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Leptin induces a novel form of NMDA receptor-dependent LTP at hippocampal 39 
temporoammonic-CA1 synapses. 40 

 41 

Abstract. 42 

It is well documented that the hormone leptin regulates many central functions and that 43 

hippocampal CA1 pyramidal neurons are a key target for leptin action. Indeed, leptin 44 

modulates excitatory synaptic transmission and synaptic plasticity at the Schaffer-collateral 45 

(SC) input to CA1 neurons. However the impact of leptin on the direct temporoammonic 46 

(TA) input to CA1 neurons is not known. Here we show that leptin evokes a long lasting 47 

increase (LTP) in excitatory synaptic transmission at TA-CA1 synapses in rat juvenile 48 

hippocampus. Leptin-induced LTP was NMDA receptor-dependent and specifically involved 49 

the activation of GluN2B subunits. The signalling pathways underlying leptin-induced LTP 50 

involve the activation of PI 3-kinase, but were independent of the ERK signalling cascade. 51 

Moreover, insertion of GluA2-lacking AMPA receptors was required for leptin-induced LTP 52 

as prior application of philanthotoxin prevented the effects of leptin.  In addition, synaptic-53 

induced LTP occluded the persistent increase in synaptic efficacy induced by leptin. In 54 

conclusion, these data indicate that leptin induces a novel form of NMDA receptor-dependent 55 

LTP at juvenile TA-CA1 synapses, which has important implications for the role of leptin in 56 

modulating hippocampal synaptic function in health and disease.  57 

 58 

Significance statement.  59 

Hippocampal CA1 pyramidal neurons receive two anatomically distinct glutamatergic inputs 60 

that have distinct roles in learning and memory. The hormone leptin markedly influences 61 

excitatory synaptic transmission at the indirect Schaffer-collateral (SC) pathway to CA1 62 

neurons. However the impact of leptin on the anatomically distinct temporoammonic (TA) 63 

input to CA1 pyramidal neurons is unknown. Here we provide the first compelling evidence 64 

that leptin induces a novel form of NMDA receptor-dependent long term potentiation (LTP) 65 

at TA-CA1 synapses that shares similar expression mechanisms to activity dependent LTP at 66 

this synapse. As the direct TA pathway is required for memory consolidation and place cell 67 

firing, these findings have important implications for leptin’s role in regulating spatial 68 

information and long term memory consolidation.   69 

 70 
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Introduction. 71 

It is well established that hippocampal CA1 pyramidal neurons receive two anatomically 72 

distinct glutamatergic inputs (van Strien et al, 2009). Distal dendritic regions within the 73 

stratum lacunosum-moleculare (SLM) are innervated directly by the perforant path (PP), 74 

originating in layer III of the entorhinal cortex (known as the temporoammonic (TA) input). 75 

Proximal regions of apical dendrite in stratum radiatum (SR) indirectly receive inputs from 76 

the CA3 region via the Schaffer-collateral (SC) pathway. The interplay between the dual 77 

inputs to CA1 pyramidal neurons is thought to be pivotal for processing, storage and retrieval 78 

of information in the hippocampus. Indeed, it has been shown that TA-CA1 synapses are 79 

strongly activated during cognitive tasks. In rodents, TA-CA1 synapses play a role in spatial 80 

learning in the Morris water maze (Nakashiba et al, 2008) and are also necessary for long 81 

term memory consolidation (Remondes et al, 2004). There is also evidence that activity-82 

dependent synaptic plasticity induced at TA-CA1 synapses can modulate synaptic plasticity 83 

at SC-CA1 synapses (Levy et al, 1998; Remondes and Schuman, 2002, 2004). Recent 84 

evidence has shown not only that there are distinct differences in the functional expression of 85 

receptors between TA-CA1 and SC-CA1 synapses, but also that synaptic activity induced by 86 

the two inputs is differentially regulated by neurotransmitters (Otmakhova et al, 2000; 87 

Otmakhova et al, 2005).  88 

It is well documented that the anti-obesity hormone leptin regulates food intake and body 89 

weight via its hypothalamic actions (Spiegelman and Flier, 2001). However, the effects of 90 

leptin are not restricted to the hypothalamus as numerous studies indicate that leptin receptors 91 

are expressed throughout the brain and that leptin has widespread central actions (Harvey, 92 

2007; Irving and Harvey, 2013). Indeed at hippocampal SC-CA1 synapses, leptin enhances 93 

NMDA receptor function and facilitates the induction of long-term potentiation (LTP; 94 

Shanley et al, 2001). In addition leptin promotes the induction of a novel form of de novo 95 

hippocampal LTD under conditions of enhanced excitability (Durakoglugil et al., 2005). 96 

Recent evidence indicates that leptin increases the synaptic expression of GluA2-lacking 97 

AMPA receptors in adult hippocampus resulting in a persistent increase in excitatory synaptic 98 

efficacy (Moult et al., 2010). Impairments in hippocampal synaptic plasticity and spatial 99 

memory have also been detected in leptin-insensitive rodents (fa/fa rats; db/db mice; Li et al, 100 

2002), whereas direct administration of leptin into the hippocampus improves memory 101 

processing in rodents (Wayner et al., 2004). However, the impact of leptin on TA-CA1 102 

synapses is completely unknown.  103 
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Here we show that in contrast to SC-CA1 synapses, leptin induces a novel form of NMDA 104 

receptor-dependent LTP at juvenile hippocampal TA-CA1 synapses. Leptin-induced LTP 105 

was mediated by PI 3-kinase-dependent signalling cascade and involved the synaptic 106 

insertion of GluA2-lacking AMPA receptors. Moreover, synaptic-induced LTP prevented the 107 

leptin-driven increase in synaptic efficacy at TA-CA1 synapses and vice versa.  108 

 109 

Materials and Methods. 110 

Hippocampal slices (350µm) were prepared from P14- P22 old male, Sprague-Dawley rats. 111 

Animals were killed by cervical dislocation in accordance with the Author University animal 112 

care committee’s regulations. Brains were rapidly removed and placed in ice-cold artificial 113 

CSF (aCSF; bubbled with 95% O2 and 5% CO2) containing the following (in mM): 124 114 

NaCl, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgSO4, and 10 D-glucose. Once 115 

prepared, parasagittal slices were allowed to recover at room temperature in oxygenated 116 

aCSF for 1 h before use. Slices were transferred to a submerged chamber maintained at room 117 

temperature and perfused with aCSF. In all slices the dentate gyrus and CA3 region were 118 

removed. 119 

Because TA-CA1 synapses are electrotonically remote from CA1 cell somata, we used 120 

standard extracellular recordings of local field EPSPs (fEPSPs) to monitor excitatory synaptic 121 

transmission at TA-CA1 synapses. Recording pipettes contained aCSF (3–5 MΩ) and were 122 

placed in stratum lacunosum-moleculare (SLM) to record TA-CA1 responses. In some 123 

experiments recording pipettes were positioned in the stratum radiatum (SR) to record the 124 

Schaffer collateral input to CA1 synapses. The direct TA pathway was stimulated at 0.033 125 

