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The selection of reward-seeking and aversive behaviors is con-
trolled by two distinct D1 and D2 receptor-expressing striatal medium
spiny neurons, namely the direct pathway MSNs (dMSNs) and the
indirect pathway MSNs (iMSNs), but the dynamic modulation of
signaling cascades of dMSNs and iMSNs in behaving animals remains
largely elusive. We developed an in vivo methodology to monitor
Förster resonance energy transfer (FRET) of the activities of PKA and
ERK in either dMSNs or iMSNs by microendoscopy in freely moving
mice. PKA and ERK were coordinately but oppositely regulated be-
tween dMSNs and iMSNs by rewarding cocaine administration and
aversive electric shocks. Notably, the activities of PKA and ERK rapidly
shifted when male mice became active or indifferent toward female
mice during mating behavior. Importantly, manipulation of PKA cas-
cades by the Designer Receptor recapitulated active and indifferent
mating behaviors, indicating a causal linkage of a dynamic activity
shift of PKA and ERK between dMSNs and iMSNs in action selection.

in vivo FRET imaging | microendoscope | dorsal striatum | action selection |
mating behavior

In changing environments, animals are forced to choose actions
among several alternatives to survive and to keep offspring for

the next generation. A brain region critical for initiation and
selection of actions is the striatum (1–3), and its dysfunction
leads to devastating neurological and psychiatric disorders such as
Parkinson’s disease and drug addiction (4–7). The striatum receives
convergent glutamatergic inputs from virtually all cortical areas and
the thalamus, and dopaminergic inputs from the substantia nigra
pars compacta (SNc) and the ventral tegmental area (8, 9). The
glutamatergic inputs convey various sensory, motor, and cognitive
information and drive striatal medium spiny projection neurons
(MSNs) to fire, whereas the dopaminergic inputs strongly influence
synaptic transmission and excitability of MSNs (10, 11). MSNs are
divided into two subpopulations, the direct pathway MSN (dMSN)
expressing Gs-coupled dopamine D1 receptors and sending axons
directly to the internal segment of the globus pallidus (GPi) and the
substantia nigra pars reticulata (SNr), and the indirect pathway
MSN (iMSN) expressing Gi-coupled D2 receptors and sending
axons indirectly to the SNr via the external segment of the globus
pallidus (GPe) and subthalamic nucleus (12, 13).
Intracellular signaling cascades operating in these two types of

MSNs are important for plastic modification of synaptic trans-
mission and excitability (14, 15). Among them, protein kinase A
(PKA) and extracellular signal-regulated kinase (ERK) have been
shown to be the key molecules in these signaling cascades (10, 14,
16). PKA is positively and negatively regulated by Gs-coupled D1
and Gi-coupled D2 receptors, respectively, and contributes to the
regulation of a wide range of cellular substrates (10, 11, 16). ERK
has been shown to sense coincidental dopaminergic and gluta-
matergic activations to induce protein synthesis and synaptic
modification (17).

Although both the ventral and dorsal striatum are essential for
naturally occurring reward-seeking and aversive behaviors, such as
eating, mating, and escaping from uncomfortable environments
(7, 18, 19), the dorsal striatum plays a key role in efficiently
choosing suitable outcomes of actions (1, 2). Among naturally
occurring rewarding behaviors, male mating behavior is particularly
interesting, because it represents innate rapid selection behavior,
sometimes actively seeking a female animal but at other times be-
coming impassive toward it (20, 21). However, little is known about
how dMSNs and iMSNs are involved in such action selection. The
poor understanding of dynamic intracellular signaling mechanisms
in action selection behavior is mainly due to the lack of effective
techniques to monitor time-lapsed changes in such activities in
behaving animals. In this study, we developed an in vivo method-
ology in which genetically encoded Förster resonance energy
transfer (FRET) biosensors of PKA and ERK (22) were specifically
expressed in either dMSNs (D1-PKA and D1-ERK) or iMSNs (D2-
PKA and D2-ERK), and cell-specific fluorescence changes in the
active and inactive forms of PKA and ERK of the dorsal striatum
were monitored by newly designed microendoscopy in freely mov-
ing mice (23, 24). We revealed that the activities of PKA and ERK
in dMSNs and iMSNs rapidly shifted when male mice became ac-
tive or impassive toward a female mouse during mating behavior
and that the dynamic activity shift of PKA and ERK between
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dMSNs and iMSNs was causally linked to the selection
of alternative actions.

Results
Development of FRET Biosensor-Expressing Transgenic Mice and FRET
Microendoscopy. We previously established a method to generate
transgenic mice expressing FRET biosensors, with which the time
lapse of activity changes in protein kinases can be imaged (25, 26).
To achieve dMSN- and iMSN-specific labeling of the PKA and
ERK FRET biosensors, we created two flox lines of transgenic
mice, floxed-AKAR3EV (PKA) and floxed-EKAREV (ERK)
(27), both of which contained a nuclear export signal to localize
these kinases in the cytoplasm (Fig. 1A). Crossing of the two flox
lines with D1-Cre and D2-Cre BAC transgenic mice (28) generated
four species of transgenic mice: D1-PKA mice expressing
AKAR3EV in dMSNs, D1-ERK mice expressing EKAREV in
dMSNs, D2-PKA mice expressing AKAR3EV in iMSNs, and D2-
ERK mice expressing EKAREV in iMSNs. We confirmed that the
FRET biosensors in D1-PKA and D1-ERK mice were specifically
expressed in dMSNs whose axons projected to the two main output
nuclei of the basal ganglia: the GPi and the SNr (Fig. S1A). In D2-
PKA and D2-ERK mice, the FRET biosensors were selectively
expressed in iMSNs whose axons terminated in the GPe (Fig. S1A).
FRET imaging of the striatum of freely moving mice was

