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ABSTRACf 

The hippocampus is a brain structure known to be important for learning and 

memory, more specifically for the acquisition of spatial information. Hebb (1940) 

suggested that storage of information in the brain may involve modifications in the 

strength of synaptic connections. One example of an artificially-induced synaptic 

alteration that may share common mechanisms with memory formation is long-term 

synaptic enhancement (LTE). Recently, behaviorally-induced changes in hippocampal 

synapses have been discovered to occur in conjunction with exploratory behavior. This 

type of change has been called short-term exploratory modulation (STEM). It was 

proposed that STEM could share common mechanisms with artificially-induced LTE and 

memory fOlmation in the hippocampus. The primary goals in this dissertation were to 

determine the relationship between STEM and L TE, to identify the mechanisms 

controlling these changes, and to determine whether STEM was a critical component of 

memory storage, a memory modulator, or an epiphenomenon. Synaptic changes in the 

hippocampus were measured by recording perforant-path evoked field potentials in the 

fascia dentata from awake behaving rats during rest and exploration or under sodium 

pentobarbital anesthesia. In the first experiment, a positive correlation was found 

between learning in the Morris swim task and STEM in young and aged rats. 

Comparisons of LTE and STEM indicated that STEM did not reflect the same type of 

synaptic change observed in LTE, such that the two phenomena did not interact with each 

other. Furthermore, the nature of the changes in the evoked potentials were observed to 

be different. Another feature that distinguishes STEM from LTE is that the induction of 

LTE is dependent on the NMDA receptor, whereas STEM is NMDA-receptor 

independent. When rats were anesthetized and their bodies warmed passively, they 

exhibited STEM-like changes which were highly correlated with body temperature. 
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These temperature-induced changes in evoked potentials had little impact on the 

functional output of cells in the fascia dentata. It is therefore concluded that exploration

induced changes in the hippocampus are largely due to brain temperature changes and 

have minimal impact on the functioning of neurons as originally proposed. 
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INTRODUCTION 

One of my specific long-tenn goals is to understand and be able to prevent age

related impairments in memory. In order to understand age-related disease states that 

result in memory deficits, one must first attempt to understand memory formation in the 

brain, then how this process changes during nonnal aging and finally how the normal 

aging process is different in diseased and non-diseased individuals. Spatialleaming is a 

cognitive process that is interesting in the context of aging because it is consistently 

found to be impaired in aged mammals even though other forms of memory are left 

intact. 

In a multi-disciplinary, behavioral neuroscience project it is critical to understand 

cognitive process, the behavioral expression of the processes, as well as its anatomical 

and physiological underpinnings. Thus the introduction to this dissertation is broad in 

scope. The thrust is to provide background necessary to understand the physiological 

relationship of a newly discovered physiological change with well studied forms of 

physiological change and behavioral or cognitive function associated with the relevant 

brain region. 

One possible mechanism for memory storage in the brain involves alterations in 

synaptic strengths (Hebb, 1949). This theory proposes that the distribution of synaptic 

weights in the hippocampus is in a constant state of flux. In any given learning situation, 

there are reductions in some synaptic strengths and increases in others. This 

redistribution of synaptic strengths presumably contains the information carried by this 

structure (i.e. spatial and contextual; O'Keefe & Nadel, 1978). A number of 

physiological and biochemical changes can alter the process of information flow through 

the highly complicated and intricate synaptic connections in the hippocampal fonnation. 

Factors influencing the operation of the system include subtle changes in probability of 



ion channel opening, alterations in the conductance of receptors, changes in the amount 

of transmitter release, and even the formation of new synapses. 

17 

The original goal of these experiments was to look for a link between a well-studied 

physiological phenomenon, long-term synaptic enhancement, and learning and memory 

processes in rats. The long-term physiological changes referred to here are the 

artificially-induced alterations seen in evoked potentials recorded from parts of the brain 

believed to be important for memory storage. It is referred to in this dissertation as "long

term enhancement" or LTE (McNaughton, Douglas, & Goddard, 1978). The most 

promising link between LTE and learning was a short-lasting change in evoked potentials 

that is correlated with exploratory behavior. These alterations in evoked potentials were 

first described by Barnes (1979) and later described in more detail by others working in 

the same research group (Green, McNaughton, & Barnes, 1990a; Green, McNaughton, & 

Bames, 1990b; Sharp, McNaughton, & Barnes, 1989). This short-lasting, exploration

induced form of physiological change was referred to as "short-term exploratory 

modulation" or STEM (Barnes, McNaughton, & Erickson, 1991). The initial experiments 

addressed the issues of whether STEM was likely to be important for spatial learning and 

whether STEM reflected the same types of changes seen during L TE. Midway through 

this project, another research group discovered that changes in evoked potentials were 

highly correlated with brain temperature, and furthermore, that brain temperature 

increased dramatically during exploratory behavior (Moser, Mathiesen, & Andersen, 

1993a). This remarkable finding changed the course of my dissertation project from 

asking "is STEM the missing link between learning and L TE?" to asking how 

temperature-induced changes in evoked potentials might be relevant to the neurobiology 

of learning and memory, and whether these changes reflected modifications of 

physiological importance. 
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The introductory chapters of this dissertation describe an interesting behavior, 

exploration, that enables an animal to learn about spatial relationships. Both exploratory 

behavior and the related underlying cognitive processes are altered during aging and 

following damage to the hippocampal formation. Since the hippocampus is likely to be 

involved in both exploration and spatial learning, chapters in this dissertation are devoted 

to basic hippocampal anatomy, changes that occur in the hippocampus that are associated 

with age, and physiological mechanisms that are potentially important for memory. 

Since the goal of this project was to further understanding of the phenomenon known 

as STEM, and to assess the possibility that STEM provides the necessary link between 

L TE and learning, the first experiment examined the relationship between STEM and 

learning. The potential relationship between STEM and learning was assessed by 

comparing the magnitude of STEM between young and old rats. It was predicted that if 

STEM is involved in the learning process, then memory deficient-aged rats would also 

have reduced STEM magnitude. The next step was to examine the relationship between 

STEM and LTE both directly and indirectly. The direct comparison of STEM and LTE 

involved assessing the magnitude of STEM before and after asymptotic levels of LTE 

had been induced. STEM and LTE were compared indirectly by attempting to block 

STEM with the same pharmacological agents that had been shown to impede induction of 

LTE. Following the third experiment, the focus of the questions changed to whether 

changes in brain temperature were responsible for the STEM phenomenon. The final two 

experiments attempted to identify which of the components of STEM reflected functional 

changes in the hippocampus. 
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LEARNING AND THE HIPPOCAMPUS 

The goal of this section is to outline some of the evidence that the hippocampm; is 

involved in learning and particularly important for learning of spatial information. 

Numerous studies have examined the role of the hippocampus in learning and memory 

since the discovery that hippocampal damage in humans resulted in severe amnesia. This 

chapter is not intended to be a complete review, but rather to provide a glimpse at the 

consensus and controversy surrounding the role of the hippocampus in learning and 

memory. 

There are a number of perspectives regarding the function of the hippocampus. The 

evidence presented in this section focuses on the suggestion that the hippocampus is 

primarily involved in the learning of spatial information. Although numerous theories 

have been put forth regarding hippocampal function, almost all of them agree that the 

hippocampus is involved in memory, and most agree that the hippocampus is involved in 

spatial memory (Barnes, 1988). Some theories go further and state that the hippocampus 

is involved in other types of memory as well; space just happens to be a particularly good 

example of the type of information processed by the hippocampus. 

Human Neurophysiological Data 

Human neuropsychological data implicate the hippocampus as a brain structure 

important for learning. One case study has made a tremendous impact on the fields of 

cognitive psychology, neuropsychology, and neurobiology of learning and memory. The 

patient is referred to as H.M. and was initially described briefly in 1954 (Scoville, 1954). 

His case, along with several other similar cases, was later described in detail (Scoville & 

Milner, 1957). 

H.M. was born in 1926. At seven years of age, he was involved in a bicycle accident 

which may have precipitated his seizures. He began having minor seizures at age 10 and 
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had major seizures by the time he was 16 years of age. In the next 10 years, attempts to 

control his seizures with drug therapy were unsuccessful. When H.M. was 27 years old, 

Dr. William Beecher Scoville perfomled a bilateral medial temporal lobectomy. It is 

believed that the following brain regions were removed during the opemtion: prepyriform 

gyrus, uncus, amygdala, hippocampus and parahippocampal gyrus (Corkin, 1984). 

The operation was successful in that seizure activity was greatly reduced; however, 

H.M. was left with profound anterograde amnesia (Scoville & Milner, 1957). Although, 

HM. can remember details of his life prior to his operation, he is unable to learn new 

information. H.M was not able to make use of elaborative rehearsal, imagery, or any 

other form of mnemonic device to store information for any length of time (Corkin, 

1984). Once Dr. Scoville recognized the tragic consequences of this procedure, he 

worked diligently to prevent other such operations (Corkin, 1984). HM.'s case is 

particularly interesting because although his post operation global intelligence scores did 

not differ from baseline levels, while his performance on memory tasks has been abysmal 

for the forty years following his surgery (Corkin, 1984). The severity of his disorder has 

been documented repeatedly, regardless of the stimuli or other conditions. H.M. was able 

to attend to and carryon normal conversations; however, once the conversation was 

interrupted, he would not be able to recall the conversation topic (Corkin, 1984). 

H.M. was not impaired on all types of memory tasks; for example, procedural-type 

learning appeared to remain intact. He was able to improve on a mirror drawing task 

over days, even though he did not remember ever doing the task before (Corkin, 1984). 

In addition to HM. there were four other patients with medial temporal lobe lesions 

that had normal or above normal intelligence quotients and memory quotients well below 

average. However, it was difficult to form conclusions from the other patients because 

they suffered from schizophrenia, rather than epilepsy. In the same report, two patients 



with similar operations, but without damage to the hippocampal formation, had no 

memory impairment (Scoville & Milner, 1957). 
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The case of H.M. has made significant contributions to several fields of study 

including cognitive psychology, neuropsychology, and neurobiology of learning and 

memory. H.M.'s case helped cognitive psychologists recognize the distinction between 

short-term, working memory and long-term memory storage. H.M.'s immediate memory 

span was normal (his forward digit span was 6, normal range is 7 ± 2). H.M. could 

remember infOlmation in short-term memory for an extended period; however, once 

rehearsal was interrupted, the information was lost. Fm1hermore, through his case, it 

became apparent that storage and retrieval of long-term information are clearly different 

processes. His selective deficit also suggests that there are multiple learning systems 

with different underlying neural processes. As a result of H.M.'s tragic condition, the 

field of neuropsychology gained further evidence that brain functions could be localized 

to specific regions and that clever and appropriate testing of individuals could provide 

insight into how the human brain functioned. The field of neurobiology gained a place to 

look for memory storage in the brain: the hippocampal formation and surrounding 

regions. 

One problem in implicating the hippocampus as the brain region responsible for 

H.M.'s amnesia is the extensive damage done to regions including the amygdala and 

parahippocampal gyrus. The extent of H.M.'s damage has not been thoroughly examined 

and over 40 years have passed since the surgery that caused his amnesia. More recently, 

another remarkable, amnesic patient has helped eliminate doubt that the hippocampus is 

involved in memory. 

R. B. experienced an ischemic attack following open-heart surgery that resulted in an 

almost complete lesion of area CAl of the hippocampus and corresponding severe 

amnesia (Zola-Morgan, Squire, & Amaral, 1986). He suffered a fatal heart attack five 
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years later. Like H.M., R.B. had an I.Q. above nonnal and a severe memory deficit 

similar to patients with Korsakoffs syndrome, and other amnesics. R.B. had little 

retrograde amnesia, except for a few years prior to his ischemic episode (Zola-Morgan et 

aI., 1986). The careful anatomical and neuropsychological examination of this patient, 

combined with the selectiveness of the lesion provide evidence that, in humans, the 

hippocampus is necessary for memory fonnation, but not retrieval. One possibility that 

should be considered, however, is that there could be side effects from the ischemic 

attack, undetected in gross anatomical analysis, that led to some of his memory deficits. 

For example, it has recently been suggested that ischemia may produce abnormal cell 

activity which could contribute to, in conjunction with cell death, deficits such as those 

observed in R.B. (Duva, Kornecook, Wood, Mumby, Pinel, & Phillips, 1993). 

The Hippocampus and Spatial Learning 

The cognitive map theory states that the hippocampus is involved in the acquisition 

and storage of spatial information (O'Keefe & Nadel, 1978). This theory postulates that 

the hippocampus is a spatial memory system (Nadel, 1991). One reason why spatial 

memory is so important and pervasive is that infonnation of many types is often 

embedded in spatially constructed complex scenes or contexts (Gaffan, 1991). For 

example, when I need to retrieve information regarding the initial description of long

term enhancement (Bliss & L~mo, 1973), I visualize the place I originally read the 

article, the back porch of a friend's home in the mountains. 

Much of what is known about hippocampal function is based on lesion experiments. 

Experiments which destroy a system or part of a system can provide very useful 

infonnation about the function of that system; however, there are a number of potential 

problems associated with lesions that prevent finn conclusions. For example, unless 

specific neurotoxins are used, it is difficult to lesion a discrete brain region without 
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destroying fibers, from other systems, passing through the region of interest. In addition, 

it may be difficult to determine exactly how much damage has been done, especially if 

death of the animal and histology occur long after the lesion-causing event. Other 

approaches must be used to complement lesion methods to assure a complete assessment 

of the function of a particular brain part. The best theories of brain function are 

multidimensional theories that corroborate lesion data with neuroethological, 

physiological, and anatomical approaches. 

Rodents 

O'Keefe and Nadel (1978) carefully analyzed the rodent lesion data, and suggested 

that the common link between those experiments which found learning impairments and 

those which did not was the presence of a spatial component. To directly assess this 

hypothesis, Harley (1979) compared hippocampal-Iesioned rats to control and neocortex

lesioned rats on on their ability to use cognitive maps. In support of the O'Keefe and 

Nadel hypothesis, the hippocampal-Iesioned rats were impaired relative to the other two 

groups. In fact, the maze used in the Harley (1979) experiment was similar to the one 

used by Tolman to demonstrate that rats were using place strategies rather than stimulus

response strategies to find a food reward (Tolman, 1948). Rats were placed in a start arm 

of a Plexiglas maze and trained to run straight from the start arm, then turn right to the 

goal (Figure 1). When the ann was blocked to the goal, control and neocortical-Iesioned 

rats entered the anns that were spatially directed toward the goal, whereas, hippocampal 

rats did not. Furthermore, the control rats spontaneously alternated between the two arms 

pointing toward the goal, but the hippocampal-Iesioned rats failed to alternate 

spontaneously. Hippocampal lesions following training did not result in the same 

impairment (Harley, 1979). 
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Figure 1. The Sunburst Maze 

This maze was used by Harley (1979) to demonstrate that hippocampectomized 
rats were impaired on use of spatial strategies. This maze is similar to the one 
used by Tolman to show that rats were able to use "cognitive maps" as well as 
response strategies to find goal locations. 

The radial arm maze designed by Olton (1978) is structually very similar to this 
maze; however, the radial maze is conceptually different. The end of each arm is 
baited with food reward and all arms are equidistant from the center. The rats are 
placed in the center to start and in order to obtain all possible rewards, each arm 
must be visited once. This maze has been used to assess spatial working 
memory. 
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A number of techniques have been used to measure spatial learning in rats. These 

tasks all demand that, in order to reach a spatially-constant goal, navigation must be 

based on relationships between environmental stimuli 

T-maze. The T-maze is a simple maze shaped like a "T" or "Y". One of the arms 

serves as a start arm; the other two serve as goal arms. Successful goal-finding can be 

achieved by use of a number of different strategies. For example, the rat could use a 

response strategy and merely learn to turn right or left at the branch point. It is also 

possible to successfully solve the task by using intramaze cues. 
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One way to examine whether or not the hippocampus is involved in spatial learning 

is to design a version of the T-maze that requires a spatial strategy for task solution. Rats 

were trained on a T-maze to find a particular place. In the spatially demanding version of 

the task, the maze was rotated and rats were trained to find a specific place regardless of 

where the rest of the maze was. In this task, response strategies were not useful because 

the start arm could be placed on either side of the goal rum. Animals with radiowave

induced damage to the hippocampus were severely impaired on this task, failing to 

perform at above chance level. When strategy was assessed, rats with hippocampal 

lesions used either cue or response strategies, even though neither of these strategies lead 

to optimal reward (Okaichi, 1987). 

Barnes circular platform task. The circular platform task is a spatially-demanding 

task that exploits the natural tendency ofrats to seek dark, enclosed spaces. In this task, 

the rat is placed in a can in the center of a platform. The can is lifted off the platform by 

a pulley, exposing the rat to a brightly lit platform with 18 holes in the periphery. Under 

one of the holes is a dark secure box. The maze can be rotated to prevent the use of 

intramaze cues; however, the reward tunnel remains in the same location relative to the 

spatial arrangement of the peripheral room cues (Figure 2). 
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Figure 2. The Barnes Circular Platfonn Task 

This task consists of a circular platform with 18 holes around the periphery. Under 
one of the holes is a dark escape box. Trials take place in a brightly lit room with 
numerous distal cues. The rat is placed in the start box which is attached to the 
ceiling by a pulley so that it can be lifted from a distant part of the room. 
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Selective lesions to the granule cells of the fascia dentata by the neurotoxin, 

colchicine, dismpted performance on the circular platform (McNaughton, Barnes, 

Meltzer, & Sutherland, 1989). The control rats were more efficient at finding the hidden 

goal during the initial training of the task. Once the goal was moved (reversal trials), the 

control rats did worse than the colchicine-lesioned rats, because they had learned the 

previous location of the goal and the colchicine rats had not. In subsequent reversal 

trials, the controls were able to find the new location of the goal much more quickly than 

the colchicine-Iesioned rats. 

Temporary inactivation of either the medial septum or ventral hippocampus via local 

lidocaine injections resulted in impairment of short-term acquisition, but not long-term 

acquisition of the Barnes circular platform task (Poucet, Hermlann, & Buhot, 1991). 

Lidocaine-injected rats, well trained on the task, were able to learn a new goal location as 

well as controls when trials were presented once daily. In a different version of the task, 

the rats were required to learn a new goal location daily (3 trials/day). Neither septal nor 

hippocampal inactivated rats were able to perform this version as well as controls. Long

term spatial learning was not impaired by temporary inactivation, whereas short-term 

relearning was dependent on a functioning hippocampus. This pattern of results indicates 

that spatial information can be stored in other brain regions besides the hippocampus. 

Eight-arm radial maze. The eight-arm radial maze is a task which has been widely 

used to assess spatial memory in rats (Olton & Samuelson, 1976). The arms lead away 

from the center of the platform in an evenly spaced arrangement. The simple version of 

the task involves memory for where the rat has been within a given trial. At the 

beginning of each trial, a food reward is placed at the end of each arm and the rat is 

placed in the center. The rat is allowed to traverse the maze freely until all the food has 

been retrieved from all the arms or a previously-set time limit has been exceeded. The 

optimal strategy in this task is to visit each arm only once and to not repeat previously 
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visited arms. Rats typically solve this task by using the relationship of extramaze cues to 

the spatial location of each arm, rather than response strategies, olfactory cues, or general 

algorithms (Olton & Samuelson, 1976). Destruction of any of the major inputs to the 

hippocampal formation results in impairment on the eight-arm-radial maze (Olton, 

Walker, & Gage, 1978). 

The eight-arm maze can be varied in a number of ways to assess different memory 

functions. For example, one version of the task is to bait four anns consistently and leave 

four arms unbaited. If a rat enters a unbaited arm, then one can conclude it fails to 

remember the reward location from trial-to-trial. If a rat reenters a baited arm twice on 

the same trial, then the rat has failed to remember information that is only important for a 

brief time period; this would be considered a working memory error. Thus, it is possible 

to differentiate working memory errors from reference memory errors (information held 

across trials or days). It is also possible to assess cue association learning by placing 

intramaze cues on each of the eight arms and only baiting four of the arms. This version 

of the task assesses the ability of a rat to make an association between a specific local 

stimulus and a reward. Differentiating between reference and working memory errors is 

possible in the same way as in the spatial version of the task. 

Hippocampal lesions impair spatial learning in the reference version of the eight-arm 

maze. The neurotoxin, ibotenic acid, can be used to kill glutamatergic cells within the 

hippocampus with minimal damage to the neighboring brain region. Ibotenic acid lesions 

to the hippocampus disrupted place, but not cued, reference learning (Jarrard, Okaichi, 

Steward, & Goldschmidt, 1984; Jarrard, 1983). When working memory errors were 

prevented, lesioned rats were actually faster at learning a cued version of the reference 

memory problem. This is presumably because the lesioned rats were unable to use a 

spatial strategy, and therefore would resort to a nonspatial strategy more quickly than 

controls (O'Keefe & Nadel, 1978). Normal adult rats typically resort to a spatial strategy 
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first (Barnes, Nadel, & Honig, 1980). But rats with hippocampal lesions would have no 

competing strategy and thus resort to a non spatial strategy first. Ibotenic acid lesions to 

the hippocampus following training resulted in subtle deficits in both spatial reference 

and working memory early in the training process; however, these deficits were only 

temporary (Jarrard, 1983). The lack of learning deficit when lesions are given following 

training may be related to the time interval between the training and lesion (see 

discussion of consolidation below). Hippocampal lesions resulted in severe, lasting 

impairment in spatial working memory (Jarrard et aL, 1984; Jarrard, 1983). The lesioned 

rats made consistently more working memory errors than the control rats in the spatial 

version of the task and improved marginally over trials. Working memory in the cue 

version was initially impaired in the hippocampal Iesioned rats; however, they were 

eventually able to learn as well as controls. 

Colchicine lesions to the granule cells disrupted reference memory performance on a 

different version of the of the 8-arm radial maze (McNaughton et aL, 1989). Each day a 

different arm was specified as the goal arm and a 15-minute delay was imposed between 

4 trials. The rats were able to successfully complete this task by the fourth trial without 

errors before, but not after, granule cell lesions. 

Morris water task. The Morris water task was designed to eliminate the possibility 

that rats were using intramaze cues to solve spatial problems (Morris, 1981). The swim 

task is typically conducted in a large circular tank filled with water made opaque by 

adding either powdered milk or white paint. In the spatial version of the task, there is a 

hidden escape platform just below the surface of the water (Figure 3). Rats are released 

at various points around the periphery and can escape the water by swimming directly to 

the platform. Rats are unable to use response strategy or olfactory, auditory, or proximal 

cues. This forces them to find the platform based on the relationship of the goal platform 



Figure 3. The Morris water task 

The Morris swim task is a circular tank filled with water made opaque with 
powdered paint. A platform is hidden just beneath the water surface in one of 
the four quadrants. The optimal strategy in the spatial version of the task is to 
use the spatial relationships between the distal cues to find the hidden platform. 
The platform can be moved or removed to assess the type of strategy employed 
by the subject. In the visual/cue version of the task, the platform is raised above 
the surface of the water and painted black so that it can be seen from any 
location in the tank. In this figure, curtains were hung from a circular curtain 
rod. This curtain could be drawn to remove the distal room cues. 
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to the configuration of distal room cues. In the visual cue version of the task, the 

platform is darkened and elevated above the water level. This version is typically used to 

dissociate physical or non-cognitive factors from spatial cognitive factors. Latent spatial 

learning! has been demonstrated in the Morris water task. For example, rats placed on 

the hidden platform were more efficient at finding the hidden platform than naive rats 

(Sutherland & Linggard, 1982). Thus, it was an understanding of spatial relations, not 

the experience of swimming to the platform, that lead to knowledge of the goal location. 

Cutting the perforant path disrupts performance in the Morris water task. Knife cuts 

disrupted acquisition for the first location of the maze and reversal of platform location 

measured by the distance and latency to the platform. The lesioned rats showed some 

improvement over trials; however, removal the platform during the probe trial revealed 

that they failed to learn the location of the platform. During the probe trial control rats 

preferentially swam in the target quadrant, whereas lesioned rats swam randomly about 

the pool (Skelton & McNamara, 1992). 

Neurotoxin lesions to the hippocampus impaired spatial, but not cue learning, on the 

Morris water task. Colchicine lesions of the dentate gyrus granule cells resulted in both 

slower swim latencies to the goal and longer swim distances to the hidden platform 

(McNaughton et aI., 1989). Colchicine-Iesioned rats were able to learn to find a visible 

platform consistently in the same place; once the platform was hidden, controls found it 

much more quickly than the lesioned rats. Ibotenic acid lesions resulted in a similar 

pattern of results (Gallagher & Holland, 1992). These data suggest that hippocampal 

lesioned rats and controls were using a different strategy to find the platform when two 

strategies were available. The hippocampal animals did not improve over three probe 

IThe learning described in this experiment is similar to the latent learning described by Tolman (1948); 
except that in this experiment the rats were prcexposed to the goal platform whereas Tolman's rats were 
prccxposed to the whole maze, but not rewarded. 
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trials and the controls became nearly as fast at finding the hidden platform as they were at 

finding the visible platform (Sutherland & Rudy, 1988). 

Contextual Learning. Simple classical conditioning was originally thought to 

involve only associations between two relevant stimuli; however, it is now known that 

some forms of classical conditioning are dependent on contextual specificity. Context 

becomes increasingly important in classical conditioning paradigms involving delays 

(Marlin, 1981). Thus, the power of a classically-conditioned stimulus (CS) to elicit a 

conditioned response will not be as effective when the CS is presented in a different 

context. Furthermore, context plays a role in other forms of classical conditioning 

paradigms in which the CS loses its close association with the unconditioned stimulus 

(US), including latent inhibition, blocking, conditional responding, and discrimination 

reversal. 

A role for the hippocampus in contextual learning has been suggested for sometime 

(Nadel, & Wilner, 1980; Nadel, Wilner, & Kurz, 1985), but has not been closely 

examined empirically until recently. The context-dependent component, but not the 

classical conditioning component was disrupted by hippocampal lesions. In the classical 

conditioning literature, latent inhibition refers to the delay in learning caused by 

preexposure of the animal to the CS in absence of the US. The contextual specificity 

component, but not the actual conditioning, of latent inhibition in an appetitive classical 

conditioning paradigm is disrupted by ibotenic acid lesions to the hippocampus (Honey & 

Good,1993). 

Hippocampus-mediated dependence on context in classical conditioning was also 

observed in aversive conditioning paradigms. Hippocampal and cortical aspiration

lesioned rabbits were trained in the traditional eyeblink conditioning paradigm then either 

switched or not switched to a novel training environment (Penick & Solomon, 1991). 

The control and cortex-Iesioned rabbits reduced responding in the novel context, whereas 
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the hippocampal-Iesioned rabbits were unaffected by the context switch. In a similar 

experiment, electrolytic-Iesioned rats demonstrated normal freezing to a conditioned 

stimulus, but failed to freeze to the context in which the conditioning occurred (Phillips & 

LeDoux, 1992). These data are consistent with the view that the circuitry necessary for 

classical conditioning resides in the cerebellum and that the hippocampus plays a 

modulatory role in classical conditioning in situations involving context (Penick & 

Solomon, 1991). 

Consolidation. It has been postulated that the hippocampus may playa role in 

memory formation and that final storage of spatial information is located elsewhere in the 

brain (Marr, 1971; Squire, Cohen, & Nadel, 1984; Squire, 1992; Zola-Morgan & Squire, 

1990). Lesion experiments have clearly demonstrated that the hippocampus is involved 

in learning new spatial information; animals trained following lesions to the hippocampus 

are consistently impaired in learning new spatial information (see review, Barnes, 1988). 

The results of experiments in which lesions were given following training, however, are 

more variable. In some studies, prior learning is disrupted by hippocampal lesions and in 

others there is no effect of hippocampal lesions on previously learned information. One 

factor that may explain these discrepant results is the time lapse between learning and 

lesion. In those studies in which the lesion is made soon after training, a learning deficit 

was observed; whereas, considerable delays between training and lesions resulted in 

minimal differences between lesioned and control animals. 

Systematic analysis of the temporal relationship between learning and lesions 

indicates that the hippocampus is involved in consolidation of information. This 

consolidation effect was demonstrated in a contextual fear conditioning paradigm (Kim & 

Fanselow, 1992). Rats lesioned immediately after training were impaired in freezing to 

the conditioned context, but not to the conditioned stimuli. Similar findings have been 

reported in a two-choice discrimination task (Cho, Beracochea, & Jaffard, 1993) and in 
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social transmission of food preference (Winocur, 1990). One interpretation of these data 

is that new information is initially stored in the hippocampus and gradually consolidated 

and transferred from the hippocampus to neocortex over the course of several weeks 

(McClelland, McNaughton, O'Reilly, & Nadel, 1992). Certainly this area of research will 

be a fruitful one in the years to come. 

Non-Human Primates 

Until recently, there has been much controversy and confusion surrounding the 

function of the hippocampus in the primate literature compared with experiments 

conducted using rats. Part of this confusion is due to imprecise surgical techniques 

(lesions extending beyond the hippocampus) and small sample sizes. Rodent 

experiments have been conducted with much larger sample sizes; thus the mean 

performance scores are more likely to fall within a normal distribution and the mean 

score is less likely to be influenced by one or two inappropriate lesions or behavior 

outcomes. 

Part of the controversy involves the use of object recognition tasks. One task 

suggested to epitomize the types of learning requiring an intact hippocampus in primates 

is object recognition. Object recognition ability has been tested with the delayed non

matching to sample task (DNMS). In this task, monkeys are shown an object; then, 

following a delay, they are shown the same object in addition to a novel object. The 

monkey has to choose the novel object (non-matching) for food reward. At short delays, 

selective hippocampal lesions, produced by ischemia, do not result in behavioral deficits. 

The deficit appears when the delay is longer than 1 minute and the monkey is removed 

from the room in the interim (Zola-Morgan, Squire, Rempel, Clower, & Amaral, 1992). 

In these delay conditions, especially when the animal is removed from the experimental 

environment, context could influence the ability to perform the task. In another series of 

experiments, monkeys with hippocampal lesions were impaired in learning both 
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associations of objects to places and places alone (Parkinson, Murray, & Mishkin, 1988). 

Amygdalectomy, however, did not alter perfonnance on the same tasks from prelesion 

responding rates. In a follow up experiment, hippocampal-Iesioned monkeys could 

remember one place in a delayed"match to place task, but failed when the task demands 

were changed so that they were required to remember two places (Angeli, Murray, & 

Mishkin, 1993). Since these monkeys were not trained on tasks that placed any 

significance on the objects, it is not likely that the results are due to interference from 

attempting to remember objects. Thus, the deficit was grounded in the spatial component 

of the task, not the place association with an object. These data suggest that the 

hippocampus plays a more general role in the memory for spatial information, and is not 

involved in memory for the objects themselves. 

Lesions to the subcortical input to the hippocampus also resulted in spatial learning 

deficits. Fornix-transection resulted in amnesia for complex naturalistic scenes in 

monkeys (Macaca mulatta). Memory for complex scenes requires memory for both the 

simple stimuli in the scenes as well as the spatial relationships between them (Gaffan, 

1992). In contrast, fornix-transected monkeys performed normally when task demands 

involved storing only food"stimulus associations (Gaffan & Harrison, 1989a; Gaffan & 

Harrison, 1989b). Thus, the nonhuman"primate hippocampus may not be important for 

object discrimination associations, unless the associations have a spatial component. 

Humans 

It has been suspected for some time that the right hippocampus, at least, is involved 

in spatial learning in humans (Nadel, 1991). Inability to find his new home was among 

H.M.'s deficits. Consistent with the suggestion that the hippocampus is involved in 

spatial learning, H.M. was unable to navigate from one room to another if given a map 

(Corkin, 1984). Nor could he find his new home after the operation (Scoville & Milner, 

1957). He could, however, find his own room in the nursing home where he lived 
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following his mother's death (Corkin, 1984). This discrepancy may reflect the use of two 

different strategies or difference between spatial and procedural learning. It is possible 

that H.M. uses either a response or cue strategy, rather than relying on a spatial 

understanding of his environment to find his room. Since it is clear that H.M. was able to 

learn certain procedures, it is likely that he was able to find his room through a procedural 

or response strategy. 

Recently, it has been demonstrated that the right hippocampus in humans is 

important for spatial memory. In a study of 65 patients, o~ly those with extensive right 

hippocampal removal were impaired at detecting changes in the spatial location of 

specific objects. In this experiment patients were shown complex scenes for 60 seconds: 

after a 1 sec interstimulus interval, they were shown a scene that was either the same or 

modified in one of four ways. Right temporal lobe damaged patients had impaired 

memory for visual characteristics of objects, but only those with right temporal lobe 

damage including extreme hippocampal damage were impaired on the object location 

rearrangement transformation (Pigott & Milner, 1993). 

Behavioral Correlates of Single Hippocampal Principal Cells 

Another avenue for assessing hippocampal function has been correlation of single 

unit firing patterns with behavior of freely behaving rats. Individual cells in area CAl of 

the dorsal hippocampus can be grouped into two main types based on spike size, width 

and firing patterns: high-rate activity (theta) cells and low-rate, complex-spike cells 

(Ranck, 1973). High rate cells are typically correlated with motor movement and are 

presumed to be inhibitory intemeurons. The complex spike cells, believed to be principal 

cells, are consistently activated at high rates when the rat moves through a given spatial 

location (O'Keefe, 1976; O'Keefe & Dostrovsky, 1971). The high spatial selectivity of 

these "place cells" has been replicated in several different laboratories (Breese, Hampson, 

& Deadwyler, 1989; McNaughton et al., 1989; McNaughton, Barnes, & O'Keefe, 1983; 
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Muller & Kubie, 1987; Muller & Kubie, 1989; Muller, Kubie, & Ranck, 1987; Olton, 

Branch, & Best, 1978; Sharp, Kubie, & Muller, 1990; Thompson & Best, 1989; Wilson 

& McNaughton, 1993a). Recently, spatial selectivity of firing patterns has also been 

reported in the fascia dentata of the hippocampus (Jung & McNaughton, 1993) and the 

entorhinal cortex (Quirk, Muller, Kubie, & Ranck, 1992). The finding that hippocampal 

neurons have place receptive fields is one of the cornerstones for believing that the 

hippocampus is involved in spatial information processing. 

What controls the spatial firing properties of these cells? No one knows for sure; 

however, place cell firing can be controlled by both environmental stimuli and memory 

for external stimuli. Distal visual cues can control the firing patterns of place cells. Place 

fields in an environment rotate following rotation of distal visual cues (O'Keefe & Nadel, 

1978); whereas, some cells stay linked to the static background cues (O'Keefe & 

Speakman, 1987). Sensory influence is not the sole determinant of place firing. Place 

fields also have a memory component. The fields remain stable even when some or all of 

the environmental stimuli are removed (O'Keefe & Speakman, 1987) or the lights are 

shut off (O'Keefe & Conway, 1978). 

How do place cells represent space within a given environment? In any given 

environment, only a subpopulation of cells are active. Since each cell with a field codes 

for at least one small portion of an environment, a population of cells should provide a 

complete representation of the whole environment. In some cases the same cell will be 

active in more than one environment. Based on the pattern of activity of a population of 

single cells, recorded simultaneously, the trajectory of a rat can be accurately 

reconstructed (Wilson & McNaughton, 1993a). In a novel environment, the spatial firing 

pattern does not develop instantaneously; rather, the fields of the cells develop over a 10 

minute period. Firing rates of cells are increased during sleep following exposure to 

those cells' specific spatially-active location, whereas no changes in firing rates are 
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observed for nonactive cells (Pavlides & Winson, 1989). Furthermore, neuronal activity 

that is correlated during a learning experience continues to be correlated in the 

subsequent sleep period (Wilson & McNaughton, 1993b). This provides preliminary 

evidence that hippocampal place cells may be processing information off-line regarding 

where the rat has been earlier in the day. 

Comparative Anatomy Approaches 

Evolutionary influences have resulted in increases in the size of the hippocampus, or 

equivalent structures (avian hippocampus), in animals that use spatial strategies for 

survival (Sherry, Jacobs, & Gaulin, 1992). There are several examples of correlations 

between spatial ability and/or home range area with relative hippocampal size. The 

blackcapped chickadees, for example, stores food items in hundreds of cache sites within 

the home range. In these chickadees, the avian hippocampus is nearly twice the size as 

their nonfood-storing relatives when body and telencephalon size are accounted for. 

Cache recovery is disrupted by hippocampal lesions. Hippocampal size is also 

considerably larger in homing pigeons than non homing breeds. Lesions to the avian 

hippocampus impairs the ability to learn new navigational routes in both young, 

inexperienced (Bingman, Ioale, Casini, & BagnoIi, 1990) and experienced homing 

pigeons (Bingman & Yates, 1992). The disruption of spatial learning in birds may be 

partially due to an inability to use the sun as a compass to find food reward following 

hippocampal lesions (Bingman & Jones, 1993). 

In several species of rodents, spatially-demanding behavior patterns are correlated 

with hippocampal size (Sherry et aI., 1992). Male meadow voles have larger 

hippocampal structures and superior spatial ability compared to conspecific females or 

monogynous pine moles of either gender. Some kangaroo rats that store their food in 

several scattered caches whereas others keep food stores in one central location. The 

kangaroo rats with scattered food storing caches, demanding specialized spatial memory 
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also have larger hippocampi. The hippocampus is also capable of fluctuating rapidly 

with immediate behavior changes. In a quantitative Golgi study, the dendritic extent of 

hippocampal pyramidal cells in Siberian ground squirrels was dramatically reduced 

during hibernation (Popov, Bocharova, & Bragin, 1992). Dendritic extension returned to 

normal within two hours of awakening. Thus, the size of the hippocampus in a given 

animal may be both genetically predetermined and subject to influence by environmental 

events. The evolutionary biology approach provides evidence consistent with the notion 

that the hippocampus is important for spatial information processing. 

Configural/Relational Theories 

One criticism of the cognitive mapping theory of hippocampal function is that there 

are several exceptions to the rule of space. Several investigators have focused on the role 

of the hippocampus in configural or relational learning. The proponents of the configural 

theory argue that the hippocampus is involved in creating unique representations that 

emerge from two or more elemental events (Sutherland & Rudy, 1989). A configuration 

is a complex stimulus made up of more than one simple stimulus. One of the examples 

put forth by Sutherland and Rudy (1989) as an exception to the rule of space is complex 

representational learning. In this experimental paradigm, the rats are required to learn 

relationships between complex stimuli. Aspiration lesions disrupted learning of a 

conditional discrimination but did not impair non-conditional (simple discriminations) 

discrimination learning. However, in another experiment, ibotenic acid lesions did not 

impair learning in either the simple or conditional discrimination condition (Gallagher & 

Holland, 1992; Jarrard & Davidson, 1991). Thus, brain regions near the hippocampus 

which are disrupted by aspiration lesions may be important for this type of complex 

stimulus learning, but it is unlikely that the hippocampus participates. 
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A similar theory states that the hippocampus is involved in relational learning, but 

not simple learning (Cohen & Eichenbaum, 1991; Eichenbaum, Otto, & Cohen, 1992). 

