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The current dogma states that the medial perforant path (MPP) and lateral perforant path (LPP) 

inputs to the hippocampal dentate gyrus can be differentiated electrophysiologically using the 

response to paired-pulse stimuli. Stimulation at 50 ms intervals produces paired-pulse depression 

(PPD) in the MPP, whereas these same stimuli produce paired-pulse facilitation (PPF) in the LPP 

(McNaughton 1980).  Several years of practical experience in our laboratory has led us to 

question the utility of paired-pulse administration as a reliable means to differentiate the 

perforant path subdivisions in vitro.  Using field recordings in male Sprague Dawley rats, we 

demonstrate both subdivisions of the perforant pathway show predominantly PPF at low stimulus 

intensities.  Activation of the LPP registered significantly greater net PPF (24.97±4.08%) relative 

to the MPP (13.76±3.86%) at the 50 ms interpulse interval.  These results were independent of 

the position in the dorsoventral axis from which the hippocampal slice was obtained but 

elevating the calcium concentration (2mM to 4mM) or decreasing the temperature (30
0
C to 

23
0
C) reduced the paired-pulse ratio.  Increasing the magnitude of the applied stimulus could 

result in PPD in both paths in a manner that was correlated with the emergence of population 
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spikes (r> -0.90).  Partial blockade of AMPA receptors reduced the ability of high stimulus 

intensities to induce PPD and restored PPF in most cases.  A comparison of field excitatory 

postsynaptic potential (fEPSP) characteristics demonstrated MPP waveforms could be 

differentiated by their significantly shorter peak latency and half-width times, greater total decay 

time, and the presence of a more reliable bi-exponential decay phase function relative to LPP 

waveforms.  This research helps to refine our view of functional differences between the MPP 

and LPP, revealing more subtle differences in paired-pulse plasticity and distinct fEPSP 

waveform parameters as reliable features to distinguish these pathways.  
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1 Introduction 

 
1.1 – The hippocampus:  history and function 

The hippocampus is a remarkable bilateral brain structure situated in the medial temporal 

lobe.  For centuries, scientists have prodded, lesioned, sliced, stained, and attempted to discern 

the function of the hippocampus, a name first given to the structure by the Greek anatomist 

Arantius in 1587 for its resemblance to the sea horses of Greek mythology (reviewed in 

Andersen 2007).  From these early anatomical quests to the array of modern anatomical and 

physiological techniques employed to study the hippocampus, much knowledge of its role in 

brain function has emerged.  It is now well established that the hippocampus plays an integral 

role in the consolidation of episodic memory, spatial learning, and context-dependent learning 

processes (reviewed in Andersen 2007; Bliss and Collingridge 1993; Corkin et al. 1997; 

Eichenbaum 2004).  Research also reveals the hippocampus is susceptible to pathophysiological 

processes including Alzheimer’s disease (Brun and Englund 2002; Harmeier et al. 2009), fetal 

alcohol syndrome (Redila et al. 2006; Riley et al. 2004), temporal lobe epilepsy (Van Paesschen 

2004), Rett syndrome (Belichenko et al. 2009; Moretti et al. 2006), and others.  Evidently, 

increasing our knowledge of how this structure functions represents an opportunity to learn of 

the integral pathways and cellular mechanisms underlying learning and memory processes, and 

better positions us to understand how disease states alter the balance of these processes.  In the 

present study, we re-examined the efficacy of a commonly used tool to differentiate adjacent 

cortical pathways that project to the hippocampus.  This work may facilitate the selective 

activation of these pathways and thereby promote future research aiming to elucidate differences 

in their neurobiology.  The ensuing paragraphs provide a detailed description of the hippocampal 

circuit and the pathways under investigation in the present study.   
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1.2 – The rat hippocampal formation 

 

1.2.1 – Neuroanatomy overview 

 

The stereotypic layout of the hippocampal formation has captivated neuroscientists for 

centuries.  The rat hippocampal formation has an elongated “C” or banana shape and extends 

across the dorsoventral (i.e., septotemporal) axis from the septal nuclei, over and behind the 

thalamus, to the beginning of the medial temporal lobe (reviewed in Andersen 2007).  One 

prominent and rather unique feature of the hippocampal formation is the predominantly 

unidirectional (i.e., non-reciprocal) and orderly arrangement of pathways connecting its 

subfields.  These cytoarchitectonically distinct subfields include, with some ambiguity, the 

hippocampus proper (i.e., CA 3, CA2, and CA1 subfields), dentate gyrus, subiculum, 

presubiculum, parasubiculum, and entorhinal cortex (reviewed in Andersen 2007).  A schematic 

illustration of a transverse section of the hippocampal formation is shown in Figure 1a.   

 The entorhinal cortex can be considered the first stage in the hippocampal circuit, an 

appropriate starting point given that the bulk of neocortical information that enters the 

hippocampal formation is first processed in the entorhinal cortex (reviewed in Andersen 2007).  

Superficial neurons in the entorhinal cortex send axons to superficial layers of the dentate gyrus 

via the perforant pathway (Figure 1) (Andersen et al. 1966b; Lomo 1971).  These perforant path 

axons converge on dentate granule cells, which in turn send axonal projections (mossy fibres) to 

pyramidal neurons in area CA3 (Andersen et al. 1966a).  CA3 neurons then transmit information 

to area CA1 through axonal projections referred to as Schaffer collaterals (Andersen et al. 1966b; 

Anderson and Lomo 1966).  The pyramidal cells of area CA1 then project to the subiculum, and 

this structure sends projections that innervate the presubiculum and parasubiculum.  The 

subiculum and area CA1 also send direct projections to the deep layers of the entorhinal cortex,  
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Figure 1.  Schematic representation of the rat hippocampal formation (a, top) and the intrinsic 

neuronal pathways connecting its subfields (b, bottom).  (a) Note the cell layers (dark lines) that 

form two interlocking sheets of cortex, and the multilayered entorhinal cortex and trilaminar 

cytoarchitecture of the dentate gyrus.  gcl, granule cell layer; iml, inner molecular layer (dentate 

gyrus); mml, medial molecular layer; oml, outer molecular layer; pcl, pyramidal cell layer; pl, 

polymorphic layer; so, stratum oriens; sl-m, stratum lacanosum molecular; sr, stratum radiatum.  

Adapted from Anderson 2007. (b) Representation of the major intrinsic excitatory pathways of 

the hippocampal formation.  Information flow through this circuit is predominantly 

unidirectional.  Note the lateral perforant path (LPP) and medial perforant path (MPP) 

projections from the entorhinal cortex to the lateral and medial one-third dentate gyrus molecular 

layer, forming excitatory synapses on dentate gyrus granule cell dendrites (blue).   
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 thereby completing the predominantly unidirectional flow of excitatory currents that began in its 

superficial layers.  The entorhinal cortex then relays processed sensory information from the 

hippocampal formation back to the neocortex (reviewed in Andersen 2007).  Figure 1b highlights 

the major excitatory pathways of the hippocampal formation.   

The prior description of the flow of excitatory currents through the hippocampal 

formation emphasizes the major intrinsic connections made between its structures.  Adding to the 

complexity of this circuit is a multitude of extrinsic connections that arise from divergent regions 

and converge on the hippocampal formation.  These extrinsic inputs are carried by two major 

fiber systems, the fimbria-fornix and the dorsal and ventral commissures system.  The fimbria-

fornix bundle transmits information to the hippocampal formation via the basal forebrain, 

hypothalamic, and brain stem whereas the commissures connect the hippocampal formation from 

both cerebral hemispheres (reviewed in Andersen 2007).  In this thesis, I focus on the entorhinal 

cortex input to the hippocampal dentate gyrus.   

 

1.2.2 – Entorhinal cortex projection to the dentate gyrus 

The entorhinal cortex lies at the posterior edge of the hippocampus and, as stated 

previously, is the main structure through which neocortical information passes before reaching 

the hippocampus by way of the perforant pathway (Cajal 1911).  The perforant pathway arises 

from layer II (and to a small extent layers V and VI) stellate cells of the entorhinal cortex 

(Steward and Scoville 1976), perforates the subiculum, and projects to the outer two-thirds 

molecular layer of the dentate gyrus (see Figure 1b) (Blackstad 1958; Hjorth-Simonsen and 

Jeune 1972).  The majority (~85%) of perforant path presynaptic terminals synapse on granule 

cell spiny dendrites (Desmond and Levy 1985) that extend in a cone-shaped elaboration from the 

granule cell layer of the dentate gyrus to its superficial border at the hippocampal fissure (Figure 
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1b).  These synapses are excitatory and glutamate is the primary neurotransmitter released 

(White et al. 1977).  A small fraction of perforant path terminals synapse on interneurons located 

in the dentate gyrus molecular layer, triggering release of the inhibitory neurotransmitter γ-

aminobutyric acid (GABA) (Hjorth-Simonsen and Jeune 1972; Nafstad 1967).  The significance 

of GABA-mediated inhibition is discussed later in this section.   

A particularly interesting feature of the perforant pathway is that it can be anatomically 

differentiated into medial (MPP) and lateral (LPP) subdivisions.  This is based on the distinct 

connection patterns between superficial layers of the entorhinal cortex and their termination sites 

in the hippocampal dentate gyrus, as well as their appearance in histochemical and 

immunohistochemical preparations.  The LPP afferents arise from the lateral entorhinal cortex 

and project strictly to the distal one-third of the molecular layer of the hippocampal dentate 

gyrus.  By contrast, the MPP afferents originate from the medial entorhinal cortex and 

exclusively innervate the middle third dentate gyrus molecular layer (Hjorth-Simonsen 1972; 

Hjorth-Simonsen and Jeune 1972; McNaughton 1980; Nafstad 1967; Steward and Scoville 

1976). The inner molecular layer does not receive perforant path input and is innervated by the 

polymorphic layer of the dentate gyrus (see Figure 1a) of both cerebral hemispheres.  This 

pathway is termed the associational-commissural pathway (Buckmaster et al. 1992; Laurberg 

1979).   

Although functional differences between the medial and lateral divisions are not fully 

understood, recent evidence suggests the MPP plays a more dominant role in conveying spatial 

information to the hippocampal dentate gyrus.  In comparison, the LPP appears to convey non-

spatial information in the form of olfactory, auditory, and visual object information (Hargreaves 

et al. 2005; Hunsaker et al. 2007).  These findings are in accordance with anatomical knowledge 
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that the medial entorhinal cortex receives projections from visual-spatial cortical and posterior 

association areas (through the postrhinal cortex), whereas the lateral entorhinal cortex is 

innervated by unimodal sensory regions and anterior association areas (via the perihinal cortex) 

(Burwell 2000; Witter and Amaral 2004).   

An additional important anatomical feature of the perforant pathway is the existence of a 

topographical gradient of entorhinal-hippocampal connections.  Rather interestingly, more lateral 

and caudal layer II stellate cells send axons that project to the dorsal dentate gyrus whereas more 

medial and rostral layer II stellate axons innervate the ventral dentate gyrus (Dolorfo and Amaral 

1998).  Furthermore, the pattern of afferent and efferent projections from subcortical structures 

to the dorsal and ventral dentate gyrus are notably different (Dolorfo and Amaral 1998; van 

Groen et al. 2002; van Groen and Wyss 1990), and the density of GABAergic basket cells is 

greater in the dorsal hippocampal region (Seress and Pokorny 1981).  Together, this 

morphological evidence raises the possibility that different subregions along the longitudinal axis 

of the dentate gyrus are functionally semiautonomous, a consideration addressed in the present 

research. 

 

1.2.3 – Synaptic transmission at perforant path-dentate granule cell synapses 

In the perforant path, action potentials activate presynaptic P/Q-type (and to a lesser 

extent N-type) calcium channels (Qian and Noebels 2001).  The immense inward driving force 

on calcium propels calcium ions into the presynaptic terminal and induces the rapid release of 

vesicles containing the neurotransmitter glutamate (White et al. 1977).  Glutamate then binds to 

postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl D-

aspartate (NMDA) receptors located on granule cell dendrites, inducing conformational changes 

in these receptors that permit the influx of predominantly monovalent cations through AMPA 
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receptors (Isa et al. 1996; Keller et al. 1991) and mono and divalent cations through NMDA 

receptors (Jahr and Stevens 1987).  The flow of positive current into a population of postsynaptic 

dendrites generates a field excitatory postsynaptic potential (fEPSP) that can be detected by 

placing a recording electrode in the molecular layer of the dentate gyrus.  This extracellular 

technique was used in the present investigation to revisit a form of short-term synaptic plasticity 

called paired-pulse plasticity at MPP and LPP synapses formed on granule cell dendrites.  The 

logic and precise nature of these experiments is discussed after a brief review of short-term 

synaptic plasticity.   

 

1.3 – Short-term synaptic plasticity  

1.3.1 – Overview 

The pioneering work of Katz and del Castillo demonstrated the response of a 

postsynaptic neuron to the activation of its presynaptic partner is not a static process at chemical 

synapses (Del Castillo and Katz 1954).  Rather, the effectiveness of transmission is sensitive to 

the frequency and the history of prior activity in the presynaptic and postsynaptic neuron and is 

influenced by a number of neuromodulators (reviewed in Andersen 2007; reviewed in Zucker 

and Regehr 2002).  Plastic behaviour at chemical synapses can last for seconds (short-term 

synaptic plasticity) or endure for hours to months (long-term synaptic plasticity) and is important 

in the generation of precise patterns of neuronal connectivity (Goodman and Shatz 1993).  

Synaptic plasticity is also hypothesized to underlie learning and memory formation (Bliss and 

Collingridge 1993; Silva et al. 1998; Teyler et al. 2005).   

 In the hippocampal formation, activity-dependent changes in short-term synaptic 

plasticity are well documented (reviewed in Andersen 2007).  Synapses may show a transient 

decrease in synaptic transmission efficacy (depression) or an increase in synaptic efficacy with a 
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time constant ranging from seconds (facilitation and augmentation) to minutes (post-tetantic 

potentiation).  At many synapses, these components temporally overlap (reviewed in  Fisher et 

al. 1997), creating a means by which synapses can optimally tune synaptic transmission to select 

patterns of behaviourally relevant activity (Johnston and Wu 1999).  Interestingly, the nature of 

short-term synaptic plasticity may be synapse specific, with some synapses showing a 

preponderance for short-term facilitation and others short-term depression (reviewed in Zucker 

and Regehr 2002).  This appears to be true of adjacent MPP and LPP axonal projections to the 

hippocampal dentate gyrus, as described in the proceeding discussion on short-term facilitation 

and short-term depression (McNaughton 1980). 

