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ABSTRACT: �"�0����F 9�F: tracers have made a significant contribution to the treatment of Alzheimer�s disease (AD) by 
allowing a definitive diagnosis in living patients. Unfortunately, they also detect tau and other protein aggregates that 
compromise test accuracy. In AD research, there has been a growing need for in vivo �F imaging by two-photon microscopy, 
which enables deep-brain-fluorescence imaging. There is no suitable neuritic �F probe for two-photon microscopy. Here 
we report PyrPeg, a novel two-photon fluorescent probe that can selectively target insoluble �F rather than tau and G�
synuclein aggregates in the AD model brain and post-mortem brain. When injected intravenously, PyrPeg detects the 
neuritic plaques in the brain and olfactory bulb of the AD model. PyrPeg may serve as a useful blood-brain-barrier-
penetrating diagnostic tool for optical and functional monitoring of insoluble forms of �F aggregates in the living AD brain.

INTRODUCTION The diagnosis of Alzheimer's disease (AD) is based on the 
detection of �"�0����F 9�F: misfolding in the brain, tau 

Page 1 of 11

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



abnormalities, and neurodegeneration.1 The accumulation 
of �F plaques is the earliest key event in AD progression, 
beginning at the asymptomatic stage of AD, and is 
considered a biomarker of disease onset. �F plaques are 
classified as diffuse and neuritic plaques. Diffuse plaques 
are non-neuritic, not associated with glial activation, and 
thus not regarded as pathological biomarkers.2,3 By 
contrast, neuritic plaques, also known as senile plaques, 
are extracellular deposits of �F
 surrounded by abundant 
activated microglia and astrocytes and associated with 
synaptic loss and cognitive impairment.4 Therefore, 
evaluation of neuritic plaques can be useful for the 
diagnosis of AD. Up to now, it has been possible to 
visualize neuritic plaques by immunostaining in fixed 
tissues. Nevertheless, currently, there is no available 
optical �F probe that specifically labels neuritic plaques in 
vivo. 

Optical imaging with fluorescent probes is a rapid and 
inexpensive screening method for AD. So far, many optical 
imaging probes for �F have been developed, such as Congo 
red, thioflavin-S (Th-S), and A11.5 Nevertheless, the use of 
these probes with one-photon microscopy (OPM) requires 
a short excitation wavelength (<500 nm), which limits the 
applications for in vivo imaging because of the shallow 

penetration depth (<80 �m), autofluorescence, 
photobleaching, and phototoxicity.6 Furthermore, many 
near-infrared (NIR) probes have been developed, e.g., 

NIAD-4, CRANAD-2, BAP-1, and 1,4-bis(4�-hydroxystyryl)-
2-methoxybenzene (MeO-X04).7 Although NIR 
microscopy exploits NIR excitation wavelengths (>700 
nm), it is more useful for large objects, such as whole mice, 
than for micron-sized objects such as cells and tissue slices 
because of poorer resolution relative to OPM.8 A practical 
approach for overcoming these shortcomings is two-
photon microscopy (TPM). TPM, which employs two NIR 
photons for excitation, can detect biological targets deep 

inside a probe-labeled tissue (>100 �m) for an extended 
period with intrinsically localized emission and minimum 
autofluorescence and photodamage artifacts.6 In addition, 
three-dimensional (3D) distribution of the targets can be 
mapped by combining the sectional images.

Recently, a few two-photon (TP) probes for �F have been 
developed, and their utility for ex vivo and in vivo imaging 
has been evaluated by TPM.6,9,10 Among these, QAD1 and 
SAD1 have dissociation constants (Kd) of 16.2 and 17 nM,11 

respectively. On the contrary, QAD1 and SAD1 are not 
suitable as AD diagnostic tools because they detect �F at 
16 nM, which is much lower than the critical aggregation 
concentration (CAC, 90 nM),12 thus making it difficult to 
distinguish the �F monomer from the �F oligomer. 
Besides, there is another �F probe called O�F probe 5,� 
which has a more reasonable Kd value (44.6 nM).6 
Nonetheless, this probe is not suitable for TPM imaging 
because the TP action cross-section 9QR:
 a measure of TP 
excited fluorescence (TPEF) brightness, is too small (4 GM, 
where GM = 10T46 cm4s/photon) to obtain bright TPM 
images using the laser power (lower than 5 mW at the focal 
point) that does not cause damage to the cells and tissues.13 
Among the NIR probes, MeO-X04 has QR of 75 GM at 720 

nm and has been applied to obtain TPM images of a mouse 
brain slice.11 On the contrary, this probe has an inhibition 
constant (Ki = 26. 8 nM) less than CAC and can detect 
tangles and cerebrovascular amyloids in addition to the �F 
peptides. 

