mice were 60 days-old following the one month dosing period with
INI-0602, the natural HC closure observed in untreated
CLN3%*7"® mice could account for the mability to detect a major
effect with INI-0602 treatment, since a large majority of HCs were
already closed. However, the fact that INI-0602 significantly
increased GJC in both CLN3*7/% and WT astrocytes implies
that the drug was still closing HCs, albeit at a level that was not
detectable by our ex wzwo methodology. Although INI-0602
significantly reduced inclusion burdens CLN347/% mice it did
not show any clear effects on glutamate or GABA levels as
measured by MR spectroscopy, which may originate from the
dosing regimen and/or drug concentration used, age of the
animals, and/or length of time mice received the compound.
Experiments are ongoing to determine whether long-term INI-
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Figure 11. Proposed relationship between astrocyte HC activity, brain metabolites, and neuronal loss in JNCL. Astrocyte HCs are
transiently opened in numerous brain regions in the context of CLN3 mutation, which likely distorts the brain metabolome. This is supported by the
ability of the HC inhibitor, INI-0602, to reduce lysosomal ceroid inclusions and enhance gap junction communication that is associated with the
maintenance of homeostatic gradients in the CNS milieu. Previous studies have reported increases in ceramide, ATP, and glutamate in JNCL, the latter

of which can be linked to HC action as well as the global decreases in glutamine synthetase and GLAST expression in CLN

348778 mice. Collectively,

these changes are suggestive of progressive loss of normal astrocyte homeostatic functions, which may contribute to neuronal loss in JNCL.

doi:10.1371/journal.pone.0095023.g011

0602 treatment can limit neuronal death observed at advanced
ages in CLN3%7/8 animals (i.e. 6-8 months).

Previous work from us and others has shown a reciprocal
relationship between GJC and HC activity in the context of injury
or inflammation [41,42]. In general, pathological disturbances
lead to reduced astrocyte GJC and a concomitant opening of HCs,
which is thought to be attributed, in part, to the action of
proinflammatory mediators [25,26]. In the current report,
increased HC activity was observed in the S1C of CLN347/%
mice at postnatal day 30, which correlated with a trend towards
decreased GJC in the same region. Likewise, HC activity was
significantly decreased in the HPC at postnatal day 90, which
correlated with increased GJC in this same location. Nonetheless,
it appears too simplistic to expect changes in GJC to always
parallel HC function, particularly given the vast differences in cell
types and complexity in various brain regions. We propose that the
increase in GJC observed in CLN3**7/% mice may represent a
compensatory response to failing astrocyte “health” as demon-
strated by the decreased glutamine synthetase and GLAST
expression reported here in the face of elevated glutamate levels
in the JNCL brain as described by other groups [53,59,61].
Importantly, we found that GFAP expression was significantly
elevated in CLN3%"/® mice at postnatal day 90 in the VC, HPC,
and TH in agreement with previous reports from other
laboratories in CLN3 mutant mice [8,20]. This is a key
observation, since it indicated that the decreases in Cx43, GLAST,
and glutamine synthetase detected in CLN 34778 animals did not
result from astrocyte loss. Rather, these findings reveal the attrition
of molecules that regulate glutamate homeostasis, which likely
triggers astrocyte activation in an attempt to compensate for this
decline. It remains to be determined whether these GFAP-reactive
astrocytes exert a beneficial or detrimental response in the context
of disease progression. It was surprising that Cx43 and Cx30
staining were both reduced at postnatal day 90, yet astrocyte GJC
was unaffected. A potential explanation for this observation is that
abundant Cx43 and Cx30 protein still remained, which was likely
sufficient to maintain functional GJ channels, particularly since
HC activity was dramatically decreased at postnatal day 90 in
several brain regions of CLN3 mutant animals. Alternatively, it is
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possible that CLN3 mutation leads to a redistribution in Cx43
and/or Cx30 that favors GJ plaque formation rather than
unopposed HCs. This could conceivably result from increased
homing of Cxs to GJ plaques and/or impaired plaque turnover. In
addition, astrocytes have been reported to express Cx26 [83],
which could compensate for the reductions in Cx43 and Cx30
observed in CLN3%"/8 animals. Finally, pannexin proteins are
also expressed by astrocytes and form HCs [84,85]. It is possible
that pannexin levels are altered in CLN3*7/® mice, which may
account for some of the differences in HC activity observed in the
current study. The reduction in Cx43 expression was congruent
with decreases in glutamine synthetase and GLAST levels in
CLN327/8 mice that were more profound in comparison,
suggestive of a generalized decline in astrocyte homeostasis.
Future studies examining these parameters in older CLNgAex7/8
animals will reveal whether these changes are progressive and, if
so, they could conceivably augment neuronal pathology and
eventual cell death.

In conclusion, our study has identified a novel decline in
astrocyte function over the first three postnatal months in
CLN3**7’% mice. Impairments in astrocyte homeostatic effects,
as suggested by the dramatic reduction in glutamine synthetase
and GLAST expression in CLN 34%7/8 animals, can compromise
neuronal function and conceivably impact neuronal demise during
JNCL. We also observed widespread opening of astrocyte HCs in
numerous brain regions, which although transient, could set the
stage for downstream pathological effects. Indeed, targeting early
changes in astrocyte HC function in the CLN3**"/® brain with
the CBX derivative INI-0602 led to reductions in lysosomal ceroid
mclusions. The exact mechanisms whereby INI-0602 provides
these beneficial effects remain to be elucidated; however, its ability
to enhance astrocyte GJC and modify membrane properties are
likely candidates based on the ability of astrocyte syncytia to
detoxify glutamate within the CNS. Nevertheless, INI-0602
appears to represent an attractive candidate for further develop-
ment in the context of JNCL therapeutics.
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Materials and Methods

Ethics Statement

This study was conducted in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Institutional Animal Care and Use
Committee of the University of Nebraska Medical Center
(Approval ID: 11-074-08-LP).

Mice

CLN32*"% mice (C57BL/6 background) that lack a 1.02 kb
segment spanning exons 7 and 8 of CLN3 were used [52]. This
represents the most common mutation in ~85% JNCL patients
and CLN3*“7% mice phenocopy several aspects of JNCL,
including neuronal loss, glial activation, metabolic disturbances,
and progressive storage material deposition [4,52,86,87]. Age- and
sex-matched C57BL/6 mice were used as WT controls (The
Jackson Laboratory, Bar Harbor, ME). Both male and female
mice were utilized for these studies and no gender influences on
experimental outcomes were observed. To analyze early patho-
logical changes during JNCL, CLN3**""® and WT mice (n =54
and 48, respectively) were evaluated at postnatal days 30-37, 60~
67, and 90-97 (referred to throughout the study as postnatal days
30, 60, and 90, respectively). In experiments to quantitate ceroid
inclusions, tissues from 12—16 month-old mice were included for
comparisons with younger animals.

In some experiments, GFAP-GFP transgenic mice, where GFP
expression is driven by the human GFAP promoter (812 weeks of
age; The Jackson Laboratory) [88], were used to confirm astrocyte
staining specificity with CellTracker Blue CMAC (C'TB; Invitro-
gen, San Diego, CA).

In vivo Administration of the HC Inhibitor INI-0602

In some experiments, CLN3%7/% and WT mice were treated
with the blood-brain barrier permeable CBX analog INI-0602
[68] to determine the functional importance of astrocyte HC
activity in disease pathogenesis. CLN3%"% and WT mice
received 1p. injections of PBS or 10 mg/kg INI-0602 every other
day from postnatal days 30 to 60 (n=6~17 per group), a dosing
regimen that was optimal at reducing clinical symptoms in mouse
models of ALS and AD [68]. At the end of the 30 day treatment
period, mice were subjected to magnetic resonance (MR)
spectroscopy to quantitate the brain metabolome, whereupon
they were sacrificed and tissues utilized for subsequent studies.
Blood was collected from CLN327’% and WT mice treated with
INI-0602 or vehicle upon sacrifice, whereupon blood chemistry
profiles were evaluated using a VetScan2 blood analyzer (Abaxis,
Union City, CA; Comprehensive Diagnostic Profile rotor #500-
1038).

Magnetic Resonance (MR) Spectroscopy

To evaluate the impact of INI-0602 treatment on the CNS
metabolome, MR spectroscopy scanning was conducted on
CLN3%*7% and WT mice following the one month INI-0602
dosing interval. Briefly, animals were anesthetized with 1.5%
isoflurane in a 70% nitrous oxide/30% oxygen mixture and
positioned in a custom-made stereotactic holder equipped with a
MRI-compatible physiological monitoring system (Model 1025,
SA Instruments, Stony Brook, NY). Core body temperature of
anesthetized animals was maintained by a warm air delivery
system and MR spectroscopy data was obtained using a Bruker
Avance 7 Tesla/21 cm small bore system (Billerica, MA) and a
lab-built birdcage coil designed for mouse brain imaging. The
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initial setup for magnetic resonance imaging (MRI) studies
included a 3-plane locator scan, where localization and initial
shimming using a novel field mapping method was utilized [89].
Once the mouse was positioned and shimmed, MR spectroscopy
spectra were obtained from the HPC of CLN3A78 and WT
mice 2INI-0602 treatment. MR spectroscopy was acquired using
576 averages with a repetition time of 4000 ms, echo time of
50 ms, and 3 kHz bandwidth. Results from quality assurance (QA)
phantoms were used to verily accuracy and random error
measurements in mice.

