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Abstract 

It is assumed that plasticity involving up-and down regulation of synaptic strength (i.e., long-term 

potentiation, LTP; long-term depression, LTD) mediates learning and memory processes. 

Typically, high-frequency stimulation (HFS) of afferent fibers results in LTP, while low-

frequency stimulation (LFS) elicits LTD. In stark contrast to this “HFS- LTP vs. LFS-LTD” 

dogma, the present thesis characterizes a novel form of LFS-induced LTP in the 

septohippocampal system. The first set of experiments show that alternating, single pulse 

stimulation (1 Hz) of the medial septum (MS) and CA3 hippocampal (H) commissural fibres 

results in a long-lasting potentiation of field excitatory postsynaptic potentials (fEPSPs) in CA1 

of urethane-anesthetised rats (MS-H-LTP). MS-H LTP is long lasting (>5 h), requires a specific 

inter-stimulus interval of 1 s between MS and CA3 stimulation, saturates with repeated 

stimulation episodes and depends on NMDA receptor activation. In the third chapter (review) I 

suggest that LFS protocols may more accurately mimic some oscillatory activity patterns (~ 1Hz) 

present in hippocampal and neocortical circuits during sleep-related memory consolidation. 

Moreover, I compare the mechanisms underlying classical, HFS-LTP to those mediating MS-H 

LTP as well as several other types of LFS-LTP in the hippocampus and amygdala in vitro. 

Subsequently, I investigated cellular mechanisms of MS-H LTP and their similarity to classical 

HFS-LTP via drug application at the CA1 recording site and showed that MS-H LTP depends on 

protein kinase A and protein synthesis. This surprising similarity between mechanisms mediating 

HFS-LTP and MS-H LTP was further supported by occlusion experiments whereby LFS and 

HFS, delivered to the same animal, competed for the available synaptic potentiation of CA3-CA1 

synapses. The final experiments showed that MS-H LTP is compromised in early aged rats, while 

similar levels of potentiation are expressed in the juvenile and adult hippocampus. Interestingly, 
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MS-H LTP could not be induced (i.e., was occluded) 3 h after training on the hidden platform 

version of the Morris water maze, while it was unaltered at 8 and 24 h intervals. This thesis 

characterizes a novel form of hippocampal plasticity at the cellular, synaptic and behavioural 

level and suggests that LFS-LTP may mediate processes of sleep-related memory consolidation.  
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Chapter 1. General Introduction 

1.1 Long-term potentiation (LTP): Induction protocols and mechanisms  

  In the past several decades, there has been considerable evidence to suggest that 

mechanisms mediating learning and memory involve activity-dependent changes in synaptic 

connectivity. The guiding principle for such synaptic modifications was initially proposed by 

Donald Hebb (1949) in his book, The Organization of Behaviour. According to Hebb’s visionary 

postulate, the co-activation of a pre- and postsynaptic cell will ultimately increase the strength of 

the connection between the two neurons.  

Currently, long-term potentiation (LTP), a long-lasting increase in strength of synapses, 

typically elicited by high frequency stimulation (HFS) of afferent fibers, is one of the many 

experimental models used to study the synaptic modifications that underlie learning and memory. 

Typical forms of LTP induced by a brief burst of HFS exhibit key properties initially described 

by Hebb’s postulate, that the co-activation of pre- and postsynaptic neurons is responsible for the 

induction of synaptic changes that take place during information storage (Hebb, 1949). Moreover, 

LTP exhibits common cellular and molecular properties to those mechanisms known to mediate 

learning and memory consolidation (e.g., protein synthesis dependency and long lasting 

maintenance). Consequently, extensive research in the hippocampus and extra-hippocampal 

systems has validated LTP as a model for studying the synaptic modifications that underlie 

acquisition of information and memory encoding in various experimental preparations.  
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1.2 Common induction protocols used to elicit LTP in the hippocampus  

The initial LTP study (Bliss and Lómo, 1973) characterized a long-lasting synaptic 

potentiation in the dentate gyrus  in response to HFS to afferent perforant path fibers (15 Hz 

stimulation for 15-20 s, or 100 Hz train for 3-4 s), with 100 Hz stimulation trains being most 

effective in eliciting this phenomenon. Consequently, this pattern of stimulation continues to be 

among the most frequently utilized induction protocols for eliciting synaptic potentiation in 

hippocampal and extrahippocampal systems (Raymond, 2007).  

Currently, there exist several variations of the first LTP induction protocol used by Bliss 

and Lómo (1973), all typically involving high frequency trains of stimulation (100 Hz, 

tetanization) that reliably induce LTP in the hippocampal formation. For example, short (20-40 

ms) trains of stimulation at 200-400 Hz, generally separated by a few seconds are commonly used 

to induce LTP at perforant path-dentate gyrus synapses (Raymond, 2007). A common induction 

protocol used to induce long-lasting synaptic potentiation in CA1 pyramidal cells also consists of 

a brief burst of 100 Hz stimulation for 1 second (HFS) that can be repeated up to 6 times, with 

more bursts resulting in greater LTP in vivo (Raymond, 2007). Remarkably, repeated HFS trains 

(up to 50 times) have been shown to induce synaptic potentiation in the dentate gyrus that persists 

for at least one year from the last induction episode in freely moving animal models (Abraham et 

al., 2002).  

Since the initial discovery of LTP in the hippocampus, researchers have attempted to 

establish induction protocols that closely resemble endogenous neuronal firing patterns of 

neurons or afferent fibers to the hippocampal formation. For example, Stäubli and Lynch (1987) 

identified a pattern of stimulation consisting of brief bursts of HFS, which are repeated at 5 Hz, 

mimicking the endogenous theta rhythms (3-12 Hz) present in the hippocampus during specific 
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types of behavior (e.g., walking, postural adjustments; Vanderwolf, 1969, 1988; Buzsáki, 2002). 

Collectively, these commonly used HFS protocols are reliable in the induction of LTP in the 

hippocampus and have been instrumental in deciphering mechanisms mediating the induction, 

consolidation and maintenance of long-lasting synaptic enhancement.  

1.3 Mechanisms of LTP: Induction and maintenance  

Commonly, LTP induced by HFS can be divided into distinct temporal processes, with an 

initial, rapid induction phase (seconds to minutes) which is followed by a delayed, long lasting 

stabilization and maintenance phase (> 1 hour).  

 Induction Phase: The cellular and molecular mechanisms underlying long-lasting 

synaptic potentiation have been characterized with great detail in several neural networks. The 

mechanisms mediating “classical” HFS-induced LTP in CA1 pyramidal cells, in particular, have 

received significant attention due to its critical role in specific forms of hippocampal-dependent 

learning (e.g., spatial learning, declarative memory; Jarrard, 1993; Eichenbaum, 2006). The 

induction of long lasting synaptic enhancement at CA3-CA1 synapses elicited by HFS of 

presynaptic axons is dependent on initial activation of postsynaptic amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), metabrotropic, and N-methyl-D-aspartate receptors 

(NMDARs; Bliss and Collingridge, 1993; Malenka and Nicoll, 1999; Riedel et al., 2003). The 

removal of the voltage-dependent magnesium block of NMDARs upon depolarization of the 

membrane subsequently allows calcium (Ca2+) entry into dendritic spines, resulting in a rise in 

intracellular Ca2+ , consequent activation of Ca2+ -calmodulin-dependent protein kinase II 

(CaMKII) and activity of protein kinase C (PKC; Lynch et al., 1983; Nicoll and Malenka, 1999).  

 Maintenance Phase: The initiation of the maintenance phase of hippocampal LTP relies 

on intracellular events that lead to the phosphorylation and re-distribution of AMPA receptors 
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and activity of cAMP response element binding protein (CREB), that ultimately result in mRNA 

transcription and subsequent protein synthesis (Roberson et al. 1999; Kandel and Squire, 2000; 

Ahmed and Frey, 2005; Miyamoto, 2006). These mechanisms are thought to ultimately lead to 

structural remodeling, subsequent growth of new dendritic spines and enlargement of pre-existing 

spines (Luscher et al. 2000; Malenka and Bear, 2004). The maintenance phase of LTP has also 

been suggested to not only depend on postsynaptic mechanisms, but may involve presynaptic 

contributions as well. While evidence for these putative presynaptic mechanisms is lacking in 

vivo, evidence in vitro suggests that a retrograde messenger is released from the postsynaptic 

dendrite and diffuses back across the synapse to reach the presynaptic axon terminal (see Medina 

and Izquierdo, 1995). Here, this retrograde signal appears to result in an increased level of Ca2+ 

and PKC activation, which ultimately result in an increased probability of vesicle release from the 

presynaptic terminal (Kleschevnikov and Routtenberg, 2001). Some of the candidate retrograde 

messengers in the hippocampus include archidonic acid (Williams et al., 1989), nitric oxide, and 

carbon monoxide (Williams et al., 1989; Böhme et al., 1991). However, the lack of data 

supporting the precise contributions of presynaptic mechanisms in vivo has lead to an unclear 

consensus regarding their role in the maintenance of synaptic plasticity in the mammalian brain.  

1.4 Septohippocampal pathway  

1.4.1 Projections from medial septum (MS) to hippocampus 

The mechanisms mediating hippocampal synaptic plasticity are modulated by 

heterosynaptic afferent fibers emanating from specific cortical and subcortical regions, such as 

the basal forebrain area (Jay et al., 1996; Hasselmo, 1999). For example, a major source of 

hippocampal input originates from ascending fibers located in the medial septum (MS) and the 
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adjacent vertical limb of the diagonal band of Broca (DB), together making up the 

septohippocampal (SH) pathway (Köhler et al., 1984; Amaral and Kurz, 1985). The septal 

neurons innervate the hippocampus through three focal routes that includes the fimbria, dorsal 

fornix and the supracallosal striae, while a fourth ventral septal route passes through the 

amygdala complex and terminates primarily in the subuculum (Milner and Amaral, 1984; Gage et 

al., 1984; Dutar et al., 1995). The MS contains diverse neuronal populations and, thus, supplies a 

heterogeneous connectivity to the hippocampal formation including parallel cholinergic, 

GABAergic and glutamatergic fibers (Dudar, 1977; Dutar et al., 1995; Sotty et al., 2003). The 

majority of cholinergic cells make synaptic connections primarily with dendritic spines of 

excitatory and inhibitory neurons in the CA3, CA1 and dentate gyrus of the hippocampus (Houser 

et al., 1983; Wainer et al., 1984; Léránth and Frotscher, 1987). In contrast, GABAergic 

projections seem to exhibit a higher degree of target cell specificity and mainly terminate on 

distinct populations of GABAergic nonpyramidal neurons (Freund and Antal, 1988). Moreover, 

the hippocampus provides a monosynaptic projection back to the MS/DB that originates primarily 

from GABAergic neurons of the stratum oriens of CA1/CA3 area and synapses preferentially on 

GABAergic and, to a lesser extent, on cholinergic neurons (Tóth et al., 1993). It appears that the 

majority of the anatomical work of the SH pathway typically focused on GABA and 

acetylcholine because, until very recently, the existence of non-cholinergic/non-GABAergic 

septal neurons had not been investigated.  

Interestingly, more recent electrophysiological and anatomical evidence raises the 

possibility that SH projections may also provide the hippocampus with glutamatergic 

transmission inputs (Sotty et al., 2003; Colom et al., 2005; Bland et al., 2007). Evidence from 

multiplex reverse transcription-polymerase chain reactions have characterized a subpopulation of 
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SH neurons that express mRNAs for vesicular glutamate transporters (VGLUT1 and VGLUT2), 

presumed to be contained in neurons that have the capacity to release glutamate (Danik et al., 

2003; Sotty et al., 2003). Additional work using an intact preparation of the septum in vitro 

showed that glutamatergic neurons in the MS/DB can generate excitatory input to local 

cholinergic and GABAergic neurons in the presence of cholinergic agonists (Manseau et al., 

2005). While, these highly novel findings suggest that the glutamatergic SH projections modulate 

endogenous hippocampal activity, at present the role of this putitative projection system requires 

further investigation. Collectively, the data summarized here clearly demonstrate the 

heterogeneity of the SH pathway, and extensive work has shown the importance of these 

projections in modulating plasticity at hippocampal synapses. 

1.4.2 Modulation of LTP by the septohippocampal pathway 

Several experimental studies have provided evidence to suggest that inputs from the MS 

modulate LTP and excitability in the hippocampus in vitro and in intact brain preparations 

(Krnjević and Ropert, 1982; Huerta and Lisman, 1993; Leung et al., 2003; Ovsepian et al., 2004; 

Ovsepian, 2006; Dringenberg et al., 2008). While all three major fiber systems contribute to the 

cellular activity and plasticity of hippocampal neurons, currently, the majority of studies has 

focused on the influence of cholinergic afferent fibers on the facilitation of hippocampal LTP, 

effects that can be mediated by muscarinic or nicotinic receptor mechanisms (Markram and 

Segal, 1990; Huerta and Lisman, 1993; Auerbach and Segal, 1994; Fujii et al.,1999; Matsuyama 

et al., 2000; Leung et al., 2003; Ovsepian et al., 2004; Ji et al., 2001; Dringenberg et al., 2008). 

 Interestingly, studies on hippocampal neurons in vitro have shown that acetylcholine 

exerts its effects on synaptic facilitation in part by modulating hippocampal oscillatory theta 

activity, rhythmic patterns that are prominent during waking/exploratory behaviours (Huerta and 
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Lisman, 1993). In fact, some evidence suggests that in the presence of cholinergic-induced 

hippocampal theta activity, changes in synaptic plasticity are more prominent under these 

conditions such that a HFS is no longer required for LTP induction (Huerta and Lisman, 1993). It 

appears that the modulatory influence of acetylcholine on endogenous hippocampal rhythms is 

stronger during walking behaviours compared to awake immobility, slow-wave and rapid-eye 

movement sleep in freely moving rodents (Hasselmo, 1999; Leung et al., 2003). These and 

similar investigations have provided support for the notion that hippocampal LTP is enhanced in 

the presence of elevated acetylcholine release, a form of facilitation apparently related  to specific 

behavioral states.  

The GABAergic fibers that parallel these prominent cholinergic projections have also 

been shown to influence hippocampal excitability. For example, electrical stimulation of the MS 

markedly enhances CA1 population spikes evoked by Schaffer collateral/commissural stimulation 

through a disinhibitory, GABAergic mechanism (Ovsepian, 2006). These indirect influences 

mediated by GABAergic disinhibition may provide an additional mechanism by which the MS 

modulates hippocampal LTP and other forms of plasticity. 

While the majority of studies have examined the modulatory effects of acetylcholine and 

to some degree GABAergic influences on hippocampal LTP, this does not exclude a possible 

contribution of glutamatergic afferent fibers on to the facilitation of hippocampal plasticity. For 

example, there is some evidence to suggest that HFS of the MS elicits a long-lasting synaptic 

facilitation in CA1, an effect abolished by NMDAR antagonists in urethane-anesthetized rats 

(Markevich et al., 1997). Thus, it appears that these glutamatergic fiber projections from the MS 

may contribute to mechanisms of hippocampal LTP and thus, merit further investigation. 
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Nonetheless, the data summarized here clearly demonstrate a vital role of heterosynaptic medial 

septal afferent fibers on mechanisms in the modulation of plasticity in the hippocampus.  

1.4.3 Role of the septohippocampal system in spatial memory  

Several reports have confirmed a pivotal role of the hippocampal formation in learning 

and memory that is partly dependent on afferent fibers originating in the medial septal area (Gray 

and McNaughton, 1983; Squire, 1992; Dutar et al., 1995). The earlier lines of evidence 

supporting the role of the hippocampus in spatial memory showed that selective hippocampal 

lesions disrupt animals’ performance in the Morris water maze (MWM), a well established test of 

spatial orientation and memory (Morris, 1981). In this task, a rat is placed in a circular pool filled 

with opaque water containing a hidden escape platform just below the surface of the water in a 

fixed location. Visual cues, such as colored objects, placed around the pool in plain sight of the 

animal allow it to form an association of the fixed visual cues with the hidden escape platform 

(spatial memory). Animals with ventral and dorsal hippocampal lesions display longer latencies 

in locating the hidden escape platform, demonstrating deficits in spatial memory that are not 

present in control non-lesioned subjects (Morris et al., 1982). 

These deficits in performance caused by lesions to hippocampal circuitry were later 

shown to be partly due to a disruption of cholinergic input from the MS, as animals with selective 

lesions of cholinergic cell bodies in the MS display MWM deficits that are similar to those 

observed with direct hippocampal damage (Kelsey and Landry, 1988; Riekkinen et al., 1990). 

Interestingly, rats with cholinergic medial septal lesions improve their escape latency with 

training, while their initial heading errors upon entering the maze, a proposed index of accuracy 

in their spatial map, remains compromised (Sutherland et al., 1983; Kelsey and Landry, 1988). 

Further, introducing a visual cue that marks the location of the hidden escape platform (i.e., visual 
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platform version of MWM task), a procedure that minimizes the need for spatial memory, 

completely eliminates performance deficits in medial septal lesioned rats (Kelsey and Landry, 

1988). Thus, it appears that SH cholinergic projections facilitate the formation of a spatial map 

(reference memory) that represents the location of the platform with respect to the distal cues 

surrounding the pool. The role of these cholinergic inputs in spatial learning has been further 

demonstrated by evidence showing that septal cholinergic transplants restore cholinergic function 

and spatial learning abilities in SH lesioned rats (Dunnett et al., 1982; Low et al., 1982; Segal et 

al., 1989). It is noteworthy, however, to mention that fimbria/fornix lesions disrupting both 

afferent and efferent fibers to the hippocampus also affect non-cholinergic innervation such as 

GABA and glutamatergic transmission. However, the contribution of these non-cholinergic inputs 

from the MS to the hippocampus in spatial memory is not well established. Nevertheless, the 

series of data summarized above demonstrate the importance of the SH system in learning and 

spatial memory and moreover, is well studied in the aged mammalian brain. 

1.4.4 The septohippocampal system in the aged brain: Behavioural and LTP studies  

1.4.4.1 Behavioural experiments   

It is well known that aged rats are consistently impaired in learning the location of the 

hidden escape platform, a deficit in spatial memory that is not often observed in the visible 

platform version of the MWM task (Frick et al., 1995; Rosenzweig et al., 1997; Shen et al., 

1997). It appears that this age-related behavioural deficit is similar to the impairments observed 

after septal fimbria/fornix lesions in young rats (Bresnahan, 1992) suggesting that the SH system 

may contribute to age-related decline in spatial memory. Moreover, reports have shown that 

deficits in spatial memory are correlated with the age-related decreases in the number and size of 



 

10 

 

cholinergic neurons in the MS (Fischer et al., 1989; 1992; Nilsson and Gage, 1993). Conversely, 

intrahippocampal implantation of cells grafted from the septal region of fetal rats, rich in 

cholinergic neurons, has been shown to reverse age-related spatial memory decline (Gage and 

Björklund, 1986). Correlations between age-related changes in neural systems and deficits in 

spatial memory have also been extended to glutamatergic dysfunction and deficits in hippocampal 

NMDAR activity (Magnusson, 1998). However, whether or not NMDAR dysfunction in the aged 

hippocampus is partly due to deficits in glutamatergic or other noncholinergic input from the MS 

is currently unknown. On the other hand, these data summarized above are consistent with the 

view that impaired function in the cholinergic system and its projections to the hippocampus 

contributes to age-related deficits in learning and memory.  

1.4.4.2 Long-term potentiation experiments 

The age-related physiological changes that occur in the hippocampal circuitry not only 

contribute to cognitive decline as previously mentioned, but also appear to underlie age-related 

deficits in the induction and maintenance of hippocampal LTP (Rosenzweig and Barnes, 2003;  

see also Bergado and Almaguer, 2002). Several reports have shown that aged animals show 

deficits in NMDAR-dependent LTP induction using robust, HFS protocols (e.g., 100-200 Hz) at 

CA3-CA1 synapses in vitro (Deupree et al., 1993; Rosenzweig et al., 1997). Specifically, aged 

animals appear to show a rapid decline in LTP and reduced depolarization of neurons in CA1, 

deficits that may in part be due to changes in baseline levels of membrane excitability, calcium 

regulation and/or overall loss of synapses in the hippocampal network (Deupree et al., 1993; 

Rosenzweig et al., 1997; Rosensweig and Barnes, 2003). Further, several reports have shown a 

rapid decay in LTP in aged rats relative to adults in vitro and in intact brain preparations (Barnes, 

1979; Barnes and McNaughton. 1980; Bach et al., 1999). These data suggest that aging also 
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appears to affect protein synthesis-dependent mechanisms mediating the maintenance of long-

lasting synaptic potentiation. Interestingly, these age-dependent changes in synaptic potentiation 

correlated with age-related impairments in learning and spatial memory (Barnes and 

McNaughton, 1985; Rosenzweig et al., 1997).  

In summary, the MS exerts modulatory influences on hippocampal plasticity as seen at 

the behavioural, synaptic and cellular level in adult animals. It appears that physiological changes 

in the aging hippocampus involve modifications in these afferent fiber projections, and may 

contribute to age-related impairments in spatial memory and deficits in hippocampal synaptic 

potentiation.  

1.5 Concluding Remarks  

Here I have provided a brief overview of the common induction protocols used to elicit 

LTP in the hippocampal formation. I describe the well-established cellular and molecular 

mechanism mediating LTP and discuss the modulatory influence of the MS on hippocampal 

plasticity. Evidently, the SH system plays a role in spatial memory and age-related modifications 

in this system may contribute to the cognitive decline and corresponding deficits of hippocampal 

synaptic potentiation seen in the aged mammalian brain. 

1.6 Objectives   

The majority of experimental protocols use patterns of HFS to elicit classical LTP in both 

hippocampal and extra-hippocampal systems. In contrast, protocols employing LFS (< 5 Hz) 

typically result in minimal LTP or in long-term depression (LTD) of hippocampal synapses 

(Bramham and Srebro, 1987; Christie and Abraham, 1992; Christie et al., 1994; Thiels et al., 

1994; Massey and Bashir, 2007). The overall objective of this thesis was to challenge this long-
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standing dogma of “HFS-LTP vs. LFS-LTD” using combined in vivo electrophysiology and 

behavioural studies.  