The difference between these two theories is that, according to the configural theory, the 

hippocampus "fuses" simple stimuli together, effectively turning them into simple 

stimuli, whereas, in the relational theory, the stimuli do not become fused, thus allowing 

a more flexible representation of available stimuli. Evidence for this idea comes from the 

presence of "goal approach" cells that have been observed during olfactory discrimination 

learning (Eichenbaum, Kuperstein, Fagan, & Nagode, 1987). In an olfactory 

discrimination task, some hippocampal neurons fire when the rat is approaching a goal 

box. The authors concluded that these cells represented instrumental conditioning 

associations. Unfortunately, "goal approach" cell firing is confounded with the spatial 

location of the animal. The goal approach location is also a consistent place within the 

learning environment, making it impossible to dissociate the "goal approach" firing 

pattern from the spatial firing patterns in these cells. Furthermore, since the animals may 

be in a different behavioral state during the time in which they receive reward, it is 

possible that the increase in cell firing reflects the behavioral state of the animal, not 

information processing. In order to differentiate between the goal approach properties of 

the cells and the spatial properties of the cells it would be necessary to design an 

experiment in which goal finding behavior was inconsistent with the spatial arrangement 

of the environment. 

Working Memory Theories 

Several theories suggest that the hippocampus is important for information currently 

in use. This category includes the working memory theory (OIton, Becker, & 

Handelmann, 1979) and the temporary memory buffer hypothesis (Rawlins, 1985). The 

hippocampus may be necessary for spatial working memory, but not other types of 



working memory (Barnes, 1988; Rasmussen, Barnes, & McNaughton, 1989). Working 

memory is disrupted in hippocampallesioned animals if the working memory task is 

spatially demanding, but not cued versions of the same task. (See above discussion of 

tasks involving the eight-arm radial maze). 

Conclusions 
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The data reviewed above strongly suggest that the hippocampus is involved in 

acquisition of spatial information. However, there is no definitive evidence that the 

hippocampus does nothing beyond spatial information processing. It is possible that 

there may be surprises in the future, and further experiments are being conducted now to 

explore outstanding questions. At present spatial learning is the best explanation for the 

hippocampal function. This includes encoding of contextual information during other 

types of learning in addition to acquisition of spatial information relevant for solving a 

particular spatial problem. One possibility is that spatial and contextual types of 

information are initially encoded in the hippocampal fom1ation. Over time, information 

in the hippocampus becomes consolidated and moved to long-term storage elsewhere in 

the brain, possibly the posterior parietal cortex (McClelland et aI., 1992). 

Since the hippocampus may be involved in consolidation of information, but might 

not be a site of permanent storage, it might be expected that synaptic weight changes 

underlying the information storage in the hippocampus would be rapidly induced, 

outlasting the learning event, but not permanent. Lesions to the hippocampus just 

following a learning experience disrupt memory, whereas, if a critical time period passes 

between the learned event and the lesion, then memory impairment is minimal. These 

data suggest that the memory trace in the hippocampus is long-lasting (not a short-term 

memory buffer), but not permanent. If synaptic weight changes do subserve memory 



fonnation, then they should share common characteristics with the memories they 

represent. 
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EXPLORATORY BEHAVIOR 

Measuring an animal's understanding of its spatial relationship to its environment can 

be done in two ways; first, tasks can be developed that require specific strategies in order 

for optimal performance, second, observing the animals' natural behavior can also 

provide insights into the understanding of the spatial relationships in its environment. 

Exploratory behavior is observed in all species of mammals, including humans (Berlyne, 

1966). Recently several researchers have been able to make advances both in the way in 

which exploration has been studied and in understanding the neural structures important 

for exploration. Lesion experiments indicate hippocampal involvement in exploratory 

behavior. Since the hippocampus may be involved in storage of spatial information and 

because animals may learn about spatial relations through exploration, it is not surprising 

that disrupting the storage of spatial information also disrupts the process of gathering 

such information. In this section of the dissertation introduction I will establish that 

exploration is important for spatial learning and that observation of exploratory behavior 

can shed insight into what animals know about spatial relationships between 

environmental stimuli. Finally, I will discuss the hypothesis that the hippocampus is a 

critical region for normal exploratory behavior and, thus normal learning. 

Definition of Exploration 

One difficulty in studying exp!oration is that "exploration" is a widely used and 

poorly defined term. Many studies examining exploratory behavior have defined 

"exploration" on the basis of those characteristics that were easiest to quantify. 

Exploration is also difficult to define because it is a combination of a number of different 

behaviors. In many experiments, the term "exploration" has been used very loosely to 

describe a number of different types of behaviors, including locomotion, escape, rearing, 

attention to stimuli, or foraging (Renner, 1990). 
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The definition of exploration is typically not stated by experimenters, leaving the 

reader to infer the author's definition in terms of the operations used to measure it. 

Relying on ease of measurement may mean that one does not actually assess exploration 

in either quantitative or qualitative terms. One example of a definition of exploration is 

"the competing tendency to make irrelevant 'section entry' responses when allowed 

unobstructed, problem-free access to goal boxes" (Joseph, 1979, p. 37). A different 

researcher, focusing on learning, might have labeled such responses as "errors". 

Frequently, the amount of exploration an animal engages in is confounded with the 

amount of learning in an experimental trial. For example, the time it takes a rat to go 

from a start box to the goal arm is influenced by how much exploration the rat engages 

in. Measuring perfOlmance this way could result in two types of errors; a rat that 

extensively explores and doesn't reach the goal box and a rat that fails to move at all will 

both be considered poor learners. 

In other cases, the definition of exploration is not consistent with the dependent 

variable used to measure it. For example, Buhot, Soffle, & Poucet (1989) defined 

exploratory behavior as "a spontaneous activity during which the animal learns about its 

environment" (p. 410), but measured it by the amount of time spent in contact with 

objects in an open field. 

O'Keefe and Nadel (1978) defined exploration as "a direct response of the animal to 

detection of a mismatch by the locale system" (p. 242); in other words, exploration 

occurs when there is a discrepancy between external reality and the internal cognitive 

map. In this case, the cognitive aspect, causing exploration, is detection of a change in 

the environment. The behavioral manifestation is exploration. The problem with this 

definition is its circularity. How do we know the animal is exploring? It has a mismatch 

in the locale system. How do we know if the animal has a mismatch in the locale 

system? It is exploring. 
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Defining exploration in terms of a (locale) mismatch process might predict that a 

major discrepancy would result in very vigorous exploration. We have noticed such 

behavior in rats very familiar with two unique, but overlapping environments. Rats were 

trained to search for food pellets dropped into a cylindrical open field in the two different 

room configurations. In one configuration the walls of the room contained distinct cue 

cards, the cylinder was surrounded by clear Plexiglas, and the room was lit evenly. This 

configuration was referred to as the distal cue condition, because the distal cues were 

visually available. Alternate sessions employed a proximal cue condition: a different 

open-field cylinder with a high wall containing spot-lighted cues was used so that the rats 

would only be able to see those peripheral cues contained within the open field (Figure 

4). For each condition, the rats were placed in a dark, polystyrene box which was carried 

through the hallway in a stereotyped fashion, and the room was entered through a 

different door to assure that the rats perceived the two conditions to be as different as 

possible. Hopefully, the rats perceived the two configurations to be two different 

environments. After considerable training in both situations, the lights were turned on in 

the proximal cue condition and the rats were exposed to both sets of cues at once. They 

were exposed to the floor and the area around the outside of the cylinder. It was 

predicted that combining two previously separate "maps" would result in a mismatch of 

the locale system as defined by O'Keefe & Nadel (1978). On this day the rats responded 

to the combination of room configurations by becoming very active and exploring 

vigorously (non-stop movement, rearing, sniffing constantly), completely ignoring the 

food pellets even though they were food deprived (Gothard & Erickson, unpublished 

observations). In this situation, exploratory behavior had a higher behavioral priority 

than eating. This behavioral response to novelty is consistent with O'Keefe and Nadel's 

(1978) definition of exploration. 
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Figure 4. Controlled Cue Environments 

In the proximal cue condition the rats were only able to see the 
intracylinder cues (A), whereas, in the distal cue condition, the rats were 
able to see the entire room (B). 
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In this dissertation, exploration is defined as a behavior that provides an animal with 

a unique perspective of its environment from moment to moment; thus the following 

behaviors are included: walking, rearing, sniffing with a postural change, and 

manipulating objects. This definition includes those behaviors described by Vanderwolf 

(1969), as voluntary, and which are assoicated with an increase in the theta frequency of 

EEG recorded in the hippocampus. These are also essentially the same behaviors 

included in O'Keefe and Nadel's definition. 

Exploration and Spatial Memory 

What can exploration tell us about spatial memory? StUdying exploratory behavior 

can provide useful information about how animals learn and what they know about their 

environments. These examples do not provide conclusive evidence regarding how 

memory systems function and this review does not include experiments that do not use 

exploration as a dependent variable (of which there are many), but rather provides a 

glimpse at the largely ignored, but useful, information exploration can tell us about 

spatial learning and knowledge. This measure of lacks some of the problems associated 

with standard, contrived learning paradigms. Exploration provides an opportunity for an 

animal to learn about spatial relations in the environment (Bindra, 1961; Renner, 1990), 

and also provides a way for researchers to learn about how animals process information 

regarding the environment. 

O'Keefe and Nadel (1978) acknowledged the importance of exploration in gathering 

information about spatial relations. In their landmark book, The Hippocampus as a 

Cognitive Map, they included a chapter on exploration, explaining in detail the 

importance of exploration in gathering information about spatial relationships and how 

animals respond to novelty. Since then, much attention has been given both to the study 

of the hippocampal formation and to whether cognitive maps exist in the brain; however, 
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the functional significance of exploration has been given less attention (Nadel, 1991). 

That engaging in exploration is a critical component in learning spatial information seems 

intuitive. Recently, examination of the exploratory behavior of rodents in response to 

objects in open fields has provided important links between exploration and spatial 

information processing. 

Early evidence that learning occurred during exploration compared learning rates of 

rats either trained on a maze to receive a reward at the goal or allowed free exploration 

prior to the introduction of a reward. The rats allowed free exploration of the maze 

without reward performed very efficiently shortly after reward was introduced, indicating 

that they, in fact, had been learning in the absence of reinforcement. This has been 

referred to as "latent learning" (Tolman, 1948). In a different experiment, rats were 

trained in a maze that had several possible solutions. The rats typically solved the maze 

by taking the shortest possible path, but were able to find the goal using a longer pathway 

when the shortest pathway had been blocked (Tolman & Honzik, 1930). The rats had 

learned about the spatial relationships of the pathways through early exploration of the 

maze. 

Since then several other experiments have indicated that animals learn about spatial 

relationships through exploration of the environment. Long-Evans rats that have had 

exploratory experience on the 3-table spatial problem are facilitated in learning 

allocentric spatial tasks once food is placed on one of the tables, even if certain aspects of 

the maze are altered (Ellen, Parko, Wages, Doherty, & Herrman, 1982). Rats 

experienced in a six-arm radial tunnel maze expressed a different pattern of exploratory 

activity compared with nonexperienced rats. The experienced rats had fewer blind arm 

visits, even though the amount of total locomotor activity was the same (Sarter, 

Bodewitz, & Steckler, 1989). 
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Stress, induced by shock, reduced quantity of exploration and thus acquisition of 

spatial learning (Shors & Dryver, 1992). This was measured by reduced locomotion on 

the eight-arm-radial maze. In this experiment, the shock-induced suppression of 

exploration at least partially accounted for the impairment in spatial acquisition. Once 

the reduced locomotion was accounted for by an acquisition index, the stressed rats 

learned at the same rate as the non-stressed controls. These data provide further evidence 

that exploration is important for normal spatial learning. 

Object Exploration 

If one of three familiar objects is replaced by a novel object, then rats will explore 

the novel object significantly more than the familiar object (Berlyne, 1950; Berlyne, 

1955; Berlyne, 1966). In addition to the increased exploration resulting from object 

novelty, there is also increased exploration in response to a familiar object in a novel 

spatial location in gerbils (Cheal, 1978; Thinus-Blanc & Ingle, 1985; Wilz & Bolton, 

1971), hamsters (Poucet, Chapuis, Durup, & Thinus-Blanc, 1986; Thinus-Blanc, 

Bouzouba, Chaix, Capuis, Durup, & Poucet, 1987; Thinus-Blanc, Durup, & Poucet, 

1992), marmosets (Menzel & Menzel, 1979), and rats (Corman & Shafer, 1968). The 

gerbils in the Wilz & Bolton (1971) experiment were placed in an open field and allowed 

to explore various objects. The finding that novel placement was as effective at eliciting 

new exploration as a novel environment is one basis for using object exploration as a 

measure of spatial knowledge or memory. 

Studying exploratory behavior can also provide insight into the kinds of 

environmental or relational information encoded by animals (Thinus-Blanc et aI., 1987). 

Hamsters were allowed to explore a circular arena containing four objects (Figure 5). 

The amount of exploration directed toward a given object indicated whether the hamster 

detected a change. The duration of exploratory behavior directed toward the altered 

object increased if the object was moved, removed or replaced with a novel object; 



Figure 5. Exploration of Objects Reveals Knowledge of Spatial Information 

Hamsters preferentially explore novel or dispaced objects. Any displacement 
of an object resulting in a novel geometric configuration results in increased 
exploratory behavior (A to B, or C to D). Moving the objects, but maintaining 
the geometric relationship of the objects did not result in increased exploration 
(C to A, or A to C). Thinus-Blanc, et al. (1987) interpreted this pattern of 
responding as evidence that hamsters encoded the geometric relationships 
between the objects; thus they were not able to detect novel placements if 
geometric relationships were maintained. 
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however, there was no increase in exploratory behavior when the change in object 

location did not alter the geometric relationship between the objects. The lack of 

renewed exploration following changes that altered distance between objects, but not the 

geometrical configuration, led these researchers to conclude that the hamsters encoded 

objects as a geometric configuration. These results are consistent with Gallistel's (1990) 

hypothesis that animals have the ability to encode geometric relationships between 

features of the environment. 

Subsequent research suggested that hamsters may use local views of the environment 

to build a cognitive map of the environment (Thinus-Blanc et aI., 1992). The finding that 

local views may contribute to a representation of the environment is consistent with 

McNaughton's local view hypothesis (Leonard & McNaughton, 1990; McNaughton, 

Leonard, & Chen, 1989). It is not entirely clear from the current evidence, however, 

whether rodents encode local views, geometric configurations (Gallistel, 1990), vectors 

(Collett, 1986; McNaughton, Knierim, & Wilson, in press), or use an entirely different 

strategy; however, it is clear that observing exploratory behavior can shed light onto 

theoretical issues of spatial navigation and learning. 

In similar experiments conducted in an open field box, both object exploration and 

reaction to novel space were tested. Spatial discrimination was measured by the amount 

of time the rats spent in a novel compartment within the box compared to a familiar one. 

Interestingly, no correlations existed between exploration of novel objects, spatial 

discrimination, and performance on the working-memory version of the eight-arm-radial 

maze (Ennaceur & Meliani, 1992). Use of this paradigm indicates that working memory, 

object recognition, and spatial knowledge may not be processed in the same fashion. 

Exploration and Motiyation 

During exploration of a novel environment, rats will locomote through the space, 

stopping and starting. Most of the stops occur in the same location, the "home base". 
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Exploratory behavior involves slow movements away from the home base and faster 

movements back to the home base (Eilam & Golani, 1989; Eilam & Golani, 1990). This 

appears to be due to a balance between the strong urge to explore and the factor that 

suppresses it, fear. 

Exploratory behavior appears to be related to other motivational states. Removal of 

a water spout in a chamber in which water deprived rats were trained to drink resulted in 

increased exploration of the water spout nook. The amount of exploration was related to 

the thirst state of the rats (Albert & Mah, 1972). On the other hand a hungry rat will pass 

by food in order to explore a novel environment. 

Exploration and the Hippocampus 

An intact hippocampus is necessary for normal exploratory behavior. O'Keefe and 

Nadel (1978) noted that hippocampal lesions, in addition to causing deficits in acquisition 

of spatial information, resulted in a decrease in exploratory behavior. Since the 

hippocampus is important for acquiring spatial infonnation, it is not surprising that 

hippocampal lesions disrupt behaviors tightly linked to spatial learning. 

Hippocampal Lesions 

Hippocampallesioned rats failed to detect spatial changes in the same object 

exploration paradigm described in the previous section (Save, Poucet, Foreman, & Buhot, 

1992). They were, however, able to detect novel objects as evidenced by renewal of 

exploration specific to those objects. Recognizing that an object is novel requires 

different cognitive processing from recognizing that a familiar object is has been moved 

to a novel location (Poucet, 1989). 

Temporary inactivations of the hippocampus with lidocaine injections also altered 

exploratory behavior (Thinus-Blanc, Save, Poucet, & Buhot, 1991). Rats were first 

allowed to habituate to the test environment with normally functioning hippocampi. 
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Following habituation, a critical stimulus was removed and the hippocampi were 

inactivated with lidocaine. Control rats reacted to removal of the stimulus object by 

reinvestigating the place in which the stimulus had been removed, but lidocaine-injected 

rats failed to respond in a similar fashion. This finding was consistent regardless of the 

spatial relationship of the critical stimulus to other environmental cues. 

Response to novelty in a T-maze was examined in control and hippocampal animals. 

In this experiment, rats were exposed to a T-maze with one white and one black arm. 

After preexposure to the maze, the color of one of the arms was changed so that both 

arms were either black or white. Sham-operated rats typically entered the changed arm 

regardless of whether or not they were allowed to enter the arms of the maze during 

preexposure. Hippocampal-Iesioned rats were able to detect the novel stimulus only 

when allowed to enter the arms during the preexposure. Rats only allowed to view the 

arms from behind a Plexiglas window failed to display a preference (Markowska & 

Lukaszewska, 1981). Thus, hippocampal lesions impaired the ability to detect stimulus 

novelty in a distal place. 

Disruption of operant conditioning tasks is another way to measure exploratory 

responses to either novel stimuli or novel placement of stimuli. Lesions to the 

hippocampus disrupt the exploration of familiar objects placed in novel locations, but not 

to novel objects (Xavier, Stein, & Bueno, 1990). Rats were trained to run on a straight 

alleyway for sunflower seed reward. Once an asymptotic level of performance was 

reached, stimulus cards were introduced in the wall of the alleyway. The amount of 

exploration was measured as the latency to the goal box. Control rats were disrupted by 

both novel stimuli and novel placement of familiar stimuli. The hippocampal-Iesioned 

rats were only disrupted by the novel stimulus, indicating that they were not able to detect 

the novel placement and that the hippocampus is necessary for detection of novel spatial 

locations of stimuli. 



Lesions to Hippocampal Inputs 

Monitoring exploratory responses to objects has provided useful infonnation 

regarding the function of hippocampal afferents. The perforant path is made up of two 

anatomically (Hjorth-Simonsen, 1972; Hjorth-Simonsen & Jeune, 1972) and 

physiologically (McNaughton & Barnes, 1977) separate fiber systems. Lesions to both 

medial and lateral perforant paths disrupted the response to a novel object. Rats with 

lesions to both pathways could not distinguish between nove] and familiar objects, as 

indicated by the lack of preferential exploration of the objects (Myhrer, 1988). 
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Lesions to the subcortical input to the hippocampus via the septum also disrupts 

normal exploratory behavior (Poucet, 1989; Poucet & Hernnann, 1990), furthennore, 

lesions to the medial and lateral septum disrupt exploration of novel objects differentially 

(Kohler & Srebro, 1980; Myhrer, 1989). The rats with medial septal lesions failed to 

react to the novel object differently than the familiar object, while the rats with lateral 

septal lesions reacted to both objects the same way the control rats reacted to the novel 

objects. All rats, however, reacted consistently to a novel "cheese" smell (Myhrer, 1989), 

suggesting that novel olfactory stimuli are processed by a different system. Thus, both 

types of septal lesions result in rats being unable to differentiate novelty from familiarity. 

Medial septum lesioned rats perfonned at the same level as controls on an object 

recognition task when novel objects were used; however, their exploration of novel 

spaces was reduced compared to controls (Ennaceur & Meliani, 1992). 

Hippocampal Lesions and Locomotion 

In contrast to the decrease in exploratory behavior, hippocampal damage results in 

increased locomotor activity. This has been reported in rats (Save et aI., 1992) and 

gerbils (Glickman, Higgins, & Isaacson, 1970). In gerbils, locomotor behavior was 

enhanced, but contact with objects was reduced following hippocampal lesions 

(Glickman et aI., 1970). In another learning task, hippocampus-lesioned rats were more 
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active, but did not engage in normal exploratory behavior (Harley, 1979). Lesions to the 

perforant path, a major source of afferent fibers to the hippocampus, also caused an 

increase in locomotion, measured by the number of floor squares traversed, but a 

decrease in the amount of object contact (Myhrer, 1988). Hippocampal damage resulted 

in increased activity in a wheel-shaped maze (Buhot, Chapuis, Scardigli, & Herrmann, 

1991). The dissociation between locomotion and object exploration illustrates the 

necessity for careful behavioral analysis following brain lesions. There is more to 

exploration than locomotion. 

It is clear from these studies that the hippocampus is necessary for normal reactions 

to novelty. O'Keefe and Nadel (1978) suggested that the hippocampus was involved in 

novelty detection or a detection of mismatch in the locale (space) but not the taxon 

system. Careful analysis has revealed that hippocampal damage selectively alters 

responses to novel spatial relationships. These findings are consistent with the idea that 

the hippocampus is involved in spatial learning and navigation (Barnes, 1988; Nadel, 

1991; O'Keefe & Nadel, 1978). 

Exploration is Altered in Aged Animals 

A number of studies have shown alterations in the patterns and quantity of 

exploratory behavior in aged animals. More recently, two laboratories, using the same 

paradigm, have reported that object exploration is altered in aged rats (Cavoy & 

Delacour, 1993; Soffie, Buhot, & Poucet, 1992). The experimental protocol involves 

allowing rats to explore objects in an open field arena. Following habituation, the objects 

are either moved or replaced, and the amount of exploration directed toward each object 

is the dependent measure. Old rats (24-27 months) locomote less and investigate objects 

less than young rats (5-6 months), but both old and young rats show the same habituation 

curve to a novel environment (Softie et aI., 1992). Both the young and old rats increased 
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investigation of novel objects, but only the young rats reacted to novel spatial location of 

objects. Interestingly, there was no increase in locomotion accompanying the increased 

object exploration for either the young or old rats. Aged rats (18 & 24 months) had 

deficits compared to adult (4 & 8 months) in spatial recognition, but not object 

recognition as indicated by the amount of time spent exploring the object (eavoy & 

Delacour, 1993). There are parallels between hippocampal-damaged animals and aged 

animals in both quantity and quality of exploration, furthermore, exploratory behavior is 

a component of spatial learning, and the hippocampus is important for spatial learning. It 

is therefore logical to look for age-related alterations in memory function in the 

hippocampal formation. Age-related cognitive changes associated with spatial learning 

and memory are discussed further in a subsequent chapter. 

Conclusions 

The failure of hippocampallesioned rodents to detect alterations in spatial 

relationships is very similar to the finding that only those humans with extensive right

hippocampal damage showed a deficit on the object location rearrangement version of the 

complex scene task (Pigott & Milner, 1993), Exploration is a behavior that can provide 

an opportunity for acquisition of spatial information and is known to be dependent on an 

intact hippocampal fOlmation. Therefore, it is at least plausible that physiological 

changes in the hippocampal formation might be induced by exploration. This dissertation 

attempts to provide insight into the physiological changes that may be responsible for 

acquisition of information and how they are associated with exploratory behavior in rats. 
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BASIC HIPPOCAMPAL CONNECTIVITY 

The hippocampus2 is an elongated, sausage-shaped structure that extends laterally 

from the midline anterior to posterior much like an airplane wing. In the more posterior 

region, the structure curves ventrally, but maintains its topological arrangement (Figure 

6). Thus, coronal and sagittal sections appear similar, as do coronal sections of dorsal 

hippocampus compared with horizontal section of the ventral hippocampus (Swanson & 

Cowan, 1975). Most contemporary anatomists refer to the hippocampal formation as 

four distinct, yet interconnected regions: the hippocampus proper, the entorhinal cortex, 

the subicular complex, and the fascia dentata (Amaral, 1987; Swanson, Wyss, & Cowan, 

1978). The term "hippocampus proper" refers to the CA subfields only, whereas 

"hippocampus" includes both the hippocampus proper and the fascia dentata. 

A cross section along the transverse axis of the hippocampus reveals two layers of 

interlocking cortex. The first layer, the fascia dentata (FD), is curved in the shape of a 

horseshoe, which fits into the second layer, a horseshoe that comprises areas CA3 and 

CAL The buried blade of the FD is tucked between CAl and CA3, and the exposed 

blade of the FD wraps around CA3. Most of the early anatomical descriptions of the 

hippocampus were done by Santiago Ram6n y Cajal (Ram6n y CajaI, 1911; Ram6n y 

CajaI, 1968) and Raphael Lorente de N6 (Larente de N6, 1934) by examining Golgi

stained cells. 

Trisynaptic Loop 

The major interconnecting pathways of the hippocampus are sometimes referred to 

as a trisynaptic loop because information flows in a single direction from entorhinal 

cortex through FD, CA3, and CAl (Andersen, BIackstad, & L~mo, 1966; Andersen, 

Bliss, & Skrede, 1971a). Projection cells from the entorhinaI cortex synapse on the 

2The hippocampus derives its name from its resemblance to the seahorse (Brown & Zador, 1990). 
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Figure 6. Position of Hippocampus in Rat Brain 

Drawing of a dorsolateral view of the rat brain with a portion of the neocortex 
removed. The hippocampus lies under the cortex and extends from the septal pole 
(S) to temporal pole (T). A crossection along the transverse (TRANS) axis reveals 
the classic trisynaptic loop. Drawing adapted by Amaral & Witter (1989) from 
Andersen, Bliss, & Skrede (1971). (pp, perforant pathway; FD, fascia dentata; mf, 
mossy fibers; CA3; sc, Schaffer collaterals; CA3; S, Subiculum) 
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principal cell dendrites of the FD. The axons from the granule cells synapse on the CA3 

pyramidal cells, whose axons, in turn, synapse on the CA 1 pyramidal cells (Figure 7). 

CAl projections are sent to the subiculum and subicular projections complete the loop by 

returning projections to the entorhinal cortex. 

The fIrst stage of the loop is the entorhinal cortex which plays the role of gatemaster 

between the hippocampus and the rest of the neocortex, and is pivotal in controlling both 

hippocampal input and output. The entorhinal cortex receives input from neocortical 

association areas and to a lesser degree from primary sensory areas (Jones, 1993). The 

major afferent sources of the entorhinal cortex are the pyriform cortex, hippocampus 

proper, diagonal band of the septum, amygdala, thalamus, dorsal raphe nucleus 

(Beckstead, 1978), and temporal and frontal lobe cortices (Van Hoesen, Pandya, & 

Butters, 1975). 

The hippocampus and subiculum are simple three layered cortices, whereas the 

entorhinal cortex can be divided into either five (Amaral, Insausti, & Cowan, 1987; 

Insausti, 1991) or six layers (Swanson, Kohler, & Bjorklund, 1987; Witter, Groenewegen, 

Lopes da Silva, & Lohman, 1989): Layer I - molecular layer consisting mainly of a 

dense band of fibers; Layer II - superficial cell body layer consisting of small pyramidal 

cells called stellate cells; Layer III - second cell body layer made up of loosely arranged, 

medium to large pyramidal cells; Layer IV - cell body layer consisting of densely-packed 

pyramidal cells, is sometimes considered to be a sublayer (Va) in layer V (these authors 

combine layers IV and V into one layer; Amaral, et aI., 1987; Insausti, 1991); Layer V -

deep layer consisting of small, moderately-packed pyramidal cells which can be further 

divided in to two sublayers (referred to as Vb and V c by Amaral, et ai, 1987); and Layer 

VI - final layer is a multiIaminated cell layer. 

A major output of the entorhinal cortex is the perforant pathway. Cells in layer II of 

the entorhinal cortex project to the FD (Steward & Scoville, 1976). The projection from 



Figure 7. Connectivity in the Hippocampal Formation 

Axons from the entorhinal cortex travel via the perforant path to the 
dentate gyrus where they synapse on the outer two thirds of the granule 
cell dendrites. The granule cells send their mossy fiber axons to the 
giant pyramidal cells of CA3. In addition to contacts in the dentate 
gyrus, the perforant path also contacts CAl and CA3 pyramial cells. 
CA3 neurons send Schaffer collateral axons to CAl and to the 
contralateral hippocampus through the hippocampal commissure via the 
alveus, and back to neighboring CA3 neurons. CAl pyramidal cells 
send axons to the subiculum and to the prefrontal cortex via the 
septum. The subiculum sends projections to many brain regions, 
including the entorhinal cortex. Arrows (~) indicate direction of 
information flow. (Figure from Cajal, 1911, modified by Brown & 
Zador, 1990) 
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the entorhinal cortex to the FD make up at least 85% of the total synaptic population 

(Nafstad, 1967). In addition to the ptimary projection to the FD, layers II and III of the 

entorhinal cortex project to the distal dendrites of CA3 and CA 1 pyramidal cells, 

respectively. The same cells may project to the FD and CA3, whereas different 

entorhinal cortex cells project to area CAl (Steward & Scoville, 1976). Projection cells 

from the FD project to area CA3 of the hippocampus proper (discussed in detail below). 

The ptincipal neuron in the CA subfields is the pyramidal cell (Lorente de N6, 

1934). CA3 pyramidal cells are larger than those found in CAL The cell bodies are 

organized in a densely-packed layer called the stratum pyramidale. The basilar dendrites 

of the pyramidal cells extend to form the stratum oriens. The apical dendtites of the 

pyramidal cells extend through the stratum radiatum and the stratum lacunosum

moleculare. There is an additional layer in area CA3, stratum luddum, which includes 

the termination of CA3 afferents from FD. 

CA3 has the most extensive intra- and extrahippocampal connections. It may be a 

critical point of integration in the hippocampus (Swanson & Cowan, 1977). In addition 

to input from the FD, via the mossy fibers, the CA3 pyramidal cells receive afferent input 

from the locus coemleus (Jones & Moore, 1977; Loy, Koziell, Lindsay, & Moore, 1980; 

Swanson & Hartman, 1975) and median raphe nucleus (Moore & Halaris, 1975). 

The Schaffer collaterals are the axons of CA3 pyramidal cells that synapse onto CAl 

pyramidal cells in stratum radiatum and oriens. Unlike the mossy fibers, the Schaffer 

collaterals have longitudinal or lateral projections. Furthermore, these connections 

extend to contralateral CA3 and CA 1. Pyramidal cells also project to the lateral septum 

in a topographically organized fashion (Swanson et al., 1978). More temporal and dorsal 

regions of CA3 project to ventral and dorsal regions of the lateral septum, respectively. 

CA 1 receives subcortical input from the medial septum, in addition to the Schaffer 

collateral input (Swanson & Cowan, 1979). The nucleus reuniens of the thalamus 



63 

(Herkenham, 1978), locus coeruleus and median raphe also project to CAl (Swanson et 

aI., 1987). 

CAl pyramidal cells send dense projections to the subiculum, and a sparser send 

projection to the deep layers of the entorhinal cortex. Most of the CAl projections to 

subiculum terminate in the molecular layer of the subiculum (Swanson et aI., 1978). 

Temporal regions of CA 1 project to the prefrontal cortex via the septum (Ferino, Thierry, 

& Glowinski, 1987; Swanson, 1981). There are also GABAergic projections from CAl 

which make contact with neurons containing GABA and to a lessor degree, acetylcholine 

in the medial septum (T6th, Borhegyi, & Freund, 1993). These GABAergic projection 

cells to the septum may synapse on cells that project back to the hippocampus. 

The subiculum consists of three layers. The most lateral region is a relatively thick, 

loosely packed layer of pyramidal cells. The centrallayel' is continuous with stratum 

radiatum of the hippocampus. The most medial layer is continuous with layer I of the 

six-layered cortices, the pre- and parasubiculum. The subiculum receives input from the 

amygdala in addition to its primary input from CA 1. The dorsal and ventral regions of 

the subiculum have different efferent connections (Swanson & Cowan, 1977). 

Superficial layers of the presubiculum project to the outer 3 layers of the medial, but not 

the lateral entorhinal cortex (Kohler, 1985). The parasubiculum innervates layer II of the 

entorhinal cortex. 

It was originally proposed, based on physiological and early anatomical evidence, 

that the trisynaptic loop was organized in a lamellar fashion, such that small strips along 

the transverse axis of the hippocampus functioned as independent processing units 

(Andersen et aL, 1971a). Andersen and colleagues suggested that input from the 

entorhinal cortex projected through the four regions of the hippocampus in a slice 

perpendicular to the longitudinal axis of the hippocampus. The lamellar hypothesis has 



had considerable influence on the conceptualization of hippocampal information 

processing and the utility of the hippocampal in vitro slice preparation. 
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More recently, use of the anterograde tracer, Phaseolus vulgaris leucoagglutinin 

(PHA-L) revealed that the primary projections are much more divergent than originally 

thought. In addition to the lamellar projections there are numerous complex and three 

dimensional projections which deviate from the lamellae (Amaral & Witter, 1989). 

These anatomical data suggest that although recording electrophysiological responses 

from viable hippocampal tissue in the in vitro slice preparation can be meaningful, data 

collected from slices may lack some potentially important connections normally involved 

in the circuit. The increased experimental control obtained in vitro may not lead to a 

more accurate description of hippocampal functioning as a whole. In order to understand 

the hippocampus as a complete system, it is necessary to study the connections in whole 

brains. 

Cellular Arrangement and Connectivity of the Fascia Dentata 

The fascia dentata, also referred to as the dentate gyrus, is a three-layered, C-shaped 

structure that links the entorhinal cortex to the hippocampus proper (Blacks tad, 1958). 

The outer most layer is the molecular layer, or stratum moleculare , and consists of the 

dendrites that extend from the cell bodies to the hippocampal fissure. The granular layer, 

or stratum granu[osum, is made up of the tightly-packed cell bodies. The center most 

layer is the hilus, or polymorph layer, which contains the axons of the principal cells as 

well as numerous other cell types (Amaral, 1978). 

The principal cells in the FD are the granule cells. The name refers to the small size 

of the cell bodies rather than to any functional similarities to the granule cells in the 

cerebellum or olfactory bulb. In rats, the granule cells lack basal dendrites, but they have 

extensive apical dendrites extending to the hippocampal fissure. Granule cells in vitro, 
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have relatively high discharge thresholds (McNaughton, Barnes, & Andersen, 1981) and 

an average input resistance of approximately 40 MQ (Fricke & Prince, 1984). Granule 

cells typically fire a single spike, but spike trains of two or more spikes are seen 

occasionally (Fricke & Prince, 1984). 

The FD receives its primary input from the entorhinal cortex via the perforant path. 

The axons from stellate cells in layers II of the entorhinal cortex perforate the subiculum 

and hippocampal fissure en route to the FD. Each perforant path axon makes contacts 

with many granule cells and each granule cell receives input from very many perforant 

path axons. It is estimated that approximately 400 perforant path axons are necessary to 

discharge one granule cell (McNaughton et aI., 1981). 

The entorhinal cortex can be divided into two distinct subfields (lateral and medial 

entorhinal areas) based on several different criteria: cytoarchitectonics (Blackstad, 1958), 

histochemical differentiation (I-Ijorth-Simonsen, 1972; Hjorth-Simonsen & Jeune, 1972), 

organization of afferent connections (Beckstead, 1978; Krettek, 1977), and 

electrophysiological responses (McNaughton, 1980; McNaughton & Barnes, 1977; Van 

Groen & Lopes Da Silva, 1985). The distinction between the two subfields (medial and 

lateral) in the entorhinal cortex is maintained, in a separate and essentially non

overlapping fashion, in the projection to the FD. The medial perforant path terminates in 

the middle third of the dendritic field, and the lateral entorhinal cortex projects to the 

distal third of the dendrites (I-Ijorth-Simonsen, 1972; Steward, 1976). There is greater 

resting probability of transmitter release in the medial compared to the lateral perforant 

path (McNaughton, 1980) and greater capacity for synaptic change in the lateral perforant 

path (McNaughton et aL, 1978). The physiological relevance of these two regions is 

discussed further in a later chapter. 

Afferents from the medial septum terminate in the inner third of the granule cell 

dendrites (Meibach & Siegel, 1977; Raisman, 1966; Swanson & Cowan, 1979). There 
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are two distinct types of neurons in this pathway containing the transmitters acetylcholine 

and GABA. Cholinergic inputs terminate directly on the granule cells and GABA inputs 

terminate on the basket cells (Amaral & Kurz, 1985; Kohler, Chan-Palay, & Wu, 1984). 

Both of these inputs can modulate granule cell activity. Cholinergic input on the inner 

third of the granule cell dendrites can increase membrane resistance by closing K+ 

channels, effectively magnifying the perforant path response. GABAergic input to the 

basket cells can result in decreased inhibitory input to the granule cells. 

Other modulatory inputs, in addition to the primary inputs mentioned above, are: 

noradrenaline-containing afferents from the locus coeruleus, which terminate in the hilus 

(Jones & Moore, 1977; Swanson & Hartman, 1975) and sparsely innervate the molecular 

layer (Jones & Moore, 1977; Loy et aI., 1980; Swanson & Hartman, 1975); serotonergic 

inputs from the median raphe nucleus terminate in the hilus near the granule cell bodies 

(Jones & Moore, 1977; Loy et aL, 1980; Moore & Halaris, 1975; Swanson & Hartman, 

1975). Noradrenergic and serotonergic input terminates primarily on the subgranular 

interneurons (Koda & Bloom, 1977). There are also hypothalamic inputs that terminate 

primarily on the shafts of the proximal dendrites of the granule cells (Dent, Galvin, 

Stanfield, & Cowan, 1983; Koda & Bloom, 1977; Wyss, Swanson, & Cowan, 1979). 

In addition to the mossy fibers, the granule cells synapse extensively on the mossy 

cells in the hilus of the FD. Mossy cells are one of the many types of cells residing in the 

hilar region. One collateral of the mossy cell axon returns to the molecular layer and 

another collateral extends toward the fimbria (Amaral, 1978), eventually reaching the 

contralateral FD via the hippocampal commissure (Gottlieb & Cowan, 1973; Laatsch & 

Cowan, 1967; Swanson & Cowan, 1977). The commissural fibers make contact onto the 

dendritic spines, dendritic shafts, and somata of granule cells (Hjorth-Simonsen & 

Laurberg, 1977; Seroogy, 1983). 
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Inconsistent with the idea that inhibitory cells are "local" cells and excitatory cells 

are "projection" cells, the commissural projection contains both GABAergic and 

glutamatergic fibers. Suppon for this comes from both anatomical (Ribak, Seress, 

Peterson, Seroogy, Fallon, & Schmued, 1986) and electrophysiological (Buzsaki & Czeh, 

1981; Buzsaki & Eidelberg, 1981; Deadwyler, West, Cotman, & Lynch, 1975; Douglas, 

McNaughton, & Goddard, 1983) experiments. The influence of the commissural 

projection on the FD can be evaluated by stimulation of the contralateral hilar region. 

