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The crayfish claw closer muscle is innervated by 2 distinct 
excitatory motoneurons, one tonic and the other phasic. The 
phasic motoneuron is relatively inactive and generates large 
EPSPs that normally depress rapidly with repetitive stimu- 
lation at moderate frequencies. Stimulation of the phasic 
motoneuron in vivofor 3 d at 5 Hz (2 hr/d) produced a marked 
adaptive shift in the neuromuscular synaptic response prop- 
erties of the motoneuron: average initial EPSPs and depres- 
sion of EPSPs were significantly reduced. We tested the 
hypothesis that neuronal protein synthesis is required for 
full expression of long-term adaptation (LTA). A reversible 
inhibitor of neuronal protein synthesis, cycloheximide (CHX), 
was injected into intact crayfish at various times prior to, 
during, or after each stimulation period. At a dosage of 5 rg/ 
gm body weight, CHX inhibited the incorporation of [35S]- 
methionine into abdominal nerve cord protein for approxi- 
mately 2 hr after administration (>80% inhibition). Full 
expression of LTA was selectively blocked when CHX was 
administered 8 hr or 2 hr prior to each stimulation period. 
Both the reduction in initial EPSP amplitude and the resis- 
tance to synaptic depression were significantly attenuated. 
CHX administered at the onset of or at the end of each 
stimulation period did not affect the expression of LTA. Con- 
trol experiments using unstimulated animals showed that 
neither chronic nor acute administration of CHX adversely 
affected the phasic axon’s synaptic response properties. 
Our results suggest that full expression of neuronal LTA 
requires the presence of a pool of preexisting, short-lived 
(or rapidly utilized) protein(s). Depletion of such a pool prior 
to each stimulation period appears to interfere with subse- 
quent induction of LTA. 

The crustacean neuromuscular junction provides a highly suit- 
able preparation for the precise study of mechanisms of synaptic 
plasticity (for review, see Atwood and Wojtowicz, 1986). Spe- 
cifically, the phasic (“fast”) excitatory motoneuron of the crayfish 
claw (Van Harreveld and Wiersma, 1936) provides an identi- 
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fiable neuron capable of displaying several forms of stimulation- 
induced modifications of synaptic transmission, including low- 
frequency depression, long-term facilitation (Pahapill et al., 
1987) and long-term adaptation (Lnenicka and Atwood, 1985a, 
b). 

In general, crustacean motoneurons may be differentially clas- 
sified as phasic or tonic according to their natural patterns of 
activity (Atwood, 1973). Phasic motoneurons are silent most of 
the time, while tonic motoneurons fire frequently and inter- 
mittently (Atwood, 1973). The neuromuscular synapses of crus- 
tacean motoneurons are also sharply segregated in their phys- 
iological response characteristics. Neuromuscular synapses of 
phasic motoneurons generate large initial EPSPs that depress 
rapidly with repeated activation, while those of tonic motoneu- 
rons generate small EPSPs that facilitate and are resistant to 
depression during repeated activation (Atwood, 1976). 

Previous studies have shown that the physiological and mor- 
phological properties of the neuromuscular synapses of the pha- 
sic motoneuron of the crayfish claw closer muscle are shifted 
toward a more tonic profile by chronic stimulation of the phasic 
axon via electrodes implanted in vivo (Lnenicka and Atwood, 
1985a, b). Thus, artificial imposition of a tonic pattern of ac- 
tivity on a phasic motoneuron induced a series of adaptive 
changes. Physiological changes included reduction in initial 
transmitter release and enhanced resistance to depression of 
transmitter release during repetitive test stimulation of the pha- 
sic axon (Lnenicka and Atwood, 1985a, b). Morphologically, 
the normally slender, filiform terminal processes of the phasic 
motoneuron became more varicose and thus more similar to 
the terminals of the tonic excitatory motoneuron innervating 
the same muscle (Lnenicka et al., 1986). Furthermore, intra- 
terminal mitochondria were significantly increased in volume 
in chronically stimulated motoneurons, a characteristic that 
might contribute to their resistance to synaptic depression 
(Lnenicka et al., 1986). Collectively, these activity-induced 
changes in synaptic and morphological properties of a phasic 
motoneuron constitute “long-term adaptation” (LTA) to im- 
posed activity; the physiological adaptation can last for at least 
10 d following prolonged stimulation (Lnenicka and Atwood, 
1985a). 

The morphological changes associated with LTA, its persis- 
tence over several days, and the failure to induce LTA in de- 
centralized motoneurons (Lnenicka and Atwood, 1985b) all sug- 
gest that expression of LTA may involve changes in protein 
synthesis within the cell body of the phasic motoneuron. Quan- 
titative changes in the synthesis of preexisting proteins, and/or 
the de now synthesis of novel proteins, could be prerequisite(s) 
for the expression of LTA. Such modifications of neuronal gene 
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expression are likely triggered by depolarization of the phasic 
motoneuron, a condition that by itself is sufficient to fully induce 
LTA (Lnenicka and Atwood, 1988). 

The objective of the present study was to ascertain whether 
the full expression of LTA involved changes in protein synthesis 
occurring before, during, or after each stimulation period. Ac- 
tivity-induced changes in protein synthesis have been impli- 
cated in the expression of various forms of long-term synaptic 
plasticity, including long-term sensitization in Aplysia (Mon- 
tarolo et al., 1986; Dale et al., 1987; Castellucci et al., 1988, 
1989; Schacher et al., 1988) and mammalian hippocampal long- 
term potentiation (Stanton and Sarvey, 1984; Deadwyler et al., 
1987; Sarvey, 1988). Since there is currently no satisfactory in 
vitro model of LTA in crayfish, our experimental strategy en- 
tailed the injection of cycloheximide (CHX), a reversible inhib- 
itor ofsomal translation (Wettstein et al., 1964; Sisler and Siegel, 
1967) into intact crayfish before, during, or after each stimu- 
lation period. The extent of inhibition of protein synthesis was 
determined by measuring rates of [%]-methionine incorpora- 
tion into abdominal nerve cords of injected animals. Two days 
following periodic in vivo stimulation of the phasic motoneuron 
of the claw, we measured EPSPs (generated by the phasic mo- 
toneuron) by recording intracellularly from fibers of the claw 
closer muscle. We report that although CHX, at the dosages 
used here, did not deleteriously affect baseline neuromuscular 
transmission when administered chronically or acutely to un- 
stimulated animals, CHX did selectively prevent full expression 
of LTA in stimulated animals when administered 6 hr or 2 hr 
prior to each stimulation period. Maximal inhibition of protein 
synthesis during or soon after each stimulation period did not 
affect full expression of LTA. The implications of these results 
in light of previous work on neuromuscular LTA are discussed. 

isotope injections at the same site as the drug/saline injection; volumes 
of injected isotope were approximately 4.5% of each animal’s total body 
fluid volume. Each animal was maintained thereafter in separate moist- 
ened Styrofoam cups. 