Hz, using a stimulus intensity that evoked peak amplitude ~50% of the maximum. Synaptic 126 

field potentials were low pass filtered at 2 kHz and digitally sampled at 10 kHz. 127 

The slope of the evoked field excitatory postsynaptic potentials (fEPSPs) was measured and 128 

expressed relative to the pre-conditioning baseline. Baseline responses were set to 129 

approximately 50% of the maximal response. Data were monitored online and analysed off-130 

line using the WINltp program (Anderson and Collingridge, 2007). The degree of long term 131 

potentiation was calculated 30-35min after addition of leptin and expressed as a percentage of 132 

baseline ± SEM. All data are expressed as means ± SEM, and statistical analyses were 133 

performed using paired t test (two-tailed; 95% confidence interval) or repeated measures 134 
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ANOVA for comparison of means within subject or two-way ANOVA with Tukey post hoc 135 

test for comparisons between multiple groups. P< 0.05 was considered significant. 136 

Results. 137 

Pharmacological discrimination of excitatory synaptic transmission at TA-CA1 and SC-138 

CA1 synapses. 139 

Previous studies have demonstrated that application of high concentrations of dopamine (DA) 140 

result in a marked depression of excitatory synaptic transmission at TA-CA1 synapses, but 141 

have little effect on SC-CA1 synapses (Otmakhova and Lisman, 1999). The selective actions 142 

of DA at the TA-CA1 pathway is thought to play a role in filtering the excitatory drive onto 143 

pyramidal neurons. Thus, in order to ensure that we could discriminate between TA and SC 144 

inputs to CA1 neurons, we initially compared the effects of DA (100 µM) on excitatory 145 

synaptic transmission at TA and SC inputs to CA1 pyramidal neurons. In accordance with 146 

previous studies, application of DA (100µM) for 5 min rapidly depressed excitatory synaptic 147 

transmission at TA-CA1 synapses to 31 ± 1.4% of baseline (n=8; P<0.001). In contrast, 148 

however, exposure to DA (100µM) for 5 min had no significant effect on excitatory synaptic 149 

transmission at SC-CA1 synapses (98 ± 0.8% of baseline; n=6; P>0.05; Fig 1A). Thus, in all 150 

subsequent experiments, DA (100µM) was routinely applied at the end of experiments to 151 

verify recordings were from TA-CA1 synapses.  152 

Leptin evokes a concentration-dependent increase in excitatory synaptic transmission at 153 

TA-CA1 synapses. 154 

Previous studies indicate that leptin not only potently modulates excitatory synaptic 155 

transmission at SC-CA1 synapses, but the direction of modulation is age- and NMDA 156 

receptor subunit-dependent (Moult and Harvey, 2011). Thus, at P11-18 application of leptin 157 

results in transient synaptic depression that readily reverses on leptin washout (Moult and 158 

Harvey, 2011). In contrast leptin results in persistent increase in synaptic transmission in 159 

adult hippocampal slices that is sustained on washout of leptin (Moult et al, 2010; Moult and 160 

Harvey, 2011). Thus to examine the effects of leptin at TA-CA1 synapses, various 161 

concentrations of leptin were applied to acute hippocampal slices for 15 min. Application of 162 

1 nM leptin had no effect on basal excitatory synaptic transmission (101 ± 0.9% of baseline; 163 

n=5; P>0.05; Fig 1B). However, 25 nM leptin evoked a small transient increase in synaptic 164 

transmission (to 110 ± 0.9% of baseline; n= 8; P<0.001) that returned to baseline levels (102 165 
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± 0.6% of baseline) after 30 min washout of leptin (n=4; P>0.05). Application of higher 166 

concentrations of leptin (50-100 nM) also resulted in a significant increase in synaptic 167 

transmission; an effect that was sustained for at least 30 min after leptin washout (Fig 1C). 168 

Thus synaptic transmission was increased to 118 ± 0.5% of baseline (n=11; P<0.001), 118 ± 169 

2.2% of baseline (n=4; P<0.001) and 120 ± 0.4% of baseline (n=23; P<0.001) after treatment 170 

with 50nM, 75 nM and 100 nM leptin, respectively (Fig 1D). These data indicate that leptin 171 

is capable of inducing a novel form of long-term potentiation (LTP) of excitatory synaptic 172 

transmission at TA-CA1 synapses.  173 

In order to further verify that leptin has opposing actions at the two inputs to CA1 neurons, 174 

and that dopamine is an appropriate pharmacological tool to discriminate between TA and SC 175 

pathways, two input experiments were performed. Thus, standard field potentials were 176 

recorded in response to alternate stimulation of the SC and TA pathways, and the effects of 177 

leptin (100 nM) and dopamine (100 µM) on both inputs compared simultaneously. In 178 

agreement with previous studies (Shanley et al, 2001; Moult and Harvey, 2011), application 179 

of leptin resulted in a small depression of excitatory synaptic transmission (to 82 ± 10.2% of 180 

baseline) at SC-CA1 synapses (n=6; P>0.05), whereas a significant increase (to 131 ± 6.3% 181 

of baseline) in synaptic transmission was observed at TA-CA1 synapses (n=6; P<0.001; Fig 182 

1E). In addition, application of dopamine (100 µM) resulted in significant depression (~56%) 183 

of synaptic transmission (from 131 ± 6.3% to 74 ± 2.3% of baseline; n=6; P<0.001) at TA-184 

CA1 synapses, but failed to alter synaptic transmission at SC-CA1 synapses (from 82 ± 185 

10.2% to 79 ± 2.4% of baseline; n=6; P>0.05). Thus these data confirm that leptin has 186 

opposing actions at the anatomically distinct inputs to CA1 neurons, but also that dopamine is 187 

an appropriate tool to discriminate between the distinct inputs.  188 

 189 

Leptin-induced LTP at TA-CA1 synapses has a postsynaptic locus of expression. 190 

High levels of leptin receptor expression have been detected at both pre- and post-synaptic 191 

sites on hippocampal neurons (Shanley et al., 2002). Therefore leptin receptors located at 192 

either locus could mediate LTP induced by leptin at TA-CA1 synapses. Thus, to identify the 193 

locus of this effect of leptin at TA-CA1 synapses we analyzed the paired-pulse facilitation 194 

ratio (PPR) during experiments, by delivering two pulses at an interval of 50ms. Changes in 195 

PPR classically reflect alterations in release probability (Pr). Under conditions where leptin 196 

increased excitatory synaptic efficacy (to 122 ± 1.3% of baseline; n=9; P<0.001) at TA-CA1 197 
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synapses, no significant change in PPR was detected during recordings (n=9; P>0.05; Fig 198 

2A&B), suggesting a postsynaptic expression mechanism. As a control the effects of DA 199 

were also assessed as previous studies have shown that DA depresses excitatory synaptic 200 

transmission at TA-CA1 synapses via a presynaptic mechanism (Otmakhova and Lisman, 201 

1999).  In accordance with previous studies (Otmakhova and Lisman, 1999), application of 202 

DA (100 µM; 5 min) at the end of recordings resulted in significant depression of synaptic 203 

transmission; an effect that was accompanied by a significant increase in PPR from 1.82 ± 204 

