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Acetylcholine Receptor Synthesis in Retina and
Transport to Optic Tectum in Goldfish

J. M. HENLEY, J. M. LINDSTROM, R. E. OswALD*

Previous studies have suggested that the retinotectal system of the goldfish contains a
nicotinic acetylcholine receptor (nAChR) that is sensitive to a-bungarotoxin. Extracel-
lularly recorded field potentials elicited in response to visual stimulation can be
blocked by a-bungarotoxin, and a-bungarotoxin can interfere with the maintenance of
retinotectal synaptic connections. Whether the transmission between the retinal
ganglion cells and the tectal cells is mediated by acetylcholine and whether nAChR’s
exist on the dendrites of tectal cells are questions that remain. The experiments
described in this report were designed to determine the site of synthesis of the
nAChR’s associated with the goldfish retinotectal projection. Radioactive (**S-labeled)
methionine was injected into either the eye or the tectal ventricle, and the incorpo-
ration of radioactivity into the nAChR was measured by immunoprecipitation. The
use of this technique provides evidence that an nAChR associated with the goldfish
retinotectal projection is synthesized in the retina and transported to the optic tectum,
which suggests a presynaptic site of acetylcholine action on retinal terminals.

SUBSET OF MONOCLONAL ANTI-

bodies to nicotinic acetylcholine re-

ceptors (nAChR’s) purified from
the electroplaques of the electric ray Torpedo
californica and the eel Electrophorus electricus
(1, 2) interacts with antigens from the cen-
tral nervous systems of the chick (3), frog
(4), and goldfish (5). In goldfish, monoclo-
nal antibodies seem to recognize an antigen
that binds o-bungarotoxin, and antibody

binding colocalizes with a-bungarotoxin’

binding in the layers of the optic projection
(stratum opticum and superficial gray and
white). We have used one of these monoclo-
nal antibodies (mAb 47) (2) to study the site
of synthesis of nAChR in the retinotectal
projection of the goldfish Carassius auratus.

We found that cholinergic receptors are
synthesized in the retina and transported to
the optic tectum by rapid axonal transport.
This result suggests that the ACh receptor is
probably presynaptic and that it performs a
modulatory function in retinotectal commu-

nication; the result may imply that the retin-

otectal transmitter is not, as has been sug-
gested, ACh (6-10). In addition, this de-
scription of the synthesis and transport of an
important modulatory molecule in the retin-
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otectal system may advance the molecular
characterization of retinotectal synaptogene-
sis. Finally, the metabolic labeling of neuro-
nal nAChR’s and detection by specific im-
munological precipitation described in this
report will, in conjunction with molecular
biological methods, allow the characteriza-
tion of neuronal nAChR’s and the definition
of their relationship to a-bungarotoxin
binding sites and neuromuscular AChR’s.
Proteins were labeled by injection of
[**S]methionine into either the eye (8 ul, 73
wCi) or the tectal ventricle (2 pl, 18 pnCi).
After survival times appropriate for incorpo-
ration of [**S]methionine into newly syn-
thesized protein, the retina and individual
optic tecta were removed and a detergent-
solubilized membrane fraction was prepared
in 50 mM 3-(N-morpholino)propanesul-
fonic acid (MOPS) and 1 mM EGTA, pH
7.4 (11). Aliquots of solubilized membranes
were incubated for 1 hour at room tempera-
ture with appropriate volumes of mAb 47.
The antibody-nAChR complex was precip-
itated with 35 pl of 10% cell suspension of
Staphylococcus anveus membranes (incubation
period of 1 hour with frequent mixing) by
centrifugation for 5 minutes in a Microfuge.

The pellet was washed three times and an
aliquot of the resuspended pellet was as-
sayed for radioactivity. The mAb 47 (and
fixed S. aureus membranes) were used to
specifically precipitate radioactivity incorpo-
rated into proteins with antigenic determi-
nants in common with the nAChR from the
E. electricus electroplaque. The precipitated
radioactivity was identified as nAChR by
two criteria (Fig. 1). (i) The precipitation
could be inhibited by inclusion of affinity
chromatography—purified nAChR from
Torpedo nobiliana, and (ii) the dilution of
antibody that precipitates half of the maxi-
mum amount of radioactivity is the same as
that which precipitates half of the maximum
amount of a-bungarotoxin binding activity
from the goldfish retina and tectum and
from Electrophorus electroplaque.

