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Dynamics of Protein Phosphorylation in Sensory Neurons of Ap/ysia 
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Protein phosphorylation plays important roles in the mech- 
anisms underlying serotonin (5HT)-induced presynaptic fa- 
cilitation of Ap/ysia sensory neurons. To study mechanisms 
involved in facilitation, we investigated the pattern of protein 
phosphorylation in sensory neurons as a function of different 
durations of 5-HT. Two minutes and 1.5 hr treatments with 
5-HT altered the phosphorylation of 5 and 10 proteins, re- 
spectively. These different duration treatments with 5-HT 
produced unique effects on the phosphorylation of different 
sets of proteins. This result suggests that cells may encode 
and measure the duration of a stimulus by the pattern of 
specific proteins that are phosphorylated or dephosphory- 
lated. In addition, because the changes in phosphorylation 
produced by 2 min treatments with 5-HT were not observed 
after 25 min treatments with 5-HT, mechanisms must exist 
for the transient phosphorylation of some proteins even when 
the 5-HT treatment persists. Anisomycin, an inhibitor of pro- 
tein synthesis, blocked the effect of 1.5 hr treatments with 
5-HT on the phosphorylation of six proteins but had no effect 
on the phosphorylation change of four other proteins. Both 
CPT-CAMP (an activator of protein kinase A) and PDAc (an 
activator of protein kinase C) mimicked the effects of 5-HT 
on four proteins. Interestingly, the effect of 5-HT on these 
four proteins did not require protein synthesis. CPT-CAMP, 
but not PDAc, mimicked the effect of 5-HT on one protein 
(L55) and, the effect of 5-HT on this protein appeared to 
require protein synthesis. Because both activation of PKA 
and protein synthesis are involved in the induction of long- 
term facilitation, protein L55 is a good candidate for a protein 
that might play a key role in long-term facilitation. Finally, 
the effects of 5-HT on four proteins were not mimicked by 
either CPT-CAMP or PDAc. This finding raises the interesting 
possibility that some effects of 5-HT are mediated by sec- 
ond-messenger systems other than PKA or PKC. 

[Key words: serotonin, two-dimensional polyactytamide gel 
electrophoresis, facilitation, CAMP, protein kinase C, protein 
synthesis] 

Protein phosphorylation-dephosphorylation is a common 
mechanism by which extracellular signals alter the activities of 
intracellular proteins and regulate diverse cellular functions. 
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Regulation of protein phosphorylation involves a large number 
of different components such as second messengers, kinases, 
and phosphatases. In addition, regulation of protein phosphor- 
ylation occurs over a wide spectrum of time. For example, the 
onset of some changes in phosphorylation occurs seconds after 
stimulation, while other changes occur minutes or hours after 
stimulation (Sato et al., 1988; Mooney and Anderson, 1989; 
Ahn et al., 1990; Donaldson et al., 1991). Moreover, the du- 
ration of the changes in phosphorylation may range from a few 
minutes to several hours (Mooney and Anderson, 1989; Sweatt 
and Kandel, 1989; Wahl et al., 1989; Hagiwara et al., 1992; 
Moreland et al., 1992). Thus, elucidation of regulatory mech- 
anisms may require investigation of the dynamics of phos- 
phorylation events in addition to identification of the various 
components of the phosphorylation system. A field in which the 
dynamics of phosphorylation appears to play an important role 
is the study of neuronal plasticities, which may underlie learning 
and memory (Byrne et al., 1993). 

The tail-siphon and siphon-gill withdrawal reflexes of the 
marine mollusc Aplysia californica have been used extensively 
to study cellular mechanisms underlying learning and memory 
(reviewed in Byrne et al., 1991; Hawkins et al., 1993). These 
reflexes exhibit both short-term (lasting minutes) and long-term 
(lasting hours to days) sensitization, a form of nonassociative 
learning. Sensitizing stimuli facilitate the synaptic connections 
between sensory and their follower neurons (Carew et al., 197 1; 
Walters et al., 1983; Frost et al., 1985). Several lines ofevidence 
suggest that these effects are mediated, at least in part, by se- 
rotonin (5HT). Synaptic facilitation of sensorimotor connec- 
tions requires an intact serotonergic system and can be mim- 
icked by treatments with serotonin of both isolated ganglia and 
isolated sensory neurons in culture (Brunelli et al., 1976; Walters 
et al., 1983; Montarolo et al., 1986; Glanzman et al., 1989; 
Sugita et al, 1992; Pieroni and Byrne, 1992; Emptage and Carew, 
1993). Immunohistochemical evidence suggests that sensory 
neurons receive serotonergic innervation (Kistler et al., 1985; 
Zhang et al., 1991). Both short-term and long-term effects of 
S-HT on sensory neurons appear to be mediated in part through 
elevation of intracellular CAMP and subsequent activation of 
CAMP-dependent protein kinase (PKA) (Castellucci et al., 1980, 
1982; Bernier et al., 1982; Ocorr and Byrne, 1985; Greenberg 
et al., 1987; Schacher et al., 1988; Scholz and Byrne, 1988). 
Moreover, the phosphorylation of a common set of proteins 
may be involved in both short- and long-term facilitation (Sweatt 
and Kandel, 1989). However, some short-term but not long- 
term effects of 5-HT may be mediated by the activation of 
protein kinase C (PKC) (Sugita et al., 1992). On the other hand, 
long-duration but not short-duration treatments with 5-HT ap- 
pear to regulate the phosphorylation and subsequent activation 
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Figure 1. 2-D PAGE autoradiograms of ‘*P-labeled proteins from pleural sensory neurons after treatment of pleural-pedal ganglia with applications 
of 5-HT lasting 2 min (A) or 1.5 hr (B). Matched pleural-pedal ganglia were removed from animals and exposed to )*P for 21 hr. During the end 
of the exposure to 32P, the experimental ganglia were treated with 5-HT (5 PM). At the end of treatments, sensory neurons were removed from 
pleural ganglia and their proteins extracted for 2-D PAGE analysis. The proteins whose phosphorylation was significantly affected by each duration 
of 5-HT are marked by arrow. 