 

1.3.2 – Short-term synaptic facilitation  

  Several lines of evidence demonstrate short-term synaptic enhancement is due to an 

increase in the probability of vesicle release and perhaps an increase in the number of vesicle 

release sites capable of vesicle release (reviewed in Zucker and Regehr 2002).  Short-term 

facilitation may last for milliseconds (facilitation), several seconds (augmentation) or minutes 

(potentiation).  Interestingly, research demonstrates facilitation is a separate process from 

augmentation and potentiation and involves a calcium binding site with lower calcium affinity 

and faster reaction kinetics relative to augmentation and potentiation (Delaney and Tank 1994; 

Kamiya and Zucker 1994; Zucker and Regehr 2002).  When facilitation occurs in response to 

two closely spaced presynaptic action potentials, this is referred to as paired-pulse facilitation 

(PPF).  PPF is a widespread phenomenon that occurs at many synapses across fauna, including 

the frog neuromuscular junction (Katz and Miledi 1968), squid giant axon (Augustine and 

Charlton 1986), and at LPP – granule cell synapses in the rat hippocampal dentate gyrus 

(McNaughton 1980).  From a functional standpoint, PPF ensures the reliable transmission of 
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closely spaced presynaptic action potentials (Lisman 1997), and this appears to have behavioural 

importance as mice with a deficit in PPF may exhibit impaired learning and memory (Matilla et 

al. 1998; Silva et al. 1996).   

 

1.3.3 – Short-term synaptic depression   

The opposing change in short-term plasticity, synaptic depression, often results from the 

depletion of a limited store of synaptic vesicles that are fused at the presynaptic membrane and 

primed for exocytosis.  This pool of release-competent vesicles, termed the readily releasable 

pool (RRP), may be depleted under conditions of high basal vesicle release probability or during 

sustained high frequency activity (reviewed in  Zucker and Regehr 2002).  Early reports of 

vesicle depletion at the frog (Betz 1970) and mammalian (Liley and North 1953) neuromuscular 

junction in combination with quantal analysis findings (Del Castillo and Katz 1954) establish 

that short-term depression at many (but not all) synapses results from a decrease in the number of 

quanta released per action potential.  In the case when two closely spaced (e.g., 50 ms) action 

potentials invade the presynaptic bouton and the postsynaptic response to the second is 

depressed, we term this phenomenon paired-pulse depression (PPD).  PPD is reported to occur at 

MPP – granule cell synapses in the rat hippocampal dentate gyrus (McNaughton 1980).  From a 

functional standpoint, depression of synaptic transmission over short time scales (e.g., <1000 

ms) presents a means for neurons to regulate the patterning and duration of activity at individual 

synapses (Abbott et al. 1997; Rothman et al. 2009).  This gain control of synaptic transmission is 

functionally important for a number of reasons, including providing a mechanism to alleviate 

pathological epileptic bursting in the hippocampus (Staley et al. 1998).   

 

1.4 – Paired-pulse plasticity at perforant path – dentate gyrus granule cell synapses 
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1.4.1 – Summary of past research 

The medial and lateral subdivisions of the perforant pathway have been traditionally 

viewed as physiologically distinct.  This conclusion was based on pharmacological (Dahl and 

Sarvey 1989; Kahle and Cotman 1989; Koerner and Cotman 1981; Macek et al. 1996) and 

electrophysiological differences (Abraham and McNaughton 1984; Colino and Malenka 1993; 

Hargreaves et al. 2005; McNaughton 1980; Wang and Lambert 2003).  In particular, early 

research indicated that there are profound differences in the dentate gyrus granule cell response 

to paired electrical stimulation of the MPP and LPP, as stated previously.  Paired-pulse 

stimulation of the LPP is reported to evoke PPF whereas paired-pulse stimuli delivered to the 

MPP are reported to evoke PPD (Brown and Reymann 1996; Colino and Malenka 1993; 

McNaughton 1980).  These findings are taken to indicate MPP presynaptic terminals have a 

higher vesicle release probability than those in the LPP (McNaughton 1980).  As a result of this 

initial work, paired-pulse stimuli are routinely administered in vitro to confirm that a stimulation 

electrode placed in the medial or lateral dentate gyrus molecular layer selectively activates the 

MPP or LPP, respectively (Colino and Malenka 1993; Dimoka et al. 2008; Hanse and Gustafsson 

1992; Zhai et al. 2002).  This approach presumes paired-pulse application is a reliable means to 

electrophysiologically distinguish the medial and lateral anatomical divisions of the perforant 

pathway.   

 

1.4.2 – Logic to re-evaluate paired-pulse plasticity at MPP and LPP synapses 

Despite the common application of paired-pulse stimuli to distinguish the perforant path 

subdivisions, several years of experience in our laboratory questions the veracity of paired-pulse 

administration as a reliable means to differentiate medial from lateral inputs to the dentate gyrus 

in vitro.  In particular, our experience indicates there is a degree of intrinsic variability in the 
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granule cell response to paired stimuli delivered to the MPP or LPP.  These observations appear 

to be consistent with findings that vesicle release probability can vary between members of a 

population of the same type of hippocampal synapses (Conti and Lisman 2003; Dobrunz and 

Stevens 1997; Hanse and Gustafsson 2001; Harris and Sultan 1995; Moulder et al. 2007), as a 

function of animal age (Bronzino et al. 1996; Dekay et al. 2006; Speed and Dobrunz 2008), 

dorsoventral hippocampal axis (Maruki et al. 2001; Papatheodoropoulos and Kostopoulos 2000), 

or between newly formed and mature neurons in the dentate gyrus (Wang et al. 2000).  The 

mechanism by which newly integrated granule cell neurons may influence presynaptic vesicle 

release probability is unknown, although a recent study implicates the levels of postsynaptic 

activity in setting basal release probability at hippocampal synapses (Branco et al. 2008).   

In addition to these innate factors that may influence paired-pulse plasticity, 

methodological variation in calcium levels used in the artificial cerebral spinal fluid (ACSF), 

recording temperature, and the presence or absence of GABAA-mediated antagonists may also 

influence the reliability of paired-pulse stimuli to differentiate the perforant path subdivisions.  

This is a particularly important consideration to address because these variables often vary 

between studies and are known to influence presynaptic function, as discussed below.     

 

1.4.3 – Calcium modulation of paired-pulse plasticity 

It is well established that neurotransmitter release is influenced by changes in the 

extracellular calcium ion concentration (Dodge and Rahamimoff 1967; Dudel 1981; Hubbard et 

al. 1968; Katz and Miledi 1970) and that central synapses have a limited store of readily 

releasable vesicles (Harris and Sultan 1995; Schikorski and Stevens 1997).  Consequently, 

fluctuations in extracellular calcium ion concentration may influence the interplay between 

residual calcium enhancement of vesicle release (resulting in PPF) and depletion of the readily 
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releasable pool under conditions of high vesicle release probability (manifesting as PPD).  This 

knowledge has been applied to perforant path – granule cell synapses to demonstrate changes in 

extracellular Ca
+2 

levels influence the paired-pulse ratio, the ratio of the magnitude of the second 

fEPSP relative to the first fEPSP.  When extracellular Ca
+2 

levels are decreased below the normal 

physiological level of 2mM (Dunwiddie 1984; Dunwiddie and Lynch 1979; Turner et al. 1982), 

paired stimulation of the MPP produces PPF (McNaughton 1980; Talpalar and Grossman 2003) 

and stimulation of the LPP enhances PPF (Andreasen and Hablitz 1994).  These observations are 

consistent with a presynaptic mechanism of paired-pulse plasticity in these pathways.  It is 

unclear, however, if an increase in extracellular calcium ion concentration influences the 

reliability of paired-pulse as a diagnostic marker of perforant path subdivision.  This is a 

particularly important question to address because the pioneering study that reported stark 

differences in paired-pulse responses between these pathways was conducted at 2mM 

(McNaughton 1980) whereas many other studies applied a two-fold greater calcium ion 

concentration (Brown and Reymann 1996; Colino and Malenka 1993; Hanse and Gustafsson 

1992).  Thus, we conducted paired-pulse experiments at MPP and LPP synapses using 2mM and 

4mM calcium in slice perfusion medium.  

 

1.4.4 – Temperature and paired-pulse plasticity 

The time course of neurotransmitter release is sensitive to changes in temperature (Barrett 

et al. 1978).  This finding at the frog neuromuscular junction is applicable to hippocampal 

synapses where a temperature shift from 32
0
C to 25

0
C  significantly decreases the paired-pulse 

ratio at Schaffer collateral-CA1 synapses in vitro (Speed and Dobrunz 2008).  Despite this 

knowledge, the recording temperature used to evaluate paired-pulse plasticity in the dentate 

gyrus has varied from ~30
0
C (Colino and Malenka 1993; Hanse and Gustafsson 1992; O'Leary et 
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al. 1997; Talpalar and Grossman 2003; Wang et al. 2000) to as low as 21-23
0
C (Andreasen and 

Hablitz 1994; Asztely et al. 2000).  It is unknown, however, if different recording temperatures 

influence the paired-pulse ratio at perforant path – dentate gyrus granule cell synapses.  We 

addressed this possibility by conducting experiments at 30
0
C and 23

0
C.   

 

1.4.5 – GABAA inhibition and paired-pulse plasticity  

 An important neurotransmitter that modulates synaptic transmission in the dentate gyrus 

is γ-aminobutyric acid (GABA).  The hippocampal dentate gyrus has extensive inhibitory 

circuitry comprised of several classes of interneurons (Halasy and Somogyi 1993; Han et al. 

1993) that release GABA.  These interneurons are directly activated by glutamate release from 

perforant path fibers (feedforward inhibition) or indirectly by the release of glutamate by dentate 

granule cell axon collaterals (feedback inhibition).  This is illustrated in Figure 2.  Upon their 

activation, GABAergic interneurons release GABA which binds to a dense distribution of 

GABAA receptors found on granule cell somata and dendrites (Halasy and Somogyi 1993).  This 

ligand binding triggers chloride ion currents that shunt excitatory input to dentate granule cells 

(Staley and Mody 1992).  Given that the peak activation (12.9 ms) and decay time constant (23.4 

ms) (Staley and Mody 1992) of GABAA-mediated chloride ion currents is well within the 

temporal range of paired-pulse experiments, it is plausible that ionotropic GABAA chloride 

currents affect the paired-pulse ratio.  Despite this knowledge, the use of GABAA antagonists in 

paired-pulse experiments is quite variable, with some investigators applying bicuculline 

methiodide (BMI) or picrotoxin (Asztely et al. 2000; Brown and Reymann 1995) and others 

leaving GABAA receptors intact (Harris and Cotman 1985; McNaughton 1980; O'Leary et al. 

1997).  Although a few studies have reported GABAA currents do not significantly modulate the 

paired-pulse ratio (Andreasen and Hablitz 1994; Kahle and Cotman 1993), we aimed to confirm 
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Figure 2.  Schematic representation of feedforward and feedback inhibition in the dentate gyrus.  

Inhibitory interneurons (red) can be activated by perforant path fibers (feedforward inhibition) or 

axon collaterals of dentate granule cells (recurrent feedback inhibition). The binding of 

glutamate to inhibitory neurons triggers release of GABA which binds to GABAA receptors on 

dentate granule cells, thereby shunting excitatory synaptic currents.   
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these results using BMI.   

 

1.5 – fEPSP waveform characteristics distinct to the MPP and LPP 

Prior in vivo (Abraham and McNaughton 1984; Harris et al. 1979; McNaughton and 

Barnes 1977; Payne et al. 1982) and in vitro (Abraham and McNaughton 1984; Hanse and 

Gustafsson 1992; McNaughton 1980) research has shown that fEPSPs evoked by stimulation of 

the LPP have greater peak latency and half-width relative to MPP fEPSPs.  Furthermore, in vitro 

research indicates the decay phase of the fEPSP is best described by a single exponential 

function for the LPP and a bi-exponential function for the MPP (Hanse and Gustafsson 1992).  

Thus, the kinetics of waveforms evoked by stimulation of the MPP and LPP are sometimes 

measured to check the pathway specificity of electrode placement (Brown and Reymann 1996; 

Dimoka et al. 2008; Ugolini and Bordi 1995).  It was therefore of considerable importance to 

analyze the kinetics of fEPSPs in the present experiments to corroborate these findings, and 

confirm our careful placement of electrodes resulted in the separate activation of the MPP and 

LPP.    

 

1.6 – Current sink-source analysis  

An additional measure often used to confirm the selective activation of a respective 

perforant path subdivision is current sink-source analysis of fEPSPs.  This involves the 

placement of a recording electrode in the layer of stimulation as well as in the adjacent non-

stimulated pathway.  Using this approach, negative going field potentials are elicited in the layer 

of stimulation and positive going potentials in the non-stimulated pathway.  This technique is a 

reported means to detect the transitional zone between the MPP and LPP in vitro (Abraham and 

McNaughton 1984) and in vivo (McNaughton and Barnes 1977), and is often applied to verify 
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electrode placement resulting in the selective activation of a given perforant pathway (Dahl and 

Sarvey 1989; Dimoka et al. 2008; Hanse and Gustafsson 1992).  We applied this technique in the 

present study to ensure the activation of a relative narrow band of presynaptic afferents, but did 

not evaluate the efficacy of current sink-source analysis to distinguish the perforant path 

subdivisions.   