achieved by developing a fiber bundle-based microendoscope tech-
nique and using a confocal laser scanning microscope equipped
with a 445-nm laser for excitation and a pair of band-path filters,
483 ± 16 nm for CFP and 542 ± 13 nm for FRET (Fig. 1B, Fig. S2,
and Movie S1). On insertion of the endoscopic probe into the
brain, excitation of the FRET biosensors was exclusively detected

in the striatum but not in the cerebral cortex covering the striatum
(Fig. S1B). When FRET responses (changes in the FRET/CFP
ratio) were calculated for the individual cellular structures of the D1-
PKA mice by subtracting background levels, the increase in FRET
responses by application of a cAMP analog (8-bromoadenosine-
3′,5′-cyclic monophosphorothioate, Sp isomer—Sp-8-Br-cAMPS)
through a cannula attached to the side of the endoscope exceeded
20% and was comparable to that reported for cultured cells (22, 29)
(Fig. 1 C and D and Fig. S3). Furthermore, the FRET responses
calculated for an entire field of view corresponded well to the av-
eraged FRET responses of each cellular structure (Fig. 1E). So this
simple and practical approach to measure FRET responses in the
entire field of view was adopted for quantification of FRET exci-
tation in subsequent analyses.
In vivo administration of Sp-8-Br-cAMPS progressively in-

creased FRET responses in both D1-PKA and D2-PKA mice (Fig.
1F, Left), but not in the striatum expressing phosphorylation
site-mutated, FRET-negative PKA biosensors (Fig. S3D). Con-
versely, the MEK inhibitor 2-(2-chloro-4-iodophenylamino)-N-
cyclopropylmethoxy-3, 4-difluorobenzamide (PD184352) gradually
decreased FRET responses in both D1-ERK and D2-ERK mice
(Fig. 1F, Right). These results showed that activities of PKA and
ERK could be monitored by the FRET microendoscopic observa-
tion. No alteration in cell number, shape, or striatal organization
was detected by direct visualization (Movie S1) or histological
analysis with DAPI staining and anti-GFP and antityrosine
hydroxylase immunostaining of the endoscope-implanted striatum
(Fig. S2F).
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Fig. 1. Live imaging of PKA and ERK activities in dMSNs and iMSNs of transgenic mice expressing FRET biosensors. (A) Construct for Cre-dependent ex-
pression of FRET biosensors. (B) Schema of the microendoscope system. (C) A representative microendoscopic image of FRET responses of 10 cellular structures
of D1-PKA mice. (D) Changes in FRET responses of 10 cellular structures were calculated by subtracting background fluorescence levels and averaged (red).
The black bar indicates the local application of Sp-8-Br-cAMPS (2 mM). (E) Changes in FRET responses of an entire field of view (blue) as calculated without
subtracting background fluorescence (black) paralleled those of the averaged responses of individual cells (red). (F) FRET responses to local application (black bars)
of Sp-8-Br-cAMPS (2 mM) and PD184352 (10 μM) into the dorsal striatum of anesthetized mice. In this and other figures, error bars (vertical lines) show SEM; deep
colors in traces indicate statistically significant changes (P < 0.05; Mann–Whitney U test) from 0 min. The numbers of animals analyzed are given in parentheses.

Goto et al. PNAS | May 26, 2015 | vol. 112 | no. 21 | 6719

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507121112/-/DCSupplemental/pnas.201507121SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507121112/-/DCSupplemental/pnas.201507121SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507121112/-/DCSupplemental/pnas.201507121SI.pdf?targetid=nameddest=SF2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1507121112/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507121112/-/DCSupplemental/pnas.201507121SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507121112/-/DCSupplemental/pnas.201507121SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507121112/-/DCSupplemental/pnas.201507121SI.pdf?targetid=nameddest=SF3
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1507121112/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507121112/-/DCSupplemental/pnas.201507121SI.pdf?targetid=nameddest=SF2


PKA and ERK Responses of dMSNs and iMSNs to Cocaine Injection. To
explore molecular activities underlying rewarding action, we
monitored activities of PKA and ERK in dMSNs and iMSNs
upon cocaine injection. This stimulus is known to activate PKA
and ERK of dMSNs and to induce hyperlocomotion by blocking
dopamine uptake (30). Upon cocaine administration (25 mg/kg,
i.p.), the PKA and ERK activities in dMSNs rapidly increased
concomitantly with the increased locomotion (Fig. 2A). In-
terestingly, this increase in PKA and ERK activities continued up
to at least 60 min after cocaine administration. Surprisingly, upon
cocaine administration, both PKA and ERK activities decreased
in the iMSNs (Fig. 2B). Previous immunohistochemical analyses
did not find such a decrease in the activities of PKA and ERK
(30), implying that the FRET biosensors were more sensitive,
affording detection of a decrease from the baseline activities. In
this series of experiments, cocaine was administered by i.p. in-
jection. As a control for this cocaine administration, we injected
saline without cocaine. Both D2-PKA and D2-ERK activities
showed a significant increase in response to saline injection. The
mesencephalic dopaminergic neurons are known to show transient
suppression of firing in response to the aversive stimuli (2, 31), and
this suppression of dopaminergic inputs supposedly leads to the
activation of PKA and ERK in iMSNs through Gi-coupled D2
receptors. We thus hypothesized that the procedure of i.p. in-
jection may have served as an aversive stimulus to induce D2-PKA
and D2-ERK activation in iMSNs. We tested this hypothesis more
directly by monitoring striatal PKA and ERK activities in response
to aversive footshock stimuli (Fig. 3).

