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Enduring Critical Period Plasticity Visualized by
Transcranial Flavoprotein Imaging in Mouse Primary
Visual Cortex
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Experience-dependent plasticity in the visual cortex was investigated using transcranial flavoprotein fluorescence imaging in mice
anesthetized with urethane. On- and off-responses in the primary visual cortex were elicited by visual stimuli. Fluorescence responses
and field potentials elicited by grating patterns decreased similarly as contrasts of visual stimuli were reduced. Fluorescence responses
also decreased as spatial frequency of grating stimuli increased. Compared with intrinsic signal imaging in the same mice, fluorescence
imaging showed faster responses with �10 times larger signal changes. Retinotopic maps in the primary visual cortex and area LM were
constructed using fluorescence imaging. After monocular deprivation (MD) of 4 d starting from postnatal day 28 (P28), deprived eye
responses were suppressed compared with nondeprived eye responses in the binocular zone but not in the monocular zone. Imaging
faithfully recapitulated a critical period for plasticity with maximal effects of MD observed around P28 and not in adulthood even under
urethane anesthesia. Visual responses were compared before and after MD in the same mice, in which the skull was covered with clear
acrylic dental resin. Deprived eye responses decreased after MD, whereas nondeprived eye responses increased. Effects of MD during a
critical period were tested 2 weeks after reopening of the deprived eye. Significant ocular dominance plasticity was observed in responses
elicited by moving grating patterns, but no long-lasting effect was found in visual responses elicited by light-emitting diode light stimuli.
The present results indicate that transcranial flavoprotein fluorescence imaging is a powerful tool for investigating experience-
dependent plasticity in the mouse visual cortex.
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Introduction
Monocular deprivation (MD) produces experience-dependent
plasticity in the visual cortex (Wiesel and Hubel, 1965; Hubel and
Wiesel, 1970; Hubel et al., 1977; LeVay et al., 1980). This plasticity
has been studied extensively in mice suitable for genetic engineer-
ing using electrophysiological recordings (Dräger, 1978; Gordon
and Stryker, 1996), intrinsic signal imaging (Antonini et al., 1999;
Cang et al., 2005a; Hofer et al., 2006), and histological analysis
(Antonini et al., 1999; Tagawa et al., 2005). Electrophysiological
recordings have merit in the quantitative analysis of neural activ-
ities, but a disadvantage is sampling bias. Intrinsic signal imaging
is powerful for constructing cortical maps (Grinvald et al., 1986;
Frostig et al., 1990; Kalatsky and Stryker, 2003), but the magni-
tude of neural activities might not be faithfully recorded by this
method (Nemoto et al., 2004; Sheth et al., 2004; Zhan et al., 2005).

Endogenous fluorescence derived from NADH (reduced form
of nicotinamide adenine dinucleotide) or flavoproteins has been
used for measuring activity-dependent changes in brain metab-

olism (Chance et al., 1962; Shuttleworth et al., 2003). Flavopro-
tein fluorescence has been used for functional brain imaging in
vivo (Shibuki et al., 2003; Coutinho et al., 2004; Reinert et al.,
2004; Weber et al., 2004). Signal changes (�F/F0) in flavoprotein
fluorescence imaging are �10 times larger than those in intrinsic
signal imaging (Takahashi et al., 2006). The high spatial resolu-
tion of this technique has been demonstrated by studies in which
localized activities along cerebellar parallel fiber bundles were
visualized (Coutinho et al., 2004; Reinert et al., 2004). The stabil-
ity of flavoprotein signaling is suitable for investigating activity-
dependent plasticity (Murakami et al., 2004) and learning-
induced plasticity (Shibuki et al., 2006b) in the rat somatosensory
cortex. This technique is especially useful for visualizing mouse
cortical activities, because the skulls of mice are sufficiently trans-
parent to allow transcranial imaging (Shibuki et al., 2006a).
Transcranial flavoprotein fluorescence imaging has been used for
the visualization of experience-dependent plasticity in the audi-
tory cortex (Takahashi et al., 2006), the somatosensory cortex
(Kitaura et al., 2005), and cortical epileptic foci in mice (Takao et
al., 2006).

We investigated experience-dependent plasticity after MD in
the mouse visual cortex using transcranial flavoprotein fluores-
cence imaging. Studies using field potential recordings have re-
ported a decrease in deprived eye responses after MD in young
mice and an increase in nondeprived eye responses in adult mice
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(Sawtell et al., 2003; Frenkel and Bear, 2004). In the present study,
we confirmed that deprived eye responses decreased and nonde-
prived eye responses increased after MD in young mice. Long-
lasting plasticity induced by MD during a critical period has been
demonstrated in adult animals (Wiesel and Hubel, 1965; Hubel
and Wiesel, 1970; Hubel et al., 1977; LeVay et al., 1980). However,
the presence of such long-lasting plasticity is not yet clear in
rodents (Sawtell et al., 2003; Hensch, 2004; Tagawa et al., 2005;
Hofer et al., 2006). We confirmed the presence of long-lasting
plasticity in the visual cortices of adult mice. Preliminary results
from the present study have been published in an abstract form
(Tohmi et al., 2005).

Materials and Methods
The ethics committee of Niigata University approved the experimental
protocols used in the present study. One hundred sixty-six male mice of
the C57BL/6 strain (Japan Charles River, Tokyo, Japan) were used for all
experiments.