This results in a negative EPSP in the inner third of the molecular layer indicating the 

region of synaptic input is the inner third of the granule cell dendrites. This pattern of 

response is consistent with the anatomical data suggesting that commissural input 

primarily contacts the inner third of the molecular layer. The commissural evoked 

response consists mainly of excitatory input, but inhibitory contributions can be revealed 

by presenting paired stimuli to the commissural pathway. The first pulse reduces the size 

of the second pulse presented to either the commissural pathway or the ipsilateral 

perforant pathway. The modulatory effects of paired pulses are blocked by bicuculIine, 

but bicuculline has no effects on the monosynaptic EPSP (Douglas et aI., 1983). This 

finding lead the authors to conclude that one possible function for the commissural input 

is to mediate the feedforward inhibition of the contralateral granule cells. 

The FD has a large number of interneuron types (Amaral, 1978), including at least a 

number of different types of basket cells in the FD (Ribak & Seress, 1983). These local 

interneurons mediate both inhibitory and excitatory connections (Schwanzkroin & 

Knowles, 1983; Schwartzkroin, Scharfman, & Sloviter, 1990). Hippocampal neurons can 

be inhibited via both GABAA (by increasing gCL-) and GABAn (by increasing gK+ and 

decreasing gCa2+) (Gage, 1992). Inhibitory connections in FD allow for both 

feedforward and feedback inhibition. Feedforward inhibition occurs when presynaptic 

fibers activate both principal cells and inhibitory neurons. Feedback inhibition occurs 



when the principal cells activate inhibitory interneurons. Antidromic stimulation of the 

mossy fibers results in feedback inhibition. 
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The axons of the granule cells of the FD are referred to as the "mossy fibers." These 

fibers do not leave the hippocampus. The mossy fibers synapse en passage on the apical 

dendrites of the CA3 pyramidal cells (Blacks tad, Brink, Heim, & Jeune, 1970; Lorente de 

N6, 1934; Ram6n y Cajal, 1911; Ram6n y Cajal, 1968; Swanson et al., 1978). The 

mossy fiber projection is the only projection that is truly lamellar in the hippocampus. 

Each granule cells projects to a narrow segment of CA3 (see Amaral & Witter, 1989). 

The mossy fibers also tenninate on CA3 GABAergic interneurons (Frotscher, 1989). 

The connections of primary interest in this dissertation are the afferent fibers to the 

FD (Figure 8). The perforant path fibers make contact on both granule cells and basket 

cells. The basket cells can then set up feedforward inhibition. The granule cells synapse 

onto the basket cells setting up recurrent inhibition. The granule cell axons also contact 

the mossy hilar cells which in turn, synapses on the inner third of the dendritic layer of 

the contralateral FD. 
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Figure 8. Schematic Summary of Connections Studied in this Dissertation 

This diagram dipicts the hippocampal connections important for the 
physiological recordings in this thesis project. Projections from the entorhinal 
cortex synapse on the dendrites of the granule cells (0) and the basket cells (.) 
via the perforant path. Axons from the granule cells synapse on the CA3 
pryramidial cells via the mossy fibers (mf). In addition the granule cells send 
collaterals to basket cells and mossy cells ( .). The mossy cells send axons 
through the fimbria and hippocampal fissure to synapse on the inner third of the 
contralateral granule cells or basket cells. 
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THE AGING HIPPOCAMPUS 

Although aging is intrinsically interesting to study in its own right, studying aging 

can also shed light on how memories are stored and how changes in plasticity occur. 

Some of the early aging research painted a rather dismal portrait of aging by focusing on, 

and looking for, age-related declines. Since these researchers were looking specifically 

for age-related deterioration, age-related deterioration is what they found. For example, 

several early anatomical studies presented very misleading results based on biased, 

qualitative experimental designs. Progressive degeneration, gross dendritic atrophy, and 

eventual cell death was reported in both rodents and humans (Machado-Salas & Scheibel, 

1979; Scheibel, Lindsay, Tomiyasu, & Scheibel, 1976). Subsequent, quantitative 

research reveals that dendritic growth, rather than deterioration, was associated with 

normal aging in humans (Buell & Coleman, 1979). The atrophic cells were present in all 

tissue, but were the exception, rather than the norm. This is one example of a possible 

compensatory reaction that may retard, rather than cause age-related behavioral deficits. 

One brain region that may be responsible for age-related changes in memory 

function is the hippocampus. Normal, healthy aged rats as well as humans have difficulty 

forming new memories, particularly those involving spatial relationships. Interestingly, 

electrophysiological studies in the hippocampus have revealed changes in cell 

functioning that could be considered compensatory in addition to potentially degenerative 

changes (Barnes, 1993). This chapter will focus on normal age-related changes occurring 

in the hippocampal formation. 

Anatomical Changes 

Normal aging is not typically characterized by cell loss in the hippocampus. 

Anatomical changes are specific to region and species; however, commonalties can be 

found between species. There is some contradiction in the anatomical studies examining 
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age-related morphological data and some of the contradictions can be explained by 

careful analysis of methodology. For example, in human experiments there are varying 

time delays following death prior to tissue preparation. Decomposition during these 

delays can cause anatomical and biochemical changes that could potentially bias results. 

Thus, the best experiments have processed the data immediately post-mortem, have used 

quantitative methods, have blind or multiple observers, pre-established criteria for 

analysis, have examined more than two age groups and have done appropriate pre

mortem psychological and behavioral testing. Due to realistic constraints such studies 

may not always be possible. 

Rodents 

Cell loss. Although cell loss may be limited in the hippocampi of healthy aged 

rodents, some studies have reported cell loss in the CA subfields, but not in the fascia 

dentata (FD). A significant reduction (14%) in number of neurons was reported at 29 

months compared to 11 months, but not at 17 months of age in Fischer-344 rats (F-344). 

Thus the loss seemed to occur relatively early in development and remain stable 

throughout maturity and later age. In the same study, there was no difference in the 

number of glia at any of the three time points (Brizzee & Ordy, 1979). There were 

differences of 25% to 33% in cell numbers between rats older than 24 months and young 

or middle-aged rats in several different experiments and rat strains (Knox, 1982; 

Landfield, Baskin, & Pitler, 1981a; Landfield, Braun, Pitler, Lindsey, & Lynch, 1981b; 

Meaney, Aitken, van Berkel, Bhatnagar, & Sapolsky, 1988). A series of reports failed to 

find any loss of granule cells or difference in size of soma in aged rats compared to young 

controls (Bondareff, 1979; Bondareff & Geinisman, 1976; Cotman & Scheff, 1979; 

Geinisman, Bondareff, & Dodge, 1977; Geinisman, Bondareff, & Dodge, 1978; 

Geinisman, de Toledo-Morrell, & Morrell, 1986a; Geinisman, de Toledo-Morrell, & 

Morrell, 1986b). Early environmental experiences, such as stress caused by neonatal 



handling, can cause cell loss in areas CAl and CA3 (Meaney et aI., 1988). Previous 

environmental insults or biased sampling may account for some of the discrepancies 

between studies. 
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Deafferentation. Neuronal loss in the FD is unusual; however, loss of synaptic input 

is well documented. Quantitative losses ofaxodendritic synapses in the middle third of 

the molecular layer and supragranular layer of the FD occur in rats over the age of 24 

months compared to 3 month old rats (Bondareff, 1979; Bondareff & Geinisman, 1976; 

de Jong, Buwalda, Schuurman, & Luiten, 1992; Geinisman et aI., 1977; Geinisman et aI., 

1978; Geinisman et aI., 1986a; Geinisman et aI., 1986b). Loss of synaptic input in the 

middle molecular layer of the FD implies loss of glutamatergic input from the medial 

perforant path or entorhinal cortex, whereas loss of synapses from the supragranular layer 

suggest loss of commissural, associational and septal inputs. More recently, loss of 

synapses have been confirmed using the non biased stereological dissector technique 

(Geinisman, deToledo-Morrell, Morrell, Persina, & Rossi, 1992a). Significant losses of 

both perforated and nonperforated axospinous, but not axodendritic, junctions in both the 

middle and inner molecular layers were observed in 28-month compared to 5-month old 

rats. 

Reactive synaptogenesis. In addition to studying spontaneously occurring age

related changes, it is interesting to examine age-related changes in response to 

environmental insult. The ability to respond to insult may be important for adaptation 

and survival. On the other hand, once an organism has learned enough about its 

environment to survive, dramatic morphological changes may actually be detrimental. 

Very young animals are very plastic, and respond to changes quickly and effectively. 

Morphological differences exist in age-related changes in response to deafferentation of 

the septal inputs (Scheff, Bernardo, & Cotman, 1978). Young rats showed synaptic 

proliferation in deinnervated areas following fimbria fornix lesion in less than 60 days. 



The old rats failed to regenerate the connections even after 60 days post-lesion. 

Cholinergic fibers will invade the molecular layer of the FD following deafferentation 

from the entorhinal cortex (Lynch, Matthews, Mosko, Parks, & Cotman, 1972). This 

process is also retarded in aged rats (Cotman & Scheff, 1979). Old rats are capable of 

regeneration; however, they do so at a much slower rate than young counterparts (Hoff, 

Scheff, Benardo, & Cotman, 1982). 
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~Iar system changes. There are differences between young and old rats in the 

vascularization of the hippocampus. This is important because it means that the old cells 

may not have sufficient access to oxygen, necessary for metabolic processes, or important 

nutrients. Observations of the vascular system can be made by perfusing an animal with 

black India ink (Cotman & Scheff, 1979). Using this procedure, it was observed that, in 

old rats compared to young, the vessels were swollen with a horizontal rather than 

vertical direction. The old rats seemed to have less "degree of fineness and divergence" 

than the young rats. Age-related alterations in the vascular system across four age groups 

of F-344 rats have been confirmed in CA 1 (Topple, Fifkova, & Cullen-Docker, 1990) and 

the FD (Topple, Fifkova, Baumgardner, & Cullen-Docker, 1991). 

Humans 

In contrast to diseased individuals, healthy individuals do not exhibit global 

widespread cell loss in hippocampus. An extensive long-term study revealed selective 

neuronal loss with age in the subiculum and hilus of the FD, but no change in dentate 

granule cells or the CA subfields (West, 1993). This study included data from healthy 

males aging from 13 to 85. In constrast to earlier reports, this experiment used a 

technique called "dissector stereology" which is superior to previously used methods. 

Dissector stereology is a neuroanatomical method which examines serial sections in order 

to make accurate counts of anatomical features within a three-dimensional area. Older 
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studies may need to be replicated to ensure that biases are not leading to misleading 

conclusions. 
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Several earlier studies reported declines in pyramidal cell density with age in humans 

(Anderson, Hubbard, Coghill, & Sliders, 1983; Ball, 1977; Mani, Lohr, & Jeste, 1986; 

Mann, Yates, & Marcyniuk, 1985; Mouritzen Dam, 1979). Cell loss ranged from 16% to 

25% between young and aged groups. Neuron loss was found to be considerable, even 

when data were corrected for differences in hippocampal size (Mouritzen Dam, 1979). A 

linear decrease with age in neuronal density was found in normal, non-demented humans. 

A similar decrease was seen the brains of demented patients, but the slope of the decrease 

was much steeper in the demented compared to the cognitively intact individuals (Ball, 

1977). It is difficult to perform controlled neuroanatomical studies on humans because of 

the vastly different histories of the patients. Certainly, other environmental events or 

insults can influence neuronal loss over the life span in different individuals. 

Alterations in dendritic extent may also reflect functional changes. Dendritic extent 

in the hippocampal pyramidal neurons was examined (Flood, Guarnaccia, & Coleman, 

1987b) and no signiticant differences were found in either basal or apical dendritic 

branches. Interestingly, the total dendritic length in the very old groups did not differ 

from the middle aged group. This is an example of the usefulness of more than two time 

points in an aging study. If only very old and middle aged persons were included in the 

experiment, the dendritic extension in old age would have been missed and it would have 

been assumed that no net changes in dendritic extent occurred during aging. 

Interestingly, the dendritic extent of granule cells in humans appears to increase with 

age (Mouritzen Dam, 1979). This may be a compensatory reaction to loss of neurons or 

loss of synaptic contacts. The pattern of increased dendritic extent from middle age 

(fifties) to old age (seventies) is followed by a regression in very old age (Flood, Buell, 

Defiore, Horwitz, & Coleman, 1985; Flood, Buell, Horwitz, & Coleman, 1987a). It is 
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also interesting to note that the variability in the total dendritic extent was greatest in the 

old (seventies) group. The most consistent finding in aging research is that the aging 

process varies dramatically between individuals. 

Physiological Changes 

There are a number of physiological changes associated with age in the 

hippocampus. Some of these alterations may underlie cognitive decline associated with 

aging whereas other alterations may reflect compensatory mechanisms. Age-related 

physiological changes have been assessed with a number of techniques, including intra

and extracellular recording in vitro, and extracellularly recorded single units and evoked 

potentials in vivo. 

Basic Electrophysiological Properties 

There are minimal functional changes associated with age in basic 

electrophysiological measures in any of the hippocampal subregions (Barnes, 1993). 

There are no systematic differences in resting membrane potential, input resistance, time 

constant, Na+ or Ca2+ spike amplitude, or spike duration between young and old rodents 

(see review, Barnes, 1993). Firing rates of CAl neurons have been studied using 

extracellular recording techniques in anesthetized rats. A decrease in overall firing rate 

was found in CAl pyramidal cells in old (26-28 months) compared to young (6-8 

months) F-344 rats. These cells are typically low firing rate cells and are sometimes 

called complex spike cells because they characteristically fire in bursts. There was no 

difference in the burst rate or the number of spikes per burst (Lippa, Critchett, Ehlert, 

Yamamura, Enna, & Bartus, 1981). Firing characteristics of extracellularly recorded 

units in the awake rat, however, did not differ between old and young rats (Barnes, 

McNaughton, & O'Keefe, 1983). Old rats (and old people) respond to anesthetics 

differently than do young rats (Barnes, 1979); it is possible that the differences in firing 



rates found in the first study were due to differential response to chloral hydrate 

anesthesia. 

Among the reliable age-related alterations in hippocampal physiology, there are 

regional differences in the partial deafferentation seen in the FD compared to CA 1. 
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There is a reduction in the presynaptic fiber volley of aged perforant-path to FD response 

(Barnes & McNaughton, 1980a; Foster, Barnes, Rao, & McNaughton, 1991). This is 

consistent with the anatomical evidence for reduced synaptic numbers from the perforant 

path input to the granule cells. Although there is also electrophysiological evidence for 

fewer synaptic contacts in CAl, the picture is somewhat different than in FD. There is no 

age-effect of iontophoretically-applied L-glutamate in either subregion (Rao, Barnes, & 

McNaughton, 1993a); however, the response to AMPA in CAl is reduced in aged rats 

(Barnes, Rao, Foster, & McNaughton, 1992) compared to young or mature rats. The 

presynaptic fiber potential in CA 1 is not different between young and old hippocampi. 

Thm:, Barnes et aI. (1992) suggested that the number of presynaptic axons in CAl does 

not change, but the synaptic density is reduced. Anatomical verification is presently 

under investigation (Gail Perez, personal communication). 

Another change in basic cell properties are increases in Ca2+-dependent 

afterhyperplorizations in area CAl aged rats (Landfield & Pitler, 1984). 

Afterhyperpolarization induced by bursts of cell firing was prolonged in aged rats 

compared to young rats. This change in K+ conductance is dependent on intracellular 

Ca2+ and may reflect altered Ca2+ homeostasis in aged pyramidal cells. 

There are also regional age-differences in two cell properties that could be 

considered compensatory: strength of individual synapses and cell excitability. First, 

intracellularly recorded EPSPs in the FD are larger for a given fiber potential in aged rats 

compared to mature rats (Barnes & McNaughton, 1980a). The extracellularly recorded 

perforant path-evoked EPSP is also larger for a given presynaptic fiber potential (Barnes, 
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1979; Barnes & McNaughton, 1980a; Foster et aI., 1991). In the FD, the increase in 

unitary EPSP can be partly explained by an increase in quantal size, and is not likely to 

be due to increased probability of transmitter release (Foster et aI., 1991). In CAl, 

however, there is a smaller field EPSP, but no difference in the size of the unitary EPSP 

between young and old rats, nor is there an age difference in quantal size (Barnes et aI., 

1992). Thus, in the FD, there may be fewer presynaptic fibers and fewer synapses, but 

the remaining synapses may be stronger; whereas in CAl, there are probably fewer 

synapses, but no change in the number of presynaptic fibers or strength of individual 

synapses. 

Second, granule cells in the FD are more excitable following orthodromic 

stimulation in aged rats. Intracellular recording from granule cells reveal a 17% decrease 

in spike threshold and a 13% reduction in latency of action potentials (Barnes & 

McNaughton, 1980b). There is a trend toward increased excitability in the CAl region, 

but this has not been fully explored (Barnes, Rao, & McNaughton, 1987). Furthermore, 

there is an increase in the size of population spike, relative to the size of the EPSP, in 

extracellularly recorded evoked responses (Barnes & McNaughton, 1980a). 

EEG 

Electroencephalography (EEG) has been used to measure general changes in 

electrical brain activity. These signals are analyzed by fast Fourier transform (FFT) 

which provides a measure of EEG signal strength as a function of frequency. In general, 

EEG changes are minimal in healthy aged individuals; however, diseased individuals 

sometimes exhibit reduction of peak frequencies (see discussion of physiological 

correlates of behavior). 

Hippocampal EEG in rats. EEG recorded in the hippocampi of aged rodents does 

not differ substantially from EEG recorded from young rodents. Barnes (1979) did not 

observe aged-related changes in the character of the power spectrum from EEG recorded 
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in the hilus of the FD between young and old rats. In this study, the young rats had 

greater mean power for the frequencies less than 10Hz on the second day of testing 

compared to the first. There was no difference between days of testing for the old rats. 

Thus, the young rats had greater power across all frequencies on the second day of testing 

possibly due to behavioral differences (e.g. more activity). Similarly, in three age groups 

of rabbits (3, 30 & 45 months of age), there were no differences in mean frequency of 

EEG recorded in area CAl of the hippocampus (Woodruff-Pak & Logan, 1988). Some of 

the aged rabbits, however, had reductions in the amplitude of EEG compared to the 

young rabbits. The aged rabbits in this study were severely impaired in a trace 

conditioning task. Conversely, a reduction in peak frequency during exploratory sniffing 

was observed in aged compared to young rats (Forbes & Macrides, 1984). This study 

examined EEG recorded from four age groups of rats (3, 18, 30 & 36 months) only 

during sniffing associated with exploration. This decrease in peak frequency was 

correlated with a decrease in the vigor of exploration in aged rats. These data are 

somewhat difficult to interpret, since the two groups of aged rats were quite old and 

health status was not reported. The changes in EEG peak frequency could be due to 

diseased states, rather than factors associated with nomml aging. 

Cortical EEG in humans. Cortical recordings in healthy humans reveal no 

significant age-related slowing of EEG; however, there is evidence for slowing of peak 

frequencies in individuals suffering from Alzheimer's disease or other health problems. 

In one comprehensive study, there were age- and gender-related fluxuations in cortical 

EEG patterns in healthy, adults aged 30-80 (Duffy, McAnulty, & Albert, 1993). In this 

experiment there was a nonlinear, broad trend for decreased slow and increased fast 

activity. Changes in peak frequencies are seen in males with asymptomatic 

cardiovascular disease (Dustman, Shearer, & Emmerson, 1993). 
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Information Content of Principal Cells 

The behavioral correlate of extracellularly-recorded pyramidal cells in awake, 

behaving rats is increased firing rates when the rat moves through a specific place within 

an environment. In aged rats, the "place fields" become less specific and less reliable 

(Barnes et aI., 1983). One possible explanation for the reduced specificity is increased 

number of gap junctions in all regions of the hippocampus (Barnes et aI., 1987). 

Recently, it has been reported that the low-firing-rate granule cells are spatially selective 

and have small discrete spatial fields (Jung & McNaughton, 1993). At present there are 

no data regarding age differences in infornmtion content in the rat FD. It might be 

expected that the information content in old granule cells is less specific since there is 

decreased synaptic input from the perforant path. 

Synaptic Efficacy 

Age-related changes in synaptic plasticity have been examined in several different 

contexts. The hippocampus is capable of sustaining both short- and long-lasting forms of 

synaptic change following stimulus pulses presented at short interpulse intervals. Some 

examples of synaptic plasticity vary with age, whereas other aspects of synaptic change 

remain constant across the life span. 

Age differences are reported in short-lasting changes following or during high

frequency stimulation of afferent fibers to CAL Extended stimulation results in 

exhaustion or depression of cell firing. The decrease in the size of the popUlation spike 

(measure of unit firing) was greater for old rats than for young rats during continuous 4 

Hz stimulation in old rats (Landfield, McGaugh, & Lynch, 1978). Frequency 

potentiation is the increase in synaptic current during a high frequency stimulation train. 

Less frequency potentiation is seen in aged rats (Applegate & Landfield, 1988; Landfield 

& Lynch, 1977; Landfield et aI., 1978; Landfield & Morgan, 1984). Another form of 

short-lasting change is the increase in evoked responses following the presentation of 
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high-frequency stimulation (50 -100 Hz); this is referred to as post-tetanic potentiation 

(PTP). Less PTP is detected in CA 1 of aged rats (Landfield & Lynch, 1977; Landfield et 

aI., 1978). 

Another way to measure more durable forms of synaptic plasticity is to apply rather 

intense, but short duration burts of stimulation at high frequency. High intensity, high 

frequency stimulation results in coactive, converging input to postsynaptic neurons, 

referred to as long-term enhancement (LTE) at hippocampal synapses (see next chapter). 

There is no difference in the maximal magnitude of LTE expressed between young and 

old rats in either CAl (Chang, Isaacs, & Greenough, 1991; Deupree, Turner, & Watters, 

1991; Landfield et aI., 1978; Landfield & Morgan, 1984; Moore, Browning, & Rose, 

1993) or FD (Barnes, 1979; Barnes & McNaughton, 1980a; de Toledo-Morrell, 

Geinisman, & Morrell, 1988; Geinisman, deToledo-Morrell, Morrell, Persina, & Rossi, 

1992b). Once the enhancement had reaches an asymptotic level, there is a difference 

between young and old rats in the decay rate of LTE in FD (Barnes, 1979; de Toledo

Morrell & Morrell, 1985). It may be relevant that phosphorylation of Fl (GAP-43) is 

correlated with maintenance ofLTE (Lovinger, Akers, Nelson, Barnes, McNaughton, & 

Routtenberg, 1985). Furthermore there is a reduction of F1 protein (GAP-43) in aged rats 

(Barnes, Mizumori, Lovinger, Sheu, Murakami, Chan, et aI., 1988). 

There are reports of age-related differences in the magnitude of LTE when stimulus 

parameters used are near the induction threshold (Deupree, Bradley, & Turner, 1993; 

Deupree et aI., 1991; Moore et aI., 1993). There are at least two possible explanations for 

the reduction in magnitude of LTE aged rats with near threshold parameters. One is a 

reduction in the number of synaptic contacts in area CA 1. Old rats, having fewer 

synapses, would have less statistical probability of convergence, thus resulting in an 

apparently increased induction threshold. Another possibility is that there is a deficit in 
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NMDA-receptor mediated processes (Rao, Barnes, McNaughton, Shen, & Abel, 1993b), 

that may not be obsexved following massively synchronous stimulation. 

Regional differences are also obsexved in ability to generate new synapses following 

induction ofLTE. In the FD, the increase in synapse numbers were equivalent for young 

and aged rats (Geinisman et aI., 1992b). In this experiment, induction ofLTE resulted in 

selective increases in the number of synapses with segmented postsynaptic densities in 

the middle, but not inner, molecular layer of 28 month old rats. In CA 1, however, 

proportionally fewer synaptic increases were seen in aged rats (Chang et aI., 1991). 

Kindling is another form of durable alteration in synaptic responses which is elicited 

following brain stimulation that repeatedly produces afterdischarge (Goddard, 1967). It 

takes longer to induce kindling in aged, memory deficient rats than young rats (de 

Toledo-Morrell, Morrell, & Fleming, 1984). 

Section Summary 

There are multiple physiological differences between young and old rat hippocampi. 

Some of these differences appear to represent deficits or defects and yet others appear to 

be compensatory in nature. It is not clear, however, which of the alterations actually lead 

to behavioral deficits. For example, the increased electrotonic coupling obsexved in all 

three subfields of the hippocampus (Barnes et aI., 1987) may be a compensatory reaction 

in response to loss of input, or it may result in a decrease in information specificity 

conveyed by those cells. Furthermore, there are regional physiological differences in the 

aging hippocampus. In the FD there is loss of perforant path input, but old rats have 

stronger individual synapses, whereas there is not an age-related increase in the strength 

of synapses in CAl. Both subregions have decreased action potential thresholds 

following orthodromic, but not intracellular activation. In order to determine which of 

these changes are responsible for age-related decline in memory, the physiological 

changes need to be carefully mapped onto the behavior. 
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Age-Related Behavioral Changes 

Aged animals and humans are impaired on spatially-demanding tasks. Since lesions 

that disrupt information flow at any point in the hippocampal formation impair learning 

of spatial relations in young rats; functional changes in this area may be at least partially 

responsible for impaired learning in old rats. Careful analysis of exploratory behavior 

reveals that aged animals explore environments differently, in a way that reflects 

decreased spatial memory (Cavoy & Delacour, 1993; Soffle et aI., 1992). These 

differences in exploration may lead to the impairments observed in tasks designed to 

assess spatial knowledge. 

Memory loss during age was first studied empirically in rodents in 1929, when Stone 

tested aged rats in complex mazes, problem boxes and discrimination learning tasks 

(Stone, 1929a; Stone, 1929b). It was initially proposed that senescent animals were 

impaired on complex, but not simple tasks (Goodrick, 1968; Goodrick, 1972; Goodrick, 

1975). Since then it has become apparent that spatial learning and memory functions are 

particularly impaired. Old rats learn a simple T-maze as quickly as young rats. When 

probe-tested to determine the type of strategy they used, old rats were more likely to use a 

response strategy and young rats were more likely to use a spatial strategy (Barnes et aI., 

1980). Barnes (1979) developed a task that was simple, but required that spatial ability 

be intact (see Figure 2). This was a circular platform with 18 peripheral holes, below one 

of which there was a dark, esca.pe chamber. The top of the platform was brightly lit and, 

since rats prefer dark places, they tend to seek out the escape chamber. The old rats took 

longer to learn this task and made more errors than did young rats (Barnes et aI., 1980). 

In addition to spatial learning deficits in the circular platform task, age-related 

deficits in spatial memory have been consistently demonstrated in a variety of other 

behavioral tasks, including: the Morris water task, the 8-arm radial maze, and other 
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mazes (Jucker, Oettinger, & Battig, 1988; Winocur & Moscovitch, 1990). Successful 

performance on these tasks requires learning and retention of associations among 

environmental features, and the ability to navigate through space (Barnes, 1991). 

Typically, aged rats require more trials to reach a given criterion, and forget spatial tasks 

more quickly than do young rats (Barnes & McNaughton, 1985). 

The Morris water task was designed to assess spatial ability in the absence of 

intramaze cues (see Figure 3). The open-field-water-task is typically a circular tank filled 

with chalky or milky water. In one of the four quadrants of the tank there is a hidden, 

escape platform. The most efficient strategy for the rats is to find the hidden platform as 

quickly as possible, effectively decreasing the amount of time spent swimming in the 

pool (Morris, 1981). Aged rats are able to leam the Morris water task, however, they 

learn much more slowly than their young counterparts. This finding has been replicated 

in numerous laboratories (Foster & McNaughton, 1991; Gage, Dunnett, & Bjorklund, 

1984; Pelleymounter, Beatty, & Gallagher, 1990; Pelleymounter, Smith, & Gallagher, 

1987; Rapp, Rosenberg, & Gallagher, 1987; Zhang, Mundy, Thai, Hudson, Gallagher, 

Tilson, et aI., 1991). In some cases, the old rats never reach the level of performance of 

the young rats and there is frequently considerable variability between individual old rats 

(Pelleymounter et aI., 1990). 

The 8-arm radial maze is a maze with all eight arms baited with food. During each 

trial the rat must visit each arm only once for optimal performance. This test requires 

both leaming the demands of the task and environmental features over days, as well as 

short-term working memory within a day. Old rats require more trials to learn this task, 

and typically make more mistakes (Barnes & McNaughton, 1980b; Beatty, Bierley, & 

Boyd, 1985; Beatty, Clouse, & Bierley, 1987; Bierley, Rixen, Troster, & Beatty, 1986; 

Bond, Everitt, & Walton, 1989; de Toledo-Morrell et aI., 1984; Gallagher, Burwell, 
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Kodsi, McKinney, Southerland, Vella-Rountree, et al., 1990; Luine, Bowling, & Hearns, 

1990; Wallace, Krauter, & Campbell, 1980). 

Anatomical and Physiological Correlations of Behavioral Deficits 

Age-related alterations in the hippocampus do not necessarily result in functional 

deficits. Of the many age-associated neural changes in rats, the experiments that make 

the biggest contributions to the understanding of functional changes that result in memory 

loss are those that compare behavioral and physiological or structural alterations. 

Although there are often age-related changes in specialized cognitive abilities, some 

individuals escape these age-related losses. For example, in the Morris water task, some 

old rats learn as quickly as young rats and other old rats never reach criteria. This 

variability in cognitive function can help neurobiologists determine which age-related 

changes are functionally important. Since it is not possible to experimentally manipulate 

age, researchers studying age-related phenomenon are left with correlational approaches. 

The best experiments exploit the variability in cognitive decline between individuals to 

make powerful statements about the physical reasons for cognitive decline (Rapp & 

Amaral,1992). 

In addition to the increased variability in performance, aged rats do not exhibit 

global decline, rather, age-related behavioral impairments are task specific. For example, 

age is associated with decreased spatial learning and slower reaction times; however, 

there was no correlation between these two behavioral domains in aged rats (Gallagher & 

Burwell, 1989). Nor was there a correlation between water task performance, spatial 

working memory in a hidden food task, and operant conditioning (Blokland & 

Raaijmakers, 1993). 
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Anatomical Correlations 

A number of studies report age-related loss of several types of synapses in the 

molecular of the FD. The only loss correlated with memory impainnent was a decrease 

in perforated axospinous synapses (Geinisman et aI., 1986a; Geinisman et aI., 1986b). In 

this experiment, young and old rats were trained on the 8-arm radial maze and divided 

into three groups based on their age and perfonnance. When all synapses were 

combined, the memory-intact old rats had 10% fewer synapses than the young rats (this 

difference was not significant) and memory-impaired old rats had a significant reduction 

in number of synaptic contacts (17%). When perforated and non-perforated synapses 

were analyzed separately and compared to spatial perfonnance, the number of perforated 

synapses was correlated with behavioral ability. This finding suggests that perforated 

synapses in the middle third of the molecular layer may be important in processing the 

multimodal, sensory infonnation from the cortex necessary for learning a new spatial 

task. 

PhYSiological Correlations 

Barnes (1979) was the first person to correlate age-related impainnents in spatial 

learning ability with electrophysiological changes. She found a correlation between 

perfonnance on a spatially demanding task and decay rate of long-tenn synaptic 

enhancement, both between and within age groups. The aged rats with the worst 

perfonnance on the circular platfonn task also had the fastest decaying LTE. 

Furthennore, there is a similarity between age effects on forgetting rates in the circular 

platfonn and age effects on decay ofLTE (Barnes & McNaughton, 1985). This finding 

was replicated and extended by the demonstration that memory deficient aged rats were 

also slower to kindle (de Toledo-Morrell et aI., 1984). 
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Conclusions 

Aging is n complicated developmental process. There are likely to be changes in the 

hippocampus that result in behavioral deficits, particularly the loss of spatial ability. Not 

all changes in the hippocampus are responsible for memory impairments and some may 

actually reflect compensatory reactions to change. Age-related changes are selective and 

thus, viewing aging as global degradation is clearly an oversimplification. Memory 

impairments are likely to be due to a number of factors. The loss of synaptic contacts in 

hippocampus proper and loss of input to the FD may contribute to these losses. 

Compensatory mechanisms may include dendritic lengthening and the ability to 

regenerate synapses. Hippocampal units are less specific in information content and this 

may be due to an age-related increase in gap junctions and/or loss of afferent input. 

Finally, the ability to maintain synaptic strengthening, suggested by Hebb (1949) to be a 

mechanism by which memories are stored, is impaired in old rats. One exciting area of 

future research is understanding how synaptic strengthenings are maintained in the 

hippocampus and how this process is disrupted by the aging process. 
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LONG-TERM SYNAPTIC ENHANCEMENT 

A major goal in systems neurobiology is to understand the physiological 

underpinnings of cognitive and behavioral processes. One example of a physiological 

change linked to cognitive processes is a form of activity-dependent increase in synaptic 

strength and principal cell output found in the hippocampus. This alteration is referred to 

as long-term enhancement (LTE) or long-term potentiation (L TP) and may be related to 

memory storage for reasons described below. Since the initial, systematic description of 

LTE (Bliss & L!1Imo, 1973), copious amounts of research have been done examining 

multiple aspects of LTE, from its biochemical and biophysical basis to its relationship to 

behavior (see Baudry & Davis, 1990 and Landfield & Deadwyler, 1988 for reviews). 

This dissertation focuses mainly on the possibility that LTE is a memory mechanism; 

therefore, this review chapter will include a basic description of LTE and, in more detail, 

the studies that address the involvement of L TE in learning. 

If L TE reflects the same type of process used by the brain for memories, then 

understanding the mechanisms underlying the induction and maintenance of L TE should 

provide insight into how and where memories are stored in the brain. These mechanisms 

are discussed in the middle sections of this chapter. The assumption that LTE is a 

mechanism by which memories are stored is the basis for vast quantities of research done 

at many levels. If, however, memory storage and LTE do not share common processes, 

then LTE may be a dead end in the search for the engram3• The final section of this 

chapter critically discusses the evidence that LTE and memory formation are related. The 

first section describes the assumptions underlying the evoked potentials used to measure 

LTE, as well as, other forms of neurophysiological alterations. 

31t is possible that L TE is not important for memory formation, but involves mechanisms important for 
some other brain function. This possibility seems unlikely given the strong evidence (discussed previously) 
that the hippocampus plays a role in learning. 
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Evoked Potentials in the Hippocampus 

LTE induction and expression are frequently measured by recording extracellular 

evoked field potentials. It is therefore relevant to discuss the assumptions underlying 

these measures. Recording population responses in the hippocampus is possible because 

of the highly-ordered arrangement of neurons (Figure 9). Field potentials are the sum of 

a population of extracellularly recorded dipoles generated by individual neurons. 

Electrical stimulation of the perforant path results in synchronous, monosynaptic 

activation of granule cell dendrites. Synaptic input from the perforant path generates 

extracellular current flow arising from a system of sources and sinks resulting in field 

potentials which can be recorded from an electrode placed in the brain (Nicholson, 1973). 

Current generated in the dendrites flows down the length of the intracellular space, 

through the dendrite to the soma, outward across the soma membrane and completes the 

electrical circuit through the extracellular space (Jefferys, 1979). 

Low levels of stimulation to the perforant path result in a positive-going field EPSP 

when the recording electrode is in the hilar region. The EPSP is the result of 

synaptically-generated current flow into the granule cell dendrites in the outer two-thirds 

of the molecular layer (LfiSmo, 1971a). The large, positive, EPSP recorded in the hilus 

reflects the source of the dipole or the point at which the current leaves the cell. The 

EPSP remains stable, with very little variance for approximately 500 Jl in the hilus of the 

fascia dentata (FD). This characteristic is due to the C-shape of the cell body layer (a 

bent sheet of dipoles) and makes long-term recording of evoked field potentials possible. 

The field EPSP can provide an indirect estimate of the synaptic current in the population 

of granule cells (Figure 10). 

With this electrode configuration, increased stimulus intensities result in a negative 

deflection superimposed on the positive-going component of the evoked response. This 

negative component is referred to as the population spike and reflects the evoked firing of 



Figure 9. Current Flow Through Extracellular Space 

Current flow in the extracellular space around granule cells in the fascia 
dentata. Current enters the dendrites at the level of synaptic contact making 
the inside of the cell more positive and the outside more negative. Current 
moves down the inside of the cell to the soma, leaves the cell, completing the 
circuit in the extracellular space. From the perspective of an extracellular 
electrode, current appears at the soma (source) and disappears at the active 
synapses (sink). 
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Figure 10. Perforant Path Evoked Responses in Fascia Dentata 

These waveforms represent averages of five evoked responses from two 
different depths in an anesthetized rat. The upper traces were recorded 
from the dendritic layer of the upper blade of the fascia dentata and the 
lower traces were recorded at or near the cell body layer. At low stimulus 
intensities (125 JlA), evoked potentials recorded in the dendritic layer 
have a negative-going field EPSP. In the cell body layer, the EPSP is 
positive. At higher stimulus intensities, a population spike is 
superimposed on the EPSP. The population spike is positive in the 
dendrites and negative in the cell body layer. 
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the granule cells. The number of granule cells reaching action potential threshold is 

approximately proportional to the size of the population spike (Andersen, Bliss, & 

Skrede, 1971b; LlZlmo, 1971a). The population spike is negative when the recording 

electrode is in the hilus, because the current influx for action potentials is at the level of 

the cell bodies, and not in the dendrites (Jefferys, 1979). 
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There are a number of possible factors that can influence the size of the extracellular 

field potential. Increased numbers of synapses can be recruited by increasing the strength 

of the perforant path stimulus. Another factor which can alter the size of the field EPSp4 

is a change in the strength of the synapse, either through increased transmitter being 

released into the synaptic cleft or increased postsynaptic responsiveness. A change in the 

resting membrane potential would also change the size of the response recorded. For 

example, hyperpolarizing the postsynaptic granule cells would result in a larger EPSP, 

whereas depolarization would result in a smaller EPSP. EPSP size can also be altered by 

redistribution of membrane conductances along the dendrites. This might happen if 

synaptic input were modified in the inner third of the molecular layer through changes in 

septal or commissural input. The size of the population spike can be influenced by the 

same factors and also by anything else that influences the excitability of granule cells, 

such as, action potential threshold, granule cell potential at rest, feedforward and 

feedback inhibition, modulatory inputs, and the size of the individual action potentials. 

Thus, following the stimulus artifact, there are three components of the evoked 

response that provide useful information: the presynaptic fiber potential, which reflects 

the number of afferent fibers activated; the EPSP, an indirect measure of the synaptic 

current; and the population spike, an estimate of the number of granule cells activated by 

the stimulus (Andersen et aI., 1971a; Douglas & Goddard, 1975; LlZlmo, 1971a; LlZlmo, 

4Henceforth, the term EPSP is used to refer to the field EPSP, unless otherwise indicated. 
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1971b). Although the example presented above was in the FD, the same components can 

be observed in other hippocampal regions. 