0.02 to 2.52 ± 0.13 (n=9; P<0.001; fig 2A&B). Thus, together these data indicate that leptin-205 

induced LTP at TA-CA1 synapses is likely to involve a postsynaptic expression mechanism 206 

rather than altered Pr. 207 

Leptin-induced LTP at TA-CA1 synapses is NMDA receptor dependent. 208 

Previous studies have shown that NMDA receptor activation is pivotal for the induction of 209 

LTP at SC-CA1 synapses (Collingridge et al, 1983) and the synaptic insertion of AMPA 210 

receptors during hippocampal LTP (Man et al, 2003). The ability of leptin to induce LTP at 211 

adult hippocampal SC-CA1 synapses also requires activation of NMDA receptors (Moult et 212 

al, 2010). Furthermore, the ability of leptin to facilitate hippocampal LTP (Shanley et al., 213 

2001), reverse established LTP (Moult et al., 2009) and induce a novel form of de novo LTD 214 

(Durakoglugil et al., 2005) are all NMDA receptor-dependent processes. Thus to verify if the 215 

effects of leptin at TA-CA1 synapses involve NMDA receptors, the effects of the competitive 216 

NMDA receptor antagonist, D-AP5 were assessed. Application of D-AP5 (50 µM; 30 min) 217 

had no effect on basal synaptic transmission per se (n=4; P>0.05). However, the ability of 218 

leptin to increase synaptic strength was significantly attenuated in the presence of D-AP5 219 

such that leptin failed to increase synaptic transmission (100 ± 1.2% of baseline) in D-AP5-220 

treated slices (n=4; P>0.05), an effect significantly different to interleaved control 221 

experiments (n=4; P<0.05; Fig 3A&B). This suggests that an NMDA receptor-dependent 222 

process mediates leptin-induced LTP at TA-CA1 synapses. 223 

Activation of GluN2B-containing NMDA receptors is required for leptin-induced LTP. 224 

Several studies have shown that molecularly distinct NMDA receptors underlie different 225 

forms of activity-dependent synaptic plasticity in the hippocampus (Liu et al., 2004; Bartlett 226 

et al., 2007) and cortex (Massey et al., 2004). It is also known that subunit-specific alterations 227 

in the composition and localisation of NMDA receptors occur during postnatal development 228 

(Monyer et al., 1994). Moreover, the subunit composition of NMDA receptors determines the 229 
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polarity of leptin-induced synaptic plasticity at hippocampal SC-CA1 synapses (Moult and 230 

Harvey, 2011). Thus here we examined the role of GluN2B subunits in mediating the effects 231 

of leptin at TA-CA1 synapses. Application of two distinct GluN2B antagonists, ifenprodil (3 232 

μM) or Ro-25 6981 (3 μM) had no effect on basal excitatory synaptic transmission per se at 233 

TA-CA1 synapses (n=5 for each; P>0.05). Exposure of hippocampal slices to leptin (100nM) 234 

increased synaptic transmission to 115 ± 0.6% of baseline (n=9; P<0.001). In contrast, leptin 235 

failed to significantly alter synaptic transmission in the presence of either ifenprodil (99 ± 236 

0.6% of baseline; n=5; P>0.05) or Ro-25 6981 (101 ± 0.8% of baseline; n=4; P>0.05; Figure 237 

3C&D). Together these data indicate that activation of GluN2B containing NMDA receptors 238 

is required for leptin-induced LTP at juvenile TA-CA1 synapses.  239 

PI 3-kinase activation is required for leptin-induced LTP at TA-CA1 synapses. 240 

It is well documented that neuronal leptin receptor activation triggers a variety of 241 

downstream signaling cascades including PI3-kinase and ERK (Moult and Harvey, 2008). 242 

Indeed, activation of PI 3-kinase signaling underlies leptin-induced LTP at adult hippocampal 243 

SC-CA1 synapses (Moult, et al. 2010). Leptin-driven stimulation of the ERK signaling 244 

pathways has also been observed in hippocampal neurons (Shanley, et al. 2001; O’Malley et 245 

al, 2007). Thus the persistent and transient synaptic depressions induced by leptin during 246 

early postnatal development involve the activation of the ERK, but not PI 3-kinase signaling 247 

pathway (Moult and Harvey, 2011). However, activation of both PI 3-kinase and ERK 248 

signaling contributes to leptin-induced facilitation of NMDA responses in hippocampal 249 

neurons (Shanley et al, 2001). Thus in the next series of experiments, the role of PI 3-kinase 250 

or MAPK signaling in leptin-induced LTP at TA-CA1 synapses was addressed. In order to 251 

examine the role of PI 3-kinase, two structurally unrelated inhibitors of this enzyme, namely 252 

wortmannin and LY294002, were used.  Incubation of hippocampal slices with either 253 

LY294002 (10 µM) or wortmannin (50nM) had no effect on synaptic transmission per se 254 

(n=4 for each; P<0.05). However, blockade of PI 3-kinase activity prevented the ability of 255 

leptin to induce LTP, such that leptin failed to increase synaptic transmission in hippocampal 256 

slices treated with either LY294002 (97 ± 9.5 % of baseline; n=5; P>0.05; Fig 4A&C) or 257 

wortmannin (89 ± 6.6 % of baseline; n=5; P<0.05; Fig 4C). In contrast, in parallel studies the 258 

ability of leptin to enhance excitatory synaptic strength was not affected by prior exposure to 259 

two distinct inhibitors of ERK activation (Fig 4B&C). Thus, application of leptin increased 260 

synaptic transmission to 110 ± 5.2 % of baseline (n=5; P<0.5) and 115 ± 6.5 % of baseline 261 

(n=5; P<0.5) in slices exposed to PD98059 or U0126, respectively. Thus, together these data 262 
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indicate that the ability of leptin to enhance excitatory synaptic strength at TA-CA1 synapses 263 

involves a PI 3-kinase-, but not an ERK-, dependent mechanism.  264 

Leptin-induced LTP involves insertion of GluA2-lacking AMPA receptors. 265 

It is well documented that trafficking of AMPA receptors to and away from synapses plays a 266 

key role in activity-dependent synaptic plasticity at hippocampal SC-CA1 synapses 267 

(Collingridge et al, 2004). The membrane insertion of AMPA receptors is also pivotal for 268 

hippocampal NMDA-dependent LTP (Man et al, 2003). The ability of leptin to induce LTP at 269 

adult hippocampal SC-CA1 synapses also involves trafficking of the AMPA receptor subunit, 270 

GluA1 to synapses (Moult et al, 2010). Thus it is feasible that the ability of leptin to induce 271 

LTP at TA-CA1 synapses involves alterations in AMPA receptor trafficking processes. In 272 

order to examine this possibility the effects of philanthotoxin, an inhibitor of GluA2-lacking 273 

AMPA receptors was evaluated. Application of philanthotoxin (1 µM) to hippocampal slices 274 

had no effect on basal excitatory synaptic transmission (n=4; P>0.05). However, prior 275 

incubation of hippocampal slices with philanthotoxin (1 µM; 60 min) prevented the effects of 276 

leptin such that leptin failed to increase synaptic transmission (96 ± 3.9% of baseline; n=5; 277 