PKA and ERK Responses of dMSNs and iMSNs Against Aversive
Footshock Stimuli. As for aversive reactions to electric foot-
shock, we measured the time spent exhibiting a self-grooming be-
havior, which is a typical behavioral readout of an aversive reaction
(32, 33). We then examined how PKA and ERK responses were
correlated with the duration of self-grooming after electric foot-
shocks. Electric footshocks (2 mA, 40 Hz for 2 s) markedly activated

D2-PKA and D2-ERK and inactivated D1-PKA and D1-ERK (Fig.
3A, upper red), together with the concomitant emergence of a self-
grooming behavior (Fig. 3A, lower red). Self-grooming was never
observed in those mice not receiving the electric footshocks. In
general, the duration of PKA and ERK activation and inactivation
was longer than that of the self-grooming behavior.
In addition to an acute aversive reaction against a single

electric footshock, we also addressed whether PKA and ERK could
be involved in the induction of aversive learning by pairing electric
shocks with the sound of a bell (Fig. 3A, blue). After habituation
with repeated exposure to a bell sound (2 s in duration), an addi-
tional bell sound neither influenced the activities of PKA and ERK
in dMSNs and iMSNs nor evoked a self-grooming behavior, in-
dicating that a bell sound per se served as neutral information (Fig.
3A, gray). Notably, when the bell sound was conditioned with
electric footshocks, this conditioned stimulus induced both PKA
and ERK activation and inactivation in iMSNs and dMSNs,
respectively, together with the concomitant expression of self-
grooming behavior (Fig. 3A, blue). Importantly, the sum of duration
exhibiting self-grooming behavior was correlated positively with the
D2-PKA and D2-ERK activities and negatively with the D1-PKA
and D1-ERK activities, respectively (Fig. 3B). Saline injection,
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Fig. 2. Reciprocal regulation of PKA and ERK activities between dMSNs and
iMSNs in response to cocaine or saline injection. PKA and ERK activities of
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which mildly activated D2-PKA and D2-ERK (Fig. 2B), also in-
duced less but significant levels of self-grooming behavior (Figs. S4
and S5). However, there was no difference in extents of self-
grooming behavior among the four lines of transgenic mice (Fig.
S5). These results thus indicated a tight linkage between the D2-
PKA and D2-ERK activation and the expression of aversive be-
haviors. Noteworthy also is that transient self-grooming was
evoked immediately after cocaine injection but disappeared
thereafter (Fig. S4). This finding strongly suggested that the
opposing effects of cocaine administration on the PKA and
ERK signaling cascades counteracted the aversive reaction in-
duced by i.p. injection. Collectively, the FRET microendoscopy
analysis thus allowed us to monitor dynamic and cell type-
specific changes in the activities of PKA and ERK and demon-
strated that the activities of PKA and ERK were reciprocally
controlled not only by rewarding and aversive reactions but also
between dMSNs and iMSNs.

PKA and ERK Responses in Male Mating Behavior. Mating reactions
representing a naturally occurring reward-seeking behavior (18,
34) have been shown to induce an increase in dopamine con-
centrations in both ventral and dorsal striatum (35). The
mating reactions were quantified by determining the percentages
of time in which the male mouse exhibited characteristic mating
behaviors (sniffing, grooming, and mounting) toward a female
mouse (Movies S2–S9) (34) every 1 min during a 30-min period

(% positive mating reaction, % PMR). A significant positive corre-
lation was noted between the extent of D1-PKA and D1-ERK ac-
tivation and % PMR (Fig. 4A), whereas a negative correlation was
found in the case of D2-PKA and D2-ERK (Fig. 4A). When mating
reactions were arbitrarily divided into frequent and infrequent in-
teractions by a value of 20% PMR (Fig. 4B), the D1-PKA and D1-
ERK activities significantly increased in the frequently interacting
mice but not in the infrequently interacting ones. In clear contrast,
the D2-PKA and D2-ERK activities increased in the infrequently
interacting ones (Fig. 4B). Notably, there was no significant differ-
ence in locomotive distance between frequent and infrequent in-
teraction groups (Fig. 4B, Bottom), suggesting that the mice in the
infrequent interaction group avoided or escaped from the female
with an extent of locomotion comparable to that of the male mice in
the frequent interaction group that chased the female. These results
indicated that the activation of PKA and ERK of iMSNs was also
critically involved in impassive and avoiding behavior toward a
female mouse.
We also noticed that the successive active and indifferent/

avoiding phases of a male mouse in mating behavior resulted in the
frequent and infrequent mating reactions. We thus more carefully
pursued temporal changes in the PKA and ERK activities during
the mating reaction of individual mice. The rapid changes in active
or indifferent phases of mating reactions were defined as more than
a 50% PMR increase or decrease within 1–4 min, respectively (Fig.
5 A and B and Fig. S6). Fig. 5A illustrated four representative mice
indicating close association of PKA activity with mating behavior.
D1-PKA mouse 1 started sniffing immediately after female entry
and showed a rapid concomitant increase in PKA activity. D1-PKA
mouse 2 did not interact with the female mouse and showed no
obvious increase in PKA activity. D2-PKA mouse 1 showed a
strong interest toward the female mouse during the first 4 min but
stopped PMR thereafter (Movie S8). The D2-PKA activity of this
mouse concomitantly increased and remained high during the in-
different phase of mating reaction. D2-PKA mouse 2 showed no
interest for the first 17 min and then started sniffing and grooming
thereafter (Movie S9). Concomitantly, the D2-PKA activity shifted
from activation to inactivation. Statistical analysis of the rapid
change of PKA and ERK activities during mating behaviors ex-
plicitly indicated that the activities of D1-PKA and D1-ERK were
markedly elevated during the active phase, whereas those of D2-
PKA and D2-ERK were increased when a male mouse became
indifferent to or escaped from a female mouse (Fig. 5B and Fig.
S6). Thus, rapid change in the activities of both PKA and ERK
reflected a shift between active and indifferent phases of the
mating reaction. To substantiate this observation, we paired a
male mouse with a hormonally primed female mouse to facilitate
ejaculation by the male mouse (Fig. 5 C and D and Movie S10).
The D1-PKA and D1-ERK activities were elevated during the
mating reaction, but the D1-PKA activity was rapidly and signifi-
cantly reduced to lower levels within 4 min after ejaculation,
suggesting that PKA in the dMSNs was closely associated with the
rapid shift in the mating reaction.