 

1.7 – Project overview 

 This work re-examines the reliability of paired-pulse stimuli to distinguish the medial and 

lateral perforant path inputs to the dentate gyrus in vitro.  Using field recordings in hippocampal 

slices, we provide a detailed quantitation of paired-pulse responses to activation of both 

pathways, applying careful consideration to methodological factors that may influence synaptic 

transmission in these pathways.  We also perform a detailed review of the kinetics of fEPSPs 

evoked by stimulation of the MPP and LPP, a reported adjunctive method to 

electrophysiologically distinguish the perforant path subdivisions.   
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2 Materials and methods 

2.1 Subjects 

Experiments were conducted using male Sprague Dawley rats obtained from Charles 

River Laboratories (QC, Canada).  All animals were housed in polyethylene cages on a 12 hour 

light/dark cycle at constant ambient temperature [(21± 1) 
0
C)] and humidity (50% ± 7%) with ad 

libitum access to standard rat chow and water.  Animal procedures were conducted in accordance 

with the University of Victoria and Canadian Council on Animal Care (CCAC) principles of 

laboratory animal care.     

   

2.2 Slice preparation 

Rats were anesthetized with isofluorane and swiftly decapitated.  After decapitation, the 

brain was rapidly removed while submerged in ice-cold ACSF bubbled with 95% 02 : 5% C02.  

The ACSF had a pH of 7.2, osmolality of 280-290mOsm, and ionic composition (in mM) of the 

following: 125 NaCl, 2.5 KCl, 1.25 NaHPO4, 25 NaHCO3, 2 CaCl2, 1.3 MgCl2, and 10 dextrose.  

After chilling the brain, the cerebellum was removed and a longitudinal cut was made along the 

midline fissure to separate the cerebral hemispheres.  A thin angled cut was made on the dorsal 

edge of each hemisphere, and the flat surface subsequently adhered to the pan of a Pelco 10190 

Vibrating Microtome using cyanoacrylate glue.  Transverse 400µm sections were obtained using 

Feather double edge blades (Ted Pella) while submerged in ACSF (2
0
C).  Slices were then 

transferred to a custom 9-well holding chamber with the ACSF (same composition as above) 

held at room temperature (23± 1 
0
C) to reduce oxygen escape from the solution and enhance 

slice health.  All slices were incubated in the holding chamber for > 1.0 hrs prior to 

electrophysiological recordings to allow the slices to recover from the dissection and equilibrate 

to recording temperature.   
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2.3 Field recordings 

Brain slices were transferred to a recording chamber and perfused with ACSF at 30 ± 1
0
C 

(Temperature Controller, Scientific Systems Design, Montclair, NJ) at a standard drip rate of 

1.5-2.0 ml/min.  All slices were equilibrated to the recording temperature for a minimum of 10 

minutes prior to electrophysiological recordings.  Slices were preferentially taken from the 

middle region of the hippocampus to control for possible dorsoventral affects on paired-pulse 

plasticity, unless otherwise stated.  The hippocampal dentate gyrus was visualized using an 

upright, fixed stage Olympus BX51WI microscope with a 10X water immersion objective lens.  

Two sharp-tip concentric bipolar electrodes (FHC) were positioned in the outer and medial one-

third dentate gyrus molecular layer to activate the LPP and MPP, respectively (Figure 3a).  

Electrical stimuli were then applied at 5s intervals and a pulse duration of 0.12ms to evoke 

dendritic granule cell responses.  Dual recordings were obtained by positioning glass field 

electrodes (1-2MΩ resistance) filled with regular ACSF near the crest of the suprapyramidal 

blade in parallel to the orientation of the stimulation electrodes.  For all recordings, the 

stimulation and recording electrodes were spaced >300 µm apart to prevent direct depolarization 

of postsynaptic granule cell dendrites and minimize monosynaptic inhibitory postsynaptic 

potential activity (Davies et al. 1990).  For some recordings, a single stimulation electrode was 

used, first positioned in one perforant path subdivision and then repositioned to the adjacent 

subdivision to replicate the dual recording conditions described above.  The results obtained for 

single and dual recording electrode configurations were indistinguishable and therefore pooled.  

As a requirement, hippocampal slices producing signals with response amplitude greater than 1 

mV and with a favorable fEPSP to fiber volley ratio (2:1 or greater), qualitative factors indicative 

of a healthy tissue response (Bortolotto et al. 2001), were used for experimentation. To  
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Figure 3.  Electrode placement, fEPSP parameters, and examples of fEPSPs evoked by 

stimulation of the MPP and LPP. (a) Dual stimulation and recording electrode configuration.  

The medial and lateral perforant paths were activated by carefully positioning electrodes in the 

medial and lateral one-third molecular layer of the dentate gyrus suprapyramidal blade, 

respectively.  Note the ample spacing between stimulus and recording electrodes (>300µm) (b) 

fEPSPs evoked by stimulation of the MPP and LPP.  Note the signals are negative going when 

the recording electrode (transparent, left) is placed in the dendritic layer of stimulation and 

reverse in polarity (positive going) when the recording electrode is contralateral to the layer of 

stimulation.  (c) Representative fEPSP waveform illustrating parameters computed in this study, 

including slope (10-50% peak amplitude), onset latency, peak latency, half-width, decay time, 

and amplitude.   
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determine the maximum response, current injection was increased using 5mA steps delivered 

every 3s until the initial linear going slope of the fEPSP reached a plateau.  The current size was 

subsequently decreased until the slope of the fEPSP was 15% of the maximum slope. 

 This study depends on the reliable and segregate activation of MPP and LPP projections 

to the dentate gyrus.  To achieve this, anatomical and electrophysiological criteria were upheld.  

First, sharp-tip stimulation electrodes were positioned precisely in the medial and outer one third 

molecular layers, corresponding to the termination zones of the MPP and LPP (Hjorth-Simonsen 

1972; Hjorth-Simonsen and Jeune 1972; McNaughton 1980; Nafstad 1967; Steward and Scoville 

1976; Witter and Amaral 2004).  Second, stimuli were delivered at a low stimulus intensity (15% 

max fEPSP) to preclude current spread to the adjacent pathway and prevent population spikes 

which appear as positive going deflections that complicate analysis of fEPSP amplitude and 

potentially fEPSP slope (Bortolotto et al. 2001; Enoki et al. 2009; Fagni et al. 1987; Kahle and 

Cotman 1989; Speed and Dobrunz 2008; Talpalar and Grossman 2003).  Lastly, a current-sink 

source analysis of fEPSPs for each hippocampal slice revealed a current sink when the recording 

electrode was positioned in the layer of stimulation and a current source (i.e., a reversal in fEPSP 

polarity) when placed in the adjacent perforant pathway (Figure 3b).  This technique ensures a 

relatively narrow band of presynaptic perforant path axons are activated, and is a reported means 

to detect the transitional zone between the MPP and LPP (Abraham and McNaughton 1984; 

McNaughton and Barnes 1977).  We did not apply paired-pulse or kinetic analysis of fEPSP 

waveforms to differentiate the pathways because the efficacy of these parameters to do so served 

the basis of our investigation.   

 

2.4 Paired-pulse experiments 

2.4.1 Interpulse intervals (IPI) 
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        The temporal nature of paired-pulse plasticity was examined at medial and lateral perforant 

path-dentate gyrus granule cell synapses by applying paired-pulses at interpulse intervals (IPI) of 

25, 50, 100, and 200 ms.  For each IPI, six repetitions of paired-pulse stimuli were applied every 

15s.  For each paired-pulse experiment conducted in this study (with the exception of the 

stimulus intensity experiment described below), the stimulus intensity was set to 15% of the 

maximum evoked fEPSP slope.  The stimulus intensity was further reduced if visible positive-

going deflections were observed in the decay phase of the fEPSP waveforms.    

 

2.4.2 Rat age and GABAA mediated inhibition 

Rats from prepubescent (p20-32) and mature (p50-80) cohorts were used to assess 

potential developmental changes in paired-pulse plasticity.  For both age groups, a subset of 

paired-pulse experiments was conducted in the presence of the GABAA receptor antagonist BMI 

(Sigma Aldrich).  BMI was diluted in the regular ACSF to a final concentration of 5uM.   

 

2.4.3 Modulation of calcium ion concentration 

A physiological calcium concentration of 2mM (Dunwiddie 1984; Dunwiddie and Lynch 

1979; Turner et al. 1982) was used for the majority of recordings.  To assess the influence of a 

two-fold increase in calcium ion concentration on paired-pulse plasticity, we prepared 4mM 

calcium-ACSF.  In order to maintain osmolality and divalent cation equilibrium with the 2 mM 

solution, the magnesium ion concentration was reduced by half in the 4mM calcium-ACSF.  An 

osmometer confirmed both solutions had equivalent osmolality, ranging between 280-290 

mOsm.  Hippocampal slices were then perfused with 2mM and 4mM calcium-ACSF, at random, 

using a 15 minute perfusion time between conditions and prior to the application of paired-pulse 

stimuli.   
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2.4.4 Modulation of recording temperature  

To determine if temperature influences paired-pulse plasticity, the ACSF was maintained 

at 23
0
C or 30

0
C prior to delivery of paired stimuli to the lateral or medial one-third dentate gyrus 

molecular layer.  For these experiments, greater than 15 minutes exposure time for each test 

condition was employed to ensure the hippocampal slice had equilibrated to the new perfusion 

temperature.   

 

2.4.5 Dorsal and ventral hippocampal slices 

To examine potential differences in paired-pulse plasticity across the hippocampal axis, 

slices were taken from the dorsal or ventral one-third extent of the hippocampal axis.  For all 

remaining experiments, slices were obtained from the medial region of the dorsal-ventral 

hippocampal plane.    

 

2.4.6 Stimulus intensity experiments 

Paired-pulse stimuli were applied over a range of low, average, and high stimulus 

intensities to the medial and lateral perforant path subdivisions to determine if stimulus intensity 

influences the paired-pulse ratio in these pathways.  As a means to adjust the stimulus intensity 

and thereby the number of perforant path fibers that were activated, pulse duration (i.e., pulse 

width) was adjusted from low (0.06ms) through average (0.12ms) to high (0.30ms) durations.  

For all stimulus intensity experiments, the percentage of slices showing population spikes in the 

decay phase of the fEPSP upon stimulation of the MPP and LPP was evaluated using a general 

definition of population spike activity as visible single or multiple positive going deflections in 

the decay phase of the fEPSP.  Because population spike activity may alter the computed paired-

pulse ratio, a Pearson’s correlation coefficient (r) was applied to determine if there is a 
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correlation between emergent population spike activity and changes in the magnitude of the 

paired-pulse ratio.  Using this statistic, a correlation value of 0 describes the independent 

association of population spike prevalence and the magnitude of the paired-pulse ratio, and the 

limit values of -1 or +1 define a perfect negative or positive fit, respectively.  Correlation values 

of > 0.8 or < -0.8 were considered strong positive or negative fits, respectively.   

 

2.5 Multiple stimulus trains 

In these experiments 40 pulses at 20 Hz (i.e., 50 ms IPI) were applied to either perforant 

pathway in the same hippocampal slice.  The differences in postsynaptic response to each pulse 

in the stimulus train are expressed as a percent difference relative to the first fEPSP response.  

For these experiments, amplitude was used as a measure of synaptic efficacy rather than slope 

because the small size of fEPSPs evoked in the latter half of the stimulus train rendered 

consistent and accurate analysis of slope exceedingly difficult.  The low intensity at which these 

signals were evoked (15% max slope) and their monotonic rise and decay phase suggests these 

responses were monosynaptic in origin.   

 

2.6 fEPSP waveform characteristics 

 Fundamental parameters of the fEPSP waveform were quantified for responses elicited 

by electrical stimulation of the medial and lateral third dentate gyrus molecular layer.  These 

parameters are illustrated in Figure 3c and include onset latency, peak latency, half-width, decay 

time, and fEPSP amplitude.  We further analysed the kinetics of the decay phase by generating a 

semi logarithmic plot of the decay phase amplitude (peak to trough) as a function of decay time 

to discern potential differences in the rate of decay between signals evoked by stimulation of the 

MPP and LPP.  In addition to this approach, we fit a standard first order (V(t)=A1 e
-t/tau

) and 
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second order (V(t)=A1 e
-t/tau1

+ A2 e
-t/tau2

) exponential function to the decay phase of fEPSPs 

evoked by stimulation of both pathways using automated statistical software (Clampfit 10.1, 

Axon Instruments).  The degree of fit between the decay phase of our waveforms and the 

predefined functions is given as a coefficient of determination (r
2
).  This function gives values of 

0≤ r
2
 ≤1 such that an r

2 
value of 1 describes a perfect fit between the data and the line of best fit 

whereas an r
2
 value of 0 denotes no significant departure from independence.  All signals in 

these experiments were evoked at 1mV amplitude to preclude possible influence of fEPSP size 

on the parameters examined.   

 

2.7 Data collection and analysis 

            Electrophysiological signals were filtered at 10 kHz using a Multiclamp 700B (Axon 

Instruments) and digitized at 100 kHz using a Digidata 1440A data acquisition system.  Data 

were analyzed on a personal computer using Clampfit 10.1 software (Axon Instruments, 

Molecular Devices).  The initial linear monosynaptic slope of the fEPSP was used as a measure 

of synaptic efficacy because it is linearly proportional to the initial postsynaptic conductance and 

generally thought to be unaffected by population spikes (Fagni et al. 1987).  The initial slope was 

computed by applying a line of regression between 10-50% of the peak amplitude (Figure 3c).  

Paired-pulse data are reported as the average percent difference in the slope between the test 

pulse (pulse 2) and conditioning pulse (pulse 1) for six paired-pulse repetitions.  All data are 

presented as mean ± the standard error of the mean (SEM).  The level of statistical significance 

was evaluated using a Student’s t-test, with p<0.05 deemed significant.   N represents the number 

of animals used.   
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3 Results 

 
3.1 – Both perforant path subdivisions exhibit net paired-pulse facilitation at low stimulus 

intensity 

In the first set of experiments, six paired-pulse repetitions were applied to determine if 

the MPP and LPP show reliable and marked differences in paired-pulse plasticity, as previously 

reported (Brown and Reymann 1996; Colino and Malenka 1993; McNaughton 1980).  The 

average stimulus intensity required to evoke fEPSPs at 15% maximum response size was 12.9 

µA for LPP and 8.4 µA for MPP evoked potentials, producing average fEPSP amplitudes of 0.30 

± 0.02 mV and 0.34 ± 0.02 mV, respectively (n=51 slices).  As Figure 4a and b illustrate, 

stimulation of the LPP produced net PPF of granule cell response that was greatest at low IPI and 

that approached zero PPF at longer IPI (n=14 rats, p20-32, 5µM BMI).  A similar response 

distribution was elicited to activation of the MPP, although the magnitude of PPF was 

significantly less compared to the LPP for each IPI examined (25ms: t(21)=4.6, p<0.001; 50ms: 

t(51)=2.79, p=0.007; 100ms: t(21)=3.35, p=0.002; 200ms: t(21)=2.44, p=0.02).  At 200 ms IPI, 

paired stimulation of the MPP reliably evoked PPD.   

