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(e.g., dorso-ventral) in the muscle. If the gradient in the muscle were shallower
than the gradient in the spinal cord, then motor neurons from extreme positions
would be optimally matched with fewer muscle fibers than motor neurons from
middle positions. Again, supposing that the differential matching were manifested
during synapse elimination, this would lead to greater synapse loss by extreme

motor neurons.

Evidence for some form of segmental specificity between nerve and muscle has
come from reinnervation experiments, in which intercostal muscles are preferentially
reinnervated by preganglionic autonomic neurons from specific spinal segments
(Wigston and Sanes, 1982; 1985) or in which a topographic map is restored by
reinnervating spinal motor neurons (Laskowski and Sanes, 1987b). It is not clear
from these studies, however, whether the modest segmental biases revealed at
the time of the assay reflect differential synapse formation or differential synapse
elimination. More direct evidence for a role of differential synapse elimination in the
sharpening of topography has come from studies of segmental innervation patterns
during normal maturation in the rat gluteus (Brown and Booth, 1983) and rat
lateral gastrocnemius muscles (Bennett and Lavidis, 1984; Bennett et al., 1986;
Bennett and Ho, 1988). These observations suggest that the synapses from a single
motor neuron initially make a large number of connections over a large but still
crudely appropriate topographic area, and as synapse elimination proceeds, the
more topographically appropriate connections tend to win the competitions on the
individual muscle fibers. On the other hand, not all muscles are topographically
organized. The soleus muscle apparently lacks segmental topography in both
mouse (Fladby, 1987) and rat (Thompson et al., 1984); it is unclear what the
pattern is in the rabbit, which has many times more muscle fibers. Thus, while

the aforementioned findings are supportive of the matching hypothesis, they are
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consistent with either the single-gradient or double-gradient hypothesis.

Whatever the developmental mechanism might be, it is of interest to speculate
on the functional significance of the differential loss of synapses according to
spinal position. It seems unlikely that the greater synapse loss by extreme motor
neurons represents a simple error correcting scheme, since extreme motor units
remain substantial in size and overlap extensively with the distribution of middle
motor units. If connections from extreme neurons were functionally inappropriate,
differential cell death or a much greater difference in extent of synapse loss (as
suggested by Bennett et al., 1986) would be needed for effective error correction.
Alternatively, there might be a functional advantage related to neuronal activity
patterns as outlined in the following sections. However, it also seems quite plausible
that this differential synapse loss may have no direct adaptive significance for the
soleus muscle. Rather, it may be an epiphenomenon that reflects a general set of
developmental interactions needed to attain appropriate matching between nerve

and muscle throughout the body.

Actiuvity

Competition between active and inactive synapses. We have tested the influence
of activity on the ability of neuromuscular synapses to compete for occupancy of
endplates during neonatal synapse elimination. In the paradigm used, active and
inactive synapses were pitted directly against one another, at endplates on active
muscle fibers, by inactivating a small fraction of the soleus motor axons. There
were four key findings from these experiments. 1) Motor unit tensions from TTX-
inactivated roots were approximately 50% larger than those from control-implanted
or normal extreme roots. 2) This effect appeared over a period of 4-5 days of

differential activity, and it persisted even when activity in the initially inactive root
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was restored. 3) The increase in average tension from inactive motor units was
coupled with a small but significant decrease in average tension of motor units from
the active middle root. 4) There was no discernible increase in the incidence of
polyinnervation as assessed by physiological tension overlap measurements or by

histological analysis of silver-stained terminals.

We have considered a variety of potential sources of error or systematic bias
in the degree to which our twitch tension assay reflects actual motor unit sizes.
Our findings are not attributable to misclassification of motor unit, twitch types,
repetitive firing of muscle fibers, or differences in the under-representation of
maximal twitch responses for different muscles. It is also highly unlikely that the
TTX treatment simply caused a delay in synapse elimination among muscle fibers

innervated by the implanted root.

