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Abstract 26 

 27 

Visual recognition memory relies on long-term depression like mechanisms within the 28 

perirhinal cortex and the activation of the lateral amygdala can enhance visual recognition 29 

memory. How the lateral amygdala regulates recognition memory is not known but synaptic 30 

plasticity at amygdala-perirhinal synapses may provide a mechanism for the emotional 31 

enhancement of recognition memory. In this study we investigate the mechanisms of long-32 

term depression (LTD) at the amygdala-perirhinal synapse in male Lister Hooded rats. We 33 

demonstrate that LTD at this input relies on NR2A-containing NMDARs, located 34 

presynaptically.  Therefore, the underlying mechanisms of LTD, at the amygdala-perirhinal 35 

input, which may regulate the emotional context for recognition memory, are different to 36 

previously described postsynaptic NR2B-NMDAR mechanisms of intraperirhinal LTD that 37 

subserve recognition memory.   38 
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Significance statement 39 

 40 

Emotional events are better remembered than emotionally neutral events.  The ability of 41 

memory enhancement by emotion is dependent on amygdala-mediated alterations of 42 

synaptic activity.  The amygdala has robust connections with perirhinal cortex, modulating 43 

synaptic transmission and plasticity within this region.  The perirhinal cortex is necessary for 44 

visual-objection recognition, relying on long-term-depression for memory.  Despite the 45 

importance of emotion to modulate memory in perirhinal cortex the mechanisms are 46 

unknown.  We provide the first demonstration of the mechanisms underlying LTD at this 47 

synapse, dependent on presynaptically-located NR2A-containing NMDARs.  We show a role 48 

for NMDARs in amygdala-perirhinal plasticity, and that the mechanisms described here are 49 

different to those of amygdala-perirhinal LTP (NMDAR-independent) and intraperirhinal 50 

plasticity (NMDAR-dependent), both of which are induced postsynaptically. 51 

 52 

 53 

Introduction 54 

 55 

The familiarity discrimination component of visual recognition memory requires the perirhinal 56 

cortex, as demonstrated in both macaque (Gaffan and Murray, 1992, Fahy et al., 1993, 57 

Suzuki et al., 1993, Suzuki, 1996, Ennaceur and Aggleton, 1997, Murray and Bussey, 1999) 58 

and rodent (Aggleton et al., 1997, Ennaceur and Aggleton, 1997, Ennaceur et al., 1997, Dix 59 

and Aggleton, 1999, Winters et al., 2004) models; relying on lasting decrements in neuronal 60 

activation (Zhu and Brown, 1995, Brown and Xiang, 1998).  There is a clear evidence that 61 

synaptic plasticity in the perirhinal cortex may provide the cellular mechanisms underlying 62 

recognition memory (Warburton et al., 2003, Griffiths et al., 2008, Massey et al., 2008).  63 

 64 
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Experiences with a high degree of emotional salience are better remembered than 65 

emotionally neutral events and this enhancement of memory may be mediated through 66 

actions of the lateral amygdala (Roozendaal et al., 2008a). The strong reciprocal 67 

connectivity between the lateral amygdala and the perirhinal cortex (Pitkänen et al., 2000, 68 

Kajiwara et al., 2003) provides an anatomical basis by which the lateral amygdala may 69 

profoundly influence mechanisms of recognition memory.  Indeed inputs from the lateral 70 

nucleus of the amygdala (Furtak et al., 2007a) directly influence perirhinal cortex activity and 71 

regulate synaptic transmission between the perirhinal cortex and the entorhinal cortex (Paz 72 

et al., 2006).  However, the receptor mechanisms by which the lateral amygdala might 73 

modulate synaptic plasticity, and learning and memory have not yet been fully elucidated.   74 

 75 

A recent publication has described the mechanisms of long-term potentiation (LTP) at 76 

amygdala-perirhinal synapses (Laing and Bashir, 2014).  However, the mechanisms of long-77 

term depression (LTD) induction at the input from the lateral amygdala to the perirhinal 78 

cortex have not been investigated. These mechanisms are important to determine since 79 

