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ABSTRACT

We investigated the momphology, distribution and synaptic connectivity of cholinergic neurons inthe mouse
retina by immuno eytochemistry, using antisera againat choline acetyltransferaze (ChAT).

ChAT immunoreactive amactine cells fall into two groups according to the localization of their somas in
the retina: one iz situated in the inner nuelear layer (INLY near the border of the inner plexiform layer (IFL)
and the other iz displaced in the ganglion cell layer (GCL). The dendrites of amacrine cells from the INL ramify in
sublamina a and that of the displaced amacrine cells ramify in sublamina b of the IPL. Double labeling with an
antizera against ChAT and r aminobutyric acid (GABA) demonstrated that these labeled cells formed a
subpopulation of GABAergic amacring cells,

The synaptic connectivity of ChAT immmnoreactive amacrine cells was identified in the IPL by electron
mictoscopy. The most frequent synaptic input of ChAT labeled amacrine eells was from bipolar cells in both
sublaminae a and b of the IPL, followed by labeled amacrine cells and unlabeled amacrine cells. Their primary
output targets were onto ganglion cells in both sublaminae a and b and output onto ganglion cells was more
frequently observed in siblamina b of the IPL.

Cur results suggest that cholinergic amacrine cells in the mouse retina are very similar to their counter pars
in other mammals, and they can attribute a major role in the pathway feeding into directionally selective

ganglion cells,
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HFEBE whuhe 4] ZE4H| X (amacrine cells)® 3
S| = (bipolar cells)el|4] 4173 =M = (ganglion cells)
2 AGARCE ASEe S 27 AbolalEZ A
X (internsuron)o|c}, BER| 2 Tz 2 HE &
A FYEde 2RY o8 SR S xRy
B A4 943 Ton (Wu & Maple, 1988),
FIAEA e HHYe] dgS o=z AAE =z
AR AL olFe A= UHA St (Zhang et
al., 1997; Marc & Liu, 2000), ¢|#&3t Bz A
x2] el 24712 (inner plexiform layer)l| 4 717
=718 Fw fibe] AR oE 09FoR FREAG
(MacNeil & Mazland, 1998),

Acetylcholine (Ach)2 HR2e) HZFE =Fohd A
AAAGEAR Feen, 324 Adadgsds o
A sl (Masland & Tauchi, 1985; Vaney, 1991). 5
F5 o1F T3 B 2R FARDA 2E
E7F acetylcholineS G5 g)l& ¢ acetylcholine2)
T4 &A49l choline acetyltransferaze (ChAT)4]| 3+
HAE o4 WAz e s YA o
A FEsp xe oA HzA e A o] F
E718] F% o vt 7 FRE F2EA 5 &
) = (inner nuclear layer)sf] M ZA -7} H 2517 A=z
712 £Y7) &2 a o}Eg (sublamina)d]] Y25 A
2 =47 AlAEM E 2 (ganglion cell layer)s]] %
AR o8] AT G720 b ojaskd 3
Zsle M =Eo| o {Famiglietti & Tumosa, 1987; Guiloff
& Kolb, 1992; Zhang & Wu, 2001).

Sy FEPIEe AALAEY PFEY
(directional selectivity)e] Sl Aoz B 3w v}
¢t (Masland & Tauchi, 1985), L} 2Fehad| »] bk
B A3 AF A Ay Ao A o
Fo9 27 A%z g LA 5 9= IS
o dite wi§ ¥Seich 59 AYFEE def UdA
HA gle ARAA 1Y FHHA 2 AT Hel
HH Bt ¥55 AR weka 2 dTelse
AAE 4958 95l IUY 222 E A
oL, ol & A= FefEhd 54 3l Rl o8