P> 0.5; Fig 5A&B) in philanthotoxin-treated slices. Moreover, application of philanthotoxin 278 

(1μM) immediately after leptin addition, reversed leptin-induced LTP as it resulted in a 279 

decrease in synaptic transmission from 115 ± 4.9% of baseline to 100 ± 5.3% (n=5; P>0.5; 280 

Fig 5C). However, treatment with philanthotoxin 30 min after leptin washout, failed to alter 281 

the magnitude of leptin-induced LTP (129 ± 9.2% of baseline; n=6; P<0.001; Fig 5D). These 282 

data are consistent with an increase in the density of GluR2-lacking AMPA receptors 283 

underlying the induction and early maintenance phase of leptin-induced LTP at hippocampal 284 

TA-CA1 synapses. 285 

HFS-induced LTP at TA-CA1 synapses is also NMDA receptor-dependent and 286 

expressed postsynaptically.  287 

As leptin-induced LTP at TA-CA1 synapses displays parallels to classical activity-dependent 288 

LTP, the next series of experiments compared the properties of HFS-induced LTP at this 289 

synapse. In control slices, HFS (100Hz, 1sec) resulted in a persistent increase in synaptic 290 

transmission to 148 ± 15.5% of control (n=5; P<0.001; Figure 6A). It is well established that 291 

NMDA receptor activation is pivotal for activity-dependent synaptic plasticity at 292 

hippocampal SC-CA1 synapses (Collingridge et al, 1983). Previous studies have 293 

characterized the molecular mechanism underpinning long lasting synaptic plasticity at TA-294 
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CA1 synapses and have identified a role for NMDA receptors in this process (Remondes and 295 

Schuman, 2003). Thus in order to explore the role of NMDA receptors in HFS-induced LTP 296 

at TA-CA1 synapses, the effects of the competitive NMDA receptor antagonist, D-AP5 were 297 

assessed. In contrast, in slices treated with D-AP5 (50 µM), the magnitude of LTP evoked by 298 

HFS was significantly attenuated to 108 ± 2.1 % of control (n=5; P>0.05; Fig 6B), indicating 299 

a key role for NMDA receptors in the induction of LTP at TA-CA1 synapses. As molecularly 300 

distinct NMDA receptors are implicated in different forms of activity-dependent synaptic 301 

plasticity (Liu et al., 2004; Bartlett et al., 2007), the specific role of GluN2B was examined 302 

using a selective inhibitor of GluN2B subunits, ifenprodil. In control slices, HFS resulted in 303 

LTP such that synaptic transmission increased to 116 ± 1.2% of baseline (n=4; P<0.001). 304 

However in interleaved slices treated with ifenprodil (3µM), HFS failed to induce LTP (98 ± 305 

5.2% of baseline; n=4; P>0.05; Fig 6C&D). Similarly, blockade of GluN2B subunits with 306 

Ro-25 6981 also prevented HFS-induced LTP (108 ± 13.8% of baseline; n=5; P>0.05; Fig 307 

6D). Thus these data indicate that HFS-induced LTP at TA-CA1 synapses is not only NMDA 308 

receptor dependent, but that activation of GluN2B containing NMDA receptors plays a key 309 

role in this process. 310 

 311 

In order to assess the locus of expression of HFS-induced LTP, the PPR was monitored 312 

during experiments, by delivering two pulses at an interval of 50ms. Under conditions where 313 

HFS induced LTP (to 121 ± 12.2% of baseline; n=4; P<0.05) no significant change in PPR 314 

was detected during recordings. Thus, the PPR was 1.5 ± 0.03 (n=4) and 1.7 ± 0.02 (n=4; 315 

P>0.05; Fig 6E&F) before and after HFS, respectively suggesting a postsynaptic expression 316 

mechanism. 317 

ERK activation is required for HFS-induced LTP at TA-CA1 synapses. 318 

We have shown that leptin-induced LTP at TA-C1 synapses is governed by PI 3-kinase 319 

signaling. Therefore we next investigated whether this is also true for classical HFS-induced 320 

LTP at TA-CA1 synapses. Incubation of slices with inhibitors of ERK activation, namely 321 

PD98059 (10µM; 55 min) or U0126 (10µM; 55 min) had no effect on excitatory synaptic 322 

transmission per se (n=4 for each). However, blockade of ERK signaling prevented the 323 

ability of HFS to induce LTP at TA-CA1 synapses such that there was no significant change 324 

in synaptic transmission with either PD98059 (107 ± 6.4 % of baseline; n=5; P>0.5) or 325 

U0126 (104 ± 6.0 % of baseline; n=5; P>0.5; Figure 7B&D).   326 
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Conversely, in parallel studies, the magnitude of HFS-induced LTP was not affected after 327 

exposure to PI 3-kinase inhibitors. Hence, HFS induced LTP to 141 ± 9.0 % of baseline (n=5; 328 

P<0.001) and 143 ± 8.0 % of baseline (n=5; P<0.001) in slices exposed to either wortmannin 329 

(50nM; 55 min) or LY294002 (10µM; 55 min), respectively (Figure 7C&D). Together, this 330 

indicates that HFS can induce a persistent enhancement in excitatory synaptic transmission at 331 

TA-CA1 synapses that requires the activation of an ERK- but not a PI 3-kinase-dependent 332 

process. This contrasts with the involvement of PI 3-kinase in leptin-mediated LTP. Together 333 

these data suggest that leptin- and HFS-induced LTP at the TA-CA1 synapse utilize distinct 334 

signaling pathways.  335 

GluR2-lacking AMPA receptors are required for the initial maintenance but not the 336 

induction, of HFS-induced LTP at TA-CA1 synapses.  337 

Our data indicate that leptin-induced LTP at TA-CA1 synapses requires an increase in the 338 

density of GluR2-lacking AMPA receptors. In order to compare if HFS-induced LTP 339 

involves a similar expression mechanism, the effects of blocking GluA2-lacking AMPA 340 

receptors with philanthotoxin were addressed. Interestingly application of philanthotoxin 341 

(1µM; 55 min) prior to HFS, did not inhibit the ability of this stimulation paradigm to induce 342 

LTP at TA-CA1 synapses (133 ± 2.5 % of baseline; n=5; P<0.001; Fig 8A&D). Furthermore, 343 

addition of philanthotoxin (1µM; 30 min) 10 min after LTP induction also failed to inhibit the 344 

maintenance of LTP (155 ± 19.3% of baseline; n=5; P<0.001; Fig 8C&D). However when 345 

philanthotoxin (1µM; 37 min) was applied 3 min after HFS induction the effects were 346 

reversed and a decrease in synaptic transmission was observed to 103 ± 8% of baseline (n=5; 347 