Spectroscopic Processing and Analyses

Spectroscopic data were processed by removal of residual water
signal using the HLSVD filter. Spectra from '"H MR spectroscopy
data sets were curve fit in the time domain using the QUantitation
based on Quantum ESTimation (QUEST) algorithm [90,91] in

JMRUI (Java-based version of the magnetic resonance user

interface (MRUI) quantitation package), which fits results to a
sum of individual metabolite spectra (basis set). Spectra for the
basis set were acquired from QA phantoms with the same
acquisition parameters used @ vigo. Phantoms containing either
alanine, aspartate, choline, creatine, gamma-amino butyric acid,
glutamate, glutamine, glycerophosphocholine, glycine, lactate,
myo-inositol, NAA, or taurine were maintained at 38°C using a
circulating water bath and buffered to pH 7.4 at physiological
osmolarity. Results were normalized to the sum of all 13
metabolites as a semi-quantitative method for reporting metabolite
concentrations.

Preparation of Acute Brain Slices and SR101/CTB Staining

To prepare acute brain slices for quantitating astrocyte GJ/HC
activity and electrophysiological parameters, CLN 38778 and WT
mice were decapitated, whereupon the brains were quickly
removed and bathed in ice-cold artificial cerebrospinal fluid
(ACSF, in mM: 124 NaCl, 26 NaHCOg, 3 KCI, 2 MgCl,, 2
CaCly, 0.4 ascorbic acid, 10 glucose) continuously bubbled with
carbogen (95% Os and 5% COg) and maintained at pH, 7.4.
Next, 400 um thick coronal slices were prepared using a Leica
VT1000S vibrating-blade microtome (Leica Microsystems, Ger-
many) and immediately placed in ACSF at 32°C. During a 20—
30 min incubation period at 32°C, some slices were stained with
the astrocyte-selective dye SR101 (400 nM, Sigma-Aldrich, St.
Louis, MO) [48] and held in ACSF at room temperature for at
least 1 h before use. Other slices were stained with the fluorescent
dye CellTracker Blue CMAC (2 uM; Invitrogen) for 30 min in
AGSF at room temperature and immediately used for experiments
assessing astrocyte HC activity. Brain slices maintained good
viability for a 6-8 h period, an interval that was not exceeded in
the current study, as demonstrated by stable electrophysiological
properties in patched astrocytes across the recording intervals
examined. In addition, the CTB dye utilized in these studies was
specifically designed to stain live, but not dead cells. By extension,
the robust CTB staining reported here provides independent
confirmation of cell viability in our acute brain slices. Upon
completion of some experiments, CTB-stained brain slices were
fixed in 10% formaldehyde and processed according to the
histological protocol described below for clarifying the identity of
CTB" cells.

Brain Regions Examined

To investigate region-dependent changes in astrocyte function
in GLN34"/% mice, five brain regions were selected for analysis
based on prior reports documenting significant pathology in older
animals [6,8,20,52]. These included, layers IV-VI of the primary
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somatosensory cortex (S1C); dorsal striatum (STR); layers IV-VI
of the primary and secondary areas of the visual cortex (VC);
stratum radiatum layer in the CAl field of the hippocampus
(HPC); and ventral posterolateral and posteromedial nuclei of the
thalamus (TH). These regions were identified using a mouse brain

atlas [92].

Quantification of HC Activity

For assessing astrocyte HC activity, acute brain slices from
CLN3%*7/% and WT mice were pre-stained with CTB to facilitate
astrocyte identification and incubated in a submerged chamber
while constantly perfused with the HC-permeable dye EtBr
(2.5 uM) in ACSF at a rate 1.5 ml/min at 30°C. Z-stack images
of CTB and EtBr staining were collected at each of the five brain
regions, with 3 random fields of view (FOV) examined for each
brain structure. Images were captured at each location every
10 min before EtBr bath application and throughout the 30 min
EtBr incubation period. Each image covered a FOV of
167x220 um and a tissue depth of 55 um with a total
magnification of 400X. Astrocytes were identified by CTB staining
with cell bodies marked as regions of interest (ROI), and an
average EtBr intensity for each ROI was obtained (designated F)
in the same Z-stack where the maximum intensity for CTB was
found. Next, EtBr intensity was normalized to background values
(Fo) to account for autofluorescent ceroid inclusions, which were
taken as the minimal densitometric mean value in the ROI Z-
stack, according to the equation: (F-Fg)/Fg*100%. Astrocyte HC
activity was calculated as the rate of EtBr uptake in arbitrary units
per min (a.u./min) using a linear regression algorithm as
previously described [41]. To determine the effect of INI-0602
on astrocyte HC activity and electrophy51olog1cal parameters in
acute brain slices of CLN3%7/8 and WT mice, 100 pM INI-0602
was applied to the bath solution during EtBr uptake and
electrophysiological measurements.

Electrophysiology

Electrophysiological recordings of astrocytes were performed in
the S1C and HPC of acute brain slices from CLN327/% and WT
mice (n=29/group) as previously described [93]. Acute brain
slices were incubated with SR101 to facilitate astrocyte identifi-
cation. SR101 was utilized in these experiments instead of CTB,
since the latter would interfere with AlexaFluor 350 contained in
the recording electrode for visualization of astrocyte GJC.
Recording electrodes were filled with a solution containing (in
mM): 110 K-gluconate, 20 KCI, 0.2 CaCl,, 1 MgCly, 5 EGTA,
and 10 HEPES, pH 7.4 with an electrical resistance of 8—10 MQ.
Whole-cell patch-clamp recordings were performed on astrocytes
using a computer-controlled amplifier (Multiclamp 700B, Axon
Instruments/Molecular Devices Corp., Sunnyvale, CA) and a
video setup. The membrane resistance (Rm) and access resistance
(Ra) of astrocytes were calculated using the membrane test
function in pClamp-10 (Axon Instruments/Molecular Devices).
Resting input conductance (Gm) was calculated by the formula,
Gm = Gt *[Rt/Rm]}, where Rt is total resistance (Rm+Ra) and Gt
is total conductance calculated as the linear slope coefficient of the
voltage-current relationship (I-V) near the resting membrane
potential (RMP, zero holding current). Using this method, cell
input conductance (Gi) was calculated at every command voltage
(Vc) (on average, from —140 to +60 mV with 5 mV step). All Gi
points obtained from 3—4 primary I-V recordings within the Vc
range from —90 to —50 mV and RMP range from —90 to —
60 mV were included for statistical analysis to evaluate Gm. As
observed here and in prior studies, Gi fluctuated over the voltage
range and Gi deviation can be associated with voltage-dependent

PLOS ONE | www.plosone.org

15

Astrocyte Dysfunction in Juvenile Batten Disease

conductance (Gv). In the current report, Gv plot area was
calculated using the surveyor’s formula for the area of a simple
polygon utilizing maximal and minimal Gi points within the Ve
range from —90 to 0 mV as determined by the equation:

%2:; D xy(i+1)—x(i+1) x ()],

where x;= Vc (mV) and y; = [Gi - minimal Gi] (nS) on voltage step
i from 0 to n-1; A - Gv plot area as the sum of absolute values
(mV*nS or pA). To estimate Gv, the 4 maximal [A] values found
within 10 consequential I-V recordings were included in the
calculation from each recorded cell. Gv should be largely
independent from Ra, since membrane potential and conductance
used in the formula are oppositely modified in response to Ra
changes, as can be concluded from the I-V relationship.

Quantitation of Astrocyte GJC

The GJ permeable dye AlexaFluor 350 (0.5 mM, Invitrogen,
San Diego, CA) was included in the patch pipette to visualize the
degree of GJC in astrocytes from the S1C or HPC in acute brain
slices from CLN3%"/% and WT mice after 15-20 min of whole-
cell patch-clamp recording. Calculations of astrocyte GJC were
performed by enumerating the number of superimposed cell
images with AlexaFluor 350 and SR101 fluorescence using
appropriate filters in a microscopic FOV of 334 x448 um with a
total magnification of 200X. Cell coupling was confirmed by the
quantitation of fluorescent intensities using AxioVision software
(Zeiss, Germany). Cells were considered GJ coupled if the peak
optical intensities for AlexaFluor 350 exceeded 10% of back-
ground levels.

