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The Role of Diacylglycerol Kinase 8 (DGKB) in Higher Brain Function: Behavioral Analyses of DGKf
Knockout Mice

Mitsue ISHISAKA, Hideaki HARA*

Abstract: Diacylglycerol kinase (DGK) is an enzyme that converts diacylglycerol to phosphatidic acid. To date, ten isoforms of
DGKs have been identified in mammals, and it is reported that DGKSs is strongly expressed in the brain. DGKp, a type of DGK, is
expressed in the olfactory bulb, cortex, hippocampus, and striatum. The roles of DGKJ are still unknown. We generated the DGKf
knockout (KO) mice and investigated the phenotypes of DGKf KO mice. DGKB KO mice showed mania-like behaviors such as
hyperactivity and reduced anxiety. These mania-like behaviors were ameliorated after commonly used medication for mania were
administered. Furthermore, DGKB KO mice showed attention-deficit behavior, which was ameliorated by treatment with
methylphenidate. Furthermore, DGKB KO mice showed increased seizure sensitivity due to the decreased numbers of depressor
neurons in the hippocampus. These results suggest that deficit of DGKJ is involved in various neurological diseases including mania,
and DGKp KO mice would be useful to elucidate the pathogenesis and find the therapeutic targets in these disorders of the central
nervous system.
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Fig. 1. Gg-protein-coupled receptor downstream signaling.

GPCR : G-protein-coupled receptor, G : G-protein, PLC :
phospholipase C, PIP2 : phosphatidylinositol 4,5-bisphosphate,
IPs : inositol 1,4,5-trisphosphate, DG : diacylglycerol, DGK :
diacylglycerol kinase, PA : phosphatidic acid
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Fig. 2. The structures and classification of DGKSs.
DGK isoforms are classified into five types.
PH: pleckstrin  homology, ~MARCKS:
alanine-rich protein kinase C substrate

The figure was cited from ref 22.
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Fig. 3. The effect of chronic treatment of valproate (VPA)
and olanzapine (Ola) on the locomtor activity of WT and
DGKp KO mice.

The distance moved during the 1-h duration of open field test.
Values are expressed as the mean £ SEM (n =10 - 28). ##p <
0.01 vs. vehicle-treated WT mice (Student's t-test). **p < 0.01
vs.vehicle-treated WT mice, $ p < 0.05 vs. vehicle-treated KO
mice (Dunnett's test). The figure was cited from ref 28.
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Fig. 4. The effect of chronic treatment of valproate (VPA)
and olanzapine (Ola) on the anxiety levels of WT and DGKp
KO mice.

(A) Duration in the central zone, and (B) frequency in the
central zone during the 1-h duration of open field test. Values
are expressed as the mean + SEM (n = 10 - 28). ##p < 0.01 vs.
vehicle-treated WT mice (Student's t-test). *p < 0.05 vs.
vehicle-treated WT mice, $p < 0.05, $$p < 0.01 wvs.
vehicle-treated KO mice (Dunnett's test). The figure was cited
from ref 28.
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Fig. 5. DGKp KO mice showed an attention-deficit behavior
in object based attention test.

(A) Mice were exposed to five object for 3 min (training
session), then, after an interval of 10 sec, they were exposed to
two objects that include a familiar and a novel objects for 3 min
(retention session). (B) Object exploration time during the 3-
min training session. (C) The novel-object discriminating
abilities of mice were expressed as a recognition index. Values
are expressed as the mean + SEM. (KO: n=8, WT: n=9) *p <
0.05 vs. WT mice (t-test). (D) Mice were exposed to five
objects for 6 min (training session), then, after an interval of 10
sec, they were exposed to two objects that include a familiar
and a novel objects for 3 min (retention session). (E) Object
exploration time during the 6-min training session. (F) The
novel object discriminating abilities of mice were expressed as
a recognition index. Values are expressed as the mean = SEM.
(KO: n=6, WT: n=7). The figure was cited from ref 29.
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Fig. 6. The effect of methylphenidate (MPH) on the
attention-deficit behavior of DGKB KO mice in the
object-based attention test.

