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Efferent Fibers to Limulus Eyes Synthesize and 
Release Octopamine 

Abstract. Octopamine synthesized in vitro from tyramlne by Limulus lateral and 
ventral eyes was located by light microscopic and electron microscopic autoradiog- 
raphy in efferent jbers which innervate ventral photoreceptors and lateral eye 
ornrnatidia. Newly synthesized octopamine was released from efferent jbers in 
response to depolarization in high concentrations of potassium. We propose that 
octopamine is a neurotransmitter of efferentjbers that may modulate basic retinal 
processes such as photoreceptor sensitivity, photomechanical movements, and 
photoreceptive membrane turnover. 

Efferent innervation to retinas seems tem, a preparation that has been central 
to be a feature common to the visual to our understanding of basic mecha- 
systems of many species (I) including nisms of vision (3),  efferent fibers project 
that of the horseshoe crab Limulus poly- from a circadian clock in the brain (4) 
phemus (2). In the Limulus visual sys- and innervate all three types of eyes: 

Fig. 1. Stereograph of a three- 
dimensional reconstruction of 
octopamine-synthesizing ef- 
ferent fibers of the Limulus 
ventral eye. Regions of intense 
label seen in individual sec- 
tions are part of a branched 
efferent innervation of photo- 
receptor cell bodies. Ventral 
eyes were incubated overnight 
in 6 x ~o-'M [3H]tyramine 
(New England Nuclear; 9.14 
Cilmmole), and then fixed 
( lo) ,  dehydrated, and ernbed- 
ded in Araldite 502. Thick sec- 
tions (1 prn) mounted on glass 
slides were dipped in Kodak 
NTB-2 Nuclear Trak Emul- 
slon, exposed for 7 to 14 days 
at 4"C, and developed wlth 

\ Dektol. Sections were stamed 
\ with toluidine blue. Serlal hght 

\ \  autoradiographs were digi- 
, / tlzed and displayed by com- 

puter. Dotted lines show out- 
lines of two photoreceptor cell 
bodies. 
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lateral, median, and ventral (2). The 
functions of retinal derents and the 
identity of their neurotransmitters are 
unknown in most species. In Limulus, 
however, complex effects of efferent in- 
put to lateral eyes have been character- 
ized. These include the control or modu- 
lation of photoreceptor sensitivity and 
noise (3, photomechanical movements 
of photoreceptors and pigment cells (6), 
and photoreceptive membrane turnover 

Fig. 2. (a) Electron microscopic autoradiogra- 
phy of a labeled efferent fiber containing 
dense granules (single arrow) inside a ventral 
photoreceptor cell body. The efferent is only 
partially surrounded by an unlabeled glial 
sheath (G) and there is direct contact (double 
arrow) between efferent and rhabdom (RH). 
Silver-gold thin sections were carbon-coated, 
dipped in Ilford L-4 fine grain emulsion, ex- 
posed for 4 weeks at 4OC, and developed in 
Agfa-Gevaert physical developer (16). Scale 
bar, 0.5 pm. (b) Electron microscopic autora- 
diography of two labeled efferent fibers in the 
lateral eye surrounded by an unlabeled glial 
sheath (G). Pleomorphic dense granules are 
seen in both fibers (arrows). R, retiriular cell. 
Direct contact between ederents and rhab- 
doms have not yet been encountered; howev- 
er, labeled efferent fibers were observed 1 to 3 
pm from the ends of the rays of rhabdoms and 
in partitions between retinular cells. Lateral 
eyes were incubated with 1.3 x 10-6M 
[3H]tyramine. Scale bar, 0.5 wm. 

(7). Previous studies from this laboratory 
(8) showed that significant levels of the 
bikenic amine octopamine are present 
in Limulus eyes where it is also synthe- 
sized from tyrosine and tyramine. Here 
we report results of light microscopic 
and electron microscopic autoradiogra- 
phy which show that octopamine is syn- 
thesized and stored within efferent fibers 
of both ventral and lateral eyes. We also 
demonstrate that newly synthesized oc- 
topamine is released from these fibers in 
response to depolarization in high con- 
centrations of potassium. We suggest 
that octopamine is an efferent fiber neu- 
rotransmitter in the Limulus visual sys- 
tem where it may rhodulate many pri- 
mary mechanisms in vision. 