Recording extracellular evoked field potentials has several advantages. The biggest 

advantage is that extracellular potentials give information about synaptic activity that can 

be recorded in vivo in behaving animals. Presynaptic, synaptic, and postsynaptic events 

can all be analyzed from a single response. Evoked potentials provide a measure of 

population activity. It is possible to record stable, reliable responses, with high signal-to

noise ratios, for long periods of time. Furthermore, it is possible to compare evoked 

potentials in awake, behaving animals with those recorded in either in vivo anesthetized 

and in vitro slice preparations. 

There are several disadvantages; however, that need to be carefully considered when 

interpreting the results of field potential recording. These disadvantages arise because 

extracellular potentials do not provide a direct measurement of membrane voltage. A 

given evoked potential could be consistent with several different patterns of sources and 

sinks. Changes in the cellular generators of these potentials may not be uniform 

throughout the population. If this were the case, population responses could conceal an 

effect rather than illuminating it. Furthermore, analysis of evoked potentials rests on the 

assumptions outlined above and if, in some circumstances, the assumptions turn out to be 

false, then the interpretations resulting from the analysis may also be false. With these 

caveats in mind, evoked potential analysis can provide very useful information about how 

neurons and synapses can change in response to stimulation. The bulk of information 

gathered in this dissertation is based on the belief that evoked potentials recorded in the 

FD of the hippocampal formation, if carefully analyzed, can provide important 

information about neuronal alterations during learning and exploratory behavior. 
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Description and Characteristics of L TE 

Brief periods of high-frequency stimulation result in alterations in hippocampal 

evoked potentials (Ll1lmo, 1966). In 1973, Bliss, Gardner-Medwin, and Ll1lmo, carefully 

described these long-lasting changes in perforant path evoked potentials (Bliss & 

Gardner-Medwin, 1973; Bliss & Ll1lmo, 1973). These changes included an increase in the 

field EPSP, an increase in the population spike amplitude, and a decrease in the 

population spike latency. The alterations were not due to an increased number of fibers 

being activated by a test stimulus because there was no change in the presynaptic fiber 

volley. Although it is likely that at least part of the increase in cell firing was a 

consequence of increased depolarization due to the enhanced EPSP, not all of the spike 

growth could be explained by the EPSP growth. This form of synaptic change was of 

particular interest because it is much longer lasting than previously discovered forms of 

change, such as post-tetanic potentiation (PTP). LTE and PTP can coexist at the same 

synapses, but they have different physiological properties (McNaughton, 1982). The 

characteristic difference between LTE and previously discovered forms of synaptic 

change (for example, PTP) is that PTP is accompanied by a change in the probability of 

transmitter release, whereas LTE is not (McNaughton, 1982; McNaughton, 1993). 

The changes in different components of the evoked response are not always 

correlated. In some cases, there is a disproportionate increase in the spike component. 

This observation suggests that EPSP and spike enhancement are controlled, at least in 

part, by different mechanisms, the nature of which remains a matter of debate (Bliss & 

Gardner-Medwin, 1973; Bliss & Lj1jmo, 1973; Douglas & Goddard, 1975). 

Characteristics of L TE 

Three characteristics of L TE are particularly interesting in relation to memory 

processes. These are specificity, cooperativity and persistence. 
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Specificity. LTE is specific to only those synapses that were involved in the tetanic 

event (Andersen, Sundberg, Sveen, & Wigstrom, 1977). In order for the brain to store 

large quantities of information, each piece of information can only take a portion of the 

total brain resources. LTE shows both pre and postsynaptic specificity. Postsynaptic 

specificity means that high frequency stimulation of one set of synapses does not result in 

enhancement of other synapses from non-tetanized inputs (Andersen et al., 1977; Lynch, 

Dunwiddie, & Gribkoff, 1977; McNaughton & Barnes, 1977). Postsynaptic specificity is 

demonstrated by orthogonal and non-overlapping enhancement of the separate, but 

converging, pathways of the perforant path from the medial and lateral entorhinal cortices 

(McNaughton & Barnes, 1977). Similar postsynaptic specificity has been demonstrated 

in the commmissural and Schaffer collateral projections to CA 1 (Andersen et al., 1977; 

Dunwiddie & Lynch, 1978). LTE also exhibits presynaptic specificity; that is, induction 

of L TE at one subset of synapses on a given axon does not cause enhancement of 

synapses from that axon that are not involved in a convergent event (Levy & Steward, 

1979). 

Such specificity would be important in order for a system to represent different and 

specific memories. Recent evidence indicates that, in some situations (i.e., cell culture 

and low temperature), enhancement is not specific, but also enhances synapses on 

neighboring cells (Bonhoeffer, Staiger, & Aertsen, 1989). It is therefore possible that 

LTE lacks the specificity that would implicate it as a memory storage mechanism; 

however, the lack of specificity observed in these experiments may be preparation 

dependent. This issue needs further attention. 

Cooperativity. Cooperativity (or associativity) refers to the property that more than 

one fiber or pathway converging on a cell must be stimulated simultaneously in order for 

modification to occur. Hebb suggested that this property was the basis for associative 



memory formation. Hebb (1949) suggested the following neurophysiological postulate 

for learning at the cellular level: 

When an axon of cell A is near enough to excite a cell B and 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 (p. 62). 
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This association among coactive afferents is the cornerstone of Hebb's theory. His theory 

also included the requirement that there must be convergence of at least two inputs onto 

cell B in order for cell B to fire. It is also important to point out that, according to Hebb, 

the physiological alteration necessary for learning is at the level of the synapse. In the 

case of evoked field response, changes in the EPSP (the synaptic component of the 

response), not alterations in granule cell output (population spike), provide evidence for 

synaptic change. 

McNaughton et al. (1978) exploited the two components of the perforant path to 

demonstrate that cooperativity occurred in hippocampal synapses during LTE induction. 

Stimulus conditions (low-intensity, high-frequency) could be created in which only one 

pathway was activated resulting in only short-term changes (PTP). In contrast, stimulus 

conditions (high-intensity, high-frequency stimulation) in which both the medial and 

lateral perforant pathways were activated resulted in long-lasting changes (LTE). 

Enhancement is also observed in the synapses from entorhinal cortex to contralateral PD 

if converging inputs from the ipsilateral entorhinal cortex are stimulated simultaneously 

(Levy & Steward, 1979). Cooperativity has also been demonstrated in the CAl region of 

the hippocampus by alternately or simultaneously stimulating the Schaffer collateral and 

commissural inputs (Barrionuevo & Brown, 1983; Lee, 1983). 

Persistence. LTE was attractive to its discovers because it lasted considerably longer 

than short-lasting forms of synaptic change, such as facilitation and potentiation (Bliss & 

Gardner-Medwin, 1973; Bliss & Lrzsmo, 1973). Chronic experiments in rats revealed that, 
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with repeated exposure, LTE could last as long as three weeks (Barnes, 1979). Rats 

presented with tetanizing stimuli daily exhibited gradually increasing EPSP and 

population spike components until asymptotic levels were reached (Barnes & 

McNaughton, 1980a; Castro, Silbert, McNaughton, & Barnes, 1989; Jeffery, Abraham, 

Dragunow, & Mason, 1990; McNaughton, Barnes, Rao, Baldwin, & Rasmussen, 1986). 

Repetitive stimulation also extends the decay time constant at perforant path-to-dentate

gyrus synapses (Barnes, 1979). This effect of repetition is similar to the effects of 

practice on behavioral performance (Barnes, Erickson, Davis, & McNaughton, 1993). 

Induction of L TE 

A large body of research over the past ten years has identified the neurochemical 

basis for cooperativity in the induction of LTE. It is known that LTE induction is 

regulated by the NMDA type of the glutamate receptor. The NMDA ionophore is 

normally blocked by Mg2+ when the membrane is at rest. Postsynaptic depolarization 

removes this magnesium block and results in ionophore activation when glutamate binds 

with the receptor. If the NMDA receptor channels are opened, Ca2+ can enter the 

postsynaptic cell and this triggers a chain of events that leads to the expression of L TE. 

Glutamate as Neurotransmitter 

Glutamate is the most abundant amino acid in the central nervous system (Fonnum, 

1984); however, only a small percentage of the total brain glutamate participates in 

neuronal signaling (McDonald & Johnston, 1990). A majority of the total brain synapses 

use glutamate as a neurotransmitter and nearly all neurons can be excited by glutamate 

(McDonald & Johnston, 1990). Glutamate is also a neurotransmitter at the perforant 

path-to-FD synapses (Storm-Mathisen & Iversen, 1979), where LTE was discovered. 

The glutamate involved in synaptic transmission is stored in vesicles and released in a 

calcium-dependent fashion (Fonnum, 1984; Potasher, 1978; Sandoval & Cotman, 1978). 



Excitatory responses to glutamate are mediated through three primary receptor types: 

AMPA, NMDA, and metabotropic (Figure 11). 

AMP A Receptor/Channel 
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Normal synaptic transmission at glutamatergic synapses is mediated through a 

transmitter-gated ion channel (Seeburg, 1993). The AMPA receptor is responsible for 

fast synaptic transmission and typically generates the membrane depolarization necessary 

for NMDA receptor activation. AMPA receptors can be blocked by the selective 

antagonist, CNQX, and the more potent antagonist, DNQX. 

NMDA ReceptorlChannel 

When AMP A receptors are blocked, a small, slower response remains that is 

sensitive to NMDA antagonists, such as APV (2-amino-S-phosphonovaleric acid or 2-

amino-S-phosphonopentanoic acid; AP-S). The NMDA receptor is linked to a calcium

permeable ion channel that is normally blocked by Mg2+. The NMDA receptors do not 

playa large role in normal synaptic transmission, but they do become active under special 

circumstances, such as during the intense depolarization that normally accompanies the 

induction of LTE. Activation of the NMDA receptor allows significant Ca2+ influx 

(MacDermott, Mayer, Westbrook, Smith, & Barker, 1986). 

Glycine's binding to an allosteric site on the NMDA receptor molecule is a 

prerequisite for NMDA receptor/channel activation, and glycine can potentiate the 

NMDA response (Johnson & Ascher, 1987). Lack of glycine can prevent NMDA 

receptor activation. Given its abundance in the normal mammalian brain, though, its 

presence may not be a component in the dynamic processes involved in learning. Under 

normal conditions, it is unlikely that lack of glycine in could alter the functioning of the 

NMDA receptor. 

The location of NMDA receptors, based on autoradiographic studies, typically 

overlaps with the location of AMPA receptors (Figure 12). The highest concentrations of 



Figure 11. Glutamate Synapse 

Glutamate is released from the presynaptic terminal into the synaptic cleft in 
a Ca2+-dependent fashion. During normal synaptic transmission, the AMPA 
receptor/ion channel is activated and results in depolarization of the 
postsynaptic membrane. During the postsynaptic membrane depolarization, 
the Mg2+ blockade of the NMDA receptor ion channel is removed and the 
subsequent binding of glutamate to the receptor results in Ca2+ influx, 
effectively increasing the level of free intracellular calcium. High levels of 
intracellular Ca2+ initiates a cascade of events that eventually lead to the 
induction of LTE. Part of the cascade includes activation of Ca2+ 
/calmodulin-dependent protein kinase II and protein kinase C. Activation of 
the G-protein associated metabotropic receptor also increases intracellular 
Ca2+ by stimulating phophotidyl inositol (P1P2) turnover which is broken 
down into inositol triphosphate (IP3) and diacyl glycerol (DAG). IP3 binds 
to the IPJ receptor releasing Ca2+ from the Ca2+-sequestering intracellular 
stores. The second arm of pathway, DAG, also activates protein kinase C. 
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Fi~ure 12. Re~ional Distribution ofNMPA Receptors 

Quantitative autoradiography of NMDA receptor binding sites reveals the 
evaluate NMDA receptor location within brain regions. High-to-Iow 
binding site density is represented by red-yellow-green-blue color codes in 
horizontal sections of the rat brain. Four different ligands are presented: 
A) Agonist binding sites are indicated by NMDA displaceable [3H]L
glutamate), B) [3H]CPP is a competitive antagonist, C) [3H]glycine is an 
allosteric NMDA potentiator, D) [3H]TCP is a noncompetitive antagonist 
similar to MK-801 (from Monaghan & Cotman, 1989). 
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NMDA receptors are found in the hippocampus, cerebellum, and cortex (Cotman, 

Monaghan, Ottersen, & Storm-Mathisen, 1987; Monaghan, Bridges, & Cotman, 1989; 

Monaghan & Cotman, 1989). Levels ofMK-801 binding sites, measured by 

autoradiographic techniques, are highest in hippocampus and cortex (Wong, Kemp, 

Priestley, Knight, Woodruff, & Iversen, 1986). AMPA binding sites parallel NMDA 

receptor sites, but are more abundant and include numerous other brain regions (Cotman 

et aI., 1987; Young & Pagg, 1990) 

Investigators in two independent laboratories made the fundamental discovery that 

NMDA antagonists could block the induction ofLTE without altering either baseline 

evoked responses or PTP (CoIIingridge, Kehl, & McLennan, 1983; Harris, Ganong, & 

Cotman, 1984). Since then numerous researchers have reported that both antagonists 

that directly bind the NMDA receptor (CoIIingridge & Singer, 1990) and non-competitive 

open channel blockers (Huettner & Bean, 1988) impair the induction of LTE in 

hippocampal slices, anesthetized rats, and awake, behaving rats (Abraham & Mason, 

1988; Coan & Collingridge, 1987; Cole, Saffen, Baraban, & Worley, 1989; CoIIingridge 

et aI., 1983; Harris et aI., 1984; Walker & Gold, 1991). 

What are the characteristics of the NMDA receptor that enable it to play this 

fundamental role of regulating the induction of LTE? There are two main properties, the 

first of which is that, under normal conditions, NMDA receptor activation is dependent 

on both binding of glutamate to the receptor site and simultaneous depolarization of the 

postsynaptic membrane (Collingridge, Herron, & Lester, 1988a; ColIingridge, Herron, & 

Lester, 1988b). This voltage dependence appears to be responsible for cooperativity. 

Small numbers of afferents do not produce sufficient depolarization to activate the 

NMDA receptors; simultaneous activity on a large number of inputs causes sufficient 

depolarization to allow activation of the NMDA receptors at which glutamate is bound 

(Malenka, 1991). Artificial depolarization in combination with low-frequency 
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stimulation is sufficient to induce LTE (Gustafsson, Wigstrom, Abraham, & Huang, 

1987). Also, blocking GABAergic inhibition, thus increasing the duration of the 

postsynaptic depolarization, facilitates LTE (Wigstrom & Gustaffson, 1985; Wigstrom & 

Gustafsson, 1983). In contrast, postsynaptic hyperpolarization blocks the induction of 

LTE (Malinow & Miller, 1986). 

The reason for the voltage-dependence of the NMDA channel appears to be that, at 

normal membrane potentials, the channel is blocked by Mg2+ ions. When Mg2+ is absent 

from the extracellular space in hippocampal slices there is an increased NMDA 

component in response to low-frequency test stimuli (Collingridge et aI., 1988b). The 

NMDA component of the response (identified by the NMDA antagonist, APV) is, thus, 

increased proportionally with the frequency of stimulation (Collingridge et aI., 1988a). In 

addition, low concentrations of Mg2+ paired with tetanization facilitates the induction of 

L TE (Huang, Wigstrom, & Gustaffson, 1987). The NMDA component of the EPSP is 

also increased in a voltage-dependent fashion when the postsynaptic cell is depolarized 

using voltage-clamp techniques. The second important characteristic of the NMDA 

receptor in relation to LTE is that it allows the entry of Ca2+ into the postsynaptic cell. 

High intracellular Ca2+ triggers a cascade of events leading to the expression of L TE. 

Metabotropic Receptor 

Recently, it has been established that the metabotropic receptor plays an important 

role in LTE induction (Bashir, Bortolotto, Davies, Berretta, Irving, Searl, et al., 1993; 

Behnisch & Reymann, 1993; Bortolotto & Collingridge, 1992; Bortolotto & CoIlingridge, 

1993; Katsuki, Saito, & Satoh, 1992). Activation of the metabotropic receptor, in 

combination with NMDA receptor activation, is required for normal induction of L TE 

(Behnisch & Reymann, 1993), but pharmacological stimulation of the metabotropic 

receptor can generate L TE without activation of the NMDA receptor (Bortolotto & 

Colli n gridge , 1993). 
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The metabotropic glutamate receptor is a G-protein associated receptor that 

stimulates phosphatidylinositol-biphosphate (PIP2) hydrolysis (Alberts, Bray, Lewis, 

Raff, Roberts, & Watson, 1989). Following PIP2 hydrolysis, both branches of the 

pathway could playa role in induction ofLTE (Behnisch & Reymann, 1993; Bartolotto 

& Collingridge, 1993). The activated metabotropic receptor binds to a specific G-protein 

causing activation of the enzyme, phosphoinositide-specific phospholipase C (PLC). 

PLC cleaves PIP2 to generate inositol triphosphate (lP3) and diacylglycerol (DAG). IP3 

releases Ca2+ from the Ca2+-sequestering endoplasmic reticulum, thus, increasing the 

level of intracellular Ca2+. The second pathway by which the metabotropic receptor can 

playa role in synaptic enhancement is though DAG activation of PKC (Behnisch & 

Reymann, 1993; Bortolotto & Collingridge, 1993). The metabotropic receptor may also 

playa role in induction of L TE by potentiating the NMDA response via increases in PKC 

levels (Ben-Ari, Aniksztejn, & Bregestoveski, 1992). PKC increases the NMDA 

response by reducing the Mg2+ blockade of the receptor channel. 

Calcium Entry into the Postsynaptic Cell 

The locus of control of L TE induction is the postsynaptic neuron, and a critical 

variable regulating this change is the calcium level in the postsynaptic neuron. The most 

common pathway to increased Ca2+ levels is via the NMDA receptor, however, Ca2+ can 

also be released from intracellular stores following activation of the metabotropic 

receptor. It is also possible to induce LTE in the presence of APV (Grover & Teyler, 

1992). This form of NMDA receptor-independent enhancement probably involves entry 

of Ca2+ into the postsynaptic cell via voltage-dependent Ca2+ channels. 

The role of Ca2+ in the induction of LTE was demonstrated by injecting the calcium 

chelator (EGTA) into the postsynaptic cell. This blocked the induction of LTE, but did 

not affect resting membrane potential, membrane impedance, or paired pulse facilitation 

(Lynch, Larson, Kelso, Barrionuevo, & Schottler, 1983). Ca2+ activation of protein 
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kinase C (PKC), a calcium-dependent phospholipid-sensitive kinase, may be the next step 

in the chain of events in the induction of LTE. PKC injected intracellularly into CAl 

pyramidal cells caused changes similar to those seen following high-frequency 

stimulation, for example, an increase in EPSP, an increase in the probability of cell firing, 

and a reduction in the spike latency (Hu, Hvalby, Walaas, Albert, Skjeflo, Andersen, et 

al.,1987). PKC stimulators result in an extension of the decay constant ofLTE in the 

FD, specific to the medial perforant path, without affecting the synapses in the lateral 

perforant path (Lovinger & Routtenberg, 1988). Additionally, PKC is selectively 

activated by phorbol esters, and application of phorbol esters to hippocampal slices 

results in LTE-like changes (Malenka, Madison, & Nicoll, 1986). Although PKC has 

been implicated as an important step in the cascade of events leading to maintenance of 

L TE, there is now some evidence that appears to eliminate PKC activation as a 

mechanism controlling LTE expression (Muller, Buchs, Dunant, & Lynch, 1990). PKC 

may be involved in regulating the NMDA receptor, rather than being an actual step in the 

Ca2+ cascade. 

Alterations in levels of PKC have been linked to learning in the Morris water task 

(Olds, Golski, McPhie, Olton, Mishkin, & Alkon, 1990). Levels of PKC in area CA3 of 

the hippocampus were reduced in rats trained on the spatial version of the task compared 

to swim-only and cage-only controls. 

Expression of L TE 

What are the possible mechanisms for expressing synaptic strengthening? A number 

of possibilities have been suggested as the mechanism for expression of L TE. In general, 

these possibilities have been divided into presynaptic and postsynaptic; however, it is 

possible that a combination of both types of processes are responsible for the resulting 

changes. First, it is possible that there is an alteration in the presynaptic terminal causing 
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an increase in the amount of transmitter released. Second, postsynaptic morphological or 

structural changes may occur following high-frequency stimulation, resulting in an 

increased number of synapses or receptor sites. Third, it is possible that responsiveness 

in the postsynaptic membrane to a given amount of transmitter is increased. Finally, it is 

possible that the mechanism of expression is both pre- and postsynaptic. At present, 

there is no consensus regarding which of these possibilities are correct, although a 

combination seems most plausible. 

Glutamate Release 

Bliss and colleagues have provided evidence that the expression of L TE is due to an 

increase in the presynaptic release of the excitatory amino acid, glutamate. In one 

experiment, an accumulation of glutamate was observed in the hippocampal slice 

preparation following tetanization of the CA3-commissural pathway (Feasy, Lynch, & 

Bliss, 1986). Similar results were reported using a different technique; extracellular 

levels of excitatory amino acids were measured using a push-pull cannula revealing 

increased transmitter in the extracellular space in anesthetized rats (Bliss, Douglas, 

Errington, & Lynch, 1986). The increase in glutamate release was blocked by APV, but 

APV alone did not alter baseline levels of glutamate. This suggests that regulation of 

extracellular levels of glutamate share a mechanism with the increase in field EPSP 

(Errington, Lynch, & Bliss, 1987). On the surface it would seem that this is convincing 

evidence that the expression of LTE is a presynaptic mechanism; however, careful 

analysis of the data reveals that baseline levels of transmitter had dropped prior to 

tetanization. If post-tetanization transmitter levels are compared with the initial levels, 

then transmitter release is increased above baseline only briefly, corresponding to the 

duration of PTP rather than LTE. In contrast, other researchers have failed to show a 

sustained increase in the release of either glutamate or aspartate (Aniksztejn, Charriaut

Marlangue, Roisin, & Ben-Ari, 1990; Aniksztejn, Roisin, Amsellem, & Ben-Arl, 1989). 
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They suggested that the conflicting results may be due either to procedural differences or 

to cyclic variation in the release of amino acids. 

Differential Expression of AMrA and NMPA Components 

Pharmacological separation of the synaptic components could also shed insight into 

the mechanism of L TE expression. If L TE has a presynaptic mechanism, then both the 

AMPA and NMDA components should display LTE, but if only one receptor type 

displayed an enhanced response then the mechanism might be the result of postsynaptic 

modification of the receptor ionophore. Two research groups have found selective 

increases in response in AMPA receptors, but not NMDA receptors (Kauer, Malenka, & 

Nicoll, 1988; Muller & Lynch, 1988). However, different groups found it possible to 

increase the NMDA receptor component of the response (Bashir, Alford, Davies, 

Randall, & Collingridge, 1991; Bashir & Collingridge, 1990; Malinow & Tsien, 1991). 

AMPA Receptor Conductance 

The functioning of the AMP A receptor can be modulated by postsynaptic 

intracellular messengers causing a change in AMPA receptor conductance. The AMPA 

receptor/ion channel is composed of five homologous subunits, each with four putative 

subunits and an intracellular phosphorylation site (Raymond, Blackstone, & Huganir, 

1993). 

The nootropic drug, aniracetam, alters the conductance of AMP A receptors and 

alters glutamate desensitization by slowing entry into a desensitized state or decreasing 

the rate of ion channel closing (Vyklicky, Patneau, & Mayer, 1991). Application of 

ani race tam on enhanced slices produced smaller changes than it did in control slices. 

Since aniracetam alters the conductance at AMPA receptors, these data suggest that 

expression of LTE is due to alterations in these postsynaptic receptors (Staubli, Kessler, 

& Lynch, 1990). There was a multiplicative effect when aniracetam was combined with 

manipulations known to have presynaptically-controlled mechanisms of action. These 



108 

manipulations included applying 4-AP (a drug shown to increase transmitter release at 

the neuromuscular junction), altering levels of Ca2+, and paired-pulse facilitation (Xiao, 

Staubli, Kessler, & Lynch, 1991). An effect would be expected if one form of 

manipulation was presynaptic and the other was postsynaptic. These results seem 

promising, however, other researchers have failed to replicate these findings (Asztely, 

Hanse, Wigstrom, & Gustafsson, 1992; Isaacson & Nicoll, 1992). 

Autoradiography 

Autoradiographic techniques have been used to quantify the number of AMPA 

receptors following high-frequency stimulation. The hypothesis is that increased 

numbers of AMP A receptors would support a postsynaptic locus of LTE expression, 

whereas, failing to find an increase would indicate either a presynaptic or a postsynaptic 

explanation of a different nature. Two research groups have reported opposite findings, 

one reporting increases in AMPA binding following high frequency stimulation (Maren, 

Tocco, Standley, Baudry, & Thompson, in press; Tocco, Maren, Shors, Baudry, & 

Thompson, 1992), the other group finding no change in binding to either PH] AMPA or 

[3H] CNQX (Kessler, Arai, Vanderklish, & Lynch, 1991). 

Ouantal Analysis 

Early neurophysiologists used a technique called "quantal analysis" to identify the 

locus of synaptic alterations in isolated synapses at the neuromuscular junction (Katz, 

1966). Until recently it was believed that quantal analysis was not appropriate for use in 

the CNS because of the difficulty of pulling the signal from the noise. Although quantal 

analysis had been used to characterize the perforant path to FD synapse (McNaughton et 

aI., 1981), it has only been recently that researchers have attempted to use this technique 

to identify the locus of expression of LTE. Unfortunately, this approach is also riddled 

with conflicting results. One group reported presynaptic changes (Bekkers & Stevens, 

1990), whereas other groups reported that the changes were postsynaptic (Foster & 
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McNaughton, 1991; Manabe, Renner, & Nicoll, 1992) and others found both pre and post 

synaptic changes (Malinow & Tsien, 1990). In this case the large procedural differences 

(e. g., temperature of slice chamber, age of animals, etc.) between groups may explain the 

variable results. 

Morphological Changes 

Hebb suggested that variability in learning might be accounted for by the number 

and arrangement of converging synapses, such that large numbers of weak synapses 

would lead to increased probability of convergence (Hebb, 1949). Fast learners, with 

numerous weak synapses, could modify available synapses. Slow learners, lacking 

numerous weak synapses, would have to generate new synapses. 

Morphological or structural changes, including fommtion of new synapses, may at 

least partially be responsible for the changes observed in LTE. Tetanic stimulation of the 

mouse perforant path induced an increase in the area of the dendritic spines in the outer 

third of the FD molecular layer, whereas similar changes were not observed in the inner 

third of the granule cell dendrites (Fifkova & van Harreveld, 1977). Induction of LTE in 

rat fascia dentata was accompanied by selective increases in the number of perforated 

postsynaptic densities in the middle third of the molecular layer (Geinisman, deToledo

Morrell, & Morrell, 1991). Increases in sessile spine and shaft synapses per unit area are 

observed in CAl in conjunction with LTE (Chang et aL, 1991; Chang & Greenough, 

1984; Lee, Oliver, Schottler, & Lynch, 1980). Low-frequency stimulation or high

frequency stimulation that did not result in enhancement does not result in structural 

changes. Interestingly, structural changes following high frequency stimulation were 

found in rats bred for low learning capacity, but not in rats bred for high learning capacity 

(G6mez, Pozzo Miller, Aoik, & Ram{rez, 1990). The relatively small increases in 

number of synapses, however, make it unlikely that morphological changes alone could 



account for magnitude of physiologically measured synaptic change (McNaughton, 

1993). 

Immediate Early Genes 
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Perhaps the most promising data regarding the expression and maintenance of L TE 

has been the study of changes in gene expression as a result of high-frequency 

stimulation. Stimulation-induced alterations in gene expression are likely to be involved 

in maintaining synaptic strength, regardless of whether the mechanism of expression is 

presynaptic, postsynaptic or both. One class of genes, immediate early genes (lEGs), 

have low baseline levels of expression and are rapidly induced following extracellular 

stimulation (Shen & Greenberg, 1990). Both Ca2+ and PKC act as intracellular second 

messengers in the activation of lEGs; thus, their presence in a cell may be responsible for 

the events triggering the expression of LTE. The induction of lEGs is rapid. Their down 

regulation, however, is dependent on protein synthesis. The time course of their down 

regulation may be one of the factors. The lEGS activate another set of genes, the "late 

genes", whose induction occurs over a period of hours. The turnover of late gene protein 

synthesis might be an additional factor relevant to both the expression and the 

maintenance ofLTE (Shen & Greenberg, 1990). 

Increased expression of transcription factor mRNA is correlated with situations in 

which LTE is induced, and is not present in instances in which LTE does not occur 

(Abraham & Dragunow, 1992; Cole et al., 1989; Douglas, Dragunow, & Robertson, 

1988; Dragunow, Goulding, Faull, Ralph, Mee, & Frith, 1990; Wisden, Errington, 

Williams, Dunnett, Waters, Hitchcock, et al., 1990). Tetanization of the perforant path 

produces both LTE and an increase in the following immediate early gene mRNA levels: 

zif/268, c10s ,c-jun, andjun-B. Like LTE, gene expression requires that a number of 

pathways be stimulated simultaneously (cooperativity). The alterations in gene 

expression are blocked by both competitive (CGS-19755) and non-competitive (MK-801) 
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NMDA antagonists (Cole et aI., 1989; Wisden et aI., 1990). Of the NMDA-dependent 

transcription factors in the hippocampus, zif/268 has the induction threshold that parallels 

the induction ofLTE in chronically-prepared rats (Worley, Bhat, Baraban, Erickson, 

McNaughton, & Barnes, in press). This experiment was conducted with awake, 

chronically-prepared rats to remove the confounding effects of anesthesia and electrode 

movement on induction of transcription factors (Dragunow et aI., 1990). The 

maintenance of L TE, at least in the FD, is likely to be due to or related to modifications 

in gene expression. 

Section Summary 

The mechanism of expression of LTE still remains a controversy. If the expression 

of L TE is due to a presynaptic mechanism, then there must be some form of 

communication between the pre and postsynaptic neurons. It has been suggested that this 

is accomplished in the form of a retrograde messenger, since the induction of LTE is 

postsynaptic. One possibility is that nitric oxide (NO) is released by the postsynaptic 

cell, is taken up by the presynaptic cell and triggers increased transmitter release. This 

option is unlikely because although NO may be involved in some forms of LTE in vitro, 

inhibition of nitric oxide synthase does not block LTE in vivo (Barnes, McNaughton, 

Bredt, Ferris, & Snyder, in press) or at physiological temperatures in vitro (Li, Errington, 

Williams, & Bliss, 1992). Another possible retrol:,rrade messenger is arachidonic acid, 

which could alter the amount of transmitter released by activation of PKC or stimulating 

the PLC-JP3 pathway, thus releasing Ca2+ stored in the endoplasmic reticulum. 

There are probably a multitude of ways synaptic contacts can be modified and it may 

be overly optimistic to think that there is one simple mechanism responsible for synaptic 

modification and memory storage. The most likely possibility is that there are a number 

of sites of plasticity working in concert to alter the synaptic weights at any given point in 
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time. The pursuit of an understanding of the way in which L TE is expressed and 

ultimately decays will provide fuel for lively scientific debates in the years to come5• 

Does LTE Underlie Spatial Learning? 
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The most important open question regarding LTE is whether or not it occurs 

naturally in the brain during learning, for if it does not, then all other questions are moot. 

The parallels between learning and LTE make LTE attractive as a putative memory 

storage mechanism. Although there have been numerous creative attempts to link LTE to 

learning processes, there is no direct evidence that LTE represents the same physiological 

changes that occur during memory formation. There is, however, a mounting body of 

evidence which provides support for a role of LTE in memory formation. 

Brain Regions Exhibiting LTE 

LTE was first discovered in the monosynaptic pathway from the entorhinal cortex to 

the granule cells of the FD (Bliss & Gardner-Medwin, 1973; Bliss & L~mo, 1973). Since 

then it has been carefully studied in other pathways within the trisynaptic loop of the 

hippocampal formation (see for reviews Baudry & Davis, 1990; Landfield & Deadwyler, 

1988). LTE has also been reported in other parts of the brain that are involved in learning 

and memory (Racine, Milgram, & Hafner, 1983)6. 

Decay Rate of LTE is Correlated with Spatial Learning 

There is no difference in the maximal increase of synaptic strengthening between 

young and old rats, however, decay of LTE following saturation is faster in old than in 

young rats (Barnes, 1979; Barnes & McNaughton, 1980b). Decay ofLTE is correlated 

with spatial learning ability on the circular platform task, both within and between two 

5Regarding the heated quantal analysis debate, one prominent researcher said, "Once the dust settles, the 
mechanism of L TP expression will be just as confusing as it has always bccn." 
61t is important to remember that the measurement of L TE in a particular brain region is only as valid as the 
interpretation of the evoked potentials from which it is measured. Therefore, reports of synaptic 
strengthening that do not include verification of evoked responses should be viewed wilh skepticism. 



age groups of rats. Furthermore, the spatial learning deficit may be due to faster 

forgetting in old rats compared to mature rats, and rates of forgetting of a spatial task 

parallel decay time constants following saturation ofLTE (Barnes & McNaughton, 

1985). 
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Jeffery and Morris (1993) reported a correlation between the asymptotic levels of 

EPSP enhancement and performance on the water task; however, three other groups 

failed to find similar correlations between magnitude of LTE and the water task (Cain, 

Hargreaves, Boon, & Dennison, 1993), the circular platform task (Stevenson, Korol, 

Galganski, Abel, McNaughton, & Barnes, 1993), or the eight-arm radial maze (Robinson, 

1992). 

L TE and Behavioral State 

Induction of L TE is influenced by behavioral state and hippocampal EEG status. 

Patterned electrical activity in the hippocampus at approximately 7-9 Hz is referred to as 

"theta" rhythm. This rhythmic activity is observed both while rats are engaged in 

exploration or in REM sleep (Vanderwolf, 1969). It has been hypothesized that the theta 

rhythm is important for information processing during exploration and for consolidation 

of information (Winson, 1990). LTE induction is facilitated during REM sleep 

(Bramham & Srebro, 1989) and is suppressed during slow-wave sleep (Jones Leonard, 

McNaughton, & Barnes, 1987). LTE is induced more readily during the positive-going 

phase of the theta wave than the negative-going portion (Pavlides, Greenstein, Grudman, 

& Winson, 1988). Stimulation patterned after the theta rhythm also induces LTE 

(Diamond, Dunwiddie, & Rose, 1988; Larson & Lynch, 1986; Larson, Wong, & Lynch, 

1986) at relatively low intensities, because inhibitory neurons are refractory using these 

parameters. Neural systems likely to be involved in memory should be more receptive to 

change during the time in which an animal is gathering information about its environment 

(exploration). 
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Correlates between MemoIY and L TE Facilitation 

Treatments that facilitate L TE also improve learning performance. For example, 

stimulation of the midbrain reticular formation improves learning, in addition to 

increasing population spike growth following high frequency stimulation (Bloch & 

Laroche, 1984). Conversely, subcortical deafferentation (lesions to the fimbria-fornix) 

results in severe learning impairments (O'Keefe, Nadel, Keightley, & Kill, 1975; Olton et 

al., 1978; Winson, 1978) and blocks LTE in intact rats (Buzsaki & Gage, 1989). 

Saturation of LTE can Impair Learnin~ Under Some Circumstances. 

If high-frequency stimulation is given repeatedly, the changes eventually reach an 

asymptote and no more growth is observed (the LTE process has been saturated). During 

the time in which LTE is saturated, rats are impaired in their perfommllce on the circular 

platform (McNaughton et aI., 1986; Stevenson et al., 1993). Recently, there has been 

confirmation that saturation impedes performance on the circular platform task 

(Stevenson et al., 1993). Bilateral saturation does not disrupt either acquisition of the 

reference memory version (Robinson, 1992) nor the working memory version of the 

eight-arm radial maze (McNaughton et al., 1986). In one report, bilateral saturatioll was 

reported to disrupt spatial learning performance on the Morris swim task, and the ability 

to perform returned following decay of L TE. This suggested that the impairment was not 

due to permanent damage from the high-frequency stimulation (Castro et al., 1989). The 

excitement surrounding the Castro, et al. (1989) study has been dampened, unfortunately, 

because disruption of the Morris water task has not been reproduced using similar 

saturation parameters (Cain et aI., 1993; Jeffery & Morris, 1993; Korol, Able, Church, 

Barnes, & McNaughton, 1993a; Sutherland, Dringenberg, & Hoesing, 1993). 

Conditions under which more effective saturation is achieved, however, has more 

recently led to success in producing deficits in the water task. Impairment on the water 

task has been shown following two different treatments: 1) rats who have received 



unilateral hippocampal lesions in combination with LTE saturation in the other 

hemisphere (Mumby, Weisend, Barela, & Sutherland, 1993); and 2) maximal 

electroconvulsive shock in addition to bilateral saturation ofLTE (Barnes, Church, & 

McNaughton, unpublished observations). Thus, the difficulty with the saturation 

experiments may be more a matter of methodological difficulty than a reflection of a 

faulty hypothesis. 
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It is clear, however, that asymptotic levels of EPSP enhancement, induced with the 

standard stimulation parameters, lead to impairment of learning on some spatial tasks, but 

not others, even though these tasks appear to have similar cognitive requirements. One 

difference between the water task and the circular platform task is the massed vs. 

distributed trial presentation. Typically, the trials in the Morris water task are presented 

in a massed fashion with all the blocks of trials presented on the same day or over a 

period of several days. Trials in the circular platform are presented one trial per day. 

One possibility is that artificially-induced LTE disrupts the consolidation process for 

transferring information from the hippocampus to the cortex. If the consolidation process 

takes place over extended periods of time, then the massed vs. distributed presentation of 

trials could be a determining factor in the perturbation of memory. Another difference 

between the two tasks is the motivational factor. The swim task is clearly more aversive 

than the circular platform. The stress associated with the swim task may involve other 

brain regions or memory modulators, both of which could alter the way information is 

processed in the hippocampus. 

The most likely explanation for the difficulty in consistently impairing acquisition of 

the Morris water task by bilateral saturation, as mentioned above, is that stimulation of 

the angular bundle with one electrode does not lead to complete saturation of 

hippocampal synapses. Evidence from preliminary experiments indicate that even if 

asymptotic growth is achieved at one stimulating electrode, additional synaptic growth 
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can be recruited by another stimulating electrode placed in a different location (Korol, 

Jung, Barnes, & McNaughton, 1993b). Furthem10re, evidence from immediate early 

gene experiments indicates that zifl268 mRNA is expressed clearly in rostral sections of 

the dentate gyrus following high frequency stimulation, but not in more caudal sections 

(Barnes, McNaughton, Anreasson, Church, & Worley, 1993). 

Saturation ofLTE facilitates the learning of a classically-conditioned eye blink 

response (Berger, 1984). At first glance, this finding might seem paradoxical compared 

to the results in the previous paragraph. The best explanation for this apparent 

discrepancy is that spatial learning and classical conditioning involve competing learning 

systems that involve different brain structures. Removing the contextual variable should 

speed conditioning. Since the hippocampus is not necessary for simple classical 

conditioning, its disruption may result in more efficient association of paired stimuli. 