Surgical procedures. Mice were deeply anesthetized using urethane (1.6
g/kg, i.p.). Throughout the recordings, inhalation of O2 gas was main-
tained, and rectal temperature was kept at 38°C using a silicon rubber
heater (5 � 10 cm) and a temperature controller (TR-P; AS ONE, Osaka,
Japan). The head of each mouse was fixed using a stereotaxic frame
(SG-4; Narishige, Tokyo, Japan). Surgical procedures were conducted
under sterile conditions, and the skin was disinfected with a solution
containing povidone iodine (Meiji Seika, Tokyo, Japan). After subcuta-
neous injection of bupivacaine (Astra Zeneca, Osaka, Japan), a local
anesthetic, disinfected skin was incised, and the skull covering the left and
right visual cortices was exposed. The surface of the intact skull was
covered with a mixture of liquid paraffin and Vaseline to prevent drying
and to keep the skull transparent. Surgical procedures were terminated
within 30 min. An additional dose of urethane (0.2 g/kg, s.c.) was admin-
istered when necessary. Some recording experiments were also per-
formed under anesthesia using pentobarbital (60 mg/kg, i.p.). At the end
of the recording experiments, mice were killed with an overdose of pen-
tobarbital (intraperitoneally), unless specified otherwise.

Fluorescence imaging. Fluorescence measurements were started �1 h
after anesthesia. Cortical images (128 � 168 pixels after binning) of
endogenous green fluorescence (� � 500 –550 nm) in blue light (� �
470 – 490 nm) were recorded in the area containing the left and right
visual cortices at nine frames per second by a cooled CCD camera system
(AQUACOSMOS/Ratio with ORCA-ER camera; Hamamatsu Photon-
ics, Hamamatsu, Japan) attached to a binocular epifluorescence micro-
scope with a 75 W xenon light source (MZ FL III; Leica, Nussloch, Ger-
many). Fluorescence images were taken in a recording session, during
which mice were given visual stimuli in trials repeated at 20 s intervals.
Images elicited by a particular stimulus were averaged over 24 trials in the
experiments shown in Figures 1 A–C, 5A, and 7–9. However, the number
of trials was increased to 80 in the experiments shown in Figures 2, 4, and
6 and to 120 in the experiments shown in Figure 3A. Spatial averaging in
areas of 5 � 5 pixels was used to improve image quality. Images were
normalized pixel by pixel with respect to a reference image, which was
obtained by averaging five images taken immediately before stimulation.
The normalized images were shown in a pseudocolor scale representing
relative fluorescence changes (�F/F0). Response amplitude was evalu-
ated as values of �F/F0 in a circular window (diameter, 1 mm) including
the response peak, which was found by visual inspection of serial pseudo-
color images 0.6 –1.0 s after stimulus onset. The location of the window
was adjusted to maximize response amplitude. In the experiments shown
in Figures 1 D and 6 –9, five images taken between 0.5 and 1.0 s after
stimulus onset were averaged to improve the signal-to-noise ratio. This
range was selected to minimize the effects of neurovascular responses on
the averaged images or on quantitative analyses. During recording exper-
iments, stimulated eyes were opened until the full extent of the pupil was
exposed. Corneas were repeatedly covered with saline to prevent drying
throughout the experiments.

Intrinsic signal imaging. Endogenous fluorescence responses were
compared with intrinsic signals, which are widely used for functional

brain imaging (Grinvald et al., 1986; Frostig et al., 1990; Shtoyerman et
al., 2000; Schuett et al., 2002). After completion of flavoprotein fluores-
cence imaging, the brain was illuminated using a halogen lamp light
source via an interference filter passing red light (� � 610 � 10 nm; Asahi
Bunkou, Tokyo, Japan), and cortical images were directly taken by the
same CCD camera used for fluorescence imaging. Because changes in
light reflection (�R/R0) were approximately one-tenth of the fluores-
cence changes (�F/F0), images taken in 80 trials were averaged before
additional analyses.

Electrophysiology. After imaging experiments, small holes (diameter, 1
mm) were made on the skull inside and outside the response areas deter-
mined by flavoprotein fluorescence imaging. A tungsten electrode insu-
lated with polyvinyl chloride, except for 30 �m from the tip (1–2 M�),
was inserted into the cortex through a hole, and field potentials were
recorded at a depth of 0.5 mm from the cortical surface. Signals were
filtered between 0.08 Hz and 3 kHz and averaged 50 times. A reference
electrode was placed in the muscle over the cerebellum.

MD). Mice were anesthetized with ether, and the skin around one eye
was disinfected with 70% alcohol. Eyelids were sutured with a fine sur-
gical Nylon thread (diameter, 0.23 mm; Mani, Tochigi, Japan). During
MD, mice were checked daily to make sure that eyes remained closed and
uninfected. An ophthalmic solution containing levofloxacin (5 mg/ml;
Santen Pharmaceutical, Osaka, Japan) was applied to the sutured eye
every day. When cortical activities were measured before and after MD in
the same mice, eyelids were sutured immediately after the first imaging
experiment; these were opened again immediately before post-MD im-
aging experiments. When the imaging experiments were performed a few
weeks after MD, the deprived eye was opened under ether anesthesia, and
the ophthalmic solution containing levofloxacin was applied to the
opened eye.

Visual stimulation. We used two types of visual stimuli. First, a red
light-emitting diode (LED) (� � 613 nm; diameter, 3 mm; TLSH160(F);
Toshiba, Tokyo, Japan), which was placed 30 cm away from the mouse in
the horizontal plane, was used in the experiments shown in Figs. 1, 2, 5, 7,
8, and 9A. The direction of the stimulus within the horizontal plane was
adjusted. The LED was turned on for 4 s in each trial. One of the two eyes
was covered to enable simulation of the uncovered eye only, except for
the experiments shown in Figures 1 D and 2, in which both eyes were
stimulated.

