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The search for the cellular processes that underlie information storage within 

neuronal systems led to the development of a mode1 of pst-activation potentiation 

termeci long-term potentiation (LTP). LTP gives rise to a long-lasting increase in the 

efficacy of synaptic transmission and altered unit discharge patterns. The neocortex is 

thought to be involved in long-term information storage and has been found to be highly 

resistant to the induction of LTP in vivo. Expriment I exarnined neocortical electrical 

activity, utilizing EEG and evoked potential recording techniques, under the behavioural 

conditions of immobility, mobiiity and during stimulation of the posterior hypothalamus 

(PH). PH stimulation resulted in the generation of neocortical LVFA and evoked 

potentiais similar to those observed during spontaneous mavement-related behaviour. To 

delineate the role of neurohansmitters in the generation of neocortical electrical activity 

various neurotransmitter antagonists were administered prior to recording. The resul ts 

suggest that stimulation of the posterior hypothalamus (PH) provides a powerfui tool for 

inducing rnodulatoy system activation. Expriment II examined synaptic plasticity in 

the neocortex of awake behaving rats following multiple sessions of CO-activation of the 

corpus cailosum and PH. The results demonstrateci potentiation of a Iate EPSP 

component of the neocortical evoked response which was both slow to develop and 

enduring. Potentiation of the late EPSP component of the neocortical evoked response 

appears to be dependent on glutamate acting at the NMDA receptor and modulated by 

both the cholinergie and serotonergic systems. The functional significance of potentiated 

responses may reflect a reorganization of the neocortex in a manner similar to those that 

create and define receptive fields. 
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The Role of Modulatory Systems in Post-Activation 

Potentiation in the Neocortex of the Awake Behaving Rat 

Introduction 

Plasticity of the nervous system in relation to leaming and memory has long k e n  

an important theme in psychology and the neurosciences. Formal speculations 

concerning the relationship between brain plasticity and behaviour have existed for at 

least the last two hundred years. In his book "Reflexes in the Brain" 1863), Sechenov 

describeci physiological evidence for the "capacity of retention". Romanes in 1885 

published an account of his research with several invertebraie preparations and argued 

that the enhanced responses produced by low intensity stimulation served as the b a i s  for 

man y phy s iological and ps ychoiogical phenornena These researc hers and O thers held 

that mernories were represented as a change in brain function. Given that the brain was 

known to be composeci of interco~ected neurons, this required that mernories be stored 

as a change in neural properties. 

There is an assumption that plasticity is a property of the synpase. Just more than 

one hundred years ago Tanzi (1893) and Cajal (1894) independently proposed that plastic 

changes involved in Ieaming probably take place at the junctions between neurons. 

These junctions were Iater named "synapses" by Shemngton (1897). Cajal postulated 



(192û) that the process of leaming rnight result in prolongeci morphological changes in 

the efficiency of the connections between neurons. Wood-Jones and Porteus (lm) 

made a clear statement of the synaptic hypothesis for learning as a lowering of the 

synaptic resistance, or facilitation. Lashley (1929, 1950) contributeci to the modem view 

of memory storage by stating the brain is uniikely to store a specific memory in a single 

neuron but rather in large assemblies of neurons, the theory of mass action. He further 

concluded that the neuronal changes involved in the storage of sensory discrimination 

were established in those same systems normally involved in processing the information. 

An activity dependent mechanism for the changes occumng at the synapse was 

not fomally proposed until 1948 when Konorski suggested that synaptic change occurs 

as a result of neufonal activity. It was Hebb (1949), however, who specified the 

conditions under w hich plastici ty would occur, postulating that when synapses are 

coincidentaily active the comection between them was strengthened. In the highly 

influentid book, "Organization of Behaviour" (1949) Hebb extended James' (1890) law 

of association, by clearly articulating the "coincidence rule" (or Hebb rule) of use- 

dependent neural plasticiîy as the basis for information storage in the central nervous 

system. The Hebb rule States: 

" When an axon of ce11 A is near enough to excite ce11 B or 

repeatedly or persistently takes part in firing it, some growth 

process or metabolic change takes place in one or both cells such 

that A's efficiency, as one of the cells firing B, is increased." 



By the mid 20th Century the modem view held that information is stored in 

networks of n e m n s  through changes in synaptic function in a manner similar to that 

which Hebb postdate& This view further posits that within each region of the cortex, 

memory of a sensory event resuits from the permanent modification of the 

synapses between those corticai nemm which are concmntiy activated by that event. 

There was, and still is however, a need for models of long-lasting changes in synaptic 

funcbon to test the theoretical assertions. At the time of Hebb's book it was well 

documented that long-lasting changes in synaptic transmission occurred in invertebrate 

preparations and in the neuromuscular junction and spinal cord, but long-lasûng changes 

had not yet been discovered in the mamrnalian forebrain. In the late l%ûfs and eariy 

197û's two models of pst-activation potentiation, kindling and long-term potentiation, 

were discovered which demonstrateci long-lasting changes in synaptic efficacy in the 

marnmalian fore brain. 

Long-tenn potentiation (LTPJ 

Long-term potentiation (LTP) can be defined as a functional and plastic alteration 

in synaptic transmission which results in a persistent change in synaptic efficacy. 

Synaptic efficacy refers to the postsynaptic potential evoked in response to a constant 

afferent volley. This stable. long-lasting change in synaptic transmission is typicaily 

induced with tetanic afferent stimulation and results in an increase in the amplitude of the 

excitatory pst-synaptic response. 



Bliss and Lomo (19'73) were the first to describe a long-term enhancement of 

synaptic transmission at a monosynaptic junction in the mammalian central nervous 

system. They utilized the monosynaptic perforant path input to the hippocampal dentate 

g p s  of the rabbit to investigate the effects of repetitive electrical stimulation on the 

exci tatory pst-synaptic potential (EPSP) and population spike of dentate granule cells. 

In the anaesthetized preparation, 10- 15 second trains were applied to the perforant path at 

a frequency of 10-20 Hz . A steplike increase in the amount and duration of potentiation 

was observed with each of the initial 2 to 4 stimulation trains, pnor to reaching 

asyrnptotic levels. The changes were in the order of a 50% increase in the amplitude of 

the evoked response which was found to endure for 30 minutes to 10 hours. Changes in 

the presynaptic fiber responses were mled out since the threshold for triggenng the 

evoked response remaineci unchanged (Bliss and Lomo, 1973). Bliss and Gardner- 

Medwin (lm) found similar results in the chronic preparation with the potentiated 

responses lasting from 3 days to 16 weeks, in 26% of the animals. These findings 

represent the first demonstration of a use-dependent increase in the efficacy of synaptic 

transmission of considerable time course following af ferent tetanic stimulation. 

LTP as a Model for Learning and Memory 

LTP serves as a use-dependent, neural plastic mode1 for the physiological 

mechanisms which may underlie learning and memory. The general properties of 

hippocarnpal LTP show a close correspondence with the theoretical assertions of 

information storage. The attractive characteristics of hippocampai LTP are its rapid 

induction, longevity, specificity to activated inputs and associative properties. 



Modification of synaptic effcacy in LTP induction occurs rapidly and the 

resultant enhancement in synaptic strength is persistent (Barnes, 1979). LTP can be 

induced with brief stimulation of an afferent input, in the order of tens of milliseconcis. 

The remltant enhancement in synaptic strength is persistent, in that it outlasts previously 

described forms of synaptic enhancement such as facilitation, augmentation and p s t -  

tetanic potentiation (PTP) (Brown, Chapman, Kairiss and Keenan, 1988). LTP cm last 

hours, days or  weeks following stimulation, whereas PTP typically lasts only a few 

minutes (1 to 10). The duration of the LTP effect is variably dependent on the method of 

induction and on the brain structure in which it is induced. Douglas and Goddard ( 1975) 

observed LTP of both the population spike and EPSP in the dentate gyrus of the rat 

hippocampus with a duration of as long as 80 days. In examining LTP in lirnbic 

forebrain sites, however, Racine, Milgram and Hafner (1983) found the time course of 

LTP appeared to be best fit by the sum of two exponentiai cuntes with time constants of 

1.5 hours and 5 days. 

The enhancement in synaptic effimcy is specific in that it occurs in just those 

synapses which are concurrently activated (Banionuevo and Brown, 1983; Gustafsson 

and Wigstrom, 1986; Kelso, Gangong and Brown, 1986; Larson and Lynch, 1986; Sastry, 

Goh and Auyeung, 1986). Any given p s t  synaptic ceIl receives an immense nurnber of 

afferent synapses. M y  those afferent fi  bers which receive tetanic stimulation w il1 

express LTP, while those afferents which connect with the same pst-synaptic ce11 but 

which are not tetanized, do not express potentiation (Bliss and Lomo, 1973; 

Schwas-tzkroin and Wester, 1975; Dunwiddie and Lynch, 1978; Yamamoto and Sawada, 

198 1). S ynaptic transmission through these non-tetanized afferents may in fact decrease, 



expressing a heterosynaptic depression (Andersen, Sundberg, Sveen, Swann and 

Wigstrom, 1980). 

LTP also exhibits associative properties (Levy and Steward, 1979; McNaughton, 

Douglas and Goddard, 1978). Association of one synaptic input with that of another 

input on the same postsynaptic ceil can be conditioned according to temporal contiguity. 

It has been demonstrated, in the hippocampal slice, that it is possible to experirnentally 

activate two separate afferent subpopulations (Schaffer wllateral/commisural fibers) 

tennhating on the same postsynaptic c d  (Barrionuevo and Brown, 1983; Gustafsson and 

Wigstrom, 1986; Kelso et al., 1986; Larson and Lynch, 1986; Sastry et ai., 1986). 

Activation of oniy one of those subpopulations with a weak input fails to induce LTP. If 

both subpopulations are simultaneously activateci, one with a weak input and one with a 

strong input, then both populations potentiate. 

Associative LTP cm be elicited when the afferent subpopulations are spatially 

separated by several hundred microns (Larson and Lynch, 1986), even with afferents 

synapsing on dendritic trees originating on opposite sides of the ce11 body (Gustafsson 

and Wigstrom, 1986; Larson and Lynch, 1986). Activation of the afferent subpopulations 

m u t ,  however, be temporally correlated for associative LTP to occur. If the stimulation 

delivered to one subpopuiation is separated tempraiiy by more than approxirnately 100 

ms, associative LTP fails to occur (Gustafsson and Wigstrom, 1986; Levy and Steward, 

1983). The associative nature in which different afferents of the same postsynaptic ce11 

interact may provide some understanding of the mechanism of LTP induction. 



A number of aspects of the stimulation are important for the induction of LTP. 

The strength of the stimulus m u t  be strong enough to reach the threshold for eliciting 

LTP. For this threshold to be reached a sufficient number of presynaptic fibers must be 

simultaneously activateci (Btiss and Gardner-Medwin, 1973; McNaughton. Douglas and 

Goddard, 19'7û). There is a threshold for the frequency and dtuation of the tetanus 

required to induce LTP (Bliss and Lomo, 1973; Schwartzkroin and Wester, 1975; 

Yamamoto and Sawada, 1981; Andersen et ai., 1980) which interact such that increasing 

one decreases the requirement of the other. The magnitude of LTP is enhanced if the 

frequency or intensity of stimulation is increased m w i d d i e  and Lynch, 1978, 

McNaughton, Douglas and Goddard, 1978; Andersen et al., 1980, Yamamoto and 

Sawada, 1981), even more so with shorter trains of stimulation (Andersen et al.. 1980). 

Presumably, with each pulse of the tetanic stimulation, a srnail amount of 

neurotransmitter is released. The resultant EPSPs will overlap temporally and summate 

when the frequency of stimulation is sufficient (Gamble and Koch, 1987). The amount of 

EPSP summation varies as a function of the frequency of tetanic stimulation and the 

membrane resistance (Gamble and Koch, 1987). Whether a sufficient level of 

depolarization to produce LTP occurs depends on the size of the individual EPSPs, 

determined by the stimulus strength, and the amount of summation, determined by the 

stimulus frequency. 

It appears that the pattern of stimulation may also be important in the induction of 

pst-activation potentiation in the hippocampus. Larson and Lynch (1986) found that 

high frequency bursts of stimuli spaced at 5 H z ,  resembling theta rhythm of the 



hippocampus, were optimal in eliciting LTP in CA 1 region. Heterosynaptic depression 

of synaptic efficacy is observed to be induced in the hippocampus following the 

application of low frequency stimulation (1-5 Hz) (Lynch, Dunwiddie and Gribkoff, 

1977; Bear, 1996). Long-term depression (Lm) refers to a functional change which 

results in a decrease in the amplitude of the pst-synaptic response, a synaptic weakening. 

Further, Sejnowski, Chattarji and Stanton (1990) f m d  that if the theta-like stimulation 

was applied in phase with the test stimuli of an alternate afferent input LTP is expressed. 

while if the test and conditioning stimuli are applied out of phase a depression results. 

Depolarization of the pst  synaptic ce11 membrane, or some consequence of it, has 

been found to be critical to the induction of LTP. If the postsynaptic ce11 is 

experimentaily hyperpolarized, by injecting cunent through an intracellular recording 

electrode, LTP fails to occur in that ce11 (Malinow and Miller, 1986). Hyperpolarization 

of the ptsynap tic membrane will also prevent associative LTP (Kelso et al., 1986). 

Further, in postsynaptic cells which have been experimentally depolarized, LTP can be 

genexated without the usual requirement of high frequency stimulation. It has been 

demonstrateci that LTP can be induced with single pulses delivered to the presynaptic 

fibers when paired with a depolarizing current to the postsynaptic ce11 (Gustaffson, 

Wigstrom, Abraham and Huang, 1987; Sastry, Goh and Auyeung, 1986; Wigstrom, 

Gustaffson, Huang and Abraham, 1986). LTP is also facilitateci by blocking postsynaptic 

inhibition (Wigstrom and Gustaffson, 1985) and properly timed activation of inhibitory 

input to the postsynaptic ce11 will reduce or  prevent LTP induction (Douglas, Goddard 

and Eüives, 1982). 



Depolarkation of the postsynaptic ce11 doue, however, is not suffiicient to induce 

LTP. LTP is induced at only those synapses in which depolarization occurs in 

conjunction with activation of the synapse (Gustafsson et al., 1987; Wigstrom et al.. 