The effect of MPH on the recognition index in retention
phase after 3-min training phase. Values are expressed as the
mean + SEM. (n = 6 or 7) *p < 0.05, **p < 0.01 vs.
vehicle-treated WT mice,#p <0.05 vs. vehicle-treated KO mice
(Tukey’s test). The figure was cited from ref 29.
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Fig. 7. DGKp KO mice showed an abnormal response to
methylphenidate (MPH).

(A) The locomotor activity after various doses of MPH. Each
mouse was placed in a locomotor activity monitor for an initial
period of 30 min and then injected with vehicle or MPH (0.3, 3,
30 mg/kg, i.p.). Horizontal activities of 90 min after drug
treatment were recorded. Values are expressed as the mean +
SEM. (n = 5) *p < 0.05 vs. vehicle-treated WT mice (t-test), #p
< 0.05,##p < 0.01 vs. vehicle-treated WT mice (Dunnett’s test).
Each mouse was placed in a locomotor activity monitor for an
initial period of 30 min (shown as arrow) and then injected with
vehicle or MPH (30 mg/kg). Horizontal activity was recorded
every 5 min for a 2-h period. Locomotor activity throughout the
2-h period of WT (B) and DGKpB KO (C) mice. Values are
expressed as the mean +SEM. (n = 4 to 10) *p < 0.05, **p <
0.01 vs. vehicle-treated group (t-test). The figure was cited
from ref 29.
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Fig. 8. Western blot analysis of the phosphorylation levels of
ERKZ1/2 in the striatum following methylphenidate (MPH)
treatment.

Phosphorylated and total ERK1/2 levels in the striatum were
measured by Western blot analysis. (A) Representative
immunoblots showing the expression levels of phosphorylated
ERK1/2 (p-ERK1/2) and total ERK (t-ERK) in the striatum of
WT and DGKB KO mice 5 min after drug treatment. (B)
Phosphorylation levels of ERK1/2 are quantified relative to the
t-ERK1/2 levels. Values are expressed as the mean £ SEM. (n =
5 to 8) **p < 0.01 vs. vehicle-treated WT mice group (t-test).
The figure was cited from ref 29.
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Table. 1. Occurrence of various seizure after

pentylenetetrazol (PTZ) treatment in WT and DGKpB KO
mice.

PTZ (mg/kg, i.p.) 60 80
Genotypes WT KO WT KO
n 10 9 5 5

Score 4 (clonic convulsion) 10 (100%) 9 (100%) 5(100%) 5 (100%)
Score 5 (tonic convulsion) 1 (10%) 5(56%) 1(20%) 4 (80%)
Score 6 (death) 0 1(11%) 1(20%) 4(80%)

PTZ: pentylenetetrazol, WT: wild-type mice, KO: knock-out mice
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Fig. 9. Behavioral changes in DGKB KO mice after
pentylenetetrazol (PTZ) treatment.

(A) Mean seizure scores per one minute, (B) total seizure
scores, (C) latency to reach a given seizure score, and (D)
number of occurrences of a given seizure score, in WT and
DGKpB KO mice after PTZ (60 mg/kg, i.p.) treatment. Values
are expressed as the mean £ SEM. (WT, n = 10; KO, n =9) *p
< 0.05; **p < 0.01 vs. WT mice (Student's t-test). The figure
was cited from ref 33.
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Fig. 10. Behavioral changes in DGKp knockout (KO) mice
after kainic acid treatment.

(A) Mean seizure scores per five minute, (B) total seizure
scores, and (C) latency to reach a given seizure score, in WT
and DGKp KO mice after kainic acid (30 mg/kg, i.p.) treatment.
Values are expressed as the mean £+ SEM (WT, n =7; KO, n =
8) *p < 0.05; **p < 0.01 vs. WT mice (Student's t-test). The
figure was cited from ref 33.