Therefore, so far, there is not a suitable TP probe for �F 
peptides, and our aim in this study was to develop and test 
such a probe. Here, we designed and developed PyrPeg: a 
combination of a pyrazine derivative, which is an efficient 
fluorophore, and polyethylene glycol, which is a 
hydrophilic chain. This design is based on a previously 
described Pyr-affibody (a TP probe for HER2 [human 

epidermal growth factor receptor 2]), which has been 
reported to emit strong TPEF for the detection of breast 
cancer cells in a xenograft model using TPM.14 We describe 
the design, chemical synthesis, photophysical and 
biochemical properties, and biological activities of PyrPeg. 
Because PyrPeg is a small planar uncharged molecule 
(<500 Da), we anticipated that it would stain tissue, 
possibly cross the blood�brain barrier (BBB), intercalate 
into the hydrophobic grooves in the F��	) structure of 
�F peptides, and emit strong TPEF, thereby allowing the in 
vivo diagnosis of AD. We studied the photophysical 
properties, binding affinity for �F peptides, and selectivity 
over other proteins and conducted ex vivo and in vivo 
imaging experiments with PyrPeg. We also compared the 
photophysical properties of PyrPeg with those of existing 
TP probes and its �F��)/)��� abilities with those of Th-
S, MeO-X04, and an ��)���F antibody. Furthermore, we 
examined PyrPeg fluorescence in postmortem AD patients� 
brain sections. Finally, we investigated the fluorescence of 
PyrPeg in tail-injected transgenic mice (a model of AD) in 
the olfactory bulb in vivo by TPM.

RESULTS AND DISCUSSION

Synthesis and Photophysical Properties. PyrPeg was 
synthesized in five steps (Figure 1a�e) starting from 3-
methoxy-N-methylaniline (compound 2, Figure 1a).15 At 
step a, nosylation of 2 afforded compound 3 in a 77% yield. 
At step b, demethylation of 3 using BBr3 produced 4 in a 
95% yield. At step c, the formylation reaction of 4 produced 
516 in a 52% yield. At step d, 5 was then reacted with 1 to 
obtain 6 in a 42% yield. At step e, PyrPeg was generated in 
a 53% yield by the deprotection of the nosyl group (Figure 
1a, see Supporting Information for details). The solubility 
of PyrPeg in phosphate-buffered saline (PBS) was found to 
be 1.0 µM (Figures S2a,b) as measured by the maximum 
intersection point in a plot of absorbance vs. probe 
concentration (Figure S2). 

PyrPeg showed a maximum absorption wavelength 9\max) 
of 441 nm with a molar absorption coefficient, ]
 of 78,800 

cm�1M�1 and a maximum emission wavelength 9\fl) of 525 
nm with a fluorescence quantum yield, Q
 of 0.84 in 1,4-
dioxane. The \fl value showed a gradual red shift with a 
concomitant decrease in Q as the solvent was changed to a 
more hydrophilic one (Table 1 and Figure S1). In EtOH, \max 

and \fl appeared at 447 nm 9] = 56,700 cm�1M�1) and 629 

nm 9Q = 0.03), respectively, and a large Stokes shift (�  = �
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employed for PyrPeg is required to obtain TPM images of 
�F plaques in the frontal cortex of a 5XFAD mouse after 
intraperitoneal (i.p.) injection of �F probe 5.6 Such high 
laser power can be detrimental to the tissue.16 On the 
contrary, fRmax of MeO-X04 was 75 GM in EtOH, i.e., 3-
fold lower than that of PyrPeg. Nevertheless, it was 
possible to obtain TPM images of brain slices from APP/PS1 
mice 1 day after i.p. injection with MeO-X04 (2 mg/kg; 
Figure 3). We also measured the effective TP action cross-
section 9QReff) by comparing the TPEF intensity of �F 

peptide�treated SH-SY5Y cells labeled with 0.1 �M PyrPeg 
with that of Rhodamine 6G under the same imaging 
conditions. QReff was 1520 GM (Table 1). The local 
concentration of PyrPeg in the bright spot of the TPM 
image, which was calculated by dividing QReff by QR 

