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ABSTRACT Nicotinic acetylcholine receptors are synthe-
sized in chick embryoretina before synapses appear. Most of
the receptors are found associated with neurites in the inner
synaptic layer ofthe retina; later in developmentthe receptors
appearin the outer synaptic layer. .

Cells dissociated from retina and cultured in vitro form ag-
gregates and also sort out into regions comprised either of
neurites orcell bodies. Mostof the nicotinic acetylcholine re-
ceptors of aggregates are found associated with neurite regions.
Thereceptordistribution of cultured retina cells thus resembles
that of intact retina.
 

125]-Labeled a-bungarotoxin, a specific ligand of the nicotinic
acetylcholine (AcCh) receptor, was used to detect AcChre-
ceptors in the developing chick embryoretina. This speciesof
AcChreceptoris a synaptic marker, since the AcCh receptors
of striated muscle cells (1, 2) and certain parasympathetic
neurons (3) are found in abundanceonlyatthesite of the sy-
napse. After denervation,the receptors are found overthe entire
surfaceofthecell.

Mostof the recent information regarding the nicotinic AcCh
receptor has been obtained with the receptors of the electric
organof fish, and striated muscle (for reviews see refs. 4-6).
a-Bungarotoxin has been used to detect AcCh receptors in
sympathetic ganglia (7) and brain (8-10), but the nicotinic
AcChreceptorsof retina have not been studiedin this manner.
The vertebrate retina is a model system for studies on synaptic
communication, since relatively few types of neurons are
present andcells dissociated from retina form synapses in vitro
(11, 12). The retina contains acetylcholine and enzymesthat
catalyze the synthesis and the hydrolysis of this compound
(13-17). In addition, electrophysiologic studies show that some
neuronsin retina respond to acetylcholine and that both nico-
tinic and muscarinic AcCh receptors are present in the retina
of certain organisms (18-22).

In this report, the concentration of nicotinic AcCh receptors
and their location in chick embryo retina are described as a
function of the developmentalageof theretina.

MATERIALS AND METHODS

Assay of Homogenatesfor !25I-Labeled a-Bungarotoxin
Binding. Neural retinas from white leghorn chick embryos
were dissected in cold Dulbecco’s phosphate-buffered saline
(Gibco) and then homogenizedin 0.05 M Tris-HCl, pH 7.4, in
a ground glass Duall homogenizer (Kontes) using 0.25-1.25 ml
of buffer per retina so that the final concentration of protein
was 3-6 mg/ml. Homogenates were frozen immediately and
stored at —191°; bindingsites for a-bungarotoxin (aBT) were
stable for at least 1 year. a-Bungarotoxin labeled with 2 atoms
of }25] per molecule of toxin (!>I-aBT) was prepared as de-

 

Abbreviations: aBT, a-bungarotoxin; !251-aBT, a-bungarotoxin labeled
with 2 atomsof !25I per toxin molecule; AcCh, acetylcholine.
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scribed previously (23). Stock solutions of !I-aBT contained
0.25-0.5 uM !5]-aBT; 3 mM sodium phosphate buffer, pH 7.5;

150 mM NaCl; and 2 mgof crystalline bovine serum albumin

per ml. Each bindingreaction mixture contained the following

componentsin a final volumeof 0.1 ml: 10 nM !*]-aBT (2-4

ulof a stock solution); 0.05 M Tris-HCl, pH 7.4; 0.2 mg of serum

albumin; and 0-180 ug of retina homogenateprotein. Reaction
mixtures were incubated for 30 min at 37°, diluted with 3 ml

ofsolution C (0.05 M Tris-HCl, pH 7.4, and 2 mgof serum al-
bumin per ml) at 8°, and immediately filtered (vacuum)
through a wetcellulose acetatefilter (Millipore, EGWP 25 mm
in diameter, 0.2 um pore size). Thefilter was washed four times
with 3 mlportionsof solution C, the filter was dissolved in 10
ml of Instabray (Yorktown Research), and radioactivity was
determined. Zero time values (100-200 cpm, approximately
0.25 fmolof }25J-aBT) were subtracted from the values shown.
The amount of !2]-aBT bound was proportional to protein
concentration in the range studied (0-180 yg of protein). Pro-
tein was determined by modification of the method of Lowry
et al. (24).