1ARREASL TE PF 2903 AAANE 52
14 o5 Axs) 94 =T ¥ TA o

i

ME HOHHH

4577 AF (CS2PL)E AT ARslg . A
& 4% chloral hydrate (1 mL/100 g) 2 o}5]3F & ot
E HEstgoh HESE o FE 4% paraformaldehyde—
0.2% picric acid (0.1 M phosphate buffer, pH7.4)4] 2
AxEt ST =AARA o 232 A
A IS 4°CH| A 30% sucroze -Ze]] 24
A7 223 & liquid nitrogen ¢ =, % JF35w o
4] =4 0.01 M phosphate—buffered saline (PBS, pH
7402 ARG T 0% ague] Telsiach deEa
& A9 Sl A 3 Tt doum T
9 2R Fac
4382 avidin-biotin—peroxidase complex ¥
Aokt A 2Ab w5 W wee AR
7] 1%+ 10% normal donkey serumS HL514 &
= 12} 2% anti-ChAT (Chemicon)E 1:2002
Z 3 4ste] Apgsielch ¥ 5 wHowbgs AA%
23 AR 12 8l g H 450 40 2=44 5
gt AeAR o 0.01MPBESRE 33] A5ty
o Al A= Ase] 25 3R <] biotin 7] donkey anti-
rabbitE AlZefx 247bE <k A =]dh & PBIE 33
AAsEE 2w o)ela] 33 Al¢k2E avidin—biotin-pe-
roxidase complexE AZel4 14)zHget =2 s c
A Aeled 23 wYgukby A=E 0.05% 3, Y-dia
minobenziding-0.01% H,O, 3kl o 7 A0 5l9dch

o]F WHEAL Hebe] 3 HHe| anti-ChAT
shA| ek 1: 200002 3FHF y-aminobutyric acid
(GABA)(Sigma, Saint Louis, MO) 24| & 8F4] 2] host
g Eeitte] £ AL 14 A2 ANk 24
h 23 rhodamine—conjugated donkey anti-rabbit
IgGe} fluorescein (FITC)-conjugated donkey—anti-
mouss IgG E5FA S Apgslgdet A5 RS con-
focal laser scanning microscope ® 2. FHasly o
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hyde—0.2% picric acide]| 24zt 23St A= =
% #3Z4 0.01 M phosphate buffer (pH7 .42 A =3}

Fg. 1. Photomicrograph showing wertical vibratome section
proceszed for ChAT immunocytochemistry in the
mouge retina, Primary dendrites originate from somata
located in the inmer nuclear layer (INL) and ganglion
cell layer stratify in sublamina a and b of the inner
plextiform layer (IPL), forming a prominent band. Scale
bar =50 pm.

37, 244 7F%3t 30% sucrose Sl Ae] T A AL=
FE YR =04 40pm FAY 45 FHe I
sl A% BT o BIGAL AR
Helgay wheh 234 1% glutaraldebyde (0.1 M
phosphate buffer)e® =k 1% osminm tetroxide (0.1 M
phosphate buffer)d«f| =k 1A]7Fger & A5k
AR o= Adzd dmg 2tPe AL =
24 epond] Er]slT Reichert—Jung ultramicrotoms
& ol4sie] 23 BW(70-00m T)2 T F
A=EAR A (TEOL 1200EX, Tokyo, Japan)2 2 23}
ot

4 o

1. yeteio|z a

A dbeke] $2) = (vertical vibratome section) =
A B 224 ChATH A3t Wdgd4S A
Sk 54 Bl AQGY B3 ChATY H
e 2ol ALY AzAA S93T A
2ol FAHHOH, $972AHE Rd Ay
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o

Fg. 2. Fhotomicrographs talcen at different focal planes in the same field of wholemount of mouge retina. 4: The focal plane iz at
the IML close to the IPL, Mosaics of ChAT -immunocreactive cells are asen, B: The focal plane is aft the IPL showing ChAT -
immunoreactive process. O Mosalcs of ChAT -immunoreactive cells are zeen in the GCL. Scale bar =50 pm.



288 Korean J. Electron Microscopy Vol 34, No. 4, 2004

wele Az 87154 237} 7 A9 FT FAE
g2 T2 BBHGG T 29 WG9S Ax
= #Abskad et (Fig. 1).

AH Bat w22 Hadd AAZ confocal laser
scanning microzcope 2. FASPE I (Fig, 2). Fig. 2A
v A4 B 2R £4970% Jbe S5 2
e ZF Floz ChATY 994484 el A2

]71* TdeA 2xeigich AAZA =S 24S E

AL ChATH Hagdais Bele = o2 A=
2 A=A 7F FdstA 2=t (Fig 2C) £47]
A FAY FEGHEES] 2780 A2 FHA
=H 22 Y HHFEE R (Fig
2B).

