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Activity-regulated gene expression mediates many aspects of
neural plasticity, including long-term memory. In the prevailing
view, patterned synaptic activity causes kinase-mediated acti-
vation of the transcription factor cyclic AMP response-element-
binding protein, CREB. Together with appropriate cofactors,

CREB then transcriptionally induces a group of ‘immediate—
early’ transcription factors and, eventually, effector proteins that
establish or consolidate synaptic change'. Here, using a Droso-
phila model synapse, we analyse cellular functions and regulation
of the best known immediate—early transcription factor, AP-1; a
heterodimer of the basic leucine zipper proteins Fos and Jun®. We
observe that AP-1 positively regulates both synaptic strength and
synapse number, thus showing a greater range of influence than
CREB’. Observations from genetic epistasis and RNA quantifi-
cation experiments indicate that AP-1 acts upstream of CREB,
regulates levels of CREB messenger RNA, and functions at the top
of the hierarchy of transcription factors known to regulate long-
term plasticity. A Jun-kinase signalling module provides a CREB-
independent route for neuronal AP-1 activation; thus, CREB
regulation of AP-1 expression* may, in some neurons, constitute
a positive feedback loop rather than the primary step in AP-1
activation.

Synaptic signalling modulates a transcriptional cascade gated by
the cyclic AMP-responsive element-binding protein (CREB) and
immediate—early transcription factors such as AP-1, ¢/EBP and Zif-
268 to control gene expression that underlies persistent forms of
synaptic plasticity”. A role for CREB at the top of the transcriptional
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Figure 1 Neuronal AP-1 controls bouton number and synaptic strength. a, b, EJCs and
mEJC traces (@), and histogram representation of EJC amplitude and bouton number (b)
from larvae in which either wild-type or dominant inhibitory forms of Fos (Fbz) or Jun (Jbz)
are expressed. Fbz causes a 30% reduction and Jbz a 25% reduction in synapse size
(P < 0.005 and P < 0.02, respectively) and strength (P < 0.001 and P < 0.03,
respectively). Although Fos or Jun alone have minimal or no effects on bouton number and
synaptic strength, together they cause an increase of 30% (P << 0.001 for bouton number
and synaptic strength). ¢, d, Miniature (m)EJC sizes in all genetic combinations tested are
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not significantly altered (e); thus, alterations in synapse strength arise from reduced
quantal content (d). e, The pseudocolour scale indicates levels of synaptic fasciclin Il (top
panel). The histogram shows quantitative fluorescence measurements indicating
increased fasciclin Il in Fbz- (P < 0.001) and Jbz- (P < 10™°) expressing preparations,
and decreased fasciclin Il in AP-1-induced preparations (P << 0.004). The number of
larvae examined is indicated below the bars. For e, the number of type 1b termini (4—6 per
larva) is indicated.

NATURE | VOL 416 | 25 APRIL2002 | www.nature.com




cascade is strongly indicated by demonstrations that induction of an
activator isoform of CREB substantially enhances long-term mem-
ory in Drosophila and rodents, and long-term facilitation in the sea
slug Aplysia®”. These findings, together with substantial data to
indicate the CREB responsiveness of several immediate—early
genes®, has led to a ‘switch’ model for CREB, in which CREB acts
upstream of all transcriptional processes required to effect enduring
synaptic change'. Motivated by observations potentially inconsist-
ent with this model®”, we investigated neural functions of AP-1—a
heterodimeric transcription factor composed of Fos and Jun—and
contrasted these to known functions of CREB. Detailed analysis of a
Fos-, Jun- and Jun N-terminal kinase (JNK) signalling module’s
function in Drosophila development provides a genetic framework'®
for a dissection of AP-1 function during synaptic plasticity at the
Drosophila larval neuromuscular junction (NM]J). The maturation
of this synapse as it grows in size (number of boutons) and strength
(stimulus evoked response) during the three instars of larval growth
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involves activity-dependent mechanisms that also underlie long-
term plasticity and memory'". Thus, genetic manipulation of
neuronal activity or cAMP levels results in predictable alterations
in synaptic size and strength'’> Hyperactivity- or cAMP-induced
increases in synaptic strength are CREB dependent; this requires
increases in bouton number that occur through a reduction in levels
of fasciclin I, a synapse cell adhesion molecule whose orthologue in
Aplysia is rapidly downregulated after induction of long-term
facilitation™'>",