Abdominal nerve cords were extracted at selected times after CHX/ 
saline injection. Crayfish were killed by thoracic hemisection and de- 
capitation, while leaving intact the abdominal segments. The abdomen 
was pinned ventral side up in a Petri dish lined with Sylgard and con- 
taining crayfish saline. The integument was carefully cut away, exposing 
the underlying abdominal nerve cord with 6 intact ganglia (Fig. 1). Each 
nerve cord was bisected to form 2 longitudinal hemicords, each con- 
sisting of 3 intact, interconnected ganglia. Care was taken to exclude 
extraneous muscle tissue in the samples. Each hemicord furnished a 
single measurement; thus, each animal yielded 2 separate measurements 
of [Y$Met incorporation. All sample sizes were expressed as numbers 
of animals. 

Each hemicord was manually homogenized in 50 ~1 of ice-cold 0.1 
M HEPES and transferred, via 5 successive 100~~1 rinses with 0.1 M 

HEPES. to a capoed centrifuge tube. Tubes were soun in a tabletoo 
centrifuge (Fisher-Scientific) ai 800 x g for 10 min,~and 100 ~1 of the 
supematant were transferred to a separate microfuge tube for subsequent 
quantitative protein assay; 400 ~1 of the remaining supematant in each 
tube were transferred to a new tube. To this sample were added 200 ~1 
of BSA (1 mg/ml) and 600 ~1 of 20% (wt/vol) TCA. The mixture was 
vortexed and spun at 800 x g for 10 min, after which the supematant 
was discarded and the remaining pellet washed with 1 ml of 10% TCA. 
Each tube was again centrifuged at 800 x g for 10 min and the 10% 
TCA wash-spin cycle repeated twice for each tube, giving a total of 3 
washes with 10% TCA. All supematant was discarded. 

Following the washes, 500 ~1 of 1 M KOH were added to each cen- 
trifuge tube to dissolve the pellet. Each tube was vortexed and 450 ~1 
of the mixture were transferred to individual scintillation vials; 20 ml 
of aqueous counting scintillant (Amersham Corp.) were added to each 
vial. Blanks were prepared for measurement of background activity. 
Counts were run on a 14C-program, since the maximum emitted energy 
from [‘S] is almost identical to that of [‘“Cl (Freifelder, 1982). Each 
vial was counted for 2 min in a scintillation counter (Tracer Mark III 
6881). The count obtained from each vial represented the amount of 
TCA-precipitable [Yj]-activity incorporated into one hemicord. Since 
[‘S]-Met is incorporated into proteins, the counts may essentially be 
regarded as proportionate measures of the amount of TCA-precipitable 
protein formed (Freifelder, 1982). 

Materials and Methods 

Animals. Since LTA is expressed most reliably in young crayfish (Lne- 
nicka and Atwood, 1985a), all experiments were performed on crayfish 
(Procambarus clarkii) with carapace lengths of 2.0-3.0 cm, bilaterally 
symmetrical claw lengths of 0.8-1.5 cm, and weights of approximately 
2.8-4.0 gm. Their estimated ages were 6-8 months. Following reception 
from a supplier in Louisiana (Atchafalaya Co.), animals were main- 
tained in dechlorinated tap water at 16°C and were fed carrots and fish- 
meal pellets weekly. All LTA experiments were performed in late winter 
and early spring. 

Materials. CHX was obtained from Sigma Chemical Co. (St. Louis, 
MO) and was dissolved in Van Harreveld’s solution (Van Harreveld. 
1936) buffered at pH 7.4 with 0.1 M HEPES. [Yi]-mkthionine ([Y$ 
Met) was obtained from ICN Inc. as an aqueous solution containing 
85% [‘S]-Met, 15% [‘S]-cysteine, and 10 mM 2-mercaptoethanol. The 
original supply (10 mCi/ml) was diluted to 1 &i/PI by addition of 
crayfish saline and stored at - 80°C. 

Measurement of I”S]-methionine incorporation into proteins in ab- 
dominal nerve cords. Abdominal nerve cords were used for their relative 
ease of extraction and accessibility. Measurements of amino acid in- 
corporation into abdominal nerve cords probably are representative of 
similar incorporation into whole nerve cords. 

The level of protein synthesis inhibition in abdominal nerve cords 
was measured by incorporation of [Y+Met into TCA-precipitable mac- 
romolecules. CHX, at a dosage of 1 &gm, 5 rg/gm, or 10 @/pm, was 
injected into live crayfish using a loo-p1 Hamilton syringe fitted with a 
26-gauge needle. Animals received injections at the ventral surface of 
the first abdominal segment, lateral to the nerve cord. Stock solutions 
of CHX were prepared at the following concentrations for the three 
dosages: 0.1 mg/ml for 1 pg/gm dosage, 0.5 mg/ml for 5 pg/gm dosage, 
and 1.0 mg/ml for 10 &pm dosage. Injected volumes were approxi- 
mately 4% of each animal’s estimated total body fluid volume. Control 
animals received equivalent dosimetric volumes of crayfish saline. [?i]- 
Met (12 pCi/gm) was injected into control and drug-treated animals 1 
hr prior to sacrifice and extraction of nerve cords. Animals received 

Counts were normalized for time-dependent variations in the amount 
of protein formed. The amount of protein per hemicord was estimated 
by the Bradford protein microassay (Bradford, 1976). One milliliter of 
Bradford reagent was added to 100 ~1 of supematant extracted from 
each centrifuge tube (see above). The absorbance at 595 nm was mea- 
sured on a Beckman DB-G spectrophotometer. The amount of protein 
was determined by interpolation on a standard curve prepared from 
absorbance measurements of known quantities of BSA. All counts were 
expressed as cpm/pg protein and were adjusted for background and 
decay. Percentage inhibition of [‘S]-Met incorporation by CHX was 
calculated by comparing incorporation in drug-treated hemicords with 
that in saline-treated hemicords. 

