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Anandamide, Cannabinoid Type 1 Receptor, and NMDA
Receptor Activation Mediate Non-Hebbian Presynaptically
Expressed Long-Term Depression at the First Central
Synapse for Visceral Afferent Fibers

Abdessattar Khlaifia, Hanad Farah, Florian Gackiere, and Fabien Tell

Aix-Marseille University, National Center of Scientific Research, Research Center in Neurobiology—Neurophysiology of Marseille, Coeducational Research

Unit 7286, F-13344 Marseille, France

Presynaptic long-term depression (LTD) of synapse efficacy generally requires coordinated activity between presynaptic and postsyn-
aptic neurons and a retrograde signal synthesized by the postsynaptic cell in an activity-dependent manner. In this study, we examined
LTD in the rat nucleus tractus solitarii (NTS), a brainstem nucleus that relays homeostatic information from the internal body to the
brain. We found that coactivation of N-methyl-D-aspartate receptors (NMDARs) and type 1 cannabinoid receptors (CB;Rs) induces LTD
at the first central excitatory synapse between visceral fibers and NTS neurons. This LTD is presynaptically expressed. However, neither
postsynaptic activation of NMDARSs nor postsynaptic calcium influx are required for its induction. Direct activation of NMDARSs triggers
cannabinoid-dependent LTD. In addition, LTD is unaffected by blocking 2-arachidonyl-glycerol synthesis, but its induction threshold is
lowered by preventing fatty acid degradation. Altogether, our data suggest that LTD in NTS neurons may be entirely expressed at the

presynaptic level by local anandamide synthesis.

Introduction

Recent advances have led to the notion that the induction and
expression of long-term depression (LTD) is attributable to di-
verse mechanisms (Collingridge et al., 2010). Although these var-
ious forms of LTD may appear similar because they reduce the
average synaptic strength of a given synapse, they are likely to
subserve different functions across the mammalian brain.
Whereas postsynaptic mechanisms have been mainly proposed
to account for reduced synapse efficacy, presynaptic mecha-
nisms, such as a reduction in release probability, have increas-
ingly received support over the past decade (Collingridge et al.,
2010). Presynaptic or postsynaptic LTD generally requires coor-
dinated activity between presynaptic and postsynaptic neurons
for their induction. For presynaptic LTD, a retrograde signal syn-
thesized by the postsynaptic cell in an activity-dependent manner
is thus required. Among them, endocannabinoids (ECs) have
emerged as the best-characterized retrograde messengers of LTS
of synaptic plasticity (Gerdeman et al., 2002; Chevaleyre and Cas-
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tillo, 2003). However, a recent study indicates that presynaptic
LTD can be induced without the requirement of postsynaptic
signaling (Rodriguez-Moreno et al., 2013).

Although most studies on synaptic plasticity have been con-
ducted on brain structures involved in memory or motor control,
relatively few studies are available on brain regions devoted to
autonomic functions such as the brainstem. Visceral afferent fi-
bers carry a large volume of information about the physiological
status of the internal body directly to brainstem circuits regulat-
ing autonomic functions (Baude et al., 2009; Browning and
Travagli, 2011; Andresen et al., 2012). The cell bodies for these
afferent sensory fibers are contained in the nodose ganglion.
These neurons connect directly onto nucleus tractus solitarii
(NTS) neurons located in the brainstem via monosynaptic gluta-
matergic synapses. An important question is to know whether
visceral information processing at the NTS level goes beyond a
simple relaying and distribution role of visceral signals or is sub-
jected to plastic changes (Browning and Travagli, 2011; Andresen
etal., 2012). Previous studies in immature preweaning rats have
described a form of postsynaptic LTD at excitatory synapses be-
tween visceral afferent fibers and NTS neurons (Zhou et al., 1997;
Poon et al., 2000). Here we report that, in postweaning juvenile
rats, low-frequency stimulation (LFS) of visceral afferent fibers
induces a presynaptic form of LTD. This LTD induction requires
the activation of both type 1 cannabinoid (CB,Rs) and NMDA
(NMDARs) receptors but requires neither the activity of the post-
synaptic neuron nor the release of 2-arachidonyl glycerol (2-AG).
Our results suggest that LTD may be entirely expressed at the
presynaptic level and involve anandamide (AEA) synthesis.
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Materials and Methods

Animals. Postweaning juvenile male Wistar rats (25-32 d) were anesthe-
tized first with halothane before slice preparation. All procedures
were in agreement with the European Communities Council directive
(86/609/EEC).

Slice preparation. Preparation of medullary slice was performed as
described previously (Lachamp etal., 2003; Balland et al., 2006). For each
experiment, two rats were decapitated, and the brainstem was quickly
removed, cooled to 4°C, and cut on a vibratome (VT1000S; Leica Micro-
systems), into 300-um-thick medullary slices, in oxygenated (95% O,,
5% CO,, pH 7.4) saline containing the following (in mm): 130 NaCl, 3
KCl, 0.5 CaCl,, 4 MgCl,, 26 NaHCO;, 1.25 KH,PO,,10 glucose, 0.5
ascorbate, 2 pyruvate, and 3 myoinositol. Slices were then allowed to
recover for 1 hin a similar saline containing 2 mm CaCl, and 2 mm MgCl,
at room temperature.

Electrophysiology. For recordings, slices were perfused in a chamber at
3 ml/min with a physiological solution containing 2 mm CaCl,, 2 mm
MgCl,, and a mixture of GABA , receptor blockers (20 um bicuculine and
50 uM picrotoxin) plus p-serine (30 uM) at 32-34°C. Because the NTS is
functionally divided into different subnuclei in the adult rat, we re-
stricted our study to the medial NTS region on subpostremal slices. The
dorsal motor nucleus of the vagus nerve and the tractus solitarius (TS; a
fiber bundle formed by visceral afferent fibers within the brainstem;
Andresen et al., 2001) were taken as anatomical landmarks to reproduc-
ibly target the recording region. Therefore, only two slices were selected
per animal. Patch electrodes (2.5-3 M) contained the following (in
mm): 120 cesium methane sulfonate, 10 NaCl, 1 MgCl,, 0.1 CaCl, 1
EGTA, 2 ATP, 0.3 GTP, 10 glucose, and 10 HEPES, pH 7.4. In some
experiments, EGTA was replaced with BAPTA (10—20 mmM) and the os-
molarity was adjusted by reduction of cesium methane sulfonate. The
junction potential was calculated to be 10 mV and was corrected for after
the recordings. Stimulation of the TS (1-10 V; 100 us duration) was
applied using a tungsten bipolar electrode at low frequency (0.05 Hz)
unless otherwise stated. EPSCs were deemed monosynaptic by virtue of
their short latencies and small jitter (SD <200 ws) from stimulus onset
(Doyle and Andresen, 2001; Lachamp et al., 2003; Balland et al., 2006).
Miniature EPSCs (mEPSCs) were recorded in the presence of tetrodo-
toxin (TTX; 1 um).

