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Triple Immunofluorescent Labeling of Neurochemical
Markers in the Midbrain Periaqueductal Gray in Cats
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ABSTRACT

Triple Immunofluorescent Labeling of Neurochemical Markers

In the Midbrain Periaqueductal Gray in Cats

Seong Yun Jeong
Advisor: Prof. Sang-Hag Park, M.D.,Ph.D.
Department of Medical Science

Graduate School, Chosun University

The midbrain periaqueductal gray(PAG) comprises several longitudinal columns
that have different neuroanatomical and functional properties. The present study
aimed at characterizing the chemoarchitecture of the cat PAG and investigated
the patterns of distirbution in the PAG of eleven neurochemical markers.

Triple immunofluorescent labeling for calbindin-Dxx (CB), calretinin (CR),
parvalbumin (PV), nitric oxide synthase (NOS) somatostatin (SST), enkephalin (Enk)
substance P (SubP), and tryptophan hydroxylase (TPH) were selectively carried out
in midbrain slices. Histochemistry for NADPH-diaphorase (NADPHd), cytochrome
oxidase (COx), and acetylcholinesterase (AChE) were additionally performed.

Each neurochemical marker showed a distinct topographical distribution in the
PAG. CB-immunoreactive (CB-ir) perikarya were found in the lateral (L) and
ventrolateral columns (VL) and supraoculomotor cap nucleus (Su3C). A cluster of
CB-ir perykarya marked an innominate nueuroanatomical nucleus at the rostral
level of the PAG. CR-ir perikarya were observed in dorsolateral (DL) column and
Su3C, whereras no PV-ir perikaryva was found within the PAG. NOS-ir or
NADPHd-positive perikarya and fibers were densely distributed in the DL and
laterodorsal tegmental nucleus (LDTg) and marked Su3C with their low density.
COx rectivity was found high in L and VL and very low in DL, wheras AChE
reactivity was found high in VL and the outer halves of L and DL.

SubP-, SST-, and Enk-ir axons and nerve endings were altogether densely
distributed in middle one-third of VL(VLm). Clusters of CB-ir perikarya and
SST-ir fibers marked dorsal (VLd) and ventral (VLv) compartments of VL. The
medial half of L could be divided into two compartments; dorsal L(Ld) marked
only with rich SubP-ir nerve endings and ventral L(Lv) marked with CB-ir
perikarya and SubP-, SST-, and Enk-ir endings. Localized clusters of Enk-ir
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nerve terminals were also found in DL and in the subregion along the midline of
dorsomedial column(DM).

These findings suggest that neurons in a columnar region of the PAG are
neurochemically heterogenous and that the conceptual PAG columns could be
further compartmentalized into subnuclei based on the distribution of
neurochemical markers.

Key Words: Periaqueductal gray, Calbindin, Calretinin, NOS, Acetylcholinesterase,
Cytochrome oxidase.
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@l CBSF CR2 A8l F-e4 FAARA QG EHAMGT) T8 dox &85
AA T PAG W LNC 2o #&3 Buse ook o]Fojxa It} (3839).
ATollA CB9F CRe LNC 3AA A AEgh 7 & o] fr= o] 59 FARHSo] Alx
A A EHetA #EE 7o PAG AHA 9] AAAEES] 5SS 7IFLE PAG WH-E
w8 str)el Ageirial ek AFAE S AT A0 A E7] PAGY LNC
T2 ZAAEA CB7F NADPHA ®uth 93-S ofn] gRlgk up gl7]d], & ATl
Me APeER 1908 AYstolr] PAGH LNC FxoA Fol w2 o)== 213}

2

N

rui—
lo

o3 e WA wRE F1d B ATE pAdoR tg AR AP T

A, 11%o] PAG HHolA CB-2F CR-W Y WH3-4 (immunoreactive, ©]3} —ir) A3
A FHFEL BEE Ao, agla V& SFA HiE BEXAGT} ojuldt AfolE
e =712

AR, AR e BAAGe) REFE BPHoR A

£5= ILNC F9EY g ARsts FHIE o2 5 g=r}?

O]Eié‘l— %E ‘E}Oﬂ 10 7}‘%] /1\_]75“ Q’EX]X}-%—% q%/g_gi
_%

Yt oo zAsSPAS YYshel 1 BALA



A
AYFE AAt 242 AF

AP FEe o 7ol AF 15-2 kg AL 1Y¥olE (n=16) AF&&A T vl
%= ketamine hydrochloride (AEFA® Satekal: 50 mg/kg)E B74U FAletd )
3 E 58 49% paraformaldehyde Ao 2 AARFE A8st & F7ky e
E AFEete] sYg agdo] wol 4T 1247k
7] (Vibratome, Leica, VT1000s)E& AF-&3te] 7 40 me] #4H dH &

a2 gl of
wol dgde] o] MAATEE @I-420] AXGES Felagith A%Ho]
oAt AR wAMoR W AT HAAA MAsA R WA ARTL =
qake GA2, F oAAS A WA 2o AFUIIFANL vpAu FolAe Ba

of ME o]FZATA Mo} o FHA Y PP AL A Y3}

NADPHd %= 383t A4 duk4<Ql Paxinossol W'H(43)S A&ttt 1HeF3)
71438kH  0.05% B-NADPH( Sigma N1630), 0.0125% nitroblue tetrazolium, 0.05%
triton X-100 2832 1mM MgCl2 & 333 phosphate buffer (pH 7.6)-8& A A =
A-A S 4°Coll A 484 2F RE-G-AIF T

