
sociation with swarming in wasps, even 
though it resembles the orientation-re- 
cruitment seen in foraging behavior of 
some stingless bees (10). The swarm for- 
mation and emigration processes that oc- 
cur after nest loss may not be fundamen- 
tally different from those of colony found- 
ing, but the retention of the colony's ability 
to initiate the process at any time in its 

nesting cycle, regardless of the nature of 
the colony population, is probably also a 
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A number of investigators have sug- 
gested that although a foreign nerve can 

temporarily innervate an experimentally 
denervated target, these foreign synapses 
cease to function or are displaced when the 

original, appropriate nerve regenerates (1- 
3). These conclusions are largely infer- 
ential, since most of the experiments in- 
volve the demonstration of foreign in- 
nervation in one group of animals soon af- 
ter removal of the nerve and the demon- 
stration of less foreign innervation in 
another group of animals after the original 
nerve has regenerated. Behavioral observa- 
tions and electron microscopic exam- 
ination of seemingly functionless synapses 
led Mark and co-workers (3) to conclude 
that in fish extraocular muscles foreign 
synapses are rapidly shut off or "re- 

pressed" without ultrastructural alteration 
when the original nerve reinnervates the 
muscle. 

The phenomenon of repression has fur- 
ther been implicated in the reestablishment 
of coordinated movement following the re- 

generation of severed nerves to muscles 
that receive polyneuronal innervation (4) 
but not to those innervated by a single 
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nerve fiber (5). The appropriate moto- 
neurons may regain control of multiply in- 
nervated fibers through a process of com- 
petition for various synaptic sites followed 

by repression of inappropriate synapses. 
Such competition apparently cannot hap- 
pen on singly innervated fibers (6). A sim- 
ilar process may occur during embryonic 
development (6, 7). It has even been sug- 
gested that synaptic repression plays a role 
in learning and memory (8). 

If repression occurs during normal em- 

bryonic and postnatal development, during 
nerve regeneration, and during memory 
storage, then morphologically normal but 
functionless synapses should be common, 
and many neuroanatomical studies would 
need to be reevaluated. The phenomenon 
of repression is thus of great importance, 
yet it has never been properly tested physi- 
ologically. The following experiments were 

designed to test the physiological function 
of foreign synapses on extraocular muscle 
fibers in goldfish using the same prepara- 
tion that Mark used to demonstrate behav- 
ioral repression (3). 

The inferior (IOM) and superior (SOM) 
oblique extraocular muscles, innervated by 
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the oculomotor (NIII) and trochlear 
(NIV) nerves, respectively, mediate a re- 
flexive ocular counterrotation that tends to 
keep the eye horizontal when the body is 
tilted. This reflex can be employed to as- 
sess innervation behaviorally (2, 3). When 
a fish is tilted to a head-up position NIV 
fires, the SOM contracts, and the eye ro- 
tates downward. When a fish is tilted head- 
down NIII fires and the IOM contracts, 
rotating the eye upward. The separate 
sources of innervation allow selective stim- 
ulation of either an entirely appropriate or 
entirely foreign population of moto- 
neurons. In order to demonstrate repres- 
sion physiologically Marotte and Mark's 
behavioral experiments (2), which involve 
observations of behavioral manifestations 
of cross innervation, reinnervation, and re- 

pression, were repeated. In addition, ani- 
mals in which behavioral repression oc- 
curred were killed, and muscle tension 
in response to stimulation of the appropri- 
ate and foreign nerves was measured in vi- 
tro in order to determine whether foreign 
synapses were actually functionless. 

Goldfish, 7 to 10 cm long, were anesthe- 
tized with MS-222 (Eastman). The IOM 
was removed, NIII was tied to NIV near 
the SOM, and NIV was cut just as it en- 
tered the orbit. As a result, NIII had a 
shorter distance to grow to reach the SOM 
than did NIV, which enhanced initial for- 

eign innervation. Behavioral reflexes were 
tested about every 3 days. Thirty-four ani- 
mals were killed 3 to 14 weeks after 

surgery. The intracranial portions of NIII 
and NIV were exposed and stimulated 
with suction electrodes. In some animals 
contraction of the SOM was only observed 

visually, while in others isometric tetanic 
tension (expressed as kilograms per square 
centimeter) in response to indirect stimu- 
lation (500-msec train of 0.01- to 0.05- 
msec pulses, 200 to 300 per second) was 
measured with a Harvard Apparatus mod- 
el 363 force transducer. Animals that had 
not undergone surgery served as controls. 

