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In this study, we test the hypothesis that monosynaptic con- 
nections between la afferents and spinal motoneurons are 
strengthened by chronic disuse. Impulse activity along the 
medial gastrocnemius (MG) nerve was blocked for 2 weeks 
using TTX delivered by an osmotic minipump to a Silastic 
cuff placed around the nerve. The duration and specificity 
of this block were confirmed by chronic EMG recordings from 
several triceps surae muscles. The effect of TTX-induced 
inactivity of presynaptic elements on EPSP amplitude was 
distinguished from the effect of treating the postsynaptic 
target by comparing the results from heteronymous synaptic 
connections, where only one or the other element was treat- 
ed. After 2 weeks of synaptic inactivity, the heteronymous 
EPSPs generated by MG la afferents in lateral gastrocne- 
miuslsoleus (LG-Sol) motoneurons were significantly (p -C 
0.005) larger than control values (48%). Sample differences 
in rheobase current and half-afterhyperpolarization, both of 
which may covary with EPSP amplitude, did not account for 
the differences between groups. Segregation of the two 
samples of motoneurons by rheobase current identified the 
increase as being confined to those LG-Sol cells whose 
rheobase fell below 10 nA. In addition, EPSPs generated by 
untreated LG-Sol la afferents in treated MG motoneurons 
were significantly enhanced (39%, p < 0.05). Thus, TTX 
treatment of either presynaptic or postsynaptic elements 
increases synaptic strength. This increase in monosynaptic 
EPSP amplitude following TTX-induced inactivity may reflect 
an alteration intrinsic to the la afferent to motoneuron syn- 
apse, but influences from extrinsic sources cannot be dis- 
counted. 

There are relatively few direct examples from the mammalian 
CNS in vivo showing that synaptic strength can be persistently 
altered by changes in synaptic activity (e.g., Bliss and Lomo, 
1973; Tsukahara and Fuji, 1981). In the cat spinal cord, long- 
term changes in EPSPs have been measured under a variety of 
conditions at the synaptic connections made by group Ia muscle 
spindle afferents with a-motoneurons (Mendell, 1984). Perhaps 
the strongest case for the influence of use on the strength of 
normally active Ia afferent synapses comes from the studies of 
Kuno and coworkers. They blocked impulses in sensory axons 
from reaching the synaptic terminals in the spinal cord by con- 
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tinuously infusing peripheral nerves with TTX. The EPSPs re- 
corded intracellularly from motoneurons contacted by axons of 
TTX-treated Ia afferents in both cat (Gallego et al., 1979) and 
rat (Manabe et al., 1989) were significantly larger soon after 
chronic TTX treatment was discontinued. 

These studies show that a central synapse might respond to 
prolonged inactivity by increasing transmission strength. How- 
ever, that increase might also have been brought about second- 
ary to, or possibly independent of, the disuse of Ia afferents. In 
addition to blocking the single motor nerve, Kuno and co- 
workers also extensively deafferented the motoneuron pool, ei- 
ther by denervating all but three muscles in the hind limb (Gal- 
lego et al., 1979) or by blocking the entire sciatic nerve with 
TTX (Manabe et al., 1989). Given that the strength of trans- 
mission from intact Ia afferents onto motoneurons increases 
after partial denervation of motoneuron pools, such as that pro- 
duced by sectioning the spinal cord (Nelson and Mendell, 1979) 
or dorsal root afferents (Eccles and McIntyre, 195 l), the exten- 
sive deafferentation used in the TTX studies may itself have 
had a significant effect on the resultant EPSP amplitudes. 

Another aspect of the TTX studies that could confound the 
interpretation that presynaptic inactivity alone enhances EPSP 
size is that the most pronounced changes were seen in cases 
where the postsynaptic element had also been treated with TTX. 
For example, in the Gallego et al. (1979) study where EPSPs 
generated by both treated medial gastrocnemius (MG) and un- 
treated lateral gastrocnemius/soleus (LG-Sol) afferents could be 
measured, the greatest change in EPSP size was noted at hom- 
onymous connections with treated MG motoneurons. Thus, it 
may be that both presynaptic and postsynaptic treatments are 
contributing, independently, to the increase in EPSP amplitude 
at these synapses. 