Electrophysiological experiments 

Induction of LTA. As described previously by Lnenicka and Atwood 
(1985a), LTA was induced in the phasic motoneuron of the claw by 
stimulation through a pair of Teflon-coated stainless-steel wires (Med- 
wire Corp.) implanted in the carpopodite of the claw. A more distal 
pair of electrodes of the same material was implanted in the propodite 
for recording of myograms from the closer muscle. The myograms pro- 
duced by the phasic axon of the closer muscle were monitored to ensure 
that stimulation of the axon occurred throughout the stimulation period 
(Lnenicka and Atwood, 1985a). The contralateral claw of each animal 
was used as an unstimulated control. 

Chronic stimulation was applied at 5 Hz for 2 hr/d for 3 consecutive 
days. Pulse duration was adjusted during stimulation to maintain re- 
cruitment of the phasic axon, while taking care not to induce autotomy. 
Two days following the last stimulation period, claws were isolated for 
intracellular recording of EPSPs. Animals were maintained in separate 
water-filled cups between stimulation periods. 

Intracellular recording of EPSPs from the closer muscle. Dissection 
of isolated claws and intracellular recording of EPSPs were carried out 
exactly as described by Lnenicka and Atwood (1985a). Conventional 
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intracellular recording techniques were employed, using glass microelec- 
trodes filled with 3 M KCI and having tip resistances of lo-20 megohms. 
The lateral region of a single distal fiber ofthe closer muscle was impaled, 
since the distal fibers are most strongly innervated by the phasic axon 
(Lnenicka and Atwood, 1985b). Saline temperature was maintained at 
18°C; no perfusion was necessary since stable EPSP recordings could 
be maintained during these brief recording sessions (Lnenicka and At- 
wood, 1985a, b). Since EPSPs produced by the phasic axon are very 
large (1 O-25 mV) during low-frequency stimulation, there was no dif- 
ficulty in confirming that the phasic axon had been recruited. All EPSP 
amplitudes were corrected for nonlinear summation (Martin, 1955) 
assuming a reversal potential of + 11.5 mV (Onodera and Takeuchi, 
1975). 

The initial EPSP was determined for each claw by averaging 8 suc- 
cessive EPSPs elicited by 0.01 Hz stimulation of the phasic axon. Av- 
eraging was performed on-line by a digital storage oscilloscope (Sony- 
Tektronix 336). 

6 

p Hemicord 

As a test for synaptic depression, the phasic axon was then stimulated 
continuously at 5 Hz for 30 mitt, while EPSP amplitudes were measured 
every 5 min through on-line averaging of 16 successive EPSPs per time 
point. 

Drug control experiments. In a number of separate experiments, dis- 
sected unstimulated claws were presoaked in 0.6 mM CHX for 30 min Caudal 
at 18°C. After this presoak, the following stimulation protocol was ap- 
plied to each claw’s phasic axon, in successive stages (after Pahapill et 
al., 1987): (I) determination of initial EPSP amplitude (0.01 Hz); (2) 
stimulation at 0.1 Hz for 5-10 min, thereby eliciting low-frequency 
depression (LFD); (3) stimulation at 5 Hz for 30 min, eliciting high- 
frequency depression (HFD); (4) resumption of 0.1 Hz stimulation to 
test for long-term facilitation (LTF). Identical experiments were per- 
formed on saline-presoaked claws. An unpaired Student’s t test was 
used to compare EPSP amplitudes measured under these conditions. 
These experiments served as tests for harmful effects of peripherally 
applied CHX on baseline neuromuscular transmission. The 0.6-mM 
concentration of CHX was approximately 10 times that calculated to 
exist in vivo following equilibration of a single injection of 5 &gm 
CHX. 

In a second series of experiments, CHX (5 Ilg/gm) was injected into 
unstimulated crayfish once each day for 3 consecutive days. Two days 
following the last injection, claws were removed for recording of EPSPs 
using the previously described stimulation protocol. Saline-injected an- 
imals served as controls. Since intact animals were used, these experi- 
ments served as tests for harmful side effects of repeated, acute periods 
of protein synthesis inhibition on neuromuscular transmission. The 
injection regimen was identical to that used for all subsequent experi- 
ments on LTA expressison. All animals were maintained in separate 
water-filled containers. 

i5fects of protein synthesis inhibition on expression of LTA. Crayfish 
were divided into 4 groups, designated according to the time of injection 
of CHX (5 &gm) relative to initiation of chronic stimulation. Animals 
in the “-6 hr” group received injections 6 hr prior to stimulation. 
Animals in the “-2 hr” group received injections 2 hr prior to each 
stimulation period, while those in the “0 hr” group received injections 
at the onset of stimulation. Finally, animals in the “2 hr” group received 
injections at the end of stimulation. A fifth group, henceforth referred 
to ‘as the “control group,” received saline injections instead of CHX. 
Animals within each group received single injections at a single pre- 
scribed time on each day of chronic stimulation. All were stimulated 
using the regimen described previously. Animals were maintained in 
separate water-filled containers between stimulation trials. 

Statistical treatment ofelectrophysiological data. The change in initial 
(or final) EPSP amplitude resulting from chronic stimulation was cal- 
culated for each animal as the difference between the initial (or final) 
EPSP amplitude of the stimulated (“experimental”) claw and that of 
the contralateral unstimulated (“control”) claw. Mean changes were 
calculated by averaging all differences within each of the 4 drug-treated 
groups. These mean changes were compared with the corresponding 
mean changes of the control group, using an unpaired Student’s t test. 
Comparisons of raw initial and final EPSP amplitudes of experimental 
and control claws within each group of animals were also performed 
using a paired t test. 

