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How dopamine regulates reward-related learning and memory through gene
expression is poorly understood. Here, to identify the relevant transcriptional factors, we
performed proteomic analysis using affinity beads coated with CREB-binding protein (CBP), a
transcriptional coactivator involved in reward-related behavior. We identified more than 100
CBP-interacting proteins, including Neuronal Per-Arnt-Sim domain protein 4 (Npas4). We also found
that MAPK phosphorylated Npas4 downstream of PKA, increasing Npas4-CBP interaction and the
transcriptional activity of Npas4 at the brain-derived neurotrophic factor (BDNF) promoter. Deletion

of Npas4 in the D1R-expressing MSNs impaired cocaine-induced place preference, which was rescued by
Npas4-WT but not by a phospho-deficient Npas4 mutant. These observations suggest that MAPK
phosphorylates Npas4 in D1R-MSNs and increases its transcriptional activity to enhance
reward-related learning and memory.



D1 (D1R)
Protein kinase A (PKA) Mitogen-activated Protein Kinase (MAPK)

« )
(Amano et al, J Cell Biol, 2015) 14-3-3
(Nagai et al, Neuron,
2016)
100
DIR- PKA G Rapl Rasgrp2
Rapl (Nagai et al , Neuron, 2016) Rapl
MAPK

CREB binding protein (CBP)/p300

(1) CBP/p300
7-9 (C57BL/6J) (Cocaine, 20mg/Kg)
CPP 30 1 3
QG ) 30
CBP/p300  N-TAD

Lys-C 37 SPE C-TIP
Orbitrap Fusion
@
in vitro
Npas4 in vitro GST-Npas4  MAPK1 (ERK2)
ATP 30 30 Npas4
COS7 GFP-Npas4
MAP2K1 (MEK1) Phostag-SDS PAGE
Npas4
CoSs7
Npas4
GST-
CoSs7 GST-CBP  GFP-Npas4
4B 1 1xSDS
SDS-PAGE

BDNF promoter

GFP-Npas4



D1 (D1R-MSN) mVenus Drd1-mVenus
(Tg) D2 (D2R-MSN)
mVenus Drd2-mVenus Tg Npas4
(3) AAV
(Adeno-associated virus: AAVY)
D1R Cre (Cre) Drd1-Cre Tg
(AAY) Npas4 (ON)
D1R-MSN Npas4 A2AR
Cre Adora2a-Cre Tg Npas4 DN D2R-MSN
Npas4
Npas4 flox P (SP) Cre
AAV-SP-Cre D1R-MSN Npas4 Cre
Flex Cre-Flex Npas4
D1R-MSN
( (CPP) )
CPP 2 2
« D « D
@ ) CPP
15 Pre
QCHEH~4 )
30
Cocaine (10mg/Kg) 30 1
3 G )
G )1 CPP
15 Post Post Pre
CPP ()
(1) CBP/p300
CREB binding protein (CBP)
CBP Cocaine
CBP
(Malvaez et al, J Neurosci, 2011)
CBP
100
CBP CAMP utkdown tmout
response element binding protein (CREB) Histon H3 FosB (kDa) et P
A FosB CBP [ ] [~ cre
Neuronal PAS domain protein 4 (Npas4) EE*—H'smneHﬁ
Myocardin-like protein 2 (Mk12) Matrin3 Pur-alpha 100l | [I] = npasa
( D CBP  Npas4 150 ][] - 2
CPpP Npa54 J_—:HE-— Matrin-3
c-Fos (brain % Bt
derived neurotrophic factor, Bdnf) SDEE+ F:;B
(Lin et 37 —aw —+ AFosB
al, Nature, 2008) Npas4 CA3 o 2
S
(Ramamoorthi et al, Science, 2011) Npas4 :'5'
CBP
@A) B 1. CBP/p300 7 ZA=TAH T L
& 3EEEFORBBUFEE
&)
CBP N KIX CREB
(Parker et al, Mol Cell Biol, 1996) Npas4  CBP



