
results obtained with ammonium chloride 
and leupeptin indicate that alternative pro- 
cessing in the endosomal-lysosomal pathway 
generates a complex set of COOH-terminal 
derivatives that includes potentially amy- 
loidogenic forms (Fig. 3). We cannot, how- 
ever, exclude the possibility that the poten- 
tially amyloidogenic forms are produced to 
some extent by an atypical nonlysosomal 
protease inhibited by both ammonium chlo- 
ride and leupeptin. 

Our finding that the PAPP is processed by 
the endosomal-lysosomal system is support- 
ed by studies showing punctate intracellular 
labeling by antibodies to PAPP consistent 
with localization of PAPP to lysosomes (5), 
and reports by Cole and co-workers (6 )  
demonstrating that inhibitors of endosomal- 
lysosomal processing increase the steady- 
state level of PAPP and PAPP derivatives. 
Moreover, the PAPP contains a cytoplasmic 
sequence known to target membrane-associ- 
ated glycoproteins for endocytosis (7). 

The specific proteases that produce amy- 
loid are potential therapeutic targets in 
Alzheimer's disease (AD). Our data show- 
ing that endosomal-lysosomal processing 
produces potentially amyloidogenic PAP- 
bearing COOH-terminal derivatives focus 
the search for these proteases on the endoso- 
mal-lysosomal system. PAP-bearing COOH- 
terminal derivatives are probably further 
processed in this system to produce small 
fragments similar or identical to the PAP. 
These fragments could be quite stable because 
they would tend to aggregate into a p-pleated 
sheet structure, but fragments like this have 
not yet been detected in normal cells. 

The apparent localization of the PAPP to 
lysosomes (5) and the irnrnunocytochemical 
detection of lysosomal proteases in senile 
plaques (8) have independently led several 
groups to propose that aberrant lysosomal 
processing may play a role in AD. Our data 
indicate that normal endosomal-lysosomal 
processing produces potentially amy- 
loidogenic PAPP fragments, and they sup- 
port the hypothesis that dysfunctional endo- 
somal-lysosomal processing may play a 
critical role in the pathogenesis of AD. 
There is evidence that amyloid deposition 
arises through mutations in the PAPP gene 
in familial AD (9), but it is not yet known 
whether these mutations alter endosomal- 
lysosomal processing in a way that is amy- 
loidogenic. 
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The Influence of Prior Synaptic Activity on the 
Induction of Long-Term Potentiation 

Long-term potentiation (LTP) is an extensively studied model of synaptic plasticity, in 
part because it is a plausible biological correlate for the Hebbian synaptic modification 
that forms the basis for theoretical models of neural development, learning, and 
memory. Although these models must incorporate algorithms that constrain synaptic 
weight changes, physiological evidence for such mechanisms is limited. Examination of 
LTP in area CA1 of the hippocampus revealed that the threshold for LTP induction 
was not fixed but could be strongly influenced by the recent history of synaptic activity. 
This effect was transient, synapse-specific, and dependent on postsynaptic N-methyl- 
D-aspartate (NMDA) receptor activation. These results suggest that the threshold for 
LTP induction may be continually adjusted according to the recent history of NMDA 
receptor activation and provide a physiological mechanism by which LTP can be 
transiently inhibited. 

A CTIVITY-DEPENDENT MODIFICA- 

tions in synaptic strength are critical 
for the development of neural net- 

works and for certain forms of learning and 
memory. Most attention has focused on one 
form of LTP that is dependent on activation 
of postsynaptic NMDA receptors, because 
its induction requires coincident pre- and 
postsynaptic activity, thus fulfilling the cri- 
teria for a synaptic plasticity mechanism 
originally postulated by Hebb (1). Although 
by incorporating a Hebbian scheme of syn- 
aptic modification, artificial neural network 
models successfully reproduce many aspects 
of neural development, learning, and mem- 

ory, they also require a means for limiting 
changes in synaptic weights (2). One theo- 
retical mechanism, which has been incorpo- 
rated into some neural network models, 
permits an adjustment of the threshold for 
synaptic modification according to the re- 
cent history of postsynaptic cell activity (3). 
We have tested whether the history of syn- 
aptic activation influences the induction of 
LTP in the CA1 region of the hippocampus. 

