
Cellular/Molecular

Coregulation of Glutamate Uptake and Long-Term
Sensitization in Aplysia

Omar Khabour,1 Jonathan Levenson,1 Lisa C. Lyons,1 Lorna S. Kategaya,1 Jeannie Chin,2 John H. Byrne,2 and
Arnold Eskin1

1Department of Biology and Biochemistry, University of Houston, Houston, Texas 77204-5001, and 2 Department of Neurobiology and Anatomy, University
of Texas-Houston Medical School, Houston, Texas 77225

In Aplysia, long-term facilitation (LTF) at sensorimotor synapses of the pleural–pedal ganglia is mediated by an increase in the release of
a neurotransmitter, which appears to be glutamate. Glutamate uptake also is increased in sensory neurons 24 hr after the induction of
long-term sensitization (Levenson et al., 2000b). The present study investigated whether the same signaling pathways were involved in
the long-term increase in glutamate uptake as in the induction of LTF. Thus, roles for cAMP, PKA (cAMP-dependent protein kinase),
MAPK (mitogen-activated protein kinase), and tyrosine kinase in the regulation of glutamate uptake were tested. We found that 5-HT
increased cAMP and activated PKA in sensory neurons. Exposure of pleural–pedal ganglia to analogs of cAMP or forskolin increased
glutamate uptake 24 hr after treatments. Inhibitors of PKA (KT5720), MAPK (U0126 and PD98059), and tyrosine kinase (genistein)
blocked the long-term increase in glutamate uptake produced by 5-HT. In addition, bpV, a tyrosine phosphatase inhibitor, facilitated the
ability of subthreshold levels of 5-HT to increase glutamate uptake. Inhibition of PKC, which is not involved in LTF, had no effect on the
long-term increase in glutamate uptake produced by 5-HT. Furthermore, activation of PKC by phorbol-12,13-dibutyrate did not produce
long-term changes in glutamate uptake. The results demonstrate that the same constellation of second messengers and kinases is
involved in the long-term regulation of both glutamate release and glutamate uptake. These similarities in signaling pathways suggest
that regulation of glutamate release and uptake during formation of long-term memory are coordinated through coregulation of these
two processes.
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Introduction
In Aplysia, expression of long-term facilitation (LTF) at sensori-
motor synapses of the pleural–pedal ganglia is mediated by an
increase in the release of a neurotransmitter (Dale et al. 1988),
which appears to be glutamate (Dale et al., 1988; Lin and Glanz-
man, 1994; Zhu et al., 1997; Armitage and Siegelbaum, 1998;
Levenson et al., 2000a; Chin et al., 2002). Glutamate uptake also is
increased in sensory neurons 24 hr after the induction of long-
term sensitization (LTS) and LTF (Levenson et al., 2000b). In
concert with increased glutamate uptake, neuronal glutamine
uptake is also increased 24 hr after induction of LTS and LTF
(Levenson et al., 2000b). In mammals, increased glutamate up-
take is observed in area CA1 of the hippocampus after induction
of long-term potentiation (LTP) (Levenson et al., 2002). In both
Aplysia and mammals, the long-term increase in glutamate up-
take during LTS and LTP appears to be attributable to an increase

in the number of high-affinity glutamate transporters in neuro-
nal membrane (Levenson et al., 2000b; Collado et al., 2002).
Thus, glutamate uptake appears to be regulated along with
changes in synaptic efficacy that are associated with the forma-
tion of memory in both vertebrates and invertebrates.

One mechanism by which regulation of glutamate and glu-
tamine uptake could be coordinated with the formation of long-
term memory would be through common signaling pathways.
Previous data in Aplysia indicate that the transmitter 5-HT mim-
ics the effects of sensitization training on the tail siphon with-
drawal reflex (Alberini et al., 1994; Hegde et al., 1997; Levenson et
al., 2000b) and the long-term increase in glutamate and glu-
tamine uptake (Levenson et al., 2000b). Furthermore, the in-
crease in glutamate uptake, like the induction of LTS, requires
transcription and translation (Levenson et al., 2000b). These par-
allels between LTS and the long-term increase in glutamate up-
take suggest that glutamate release and glutamate uptake may be
coregulated with LTS; the same signaling pathways that produce
LTS may also produce the increase in glutamate uptake. We have
tested this coregulation hypothesis by examining the signaling
pathways involved in the induction of LTS. The cAMP–PKA
(cAMP-dependent protein kinase), MAPK (mitogen-activated
protein kinase), and tyrosine kinase signaling pathways all play a
role in the induction of long-term sensitization (Ocorr et al.,
1986; Greenberg et al., 1987; Purcell et al., 2003; Sharma et al.,
2003). We found that analogs of cAMP induced long-term in-
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creases in glutamate uptake, and PKA, MAPK, and tyrosine ki-
nase inhibitors blocked the 5-HT–induced increase in glutamate
uptake. In addition, bpV, a tyrosine phosphatase inhibitor, facil-
itated the ability of subthreshold levels of 5-HT to increase glu-
tamate uptake. We also tested the involvement of the PKC signal-
ing pathway, which is not required for the induction of LTF (for
review, see Byrne and Kandel, 1996). Activation of PKC by
phorbol-12,13-dibutyrate (PDBu) had intermediate but not
long-term effects on glutamate uptake. Furthermore, inhibition
of PKC by chelerythrine had no effect on the long-term increase
in glutamate uptake produced by 5-HT. The results of this study
indicate that the same signaling pathways induce LTS and the
long-term increase in glutamate uptake.

Materials and Methods
Animal maintenance. Aplysia californica (100 –150 gm) were obtained
from several suppliers (Charles Hollahan, Santa Barbara, CA; Marinus,
Long Beach, CA; and Alacrity, Redondo Beach, CA) and maintained in
Instant Ocean seawater (Aquarium Systems, Mentor, OH) at 15°C under
12 hr light/dark cycles. Aplysia were fed 2–3 gm of romaine lettuce per
animal every 3 d and maintained in the laboratory for 3 d before use in
experiments.