COx9 %27 3}s A Wong-Riley (44)¢] Wi oz 1 GAEE AAsFT =
30 mg cytochrome oxidase (Sigma, cytochrome oxidase C from horse heart)2} 50
mg®] 3,3-diaminobenzidine tetrahydrochloride (DAB)E =< 0.1M PBS 100 m{ &
A Ho] 2AAPES P FAES As AEHIZ 38TAA 3AF WA AT

AChE x#3}89 42 Hedreen 5(45)¢] WHS AR&siath vh23 22 249
0.1M sodium acetate buffer(pH 6.0) & oA =AdAS A2 302 HA 1A
ZF "9k A Atk 1.7 mM acetylthiocholine iodide, 0.49 mM sodium citrate, 29 mM
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cupric sulfate, 1.25 mM potassium ferricyanide, 0.2 mM ethopropazine. ©| % 32l
S Y3ty HAHE 2% ammonium sulfide o] 187 WA 7l 3 0.1% sodium
nitrate £ N O Z A3 (3x10E), thA] 0.05% silver nitrate & <fol 1&7F ¥+&3}
0.1% sodium nitrate &9 22 A2 (3 x 58) FAHS AZ Fo 0.1M phosphate-

buffered saline(PBS) &< 2(2 x 5%) W3S F23

Ty AEEed dig WgFFEAS fete] A FH dAHS Adsidt
WA 10% goat A 0.3% triton X-1008 -3+ 0.1M PBSo| 2A|3F F-2] %k o] %
HHAES dAFGA 9 4TAA 48A17F HEEA| A}, o] & QFAo A A HdHS o|xF

(1:200) &Hell &A A2 2 AZF WA H Tt o] x3AZ A Alexa Fluor® (
Invitrogen) AFE5, A AN ALES A ASE Aot EAlo] w4 8A
Attt AHE3 A2 A S-S Table 190, o2& &2 Table 20 43tk
dF-sEd A Aldgt CB E+ CRol digt W9 x23ss A4 Avidin-Biotin
Conjugate (ABC) W oz A2t |A 10% goat 7} 0.3% triton X-100<
33 0.1IM PBSOll A 2417 F-2]38F o] & HAHES AAgA 9} 4Tl 4847 Hb-&-
AlZAe, 283 1:200 =+ 1140022 3)A 3%k biotinylated goat anti-mouse IgG
(Chemicon) &9o] ZAAHE A ALoA 247k vkgA171 3 ABC kit (Vector)
= o] &3}o] Avidin—peroxidase complexS Ao A 30%-7F WFS-A] T L AEES- &
100 m¢2] 0.1M PBSel 50 mg DAB®} 33 b 0.3% H.O.5 &3t 84S AFE-3lt).
A Hg Ao HAYEFA M= A ARl ghsto] AARFA RS A

g g AR AN F LAY to] Axparalel AMA S PEehn

LA
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Table 1. Primary antibodies used in this study

Antigen Mono-/Polyclonal  Host Code Dilution Source
Calbindin D-28k Polyclonal Rabbit CB-38a 1: 10000  Swant
Calbindin D-28k Monoclonal Mouse C9848 1: 500 Sigma
Calretinin Polyclonal Rabbit 7699/3H 1: 2000 Swant
Calretinin Monoclonal Mouse MAB1568 1: 1000 Milipore
Leu-Enkephalin  Monoclonal Mouse MAB350 1: 400 Milipore
NOS Monoclonal Mouse N2280 1: 1000 Sigma
Parvalbumin Monoclonal Mouse P3088 1: 500 Sigma
Somatostatin Monoclonal Rat MAB354 1: 200 Milipore
Subsrance P Monoclonal Rat MAB356 1: 200 Milipore
Tryptophan

hvdroxylase 2 Polyclonal Rabbit ABNG 1: 400 Milipore

Table 2. Secondary antibodies used in the immunofluorescent staining

Alexa Fluor® # host antigen color
405 goat anti-mouse blue
488 goat anti-mouse green
488 goat anti-rabbit green
568 goat anti-mouse red
568 goat anti-rabbit red
594 goat anti-rat red
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BHF 20E PAGE AR £ w mYK N Aol EAz FYedn, %
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qog 48 T F glﬂq(Flg 1 #Z%). VL7499 wZ 9A3t= FAVIEFA R
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xS Aol VLmelwh =&% = ENK- ¥ Sub-ir A5 #+3x9 o] oAt
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PAGY CB, CR, ENK, SST 2 SubP 349 H =

PAGUWel A CB, CR, ENK, SST % SubP¢ #¥& 2 W
oAAAM T = AT wEkA o5 FATol AAHJY. ==dHAl
(Nucleus of oculomotor nerve, 3N)o|] ¥ %< 7]&( Dorsal raphe nucleus, DRN)<]
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Al A 3G T
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(Fig. 2-B ¢} 2-ColA Lve} Su3C). DLF+9A A CB-ir AIXAES BEXE =&
t. PAGY neg]ZE Az FFEolA DL -9 kel CBell 43k FARtess Hol=
9ol AdANE o]y gt Aty A9 ==221E 8 (Nucleus of trochlear
nerve, 4N) Rt} 72| % ol IdkE o] FzhE Qi)

