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The induction of associative synaptic plasticity in the mamma-
lian central nervous system classically depends on coincident
presynaptic and postsynaptic activity"*. According to this prin-
ciple, associative homosynaptic long-term potentiation (LTP) of
excitatory synaptic transmission can be induced only if synaptic
release occurs during postsynaptic depolarization?. In contrast,
heterosynaptic plasticity in mammals is considered to rely on
activity-independent, non-associative processes®®. Here we
describe a novel mechanism underlying the induction of associ-
ative LTP in the lateral amygdala (LA). Simultaneous activation
of converging cortical and thalamic afferents specifically induced
associative, N-methyl-p-aspartate (NMDA)-receptor-dependent
LTP at cortical, but not at thalamic, inputs. Surprisingly, the
induction of associative LTP at cortical inputs was completely
independent of postsynaptic activity, including depolarization,
postsynaptic NMDA receptor activation or an increase in post-
synaptic Ca®>* concentration, and did not require network
activity. LTP expression was mediated by a persistent increase
in the presynaptic probability of release at cortical afferents. Our
study shows the presynaptic induction and expression of hetero-
synaptic and associative synaptic plasticity on simultaneous
activity of converging afferents. Our data indicate that input
specificity of associative LTP can be determined exclusively by
presynaptic properties.

Bipolar stimulating electrodes were placed on afferent fibres from
the internal capsule (containing thalamic afferents)®'' or from the
external capsule (containing cortical afferents)'? in coronal slices
prepared from 3—4-week-old male C57BL/6] mice (Fig. 1a). Whole-
cell current-clamp recordings were obtained from projection
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neurons in the dorsolateral portion of the LA (Fig. la). Low-
frequency baseline stimulation in the presence of the GABA,
(y-aminobutyric acid) receptor antagonist picrotoxin (100 pM)
elicited monosynaptic excitatory postsynaptic potentials (EPSPs)
of similar amplitudes and slopes at both afferent inputs (thalamic,
5.6 *0.4mV, 1.07 = 0.11mVms '; cortical, 5.7 = 0.4mV,
1.04 = 0.11mV ms™'; n = 13). To mimic the physiological activity
of converging thalamic and cortical afferents during fear condition-
ing">'%, both afferents were stimulated simultaneously for 1.5s at an
average frequency of 30 Hz using two different stimulation proto-
cols containing Poisson-distributed stimuli (‘Poisson-train’; Fig. 1b;
see Methods). Simultaneous Poisson-train stimulation resulted in
the induction of LTP at cortical (151 = 10% of baseline, n = 13,
P < 0.01), but not at thalamic, afferent synapses (98 * 5%, n = 13,
P > 0.05; Fig. 1c). Inverting the two stimulation patterns to assess
stimulation protocol-specific effects did not affect the input-specific
induction of LTP at cortical input synapses (cortical, 152 * 16% of
baseline, n = 6, P < 0.05; thalamic, 106 = 12%, n = 6, P > 0.05).
The induction of LTP was associative, in that stimulation of both the
thalamic and cortical afferents was required. Stimulation of either
pathway on its own did not induce LTP at cortical afferents (cortical,
106 * 15% of baseline, n =6, P > 0.05; thalamic, 101 * 8%,
n =15, P> 0.05 Fig. 1d), or at thalamic afferents (cortical,
100 = 8% of baseline, n =7, P > 0.05; thalamic, 105 * 16%,
n=1>5, P > 0.05; see Supplementary Information), indicating that
the stimulation protocols applied were below threshold for the
induction of homosynaptic'®"* and heterosynaptic LTP at cortical
afferents.