Our results show that neuronal AP-1 positively regulates both
bouton number and synaptic strength; such extensive control of
plasticity processes is unique among known transcription factors.
Increased neural expression of both Fos and Jun, but not of either
alone, results in a 30% potentiation in evoked junctional currents
(EJCs) and a parallel increase in the number of synaptic boutons
(Fig. 1a, b). Inhibition of either protein by means of targeted neural
expression of Fbz and Jbz, dominant negative forms of Fos and Jun,
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Figure 2 Both CREB and a cCAMP-sensitive activity are required downstream of AP-1 to
regulate synapse strength but not bouton number. a, In a genetic background where AP-1
is induced in neurons, induction of either an inhibitory isoform of CREB (through
hs-Creb2b) or cAMP phosphodiesterase (through UAS-dnc) does not perturb the effect
of AP-1 on bouton number. In contrast, both hs-CREB2b (P < 0.02) and UAS-dnc

(P < 0.001) significantly inhibit the effect of AP-1 on synaptic strength. (C155; AP-1;
hs-dCreb2b animals have 108%, and C155; AP-1; UAS-dnc have 83% average EJC
amplitude as compared with wild type.) b, In a wild-type background, identical induction
of hs-Creb2b or neuronal expression of UAS-dnc has no effect on either synapse size or

NATURE | VOL 416 | 25 APRIL2002 | www.nature.com

%4 © 2002 Macmillan Magazines Ltd

strength. e—f, AP-1 induction in neurons leads to rapid threefold upregulation of CREB2
mRNA. ¢, CREB2 transcript levels are elevated in AP-1-induced neurons when compared
with uninduced control animals. d, Ru486 induction of Fbz does not significantly alter
levels of Jun and CREB2 mRNA. e, f, Quantitative comparison of mRNA levels by Q-PCR.
After induction of AP-1, Cerb2 mRNA levels increase threefold relative to uninduced
controls (P < 0.02). f, After Fbz induction, Fbz transcript levels are increased 12-fold
whereas the average levels of Jun and CREB2 remain unchanged when compared to
mRNA from uninduced controls.
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respectively”, causes opposite phenotypes at the larval NMJ (a
roughly 30% reduction in bouton number and synaptic strength,
Fig. 1a, b). The similarity and specificity of these effects indicate that
Fbz and Jbz act by specifically inhibiting endogenous AP-1 activity, a
premise supported by demonstrations that developmental pheno-
types caused by induction of Fbz or Jbz are identical to those caused
by loss-of-function mutations in D-Fos or D-Jun'®. The observation
that Fos and Jun positively regulate synapse plasticity in a manner
that requires the presence of both molecules, but is sensitive to
inhibition of either, indicates that Fos and Jun function as a
heterodimer to control synapse plasticity. This is important, given
various data to suggest that AP-1 is a heterogenous collection of
molecularly distinct transcription factors'”. Expression of AP-1, Fbz
or Jbz through a promoter relatively restricted to motor neurons'®
was sufficient for the observed effects; perturbation of AP-1 activity
in postsynaptic muscle had little or no effect on the synaptic
parameters analysed (data not shown). Together these data are
consistent with a cell-autonomous role for AP-1 in regulating neural
plasticity.

AP-1 regulates synapse strength by controlling the quantal con-
tent (number of vesicles fusing per stimulus) of presynaptic trans-
mitter release (Fig. 1¢). Thus, whereas AP-1 manipulations affect
EJCs, responses to individual synaptic vesicles (miniature (m)EJC
amplitudes) remain unchanged (Fig. la, c¢). Synapse expansion
mediated by AP-1 is accompanied by reduced (by approximately
25%) levels of synaptic fasciclin II; Fbz- or Jbz-mediated reductions
in synapse size are accompanied by increased (by about 35%) levels
of synaptic fasciclin II (Fig. le). This is consistent with a model in
which AP-1-mediated changes in synapses occur through the
classical activity-regulated pathway for synapse plasticity™.