After radioactive methionine was injected
into one eye, radioactivity was found in
both tecta; however, the contralateral tec-
tum contained at least four times as much
radioactivity as the ipsilateral (Fig. 2). In
addition, the specific radioactivity of total

protein in the ipsilateral tectum was similar

to that of skeletal muscle, which suggests
that this represents the proportion of
[33S]methionine that leaked into the blood
stream. (The projection of the retina to the
optic tectum is totally contralateral in the
goldfish.) Therefore, the difference in radio-
activity between the contralateral and ipsi-
lateral tecta represented the amount of ra-
dioactivity specifically transported to the
tectum from the retina. Radioactivity was
incorporated into nAChR in the optic tec-
tum 6 hours after injection, and the radioac-
tivity incorporated peaked 12 hours after
injection (Fig. 2). This time course is com-
patible with fast axonal transport (12). Fur-
thermore, the incorporation of radioactivity
into the nAChR in the contralateral tectum
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. Fig. 1. (A) [**S]Methionine precipitated from Triton X-100 solubilized

retinal membranes by mAb 47. Fish were injected with [**S]methionine 10
/a to 12 hours before an eye was removed. Portions of solubilized membranes

. were incubated for 1 hour at room temperature. Inclusion of T. nobiliana

nAChR in the absence of mAb 47 did not affect the nonspecific radioactivity
precipitated. The histograms shown are the means and SEM’s of four to

. . eight experiments (three to six fish per experiment). **Significantly different
3 from other two conditions [z test with the probability corrected for multiple

comparisons with a Bonferroni adjustment (21) (P < 0.03)]. (B) Dose-
response relation of specific radioactivity precipitated versus volume of mAb
47 added under the following conditions: A, Electraphorus, o-['**I]bungaro-
toxin; @, goldfish retina, a-[

ZI]bungarotoxin; O, goldfish optic tectum, a-

['**I]bungarotoxin; [, goldfish retina, [**S]methionine; and @, goldfish
optic tectum, [**S]methionine. The precipitated radioactivity was normal-
ized to allow comparison between the different isotopes used.
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nAChR

(0.1 uM)

Incubated with

could be totally blocked by crushing the
optic nerve immediately before the injection
or by injecting vincristine (an inhibitor of
microtubule formation, 1 wM) or cyclohex-
amide (an inhibitor of protein synthesis, 20
pg/ml) into the eye on the day of the
injection. Injection of cyclohexamide (20
pg/ml) into the tectal ventricle completely
inhibited incorporation of [**S]methionine
into nAChR in the optic tectum (methio-
nine injected into the tectal ventricle) but
had little effect on its- incorporation into
nAChR synthesized in the retina (retinal
injection of methionine) and transported to
the optic tectum. These experiments indi-
cate that at least a portion of the nAChR
associated with the retinotectal projection is
synthesized in the retinal ganglion cells and
transported to the optic tectum.

Between 30 and 40% of the o-['*°I)bun-
garotoxin binding in the optic tectum of the
goldfish was lost in the week after the
contralateral eye was removed, with a time
course that corresponded to the loss of
retinal terminals in the tectum (6, 9). Injec-
tion of [**S]methionine into the tectum
resulted in the incorporation of radioactivity
into nAChR synthesized in the optic tec-
tum. Binding of a-['*I]bungarotoxin in
the optic tectum and incorporation of
[*°S]methionine into nAChR in the optic
tectum (methionine injection into the optic
tectum) 7 days after eye removal resulted in
the loss of 34 4% (n=4) of the a-
['*T]bungarotoxin binding, but a slight in-
crease of 11 = 5% (» = 4) in the amount of
[**S]methionine incorporated into nAChR
synthesized in the optic tectum. This result
suggests that the portion of the nAChR lost
after eye removal may not be synthesized in
the optic tectum, and it provides further
support for the hypothesis that a portion of
nAChR is synthesized in the retina and
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transported to the optic tectum. Antibody
precipitation was performed as described
above, and a-['*I]bungarotoxin binding (1
nM o-['*Ibungarotoxin) was measured
with an ammonium sulfate precipitation as-
say (11). Radioactivity in the contralateral
tectum was normalized to that in the ip-
silateral tectum (3005 count/min for a-
['*T)bungarotoxin and 1052 count/min for
[*°S]methionine).