of a transcription factor related to the CRE binding protein 
(CREB) (Dash et al., 1990; Kaang et al., 1993). 

To study mechanisms involved in facilitation, we investigated 
the pattern of protein phosphorylation in Aplysia sensory neu- 
rons as a function of different durations of 5-HT. A long-term 
goal of these studies is to identify proteins whose phosphory- 
lation is regulated by 5-HT. Protein phosphorylation has been 
investigated in Aplysia, but only a few phosphoproteins have 
been identified (Lemos et al., 1984; Saitoh and Schwartz, 1985; 
Sweatt and Kandel, 1989; Zwartjes and Eskin, 1990; Azhderian 
and Kaczmarek, 199 1). 

Materials and Methods 
Treatment of pleural-pedal ganglia and preparation of samples for elec- 
trophoresu. Aplysia calijbrnica were obtained from Alacrity Marine Bi- 
ological (Redondo Beach) and Marinus Inc. (Long Beach) and were 
maintained in artificial seawater (Instant Ocean) at 15°C for at least 3 
d before use. The animals were anesthetized by injection of an amount 
of isotonic MgCl, equal to approximately one-half of their body weight. 
For each experiment, pleural-pedal ganglia were isolated from six ani- 
mals and placed in dishes containing 50% isotonic MgCl, and 50% 
buffered filtered seawater (BFSW, seawater containing 30 mM HEPES, 
100 &ml streptomycin, 100 U/ml penicillin-G, pH 7.65) at 15°C. The 
right and left ganglia were alternately placed into experimental and 
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control chambers. After 2 hr, the ganglia were exposed to labeling so- 
lution containing BFSW without sulfates or phosphates (10 mM CaCl,, 
10 mM KCI, 50 mM MgCl,, 440 mM NaCl, 100 wg/ml streptomycin, 
100 U/ml penicillin-G, 30 mM HEPES pH 7.65) and 32P-orthophos- 
phoric acid (0.2 mCi/ml) for 21 hr (Bemier et al., 1982; Sweatt and 
Kandel, 1989; Zwartjes and Eskin, 1989). During the end of the labeling 
period, the experimental group of six ganglia was treated with either 
serotonin (5hydroxytryptamine hydrochloride, Sigma), anisomycin 
(Sigma), or 5-HT plus anisomycin. In another series of experiments, 
experimental ganglia were treated with phorbol diacetate (PDAc, Sigma) 
or 8-4-chlorophenylthio-CAMP (CPT-CAMP, Sigma). Experimental 
treatments were introduced by adding concentrated solutions to the 
bathing medium followed by swirling of both control and experimental 
chambers to mix the solutions. 

At the end of experimental treatments, the ganglia were frozen with 
liquid nitrogen and stored at -80°C. Clusters of sensory neurons were 

43 MW 

&Da) 

21.5 

removed from ganglia while frozen in 50% BFSW, 50% propylene gIyco1 
solution (Noel et al., 199 1). After removal, clusters of sensory neurons 
were placed in 50 pl of solubilization buffer (9.1 M urea, 5% v/v am- 
pholytes, 5% w/v 2-mercaptoethanol, 3% w/v 3-[(3-cholamidopro- 
pyl)dimethylammonio]- 1 -propanesulfonate (CHAPS), 50 mM Tris base, 
5 mM EDTA, 1 mM EGTA, 0.125 mg/ml bacitracin, 0.125 mg/ml 
trypsin inhibitor, 1.5 mg/ml benzamidine, 0.19 III/ml aprotinin, 40 
mM sodium pyrophosphate, and 100 mM sodium fluoride). The incor- 
poration of j*P into proteins for a given sample was estimated by mea- 
suring 32P of trichloroacetic acid (TCA) precipitable proteins (Yeung 
and E&in, 1987). 

Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE). The 
proteins in samples of sensory neurons were separated by 2-D PAGE 
using procedures similar to O’Farrell(1975) and reported by Yeung and 
Eskin (1987) and Eskin et al. (1989). Proteins were first separated in a 
pH gradient of 4-7, established with a mixture of ampholytes (Phar- 
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Table 1. Percentage change in phosphorylation of sensory neuron proteins produced by various S-HT 
treatments 

Protein MW 2 min 5-HT 
number (kDa) pI treatment” 

1.5 hr 5-HT 
treatment 

2 min 5-HT 
treatment 
(examined 1.5 
hr later) 

25 min 5-HT 
treatment 

Proteins affected by 2 min 5-HT 
Sl 83.1 5.82 32 X!I 8 (9)** 6 + 16(9) -8k7 (8) 3 + 17(10) 
S6 63.7 5.23 24 + 6 (9)** -8 + 14(9) 18 k 22 (8) 7 k 8 (10) 
SlO 46.7 6.00 51 + 18(9)* 2 + 18(7) -15k8 (9) 7 + 18(9) 
s31 26.1 5.05 -22 k 6 (lo)** -1 * 7 (10) 19 + lO(9) -4 k lO(10) 

Proteins affected by both 2 min and 1.5 hr 5-HT 
SL30 35.2 5.60 -16 + 6 (lo)* 25 + 10 (lo)* 1 + 9 (9) 4 ck 19(10) 

Proteins affected by 1.5 hr 5-HT 
L15 41.2 5.70 20 + 8 (10) 77 -t 23 (9)* -14 f  5 (9)* 68 f  25 (8)* 
L22 29.1 4.74 7 f  17(10) 50 2 21 (lo)* 24 f  14 (9) 135 f  37 (lo)** 
L23 25.2 5.36 -4 2 5 (10) 29 zk 10 (lo)* 10 + 5 (9) -2 + 7 (10) 
L29 35.2 5.74 5 k 8 (10) 20 f  9 (lo)* -6 EL 6 (9) -4 + 8 (10) 
L33 19.8 4.50 0 k 6 (10) -14 + 5 (lo)* 6 + 5 (9) 3 L!I 7 (10) 
L35 46.7 5.54 2* 15(9) 33 t 9 (8)* -12k7 (9) -3 + 6 (10) 
L54 45.5 5.29 9 + 12(10) 23 r!c 7 (lo)** 2 + 9 (9) -3 * 13(9) 
L55 18.4 3.86 -5 + 11 (8) -28 f  9 (lo)* 20 + 11 (5) 8 + 14(10) 
L57 29.5 5.62 5 + 14 (9) 46 zk 14 (9)** 3 f  8 (9) -5 f  6 (10) 

” Mean percentage change + SE. The percentage change was calculated by (ODe - ODc)/ODc x 100. The number of 
experiments appears in parentheses. In some experiments, it was not possible to obtain quantitative data for specific 
proteins because, for example, the protein did not focus well or the background surrounding the protein was very high. 
A two tailed t test was performed to determine whether the difference between the OD of an experimental and control 
protein was significant. 
*p < 0.05. 

**p < 0.01. 

macia), and then by a 12% polyacrylamide SDS slab gel (Minislab gels; 
Idea Scientific, Corvallis, OR). Equal amounts of radioactivity from 
experimental and control samples were loaded onto separate isoelectric 
focusing gels. Experimental and control samples from an experiment 
were always run together on the same batch of isoelectric and slab gels. 
After fixation with 50% trichloroacetic acid, the gels were dried and 
exposed to film (Kodak XAR) at room temperature. The same gels were 
exposed to films for different durations to insure that the film was in 
the linear range of sensitivity. 

The mole&lar weights (GW) and isoelectric points (PI) of proteins 
were determined bv running 2-D SDS-PAGE standards (Bio Rad) along 
with samples of proteins from sensory neurons. After electrophoresisy 
the gels were stained with Coomassie Brilliant Blue R-250 (Bio Rad) 
and the pIs and MWs of the phosphoproteins were estimated by inter- 
polation. 

Analysis of autoradiograms. Autoradiograms were scanned using a 
computerized image analysis system (DNA Proscan Inc., Nashville, TN) 
and the integrated optical densities (ODs) of protein spots were auto- 
matically determined. The changes in ODs of control and experimental 
spots were confirmed by visual analysis. Large inconsistencies between 
the automated analysis and visual analysis were further examined and 
resolved. The ODs of proteins from each gel were normalized for any 
discrepancies in the amount of radioactivity loaded on experimental 
and control gels by calculating a percentage OD. The percentage OD of 
a protein was computed by dividing its OD with the sum of the ODs 
of a subset of proteins in a given gel. This subset consisted of about 30 
proteins that were reliably analyzed by the computer in all experiments, 
located at various locations of the gel, and spanned a range of ODs. 
Although this subset of proteins contained a few proteins that were 
affected by various experimental treatments, the overall sums of the 
ODs for the experimental proteins were not different from the overall 
sums of the ODs of the control proteins. For example, the mean ratio 
of the sum of experimental protein ODs to sum of the control protein 
ODs for 1.5 hr 5-HT experiments was 1.01 & 0.06. A two-tailed t test 
was performed to determine whether the difference between the OD of 
an experimental (ODe) and control (ODc) protein was statistically sig- 
nificant. 

Results 
Changes in protein phosphorylation by 2 min and 1.5 hr 
treatments with 5-HT 
Treatment ofsensory neurons with 5-HT for 1 to 5 min produces 
synaptic facilitation lasting a few minutes, and treatment with 
5-HT over 1.5 hr produces facilitation lasting 24 hr (Brunelli 
et al., 1976; Montarolo et al., 1986; Rayport and Schacher, 1986; 
Emptage and Carew, 1993). To investigate the phosphorylation 
events related to synaptic facilitation, we examined the changes 
in phosphorylation of sensory neuron proteins after exposure 
of pleural-pedal ganglia to 2 min and 1.5 hr treatments with 
5-HT (5 PG). The incorporation of j2P into proteins was mea- 
sured by analyzing autoradiograms of two-dimensional poly- 
acrylamide gels. Approximately 65 phosphoproteins could be 
studied reliably in these gels (Fig. 1). Since phosphorylation of 
a protein affects its charge and, consequently, its p1, it is possible 
that some proteins on our gels, which have similar MWs but 
different pIs, are charge isomers of the same protein. 