In all experiments we simultaneously re- 
corded excitatory postsynaptic potentials 
(EPSPs) in response to two independent 
inputs synapsing on the same cell or popu- 
lation of cells (4). When a weak tetanus (30 
Hz; 0.1 to 0.2 s) that elicits decremental, 
NMDA receptor-dependent short-term DO- 
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Psychiatry, University of California, San Francisco, CA 
94143. ly (four to six times) at 2-min intervals, a 
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capable of eliciting LTP in a control path- 
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(Fig. 1A) (five of eight experiments). LTP were applied at 2-min intervals to the test 
induction was also inhibited when the stim- pathway (five of seven experiments). A sum- 
ulus intensity was increased and single mary of these experiments (Fig. 1B) (n = 
strong shocks (7) rather than weak tetani 15) indicates that the inhibition of LTP was 
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Fig. 1. Inhibition of LTP induction by prior synaptic activity. (A) Plot of a typical experiment in which 
field EPSPs were recorded from a single site (inset) in response to two independent inputs (control and 
test). Small arrows, weak tetanus (30 Hz, 0.15 s); large arrows, strong tetanus (100 Hz, 0.5 s). (B) 
Summary of experiments in which either weak tetani (n = 8) or single strong shocks (n = 7) were given 
to the test pathway before induction of LTP (arrow, tetanus, 100 Hz, 0.5 s; points, mean 2 SEM). (C) 
The total potentiation (mean + SEM) (4) evoked in control and test pathways from same experiments 
in (B) (control, 41 + 5%; test, 7 ? 4%; P < 0.01; n = 15). (D) Example of an experiment 
demonstrating that the inhibition of LTP induction is transient. Small arrows, weak tetanus (30 Hz, 
0.15 s); large arrows, strong tetanus (100 Hz, 0.5 s). 
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synapse-specific; LTP in the test, but not the 
control, pathway was inhibited. 

The responses after the weak tetani or 

50 

strong shocks routinely decayed back to 
initial baseline values before any LTP-induc- 
ing tetanus was applied. Therefore, it is 
unlikely that the effects of the initial stimu- 
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Control Test 
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lation protocol on subsequent LTP induc- 
tion were due to "saturation" of LTP pro- 
cesses (8). Indeed, the difference between 

Time (mln) 

Fig. 2. The NMDA receptor antagonist D-APV prevents the inhibition of LTP induction by prior 
synaptic activity. (A) Plot of a typical experiment in which D-APV (25 to 50 pM) was applied before 
application of the weak tetani (small arrows; 30 Hz, 0.15 s). After washout of D-APV, a stronger 
tetanus (large arrows; 100 Hz, 0.5 s) was given, and LTP was induced in both pathways. (B and C) 
Summary (n = 11) of the time course and magnitude of the potentiation (control, 42 + 5%; test, 46 
? 5%; P > 0.10; n = 11). 

control and test pathways was significant 
regardless of whether LTP was expressed as 
a percent of the baseline response immedi- 
ately before the strong tetanus (Fig. 1B) or 
as a percent of the baseline response before 
the weak tetani (that is, the total potentia- 
tion during the entire experiment) (Fig. 
1C). In addition. the inhibition of LTP 
induction was not permanent because a 
strong tetanus that was incapable of gener- 
ating LTP when applied 10 min after the 
repetitive weak tetani induced LTP when 
given 50 to 80 min later (Fig. 1D) (six of 
eight experiments; mean potentiation = 
34.5 & 5%, n = 8). 

To test whether activation of NMDA 
receptors is required for the subsequent 
inhibition of LTP induction, we applied the 
NMDA receptor antagonist D-2-amino-5- 
phosphonovalerate (D-APV) (25 to 50 pM) 
during the inactivation protocol of the pre- 
vious experiment. Blocking NMDA recep- 
tors prevented the inhibition of LTP by 
prior repetitive synaptic activity (11 of 11 
experiments) (Fig. 2A) in that no differences 
were observed between the two pathways in 
either the magnitude or the time course of 
the potentiation elicited by a strong tetanus 
(Fig. 2, B and C). We also applied weak 
tetani at different times to both test and 
control pathways, each in the presence or 
absence of D-APV. Again, the presence of 
D-APV (25 pM) during the weak tetani 
prevented the subsequent inhibition of LTP 
induction whereas the same weak tetani 
applied to the other pathway after washout 
of D-APV inhibited LTP induction (three 
of three experiments). 

