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A PubMed search for long-term de-
pression (LTD) finds 8703 articles, re-
flecting the interest this putative mecha-
nism for learning and memory generates
among neuroscientists. LTD has been
characterized in the mammalian hip-
pocampus and cerebellum, and its induc-
tion involves regulation of protein phos-
phorylation by protein kinases and
phosphatases (Mulkey et al., 1994; Linden
and Connor, 1995).

In arthropods, short-term depression
at low-frequency stimulation has been re-
ported at the crayfish (Silverman-Gavrila
et al., 2005) and Drosophila neuromuscu-
lar junction (NMJ) (Wu et al., 2005).
However, Guo and Zhong (2006), in their
recent Journal of Neuroscience article, now
report LTD properties at Drosophila larval
NMJs. Their study provides a direct dem-
onstration that the highly conserved pro-
tein kinase B/Akt, known to modulate
neurotransmitter receptors (Hou and
Klann, 2004), is required for induction of
LTD but not short-term plasticity. Dro-
sophila NMJs resemble mammalian cen-
tral glutamatergic synapses in that they
share various signaling pathways underly-
ing LTD (Guo and Zhong, 2006). This
preparation offers advantages for explor-
ing the molecular mechanism of LTD be-
cause presynaptic boutons at identifiable
synapses are readily accessible for electro-
physiological analysis, unlike most synap-

tic boutons in the mammalian brain.
Combined with powerful genetic and bio-
chemical manipulation, this may allow a
multilevel integrative approach for un-
derstanding gene function in synaptic
physiology and behavioral plasticity.

In their experiments, Guo and Zhong
(2006) found that LTD was induced at
Drosophila NMJ of muscle M12 by 30 Hz
stimulation for 20 s in 0.4 mM external
[Ca 2�] [Guo and Zhong (2006), their Fig.
1 A–C (http://www.jneurosci.org/cgi/
content/full/26/15/4004/F1)] after 5 min
of baseline stimulation at 0.05 Hz. At low-
frequency stimulation [Guo and Zhong
(2006), their Fig. 1 A, B (http://
www.jneurosci.org/cgi/content/full/26/
15/4004/F1)], excitatory junction current
(EJC) amplitude decayed slightly after
long recording periods, but to a lesser ex-
tent than during LTD induced at high fre-
quency. This is most likely attributable to
a reduction in the quantal amplitude
[Guo and Zhong (2006), their Fig. 4A,C
(http://www.jneurosci.org/cgi/content/
full/26/15/4004/F4)]. Quantal content in
controls remained stable [Guo and Zhong
(2006), their Fig. 1C (http://www.
jneurosci.org/cgi/content/full/26/15/
4004/F1)].

Next, the authors showed that stimu-
lation frequency rather than the total
number of stimuli was crucial for LTD in-
duction [Guo and Zhong (2006), their
Fig. 1D (http://www.jneurosci.org/cgi/
content/full/26/15/4004/F1)]. LTD was
induced at 20 Hz stimulation for 20 s, and
it reached a plateau at 30 –50 Hz. In inter-
preting their results, the authors carefully
addressed three concerns: (1) that LTD

can be induced at different muscle fibers
with different dynamics (LTD and short-
term depression at M12 and only LTD at
M4 and M6) [Guo and Zhong (2006),
their Fig. 3 (http://www.jneurosci.org/
cgi/content/full/26/15/4004/F3)]; (2) that
LTD did not result from action potential
failures; and (3) that muscle contraction
resulting from LTD induction did not dis-
rupt NMJ function [Guo and Zhong
(2006), their Fig. 2 (http://www.jneurosci.
org/cgi/content/full/26/15/4004/F2)].

In a variety of synapses, LTD can be
generated presynaptically by a reduction
in release probability, postsynaptically by
activation of postsynaptic glutamate re-
ceptors, or a combination of the two. Us-
ing quantal and miniature EJC analysis, as
well as exogenous glutamate applications,
Guo and Zhong (2006) [their Fig. 4 E
(http://www.jneurosci.org/cgi/content/
full/26/15/4004/F4)] report that Drosoph-
ila LTD likely results from a reduced
number of vesicles in each evoked re-
sponse rather than postsynaptic changes
[Guo and Zhong (2006), their Fig. 4 F
(http://www.jneurosci.org/cgi/content/
full/26/15/4004/F4)].

To investigate the molecular mecha-
nism of LTD, the authors combined elec-
trophysiology with genetic analysis of mu-
tants with impaired learning, abnormal
synaptic function, or deregulated signal
transduction. LTD was not significantly
affected in mutants with disrupted synap-
tic transmission or short-term plasticity
such as rutabaga, dunce, or latheo but was
strongly impaired in akt mutants (with
mutations in the gene encoding protein
kinase B/Akt [Guo and Zhong (2006),
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their Fig. 5B (http://www.jneurosci.org/
cgi/content/full/26/15/4004/F5)]. LTD
was rescued in akt mutants by acutely in-
duced expression of the normal akt trans-
gene. The degree of LTD rescue appeared
to be proportional to the amount of
hsp70 –akt expression [Guo and Zhong
(2006), their Fig. 7C (http://www.
jneurosci.org/cgi/content/full/26/15/
4004/F7)], but because no akt null allele is
available, the authors were not able to
address whether LTD would be abolished
by complete loss of Akt proteins. This
does not dilute the significance and im-
portance of the study, and it does not alter
the main finding of the critical role of Akt
in mediating long-term plasticity.