Octopamine was the major radioactive 
product found in Limulus ventral eyes 
that were incubated overnight with 6 x 
1 0 - ' ~  [3Hltyramine (9). Little or no 
[3H]tyramine precursor remained in the 
preparations. Between 50 and 60 percent 
of the radioactivity in fractions rich in 
photoreceptor cell bodies was incorpo- 
rated into octopamine and at least 20 
percent incorporated into octopamine 
metabolites (8). Thus, approximately 70 
to 80 percent of the total radioactivity 
closely associated with ventral photo- 
receptor cell bodies was in newly syn- 
thesized octopamine and octopamine 
metabolites. To locate newly synthe- 
sized octopamine, we incubated the tis- 
sues in [3H]tyramine, fixed them in glu- 
taraldehyde (lo), and processed them for 
light micrographic and electron micro- 
graphic autoradiography. 

In light micrographic autoradiographs 
of ventral eyes, punctate areas showing 
intense labeling were concentrated near 
the periphery of photoreceptor cell bod- 
ies and over their interior in the region of 
photosensitive rhabdoms. Occasional 
strings of heavy label were also scattered 
between large, diffusely labeled photo- 
receptor cell axons. A three-dimensional 
reconstruction of 16 serial (I-pm sec- 
tions) autoradiographs (Fig. 1) suggested 
that regions of intense label were associ- 
ated with fibers that penetrate photo- 
receptor cell bodies then branch exten- 
sively. Electron micrographic autoradio- 
graphic analysis of ventral eye prepa- 
rations from four different animals 
corlfirmed that silver grains were clus- 
tered exclusively over fibers containing 
large, dense granules that are character- 
istic of efferent fibers (2) (Fig. 2a). Great- 
er than 95 percent of the efferent profiles 
observed were intensely labeled, where- 
as the glia that surround efferents and 
photoreceptor cell cytoplasm were unla- 
beled. 

A detailed electron micrographic ex- 

amination of the distribution of octopa- 
mine-containing efferent fibers withitl 
ventral photoreceptor cell bodies re- 
vealed a striking association between 
efferents and rhabdoms. Of the 59 la- 
beled efferent profiles observed, all wen5 
located near rhabdoms (11) and approxi- 
mately onk-third were in direct apposi- 
tion to rhabdoms at interruptions in the 
glial sheath (Fig. 23, double arrow). Ef- 
ferent fibers do not make classical syn- 
apses (2). Rather, they appear to be 
neurosecretory with the photosensitive 
membrane as an apparent target. 

The distribution of radioactivity in the 
Limulus lateral eye after incubation with 
[3H]tyramine was also examined by elec- 
tron microscopic autoradiography (Fig. 
2b). Although the mixture of radioactive 
substances found in lateral eyes was 
more complex than in ventral eyes (30 to 
40 percent of the total radioactivity was 
incorporated id octopamine, 50 to 60 
percent in a mixture of tyramitle and 
octopamine metabolites, and 5 to 10 per- 

Fraction number 

Fig. 3. Potassium-stimulated release of newly 
synthesized octopamine from fractions of 
ventral eyes rich in photorecepter cell bodies. 
The preparations were incubated overnight in 
the dark at 12OC in saline containing 
6 x Io-'M ['Hltyramine. All subsequent pro- 
cedures were done in the light and at rodm 
temperature. The preparation was rinsed with 
large volumes of nonnal saline until the rate of 
emux of radioactivity stabilized. Then the 
preparation was incubated with 200 p1 of 
saline and the entire volume was collected 
and replaced at 5-minute intervals. The total 
radioactivity released during each 5-minute 
incubation period is plotted (dislmin). In some 
release experimehts, 150-pl portions of frac- 
tions collected before, during, and after depo- 
larimtion were desalted with 20 volumes 0.25 
percent formic acid in acetone so that the 
radioactive substances released could be 
identified by high-voltage electrophoresis. 
(Open bars) Saline containing 16 mM KCI; 
(hatched bars) saline containing 200 W KCI. 
Sdine contaihing 0 mM Ca2+ plus 2 mM 
CoC12 was added as indicated by the bar. The 
NaCl and MgC12 concentrations were also 
changed to exactly compensate osmotically 
for the changes in KC1 and CaCI2. 
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cent remained in tyramine), areas show- 
ing intense labeling were similarly local- 
ized within dense granule-containing ef- 
ferent fibers. Sections parallel to the 
cornea were surveyed for efferent pro- 
files within ommatidia near rhabdoms. 
All efferent profiles in this region were 
labeled. We conclude that efferent fibers 
in both ventral and lateral eyes synthe- 
size and store octopamine. 