Additionally, a depression index was calculated for each claw: 

Depression index = 1 - 
final EPSP amplitude 

mmal EPSP amplitude 

Figure 1. Crayfish abdominal nerve cord. Following injection of [35S]- 
Met into intact crayfish, abdominal nerve cords were extracted and 
bisected to form 2 congruent hemicords, each with 3 interconnected 
ganglia. Each hemicord yielded a single count of incorporated activity. 

This depression index is proportional to synaptic depression. For claws 
that displayed net facilitation, with final EPSP amplitude greater than 
initial EPSP amplitude, an index value of zero was assigned. Mean 
depression indices were calculated for control and experimental claws 
within each drug-injected group and compared with those of the control 
group, using an unpaired t test. 

Results 
Inhibition of [j5SJ-Met incorporation by cycloheximide 
We determined the extent of inhibition of [Y+Met incorpo- 
ration into neural tissue by CHX by injecting different dosages 
ofCHX into intact crayfish and extracting their abdominal nerve 
cords at various times postinjection. 

For all dosages tested, inhibition of [)S]-Met incorporation 
recovered fully by 16 hr after a single CHX injection (Fig. 2A). 
The range of sample sizes was n = 3 to n = 6 animals (2 hemi- 
cords/animal) per time point for the 3 dosages tested. Each 
animal furnished 2 counts of incorporated activity. The mean 
count measured from saline-treated, rostra1 hemicords (130 ? 
16 cpm/wg SEM; n = 30 hemicords) was not significantly dif- 
ferent from that measured from saline-treated caudal hemicords 
(157 * 25 cpm/wg; n = 28, p > 0.2 for an unpaired t test). 
Similarly, there were no significant differences between counts 
measured from rostra1 and caudal hemicords in each of the 3 
CHX-injected groups. 

At a dosage of 1 &gm, CHX only transiently inhibited [35S]- 
Met incorporation into nerve cords, with peak inhibition oc- 
curring at 1 hr post-CHX (9 1 f 1% SEM) and receding to 7 1 
+ 7% at 2 hr post-CHX (Fig. 2A). This dosage was considered - 
unsuitable for our experiments on LTA expression, since the 
duration of maximal inhibition was too brief. 

At 10 &gm, CHX suppressed incorporation maximally for 
at least 5 hr post-CHX, with the level of inhibition remaining 
greater than 80% up to 6 hr post-CHX (Fig. 2A). This prolonged 
suppression of incorporation following a single injection was 
also deemed unsuitable, since the duration of maximal inhibi- 
tion far exceeded the duration ofeach chronic stimulation period 
(2 hr). Furthermore, the prolonged inhibition may also induce 
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Figure 2. Time course of protein synthesis inhibition by cycloheximide 
(CHX). A, Percentage inhibition of protein synthesis by CHX is dose- 
dependent. Inhibition was measured from counts of incorporated [%I- 
Met activity in abdominal nerve cords. Each point represents the mean 
of 3-6 animals. Bars represent SEM. B, Counts of incorporated P5S]- 
Met activity in saline- and CHX-treated hemicords, for 5 &gm CHX. 
Inhibition of protein synthesis was maximal for approximately 2 hr 
followina a sinale CHX iniection and was fully reversed by 16 hr post- 
CHX. This dosage of CHX was used for all experiments on long-term 
adaptation. Six animals were assayed for each time point (3 for saline 
and 3 for CHX). 

long-lasting adverse side effects, which may be amplified fol- 
lowing repeated daily injections of CHX. The potential for cu- 
mulative toxicity resulting from repeated CHX injections can- 
not be ignored, especially since we used a chronic stimulation 
regimen that spans several days. 

Following injection of 5 &gm CHX, incorporation was in- 
hibited by greater than 85% for approximately 2 hr post-CHX 
(Fig. 2, A, B). Peak inhibition occurred at 2 hr post-CHX (92 
? lo/o), with the level at 1 hr post-CHX being 88 * 3%. The 
inhibition dropped to 74 ? 7% at 4 hr post-CHX. Thus, 5 pgl 
gm CHX was used for all subsequent experiments on LTA 
expression (including drug control experiments), since its du- 
ration of maximal inhibition closely matched the duration of 
each stimulation period. This criterion allowed a direct test of 
the hypothesis that protein synthesis during each stimulation 
period may be required for LTA expression. 

The level of incorporation at 16 hr post-CHX was greater in 
CHX-treated hemicords than in saline controls (Fig. 2B). This 

elevation was evident for all dosages tested and may have re- 
sulted from a postrecovery acceleration of protein synthesis sub- 
sequent to the translation of a pool of mRNA accumulated 
during translational inhibition by CHX (cf: Montarolo et al., 
1986, for anisomycin data). 

Overall, CHX produced a reversible, dose-dependent inhi- 
bition of [YS]-Met incorporation into abdominal nerve cords. 
Such inhibition presumably occurs at the translational stage of 
protein synthesis (Wettstein et al., 1964; Sisler and Siegel, 1967) 
although we cannot confirm this under our conditions. Fur- 
thermore, the observed inhibition represented the net sum of 
inhibition occurring in both neuronal and glial elements asso- 
ciated with abdominal nerve cords. 

Efects of CHX on EPSPs in isolated naive claws 

Numerous protein synthesis inhibitors have been shown to pro- 
duce rapid depression of evoked EPSPs when applied periph- 
erally to isolated nerve-muscle preparations at millimolar con- 
centrations (Onodera and Takeuchi, 1977). Such effects were 
attributed to interference with postsynaptic ionic conductances, 
in a manner independent of protein synthesis inhibition (Onode- 
ra and Takeuchi, 1977). We tested for detrimental effects of 
CHX on neuromuscular transmission in the claw closer muscle. 
Unstimulated claws were dissected, then preincubated in 0.6 
mM CHX for 30 min. This concentration was approximately 
lo-fold higher than that calculated to exist in vivo following a 
single injection of 5 &gm CHX (assuming uniform distribution 
of drug in the body fluids). 

