
ducing phase shifts and behavioral
changes during stimulation.
The large stimulation field presumably

generated by the electrodes used in the
hamster study do not permit localization
of the effects of stimulation to the SCN.
However, the similar effects produced
by stimulation within the SCN of rats
strengthens the conclusion that changes
in neural activity within the SCN medi-
ate the observed effects of stimulation in
both species.
These findings are consistent with the

hypothesis that neural activity in the
SCN regulates phase and period of ro-
dent circadian rhythms. There is, how-
ever, substantial evidence for the exis-
tence of circadian oscillators outside the
SCN (15). Therefore, the SCN may func-
tion as a pacemaker by generating a
circadian rhythm of neural activity that
is entrained by photic input and which
regulates the activity of other oscillators
in the circadian system.
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assessed by the line spread function for
well-focused images, is not responsible
for its poor resolution (3). However, if
infants are unable to accommodate prop-
erly to bring targets into sharp focus at
the retina, the poor resolution might be
due to optical defocus. We have mea-

sured accommodative defocus and our

results demonstrate that infants over 4
weeks of age accommodate similarly to
adults. Therefore, the improvements in
spatial resolution after 4 weeks of age
cannot be accounted for on the basis of
improvements in accommodative accu-

3 , Fig. 1. Accommodation in infant monkeys.
,' 6 Months The abscissa shows the fixation target plane

i 2 ,,' specified in diopters (1/target distance in me-
ters). The ordinate is the fixation plane of the

. / 3 Weeks monkey, also specified in diopters. Zero on
.s ,' /the ordinate indicates that the animal is fixat-

*6 0 , 2 Weeks ed at optical infinity. Positive values indicate

0 0 that fixation is closer than optical infinity;
E negative values indicate fixation beyond opti-

cal infinity. The dotted line indicates the per-
formance we would expect from an animal
with perfect accommodation. Data points fall-

0 2 4 6 ing above this line indicate that the animal is
<IFar Near l> fixating in front of the target, wherea's data

Target distance (diopters) points below this line indicate'fixation beyond
the target. Data are shown for three separate animals aged 6 months (stars), 3 weeks (squares),
and 2 weeks'(circles). Solid lines through the symbols are least-squares linear regression lines.

0036-8075/82/0312-1409$01.00/0 Copyright 1982 AAAS

Accommodative Defocus Does Not Limit Development of
Acuity in Infant Macaca nemestrina Monkeys

Abstract. In an experiment with ten maca,que monkeys (Macaca nemestrina), a
combination ofphotorefraction and corneal reflex photography was used to measure
simultaneously the plane offocus and direction of gaze while they were presented
with fixation targets. The monkeys ranged in age from 2 days to 10 weeks. Some of
the infants that were less than I month old failed to change accommodation to
targets at any distance, whereas others showed limited accommodative abilities. The
magnitude ofthe accommodative response ofinfants older than 4 weeks appeared to
be adultlike. Infant monkey's visual' acuity improves dramatically after 4 weeks.
These results, which show that the improvement in spatial resolution cannot be
accountedfor by increased accommodative accuracy, parallel those obtainedfrom
human irnfants where accommodative competence is attained by about 4 months of
age.
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Fig. 2. Summary of the accommodative functions from all the infants. For clarit)
have been omitted and only the regression lines are shown. (A) Five infants le
old. (B) Results for five infants more than 4 weeks old.

racy (4). Thereafter the development of
spatial resolution must reflect improve-
ments in neural processing rather than in
the optics of the eye.
We used photographic methods to as-

sess accommodative abilities in awake
infant monkeys while they fixated visual
targets. We chose these methods be-
cause the standard techniques of mea-

suring refractive error in a cycloplegic
eye do not answer the question of wheth-
er the infants are capable of changing
focus appropriately for visual targets at
various distances. Dynamic retinoscopy
is also not an adequate technique be-
cause infant monkeys switch their gaze
and accommodation- very rapidly from
position to position when viewing visual
targets, and generally do not hold fixa-
tion long enough to obtain an accurate
retinoscopic reading.
We used two 35-mm-cameras with 55-

mm f/2 lenses to obtain simultaneous
measurements of refractive error and
direction of gaze. The cameras were
mounted on a single tripod with their
lens centers separated by 7 cm. One
camera was used with a'photorefractor
attachment to photograph the fundal re-
flection (5); the second camera was used
to photograph the comeal reflex of the
flash. The cameras were placed 1 m from
the subject.
The monkey was held on the lap of a

holder and faced the camera. The pho-
tographer or a third person attempted to
get the animal to fixate the accommoda-
tive target using the face of the photogra-
pher, pieces of apple or other fruit, or a
small rubber squeaking toy. Both cam-

eras were triggered simultaneously when
the photogra,pher judged that the mon-

key was fixating the target.
From the corneal reflex photographs

we determined the angle of gaze relative
to the camera. We only scored refractive
error on trials in which the animal was