P>0.5; Fig 8B&D). This data implies that GluR2-lacking AMPA receptors may not be 348 

required for the induction of HFS-driven LTP but are critical for the initial maintenance 349 

phase of LTP.  350 

HFS-induced LTP and leptin-induced LTP at TA-CA1 synapses share similar 351 

expression mechanisms. 352 

As the long-lasting potentiation of synaptic transmission at TA-CA1 synapses induced by 353 

leptin displays a number of similarities to classical synaptically-induced LTP, we assessed if 354 

the two phenomena shared similar expression mechanisms by performing occlusion 355 

experiments. In the first series of experiments, HFS was applied to induce initially LTP, then 356 

slices were treated with leptin, 30 min after the HFS paradigm. HFS resulted in an increase in 357 

the magnitude of synaptic transmission to 122 ± 6.6% of baseline (n=6; P<0.001). 358 



 

12 
 

Subsequent addition of leptin (100nM) failed to increase synaptic transmission further (118 ± 359 

8.1% of baseline; n=6; P>0.05), suggesting that classical activity-dependent LTP occludes 360 

leptin-induced LTP (Fig 8E).  In the next series of experiments, leptin was applied initially to 361 

induce LTP, and this was followed by further application of leptin to ensure saturation of 362 

leptin-induced LTP. This was then followed by delivery of HFS after 30 min washout of the 363 

second addition of leptin. Application of leptin (100nM) resulted in a persistent increase in 364 

synaptic transmission to 110 ± 5.0% of baseline (n=5; P<0.01), whereas the second 365 

application of leptin resulted in a further increase to 118 ± 7.5% of baseline (n=5; P<0.001). 366 

Subsequent delivery of HFS failed to increase synaptic transmission further (120 ± 11.0% of 367 

baseline (n=5; P<0.05; Fig 8F); an effect that was not significantly different to the magnitude 368 

of LTP induced by the second application of leptin (P>0.05). Thus these data indicate that 369 

leptin-induced LTP occludes activity-dependent LTP at TA-CA1 synapses. 370 

Discussion. 371 

The endocrine hormone leptin controls a number of central functions via its actions in the 372 

hypothalamus, including regulation of food intake and body weight (Spiegelman and Flier, 373 

2001). However, numerous studies indicate that leptin targets many extra-hypothalamic brain 374 

regions, including the hippocampus where it is a potent regulator of excitatory synaptic 375 

function (Harvey, 2007; Irving and Harvey, 2013). Indeed, application of leptin to juvenile 376 

slices transiently reduces excitatory synaptic transmission at the SC input to hippocampal 377 

CA1 synapses (Shanley et al., 2001; Xu et al., 2008; Moult et al, 2011). However little is 378 

known about the impact of leptin on the anatomically-distinct TA input to CA1 pyramidal 379 

neurons. Here we provide the first compelling evidence that, in contrast to the actions of 380 

leptin at classical SC-CA1 synapses, acute exposure to leptin induces a novel form of LTP at 381 

TA-CA1 synapses in juvenile (P14-21) hippocampal slices. The increase in synaptic efficacy 382 

induced by leptin at TA-CA1 synapses is concentration-dependent as high concentrations of 383 

leptin readily increased excitatory synaptic strength whereas low nanomolar concentrations 384 

were without effect. As previous studies have shown that hippocampal leptin receptors are 385 

distributed both pre- and post-synaptically (Shanley et al, 2002), the effects of leptin at TA-386 

CA1 synapses may involve leptin receptors located at either site. However, in this study the 387 

persistent increase in synaptic efficacy induced by leptin was not associated with any 388 

significant alteration in the PPR, indicating that leptin-induced LTP likely involves a 389 

postsynaptic mechanism rather than changes in the probability of glutamate release.  The 390 

involvement of a postsynaptic locus of expression in leptin-induced LTP at TA-CA1 391 
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synapses displays parallels to LTP induced by leptin at adult SC-CA1 synapses which also 392 

involves a postsynaptic expression mechanism (Moult et al, 2010).  393 

 394 

NMDA receptor activation is required for various effects of leptin on excitatory synaptic 395 

function at hippocampal SC-CA1 synapses, including leptin-induced facilitation and reversal 396 

of LTP (Shanley et al, 2001, Moult et al, 2009) as well as the induction of a novel form of 397 

LTD (Durakoglugil et al, 2005). Similarly in this study, the synaptic activation of NMDA 398 

receptors was pivotal for leptin-induced LTP as NMDA receptor blockade prevented the 399 

effects of leptin. It is known that the molecular composition of NMDA receptors varies 400 

during postnatal development, and that synaptic and extrasynaptic NMDA receptors are 401 

composed of distinct GluN2 subunits (Rumbaugh and Vicini, 1999).  The distinct pattern of 402 

GluN2 expression in the forebrain is also functionally important as different GluN2 subunits 403 

are implicated in different forms of hippocampal activity-dependent synaptic plasticity (Liu 404 

et al., 2004, Bartlett et al., 2007). Here we show that activation of GluN2B-containing 405 

NMDA receptors underlies leptin-induced LTP at TA-CA1 synapses as treatment with 406 

ifenprodil or Ro 25-6981 to selectively inhibit GluN2B subunits, blocked the effects of leptin. 407 

The involvement of GluN2B subunits in leptin-induced LTP in juvenile hippocampus 408 

correlates well with the higher levels of expression of GluN2B, rather than GluN2A, in the 409 

hippocampus at this stage of postnatal development (Monyer et al, 1994, Barria and 410 

Malinow, 2002). In contrast to the present study, however, leptin-induced LTP at adult SC-411 

CA1 synapses involves activation of GluN2A, but not GluN2B, subunits (Moult and Harvey 412 

2011). 413 

 414 

It is well established that two of the key signalling pathways activated downstream of 415 

hippocampal leptin receptors are PI 3-kinase and MAPK (ERK; Irving and Harvey, 2014). 416 

Moreover our recent studies indicate that there is divergence in the signalling pathways that 417 

couple leptin receptors to NMDA receptors at SC-CA1 synapses (Moult and Harvey, 2011). 418 

Thus, leptin-driven enhancement of GluN2B-mediated responses involves stimulation of the 419 

ERK signalling cascade at early postnatal stages. Conversely, in adult tissue PI 3-kinase is 420 

implicated in the leptin-driven increase in GluN2A-mediated events (Moult and Harvey, 421 

2011). In this study, activation of PI 3-kinase was key for leptin-induced LTP at TA-CA1 422 

synapses as selective blockade of PI 3-kinase with either LY 294002 or wortmannin 423 

completely blocked the ability of leptin to enhance synaptic strength. Conversely, exposure to 424 

two distinct inhibitors of ERK activation, namely PD 98059 or U0126, failed to alter the 425 
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magnitude of leptin-induced LTP. Thus these data indicate that leptin-induced LTP at TA-426 

CA1 synapses involves a PI 3-kinase dependent process. 427 

 428 

It is well documented that trafficking of AMPA receptors to and away from synapses is 429 

critical for activity-dependent synaptic plasticity (Collingridge et al, 2004). Moreover, LTP 430 

induction is reported to involve changes in density of GluA2 subunits at hippocampal SC-431 

CA1 synapses (Plant et al., 2006). Alterations in AMPA receptor trafficking also play a key 432 

role in leptin-driven regulation of hippocampal synaptic function (Moult and Harvey, 2009). 433 