The main objective of the first empirical paper (chapter 2) was to determine whether LFS 

(~1Hz) of the MS and CA3 hippocampal (H) fibers can elicit long-lasting synaptic potentiation in 

CA1 in urethane anesthetised rats. These initial series of experiments led to the discovery and 

characterization of LFS-induced MS-H LTP. Next, I wrote a review paper (Chapter 3) with the 

objective to discuss the potential functional significance of LFS-LTP in sleep-related memory 

consolidation. In addition I compared the well-known synaptic and cellular mechanisms 

underlying classical, high-frequency-induced LTP to those mediating the more recently-

discovered phenomena of LFS-LTP in the hippocampus and amygdala. Subsequently, in my 

second empirical paper (chapter 4) my main objective was to investigate the overlap in cellular 

mechanisms of MS-H LTP and their similarity to classical HFS-LTP by means of in vivo 

microdialysis and occlusion experiments. Finally, the last objective of this thesis (chapter 5) was 

to examine age-dependent changes in MS-H LTP, as well as to decipher the behavioural 

significance of this novel form of high-frequency independent, long-lasting synaptic potentiation.  
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Chapter 2.  Alternating low-frequency stimulation of medial septum and 

hippocampal fibers induces a long-lasting synaptic potentiation of 

hippocampal synapses (MS-H LTP) 

 

As published in “Alternating Low-Frequency Stimulation of Medial Septal and Commissural 

Fibers Induces NMDA-Dependent, Long-Lasting Potentiation of Hippocampal Synapses in 

Urethane-Anesthetized Rats” by Habib, D & Dringenberg, HC. 2009. Hippocampus, Vol. 19, 

299-307. 

 

2.1 Abstract 

Recent evidence indicates that some synapses exhibit long-lasting synaptic potentiation in 

response to low frequency (1 Hz) stimulation, similar to long-term potentiation (LTP) following 

high-frequency induction protocols. Here, we characterize a form of long-lasting synaptic 

potentiation in the hippocampal CA1 area following alternating, single pulse stimulation of the 

medial septum (MS) and hippocampal CA3 commissural fibers (MS-H LTP). In urethane-

anesthetized rats, alternating single pulse stimulation of the MS and CA3 (50 pulses each at 0.5 

Hz, 1000 ms interstimulus interval [ISI]) produced gradual increases of field excitatory 

postsynaptic potential (fEPSP) amplitude in CA1 (~123% of baseline), while MS or CA3 

stimulation alone was ineffective. The fEPSP enhancement was long-lasting (> 4h) and repeated 
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episodes of alternating MS-CA3 stimulation tended to result in greater levels of potentiation than 

those elicited by a single episode. Surprisingly, ISIs of 500, 750, and 1500 ms did not result in 

significant changes in fEPSP amplitude, while an ISI of 100 ms produced synaptic depression. 

MS-H LTP was resistant to systemic administration of nicotinic and muscarinic receptor 

antagonists (scopolamine, mecamylamine), but abolished by systemic MK-801 (0.5 mg/kg, i.p.) 

or local CA1 application of AP-V (10 mM), indicative of a critical role of hippocampal NMDA 

receptors in this effect. Paired-pulse facilitation experiments revealed a gradually developing, 

significant inverse correlation between fEPSP enhancement and decrease in paired pulse 

facilitation ratio, suggesting a role of changes in presynaptic transmitter release. Together, these 

data demonstrate a novel form of long-lasting synaptic enhancement in CA1 neurons in response 

to low frequency activity in separate afferent systems, activity which might mimic some aspects 

of natural discharge patterns during the acquisition or consolidation of memory processes in 

hippocampal circuits. 
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2.2. Introduction  

The hippocampus receives diffuse fiber inputs from basal forebrain areas that have been 

shown to contribute to learning and memory processes (Hasselmo, 1999; Hasselmo and Giocomo, 

2006). The input to the hippocampal formation from the medial septum (MS) is comprised of at 

least three distinct, parallel neurochemical pathways, consisting of cholinergic, GABAergic and 

glutamatergic fibers (Dudar, 1977; Dutar et al., 1995; Sotty et al., 2003). While all three fiber 

systems likely contribute to cellular activity and plasticity of hippocampal neurons, to date, the 

majority of work has examined the influence of cholinergic and GABAergic inputs to the 

hippocampus. Cholinergic fibers from the MS to the hippocampus are known to facilitate 

excitability and long-lasting plasticity (e.g., long-term potentiation, LTP) induction at 

hippocampal synapses in vitro and in vivo (Krnjević and Ropert, 1982; Markram and Segal, 1990; 

Huerta and Lisman, 1993; Auerbach and Segal, 1994; Leung et al., 2003; Ovsepian et al., 2004; 

Dringenberg et al., 2008), effects that can be mediated by both muscarinic (Huerta and Lisman, 

1993; Leung et al., 2003; Ovsepian et al., 2004; Dringenberg et al., 2008) or nicotinic receptor 

mechanisms (Fujii et al., 1999; Matsuyama et al., 2000; Ji et al., 2001). These and similar 

investigations have provided support for the notion that hippocampal plasticity/LTP is enhanced 

in the presence of elevated acetylcholine release.  

GABAergic inputs from the MS to the hippocampal formation have also been shown to 

modulate hippocampal excitability. For example, electrical stimulation of the MS markedly 

enhances CA1 population spikes evoked by Schaffer collateral/commissural stimulation through a 

disinhibitory, GABAergic mechanism (Krnjević et al., 1988; Ovsepian, 2006). These indirect 
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influences on pyramidal cell excitability could provide an additional mechanism to modulate 

long-lasting plasticity at hippocampal synapses.  

More recently, electrophysiological and anatomical studies have raised the possibility 

that septohippocampal projections might also release glutamate as a transmitter substance in the 

hippocampus (Sotty et al., 2003; Colom et al., 2005; Bland et al., 2007). At present, the role of 

this putative projection system in the regulation of hippocampal activity has not been examined. 

Nevertheless, the data summarized above clearly support the notion that different hippocampal 

afferents originating in the MS play an important role in modulating activity and plasticity 

processes at hippocampal synapses.  

 The majority of studies examining hippocampal plasticity and its modulation by extra-

hippocampal systems have used typical LTP protocols that require high frequency- or theta burst 

stimulation of glutamatergic afferents to induce long-lasting changes in synaptic efficacy (e.g., 

Larson et al., 1986; Larson and Lynch, 1988; Huerta and Lisman, 1993; Schulz et al., 1994; 

Leung et al., 2003; Ovsepian et al., 2004). In contrast, lower frequency stimulation (LFS) 

produces minimal or no LTP, or may result in long-term depression (LTD) (Bramham and 

Srebro, 1987; Christie and Abraham, 1992; Christie et al., 1994; Thiels et al., 1994; Wasling et 

al., 2002; Massey and Bashir, 2007). However, recent evidence indicates that some synapses can 

show long-lasting synaptic potentiation in response to LFS (1 Hz). Lanté et al. (2006a, b) showed 

that, in hippocampal slices, 1 Hz stimulation of the CA1 area produces a slow-onset synaptic 

potentiation in close proximity to the stimulation site, an effect that was not observed in CA3. 

Similarly, Huang and Kandel (2007) demonstrated a slow-onset, protein synthesis-dependent 

potentiation of synaptic efficacy at cortico-amygdala synapses following 1 Hz stimulation, which 

required co-activation of glutamatergic and neuromodulatory (serotonergic, dopaminergic, and 
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noradrenergic) signals. Collectively, these data suggest that, in specific fiber systems, the 

initiation of LTP-like processes can occur in the absence of high-frequency activation of 

glutamatergic synapses.  

 At present, the extent to which lower frequency inputs are effective in inducing synaptic 

potentiation in different forebrain systems, and the contributions of neuromodulatory signals to 

such forms of plasticity, are not well understood. Here, we characterize a form of long-lasting 

hippocampal synaptic plasticity in the CA1 area following alternating, single pulse stimulation 

(0.5 Hz) of the MS and Schaffer collateral/commissural pathway in vivo (MS-H LTP). 

Surprisingly, MS-H LTP is resistant to both muscarinic and nicotinic receptor antagonists, but is 

abolished by hippocampal NMDA receptor blockade. These experiments demonstrate that long-

lasting synaptic enhancement can be induced by repeated, infrequent co-activation of separate 

afferent systems to the hippocampal CA1 area in vivo.  

2.3. Materials and Methods  

2.3.1. Subjects and Surgical Preparation 

 All experiments were performed on male Long-Evans rats (320-450 g) housed in a 

colony room (12 /12-h reverse light cycle) with food and water available ad libitum. The 

procedures were conducted in accordance with the guidelines of the Canadian Council on Animal 

Care and approved by the Queen’s University Animal Care Committee. Each rat was used for 

only one experiment. 

Experimental procedures were conducted under deep urethane anesthesia (1.5 g/kg, 

intraperitoneal [i.p.], administered in three 0.5 g/kg doses every 20 min and supplemented with 

0.2-0.6 g/kg as required prior to the onset of data collection). Rats were placed in a stereotaxic 
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apparatus and body temperature was maintained between 36 and 37˚ C by means of an electrical 

heating blanket. An incision was made to expose the skull surface and small skull holes were 

drilled above the CA3 region (AP -4.16, ML -3.0, V -4.0), the contralateral CA1 area (for 

recordings in stratum radiatum:  AP -4.16, ML +3.0, V -3.0; for stratum oriens: AP – 4.30, ML -

3.0, V -2.5), and at bregma point (AP 0.0, ML 0.0, V – 6.5) to gain access to the MS. Skull holes 

for ground and reference electrodes (jewellery screws attached to miniature connectors) were 

made in the bone overlying the prefrontal cortex and cerebellum, respectively. An additional skull 

hole for a septal stimulation return electrode (jewellery screw) was drilled adjacent to bregma. All 

stereotaxic measurements were based on the anatomical work of Paxinos and Watson (1998). 

Final ventral placements of the CA3 stimulation and the CA1 recording electrodes were adjusted 

to elicit maximal amplitude field excitatory post-synaptic potentials (fEPSPs) and paired-pulse 

facilitation (100 ms interstimulus interval, ISI) in area CA1 in response to contralateral CA3 

stimulation.  

2.3.2. Electrophysiology 

 Stimulation of CA3 (0.2 ms pulses every 30 s, intensity adjusted to yield 50-60% of 

maximal fEPSP amplitude) was provided by a concentric bipolar electrode (Rhodes Medical 

Instruments Series 100, David Kopf, Tujunga, CA, USA) connected to a stimulus isolation unit 

providing a constant current output (PowerLab/16 s system with ML 180 Stimulus Isolator, AD 

Instruments, Toronto, Canada). MS stimulation was provided through a monopolar electrode 

(Teflon insulated stainless steel, 125-µm tip diameter) delivering single, negative constant-current 

pulses (0.2 ms duration, 1.0 mA).  

Typically, fEPSPs were recorded in stratum radiatum of CA1, but some animals had a 

second electrode placed in stratum oriens. All fEPSPs were differentially recorded (Teflon 
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insulated stainless steel wire, 125-µm tip diameter) against a reference electrode placed in the 

bone overlaying the cerebellum. The CA1 signals were amplified, filtered (0.3-1 kHz), digitized 

(10 kHz), and stored for subsequent off-line analysis using the PowerLab system running Scope 

software (v. 4.0.2).  

In a subset of animals, paired-pulse stimuli (0.2 ms pulse duration, 50 msec ISI, every 30 

s, intensity adjusted to yield 50-60% of maximal fEPSP amplitude) were used throughout the 

experiment, rather than single test pulses, as described above.  

2.3.3. Experimental Procedures 

Prior to formal data collection, input-output curves were established for each animal by 

recording fEPSPs in CA1 in response to CA3 stimulation between 0.1 and 1.0 mA (0.1 mA 

increments). Based on these input-output curves, a stimulation intensity eliciting between 50-60% 

of the maximal fEPSP amplitude was chosen for the subsequent experiment. For each rat, 60 

initial baseline fEPSPs (every 30 s) were recorded. Subsequently, the MS-CA3 alternating 

stimulation protocol was delivered, consisting of 50 single pulses to both the MS and CA3 area, 

delivered at 0.5 Hz, with the ISI between successive MS and CA3 pulses ranging from 100-1500 

ms. Typically, recordings of fEPSPs in CA1 (every 30 s, as in baseline) in response to single 

pulse CA3 stimulation continued for two hours following the alternating stimulation protocol. 

However, in a subset of animals, recordings continued for a total of four hours. Further, in an 

additional group of animals, the effect of repeated episodes of alternating MS-CA3 stimulation 

was examined to assess the saturation point of synaptic potentiation. We also studied the effects 

of repeated single pulse stimulation (50 pulses at 0.5 Hz, as above) of either the MS or CA3 alone 

to examine if co-activation of these areas is required to elicit synaptic potentiation.  
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For experiments assessing the role of cholinergic (muscarinic and nicotinic) and NMDA 

receptors in synaptic changes elicited by alternating MS-CA3 stimulation (using an ISI of 1000 

ms), different groups of rats received scopolamine (5 mg/kg, i.p.), mecamylamine (5 mg/kg, i.p) 

or MK-801 (0.5 mg/kg, i.p.). All drugs (obtained from Sigma/Research Biochemicals, Oakville, 

Ontario, Canada) were dissolved in saline and administered 30 min prior to the commencement of 

baseline fEPSP recordings. In cases when antagonists produced significant changes to MS-CA3 

induced synaptic enhancement, additional experiments were performed to verify that drugs did 

not exert significant, suppressant effects on baseline (i.e., non-potentiated) fEPSPs.  

 Local drug application in CA1 was performed using a reverse microdialysis probe (Mab. 

2.14.4; 2-mm active polyethersulfane membrane length, 35-kDa cutoff; S.P.E. Ltd, North York, 

ON,Canada) placed immediately adjacent to the recording electrode, with the probe tip extending 

about 1 mm below the tip of the electrode. The dialysis probe was connected to a Hamilton 

microsyringe driven by a microdialysis pump (CMA ⁄ 102, CMA Microdialysis, Solna, Sweden) 

and continuously perfused with artificial cerebral spinal fluid (aCSF) (1.0 µL ⁄min) composed of 

(in mM): 118.3 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 NaH2PO4, 2.5 CaCl2, 10.0 glucose, 22.1 

NaHCO3. For the purpose of NMDA receptor blockade, aCSF containing dl-amino-5-

phosphonopentanoic acid (AP-V) (10 mM, Sigma ⁄ RBI) was applied. Reverse dialysis allows 

local drug application by means of concentration-driven diffusion of drug molecules through the 

dialysis probe membrane into the surrounding neural tissue, with estimated drug concentrations 

outside the membrane reaching approximately 10% of aCSF concentrations (e.g. Oldford & 

Castro-Alamancos, 2003).  
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At the end of each experiment, rats were perfused through the heart with 10% formalin, 

their brains were extracted, and standard histological techniques were used to verify all electrode 

placements. Data obtained with inaccurate placements were excluded from the data analysis.  

2.3.4. Data Analysis 

All data are expressed as a mean ± standard error of mean. The maximal fEPSP 

amplitude was analyzed offline by the Scope software. Subsequently, amplitude data were 

averaged over 10-min intervals, and these averages were normalized by dividing all data for each 

rat by the average baseline (pre-MS-CA3 alternating stimulation) amplitude of that animal. Paired 

pulse facilitation (PPF) ratio is expressed as the maximum amplitude of the second fEPSP 

divided by the amplitude of the first fEPSP in a pair. The change in PPF ratio over time was 

calculated as that PPF average in the last 30 min of the total recording period minus the initial 

PPF ratio during baseline (prior to alternating MS-CA3 stimulation). For statistical analyses, 

analyses of variance (ANOVA) and, where statistically appropriate, simple effects tests were 

computed using the software package CLR ANOVA (v.1.1, Clear Lake Research Inc., Houston, 

TX). A linear regression test was used for correlational analyses. 

2.4. Results 

2.4.1. Alternating single pulse stimulation of the MS and CA3 elicits an increase in 

fEPSP amplitude in CA1 (MS-H LTP) 

Single pulses applied to area CA3 produced positive-going fEPSPs (latency to peak about 

10-11 ms) recorded in the contralateral stratum radiatum of the CA1 area, while fEPSPs recorded 

in stratum oriens consisted of phase-reversed, negative-going potentials (see Fig. 1). These fEPSP 
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characteristics are equivalent to those previously reported as apical and basilar dendritic fEPSPs 

on CA1 pyramidal cells (Leung et al., 2003; Ovsepian et al., 2004). The dipole field in these 

recordings is typically attributed to excitation at the basal dendrites after stimulation of the CA3 

afferents (Leung et al., 2003). The data reported below refer to recordings taken in stratum 

radiatum, except where noted otherwise. 

In rats receiving only CA3 stimulation throughout the experiment (n = 8; single test 

pulses every 30 s plus 50 single pulses at 0.5 Hz during the induction phase), fEPSP amplitude in 

stratum radiatum remained relatively stable throughout the entire recording period (Fig.1; average 

fEPSP amplitude of 105 ± 4.0 % of baseline during the last 30 min of the experiment). However, 

alternating single pulses applied to the MS and CA3 (n = 14; a total of 50 pulses at 0.5 Hz for 

each, starting with MS and followed by CA3 stimulation, 1000 ms ISI) produced a gradual, 

significant increase of fEPSP amplitude over the 2 h period following MS-CA3 stimulation (Fig. 

1; average fEPSP amplitude of 123 ± 4.5% of baseline during the final 30 min). In a subset of 

these experiments (n = 4), the stability of synaptic enhancement was assessed by continuing 

fEPSP recordings over a 4 h period after induction. In these experiments, enhancement was 

maintained for the entire recording period (average of 120% of baseline between 3.5 and 4 h 

following induction; data not shown). In an additional control group, stimulation of the MS (50 

pulses at 0.5 Hz; n = 6) in the absence of CA3 pulses during induction did not elicit significant 

changes in fEPSP amplitude (104% of baseline during the last 30 min; simple effect of time, F14, 

70 = 1.202, P = 0.2942; data not shown).  

A potentiation effect very similar to that in stratum radiatum was also observed for 

fEPSPs recorded in stratum oriens (n = 7), where MS-CA3 stimulation again elicited a gradually 

developing increase in fEPSP amplitude to a maximum of 123% of baseline during the last 30 
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min of the experiment (Fig. 1). Thus, these experiments demonstrate that MS-H LTP constitutes a 

long-lasting form of synaptic potentiation that requires co-activation of medial septal and CA3  
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Figure 1. Effects of alternating medial septum (MS)-CA3 stimulation on amplitude of field 

excitatory postsynaptic potentials (fEPSPs) recorded in CA1 of urethane-anaesthetized rats. 

Alternating single pulse stimulation (Alternating Stim., at arrow) of the MS and CA3 area (a total 

of 50 pulses at 0.5 Hz for both, starting with MS and followed by CA3 stimulation, 1000 ms 

inter-stimulus interval) resulted in a gradual increase in fEPSP amplitude in both strata radiatum 

(n = 14) and oriens (n = 7) over the 2 h period following alternating stimulation. Single pulses 

applied to CA3 in the absence of MS stimulation failed to induce synaptic enhancement in 

stratum radiatum (50 single pulses to CA3, 0.5 Hz; n = 8). Inserts depict typical fEPSPs during 

baseline (grey) and at the end of the experiment (black) in animals receiving MS and CA3 

stimulation (Stim.) for recordings (Rec.) in stratum radiatum (middle), stratum oriens (right), as 

well as control animals receiving only CA3 stimulation (left, recordings in stratum radiatum). 

Note the enhanced fEPSP amplitude in rats receiving the alternating protocol (fEPSPs are 

averages of 10 individual sweeps, calibration is 10 ms and 1 mV). Statistics: MS + CA3, radiatum 

group vs. CA3, radiatum group: effect of group, F 1,20 = 6.2, P = 0.02; effect of time, F 14,280 = 8.3, 

P < 0.0001; group by time interaction, F 14,280 = 4.9, P < 0.0001; simple effect of time significant 

for animals receiving MS-CA3 stimulation (F14,350 = 15.0, P < 0.0001) but not for animals 

receiving CA3 stimulation alone (F14, 98 = 1.2, P = 0.276). * denote significant (P < 0.05) group 

differences. Stratum oriens group also showed a significant effect of time, F14,84 = 4.28, P < 

0.0001, and the level of potentiation did not differ from that seen in the stratum radiatum group, F 

1,19 = 0.69, P = 0.415. 
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fibers to elicit enhancement of synaptic responses of CA1 neurons. Next, we examined the effects 

of changing the ISI between alternating MS-CA3 pulses (delivered at 0.5 Hz, as above, all ISIs 

refer to interval between the initial MS pulse and the subsequent CA3 pulse) during induction. 

Surprisingly, ISIs of 500 (n = 4), 750 (n = 5), and 1500 ms (n = 6) did not result in significant 

changes of fEPSP amplitude relative to baseline, while an ISI of 100 ms (n = 5) produced 

significant synaptic depression (Fig. 2). Thus, relatively strict temporal requirements apply to the 

induction of MS-H LTP, with ISIs of about 1000 ms apparently required in order to elicit this 

form of synaptic potentiation. 

In an attempt to examine whether repeated episodes of alternating MS-CA3 stimulation 

can elicit greater levels of potentiation than those seen with a single induction episode, we 

assessed the effect of multiple MS-CA3 induction episodes, delivered at 2 h intervals (Fig. 3; two 

induction episodes over 4 h, n = 15, three induction episodes over 6 h, n = 5). Amplitude of 

fEPSPs averaged over 1.5 to 2 h after each of the first, second, and third induction episodes were 

15%, 31%, and 31%, respectively (Fig. 3; insert). Consequently, two induction episodes resulted 

in the maximal enhancement of synaptic responses of CA1 neurons.  
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Figure 2. The effects of various interstimulus intervals (ISIs) between alternating 

stimulation of the medial septum (MS) and CA3 area on amplitude of CA1 field excitatory 

postsynaptic potentials (fEPSPs) averaged between 1.5 and 2 h following the alternating 

stimulation. 

ISIs of 100 ms (n = 5) and 1000 ms (n =14) resulted in significant synaptic depression and 

enhancement, respectively. All other ISIs (500 ms, n = 4; 750 ms, n = 5; 1500 ms, n = 6) did not 

induce significant changes in fEPSP amplitude. Statistics: effect of time comparing fEPSP 

amplitude values averaged over the 30 min baseline period and the last 30 min of recording (i.e., 

1.5 to 2 h following induction), 100 ms, F1, 4 = 19.6, P = 0.01; 500 ms, F1,3 = 5.4, P = 0.102; 750 

ms, F1,4 = 0.4, P = 0.592; 1000 ms, F1,13 = 26.8, P = 0.0002; 1500 ms F1,5 = 0.04, P = 0.856. * 

denotes significant changes from baseline fEPSP amplitude.  
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Figure 3. The effects of multiple induction episodes of alternating stimulation of the medial 

septum (MS) and CA3 area on amplitude of CA1 field excitatory postsynaptic potentials 

(fEPSPs). 