1986). Kelso et al. (1986) demonstrateci, by injecting the p s t  synaptic ce11 with 

anesthetic, that synaptic activation was not contingent on a sodium-dependent channel. 

rather it appears that most types of hippocampal LTP are dependent on the activation of 

the N-methyl D-aspartate ( M A )  subclass of receptor of the excitatory amino acid 

glutamate (Collingridge and BIiss, 1987; Cotman, Monoghan and Ganong, 1988; 

Monoghan and Cotman, 1985; Nelson and Sur. 1992; Brown et al., 1988). 

The NMDA receptor-ionophore complex has several interesting properties. The 

NMDA receptor controls an associakd cation channel penneable to Ca2+ (as well as Na+ 

and K+) which is largely prevented from passing current into the postsynaptic ce11 

because the channel pore is blocked with magnesium ions from the extracellular fluid at 

voltages close to nomai resting membrane potential (Ascher and Nowark, 1988; Mayer, 

Wes tbrook and Guthrie, 1984; Mayer and Westbrook, 1987; Nowark, B regestovski, 

Ascher, Herbert and Rochiantz. 1%). The NMDA receptor then, exhibits both a 

neurotransmitter- and voltage-dependence that allows current to pass only when 

glutamate is bound to the receptor and when the postsynaptic membrane is sufficiently 

depolarized to remove the rnagnesiurn block (Mayer et al., 1984, Mayer and Westbrook, 

1987; Nowark et al., lm). 

Opening the NMDA ionophore is required for the induction of some forms of 

hippocampal LTP (Collingridge and Bliss, 1987). NMDA antagonists, such as D L-2- 

amino-lphosphonopentanoate (AP5) have k e n  found to block LTP induction when 



present dunng tetank stimulation, but do not prevent the expression of previously 

induuxi LTP (Collingridge, Kehl and McLeiian, 1983). NMDA antagonists, such as 

MK-80 1, which interact at the ionophore itself have dso been found to prevent LTP 

induction (Coan, Saywood and Collingridge, 1987). FUrther, LTP has been associated 

with an increase in the release of endogenous glutamate in the dentate gynis (100-180%) 

(Bliss, Douglas, Emngton and Lynch 1986; Emngton, Lynch and Bliss. 1987), which has 

been shown to follow the same time course as LTP decay of the population EPSP (Bliss 

et al., 1986). The functional properties of the NMDA receptor-ionophore complex 

provides an aitractive explanation for the Hebbian associative mechanism. 

LTP has been shown to be dependent on calcium flow into the postsynaptic cell. 

LTP can be prevented with the injection of calcium chelators (such as EGTA) into the 

postsynaptic ce11 (Lynch, Larson, Kelso, Bamioneuvo and Schottler, 1983) and release of 

calcium (via the caged calcium cornpound Nitr-5) into the postsynaptic ce11 results in 

potentiaîion of synaptic transmission (Malenka, Kauer, Zucker and Nicoll, 1988). It has 

k e n  postuiated that long-term changes in synaptic transmission are due, a t  least in part, 

to alterations in gene expression, protein synthesis and or metabolic changes in the 

postsynaptic ce11 (Madison, Malenka and Nicholl, 199 1). 

LTP then represents changes in neural co~ec t iv i ty  w hich appear consistent wi th 

Hebb's postulate, in that synaptic modification occurs when the synapse is active in close 

temporal contiguity with strong postsynaptic activity. LTP has k e n  demonstrated to 



occur in association with leaming in the behaving animal, although it has yet to be 

determineci if it is necessary and sufficient for leaming to occur. 

There is correlational evidence that leaming produces LTP-Iike changes in the 

hippocampus (Barnes, 1979; Laroche, Doyere and Bloch, 1989; Laroche, Doyere and 

Redini Del Negro, 1991). Sharp, McNaughton and Burns (1985) reported LTP-like 

changes in the evoked response of the dentate g y m  in association with the presentation 

of a novel environment, which graduaily decayed and then reinstated upon presentation to 

an altemate novel environment. Evidence indicates that various types of behaviourai 

training result in LTP-like changes in the hippocampal evoked response including; 

classical conditioned eyeblink (Thompon, Berger and Madden, 1983; Weisz, Clark and 

Thompson 1984), tone footshock conditioning paradigm (Laroche and Bloch, 1982) and 

brightness discrimination tasks (Ruthrich, Manhies and Ott, 1982). Further, it has been 

demonstrated that induction of the LTP-Iike phenomenon in the rabbit hippocampus, 

utilizing the nictitating membrane response, results in an alteration of the distribution and 

the number of glutamate binding sites (Mammounas, Thompson, Lynch and Baudry, 

1984; Lynch and Baudry, 1984). However, LTP may be a gross exaggeration of the 

changes which occur naturally and this may explain why the magnitude of experimental 

LTP has not been observed in behaving anirnals during learning (Bear, 1996). 

If there is a relationship between the neural mechanisms underlying LTP and 

leaming, it stands to reason that the previous establishment of LTP should alter 

behaviour, either to facilitate or disrupt subsequent leaming. Evidence suggests that LTP 

in the hippocampus rnay influence subsequent leaniing (Barnes, Jung, McNaughton and 

Korol, Ancireasson and Worley, 1994; McNaughton, Barnes, Rao, Baldwin and 



Rasmussen, 1986). It has been demonstiated that previous induction of LTP in the 

dentate gynis of the hippocampus prior to training results in enhanceci behavioural 

leaming, utilizing both the rabbit nictitating membrane conditioning (Berger, 1984) and 

the shuttlebox avoidance (Reymann, Ruthrich Lindenau, Ott and Matthies, 1982; Ott 

Ruthrich, Reymann, Lindenau and Matthies, 1982; Skelton, Miller, and Phillips, 1985) 

paradigms. The rate of behaviourai learning has been related to the magnitude of the 

dentate evoked response (Skelton et aL, 1985). Behavioural leaniing is impaired 

following transection of the perforant path, suggesting this limbic circuit is directly 

involved in infornation storage. In older rats, however, prior induction of LTP appears 

to disrupt subsequent leaniing (Barnes, 1979). Evidence suggests that LTP can alter both 

synaptic and behavioral responses. 

In opposition to the role of LTP in memory, it has been observeci that the duration 

of LTP does not match that of life-long mernories (Gallistel, 1995), that the specificity 

might not be as precise as once thought (ODelI, Kandel and Grant, 1991) and that 

associative LTP is not the sarne as classical conditioning (Gallistel, 1995). Furthemore, 

the claim that saturation of hippocarnpai synapses with intense afferent stimulation blocks 

new leaming has been challenged (Cain, Hargreaves, Boon and Dennison, 1993; 

Sutherland, Drindenberg and Hoesing, 1993) and the phannacology of behavioural LTP 

has yet to be determined (Banneman, G a d ,  Butcher, Ramsey and Moms, 1995; Saucier 

and Cain, 19%). 

The general assertion, often expressed as a cri ticism, that LTP is not memory is 

often made. However, memory is not a unitary phenornena and there is uncertainty about 

what memory is and how we should observe it. A perfect correspondence between LTP 



and memory shouid not be expected since LTP is a centrally induced change within a 

particuiar brain structure whereas memory takes place in the whole animai and is induced 

by extemal stimuli (Barns, 1995; Barnes, Jung, McNaughton and Korol, 19%). Like 

memory, the LTP phenomena itself has multiple underlying mechanisms, is widespread 

throughout the brain (Gerren and Weinberger, 1983; Komatsu, Nakajima and Toyama, 

1991; Madison, Malenka and Nicoll, 1991; McNaughton and Miller, 1984; Patneau and 

Stripling, 1992; Racine, Wilson, Gingell and Sutherland, 1986; Roman, Chaillian and 

Soumireu-Mourat, 1993; Stripling, Patneau and Gramlich, 1988; Stripling, Patneau and 

Gramlich, 1991 ; Wilhite, Teyler and Hendricks, 1986) and not just restricted to the 

hippocampus. To reconcile the relation between potentiation phenomena and memory, a 

comprehensive examination of the charactefistics of pst-activation potentiation in 

various brain structures in relation to the role in experiencedependent changes in 

bzhaviour is required. 

The hippocampal and neocorticai leaniing systems have been distinguished on the 

basis of several characteristics. The hippocampal system has been charactenzed by rapid 

acquisition and transient storage while the neocortical system is believed to acquire 

idonnation more slowly but store for longer perïods (McClelland, McNaughton and 

OReill y, 1995; Squire, Zola-Morgan, 199 1 ; Zola-Morgan and Squire, 1993). 



Lesions to temporal lobe structures including the hippocampus and amygdda 

result in profound deficits in the formation of new memories (anteropde amnesia) and a 

temporally graded loss of memory for the period of time ùnmediately preceding the 

lesion (retrograde amnesia), indicating their role is critical in new information storage 

(Winocur, 1990; Squire, 1992; Kim and Fanselow, 1992; Zola-Morgan and Squire, 

1990). In fact, the memory of older amnesics on material from the first 2 decades of life 

has been found to be equivalent to that of nonnals (MacKinnon and Squire, 1989). 

Deficits in learning and memory resulting from cortical lesions in both humans and 

animds suggests that the neocortex is a major putative site for long-term information 

storage. The retrogm.de amnesia observed to occur in Alzheimer's disease has k e n  

correlated with diffuse neural damage in neocortical areas (Teny and Davies, 1980). 

While the hippocampus is capable of the rapid leamhg of associations, often 

with only a single presentation, the neocoxtical system is believed to acquire idormation 

through many repeti tions of similar acts of information processing , producing gradud, 

incremental changes in synaptic connections between neocortical neurons (McClelland, 

McNaughton and OtReilly, 1995; Squire, Zola-Morgan, 1991; Zola-Morgan and Squire, 

1993). McClelland, McNaughton and O'Reilly (1995) have proposed that the brain 

utilizes complementary leaming systems in the hippocampus and neocortex for 

information storage. They argue the neocortical leaming sy stem is specialized for the 

gradual extraction of structure from events, leading to changes in synaptic connection 

which allow for generalization, while the hippocampal systern functions to store new 

information and to retxieve those while in storage to replay them to the neocortical 

system, such that ongoing information may be interweaved with previous experience. 

From this perspective, one would expect different potentiation induction and decay rates 



for hippocampal and neocortical systems consistent with their proposed functional 

differences. Spaced, repeated presentations of LTP-inducing stimulation trains applied to 

the neocortex should be effective because the neocortical system is operating with a. 

relatively slow leaming rate. 

The Neocortex 

The fact that LTP was initially and is most prominently observed in the trisynaptic 

pathway of the hippocampal formation (Bliss and Lomo, 1973, Bliss and Gardner- 

Medwin, 1973, Douglas and Goddard, 1975) and that the field components in the 

hippocampal evoked response have k e n  directly related to synaptic events and ce11 

firing, probably accounts Tor the fact that the majority of LTP research is k i n g  conducted 

in this structure. It can be conservatively estirnated that from 1973 to 1996 at least 85% 

of the published LTP research articles have described work conducted in the hippocampal 

formation (Teskey and Valentine, in press). Due to the heterogeneity of the regions of 

the neocortex and the complexity of the intnnsic and extnnsic connections, this is a 

relatively more difficult structure to investigate. A brief discussion of the neuroanatomy 

of the neocortex must be considered- 

Neurounatomy of the Neocortex 

The tenn neocortex has generally been defined as phylogeneticaily the most 

recent structure in the brain to have developed, wmprising the more or less uniform 

extemal surface. The term isocortex, coined by Vogt and Vogt in 1919, may provide a 



more appropriate descriptor since there is evidence that even among the earliest mammals 

independent transfomations of a simpler cortex have pcoduced subdivisions that are not 

homologous. The term neocortex will be used throughout this manuscript without 

implication as to the phylogenetic origin. 

The most prominent feature of the neocortex is it's laminated structure. The 

mammalian neocortex c m  be divided into six layers, sequentially numbered from the 

brain surface, which are distinguished by ceIl density, size and shape of the soma, and 

fiber projections. Three types of neocortex have been identified on the basis of laminar 

organization. Koniocortex, or granular cortex where the ceil bodies are densely packed in 

layer 4 is typical of the primary sensory areas. In conhast, agranular cortex lacks this 

distinct layer, as is observed in the motor cortex (Northcutt and Kaas, 1995; Kolb, 1990, 

Douglas and Martin, 1990). The third type of cortex, eulaminate or homotypical, is 

cornprised of varying populations of granulae cells and includes many of the association 

cortical regions. 

Al1 three divisions of the neocortex contain two basic types of cells, those with 

spiny dendrites, including stellate and pyramidal celis, and those with smooth dendrites 

or nonpyramidal neurons. Approximately 908 of cortical neurons can be classified into 

these hvo types of cells. The differences between these two ce11 types are both 

morphological and functional. Evidence suggests that spiny neurons are excitatory in 

function, where smooth neurons are thought to be inhibitory. 

The major morphological type of spiny neurons is the pyramidal cell. The 

pyramidal ce11 constitutes about two thirds of the neurons in the neocortex and are iound 



in al1 cortical layers, wi th the exception of layer 1. The neocortical pyramidal ce11 

typicdly has spine-covered dendrites, a definitive apical dendrite ending in a tuft in layer 

1 and a pyramidal shaped soma Al1 pyramidal cells of the neocortex have an axon 

collateral system which foms, in part, the intrinsic cortical circuitry. Many of these cells 

also project to other regions of the brain. providing the primary source of output from the 

cortex. The second type of spiny nemns, the stellate cell, are found exclusively in layer 

4 of granula. cortex (Cajal, 19 1 1). The stellate cell also has spiny dendrites, but lacks the 

apical dendrite characteristic of the pyramidal celi. The dendrites of the stellate cell 

radiate out from the soma to give the neurons a star-like appearance. The vast majonty of 

these cells do not project to other cortical areas, but rather form part of the intnnsic 

cortical ci rcui try. 

The smooth neurons form a heterogeneous group of cells. On the basis of axonal 

arborization, at least ten types of smooth neurons have k e n  identified (Szentagothai, 

1978; Peters and Regidor, 198 1). These include the cortical basket cell, the chandelier or 

axoaxonic ce11 and the "double-bouquetn cell, w hich have been observed in al1 cortical 

areas studied. Two types of smooth neurons have been found in layer 1, which is 

relativeiy cell-free in cornparison with other cortical layers. The Retzius-Cajal neuron, 

which has a horizontally orienteci dendntic uee, and the small neuron of layer 1, which 

consists of a highly locdized dendntic and axonal arbor have k e n  observed. The 

Martinotti ce11 soma is located in layer 6, but the processes span the entire length of the 

cortex. 