The data support previous conclusions
(13) that the optic tectum of the goldfish
contains an nAChR similar to those from
the vertebrate neuromuscular junction and
the electric organ of electric fish. The lo-
calization of the nAChR—a-bungarotoxin
binding protein at the retinotectal projec-
tion has been suggested by the inhibition of
visually induced field potentials (7, &), loss
of a-bungarotoxin binding activity in the
layers of retinal projection in the optic tec-
tum after eye removal (6, 9), loss of antigen-
ic sites recognized by a polyclonal antibody
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preparation raised against Electrophorus
nAChR after eye removal (14), and localiza-
tion of these antigenic sites on optic nerve
fibers (14). Whereas previous studies have
provided evidence that a cholinergic recep-
tor is associated with the goldfish retinotec-
tal projection, the protein has not been
exactly localized to the presynaptic retinal
terminals or postsynaptic tectal dendrites.
For example, the loss of antigenic sites after
eye removal could be due cither to a direct
loss of presynaptic retinal terminals or to a
concomitant loss of the postsynaptic density
with the presynaptic terminal, as has been
observed electron microscopically (15). The
suggestion that nAChR’s are present in the
optic nerve was based on histochemical lo-
calizations to tissue that had been harshly
fixed; in addition, the antibodies used could
have contained contaminants (14). Our ex-
periments provide evidence that an nAChR
is synthesized in the retina and transported
to the tectum to participate presumably as a

Fig. 2. Time course of [**S]methionine incorpo-
ration into mAb 47 precipitable protein. Three
fish, anesthetized in ice water, were intraocularly
injected with 8 pl of [**S]methionine for each
point. The fish were killed after the appropriate
intervals and the retina, ipsilateral and contralater-
al tecta, and skeletal muscle were collected. Por-
tions of solubilized membranes (100 wl) were
incubated for 1 hour at room temperature with
cither 2 pl of saline (control) or 2 pl of mAb 47 in
duplicate. Antibody precispitation was performed
as described. Specific [**S]methionine incorpo-
ration for each tissue was calculated by subtrac-
tion of the no-mAb control. The points arc @,
retina; A, contralateral tectum; O, ipsilateral tec-
tum; and [, skeletal muscle.
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receptor on a presynaptic retinal terminal.
These findings suggest that the retinal neu-
rotransmitter may not be ACh, but rather
that ACh modulates synaptic transmission
in the visual system. This idea is supported
by recent suggestions that the choline O-
acetyltransferase present in the layers of reti-
nal projection of the goldfish tectum is not
lost after an eye is removed (16, 17). An
attractive alternative for the cholinergic in-
put to the optic tectum has been suggested
by Gruberg and collaborators (18, 19). They
have shown, in the turtle and the frog, that
the nucleus isthmi projects to the optic
tectum and that 90% of the choline O-
acetyltransferase activity is lost after a bilat-
eral lesion of the nuclei isthmi. One possibil-
ity is that fibers from the nucleus isthmi
form nicotinic cholinergic axoaxonal synap-
ses on retinal terminals and play a role in the
control of retinotectal transmission. As sug-

gested by Freeman (10) and Schmidt (20),
the modulation of this receptor, now local-
ized to the presynaptic terminal, may have
important implications for the plasticity of
synaptic connections in the goldfish visual
system.

REFERENCES AND NOTES

1. S.J. Tzartos and J. M. Lindstrom, Proc. Natl. Acad.
Sci. US A. 77, 755 (1980).

2. S J. Tzartos, D. E. Rand, B. L. Einarson, J. M.
Lindstrom, J. Biol. Chem. 256, 8635 (1981).

3. L. W. Swanson et al., Proc. Naztl. Acad. Sci. US.A.
80, 4532 (1983).

4. P. B. Sargent, S. H. Pike, L. Tsavaler, J. M.
Lindstrom, Soc. Neurosci. Abstr. 10, 935 (1984).

5. J. M. Henley et al., Brain Res. 364, 405 (1986).

6. R. E. Oswald, J. T. Schmudt, J. J. Norden, J. A.
Freeman, ibid. 187, 113 (1980).

7. J. T. Schmidt and J. A. Freeman, ibid., p. 129.

8. J. A. Freeman, J. T. Schmidt, R. E. Oswald, Neuro-
science 5, 929 (1980).

9. N. Schechter, A. Francis, D. G. Deutsch, M. S.
Gazzaniga, Brain Res. 166, 57 (1979).

10. J. A. Freeman, Nature (London) 269, 218 (1977).

11. R. E. Oswald and J. A. Freeman, J. Neurochem. 37,

1586 (1981).

12. 1. G. McQuarrie and B. Grafstein, Brain Res. 235,
213 (1982).