Indeed insertion of the AMPA receptor subunit, GluA1 into synapses underlies leptin-434 

induced LTP at hippocampal SC-CA1 synapses (Moult et al, 2010). Similarly, leptin-induced 435 

LTP at TA-CA1 synapses involves altered AMPA receptor trafficking, as application of 436 

philanthoxin prior to leptin completely inhibited the ability of leptin to induce LTP. Blockade 437 

of GluA2-lacking AMPA receptor with philanthoxin also resulted in reversal of leptin-438 

induced LTP when applied immediately after leptin. However, treatment of slices with 439 

philanthotoxin 30 min after leptin washout failed to reverse leptin-induced LTP, indicating 440 

that insertion of GluA2-lacking AMPA receptors is likely required for the initial induction 441 

phase, but not the long term maintenance of leptin-induced LTP. 442 

 443 
Although the ability of leptin to induce LTP at TA-CA1 synapses contrasts with leptin action 444 

at classical SC-CA1 synapses in juvenile hippocampus, there are similarities to the LTP 445 

induced by leptin at adult SC-CA1 synapses (Moult et al, 2010).  In particular the ability of 446 

leptin to deliver GluA2-lacking AMPA receptors to TA-CA1 synapses is comparable to 447 

leptin regulation of AMPA receptor trafficking processes at adult SC-CA1 synapses. Indeed, 448 

our previous studies indicate that exposure to leptin increased the surface expression of 449 

GluA1, but not GluA2, subunits and also the synaptic density of GluA1 subunits in adult 450 

hippocampal slices (Moult et al, 2010).  Moreover, leptin-driven inhibition of PTEN and the 451 

resultant increase PI 3-kinase activity is critical for AMPA receptor insertion and leptin-452 

induced LTP at adult SC-CA1 synapses (Moult et al, 2010).  In accordance with this, LTP 453 

induced by leptin at juvenile TA-CA1 synapses also involves PI 3-kinase-dependent 454 

trafficking of GluA2-lacking AMPA receptors to hippocampal synapses. It is well 455 

documented that PI 3-kinase is an ubiquitous enzyme that phosphorylates PtdIns(4,5)P2 456 

resulting in the generation of PtdIns(3,4,5)P3 (Cantley, 2002). Consequently as PI 3-kinase is 457 

implicated in leptin-induced LTP at TA-CA1 synapses, it is likely that an elevation in 458 

PtdIns(3,4,5)P3 levels also underlies the insertion on GluA2 subunits. In support of this 459 
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possibility the leptin-driven increase in PtdIns(3,4,5)P3 levels drives the synaptic insertion of 460 

GluA1 in hippocampal cultures (Moult et al, 2010). However, it is not clear at this stage how 461 

PI 3-kinase-dependent increases in the levels of PtdIns(3,4,5)P3  alters AMPA receptor 462 

trafficking. As the protein kinase, Akt is a common target for PtdIns(3,4,5)P3  it is feasible 463 

that Akt is activated downstream of PI 3-kinase. In support of this possibility, Akt-dependent 464 

inhibition of glycogen synthase kinase-3 (GSK-3) underlies the synaptic insertion of AMPA 465 

receptors following hippocampal LTP (Peineau et al, 2007).  466 

 467 

Several studies indicate that leptin-dependent modification of excitatory synaptic strength 468 

share similar expression mechanisms to classical activity-dependent synaptic plasticity at 469 

hippocampal SC-CA1 synapses (Durakoglugil et al, 2005; Moult and Harvey 2011). Thus it 470 

is possible that leptin-induced LTP also displays similarities to HFS-induced LTP at TA-CA1 471 

synapses. In agreement with previous studies (Remondes and Schuman, 2002, 2003), 472 

application of an HFS paradigm resulted in robust LTP at TA-CA1 synapses in juvenile 473 

hippocampus. Moreover the magnitude of HFS-induced LTP was comparable to the LTP 474 

induced by leptin at this synapse. In accordance with previous studies (Golding et al, 2002; 475 

Remondes and Schuman, 2003) and in line with many other forms of activity-dependent 476 

synaptic plasticity (Bliss and Collingridge, 1993), HFS-induced LTP required the synaptic 477 

activation of NMDA receptors as NMDA receptor blockade with D-AP5 prevented the 478 

induction of LTP. Moreover, in a manner similar to leptin-induced LTP, GluN2B-containing 479 

NMDA receptors play a role in HFS-induced LTP as selective inhibition of GluN2B subunits 480 

with either ifenprodil or Ro 25- 6981 blocked HFS-induced LTP at TA-CA1 synapses. In this 481 

study, no significant change in PPR accompanied HFS-induced LTP indicating that activity-482 

dependent LTP at TA-CA1 synapses involves a postsynaptic expression mechanism.  483 

 484 

Although both forms of synaptic plasticity are NMDA receptor dependent, our results suggest 485 

that divergent signalling cascades mediate leptin-induced LTP and HFS-induced LTP at TA-486 

CA1 synapses. Indeed in contrast to leptin-induced LTP, inhibition of ERK but not PI 3-487 

kinase, blocked the induction of HFS-induced LTP at TA-CA1 synapses. However, there is 488 

overlap in the expression mechanisms that underlie both forms of synaptic plasticity as HFS-489 

induced LTP occluded leptin-induced LTP, and there was occlusion of HFS-induced LTP 490 

when LTP induced by leptin was saturated after a second application of the hormone. In 491 

support of similar expression mechanisms our data suggest that insertion of GluA2-lacking 492 

AMPA receptors plays a key role in both leptin-induced LTP and synaptically-induced LTP. 493 



 

16 
 

Indeed, application of the GluA2-lacking AMPA receptor inhibitor, philanthotoxin 3 min 494 

after the HFS paradigm blocked LTP. In contrast, application of philanthotoxin before HFS 495 

failed to alter the magnitude of LTP suggesting that insertion of GluA2-lacking AMPA 496 

receptor plays a role during the early maintenance, but not the induction, phase of 497 

synaptically-induced LTP. Although our data indicate that the insertion of GluA2-lacking 498 

AMPA receptors is key for LTP at TA-CA1 synapses, the long-term maintenance of both 499 

forms of synaptic plasticity is unlikely to require GluA2-lacking AMPA receptors as 500 

philanthotoxin was without effect when applied either 10 min after HFS or 30 min after 501 

leptin.  502 

 503 

Previous studies indicate that synaptic activity induced by the two inputs to CA1 neurons is 504 

differentially regulated by various neurotransmitters (Otmakhova et al, 2005). Here we show 505 

that there are also marked differences in the modulatory effects of the hormone leptin on the 506 

anatomically distinct SC and TA inputs to CA1 pyramidal neurons. At juvenile SC-CA1 507 

synapses, leptin is reported to result in a synaptic depression (Moult and Harvey, 2011). In 508 

contrast, a novel form of LTP is induced by leptin at TA-CA1 synapses at the same stage of 509 

postnatal development. Indeed the ability of leptin to bi-directionally modulate excitatory 510 

synaptic transmission at the different inputs to CA1 neurons was further verified in this study 511 

using two input experiments as opposing effects of leptin were observed. However the ability 512 

of leptin to modify excitatory synaptic transmission at both synaptic inputs to CA1 not only 513 

displays NMDA receptor-dependence but also similar subunit-specific dependence as 514 

activation of GluN2B subunits was pivotal for the modulatory effects of leptin at both 515 

synaptic inputs. In contrast, however, divergent signaling cascades were found to underlie the 516 

modulatory effects of leptin at the two distinct pathways. Thus, activation of the ERK-517 

dependent signaling mediates the transient synaptic depression induced by leptin at SC-CA1 518 

synapses (Moult and Harvey, 2011), whereas leptin-induced LTP at TA-CA1 synapses 519 

requires the activation of PI 3-kinase.  520 

Leptin circulates in the plasma and readily accesses the brain via transport across the blood 521 

brain barrier. However, the concentrations of leptin in the brain may also arise from central 522 

sources as leptin mRNA and protein has been detected in several brain areas (Morash et al, 523 