SSTe ®¥= 3N FFoA L3793 DMT7Gol A Feldh s Jeudds
g, SST-ir Afr AAdgarg 2o BEviEo] ¢ Wo] #AHE= o] ENKS
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SubP-ire] Afdd x4 &3t (Fig. 2-B). PAGW A Tryptophan
hydroxylase (TPH)¢] HAR$AHL T2 U9t A EXZgAqF 5315 FAgdks-S

B, F < 7] (dorsal raphe nucleus, DRN)S #| 2|3 PAG A AALEANAHE L

1= Ry [e) = o) = o
RESS BAT 92 JEgch

PAG WY A271% 799 ©1& AChE¢ COx A4 X9 o

PAG®] 4N FFollA 7+ Al27]%¥ AChE® COx A4 =9 Holg A4 UEE
710 2 3}o](densitometry) Fig. 3ol AA AT A2 7|57+ ¥E2 7]&38#4,
WA DM 9oA AChE®] 4%+ w9 2kil COxe &4 =+ DM ¢+ Ayt
M e ZAEE UedAY (Fig 5-A¢ 5-B #x). DL 99 7oA =
AChE: ¢TSS vEl= AAAAFEC] E8A W COxo &4 %e= vy

d

th L FYEe AFE u, AChES BHEE SABA Y wRAW, @)

f

t

11} o}
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ot o

B
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Aol COx FAEE L7+9 ol Hoigez 74 vt (Fig. 3-A¢ 3-B9] L).
AChE$} COx9 &4 % VLTI E AolstA #A4E Utk AChES 4=+
VLv 27918t VLd 27l vred gixzes COx FHEE VL +90]
F =2 Hola YolrpA VLd 2TFFS PAGIA 714 %S COx &4 %5 veh
At (Fig. 3-B2] VL).

rr

K

CB-, CR- % NOS-ir A|ZEA &4 &4 H

NOS-ir AEZAE9 2> PAGWlA DL¥ Su3CollA vt ##= AT o2&
NOS9 EAH BEx4e w&=H27438 (Nucleus of oculomotor nerve, 3N)o| ]| s}k
= A2 A CRe #2743 fAFEA T (Fig. 4).

PAGW ®] DL+ PAG ZLg]EelA 3N FE7-A ] HFoA v Aget PAG ZH
FE7EA SAEA A #EE=H, o] AlE MFHAd A= NOS-9 CR-ir A2 A
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o] B¥42 DL 798 FAAT 1 wes FAgsks 2z ofsiA DLW
o9& #ASAT Fig 4-A¢ 4-C, Z12]al 4-Bot 4-DO] AR x4
Azl M wR dojof dofxl F FERA, 7k s AbeldlM NOS¢ CRe| #

4 b
-4

at =

A A E Q= (Flg 4- CQ} 4-D), °l¢} x2H oz CR-ir MEAES &2 DL
T WelA Agell 7FaAl (i E) el A A H A (Fig. 2-A¢ DL¥} Fig. 4-A).
CB-ir AlZAEL &S dFAste] Lv 2793 SudCE E9stA ZA st
(Fig. 29 Fig. 4). o]€9 &2 L 93 Su3C 799 <71 Zeo] (mediolateral
length)oll Al ol vF = gke]o] 9jx]alSitt. &= L7YollAe Agel 18s <HE 2/3
dolof], SudCr9elM = ¢r& Aty FH Sl A9 Zelxo s FAsS
HFig. 2-A9 L3} Su3C, Fig 4-A<F 4-C9] Su3C). CB-ir A|EAEY F+ 782 &
AEEg TRl VLTSl oaix FelatA Ageo] ##Ethrh(Fig. 2, Figd-A%t
4-B) VL7-9°o] 44+ GNO &= SAaHo ##2He) A= FE5E g4&Fo=
Y5 Lvel Su3Cel 1HA o] FolA A ( Fig. 4-B¢ 4-D) A= PAG W]
SHlE Tl A Stbe] dE o e AEEAT

Su3C 7+92 CB-, CR-, ¥ NOS-ir AIXAE A EAHA=H, Al =7
XAAE 7Fd CB-ir MlXAE0] dH oz 71 ®wo] Su3C 9o X3t
o]z M QlojA CR- & NOS-ir AXAELS Su3C 795 %A= CB-ir Al
EA o] spZo] Ao ko Hywoe] B Hrh EE CB-ir MEAES e
o] SudCT99 M= & ARk 1% FAAHAR CR-ir AIZAES Su3C 799
mEZo) (Fig. 2-A2 Su3C, Fig. 4-A¢} A-Be tix), NOS-ir MEAELS Su3C
T &) HFHE (Fig. 4-C9 4-D =) FolAnh

DM¥ DL +9¢ NADPHd, COx, ¥ AChE A 38 £4

dojof =T A o] 2HEALAM 4z HER AT zH et A5l A

DM # DL +9E<& NADPHdA® COx %A 3}st od Aol okA/SA A 7ol Aky
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o (Fig. 5 ).  NADPHd 944 w5 2 Fdures Heple AxA=
A7 DL znte] £¥35a DM %2> NADPHA| Aol A S4w8
o2 FAHAY (Fig. 5-A). o1¢t A= COxF Al A= DLTF-S S-S+
o, DM7HE Sk Fgue 7or Fela dxsglon], DM $taT
s wol #FHAY (Fig. 5-B). ¥ AChE

B
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Ir
_[
P
QIOL
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oX,
r]I
oo
lo
—_>r-‘,
bl
2
Mo 02 12 12 12