Quantitative Measurements of Immunofluorescence
Staining and Ceroid Inclusions

For histological analysis, brain slices from CLN327/8 and WT
mice were fixed in 10% formaldehyde for 1-2 h, washed in PBS
(pPH=7.4), cryoprotected with 30% sucrose overnight, and fast-
frozen in OCT embedding medium. Next, 20 pm thick cryostat
sections were mounted onto glass slides, air dried, and stored at —
20°C until use. Cx43, Cx30, glutamine synthetase, GLAST, and
GFAP expression were evaluated in the same five brain regions as
HC studies by immunofluorescence staining. Primary antibodies
for Cx43 and Cx30 (Molecular Probes/Life Technologies,
Carlsbad, CA; #71-0700 and #71-2200, respectively) and
glutamine synthetase and GLAST (Abcam, Cambridge, MA;
#AB16802 and #AB416, respectively) were visualized using a
fluorescein-conjugated secondary antibody (Jackson Immunore-
search Laboratories, West Grove, PA), whereas GFAP (Dako,
#20334), MAP2 (Chemicon, Temecula, CA, #AB5622), and Iba-
1 (Biocare Medical, #Cp290B) were detected using a biotin-
streptav1d1n approach. Quenching of autofluorescent inclusions in
CLN37/® tissues was achieved by incubating slides with a 70%
solution of Sudan Black for 10 min (Figure $2). Tissue sections
were imaged using a Carl Zeiss LSM 510 META confocal
microscope in a FOV 450x450 um (200x magnification) or
225x225 pm FOV (400 x magnification). Cx43, Cx30, glutamine
synthetase, GLAST, and GFAP expression were quantitated using
AxioVision software (Zeiss) as the mean intensity staining values
(F) normalized to background values in tissue sections where
primary antibodies were omitted (Fuygy), i.e. F/Fypg.

For quantitating autofluorescent ceroid inclusions, images were
acquired from live brain slices for each of the five brain regions
examined utilizing a GFP filter set (38 HE GFP, EX 470, EM 525;
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Zeiss). Each image covered a FOV of 167 %220 pm and a tissue
depth of 20 um. Quantitation was performed using AxioVision
software with results reported as the areca of autofluorescent
inclusions (qu) for each image.

Western Blot Analysis

Coronal sections (1200 pum thick) were prepared from acute
brain slices using a vibratome while bathed in ice-cold ACGSF,
whereupon the five brain regions described above were manually
dissected to collect total protein extracts. Tissues were homoge-
nized in cell lysis buffer [50 mM Tris-HCI, pH 7.5; 150 mM
sodium chloride; 0.5% Triton X-100; | mM sodium orthovana-
date; 10 mM sodium fluoride; 0.5 mM phenylmethanesulfonyl
fluoride and supplemented with complete protease inhibitor
(Roche, South San Francisco, CA) and phosphatase inhibitor
(Thermo Scientific, Waltham, MA) tablets]. Twenty pg of total
protein was run on 10% PAGE gels, whereupon Western blotting
was performed as previously described [94]. Blots were probed
with Cx43 and Cx30 (both from Molecular Probes) and glutamine
synthetase and GLAST antibodies (both from Abcam) and
developed by chemiluminescence. Blots were stripped and re-
probed with an antibody against B-actin (Sigma, St. Louis, MO) to
confirm uniformity in gel loading. Blots were quantitated by
densitometry analysis using an Alpha Innotech imager (Protein
Simple, San Jose, CA), where signals were normalized to B-actin.

Statistical Analyses

A Student’s two-tailed ftest was used for data analyses (MS
Excel 2007), with values reported as the mean = SEM compiled
from independent experiments.

Supporting Information

Figure S1 Age-dependent changes in astrocyte gap
junction (GJ) communication in CLN3***"/% mice. Acute
brain slices were prepared from wild type (WT) and CLN§47/8
mice at postnatal days 30, 60 and 90, whereupon the number of
GJ coupled astrocytes was evaluated in the somatosensory cortex
(S1C) and hippocampus (HPC) by monitoring the passage of the
GJ permeable dye AlexaFluor 350 injected in a single astrocyte
after whole-cell patch clamp recordings (n=16-41 astrocytes per
group). Significant differences between WT and CLN3A7/®
astrocytes are denoted by asterisks (¥$<<0.05).

(TIF)

Figure S2 Sudan black guenches the autofluorescence
of lysosomal ceroid inclusions in CLN3**"% mice.
Cryostat sections (20 pm) were prepared from the somatosensory
cortex (S1C) and hippocampus (HPC) of 14 month-old CLN34="/
® mice to visualize robust inclusion deposition across multiple
wavelengths. Sections were incubated with 10% Sudan Black for
10 min followed by DAPI staining to visualize nuclei.

(TTF)

Figure S3 Connexin 43 (Cx43) expression is differen-
tially regulated in various brain regions of CLN3*7/8
mice. Total protein extracts were prepared from the somatosen-
sory cortex (S1CG), visual cortex (VC), hippocampus (HPQ),
striatumm  (STR), and thalamus (TH) of wild type (WT) and
CLN347% mice (n=3-4/group), whereupon samples were
analyzed by Western blotting for Cx43. Each blot was stripped
and re-probed for B-actin to assess uniformity in gel loading.
Results are presented as (A) raw data from the S1C and VG and
(B) quantitation following P-actin normalization. Significant
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differences between WT and CLN3%7/® tssues are denoted by
asterisks (¥<0.05; **$<<0.01).

(T'1E)

Figure S4 Glutamine synthetase (GS) expression is
reduced in select brain regions of CLN3**7/® mice.
Total protein extracts were prepared from the somatosensory
cortex (S1C), visual cortex (VC), hippocampus (HPC), striatum
(STR), and thalamus (TH) of wild type (WT) and CLNgAe7/8
mice (n=3-4/group), whereupon samples were analyzed by
Western blotting for glutamine synthetase (GS). Each blot was
stripped and re-probed for B-actin to assess uniformity in gel
loading. Results are presented as (A) raw data from the S1C and
VC and (B) quantitation following p-actin normalization.
Significant differences between WT and CLN327/® tissues are
denoted by asterisks (*<0.05; *#p<<0.01).

(TTF)

Figure S5 Connexin 30 expression in various brain
regions of CLN3*®7/® mice. Total protein extracts were
prepared from the somatosensory cortex (S1C), visual cortex (VC),
and hippocampus (HPC) of wild type (WT) and CLN3*7/% mice
(n=3~4/group), whereupon samples were analyzed by Western
blotting for Cx30. Each blot was stripped and re-probed for B-
actin to assess uniformity in gel loading. Results are presented as
(A) raw data from the S1G and VC and (B) quantitation following
B-actin normalization.

(TTF)

Figure S6 GLAST expression in various brain regions of
CLN3%*7/% mice. Total protein extracts were prepared from
the somatosensory cortex (S1C), visual cortex (VC), and
hippocampus (HPC) of wild type (WT) and CLN3%7/% mice
(n=3-4/group), whereupon samples were analyzed by Western
blotting for GLAST. Each blot was stripped and re-probed for p-
actin to assess uniformity in gel loading. Results are presented as
(A) raw data from the S1C and VC and (B) quantitation following
B-actin normalization.

(TIF)

Figure 87 In vivo administration of INI-0602 does not
alter HC activity in CLN3**7/% mice. CLN3*“7/® and wild
type (WT) mice were treated with INI-0602 (10 mg/kg) or PBS
from postnatal day 30 to 60, whereupon EtBr uptake was
measured in CTB stained astrocytes in the somatosensory cortex
(S1C), visual cortex (VC), hippocampus (HPC), striatum (STR),
and thalamus (TH) as a quantitative measure of HC activity,
which is expressed in arbitrary units (a.u.) per min (n =9 mice/
group). Significant differences between WT and CLN3“7® mice
are indicated by asterisks (¥p<<0.05, **p<<0.01, ***p<<0.001).

(TTF)
Table S1 Electrophysiological parameters of cortical

astrocytes in CLN3*7/% and WT mice.
DOCX)

Table $2 Electrophysiological parameters of hippocam-
pal astrocytes in CLN3***"/? and wild type (WT) mice.
DOCX)

Table S3 In vivo administration of INI-0602 does not
alter blood chemistry profiles in either WT or CLN34=7/
8 _ .

mice.

(DOCX)
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Abstract

controlled by Wnt signaling in microglia.

migration and phagocytosis of unwanted debris.

Background: The accumulation of activated microglia is a hallmark of various neurodegenerative diseases. Microglia
may have both protective and toxic effects on neurons through the production of various soluble factors, such as
chemokines. Indeed, various chemokines mediate the rapid and accurate migration of microglia to lesions. In the zebra
fish, another well-known cellular migrating factor is fibroblast growth factor-2 (FGF-2). Although FGF-2 does exist
in the mammalian central nervous system (CNS), it is unclear whether FGF-2 influences microglial function.