Associative LTP in the hippocampus® and the amygdala
depends largely on the activation of NMDA receptors and an
increase in the postsynaptic Ca** concentration. Accordingly,
heterosynaptic, associative LTP (LTPy,) at cortical afferents could
not be induced in the presence of the competitive NMDA receptor
antagonist 3-((=*)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic
acid (CPP) at 20 pM (control, 151 = 10% of baseline, n = 13; CPP,
88 * 8% of baseline, n =9, P > 0.05; Fig. 2a). To assess whether
NMDA receptor activation in conjunction with Poisson-train
stimulation of cortical afferents was sufficient for the induction of
LTPy4, we applied NMDA locally in the vicinity of the projection
neuron from which we were recording by using a pressure appli-
cation system. Whereas puff-application of NMDA in the absence of
cortical afferent activity did not result in the induction of LTPy,
(98 = 4% of baseline, n =5, P > 0.05; Fig. 2b), combining the
application of NMDA with Poisson-train stimulation of cortical
afferents resulted in a potentiation of cortical afferent synapses
(157 = 12% of baseline, n =4, P < 0.05; Fig. 2b). In contrast,
pairing NMDA application with Poisson-train stimulation of thala-
mic afferents did not induce LTP at thalamic afferents (99 = 10% of
baseline, n = 3, P > 0.05; Fig. 2b).

To determine whether an increase in postsynaptic Ca*" concen-
tration was required for TPy, induction we dialysed the postsyn-
aptic neuron with the Ca”t chelator BAPTA (10-50 mM).
Surprisingly, postsynaptic dialysis with BAPTA did not prevent
the induction of LTPy, (152 = 17% of baseline, n = 14,
P < 0.05; Fig. 2c). Given that activation of NMDA receptors is
required for the induction of LTPy,, this finding suggests that they
are not located on the postsynaptic neuron or, alternatively, that
they can signal in a Ca®*-independent way. To test these possibilities
we dialysed the postsynaptic cell with the NMDA receptor open-
channel blocker MK-801, and stimulated cortical and thalamic
afferents while holding the postsynaptic cell at +30mV (ref. 15).
This procedure completely blocked postsynaptic NMDA receptors
(Fig. 2d). However, even the complete blockade of postsynaptic
NMDA receptors did not interfere with the induction of LTPy,
(134 £ 9% of baseline, n = 4, P < 0.05; Fig. 2d). To test whether
Ca’" signalling was required, we next incubated the slices with
BAPTA-acetoxymethyl ester (BAPTA-AM; 50 pM), a membrane-
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permeant form of the Ca®" chelator BAPTA. BAPTA-AM comple-
tely abolished LTPy, induction (86 * 8% of baseline, n =7,
P > 0.05; Fig. 2e). In conclusion, the induction of LTPy, was
independent of postsynaptic activity including depolarization,
postsynaptic NMDA receptor activation and increase in intracellu-
lar Ca®* concentration, but still required NMDA receptor activation
and Ca”" signalling.

We considered the possibility that LTPy, induction might
represent a network phenomenon involving NMDA receptors
located on other neurons within the LA. We therefore sought to
decrease network excitability strongly in the LA, a brain structure
that is tightly controlled by GABA-mediated inhibition'®'", by
application of the GABA, receptor agonist muscimol (5pM)
during LTP induction. Indeed, heterosynaptic forms of plasticity
mediated by network activity have been shown to be strongly
reduced by activation of GABA, receptors™'®. Muscimol clamped
the membrane potential at or near the chloride equilibrium poten-
tial (Fig. 3a), thereby preventing action potential initiation in all
neurons expressing GABA 4 receptors, including projection neurons
and local inhibitory interneurons'*'. However, LTPy, induction
was not affected by the presence of muscimol (146 = 14% of
baseline, n = 6, P < 0.05; Fig. 3b), but we could not exclude the
possibility that some unknown factor released by neurons not
expressing GABA, receptors would be required for the induction
of LTPy,. To investigate this further, we strongly suppressed
network activity by application of the AMPA (w-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid) receptor antagonist
NBQX (2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(f)quinoxa-
line; 20 nM). However, even when AMPA-receptor-mediated
synaptic transmission was completely blocked, LTPy, could still
be induced as monitored by NMDA-receptor-mediated excitatory
postsynaptic currents (EPSCs) recorded at +30 mV (122 * 8% of
baseline, n = 7, P < 0.05; Fig. 3c). Thus, most parsimoniously, our
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Figure 1 Induction of LTPy, at cortical, but not at thalamic, afferent synapses by