The degree of enhancement of the aggregate EPSP following 
disuse may be influenced by characteristics of the postsynaptic 
target. For example, both single-fiber EPSP amplitude as well 
as changes in that amplitude in response to high-frequency ac- 
tivation of the afferent vary with the rheobase of the motoneuron 
from which they are measured (Collins et al., 1984, 1986). Fol- 
lowing acute spinal cord transection, EPSP enlargement is great- 
est for type S motoneurons (Cope et al., 1980). Using rheobase 
current to classify postsynaptic neurons, we intended to deter- 
mine whether the synaptic response to a period of afferent in- 
activity is uniform among the connections found in the moto- 
neuron pool. 

The hypothesis that central synapses might be strengthened 
by inactivity runs counter to numerous investigations since the 
landmark work of Hebb (1949). For example, Fields et al. (199 1) 
recently reported that for neurons cultured from mouse spinal 
cord, synapses made by unstimulated presynaptic cells were not 
as strong as those made by stimulated cells. That finding is 
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consistent with Stent’s (1973) extension of the Hebbian concept, 
namely that asynchronous activity in pre- and postsynaptic el- 3- 
ements of a synapse should weaken transmission. If  that prin- 
ciple were operating after TTX blockade of impulses in periph- 
eral nerves, one would predict a decrease rather than the observed 
increase in EPSP size, since centrally driven motoneuron activ- 
ity continues (Stein et al., 1980) while impulses initiated in 
muscle fail to arrive at Ia synapses in the spinal cord. 

This study was designed to test the hypothesis that Ia synapses 
respond to chronic disuse with a significant increase in strength. 
The nerve supplying only one hind limb muscle was chronically 
treated with TTX while the rest of the nerve supply to the limb 
was undisturbed. After treatment, EPSPs were measured intra- 
cellularly. The divergence of Ia afferents to synergistic moto- 
neuron pools allowed study of EPSPs generated at heteronymous 
monosynaptic connections involving either treated Ia afferents 
or treated motoneurons. Selected motoneuron properties were 
measured so that we could determine whether disuse-induced 
changes vary systematically across the motoneuron pool. 

Preliminary results of this work were reported in abstract form 
(Webb and Cope, 1990). 

Materials and Methods 
Chronic preparation and study. Sterile surgical procedure was used to 
implant electrodes and an infusion apparatus subcutaneously in the left 
hind limb of adult mongrel cats of either sex. Cats were anesthetized 
before and throughout surgery by a gaseous mixture of halothane (l- 
2%) in oxygen (2 liters/min). An incision (about 8 cm) was made in the 
skin over the popliteal fossa to expose the nerve to the MG muscle and 
the proximal portions of the MG and lateral gastrocnemius (LG) mus- 
cles. The MG nerve was gently separated in continuity from surrounding 
connective tissue over about 2 cm just proximal to its entry into the 
muscle. A slit Silastic cuff (inner diameter range, 0.132-0.078 mm) was 
gently fit around the dissected MG nerve. Two loops of suture were tied 
around the outside of the cuff to hold it closed. The cuff was filled with 
solution iniected throuah a Silastic “feeder” tube (0.02 mm i.d.) alued 
at one end”into the lumen of the cuff. The other end of the feeder-tube 
was led to a midthigh position and connected to an osmotic minipump 
(Alza model 2002) previously filled with 0.25 ml of solution. The mini- 
pump was anchored by suture to subcutaneous connective tissue. The 
cuff and pump were filled with TTX (0.25 mg/ml, pH 7) in saline (TTX 
group). Initial studies demonstrated that saline substituted for TTX 
solution neither blocked nerve conduction nor evoked any enhancement 
of EPSP amplitude. In four cats, the MG nerve was crushed by fine 
jeweler’s forceps in the region of the Silastic cuff when the cuff was 
installed (TTX/CRSH UOUD). Thin Dacron natches holdina binolar 
electrodes (125 pm diameter silver wire, terminal 5 mm b&ed and 
separated by 3-6 mm) were sewn through epimysium to the surfaces of 
the MG and LG muscles. The wire leads of these electrodes, together 
with a free-floating ground wire, were directed subcutaneously to a small 
incision in the skin at the hip and attached to a six pin connector that 
was then sewn to the skin at that position. The popliteal incision was 
closed in layers, and topical antibiotic was applied to incision sites. Cats 
were then returned to their cages and closely observed during recovery 
from surgery. Antibiotic given orally the day before surgery was con- 
tinued for 2-3 d afterward. 