AR wepe] FRY TS 27t GABAergics] &
esl i) ko] AT GABAS o1F w1

A=ehsic GABAS A% A gadA Saye
e AZNE $43% ABIZEAA & 5 o
fevl, Az A2 4 Hos ALE|T] S
7155 AFT sle Aoz FFHYH (Fig 3B).
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GABA = wo9d5 Ao FFE | (Fig 3C), 44
wrabe] 4 &2 2 GABAergic o722 o
& glodet

=

2. {AEoE wE
whga)

AFpEE A e A ChATH| sk we] uhg
A= 2 vk ALBE HA g0 A

a8 rle

Table 1., Kinds of synapses made by ChAT -immunoreactive
newrons in the inner plexiform layer of the mouse

retina
Sublaminaa  Sublaminab  Total (%)
Input from
Amacrine calls 3 2 T(3.8)
Eipolar calls 91 a5 176(96.2)
Subtotal 96 &7 183 (100.0}
Cutput orito
Ganglion cells 43 74 117(49.2)
Amacrine calls 40 38 78(32.8)
Eipolar cells 4 7 11{4.6)
Unidentified cealls 21 11 32(13.4)
Subtotal 108 130 233(100.0)
Labeled to Labeled 20 13 KX
Total 224 230 434

Fig, 3. Confocal micrographs taken from 30 pm thick vertical wibratome sections processed for ChAT (A) and GABA (B)
immunoreactivities, ChAT immunoreactivity was visualized using a FITC -conjugated secondary antibody, GABA
immunoreactivity waz visualized uzing a Cy3 -conjugated secondary antibody. A Labeled cell bodies (green, arrows) are
gseent, B GABA immunoreactive cell bodies (red, arrows) are vigible, C: Double exposure of A and B. Colocalization
{yellow) of ChAT and GABA within the same cell (arrows) i clearly noted. Scale bar =30 pm.
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vhg AFEZ A=A AHube] AX v BEsiyge
o, Pl Eg =] oty o, AW, ¥R H=xd 71d 2
2]T A7 4 (eynaptic vesicles)dF el $A]5])
et

247154 HAshe B8 dATFEEL oFfF
e JF;oz FTRIEC (Kolb, 1979; MeGuire et
al,, 1984, 1988), 2|27 (synaptic ribbons)S 71=]=
F% (terminals)} 2 T3 EE, AgdadE ST F
A2 (conventional chemical output)sl B71&
2 FEA4AES 2712 JRjn ARy e T
A% (microtubules) & 7lA|e Z7)= AR E

A2 2 e,

ChATH 4% B7)%e0 o) H4E 9RE 5
Azl BIE 5 AATHTable 1), o] B9 52
L AAREE Bl HLAT TANL AR
g2 A9 A58 H2AF e AAA dtenz
&%) B2 FERGT £ 450e) A7 F
2% #2413 180} 9708 E ¢z
287N BRI FE0NH, 33708 =R B
£ 2} 9= 2 5 B (Fig. D)

A we 2 TR 294 bz
AAAZE Asse Aoz FFHAHI6.2%). o

Fig. 4. Eleciron micrographs showing input synapses of ChAT labeled amacrine cells through the IPL (irmer plexiform layer) of mouse
retina. & A cell process (star) receives symaptic nput (arrow) from an unlabeled amacrine cell proceszes (A) in sublamina b
of the IPL. B: A labeled amacrine cell process (star) forms a postaynaptic dyad with unlabeled amacring cell proceas(A) at
the ribbon synapse (arowhead) of a cone bipolar axon terminals (CB) in sublamina a of the IPL. C: Two labeled amacrine
cell procesess (stars) form a postaynaptic dyad at the ribbon synapse (arrowhead) of a4 cone bipolar axon terminals (CB) in
sublamina b of the [PL. Dt A labeled amacrine cell process (star) forms a postaynaptic dyad with ganglion cell proceas (G3) at
the ribbon synapse (arrowhead) of a cone bipolar axon terminal {CB) in sublamina b of the IPL. Scale bar =05 pm
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AZE & 5 3ok A32s T2 S5 22
g g Qe F A9 Aol T B2
Hewl, Flg, 4Bl S94 FEpI 29t 9457
e FEPIEE Fig 4C2] 2% T 719 294 5
=2 2F 2232 Fig 4Dl A7 84 £ =9
4 $E4A 27} A% A B+ A%