Repetition of the alternating MS-CA3 stimulation protocol (at arrows) every 2 h (50 MS-CA3 

single pulse stimulations, 1000 ms interstimulus interval, 0.5 Hz per induction) enhanced fEPSP 

amplitude to 115%, 131%, and 131% of baseline during the last half hour following one, two, and 

three induction episodes, respectively. Statistics: effect of time for 4 h, F26, 234 = 13.5, P < 0.001, n 

= 15; 6 h, F38,152 = 8.4, P < 0.001, n = 5); Insert shows fEPSP amplitude averaged over 1.5 to 2 h 

following each of the three induction episodes; * and ** indicates significant differences (P < 

0.05) from baseline and baseline plus one induction episode, respectively. 
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2.4.2. MS-H LTP is dependent on NMDA, but not cholinergic receptor activation 

Systemic administration of the NMDA receptor antagonist MK-801 (0.5 mg/kg, i.p., 

given 30 min prior to the onset of baseline recordings; n = 6) completely prevented synaptic 

potentiation elicited by MS-CA3 alternating stimulation (Fig. 4). In fact, it appeared as if the 

alternating stimulation protocol resulted in synaptic depression after MK-801 treatment, even 

though this effect did not reach statistical significance (see figure caption for statistics). Control 

experiments showed that, in rats receiving only CA3 stimulation without additional MS stimuli (n 

= 4), MK-801 administration did not significantly suppress fEPSP amplitude over time (F’s < 0.8, 

P > 0.7 for effects of time, group, and interaction comparing rats receiving only CA3 stimulation 

without drug treatment vs. MK-801, data not shown). Thus, nonspecific depressant effects on 

CA3-CA1 transmission during the course of the experiment do not account for the inhibition of 

synaptic enhancement following MK-801 treatment. 

Further experiments were conducted to assess the effects of systemic cholinergic receptor 

blockade (Fig. 5). Surprisingly, enhancement of fEPSP amplitude elicited by MS-CA3 alternating 

stimulation was not significantly affected by administration of mecamylamine (5 mg/kg, i.p., 

administered 30 min prior to onset of baseline recordings, n = 9) or scopolamine (5 mg/kg, same 

administration regime, n = 7). Thus, it appears that muscarinic or nicotinic receptor stimulation is 

not required for the enhancement of synaptic strength seen in these experiments.  
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Figure 4. Effect of MK-801 and AP-V treatment on changes in field excitatory postsynaptic 

potential (fEPSP) amplitude following alternating medial septum (MS)-CA3 stimulation. 

Systemic administration of MK-801 (0.5 mg/kg, i.p., n = 6) 30 min prior to onset of baseline 

recordings prevented synaptic enhancement during the 2 h period following alternating MS-CA3 

stimulation (at arrow; 50 single MS-CA3 pulses at 0.5 Hz, 1000 ms interstimulus interval). No 

drug group (n = 14) is same as in Fig. 1. In the presence of artificial cerebrospinal fluid (aCSF, n 

= 5, applied in CA1 by reverse microdialysis), alternating MS-CA3 stimulation resulted in a 

gradual increase in fEPSP amplitude that was not significantly different from the no drug group. 

In contrast, local application of AP-V in CA1 (10 mM, n = 5) completely blocked the increase in 

fEPSP amplitude elicited by MS-CA3 stimulation. Inserts depict fEPSPs during baseline (grey) 

and at the end of the experiment (black) for an animal receiving CA1 application of aCSF (top) or 

AP-V (bottom). Note the blockade of synaptic potentiation in the rat receiving AP-V (fEPSPs are 

averages of 10 individual sweeps, calibration is 10 ms and 0.5 mV). Statistics: MK-801 vs. No 

Drug, effect of group, F1,18 = 16.7, P  = 0.0007; effect of time, F14,252 = 1.5, P  = 0.331; group by 

time interaction, F14,252 = 7.6, P  <  0.0001; simple effect of time for MK-801 treated rats, F14,252 = 

1.3, P  = 0.182. AP-V vs. aCSF, effect of group, F1,8 = 8.9, P  = 0.017; effect of time, F14,112 = 

2.4, P  = 0.860; group by time interaction, F14,112 = 2.4, P = 0.005; simple effect of time for aCSF, 

F14,56 = 6.8, P < 0.0001 ; AP-V, F14,56 = 0.2, P = 0.998, * indicates significant (P < 0.05) 

difference between aCSF and AP-V groups.  
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Figure 5. The effects of scopolamine and mecamylamine on enhancement in field excitatory 

postsynaptic potential (fEPSP) amplitude in CA1 following medial septum (MS)-CA3 

alternating stimulation.  

Enhancement of fEPSP amplitude elicited by MS-CA3 stimulation (at arrow, same parameters as 

in Fig. 1) was resistant to administration of scopolamine (Scop., 5 mg/kg, i.p., n = 7) or 

mecamylamine (Mec., 5 mg/kg, i.p., n = 9). Both drugs were administered 30 min before the 

onset of baseline recordings. Statistics: ANOVA comparing mecamylamine and untreated rats, 

effect of group, F1,21 = 0.003, P = 0.962, effect of time, F14,294 = 20.2, P < 0.001, group by time 

interaction, F14, 294 = 0.4, P = 0.962;  scopolamine vs. untreated rats, effect of group, F1,19 = 1.0, P 

= 0.34, effect of time, F14,266 = 20.1, P < 0.001, group by time interaction, F14,266 = 0.5, P  =  

0.922; simple effects of time significant for untreated rats and rats receiving scopolamine or 

mecamylamine, F > 8.0, P < 0.001; No Drug group and CA3 control group are same as in Fig.1; 

error bars omitted for clarity. 
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2.4.3. Enhancement of fEPSP amplitude is associated with decreases in PPF ratio. 

In order to assess the relative contributions of pre- and postsynaptic changes in fEPSP 

enhancement following MS-CA3 alternating stimulation, we examined changes in PPF ratio (two 

test pulses throughout the experiment, 50 ms ISI, n =10) in a subset of animals that received two 

MS-CA3 induction episodes 2 h apart. In these experiments, fEPSP amplitude increased to 115% 

and 127% of baseline for the first and second induction episodes, respectively, while PPF ratio 

was 104% and 93% of the baseline ratio at these time points (Fig. 6A). The raw PPF ratios were 

1.89 during baseline, 1.97 following one induction episode, and 1.76 following the second 

induction episode, calculated as amplitude of the second fEPSP/amplitude of the first fEPSP in a 

pair (all values are averages over the last 30 min of the 2 h period following each of the two 

induction episodes). Correlation analyses of these data revealed that there was no significant 

relation between fEPSP amplitude and PPF measures after one induction episode (Fig. 6B). 

However, there was a significant, inverse correlation between the fEPSP enhancement and PPF 

ratio after the second induction episode, i.e., the final 30 min of the experiment (Fig. 6C). At this 

time point, changes in PPF ratio accounted for 46% of the total enhancement of fEPSP amplitude 

induced by alternating MS-CA3 stimulation (see figure caption for statistics). 
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Figure 6. Changes in paired pulse facilitation (PPF) ratio and field excitatory postsynaptic 

potential (fEPSP) amplitude in CA1 following medial septum (MS)-CA3 alternating 

stimulation. 

(A) Two episodes of MS-CA3 stimulation (at arrows, same parameters as in Fig. 1) resulted in a 

significant enhancement of fEPSP amplitude, and a significant decrease in the PPF ratio (n = 10, 

paired pulses delivered throughout the experiment, 50 ms interstimulus interval, data are a subset 

of animals shown in Fig. 3). Inserts depict fEPSPs during baseline (black) and at the end of the 

experiment (grey). Note the increase in fEPSP amplitude in response to the first stimulation pulse, 

accounting for the decrease in PPF ratio (fEPSPs are averages of 10 individual sweeps, calibration 

is 20 ms and 1 mV). (B) Correlation between change in fEPSP amplitude and PPF ratio after one 

induction episode (values averaged between 1.5-2 h following the first induction; PPF ratio change 

= final PPF ratio minus initial PPF ratio (averaged during baseline)/initial PPF ratio *100). (C) 

Correlation between changes in fEPSP amplitude and PPF ratio 1.5-2 h after the second induction 

episode (data calculated as in panel B). Statistics: (A) fEPSP amplitude, effect of time, F26,234 = 

13.5, P < 0.001; PPF ratio, effect of time, F26,234 = 2.2, P = 0.001; (B) The best-fit linear regression 

line is plotted, y = 15.065 + 0.079776x, r = 0.07, r2 = 0.005; (C) y = 20.312 – 0.99828x, r = -0.68, 

r2 = 0.46, P = 0.03.    
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2.5. Discussion  

The majority of studies examining plasticity in the hippocampal formation have used 

LTP protocols that require high frequency stimulation of glutamatergic afferents to induce long-

lasting changes in synaptic efficacy. Here, we characterize a novel form of long-lasting synaptic 

plasticity, present in both strata radiatum and oriens of CA1, elicited by alternating, LFS of the 

MS and CA3 area (MS-H LTP). MS-H LTP has a slow onset, can be saturated with repeated 

induction episodes, and appears to be optimal at unusually long (1000 ms) ISIs between 

successive MS and CA3 stimuli. Pharmacological experiments demonstrate a critical role of 

hippocampal NMDA receptor activation, but apparently no critical involvement of cholinergic 

mechanisms with the induction protocol used here. Interestingly, data from the paired-pulse 

experiments suggest that MS-H LTP is comprised of two processes, with the initial synaptic 

enhancement occurring in the absence of changes in PPF ratio, while later enhancement is related 

to a decrease in PPF ratio. Consequently, initial postsynaptic changes might be followed by 

changes in transmitter release from terminals of presynaptic CA3 neurons. To the best of our 

knowledge, these experiments are the first to describe long-lasting enhancement at CA3-CA1 

hippocampal synapses using low frequency, alternating stimulation of two separate afferent 

systems in an intact in vivo preparation.  

Typically, enhancement of hippocampal synapses is induced by various forms of high 

frequency or theta-burst stimulation protocols, while LFS (e.g., 1 Hz) generally results in synaptic 

depression (Malenka and Bear, 2004; Massey and Bashir, 2007; see also Thiels et al., 1994). 

However, recent evidence has shown that some synapses exhibit long-lasting potentiation in 

response to LFS protocols. Lanté et al. (2006a,b) showed that, in hippocampal slices, 1 Hz 

stimulation of the CA1 area applied for 5 min produced a gradual, slow-onset synaptic 
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potentiation of local CA1 synapses in close proximity to the stimulation site. This enhancement 

of fEPSPs occurred in area CA1, but not CA3 or dentate gyrus, and was independent of NMDA 

receptor activation (Lanté et al. 2006a, b). Similarly, Huang and Kandel (2007) described a slow-

developing, NMDA-independent form of synaptic potentiation following 1 Hz stimulation of 

cortico-lateral amygdala fibers in vitro, a form of LTP that requires the co-activation of 

glutamatergic and various neuromodulatory inputs including serotonin, dopamine and 

noradrenalin. Together, these findings suggest that long-lasting synaptic potentiation can be 

elicited by low frequency stimulation, results that are intriguing since low frequency activity 

mimics some aspects of spontaneous oscillatory patterns present in hippocampal neurons 

(Vanderwolf, 1969; Buzsáki et al., 1983; Buzsáki, 1989).   

Interestingly, while previous work suggests that hippocampal and amygdaloid LTP 

elicited by LFS stimulation is not dependent on NMDA receptors activation (Lanté et al. 2006a,b; 

Huang and Kandel, 2007), our findings indicate that MS-H LTP does not occur in the presence of 

the NMDA receptor antagonist MK-801 (systemic) or AP-V (locally applied in CA1). 

Consequently, it appears that multiple receptor and signaling mechanisms can trigger LTP-like 

synaptic enhancement in response to low frequency inputs. Based on our data, we speculate that 

the repeated co-activation of septal and commissural inputs constitutes an effective mechanism of 

NMDA receptor activation in CA1. Electrophysiological and anatomical studies have provided 

evidence for glutamatergic projections from the MS to the hippocampal formation (Sotty et al., 

2003; Colom et al., 2005), which may play a role in cellular synchrony and generation of the 

hippocampal theta rhythm (Bland et al., 2007) independent of cholinergic and GABAergic 

projections. Whether this glutamatergic projection system plays a role in the induction of MS-H 

LTP is unknown, even though this hypothesis is consistent with the lack of effectiveness of high 
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doses of cholinergic (muscarinic and nicotinic) receptors antagonists to suppress this form of 

synaptic potentiation. Clearly, for the induction protocol used here, engagement of cholinergic 

fibers between MS and CA1 is not a critical prerequisite for MS-H LTP to occur, even though it 

is possible that changes to the protocol might reveal potential cholinergic contributions to MS-H 

LTP. Work by Straube and Frey (2003) has shown that the relative contributions of NMDA and 

other, neuromodulatory signals to the induction of heterosynaptic LTP depend on strength of the 

induction protocol, with weaker protocols showing greater dependence on neuromodulatory LTP 

reinforcement (see also Huang and Kandel, 2007). Whether changes to the stimulation parameters 

used for the alternating MS-CA3 protocol reveal an involvement of cholinergic mechanisms 

remains to be determined.  

To us, the most surprising finding of these experiments was the fact that unusually long 

ISIs (1000 ms) between consecutive septal and CA3 stimuli were required to elicit MS-H LTP. 

This time window is well beyond those normally assumed to be effective in inducing NMDA 

receptor-dependent types of synaptic strengthening such as LTP and spike-time dependent 

plasticity (Larson and Lynch, 1988; Bennett, 2000; Dan and Poo, 2004; Malenka and Bear, 2004; 

Bi and Rubin, 2005; Yao and Dan, 2005; see also Massey and Bashir, 2007). However, there are 

some types of synaptic facilitation that exhibit fairly broad temporal windows for the integration 

of separate synaptic inputs to trigger NMDA-dependent plasticity. Popescu et al. (2007) 

characterized a form of heterosynaptic facilitation induced by pairing of corticostriatal and 

amygdala inputs onto single, striatal medium spiny neurons in vitro. Long-lasting (> 30 min) 

potentiation following repeated pairing of these convergent inputs was NMDA-dependent and 

also showed a surprisingly broad time window between cortical and amygdaloid stimuli of up to 

500 ms. Thus, there is growing evidence that some forms of NMDA-dependent plasticity exhibit 



 

40 

 

highly unconventional temporal dynamics with regard to the integration of synaptic inputs that 

are effective in eliciting long-lasting potentiation. The fact that we observed significant synaptic 

depression at short (100 ms) ISIs between MS and CA3 pulses is consistent with other reports 

showing that low frequency paired stimulation protocols are an effective means to induce LTD at 

commissural-CA1 synapse (Thiels et al., 1994).  

To date, the relative contributions of pre- and postsynaptic mechanisms to different forms 

of hippocampal LTP continue to remain controversial (Bekkers and Stevens, 1990; Malinow and 

Tsien, 1990; Nicoll and Malenka, 1999; Maruki et al., 2001; Bredt and Nicoll, 2003; Malenka and 

Bear, 2004). We analyzed changes in the ratio of PPF, a form of short-term plasticity primarily 

associated with successively increasing calcium levels in the presynaptic terminal, resulting in an 

increased probability of transmitter release (Katz and Miledi, 1968; Foster and McNaughton, 

1991; Schulz et al., 1994, 1995). A number of in vitro studies have demonstrated a relation 

between LTP magnitude and changes in PPF ratio, indicative of presynaptic contributions to LTP 

(Voronin and Kuhnt, 1990; Schulz et al., 1995, Schulz, 1997; Schulz and Fitzgibbons, 1997). 

Similarly, the data from our paired-pulse analysis indicated that, during the later phases of the 

experiment, there was an inverse correlation between the change in PPF ratio and the magnitude 

of synaptic enhancement. This correlation developed gradually during the course of the 

experiment since it was not present during the first two hours following the initial induction 

episode. These data indicate that changes in presynaptic functioning contribute to MS-H LTP. 

Given that rats used for the PPF experiments received two separate induction episodes, it remains 

to be determined whether the change in PPF ratios is the result of the repeated alternating 

stimulation given to these animals, or whether one induction episode is sufficient to engage 

presynaptic mechanisms. It is of interest to note, however, that the distinct temporal dynamics of 
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changes in PPF ratios noted here fit well with recent evidence regarding the role of pre- and 

postsynaptic plasticity loci in LTP expression. Bayazitov et al. (2007) showed that, for LTP at 

CA3-CA1 synapses in vitro, presynaptic changes during the early phase are minimal, but become 

more prominent during the later phase of LTP (> 1 h post induction). These experiments also 

indicate that NMDA receptor activation is crucial for the postsynaptic component, while voltage 

gated calcium channels are necessary for the expression of the delayed, presynaptic component of 

‘compound LTP’. Finally, Bayazitov et al. (2007) showed that the cAMP-protein kinase A 

cascade is necessary for the presynaptic changes associated with compound LTP, either by acting 

directly in presynaptic terminals to enhance transmitter release, or by influencing the production 

of a retrograde messenger in the postsynaptic cells. Interestingly, the cAMP-protein kinase A 

cascade also appears to be critical for plasticity induced by low-frequency stimulation in the 

hippocampus (Lanté et al., 2006a) and amygdala (Huang and Kandel, 2007). Whether any of 

these mechanisms are involved in MS-H LTP remains to be determined. 

In summary, the present experiments describe a novel form of synaptic enhancement 

elicited by alternating, low frequency, single pulse stimulation of CA3 and medial septal fibers. 

This form of LTP is NMDA-receptor dependent, apparently does not require activation of 

cholinergic receptors, and may involve temporally distinct, pre- and postsynaptic mechanisms 

following induction. These data reinforce recent findings that long-lasting synaptic enhancement 

can occur in response to low frequency activity patterns, which might mimic some aspects of 

natural neuronal oscillations present during phases of acquisition or consolidation of memory 

processes (e.g., Buzsáki, 1989).  
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Chapter 3.  Low and high frequency induced synaptic potentiation: A 

comparative review of induction protocols, mechanisms and 

implications.  

 
As published in “Low-frequency induced synaptic potentiation: A paradigm shift in the field of 

memory-related plasticity mechanisms” by Habib, D & Dringenberg, HC. 2010. Hippocampus, 

Vol. 20, 29-35. 

3.1 Abstract 

Long-term potentiation (LTP) and long-term depression (LTD) are two forms of synaptic 

plasticity thought to play functional roles in learning and memory processes. It is generally 

assumed that the direction of synaptic modifications (i.e., up- or down-regulation of synaptic 

strength) depends on the specific pattern of afferent inputs, with high frequency activity or 

stimulation effectively inducing LTP, while low-frequency patterns often elicit LTD. This dogma 

("high frequency-LTP, low frequency-LTD") has recently been challenged by evidence 

demonstrating low frequency stimulation (LFS)-induced synaptic potentiation in the rodent 

hippocampus and amygdala. Extensive work in the past decades has focused on deciphering the 

mechanisms by which high frequency stimulation of afferent fiber systems results in LTP. With 

this review, we will compare and contrast the well-known synaptic and cellular mechanisms 

underlying classical, high-frequency-induced LTP to those mediating the more recently 

discovered phenomena of LFS-induced synaptic enhancement. In addition, we argue that LFS 
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protocols provide a means to more accurately mimic some endogenous, oscillatory activity 

patterns present in hippocampal and extra-hippocampal (especially neocortical) circuits during 

periods of memory consolidation. Consequently, LFS-induced synaptic potentiation offers a 

novel and important avenue to investigate cellular and systems-level mechanisms mediating the 

encoding, consolidation, and transfer of information throughout multiple forebrain networks 

implicated in learning and memory processes. 
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3.2  “Hebbian learning” with high frequency stimulation  

 In 1949, the Canadian psychologist D.O. Hebb formalized his visionary postulate 

proposing that correlated activity in presynaptic and postsynaptic neurons is responsible for the 

induction of synaptic changes that take place during information storage in neuronal circuits 

(Hebb, 1949). Long-term potentiation (LTP) exemplifies this type of ‘Hebbian Learning’, as it 

requires coincident pre- and postsynaptic activity to result in long-lasting increases in synaptic 

efficacy. Experimentally, this coincident activity can be effectively mimicked by applying high-

frequency (tetanic) stimulation (HFS) to glutamatergic synapses, resulting in the arrival of 

presynaptic signals at a partially depolarized postsynaptic membrane. Consequently, HFS 

(typically 100 Hz) has been established as a standard protocol to induce long-lasting increases in 

synaptic efficacy at hippocampal and extra-hippocampal synapses (Bliss and Lómo, 1973; 

Raymond, 2007; Caporale and Dan, 2008). Other commonly used induction protocols such as 

theta-burst stimulation (TBS) are also comprised of high frequency components that are repeated 

at a theta rhythm of about 5 Hz (Larson et al., 1986; Stäubli and Lynch, 1987). Even though the 

synaptic activity induced by these stimulation protocols is unlikely to completely mimic 

endogenous activity patterns, they have been instrumental in deciphering mechanisms underlying 

the induction, consolidation, and maintenance of classical LTP. 

3.3 High frequency induced LTP mechanisms: The general consensus  

 The cellular and molecular mechanisms of LTP have been elucidated in great detail, in 

particular for area CA1 of the hippocampus. LTP in CA1 pyramidal cells induced by HFS of 

Schaffer collaterals/commissural fibers requires an initial activation of alpha-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA), metabotropic, and N-methyl-D-aspartate receptors 

(NMDAR; Bliss and Collingridge, 1993; Malenka and Nicoll, 1999; Riedel et al., 2003), which 
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are often co-localized in individual, postsynaptic dendritic spines (He et al., 1998; Lissin et al., 

1998). Depolarization of the postsynaptic membrane in response to AMPA receptor activation 

results in the removal of the voltage-dependent magnesium block of NMDA channels, allowing 

calcium (Ca2+) entry into dendritic spines. The resulting rise in intracellular Ca2+ levels triggers 

the local activity of Ca2+ -calmodulin-dependent protein kinase II (CaMKII) and activation of 

protein kinase C (PKC; Lynch et al., 1983; Malenka et al., 1988; Fukunaga et al., 1995; 

Izquierdo and Medina, 1995; Nicoll and Malenka, 1999; Lisman et al., 2002; for discussions of 

other kinases including protein kinase A (PKA) and extracellular regulated signal kinase, see 

Impey et al., 1998; Selcher et al., 2003; Gelinas et al., 2008). These intracellular events, leading 

to the phosphorylation of AMPA receptors and cAMP response element binding protein (CREB; 

Roberson et al., 1999; Ahmed and Frey, 2005), can ultimately result in downstream mRNA 

transcription and subsequent protein synthesis, processes critical for the initiation of enduring 

forms of synaptic plasticity(Kandel and Squire, 2000; Miyamoto, 2006; Abraham and Williams, 

2008; also see Kleschevnikov and Routtenberg, 2001; Emptage et al., 2003 for discussions of 

presynaptic mechanisms in LTP maintenance, including protein kinase C and changes in 

presynaptic transmitter release). The unifying theme of a critical role of postsynaptic-NMDAR-

Ca2+-dependent mechanisms demonstrated for HFS-induced LTP in the CA1 area extends to 

LTP in extra-hippocampal brain systems, including amygdala and neocortex (Huang and Kandel, 

1998; Blair et al., 2001; Heynen and Bear, 2001; Speechley et al., 2007). 