 These results represent the average synaptic properties for a large number of hippocampal 

slices (n=51 slices).  To determine if paired-pulse plasticity is subject to intrinsic variability, we 

produced a cumulative probability plot for the experiments conducted at the commonly used IPI 

of 50 ms.  As Figure 4c illustrates, the population of hippocampal slices examined show a 

relatively nonuniform distribution of paired-pulse response magnitudes for both the LPP and 

MPP.  As Figure 4 c also illustrates, stimulation of the MPP and LPP induced a small degree of 

PPD in approximately 40% and 15% of slices, respectively.  The apparent variability in paired-

pulse responses occurred within individual rats as well as between animals, as depicted in Figure  
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Figure 4.  The MPP and LPP show net paired-pulse facilitation at low stimulus intensity. (a) 

Average magnitude of paired-pulse plasticity at medial ( ) and lateral ( ) perforant path-dentate 

granule cell synapses in P20-32 rat slices (n=51 slices, 14 rats).  The graph plots the initial slope 

of the second fEPSP in percent relation to the initial slope of the first fEPSP across different 

interpulse intervals.  On average, both pathways show paired-pulse facilitation, with the LPP 

consistently exhibiting larger facilitation for all IPI examined (p<0.05).  Error bars designate the 

standard error of the mean. (b) Representative waveforms evoked by stimulation of the MPP and 

LPP.  The fEPSP evoked by the second pulse (dark waveform) is superimposed on the fEPSP 

evoked by the first pulse (light waveform).  Note the smooth and monotonic rise and decay phase 

of the fEPSPs. (c) Cumulative paired-pulse probability plot for 50 ms IPI experiments illustrating 

a relative heterogeneous distribution of responses (n=51 slices, p20-32). (d) Intra and inter-rat 

variability in paired-pulse plasticity measured at 50 ms IPI (n=14 rats, 51 slices, minimum 3 

slices per rat).  Note the strong correlation (r=0.90) between fluctuations in average response 

properties of the MPP and LPP across rats.     
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4d.  Interestingly, inter-rat variation in the average paired-pulse ratio for a given perforant path 

subdivision was paralleled by changes in the adjacent perforant pathway, as defined by their 

strong positive correlation (r=0.90).  For example, rats 5 and 7 exhibited net PPD for both 

perforant path subdivisions whereas rat 10 showed net PPF to activation of the MPP and LPP.  

Taken together, these data demonstrate there is a degree of inter- and intra- rat variability in the 

granule cell response to closely spaced presynaptic action potentials delivered to a population of 

medial or lateral perforant path axons.  Because our results do not agree with numerous 

published reports of excitatory paired-pulse transmission at MPP synapses (Brown and Reymann 

1996; Colino and Malenka 1993; McNaughton 1980), we considered a number of possible 

confounding factors that may influence paired-pulse plasticity  

in these pathways. 

 

3.2 – Rat age does not significantly influence response plasticity to paired perforant path 

stimuli 

 Is it possible that developmental changes in hippocampal circuitry contribute to the 

discrepancy between our results and previous findings?  To address this question, we conducted 

experiments in prepubescent (p20-32) and adult (p50-80) rats at 50 ms IPI.  As Figure 5 shows, 

stimulation of the LPP (with GABAA receptors antagonized) gave no significant difference in the 

paired-pulse ratio in these age cohorts (26.1±4.1% for prepubescent and 26.0±6.9% for mature 

rats; t(15) = 0.02,  p=0.99).  Similarly, no difference in the magnitude of the paired-pulse ratio was 

detected upon stimulation of the MPP in prepubescent (13.8±3.7%) and mature (11.1±4.0%) 

cohorts (t(15) =0.45, p=0.66).  This data indicates that age related changes in synaptic function do 

not result in differences in paired-pulse plasticity in the hippocampal slice preparation. 
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Figure 5. Rat age and GABAA conductance do not significantly influence response plasticity to 

paired perforant path stimuli.  5µM bicuculline methiodide (BMI) was used to selectively block 

GABAA mediated chloride conductance. In both age groups, there was no significant difference 

detected in the paired-pulse ratio within slices perfused with and without BMI (p>0.05).  

Similarly, no significant difference in the magnitude of paired-pulse facilitation was detected 

between young (p20-32) and mature (p50-80) rat slices upon stimulation of the LPP and MPP (p 

values not shown for clarity, all p values >0.05).  A minimum of 5 animals and 20 slices was 

used for each statistical comparison. Error bars designate the standard error of the mean. 
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3.3 – GABAA currents do not significantly influence the paired-pulse ratio in the dentate 

gyrus 

In the next set of experiments, we sought to determine if the extensive inhibitory circuitry 

in the hippocampal dentate gyrus modulates the granule cell response ratio to paired perforant 

path stimuli.  To do so, we perfused hippocampal slices with regular ACSF and with ACSF 

containing 5µM BMI, a selective GABAA receptor antagonist.  The results indicate GABAA-

receptor conductances do not significantly alter the paired-pulse ratio at 50 ms IPI (Figure 5).  

For LPP evoked responses, the average paired-pulse ratio was 26.1±4.1% and 23.2±4.5% for 

prepubescent slices in the presence and absence of 5µM BMI (t(20)=0.47, p=0.64) and 26.0±6.9% 

and 28.6±2.2% for mature slices under these same conditions (t(15)=0.52, p=0.61).  For MPP 

evoked responses, the average paired-pulse ratio was 13.8±3.7 % and 10.5±2.9% for 

prepubescent slices in the presence and absence of 5µM BMI (t(30)=0.70, p=0.48) and 11.1±4.0 

% and 13.4±2.2 % for mature slices under these same conditions (t(15)=0.55, p=0.58).  These 

findings rules out inter-study differences in the application of the GABAA receptor antagonist 

BMI as a source of variability in the paired-pulse literature.   

 

3.4 – At 4mM calcium the MPP and LPP no longer exhibit net PPF  

 We next considered the possibility that increased calcium in the perfusion ACSF 

underlies reports of reliable PPD in response to paired-pulse stimulation of the MPP.  To test this 

hypothesis, we conducted experiments at the approximate physiological extracellular calcium 

concentration of 2mM (Dunwiddie 1984; Dunwiddie and Lynch 1979; Turner et al. 1982) and at 

a two-fold greater concentration.  At 4mM, fEPSPs signals were found to increase by a small 

magnitude and to an extent that is consistent with reports of others (Melchers et al. 1987) (data 

not shown).  As Figure 6a reveals, a significant decrease in the paired-pulse ratio occurs when  



30 
 

 

 

 

 

Figure 6. The effect of calcium, temperature, and dorsal-ventral gradient on paired-pulse 

plasticity in the dentate gyrus.  (a) Increasing the ACSF calcium ion concentration from 2mM 

(white bars) to 4mM (dark bars) significantly decreases the PPR in the LPP (p=0.04) and the 

MPP (p=0.03) (n=4 rats, 15 slices, p30-42).  At 4mM, neither pathway shows net PPF and the 

MPP shows reliable PPD.  Note that for these experiments and the experiments shown in (b), no 

significant difference in the net magnitude of PPF was discernable between the MPP and LPP, 

independent of calcium ion concentration (p values >0.05).  (b) A decrease in the slice perfusate 

temperature from 30
0
C to 23

0
C significantly decreases the paired-pulse ratio to stimulation of the 

LPP (p=0.01) and MPP (p=0.02) (n=3 rats, 12 slices, p32 rats). (c) Slices taken from the dorsal 

and ventral one-third hippocampus do not show a significant difference in paired-pulse plasticity 

in the LPP or MPP (p>0.05, n=4 rats, p20-32, 15 slices).   
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the extracellular calcium level is raised from 2mM to 4mM for LPP and MPP evoked responses 

(P30-45, 5µM BMI).  For the LPP, the paired-pulse ratio decreased from 12.7±6.0 at 2mM to -

2.5±4.6 at 4mM calcium (t(12)=3.2, p=0.008).  In comparison, activation of the MPP shifted the 

average paired-pulse ratio from 6.0±5.4 at 2mM to -8.2±4.1 at 4mM (t(20)=3.4, p=0.003).  These 

results confirm paired-pulse plasticity in these pathways is highly sensitive to changes in 

extracellular calcium ion concentration.  It would thus appear that differences between our 

findings and those to report robust and reliable PPD of MPP responses at 4mM Ca
+2

 can be 

largely explained by variation in calcium ion levels used in the perfusion solution. 

 

3.5 – Paired-pulse plasticity is sensitive to changes in recording temperature 

A factor we hypothesized may influence the excitatory transmission of paired action 

potentials at perforant path – granule cell synapses is recording temperature.  Therefore, we 

conducted paired-pulse experiments at temperatures of 30
0
C or 23

0
C, commonly used values that 

would enable comparison of our results to published findings.  At 30
0
C relative to 23

0
C, the 

initial fEPSP slope was significantly greater for both MPP (-0.17mV/ms versus -0.12mV/ms; 

t(11)=4.5, p=0.001) and LPP (-0.21mV/ms versus -0.15mV/ms; t(9)=6.5, p<0.001) evoked 

responses.  As Figure 6b shows, we detected a significant reduction in the paired-pulse ratio at 

the lower recording temperature for MPP and LPP recordings using 50ms IPI.  Stimulation of the 

LPP gave net paired-pulse ratios of 17.7±8.0% and 5.3±6.5% at 30
0
C and 23

0
C, respectively 

(t(14)=2.9, p=0.01).  Activation of the MPP yielded a net paired-pulse ratio of 11.2±7.1 at 30
0
C 

that decreased to 0.13±6.4 at 23
0
C (t(19)=2.7, p=0.02).  These data implicate recording 

temperature as a confounding variable to inter-study comparisons of paired-pulse plasticity.     

  

3.6 – Paired-pulse plasticity is similar across the dorsal-ventral hippocampal axis  



32 
 

Is the synaptic transmission of paired-pulse stimuli comparable across the dorsoventral 

axis of the hippocampal dentate gyrus?  We addressed this question by conducting experiments 

in hippocampal slices extracted from the dorsal and ventral one-third dentate gyrus.  The results 

are shown in Figure 6c and reveal the magnitude of the paired-pulse ratio for the LPP and MPP 

is independent of the hippocampal plane from which the slice was obtained (p20-32 rats).  

Stimulation of the LPP in dorsal and ventral regions registered a net paired-pulse ratio of 

20.0±8.8% and 23.2±5.5% (t(16)=0.3, p=0.74).  Activation of the MPP in dorsal and ventral slices 

gave a net paired-pulse ratio of 7.2±5.1% and 12.7±4.5%, respectively (t(16)=0.81, p=0.42).  

Together, these results demonstrate the input processing of two closely spaced action potentials 

at perforant path – granule cells synapses is similar across the dentate gyrus dorsoventral axis.   

 

3.7 – Population spike activity obfuscates paired-pulse analysis 

In order to determine if the emergence of population spikes in synaptic potentials 

contributes to the discrepancy between our results and previous findings, we delivered paired-

pulse stimuli across a range of increasing pulse widths.  In conducting these experiments, it 

became apparent that the vast majority of responses to the first stimulus (pulse 1) were devoid of 

positive waveforms deflections, showing a nice monotonic rise and decay phase (Figure 7, gray 

traces).  By contrast, as the stimulus intensity was strengthened, the second paired-pulse stimulus 

readily evoked fEPSPs with positive deflections in the decay phase of the fEPSP (dark traces, 

arrows).  The emergence of these polytonic deflections in the decay phase of the second fEPSP 

correlated with decreases in the paired-pulse ratio for MPP (r= -0.96) and LPP (r= -0.91) evoked 

responses.  Compellingly, at increased stimulus intensities, both perforant pathways often 

showed net PPD, although more reliably and robustly upon activation of the MPP (Figure 7a and 

b, n=3 rats age p15-30, 5µM BMI).  When we repeated these experiments with GABAA  
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Figure 7. Population spike activity negatively modulates the paired-pulse ratio.  Paired pulse 

stimuli were applied at 50 ms IPI at low (0.06ms) to high (0.30ms) pulse duration to examine the 

effect of stimulus magnitude on the paired-pulse ratio. a) Paired-pulse plasticity in the MPP as a 

function of stimulus magnitude (n=3 rats, p15-30, 14 slices).  The percentage of slices showing 

positive going deflections (x) in the decay phase of the second fEPSP is plotted on the dual y-

axis.  Note that PPF is observed at very low intensity and a considerable shift to PPD occurs at 

increased stimulus intensities.  This shift in the paired-pulse ratio from PPF to PPD strongly 

correlates with the emergence of population spikes at higher intensities in the decay phase of the 

second fEPSP, as indicated by a correlation coefficient (r) of -0.96.  (b) The same correlative 

plot for the LPP, illustrating population spike activity alters the paired-pulse ratio (r = -0.91) in 

this pathway but does not yield stark PPD as detected in the MPP (n=3 rats, p15-30, 14 slices, 

5µM bicuculline methiodide).  (c) The magnitude of paired pulse plasticity is significantly 

decreased at high stimulus intensity (p=0.003) as population spikes emerge in the decay phase of 

the second fEPSP (n=5 rats, 14 slices).   These population spikes can be alleviated and PPF 

unmasked via partial blockade of AMPA receptors using 0.8µM NBQX (n=4 rats, 7 slices, p15-

30). (d)  Sample waveforms from the experiments conducted in (c) illustrate PPF at lower 

stimulus intensity (left) is masked by emergent population spike activity at higher intensity 

(middle waveforms, arrow) and subsequently unmasked in the same slices by preventing 

postsynaptic cell firing using low micromolar NBQX (right).  
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Table 1:  The percentage of hippocampal slices showing population spike activity in the decay 

phase of the postsynaptic fEPSP response to the second, test stimulus.  Data are presented as a 

function of animal age, the presence or absence of 5µM bicuculline methiodide, and the 

respective medial (MPP) or lateral (LPP) perforant path subdivision under stimulation.  N ≥ 5 

slices per age group per pulse width. 