Reagents and solutions. 5-HT, PDBu, and L15 media were purchased
from Sigma (St. Louis, MO). 125I-cAMP tyrosyl methyl ester was ob-
tained from Linco Research (St. Charles, MO) and Amersham Bio-
sciences (Piscataway, NJ). [ 14C]Glutamate was obtained from ICN Bio-
chemicals (Costa Mesa, CA), and [ 3H]glutamate was obtained from
PerkinElmer Life Sciences (Emeryville, CA). 8-Benzylthio-cAMP (8-bt-
cAMP) was purchased from Biology Life Sciences Institute (Bremer, Ger-
many). [�- 32P]ATP was purchased from PerkinElmer Life Sciences. All
other drugs were from Calbiochem (La Jolla, CA). 5-HT and the cAMP
analogs were dissolved directly in isotonic L15 media. KT5720, PDBu,
U0126, and PD98059 were dissolved in dimethylsulfoxide (DMSO) be-
fore being added to the culture media. Genistein was dissolved in DMSO
and ethanol. Chelerythrine was dissolved in water. In the experiments in
which vehicle was used, control groups were treated with similar concen-
trations of the vehicle as experimental groups. The final concentrations
of DMSO or ethanol were always �0.025%. If no vehicle was used, con-
trol groups were subjected to media changes.

Treatments. Spaced and massed treatments over 1.5 hr are commonly
used to induce LTF. For example, five 5 min pulses of 5-HT separated by
10 –20 min intervals is a commonly used spaced treatment (Montarolo et
al., 1986; Martin et al., 1997; Michael et al., 1998; Sharma et al., 2003),
and a continuous treatment of 5-HT for 1.5 hr is a commonly used
massed treatment to elicit LTF and LTS (Emptage and Carew, 1993;
Zhang et al., 1997; Levenson et al., 2000b). Although spaced treatments
are often more potent than massed treatments, it is often more econom-
ical and efficient to use massed treatments. For example, spaced treat-
ments using drugs such as forskolin or 8-bt-cAMP can be very expensive
because the multiple pulse treatments increase the quantities of drugs
used. The use of labeled compounds can be very difficult in the spaced
treatment protocol. Hence, to be consistent, we have chosen to perform
all of our experiments using the massed protocol. A massed treatment of
Aplysia for 1.5 hr with 5-HT (500 �M) is capable of producing robust LTS
(Levenson et al., 2000b). Moreover, massed treatments with 1.5 hr 5-HT
induce LTF (Emptage and Carew, 1993; Zhang et al., 1997). Finally,
spaced (five 10 min 5-HT pulses spaced 15 min apart) and massed treat-
ments of 50 �M 5-HT for 1.5 hr produced similar long-term increases in
glutamate uptake in isolated ganglia (spaced, 62 � 12%; n � 4; massed,
64 � 15%; n � 4).

LTS training and testing. LTS testing and training were done as de-
scribed previously (Scholz and Byrne, 1987; Cleary et al., 1998; Levenson
et al., 2000b; Fernandez et al., 2003). Briefly, the tail siphon withdrawal
response was elicited by electrical stimulation through a pair of elec-
trodes implanted in either side of the tail. Before baseline testing, the
threshold current required to elicit siphon withdrawal was determined
for each side of the animals. Pretraining baseline siphon withdrawal du-

rations were measured using a 20 msec shock at two times threshold
current. Five baseline measurements (interstimulus interval, 10 min)
were made on each side. The duration of siphon withdrawal was mea-
sured as the time between initiation of withdrawal and initiation of re-
laxation of the siphon. Sensitization training by electrical stimulation
consisted of four 10 sec blocks of 10 shocks (500 msec, 60 mA shocks
delivered at 1 Hz) with 30 min intervals between blocks. Electrical stim-
ulation was applied to the surface of the skin on one side of the animal.
Post-training measurements of siphon withdrawal duration were made 24,
48, and 72 hr after the end of training for each animal. Averages of five
post-training measurements of siphon withdrawal were obtained for each
animal (n � 1). The person responsible for measuring siphon withdrawal
durations was blind regarding which side of the animal was trained.

Glutamate and glutamine uptake in synaptosomes. To measure the in-
crease in glutamate uptake induced by sensitization training, animals
received sensitization training on one side of the body as described above.
The untrained side of the animal was used as a control. Animals were
anesthetized with an injection of isotonic MgCl2, and pleural–pedal gan-
glia were removed at 24, 48, or 72 hr after the end of training. Pleural–
pedal ganglia were trimmed of excess connective tissue in 50% buffered
filtered seawater [BFSW; Instant Ocean seawater with 30 mM HEPES, pH
7.65, 100 U/ml penicillin, and 100 �g/ml streptomycin, sterilized using a
0.22 �M Millipore (Bedford, MA) filter] and 50% isotonic MgCl2. Uptake
of glutamate and glutamine was measured from synaptosomes derived
from pleural–pedal ganglia as previously described (Levenson et al.,
2000b). In brief, synaptosomes were prepared from pleural–pedal gan-
glia using sucrose gradient centrifugation (Chin et al., 1989). Synapto-
somes were isolated from the synaptic fraction by centrifugation at
16,000 � g for 10 min at 4°C. Glutamate and glutamine uptake were
measured by incubation of 10 –30 �g of synaptosomal protein for 20 min
in glutamate (10 �M [ 14C �250 mCi/mmol] and 990 �M cold) and
glutamine (1 �M [ 3H �200 Ci/mmol] and 999 �M cold) in Ca 2�-free
seawater (460 mM NaCl, 10 mM KCl, 55 mM MgCl2, 20 mM Tris-HCl, pH
7.4, and 0.1% glucose). Experiments were terminated by dilution of the
synaptosomes with 10 volumes of ice-cold Ca 2�-free seawater. Then,
synaptosomes were centrifuged (16,000 � g) for 5 min, and the pellet was
rinsed three times with Ca 2�-free seawater and dissolved in scintillation
fluid to determine total glutamate and glutamine uptake. Uptake was
normalized to total synaptosomal protein.

To measure the change in glutamate uptake produced by treatments of
ganglia in vitro, pleural–pedal ganglia (8 –10 per group) were isolated and
trimmed in a mixture of BFSW and isotonic MgCl2 (1:1). Then, ganglia
were incubated in culture media containing two parts isotonic L15 me-
dia, one part hemolymph, and one part BFSW for 2 hr before drug
treatments. Experimental groups were treated for 1.5 hr with one of the
following: 50 �M 5-HT, 2 mM 8-bt-cAMP and IBMX (0.5 mM), or 100 �M

7-deacetyl-6-[N-acetylgylcyl]-forskolin. In the MAPK experiments, ex-
perimental groups were treated for 2.5 hr with 20 �M U0126 or 30 �M

PD98059 (1 hr before the addition of 5-HT and 1.5 hr during the 5-HT
treatment). Treatments were given by mixing the drugs in culture media.
After treatment, ganglia were rinsed six times with isotonic L15 and
maintained in culture media at 15°C. Glutamate and glutamine uptake
were measured 24 hr after treatments.

