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Lasting changes in synaptic strength are
believed to be the principal means of
memory storage in the nervous system.
The establishment of persistent synaptic
changes underlying long-term memory
requires new gene expression, as indicated
by the finding that inhibition of transcrip-
tion blocks formation of various types of
long-term, but not short-term, memory
(Alberini, 2009).

Key insights into transcriptional events
underlying long-term memory formation
have come from study of sensitization of the
defensive withdrawal reflex in the mollusk
Aplysia californica. Release of serotonin (5-
HT) after tail shock causes long-term facili-
tation (LTF) of the sensory-motor synapse,
resulting in long-lasting sensitization of the
defensive response (Kandel, 2001). Aplysia’s
large sensory and motor neurons can be
identified morphologically, isolated, and
cocultured. The neurons form synapses in
culture, and it is possible to reproduce the
synaptic facilitation that underlies reflex
sensitization by treating cultures with 5-HT.
With this preparation, it is also possible to
restrict manipulations to the presynaptic or
postsynaptic neuron by microinjection.

This targeted approach has proven instru-
mental in elucidating transcriptional mech-
anisms of long-term synaptic plasticity.

Seminal studies in Aplysia established
the transcription factor cAMP response
element binding protein (CREB) as a crit-
ical mediator of transcriptional changes
underlying long-term synaptic plasticity.
In the first paper implicating CREB in
memory, presynaptic injection of oligo-
nucleotides encoding the cAMP response
element (CRE) blocked long-term but not
short-term facilitation at the Aplysia
sensory-motor neuron synapse (Dash et
al., 1990). CREB activity in the sensory
neuron was later found to be required and
sufficient for LTF (Bartsch et al., 1995).

After this, a flurry of research estab-
lished CREB as an evolutionarily con-
served modulator of gene expression
during long-term memory consolidation.
Like facilitation in Aplysia, long-term po-
tentiation (LTP) in the rodent hippocam-
pus, a model for memory, was found to
have an early, transcription-independent
phase and a late, transcription-dependent
phase (Barco et al., 2006). Induction of
late-LTP activated CREB (Bito et al., 1996;
Deisseroth et al., 1996), while partial
CREB knock-out impaired late-LTP and
memory in mouse (Bourtchuladze et al.,
1994). Transcription-independent early-
LTP in the CA1 region of the hippocam-
pus is generally accepted to result from an
increase in the activity and number of
postsynaptic AMPA receptors (Granger
and Nicoll, 2014), and AMPA receptor

trafficking has also been implicated in
late-LTP (Sacktor, 2011). However, it has
not been resolved whether transcriptional
regulation occurs postsynaptically, pre-
synaptically, or both, during late-LTP.
One reason for this is that it is technically
challenging to target manipulations spe-
cifically to one side of the synapse within
the rodent brain. While hippocampal
subregion-specific gene knock-out has
been accomplished, it has not yet been ap-
plied to this problem (Tsien et al., 1996).

In addition to CREB, other transcription
factors sharing the basic Leucine Zipper Do-
main (bZIP) characteristic of CREB have
also been implicated in memory. Work in
Drosophila showed that different bZIP
transcription factors activate or repress
memory (Yin et al., 1994, 1995). Likewise,
in Aplysia, presynaptic inhibition of the
bZIP transcription factor CREB2 enhanced
LTF, consistent with CREB2 acting as a sup-
pressor of facilitation (Bartsch et al., 1995). In
addition, CREB not only mediates impor-
tant transcriptional changes but is itself
transcriptionally regulated (Rajasethupa-
thy et al., 2012). Thus, bZIP transcription
factors can be positive or negative regula-
tors of synaptic strength and are highly
regulated themselves.

Although facilitation in Aplysia was
initially thought to rely exclusively on pre-
synaptic mechanisms, postsynaptic events
are now known to contribute as well. LTF
involves new synapse formation and post-
synaptic restructuring (Glanzman et al.,
1989; Li et al., 2009). Furthermore, LTF
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can be disrupted by postsynaptic calcium
chelation or protein synthesis inhibition
(Cai et al., 2008). However, in contrast to
LTP in rodents, for which the postsynap-
tic mechanisms have been intensively
studied, there is still much less known
about the postsynaptic mechanisms of
LTF in Aplysia.

While transcriptional regulation in the
presynaptic sensory neuron during LTF is
well documented, Hu et al. (2015) asked
whether transcriptional changes in the
postsynaptic motor neuron also contrib-
ute. They investigated CREB1, CREB2,
and cJun, three bZIP transcription factors
that mediate transcriptional modulation
in the presynaptic cell during LTF (Kan-
del, 2001). Interestingly, when Hu et al.
(2015) measured changes in mRNA levels
of CREB1, CREB2, and cJun in the post-
synaptic neuron 48 h after induction of
persistent LTF, the changes they noted
differed from those previously observed
in the presynaptic neuron during LTF. Ear-
lier reports found that CREB1 expression in
the presynaptic neuron increased and
CREB2 decreased during LTF, whereas Hu
and colleagues (2015) report an increase in
CREB2 and cJun mRNA in the postsynaptic
neuron, with no change in CREB1. This
difference suggests LTF may involve differ-
ential regulation of transcription presynap-
tically and postsynaptically.

Hu et al. (2015) next explored the ef-
fects of postsynaptic overexpression of
CREB2 and cJun on synaptic strength.
While neither altered basal synaptic
strength when overexpressed individu-
ally, coexpression of the two produced
persistent enhancement that pheno-
copied 5-HT-induced LTF. This result is
significant as it demonstrates that purely
postsynaptic transcriptional modulation
is sufficient to induce lasting facilitation.
In contrast to the facilitating effect of
postsynaptic overexpression, Hu et al.
(2015) found CREB2 and cJun coexpres-
sion in the presynaptic sensory neuron
decreased basal synaptic strength.