cos7 wow

Npas4 GST-CBP oo L ) W <-crPhpses razn
(Okadaic acid) 5 8 . B <G P-pass
Npas4 Npas4  CBP g7l== == |-—P-MAPK1/3 (ERK1/2)
MAP2K1/2 (MEK1/2) g e . | =—MAPK1/3 (ERK1/2)
(U0126) Npas4 - - + + Okadaicacid
MAP2K1 Npas4 oo
CBP MAPK1(ERK2)  Npas4 ol i
In vitro 3 37
MAPK1  Npas4 3 T £
Npas4 £°° g
Phostag-SDS PAGE Cos7 Npas4 & L
MAP2K1 Npas4 0-;&6 @‘é :&o Ov“&)‘@
oY
MAPK  Npas4  T423, T427, S577, S580, T61l, S615
Npas4 Npas4
427 COS7 Npas4
MAP2K1 Npas4d  T427
CoS7 Okadaic acid CAMP
(Forskolin) Npas4d  T427 MAP2K1/2
( 2) MAPK Npas4 CBP
Npas4 (Npas4-6A)
(Npas4-6E) GST-CBP Okadaic acid
Npas4 CBP Npas4-6A  CBP
CBP Npas4 Npas4-6E MAPK
Npas4 Npas4  CBP
Npas4 Bdnf
(Lin et al, Nature, 2008) MAPK Npas4 Npas4
BDNF exonl
Npas4 BDNF
MAP2K1-CA Forskolin
Npas4 (Npas4-6E) Npas4 Bdnf
MAPK Npas4 Npas4
D1 (D1R-MSN)
mVenus Drd1-mVenus Tg D2 (D2R-MSN)
mVenus Drd2-mVenus Tg Npas4
D1R-MSN Npas4
(3) AAV
CPP ,%
( ) ( -
) 250+ KRK ’_‘
Npas4
2004
Npas4 CPP 1504 |_;_‘
a
(CpPP ) g 1004
N 4 E 50 T
pas a
sl
DIR Cre Drd1-CreTg -50+
AAV Npas4 DN 100
D1R-MSN Npas4 SP-Cre - - + 4+
CPP Npas4 - - - WT 6A
CPP A2AR Saline Cocaine
Cre Adora2a-Cre Tg Npas4 fiffl
Npas4 DN D2R-MSN 3. DIREHEPRHHAMAIZETS Npast &

Npas4 ZOUBRILTHMEENFE - RREHETS



CPP D1R-MSN Npas4

Npas4 AAV-SP-Cre

D1R-MSN Npas4 D1R-MSN Npas4

CPP ( 3 Npas4
Npas4
K* channel
- D1 receptor

|

Npas4 .

Npas4 - f

\ ®) :
Gt AT

Npas4

« 3 i

Npasd  MAPK
CBP

BDNF
Nuclei
Bl 4. MAPKIZ&k% Npasd JUBEEILBETFRREANTLHIET. BMFE - £ELHETS

« 9
2

Zhang X, Nagai T, Ahammad RU, Kuroda K, Nakamuta S, Nakano T, Yukinawa N, Funahashi
Y, Yamahashi Y, Amano M, Yoshimoto J, Yamada K, Kaibuchi K.
Balance between dopamine and adenosine signals regulates the PKA/Rapl pathway in striatal
medium spiny neurons. Neurochem Int,122:8-18, 2019,
DOI: 10.1016/j.neuint.2018.10.008.

YuraY, Amano M, Takefuji M, Bando T, Suzuki K, Kato K, Hamaguchi T, Hasanuzzaman Shohag
M, Takano T, Funahashi Y, Nakamuta S, Kuroda K, Nishioka T, Murohara T, Kaibuchi K.
Focused Proteomics Revealed a Novel Rho-kinase Signaling Pathway in the Heart.
Cell Struct Funct, 41(2):105-20. 2016,
doi: 10.1247/csf.16011.