Drugs. NMDA, p-aminophosphonovalerate (APV), arachidonyl-2’-
chloroethylamide (ACEA), N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1 H-pyrazole-3-carboxamide = (AM251),
N-formyl-L-leucine (15)-1-[[(2S,3S)-3-hexyl-4-ox0-2-oxetanyl|methyl]
dodecyl ester (THL), N-phenyl-4-(3-phenyl-1,2,4-thiadiazol-5-yl)-1-
piperazinecarboxamide [JNJ 1661010 (JNJ)], and 5,7-dichloro-4-
hydroxyquinoline-2-carboxylic acid (DCK) were purchased from Tocris
Cookson. N-w-Nitro-L-arginine (LNNA) was purchased from Sigma-
Aldrich. Lipophilic compounds were first prepared as stock solution in either
dimethylsulfoxide (AM251, THL) or ethanol (ACEA, JNJ) at a concentra-
tion of 10—-100 mm. The final concentration of the solvents were <0.01% for
the highest concentration of the drugs. When testing lipophilic compounds,
control experiments were routinely done by perfusing solution containing
the solvent only. Other chemicals were obtained from Sigma. For all exper-
iments, only one neuron per slice was recorded, and, when using lipophilic
compounds, tubing was rinsed with ethanol between each application.

LTD induction protocol. Two TS stimuli separated by 50 ms were de-
livered every 20 s during the control period, and a 2 mV, 20 ms negative
step was delivered at the end of the acquisition window to measure input
and access resistances (see below). After 10 min of stable synaptic re-
sponses at a potential of —80 mV (see below), neurons were held at —40
mV, and afferent fibers were stimulated at 4 Hz during 4 min to induce
LTD. Then the holding potential was reverted to —80 mV, and the con-
trol stimulation was resumed. LTD was monitored for at least 20 min
after its induction. All drugs were applied via the general perfusion sys-
tem, allowing for a rapid wash-in of the slice. Antagonists were applied at
least 15 min before LTD induction. For the inhibitor of nitric oxide (NO)
synthase (200 um, LNNA), the inhibitor of fatty acid synthase (THL, 10
uM) or the inhibitor of fatty acid hydrolase (JNJ, 2 um) slices were pre-
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incubated 1-2 h before recording with the drug and during the whole
recording session.

Depolarization-induced suppression of EPSC experiments. For studying
depolarization-induced suppression of EPSC (DSE), EPSCs were evoked
atarate of 0.2 Hz. After a control period (20-30 EPSCs), the neuron was
depolarized to 0 mV for 5 or 25 s. The control mean amplitude was
calculated and used for normalization of all EPSCs. DSE was calculated
as the ratio between the mean peak amplitude of three consecutive EPSCs
after the pulse normalized to the mean peak amplitude of control EPSCs.

Data acquisition. Whole-cell patch-clamp recordings of NTS neurons
were made with an Axopatch 200B (Molecular Devices), filtered at 5 kHz,
and digitized at 20 kHz. Series resistance (R, < 15 M()) and input resis-
tance were continuously monitored throughout the experiment by de-
livering a voltage step command at the end of each trace recorded.
Neurons in which R, or input resistance were unstable were discarded.
Neurons with an inward current greater than —120 pA at a holding
potential of —80 mV were also discarded.

Analyses. EPSC amplitudes were plotted against the stimulus number,
and linear fit was applied to the data. Only experiments in which this
linear regression did not significantly deviate from zero slope during the
control period (before LTD induction) were selected for additional anal-
ysis. Input resistance was measured from the steady-state current in-
duced by a 20 ms test pulse from —80 to —82 mV. Access resistance was
estimated as follows: the peak current induced by the test pulse was
extrapolated to the start of the pulse with an exponential fit to obtain its
amplitude; then access resistance was calculated by dividing 2 mV by the
peak current amplitude. LTD strength was estimated by measuring EPSC
amplitude on 20-25 successive responses before LFS and 20 min after
LTD induction unless otherwise noted. Paired-pulse ratio (PPR) was
measured as follows: a series (2025 trials) of two electrical pulses sepa-
rated by a 50 ms interval were applied to the TS, and the ratio of the mean
amplitude of the second response to the mean amplitude of the first one
was calculated. The coefficient of variation (CV) was calculated for at
least 25 consecutive trials as follows. The variance of EPSC peak was
obtained from 25 EPSCs. Then, the variance of the background noise was
measured from 25 interleaved traces in which no stimuli were delivered
and subtracted from the EPSC variance (Balland et al., 2008). Then the
square root of this corrected variance was divided by the mean EPSC
amplitude. mEPSC analysis was performed with the Clampfit module of
the Axon software (Molecular Devices) by using the template search
method. Ten minutes after break-in, 150 contiguous events per cell were
analyzed and averaged to yield mean mEPSC amplitude for each cell for
different periods of time (before drug and during the last minutes of drug
application). The mean frequency of AMPA mEPSC was determined for
each neuron as the number of events per second binned every 60 s.

Statistical analyses. Significance of the difference between means of
two samples was computed using unpaired or paired nonparametric tests
(Mann—Whitney and Wilcoxon’s tests, respectively). When three sam-
ples or more were compared, the variance of the whole population was
first analyzed by a one-way nonparametric ANOVA (Kruskal-Wallis
test). For comparing LTD parameters at different time points, repeated-
measures ANOVA (RM ANOVA) was used. If the null hypothesis was
rejected, the post hoc Dunnett’s test was then used to compare groups.
Statistical data are given as mean = SEM. The differences were consid-
ered significant at p < 0.05. Statistical tests were computed by using the
GraphPad Software Instat software. For mEPSC analysis, differences in
amplitude or event interval distribution were assessed by the Kolgomorov—
Smirnov test included in the Clampfit software.

Results

Characterization of EPSC LTD in NTS neurons

Ataholding potential of —80 mV, stimulation of the TS evoked a
rapid EPSC with a mean latency of 3 = 0.2 ms. TS-evoked EPSCs
(n = 13; Fig. 1A) had invariant latencies (jitter <200 ws), indi-
cating that they corresponded to monosynaptic connections
(Doyle and Andresen, 2001). In addition, NTS synapses were
characterized by a consistent paired-pulse depression when two
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A B TS shocks separated by 50 ms were ap-
1 plied (PPR, 0.54 * 0.06, n = 23; Fig.
1B,E).