 

 

 

    LPP     MPP   

pulse width (ms) 0.06 0.12 0.18 0.06 0.12 0.18 

bicuculline 
  

  

   p14-16 (%) 60 100 100 80 100 100 

p28-30 (%) 0 25 50 0 25 60 

p50-80 (%) 0 0 9 0 9 36 

no bicuculline 
  

  

   p14-16 (%) 30 60 100 50 70 100 

p28-30 (%) 0 0 0 0 9 9 

p50-80 (%) 0 0 0 0 0 9 
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inhibition intact (no BMI), population spike activity was reduced across all stimulation 

intensities (Table 1), and negative correlation values decreased but remained relatively high for 

the MPP (r= -0.77) and LPP (r= -0.63).  As Table 1 shows, the percentage of hippocampal slices 

showing polytonic decay phases in the second fEPSP was more prevalent in young compared to 

mature rat hippocampal slices.  In juvenile rats (p14-16), the vast majority of hippocampal slices 

showed waveform deflections in the second fEPSP, even in the absence of BMI.  Taken together, 

these results provide correlative evidence that population spike activity complicates the analysis 

of synaptic paired-pulse waveforms, especially in young animals and under conditions of 

GABAA antagonism.   

 To provide a more direct link between MPP evoked population spikes and changes in the 

computed paired-pulse ratio, we reduced the likelihood of granule cell spiking at high stimulus 

strengths by partially blocking postsynaptic AMPA receptors using 0.6-0.8µM 2,3-dihydroxy-6-

nitro-7-sulfamoyl-benzo9(f)quinoxaline-2,3-dione (NBQX).  As shown in Figure 7c and d, 

population spikes were alleviated and the magnitude of the paired-pulse ratio significantly 

increased from -17.2±5.7% under conditions of high stimulus intensity to 4.4±3.8% at the same 

applied stimulus strength in the presence of 0.6-0.8µM NBQX (t(7)=5.5, p=0.002).  Notably, 

however, fully recovery of MPP evoked PPF detected at low stimulus intensity (26.8±11.1%) 

was not achieved in the presence of NBQX (4.4±3.8%; t=2.1, p=0.08).  In summary, these 

results provide strong evidence that the paired-pulse ratio is sensitive to changes in stimulus 

strength. 

 
3.8 – 20 Hz stimulation reveals distinct short-term plasticity at MPP and LPP synapses 

We next investigated the response of the MPP and the LPP to a constant frequency train 

of 40 pulses delivered at 20 Hz (50ms IPI) (Figure 8).  This is an important consideration  
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Figure 8.  The response profile of the MPP and LPP to a train of 40 stimuli delivered at 20 Hz 

(50ms IPI).   Both pathways show clear PPD after a small number of stimuli with the MPP 

depressing more rapidly than the LPP.  Each data point is mean data from 2 rats and 13 slices.  A 

statistically significant difference was detected for each impulse in the train (p<0.05).  Error bars 

designate the standard error of the mean.   
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because our data for 2 pulses delivered 50 ms apart are at odds with numerous reports 

characterizing paired-pulse plasticity at perforant path – dentate granule cell synapses.  As was 

revealed in Figure 4b, both pathways show net PPF at 50 ms IPI.  However, a considerable 

fraction of LPP slices (~15%) and a greater fraction of MPP slices (~40%) show a small degree 

of PPD (Figure 4c).  It would thus appear the scope for facilitation and the threshold for 

depression in response to repetitive activity is quite low at these synapses.  As Figure 8 reveals, 

the LPP shows a small degree of facilitation in response to the second stimulus followed by a 

rapid transition to depression of the fEPSP response by the fourth and subsequent stimuli.  

Stimuli applied to the MPP evoke granule cell responses that reliably depress by the third 

stimulus and by a fractional difference (relative to the first response) greater than that detected 

for the LPP across all stimuli (p <0.05, n=2 rats, 13 slices).  Together, these results illustrate the 

MPP and LPP respond differentially to short trains of high frequency stimuli.   

 

3.9 – fEPSP waveforms are distinct to the perforant path subdivision under stimulation 

Due to the relative discordance between our paired-pulse data and previous reports, we 

sought to confirm that fEPSPs evoked by stimulation of the LPP and MPP have distinct kinetic 

profiles.  The results are summarized in Table 2 and illustrated in Figure 9a and b.  In the 

presence and absence of BMI, LPP evoked fEPSPs were found to have significantly greater peak 

latency, half-width, decay time, and rate of decay compared to MPP evoked fEPSPs (n≥10 slices 

per comparison, p values <0.05).  We found marginal evidence of a difference in the onset 

latency time between MPP and LPP evoked fEPSPs in the presence of 5µM BMI (p=0.09).  

Taken together, these data demonstrate granule cell fEPSPs evoked by stimulation of the LPP 

and MPP possess distinct waveform kinetics.   
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When plotted semilogarithmically, no large difference in decay phase kinetics between 

MPP and LPP responses could be observed (Figure 9b; n=13 slices, p32-44, 5µM BMI).  In 

addition, both pathways appeared to be relatively well described by a single rate process, as 

indicated by the approximate linearity of the log amplitude decay phase and the relatively high 

coefficient of  determination values computed for LPP (r
2
=0.91) and MPP (r

2
=0.87) fEPSP 

decay phases fit to a standard mono-exponential equation.  As these results do not exclude the 

possibility of bi-exponential component to the decay phase, we fit a standard exponential 

function with two terms to the decay phase.  Interestingly, it appears the vast majority of MPP 

fEPSPs (12/14 slices) and a smaller fraction of LPP fEPSPs (7/13 slices) decay by two 

underlying rate processes, an initial rapid decay phase comprising the majority of the decay 

phase, followed by a small and slower decaying phase.  For MPP fEPSPs, the initial rate process 

was fast (τ = 3.48±0.15 ms) and four-fold greater in amplitude relative to the latter decay phase 

(τ = 26.51±5.34 ms).  For LPP fEPSPs in which two underlying amplitude processes were 

apparent, an initial rapid decay phase (τ = 4.31±0.58 ms) was ensued by a later slower decay 

phase (τ = 20.05±4.56 ms) that was approximately half the amplitude of the faster phase.  These 

results establish that for the vast majority of MPP and a considerable fraction of LPP fEPSPs, the 

decay phase is a composite of two underlying amplitude functions with distinct decay properties.   

 

 

 

 

 

 

 

 

 

 

 



39 
 

 

 

Table 2:  Dendritic granule cell fEPSP parameters resulting from stimulation of the outer third 

(LPP) or medial third (MPP) dentate gyrus molecular layer (n= 4 rats, ≥10 slices per 

comparison).  Values are means (ms) ± SEM.  Statistical significance was set at p<0.05 and is 

denoted by an asterisk.    

 

Bicuculline Onset latency Peak latency Half-width  Decay time Decay tau (τ) 

 

LPP 3.36 ± 0.15 2.86 ± 0.09 6.52 ± 0.20 20.53 ± 0.87 6.67 ± 0.65 

 

MPP 3.14 ± 0.09 2.44 ± 0.08 5.12 ± 0.08 29.19 ± 1.81 5.13 ± 0.40 

 

t-value 2.00 5.53 6.57 5.75 3.04 

  p-value 0.09 *<0.001 *<0.001 *0.004 *0.04 

No Bicuculline Onset latency Peak latency Half-width  Decay time Decay tau (τ) 

 

LPP 3.36 ± 0.15 2.74 ± 0.14 6.16 ± 0.15 16.54 ± 1.45 5.71 ± 0.48 

 

MPP 3.03 ± 0.09 2.44 ± 0.07 5.19 ± 0.19 20.81 ± 1.29 4.58 ± 0.11 

 

t-value 2.67 2.45 3.36 3.32 3.27 

  p-value *0.03 *0.04 *0.01 *0.02 *0.008 
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Figure 9.  A comparison of fEPSP characteristics evoked by stimulation of the MPP and LPP (a) 

Representative superimposed waveforms evoked by stimulation of the MPP (dark) and LPP 

(light).  Peak latency and half-width are significantly greater for the LPP while the total decay 

time is significantly greater for the MPP. (b) Semilogarithmic plot of decay phase amplitude as a 

function of time for fEPSPs evoked by stimulation of the MPP (dark) and LPP (grey) (n=3 rats, 

13 slices).  No clear difference is visible in the average decay phase properties between MPP and 

LPP synaptic waveforms.    
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4 Discussion and future research  

4.1 – Overview 

The main objective of the present work was to determine if the perforant path 

subdivisions can be reliably differentiated using responses to paired-pulse stimulation.  

Naturally, this required the separate activation of the MPP and LPP.  To achieve this, we 

exercised caution and visually positioned sharp-tip electrodes in the medial and outer one-third 

molecular layers of the dentate gyrus, presuming the strict anatomical sites of innervation of 

these pathways are not altered by transverse sectioning through the hippocampal formation.  This 

conclusion is supported by our findings of distinct waveform shapes (Table 2 and Figure 9a) that 

corroborate previous findings of differences between the MPP and LPP (Abraham and 

McNaughton 1984; Hanse and Gustafsson 1992; McNaughton 1980).  Thus, in addition to the 

low stimulus intensities we applied to prevent current spread beyond the layer of stimulation, we 

believe it is reasonable to conclude that two largely segregate populations of presynaptic 

afferents comprising the MPP and LPP were selectively activated in this study.  

The major findings that emerge from the present results are that both pathways show PPF 

in the majority of cases (Figure 4a, b), and that a considerable degree of variability exists in 

paired-pulse plasticity in these pathways (Figure 4c, d).  These results are not consistent with the 

prevailing viewpoint that paired electrical stimulation of the medial and outer molecular layers 

yields reliable differences in the magnitude and polarity (i.e., PPD and PPF) of paired-pulse 

responses (Colino and Malenka 1993; McNaughton 1980).  Rather, our results point toward 

more subtle differences in paired-pulse plasticity at MPP and LPP synapses as a more reliable 

and accurate description of paired-pulse responses in these pathways (Figure 4a).  While these 

results indicate the MPP has a greater probability of vesicle release than the LPP (Colino and 
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Malenka 1993; McNaughton 1980; Min et al. 1998), it would appear that the release probability 

at MPP and LPP presynaptic terminals is more similar than originally reported.      

To an extent, the discrepancy between the present results and those of previous reports 

may be attributed to variation in experimental approach.  This includes differences in the species 

and gender of animals used for experimentation, the precise placement of electrodes in the 

respective medial and lateral divisions, and the composition of the ACSF.  This study establishes 

that differences in calcium ion concentration (Figure 6a), recording temperature (Figure 6b), and 

stimulus intensity (Figure 7), in combination with a degree of intrinsic variability in paired-pulse 

plasticity (Figure 4c, d), contribute to the relatively low concordance of our results when 

compared to some published findings.    

 

4.2 – Paired-pulse plasticity 

4.2.1- Interpulse intervals (IPI)   

 The average response profile that we observed upon paired stimulation of the lateral 

molecular layer using IPI ranging from 25 to 200 ms (Figure 4a) is consistent with previous 

findings (Andreasen and Hablitz 1994; Asztely et al. 2000; Colino and Malenka 1993; 

McNaughton 1980).  These results lend support to the concept that the average synaptic 

properties of LPP synapses formed on granule cell dendritic spines facilitate closely spaced 

action potentials in a manner dependent on the time interval between them.  While the average 

response profile for the LPP across different IPI was agreeable with previous reports, such was 

not the case for the average response distribution for the MPP.  As figure 4a shows, we observed 

a negative graded paired-pulse profile relative to the LPP, with a small degree of PPF detected at 

low IPI that promptly shifted to PPD at higher IPI.  This is in contrast to several descriptions of 

robust and reliable PPD induced by MPP stimulation (Asztely et al. 2000; Colino and Malenka 
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1993; Macek et al. 1996; McNaughton 1980) but in agreement with a study to report that the 

MPP under normal conditions usually exhibits a small degree of PPF in Sprague Dawley rats in 

vitro (Talpalar and Grossman 2003).   

 

4.2.2 – Intrinsic and methodological sources of variation 

  What might contribute to the discrepancy of findings at MPP synapses?  According to 

our data, there is a degree of intrinsic variation in the paired-pulse ratio detected at both lateral 

and medial perforant path synapses (Figure 4c, d).  To this end, we found that a small but 

considerable fraction (~15%) of LPP and a much larger fraction of MPP responses (~40%) 

showed PPD.  In accordance with our findings, some authors have reported a degree of 

variability in the paired-pulse ratio.  One study found that 12% of slices showed PPD upon 

stimulation of the LPP in guinea pigs slices (Hanse and Gustafsson 1992) while another study 

reports 14% of slices gave PPD when the LPP was stimulated in prepubescent male and female 

rats (Andreasen and Hablitz 1994).  An additional paper reports findings of PPD upon 

stimulation of the LPP in an unspecified percentage of Wistar rat slices (Rausche et al. 1989), 

suggesting the divergence of findings from the pioneering study by McNaughton may be due to 

different stimulus parameters.  Furthermore, select studies report small magnitude (~10%) net 

PPF in response to stimulation of the LPP (Brown and Reymann 1996; Scimemi et al. 2006) 

whereas others report stark net PPF (≥ 30%) at comparable IPI (40-50ms) in rat hippocampal 

slices (Andreasen and Hablitz 1994; Kirby et al. 1995).  Similar reports of variability are evident 

upon stimulation of the MPP, although not always explicitly stated.  In the original paper to 

report that MPP stimulation elicits robust and reliable PPD, a figure is presented that clearly 

shows a small degree of PPF in response to MPP stimulation, although no comment was made 

regarding this finding (McNaughton 1980).   
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 Naturally, the apparent non-static nature of paired-pulse responses across hippocampal 

slices could arise from the inability to selectively activate the perforant path subdivisions.  This 

may occur under conditions of high stimulus intensity due to passive current spread to the 

adjacent non-target pathway, but could also arise when the stimulation electrode is placed near 

the border of the input pathways, or from unknown factors that influence the integrity of the 

orderly laminar projections of the MPP and LPP.  To the latter, we are unable to rule out axonal 

re-arrangements or the potential influence of the precise orientation of the hippocampus during 

transverse sectioning as factors that may contribute to heterogeneous paired-pulse responses 

and/or differences between the current findings and those of others.  While possible, we suggest 

these factors are unlikely the sole source of variation across published findings because the 

present and past studies have exercised caution to selectively activate the MPP and LPP 

projections.  Such has been achieved using knowledge of the laminar and orderly termination 

sites of these pathways in combination with electrophysiological criteria including synaptic 

waveform kinetics (Brown and Reymann 1996; 1995; Dimoka et al. 2008) and current sink-

source analyses (Asztely et al. 2000; Colino and Malenka 1993; Dahl and Sarvey 1989; Min et 

al. 1998).  The original study by McNaughton (1980) also used Timm staining to visually 

characterize the transition between the MPP and LPP and ensure accurate electrode placement.  