simultaneous Poisson-train stimulation of thalamic and cortical afferents. a, Placement of
stimulating and recording electrodes. b, Poisson-train stimulation used for LTP induction.
Each train consisted of 45 stimuli at an average frequency of 30 Hz. The trace shows a
typical postsynaptic response. Scale bars, 10 mV and 250 ms. ¢, Time course of synaptic
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data are consistent with the possibility that glutamate released by
thalamic afferents might directly activate NMDA receptors located
on presynaptic terminals of cortical afferents, a hypothesis sup-
ported by electron-microscopic studies indicating the presence of
the NMDA receptor subunit NR1 on presynaptic terminals in the
L A22_24.

If activation of NMDA receptors on presynaptic terminals of
cortical afferents underlies the induction of LTPy,, this raises the
question why Poisson-train stimulation of cortical afferents alone
does not induce LTP. One possible explanation is that glutamate
released at cortical afferents would be rapidly cleared by glutamate
uptake. Indeed, we found that a single Poisson-train stimulation of
cortical afferents was able to induce LTP in the presence of a low
concentration of the glutamate uptake blocker TBOA (D,L-threo-3-
benzyloxyaspartate; 20 uM; 133 + 9% of baseline, n = 5, P < 0.05;
Fig. 3d). To assess whether the facilitation of LTP induction at
cortical afferents in the presence of TBOA was due to the activation
of presynaptic NMDA receptors by increased ambient glutamate
levels, we checked whether TBOA affected the presynaptic proper-
ties of cortical afferents (see below) or spontaneous excitatory
network activity. However, TBOA did not significantly affect
paired-pulse facilitation (PPF) at cortical afferents (control,
1.35 £ 0.15; TBOA, 1.44 * 0.22; n = 3, P > 0.05) or the frequency
of spontaneous EPSPs (control, 3.0 = 0.7 Hz; TBOA, 3.2 = 1.1 Hz;
n=>5,P > 0.05).

Given the induction mechanism of LTPy,, we reasoned that
thalamic afferent stimulation should affect presynaptic function of
cortical afferents in an NMDA-receptor-dependent manner. We
therefore compared PPF* in response to double stimulation of
cortical afferents (inter-stimulus interval 50 ms) before and after
tetanic stimulation (45 stimuli at 30 Hz) of thalamic afferents.
Tetanic stimulation of thalamic afferents resulted in a transient
decrease in PPF at cortical afferents (82 * 6% of baseline, n = 7,
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changes after simultaneous Poisson-train stimulation (arrow) of cortical (filled circles) and
thalamic (open circles) afferents. Scale bars, 2 mV and 50 ms. d, Time course of synaptic
changes occurring at cortical afferent synapses upon Poisson-train stimulation (arrow) of
either cortical or thalamic afferents alone.
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P < 0.05; Fig. 4a—). In contrast, tetanic stimulation of cortical
afferents did not affect PPF at thalamic afferents (104 = 4% of
baseline, n =5, P > 0.05; Fig. 4c). Furthermore, the decrease in
cortical PPF after thalamic afferent stimulation was completely
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abolished by the NMDA receptor antagonist CPP (20 pM;
107 £ 5% of baseline, n = 6, P > 0.05; Fig. 4a, c). These results
indicate that repeated stimulation of thalamic afferents transiently
increases the probability of release (P.) at cortical afferents in an
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Figure 2 Induction of LTPy, does not depend on postsynaptic activity, but is dependent on
NMDA receptor activation and Ca>*. a, Induction of LTP is blocked in NMDA receptor
antagonist CPP (control, same data as in Fig. 1c). Filled circles, control; open circles, CPP.
Scale bars, 2mV and 50 ms. b, Left, averaged EPSPs from 2 min of baseline, after
pressure application of NMDA (Puff), and 25 min after pairing of NMDA application with
cortical afferent stimulation (Puff + stim.). Scale bars, 2 mV and 25 ms. Right, changes in
EPSP slope induced by pressure application of NMDA alone, and in conjunction with
Poisson-train stimulation of cortical or thalamic afferents. ¢, Induction of LTPua is