Pathway-Specific PKA Modification by DREADD and Its Effect on
Mating Behavior. Finally, we examined the causal linkage of the
PKA signaling cascade in induction and suppression of mating
reactions by activation of Gs and Gi specific for either dMSNs or
iMSNs by using the Designer Receptors Exclusively Activated by a
Designer Drug (DREADD) method (36). We used two lines of flox
adeno-associated viruses (AAVs) in which Gs-activating rM3Ds-
mCherry and Gi-activating hM4Di-mCherry were bounded by loxP
sequences (Fig. S7A). The transfection of D1- or D2-PKA mice
with the AAV–rM3Ds-mCherry or the AAV–hM4Di-mCherry
resulted in specific and exclusive expression of the respective de-
signer receptors in either dMSNs or iMSNs of the transgenic mice
(Fig. S7B). In the experiments using Gi-activated D1-PKA and
Gs-activated D2-PKA male mice, we paired a male mouse with a
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hormonally primed BALB/c female mouse to increase the basal
level of mating reactions of the male mouse (21). In the experiments
using Gs-activated D1-PKA and Gi-activated D2-PKA male mice,
we used a large-sized ICR female mouse to decrease the basal level
of the mating reaction of the male mouse. This procedure helped in
clarifying the effect of the cell-specific activation of Gs and Gi in the
male mating reaction. When the designer receptor agonist cloza-
pine-N-oxide (CNO) was injected 10–20 min after the female entry,
this treatment considerably decreased FRET responses of PKA in
the hM4Di-expressing MSNs of both D1-PKA and D2-PKA mice
(Fig. 6, Left). In accordance with this decrease in PKA activity,
these mice exhibited significant suppression and enhancement,
respectively, of % PMR 10–20 min after CNO treatment (Fig. 6,
Left). The effect of CNO treatment was reversed in the rM3Ds-
expressing D1-PKA and D2-PKA mice (Fig. 6, Right). The in-
crease in PKA activity in the D1-PKA and the D2-PKA mice
significantly enhanced and suppressed, respectively, the % PMR
of the corresponding PKA mice, although the enhancement of %
PMR of the Gs-activated D1-PKA mice was transient after CNO
treatment. Importantly, the CNO effect was specific for the mating
reaction, as no difference in locomotor activity was detected

following CNO treatment in the four lines of transgenic mice.
These results indicated a causal linkage between the dorsal striatal
PKA activity of dMSNs and iMSNs and the mating reaction of
male mice.

Discussion
This study demonstrated that PKA and ERK were coordinately
but oppositely regulated between dMSNs and iMSNs in the
dorsal striatum under different behavioral conditions. A sensory
stimulus with bell sound had no effect on the PKA and ERK
activities of either dMSNs or iMSNs of mice after habituation
with a repeated bell sound, but rewarding and aversive stimuli
markedly and reciprocally modulated the activities of both ki-
nases in dMSNs and iMSNs. Animal behaviors can thus be or-
derly aligned from rewarding to aversive/impassive behaviors by
the extent of activation and inactivation of PKA and ERK (Fig.
S8). Remarkably, the rapid shift in the PKA and ERK activities
of both dMSNs and iMSNs was tightly associated with the active
and indifferent phases of naturally occurring mating reactions,
indicating that reciprocal but highly synergistic activation and
inactivation of the PKA and ERK cascades in dMSNs and
iMSNs play a key role in selection of actions in the male mating
behavior. This conclusion was verified by use of the DREADD
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technique, in which the activation of Gs and Gi induced active
and impassive mating reactions in an MSN cell type-dependent
manner. Thus, the modulation of the PKA cascade in the dorsal
striatal MSNs is directly linked to the action selection in male
mating behaviors.
The D2-PKA and D2-ERK in iMSNs were activated by aver-

sive stimuli and in the impassive phase of male mating reaction.
This finding is consistent with the predominant expression of high-
affinity (nM order) D2 receptors in iMSNs, which are capable of
sensing basal changes in synaptic dopamine concentrations in the
striatum (10, 35, 37). The iMSN transmission would thus greatly
contribute to the innate tendency of animals to be more con-
cerned about avoiding uncomfortable and dangerous environ-
ments and escaping from a predator. Noteworthy also is that the
D2 receptor antagonists are widely used as an effective thera-
peutic drug for some psychiatric disorders such as schizophrenia
(38). The modulatory disturbance in the D2 receptor signaling in
iMSNs may cause an imbalance of mental activity and could result
in possible emergence of some forms of psychiatric disorders.
Conversely, when animals encounter rewarding stimuli such as
sexual interaction, an increase in dopamine levels in the striatum
would reach the threshold for low-affinity (μM order) D1 receptor
activation in dMSNs (10, 35, 37). Although other neurotransmit-
ters and striatal interneurons may also be involved in reward-
seeking and aversive behaviors (10, 39), the D1 and D2 receptors
could play a key role in distinctly controlling striatum-mediated
action selection via common but pathway-dependent PKA and
ERK signaling cascades (37).

The use of deep brain-inserted fiber optics combined with
measurement of FRET responses of signaling cascades enabled
us to explore the regulation of signaling mechanisms in specific
subgroups of MSNs that control action selection. Although
detailed analysis of FRET responses of individual cells in be-
having animals was not done in this study, multiple optic fibers
of the microendoscope could allow investigation of spatio-
temporal interactions in the cell assembly of a local circuit.
Thus, this methodology could also be used to study regulatory
mechanisms of neural circuits involved in a wide range of
animal behaviors.