LES of TS (4 Hz, 4 min) at a holding
potential of —40 mV induced LTD at all
the excitatory synaptic connections but
one, which was maintained for at least 25
min after LES (Fig. 1C,D). For 23 NTS
neurons recorded, mean EPSC ampli-
tudes after LFS was 68 * 4.5% (p =
0.0012) of the baseline values (Fig. 1D).
D To test whether LTD induction involves a

presynaptic or postsynaptic mechanism,
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nction of changes in mean ampli-
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Time (min) Time (min) to this model, neurons in which LTD is

attributable to a reduction in presynaptic

E F release give rise to experimental data points

1.4 1.0 below the diagonal in the IId region. As il-

1.2 0.8 lustrated in Figure 1G, most experimental

» (1): 0.6 data points lay below the diagonal. Alto-

a 2 gether, changes in PPR and CV support the
a 0.6 © 0.4 . . .

0.4 presynaptic expression of LTD at excitatory

0.2 0.2 synapses in NTS neurons. Finally, we ex-

0.0 0.0 tended the recording period after LTD in-

Control LTD Control LTD duction to better characterize the time

course of LTD. For seven neurons, record-

G H ings could be maintained up to 60 min after

Y 1.4 . g 1.2 , LF$S LES (Fig. 1H). Mean EPSC amplitude was

Q 1.2 : 3 10 69 = 7% (p = 0.04), 60 = 7% (p = 0.03),

- 1.0 e 5 0.8 and 55 = 9% (p = 0.02) of the baseline val-

N 081 ma O E 0.6 mmw ues 20, 40, and 50 min after LTD induction,

5 06 g o 0.4 respectively (RM ANOVA; p = 0.008). LTD

E 04 8o+ o 2 0.2 (n=7) strength 1 50 min after inducti

5 02 A : & o = gth was larger 50 min after induction

Z 0.0 Hd °of “ 0.0 (p = 0.006, compared with strength at 20

0.0 0.5 1.0 1.5 0 20 40 60 min) than earlier, which indicated that,

mean LTD Time (min) once induced, LTD developed for at least

1 h. In addition, PPR increased at 20 and 50
min (152 = 35%, p = 0.04; 165 = 50%, p =
0.02; RM ANOVA; p = 0.019).

Figure1.  Characterization of LTD at NTS excitatory synapses. 4, Schematic view showing the location of stimulating electrode
(Stim) and the recording pipette (Rec). The stimulating electrode is placed on the TS, and neurons were recorded from the medial
partof the NTS at the level of the area postrema (AP). cc, Central canal; X, dorsal nucleus of the vagus nerve; XII, hypoglossal nucleus.
B, Average synaptic responses to TS stimulation before (7) and after (2) LTD ofinduction of an NTS neuron. Superimposed traces are
shown below. €, Normalized individual response amplitudes to stimulation of visceral afferent fibers (TS stimulation; gray circles)
recorded before and after LTD induction by LFS as a function of time for the same neuron as in B. R, is also plotted against time. D,
Normalized EPSCamplitudes for all neurons of the control group before and after induction of LTD by LFS. E, Changes in PPR before
and after LFS in NTS neurons (gray circles). On average, PPR is significantly increased during LTD (black circles). F, Significant
increase in EPSC CV before and after LFS in NTS neurons. G, Normalized plot of 1/CV 2 versus mean LTD after LFS yield data points
(gray circles) to gather below the diagonal in the Ild region (Faber and Korn, 1991), suggesting that LTD is expressed at the
presynaptic level (black circle indicates mean changes in 1/CV 2 vs mean changes in EPSC amplitude = SEM). H, Normalized EPSC
amplitudes for seven neurons before and 1 h after induction of LTD by LFS (for clarity, each data point represents the amplitude of
the average of 3 consecutive EPSCs). For all figures, *p << 0.05; **p << 0.01; ***p << 0.001).

LTD induced by LFS requires NMDARs
not located in the postsynaptic
compartment

Previous experiment in immature prewean-
ing rats (aged 3-21 postnatal days; Zhou et
al., 1997) have demonstrated that LTD re-
quired activation of NMDARs. As shown in
Figure 2A, 10 min application of APV (50
mM) altered neither EPSC amplitude nor
PPR, arguing against an endogenous tonic
modulation of neurotransmission by NMDARs [EPCS ampli-
tude (last 5 min), 97 5% of 10 min baseline, n = 10, p = 0.11; PPR,
105 * 4.5% of baseline, p = 0.5]. In contrast, APV reduced LTD
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Figure 2.  Role of NMDARs in LTD induction. A, Normalized response amplitudes to stimulation of visceral afferent fibers
recorded before and during application of APV. NMDAR blockade does not alter EPSCamplitude. B, Normalized individual response
amplitudes to stimulation of visceral afferent fibers (TS stimulation; gray circles) recorded before and after LFS of the TS in the
presence of APV as a function of time for an NTS neuron. R; is also plotted against time. In this condition, LFS of the TS does not
induce LTD. C, Average synaptic responses to TS stimulation before (7) and after (2) LTD of induction of the same neuron in A.
Superimposed traces are shown below. D, Normalized EPSCamplitudes for all neurons recorded in the presence of APV before and
after LFS. Note that, after a transient depression, EPSC amplitude reverted to nearly control amplitude. E, Absence of changes in
PPR before and after LFS in NTS neurons in the presence of APV. F, Absence of changes in EPSC CV before and after LFS in NTS
neurons in the presence of APV. G, Mean LTD for the control group (CONT) and for groups after NMDAR blockade by APV or DCK. H,
Blockade of NMDARs with iMK-801. Left black traces, Typical EPSCs recorded at a holding potential of +30 mV with control
intracellular saline in three NTS neurons. The synaptic responses consisted of a fast AMPA current that peaked in <<2 msand a slow