independent of increase in postsynaptic Ca>*. Scale bars, 2mV and 50 ms. d, Left,
intracellular dialysis with MK-801 blocks NMDA-receptor-mediated EPSCs recorded at
+30mV in the presence of NBQX. Traces show averaged NMDA EPSCs for the first and
last five stimulations. Scale bars, 20 pA and 100 ms. Middle, MK-801-induced blockade
of NMDA-receptor-mediated EPSCs at cortical and thalamic afferents (pooled data).
Right, LTPya is not affected by blockade of postsynaptic NMDA receptors. Scale bars,
50 pA and 20 ms. e, Induction of LTPy, is blocked in the presence of BAPTA-AM. Scale
bars, 2mV and 50 ms.

a c Pre Post
Muﬂmd Picrotoxin S _J\\“
0 S 200 /
s 'g Pre _,
£ E=
£ _70 Q150
S £ ' ;
-90 O ¢ N
10 20 30 40 50 g 100 %‘V ************
Time (min) < il NBOX
b 2 50
Post =
j 2 0 10 20
Pairing No pairing Control TBOA Post
300 , d
Muscimol Picrotoxin /\ 7
S . Pre J
S 200 & 200 i
8‘ ©
> &
o 100 @
7] o
& g 100
w
0
10 20 30 40 50 0 10 20
Time (min) Time (min)

Figure 3 Network activity is not required for the induction of LTPa. @, Average time
course of the membrane potential (//,,) during muscimol application. b, Induction of LTPy
in the presence of muscimol. Time course of cortical EPSP slope after Poisson-train
stimulation and in the absence of Poisson-train stimulation. Picrotoxin was used to
terminate shunting induced by tonic GABA, receptor activation. Filled circles, pairing;
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open circles, no pairing. Scale bars, 1.3mV and 2 ms. ¢, Induction of LTPy, in the
presence of NBQX. The plot shows a time course of NMDA-receptor-mediated EPSCs at
cortical afferents recorded at 430 mV. Scale bars, 20 pA and 100 ms. d, Induction of
homosynaptic LTP at cortical afferents in the presence of the glutamate uptake blocker
TBOA. Open circles, control; filled circles, TBOA. Scale bars, 3mV and 25 ms.
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Figure 4 Heterosynaptic, NMDA-receptor-dependent increase of release probability at
cortical afferents after stimulation of thalamic afferents. a, Top, stimulation protocols.
Bottom, EPSCs recorded in response to paired-pulse stimulation (50-ms inter-stimulus
interval) of cortical afferents before (point 1) and 10s after (point 2) tetanic stimulation of
thalamic afferents in control conditions or in the presence of CPP. Dashed lines represent
the initial amplitude (point 1) of the first response before thalamic stimulation. Scale bars,