LTD-like mechanisms are critical in perirhinal cortex-dependent recognition memory 80 

(Warburton, et al., 2003; Griffiths, et al., 2008; Massey, et al., 2008). Therefore, the aim of 81 

this study was to examine in an in vitro brain slice preparation the receptors required for 82 

amygdala-perirhinal LTD and whether there is an overlap between the mechanisms required 83 

for amygdala-perirhinal LTP and intracortical plasticity.  84 

 85 

 86 

Methods 87 

 88 

Juvenile male Lister Hooded rats of 30-35 days of age (80-100g; Harlan Laboratories) were 89 

maintained on a 12 h light/12 h dark cycle (dark phase during normal daylight). All animal 90 

procedures are performed according to the regulation of Authors University's animal care 91 

committee. 92 
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Slice preparation and electrophysiology. Animals were anesthetized with an 93 

isoflurane/oxygen mixture and decapitated, and the brain was rapidly removed. The brain 94 

was placed in ice-cold artificial CSF (aCSF; bubbled with 95% O2/5% CO2) which comprised 95 

the following (in mM): 124 NaCl, 3 KCl; 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgSO4, and 96 

10 D-glucose. The olfactory bulb, the cerebellum and the brain stem were removed.   A 97 

horizontal cut was made anterior to posterior on the ventral surface of the brain.  This 98 

created a flat surface by which the brain was glued, ventral side down, to the vibroslice 99 

stage.  Ventral slices (400µm thick) contained area 35 of perirhinal cortex and the lateral 100 

nucleus of the amygdala; the most dorsal slice also contained area 36.  Slices were stored 101 

submerged in aCSF (20–25°C) for at least one hour before transferring to the recording 102 

chamber.  A single slice was placed in a submerged recording chamber and perfused with 103 

aCSF (30-32°C; flow rate 2 ml/min). 104 

 105 

Whole-cell recordings.  Recording electrodes (pulled on Sutter Instruments P-87 puller) were 106 

filled with intracellular solution (in mM): CsMeSO4 130, HEPES 10, EGTA 0.5, MgATP 4, 107 

NaGTP 0.3, QX-314-Cl- 5, NaCl 8 (280-300 mOsm, pH 7.2) and were of 2.5-4MΩ resistance.  108 

Excitatory post-synaptic currents were evoked by a bipolar stimulation electrode (frequency 109 

of simulation - 0.033Hz) placed in the lateral amygdala (designated the LA-PRh input).  110 

Whole cell recordings were made from layer II/III neurons and, unless otherwise stated, the 111 

cells were voltage clamped at -70mV during recording.  To induce LTD, a low-frequency 112 

stimulation protocol (LFS; 200 stimuli, 1Hz) was paired with depolarisation of the cell to -113 

40mV by injection of DC through the recording pipette.  Recordings were made using an 114 

Axopatch 200B amplifier (Molecular Devices).  Amplitudes of the evoked EPSCs were 115 

measured and expressed relative to the normalised baseline (see below).  The data was 116 

acquired using WinLTP (v2.01, Bristol, UK).  Recordings were filtered at 5kHz and digitized 117 

at 20kHz (Digidata 1322A, Molecular Devices).  Only cells which had a series resistance 118 

(RS) <25MΩ and <25% change in the RS during the course of the experiment were included 119 

for analysis. Postsynaptic blockade of NMDARs was achieved by adding (+)-MK-801 120 
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maleate (3mM) to the intracellular filling solution.  To ensure MK-801 blockade of 121 

postsynaptic NMDARs the cells were briefly depolarised to -10mV between stimulations to 122 

relieve the magnesium block and aid in MK-801 entry.  All cells were patched for a minimum 123 

of 20-minutes prior to the induction of LTD.  For experiments recording NMDAR EPSCs the 124 

slice was continuously perfused with NBQX (5μM) and picrotoxin (50μM).  125 

 126 

Pharmacological agents.  Unless otherwise stated all compounds were obtained from Tocris 127 