The ability of efferent fibers to release 
newly synthesized octopamine was test- 
ed in experiments such as  that illustrated 
in Fig. 3. Ventral eyes were incubated 
overnight in [ 3 ~ ] t y r a m i n e ,  rinsed with 
normal saline, and then depolarized with 
200 m M  KC1 in the presence of saline 
containing either normal Ca2+ or zero 
Ca2+ plus 2 mM CoCl2. Depolarization 
dramatically increased the rate of efflux 
of radioactivity from ventral eyes, and 
approximately 60 percent of this radioac- 
tivity was identified by high-voltage elec- 
trophoresis as  octopamine. N o  octopa- 
mine was found in the rinses with normal 
saline. Octopamine release was revers- 
ibly blocked in saline containing zero 
Ca2+ plus CoCl2; thus release is depen- 
dent on extracellular calcium. Potassium 
depolafization also stimulated octopa- 
mine release in the lateral eye. 

Many observations now support the 
idea that octopamine, a known neuro- 
transmitter of invertebrates (12), is a 
neurotransmitter in Limulus retinal effer- 
ents. We have shown that Limulus eyes 
contain and synthesize octopamine, that 
new synthesized octopamine is located 
exclusively in efferent fibers in both ven- 
tral and lateral eyes, and that octopa- 
mine is released from efferent fibers with 
depolarization. Octopamine-stimulated 
increases in adenosine 3',5'-monophos- 
phate have been measured in both ven- 
tral photoreceptor cells (13) and in lateral 
eyes (14), suggesting that octopamine 
receptors are present in both types of 
eyes. Low concentrations of octopamine 
injected into lateral eyes also mimic elec- 
trophysiological and anatomical effects 
of natural efferent activity (15). 

Functions of efferent innervation to 
Limulus ventral eyes are not known. 
However, the frequent direct contacts 
between octopamine-containing efferent 
fibers and ventral photoreceptor rhab- 
doms suggest that octopamine may be 
involved in regulating sensitivity, rhab- 
dom turnover, o r  other metabolic func- 
tions of the photoreceptor cell. The iden- 
tification of octopamine as  a likely neu- 
rotransmitter in efferents to lateral eyes 
opens up new possibilities for investiga- 
tions of the mechanisms of known effer- 
ent effects. A thorough understanding of 
the effects of octopamine and efferent 

innervation in the Limulus visual sys- 
tem, a preparation that is already well 
characterized, may provide a basis for 
investigating efferent function in other 
species and give new information on 
basic sensory mechanisms. 

B .-A. BATTELLE 
J. A. EVANS 

Laboratory of Vision Research, 
National Eye Institute, 
Bethesda, Maryland 20205 

S .  C .  CHAMBERLAIN 

Institute for Sensory Research, 
Syracuse University, 
Syracuse, New York 13210 

References and Notes 

1. For example, Aplysia [A. Eskin, Z .  Vgl. Phys- 
iol. 74, 353 (1971)l; birds [W. H. Cowan and T. 
P. S. Powell, Proc. R .  Soc. London Ser. B 158, 
232 (1963); F. A. Miles, Science 170,992 (1970)l; 
lizard [G. A. Engbretson and C. H. Lent, Proc. 
Narl. Acad. Sci. U.S .A.  73, 654 (1976)l; and rat 
[S. K. Itaya, Brain Res. 195, 436 (1980); P. S. 
Teirstein, A. I. Goldman, P. J. O'Brien, Invest. 
O~hthalmol. 19. 1268 (1980)l. 

2. A.. W .  Clark, R: ~ i l l e c c h i a ; ' ~ .  Mauro, J .  Gen. 
Physiol. 54, 289 (1969); W.  H. Farenbach, Z. 
Zellforsch. 144, 153 (1973); Int. Rev. Cytoi. 41, 
285 (1975); Cell Tissue Res. 216, 655 (1981). 

3. H.  K.  Hartline and C. H. Graham. .I. C d .  ~ ~- ~~~ 

Comp. Physiol. 1,  277 (1932); H .  K: Hartline 
and F. Ratliff, J .  Gen. Physiol. 40,357 (1957); R.  
Milleachia and A. Mauro. ibid. 54. 310 and 331 
(1969); J. E .  Lisman and J. E .  Brown, ibid. 59, 
701 (1972). 

4. R. B.  glow, Jr , S. J. Bolanowsk~, Jr , M. L.  
Brachman, Sc~ence 197, 86 (1977). 

5. E.  Kaplan and R. B. Barlow, Jr. ,  Nature i ~ o n -  
don) 286. 393 (1980). 

6. R. B .  ~arlow: ~ r . :  S. C.  Chamberlain. J .  2. 
~~ ~~~ 

Levinson, ~ c i e n c e  210, 1037 (1980). 
' ~ 

7. S. C. Chamberlain and R. B. Barlow, Jr., ibid. 
206, 361 (1979); Invest. Oohthalmol. Vis. Sci. 20 
(Suppl.), 75 (1981). . 