compared with the control group (91 * 4%
of control, n = 11; APV vs control group;
p = 0.02; Fig. 2). Consistently, neither PPR
nor CV exhibited changes after LFS (110 =
22%, p = 0.89; 120 = 11%; p = 0.7, respec-
tively; Fig. 2 E, F). However, the residual de-
pression observed after blockade of
NMDARs was significant when compared
with baseline amplitudes before LTD induc-
tion (p = 0.01). Therefore, NMDAR activa-
tion is required for LTD induction by LES,
but other mechanisms may also be involved
in the residual depression observed after
NMDAR blockade (see Discussion). Al-
though, the PPR and CV changes demon-
strate that the LTD is expressed
presynaptically, NMDARs could be lo-
cated in the presynaptic or postsynaptic
compartment. Monosynaptic responses
elicited by solitary tract stimulation often
lack an NMDA component, thereby sug-
gesting that at least some N'TS glutamatergic
synapses are devoid of NMDARs (Doyle
and Andresen, 2001; Jin et al., 2003). To de-
termine whether NMDARs were located
presynaptically or postsynaptically, we used
a specific postsynaptic blockade of
NMDARs. Figure 2H illustrates the effect of
intracellular perfusion of MK-801 (iMK-
801; 1 mm), a pore blocker of NMDARs. We
first recorded from NTS neurons with con-
trol intracellular solution (Fig. 2H). At a
holding potential of +30 mV, most neurons
(five of six) displayed outward synaptically
evoked current with fast and slow compo-
nents, corresponding to the activation of
AMPARs and NMDARSs, respectively (Bal-
land et al., 2006). The amplitude of the slow
component, measured 30 ms after the peak,
amounted to ~44 * 9% of the amplitude of
the peak current (Fig. 2H, n = 6). In another
series, we then recorded NTS neurons with
iMK-801. Interestingly, for all these neurons
(n = 8), the synaptically evoked current ex-
hibited no or a very weak slow component
(4 £ 0.9% of the peak current, control vs
MK-801, p = 0.008; Fig. 2H ). After 10 min
of recording at +30 mV and continuous TS
stimulation, we did not notice an increase in
the blockade of the slow component (4.8 *
0.1% of the peak current; Fig. 2H ), indicat-
ing that MK-801 had blocked the NMDARs
very rapidly. We then tested the effect of

<«

NMDA current that lasted longer. Right traces, Example of a
synaptic responses at +30 mV for an NTS neurons recorded
with iMK-801 recorded 3 min (black) and 10 min (gray) after
seal opening. Note the absence of the slow NMDA current. The
average NMDA/AMPA ratio of EPSCs for neurons recorded with
control or iMK-801 (3 and 10 min after seal opening) saline is
shown of the graph. All traces are the average of five consecu-
tive EPCSs.
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Figure 3.  Postsynaptic NMDARs are not required for LTD in NTS neurons. A;, Normalized EPSC amplitudes for NTS neurons

recorded with an intracellular saline containing the pore blocker of NMDARs, MK-801. Despite postsynaptic blockade of NMDARs,
LFS stillinduces a prominent LTD of the EPSC. A,, Accordingly, PPR and CV were significantly increased during LTD. B, Normalized
EPSCamplitudes for NTS neurons recorded with an intracellular saline containing the fast calcium chelator BAPTA. In this condition,
LFSstillinduces a prominent LTD of the EPSC. B,, Accordingly, PPR and CV were significantly increased during LTD. C;, Normalized
EPSCamplitudes for NTS neurons maintained at a holding potential of —80 mV throughout the experiment to prevent NMDARs to
open during LFS. Despite postsynaptic blockade of NMDARs, LTD of the EPSCis not blocked. C,, Accordingly, PPR and CV were
significantly increased during LTD. D, Normalized plot of mean 1/CV2 versus mean changes in EPSC after LFS for the above
experiments (gray circles) and after blockade of NMDARs by APV (black circles). Note that experimental points gained from groups
expressing LTD (control, MK-801, BAPTA, —80 mV; gray circles) gather below the diagonal nearly at the same coordinates. In
contrast, for the APV group (black circles), the mean data point is close to the identity point. £, Mean LTD of the different groups.
Loading the postsynaptic neuron with MK-801 does not change LTD magnitude compared with control. Consistent with this,
maintaining at a negative potential does not block LTD. Likewise, chelating intracellular calcium of the postsynaptic cell with
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iMK-801 on the LFS LTD induction. As de-
picted in Figure 3A,, LFS of the TS was still
able to induce an LTD comparable in mag-
nitude with control (71 = 5%, n = 8; iIMK-
801 vs control group, p = 0.8; Fig. 3E).
Accordingly, LTD was associated with sig-
nificant changes in PPR and CV (128 * 5%,
p = 0.015; 197 £ 20%, p = 0.007, respec-
tively; Fig. 3A,). We then further inves-
tigated whether postsynaptic rise in
intracellular calcium was required for the
induction of LTD by LFS. For doing so, we
recorded NTS neurons with an intracellular
medium containing BAPTA (10-20 mM), a
fast calcium chelator. As illustrated in Figure
3B, LES still induced LTD of EPSC compa-
rable with control (67 * 8%; BAPTA vs
control group, p = 0.8; Fig. 3E). Here again,
LTD was associated with significant changes
in PPRand CV (125 = 8%, p = 0.01; 226 =
28%, p = 0.009, respectively; Fig. 3B,).
Finally, we tried to induce LTD while main-
taining N'TS neurons at a holding potential
of —80 mV to prevent NMDAR activation
and voltage-dependent channel activation.
As depicted in Figure 3C;, EPSCs were still
depressed after LFS. The LTD was similar to
control (69.5 * 5%; —80 mV vs control
group, p = 0.6; Fig. 3E) and associated with
significant changes in PPR and CV (150 =
10%, p = 0.0039; 210 * 30%, p = 0.004,
respectively; Fig. 3C,). We also represented
changes in 1/CV?* (Fig. 3D) as a function of
changes in mean EPSC amplitude for all ex-
perimental conditions. All experimental
points gained from groups expressing LTD
gather below the diagonal in the area corre-
sponding to presynaptic LTD. Although
postsynaptic calcium influx via NMDARs
appear not to be required for LTD induction
in NTS neurons, a recent study has shown
that a metabotropic action of NMDARSs can
induce LTD in hippocampal neurons with-
out raising postsynaptic calcium (Nabavi et
al., 2013). This novel form of LTD is pre-
vented by APV but not by antagonists acting
at the glycine-binding site on the NR1 sub-
unit of NMDARs, such as DCK. We thus
recorded from NTS neurons in the presence
of DCK (50 uM). In this condition, the
blockade of LFS LTD was similar to what we
observed with APV (89.5 * 4% of baseline
values before LTD induction, not different
from APV, n = 5, p = 0.87; Fig. 2G). Like-
wise, PPR was unchanged after LFS (101 *+