3.4 From high to low: Have HFS protocols met their match? 

 It is clear that HFS or TBS provide effective means to induce classical, NMDAR-

dependent LTP. In contrast, protocols employing low frequency stimulation (LFS) typically result 

in minimal or no LTP, or in long-term depression (LTD) of hippocampal synapses (Bramham and 



 

46 

 

Srebro, 1987; Christie and Abraham, 1992; Christie et al., 1994; Thiels et al., 1994; Wasling et 

al., 2002; Massey and Bashir, 2007). However, a series of recent reports throws into question 

whether the “HFS-LTP, LFS-LTD” dichotomy fully captures the entire spectrum and directions 

of synaptic modifications that are expressed at hippocampal and some extra-hippocampal 

synapses (see Table 1 for summary of findings). In two initial reports, Li et al. (1998, 2001) 

characterized a surprising form of synaptic potentiation following LFS of inputs to the amygdala. 

Their studies revealed that, in amygdala slices, prolonged LFS (1 Hz, 15 min) of fibers in the 

external capsule (EC) elicits a slow onset, gradually progressing enhancement of excitatory 

postsynaptic potential (EPSP) amplitude in basolateral amygdala neurons, which persisted for 

over 30 min following delivery of the LFS protocol (Li et al., 1998; 2001). More recently, Huang 

and Kandel (2007) examined synaptic potentiation induced by LFS in the cortical-lateral 

amygdala (LA) pathway in vitro, confirming that LFS can elicit gradually developing synaptic 

potentiation in the LA that reached stable levels at approximately 2-3 h after induction (Huang 

and Kandel, 2007). Importantly, LFS-induced LTP (LFS-LTP) is not restricted to cortical-

amygdala synapses, as similar phenomena have now been characterized at some hippocampal 

synapses. Michel Vignes and his colleagues (Lanté et al., 2006 a, b) demonstrate that application 

of LFS (1 Hz, 5 min) to area CA1 produces a gradual, slow-onset form of potentiation of CA1 

synapses in vitro, lasting for at least 30 min post induction. Interestingly, this form of LFS-LTP 

appears to be specific to the CA1 field, since the same LFS protocol did not elicit potentiation 

when applied to either CA3 or the dentate gyrus (Lanté et al., 2006 a,b). Together, these highly 

counterintuitive data sets were the first to demonstrate the phenomenon of high frequency-

independent enhancement of synaptic strength in the forebrain. 
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Table 1. Summary of mechanisms underlying low frequency stimulation (LFS)-induced 

long-lasting synaptic potentiation in the hippocampus and amygdala.  

EC (external capsule), LA (lateral amygdala), mGluR5 (metabotropic glutamate receptor subtype 

5), NMDA (N-methyl-D-aspartic acid), GluR5 (glutamate receptor 5), 5-HT4 (5-

hydroxytryptamine receptor 4), D1 (dopamine receptor subtype 1), β-adrenergic (beta-adrenergic 

receptor), Ca2+ (calcium), cAMP (cyclic adenosine monophosphate), PKA (protein kinase A), 

MAP (Mitogen-activated protein). 

 

 

Anatomical Region Stimulation 

Protocol 

Membrane Receptors Second 

Messengers 

CA1 (Lanté et al. 2006 

a,b) 

1 Hz, 3-5 min mGluR 5-dependent 

 

NMDA-independent 

Rise in 

intracellular Ca2+ 

  cAMPPKA 

MAP 

independent 

CA1 (Habib & 

Dringenberg, in press) 

1 Hz (1:40 min) 

(alternating MS 

and CA3 stim, 

0.5 Hz each) 

NMDA-dependent 

 

nicotinic or muscarinic 

independent  

Unknown  

EC-LA pathway (Li et 

al., 2001) 

1 Hz, 15 min GluR5-dependent 

 

NMDA-independent  

Ca2+ influx 

EC-LA pathway ( Huang 

& Kandel, 2007) 

1 Hz, 15 min 5-HT4, D1 and β-

adrenergic dependent 

 

NMDA-independent  

PKAnew 

protein synthesis 
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  The different form LFS-LTP at synapses between Schaffer collateral/commissural fibers 

and CA1 neurons has recently been characterized under in vivo conditions using urethane 

anesthetized preparations. Habib and Dringenberg (2009), using alternating single pulse 

stimulation of the medial septum (MS) and CA3 (50 pulses each at 0.5 Hz,1000 ms interstimulus 

interval [ISI]], noted a gradual increase of fEPSP amplitude recorded in both strata radiatum and 

oriens of CA1. Many of the characteristics of this type of in vivo synaptic potentiation elicited by 

low-frequency, alternating MS- hippocampal stimulation (MS-H LTP) mirror those of classical 

HFS-LTP, including the long-lasting maintenance phase (> 4 h), the effectiveness of repeated 

induction episodes to result in saturation of synaptic strengthening, and its dependence on NMDA 

receptor activation, as discussed below. 

 In toto, the evidence summarized here provides initial, but compelling evidence for the 

existence of forms of long-lasting synaptic potentiation that do not require classic, high-frequency 

parameters for their effective induction in hippocampal and extra- hippocampal systems. 

3.5 HFS-LTP vs. LFS-LTP mechanisms: How similar are they? 

 The studies reviewed above provide evidence that some forms of LFS-induced synaptic 

potentiation rely on mechanisms quite distinct from those known to mediate classical HFS-LTP. 

Remarkably, the LFS-induced enhancement of fEPSP amplitude characterized in CA1 by Lanté 

et al. (2006a, b) is independent of NMDA receptors, but appears to involve glutamate binding to 

mGluR5 receptors, the release of Ca2+ from internal stores, and PKA activation. Similarly, LFS-

induced synaptic facilitation in lateral and basolateral amygdala neurons is independent of 

NMDA-receptors (Li et al., 2001; Huang and Kandel, 2007). Rather, potentiation in the 

basolateral amygdala requires activation of kainate-type ionotropic glutamate receptors (GluR5; 
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Li et al., 2001), while LF-induced long-lasting synaptic enhancement in the EC-LA pathway 

depends on co- activation of several neuromodulatory receptor types, including serotonin 5-HT4, 

dopamine D1 and β-adrenergic receptors (Huang and Kandel, 2007). In addition, Huang and 

Kandel (2007) established that their form of LFS induced plasticity requires PKA activation and 

the synthesis of new proteins, similar to mechanisms mediating the long- lasting maintenance of 

classical LTP at amygdaloid and other synapses (Huang et al., 2000; Okulski et al., 2002; Huang 

and Kandel, 2007). It will be of interest to determine whether mechanisms of LFS-induced 

synaptic enhancement show parallels to forms of HFS-induced LTP that are independent of 

NMDARs but require opening of voltage-gated calcium channels for their induction (e.g., mossy 

fiber-CA3 synapses; Fisher and Johnston, 1990; Jaffe and Johnston, 1990; Nicoll and Schmitz, 

2005). 

 The fact that several forms LFS-LTP are independent of NMDAR activation is, of 

course, surprising, in light of the paramount role of this receptor as coincidence-detection of pre- 

and post-synaptic activity and induction of numerous forms of synaptic plasticity. Consequently, 

the tight temporal constraints governing NMDA-dependent, coincidence-based plasticity may not 

apply to LFS-LTP, explaining the effectiveness of LFS to induce synaptic enhancement. On the 

other hand, intracellular mechanisms engaged by HFS and LFS appear to share commonalities, 

with a central role played by free, intracellular Ca2+ as a final, common signal triggering further, 

downstream changes. 

 Contrary to the mechanisms of LFS-induced synaptic enhancement in CA1 and amygdala 

in vitro, synaptic enhancement in CA1 elicited by alternating LFS of commissural and medial 

septal afferents in vivo does not occur in the presence of local APV application, indicative of a 

critical role of NMDAR activation (Habib and Dringenberg, 2009). Surprisingly, even though the 



 

50 

 

MS provides the major cholinergic input to the hippocampal formation, MS-H LTP does not 

appear to require cholinergic (muscarinic and nicotinic) receptor activation. Whether other 

neuromodulatory signals are involved in this type of plasticity has not been examined (see Huang 

and Kandel, 2007). 

The difference regarding the role of NMDAR-activation for LFS-LTP in CA1 seen by 

Dringenberg and Habib (2009) and Lanté et al. (2006 a,b) may indicate the existence of several, 

fundamentally different forms of LFS-induced synaptic enhancement. Further, the fact that some 

forms of LFS-LTP appear to be NMDAR- dependent is counterintuitive, given that afferent 

stimulation at a frequency of 1 Hz is well beyond the time window thought to be effective in 

eliciting NMDA-dependent potentiation (Bennett, 2000; Dan and Poo, 2004; Malenka and Bear, 

2004; Bi and Rubin, 2005; Yao and Dan, 2005; see also Massey and Bashir, 2007). It is 

noteworthy, however, that some forms of NMDA-dependent potentiation exhibit surprisingly 

wide temporal windows for the integration of synaptic inputs to trigger synaptic enhancement 

(Popescu et al., 2007). Whether or not the alternating single pulse stimulation to MS and Schaffer 

collaterals/commissural fibers triggers intracellular mechanisms similar to classical LTP or other 

forms of LFS-induced potentiation is currently unknown. 

3.6 LFS-LTP: Relevance to endogenous hippocampal activity 

 A prominent feature of hippocampal activity is the prevalence of several, distinct 

oscillatory patterns that are tightly linked to specific behavioral states and exert important 

influences over the expression of synaptic plasticity (Buzsáki, 2002; Hyman et al., 2003; 

Axmacher et al., 2006). Clearly, induction protocols used to initiate modifications of hippocampal 

synaptic efficacy should mimic activity patterns present in the hippocampus and/or its major 

afferents systems. For example, TBS, a highly effective LTP induction protocol (Larson et al., 
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1986; Stäubli & Lynch, 1987), mimics theta (3-12 Hz) activity present in the hippocampus during 

specific types of behavior (walking, postural adjustments, head movements, REM sleep, “Type 1 

behavior”; Vanderwolf, 1969, 1988; Buzsáki, 2002). However, other prominent hippocampal 

oscillatory patterns occur at frequencies significantly below the theta range. Large amplitude, 

irregular activity (LIA) during behavior such as immobility, grooming, licking, or slow wave 

sleep (“Type 2 behavior”, Vanderwolf, 1969, 1988) contains sharp wave complexes, events of 

significant cellular excitation that are repeated at frequencies between 0.02 to 3 Hz (Buzsáki, 

1989). Further, a highly regular, slow oscillatory pattern of ~1 Hz has recently been characterized 

in the hippocampus of sleeping and anesthetized rats (Wolansky et al. 2006; Schall et al., 2008), 

activity that parallels the slow, neocortical oscillations present in slow wave sleep (Steriade et al., 

1993). Importantly, these endogenous activity patterns occur at frequencies overlapping with 

those used for LFS protocols in the studies summarized above. Consequently, it is tempting to ask 

whether the mechanisms underlying LFS-LTP are of relevance to those mediating the influence 

of slow oscillations on the encoding, consolidation, and transfer of memory traces in hippocampal 

and neocortical ensembles. 

 The role of the hippocampus in memory-related functions is not only engaged during 

wakefulness and information acquisition, but also during sleep and related consolidation 

processes whereby memory traces are believed to be transferred to specific neocortical areas 

(Buzsáki, 1989; McGaugh, 2000). A prominent hypothesis suggests that rhythmic population 

synchrony serves as a mechanism to promote plasticity and memory consolidation during slow 

wave sleep (SWS; Buzsáki, 1989; Sipas and Wilson, 1998; Wolansky et al., 2006). Remarkably, a 

potentially causal relationship between slow rhythms and memory consolidation in neocortical 

and hippocampal networks is gradually emerging (Huber et al., 2004; Peigneux et al., 2004; 
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Marshall et al., 2006; Hoffman et al., 2007). For example, performance on an implicit motor task 

in humans improved during sleep, an effect that correlated with an increase in power of slow 

wave activity (< 4 Hz), which was restricted to the location of cortical networks known to 

mediate visual-motor learning (Huber et al., 2004). Even more impressively, transcranial 

magnetic stimulation of humans after the onset of stage II sleep can improve performance on a 

declarative task, an effect that occurred with stimulation at a frequency of 0.75 Hz, while theta 

frequencies were ineffective (Marshall et al., 2006). Clearly, these studies support the notion that 

slow oscillatory patterns have an important, possibly causal role in synaptic changes that serve to 

consolidate specific types of memories during SWS. The fact that replay of cellular activity from 

waking to subsequent SWS occurs predominantly in phase with low-frequency activity patterns 

(i.e., during hippocampal sharp waves; Kudrimoti et al., 1999) is consistent with this hypothesis. 

3.7 Next steps: The future of LFS-LTP 

 Evidently, the phenomenon of LFS-induced synaptic potentiation and the cellular and 

molecular mechanisms mediating this form of plasticity require a much more complete 

characterization. It appears that some commonalities exist among different types of LFS-induced 

synaptic potentiation, especially with regard to the role of intracellular Ca2+ as a final, common 

signal triggering further, downstream changes. At the same time, important differences have been 

reported regarding some mechanisms underlying LFS-induced potentiation (e.g., NMDA-

dependent and independent). This might suggest the existence of distinct types of LFS-induced 

plasticity, similar to HFS- induced LTP, an assumption that requires assessment based on a 

thorough and systematic analysis of the various receptor and intracellular mechanisms engaged in 

different types of LFS plasticity. Also, given that the majority of studies to date have used in vitro 

preparations, it is imperative to examine and characterize this phenomenon in the intact brain. 
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 In addition to mechanistic studies, deciphering the functional, behavioral significance of 

LFS-induced synaptic potentiation remains a major challenge. As discussed, the frequency bands 

of slow rhythmic activity thought to underlie memory consolidation closely correspond to the 

range of frequencies used to elicit LFS-induced LTP in the hippocampus and amygdala, 

suggesting that LFS-LTP may serve as cellular mechanism for learning and state-dependent 

memory consolidation. A critical test of this hypothesis will require an integrative approach using 

intact, in vivo preparations, allowing the inclusion of behavioral assessments to establish more 

direct links between synaptic changes and the process of memory consolidation. In this regard, 

rodent models will serve as a critical bridge between in vitro slice work and the literature on 

slow-wave oscillations and sleep-dependent consolidation in humans. Ultimately, work on LFS-

LTP may provide a platform for understanding the cellular processes mediating the influence of 

endogenous, low frequency oscillations on plasticity in relation to memory consolidation and 

transfer between hippocampal and neocortical networks. 

3.8 Conclusions 

 Since the discovery of LTP, application of HFS of glutamatergic synapses has provided a 

highly effective method for eliciting long-lasting increases in synaptic efficacy, while low-

frequency activity patterns are assumed to produce synaptic depression at hippocampal and extra-

hippocampal synapses. Here, we have summarized evidence for the existence of high frequency-

independent forms of synaptic potentiation, some of which may depend on cellular and molecular 

mechanism distinct from those mediating classical LTP. Clearly, extensive studies are needed to 

mechanistically characterize LFS-induced potentiation, and decipher its functional roles in 

memory consolidation. Given the increased recognition that low frequency neural events play a 

critical role in consolidation processes, we anticipate that the emerging field of LFS-LTP will 
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bring an important paradigm shift to the study of plasticity processes in relation to learning and 

memory functions in the mammalian forebrain. 
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Chapter 4. Surprising similarity between mechanisms mediating low (1 

Hz)-and high (100 Hz)-induced long-lasting synaptic potentiation in 

CA1 of the intact hippocampus 

 
As published in “Surprising similarity between mechanisms mediating low (1 Hz )- and high (100 Hz)-

induced long-lasting synaptic potentiation in CA1 of the intact hippocampus” by Habib, D & 

Dringenberg, HC. 2010. Neuroscience Vol. 170, 489-496.  

   

4.1 Abstract 

It is generally assumed that long lasting synaptic potentiation (long-term potentiation, LTP) and 

depression (long-term depression, LTD) result from distinct patterns of afferent activity, with 

high and low frequency activity favoring LTP and LTD, respectively. However, a novel form of 

N-methyl-D-aspartate (NMDA) receptor-dependent synaptic potentiation in the hippocampal 

CA1 area in vivo induced by low frequency afferent stimulation has recently been demonstrated. 

Here, we further characterize the mechanisms mediating this low frequency stimulation (LFS)-

induced LTP in area CA1 of intact, urethane-anesthetized preparations. Consistent with previous 

reports, alternating, low frequency (1 Hz) stimulation of CA1 afferents originating in the 

contralateral CA3 area and the medial septum resulted in gradually developing, long lasting (> 2 

hours) LTP of field excitatory postsynaptic potentials (fEPSPs) recorded in CA1. Local 

application of the protein synthesis inhibitor anisomycin in CA1 blocked LFS-induced LTP, as 

did application of H89, an inhibitor of protein kinase A. Given the apparent overlap in molecular 

mechanisms mediating LFS-LTP and “classic” high-frequency stimulation (HFS)-induced LTP in 
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CA1, we examined the relation between these forms of LTP by means of occlusion experiments. 

LFS, delivered to synapses saturated by initial HFS, resulted in a gradually developing LTD, 

rather than the normally seen LTP. Conversely, initial induction of LFS-LTP reduced the amount 

of subsequent HFS-LTP. Together, these experiments reveal a surprising similarity in the 

molecular mechanisms (dependence on NMDA receptors, protein kinase A, protein synthesis) 

mediating LTP induced by highly distinct (1 vs. 100 Hz) induction protocols. Importantly, these 

findings further challenge the “high-frequency-LTP, low-frequency LTD” dogma by 

demonstrating that this dichotomy does not account for all types of plasticity phenomena at 

central synapses.  
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4.2 Introduction 

It is generally accepted that high-frequency stimulation (HFS) of glutamatergic fibers 

provides an effective method for eliciting long-lasting increases in synaptic efficacy (e.g., long-

term potentiation, LTP) while low-frequency stimulation (LFS) protocols typically induce long-

term depression (LTD; Bliss and  Lómo, 1973; Raymond, 2007; Caporale and Dan, 2008). 

Surprisingly, however, several reports have now confirmed the existence of LFS-induced 

synaptic potentiation (LFS-LTP) in the amygdala and hippocampal formation (Mayford et al., 

1995; Thomas et al., 1996; Li et al., 1998; Lanté et al., 2006a, b; Huang and Kandel, 2007; Habib 

and Dringenberg, 2009). In the hippocampal CA1 area in vitro, 1 Hz stimulation of local CA1 

synapses results in a gradually developing, relatively stable (> 30 min) potentiation of field 

excitatory postsynaptic potentials (fEPSPs; Lanté et al., 2006a, b). This form of LFS-LTP is 

independent of N-methyl-D-aspartic (NMDA) receptors and requires mGluR5 activation, the 

release of Ca2+ from internal stores, and protein kinase A (PKA; Lanté et al., 2006b). Similarly, in 

the lateral and basolateral amygdala, NMDA receptor-independent LTP can occur following 1 Hz 

stimulation of the external capsule in vitro, a phenomenon mediated by several mechanisms, 

including GluR5, several neuromodulatory receptors (e.g., 5-HT4, D1), as well as PKA activation 

and protein synthesis (Li et al., 2001; Huang and Kandel, 2007).   

Recent evidence has extended this work by demonstrating similar phenomena in the 

intact brain. In anesthetized rats, fEPSPs in area CA1 show significant, long lasting potentiation 

(> 5 h) following alternating, single pulse stimulation (at 1 Hz) of the medial septum (MS) and  

hippocampal (H) CA3 area (MS-H LTP; Habib and Dringenberg, 2009). In contrast to the forms 

of LFS-LTP noted in vitro, MS-H LTP requires NMDA receptor activation, similar to most types 

of classical, HFS-LTP. Consequently, it is possible that several types of LFS-LTP exist at 
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hippocampal and other synapses, distinguished by differences in receptor and cellular signals 

required for their induction. At present, the intracellular mechanisms mediating MS-H LTP have 

not been elucidated. Consequently, the present experiments aimed to further characterize some of 

the critical signaling mechanisms mediating this novel form of plasticity in the intact brain 

preparation. Further, the relation between MS-H LTP and LTP induced by high-frequency (100 

Hz) stimulation was assessed by conducting occlusion experiments, delivering LFS either before 

or after HFS stimulation of CA1 afferents. The potential role of low frequency, oscillatory 

activity patterns in sleep-related memory consolidation has received considerable attention in the 

last several years (Buzsáki, 1998; Sirota and Buzsáki, 2005; Born et al., 2006). It is possible that 

the form of LTP characterized here could provide one of the mechanisms mediating the influence 

of endogenous slow oscillations on synaptic plasticity, thought to occur during sleep in the 

mammalian brain.  

4.3 Experimental Procedures  

4.3.1 Subjects and surgical preparation 

All experiments were performed on male Long-Evans rats (320-450 g) housed in a 

colony room (12 /12-h reverse light cycle) with food and water available ad libitum. The 

procedures were conducted in accordance with the guidelines of the Canadian Council on Animal 

Care and approved by the Queen’s University Animal Care Committee. Each rat was used for 

only one experiment. 