Methods: The extent of FGF-2 release was determined by ELISA, and the expression of its receptors was examined
by immunocytochemistry. The effect of several drug treatments on a neuron and microglia co-culture system was
estimated by immunocytochemistry, and the neuronal survival rate was quantified. Microglial phagocytosis was
evaluated by immunocytochemistry and quantification, and microglial migration was estimated by fluorescence-activated
cell sorting (FACS). Molecular biological analyses, such as Western blotting and promoter assay, were performed to
clarify the FGF-2 downstream signaling pathway in microglia.

Results: Fibroblast growth factor-2 is secreted by neurons when damaged by glutamate or oligomeric amyloid
B 1-42. FGF-2 enhances microglial migration and phagocytosis of neuronal debris, and is neuroprotective against
glutamate toxicity through FGFR3-extracellular signal-regulated kinase (ERK) signaling pathway, which is directly

Conclusions: FGF-2 secreted from degenerating neurons may act as a ‘help-me’ signal toward microglia by inducing

Keywords: ERK, FGF-2, FGFR3, microglia, neuroprotection, Wnt

Background

Neuron and glial cells are in close association with each
other and maintain physiological function in the central
nervous system (CNS). When their finely controlled inter-
actions are impaired by inflammation and stress condi-
tions, neuronal networks are damaged, which results in
the pathogenesis of several neurodegenerative diseases [1-3].
It has been proposed that apoptotic cells or degenerating
neurons release various signals to surrounding glial cells.
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These signals have been recently classified as ‘find-me’,
‘help-me’, and ‘eat-me’ signals [4-8].

Microglia are resident immune cells in the CNS and
express many versatile receptors [9]. Therefore, they are
considered the main recipient of various signals from
degenerating neurons. Moreover, microglia exhibit early
and rapid responses to various stimuli; for instance, acti-
vated microglia accumulate at pathological lesions [10].
The rapid and accurate migration of microglia to lesions
is predominantly mediated by various chemokines [11].
In addition to chemokines, fibroblast growth factor
(FGF)-2 regulates cellular migration in developing brain
and in zebra fish [12-15]; however, FGF-2 has not been
directly implicated in microglial migration.

© 2014 Noda et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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Fibroblast growth factor, purified from pituitary extracts,
has a variety of functions, including inducing the prolifera-
tion and differentiation of various cell types, such as fibro-
blasts. Twenty-two types of FGF have been identified in
human beings, as well as in mice. FGF-2 (basic FGF), one
of the most common FGFs, has attracted attention for its
widespread activity, such as cell proliferation, carcinoma
cell invasion, neoangiogenesis, osteogenesis, and differen-
tiation of developmentally staged constituent cells of the
CNS [16-19]. FGF-2 is expressed in various tissues at low
levels, but its concentration is much higher in the brain.
Five types of FGF receptor (FGFR: FGFR1 to 5) have been
identified to date [20], but their detailed expression levels
in individual cells and mode of action in the CNS have
not been elucidated. However, the expression levels of
FGF-2 and FGFR have been shown to be up-regulated in
CNS injury [21]. Furthermore, several reports show that
astrocytes, but not neuronal cells, are the dominant FGE-
2-producing cells in the CNS [16-19].

FGF-2 plays important roles in various cells in the CNS.
Indeed, morphological change in glial cells and reactivity
in vivo [22] have been demonstrated with FGF-2 injection
into the cerebrospinal fluid. The best known FGF recep-
tor—related signaling is MAPK, which is the common
downstream signaling pathway of all FGFR subtypes. FGE-
2 is known to induce Wnt/p-catenin signaling in human
endothelial cells and developing the zebra fish brain
[12,23,24], but it is unclear whether FGF-2 also regulates
Wnt/B-catenin signaling in microglia under neurodegen-
erative conditions.

In this study, we found that FGF-2 was secreted by glu-
tamate or oligomeric amyloid B (0Ap) from damaged neu-
rons, but not from astrocytes or microglia. Degenerating
neurons produce signaling molecules that attract sur-
rounding cells including microglia. Among these signaling
molecules, we revealed FGF-2 as a predominant coordin-
ator of microglial migration. FGF-2 induced microglial
neuroprotection, migration and phagocytosis of neuronal
debris via FGFR3. Furthermore, downstream signaling
of FGF-2, especially through the FGFR3-extracellular
signal-regulated kinase (ERK) signaling pathway, led to
microglia-mediated neuronal survival. Wnt signaling
directly induced this ERK phosphorylation and microglial
migration, which were each enhanced by FGF-2 stimula-
tion. Together, our results demonstrate that FGF-2 could
be a key signaling molecule for crosstalk between degener-
ating neurons and microglia, and that the FGFR3/ERK/
Wnt signaling pathway contributes to the induction of
microglial neuroprotection.

Methods
Reagents
L-glutamate and goat immunoglobulin G (IgG), mouse
IgG, and rat IgG were purchased from Sigma (St. Louis,
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MO, USA). Mouse recombinant FGF-2, mouse recombin-
ant fractalkine (FKN; the chemokine domain), CCL21,
and the FGFR (FGFR2-5) neutralizing antibodies were ob-
tained from R & D Systems (Minneapolis, MN, USA). The
MAPK inhibitors (U0126 (MEK1/2 inhibitor), SB203580
(p38 inhibitor), and SP600125 (JNK inhibitor)), PI3K in-
hibitor wortmannin, FGFR antagonist (PD173074 (pan-
FGFR blocker), SU11652 (selective FGFR1 blocker)), and
IWR-1-endo (Wnt antagonist) were purchased from Cal-
biochem (Gibbstown, NJ, USA). FGF-2 neutralizing anti-
body (aFGF-2) was purchased from Millipore (Billerica,
MA, USA), and FKN neutralizing antibody (aFKN) was
purchased as previously described [25].

Preparation of A solutions

AP1-42 solution was prepared as previously described
[26]. Briefly, synthetic human AB1-42 (Peptide Institute,
Osaka, Japan) was dissolved to 1 mM in 100% 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP). The HFIP was dried and
resuspended to a concentration of 5 mM in DMSO. To
form oligomers, amyloid peptide was diluted to a final
concentration of 100 uM with Ham’s F-12, incubated at 4°C
for 24 h, and then immediately added to cultures at a final
concentration of 5 uM.

Cell culture
The protocols for animal experiments were approved by
the Animal Experiment Committee of Nagoya University.
Primary neuronal cultures were prepared from the corti-
ces of C57BL/6 mice embryos at embryonic day 17 (E17)
as described previously [27]. Briefly, cortical fragments
were dissociated into single cells in dissociation solution
(Sumitomo Balkelite, Akita, Japan), and resuspended in nerve
culture medium (Sumitomo Bakelite). Neurons were
seeded onto 12 mm polyethylenimine-coated glass cov-
erslips (Asahi Techno Glass Corp., Chiba, Japan). The
purity of the cultures was greater than 95%, as deter-
mined by NeuN-specific immunostaining [28].
Microglia were isolated from primary mixed glial cell
cultures prepared from newborn C57BL/6 mice at day
in vitro (DIV) 14 using the ‘shaking off’ method, which
has been described previously [29]. The purity of the cul-
tures was 97 to 100% as determined by immunostaining
for the Fc receptor. Cultures were maintained in DMEM
supplemented with 10% fetal calf serum, 5 pg/ml bovine
insulin, and 0.2% glucose. Astrocytes were purified from
primary mixed glial cultures by three or four repetitions of
trypsinization and replating. The purity of astrocytes was
greater than 95%, as determined by GFAP-specific immu-
nostaining [30].

Measurement of FGF-2 levels
Secreted FGF-2 from mouse primary astrocytes, cortical
neurons, and microglia were measured using an ELISA
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kit (RayBiotech, Inc., Norcross, GA, USA). Neurons were
treated with L-glutamate (20 M) or oAB (5 uM) for 6
to 24 h at 37°C. Supernatants were then collected and
assessed for FGE-2 levels.

Western blotting

Microglial cell lysates were boiled after the addition of
sample buffer (1 M Tris-HCl, 20% sodium dodecyl sulfate
(SDS), and 2.5% glycerol). Fifty micrograms of total pro-
tein were separated on a 5 to 20% Tris-glycine SDS-
polyacrylamide gel and blotted onto Hybond-P polyvinyli-
dene difluoride (PVDF) membranes (GE Healthcare UK,
Buckinghamshire, UK). Membranes were blocked with 1%
skim milk in Tris-buffered saline containing 0.05% Tween
20 for 1 h at room temperature. Primary antibodies to
detect phosphorylated and total MAPK (Cell Signaling,
Danvers, MA, USA) were applied at the concentrations
recommended by the manufacturers. The secondary anti-
body was horseradish peroxidase-conjugated anti-rabbit
IgG (GE Healthcare), which was used at a dilution of
1:1000. SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Fisher Scientific, Rockford, IL, USA)
was used according to the manufacturer’s instructions.
The intensities of the bands were calculated using the
CS Analyzer 1.0 (Atto Corporation, Tokyo, Japan).