7 ke B2y =8A #EE e, A4
H & 38%(n=T)% AA5}yEo (Fig. 4A) o5
4] = BEe] FAE ¢l

2 oA st 454709 97 2 238708 =4
A RS 25 AFAEAE, AR A] k2 B
= ey TR BabedasS e o
BRe) A2 obsut adl bel ¥|mAH FUIA 2=
shyd ond, AlZAAE wote] APL ofd bell o o T
o] B & sl4ich FHA TR ES FEAFST

9 PaplEe NFATE Axse 945
4 2
a4

Fig, 5. Electron micrographs showing output synapses of ChAT labeled amacrine cells. & Two labeled amacrine cells (stars) malce
output synapses (arows) onto an unlabelad amacrine cell process (A) in sublamina a of the IPL. B: A labelad amacrine cell
process (star) males an ouput synapss (arow) onte ganglion cell proceass (3), which is postaynaptic to the ribbon synapae
{arrowhead) of a cone bipolar axon terminals (CB) in sublamina b of the [PL. ¢ Two labeled amacrine cell processes (stars)
malce output ynapaes (arows) onto a ganglion cell process {(3) in sublaminab ofthe [PL. Dn A labeled amacrine cell process
{star) malces an output synapse (arrow) onto a labelad amacrine cell process (star) in sublamina a of the IPL. Scale bar =0.3

pm
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e AEEr] FedA AAFAEgL] A7 77
ol A oH (492%), AEHA %2 F54A
FE(32.8%), 22 F=ME(4.6%) oolgiet Fig 5B
Alx] b oofEgte] FAY FEApH Er] AlFEA £
A4 <FX glor, ] AAEAEE 458 =5
Az &4 22k 2 82AFF A7 o] T (postaynaptic)
A3¢ o|Fx gleh Fig 5Cel e % 7o) 294 %
Eapd|ErE GAEA 2 AAEEE SEAFF
T gle A& 2 S Sl

294 $5PAEY 2594 3 79 999
3o $EEASS YL T2 AU Fig. A
A % ohe g9 FEAAEZYE 99587 g
P FEAAHT e AL 2 5 A 4
Fa FoAERs] AR G970 F F5] (pos-
tsynaptic dyad)s] ZA44 3o 87154 T
Ao 7 FRe| 7P (Buler & Wassle, 1995), a2} b
olsgt BReM B 4 gldent =8A dEAEHA
3 13.4%2] pEdF ] 2 2709 dAT T 314
o, Z7)7F Fet A=Y FRE sl oHH
nlgelez BRI

o

B odgel s A ke TR Sz §
o, REPF 2elT dFF2E WM 2EHEE L 9
25 FAs}Ich ChATH] B A9 A 29
3 BabALE T 2R AL Ydez FHUY
A Ak 3 T FR 294 2=
stz ATAS A305n ATENE S92
2oz AT0, = o 239 AxE A=
A7t AR ARRA AZE7E b ol
doll A5 )9} e FAY PEAEe ¥
Fo AZA el B FRY £4% A%
AR Aee shRedAY 224 RadizE
# FUI AL BTl (rabbit: Famigliett, 1983;
cat: Schmidt et al,, 19835; shrew: Conley et al,, 1986;
Pourcho & Osman, 1986; rat: Voigt, 1986; Brandon,
1987; Famiglietti & Tumosa, 1987; primate: Mariani &
Hersh, 1988, Mitrofanis & Stone, 1988; Rodieck &

2 4o e e

[«
S
2 e

Marghak, 1992; tree Sandmann et al,, 1997; Kim et al,,
1998). oo 32 FRAY P42 2x P of
A HE2=2d = B aF ¢l (Guiloff & Kolb,
1992; Zhang & Wu, 2001), FH4 FExzs £33
MR A o] AFFE o# F(species)te]
HERE AAba,