Previous work has demonstrated a requirement for CREB in
determining synaptic strength but not bouton number at the
Drosophila larval NMJ>. In this study, the observed consequences
of AP-1 manipulations were not consistent with a simple model of
CREB exerting its effects through Fos and Jun expression. Rather,
they suggested a model in which CREB acts downstream of AP-1 in
the pathway, leading to altered synaptic strength. We tested this
hypothesis by asking whether induction of a CREB-blocker'® trans-
gene (hs-Creb2b) would inhibit AP-1-induced synaptic changes.
Induction of hs-Creb2b (ref. 3) had no effect on synaptic size and
strength in a control genetic background; however, it specifically
blocked the AP-1-induced increase of synaptic strength, without
affecting the AP-1-induced increase of bouton number (Fig. 2). This
specific effect of CREB blocker strongly suggests that the effect of
AP-1 on synaptic strength occurs through a pathway that involves
the activation of CREB; however, its effect on bouton number
occurs by means of the CREB-independent pathway, suggested by
previous studies.

One formal explanation for these observations is that AP-1
induction in neurons results in general hyperexcitability; that is, it
acts to turn on the activity- and cAMP-dependent signalling path-
way in neurons. In this case, reduction of neuronal cAMP through
targeted overexpression of the dunce (dnc) cAMP phosphodiester-
ase'® would be expected to block all effects of AP-1 overexpression.
This was not the case. Neural induction of cAMP phosphodiesterase
did not alter the influence of AP-1 on bouton number (Fig. 2b); this
is consistent with a function of AP-1 downstream of the cAMP-
regulated stage in structural synaptic plasticity. In contrast, reduced
neural cAMP completely blocked the effect of AP-1 on synaptic
strength. As with the CREB-blocker transgene, identical induction
of cAMP phosphodiesterase had no effect on synaptic size or
strength in a control genetic background; thus, low cAMP specifi-
cally affects the AP-1-induced potentiation of synaptic strength. The
simplest interpretation of these observations is that the activity of
AP-1 is not substantially reduced at low levels of cAMP achieved in
our experiment; however, activity of a downstream molecule
required for the effect of AP-1 on synaptic strength is inhibited
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under these conditions. These observed consequences of cAMP and
CREB inhibition on the effects of AP-1 confirm and extend previous
studies demonstrating independent control of synapse size and
strength’. The similarity of low cAMP and CREB-inhibition effects
on AP-1-induced plasticity (Fig. 2) is consistent with a model in
which the downstream target of cAMP signalling is CREB itself.
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Figure 3 JNK signalling regulates AP-1-dependent synaptic plasticity. a, Outline of
proximal components of the JNK signalling module in Drosophila'®. b, The JNK signalling
pathway positively regulates both structural and functional synaptic plasticity. JNK
inhibition through neural expression of either a dominant negative JNK (C155; UAS-bsk
(DN)) or wild-type JNK-phosphatase (C755; UAS-puc (WT)) reduces synapse size

(P < 0.0001 and P < 0.0001) and strength (P < 0.04 and P < 0.03) by about
25-30%. These effects of Puc are suppressed by simultaneous overexpression of wild-
type JNK. Neural overexpression of Puc neutralizes all effects of AP-1 induction