We conclude that differential activity had a direct effect on synaptic competition,
leading to a lower rate of synapse loss among inactive motor neurons, that was
offset by an increased rate of synapse loss among active motor neurons. Inactive
motor units ended up about 50% larger than normally active motor units from
control animals. Recall, however, that this increased competitiveness was provided
to motor neurons which initially were at a slight disadvantage owing to their origin
from an extreme spinal root. For slow motor units, the effect was large enough that
the inactive units actually became significantly larger than the active units from
from the middle root (p < 0.01 for intermediate and p < 0.005 for late age animals,
Mann-Whitney U-test). For fast motor units, the effect was only sufficient to restore

the extreme motor units to approximate parity with the middle root units.

There are two plausible explanations that might account for the greater effect

of differential activity on slow motor units. First, the overall rate of synapse
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elimination was greater for slow than for fast motor units (58% versus 42% for
extreme roots between early and intermediate ages; cf. Table 2). If differential
activity elicited a fractional change rather than an absolute rate change, then a
greater effect on slow motor units would be predicted. Second, average activity
levels are reportedly about twice as great for slow as for fast motor units (Navarette
and Vrbova, 1983). Consequently, TTX-inactivation would lead to a greater change
in activity for the slow motor units, which, in turn, might result in a greater effect

on motor unit size.

Four studies have reported evidence suggesting an advantage to more active
synapses, contrasting with the conclusions of the present results. One of these
studies involved differential activity during normal neuromuscular development
(Ridge and Betz, 1984); two involved reinnervation of adult muscle (Ribchester and
Taxt, 1983; Ribchester, 1988); and the last involved a tissue culture preparation

(Magchielse and Meeter, 1986).

The closest paradigm to our own was the study of Ridge and Betz (1984),
who used electrical stimulation to increase the activity of one of the two nerves
innervating the lumbrical muscle in neonatal rats. They reported that motor units
from stimulated nerves were slightly larger than those from unstimulated nerves.
However, these differences were not statistically significant when tested by standard
procedures (Student’s T-test or Mann-Whitney U-test). They claimed that the
result was significant when analyzed by another procedure, but the statistical

validity of this alternate procedure is questionable in our opinion. ! While we are

! In their published report, motor units whose sizes were expected to be different
than normal (from the “minority” populations mentioned above) were compared to
all the other units from the same animal (including the contralateral muscle), whose

sizes were expected to be relatively normal. Thus, numerous ratios were obtained
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not convinced by their arguments, it is nonetheless possible that their interpretation
is indeed correct. If so, the difference between their results and ours might be
related to the species used (rat versus rabbit), the particular muscle (lumbrical
versus soleus), or to the means of achieving differential activity (high versus normal

activity in their experiments; normal activity versus inactivity in ours).

One particularly noteworthy difference between development in the rat lumbrical
and rabbit soleus muscles is that the number of muscle fibers in the lumbrical
nearly doubles during the period of synapse elimination (Betz et al, 1979), while
there is a constant number for the rabbit soleus (Bixby and Van Essen, 1979).
Thus, during the period when Ridge and Betz (1984) invoked differential activity,
there is normally no net loss of synapses; rather, each lumbrical motor neuron
maintains a roughly constant number of synapses because synapse loss is offset
by formation of synapses on the newly generated fibers (Betz et al., 1979). The
hypothesis that activity is an advantage for synapse formation but a disadvantage
during synapse elimination is therefore consistent with both the present results and
those of Ridge and Betz (1984). According to this hypothesis, there would be little
net effect of differential activity on motor unit size during early stages of synapse

elimination in the lumbrical (as Ridge and Betz, 1984 observed) because of the

from a small sample of “minority” units; for example, the 4 units from the animals
in which a minority of the motor neurons were stimulated yielded 23 ratios. The
pooled ratios for units expected to be larger than normal were then compared to
ratios expected to be smaller. The result was deemed significant, based on statistical
tests on the pooled ratios (U-test or T-test), apparently without regard for the
need for samples in such tests to be obtained independently. Because the numerous
ratios obtained in the normalization procedure were dependent on a relatively small

number of samples, we doubt that their statistical analysis was valid.
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offsetting differences in amount of synapse formation and elimination; but there
would be a relative increase in size for inactive motor units in the rabbit soleus
(present result.) This hypothesis would predict that if the differential activity in
the lumbrical had been maintained until the entire muscle was singly innervated,
the stimulated motor units would have ended up smaller in size relative to the

unstimulated units.