The day after surgery and on several occasions prior to the terminal 
experiment, cats were brought into the laboratory for a brief recording 
session. The indwelling electrodes were connected to AC amplifiers 
through a braided cable plugged into the pin connector. Electromyo- 
graphic (EMG) records from MG and LG muscles were inspected on 
an oscilloscope screen while the cat moved and supported weight on its 
left hind limb. In five cats from the TTX group, as well as in the four 
from the TTXKRSH group, EMG activity was prominent in the LG 
muscle and absent or greatly reduced in the MG muscle (Fig. 1). Records 
from the saline control group and from cats in which TTX failed to 
block impulse traffic demonstrated that coactivation of the MG and LG 
muscles could be expected under the conditions used to test their activity 
(see also Rassmussen et al., 1978). All cats used the treated limb without 
difficulty (all exhibited a digitigrade stance) and responded to gentle 

Figure 1. Simultaneous EMG records from MG and LG muscles dur- 
ing TTX blockade. Top trace, oscilloscope record of EMG activity from 
the MG muscle. Bottom trace, record of EMG activity from the LG 
muscle, taken at the same gain. Such records were used to confirm the 
duration and specificity of TTX blockade of the MG nerve. Calibration, 
10 msec. 

manual stimulation of skin overlying the calf muscles and paw. These 
observations demonstrated that our treatment paradigm was effective 
in blocking nervous activity without dramatically altering whole limb 
motor or sensory systems. 

When EMG activity was observed in the LG but not in the MG 
muscle, we inferred that impulse activity in the MG nerve was blocked 
at the cuff and that conduction in the nearby LG nerve was not affected 
by the treatment. In all of those cases, the selective TTX conduction 
block remained in effect up to the time of the terminal experiment. Cats 
were discarded from further study when conduction in the MG nerve 
either was not blocked by TTX, occurring when the nerve cuff was 
displaced, or was not tested because EMG electrodes were dislodged 
before recording. 

Terminal experiment. The chronically treated cats as well as eight 
untreated cats, all adults of either sex, were studied in terminal exper- 
iments. The procedures used for recording synaptic potentials from 
spinal motoneurons were similar to those described previously (Cope 
et al., 1988). Anesthesia of the cats was induced (40 mg/kg sodium 
pentobarbital, i.p.) and maintained (intravenous infusion) throughout 
the experiment as required to suppress withdrawal reflexes completely. 
Blood pressure, end-tidal CO,, and body temperature were continuously 
monitored. Spinal cord segments L,-L, were exposed by laminectomy. 
The combined LG-Sol nerve supplying the lateral gastrocnemius and 
soleus muscles and the MG nerve were isolated in the left hind limb 
for electrical stimulation. All other nerves in the left hind limb were 
cut. Exposed tissues were bathed in mineral oil maintained at 37°C by 
radiant heat. 