The phosphorylation of 14 proteins was affected by the 2 min 
and 1.5 hr treatments with 5-HT (Table 1). Notably, the phos- 
phorylation of proteins was decreased as well as increased by 
5-HT. The phosphorylation of three proteins (S 1, S6, and S 10) 
was increased and two proteins (S3 1 and SL30) was decreased 
by 2 min treatments with 5-HT (Fig. 1A). The phosphorylation 
ofeight proteins (L15, L22, L23, L29, SL30, L35, L54, and L57) 
was increased and two proteins (L33 and L55) was decreased 
by 1.5 hr treatments with 5-HT (Fig. 1B). Only one protein 
(SL30) was affected by both durations of 5-HT (Table 1). How- 
ever, the phosphorylation of SL30 was decreased by the 2 min 
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treatment with 5-HT but it was increased by the 1.5 hr treatment 
with 5-HT. Therefore, 2 min and 1.5 hr treatments with 5-HT 
did not appear to have the same effect on any one protein. 

Time and duration dependence of 5-HT effects on protein 
phosphorylation 
The observation that 2 min and 1.5 hr treatments with 5-HT 
had different effects on proteins raised two issues. First, do the 
changes produced by 2 min treatments with 5-HT persist or 
decay 1.5 hr after the brief treatment with 5-HT? Second, are 
the phosphorylation changes produced by a 1.5 hr treatment 
with 5-HT a function of the duration of 5-HT treatment or a 
function of the time after some minimal treatment with 5-HT? 
To address these issues, we examined changes in protein phos- 
phorylation 1.5 hr after a 2 min treatment with 5-HT. 

None of the changes in phosphorylation that were produced 
at the end of 2 min or 1.5 hr treatments with 5-HT occurred 
1.5 hr after a single 2 min pulse of 5-HT (Table 1). The change 
in phosphorylation of the five proteins (Sl, S6, SlO, SL30, and 
S3 1) produced immediately after a 2 min treatment with 5-HT 
appeared to decay within 1.5 hr after the removal of 5-HT. 
Furthermore, the change in phosphorylation of the 10 proteins 
observed after 1.5 hr treatment with 5-HT did not occur 1.5 hr 
after a 2 min treatment with 5-HT. However, the phosphory- 
lation of one protein (L 15) was significantly changed 1.5 hr after 
a 2 min treatment with 5-HT, albeit in a different direction than 
the change observed after 1.5 hr treatment with 5-HT (Table 
1). 

The above results indicate that the phosphorylation changes 
produced by 2 min treatments with 5-HT are transient and those 
phosphorylation changes produced by 1.5 hr treatments with 
5-HT require long duration treatments to occur. To investigate 
further the transient nature of the short duration effects and the 
duration dependence of the long duration effects, we examined 
protein phosphorylation at the end of 25 min treatments with 
5-HT (Table 1). None of the changes in phosphorylation pro- 
duced by 2 min treatments with 5-HT were evident at the end 
of 25 min treatments (Fig. 2A). Therefore, even though 5-HT 
continues to be present, the phosphorylation changes apparent 
after 2 min treatments with 5-HT seemed to disappear at some 
time during the 25 min treatment with 5-HT. Also, the change 
in the phosphorylation of eight proteins affected by 1.5 hr treat- 
ments with 5-HT was not apparent after 25 min treatments with 
5-HT (Fig. 2B). Therefore, the changes in phosphorylation of 
these proteins appeared to require either longer durations of 
5-HT than 25 min or longer periods of time after 25 min treat- 
ments with 5-HT. The phosphorylation of only two proteins 
(L15 and L22) was affected similarly by both 25 min and 1.5 
hr treatments with 5-HT (Fig. 2C). Parenthetically, there ap- 
peared to be several proteins whose phosphorylation was af- 
fected only by 25 min treatments with 5-HT and not by the 2 
min or 1.5 hr treatments with 5-HT (data not shown). 

Efect of anisomycin on the phosphorylation changes produced 
by 1.5 hr treatments with 5-HT 

Serotonin treatments of 1.5 hr modify the synthesis of proteins 
(Barzilai et al., 1989; Noel et al., 199 1, 1993). Thus, it is possible 
that the changes we observed in phosphorylation of proteins 
were due to an effect of 5-HT on protein synthesis. Also, in- 
hibition of protein synthesis during treatment with 5-HT blocks 
the appearance oflong-term facilitation (Montarolo et al., 1986). 
Therefore, we investigated the effect of inhibition of protein 
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Figure 2. Comparison of the percentage changes in the phosphoxyla- 
tion of specific proteins produced by 2 min, 25 min, and 1.5 hr treat- 
ments with 5-HT. Data for this figure were taken from Table 1. The 
phosphorylation of some proteins was affected transiently by 2 min 
treatments with S-HT (4). Another set of proteins was only changed by 
the long, I.5 hr treatment with 5-HT (B). The phosphorylation of L15 
and L22 was affected by both 25 min and 1.5 hr treatments with 5-HT 
but not by the 2 min treatments with 5-HT (C). 