1410

5 to 10 Weeks

6

Near >

y the data points
ss than 4 weeks

fixating within 5 degrees of the cameras

(6, 7).
For trials in which the monkey was

fixating on-axis, we determined the
plane of focus by projecting the photore-
fractive pictures, measuring the lengths
of the star arms, and converting the
lengths to diopters of defocus (6). Net
spherical defocus was computed from
measurements of orthogonal meridia.
We obtained sign of the defocus (myopic
or hyperopic) by examining the color' of
the fringes of the photorefractive pic-
tures (8).
To summarize our data for each mon-

key we plotted accommodative state as a

function of target distance (Fig. 1). If an
animal is accommodating at the same

plane as the visual target, we expect the
accommodative function to have a slope
of 1.0 and to fall along the dashed line
shown in Fig. 1. Representative data are

shown in this figure for two infants and a

6-month-old animal. The straight lines
drawn through the data points were de-
rived by least-squares linear regression
(7). The accommodative function for the
6-month-old monkey has a slope of ap-
proximately 1.0, which indicates that
this animal was accommodating appro-

priately to the various target distances.
The fact that this older monkey's regres-
sion line falls somewhat below, but par-
allel to, the theoretical prediction for
perfect accommodation (the dashed line)
may be accounted for by either the small
eye artifact (9) or a large depth of focus
(10).
The data for the two infants shown in

Fig. 1 are representative of the results
we obtained from infants less than 4
weeks of age. Some infants failed to
change accommodation for any visual
targets, thus producing accommodative
functions with slopes near zero. Other
infants had functions with positive
slopes, but their regression lines were

shifted several diopters further away
from the theoretical prediction (dashed
line) than the accommodative functions
for older animals. The data in Fig. 2
indicate that none of the younger infants
accommodated accurately whereas all of
the older group consistently showed ap-
propriate accommodation.
From these results we conclude that

accommodative accuracy does not im-
prove appreciably between the ages of
I and 6 months. During this same age
range, spatial resolution as measured be-
haviorally improves by nearly three oc-
taves (1, 2). Therefore the improvements
in spatial resolution cannot be due to
improved accommodative accuracy.
On the basis of comparisons between

human and monkey infants on behavior-
al measurements of acuity and contrast
sensitivity development, it has been sug-
gested that visual development in the
two species follows a similar time
course, with 1 week of monkey develop-
ment corresponding to 1 month ofhuman
development (2). The present results are
consistent with this general notion of a
weeks-to-months relation between hu-
man and monkey visual development.
Previous work has shown that accurate
accommodative responses develop at ap-
proximately 4 months of age in humans
(11) compared to 4 weeks in the monkeys
as found in in the present study.
Now that optics have been ruled out as

a major factor, it should be possible to
determine in this monkey the locus of the
specific neural mechanisms responsible
for the development of spatial resolution
(12).
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Long-term potentiation (LTP), a use-

dependent form of enhanced synaptic
efficacy, can last for hours, days, or even

weeks (1, 2). It can be induced by tetanic
activation of the synapses for only a few
seconds. Partly for these reasons, LTP
has been considered by many to provide
a possible neuronal substrate for certain
aspects of learning and memory (1, 3, 4).
The only published reports of LTP have
been in studies of the hippocampus, a
brain region long implicated in learning
and memory functions (4, 5). It is there-
fore natural to ask whether LTP is an

exclusive property of hippocampal syn-
apses or a more general feature of neuro-
nal function. We have investigated the
superior cervical sympathetic ganglion, a

peripheral nervous system structure not
traditionally associated with learning and
memory (6-8). We have found LTP in
the sympathetic ganglion and describe it
by a first-order kinetic process.
The ganglion was removed (from de-