In the neocortex, two basic types of synapses have been identified. The 

asymmetrical or  type 1 synapse exhibits pronounced electrondense staining under the 

postsynaptic membrane and not the presynaptic membrane. Symmehical or type 2 

synapses are observed to have more symmetrical pre- and postsynaptic densities. Both 

types of synapses are found in al1 cortical neurons, although the relative distributions 

Vary. The type 1 synapses have been observed primarily on denciritic spines and shafts, 

whereas type 2 synapses are concentrated amund the soma and proximal dendrites, with a 

small percentage on spines and distal dendrites (Gray, 1959; Szentagothai, 1978; White 

and Rock 1980; Beaulieu and Colonnier, 1985). These two types of synapse have been 

associateci wi th different morpholog y, comectivi ty and neurotransmi tters, sugges ting a 

basic functionai distinction. 

The axons of cells which provide input to the cortex arise from a great many 

sources. The primary input to any given cortical region is that of other cortical areas. 

The corticu-cortical connections are prïmaily made by the pyramidal cells which project 

to particular laminae in their target region. The pyramidal cells in the superficial layers 

project princi pal1 y to layer 4 of other cortical regions, w hile the pyramidal cells in the 

deep cortical layers project predominantl y outside of layer 4 (Van Essen, 1%5; Zeki and 

Shipp, 1988). The densi ty of cortico-cortical projections varies between the vanous 

cortical regions. 

The connections of the corpus cailosum in the rat cortex are both homotopic 

(between symmetrical loci in both hemispheres) and heterotopic (between asymmetrical 

loci in both hemispheres) (Cipolloni and Peten, 1979; Olavama and van Sluyters, 1985; 

Reick and Carey, 1984; Wree, Angenendt and Zilles, 1986; Zaborsky and Wolff, 1982). 



Evidence suggests that callosal fibers teminate in al1 cortical layers, but are most densely 

packed in layers 1 through 3 and 5 to 6 in many of the cortical regions (Heimer, Ebner 

and Nauta, 1%7; Jacobon and Trojanowski, 1974). The cells of origin of corpus 

callosurn have been found in layers 2 through 6, with the majority of cells located in 

layers 3 and 4 (Jacobsen and Trojanowski, 1974). 

While cortical regions primarily comect with other cortical regions there are a 

number of other inputs. The thalamus projects to ail comcal areas terminating primarily 

in layers 3 and 4, although other layers also receive some innervation. The terminal 

arbonzations of single thalamic afferents innervate a cortical region of several 

millimeters in diameter with each afferent making only a few synapses with any cortical 

neuron, such that any single geniculate neuron, for exarnple, may connect with several 

thousand cortical neurons (Freund, Martin and Whitteridge 198%; Humphrey, Sur, 

UhIrich and Sherman, 1985). Thalamic input however, even in layer 4, accounts for less 

than 20% of the synapses. Other subcorticai structures which provide input to the cortex 

include the diagonal band, claustnim, locus coeruieus, the basai forebrain, and the dorsal 

and median raphe. These subcortical structures use modulatory neur0tl;uismitters and 

have k e n  identifieci to be important contributors to neocortical EEG activity and 

plasticiîy (Vanderwolf, 1988). 

Neocorticai EEG Activity 

The generation of the field potentials is fairly well understood for simple cortical 

structures such as the olfactory bulb and prepyriform cortex (Freeman, 1975; Shephard, 



lm, cerebellar cortex (Nicholson and Llinas, 197 1 ; Spencer, 197'7) and hippocampal 

formation (Leung, 1984). In the neocortex, the heterogeneity of neural elements and the 

complexity of their intercomection has impeded comprehensive understanding of the 

generation of slow wave potentials. 

Field potentials reflect the activity of a population of neurons due to the volume 

conducting properties of the brain. Spontaneous slow wave activity recorded 

extracellularly represents the sum total of potentiais generated by various currents 

traversing the intracellular and extracellular media (Lorente de No, 1949; Freeman, 

1975). Sigdîcant extracellular potentials are observed when currents from a large 

population of neurons summate. This is possible when the same type of synaptic activity 

occurs sirnultaneously in a large number of neurons and the neural tissue is primarily 

comprised of elongated cells arrangeci in parallel. Pyramidal cells in the hippocampus 

and neocortex are often active in synchrony and are arrangeci in parallel, thus giving rise 

to prominent slow wave activity. 

The neocortical electrocorticogram is thought to be pnmaril y cornpriseci of 

localized synaptic potentials generated in the region of the sornata and dendrites of the 

vertical1 y-orientai deep pyramidal cells (Purpura, 1959). These s pontaneous variations in 

electrical potential typically occur at relatively low frequencies, pnmarily in the range of 

1 to M Hz, with an amplitude of 1 to 3 mV. Slow waves are believed to be compnsed 

primarily of postsynaptic potentials, as the duration and dipole field characteristics 

suggest they are more likely to sum than unit potentials (EIul, 1972; Freeman, 1975; 

Creuefeldt, 1974; Humphrey, 1968). 



Spontaneous EEG recorded from the neocortex of the awake behaving rat reveals 

three predominate patterns of activity: (1) Low voltage fast activity (LVFA), (2) Large- 

amplitude, irreguiar slow wave activity (LISA) and (3) spindle activity (Figure 1). 

Low voltage fast activity (LVFA) refers to the small amplitude, high frequency wave 

foxm, while large-amplitude, irregular slow wave activity (LISA) has an amplitude 2 to 8 

times larger than LVFA recorded from the same electrode. The neocortex also norninally 

exhibits a rhythmicai spindie activity which has a frequency of 6 to 10 Hz and an 

amplitude approximately equal to USA recorded from the sarne electrode. During LVFA 

it is thought that cells are depolariPng and hyperpolarizing in a desynchronous manner, 

where dwing LISA and spindle activity these events are occumïng in a synchronous 

pattern. LVFA has been associated with an irregular continuous pattern of mu1 tiuni t 

discharge, while both LISA and spindle activity are associated with bursting patterns of 

multiunit activity (Adrian and Moruzzi, 1939; Puipura, 1959). Evidence suggests that 

spindle waves are the result of recurrent excitation between cortico-thalamic and 

thaiarno-cortical circuitry (stena.de and Deschenes, 1984). 

Spontaneous neocortical slow wave activity does not appear to be as closel y 

related to concurrent motor activity as it has been demonstrated to be in the hippocampal 

formation (Vanderwolf, 1969; Siegel, 1979; Vanderwolf and Robinson, 1981). In the 

neocortex, LVFA is present for long periods with no apparent relation to ongoing 

behavior, 0ccUmng during both movement and awake immobility. USA is prorninently 

expresseci during quiet sleep and is regarded as the spontaneous or resting form of activity 

in the neocortex. Neocortical LISA is comparable to the large-amplitude, irregular 

activi ty (LIA) observed in the hippocarnpus (Vandemolf and Leung, 1985). The 

appearance of spindle activity is dependent on the background EEG of the neocortex and 





is related to the behavioural state of the animal. Maximal spindle durations are observed 

during the behaviourai state of awake immobiiity and spindles are never observed to 

m u r  during movement A clear relation between neocortical EEG activity and the 

rnorphology of the tramcortical evoked respome has been demonstrated (Racine, Tuff 

and Zaide, 1975; Dringenberg and Vanderwolf, 1994). 

The neocortical field potential evoked in response to electrïcal stimulation of 

subjacent white matter is cumprised of a stable and d iab le  EPSPnPSP sequence (Figure 

2). Based on work in the neocorticai slice preparation, the typical response sequence can 

been describeci in t e n n s  of a number of components. The initial component of the 

characteristic response consists of an early or fast, monosynaptic EPSP (jEPSP) with a 

peak latency of 5-14 msec. Teyler, Aroniadou, Berry, Borroni, DiScenna, Grover and 

Lambert (1990) suggest that two subcomponents of the fEPSP can be identifieci ( l a  and 

I b), ai though these components tempordy overlap such that component I b appears as 

the falling phase of the combined early EPSP. It appears that the early EPSP component 

is pnmarily mediated by glutamate acting at AA@A/KA receptors. The fEPSP is 

followed by the slow or late EPSP (JEPSP) which has a peak latency between 1û-30 

msec, appears to be depolarizing and is likely mediated by glutamate acting at NMDA 

receptors (Corners, Gutnick and Prince, 1982). The amplitude and dumtion of the sEPSP 

is influenceci by a temporail y coincident fast, chloride-mediatecl IPSP ( j?PSP). The 

fIPSP has a peak latency of 12-35 msec. This is followed by a slow or late potassium- 

mediared IPSP (sIPSP) with an onset latency of approximately 30 msec and a duration of 

100- 150 msec. The fIPSP and slPSP are primarily mediated by GABA acting on 



The Neocortical Evoked Response 

test I \ 
pulse 1 

Figure 2. The components of a typical neocortical evoked response. The ini tial surface negative going potential consista of 
two cornponents; the early or fast EPSP WPSP) which peaks betwen 5 and 14 ms, and the late or slow EPSP (sEPSP) which 
peaks between 18 and 30 ms. The fast IPSP (iIPSP) component temporally overlaps witb the EPSP components, whilc the 
slow IPSP (sIPSP) has Iatency to onset of approximately 30 ms. 



GABAA and GABAB receptors, respectively. A very late EPSP is often recorded with a 

variable onset (100-150 mec), amplitude and duration (not shown). This component of 

the neocortical evoked potential has been referred to as a slow EPSP (Kimura, Nishigori, 

Shirokawa and Tsumoto, 1989), a late EPSP (Sutor and Kablitz, 1989; Luhmann and 

Pnnce, 1990) and a delayed depolarkation (Artola and Singer, 1987; Artola and Singer, 

1990). It is likely that this component represents the first of many synchronized spikes 

that occur during a spindle wave. 

The neocorticai transcortic. evoked response, in particular development of the 

late IPSP component, has been demonstrated to vary systematically in association with 

ongoing behaviour (Racine, Tuff and Zaide, 1975; Dringenberg and Vanderwolf, 1994). 

Dringenberg and Vanderwolf (1994) observed that during immobility the transcortical 

evoked potentiai exhibits an early negative component associated with concurrent 

multiunit discharge and a late positive component which is associated with a period of 

suppression in multiunit activity. The duration and amplitude of both evoked potential 

components were suppressed relative to immobility, with a pronounced reduction in the 

IPSP component in association with a shorter period of suppression in multiunit activity. 

Thus, it generally appears that the late component of the neocorticai evoked response is 

well developed during immobility and reduced during movement Only minor changes 

were observed in the neocortical evoked response associated with the transition for 

waking immobility to slow wave sleep (Vanderwolf, Harvey and Leung, 1987). 



Modulatory Systems and Neocortical Activity 

Cortical activity, as measured by both EEG and evoked potential recording 

techniques, appears to be dependent on activation of neuromoduIatory input to the 

neocortex. Modulatory systems refer to anatornically diffuse subcortical regions which 

project primarily to the neocortex and have distinct neurochemical signatures. The role 

of modulatory systems in the function of the neocortex remains Iargely undefined. 

There is evidence that the cholinergic modulatory system plays a role in the 

generation of neocortical LVFA. In the anesthetized preparation, neocortical LVFA can 

be abolished with systemic injections of antirnuscarinic antagonists such as atropine and 

scopolamine (Vandenvolf, Kramis and Robinson, 1978; Vanderwolf and Robinson, 

198 1). The application of acetylcholine, acetylcholinesterases and acetylcholine agonists 

results in the production of neocortical LVFA. Further, the release of acetylcholine from 

the surface of the neocortex (in both the acute and chronic preparations) is greater during 

LVFA than during LISA. In fact, slow wave sleep (LISA) has been associateci with low 

levels of acetylcholine release in the neocortex. 

Evidence indicates that this atropine-sensitive LVFA is generated by activity of 

cholinergic basal forebrain neurons whjch project to the neocortex. Cholinergie marker 

enzymes have k e n  demonstrated to be present in neurons in basal forebrain which 

project to the neocortex, as well as the cingulate and hippocampal cortices (Butcher and 

Woolf, 1986; Sofroniew, Peterson and Powell, 1981). Basal forebrain cells express an 

increased firing rate during LVFA and are the first ceIl type which can be driven 

antidromically with stimulation of the neocortex. Electrical stimulation of basal forebrain 



cells results in enhanced release of acetylcholine from the surface of the neocortex and 

destruction of these cells (with kainic acid) abolishes one type of neocortical LVFA. 

Activity of the basal forebrain cells may be controlled by a variety of inputs including 

local inhibitory intemerouns, ascending cholinergic brainstem neurons or indirectiy by 

dopaminergic fibers from midbrain (Casamenti, Defenu, Abbamondi and Pepu, 1986). 

Following administration of antimuscarinics a relationship between neocortical 

slow wave activity and concurrent motor activity has been observeci (Vanderwolf, 1975; 

Schallert, De Ryck and Tietilbaum, 1980; Vandenirolf and Pappas, 1980). During 

movement (type I behaviour) atropine-resistant LVFA is present in association with 

continuous multiunit activity, while during immobility (or type II behaviours) LISA is 

present with an associateci burst suppression pattern of multiunit activity and LVFA does 

not appear. The findings suggest that neocortical LVFA is generated by two distinct 

inputs to the neocortex: an atropine-sensitive input which generates LVFA during 

immobility and an atropine-resistant input which generates LVFA in association with the 

occurrence of movement. 

Cortical activation rnay be dependent on both cholinergic and serotonergic inputs 

to the neocortex. In the chmnic preparation, antimuscarinics fail to abolish al1 neocorticai 

LVFA, suggesting there is a noncholinergic activating input which can generate LVFA. 

This atropine-resistant form of LVFA appears to be dependent on ascendhg serotoi~ergic 

input to the neocortex, such that the serotonergic antagonist reserpine abolishes this form 

of neocortical LVFA (Vanderwolf, 1984). The application of combineci cholinergic and 

serontonergic antagonists results in the suppression of cortical activity, abolishing al1 

LVFA and generating continuous USA, regardless of ongoing behaviour (Vanderwolf 



and Baker, 1986). It appears that generation of neocortical LVFA, like theta in the 

hippocampus, requires a particuiar pattern of neuromodulatory system activation. 

Given that the neocortex has been implicated in long-tem information storage 

and that one of the functional correlates of behavioural flexibility is greater cortical 

volume, the neocortex provides an interesting brain structure in w hich to examine 

plasticity. 

It is likely that some neural structures exhibit more plasticity than others. 