synthesis by anisomycin (10 PM) on proteins whose phosphor- 
ylation appeared to be affected by 1.5 hr treatments with 5-HT. 
Anisomycin reversibly inhibits protein synthesis in cultured 
sensory neurons as well as other Aplysia tissues (Schwartz et al., 
1971; Eskin et al., 1984; Montarolo et al., 1986). As a control, 
we first examined the effect of anisomycin by itself on phos- 
phorylation of sensory neuron proteins. The phosphorylation 
ofonly one protein (L22) was significantly altered by anisomycin 
treatments (Table 2). We next studied whether the phosphor- 
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Table 2. The effect of anisomycin on the changes in phosphorylation of proteins produced by 1.5 hr 
S-HT 

Protein 
1.5 hr 5-HT 2.5 hr anisomycin 
treatment” treatment 

Aniso + 5 HT 
treatment 

SL30 35.2 5.60 
L15 41.2 5.70 
L22 29.1 4.74 
L23 25.2 5.36 
L29 35.2 5.74 
L33 19.8 4.50 - 

L35 46.7 5.54 
L54 45.4 5.29 
L55 18.4 3.86 - 
L57 29.5 5.62 

25 + lO(lO)* 
77 + 23 (9)* 
50 ?I 21 (lo)* 
29 f  lO(lO)* 
20 + 9 (lo)* 

-14 zk 5 (lo)* 
33 k 9 (8)* 
23 k 7 (lo)** 

-28 t- 9 (lo)* 
46 + 14 (9)** 

8 k 29 (8) 
24 + 16(9) 

-28 + 7 (9)* 
3 + 6 (9) 
9 zk 19(9) 

-3 + 6 (9) 
-8 + lO(7) 
14 f  9 (7) 
2 f  17(9) 
1 f  24 (6) 

7 f  ll(l1) 
72 + 19 (1 l)** 
63 k 20 (1 l)* 
27 + 10 (1 l)* 

-1 f  6 (11) 
-29 k 7 (ll)** 

-1 + 12(10) 
7 + 20 (9) 

15 + 11 (10) 
29 + 32 (11) 

” Same data as Table 1. 

ylation changes produced by 1.5 hr treatments with 5-HT could 
be blocked by anisomycin. The effect of 1.5 hr treatment with 
5-HT on the phosphorylation of six proteins (SL30, L29, L35, 
L54, L55, and L57) appeared to be blocked by anisomycin. 
Anisomycin did not appear to block the effect of 5-HT on four 
proteins (L15, L22, L23, and L33) since similar changes in 
phosphorylation were produced by 1.5 hr treatments with 5-HT 
and 1.5 hr treatments with 5-HT plus anisomycin (Table 2 and 
Fig. 3A). 

Efects of d@erent second messengers on phosphorylation of 
proteins 

Serotonin activates both PKA and PKC in Aplysia sensory neu- 
rons (Castellucci et al., 1980, 1982; Greenberg et al., 1987; 
Schacher et al., 1988; Sacktor and Schwartz, 1990; Ghirardi et 
al., 1992; Sossin and Schwartz, 1992; Sugita et al., 1992). To 
characterize further the proteins whose phosphorylation was 
altered by 1.5 hr treatments with 5-HT in this study, we inves- 
tigated the effects on phosphorylation ofactivation ofPKA using 
chlorophenylthio CAMP (CPT-CAMP, 1 mM) and activation of 
PKC using phorbol diacetate (PD-AC, 3 PM). Treatments with 
CPT-CAMP or PDAc mimic certain effects produced by 5-HT 
on Aplysia sensory neurons (Greenberg et al., 1987; Baxter and 
Byrne, 1989; Noel et al., 1991; Critz and Byrne, 1992; Sugita 
et al., 1992). 

Treatments with either 1.5 hr CPT-CAMP or 1.5 hr PDAc 
affected the phosphorylation of 20 proteins. The effects of treat- 
ments with CPT-CAMP and PDAc are shown only for the 10 
proteins that were affected by 1.5 hr treatments with 5-HT 
(Table 3). Treatments with CPT-CAMP and PDAc mimicked 
the effects of 1.5 hr treatments with 5-HT on the phosphory- 
lation of only four of these proteins (L15, L22, L23, and L33) 
(Fig. 3A). However, the magnitudes of the changes produced by 
CPT-CAMP and PDAc were markedly larger than the changes 
produced by 1.5 hr treatments with 5-HT (Table 3). Treatments 
with CPT-CAMP, but not PDAc, mimicked the effect of 5-HT 
on the phosphorylation of L55 (Fig. 3A). The change in phos- 
phorylation produced by 5-HT on the remaining five proteins 
(SL30, L29, L35, L54, and L57) did not appear to be mimicked 
by either CPT-CAMP or PDAc. However, CPT-CAMP and PDAc 
had significant effects on some of these proteins (L29, L35, L54, 
and L57) but in no case were the directions of these effects 
produced by 5-HT mimicked by CPT-CAMP or PDAc. 

