
 1 

Synaptic plasticity in the medial prefrontal cortex 

 

E.S. Louise Faber 

 

Queensland Brain Institute, The University of Queensland, Brisbane, Australia 

 

1. Abstract 

2. Introduction 

3. Synaptic circuitry in the mPFC 

4. Short-term plasticity in the PFC  

5. Long-term plasticity 

 (i) LTP and LTD in the PFC 

  (a) LTD induction 

  (b) LTP induction 

  (c) Spike timing-dependent plasticity 

 (ii) PFC-hippocampal connections 

 (iii) PFC-amygdala interactions 

6. Neuromodulation of synaptic plasticity in the PFC 

 (i) Dopamine 

 (ii) Cannabinoids 

7. Roles of plasticity in the PFC 

 (i) Stimulus-action coupling 

 (ii) Short-term memory 

 (iii) Consolidation of memory 

 (iv) Neurological disorders 

(a) Schizophrenia 

(b) Anxiety disorders, stress and post-traumatic stress disorder 

(c) Depression 

 (v) Drugs of abuse 

8. Conclusion 

9. References 

 
Abbreviations 
2-AG - 2-acylglycerol 
AM-251 - N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide 
AMPA – α-amino-3-hydroxy-5-methyl-4-issoxazoleproprionic acid 
AP5 - 2-amino-5-phosphonobutyric acid 



 2 

BDA - biotinylated dextran amine 
BDNF – brain derived neurotrophic factor 
CB1 – cannabinoid receptor 1 
CREB – cyclic AMP response element binding protein 
D1 – dopamine 1 class receptors 
D2 – dopamine 2 class receptors 
DA - dopamine 
DARP-32 – dopamine and cAMP regulated phosphoprotein (Mr 32) 
DHPG - dihydroxyphenylglycine 
EPSP – excitatory postsynaptic potential 
fMRI – functional magnetic resonance imaging 
IL – infralimbic cortex 
IP3 – inositol triphosphate  
IPSP – inhibitory postsynaptic potential 
LTD – long-term depression 
LTP – long-term potentiation 
MAP kinase – mitogen activated protein kinase 
MCPG - methyl-4-carboxyphenylglycine 
MD – mediodorsal thalamic nucleus 
mGluR – metabotropic glutamate receptor 
MPEP - 2-methyl-6-phenylethynyl pyridine hydrochloride 
mPFC – medial prefrontal cortex 
NMDA – N-methyl-D-aspartate 
PFC – prefrontal cortex 
PKC – protein kinase C 
PL – prelimbic cortex 
PLC – phospholipase C 
PLD – phospholipase D 
PSA-NCAM - polysialylated form of nerve cell adhesion molecule  
PTP – post-tetanic potentiation 
STDP – spike timing-dependent plasticity 
STP – short-term potentiation 
∆9THC - ∆9tetrahydrocannabinol 
VTA – ventral tegmental area  
 

1. Abstract 

 

 Synaptic plasticity in the medial prefrontal cortex is essential for shaping the responsiveness 

of neuronal networks involved in executive and cognitive functions. This chapter will review the 

current literature on synaptic plasticity in this brain region. It will begin with an overview of the 

basic circuitry in the medial prefrontal cortex. It will then describe the multiple forms of short-term 

plasticity exhibited by pyramidal neurons in the medial prefrontal cortex. The cellular and 

molecular mechanisms underlying long-term synaptic changes will next be described, including 

long-term potentiation, long-term depression and spike timing-dependent plasticity, in addition to 

how these forms of long-term synaptic changes are modulated by neuromodulators such as 

dopamine. Synaptic plasticity at connections between the hippocampus and the medial prefrontal 

cortex will be examined, together with a discussion on the role of interactions between the medial 

prefrontal cortex and the amygdala. Finally I will explore the physiological function of synaptic 

plasticity in the medial prefrontal cortex, including the role it plays in working memory, in 
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determining rules to shape behavioural patterns, in consolidation of memories, in neurological 

disorders, and in drug addiction.  

 

2. Introduction 

 

 The prefrontal cortex (PFC) occupies 30% of the human brain, and is the most recently 

evolved brain region. It is a neocortical structure involved in higher cognitive, mnemonic and 

executive functions, such as planning and sequencing of actions, and attention (1). Fuster (2) has 

described the function of the PFC is as a “perception-action interface”, as it receives detailed 

information pertaining to the environment and internal milieu, and uses this information, together 

with a set of learnt “rules” (3), to guide the appropriate behaviour. The afferent and efferent 

connections of the PFC, together with intrinsic connectivity, endow it with this range of functions. 

For example, the PFC is involved in integrating highly processed sensory information received 

from afferents arising from association cortical regions in the temporal and parietal lobes, and in 

mnemonic and emotional processing, due to its connectivity with limbic structures (4). Reciprocal 

connections with the hypothalamus and brainstem afford the PFC with visceral functions.  

 One aspect of executive function is working memory, the ability to maintain information “in 

mind” for a short period of time in the presence of distracting stimuli (5). The cellular basis for 

working memory is a persistent firing of networks of PFC neurons with shared stimulus properties 

(5). While neurons in other brain regions also show repetitive firing during working memory, PFC 

neurons are unique in their ability to maintain firing in the presence of distractions (6). At present 

the persistent firing underlying working memory is thought to be mediated by a combination of 

reverberant synaptic activity in networks of neurons, and activation of intrinsic conductances in 

pyramidal neurons, such as plateau potentials, (7-10). Computational models suggest the 

requirement for both reverberating activity within the PFC and intrinsic bistability (“up and down” 

states)(7, 11). In primates, executive functions are performed by the dorsolateral region of the PFC. 

In rodents, this function is performed by the medial prefrontal cortex (mPFC), which includes the 

prelimbic and infralimbic regions (12). The prelimbic region is primarily associated with working 

memory tasks (13, 14), while the infralimbic region is involved in regulation of emotions (see 

below; (15)). Despite some controversy in the past, it is now widely accepted that the rodent 

provides a viable model for studying PFC function. The early criterion for classification of the 

mPFC was based solely on connections with the mediodorsal thalamic nucleus, which led some to 

doubt the presence of a functional mPFC in the rodent (16). However more recent analyses of the 

structure, based on neurochemical, functional and developmental studies, have yielded convincing 
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data showing that the mPFC in the rodent is the anatomical correlate of the dorsolateral PFC in the 

primate (17, 18).  

 While early studies on the mPFC focused on its role in short-term forms of memory such as 

working memory, more recent work has established a role for the mPFC in long-term memory, such 

as the laying down of “rules” to shape behavioural responses and consolidation of memories. The 

underlying mechanisms for these forms of long-term memory are thought to be synaptic plasticity. 

This chapter will provide an overview of the current literature on synaptic plasticity in the mPFC, 

primarily at excitatory synapses in the rodent mPFC. 

 

3. Synaptic circuitry in the PFC 

 

 As with other neocortical regions, the mPFC is a laminated structure consisting of layers 1-

6, with the majority of excitatory pyramidal neurons located in layer 2/3 and layer 5. In rats the 

mPFC lacks a layer 4. Three main types of pyramidal neuron have been identified in the rat mPFC 

in vivo according to their firing properties in response to current injection; regular firing, 

inactivating bursting and non-inactivating bursting (19). Similar firing properties were recorded in 

vitro (20). In addition, several types of interneuron have been identified (21).  

 Horizontal cortico-cortical connections are made between layer 2/3 pyramidal neurons in the 

prelimbic and infralimbic cortices (22, 23). In primates, layer 3 neurons in the PFC form “stripes” 

when axons are labelled with biotinylated dextran amine (BDA), revealing reciprocal connections 

(24). Fifty percent of the local connections made within these stripes are to interneurons, while 90% 

are to excitatory neurons in other stripes, suggesting that layer 3 neurons in the PFC function in 

modules. Indeed in primates, synaptic reverberation contributing to working memory is thought 

occur at cortico-cortical synapses in layer 3 (22, 25-27). As with other cortical regions, layer 5 

pyramidal neurons are the output cells of the PFC and project to many other cortical and subcortical 

regions. In addition to local inputs, afferents terminating in layer 2/3 also arise from other cortical 

regions, such as the contralateral mPFC, the entorhinal cortex and association cortices, the 

mediodorsal nucleus of the thalamus (28), the hippocampus and the amygdala. Afferents 

terminating in layer 5 arise intrinsically, together with afferents from other cortical regions, the 

hippocampus, the amygdala and the thalamus (29, 30).  