To further test whether prior activation of 
NMDA receptors was sufficient to inhibit 
LTP induction, we ionophoretically applied 
NMDA directly at one recording site while 
monitoring a control EPSP at another site in 
the same slice (9). Thus, the LTP-inducing 
tetanus was applied to both pathways at the 
same time with the same stimulating elec- 
trode. Like a weak tetanus, NMDA iono- 
phoresis evoked STP (5, 10) and when 
applied repetitively at 4- to 10-min intervals 
caused a transient inhibition of LTP induc- 
tion at nearby synapses (Fig. 3, A and B) (9 
of 13 experiments). As in the experiments 
with repetitive weak tetani, the total poten- 
tiation at the control recording site was 
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Fig. 3. Inhibition of LTP induction by prior ionophoretic application of NMDA. (A) Plot of a typical 
experiment in which NMDA was repetitively applied at the test recording site (small arrows; 150 nA, 
10 s) before the LTP-inducing stimulus (large arrows; 100 Hz, 1 s). The tetanus was given a second 
time, 80 min after the first tetanus, and induced LTP in the test pathway. (Inset) The stimulating and 
recording arrangement. (B and C) Summary showing that prior NMDA ionophoresis inhibited LTP 
induction (B) and that the total potentiation (C) was significantly greater in the control pathway. 
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significantly greater than that where NMDA 
was applied (Fig. 3C) (control, 42 ? 5%; 
test, 10 & 4%; P < 0.01; n = 13). 

Our results suggest that repetitive activa- 
tion of NMDA receptors, sufficient to in- 
duce STP but not LTP, can lead to a tran- 
sient inhibition of LTP induction at the 
activated synapses. To explore this phenom- 
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enon without changing stimulation param- 
eters or applying NMDA directly, we inves- 
tigated LTP induction at different synapses 
on a single cell using intracellular and 
whole-cell patch-clamp recording (11). T o  
elicit STP in the test input but not the 
control input, we paired synaptic stimula- 
tion of the test input with intracellular de- 
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Fig. 4. Inhibition of LTP induction in a single cell by pairing depolarization with synaptic stimulation 
prior to LTP induction. (A) Plot of a typical experiment in which depolarizing current pulses were 
paired with derent  stimulation (small arrows) in the test pathway prior to LTP induction (large arrow) 
(12). Sample EPSPs (average of four successive sweeps) below the graph were taken at the times 
indicated by the numbers above the graphs. (B and C) Summary of the single-cel experiments. 

polarizing current pulses given at a frequen- 
cy that generally elicits STP but not LTP (6, 
12). Following this input-specific pairing 
procedure, we attempted to induce LTP at 
the same time in both pathways using the 
identical LTP induction protocol (12). Con- 
sistent with previous results, the test input 
exhibited less potentiation than the control 
input (Fig. 4, A and B) (n = 13) and the 
total potentiation in the control pathway 
(Fig. 4C) (104 ? 13%) was significantly 
larger than that in the test pathway (62 & 

11%) (P < 0.05, n = 25) (13). 
Still, LTP was not completely inhibited in 

the test pathway (Fig. 4), perhaps because a 
strong induction protocol was used when 
recording from single cells (12). Consistent 
with this proposal, we found that the inhi- 
bition of LTP induced by repetitive weak 
tetani (Fig. 1) could be-overcome if the 
LTP-inducing tetanus was given repetitively 
(two to three times) with increased stimula- 
tion strength (four of seven experiments). 
These results suggest that the consequences 
of prior NMDA receptor activation may not 
be an inhibition of LTP per se but rather an 
increase in the thresholdamount of synaptic 
activation required to elicit LTP. 