(P < 0.01). ¢, Genetic reduction of JNK phosphatase in flies heterozygous for a puc
hypomorphic allele (puc ®J+) has no observable effect in a wild-type background, but
restores normal bouton number and EJC amplitude to Jun-inhibited motor neurons.
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One potential mechanism for AP-1 regulation of CREB is
suggested by the presence of consensus AP-1-binding sites in the
Drosophila CREB2 promoter. Consistent with a direct transcrip-
tional control mechanism, we observed a robust increase in CREB
mRNA levels after a brief pulse of increased neural AP-1 expression.
Brief induction of AP-1 in the Drosophila nervous system was
achieved using the elavGS-GAL4 transgene, which causes pan-
neural expression of a steroid-dependent, inactive variant of the
Gal4 transcription factor. In elavGS-GAL4; UAS-AP-1 animals, a
roughly ninefold increase in levels of neural AP-1 is induced by a 6-h
incubation on food doped with the steroid analogue Ru486 (Fig.
2¢)®. Under these conditions, CREB mRNA levels are increased
about threefold. That this increase is caused by AP-1, rather than
unidentified consequences of doping with Ru486 for instance, is
evidenced by the unchanged levels of CREB mRNA in Ru486-fed
animals expressing Fbz under elavGS-GAL4 control (Fig. 2d).

Our proposal that AP-1 functions upstream of CREB to regulate
synaptic plasticity, predicts the existence of a CREB-independent
signalling pathway that can act as a primary activator of neuronal
AP-1. One candidate is the JNK pathway, known to regulate AP-1
function in several contexts in mammals and Drosophila®*. Several
reports® >’ point to the existence of a Ca**-dependent route to JNK
activation in the nervous system. Two critical elements of the JNK
pathway expressed in the Drosophila nervous system are basket
(bsk), which codes for INK?*, and puckered (puc), which codes for a
phosphatase that, by dephosphorylating JNK, negatively regulates
JNK signalling (Fig. 3a). We tested how altered JNK signalling
affected synapse plasticity. Reduced JNK signalling by neural over-
expression of either Puckered or dominant negative Basket (BskPM),
mimicked the synaptic effects of AP-1 inhibition. Thus both treat-
ments result in a roughly 30% decrease in synapse strength and
bouton number (Fig. 3b). Although overexpression of Basket JNK
causes no phenotype on its own, it completely neutralizes the effect
of Puckered overexpression; this indicates that effects of Puckered
on synapse plasticity occur through its documented inhibition of
JNK signalling (Fig. 3b). In contrast to reduced cAMP (Fig. 2),
reduced JNK signalling (achieved by neural expression of Puckered)
blocked effects of AP-1 on both structural and functional synaptic
plasticity (Fig. 3b). This is consistent with a model in which JNK
signals through AP-1 to regulate synaptic change.

To ascertain further that the effects of JNK on synaptic change are
mediated by AP-1, we studied the effects of increased JNK signalling
on synapses inhibited for AP-1 (Fig. 3c). If JNK acts by increasing
Jun function, then increased JNK signalling should alleviate the
consequences of AP-1 inhibition that derive from reduced Jun
activity. We increased JNK signalling by using a genetic background

JNK Synapse

Fasll _>
f \ Adft as number

Activity

» Synaptic
CREB > strength

Figure 4 A model for plasticity regulation at the Drosophilalarval neuromuscular synapse.
AP-1 functions upstream of CREB to regulate plasticity. Adf1 influences bouton number
but not synapse strength®’. AP-1 regulation by CREB is modelled as a positive feedback
loop. An important cAMP-sensitive target (potentially CREB itself) functions downstream
of AP-1 in regulation of synaptic strength. Upstream signals derive from neural activity-
induced Ca®* and cAMP signalling. The mechanism of a postulated cAMP-mediated
activation of AP-1 is unknown; however, this study indicates the involvement of JNK
signalling upstream of AP-1-dependent transcription.
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heterozygous for puc®®, a loss-of-function allele of puc. Although
the resulting enhancement of JNK signalling was not sufficient to
drive synaptic change in a wild-type background, it completely
suppressed effects of neural Jbz expression (Fig. 3¢). This obser-
vation, that reduced endogenous puc function can compensate
when neuronal AP-1 is inhibited, demonstrates that the neural
AP-1 activity in vivo is positively regulated by JNK signalling.