Stress and saturation of LTE both facilitate eyeblink conditioning, whereas stress and 

LTE both impair spatial learning (Shors & Dryver, 1992). It is not clear whether this is a 

result of a shared mechanism or whether stress impairs learning by suppressing 

exploration, the behavior that allows animals to gather spatial information, or by actually 

interfering with information storage. 

NMDA Receptor Blockade 

Shortly after the finding that the NMDA receptor antagonist APV blocks the 

induction ofLTE, it was demonstrated that APV also impairs learning in the Morris water 

task (Morris, Anderson, Lynch, & Baudry, 1986). In this experiment, chronic infusion of 

D,L-AP5 into the cerebral ventricles disrupted learning on the spatial version of the 

Morris water task, but not the visual/cue version. There were no perfomlance 

impairments in unoperated, saline- or L-AP5-infused rats (L-AP5 is the inactive isomer). 

Identical doses chronically-infused into a different group of rats reduced the magnitude of 

LTE induced when the rats were anesthetized. This result was later confirmed, and 
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extended, by the demonstration that the severity of behavioral impainnent was negatively 

correlated with the magnitude of enhancement in rats that had been tested both 

behaviorally and electrophysiologically (Davis, Butcher, & Morris, 1992). 

Since the discovery that NMDA receptor antagonists impair learning on the water 

task, a plethora of studies have demonstrated learning impairments in rodents on a variety 

of spatial learning tasks with a variety of NMDA antagonists, including APV (Danysz, 

Wroblewski, & Costa, 1988; Heale & Harley, 1990; Mondadori, Weiskrantz, Buerki, & 

Fagg, 1989; Morris, 1989; Morris, Halliwell, & Bowery, 1989), CPP (Lyford & Jarrard, 

1991; Upchurch & Wehner, 1990; Ward, Mason, & Abraham, 1990), NPC 12626 

(Walker & Gold, 1991), PCP (Butelman, 1990; Danysz et aI., 1988; Kesner, Hardy, & 

Novak, 1983), ketamine (Alessandri, Bllttig, & Welzl, 1989; Wesierska, Macias

Gonsalez, & Bures, 1990), and MK-801 (Butelman, 1989; Butelman, 1990; Heale & 

Harley, 1990; Kant, Wright, Robinson, & D'Angelo, 1991; McLamb, Williams, Nanry, 

Wilson, & Tilson, 1990; Mondadori et aI., 1989; Robinson, Crooks, Shinkman, & 

Gallagher, 1989; Shapiro & Caramanos, 1990; Shapiro & O'Connor, 1992; Ward et aI., 

1990; Whishaw & Auer, 1989; Wozniak, Oney, Kettinger, Price, & Miller, 1990). 

Furthennore, positive modulation of the NMDA receptor with cycloserine facilitated 

learning of aT-maze reversal problem (Monahan, Handelmann, Hood, & Cordi, 1989). 

Similar to hippocampal lesions, NMDA receptor antagonists blocked acquisition of a 

spatial memory task, but had no effect on behavior if it were possible to use a response 

strategy, or on well-learned spatial tasks. MK-801 blocked acquisition of spatial 

reference learning and working memory perfonnance in a novel context, but not working 

memory in a familiar environment (Shapiro & O'Connor, 1992). Most of these 

experiments report similar findings (that NMDA receptor antagonists impair acquisition 

of spatial information); unfortunately, many were not adequately controlled. In order to 

be able to interpret these data as indicative of NMDA receptor involvement in learning, it 



is crucial to be able to rule out sensorimotor impairment and other potential drug side

effects. 
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Interestingly, ethanol blocks LTE at low doses (Blitzer, Gil, & Landau, 1990) 

probably by diminishing the NMDA response (Lovinger, White, & Weight, 1989). 

Correspondingly, rats injected with ethanol appear to be unable to utilize spatial strategies 

and resort to response strategies on the 8-arm radial maze (Devenport & Merriman, 1983; 

Devenport, Merriman, & Devenport, 1983) and show less spatial behavioral variability 

(Devenport, 1984). 

Genetic Engineering 

Recently, two separate laboratories have reported that genetically engineered mice 

with specific gene deletions are impaired at both learning and induction ofLTE. Mutant 

mice, missing the gene for production of a-Ca2+/CAM kinase II, were shown to be 

behaviorally impaired on performance in the Morris water task (Silva, Paylor, Wehner, & 

Tonegawa, 1992a). These mice appeared to be normal behaviorally and were successful 

(albeit slow) in the visual/cue version of the task, suggesting that it was their spatial 

learning, not other non-cognitive variables, that disrupted their performance. Most of the 

mutant mice did not express normal L TE in the in vitro slice preparation (Silva, Stevens, 

Tonegawa, & Wang, 1992b). AMPA receptor channels appeared normal, so it was not 

likely that the lack of LTE was due to disruption of normal synaptic transmission. While 

these experiments are tantalizing indeed, it should also be noted that a-Ca2+/CAM kinase 

II makes up 1-2% of the total brain protein and may have many other roles in addition to 

those described here. It may be true that disruption of learning in the water task and 

generation ofLTE are both dependent on a-Ca2+/CAM kinase II, but through two 

entirely different pathways. 

In a different study, LTE in Schaffer collateral afferents to CAl synapses in mice 

with mutations in the tyrosine kinase genes was examined (Grant, O'Dell, Karl, Stein, 
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Soriano, & Kandel, 1992). Although LTE generated by high-frequency stimulation was 

disrupted in the.fYn mutant, normal LTE could be induced if low frequency stimulation 

was paired with depolarization. As in the previous experiment, thefyn mutants were 

severely impaired on spatial performance on the Morris water task, and learned the visual 

cued version considerably more slowly than controls. Short-term presynaptic changes 

including paired-pulse facilitation and post-tetanic potentiation were normal. Normal 

hippocampal development was dramatically disrupted. Fyn mutants had increased 

numbers of cells and the arrangement of neurons was perturbed compared to wild type 

controls. The tyrosine kinase,.fYn, may playa role in normal hippocampal development, 

but it is less likely to be involved in generating LTE. 

Conclusions 

Among known mechanisms, LTE is the experimentally-induced synaptic change 

most likely to represent the processes which occur during the formation of memories in 

the hippocampus. The structure of the hippocampus enables experimenters to record 

stable responses in evoked potentials for long periods of time. Alterations in these 

responses provide insight into how populations of cells are modified as a result of 

experimental manipulations, in particular, high-frequency stimulation. While the 

induction of LTE is well understood, the mechanism of expression is still under extensive 

study. Induction of L TE typically occurs when the voltage-dependent, NMDA-receptor 

channels are opened by removal of the Mg2+ blockade and calcium enters that cell. 

Intracellular Ca2+ triggers a cascade of events yet to be fully understood, which results in 

the expression, maintenance and eventual decay of LTE. Postsynaptic modification of 

gene expression is a likely candidate for the process controlling LTE maintenance. 

Long-term enhancement is a physiological change that can provide useful 

information and predictions for the understanding of the neural changes that are required 
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for the storage of spatial information. For example, the finding that NMDA-antagonists 

blocked LTE led to experiments which found spatial learning impairments following 

injection of the same agents. Thus, even ifLTE is not the exact mechanism by which 

information is stored, the study of cellular changes can nevertheless, provide insight into 

how the nervous system is able to change rapidly and maintain changes for long periods 

of time. This information can eventually lead to a better understanding of the neural 

processes of memory. The critical missing link between LTE and learning is the 

demonstration that synaptic alterations occur during the learning process. The final 

chapter of this dissertation introduction examines attempts to detect some form of 

behaviorally-induced synaptic change that would provide the final link between LTE and 

memory formation in the hippocampus. 
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SHORT-TERM EXPLORATORY MODULATION 

There have been a number of electrophysiological experiments that have correlated 

physiological changes in the hippocampus that accompany alterations in rat behavior. 

The previous chapters justify the search for learning-related physiological modifications 

in the hippocampus. Lesion and unit studies implicate a role for the hippocampus in 

exploration and spatial learning. Changes in functioning of the hippocampal formation 

are also associated with age-related declines in spatial learning and memory. 

Furthermore, the hippocampus is capable of activity-dependent synaptic changes. As 

mentioned in the previous chapter, the accumulating evidence that the synaptic changes 

in the hippocampus subserve memory lacks the observation that synaptic changes do 

actually occur in the hippocampus when an animal learns. It would be of paramount 

interest if synaptic changes in the hippocampus, associated with learning, shared a 

common mechanism with long-term synaptic enhancement. This chapter explores the 

behavioral correlates of physiological changes recorded from the hippocampi of awake 

behaving rats. 

Hippocampal EEG 

Hippocampal EEG response patterns can be divided into three types, each of which 

is associated with particular behavior patterns (Vanderwolf, 1969). One EEG pattern 

consists of large amplitude, slow wave activity that cycles at approximately 6 to 9 Hz. 

This is referred to as "theta" rhythm and is associated with voluntary movements 

(walking, sniffing, & rearing), but not grooming (Figure 13). Theta rhythm occurs during 

exploratory behavior; however, it appears to be tied to the motor aspects of exploratory 

behavior rather than information processing aspects, because rats running on a treadmill 

exhibit normal and regular theta EEG but are not engaging in exploration or information 

processing (Green et al., 1990a). This does not, however, rule out the possibility that 
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Figure 13. Hippocampal EEG During Rest and Exploration 

Rest 

Exploration 

Alterations in hippocampal EEG associated with different behavioral states 
(Vanderwolf, 1969) The top four records are from a rat at rest and the bottom 
four are from an exploring rat. During exploration there is an increase in the 
oscillations at the 6-9 Hz band with (theta). Example of hippocampal EEG from 
Green et al. (1989). Rat drawings modified from Winson (1990). 
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theta rhythm normally occurs in situations conducive to learning. Another pattern of 

hippocampal EEG consists of large amplitude, irregular, slow waves. This large irregular 

activity (LIA) is associated with grooming, licking, chewing, and scratching 

(Vanderwolf, 1969). Transient, small, irregular, low amplitude activity is the third basic 

response pattern, and is correlated with sudden transitions in movement (Vanderwolf, 

1969). 

In addition to the cells with place receptive fields, there are "theta cells" that fire 

synchronously with theta oscillations in anesthetized rats following a tail pinch and in 

awake rats that are moving or exploring, regardless of location or direction (Mizumori, 

Barnes, & McNaughton, 1990). Theta thythm is actvated and paced by input from the 

medial septum (Winson, 1978) and lesions of this structure disrupt both spatial learning 

and theta rhythm (Winson, 1978), but not the information content in CA 1 place cells, 

(Mizumori, Barnes, & McNaughton, 1989). Theta rhythm is correlated with the 

behaviors of interest in this dissertation and may be relevant as a pacemaker. 

Alterations in Evoked Potentials 

Experience-dependent changes in synaptic modification have typically been studied 

in extracellularly-recorded evoked potentials. This approach is technically feasible and 

yields considerable information regarding changes in cell function (see previous chapter 

for discussion of evoked potentials). If the hippocampus stores inforn1ation in a 

distributed fashion as neural network models would predict (Marr, 1971; McNaughton & 

Morris, 1987; McNaughton & Nadel, 1990), it might seem unreasonable to predict that 

actual synaptic changes would be seen in the population response. Such changes have 

been reported, however, and fall into three general classes: moment-to-moment changes 

tied to instantaneous behavioral state, long-lasting experience dependent increases in 



population spike area, and short-lasting changes dependent on recent history of 

exploratory behavior. 

Effects of Behayioral State on Eyoked Potentials 
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There are moment-to-moment changes in perforant-path evoked field potentials 

recorded in the fascia dentata of the hippocampus that vary with behavioral state (Winson 

& Abzug, 1977; Winson & Abzug, 1978). These moment-to-moment changes are based 

on behavioral state at the time of stimulus delivery and may reflect a gating process. 

Transient effects of behavior on evoked responses can be assessed by monitoring the 

behavioral state of the rat during evoked potential recording. Slow wave sleep was 

associated with the largest population spikes whereas REM and alert states were 

associated with smaller population spikes (Winson & Abzug, 1977; Winson & Abzug, 

1978). Drinking and grooming resulted in increased population spike size, whereas bar 

pressing and running had suppressive effects (Buzs<iki, Grastyan, Czopf, Kellenyi, & 

Prohaska, 1981). Mobility also suppressed the size of the population spike compared to 

immobility (Hargreaves, Cain, & Vandervolf, 1990). 

There are complex interactions between behavioral state and inhibitory modulation 

of evoked potentials recorded in the fascia dentata. Paired pulse facilitation and 

depression are also dependent on behavioral state in both the fascia dentata (Austin, 

Bronzino, & Morgane, 1989) and area CAl of the hippocampus (Cao & Leung, 1991). 

Medial septal, commissural and perforant path inputs modulate dentate gyrus excitability 

(Green, Barnes, & McNaughton, 1993). 

Physiological changes that do not outlast behavioral state may be involved in 

modulation of function, but are not likely to reflect memory function. The omnipresent 

effects of behavioral state are likely to be superimposed on other longer-lasting forms of 

neurophysiological alteration that may be important for memory function. 
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Experience-Dependent Increases in the Population Spike Size 

Another attempt to find LTE-like alterations in evoked potentials involved training 

rats on specific tasks or exposing them to a complex environment, then recording evoked 

potentials following a delay. By recording evoked potentials following behavioral 

training, only those effects outlasting the training experimence were detected. Using this 

approach, several experimenters reported learning-induced increases in the population 

spike, but failed to find reliable changes in the EPSP. Increases in population spike 

height were observed following operant-conditioning (Skelton, Scarth, Wilkie, & 

Phillips, 1987), active avoidance training (Ruthrich, Matthies, & Ott, 1982), and classical 

conditioning of the nictitating membrane response in the rabbit (Weisz, Clark, Yang, 

Thompson, & Solomon, 1982). Unfortunately none of these tasks are dependent on an 

intact hippocampal formation 7. Therefore, interpretation of the importance of these 

findings are difficult. Furthermore, since only changes in population spike were reported, 

these experiments do not provide evidence of synaptic strengthening which would 

support both Hebb's theory and provide a link between learning and LTE. 

Two separate studies found lasting EPSP increases following exposure to a complex 

environment. Exposure to complex environments resulted in larger EPSPs and increased 

population spike size recorded in vivo from awake behaving rats (Sharp, McNaughton, & 

Barnes, 1985). These rats had plenty of opportunity to explore just prior to being 

removed from the complex environment and connected to the recording equipment. The 

EPSP changes may have been due to the exploratory behavior just prior to the recording 

session, rather than lasting effects from exposure to the complex environment. No EPSP 

changes were observed in a similar experiment in which rats were removed from the 

7It is possible that contextual information (see earlier section on hippocampal function and context), rather 
than the learning of these tasks were not responsible for changes in the population spike. In most cases, 
electrophysiological measurements were taken in a different environmental context from the behavioral 
treatment. 
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complex environment, and returned to their home cages prior to the evoked potential 

recording session (Sharp, 1987). Increases in EPSP slope (recorded in vitro), however, 

have been observed following exposure to a complex environment (Green & Greenough, 

1986). Although the population spike was also larger in the Green and Greenough 

experiment, these increases could be accounted for by the increased EPSP. 

Population spike size increases may be generated by external sources rather than 

intrahippocampal modifications. It is curious that only experience with hippocampal

independent, but not hippocampal-dependent tasks increase the population spike area. 

Alterations in population spike area were not observed following training on the eight-

arm-radial maze (Hargreaves et al., 1990). The lack of consistency between this 

experiment and the others may be failure by the other experimenters to account for the 

behavioral state of the rats during evoked potential recordingss. It may also be that 

experience-dependent changes in population spikes may not be universal to all learning 

tasks. Considering the strong subcortical influences of other brain regions on the size of 

the population spike, it is likely that the experience-dependent growth observed in 

perforant path evoked responses are due to influences from other brain regions. For 

example, population spike area can be increased by prestimulation of the medial septum 

or supramammillary nucleus (Mizumori, McNaughton, & Barnes, 1989), as well as 

certain regions of the cortex (Korol, Leonard, McNaughton, & Barnes, 1991). Other 

subcortical influences on the population spike include median raphe (Winson, 1980), 

locus coeruleus (Winson & Dahl, 1985), and nucleus parafascicularis (Dahl & Winson, 

1986). 

SOf course, this would not explain those results in which evoked potentials were recorded in vitro 
following extended exposure to complex environment (Grecn & Greenough, 1986). 
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Previous STEM experiments 

A unique fonn of behaviorally-induced synaptic change has been identified recently 

in the rat fascia dentata (Sharp et aI., 1989) and is generated by behaviors involved in 

gathering spatial infonnation. These changes in perforant path-to-fascia dentata evoked 

potentials were first identified by Barnes (1979). She noticed that if 10 responses were 

recorded from a behaving rat immediately after being attached to the recording equipment 

and then again after 5 minutes had elapsed, the later EPSP was always larger. At that 

time it was not known what conditions elicited the increased EPSP. Since then 

exploratory behavior has been isolated as a behavioral correlate of the increased EPSP 

(Sharp et aI., 1989). The relationship of exploratory behavior to changes in evoked 

potentials was demonstrated by moving a rat from its home cage to a novel recording 

chamber. The novel environment elicited free exploration, not associated with any 

particular reward. The novelty-induced exploration resulted in gradual EPSP increases 

with the onset of exploratory behavior, and decay following the cessation of exploratory 

behavior. Sharp et al. (1989) dissociated STEM from lasting effects of electrical 

stimulation, handling, and transfer to a new environment. 

Exploratory behavior induces a transient increase in EPSP amplitude, as well as a 

paradoxical, but lasting, decrease in the population spike area and latency (Figure 14). 

Because recent history of exploratory behavior is the best predictor of these changes, they 

have been referred to as short-tenn exploratory modulation or "STEM" (Barnes et aI., 

1991). 

The magnitude of STEM is related to the cumulative amount of exploratory behavior 

(Sharp et aI., 1989) and outlasts the behavior that produces it. The synaptic alterations 

refelTed to here as STEM are clearly different from the behavioral gating effect described 

by Winson and Abzug (1977, 1978). Although STEM is not related to instantaneous 



Figure 14. Typical Example of STEM 

Example of short-term exploratory modulation. EPSP and 
population spike amplitudes are plotted as a function of time. The 
rat was sitting quietly during most of the 3 hour recording session. 
The shaded bar represents the time in which the rat was exploring 
on the triangle. A) The EPSP amplitude increased dramatically 
during the exploration phase and returned to baseline after being 
returned to its homecage. B) The population spike area, measuured 
in arbitrary units, decreased with the same time course during the 
exploration, but did not return to baseline levels during the 
recovery phase of the experiment. C) The population spike latency 
decreased during exploration and followed the same time course as 
the EPSP changes. 
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behavior, it can be predicted based on recent history of exploratory behavior with the 

following equation (Sharp et aI., 1989): 

d(EPSP)ldt = -kl (EPSP -1) + k2(Ex) 
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Where EPSP refers to the synaptic response normalized to a baseline value, Ex is an 

index of exploratory behavior (lor 0 for exploratory and non exploratory behavior 

respectively), and kl and k2 are positive constants. The two constants reflect decay (kl) 

and magnitude of growth per unit of exploration (k2). At each point, both decay and 

growth factor into the equation if the rat is exploring, only decay is included if the rat is 

not exploring. The effectiveness of this simple model in predicting the EPSP changes 

reinforces the observation that STEM is not tied to moment-to-moment behavior. 

The population spike area decreases are also associated with the onset of exploration, 

however the decay rate is considerably slower. In addition to the reductions in popUlation 

spike area, there are decreases in latency to the population spike onset and peak. In some 

cases, the population spike area reduction lasts for hours following exploratory bouts 

(Barnes et aI., 1991; Green et al., 1990a). The population spike onset latency decreases 

and subsequent return to baseline share the same time course as the EPSP. 

STEM is not likely to be due to a change in granule cell polarization. 

Hyperpolarization would increase the EPSP and decrease the population spike; it would 

also increase, rather than decrease the population spike latency. Depolarization would 

account for the population spike latency changes, but not for the EPSP or population 

spike area changes. Another piece of evidence that there is no global change in the state 

of polarization of granule cells is the lack of alteration in the threshold level at the onset 

of the population spike (Green et aI., 1990a). 

Changes in the cable properties of the granule cells cannot account for the increased 

EPSP observed during STEM. One possible explanation for the EPSP changes seen near 

the soma are changes in dendritic membrane resistance, thus resulting in redistribution of 
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current sources and sinks. To address this issue, Green et al. (1990) recorded evoked 

potentials in both the stratum moleculare and the stratum granulosumlhilus from the 

same rats. They observed similar magnitudes of EPSP growth regardless of electrode 

location. Thus, it is unlikely that alterations in the local distribution of current sources 

and sinks underlie EPSP changes. These data also eliminate the possibility that the EPSP 

changes are volume conducted from a different brain region. The response recorded in 

the molecular layer included a presynaptic fiber volley which did not change during 

STEM. 

The dissociation between STEM and locomotor activity was also crucial to the 

argument that STEM was important for learning (Green et aI., 1990a). Chronically-

.". prepared rats were placed on a treadmill. EPSP changes were observed when the rat 

initially explored the apparatus, but no additional increases were seen. Interestingly, 

there was a suppression of EPSP during running on the treadmill. Only the modified 

component of the EPSP is subjected to locomotion-induced suppression (Green et al., 

1990a; Green et al., 1990b). The EPSP suppression may be linked to behavioral state 

changes superimposed on the longer lasting effects. 

STEM is not likely to be due to increased probability of transmitter release. The 

response to a second pulse presented in close temporal proximity to a first pulse will 

either be facilitated or depressed depending on the interstimulus interval. The ratio 

between paired pulses can be altered by conditions that influence the probability of 

transmitter release, including increased extracellular Ca2+ or stimulation-induced short

term changes such as augmentation, facilitation, or potentiation (McNaughton, 1980; 

McNaughton, 1982). There was no change in the paired-pulse ratio during maximal 

exploration-induced EPSP changes (Green et aI., 1990a). Since there are no changes in 

the paired-pulse ratio during LTE or exploration-induced changes, an alternative 

explanation must be put forth. 
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The medial septum has modulatory effects on evoked potentials in the dentate gyrus. 

This modulation acts through both GABAergic and cholinergic transmitter projections 

(Stewart & Fox, 1990). Stimulation of septal GABAergic inputs inhibits inhibitory 

interneurons which in turn releases principal cells from inhibition. Cholinergic input to 

the inner third of granule dendrites increases membrane resistance by activation of 

muscarinic receptors. Muscarinic receptors can phosphorylate K+ channels which also 

results in increased membrane resistance. Increased membrane resistance in the inner 

thirds of the dendrites serves to increase the voltage response of subsequent perforant 

path input to the outer two-thirds of the molecular layer. This septal input is critically 

involved in generation of theta rhythm EEG and behavioral performance on hippocampal 

dependent tasks (Winson, 1978). 

In order to test the possibility that any or all of the alterations in evoked potentials 

were due to septal influences, rats were prepared with a septal electrode in addition to the 

standard recording and stimulating electrodes (Green et al., 1990b). After three days of 

prelesion data collection, septal lesions were made by passing current through the 

electrode placed in the septum. This made it possible to compare pre and post-lesion 

EEG and evoked potentials in the same rats. Septal lesions did not appreciably alter the 

amount of exploration but did diminish the relative power in the theta band width. The 

rats exhibited similar levels of EPSP amplitUde and population spike area changes 

following the lesions, despite the reduction in theta rhythm EEG. Similar results were 

found when the septum was temporarily inactivated with the local anesthetic, tetracaine 

(Green et al., 1990a). Thus, the septal influences are not necessary for generation of 

STEM. 

Hippocampal theta rhythm can be elicited in urethane-anesthetized rats by sensory 

stimulation. Intermittent tail pinches resulted in increased theta rhythm, as evident both 

by the naked eye and fast Fourier transform (FFT), but had no effect on evoked responses 



(Green et al., 1990b). This demonstration ruled out the possibility that theta rhythm is 

sufficient to produce lasting alterations in evoked potentials. Therefore, hippocampal 

theta rhythm can be eliminated as a possible explanation for the lasting changes in 

evoked potentials observed in conjunction with exploratory behavior. 
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The ftrst three experiments in this dissertation were motivated by the working 

hypothesis (Figure 15) proposed by Green et al. (1990). This hypothesis is now believed 

to be wrong (see EXPERIMENTS 4 & 5), however, it accounted for the data collected up 

to the start of this project. Green et al. (1990) proposed that increased firing of a small, 

specific set of perforant path fibers was due to exploration and the sensory features within 

a specific environment. Simultaneous activation of a subset of active fibers resulted in a 

short-lasting form of synaptic strengthening, thus increasing the fteld EPSP. The most 

likely explanation for the decrease in population spike area was that there was also 

increased synaptic strengthening onto the inhibitory neurons, thus magnifying the 

feed forward inhibition. 

Several approaches were used to distinguish among three fundamental questions 

concerning STEM. First, is STEM correlated with spatial learning ability? Second, does 

STEM reflect a general modulatory process? Third, is STEM an epiphenomenon? The 

ftrst experiment examined the possibility that the same processes engaged when an 

animal explores might also be important for learning and memory. EXPERIMENT 1 

compared the magnitude of STEM, for a given amount of exploration, to spatial learning 

ability in young and old rats. In EXPERIMENT 2, the possibility that STEM and LTE 

shared common mechanisms was addressed directly by comparing the relative magnitude 

of STEM before and after maximal LTE induction. In EXPERIMENT 3, the relationship 

between STEM and LTE was assessed indirectly by attempting to block STEM with the 

same pharmacological agents (NMDA-receptor antagonists) that block LTE and disrupt 

learning. Preliminary evidence suggested that STEM might playa role in learning, 
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however, further analysis revealed a more complex underlying cause, with learning

related changes possibly playing a minor role. The possibility that STEM was due to 

changes in brain temperature that modulates brain function, was addressed in 

EXPERIMENT 4. For this experiment, evoked potential changes observed following 

exploration were compared to changes (in the same rat, under anesthesia) in evoked 

responses following passive warming of the entire animal. EXPERIMENT 5 was 

designed to examine more closely the effects of brain temperature on changes in the 

shapes of extracellularly-recorded evoked field potentials and the functional impact of 

these alterations. This was accomplished by comparing a measure of granule cell output 

to the size of the population spike before and after brain temperature changes. 

Collectively, these experiments were undertaken to determine what functional role, if 

any, short-term exploratory modulation plays in information processing in the 

hippocampus. 
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GENERAL METHODS 

The physiological data collected in these experiments consisted of perforant-path 

evoked potentials recorded in the fascia dentata of chronically-prepared rats. The 

stimulus was delivered via an electrode placed in or near the angular bundle of the 

perforant path. Stimulation and collection of evoked potentials was controlled by 

computer. In this section, procedures common to all experiments are described, 

including, surgery, data collection and analysis, behavioral monitoring and descriptions 

of the test environments. Data were collected in two laboratories at different facilities 

(University of Colorado at Boulder and University of Arizona). Every attempt was made 

to keep the conditions between the two laboratories constant, except when subtle 

improvements in recording conditions were made. Results were consistent between both 

laboratories. 

Subjects 

All of the rats used in these experiments were male, retired breeder, Fischer-344 rats 

(N=72) from 9 - 26 months of age obtained from the National Institute of Aging colonies 

at Harlan Sprague Dawley or Charles River. Water and food were available ad libitum, 

except when rats were food deprived for behavioral training. In some experiments, the 

rats were deprived of food and maintained at 80% of their full-feed body weight. Food

deprived rats were monitored and fed daily. All rats were handled frequently and given 

weekly health checks. 

Colony Environment 

The rats were individually housed in clear plastic tubs. Tubs were of slightly 

different sizes between the two facilities (54 X 28 X 21 cm or 48 X 25 X 20 cm). The 

lights in the colony room were maintained on a 12/12 hour light/dark cycle. In the 
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Boulder facility lights went on at 600 hr and off at 1800 hr. In Tucson the light cycle was 

reversed (lights on 2200 hr and off at 1000 hr). Rats are nocturnal animals (Barnett, 

1975) and are most active at the beginning of the dark cycle, therefore the reversed light 

cycle optimizes behavioral performance. 

Electrodes 

Stimulating and recording electrodes were made from 114 11m (outer diameter) 

Teflon-insulated, stainless-steel wire (#7910, A-M Systems, Inc.). A piece of 22 gauge 

circuit board wire was bent twice at 450 angles. This served as the support wire and 

would be clipped off during surgery. This support wire would later be placed in the 

stereotaxic device. The electrode wire was glued to a support wire after being wrapped 

three times around the can'ier wire and held in place with shrink wrap tubing (24 gauge). 

The tail of the wire was stripped and crimped to a gold male Amphenol pin. The 

electrode was cut straight across at approximately 5 mm from the end of the support wire 

(Figure 16A). Finished recording electrodes typically had an impedance of 150 to 300 

k,Q. 

The stimulating electrodes were identical to the recording electrodes excepted that 

they were stripped of approximately 200 11m of insulation at the tip (Figure 16B). The 

impedance of the stimulating electrodes was not greater than 50 k,Q. 

Reference, ground, and stimulus return electrodes were made by soldering a piece of 

electrode wire to jeweler's screws. Teflon-coated, stainless-steel wire of a slightly larger 

diameter (178 11m, #7915, A-M Systems, Inc.) was stripped of approximately 3 mm of 

insulation and soldered to stainless steel jeweler's screws with the aid of corrosive 

soldering flux. The other end of the 5 cm wire was stripped and crimped to a gold male 

Amphenol pin (Figure 16C). The finished product was tested for conductivity with a 

multi meter. 
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The recording electrodes (A) were made by crimping a gold Amphenol pin 
to one end of a 6 em piece of Teflon-coated stainless steel wire and 
attaching the other end of the electrode wire to a carrier wire. The 
stimulating electrodes (B) were made the same as the recording electrodes 
except that the tip of the electrode was stripped. The ground and reference 
screws (C) were made by soldering stainless steel wire to a jeweler's screw 
and crimping the other end to a gold Amphenol pin. 
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Surgery 

Chronic surgery was performed under aseptic techniques. The rats were surgically 

prepared for chronic recording of evoked potentials under sodium pentobarbital 

(Nembutal) anesthesia (40 mg/kg) injected peripherally (i.p.). Once deeply anesthetized, 

the fur was shaved from the top of the head. The rat was placed in a Kopf stereotaxic 

device and the skull surface was set in a horizontal plane. Supplemental doses of either 

sodium pentobarbital or Metofane (methoxyflurane, inhalation anesthetic) were 

administered if necessary during the surgical procedure. 

Ophthalmic solution was placed in the eyes. Then the eyes were covered to prevent 

drying and retinal damage due to the bright surgery lighting. Eye protectors were made 

from small pieces of aluminum scalpel blade wrapping. A themlal pad was placed under 

the rat to maintain body temperature during surgery. Most of the surgical procedure was 

done with the use of a dissecting microscope. 

The top of the head was swabbed with Betadine antiseptic. A small incision was 

made in the skin parallel to the midline by drawing a scalpel blade from midway between 

the eyes to near the interauralline. The skin was then pulled back with two small hooks 

attached to fishing weights. These hooks were used because they cause the least amount 

of damage to the skin and underlying tissue. The fascia and connective tissue were 

retracted from the bone. Tissue bleeding was kept under control by cauterizing around 

the wound. Bone wax was used to arrest bleeding from the skull. 

Once the skull was scraped clean, bregma was identified and rough measurements 

for electrode placements were made with calipers. Seven small burr holes were made in 

the skull with a #1/2 dental drill bit. These holes were approximately the size of the drill 

bit width, four were anterior to bregma and three posterior to lambda. Four additional 

holes of approximately 2 mm in diameter were made for electrode placement with the 

desired coordinate as the approximate midpoint (Figure 17 A). 



A record 

Figure 17. Electrode Placement for Recording Evoked Potentials 

stimulus 
return 

A) Dorsal view of rat skull showing placement of drill holes, screws and 
electrodes relative to brain sutures (lambda and bregma). B) Schematic 
diagram of electrode placement in the hippocampus. Electrodes were 
chronically implanted in the perforant path (PP) for stimulation and in the fascia 
dentata (FD) of the hippocampus for recording evoked responses. 
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Two of the stainless-steel jeweler's screws soldered to recording leads were partially 

threaded into the small drilled holes in the frontal region for ground and reference 

(indifferent) electrodes. An additional two soldered screws were placed in the occipital 

region for completion of the right and left stimulus isolation circuits (stimulus return). 

The remaining small skull holes were filled with plain jeweler's screws to provide an 

anchor for the dental acrylic foundation. 

Each hemisphere was implanted with a stimulating and recording electrode. The 

support wire for each recording and stimulating electrode was placed in the stereotaxic 

manipulator. Placement of electrodes was based on stereotaxic coordinates (Paxinos & 

Watson, 1982). Recording electrodes were placed in the hilus of the fascia dentata of the 

hippocampus (3.8 posterior from bregma, 2.0 lateral from midline). Simulating 

electrodes were placed in the perforant path (8.1 posterior, 4.4 lateral). The dura mater in 

each of the four 2 mm holes was slit with a bent hypodermic needle so that the electrodes 

could pass smoothly into the brain. Each electrode was lowered into the cortex 1 mm 

from brain surface. Final dorsallventrallocation was optimized using 

electrophysiological criteria (Figure 17B). 

The ground, reference, and recording electrodes were connected to a Grass amplifier 

(P511k) and the amplified signal was displayed on a Nicolet oscilloscope and a Grass 

AMS audiomonitor. The signal from the recording electrode was amplified by a factor of 

10K and filtered from 300 Hz and 10 kHz for mUltiple unit activity. The position of the 

electrode was determined by monitoring the multiple unit injury discharge as it moved 

through the cell body layers of CAl and the upper blade of the fascia dentata (Figure IS). 

Once the recording electrode was moved to just beneath the upper blade the amplification 

was changed to 100X and the filters were changed to .3 Hz to 10 kHz for evoked 

potential recording. The stimulus circuit was made complete and stimulus pulses were 

then generated. The stimulating electrode was then lowered until the response was 



Figure 18. Multiple Unit Injury Discharge 
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Monitoring mUltiple unit injury discharge reveals the location of the recording 
electrode in the hippocampus. Cell activity increases dramatically as the 
electrode penetrates cell body layers in CAl and the fascia dentata. This 
technique was useful for optimizing electrode placement during surgery. 
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. maximized. The recording electrode was slightly readjusted. The final depth of the both 

types of electrodes was determined by the location where the largest EPSP and 

population spike could be evoked. 

Once the final electrode positions were detennined, they were cemented finnly in 

place with dental acrylic. After the first layer of dental acrylic hardened the gold 

Amphenol pins were inserted into a nine-pin plastic connector (Molino & McIntyre, 

1972). Then the plastic connector, along with the exposed wires, was covered with more 

dental acrylic and finnly cemented on top of the rat's head. The plastic connectors 

enabled fast, easy linkage of the rat to the chronic recording equipment. Silk sutures 

were used to close the wound from the incision, if necessary. 

The entire surgical procedure typically lasted 3 hours. Following surgery, topical, 

antibacterial ointment (Furacin) was applied to the incision. An antibiotic, bicilIin, was 

injected into each hind leg (i.m., 0.2 cc total) to prevent infection. Bicillin injections 

were given either just prior to placing the rat in the stereotaxic device or during recovery. 

During the recovery period, the rat was monitored for regular breathing and kept warm 

(either by placing it on a fresh thermal pad or in an infant incubator). Once the rats were 

awake and walking about freely, they were returned to their home cag~s without wood 

shavings. Fresh fruit and chow was placed in the bottom of the cage on a paper towel. 

Children's Tylenol was included in the rats' drinking water (1.2 mg/ml) for three days 

following surgery. Electrodes were chronically implanted for as long as a year. 

Electrophysiological Recording 

General Room Configuration 

Extracellular evoked field potentials were recorded while rats behaved freely in a 

room adjacent to the computer and recording equipment (Figure 19). A one-way window 

allowed behavioral monitoring. Each rat was individually connected to a recording 



Figure 19. Diagram of Evoked Potential Recording Equipment 

This schematic diagram indicates the hardware used for evoked 
potential and EEG recording for two hemispheres from one rat. 
The evoked potential recording room was designed so that two 
rats could be recorded from simultaneously. The stimulus pulses 
are generated by the BrainWave computer clocks. The stimulus 
pulse clocks determine the pulse characteristics and the DIO 
determines which hemisphere is stimulated. The stimulus isolator 
unit generates a constant current pulse of a specified amperage 
once it receives the trigger pulse. Stimulus current passes 
through the commutator and head stage and the circuit is 
completed through the stimulating electrodes and stimulus return 
screws. Electrical signals from the rat are passed through the 
headstage and commutator, are first amplified by a Grass 
amplifier and bandpass filtered for evoked potential recording, 
and then the signal is converted from analog to digital and 
sampled by computer. EEG data are collected by secondary 
amplification and filtering by a Neurolog System and sampled by 
the computer. 
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headstage containing an FET (field-effect transistor) source follower for both recording 

channels and for the reference channel. The headstage that was connected to a cable 

hanging from a commutator attached to the ceiling. The cable consisted of 9 insulated, 

28 g wires twisted together and secured with small pieces of heat-shrink tubing. The gold 

wire, nine-pin commutator gave the rat freedom to move about without tangling the 

cables. Another cable ran from the commutator through the wall to the recording 

equipment and computer in the next room. A Personal Scientific Workstation™ by Brain 

Wave Systems, Inc. (Thorton, CO) controlled data collection and stimulation. The 

recording rooms from both facilities were organized in the same general configuration, 

except that in Boulder there was no dividing wall between the rat and the recording 

equipment. 

Headstages 

Each rat was individually connected to a recording headstage (Figure 20) where 

current from the reference or recording electrodes was passed through field-effect 

transistors (FETs). The head stage was connected to the rat's head and to a long cable 

extending from the commutator on the ceiling. The cable was made long enough for the 

rat to move without restriction. The headstage with source followers is the key to low 

noise chronic electrophysiological recording. 

The FETs on the headstage act as source followers to minimize noise and movement 

artifact. The FET is a current amplifying device that minimally alters the voltage, thus 

reducing noise from the rat to the high-impedance probes leading to the initial 

amplification stage. A high-impedance gate electrode controls the flow of current 

carriers through a channel, effectively increasing the current flow with minimal change to 

the voltage. Gain is less than, but approaches unity (Horowitz & Hill, 1989). 
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Figure 20. Headstage Diagram and Connectors 
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A) Circuit diagram of headstage used for all chronic experiments. The head 
stage contained field effect transistors (PETs) to minimize noise during 
electrophysiologica1 recordings. B) The connectors used to connect the rat to 
the headstage and the headstage to the long cable from the comutator allow 
fast and easy rat connection and system trouble shooting (Malino & McItyre, 
1972). Scale bar = 1 cm. 
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Eyoked Potentials 

Evoked potentials were collected every 5 seconds, alternating hemispheres directly 

following the EEG sampling. Signal from the recording electrode was collected for 1 ms 

prior to the stimulus pulse to the perforant path (as can be noted in Figure 21). Evoked 

potentials were amplified 100 times and band-pass filtered at 1 Hz (low pass) to 3 kHz 

(high pass). Each response was then sampled by computer at 20 kHz for 25.6 ms. 