Uptake in cultured sensory neurons. Two experimental preparations
consisting of either isolated pleural–pedal ganglia or cultured sensory
neurons were used in these studies. The initial experiments of this study
used isolated ganglia. Because isolated ganglia from 10 –20 animals were
required for each experiment but ganglia from only a few animals were
required for each experiment using cultured neurons, we switched to
using cultures of sensory neurons in most experiments. A number of
results we have obtained indicate that the long-term regulation of gluta-
mate uptake is the same in both types of preparations. For example, the
time course of changes in glutamate uptake is the same in the two systems
(Khabour et al., 2003). Inhibition of protein synthesis during induction
blocks the long-term increase in glutamate uptake in both ganglia and
cultures of neurons (data not shown). Finally, PDBu had the same effects
on ganglia as it did on cultured neurons, as presented in Results.

Cultures of Aplysia sensory neurons were prepared at a density of
20 – 80 sensory neurons per dish as previously described (Schacher and
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Proshansky, 1983; Chin et al., 1999; Levenson et al., 2000b). Neurons
were grown for 5– 6 d in cell culture medium consisting of equal parts
isotonic L15 and hemolymph. Before treatment, the culture media was
replaced with a 1:1 mixture of isotonic L15 and BFSW. After treatment,
cultures were rinsed six times and incubated in culture media for 24 hr at
18°C. Glutamate uptake was measured as previously described (Leven-
son et al., 2000b). Cultures were rinsed six times with artificial seawater
(ASW; in mM: 395 NaCl, 28 Na2SO4, 10 KCl, 50 MgCl2, 10 CaCl2, and 30
HEPES, pH 7.65). Glutamate uptake was measured by incubation of
cultures in glutamate (10 �M [ 14C �250 mCi/mmol]) in ASW for 30
min. Uptake was terminated by rinsing cultures with ice-cold ASW (six
times). Cells were removed from plates using scintillation fluid, and up-
take was normalized to the number of cells on each plate.

Protein kinase assay. PKA activity was measured using a Promega
(Madison, WI) SignaTECT cAMP-dependent protein kinase assay sys-
tem. Paired pleural–pedal ganglia were removed from the animal, and
one ganglion served as a matched control for the other ganglion of the
same animal. The ventral-caudal sensory neuron cluster of the pleural
ganglion was surgically exposed in a solution of 50:50 MgCl2 and BFSW.
Ganglia were transferred to BFSW to equilibrate for 2 hr at room tem-
perature before use. Experimental ganglia were treated with 5-HT (50
�M) for 10 min at room temperature. After treatments, sensory neuron
clusters were removed and then immediately frozen in liquid nitrogen. A
5 �l aliquot of the sensory neuron cluster homogenate was added to the
PKA assay buffer, which also contained [�- 32P]ATP (�10,000 cpm/25
�l) and the PKA biotinylated peptide substrate, and then incubated for 20
min at room temperature. In experiments measuring total PKA activity, 25
�M cAMP was added to the mixture. The reactions were terminated and
spotted on SAM2 membrane squares (Promega), and the membranes were
immersed in scintillation fluid. To obtain the dose–response curve for inhi-
bition of PKA by KT5720, homogenized clusters of sensory neurons were
treated with different concentrations of KT5720 (1, 10, 100, and 300 �M),
and PKA activity was measured as discussed above.

Radioimmunoassay. To determine concentrations of cAMP in clusters
of sensory neurons, radioimmunoassay was used as described (Hasegawa
and Cahill, 1998). Pleural–pedal ganglia were dissected, and sensory neu-
ron clusters were treated as described above. Treatments of desheathed
ganglia with 5-HT (50 �M, 6 min) and 7-deacetyl-6-[N-acetylgylcyl]-
forskolin (100 �M, 6 min) were performed in the presence of IBMX (0.5
mM, 6 min) at 15°C. After treatment, sensory clusters were removed and
frozen in liquid N2. Five clusters of sensory neurons were used per group.
cAMP values were normalized to total protein.

Data analysis. Glutamate and glutamine uptake measurements are
expressed as percentage of changes of the control, and LTS measure-
ments are expressed as percentage of changes of pretraining measure-
ments. Results are presented as means � SEM. Data of Figures 1 and 2
were analyzed by t tests, and p values were adjusted for multiple compar-
isons using the modified Bonferroni procedure (Jaccard and Wan, 1996).
Data of levels of cAMP and Figures 3C and 4 – 6 were analyzed using
ANOVA followed by Tukey tests to measure specific differences among
experimental groups. In experiments involving one control and one ex-
perimental group (Figs. 2, 3A) or when comparing one group to another,
Student’s t tests were used to measure significant differences; p � 0.05
was considered significant.

Results
Time course of LTS and glutamate uptake
Behavioral training and 5-HT treatment induce LTS in Aplysia
(Alberini et al., 1994; Hegde et al., 1997; Levenson et al., 2000b;
Fernandez et al., 2003) and also produce long-term increases in
glutamate uptake (Levenson et al., 2000b). To examine further
the parallel between LTS and the increase in glutamate uptake,
the time course of the increase in glutamate uptake was compared
with the time course of LTS (Fig. 1). Measurements of siphon
withdrawal and glutamate uptake were made 24, 48, and 72 hr
after animals received LTS training. Five siphon withdrawal mea-
surements were taken from an animal at each time point. As
previously reported, LTS persisted for at least 48 hr but was not

apparent 72 hr after training (24 hr, 164 � 47%; t � 3.48; n � 11;
p � 0.01; 48 hr, 81 � 34%; t � 2.41; n � 11; p � 0.05; 72 hr, 19 �
12%; t � 1.55; n � 8; p � 0.16) (Fig. 1A). Similarly, glutamate
uptake measured in synaptosomes prepared from pleural–pedal
ganglia was increased 48 hr but not 72 hr after LTS training (24
hr, 110 � 23%; t � 4.83; n � 9; p � 0.01; 48 hr, 59 � 5.4%; t � 20;
n � 4; p � 0.01; 72 hr, 4 � 4.3%; t � 0.73; n � 4; p � 0.51) (Fig.
1B). Therefore, the time courses of LTS appears to parallel the
long-term increase in glutamate uptake.