Intracellular potentials were recorded from motoneurons using glass 
pipettes pulled to resistances between 10 and 20 MSl and filled with 2 
M potassium acetate. MG and LG-Sol motoneurons penetrated by these 
electrodes were identified by the antidromic action potentials they gen- 
erated upon electrical stimulation (1 pps rate, 0.02 msec duration) of 
their peripheral nerves. No attempt was made to distinguish LG and 
Sol motoneurons. It is likely, however, that few Sol motoneurons were 
sampled since most of the Sol motor nucleus is found caudal to the 
rostra1 extent of the L, dorsal root entry zone (Romanes, 195 1) where 
most cells responding to LG-Sol nerve stimulation were penetrated. 
Motoneurons generating action potentials in excess of 60 mV were 
accepted for further study according to the following protocol. Mono- 
synaptic EPSPs were generated by electrical stimulation of peripheral 
nerves at 1.25 pps. The MG nerve was stimulated just proximal to the 
cuff site, since the TTX blockade of conduction did not dissipate for 
many hours after removal of the cuff during the terminal experiment. 
This was expected because preliminary experiments showed that re- 
peated washing of the nerve with warm saline for many hours was 
required to reverse a complete block produced under these conditions. 
Stimulus strength was gradually increased to a level that produced the 
maximum amplitude monosynaptic EPSP. Orthodromic potentials re- 
corded by a silver ball electrode placed gently among the L/S, dorsal 
roots showed that this stimulus strength was typically about 2 x group 
I threshold (cf. Burke et al., 1976). 

Additional motoneuron electrical properties were measured. Rheo- 
base current was measured as the amount of depolarizing current, in- 
jected as a 50 msec square pulse, that just brought the motoneuron to 
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Figure 2. Frequency histogram of monosynaptic EPSP amplitudes re- 
corded from LG-Sol motoneurons. These potentials were generated by 
stimulation ofthe MG nerve at a strength sufficient to give the maximum 
aggregate EPSP. Solid bars, untreated control (CTL) group; shaded bars, 
TTX-treated group. The mean EPSP amplitude following TTX treat- 
ment (3.1 mV) is significantly greater (p < 0.005) than the control value 
(2.1 mV). 

threshold. We also measured the half-decay time of the afterhyperpo- 
larization (AHP) following action potentials initiated by brief intracel- 
lular suprathreshold pulses of current (0.5 msec). Finally, resting mem- 
brane potential was determined from the voltage deflection measured 
upon removing the microelectrode from the motoneuron. Data were 
accepted only when resting potential remained steady throughout re- 
cording and exceeded - 60 mV when the electrode was withdrawn from 
the motoneuron. Failure to meet those criteria and difficulty in passing 
current through the microelectrode account for some fragmentation in 
the data set of motoneuron measures. All records were digitized (12 bit 
resolution, 40 kHz) and stored by computer for later analysis. Records 
of EPSPs and of action potentials were stored as the averages of 10 
stimulus-triggered sweeps. 

Results 

Properties of motoneurons and composite monosynaptic EPSPs 
are presented in Table 1. By listing data separately for MG and 
LG-Sol motoneurons, the table segregates heteronymous EPSPs 
according to whether the afferent or motoneuron element of the 
monosynaptic connection was treated. 

EPSPs generated by TTX-treated afferents 

The relationship between EPSP size and rheobase is shown 
in Figure 3. Motoneurons with relatively low rheobases gener- 
ated EPSPs covering a wide range in size, including the largest 
EPSPs recorded. Only small EPSPs were observed in cells near 
the other end of the rheobase scale. This tendency, reported 
earlier by Collins et al. (1984) for EPSPs produced by single Ia 
afferents in motoneurons, was found here for composite EPSPs 
generated in LG-Sol motoneurons by untreated and TTX-treat- 
ed MG afferents. The slopes of the linear regression of the log 
of EPSP amplitude on rheobase were significantly different from 
zero (p < 0.01) for both untreated (r = 0.54) and TTX-treated 
(r = 0.66) groups. Since the regressions for the two groups were 
not significantly different in slope (p > 0.05), we performed an 
analysis of covariance. This analysis demonstrated that the group 
difference in EPSP size remained significant (p < 0.005) even 
after adjusting for rheobase. Statistical adjustment for AHP half- 
decay time was not made, because the linear regression of log 
EPSP amplitude on that parameter was not significant in the 
untreated control group (r = 0.08; p < 0.10). 