Y
o
fr
s
)
-
4
12
o>
O
=
5
o
oX,
B

Su3C #HlA CBe NOSY £ 4% ¥d w& W 34

SudC T9ul CB- 3 NOS-WHwr-gAde] #x+= Aol7b ATk A& A7 (Fig.
4-C9} 4-D)oll A o] ] Od%?;b o]  Su3C T9olA NOS-ir A|ZAELS CB-ir Al ¥
Al ke 74 Rito] W HolA HEE, ol e AAFY] s Aol A
( Fig. 6 #x) AfF2d & B rdMe FAE 2ol& Ut 5 CB-H
g =7t =2 ¢ (Fig. 6-A9 Med)olA NOS-HAEJ =+ 7F% (Fig. 6-BY
Lat) 2o} Atz o g v a3 ¥

kA, CBSF NOSeol| 9JsliA] o]Foz g %& 7w& (Fig. 6 @ Fig. 7oA A|3ZA
o stFxE FANEE WIHSH #FHAT. CBe NOSo| T4 o= AxA v
o] ofye}l 4} 7N KA FUI FEEHAN FAEHE 7EEC CB =& NOS @5

om FAHE FEE Aoldl EAHC] Y= £AL A BE FEe SulCA #
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CB-ir AlZ A #0224 EAHE PAGUH FH2AF

PAGS] MZ FFdA] INEHG 9%F9 oA NOS-irdt CR-ir Al XA &Y &
22 EAHE DLEYo] AqiE Aelso] PAGH 9#(7hE)d §1x\ste] way
At} (Fig. 8 #2). AAsen 92 Hoz= ol Exold DL} Aq Abolel A

CB-ir AlZAE2] #&ogAr EHaA FAHE=E, ofxd nrpuy AFgss dAg
F AAa 7 ‘4522743 (Rostrodorsal nucleus, RD)' 2.2 W33ttt RDY
MZ2FE HTE 3N 4% Eo] RDe wmelEFE FFolal  Fyrul x| (posterior

|=]
commissure)’} RDe] Y& E FFo|dt). Awuzt F=Fo A= PAGI Ao AL =
23 I FErE BAEE oAt RDE AW CB-ir w2EE B4ty oA

H ool AdE FE=

o
)
i
N
e
50
30
)

il

Fig. 8-A% 8-C& RDO| me%x 270 zx

CB-ir AEA S0l =87] mid, H& %o CB-ir AEAES] T 1 HgAo
il
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T9 HA 35 PAGY T9EYHN HAHMUOS o] PAGA A &sk= Al
AolA kA Al ES A BE TEAM %579 NADPH-
T NOS-YAREE oz gt VL7999 F% A7+ LDTg9 DRNO = ght}.
Su3C 79-& NADPHA%A uk-&-+ 23 oz RzATES A2
9 S wW, L @ VLALolo] ZAAVE Rasd Zs o o] PAG dA+=
LvE #Ae= CB-ir AEA weto] EAlste 540 SlolA L/VL 59 19 B A

A% BEs AT 5 A

dol2 AW oA A ¥l dF FE] AR Aode doj2 AHHA
Mol AL HH sk (Fig. 4). SSTeF SubP7F &F 9 sEdA A4S
FAR7) wtel shte] AolM o9 olTHAME AFL AUV wZolth
AT =AM o] Fofzl HHA o] F AL oA PAGH AlZ7]E =
°of 545 1y o, doloA= 4 AE AloldlME FZAAE 2EY ARl
7} 7bs sttt olelgh bl Al Ad S Fig. 4-A%t 4-B, 18] 4-B9F 4-D

ol A CB-ir AEAES] LEFEC] A At AUZE FU9T F Ak

NADPHdY NOS9 H&HA xL: Nitrergic 72 st 12 %< NADPHA7}

NOSEH T RE WHollA 9932 Fx2 ApAo]A ¥ NADPHA®| 44 RES shehE o]
Ay FgMu Ste A M3 Eojo s Aol Rel Ao WwgAd) ¥
o] AFS Zdcta #4370 NADPHdE %238t A 740 vald gt
Ageta FAAEL EEA BlaolE NOS 948 AEsol T84 = o3&
e gkl
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PAGY CB,CR % PV £X 2 dAoA o9l w3 1¢e]e] DL e
CB-ir NEAS9 Zx7t u)$ 3| Astch= Aot} ofH] A

AF 7YY E7edl s fF ek 2ol CB-ir Al3A] &5 DLY 9l qqo}oq 2]
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T9e BASA Xete FHem BERH=UA8), ndoldlM = CR-ir A4 &5 4]
PHEZE DL Su3CrHellA @A =okA ols 7999 CRO #Ae<=
d-E & AT CR-ir AlEAES F2 PAGY % Fiol, CB-ir Al2A=2

T2 PAGe wWiE FiEol AT H= TEFS Aol SAH ol & AE
2]

M= F= A2 AR ngels AddstAnrldl, A o]

2 g el w=9 A
A (ool wE HeldAE Felstaat AF 3kg ol A=d kel 3vke]olA
A AME AFE Y A d5d adoldMds CR-ir AlxAES] 27 ¢
S S7heo] ¥EE Wola o] d PAGWH CB/CRE HTA X2 sdsiA @
ZEAY 23y nEE AZFE(P 1.0 - A 1.0)dd FgkEoj A F3stA dEE =
DLW CB-ir A2 ool A AAeA o8 fastes 23S @
2 A
g PAGWH S PV-ir AlxAl= & Ao BE JRACAM #2 A gk o=