1999) and production of leptin within the brain has also been reported (Eikelis et al, 2007). 524 

Several studies have demonstrated that leptin is an important modulator of excitatory synaptic 525 

function at hippocampal SC-CA1 synapses (Harvey, 2007); a synaptic connection that plays a 526 
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key role in mediating the cellular events underlying spatial learning and memory (Bliss and 527 

Collingridge, 1993). In contrast, the direct input to CA1 neurons from the entorhinal cortex 528 

(TA pathway) is implicated not only in long term memory consolidation (Remondes and 529 

Schuman, 2002) but also in spatial representation and place cell maintenance (Ito and 530 

Schuman, 2007; Brun et al, 2002). Indeed, lesion studies have identified that the direct TA 531 

pathway is required for normal spatial firing in CA1 place cells (Brun et al, 2002; Brun et al, 532 

2008). Thus the ability of leptin to modify excitatory synaptic strength at TA-CA1 synapses 533 

may have important implications for long term memory consolidation and also in the 534 

regulation of place cell activity.   535 

Several studies have identified that rodents that are insensitive to leptin exhibit significant 536 

impairments in hippocampal synaptic plasticity and spatial learning and memory (Li et al., 537 

2002, Winocur et al, 2005; Gerges et al, 2003), indicating that physiologically relevant 538 

concentrations of leptin are able to reach hippocampal synapses and modify synaptic 539 

function. It is well documented that cognitive deficits are linked to obesity-related diseases 540 

like type II diabetes (Gispen et al, 2000), and that individuals with obesity and type II 541 

diabetes display neuronal resistance to leptin (Banks, 2004) even in the presence of high 542 

plasma leptin levels. Thus, it is likely that leptin resistance is a key factor that contributes to 543 

the development of impaired cognition in these CNS-driven diseases. In support of a link 544 

between obesity and cognitive deficits, patients with obesity and hypertension have lower 545 

cognitive function, whereas profound cognitive impairments and morbid obesity are common 546 

features in individuals with Prader-Willi syndrome (Gross-Tsur et al, 2001; Elias et al, 2003). 547 

Moreover, recent functional imaging studies have found that cerebral blood flow is 548 

significantly altered in specific brain regions in obese individuals (Matochik et al, 2005). In 549 

addition, a five year old boy with congenital leptin deficiency treated with leptin displayed 550 

reinstatement of body weight to normal levels, but also significant improvement in his 551 

neurocognitive performance (Paz-Filho et al, 2008).  552 

Recent evidence suggests a link exists between impaired leptin function and Alzheimer’s 553 

disease (AD; Becanno-Kelly and Harvey, 2012). Indeed, significant reductions in the 554 

circulating levels of leptin have been detected in individuals with AD (Power et al, 2001) and 555 

in rodents that model AD pathology (Farr et al, 2006). Furthermore, a number of studies have 556 

demonstrated protective actions of leptin against the neurotoxin amyloid beta (Aβ). Thus 557 

exposure of hippocampal slices to leptin prevents the detrimental effects of Aβ on activity-558 
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dependent synaptic plasticity at SC-CA1 synapses (Doherty et al, 2013). The entorhinal 559 

cortex, where the TA input originates, is also known to be an early target for degenerative 560 

brain disorders like AD. Indeed, phosphorylated tau accumulates in all layers of the EC prior 561 

to its build-up in the hippocampus (Braak and Braak, 1997). In addition, it is also known that 562 

the TA pathway synapses onto apical dendrites within the stratum lacunosum moleculare 563 

(SLM), and in the early stages of AD phospho-tau positive dilatations occur on the apical 564 

dendrites in SLM resulting ultimately in degeneration (Braak and Braak, 1997; Maurin et al, 565 

2014). Thus the ability of leptin to modify the strength of the TA input to CA1 neurons may 566 

be beneficial in preventing some of the deleterious early effects of phosphorylated tau on TA-567 

CA1 synapses. In support of this possibility, recent evidence indicates that leptin regulates 568 

the levels of phosphorylated tau (Greco et al, 2010; Doherty et al, 2013).  569 

It is known that excitatory synapses are altered in various models of depression and recent 570 

evidence indicates that glutamatergic dysfunction at TA-CA1 synapses is implicated in 571 

rodent models of chronic stress and depression (Kallarackal et al, 2013). Recent studies also 572 

suggest an anti-depressant role for leptin as exposure of rodents to certain stress paradigms 573 

that model human depression results in a significant reduction in circulating leptin levels (Lu 574 

et al, 2006). Moreover, direct administration of leptin into the hippocampus mirrors the 575 

actions of anti-depressant drugs in animal models of stress (Lu et al, 2006). Thus, the ability 576 

to modulate hippocampal TA-CA1 synapses may also have important implications for the 577 

anti-depressant effects of leptin. 578 

 579 
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 728 

Figure Legends 729 

Figure 1. Leptin induces a persistent increase in excitatory synaptic transmission at TA-730 

CA1 synapses. 731 

A. Plot of pooled and normalised data illustrating the effects of dopamine (100 μM) on 732 

excitatory synaptic transmission evoked at SC-CA1 (open circle) and TA-CA1 (filled circle) 733 

synapses in acute juvenile (P14-21) hippocampal slices. Application of dopamine 734 

significantly attenuates synaptic transmission at TA-CA1, but not SC-CA1, synapses. B,C. 735 

Plot of pooled and normalised data illustrating the effects of 1nM (B) and 50 nM (C) leptin 736 

on excitatory synaptic transmission evoked at TA-CA1 synapses. Application of 1nM leptin 737 

had no effect on synaptic transmission, whereas 50nM resulted in a persistent increase in 738 

excitatory synaptic transmission. In this (A-C) and subsequent figures, each point is the 739 

average of four consecutive fEPSP slope measurements, and representative synaptic traces 740 

for each experiment are shown above each plot and for the time indicated. Calibration: 0.1 741 

mV, 50 ms. D. Histograms of pooled data illustrating the relative changes in synaptic 742 

transmission induced by different concentrations (1-100nM) of leptin.  E. Plot of pooled and 743 

normalised data obtained in two-input experiments, that illustrate the simultaneous effects of 744 

leptin (100 μM) on excitatory synaptic transmission evoked at SC-CA1 (open circle) and TA-745 