 Dual recordings from pairs of pyramidal neurons in other regions of the neocortex have 

shown that connections between layer 2/3 pyramidal neurons and layer 5 pyramidal neurons are 

mostly made on the apical dendrites of layer 5 neurons, whereas connections between layer 5 

pyramidal neurons are made on the basal dendrites of layer 5 neurons (31, 32). To date, 

connectivity between layer 5 pyramidal neurons has only been examined in the ferret mPFC. These 
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connections were also made on the basal dendrites, and occurred in approximately 12% of pairs of 

neurons, similar to the connection rate observed in the visual cortex (8). However the incidence of 

reciprocal connections in these pairs was double that seen in the visual cortex, and was most 

frequently observed between pyramidal neurons with similar firing properties and synaptic 

properties (8). This may be attributable to the substantially higher number of dendritic spines on 

mPFC pyramidal neurons compared to visual cortical pyramidal neurons, providing the mPFC with 

advanced computational abilities (33). Paired recordings have yet to be made between layer 2/3 and 

layer 5 pyramidal neurons in the mPFC, thus the properties of these connections are currently 

unknown. However, synapses on pyramidal neurons in the mPFC at both inputs express both α-

amino-3-hydroxy-5-methyl-4-issoxazoleproprionic acid (AMPA) and N-methyl-D-aspartate 

(NMDA) receptors (34, 35).  

 

4. Short-term plasticity in the PFC 

 

 Short-term plasticity is the change in strength of synaptic responses over a short time period 

that occurs with repetitive stimulation. There are several types of short-term plasticity. Over a 

period of milliseconds, during a train of excitatory postsynaptic potentials (EPSPs), facilitation or 

depression can occur. Depression of synaptic responses is typical of a high presynaptic release 

probability, while the converse is true for facilitation (36, 37). On a longer time scale, synaptic 

augmentation, which lasts up to tens of milliseconds, and post-tetanic potentiation (PTP), which 

lasts up to several minutes, can occur. Both of these are measured by evoking an EPSP after a delay 

period following a train of stimuli, and both are thought to result from a build up of presynaptic 

calcium in the afferent terminal (38). Finally, short-term potentiation (STP) can occur. This is an 

enhancement of synaptic responses that lasts up to ten minutes, and is due to postsynaptic effects 

such as receptor saturation or desensitisation (39).  

 Both synaptic depression and facilitation have been reported at layer 5 pyramidal neuron 

synapses during trains of EPSPs in the rat (40, 41) and ferret (8). At layer 3 inputs to layer 5 

pyramidal neurons in the rat, synaptic depression was observed in the majority of synapses (at 

frequencies of 1-50 Hz), with a minority of synapses showing facilitation followed by depression 

(40). At layer 5-layer 5 synapses in the ferret mPFC, facilitation was observed in the majority of 

neurons at low frequencies (approximately 10 Hz), while at higher frequencies (20-50 Hz) these 

synapses displayed an initial facilitation followed by depression (8). Depressing synapses and 

synapses that showed equal facilitation and depression were also observed, but in lesser proportions 

(8). Pyramidal neurons with facilitating synapses and with synapses where facilitation balanced 

depression tended to have a bifurcated apical dendrite, while depressing synapses had a single 
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apical dendrite, similar to pyramidal neurons in other brain regions (8). It is unclear whether the 

differences in proportions of depressing versus facilitating synapses are a feature of the different 

inputs (layer 2/3 versus layer 5 inputs) or due to species differences. However since pyramidal 

neurons with bifurcating dendrites have not been described in the rat, this may be a specific feature 

of pyramidal neurons in the ferret mPFC.  

 Following a brief tetanus, inputs to layer 5 pyramidal neurons from layer 2/3 and layer 5 

both show frequency-dependent synaptic augmentation, lasting up to several hundred milliseconds 

(8, 40). Augmentation is unaffected by the NMDA receptor antagonist, 2-amino-5-

phosphonobutyric acid (AP5) (40), consistent with the notion that synaptic augmentation is likely to 

be due to a build up of residual calcium in the presynaptic terminal during the tetanic stimulation 

(38). Both short-term depression and synaptic augmentation have also been observed during paired 

recordings from layer 5 pyramidal neurons, discounting the possibility that activation of afferents 

containing neuromodulators or polysynaptic activity underlies these processes. 

 PTP and STP have also been observed at synapses on layer 5 pyramidal neurons in the rat 

prelimbic mPFC. Short-term plasticity at layer 3 and layer 5 inputs to layer 5 pyramidal neurons is 

frequency- and layer-dependent, and determined by the activity of the neuron prior to tetanic 

stimulation (15 stimuli at 50 Hz delivered twice)(42). Following baseline stimulation at 0.5 Hz, 

PTP was evoked that lasted for approximately 1 minute at layer 3 but not layer 5 inputs. The same 

tetanus delivered following a baseline recording frequency of 0.067 Hz evoked STP at both layer 3 

and layer 5 inputs, although this was longer lasting at layer 5 inputs (6 minutes versus 4 minutes). 

In contrast, in the ferret, PTP lasting up to a few minutes was observed only at layer 5-layer 5 

synapses following tetanic stimulation (15 action potentials at 50 Hz, repeated 4 times), following 

baseline stimulation at 0.5 Hz (8). This could be attributable to the greater number of tetanic 

repetitions given, or alternatively could be suggestive of a distinct synaptic subtype in the ferret, 

since it only occurred at facilitating synapses. PTP evoked in the rat was enhanced by a dopamine 

type-1 (D1) receptor antagonist, suggesting that endogenous release of dopamine during the 

induction protocol suppresses PTP, presumably via a presynaptic suppression of glutamate release 

(43, 44). STP was also suppressed by a D1 antagonist at layer 5 inputs, instead evoking long-term 

depression (LTD), thereby suggesting a requirement for endogenous dopamine to evoke both STP 

and long-term potentiation (LTP; see below).   

 Facilitating or depressing synapses behave as high- and low-band filters, respectively, 

endowing a postsynaptic neuron with an optimum frequency range for presynaptic inputs (45). 

Furthermore, synaptic augmentation allows neurons in the mPFC to fire repetitively during 

activation of recurrent synapses, and computer simulations have shown that a balance between 

augmentation and synaptic depression is important for sustaining persistent activity at a level 
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observed in vivo in behaving animals during working memory tasks (approximately 50 Hz) (46). 

Consistent with this, during synaptic depression evoked with a “natural” spike train i.e. with a 

variable temporal pattern of firing mimicking in vivo recordings, postsynaptic depolarisation is 

maintained (47). This diversity in short-term plasticity exhibited by pyramidal neuron synapses in 

the mPFC is likely to be advantageous for its role in executive function and mnemonic processing 

in the mPFC since it allows greater flexibility than, for example, LTP, and has a lesser metabolic 

load. Short-term plasticity also enables rapid switching of attention, essential for the functioning of 

the PFC in cognitive processing. 

  

5. Long-term plasticity 

 

 As well as being important in working memory, the PFC is also important in long-term 

memories, such as declarative memory in humans and associative learning in rodents (see below) 

(48). As in other brain regions, the process underlying the formation of these memories is thought 

to be synaptic plasticity. The next section will describe what is known about the mechanisms 

underlying long-term synaptic plasticity in the prelimbic mPFC. 

 

(i) LTP and LTD in the PFC 

 Early studies examining plasticity at layer 2/3 and layer 5 inputs to layer 5 pyramidal 

neurons found that at synapses where plasticity could be evoked, which constituted approximately 

two thirds of synapses, either LTP or LTD was elicited in relatively equal proportions (34, 49-52). 

This was induced by tetanic stimulation (4 trains of stimuli at 50-100 Hz for 1-2 seconds) in the 

presence of GABAergic blockers. LTP and LTD evoked in this way require a rise in postsynaptic 

calcium (53). However there is controversy as to the role of NMDA receptors in synaptic plasticity 

in the mPFC. While early studies showed that LTP is converted to LTD in the presence of AP5 (34, 

50), later studies found that AP5 blocked both LTP and LTD at layer 2/3 inputs (54, 55)(see below).  

 

(a) LTD induction 

 LTD can be induced in several ways at layer 5 synapses following stimulation of superficial 

layers. Firstly, LTD can be induced by tetanic stimulation (4 trains of 100 stimuli at 50 Hz) in the 

presence of a high concentration of dopamine (100 µM)(56). Secondly, LTD can be evoked by 

tetanic stimulation in the presence of a group 1 metabotropic glutamate receptors (mGluR) agonist 

(57). Thirdly, two types of chemical LTD that do not require tetanic stimulation can be evoked. One 

can be induced by application of a group 2 mGluR agonist alone (55, 58), while the other can be 

evoked by dopamine in the presence of an mGluR1 agonist (55, 58). 
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 LTD evoked by tetanic stimulation in the presence of dopamine is blocked by antagonists at 

both D1 and dopamine type-2 (D2) receptors, antagonists of either group 1 and group 2 mGluRs, or 

by chelating postsynaptic calcium (56, 57). However this type of LTD is not NMDA receptor-

mediated. In contrast, mGluR2-evoked LTD (in the absence of tetanic stimulation) can be blocked 

by AP5 (55). This form of LTD is induced postsynaptically through activation of phospholipase C, 

which releases calcium from inositol triphosphate (IP3)-sensitive intracellular stores, and activates 

phospholipase D, protein kinase C (PKC) and protein kinase A (PKA)(55). However it is expressed 

presynaptically, as shown by a sustained increase in the paired pulse ratio, and can be occluded by a 

cannabinoid CB1 receptor agonist, suggesting that cannabinoids mediate the presynaptic expression 

(see below)(58). The link between NMDA receptor activation and group 2 mGluRs has not been 

ascertained, but is likely to be due to a critical concentration of calcium being reached at the 

synapse. 

