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Phosphorylation-Dependent Low-Frequency Depression at
Phasic Synapses of a Crayfish Motoneuron
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Extremes in presynaptic differentiation can be studied at the crayfish leg extensor muscle where, on the same muscle fiber, one motoneu-
ron makes “phasic” depressing synapses that have a high probability of neurotransmitter release and another motoneuron makes
“tonic,” low-probability, facilitating synapses. The large motor axons permit intracellular access to presynaptic sites. We examined the
role of phosphorylation during low-frequency depression (LFD) in the relatively little studied phasic synapses.

LFD occurs with stimulation at 0.2 Hz and develops with time constants of 4 and 105 min to reach �50% depression of transmitter
release in 60 min similar to long-term depression in mammals. LFD is not associated with changes in postsynaptic sensitivity to trans-
mitter and thus is a presynaptic event, although it is not accompanied by changes in the presynaptic action potential. Blockade of protein
kinases accelerated the slow phase of LFD, but stimulation of kinases reduced depression. Blockade of protein phosphatases 1A/2A
reversed the slow phase. When calcineurin was inhibited, both phases of LFD were abolished, and facilitation occurred instead. Immu-
nostaining showed calcineurin-like immunoreactivity in synaptic terminals. Recovery from LFD occurred in �1 h if stimulation fre-
quency was reduced to 0.0016 Hz. Recovery was blocked by kinase inhibition.

This study shows that phosphorylation-dependent mechanisms are involved in LFD and suggests that exocytosis is controlled by
conditions that shift the balance between phosphorylated and unphosphorylated substrates. The shift can occur by alteration in the
relative activities of protein kinases and phosphatases.

Key words: synaptic plasticity; low-frequency depression; protein kinase A; protein kinase C; calcineurin; presynaptic differentiation

Introduction
There is a great diversity in performance of presynaptic terminals
attained through development or by learning and memory mech-
anisms. The synapses of Crustacean neuromuscular junctions
provide an extraordinary opportunity to study presynaptic dif-
ferentiation. For instance, at individual fibers of the crayfish leg
extensor muscle, one motor neuron makes synapses that have a
high probability of transmitter release and depress easily with
low-frequency stimulation. On the same muscle fiber, another
motoneuron makes tonic synapses that have a probability of
transmitter release hundreds of times lower than that of the pha-
sic synapses, but the probability increases dramatically with re-
petitive stimulation (Bradacs et al., 1997; Atwood and Karu-
nanithi, 2002).

These synapses are particularly suited for the study of presyn-
aptic differentiation, because their large axons allow recording of
action potentials (APs) and injection of substances to modify

transmitter release (Hua et al., 1998; Hua and Charlton, 1999).
Furthermore, the development of diverse presynaptic types on
the same postsynaptic cell makes it unlikely that the presynaptic
diversity is attributable to postsynaptic influences. Thus, the fac-
tors that cause presynaptic diversity can be sought in the presyn-
aptic cells alone.

Crayfish neuromuscular synapses undergo two forms of long-
term plasticity, long-term facilitation (LTF) (Wojtowicz and At-
wood, 1986; Beaumont et al., 2001) and low- frequency depres-
sion (LFD) (Kennedy and Takeda, 1965), in addition to
posttetanic potentiation (Delaney et al., 1989). LFD is a long-
lasting depression in the amplitude of EPSPs that occurs during
very low-frequency stimulation of some Crustacean phasic-type
motoneurons (Kennedy and Takeda, 1965; Bryan and Atwood,
1981) as well as mammalian spinal Ia afferents (Kudo and
Yamada, 1985). In the hippocampus, the balance of protein ki-
nase and phosphatase activity determines the expression of spe-
cific forms of synaptic plasticity: long-term depression (LTD) or
long-term potentiation (Coussens and Teyler, 1996). A decline in
the quantity of phosphorylated substrate mediates mammalian
LTD (Hansel and Linden, 2000; Ramakers et al., 2000). LTD of
synaptic transmission induced by low-frequency stimulation of
afferents in rat hippocampus involves calcineurin (Yasuda et al.,
2003) protein phosphatase 1 (PP1) and protein phosphatase 2A
(Mulkey et al., 1993). Little is known about the mechanism of
LFD in invertebrate synapses.

Because phosphorylation of synaptic substrates plays a key
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role in regulating the strength of synaptic transmission in both
Crustacean (Dixon and Atwood, 1989a; Swain et al., 1991; Beau-
mont et al., 2001) and mammalian nervous systems (Tokuda and
Hatase, 1998), we tested the hypothesis that LFD at phasic syn-
apses at crayfish leg extensor muscles involves changes in phos-
phorylation. We found that LFD does not involve reduction in
quantal amplitude or presynaptic action potentials. LFD is a pre-
synaptic phenomenon that involves the activity of multiple phos-
phatases; kinase activity is required for recovery.

Materials and Methods
Animals and preparations. Crayfish (Procambarus clarkia; �6 cm long;
Atchafalaya Biological Supply, Aceland, LA; Niles Biological, Sacra-
mento, CA) were maintained at 12–18°C in an aquarium with circulating
water and were fed lentils. Animals were used within 20 d of delivery,
because those that were held longer gave inconsistent rates of LFD. The
first or second walking leg was removed and pinned down to Sylgard
(Dow Corning, Midland, MI) in a Petri dish. The proximal end of the leg
was inserted into a “cuff” electrode consisting of a SILASTIC tube con-
taining a platinum wire, and the entire leg was covered with a physiolog-
ical saline solution (in mM: 205 NaCl, 5.4 KCl, 13.5 CaCl2, 2.7 MgCl2, and
10 HEPES, pH 7.4) (Van Harreveld, 1936). To expose the extensor mus-
cle, the cuticle of the lateral aspect of the carpopodite was cut out along
with the underlying flexor muscle using a scalpel. The main leg nerve and
tendons lying medial to the extensor muscle were carefully cut out and
removed, leaving the exposed medial surface of the extensor muscle as
well as the phasic and tonic axons. To minimize the contraction during
stimulation, the extensor muscle was slowly stretched until axonal stim-
ulation resulted in little or no movement.

Intracellular recordings. To assess neurotransmitter release, we stimu-
lated the phasic axon and measured EPSPs in the extensor muscle. The
axon was electrically stimulated either by the cuff electrode or by an
intracellular microelectrode. To stimulate with the intracellular micro-
electrode (10 –20 M�; 3 M KCl), current pulses were applied through the
intra-axonal microelectrode using a stimulator coupled to the breakaway
circuit of the preamplifier (model IE-201; Warner Instruments, Ham-
den, CT). When the phasic axon was stimulated via the cuff electrode, we
considered that recordings originate from the phasic stimulation if
changes in stimulus current caused a simultaneous disappearance and
reappearance of both the action potential recorded from the phasic axon
and EPSP from the muscle. EPSPs were recorded by a second microelec-
trode (3–15 M�; 3 M KCl) inserted into a muscle fiber midway along the
length of the muscle (Bradacs et al., 1997). The tonic synapses rarely
release any quanta after a single stimulus and thus do not contribute
significantly to the measurements presented here. Microelectrodes (Sut-
ter Instruments, Novato, CA) were pulled on a Brown–Flaming micropi-
pette puller (model P-80/PC or P-87; Sutter Instruments).

Data collection and analysis. Preamplifier signals (10� gain) were low-
pass filtered (four-pole Bessel) at 2 kHz and further amplified
(10 –100�) by a second amplifier (model LPF202; Warner Instruments).
A Digidata 1200 interface board (Axon Instruments, Foster City, CA)
controlled by a personal computer-based data acquisition program
Tomahacq (T. A. Goldthorpe, University Health Network, Toronto, On-
tario, Canada) converted analog signals to digital signals at 10 kHz.