Wnt promoter assay

HEK293T cells were seeded one day before transfection
by FuGENE HD (Promega, Madison, WI, USA) with a
luciferase reporter vector from the Cignal TCF/LEF Re-
porter (luc) kit (Wnt promoter assay system), which was
purchased from SABiosciences (Qiagen KK, Tokyo, Japan).
After drug treatment, cells were lysed and luciferase re-
porter activity was measured using the Dual luciferase re-
porter assay kit (Promega) and a Wallac 1420 ARVOMX
(PerkinElmer Japan, Yokohama, Japan).

Evaluation of microglial phagocytosis

A microglial phagocytosis assay was performed as previ-
ously described [25]. Briefly, primary mouse cortical
neurons in 24-well plates were labeled on DIV 14 with
1 uM CM-Dil (Molecular Probes), and treated with
20 pM glutamate overnight at 37°C. After changing the
culture medium, microglia were added to these neuronal
cultures (1:2 ratio for neurons to microglia) with or
without FGF-2 for 24 h. Cells were subsequently fixed in
4% paraformaldehyde. Microglia were stained with Cy5-
conjugated rat anti-mouse CD11b monoclonal antibodies
prior to fixation. Phagocytic uptake of neuronal debris by
microglia was estimated based on the detection of Dil-
stained neuronal debris [31] in CD11b-positive microglia
(green); the phagocytosis index was calculated as the per-
centage of red staining that overlapped with green staining
(shown in yellow) among all of the microglia.
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Immunocytochemistry

Cells were fixed with 4% paraformaldehyde, blocked, and
permeabilized. Neurons were stained with mouse poly-
clonal anti-MAP-2 antibody (1:1000; Chemicon, Temecula,
CA, USA) and secondary antibody conjugated to Alexa 488
(1:1000; Invitrogen). Astrocytes were stained with mouse
monoclonal anti-GFAP antibody (Sigma) and secondary
antibody conjugated to Alexa 647 (1:1000; Invitrogen).
Microglia were stained with Cy5-conjugated rat anti-mouse
CD11b monoclonal antibody (1:300, BD Pharmingen) prior
to fixation. Images were analyzed using a deconvolution
fluorescence microscope system (BZ-8000; Keyence
Corporation, Osaka, Japan). The other primary anti-
bodies included FGFRs, which were purchased from R
& D systems and used according to the manufacturer’s
instructions.

Surviving neurons were identified based on their cyto-
skeletons as previously described [28]. Viable neurons
were strongly stained with anti-MAP-2 antibodies, whereas
damaged neurons showed weaker staining. MAP-2-positive
neurons were counted in representative areas in each well.
Using five independent trials, more than 200 neurons
were evaluated in each well by a scorer who was blind to
the experimental conditions. The number of viable neu-
rons in untreated cultures was set as 100%.

Measurement of CCL3 (MIP-1a), NO, and glutamate levels

Supernatants from microglia were assessed using the
chemokine (C-C motif) ligand 3 (CCL3) ELISA kit (R &
D Systems), and a Griess reaction for nitric oxide (NO)
detection. To measure glutamate levels, a colorimetric assay
kit (Yamasa Corporation, Tokyo, Japan) was used, as pre-
viously described {25].

MTS assay

To evaluate the viability of the cells, we used the CellTiter
96 Aqueous One Solution Cell Proliferation Assay kit
(Promega) and followed the manufacturer’s instructions.

Microglial migration assay :

Microglial migration was performed using Transwell
plates with 3 pm pore polyethylene terephthalate (PET)
membrane filters (BD Biosciences). We placed 800 pl
of neuronal-conditioned medium or microglial culture
medium treated with drugs into the lower chamber of
the Transwell plate. Membrane filters were then put in
vacant wells, and 200 pl of microglia-containing medium
(1.0 x 10° cells/well) was carefully added on top of the fil-
ter membrane to avoid bubbles. These plates were incu-
bated for 24 h. Cells that migrated into the lower wells
were counted by fluorescence-activated cell sorting
(FACS). Chemokine-treated T cells (combination of FKN
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and CCL21 (100 nM each)) were used as positive controls
for this method, as previously described [32].

RT-PCR

Total RNA was extracted from astrocytes, microglia, and
neurons using an RNeasy Mini Kit (Qiagen, Tokyo,
Japan). A first-strand ¢cDNA library was obtained using
SuperScript I (Invitrogen, Carlsbad, CA) and oligo (dT)
12-18 (Invitrogen) as the first-strand primer. Negative
control reactions were performed using the same system
after heat denaturation of reverse transcriptase. RT-PCR
was used to amplify transcripts encoding mouse FGF-2,
each receptor subtypes and glyceraldehydes-3-phosphate
dehydrogenase (GAPDH), using 0.1 pg of first-strand
cDNA, Blend Taq polymerase (Toyobo Co., Osaka, Japan),
and oligonucleotide primers (Table 1; except for previ-
ously described primers for GAPDH [25]).

Statistical analysis

Statistically significant differences between experimental
groups were determined by one-way analysis of variance
(ANOVA) followed by Dunnett’s or Tukey’s tests for mul-
tiple comparisons. Statistical analysis was performed using
the software program Prism 4 for Windows (GraphPad
Software, San Diego, CA, USA). P values less than 0.05
were considered significant.

Results

Expression of FGFRs in primary neurons and glial cells
We first examined the expression of FGFRs in the CNS.
According to our immunocytochemical (Figure 1A) and
RT-PCR (Figure 1B) data, all FGF receptors (FGFR1 to 5)
were expressed in astrocytes. FGFR1 to 4 were expressed
in neurons and microglia. The expression of FGF-2 mRNA
was detected in neurons and astrocytes.

Table 1 Oligonucleotide primers used in RT-PCR

Gene Sequence (5' to 3') Expected
size (bp)
FGF-2 sense 5'-AGCGGCTCTACTGCAAGAAC 371
antisense 57 AGCAGACATTGGAAGAAACAGT
FGFR1 sense 5/-GTTGGGCTCTGTCATCATCTAT 522
antisense 5-GCGTACTCCACAATGACATAAA
FGFR2 (b, lilc) 5/-CTCATCCTGCTGGGTCTGAG 748
sense antisense 5-AGGAGTAGCAGCTGATGTGAC
FGFR3 sense 5/-CCTGTGTAGTTGAGAACAAGTTT 625
antisense 5'-GTGTTGGAGTTCATAGAGGAGT
FGFR4 sense 5/-GAGGTCTTGTATCTGAGGAACG 651
antisense 5/-GTTCTTGTGTCTTCCGATTAGC
FGFRS sense 5/-ATGATATTAGTCCAGGGAAGG 366

antisense 5/-GGATTACATCCACTTTGTAGGT
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Glutamate or oAB enhances FGF-2 release from neurons,
and FGF-2 induces microglial neuroprotection via FGFR3
FGF-2 is widely expressed in the CNS, especially in as-
trocytes, while FGF-5, FGF-8, and FGF-9 are synthesized
by neurons [33]. FGF-2 is reported to be produced by
cerebellar granule neurons in co-cultures with microglia,
and to abrogate quinolinic acid-mediated neurotoxicity
[31]. In this study, we investigated whether cortical neu-
rons could produce FGF-2 in response to neurotoxic
stimuli. We found that treatment for 6 h and 24 h with
20 uM glutamate or 5 M oA significantly induced
FGF-2 release from cortical neurons (Figure 2A). Astro-
cytes typically secrete FGF-2; however, various stimuli
including glutamate, oA, lipopolysaccharide (LPS), and
other proinflammatory cytokines did not enhance FGF-2
secretion by astrocytes (Figure 2B). Furthermore, FGF-2
secretion by microglia was barely detectable (Figure 2B).

Next, we determined whether FGF-2 might exert micro-
glial neuroprotection. As shown in Figure 3A,B, treatment
with 20 pM glutamate induced apparent neuronal cell
death in neuron-microglia co-cultures. The addition of
100 ng/ml FGF-2 significantly ameliorated neurotoxicity,
while an anti-FGF-2 antibody canceled the effect. The
addition of rat IgG (isotype-matched control for anti-
FGF-2 antibody) had no effect on cell survival rate. In
neuronal cultures, neuronal cell death was not ameliorated
by FGF-2 treatment. There seems to be little difference
in neuronal survival against Glu-induced excitotoxicity
with or without microglia. We considered that the se-
creted level of FGF-2 from Glu-treated neurons might
not reach the effective dose to enhance the neuronal
survival. In addition, FGF-2 treatment suppressed the pro-
inflammatory response of activated microglia through the
inhibition of neurotoxic molecules, such as glutamate and
NO (Additional file 1: Figure S1A,B). FGF-2 had no effect
on microglial proliferation (Additional file 1: Figure S1C).
FGF-2 dose-dependently enhanced the neuronal survival
in the presence of microglia (Additional file 1: Figure S2).