Materials and Methods
Essential methodological information needed for a basic understanding
of the text has been described in the main text at the appropriate places.
SI Materials and Methods contains detailed information on generation
of transgenic mice expressing cell type-specific PKA and ERK biosen-
sors, fabrication of microendoscope, imaging measurements and anal-
ysis by the microendoscope system, and animal behavioral analyses
including locomotion, cocaine administration, electric footshock, and
mating behavior. All animal experiments were approved by the animal
research committee of Osaka Bioscience Institute.
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Animals. Imaging experiments were carried out on male mice
∼3–5 mo of age. Two lines of the D1-Cre bacterial artificial chro-
mosome (BAC) transgenic mice (EY217 and FK150) and one line
of the D2-Cre BAC mice (ER44) were obtained from Mutant
Mouse Regional Resource Centers. FRET biosensors for PKA
and ERK—named AKAR3EV and EKAREV, respectively—
were used (1), and both of them contained a nuclear export
signal to localize these kinases in the cytoplasm. To achieve Cre-
dependent expression of the FRET biosensors in dMSNs and
iMSNs, we produced the floxed-stop AKAR3EV and EKAREV
reporter mice by the method described previously (2) and crossed
them with D1-Cre and D2-Cre transgenic mice (3, 4). The geno-
types of D1-Cre and D2-Cre mice were determined by PCR. The
FRET mice were maintained by breeding founder mice with
C57BL/6J mice. The expression of FRET biosensors was verified
by rapidly removing a whole brain after deep anesthesia and vi-
sualizing fluorescence images in slice preparations of the brain.
Fluorescence was excited by use of a Zeiss HBO50W with an
excitation filter (460DF30, Omega Optical), and the image was
passed through an emission filter (530DF40, Omega Optical) and
photographed by a digital camera (E-510, Olympus) coupled with
a telemacro lens (Medical Nikkor f/5.6 200 mm, Nikon) and
placed above the slicer (Pro-7, Dosaka). The D1-PKA and D1-
ERK mice, generated by crossing with the FK150 line of the D1-
Cre mice, showed expression patterns of the FRET biosensor in
both their ventral and dorsal striatum and only slightly in the ce-
rebral cortex. Those generated by crossing with the EY217 line
expressed the biosensors restrictedly in the dorsal striatum. These
D1-PKA and D1-ERK mice generated from either Cre line
showed no difference in either animal behaviors or FRET re-
sponses in the dorsal striatum, and so the data obtained from
these two lines were combined and presented in this study. Three
additional transgenic mice were used: Transgenic mice in which
AKAR3EV was ubiquitously expressed in the whole brain (5)
were used to determine experimental conditions for FRET mea-
surements (Fig. S3); transgenic mice in which the FRET biosensor
was localized in the nucleus (6) were used to clarify the effect of
endoscopic recording in the striatal architecture (Movie S1); and
transgenic mice (PKA-NC) in which the phosphorylation site of
the PKA biosensor had been removed (5) were used to confirm
the validity of FRET response measurements (Fig. S3D). The
negligibility of the signals from D2 receptor-positive terminals of
the dopaminergic axons in the striatum was also confirmed by
examining the red fluorescent mCherry signals in the striatum of
the D2-PKA mouse in which the AAV–DIO (double-floxed in-
verted ORF)-mCherry had been injected into the ventral teg-
mental area and SNc.

Fabrication of Microendoscope and Optics.The microendoscope was
fabricated from a commercially available fiber bundle (FIGH-
300S, N.A. 0.4, Fujikura). Spatial resolution of the endoscopic
image, as determined by the distance between fiber cores (2 μm
each) in the bundle, was around 3.5 μm. The light spread angle
was calculated to be ca. 36 degrees from N.A. 0.4 and the re-
fractive index of the brain tissue (ca. 1.3). The diameter of a field
of view corresponded to the diameter of the fiber bundle (300 μm).
By use of a custom-built fiber beveller (Ojima Shisaku), one tip of
the bundle was beveled and polished to have a cone-like shape with
a slope angle of 45 degrees for minimal invasion (Fig. 1B, Left).
The other end was also polished to become flat (Fig. 1B, Middle)
and scanned with a custom-built confocal laser scanning micro-

scope equipped with three photomultipliers (R3896, Hamamatsu)
through a N.A.-matched objective lens (Olympus, Mplan 20×, N.A.
0.4) (Fig. 1B and Fig. S2E). As reported previously (7), a resonant
galvo scanner (x axis, CRS 4 kHz, GSI Lumonics) was used to
achieve high-speed image acquisition. A laser light of 445 nm
(500 mW, UltraLasers) was coupled to a single mode fiber (Thorlab
460HP) through a clean-up filter (445 DF10, Omega Optical). In
the confocal microscope, the following dichroic mirrors and filters
were used: Semrock Di01-R442/514/561 for excitation laser/emitted
fluorescence, Semrock FF509-Di01 for CFP/FRET, Semrock FF01-
483/32 for CFP, and Semrock FF01-542/27 for FRET.

Hardware and Software for Image Acquisition. Luminance signals
from photomultipliers were IV converted (trans-Z, 2 kohmLM7171,
Texas Instruments), amplified (4×∼50×, 5a18, Tektronix), and
stored on a PC through a nonstandard analog frame grabber (pixel
clock; 7 MHz, MeteorII MC/4, Matrox) using Matlab scripts. A
digital/analog converter (PCI-6713, National Instruments) was used
to control the y-axis galvo motor (G120, GSI Lumonics) and a laser
shutter and to generate synchronizing signals (vertical synchroni-
zation) for image acquisition. The horizontal synchronization signal,
which was outputted from a driver board for the resonant galvo
motor (CRS sync), was used as a clock signal for the digital/analog
converter. For the time-lapse FRET recordings, 20–25 frames of
raw endoscope images were acquired at 12–15 frames per second
and stored as a noncompressed AVI file every 1–2 min, the data of
which were offline averaged, smoothened, and FRET-calculated by
using NIH ImageJ macro.