We measured the peak amplitude or the maximum rate of rise of
EPSPs. When the first several EPSPs produced by the phasic axon were so
large that they evoked muscle action potentials, we measured the maxi-
mum slope of the EPSP rising phase between time points that excluded
the action potential. There was an excellent correlation between mea-
surements of EPSP slope and EPSP amplitude.

In some experiments, signals were low-pass filtered at 5 kHz and fur-
ther amplified 10� (model LPF202; Warner Instruments) and digitized
by a PowerLab/4sp data acquisition system (AD Instruments, Round
Rock, TX) using Scope for Windows v.3.6 program (AD Instruments).

Data are presented as the mean and SE. Curve fitting to the time course
of LFD was done by SigmaPlot (Systat Software, Richmond, CA) using
nonlinear regression.

In some experiments, we made intracellular recordings from presyn-

aptic sites. The small size of presynaptic boutons and their complicated
geometry (Bradacs et al., 1997) preclude accurate determination of their
membrane potentials. Instead, we analyzed resting potential, maximum
amplitude of AP, afterdepolarization at 2 ms after AP peak, and duration
of AP at half-maximal peak voltage from presynaptic axons recorded
close to transmitter release sites. These parameters were obtained for the
first AP recorded and after 30 and 60 min of LFD at 0.2 Hz or 10 min after
drug treatments when effects were maximal. Differences between mea-
surements were tested for statistical significance using paired two-tailed t
tests where p � 0.05 indicates no significant difference.

Miniature EPSPs. To enhance spontaneous quantal release at phasic
synapses relative to the tonic synapses, a narrow secondary branch of the
phasic axon was gradually and continuously depolarized by positive cur-
rent injected through a high-resistance (30 –120 M�; 3 M KCl) intracel-
lular microelectrode (Atwood et al., 1987). This steady depolarization
resulted in a marked increase in the frequency of phasic synapse minia-
ture EPSPs (mEPSPs) that could be detected by a low-resistance (2–7
M�; 3 M KCl) microelectrode in the muscle fiber near (100 –200 �m) the
site of presynaptic depolarization. Smaller-diameter muscle fibers were
preferred in these experiments, because mEPSPs recorded on these fibers
were larger because of the relatively greater input resistance. mEPSPs
were detected and amplitudes analyzed manually using Whole Cell Anal-
ysis Program V3.2.1 (John Dempster, University of Strathclyde, Glasgow,
UK). mEPSP amplitudes were plotted, and differences in amplitude dis-
tribution were tested for statistical significance using the nonparametric
Kolgomorov–Smirnov test ( p � 0.05).

Drug application. We assessed the effects on neurotransmission of the
following cell-permeant modulators of kinases and phosphatases: oka-
daic acid K-salt (OA), bisindolylmaleimide I (GF), tacrolimus (FK-506),
rapamycin, cAMPS-Rp-isomer tetraethylammonium (TEA)-salt, aden-
osine 3�,5�-cyclic monophosphorothioate Rp-isomer, triethylammo-
nium salt (Rp-cAMP), cAMPS-Sp-isomer TEA-salt adenosine 3�,5�-
cyclic monophosphorothioate Sp-isomer (Sp-cAMP) (Calbiochem, La
Jolla, CA), phorbol 12-myristate13-acetate (PMA), 4-�-PMA-(4-�-
phorbol 12-myristate 13-acetate), staurosporine (Sigma-Aldrich,
Oakville, ON), and permeant calcineurin autoinhibitory peptide (Cal-
biochem). Drugs were dissolved in DMSO or H2O as stock solution
(1–10 mM) and were applied to the 2 ml static bath and mixed thor-
oughly. Final DMSO concentrations during experiments never exceeded
0.2% (v/v). Control recordings indicate that this concentration of DMSO
does not alter LFD (data not shown). Drug concentration was chosen
empirically based on dose– effect trials and on previous published con-
centrations used in crayfish [Rp-cAMPS, rapamycin (Beaumont et al.,
2001), staurosporine, GF, PMA (Friedrich et al., 1998), OA (Swain et al.,
1991; Lin and Fu, 2005), Sp-cAMPS, FK-506 (J. E. Swain and M. P.
Charlton, unpublished observation)] or in other invertebrates such as
Aplysia (FK-506) (Sharma et al., 2003), Mytilus (calcineurin autoinhibi-
tory peptide) (Yamada et al., 2004), and Drosophila (FK-506) (Kuromi et
al., 1997).

Immunocytochemistry: double immunolabeling with anti-calcineurin B
and anti-syntaxin 1a-1b antibodies. To obtain evidence for the presence of
calcineurin in presynaptic crayfish axon terminals, we double stained for
calcineurin B and syntaxin (a presynaptic protein anchored to the cyto-
plasmic surface of terminal membranes) as a synaptic compartment
marker. Dissected preparations of crayfish leg extensor muscles and ab-
dominal nerve cord and Drosophila Canton S (CS) third-instar larvae
were fixed for 1 h at room temperature in 3% paraformaldehyde and 4%
sucrose in crayfish saline or HL3 Drosophila saline (in mM: 70 NaCl, 5
KCl, 20 MgCl2�6H2O, 1.5 CaCl2�H2O, 10 NaHCO3, 5 trehalose, 115 su-
crose, and 5 N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid, pH
7.2) (Stewart et al., 1994). The fixed specimens were placed in individual
wells of a multiwell plate (Dow Corning) and washed for 15 min with
three changes of saline. Nonspecific antibody binding was blocked by
incubation for 1 h at 4°C in 1% bovine serum albumin, 1% skim milk
powder, and 0.1% Triton X-100 for permeabilization in saline. Next,
specimens were incubated overnight at 4°C with the following primary
antibodies: rabbit polyclonal against calcineurin B� (AB1699; Chemi-
con, Temecula, CA) diluted 1:100 and monoclonal antisyntaxin 1a-1b
mouse IgG 602 antibody (generous gift from Dr. M. Takahashi, Kitasato
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University School of Medicine, Sagamihara-shi, Japan) diluted 1:1000 in
saline containing 0.1% Triton X-100. After this incubation, tissues were
washed five times for 5 min each and primary antibodies were detected
with secondary antibodies Alexa Fluor 568 goat anti-rabbit IgG (H�L)
and Alexa Fluor 488 goat anti-mouse IgG (H�L) highly cross-adsorbed
(Molecular Probes, Eugene, OR) diluted 1:1000 in saline plus 0.1% Tri-
ton X-100 for 1 h at 4°C followed by five washes at 5 min interval in saline
plus 0.1% Triton X-100 to remove the secondary antibodies. Control
preparations without the primary antibodies showed no staining with
secondary antibodies (data not shown). Thin slices of the muscle surface
made with a razor-blade scalpel were mounted on slides in slow-fade
Antifade kit (Molecular Probes) and imaged with a Leica (Heidelberg,
Germany) TCS LS confocal laser-scanning microscope and using 488
and 568 nm excitation lines and either a 63� numerical aperture (NA),
1.32– 0.6 oil CS, working distance � 0.17/D objective lens or 40� NA,
1.25– 0.75 oil, � 0.17/E. Images from different focal planes were stacked
as layers and combined in projected images. We examined 12 crayfish
extensor muscles, four crayfish nerve cords, and four Drosophila larval
CNS preparations.