Presumably, the brain requires some consistency in a labile system if function is to 

remain stable. We might expect that some structures, like the brain stem that regulates 

breathing, to be tightly reguiated, highiy predictable, and absolutely essential. Other 

structures, like the neocortex, that extend a range of subcortical functions to allow 

appropriate behaviours over a larger number of stimulus conditions would be later 

developing, receive extensive sensory input and must adjust to a complex and less 

predictable environment. If one were to speculate about which structures are more plastic 

than others it seems intuitive that those structures which develop last and continue to self- 

organize would express the most plasticity. Since the gross structure of the brain 

organizes itself from the inside out and larger cortical volumes correlate with an increase 

in behavioural Bexibility, it can be reasoned that the neocortex should express a high 

degree of plas tici ty. 



Direct evidence suggests the neocortex has plastic properties. The cortex has an 

impressive number of synapses and becornes thicker during development due to an 

increase in synaptic comectivity. The properties of corticai plasticity are most obvious 

during development. The early work of Hubel and Weisel provided direct evidence that 

early sensory depnvation is capable of aitenng the structure of the cerebral cortex (1963). 

They found that penods of depnvation imposed in early development resulted in 

substantial shifts in ocular dominance of comcal cells, while the sarne period of 

deprivation in the addt failed to result in any measurable change, defining a critical 

p e n d  within which development can be modifiai by experience. 

Training or differential experience has been found to induce a number of changes 

in the cerebral cortex of the rat including increases in cortical thickness, size of synaptic 

contacts, number of denchitic spines and dendritic bmching in both young and older rats 

and results in improved performance on seveml behavioural tests (Rosenzweig and 

Bennett, 1996). Further, a number of studies have shown that sensory and artificial 

stimulation results in changes in the properties of neocortical receptive fields (Merzenich, 

1987; Merzenich, Nelson, Stryker, Cynader, Shoppmann and Zook, 1984; Nudo, Jenkins 

and Merzenich, 1990; Recanzone, Merzenich and Dinse, 1992; Vidyasagar, Pei and 

Volgushev, 19%; Weinberger, 1993; Weinberger, 1992). If pst-activation phenornena 

reflect pnmary and general mechanisms for information storage then we would expect to 

see it readily induced within the neocortex, where long-term memories are thought to be 

s tored. 



Neocortical Post-Activation Potentiation 

Indeed, LTP has k e n  reliabl y demonstrated in the neocorticai slice (Artola and 

Singer, 1987; Artola and Singer, 1990; Artola, Brocher and Singer, 1990; Kimura, 

Nishigori, Shirokawa and Tsumoto, 1989) and in anestheti- acute preparations 

(Racine, Wilson, Teskey and Milgram, 1994; Keller, Miyashita and Asanuma, 1991; 

Teyler and Discema, 1984, Tsumoto, 1990; Voronin, 1984; Wilson, 1984; Wilson and 

Racine, 1983). Neocortical LTP has been demonstrated to exist in a variety of animals 

species with subjects of varying ages (Crair and Malenka, 1995; Fox, 1995), as well as in 

di fferent neocortical regions (Castro-Alamancos, Donoghue and Corners, 1995) and 

layers (Artola, Brocher and Singer, 1990; Artola and Singer, 1987; Artola and Singer, 

1990; Beny, Teyler, and Taizhen, 1989; Kato, Lino and Kano, 1991; Kimura, Melis and 

Asanuma, 19%; Kirkwood, Lee and Bar; 1995). These effects appear however, to be 

most readily induced under conditions of inhi bi tory suppression, as wi th the application 

of GABA antagonists, or in tissue from young animals, in which the inhibitory system 

has not yet fully developed 

Single-Session Neocortical LTP 

The neocortex of the awake behaving adult rat has been found to be highiy 

r a i s  tant to the induction of LTP (Racine, Teskey, Wilson, Seidli tz and Milgram, 1994). 

Racine and colleagues reported on a number of experirnental attempts to induce LTP in 

the chronic preparation. Standard stimulation trains which have k e n  shown to 

effec tivel y induce LTP in subcortical and hi ppocampal si tes failed to induce neocortical 

LTP. Increasing the pulse duration (10 times), varying the train pulse frequency (1 Hz to 



300 Hz) and increasing the train duration (100 ms to 15 min) were also ineffective in LTP 

induction. Manipulations in which two or more converging inputs to a neocortical site 

were activated aiso failed to potentiate the target site. Phmadogical manipulation of 

GAB A-mediated inhibition had been shown to increase LTP in slice preparations (Artola, 

Brocher and Singer, 1990), although sub-convulsant doses of pictrotoxin were 

administered just @or to train stimulation to the neocortex, also failed to induce LTP. 

Stimulation trains administered to a group of animals that were housed in an "enriched 

environment", which resulted in a 8.9% increase in cortical thicbess, aiso failed to 

potentiate. Finally, in an experirnent in which train stimulation to the corpus callosum 

served as a cue in a shuttle box avoidance task, there was no indication of LTP in the 

neocortex. These negative findings provide faidy convincing evidence of the resistance 

of the neocortex to LTP in the chronic preparation, at least to LTP induced by a single 

session of stimulation. The resistance of the neocortex to the induction of LTP in vivo 

demonstrates that the rules of synaptic plasticity in the neocortex differ from that of the 

hippocampal formation, where LTP is readily induced using similar stimuli in vitro or in 

vivo. 

Multple-Session Neocortical LTP 

A recent report suggests that multiple stimulation sessions are required to induce 

an LTP effect in the neocortex of the awake behaving adult rat (Racine, Chapman, 

Trepel, Teskey and Mügram, 1995b). Racine's Iaboratory (l995a, 199%) was able to 

induce a long-term potentiation o l  the neocortical response in the awake behaving rat by 

drawing on the learning pnnciple established by Ebbinghaus, who noted that information 

is best Iearned and retained when individuais are repeatedly exposed over a longer period 



of time rather than to a single long exposure. The experimental protocol involved 

stimulating the corpus callosurn once per day with one second of current at an intensity 

sufficient to elicit an epileptifom afterdischarge (kindling). Results indicated that a 

single kindling session did not induce a potentiated response, rather several sessions of 

kindling were required be fore there w as  evidence of potentiation. Neocortical recording 

sites both ipsilaterai and contralateral to the stimulation site were found to require more 

than 13 days of stimulation to mach asymptotic leveis of potentiation. Potentiation 

effects were obsewed in the early and late EPSP components of the neocortical evoked 

response which were long lasting, showing little decay over a period of several weeks. 

The question of whether multiple sessions of non-epileptogenic cortical 

stimulation could induce neocortical long-term potentiation was addresseci in another set 

of experiments (Racine, Chapman, Trepel, Teskey and Milgram, 1995b). Twenty-five 

days of high frequency stimulation (30 sets of ûainsfday) were administered to the corpus 

callosurn in the awake behaving rat. Racine et al. (1995b) observed similar potentiation 

effects to those following neocortical kindling, a depression in the early component of the 

EPSP, while the laie EPSP potentiated. LTP in the neocortical evoked response became 

clear &ter about 5 days, with 75% of the animais exhibiting enhanced evoked responses. 

Following ten days of stimulation, al1 animais expresseci clear potentiated responses, 

which reached asymptotic levels by about 15 days. The potentiated responses showed a 

44% decay over a period of 4 weeks. A further chamcterization of the variables 

governing the induction and decay of the neocortical LTP in the awake freely rnoving rat 

has been provided (Trepel and Racine, in prepanttion). Chronically implantai rats 

received 5, 10 or 60 high-frequency trains each day for IO or 25 days, while an additional 

group received 1 train per day for 25 days. 



Relative to unstimulated controls, robust changes in the neocorticai evoked response, in 

both the early and late components of the EPSP, were observed. Increasing either the 

number of stimulation trains or the number of days of stimulation resulted in larger and 

longer-lasting potentiating effects. 

Modulatory Systems and Neocortr*caI Plasticiity 

Neuromoduiatory systems have been implicated in long-term information storage 

(Zilles, Wree and Dausch, 1990). As previousl y mentioned, pharmacological blockade of 

neuromodulators, especiaily serotonin and acetylcholine, has a pronounced effect on 

cortical activity and behaviour. Cholinergic antagonists have been found to impair 

memory formation in both humans and animais (Morris, 1991) and the rnemory deficits 

observed in the rat resulting from combined reduction in cholinergic and serotonergic 

activity have been likened to those of global dementia (Vanderwolf and Baker, 1986). 

Additionally, the memory deficits observed in Alzheimer's disease have k e n  suggested 

to be due, at least in part, to loss of cholinergic and perhaps serotonergic innervation of 

the neocortex (Bowen, Allen, Benton, Goodhardt, Haan, Palmer, Sims, Smith, Spillane, 

Erisi, Neary, Snowdon, Wilcock and Davison, 1983; Gottfries, Adolfsson, Aquilonius, 

Carlsson, Eckemas, Nordberg, Oreland, Svemerholm, Wilberg and Winblad, 1983). 

Evidence suggests that neuromodulatory systems may infiuence cortical plasticity. 

Racine et al. ( 1994% 199%) reported two notable successes at inducing plasticity in the 

chronic preparation, with a single stimulation session. Based on the observation that 

acetylcholine (ACh) has an activating effect on neocortical EEG (Vanderwolf, 1969; 



Vanderwolf, 1984; Vanderwolf and Baker, 1%; Vanderwolf and Leung, 1985; 

Vanderwolf, Harvey and Leung, 1987) and that ACh agonists increase the probability of 

LTP induction in neocortical slice experiments (Brocher, Artoia and Singer, 1992), the 

following experiments were conducted. In the first experiment the delivery of high 

frequency trains of stimulation were paired with injection of the 

cholinergic agonist pilocarpine. This resulted in a long-term depression (LTD) of the 

neocortical evoked response which lasted 37 days before decaying back to baseline, while 

pilocarpine or  high frequency stimulation alone had relatively linle effect The second 

experiment investigated the effects of CO-activating the corpus callosurn and the nucleus 

basalis of Meynert, a pathway that provides cholinergic projections to the neocortex 

(Saper, 1984). Strong co-activation of the nucleus basalis of Meynert and the callosal 

fibers resulted in a reliable LTD effect of the neocortex in the awake behaving rat 

The excitatory amino acid glutamate appears to be criticdly involved in 

neocortical plasticity. In most hippocampal (Collingridge, Kehl and McLennan, 1983) 

and all neocortical pathways (Artola and Singer, 1987; Artola and Singer, 1990; Sutor 

and Hablie, 1989; Kimura, Nishigon, Shirokawa and Tsumoto, 1989) examined in the 

slice preparation thus far, the induction of LTP requires activation of NMDA receptor- 

gated conductances. In the chronic preparation the NMDA antagonist CPP has also been 

demonstrated to block neocortical LTP in a dose-dependent fashion (Trepel and Racine, 

in preparation). Further, glutamate has been implicated in mernory formation as 

infusion of NMDA antagonists in the hippocampus have been found to result in the 

impairment of spatial leaming (Davis, Butcher and Moms, 1992). 



Activation of Moduhtory Systemr 

The purpose of this research was to examine the role of neurotransmitter and 

neurornodulatory systems on pst-activation potentiation of the neocortex in the awake 

behaving adult rat. To induce endogenous neurornoduiatory system activation in a 

somewhat more natudistic marner but under tight experimental control, the posterior 

hypothalamus (PH) was electrically stimulateci, instead of applying systemic 

pharmacological agonisîs. The posterior nucleus of the hypothalamus is one of the 

largest of the compact nuclei, extending from just behind the dorso-medial nucleus to the 

caudal end of hypothalamus (Veazey, Arnaral and Cowan, 198%; Vertes, Crane, Colom 

and Bland, 1995). The posterior nucleus of the hypothalamus (PH) provides ascending 

modulatory input to the neocortex. The ascending projections of the PH in the rat have 

been described using the anterograde anatornical tracer Phaseulus vulgarlr- 

leuccoaggulutinin (PHA-L) (Vertes, Crane, Colom and Bland, 1995). The primary 

ascending pathway is the medial forebrain bundle, with the fibers densely projecting to a 

nurnber of subcortical and cortical sites. The subcortïcal sites include the hypothalamus, 

thalamus, septal region and basal forebrain, while the cortical sites include the perirhinal, 

insular, frontal (lateral agranular), pretimbic and infdimbic cortices. 

Stimulation of the PH in the rat has been demonstrateci to induce locomotor 

activity in an intensity dependent marner (Bland and Vanderwolf, 1972; Oddie, Stefanek, 

Kirk and Bland, 1996; Oddie, Bland, Colom and Vertes, 1994). likely via ascending 

circuitry (Oddie et al., 1996; Vertes, Crane, Colom and Bland, 1995), resulting in the 

generation of rhythmical theta activiîy in the hippocampus and LVFA in the neocortex 

(Bland and Vanderwol f, 1972). The type of locomotor activity induced is dependent on 



environmentai cues. Furthemore, PH stimulation has been found to improve retention 

on an operant conditionhg task in rats and mice, whereas medial forebrain bundle 

stimulation did not (Destrade, 1986). Conversel y, PH lesions reduce the occurrence of 

voluntary behaviours while leaving automatic behaviours intact (Robinson and Whishaw, 

1974). 

Present Research 

It is assumed that lasthg modifications of synaptic transmission underlie 

information storage in the neocortex and that those changes occur in the neuronal 

assemblies nominaliy involved in processing information. The neocortex in the awake, 

behaving rat has been found to be highly resistant to the induction of pst-activation 

po ten tiation, requi ring repeated exposures to express plas tici ty. Further, the neocortex 

appears to require a combination of requisite nemmoduiatory system activation. The 

present research investigates the role of modulatory system activation on pst-activation 

potentiation of the neocortex in the awake behaving rat. 

The purpose of Experiment 1 was to determine the effect of PH stimulation on 

neocortical activity, utiiizing EEG and evoked potential recording techniques. 

Neocortical activity was recorded under the behavioural conditions of awake immobility, 

mobility , quiet sleep and during PH activation. Neurotransmi tter antagonis ts were used 

to detennine the specific neurotransmitters involved in generation of spontaneous 

neocortical activity. It was hypothesized that PH stimulation would induce 



neuromodulatory system activation in the neocortex similar to that which occured during 

spontaneous rnovement-related behaviour. 