As alluded to, however, McNaughton presents a figure that suggests the MPP does not show 

reliable PPD.  These observations, in combination with our findings that stimulation of the outer 

molecular layer yields PPD in a small percentage of slices, seem to rule out the possibility that 

PPF induced by stimulation of the medial layer arises from the co-activation of MPP and LPP 

axons.  We thus propose the variability in paired-pulse plasticity between hippocampal slices and 
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animals (Figure 4c, d) stems from undetermined dynamic changes in the neurophysiological 

properties of the synapses under investigation. 

 A number of behavioral, experience-based, and molecular events modulate paired-pulse 

plasticity and therefore may contribute to the discordance of findings across research 

publications.  In vivo, it has been shown that paired stimulation of the MPP in male Sprague 

Dawley rats elicits PPF as the dominant response in active moving animals but PPD during slow-

wave sleep and immobile waking (Austin et al. 1989).  Interestingly, this behavioral state 

modulation of neuroplasticity is altered by prenatal protein malnutrition (Bronzino et al. 1999).  

These measures are unlikely to have influenced our results because rats were well nourished and 

sacrificed at the same time of day under the same conditions.  While it is plausible that animals 

sacrificed under different behavioral states retain behaviorally-tuned neuroplasticity in vitro, we 

suggest any such pursuits in this regard may be in vain.  Perhaps a more plausible explanation for 

the heterogeneity stems from fluctuations in the activity levels of endogenous proteins.  

Metabotropic glutamate receptors (Brown and Reymann 1995; Kilbride et al. 2001; O'Leary et 

al. 1997) and neurotrophins (Asztely et al. 2000; Brown and Reymann 1996) appear to alter 

paired-pulse plasticity in these pathways.  Activation of these receptors has been shown to nearly 

or fully abrogate PPD at MPP synapses formed on dentate granule cells in rats in vitro (Brown 

and Reymann 1996; 1995; Kilbride et al. 2001; O'Leary et al. 1997).  Interestingly, a more recent 

study reports that the antagonism of a variety of metabotropic receptors, including group II and 

III glutamate, GABAB, opioid , A1, and muscarinic receptors have no effect on the paired-pulse 

ratio in rat slices at 50 ms IPI (Scimemi et al. 2006).  The apparent discrepancy between these 

studies may arise from the selective antagonism versus agonism of these receptors using 

different pharmacological agents, intrinsic variability in the paired-pulse measure, or other 
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methodological differences highlighted in the present study.  Nonetheless, it is conceivable that 

the upregulation or altered activity of select synaptic proteins contributes to the heterogeneous 

paired-pulse responses we have detected in the present study.   

 One candidate synaptic protein that is integral to neuroplasticity at many central synapses 

is the NMDA receptor (see Lau and Zukin 2007).  The selective agonism of the NMDA receptor 

using NMDA has been shown to decrease PPD in rat hippocampal slices upon stimulation of the 

MPP (Rush et al. 2001) while antagonism of the NMDA receptor using 2-amino-5-

phosphonopentanoic acid (APV) manifests no significant changes in the paired-pulse ratio under 

similar conditions (Andreasen and Hablitz 1994).  The difference in findings may be attributed to 

the selective activation versus inactivation of this receptor as well as the precise levels of 

magnesium in the perfusion medium.  An additional experiment conducted in vivo found no 

effect of the NMDA receptor antagonist MK-801 on paired-pulse plasticity at 20-30ms IPI, 

although it is difficult to determine what perforant pathway was stimulated (Gilbert and Burdette 

1996).  The influence of NMDA receptor currents in paired-pulse plasticity was not addressed in 

the present study because our objective was to reproduce the conditions of pioneering reports of 

paired-pulse plasticity at these synapses.  These studies did not apply pharmacological agents 

targeted at the NMDA receptor and often used relatively high magnesium concentrations (Colino 

and Malenka 1993; McNaughton 1980) that block NMDA receptor conductances (Mayer et al. 

1984; Nowak et al. 1984).  As a future research objective, it will be important to re-evaluate the 

influence of NMDA receptors on paired-pulse plasticity at these synapses given the discordance 

of published findings.  Findings of a greater density of NMDA receptors in the inner compared 

to the outer molecular layer (Monaghan et al. 1985) suggests NMDA receptors may contribute to 

differences in short-term and long-term plasticity at these synapses (Colino and Malenka 1993).  
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It is also plausible that differences in NMDA receptor subunit composition between the medial 

and lateral perforant path inputs contribute to the dissociable nature of these pathways because 

subunit composition influences NMDA receptor gating kinetics (reviewed in  Cull-Candy and 

Leszkiewicz 2004).  While decay phase analysis of NMDA receptor mediated EPSCs suggests 

no stark differences in NMDA receptor subunit composition between medial and lateral inputs to 

the dentate gyrus (Min et al. 1998), pharmacological and ultrastructural labeling of NMDA 

receptor subunits is warranted to increase confidence in these findings.   

 

4.2.3 – Physiological and experimental implications of variable responses 

 Findings of nonuniform paired-pulse responses at medial and lateral perforant path 

axonal tracts have physiological importance.  Because paired-pulse is an indirect measure of 

presynaptic vesicle release probability (reviewed in Zucker and Regehr 2002), our data reveal 

there is a degree of heterogeneity in vesicle release probability at perforant path – granule cell 

synapses.  This is in agreement with findings of a nonuniform distribution of vesicle release 

probability at mammalian CNS synapses, even for synaptic inputs on the same target (Branco et 

al. 2008; Dobrunz and Stevens 1997; Hanse and Gustafsson 2001; Moulder et al. 2007; 

Rosenmund et al. 1993; Wang et al. 2000).  In support of the hypothesis that vesicle release 

probability differs among axons of the medial or lateral perforant pathway, Scimemi et al. (2006) 

provided evidence that subsets of LPP axons possess distinct vesicle release kinetics in male 

Sprague Dawley rats in vitro.  This was based on findings that isolated NMDA mediated currents 

in dentate granule cells show increases in the paired-pulse ratio as a function of time after 

application of the use-dependent NMDA receptor antagonist MK-801.  Because MK-801 

preferentially blocks synapses with high vesicle release probability (Manabe and Nicoll 1994), 
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these data are interpreted to indicate that increases in paired-pulse plasticity manifest from the 

progressive sampling of synapses with lower basal release probabilities (Scimemi et al. 2006).   

 The rate at which MK-801 blocks NMDA receptor currents isolated in whole-cell 

recordings is also an indirect assay of presynaptic glutamate release probability.  Using this 

approach, a single exponential decay of NMDA currents evoked by field stimulation would be 

expected if a population of axons possess similar vesicle release kinetics but could not be 

described by one rate of decay if release probability varied considerably amongst the population 

of axons reaching threshold (Zigmond et al. 1999).  This technique has been applied in guinea-

pig slices to show that MPP evoked granule cell NMDA currents are blocked more rapidly by 

MK-801 than LPP currents (Min et al. 1998), corroborating paired-pulse data to suggest the MPP 

releases a larger fraction of glutamate per action potential relative to the LPP.  While this study 

fitted single-exponential functions to the NMDA decay curves, the degree of fit was not 

statistically reported for the 4 slices examined and there appears to be some overlap in decay rate 

between the MPP and LPP, making conclusions regarding variable release probabilities difficult.  

In summary, there is some evidence to suggest paired-pulse responses are not static at medial and 

lateral perforant path synapses, perhaps reflecting (but not limited to) underlying dynamic 

changes in vesicle release probability.   

 

4.2.4 – Dissociable MPP and LPP responses 

 An important finding of this study is that the LPP consistently yields larger paired-pulse 

ratios relative to the MPP (Figure 4a).  In the context of conclusions made by others, primarily 

McNaughton (1980), we interpret this to indicate the MPP releases a larger fraction of available 

transmitter per action potential relative to the LPP.  This is because MPP afferents were more 

likely to give rise to PPD of granule cell response, and consistently yielded smaller paired-pulse 
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ratios (Figure 4a).  Implicit in this statement is the assumption that PPD results from depletion of 

the RRP, a transient event that manifests under conditions of high basal release probability or 

under conditions of high frequency activity (reviewed in Zucker and Regehr 2002).  While this 

appears to be the primary mechanism of PPD at the synapses under study, we are cautious to rule 

out other factors that may influence short-term synaptic plasticity in these pathways.  These 

factors include the activation of presynaptic G-protein-coupled neurotransmitter receptors 

(Nicoll et al. 1990; Thompson et al. 1993), presynaptic ionotropic receptors (reviewed by 

MacDermott et al. 1999), changes in postsynaptic receptor conductance or saturation (Otis et al. 

1996; Rozov and Burnashev 1999), astrocyte signalling (reviewed by Araque et al. 2001), or 

inhibition by local circuit interneurons (Bronzino et al. 1997).  Our data do not resolve these 

possibilities.  Rather, the present research establishes that stimulation of the LPP reliably gives 

rise to a larger paired-pulse ratio relative to the MPP, a refined description of paired-pulse 

plasticity than can be adopted to electrophysiologically distinguish these pathways in future 

experiments.  

 

4.3 – Rat age and paired-pulse plasticity 

 Our investigation of developmental changes in the paired-pulse ratio registered no 

significant differences between a prepubescent (p20-32) and adult (p50-80) cohort (Figure 5).  It 

would thus appear that the transmission of two closely spaced presynaptic action potentials is 

comparable in the hippocampal slice preparation at the ages sampled.  These data rule out age 

differences between studies as a cause for the variability in published reports of paired-pulse 

plasticity.  In contrast to our findings in the dentate gyrus, developmental changes in PPF are 

known to occur at Schaffer collateral synapses formed on CA1 pyramidal cells in vitro (Dekay et 

al. 2006).  This difference may arise from the different age groups sampled or distinct 
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neurobiology of the dentate gyrus and CA1 subregions (reviewed in Andersen 2007).  It is 

important to note the present findings do not counter evidence of age related changes in paired-

pulse plasticity discovered in anesthetized rats (Bronzino et al. 1997; Levkovitz and Segal 1998).  

The hippocampal slice is devoid of many extrahippocampal inputs that contribute to the complex 

integrative function of the hippocampus (reviewed by Andersen 2007) and that underlie 

behavioral state modulation of paired-pulse responses in the dentate gyrus (Austin et al. 1989).  

Many of these extrasynaptic inputs are developmentally regulated and arise from brainstem 

regions including the median raphe, medial septum, and locus coeruleus (Freund and Antal 1988; 

Freund et al. 1990; Frotscher and Leranth 1988).   

 Although it appears rat age does not significantly influence the transmission of paired 

presynaptic action potentials at perforant path – granule cell synapses, the age of individual 

granule cell neurons might.  This conclusion is based on a whole cell study that showed 

stimulation of the MPP induced PPD when mature granule cells were recorded from and PPF 

when young granule cells were sampled (Wang et al. 2000).  One absorbing observation from 

this study, however, is that waveforms evoked from young neuron recordings appear to be very 

small relative to recordings from mature neurons.  Because our results indicate the application of 

low stimulus intensity stimuli elicits PPF more often than high stimulus intensity conditions 

(Figure 7), future evaluation of these findings is warranted.  Nevertheless, the apparent 

heterogeneity of functional properties of perforant path axons described by Wang et al. is in 

general accordance with our conclusion that perforant path axons can exhibit differences in 

short-term synaptic plasticity.   

 

4.4 – GABAA conductance and paired-pulse plasticity  
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 The present results demonstrate the paired-pulse ratio is not significantly modulated by 

inhibitory GABAA conductances, in agreement to findings of others (Andreasen and Hablitz 

1994; Kahle and Cotman 1989).  Thus, using field recordings we can rule out local feedforward 

and feedback GABAA inhibition or changes in inhibitory GABAA synaptic conductances 

between test pulses (Davies et al. 1990) as a mechanism that modulates excitatory paired-pulse 

transmission at the synapses under study in vitro.  This finding may not apply in vivo because 

additional extrinsic connections are present, some of which are known to modulate GABAergic 

activity in the dentate gyrus.  For example, axons from the medial septal nucleus relieve 

inhibition on dentate granule cells through inhibition of inhibitory interneurons (e.g., basket 

cells) in the hippocampus (Gaykema et al. 1990; Nyakas et al. 1987).  In the in vivo circuit, 

application of bicuculline to the dentate gyrus of anaesthetized rats has been shown to shift the 

paired-pulse ratio from inhibition to facilitation (Levkovitz and Segal 1998), although the 

specific medial or lateral division of the perforant pathway was not specified.  GABAergic 

activity in vivo has also been proposed to influence age-dependent changes in the paired-pulse 

ratio (Bronzino et al. 1997), although the underlying mechanism for these changes is not well 

understood.   