Western blotting. Antibodies were tested for specificity by using West-
ern blot analysis of proteins extracted from crayfish nerve cords and
whole Drosophila larvae. Protein extracts from crayfish ventral nerve
cord and Drosophila CS third-instar larvae were obtained by freezing in
liquid nitrogen and homogenization in a protein lysis buffer containing
50 mM Tris-HCl, pH 6.8, 100 mM dithiotreitol, 2% SDS and 10% glycerol,
followed by boiling for 10 min, centrifugation at 12,000 –18,000 � g for
10 min, and collection of the supernatant. Protein extracts were analyzed
by SDS-PAGE on a ready-made 10% gel (Bio-Rad, Hercules, CA) and
transferred to nitrocellulose membrane using a Mini-Protean III electro-
phoresis unit and Mini-Trans-Blot system (Bio-Rad). Blots were then
probed with anti-calcineurin B� (Chemicon) or A� (07-067; Upstate
Biotechnology, Chicago, IL) rabbit polyclonal IgG antibody (1:500) and
then with goat anti-rabbit IgG secondary antibody conjugated to horse-
radish peroxidase (1:5000; Upstate Biotechnology). The immunodeco-
rated protein signals were detected by enhanced chemiluminescence
(ECL) using an ECL reagent kit (Amersham Biosciences, Baie d’Urfe,
Canada), light-sensitive imaging film (Clonex, Markham, Ontario, Can-
ada), and Konica film processor SRX-101A (Konica, Tokyo, Japan).

Results
LFD is a frequency-dependent process and occurs in
two phases
We first examined the stability of phasic extensor synapses to
determine whether they could be used in experiments on the
mechanism of depression. When stimulated at 0.0016 Hz, trans-
mitter release, measured as EPSP amplitude, remained stable for
2 h (n � 9) to 3 h (n � 3). When the stimulation frequency was
subsequently increased to 0.2 Hz, LFD occurred (Fig. 1A). This
showed that the depression of neurotransmitter release was not
attributable to deterioration of the preparations during the re-
cording period, which was usually shorter in the other experi-
ments reported here.

We then characterized the frequency dependence and kinetics
of synaptic depression. Some Crustacean phasic synapses stimu-
lated at low rates show depression of synaptic responses (Bruner
and Kennedy, 1970; Zucker and Bruner, 1977; Lnenicka, 1991;
Bradacs et al., 1997), but the time course of depression has not
been investigated at the phasic synapses of leg extensor muscles.
LFD was elicited by stimulating the phasic axon at 0.2 Hz for 90
min (Fig. 1B), and transmitter release was measured as the max-
imum slope of the rising phase of the EPSP. Measurements were
normalized to the first EPSP. The time course of transmitter re-
lease decay was fitted to a biexponential curve (Fig. 1B) with time
constants �I � 4 min and �II � 105 min. Previous reports on LFD
at crayfish motor giant axon also found an initial fast phase fol-
lowed by a longer-lasting slow phase (Bruner and Kennedy,

1970). The biexponential decay may indicate that two distinct
mechanisms contribute to LFD.

The rate of LFD depended on the stimulation frequency (Fig.
1C). Stimulation at 0.003 Hz caused significantly less depression
after 60 min than at 0.2 Hz. �II was more affected than �I by reducing
the frequency of stimulation (�I(0.2 Hz) � 4 min; �I(0.003 Hz) � 6 min;
�II(0.2 Hz) � 105 min; �II(0.003 Hz) � 455 min), suggesting that the two
putative mechanisms that regulate LFD are differentially affected by
stimulation frequency. Almost no depression could be obtained with
0.0016 Hz stimulation (Figs. 1A,C, 9A). In comparison, Zucker and
Bruner (1977) found biphasic and frequency-dependent depression
(0.02 and 0.005 Hz) at phasic synapses on abdominal extensor mus-
cles of crayfish. Bradacs et al. (1997) found that depression at leg
extensor phasic synapses could be almost total when stimulated at 5
Hz, although the time course varied between 5 and 50 min in four
preparations.

LFD is attributable to a decline in transmitter release
To determine whether LFD is caused by a reduction in the sensi-
tivity of postsynaptic muscle cells to the transmitter, we analyzed
mEPSPs resulting from the asynchronous release of individual
quanta before and after LFD. Usually, changes in amplitude of
mEPSPs are caused by postsynaptic factors, whereas changes in
frequency of mEPSPs are attributable to presynaptic factors. Ex-
amples of mEPSP recordings before (a) and after (b) 60 min of 0.2
Hz stimulation that resulted in �50% reduction in evoked trans-
mitter release are shown in Figure 2A. An example experiment is
shown in Figure 2B, in which 96 mEPSPs were analyzed both
before and after LFD. The mean mEPSP amplitude before LFD
was not significantly different from the mean occurring after LFD
(138 �V before depression; 143 �V after depression; paired t test;
p � 0.05). Because the amplitudes of quantal events are not nec-
essarily distributed normally (Bittner and Harrison, 1970), the
nonparametric Kolgomorov–Smirnov (KS) test was also used.
Figure 2C is a cumulative fraction plot of the same data as in
Figure 2B. This plot was used to test statistically for differences
between the two amplitude distributions with the KS test. No
significant difference was found ( p � 0.1) between the distribu-
tion of mEPSP amplitudes before and after LFD (n � 3). Because
we found no evidence that LFD results from postsynaptic recep-
tor desensitization or a decline in the amount of neurotransmit-
ter comprising a quantum, we conclude that LFD is the result of
a decline in the number of quanta released per stimulus.

Presynaptic action potential failure does not cause depression
The peak voltage of the presynaptic AP has a major effect on the
amount of transmitter released (Katz and Miledi, 1967). To ex-
amine the possibility that changes in the presynaptic AP cause
LFD, we simultaneously recorded presynaptic and postsynaptic
potentials during LFD. The presynaptic AP changed very little
during LFD (Fig. 2Da,Db). We analyzed (five experiments) aver-
age axon resting potential, maximum amplitude of AP, afterde-
polarization at 2 ms after AP peak, and duration of AP at half-
maximal peak voltage for the first AP after 30 and 60 min of LFD
at 0.2 Hz. Paired two-tail t tests showed no significant differences
in these parameters, except for the afterdepolarization, which
increased from 5.4 mV in the first AP to 7.5 mV in an AP at 60
min. Because Wojtowicz and Atwood (1984) showed that a re-
duction of �20 mV in peak voltage of the presynaptic AP was
necessary to reduce transmitter release by 50% (crayfish opener
synapses), we conclude that changes in APs do not cause LFD,
although we cannot be certain that changes in AP that we re-

3170 • J. Neurosci., March 23, 2005 • 25(12):3168 –3180 Silverman-Gavrila et al. • Phosphorylation at Crayfish Synapses



corded from the axon are reflected exactly in changes in terminal
excitability.

Phosphorylation and LFD
Previous work showed that drugs that affect kinases and phos-
phatases modulate Crustacean synaptic transmission. For in-
stance, Swain et al. (1991) showed that inhibition of phosphatases
with OA greatly enhanced transmitter release at synapses of the
crayfish claw-opener muscle. We hypothesized that LFD is
caused by a reduction in phosphorylation of key proteins. The
quantity of a particular phosphoprotein is governed by the rela-
tive rates of phosphorylation and dephosphorylation. The hy-
pothesis predicts that decreases in the net rate of phosphorylation
will increase the rate of LFD, whereas increases in the net rate will
reverse or prevent LFD. To test the hypothesis that LFD depends
on a decline in the quantity of critical phosphoproteins involved
in transmitter release, we applied several regulators of phosphor-
ylation and dephosphorylation and analyzed their effects on LFD.

Kinase inhibitor accelerates phase II of LFD
When the broad-spectrum kinase inhibitor staurosporine (10
�M) was applied after 30 min of control stimulation, there was a
small decrease in transmitter release (n � 4) (Fig. 3A). When the
same concentration of staurosporine was applied 10 min before
stimulation, only phase II of LFD was increased (�II(staurosporine) �
71 min; �II(no drug) � 105 min; n � 4) (Fig. 3B). Compared with
control experiments without drug, staurosporine applied for 10
min before stimulation did not reduce the amplitude of the first
EPSP; its effects therefore require nerve activity to be detectable.
No significant effect on presynaptic action potential parameters
was observed (n � 3).