The studies reported by Ribchester and Taxt (1983) and by Ribchester (1988)
also involved the lumbrical muscle of the rat. In the earlier study, the muscle
nerve was crushed, and a TTX cuff was applied to one of the two nerves that join
to supply the lumbrical innervation. They found that active neurons on average
innervated twice as many muscle fibers as inactive neurons. In the more recent
study, Ribchester (1988) crushed the larger of the two nerves supplying the lumbrical
muscle, which led to massive collateral sprouting by motor axons from the remaining
nerve. He then compared the extent of reinnervation by inactive axons versus that of
normally active regenerating axons in this situation, where the regenerating axons
had to compete with existing synapses on active muscle fibers. Once again, the
results show that the eventual size of regenerated motor units was considerably

smaller for inactive axons than for active axons.

These findings clearly demonstrate a net advantage to active motor neurons
in reinnervation of adult rat muscle. In order to reconcile this with our own
findings, we can again invoke the fact that the experiments were carried out in
different species, different muscles, and at different ages. However, there are several
important differences in the experimental paradigms used, and these provide other
alternatives that could account for the apparent discrepancies in results. There are
several ways in which differential activity could confer a competitive advantage in

the reinnervation experiments. We have raised the possibility that inactivity might



126
reduce the capacity to form new synapses. In addition, inactivity might reduce the
rate of axonal regeneration and/or the ability to respond to sprouting influences.
Any of these possibilities would put inactive motor neurons at a disadvantage in an
adult reinnervation paradigm but would have little or no effect on normal postnatal
synapse elimination, where axons are not regenerating and there is little tendency
for sprouting to occur even under conditions that induce massive sprouting in the

adult (Brown et al., 1981).

Another important consideration is that the regeneration paradigm involves
an inherent asymmetry in the occurrence of sprouting signals. Inactive muscle
fibers should continuously release a sprouting signal that would occasionally induce
collateral sprouting and synaptic takeover by active motor neurons. In contrast,
active muscle fibers no longer release overt sprouting signals and thus are more likely
to remain stably innervated. Consequently, any muscle innervated by a mixture of
active and inactive neurons is inherently in an unstable state; the competition at
the dually innervated endplate will result in the removal of one input, but if that
leaves the fiber innervated by only an inactive input, the subsequent production
of sprouting signal will tend to restore an active input. Thus, there may be a
tendency for asymmetric sprouting, involving gradual encroachment by active motor
neurons onto inactive muscle fibers, even though the probabilities of survival at a
dually innervated endplate could initially be equal or could even favor the inactive
synapse. In principle, this asymmetry applies to normal neonatal muscles as well as
to reinnervation in the adult, but it is probably much less important in the former,

owing to the reduced tendency for sprouting to occur in neonatal muscles.

An tn vitro system in which more active synapses are preferentially retained
during elimination has been described by Magchielse and Meeter (1986). In their

system, chick ciliary (parasympathetic) neurons were made to innervate skeletal
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muscle fibers polyneuronally, but the multiple inputs were distributed across
spatially separated endplates. Stimulation-induced elimination of endplates was
subsequently observed. When unstimulated synapses shared innervation of a muscle
fiber with stimulated synapses, the unstimulated endplates were preferentially
removed. The difference between their result and ours may reflect the difference
in motor neuron type or possibly the lack of direct competition between synapses
sharing a single endplate. These results suggest that synapse elimination might
be regulated differently in different neuromuscular systems (i.e., on smooth muscle

versus skeletal muscle).