<«

BAPTA does notinterfere with LTD. In addition, blockage of the
NO synthase by LNNA does not suppress LTD. The results argue
that the NMDAR dependence of LTD induced by LFS does not
arise postsynaptically and does not depend on NO production.
CONT, Control.
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Figure 4. LTD in NTS neurons requires activation of CB;Rs. A, Blockade of (B,Rs with AM251 does not alter EPSC amplitude

during baseline recordings. Normalized EPSC amplitudes for all neurons recorded before and after AM251 application. B, Normal-
ized individual response amplitudes to stimulation of visceral afferent fibers (TS stimulation; gray circles) recorded before and after
LTD induction by LFS during blockade of CB,Rs. In this condition, LFS does not induce LTD in this neuron. ¢, Normalized EPSC
amplitudes for all neurons recorded in the presence of AM251 before and after LFS. Note that, after a transient depression, EPSC
amplitude reverted to nearly control amplitude. D, Absence of changes in PPR an CV before (CONT) and after LFS in NTS neuronsin
the presence of AM251. E, Comparison of LTD amplitude in the control group in the presence of APV, AM251, or both. Note that
blockade of both NMDARs and (B, Rs do not better suppress LTD that APV or AM251 alone, arguing against an additive effect of
NMDARs and (B,Rs on LTD induction. F, Blockade of fatty acid synthesis does not suppress LFS LTD. Normalized EPSCamplitudes for
NTS neurons recorded in control condition (black circles, n = 5) or after pretreatment and perfusion with THL (white circles,
n =5; for clarity, each data point represents the amplitude of the average of 3 consecutive EPSC). In both groups, LFS
induced a similar LTD. G, Blockade of FAAH with JNJ lowers the threshold for LFS LTD induction. Normalized EPSC ampli-
tudes for NTS neurons recorded in before and after 0.5 min LFS (black circles, n = 8) or after pretreatment and perfusion
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6%, p = 0.8). Therefore, LFS LTD in NTS
neurons is not mediated via a metabotropic
action of the NMDARs.

LTD induction via presynaptic NMDAR
activation has been reported in several sys-
tems (Casado et al.,, 2002; Sjostrom et al.,
2003; Rodriguez-Moreno et al., 2011). For
downstream NMDAR activation, several
second messengers have been described to
alter presynaptic release of transmitter.
Among them, NO is involved in cerebellar
presynaptic LTD (Casado et al, 2002).
Therefore, we tested the role of NO in LTD
induced by LFS. Addition of the NO inhib-
itor (LNNA, 200 um) did not block LTD
(72 = 3.5%, n = 11, LNNA vs control, p =
0.57; Fig. 3E). Consistently, LTD was ac-
companied by changes in PPR and CV
(130 * 11%, p = 0.007; 151 * 19%, p =
0.006, respectively).

Activation of CB,Rs by AEA is required
for LTD induction by LFS

ECs have been identified as messengers
that mediate short- and long-term modu-
lation of synaptic transmission (Heifets
and Castillo, 2009). In the NTS, EC recep-
tors are expressed in terminal-like struc-
tures (Van Sickle et al., 2003; Ray et al.,
2009). Therefore, we tested the possibility
that activation of NMDARs during LFS
leads to EC synthesis and triggers LTD. As
shown in Figure 4A, 10 min application
of AM251 (5 um) altered neither EPSC
amplitude nor PPR, arguing against an
endogenous tonic modulation of neu-
rotransmission by NMDARs [EPCS ampli-
tude (last 5 min), 98 = 7% of 10 min
baseline, n = 6,p = 0.097; PPR, 105 * 6% of
baseline, p = 0.84]. As shown in Figure 4, B
and C, blocking CB,Rs by the selective an-
tagonist AM251 (5 um) reduced LTD com-
pared with the control group (90 = 2% of
control, n = 16; AM251 vs control group,
p = 0.003). In addition, neither PPR nor CV
exhibited significant changes after LFS
(100 £ 8%, p = 0.6; 107 £ 7%, p = 0.7,
respectively; Fig. 4D). However, as observed

<«

with JNJ (white circles, n = 6; for clarity, each data point rep-
resents the amplitude of the average of 3 consecutive EPSCs).
Note that, in control conditions, 0.5 min LFS of visceral afferent
fibers did not induce LTD, whereas a prominent depression
was observed after JNJ treatment. H, Same experiment asin G
but with control LFS (4 min). Note that, in the untreated con-
trol group (n = 7), LTD reached gradually a maximum value
within 50 min after LFS, whereas in the JNJ group (n = 5),
maximum LTD is already reached after LFS. Gray lines, Expo-
nential fits for LTD time course after LFS in both groups. Expo-
nential equationis f{t) = a X exp(—b X t).aand bare equal
t00.77 and 0.05 for the control group and to 0.44 and 0 for the
NJ group, respectively.
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fected in treated and control neurons
(238 = 36 vs 208 * 20% for CV in control
and THL, respectively; 120 = 5 vs 137 *
12% for PPR in control and THL, respec-
tively). Therefore, LES LTD in NTS neurons
is not mediated by release of 2-AG. We then
wondered whether AEA was involved in
LTD instead. Therefore, we tried to reduce
its degradation by inhibiting fatty acid
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amide hydrolase (FAAH) as described pre-
viously (Puente et al., 2011). We checked
whether FAAH inhibition lowered the
threshold for LFS LTD induction. In control
experiments, LFS of afferent fibers for 0.5
min led to a nonsignificant reduction in
synaptic strength (92 * 8%, p = 0.4, n = 8;
Fig. 4G). Blockade of AEA hydrolysis by JNJ
pretreatment (2 uM) resulted in a strong
LTD induced by the same subthreshold pro-
tocol (55 % 12%, control vs JNJ, p = 0.02,
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of FAAH inhibition on LTD strength in-
duced by control LES protocol. As shown in
Figure 4H, LTD developed more rapidly
than in control conditions, but 30 and 50
min after induction, LTD strength con-
verged to similar values for both groups
(60 £ 7 vs 43 = 12%, p = 0.09; 55 £ 9 vs
41 = 11%, p = 0.5 for control and JNJ, re-
spectively, at 30 and 50 min after LES; n = 7
for control and n = 5 for JNJ). This suggests
that control LFS induced a saturating LTD
that was more rapidly reached by reducing
fatty acid degradation. Finally, because most

30 40

0.0

Cont
Drug
Cont
Drug
Cont
Drug
Cont
Drug
o

Figure5.