Role of cAMP in the regulation of glutamate and
glutamine uptake
The induction of LTS involves an increase in intracellular levels of
cAMP and activation of PKA (for review, see Kandel, 2001). Ex-
tensive evidence demonstrates that 5-HT mediates the effects of
LTS training (Montarolo et al., 1986; Glanzman et al., 1989; Clark
and Kandel, 1993; Zhang et al., 1997; Mauelshagen et al., 1998;
Levenson et al., 1999; Marinesco and Carew, 2002; Barbas et al.,
2003). Moreover, treatments with 5-HT mimic the effects of LTS
training on the long-term increase in glutamate uptake (Leven-
son et al., 2000b). Thus, we hypothesized that the cAMP–PKA
signaling pathway mediates the effect of 5-HT on glutamate up-
take. To test this hypothesis, we first confirmed previous findings
that 5-HT induced an increase in cAMP levels in sensory neurons
(Bernier et al., 1982; Ocorr and Byrne, 1985), an important site
responsible for the plasticity that leads to LTS. Treatment of pleu-
ral–pedal ganglia with 5-HT (50 �M, 6 min) plus IBMX (0.5 mM)
produced a twofold increase in the levels of cAMP in clusters of
sensory neurons measured at the end of the treatment (5.24 �
0.95 nmol of cAMP/�g of protein in the 5-HT-treated group vs
2.80 � 0.47 of nmol cAMP/�g of protein in the IBMX-treated
group; n � 16). IBMX alone did not affect basal levels of cAMP
(2.80 � 0.47 nmol of cAMP/�g of protein in the IBMX-treated
group vs 2.61 � 0.30 nmol of cAMP/�g of protein in the
control group: n � 4). ANOVA revealed significant differ-
ences among groups (F(2,26) � 4.48; p � 0.025). A Tukey
multiple-comparisons test revealed significant differences be-
tween the 5-HT group and both the control group ( p � 0.025)
and the IBMX-treated group ( p � 0.05). No significant dif-
ference was detected between the IBMX-treated group and the
control group ( p � 0.5).

Treatment of isolated pleural–pedal ganglia with 5-HT signif-
icantly increased glutamate and glutamine uptake measured in
synaptosomes 24 hr later (Levenson et al., 2000b). To investigate

Figure 1. The time course of changes in glutamate uptake parallels the time course of LTS.
Glutamate uptake and siphon withdrawal were significantly increased for at least 48 hr but
were not significantly changed 72 hr after training. A, The duration of siphon withdrawal was
measured 24, 48, and 72 hr after LTS training. The percentage of change in siphon withdrawal
is the ratio of the duration of siphon withdrawal at each time tested to the pretraining siphon
withdrawal duration. B, Glutamate uptake was measured in synaptosomes prepared from pleu-
ral–pedal ganglia 24, 48, or 72 hr after LTS training. Synaptosomes obtained from pleural–
pedal ganglia on the untrained side of the animal were used as a control. *Significant percent-
age of change ( p � 0.05) from control.
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whether increases in cAMP are sufficient to mimic the effect of
5-HT on the long-term increases in glutamate and glutamine
uptake, pleural–pedal ganglia were treated with the cAMP analog
8-bt-cAMP (2 mM, 1.5 hr) in the presence of IBMX (0.5 mM).
Similar treatments with 8-bt-cAMP plus IBMX have been used
previously in Aplysia (Schacher et al., 1988; Zwartjes and Eskin,
1990). 8-bt-cAMP induced a significant increase in glutamate
(75 � 10%; t � 3.37; n � 4; p � 0.03) and glutamine (81 � 13%;
t � 4.22; n � 4; p � 0.04) uptake 24 hr after treatment (Fig. 2). An
additional way to investigate the role of an increase in cAMP is to
use the adenylyl cyclase activator 7-deacetyl-6-[N-acetylgylcyl]-
forskolin (D-forskolin) to increase intracellular cAMP. Similar
treatments of D-forskolin have been used to increase the intracel-
lular level of cAMP in Aplysia (Walsh and Byrne, 1984; Baxter and
Byrne, 1990; Bacskai et al., 1993; Fox and Lloyd, 2000). Similar to
5-HT, treatment of pleural–pedal ganglia with D-forskolin (100
�M, 6 min) plus IBMX (0.5 mM) increased the levels of cAMP in
clusters of sensory neurons (4.68 nmol of cAMP/�g of protein in
the D-forskolin-treated group vs 2.57 nmol of cAMP/�g of pro-
tein in the IBMX-treated group; n � 2). Treatment of pleural–
pedal ganglia with D-forskolin (100 �M, 1.5 hr) significantly in-
creased glutamate uptake (63 � 26%; t � 2.8; n � 4; p � 0.01)
(Fig. 2). D-Forskolin also produced long-term substantial in-
creases in glutamine uptake in pleural–pedal ganglia, but the in-
crease was not statistically significant (48 � 23%; t � 2.31; n � 4;
p � 0.084) (Fig. 2). Therefore, elevating levels of cAMP in two
different ways mimicked the effect of sensitization training and
5-HT on the long-term increase in glutamate uptake.

Role of PKA in the regulation of glutamate uptake
One of the consequences of increases in intracellular levels of
cAMP is activation of PKA. We therefore investigated whether
activation of PKA occurred during the induction of the long-
term increase in glutamate uptake. As previously reported, 5-HT
induced an increase in PKA activity in the sensory neurons (Mul-
ler and Carew, 1998). PKA activity was measured in homogenates
of clusters of sensory neurons at the end of treatments (see Ma-
terials and Methods). Total PKA was assayed by adding a saturat-

ing amount of cAMP (25 �M) to the PKA assay reaction mixture.
5-HT (50 �M, 10 min) significantly increased PKA activity (52 �
22%; t � 2.43; n � 7; p � 0.03) in sensory neuron clusters (Fig.
3A). 5-HT did not change the total amount of PKA activity
(�2 � 5%; t � 0.182; n � 7; p � 0.56), which reflects the lack of
change in the amount of PKA.

If an increase in PKA activity is necessary for 5-HT to induce
the long-term increase in glutamate uptake, then inhibition of
PKA should block the effect of 5-HT on glutamate uptake. The
PKA inhibitor KT5720 was used to investigate the role of PKA
activation in the increase in glutamate uptake. KT5720 has been
shown to inhibit PKA activity in different systems (Wicher, 2001;
Mize and Alper, 2002), and it has been used previously to block
PKA activity in Aplysia (Sutton et al., 2001; Angers et al., 2002).
The ability of KT5720 to inhibit PKA activity in Aplysia sensory
neurons was determined. Both basal activity and total PKA activ-
ity (stimulated by 25 �M cAMP for 20 min) was inhibited by
KT5720 in a dose-dependent manner, with an IC50 value close to

Figure 2. Elevation of cAMP increased glutamate and glutamine uptake. Treatments of
isolated ganglia with 8-bt-cAMP (2 mM) plus IBMX (0.5 mM) or D-forskolin (100 �M) plus IBMX
(0.5 mM) for 1.5 hr significantly increased glutamate and glutamine uptake in synaptosomes
prepared from ganglia 24 hr after treatments. *Significant percentage of change ( p � 0.05)
from the IBMX (0.5 mM) control in the 8-bt-cAMP experiment and from the DMSO (0.025%)
control in the D-forskolin experiment.