CA1 (filled circle) synapses in acute juvenile (P14-21) hippocampal slices. Leptin induced 746 

opposing actions at the two inputs as synaptic transmission was enhanced at TA-CA1 747 
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synapses, but depressed at SC-CA1 synapses. Application of dopamine (100 mM) resulted in 748 

a significant depression of synaptic transmission at only TA-CA1 synapses. In this and 749 

subsequent figures *, ** and *** represent P < 0.05, P < 0.01 and P < 0.001, respectively.   750 

  751 

Figure 2. Leptin-induced LTP at TA-CA1 synapses involves a postsynaptic expression 752 

mechanism. 753 

A. Plot of pooled and normalised data illustrating the effects of 100nM (15min) leptin on 754 

excitatory synaptic transmission evoked at TA-CA1 synapses. Calibration: 0.1 mV, 20 ms. B. 755 

Corresponding plot of the pooled paired pulse facilitation ratio against time for the 756 

experiments shown in A. The effects of leptin on synaptic transmission were not 757 

accompanied by any significant change in PPR. In contrast the synaptic depression induced 758 

by dopamine is accompanied by a significant alteration in PPR.  Above the plots are 759 

representative pairs of fEPSPs evoked with a 50 ms inter-stimulus interval at the times 760 

indicated.  761 

 762 

Figure 3. NMDA receptor activation is required for leptin-induced LTP at TA-CA1 763 

synapses.  764 

A-D, Plots of pooled and normalised data illustrating the effects of leptin (100 nM; 15 min) 765 

on TA-CA1 fEPSP slope in juvenile hippocampal slices. In control conditions (A) application 766 

of leptin resulted in LTP, whereas in the presence of D-AP5 (50 μM; B) leptin failed to alter 767 

excitatory synaptic strength. C-D, Selective blockade of GluN2B subunits with either 768 

ifenprodil (3 µM; C) or Ro 25-6081 (3 µM; D) also prevented leptin-induced LTP. 769 

Calibration: 0.2 mV, 100ms 770 

 771 

Figure 4. Leptin-induced LTP involves a PI 3-kinase-dependent process. 772 

A-B, Plots of pooled and normalised data illustrating the effects of leptin on synaptic 773 

transmission in the presence of the PI 3-kinase inhibitor, LY294002 (10 μM; A) or the ERK 774 

inhibitor, U0126 (10 μM; B), respectively. Leptin-induced LTP was prevented following 775 

blockade of PI 3-kinase, but not ERK. Calibration: 0.2 mV, 100 ms. C, Histogram of the 776 

pooled data showing the relative effects of leptin (100nM) on synaptic transmission in control 777 

conditions and in the presence of either LY294002 (10 μM), wortmannin (50 nM), U0126 778 

(10 μM) or PD98059 (10 μM). 779 

 780 
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Figure 5. An increase in the synaptic density of GluR2-lacking AMPA receptors 781 

underlies leptin-induced LTP. 782 

A-C, Plots of pooled and normalised data illustrating the effects of leptin on synaptic 783 

transmission in control conditions (A), and in the presence of 1 μM philanthotoxin, the 784 

GluA2-lacking AMPA receptor inhibitor, applied either 15 min prior to (B) or immediately 785 

(C) after leptin addition. Prior treatment with philanthotoxin completely prevented leptin-786 

induced LTP (B), whereas the leptin-driven increased in synaptic transmission was reversed 787 

by philanthotoxin. Calibration: 0.2 mV, 100 ms. D, Histogram of the pooled data showing the 788 

relative effects of leptin (100nM) on synaptic transmission alone and in the presence of 789 

philanthotoxin (1µM) applied prior to leptin, immediately after leptin application or 30 min 790 

after leptin washout.  791 

 792 

 793 

Figure 6. Activity-dependent synaptic plasticity at TA-CA1 synapses has a postsynaptic 794 

expression mechanism and is NMDA receptor-dependent. 795 

A-C, Plots of pooled and normalised data illustrating the effects of the HFS paradigm (as 796 

indicated by the arrow) on excitatory synaptic transmission in control conditions (A), and in 797 

the presence of the competitive NMDA receptor antagonist, D-AP5 (50 μM; B) or the 798 

selective GluN2B antagonist, Ro-256981 (3 μM; C). Histograms of the pooled data showing 799 

the relative effects of the HFS paradigm on synaptic transmission in control conditions and in 800 

the presence of either D-AP5 (50 μM), ifenprodil (3 μM) or Ro-256981 (3 μM). E, Plot of 801 

pooled and normalised data illustrating the effects of HFS on excitatory synaptic transmission 802 

evoked at TA-CA1 synapses. F. Corresponding plot of the pooled paired pulse facilitation 803 

ratio against time for the experiments shown in E. HFS-induced LTP at TA-CA1 synapses is 804 

not accompanied by any significant change in PPR. Calibration: 0.2 mV, 100 ms. 805 

 806 

Figure 7. An ERK-signalling process underlies HFS-induced LTP at TA-CA1 synapses. 807 

A-C, Plots of pooled and normalised data illustrating the effects of the HFS paradigm (as 808 

indicated by the arrow) on excitatory synaptic transmission in control conditions (A), and in 809 

the presence of the ERK inhibitor, PD98059 (10mM; B) or the PI 3-kinase inhibitor, 810 

LY294002 (10mM; C). Calibration: 0.2 mV, 100 ms. D, Histograms of the pooled data 811 

showing the relative effects of the HFS paradigm on synaptic transmission in control 812 

conditions and in the presence of either PD98059 (10 μM), U0126 (10 μM), LY294002 (10 813 
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μM) or wortmannin (50 nM). Blockade or ERK, but not PI 3-kinase, activity prevented HFS-814 

induced LTP.   815 

 816 

Figure 8. Leptin induced LTP and activity-dependent LTP at TA-CA1 synapses share 817 

some similar expression mechanisms. 818 

A-C, Plots of pooled and normalised data illustrating the effects of the HFS paradigm (as 819 

indicated by the arrow) on excitatory synaptic transmission in slices exposed to 820 

philanthotoxin (1 mM) prior to HFS (A), 3 min after HFS (B) and 10 min after HFS (C). D, 821 

Histograms of the pooled data showing the relative effects of HFS on synaptic transmission 822 

in control conditions and following exposure to philanthotoxin prior to, or 3 min or 10 min 823 

after HFS. LTP was reversed by philanthotoxin when applied 3 min after HFS, suggesting a 824 

role for insertion of GluA2-lacking AMPA receptors during the initial maintenance phase of 825 

LTP. E-F, Plots of pooled and normalised data illustrating the effects of HFS on excitatory 826 

synaptic transmission. E, Activity-dependent LTP occludes leptin induced LTP. HFS resulted 827 

in a persistent increase in synaptic transmission that was unaffected by subsequent 828 

application of leptin. F, Leptin-induced LTP completely occludes activity-dependent LTP.   829 

Two consecutive applications of leptin resulted in increases in synaptic transmission. 830 

Subsequent HFS resulted in no further increase in excitatory synaptic strength. Calibration: 831 

0.2 mV, 100 ms. 832 
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