As a second type of stimulus, various patterned stimuli were produced
by a visual stimulus generator (ViSaGe; Cambridge Research System,
Cheshire, UK) and shown on a liquid crystal display (8 inch; Chuo
Musen, Tokyo, Japan). To avoid perturbation of fluorescence measure-
ments using blue and green lights, the surface of the monitor was covered
with a filter passing light with � � 600 nm (Sharp cut filter; Kenko, Tokyo
Japan). When the contrasts of the grating patterns were changed (see Fig.
3), the monitor was placed at an angle of 45°, 30 cm away from the mice.
Static vertical grating of 0.18 cycle/degree with a square-wave contrast
was inverted every 1 s in the range of 22 � 18° (width � height) for 2 s.
When the spatial resolutions of grating patterns were changed (see Fig.
4), the monitor was placed in front of, and 45 cm away from, the mice.
Static vertical grating patterns of a sine-wave contrast between 0.3 and 0.6
cycle/degree were inverted every 1 s for 2 s.

For the generation of retinotopic maps (see Fig. 6) and the measure-
ment of experience-dependent plasticity in adult mice (Fig. 9 B, C), mov-
ing square-wave grating patterns (spatial frequency, 0.18 cycle/degree;
speed, 5 cycles/s), randomly changing direction every 0.4 s, were pre-
sented to mice for 2 s. Retinotopic maps were produced by moving the
monitor with moving square-wave grating patterns in the range of 10 �
18° (width � height). When experience-dependent plasticity remaining
in adult mice was measured, moving square-wave grating patterns within
a range of 22 � 18° (width � height) were presented in front of mice to
stimulate responses in the binocular zone of the visual cortex, and at 90°
to stimulate responses in the monocular zone of the visual cortex.

Imaging experiments before and after MD in the same mice. For com-
parison of cortical activities before and after MD in the same mouse, the
surface of the skull of a mouse anesthetized with urethane was cleaned
with sterile saline and covered with clear acrylic dental resin (Super bond;
Sun Medical, Shiga, Japan). After solidification of the resin, the surface
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was coated with liquid paraffin to reduce random reflection of light. After
the first imaging experiments, the eyelid of one eye was sutured. Mice
were allowed to recover from anesthesia in a warmed cage. Fradiomycin
(Mochida Pharmaceutical, Tokyo, Japan) and ampicillin (Meiji Seika,
Tokyo, Japan) were used to avoid infection. When cortical activities were
investigated 5 d after the first imaging experiments, mice were anesthe-
tized with urethane. The surface of the acrylic dental resin covering the
skull was washed with sterile saline and covered with liquid paraffin once
again.

Statistical analysis. The statistical significance
of the results was tested using StatView software
(SAS Institute, Cary, NC). Differences between
unpaired data were evaluated by the Mann–
Whitney U test, and those between paired data
were evaluated by the Wilcoxon signed rank
test.

Results
On- and off-responses observed as
fluorescence changes in the
visual cortex
The skulls of mice are transparent and do
not emit endogenous green fluorescence
in blue light. Therefore, fluorescence im-
ages of the cerebral cortex were taken
through the intact skull. When the left eye
was stimulated with an LED light placed in
front of the mouse, fluorescence responses
appeared 0.2 s after stimulus onset in the
contralateral and ipsilateral visual cortices
(Fig. 1A), corresponding to the binocular
zone in the visual cortex (Dräger, 1975;
Schuett et al., 2002). The response peak
was observed 0.6 –1.0 s (0.80 � 0.03 s;
mean � SEM; n � 12) after stimulus on-
set, and amplitude of the response peak in
�F/F0 was 0.65 � 0.05%. After the re-
sponse peak, the level of fluorescence grad-
ually decreased below the baseline level
observed before stimulus presentation
(Fig. 1C). Some of these negative re-
sponses were observed around arteries on
the cortical surface, suggesting that they
were produced by activity-dependent he-
modynamic responses (Shibuki et al.,
2003). Fluorescence increases were ob-
served after removal of the stimulus in the
same places where on-responses appeared
(Fig. 1B.C), suggesting the presence of off-
responses in the visual cortex (Hubel and
Wiesel, 1962). The response peak was ob-
served 0.78 � 0.05 s (n � 12) after stimu-
lus offset, and the amplitude of the re-
sponse peak in �F/F0 was 0.20 � 0.03%.
Averaging of trials was performed to quan-
titatively investigate neural activities.
However, fluorescence responses elicited
by visual stimuli were sufficiently large to
be recognized in each trial (Fig. 1D).