Bioscience and were prepared as stock solutions (1-10mM) by dilution in double-distilled 128 

water and aliquoted for storage at -20oC. The following compounds were diluted in aCSF 129 

and bath applied at the following concentrations: RO 25-6981 maleate (1µM), picrotoxin 130 

(50μM), NBQX (5μM), D-AP5 (50 µM), propranolol hydrochloride (500nM), verapamil 131 

hydrochloride (20µM), TCN-201 (10µM), NVP-AAM077 (200nM) and L-689,560 (5μM). 132 

 133 

Analysis.  The peak amplitude of EPSCs were normalised to an initial 10-minute baseline.  134 

When experiments were pooled together to generate summary graphs, the mean and the 135 

SEM (±) were calculated from the pooled data sets.  For statistical analysis the last 10-136 

minutes of the baseline were compared to the last 10-minutes of the protocol.  Therefore, 137 

statistics based on LTD refer to statistical significance 30-minutes after LFS.  For 138 

comparison between two different conditions an unpaired student’s t-test was performed. For 139 

this the normalised pooled data was used to run statistical comparisons between the two 140 

different groups.  To study a before and after effect (e.g. baseline vs LFS) within the same 141 

group a paired student’s t-test, was performed.  Where statistical significance is observed 142 

one asterisk represents P<0.05, a significance of P≤0.01 is denoted by two asterisks and a 143 

significance of P≤0.001 is denoted by three asterisks.  In all experiments the N value is 144 

equal to the number of rats sacrificed for that experiment.  The paired-pulse facilitation was 145 

determined by expressing the amplitude of the second response as a proportion of the 146 

amplitude of the first response.  Statistics and graphs were generated using SigmaPlot 147 

V12.5.  The software was also used to test for normality, using the Shapiro-Wilk test. 148 
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 149 

Results 150 

 151 

LTD at the LA-PRh input relies on activation of NMDARs. 152 

Whole-cell recordings were made from layer II/III neurons in perirhinal cortex (PRh) and 153 

voltage-clamped at -70mV, unless otherwise stated. Stimuli were delivered every 30s to the 154 

lateral amygdala (LA) to evoke excitatory postsynaptic currents (EPSCs) in the recorded cell 155 

(Figure 1A).  After obtaining a stable baseline of 10-minutes, 200 stimuli were delivered at 156 

1Hz (low-frequency stimulation; LFS) whilst maintaining a holding potential of -40mV.  The 157 

use of this protocol consistently produced robust LTD (depression to 50 ± 5% of baseline, 158 

P=0.0045a, N=6, Figure 1B).  To ensure that the conditions of recording did not produce 159 

rundown of synaptic transmission control experiments were intercalated with the LTD 160 

experiments (Figure 1B, white circles).  Under these conditions no significant reduction in 161 

baseline was observed (100 ± 6%, df=5, P=0.6, N=6, Figure 1Bb). 162 

It has been demonstrated that beta adrenoceptors (β-ADRs) and voltage-gated calcium 163 

channels (VGCCs) are required for the induction of LTP at the LA-PRh input (Perugini et al., 164 

2012).  In contrast to the mechanisms of amygdala-perirhinal LTP we observed that the 165 

induction and maintenance of LTD was not blocked by the β-ADR antagonist propranolol 166 

(depression to 39 ± 9% of baseline, df=3, P=0.01c, N=4, Figure 1C) nor by the VGCC 167 

inhibitor verapamil (52 ± 12%, df=6, P= 0.0089d, N=7, Figure 1D).  Since the perirhinal 168 

cortex can utilise NMDARs for the induction of LTD (Cho K et al., 2000) we questioned 169 

whether amygdala-perirhinal LTD may similarly be NMDAR-dependent. 170 

Bath application of the non-specific NMDAR antagonist (Monaghan and Jane, 2009) D-AP5 171 

(50µM) blocked the induction of LTD (90 ± 4%, df=5, P=0.16e, N=6, Figure 1E).  To confirm 172 

this observation a structurally dissimilar NR1-selective antagonist, L-689,560 (5μM) (Yao 173 

and Mayer, 2006), was bath applied.  This antagonist, which acts at the glycine-binding site 174 

of the NMDAR, also blocked the induction of LTD (99 ± 3%, df=3, P=0.41f, N=4, Figure 1F).  175 