Inhibition of protein kinase A or protein kinase C
accelerates LFD
cAMP-dependent protein kinases A (PKA) and protein kinase C
(PKC) were shown to be involved in LTF at crayfish neuromus-
cular junction (Atwood et al., 1989; Dixon and Atwood, 1989a)
and in neuropeptide-induced potentiation (Friedrich et al.,
1998). To examine the role of PKA, we applied the inhibitor
Rp-cAMPS (300 �M), which binds to the regulatory subunit of
PKA (Dostmann et al., 1990) 10 min before 0.2 Hz stimulation.
Rp-cAMPS accentuated the depression during phase II without
affecting phase I (�I(control) � 3.9 min; �I(Rp-cAMPS) � 4.1 min;
�II(control) � 195 min; �II(Rp-cAMPS) � 153 min; n � 3). No signif-
icant effect on presynaptic action potential parameters was ob-
served (n � 3). Thus, substrates for PKA may be involved in
phase II of LFD but not phase I (Fig. 3C). An inhibitor of PKC, GF
(10 �M), applied after 30 min of stimulation at 0.2 Hz accelerated
depression (n � 3) (Fig. 3D). GF treatment had no significant
effect on presynaptic action potential parameters (n � 3).

Control experiments to investigate possible activity-
independent effects of these drugs were performed with stimula-
tion at 0.0016 Hz to allow assay of transmitter release without
significant depression. When applied for 70 min, neither Rp-
cAMPS (Fig. 3E) nor GF (Fig. 3F) showed progressive effects, but
LFD (0.2 Hz) still occurred after this long preincubation. There-
fore, time-dependent effects of these drugs were not a problem in
the experiments shown in Figure 3, C and D.

Kinase stimulation inhibits LFD
The hypothesis also predicts that increasing the critical phospho-
proteins (either by accelerating kinases or inhibiting phospha-
tases) will reverse LFD. Therefore, we attempted to determine

Figure 1. LFD is a stimulation frequency-dependent biexponential decline in transmitter release. A,
Neurotransmitterreleaseremainedstablefor170minwhenstimulatedat0.0016Hz,butLFDoccurredwhen
the frequency was increased to 0.2 Hz. At 0.2 Hz, each point is the average of six consecutive stimuli in three
experiments	SE. B, Low-frequency stimulation at 0.2 Hz elicited a biphasic decline in transmitter release
with time constants�I�4 min and�II�105 min (average data from 4 experiments	SE). a– c, Repre-
sentative EPSPs at 0, 15, and 90 min, respectively. The solid black line represents the biexponential decay
curvefittedtothedatabySigmaPlot.C,Stimulationof0.003HzelicitedLFDwithtimeconstants�I�6min
and�II�455mincomparedwith0.2HzstimulationfromA.Neurotransmitterreleasewasstableat0.0016
Hz stimulation. Measurements were normalized to the first EPSP. Each point in B and C is the average of six
consecutiveEPSPsinfourexperiments	SE.Solidblacklinesrepresentthebiexponentialdecaycurveforthe
data(0.2Hz,0.003Hz).
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whether LFD could be blocked or inhibited
by accelerating kinase activity. When PKC
was stimulated with 100 �M PMA, added af-
ter 30 min of depression, there was partial
recovery from depression (n � 3) (Fig. 4A),
suggesting that a complete recovery from de-
pression might also require an increased ac-
tivity of other kinases and/or inhibition of
phosphatases. No significant effect on pre-
synaptic action potential parameters was ob-
served (n � 2). In control experiments, inac-
tive 4-�-PMA did not affect LFD (n�2; data
not shown).

Because phorbol esters can enhance
transmitter release by acting on Munc-13
(Betz et al., 1998), we applied PMA with
GF, an inhibitor of PKC, to distinguish
phorbol-mediated effects on PKC from
those on Munc-13. An example experi-
ment is shown in Figure 4B in which PMA
(100 �M) was applied 5 min after starting
the stimulation and caused a partial recov-
ery from phase II of depression. No signif-
icant effect on presynaptic action potential
parameters was observed (n � 3). Once
the increase in EPSP amplitude stabilized,
GF was applied, and this reversed the effect
of PMA and accelerated depression of neu-
rotransmitter release (n � 2). Because
PMA ceased to work in the presence of GF,
we conclude that effects of PMA on LFD
were attributable to effects on PKC.

Activation of PKA with Sp-cAMPS (100
�M), a membrane-permeant cAMP analog
(Dostmann et al., 1990), concomitantly
with the stimulation affected only phase II
(�I(control) � 3.9 min; �I(Sp-cAMPS) � 3.1 min;
�II(control) � 195 min; �II(Sp-cAMPS) � 516
min; n � 4) (Fig. 4C). No significant effect
on presynaptic action potential parameters
was observed (n � 2). When Sp-cAMPS
(100 �M) was added after 30 min of stimula-
tion at 0.2 Hz, there was a small recovery
from depression (n � 4) (Fig. 4D). No sig-
nificant effect on presynaptic action poten-
tial parameters was observed (n � 4).

These results suggest that depression can be ameliorated to
some extent by the additional activity of at least two kinases. The
similarity of effects caused by activation of either PKC or PKA
might suggest that they act on the same substrate. To test this
hypothesis, in preliminary experiments, we added both PMA and
Sp-cAMPS after 30 min of stimulation (n � 2) (data not shown)
but found no additive effect as if both enzymes worked on the
same substrate. No significant effect on presynaptic action poten-
tial parameters was observed (n � 2). An incomplete recovery
caused by activation of PKA and PKC may indicate that during
LFD, protein phosphatase activation also occurs. We next tested
the hypothesis that phosphatases are involved in depression.

Protein phosphatase inhibitor okadaic acid causes recovery
from depression
We inhibited phosphatases with a broad-spectrum phosphatase
inhibitor okadaic acid. OA was applied at various times to deter-

mine whether phosphatase activity continues during LFD. When
OA (10 �M) was applied after 5 min of stimulation at 0.2 Hz, the
EPSP increased and reached stability near initial levels, although
there was considerable variability between preparations in the
amplitude at which stability was achieved (Fig. 5A). Application
of OA (10 �M) after 30 min of stimulation enhanced markedly
the EPSP (n � 4) (Fig. 5B). Application of OA after 90 min of
stimulation also caused recovery from depression (Fig. 5C) and
did not affect significantly the presynaptic action potential pa-
rameters (n � 3). When OA was applied 10 min before stimula-
tion, a decline in the EPSP still occurred when stimulation began,
consistent with phase I of LFD, but thereafter transmitter release
was relatively stable (Fig. 5D). The lower level of stabilization of
transmission, compared with the levels obtained when OA was
added after the initiation of stimulation, may indicate that some
dephosphorylation of proteins by OA-sensitive phosphatase that
occurs before stimulation might be required for an increased
effect of OA treatment after stimulation. There was no significant

Figure 2. LFD is a presynaptic phenomenon. A, Example of mEPSP recordings before (a) and after (b) LFD. B, Frequency distribution of
mEPSP amplitudes in an example experiment before and after 60 min of 0.2 Hz stimulation that resulted in�50% decline in transmitter
release. A total of 96 events were analyzed in each distribution. An increase in mEPSP frequency was obtained by graded axonal depolar-
ization.MeanamplitudeofmEPSPsbeforeandafterLFDwasnotsignificantlydifferent(ttest;p�0.05;n�3).C,Cumulativefractionplot
of the same data as in B. The nonparametric Kolgomorov–Smirnov test did not detect a difference between the mEPSP amplitude
distributions before and after LFD ( p � 0.1; n � 3). D, Representative simultaneous recordings of presynaptic AP and EPSP at 0 min (a)
and 75 min (b) of depression elicited by 0.2 Hz stimulation shows that the phasic axon action potential was affected little during depres-
sion, although the afterdepolarization was increased (n � 5).
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difference in the distribution of mEPSP amplitude before and
after 10 min of stimulating the phasic axon in the presence of OA
(data not shown).