Experiment II investigated the effect of neuromodulatory system activation on 

neocortical plasticity in the awake behaving rat. Multiple sessions of coincident high 

frequency stimulation were delivered to the corpus callosurn and PH. It was 

hypothesized that modulatory system activation would enhance potentiation of the 

neocortex. Given the role of modulatory systems in the generation of neocorticai activity, 

it seems likely that these same systems are involved in neocortical plasticity. To 

delineate the role of specific neurotransmitters and neuromodulators involved in post- 

activation potentiation of the neocortical evoked respme,  various pharmacological 

antagonists were administered in conjunction with co-activation of the corpus callosurn 

and PH. It  was hypothesized that potentiation of the neocortex would be reduced or 

blocked with NMDA and combined cholinergic and serotonergic antagonists. 

The ultimate aim of this research is to further elucidate the mechanisms of synaptic 

plasticity in the neocortex and the role of modulatory systems in information storage. 



Experirnent 1: Evoked Potential a d  EEG Recordings 

The purpose of this expriment was to determine the relationship between 

neocortical electncal activity and behaviour and to delineate the role of neurotransmitters 

in the generation of neocortical electncal activity. Utilizing evoked potential and EEG 

recording techniques, spontaneous and stimulation driven neural activity was measured in 

the neocortex during various behavioural States and under pharmacological manipulation. 

Fifteen male Long-Evans hooded rats from the University of Calgary Breeding 

Colonies served as subjects in these experiments. The animals were housed individually 

in clear plastic cages and were maintained on ad libitum food (Lab Diet #MOI; PMI 

Foods Inc, St Louis, MO) and water. At the time of surgery the animals weighed 

between 350 and 500 grams. The colony room was maintained on an automatic 12 hour 

light cycle in which the lights came on at 7am and tumed off at 7pm. Al1 data were 

collecteci during the light phase. The animats were maintained and handled according to 

the guidelines set by the Canadian Council of Animal Care. 



The animals were deeply anesthetized with sodium pentobarbital (Somnotol; 

MTC Pharrnaceuticals, Cambridge. ON), injected intraperitoneaily at a dosage of 65 

mglkg. The local anesthetic Lidocaine 2% (Austin, Joliette, QA) was also administered, 

subcutaneously. at the site of incision. Twisted wire bipolar electrodes were prepared 

from Tefioncoated stainless steel wire, 178 pm in diameter (A-M Systerns). The two 

poles of each electrode were sepamted by approximately 0.5 mm and 1.0 mm for the 

stirnulating and recording elecîrodes, respectively. This was done to ensure that the poles 

of the stimulating electrode would straddle the fibers of the cdlosum and the recording 

electrode would span the cortical layers, thus allowing for di fferential recordings . 

The electrodes were chronically implanted under e1ectrophysioIogical control, 

according to the stereotaxic coordinates of Swanson (1992). The bipolar recording 

electrode was implanted into the somatosensory region of the neocortex at 1.0 mm 

anterior and 4.0 mm lateral to bregma The stimulating electrode was implanted into the 

corpus callosum 1.0 mm anterior and 2.0 mm lateral to bregma The vertical placement 

of these two electrodes were adjusted during surgery to provide optimal response 

amplitudes. The resulting mean depth for the callosal stimulating electrode was 2.0 mm 

and for the cortical recording electrode 2.2 mm from brain surface. The PH electrode 

was implantai at 33 mm posterior to bregma, just lateral to midine and 7.6 mm ventral 

from brain surface (Figure 3). 
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Figure 3. Diagrammatic reconstruction Ulustrating the localization of the recording and 
stimularing electrode tips. The top panel shows the location of the comnal sections in a midsaggital 
view. The corfical elecnodes were localued in the corond plane a 1.0 mm anterior to bregma (A). 
The PH electmdes were locaiized in the coronal plaw ai 3.3 mm posterior to bregma (B). 
Histologicai illustrations were generated using the computer graphics fies <haî accompany Brain 
Maps (Swanson, 1992). 



A ground lead was soldered to a small jeweller's screw and securecl to the skull. 

The electrodes and ground lead were connected to gold-plated male amphenol pins and 

inserted into a 9-pin McIntyre connecter plug that was mounted to the skull with dental 

acrylic and anchored with three additional stainless steel screws. Al1 animais were 

allowed to recover from surgery for at least 7 days pnor to experimentation. 

Stimulation and Recording Procedure 

The electroencephalogram (EEG) is a sipaf that represents the summed total of 

the potentials for a population of neurons. EEG based measures can provide information 

as to the temporal nature of the neural activity and thus allows for spontaneous, ongoing 

neural activity in relation to behaviour to be monitored. Spontaneous and dnven neural 

activity was recorded from the somatosensory region of the neocortex. 

Al1 testing was wnducted in a Faraday cage approximately 88 x 66 x 48 cm in 

size, with a mirroratîached to the back wall. The cable led from the animal's head to the 

stimulating and recording equipment via a slip ring commutator. This system allowed for 

freedom of movement in the animal. EEG activity was analog filtered at half amplitude 

below 0.3 Hz and above 100 Hz and amplifïed using a Grass Neurodata Acquisition 

System (Model 12). The analog signal was stored to tape (Model 400; A.R. Vetter Co., 

Rebersburg, Pa) for subsequent off-line analysis. The analog signal was later converted 

to digital format (Datawave 12- bit converter), sampling at a rate of 51 2 Hz  The 2048 



points sampied were stored to disk The EEG activity was aIso recorded on paper with a 

Grass polygraph (Mode1 7) and visually screened for the presence of artifacts and obvious 

non-s tationari ties. 

Activation of the PH was induced with electrical stimulation delivered through 

Grass Sûû stimulators via constant cument isolation uni ts (PS 1 U6). Bi phasic square wave 

pulses delivered to the PH consisted of five sets of 2 second trains, with a puise duration 

of 300 ps), delivered at a frequency of 100 Hz. The intensity of the stimulation to be 

delivered to the PH was detemineci as that which reliably produced locomotor behavior 

(150-400 pA). All animals were screened for PH activation prior to recording. Electrical 

stimulation was applied to the PH at an intensity of 50 pA and increased in 50 pA steps 

until a reliable increase in locomotor activity was induced. The locomotor behavior 

induced included walking, running, climbing or digging. The stimulation intensity 

delivered to the PH was not increased beyond 800 pA and only those animals which 

exhi bi ted a consis tent and reliable increase in locornotor behaviour were included in the 

Since the behavioural state of the animal has k e n  found to be strongly comelated 

with the frequency of electrical activity in the neocortex of the rat (Vandenvolf, 1988), 

separate sets of EEG data were collected under the behavioral conditions of mobility, 

awake immobility and quiet sleep, as well as during PH activation. The behavioural 

condition of mobility was used to refer to those locomotor behaviow including walking, 

running, climbing or digging. Waking immobility referred to an immobile state in which 

the animal's eyes were open and the head supportai. 



EEG activity was also recorded under the effects of various phamacological 

agents including cholinergic, serotonergic, combined cholinergic and serotonergic, and 

NMDA antagonists. The neurotransmitter antagonists were administered such that 

neocortical activity was recorded under the peak effect of the drug. The cholinergic 

antagonist (rnuscuinic), scopolamine (Research Biochemicals International, Natnck, 

MA) was administered at  a dosage of 5 mgkg (at ImVkg), 10 minutes prior to recording. 

The serotonergic antagonist ketanserin tartrate (Research Biochemicds International, 

Natrick, MA), was delivered at a dosage of 10 mgkg (at 2.5 rnltkg), 30 minutes prior to 

recording. For the combined cholinergic and serotonergic antagonists ketanserin (10 

rnglkg) was administered 30 minutes prior to recording followed with scopofamine, 10 

minutes prior to recording. The NMDA antagonist, MK-801 (Research Biochemicals 

International, Natrick, MA) was delivered at a dosage of Smglkg (at 1 d/kg), 30 minutes 

prior to recording. Al1 antagonists were dissolved in saline and administered with 

intiaperitoneal injections. 

EEG AnalysLr 

The EEG activity was examined utilizing frequency analysis. In 1822, Fourier 

determineci that any penodic signai can be represented by an infinite sum of sine and 

cosine waves whose frequencies are integral multiples of the fundamental frequency. 

The Fourier Transfonn F), a cornmon signal analysis tool appiied to EEG (Cooley and 

Tukey, 1%5), provides determination of the signal into it's frequency components by 

transfoming the amplitude of the EEG from the time domain to the frequency domain. 

The power spectnun of a signal can be obtained by taking the Fi' of the auto-correlation 

function or by squaring the amplitude spectnun and closely corresponds to a 



quantification of the energy in the EEG (Tukey and Blaclanan, 1959). Thus, the power 

spectrum provides a representation of the relative strength of ail frequencies present in 

the signal. 1 t should be nokd that the FT assumes that the signal repeats itself beyond the 

analysis window. 

All EEG analyses were penoxmed on a Micron cornputer using Datawave 

software. Only segments of the signal which appeared to be artifact-free were included in 

the andysis. For dl analyses, the Fourier Transformation was applied to 4.0 second 

epochs of EEG recordecl from the neocortex. The sampling parameters were chosen to 

provide 0.25 Hz resolution up to 30 Hz in the frequency domain. 

Evoked Potentiai Meusures 

The cortico-cortical evoked potenrial provides a measure of synaptic connectivity 

strength and was determined by stimulation of the corpus callosurn and recording the 

resultant neocortical evoked potential. 

Following recovery, three baseline input-output (110) response curves were 

generated for each animai once every 24 hom. Onl y those animals with stable baselines 

were used. The I/O response curves were generated with application of stimulation, in an 

ascending series of intensities, to the corpus cailosum and recording of the resultant 

evoked response in the somatosensory region of the neocortex. Computer generated 

biphasic stimulation pulses were delivered through a linear stimulus and constant cunent 

isolation unit (Mode1 A395; World Recision Instruments, Sarasota, Fi.). The stimulation 

consisted of biphasic square wave pulses, 200 p e c  in duration, delivered at a frequency 



of 0.1 Hz. The logarithmic based intensities of the stimulation included 10,32,46,68, 

100,147,215,3 16,464,681 and 1 0  W. At each of the intensities, 10 responses were 

evoked and averaged. The averaged evoked responses were sampled, digitized and 

recorded, at a rate of 5 points per msec, using a Micron microcornputer and the Daiawave 

analysis program. The sampling period was 80 ms in duration. The potentials evoked in 

the neocortex were analyzed for both maximum peak amplitude and area differences. 

Evoked ptential measures were collected under the behavioral conditions of 

mobility, awake immobility and during PH activation. The neocortical evoked potential 

was also recorded under the effects of various pharmacological agents including 

cholinergic, sero tonergic, com bined cholinergic and sero tonergic, and NMDA 

antagonists. Under phannacological manipulation, al1 neocortical evoked responses were 

analyzed with respect to behavioural mobility. The specific antagonis ts used and the 

dosages administered were as described above. The antagonists were administered such 

that the peak effect of the dmg occurred at the higher intensities of the 110 measure. 

Following al1 experimentation. animals received i.p. injections of sodium 

pentobarbital to induce deep anesthesia. The brains were perfused intracardiall y wi th a 

saline solution followed with 10% formalin and following removal were stored in a 

formaiin/sucrose mixture for at least 24 hour prior to sectioning. Brains were frozen and 

sectioned coronally with a microtome in 40 prn slices. The sections were then slide 



mounted, stained with thionin and examineci utilizing light microscopy, allowing for 

precise determination of electrode placement 

Ebetiment II.- Co-activation of Corpur Callosum and the Posterior Hypothalamus 

The purpose of this expriment was to examine the effect of endogenous 

modulatory activation on pst-activation induced plasticity of the somatosensov 

neocortex in the awake behaving adult rat. By utilizing neurotransmitter antagonists, this 

experïment also investigated the contribution of specifïc neuromodulaîors to post - 

activation poten tiation of the neocortical evoked response. 

Seventy two adult male Long-Evans hooded rats from the University of Calgary 

Breeding Colonies were included in Experiment II. The anirnals weighed 350-500 gram 

at the time of surgery and were maintained as indicated in Experiment 1. Al1 animds 

underwent the sarne electrode implantation procedure as describeci in Expriment 1. 

Stimulation and Recording 

Pnor to baseline I I0  measures all anirnals were screened for stability of the 

neocortical evoked potential and to detemine the appropriate intensity of the PH 



stimulation (as described in Expenment 1). Three baseline I/O measures were genemted, 

once every 24 hours. The I l0  measures were generated in the same manner as described 

in Experiment 1. Following baseline measures, experirnental animals received high 

frequency stimulation (HFS) to the corpus callosum concurrent with PH stimulation once 

daily, for a total of 5 days (n = 6). The PH stimulation preceded the callosai stimulation 

by 1 s to ensure effective modulatory activation prior to the delivery of HFS to the corpus 

callosum (Figure 4). The HFS trains delivered to the callosum appeared to be applied 

during asymptotic levels of PH activation as indicated by visual monitoring of EEG and 

behaviour. 

The HFS applied to the corpus callosum consisted of five pairs of tmins 

compriseci of 4 biphasic square wave pulses, 0.2 ms in duration, with an intertrain interval 

of 150 rns. The stimulation was delivered at  an intensity of 1ûûû pA and a frequency of 

100 Hz. The pattern of HFS stimulation to the corpus callosum was used because of it's 

demonstrated effectiveness in the induction of LTP in subcortical sites (Racine, 1983). 

Modulatory system activation was induced with the application of electrical stimulation 

of the PH which consisted of two second stimulation trains, 0.3 ms in duration, delivered 

at a frequency of 100 Hz The stimulation intensity was defined as that which reliably 

produced locomotor behavior (150-400 pA). EEG activity was rnonitored during train 

delivery to ensure that no epilepti fonn activi ty occurred. Following treatment three I I0  

measures were generated once daily, 24 hours following the last treatment session, then 

once every 7 days for 4 to 6 weeks. 

Three control groups were included which received either HFS of the corpus 

callosum (n = 7). PH stimulation (n = 6) or no stimulation (110 measures only) (n = 6)  





done. For the animais which received no stimulation, I/O measures were matched to the 

time course of the experimentai animals. Those control groups which received either 

HFS or PH stimulation aione were administered five daily stimulation sessions. A 

separate group of animals (n = 6) received 25 days of CC and PH stimulation. During the 

25 days of stimulation I I 0  measures were repeated 24 h o m  following every fifth day of 

stimulation, immediateiy prior to the next treatment k i n g  delivered. 

Neurophannacoiogicai Manipulation 

Since stimulation of the PH activates multiple modulatory systems, i t must be 

determined which neuromodulators mediate the accelerated potentiation effects observed. 