NMDA application onset and stimulation onset). CONT, Control.

with APV, the residual depression was significantly different from
baseline values before LTD induction (p = 0.001). To rule out a
synergistic effect of NMDARs and CB,R activation, we also tested
the effect of blocking both receptors on LTD induction. Coapplica-
tion of APV and AM251 did not increase the blockade of LTD com-
pared with APV or AM251 alone (90.5 = 5%, n = 4, p = 0.9; Fig.
4E). CB,RLTD is induced by 2-AG release in several systems (Che-
valeyre and Castillo, 2003; Heifets and Castillo, 2009). We tested the
effect of preincubating and perfusing slices with THL (10 uM), an
inhibitor of fatty acid synthesis (Fig. 4F). In these conditions, LTD
was not suppressed in NTS neurons compared with control slices
(62 = 6vs60 = 10% for control and THL, respectively; n = 5 in each
condition, p = 0.88). As expected, CV and PPR were similarly af-

10
Time (min)

A, Direct activation of CB,Rs (ACEA, n = 6, black circles; each data point represents the amplitude of the average of 3
consecutive EPSC) induces a long-lasting EPSC depression. ACEA-induced depression requires presynaptic activity because appli-
cation of ACEA produces an EPSC depression only after onset of presynaptic stimulation (gray circles; 10 min delay between NMDA
application onset and stimulation onset). In addition, blockade of NMDARs (white circles, n = 7) does not suppress ACEA-induced
depression of EPSC. B, In both conditions (ACEA or ACEA + APV), drug-induced EPSC depression is accompanied by a significant
increase in PPR and CV. €, Occlusion experiments: after a stable depression induced by ACEA, LFS induces a transient EPSC depres-
sion that nearly reverts back to values before LFS. D, Direct activation of NMDARs by application of NMDA (black circles) induces a
long-lasting EPSC depression that does not revert after washout. However, this NMDA cLTD is prevented by blockade of (B,Rs
(white circles). £, NMDA cLTD is accompanied by changes in PPRand CV, whereas blockade of (B Rs with AM251 preventsincrease
in PPR and reduces the increase in CV. F, NMDA cLTD requires presynaptic activity because application of NMDA produces an EPSC
depression only after onset of presynaptic stimulation (black circles, continuous stimulation; gray circles, 10 min delay between

visceral afferent terminals bear presynaptic
vallinoid receptors (TRPVIR; Jin et al.,
2004; Peters et al., 2010) that may be acti-
vated by AEA and contribute to LTD as de-
scribed in other systems (Grueter et al.,
2010; Puente et al., 2011), we tested the po-
tential role of TRPVIR in LTD induction.
Blockade of TRPVIR by capsazepine (CPZ;
10 wMm) did not prevent LES LTD in NTS
neurons (78 = 9% of control; n = 7; CPZ vs
control group, p = 0.4; data not shown).
Together, these data suggest that LFS LTD
in the NTS requires the activation of CB,Rs
and the release of AEA.

20 30 40

Activation of CB,Rs occurs

downstream of NMDAR activation

Because our previous experiments suggested that NMDARs and
CB,Rs were not activated in parallel, we tested the effects of their
sequential activation. Direct activation of CB;Rs by applying the
specific agonist (ACEA, 3 uMm; Fig. 5A) produced a long-lasting
depression [chemical LTD (cLTD)] that was similar in magni-
tude to LFS-induced LTD (71 * 7% of control, n = 8). During
ACEA application, PPR increased (128 = 10%, p = 0.02) and CV
was significantly augmented (160 = 22%, p = 0.01), confirming
a direct activation of presynaptic CB,Rs (Fig. 5B). Several studies
have reported that CB,R activation does not trigger cLTD in the
absence of a coincident presynaptic activity (Sjostrom et al., 2003;
Singla et al., 2007; Heifets and Castillo, 2009). Therefore, we per-



12634 - J. Neurosci., July 31,2013 - 33(31):12627-12637

Khlaifia et al. ® Presynaptic LTD in Brainstem Synapses by Anandamide

formed additional experiments during A B

which TS stimulation was discontinued 1.2 1.0 -

during the first 10 min of ACEA applica- >

tion. In these conditions, ACEA did not g 40 Qﬁ% ﬁﬁ* 0:8 1

produce cLTD at NTS synapses (Fig. 54; z 0.8 0.6 1 r'T'[ | LEAELE
100 * 3%, n = 5; p = 0.0043 compared 2 o6 | o’ e
with ACEA alone with stimulation 71 = C 0.4 0.4 1 I l

7%). However, when stimulation of affer- & 0.2 NMDA 0.2 - ZSLAI
ent fibers was resumed after 10 min ACEA £ 1s
application, the same synapses depressed 0.0 F—r—r—r—— 0.0

gradually and reached a similar level to 05 1_0 45 _20 25 30 Iot § 2502 . iOOO ! 7500
that induced during continuous presyn- Timm®:(min) nter-évent Intervals (ms)
aptic stimulation (p = 0.4). We then ver-

ified that ACEA cLTD and LFS LTD c D

shared similar biochemical pathways by r 1.0 1.4 wmv " (nﬂ_“)
conducting occlusion experiments. In six L 0.8 8 1.2 é

neurons, application of ACEA (15 min; 3 1.0 %ﬂg

Fig. 5C) induced a cLTD that stabilized at ‘ /  0-6 S 0.8 &gﬁ? %
67 = 6%. Visceral afferent were then stim- _l 1w0pa }o.4 5 0.6

ulated to induce LFS LTD, and amplitude 10 s 0 0.4 50 pa
of EPSC was measured 20 min after LFS. [ 0.2 2 0.2 2‘0_ms
EPSC amplitude was 58 + 10% of control 0.0 W0
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ferent from values obtained during ACEA
application (p = 0.23; RM ANOVA, p =
0.0032). Therefore, ACEA cLTD and LFS
LTD are likely to share similar biochemi-
cal pathways.

We then examined the interplay be-
tween NMDARs and CB,;Rs during LTD.
We first tested whether NMDAR activa-
tion was necessary to activate CB,Rs.
As shown in Figure 5A, blockade of
NMDARs by APV did not prevent ACEA
to induce a long-lasting depression of
EPSC (73 = 5% of control, n = 7; APV vs
ACEA alone, p = 0.8). In addition, both
PPR and CV were significantly increased
(130 + 8%, p = 0.03; 170 + 15%, p =
0.031; Fig. 5B).