Figure 3. Inhibition of PKA blocked the 5-HT-induced increase in glutamate uptake. A, 5-HT
(50 �M, 10 min) increased PKA activity at the end of 5-HT treatment in sensory neuron clusters.
B, Homogenized clusters of sensory neurons were exposed to different concentrations of
KT5720. KT5720 inhibited both basal and total PKA activity in sensory neuron clusters, with an
IC50 value of �20 �M. C, 5-HT (50 �M, 1.5 hr) increased glutamate uptake in cultures of sensory
neurons 24 hr after treatment. KT5720 (10 �M, given 1 hr before and during 1.5 hr 5-HT)
blocked the long-term increase in glutamate uptake induced by 5-HT. KT5720 (10 �M, 2.5 hr)
alone did not affect basal levels of glutamate uptake. *Significant difference ( p � 0.05) from
both the KT5720 group and the KT5720 � 5-HT group.
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20 �M (Fig. 3B). Glutamate uptake in cultures of sensory neurons
was increased 24 hr after treatments with 5-HT (137 � 30%; n �
7) (Fig. 3C) as previously observed (Levenson et al., 2000b). This
long-term increase in glutamate uptake produced by 5-HT was
blocked by KT5720 (�32 � 15%; n � 7) (Fig. 3C). KT5720 (10
�M, 2.5 hr) alone did not affect basal levels of glutamate uptake
(1 � 30%; n � 7) when measured 24 hr after treatment (Fig. 3C).
ANOVA revealed significant differences among groups (F(2,16) �
5.7; p � 0.02). A Tukey multiple-comparisons test revealed sig-
nificant differences between the 5-HT group and both the 5-HT
and KT5720 group ( p � 0.005) and the KT5720-alone group
( p � 0.01). No significant difference was detected between the
5-HT and KT5720 group and the KT5720-alone group ( p � 0.2).
Taken together, these results (5-HT increased the levels of cAMP
and PKA activity; elevation of cAMP increased glutamate uptake;
and inhibition of PKA activity blocked the increase in glutamate
uptake produced by 5-HT) establish the involvement of the
cAMP–PKA signaling pathway in mediating the long-term effects
of 5-HT on glutamate uptake.

Regulation of glutamate and glutamine uptake by the
MAPK pathway
Activation of the MAPK signaling pathway also plays an impor-
tant role in the induction of LTF and LTS (for review, see Sharma
and Carew, 2004). 5-HT treatments capable of inducing LTS re-
sult in phosphorylation and activation of MAPK and its translo-
cation to the nucleus of sensory neurons (Martin et al., 1997;
Michael et al., 1998; Sharma et al., 2003). Furthermore, inhibi-
tion of MAPK signaling with U0126 and PD98059 blocks the
induction of LTF by 5-HT (Martin et al., 1997; Sharma et al.,
2003). Therefore, we investigated the effects of inhibition of the
MAPK signaling pathway on the ability of 5-HT to increase glu-
tamate and glutamine uptake. Treatment of isolated pleural–
pedal ganglia with 5-HT (50 �M) for 1.5 hr significantly increased
glutamate uptake (74 � 9%; n � 3) and glutamine uptake (83 �
17%; n � 3) 24 hr later (Fig. 4). U0126 (20 �M (applied 1 hr
before and during the 1.5 hr 5-HT treatment) blocked the long-

term increase in both glutamate (15 � 15%; n � 4) and glu-
tamine (28 � 24%; n � 4) uptake produced in pleural–pedal
ganglia by treatment with 5-HT (Fig. 4). U0126 (2.5 hr treat-
ments) had no significant effects on basal glutamate uptake
(�28 � 24%; n � 4) and glutamine uptake (�25 � 23%; n � 4)
when measured 24 hr later (Fig. 4). To confirm these results, a
second MAPK signaling inhibitor, PD98059, was also used to
investigate the role of MAPK in regulating the long-term increase
in glutamate uptake. Similar to U0126, PD98059 (30 �M, applied
1 hr before and during the 1.5 hr 5-HT treatment) significantly
blocked the long-term increase in both glutamate (�11 � 21%;
n � 3) and glutamine (�21 � 26%; n � 3) uptake (Fig. 4).
PD98059 by itself (2.5 hr treatment) had no effects on basal glu-
tamate (�6 � 5%; n � 3) and glutamine (2 � 6%; n � 3) uptake
when measured 24 hr later (Fig. 4). ANOVA indicated significant
differences among groups (glutamate uptake, F(4,13) � 3.78; p �
0.03; glutamine uptake, F(4,13) � 3.34; p � 0.05). Tukey post hoc
tests showed significant differences between the 5-HT-treated
group and all other treated groups (both glutamate and glu-
tamine, p � 0.05). These results, together with those of others
(Martin et al., 1997; Michael et al., 1998; Sharma et al., 2003)
showing that 5-HT activates MAPK in sensory neurons, indicate
that the MAPK signaling pathway is also involved in the long-
term regulation of glutamate and glutamine uptake.

Regulation of glutamate uptake by the tyrosine
kinase pathway
Recent evidence indicates that tyrosine kinase, in addition to PKA
and MAPK, is involved in the signaling cascade responsible for
induction of LTF. Inhibition of tyrosine kinase activity with
genistein (100 �M) blocks the induction of LTF and the increase
in MAPK phosphorylation produced by 5-HT (Purcell et al.,
2003). Furthermore, enhancement of tyrosine kinase activity us-
ing bpV (100 �M), a phosphatase inhibitor, facilitates the induc-
tion of LTF and the phosphorylation of MAPK produced by
below-threshold concentrations of 5-HT (Purcell et al., 2003).
Therefore, we investigated the effects of inhibition and enhance-
ment of tyrosine kinase activity on 5-HT-induced increases in
glutamate uptake. Treatment of cultures of sensory neurons with
1.5 hr 5-HT (50 �M) produced a significant increase in glutamate

Figure 4. Inhibition of MAPK blocked the increase in glutamate and glutamine uptake pro-
duced by 5-HT. Treatment of pleural–pedal ganglia with the MAPK inhibitors U0126 (20 �M)
and PD98059 (30 �M) for 2.0 hr (0.5 hr before and during 1.5 hr 50 �M 5-HT) significantly
blocked the increase in both glutamate and glutamine uptake produced by 5-HT. Treatment
with U0126 or PD98059 for 2.0 hr did not significantly affect basal uptake of glutamate and
glutamine measured 24 hr after treatment. *Significant difference ( p � 0.05) from both
U0126 and PD98059 groups and the U0126 � 5-HT and PD98059 � 5-HT groups.