Autoradiography of '%5J-aBT Bound to Intact Retina.
Neuralretina wasdissected in cold solution A [the Dulbecco-
Vogt modification of Eagle’s medium (Gibco Catalog no. H-21)
with 20 mM Hepes (N-2-hydroxyethylpiperazine-N’-2-eth-
anesulfonic acid), pH 7.4, instead of NaHCOs, and 2 mg of
serum albumin per ml of medium]. Pieces of retina were in-
cubated for 60 min at 37° in 0.5-1.0 ml of solution A with 10
nM !25]-aBT and then were washed five times with 5 mlof cold
solution A and twice with solution A without serum albumin.
Thetissue was fixed with 10% (vol/vol) neutral formalin or 2.5%
(wt/vol) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4)
and embeddedin paraffin. Serial sections, 8 um thick, were
mounted onglassslides, and the paraffin was removed; the
slides were coated with Kodak NTB-2 emulsion diluted 1:1 with
water. Slides were cooled to gel the emulsion andstored at 4°
in the dark. Autoradiographs were developed for 4 min at 20°
with Kodak D-19 developer diluted 1:1 with water and fixed
for 5 min with Kodak F5. Theslides were rinsed with water;
some were stained with 0.05% toluidine blue in 0.66 M

borax.
Retina Cell Cultures. Cells were dissociated from retinas of

8-day-old chick embryos and aggregated in vitro by a modi-
fication of the method described by Sheffield and Moscona (11).
Single cells, dissociated from retina with 0.25% trypsin (three
times crystallized, Worthington) and 50 ug/ml of DNase I
(Worthington), were cultured in rotating flasks (80 rpm) in a
37° incubator in a humidified atmosphere of 5% CO2-95% air.
Eachflask contained 9 X 108 cells and 1.5 ml of medium (80%
Eagle's Basal Medium and 20% fetal bovine serum). The me-
dium was changed every other day. After 7 days 10 nM !?*I-
aBT was added to the aggregatesin the rotating flasks. One
hourlater the aggregates werecollected and washed fourtimes
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Fic. 1. The rate of !25I-aBT binding. Portions of a 2-week-old
chick retina homogenate (62.2 ug of protein per reaction mixture) were
incubated with 1 nM !25]-aBT with or without 2 »M unlabeled aBT
at the temperatures andtimesspecified.

with growth medium by centrifugation, and three times with
growth medium without serum. The aggregates were fixed with
glutaraldehyde, embedded in paraffin, sectioned, and subjected
to autoradiographyas described above.

RESULTS AND DISCUSSION

125].oBT Binding. The rate of binding of !*I-aBT tore-
ceptors in a homogenate of chick retina is shown in Fig. 1.
Maximum !5]-aBT binding was obtained after 15 min of in-
cubation at 37°; rates of binding were lower at 19° and 0°.
Nonspecific bindingof !?5-aBT in the presenceofa large ex-
cess of unlabeled aBT (2 uM) wasrelatively low.

Therelation between !*I-aBT concentration and the amount
of labeled toxin bound is shown in Fig. 2. The amount of
125].¢BT bound increased sharply as the concentration of
1235]_aBT was elevated from 1 to 7.5 nM. Higher concentrations
of 125]-@BT (10-40 nM)increased bindingof labeled aBT only
slightly. Little nonspecific binding of !*I-aBT was observed
in the presence of 2 uM unlabeled aBT. The numberofspecific
aBTbindingsites in chick retina, 2 weeks after hatching,esti-
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Fic. 2. Relation between 125{-diiodo-aBT concentration and the
amountof labeled toxin bound. Portions of a 2-week-old chick retina
homogenate (62.2 ug of protein per reaction mixture) were incubated
for 5 min at 20°, in the absence (O), or presence (@), of 2 uM unlabeled

aBT. !25]-Labeled a-bungarotoxin then was added at the concen-
trations specified and the reaction mixtures were incubated and as-
sayed for boundradioactivity as described in Materials and Methods.
A Scatchardplotofspecific !25I-aBT binding;i-e., binding obtained
after subtracting the radioactivity bound in the presence of 2 uM
unlabeled toxin, is shown in the insert; the ordinate refers to the

bound/free }25I-aBT ratio; the abscissa corresponds to nM toxin
bound per62.2 ug of protein.
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Fic. 3. Inhibitors of }25I-aBT binding. Portions of a 2-week-old
chick retina homogenate (50 wg of protein per 80 ulof reaction mix-
ture) were incubated for 5 min at 20° in the presence of the com-

poundsindicated. }75I-aBT (10 nM)then was added(the final volume
was 100 ul) and tubes were incubatedfor an additional 10 minat 20°.