Data suggest that activation of CB,Rs
may occur downstream of activation of
NMDARSs. To test this hypothesis, we re-
corded NTS neurons with iMK-801. Ap-
plication of NMDA (25 uM) induced a
long-lasting depression of EPSCs that
took place in ~5 min and did not reverse
after 15-20 min washout (71 * 5%, n = 7;
Fig. 5D). Here again, both PPR and CV were significantly in-
creased (126 = 6%, p = 0.030; 181 = 20%, p = 0.031; Fig. 5E).
However, blocking CB;Rs completely suppressed the NMDA
cLTD (Fig. 5D; 101 = 3%, n = 5; AM251 vs NMDA alone, p =
0.005). PPR remained unchanged (Fig. 5E; 97 = 3%; p = 0.6), but
CV was still slightly increased (120 = 7%; p = 0.045). We then
wondered whether presynaptic stimulation was also necessary for
the NMDA cLTD. In the absence of presynaptic activity, NMDA
application did not produce cLTD at NTS synapses (Fig. 5F; 94 +
4%, n = 7; p = 0.01 compared with NMDA with stimulation,
72 * 3%). However, when stimulation of afferent fibers was
resumed after 10 min NMDA application, the same synapses de-
pressed gradually and reached a similar level to that induced by
NMDA with continuous presynaptic stimulation (p = 0.4).
Finally, we recorded mEPSCs in NTS neurons with iMK-801.

mEPSC Amplitude (- pA)

Stimulation (0.2 Hz)

A
A\
Neuron A Neuron B

Figure6. A, Normalized frequency of mEPSC (TTX, 1 wm; n = 7 neurons, 1 min bin) before and during NMDA application. No
significant change in frequency was observed. B, Cumulative distribution of mEPSC amplitude for all neurons before and during
NMDA application. Inset, Example of an averaged mEPSC before and during NMDA application for an NTS neurons. €, Cumulative
distribution of mEPSCintereventintervals for all neurons before and during NMDA application. Inset, Example of mEPSCrecordings
before and during NMDA application for the same NTS neurons as in C. D, Absence of DSE in NTS neurons. Normalized EPSC
amplitudes for seven neurons in response to stimulation of visceral afferent fibers (0.2 Hz; black circles) recorded before and after
postsynaptic depolarizations (0 mV, 5s). Note that EPSC amplitude remained unaffected by the postsynaptic depolarizations.
Traces in black, dark gray, and gray represent the average EPSCs (3 consecutive responses) for a representative NTS neuron before
and after the conditional test pulses. E, Schematic diagram of LTD mechanisms. Glutamate released by visceral afferent fibers
activates NMDARs that may be located in the presynaptic terminal or in a neighboring neuron. NMDAR activation leads to calcium
influx and EC synthesis. ECs acting on (B,Rs would reduce release probability of synaptic vesicles and therefore induce LTD.

On average, NMDA application did not decreased the fre-
quency of mEPSCs (measured 10—15 min after NMDA appli-
cation onset; 94.7 = 5%, p = 0.6; range, 79-115%; n = 7; Fig.
6A,B). Accordingly, mEPSC amplitude did not change signif-
icantly (22.4 * 2.8 vs 22.5 = 3 pA; ratio range, 91-116%; p =
0.4; Fig. 6C). Data indicate that NMDA does not alter mEPSC
frequency and amplitude.

In addition to LTD, ECs may be released by the postsynaptic
neuron in response to depolarization and transiently inhibit DSE
or inhibitory synaptic transmission (DSI; Hashimotodani et al.,
2008; Kano et al.,, 2009) by acting on presynaptic CB,Rs. EPSCs
(0.2 Hz) were evoked in NTS neurons during the control period,
and then NTS neurons were depolarized to 0 mV for 5 s during
the interstimulation interval. After additional EPSCs, this proto-
col was repeated (Fig. 6D). No significant changes of the EPSC
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amplitude were observed at the first response after the condition-
ing pulses (101 = 9% of control value for the first assay, p = 0.7;
95 * 8% for the second, p = 0.3; n = 7). To confirm that the
absence of DSE was not attributable to insufficient depolariza-
tion, pulses were increased to 25 s for another set of neurons. DSE
was not induced in these conditions (94 * 4% of control value,
p = 0.22; range, 85-106%; n = 6).

Discussion

In this study, we showed that NTS neurons expressed a presyn-
aptic form of LTD. This LTD relies on a reduction of vesicular
release triggered by activation of presynaptic CB,Rs. AEA appears
to be synthetized and released during NMDAR activation. How-
ever, neither postsynaptic NMDARSs nor coincident activity in
the postsynaptic neuron is mandatory for LTD induction. There-
fore, this form of LTD may be entirely expressed at the presynap-
tic level and requires AEA release (Fig. 6E).

Several observations indicate that LEFS LTD expression in NTS
neurons is presynaptic. LES LTD was associated with a decrease in
short-term depression of EPSCs, measured by the PPR, and with
an increase in the EPSC variability, measured by the CV. Changes
in these parameters have been widely used to distinguish presyn-
aptic from postsynaptic effects, and a recent study in NTS neu-
rons confirmed that changes in release probability alter both PPR
and CV, whereas reduction in postsynaptic AMPAR currents
leaves them unchanged (Almado et al., 2012).

The induction of LFS LTD also requires activation of CB,Rs
but not NO synthesis. In situ hybridization studies have demon-
strated that the cell bodies of visceral afferent fibers expressed
CB;Rs (Burdyga et al., 2010). Terminal-like staining for CB;Rs
has been observed in the NTS (Partosoedarso et al., 2003; Derbe-
nev et al., 2004). In addition, activation of CB;Rs decreases cal-
cium influx in vagal afferent terminals (Rogers and Hermann,
2012). Blockade of CB,Rs not only reduces LTD but prevents the
associated changes in PPR and CV, supporting the presynaptic
hypothesis. Accordingly, direct activation of CB;Rs induces
cLTD of EPSCs with similar changes in quantal parameters. This
ACEA cLTD is not observed if presynaptic terminals are left un-
stimulated. Coincident presynaptic activity has been shown to be
mandatory to trigger EC LTD in several systems, even when LFS
is used (Ronesi et al., 2004; Singla et al., 2007; Heifets and Castillo,
2009). Presynaptic calcium entry during stimulation appears to
be necessary to complement CB; R activation (Singla et al., 2007;
Heifets et al., 2008). The requirement of both CB,R activation
and presynaptic activity for LTD may confer to the synapse a
relative specificity because it may limit the action of ECs on pre-
synaptic active synapses only.