PAGUWol A =AY TS5 52 PV-ir AlEA AG7F #2Et= de Ledon 52 Ha
BDe}F ARtE = Ayolty, AAANA PV W
R I1E(39, 49)°] 91—%0115 2 AgoA PVE A

0:]
ggE o] CBSh CRO 94—:%
EAEE Su3Cel §1xE Res A el

. = Su3C¢t wEHA A A
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4ol AAde VENE (FE AR FAFoRA, F AT Wuse] ol
2 LS SubPS} ENK®| F4we AZuwsEe ¥ L 7
Fo A FASHA BEHY] WEe, AR AP BTN 59

PRI, L 79 el SubP-ir AfFadEo] X3+

RESS g
A2 ENK-ir #5959 ¥ a7y ddides e5ddx AAgs &<l

£F9og FHs: ¥ ApelAE DL L 2 VL #950 apdos 733
T Aes AASAY. DL792 CR, NOS, NADPHd+AChE, COx, ¥ ENK 2
AN BEF E (AgR)9 F £2THoE FHT £ At LTYS AFH(Aq

%)g Ldot Lva yUrdloh 2 AFolA JFEAAELS L399 7S 279 #
At gekAw, MEANAD Y 2TS AChES L7 =& 54| 9
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A AEHole Bekdl,
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Atk B Aol BAYY EAAS VL Tl BEx

A @sh Aadla, VL 7o uel AR5 TEE 3

delde wele] #Re g@d Bast A F VL Pt

£7]9(DRN)el T} F7b o4 Z41 842 0] Bl A= 47 To7] mio] 417

Adz7t BAT 5 vel 9, Wby VLrde de pely g

T e AR/ ETEE AT 47 9L 7H A4 ek

Su3CTgdA CB¢ NOS9 FY W& W &4 Su3CE 9 NADPHA
zAsA N Lo w HAFe] HuEa(19), o|F AChE FAH2A(22)% o1y
At 2 Ao = Su3CE AFTH oz A= d el NADPHA(G3)7F ofF
Yt CB-ir Al2A 55 7|22 AFgkth Su3Cel Al NADPHdA®] 44 &Aoo +
2 AN o] Foy A= Fe HstH, NADPH-YA AEAES] Fr E4 4

_19_



=

S0 @79} WL

0%

CB-"gutgAdol v5 A#Ade]

;OE

b =
5354

3

7] wEolth, B o oA, meko] Su3Ce)

B

B

s

-

< + AChE

Fol Su3Cell A

A +Forw CBe A9

YA
s Y

EA 2 CR-ir Al

=l

Su3Ce A ZHF7F AN

-
T

4, NADPHd "8

J

g H

o=

T EE A

A A}

3N 59 Su3Ce FF&EolA

3

= Su3Cell tf

ATl A

Fol7b At whebA]

= X

MEE v ets] vhots

AR, Su3C el A CBe NOS

ol ftha

Ho

o

i

JE =M o]

okl

A &

}ARAAE g

%2

wyto] o]}

A

YA
s Y

wolA Al

2 =
=

ol A A}

X
B
Nlo

[N

—_—

T
!
4

T
[md

Bl
|l

B
T

ol
if!

S
X
22|
Nfo

FAth AAl=Z o] o

fie)

o

18 <

o

of

7)ol =

—_—
fie)

]ﬁNO
&
el
0

e
Mo

ot (Fig.6 ¥ Fig. 7).

S

A A

Fol PAGolA DL W€ CB-ir A3

[e)
[e]

al

A5Z A3 (Rostrodorsal Nucleus):

CB-ir A

s

s 9%

-
A4 PAG

o7 DLT9 4

g.]le] = At

-
T

3

A

el

Holoj A, A7

Al
=

ki3

=
T

A

]

pZS

a4

=]
T

=3
10

%

-
T

A -l A

=

3

ks

524 74 M (Rostrodorsal nucleus, RD)' &2 ™

A

o] CBAIEA 2o

A Lv

PAG AlZFFoA RD

A=e =

YA
s Y

PAGW el A CB-ir Al

gEd. =

_20_



QejzA AT EF DL EASHE NOS- Ei CRr AZAZeEe 914w
$3 383 4stel RDY %oty 2707 WES wolth aelw RDE Ay ©
W=7 SusCel MwE Ameld, Autdel A48 Fres FRsvs gEol
o ARAGRES} o AEA weewA RDF $AHANNE, RDE F4et
wEE AYY Avel daAE 2 a7seld eln

g E AT Ade i 2 A A % oJoE e

AR, kel PAGH s34 A271FE5e A2 HFe dwexe AAE Al
EAE 7IFo® dto] AAEATHE Heolth Wk olygl, PAGE TAStE wEES
T4 AENA BE ol W2 Aol E( CB9 DL Wld ¥A5) AA s

A, 74 AZNETFES d% ARAT F A= 2494 2AS A,
=

AFTAY Lol e EAAE] AdE EASS NG, oF 20
Fahae W, Feon ARl Asde AN

AR, PAGE] 1% AzFEolA RDEE nnmd PR waAgs ol
olgt B BN B Ao AnEe Fow PAGY W TERE e T
geh e F8% SAZ F8H g