To examine the possibility that apparent recovery from de-
pression by OA was simply because of a gradual effect that was
not stimulus dependent, we applied OA with extremely low-
frequency stimulation (0.0016 Hz) that did not cause depression.
This allowed us to detect nonstimulus-dependent effects and to
determine their time course. After 40 min of control recording,

OA was applied for 70 min, and transmit-
ter release increased (�33%) to a maxi-
mum within 10 min (Fig. 5E); when the
stimulation frequency was then increased
to 0.2 Hz, phase I of depression occurred,
but phase II did not. These results indicate
that nonstimulus-dependent effects of OA
would have reached a maximum early in
the recovery shown in Figure 5A–D and
thus were not a major factor in recovery
from depression. These results also indi-
cate that nonstimulus-dependent effects
of OA were not a major factor in prevent-
ing the appearance of phase II of depres-
sion. Because the treatments with stauro-
sporine, Rp-cAMPS, Sp-cAMPS, and OA
affected only phase II, this phase may in-
volve different enzymes and substrates
than phase I.

Coapplication of kinase and
phosphatase inhibitors prevents phase
II of LFD
To determine whether the prevention and
recovery from depression caused by OA
depends on ongoing phosphorylation, we
applied kinase inhibitor and phosphatase
inhibitor together. Two scenarios may ex-
plain the observation that staurosporine
and Rp-cAMPS decreased EPSP ampli-
tude, whereas OA increased EPSP ampli-
tude: (1) the drugs affect the mechanism
of LFD and (2) the drugs do not have
an effect on LFD but affect a parallel
phosphorylation-dependent pathway that
also modulates transmitter release. If the
second scenario is correct, coapplication
of the drugs will prevent this pathway, and
LFD will continue to be observed as an on-
going decline in transmitter release. If the
first scenario is correct, then coapplication
of staurosporine and OA or Rp-cAMPS
and OA will prevent both ongoing phos-
phorylation and dephosphorylation of the
substrate critical in LFD, preventing LFD
and thus stabilizing transmitter release.

To test this hypothesis, we applied OA
(10 �M) after 30 min of control stimulation
in the presence of 10 �M staurosporine (Fig.
6A). When staurosporine and OA were
present together in the bathing solution,
transmitter release was stable. In another set
of experiments, drugs were coapplied 15 min
before stimulating (Fig. 6B). Consistent with

our previous results, application of both drugs before stimulation
had little effect on phase I (�I(control) � 4 min; �I(stau�OA) � 5 min) of
LFD but almost completely abolished phase II (�II(control) � 105 min;
�II(stau�OA) � 5000 min). Similar results were obtained by coapply-
ing the drugs 30 min before stimulating at 0.2 Hz (Fig. 6C).

When the PKA inhibitors Rp-cAMPS (300 �M) and OA (10
�M) were applied 15 min before stimulation, transmitter release
was maintained at a constant level except for the development of
phase I (�I � 6 min; �II � 9.4*10 12 min; n � 4) (Fig. 6D). No

Figure 3. Kinase inhibitors increase depression. A, Staurosporine (10 �M) applied after 30 min of 0.2 Hz stimulation caused a
small decrease in transmitter release (EPSP slope measurement) (n�4). B, Staurosporine (10 �M) applied 10 min before the start
of 0.2 Hz stimulation increased only phase II of LFD (EPSP slope measurement) (n � 4). The data were fit by a biexponential decay
curve (solid black line in each curve) with time constants �I � 4 min and �II � 71 min. Controls were similar recordings without
drug application (�I � 4 min; �II � 105 min; n � 4). Each point is the average of six consecutive EPSPs in four experiments 	SE.
Bars indicate the presence of staurosporine in the bathing solution. C, Rp-cAMPS (300 �M) added 10 min before the 0.2 Hz
stimulation caused a slight accentuation of depression (�I � 4.1 min; �II � 153 min; n � 3) compared with control experiments
(�I �3.9 min; �II �195 min; n�3)	SE. Each point is the average of six consecutive EPSPs in three experiments. Measurements
were normalized to the maximum amplitude of the first EPSP. The bar indicates the presence of Rp-cAMPS in the bathing solution.
Solid black and white lines represent the biexponential decay curves for the data. D, GF (10 �M) applied after 30 min of stimulation
at 0.2 Hz accelerated depression (n � 3). Each point is the average of six consecutive EPSPs in three experiments. Measurements
were normalized to the maximum amplitude of the first EPSP. The bar indicates the presence of GF in the bathing solution. The
solid white line represents the biexponential decay curves for the data. E, Control experiment for the nonactivity-dependent effect
of Rp-cAMPS. After 40 min of stimulation at 0.0016 Hz, Rp-cAMPS was added, transmitter release was monitored for 70 min, and
then the stimulation frequency was increased to 0.2 Hz (n � 3). The bar indicates the presence of Rp-cAMPS in the bathing
solution. At 0.2 Hz, each point is the average of six consecutive stimuli in three experiments 	 SE. F, Control experiment for the
nonactivity-dependent effect of GF. After 40 min of stimulation at 0.0016 Hz, GF was added, transmitter release was monitored for
70 min, and the stimulation frequency was increased to 0.2 Hz (n � 3). The bar indicates the presence of GF in the bathing
solution. At 0.2 Hz, each point is the average of six consecutive stimuli in three experiments 	 SE.
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significant effect on the presynaptic axon
action potential parameters was observed
(n � 2). When OA was applied after 30
min of stimulation in the presence of Rp-
cAMPS (300 �M) (n � 5), there was a
slight increase in transmitter release fol-
lowed by maintenance of transmitter re-
lease at a relatively constant level (Fig. 6E).
No significant effect on presynaptic action
potential parameters was observed (n �
3). Thus, maintenance of transmitter re-
lease in the presence of OA does not re-
quire staurosporine-sensitive kinases, in-
cluding PKA. When OA was applied alone,
there was always an increase in transmitter
release once LFD had developed. How-
ever, when OA was applied after stauro-
sporine, there was no increase. Therefore,
the increase seen with OA required the ac-
tion of kinases that, during or after phase I,
phosphorylate a protein that is then de-
phosphorylated by OA-sensitive phospha-
tase during phase II.

These results demonstrate that phase II
of LFD depends in part on a decline in
phosphorylated substrate produced by
staurosporine-sensitive kinases and that
dephosphorylation of phosphosubstrate
requires the activity of phosphatases sensi-
tive to OA.

Calcineurin blockers inhibit both
phases of LFD
The results obtained with OA implicate protein phosphatase 1
and protein phosphatase 2A in phase II of LFD. We next asked
whether Ca 2�-calmodulin-activated Ser-Thr protein phospha-
tase 2B (calcineurin) is involved in LFD. To determine the in-
volvement of calcineurin in LFD, we applied a specific inhibitor,
FK-506 (40 �M), concomitantly with stimulation. This treatment
blocked the depression and caused a sustained increase of EPSP
amplitude (n � 5) (Fig. 7A), suggesting that calcineurin func-
tions in phase I of LFD. No significant effect on presynaptic ac-
tion potential parameters was observed (n � 4).

As a negative control for FK-506, we used rapamycin (40 �M),
an immunosuppressant that binds to FK-506 binding proteins
(FKBPs) such as FKBP12 but does not affect the calcineurin ac-
tivity (Kunz and Hall, 1993). Rapamycin applied concomitantly
with stimulation had no effect on phases I or II of LFD (Fig. 7B)
and did not affect significantly the axon action potential param-
eters ( p � 0.05; n � 3). When applied after LFD, rapamycin did
not cause recovery from depression (n � 2; data not shown).
When tested at a nondepressing frequency (0.0016 Hz), FK-506
caused a small increase in transmitter release that stabilized
within 10 min (n � 3) (Fig. 7C), showing that time-dependent
effects are not a major factor in blockade of LFD, as shown in
Figure 7A. Subsequent stimulation at 0.2 Hz, which normally
causes LFD, now caused facilitation.