To investigate the underlying mechanism of neuropro-
tection by FGF-2 in microglia, we used FGFR inhibitors
and neutralizing antibodies. The neuroprotective effect of
100 ng/ml FGF-2 was completely canceled by treatment
with pan-FGFR inhibitor PD173074, or anti-FGFR3 neu-
tralizing antibody. Conversely, neutralizing antibodies for
FGFR], 2, 4, and 5, selective FGFR1 blocker SU11652, and
isotype control of neutralizing antibodies had no effect on
neuronal survival (Figure 3C,D).

CCL3 (MIP-1a) is reported to be a downstream target
of FGF-2-induced FGFR3 signaling [34]. FGF-1-induced
FGFR3 targets include the Na® channel, type III inter-
mediate filament peripherin, and cell surface glycoprotein
Thyl [34,35]. We confirmed that FGF-2 leads to the in-
duction of CCL3 expression in microglia. Using ELISA,
CCL3 expression was increased by FGF-2 in a dose-
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assessed by RT-PCR. GAPDH expression is used as a control.
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Figure 1 Expression of FGF-2 and FGFRs in primary neurons and glial cells. {(A) Expression of FGFRs as assessed by immunocytochemistry:
FGFRs (green), MAP-2 (mature cortical neurons; red), CD11b (microglia; red), and GFAP (astrocytes; red). Scale bars, 10 um in neurons and microglia,
and 50 um in astrocytes. (B) Expression of FGF-2 and FGFR1 to FGFRS mRNA in mature cortical neurons (Neu), microglia (Mi) and astrocytes (Ast), as

-

FGFR CD11b

Merge

dependent manner (Additional file 1: Figure S3). While
CCL3 is known as a proinflammatory chemokine, FGF-2
did not activate microglia in this study.

FGF-2-induced microglial neuroprotection via ERK MAPK

and ERK activation is directly regulated by Wnt signaling

To elucidate the signaling pathway of microglia-mediated
neuroprotection, we examined the effect of several kinase
inhibitors on neuronal survival. MAPKs (ERK, p38, and
JNK) and phosphoinositide-3 kinase (PI3K) are known as
common downstream signaling pathways of FGFRs. We
found that inhibition of ERK by U0126 significantly sup-
pressed FGF-2-induced microglial neuroprotection. Other
kinase inhibitors (p38, JNK, MAPK, and PI3K inhibitors)
did not affect neuroprotection (Figure 4A,B). U0126 might
affect both microglia and neurons in the co-culture model.

The effects of this signaling on neurons cannot be denied.
As shown in Figure 4C, FGF-2 increased ERK phosphoryl-
ation in microglia, which peaked within 15 min.

In developmental morphogenic stages and angiogenesis,
the coordinated action of Wnt/B-catenin and FGF signal-
ing has been reported [23,24,36]. It has also been reported
that mouse primary microglia express the Wnt receptors
Frizzled and LDL-related protein 5/6 [37]. Therefore, to
clarify the interaction of Wnt signaling with FGF in
microglia, we examined the effect of Wnt inhibitor on
ERK phosphorylation by FGE-2. Pre-treatment of Wnt an-
tagonist IWR-1-endo showed remarkable inhibition of
ERK activation (Figure 4D). FGF-2 also directly increased
TCF/LEF promoter activity, which is the downstream tar-
get of the Wnt signaling pathway. The FGF-2-induced
TCF/LEF promoter activity was completely abrogated by
treatment of U0126 or IWR-1-endo (Figure 4E).
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Figure 2 The detection of FGF-2 in primary neurons and glial cells.
(A) Neurons were treated with glutamate (Glu) or oligomeric amyloid
31-42 (0AP) at the indicated concentrations. FGF-2 concentrations in
the neuronal culture supernatants were measured using ELISAs at each
time point. Resuilts show the means with SEM (1 = 3). Significant
differences compared with untreated samples. * P < 005, **: P < 0.01
(one-way ANOVA with Dunnett’s post-hoc test). (B) Astrocytes, microglia
and neurons were treated with Glu (20 M) or 0AB (5 uM) for 6 h. Other
treatments of astrocytes (6 h) were LPS (1 pg/ml), TNF-a (20 ng/ml),
IFN-y (10 ng/ml), and a combination of all three. ELISA was then
performed to detect FGF-2 concentration in the culture supematants.
The results show the means with SEM (n = 3). Significant
differences compared with untreated samples in each cell type.
* P<0.05, *** P<0.001, ns.: not significant (one-way ANOVA

with Dunnett’s post-hoc test).

FGF-2 increased microglial migration and clearance of

neuronal debris via FGFR3 and Wnt pathway signaling

We next examined the effect of FGF-2 on microglial mi-
gration and phagocytosis activity. We established a micro-
glial migration assay, and assessed migration via the
Transwell cell culture system. Microglial migration was
significantly increased by CCL21, CCL21 plus FKN, and
FGF-2 (Additional file 1: Figure S4). We also confirmed
the availability of this system in our previous report [32].
T cells from mouse lymph node showed drastic migration
by CCL21 plus FKN (Additional file 1: Figure S4B).
Neuronal-conditioned media treated with 20 uM glutamate
for 24 h can significantly attract microglia (Additional file 1:
Figure S4C). As shown in Figure 5A, while fresh neur-
onal media did not induce microglial migration, un-
treated neuronal-conditioned media significantly enhanced
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migration. Furthermore, it has been determined that
neuronal-conditional media treated with 20 (M glutamate
for 24 h is a more potent attractant to microglia. This ef-
fect was canceled by aFGF-2, but not aFKN (Figure 5A).
We also revealed that addition of 100 ng/ml FGF-2 to the
lower part of the Transwell system significantly enhanced
microglial migration (Figure 5B). The effect was canceled
by pan-FGFR inhibitor PD173074 and aFGFR3 neutraliz-
ing antibody.

Wnt signaling maintains cell migration in the develop-
mental stages. Therefore we next examined whether Wnt
signaling could also mediate microglial migration. Wnt
antagonist IWR-1-endo dose-dependently attenuated the
induction of microglial migration by FGF-2 (Figure 5C).
By contrast, ERK MAPK pathway was not directly con-
cerned with microglial migration (Additional file 1:
Figure S4D). Furthermore, FGF-2 enhanced microglial
phagocytosis of neuronal debris induced by glutamate
toxicity (Figure 5D,E). We examined which type of FGFR
is involved in the FGF-2-induced phagocytosis, and found
that pan-FGFR inhibitor PD173074 and anti-FGFR3 neu-
tralizing antibody suppressed microglial phagocytosis of
neuronal debris (Figure 5D,E).

Discussion

Our results indicate that FGF-2 is released from degenerat-
ing neurons and induces microglial migration and neuropro-
tection, which are mediated through the FGFR3-Wnt-ERK
signaling pathway. Neurons were fine responders of glutam-
ate and oA, and then allowed the release of FGF-2 in rela-
tively short times. FGF receptors are expressed in neurons
and glial cells. FGFR3, in particular, is activated by FGF-2
via the ERK MAPK-dependent signaling pathway in
microglia. The other FGE, FGF-19, is reported to nega-
tively regulate NF«kB via FGFR4 [38]. In the developmental
morphogenic stages and angiogenesis, coordinated action
of Wnt/B-catenin and FGF signaling has been reported
[12,23,24,39]. Recently, expression of Wnt receptors
Frizzled and LDL receptor-related protein 5/6 has been
reported in mouse primary microglia [37]. In this study,
we revealed that FGF-2 directly controlled the Wnt sig-
naling pathway in mouse primary microglia, and that
Wnt signaling could also directly regulate microglial mi-
gration induced by FGF-2. FGF-2 and the extracellular
matrix protein Anosmin-1 have dynamic roles in cellular
proliferation and migration from the subventricular zone
in CNS development [40]. FGF-2 enhances the prolifera-
tion and differentiation of neuronal stem cells. Anosmin-1
and FGF-2 could possibly be diagnostic markers in mul-
tiple sclerosis (MS), because their expression level varies
between different types of MS [16]. In experimental auto-
immune encephalomyelitis, the animal model of MS,
FGF-2 may act as a remyelinating and nerve fiber pre-
serving agent [41]. Therefore, FGF-2/Wnt signaling has
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Figure 3 The neuroprotective effects of FGF-2 in neuron-microglia co-cultures. (A) Neuronal cultures were also treated with Glu and FGF-2.
Neurons were stained with anti-MAP-2 antibody (green), and microglia were stained with a Cy5-conjugated anti-CD11b antibody (red). Scale bars,
50 um. (B) The neuronal survival rate was calculated as the percentage of intact neurons in the treated sample relative to the untreated sample.
The columns indicate mean with SEM from three independent experiments. * indicates significant differences compared with untreated neuronal
cultures (***: P < 0.001); + indicates significant differences compared with untreated neuron—-microglia co-cultures (+++: P < 0.001) by one-way
ANOVA with Tukey's post-hoc test. (C) After treatment with 20 uM Glu and 100 ng/ml FGF-2, the inhibitory effects of FGFR were evaluated using
FGFR blockers or each anti-FGFR neutralizing antibody (PD, pan-FGFR blocker, 1 uM PD173074; SU, selective FGFR1 blocker, 500 nM SU11652; aR2,
anti-FGFR2 antibody; aR3, anti-FGFR3 antibody; aR4, anti-FGFR4 antibody; aR5, anti-FGFR5 antibody; or isotype-matched 1gG control). (D) The neur-
onal survival rate was calculated. The columns indicate the means with SEM from three independent experiments, each of which included the

analysis of ten randomly selected fields. Significant differences compared with FGF-2-treatment were noted. **: P < 0.01, ***: P < 0.001 (one-way
ANOVA with Tukey's post-hoc test).