Combined pre- and postsynaptic partial inactivity. The experiments in which
nearly half of the soleus motor axons were inactivated by TTX (TTX major block
animals) led to several significant findings. First, inactive motor units were larger
than normal for both the fast and slow populations in all 3 muscles examined. This is
not surprising given that complete nerve inactivation is known to slow down synapse
elimination markedly (see Thompson, 1985, for review). A plausible explanation
is that inactive muscle fibers release a sprouting or trophic factor (cf. Brown et
al., 1980) that would reduce the natural tendency of neonatal motor neurons to

withdraw their terminals.

Unexpectedly, it was found in these experiments that active motor units were
significantly larger than normal for the fast population, but less so or not at all
for the slow population. How might one account for an effect on active motor
units that differs for fast and slow types? One possibility is that inactive muscle
fibers might release a diffusible factor that reduces the rate of synapse elimination
at neighboring endplates. The differential effect would be explained if for any
reason the sprouting factor operated more effectively or at a lower threshold on

fast terminals compared to slow terminals. Alternatively, there could conceivably
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be separate factors operating independently for fast and slow populations; the
differential effect could arise from greater production of the fast-sprouting factor
or greater sensitivity to a given concentration. Still another possibility, unrelated
to sprouting, is that graded changes in postsynaptic activity might reduce the rate
of synapse elimination on fast fibers but not on slow fibers. Although we cannot
rule it out, this effect seems unlikely, given that we found no discernible change
in the overall rate of synapse elimination in our main experiments involving a less

extensive activity block (see above).

Differential versus correlated activity. A “Hebbian” synapse is one in which
correlated pre- and postsynaptic activity leads to strengthening of the synapse
(Hebb, 1949). Our results indicate that the neonatal neuromuscular junction is
not Hebbian. However, there are three conceptually distinct ways in which this
non-Hebbian behavior might be mediated. These are separated into two classes: 1)
those in which activity levels are important but the correlation between pre- and
postsynaptic activity is irrelevant; and 2) those in which correlation is important,

but the sign of the effect is opposite to that predicted by Hebb’s hypothesis (anti-
Hebbian).

Two general mechanisms can be distinguished in the first class. In one, the
competitive ability of presynaptic terminals is influenced only by their own level
of activity (1a). If it were the level of presynaptic activity per se that determined
a terminal’s competitive ability, the winner would simply tend to be the terminal
with the least activity. In the second mechanism, the level of postsynaptic activity
influences terminal competence (1b). For this mechanism, presynaptic activity
remains important only insofar as it is required to trigger postsynaptic activity.
This mechanism differs from #1a in that presynaptic activity at any given terminal

has an equal influence on all of the terminals at the same endplate; this influence is
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mediated by the activity of their common postsynaptic element. But if this is the
case, how can this mechanism confer an advantage to less active motor neurons?
One possibility is that reduced postsynaptic activity at a given endplate might
result in increased competence for all the terminals of a particular motor neuron
innervating that endplate. For example, decreased postsynaptic activity might
cause enhanced release of a retrogradely transported trophic factor that enhances

the growth capacity of motor neurons (see below and also Chapter 2).

The second, or anti-Hebbian class of mechanisms can be broken into four
different cases illustrated in Fig. 10. Figures 10a and 10b each depict a single
endplate with presynaptic input from two different motor neurons. The “A”s and
“I”s in the figure reflect whether a particular pre- or postsynaptic element is active
or inactive at a particular point in time. Figures 10a and 10b will therefore be
used to consider whether a given input (1-active or 2-inactive) should be conferred
an advantage or disadvantage when the postsynaptic cell is simultaneously either
active (Fig 10a) or inactive (Fig 10b). For Fig. 10a, the active presynaptic input
should be at a disadvantage because of the concurrent postsynaptic activity (case
2a), while the inactive presynaptic input should receive an advantage (2b). For
Fig. 10b, inactivity would be a disadvantage for the presynaptic element because of

the paired postsynaptic activity (2c), while activity would be an advantage(2d).