Relationship between fluorescence
responses and field potentials elicited by
visual stimuli
To investigate the relationship between
fluorescence responses and underlying
neural activities, we recorded field poten-

tials in cortical areas showing fluorescence responses (Fig. 2).
When both eyes were stimulated by an LED placed in front of the
mouse, fluorescence responses appeared in the binocular zone of
the visual cortex (Fig. 2A,B). Negative field potentials were also
recorded in the response area identified by the imaging experi-
ment (Fig. 2C). However, no clear potentials were recorded out-
side the center of the response area (Fig. 2D–F). Fluorescence

Figure 1. Cortical responses induced by LED light stimuli. A, Original fluorescence image and serial pseudocolor images in
�F/F0 of the left and right visual cortices. In this mouse, the right eye was covered, and an LED light placed in front of the mouse
was turned on for 4 s. Time after stimulus onset is shown in each pseudocolor image. Note that on-responses in the contralateral
right visual cortex are shown together with faint responses in the ipsilateral left cortex. A reduction in intensity of fluorescence
signals, partly attributable to activity-dependent hemodynamic responses, was observed even during the presence of the light
stimulus. B, Off-responses. A standard image was obtained by averaging five images recorded immediately before offset of the
LED light stimulus; serial pseudocolor images were obtained using this standard image. Time after stimulus offset is shown in each
pseudocolor image. C, Time courses of �F/F0 in a circular window in A and B placed on the response center in the contralateral
right visual cortex. The red horizontal bar shows the timing of LED light stimulation. Schematic drawings of LED stimulation and
recording (R) are also shown. Data shown in A–C were obtained from the same mouse by averaging 24 trials. D, On-responses
elicited in a different mouse by the LED stimulus. Each pseudocolor image was obtained from data recorded in eight serial trials
repeated at 20 s intervals; on-responses recorded 0.5–1.0 s after stimulus onset are shown.
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responses showed temporal changes that were slower in time
course than field potential responses. Animals anesthetized with
urethane sometimes exhibited synchronized slow-wave poten-
tials (Steriade et al., 1993). Remnants of such slow-wave poten-

tials showed a stronger intensity in the averaged field potential
traces than in the averaged fluorescence signals, so that the signal-
to-noise ratio of fluorescence responses was comparable or better
than that of field potential recordings. There was also a small
increase in fluorescence outside the primary visual cortex, in a
region where field potentials showed no modulation with visual
stimulation (Fig. 2E,F). This small fluorescence response could
reflect nonsynchronized polysynaptic activities, which might not
be detected by field potential recordings.

We compared the magnitudes of fluorescence responses and
field potential recordings. Visual responses were elicited by grat-
ing patterns, in which the contrast of stimuli was varied between
100 and 10% (Fig. 3). As the contrast of stimuli decreased, the
magnitudes of fluorescence responses and field potential re-
sponses simultaneously decreased (Fig. 3A,B). The amplitudes of

Figure 2. Comparison between flavoprotein fluorescence imaging and field potential re-
cordings. A, Original fluorescence image and pseudocolor images in �F/F0 observed after stim-
ulus onset. Responses were elicited by LED light stimuli. B, Time course of fluorescence changes
within a circular window placed at the response center in A. C, Field potentials recorded at the
response center (asterisk in A). Data in A–C were obtained from the same mouse. D, Original
fluorescence image and pseudocolor images after stimulus onset. LED light stimuli were pro-
vided to both eyes. E, Time course of fluorescence changes within the green and blue circular
windows in D. Colors of traces correspond to those of the windows. F, Field potentials recorded
outside the response center (asterisk in D). Data in D–F were obtained from another mouse.

Figure 3. Relationship between fluorescence response and field potentials elicited by grat-
ing patterns of various contrasts. A, Time course of fluorescence changes elicited by grating
patterns in a circular window including the response center in the right cortex contralateral to
the stimulated left eye. Fluorescence responses observed after stimulus onset are also shown.
Contrasts of grating patterns were varied between 100 and 10% as shown on the left of each
trace. To obtain these data, 80 –130 trials were averaged. B, The time course of field potentials
recorded through the electrode shown in the original fluorescence image in A (arrows). Fluo-
rescence changes were slightly slower, but the signal-to-noise ratio was comparable or better
than that of field potential recordings. C, Amplitudes of field potentials plotted against those of
fluorescence responses elicited by grating patterns of 100, 46.4, 21.5, and 10% in contrast.
Responses were normalized against maximal responses elicited by 100% contrast patterns in
each mouse. The mean and SEM obtained from four mice are shown. A statistically significant
correlation (R 2 � 0.71; p � 0.001) was observed between the two parameters of the individ-
ual data points, which are shown by small dots of different colors.
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fluorescence responses and simultaneously recorded field poten-
tials changed with a significant positive correlation coefficient of
0.71 between the two parameters of the individual data points
( p � 0.001) (Fig. 3C), indicating that fluorescence responses
could be used for quantitative measurement of neural activities.

Estimation of visual acuity using fluorescence responses
Visual acuity in animals can be determined by behavioral exper-
iments (Prusky et al., 2000; Prusky and Douglas, 2003) or field
potential recordings of responses elicited by visual stimuli (Por-
ciatti et al., 1999). We tested whether measurement of fluores-
cence responses in the visual cortex could be used to estimate
visual acuity. Spatial frequency of grating patterns was changed
between 0.3 and 0.6 cycle/degree (Fig. 4). Fluorescence responses
were clearly observed at a spatial frequency up to 0.5 cycle/degree,
whereas almost no response was observed at a spatial frequency of
0.6 cycle/degree. The response amplitude at 0.5 cycle/degree was
significantly larger than that at 0.6 cycle/degree ( p � 0.05), so
that the visible frequency limit determined by this method was
0.5 cycle/degree. This value is comparable to the reported visual
acuity of 0.5– 0.6 cycle/degree, as determined by behavioral ex-
periments and field potential recordings.