Figure 5. Requirement for tyrosine kinase activity in the long-term increase in glutamate
uptake. A, Inhibition of tyrosine kinase blocked the increase in glutamate uptake produced by
5-HT. 5-HT (1.5 hr, 50 �M) increased glutamate uptake in cultures of sensory neurons 24 hr after
treatment. Genistein (100 �M, given 0.5 hr before and during 1.5 hr 5-HT treatment) blocked
the long-term increase in glutamate uptake induced by 5-HT. Genistein alone did not affect
basal levels of glutamate uptake. *Significant difference ( p � 0.05) from both the Genistein
group and the Genistein � 5-HT. B, Enhancement of tyrosine kinase activity facilitated the
induction of the long-term increase in glutamate uptake by 5-HT. Treatment of sensory neuron cul-
tures with 15 min 5-HT or 45 min bpV (tyrosine phosphatase inhibitor) did not produce a significant
change in glutamate uptake measured 24 hr later. Treatment of cultures with 15 min 5-HT added
during the last 15 min of 45 min bpV treatment produced a significant increase in glutamate uptake.
*Significant difference ( p � 0.05) from both the bpV group and the bpV � 5-HT group.
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uptake (74 � 18%; n � 8) 24 hr later (Fig. 5A). Genistein (100
�M, applied 0.5 hr before and 1.5 hr during 5-HT treatment)
blocked the long-term increase in glutamate uptake (6 � 3%; n �
8) (Fig. 5A). Genistein alone had no significant effects on basal
glutamate uptake (�18 � 9%; n � 8) as measured 24 hr after
treatment (Fig. 5A). ANOVA revealed a significant difference
between groups (F(2,21) � 15.1; p � 0.001). A Tukey multiple-
comparisons test showed significant differences between the
5-HT-treated group and both the 5-HT and genistein groups
( p � 0.005) and the genistein-alone group ( p � 0.005). No
significant difference was detected between the genistein-alone
group and the 5-HT and genistein group ( p � 0.1). Thus, inhi-
bition of tyrosine kinase activity with genistein blocked the long-
term increase in glutamate uptake produced by 5-HT.

To investigate whether enhancement of tyrosine kinase activ-
ity can facilitate the induction of the long-term increase in gluta-
mate uptake, the tyrosine phosphatase inhibitor bpV was used.
Cultures of sensory neurons were treated with bpV (100 �M) for
45 min, either alone or in conjunction with 15 min 5-HT (50 �M).
A short treatment of 5-HT (15 min) did not produce a significant
change in glutamate uptake measured 24 hr after treatment
(�6 � 16%; n � 5) (Fig. 5B). However, when 5-HT was applied
during the last 15 min of the 45 min bpV treatment, a significant
increase in glutamate uptake was produced (68 � 22%; n � 6)
(Fig. 5B). BpV alone did not produce a significant change in
glutamate uptake (20 � 16.5%; n � 6) (Fig. 5B). ANOVA revealed a
significant difference between groups (F(2,14) � 3.94; p � 0.04). A
Tukey multiple-comparisons test showed significant differences be-
tween the 5-HT and bpV group and both the 5-HT group ( p�0.01)
and the bpV group ( p � 0.05). No significant difference was de-
tected between the bpV-alone group and the 5-HT-alone group.
Thus, enhancement of tyrosine kinase activity appears to facili-
tate the effect of 5-HT on glutamate uptake. Our results, together
with those of Purcell et al. (2003), who showed the effects of
genistein and bpV on LTF and MAPK phosphorylation, indicate
that tyrosine kinases are involved in the long-term increase in
glutamate uptake as they are in the induction of LTF.

PKC is not involved in the long-term increase in
glutamate uptake
The previous findings indicate that several signaling pathways
(cAMP–PKA, MAPK, and tyrosine kinase) involved in the induc-
tion of LTS and LTF are also involved in the induction of long-
term increases in glutamate uptake. To further test our coregula-
tion hypothesis, we investigated the specificity of kinase signaling
by determining the role of PKC in the long-term regulation of
glutamate uptake. Although PKC is involved in short-term facil-
itation and intermediate-term facilitation (for review, see Byrne
and Kandel, 1996), no direct role for PKC signaling has been
shown for LTF. Two isoforms of PKC are found in the Aplysia
nervous system, the Ca 2�-activated Apl I and the Ca 2�-
independent Apl II (Sacktor and Schwartz, 1990; Kruger et al.,
1991; Sossin and Schwartz, 1992; Braha et al., 1993). Both iso-
forms are activated by 5-HT and phorbol ester and inhibited by
chelerythrine (Che) (Kruger et al., 1991; Sossin and Schwartz,
1992; Sossin et al., 1994; Sossin, 1997; Pepio et al., 1998).

To investigate whether PKC activation is required for 5-HT-
induced long-term increases in glutamate uptake, we blocked
PKC activity with Che. Treatment of cultures of sensory neurons
with 1.5 hr 5-HT (50 �M) produced a significant increase in
glutamate uptake 24 hr after treatment (96 � 19%; n � 4) (Fig.
6A). Che (10 �M, applied 0.5 hr before and 1.5 hr during 5-HT
treatment) had no effect on the long-term increase in glutamate

uptake (74 � 23%; n � 4) produced by 5-HT (Fig. 6A). Che
alone had no effect (�6 � 11%; n � 3) on basal glutamate uptake
as measured 24 hr after treatment (Fig. 6A). ANOVA revealed a
significant difference between groups (F(2,8) � 6.6; p � 0.02). A
Tukey multiple-comparisons test showed no significant differ-
ence between the 5-HT-alone group and the 5-HT and Che group
( p � 0.5). A significant difference was detected between the
5-HT and Che group and the Che-alone group ( p � 0.01) and
between the 5-HT-alone group and the Che-alone group ( p �
0.01). Thus, activation of PKC is not necessary for the 5-HT
induced long-term increase in glutamate uptake.