measured in the model solvent, was 7 �M, 70-fold higher 
than that in the staining medium�a result that can be 
attributed to the more favorable interactions between the 
probe and intracellular environment than those with the 
staining medium. To determine the optimum probe 

concentration in the imaging experiments, we measured 
fR values in PyrPeg-stained brain slices of APP/PS1 mice. 
This strain is the most commonly used transgenic mouse 
model of AD. Given that the APP/PS1 brain slices stained 

with 0.1�1.0 �M PyrPeg showed almost the same TPEF 

intensities, we used 0.1 �M PyrPeg in all the imaging 
experiments (Figure S9). 

Photostability is one of the key properties of a TP probe 
because bioimaging requires sustained stable fluorescence 
intensity with long excitation duration. Therefore, we 
measured the photostability by monitoring the 
fluorescence intensity during 1 h of continuous excitation. 
Owing to the low fluorescence of Th-S in TP imaging, we 
compared the one-photon fluorescence intensity of Th-S 
with the TPEF of MeO-X04 and PyrPeg (Figures 3b�d). We 
observed severe photobleaching of Th-S, whose 
fluorescence decreased by half after 3500 s, and during the 
same period, MeO-X04 showed a 13% decrease in the TPEF 
intensity (Figures S10g,h). By contrast, the TPEF intensity 

of PyrPeg remained nearly the same for 2000�3500 s 

Figure 4. Detection of neuritic plaques in a human AD brain section. (a) OPM images of the normal and AD patient�s brain 
sections costained with an ��)���F antibody (blue), anti-phospho-tau antibody (AT8; red), and PyrPeg (green) and a merged 
image. (b) Line measurement analysis along the white line in the merged image of (a). (c) Normalized PyrPeg intensities in the 
�F� and AT8-positive pixels. ***P < 0.001, two-tailed Student�s unpaired t test. (d) OPM images of a human AD brain section 
stained with an ��)���F antibody (blue), PyrPeg (green), anti-Iba1 antibody (red), and anti-GFAP antibody (magenta). (e) Merged 
images. (f) A plot of PyrPeg-positive vs. �F�#���)�� areas using 76 data points from three OPM images. Green dots are the 
experimental data, and the straight line is the linear regression line that can be represented by the empirical equation shown in 
the figure. Representative images from replicate experiments (n = 3) are presented. Scale bars: 20, 25, 50, and 100 g"� 
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PyrPeg is free of the drawbacks of the existing AD imaging 
probes for the detection of �F aggregates. The most crucial 
feature of PyrPeg is its ability to stain �F aggregates, 
especially neuritic plaques. PyrPeg should be useful for 
longitudinal monitoring of neuritic plaques according to 
its selectivity for �F fibrils and long-term stability, 
warranting the aforementioned possible clinical uses. 
Given that neuritic plaques are strongly associated with the 
pathological causes of neurodegeneration and cognitive 
deficits, PyrPeg will provide critical missing information 
concerning AD pathogenesis and may help to find new 
therapeutic approaches.

In summary, PyrPeg has many essential advantages for the 
detection of �F plaques via in vivo TP imaging and is free 
of the drawbacks of existing probes. In particular, PyrPeg 
was proven here to be superior to these existing probes in 
detecting neuritic plaques. We propose that the 
bioimaging of neuritic plaques using PyrPeg may serve as 
a useful diagnostic tool for AD.

METHODS

Animals. APP/PS1 mice with a B6C3 hybrid background 
were obtained from Jackson Laboratory (USA, stock 
number 004462) and maintained as hemizygotes by 
crossing transgenic mice with B6C3 F1 mice, which were 
derived from a cross between a C57BL/6J female and C3H 
male. This hybrid strain is commonly employed for the 
production of transgenic mice. Both sexes of 8- to 13-
month-old transgenic mice and WT littermates were used.

Cell Culture. Primary cortical astrocytes were prepared 
from 1-day-old postnatal C57BL/6J mice and maintained in 
a culture medium, as previously reported.27 The cultures 
were maintained at 37 °C in a humidified atmosphere 
containing 5% of CO2. Three days later, the cells were 
vigorously washed by repeated pipetting with the culture 
medium, and the medium was replaced to remove debris 
and other floating cell types. SH-SY5Y cells were all 
obtained from the American Type Culture Collection 
(Rockville, MD) and cultured according to their 
specifications. The SH-SY5Y cells were cultured in the 
Minimum Essential Medium (MEM, WelGene). The 
medium was supplemented with 10% of fetal bovine serum 
(FBS, WelGene), with penicillin (100 U/mL), and 
streptomycin (100 µg/mL). Two days before imaging, the 
cells were detached and placed on glass-bottomed dishes 
(MatTek). For labeling, the growth medium was replaced 
with MEM without FBS.