Comparison between flavoprotein fluorescence imaging and
intrinsic signal imaging
Intrinsic signals are produced by differences in red light absorp-
tion between oxyhemoglobin and deoxyhemoglobin in capillary
blood vessels (Grinvald et al., 1986; Frostig et al., 1990), and
intrinsic signal imaging is widely used for functional imaging in
the visual cortex (Bonhoeffer and Grinvald, 1991; Schuett et al.,
2002; Cang et al., 2005a; Zhan et al., 2005). We compared results

obtained using flavoprotein fluorescence imaging (Fig. 5A) and
intrinsic signal imaging (Fig. 5B) in the same mice. Visual stimuli
produced fluorescence responses in a similar area of the visual
cortex, in which intrinsic signal responses were observed. How-
ever, fluorescence images obtained by averaging 24 trials were
better in quality than intrinsic signal images obtained by averag-
ing 80 trials, because the amplitude of fluorescence signals
(�F/F0) was �10 times larger than that of intrinsic signals
(�R/R0) (Fig. 5C). Furthermore, the time course of fluorescence
signal changes was faster than that of intrinsic signal changes
recorded in the same mouse (Fig. 5C).

Retinotopic maps produced by flavoprotein
fluorescence imaging
Retinotopic maps in the visual cortex have been investigated us-
ing electrophysiological recordings (Dräger, 1975; Wagor et al.,
1980) and intrinsic signal imaging (Schuett et al., 2002). We pro-
duced retinotopic maps using flavoprotein fluorescence imaging.
Visual stimuli of moving grating patterns, which were placed
between 0° (front) and 90° (left) in the horizontal plane, were
provided to the left eye. The binocular zone was bilaterally acti-
vated by stimuli placed in front of the mouse; when stimuli were
placed in other sites, the monocular zone was only activated in
the contralateral right cortex (Fig. 6A). In the contralateral right
visual cortex, the location of the responsive area was gradually
shifted toward the medial side as visual stimuli were laterally
shifted in 10° steps (Fig. 6B). In the lateral area of the primary
visual cortex, neural activities were observed in area LM (Schuett
et al., 2002). In this area, the retinotopic map was mirror-
symmetrical to those of the primary visual cortex (Fig. 6C), as
reported in previous studies (Dräger, 1975; Wagor et al., 1980;
Schuett et al., 2002). In rodents, no orientation column has been
found in the visual cortex (Antonini et al., 1999; Ohki et al.,
2005). We found no heterogeneity in the responsive area stimu-
lated with moving grating patterns of various orientations (data
not shown).

Experience-dependent plasticity visualized with flavoprotein
fluorescence imaging
MD in young mice reduces responsivity in the binocular region of
the visual cortex to stimuli provided to the deprived eye (Dräger,
1978; Gordon and Stryker, 1996). We attempted to visualize plas-
ticity induced by MD using transcranial flavoprotein fluores-
cence imaging. Once MD started on postnatal day 28 (P28) for
4 d, bilateral cortical responses to LED light stimuli placed in
front of the mouse were recorded. When stimuli were provided to
the nondeprived eye, clear responses were observed in both the
contralateral and ipsilateral cortices (Fig. 7Aa). When stimuli
were provided to the deprived eye, responses in both the con-
tralateral and ipsilateral cortices were clearly depressed (Fig.
7Ac). However, no apparent change was observed in the monoc-
ular zone (Fig. 7Ab,Ad). In the binocular zone of the contralateral
visual cortex, deprived eye responses were significantly reduced
compared with nondeprived eye responses ( p � 0.003) (Fig. 7B).
Significant differences were also observed in the binocular zone
of the ipsilateral visual cortex ( p � 0.02) (Fig. 7B). However, no
significant difference was observed in the monocular zone. To
identify the period of sensitivity to MD, it was initiated at various
ages between 3 and 6 weeks old for 4 d. Consistent with previously
reported electrophysiological studies (Gordon and Stryker,
1996), the difference in �F/F0 between nondeprived eye re-
sponses and deprived eye responses was maximal when MD was
begun at the age of 4 weeks, in both the contralateral and ipsilat-

Figure 4. Visual acuity measured by fluorescence responses. The relationship between am-
plitudes of fluorescence responses measured in a circular window placed on response center and
spatial frequencies of the grating patterns used for eliciting responses is shown. The mean and
SEM obtained from 10 mice are shown. Examples of pseudocolor images in �F/F0 obtained
from a mouse are also shown.
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eral visual cortices (Fig. 7Ca,Cc). No effect
was found for MD begun at the age of 6
weeks. The duration of MD commenced at
4 weeks of age was varied between 1 and 7 d
(Fig. 7Cb,Cd). Although MD for 1–2 d was
not effective, MD for 4 d was just as effec-
tive as that for 7 d.

In previous studies, the cortical re-
sponses to stimulation of the ipsilateral
and contralateral eyes were compared with
evaluate the effects of MD (Dräger, 1978;
Gordon and Stryker, 1996). Therefore, we
calculated the ratio of �F/F0 elicited by
stimulation of the ipsilateral eye and that
elicited by stimulation of the contralateral
eye. The data represented in Figure 7B
were used for this calculation, except for
that from two mice in which �F/F0 of the
contralateral deprived eye response was
too small (�F/F0 � 0.2). The ratio of ipsi-
lateral deprived eye response/contralateral
nondeprived eye response (0.55 � 0.06;
n � 13) was significantly smaller than that
of ipsilateral nondeprived eye response/
contralateral deprived eye response
(0.97 � 0.06; p � 0.002). These findings
are compatible with previous reports and
suggest that transcranial flavoprotein flu-
orescence imaging is applicable for inves-
tigating experience-dependent plasticity
in the visual cortex.