_21_



el
1;]0

N
B

Fol PAG ufj+-ol A

[e)
[e]

al

=)

el
Ton
N
o7

Jo
K
==
)
o

ﬂ

—_—
o

el

il

el

NE TR

HA 2

Al 3]

Aol o

AAe] PAG UF9 HZ7]5 T3 o|2Ht=

o

YA
s Y

Al

-
T

9] 5.2} 3 of A

AE +go

YA
s Y

tdtk. tol7bd CB-ir Al

S

13, PAG W59

PAGY A=Z7]%

A=_e]
=

o1ge] 73t

el
il
Br

U

~

A =8

-
T

21733 (Rostrodorsal Nucleus, RD)o] 2}

_22_



a1 g d

1. Linnman C, MoultonEA, Barmettler G, Becerra L, Borsook D. Neuroimaging of
the periaqueductal gray: State of the field. Neuroimage 2012;60:505-522

2. Heinricher MM, Tavares I. Leith JL, Lumb BM. Descending control of
nociception:  specificity, recruitment and plasticity. Brain Res Rev
2009;60:214-225.

3. Dampney RAL, Furlong TM, Horiuchi J, Iigaya K. Role of dorsolateral
periaqueductal grey in the coordinated regulation of cardiovascular and
respiratory function. Auton Neurosci 2013;175:17-25.

4. Graeff FG. New perspective on the pathophysiology of panic: merging
serotonin and opioids in the periaqueductal gray. Braz ] Med Biol Res 2012
;45:366-375.

. McNally GP, Johansen JP, Blair HT. Placing prediction into the fear circuit.
Trends Neurosci 2011;34:283-292.

6. Canteras NS, Resstel LB, Bertoglio L]J, Carobrez Ade P, Guimaraes FS.

o)l

Neuroanatomy of anxiety. Curr Top Behav Neurosci 2010;2:77-96.
7. Jurgens U. The neural control of vocalization in mammals: a review. ] Voice
2009;23:1-10.
8. Holstege G, Huynh HK. Brain circuits for mating behavior in cats and brain
activations and de-activations during sexual stimulation and ejaculation and
orgasm in humans. Horm Behav 2011;59:702-707.
Luppi PH, Clement O, Sapin E, Peyron C, Gervasoni D, Léger L, Fort P.

©

Brainstem mechanisms of paradoxical (REM) sleep generation. Pflugers Arch
2012;463:43-52.
10. Hamilton BL. Cytoarchitectural subdivisions of the periaquecutal gray matter

in the cat. ] Comp Neurol 1973;149:1-28.

_23_



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gioia M, Bianchi R, Tredici G. Cytoarchitecture of the periaqueductal gray
matter in the cat: a quantitative Nissl study. Acta Anat 1984;119:113-117.
Giola M, Tredici G, Bianchi R. A Golgi study of the periaqueductal gray
matter in the cat: Neuronal types and their distribution. Exp Brain Res
1985;58:318-332.

Mantyh PW. The midbrain periaqueductal gray in the rat, cat and monkey: A
Nissl, Weil and Golgi analysis. ] Comp Neurol 1982;204:349-363.

Beitz AJ. The midbrain periaqueductal gray in the rat. I. Nuclear volume, cell
number, density, orientation, and regional subdivisions. ] Comp Neurol
1985;237:445-459.

Gerritis PO, Croon DH, Holstege G. A new subdivision of the rat midbrain
periaqueductal gray based on its myeloarchitecture. Neurosci Lett
1993;161:232-236.

Meller ST, Dennis BJ. Quantitative Nissl study of the neuronal types, and
recognition of cytoarchitectural subdivisions, within the rabbit periaqueductal
gray. J Comp Neurol 1990;302:87-99.

Bandler R, Shipley MT. Columnar organization in the midbrain periaqueductal
gray: modules for emotional expression? Trends Neurosci 1994.;17:379-389.
Bandler R, Keay KA. Columnar organization in the midbrain periaqueductal
gray and the integration of emotional expression. Prog Brain Res
1996;107:285-300

Carrive P, Paxinos G. The supraoculomotor cap: a region revealed by NADPH
diaphorase histochemistry. Neuroreport 1994;5:2257-2260.

Carrive P, Morgan MM. Periaqueductal gray. In: Mai JK, Paxinos G eidtor.
The Human Nervous System. 3rd Ed. Amsterdam : Academic Press;
2012;pp367-399.

Conti F, Barbaresi P, Fabri M. Cytochrome oxidase histochemistry reveals

regional subdivisions in the rat periaqueductal gray matter. Neuroscience

_24_



22.

23.

24.

25.

26.

27.

28.

29.

30

1988;24:629-633.

Ruiz-Torner A, Olucha-Brodonau F, Valdere-Navaro AA, Martinez-Sorizno F.
The chemical architecture of the rat’s periaqueductal gray based on
acetylcholinesterase histochemistry: a quantitative and qualitative study. J
Chem Neuroanat 2001;21:295-312.

Covenas R, Aguirre JA, de Leén M, Alonso JR, Narvaez JA, Arévalo R,
Gonzalez-Baron S. Distribution of neuropeptide Y-like immunoreactive cell
bodies and fibers in the brain stem of the cat. Brain Res Bull
1990;25:675-683.

De Leon M, Covenias R, Narvaez JA, Tramu G, Aguirre JA, Gonzalez-Bar6on
S. Distribution of neurotensin-like immunoreactive cell bodies and fibers in
the brainstem of the adult male cat. Peptides 1991;12:1201-1209.