�(42, 7'�	
0 and Tau protein. �F42 peptide (H2N-
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGG
VVIA-COOH) was prepared as previously described 
(Figure S15).20 Recombinant human G�����/0�� (AnaSpec, 
AS-55555), and Tau 441 (AnaSpec, AS-55556) proteins were 
commercially available and used as received. 

Synthesis of PyrPeg. This procedure is described in the 
Supporting Information.

Solubility. The solubility of PyrPeg in PBS was determined 
by the absorbance method because of the negligible 

fluorescence in water.28 Briefly, small increments of PyrPeg 

in dimethyl sulfoxide (DMSO, 10�3 M) were added into a 
cuvette containing 3.0 mL of PBS by means of a 
micropipette while the DMSO concentration in the 
cuvettes was maintained at 0.2%. The absorbance of the 
solution was measured and plotted against the probe 
concentration. The maximum concentration in the linear 
region of the plot was taken as the solubility. 

Lipophilicity (LogP). This property of PyrPeg was 
calculated in the ACDLab-ACD LogP software.29

PAMPA-BBB Assay. These assays were performed using 
the PAMPA Explorer Kit (pION Inc.) according to the 
manufacturer�s instructions. Stock solutions of a sample 
were prepared in DMSO (10 mM). The stock solution was 
diluted with Prisma HT buffer (pH 7.4) to a final 
concentration of 50 µM. After that, 200 µM of the resulting 
stock solution was added into each well of donor plates (n 
= 3). The polyvinylidene difluoride (0.45 µm) filter 
membrane on the acceptor plate was coated with 5 µL of 
the BBB-1 lipid. Each well of the acceptor plate was filled 
with 200 µL of brain sink buffer. The acceptor plate was 
placed on the donor plate to form a sandwich; the 
sandwich was incubated at 37 °C for 4 h without stirring. 
,cTc�� spectra of the solutions for reference, acceptor, 
and donor plates were registered on a plate reader (Infinite 
200 PRO, Tecan). Effective permeability (Pe) for the 
sample was calculated using the PAMPA Explorer software 
v.3.5 (pION). Theophylline served as a negative control, 
and lidocaine and progesterone were used as positive 
controls for this assay.

Spectroscopic Measurements. Absorption and 
fluorescence spectra were recorded on an Agilent 8453 
diode array ,cTc�� spectrophotometer and a HITACHI F-
7000 fluorescence spectrophotometer using a 1 cm 
standard quartz cell, respectively. The fluorescence 
quantum yield 9Q: was determined by using Coumarin 307 
as the reference, as reported elsewhere.30

Cytotoxicity. The cytotoxicity of PyrPeg to SH-SY5Y cells 
and astrocytes was measured by means of a Cell Counting 
Kit-8 (CCK-8 kit, Dojindo, Japan) and MTT Assay Kit 
(Abcam, ab211091) following the manufacturer�s protocols.

 Photostability. This property of PyrPeg was determined 
by monitoring TPEF intensity in SH-SY5Y neuronal cells 
and ex vivo APP/PS1 brain slices labeled with PyrPeg, Th-S, 
and MeO-X04, as previously reported.15

Measurements of 9:� This characteristic of PyrPeg was 
determined by a fluorescence method, as described 
previously.31

Measurement of 9:eff. This parameter was determined as 
reported elsewhere.30 Briefly, TPEF intensities of PyrPeg-
labeled cells and 5.0 µM Rhodamine 6G in MeOH in delta 
T-dishes were measured using the TPM setup. QReff was 
calculated via the formula QReff = QrRr(Ip/Ir), where Ip and Ir 
are the TPEF intensities from the probe-labeled cells and 
5.0 µM Rhodamine 6G in MeOH in delta T-dishes in the 
TPM setup, respectively. 
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SPR Analysis. This analysis was performed using a 
BIAcore T200 system equipped with CM5 sensor chips (GE 
Healthcare). The monomeric or oligomeric �F was 
immobilized on a chip to attain a density of 7C66T>766 
response units (RU) by amine coupling protocols.32 The 
stock solution of PyrPeg in PBS-P (GE Healthcare, final 
DMSO solution) was serially diluted to prepare a series of 
PyrPeg solutions with different concentrations. The 
solutions were injected over the conjugated chip at a flow 
rate of 30 µL/min (contact time: 120 s, dissociation time: 
300 s), and the regeneration step was performed at a flow 
rate of 30 µL/min (contact time: 30 s, stabilization time: 10 
s). The Kd values were calculated in the BIAcore evaluation 
software (GE Healthcare) after the standard solvent 
correction process.