Assembly of μ-Drive for the Endoscope. The depth of insertion of
the microendoscope probe into the brain was allowed to be
changed by a μ-drive, which was fabricated from two round alu-
minum plates. The lower plate (3 mm thick and 10 mm diameter)
with three threaded holes for M1.4 screws was trimmed while
keeping the three threads and the central hole of the endoscope
intact (Fig. S2 A and C). The upper plate (1.5 mm thickness and
9 mm diameter) was glued to a 22-gauge stainless-steel needle, the
inside of which was further glued to the microendoscope. A silicon
tube (4 mm outer diameter, 2 mm inner diameter, and 6–8 mm
length) was placed between the upper and the lower plates and
used as a push spring. When the three M1.4 screws were driven
(1 turn = 300 μm), the silicon tube was compressed, and the two
aluminum plates repelled each other (Fig. S2 B and D). The
μ-drive was covered by a small plastic tube (14 mm outer diameter,
13 mm inner diameter, 16–20 mm length, and trimmed from a
5-mL plastic syringe), which allowed the μ-drive and micro-
endoscope to be protected from physical damage and to prevent
drifting that may happen by movement of the freely moving mouse
during experiments.

Implantation of the Microendoscope for in Vivo Optical Measurement.
For in vivo imaging, the scalp was opened, and a hole was drilled in
the skull [1.0 mm anterior-posterior (AP) and 2.0 mm medial-lat-
eral (ML) from bregma]. Three skull screws (M1.0, 4 mm length)
were first implanted as anchors, after which the endoscope with its
μ-drive was implanted into the cortex covering the striatum (1.7
mm below the surface of the brain) and cemented in place with
dental acrylic (UNIFAST III, GC Corporation). Animals were
allowed to recover for at least 4 d before optical recordings were
made. Three hours before optical recording, the fiber was lowered
300 μm further by giving the screws of μ-drive one turn, driving the
probe tip into the dorsal striatum (2.0 mm from the brain surface).
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When applying cocaine, footshock, or female entry, care was taken
so that the male mouse finished exploratory locomotion in the
recording chamber and calmed down enough, and the trace of the
FRET response became stable for more than 10 min. FRET re-
cordings were carried out for less than 5 h after lowering the
microendoscope to prevent possible glial invasion induced by
implantation (Movie S1). We also designed a means to improve
measurement in repeated microendoscopic analysis over several
days by turning three screws of the μ-drive to raise the endoscopic
fiber 300 μm after observation (Fig. S2 A and B) and then by
lowering the fiber 300 μm 3 h before the start of the next recording
session (Movie S1). This manipulation was found to be better than
a permanent implantation of the optic fiber in that it prevented
glial invasion at the recording region but stereotaxically located
the fiber tip at the same place for every experiment. In some ex-
periments, anesthesia was carried out with a mixture of ketamine
(90 mg/kg) and xylazine (5 mg/kg).

Image Processing. In cell–cell analysis, raw images of CFP and
FRET were smoothened by applying the Gaussian filter (2.0
pixels) twice (8). The threshold levels of CFP and FRET were
determined to crop cellular structures, and the pixel values of CFP
and FRET below the threshold were averaged and used as
background values of CFP and FRET. The background value was
then subtracted from the value of the cropped area that covered a
cellular structure. This calculation was performed for each frame
to determine time-lapse changes in FRET responses of PKA and
ERK in individual cells. For quantitative analysis of FRET re-
sponses in a field of view, the fluorescence intensity of CFP and of
FRET was measured in the entire field of view, and averaged
values of both were calculated without subtracting their back-
ground fluorescence. FRET response was calculated by normal-
izing with the averaged value of –10 to 0 min before stimuli as 1.0.
Because the numbers of donor and acceptor fluorophores (CFP
and YFP in our FRET biosensors) were equal, the amount of
cross-excitation of acceptor or that of bleed-through of the donor
was constant. The effect of bleaching of fluorophores was evalu-
ated to be negligible by time-lapse imaging without stimulation. So
a merit of single-molecule FRET biosensors we developed was the
robustness to chromatic aberration.

DREADD.AAVs coding forCre-inducible,mCherry-taggedDREADD
constructs [AAV-hsyn-DIO-hM4D(Gi)-mCherry and AAV-hsyn-
DIO-rM3D(Gs)-mCherry] were purchased from the Univer-
sity of North Carolina Gene Therapy Center. Under anesthesia
with ketamine (90 mg/kg) and xylazine (5 mg/kg), craniotomy was
made on the skull covering the striatum. The AAV virus was
stereotaxically injected bilaterally into the D1-PKA and D2-PKA
mice by using a motorized syringe pump (World Precision In-
struments) with the coordinates of 0, 0.5, and 1.0 mm AP; 1.0 and
2.0 mm ML from the bregma; and 2.0 mm below the brain sur-
face. After 3 wk of recovery, mice received CNO (10 mg/kg,
i.p.), and FRET responses together with locomotion and mating
reactions were measured. An excitation filter (580AF20, Omega
Optical) and an emission filter (635DF55, Omega Optical) were
used for detection of mCherry (Fig. S7B).

Immunohistological Analysis. Serial coronal sections (40 μm) of the
striatum were prepared and stained with DAPI and immunostained
with anti-GFP (Invitrogen) and antityrosine hydroxylase antibodies
(Millipore), followed by Alexa Fluor 488-conjugated (Molecular
Probes) and Cy3-conjugated secondary antibody (Jackson
ImmunoResearch). Immunofluorescence of Alexa 488 and
Cy3 was detected with a digital fluorescence microscope (BZ-
9000, Keyence).

Local Drug Infusion by Cannula. For local application of drugs, a
cannula (0.15 mm outer diameter and 0.06 mm inner diameter),

which was used to apply drugs, was glued to the side of the
microendoscope probe. The tip of the cannula was set to be
around 50 μm short of the probe tip. Drugs were applied con-
stantly (5 nL/min) by using a motorized syringe drive (MD-1001,
BASi). PD184352 and Sp-8-Br-cAMPS were purchased from
Calbiochem and BioLog, respectively.