Discussion 

We have shown that different durations oftreatments with 5-HT 
produced unique effects on the phosphorylation of different sets 
of proteins in Aplysia sensory neurons (Figs. 2,3). This indicates 
that different biochemical processes are recruited by 2 min and 

Table 3. Comparison of the changes in phosphorylation of proteins produced by 1.5 hr S-HT, CPT- 
CAMP and PDAc 

EE) 1.5 hr 5-HT 1.5 hr CPT-CAMP 1.5 hr PDAc 
Protein 

p1 
treatment” treatment treatment 

L15 41.2 5.70 77 + 23 (9)* 84 k 16 (8)** 207 f  38 (7)** 
L22 29.1 4.74 50 + 21 (lo)* 316 +- 111 (8)** 75 + 25 (7)* 
L23 25.2 5.36 29 + 10 (lo)* 49 + 10 (8)** 132 + 9 (7)** 
L33 19.8 4.50 -14 f  5 (lo)* -41 k 5 (7)** -77 f  2 (7)** 
L55 18.4 3.86 -28 f  9 (lo)* -29 + 8 (7)* -9 f  8 (7) 
L29 35.2 5.74 20 * 9 (lo)* -18 + 12 (8) -14 -t 9 (7) 
SL30 35.2 5.60 25 + 10 (lo)* -5 k 37 (7) -16a9 (7) 
L35 46.7 5.54 33 k 9 (8)* -19 ? 4 (8)** -19 -t 12(6) 
L54 45.4 5.29 23 + 7 (lo)** -24 k 7 (7)* -32 + 5 (5)** 
L57 29.5 5.62 46 k 14 (9)** -20 + 19 (6) -21 + 11 (6) 

” Same data as Table 1. 
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1.5 hr durations of treatments with 5-HT. In addition, since the 
changes in protein phosphorylation produced by 2 min treat- 
ments with 5-HT were not observed after 25 min or 1.5 hr 
treatments with 5-HT (Fig. 2), mechanisms must exist for the 
transient phosphorylation of these proteins even when the 5-HT 
application persists. Our finding that different durations of 5-HT 
affected the phosphorylation of different sets of proteins suggests 
that cells may measure the duration of a stimulus by detecting 
the pattern of which proteins are phosphorylated or dephos- 
phorylated. 

In Aplysia neurons, brief application of 5-HT produces short- 
term facilitation, whereas application of 5-HT over a 1.5 hr 
period produces long-term facilitation. The phosphoproteins 
affected by the different durations of 5-HT may be associated 
with the different cellular mechanisms underlying short- and 
long-term facilitation. One case in which a phosphorylation 
event may be important in induction of long-term but not short- 
term facilitation is the activation of a transcription factor closely 
related to CREB (Dash et al., 1990). Only prolonged treatment 
with 5-HT stimulates CRE-mediated transcription in Aplysia 
sensory neurons (Kaang et al., 1993). 

The phosphorylation of five proteins was altered by 2 min 
treatments with 5-HT, and these alterations decayed within 1.5 
hr after the brief 2 min treatment with 5-HT and were not 
evident after 25 min treatments with 5-HT (Table 2 and Fig. 
2A). Since the duration of short-term facilitation produced by 
brief treatments with 5-HT persists for only a few minutes (Bru- 
nelli et al., 1976), these five proteins could be involved in short- 
term facilitation. Previously, Sweatt and Kandel (1989) exam- 
ined the phosphorylation of proteins immediately after a 2 min 
application of 5-HT to isolated clusters of sensory neurons and 
found a number of proteins whose phosphorylation was altered. 
However, these proteins could not be found on our 2-D gels 
based on their relative locations to one another or their MWs 
and ~1s. Although direct comparisons of the results from the 
Sweatt study with ours is difficult, there are at least two differ- 
ences in the findings between the two studies. We found a smaller 
number of proteins (five) affected by the 5-HT treatments than 
did Sweatt and Kandel (who found 17 proteins, some of which 
may correspond to charge variants of the same proteins). In 
addition, Sweatt and Kandel did not report any decreases in the 
phosphorylation of proteins, whereas we found two significant 
decreases produced by 5-HT. Differences in the results of these 
two studies may be due to a number of differences in the meth- 
odologies used in these two studies. For example, the techniques 
used in these studies to separate proteins were rather different. 
Also, the study by Sweatt and Kandel involved treatments to 
isolated clusters of sensory neurons, whereas our study involved 
treatments to isolated ganglia and then removal of sensory neu- 
rons for analysis. Although the pleural sensory neurons receive 
rich serotonergic innervation and have receptors for 5-HT on 
their somata, it is possible that some of the differences between 
these studies could be due to activation of cells presynaptic to 
the sensory neurons when 5-HT was administered to the intact 
ganglia (Kistler et al., 1985; Montarolo et al., 1986; Ocorr and 
Byrne, 1986; Glanzman et al., 1989; Zhang et al., 1991). 