A Ak FA4 25 EE GABAergic %
SHAE 87 BAZR o5 WY A=t FAG
dct e FHA TS0 GABAY ot WY
2498 AR on, oz S48 FEPIEA
GABAergic BE2p 29 <F2Y2 4 + 3o o)<
F2 Fde 98 T HFAM 2y dues 4F]
3t A e]oF(Brecha et al., 1988; Freed, 1992), r—ami-
nobutyric acid (GABA)e FEsbdxEe Fa HAA
N73ASBAZ UeA Sl GABAL GABA, +-4
A S s P AR F2 eas
A, T AAGHEL e A fez 2
FHH FHY PRI GABAergic F54H L
2] ofFe =z B el ¢t (Brecha etal, 1988; Freed,
1992). A # &) wfebeflq GABAY FW A (Gryzw-
acz etal, 1997), ¥F-& =] <4 (Werblin etal., 1988) Z2] 32
vFEFA A (Burgl & Gryzwacz, 1997; Gryzwacz et al,,
1997y 52 7% 44 2o A% 2= 75
oz B glev U4 FE £2] GABAS
712 oFF TAdslA] ghet ofdt B T4 GABA
Zh ot Y vk g & AelEz AU
vl sl (Arnel & Adolph, 1985; Neal st al,, 1992; Zucker
etal, 1998) & dAFex FHY S-S0} Tk
He W4T e BIRGL D2 CABAS A2
o ¥2AA 22 AFEA Y2 AeIE A
2 284U AN xHE F 4 AE AolFD
et

AAA A FFE B S FEHA T 1)
Tzt 97150 H FHY TN EE 2E]
HE d3TFE2E Hdstao T A 2 A
Fre] pyddis FIALY gAEEaH, Uy 5
Sl EY A= B 4 Sl ol|s 3 2
2 9= FM st AAAEEA Y AAzEEE
Z AHEE BEEe] $UFAe gaot, 394
T 2 F2 ARTIH 2 8 2PH2 gl
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o= AL o 4 gladet (Buler & Wassle, 1995). 7=
A EZZHE $UAHL a2} b ol3wt 2R A ¥=
A )=t S YT (Table 1), o] FH4
P54 L5 ] ONst OFF (2534 288 417
A3 Ax weds AL s

B A A S04 PRy 247 42

HyE ARz S xEd Aoz A
get o] AFTFEELS ast b ofFE EReA A7}

Febglon, AABA Y Ag b otk v Bo
+ slgleh dubH o= a offate] A5 A1EA
3 OFFH Y, b obgte] 2R3} AAHZE
ONZols, asl b AAl 2A51e AFHM=EE ON-
OFF 322 F2Ho A% "OFF beta AAAA =
& A5 M 24 2 FH¥-2 (apical) 7FA E717F b ok
dA S FATS aEE o] FHEE o
W 3 AARAE 224 3Pz o)
Q7o % e WHHEA & 5 gk
7 RT AFTE PHIA 34 HP
22194 e wee vehle derdEy A4
M| = (directional —selective ganglion cell)7} &3] 512,
W Al Fold det Aka 9 dhgd Epie
ON-OFF #efjef 4l A=o] Fofd it w5 2o
T ON #efs] H=rb glge] oA gl (Vaney,
1991; Amthor & Gryzwacz, 1993), o]} Z2 vieki=t
HE dorle Axz AxArl e ZX FdsiA
wEstn A=ZE7)7F wkablez FdsiA BewA,
FA SR 22 ophe wole SAH 324
A=7L o2t wiEkg S Hedsle dxlmel Mz w
25w} gl (Masland & Tauchi, 1985; Famiglietti,
1991; Vaney, 1991; Amthor & Gryzwacz, 1993), & <
FA A= G2 T/ ZHFAAE F A
oz 7913 $E W44 FUT 544 2ot F9
3§ maaplEe 27t Hd=dch w g A7 e
o2 RN FHHHEE] FE FHERYE A
AR Aguty, ON3} OFF 273384 24 o= =
R BEAEES £EAHE HHNE Ae FF
st o] A3 2ol H FHA FHPIE vlepdd
HE Atd + o 2t @ =744 A
A x| WA A e = E e
AZH e 5l AR (Gryzwacz et al, 1997, He &

Masland, 1997) Wb el sl €214 $25p =9
G Aee s 34 1% s94 FEbE
9 AR AP AxSs AU Hd L o @

2 MEge| AHgste ARAREL Y AA
2EEH | yeAerd A2z YAEich
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