Experimental procedures were conducted under deep urethane anaesthesia (1.5 g/kg, 

intraperitoneal [i.p.], administered in three 0.5 g/kg doses every 20 min and supplemented with 

0.2-0.6 g/kg as required prior to the onset of data collection). Rats were placed in a stereotaxic 

apparatus and body temperature was maintained between 36 and 37˚ C by means of an electrical 
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heating blanket. An incision was made to expose the skull surface and small skull holes were 

drilled above the CA3 region (AP -4.16, ML +3.0, V -4.0), the contralateral CA1 (stratum 

radiatum) area (AP -4.16, ML -3.0, V -3.0), and at bregma point (AP 0.0, ML 0.0, V – 6.5) to 

gain access to the MS. Skull holes for ground and reference electrodes (jewellery screws attached 

to miniature connectors) were made in the bone overlying the prefrontal cortex and cerebellum, 

respectively. An additional skull hole for a MS stimulation return electrode (jewellery screw) was 

drilled adjacent to bregma. All stereotaxic measurements were based on the anatomical work of 

Paxinos and Watson (1998). Final ventral placements of the CA3 stimulation and the CA1 

recording electrode were adjusted to elicit maximal fEPSP amplitude and paired-pulse facilitation 

(100 ms interstimulus interval, ISI) in area CA1 in response to contralateral CA3 stimulation.  

4.3.2 Electrophysiology 

  Stimulation of CA3 (0.2 ms pulses every 30 s, intensity adjusted to yield 50-60% of 

maximal fEPSP amplitude) was provided by a concentric bipolar electrode (Rhodes Medical 

Instruments Series 100, David Kopf, Tujunga, CA, USA) connected to a stimulus isolation unit 

providing a constant current output (PowerLab/16 s system with ML 180 Stimulus Isolator, AD 

Instruments, Toronto, Canada). MS stimulation was provided through a monopolar electrode 

(Teflon insulated stainless steel, 125-µm tip diameter) delivering single, negative constant-current 

pulses (0.2 ms duration, 0.5 mA).  

All fEPSPs in stratum radiatum of CA1 were differentially recorded (Teflon insulated 

stainless steel wire, 125-µm tip diameter) against a reference electrode placed in the bone 

overlaying the cerebellum. The CA1 signals were amplified, filtered (0.3-1 kHz), digitized (10 

kHz), and stored for subsequent off-line analysis using the PowerLab system running Scope 

software (v. 4.0.2).  
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4.3.3 Data collection and pharmacological manipulation  

Prior to formal data collection, input-output curves were established for each animal by 

recording fEPSPs in CA1 in response to CA3 stimulation between 0.1 and 1.0 mA (0.1 mA 

increments). Based on these input-output curves, a stimulation intensity eliciting between 50-60% 

of the maximal fEPSP amplitude was chosen for the subsequent experiment. For each rat, 60 

initial baseline fEPSPs (every 30 s) were recorded. For all animals receiving local drug 

application in area CA1, a second baseline recording of 60 fEPSPs (every 30 s) was taken after 

drug application to verify that the drug did not alter baseline synaptic strength at CA3-CA1 

synapses.  

Following stable baseline recordings, the MS-CA3 stimulation protocol was delivered, 

consisting of 100 single pulses, alternating between MS and CA3 (50 pulses for each area, 

delivered at 0.5 Hz, with an ISI of 1000 ms between successive, alternating MS and CA3 pulses). 

Typically, recordings of fEPSPs in CA1 (every 30 s, as in baseline) in response to single pulse 

CA3 stimulation continued for four hours following the alternating stimulation protocol. In one 

group of rats, the MS-CA3 stimulation protocol was delivered twice, with the second delivery 

occurring 2 h after the initial MS-CA3 stimulation. Further, to verify that alternating co-activation 

of both MS and CA3 fibers is required to elicit LFS-induced potentiation, a group of control 

animals was studied that received only CA3 pulses during the induction protocol (100 pulses at 1 

Hz). 

In order to assess the relation between MS-H LTP and LTP induced by HFS, occlusion 

experiments were conducted by delivering the MS-CA3 protocol either before or after HFS (100 

Hz) stimulation of CA3-CA1 fibers. One group of animals received initial HFS of CA3 (100 

pulses at 100 Hz), repeated at 10 min intervals until LTP saturation was reached (i.e., no further 
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fEPSP amplitude enhancement in CA1 was seen), at which point the MS-CA3 stimulation 

protocol was delivered. Another group received the MS-CA3 stimulation protocol first, followed 

2 h later by HFS (as above), which again was repeated (every 10 min) until a saturation point was 

reached. In order to assess the effects of initial saturation of MS-H LTP on subsequent HFS-

induced LTP, an additional group of animals received repeated episodes of MS-CA3 stimulation 

at 2 h intervals until fEPSP amplitude in CA1 could no longer be potentiated with this LFS. 

Following LFS-induced saturation, these animals received repeated episodes of HFS (every 10 

min, same as above) until a saturation point was reached.  

For experiments assessing the role of protein synthesis and PKA, a microdialysis probe 

(Mab. 2.14.2; 2-mm active polyethersulfane membrane length, 35-kDa cutoff; S.P.E. Ltd., North 

York, ON, Canada) was placed immediately adjacent to the recording electrode in CA1, with the 

probe tip extending about 1 mm below the electrode tip, permitting local drug application in CA1 

using reverse microdialysis. The dialysis probe was connected to a Hamilton microsyringe driven 

by a microdialysis pump (CMA ⁄ 102, CMA Microdialysis, Solna, Sweden) and continuously 

perfused (1.0 µL/min) with a mixture of artificial cerebrospinal fluid (aCSF) and dimethyl 

sulfoxide (DMSO; aCSF/DMSO ratio of 9:1; aCSF composition in mM: 118.3 NaCl, 4.7 KCl, 1.2 

MgSO4, 1.2 NaH2PO4, 2.5 CaCl2, 10.0 glucose, 22.1 NaHCO3). Reverse dialysis allows local 

drug application by means of concentration-driven diffusion of drug molecules through the 

dialysis probe membrane into the surrounding neural tissue, with estimated drug concentrations 

outside the membrane reaching approximately 10% of concentration contained in the perfusion 

medium (e.g. Oldford and Castro-Alamancos, 2003).  

For these experiments, an initial baseline (30 min) was obtained prior to drug application 

(i.e., during aCSF + DSMO application). Subsequently, either the transcription inhibitor 
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anisomycin (0.5 and 1.0 mM) or the selective PKA inhibitor H89 (1.0 mM) was applied in CA1 

and continued throughout the rest of the experiment. A second (30 min) baseline in the presence 

of the drug was obtained, starting at 10 min following the onset of drug application. After this 

baseline, the MS-CA3 alternating stimulation protocol was delivered and recordings continued 

for 4 hours, as described above. Control animals received continuous aCSF + DMSO during the 

course of the entire experiment. In addition, for both drugs and drug concentrations, further 

control experiments without the delivery of the MS-CA3 protocol were also performed to assess 

the effects of long-lasting drug application on baseline, non-potentiated synaptic strength of CA3-

CA1 synapses.  

At the end of each experiment, rats were perfused through the heart with 10% formalin, 

their brains were extracted, and standard histological techniques were used to verify all electrode 

placements. Data obtained with inaccurate placements were excluded from the data analysis.  

 

Data Analysis 

All data are expressed as a mean ± standard error of mean (S.E.M.). The maximal fEPSP 

amplitude was analyzed offline by the Scope software. Subsequently, amplitude data were 

averaged over 10-min intervals, and these averages were normalized by dividing all data for each 

rat by the average baseline (pre MS-CA3 alternating stimulation) amplitude of that animal. For 

statistical analyses, analyses of variance (ANOVA) and, where statistically appropriate, simple 

effects tests were computed using the software package CLR ANOVA (v.1.1, Clear Lake 

Research Inc., Houston, TX).  
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4.4 Results 

4.4.1 Synaptic enhancement following alternating MS-CA3 single pulse stimulation (MS-H 

LTP) 

In urethane-anesthetized rats, single stimulation pulses applied to area CA3 produced 

positive-going fEPSPs (latency to peak about 10-11 ms) recorded in the stratum radiatum of the 

contralateral CA1 area (Fig. 7 insert). A group of control animals (n = 5) received only CA3 

stimulation during the induction protocol (i.e., 100 single pulses to CA3 at 1 Hz for each 

induction episode). In these rats, fEPSP amplitude in area CA1 did not show significant changes 

during the course of the experiment (Fig. 7), with mean amplitude of 95 % following the first 

induction protocol (values are averages over 30 min of recording between 1.5-2 h after protocol 

delivery), and 89 % during the epoch occurring 1.5-2 h after the second protocol delivery. In 

contrast, delivery of the protocol consisting of alternating single pulses applied to the MS and 

CA3 (n = 7) produced a gradual, significant increase in fEPSP amplitude over the course of the 

experiment (Fig. 7; MS-CA3 stimulation consisted of a total of 50 pulses at 0.5 Hz for each area, 

starting with MS, 1000 ms ISI). Amplitude of fEPSPs averaged over the 1.5 to 2 h epochs after 

delivery of the first and second induction episode were 113 % and 129 % of baseline, respectively 

(Fig. 7). Thus, in accordance with previous data (Habib and Dringenberg, 2009), alternating co-

activation of MS and CA3 fibers elicits LTP, while the same total number of pulses applied to 

only CA3 fails to elicit significant potentiation.  

4.4.2 MS-H LTP is dependent on protein synthesis and PKA activation  

Long-lasting synaptic potentiation generally requires activation of protein kinases and the 

subsequent synthesis of new proteins (Kandel and Squire, 2000; Miyamoto, 2006; Abraham and  
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Figure 7. The effect of alternating stimulation of the medial septum (MS) and CA3 area on 

amplitude of CA1 field excitatory postsynaptic potentials (fEPSPs) in the stratum radiatum.  

Delivery of alternating, low frequency stimulation (LFS, at arrows) of the MS and CA3 (MS-

CA3; n = 7; two induction episodes delivered 2 h apart) resulted in a significant enhancement of 

fEPSP amplitude. In contrast, single pulses applied to CA3 only (i.e., in the absence of MS 

stimulation) failed to induce synaptic enhancement (n = 5). Inserts depict typical fEPSPs in 

stratum radiatum during baseline (black) and at the end of the experiment (grey) in animals 

receiving either MS-CA3 (left) or only CA3 stimulation (right; each fEPSP shown is an average 

of 10 individual sweeps, calibration is 10 ms and 1 mV). Statistics: ANOVA comparing MS-CA3 

and CA3 only groups, effect of group, F 1, 10 = 13.5, P = 0.0042, effect of time, F26, 260 = 1.8,   P = 

0.01; group by time interaction, F26, 260 = 5.2, P < 0.0001; simple effect of time significant for 

animals receiving MS-CA3 stimulation (F 26, 156 = 5.7, P < 0.0001), but not for animals receiving 

only CA3 stimulation (F 26, 104 = 0.7, P = 0.82). * denote significant (P < 0.05; simple effects 

tests) group differences.  
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Williams, 2008). Consequently, we assessed whether these mechanisms mediate LFS-induced 

plasticity studied under in vivo conditions. For these experiments, local drug application at the 

CA1 recording site was performed by means of reverse microdialysis. In the presence of 

continuous aCSF + DMSO application (n = 8), alternating MS-CA3 stimulation produced a 

gradual, significant increase of fEPSP amplitude over the 4 h recording period following protocol 

delivery (Fig. 8A; average fEPSP amplitude of 122% of baseline during the final 30 min of the 

experiment).  

For the initial experiments assessing the effects of protein synthesis inhibition, 

anisomycin at a concentration of 1 mM completed blocked MS-H LTP induced by alternating 

MS-CA3 stimulation (n = 7; data not shown). However, this concentration also appeared to 

suppress non-potentiated fEPSP amplitude (n = 4; data not shown). Consequently, these 

experiments were repeated with a lower anisomycin concentration (0.5 mM, n = 6), which 

produced only a minor, non-significant change in non-potentiated fEPSPs (Fig. 8C; n = 5, fEPSP 

amplitude of 88 % of baseline during the last 30 min of the experiment). In the presence of this 

lower concentration of anisomycin, MS-CA3 stimulation (n = 6) failed to elicit synaptic 

potentiation and, in fact, resulted in a significant fEPSP depression (Fig 8A; average fEPSP 

amplitude of 49% of baseline during the final 30 min of the experiment). This suppressant effect 

was due to the delivery of the stimulation protocol, since the decrease in fEPSP amplitude in MS-

CA3 rats was significantly greater than that seen in control animals exposed to anisomycin 

without MS-CA3 stimulation (Fig. 8C; n = 5).  

Next, we probed the potential role of PKA in MS-H LTP by applying H89 (1 mM, n = 8), 

a selective inhibitor of cAMP-dependent PKA. In the presence of H89, delivery of the MS-CA3 

protocol no longer induced significant levels of synaptic potentiation (Fig. 8B; final fEPSP  
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Figure 8. Local application of anisomycin or H89 prevents enhancement of field excitatory 

postsynaptic potential (fEPSP) amplitude following alternating medial septum (MS)-CA3 

stimulation.  

In the presence of artificial cerebrospinal fluid (aCSF) and dimethyl sulfoxide (DMSO; n = 8, 

applied in CA1 by reverse microdialysis), alternating MS-CA3 stimulation (MS-CA3 Stim., at 

arrow, same parameters as in Fig. 7) resulted in a gradual increase in fEPSP amplitude over a 4 h 

recording period (A and B). In contrast, during local application of anisomycin (A; 0.5 mM, n = 

6) or H89 (B; 1 mM, n = 8), MS-CA3 stimulation failed to produce this effect. Control 

experiments (C) assessing changes in fEPSP amplitude during continuous drug application in the 

absence of delivery of the MS-CA3 protocol revealed that fEPSP amplitude showed a small, but 

non-significant decline in the presence of anisomycin (0.5 mM, n = 5) and H89 (1 mM, n = 4). 

Drugs were applied locally (at arrow) in CA1 after an initial 30 min baseline period recorded in 

the presence of aCSF + DMSO, and application continued throughout the experiment. Inserts 

depict fEPSPs during baseline (black) and at the end of the experiment (grey) for an animal 

receiving aCSF + DMSO (left), anisomycin (middle), or H89 (right). Note the blockade of 

synaptic potentiation in the rats receiving anisomycin or H89 (fEPSPs are averages of 10 

individual sweeps, calibration is 10 ms and 0.5 mV). Statistics: ANOVA comparing anisomycin 

(0.5 mM) and aCSF + DMSO, effect of group, F 1,12 = 44.95, P < 0.0001, effect of time F 29, 348 = 

4.36, P < 0.0001, group by time interaction, F 29,348 = 16.62, P < 0.0001; H89 and aCSF + 

DMSO, effect of group, F 1,14 = 8.63, P = 0.01, effect of time F 29, 406 = 0.32, P = 0.99, group by 

time interaction, F 29,406 = 3.81, P < 0.0001; anisomycin stimulation vs. anisomycin no 

stimulation, effect of group, F 1,9 = 16.95, P = 0.01, effect of time F 29, 261 = 13.75, P < 0.0001, 

group by time interaction F 29,261 = 9.59, P < 0.0001; H89 stimulation vs. H89 no stimulation, 
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effect of group, F 1,10 = 0.21, P = 0.65, effect of time F 29, 290 = 1.17, P = 0.25, group by time 

interaction F 29,290 = 0,77, P = 0.79. Simple effects of time significant (P < 0.05) for all groups 

receiving MS-CA3 stimulation (panels A and B), but not for groups without stimulation (panel 

C). * denote significant (P < 0.05; simple effects tests) group differences.  
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amplitude of 85% of baseline). Application of H89 (n = 4) in the absence of MS-CA3 stimulation 

did not exert significant effects on fEPSPs amplitude (Fig. 8C; final fEPSP amplitude of 96% of 

baseline). The two groups receiving H89 with and without the MS-CA3 protocol did not differ 

significantly from one another, indicating that LFS was not responsible for the minor depressant 

effect observed in the MS-CA3 group. Collectively, these experiments demonstrate the 

importance of activation of PKA and protein synthesis in low frequency-induced MS-H LTP. 

4.4.3 Competition between LTP induced by LFS (1 Hz) and HFS (100 Hz) 

It appears that the mechanisms of MS-H LTP described here and previously (dependence 

on NMDA receptors, PKA, and protein synthesis) match those involved in classic, HFS-induced 

LTP at CA1 synapses (Malenka and Nicoll, 1999; Gelinas et al., 2008; Habib and Dringenberg, 

2010). Thus, we assessed the relation between MS-H LTP and HFS-induced LTP by occlusion 

experiments, delivering LFS either before or after HFS stimulation of CA1 afferents. Initially, we 

asked whether saturation of HFS-LTP interferes with the subsequent induction of LFS-induced 

MS-H LTP. Following baseline recordings, HFS (100 pulses at 100 Hz, n = 7) was delivered to 

CA3, and this protocol was repeated every 10 min until a saturation point was reached, as 

indicated by a lack of further potentiation of CA1 fEPSP amplitude after the preceding 100 Hz 

train. An average of four (range of 3-6) HFS episodes was required to reach LTP saturation (Fig. 

9A; fEPSP amplitude of 213% of baseline). Subsequent to saturation, the MS-CA3 protocol was 

delivered (same as above). Surprisingly, under these conditions, this protocol resulted in a 

gradual, significant decrease of fEPSP amplitude over the remainder of the experiment (2 h post 

LFS; Fig. 9A; final fEPSP amplitude of 171% of baseline). In contrast, control animals (n = 6) 

that received only CA3 stimulation (1 Hz) after the initial HFS-induced LTP saturation displayed 

no significant change in fEPSP amplitude following LFS delivery (Fig. 9A, 209% of baseline). 
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Figure 9. Competition between LTP induced by alternating medial septum (MS)-CA3 

stimulation and high frequency stimulation (HFS) of CA3-CA1 synapses 

A) Initial HFS (at arrows; 100 pulses at 100 Hz, repeated at 10 min intervals) resulted in 

saturation of fEPSP amplitude in CA1 (note that separate animals required different numbers of 

HFS episodes to reach saturation; data shown are the last three 10 min epochs for each rat prior to 

LFS delivery). Following saturation, animals that received MS-CA3 stimulation (LFS, at arrow) 

showed a gradual, significant decrease of fEPSP amplitude (n = 7), while rats (n = 6) receiving 

CA3 only stimulation (at arrow) did not show a significant amplitude change relative to saturated 

LTP levels. Statistics: ANOVA comparing MS-CA3 and CA3 only: effect of group F 1, 11 = 1.5, P 

= 0.24, effect of time, F17, 187 = 45.6, P < 0.0001; group by time interaction, F17, 187 = 2.5, P = 

0.0012. * denote significant (P < 0.05; simple effects tests) group differences. B) Initial delivery 

of a single episode of alternating MS-CA3 stimulation (LFS, at arrow) resulted in a gradual, 

significant amplitude enhancement (n = 6), while stimulation of CA3 only showed no significant 

change in fEPSP amplitude (n = 6). Subsequent delivery of HFS (at arrows; same as above) 

resulted in identical, maximal (i.e., saturated) levels of LTP in both groups of animals (note that 

the first data point shown for HFS is the final saturation point for all animals). Statistics: 

ANOVA comparing MS-CA3 and CA3 only for data prior to HFS, effect of group F 1, 9 = 6.65, P 

= 0.03, effect of time, F14, 126 = 5.84, P < 0.0001; group by time interaction, F14, 126 = 1.94, P = 

0.03; for data after HFS, effect of group F 1, 9 = 0.12, P = 0.74, effect of time, F7,63 = 15.79, P 

<0.001; group by time interaction, F7, 63 = 0.92, P = 0.50. * denote significant (P < 0.05; simple 

effects tests) group differences. C) Repeated delivery of the MS-CA3 stimulation protocol (at 

arrows) resulted in a gradual, significant amplitude enhancement over 6 h that reached saturation 

after the second LFS episode (n = 5). Subsequent delivery of HFS (at arrows; same as above) 
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resulted in similar, saturated levels of LTP as that seen in animals receiving only one episode of 

MS-CA3 stimulation (see panel 9B). Statistics: ANOVA comparing data obtained after HFS in 

rats that had received one and repeated episodes of MS-CA3 stimulation, effect of group F 1, 9 = 

0.16, P = 0.70, effect of time, F7, 63 = 13.21, P < 0.001; group by time interaction, F7, 63 = 0.96, P 

= 0.47).  
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Consequently, it appears that the effect of MS-CA3 stimulation to induce synaptic potentiation is 

blocked by the initial saturation of LTP following a standard, HFS protocol.  

Subsequently, we carried out experiments using the reverse order of induction protocols, 

that is, first applying alternating low-frequency MS-CA3 stimulation, which was followed by 

repeated HFS (100 Hz) of CA3 until LTP saturation was reached. Consistent with results reported 

above, an initial, single episode of MS-CA3 stimulation increased fEPSP amplitude over a 2 h 

recording period (average fEPSP amplitude of 116% of baseline during the final 30 min of the 

experiment). Subsequent delivery of HFS (100 pulses at 100 Hz, every 10 min) to CA3 resulted 

in further fEPSP potentiation, which reached a maximum (i.e., saturation) of 202 % of baseline 

(Fig 9B). An average of three (range 2-5) HFS bursts was required to reach saturation. In control 

rats that received initial low frequency CA3 stimulation (100 pulses at 1 Hz), fEPSP amplitude 

remained stable over a 2 h recording period (Fig. 9B; average fEPSP of 103%). Subsequent HFS 

of CA3 resulted in synaptic potentiation to a maximum of 202% of baseline (Fig. 9B), with an 

average of five HFS bursts (range 2-8) required to reach saturation.  

Moreover, in an additional group of rats, the effects of repeated MS-CA3 stimulation on 

subsequent HFS-induced LTP were examined. Here, animals received repeated episodes of MS-

CA3 stimulation at 2 h intervals until fEPSP amplitude in CA1 could no longer be potentiated 

using this LFS protocol (3 induction episodes over 6 h; Fig 9C). Amplitude of fEPSPs averaged 

over 1.5 to 2 h after each of the first, second, and third induction episodes were 118%, 128%, and 

127% of baseline, respectively. Subsequent HFS of CA3 resulted in synaptic potentiation, which 

saturated at 200% of baseline (Fig. 9C), with an average of 2 HFS bursts (range 2-3) required to 

reach this saturation point.  
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The fact that final, HFS-induced saturation points were similar in groups that did and did 

not receive MS-H LTP induction first (between 200% and 202%) indicates that LFS and HFS did 

not result in any detectable, additive effects on synaptic strength. Thus, it appears that MS-CA3 

stimulation competes for the same mechanisms also engaged by HFS of afferent fibers to CA1 

under the present, experimental conditions.  