Transcranial imaging preserves the
skull. When the surface of the skull is cov-
ered with transparent dental resin, the
skull is protected against infection and
maintains its transparency for several days
after surgery (Takao et al., 2006). Using
this technique, we compared fluorescence
responses in the visual cortex before and
after MD in the same mouse. As shown in
Figure 8A, fluorescence responses in the
visual cortex were clearly observed before and after MD at 5 d,
although some endogenous fluorescence appeared along cranial
sutures 5 d after surgery (Fig. 8A). Nondeprived eye responses
increased after MD, whereas deprived eye responses decreased
after MD (Fig. 8A). In the contralateral cortex, increases in non-
deprived eye responses ( p � 0.05) and decreases in deprived eye
responses ( p � 0.0003) were statistically significant (Fig. 8C). In
the ipsilateral cortex, decreases in deprived eye responses were
significant ( p � 0.05). As a result, amplitudes of responses elic-
ited via each eye were significantly different after MD for both the
contralateral ( p � 0.0002) and ipsilateral ( p � 0.04) responses
(Fig. 8C). No significant change was observed in the responses
recorded in the monocular zone (Fig. 8B,C).

Long-lasting effects of MD
In animals other than mice, experience-dependent plasticity in-
duced by MD in the visual cortex during a critical period is main-
tained after maturation of the animals (Giffin and Mitchell, 1978;
Murphy and Mitchell, 1987). In behavioral studies using mice, it
has been demonstrated that reduction in visual acuity produced
by MD performed during a critical period is maintained in adult
mice (Prusky and Douglas, 2003). However, it is not clear

whether experience-dependent plasticity produced by MD dur-
ing a critical period is preserved in adult mice. To clarify this, we
investigated the effects of MD for 7 d performed between P26 and
P33, in 6-week-old mice. When LED light stimuli were used, no
clear effect of MD was found in either the contralateral or ipsilat-
eral visual cortices in 6-week-old mice (Fig. 9Aa,Ab). However,
when the effects of MD were investigated with moving grating
patterns, differences between deprived eye and nondeprived eye
responses were observed in the binocular zone of the contralat-
eral and ipsilateral cortices (Fig. 9Ba,Bc), whereas no clear change
was observed in the monocular zone (Fig. 9Bb,Bd). The effects of
MD were significant in both the contralateral ( p � 0.003) and
ipsilateral ( p � 0.006) cortices in 6-week-old mice, but no sig-
nificant effect was observed in the monocular zone (Fig. 9C).
These findings indicate that the effects of MD performed during
a critical period were preserved in visual responses elicited by
complex patterned stimuli but not by simple LED light stimuli.

Discussion
Transcranial flavoprotein fluorescence imaging in the mouse
visual cortex
In the present study, MD-induced plasticity in the mouse visual
cortex was investigated using flavoprotein fluorescence imaging.

Figure 5. Comparison between fluorescence imaging and intrinsic signal imaging. A, B, Fluorescence images (A) and intrinsic
signal images (B) with different pseudocolor scales. Time after stimulus onset is shown in each pseudocolor image. C, Time course
of fluorescence signal (�F/F0) and intrinsic signal (�R/R0) changes in the circular window placed in the response center. The data
shown all panels were obtained from the same mouse. Fluorescence recordings show averaged data obtained in 24 trials; intrinsic
signal recordings were obtained in 80 trials.
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A merit of this technique is that variation in recording data, either
between each side of the cortex or between animals, is small
enough for investigating plastic changes in neural activities.
Short-term potentiation and depression induced by direct corti-
cal stimulation with tetanic stimulation have been demonstrated
in the rat somatosensory cortex (Murakami et al., 2004). Long-
term cortical depression induced by discrimination learning in

the rat somatosensory cortex has also been demonstrated
(Shibuki et al., 2006b). In mice, the transparent skull allows
transcranial imaging, and this technique is used for visualizing
cortical activities in the auditory, somatosensory, and visual cor-
tices (Shibuki et al., 2006a). In this case, surgical damage to the
brain is minimal, so that reproducible and stable recording is
possible. Using this technique, experience-dependent plasticity

Figure 6. Retinotopic maps. Aa, Retinotopic map superimposed on an original fluorescence image. It was produced from fluorescence responses elicited via the left eye using LED stimuli placed
at different locations, which are shown with arrows in the inset. The colors of the arrows correspond to those in the map. Ab, Original fluorescence responses used to construct the map shown in Aa.
Cortical areas in which�F/F0 was larger than half the amplitude of endogenous fluorescence responses in each image in Ab were superimposed on the original fluorescence image. B, Fine retinotopic
map produced from fluorescence responses in the right visual cortex contralateral to the stimulated eye. The topmost panels are the original fluorescence image and the retinotopic map
reconstructed using Scion Image (developed by W. Rasband and available from the Internet). In this map, the locations of stimuli producing maximal responses were determined for each pixel and
are shown as a pseudocolor image. When amplitudes in �F/F0 did not reach 40% of peak amplitudes, the pixel is shown in black. Other panels show pseudocolor images of visual responses produced
by stimuli at various locations. Averaged results of 80 trials are shown. Activities in area LM can be recognized lateral to responses in the primary visual cortex. C, Retinotopic map in area LM. R,
Recording.
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has been demonstrated in the mouse auditory (Takahashi et al.,
2006) and somatosensory (Kitaura et al., 2005) cortices and in cor-
tical activities during audiogenic seizures in mice (Takao et al.,
2006). These previous studies and the present findings clearly indi-
cate the usefulness of transcranial flavoprotein fluorescence imaging
for investigating experience-dependent cortical plasticity in mice.