These results demonstrated that the receptors required for the induction of LTD at the LA-176 
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PRh synapse are different to the mechanisms of induction of LTP at the LA-PRh input (Laing 177 

and Bashir, 2014). 178 

 179 

 180 

LTD at the LA-PRh input relies on presynaptic NMDARs. 181 

It has been described that postsynaptic NMDARs are required for the induction of LTD at 182 

intraperirhinal synapses (Massey et al., 2004).  We therefore examined whether the 183 

NMDARs required for the induction of LTD at the LA-PRh input were post- or presynaptically 184 

located. To specifically block postsynaptic NMDARs, MK-801 (3mM) was added to the 185 

internal patch solution and cells were allowed a minimum of 20-minutes to equilibrate prior to 186 

LTD induction.  MK-801 displays an IC50 of 0.01µM for both NR1/NR2A and NR1/NR2B, we 187 

therefore expected this compound to inhibit all postsynaptic NMDARs (Paoletti and Neyton, 188 

2007).  However, under these conditions LTD was not blocked (depression to 63% ± 5%, 189 

df=8, P=0.029g, N=9, Figure 2A) and the magnitude of LTD was not significantly different 190 

(P=0.92h) from control LTD (Figure 1B). To ensure that under the conditions of our 191 

experiments NMDA EPSCs were blocked by MK-801, cells were patched with internal MK-192 

801 whilst AMPAR and GABAR-mediated transmission was blocked with bath application of 193 

NBQX and picrotoxin, respectively; in these experiments no NMDA EPSCs could be 194 

observed (N=6, Figure 2B, B2, B3). In separate control experiments NMDA EPSCs were 195 

consistently evoked by LA stimulation in the absence of internal MK-801 (Figure 2B, B1, B3).  196 

Statistical analysis of -40mV (N=10) against -40mV in the presence of intracellular MK-801 197 

(N=6) yielded statistical significance (P=0.015i).  Similarly, the comparison of NMDAR peak 198 

amplitude between +40mV (N=10) and +40mV in the presence of MK-801 (N=6) was 199 

significant (P=<0.0001j). 200 

To further examine a possible role for postsynaptic NMDARs in LTD at the LA-PRh input, 201 

neurons were hyperpolarised by DC injection to -90mV during the delivery of LFS to sustain 202 

the Mg2+ block of the NMDAR pore.  However, this manipulation did not prevent the 203 

induction of LTD (50% ± 8.4%, df=2, P=0.028k, N=3, Figure 2C).  To further corroborate our 204 
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findings an experiment was performed in which the calcium chelator BAPTA (3mM) was 205 

included in the internal patch solution.  For these experiments the LFS was paired with a 206 

holding command of -40mV.  Under these conditions we still observed that LFS induced LTD 207 

(49% ± 7%, df=9, P=<0.0001l, N=10, Figure 2D).   208 

Taken together the above results demonstrated that LTD at the LA-PRh input did not require 209 

postsynaptic NMDARs, and additionally indicated that a postsynaptic increase in calcium 210 

(from some source other than NMDARs) was not required for LTD. This suggested that the 211 

mechanism of LTD at LA-PRh synapses most likely relies on presynaptic NMDARs and is 212 

therefore different to LTD at intracortical PRh synapses (Massey et al., 2004). 213 

 214 

 215 

NR2A-containing NMDARs are necessary for LTD. 216 

Previous studies have suggested a role for presynaptic NR2B-containing NMDARs in the 217 

induction of LTD in rat neocortex (Sjöström et al., 2003).  Therefore, we investigated whether 218 

the induction of LA-PRh LTD was sensitive to blockade of NR2B-containing NMDARs.  For 219 

this we chose RO 25-6981, which shows a >1000-fold selectivity for NR2B- over NR2A-220 

containing NMDARs, and has not been demonstrated to inhibit the NR2A subunit until a 221 

concentration of 10µM is reached (Volianskis et al., 2013).  We found that the bath 222 

application of the NR2B-selective antagonist RO 25-6981 (1μM) did not prevent the 223 

induction of LTD (64% ± 10%, df=4, P=0.012m, N=5, Figure 3A).  The next obvious step was 224 

to determine whether NR2A-containing NMDARs might be required for LTD at the LA-PRh 225 

synapse.  Blockade of NR2A-containing NMDARs was achieved by the bath application of 226 