 The common mechanism for all of these forms of LTD was found to be via convergent 

activation of mitogen-activated protein kinases (MAP kinases). All forms of LTD were blocked by 

a MAP kinase inhibitor, and phosphorylation of MAP kinases was observed in the presence of 

dopamine and group 1 and 2 mGluR agonists. The function of MAP kinases in the PFC is currently 

unknown, but in the hippocampus MAP kinases are necessary for phosphorylation of cyclic AMP 

response element-binding protein (CREB) by PKA and PKC (59), for triggering transcription, and 

for modifying spine shape (60). 

 

(b) LTP induction 

 In spite of early reports of LTP being evoked by tetanic stimulation (34, 49, 50), subsequent 

studies were unable to replicate this finding (54, 56). However, more recent studies have evoked 

LTP in the mPFC by using very high frequency tetanic stimulation, by using a burst stimulation 

protocol instead of tetanic stimulation, or by “priming” the mPFC with a prior application of 

dopamine. These are discussed below. 

 Theta burst stimulation (4 stimuli at 100 Hz, repeated 10 times at 5 Hz) has been found to be 

effective in evoking LTP following stimulation of superficial layers (54, 61, 62) and deep layers of 

the mPFC (42, 54, 61) but not following stimulation of layer 3 (42). This form of LTP is mediated 

by mGluRs since it is blocked by the mGluR antagonist methyl-4-carboxyphenylglycine 

(MCPG)(54) and facilitated by the group 1 mGluR agonist dihydroxyphenylglycine (DHPG)(61). 

During burst stimulation more action potentials and a larger depolarisation are evoked than during 

tetanic stimulation (62), likely leading to a greater increase in calcium, and thereby facilitating the 

induction of LTP (63-66). Alternatively, LTP may have been evoked more readily under these 
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conditions because short bursts of stimulation “prime” the dendrites to optimise NMDA receptor 

activation (67). However in the presence of dopamine, burst firing evoked LTD (62).  

 LTP is also evoked in rodent layer 5 field EPSPs by very high tetanic stimulation of layer 2 

(300 Hz for 0.5 second). Delivering the tetanic stimulation once evokes LTP that persisted for 

approximately 60 minutes (early phase LTP), while delivering the tetanus five times evokes LTP 

that is sustained for 3 hours (late phase LTP)(41). Late phase LTP is blocked by AP5 and 

anisomycin, and attenuated by a D1 receptor antagonist, while early phase LTP is converted to late 

phase LTP in the presence of a D1 receptor agonist, suggesting the requirement of D1 receptor 

activation for long lasting LTP. Consistent with this, in D1 heterozygote knockout mice, which 

express 50% of the wildtype levels of D1 receptors, application of a D1 agonist failed to convert 

early phase LTP to late phase LTP (41). In this study LTD could be also evoked (3 Hz stimulation 

for 15 minutes), in the presence of a very high concentration of dopamine (200 µM), while in the 

absence of dopamine only a transient depression was elicited. This form of LTD was blocked by 

both D1 and D2 receptor antagonists, a PKA inhibitor and by the mGluR antagonist MCPG, but not 

by AP5, similar to LTD evoked by dopamine coupled with tetanic stimulation at 50 Hz (56). The 

generation of LTD in the presence of dopamine with this stimulation protocol was blocked in the 

D1 receptor heterozygote knockout mice, showing the action of dopamine is mediated by D1 

receptors. 

 In agreement with the above finding that dopamine facilitates LTP, dopamine release 

following stimulation of the ventral tegmental area (VTA) combined with tetanic stimulation leads 

to LTP in vivo (Gurden et al, 1999; 2000). However this contrasts with experiments coupling low 

frequency tetanic stimulation (50 Hz) with dopamine exposure in vitro (56), which evokes LTD. 

This discrepancy may be due to the very low ambient dopamine concentrations in vitro compared to 

a substantial background dopamine tone in vivo (68). Consistent with this, transient exposure to 

dopamine in vitro, prior to tetanic stimulation, leads to LTP, when the 50 Hz tetanic stimulation is 

subsequently delivered in the presence of dopamine (69, 70). This was not due to enhanced 

postsynaptic depolarisation during the LTP protocol following “priming”, since this was actually 

less than that observed when LTD was evoked. Instead this “priming” effect of dopamine 

application required activation of both D1 and D2 receptors (70), and may be due to metaplastic 

changes (71). Applying AP5 during “priming” or during the tetanus blocked LTP, as did buffering 

intracellular calcium or hyperpolarising the cell during the LTP induction protocol (70), suggesting 

that calcium influx through NMDA receptors is required for this form of LTP.  
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(c) Spike timing-dependent plasticity 

 Spike timing-dependent plasticity (STDP) is a paradigm that pairs presynaptically evoked 

EPSPs with postsynaptic action potentials (72, 73). This is likely to be highly physiologically 

relevant since in vivo both the pre- and postsynaptic neurons are invariably simultaneously active 

(73). During this Hebbian form of plasticity, pairing needs to occur within a specific temporal 

window, with the direction of plasticity dependent on the timing of the presynaptic activity in 

relation to the postsynaptic activity, generating a “tuning” curve. In general, pairing trains of action 

potentials before trains of EPSPs leads to LTD, whereas pairing action potentials after EPSPs leads 

to LTP (72, 73).  

 A few studies have examined STDP in the mPFC. Pairing action potentials 5 ms after the 

start of a train of EPSPs (50 times repeated at 0.1 Hz) evoked LTP at layer 2/3 inputs to layer 5 

pyramidal neurons in mice (74, 75). However a delay of 10 ms between the EPSP onset and the 

action potentials failed to evoke LTP, both in mice (75) and rats (evoked by EPSP-spike pairings of 

10 bursts of 5 stimuli at 20 Hz)(76). In mice, when the action potential preceded the EPSP by 0-10 

ms or 40-70 ms, LTD was evoked, with no plasticity evoked at intermediate delays (75). It remains 

to be seen if a similar temporal profile of STDP is seen in layer 5 pyramidal neurons in the rat. LTP 

evoked by STDP requires a rise in intracellular calcium, and can be blocked by application of 

nicotine (10 µM), via activation of GABAergic interneurons. This subsequently decreases the 

dendritic calcium rise (74), which is essential for eliciting STDP (77, 78).  

 

 In summary, while the majority of synapses in the mPFC are plastic, there appears to be a 

delicate balance between LTP and LTD, with one often masking the other (34, 50, 51, 56, 70). Thus 

the same induction protocol can evoke either LTP or LTD. This contrasts with other brain regions 

where high frequency stimulation (50-100 Hz) typically evokes LTP, while low frequency 

stimulation (1 Hz) typically evokes LTD. The reason for this is not clear, but calcium imaging 

studies would help to elucidate what underlies these mechanistic discrepancies.  

 Synaptic plasticity is differentially regulated by dopamine, depending on the induction 

mechanism and prior exposure. These findings may be confounded by the release of endogenous 

dopamine in the slice during the stimulation protocol (42, 79), with the amount of residual 

dopamine in the brain slice depending on the timing of recording following the brain dissection (42, 

80), and with bursts more likely to evoke higher concentrations of transmitter release from 

dopaminergic afferent fibres (81). Therefore in future studies it would be useful to investigate the 

action of selective dopamine receptor antagonists alone on these forms of synaptic plasticity, to 

investigate plasticity at a range of times following dissection, and to investigate the effects of a 

range of concentrations of dopamine (i.e. 10 µM versus 100 µM; (82)). Indeed, Matsuda and 
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colleagues found that 10 µM dopamine did not trigger LTD when combined with tetanic 

stimulation (70). 

 In addition, synaptic plasticity in the PFC may also depend on the membrane potential of 

layer 5 pyramidal neurons. Under anaesthesia, neurons in the PFC exhibit a bistability in vivo, 

oscillating between up and down states at a frequency of approximately 1 Hz (83, 84). Furthermore, 

stimulation of the VTA, which triggers dopamine release, triggers up states, primarily via activation 

of D1 receptors (84). Since during in vitro slice recordings the resting membrane potential mimics a 

down state, this may be an explanation for the greater ease of evoking LTD than LTP with tetanic 

stimulation (50, 56, 85). In contrast, LTP may be more likely to be evoked from depolarised 

potentials that mimic the up state in vivo (86, 87), due to greater activation of NMDA receptors at 

these membrane potentials.  