4.5 Discussion 

A number of recent papers have demonstrated novel forms of long-lasting synaptic 

potentiation in amygdalar and hippocampal slice preparations following LFS of various afferent 

fibers (Mayford et al., 1995; Thomas et al., 1996; Li et al., 2001; Lanté et al., 2006a, b; Huang 

and Kandel, 2007; Habib and Dringenberg, 2009). Moreover, a LFS-induced, long-lasting form 

of NMDA receptor-dependent synaptic enhancement has recently been characterized in the CA1 

area of the intact hippocampal formation (MS-H LTP; Habib and Dringenberg, 2009). Here, we 

provide a more comprehensive characterization of cellular mechanisms responsible for MS-H 

LTP elicited in CA1 of the urethane anesthetized rat preparation. Our experiments demonstrate a 

critical role of PKA activation and protein synthesis in this novel form of LFS-induced synaptic 

potentiation. Interestingly, similar mechanisms are known to mediate HFS-induced LTP in CA1 

neurons, including NMDA receptor activation, elevation of intracellular Ca2+, activation of 

multiple kinases such as PKA, and further downstream changes resulting in mRNA transcription 

and subsequent protein synthesis (Lynch et al., 1983; Izquierdo and Medina, 1995; Lisman et al., 

2002; Selcher et al., 2003; Abraham and Williams, 2008; Gelinas et al., 2008). Consistent with 

this overlap between HFS- and LFS-induced forms of plasticity, we find that initial LTP 

saturation using 100 Hz stimulation blocks MS-H LTP, while induction of MS-H LTP competes 

with subsequent HFS-LTP. Collectively, these experiments suggest that highly distinct patterns of 
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afferent activity (1 vs. 100 Hz) can recruit similar mechanisms to elicit long-lasting increases in 

synaptic strength at CA3-CA1 synapses in vivo. 

Initially, we show that alternating, single pulse stimulation of the MS and CA3 area (50 

alternating stimulation pulses each, 1 s ISI) elicits synaptic potentiation of fEPSPs recorded in the 

contralateral CA1 area. In contrast, CA3 stimulation alone (100 pulses, 1 Hz) did not result in 

significant changes in fEPSP amplitude. Similarly, previous work has shown that stimulation of 

the MS only (i.e., in the absence of CA3 pulses) also does not elicit fEPSP potentiation, 

observations that demonstrate the critical requirement for co-activation of MS and CA3 fibers for 

the induction of MS-H LTP (Habib and Dringenberg, 2009).   

As mentioned above, the mechanisms of MS-H LTP described here exhibit surprising 

parallels to those involved in HFS-induced LTP in the CA1 field. Several, other forms of LFS-

induced potentiation known to occur in the amygdala and hippocampus also appear to involve 

similar signalling mechanisms. Low frequency induced synaptic potentiation in CA1 pyramidal 

and basolateral amygdala neurons in vitro is blocked in the presence of PKA or protein synthesis 

inhibitors, confirming the critical role of these signalling pathways in both slice and intact 

preparations (Lanté et al., 2006b; Huang and Kandel, 2007). At present, the only, clear difference 

among various types of LFS-induced synaptic potentiation lies in the requirement for NMDA 

receptor activation in MS-H LTP (Habib and Dringenberg, 2009). All other forms of LFS-

induced enhancement can readily be elicited under conditions of NMDA receptor blockade and 

appear to be mediated by either mGluR5 (in CA1; Lanté et al., 2006b), kainate-type ionotropic 

glutamate receptors (in lateral amygdala; Li et al., 2001), or co-activation of several 

neuromodulatory binding sites (5-HT4, dopamine D1, and ß-adrenergic receptors in the 

basolateral amygdala; Huang and Kandel, 2007).  



 

77 

 

To further assess the putative overlap between cellular mechanisms involved in MS-H 

LTP and HFS-induced LTP, we carried out additional experiments to examine potential 

competition and/or occlusion between these LTP induced by these distinct (1 vs. 100 Hz) 

induction protocols. Initial HFS to saturate LTP blocked further MS-H LTP and, in fact, reversed 

the effect of alternating MS-CA3 stimulation from potentiation to synaptic depression. Similarly, 

initial induction of MS-H LTP reduced the amount of subsequent HFS-LTP, so that final, 

saturated levels of LTP were the same in rats that did not receive initial MS-CA3 stimulation. The 

complete absence of any additive or synergistic effects of HFS and LFS delivered to the same 

animal provides an important, further confirmation of the mechanistic similarity of synaptic 

potentiation elicited by these different stimulation protocols under the present, experimental 

conditions.  

The experimental evidence presented here raises the intriguing and puzzling question as 

to how such distinct stimulation patterns can recruit apparently identical receptor and intracellular 

mechanisms. Typically, LFS (usually 1 Hz) results in a moderate increase in intracellular Ca2+ 

levels, leading to a depression of synaptic efficacy, while greater influx of Ca2+ (as seen with 

various HFS protocols) elicits LTP (Teyler et al., 1994; Debanne, 1996; see also Massey and 

Bashir, 2007). The observation that alternating (1 Hz) stimulation of septal and commissural 

fibers resulted in synaptic enhancement suggests that intracellular Ca2+ levels were higher than 

those seen with standard (1 Hz) LTD induction protocols, even though they clearly must be below 

levels seen with HFS, which results in much greater levels of potentiation that those seen in MS-

H LTP. Certainly, it appears that low-frequency, co-activation of converging afferents (also see 

Popescu et al., 2007) to the CA1 area constitutes a more effective means of NMDA receptor 

activation/Ca2 influx than protocols consisting of stimulation of only one set of afferent fibers 
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(Dudek and Bear, 1992). At present, direct support for these assumptions is lacking, but the use of 

Ca2+ imaging techniques and direct recordings of NMDA receptor currents might allow for their 

assessment.  

An important, unanswered question concerns the functional, behavioral significance of 

MS-H LTP characterized here and previously. Recent, preliminary experiments have shown that 

spatial (water maze) acquisition, a type of learning critically dependent on the integrity of the 

septohippocampal system (Frielingsdorf et al., 2006; Dashniani et al., 2009), results in the 

occlusion of MS-H LTP at 3 h but not 24 h after training (D. Habib and H.C. Dringenberg, 

unpublished observations). Similar occlusion/saturation approaches (Martin and Morris, 2002) 

have been used to confirm the role of LTP in hippocampal (e.g., inhibitory avoidance; Whitlock 

et al., 2006) and neocortex-dependent learning (e.g., motor learning, Rioult-Pedotti et al., 1998). 

If confirmed, these data would support a possible role of MS-H LTP in early stages of 

consolidation of spatial information encoding in hippocampal circuits.  

In summary, the present set of experiments demonstrates the critical role of PKA and 

protein synthesis as mediators of a novel form of plasticity induced by LFS of MS and CA3 

afferents to the CA1 area in vivo. Further, MS-H LTP is blocked by preceding saturation of HFS-

induced LTP and there are no additive effects when initial MS-H LTP is followed by HFS-LTP, 

data that further confirm the similarity of receptor and intracellular signals mediating these two 

forms of plasticity. Intriguing questions arising from this work concern the mechanisms of 

effective NMDA receptor activation by low frequency inputs, as well as the integrative functions 

served by LFS-induced synaptic potentiation. Answers to these issues will provide important 

information regarding the cellular mechanisms and functional significance of low frequency-

induced synaptic enhancement in the mammalian brain. 
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Chapter 5.  Influence of age and behavioural experience on the 

expression of MS-H LTP 

 

5.1 Abstract 

The relation between long-term potentiation (LTP) and learning was, in part, established by 

earlier studies demonstrating a relation between memory loss and decay of LTP in aging, as well 

as more recent work on LTP-like synaptic enhancement following behavioral experiences. The 

majority of experimental work to date has used high frequency stimulation (HFS) protocols as a 

model to mimic synaptic potentiation thought to occur during memory formation after behavioral 

training. Interestingly, is it now well established that low frequency stimulation (LFS) patterns 

are also effective in the induction of LTP-like plasticity in the hippocampal formation and 

amygdala. For example, a series of previous reports have shown that alternating LFS (1 Hz) to the 

medial septum (MS) and CA3 hippocampal area (MS-CA3 stimulation) elicits a NMDA receptor-

dependent long-lasting synaptic enhancement (MS-H LTP) in CA1 pyramidal cells. Here, the first 

set of experiments demonstrated that similar to LTP induced by HFS, low frequency-induced 

MS-H LTP is compromised in early aging, while similar levels of potentiation are expressed in 

the juvenile and adult hippocampus in vivo. In a separate set of experiments, the influence of 

water maze training on the subsequent expression of MS-H LTP was examined in adult rats. 

These data showed that alternating MS-CA3 stimulation 3 h after training on the hidden platform 

version of the Morris water maze task failed to elicit MS-H LTP, an occlusion that was not 

observed at 8 and 24 h after training. Further, this occlusion was not seen in yoked swim controls 

or animals trained on the visible platform version of the task. Collectively, these experiments are 
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the first to characterize age-related changes in LFS-LTP in vivo and provide compelling evidence 

that MS-H LTP is involved in early stages of consolidation of spatial memory in local 

hippocampal circuits.  
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5.2 Introduction 

Modifications in synaptic strength such as long-term potentiation (LTP) are generally 

assumed to be the mechanisms by which memory traces are initially encoded, consolidated and 

stored in the central nervous system (Bliss and Lómo, 1973; Martin et al., 2000). Experimentally, 

LTP can be effectively induced by applying high-frequency stimulation (HFS; tetanic) to afferent 

fibers, resulting in long-lasting synaptic enhancement (Bliss and Lómo, 1973; Albensi et al., 

2007; Caporale and Dan, 2008; Raymond, 2007). This experimental induction of HFS-induced 

LTP displays physiological properties that are known to govern learning and memory at the 

behavioural level (McNaughton, 1983; Bliss and Collingridge, 1993). Some of the initial 

evidence that established a relation between LTP and learning and memory functions came from 

correlational studies in the aged hippocampus (Eichenbaum, 1996; Hölscher, 1999; Martin et al., 

2000). For example, aged rats often show deficits in the acquisition and/or retention of spatial 

memories, as well as in the induction and maintenance of hippocampal LTP induced by robust 

HFS protocols (e.g., 100-200 Hz). In fact, the decline in retention performance in aged rats has 

been found to correlate with an accelerated decay of LTP in aged rodents (Barnes, 1979; Tielen et 

al., 1983; Barnes and McNaughton, 1985; Rosenzweig et al., 1997; Bach et al., 1999). These data 

demonstrate a close relation between the ability to perform hippocampal-dependent memory tasks 

and deficits in synaptic potentiation.  

Remarkably, there is now considerable evidence demonstrating an even more direct 

relation between learning (i.e., training) and plasticity in the neocortex and various subcortical 

areas (Kirkwood et al., 1996; Rogan et al., 1997; Rioult-Pedotti et al., 2000; Whitlock et al., 
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2006; Hager and Dringenberg, in press). For example, rats trained on a complex reaching task 

involving only one of the two forelimbs (with the other limb serving as control) showed an 

enhancement in field potential amplitude in the primary motor cortex (M1), an effect seen only in 

the cortical hemisphere contralateral to a trained forelimb. Importantly, this facilitation of 

synaptic strength following training limited the subsequent induction of LTP induced by high 

frequency electrical stimulation (Rioult-Pedotti et al., 2000). Similarly, in freely moving rats, fear 

conditioning enhances field potentials in the lateral amygdala to levels comparable to those 

induced by HFS without training (Rogan et al., 1995; 1997). More recent findings reported an 

enhancement in field excitatory postsynaptic potential (fEPSP) amplitude in the CA1 area of the 

hippocampus in rats after inhibitory avoidance learning, a form of synaptic facilitation that 

occluded LTP subsequently induced by HFS patterns (Whitlock et al., 2006). Together, these data 

suggest that learning and memory-related functions result in an up-regulation of synaptic 

efficacy, mechanisms that appear to be similar to those engaged during the induction of HFS-

elicited LTP at cortical and sub-cortical synapses  

 As summarized above, the relation between LTP and learning was, in part, established by 

earlier, correlational studies of behaviour and LTP in aging, as well as more recent work on LTP-

like synaptic enhancement following behavioral experiences. It is noteworthy to mention, 

however, that the experimental work to date has used only HFS protocols as a model to mimic 

synaptic potentiation thought to occur during memory formation after behavioral training. 

Interestingly, several recent reports have now confirmed that low frequency stimulation (LFS) 

patterns are also effective in the induction of long-lasting synaptic facilitation in the amygdala 

and hippocampal formation (Mayford et al., 1995; Thomas et al., 1996; Li et al., 1998; Lanté et 

al., 2006a, b; Huang and Kandel, 2007; Habib and Dringenberg, 2009, in press). For example, in 
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urethane-anesthetised rats, fEPSPs in area CA1 of the hippocampus show significant, long lasting 

potentiation (> 5 h) following alternating, single pulse stimulation (at 1 Hz) of the medial septum 

(MS) and hippocampal (H) CA3 area (MS-H LTP; Habib and Dringenberg, 2009). Similar to 

most types of classical HFS-LTP, MS-H LTP requires NMDA receptor activation, protein 

synthesis and protein kinase A activity (Habib and Dringenberg, in press). Evidently, certain 

forms of LFS-LTP demonstrate mechanistic similarities to those mediating classical HFS-LTP. 

However, whether this type of synaptic potentiation shows age-related changes similar to those 

occurring for HFS-LTP is unknown. Similarly, the behavioural significance of MS-H LTP has 

never been investigated.  

Here, in separate experiments, we address these two unanswered questions: First, what is 

the influence of age on the expression of MS-H LTP (Experiment 1)?  These series of 

experiments showed that similar to LTP induced by HFS, low frequency-induced MS-H LTP is 

compromised in early aging, while similar levels of potentiation are expressed in the juvenile and 

adult hippocampus. These findings are the first to suggest that forms of LTP induced by highly 

distinctive low vs. high frequency patterns are equally compromised in the early aged brain. Next, 

we addressed the important question regarding the functional significance of MS-H LTP 

(Experiment 2). In these experiments, LFS was delivered exactly at 3, 8, or 24 h after the end of 

behavioural (water maze) training and results showed that MS-H LTP could not be induced (i.e., 

was occluded) 3 h after training, while it was intact at 8 and 24 h intervals. Further, this occlusion 

was not seen in swim controls or animals trained on the visible platform version of the task. 

Collectively, these experiments are the first to characterize age-related changes in LFS-LTP in 

vivo and provide compelling evidence that MS-H LTP is involved in early stages of consolidation 

of hippocampal-dependent learning tasks.  
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5.3 Materials and Methods 

5.3.1 Subjects  

For Experiment 1 (age comparison), procedures were performed on 27-33 day (juvenile; 

75-130g), 3-4 month (adult; 310-500g) and 14 month-old (early-aged; 800-1000g) male Long-

Evans rats. For Experiment 2 (water maze training), procedures were conducted in adult (310-450 

g) rats. All animals were housed in a colony room (12 /12-h reverse light cycle) with food and 

water available ad libitum. The procedures were conducted in accordance with the guidelines of 

the Canadian Council on Animal Care and approved by the Queen’s University Animal Care 

Committee. Each rat was used for only one experiment. 

5.3.2 Experiment 1: Influence of age on expression of MS-H LTP 

5.3.2.1 Surgical preparation 

All electrophysiological experiments were conducted under deep urethane anesthesia (1.5 

g/kg, intraperitoneal [i.p.], administered in three 0.5 g/kg doses every 20 min and supplemented 

with 0.2-0.6 g/kg as required prior to the onset of data collection). Additionally, the local 

anesthetic Marcaine (5 mg/ml) was applied to the skin overlying the skull along the incision line 

(3–4 subcutaneous injections, approximately 0.03 ml each) 15 min prior to incision. 

Rats of the different ages specified above were placed in a stereotaxic apparatus and body 

temperature was maintained between 36 and 37˚ C by means of an electrical heating blanket. An 

incision was made to expose the skull surface and small skull holes were drilled above the CA3 

region (AP -4.16, ML +3.0, V -4.0), the contralateral CA1 area (AP -4.16, ML -3.0 V -3.0), and 

at bregma point (AP 0.0, ML 0.0, V – 6.5) to gain access to the MS. Note that, for 14 month-old 

rats, the medial-lateral coordinates of skull holes above CA1 and CA3 were adjusted slightly 
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(CA1: ML -3.1; CA3: ML +3.1). Skull holes for ground and reference electrodes (jewellery 

screws attached to miniature connectors) were made in the bone overlying the prefrontal cortex 

and cerebellum, respectively. An additional skull hole for a septal stimulation return electrode 

(jewellery screw) was drilled adjacent to bregma. All stereotaxic measurements were based on the 

anatomical work of Paxinos and Watson (1998). Final ventral placements of the CA3 stimulation 

and the CA1 recording electrode were adjusted to elicit maximal amplitude field excitatory post-

synaptic potentials (fEPSPs) and paired-pulse facilitation (100 ms interstimulus interval, ISI) in 

area CA1 in response to contralateral CA3 stimulation.  

5.3.2.2 Electrophysiology and Experimental Procedures 

  Stimulation of CA3 (0.2 ms pulses every 30 s, intensity adjusted to yield 50-60% of 

maximal fEPSP amplitude) was provided by a concentric bipolar electrode (Rhodes Medical 

Instruments Series 100, David Kopf, Tujunga, CA, USA) connected to a stimulus isolation unit 

providing a constant current output (PowerLab/16 s system with ML 180 Stimulus Isolator, AD 

Instruments, Toronto, Canada). MS stimulation was provided through a monopolar electrode 

(Teflon insulated stainless steel, 125-µm tip diameter) delivering single, negative constant-current 

pulses (0.2 ms duration, 0.5 mA).  

All fEPSPs were differentially recorded (Teflon insulated stainless steel wire, 125-µm tip 

diameter) against a reference electrode screw placed in the bone overlaying the cerebellum. The 

CA1 signals were amplified, filtered (0.3-1 kHz), digitized (10 kHz), and stored for subsequent 

off-line analysis using the PowerLab system running Scope software (v. 4.0.2).  

Prior to formal data collection, input-output curves were established for each animal by 

recording fEPSPs in CA1 in response to CA3 stimulation between 0.1 and 1.0 mA (0.1 mA 

increments). Based on these input-output curves, a stimulation intensity eliciting between 50-60% 
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of the maximal fEPSP amplitude was chosen for the subsequent experiment. For each rat, 60 

initial baseline fEPSPs (every 30 s) were recorded. Subsequently, the MS-CA3 alternating 

stimulation protocol was delivered, consisting of 50 single pulses to both the MS and CA3 area, 

delivered at 0.5 Hz, with the ISI of 1000 ms between successive MS and CA3 pulses).  For all 

experiments, the MS-CA3 alternating stimulation was delivered twice, with the second delivery 

occurring 2 h after the initial MS-CA3 stimulation. Recordings of fEPSPs in CA1 (every 30 s, as 

in baseline) in response to single pulse CA3 stimulation continued for 2 h after the delivery of 

each episode of the MS-CA3 protocol. Further, to verify that alternating co-activation of both MS 

and CA3 fibers is required to elicit LFS-induced potentiation, control animals that received only 

CA3 pulses during the induction protocol (100 pulses at 1 Hz) were studied in all three age 

groups.  

At the end of each experiment, rats were perfused through the heart with 10% formalin, 

their brains were extracted, and standard histological techniques were used to verify all electrode 

placements. Data obtained with inaccurate placements were excluded from the data analysis. 

5.3.2.3 Data Analysis 

All data are expressed as a mean ± standard error of mean (S.E.M). The maximal fEPSP 

amplitude was analyzed offline by the Scope software. Subsequently, amplitude data were 

averaged over 10-min intervals, and these averages were normalized by dividing all data for each 

rat by the average baseline (pre-MS-CA3 alternating stimulation) amplitude of that animal. All 

data were analyzed using analyses of variance (ANOVA) and, where statistically appropriate, 

simple effects tests, all of which were computed using the software package CLR ANOVA (v.1.1, 

Clear Lake Research Inc., Houston, TX). A Tukey’s post hoc analysis was used for individual 

comparisons of fEPSP amplitude in juvenile, adult and early-aged animals.  



 

87 

 

5.3.3 Experiment 2: Influence of behavioral experience (water maze training) on expression 

of MS-H LTP 

5.3.3.1 Behavioral training 

The water maze consisted of a circular pool (1.8-m diameter) filled with water  

(23–25 ◦C) made opaque by adding nontoxic white paint. A circular escape platform (30 cm in 

diameter) was submerged about 2 cm below the surface of the water, located away from the pool 

wall in the centre of one of the four pool quadrants.  

            Rats were trained by administering 12 training trials, divided into three blocks of four 

trials each, with a 5 min rest period between blocks. For each trial block, four different start 

positions from the four cardinal compass points were used in random order. A trial started with 

the animal being released into the pool facing the pool wall and was then allowed to swim freely, 

for a maximum of 60 s, to locate the hidden escape platform. After successfully mounting the 

platform, the animal was allowed to remain on the platform for 15 s before commencement of the 

next trial. Animals that failed to locate the platform within 60 s were guided by hand and then 

placed on the platform for 15 s before commencement of the next trial. The submerged platform 

was kept in the same location for all 12 trials. The time to reach the escape platform was recorded 

for each trial by the experimenter using a digital stopwatch. An additional group of rats was 

trained on the visible platform version of the water maze (same training procedure as above, 

unless otherwise noted) using the same platform (2 cm below the water surface), the location of 

which was indicated by a clearly visible ensign [clear plastic cylinder (~10 cm in height) with 

black stripes] placed on top of the platform. For visible platform training, the platform and ensign 

were randomly moved to a new pool quadrant for each trial, with the restriction that the same 

quadrant was used only once for each trial block. In a further group of yoked control animals, a 

rat was matched to each rat in the hidden platform group and swam for the same duration as that 
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rat, but without a platform present in the pool. After the end of water maze training, each rat was 

placed under a heat lamp for about 20 min prior to being returned to the colony room.  

5.3.3.2 Electrophysiology 

Electrophysiological procedures were carried out so that the delivery of the MS-CA3 

stimulation protocol occurred exactly at 3, 8, or 24 h after the end of behavioural training. 

Further, the first injection of urethane was given about 2 h prior to the time of delivery of the MS-

CA3 protocol.  

          The same electrophysiological procedures were used as described above for Experiment 1, 

with the following exceptions: (a) only one MS-CA3 stimulation protocol was delivered to each 

animal, with recording continuing for 2 hours following protocol delivery.  