Comparison between fluorescence signals and neural
activities in the visual cortex
In the present study, we compared fluorescence signals recorded
in the visual cortex with corresponding field potentials or intrin-
sic signals, to verify whether the former reflected neural activities
in the visual cortex. On- and off-responses in visual cortical neu-
rons (Hubel and Wiesel, 1962) were observed as changes in flu-
orescence signals (Fig. 1). Field potentials were recorded only in
the area where fluorescence responses were observed (Fig. 2). A
good correlation was found between fluorescence responses and
field potentials elicited by grating patterns of various contrasts

(Fig. 3). Visual acuity of mice to grating patterns was investigated,
revealing a detection limit of 0.5 cycle/degree (Fig. 4), which was
comparable to the value of 0.5– 0.6 cycle/degree determined by
behavioral experiments (Prusky et al., 2000; Prusky and Douglas,
2003) and field potential recordings (Porciatti et al., 1999). Flu-
orescence signals appeared faster than intrinsic signals after stim-
ulus onset (Fig. 5). Fine retinotopic maps could be obtained using
fluorescence imaging (Fig. 6). Together, it is strongly suggested
that flavoprotein fluorescence imaging is applicable for investi-
gating both the magnitude and spatial distribution of cortical
activities in the mouse visual cortex.

Experience-dependent plasticity visualized using flavoprotein
fluorescence imaging
The main purpose of the present study was to investigate MD-
induced plasticity in the mouse visual cortex. We found that

Figure 7. Experience-dependent plasticity induced by MD. A, Fluorescence responses elic-
ited by LED light stimuli in the visual cortex after MD. Aa–Ad, Nondeprived eye responses in the
binocular zone (Aa) and monocular zone (Ab) and deprived eye responses in the binocular zone
(Ac) and monocular zone (Ad). These images were obtained from the same mouse. B, Ampli-
tudes of fluorescence responses (�F/F0) in the contralateral binocular zone (Contra), ipsilateral
binocular zone (Ipsi), and contralateral monocular zone (Mono). The mean and SEM from 15
mice are shown. Ca, Difference in �F/F0 between nondeprived eye responses and deprived eye
responses in the contralateral binocular zone. MD for 4 d was started at an age of 3– 6 weeks.
Cb, Difference in the contralateral binocular zone. MD for 1–7 d was started at the age of 4
weeks. Cc, Difference in the ipsilateral binocular zone. MD for 4 d was started at 3– 6 weeks of
age. Cd, Difference in the ipsilateral binocular zone. MD for 1–7 d was started at 4 weeks of age.
Numbers of experiments are shown in parentheses.

Figure 8. Comparison between fluorescence responses in the binocular zone before and
after MD in the same mice. A, Responses recorded in the binocular zone. Original fluorescence
images before and after MD for 5 d, nondeprived (left) eye responses before and after MD, and
deprived (right) eye responses before and after MD are shown. B, Responses recorded in the
monocular zone. Nondeprived (left) eye responses before and after MD and deprived (right) eye
responses before and after MD are shown. Data in A and B were obtained from the same mouse.
C, Amplitudes of fluorescence responses in the contralateral binocular zone, ipsilateral binocular
zone, and monocular zone before and after MD of 5 d in the same 27 mice.
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decreases in deprived eye responses compared with nondeprived
eye responses occurred in the binocular zone but not in the mon-
ocular zone of the visual cortex (Fig. 7). Effects of MD were most
clearly observed when started at 4 weeks old and were saturated at
the end of 4 d. These characteristics are compatible with previous
results obtained using electrophysiological recordings in mice
(Dräger, 1978; Gordon and Stryker, 1996). Using intrinsic signal
imaging, MD-induced plasticity has been observed in mice anes-
thetized with pentobarbital but not in mice anesthetized with
urethane (Cang et al., 2005a). We demonstrated MD-induced
plasticity in mice anesthetized with urethane using flavoprotein
fluorescence responses (Fig. 7). We performed experiments in
mice anesthetized with urethane, because the long-lasting effect
of urethane was suitable for stable recordings of neural activities,
although MD-induced plasticity could also be observed in mice
anesthetized with pentobarbital (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). A discrepancy be-
tween intrinsic signal imaging and flavoprotein fluorescence im-
aging might be explained by some quantitative aspects of neural
activities being obscured in intrinsic signal imaging, which might

not reflect neural activities including magnitude (Nemoto et al.,
2004; Sheth et al., 2004; Zhan et al., 2005).

A technical merit of flavoprotein fluorescence imaging is that
neural activities in a wide area including bilateral visual cortices
can be observed simultaneously (Fig. 7), so that fluorescence re-
sponses elicited via the deprived eye in the right/left cortex and
those elicited via the nondeprived eye in the left/right cortex can
be compared directly. Responses in the monocular zone can be
easily recorded as a control. Furthermore, when the surface of the
skull was covered with clear acrylic resin, responses elicited via
the deprived eye and those elicited via the nondeprived eye could
be compared before and after MD in the same mice (Fig. 8A,B).
From such analyses, we concluded that MD-induced plasticity in
young mice has two components: potentiation of nondeprived
eye responses and depression of deprived eye responses (Fig. 8C).
This conclusion has also been reached regarding contralateral
deprived eye responses and ipsilateral nondeprived eye re-
sponses, in a previous study of field potential recordings in mice
(Frenkel and Bear, 2004). In the present study, bilateral cortical
responses were observed in the same mice, and depression of
contralateral deprived eye responses, potentiation of contralat-
eral nondeprived eye responses, and potentiation of ipsilateral
nondeprived eye responses were found (Fig. 8C). Ipsilateral de-
prived eye responses were also depressed, but the changes were
not statistically significant.