capitatdd Sprague-Dawley rats), decap-
sulated, and maintained at room tem-
perature in oxygenated Locke solution
(9). Supramaximal stimuli were applied
to the preganglionic (cervical sympathet-
ic) nerve via a suction electrode coupled
to an isolated stimulator (Fig. lA) (10).
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Records of compound action and synap-
tic potentials were recorded by a suction
electrode applied to the internal carotid
(postganglionic) pole of the ganglion, the
signal from which was differentially am-
plified (2 Hz to 10 kHz) and displayed for
photography on a storage oscilloscope.
In some experiments, the responses
were digitized and stored by computer
for later analysis. Sometimes a loop of
the preganglionic nerve was sucked into
a second recording electrode, and the
response from this electrode was similar-
ly amplified and displayed on a second
trace of the oscilloscope (Fig. IA). Thus,
preganglionic stimulation set up a volley
of action potentials conducted past one
recording electrode into the body of the
ganglion to excite synaptically postgan-
glionic neurons whose response was re-

corded with a second suction electrode.
Normally, supramaximal stimulation of
the preganglionic nerve was sufficient to
initiate action potentials in nearly all of
the postganglionic neurons. In order to
spare postganglionic neurons for recruit-
ment during an increase in synaptic effi-
cacy, we reduced synaptic excitation ei-
ther by adding curare (100 to 150 FM) or

by suitable changes in the Ca2' and
Mg2+ concentrations (11) in the bathing

medium. In most of the experiments
reported here, atropine (2 WAM) was add-
ed to the Locke solution to block musca-
rinic responses (7, 12). The amplitudes of
postganglionic responses to single pre-
ganglionic stimuli were measured at 1-
minute intervals for 5 to 60 minutes
before and 1 to 3 hours after tetanic
preganglionic stimulation (20 Hz for 10
to 20 seconds).
During the tetanic preganglionic stim-

ulation, the amplitude of the postgangli-
onic response rapidly decreased because
of synaptic depression. However, a sin-
gle preganglionic stimulus delivered 1
minute after the tetanus produced a post-
ganglionic response that was more than
twice as large as control responses mea-
sured before. the tetanus. Subseq'uently,
the postganglionic response progressive-
ly decreased in amplitude, but it re-
mained elevated above control (prete-
tanic) levels for more than an hour after
the tetanus (Fig. IB, inset). This was a
highly reproducible observation in the
more than 20 ganglia studied.
To evaluate the decay kinetics of the

enhanced synaptic transmission, we
transformed the voltage-amplitude data
into a dimensionless incremental re-
sponse 1(t) that normalized the postte-
tanic response amplitude to a fractional
increase over the pretetanic control re-
sponse amplitude

I(t)= [V(t)- VC]/Vc (1)

where Vc is the mean control value and
V(t) is the posttetanic value as a-function
of time t (8, 13). A semilogarithmic plot
of the time course of 1(t) showed that
there was always an early rapid decay
phase followed by a much more slowly
decaying phase (Fig. IB). The simplest
expression that we found to describe
accurately the overall posttetanic time
course of the enhanced response consist-
ed of the sum of two exponential terms

1(t) = Pexp(-t/Tp) + Lexp(-t/TL) (2)

where P is the early, rapidly decaying
component and L is the slowly decaying,
long-term component. The magnitudes
(P and L) and time constants (Tp and TL)
of these components were determined by
standard exponential fitting and peeling
(14). That we could accurately describe
the entire posttetanic time course in
terms of Eq. 2 (Fig. 1B) suggests the
possibility of two first-order kinetic pro-
cesses. For convenience, and by analogy
to similar phenomena observed by other
investigators, we refer to the more rapid-
ly decaying component as posttetanic
potentiation (PTIP) and the slowly decay-
ing component as LTP (15).

0036-8075/82/0312-1411$01.00/0 Copyright 1982 AAAS

Long-Term Synaptic Potentiation in the
Superior Cervical Ganglion

Abstract. Brief tetanic stimulation of the preganglionic nerves to the superior
cervical ganglion enhances the postganglionic response to single preganglionic
stimuli for I to 3 hours. This long-term potentiation of transmission through the
ganglion is apparently not attributable to a persistent muscarinic action of the
preganglionic neurotransmitter, acetylcholine, since neither the magnitude nor the
time course of the phenomenon is reduced by atropine. The decay of long-term
potentiation can be described by a first-order kinetic process with a mean time
constant of80 minutes. We conclude that long-term potentiation, once considered a
unique property of the hippocampus, is in fact a more general feature of synaptic
function. This form of synaptic memory may significantly influence information
processing and control in other regions of the nervous system, including autonomic
ganglia.
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