At least one of these cases, an advantage to terminals that are active when
the postsynaptic cell is not (2d, terminal 1 of Fig. 10b), is probably not relevant
for the specialized case of the neuromuscular junction. Presynaptic activity
in the absence of postsynaptic activity cannot occur unless it is assumed that
generation of an action potential is the relevent postsynaptic response, in which
case only subthreshold inputs would be competent to receive the advantage. Thus,

single innervation would never be achieved because inputs would be weakened to
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Figure 10. Diagarams illustrating the four possible temporal
relations between pre- and postsynaptic activity, with arrows
indicating whether the particular correlation between pre- and
postsynaptic activity in each case would have a positive (up arrow)
or negative effect (down arrow) in an anti-Hebbian system. For the
particular point in time represented by the diagrams, elements that
are active are indicated by “A” and inactive elements by “I”. Thus,
in both a and b, presynaptic terminal 1 is active and presynaptic
terminal 2 is inactive. However, the sign of the effect of activity
states is opposite in a versus b because of the opposite signs of
the postsynaptic activity. In a, correlated pre- and postsynaptic
activity confers a disadvantage to terminal 1, but the anticorrelation
for terminal 2 — postsynaptic activity in the absence of presynaptic
activity — confers an advantage. On the other hand, in b, terminal 1
receives a positive influence because it is active while the postsynaptic
cell is inactive, and for terminal 2, the correlated inactivity confers a

disadvantage.
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subthreshold status, whereupon they would be strengthened rather than eliminated.
On the other hand, such a mechanism might be relevant in systems where multiple
innervation persists in adulthood, and simultaneous firing of several presynaptic
elements can sum to generate a postsynaptic spike. One such example is particularly
noteworthy here, as it points out that such mechanisms may indeed be at work in
other systems, and alos shows that the distinctions in Fig. 10 are meaningful. During
the formation of ocular dominance columns in the visual system, the rearrangement
of connections apparently follows Hebbian rules (see Singer, 1987, for review).
Reiter and Stryker (1987) coupled monocular deprivation with infusion of muscimol,
an inhibitory agonist. In this situation, the inputs from the normal (more active)
eye were at a disadvantage (in contrast to their being at an advantage in the absence
of muscimol). The result suggests that in this Hebbian system, anti-correlation is
a disadvantage; specifically, presynaptic in the absence of postsynaptic activity is a

disadvantage.

Possible cellular signals. The present study has been directed at an
understanding of the “rules” of synaptic competition, i.e., how the winners are
decided. Ultimately, this approach needs to be integrated with an understanding
of the actual cellular signals and events during synapse elimination. A variety
of possible signals have been proposed to play an important role during synapse
elimination. These include a diffusible trophic factor (Thompson et al., 1979), a
stable scaffolding factor in the extracellular matrix (Van Essen, 1982), and calcium-

activated protease associated with either the presynaptic or postsynaptic elements

(O’Brien et al., 1978; 1984; Connald et al., 1986).

The protease model is the only one for which there is supportive experimental
evidence specific to neonatal synapse elimination. Both low calcium and inhibition

of protease can slow the rate of synapse elimination (Connald et al., 1986).
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Activation of the protease by calcium is hypothesized to cause the disruption and
eventual elimination of presynaptic terminals. Since protease has been shown to be
present in both muscle fibers (O’Brien et al., 1978) and neurons (Schlaepfer and
Hasler, 1979), either source could potentially influence synapse loss. It is interesting
to consider that if presynaptic proteases were important, an advantage to the less
active terminals would be expected — just as we have observed experimentally. More
activity would be associated with greater calcium influx, and hence there would be
greater protease activation, leading to degradation of the terminal. Therefore, the
lower competitive ability of active synapses in our experiments might reflect an
effect of presynaptic protease. This mechanism is a relatively simple (as well as
plausible) example that falls into the category of regulation according to level of

presynaptic activity per se.