a potential to regulate cellular proliferation and migration = model of epilepsy [42]. The overexpression of FGF-2/
to maintain adult CNS function. BDNF also attenuates neuroinflammation through sup-

Localized delivery of FGF-2 and brain-derived neuro- pression of IL-1p [43]. Moreover, FGF-2 gene delivery
trophic factor (BDNF) to the lesioned hippocampus in- restores hippocampal functions in an Alzheimer’s dis-
creases neurogenesis and reduces epileptogenesis in a rat  ease mouse model [44]. FGF-2 has a deep connection



Noda et al. Journal of Neuroinflammation 2014, 11:76
http://www.jneuroinflammation.com/content/11/1/76

Page 8 of 11

-
Glu+F@F-2 s
~ 1004
£ oo
R
3 704
3 604
B 504
g 40
301
2 201
104
o

Ghu (20 uM) FY - - - .
FGF-2 (100ng/mL) | = = = o+ s+ = = - -
Inhibitors U0126 SP  SB WM U0126 SP  SB WM

¥ 0.5:

=4

p-ERK
ERK
FGF-2 - + + o+
uoiz2e - 4+ - -
IWR-1-endo =~ - + -
0.1504 *%
;fo.zzs-
- i "
FGF2(min) 0 5 10 15 30 60 %0‘100-
go.ws-
;0.050~
£ 0.0251 T
0.000-
cont. - IWR-1-endo U0126

FGF-2 (100 ng/mL, 4hr)

Figure 4 FGF-2 exhibits neuroprotection via ERK MAPK signaling pathway. (A) Effects of MAPK and PI3K inhibitors on neuroprotection of
FGF-2. U0126, MEK1/2 inhibitor U0126 (1 uM); SP, JNK inhibitor SP600125 (10 uM); SB, p38 inhibitor SB203580 (10 pM); WM, PI3K inhibitor wortmannin
(2 uM). (B) Neuronal survival rate. Columns indicate mean with SEM from three independent experiments. ***: P < 0001 compared with the cultures
without inhibitors (one-way ANOVA with Dunnett’s post-hoc test). (C) Protein extracts from primary microglia were analyzed by immunoblotting with
antibodies specific for phosphorylated and total ERK (ERK1/2). Cells were treated with 100 ng/ml FGF-2 for the indicated periods. *: P < 0.05 compared
with untreated control (0 min) samples (one-way ANOVA with Dunnett’s post-hoc test). (D) Microglia were treated with U0126 (1 pM) or Wnt antagonist
IWR-1-endo (300 nM) overnight and then 100 ng/ml FGF-2 for 15 min. Western blotting of phosphorylated and total ERK was performed. * indicates
significant differences compared with untreated samples (*: P < 0.05, ***: P < 0.001); + indicates significant differences compared with FGF-2 treatment
alone (+++: P < 0.001) by one-way ANOVA with Tukey's post-hoc test. (E) Wnt promoter assay. HEK293T cells were transfected with Wnt promoter
bearing the firefly luciferase reporter vector and Renilla luciferase reporter vector as a transfection control. After 24 h incubation, cells were treated with
IWR-1-endo and U0126 overnight, and then treated with FGF-2 for 4 h. Cells were lysed and measured for luciferase activity. **: P < 0.01 compared with
FGF-2 treatment alone (one-way ANOVA with Dunnett's post-hoc test).

with tumorigenicity. CD44-mediated migration of hu-
man inflammatory macrophages into the extravascular
compartment depends on binding of FGF-2 to the
CD44 receptor [45)]. Therefore, it is possible that FGF-2

has functional association with a new counterpart other
than FGFRs.

The brain concentration of FGF2 is reported to be
around 30 to 120 ng/mg [46]; however, some reports
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Figure 5 Effects of FGF-2 on cellular migration and clearance of degenerated neuronal debris by microglia. (A) Microglial migration
assay; aFKN or aFGF-2 were added to lower plates and microglia set on upper Transwell inserts and cultured for 48 h, with isotype-matched
IgG as control. Migrated cells in lower plates were counted by FACS. One-way ANOVA with Tukey's post-hoc test: ¥, significant difference
compared with untreated samples using healthy conditioned medium (***: P < 0.001); +, significant difference compared with untreated samples

(n.s, not significant; +, P < 0.05). (B) Effect of FGFR blockers and antibodies on microglial migration induced by 100 ng/ml FGF-2. PD, pan-FGFR blocker
1 UM PD173074; SU, selective FGFR1 blocker 500 nM SU11652; aR2, anti-FGFR2 antibody; aR3, anti-FGFR3 antibody; aR4, anti-FGFR4 antibody;
aR5, anti-FGFR5 antibody; isotype-matched IgG control. **, P < 0.01 compared with FGF-2 treatment alone (one-way ANOVA with Dunnett’s
post-hoc test). (C) Effect of IWR-1-endo on microglial migration induced by FGF-2 treatment. **, P < 0.01 compared with FGF-2 treatment alone
(one-way ANOVA with Dunnett’s post-hoc test). {B) Microglial phagocytosis assay. CM-Dil-labeled neurons were treated with or without
glutamate, and microglia were added to the culture. These cells were treated with or without 100 ng/ml| FGF-2 and with FGFR blockers or each
of the anti-FGFR neutralizing antibodies of (B) for 24 h. Scale bars, 20 um. (E) Phagocytosis index, defined as the percentage of total microglia
staining (green) overlapping with Dil staining (red). Columns indicate mean with SEM from three independent experiments. Significant
differences compared with sample used degenerated neuronal debris and FGF-2 treatment: **, P < 0.01; ***, P < 0.001 (one-way ANOVA
with Tukey’s post-hoc test).
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show that the concentration is around 50 pg/ml [47,48].
In a future study, we will attempt to clarify the effect of
100 ng/ml FGF2 in vivo. Taken together, the present
study shows that FGF-2 from damaged neurons functions
as help-me and eat-me signals. Targeting the FGF-2/
FGFR3 pathway may give us clues for future therapeutic
strategy against neurodegenerative diseases.

Conclusions

The present study shows that FGF-2 could be a key signal-
ing molecule for crosstalk between degenerating neurons
and microglia, and the FGFR3/ERK/Wnt signaling path-
way in microglia contributes to the induction of neuropro-
tective function including migration and phagocytosis of
neuronal debris. Therefore, FGF-2 from damaged neurons
functions as help-me and eat-me signals to microglia.

Additional file

Additional file 1: Figure S1. FGF-2 inhibited the release of neurotoxic
molecules from activated microglia. Figure S2. FGF-2 dose-dependently
enhanced neuronal survival in the presence of microglia. Figure S3.
FGF-2 increased CCL3 (MIP-1a) production in microglia. Figure S4. Effects
of FGF-2 on microglial migration.
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® Fingolimod ameliorated memory and learning impairments in amyloid 3-injected mice.
® Fingolimod restored normal levels of BDNF in cerebrum of amyloid 3-injected mice.

® Fingolimod may be a promising therapeutic agent for Alzheimer's disease.
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Alzheimer's disease is a progressive neurodegenerative disorder. Amyloid 3, a neurotoxic protein, causes
disruption of hippocampal synaptic plasticity, and induces cognitive impairment in Alzheimer's disease.
We previously revealed that fingolimod, a new oral immunosuppressant used to treat multiple sclerosis,
ameliorates oligomeric amyloid B-induced neuronal damage via up-regulation of neuronal brain-derived
neurotrophic factor (BDNF). Here, we showed that oral administration of fingolimod ameliorated the
impairment in object recognition memory and associative learning in mice injected with amyloid B. This
effect was associated with restoration of normal BDNF expression levels in the cerebral cortices and
hippocampi, suggesting that neuroprotection was mediated by up-regulation of neuronal BDNF levels.
Therefore, fingolimod may provide therapeutic effects in patients with Alzheimer's disease.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Alzheimer’s disease, the most common age-related neurode-
generative disorder in humans, is characterized by deterioration
of cognitive and mental functions. The formation of extracellu-
lar deposits of amyloid B (AB) peptide, leading to the formation
of neuritic plaques and neurofibrillary tangles in the cortex and
hippocampus, is a prominent pathological feature of Alzheimer's
disease [1,2]. AP is produced from amyloid precursor protein
through sequential cleavages and secreted to the extracellular
space. AP is strongly fibrillogenic: soluble oligomeric AB (cAB)
monomers gradually convert to oligomers and ultimately to

Abbreviations: 0Af, oligomeric amyloid {3; BDNF, brain-derived neurotrophic
factor; NORT, novel-object recognition test; S1P, sphingosine-1-phosphate; S1PR,
sphingosine-1-phosphate receptor; Trk, tropomyosin-related kinase.