The surgery described above does not 

completely abolish reflex eye rotation. The 
residual ocular rotation is presumably me- 
diated by the four remaining rectus extra- 
ocular muscles. The behavioral manifesta- 
tion of cross innervation of the SOM by 
NIII is therefore usually a lessening of the 
residual upward rotation when the fish is 

tipped head-down, for NIII fires and the 
SOM contracts, rotating the eye down. In 
some cross-innervated animals downward 

eye rotation actually predominates. Rein- 
nervation of the SOM by NIV is signaled 
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eye rotation actually predominates. Rein- 
nervation of the SOM by NIV is signaled 
by an increase in downward eye rotation in 
the head-up position. Behavioral repres- 
sion following reinnervation is marked by 
resumption of the residual upward eye ro- 
tation in the head-down position. 
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Persistence of Foreign Innervation on 

Reinnervated Goldfish Extraocular Muscles 

Abstract. Behavioral observations have suggested that the function offoreign synapses 
on goldfish extraocular muscles can be repressed after reinnervation by the original nerve 
without any ultrastructural alterations. The present experiments demonstrate that even 

after behavioral repression foreign synapses are physiologically functional and that the 

original and foreign nerves can simultaneously innervate goldfish extraocular muscles. 
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Fig. 1. Dually innervated superior oblique 
muscle. (A) Isometric tetanic tension in re- 
sponse to stimulation of NIII and NIV sepa- 
rately and simultaneously [N(III + IV)] (500- 
msec train of 0.01-msec pulses, 200 per second) 
was measured 48 days after surgery. Tension ex- 
cess is 63.4 percent, which indicates extensive 
dual innervation of single fibers. Traces have 
been retouched. (B) Junction potentials elicited 
from a single fiber by stimulation of foreign 
NIII and regenerated NIV were recorded 63 
days after surgery. Stimulation of NIV resulted 
in two junction potentials, a common occur- 
rence in these multiply innervated muscle fibers. 
All three junction potentials were recorded in- 
tracellularly at the same site without moving the 
microelectrode. Arrow indicates stimulus. 

In nine animals behavioral observations 
indicated that NIII had initially made 
functional connections with the SOM, but 
had been behaviorally repressed by regen- 
eration of NIV. However, in all those ani- 
mals (24 to 101 days after surgery) the 
SOM contracted in response to stimu- 
lation of both NIII and NIV, which dem- 
onstrates that synapses from NIII were 
still functional. Regeneration of the appro- 
priate nerve to a cross-innervated SOM 
does not immediately repress foreign in- 
nervation. Fourteen experimental animals 
in which behavioral repression was not ob- 
served also received functional innervation 
from both NIII and NIV. Clearly, both 
foreign and appropriate nerves can simul- 
taneously innervate the SOM. 

Since fish extraocular muscle fibers are 
innervated by more than one axon, any in- 
dividual fiber in a dually innervated experi- 
mental muscle may receive synaptic con- 
tact from both NIII and NIV. To test for 
dual innervation of single fibers, tetanic 
tension from the SOM was measured in re- 
sponse to stimulation of each nerve sepa- 
rately and both nerves together (Fig. 1A). 
An excess in the sum of tetanic tensions 
generated by stimulating NIII and NIV 
separately compared to the tension gener- 

ated by stimulating both nerves simulta- 
neously suggests the presence of dual in- 
nervation of single fibers. The tension ex- 
cess, expressed as a percentage of the max- 
imal tension generated by simultaneous 
stimulation of both nerves, ranged from 0 
to 63.4 percent, with an average of 
21.0 ? 16.7 percent (mean ? standard de- 
viation) in 14 animals with double in- 
nervation. This strongly suggests that both 
NIII and NIV can make functional synap- 
tic contacts on the same muscle fiber. In- 
tracellular recordings from four dually in- 
nervated muscles confirm this, for junction 
potentials could be recorded in single fi- 
bers in response to stimulation of both 
NIII and NIV (Fig. 1B). 