13. R. E. Oswald and J. A. Freeman, Neuroscience 6, 1
(1980).

14. M. Schwartz, D. Axelrod, E. L. Feldman, B. W.
Agranoff, Brain Res. 194, 171 (1980).

15. A.J. C. Ostberg and J. J. Norden, ibid. 168, 441
(1979).

16. N. Tumosa, W. K. Stell, F. Eckenstein, Soc. Neurosci.
Abstr. 10, 575 (1984).

17. C. D. Ross and D. A. Godfrey, ibid., p. 575.

18. A.J. Ricciuti and E. R. Gruberg, ibid., p. 574.

19. P. H. Desan, E. R. Gruberg, F. Eckenstein, #bid., p.
575.

20. J. T. Schmidt, J. Neurophysiol. 53, 237 (1985).

21. D. C. Thomas et al., Am. ]. Epidemiol. 122, 1080
(1985).

22. We thank J. Freeman, J. Norden, S. Tzartos, and H.
Erb for helpful discussions and suggestions; M.
Mynlieff for technical assistance in preliminary por-
tions of the project; and S. Hochschwender for
maintaining the hvbridomas and providing the puri-
fied monoclonal antibodies. Supported by grants
from the National Science Foundation (BNS 82-
14287) an the Sloan Foundation to R.E.O. J.M.L.
was supported by grants from the National Insti-
tutes of Health (NS11323), the Muscular Dystro-

hy Association, and the Alexander Onassis Charita-
le Foundation. )

15 October 1985; accepted 13 January 1986

Amino

guanidine Prevents Diabetes-Induced Arterial
Wall Protein Cross-Linking

M. BROWNLEE,* H. VLAssArRA, A. KOONEY, P. ULrICH, A. CERAMI

Age-associated increases in collagen cross-linking and accumulation of advanced
glycosylation products are both accelerated by diabetes, suggesting that glucose-
derived cross-link formation may contribute to the development of chronic diabetic
complications as well as certain physical changes of aging. Aminoguanidine, a
nucleophilic hydrazine compound, prevented both the formation of fluorescent
advanced nonenzymatic glycosylation products and the formation of glucose-derived
collagen cross-links in vitro. Aminoguanidine administration to rats was equally
effective in preventing diabetes-induced formation of fluorescent advanced nonenzy-
matic glycosylation products and cross-linking of arterial wall connective tissue protein
in vivo. The identification of aminoguanidine as an inhibitor of advanced nonenzymat-
ic glycosylation product formation now makes possible precise experimental definition
of the pathogenetic significance of this process and suggests a potential clinical role for
aminoguanidine in the future treatment of chronic diabetic complications.

ROSS-LINKING OF LONG-LIVED PRO-

teins such as collagen increases as

a function of age in both animals
and man. In diabetes, the rate at which this
age-associated increase in collagen cross-
linking occurs is greatly accelerated (1—4).
These observations have prompted a num-
ber of investigators to hypothesize that in-
creased cross-linking of collagen and other
extracellular matrix components may be re-
sponsible, in part, for the development of
some of the physical changes that occur with
normal aging and for some of the chronic
complications of diabetes. The mechanism
by which both diabetes and aging cause
increased collagen cross-linking has not
been elucidated, but recent work with mod-
el proteins suggests that advanced nonenzy-
matic glycosylation products could function
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as glucose-derived collagen cross-links (5—
10).

The sequence of nonenzymatic glycosyla-
tion product formation that leads to cross-
linking of proteins is shown in Fig. 1.
Initially, glucose reacts with protein amino
groups via nucleophilic addition to form a
chemically reversible Schiff base adduct,
which subsequently rearranges to the more
stable but still chemically reversible Amadori
product (11-13). Amadori products then
slowly undergo a series of further reactions
with amino groups on other proteins to
form glucose-derived, intermolecular cross-
links such as the recently characterized ad-
vanced glycosylation product, 2-(2-furoyl)-
4(5)-(2-furanvl)-1H-imidazole (9, 13). In
contrast to early glycosylation products,
which reach equilibrium levels after only 6

weeks, advanced glycosylation products
continue to accumulate on’long-lived pro-
teins such as collagen over long periods of
time (13). In collagen from diabetic individ-
uals, this age-associated accumulation of ad-
vanced glycosylation products is accelerated
by long-term exposure to elevated glucose
concentrations (14).

Reasoning that glucose-derived protein
cross-link formation would be prevented if
reactive carbonyls on early glycosylation
products could be pharmacologically
blocked, we investigated the effects of a
nucleophilic hydrazine compound, amino-
guanidine (15, 16), on this process (Fig. 1).
In this report we describe experiments dem-
onstrating that aminoguanidine inhibits ad-
vanced glycosylation product formation and
glucose-derived collagen cross-linking in vi-
tro. The results also show that aminoguani-
dine administered to rats inhibits diabetes-
induced accumulation of advanced glycosyl-
ation products and abnormal cross-linking
of arterial wall connective tissue protein.

The effect of aminoguanidine on ad-
vanced glycosylation product formation was
evaluated by measuring specific fluores-
cence, as previously described for collagen
(14). In each sample, incorporation of repu-
rified '“C-labeled glucose into acid-precipi-
table protein was also determined. Under
these conditions, the values obtained for
total glucose incorporation are essentially
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