Thefinal concentration of each compoundis indicated on the abscissa.
Tubes with acetylcholine also contained 3 uM eserine sulfate. One
hundredpercent on the ordinate correspondsto 6.25 fmolof !I-oBT
specifically boundin the absenceofinhibitor. This value was 35% of
that obtained after 30 min of incubation at 37°. Abbreviations rep-
resent the following: a-BT, unlabeled a-bungarotoxin; NIC,nicotine;

d-TC, d-tubocurarine; ACH,acetylcholine plus 3 1M eserine sulfate;

CARB,carbamylcholine; ATR,atropine; ESE,eserine sulfate; PILO,

pilocarpine.

mated from Scatchardplot (Fig. 2, insert), is 525 fmol/mgof
protein. The (!251-aBT-receptor) complex dissociates in a bi-
phasic mannerin the presence of 2 uM unlabeled aBT (50%
dissociation in 30 min at 37°). Slowerrates of dissociation were
observed at 20° and 0° (data not shown).

Receptor Specificity. Nicotinic and muscarinic AcCh re-
ceptors can be distinguished by differences in affinity forli-
gands. In Fig.3, the effects of various ligands upon !*I-aBT
binding are shown. Binding was inhibited 50% by 1 nM unla-
beled aBT, 0.3 uM nicotine, and 1 »M d-tubocurarine, each
compound knownto have a high affinity for nicotinic AcCh
receptors. Fifty percent inhibition of toxin binding was obtained
with 6 uM acetylcholine (3 uM eserine sulfate also was present,
a concentration without effect on aBT binding), and with 100
uM carbamylcholine. Compoundsthatinteract preferentially
with muscarinic AcChreceptors, such as pilocarpine and at-
ropine, either did not affect }25I-aBT binding or inhibited
binding only atrelatively high concentrations. Putative neu-
rotransmitters such as L-glutamic acid, glycine, y-aminobutyric
acid, dopamine, and [-norepinephrine did not affect «BT
binding at 10-1000 uM; however,serotonin stimulated aBT
binding 15%. Choline (100 4M) inhibited !>I-aBT binding

(data not shown).
AcCh Receptors During Embryonic Development. The

amountof bound !25]-q@BTis shownin Fig. 4 as a function of
the developmentalage of chick retina. Under the conditions
used (10 nM !25]-@BT, 30 min incubation at 37°) approximately
80% of the receptors bind aBT.Specific bindingsites for aBT
are present in low concentration (7.5 fmol/mgof protein) in
chick retina on the 6th embryonic day. The concentration of
receptors increases 10-fold between the 6th and the 13th em-
bryonic day; however, >80% of the receptors are synthesized
between the 13th andlast embryonic day during the period of
retina synapse formation. These results show that the receptors
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Fic. 4. Amount of !251-aBT bound as a function of the develop-
mentalageof chick retina. Filled symbols (@) represent pmolof toxin
boundspecifically per mg of protein; open symbols (©) represent pmol
of toxin bound specifically per retina. Each point is the meanof 18
to 60 values (3 to 10 retina homogenates;six concentrations of protein

were assayed from each homogenate). Specific toxin binding is shown;
nonspecific binding has been subtracted.

are synthesized before synapses appear and suggest that ces-
sation of both receptor accumulation and synapse formation
may be coupled. The maximum receptorconcentrationis at-
tained at the time of hatching (400 fmolof }25I-aBT bound per
mgof protein). Almost the same receptor concentration is found
in adult retina; however, the numberof specific binding sites
for aBT per adult retina (2700 fmolperretina) is twice thatof
the newly hatched chick (1350 fmol per retina). Thus, adult
retina either has more synapses, more receptors per synapse,

or more extrajunctionalreceptorsthan the retina of the newly
hatched chick. Adult rabbit retina bound 107 fmolof }5]-aBT
per mgof protein under the sameconditions.

Receptor Distribution in Retina. The distribution of nico-
tinic AcCh receptors in retina was determined by autoradi-
ography. Adult retina was incubated with '**I-aBT, fixed,
sectioned, and either stained with toluidine blue or subjected
to autoradiography as shown in Fig. 5A andB,respectively. Cell
bodies and neurites rich in synaptic connections are found in
separate layers (Fig. 5A). The upperlayer consists of photore-
ceptorcells; nextis the outer plexiform layer which consists of
neurites and synapses; next is a layer of cell bodies, the inner
nuclear layer; and then there is a widelayer of synaptic con-
nections and neurites, the inner plexiform layer. The lowest
layer of cell bodies is composed of ganglion neurons;the last
layer consists of ganglion neuron axons.
The autoradiographs show that most of the bindingsites for