Monosynaptic EPSPs generated in LG-Sol motoneurons by TTX- Because much of the variation in EPSP amplitude (Burke et 
treated MG afferents were on average 48% larger than those al., 1976) has been related to motoneuron type [as part of type 
produced by untreated MG afferents (Table 1). Figure 2 shows S (slow) and multiple type F (fast) motor units distinguished by 
that the larger mean resulted from an expansion of the range of the contractile speed and endurance of their muscle component], 
the amplitude distribution for EPSPs in the TTX group. In it is important to establish that the distribution of types is not 
addition to some unusually large EPSPs, there were fewer than different between samples. We used rheobase current and AHP 
normal small ones. Thus, the value delimiting the lower quartile half-decay time as predictors of motoneuron type for that pur- 
of the TTX group (2.05 mv) approximated the median value pose. Motoneurons were identified as type S when, for rheobase, 
for EPSPs in the control group (2.00 mV). In the TTXKRSH values fell below 7.7 nA or, for AHP half-decay time, values 
group, there was a significant reduction in the amplitude of exceeded 30 msec (Zengel et al., 1985). The fraction of LG-Sol 
EPSPs generated by MG afferents in the LG-Sol motoneurons. motoneurons classified as type S by either criterion was, for the 
EPSP rise time, motoneuron rheobase, and AHP half-decay TTX-treated group, equal to or less than the fraction classified 
time for LG-Sol cells in TTX-treated and TTXKRSH groups as type S in the untreated control group. It follows that the larger 
were not significantly different from the untreated controls. size of EPSPs generated by TTX-treated MG afferents was not 
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Figure 3. Plot of relationship between motoneuron rheobase current 
and EPSP amnlitude. Monosvnaotic EPSPs were recorded in LG-Sol 
motoneurons fbllowing stimulation ofthe MG nerve. Open circles, EPSP 
amplitude in untreated control animals. Solid circles, EPSP amplitude 
from animals whose MG nerve had been treated with TTX for 2 weeks. 
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due to sampling a greater fraction of type S motoneurons from 
that group compared to control. A similar conclusion can be 
drawn when using AHP half-decay time to determine the frac- 
tion of type S motoneurons in the untreated and TTX-treated 
groups of MG cells. Munson et al. (1985) found that MG mo- 
toneuron AHP half-decay time was unaffected by TTX treat- 
ment but that rheobase decreased significantly. Consistent with 
this finding, an unusually large percentage (47%) of the moto- 
neurons from our TTX-treated group would be classified as type 
S based solely on their rheobase. 

The size of EPSPs generated by TTX-treated afferents seemed 
to be exaggerated among low-rheobase motoneurons (Fig. 3). 
To test that impression, we compared EPSPs from LG-Sol mo- 
toneurons whose rheobases fell above and below 10 nA. We 
selected that value without regard to any division of the mo- 
toneuron pool based on type; we simply wished to investigate 
a feature of the data that is evident in Figure 3. That cutoff 
value is, however, similar to the one used to separate type S 
from type F motoneurons (see above). Figure 4 shows that EPSPs 
from LG-Sol motoneurons were significantly different in TTX- 
treated versus untreated groups only for the low-rheobase cells. 
Thus, the significant increase found in pooled data (Table 1) 
was produced by a selective increase in size of EPSPs from low- 
rheobase, predominantly type S, motoneurons. 

TTX treatment of the postsynaptic axon 

The amplitude of EPSPs generated by LG-Sol afferents in MG 
motoneurons was significantly larger in neurons whose axons 
had been treated with TTX than in untreated neurons (Table 
1). The amplitude of heteronymous EPSPs sampled from TTX- 
treated motoneurons tended toward larger than normal values 
(Fig. 5). The interquartile ranges (25-75%) of the treated and 
untreated groups were similar, 1.3 mV and 1.1 mV, but only 
22% of the EPSPs from TTX-treated motoneurons were smaller 
than the median value (1.65 mV) for EPSPs measured in un- 
treated MG motoneurons. This shift of the distribution resulted 
in the significant group difference in mean EPSP size shown in 
Table 1. Following TTX treatment of the MG nerve, AHP half- 
decay time of MG motoneurons was unchanged. In addition, 
although EPSP rise time tended to be longer and rheobase small- 