Tetanic tension measurements suggest 
not only that some synapses from NIII on 
the SOM remain functional after NIV re- 
generates, but also that NIV does not dis- 
place foreign synapses as it reinnervates 
the SOM. NIII innervates the SOM to 
about the same extent regardless of the 
presence or absence of NIV (see Fig. 2). In 
fact, NIII appears to impede reinnervation 
of the SOM by NIV. Stimulation of NIV 
in animals in which the SOM was rein- 
nervated only by NIV caused the same 
amount of tension as it did in control fish. 
However, in animals in which NIII also 
cross-innervated the SOM, stimulation of 
NIV caused less tension than it did in con- 
trol animals (Fig. 2). 

If physiological repression does not oc- 
cur, how then can behavioral repression be 
explained? In these experiments and in 
Mark's experiments the IOM was re- 
moved. If this muscle regenerates and is re- 
innervated by NIII, during head-down tilts 
it will oppose eye rotation caused by the 
cross-innervated SOM. This opposition 
could mask behavioral signs of cross in- 
nervation and make it appear as if sy- 
napses from NIII on the SOM are re- 
pressed. To avoid this problem animals 
were operated on again 14 to 28 days after 
the initial surgery. In most fish the IOM 
had regenerated and was again removed. 
This second surgery usually revealed that 
functional cross innervation was still 
present in behaviorally repressed animals 
and it occasionally unmasked behavioral 
signs of cross innervation that had not 
been previously apparent. In the final ex- 
periment any muscle or connective tissue 
located in the area normally occupied by 
the IOM was attached to the transducer as 
if it were muscle. In all of the behaviorally 
repressed fish some IOM fibers had regen- 
erated and could produce measurable ten- 
sion. Thus, contraction of the regenerated 
IOM fibers simultaneously with the cross- 
innervated SOM may be responsible for 
behavioral repression. Alternatively, the 
persistence of functional foreign synapses 

Cont Rein X-in Dual 
(n=9) (n=6) (n=3) (n=14) 

Fig. 2. Average isometric tetanic tension (I4 
standard error of the mean) generated by the su- 
perior oblique muscle in response to stimulation 
of NIV in control (Cont) and reinnervated 
(Rein) muscles, of NIII in cross-innervated 
muscles (X-in), and of NIII and NIV separately 
and then simultaneously in dually innervated 
muscles (Dual). 

in behaviorally repressed animals might be 
explained by reorganization of synapses in 
the central nervous system, a hypothesis 
that is currently being tested. 

It is clear that behavioral repression in 
the goldfish extraocular muscles can occur 
in the absence of any detectable physi- 
ological repression of foreign synapses. 
Likewise, other types of observed behav- 
iors did not always correlate with the phys- 
iology. The behavior adequately revealed 
the existence of functional synaptic con- 
nections in only 3 of the 23 animals whose 
SOM was innervated by both nerves and in 
10 of the 11 animals whose SOM was in- 
nervated by only one nerve. Behavioral ob- 
servations alone are not sufficient evidence 
for drawing conclusions about the restora- 
tion of function of neuromuscular con- 
nections, at least in this system. 

The behavioral repression described by 
Mark and co-workers (2, 3) is rapid, occur- 
ring within 2 days after NIV regener- 
ates. In the present experiments, however, 
real synaptic repression, as tested physi- 
ologically, was not observed to occur dur- 
ing the first 3 months after NIV regener- 
ated. Thus it is not surprising that all of the 
synapses examined by Mark and co-work- 
ers (3) appeared ultrastructurally normal, 
since they were probably all functional. It 
is possible that some type of repression 
may ultimately occur and that NIV may in 
time displace NIII, but if it does, the pro- 
cess must take many months. 

A similar type of persistent functional 
dual innervation has been described in frog 
fast muscle (9), and in mammalian (10-12) 
and avian (13) muscles. In mammals the 
regenerating original nerve does not dis- 
place the foreign nerve (12), and foreign in- 
nervation impedes reinnervation by the ap- 
propriate nerve (10). Fish extraocular mus- 
cles seem to be similar in their ability to 
accept and retain functional dual in- 
nervation. 
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The phenomenon of repression is an in- 
triguing one, but it does not appear to be 
involved in the restoration of normal be- 
havior in cross-innervated goldfish extra- 
ocular muscles. Repression may be impli- 
cated in other systems, but it must be phys- 
iologically demonstrated before it can be 
accepted. 