Our results demonstrate that physiologi- 
cal stimuli can inhibit subsequent LTP in- 
duction. They suggest that each synapse is 
transiently influenced by prior NMDA re- 
ceptor activation that raises the threshold for 
the induction of LTP. Previous results mav 
be considered consistent with this hypothe- 
sis (14). The mechanism responsible for this 
inhibition of LTP induction is not known 
but could operate by changing NMDA re- 
ceptor properties or the buffering of intra- 
cellular Ca2+, or could involve any of the 
biochemical processes implicated in LTP. 
This mechanism may be particularly impor- 
tant in preventing positive feedback and "run- 
away" potentiation that might be induced by 
the additional depolarization provided by 
transiently potentiated EPSPs during STP. 

Although we have experimental support 
for the activity-dependent adjustment of the 
threshold of synaptic modification that is 
incorporated into some neural network 
models, the effects we have observed appear 
to be synapse-specific rather than general- 
ized to all inputs onto the postsynaptic 
neuron as predicted by theory (3). Thus, the 
threshold for LTP induction at active inputs 
may be higher than the LTP threshold for 
quiescent inputs synapsing on the same cell. 
An analogous synapse-specific phenomenon 
occurs at mixed synapses between eighth 
nerve fibers and the goldfish Mauthner cell, 
although in this system both the threshold 
and direction of long-lasting synaptic 
changes are influenced by initial synaptic 
efficacy (15). 
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In the hippocampus, specific patterns of 
synaptic activity can either facilitate (16) or, 
as shown here, inhibit LTP induction. Fur- 
ther clarifying the rules that govern the 
generation of LTP will be necessary for a 
comprehensive understanding of the role of 
LTP in nervous system function and in 
addition should provide important informa- 
tion for biologically based neural network 
models that incorporate Hebbian synaptic 
modifications. 
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Chondroitin Sulfate as a Regulator of Neuronal 
Patterning in the Retina 

Highly sulfated proteoglycans are correlated with axon boundaries in the developing 
central nervous system which suggests that these molecules &ect neural pattern 
formation. In the developing mammalian retina, gradual regression of chondroitin 
sulfate may help control the onset of ganglion cell differentiation and initial direction 
of their axons. Changes induced by the removal of chondroitin sulfate from intact 
retinas in culture confirm the function of chondroitin sulfate in retinal histogenesis. 

D URING T H E  EAR1.Y STAGES OF VER- 

tebrate retinal histogenesis, undiffer- 
entiated neuroepithelial cells in the 

eye undergo a change in cytoditEerentiation 
predominantly toward a committed ganglion 
cell fate (1, 2). It is believed that retinal gangli- 
on cells cease dividing when their somata are 
located at the ventricular surface, that those 
located near the optic fissure achieve maturity 
first, and that difFerentiation proceeds in a 
center-to-periphery sequence (2). At some time 
near the last cell division, ganglion cells project 
axons directly toward the optic fissure (3, 4). 
Although the relationship between morpho- 
genesis of the optic fissure and egress of axons 
from the eye is known (5, 6), the mechanisms 
that control retinal ganglion cell Werentiation 
and direct the growth of axons back toward the 
fissure are unknown. 

Molecules that potentially promote axon 
growth in the retina are not distributed in a 
way that could impart precise directional in- 
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formation. Thus, molecules that are repulsive 
to axon growth may be instrumental in neural 
patterning (7). Structurally diverse proteogly- 
cans are abundant in the developing central 
nervous system (8-10) and are found in the 
embryonic retina (1 1, 12). When sulfated 
proteoglycans are enriched relative to 
growth-promoting molecules in the same ter- 
ritory, a boundary is formed that inhibits 
advancing growth cones (13, 14). We have 
localized a chondroitin sulfate-containing 
proteoglycan within the embryonic rat retinal 
extracellular spaces that may help determine 
aspects of ganglion cell differentiation such as 
the polarity of retinal ganglion cell bodies and 
the initial direction of their axons. 

In the rat, the retina is devoid of ganglion 
cells until day 12.5 of embryonic develop- 
ment (E12.5). At this time, the first retinal 
ganglion cells with axons appear just dorsal to 
the optic fissure. Thereafter, axons emerge 
from ganglion cell bodies located progressive- 
ly more peripherally. This process continues 
until E16.5 when the vitreal (inner, facing the 
lens) surface of the retina is completely pop- 
ulated with fasciculated axons. On tissue sec- 
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