Potentials were evoked by constant current biphasic stimulation of the perforant path. 

Biphasic stimulation was used to prevent deposition of ions and polarizing of stimulating 

electrodes (Douglas & Goddard, 1975) Constant current pulses give more consistently 

reproducible stimulation than voltage in biological tissue. This is because the resistive 

medium of the brain can change, in which case constant voltage stimulation would result 

in an alteration in the magnitude of stimulus current (I = VIR). Stimulus current was 

generated by stimulus isolator units (BSI-2 BAK electronics in the Boulder laboratory or 

A365D, WPI in the Tucson laboratory). 

In Boulder, the stimulus parameters were regulated by a Fredrick Haer Pulsar 6 bp 

stimulator which was triggered by a TTL (transistor-transistor logic) pulse from the 

computer. In order to record from two rats simultaneously, stimulus generation was 

more complicated in Tucson. Stimulus pulses were generated for four hemispheres with 

three clocks and a digital input/output connection combined via an AND gate. Clock #3 

creates two pulses which determine the width of the biphasic stimulus pulse and was 

gated by Clock #4. The WPI stimulus isolators reverse the polarity of the second pulse 

creating the biphasic stimulation. Clock #4 determines the 1 ms delay between 

commencement of data sampling and the stimulus pulse and is gated by Clock #5. Clock 

#5 is timed and determines the number of times a stimulus pulse is given at 400 Hz. 

Clock #5 is used for presentation of high frequency stimulation. During low frequency 

stimulation, Clock #5 is timed so that only one pulse is given per epoch of evoked 
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potential sampling. The DID detennines which of the four hemispheres from two rats 

receives the stimulus pulse. Both the stimulus pulse and the signal from the DID port are 

fed into an AND gate which is connected to each of the stimulus isolator units. 

Stimulus intensities varied from 200 to 500 JlA constant current for either 100 or 200 

Jls each half cycle. The stimulus intensity was detennined individually for each 

hemisphere, and set at approximately two-thirds of the maximal response. Typically, the 

stimulus intensity remained the same for an individual hemisphere for the duration of the 

experiment, except when stimulus response curves were being acquired. 

EEG 

EEG data were collected for 2.56 seconds at a sampling rate of 200 Hz, just prior to 

evoked potential data sampling. In a few experiments, EEG data were sampled at 100 Hz 

due to an experiment definition error. Each epoch of data was band-pass filtered between 

0.1 and 70 Hz and collected once every 10 seconds per hemisphere. EEG was analyzed 

off-line by fast Fourier transfOlID (FFT). 

BrainWave Personal Scientific Work Stations™ 

The computer system used for data collection and analysis was a Personal Scientific 

Workstation (80386 coprocessor). The Personal Scientific Workstation is a very flexible 

system enabling a variety of experimental situations. Individual experiment designs were 

carried out by creating Work Bench definition files. This program allows a variety of 

parameters to be specified, including those necessary for data acquisition and stimulus 

pulse generation used in these experiments. A base WorkBench definition file was used 

for most of the experiments reported in this dissertation (see Appendix A). This 

definition file was modified when necessary. 
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Measurement of Evoked Potentials 

Evoked potential waveform analysis was performed by computer (Figure 21). In 

order to capture the dynamic aspects of the positive-going EPSP response, the EPSP 

amplitude was measured as the voltage difference between two constant time points. The 

measurement was taken during the initial portion of the waveform prior to the population 

spike in order to avoid contamination by polysynaptic events. Cursors were placed at two 

constant time points and the difference was measured as the amplitude between them for 

each response. The first cursor was placed after the stimulus artifact and well prior to the 

EPSP onset. The second cursor was placed at the midpoint between the EPSP onset and 

the popUlation spike onset. This method of measuring EPSP changes captures both EPSP 

onset and slope alterations. In EXPERIMENT 2, the EPSP was also measured by placing 

both cursors on the rising phase of the EPSP. This method of measurement reflected 

slope changes only, and was not confounded by EPSP onset changes. 

The population spike provides an estimate of the number of granule cells firing 

synchronously (Andersen et aI., 1971 b). The population spike area was measured in 

arbitrary units under a tangent line drawn from the population spike onset to the late 

positivity. Population spike area is highly correlated with spike height, but area is less 

variable measure than height and incorporates changes in cell firing synchrony (Barnes, 

1979). The latency of the population spike was measured in milliseconds from the onset 

of the stimulus artifact to the initial point of negative deflection. 

Experimental Environments 

Data were collected in one of two experimental conditions. Data from the Baseline 

and Recovery phases of the experiment were collected in the animal's home cages which 

had been transported to the recording room. The exploration phase of the experiment 

took place in the same room in one of three exploratory environments: triangular 
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Figure 21. Measurement of Evoked Potentials 

Exploration 

Two sample waveforms from the Baseline and Exploration phases of a typical 
experiment. The rise of the EPSP was measured by placing cursors at two 
constant time points relative to the stimulus artifact and calculating the voltage 
difference between them. The population spike area was calculated as the area 
under a tangent line drawn from the population spike onset to the late positive 
component. 
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platfonn, blue box, and cardboard box. In each of the three exploratory environments, 

various objects (cat toys, office supplies, etc.) were added, moved, or removed to elicit 

exploratory behavior. Different environments were used initially in an attempt to 

maximize exploration; however, there was no difference in quantity of exploratory 

behavior between the three environments, and thus, data were collapsed across these three 

conditions. 

!,or the majority of the experiments the triangular platform was used as the 

experimental environment. The triangular platform consisted of a piece of Plexiglas 

elevated above a table by gray wooden walls. The platform (59 cm/side) was elevated 

27.5 cm above the table upon which it rested; drops of chocolate milk were placed in 

small plastic cups at the vertices of the triangle to reinforce exploratory behavior. In the 

sessions in which the triangular platform was used, the rats were food deprived to 80% of 

their free feeding body weight (Figure 22). The blue box was an aluminum box (71 x 28 

x 34 cm) in which blue fabrics of various textures were attached to the floor and walls of 

the chamber. Fabric, sandpaper, marbles, packing material, and a blue bow lined the 

floor of the box (Figure 23). The cardboard boxes (76 x 76 x 24 cm) were lined with 

black poster paper and cues were mounted on the sides (Figure 24). 

Exploratory Behavior Scoring 

Rat behavior was monitored through a one-way minor to ensure that the observer 

would not inadvertently influence behavior during baseline and post-exploration phases. 

Behavior was scored at the time of each stimulus delivery to the perforant path. The 

general classification of behavior used was similar to Vanclerwolfs Type I and Type II 

behaviors (Vanderwolf, 1969). Behavior was scored as exploratory if the rat was 

walking, running, rearing, sniffing vigorously with a postural shift, or manipulating an 

object. All other behaviors, including resting, sitting still, grooming, eating, or nesting, 



Figure 22. Triangular Platfonns 

In most of the experiments, the rats were tested on the triangular platfonn 
in pairs. They were placed in their home cages on the triangular platform 
the night prior to the recording session. The cage lid was left on so the 
rats would have assess to food and water through the night. The rats were 
attached to the recording equipment and placed back jn the home cage two 
hours prior to the start of the experiment (top photo). 

During the exploration phase of the experiment, the rats were removed 
from their home cages and placed on the triangular platform (bottom 
photo). Various objects were placed on the triangular platform to elicit 
exploration. Food reward (chocolate milk or chocolate morsels) was 
placed in the corner food cups to reinforce exploratory behavior. Rats 
were returned to the home cages during the post-exploration recovery 
phase. 
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Figure 23. Blue Box 

The top photo is a close-up of a chronically-prepared rat for evoked 
potential recording. The connector on the rat's head is easily attached to 
the headstage leading to the recording equipment (see Figure 19). 

An aluminum box draped with various blue fabrics of different textures 
was also employed in EXPERIMENT 1. Bows and packaging material 
lined the floor of the box. Rats were not able to see outside the box. 
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Figure 24. Black Boxes 

Cardboard boxes were used as exploratory environments in 
EXPERIMENT 1. Rats were placed directly on the table during the 
overnight habituation and baseline phases (top photo). 

The exploration phase was conducted in cardboard boxes (bottom photo). 
These boxes were lined with black poster board which could be replaced 
between rats. Objects were moved from place to place in the box during 
the exploration phase. 
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were scored as nonexploratory. These two behavioral categories were chosen because 

previous research indicated that exploration was the best predictor of lasting alterations in 

evoked potentials (Sharp et aI., 1989). This scoring procedure, referred to as "behavioral 

snapshots," lends itself to a number of analysis options (Bindra, 1961). The behavior of a 

rat during a recording session was "replayed" by summing the number of exploratory 

scores within each 5-minute period. The total number of exploratory scores during a 

given recording session reflected the quantity of exploratory behavior a rat engaged in 

during the exploration phase. This number could be used to compare rats to each other or 

to the same rat on a different day. 

Experimental Procedure 

On the evening prior to the STEM session, a pair of rats was removed from the 

colony room and placed in the recording room in their home cages. The next morning 

each rat was attached to the recording equipment and allowed to habituate for an 

additional 2 hours. Baseline data were then collected for one hour, followed by 20 or 30 

minutes of exploration, after which rats were returned to their home cage for the 

remainder of the recording session (Table 1). 

Stimuli were delivered every 5 seconds (0.2 Hz), to alternate hemispheres, for the 

entire three hour recording session. Thus, 1080 responses were collected from each 

hemisphere. Behavior was monitored continuously during this time. 

Statistical Analyses 

For most experiments the fractional change was computed to assess evoked 

responses changes between the Baseline and Exploration phases [(Exploration -

Baseline)/Baseline]. In EXPERIMENTS 1 and 2, the electrophysiological data were 

plotted as a cumulative record over time. The cumulative record plot results in a straight 



Table 1. Basic Procedure 

Time Location Phase Event 

700 hr* Home cage Habituation attached to recording equipment 

900hr Home cage Baseline started recording session 

1000 hr Triangle/Box Exploration transfered to exploratory environment 

1030 hr Home cage Recovery returned to home cage 

1200 hr Home cage end of session, rat returned to colony room 

*Rats were placed in the recording room with water available the evening prior to the 
recording session. This was done so that the rats were well habituated to the recording 
room environment. 

160 



161 

line if there is no change in the values being plotted. Increases or decreases in evoked 

potential measures alters the slope of the cumulative record. Plotting the data in this 

fashion results in slope changes starting at the point at which the rat begins to explore 

(Figure 25). This can be compared to the baseline data which does not deviate from 

linearity. Cumulative fractional change (Vl - VOlVo) was then computed, where Vl is the 

final point of the actual record and Vo is the final point of the predicted record. 

The best design for these types of experiments, due to the individual variability in 

waveforms and the magnitude of STEM, is the repeated measures design in which each 

subject receives each treatment. Paired t-tests were used in those experiments in which 

each animal served as its own control and only two treatments were given. The repeated 

measures ANDV A was used if there were more than two levels of treatment. 

In those experiments in which repeated measures designs were not possible (e.g. 

aging experiment) more complicated analyses were used to assess the relationships 

between a number of variables and remove possible confounding variables. Regression 

analyses were performed on the cumulative fractional change from the 

electrophysiological data (EPSP, population spike area, and population spike onset 

latency), cumulative behavioral data, spatial learning performance, and age. Simple 

regression analysis was used for initial comparisons. Multiple and stepwise regressions 

were used for more complex analyses (explained in results section of EXPERIMENT 1). 

Each experiment was conducted under the same basic conditions. Deviations from 

the basic protocol and details of the procedures for each experiment are described in the 

methods section for each experiment. Unless mentioned otherwise, it can be assumed 

that the experiment was described as above. 
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Figure 25. Cumulative Fractional Change 

90 

For the purpose of comparing exploratory behavior with the changes in the 
evoked responses, the electrophysiological measures were plotted as a 
cumulative record. The fractional change of the actual data (the cumulative 
record of all 1080 sweeps) was compared with the predicted data (based on the 
baseline values). The cumulative fractional change is the fractional change 
[(actual-predicted)/predicted] of the final points from each cumulative record. 
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Assessment of Spatial Learning 

Spatial learning ability was assessed using the Morris water task (Morris, 1981) on a 

separate day from the STEM recording session. The pools from the two different 

facilities were two different sizes: 120 cm and 200 cm in diameter (see Figure 3). Distal 

cues consisting of striped posters were similar in both rooms. The pool was filled with 

water made opaque with nontoxic white paint. The water level was 8 cm below the rim 

of the pool and the hidden platform was 2 cm beneath the surface of the water. Water 

temperature was maintained at 24±2 'C. A trial consisted of placing the rat randomly at 

one of 8 locations and allowing it to swim for 60 sec. If the rat had not reached the 

platform within the time limit, it was picked up and placed onto the platform. 

The rats were first trained to swim to a visible platform. The visual/nonspatial 

version of the water task requires the rats to see and swim to a visible platfonn located in 

a unique place for each trial. The rats' ability to perform the sensory-motor requirements 

of the task, as well as the ability to associate a cue with a desired behavioral outcome, is 

assessed in this version of the task. The visible platform was raised above the water and 

wrapped with black electrician's tape. 

During the spatial version of the task, each rat was given 18 training trials in blocks 

of three, on one day. The escape-latencies from the last three spatial trials were 

combined and used as an index of spatial ability. The mean latency from the last three 

trials was converted to a standardized score (z-score) in order to compare latencies from 

the two different sized tanks. The z-score was computed based on the mean from all 

subjects tested in the same size tank. Probe trial data were collected following the final 

training trial. During the probe trial the escape platform was removed and the rats were 

allowed to swim freely for one minute. Location was monitored using an overhead 

tracking system (HVS Systems). 
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Histology 

Electrode tract reconstruction was done to identify the location of the recording 

electrodes whenever possible. Some of the rats were used as pilot subjects in gene 

expression experiments and their brains were not available. Each rat was perfused 

transcardially under deep Nembutal anesthesia (1.0 cc!rat) first with a 0.9% saline 

solution, then with a 10% formal saline solution. The brain was removed from the skull 

and stored in 10% formal saline. After fixation, the brain was transferred to a container 

with 30% sucrose/lO% formal saline solution until it had become saturated and sunk to 

the bottom of the container. Coronal, 40 Ilm thick, sections of the brain were sliced with 

a freezing microtome. Electrode tracks were identified by viewing the wet sections on 

gelatin-coated slides under a projection microscope. Recording electrode tracts from 

those rats with normal positive-going evoked potentials were always found in the hilus of 

the fascia dentata. In EXPERIMENT 3D, the sections were mounted on gelatin-coated 

slides and allowed to dry. After drying, the sections were defatted with Histo-Clear, 

stained with a standard cresyl violet protocol and cover slipped with Permount. The 

damage from the injections were assessed by drawing the sections with a projection 

microscope or photographing the stained sections. 
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EXPERIMENT 1. STEM, EXPLORATION, AND SPATIAL LEARNING 

A central goal of this dissertation was to determine the relationship between short

term exploration modulation (STEM) and learning, particularly spatial learning. One 

previously fruitful way to approach this problem is to compare physiological properties in 

a learning deficient population. For example, aged rats require more trials to reach a 

given criterion, and forget spatial tasks more quickly than do young rats. Furthermore, 

these deficits are correlated with electrophysiological properties in the fascia dentata 

(Barnes, 1979; Barnes & McNaughton, 1985; de Toledo-Morrell & Morrell, 1985; de 

Toledo-Morrell et aI., 1984). The spatial deficits observed in most old rats are less severe 

than various types of damage to the fascia dentata or its primary afferent source (Jarrard 

et aI., 1984; Jarrard, 1983; McNaughton et at., 1989; Rasmussen et aI., 1989; Skelton & 

McNamara, 1992; Sutherland, Whishaw, & Kolb, 1983). Even though it is clear that 

aging does not produce an analogous lesion, it certainly does lead to a set of discrete 

changes that result in altered hippocampal function (Barnes, 1979; Barnes, 1988; Barnes 

et at, 1992; Barnes et at, 1987; Bondareff & Geinisman, 1976; de Toledo-Morrell & 

Morrell, 1985; Foster et aI., 1991) 

The main purpose of this experiment was, therefore, to test the following hypothesis: 

if STEM represents a mechanism by which memory formation is modulated, then old, 

spatial-memory deficient rats might be expected to differ from young in their ability to 

exhibit STEM9. The second goal of the present study was to examine the relationship 

between STEM and spatial learning, assessed by performance in the Morris water task. 

9Data collected at a later point in this dissertation project by both my self and another research group 
indicated that the large changes in evoked responses in FD following exploration arc due, at least in part, to 
explomtion-induced changes in brain temperature. This new perspective alters the way data collected in 
this experiment arc interpreted. Although the hypotheses arc presented in historical context, the data arc 
interpreted in light of the new findings, and remain of significant interest. 



166 

Methods 

Two age groups ofF-344 rats were used in these experiment (N=31). The 15 

young (10-12 months) and 16 old (22-24 months) rats were retired breeders obtained 

from National Institute of Aging colonies. Rats were prepared for chronic evoked 

potential recording in young/old pairs. The standard STEM protocol as described in the 

GENERAL METHODS was used to assess the magnitude of STEM in the young and old 

rats. 

Stimulus intensities varied from 200 to 500 JlA for either 100 or 200 Jls each half 

cycle. The stimulus intensity was determined individually for each hemisphere, and set at 

approximately two-thirds of the maximal response. The stimulus intensities for the old 

rats did not differ from those used for the young rats (mean ± s.e.m.: young = 306.7 ± 

34.5 JlA, old = 331.3 ± 35.3 JlA). All hemispheres included in this experiment had 

evoked responses typical of those recorded in the hilus of the fascia dentata: positive

going field EPSPs and negative-going population spikes. 

This was a time-consuming experiment and therefore was conducted in four separate 

replications. The subtle differences between the replications are described in Table 2. 

Rat pairs were tested electrophysiologically for either 1, 2, or 3 consecutive days. 

Following the STEM test, the spatial learning ability was assessed in the Morris water 

task (see GENERAL METHODS). In the third replication, spatial learning ability was 

assessed prior to electrophysiological testing. There were no statistical differences 

between the replications on any of the STEM or learning dependent measures. 

ANOV As were used to compare young and old rats on different aspects of the 

Morris water task. Multiple regression/correlation analyses were used to compare the age 

differences and separate the effects of different variables. Simple regression analyses 

(correlation) were used for simple comparisons instead of t-tests for the sake of 

consistency throughout the experiment. This approach is justifiable because 
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Table 2. EXPERIMENT 1: Replication Differences 

Parameter Replication 

One Two Three Four 

Experience 
prior to STEMa 8-arm maze naive LTEb naive 

STEM and water 
task orderC STEM STEM water task STEM 

STEM testingd paired paired individual paired 

Exploration phase 30 min 30 min yokede 18 min 

EP Sampling 
frequency 10kHz 20kHz 20kHz 20kHz 

EEG Sampling 
,frequency 100Hz 200Hz 200Hz 200Hz 

STEM session sf 2 3 1 2 

Exploratory 
environmentg triangle triangle blue box black box 

Facility Boulder Tucson Tucson Tucson 

Tank size 120cm 200cm 200cm 200cm 

N (y/o) 414 3/3 3/3 5/6 

aSTEM: short-tem1 exploration modulation, bLTE: long-term enhancement, Ctask 

completed first, dpaired indicates that two rats were tested simultaneously and individual 

indicates that rats were tested individually, eyoked indicates the exploration phase for 

each young rat was determined by length of time the paired old rat explored 

spontaneously, fthe data were averaged over sessions so that each rat only had one final 

STEM score, gexploratory environments are described in the GENERAL METHODS. 
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regression/correlation analysis is algebraically equivalent to the t-test (Keppel & Zedeck, 

1989). 

Results 

Morris Water Task 

One young rat and two old rats were not tested in the spatial version of the water task 

because they would not or could not swim effectively. These rats were removed from the 

water task because their heads dropped below the surface of the water for longer than 10 

seconds. These rats, however, exhibited apparently normal behavior in the STEM portion 

of the study. They were included in the electrophysiological analysis, but not in the 

learning correlations. 

In the initial three training trails, there was no difference between the two groups of 

rats, but there was a significant decrease in latency from the initial three training trials to 

the final three training trials (two-factor repeated measures ANOVA, F(I,26) = 18.9,p < 

.002), indicating that both groups of rats successfully learned the spatial location of the 

hidden platform (Figure 26). There was a tendency for the young rats to perform the task 

faster than the young rats. This trend was only marginally significant (p < .06). Both the 

young and old rats spent more time in the training quadrant during the probe trial (two

factor repeated measures ANOVA, F(3,36) = 14.3, p < .001), but there was no age 

difference in probe trial performance (F(1,12) = .735,p > .05). 

Individual Examples of STEM 

In a typical STEM session, the rats remained quiet during the pre-baseline 

Habituation and Baseline phases in the home cage and explored vigorously for 

approximately 50% of the exploration phase. When the rats were not exploring they were 

either sitting, grooming, or drinking chocolate milk. As can be seen in Figure 27, there 

was a dramatic increase in the amplitude of the EPSP that con'esponded to, and outlasted, 

the exploratory behavior. There were decreases in the population-spike onset latency and 



Figure 26. Age Comparisons in Spatial Learning in the Morris Swim Task 

A) There was no significant main effect for age on the initial three training 
trials compared to the final three trials, but there was a significant decrease 
in latency between the initial three trials and the final three trials 
indicating that both groups of rats' performance improved over trials. B) 
The water task is divided into four quadrants and the platform is removed 
during the no-platform probe trail. The circle indicates the location of the 
platform during the training trials. C) Both the young and old rats spent 
more time in the target quadrant during the probe trial (*denotes 
significantly different from time spent in target quadrant using Fisher 
post-hoc analysis). 
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area. The reduction in the latency shared the same decay-time constant as the field EPSP; 

however, the reduction in the population spike area lasted much longer, failing to return 

to baseline levels for the duration of the three hour experiment (Figures 27 & 28). 

Although the environment was altered during the exploration phase of the 

experiment by transferring the rat from its home cage to the exploratory apparatus, 

environmental transfer was not a prerequisite for STEM. EPSP and population spike 

changes were observed when rats explored spontaneously in the home cage even after 

being in the same environment undisturbed over a 12-hour period. In a few cases, the rat 

would explore the home cage spontaneously, without any change in environment, or any 

disruption by the experimenter. In these instances, the EPSP and population spike 

changes also occurred (Figure 29). This is consistent with previous reports that changes 

in evoked potentials are best predicted by recent history of exploratory behavior (Green et 

aI., 1990a, 1990b; Sharp et aI., 1989). This point is important to note because it has been 

argued that STEM is due to environmental transfer (Croll, Sharp, & Bostock, 1992). It 

can be seen in this example that this is clearly not the case. 

Age Differences in STEM 

Age comparisons during STEM are listed in Table 3. Electrophysiological measures 

are expressed as cumulative fractional change. Both paired and unpaired comparisons are 

expressed as correlations, rather than t-tests. In order to compare the two age groups, age 

was coded in the correlations as either a "1" or "0" for young and old, respectively. A 

significant correlation indicates that if age (the X variable) is known, then it is possible to 

predict, at better than chance, the Y-variable (electrophysiological or performance 

measure). 

Quantity of exploratory behavior did not differ between old and young rats. 

Behavior was scored as either exploratory or nonexploratory at the time of each stimulus 

pulse to each hemisphere, and the number of observations scored as exploratory was used 
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Figure 27. A Typical Example of Behavior and EPSP Changes Following Exploration, 

The percent of exploratory behavior was determined by dividing the number of 
responses scored as exploratory by the total number of possible responses (A). The 
rat was typically still during the baseline phase of the experiment, and explored for 
approximately 50% of the time during the exploration phase ( ~ ) of the 
recording session. There was occasional spontaneous exploration during the 
recovery period. There was a dramatic increase in the EPSP that outlasted the 
exploratory behavior and began decaying once the exploratory behavior ceased (B). 
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Figure 28. A Typical Example of Population Spike Changes 
Following Exploration 

Both the population spike area (A) and spike onset latency (B) 
decreased during the exploration phase (UUJ".l.1). The population 
spike area remained depressed during the recovery period, 
whereas the population spike latency followed the same time 
course as the EPSP. 
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Figure 29. An Atypical Example of STEM Recording Session 

In this example, the fat engaged in several spontaneous bouts of 
exploratory behavior during the baseline period. The EPSP amplitude 
followed the exploratory behavior quite closely. During the baseline 
period, the fat had been exposed to the same environment to over 12 hours, 
indicating that n·ansfer to new environment was not responsible for the 
STEM effect. 
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as a measure of the amount of exploratory behavior. The number of such observations 

were summed over each five minute period and divided by the total amount of 

exploration possible (60), yielding a measure of percent exploration (Figure 30). The 

young rats tended to have a greater percentage of exploratory behavior, whether it was 

divided into discrete time segments or summed over the entire session, however, this 

trend was not significant (r2 = 0.100, p > 0.05). 

There was a significant age effect for the EPSP cumulative fractional change (r2 = 

0.278, p < 0.002). The EPSP amplitude for each rat increased during the exploration 

phase of the experiment. This increase lasted longer than the exploration, but decay 

commenced once exploration ceased (Figure 31). The magnitude of EPSP change in the 

old rats was significantly less than that of the young rats. 

Population spike area cumulative fractional change did not differ between young and 

old rats (r2 = 0.092, P > 0.05). The population spike area declined during the exploration 

period for both the young and old rats tested; however, there was a very brief population 

spike "pop-up" just following the transfer to the exploratory environment in both groups 

of rats (Figure 32). The population spike area also declined during the baseline period for 

young and old rats; this may reflect a small amount of spontaneolls activity that occurred 

during this phase of the experiment. In most cases, the population spike area did not 

return to baseline levels by the end of the three hour experiment. On the other hand, the 

decrease in population spike latency followed the same time course as the EPSP. 

Summary of age differences are presented in Figure 33. 

STEM and Perfonnance on the Water Task 

In order to assess the possible functional significance of the reduction of EPSP 

STEM in old rats, the electrophysiological data were compared with perfonnance on both 

the spatial and visual-cue versions of the Morris water task. Simple correlations were 

computed between the electrophysiological and behavioral data (Table 3). The average 
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Figure 30. Nonnalized Exploration Averages 

The total number of exploratory observations in each five-minute block of 
observations was summed and divided by the total number of possible 
obervations in 5 min, yielding percent of time spent in exploration. There was 
no statistically significant difference in the percent of exploratory behavior 
between the young (A) and old (8) rats. 
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Figure 31. Normalized EPSP Averages for Young and Old Rats 

The mean fractional change of the EPSP from 15 young (A, 0) and 16 old (B,.) 
rats during the three hour recording session. The fractional change was based on 
the average of the 360 responses collected every 10 sec during the baseline phase. 
The shaded bar (WD.l.i!J ) denotes the exploration phase in which the rat was placed 
on the triangle. 
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Figure 32. Nonnalized Population Spike Averages for Young and Old Rats 

The normalized population spike area changes from all of the young (A, 0) and 
old (B, e) rats. Both age groups had a similar pattern and magnitude of 
population spike reduction during the exploration phase (~) of the recording 
sessions. The transient increase in the population spike corresponds to the 
transfer of the rats from the home cage to the exploratory environment. 
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Each bar graph dipicts the averaged data from 15 young and 16 old rats. The total 
number of exploratory observations did not differ between young and old rats (A). 
There was a significant age effect (*p < .05) for the cumulative fractional change 
of the EPSP (B), but not for the population spike area (C) or latency (D). The 
cumulative fractional change is defined in the General Methods. 



Table 3. EXPERIMENT 1: Squared Correlations Between All Behavioral and Electrophysiological Measures 

Measure Initial Final Probe Visual Exploration Age 

Field EPSP 0.014 0.308** 0.434** 0.026 0.166* 0.278** 

Population spike area 0.004 0.060 0.273 0.000 0.170* 0.092 

Population spike onset 0.024 0.171* 0.078 0.137 0.060 0.046 

Age 0.000 0.13800 0.027 0.000 0.100 

Exploration 0.037 0.13800 0.526** 0.000 

Note. Correlations are expressed as r2, i.e. the amount of the variance that can be accounted for by each variable (*p < .05, **p 

< .01, oop < .06). Initial refers to the latencies of the initial three training trials and Final refers to the latencies of the final 

training trials. Probe refers to the amount of time spent in the target quadrant during the one minute free swim. The final three 

scores on the visual/cue version of the swim task are referred to as Visual. 

...... 
00 o 
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latency to reach the platfonn on the last three trials (perfonnance) was strongly correlated 

with the change in EPSP amplitude (Figure 34) and population spike onset latency. 

Perfonnance was marginally, but not significantly, con'elated with age or exploration, and 

was not correlated with population spike reduction. There was increased variability in the 

learning perfonnance in the old rats compared to the young rats. 

Following the training trials, the platfonn was removed from the tank and rats were 

allowed to swim freely for one minute. Probe trial data were available from only 8 young 

rats and 6 old rats due to hardware problems with the tracking system. There was a 

significant relationship between the EPSP change during STEM and time spent in the 

target quadrant (r2 = 0.434, p < 0.01). Within age groups, this relationship was 

significant for the old rats (r2 = 0.794, p < 0.02), but not for the young rats (r2 = 0.046, p 

> 0.05). Latency to escape onto the visual platfonn was not correlated with age, STEM, 

or exploration during the STEM session. 

Removing the Confounding Effects of Exploration. Quantity of exploratory 

behavior was correlated with EPSP and population spike area changes, but not with 

population spike onset latency (Table 3). Amount of exploration was only marginally 

correlated with age (p < .06). Because exploration was correlated with EPSP change, the 

extent of exploration was a potential alternative explanation for the correlation between 

the synaptic change and spatial learning. In order to pull apart the complex relationship 

between synaptic change, exploration and spatial learning, two approaches were used to 

remove the confounding effects of exploration: stepwise regression analysis and partial 

correlation analysis. Each type of analysis yielded the same final result. 

The stepwise regression is an atheoretical approach that determines which factors 

make significant contributions to the total amount of the variance that can be accounted 

for by the factors initially included in the regression equation (Keppel & Zedeck, 1989). 

Those factors that do not make a substantial contribution to the final, multiple R2 are left 



A70 
Probe Trial • - 60 c 0 (U ... 

'C 50· (U 
0 • :::s 0 CO 0 40 oe 

1D 0 Cl 30 ... • ~ 0 0 Young 
20 Gt • r2= 0.046 . 5 

Q) 10· • Old 
E r2= 0.794 
i= 0 

0.0 0.1 0.2 0.3 

EPSP (Fractional Change) 

B 
3 Training Trials 

0 Young 
>- 2 • • 0 Old 
c 
Q) - 1 (U 
-I 
'C 0 Q) 
N 
:a ... ·1 (U 
'C 
C 
(U ·2 

CiS 
·3 

0.0 0.1 0.2 0.3 0.4 0.5 

EPSP (Fractional Change) 

Figure 34. Correlations between EPSP Changes and Learning 

A) There was a strong overall correlation between the cumulative fractional 
change and the percent of time spent in the training quadrant during the probe 
trial. This correlation was significant for the old, but not the young rats. B) 
There was a significant correlation between the magnitude of EPSP growth 
during exploration and performance in the water maze. 
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.. 
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Figure 35. Summary of Statistical Analyses 

A) In a stepwise regression, the variables that make a significant contribution to 
the amount of variance accounted for are included in the fmal regression equation. 
Age, exploration, and EPSP changes were all correlated with spatial learning 
ability, and thus entered into the analysis. Alterations in synaptic efficacy 
emerged at the best predictor of spatial ability. B) Partial correlations statistically 
remove potentially confounding variables (8). When the the amount of the 
variance accounted for by exploration was removed from the total variance 
accounted for, the EPSP growth remained a significant predictor (.). 
Exploration was not a significant predictor once EPSP was removed from the 
regression equation. 
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out (Figure 35A). Age, exploration, learning, and all three electrophysiological measures 

were initially included in the stepwise analysis. EPSP fractional change emerged as the 

best and only significant predictor of spatial learning performance (r2 = 0.308, p < 0.002). 

The second approach to understanding the complex relationship between these 

variables is to use partial correlation analysis. (Figure 35B) Partial correlations provide a 

means to statistically to remove the effects of a potentially confounding variable. 

Multiple regression analysis revealed that the combination of synaptic change and 

exploration significantly predicted performance (R2 = 0.329, p < 0.01). When the 

variance accounted for by exploration was removed from the multiple R2, the remaining 

variance accounted for by synaptic change was r2 = 0.222 (p < 0.05), but when synaptic 

change was removed from the equation, exploration was no longer a significant predictor 

of spatial learning performance (r2 = 0.030, p > 0.(5). Both the atheoretical and 

theoretical approaches yielded the same results. 

Fast Fourier Transform Analysis of EEG 

The EEG data collected just prior to each evoked potential revealed a significant age

related decrease in power, but no changes in peak frequencies. EEG data were separated 

into exploratory and non-exploratory epochs based on the behavior scoring at the time of 

recording. The total power spectra was compuied for each hemisphere. Then power 

spectra were averaged across days and hemispheres for each rat. ANOV As revealed a 

significant effect of behavior on the power at different frequencies. During exploration 

there was an increase in power in the 1-3 and 7-9 Hz bands, and a decrease at 4-6 Hz 

(Figure 36). Age-comparisons of the power spectrum reveal the same pattern of peaks 

and valleys between the two groups, but the old rats had less power at each frequency 

(Figure 37). 

There was no proportional change in the theta band between the young and old rats. 

Total power in three band widths (1-3, 4-6, 7-9 Hz) were compared in the exploration 
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Figure 36. The Effects of Behavioral State on Hippocampal EEG 

The EEG epochs were separated into exploratory and non-exploratory, then 
analyzed by fast Fourier transform (FFT). Exploration resulted in a redistribution 
of patterned responding for both the young (A) and the old (B) rats. 
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Figure 37. The Effect of Age on Hippocampal EEG 

There was an age-related decrease in power accross all bands during both exploration 
(A) and nonexploration (B). This decrease in power was not selective to the theta band. 



187 

condition with a two-way ANOV A. There were significant main effects for band 

frequency (F(2, 58) = 16.62,p < .01) and age (F(1, 29) = 5.97,p < .05), but there was no 

interaction between age and frequency band (F(2, 58) = 1.63, p > .05). 

Conclusions 

The aim of this experiment was to investigate the possible interrelationships among 

STEM, exploratory behavior, and spatial learning ability. This experiment confirmed 

previous observations that lasting changes in evoked field potentials are tightly linked to 

exploratory behavior. For example, there was a clear relationship between bouts of 

exploratory behavior within an experimental session and both the EPSP and population 

spike components for each individual rat. Furthermore, there was a strong correlation 

overall between EPSP growth, population spike reduction and intensity of exploration 

(those rats with greater quantities of exploration also showed a greater magnitude of 

STEM). 

A second important observation was the finding of a correlation between the quantity 

of exploratory behavior and spatial learning in the Morris water task. Exploration was 

most strongly correlated with the amount of time spent in the target quadrant during the 

probe trail. Exploration was marginally correlated with latency to find the goal in the 

final block of three trials, and not correlated with initial acquisition performance on the 

spatial task or accuracy in the visual/cue task. Thus, amount of exploratory behavior was 

associated with spatial learning components of the Morris water task, not with 

performance aspects of the task. 

Perhaps the most interesting finding in this experiment is the relationship observed 

between spatial learning and magnitude of EPSP growth. EPSP amplitude growth, but 

not population spike area or onset latency reductions, was significantly correlated with 

latency to find the hidden platform on the final block of trials, even when the 
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confounding effects of exploration are removed statistically. The correlation between 

EPSP growth and learning is not due to some preexisting difference between the good 

and bad learners, because there was no correlation in the initial block of trials; neither 

was it due to visual or performance variables, because the EPSP was not correlated with 

the cue version of the task. The magnitude of EPSP change was also correlated with 

spatial memory accuracy during the probe trial in the old rats, but not the young rats. It 

could be argued that the difference in magnitude of STEM is due to a lack of 

vigorousness of exploration in the old rats. In most cases, however, it was not possible 

for the behavioral observers to differentiate the young from old rats (personal 

observation). Furthermore, there were no selective differences in the relative EEG power 

during exploration between the young and old rats. Consistant with the idea the idea that 

the old animals in the present study were healthy, there was no evidence of EEG slowing. 

There are at least two possible interpretations of these data. The correlation between 

magnitude of EPSP change and spatial learning in this experiment is consistent with the 

original hypothesis that synaptic weight changes underlie spatial information processing 

in the hippocampus. Significant correlations in experiments such as this one can imply 

that the two correlated variables are causally linked, or it can mean that the two 

functionally independent but controlled by a third unmeasured variable. The other 

possible interpretation for these data takes into account the recent evidence that STEM 

reflects global temperature changes in the brain (see EXPERIMENTS 4 & 5). If this 

were the case, then the factor responsible for both brain temperature-induced changes in 

evoked potentials and spatial learning impainnent could be an age difference in 

thermoregulatory ability or vascular patterns. 
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EXPERIMENT 2. DIRECr COMPARISON OF STEM AND LTE 

The second major question addressed in this dissertation is whether short-term 

exploratory modulation (STEM) and long-term enhancement (LTE) share common 

mechanisms and/or modulatory influences. There are both similarities and differences 

between these phenomena (Table 4). Both are characterized by increased EPSP 

amplitude (at fixed latency) and reduction in the population spike latency. STEM differs 

from LTE (Bliss & Gardner-Medwin, 1973; Bliss & L~mo, 1973) both in time course, 

and in the fact that there is decreased, rather than increased, granule cell firing. 

One way to gain insight into whether STEM and L TE act through common or 

different processes may be obtained through an examination of the manner in which they 

interact. If STEM and LTE reflect the same process at the same synapses, one would 

predict that the magnitude of STEM would be reduced in the presence of LTE, in just the 

same manner that repetitive episodes of high-frequency stimulation lead to progressively 

smaller increments of LTE, until saturation is reached. Such occlusion, for example, is 

observed between paired-pulse facilitation and post-tetanic potentiation (both of which 

act through an increase in presynaptic release probability), but not between paired-pulse 

facilitation and either L TE (McNaughton, 1982) or STEM (Green et aI., 1990a). 

Detection of such a non-linear summation effect depends on the assumption that the 

experimentally induced magnitude of the process in question is close enough to the 

asymptotic, maximum possible magnitude that the nonlinearity causes a significant 

reduction. A second possibility is that STEM and LTE might act at complementary sites. 