5.3.3.3 Data Analysis 

All water maze and electrophysiological data was analyzed using analyses of variance 

(ANOVA) and, where statistically appropriate, simple effects tests were computed using the 

software package CLR ANOVA (v.1.1, Clear Lake Research Inc., Houston, TX).  

5.4 Results 

5.4.1 Experiment 1 

5.4.1.1 MS-H LTP in the juvenile (27-33 days), adult (3-4 months) and early aged (14 months) 

hippocampus 

 In urethane anesthetised rats, single stimulation pulses applied to area CA3 produced 

positive-going fEPSPs (latency to peak about 10-11 ms) recorded in the stratum radiatum of the 

contralateral CA1 area in juvenile, adult and early aged rats (Fig. 10 insert). Delivery of the 

stimulation protocol consisting of alternating single pulses applied to the MS and CA3 produced a 
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gradual, significant increase in fEPSP amplitude over the course of the experiment in juvenile (n 

= 6) and adult (n = 7) rats. (Fig. 10A; MS-CA3 stimulation consisted of a total of 50 pulses at 0.5 

Hz for each area, starting with MS, 1000 ms ISI). In juvenile rats, amplitude of fEPSPs averaged  

over the 1.5 to 2 h epochs after delivery of the first and second induction episode were 117 and 

122 % of baseline, respectively (Fig. 10A). Similarly, delivery of the MS-CA3 stimulation in 

adult rats resulted in fEPSP amplitude values of 120 and 135% of baseline after one and two 

induction episodes, respectively (values are averages over 30 min of recording between 1.5-2 h 

after protocol delivery; Fig. 10A). Conversely, the MS-CA3 stimulation protocol failed to elicit 

enhancement in fEPSP amplitude in early aged rats (n = 7), with an average fEPSP amplitude of 

96 and 80% of baseline during the last 1.5-2 h epoch after one and two induction episodes, 

respectively. 

 Next, we asked whether the change in fEPSP amplitude seen in all three age groups 

requires co-activation of the MS and CA3, or whether similar effects are seen with CA3 

stimulation only (Fig 10B-D; 100 single pulses to CA3 at 1 Hz for each induction episode).  

For both juveniles (n = 5, Fig. 10B) and adults (n = 5; Fig. 10C), no enhancement of fEPSP 

amplitude was apparent with only CA3 stimulation, with a mean amplitude of 100 and 92% of 

baseline in juvenile and adult rats, respectively, during the last 30 min of the experiment. Thus, it 

appears that co-activation of medial septal and hippocampal fibers is required for the effects 

described above. In early aged rats (n = 4; Fig. 10D) receiving only CA3 stimulation, fEPSP 

amplitude in area CA1 did not show significant changes during the course of the experiment, with 

fEPSP amplitude at 89% of baseline during the final 30 min of the experiment.  
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Figure 10. The effects of alternating medial septum (MS)-CA3 stimulation on amplitude of 

CA1 field excitatory postsynaptic potentials (fEPSPs) in 27-33 day (juvenile), 3-4 month 

(adult) and 14-month-old (early aged) rats.  

A) Delivery of two episodes (2 h apart, at arrows) of the alternating MS-CA3 stimulation protocol 

(50 pulses to each MS and CA3, 1000 ms inter-stimulus interval) resulted in a gradual 

enhancement of fEPSP amplitude in juveniles (n=6) and adults (n=7) but not in early aged rats (n 

= 7; B-D) Comparisons of the effect of the MS-CA3 protocol to stimulation of only CA3 (at 

arrow; 100 CA3 pulses, 1 Hz) for each age group (B) juvenile, n = 5; C) adult, n=5; D) early 

aged, n=4. Delivery of CA3 only stimulation failed to induce synaptic enhancement in all age 

groups. Inserts depict fEPSPs during baseline (black) and at the end of the experiment (grey) for a 

juvenile (left), adult (middle), and early aged (right) animal receiving MS-CA3 stimulation 

(fEPSPs are averages of 10 individual sweeps, calibration is 10 ms and 1.0 mV). Statistics : A) 

ANOVA comparing MS-CA3 stimulation in three age groups; effect of group F 2,17 = 10.8, P = 

0.818, effect of time, F 26,442 = 4.7, P < 0.001, group by time interaction, F 52,442 = 6.1, P < 0.001. 

Tukey’s post hoc analysis showed 14-month rats differed significantly from both other age 

conditions (P = 0.008). B) ANOVA comparing MS-CA3 stimulation and CA3 only; juvenile rats, 

effect of group F 1,10 = 3.8, P = 0.078, effect of time, F 26,260 = 2.0, P =0.003, group by time 

interaction, F 26,260 = 1.6, P = 0.025; C) adult rats, effect of group F 1,10 = 13.5, P = 0.004, effect 

of time, F 26,260 = 1.8, P =0.010, group by time interaction, F 26,260 = 5.2, P < 0.0001; D) early 

aged rats, effect of group F 1,9 = 0.71, P = 0.419, effect of time, F 26,234 = 4.1, P <0.0001, group by 

time interaction, F 26,234 = 0.7, P =0.77. Simple effects of time significant for animals receiving 

MS-CA3 stimulation (juvenile, F 26,234 = 4.1, P <0.0001; adult, F 26,156 = 7.7, P <0.001; early 



 

92 

 

aged; F 26,156 = 4.4, P <0.001) but not for animals receiving CA3 only stimulation (juvenile, F 

26,104 = 0.2, P =1.000; adult, F 26,104 = 0.7, P =0.818; early aged; F 26,78 = 1.3, P =0.139). * denote 

significant (P < 0.05; simple effect tests) group differences.  
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5.4.2 Experiment 2 

5.4.2.1 Effects of water maze training on MS-H LTP 

5.4.2.1.1 Behavioural Training 

The average escape latency for all rats trained on the hidden (n= 20) and visible (n = 7) platform 

version of the Morris water maze (MWM) is shown in Fig. 11.  Both groups of rats showed 

significant decreases in escape latency over 12 trials, with animals trained on the visible platform 

showing overall faster escape latencies relative to rats trained on the hidden platform version of 

the task (Fig. 11).      

5.4.2.1.2 Electrophysiology  

Subsequent electrophysiological procedures were carried out so that the delivery of the 

MS-CA3 stimulation protocol occurred exactly at 3, 8, or 24 h after the end of behavioral training 

(Fig. 12). Alternating MS-CA3 stimulation delivered at 8 h (n = 6) or 24 h (n = 7) after the end of 

training on the hidden platform task resulted in an enhancement of fEPSP amplitude in CA1 to 

119 and 117% of baseline, respectively (Fig. 12A; fEPSP amplitude averaged over last 30 min of 

the experiment). These values in enhancement are equivalent to those reported previously (see 

chapters 2 and 4) for delivery of one MS-CA3 stimulation protocol. Remarkably, however, rats 

that received the protocol 3 h after training failed to show the typical enhancement in fEPSP 

amplitude normally seen with MS-CA3 stimulation (average fEPSP amplitude 98 % of baseline 

during last half hour of the experiment; Fig. 12A).  
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Figure 11. Average escape latency across 12 trails for rats trained on the hidden (n = 20) 

and visible platform (n = 7) version of the Morris water maze task.  

Statistics: ANOVA: hidden vs. visible platform, effect of group F 1,25 = 16.7, P = 0.0004, effect 

of time, F 11,275 = 15.1, P < 0.0001, group by time interaction, F 11,275 = 2.3, P = 0.008.  Simple 

effects of time significant for rats’ escape latencies in hidden (F 11,209 = 23.2, P <0.0001) and 

visible platform (F 11,66 = 5.5, P < 0.0001) version of the task. * denote significant (P < 0.05; 

simple effect tests) group differences. 
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Figure 12. Effects of water maze training on MS-H LTP in the urethane-anesthetized 

preparation.  

A) Alternating MS and CA3 stimulation (at arrow; 50 pulses each, 1000 ms inter-stimulus 

interval, 0.5 Hz) delivered either 8 h (n=6) or 24 h (n=7) after the end of training on the hidden 

platform task enhanced fEPSP amplitude in CA1, while the MS-CA3 stimulation protocol 3 h 

(n=7) after training failed to show this enhancement of fEPSP amplitude. Statistics: ANOVA 

comparing rats tested either 3, 8, or 24 h post training; effect of group F 2,17 = 2.0, P = 0.157, 

effect of time, F 14,238 = 6.5, P < 0.0001, group by time interaction, F 28,238 = 2.6, P < 0.0001; 3 vs. 

24 h, post training, effect of group F 1,12 = 3.2, P = 0.095, effect of time, F 14,168 = 3.1, P < 0.0001, 

group by time interaction, F 14,168 = 4.3, P < 0.001; 3 vs. 8 h, effect of group F 1,11 = 2.3, P = 

0.156, effect of time, F 14,154 = 1.9, P = 0.024, group by time interaction, F 14,154 = 3.2, P < 0.001; 

24 vs. 8 h, effect of group F 1,11 = 0.1, P = 0.718, effect of time, F 14,154 = 9.9, P < 0.0001, group 

by time interaction, F 14,154 = 0.71, P = 0.760. Simple effects of time significant for rats receiving 

MS-CA3 stimulation at 8 h (F 14,70 = 3.7, P < 0.0001) and 24 h (F 14,84 = 7.4, P < 0.0001), but not 

at 3 h (F 14,84 = 0.6, P = 0.845) after training. B) The effect of MS-CA3 stimulation delivered 3 h 

after training in the hidden platform version (same 3 h group as in panel A), the visible platform 

version of the task (n=7), and swim only controls (n=7, yoked control rats that swam for the same 

time per trial as each rat in the hidden platform group). While rats trained on the hidden platform 

task showed no enhancement of fEPSP amplitude (see above), animals trained on the visible 

platform version task and swim controls both showed fEPSP enhancement following alternating 

MS-CA3 stimulation (at arrow). Statistics: ANOVA comparing fEPSP amplitude in rats after 

hidden platform training, visible platform training, and swim controls; effect of group F 2,18 = 1.2, 

P = 0.297, effect of time, F 14,252 = 3.6, P < 0.001, group by time interaction, F 28,252 = 1.5, P 
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=0.046; visible vs. hidden platform: effect of group F 1,12 = 2.2, P = 0.11, effect of time, F 14,168 = 

1.3, P =0.212, group by time interaction, F 14,168 = 1.4, P =0.143; hidden vs. swim only; effect of 

group F 1,12 = 1.7, P = 0.211, effect of time, F 14,168 = 2.0, P =0.014, group by time interaction, F 

14,168 = 2.8, P = 0.001. Simple effects of time significant for rats receiving MS-CA3 stimulation 3 

h after training on visible platform (F 14,84 = 1.9, P = 0.039) and swim only controls (F 14,84 = 3.6, 

P < 0.0001). * denote significant (P < 0.05; simple effect tests) group differences. 
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Subsequently, we assessed the effects of alternating MS-CA3 stimulation 3 h after 

training on the visible platform task and in yoked control rats that swam for the same time per 

trial as each rat in the hidden platform group (swim only, Fig. 12B). In contrast to the occlusion 

effect noted 3 h after hidden platform training (see above), swim only controls showed a clear 

enhancement of fEPSP amplitude over a two-hour recording period following MS-CA3 

stimulation (Fig. 12B; average fEPSP amplitude of 119% of baseline in the last 30 min of the 

recording period).  Thus, it appears that stress and other factors associated with swimming in the 

maze do not account for the occlusion of MS-H LTP seen in rats trained in the hidden platform 

version of the task.  Rats that received the stimulation protocol 3 h after training in the visible 

platform version of the task also showed an enhancement of fEPSP amplitude following MS-CA3 

stimulation (115% of baseline).  However, statistically, this group of animals did not differ from 

either the hidden platform or the swim only groups (see caption for Fig. 12).   

The experimental evidence summarized above suggests that MS-H LTP is occluded 3 h 

after hidden platform training, but not in the other experimental conditions (8 and 24 h after 

hidden platform, swim controls and visible platform training).  These data suggest that hidden 

platform training results in the induction of an endogenous form of MS-H LTP during the earlier-

to-intermediate stages of memory consolidation (around 3 h). Given this hypothesis, we analyzed 

whether baseline fEPSP amplitude shows differences between rats that display occluded versus 

intact MS-H LTP following delivery of the stimulation protocol. For this analysis, all 

experimental groups expressing MS-H LTP (8 and 24 h after hidden platform, swim controls, 

visible platform training) were pooled  and their input/output curves (collected prior to the 

baseline recordings for the LTP experiment) compared to subjects showing MS-H LTP occlusion 

(3 h after hidden platform training). All animals showed increasing average fEPSP amplitude in 
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CA1 with increasing stimulation intensity applied to the CA3 area (range of 0.1 -1.0 mA; Fig 13). 

Further, there was no significant difference in fEPSP amplitude between rats that subsequently 

showed synaptic enhancement in response to MS-CA3 stimulation and those in which enhanced 

fEPSP amplitude was occluded (note, however, that there appeared to be a trend toward larger 

fEPSP amplitude in occluded rats at the lower intensities of the input-output curve). 
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Figure 13. Input/output curves of rats exposed to water maze training.  

Average fEPSP amplitude in CA1 in response to single pulse stimulation to CA3 at various 

stimulation intensities prior to acquisition of baseline recordings. This baseline input/output 

analysis was compared between all animals that subsequently showed enhanced fEPSP amplitude 

in response to MS-CA3 stimulation (i.e., MS-H LTP; n =20) and those in which MS-H LTP was 

occluded (n =7). Average fEPSP amplitude in CA1 increased similarly in both groups with 

increasing stimulation intensity. There was a significant main effect of stimulation intensity (F9,288 

= 30.6, P < 0.001), but no other significant main or interaction effects (P’s > 0.05). 
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5.5 Discussion 

The majority of studies to date that have examined age-related changes in LTP and LTP-

like synaptic enhancement have used various HFS protocols (e.g., 100-200 Hz) for the induction 

of LTP in the neocortex and hippocampal formation. Previously, we characterized a novel form 

of long-lasting synaptic enhancement induced by alternating LFS (1 Hz) to the MS and CA3 area 

of the hippocampus (MS-H LTP; Habib and Dringenberg, 2009; in press). However, age-related 

changes and the functional significance of MS-H LTP have never been examined. Here, we 

demonstrate that similar to LTP induced by HFS, low frequency-induced MS-H LTP is 

compromised in early aging, while similar levels of potentiation are expressed in the juvenile and 

adult hippocampus in vivo. Further, in adult rats, we show that MS-H LTP is occluded 3 h after 

training on the hidden platform version of the MWM, an effect not seen at 8 and 24 h after 

training.  

To the best of our knowledge, the data demonstrating a loss of MS-H LTP in early aged 

rats are the first to characterize age-related changes in LTP induced by LFS in the intact brain 

preparation. The fact that MS-H LTP was compromised in 14 month-old rats, but remained intact 

in juvenile and adults, suggests that this form of LFS-LTP exhibits similarities to the age-

dependent changes of HFS-LTP known to occur in the hippocampus. For example, a series of 

reports have shown that LTP induced by HFS at CA3-CA1 synapses develops as early as 

postnatal day 16 and is expressed at maximal levels of potentiation by postnatal day 25 in vitro 

(Lauri et al., 2006; Abrahamsson et al., 2008). Here in juvenile rats (25-27 days), MS-CA3 

stimulation induced gradual levels of enhancement in fEPSP amplitude that did not differ from 
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adults and thus, exhibits full maturation around the same time as HFS-LTP. Additional evidence 

from a study that examined LFS-LTP following 1-Hz stimulation to local CA1 pyramidal cells in 

vitro showed that this form of potentiation is absent in pre-weaning rats (17-21 days), but fully 

developed at 25-days of age (Lanté et al., 2006b). These data suggest that some forms of LFS-

LTP in the hippocampus may be expressed at later stages of development relative to LTP induced 

by HFS that appears to mature by 16 days of age (Abrahamsson et al., 2008).  

It is well established that aged animals show intact hippocampal LTP induction when 

robust, HFS protocols are used, but often display deficits in LTP maintenance (Barnes, 1979; 

Barnes and McNaughton, 1980; for review see Rosenzweig and Barnes., 2003). For example, 

earlier studies showed that multiple HFS induction episodes, delivered for several days, showed 

that aged animals displayed a greater rate of decay in LTP maintenance relative to younger adults 

(Barnes, 1979; Barnes and McNaughton, 1980). In contrast to HFS protocols, the LFS pattern 

used here was not effective in the induction of MS-H LTP in early aged rats. These findings are 

perhaps not surprising, given that the MS-CA3 stimulation is a weaker form of induction protocol 

than those typically used to elicit HFS-LTP in the aged hippocampus. Whether increasing the 

intensity and/or number of stimulation pulses to the MS or CA3 areas during LFS delivery would 

induce synaptic potentiation in CA1 is unknown.  

  The fact that stronger (i.e., HFS) and weaker (e.g., LFS of CA3 and MS) induction 

protocols differ in their ability of reveal age-related changes in hippocampal synaptic plasticity is 

consistent with previous work, which has used various induction protocols to induce LTP in rats 

of different ages. As previously mentioned, robust high intensity protocols are able to induce LTP 

in the aged hippocampus, however lower-intensity, “peri-threshold” stimulation protocols 

consistently result in age-related deficits in LTP induction (Deupree et al., 1993; Moore et al., 
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1993; Rosenzweig et al., 1997). For example, delivery of HFS to Schaffer-collateral axons at 

lower intensities elicits greater levels of synaptic potentiation in CA1 in young animals relative to 

24-month old-rats in vitro (Rosenzweig et al., 1997). These data also demonstrated an impaired 

temporal summation of multiple excitatory postsynaptic potentials in CA1 pyramidal cells during 

HFS, suggesting that postsynaptic cells in the aged hippocampus are less able to respond to 

multiple, high frequency inputs (Rosenzweig et al., 1997). An age-related decline in HFS-LTP 

has also been demonstrated by an increased threshold for LTP induction at CA3-CA1 and 

perforant path-dentate gyrus synapses (Rosenzweig et al., 1997; Bach et al., 1999; Barnes et al., 

2000). Thus, “peri-threshold” HFS and LFS protocols like the one used here are both able to 

detect more subtle age-related deficits in hippocampal plasticity mechanisms. 

It is well known that a reduction in the number and binding affinity of NMDA receptors 

in the hippocampus contributes to age-related decline in the induction of classical HFS-LTP 

(Magnusson, 1995; Shankar et al., 1998; Billard and Rouaud, 2007). Previous work has 

demonstrated that, similar to HFS-LTP, MS-H LTP requires NMDA receptor activation, protein 

kinase A activity, and subsequent protein synthesis (Malenka and Nicoll, 1999; Habib and 

Dringenberg, 2009). Thus, it is probable that changes to the NMDA receptor itself and/or other 

steps of the signaling pathways downstream from the NMDA receptor may contribute to the 

deficit of MS-H LTP seen here. At present, direct support for this assumption is lacking, but the 

use of receptor binding assays might allow for its assessment. 

In contrast to the age-dependent deficits in MS-H LTP and classic LTP induced by HFS, 

Huang and Kandel (2006) characterized an age-dependent increase in long-lasting synaptic 

enhancement elicited by brief paired-pulse stimulation (2 pulses with an interpulse stimulus of 30 

ms, pulse pairs repeated at 1 Hz) of local CA1 pyramidal cells in vitro. Interestingly, this form of 
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LTP was enhanced in the aged (24 month) hippocampus, providing a rare example of plasticity 

facilitation with increasing age.  

The majority of protocols used to induce various types of LFS-LTP involve a stimulation 

frequency of ~1 Hz, a pattern of activity that is similar to endogenous cortical and hippocampal 

oscillations during slow wave sleep and has been suggested to promote sleep-related memory 

consolidation (Steriade et al., 1993; Buzsáki, 1998; Li et al., 2001; Sirota and Buzsáki, 2005; 

Born et al., 2006; Lante´ et al. 2006a,b; Wolansky et al., 2006; Huang and Kandel, 2007; Schall et 

al., 2008; Habib and Dringenberg, 2009; in press). Thus, we have previously raised the question 

whether LFS-LTP may provide one of the mechanisms mediating the influence of endogenous 

slow oscillations on synaptic plasticity during sleep in the mammalian brain (Buzsáki, 1989; 

Sipas and Wilson, 1998; Habib and Dringenberg, 2010). Interestingly, aged human subjects and 

rodents show an overall reduction in slow wave sleep and cortical slow oscillations, changes in 

sleep patterns that are thought to contribute to deficits in age-related memory consolidation (Van 

Gool and Mirmiran, 1983; Hornung et al., 2005). Thus, the overall reduction in slow wave sleep 

(and related ~1 Hz activity) and the deficient induction mechanisms mediating slow wave 

activity-related synaptic potentiation may both play a role in the impairments in sleep-related 

memory consolidation thought to occur with aging.  

While we have previously raised the possibility that LFS-LTP may play a role in memory 

consolidation processes, the functional significance of MS-H LTP has never been examined. 

Thus, in the second set of experiments, we studied the influence of behavioural water maze 

training, a form of learning known to be dependent on hippocampal circuitry (Morris, 1981; 

Morris et al., 1986), on the subsequent expression of MS-H LTP. Electrophysiological procedures 

were carried out so that the delivery of the MS-CA3 stimulation protocol occurred exactly at 3, 8, 
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or 24 h after the end of behavioural training. Alternating MS-CA3 stimulation delivered at 8 h or 

24 h after the end of training on the hidden platform task resulted in an enhancement of fEPSP 

amplitude in CA1 to levels equivalent to those seen in the absence of training (Habib and 

Dringenberg, 2009; in press). Remarkably, however, rats that received the protocol 3 h after 

training failed to show the typical enhancement in fEPSP amplitude normally seen with MS-CA3 

stimulation. Conversely, yoked control rats that swam for the same time per trial as each rat in the 

hidden platform group expressed MS-H LTP, suggesting that stress and other factors associated 

with swimming in the maze do not account for the occlusion of MS-H LTP seen in rats 3 hours 

after hidden platform training.  