 While our results indicate the paired-pulse ratio is not considerably affected by GABAA 

receptor mediated currents, we are cautious to rule out GABAA as a mitigating factor to the 

relative discordance of findings of paired-pulse plasticity at these synapses.  In the presence of 

the GABAA antagonist BMI, the prevalence of population spikes increased (Table 1).  Thus, it is 

plausible that the removal of rapid granule cell inhibition by blocking GABAA receptors 

increases the sensitivity of paired-pulse responses to population spike activity simply by 

increasing postsynaptic cell firing.  While we are tentative to reach this conclusion, the presence 
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of visible population spike activity in paired-pulse waveforms of select published reports (Colino 

and Malenka 1993) merits this possibility.     

 The present study did not explore the influence of metabotropic GABAB  receptors on 

paired-pulse recordings because this receptor was not targeted in the pioneering study 

(McNaughton 1980) or subsequent studies (Brown and Reymann 1996; Colino and Malenka 

1993; McNaughton 1980) to establish the dogma of MPP depression and LPP facilitation.  This 

does not eliminate the possibility that slow activating metabotropic GABAB currents modulate 

the transmission of closely spaced presynaptic action potentials at perforant path – granule cell 

synapses.  In fact, GABAB currents are linked to potassium conductances (Misgeld et al. 1986; 

Mott et al. 1999) and presynaptic GABAB  activation decreases glutamate release by reducing 

calcium influx (Wu and Saggau 1995).  GABAB pathways also curtail GABA release by an 

autoreceptor mechanism (Davies et al. 1990), are developmentally regulated (Dumas and Foster 

1998), and have a time course of activation that overlaps with the time interval between 

individual stimuli in the present study (Davies et al. 1990; Otis et al. 1993).  This suggests 

GABAB receptors may influence paired-pulse plasticity in these pathways, perhaps in an age 

dependent manner.  To this end, the GABAB agonist baclofen has been shown to reduce PPD 

evoked by MPP stimulation in rat slices (Harris and Cotman 1985).  More recently, Scimemi et 

al. (2006) report the GABAB  antagonist CGP52432 has no effect on the paired-pulse ratio for the 

MPP and LPP in male Sprague Dawley rat slices.  One confounding factor in the analysis of 

GABAB affects on paired-pulse plasticity is knowledge that the amplitude of GABAB receptor 

activation is highly dependent on stimulus intensity (Davies et al. 1990), consistent with their 

dominant extrasynaptic localization (Kulik et al. 2003), and prompting the possibility that 
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stimulus intensity exerts influence on paired-pulse waveforms by modulating the kinetics of 

GABAB currents.  Future research should help to illuminate this possibility.   

 

4.5 – Calcium modulation of paired-pulse plasticity 

 Our finding that paired-pulse plasticity is sensitive to changes in extracellular calcium 

(Figure 6a) is in agreement with published reports at perforant path – granule cell synapses 

(McNaughton 1980; O'Leary et al. 1997; Talpalar and Grossman 2003).  This finding is also 

consistent with established knowledge that neurotransmitter release probability is nonlinearly 

dependent on extracellular calcium levels (reviewed by Zucker and Regehr 2002).  We extend 

this knowledge to determine that 4mM calcium in the perfusion medium induces robust PPD in 

response to MPP stimulation and an absence of reliable PPF upon excitation of the LPP.  It 

would thus appear that at 4mM calcium, vesicle exocytosis is enhanced to an extent whereby the 

interplay of synaptic facilitation and synaptic depression is swayed to the latter due to depletion 

of the RRP, especially for MPP presynaptic terminals.   

 These findings are particularly important in the context of reconciling differences in 

reports of paired-pulse plasticity in the literature.  Most notably, our finding of robust and 

reliable PPD evoked by MPP stimulation at 4mM calcium-ACSF is similar to results of others 

who used an equivalent calcium concentration (Brown and Reymann 1996; Colino and Malenka 

1993; Hanse and Gustafsson 1992).  Thus, differences between our results and these reports may 

arise largely from differences in the concentration of calcium in the ACSF.  In contrast to the 

aforementioned studies conducted at 4mM, we did not detect reliable PPF at 4mM calcium levels 

when stimulating the LPP, an indication that other sources of variance described in the present 

study may be acting.  A similar conclusion is reached when comparing our results to the 

pioneering investigation of McNaughton, who reports robust and reliable PPF and PPD in 
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response to activation of the LPP and MPP, respectively, at 2mM calcium (McNaughton 1980).  

It is prudent to note that for the experiments conducted in Figure 6a, no significant difference in 

paired-pulse plasticity was detected between the MPP and LPP at 4mM (p=0.40) or 2mM 

(p=0.52).  We suggest this may be the product of switching perfusion solutions from 2mM to 

4mM for each slice, such that lingering calcium or calcium influx into presynaptic terminals 

during stimuli might influence subsequent paired-pulse readings.  In summary, these results 

suggest interstudy variation in paired-pulse plasticity is in part due to differences in the calcium 

concentration used in the perfusion medium.  It is therefore critical to ensure calcium ion levels 

are precisely measured and consistent across research experiments when making cross study 

comparisons of paired-pulse plasticity.    

 

4.6 – The effect of temperature on paired-pulse plasticity 

 We find temperature is an important parameter in the analysis of paired-pulse plasticity at 

dentate gyrus – granule cell synapses.  At 23
0
C compared to 30

0
C, the paired-pulse ratio was 

decreased for medial and lateral inputs to dentate granule cells (Figure 6b).  This finding is 

consistent with previous experiments examining the effect of temperature on short-term 

plasticity in the hippocampus.  One eloquent experiment to compare room and physiological 

temperature conditions found a shift in the balance of short-term synaptic plasticity components 

towards greater facilitation, including enhanced PPF at Schaffer collateral synapses in vitro 

(Klyachko and Stevens 2006).  This was corroborated by a recent study to show enhanced PPF at 

Schaffer collateral synapses at 32
0
C versus 23

0
C using similar preparations (Speed and Dobrunz 

2008).  Thus, converging evidence suggests diminished depression and greater short-term 

facilitation at physiological versus room temperature.  In part, these observations help to explain 
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findings that stimulation of the MPP produces PPD when the recording temperature is 

maintained at 23
0
C (Andreasen and Hablitz 1994; Asztely et al. 2000).   

 While the mechanism of temperature induced changes to short-term plasticity is unclear, 

it is clear that perturbations in temperature have a number of effects on synaptic transmission.  

For example, cultured neurons exhibit accelerated retrieval of fused vesicles and a greater rate of 

replenishment of the RRP at physiological compared to room temperature (Fernandez-Alfonso 

and Ryan 2004; Pyott and Rosenmund 2002).  This is not expected to influence excitatory 

paired-pulse transmission because the rate of replenishment of the RRP determined by the 

aforementioned experiments greatly exceeds the 50 ms IPI used in the present study.  The 

temperature sensitive vanilloid receptor found at hippocampal synapses (Toth et al. 2005) may 

influence these processes as it is known to influence calcium homeostasis and basal calcium 

levels (Guatteo et al. 2005).  To our knowledge, little is known in this regard.         

 Another important consideration is how temperature influences calcium channel 

conductance.  Elevated temperatures may increase the influx of calcium through calcium 

channels (McAllister-Williams and Kelly 1995).  However, there are conflicting reports 

regarding whether or not basal quantal release is enhanced (Hardingham and Larkman 1998; 

Thomson et al. 1993a; b) or depressed (Allen and Stevens 1994; Pyott and Rosenmund 2002; 

Rosenmund and Stevens 1996) when recording temperature is increased from room temperature 

to physiological conditions.  In this study, we detected a small (~20%) but considerable increase 

in the initial fEPSP slope when temperature was elevated from 23
0
C to 30

0
C.  A straightforward 

explanation for this observation is that vesicle release probability is greater at the higher 

temperature, particularly because the size of the RRP appears to be unchanged by fluctuations in 

temperature (Fernandez-Alfonso and Ryan 2004; Pyott and Rosenmund 2002).  Based on this 
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hypothesis, however, one might expect perforant path terminals to show reduced paired-pulse 

plasticity at elevated temperatures due to greater depletion of the RRP, although this was not 

observed.  Evidently, temperature has a number of effects on synaptic transmission that 

complicates interpretation of our findings.  One possibility is that the influence of temperature on 

paired-pulse transmission is not limited to changes in the absolute number of quanta released but 

rather involves other factors such as action potential width (Erickson et al. 1996).   

 

4.7 – Dorsal ventral axis and paired-pulse plasticity 

 We find no evidence to indicate paired-pulse responses are dissociable across the dorsal-

ventral hippocampal plane (Figure 6c).  Thus, differences in neurochemical innervation patterns 

(Dolorfo and Amaral 1998; van Groen and Wyss 1990) or the density of inhibitory cells (Seress 

and Pokorny 1981) along the longitudinal axis of the dentate gyrus has no detectable influence 

on paired-pulse plasticity using field recordings in vitro.  This is true despite findings of 

differences in paired-pulse plasticity (Maruki et al. 2001; Papatheodoropoulos and Kostopoulos 

2000) and long-term potentiation (Maruki et al. 2001) in dorsal and ventral CA1 slices.   

 The absence of an axial-gradient of paired-pulse plasticity in the dentate gyrus compared 

to the CA1 subregion may simply be a product of the distinct nature of these hippocampal 

subregions (reviewed in Andersen 2007).  Alternatively, the lack of quantitative information 

regarding the termination of perforant path projections along the hippocampal axis, a sentiment 

echoed by leading hippocampophysiologists (reviewed in Andersen 2007), may influence our 

ability to resolve differences along this plane.  To our knowledge, it is unclear if MPP and LPP 

fibers maintain orderly projections along the dorsal-ventral extent, synapsing precisely on the 

medial and lateral one-third dentate gyrus molecular layer as originally reported (Hjorth-

Simonsen 1972; Hjorth-Simonsen and Jeune 1972; McNaughton 1980; Nafstad 1967; Steward 



57 
 

and Scoville 1976).  Similarly, it remains to be determined if or to what extent axonal 

rearrangements occur between the MPP and LPP, an important consideration given that the LPP 

and MPP appear to subserve distinct hippocampal functions (Hargreaves et al. 2005; Hunsaker et 

al. 2007).  Addressing these morphological queries should facilitate research to better understand 

the apparent functional semi-autonomy of the dorsal and ventral dentate gyrus subregions 

(Bannerman et al. 2004; Engin and Treit 2007; Maruki et al. 2001; Moser and Moser 1998; 

Quinn et al. 2005; Snyder et al. 2009). 

 

4.8 – Stimulus magnitude and paired-pulse plasticity 

 A major finding that emerges from the present study is the influence of stimulus intensity 

on the computed paired-pulse ratio.  As Figure 7 shows, there is a significant trend for a 

reduction in the paired-pulse ratio over the continuum of low through high stimulus intensity.  Of 

particular importance, stimulation of the MPP produced net PPF at low stimulus intensity that 

shifted to net PPD at increased intensities (Figure 7a).  Thus, previous reports of robust and 

reliable PPD evoked by stimulation of the MPP (Brown and Reymann 1996; Colino and 

Malenka 1993; McNaughton 1980) may in part arise from a tendency to evoke larger fEPSPs.  

This may be especially true for MPP evoked responses that require less stimulus input relative to 

LPP evoked potentials, as our data and others demonstrate (Hanse and Gustafsson 1992).  From 

these results, we conclude that it is important to evoke subthreshold and equal amplitude 

conditioning pulses in studies of paired-pulse plasticity in these pathways.  This view is 

supported by published findings (Austin et al. 1989; Burdette and Gilbert 1995; de Jonge and 

Racine 1987; Gilbert 1991; Jacobson et al. 1990; Kirby et al. 1995).   

 What underlies stimulus intensity induced changes in the paired-pulse ratio?  Our results 

indicate the decay phase of the second postsynaptic response is subject to asynchronous 
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population spikes that decrease the fEPSP slope and ultimately result in decreases in the paired-

pulse ratio (Figure 7).  Three primary lines of evidence suggest the polytonic decay phase is the 

result of postsynaptic firing of dentate granule cell neurons.  First, aberrant deflections were 

prevalent at high stimulus intensities and relatively uncommon at low intensities (Figure 7a, b, 

Table 1).  Second, these deflections became more common in the absence of GABAA mediated 

inhibition (Table 1).  Finally, direct reduction of postsynaptic depolarization via partial AMPA 

receptor antagonism reduced aberrant deflections and partially unmasked (p=0.08) the paired-

pulse ratio detected at low stimulus intensity (Figure 7c, d).  The inability to completely abolish 

positive-going waveform deflections and fully recover the paired-pulse ratio observed at low 

stimulus intensity suggests other mitigating factors.  It is possible that multiple synaptic events 

induced at higher stimulus intensities, such as cholinergic activity (Amaral and Kurz 1985; Kahle 

and Cotman 1989), may contribute to our findings.  Alternatively, a population of high threshold, 

slowly conducting axons may contribute to the desynchronized postsynaptic potentials 

commonly observed at high stimulus intensities.  Axons possessing these properties have 

recently been described in the hippocampal mossy fiber pathway (Kress et al. 2008).  To our 

knowledge, it is unknown if perforant path axons possess similar electrophysiological properties.  

In addition, because the kinetics of GABAB currents are influenced by stimulus intensity (Davies 

et al. 1990), GABAB activation of potassium channel conductances (Misgeld et al. 1986; Mott et 

al. 1999) could also play a role.  The present research did not test these possibilities.  