Because FK-506 inhibits calcineurin indirectly via interaction
with FKBPs, we tested a peptide inhibitor that interacts directly
with calcineurin (Beaumont et al., 2001; Terada et al., 2003). A
portion of the calcineurin autoinhibitory domain (catalytic A
subunit C-terminal residues 472– 485) coupled to 11 arginines is
a convenient inhibitor. When this cell-permeant peptide (50 �M)

was applied concomitantly (n � 4) (Fig. 7D) or 30 min before
starting the stimulation (n � 5) (data not shown), both phases of
LFD were blocked and transmitter release gradually increased
when stimulation began. No significant effect on presynaptic ac-
tion potential parameters was observed when the peptide was
applied concomitantly with the stimulation (n � 3). When the
peptide was applied 10 min after starting the stimulation, there
was recovery from depression, although the level of recovery var-
ied between experiments (n � 4) (data not shown). When the
peptide was applied after 50 min of control stimulation at 0.0016
Hz, there was a small increase in release that reached a maximum
within 20 min (n � 3) (Fig. 7E). Subsequent stimulation at 0.2 Hz
caused facilitation of transmitter release rather than depression.
Both treatments abolished phases I and II of LFD. Effects of the
calcineurin blockers to increase transmitter release were at a max-
imum before depression was tested; when depressing stimuli
were given, there was facilitation instead of depression, suggest-
ing that when calcineurin is inactive, LFD is not expressed. Thus,
inhibition of calcineurin activity blocked the development of
both phases of LFD, whereas OA blocked only the late phase.
Therefore, these drugs, at the concentrations used, identify dif-
ferent sets of phosphatase activities.

To determine whether calcineurin activation persists during
phase II of LFD, we applied FK-506 (40 �M) after 30 min of 0.2 Hz
stimulation (n � 3) (Fig. 7F). Phase II of LFD was reversed with
a large increase in EPSP amplitude but no significant effect on the
presynaptic action potential parameters (n � 3). This suggests
that inhibiting their dephosphorylation probably increased the
amount of phosphoproteins available to function during neuro-
transmitter release.

Figure 4. PKA and PKC acceleration inhibits LFD. A, PMA (100�M) treatment after 30 min of 0.2 Hz stimulation caused partial recovery
from depression. Each point is the average amplitude of six consecutive mean EPSPs (n � 3). B, PMA effect on LFD was abolished by PKC
inhibitor GF. Partial recovery caused by PMA added after 5 min of stimulation was suppressed by GF added when the increase in EPSP
amplitude stabilized (n�2). C, Application of Sp-cAMPS (100�M) concomitantly with the 0.2 Hz stimulation inhibited phase II of LFD but
did not affect phase I. The data were fit by biexponential decay curves with time constants �I(control) � 3.9 min and �II(control) � 195 min
(solid black line) and�I(Sp-cAMPS) �3.1 min and�II(Sp-cAMPS) �516 min (solid white line) (n�4). D, Sp-cAMPS (100�M) added after 30
min of 0.2 Hz stimulation inhibited depression slightly. Each point is the average amplitude of six consecutive EPSPs in four experiments	
SE. Bars indicate the presence of drugs in the bathing solution.
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Calcineurin in crayfish synapses.
Immunostaining with a rabbit polyclonal antibody against the
regulatory subunit of mammalian calcineurin B� showed immu-
noreactivity both in the thin, filiform nerve endings of phasic
neurons and in the larger tonic terminals with more prominent
varicosities (Fig. 8Ab,Ac). Syntaxin staining as a nerve terminal
marker is shown in Figure 8, Aa and Ac. Similar calcineurin im-
munoreactivity was observed in preparations not stained for syn-
taxin. There was no immunoreactivity in preparations in which
only the secondary antibody was applied.

Western blot analysis showed that anticalcineurin B� anti-
body recognizes a single protein band of �18 kDa in both cray-
fish nerve cord (Fig. 8Ba, lane C) and Drosophila larvae (Fig. 8Ba,
lane D). This is consistent with the predicted molecular weight

(MW) of 19.3 kDa for Drosophila cal-
cineurin reported by Guerini et al. (1992)
and indicates that this antibody detects the
presence of crayfish calcineurin. The anti-
body for the catalytic subunit A� recog-
nized a protein of �70 kDa in both cray-
fish (Fig. 8Bb, lane C) and Drosophila (Fig.
9Bb, lane D), and this is comparable with
the predicted MW of 64.6 kDa (Guerini et
al., 1992). The similarity of the crayfish
protein to Drosophila protein indicates
that the immunostaining in synaptic areas
likely represents calcineurin. Calcineurin
B� and syntaxin are also present in neuro-
nal cell bodies from crayfish nerve cord
(Fig. 8Ad–Af) and Drosophila CNS in both
brain hemisphere and ventral ganglion
(Fig. 8Ag–Ai). Syntaxin is located at cray-
fish neuropil (Fig. 8Ad,Af) and at the
boundary of Drosophila neuronal cell bod-
ies (arrowheads), presumably plasma
membrane (Fig. 8Ag,Ai), whereas cal-
cineurin is located within the neuronal cell
bodies (Fig. 8Ae,Af,Ah,Ai, arrowheads).
The immunostaining indicates that the
calcineurin antibodies work similarly in
both species, and the detection of similar
single-protein bands in Drosophila in
which the MW of calcineurin is known
and in crayfish in which it is unknown,
verifies that the immunostaining at the
crayfish neuromuscular junction is indeed
calcineurin.

Recovery from LFD
If LFD is caused by stimulation-dependent
dephosphorylation, there should be a
stimulation frequency at which LFD does
not occur and at which there is recovery
from LFD; at this frequency, rates of phos-
phorylation and dephosphorylation
would be similar. There was less LFD at
0.003 Hz than at 0.2 Hz (Fig. 1C), and at
0.0016 Hz, little depression was observed
in this series of experiments (n � 3) (Fig.
9A). However, LFD could be elicited after
110 min of stimulation at 0.0016 Hz (n �
3) (Fig. 9B).

Next, we studied recovery from depres-
sion by reducing the stimulation frequency from 0.2 Hz after
depression was expressed. After 30 min of LFD at 0.2 Hz, the
frequency was reduced to 0.003 Hz for 30 min, and there was
partial recovery (n � 3) (data not shown). However, after 10
min (n � 3) or 30 min (n � 3) of LFD (0.2 Hz), reduction of
stimulation frequency to 0.0016 Hz caused recovery from LFD
(Fig. 9C,D), and even after 60 min of LFD, recovery could be
observed (n � 2) (data not shown).

To test the hypothesis that recovery from LFD requires kinase
activity, we applied staurosporine during recovery (0.0016 Hz)
after 10 min (n � 3) or 30 min (n � 3) of LFD (0.2 Hz) (Fig.
9E,F). In some experiments, we delayed application of stauro-
sporine until a single EPSP had been recorded at 0.0016 Hz. This
single EPSP was larger than the preceding EPSP, showing that the

Figure 5. Okadaic acid causes recovery from depression. A, Okadaic acid (10 �M) applied 5 min after starting the 0.2 Hz
stimulation increased transmitter release and reached stability near initial levels. B, After 30 min of stimulation at 0.2 Hz,
application of okadaic acid (10 �M) reversed the depression. C, Example experiment showing that application of okadaic acid (10
�M) 90 min after stimulation increased transmitter release to near initial levels. D, Okadaic acid (10 �M) bath applied 10 min
before the beginning the stimulation prevented the occurrence of phase II of LFD. Controls were similar recordings without drug
application (n � 4). Each point is the average of six consecutive EPSPs in four experiments 	 SE. Bars indicate the presence of
okadaic acid in the bathing solution. E, Okadaic acid has nonactivity-dependent effects. After 40 min of stimulation at 0.0016 Hz,
OA was applied for 70 min. Transmitter release increased but stabilized within 10 min. When the stimulation frequency was
increased subsequently to 0.2 Hz, phase I of LFD occurred, but phase II did not. At 0.2 Hz, each point is the average of six consecutive
stimuli. The data are averaged from three experiments 	 SE.
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recovery could occur before staurosporine
was added (Fig. 9F). Staurosporine always
blocked recovery from LFD.