The phosphorylation of 10 proteins was altered after contin- 
uous application of 5-HT for 1.5 hr (Fig. 3A). None of these 
changes were evident 1.5 hr after a 2 min treatment with 5-HT 
(Table 2). However, two of these changes were produced after 
a 25 min treatment with 5-HT (Fig. 2C). The phosphorylation 
changes in the proteins requiring long durations of treatments 
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Figure 3. Summary of the effects of 1.5 hr treatments with S-HT on 
the phosphorylation of sensory neuron proteins (A) and a model sum- 
marizing the possible mechanisms that may he involved in the phos- 
phorylation changes produced by 1.5 hr treatments with 5-HT (L?). A, 
Combined results from Tables 1, 2, and 3 in which “+” indicates a 
significant increase in phosphorylation and “-” indicates a significant 
decrease in phosphorylation. A blank space indicates that the treatment 
had no significant effect on phosphorylation. The shadedareas highlight 
the changes in the phosphorylation of proteins produced by CPT-CAMP 
or PDAc treatments that are similar to those changes produced by 1.5 
hr treatments with 5-HT. B, The effects of various treatments on the 
proteins whose phosphorylation was altered by 1.5 hr treatments with 
5-HT fall into three categories. The change in the phosphorylation pro- 
duced by 5-HT of one group of proteins (U-5, L22, L23, undL33) may 
be mediated by PKC or PKA and independent of protein synthesis. The 
change in the phosphorylation produced by 5-HT of one protein (L55) 
may be mediated by PKA and dependent on protein synthesis. Finally, 
the change in phosphorylation of another set of proteins (SL30, L29, 
L35, L54, and L57) appeared to be mediated through unknown second 
messenger systems, but the change in phosphorylation of these proteins 
appeared to require protein synthesis. 

with 5-HT could play important roles in the induction or ex- 
pression of long-term facilitation. 

By what mechanism do different durations of 5-HT produce 
changes in phosphorylation of different proteins? The change in 
the phosphorylation of proteins produced by the short duration 
treatment with 5-HT was transient (Fig. 2A). One possible 
mechanism for this transient phosphorylation may be that 5-HT 
sequentially activates phosphatases and kinases in sensory neu- 
rons. For example, activation of a phosphatase by 5-HT would 
occur after the activation of a kinase in the case of the proteins 
whose phosphorylation was increased by 2 min treatments with 
5-HT. The reverse sequence of events may occur in the case of 
the proteins whose phosphorylation was initially decreased by 
5-HT. In the Aplysia nervous system, several phosphatases have 
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been identified and some evidence suggests that phosphatases 
may play roles in mediating some cellular effects of 5-HT (Critz 
et al., 199 1; Ichinose and Byrne, 199 1; Endo et al., 1992; Wilson 
and Kaczmarek, 1993). Alternatively, other mechanisms for the 
transient phosphorylation produced by 5-HT treatments could 
involve regulation of the turnover rate or the transport of these 
phosphoproteins. 

The phosphorylation of another set of proteins required long 
durations of treatments with 5-HT (Figs. 2B,C, 3A). Long but 
not short treatments with 5-HT could affect phosphorylation of 
new proteins through any number of mechanisms. One possi- 
bility is that different kinases are activated in a cascade fashion 
with increasing durations of 5-HT (Ahn et al., 1991). In addi- 
tion, second messengers or activated kinases could accumulate 
in different regions of the cell in response to different durations 
of 5-HT treatments and, thus, affect the phosphorylation of 
different populations of proteins (Barsony and Marx, 1990; Scott 
and Carr, 1992). Indeed, in Aplysia, regulatory subunits of PKA 
exhibit discrete patterns of subcellular localization (Cheley et 
al., 1994). Also, other studies indicate that the catalytic subunit 
of PKA translocates into the nucleus only after a prolonged 
(greater than 1 hr) exposure of the cell to 5-HT (Bacskai et al., 
1993). 

Another possible mechanism to account for the differential 
effects of treatments with 5-HT could be that the effects of the 
longer duration treatments with 5-HT involved changes in pro- 
tein synthesis. The changes in the phosphorylation of six pro- 
teins produced by 1.5 hr treatments with 5-HT were blocked 
by anisomycin (Fig. 3A). These results suggest that changes in 
the phosphorylation of these proteins depend in some way on 
the synthesis of proteins (Fig. 3B). Since anisomycin blocks the 
induction of facilitation as well as related changes in cellular 
events produced by 5-HT, the phosphorylation of the proteins 
that were affected by anisomycin could be critical for the in- 
duction of long-term facilitation (Montarolo et al., 1986; Sweatt 
and Kandel, 1989; Bergold et al., 1990; Bailey et al., 1992). 
There are two possible ways protein synthesis could be involved 
in the phosphorylation changes produced by 5-HT. First, the 
increase in the phosphorylation of proteins in a 2-D gel could 
be due to an increase in the synthesis of proteins. However, 
treatments with 5-HT did not appear to affect the synthesis of 
the proteins whose phosphorylation was affected by 5-HT (Noel 
et al., 1991). Second, protein synthesis may be indirectly in- 
volved in changing the phosphorylation of proteins. For ex- 
ample, the change in phosphorylation produced by 1.5 hr treat- 
ments with 5-HT could be mediated through changes in the 
synthesis of proteins such as protein kinases, phosphatases, or 
phosphatase inhibitors, which then lead to changes in protein 
phosphorylation. In this regard, protein synthesis-dependent al- 
terations of kinases produced by 5-HT have been observed in 
Apfysia nervous tissue (Bergold et al., 1990; Sossin and Schwartz, 
1993). 