As described previously in neonate rodents, NMDAR activa-
tion was necessary for LES LTD in NTS neurons (Zhou et al.,
1997; Poon et al., 2000). However, in this previous study, only
half of the NTS expressed LTD and a postsynaptic mechanism
was proposed to explain it, but changes in PPR and CV had not
been measured. Because this previous work had been done in
immature rats, aged 3—21 postnatal days, the differences we ob-
served here may reflect developmental changes in LTD mecha-
nisms. In our study, although bath-applied NMDAR antagonists
reduces LTD, loading NTS neurons with iMK-801 does not pre-
vent it. In agreement with the experiment in which we used in-
tracellular BAPTA, it indicates that postsynaptic NMDARs and
calcium influx in the recorded neurons are not necessary for LTD
induction. The dual requirement of NMDARs and CB,;Rs for
LTD induction is reminiscent of previous studies in neocortical
layer 5 pyramidal neurons (Sjostrom et al., 2003). In this model,
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blockade of NMDARs primarily suppresses ACEA cLTD, sug-
gesting that presynaptic NMDARs interacts with CB;Rs. How-
ever, in NTS neurons, ACEA cLTD is not blocked by
pretreatment with NMDAR antagonist. In addition, NMDA
cLTD is prevented by blockade of CB,Rs, and both NMDA and
ACEA cLTD require presynaptic activity to develop. This sug-
gests that NMDAR activation occurs upstream of CB;R activa-
tion and may be responsible for EC release. EC release can be
generally triggered by activation of voltage-dependent calcium
channels during postsynaptic spiking or by activation of postsyn-
aptic NMDARs (Heifets and Castillo, 2009; Castillo et al., 2012).
In other systems, activation of group I mGluRs coupled to Ga,
11-protein activates phospholipases and eventually leads to pre-
synaptic EC LTD (Heifets and Castillo, 2009). This seems
unlikely for NTS neurons because their direct activation by (S)-
3,5-dihydroxyphenylglycine does not affect excitatory transmis-
sion, even at saturating concentration (3 mm; Chen et al., 2002;
Fernandes et al., 2011). In addition, NMDA cLTD is completely
prevented by CB;R antagonists, suggesting that NMDAR and
CB;R activation are sufficient to induce LES LTD in NTS neu-
rons. Therefore, NMDAR activation located outside the recorded
neurons appear to be required to trigger AEA release. Accord-
ingly, NMDAR subunit NR1 is abundantly expressed on vagal
terminals within the NTS and by their cell bodies in the nodose
ganglia (Shigemoto et al., 1992; Aicher et al., 1999). Therefore,
one explanation may be that NMDARs involved in LFS LTD are
located at the presynaptic level and that their activation leads to
AEA release in the same compartment. Altogether, these results
suggest that, in NTS neurons, LTD induction is independent of
postsynaptic NMDARs, a mechanism that departs from the clas-
sical Hebbian rule based on detection of coincident presynaptic
and postsynaptic activity by postsynaptic NMDARs. In this view,
LES LTD in the NTS shares similarities with the phenomenon of
self-depression described recently in the mouse barrel cortex in
response to sensory stimulation (Rodriguez-Moreno etal., 2013).
The NTS being a sensory nucleus for visceral afferent, it may be a
general mechanism devoted to filter uncorrelated incoming
activity.

Although CB, LTD is induced by 2-AG in several systems
(Chevaleyre and Castillo, 2004; Heifets and Castillo, 2009), AEA
is likely to be involved in presynaptic LTD in the NTS as reported
in other systems (Ade and Lovinger, 2007; Puente et al., 2011;
Lerner and Kreitzer, 2012). However, we cannot rule out that
other endogenous ECs or related fatty acid-derived ligands may
participate in LTD because some of them share with AEA the
same degradation pathway (Walker et al., 2002). Interestingly,
although NTS neurons do not express DSE, arguing against 2-AG
expression at excitatory synapses, DSI has been reported previ-
ously (Chen etal., 2010). In addition 2-AG synthesizing enzymes
are mainly expressed in the postsynaptic dendritic compartment,
whereas enzymes for AEA synthesis may be located in presynaptic
terminals (Nyilas et al., 2008; Puente et al., 2011; Pickel et al.,
2012) Precise location of EC enzymes in the NTS at the subcellu-
lar level at excitatory and inhibitory synapses requires additional
investigations.

Another explanation for our results may be that NMDAR
activation occurs in neighboring cells. Activation of NMDARs in
glial cells seems unlikely because calcium rises in glial cells in-
duced by visceral fibers stimulation are insensitive to NMDAR
blockade (McDougal et al., 2011). Although part of excitatory
synapses between visceral fibers and NTS neurons do not express
synaptic NMDARs (Doyle and Andresen, 2001; Jin et al., 2003),
they are present extrasynaptically. In addition, EC may diffuse
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over micrometric distances (Chevaleyre and Castillo, 2004). Syn-
aptic density in the NTS is rather low (Lachamp et al., 2002), but
some excitatory contacts gather in multi-synaptic arrangements
(Chounlamountry and Kessler, 2011). Therefore, NMDAR acti-
vation on neighboring neurons may trigger EC release. In this
view, EC diffusion would induce hetero-neuronal LTD in the
recorded neuron whether or not its synapses bear NMDARs. This
holds true if AEA is produced in presynaptic terminals. This
hetero-neuronal plasticity may be important for adjusting synap-
tic gain in neighboring active synapses on different NTS neurons.
However, LFS LTD is not completely blocked by NMDARs
and/or CB,Rs antagonists, suggesting that additional mecha-
nisms may participate in its expression. Because this residual de-
pression is not accompanied by changes in CV or PPR, one may
speculate that LFS LTD involves presynaptic and postsynaptic
independent mechanisms as observed in other systems (Grueter
et al., 2010; Puente et al., 2011; Izumi and Zorumski, 2012).

In conclusion, we found that AEA mediates presynaptic LTD
of excitatory transmission at the first central synapse for visceral
afferent fibers. NTS excitatory synapses are characterized by a
very high release probability, making them highly reliable for
transmitting relatively low frequency signals (Andresen et al.,
2004, 2013; Kline, 2008). Presynaptic LTD would not only reduce
information inflow from the periphery but also alter synapse
dynamics attributable to redistribution of synapse efficacy that
may affect temporal dynamics of neural circuits (Abbott and Nel-
son, 2000; Silberberg et al., 2004a,b). In addition, visceral afferent
fibers directly connect onto both excitatory and inhibitory NTS
neurons (Bailey et al., 2008). Therefore, LTD would differentially
affect information processing in NTS neural circuits depending
on the balance of the depression between excitatory and inhibi-
tory neurons (McBain and Kauer, 2009).

The NTS is the first site of visceral information processing and
plays a key role in the control of autonomic functions (Andresen
et al., 2004; Travagli et al., 2006; Kline, 2008; Baude et al., 2009).
Interestingly, several studies have shown that ECs likely act as
signaling molecules at the NTS level to regulate autonomic reflex
functions (for review, see Andresen et al., 2012). In addition,
several studies have shown that, after long-term exposition of rats
to various chronic environmental conditions (hypoxia, ozone;
Chen et al., 2003; Kline et al., 2007; Almado et al., 2012), synaptic
transmission is depressed for hours in NTS neurons. The mech-
anism of this depression may involve either a reduction in vesic-
ular release or synapse elimination (Kline et al., 2007; Almado et
al., 2012). Whether this depression shares similar mechanisms
with EC LTD described in our study remains an open question.
Nevertheless, these data open new perspectives to understand
how visceral information is processed within the NTS.
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