NVP-AAM077 at a concentration (200nM) shown to be selective for NR2A- over NR2B- 227 

subunit-containing NMDARs (Bartlett et al., 2007).  Indeed, we observed that the 228 

pharmacological blockade of NR2A-containing NMDARs prevented the induction of LTD (98 229 

± 12%, df=4, P=0.054n, N=5, Figure 3B).  To confirm a role for NR2A-containing NMDARs in 230 

LTD we repeated the experiment with a structurally dissimilar NR2A antagonist.  For this we 231 

utilised TCN-201 (10μM).  This compound displays a >1000-fold selectivity for NR1/NR2A 232 
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over NR1/NR2B, and at a concentration of 10µM has no reported antagonistic effect on 233 

NR2B-containing NMDARs (Edman et al., 2012, Hansen et al., 2014).  We found that the 234 

application of TCN-201 also prevented the induction of LTD (94 ± 8%, df=3, P=0.22o, N=4, 235 

Figure 3C).   236 

Overall our data suggested that the induction of LTD at the LA-PRh input relies on the 237 

activation of presynaptic NR2A-containing NMDARs.  Previous work demonstrating a role for 238 

presynaptic NMDARs, in the visual cortex, has suggested that activity of cannabinoid CB1 239 

receptors, coincident with presynaptic NMDAR activity, is essential for LTD (Sjöström et al., 240 

2003).  However, under the conditions of our experiments postsynaptic BAPTA did not 241 

prevent LTD (Figure 2D), and therefore, it is unlikely that a retrograde signal from the 242 

postsynaptic cell (that relies on postsynaptic calcium) is involved in the induction of LTD at 243 

the LA-PRh synapse. Nevertheless, we examined whether there may be a role for 244 

cannabinoid signalling by using the CB1 antagonist AM251 (1μM).  However, we found that 245 

the induction of LTD was not blocked by bath application of AM251 (71 ± 12%, df=4, 246 

P=0.034p, N=5, Figure 3D). The structurally dissimilar CB1 receptor antagonist LY320135 247 

(5μM) also had no effect on the induction of LTD (58 ± 8%, df=2, P=0.044q, N=3, data not 248 

shown).  Therefore, retrograde signalling (at least via cannabinoid receptors or triggered by 249 

a postsynaptic rise in calcium) is not required to be coincident with presynaptic NMDAR 250 

activation in order for LTD to be induced at the LA-PRh synapse. 251 

Finally, to gain some insight into the locus of expression of LTD we examined how LTD 252 

affects paired pulse facilitation (PPF).  We found that 30-minutes following the induction of 253 

LTD PPF (1.3 ± 0.15) was significantly reduced compared to basal conditions (1.9 ± 0.1, 254 

N=7, P=0.023r, df=6, N=7, Figure 3E).   255 

 256 

 257 

 258 

 259 

 260 
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 261 

 262 

Statistical Table 263 

 Data structure Type of test P value 

a Normal distribution Paired T-test P=0.0045 

b Normal distribution Paired T-test P=0.6 

c Normal distribution Paired T-test P=0.01 

d Normal distribution Paired T-test P=0.0089 

e Normal distribution Paired T-test P=0.16 

f Normal distribution Paired T-test P=0.41 

g Normal distribution Paired T-test P=0.029 

h Normal distribution Unpaired T-test P=0.92 

i Normal distribution Unpaired T-test P=0.0015 

j Normal distribution Unpaired T-test P=<0.0001 

k Normal distribution Paired T-test P=0.028 

l Normal distribution Paired T-test P=<0.0001 

m Normal distribution Paired T-test P=0.012 

n Normal distribution Paired T-test P=0.054 

o Normal distribution Paired T-test P=0.22 

p Normal distribution Paired T-test P=0.034 

q Normal distribution  Paired T-test P=0.044 

r Normal distribution Unpaired T-test P=0.023 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 
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 273 