De Leon M, Covenas R, Narvaez JA, Tramu G, Aguirre JA, Gonzalez-Bar6n
S. Distribution of somatostatin-28 (1-12) in the cat brainstem: an
immunocytochemical study. Neuropeptides 1992;21:1-11.

De Leon M, Covenias R, Narvaez JA, Tramu G, Aguirre JA, Gonzalez-Bar6n
S. Distribution of cholecystokinin octapeptide in the cat brainstem: an
immunocytochemical study. Arch Ital Biol 1992;130:1-10.

Marcos P, Covenias R, de Letn M, Narvaez JA, Tramu G, Aguirre JA,
Gonzalez-Baron S. Neurokinin A-like immunoreactivity in the cat brainstem.
Neuropeptides 1993;25:105-114.

Marcos P, Covenias R, Narvaez JA, Tramu G, Aguirre JA, Gonzalez-Barén S.
Distribution of gastrin—releasing peptide/bombesin-like immunoreactive cell
bodies and fibres in the brainstem of the cat. Neuropeptides 1994;26:93-101.
Marcos P, Covenias R, Narvaez JA, Tramu G, Aguirre JA, Gonzalez-Barén S.
Distribution of dynorphin A (1-17) in the cat brainstem: an
immunocytochemical study. Arch Ital Biol 1994;132:73-84.

Covenas R, de Ledtn M, Narvaez JA, Aguirre JA, Tramu G, Gonzalez-Barén

_25_



31

32.

33.

34.

35.

36.

37..

38.

39.

S. ACTH/CLIP immunoreactivity in the cat brain stem. Peptides
1997;18:965-970.

De Letn M, Covenias R, Narvaez JA, Aguirre JA, Gonzalez-Barén S.
Distribution of parvalbumin immunoreactivity in the cat brain stem. Brain Res
Bull 1993;32:639-646.

De Letn M, Covenias R, Narvaez JA, Aguirre JA, Gonzalez-Barén S.
Distribution of calbindin D-28k-immunoreactivity in the cat brainstem. Arch
Ital Biol 1994;132:229-241.

Barbaresi P, Gazzanelli G, Malatesta M. Glutamate-positive neurons and
terminals in the cat periaqueductal gray matter (PAG): a light and electron
microscopic immunocytochemical study. ] Comp Neurol. 1997;383:381-396.
Barbaresi P, Gazzanelli G, Malatesta M. GABA transporter-1 (GAT-1)
immunoreactivity in the cat periaqueductal gray matter. Neurosci Lett
1998;250:123-126.

Barbaresi P. Glutamate transporter EAACI in the cat periaqueductal gray
matter. Neurosci Lett 2001;314:9-12.

Barbaresi P. GABA-immunoreactive neurons and terminals in the cat
periaqueductal gray matter: a light and electron microscopic study. J
Neurocytol. 2005;34:471-487.

Andressen C, Blumcke I, Celio MR. Calcium-binding proteins: selective
markers of nerve cells. Cell Tissue Res 1993;271:181-208.

Barbaresi P, Quaranta A, Amoroso S, Mensa E, Fabri M. Immunocytochemical
localization of calretinin—containing neurons in the rat periaqueductal gray and
colocalization with enzymes producing nitric oxide: a double, double-labeling
study. Synapse 2012;66:291-307.

Barbaresi P, Mensa E, Lariccia V, Pugnaloni A, Amoroso S, Fabri M.
Differential distribution of parvalbumin- and calbindin-D28K-immunoreactive

neurons in the rat periaqueductal gray matter and their colocalization with

_26_



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

enzymes producing nitric oxide. Brain Res Bull 2013;99:48-62.

Oh HJ, Kim SH, Kim HR, Park SH, Park SH, Shin HR, Jung SY, LeeMI
Distribution patterns of calbindin-D28k and NADPH-diaphorase positive
neurons 1in the midbrain periaqueductal gray of the rabbit. J Kor
Neuropsychiatr Assoc 2011;50:228-235

Berman A. The brain stem of the cat. A cytoarchitectonic atlas with
stereotaxic coordinates. Madison, The Univeristy of Wisconsin Press, 1968
Verhaart W]JC. A Stereotactic Atlas of the Brain Stem of the Cat.
Philadelphia, FA Davis Company, 1964

Paxinos G, Watson C, Carrive P, Kirkcaldie M, Ashwell KWS (Editors)
Chemoarchitectonic Atlas of the Rat Brain. 2nd Ed. Amsterdam, Academic
Press, 2009

Wong-Riley M. Changes in the visual system of monocularly sutured or
enucleated cats demonstrable with cytochrome oxidase histochemistry. Brain
Res 1979;171:11-28.

Woolf NJ, Butcher LL. Cholinergic neurons in the caudate-putamen complex
proper are intrinsically organized: a combined evans Dblue and
acetylcholinesterase analysis. Brain Res Bull 1981;7:487-508.

Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. 6th ed. San
Diego: Academic Press, 2009.

Tohyama M, Takatsuji K. Atlas of Neuroactive Substances and Their
Receptors in the Rat. Oxford: Oxford University Press, 1998.

Keay KA, Bandler R, Periaqueductal gray. In: Paxinos G editor. The Rat
Nervous System. 3rd Ed. New York, Elsevier: 2004;,pp243-257.

Celio MR. Calbindin D-28k and parvalbumin in the rat nervous system.
Neuroscience 1990;35:375-475.