Long-lasting effects of MD in adult mice
In the present study, effects of MD performed during a critical
period were detected in adult mice (Fig. 9) as reported in other
animals (Giffin and Mitchell, 1978; Murphy and Mitchell, 1987).
Prior MD during a critical period enhances plasticity in the adult
visual cortex visualized with intrinsic signal imaging (Hofer et al.,
2006); however, long-lasting effects of MD after reopening of the
deprived eye have not been previously observed by electrophysi-
ological recordings in rodents (Sawtell et al., 2003; Hensch, 2004;
Tagawa et al., 2005). We confirmed long-lasting plasticity when
moving grating patterns were used as visual stimuli (Fig. 9B,C),
whereas no long-lasting effect of MD was found in responses
elicited by LED light stimuli (Fig. 8). Our findings are compatible
with a behavioral study showing that reduction in visual acuity in
the deprived eye caused by MD during a critical period is main-
tained in adult mice (Prusky and Douglas, 2003). The difference
between LED light stimuli and moving grating patterns can prob-
ably be explained by the fact that LED light stimuli might be
appropriate for activating thalamocortical synapses, but might
not be suitable for activating intracortical circuits. Response
properties of cortical neurons are more complex than those of
thalamic relay neurons in the lateral geniculate body (Hubel and
Wiesel, 1961, 1962; Dräger, 1975), so that intracortical circuits
can be effectively stimulated by moving grating patterns but not
by LED light stimuli. Therefore, the long-lasting effects of MD
might be observed only in intracortical circuits, but not in
thalamocortical synapses. In accordance with this idea, MD-
induced plasticity is more clearly observed in supragranular and
infragranular neurons than in layer IV (Gordon and Stryker,
1996), suggesting the presence of MD-induced plasticity in intra-
cortical circuits connecting layer IV and other layers.

Future applications of flavoprotein fluorescence imaging in
the mouse visual cortex
The molecular mechanisms of MD-induced plasticity have been
investigated intensively using various strains of mice lacking spe-
cific genes (Huang et al., 1999; Taha et al., 2002; Sawtell et al.,

Figure 9. Long-lasting effects of MD performed in young mice. A, Time course of fluores-
cence responses elicited by LED light stimuli in the contralateral (a) and ipsilateral (b) visual
cortices 2 weeks after MD, which was performed between P26 and P33. No apparent difference
was observed between nondeprived eye responses and deprived eye responses. B, Fluorescence
responses elicited by moving grating patterns 2 weeks after MD performed between P26 and
P33. Ba–Bd, Nondeprived eye responses in the binocular zone (Ba) and the monocular zone
(Bb) and deprived eye responses in the binocular zone (Bc) and the monocular zone (Bd) are
shown. These images were obtained from the same mouse. Deprived eye responses were re-
duced after MD compared with nondeprived eye responses in the binocular zone, whereas those
in the monocular zone were not. C, Time course of fluorescence responses elicited by moving
grating patterns in the contralateral (a) and ipsilateral (b) binocular zones and the contralateral
monocular zone (c) of the visual cortex 2 weeks after MD, performed between P26 and P33.
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2003; Mataga et al., 2004; Cang et al., 2005b; McGee et al., 2005).
Obviously, one of the most promising possibilities of flavopro-
tein fluorescence imaging is its potential application to various
strains of genetically manipulated mice, because a large number
of mice can be efficiently investigated using this technique. A
clear critical period for MD-induced plasticity has been demon-
strated in previous studies using single-unit recordings in mice
(Gordon and Stryker, 1996), but the presence of a similar critical
period has not been demonstrated in studies using other methods
(Tagawa et al., 2005; Sawtell et al., 2003). In the present study, a
critical period comparable to that obtained using single-unit re-
cordings was demonstrated under urethane anesthesia (Fig. 7C);
this result might be helpful for clarifying the mechanisms under-
lying the difference in the critical periods obtained using different
methods. When spontaneous slow-wave oscillation (Steriade et
al., 1993) was not observed, flavoprotein fluorescence imaging
was sufficient to visualize cortical activities without averaging
trials (Fig. 1D). Trial-to-trial variability of cortical responses,
which has been investigated using voltage-sensitive dyes (Arieli et
al., 1996), can also be investigated using flavoprotein fluores-
cence imaging. In the present study, we focused on visualizing
cortical activities in a wide area including bilateral visual cortices.
However, activity-dependent changes in NADH signals have
been demonstrated at the single-cell level in slice experiments
using two-photon microscopy (Kasischke et al., 2004). Further-
more, in vivo transcranial imaging has been used to visualize fine
morphological changes in a single neuron using two-photon mi-
croscopy (Grutzendler et al., 2002; Ohki et al., 2005; Zuo et al.,
2005). Therefore, there would be no spatial limitation to investi-
gate neural activities at the single-cell level using transcranial
flavoprotein fluorescence imaging in mice. A combination of
transcranial flavoprotein fluorescence imaging and two-photon
microscopy might be applicable to the investigation of the fine
cellular mechanisms underlying experience-dependent plasticity
in the mouse visual cortex.
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