C= 1 OnA > 10nA 

RHEOBASE (nA) 
Figure 4. Mean EPSP amplitude for LG-Sol motoneurons grouped 
according to rheobase. Monosynaptic EPSPs were recorded from LG- 
Sol motoneurons following stimulation of MG Ia afferents. Motoneu- 
rons are divided into two groups: those with rheobase less than or equal 
to 10 nA, and those with values greater than 10 nA. Solid bars, untreated 
control data (CTL) from acute experiments; shaded bars, TTX-treated 
group. EPSP amplitude following MG afferent inactivity (3.7 mv) was 
found to be significantly greater (*, p < 0.005) than control values (2.4 
mv) only for those LG-Sol cells with a lower rheobase. Error bars 
represent SE. 

er in these cells, the differences were not significant (Table 1). 
The tendency toward smaller rheobase values in the TTX-treat- 
ed MG motoneurons does not explain the increase in EPSP 
amplitude for this group, since EPSPs were significantly enlarged 
(p < 0.05) even among high-rheobase MG cells (rheobase > 10 
nA). 

TTX treatment and nerve injury 

Injury to the nerve in the TTX-treatment groups could not be 
assessed in our experiments because TTX blockade of action 
potentials persisted until the terminal experiment (see Materials 
and Methods). To assess the potential effect of nerve injury on 
the TTX results, we studied a group of cats in which MG nerves 
were infused with TTX and also completely crushed. Composite 

Table 1. Properties of motoneurons and composite monosynaptic EPSPs produced by heteronymous 
group Ia afferents 

LG-Sol 
motoneurons 

MG nerve MG EPSP 
treatment amplitude (mV) 

Untreated 2.1 f  0.15 (53) 
TTX 3.1 + 0.32 (35)** 
TTXKRSH 1.2 k 0.11 (56)** 

MG motoneurons 

MC EPSP Rheobase 
rise time (msec) current @A) 

0.73 + 0.03 (53) 10.0 f  1.2 (42) 
0.72 + 0.03 (34) 10.9 + 1.2 (29) 
0.71 + 0.03 (46) 9.0 + 0.8 (47) 

AHP half-decay 
time (msec) 

32.4 f  2.7 (39) 
26.6 -t 2.2 (30) 
25.5 f  1.3 (42) 

MG nerve LG-Sol EPSP LG-Sol EPSP Rheobase AHP half-decay 
treatment amplitude (mV) rise time (msec) current (nA) time (msec) 

Untreated 1.8 f  0.18 (38) 0.76 k 0.06 (37) 10.2 + 1.3 (33) 31.3 t 2.8 (27) 
TTX 2.5 +- 0.29 (18)* 0.91 k 0.11 (18) 7.0 rf: 1.3 (17) 30.6 + 3.1 (17) 
TTXKRSH 0.7 k 0.12 (27)** 0.73 k 0.06 (17) 5.3 k 0.8 (26)* 26.2 + 1.9 (18) 

Data from LG-Sol and MG motoneurons are presented separately for groups in which MG peripheral nerve was untreated 
or treated by either TTX or by TTXKRSH. Values are group means + SEM with number of data points in parentheses. 
*, p < 0.05; **, p -C 0.005 (Mann-Whitney U test) relative to untreated group. 
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Figure 5. Frequency histogram of monosynaptic EPSPs recorded from 
MG motoneurons. EPSPs were generated by stimulation of the LG-Sol 
nerve at strength sufficient to generate the maximum aggregate EPSP. 
Solid bars, untreated control (CTL) data from acute experiments; shaded 
bars, TTX-treatedgroup. A significant increase (39%, p < 0.05) in EPSP 
amplitude was measured in MG motoneurons whose axons had been 
treated. 