 

(ii) PFC-hippocampal connections 

 The CA1 region of the hippocampus, apart from the most dorsal region, together with the 

subiculum, send direct inputs via the fornix and fimbria to the prelimbic, infralimbic, lateral, and 

medial orbital areas of the mPFC (29). Hippocampal fibres innervate all cell layers of the mPFC, 

but most densely innervate layer 5 of the prelimbic mPFC in an ipsilateral and unidirectional 

manner (88). Hippocampal fibres form asymmetrical synapses on dendritic spines of pyramidal 

neurons and on dendrites of GABAergic interneurons (89-91), where they release glutamate to 

activate AMPA and NMDA receptors to evoke an EPSP with a latency of approximately 16 ms (92-

95). Intracellular recordings in vivo have shown that stimulation of CA1 can evoke complex EPSP/ 

inhibitory postsynaptic potential (IPSP) waveforms in pyramidal neurons in the prelimbic mPFC 

(95), presumably via disynaptic activation of pyramidal neurons and interneurons. Inputs from the 

hippocampus have been shown to provide information about context during extinction of fear 

memories (see below)(96, 97), and spatial working memory (see below)(98, 99), and LTP at inputs 

to the prelimbic mPFC in the awake rat can last for days (100, 101). As well as being crucial for the 

retrieval of stored information during working memory tasks, hippocampal inputs are also 

important for the generation of up and down states in the mPFC, since lesioning of the ventral 

hippocampus prevents up transitions in the mPFC (102).  

 Plasticity at inputs from the hippocampus, including those travelling via the subiculum, has 

been well studied, with the function of plasticity at these synapses thought to be involved in 

stabilising the storage of learned events in the cortex. High frequency stimulation of the ventral 

hippocampus (250 Hz in bursts of 200 ms) evokes LTP of field EPSP recorded in the deep layers of 

the prelimbic mPFC in vivo (103-105), and LTP of both EPSPs and IPSPs recorded intracellularly 

(95), which persists for several hours in both anaesthetised animals and awake freely moving 
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animals (101). Similarly, tetanic stimulation of the fornix also evokes LTP in the prelimbic mPFC 

(106). This form of LTP requires activation of NMDA receptors for induction but not maintenance 

since induction can be blocked by infusion of AP5 into the prelimbic PFC (101, 103, 107).  

 Dopaminergic input from the VTA is also required for LTP at hippocampal-mPFC 

synapses. Jay and colleagues showed that lesioning the VTA reduced LTP, while stimulating the 

VTA enhanced LTP evoked with a moderate induction protocol (87). Consistent with this, infusion 

of a D1 agonist enhanced LTP, while infusion of a D1 antagonist blocked LTP at these inputs (86, 

108). The actions of DA acting on D1 receptors is presumably via activation of PKA, since LTP at 

these inputs was blocked by the PKA inhibitor Rp-cAMPs (86). 

 LTD has also been evoked at hippocampal-PFC synapses, by low frequency tetanic 

stimulation (trains of 5 stimuli at 250 Hz, repeated 900 times at 1 Hz)(85, 109). This was reversible 

upon high frequency stimulation (50 pulses at 250 Hz, repeated 12 times)(85). In contrast to the 

traditional induction protocol that induces LTD in other brain regions (single stimuli at 1 Hz 

repeated 900 times for 15 minutes (63, 110-112)), this protocol failed to induce LTD in the mPFC 

but instead led to depotentiation of evoked LTP in vivo (113).  

 Neurons in the hippocampus oscillate in the theta (4-10 Hz) range during exploratory 

behaviour and REM sleep (114-116). Furthermore the mPFC is entrained to theta rhythms in the 

hippocampus in freely behaving rats (117) and during spatial working memory tasks (118). Despite 

this, however, examination of plasticity at hippocampal-PFC slices using theta burst stimulation has 

not yet been explored. Since exploratory behaviour and REM sleep are both thought to be involved 

in memory formation, this would be interesting to pursue. However neuronal firing rates have been 

measured at 1 Hz in CA1 pyramidal neurons in the awake rat, while ripple activity has been 

observed at approximately 250 Hz, suggesting that these frequencies, used for inducing plasticity, 

are also behaviourally relevant (119, 120). The implications for plasticity at hippocampal-mPFC 

synapses are discussed below. 

 

(iii) PFC-amygdala interactions  

 The amygdala is involved in generating emotions and emotional memories, in particular 

fear-related memories, in response to sensory inputs (121). The mPFC and the amygdala have 

reciprocal connections (122-126) and this circuit has been shown to be crucial for integrating 

emotionally salient stimuli and regulating emotional memories (127-129). Medial PFC neurons can 

inhibit (130-132) or excite (133) amygdala neurons, and project directly to inhibitory intercalated 

cells in the amygdala (126). Conversely, amygdala neurons excite parvalbumin-containing 

interneurons in the mPFC (134), but stimulation of the basolateral amygdala evokes both inhibitory 

and excitatory responses in the mPFC (135). NMDA receptor-dependent LTP can be evoked in the 
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prelimbic mPFC following theta burst stimulation (10 trains of ten stimuli at 100 Hz, repeated 3 

times) of the rat basolateral amygdala in vivo (136).  

 Emotional memory formation has been widely studied using a form of Pavlovian associative 

learning, fear conditioning. This involves pairing an unconditioned stimulus, which evokes fear, 

with a neutral conditioned stimulus, such that subsequent exposure to the conditioned stimulus 

elicits a fear response (137). Plasticity underlying this effect is known to occur within the amygdala 

(138), since lesions or inactivation of the amygdala before conditioning prevent the animal from 

learning fear associations (139, 140), while lesions of the amygdala following conditioning prevent 

the expression of the fear response (141). While initial experiments showed that lesioning the 

mPFC had no effect on the acquisition or expression of conditioned fear (142) (143), recent 

evidence suggests that the mPFC is involved in the expression of fear conditioning. Inactivation of 

the prelimbic mPFC suppresses fear responses following conditioning (144, 145), and the prelimbic 

mPFC shows increased firing following conditioning (146-148). Furthermore microstimulation of 

the prelimbic mPFC enhances conditioned fear responses (149). Thus the results of the initial 

lesioning experiments may have been confounded by compensatory measures occurring following 

lesioning, and do not discount the possibility that the intact mPFC contributes to expression of fear 

conditioning (15). In view of the excitatory projections from the mPFC to the basolateral amygdala 

(126), and the finding that firing in the prelimbic mPFC precedes that in the amygdala, this suggests 

that the prelimbic mPFC may drive the basolateral amygdala during expression of fear responses 

(133, 150).  

 The mPFC also plays an important role in extinction of fear conditioning. Extinction to a 

conditioned stimulus occurs when exposure to the conditioned stimulus is repeated in the absence 

of the unconditioned stimulus, thereby eliminating the fear memory (137, 151). Extinction involves 

new learning as opposed to “unlearning” of the fear memory (137, 152, 153). There are three phases 

of extinction: acquisition, consolidation, and retrieval. Acquisition is the initial learning, 

consolidation follows for several hours afterwards and involves cellular and molecular mechanisms 

of memory storage, and retrieval occurs during a subsequent testing (15). In contrast to the 

expression of fear responses, which involves the prelimbic mPFC, the infralimbic mPFC, which is 

located in the ventromedial PFC, is involved in the extinction of fear responses.  

 The mPFC is not required for acquisition of extinction, since mPFC lesions have no effect 

on the acquisition of extinction in rodents (143, 154, 155), and no association has been found 

between extinction acquisition and plasticity in the mPFC (156). However one study did show an 

acceleration of extinction acquisition when tetanic stimulation of the infralimbic cortex was 

combined with presentations of the conditioned stimulus alone (127). The amygdala is the primary 

area that has been attributed with the acquisition of extinction, demonstrated through lesioning 
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studies and infusion of compounds that inhibit synaptic plasticity into the basolateral region of the 

amygdala (for review see (15)). 