 274 

Discussion 275 

 276 

The amygdala has an established role in fear conditioning (Blair et al., 2001, Schafe et al., 277 

2001, Maren and Quirk, 2004, Johansen et al., 2010), with information for these events 278 

being stored in the amygdala as a result of synaptic plasticity (Rogan et al., 1997, Fanselow 279 

and LeDoux, 1999, Blair et al., 2001).  However, a less well defined, yet highly important 280 

role, of the amygdala is its ability to influence other forms of memory, particularly when the 281 

learning episode has a degree of emotional salience (Paz et al., 2006).  The mechanisms by 282 

which the lateral amygdala modulates LTP in the perirhinal cortex have only recently been 283 

described (Laing and Bashir 2014), and this paper expands our understanding of these 284 

mechanistic processes by studying the receptor mechanisms required for amygdala-285 

perirhinal LTD. 286 

We observed that LTD between the lateral amygdala and layer II/III of the perirhinal cortex is 287 

NMDAR dependent and does not rely on β-ADRs or VGCCs.  This is in contrast to LTP 288 

between the lateral amygdala and perirhinal cortex, which is NMDAR independent and β-289 

ADRs/VGCC dependent (Perugini et al., 2012, Laing and Bashir, 2014).  Therefore, the 290 

mechanisms of induction for LTP and LTD at the same input from the lateral amygdala to the 291 

perirhinal cortex are very different. 292 

Surprisingly, we found that although the induction of LTD relied on the activation of 293 

NMDARs, postsynaptic mechanisms do not appear to play a role in LTD induction at the LA-294 

PRh input. Thus neither a high concentration of BAPTA in the postsynaptic cell, nor 295 

blockade of postsynaptic NMDARs by MK-801 loaded in the patch pipette nor 296 

hyperpolarising the postsynaptic neuron to maintain the Mg2+ block of the NMDAR channel 297 

resulted in a block of LTD. Therefore, a simple conclusion from these results is that the 298 

NMDARs crucial for the induction of LTD are presynaptically located.  299 
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A recent study in hippocampus (Nabavi et al., 2013) reported that the competitive NMDAR 300 

antagonist AP5 prevented the induction of LTD but that MK-801 or glycine site antagonists 301 

did not block LTD and suggested a metabotropic function of NMDARs in LTD (but see 302 

Babiec et al. (2014)).  While these results are similar in some respects to our findings there 303 

is the important difference that in our study the glycine site antagonist blocked the induction 304 

of LTD. Therefore, in agreement with Babiec et al. (2014) NMDAR activation in our study 305 

most likely relies on canonical NMDARs, rather than ‘metabotropic’ NMDARs.  306 

Several studies have provided evidence for the importance of presynaptic NMDARs in the 307 

induction of LTD (Sjöström et al., 2003, Lien et al., 2006, Corlew et al., 2007, Brasier and 308 

Feldman, 2008, Rodríguez-Moreno and Paulsen, 2008).  In the visual cortex it has been 309 

suggested that the presynaptic NMDARs responsible for LTD are NR2B-subunit containing. 310 

However, in our current work the NR2B antagonist RO 25-6981 did not block LTD at the LA-311 

PRh input.  Interestingly, a role for retrograde cannabinoid signalling following a postsynaptic 312 

rise in calcium was postulated to be important for induction of LTD, where NR2B-NMDARs 313 

were shown to be required (Sjöström et al., 2003).  Though, in our study, inhibitors of CB1 314 

receptors did not affect LTD, and neither did LTD rely on a rise in postsynaptic calcium. It is 315 

unlikely, therefore, that cannabinoids generated postsynaptically, or from other sources, are 316 

necessary for the induction of LTD.  317 

In contrast to the above studies in visual cortex we found that two different antagonists of 318 