* Corresponding author. Tel.: +81 52 789 3929; fax: +81 52 789 3999.

E-mail address: i-mizo@riem.nagoyva-u.acip (H. Mizoguchi).

heep:fdudotorg/10.1016/5.bbr 2014.03.046
0166-4328/© 2014 Elsevier B.V. All rights reserved.

insoluble fibrils. Recent studies have shown that oAB is more
neurotoxic than fibrillar AR [3,4]. AB-mediated neurotoxicity has
been extensively demonstrated both in vivo and in vitro studies.
0AB induces neuronal oxidative stress by activating N-methyl-p-
aspartate (NMDA) receptors, leading to neuronal death [ 5]. We also
have demonstrated that the intracerebroventricular (i.c.v.) injec-
tion of A} induces cognitive deficits [G] as well as impairment
of the cholinergic system and down-regulation of brain-derived
neurotrophic factor (BDNF); these changes play important roles
in cognitive and morphological deficits associated with aging and
neurodegenerative diseases [7.8].

Fingolimod is an oral immunosuppressant, which has been
recently approved for treatment of multiple sclerosis {9-12]. In
rats, orally administered fingolimod localizes to white matter in the
central nervous system (CNS), preferentially along myelin sheathes
[131. The drug was synthesized by modifying myriocin, which is
derived from Isaria sinclairii [14]. Fingolimod is phosphorylated
in vivo by sphingosine kinase to form the active metabolite. After
binding to sphingosine-1-phosphate (S1P) receptor 1 (S1P;) on the
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surface of lymphocytes, phosphorylated fingolimod induces S1P;
internalization; as a result, the lymphocytes can no longer egress
from lymphoid tissues. Thus, fingolimod acts as a functional antag-
onist S1P; and reduces the migration of immune cells into the CNS,
thereby providing therapeutic effects against subsequent neuroin-
flammation [ 15-17].

S1P receptors (S1PRs) are widely expressed in various CNS
cell types, including neurons, astrocytes, microglia, and oligoden-
drocytes [18]. Phosphorylated fingolimod can bind to all S1PR
subtypes (S1Py, S1P3, S1P4, and S1Ps5) but S1P, [12,20]. Previ-
ous studies demonstrated that phosphorylated fingolimod directly
promotes remyelination mediated by oligodendrocyte progenitor
cells [21] and enhances neuroprotective effects through astrocyte
S1P; modulation [22]. Recently, we showed that phosphorylated
fingolimod binds to S1P; receptors, resulting in down-regulation
of pro-inflammatory cytokine production by activated microglia,
up-regulation of microglial production of neurotrophic factors,
and augmentation of the neuroprotective effects of microglia [23].
Moreover, we also showed that phosphorylated fingolimod directly
affects neurons and prevents oAB-induced neuronal damage via
up-regulation of neuronal BDNF production [24].

In this study, we investigated the efficacy of fingolimod on
cognitive impairment in a mouse model of Alzheimer’s disease
induced by i.c.v. injection of oAB. Fingolimod significantly ame-
liorated cognitive impairments, and this effect was accompanied
by restoration of normal BDNF production in the brain. Our find-
ings suggest that fingolimod may have therapeutic potential for
treatment of Alzheimer’s disease.

2. Materials and methods
2.1. Animals

Male C57BL/6] mice (7-8 weeks old; weighing 40+ 5g at the
beginning of the experiments) were obtained from Japan SLC
(Hamamatsu, Japan). The animals were housed in plastic cages and
keptin aregulated environment (23 £+ 1 °C; 50 &+ 5% humidity) with
a 12-h light — dark cycle (lights on at 9:00 am). Food (CE-2, CLEA
Japan) and tap water were available ad libitum. All experiments
were performed in accordance with the Guidelines for Animal
Experiments of Nagoya University; the Guiding Principles for the
Care and Use of Laboratory Animals approved by the Japanese Phar-
macological Society; and the United States National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

2.2. Peptides and drugs

Soluble oligomeric AB1-42 (0AP1-42) was prepared as
described previously [4,25]. Briefly, synthetic human AB1-42
(Peptide Institute, Osaka, Japan) was dissolved in 100% 1,1,1,3,3,3-
hexafluoro-2-propanol and dried to completely remove the
solvent. The obtained film was resuspended in dimethyl sulfoxide
and diluted with Dulbecco’s Modified Eagle Medium/F12 (Invitro-
gen, Carlsbad, CA, USA) at a concentration of 100 wM. This solution
was incubated at 4°C for 24 h to obtain oAP. A final concentration
of 300 uM 0AP1-42 was used for all experiments. Oligomerization
of 0AP was characterized by Western blotting.

All peptides were injected as described previously [26] and
summarized as follows. A microsyringe with a 28-gauge stainless-
steel needle was used for all experiments. Mice were anesthetized
using 50mg/kg sodium pentobarbital i.p. before stereotaxic
implantation of a microinjection cannula into the right lateral
ventricle (anteroposterior +0.3 mm, mediolateral +1.0mm from
the bregma, and dorsoventral —2.5 mm from the skull) according
to the method of Franklin and Paxinos (1997). 0AB1-42 (300 pmol)

was i.c.v. injected in a volume of 3 pL for 3 min. The same volume
of 0APB42-1 (a peptide with identical amino-acid composition to
0AP1-42, but with the reverse sequence) was injected as a control.
Mice exhibited normal behavior within 1 min after the injection.
Behavioral assessments were performed starting at 5 days after
injection (day 5, Fig. 1A).

Fingolimod, kindly provided by Novartis Pharma AG (Basel,
Switzerland), was dissolved in distilled water. Fingolimod or vehi-
cle was administered at a dose of 1 mg/kg by oral gavage needle,
once a day for 14 days after oA injection, as previously described
(Fig. 1A) [22].

2.3. Novel-object recognition test (NORT)

The NORT was carried out as described previously [27,28]. The
experimental apparatus consisted of a Plexiglas open-field box
(Ixwxh: 30cm x 30cm x 35cm), with a sawdust-covered floor.
The apparatus was located in a sound-attenuated room and illumi-
nated with a 20 W bulb.

The NORT procedure consisted of three sessions: habituation,
training, and retention. Each mouse was individually habituated
to the box with 10 min of exploration in the absence of objects
for 3 consecutive days (habituation sessions, days 5-7). During the
training session, two novel objects were symmetrically fixed to the
floor of the box, 8 cm from the walls, and each animal was allowed
to explore in the box for 10 min (day 8). The objects were con-
structed from a golf ball, a wooden column, and a wooden triangle
pole, which were different in shape and color but similar in size.
An animal was considered to be exploring the object when its head
was facing the object or it was touching or sniffing the object. The
time spent exploring each object was recorded. After training, mice
were immediately returned to their home cages. During the reten-
tion sessions, the animals were placed back into the same box 24 h
after the training session (day 9), but one of the familiar objects used
during training had been replaced with a novel object. The animals
were then allowed to explore freely for 5 min, and the time spent
exploring each object was recorded. Throughout the experiments,
novel and familiar objects were of similar physical complexity and
emotional valence. In the retention session, the preference index
was defined as the ratio of the amount of time spent exploring the
novel object to the total time spent exploring both objects; this
metric was used to measure cognitive function. In the training ses-
sion, the preference index was defined as the ratio of the time spent
exploring the object that was replaced by the novel object in the
retention session to the total exploration time.

2.4. Conditioned-fear memory test

Mice were divided into two groups according to experimental
schedule (Fig. 1A). Fear conditioning test for group 1 was performed
onday 12-13, and the test for group 2 was performed on day 13-14.
Fear conditioning tests were performed as previously described
[26,28,30] with minor modifications. Freezing behavior, during
which the mouse’s head, arms, and legs did not move, was timed
using a stopwatch. To measure the basal freezing response (precon-
ditioning phase), mice were individually placed in a transparent
Plexiglas conditioning cage (30 cm x 30 cm x 35 cm) for 2 min. For
training (conditioning phase, day 12 for group 1 or day 13 for
group 2), mice were placed in the conditioning cage and subjected
to the conditioned stimulus (a 15-s tone at 80dB). During the last
5s of the tone stimulus, a 0.6-mA foot shock was delivered as the
unconditioned stimulus via a shock generator (BrainScience Idea
Co., Osaka, Japan). This procedure was repeated six times at 15-s
intervals, and mice were left in place for an additional 1 min after
the final unconditioned stimulus. Contextual and cued tests were
carried out 1 day after fear conditioning (day 13 for group 1 or day