For example one might act through increased transmitter release whereas the other might 

act through increased postsynaptic sensitivity. In this case, one would expect a 

multiplicative interaction (i.e., the combination of LTE and STEM should be greater than 

the sum of the two independent effects). The third possibility is that the two processes 

might be entirely independent, for example, involving changes on different synaptic or 
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Table 4. Characteristics of STEM and L TE 

Characterisitic STEM* LTEt 

Critical event 
for neural alteration Exploration High-frequency stimulation 

Induction ??? NMDA-dependent 

Synaptic component 
(EPSP) Increase Increase 

Granule cell output 
(Population spike) Decrease Increase 

Population spike 
latency Decrease Decrease 

Time course of EPSP 30 minutes Several hours to several weeks 

Presynaptic fiber volley No change No change 

Paired pulse facilitation No change No change 

*Short-term exploratory modulation is a change in hippocampal field potentials induced 
by exploration in awake, behaving rats. 
tLong-term synaptic enhancement is a durable increase in synaptic responses induced by 
high-frequency stimulation. 
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cell populations. In this case, the combined effects should equal the sum of the individual 

effects. The present investigation was conducted to determine which of these three 

possible modes of interaction occurs between STEM and LTE. 

Methods 

Adult, male, retired breeder, Fischer-344 rats (N = 7) were prepared for chronic 

evoked potential recording as described in the general methods. They were deprived of 

food and maintained at 80% of their full-feed body weight. They were fed daily at 

approximately 1600 hr and allowed free access to water. In this experiment, lights came 

on at 0600 hr and off at 1800 hr; thus, rats were tested during the light phase of their daily 

cycle. 

Each rat was tested individually over the course of three days. STEM data were 

collected on Days 1 and 3. L TE was generated on Day 2 (Table 5). All rats were well 

trained and were very familiar with the room prior to the experiment. STEM was 

generated in the same fashion as in EXPERIMENT 1 on Day 1. The same procedure was 

repeated on Day 3 of the experiment, except that a final high frequency stimulation 

session was given two hours prior to the start of the STEM recording session. Starting at 

0700 hrs on Day 2, the rat was removed from the colony room and quickly attached to the 

recording equipment as on Day 1. Thirty evoked responses were collected in which the 

first and last 10 involved low frequency stimulation (0.1 Hz per hemisphere). The middle 

10 responses involved high frequency bursts of 10 pulses at 400 Hz (bursts delivered at 

0.1 Hz). The rat was then returned to the colony room. High frequency sessions of this 

format were repeated every 2.5 hours for a total of six sessions on Day 2. 

The EPSP was measured in two different ways. First, it was measured the same way 

as described previously, as the voltage difference between one constant time cursor prior 

to the EPSP onset and the other at the midpoint between the EPSP onset and the 



Table 5. Procedure for STEM and LTE Direct Comparison 

Time Location Phase Event 

Da~ I; STEM 

700 hr* Home cage Habituation attached to recording equipment 

700hr Home cage Low Freq. 30 stimulus pulses at 0.1 Hz 

900hr Home cage Baseline started recording session 

1000 hr Triangle Exploration transferred to exploratory environment 

1030 hr Home cage Recovery returned to home cage 

1200 hr Home cage end of session, rat returned to colony room 

Da~ 2: LTE 

700hr Home cage High Freq.§ 10, 25 msec, stimulus bursts at 400 Hzt 

930 hr Home cage High Freq. 10, 25 msec, stimulus bursts at 400 Hz 

1200 hr Home cage High Freq. 10, 25 msec, stimulus bursts at 400 Hz 

1430 hr Home cage High Freq. 10, 25 msec, stimulus bursts at 400 Hz 

1700 hr Home cage High Freq. 10, 25 msec, stimulus bursts at 400 Hz 

1930 hr Home cage High Freq. 10, 25 msec, stimulus bursts at 400 Hz 

Da~ 3: STEM 

700 hr* Home cage Habituation attached to recording equipment 

700hr Home cage High Freq. 10 sweeps of 10 pulses at 400 Hz 

900 hr Home cage Baseline started recording session 

1000 hr Triangle Exploration transferred to exploratory environment 

1030 hr Home cage Recovery returned to home cage 

1200 hr Home cage end of session, rat returned to colony room 

*Rats were placed in the recording room with water available the evening prior to the 

recording session. §Ten sweeps of low frequency test pulses were collected before and 

after the 10 high frequency stimulation sweeps. t100 total stimuli 
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population spike onset. Additionally, in order to illustrate the different manner in which 

LTE and STEM affect the EPSP waveform, a second series of measurements was 

performed in which the maximum slope was computed between two cursors, one just 

following the EPSP onset and the other just prior to the population spike onset. The first 

measure captures both changes in EPSP onset as well as changes in slope. The second 

measure detects only slope changes. 

Results 

Behayior 

The exploratory behavior scores were summed in 5 min observations and averaged 

across all rats for the pre-and post-LTE experiments. The rats typically sat quietly in the 

home cage during the 60 min baseline and 90 min recovery periods. The rats explored 

approximately 50% of the time during the exploration phase of the experiment. In the 

remainder of the exploration phase, the rats either sat still, drank chocolate milk, or 

groomed. There was no difference (t(35) = -.08l,p > 0.93) in the total amount of 

exploratory behavior between the pre- and post-L'rE STEM sessions. 

The histogram in Figure 38 depicts the number of exploratory scores (responses 

scored as "I") within each 5 min period. The total number of exploratory scores possible 

in a 5 min period was 60, thus a mean score of 30 indicates that the rats spent 

approximately 50% of the time on the triangular platform engaged in exploratory 

behavior. 

STEM 

Exploration resulted in robust and reliable increases in EPSP amplitude and 

decreases in population spike area and population spike latency. The mean EPSP from 

all rats for both Pre- and Post-LTE STEM experiments was plotted as a function of time 

(Figure 39). The dashed lines correspond to the period in which the rat was exploring on 
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Figure 38. Quantity of Exploration during STEM 

The number of exploratory scores were summed over 5-min periods. The total number of exploratory 
scores possible in a 5-min period (l obervation every 5 seconds) was 60. Thus a mean score of 30 
indicates that the rats spent approximately 50% of the time on the triangular platform engaged in 
exploratory behavior. The amount of exploration before and after saturation ofLTE was not different. -\0 
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Figure 39. Mean EPSP Amplitude During STEM 

The mean EPSP from all rats for both pre- and post-LTE STEM sessions were plotted as a function of 
time. The shaded bar corresponds to the time spent exploring on the triangular platfonn. The EPSP 
amplitudes increased during the exploration period for both conditions. The increase in EPSP lasted 
for approximately 20-30 min following the cessation fo exploration. High-frequency stimulation 
resulted in 1m increased EPSP amplitude. This is evident by comparing the mean EPSP of both 
conditions during the baseline period. 
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the triangular platform. The EPSP amplitudes increased significantly during the 

exploration period both before (t(6) = -6.642, P < .001) and after (t(6) = -6.072, P < 

.001) high-frequency stimulation. The increase in EPSP lasted for approximately 20-30 

minutes following the cessation of exploration. 

There was a small decline during the baseline phase of each STEM session. This is 

most likely attributable to decay following exploratory behavior occuring prior to the 

commencement of evoked potential recording and behavior monitoring. 

LTE 

High-frequency stimulation resulted in increases in field EPSP and population spike 

area, and a decrease in population spike latency. One rat did not exhibit significant 

enhancement on either hemisphere and was not included in the final analysis. The EPSP 

increase following high-frequency stimulation is evident by comparing the mean EPSP of 

both conditions during the baseline phase (t(6) = -4.74, P < .002). The mean LTE-related 

EPSP change was 41.5%. Responses increased progressively with repeated stimulation 

on Day 2 to a near-asymptotic level. Some decline occurred between the last session on 

Day 2 and the first session on Day 3. The enhancement was reinstated by a final high·, 

frequency stimulus session (Day 3, 0700 hr) that occurred two hours before the initiation 

of data collection for the STEM experiment. 

LTE and STEM Interaction 

To assess the nature of the interaction between STEM and L TE, the difference 

between the pre-STEM EPSP baselines before and after LTE induction (Le., Day 3 

baseline minus Day 1 baseline using the first type of EPSP measurement) was compared 

to the corresponding difference at the peak of STEM induction. The mean differences 

were 0.907 ± 0.091 and 0.951 ± 0.166 for the baselines and the peak STEM data 

respectively. This 4.9% difference was not statistically significant (t(6)=-0.633, p > 0.5) 

using a paired t-test. 
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Effects of STEM and LTE on EPSP wayefonn 

STEM and LTE affected the shape of the EPSP differently. During LTE, there was a 

clear increase in EPSP slope. During STEM, however, most of the change was due to an 

apparent reduction in EPSP onset latency, with relatively little difference in EPSP slope 

(Figure 40). This is further illustrated by the fractional increases due to LTE and STEM 

when computed using the two different measurement methods. On the abscissa of Figure 

41 is the proportional increase in EPSP amplitude, when measured between a fixed point 

prior to its onset, and a fixed point on the rising phase. These values would be affected 

by either slope or latency changes. The corresponding maximum slope increments, 

measured between EPSP onset and population spike onset, are shown on the ordinate. 

The difference was assessed using a 2 factor repeated measures ANOV A with method of 

measurement and process as factors. There was a clear and statistically significant 

(F(1,12) = 4.983, p < 0.05) interaction between these two measures of STEM and LTE. 

Conclusions 

A significant increase in the field EPSP (46.3 %) occurred in conjunction with 

exploration, in each of the rats tested. This is consistent with the initial descriptions of 

STEM (Green et aI., 1990a; Green et aI., 1990b; Sharp et aI., 1989). Also, the magnitude 

ofLTE observed in this experiment (41 %) is comparable to other experiments on 

chronically-prepared rats in which similar stimulation parameters were used (Barnes, 

1979; Castro et aI., 1989; McNaughton et aI., 1986). 

In this experiment, induction of LTE did not significantly alter the absolute 

magnitude of change during STEM. This appears to rule out the possibility of 

complimentary mechanisms interacting in a multiplicative fashion. The interaction data 

cannot distinguish between the possibilities of complete independence (Le., separate 

effects on separate cells and/or synapses) and a common mechanism that is so far from 
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Figure 40. Wavefonn Changes During L TE and STEM 

LTE (A) and STEM (B) produced qualitatively different alterations in the field EPSP. In each of the hemispheres tested 
LTE-inducing high frequency stimulation resulted in an increased EPSP slope. In contrast, the predominate effect during 
STEM was a reduction in EPSP onset latency. Each trace is the mean ± S.E.M. of the responses before (pre) and after (post) 
treatment, respectively. Bars = 0.3 ms, 1.3 mY. 
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Figure 41. Comparison of STEM and LTE Wave Shape Changes 

In order to quantify the differences in wavefonn alterations in LTE and 
STEM, each waveform from seven hemispheres from four rats was 
subjected to two different analyses. In the first analysis, the maximun 
EPSP slope was computed before and after treatment. In the second 
analysis, the amplitude of the EPSP was measured at a fixed latency 
following stimulus onset. The relationship between these two measures 
is indicated in the graph for LTE ( .. ) and STEM (0). It is clear from 
the distribution of points that there was far less EPSP slope change 
during STEM than LTE, whereas during LTE both types of 
measurements revealed increases. 
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asymptote as to make the difference between the combined effects and their linear sum 

undetectable. Evidence against the latter conclusion derives from the different manners 

in which L TE and STEM affect the field EPSPs; indeed, the combination of effects 

involving primarily a slope change (L TE) and primarily a latency shift (STEM) should 

lead to a mUltiplicative interaction if they occurred at the same synapses. This appears to 

indicate that the two effects are in fact operating at different synapses. In support of this 

conclusion is the observation of Green et al. (1990) that, during intense locomotion, there 

is a transient reduction in the amplitude of the field EPSP, which recovers essentially 

instantaneously on cessation of locomotion. The reduction is linearly related to the 

STEM-induced component of the EPSP, and not to the overall EPSP magnitude, 

suggesting that the baseline and STEM components are independent. A slope change 

would indicate a larger EPSP whereas a change in onset may indicate a faster, but not 

larger EPSP. 

The results from this experiment suggest that STEM and LTE do not share a 

common mechanism. Therefore, it is not likely that STEM reflects behaviorally-induced 

LTE. The orthogonal actions of these phenomena could mean that either STEM is 

important for memory, whereas LTE is not, or vice versa. It could also mean that both 

are important for memory, but in different ways. For example, STEM could playa 

modulatory, rather than information specific role in memory formation. However, it is 

not possible, from these data, to predict how, or if, STEM is important for memory 

storage. The slope change in the EPSP component of the waveform following LTE

inducing stimulation reflects the fact that L TE is due to synaptic strengthening. During 

STEM, the EPSP changes are primarily due to a leftward shift of the waveform. Two 

possible explanations could account for this leftward shift: 1) a new population of 

synapses being incorporated into the response; 2) reduction in synaptic delay indicating 

that the same synapses are faster, not stronger. Similar decreases in synaptic delay have 
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been observed associated with increased temperature at the frog neuromuscular junction 

(Katz & Miledi, 1965a). The lack of occlusion between STEM and LTE, combined with 

the differences in wavefonn alterations, is consistent with the possibility that STEM is 

due to brain temperature changes. 
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EXPERIMENT 3: PHARMACOLOGICAL COMPARISON OF STEM AND LTE 

Although the previous experiment suggested that STEM and LTE may not coexist at 

the same synapses simultaneously, it is possible that they share a common induction 

mechanism. An indirect way to assess whether LTE and STEM are similar processes is 

to show that they can be blocked by the same pharmacological agents. NMDA receptor 

involvement has been shown to regulate both the induction of long-term synaptic 

enhancement (LTE/L TP) and the formation of new memories. 

The ion channel associated with the NMDA receptor is normally blocked by 

magnesium and therefore, not active during nomlal synaptic transmission (see Figure 11). 

Depolarization of the cell membrane results in a release of the Mg2+ blockade allowing 

subsequent transmitter to activate the NMDA receptor. Thus, NMDA receptor activation 

is dependent on two events occurring simultaneously, the binding of the neurotransmitter, 

glutamate to the receptor and depolarization of the postsynaptic membrane (CoIlingridge 

& Singer, 1991). NMDA receptor activation allows the influx of Ca2+ into the cell and 

intracellular Ca2+ appears to be the critical event in induction of LTE. The NMDA 

receptor/ion channel can be blocked by both competitive and non-competitive 

antagonists. The competitive antagonists, NPC 12626 (2-amino-4,5-(1 ,2-cyclohexyl)-7-

phosphonoheptanoic acid) and AP5 (2-amino-5-phosphonopentanoic acid), block NMDA 

receptor activation by binding directly to the receptor site, thus preventing channel 

opening (Evans, Francis, Jones, Smith, & Watkins, 1982; Ferkany, Kyle, Willets, 

Rzeszotarski, Guzewska, Ellenberger, et aI., 1989). The noncompetitive antagonist, MK-

801 (5-methyl-1O,11-dihydro-5H-dibenzo[a,d]cyclohepten-5, lO-imine), binds and 

unbinds channels only when the receptor is activated by NMDA agonists (Huettner & 

Bean, 1988). The use dependence of MK-80 1 may, however, differ in vivo vs. in vitro 

preparations (Davies, Martin, Millar, Aram, Church, & Lodge, 1988). 
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The aim of these experiments was to identify the neurochemical mechanism 

underlying the induction of STEM. Because the NMDA receptor is involved in the 

induction of LTE, not the maintenance, the drug injections were given prior to the 

exploration phase of the recording session. Blockade of STEM by NMDA receptor 

antagonism could potentially identify the mechanism underlying the physiological 

changes observed during exploration and a common link of STEM to LTE and spatial 

learning. In order to assess the possibility that activation of the NMDA receptor is 

involved in induction of STEM, three different NMDA receptor antagonists were injected 

either peripherally or centrally prior to STEM induction. 

Methods 

These experiments involved recording hippocampal evoked responses from awake, 

freely behaving rats as described in the General Methods, except for the STEM procedure 

which was altered slightly to allow for the drug injections. 

STEM Procedure 

In the STEM and NMDA receptor antagonist experiments, rats were placed in the 

recording room the evening prior to the STEM recording session. After 30 minutes of 

baseline data collection, drug injections were given either peripherally or centrally. Sixty 

minutes following the drug injection, the rat was removed from the home cage and 

transferred to the triangle for twenty minutes of exploration. The rat was returned to the 

home cage following the exploration phase for the remainder of the 180 minute session 

(Table 6). 

Statistical Analysis 

A repeated measures design was used in each of these experiments. Each rat 

received each level of each drug treatment. Paired t-tests were used to compare the 

effects of drug treatments on the fractional change in evoked responses following either 
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Table 6. Procedure for Drui Injection Recordini Sessions 

Time Location Phase Event 

700 hr* Home cage Habituation attached to recording equipment 

900 hr Home cage Baseline started recording session 

930hr Triangle lnection§ injected with drug, then placed back in cage 

1030 hr Triangle Exploration transfered to exploratory environment 

1050 hr Home cage Recovery returned to home cage 

1200 hr Home cage end of session, rat returned to colony room 

*Rats were placed in the recording room with water available the evening prior to the 

recording session. §Injections were done as quickly as possbile so that the rats were 

minimally disturbed during the post-injection baseline. 
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exploration or high-frequency stimulation. The fractional change for each 

electrophysiological measure was computed as the a fractional change using the 

following formula: 

Fractional Change = (Exploration - Baseline)/(Baseline) 

"Baseline" and "Exploration" indicate 60 response averages from the stable portion of 

each phase. 

EXPERIMENT 3A: MK-801 and STEM 
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The first experiment reported here examined the effects of the non-competitive, 

NMDA-receptor antagonist, MK-801, on the synaptic changes that occur in conjunction 

with exploration in rats (STEM). This antagonist has been shown to block L TE 

(Abraham & Mason, 1988) and to impair learning of spatial memory tasks (Robinson et 

aI., 1989; Shapiro & Caramanos, 1990; Shapiro & O'Connor, 1992). 

Drug Administration 

Five 14 month-old rats (9 hemispheres) were injected peripherally with one of three 

levels with MK-801 prior to the exploration phase (0, 0.08, 0.30 mglkg). Each rat served 

as its own control and order of drug-dose presentation was randomized. MK-801 crosses 

the blood brain barrier, and therefore, can be administered via i.p. injections. The three 

levels of drug treatment used in EXPERIMENT 3A were prepared by mixing MK-801 

with 0.9% saline; a high dose (0.3 mg MK-801/kg rat), a low dose (0.08 mg/kg), and a 

vehicle injection. MK-801 was graciously donated by Merck, Sharp, & Doehme 

(Westpoint, PA). 

Procedure 

Rats were tested individually with a week interval between test sessions. Test 

sessions were conducted as described in Table 6. The i.p. injection of MK-801 was 
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completed as quickly and smoothly as possible so that the rat was minimally disturbed. 

Exploratory behavior was reinforced by placing chocolate milk in the food cups. 

Results 

Representative data from one rat injected with saline or 0.30 mg/kg MK-801 can be 

seen in Figure 42. MK-80l blocks the increase in EPSP amplitude normally observed in 

conjunction with exploratory behavior. The injection was given 30 minutes after the start 

of the experiment and the exploration phase began 60 minutes after the injection. 

Following the vehicle injection there was normal EPSP growth during the Exploration 

phase, but no corresponding growth in during the Exploration phase following injection 

of 0.30 mg/kg MK-801. There was a slight increase in EPSP following the injection in 

the MK-801 condition due to brief post-injection exploration before the drug became 

effective. 

The corresponding behavioral data are presented in Figure 43. In both conditions, 

the rat typically sat quietly during the baseline period and explored briefly following the 

injection. Following saline injection, there was normal exploratory behavior during the 

exploration phase. Injection of MK-801, however, resulted in increased exploration in 

most of the rats tested. In this particular example, the rat was extremely hyperactive. 

The behavioral responses to high doses of MK-801 varied dramatically from rat to rat. In 

some rats there were no visible side effects, whereas in other rats the side-effects were 

severe, including hyperlocomotion, ataxia, and head swinging. 

MK-801 resulted in a clear and consistent reduction in the magnitude of the EPSP 

changes (Figure 44), but not the population spike changes induced by exploration. There 

was a dose dependent effect of MK-801 on STEM, however, only the high dose (0.30 

mg/kg) was significant (t(8) = 2.9, p < .01). Summary data are presented in Figure 45. 
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Figure 42. Example of the Effects of MK-801 on STEM 

Sample EPSP data from one rat injected with either saline (A) or 0.03 mg/kg (B) 
indicates that MK-801 blocks the increase in EPSP amplitude that is normally 
observed to be associated with exploratory behavior. The injection ( ----. ) was 
given 30 minutes after the start of the recording session and the exploration phase 
( ~) occurred one hour after the injection. 
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Figure 43. Exploratory Behavior Following Vehicle or MK-801 Injection 

In the vehicle injection condition, there was a small amount of exploratory 
behavior following the injection and the rat explored approximately 50% of the 
time during the Exploration phase on the triangular platform (A). Following the 
MK-801 injection (0.30 mg/kg) the rat explored constantly for the duration of the 
experiment (B). 



Figure 44. Ayerages from All Hemispheres for Each Leyel of MK-801 

Normal STEM is seen during exploration (c::::J) following vehicle 
injections (A), but is attenuated following 0.08 mg/kg (B) and 0.30 
mg/kg doses of MK -801. Arrow indicates drug injection (--.). 
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Figure 45. Mean Fractional Change Following MK-801 Injection 

The fractional change was calculated based on the average of 50 evoked 
responses during the baseline and exploration phases. MK-801 blocked the 
changes in the EPSP component of the evoked response in a dose-dependent 
fashion, but not the corresponding population spike decreases. 
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Summary of Results 

Whether MK-801 acts directly on the STEM induction mechanism, or indirectly by 

altering the neural activity that leads to the activation of the induction mechanism, 

remains to be determinedlO• The blockade of the EPSP component of STEM by MK-801 

is consistent with a recent report from another laboratory (Croll et aI., 1992). 

EXPERIMENT 3B: MK-801 and LTE 

The purpose of this experiment was to confirm the finding that MK-801 blocks the 

induction of LTE in awake, behaving rats. Four of the rats from the previous experiment 

were tested individually in this experiment. Each of the eight hemispheres tested served 

as its own control in this repeated measures design. The dose that consistently blocked 

STEM was used to verify that MK-801, at this dose, also blocks L TE in these same rats. 

Procedure 

Each rat was brought from the colony room individually and attached to the 

recording equipment. Ten baseline evoked potentials were collected at 0.1 Hz per 

hemisphere, alternating hemispheres. After baseline data were collected, 10 high

frequency stimulation bursts (25 msec at 400 Hz) were delivered. This was followed by 

an additional 10 stimuli at low-frequency (0.1 Hz). EEG was monitored throughout the 

recording session. There was no evidence of seizure activity in any of the eight 

hemispheres. The rat was returned to the colony room following this recording session. 

Each rat was then brought back to the recording room after 2.5 hrs and 30 low-frequency 

stimulation evoked responses were collected. The average of 10 evoked responses from 

just before the high frequency stimulation was compared to the average of 10 responses 

lOyhe main caveat to mise at this point is that MK-801 apparently also affects brain temperature. The 
impact of this fact on the overall interpretation of these data will be elaborated in the Conclusions section. 



2.5 hrs later. In the drug condition, the rats were injected with 0.3 mg/kg MK-801 Lp. 

one hour prior to the recording session. 

Results 
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Paired comparisons revealed normal enhancement of the EPSP during the control 

session (t(7) = -5.5, p < .001), but not following MK-801 injection (t(7) = 1.0, p > .05). 

MK-801 did not have an effect on the population spike growth. Significant growth of the 

population spike area was observed following both control (t(7) = -3.7, p < .01) and MK-

801 (t(7) = -7.5,p < .01) injections. 

Paired comparisons of the fractional change are depicted in Figure 46.' EPSP growth 

was blocked by MK-801 (t(7) = 2.8, p < .05), but the increase in population spike area 

was not significantly different between the two treatments (t(7) = -1.0, p > .05). 

Summary of Results 

In this experiment, MK-801 blocked the stimulation induced increases in the EPSP 

component of the evoked response, but not the population spike area. This finding is 

consistent with findings that MK-801 blocks LTE in anesthetized rats (Abraham & 

Mason, 1988), 

EXPERIMENT 3C: NPC 12626 and STEM 

In this experiment a different NMDA receptor antagonist was used to avoid the 

behavioral side effects of MK-801 and because there are differences in the behavioral 

profiles between competitive (NPC 12626) and noncompetitive (MK-801) antagonists 

(Willetts & Balster, 1989). 

The competitive NMDA-receptor antagonist, NPC 12626, was injected peIipheraIly 

prior to the exploration phase. NPC 12626 crosses the blood-brain barrier (Ferkany et aI., 

1989). The dose used in this experiment (25 mglkg) is comparable to that shown to block 

LTE in rats and learning in mice (Walker & Gold, 1991). This dose was suggested by 
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Figure 46. Effects of MK-801 on Induction ofLTE 

Injections of MK-801 (.) significantly reduced the magnitude of 
EPSP (A) growth (*p < .05) compared to controls (D), but did not 
aIter the amount of population spike (B) growth following high 
frequency stimulation. The fractional change was computed from 
the 10 evoked potential responses preceding high frequency 
stimulation (baseline) and 10 responses collected 2.5 hours following 
presentation of high frequency stimulation (400 Hz). 
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John Ferkany (personal communication) because it was shown to block delayed 

matching-to-sample task, but did not result in obvious behavioral side effects. Doses 

greater than 10 mg/kg were shown to disrupt paradoxical sleep in rats (Stone, Walker, & 

Gold, 1992). A 25 mg/kg dose was made by dissolving 100 mg of NPC 12626 in 4 ml of 

isotonic saline. The final pH of the solution was adjusted by adding dilute sodium 

hydroxide (NaOH). NPC 12626 was graciously supplied by Nova Pharmaceutical 

Corporation (Baltimore, MD). 

Procedure 

Six rats (three young and three old from the EXPERIMENT 1) were tested in this 

experiment. The procedure was essentially the same as in EXPERIMENT 3A, except 

that the rats were injected with NPC 12626 instead of MK-801 and they were tested in 

young/old pairs. EXPERIMENT 1 demonstrated an age effect on STEM magnitude, 

however, since each rat served as its own control in the present experiment, this factor 

was not included in the analysis. 

The stimulus intensity for all hemispheres was set at 500 f.lA and the stimulus pulse 

width was 100 f.ls/half cycle. Evoked potentials were sampled at 10 kHz instead of 20 

kHz. 

Paired t-tests were used to assess differences in this repeated measures design. For 

each rat a 60 evoked potential average was taken just before the injection, just after the 

exploration phase, and at the end of the three hour experiment. The averages from each 

hemisphere were compared under both conditions during each phase. 

Results 

NPC-12626 had no effect on either baseline or exploration-induced changes in 

evoked potentials. Furthermore there were no differences between drug or saline 

injections during baseline, exploration, or recovery in either the EPSP amplitude or 

popUlation spike area (Figure 47). Nor was there a difference between the fractional 
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Figure 47. NPC-t2626 fails to block STEM 

Sixty evoked-potentials were averaged for each phase of 
the experiment: baseline, exploration, & recovery (N=6). 
There was no difference between the vehicle and 
NPC-12626 injections for either the EPSP (A) or the 
population spike area (B) during any of the three phases. 
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Figure 48. NPC-12626 Effects on Fractional Change and Exploratory Behavior 

A) There was no difference in the average fractional change from six rats in 
the exploration phase compared to the baseline phase between the vehicle 
and NPC-12626 injections. B) The total number of exploratory scores 
during the exploration phase were averaged for all six rats. The reduction in 
exploration following NPC-12626 injecions was not statistically significant. 
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change of the EPSP (t(ll) = 1.06, p > .05) or the population spike (t(10)=1.19, p > .05) as 

can be seen in Figure 48A. The fractional change was computed as described above. 

There was a trend toward reduced exploration following NPC 12626 injections 

compared to controls (Figure 48B), however, the amount of exploratory behavior did not 

differ statistically (t(5)= 1.5, p > .05). 

Summary of Results 

In this experiment, the competitive antagonist, NPC 12626, did not attenuate the 

exploration-induced increases in the EPSP or decreases in the popUlation spike. The 

results of this experiment are inconsistent with the results from EXPERIMENT 3A and 

will be discussed below. 

EXPERIMENT 3D: AP-5 and STEM 

The site of drug action is of particular interest to this research problem. A major 

problem with previous experiments is that the pharmacological agents injected also 

resulted in behavioral side effects. Furthermore, the locus of drug action cannot be 

determined from peripheral injections. In addition to the NMDA receptors in the 

hippocampus, there are numerous NMDA receptors in layer II of the cortex and in the 

spinal cord. It crucial to assess whether the NMDA receptors in the hippocampus are 

involved in induction of STEM. 

Pharmacological agents were applied directly onto the synapses in question 

(molecular layer of the fascia dentata), via a cannula injection, in the final experiment of 

this chapter. This was done to avoid the behavioral side effects associated with 

peripheral injections (perhaps due to antagonism of NMDA receptors in other parts of the 

CNS) and to potentially reconcile the conflicting results of EXPERIMENTS 3A & 3C. 



Drug infusions of D,L-AP5 (2 III of 50 mM) directly into the hippocampus block 

LTE and impair learning in the Morris swim task (Morris et al., 1989). Similar 

techniques were used in this experiment. 

Procedure 
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The same basic protocol was used in this experiment as in the previous drug

injection experiments, with the exception that seven rats were implanted with cannulae 

along side of the recording electrode on both hemispheres (Figure 49), and that rats were 

tested individually, instead of in pairs. A CMA/100 microinjection pump and 10 III glass 

Hamilton syringe were used to inject either 1 or 2 III of drug at very slow rates (0.1 

Ill/min) directly into the hippocampus via polyethylene tubing (PE20). A 33g injection 

needle was inserted directly into the guide cannula. 

Following overnight habituation in the recording room, the rat was attached to the 

recording equipment. After 30 minutes of baseline data were collected, the stylet was 

removed, and the injection needle was placed into the cannula. The rat was allowed to 

habituate an additional 30 minutes before drug infusion commenced. The injection 

needle was left in place for 2 minutes after the end of the drug injection to prevent drug 

from moving back up the cannula. The exploratory period followed the removal of the 

injection needle. 

There were five main treatments in this experiment: AP-5 injection into the 

hippocampus prior to exploration; AP-5 injection into the hippocampus followed by no 

exploration; ACSF (artificial cerebral spinal fluid) injected directly into the hippocampus; 

no injection STEM control; and application of CNQX to demonstrate blockade of 

response. Order of treatment was randomly presented. 

Seizure activity was identified by careful monitoring of EEG. There was potential 

for seizures at several different points during the procedure, including removal of the 

stylet, insertion of the injection needle, infusion of drug, and replacement of the stylet. 
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Figure 49. APV Local Injections 

Local injections in the hippocampus were accomplished by attaching a piece of 
27g cannula tubing to the same type of recording electrode used in other 
experiments. Cannulae and the electrodes were chronically implanted in the rats' 
brains. During the experiment the stylet was removed from the cannula and a 33g 
injection needle was inserted into the cannula (A). In some hemispheres, the 
recording electrode was placed in the hilus (B) of the fascia dentata and in others, 
the recording electrode was placed in the dendritic layer (C). 
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Results 

verification of drug injection. Thirty minutes prior to sacrifice, fast green dye was 

infused into the cannula. The majority of the dye remained localized to area CA 1 and the 

fascia dentata; however, light traces of dye spread as far as 3 mm from the point of 

injection. 

CNOX. CNQX is an AMPA receptor antagonist. Bath application of CNQX 

diminishes the normal synaptic responses in vitro (Figure 50). In this experiment, only 

those responses recorded from the dendritic layer of the fascia dentata were blocked by 

CNQX application in vivo. Since hilar responses are generated by both upper and lower 

blades of the fascia dentata, drug application may not reach the synapses generating the 

response (Figure 51). 

AP-5. Rats were eliminated from the final analysis if they failed to meet the any of 

the following criteria: 1) Histology revealed damage in addition to electrode and 

cannulae tracts. 2) Seizures occurred at any time during the data collection process. 3) 

Application of CNQX failed to abolish the perforant path evoked response. Data from 

four rats met all criteria. 

Normal STEM was observed in each hemisphere tested, regardless of the dose of 

AP-5 (Figure 52). There was no difference between the injections of AP-5 or ACSF in 

magnitude of EPSP change. In some cases the response was diminished following drug 

injection (Figure 53). Even in these experiments, the EPSP increased with exploration. 

There was no increase following injections during the no-exploration control condition. 

Summary of Results 

The general finding in this experiment was that AP-5 did not block the induction of 

STEM even at high doses. The same doses, administered in a similar fashion did block 

long-term enhancement (Morris et al., 1989). The major difference in procedure between 

the Morris et al. (1989) experiment and the present experiment is the rate of drug infusion 
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Figure 50. Bath Ap-plication of CNOX onto Hippocampal Slices 

CNQX applied to the hippocampal slices in vitro abolished the 
perforant-path EPSP, but did not alter the presynaptic fiber 
potential (This experiment was conducted in collaboration with 
Geeta Rao), 
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Fi gure 51. CNOX Applied to the Hippocampus of an A wake Rat 

Hilar and dendritic responses recorded in the left (A) and right (B) hemispheres, 
respectively, from one rat. Baseline data were collected for one hour, then 
injection needles were inserted and post-insertion baseline data were collected 
for an additional 30 minutes prior to CNQX injection. Both hemispheres were 
injected simultaneously. A) CNQX injected directly into the hippocampus had 
minimal effect on hilar responses. B) CNQX abolished the dendritic response, 
leaving only a small positive response. The remaining positive response may be 
due to either volume conduction from other parts of the brain or the NMDA 
component of the response. The demonstration that CNQX did not block 
responses recorded in the hilus is the basis for using dendritic ally recorded 
responses for direct application of APV in the hippocampus. 
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Intrnhippocampal injections of either ACSF (A) or AP5 (B) from the right 
hemisphere of rat in the previous figure. The open arrow indicates the point at which 
the injection needle was inserted and the closed arrow indicates start of drug injection. 
The exploration phase is indicated by the shaded bar ( fmfillJB ). 
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In this example, the AP5 injection resulted in a transient suppression 

110 

of the synaptic response. This suppression occured after both drug and 
vehicle injecitons and typically recovered within 30 minutes. The post
injection EPSP amplitude was as large as would be expected for the 
given behavior condition. 
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(0.9 J..LI/min). A slower rate (0.1 J..Ll/min) was used in the present experiment to prevent 

seizures and reduce the post-injection response attenuation. It is unlikely that the 

difference in rate of infusion could explain the failure to block STEM. 
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A number of technical difficulties were encountered in this experiment. Most 

troublesome was the frequent seizure activity at each stage of the experiment. The 

seizures were kept to a minimum by careful monitoring of the pH of the solution and by 

very slow drug administration. Another difficulty was the suppression of responses 

following injections, even in the absence of seizures. Morris et al. (1989b) also reported 

this problem. Response suppression made acquiring stable baseline and treatment 

comparisons difficult. 

One criticism of this approach is that the drug may not be reaching the relevant 

synapses. There are two reasons to believe that the AP-5 is reaching the receptors on the 

dendritic branches of the granule cells. First, CNQX blocked the normal, fast synaptic 

response recorded in the molecular layer of the fascia dentata. Second, dye injected just 

prior to sacrifice, with the same procedure used to inject AP-5, was concentrated 

primarily in the hippocampus. Thus, although it is possible that the failure to block 

STEM with AP-5 injections is due to technical issues such as this one, rather than lack of 

NMDA receptor involvement, the most plausible conclusion is that the NMDA receptor 

is not directly involved. 

Conclusions 

At first glance, the results from these experiments are somewhat difficult to interpret. 

MK-801 clearly blocks the EPSP changes during STEM; however, neither of the two 

competitive antagonists had any detectable effect on STEM. When the results from 

EXPERIMENT 3A & 3B are combined with the results from EXPERIMENTS 3C & 3D, 

however, it seems more likely that STEM is not dependent on the NMDA receptor. 
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The results from EXPERIMENTS 3A and 3B are consistent with the possibility that 

LTE and STEM may share a common mode of induction. MK-801 blocks induction of 

the EPSP changes during LTE in awake behaving rats at the same dose level that blocked 

induction of EPSP growth during STEM. Croll et al. (1992) also reported that 0.10 

mglkg MK-801 blocked the population spike effect when the drug doses were 

administered in descending, but not ascending order. These seemingly confusing results 

from the Croll et al. study are most likely explained by the lack of baseline 

electrophysiological data prior to, or following, the peripheral injection. Since the 

population spike changes are longer lasting than the EPSP changes it is likely that the 

population spike suppression occurred prior to the recording session due to post-injection 

activity. 

Failure to block STEM with competitive antagonists suggests that one of the 

nonspecific effects of MK-801 is most likely responsible for the attenuation of the EPSP 

changes during STEM rather than its involvement with the NMDA receptor. One 

possible explanation for blockade of EPSP growth following injection of MK-801 is that 

the differences in amount of exploratory behavior caused the differences in EPSP growth. 

This explanation is unlikely because if MK-801 had any quantitative or qualitative effects 

on behavior, it was to increase the amount of locomotion the rats engaged in. There was 

an increase in locomotion as a result of the high dose of MK-80 I; however, it is not likely 

that this behavioral side effect is responsible for the blockade of STEM because one 

would expect more growth rather than a blockade with increased exploration. Normal 

behavior is disrupted by MK-801, and behavioral state can influence induction ofLTE 

(Bramham & Srebro, 1989; Jones Leonard et aI., 1987). Regardless, the behavioral side 

effects of this drug are troublesome when studying a change in evoked potentials based 

on the very behavior altered by the drug administration. Other researchers have also 

observed behavioral side effects, such as ataxia, head sways, and increased locomotion at 
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0.3 and 0.4 mg/kg doses, but not at 0.1 and 0.2 mg/kg (Butelman, 1989). Furthermore, 

MK-801 influences neuromodulators as well as NMDA receptor channels (LUscher & 

Honack, 1992). If changes in evoked responses during exploration were due to 

modulatory influences, then MK-801 may also be expected to alter the magnitude of 

STEM. MK-801 behaves somewhat differently in vivo than it does ill vitro; for example, 

it did not exhibit use-dependent antagonism in vivo, but did exhibit use-dependent 

recovery (Davies et aI., 1988) NMDA-receptor antagonist impairments in learning are 

reversed by non-NMDA treatments suggesting that there might be interactions between 

NMDA receptors and cholinergic systems (Walker & Gold, 1992). 

The most likely reason for blockade of the EPSP component of STEM is that MK-

801 has other effects in addition to selective antagonism of the NMDA receptor and the 

behavioral effects mentioned above. For example, MK-801 renders post-ischemic gerbils 

hypothermic (Buchan & Pulsinelli, 1990). Thus, the most likely reason for the 

conflicting findings reported here is that MK-801 blocks STEM, not by blockade of the 

NMDA receptor, but by its hypothermic effect (Buchan & Pulsinelli, 1990; Corbett, 

Evans, Thomas, Wang, & Jonas, 1990). Recently, very compelling data have been 

presented implicating temperature change as responsible for the alterations observed in 

evoked potentials during exploration (Moser et aI., 1993a). The final two experiments in 

this dissertation address this possibility. 
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EXPERIMENT 4: TEMPERATURE-INDUCED CHANGES IN EVOKED 

POTENTIALS 
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Changes in evoked potentials during exploration have recently been linked to 

exploration-induced increases in brain temperature (Moser et aI., 1993a). Brain 

temperature recorded in the hippocampus can change as much as 2 ·C during a vigorous 

bout of exploration (Moser et aI., 1993a) or during a discrimination leaming task (Ahlers, 

Thomas, & Berkey, 1991). The evoked potential alterations referred to as STEM are 

highly correlated with these brain temperature changes (Moser et aI., 1993a). 