NR2A-containing NMDARs blocked the induction of LTD.  Therefore, it is most likely that 319 

presynaptic NR2A-containing NMDARs are responsible for the induction of LTD at the LA-320 

PRh input.  These results are in contrast to the postsynaptic NR2B-NMDAR mechanisms for 321 

LTD that have been described at intracortical PRh synapses (Massey et al., 2004) and that 322 

are considered to be essential for visual recognition memory (Griffiths et al., 2008).  Overall, 323 

this demonstrates that LTD at different inputs to the perirhinal cortex can rely on very 324 

different receptor mechanisms for the induction of plasticity.  325 

Indeed, it has been demonstrated that LTD at two different inputs onto layer II neurons in the 326 

visual cortex relied on two different mechanisms (Larsen et al., 2014).  Activation of 327 
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presynaptic NR2A-containing NMDARs were shown as necessary for LTD at the parallel 328 

fibre-purkinje cell synapse, and it has been suggested that the role of these presynaptic 329 

receptors is to detect the temporal patterns of presynaptic action potential firing.  Thus, it is 330 

possible that intracortical PRh synapses, that encode recognition memory, rely on Hebbian 331 

integration mechanisms but that LA-PRh synapses rely on the temporal structure of 332 

presynaptic action potential firing to modulate recognition memory.  333 

A reasonable question to ask is whether NR3-containing NMDARs may have any role in the 334 

LTD observed in this study, when considering that these receptors have demonstrated 335 

importance in presynaptic plasticity (Corlew et al., 2008).  To date we know very little about 336 

this synapse, and we know, overall, little about presynaptic mechanisms and physiological 337 

functions of NR3-containing NMDARs.  However, in this study we believe NR3-containing 338 

NMDARs are unlikely to contribute to the LTD observed (either as NR1/NR3 or as 339 

NR1/NR2/NR3).   340 

A comparison of NR1 or NR2 vs NR3 shows ~24% sequence homology, with structural 341 

differences that suggest a very different pharmacological binding profile (Monaghan and 342 

Jane, 2009).  As an example, L689,560, which blocked LTD, is strongly selective for NR1- 343 

over NR3-containing NMDARs binding with nanomolar affinity (Yao and Mayer, 2006).  Also, 344 

TCN-201 (which blocked LTD) inhibition is mediated by residues from both NR1 and NR2A 345 

subunits (Edman et al., 2012) and can only inhibit NMDARs via interaction with the dimer 346 

interface between NR1/NR2A.  It is also worth highlighting that NR3 expression starts to 347 

decrease around the time of eye opening (Bendová et al., 2009), with low 348 

immunohistochemical expression of NR3 past P21, and remaining low into adulthood 349 

(Sucher et al., 1995).  Further, in vitro electrophysiology has observed no significant NR3 350 

contribution to NMDA-activated currents past P11-P13 (Sasaki et al., 2002).  351 

The work presented here demonstrates the complexity of plastic mechanisms between the 352 

lateral amygdala and the perirhinal cortex.  Whilst underpinning some of the key receptor 353 

mechanisms involved in the induction of LTD at this synapse, we leave further avenues of 354 

research available for future research to establish.  Though it is beyond the scope of this 355 
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paper to also study the mechanisms by which LTD expression occurs, our observation that 356 

paired-pulse facilitation is reduced at this synapse, following LTD, at least highlights a 357 

presynaptic role for the expression of LTD.  However, the change in the PPF following the 358 

induction of LTD was unexpected, as a presynaptic mechanism for LTD would be expected 359 

to decrease transmitter release, which is classically associated with an increase in PPF.   360 