In separate groups of animals (n = 7), various anîagonists were administered pnor to 

delivery of the stimulation trains to the corpus cailosum and PH, once daily for a total of 

5 days. Administration of the antagonists was pdomed as indicated in Expriment 1. 

Control animals (n = 7) received intraperitoneal saline injections of equivaient volume to 

the dmg animals, administered prior to delivery of the stimulation trains. 

Evoked Potential AMlysis 

The initial two components of the evoked potentiai were measured. To  determine 

the magnitude of the pst-activation potentiation the cortico-cortical evoked responses 

were examineci with respect to peak amplitude and area difference. Ali analyses were 

performed on the potential evoked at the third highes t intensi ty (464 pA) of each I/O 



measure. The peak amplitude of the eariy EPSP component was measured between 5 and 

14 msec (Figure 5). The late EPSP component was measured in ternis of a change in 

area, by subtracting the last baseline evoked potential from al1 other baseline, LTP and 

pst-LTP potentials. The maximum difference in standard units was determined to be 

between 18 to 35 mec, which defined the analysis window that containeci the peak of the 

late EPSP component The duration, or rate of decay, of the neocortical pst-activation 

potentiation was also examineci. The peak amplihde and area difference scores were 

analyzed utilizing between-subject ANOVAs. 



Measurement of Late Component 

Figure S. These evoked potentials are from 3 different animais in the gmup receiving 25 sessions of 
CO-activation of the corpus d o s u m  and PH. They exemplify the manner in which the late EPSP 
oomponent was m e d  as a diffmce in the area (between 18 and 35 ms) betwexm the tbird baselim and 
the pst-LTP sweeps taken 24 h after the cornpietion of treabnemt. The &y EPSP component was 
measured for peaL amplitude between 5 and 14 tus. These sweeps were also sekcted to show the variability 
in the eariy EPSP component amplitude from no change (A). to an inrrease (J3) to a decrease (C). The 
responses were evoked by 464 p A  test pulses. Vertical caiibration: 1 .O mV; Hcnizontal dbration: 20 ms. 



Results 

beriment  I r  Evoked Porential and EEG Recordings 

Hï.s~olagical Analysis 

Histological analysis confirmed the placement of the stimulating electrode to be in 

the white matter of the callosum or just at the border between the deep cortical layers and 

the white matter. It was detemiined that the recording electrode spanned layers 3 to 5 in 

the somatosensory region (Par 1) of the neocortex (Swanson, 1992). The position of the 

PH electrode was detennined to be within or at the border of the lateral nucleus. There 

did not appear to be a correlation between the electrode positions and any of the 

dependent measures. 

Neocortical EEG Activity 

The spontaneous EEG recorded from the neocortex exhibited al1 three patterns 

of activity, LVFA, LISA and spindles. Figure 6 shows four second segments of EEG 

activity recorded from the neocortex and the corresponding power spectrums, dunng the 

behavioural conditions of awake immobility, quiet sleep; mobility and during PH 

stimulation. Spindle activity was observed to occur during waking immobility and was 

accompanied by tremor of the vibnssae and head. The power spectnim demonstrates a 

sharp peak, indicating the spindle activity was compriseci primarily of frequencies in the 

6 to 10 Hz range. USA was observed during penods of waking immobility and sleep, 



Figure 6. Four seconds of neocortical EEG activity in the left panels and corresponding FFT 
analysis in the right panels during different behavioural states in the adult rat. A) Spiadle activity during 
waLing immobility. awmpanied by tremor of the vibrissae and head. B) Large irreguiar slow activity 
(LISA) during wakuig immobiiity. C) Low-voltage fast activity (LVFA) during movernent D) LVFA 
during PH activation. Note the change in magnitude of power in the large amplitude activity (AIB) in 
cornparison with the LFVA (CD). 



with power concentrated in frequencies between 2 to 6 Hz. LVFA occurred during both 

the awake immobility and mobility conditions. The LVFA power spectrurn indicated a 

peak in the 2 to 5 Hz range at an order of magnitude lower than the power of both the 

LISA and spindle activity. PH stimulation resuited in the generation of neocorticai 

LVFA simiiar to that observed to m u r  during spontaneous rnovement-related activi ty. 

The FFï analysis indicated that the power of the LVFA induced by PH stimulation was 

concentrated in the same frequency range. 

Neocortical Evoked Poteml 

The neocortical evoked response elicited with biphasic square wave pulses 

delivered to the corpus callosum gave rise to a stable and reliable EPSPlIPSP sequence 

(See Figure 2). The baseline field potentials exhibiteci a typical response morphology 

with an initial surface negative wave which peaked between 6 to 12 ms, followed by a 

surface positive potential with an onset Iatency of approximately 30 rns. In a num ber of 

animals a small late EPSP component was also evident which peaked between 11 to 28 

ms. 

The morphology of the neocortical evoked response in the freely moving rat was 

found to be dependent on the ongoing behaviour of the animai. As shown in Figure 7, 

during movernent both the amplitude and the duration of the evoked response 

components were reduced relative to that response elicited under behavioural immobility. 

Stimulation of the PH c o n c m n t  with the test pulse to the corpus cdlosum resulted in a 





decrease in the amplitude of the EPSP, similar to the neocorticai evoked response which 

occurred during spontaneous movement. 

Neocortical Activiîy under PhQnnacological Manipulation 

Administration of the centrally acting antimuscarinic, scopolamine, was observed 

to result in animals exhibiting increased locomotion about the cage, head movements and 

sniffing behaviour. Animais were also occasionaily observed to stand immobile or lay 

down, stretched out on the bedding covering the cage floor. The neocortical slow wave 

activity revealed a pattern of LVFA expressed during mobili ty and LISA during 

immobility- Spectral analysis of the LVFA recorded under the effect of scopolamine 

revealed the power to be concentrated in the 1 to 10 Hz range at an order of magnitude 

larger than that nominally observed (Figure 8). The neocortical evoked response was also 

strongly influenceci by the administration of scopolamine, which resulted in an increase in 

the amplitude and duration of the early component of the EPSP. All neocorticai 

responses were recorded under the behaviourai condition of mobi lity . 

The selective serotonin receptor antagonist, ketanserin had no O bvious effec t on 

behaviour. Under the effect of ketanserin, neocortical LVFA was apparent during both 

immobile and mobile conditions. The spectral analysis revealed the power of the signal 

to be an order of magnitude greater than nominal LVFA and concentrated in the 

frequency range of 1 to 3 Hz The transcailosal evoked response expressed an increase in 

the amplitude and duration of the EPSP components under the effects of ketansenn 

(Figure 9). 
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F i e  8. Neocorîical activity recorded under the effea of the cholinergie antagonist, scopolamine 
(5mg/kg. i.p.. administered 10 minutes prior to rezording) during behavioural mobiiity. (A) Segment 
of spontaneous EEG recordeci from the neocortex and the corresponding power specmim (B) The 
neocortical evoked response elicited with 200 pec biphasic square wave test pulse delivered at an 
intensity of 1OOO W. 
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Figure 9. Neocortical activity recorded under the effect of the serotonergic antagonist, 
ketanserin (lomgkg, i.p., administered 30 minutes prior to recording) during behavioural 
mobility. (A) Segment of spontaneous EEG recorded from the neocortex and the corresponding 
power specenim. (B) The neocortical evoked response elicited with 200 pec biphasic square 
wave test pulse delivered at an intensity of 1ûûû FA, 



Under the effect of the combined antagonists scopolamine and ketanserin the 

animais engaged in nominal behaviours such as feeding, groorning and locomoting about 

the cage, but appeared to be more easily startled. Administration of the combined 

antagonists prevented the expression of LVFA in the neocortex, generating continuous 

LISA, which was observed to occur during both mobile and immobile conditions (Figure 

10). The FFï analysis determined the power to be concentrated in the 2 to 5 Hz range, a t  

an order of magnitude larger than that nominaily expresseci duing LISA in the neocortex. 

Under the effect of ketanserin and scopolamine, the neocortical evoked response was 

observed to exhibit a decrease in the amplitude of the eariy EPSP component and a slight 

enhancement of the Iate EPSP component. 

The NMDA antagonist MK-801 had a profound effect on both behaviour and 

neocortkai activity. Administration of MK-801 resulted initially in an increase in motor 

activity of the animal, which was followed by the loss of postural control and righting 

reflexes while the animal continueci to attempt to rnove (belly crawl) about the cage. In 

some animals this was followed by a p e n d  of immobility with tonus in the muscles. The 

effect of MK-801 on neocortical slow wave activity appeared to be synchronizing, 

expressing b u t s  of activity o c c m g  approximately every 2 seconds (Figure 11). 

Power was found to be concentrated in the 2 to 5 Hz range, at an order of magnitude 

larger than nominal neocortical LISA. Administration of MK-801 also had a 

pronounceci effect on the neocortical evoked response, which exhibiteci a substantial 

decrease in both EPSP and IPSP components. 
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Figure 10. Neocorticai activity recordeci under the effect of the combined antagouists scopolamine 
aiid ketanse~e (Srnglkg. administered 10 minutes pior to recording and IOmg/kg. i.p., administered 
30 minutes prior to recording, respectively) during behavioural mobility. (A) Segment of 
spontaneous EEG recordeci h m  the neocortex and the correspondhg power s p e c m  @) The 
neocortical evoked response elicited with 2 0  Mec biphasic square wave test pulse deiivered at an 
intensity of 1000 pA. 
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Figure 11. Neocorücal activity recorded under the effect of the NMDA mtagonist, MK- 
801 (5mgfkg. i.p., administered 30 minutes prïor to recording) during behavioural 
mobility. (A) Segment of spontaneous EEG recorded Born the neocortex and the 
comsponciing power spectrum. (B) The neocortical evoked response elicited with 2 0  psec 
biphasic square wave test pulse delivered at an intensity of 1OOO pA. 



Experiment II.- Co-uetivaîion of Corpus Calbsum and the Posterior Hypothalamus 

Co-activation of Corpus Callosum and PH (5 Day) 

E v e  days of ceactivation of the corpus callosum and PH resulted in a 

pronounceci increase in the late EPSP component, as measured by the area difference 

(Figure 12). Potentiation of the late EPSP component peaked 24 hours following the last 

treatment session and was observed in nine of the twelve experimental animais. The 

criteria for considering the response potentiated was defined as a change from the 

baseline average which exceeded that seen in control groups. Figure 13 shows a 

representative set of field potentials recordeci during 110 tests in the baseline control 

phase and after induction of LTP, which indicate that peak levels of potentiation were 

reached at 3 13,464 and 681 pA intensity test pulses delivered to the corpus callosum. 

The threshold for eiiciting the evoked response did not appear to change foilowing 

treatment 

The data from the 5 &y treatment group and the initial four measures of the 25 

day group were combined for subsequent analysis. A number of animals were lost due to 

mortality. Cornparison of the first follow-up (24 hours following treatment) and the third 

baseline measures indicated a significant group effect in the late EPSP component area 

difference scores (& 3) = 6.50, p <.O 1). Foilow-up tests (Fisher's LSD) indicated that 

the HF'S and PH group was significantly different from the HFS c= 2.43, F-05). PH 

= 3.6 1, e<.O 1) and the no stimulation (1 = 3.59, -0 1) control groups. The changes in 

the neocortical evoked response induced with co-activation of the corpus callosum and 
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Figure 12. Potentiation and decay of ihe mean area of the late EPSP component as compared w i h  third baseline cvoked 
response. Waveform potentials were evoked wiih200 psec biphasoc sqiuue wave pulses at 464 pA. applied to the corpus 
callofium during baselines ( 1  2 )  and over 3 1 days following the 5 day treaûnent O. Vertical bars represent the standard error 
of the mean, 8 



Figure 13. Neooonical responses evdred with 200 psec biphasic square wave pulses in increasing 
intensities. applied to the corpus caiiomm during behavioural immobility. The representative 
waveforms are averagea of 10 sweeps. taken from a single ammal. These surface negative evoked 
potcntials were taken pre-LTP baseline (soiid Line) and 24 hours foiiowing t&e last treatment session 
of combineci stimulation to the corpus d o s u m  and PH (dashed line). Calibration: 1 mV. 20 ms. 



PH were relatively long-Iasting. The increase in the late EPSP component was found to 

endure for approximately thz weeks follow h g  treatment, remaining si@ f icantl y 

different 17 days (F(3.18) = 6.34, FOI), before decaying back to baseline by 24 days. 

Modulatory System AntugonLmr and Post Activation Potentiation 

The post-activation potentiation effets  induced with combined stimulation of the 

corpus callosum and PH were completely blocked with administration of the NMDA 

antagonist MK-80 1 (Figure 14). Cornparison of the area difference in the late EPSP 

component between the first follow-up (24 hour following treatment) and the third 

baseline measures revealed a signifiant effect of treatment group (F(4.43) = 7-57, =O 1). 

As there was no significant differmce between the non-injected animals which received 

callosal and PH stimulation and those that received saline injections pnor to treatment, 

the data from these groups were combined for the analysis. Follow-up tests (Fischer's 

LSD) revealed the late component of the group treated with MK-801 significantly 

differed from that of the non-dnig controls (1 = 4.61, p col).  The administration of 

scopolamine alone, ketansenn done or combined scopolamine and ketanserin failed to 

significantly effect the magnitude of the pst-activation potentiation of the late EPSP 

component in cornparison with the non-drug controls. 

Figure 15 shows the potentiation induction and decay rates for the mean area 

change in the Iate EPSP component (from the third baseline masure) for the dmg groups 

and n o n - h g  control. It appears a slight depression may have k e n  induced in the group 







treated with MK-801, although this may reflect the direct effects of the antagonist on 

neocortical functioning, as they were observed to persist for several days. The duration 

of the pst-activation potentiation induced with combineci callosal and PH stimulation 

appears to have been enhanced with the administration of scopolamine. Cornpison of 

the treatment groups at 17 days (F(4.24) = 5-74. p c.0 1 ) reveals the late EPSP componen t 

in the scopolamine group remains significantly enhanced over the n o n - h g  controls (T = 

-2.66, F-05). 

Co-activation oJthe Corpus Callosum and PH (25 Day) 

The neocortical evoked response was substantially and reliably altered by 25 

sessions of repeated CO-activation of the corpus callosum and PH. Figure 16 exhibits a 

representative set of field potentiais recordecf during the third baseline measure and 

following 10. 15 and 20 sessions of stimulation to the corpus callosum and PH. The post- 

potentiation of the neocortical evoked response was apparent over a wide range of test 

pulse intensi ties. 