Guo and Zhong (2006) further clearly
demonstrated that Akt is expressed at
Drosophila NMJs [their Fig. 9 (http://
www.jneurosci.org/cgi/content/full/26/
15/4004/F9)] using a polyclonal antibody
against Drosophila Akt. The immunoreac-
tivity was present in wild type and reduced
in mutant NMJs.

To determine whether the impaired
LTD was a result of defective synaptic
transmission, or abnormal short-term
plasticity, they examined spontaneous
and evoked synaptic transmission, short-
term facilitation, and post-tetanic poten-
tiation in akt mutants [Guo and Zhong
(2006), their Fig. 8 (http://www.
jneurosci.org/cgi/content/full/26/15/
4004/F8)]. They found that LTD involved
different mechanisms than short-term
plasticity because LTD was unaffected in
learning and memory mutants that have
impairments in short-term synaptic plas-
ticity, such as rutabaga and dunce. Akt was
not essential for basal synaptic transmis-
sion and short-term plasticity because akt
mutants showed normal short-term facil-
itation and post-tetanic potentiation
[Guo and Zhong (2006), their Fig. 9
(http://www.jneurosci.org/cgi/content/
full/26/15/4004/F9)].

LTD depended on external [Ca 2�]
[Guo and Zhong (2006), their Fig. 1 E
(http://www.jneurosci.org/cgi/content/
full/26/15/4004/F1)]. The inverse correla-
tion between [Ca 2�] and LTD was similar
in akt mutants and in wild-type [Guo and
Zhong (2006), their Fig. 6 (http://www.
jneurosci.org/cgi/content/full/26/15/
4004/F6)]. This relationship is remarkable
and raises questions about whether Ca 2�/
CaM-activated phosphatases are also in-
volved in LTD. It will be interesting to in-
vestigate in additional experiments
whether Drosophila LTD is mediated by
similar upstream phosphatidylinositide
(4,5)-bisphosphate kinases and down-
stream (target of rapamycin) signaling of
Akt (Fig. 1) as reported in hippocampal
LTD (Hou and Klann, 2004).

The results support the hypothesis that

the properties of LTD at Drosophila NMJs
are similar to LTDs reported in various
preparations including an inverse rela-
tionship with [Ca 2�] and kinase involve-
ment. In summary, the authors provided
the first detailed analysis of LTD at Dro-
sophila larval NMJs. Their data convinc-
ingly demonstrated that at these synapses,
LTD is a presynaptic phenomenon that is
directly mediated by Akt and depends
on Ca 2�, phosphorylation, and high-
frequency stimulation.

References
Bronk P, Nie Z, Klose MK, Dawson-Scully K,

Zhang J, Robertson RM, Atwood HL, Zins-
maier KE (2005) The multiple functions of
cysteine-string protein analyzed at Drosophila
nerve terminals. J Neurosci 25:2204 –2214.

Evans GJ, Barclay JW, Prescott GR, Jo SR, Bur-
goyne RD, Birnbaum MJ, Morgan A (2006)
Protein kinase B/Akt is a novel cysteine string
protein kinase that regulates exocytosis release
kinetics and quantal size. J Biol Chem
281:1564 –1572.

Guo H-F, Zhong Y (2006) Requirement of Akt
to mediate long-term synaptic depression in
Drosophila. J Neurosci 26:4004 – 4014.

Hou L, Klann E (2004) Activation of the phos-
phoinositide 3-kinase-Akt-mammalian target
of rapamycin signaling pathway is required
for metabotropic glutamate receptor-
dependent long-term depression. J Neuro-
sci 24:6352– 6361.

Linden DJ, Connor JA (1995) Long-term syn-
aptic depression. Annu Rev Neurosci 18:
319 –357.

Mulkey RM, Endo S, Shenolikar S, Malenka RC
(1994) Involvement of a calcineurin/
inhibitor-1 phosphatase cascade in hip-
pocampal long-term depression. Nature
369:486 – 488.

Silverman-Gavrila LB, Orth PM, Charlton MP
(2005) Phosphorylation-dependent low-
frequency depression at phasic synapses
of a crayfish motoneuron. J Neurosci
25:3168 –3180.

Wu Y, Kawasaki F, Ordway RW (2005) Proper-
ties of short-term synaptic depression at larval
neuromuscular synapses in wild-type and
temperature-sensitive paralytic mutants of
Drosophila. J Neurophysiol 93:2396 –2405.

Figure 1. A putative mechanism of LTD at Drosophila
NMJs might involve the activation of phosphatidylinositide
(4,5)-bisphosphate kinase (PI3-kinase) leading to the pro-
duction of phosphatidylinositide 3,4,5-trisphosphate, which
promotes the phosphorylation and activation of a serine/
threonine-kinase called protein kinase B (also known as Rac
or Akt). Akt might regulate exocytosis via the phosphoryla-
tion of cysteine string protein (Evans et al., 2006) or target of
rapamycin (TOR) proteins involved in translation and tran-
scription and therefore in protein synthesis. The cysteine
string protein has several independent synaptic functions
such as affecting synaptic growth, evoked release, thermal
protection of evoked release, and intraterminal calcium lev-
els at rest and during stimulation (Bronk et al., 2005).
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