Stimulation ofthe phasic axon at 0.0 1 Hz produced an average 
initial EPSP amplitude of 21.5 + 1.3 mV in CHX-incubated 
claws (Fig. 3A, n = 10). This amplitude was not significantly 
different from that of saline-incubated claws (23.5 + 0.5 mV, 
n = 7, p > 0.05). Subsequent stimulation at 0.1 Hz elicited an 
LFD (Fig. 3A) of EPSPs that is characteristic of the phasic claw 
motoneuron (Pahapill et al., 1987). No observable differences 
in either the time course or magnitude of LFD were evident in 
the 2 claw groups (Fig. 3A). Stimulation at 5 Hz for 30 min 
produced an initial transient facilitation followed by rapid 
depression (HFD) of EPSPs (Fig. 3A). Final EPSPs measured 
after 30 min of 5 Hz stimulation were not significantly different 
in amplitude between the 2 claw groups (p > 0.05; Fig. 3, A, 
B). Resumption of 0.1 Hz stimulation revealed an LTF of EPSPs 
(Pahapill et al., 1987) (Fig. 3, A, B). Both the magnitude and 
the time course of LTF in CHX-treated claws did not signifi- 
cantly differ from those of saline-treated claws (p > 0.05). 

It appears that 0.6 mM CHX, under the conditions employed 
here, did not exert any observable detrimental effects on EPSP 
amplitudes and waveforms, and on the time course and mag- 
nitudes of LFD, HFD, and LTF. Peripherally applied CHX 
appears to have minimal side effects on the transmitter-releasing 
capacity of the phasic motoneuron. These results appear to rule 
out significant harmful side effects of acutely administered CHX 
on activity-dependent neuromuscular transmission in the phasic 
claw motoneuron. 

Effects of repeated CHX injections on evoked EPSPs 

We tested for possible harmful side effects of repeated injections 
of CHX on evoked EPSPs in the claw’s phasic motoneuron. 
Intact crayfish (n = 4) with symmetrical unstimulated claws 
were injected with 5 pg/grn CHX once per day for 3 consecutive 
days. Claws were isolated 2 d after the last injection for intra- 
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Figure 3. CHX incubation controls. A, Isolated unstimulated claws were incubated in 0.6 mM CHX for 30 min prior to intracellular recording 
of EPSPs evoked by stimulation of the closer muscle’s phasic axon. CHX had no effect on the time course and magnitude of low-frequency 
depression (LFD), high-frequency depression (HFD), and long-term facilitation (LTF) in CHX-incubated claws (n = 10) as compared to saline- 
incubated controls (n = 7). Bars represent SEM. B, Representative EPSP traces from CHX- and saline-incubated claws obtained from 2 separate 
animals. CHX had no effect on the waveforms of EPSPs evoked before (0 min) and after (30 min) 5 Hz stimulation of the phasic axon. EPSPs 
evoked at 0.1 Hz 5 min after 5 Hz stimulation were unaffected by CHX; LTF was evident from the larger amplitudes of these EPSPs, as compared 
to the initial amplitudes prior to 5 Hz stimulation. 
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Figure 4. CHX injection controls. In- 
tact unstimulated crayfish were injected 
with 5 pg’grn CHX once per day for 3 
consecutive days, and EPSPs recorded 
from the claw closer muscle 2 d there- 

40 

LFD 
0.1 Hz 

. CHX-INJECTED 

. SALINE-INJECTED 

after. No observable effects on LFD, 
HFD, and LTF were evident (see Fig. 

ii3 
3). n = 4 animals for each group. 

cellular EPSP recordings. A second group of saline-injected an- 
imals served as controls (n = 4). 

The stimulation protocol was the same as described above 
for the CHX incubation controls. The mean initial EPSP am- 
plitude in CHX-injected animals was 18.7 -t 1.3 mV. This was 
not significantly different from the mean initial amplitude mea- 
sured in saline-injected controls (19.2 ? 1.1 mV, p > 0.05; Fig. 
4). Mean final EPSP amplitudes measured after 30 min of 5 Hz 
stimulation were also not significantly different between the 2 
groups (p > 0.05; Fig. 4). Furthermore, neither the time courses 
nor the magnitudes of LFD, HFD, and LTF were significantly 
different between the 2 groups (p > 0.05 for all points in Fig. 
4). 

These results indicate that repeated bouts of acute protein 
synthesis inhibition did not produce any observable side effects 
on neuromuscular transmission under the conditions employed 

Table 1. Summary of mean EPSP amplitudes in control and CHX- 
injected groups of animals 

Animal group 

Mean initial/mean final EPSP 
(mV k SEM) 
E: experimental, C: control Paired t test 

Control saline, E: 7.3 f 1.0/4.2 + 1.0 i:p < 0.001 
n=7 c: 17.7 -1- 1.1/0.3 f 0.1 f:p < 0.01 

-6 hr CHX, E: 9.2 f 1.5/2.1 k 0.3 i:p < 0.02 
n=8 C: 11.8 f 1.6/1.3 k 0.2 f:p < 0.05 

-2 hr CHX, E: 8.7 +- 1.3/1.5 k 0.3 i:p < 0.01 
n=5 c: 11.3 Ii l.l/l.O * 0.1 n.s. 

0 hr CHX, E: 7.1 + 1.1/2.7 + 0.9 i:p < 0.001 
n=6 c: 19.0 k 0.5/0.3 -t 0.1 f:p i 0.05 
2 hr CHX, E: 6.6 t 0.8/4.0 I!Z 0.6 i:p < 0.002 
n=8 C: 15.6 t 1.4/1.3 f 0.2 f:p < 0.005 

Mean initial EPSP amplitudes were measured prior to the onset of 30 min of 5 
Hz test stimulation of the phasic axon, while mean final EPSP amplitudes were 
measured at the end of 5 Hz test stimulation. A paired t test was used to compare 
the mean initial or final EPSP amplitude of experimental claws with the 
corresponding mean EPSP amplitude of contralateral control claws within each 
group. i, initial; f, final. 

102030 3 6 9 12 15 

Time (minutes) 

here. The injection schedule for these experiments was identical 
to that used subsequently for experiments on LTA expression. 