EPSPs were significantly reduced in amplitude when either the 
afferents or the motoneurons were treated by TTX combined 
with crush (Table 1). Also, as expected (Foehring et al., 1986; 
Pinter and Vanden Noven, 1989), if a motoneuron’s axon had 
been damaged, that cell’s rheobase current was reduced (Table 
1). Thus, although it was possible that unintentional damage of 
the TTX-treated nerves affected the parameters measured from 
that group, the injury would have diminished EPSP size, and 
therefore our measures would underestimate the increase in 
EPSP size due to TTX treatment alone. 

Discussion 
The fundamental finding of this study, that Ia EPSPs were en- 
larged after TTX treatment of a peripheral nerve, is comparable 
to earlier descriptions from Kuno’s laboratory (see introductory 
remarks). Inactivity of Ia synapses may be a central factor in 
both studies. Unlike earlier work, the EPSP enhancement found 
here was not associated with whole limb denervation and was 
not, therefore, secondary to the substantial synaptic changes 
produced by widespread segmental deafferentation. EPSPs were 
significantly larger than normal at monosynaptic connections 
where only the presynaptic elements were treated with TTX. 
That finding supports the hypothesis that synaptic strength is 
responsive to presynaptic activity levels. Although Gallego et 
al. (1979) arrived at a similar conclusion, they found a presyn- 
aptic effect only when EPSPs generated by treated versus un- 
treated Ia afferents were compared in the same motoneuron, 
and the sensitivity of their analysis has been questioned (Burke, 
1984). In addition to the changes seen following presynaptic 
TTX treatment, we also found that untreated LG-Sol afferents 
produced enlarged EPSPs in TTX-treated MG motoneurons. 
Finally, we made the novel observation that the effect of si- 
lencing Ia afferents on synaptic strength was related to the rheo- 
base current of the postsynaptic cell; increases in EPSP size were 
restricted to synapses made with the most excitable motoneu- 
rons. 

The variation in size of group Ia EPSPs within the gastroc- 
nemius motoneuron pool (Fig. 3; Burke, 1968; Burke et al., 
1976) may lead to significant differences in EPSPs between two 
groups of motoneurons if the samples of cells are not compa- 
rable. We addressed this issue first by verifying that the samples 
from the untreated and TTX-treated groups were similar. Mean 
rheobase and AHP half-decay time were not significantly dif- 
ferent between the untreated and TTX-treated conditions for 
either LG-Sol or MG motoneurons, and the slight group dif- 
ferences for rheobase in particular seemed unable to account 
for the group differences in EPSP size. Additionally, we found 
that in no case was a difference in sample mean EPSP amplitudes 
explained by a difference in the frequencies of motor unit types 
between experimental groups. Together, these observations 
minimize the chance that any bias in the sampling accounts for 
the significant difference in mean EPSP amplitudes. 

The increase in EPSP size measured here probably reflects 
increased efficacy at synapses made between Ia afferents and 
motoneurons. Because the earliest response of the motoneuron 
to heteronymous group I electrical stimulation is generated by 
Ia fibers, the rise and peak of the Ia EPSP are largely uncon- 
taminated by other stimulus-evoked responses. Tonic activity 
in spinal circuits outside the Ia afferent-motoneuron connection 
could conceivably influence EPSP size, but that activity would 
have been greatly reduced by our use of complete limb dener- 
vation and barbiturate anesthesia in the terminal experiment. 

In the spinal cord, it has been difficult to distinguish activity, 
per se, as a stimulus for synaptic modification because of un- 
certainty about how afferent activity is changed after experi- 
mental manipulations such as muscle tenotomy, limb immo- 
bilization, or removal of synergistic muscles (for discussion, see 
Eccles, 1964; Mayer et al., 1981; Mendell, 1984). Our use of 
TTX on heteronymous spinal circuitry has helped to focus the 
experimental manipulation on inactivity; both widespread de- 
nervation of spinal segments as well as direct TTX treatment 
of motoneurons are eliminated as factors that might enhance 
synaptic transmission. It seems plausible, then, that our finding 
of enlarged Ia EPSPs following suppression of central synaptic 
transmission results from a dependency of strength on activity 
at those synapses. This interpretation must be guarded, how- 
ever, in recognition of how difficult it is to establish a cause and 
effect relationship between use and strength at any synapse with- 
in the complex circuitry of the CNS. 