Nonetheless, our results provide considerable evidence that population spike activity undermines 

the meaningful analyses of paired-pulse waveforms.  This awareness has been reported by other 

studies examining paired-pulse plasticity in the dentate gyrus (Harris and Cotman 1985; Schulz 

et al. 1995; Talpalar and Grossman 2003).   
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 A thorough survey of the literature reveals a number of observations that tend to support 

our conclusion that stimulus intensity is an important paired-pulse variable.  In their in vitro 

paired-pulse experiments, Colino and Malenka indicate that using larger stimulus strengths or 

repositioning of the electrodes reduced or eliminated differences in paired-pulse plasticity 

between the MPP and LPP (Colino and Malenka 1993).  Furthermore, the sample MPP paired-

pulse waveforms they provide show polytonic decay phase deflections characteristic of those 

observed in the present study at higher intensities.  By contrast, the LPP waveforms they present 

are smaller in amplitude and show a monotonic decay phase.  In another study, Debanne et al. 

discovered that CA3 neurons in culture shown PPF in voltage clamp when the conditioning 

EPSC is small and PPD when the conditioning EPSC is large (Debanne et al. 1996).  Most 

convincingly, Burdette and Gilbert conducted an extensive analysis of the affects of stimulus 

magnitude on paired-pulse plasticity at perforant path – granule cell synapses in vivo, concluding 

that there is a strong dependence of the paired-pulse ratio on the size of the conditioning 

amplitude (Burdette and Gilbert 1995).  While this study focused on the influence of inhibition 

on paired-pulse as a function of IPI, a figure is presented that clearly indicates an increasing 

divergence of the response size of the first and second fEPSP slope as a function of increasing 

stimulus intensity.  

 In discordance with our results, there are some reports that stimulus intensity does not 

impact the paired-pulse ratio at synapses formed between perforant path fibers and dentate 

granule cells dendrites.  In one in vitro experiment, it was concluded that there is no apparent 

correlation between the amount of PPF and the stimulation intensity or the size of the 

conditioning pulse (Andreasen and Hablitz 1994).  Perplexingly, however, the same study 

describes a change in the number of slices showing PPF when the stimulus intensity is 
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modulated.  Perhaps the most convincing argument against stimulus intensity affects on the 

paired-pulse ratio was made by an in vitro experiment that reveals pharmacological activation of 

metabotropic glutamate receptors increases the paired-pulse ratio in response to activation of the 

MPP, an effect that did not depend on the size of the first pulse (Brown and Reymann 1995).  It 

is difficult to compare these results to ours, however, as 4mM calcium and male Wistar rat slices 

were used.  The difference may simply be due to the application of a more subtle change in 

stimulus intensity.  Unfortunately, we are unable to determine if stimulus intensity contributes to 

the discrepancy of our results with the pioneering study of McNaughton (1980) as no comments 

or sample waveforms are provided.  Interestingly, Rausche et al. propose their inability to detect 

robust PPD in response to stimulation of the MPP may be in discordance to McNaughton due to 

different stimulation parameters (Rausche et al. 1989).  This is plausible, especially because 

McNaughton used fEPSP amplitude in paired-pulse analyses, a parameter that is more sensitive 

to the initiation of population spikes when compared to fEPSP slope (Fagni et al. 1987). 

 

4.9 – Granule cell response to continuous stimulation  

 The significant difference in granule cell response to paired stimuli delivered to the MPP 

and LPP (Figure 4) is amplified by repetitive stimulation (Figure 8).  This result indicates 

electrophysiological distinction of the perforant path subdivisions can be achieved using 

continuous stimulation in addition to the paired-pulse protocol.  To our surprise, this appears to 

be one of the first in vitro comparisons of the MPP and LPP in response to a constant frequency 

stimulus train.  A similar response distribution has been reported in rat slices to stimulation of 

the MPP at 25 Hz (Talpalar and Grossman 2003), although the LPP was not examined.  In vivo, 

McNaughton (1980) compared MPP and LPP evoked responses to a 12.5 Hz, 20 impulse 

stimulus train and found a much larger divergence of MPP and LPP evoked responses compared 
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to the present study.  The discordance of findings may arise from differences between the in vitro 

and in vivo circuits, although we speculate other methodological factors characterized in the 

present study are implicated.     

 An interesting observation emerges in response to activation of the MPP and LPP using a 

short train of high frequency stimuli.  As Figure 8 shows, granule cell fEPSPs decrease rapidly at 

the onset of the train followed by a much slower rate of decrease in fEPSP amplitude as the train 

progresses, with neither pathway showing complete distinction of granule cell response.  Thus, 

the available presynaptic vesicle pool is not fully depleted, implicating mechanisms which serve 

to maintain a release-ready pool of synaptic vesicles, such as replenishment by a reserve pool of 

synaptic vesicles (Heuser and Reese 1973).  Prior research in cultured hippocampal cells has 

shown that endocytosis is sufficiently fast to prevent vesicle pool depletion during action 

potential trains delivered up to 10Hz (Fernandez-Alfonso and Ryan 2004), consistent with 

physiological demands of hippocampal place cells that can fire at frequencies of 1-10Hz in vivo 

for several seconds (Czurko et al. 1999; Wiener 1996).  While the precise kinetics and 

mechanisms of presynaptic vesicle pool recycling are currently under study, it now appears that 

vesicles can be recycled after partial fusion with the presynaptic membrane (Aravanis et al. 

2003; Zhang et al. 2009).  A recent experiment indicates this so called “kiss-and-run” 

endocytosis is prominent during high frequency activity, especially at the onset of stimulus trains 

(Zhang et al. 2009).  This has been taken to indicate that vesicles of the RRP are more inclined to 

show partial fusion and endocytosis (Zhang et al. 2009).  A challenge of future research will be 

to discern if differences in the rate and extent of fusion dynamics at perforant path – granule cell 

synapses confers difference to the MPP and LPP, both during short and long duration stimulus 



62 
 

trains investigated in the present study, as well as in response to stimulus trains that mimic 

regular hippocampal firing patterns (Dekay et al. 2006; Fenton and Muller 1998).   

 

4.10 – fEPSP waveform characteristics 

 Results from the present study are in general agreement with in vivo (Abraham and 

McNaughton 1984; Harris et al. 1979; McNaughton and Barnes 1977; Payne et al. 1982) and in 

vitro (Abraham and McNaughton 1984; Hanse and Gustafsson 1992; McNaughton 1980) 

knowledge that fEPSPs evoked through stimulation of the medial and lateral perforant path are 

kinetically distinct.  These findings lend support to the conclusion that our electrode placement 

selectively activated MPP and LPP afferents, a statement that presumes there is a distinct change 

in waveform shape at the anatomical boundary of the MPP and LPP termination sites.  This view 

has been endorsed in vivo and in vitro (Abraham and McNaughton 1984).  Thus, our data lend 

support to knowledge that waveform shape can be used to electrophysiologically distinguish the 

perforant path subdivisions. 

 In contrast to previous research conducted by Hanse and Gustafsson (1992), we detected 

a robust difference in half-width time between MPP and LPP fEPSPs with GABAA receptors 

intact (Table 2).  Furthermore, our results indicate MPP and LPP decay phases are not starkly 

different but may rather display relatively subtle differences in decay phase properties.  Hanse 

and Gustafsson (1992) reported a single decay phase function for the LPP, consistent with 

reports of others (Dahl et al. 1990; Mody et al. 1988), and a bi-exponential decay phase for the 

MPP.  While we also found a clear bi-exponential decay function for the majority of MPP 

fEPSPs, our results clearly demonstrate that a considerable fraction of LPP fEPSPs also exhibit a 

bi-exponential decay phase.  This finding is consistent with an in vitro study that reported LPP 



63 
 

fEPSPs possess an initial fast decay followed by a slower, APV sensitive component (Colino and 

Malenka 1993).   

One study that may help to reconcile the apparent variation in published findings for LPP 

decay phase properties was conducted by Keller et al. (1991).  Using whole-cell 

electrophysiology in rat slices, strong evidence is provided to indicate NMDA currents are 

responsible for the bi-exponential nature of the decay phase at unspecified perforant path – 

granule cell synapses (Keller et al. 1991).  Another whole-cell study conducted in Wistar rats has 

corroborated these findings (Lambert and Jones 1990).  To compound these findings, however, 

APV has been reported to have no effect on fEPSP decay characteristics (Hanse and Gustafsson 

1992), although no data is presented to support this claim.  Thus, differences in decay phase 

properties at medial and lateral perforant path synapses may arise from underlying differences in 

the magnitude of NMDA receptor currents at these synapses.  In support of this hypothesis, a 

greater density of NMDA receptors has been reported in the inner compared to the outer dentate 

molecular layer (Monaghan et al. 1985).  If true, our data would then suggest axons of the MPP 

are more likely to give rise to fEPSPs with proportionately greater NMDA receptor currents.  

This hypothesis was previously put forth by a study that suggested differences in the induction 

threshold for long-term synaptic plasticity at MPP and LPP synapses is caused by a differences 

in the relative expression of NMDA receptor currents (Colino and Malenka 1993).   

Another consideration regarding published differences in NMDA receptor involvement at 

LPP – dentate granule cell synapses is the magnitude of the applied stimulus and the magnesium 

ion concentration used in the ACSF.  It is well established that NMDA receptor conductance is 

nonlinearly proportional to postsynaptic depolarizations sufficient to relieve the magnesium pore 

block (Konnerth et al. 1990; Mayer et al. 1984).  At increased stimulus inputs, a greater number 
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of perforant path fibers reach action potential threshold and thereby increase the probability of 

NMDA receptor channel opening, especially when low magnesium levels are used in the 

perfusion medium.  Thus, inter-study variation in applied stimulus strength and concentration of 

magnesium ions used in the perfusion medium could influence the extent of NMDA receptor 

activity.  In summary, there is conflicting evidence regarding differences in the kinetics of fEPSP 

decay evoked by stimulation of the MPP and LPP.  Thus, we suggest decay phase analysis is not 

a practical diagnostic tool to distinguish these pathways.  Alternative waveform parameters such 

as half-width time (p≤0.01) appear to be a more reliable electrophysiological marker of pathway 

specificity.        

Although NMDA receptors appear to play a role, the physiological underpinning of 

differences in synaptic waveform shapes between MPP and LPP fEPSPs is unclear.  Abraham 

and McNaughton have performed an extensive analysis to determine if the distinct shapes of 

MPP and LPP evoked potentials arise from spatial differences in perforant path termination sites 

on the dendritic granule cell tree (Abraham and McNaughton 1984).  Their results indicate the 

electrotonic decay of current accounts for only a small portion of differences in fEPSP shapes, 

and it is suggested that differences in calcium mobilization at MPP and LPP terminals, or 

postsynaptic receptor types, may cause distinct fEPSP shapes.  Future research using whole-cell 

electrophysiology and pharmacological agents targeted at specific receptors and receptor subunit 

should help to elucidate physiological differences at MPP and LPP synapses.     

 

4.11 – Limitations of the present research and the importance of future investigation  

 Using the conventional electrophysiological field recordings employed in the present 

study, resolution of molecular and electrophysiological differences between the MPP and LPP is 

difficult.  This is because field recordings sample electrical activity from an unknown number 
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and array of synapses in which transmitter “cross talk” or “pooling” may significantly influence 

neurotransmission (Barbour and Hausser 1997; Kullmann and Asztely 1998; Min et al. 1998).  

Furthermore, the number of presynaptic axons that reach action potential threshold may differ 

between field stimuli, an important factor given that the probability of transmitter release is not 

always the same for axons synapsing on a common target (Dobrunz and Stevens 1997).  

Consequently, this work may benefit from minimal extracellular stimulation techniques that have 

been applied in an attempt to activate and trigger release from single synapses (Hess et al. 1987; 

Raastad et al. 1992).  In prepubescent Long Evans rat slices, minimal stimulation applied to 

Schaffer-collateral axons that synapse on CA1 pyramidal cells reveals a degree of heterogeneity 

in PPF (Dobrunz and Stevens 1997).  One limitation of minimal stimulation techniques is that it 

may be difficult to discern failures of the stimulus to trigger an action potential unambiguously 

with failures in neurotransmitter release (Dobrunz and Stevens 1997).  A number of additional 

approaches to overcome these limitations and more directly study presynaptic properties of MPP 

and LPP terminals are available.  

 One approach to monitor presynaptic function employs whole-cell electrophysiology 

combined with optimal monitoring of stimulus-evoked excitatory postsynaptic calcium transients 

in individual dendritic spines (Emptage et al. 2003; Enoki et al. 2009; Malinow et al. 1994).  

Interestingly, this technique often registers less synaptic depression than conventional 

postsynaptic voltage measurements (Brager et al. 2003; Sun and Wu 2001), suggesting that 

postsynaptic factors can confound investigation of presynaptic function (Moulder et al. 2007).  

This is consistent with our findings that postsynaptic cell-spiking may complicate analysis of 

paired-pulse waveforms (Fig. 7).  Other methods to study presynaptic physiology, including FM 

dye destaining of presynaptic labeled vesicles (Murthy et al. 1997), changes in genetically 
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encoded presynaptic synaptopHlurins (Miesenbock et al. 1998), and quantum dot analysis 

(Bruchez et al. 1998; Zhang et al. 2009) may further elucidate physiological differences between 

the LPP and MPP.  In addition to these physiological approaches, an ultrastructural analysis of 

perforant path terminals formed on different sections of the dendritic granule cell tree may help 

to reveal structural differences between these subregions.  In area CA1, ultrastructural findings 

of variation in the number, size, and location of synaptic vesicles (Harris and Sultan 1995) may 

promote variability in short-term plasticity at these synapses (Dobrunz and Stevens 1997).  

Rather surprisingly, little quantitative information exists at perforant path synapses on dentate 

granule cells (Andersen 2007).  While evidence suggests there are more “thin” and less “stubby” 

spines in the LPP than in the MPP (Desmond and Levy 1985), it remains to be determined if 

differences in the size of the RRP of synaptic vesicles, the shape of synapses, or other structural 

or molecular determinants contribute to the known physiological differences between these 

pathways.   

 

4.12 – Conclusion 

 The prevailing dogma of large differences in paired-pulse plasticity at medial and lateral 

perforant path terminals formed on dendritic granule cell spines is questioned by the present 

research.  Our experimental data and meta-review of published reports suggests more subtle 

differences exist in the response plasticity of granule cells to closely spaced action potentials 

invading lateral and medial presynaptic terminals.  Several methodological factors including 

stimulus intensity, calcium ion concentration and recording temperature may contribute to the 

relatively low concordance across some studies.  It remains unclear what ultrastructural and/or 

molecular phenomena underlie differences in short-term plasticity at MPP and LPP synapses 

formed on granule cell dendritic spines.  Future research is warranted to answer this question due 
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to the integral role of the perforant pathway to learning and memory consolidation, and emerging 

evidence of functional differences conveyed by these pathways.     
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