It is also possible to construct hypotheses that are anti-Hebbian and consistent
with one or more of the 4 variations considered above. For example, postsynaptic
activity correlated with presynaptic could be a disadvantage if recently active
nerve terminals were more susceptible to postsynaptic activity dependent protease
because of the incorporation of membrane material associated with vesicle release.
There are numerous other potential mechanisms; however, in the absence of any

experimental evidence, they must all be considered speculative.

In the trophic factor model, it has been presumed that activity increases uptake
(Thompson, 1985), which at first glance would seem to give an advantage to more
active synapses. This need not be the case, however. For instance, the opposite
outcome might occur if activity also accelerated the turnover of trophic factor or the
amount of the factor needed in order to remain competitive. Another possibility
derives from the hypothesis that the production of trophic factor by the muscle

fibers might be inversely related to activity (Thompson et al., 1979). Evidence
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for a relationship of this sign comes from numerous studies in which the rate of
elimination is shown to be proportional to overall activity levels (see Thompson,
1985, for review). Accordingly, neurons with low activity would innervate muscle
fibers producing, on average, high levels of trophic factor; neurons with high activity
would innervate muscle fibers whose aggregate level of trophic factor production
would necessarily be somewhat lower. If the trophic factor were to enhance the
survival probabilities of all synapses belonging to a motor neuron, then less active
motor neurons would gain an advantage. In order for this mechanism to be effective,
however, the influence of the trophic factor would have to be restricted to the
terminals (and their sibling terminals) innervating the muscle fiber that produced

it. This example falls into the category of mechanisms in which postsynaptic activity

is critical.

It is important to note that an advantage to less active terminals is only one
observation to be accounted for by any proposed mechanism. Perhaps the most
critical additional observations are i) that terminals are in direct competition (as
indicated by partial denervation experiments; Brown et al., 1976; Thompson and
Jansen, 1977; Betz et al., 1980; Fladby and Jansen, 1987) and ii) endplates become
singly innervated in the final state without the appearance of denervated endplates
(Brown et al., 1976). Of the mechanisms described above, only the “postsynaptic”
mechanism can on its own explain these additional observations. The presynaptic
mechanism provides no substrate as the object of competition, nor does it provide

a mechanism for the maintainance of the final synapse.

Similarly, the anti-Hebbian possibilities outlined above require additional signals
or cellular interactions. If correlated activity were a disadvantage, what would
prevent elimination of the final synapse, whose pre- and postsynaptic activity

would be completely correlated? As noted above, if there were an advantage
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to presynaptic elements that were active in the absence of postsynaptic activity,
terminals would weaken until they could not induce a suprathreshold postsynaptic
response, whereupon they would be strengthened and reactivated rather than
eliminated. If an inactive presynaptic element is strengthened when correlated,
postsynaptic activity occurs, this requires the presence of a second terminal to
induce strengthening. Thus, one synapse could be strengthened only so long as
another elicited postsynaptic responses; once the other synapse was weakened to
subthreshold status, it would be preferentially strengthened by the postsynaptic
activity elicited by the suprathreshold terminal. Again, it would be difficult
to eliminate synapses at all by this mechanism. This is not to say that these
mechanisms are not feasible, but that a more complex set of interactions must be

invoked to explain the known experimental observations.

On the other hand, in the postsynaptic mechanism described above, one only
need suppose that the aforementioned trophic factor is the object of competition to
account for the system’s known behavior. The factor need not be taken up by the
presynaptic terminals in a manner dependent on their activity, except insofar as
presynaptic activity determines the level of postsynaptic activity and subsequently
the level of factor. Reduction of the number of terminals per endplate would be
assured by the competitive interactions, but loss of the final synapse would be
avoided by the absence of competition in the singly innervated state and by the

trophic influence from muscle.

Functional significance. According to the size principle (Henneman and Olson,
1965), the recruitment threshold of a motor neuron is directly related to its motor
unit size — smaller motor units are recruited first and progressively larger motor
units are recruited as excitation of the motor pool increases. The presumed

advantage of this configuration is that force generated by a large muscle can be finely
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graded when small movements are needed, while maximal force can be generated
with a moderate number of motor neurons. How these relationships are established
during development is not known. It is interesting to speculate that the relationship
between recruitment threshold and motor unit size might come about as the result
of preferential retention of less active inputs during synapse elimination. If a motor
neuron’s level of activity at birth is closely related to its adult recruitment threshold,
such a role for activity in the regulation of neuromuscular synapse elimination seems

quite likely.