De la Cruz RR, Pastor AM, Martihez-Guijarro FJ, Lopez-Garcia C,

Delgado—Garcia JM. Localization of parvalbumin, calretinin, and calbindin

_27_



ol.

o2.

93.

D-28k in identified extraocular motoneurons and internuclear neurons of the
cat. ] Comp Neurol 1998;390:377-91.

Moss MS, Glazer EJ, Basbaum AL The peptidergic organization of the cat
periaqueductal gray. 1. The distribution of immunoreactive enkephalin—
containing neurons and terminals. J Neurosci 1983;3:603-616.

Moss MS, Basbaum AI. The peptidergic organization of the cat periaqueductal
gray. II. The distribution of immunoreactive substance P and vasoactive
intestinal polypeptide. J Neurosci 1983;3:1437-1449.

Klop EM, Mouton LJ, Ehling T, Holstege G. Two parts of the nucleus
prepositus hypoglossi project to two different subdivisions of the dorsolateral

periaqueductal gray in cat. J Comp Neurol. 2005;492:303-322.

_28_



Figure Legends

Figure 1. Three subregions in the ventrolateral periaqueductal gray (VL) revealed by
the distribution pattern of calbindin (CB)- and neuropeptide-immunoreactivity.
A: CB-ir perikarya were clustered into the dorsal (VLd) and the ventral
(VLv) subregions, whereas ENK- and SubP-ir nerve terminals were densely
distributed. in the middle subregion (VLm). B: Distribution of SST-ir endings
in the VLm and in the small area of VLd marked with an arrow. Laterodorsal
tegmental nucleus (LDTg) was marked by NOS-ir perikarya and axons.
Heavy lines indicate the dorsal and the ventral boundaries of VL; broken lines
mark boundaries between subregions of VL. ENK, enkephalin; SubP, substance
P; SST, somatostatin. Colors of abbreviation characters for neuromarkers

matches true photo colors. Horizontal line, scale bar for 500um.

Figure 2. Compartmentalization of the periaqueductal gray into longitudinal
columnar regions at the level of nucleus of the oculomotor nerve. A: Different
distribution of CR-ir perikarya, ENK-, and SubP-ir fibers within the PAG.
CR-ir perikarya were mainly distributed in DL and Su3C. ENK-ir nerve
terminals were observed in the ventral half of L (Lv), the dorsal half of DL,
and the narrow area along the midline of DM. SubP-ir fibers were observed
in the medial half of L. B: SST-ir fibers were found in the ventral half of
L(Lv) and scattered in DM. Distribution of CB-ir perikarya and fibers were
clustered in the ventral half of L and Su3C. TPH-immunoreactivity in the
PAG were oberved only in ependymal cell layers lining the aqueduct(Aq). C:
Comparison of distribution of SubP-ir fibers and CB-ir perikarya in L. DM,
DL L, and VL, dorsomedial, dorsolateral, lateral and ventrolateral PAG,
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respectively. Ld, dorsal half of L; Lv, ventral half of L; DRN, dorsal raphe

nucleus; Su3C, supraoculomotor cap nucleus. Scale bar, 500um.

Figure 3. Three-dimensional representation of the densitometry of
acetylcholinesterase (A) and cytochrome oxidase (B) reactivity within the
PAG at the level of 4N. The density of true colors of each histochemistry
were depicted as the vertical height in the unit of 5 pixels. High AChE and
low Cox reactity in DL. Low AChE and high Cox reactivity in the VL and

the ventral half of L. 4N, Neucleus of trochlear nerve.

Figure 4. Comparison of distribution patterns between CB and CR at the
rostrocaudal level of the nucleus of oculomotor nerve. A and B, double
labeling of CR and CB; C and D, NOS and CB. Note different distribution
between CR and CB; CR mainly in the dorsal and CB in the ventral part of
the PAG.. Within Su3C, CR-ir perikarya were more in the caudal (green in A)

and NOS-ir perikarya in the rostral level. Scale bar, Imm.

Figure 5. Comparison of histochemistry for DL. A: NADPHd-positive perikarya
and axons filled DL. B: COx-poor DL. C: AChE-posive fibers localized in the
outer half of DL. D: AChE-positive subregion corresponds to the outer half of
NADPHd-positive DL. Tissue slices stained from A to C were consecutive

ones. Scale bar, 500um.
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Figure 6. Comparison of CB- and NOS-immunoreactivity in Su3C. Tendency of
distributions of CB-ir and NOS-ir perikarya and nerve terminals in the medial
and lateral parts of Su3C, respectively. A neuron marked with a arrow
revealed the co-localization of CB and NOS. Lat, lateral; Med, medial side.
Scale bar, 100um.

Figure 7. Co-localization of CB and NOS in neurons in Su3C. Arrows indicate
perikarya marked by NOS as well as CB. The co-localization was represented

with yellow color in merged image (C and D). Scale bar, 100um.

Figure 8. Innominate nucleus revealed by the CB-ir neurons in the rostral PAG.
Tentatively-named the rostrodorsal nucleus (RD) was found as the cluster of
CB-ir perikarya. The location of RD was in the rostrodorsal subregion
between the laterally-shifed DL and the aqueduct (Aqg). At this level DL was
marked by NOS and ENK (A and B) and by CR (C and D). Rostrocaudal
levels of A and C were relatively caudal to those of B and D, respectively.
Scale bar, 500um.
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