Discussion
LFD
LFD at leg extensor phasic synapse de-
pends on stimulation frequency and is
comprised of two phases with time con-
stants of 4 and 105 min. We found no ev-
idence for a postsynaptic mechanism in-
volving loss of sensitivity to transmitter
nor was LFD accompanied by changes in
the presynaptic action potential sufficient
to cause the loss of transmitter release.
Availability of transmitter does not appear
to be limited during LFD, because neither
phase is sensitive to manipulations that re-
duced the quantity of transmitter released
per stimulus at motor giant neuronal syn-
apses (Zucker and Bruner, 1977).

LFD and phosphorylation
Protein kinase inhibitors staurosporine,
Rp-cAMPS, and GF speed up depression,
whereas phosphatase inhibitors (OA, FK-
506, calcineurin autoinhibitory peptide)
and kinase activators (PMA and Sp-
cAMPS) reverse depression. OA applied
after 30 min of stimulation in the presence
of staurosporine or Rp-cAMPS stabilizes
transmitter release, suggesting that these
drugs affect the mechanism of phase II of
LFD. Together, this indicates that phase II
of LFD is the result of a decline in phos-
phoprotein attributable to an increase in
OA-sensitive phosphatase and calcineurin
activity relative to PKA and PKC and pos-
sible additional staurosporine-sensitive
kinases activities. Phase II, but not phase I,
of LFD was blocked by OA. In contrast,
inhibition of calcineurin blocked both
phase I and phase II. Phase II of LFD may
therefore involve substrates phosphory-
lated by PKA-, PKC-, and possibly other
staurosporine-sensitive kinases and sub-
strates that are dephosphorylated by phos-
phatases blocked by OA and calcineurin.
Phase I of LFD depends on phosphorylation by calcineurin. Our
data do not explain why inhibition of calcineurin blocks both
phases of LFD. We speculate that calcineurin may dephosphory-
late proteins involved in exocytosis and that, only after they have
been partially dephosphorylated, some of these proteins then be-
come targets for phosphatases 1 and 2A. Another explanation
could be that, in addition to its action on exocytosis proteins, cal-
cineurin dephosphorylates inhibitor-1, which then no longer inhib-
its PP1 or other phosphatases sensitive to OA (Mulkey et al., 1994)
(for review, see Colbran, 2004). In this scenario, there would be a
sequential activation of calcineurin followed by removal of inhibi-
tion from other phosphatases. The block of recovery from depres-
sion by staurosporine indicates that recovery requires the activity of
kinases that can rephosphorylate substrates once phosphatases are
no longer turned on by stimulation.

The drugs we used had no detectable effect on the resting
potential or action potential of the presynaptic axon, and it is
therefore unlikely that their main targets are channels that are
critical for electrogenesis. Our data are the first obtained from
phasic axons, but several studies were done in tonic axons. For
instance, in the tonic axons of crayfish leg-opener muscle excita-
tory synapses, dibutyryl cAMP, forskolin (an enhancer of cAMP
production), phorbol ester 12-O-tetradecanoyl phorbol-13-
acetate, or Walsh inhibitor of PKA injected presynaptically have
no effect on the action potential or membrane potential (Dixon
and Atwood, 1989a,b). 5-HT, forskolin, and 8-Br-cAMP caused
presynaptic depolarization of �10 mV in crayfish opener muscle
tonic excitatory axon branches (Dixon and Atwood, 1989b;
Beaumont and Zucker, 2000) because of activation of Ih channels
(Beaumont and Zucker, 2000). However, in chick ciliary-

Figure 6. Coapplication of staurosporine and okadaic acid or Rp-cAMPS and okadaic acid stabilizes transmitter release and
prevents phase II LFD. A, Staurosporine (10 �M) was bath applied 10 min before stimulation. After 30 min of stimulation at 0.2 Hz,
okadaic acid (10 �M) was applied (open circles; n � 4). The presence of staurosporine and okadaic acid in the bathing solution
stabilized the transmitter release. B, Coapplication of staurosporine and okadaic acid 15 min before stimulation resulted in
biphasic depression (open circles; n � 4) with time constants �I � 5 min and �II � 5000 min. The phase II component is virtually
eliminated. Control recordings at 0.2 Hz (closed circles; n � 4) were performed in the presence of 10 �M staurosporine (�I � 4
min; �II � 71 min). The black line represents a biexponential decay curve for the data. Each point is the average of six consecutive
EPSPs in four experiments 	 SE. C, A result similar to that in B occurred when OA and staurosporine were applied 30 min before
the stimulation at 0.2 Hz. Each point is the average of six consecutive EPSPs in three experiments 	 SE. D, The PKA blocker,
Rp-cAMPS (300 �M), and okadaic acid (10 �M) coapplied 15 min before 0.2 Hz stimulation had little effect on phase I of LFD but
almost completely abolished phase II of LFD. E, Rp-cAMPS (300 �M) was added 15 min before stimulation. After 30 min of
stimulation, OA (10 �M) was added and caused a slight enhancement of transmitter release. Each point is the average of six
consecutive EPSPs in five experiments 	 SE. Bars indicate the presence of drugs in the bathing solution.
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myotube cultures, 8-Br-cAMPS had no effect on the presynaptic
action potential (Dubinsky and Fischbach, 1990). In the chick
ciliary ganglion, drugs that modulate PKC activity did not affect
presynaptic Ca 2� (Yawo, 1999a,b). 5-HT increased resting
[Ca 2�]i in some terminals of the crayfish opener muscle tonic
excitatory axon, but in most there was no change (Delaney et al.,
1991). At the tonic-like crayfish opener muscle inhibitory syn-
apses, okadaic acid accelerates transmitter release, but the effect is
not attributable to increased Ca 2� influx (Lin and Fu, 2005).
Although LFD and our drug effects were not accompanied by

changes in resting potential or action poten-
tials in presynaptic axons, it is possible that in
our experiments, there were changes in these
parameters at synaptic boutons or in local
Ca2� signals at active zones.

Phasic and tonic synapses
The data suggest that in phasic synapses,
proteins involved in synaptic transmission
are normally in a phosphorylated state be-
fore stimulation and must remain phos-
phorylated, or otherwise, depression oc-
curs. PKA, PKC, and other kinases may
maintain a basal level of phosphorylated
substrate at crayfish phasic synapses. For
instance, another phasic synapse, the
squid giant synapse, depresses easily and
appears to have high-PKA activity and
PKA substrates maintained in a highly
phosphorylated state (Hilfiker et al.,
2001). When we applied OA to phasic syn-
apses, transmitter release increased by
�33% (Fig. 5E), but at tonic excitor syn-
apses on the crayfish leg-opener muscle,
OA caused an increase of 300% (Swain et
al., 1991). This observation may indicate
that in both phasic and tonic synapses,
transmitter release is controlled by phos-
phorylation of critical substrates; however,
under normal conditions, more of these
are phosphorylated in phasic synapses
than in tonic synapses.