10

Yasuhiro Funahashi, Anthony Ariza, Rhosuke Emi, Shan Wei, Ko Suzuki, Sachi Kozawa,
Tetsuya Takano, Yoshimitsu Yura, Keisuke Kuroda, Mutsuki Amano, Taku Nagai, Kiyofumi
Yamada, Kozo Kaibuchi. Phosphorylation of Npas4 by MAPK regulates reward-related gene
expression and behaviors. 92 . 2019

Ryosuke Emi, Yasuhiro Funahashi, Anthony Ariza, Shan Wei, Ko Suzuki, Sachi Kozawa,
Keisuke Kuroda, Taku Nagai, Kiyofumi Yamada, Kozo Kaibuchi. The transcription factor
Npas4 regulates reward-related learning and memory. 92 . 2019

Yasuhiro Funahashi, Rhosuke Emi, Anthony Ariza, Shan Wei, Ko Suzuki, Sachi Kozawa,
Tetsuya Takano, Yoshimitsu Yura, Keisuke Kuroda, Taku Nagai, Kiyofumi Yamada, Kozo
Kaibuchi. Phosphorylation of Npas4 by MAPK regulates reward-related gene expression and
behaviors. 41 . 2018

Yasuhiro Funahashi, Anthony Ariza, Shan Wei, Sachi Kozawa, Ryosuke Emi, Ko Suzuki,
Keiichiro Okuda, Keisuke Kuroda, Taku Nagai, Kozo Kaibuchi. Dopamine-induced
phosphorylation of NPAS4 through MAPK regulates reward-related learning and memory.
the 18th World Congress of Basic and Clinical Pharmacology (WCP2018). 2018

Anthony Ariza, Yasuhiro Funahashi, Keiichiro Okuda, Sachi Kozawa, Kozo Kaibuchi.
MAPK-mediated phosphorylation of MKL2 regulates nuclear localization and transcriptional
activity in striatal neurons. the 18th World Congress of Basic and Clinical Pharmacology




(WCP2018). 2018

Yasuhiro Funahashi, Anthony Ariza, Ko Suzuki, Shan Wei, Sachi Kozawa, Tetsuya Takano,
Keisuke Kuroda, Taku Nagai, Kozo Kaibuch. Dopamine-induced phosphorylation of NPAS4
through MAPK regulates reward-related learning and memory. Joint meeting of the
International Society of Neurochemistry (I1SN) and the European Society for Neurochemistry
(ESN). 2017

Yasuhiro Funahashi, Anthony Ariza, Shan Wei, Sachi Kozawa, Keiichiro Okuda, Ko Suzuki,
Tetsuya Takano, Yoshimitsu Yura, Keisuke Kuroda, Taku Nagai, Kozo Kaibuchi.
Dopamine-induced phosphorylation of NPAS4 through MAPK regulates reward-related learning
and memory. 90 . 2017

Ko Suzuki, Yasuhiro Funahashi, Anthony Ariza, Shan Wei, Keisuke Kuroda, Taku Nagai,
Kozo Kaibuchi. The activity-dependent transcription factor NPAS4 regulates
reward-related learning and memory. 90 . 2017

Yasuhiro Funahashi, Anthony Ariza, Shan Wei, Keisuke Kuroda, Tetsuya Takano,
Yoshimitsu Yura, Taku Nagai, Kozo Kaibuchi. Dopamine-induced phosphorylation of NPAS4

through MAPK regulates reward-related behavior. 39 . 2016
Keiichiro Okuda, Yasuhiro Funahashi, Anthony Ariza, Kozo Kaibuchi. ldentification of
CBP interacting proteins in mouse striatum by proteomic analysis. 39
. 2016
0
o 0
o 0
HP

http://www.med.nagoya-u.ac.jp/Yakuri

¢y

@

Kaibuchi Kozo

Nagai Taku

Amano Mutsuki

Nishioka Tomoki

Kuroda Keisuke