Collectively, these control experiments strongly suggest that 
CHX, at the dosages used here, did not significantly alter the 
physiological response properties of the phasic motoneuron’s 
neuromuscular synapses, as measured by intracellular record- 
ings of evoked EPSPs. Furthermore, injected animals displayed 
no consistent behavioral changes under the conditions em- 
ployed here. Since injected CHX had no effect on the expression 
of LFD, HFD, and LTF, these results are consistent with the 
hypothesis that expression of these phenomena is independent 
of protein synthesis and primarily dependent on temperature- 
sensitive, ion-dependent processes localized within the axon 
terminals of the phasic motoneuron (Pahapill et al., 1987). 

Effects of CHX on expression of LTA 

To determine whether full expression of LTA required protein 
synthesis within a discrete time period relative to each chronic 
stimulation period, we injected 5 wg/gm CHX into intact cray- 
fish before, during, or after each stimulation period. All animals 
were stimulated for 3 consecutive days, and claws were removed 
2 d following chronic stimulation for EPSP measurements. 

In a group of 7 saline-injected animals, the initial EPSP am- 
plitude was significantly smaller in stimulated claws (7.3 + 1 .O 
mV) than in contralateral unstimulated claws (17.7 ? 1.1 mV, 
p < 0.001 for a paired t-test; Fig. SA). Final EPSPs were sig- 
nificantly larger in stimulated claws (4.2 ? 1.0 mV) than in 
unstimulated claws (0.3 f 0.1 mV, p < 0.0 1; Fig. 5A). Depres- 
sion after 30 min of 5 Hz stimulation was significantly less in 
stimulated (depression index 0.46 ? 0.12) than in unstimulated 
claws (0.98 -t 0.0 1, p < 0.05). The mean change in initial EPSP 
amplitude was - 10.4 f 1.5 mV (reduction in amplitude), while 
that of the final EPSP amplitude was 3.9 * 0.9 mV (Fig. 7). 
Thus, a 3-d stimulation regimen produced a robust expression 
of LTA that was evident 2 d after stimulation. 

Injection of CHX 6 hr prior to the onset of each stimulation 
period (- 6 hr CHX) did not block LTA completely. Initial EPSP 
amplitudes were significantly smaller in stimulated claws than 
in contralateral unstimulated claws (‘p < 0.02, n = 8; Table 1 
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Figure 5. Long-term neuronal adaptation (LTA). A, Three days of chronic in vivo stimulation of the claw’s phasic axon at 5 Hz (2 hr/d) produced 
significant reductions in initial EPSP amplitudes (0 min) and synaptic depression in stimulated claws (triangles, “experimental”) as compared to 
contralateral unstimulated claws (circles, “control”). EPSPs were measured 2 d after the last stimulation period. An identical stimulation schedule 
was used for subsequent LTA experiments. n = 7 animals for this control group. B, Representative EPSP traces measured from experimental and 
control claws of a single animal during 5 Hz test stimulation of the phasic axon. The initial EPSP (0 min) was significantly smaller in the experimental 
claw, while the final EPSP (30 min) was significantly larger. The latter is indicative of increased resistance to synaptic depression in the experimental 

and Fig. 6A), while final EPSPs were significantly larger in stim- 
ulated claws than in unstimulated claws (p < 0.05). However, 
the magnitude of LTA was significantly attenuated, since the 
mean changes in initial and final EPSP amplitudes were signif- 
icantly smaller than those of the control group (Fig. 7). The 
mean depression index of stimulated claws was significantly 
lower (0.70 + 0.06) than that of unstimulated claws (0.87 f 
0.03, p < 0.02), while the former index was markedly, though 
not significantly, higher than the mean depression index of stim- 
ulated claws in the control group. 

Injection of CHX 2 hr prior to stimulation (- 2 hr CHX) also 
did not abolish LTA, since initial EPSPs were significantly smaller 
in stimulated claws (p < 0.0 1, IZ = 5) than in unstimulated claws 
(Fig. 6B and Table l), while final EPSPs were not significantly 
larger in stimulated claws (p > 0.05; Fig. 6B and Table 1). 
However, LTA was significantly attenuated compared to the 
control group, since mean changes in initial and final EPSPs 
were significantly smaller for this -2 hr CHX group (Fig. 7). 
Depression in stimulated claws was significantly greater (0.81 
+- 0.04) than the depression in stimulated claws of the control 
group (p < 0.05) but was less than the depression observed in 
contralateral unstimulated claws (0.91 ? 0.02, p < 0.05 for a 
paired t test). 

For 6 animals injected at the onset of stimulation (0 hr CHX), 
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initial and final EPSPs were significantly smaller and larger, 
respectively, in stimulated claws when compared to unstimu- 
lated claws (Table 1 and Fig. 6C). Mean changes in initial and 
final EPSPs were not significantly different from those of the 
control group (Fig. 7; compare Figs. 5A and 6C). Depression 
was significantly less in stimulated claws (0.6 1 + 0.13) than in 
contralateral unstimulated claws (0.98 f 0.01, p < 0.05) and 
was not significantly different from depression of stimulated 
claws in the control group (p > 0.2). Thus, LTA was fully ex- 
pressed when CHX was administered at the onset of each chron- 
ic stimulation period. 

Injection of CHX at the end of each 2-hr stimulation period 
(2 hr CHX) also did not affect expression of LTA. Initial and 
final EPSPs were significantly smaller and larger, respectively, 
in stimulated claws (n = 8) compared to contralateral unstimu- 
lated claws (Fig. 60 and Table 1). Mean changes in initial and 
final EPSPs were not significantly different from those of the 
control group (Fig. 7; compare Figs. 5A and 60). Depression in 
stimulated claws (0.42 f 0.07) was significantly less than that 
of contralateral unstimulated claws (0.91 +- 0.02, p < O.OOl), 
but was not significantly different from depression in the control 
group of animals (p > 0.5). 