The increase in EPSP amplitude associated with afferent in- 
activity has no parallel that we are aware of and runs counter 
to the commonly held view that synapses are strengthened by 
increased activity or synchronized neuronal firing (Hebb, 1949). 
One would not anticipate that the reduction in synchrony pro- 
duced by silencing afferents while motoneurons continued to 
fire (despite axonal treatment with TTX; Stein et al., 1980) 
would stimulate EPSP enlargement, but that interpretation is 
consistent with our findings. We cannot extrapolate a descrip- 
tion of the dependence of synaptic strength over a comprehen- 
sive range of activity levels, and it may be that the silencing of 
afferent synapses is not a simple linear extension of the reduced 
or asynchronous afferent activity associated with EPSP atten- 
uation in the hippocampus (Lynch et al., 1977; Levy and Stew- 
ard, 1979; Stanton and Sejnowski, 1989). Even so, the associ- 
ation of Ia EPSP enlargement with Ia afferent inactivity suggests 
that the rules by which strength is governed by activity are 
complex or at least different at different synapses. 

Several potential explanations for the increased size of EPSPs 
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generated in TTX-treated motoneurons may be ruled out. First, 
it is unlikely that EPSP enhancement represents a compensatory 
change in the activity level of untreated afferents from syner- 
gistic muscles. Walsh et al. (1978) have shown that even with 
the surgical removal of several of its synergists, homonymous 
Ia EPSPs generated in motoneurons of the spared MG muscle 
were not distinguishable from normal ones. It is also unlikely 
that postsynaptic inactivity induced the increase in EPSP size, 
as Stein et al. (1980) have shown that central synaptic drive is 
adequate to maintain motoneuron activity for long periods fol- 
lowing complete section of a peripheral nerve. The enhancement 
of synaptic strength at synapses made with TTX-treated mo- 
toneurons must, therefore, be produced by a different mecha- 
nism than at the neuromuscular junction (Brown and Ironton, 
1977; Snider and Harris, 1979) or stellate ganglion (Gallego and 
Geijo, 1987) where postsynaptic inactivity was achieved. Post- 
synaptic changes that could lead to an increase in EPSP size 
might occur following TTX treatment. Our data do not indicate 
what the relevant postsynaptic change might have been, but the 
greater than normal excitability of MG motoneurons, as judged 
by a decrease in rheobase current, is evidence for a treatment 
effect on the postsynaptic cell. In contrast to MG motoneurons, 
there was no indication of a change in LG-Sol motoneuron 
properties after TTX treatment of the MG nerve. Elevated EPSP 
size recorded in MG motoneurons regardless of rheobase and 
a tendency toward prolonged rise time were other unique fea- 
tures of records taken from TTX-treated MG motoneurons. 
These observations suggest that amplification of Ia synaptic 
strength resulted from different processes when presynaptic ver- 
sus postsynaptic cells were treated with TTX. 

The tendency for EPSPs to be selectively enlarged in low- 
rheobase cells following the disuse of Ia afferents is consistent 
with a growing body of evidence that the behavior of these 
synapses differs depending on certain characteristics of the mo- 
toneurons they contact. For example, Mendell and colleagues 
(Collins et al., 1984, 1986; Koerber and Mendell, 1991) have 
shown that modulation of EPSP size by high-frequency afferent 
stimulation varies quantitatively and qualitatively with moto- 
neuron rheobase current. In addition, and particularly note- 
worthy for the present study, is the earlier demonstration that 
the enlargement of Ia EPSPs produced by acute spinal transec- 
tion is exaggerated among motoneurons with the slowest con- 
duction velocities, that is, type S motoneurons (Cope et al., 
1980). Findings from the present study, that EPSP enhancement 
following afferent inactivity is restricted to low-rheobase mo- 
toneurons, suggest that the heterogeneous response of Ia-mo- 
toneuron synapses to a variety of acute stimuli is a property of 
those connections that operates when reacting to longer-lasting 
changes as well. 
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