(Fig. 10B), L2ZLAR b, Aa7 3 OESBIETHET
DRI T, WISV T B 7R 13380 b/
h3o 7= (Fig. 10C),

4-3. ¥R ITIS T 2 MR IR I DR

IAEPE= = — 1 AR O B O HI I BV CHE
EREZ R L TR N E=a—n v L HENE=
2 — B UDONT U ADQENITHEREFEICES LTS
3430 TR, BIHIMESTAE = 2 — 1 VRO TR AR R
DGR & FEHABH LT 58,

DGKB K~ 7 A DIEIESZ MO KIT, Z Ol
E=a—n U BOBDNEE LTS AREENE 2 b
Bl BRICBTH/7 VT T AT Iz kit En g
PIHHENAE = 2 — o O E K L7-, DGKB K~ 7 A
DUFEE CA3 FHIRIZEBW T, 2L T T 7 I MO
N2 —a OENEFAR -~ 7 2 TRED LT
V7= (Fig. 11A, B),

5. ER

ERIMEEBE I Z 51T D DGKP DRREIZ I ST 5728
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EE LD,

DGKB K~ 7 Z TRV TR H L HBIEE), R4 LS
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Fig. 11. Parvalbumin-positive interneurons in hippocampal
subregions.

(A) Immunostaining for parvalbumin in the hippocampus of
age-matched WT and DGKP KO mice. Right panels show
enlargements of the hippocampal CA3 region (shown by the
box in the corresponding left panel). Scale bars = 100 pm. (B)
Parvalbumin-positive cell numbers in the hippocampal
subregions in WT and DGKf KO mice. Values are expressed as
the mean + SEM. (WT, n = 6; KO, n = 5) *p < 0.05 vs. WT
mice (Student's t-test). The figure was cited from ref 33.

JVOIRTF 3 X OGRAIEERE DX N 0 BEATENZ, BRI
BRI LA THD EHMON TV E /LT e
FTUPBENNCL s TEESIND Z BB LN E o725,
I B DOFERIZ, DGKB KB~ U AREIRET L~ A &
LTHRATH LR EZ RET L0 TH D,

BIEE TIZ, DGK DBBIEREE~DB 5B L CTigwn
SOMOHENRENTND, FEITB~7Z L 512, DGKB
® COOH KD AT T A AR T o kDS WAGME [ R 3
WBWTRWHEN TR M, £F 5%, DGKB K~ Y
ANTITEE 2 B T OITHRE LRI 2H LN
LTWED, Fie, o7 A4 Y 74+ —AICBELTEH, Wi
MEE~DOEENRIBEN TS, Type Il I END
DGKn IZBI L TH W DD BEEEN RSN TEY . K
R 55 R E M PN 12 330 T, DGKn mRNA FE BB 23K L
TW5Z L, DGKn D SNPs 23FIET 5 Z &A%, filiBi &
PIZENTNAHR B0, =5 OWEIT, DGKs BHH F7-
IXZ DTy 7 F VB IEF 72 iR OMEFRFIZBI 5 LT
LAHEMEZ AR T2 b D TH D, EEE DGKs > 7D
TUEIZAFTET 5 Glycogen synthase Kinase- 3 (GSK-3), 78 A