One possibility, to explain our findings, is to suggest that the release of glutamate, following 361 

the first stimulus, binds presynaptic NMDARs, so that during the second stimulus NMDARs 362 

are activated and leads to an increase in the presynaptic calcium entry that contributes 363 

significantly to the PPF.  A presynaptic decrease in transmitter release, following LTD, would 364 

then result in less activation of NMDARs during the second stimulus, reduced calcium entry, 365 

and therefore, a decrease in PPF.  In support of this possibility, Berretta and Jones (1996), 366 

observed in the entorhinal cortex an approximate 20% reduction in paired-pulse facilitation 367 

during superfusion with D-AP5 (whilst blocking postsynaptic NMDARs with MK-801 in the 368 

patch pipette). 369 

Overall, in this paper we provide fundamental insights into the basic mechanisms of LTD 370 

induction at this synapse.  We have demonstrated that LTD between the lateral amygdala 371 

and layer II/III of the perirhinal cortex is induced presynaptically via NR2A-containing 372 

NMDARs, and we expand on current literature, which demonstrates the receptor 373 

mechanisms of LTP between these two regions (Perugini et al., 2012, Laing and Bashir, 374 

2014).  The combination of this body of research demonstrates that the receptors required 375 

for LTD and LTP at the LA-PRh input are NMDAR-dependent and NMDAR-independent 376 

respectively.  Potentially, the requirement for β-ADRs in LTP (Laing and Bashir, 2014) but 377 

not in LTD, as demonstrated here, suggests that emotional stimuli will impact synaptic 378 

events in a differential manner. 379 

 380 

 381 

 382 
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Figure 1.  LTD is NMDAR dependent, but is not dependent on β-ADRs or VGCCs.  A:  513 

Schematic diagram highlighting the recording and stimulating positions within the horizontal 514 

slice preparation with lateral amygdala (LA) and perirhinal cortex (PRh) highlighted.  B: 515 

Pooled data showing induction of LTD by LFS (200 pulses at 1Hz, black dots) during 516 

application of a holding potential to -40mV.  Intercalated control experiments are presented 517 

as white dots.  Inserts here and all graphs show response traces during baseline (black) and 518 

following manipulation (red).  In all cases the scale bar dimensions remain the same (150pA 519 

by 15ms).  Dotted horizontal lines act as a visual aid to the 100% baseline and the grey 520 

vertical bars represent the period of LFS delivery.  C: Pooled data highlighting that blockade 521 

of β-ADRs with propranolol did not prevent the induction of LTD.  D: Pooled data showing 522 

that LTD induction was not dependent on VGCCs.  E: Pooled data highlighting that bath 523 

application of D-AP5 prevented the induction of LTD.  F:  Pooled data to show that 524 

application of L-689,560 prevented the induction of LTD.  525 

 526 

Figure 2.  Blockade of postsynaptic NMDARs did not prevent the induction of LTD.  A:  527 

Application of the NMDAR pore-channel blocker MK-801 to the internal patch solution did 528 

not prevent LFS from inducing LTD.  B:  Control experiment demonstrating that NMDAR 529 

currents could not be evoked when MK-801 was present in the internal patch solution. B1: 530 

Traces of an NMDA-R EPSC at -40mV and +40mV in absence and B2 in the presence of 531 

internal MK-801. B3:  Box plot demonstrating the peak amplitude of the NMDAR response in 532 

the presence and absence of MK-801 in the internal patch solution.  C:  Holding the cell at -533 

90mV during the delivery of LFS did not prevent the induction of LTD.  D:  Application of the 534 

calcium chelator BAPTA to the internal patch solution did not prevent the induction of LTD.535 

  536 

 537 

Figure 3.  LTD induction relies on NR2A- but not NR2B-containing NMDARs.  A:  Bath 538 

application of the NR2B-selective antagonist RO 25-6981 did not prevent the induction of 539 
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LTD.   B:  Bath application of the NR2A-selective antagonist NVP-AAM077 prevented the 540 

induction of LTD.  C:  Bath application of the NR2A-selective antagonist TCN-201 prevented 541 

the induction of LTD.  D: Bath application of the CB1R antagonist AM 251 did not prevent 542 

the induction of LTD.  E:  Paired-pulse facilitation is observed at the LA-PRh input during 543 

baseline recording and 30-minutes post-LFS.  However, the facilitation is reduced by the 544 

delivery of the LFS protocol.   545 