The changes in the phosphorylation of four proteins (L15, 
L22, L23, and L33) produced by 5-HT did not appear to depend 
on the synthesis of proteins (Table 3, Fig. 3A,B). This result 
does not rule out the possibility that the phosphorylation of 
these proteins is important in long-term facilitation. The change 
in the phosphorylation of these proteins could precede the in- 
duction step that is dependent on protein synthesis and still be 
involved in the induction of long-term facilitation. 

The change in the phosphorylation of five proteins produced 
by 1.5 hr treatments with 5-HT was mimicked by the application 

of CPT-CAMP for 1.5 hr (Fig. 3A). Anisomycin only blocked 
the effect of 5-HT on one (L55) of these proteins (Fig. 3B). 
Previous studies have shown that treatments that stimulate the 
production of CAMP or activate PKA mimic the effects of 5-HT 
on sensory neurons that are associated with long-term facili- 
tation (Scholz and Byrne, 1988; Schacher et al., 1988, 1993; 
Nazif et al., 199 1). Therefore, the phosphorylation of these pro- 
teins could play important roles in the induction of long-term 
facilitation. Since protein synthesis is required with activation 
of PKA to produce long-term facilitation, protein L55 has the 
characteristics of a protein that might play a key role in gen- 
erating long-term facilitation (Fig. 3B). 

The changes in the phosphorylation of four of the proteins 
affected by treatments with CPT-CAMP were also mimicked by 
treatments with PDAc, which by themselves do not produce 
long-term facilitation (Schacher et al., 1988) (Fig. 3B). There 
are several possible mechanisms by which the phosphorylation 
of proteins can be affected by both CPT-CAMP and PDAc treat- 
ments. First, these proteins may contain different sites for PKA 
and PKC. Thus, if the phosphorylation of these proteins play 
critical roles in induction of long-term facilitation, only the 
phosphorylation at the PKA site might control the function of 
this protein. There are many examples of proteins, which are 
phosphorylated at different sites by different kinases, whose 
functions are regulated only by one kinase (reviewed in Roach 
et al., 1991). A second possibility is that the protein is only 
phosphorylated by one kinase, which is activated by the other 
kinase (reviewed in Nishizuka, 1986). We have, thus far, only 
shown that analogs of second messengers can mimic some of 
the effects of 5-HT. It remains to be established whether acti- 
vation of specific kinases are involved in mediating these effects 
of second messengers or, indeed, the effects produced by 5-HT. 

The phosphorylation of five proteins affected by 1.5 hr treat- 
ments with 5-HT did not appear to be mimicked by treatments 
with either CPT-CAMP or PDAc (Fig. 3A,B). This observation 
suggests that some effects of 5-HT may require either the com- 
bined activation of PKA and PKC or activation of isoforms of 
PKA or PKC that are not activated effectively by treatments 
with CPT-CAMP or PDAc. Alternatively, the changes produced 
by 1.5 hr treatments with 5-HT that were not mimicked by 
CPT-CAMP or PDAc could be mediated by the activation of 
another kinase, such as Ca2+/calmodulin-dependent protein ki- 
nase (CaMK). Serotonin causes translocation of a subunit of 
CaMK from cell membranes to the cytosol and possibly acti- 
vation of CaMK (Saitoh and Schwartz, 1983, 1985). Therefore, 
activation of CaMK could mediate the changes in the phos- 
phorylation of the proteins affected by 5-HT treatments but not 
by CPT-CAMP or PDAc treatments. Some recent evidence sug- 
gests a role for CaMK in 5-HT-induced synaptic facilitation in 
Aplysia (Nakanishi et al., 1994). 

In summary, we have shown that different durations of treat- 
ments with 5-HT affected the phosphorylation of different pro- 
teins. The proteins whose phosphorylation was affected by 2 
min treatments with 5-HT could be involved in short-term 
facilitation or in early stages of a cascade of events preceding 
the induction of long-term facilitation. The proteins whose 
phosphorylation was affected by 1.5 hr treatments with 5-HT 
could be involved in long-term facilitation. A model summa- 
rizing the possible mechanisms involved in the phosphorylation 
changes produced by 1.5 hr treatments with 5-HT is presented 
in Figure 3B. Only some of the effects of 1.5 hr treatments with 
5-HT on the phosphorylation of proteins were mimicked by 
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CPT-CAMP and/or PDAc. In addition, some of the effects of 
1.5 hr treatments with 5-HT on the phosphorylation of proteins 
appeared to require the synthesis of proteins. Interestingly, the 
effect of 5-HT on one of these proteins, L55, was mimicked by 
CPT-CAMP. Thus, L55 is a good candidate for a protein that 
might play a key role in long-term facilitation. The elucidation 
of the cellular functions of the proteins characterized in this 
study and their specific roles in facilitation await the identifi- 
cation of these proteins. We have begun to identify these phos- 
phoproteins by obtaining their amino acid sequences using mi- 
crosequencing techniques (Homayouni et al., 1994a,b). 
Phosphoproteins S6 and S31 are similar to an intermediate 
filament protein and a vertebrate heterogeneous nuclear ribo- 
nucleoprotein, respectively. In addition, protein appears to be 
a calmodulin-like Ca*+ binding protein, respectively. 
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