Overall, these experiments revealed that inhibition of protein 
synthesis prior to each stimulation period attenuated the expres- 
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Figure 6. Effects of protein synthesis 
inhibition on LTA. A and B, Injection 
of 5 &pm CHX into intact crayfish 6 
hr (-6 hr CHX, n = 8) or 2 hr (-2 hr 
CHX, n = 5) prior to each stimulation 
period significantly attenuated both the 
reduction in initial EPSP amplitudes 
and the elevation in final EPSP ampli- 
tudes normally expressed in neuronal 
LTA (compare with Fig. 54. C and D, 
Injection of 5 p&m CHX at the onset 
of (0 hr CHX, n = 6) or at the end of 
(2 hr CHX, n = 8) each stimulation pe- 
riod did not affect expression of LTA. 
Initial EPSPs were significantly smaller 
and final EPSPs significantly larger in 
experimental claws as compared to 
contralateral control claws. All EPSPs 
were recorded 2 d after a 3-d chronic 
stimulation regimen. 

20 
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sion of LTA. Maximal inhibition of protein synthesis during or examined in the context of purported cause-effect relationships 
soon after each stimulation period failed to affect expression of between protein synthesis inhibition and an observed alteration 
LTA. of synaptic efficacy. 

Discussion 
Numerous studies have focused on the causative links between 
changes in neuronal protein synthesis and certain forms of long- 
term, activity-induced modifications of synaptic transmission, 
including mammalian hippocampal long-term potentiation 
(LTP) (Stanton and Sarvey, 1984; Deadwyler et al., 1987; re- 
viewed by Sarvey, 1988) and long-term sensitization (LTS) in 
Ap&ia (Montarolo et al., 1986; Dale et al., 1987; Castellucci 
et al., 1988, 1989; Schacher et al., 1988). A particularly common 
approach has been to apply protein synthesis inhibitors at spe- 
cific times relative to periodic stimulation of an identified neu- 
ron. 

The issue of nonspecific effects of CHX has been raised on 
numerous occasions (Flexner et al., 1973; Plexner and Good- 
man, 1975; Quartermain, 1976). CHX and other inhibitors of 
translation have been shown to produce anesthetic effects on 
sympathetic ganglia (Paggi and Toschi, 1971) and to depress 
hippocampal spike amplitudes (Stanton and Sarvey, 1984). 
Conversely, CHX does not impair axonal transport of proteins 
already situated within axons (McEwen and Grafstein, 1968; 
Ochs et al., 1970; Edstrom and Mattson, 1972; Buresova and 
Tucek, 1977) and selectively attenuates long-term memory in 
a highly dose-dependent manner that is tightly correlated with 
degrees of protein synthesis inhibition and memory impairment 
(Quinton and Kramarcy, 1977). 

It is clear from the functional diversity and ubiquity of neu- 
ronal proteins (Reichardt and Kelly, 1983) that a general in- 
hibition of protein synthesis would inevitably perturb a number 
of intracellular protein-dependent processes, such as axonal 
transport, transmitter synthesis and mobilization, ion-channel 
functions, and enzyme-regulated metabolic processes. The spec- 
ificity of action of protein synthesis inhibitors must be critically 

Although our results do not rule out nonspecific effects of 
CHX, they do strongly suggest that the observed attenuation of 
LTA was not due to significant nonspecific effects of CHX. The 
selective attenuation of LTA within a discrete time window of 
protein synthesis inhibition, the dose-dependent, reversible 
blockade of [%I-Met incorporation, and the absence of detect- 
able side effects of CHX on evoked EPSPs generated by the 

-2 hr CHX 

2 hr CHX 

I 8 I I I 
0 5 10 15 20 25 30 

TIME (minutes) 
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Figure 7. Summary of CHX and LTA 
data. The change in initial (or final) 
EPSP amplitude was calculated for each 
animal within each group as the differ- 
ence between the initial (or final) EPSP 
amplitude in the stimulated claw and 
that of the contralateral unstimulated 
claw. “Controls” consisted of stimulat- 
ed, saline-injected animals (see Fig. 5). 
Injection of CHX 6 hr (- 6 hr CHX) or 
2 hr (-2 hr CHX) prior to each stim- 
ulatidn period significantly attenuated 
both the reduction in initial EPSPs (left- 
hand ordinate, open bars) and then ele- 
vation in final FPSPs (right-hand or- 
dinate. black bard. Iniection of CHX 
at the onset of (0 hi &A’) or at the end 
of (2 hr CHX) each stimulation period 
did not affect the changes in EPSP am- 
plitudes produced by chronic stimula- 
tion. Numbers above bars are numbers 
of animals per group. * p < 0.02, ** p 
< 0.002 for an unpaired t test com- 
parison of corresponding changes in 
EPSPs between the control group and 
each CHX-injected group. 

q initial 

m final 

8 

Controls -0hrCHX -2 hr CHX Ohr CHX 2 hr CHX 

specific neuron of interest, all constitute strong evidence against 
a major causative role for gross nonspecific effects. 

Our drug control experiments have established that neither 
chronic nor acute administration of CHX to intact animals and 
isolated claws, respectively, exerted harmful effects on the phasic 
motoneuron’s transmitter-releasing capacity, as measured by 
the time course and magnitude of evoked EPSPs. Although 
CHX exerted minimal side effects on EPSPs under the condi- 
tions employed here, the time of data sampling may be critical 
to the outcome of these controls. We stress, however, that CHX 
exerted no detectable effects on evoked EPSPs in animals that 
had undergone an injection schedule identical to that used for 
our experiments on LTA expression. Furthermore, the 0.6 mM 
CHX concentration, used here to test for harmful side effects 
on neuromuscular synapses of preincubated isolated claws, was 
comparable to concentrations of other protein synthesis inhib- 
itors known to produce rapid depression of EPSPs in isolated 
crayfish neuromuscular preparations (Onodera and Takeuchi, 
1977) and depression of calcium currents in mouse motor syn- 
apses (Bourret and Mallart, 1989). The former has been attrib- 
uted to interference with postsynaptic ion channel conductances 
(Onodera and Takeuchi, 1977). Although our studies do not 
rule out effects of CHX on postsynaptic muscle fiber input re- 
sistance, it is unlikely that significant changes in the latter oc- 
curred under our conditions, since we observed no significant 
changes in EPSP waveforms. 