We demonstrate that AP-1, under JNK regulation, functions
upstream of CREB to control a wider range of plasticity processes
than anticipated; indeed, our data are consistent with a model in
which AP-1 activation is sufficient for transcriptional control of
long-term plasticity. Our finding that AP-1 activates CREB, prob-
ably through the regulation of CREB mRNA levels, contrasts with
previous demonstrations that CREB positively regulates AP-1
transcription®. These apparently conflicting observations may be
rationalized if CREB induction of AP-1 is considered as part of a
positive feedback loop rather than the primary mechanism for AP-1
activation (Fig. 4). Observations presented here demonstrate un-
anticipated functions of AP-1 and expose limitations of current
models for transcriptional control of long-term plasticity. Further
studies in other neuronal subtypes are required to establish the
generality of our observations. O

Methods

Drosophila strains and genetic controls

We used the following strains: wild type (Oregon R; D. Brower); Gal4-responsive UAS-fos,
UAS-jun, UAS-fbz and UAS-jbz transgenes (M. Bienz); hs-Creb2b (J. Yin and T. Tully);
neural Gal4 line, C155 and muscle line MHC-GAL4 (C. Goodman); muscle and neural
Gal4 lines, respectively 24B and elav-GAL4 (L. Luo); D42 (G. Boulianne); UAS-bsk and
UAS-bskPN (M. Mlodzik); UAS-puc and puchy (A. Martinez Arias). ElavGS-GAL4 lines
were from T. Osterwalder and H. Keshishian. In general, experimental animals were
generated by crossing males homozygous for UAS transgenes with virgin females
homozygous for the Gal4 driver; wild-type controls consisted of the Gal4 driver crossed to
the wild type (Oregon R). In cases where this was not feasible, larvae of the same sex as the
experimental animals, from closely matched genetic backgrounds, served as controls. We
induced the CREB-blocker transgene, hs-Creb2b, as described previously®. For inducing
Gal4 activity in adult Drosophila expressing the elavGS-GAL4 transgene, 1-3-day-old flies
were starved for 6 h and transferred to glass bottles with standard food containing
0.02mgml~" Ru486 (Sigma) for 6 h before decapitation and RNA extraction. We reared
flies at 25°C.

Immunocytochemistry and antibodies

Bouton number in segment A2 was assessed by counting DSYT2 (from H. Bellen)
immunoreactive varicosities on muscles 6 and 7. Muscle surface areas were not
significantly different in all genotypes analysed. To quantify levels of fasciclin II, synapses
were fluorescently labelled with 1D4 antibodies (from C. Goodman), and three terminal
type 1b boutons of segment A2 or A3 were imaged at maximum resolution (68 nm pixel
diameter) using a cooled charge-coupled device camera (Princeton Instruments) and
Metamorph imaging software (Universal Imaging). After background subtraction, the
average pixel intensity in these boutons and surrounding subsynaptic reticulum was
measured and analysed.

Quantitative PCR (Q-PCR)

For Q-PCR, approximately 50 fly heads were collected for each sample; total RNA was
extracted using the RNAeasy kit (Qiagen) and purified from genomic DNA using the
DNA-free DNAse kit (Ambion). Two micrograms of total RNA were used to synthesize
oligodT-primed complementary DNA with the Omniscript cDNA synthesis kit (Qiagen).
The cDNA was diluted 1:5 with nuclease-free H20 (Invitrogen) for Q-PCR reactions
performed on the Cepheid SMARTCycler using reaction ingredients and the standard
protocol from the Quantitech kit (Qiagen). Messenger RNAs in all samples were diluted to
ensure identical levels of Rp49. Transcript levels were determined using primer sets (details
available on request) specific to Rp49, D-fos, D-jun and Drosophila (d)CREB2. Each
Q-PCR reaction was repeated three times for five independent RNA preparations. For gel
visualization, experimental and control PCR with reverse transcription (RT-PCR)
reactions were stopped at the same cycle during the log-linear phase of growth,
determined by monitoring the reactions in real time (Fig. 2¢, d). Products were taken at
cycle X and cycle (X+2), where X is the cycle at which the RT-PCR product derived from
experimental animals enters the log-linear growth phase. PCR products were visualized
after 2% agarose gel electrophoresis. For statistical comparisons of Q-PCR data, cycles at
which RT-PCR products from Ru486-induced and uninduced control samples entered
the exponential phase were compared. The difference in PCR cycles required for identical
levels of RT-PCR product (at early log-linear growth phase) from experimental and
control animals is plotted in Fig. 2e, f. A one-cycle difference represents a twofold
difference in starting template concentration. Each sample set was compared using the
Student’s t-test, and only results with a P-value <0.05 were considered statistically
significant.
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Electrophysiology and data analysis