Analysis of Locomotion and Self-Grooming. A USB webcam with
infrared illumination (DC-NCR13U, Digital Cowboy) was at-
tached to the ceiling of a sound-proof box (Industrial Acoustics
Company), and behavior was video-recorded at 1–12 frames per
second from above by using Video Capture Software (Debut,
NCH Software). The mouse’s locomotion and locomotive distance
were analyzed offline by tracking the mouse with NIH Image J
macro. As for aversive reactions, the freezing response is a typical
behavioral phenotype, but this phenotype could not be adopted in
our experiments, because accurate measurement of PKA and
ERK activities required the mice to be calm and stop movements
before electric footshocks. This requirement made it difficult to
distinguish between the absence of animal movement and freezing
response. Therefore, instead of a freezing response to electric
shocks, we measured the time spent exhibiting a self-grooming
behavior, which is another typical behavioral readout of an aver-
sive reaction (9, 10). Self-grooming behavior was quantified every
3 min by playing back the behavioral video data.

Cocaine Administration. Before cocaine administration, mice were
habituated for 2 h on 3 consecutive days in an open-top chamber
(295 × 165 mm in size) enclosed by a sound-proof box (Industrial
Acoustics Company). In habituation sessions, a mouse received
saline injections three times: just before being placed in the
chamber and 60 and 120 min thereafter. On day 4, the mouse
was placed in the chamber for approximately 3 h until it became
calm. Saline was then injected, and FRET and locomotion were
recorded as the control. One hour after the saline injection,
cocaine was injected and optical measurements continued for
1 h. The above habituation procedure reduced the impact of the
i.p. injection, as measured by the response amplitude of D2-PKA
and D2-ERK upon saline injection, but did not completely
suppress its aversive effect.

Footshock and Conditioning by a Bell Sound.A mouse was placed in
an open-top mouse chamber (250 × 285 mm in size) enclosed
by a sound-proof box (HomeOriginality). Behavior was video-
recorded as described above. Electric footshocks (HABITEST,
COULBOURN) were applied as aversive stimuli with a bell sound
(75 dB sound pressure level, 2 s in duration) (ringin.wav in Mi-
crosoft Windows) as a conditioning cue. On day 1, the mouse was
habituated by being exposed to the bell sound three times (60, 90,
and 120 min after being placed in the chamber). On day 2, the
mouse was placed in the chamber for approximately 3 h until it
became calm. Optical measurements were then carried out to
record the basal level of FRET. After recording the basal level,
the bell sound was applied without electric footshocks (NCS). On
days 3 and 4, an electric footshock (2 mA, 40 Hz, 2 s) was applied
as an unconditioned stimulus simultaneously with the bell sound
(CS) in the chamber. This procedure with strong electric shocks
aroused the mice and elicited self-grooming behavior. On day 5,
the mouse received the bell sound alone (CS alone).

Mating Behavior. Optical measurements were carried out by the
same procedure described for the cocaine experiment. An ICR
female mouse (8–10 wk of age) was manually entered into a
chamber containing a male and then removed 30 min after in-
teraction with the male. We measured the duration of sniffing,
grooming, and mounting behaviors (typical examples of positive
mating behaviors are shown in Movies S2–S5) that the male mice
exhibited toward the female mouse and then calculated the
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percentages of time that the male exhibited PMRs (% PMR) every
1 min during a 30-min period. The active and indifferent phases of
mating reactions were defined as a more than 50% increase and
decrease in PMR within 1–4 min, respectively. The activities of
PKA and ERK were measured during the active and indifferent
phases every 1 min until the criteria of the two phases were
reached within 4 min. The activities of each animal group were
separately averaged at each time point. For the ejaculation ex-
periment, BALB/c female mice were prepared by hormonally
priming them 48 h before the experiment with an s.c. injection of
10 μg estradiol benzoate (Sigma-Aldrich) dissolved in sesame oil.

Then, 3–5 h before the experiment, 500 μg progesterone (Sigma-
Aldrich) dissolved in sesame oil was s.c. injected into the hor-
monally primed female mice. In some experiments, female mice
received an ovariectomy, which further increased the success rate
of ejaculation (11, 12). Ejaculation was easily recognized by a
typical animal behavior; that is, the male became immobile for
about 30 s immediately after ejaculation.