BA ¥ b ViREE, PKC I3 PUBMEREE 2RV TR
EZTTWLSFTHY JREY —5 >y b & LTOREE
PR EN TSN, Lk, DGKB ZiE L & L7~ DGKs
DO HIRARRERIC I T DB R 5 2 & T, BB ERE E
OIRIEREIC SR N D ATREMENEZE 2 DD, ThE TOM
FHIRWT, EHSIT DGKP K~ 7 R ZBWTHRD S
N BREITHNMBIEEECAEDE SR TND Y F 7 A
WOBREZLYREBINDZ LN LED, N2 T,
EMPEMIRE TH D 1Y F—=LOPRIZONTH
Mt &24T\0, el R— LB L Cid DGKP KiE~
ADIMEH AL L ST EERERZ RSN &
EH O LD, RIFFRIZBW TR, A7 el Lo
F7 PO ZREOEY v, b DGKB K
B~ v ZADREITENRT D EH 2 RF L 72D, v 7m
FEIX U 5 U AHE & [ERR I RO [ 2 D Bk RE (2% L TR
KAWL TEY  Hix OEHRET LVERIZBNTHZED
BRMERREN TV 424, ZOERBFICE L TR
BREBRZVDR, MREEVWE T D -7 I BB
(y-aminobutyric acid: GABA) & FAREVE A 23 HUEH
—HTHDHLEEZLNTND, AT P ILIEERIGURE
PRI D—2ThH D | BIGFTZ TR TV T RTEBNTEDH
FRIEEEICT L THIRERTZERHLNERSTND
B FF5 PR, RRAIURTEF LY CoRHIR
HEIERZ N LT ER 2R 2 &R I TV 5%,
=77 4 — FRBRICB T 2 BRIGEEORE L,
WA RTE, FEhE, BEE, BUREZ < 0RBET L
B EHOERFCHEA S TS, ZhE TORGHTE
W, DGKB K~ 7 2 DBIEEA U T A ONEIZ L
STHEEND Z LD, 2D DGKP K~ 7 X DTk
Bhx BIREROITEI CH B L RILE LT, 21T o7, E
BRI T apeoAd T o e R MR G X o TEIGE)
ERIIU O ETDRETENIIE I NN, Th b3 OH
FH# 512 B W T Z OERIFRD S Rd- 7228, o
PR G0T, EFROBERICBWTOE FTOMHEZE 2 2
BRICITERERN R b O TH Y | BRGNS O R B
B W TITTRRIE L BIER G L THID TZEDORRNR
HIDZ ENE, B E AWTZFEIZBW T, BT
TNAIUAELLTASEHEINTNS FRXI TR
R—%— (dopamine transporter: DAT) RiE~ 7 2 D%
o AT aBOBMEREIC Lo THESND I &N
EnEiroTNDM, ZoENE S, ARFHIB W THEY)
DOHEIHED DGKB KB~ 7 A DREITENI X L TEIR
BRSO EBRHERTRO LN & HAEML
TV EEZLND, UEOENDL L, DGKP K~ 2
BEHROET L~ 2L LTHAEZRETSHDOTH
2,

%72, DGKB X~ A5 ADHD =5 /L& LTHAT
HOEDENEHOLNZT A EEZHBE LTHMETET



18 LWL T T Y ke — 1 FF — % BDGKP) K~ 2 &AWz
T RN HE E 12 B 1 D DGKP O K HE fif #7

2722, ADHD /3B D KMG, EEhE, @IS R
LNDEERTH D, SRIOFE RN DGKB KB~ 7 A1,
R KABITE) & BIEE 280 DT, R KBITENCRI L
TIE.ADHD OIRIEE L LTHOW LN TV AF LT ==
T MIXoTHEINED), —F, AFAVT7=2=FT—F
Be 5% 0 B REIETROZLICE L Tid, EFEo ADHD #
FHRLE®T NVEICB O TRD LN D MG & 1T H TR
D3 SN2 D30 T2 A CHEERD S D TIEZR Dy o7z, LovL
RIRG, ATFNANT =T — bOEBENRLES, o
ADHD 1B D512 X > T DGKP KB~ 7 A DiEiEE)
DTSN D AEEIZHDICEZ BN D, BRE TR,
ADHD BEIZEBIT 5 DGKP im0 REZEDORL T/ S
TWRWA SRR 21T 9 2 & T ADHD JRHE
81T 5 DGKB DRI GRH LMD B X BND,
DGK (X DG % PAICEMT HEERTH Y, Gq ¥ > /37
KT FKARD FRICAFIET 2%, R D2 ZHEME
BERIIRSRBIICB W T, Gg ¥ /7 & PLC B D
BB LOHIA NS T LA RNT NSO I 7 A 54D
FEAN L TERKL2 DV UMb E AL 54, K922 D1
ZRME D2 ZFEMITRAL DRI TNDEEZD
TR, ITFEOIFE G, & HICF UAIRIZ IV TR
BHLTWDZEWRBRENTND®, 20z ik, K33
v D1 BEUV D2 ZFKROM TN ERKLR OV %
L. Z D ERKLR2 U EE{LHIENIC BT H DGKP 2345
LTWAHIZ EERBELTND,
ZHETOEN S, DGKB DRPIIZIIT 5 JRTEN 1 4
WS E 725 TETWD, DGKP ORIBLTAFFMATIZE
ELTRY., LIS L5 IcF ORBUIRER, BE, K
MRE, MEEICRD BN TS, BBV TIE,
CAl, CA2, CA3 ® LH gk X UMHREIC BV CTHEL L
THEY, i =a—n 2 Th, ME=a—n Tk
WTHREHLTWDZERHLNE RS TNDH),
DGKB K~ U A TEEWFH MR I L T A<
T AKX L TR D EERERE TR LD, 2078, K
B~ 7 AWM IZI1T 5 DGKP DJRTE & FEIREICH LT
Wit Uiz, BEORFNIB W T, EE~OB SRR S h
TV % DGKe IR B W TILRESLCEIEICEIT
B HARN  DGKe KIE~ T A TIXT 7% N U
DRI L 0 EREERBEMIN D Z ERHEI T
%%, —J7, DGK { ITEEMEFAERFIC ITZ D & M E ~BAT
T 5 &, £z, DOKL KB~ U A ITIEY FHFE MR I X
L MO R EZRT ZERH LN E RS> TND0, K
MFEIZRBNTE, X F LT b T — N EHZRIZBNT
% DGKP DOFRBRAUTITZAITFR O BT, £ DOREIL
MEREICE EEoTW=Z &0, DGKB X~V AT
W TRV ITRE LW 7 B Tdb % TREME
DRI N7, WHRIZBIT 5 E=2—1 % GABA
ERETIHEEE =2 - THY  BESIAAICBIT S