NMDA-receptor-dependent manner and that the expression of
LTPy, might involve a more persistent increase in P, at cortical
synapses. Indeed, LTPy;, was associated with a persistent decrease in
PPF (81 = 5% of baseline, n = 6, P < 0.05; Fig. 4d). Moreover, if
LTPy4 expression were mediated by an increase in P, we reasoned
that it should be occluded at high initial P,. Therefore, we increased
P, by increasing the extracellular Ca’* concentration from 2 to
8 mM. This induced an increase in EPSP amplitude to 175 £ 19%
(n=8, P <0.05) and occluded the further induction of LTPy,
after adjusting EPSP amplitude to control values (111 * 11% of
baseline, n = 5, P > 0.05). Finally, using analysis of fluctuations of
the postsynaptic response amplitude, we determined the quantal
parameters modified upon induction of LTPy, (refs 26, 27). The
plot of 1/(c.v.)> (where c.v. is the coefficient of variation) against
mean response amplitude shows that LTPy; 4 induction fits best with
an increase in P (Fig. 4e). Finally, because 1/(c.v.)? is independent
of the quantal amplitude (g), we directly assessed possible changes
in g by monitoring the amplitude of asynchronously released
quanta in the presence of Sr** under control conditions and
after the induction of LTPys. The amplitude of stimulation-
induced miniature EPSCs at cortical afferents was not significantly
affected by the induction of LTPy, (control, —6.7 £ 0.2 pA; LTP,
—7.4 £ 1.1pA; n=4, P> 0.05). Because homosynaptic LTP at
cortical afferent synapses has previously been shown to be mediated
by a presynaptic increase in P, (refs 12, 26), our results indicate that
heterosynaptic LTPy4 could share the same expression mechanism.
Indeed, we found that the prior induction of homosynaptic LTP by
pairing afferent stimulation at 2 Hz with postsynaptic depolariza-
tion'*>* occluded the subsequent induction of LTPy, using Poisson-
train stimulation (see Supplementary Information). However, in
contrast to the induction of homosynaptic LTP, which depends on
postsynaptic NMDA receptor activation and can be blocked by
postsynaptic BAPTA (30 mM; 103 = 10% of baseline, n = 5)'>*,
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Time (min) Mean amplitude (%)

40 pA and 20 ms. b, Average time course of PPF changes at cortical afferent synapses
after tetanic stimulation of thalamic afferents. ¢, PPF changes at thalamic and at cortical
afferents after tetanic stimulation of the other input. d, Average time course of cortical
EPSP slope (filled circles) and PPF (open circles) after induction of LTPa. Scale bars,
2.5mV and 75ms. e, Variance analysis of EPSP amplitude fluctuations illustrating that
LTPua expression fits best with an increase in the probability of release (p).

LTPy, is induced and expressed presynaptically.

The physiological relevance of LTPy, for fear learning is sup-
ported by two observations. First, thalamic and cortical afferents to
the lateral amygdala are simultaneously active during fear con-
ditioning and can interact™*®. Second, electrophysiological experi-
ments in vivo show that postsynaptic hyperpolarization does not
completely abolish LTP induced by pairing of sensory stimulation
with foot-shocks', suggesting that LTP induction independent of
postsynaptic activity does occur in vivo. The physiological stimu-
lation patterns used in this study suggest that LTPy, might be
induced on subthreshold activity elicited by simultaneous sensory
input by means of thalamic and cortical afferents. TPy, might
therefore serve as a priming mechanism to increase the impact of
selective cortical afferents on the subsequent induction of homo-
synaptic hebbian plasticity at neighbouring synapses, which
requires stronger afferent activity and/or the induction of post-
synaptic action potentials'®'>2*>>%,

Our study indicates that the input specificity of associative LTP
can be entirely determined by presynaptic properties. Heterosynap-
tic associative modifications of synaptic efficacy add a level of
complexity to the classical hebbian forms of synaptic plasticity,
and open a new perspective for understanding integrative processes
between converging afferent pathways in the mammalian central
nervous system. ]