8. B.-A. Battelle, VisionRes. 20,911 (1980);-, 
E .  A. Kravltz, H. Stieve, Experlentla 35, 778 
(1979). 
i'he radioactive products formed during incuba- 
tion with [3H]tyramine were analyzed by high- 
voltage paper electrophoresis (8). 
P. D. Evans, B. R. Talamo, E.  A. Kravitz, Brain 
Res. 90, 340 (1975); M. S. Livingstone, S .  F. 
Schaeffer, E.  A. Kravitz, J. Neurobiol. 12, 27 
(1981). 
Ventral photoreceptors have two segments [J. 
Bacigalupo, J .  Stern, J .  Lisman, Invest. Oph- 
thalmol. Vis. Sci. 20 (Suppl.), 181 (1981)l only 
one of which contains rhabdom (B. Calman and 
S. C. Chamberlain, unpublished data). 
M. S. Livingstone, R. M. Harris-Warrick, E .  A. 
Kravitz, Science 208, 76 (1980); M. O'Shea and 
P. D. Evans, J .  Exp. Biol. 79, 169 (1979); J. A. 
Nathanson, Science 203, 65 (1979); B.-A. Bat- 
telle and E. A. Kravitz, J .  Pharmncol. Exp. 
Ther. 205, 438 (1978). 
U. B. Kaupp, C. C.  Malbon, B.-A. Battelle, J .  
E. Brown, Vision Res., in press. 
B.-A. Battelle, unpublished data. 
L. Kass and R. B. Barlow, Jr., Biol. Bull. 
(Woods Hole, Mass.) 159, 487 (1980); ibid. 161, 
348 (1981). 
B. M. Kopriwa, Histochemistry 44, 201 
11075) \.,'",. 

17. B.-A.B. and J.A.E. thank J .  V. Maize1 and R. P. 
Lenk of the National Institute of Child Health 
and Human Development for the generous use 
of their electron micrographic facilities. Com- 
puter-assisted reconstructions were made at the 
Department of Anatomy, State University of 
New York, Upstate Medical Center. This work 
was supported in part by a postdoctoral fellow- 
ship to J.A.E. and research grants, both from 
the National Eye Institute. 

3 February 1982 

Naloxone Reverses Neonatal Depression 
Caused by Fetal Asohyxia 

Abstract. Pregnant near-term rabbits were given an intravenous dose of saline or 
the opiate antagonist naloxone and then asphyxiated. The fetuses were delivered by 
cesarean section and evaluated for respiration, color, muscle tone, response to 
stimulation, and general activity at 1, 3, 5 ,  10, 15, and 30 minutes of age. The 
naloxoae-treatedpups had signijicantly better scores during the$rst 15 minutes after 
birth than the saline-treated pups. Naloxone did not adversely affect the scores of 
nonasphyxiated pups. These data suggest that endogenous opiates worsen the 
neonatal depression caused by intrauterine asphyxia and that this effect can be 
reversed by naloxone. 

Endogenous opiates appear to play a 
role in the ventilatory response of neo- 
nates to asphyxia o r  hypoxia (1-3). In 
the neonatal rabbit the primary apnea 
induced by asphyxia is nearly abolished 
by naloxone, an opiate antagonist (1). 
The characteristic neonatal response to  
hypoxia-respiratory stimulation fol- 
lowed by respiratory depression-is also 
abolished by naloxone (3). However, 
naloxone does not affect the ventilatory 
response to hypercapnia o r  hypoxemia 
in the adult rabbit or human (3, 4). Thus, 
endogenous opiates appear to influence 
the ventilatory response to chemical 
stimuli only early in life. 

Many of the characteristics of the neo- 
nate that has suffered intrauterine as- 
phyxia mimic the effects of exogenously 
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administered opiates: ventilatory depres- 
sion, hypotonia or flaccidity, and de- 
pressed reflex responses and spontane- 
ous activity (5). We therefore postulated 
that endogenous opiates might be impli- 
cated in the neonatal depression seen 
following intrauterine asphyxia. 

On day 30 of pregnancy (full term is 3 1 
days), rabbits were injected intravenous- 
ly with naloxone (1 mgikg) or saline (2.5 
ml). Five minutes later, each doe was 
placed in a 2-liter chamber into which 
flowed nitrogen with 7 percent C 0 2  at 
the rate of 20 liters per minute, rapidly 
replacing the air. Within 3 or 4 minutes 
the animal died. Eight minutes after be- 
ing placed in the chamber, the doe was 
removed from the chamber and her uter- 
us was exposed by laparotomy. At 10 
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