Statistical Analysis. Statistical analysis was carried out by using
Wilcoxon signed-rank test, Pearson correlation analysis, and
Mann–Whitney U test.
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Fig. S1. Specific expression of FRET biosensors for PKA and ERK in dMSNs and iMSNs. (A) Brain slices were rapidly prepared, and fluorescence of the biosensors
was visualized. The D1-PKA and D1-ERK mice exclusively expressed the FRET biosensors in their dMSNs, whose axons projected to the GPi and SNr, whereas the
D2-PKA and D2-ERK mice selectively expressed the FRET biosensors in their iMSNs, whose axons terminated at the GPe. CPu, caudate putamen. The asterisk
indicates the track of the microendoscope. (B) Fluorescence of CFP, FRET, and FRET/CFP of D1-ERK was analyzed in the cerebral cortex and striatum of the D1-
ERK transgenic mice. Fluorescence of the D1-ERK biosensor was exclusively detected in the striatum. The FRET/CFP is displayed as a pseudocolor image with the
color scale bar on the right.
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Fig. S2. μ-drive and optical components of the microendoscope. (A) Schematic drawing of the μ-drive that enabled adjusting the depth of the micro-
endoscope probe after implantation of it into the mouse brain. By driving three screws (M1.4; length, 8–10 mm), the distance between the upper and the lower
plates was adjusted. The fiber bundle was glued to a stainless steel tube (22 gauge, ca.12 mm in length), which was further glued to the upper plate. A silicon
tube (outer diameter, 4 mm; inner diameter, 2 mm; length, 6–8 mm) was placed between the upper and the lower plates and used as a push spring.
(B) Schematic drawing of μ-drive and microendoscope implantation into the striatum. LV, lateral ventricle. When the three screws were driven by one turn
(300 μm), the silicon tube between the upper and the lower plates became flattened, and the two aluminum plates repelled each other. (C) A photograph of
parts comprising the μ-drive. Total weight was <1.3 g. (D) A photograph of the μ-drive assembly. (E) A photograph of the microendoscope system. The
flattened end of the endoscope was scanned with a custom-built confocal laser scanning microscope. The blue line indicates the light path for the excitation
laser light and the green line indicates that for the emitted fluorescence. A long fiber bundle (2–4 m) was used so as not to prevent the mouse’s movement. A
mouse with the implanted microendoscope is indicated on the left. Implantation of the μ-drive and microendoscope disturbed neither the mouse’s sponta-
neous locomotion nor its mating behavior. (F) The cell viability in the dorsal striatum after microendoscopic analysis. After monitoring FRET responses by
microendoscopy, serial sections of the striatum of D2-PKA mice were obtained around the site of the tip of microendoscope (indicated by an asterisk) and
stained with DAPI or immunostained with anti-GFP and antityrosine hydroxylase antibodies.
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displayed as a pseudocolor image with the color scale bar on the right. (C) Time courses of averaged imaging of CFP, FRET, and FRET responses were de-
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FRET-negative PKA biosensors (PKA-NC) failed to show FRET responses to application of Sp-8-Br-cAMPS. Deep colors in traces indicate a statistically significant
change (P < 0.05; Mann–Whitney U test) from 0 min. The numbers in parentheses denote the number of mice analyzed.
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Fig. S5. Self-grooming activities of four lines of mice treated or untreated with aversive stimuli. The data were taken from those of Fig. 3 and Fig. S4.
Significant and comparable self-grooming behavior was evoked among the four lines of saline-injected, CS, and Shock mice but not of NCS mice.
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Fig. S6. Rapid up- and down-regulation of PKA and ERK activities at active and indifferent phases of mating reactions. When animals showed the active (red)
and indifferent (blue) phases, as defined by more than a 50% increase and decrease of PMR within 1–4 min, respectively, the activities of PKA and ERK were
collected every 1 min up to reaching the criteria of the above phases. The activities of each group showing different time courses to reach the criteria (from 1 to
4 min) were separately averaged and plotted against each time point (*P < 0.05; Mann–Whitney U test). The activities of PKA and ERK at the time point
reaching the criteria were averaged, and the average values are indicated as FRET responses in the active and indifferent phases of mating reactions shown in
Fig. 5B. The numbers in parentheses denote the number of samples.
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Fig. S8. Summary of PKA and ERK activities under rewarding and aversive/impassive conditions. Values of the PKA and ERK activities were calculated by
averaging FRET responses during 5 min at the peak response under the different conditions. Data are taken from Figs. 2, 3A, and 4B. *P < 0.05, **P < 0.01, ***P <
0.001, compared with the nonconditioned bell sound (Mann–Whitney U test). Reward-seeking and aversive/impassive animal behaviors can be orderly aligned
according to the extent of activation and inactivation of PKA and ERK.
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Movie S1. Microendoscopic analysis. In this mouse, CFP/FRET was expressed in nuclei of both neurons and glia (1). An optic fiber bundle was stepped down
and fixed at the cerebral cortical region, and CFP/FRET-positive cells were imaged every 1 min for 10 h. The indicated field of view corresponds to the diameter
of the fiber bundle (300 μm). Invasion of CFP/FRET-positive inflammatory glia was negligible up to at least 7 h of microendoscopic analysis.

Movie S1

1. Kamioka Y, et al. (2012) Live imaging of protein kinase activities in transgenic mice expressing FRET biosensors. Cell Struct Funct 37(1):65–73.

Movie S2. PMR 1: tail sniffing. A FRET microendoscopy-attached male mouse (black) was exposed to a female mouse (white) for 30 min. This movie shows a
male mouse sniffing the tail of a female mouse.

Movie S2
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Movie S3. PMR 2: nose sniffing. This movie shows a male mouse sniffing the nose of a female mouse.

Movie S3

Movie S4. PMR 3: grooming. This movie shows a male mouse grooming a female mouse.

Movie S4
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Movie S5. PMR 4: chasing and mounting. This movie shows a sexually active male mouse chasing and mounting a female mouse.

Movie S5

Movie S6. Indifferent phase of mating reaction. This movie shows a sexually indifferent phase of a male mouse, in which the male mouse avoided interaction
with the female mouse.

Movie S6
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Movie S7. Another indifferent mating reaction. This movie shows another type of indifferent phase of a male mouse, in which the male mouse transiently
approached the female mouse but did not exhibit successive PMRs.

Movie S7

Movie S8. Shift of mating reaction of D2-PKA mouse 1. This movie shows shifting of mating behavior of the D2-PKA mouse 1 indicated in Fig. 5A. The movie
data for 438 s were compressed to an 18-s movie file (ca. 24-fold speed-up). Time code is shown at the upper left. This mouse sniffed, chased, and repeatedly
approached a female mouse during the first 4 min from the female entry, then rapidly moved away from and avoided interaction with the female.

Movie S8
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Movie S9. Shift of mating reaction of D2-PKA mouse 2. This movie shows the mating behavior of D2-PKA mouse 2 indicated in Fig. 5A. This video was sped up
by ca. 18-fold. This mouse mostly avoided a female mouse up to 16 min from the female entry (time 0) and then groomed it thereafter.

Movie S9

Movie S10. Ejaculation behavior. This movie shows a male mouse before and after ejaculating into a female mouse. The mouse showed a typical behavior
after ejaculation (time 0). It stayed without any movement for around 30 s after ejaculation. This movie was sped up by ca. 22-fold.

Movie S10

Goto et al. www.pnas.org/cgi/content/short/1507121112 12 of 12

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1507121112/video-9
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1507121112/video-10
www.pnas.org/cgi/content/short/1507121112