Although bulk cytoplasmic Ca 2� sig-
nals in phasic terminals are twofold to
threefold larger than in tonic terminals,
when these signals were normalized to the
number of active zones and terminal vol-
ume, it was concluded that the Ca 2� signal
at individual active zones would be similar
in phasic and tonic synapses (Msghina et
al., 1999). Because our immunocytochem-
istry shows calcineurin in both the phasic
and tonic terminals of the leg extensor mus-
cle, it seems that both terminals should un-
dergo LFD. However, the larger cytoplasmic
Ca2� signal in phasic terminals may activate
calcineurin there, whereas the smaller Ca2�

signals in tonic terminals may be inadequate.
Therefore, depression may not occur in
tonic terminals because of an inadequate
[Ca 2�]i to stimulate calcineurin. When
quantal content of tonic terminals was in-
creased by application of Cs 2� to cause

broadening of the presynaptic action potential, there was depression
(Millar et al., 2002), but it is unknown whether this involved cal-
cineurin. In contrast, LTF at tonic synapses of the crayfish opener
muscle produced by stimulation at 20 Hz for 10 min was blocked by
inhibition of calcineurin. In this case, calcineurin apparently partic-
ipates in regulation of local protein synthesis involved in LTF (Beau-
mont et al., 2001). Protein synthesis is unlikely to be an essential
component of LFD, because rapamycin, a known inhibitor of pro-
tein synthesis, had no effect (Fig. 7B), although it blocked LTF
(Beaumont et al., 2001).

Figure 7. Inhibition of calcineurin abolished LFD. A, When added concomitantly with stimulation, FK-506 (40 �M) inhibited
depression and caused an increase of EPSP amplitude. Each point is the average of six consecutive EPSPs in five experiments 	 SE.
B, Rapamycin (40 �M) applied concomitantly with stimulation at 0.2 Hz had no effect on LFD (n � 3). C, In control experiments
for nonactivity-dependent effects, FK-506 (40 �M) was added after stimulation at 0.0016 Hz for 40 min. Transmitter release
increased slightly but stabilized within 10 min. After 70 min in FK-506, the stimulation frequency was increased to 0.2 Hz, but
instead of LFD, there was facilitation of transmitter release (n � 3). D, Permeant calcineurin autoinhibitory peptide (50 �M)
added concomitantly with stimulation inhibited depression and caused an increase in EPSP amplitude. Each point is the average
of six consecutive EPSPs in four experiments 	 SE. E, Control experiment for nonactivity-dependent effects of calcineurin auto-
inhibitory peptide. When the peptide was added after stimulation at 0.0016 Hz for 40 min, transmitter release increased slightly
but stabilized within 16 min. After 70 min of peptide application, stimulation at 0.2 Hz began, but instead of LFD, there was
facilitation (n � 3). F, FK-506 (40 �M), applied after 30 min of 0.2 Hz stimulation, caused recovery from depression and a large
increase in the amplitude of EPSPs. Each point is the average of six consecutive EPSP in three experiments 	 SE. Bars indicate the
presence of drugs in the bathing solution.
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Because phasic axons and terminals have fewer mitochondria
than depression-resistant tonic synapses (King et al., 1996; Bra-
dacs et al., 1997; Nguyen et al., 1997), LFD might occur, because
there is not enough ATP to maintain transmitter release. How-

Figure 8. A, Example of double immunostaining for calcineurin B� (red; b) and syntaxin (green; a) at
motornerveterminalsofneuromuscularjunctionofcrayfishextensormuscleshowingimmunofluorescence
inboththinphasicboutonsandmorevaricoseendingscorrespondingtotonicboutons.Ac,Overlayimageof
a and b in which yellow shows colocalization of antibodies. Calcineurin immunostaining (red) is present in
neuronal cell bodies at crayfish nerve cord (Ae, Af, arrowhead) and Drosophila ventral ganglion (Ah, Ai, ar-
rowhead).Scalebar,4�m.

4

Syntaxinimmunoreactivity(green)ispresentatthecrayfishneuropil(Ad,Af,arrowhead)(scalebar,40�m)
andwithintheboundaryofneuronalcellbodiesatDrosophilaventralganglia(Ag,Ai,arrowhead)(scalebar,
20 �m). Ba, Western blot of crayfish and Drosophila regulatory subunit calcineurin B�. Crayfish and Dro-
sophila proteins were resolved by electrophoresis, transferred to nitrocellulose, and probed with anti-
calcineurin B antibody. Proteins were visualized using a goat antibody conjugated to HRP and a chemilumi-
nescencedetectionsystem.Asinglebandof�18kDawasdetectedinbothcrayfish(laneC)andDrosophila
(lane D). Bb, Detection of the crayfish and Drosophila catalytic subunit calcineurin A�by Western blot anal-
ysis.Theantibodyrecognizesasingleproteinbandof�70kDa.

Figure 9. Recovery from LFD requires kinase activity. A, Stimulation at 0.0016 Hz caused minimal
depression compared with control stimulation at 0.2 Hz (n � 3). Solid lines represent biexponential
best fit through the data. B, LFD at 0.2 Hz could occur after 110 min of stimulation at 0.0016 Hz (n �
3). C,After10minofstimulationat0.2Hz,thefrequencyofstimulationwasloweredto 0.0016Hz, and
there was complete recovery from LFD (n�3). D, Recovery was almost complete when the stimula-
tion was decreased to 0.0016 Hz after 30 min of stimulation at 0.2 Hz (n�3). E, Stimulation at 0.0016
Hz in the presence of staurosporine after 10 min of stimulation at 0.2 Hz did not cause recovery from
LFD (n � 3). F, After 30 min of stimulation at 0.2 Hz, recovery was inhibited in the presence of
staurosporine(n�3).Staurosporinewasaddedafterthefirst recordingat0.0016Hztoshowthatthe
recovery could occur before staurosporine treatment.
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ever, our data indicate that ATP is readily available for phosphor-
ylation of substrates even after pronounced LFD; phosphatase
inhibition after 90 min of LFD enhanced transmitter release (Fig.
5C), and this would have required adequate [ATP] to support
phosphorylation by kinases.

Phosphorylation and depression in other systems
Crayfish LFD shares striking similarities with LFD that occurs at
the synapse between neonatal rat spinal Ia afferents and mo-
toneurons in that both are biphasic, dependent on the frequency
of stimuli, and likely because of decreases in transmitter release
(Lev-Tov and Pinco, 1992). A similar frequency-dependent LFD
attributable to a lowered probability of transmitter release is
found at the rat visual cortex (Akaneya et al., 2003).

Although most forms of hippocampal LTD are postsynaptic
in origin, there are several forms of LTD that result from a decline
in transmitter release (Choi and Lovinger, 1997; Margrie et al.,
1998; Li et al., 2004).

Phosphorylation-dependent mechanisms of synaptic trans-
mission depression are found at the cerebellum and hippocam-
pus. Inhibition of calcineurin blocks induction of LTD in rat
visual cortex (Torii et al., 1995). Phosphatase inhibition enhances
LTD in Purkinje cells but has an opposite effect in pyramidal cells,
where it blocks LTD (Ajima and Ito, 1995). In the hippocampus,
phosphatase inhibitors inhibit LTD induction (Mulkey et al.,
1993) in contrast to the finding in the cerebellum.

Ca 2�-dependent activation of PP1 or PP2A and calcineurin is
required for the maintenance of LTD (Mulkey et al., 1993, 1994).
The dephosphorylation and inactivation of inhibitor-1 by cal-
cineurin activates serine/threonine PP1 activity and contributes
to the generation of LTD (Mulkey et al., 1994). LTD in adult
hippocampus in vivo involves a decrease in PKC activity that is
mediated in part by dephosphorylation of catalytic domain of
PKC by protein phosphatases activated after LTD-inducing stim-
ulation (Thiels et al., 2000).

Summary
This study identifies a role for phosphorylation in one form of
long-term plasticity, LFD, at a crayfish phasic neuromuscular
synapse. The simplicity of this Arthropod preparation with its
presynaptic accessibility and fewer genes, proteins, cells, and con-
nections than mammalian brain tissue, may allow additional
progress on the mechanism of depression.
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