 A number of studies have implicated the infralimbic mPFC in the consolidation of 

extinction (143, 157-160). For example, lesioning the infralimbic mPFC prevents retrieval of the 

memory the following day (143). However, other investigators have failed to observe this effect 

(155, 161, 162). Again, compensatory mechanisms following lesioning may be the confounding 

issue, as a number of investigators have since found that a more transient inactivation of the 

infralimbic mPFC, by infusing compounds into the infralimbic mPFC before extinction training, 

blocked retrieval of extinction. For example, infusion of the sodium channel blocker tetrodotoxin 

(TTX)(163), the NMDA receptor antagonist CPP (164), a PKA inhibitor, a beta adrenoceptor 

antagonist (165), the protein synthesis inhibitor anisomycin (165, 166), or the transcription inhibitor 

actinomycin (165) into the infralimbic mPFC blocked retrieval of extinction. Furthermore infusion 

of a MAP kinase inhibitor (167, 168) or CPP (164) immediately following acquisition of training 

also blocked extinction retrieval the following day. Enhancing metabolism in the infralimbic mPFC 

(169), enhancing brain-derived neurotrophic factor (BDNF) activity (170) or the activity of AMPA 

receptors (171) augmented consolidation of extinction. Finally, an increase in the expression of c-

fos, an immediate early gene implicated in synaptic plasticity, was observed in the mPFC following 

extinction (166), All of these molecular markers point to a role of synaptic plasticity in the mPFC in 

the consolidation of extinction memories. 

 When animals are re-exposed to a conditioned stimulus on days subsequent to the 

acquisition of extinction, they can either exhibit the fear memory or the extinction memory, which 

are mediated by distinct neural substrates (172-174). A large body of evidence indicates a role for 

the infralimbic mPFC in the retrieval of the extinction memory. Firstly, an increase in evoked 

potentials (156, 162, 175), and the degree of synaptic potentiation displayed by neurons in the 

infralimbic mPFC following extinction training, has been shown to correlate with the degree of 

extinction memory exhibited (127, 156, 176). Similarly, high frequency firing of infralimbic mPFC 

neurons after extinction training predicts retrieval of the fear memory the following day (164). In 

contrast synaptic depression in the infralimbic mPFC is associated with expression of the fear 

memory (156, 177). Secondly, lesioning the infralimbic mPFC results in only the fear memory 

being exhibited on re-exposure to the conditioned stimulus (143). Thirdly, enhancing activity in 

infralimbic mPFC, by triggering LTP in the mPFC with high frequency stimulation of the 

mediodorsal thalamic nucleus (156) or the hippocampus (162), or by stimulating the infralimbic 

mPFC directly (127, 149, 178) facilitates extinction expression. Moreover stimulating the 

mediodorsal thalamic nucleus with low frequency stimulation to evoke LTD in the mPFC facilitates 

expression of the fear memory (156). In contrast with these findings, it has recently shown that rats 
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show normal expression of extinction of fear memories with PFC lesions (161). Again, however, 

the discrepancy in the literature lies with studies examining the effects of lesioning, suggesting 

methodological issues. 

 Since most inputs from the mPFC to the amygdala are excitatory (133, 179) and neurons in 

the basolateral amygdala still fire during extinction, despite the animal showing less fear (180), this 

suggests that enhanced activity of the infralimbic mPFC has effects on the amygdala that are 

downstream of the basolateral amygdala. This may be via direct activation of intercalated neurons 

in the amygdala (126), which could act to inhibit the fear memory expression in the amygdala (181, 

182). Intercalated neurons are GABAergic neurons that act as an inhibitory gate between the 

basolateral amygdala, which receives inputs containing information regarding the conditioned 

stimulus, and the central amygdala, the output station of the amygdala that projects to the brainstem 

to initiate the fear response (121, 183). Stimulation of the infralimbic mPFC evokes c-fos 

expression in intercalated neurons (184), and inhibits the responsiveness of central amygdala 

neurons to stimulation of the basolateral amygdala (185). Furthermore, intercalated neurons show 

both LTP and LTD (186), suggesting that plasticity at mPFC inputs to intercalated neurons may 

underlie extinction.  

 Connections between the mPFC and hippocampus have also been implicated in fear 

conditioning and extinction. For example, fear memories overcome extinction memories when 

presented in a new context. Furthermore hippocampal inputs and outputs both show prolonged 

synaptic plasticity associated with traumatic memories, which outlasts extinction of the memory, 

and hippocampal synaptic efficacy is altered during re-exposure to the conditioned stimulus (187, 

188). When development of LTP at hippocampal-mPFC synapses following extinction training is 

prevented by low frequency stimulation of the ventral hippocampus, recall of the extinction 

memory is impaired (162). Furthermore long-term changes are seen in the hippocampus during 

consolidation of extinction in the inhibitory avoidance paradigm. These are dependent on NMDA 

receptors, MAP kinase, PKA, gene expression and protein synthesis (for review see (15)), 

suggesting that synaptic plasticity in the hippocampus, or at hippocampal inputs to the mPFC, also 

contributes to the consolidation of extinction. 

 In summary, the prelimbic mPFC is involved in the expression of fear memories, while the 

infralimbic mPFC is involved in the expression and retrieval of extinction (149). Changes that 

occur in the infralimbic mPFC during extinction expression and retrieval involve regulation by 

many molecular markers and receptors that are involved in synaptic plasticity, implicating synaptic 

plasticity in the infralimbic mPFC and at connections between the infralimbic mPFC, the amygdala 

and the hippocampus as the cellular basis of extinction memories. While synaptic plasticity can be 

induced in the prelimbic mPFC following stimulation of the basolateral amygdala (136), few 
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studies to date have investigated the mechanisms underlying synaptic plasticity in the infralimbic 

mPFC and at connections between the infralimbic mPFC and the amygdala (189). Understanding 

these cellular mechanisms is important for developing treatments for post-traumatic stress disorder 

and anxiety disorders, since they are thought to result from the inability to extinguish fear memories 

(see below). 

 

6. Neuromodulation of synaptic plasticity in the PFC 

 

 Removing catecholamines from the PFC is as detrimental to the functioning of the PFC as 

removal of the PFC itself (190), pointing to the vital role that neuromodulators serve in the 

functioning of this area of the brain. In addition, a large body of evidence has shown that 

neuromodulators play an important role in regulating synaptic plasticity. These are discussed below.  

 While all cortical regions receive inputs from monoaminergic and cholinergic systems, 

leading to the release of dopamine, noradrenaline, 5-hydroxytryptamine (5-HT) and acetylcholine, 

it is only the mPFC that sends projections back to these brainstem structures, endowing the mPFC 

with control over the functioning of these neuromodulator systems (191, 192). Serotonergic neurons 

arise in the raphe nuclei project to the mPFC (193). Lesioning these inputs with 5,7-

dihydroxytryptamine (5,7-DHT) augments LTP of field EPSPs in the prelimbic mPFC, evoked by 

high frequency stimulation of CA1 (50 trains at 250 Hz)(194). This suggests that 5-HT attenuates 

LTP at hippocampal-mPFC synapses, potentially via a depression of NMDA receptor-mediated 

currents (195, 196). Afferents from the locus coeruleus densely innervate the mPFC, where they 

release noradrenaline (197-200). Noradrenaline is important for extinction of fear memories, as it 

has been shown that noradrenaline is released into the mPFC during fear extinction (201), and 

depletion of forebrain noradrenaline impairs extinction retrieval (202). Furthermore activation of 

beta adrenoceptors in the mPFC is required for consolidation of extinction (165) and odour reward 

memories (see below; (203)). 

 

(i) Dopamine 

 Dopamine levels in the mPFC are essential for normal functioning, for example in working 

memory. Dopamine exhibits an inverted U-shaped dose response curve, whereby levels of 

dopamine that are either too low or too high impair proper functioning (204). As well as being 

essential for working memory (82, 99, 205-207), dopaminergic systems are also involved in 

predicting the reward value of a stimulus (190, 208-210). The dopamine signal in the mPFC is 

highly tuned to signal the reward value of an event and its precise coincident release into the mPFC 

may signal such an event by evoking plasticity of the ongoing glutamatergic activity (210). 
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 There are two broad classes of dopamine receptor, classified according to their gene 

sequence and pharmacology: D1-type, comprising D1 and D5 receptors, and D2-type, comprising 

D2, D3 and D4 receptors (211). The predominant type of dopamine receptor in the mPFC is D1-

type receptors, which outnumber D2-type receptor several fold (212). D1 receptors are expressed 

mainly on pyramidal neurons in layer 5 (213) where they are located on the spines and dendrites of 

neurons (212, 214), and presynaptically on afferent terminals where they depress transmitter release 

(43, 44, 215). Dopaminergic afferents to the mPFC arise in the VTA (216), where they synapse 

onto dendritic spines and shafts of layer 5 and 6 neurons (217, 218). Some dopaminergic terminals 

form synaptic “triads”, where a dopaminergic terminal targets both a postsynaptic dendritic spine 

and an excitatory terminal of another afferent (217-220), although the main form of transmission is 

thought to be via volume transmission (221). In addition to the phasic release of dopamine from 

VTA afferents, for example during expectation of reward (210), slow tonic activity maintains 

ambient levels of dopamine in the PFC (68, 222). This may regulate the sensitivity of PFC neurons 

to forthcoming inputs (223).  