Together, these data highlight the con-
text dependence of transcription factor
function. While presynaptic CREB2 im-
pedes LTF, upregulation of postsynaptic
CREB2 contributes to LTF. Thus, tran-
scription factors can have opposite roles
in plasticity depending on whether they
are acting presynaptically or postsynapti-
cally. Extrapolated to the more complex
neural networks in the mammalian brain,
where most neurons have both presynap-
tic and postsynaptic roles, this observa-
tion raises an intriguing question. Are the
presynaptic and postsynaptic functions of

a neuron in direct competition with one
another? In other words, do high CREB2
levels favor a predominantly postsynaptic
role for the cell, while low CREB2 levels
favor a more presynaptic role?

Since postsynaptic coexpression of CREB2
and cJun caused persistent LTF, Hu and col-
leagues (2015) decided to test whether post-
synaptic expression of CREB2 or cJun on its
own would lower the threshold for con-
version of transient LTF into persistent
LTF. The transient form of LTF is pro-
duced by a single course of 5-HT treat-
ment, whereas persistent LTF requires
two sequential treatments. Although basal
synaptic strength was unaffected, overex-
pression of either CREB2 or cJun alone,
but not CREB1, was sufficient to cause
persistent LTF with only a single session of
5-HT treatment (Hu et al., 2015). Overex-
pression of CREB2 or cJun in the postsyn-
aptic neuron is therefore sufficient to
prolong LTF.

Finally, Hu et al. (2015) confirmed the
necessity for postsynaptic bZIP transcrip-
tion factors in persistent LTF by showing
that long-lasting facilitation does not oc-
cur when cJun is inhibited. Overexpres-
sion of a cJun dominant-negative in the
motor neuron reduced the duration of
LTF induced by two sequential 5-HT
treatments, resulting in transient LTF
comparable to that produced by a single
round of 5-HT. This suggests transcrip-
tional regulation in the postsynaptic cell is
indeed a critical part of the mechanism of
LTF.

These findings invite several questions.
First, what are the genes whose transcrip-
tion is modulated by CREB2 and cJun? In
rodents, late-LTP is known to require
CREB-mediated transcriptional upregu-
lation of the neurotrophic factor BDNF,
postsynaptic proteins such as Arc, and tran-
scription factors like c-fos and Zif268 that, in
turn, modulate expression of other down-
stream effectors (Cortés-Mendoza et al.,
2013). Yet, how these diverse and multistep
transcriptional changes culminate in last-
ing enhancement of synaptic strength re-
mains uncertain. It would be fascinating
to determine whether the homologous
genes are upregulated postsynaptically
during LTF in Aplysia. Given that LTF
involves new synapse formation, postsyn-
aptic components such as glutamate re-
ceptors and transsynaptic and scaffolding
proteins are also possible candidates, as
are molecules involved in glutamate re-
ceptor trafficking. Hu et al. (2015) pro-
pose to address these questions with
future experiments investigating changes

in gene expression in the postsynaptic
neuron during LTF.

Other important questions concern the
apparently synergistic relationship between
CREB2 and cJun. Do these transcription
factors act on the same or different target
genes? Are they acting independently or as a
heterodimer? Does one factor function up-
stream of the other? Levels of overexpressed
CREB2 protein were dramatically increased
by coexpression with cJun, and vice versa
(Hu et al., 2015), suggesting the factors may
heterodimerize, stabilizing one another.
Headway might be made on these questions
by first determining with a dominant-
negative whether postsynaptic CREB2 is
required for persistent LTF, as cJun is. Res-
cue experiments combining expression of
dominant-negative and wild-type forms of
CREB2 and cJun during LTF could then be
used to determine whether one acts up-
stream of the other.

The interpretation of Hu et al.’s (2015)
results is complicated by the fact that the
persistent LTF protocol used to investigate
postsynaptic transcriptional mechanisms
differs from the transient LTF protocol used
in all previous studies characterizing tran-
scription at this synapse. Work with both
rodents and Aplysia has demonstrated that
different induction protocols can produce
mechanistically distinct forms of synaptic
enhancement (Mauelshagen et al., 1998;
Panja and Bramham, 2014). For these rea-
sons, future experiments should confirm
that the patterns of presynaptic transcrip-
tion characteristic of the conventional LTF
also occur during persistent LTF. Likewise,
it will be important to determine whether
the postsynaptic changes elucidated during
persistent LTF also occur in transient LTF
induced by the conventional protocol.

Nevertheless, the results of Hu et al.
(2015) demonstrate the insights to be
gained by studying plasticity at the level of
individual neurons in a circuit. The op-
posing effects of CREB2 and cJun on syn-
aptic strength in the presynapse and
postsynapse would likely have been
missed if a less targeted manipulation had
been used. These findings highlight the
need for more directed presynaptic and
postsynaptic manipulations in rodents to
resolve long-standing questions about the
locus of cellular changes underlying LTP.
This is particularly true as many memory
mechanisms identified in invertebrates
are conserved in mammals, including the
role of CREB-mediated transcriptional regu-
lation. Even the context-specificity of bZIP
transcription factors like CREB2 may be con-
served, as Liu et al. (2014) found that disrup-
tion of the rat CREB2 ortholog, ATF4,
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traditionally considered a memory sup-
pressor gene (Chen et al., 2003), decreased
the density of postsynaptic structures in
the hippocampus, suggesting a positive
role in memory. Thus, it seems likely that
in mammals, as in Aplysia, the role of
transcriptional regulation in synaptic
plasticity is complex, and the activity of
the same transcription factor might affect
presynaptic and postsynaptic functions in
different and even opposite ways.
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