kkx 7efESHO GABA BN TE=a—nr b EHE=a
—a U ~OIMFIMED ATNIMIER v BT — 7 OHERFZ
FEARAIRTHDHN, D0 LFEEGHESY XTI ETH DN
NTTNT I VBN E= 2 —a VTR OMRL >
NO—o A L—varORiEiT A& ERZLT
W5, X512, 2OV T T NT S G ERRIE O 1
EEZMEOMKESERIT DM TVDY
5359, DGKP XHH~ 7 A DG CA3 FHIRICIB W T, LT
TNT I R OB BEED 5N Z Db
DGKB K~ U ATHIT DI DM KO ER T H
BHEEZLND, BIRENZ L2, S REERE DU
WBWTIE, 2L T T AT I U E= o —a DI
DRMEINTNDB0S), ZnE TOMFRIZBNT, &
FHIX DGKB KB~ U A Bk DI TEN R 2773 2 &
62N L7, F£72, HimfkiEERE 2BV Tl DGKB
@D COOH KD AT T A ZANRNY T v b HESH TS
X, Fw ORIV TIL, DGKB % v /37 B DI L RIX
A% T BBICOTMICHER S, &% 14 B, 28 HORIC
BURICHIKT D B, DGKP # > /37 B DI HER K O
B & RIS, 27707 22 mRNA IZRE B L OV
BIZBWTRO BN, o0 ANL, DGKP A3
NTTINT I VBN =2 — 1 OFEICEE LT
DAEEBMERE 2 BIvb,

6. HEH

AHFFRIZIBN T, DGKB K~ T AIZBWTRD HILD
BYRREORBANTY F U AT Tl Sv T aigl &
OAZ e HEOMOBEFIRFEEIC L > TdeE s
TERHLNETRY | ZHUTE T VEM O TR Y M A T
72T HRERTH D | DGKP KB~ U A D BRI Btk g oo
ETLVEE L COFRAEEZIVEDDILOTHD, T2,
DGKB K~ U R IEEXREROITHZ R L, ATV T =
=F— MLV HEBEIND Z &5, ADHD 7 VI
0O HAREE L EZ bND, 72, DGKB X~ T AD
BMERIZBT D FAI VAT AICEREITIRD RN
HLOD, AFNT = =7 — MEHEZOITEHELS Y Bl
ERK1/2 EIEEDO IO TR LR B,
T FIAREIZE VT DGKP 2 ADHD JREEIZAT 5 22D
BB R T REME N B 2 B D, S 52, DGKB KiE
~ A TITRBEZ OB RKNBRO b, WS CA3 fElk
BT MBI E= 2 —a DR RRD BT &
5, R EIZR T 5 DGKB OB A H R S, LLE,
DGKP i3 IR Akt Re o> Hil A 12 o W C B B e e FI 42 R
72 LTHY ., DGKP K~ 7 AWM EE AL U &3
LMK OETLEME LTAHTHE EEZ LN S,
F72. DGKB K~ T A%\ S 572 2 WEEOMREIH<
DGKB B> 7 F NV Offilfia % — 5 v b & LT EER
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