 The effects of dopamine on basal synaptic transmission in the PFC have been extensively 

studied in vitro, yielding conflicting data (see (82)). However the general consensus is that 

dopamine depresses single EPSPs evoked by local stimulation in vitro (43, 44) or hippocampal 

stimulation in vivo (87), but enhances NMDA receptor-mediated responses evoked with repetitive 

stimulation (44, 82). Stimulation of the VTA in vivo evokes a transition of layer 5 pyramidal 

neurons into an up state, while at the same time decreasing the number of evoked action potentials 

(84).  

 The effects of dopamine on synaptic plasticity in the mPFC are discussed above. In 

summary, however, dopamine can facilitate either LTD or LTP. LTD is facilitated by dopamine at 

layer 2/3 inputs to layer 5 pyramidal neurons, through a mechanism involving mGluRs and 

activation of MAP kinase (56, 57). Alternatively, prior exposure to dopamine can “prime” synapses 

to evoke LTP (69, 70). At hippocampal inputs, the effect of dopamine is a facilitation of LTP. For 

example, infusion of dopamine into the mPFC enhances LTP following tetanic stimulation of the 

hippocampus (101). Furthermore, tetanic stimulation of the VTA at 50 Hz for 2 seconds, which 

releases dopamine into the mPFC (224) prior to stimulation of the hippocampus, leads to a 

persistently enhanced LTP at hippocampal-mPFC synapses (87). Moreover disruption of the 

mesocortical dopaminergic projection from the VTA to the PFC impairs LTP induction at 

hippocampal-mPFC synapses (86, 87). This effect is mediated by D1 receptors, demonstrated by 

the fact that infusion of a D1 agonist into the PFC prior to tetanic stimulation of the hippocampus 

enhances LTP, while infusion of a D1 antagonist into the PFC blocks LTP (86). Furthermore, LTP 
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at hippocampal inputs is associated with a sustained enhancement in the release of dopamine in the 

PFC, measured by microdialysis (86).  

 The mechanism of D1 receptor-mediated enhancement of LTP is likely to be via PKA (225), 

which phosphorylates the AMPA receptor GluR1 subunit (226) and stimulates trafficking of GluR1 

receptors into the postsynaptic density (227, 228). Activation of PKA leads to activation of DARP-

32 (229) and CREB, both of which have been found to be upregulated during late LTP at 

hippocampal-mPFC synapses (104), leading to gene transcription. Moreover, activation of PKA by 

D1 receptors has also been shown to phosphorylate NMDA receptors, a process which is involved 

in the D1-mediated activation of CREB (230). Finally, activation of D1 receptors can trigger 

insertion of AMPA receptors into the synaptic membrane, when activated in conjunction with 

NMDA receptors (231). Thus, activation of D1 receptors may increase the availability of 

extrasynaptic membrane-bound AMPA receptors for synaptic insertion during LTP. This action in 

particular may contribute to the “priming” effect of dopamine (70). In contrast, activation of D2 

receptors reduces the surface expression of GluR1 AMPA receptors, suggesting a possible 

mechanism for dopamine facilitation of LTD (231).  

 

(ii) Cannabinoids 

 Activation of cannabinoid receptors, for example by inhalation of marijuana, is known to 

produce cognitive and mnemonic deficits, together with alterations in sensory perception and 

emotional processing (232, 233). Some of these effects may be mediated by an action in the mPFC. 

For example, infusion of agonist ∆9THC (∆9tetrahydrocannabinol) into the PFC has been shown to 

impair working memory tasks (234, 235), and cannabinoids have also been implicated in emotional 

learning (128, 236-238). Furthermore, disruptions in the endocannabioid system have been 

implicated in schizophrenia (239, 240). CB1 receptors, the cannabinoid receptor found in the brain, 

are abundantly expressed in the mPFC (241-243). As with other brain regions, CB1 receptors are 

localised on excitatory and inhibitory terminals, where they act to presynaptically reduce transmitter 

release (51, 244-246).  

 CB1 receptors both mediate and facilitate LTD at inputs to layer 5 pyramidal neurons in the 

mPFC. Following tetanic stimulation (4 trains of 100 stimuli at 100 Hz), activation of CB1 

receptors facilitates LTD induction over LTP induction at layer 5 to layer 5 synapses in the rat 

prelimbic mPFC, while application of a CB1 receptor antagonist alone favours LTP (51). Moreover, 

a CB1 receptor-mediated LTD can be evoked at layer 2/3 and layer 5/6 inputs to layer 5/6 neurons 

in the prelimbic mPFC of the mouse by tetanic stimulation at moderate frequencies (10 Hz for 10 

minutes)(244). LTD evoked in this way is mediated by activation of postsynaptic mGluR5 

receptors, leading to a rise in intracellular calcium and activation of phospholipase C, and is 
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expressed presynaptically as a long-term reduction in transmitter release, mediated by the release of 

the endogenous cannabinoid 2-acylglycerol (2-AG)(244). It is independent of NMDA receptors and 

D1 and D2 receptors, but instead can be blocked by the cannabinoid antagonist AM251 or by the 

mGluR5 antagonist MPEP (244).  

 These effects of endocannabinoids on plasticity in the mPFC are likely to play a role in fear 

expression following olfactory fear conditioning. Infusion of a CB1 receptor agonist into the mPFC 

was shown to potentiate the fear response in this paradigm, while infusion of a CB1 antagonist 

blocked the fear response (128). This correlated with recordings in vivo in the same study, showing 

an increase in burst firing in mPFC neurons that receive inputs from the basolateral amygdala 

during presentations of a conditioned stimulus. Burst firing could be potentiated by microinfusions 

of a CB1 receptor agonist into the mPFC but blocked by a CB1 receptor antagonist (128), showing 

that cannabinoid release in the mPFC is necessary for this form of emotional learning. Since 

cannabinoids mediate LTD in the mPFC, these data support the notion that inactivation of the 

mPFC occurs during fear expression (247). 

 

7. Roles of plasticity in the PFC 

 

 There are a number of lines of evidence pointing to a role of the mPFC in long-term 

memory. In humans, neuropsychological and neuroimaging studies have provided this evidence 

(248-250), while imaging and electrophysiological studies have shown a role for the mPFC in 

humans and primates in long-term recognition memory (251-263). Disruption of PFC function with 

transcranial magnetic stimulation impairs formation of a visual recognition memory during episodic 

memory learning tasks, providing direct evidence a role for the PFC in the storage of long-term 

memories (264, 265). Furthermore patients with damage to the PFC show similar impairments in 

remembering contextual details to patients with temporal lobe damage (266, 267).  

 Initial evidence for the role of the PFC in long-term memory formation in animals derives 

from the observation that only trained animals show persistent firing during the delay period of a 

spatial working memory task (see below; (268)), suggesting that the learning of the task involves 

plastic changes. Furthermore during operant conditioning rats exhibit either long-term decreases or 

increases in neuronal activity in the mPFC (269). This requires simultaneous activation of D1 

receptors, NMDA receptors and PKA in the mPFC (270), consistent with in vitro studies of LTP in 

the mPFC (34, 53, 86). In addition, long-term changes in the activity of infralimbic PFC neurons 

are involved in extinction of conditioned fear responses (see above). Specific roles of long-term 

memory in the mPFC are discussed below. 
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(i) Stimulus-action coupling 

 In 1949 Hebb proposed that development of the PFC was particularly important for 

developing schemas to solve problems that will be encountered later in life (271). These are learnt 

during the relatively late period of development of the PFC, with respect to other brain structures, 

and contribute to appropriate behavioural responses that, in humans, are learnt during early 

adulthood. The mPFC is ideally placed to develop such schemas since it can utilise inputs from 

other cortical regions pertaining to visual, tactile and olfactory cues, as well as information about 

the internal milieu of the organism carried by subcortical structures to the PFC. This information 

can be used to plan the sequence of forthcoming actions according to the current sensory context 

and internal state (98, 272-275).   

 Neurons in the primate dorsolateral PFC increase their firing during the delay period in a 

delayed response task, a model for working memory (276-278). While some neurons fire at the 

beginning of the delay period, others fire as the delay progresses (279). These differing neuronal 

firing patterns have been attributed with encoding recent perceptual stimuli (the neurons that fire 

during and immediately after the cue), which project to a neighbouring group of neurons that 

encode projections towards future actions (those that fire during the delay). The latter group only 

display enhanced firing following learning of a particular delay-related task (268). These findings 

led Fuster to suggest that these neurons form a cortical network that encodes a stimulus-action 

memory (280). Furthermore, during learning of a spatial navigation task in rats, increased correlated 

firing was observed in the prelimbic mPFC, and this firing persisted after learning (281).  