Note added in proof: Recent experi- 
ments testing the hypothesis that behav- 
ioral repression is the result of rearrange- 
ment of synapses in the central nervous 
system demonstrate that after behavioral 
repression NIII still fires in the head-down 
position, which indicates that no central 
reorganization occurs. 

SHERYL A. SCOTT 

Department of Biology, Yale University, 
New Haven, Connecticut 06520 
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Accommodation represents one of the 
initial responses of the visual system, the 
objective of which is to maintain a clearly 
focused image on the retina. The accuracy 
of this process determines how much infor- 
mation is extractable from visual stimu- 
lation and is therefore essential to virtually 
every visual task. Under most viewing con- 
ditions, the accommodation reflex results 
in a rapid and accurate adjustment of the 
refractive power of the lens. In view of this 
normally adaptive closed loop feedback 

system, the manifestation of sustained and 

inappropriate myopia under certain stimu- 
lus conditions represents an anomaly. 

With lowered illumination level, the re- 
fractive power of the eye typically increas- 
es for distant objects. This phenomenon, 
which was first reported by Lord Maske- 
lyne in the late 18th century and is referred 
to as twilight or night myopia, might be 
considered maladaptive since it degrades 
the quality of the retinal image (1). More- 
over, night myopia is only one of a series of 

potentially maladaptive manifestations of 
the refractive system which are here re- 
ferred to as the anomalous myopias. An- 
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known as space, sky, or empty field 
myopia, should be considered maladaptive 
since the focus of the eye corresponds to 
relatively close distances in spite of the fact 
that the objects of interest are ordinarily 
located at a distance (2). Similarly, near- 
sightedness is frequently observed when 
viewing through optical instruments, par- 
ticularly microscopes, and is known as in- 
strument myopia (3, 4). 

The theoretical treatment of these phe- 
nomena, in particular of night myopia, has 
been both extensive and varied (5). A criti- 
cal issue in any analysis of these anoma- 
lous myopias is the state of accom- 
modation under the conditions producing 
anomalous myopia. The classic assump- 
tion is that in the absence of visual stimu- 
lation or a stimulus for accommodation, 
the ciliary body relaxes and, assuming no 
refractive error, the eye is focused to corre- 
spond to optical infinity (6). This has been 
the prevailing interpretation in the litera- 
ture and is implicit in ophthalmological 
and optometric clinical practice and the 
design of optical instruments such as mi- 
croscopes, dissecting microscopes, and 
stereoscopes. However, an alternative 
point of view, which has appeared sporad- 
ically in the literature, is that the focus in 
the absence of stimulation is not to infinity 
but rather to some intermediate distance. 
This neutral focus has been estimated to be 
of the order of 1 diopter of accom- 
modation, corresponding to a distance of 
1 m. According to some investigators (7, 
8), no accommodative effort is involved at 
this neutral focus, which has been referred 
to as the Akkommodationsruhelage, or 
resting state of accommodation. With ade- 
quate stimulation, the refractive power is 
then actively increased or decreased to cor- 
respond to the distance of the stimulus. 

The intermediate focus hypothesis is 
particularly heuristic in relation to the 
anomalous myopias. In the classical con- 
text of the "resting" focus at infinity, any 
increase in refractive power is considered 
to be an active process. However, it is diffi- 
cult to explain inappropriate accom- 
modation in a system that is normally 
highly adaptive. On the other hand, if the 
resting focus is assumed to be at some in- 
termediate value, the anomalous myopias 
may be simply considered as passive return 
of the lens to this neutral or equilibrium 
state. 

A major methodological difficulty in the 
literature dealing with these problems has 
been the previous unavailability of a con- 
venient technique for measuring accom- 
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been the previous unavailability of a con- 
venient technique for measuring accom- 
modation which did not, in itself, influence 
the results. Although there are several pre- 
cise clinical and experimental methods to 
assess accommodation, many do not per- 
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Anomalous Myopias and the Intermediate Dark Focus 

of Accommodation 

Abstract. The dark focus of accommodation for an individual observer correlates high- 
ly with the magnitude of night, empty field, and instrument myopia. These anomalous 
myopias are interpreted as resulting from the passive return of accommodation to an in- 

dividually determined intermediate dark focus when the stimulus for accommodation is 
degraded or absent, or when the need for accommodation is eliminated. 
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