The results of the present experiments on LTA expression 
suggest that a pool of preexisting, short-lived proteins is required 
for full expression of LTA. The results also argue against the 
activity-induced synthesis of novel proteins as being critical for 
neuronal LTA. If the latter were true, then inhibition of protein 
synthesis during or after stimulation would have blocked LTA. 
Instead, the observed attenuation of LTA occurred only when 
protein synthesis was inhibited well before the onset of stimu- 
lation, suggesting that CHX depleted a pool of preexisting pro- 
teins critical for LTA. That these proteins may be short-lived 
derives from the observation that maximal inhibition of protein 
synthesis for a mere 2 hr was sufficient to attenuate LTA. These 

results are similar to those of Deadwyler et al. (1987), in which 
hippocampal LTP was blocked by exposure to protein synthesis 
inhibitors for 30 min, but not 15 min, prior to induction. These 
authors also proposed that a preexisting pool of proteins was 
critical for expression of LTP. 

The dynamic role of the synapse in information transfer de- 
mands that replenishment of structural and functional proteins, 
consumed during normal and imposed activity, occurs efficient- 
ly in a manner that is responsive to a neuron’s activity level. 
The vast majority of synaptic proteins are supplied to the ter- 
minals via fast axonal transport, following their synthesis in the 
cell body (Cuenod et al., 1972; Droz, 1973; Krygier-Brevart et 
al., 1974). Such proteins have half-lives ranging from hours to 
weeks (Droz, 1973) with many turning over in relatively short 
periods of time (Droz and Leblond, 1963; Blomstrand and Ham- 
berger, 1969). Rapid protein turnover might correlate with the 
high levels of lysosomal proteases observed in motoneurons 
(Hirsch and Parks, 1973; Hirsch, 1976). Furthermore, neuronal 
depolarization may increase the degradation of fast axonally 
transported proteins in nerve terminals via calcium-activated 
proteases (Sandberg et al., 1980; Kanje et al., 1985) and may 
subsequently modify the axonal transport rates of such proteins 
in an adaptive fashion (Jasmin et al., 1988). 

The ability to prevent full expression of neuronal LTA through 
inhibition of protein synthesis occurring within a critical time 
window is consistent with previous studies suggesting a critical 
role for the phasic motoneuron’s cell body in LTA expression. 
Axotomized motoneurons do not show LTA when chronic stim- 
ulation is applied in viva to the surviving peripheral axonal 
segments (Lnenicka and Atwood, 1985b), while depolarization 
of the intact motoneuron per se is sufficient to induce LTA 
(Lnenicka and Atwood, 1988). The former observation also 
suggests that glial protein synthesis and transfer of glial proteins 
to axons (Lasek et al., 1977; Sheller et al., 1985) probably are 
not critically involved in LTA expression. Although we have 
not directly confirmed that protein synthesis is inhibited spe- 
cifically in the claw’s phasic motoneuron, it would be difficult 
to reconcile the present results with those of previous studies 
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without assuming that such inhibition ofneuronal protein syn- 
thesis indeed occurred under our conditions. 

In contrast to studies on LTS in Aplysia, where critical changes 
in protein synthesis occurring during and shortly after induction 
are impl‘icated (Goelet et al., 1986; Montarolo et al., 1986; Cas- 
tellucci et al., 1988, 1989), our results on neuronal LTA suggest 
a permissive function for the putative preexisting proteins in- 
volved in LTA. Such proteins may be short-lived translational 
or transcriptional regulatory factors (Gokal et al., 1986), second- 
messenger-associated enzymes (Bray et al., 1971), or axonal 
transport proteins (Buresova and Tucek, 1977). Depletion of 
these permissive proteins could preclude the operation of those 
intracellular biochemical processes necessary for expression of 
LTA and dependent on the availability of these permissive pro- 
teins. 

The increased resistance to synaptic depression observed in 
adapted phasic motoneurons may be linked to the increased 
volume and branching of terminal mitochondria observed in 
earlier studies on LTA (Lnenicka et al., 1986). The increased 
mitochondrial volume might be indicative of an activity-in- 
duced increase in oxidative enzyme activity (Wong-Riley, 1989). 
Since transmitter mobilization is an energy-dependent process, 
increased activity of oxidative enzymes might better adapt a 
neuron to meet the increased energy requirements concomitant 
with an increased frequency of synaptic transmitter release 
(Sickles and Oblak, 1984). 

The reduction in initial transmitter release associated with 
LTA is clearly presynaptic in origin (Lnenicka and Atwood, 
1985a; Mercier and Atwood, 1989) and may be linked to re- 
ductions in the size and/or number of active release sites (Go- 
vind and Chiang, 1979; Atwood and Marin, 1983). Such re- 
ductions may be concomitant with activity-induced nerve 
terminal retraction (Jans et al., 1986; Wernig and Herrera, 1986). 
Indeed, prolonged stimulation of the crayfish phasic claw mo- 
toneuron also is associated with terminal retraction (G. A. Lnen- 
icka, personal communication). Other possible mechanisms 
might involve down-regulation of calcium channels in the vi- 
cinity of release sites (cf Willow et al., 1986) or increased cal- 
cium buffering by mitochondria. 

In general, both central and peripheral synapses may adapt 
to chronic changes in their activity levels. LTA at crayfish neu- 
romuscular synapses may represent just one example of an ac- 
tivity-regulated, adaptive form of long-term synaptic plasticity. 
This is supported by the presence of long-lasting adaptive changes 
(consistent with those observed in crayfish) at central synapses 
of other species, including the cricket (Murphey and Matsu- 
moto, 1976) and locust (Bloom and Atwood, 1981), and at 
vertebrate neuromuscular junctions (Robbins and Fischbach, 
197 1; Hinz and Wemig, 1988) and spinal cord (Gallego et al., 
1979; Manabe et al., 1989). Although the molecular mecha- 
nisms underlying neuronal LTA remain undetermined, the re- 
cent discovery that LTA may be induced in a crayfish abdominal 
motoneuron (Mercier and Atwood, 1989) might provide a more 
accessible preparation for the study of such mechanisms. 
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