These results are the first to demonstrate an occlusion of LTP at hippocampal synapses 

elicited by LFS patterns in vivo. Similar to our observations, several recent investigations have 

demonstrated that learning/training experiences can occlude or minimize subsequent induction of 

LTP elicited by HFS in subcortical and neocortical areas (hippocampus; Whitlock et al., 2006; 

motor cortex; Rioult-Pedotti et al., 2000; lateral amygdala; Rogan et al., 1997). Further, 

behavioural training has been shown to enhance baseline changes in synaptic responses in the 

motor cortex and hippocampus, a training-induced synaptic facilitation that was not observed in 

the current experiments (Whitlock et al., 2006; Rioult-Pedotti et al., 2000). Here, baseline fEPSP 

amplitude did not differ significantly between rats that displayed occluded versus intact MS-H 

LTP. This apparent discrepancy might, at least in part, be related to different recording 

methodologies. For example, the enhancement in baseline fEPSP amplitude in the hippocampus 

following inhibitory avoidance learning was detected using a multielectrode recording array, 

allowing the simultaneous measurement of synaptic strength in a larger part of the CA1 field 

(Whitlock et al., 2006). Perhaps the use of only one recording electrode in the current experiment 
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was insufficient to detect changes at different locations within the diffuse dendrites of the CA1 

pyramidal cells. Nevertheless, there appeared to be a trend toward larger baseline fEPSP 

amplitude at lower stimulation (0.1- 0.5 mA) intensities in rats that displayed occlusion relative to 

those with intact MS-H LTP. The use of more sophisticated multi-electrode arrays might increase 

the probability of detecting changes in training-induced strength at widely distributed synapses 

throughout the hippocampal network.  

In order to determine whether the training-induced occlusion seen here, was specific to 

the hidden platform version of the task, we delivered the LFS protocol in rats 3 hours after 

training on a visible platform in the MWM. Rats trained on this task, showed an enhancement of 

fEPSP amplitude following MS-CA3 stimulation, however, statistically, this group of animals did 

not differ from either the hidden platform groups (showing occlusion) or the swim only animals, 

which showed intact MS-H LTP. This lack of a significant difference from both of these groups 

may be attributed to the fact that levels of potentiation in the visible platform group were highly 

heterogeneous, with three to four animals in this group demonstrating an occlusion and intact 

MS-H LTP, respectively. A possible explanation for this variability might be that at least some 

rats trained to swim to the visible platform actually used spatial, hippocampal-dependent 

strategies to locate the platform. These findings coincide with previous reports demonstrating 

residual impairments in performance on the visible platform version of the MWM task in 

hippocampal-lesioned subjects (Morris, 1981; Czurkó et al., 1997; Cassel et al., 1998; de Bruin et 

al., 2001). Further, in series of elegant experiments, McDonald and White (1993; 1994) showed 

that animals can learn to acquire the visible platform using two different learning strategies. 

Animals can accomplish the task by either learning the location of the visible platform and its 

relation to fixed distal cues around the maze (place strategy; hippocampal-dependent learning) or 
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through acquisition of a simple stimulus (platform)-response (escape) learning to approach the 

visible platform (cue strategy; striatal-dependent learning). They further demonstrated that 

individual animals typically prefer one or the other of these strategies during training. Thus, it is 

not surprising that some animals trained on the visible platform expressed occlusion in MS-H 

LTP, since they may have resorted to hippocampal-dependent, spatial strategies during learning 

(McDonald and White, 1994).  

The fact that rats show occlusion at 3 h after hidden platform training suggests that this 

form of learning induced an endogenous form of MS-H LTP during memory consolidation in 

local hippocampal circuits. At the neuronal level, earlier stages of consolidation involve local 

changes in cellular events (up to several hours) that ultimately translate to a ‘systems’ level 

reorganization of synaptic connectivity between multiple brain structures (involving days, weeks 

or years; Martin and Clarke, 2007). The occlusion effect found here has clear, temporal limits, 

since MS-H LTP recovers and is expressed at 8 and 24 h after training, suggesting that this form 

of synaptic enhancement may mediate earlier cellular changes involved in memory consolidation. 

It is thought that NMDA receptor activity is one of the cellular mechanisms that contributes to 

early stabilization of memory after an initial encoding event (for review see Lynch, 2004; 

Abraham and Williams, 2008). For example, bilateral hippocampal infusions of a NMDA 

receptor antagonist administered immediately after inhibitory avoidance training blocks retention 

measured 24 h after learning (Bevilaqua et al., 2005; Roesler et al., 2005), findings that have been 

extended to training on the hidden platform version of the MWM task (McDonald et al., 2005). 

The fact that MS-H LTP relies on NMDA receptor activity for its induction reinforces the notion 

that this form of synaptic potentiation may promote mechanisms that mediate early stages of 

consolidation of hippocampal-dependent learning experiences (Habib and Dringenberg, 2009).  



 

108 

 

Future studies will examine the effects of NMDA receptor antagonists, administered 

immediately after training, on the occlusion of MS-H LTP on the hidden platform version of the 

MWM task. The main objective of this experiment will be to determine whether NMDA receptor 

blockade reverses the occlusion effects characterized here, which would provide further 

understanding of the mechanistic changes thought to contribute to hippocampal-dependent 

memory consolidation. Further, the fact that MS-H LTP is impaired in early aging suggests an 

age-related deficit in mechanisms of consolidation. Consequently, future work testing this 

hypothesis will examine whether the deficit in MS-H LTP translates into consolidation 

impairments in early-aged rats. In this proposed experiment, it would be of interest to determine 

whether early aged animals perform poorly on a memory retention test (i.e., probe trial) 3 hours 

after training in the hidden platform task.  

The new and exciting field of LFS-LTP has raised several important questions regarding 

its function, mechanisms, and its relation to well-known classical forms of HFS-LTP. Here, in 

two separate experiments, we characterized age-related changes of a novel form of LFS-induced 

synaptic potentiation (MS-H LTP) in vivo and secondly, investigated its functional significance in 

early stages of hippocampal-dependent consolidation in adult animals. Collectively, these data 

provide further understanding of the function and characteristics of this specific type of LFS-LTP 

and provide a new perspective on the study of synaptic plasticity in relation to learning and 

memory functions in the mammalian forebrain. 
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Chapter 6.  General Discussion  

6.1 Summary of main findings  

 Long-term potentiation (LTP) and long-term depression (LTD) are two highly intensely 

studied forms of synaptic plasticity which are thought to play a functional role in learning and 

memory processes. It is generally assumed that the direction of synaptic change, either up- or 

down regulation of synaptic strength, is determined by specific patterns of afferent inputs, with 

high- and low frequency stimulation inducing LTP and LTD, respectively (Massey and Bashir, 

2007; Raymond, 2007). In the current thesis, I challenge this dogma of “high frequency 

stimulation (HFS)-LTP and low frequency stimulation (LFS)-LTD” by providing evidence 

demonstrating LFS-induced synaptic potentiation in the rodent hippocampus.  

My first set of experiments shows that alternating, single pulse stimulation (1 Hz) of the 

MS and CA3 hippocampal (H) commissural fibres results in synaptic enhancement of field 

excitatory potentials (fEPSPs) recorded in area CA1 of urethane-anesthetised rats (MS-H-LTP). 

This MS-H LTP is long lasting (>5 h), requires a specific inter-stimulus interval (1 s between 

successive MS and CA3 stimulation pulses), saturates with repeated stimulation episodes and 

depends on NMDA, but not cholinergic receptor activation (Chapter 2). These reports are the first 

to document long-lasting synaptic enhancement in response to low frequency activity patterns in 

vivo and reinforce other LFS-LTP phenomena characterized in hippocampal and amygdalar 

circuits in vitro (Lante´ et al., 2006a,b; Huang and Kandel, 2007). In a review paper (Chapter 3), I 

raise the question whether LFS protocols provide a means to more accurately mimic some 

endogenous, oscillatory activity patterns (~ 1Hz) present in hippocampal and neocortical circuits 
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during sleep, which have been proposed to play a role in sleep-related memory consolidation. 

Moreover, I compare the well-known synaptic and cellular mechanisms underlying classical, 

HFS-LTP to those mediating MS-H LTP, as well as several other, recently discovered types of 

LFS-LTP in the hippocampus and amygdala in vitro. Subsequently, I characterize the cellular 

mechanisms of MS-H LTP and their similarity to classical HFS-LTP by means of drug 

application through reverse microdialysis at the CA1 recording site and show that MS-H LTP 

depends on protein kinase A and protein synthesis (Chapter 4). This surprising similarity between 

mechanisms mediating classical HFS-LTP and MS-H LTP is further supported by occlusion 

experiments whereby LFS and HFS episodes, delivered to the same animal, compete for the 

available synaptic potentiation of CA3-CA1 synapses. Lastly, for my final study (Chapter 5), I 

carried out two separate experiments assessing 1) age-related changes of MS-H LTP and 2) the 

effects of water maze training on this form of LTP in adult rats. Here, I initially demonstrate that, 

similar to LTP induced by HFS, low frequency-induced MS-H LTP is compromised in early 

aging, while similar levels of potentiation are expressed in the juvenile and adult hippocampus. In 

the second set of experiments, alternating MS-CA3 stimulation was delivered exactly at 3, 8, or 

24 h after the end of behavioural (water maze) training and results show that MS-H LTP is 

occluded 3 h after training, while it remains intact at 8 and 24 h intervals. These experiments are 

consistent with a possible role of MS-H LTP in early stages of consolidation of spatial reference 

memory in hippocampal circuits.  

For a more detailed discussion of the main findings of the current thesis, the reader is 

encouraged to refer to the corresponding chapters indicted above. For the purpose of this general 

discussion, I will highlight important questions regarding the future and the direction of study of 
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MS-H LTP in the mammalian brain. Specifically, I will address four main questions of interest 

and give a brief overview of methodologies that may be used in the proposed experiments.  

6.2 The future of LFS-induced MS-H LTP 

6.2.1 Can MS-H LTP be expressed in freely moving animals? 

As mentioned throughout this thesis, the majority of experimental protocols used the slice 

preparation to study forms of LFS-LTP in the amygdala and hippocampus (e.g., Li et al., 2001; 

Lante´et al. 2006a,b; Huang and Kandel, 2007), while fewer studies have shown LFS-LTP 

phenomena in urethane-anesthetized animals  (Habib and Dringenberg, 2009; in press). The study 

of LTP in slices has some advantages over the anaesthetized preparation, such as direct 

visualization of brain structures allowing for more accurate electrode placements, and precise 

control over experimental conditions such as temperature, pH and drug concentrations (Hölscher, 

1997). However, the slice preparation eliminates modulatory processes known to influence 

synaptic plasticity, such as serotonergic afference from the raphe nuclei, cholinergic innervation 

from the basal forebrain, and modulation by hormones and neurotrophic factors (Hölscher, 1997). 

Given the fact that the anesthetised preparation allows for the influence of these endogenous 

mechanisms, it can be considered a more valid model for the study of various forms of synaptic 

plasticity in the nervous system. Nevertheless, the strong, inhibitory effects exerted by 

anaesthetics might disrupt endogenous brain activities and, consequently, alter plasticity 

phenomena in the brain (Riedel et al., 1994). Thus, one might argue that the intact, non-

anesthetized nervous system of freely behaving animals provides the most optimal environment 

for the study of behavior-related forms of synaptic plasticity. Interestingly, a series of 

experiments in the hippocampus has characterized HFS-induced LTP in freely moving rats, some 
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of which show a synaptic enhancement lasting for up to at least one year (e.g., Stäubli and 

Scafidi, 1999; Abraham et al., 2002; Leung et al., 2003; Dringenberg et al., 2008).  

The question of whether or not MS-H LTP or other forms of LFS-LTP can be expressed 

in freely moving rats has never been examined. Future experiments will address this main 

question by comparing the effects characterized under urethane to MS-H LTP in freely moving 

animals using the same MS-CA3 alternating stimulation protocol described throughout the thesis. 

The use of a freely moving preparation will allow for a more detailed examination of the long-

lasting nature of MS-H LTP, as well as its functional significance in learning and memory 

processes.  

6.2.2 Do activity patterns similar to the MS-CA3 induction protocol occur endogenously in 

the rat brain? 

A prominent feature of hippocampal activity is the prevalence of several, distinct 

oscillatory patterns that are tightly linked to specific behavioural states and exert important 

influences over the expression of synaptic plasticity (Buzsáki, 2002; Hyman et al., 2003; 

Axmacher et al., 2006). The importance of developing LTP induction protocols that mimic some 

of these endogenous hippocampal activity patterns was addressed shortly after the discovery of 

LTP in the hippocampal formation (see; Bliss and  Lómo, 1973; Larson et al., 1986; Stäubli and 

Lynch, 1987; Albensi et al., 2007). For example, theta-burst stimulation (TBS), a commonly used 

and highly effective LTP induction protocol, mimics theta (3–12 Hz) activity present in the 

hippocampus during specific types of behavior (walking, postural adjustments, head movements, 

REM sleep, ‘‘Type 1 behavior’’; Vanderwolf, 1969, 1988; Buzsáki, 2002). Another highly 

regular, slow oscillatory pattern of 1 Hz has recently been characterized in the hippocampus of 

sleeping and anesthetized rats (Wolansky et al. 2006; Schall et al., 2008), activity that parallels 
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the slow, neocortical oscillations present in slow wave sleep (Steriade et al., 1993). It has been 

suggested that this phasic relation of synchronous slow oscillatory patterns between the 

hippocampus and neocortex facilitates mechanisms of sleep-related memory consolidation (see 

Sipas and Wilson, 1998; Wolansky et al., 2006). Interestingly, these endogenous activity patterns 

occur at frequencies overlapping with those used to induce MS-H LTP and other forms of LFS-

LTP phenomena. In fact, an interstimulus interval of one second between MS and CA3 

stimulation is critical in the induction of MS-H LTP at CA1 pyramidal cells (see chapter 2). 

However, whether there is an endogenous, phasic relation of activity between the MS and CA3 

area that mimics this electrical 1 Hz stimulation pattern is unknown.  

Consequently, future experiments could involve simultaneous recordings of EEG activity 

in the MS and CA3 area by means of chronically implanted recording electrodes in freely moving 

rats. These simultaneous patterns of EEG activity will be recorded and analyzed in the rat during 

the following behavioural states: awake-immobility, walking, slow-wave sleep and REM sleep. 

Since EEG activity patterns in the hippocampus are expressed at higher frequencies during 

walking and REM sleep (Vanderwolf, 1969, 1988; Buzsáki, 2002; Leung et al., 2003), it is 

expected that any potential, phasically related slow rhythmic activity in the MS and CA3 would 

only be present during periods of slow-wave sleep.  

Previously, I have shown that MS-H LTP is occluded 3 h after training on the hidden 

platform version of the Morris water maze (MWM) task (chapter 5), which suggests that this type 

of learning induced an endogenous form of MS-H LTP during memory consolidation in local 

hippocampal circuits. Any evidence of simultaneous patterns of endogenous slow oscillatory 

activity (~ 1 Hz) in the hippocampus and MS during specific behavioural states would raise the 

question of whether this phasic relation is present during the time window of up to 3 hours after 
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hidden platform training in the MWM (i.e., during occlusion of MS-H LTP). To address this 

question, future EEG experiments (same as above) will be carried out in separate groups of rats 

immediately after undergoing the following experimental conditions: 1) training on the hidden 

platform of the MWM task 2) visible platform training and 3) swim only conditions. Here, it 

would be of interest to compare the relation of EEG patterns between the MS and CA3 area in all 

three groups of animals. Moreover, given the fact that MS-H LTP is no longer occluded at 8 and 

24 h after hidden platform training, it would also be of interest to see how simultaneous MS and 

CA3 endogenous rhythmic activity changes in rats trained on the hidden platform task at various 

intervals following training.  

6.2.3 Do alternating LFS patterns of 1 Hz effectively induce LFS-LTP in areas outside the 

hippocampus? 

 It is evident that alternating LFS applied to the MS and CA3 area is effective in the 

induction of long-lasting synaptic enhancement at CA1 pyramidal cells. Whether repeated, low 

frequency (1 Hz) co-activation of separate afferent systems to areas outside the hippocampus is 

effective in the induction of LTP-like phenomena has never been examined in vivo. However, 

there are some types of HFS-LTP that require the integration of separate synaptic inputs for their 

induction (Popescu et al. 2007; in press). For example, Popescu et al. (2007) characterized a form 

of long-lasting heterosynaptic facilitation (> 30 min) induced by pairing of corticostriatal and 

amygdala glutamatergic inputs onto single,  medium spiny neurons in the striatum in vitro. This 

corticostriatal synaptic enhancement is NMDA receptor-dependent and is elicited by co-

activation of separate afferent fiber systems, mechanisms of induction that overlap with those 

required for MS-H LTP (Popescu et al., 2007; in press). Given this apparent similarity, it would 
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be of interest to examine whether the alternating LFS protocol used to elicit MS-H LTP in the 

hippocampus is similarly effective in the induction of LFS-LTP at corticostriatal synapses.  

To address this question, future studies will be carried out in urethane-anesthetised rats 

using the electrode placements employed in vitro by Popescu et al. (2007; in press) and the 

stimulation parameters (alternating 1 Hz stimulation) used to induce MS-H LTP. Electrode 

placements will consist of three stimulation electrodes, one in the basolateral amygdala (BLA) 

and two in the temporal cortex, and one recording electrode will be used to measure field 

excitatory postsynaptic potential (fEPSP) amplitude in the ventral striatum. Recordings of striatal 

fEPSP amplitude will be examined before (baseline) and up to four hours after delivery of 

alternating LFS to the BLA and the temporal cortex (a total of 50 pulses at 0.5 Hz for each, 

starting with BLA and then temporal cortex stimulation, 1,000 ms interstimulus interval).   

 The study of LFS-LTP induced by co-activation of heterosynaptic afferent fibers in 

distinct areas outside the hippocampus may provide a means to examine synaptic mechanisms of 

consolidation of hippocampal-independent learning tasks in the mammalian brain.  Any evidence 

of a form of “striatal LFS-LTP” elicited by alternating LFS to the BLA and temporal cortex (see 

above) would raise the following interesting question:  

6.2.4 Do forms of LFS-LTP mediate early consolidation of striatal-dependent learning 

tasks?  

As previously mentioned, hippocampal-dependent training on the hidden platform 

version of the MWM task occludes MS-H LTP (chapter 5), suggesting that certain forms of LFS-

LTP promote mechanisms of consolidation of hippocampal-dependent spatial memory. Whether 

this notion holds true for non-hippocampal dependent learning tasks is unknown. It appears that 

the activation of the BLA (via local drug infusions) immediately after training on the visible 
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platform of the MWM improves retention 24 hours after training. Evidently, the amygdala 

facilitates training on the visible platform, a task known to dependent on the striatum and, thus 

presumably facilitates striatal plasticity (Packard, 1994). Based on these findings, and other 

similar work (McDonald and White, 1993) highlighting the importance of the striatum in cue 

response learning, the following proposed experiment will examine the functional significance of 

“striatal LFS-LTP” elicited by LFS of the BLA and temporal cortex following water maze 

training. Specifically, these experiments will compare the already characterized occlusion effects 

of MS-H LTP to occlusion of striatal LFS-LTP following training on either the hidden or visible 

platform version of MWM task. An additional group of “swim only” animals will be allowed to 

swim for the same time per trial as rats trained on the hidden and visible platform and will control 

for effects of stress that may influence the expression of both forms of LTP under investigation.  

In accordance with previous experimental methods (chapter 5), water maze training on 

both the hidden and visible platform will consist of 3 blocks of 4 trials (5 min inter-block period) 

and all subsequent electrophysiological procedures will be carried out in the intact urethane 

preparation. All animals trained on the hidden and visible platform will receive either low 

frequency “BLA-temporal stimulation” or MS-CA3 stimulation. Electrode placements in rats 

receiving the “BLA-temporal stimulation” will consist of two stimulation electrodes (one in the 

following areas: BLA and temporal cortex) and one recording electrode in the ventral striatum. In 

this group of animals the “BLA-temporal cortex” stimulation protocol will be delivered in 

individual animals at exactly 3 hours after either hidden or visible platform training. For the 

induction of “striatal LFS-LTP” alternating LFS will be delivered to the BLA and the temporal 

cortex (a total of 50 pulses at 0.5 Hz for each, starting with BLA and then temporal cortex 

stimulation, 1,000 ms interstimulus interval). The same MS-CA3 stimulation previously 
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described will be used to induce MS-H LTP in separate group of rats at exactly 3 hours after 

either hidden or visible platform training. Recordings of striatal or CA1 fEPSP amplitude will be 

examined before and up to four hours after delivery of the corresponding alternating LFS 

protocols.   

Given the fact that there is a dissociation between the roles of the hippocampus and 

striatum in place versus cue strategy learning, respectively (McDonald and White, 1993; 1994; 

Packard et al., 1994), one would expect to see occlusion of MS-H LTP in rats trained on the 

hidden platform, accompanied by intact “striatal LFS-LTP” in animals receiving the “BLA-

temporal cortex stimulation” after hidden platform training. Conversely, rats trained on the visible 

platform version of the task should predominately show intact MS-H LTP, accompanied by an 

occlusion of striatal LFS-LTP in animals receiving “BLA-temporal cortex stimulation” 3 hours 

after visible platform training. However, it is evident that animals can accomplish the visible 

platform task by using either hippocampal-dependent place or striatal-dependent cue strategies 

during learning. Thus, some rats may show an occlusion of MS-H LTP after visible platform 

training, an occlusion that, in theory, should co-exist with intact striatal LFS-LTP.  

There is compelling evidence to suggest that LFS-LTP induced by alternating 1 Hz 

stimulation patterns promotes mechanisms of hippocampal-dependent consolidation in the 

mammalian brain (chapter 5). Perhaps the occlusion of a form of “striatal LFS-LTP” induced by 

these alternating LFS patterns may provide a mechanism by which the BLA modulates plasticity 

at corticostriatal synapses thought to occur during consolidation of striatal-dependent learning 

tasks (e.g., motor and cue-response learning; see Lovinger, 2010; Pennartz et al., 2009).  Future 

work in the emerging field of LFS-LTP at cortical and subcortical synapses may provide an 
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additional avenue for the study of cellular mechanisms mediating synaptic plasticity thought to 

occur during memory consolidation.  

 

6.2.5 Conclusions 

The current thesis characterizes a novel form of LFS-induced hippocampal plasticity 

(MS-H LTP) in the urethane intact brain preparation. These series of experiments utilize cellular, 

electrophysiological and behavioural measures to provide a detailed analysis of MS-H LTP and 

its role in early consolidation of hippocampal-dependent learning tasks. These experiments, 

together with related work demonstrating LFS-LTP in various subcortical areas, make us question 

whether the “HFS-LTP and LFS-LTD” dogma fully captures the entire spectrum of synaptic 

changes in the mammalian brain. Based on the findings documented and discussed here, I now 

ask you, the reader: is low-frequency-induced synaptic potentiation a paradigm shift in the field 

of memory-related plasticity mechanisms? 
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