In this regard, it is once again of interest to consider the proposed postsynaptic
trophic mechanism. If the trophic substance could influence the size of a motor
neuron’s cell body, as well as the stability of its terminals, a positive feedback loop
could be generated (Fig. 11). Less active motor neurons (those with relatively large
cell bodies; Henneman and Olson, 1965) would innervate muscle fibers that are less
active on average and would therefore have greater access to the trophic substance
(as already discussed above). The greater trophic influence would promote both
greater terminal competence and an increase in cell body size, each of which could
have their own positive feedback effect. The increased cell body size would lower
the input resistance and could thus raise the threshold for activation. This could
further decrease activity, resulting again in greater production of trophic substance;
and the greater survival of synapses would maintain access to the trophic substance
at more sites. According to this model, the burden for development of correlated
recruitment threshold and motor unit size is not solely on activity dependence. A
motor unit’s recruitment threshold and size would both be altered until the two

values converged at appropriate points along a continuum.

An advantage to more active inputs and/or strengthening of connections with

correlated pre- and postsynaptic activity have been demonstrated in both the
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Figure 11. Diagram of the positive feedback loops in the proposed
mechamism for development of motor unit recruitment threshold
to size matching. Both motor neuron cell body size and terminal
competence would be dependent on a trophic substance produced by
muscle fibers according to their activity level. Less active motor units
would have access to more trophic substance because of the lower
average activity levels of the endplates they innervate. This would
result in cell body growth and further decrease in activity. The greater
terminal competence would result in maintenance of more terminals
which would also allow for continued access to trophic substance at

more endplates.
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FIGURE 11
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development of the visual system and in long-term potentiation in the hippocampus
(Singer, 1987; Kelso et al, 1986). In the case of the hippocampus, it is clear that
the sign of the effect is quite appropriate to the function of the system. Learning
is, in fact, the function for which Hebb formulated his hypothesis (Hebb, 1949).
In the visual system (see Singer, 1987 for review), early segregation of inputs from
left and right eyes is apparently crucial to generation of more complex response
properties. A Hebbian system is apparently ideal for generating this segregation,
since the activity within an eye is more correlated than that between eyes. In a
similar system, ocular dominance stripes are produced in three-eyed frogs in which
inputs from two eyes normally do not overlap but topographic projections do develop
(Constantine-Paton and Law, 1978); in addition, the segregation of stripes from
initially overlapping projections is dependent on activity (Reh and Constantine-
Paton, 1985). Here it appears that a mechanism normally responsible for subserving
one function, refinement of topography, can also cause a more dramatic segregation,

given a higher degree of non-correlation.

A competitive advantage to less active synapses has not, to our knowledge,
been described in any system previously. However, the importance of Hebbian
mechanisms in some systems and the elegance of the hypothesis certainly do not
mandate the presence of such a mechanism in all activity-regulated neural systems.
Hopfield et al. (1983) have demonstrated that in simulated neural networks,
synaptic weakening during correlated pre- and postsynaptic activity is useful for
the removal of spurious memory states. Also, E. Frank (personal communication)
has hypothesized that if activity played a role in specifying connections between
muscle afferents and motor neurons, the system might also be regulated in an anti-
Hebbian manner, since the appropriate afferents fire when the muscle is stretched,

not when the motor neurons are firing and evoking contraction. However, this
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interpretation is not straightforward; for example, the sign might be opposite for
specifying connections to y-motor neurons, and very little is known about the actual
temporal relations between motor and afferent activity in vivo. We feel that the
neuromuscular system may not be the only one in which activity is a disadvantage
for retention of connections; rather, the sign of an activity influence, if any, should

relate to the function of the system in question.
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