Synaptic currents were recorded in HL-3 saline from muscle 6 in segment A2 using a two-
electrode voltage clamp?. For EJC recordings, stimuli consisted of 0.2 ms pulses delivered
at 1 Hz from an isolated pulse stimulator (AM systems 2100), gated by pClamp software
(Axon Instruments). Intracellular glass microelectrodes were filled with 3 M KCI (voltage
monitor electrode, resistance 7-10 MQ) or saturated potassium citrate and 3 M KCl
(current injection electrode, resistance 18-25 MQ). Data were acquired from muscles
clamped at —70 mV, using an Axoclamp 2B amplifier (Axon Instruments), and recorded
with pClamp software. Data were filtered at 1 kHz before analysis. EJC amplitude was
determined from 22-25 contiguous stimuli, and mEJC parameters were measured from
one to two 41-s records, using the minianalysis software (Jaejin Software). Differences
between means were compared using either t-tests (paired comparisons) or analysis of
variance (ANOVA; multiple comparisons) in Microsoft Excel or SigmaPlot.
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Hearing depends on a high K* concentration bathing the apical
membranes of sensory hair cells. K™ that has entered hair cells
through apical mechanosensitive channels is transported to the
stria vascularis for re-secretion into the scala media'. K* prob-
ably exits outer hair cells by KCNQ4 K" channels®”, and is then
transported—by means of a gap junction system connecting
supporting Deiters’ cells and fibrocytes*—back to the stria vas-
cularis. We show here that mice lacking the K*/Cl~ (K-Cl) co-
transporter Kcc4 (coded for by Slc12a7) are deaf because their
hair cells degenerate rapidly after the beginning of hearing. In the
mature organ of Corti, Kcc4 is restricted to supporting cells of
outer and inner hair cells. Our data suggest that Kcc4 is import-
ant for K* recycling"® by siphoning K ions after their exit from
outer hair cells into supporting Deiters’ cells, where K* enters the
gap junction pathway. Similar to some human genetic syn-
dromes®, deafness in Kcc4-deficient mice is associated with
renal tubular acidosis. It probably results from an impairment
of ClI™ recycling across the basolateral membrane of acid-secret-
ing a-intercalated cells of the distal nephron.

Electroneutral K-Cl co-transporters have roles in cell volume
regulation, transepithelial transport, and in the regulation of
intracellular chloride concentration ([Cl];). Of the four mammalian
K-Cl co-transporters (Kccl—4), Kecl and Kce3 are broadly
expressed, whereas Kcc2 is neurone-specific’. In mice lacking
Kcc2, the ensuing rise of neuronal [Cl];leads to excitatory responses
to the normally inhibitory neurotransmitters GABA (y-aminobu-
tyric acid) and glycine, resulting in spasticity and early postnatal
death® Although the coupling of K* to CI~ favours efflux and
therefore lowers [Cl]; under many circumstances, K-Cl co-trans-
porters often operate near electrochemical equilibrium and may
also mediate net ion uptake’,

We have now generated mice constitutively lacking Kcc4 (Sup-
plementary Information Fig. la), an isoform with hitherto
unknown physiological function. It is predominantly expressed in
kidney, heart, lung and liver'’. Western blots indicated that Kcc4
protein was absent in knockout mice (Supplementary Information
Fig. 1c). Kce4™'~ mice were born at the expected mendelian ratio
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