To investigate whether activation of PKC is sufficient to pro-
duce the long-term increase in glutamate uptake, PDBu was used
to activate PKC. PDBu has been used previously in Aplysia to
activate PKC (Sacktor and Schwartz, 1990; Critz and Byrne, 1992;
Wu et al., 1995; Sasaki et al., 1997; Manseau et al., 1998) and has
been shown to induce long-term increases in sensory neuron
excitability in Aplysia (Manseau et al., 1998). Treatment of cul-
tures with 1.5 hr PDBu (0.25 �M) produced no change in gluta-
mate uptake (1 � 14%; t � 0.08; n � 8; p � 0.9) measured 24 hr
after treatment (Fig. 6A). Similar results were obtained in pleu-
ral–pedal ganglia treated with 1.5 hr PDBu (18 � 15%; t � 1.26;
n � 6; p � 0.26). Thus, activation of PKC is not sufficient to
produce long-term changes in glutamate uptake in either sensory
neuron cultures or isolated ganglia.

Because activation of PKC is involved in short-term facilita-
tion and intermediate-term facilitation, we investigated whether
PKC activation could produce intermediate-term effects on glu-
tamate uptake in Aplysia. Sensory neuron cultures were treated
with PDBu (0.25 �M) for 1.5 hr, and glutamate uptake was mea-
sured directly after treatment. PDBu produced a significant in-
crease in glutamate uptake (64 � 10%; n � 9) (Fig. 6B). A similar
result was obtained when isolated pleural–pedal ganglia were
treated with 1.5 hr PDBu (57 � 16%; n � 5). To test whether the
intermediate-term effect of PDBu on glutamate uptake was me-
diated by PKC, Che (10 �M) was used to block PKC activity in
cultures of sensory neurons. Che (applied 0.5 hr before and 1.5 hr
during PDBu treatment) blocked the increase in glutamate uptake
(13 � 21%; n � 6) (Fig. 6B). Che alone had no effect on basal

Figure 6. PKC is not involved in the long-term increase in glutamate uptake induced by
5-HT. A, 5-HT (1.5 hr, 50 �M) increased glutamate uptake in cultures of sensory neurons 24 hr
after treatment. Che (10 �M), an inhibitor of PKC (given 0.5 hr before and during 1.5 hr 5-HT
treatment), did not affect the long-term increase in glutamate uptake produced by 5-HT. Che
alone did not affect basal levels of glutamate uptake measured 24 hr after treatment. Activation
of PKC with PDBu (1.5 hr, 0.25 �M) had no effects on glutamate uptake in cultures of sensory
neurons measured 24 hr after treatment. *Significant difference ( p � 0.05) from the Che
group. B, Activation of PKC has intermediate-term effects on glutamate uptake. Treatment with
PDBu (0.25 �M) for 1.5 hr increased glutamate uptake in cultures of sensory neurons directly
after treatment. Che (10 �M, given 0.5 hr before and during 1.5 hr treatment of PDBu) blocked
the increase in glutamate uptake produced by PDBu. Che alone did not affect basal levels of
glutamate uptake measured directly after treatment. *Significant difference ( p � 0.05) from
both the Che group and the PDBu � Che group.
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glutamate uptake (�4 � 13%; n � 5) measured directly after treat-
ment (Fig. 6B). ANOVA revealed a significant difference between
groups (F(3,24) � 6.05; p � 0.005). A Tukey multiple-comparisons
test showed a significant difference between the PDBu group and
both the PDBu and Che group ( p � 0.01) and the Che-alone
group ( p � 0.01). No significant difference was detected between
the Che-alone group and the PDBu and Che group ( p � 0.2).
Thus, PKC activation is not involved in LTF or the long-term
effects of 5-HT on glutamate uptake, but PKC may play a role in
short- and intermediate-term effects on glutamate uptake as it
does on short- and intermediate-term forms of facilitation.

Discussion
Because an increase in transmitter release at the sensorimotor
synapse is responsible to a large extent for LTF (Dale et al., 1988),
we hypothesized that increases in glutamate uptake would ac-
company increases in transmitter release. Consistent with this
hypothesis, we found that two different in vivo treatments (elec-
trical stimulation and 5-HT) that produced LTS also produced
large increases in glutamate uptake 24 hr after treatment (Leven-
son et al., 2000b). This long-term increase of glutamate uptake
has displayed several types of synapse specificity. Because the
behavioral change associated with LTS is unilateral, only synap-
tosomes prepared from ganglia on the treated side show the long-
term increase in glutamate uptake (Fig. 1) (Levenson et al.,
2000b). In addition, the long-term increase in glutamate uptake
is present in synaptosomal fractions but not cellular and glial
fractions obtained from ganglia (Levenson et al., 2000b). In sup-
port of this cellular specificity, cultures of sensory neurons with-
out glia also exhibit long-term increases in glutamate uptake after
treatment with 5-HT (Figs. 3C, 5, 6A) (Levenson et al., 2000b).

In the current studies, we present additional data showing that
long-term increases in glutamate uptake accompany increases in
transmitter release, and coregulation is responsible for the long-
term changes in transmitter release and glutamate uptake. The
new results are as follows: (1) the time course of the long-term
increase in glutamate uptake parallels the time course of LTS (Fig.
1); (2) the same constellation of second messengers and kinases
(cAMP, PKA, MAPK, and tyrosine kinase) appears to be involved
in the long-term regulation of glutamate uptake and LTS; and (3)
one kinase (PKC) not involved in producing LTF also is not
involved in producing the long-term increase in glutamate up-
take (Fig. 6B). The similarities in the long-term regulation of LTS
and LTF and glutamate uptake indicate that glutamate uptake is
coordinated with glutamate release through coregulation of these
two processes. Our previous result that inhibition of transcription
and translation during the induction period blocks both LTS and the
long-term increase in glutamate uptake (Levenson et al., 2000b)
strengthens this conclusion. Coregulation of the long-term increase
in glutamate uptake with LTS ensures that both processes occur
together, suggesting that the increase in glutamate uptake plays an
important role in the expression of LTS. Moreover, our results
suggest that a large number of neuronal properties change in a
coordinated manner to store a given type of memory.