125]_qBT are located in the innerplexiform layer, which consists
primarily of synaptic connections between processes of bipolar,
amacrine, and ganglion neurons. Four horizontal bands with
relatively high concentrations of silver grains can be distin-
guished within the inner plexiform layer. Silver grains also are
found in the outer plexiform layer, which contains synapses
between photoreceptor, horizontal, and bipolar neurons. Rel-
atively few grains are associated with cell body layers, or with

Proc. Natl. Acad. Sci. USA 73 (1976)

 

Fic. 5. Section of an 8-month-old chicken retina. (A) Tolui-

dine-blue-stained section, not subjected to autoradiography. (B) The

correspondingfield in an unstainedserial section, subjected to au-

toradiographyfor 110 days. Theinitial specific activity '*]-aBT was

335 Ci/mmoloftoxin. Brightfield views are shown in both panels; the
bar represents 25 um. Abbreviationsof retina layers are as follows:

NF,nervefiber layer, GC, ganglion cell layer, IP, inner plexiform layer

(i.e., inner synaptic layer); IN,inner nuclear layer, OP, outer plexiform

layer(i.e., outer synaptic layer); IS and OS, inner and outer segments

of photoreceptorcell layer, respectively.

s

axonsof ganglion neurons. }25]-«-Bungarotoxin does not bind
to pigmentcells, choroid, pecten, or sclera.

Autoradiographs ofsections of rat and rabbitretina are shown
in Fig. 6. Again, mostof the silver grains are associated with the
inner plexiform layer. Some putative ganglion and amacrine
neuronsare labeled in rat retina (Fig. 6A); however, the outer

plexiform layer of the rat is essentially unlabeled. In rabbit
retina (Fig. 6B and C)silver grains are found in both the inner
and outer plexiform layer. Approximately 10-20% of the rabbit
ganglioncell bodies and somecell bodies in the lower portion
of the inner nuclear layer, presumably amacrine neurons, are

 

Fic. 6. Autoradiography of sections of adult rat and rabbit retina

labeled with !25I-aBT. (A) Bright field view of a stained section of

Fisher rat retina subjected to autoradiographyfor 23 days. Theinitial

specific activity of !251-aBT was 260 Ci/mmoloftoxin. (B) and (C)

Phase contrast views of stained sections of New Zealand white rabbit

retina subjected to autoradiography for 27 days; the initial specific

activity of 1251-aBT was 220 Ci/mmolof toxin. The bar represents 25

pm.
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Fic. 7. Autoradiographyof sections of 6- to 17-day-old chick

embryoretina, labeled with }75I-aBT. Retina sections were subjected

to autoradiographyfor 29 days. Theinitial specific activity of 51-aBT

was 485 Ci/mmolof toxin. The same magnification was used for each

photomicrograph; the bars represent 25 um. (A) Phase contrast view

of a stained autoradiographof 6-day-old embryo retina. (B) Bright

field view of the area shown in panelA before staining. (C) Phase

contrast view of a stained autoradiograph of 9-day-old embryoretina.

(D) Bright field view of the same area shown in panel C before stain-

ing. (E) Brightfield view of a stained section of 13-day-old embryo

retina not subjected to autoradiography. (F) Brightfield view of the

corresponding area of an unstained autoradiograph of an adjacent

section. (G) and (H) 17-Day-old embryoretinasections,treated as

in panels FE andF,respectively.

labeled. Somecells in the outer synaptic layer, thoughtto be
horizontal neurons, also are labeled. The concentration of
ganglion neurons is considerably higher in the center of the eye
compared to the periphery; however, the concentrationofsilver
grainsin the inner plexiform layer does not change markedly
(<2-fold).

Three types of control experiments were performed.First,

incubation of chicken retina with 200 uM d-tubocurarine or

1 uM unlabeled aBT reduced the amountof !25]-aBT bound
to retina by 85% and 95%, respectively, and the few silver grains
foundafter autoradiography were randomlydistributed. Sec-
ond, autoradiographyof 0.5 xm thick, Epon-embedded sections
of chick retina revealed the samesilver grain distribution as that
of 8 um paraffin sections described above. Since Eponsections
have an essentially flat surface coated with the autoradiograph

emulsion, the grain distribution does not result from surface
irregularities of sections after paraffin has been removed. Third,
the concentration of specific !1-aBT binding sites in intact
retina is approximately the sameas that of homogenates pre-
pared from sister retinas, which suggests that most bindingsites

in intact retina are accessible in the labeled toxin.
Embryonic chick retinas at various stages of development