 As a continuation of these seminal studies, Miller and Cohen suggested that the PFC 

provides a “bias” signal to the perception-action cycle (6). Subsequently, Otani proposed that the 

mPFC behaves as a “cognitive switch”, coupling a particular set of stimuli with a particular set of 

actions, and proposed that synaptic plasticity in the mPFC is the neural trace underlying the 

permanent storage of these rules (48). Consistent with this, during repeated training of working 

memory tasks, an improvement in performance is observed (282). This is thought to be mediated by 

synaptic plasticity in the mPFC. For example blockade of protein synthesis by infusion of 

anisomycin in the mPFC impairs the improvement in learning (283). In this way declarative 

memories (involving the hippocampus) are linked with procedural memories (involving the 

striatum), thereby contributing to systematic behavioural patterns. Thus plasticity in the PFC is 

involved in the laying down of a repertoire of actions that have been learnt as appropriate ways to 

respond to a particular set of cues, in a particular behavioural context. In humans, improvements in 

working memory with repeated tasks may be of relevance for learning strategies to deal with 

complex behaviours. 
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(ii) Short-term memory 

 While the cellular basis of working memory is the persistent firing of neurons in the mPFC 

over delays up to 20 seconds, delays of minutes in these tasks require short-term memory storage 

(284), suggesting that short-term synaptic plasticity may underlie these effects. This has been 

studied in rats in the radial maze, using the delayed non-matching to place paradigm, a delayed 

spatial task. Connections between the hippocampus and the PFC are known to be important for this 

task (98, 99). Hippocampal inputs provide spatial information for executive function in this short-

term memory task over a 30 minute delay period, and are regulated by dopamine since infusion of a 

D1 receptor antagonist into the prelimbic mPFC before the test phase impairs performance in this 

task (99). However infusion of lidocaine into the mPFC in this task does not impair behavioural 

performance in a short-term spatial memory paradigm, showing that the information for this task is 

not actively maintained in the mPFC but instead stored in the hippocampus (99, 285). 

 In addition to playing a role in learning and utilising “rules”, in which the mPFC accesses 

long-term memories stored in other brain regions for use with working memory to guide actions, 

the mPFC is also important for conflict resolution in order to suppress habitual responses. This is 

termed behavioural flexibility, and one example of this is extinction of fear conditioning. Another is 

the delayed match to place task, which can be studied using an adjusted Morris water maze test 

where the platform is moved following training and testing (284). (The mPFC plays no role in 

spatial learning using a standard Morris water maze (286, 287).) In this delayed match to place task, 

the mPFC has been shown to be important not just for working memory (lasting up to 20 seconds) 

but for short-term memory that requires conflict resolution (lasting minutes). This was shown to 

require activation of PKA because the short-term memory was blocked by infusing a PKA inhibitor 

into the mPFC (284). In contrast working memory is blocked by activation of PKA in the mPFC, 

showing distinct molecular mechanisms underlying working memory and short-term memory in the 

mPFC (284, 288).  

   

(iii) Consolidation of memories 

 In addition to the involvement of the mPFC in the consolidation of extinction of fear 

memories (see above), the mPFC is also involved in the consolidation of other forms of memory. 

Early evidence for the role of the mPFC in consolidation of memories was provided by studies 

examining synaptic transmission at hippocampal-mPFC inputs, which showed a delayed but 

sustained potentiation of this pathway following an associative learning task (100). Furthermore, 

expression of syntaxin-1B, a presynaptic protein that is a marker for LTP, is also elevated in the 

mPFC following a spatial memory task (289).  
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 The infralimbic and prelimbic mPFC are important in consolidation and reconsolidation i.e. 

the stabilisation of long term memories once formed, of recognition memories (290). This function 

was assessed using an object discrimination task, which involves examining the spontaneous 

exploratory behaviour of a rat by measuring the time spent exploring novel versus familiar objects. 

Rats usually spend more time exploring novel objects, thus an impairment in memory formation is 

shown by rats exploring familiar objects to the same extent as novel objects. Infusion of AP5 or a 

protein synthesis inhibitor into the mPFC immediately following training impaired object 

recognition, as did infusion immediately following reactivation, showing blockade of consolidation 

and reconsolidation, respectively (290). In contrast the mPFC was not found to be required for 

short-term recognition memory, since drug infusions 3 hours after training (290), which is the time 

scale for short-term memories in behavioural tasks (291) (292), failed to impair memory retention. 

 In addition to recognition memory, the prelimbic mPFC also plays a role in reward learning. 

Activation of c-fos is observed in the prelimbic mPFC following odour reward learning (293), and 

activation of NMDA receptors in the prelimbic mPFC is required for consolidation since infusion of 

AP5 into the prelimbic mPFC impaired retention of the reward memory (294). Consolidation of 

odour reward memory also requires activation of beta adrenoceptors, since infusion of a beta 

adrenoceptor antagonist into the prelimbic mPFC two hours after training impaired retrieval of the 

memory, while microdialysis showed that noradrenaline is released into the prelimbic mPFC during 

the consolidation period (203).  

 A growing body of evidence also implicates the mPFC in the consolidation of hippocampal 

memories, which is thought to involve the transferral of the memory from the hippocampus to the 

neocortex (295, 296). For example, lesions of the mPFC or microinfusion of an NMDA receptor 

antagonist produce deficits in performance in long-term recall of trace eyeblink conditioning a 

month after training, while hippocampal lesions only cause a deficit within the first month (297, 

298). Furthermore remote (i.e. more than a month after training) contextual fear conditioning tasks 

evoke an increase in the immediate early gene zif268 in the mPFC (299).  

 

 (iv) Neurological disorders 

 The prefrontal cortex has been implicated in many neurological disorders, including 

schizophrenia, psychosis and drug addiction, and emotional disorders, such as anxiety, depression, 

bipolar disorder, obsessive-compulsive disorder, sleep disorders and eating disorders. Cognitive 

impairments, such as a deficit in working memory, is a feature of many of these disorders (300-

303), and many of these are associated with malfunctions in dopamine signalling (304-306). There 

is now a growing body of evidence suggesting that disruption of synaptic plasticity in the mPFC 

may contribute to the pathology of these neurological disorders.  
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 For example, in transgenic mice overexpressing amyloid precursor protein (APP) and 

presenilin-1, the animal model for Alzheimer’s disease, LTP (evoked by tetanic stimulation at 300 

Hz) is impaired at layer 5 inputs to layer 5 pyramidal neurons, due to attenuation in NMDA 

receptor function (307). Patients with Fragile X syndrome, the most commonly inherited form of 

mental retardation, show deficits in cognitive function (308). Consistent with this, spine 

morphology in layer 2/3 pyramidal neurons in the mPFC is altered, and the threshold for plasticity 

in the mPFC is raised due to malfunctions in calcium signalling and impaired L-type calcium 

channel function (75, 309). This impairment can be overcome by exposure to an enriched 

environment (75), which has been shown to enhance dendritic growth and spine numbers in the 

mPFC. 

  

(a) Schizophrenia 

 Disruption of cognitive function, including working memory, is a key feature of 

schizophrenia (310, 311) (312). Bilateral hypofunction of the PFC has been shown to occur in 

schizophrenia patients, leading to profound deficits in working memory and attention (301, 313). In 

patients with schizophrenia, synaptic connectivity in the PFC is altered, particularly in layer 3 (314, 

315), and layer 3 pyramidal neurons show reduced soma size and have reduced inhibitory inputs 

(22). Aberrations in the dopamine system in the mPFC are considered a major feature in the 

pathology of schizophrenia (316, 317). Moreover functional connectivity between the hippocampus 

and the mPFC is likely to be impaired given that a common symptom of schizophrenia is the 

inability to integrate contextual information (318-320), and neonatal lesions of the ventral 

hippocampus, which sends a heavy projection to the mPFC, serves as an animal model for 

schizophrenia (321). Clozapine, the atypical antipsychotic drug which at present is the most effect 

treatment for schizophrenia, has been shown to facilitate synaptic plasticity at hippocampal inputs 

to the mPFC (108, 322). Together, these findings suggest that aberrations in synaptic plasticity in 

the mPFC may contribute to the pathology of schizophrenia. This could be further addressed in 

future studies by examining synaptic plasticity in the mPFC in animal models of schizophrenia.  

 

(b) Anxiety disorders, stress and post-traumatic stress disorder 

 Stress has a deleterious effect on cognitive function, and impairs working memory (323). 

These deficits can be overcome by modulating DA levels in the mPFC (324, 325). Stress can either 

precipitate or exacerbate other neurological disorders, such as depression, schizophrenia and 

Parkinson’s disease (326). The mPFC plays a key role in the neurocircuitry underlying responses to 

stress. For example it has been shown to modulate neuroendocrine responses during stress (327, 

328), it is selectively activated by both psychological and social stressors (329), and acute stress 
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induces higher glutamate release into the mPFC. Glucocorticoids released during chronic stress can 

cause atrophy of pyramidal cell apical dendrites and dendritic spines in layer 2/3 of the mPFC (330-

332) and stress can impair spatial memory tasks and behavioural flexibility (333, 334). Thus 

submitting rats to acute stress by placing them on an elevated platform for 30 minutes impairs LTP 

at hippocampal-PFC synapses when evoked in vivo within 180 minutes of the acute stress 

treatment. This effect can be reversed by antidepressant treatment (335). Chronic stress also impairs 

LTP at hippocampal-prelimbic mPFC inputs (evoked by 10 trains of stimuli at 250 Hz; (336, 337)). 