Antibodies. The primary antibodies used for 
immunostaining were as follows: chicken anti-GFAP 
(1:500, Millipore, ab5541), mouse ��)��G�����/0�� (1:200, 
Abcam, ab1903), rabbit anti-tau (1:200, Abcam, ab81268), 
rabbit anti-amyloid beta (1:500, Abcam, ab2539), and 
mouse anti-iba1 (1:200, Millipore, MAB3402). The following 
fluorescent secondary antibodies were utilized: an Alexa 
Fluor 405�conjugated goat anti-rabbit IgG antibody, Alexa 
Fluor 594�conjugated goat anti-mouse IgG antibody, Alexa 
Fluor 594�conjugated goat anti-rabbit IgG antibody, and 
Alexa Fluor 647�conjugated donkey anti-chicken IgY 
antibody. Secondary antibodies were purchased from 
Invitrogen or Jackson ImmunoResearch and used at 1:200 
dilution.

TPM Imaging. TPM images of SH-SY5Y cells, AD model 
mouse tissue, and human postmortem AD-affected-brain 
sections labeled with PyrPeg were obtained over the 
346T?46 nm range by multiphoton microscopy, as 
previously described.33 To determine the optimum probe 
concentration, we incubated the AD model mouse tissues 
with 6�2T2�6 µM PyrPeg for 30 min, and the TPM images 
were compared. TPM images of PyrPeg-labeled cells and 
tissues were obtained by means of spectral confocal and 
multiphoton microscopes (Leica TCS SP2; Leica Camera, 
Solms, Germany), using the 100× oil objective with a 
numerical aperture of 1.30 and a 10× dry objective with a 
numerical aperture of 0.30. The excitation was 
implemented using a mode-locked titanium-sapphire laser 
(Chameleon, 90 MHz, 200 fs; Coherent Inc., Santa Clara, 
CA, USA) set to 750 nm and to an output power of 1305 mW, 
which corresponded to 4 × 109 mW/cm2 (100×) at the focal 
plane. Images were captured by PMTs in an 8-bit unsigned 

512 � 512 pixel format at a scan speed of 400 Hz. In vivo 
optical imaging was performed by using a modified MOM 
two-photon laser-scanning microscope (Sutter 
Instruments, Novato, CA, USA) based on a mode-locked 
Ti-sapphire laser (Chameleon Vision S, Coherent, Santa 
Clara, CA, USA) and scanning with an XY galvanometric 
scanning set (Cambridge Technologies, Bedford, MA, USA). 
The microscope was equipped with a water immersion 
objective, Nikon LWD 16X, 0.8 N.A. (Nikon Instruments, 
Melville, NY, USA). PyrPeg was excited at 920 nm. Emitted 
light that was filtered through a 510/84 bandpass filter 

(Semrock, Rochester, NY, USA) was detected with a GaAsP 
photomultiplier (Hamamatsu H10770).

Molecular Docking. The structure of human �F42 
determined by NMR spectroscopy was retrieved from the 
Protein Data Bank (PDB ID: 2MXU). The downloaded 
structure was optimized at the default level using the 
protein preparation wizard in Schrödinger Maestro 
(Schrödinger Release 2017-4: LLC, New York, NY 2017). The 
structures of PyrPeg were sketched using ChemDraw 
Professional 16 and imported into the Maestro LigPrep 
module at the default settings. Because the exact binding 
site on �F42 for these ligands is not known, a grid covering 
the full structure of the �F42 multimers was assigned for 
the docking analysis. In this way, the ligands could find the 
most favorable binding sites in the �F42 multimers. The 
docking analysis was conducted by means of the Glide 
module with the standard precision (SP) docking 
algorithm. Fifty docking solutions were generated for each 
ligand, and these were ranked according to the most 
negative glide docking score. A more negative glide 
docking score implies tighter binding and vice versa. 
Figures were rendered using Discovery Studio Client 2018 
(Dassault Systèmes BIOVIA, Discovery Studio Modeling 
Environment, Release 2018, San Diego: Dassault Systèmes, 
2018) and PyMOL 2.1.0. 