were labeled with !25I-aBT and sections were subjected to
autoradiography. Pairs of photomicrographs, one emphasizing
retina structure, the othersilver grain distribution, are shown
in Fig. 7 for the 6th, 9th, 13th, and 17th embryonic days. The
first neurons to appear are ganglion neurons which,by the 6th
embryonic day, are found ina layer next to the margin of the
retina (25, 26). Autoradiographsof retina on the 6th embryonic
day (Figs. 7A and B) show that !*5]-aBT binds to ganglion
neurons but not to most neuroblasts. Coulombre (25) has re-
ported that the inner andouter plexiform layers of chick retina
appear on the 8th and 9th embryonic days, respectively.
125}_«-Bungarotoxin binds predominantly to the inner plexi-
form layer of 9-, 13-, and 17-day-old chick embryoretina. The
receptors were not found in appreciable numbersin the outer
synaptic layer until the 17th embryonic day.

Proc. Natl. Acad. Sci. USA 73 (1976) 1809

 

FIG. 8. Sections of an aggregate formed from dissociated 8-

day-old chick embryo retinacells, cultured in vitro for 7 days. (A)

Toluidine-blue-stained section, not subjected to autoradiography,

phase contrast view. (B) Bright field view of a stained autoradiograph

exposedfor 36 days. Theinitial specific activity of !*I-aBT was 300

Ci/mmolof toxin. The bar represents 50 um.

The AcCh receptors are distributed fairly uniformly
throughout the inner synaptic layer on the 9th and 11th em-
bryonic days; by the 17th embryonic day 2 horizontal bandsof
receptors were observed in some autoradiographs, and in the
adult, four diffuse bands of receptors can be seen within the
innersynaptic layer. Acetylcholinesterase activity first appears
in the 4-day-old chick embryoretina associated with ganglion
neurons and later with amacrine neurons (13, 17, 18); after
hatching four horizontal bandsof acetylcholinesterase activity
also are presentin the inner synaptic layer of chick retina(17,
18).

Onthe 13th embryonic dayretina cells with abundant AcCh
receptors were found which resemble amacrine neurons.
Synaptic connectionsfirst appear in chick retina on the 13th
embryonic day (27-29). Thus genes for nicotinic AcCh recep-
tors are expressed in someretina cells at least 7 days beforesy-
napses appear. Striated muscle cells also synthesize nicotinic
AcChreceptors in the absenceof neurons(28, 30, 31) and after

denervation (2, 32, 33).
Both rod and conephotoreceptorcells of the turtle synthesize

acetylcholine (16). In chick retina, nicotinic AcCh receptors are
associated with dendrites of ganglion neuronsand cells which
resemble amacrine neurons. Our working hypothesis is that
acetylcholineis a transmitter of bipolar neurons, and that some
amacrine and ganglion neuron responses to bipolar neurons are
mediated by nicotinic AcCh receptors. Further work also is

needed to determine whethernicotinic AcChreceptorsin the
outer plexiform layerof chick and rabbit, but notrat, retina are
synthesized by certain horizontal and/or bipolar neurons.
The relatively high concentrations of nicotinic AcCh re-

ceptors in the synaptic layers of chick retina and the low con-
centrations of receptors associated with cell bodies and axons

of ganglion neurons suggest that nicotinic AcCh receptors of

retina maybe localized at certain synaptic sites much as AcCh

receptorsare localized at the neuromuscular synapse (1, 2) and

at certain synapses of parasympathetic neurons (3). Preliminary
results with an immunochemicalassay for detecting nicotinic
AcChreceptorsat the electron microscope level (34) suggest

that mostof the receptors are not randomlydistributed in the

inner synaptic layer but instead are found in small areas which
contain relatively high concentrations of receptors.

Retina Cell Cultures. Neuralretina tissue from 8-day-old
chick embryos was dissociated into single cells and thecells then
werecultured in rotating flasks under conditions that favor

aggregation as described by Sheffield and Moscona(11). A

section of a cell aggregate cultured for 10 daysis shownin Fig.

8A. Cell bodies and processes were foundtosort outinto discrete

regions which resemble thelayers of cell bodies and processes

of theintact retina. A similar section of an aggregate which was

incubated with !251-aBT and subjected to autoradiographyis

shownin Fig. 8B. Labeled toxin bound primarily to the neu-
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rite-rich regions; considerably less toxin was associated withcell

bodies, These results show that dissociated retina cells form

aggregates, synthesize nicotinic AcCh receptors, and extend

neurites which together with AcChreceptorssort out from cell

bodies.
Cultured retinacells can be used as a model system for studies

related to the process of synapse formation.Atleast three types

of synapses form in vitro (11, 12), and the concentration of

synaptic connections synthesized in vitro almost equals that

foundin the intactretina (35).
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