Twenty-five sessions of stimulation of the corpus callosum and PH resulted in a 

pronounced increase in the magnitude and duration of the late EPSP component of the 

neocortical evoked response, which reached asyrnptotic levels between 15 and 20 

stimulation sessions (Figure 17). There was aiso a prominent increase in the latency to 

peak of the late IPSP component, which was observed to follow the sarne time course as 

the late EPSP component enhancement (Figure 18). There was no reliable potentiation 



Figure 16. Neocortical responses evoked witb 200 psec biphasic square wave pulses in incrasing intensities, applied to the 
corpus callosum during behavioural immobility. The representative wavoforms are averages of 10 sweeps, taken from a single 
a h a l .  These surface negative evoked poten tial s were taken pre-LTP baseline (snlid line) and 24 hours foilow h g  10,15 and 
20 treatment sessions of combined stimulation to the corpus callosum and PH (dashed line). Calibration: 1 mV, 20 uisec. 
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Figure 17. Potentiation and decay of the mean ara of ihe laie EPSP componeni as compareci w i l  the third baseline evoked response over 
baseline (1.2). during the 25 sessions of combined stimulation of the wrpus callosum and PH, and over the 38 days following treatment. 
Waveform ptentials were evoked with 200 psec biphasic square wave pulses at 464 PA, applieâ to ihe corpus cdlosum. 





effect on the amplitude of the early component of the EPSP, which either resulted in 

either a large increase, a slight or no increase, or a reduction in amplitude (See Figure 6). 

The pst-activation potentiation effects were slow to develop. While potentiation 

of the late EPSP component was observed following 5 stimulation sessions in only 75% 

of the animais, foliowing 10 stimulation sessions dl animals expressed a clear p s t -  

activation potentiation of the neocorticai evoked response. The potentiation effects 

observed in the neocortical evoked response following 25 days of treatment were 

enduring, remaining significantly different from the non-stimulation control group at 3 1 

days following treatment (-(3,g) = 6.06, pc01), decaying back to baseline levels by 38 

days. 



Discussion 

The form of the neocortical evoked response was related to the ongoing 

behaviour of the animai, consistent with previous research (Racine, TuCf and Zaide, 1975; 

Dtingenberg and Vanderwolf, 1994). During spontaneous movement related behaviour a 

reduction in both the EPSP and IPSP components was observed relative to the evoked 

response which occurred during immobility. This is in agreement with Dringenberg and 

Vanderwolf (1994) who found that during mobile behaviour the Iate IPSP component 

was frequenti y total1 y suppressed. Furthermore, the present research demonstrates that 

PH stimulation results in the generation of LVFA in the neocortex similar to that which 

occurs during spontaneous movernent related activity. A similar reduction in the Late 

EPSP component of the cortico-cortical evoked response is observed when the test pulse 

is delivered during PH activation, as is seen with spontaneous movement related 

behaviour. These observations suggest that PH stimulation powerfully activates those 

neuromodulatory systems responsible for the production of neocortical LVFA, or 

desynchronous activity. 

The neocortical activation induced by PH stimulation also appears to be 

dependent on the same neurotmnsmitters as the neocortical activation which occurs 



duruig locomotion. Neocorticai activation, or the generation of LVFA, was abolished 

following the admuiistration of combined cholinergic and serotonergic antagonists, 

resul ting in the continuous production of USA. consistent with previous findings 

(Vanderwolf and Baker, 1986). The e f ' t  of combined cholinergic and serotonergic 

antagonisrn on the neocortical evoked response was a reduction in the eariy EPSP 

component and slight enhancement of the late EPSP component. Dringenberg and 

Vanderwolf (1994) found that movement related-suppression of the EPSP component 

was blocked under the combined effects of ketaaserin and swpolamine. Cholinergic 

antagonism alone abolished LVFA during behavioral rnobility, producing LISA, and 

resulted in an enhancement of the neocortical evoked EPSP components. Under 

serotonergic reduction, the spectral analysis revealed the electrographic activity to be at a 

magnitude of power an order larger than normal observeci during LVFA and an increase 

in EPSP components of the neocortical evoked response was observed. Dringenberg and 

Vandenvolf (1994) found methiothepin, a nonselective serotonergic antagonis t had a 

profound effect on neocortical activity which produced the behavioural state of catalepsy, 

with spontaneous motor activity vimially absent, and an increase in amplitude of the 

EPSP components. Neocortical activity appears to be modulated by ascending 

cholinergic and serontonergic projections which are b t h  able to generate activation of 

the cortex. 

As expected, neocorticai activity appears to be dependent on the glutaminergic 

system. The non-cornpetitive NMDA antagonist MK-801 profoundly effected 

electrographic activity resulting in the generation of a high-amplitude synchronous 

pattern of slow wave activity. The late EPSP component of the neocortical evoked 

respnse was substantially reduced following the administration of MK-801. Metherate 



and Ashe (1994) report that the late EPSP component of the neocortical response 

recorded in the anesthetized and slice preparation was aiîenuated by the NMDA receptor 

antagonist, APV. 

The behavioural deficits observed under the combined cholinergic and 

serotonergic antagonism have previously been reported to produce a severe generdized 

impairnent of behavioural organization with a surviving motor pattern that does not 

occur in normal sequence in relation to environmental stimuli (Vanderwolf and Baker, 

1986; Dringenberg and Vandenvolf, 1994). While the organization of the motor pattern is 

disrupted, the components of behaviour appear normal in that the animals can engage in 

behaviours such as wafking, groorning and rearing. In contrast, the administration of the 

NMDA antagonist, MK-801 resulted in profound motor deficits which dismpted al1 

spontaneous movement- related behaviour. Both of these drug effects abolis hed LVFA , 

resulting in the continuous production of large amplitude slow wave activity. It is 

unlikely that the loss of LVFA in the neocortex results in such severe deficits in 

behaviour due to the Ioss of sensory input since visual. somesthetic and auditory evoked 

potentials can be readily demonstrated in the appropnate neocortical regions following 

the adrninistmtion of combined cholinergic and serotonergic antagonists. I t may be 

impossible for the neocortex to function normally in the presence of continuous large 

amplitude irregular slow wave activity (Vanderwolf, 1988). 



Neocortical Post-Activation Potenfiarion 

n. 

It was clear that repeated CO-activation of the corpus cailosum and PH resulted in 

the induction of neocortical LTP in the awake, behaving rat. The results are consistent 

with previous dernonstrations of the resistance of the neocortex to LTP induction, 

providing further evidence that the cortex requires multiple exposures to express 

plasticity of synaptic transmission. Further, neuromodulatory system activation appears 

to facilitate neocortical LTP. There was an increase in magnitude and duration of the 

potentiation effwt on the late EPSP component of the neocortical evoked potential in 

response to 5 sessions of stimulation to the corpus callosum and PH, in wmparison wi th 

the group receiving HFS to the corpus callosum alone. 

The changes in the evoked response observed with repeated stimulations may 

reflect both potentiating and depressing effects (See Figure 13). Interestingly, the 

changes observed in the neocortical evoked response to CO-activation of the corpus 

callosum and PH are similar to those following multiple sessions of high frequency 

stimulation and kindling-induced potentiation (Racine, 1995a; 1995b). In some animals 

the early EPSP component tended to express a modest potentiation in peak amplitude, in 

response to repeated CO-activation of the corpus callosum and PH, although was more 

often observed to be depressed. Racine et al. (199%) found this early component 

reverseci in polarity when population spikes were present Although population spikes 

were not observeci in the neocorticai responses recorded in Our laboratory, this finding 

may reflect regional differences since Racine and colleagues recorded from frontai 

neocortex. 



The late EPSP component exhibiteci a clear potentiation effect which was both 

slow to develop and long-lasting. The changes observed in the latency of omet to the late 

IPSP likely reflects the elongation or  enhancement of the late EPSP component The 

enhancement in the laie component of the EPSP reached asymptotic levels between 15 

and 20 stimulation sessions and endured for more than 1 month. Racine et. al. (1995a) 

has reported that kindling-induceci potentiation often required 5 days or more to becorne 

apparent and did not reach asymptotic levels until 13 or more stimulation sessions had 

k e n  delivered. The ECIP effects expresse. little decay over the 7 week test period. In 

cornparison, the e k t  of multiple sessions of HFS was induced more slowly, becoming 

increasingi y apparent over the 25 sessions of stimulation, and decayed more rapidl y, by 

42% over 4 weeks (Racine et. al. (1995b). Thus, it appears that neocortical LTP is much 

slower to develop and reach asymptotic levels than LTP in subcortical si tes, although also 

appears to last longer. These findings are consistent with m e n t  suggestions that the 

hippocampus functions at a fast learning rate with limi ted storage, while the neocortex 

learns more slowly, presumably more selectively and exhibits greater storage capacity 

(McClel land, McNaughton and OReill y, 1996; Zola-Morgan and Squire, 1993). 

Proposed Mechania to Account for Potentiared Evoked Potential 

There a number of possible mechanisms which rnay be responsible for the 

changes undedying the potentiated neocortical evoked response. The depression 

observed in the early EPSP component may reflect the nurnber of neurons firing action 

potentials (or a change in the firing pattern). It is also possible that the increase in ce11 

discharge during potentiation causes a reduction in the surface positive dipole 



components to produce the apparent reversal effects reporteci by Racine and colleagues. 

Altematively, the reduction in early EPSP component rnay be due to potentiated 

inhibition in the neocorticai circuitry (Metherate and Ashe, 1984). 

The potentiation of the late EPSP component may be rnediated through NMDA 

activation, ei ther directl y at the receptor or indirectl y via a number of possible 

mechanisms affecting current conductances, such as enhanced removal of the Mg2+ 

blockade or glycine interactions at the Ca2+ channel. Peripheral administration of the 

NMDA antagonists MK-801 and CPP reduce this cornponent (Trepel and Racine, in 

preparation). 

Potentiation of the late EPSP component may reflect changes in polysynaptic 

connections. Sutor and Hablitz (1989) observeci a clear potentiation effect in layer IV of 

the rat frontal cortex slice induced with stimulation of neurons in layers II and III. They 

report potentiation of an NMDA-mediated late EPSP component but not the early 

monosynaptic EPSP. A pol ysynaptic potentiation representing recurrent inhibition has 

also been described in the piriform cortex (Patneau and Stripling, 1992; Stripling, 

Patneau and Gramlich, 19ûû; Stripling, Patneau and Gramlich, 199 1). 

Reduction in the level of inhibition at the time when the late EPSP component is 

expresseci is a potential mechanism to account for enhancement of the late component 

(Figure 19). In the neocortical slice it has been demonstrated that afferent stimulation 

elicits the NMDA receptor-mediated late EPSP component which can be suppressed by a 

GAB A rnediated IPSP (Metherate and Ashe, 1994). During paired pulse stimulation, 

the late EPSP was enhanced following the second pulse, indicating there may be an 



Figure 19. Paired-pulse nspwses evoked with 2 0  ps biphasic square wave puises at 1OOO FA, 
appiied to the corpus caiiosum during behaviourd immobility in (A)naive (fmt panel) and (B) 
foiiowing five sessions of cm-activation of the corpus dosum and PH (sacond panel). Panel B is a 
hypotheticai maki of the anatomicai and neurapharmaco1ogicai mechanims unddying the evoked 
respo~lses. Potentiation wuld ocair at any or aii synaptic~ctions resulting in the change in the 
evoked potentid. 
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inhibition of the GABAe-mediated inhibition by activation of presynaptic GABAB 

receptors. The IPSP-mediated suppression of the late EPSP appears to occur via a 

hyperpolarization mechanism since the effect increases with the increasing levels of 

depolarization (Metherate and Ashe, 1994; Deisz and Prince, 1989). It has been 

demonstrated in the piriform cortex that repeated stimulations resdt in potentiation of an 

IPSP component. In the chronic preparation, however, we see a reduction of the late 

component during paired pulse experiments (Teskey and Valentine, in press). Certaidy 

there is need to further examine the strength of inhibition in the neocortex following 

multiple sessions of stimulation. 

Potentiation of the neocortical evoked response in the awake behaving rat appears 

to be mediated by enhanceci NMDA and polysynaptic interactions. The blockade by 

MK-801 of the potentiation induced with CO-activaiion of the corpus callosum and PH 

provides further evidence that pst-activation potentiation of the late EPSP component 

may be directiy mediated by glutamate acting at the NMDA receptor. It has k e n  

demonstrated that the cornpetitive NMDA antagonist CPP blocked the induction of 

neocortical LTP in the chronic preparation in a dose-dependent fashion (Trepel and 

Racine, in preparation). Further, a pharmacological mechanism governing LTP induction 

has also been examineci in the neocortical slice prepamtion. Results from a number of 

laboratones suggest that the NMDA receptor is critical for LTP induction in visual cortex 

slices (Artola ami Singer, 1990; Artola and Singer, 1981; Bear, Press and Corners, lm), 

al though there is evidence to the contmry (Komatsu, Nakajima and Toyama, 199 1). 



Many synapses in the neocortex (Bear, 19%) and hippocampus (Heynen, 

Abraham and Bear, 19%) are bidirectiondy modifiable, supporting both robust LTP and 

LTD. The prïmary variables in determining the direction of synaptic plasticity appear to 

be the amount of NMDA activation and the recent history of cortical activity. The 

mechanisms of induction of LTP and LTD have demonstrated to be postsynaptic as the 

same tetanic stimulation can induce potentiation in either direction dependent on the level 

of depolarkation in the postsynaptic ce11 (Artola, Brocher and Singer, 1990). Artola and 

colleagues have proposed that LTD and LTP have different thresholds, where LTD is 

expressed if postsynaptic depolarization exceeds a critical levei but rernains below a 

threshold related to NMDA receptor-gated conductances, which if reached induces LTP. 

In p ~ c i p l e  modifications of both directions can contribute equaily to long-tenn 

information storage. It is possible that PH stimulation provides the modulatory system 

activation resulting in the pattern of cortical activity which allows the LTP threshold to 

be reached. 

1 t has been demonstrated that LTP is more readily induced in layer III of the 

visual neocortical slice preparation if the stimulation trains are applied to layer IV rather 

than white matter (Kirkwood, Lee and Bear, 1995). When stimulating white matter 

pharmacological reduction of inhibition was required to potentiate. Kirkwood and Bear 

( 1995) proposed that inhi bi tory neurons in layer IV serve as a plastici ty gate. In their 

model, the component of the input to layer III that is relayed through layer IV fails dunng 

high frequency stimulation of the white matter, partly due to strong levels of inhibition 

exerted within that layer. They suggest that direct stimulation of layer IV bypasses this 

inhibitory mechanism. This plasticity gate may normaily be conirolled by activation of 

neuromodulatory systems (Metherate and Ashe, 1995). It is possible that repeated 



stimulations can alter this gate function. Further, it appears that the very neurotransmitter 

systems involved in cortical activation are those involved in plasticity of synaptic 

transmission. 