Preparation of the Animal Model. Mice were tail vein�
injected with 100 µL of a PyrPeg solution via a 29-gauge 
insulin needle. To study the dose-dependent effect of 
PyrPeg on labeling, we injected 1, 3, 10, or 20 mg/kg PyrPeg 
into APP/PS1 mice and euthanized the mice after 24 h. To 
study the time-dependent effect of PyrPeg on labeling, we 
injected 1 mg/kg PyrPeg into the APP/PS1 mice and 
euthanized them from 1 day to 2 weeks after injection. In 
the MeO-X04 experiment, mice were i.p. injected with 100 
µL of 2 mg/kg MeO-X04 (3.3% volume of a 10 mg/mL stock 
solution in DMSO, 6.7% volume of Cremophore EL [Sigma 
Aldrich, St. Louis, MO, USA]) in 90% volume of PBS. The 
systemic injection was carried out 24 h before imaging.8 

Staining of Human AD-Affected Tissue. 
Neuropathological processing of control and AD human 
brain samples followed the procedures previously 
established by the BUADC. Next of kin provided informed 
consent for participation and brain donation. The study 
protocol was reviewed by the Boston University School of 
Medicine Institutional Review Board and was approved as 
exempt because the study deals only with postmortem 
collected tissue and consequently does not involve live 
human subjects. The study was performed in accordance 
with the principles of human subject protection in the 
Declaration of Helsinki. Detailed information concerning 
the brain tissue samples is given in Table S1. No unexpected 
or unusually high safety hazards were encountered during 
this study.

Confocal Microscopy of Human Brain Tissue. Paraffin-
embedded human normal and AD-affected brain sections 
were deparaffinized and dehydrated through a series of 
treatments with ethanol. The tissue slides were incubated 
for 1 h in a blocking solution [5% bovine serum albumin 
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(BSA) and 0.3% Triton X-100 in 0.02 M Tris-buffered saline 
(TBS)] and then incubated with an anti�phospho-tau 
(S202/T205) antibody (phospho-PHF-tau pSer202 + 
pThr205 antibody, AT8; Thermo Fisher Scientific) at 4 °C 
overnight. After washing in TBS twice, the sections were 
incubated for 1 h with a fluorescently labeled secondary 
antibody (an Alexa Fluor 488�conjugated goat antibody to 
rabbit IgG; Abcam). The slides were washed with TBS three 
times. Next, the tissue slides were treated with PyrPeg (0.1 
µM) for 30 min and washed with TBS three times. The 
fluorescence signals were visualized using an A1 Nikon 
confocal microscope. The �F fluorescence signal was also 
detected with a mouse monoclonal ��)���F antibody (cat. 
No. SIG-39320, BioLegend) (1:200 dilution).

Animal Surgery and Preparation. Mice (10-months old) 
were anesthetized with ketamine/xylazine (0.1/0.01 mg/g 
of body weight). Anesthesia was monitored by toe pinch, 
whisker movement, and respiration rate and was 
maintained by additional injections of ketamine/xylazine 
(0.05/0.005 mg/g of body weight). Animal care and 
experiments were carried out in accordance with 

institutional guidelines of KIST. Mice were kept at 37 C 
using a homeothermic heating blanket and were regularly 
injected with Ringer�s solution (140 mM NaCl, 5 mM KCl, 1 
mM MgCl2, 2 mM CaCl2, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonate [HEPES], and 8.9 mM D-
dextrose) for hydration. Bupivacaine (0.05 mL of a 0.5% 
solution) was injected into the incisions. A longitudinal 
incision was made from behind the ear to posterior to the 
nose, and the skin was removed to expose the skull. A 
custom-made headpost was then attached on the cleaned 
skull with cyanoacrylic glue and dental cement (Vertex 
Orthoplast, Vertex-Dental, Zeist, Holland). The skull over 
the olfactory bulb was thinned with a dental drill, and 
craniotomy with a 1.5�2.5 mm diameter was performed by 
removing the thinned bone. Finally, 2% agarose in Ringer�s 
solution and a glass window were placed over the olfactory 
bulb.
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