Methods

Coronal slices from 3—4-week-old male C57BL/6] mice were prepared as described™. Slices
were maintained for 45 min at 35 °C in an interface chamber containing artificial
cerebrospinal fluid equilibrated with 95% O,/5% CO, and containing (in mM): 124 NaCl,
2.7 KCl, 2 CaCl,, 1.3 MgCl,, 26 NaHCO3, 0.4 NaH,POy,, 10 glucose, 4 ascorbate; and then
kept for at least 45 min at 21-25 °C before being transferred to a superfusing recording
chamber. Whole-cell recordings were performed at 30-32 °C. Neurons were identified
visually with infrared videomicroscopy. Patch electrodes (3—5 M) were normally filled
with a solution containing (in mM): 120 potassium gluconate, 20 KCl, 10 HEPES, 10
phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, pH 7.25, 295 mOsM. All experiments were
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performed in the presence of picrotoxin (100 M) unless indicated otherwise.
Monosynaptic EPSPs exhibiting constant 10-90% rise times and latencies were elicited by
stimulation of afferent fibres with a bipolar twisted platinum/10% iridium wire (25 pm
diameter). LTP was quantified for statistical comparisons by normalizing and averaging
EPSP slopes during the last 10 min of experiments relative to 5-10 min of baseline.
Depicted traces show averaged EPSPs or EPSCs for 2 min of baseline and 2 min of LTP
(20-25 min after pairing). All values are expressed as means * s.e.m. Statistical
comparisons were done with paired or unpaired Student’s t-test as appropriate (two-tailed
P < 0.05 was considered significant). For details on experimental conditions and analysis
see Supplementary Information.
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A microRNA controlling left/right
neuronal asymmetry in
Caenorhabditis elegans
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How left/right functional asymmetry is layered on top of an
anatomically symmetrical nervous system is poorly understood.
In the nematode Caenorhabditis elegans, two morphologically
bilateral taste receptor neurons, ASE left (ASEL) and ASE right
(ASER), display a left/right asymmetrical expression pattern of
putative chemoreceptor genes that correlates with a diversifica-
tion of chemosensory specificities"”. Here we show that a pre-
viously undefined microRNA termed Isy-6 controls this neuronal
left/right asymmetry of chemosensory receptor expression. Isy-6
mutants that we retrieved from a genetic screen for defects in
neuronal left/right asymmetry display a loss of the ASEL-specific
chemoreceptor expression profile with a concomitant gain of the
ASER-specific profile. A Isy-6 reporter gene construct is expressed
in less than ten neurons including ASEL, but not ASER. Isy-6
exerts its effects on ASEL through repression of cog-1, an
Nkx-type homeobox gene, which contains a Isy-6 complementary
site in its 3' untranslated region and that has been shown to
control ASE-specific chemoreceptor expression profiles’. Isy-6 is
the first microRNA to our knowledge with a role in neuronal
patterning, providing new insights into left/right axis formation.

Bilateral symmetry is a common feature of nervous system
anatomy across phylogeny. Morphological symmetry is contrasted
by the lateralization of many different nervous system functions, as
well as by left/right asymmetrical patterns of gene expression*™.
However, in only a very few cases have these asymmetrical gene
expression patterns been specifically correlated with functional
lateralization. One such example is provided by a bilaterally sym-
metrical class of taste receptor neurons, the ASE class”®, which
displays left/right asymmetrical expression patterns of a family of
putative chemoreceptors with guanylyl cyclase activity (Fig. 1a). In
adult animals, the guanylyl cyclase receptor genes gcy-6 and gcy-7
are only expressed in ASEL, whereas gcy-5 is only expressed in
ASER'. The asymmetry of gcy gene expression patterns correlates
with a functional asymmetry of the ASEL and ASER neurons
exemplified by their sensation of a different spectrum of chemo-
sensory cues’. The differential segregation of the chemosensory
capacities in the left and right ASE neurons is required for intact
behaviour in complex sensory environments. In mutant animals
that exhibit a partial lateralization of chemoreceptor expression,
chemosensation per se is unaffected, yet the ability to discriminate
between individual chemosensory inputs is lost™’.

To elucidate how left/right asymmetrical expression of the gcy
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