The attenuation of the potentiation effect in the late EPSP component of the 

neocortical evoked response under combined cholinergic and serotonergic antagonism 

suggests that neocortical plasticity is modulaîed by at least these two neurotransmitter 

systems. Cholinergic antagonism, although it did not significantly affect the magnitude 

of the late EPSP component changes (24 hours following treatment), increased the 

duration of the pst-activation potentiation e ffect 

Acetylcholine appears to be a primary neuromodulator of both neocortical 

electrographic activity and plas tici ty . When ionbphoreticall y applied, acetylcholine has 

a depolarizing effect which is slow in onset and long-lasting (Kmjevic and Phillips, 1%3; 

Lamour, Dutar and Jobert, 1982) resulting in a marked decrease in potassium 

permeability in rnany cortical neurons (Krnjevic, Pumain and Renaud, 197 l), combined 

with a depolarization of the cell membrane (Woody, 1988). It is presumed that 

acetylcholine exerts its action presynapticdy to reduce glutamate release (Hounsgaard, 

1978; Krnjevic, 1993; Williams and Johnston, 1993) and ptsynaptically to reduce spike 

frequency adaptation (Methenite and Ashe, 1995). The convergence of relatively diffuse 

projections with focused glutaminergic afferents could produce highly localized 

acetylcholinergic actions (Medam, Mufson, Levey and Wainer, 1983). 

A recent mode1 of memory formation posits that cholinergic depression of 

glutamate release cornbined with enhanced postsynaptic excitability is vital for the 



appropriate acquisition of new information (Hasselmo, 1994). The repeated pairing of 

auditory stimuli with cholinergic agonists has been observed to resuit in selective changes 

in cortical receptive fields (Metherate and Weinberger, 1990), as does pairing tones with 

stimulation of the nucleus basdis of Meynert (Bakin and Weinberger, 1996). The 

application of L-glutamate and NMDA in combination with acetylcholine and 

norepinephrine to visual cortex in vivo resdted in a selective enhancement of responses 

to conditioned visual stimulus and reduction to non oonditioned stimulus (Bear and 

Singer, 1986). The neocortex is probably expecting a combination of requisite temporal 

pattern of activation almg with the activation of key modulatory systems to express 

plas ticiq of synap tic transmission. 

Functiod Significance of Neocortical Post-Activution Potentiution 

While it has been demonstrateci that synapses can behave in a given way in 

response to artificial stimulation, it does not necessarily mean that synapses nominally 

behave that way. Electrical stimulation may produce a pattern of synaptic activation that 

natural stimuli do not. However, evidence from several diverse fields within 

neurophysiology suggests that artificid stimulation closely mimics endogenous neural 

activation. Self-stimulation experiments have shown that artificial stimulation reliably 

induces appetitive behaviours and kindling stimulation has been shown to mimic human 

cornplex-partial epilepsy. Further, a number studies have shown receptive field changes 

with repeated intracortical microstimulation (Merzenich, 1987; Merzenich, Nelson, 

Stryker, Cynader, Shoopmann and Zmk, 1984; Nudo, Jenkins and Merzenich. 1990; 

Recanzone, Merzenich and Dinse, 1992) similar to those observed following 



manipulation of sensory input (Pei, Vidyasagar, Volgushev and CreuMeldt, 1994; 

Vidyasagar, Pei and Volgushev, 19%; Weinberger, 1992; Weinberger, 1993). Increases 

in the magnitude, direction and longevity of auditory evoked synaptic potentials in 

response to fear conditioning have k e n  shown to paralle1 those for electrically induced 

synaptic potentials (Rogan and LeDoux, 1995). These fmdings indicate that natural 

information processing can make use of the very cellular and molecular mechanisms set 

in place by artificially induced LTP and further that leaming, Iike LTP, can enhance 

information processing relevant to the task. 

One cardinal feature of cortical neurons is stimulus selectivity and experience- 

dependent shifts in selectivity are a cornmon correlate of memory formation. 

Neurophysiologicd studies have demonstrated, in both the hippocampus and neocortex, 

that receptive field changes correlate with leaming in both recognition and discrimination 

tasks. Shifts in neuron selectivity have been demonstrateci in the rat hippocampus for 

spatial location (Breese, Harnpson and Deadwyler, 1989), in auditory cortex for tones of 

par&icular frequencies (Weinberger and Diamond, 1987; Edeline, Pham and Weinberger, 

1993; Recanzone, Schreiner and Menenich, 1993) and in primate inferior temporal visual 

cortex for faces (Rolls, Baylis, Hasselmo and Nalwa, 1989). 

Pei, Vidysagar, Volgushev and Creutzfeldt (1994) analyzed receptive field 

stnictures of excitatory and inhibitory synaptic events in the cat striate cortex utilizing 

single ce11 recording techniques. The postsynaptic potentids evoked by flashing bars at 

various positions and orientations revealed a spatial structure of the excitatory and 

inhibitory s ynaptic potentials that was remarkabl y similar to the potentials observed 

following neocortical LTP induced with multiple session stimulation. The repeated 



presentation of a bar at the optimal orientation was found to enhance the Iate EPSP 

component and increase the selectivity of ce11 firing, while the early EPSP component did 

not differ across the optimal and non-optimal conditions. It rnay be that repeated HFS is 

proàucing an evoked response similar to the process which determines optimal stimulus 

sensitivity and neural tuning. Elucidation of the mechanisms underlying LTP and 

receptive field plasticity may provide enhanced understanding of information storage in 

the neocortex. 

The observation that both epileptiform and non-epileptiform activation changes 

the neocortical evoked respnse in a similar manner is intriguing. Evidence suggests 

LTP and kindling may share some of the same underlying mechanisms. It has k e n  

suggested that LTP constitutes an aspect of the neural mechanisms of Iandling (Mani 

and Goddard, 1987) since kindling and LTP express muhial facilitation effects (Racine, 

Milgram and Hafner, 1983). Kindling results in the development of burst response and 

neuronal alterations that underlie it (King, Dingiedine, Giacchino and McNamara, 1985; 

McIntyre and Wong, 1986; Racine, Burnham, Gilbert and Kairiss, 1986; Teskey and 

Racine, 1993). Evidence suggests that kindling induced bursting may be the result of 

inûinsic changes that Iead to hyperexcitability in response to normal excitatory inputs 

(King, Dingledine, Giacchino and McNarnara, 1985; Mc1 ntyre and Plant, 1989; Racine, 

Bumharn, Gilbert and Kairiss, 1986). Recent evidence also suggests bursting rnay 

underlie neocortical LTP. Artola and Singer (1981) have identified a subpopulation of 

bursting layer II-IV neurons which support white matter-evoked LTP. These ceUs appear 



to possess lower intrinsic inhibition, as comparai to regular spiking cells and may 

preferentiall y contri bute to neocorticai LTP. It is possible that multiple sessions of 

activation alters the firing characteristic of regular spiking cells in the neocortex to a burst 

mode of i'ing. This further suggests that LTP and b d h g  in the neocortex may be 

more similar than previously thought. 

Cortical neurons are nominaily capable of exhibiting bursting patterns of action 

potentials both in vitro (Jahansen and Llinas, 1984; Chagnac-Amatai and Conners, 1989; 

McCormick and Feeser, 1990) and in vivo (Legendy and Salcman, 1985; Eggemont et 

ai, 1993). Co~ers ,  Gutnick and Rince (1982) have reporteci that a smail subpopulation 

of layer IV and IVa cortical pyramidal cells exhibit intrinsic burst response properties. 

Recording from iayer Vb pyramidal cells in somatosensory and visual cortical slices 

Chagnac-Amitat, Luhrnann and Rince (1990) found 70% of cells discharged in a burst 

pattern in response to current applied via an intraceilular electrode. Unit recordings in the 

cortex of awake animals, however, has reveaied that only 110% of pyramidal cells 

express a burst discharge pattern (Racine, Tuff and 2aide. 1975). 

It must be noted that bursting has not been uniquely defined as it cm be described 

on a number of time scales (Legendy and Salcman, 1985; Eggermont, Smith and 

Bowman, 1993). It is likely there are a number of diverse mechanisms which underlie 

the various burst patterns of activity which have been previously described (Friedman and 

Gutnick, 1987; Steriade, Jones and Llhas, 1990; Corners and Gutnick; 1990, Kobayashi, 

Nagao, Fukuda, Hicks and Oka, 1993). The mechanism which underlies firing within a 

burst is likely due to intrinsic properties or local networks and may not be the same as the 

mechanism responsible for controlling rhythmical firing. 



Evidence suggests that a calcium-dependent mechanism rnay be involved in the 

generation of bursting activity since injection of calcium chelators transformed regular 

spiking cells into a burst firing mode (Friedman and Gutnick, 1989). Evidence dso 

suggests that excitatory amino acid receptors may play a role, as the iontophoretic 

application of both NMDA and non-NMDA antagonists to somatosensory neurons in vivo 

reduced bursting activity (Kobayashi, Nagao, Fukuda, Hicks and Oka, 1993). The neural 

activity of intrinsically bursting neurons in layers IV and V of somatosensory cortical 

slice has been demonstrated to be similarly altered in response to NMDA antagonists 

(Silva, Amatai and C o ~ e r s ,  199 1). 

Bursting provides an efficient and reliable meam in which to propagate impulses 

in neural networks with low wmection strengths, as even subthreshold EPSPs are 

capable of evoking bursting in the postsynaptic ce11 (Traub and Miles, 1991). It has k e n  

proposed that burst firing may play a role in modification and stabilization of synaptic 

connections in the cortex. Alteration in the Ievel or pattern of neural activity can 

powerfully influence the development and maintenance of neural connectivity in the 

cortex (Shantz, 1990). The development of ocular dominance columns is influenced by 

either a reduction or change in the retind firing pattern (Stryker and Hanis, 1986). 

Further, the incidence of burst firing has been found to be greater in the kitten than the 

adult cat (Eggermont, Smith and Bowman. 1993). 

It appears that leamed information may be represented by bursting patterns of 

activity (Bair, Koch, Newsome and Britten, 1994; Bowman, Eggermont and Smith, 1995; 

Burns and Pritchard, 1964; Caffaneo, Maffei and Morrone, 1981; Eggermont, in press; 



Eggennont, Johannesma and Aertsen, 1983; Radons, Becker, Dulfer and Kruger, 1994; 

Sherman, 1996). Alterations in the receptive field properties of adult cortex have been 

shown to depend on underfying changes in the temporal pattern of neural activity to 

sensory input from the perïphery (Clark, Allard, Jenkins and Merzenich, 1988). The 

elongation of the negative component and simultaneous increases in neural discharge or  

burst in receptive field may be due to expression of the NMDA mediated late EPSP and a 

polysynaptic component (Vidysagar, Pei and Volgushev, 1996), in agreement with 

neocorticai LTP studies. 

Bursting as an lnfonnah'on Code 

The brain must solve the problem of determining whether a particular spike 

pattern in afferent neurons is due to an extemal stimulus or  to endogenously generated 

spontaneous activity. Furthemore, the brain must remain stable, reliably process 

information and retain plasticity. Bursting, on the basis of i b  distinct temporal structure, 

rnay be involved in the transfer and coding of information in the cortex. 

Bursting patterns of activity may represent a neural code which contains 

information indicated by the rate (Smith and Smith, 1%5) a d o r  temporal structure 

(Dayhoff and Gerstein, 1982b). Burst firing or asynchronous fixing may represent a 

tuning of the 'brain state'. It has been postuiated that burst finng which occurs without a 

change in long-tenn firing rate could be a code utilized for edge detection in visual cortex 

cells (Burns and Pritchard, 1%4). Catteneo, Maffei and Momne (1981) found that burst 

spikes were tuned for spatial frequency, orientation and velocity of visual information. 



Bursting in single cells in primary auditory cortex have been found to be on average 

better tuned to tone frequency than isolated spikes of same unit (Eggennont and Smith, 

1995). It has k e n  suggested that bursts may enhance the signal to noise ratio or figure 

ground distinction (Bair, Koch, Newsome and Britten, 1994; Epping and Eggermont, 

1987; Phillips and Sark, L99 1) and may facilitate transmission to other neurons 

(Eggermont and Smith, 19%; Traub and Miles, 1991). Due to the strong divergence of 

cortical connections bursting rnay induce synchronized firing in the receiving group of 

cells which has implications for binding of perception (von der Malsberg, 1995) and may 

allow 'synftfe chain-like' finng in the cortex (Abeles, 1991; Abeles, Bergman, Gat, 

Meilinson, Seidemam, Tishby and Vaadia, 1995). Burst fuing may, by virtue of its ail- 

or-none character, convert the average, stationary, sigmoidal neural response function 

into a short-term, non-stationary, binary response function like that of a McCulIogh-Pitts 

neuron (Eggermont, in press). 

Fuhue Directions 

The pharmacologicai and electroph ysiological underpinnings of the pos t - 

activation potentiated neocortical response must be detennined Current-source density 

(CSD) analysis should be used to directly identify the cortical sources and sinks that are 

producing the morphological changes in the neocortical evoked response. The CSD 

analysis should be conducted in the awake behaving preparation under strict behavioural 

control, as anesthetics can strongl y influence the evoked potential. 



The neuropharmacological mechanisms undedying the late EPSP component 

enhancement requires further examination. There is still a need to clarify the specific 

neurotransmitter combinations that are responsible for the facilitation of neocortical LTP 

induction with neuromodulatory activation. The local cerebral infusion of 

neurotransmitter antagonists solves the delivery and behavioural problems associateci 

with peri pherai injection. Further investigation of the inhi bitory mechanisms involved is 

currentiy k i n g  conducted utilizing paired-puise stimulation to measure the level of 

inhibition. 

The similarity between the evoked response following multiple sessions of 

stimulation and the maxirnally tuned response to sensory input requires further analysis. 

The potentiated evoked responses should be investigated to detemine whether they share 

other similarities with receptive field properties such as their spatial and burst firing 

characteristics. Unit recordings over the multiple stimulation sessions would identify the 

change in firing characteris tics of neocortical neurons. Obviousl y more work is required 

to delineate the mechanisms underi ying neocortical plas tici ty and their role in long-term 

information storage. 
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