At the sensorimotor synapse, postsynaptic as well as presyn-
aptic changes may contribute to LTF (for review, see Roberts and
Glanzman, 2003). For example, changes in the sensitivity of glu-
tamate receptors have been observed during LTF. The induction
mechanisms for the postsynaptic changes may be different from
those mediating the presynaptic changes involved in LTF. The
signaling pathways regulating the postsynaptic changes may also
play a role in the presynaptic or possible postsynaptic regulation
of glutamate uptake at the synapse. Thus far, our experiments

have focused only on the presynaptic regulation of glutamate
uptake (Levenson et al., 2000b). It is unlikely that we have fully
elaborated the signaling pathways involved in the long-term reg-
ulation of glutamate uptake at this synapse. However, what we have
accomplished so far is to show that the signaling pathways involved
in the presynaptic component of LTF and the long-term regulation
of glutamate uptake are the same. Hence, the similarity in presynap-
tic signaling pathways is the basis for proposing coregulation
(presynaptic) of glutamate release and glutamate uptake.

PKA, MAPK, and tyrosine kinase could regulate glutamate
uptake by at least two different mechanisms. First, the kinases
could regulate transcription of the glutamate transporter or some
other protein that regulates the activity of the glutamate trans-
porter. Inhibition of either transcription or translation blocks the
induction of the increase in glutamate uptake as well as LTF and
LTS (Montarolo et al., 1986; Levenson et al., 2000b). The require-
ment for transcription and translation for LTS and regulation of
glutamate uptake could arise because the same mechanisms of
induction are involved in LTF and the increase in glutamate up-
take. Activation of PKA and MAPK and their nuclear transloca-
tion leads to activation of CREB1 (cAMP response element-
binding protein 1), derepression of CREB2, and the subsequent
induction of immediate early genes (for review, see Kandel,
2001). Phosphorylation of C/EBP (CCAAT enhancer binding
protein) by MAPK stabilizes C/EBP and is essential for C/EBP
binding to DNA (Yamamoto et al., 1999). Tyrosine kinase activ-
ity appears to be involved in the induction of LTS through acti-
vation of MAPK (Purcell et al., 2003). Therefore, as with LTF,
changes in kinase activity might produce the long-term increase in
glutamate uptake through the induction of immediate early genes,
such as C/EBP, which would lead to increased transcription and
translation of glutamate transporters. The long-term increase in glu-
tamate transporters in synaptosomes prepared from pleural–
pedal ganglia after LTS training indicates that synthesis of trans-
porters may be involved in the increase in glutamate uptake
(Collado et al., 2002). Another possibility is that synthesis of
transporter-associated proteins is involved rather than synthesis
of glutamate transporters (Jackson et al., 2001; Lin et al., 2001).

A second way in which kinases could regulate glutamate trans-
porters is by covalent modifications of the transporters. Poten-
tially, PKA, MAPK, and tyrosine kinase could directly phosphor-
ylate glutamate transporters or associated proteins (Kalandadze
et al., 2002; Boehmer et al., 2003), leading either to their activa-
tion in the plasma membrane or to maturation of glutamate
transporters and their insertion in the plasma membrane. In ei-
ther case, activity of one or more of the kinases would lead to an
increase in glutamate uptake. Persistent phosphorylation of the
transporter or an associated protein would then be responsible
for the long-term increase in glutamate uptake. However, persis-
tent phosphorylation is unlikely to account for the time (�48 hr)
(Fig. 1) that glutamate uptake is increased. More likely, new
transporters inserted into the plasma membrane have a long half-
life and are responsible for the long-term increase in glutamate-
uptake. Although regulation of glutamate uptake by direct phos-
phorylation could be involved, it is not consistent with the
regulation by transcription and translation or with the observa-
tion that the number of transporters was increased by LTS train-
ing (Collado et al., 2002). Further research investigating the reg-
ulation of transcription and translation of glutamate transporters
should help elucidate the specific roles of second messengers and
kinases in the increase in glutamate uptake that accompanies
synaptic facilitation.

Previously, Levenson et al. (2000b) showed that regulation of
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glutamine uptake parallels the regulation of glutamate uptake,
although uptake of glutamate and glutamine occurs through dif-
ferent transporters. The results in the present study further dem-
onstrate that glutamate and glutamine uptake are tightly coupled.
Treatments that induced an increase in glutamate uptake such as
8-bt-cAMP also induced an increase in glutamine uptake (Fig. 2).
Likewise, inhibition of the 5-HT-induced increase in glutamate
uptake by MAPK inhibitors also blocked 5-HT-induced increases
in glutamine uptake (Fig. 4). The significance of the tight coupling of
glutamate and glutamine transporters in Aplysia has yet to be deter-
mined. Potentially, increased glutamine uptake might function as a
mechanism for increasing the amount of available glutamate for
release, because in the mammalian brain, glutamate can be synthe-
sized from glutamine (Hamberger et al., 1979). Alternatively, glu-
tamine could be used for energy production and a source of nitrogen
for the synthesis of nitrogen-containing compounds, as has been
shown in birds (Rickard et al., 1998).

Coregulation of LTS and LTF and glutamate uptake ensures
that both processes occur together, suggesting that the increase in
glutamate uptake may play an important role in LTS. In general,
glutamate uptake is the major mechanism for clearance of gluta-
mate from the synaptic cleft (for review, see Danbolt, 2001). Spe-
cifically in Aplysia, glutamate uptake plays an important role in
transmission at the sensorimotor synapse because inhibition of
uptake alters synaptic transmission (Chin et al., 2002). Poten-
tially, increased neurotransmitter release during LTS could lead
to a buildup of glutamate in the synaptic cleft and the subsequent
desensitization of postsynaptic glutamate receptors (Dudel et al.,
1988; Raman and Trussell, 1995; Otis et al., 1996; Turecek and
Trussell, 2000; Antzoulatos et al., 2003). Thus, the long-term
increase in glutamate uptake that accompanies LTS might be
necessary to maintain facilitation by preventing receptor desen-
sitization. Increased glutamate uptake during LTS might also
function to prevent extrasynaptic diffusion of glutamate and the
subsequent activation of neighboring synapses, as observed in the
mammalian brain (Asztely et al., 1997; Min et al., 1998; Diamond
and Jahr, 2000). Finally, increased neuronal glutamate uptake
might function to maintain steady levels of intracellular gluta-
mate during periods of increased release of glutamate. Thus,
transporters could serve to maintain the fidelity of excitatory
glutamatergic neurotransmission within a single synapse or
across multiple neighboring synapses.

The finding that the same constellation of kinase signaling
pathways is involved in the long-term regulation of glutamate
uptake and LTF and LTS confirms in a general way results of
numerous studies outlining the kinases involved in the signaling
pathways responsible for the induction of LTF. Future experi-
ments studying the regulation of glutamate transporter synthesis,
targeting, insertion, and turnover will aid in understanding the
mechanisms that are involved in memory formation.
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