Conversely, stress evoked for only 10 minutes (by exposure to cold), facilitates LTP at these inputs 

(evoked by 10 trains of stimuli at 250 Hz; (337)). 

 Pathways between the amygdala and the mPFC are also involved in the response to stress. 

Acute stress blocks LTP at inputs from the basolateral amygdala to the prelimbic mPFC (136). 

Conversely, stress reduces LTD (evoked by low frequency stimulation) and facilitates LTP at inputs 

from the prelimbic and infralimbic mPFC to the basolateral amygdala (189). Thus it appears that 

higher order processing in the mPFC is impaired during stress to allow more autonomic-type 

responses, mediated by plasticity in the amygdala. Functionally, it is now widely viewed that 

phobias and post-traumatic stress disorder result from an inability to extinguish fear memories. For 

example, patients with post-traumatic stress disorder have reduced activity in the mPFC during 

recall of the traumatic event (338), but increases in mPFC activity following successful therapeutic 

treatment (339).  Consistent with this, stress can impair extinction (340), and has been shown to 

increase dendritic branching and spine numbers in the basolateral amygdala (341-343), but to 

decrease dendritic branching in the infralimbic PFC (344).   

 

(c) Depression 

 Evidence from post-mortem studies and fMRI has suggested that antidepressants such as 

fluoxetine (“Prozac”) act by enhancing neurogenesis and structural plasticity, leading to the 

“neurotoxic hypothesis” (345-347). This hypothesis states that depression results from an 

impairment in establishing new neuronal adaptations, synaptic connections and synaptic plasticity, 

in addition to changes in neurotransmitter concentrations and receptor levels. Some of this 

“neurotoxicity” is likely to reside in the mPFC and in connections between the hippocampus and 

mPFC. For example, prolonged depression is associated with atrophy of the prefrontal cortex, 

particularly dendritic atrophy in layer 2/3 (331, 347-349), in addition to atrophy of the hippocampus 

(350). A reduction in metabolic activity in the mPFC (306, 351), in association with cognitive 

dysfunction (352), is also seen during depression, and can be reversed by treatment by selective 

serotonin reuptake inhibitors (SSRI)(353). Furthermore, chronic antidepressant treatment evokes 

increases in the expression of molecules associated with synaptic plasticity in the mPFC, namely 
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CREB, synaptophysin and the polysialylated form of nerve cell adhesion molecule (PSA-NCAM) 

(354-358). Finally, and consistent with the notion that connections between the hippocampus and 

the mPFC may be impaired in depression, treatment with an SSRI also enhances synaptic 

transmission and LTP at hippocampal-mPFC synapses in vivo (359).  

 

(v) Drugs of abuse 

 Many drugs of abuse have been shown to exert actions in the mPFC. For example, many 

drugs cause cognitive impairments (360-362). The psychotomimetic drugs ketamine and 

phencyclidine have been shown to increase glutamate and dopamine levels in the rat mPFC, 

associated with an impairment of working memory (362-364), which can be reversed by blocking 

glutamate release (365).  

 Over the longer term, behavioural sensitisation, the process by which the behavioural effect 

of a drug is enhanced with repeated applications, and which may contribute to drug addiction and 

craving (366, 367), has been postulated to be mediated by synaptic or structural plasticity in the 

mPFC. Treatment of animals with amphetamine leads to a marked enhancement of dendritic length 

and spine density (368, 369). 3,4-methylenedioxymetamphetamine (MDMA)-induced behavioural 

sensitisation is prevented by blocking 5HT2C receptors in the mPFC (370) or by lesioning the mPFC 

(371). Repetitive treatment with methamphetamine impairs LTP evoked by tetanic stimulation (10 

trains of stimuli at 250 Hz for 200 ms) of hippocampal inputs to the mPFC in vivo, an effect that 

can be blocked by a D1 receptor antagonist (372). 

 Lesioning the PFC also prevents the development of cocaine-induced behavioural 

sensitisation (373). However, in contrast to methamphetamine, repeated cocaine administration, at a 

level sufficient to induce behavioural sensitisation, facilitates the induction of LTP (evoked by 

bursts of EPSP-spike pairs) at layer 2/3 inputs to layer 5 pyramidal neurons in the prelimbic mPFC 

in vitro. This action is mediated by a reduction in inhibitory drive through activation of D1 

receptors, PKA and a subsequent reduction in the surface expression of the GABAA α1 subunit 

(76). Repeated treatment with cocaine also impairs the LTD mediated by group 2 mGluRs at layer 5 

inputs to layer 5 pyramidal neurons (374). This latter effect of cocaine is mediated by activation of 

D1 receptors, leading to elevations in cAMP. Cyclic AMP is subsequently broken down to 

adenosine, which then acts at adenosine A3 receptors to activate PKC, inhibiting group 2 mGluR 

function, possibly by uncoupling the receptors from their G proteins. The functional significance of 

the opposite effects of amphetamine and cocaine on plasticity in the mPFC is not known at present.  

 Finally, acute treatment of lysergic acid diethylamine (LSD) or nicotine induces expression 

of a number of genes in the PFC that encode proteins that have been shown to play a role in 

synaptic plasticity. These include c-fos and activity related cytoskeletal protein (arc)(375, 376).  
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8. Conclusion 

 

 In summary, synapses in the mPFC are highly plastic, displaying several types of short-term 

as well as long-term plasticity. Short-term plasticity is observed during trains of EPSPs as well as 

during repetitive suprathreshold stimulation, and is therefore likely to be induced during basal 

transmission and during the repetitive firing observed during working memory tasks. Such 

heterogeneity of short-term plasticity in the mPFC is likely to be important for its role in the rapid 

switching of attention during cognitive processing, reducing distractions and endowing the mPFC 

with highly flexible computational abilities. Long-term synaptic plasticity is important for learning 

sequences of behavioural responses, or “rules” to different sensory contexts, and for consolidation 

of memories that are acquired elsewhere in the brain, such as in the hippocampus or amygdala. 

Thus it is now well established that in addition to short-term memory tasks such as working 

memory, the mPFC also plays an important role in long-term memories.  

 The cellular mechanisms underlying synaptic plasticity at mPFC synapses are similar to 

those in other brain regions where synaptic plasticity has been well studied, such as the 

hippocampus. Both LTD and LTP require a both rise in postsynaptic calcium, and they both 

generally require activation of NMDA receptors. Furthermore, activation of PKA, MAP kinase, 

CREB phosphorylation, and protein synthesis point to similar molecular mechanisms underlying 

plasticity. While neuromodulation by dopamine has been well studied, the effects of other 

neuromodulators such as 5-HT, acetylcholine and noradrenaline remain largely elusive. Given that 

5-HT in the mPFC is known to be essential for mood regulation, and acetylcholine for cognitive 

abilities, elucidating the effects of these neuromodulators on synaptic plasticity may provide 

insights into the cellular basis of these cognitive functions. 

 The most striking difference between synaptic plasticity in the mPFC and that in other brain 

regions is the similarity in induction protocols that induce LTP and LTD in the mPFC. All but two 

studies (41, 127) have evoked LTD with the same high frequency stimulation both in vitro (49, 51) 

and in vivo (85) that can induce LTP. The relationship between LTP and LTD in other brain areas, 

such as the hippocampus and other cortical regions, is determined by the amount of calcium influx 

during the induction protocol, with greater calcium rises associated with LTP and lesser calcium 

rises associated with LTD (63, 110-112). The reason for the disparity in LTD induction in the 

mPFC is not clear, but may be due to a higher NMDA receptor-mediated contribution to basal 

synaptic transmission at synapses in the mPFC (Faber, unpublished observations)(7), shifting the 

rules for synaptic plasticity induction. An investigation into the properties of spike timing-
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dependent plasticity, in addition to calcium imaging of spines and dendrites undergoing synaptic 

plasticity, would help to elucidate these discrepancies. 

 Disorders of synaptic plasticity in the mPFC may contribute to the pathology of a range of 

psychiatric disorders, including Alzheimer’s disease, mental retardation, depression, anxiety 

disorders, and drug addiction. Therefore it is crucial to understand the cellular mechanisms 

underlying synaptic plasticity in the mPFC, to understand not only the mechanisms underlying 

normal cognitive processes, the functioning of the mind and “conscious” thought processes, but 

also to pave the way to the development of improved therapies of neurological disorders, for which 

the current treatments are very poor. 
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