Furthennore, passive warming of the body results in brain temperature increases and 

STEM-like changes in the evoked responses which occlude further exploration-induced 

changes. Reductions in brain temperature during swimming in cold water result in 

changes opposite to those observed during exploration or wamling (decreased EPSP and 

increased popUlation spike). In the Moser, et ai. (1993) experiments, temperature 

accounted for at least 50% of the variance in evoked responses in chronically-prepared, 

awake rats. 

What are the physiological effects of temperature change? Temperature 

differentially affects several components of neural activity. Temperature changes alter 

the rate of synaptic transmission. They also influence the size and shape of the individual 

action potentials. The differential effects of temperature on various components of the 

response can be compared with temperature coefficient, a measure that provides an 

estimate of the magnitude of change within a given temperature change (Table 7). In 

order to make comparisons to previous studies, temperature coefficients were created 

with the following equation: QlO = (Xt/X2)1O/(f1-T2). 

Duration of synaptic delay is negatively correlated with temperature fluctuations. 

There is a brief delay between the activation of a presynaptic neuron and the response of 

the postsynaptic neuron. At the neuromuscular junction this delay is due to a time lag 
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Table 7; Temperature Coeffients of Physiological Responses 

Component DC QlOa Species Source 

Peak INa+ 0-10 1.9 rat (sciatic nerve) Schwarz (1986) 
10-20 1.3 rat (sciatic nerve) Schwarz (1986) 
20-30 1.1 rat (sciatic nerve) Schwarz (1986) 
20-40 1.1 rat (sciatic nerve) Schwarz (1986) 

Na+ activation 0-10 3.7 rat (sciatic nerve) Schwarz (1986) 
(time-to-peak) 10-20 2.7 rat (sciatic nerve) Schwarz (1986) 

20-30 2.3 rat (sciatic nerve) Schwarz (1986) 
30-40 1.8 rat (sciatic nerve) Schwarz (1986) 

Fast inactivation 0-10 3.7 rat (sciatic nerve) Schwarz (1986) 
Na+ (th1) 10-20 2.6 rat (sciatic nerve) Schwarz (1986) 

20-30 2.4 rat (sciatic nerve) Schwarz (1986) 
30-40 2.1 rat (sciatic nerve) Schwarz (1986) 

Slow inactivation 0-10 2.9 rat (sciatic nerve) Schwarz (1986) 
Na+ (th2) 10-20 2.7 rat (sciatic nerve) Schwarz (1986) 

20-30 2.3 rat (sciatic nerve) Schwarz (1986) 
30-40 2.0 rat (sciatic nerve) Schwarz (1986) 

PNa+/PK+ ratio 3-18 1.9 mollusc (G cell) Gorman & Marmor (1970) 

Input resistance 27-37 0.6 rat (CAl) Thompson et al. (1985) 

Membrane 27-37 1.1 rat (CAl) Thompson et aI. (1985) 
potential at rest 35-40 1.8 rabbit (CAl) Shen & Schwartzkroin (1988) 

5-15 1.0 squid (giant axon) Hodgkin & Katz (1949) 
15-25 1.0 squid (giant axon) Hodgkin & Katz (1949) 
25-35 0.8 squid (giant axon) Hodgkin & Katz (1949) 

Action potential 0-10 3.7 rat (sciatic nerve) Schwarz (1986) 
duration 10-20 2.7 rat (sciatic nerve) Schwarz (1986) 

20-30 2.2 rat (sciatic nerve) Schwarz (1986) 
30-40 2.2 rat (sciatic nerve) Schwarz (1986) 
27-37 0.5 rat (CAl) Thompson et al. (1985) 

AP amplitude 27-37 1.0 rat (CAl) Thompson et al. (1985) 
32-37 0.8 rat (CAl) Thompson et al. (1985) 
5-15 0.9 squid (giant axon) Hodgkin & Katz (1949) 
15-25 0.9 squid (giant axon) Hodgkin & Katz (1949) 
25-35 0.6 squid (giant axon) Hodgkin & Katz (1949) 



Table 7. Continued 

Component DC QlOa Species 

APrise 27-37 1.5 
31-37 1.3 
5-10 2.7 
10-20 2.1 
20-30 1.5 

AP fall 27-37 2.4 
31-37 2.2 
5-10 5.3 
10-20 3.3 
20-30 2.1 

AHP decrease 

Synaptic delay 9-19 3.1 

Cond. velocity 9-19 1.5-2 
1-10 2.2 
10-20 1.7 
20-30 1.4 

Pop. spike 29-33 0.05 

fEPSP 29-33 4.4 

aQlO = (XtIX2)1O/(Tl-T2). 
AP = action potential 
AHP = afterhyperpolarization 
NMJ = neuromuscular junction . 

rat (CAl) 
rat (CAl) 
squid (giant axon) 
squid (giant axon) 
squid (giant axon) 

rat (CAl) 
rat (CAl) 
squid (giant axon) 
squid (giant axon) 
squid (giant axon) 

rat (CAl) 

frog (NMJ) 

frog (NMJ) 
squid (giant axon) 
squid (giant axon) 
squid (giant axon) 

rat (CAl) 

rat (CAl) 
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Source 

Thompson et a1. (1985) 
Thompson et a1. (1985) 
Hodgkin & Katz (1949) 
Hodgkin & Katz (1949) 
Hodgkin & Katz (1949) 

Thompson et a1. (1985) 
Thompson et a1. (1985) 
Hodgkin & Katz (1949) 
Hodgkin & Katz (1949) 
Hodgkin & Katz (1949) 

Thompson et a1. (1985) 

Katz & Miledi (1965) 

Katz & Miledi (1965) 
Chapman (1967) 
Chapman (1967) 
Chapman (1967) 

Schiff & Somjen (1985) 

Schiff & Somjen (1985) 
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between the depolarization of the presynaptic terminal and release of neurotransmitter 

(Katz, 1966; Katz & Miledi, 1965b). This process is dependent on the availability of 

calcium (Dodge & Rahamimoff, 1967; Miledi, 1973) and is highly sensitive to changes in 

temperature (Katz & Miledi, 1965a). Temperature-induced alterations in synaptic delay 

at neuromuscular synapses can not be accounted for by changes in conduction velocity or 

diffusion of transmitter in the extracellular space (Katz & Miledi, 1965a). Quantal 

analysis verified that rate, not size of either spontaneous or evoked end plate potentials 

were altered by temperature (Van der Kloot & Cohen, 1984). 

Small increases in EPSP amplitude, most likely due to membrane hyperpolarization, 

are also observed in combination with the left shift of the EPSP in the rodent 

hippocampus. In area CA 1, raising the temperature from 29 to 33 or 37°C increased the 

slope of focal-excitatory postsynaptic potentials (Schiff & Somjen, 1985). EPSP slope 

increases can be explained by slight hyperpolarization associated with increasing 

temperature. This hyperpolarization is possibly due to the effects of temperature on the 

Na+/K+ pump (Schiff & Somjen, 1985). In the squid giant axon, the resting potential did 

not change much from 3 to 20°C, but at higher temperatures (35°C) the resting potential 

dropped 10-15 mV (Hodgkin & Katz, 1949). Intracellularrecordings from CAl 

pyramidal cells revealed that some, but not all of the cells became more hyperpolarized 

during warming (Shen & Schwartzkroin, 1988; Thompson, Masukawa, & Prince, 1985). 

Membrane hyperpolarization is accompanied by a decrease in membrane resistance (Shen 

& Schwartzkroin, 1988; Thompson et aI., 1985). I/V relationships remain linear, but 

there is a greater voltage change for a given amount of current at lower temperatures (the 

difference is most dramatic at non physiological temperatures, i.e., less than 35°C). The 

membrane hyperpolarization would lead to a larger EPSP, whereas decreased input 

resistance would result in a smaller EPSP; thus the net effect would be counterbalanced to 

some extent by these two factors. 
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The size and shape of action potentials are also affected by changes in temperature. 

The shape of the action potential in the squid giant axon changes with temperature. The 

alterations in the spike shape are due to differential effects on the permeability of ionic 

species. The Na+/K+ permeability ratio increases with temperature in the molluscan 

giant neuron (0 cell), presumably because of changes in the permeability of sodium ion 

channels (Gorman & Marmor, 1970). The spike becomes wider, higher, and slower with 

decreasing temperature. The falling phase of the spike is influenced by temperature 

appreciably more than the rising phase (Hodgkin & Katz, 1949). In the frog (Rana 

pipiens) cold temperatures prolonged both the rising and falling phases of the spike, and 

increased the height of the population spike (Schoepfle & Erlanger, 1941). Similar 

changes were observed in area CA 1 of the hippocampus (Shen & Schwartzkroin, 1988). 

At 35 ·C the intracellular spike was shorter and narrower than at 20 ·C (again, the falling 

phase was also more affected than the rising phase). In a similar preparation, cooling 

CAl neurons from 37 to between 33 and 27 ·C reversibly increased input resistance, 

increased amplitude and duration of synaptic potentials, and increased the amplitude and 

duration of afterhyperpolarizations (Thompson et aI., 1985). The change in 

afterhyperpolarization is due to alterations in calcium-dependent potassium conductance. 

The changes in individual biophysical characteristics could account for the changes 

observed in evoked potentials in hippocampus during exploration. EXPERIMENT 4 

compared exploration-induced changes in evoked potentials to those induced by radiant 

heating. The purpose of this experiment was to examine the relationship between evoked 

potential size and core temperature, manipulated by radiant heat, in the anesthetized rat, 

with changes observed during exploration in the same rat while awake. It was predicted 
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that if STEM were solely due to brain wanning, changes similar to STEM would be 

observed in anesthetizedll , passively-warmed rats. 
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An additional experiment was conducted to detennine if the EPSP left shift was 

selective to the perforant path inputs to the fascia dentata. Preliminary data indicated that 

STEM was not observed in the commissural pathway to the granule cells (Sharp, 1987). 

This experiment was originally done by Sharp in order to examine the possibility that 

STEM was due to membrane hyperpolarization. Changes in postsynaptic membrane 

potential would result in the same type of change regardless of which populations of 

afferent synapses were stimulated. Based on the finding that selective changes occurred 

in the perforant path only, it was concluded that synaptic changes were selective to the 

putative information-containing pathway. The second part of this experiment was 

conducted in order to replicate Sharp (1987). 

Small, nonspecific temperature changes are not likely to have as great a functional 

impact on memory storage as would synapse-specific temperature effects. Differential 

effects of temperature on the perforant path and commissural pathways would indicate 

that temperature changes in evoked potentials were selective to one group of synapses. 

This specificity could indicate that temperature changes played a modulatory or "gating" 

role in hippocampal function. 

Methods 

Changes in evoked potentials were compared in fourteen rats12 during exploration 

and passive heating. Rats were first tested in pairs with the normal STEM paradigm (see 

11 Anesthetized rats were used to rule out the possibility that the temperature-induced changes were due to 
behavioral effects. Warming awake rats can alter their behavior patterns. 
12A subgroup of these rats participated in other, unrelated experiments. Five of the fourteen rats had been 
exposed to an enriched environment and trained on the Morris water task. Threc of these five rats had an 
additional trcaUTIent of high-frequency stimulation. The synaptic enhancement due to high-frequency 
stimulation decayed prior to the present experiment. 
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GENERAL METHODS). On a separate day, the rats were recorded from with the same 

electrophysiological procedure, except that they were anesthetized and warmed passively. 

Several days following the STEM recording session, the chronically-prepared rats 

were anesthetized with sodium pentobarbital (40 mg/kg Nembutal). Once the rats were 

deeply anesthetized, they were connected to the chronic recording equipment, and placed 

on a towel. Core temperature was monitored with digital probes13 inserted into the 

rectum. Anesthetized rats do not thermoregulate effectively; thus, after being 

anesthetized, the rats' core temperature dropped several degrees. After approximately one 

hour of data collection during decreasing temperature, a radiant heat lamp was placed 60 

cm above the rats. Radiant heating resulted in increased core temperature. The lamp was 

turned off once the core temperature had risen 8-10 OF (to approximately 104 OF) from the 

preheating low temperature. Temperature was allowed to drop naturally for the 

remainder of the recording session. Following the passive heating experiment, the rats 

were given a lethal injection of sodium pentobarbital and perfused as described in the 

GENERAL METHODS. 

Evoked potential data were collected, analyzed, and then averaged across 5 minute 

intervals. These 5 minute averages were used for comparing evoked potential to 

temperature data. Temperature CF) was recorded approximately three times every 5 

minutes, and averaged over the 5 minute interval to provide a gross estimate of core 

temperature change. 

The magnitude of STEM was compared in the perforant path and commissural 

projections to fascia dentata in four rats. The right perforant path was stimulated in the 

typical fashion; stimulating and recording electrodes were placed in the perforant path 

and hilus, respectively. The commissural response was measured by passing current 

13Accuracyof the digital thermometers used in this experiment was verified by calibrating them with a 
scientific, mercury thermometer. 
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through an electrode placed in the hilus of the left hemisphere. Both perforant path and 

commissural monosynaptic responses were recorded from the same electrode in the right 

fascia dentata. Thus, it was possible to compare changes in two separate input pathways 

onto the same postsynaptic cells. 

Results 

Core Temperature is Correlated with Eyoked Potential Alterations 

Radiant heat produced STEM-like changes in anesthetized rats (Figure 54). 

Temperature increases resulted in increased EPSP and decreased population spike, 

whereas cooling resulted in opposite effects (Figure 55). In the typical example from one 

rat, both EPSP (Figure 56) and population spike (Figure 57) changes were highly 

correlated with temperature change. Since evoked potential averages were compared to 

temperature averages, some of the variance in the individual waveforms is removed. In 

each of the rats tested, there was a very strong correlation between core temperature and 

evoked potential changes (Table 8). The relatively small standard deviation bars reveal 

that there is little variation within each five-minute interval. Since most of the variance in 

this experiment could be accounted for by temperature changes, little variance remains to 

be accounted for by information processing. 

There was a strong linear relationship between the population spike and core 

temperature (Figure 57), however, this relationship was not as highly correlated as the 

EPSP/temperature relationship. Part of this may be due to the increased variability in the 

population spike area of individual spikes. Some of the variability may be due the 

change in slope of the relationship. The relationship of the EPSP amplitude to 

temperature does not differ between ascending and descending temperature changes; 

however, the relationship of the population spike to temperature ramps differs during 

ascending and descending temperature ramps (Figure 58 & Table 8). The differing 
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Figure 54. Hippocampal Field Potentials during Exploration and Passive Heating 

The waveforms in this figure are averages of 60 responses from four different 
temperature or behavioral states. A) This example was obtained using the 
standard STEM protocal. Exploration resulted in left shift of the EPSP and 
reduction of population spike area and onset latency. B) The same rat was 
anesthetized, allowed to cool, then warmed passively with a radiant heat lamp. 
Exposure to radiant heating resulted in a left shift of the EPSP and reduction in 
population spike. Passive heating increased core temperature from 94 to 104 
degrees Farenheitht. 
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Figure 55. Radiant Heat-Induced Changes in Evoked Potentials 

A rat, chronically prepared with stimulating and recording electrodes, was 
anesthetized and warmed with a radiant heat lamp (~). Changes in 
EPSP amplitude and population spike area closely followed the passive 
alterations in core temperature. Error bars are the standard deviation from 
the mean of a 5 min interval. 
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Figure 56. Correlation Between EPSP Amplitude and Temperature 
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Individual example of a rat anesthetized with sodium pentobarbital and warmed 
passively. The EPSP data were averaged in 5 minute intervals and plotted as a 
function of temperature. There was a strong, significant correlation between 
EPSP and core temperature in both hemispheres. Error bars indicate standard 
deviation from the mean. 
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Figure 57. Correlation Between Population Spike Area and Temperature 

Individual example of the same rat,warmed passively, from the previous 
figure. The population spike data were averaged across 5 minute intervals and 
plotted as a function of temperature. Although there was a significant 
correlation between temperature and population spike, there was considerably 
more variability in the population spike data than in the EPSP data obtained 
from the same rat. Error bars are standard deviations 
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Figure 58. Spike vs Temperature: Split by Direction of Temperature Change. 

The relationship between the population spike and temperature, for both left and right hemispheres, was different for 
ascending compared to descending temperatures (see text for details). tv 
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Table 8. EXPERIMENT 4: Correlations between Evoked Potentials and Temperature 

RRt# Hemisph~re EPSP PQPyl31iQn Spik~ 

Ov~rall Ascend D~SQend Qverall ASQ~nd D~SQ~nd 

3463 Right 0.859 0.803 0.917 0.895 0.903 0.926 

3464 Right 0.907 0.983 0.938 0.837 0.696 0.907 

3465 Right 0.768 0.815 0.735 0.597 0.552 0.654 

3466 Right 0.782 0.906 0.875 0.555 0.493 0.625 

3476§ Left 0.926 0.969 0.941 * 

3476 Right 0.895 0.947 0.918 * 

3477§ Right 0.779 0.886 0.714 0.614 0.810 0.855 

3483§ Left 0.761 0.856 0.714 * 
3483 Right 0.833 0.920 0.783 * 

3485§ Left 0.555 0.596 0.722 0.078:1: 0.063:1: 0.097:1: 

3485 Right 0.511 0.598 0.604 0.459 0.498 0.508 

3486§ Right 0.508 0.826 0.446 0.595 0.790 0.586 

3515 Left 0.951 0.990 0.924 0.966 0.989 0.956 

3515 Right 0.699 0.908 0.708 0.338 0.259 0.438 

3517 Left 0.924 0.985 0.936 0.775 0.986 0.773 

3517 Right 0.959 0.993 0.940 0.792 0.878 0.807 

3519 Left 0.948 0.962 0.967 0.850 0.935 0.905 

3519 Right 0.961 0.967 0.968 0.829 0.926 0.891 

3520 Left 0.981 0.998 0.978 * 
3520 Right 0.979 0.998 0.971 0.737 0.737 0.805 

3521 Left 0.918 0.954 0.937 0.922 0.967 0.928 

3521 Right 0.871 0.982 0.825 0.281 0.812 0.199 

Mean 0.831 0.902 0.839 0.654 0.723 0.697 

s.e.m. 0.031 0.025 0.030 0.061 0.065 0.063 

Each of the squared correlations (r2) in this table reflect significant relationship between 
temperature and evoked potential measure, unless otherwise specified (:l:Not significant). 
*Evoked potential did not have a measurable population spike. §Participated in other 
experiments prior to this one. 



effects of increased and decreased temperatures may explain why the population spike 

and EPSP components had different decay time constants. 

Paired Pulses 
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Changes in synaptic efficacy, known to be due to increased transmitter release, do 

interact with short-lasting depression from paired pulses, whereas neither STEM nor LTE 

interact with the paired pulse ratios. Eight of the rats were given paired stimuli in at least 

one hemisphere. A second stimulus pulse followed the first pulse by 40 ms. This 

treatment resulted in paired pulse depression for the majority of the responses. The 

paired pulse fractional change was not reliably correlated with temperature change. In 

some cases, there was a reduction in the paired pulse ratio with increasing core 

temperature, however, the ratio did not return to its baseline values during subsequent 

cooling. At present, there is no explanation for this hysteresis other than the finding that 

extreme temperatures resulted in penmlllent changes from tissue recorded in vitro (Shen 

& Schwartzkroin, 1988). 

Commissural Stimulation 

Stimulation of both the commissural and perforant pathways alternately resulted in 

the same proportional amount of change in the EPSP. Leftward shift of the EPSP 

produced by either perforant path or commissural stimulation occurred following both 

active and passive wam1ing. A 2-way ANOVA was performed on the fractional change 

from the two conditions. There was no interaction between pathway and temperature 

(F(1,lO) = 0.40, p > .05). Nor was there a main effect for pathway (F(1,lO) = 0.91, P > 

.05). There was comparable fractional increases for both the commissural and perforant

path responses. There was a significant main effect for type of temperature manipulation 

(F(1 ,10) = 5.31, P < .05). The magnitude of change in the radiant heat condition was 

greater than that observed in the exploration condition. This is probably due to larger 

temperature change in the passive heating condition, although this cannot be verified in 
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this experiment because temperature was not measured in the exploration condition 

(Figure 59). 

Conclusions 
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The robustness of the relationship between evoked potential alterations and 

temperature rule out the possibility that STEM is a mechanism by which specific units of 

information are stored. In these experiments, temperature was manipulated passively 

with a radiant heat lamp in intact, chronically-prepared rats. Relatively subtle changes in 

core temperature reliably predicted changes in both the EPSP and population spike 

components of evoked potentials. These changes are remarkably similar to those 

observed in the wake of exploration (left shift of the EPSP and reduction in population 

spike area). More convincing evidence is the strong correlation between core 

temperature in anesthetized rats and EPSP magnitude. These correlations are particularly 

striking considering the gross measurement of core temperature employed, and that brain 

and core temperature can vary independently in anesthetized animals (Colbourne, Nurse, 

& Corbett, 1993). 

The majority of the variance in evoked potentials can be accounted for by 

temperature fluctuations. Some of the variability in both evoked potentials and 

temperature was reduced because averaged data were used for the correlations. Data 

were averaged in order to directly compare evoked potential to temperature data. In 

artificially warmed or cooled anesthetized rats, there is a delay between core and brain 

temperature changes (personal observation). The effect of this delay was minimized in 

this experiment by averaging the temperature data over time. These data are consistent 

with the recent observation that more of the variance in EPSP can be accounted for by 

temperature changes in anesthetized rats compared to awake behaving rats (Moser, 

Moser, & Andersen, 1993b). 
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Figure 59. Comparison of Perforant Path and Monosynaptic Commissural 
Responses during Exploration and Heating. 

Perforant path and commissural responses were compared within rats. The 
relative amount of change did not differ between the two responses. Since 
the amount of change was the same for the commissural and perforant path 
inputs to the granule cells, it is not likely that the changes are specific to the 
perforant path. There was more change in the radiant heat condition than the 
exploration condition for both the monosynaptic commissural and perforant 
path responses. This is most likely due to greater temperature increases 
during passive heating. (* indicates significance at p < .05) 
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There is no consensus regarding the source of the exploration-induced brain temperature 

increases. One possibility is that there are alterations in cerebral blood flow (Barnes et 

al., 1993). There are regional brain temperature changes, suggesting that these changes 

are not dependent on body temperature, but reflect changes in regional blood flow and/or 

metabolism (Talley & Gold, 1993). Another possibility is that the brain temperature 

changes are due to blood warming due to muscular activity (Moser et al., 1993a). 

Regardless of the underlying cause of the temperature changes, it is possible that these 

changes have functional significance as a modulatory mechanism. 

Commissural stimulation revealed that the temperature-induced as well as 

exploration-induced changes were not specific to perforant path input as originally 

suspected. Since Sharp (1987) was not aware of how the EPSP component of the evoked 

potentials changed during STEM, she may have set the constant time point cursors so that 

only changes in slope, not left shifts, were detected. By assessing only EPSP magnitude 

changes, it would have appeared that there was considerably less STEM in the 

commissural compared to the perforant pathway (see waveform changes in 

EXPERIMENT 2). The data from the present experiment suggest that STEM, or 

temperature-induced changes, are not specific to the perforant pathway. If the 

exploration- or temperature-induced changes had been specific to the perforant path, then 

it could have been argued that temperature changes had specificity in information 

processing. The finding that both inputs to the granule cells undergo the same magnitude 

of change furthers the accumulating evidence that these temperatures changes reflect 

global, rather than specific alterations in evoked responses. 

The global nature of the temperature changes rule out any possibility that STEM is 

directly involved in the memory storage process; however, it is possible that the dramatic 

change in the population spike produced by temperature could reflect nellromodlilatory 

regulation of granule cell output. Reduction of granule cell output by temperature 



248 

increases could increase the signal-to-noise ratio of the system. The final experiment in 

this dissertation examined the possibility that temperature-induced changes in the 

population spike reflect functional alterations in granule cell output. 



EXPERIMENT 5: TEMPERATURE CHANGE RESULTS IN MINIMAL 

FUNCTIONAL ALTERATION OF THE OUTPUT OF GRANULE CELLS 
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The main goal of this experiment was to examine whether temperature-induced 

alterations reflect a reduction in the number of granule cells firing to a constant stimulus, 

or a change in the size and shape of the individual spikes as suggested by Moser et al. 

(1993). There are several possible explanations for the population spike changes. During 

cooling, the height and width of individual spikes are increased; warming has the 

opposite effect (Hodgkin & Katz, 1949; Schiff & Somjen, 1985; Thompson et al., 1985). 

In addition to altering the shape of an individual spike, warming decreases the number of 

action potentials in response to a given current pulse (Shen & Schwartzkroin, 1988). One 

possible functional role of temperature increases is a decrease in granule cell firing, thus 

possibly increasing the signal-to-noise ratio of spatially selective cells during learning of 

a spatial task. Another possibility is that the temperature-induced population spike 

reduction merely reflects the alteration in individual spike shape, which would be 

unlikely to be of significant functional consequence. 

The size of the population spike has been used to estimate the number of granule 

cells firing in response to a given stimulus (Andersen et al., 1971 b). This assumption has 

allowed researchers to postulate that there is increased granule cell output during long

term enhancement (LTE/LTP) which results in an increase in the size of the popUlation 

spike (Bliss & Gardner-Medwin, 1973; Bliss & L~mo, 1973). Similar increases in 

population spike area have been observed following environmental enrichment (Sharp, 

1987; Sharp et a1., 1985) and various learning tasks (Racine et al., 1983; Ruthrich et al., 

1982; Skelton et al., 1987; Weisz et al., 1982) and have been interpreted to reflect 

increased granule cell output. The same assumption was the basis for the belief that the 

temperature-induced decreases in population spike area reflected reduced granule cell 

output, possibly due to inhibitory factors (Green et aI., 1990a). Although changes in 
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brain temperature are too diffuse to play more than a modulatory role in information 

processing, it is possible that reduction of granule cell output is of functional significance. 

In this experiment, granule cell output was estimated by measuring the trisynaptic, 

commissural response to perforant path stimulation following exploration and passive 

heating. Granule cell axons synapse on CA3 pyramidal cells, but also send a collateral to 

the mossy cells in the hilus. Mossy cells send their axons to the contralateral fascia 

dentata, via the hippocampal commissure, and synapse onto the inner third of the granule 

cell dendrites (Gottlieb & Cowan, 1973; Laatsch & Cowan, 1967; Raisman, Cowan, & 

Powell, 1965; Ribak et a1., 1986; Seroogy, 1983; Zimmer, 1971). It was first necessary to 

establish that the polysynaptic commissural response could be used to measure granule 

cell output. It was hypothesized that if the number of granule cells discharging action 

potentials was truly reduced with increases in temperature, then the ensuing commissural 

response should also be reduced. 

Characterization of the Commissural Response 

The underlying assumption in this experiment is that the response recorded from the 

contralateral hemisphere is a disynaptic EPSP which is due to the granule cell activation 

of the mossy cells which project, via the hippocampal commissure, to the contralateral 

fascia dentata. Previous studies have characterized the monosynaptic commissural 

response to stimulation of the contralateral hippocampus, and revealed that it contains 

both direct excitatory and feed-forward inhibitory components (Buzsaki & Czeh, 1981; 

Buzsaki & Eidelberg, 1981; Douglas et a1., 1983). The monosynaptic field response to 

commissural stimulation is resistant to GABA blockade (Douglas et a1., 1983) and the 

likely transmitter is the excitatory transmitter glutamate (Collingridge et a1., 1983; 

Collingridge, Blake, Brown, Bashir, & Ryan, 1991). 
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Characterization of the commissural response involved recording the response from 

one hemisphere to either ipsilateral or contralateral perforant path simulation and 

comparing it to the multiple unit injury discharge recorded with a woods-metal electrode. 

Woods-metal electrodes were made by melting woods metal inside a glass pipette. 

One rat was anesthetized with Nembutal and prepared for non-recovery surgery. 

Recording electrodes were placed on the brain surface at 3.8 mm posterior and 2.0 mm 

lateral from bregma then lowered 1 mm into the cortex. Stimulating electrodes were 

placed near the perforant path (8.1 posterior, 4.4 lateral from bregma and 1.5 mm from 

brain surface). 

Each time the electrode was moved 100 Mm, the multiple unit injury discharge was 

recorded, followed by stimulation of the ipsi- and contralateral perforant path. Multiple 

unit activity was amplified by 20k and collected at 40 kHz for 4 seconds immediately 

prior to each evoked potential. Five epochs of multiple unit activity and evoked potential 

data were collected at each depth. Core temperature was monitored and maintained at a 

constant level during the entire experiment. 

Recording multiple unit injury discharge provided an estimate of the location of the 

recording electrode in relation to the cell body layers of CAl and the upper and lower 

blades of the fascia dentata. Multiple unit activity during the depth profile was analyzed 

by calculating the root mean squared (RMS) of the entire 4 s epoch. This resulted in 

larger values for those epochs in which there was increased unit activity (cell body layer). 

In order to characterize the source and sink of the commissural response, responses 

from both hemispheres were compared to the multiple unit injury discharge. The 

commissural response reverses near the same depth as the ipsilateral response except the 

positive-going portion in the hilus is narrower in the commissural response. This pattern 

was observed by Douglas, et aI. (1983) for the monosynaptic commissural responses and 

is expected if the input for the commissural response is generated in the inner third of the 
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molecular layer and the input for the hilar response in from the perforant path and in the 

outer two-thirds (Figure 60 & 61). 

Chronic Electrophysiology 

Rats (N=8) were chronically implanted with recording and stimulating electrodes as 

described previously. All eight rats were tested in the standard STEM paradigm and six 

of the eight rats were tested in the anesthetized/passive-heating preparation used in the 

previous experiment. In order to record the trisynaptic commissural response, data were 

collected from both hemispheres simultaneously at the time of each stimulus delivery. 

This way it was possible to compare the ipsilateral population spike with the contralateral 

response. 

Evoked responses were recorded as described in GENERAL METHODS, except that 

data were collected before and after treatment only. One of 10 stimulus intensities (500, 

350,245, 172, 120,84,59,41,29, & 20 IlA) of constant-current, biphasic (200 Ils/half 

cycle) stimulation was used to stimulate the perforant path (every lOs per hemisphere). 

Ten evoked field potentials were collected at 10 different stimulus intensities in 

descending order, then in ascending order for a total of 200 responses. 

Exploration-Induced Alterations 

The procedure for this experiment involved four phases: habituation, baseline evoked 

potential testing, exploration, and post-exploration evoked potential testing. In each 

experiment, two rats were removed from the colony room, attached to the recording 

equipment, and allowed to habituate in the home cage for a minimum of 2 hours in the 

recording room. Evoked potential data collection took place once the rats were well 

habituated and in a quiet, resting behavioral state. After collecting baseline evoked 

potentials, the rats were removed from their home cages, placed on the triangular 

platforms, and fed chocolate morsels that were randomly placed on the top of the 



Figure 60. Ipsilateral and Commissural Responses at Different Depths 

Examination of the waveform averages at six different depths reveals 
that, in the outer molecular layer of the upper and lower blades, both 
ipsilateral (A) and commissural (B) responses are negative-going; at a 
more ventral location, the ipsilateral response reverses and becomes 
positive, whereas, the commissural response is still negative. In the 
hilus, both responses are positive. The same reversal pattern is 
observed in the lower blade. 
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Figure 61. Depth Profiles of Multiple Unit Activity and Evoked 
EPSPs Generated by Either Ipsilateral or Contralateral Perforant 
Path Stimulation 

Three types of electrophysiological responses were recorded from 
the same electrode at different depths ventral from the brain 
surface: the multiple unit injury discharge, ipsilateral, perforant 
path-to-granule cell EPSP, and polysynaptic response to perforant 
path stimulation recorded on the contralateral hemisphere 
(commissural EPSP). A) Multiple unit activity was measured as the 
average of the RMS of 5 records recorded for 4 sec each. The first 
peak is the CA 1 cell body layer, the second and third peaks are the 
upper and lower blades of the fascia dentata, and the final peak 
reflects the bursty neurons of the thalamus. B) The field EPSP 
evoked from ipsilateral stimulation was maximally negative in the 
dendritic layer and postive at depths that correlated with the cell 
body layers in the fascia dentata. C) The polysynaptic commissural 
EPSP was maximally negative closer to the cell body layer and 
postive in the hilar region. The distribution of sinks and sources 
observed in this experiment suggest that the commissural response 
is due to mossy cell input onto the inner third of the molecular layer 
of the fascia dentata. 
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platfonn to motivate the rats to continue exploring vigorously. Various objects (small 

toys or office supplies) were moved and removed from the platform in order to elicit 

exploratory behavior. The exploration phase lasted for 30 minutes, after which the rats 

were returned to their home cage. Post-exploration evoked potential data collection 

began once the rats stopped exploring or grooming and were in the same awake, resting, 

behavioral state as during the baseline data collection. Exploration-induced alterations in 

the EPSP decay within approximately 30 minutes, whereas, population spike reductions 

typically last for several hours following exploration or heating. The population spike 

area was relatively stable during the 40 minutes of data collection both before and after 

exploration. 

The rats' behavior was videotaped during both data collection and exploration. It 

was later viewed by a rater and the amount of time spent in exploratory behavior was 

recorded with stop watches for each of the three phases of the experiment. FollI' of the 

rats' behavior was rated by two independent raters and the maximum difference between 

the two raters was 20 sec out of 110 total min of scored behavior; therefore this was 

considered to be a reliable rating system. The rat was considered to be engaged in 

exploratory behavior if it was walking, rearing, or sniffing vigorously with a postural 

change. All other behaviors were considered to be non-exploratory (grooming, eating, 

sitting still, etc.). This was done in order to verify that the rats were quiet during the 

evoked potential recording sessions and because the magnitude of evoked potential 

change can be predicted by the amount of exploration (Green et al., 1990a; Sharp et al., 

1989). 

Radiant-Heat Induced Alterations. 

This experiment was done to compare the alterations induced by the rats' activity and 

those induced by passive heating. The same recording setup and paradigm were used as 

those used to examine exploration-induced temperature changes, except rats were 
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wanned passively instead of through active exploration. In anesthetized rats, there is a 

very strong linear relationship between the EPSP magnitude and core temperature; at 

least 80%, or more, of the variance in EPSP size can be accounted for by core 

temperature (EXPERIMENT 4). 

Six of the chronically-prepared rats were reanesthetized with Nembutal and core 

temperature was recorded with a digital rectal thermometer every 5 stimulus pulses. 

Once the rats had reached a stable temperature, evoked potential I/O data collection 

began. After evoked potential data had been collected in the cold condition, the rats were 

wanned with a radiant heat lamp, and the I/O data collection was repeated in the same 

fashion at a hot stable condition. The mean core temperature from all 6 rats was 36.02 ± 

.371 (s.e.m.) 'C and 39.32 ± .042 'C for the cold and hot conditions, respectively. 

EIectrophysiological Measurements 

The ipsilateral EPSP was measured as the voltage between two constant time points 

in order to capture the onset change of the EPSP during temperature differences and the 

slope change during the different stimulus intensities. The commissural EPSP was 

measured as the maximum voltage at the peak of the EPSP. 

Results 

The rats were relatively quiet during the baseline and recovery phases of the 

experiment. There was slightly more exploration during the recovery than baseline 

section due to the rats' brief bout of exploration once returned to the home cage. There 

was an average of 77% exploration during the exploration phase (Figure 62). 

An example of an ipsilateral perforant path, monosynaptically-evoked potential is 

shown in Figure 63. Each trace is an average of 10 evoked responses at one of 10 

stimulus intensities. Decreases in population spike area were observed following 

exploration and passive heating, but the commissural EPSP did not have corresponding 
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Figure 62. Quantity of Exploration in Experiment 5 

Exploratory behavior was scored with a stopwatch from videotape 
and is quantified as the percent of time engaged in exploration. This 
pattern of exploration is consistent with previous experiments. Rats 
were typically quiet during the Baseline phase, explored vigorously 
during the Exploration phase, and quieted down after a short bout of 
exploration once returned to the home cage for the Recovery phase. 
All electrophysiological data in this experiment was acquired while 
the rats were in the quiet resting state. 
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Figure 63. Examples of Waveforms at 10 Stimulus Intensities 

Stimulus presentations to the perforant path result in 
monosynaptic responses in the ipsilateral fascia dentata and 
polysynaptic responses in the contralateral fascia dentata. 
Each trace is an average of 10 responses to one of 10 stimulus 
intensities sampled first in descending order of intensity, then 
ascending order. A) Perforant path monosynaptically-evoked 
potentials recorded from the ipsilateral fascia dentata. B) 
Commissural response recorded simlutaneously from the 
contralateral fascia dentata. The size of the commissural 
response varied with the size of the ipsilateral population 
spike. 
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decreases. The threshold for eliciting a commissural EPSP varied from rat to rat but. the 

left shift following exploration or passive heating was consistent. 

Both the population spike and commissural response decreased with decreasing 

stimulus intensities and increased with increasing stimulus intensities. The commissural 

response disappeared at an intensity just below the population spike threshold. In each of 

the rats tested, a strong correlation between the ipsilateral population spike and 

commissural EPSP was established, i.e., the magnitude of the commissural EPSP varied 

with the area of the population spike (Figure 64). The average latency from the stimulus 

artifact to the ipsilateral population spike peak 3.5 ± 0.06 ms and the average latency 

from the ipsilateral population spike peak to the peak of the commissural response was 

10.3 ± .145 ms. In the cases in which there was a decrease in population spike latency at 

lower intensities, there was a corresponding decrease in the peak of commissural 

response. These data, combined with the depth profile, suggest that the response 

recorded on the commissural hemisphere was due to granule cell firings and could be 

used as a measure of granule cell output. 

The I/O data were averaged from the six rats receiving both treatments and were 

expressed as a percent of maximum from 500 )..LA intensity from the pre-treatment 

condition. At each stimulus intensity, the EPSP increased as predicted following both the 

exploration and radiant warming. The population spike area decreased following both 

exploration and radiant warming. The commissural EPSP decreased significantly, but 

proportionately less than the population spike decreases (Figure 65). 

Conclusions 

These data strongly support the hypothesis that the majority of the change in the 

population spike is due to a decrease in the height and width of the individual spikes 

(Figure 66). Following the population spike reduction induced by either exploratory 



Figure 64. Relationship between Ipsilateral 
Population Spike and Commissural EPSP 

The magnitude of each commissural EPSP was 
plotted against the size of the population spike. 
These plots include evoked responses from all 10 
stimulus intensities. A) In this example, there was a 
strong relationship between the population spike 
and commissural EPSP during the baseline 
condition. Following exploration, there was a left 
shift in the population spike commissural EPSP 
relationship. This shift was due to a decrease in the 
population spike area with no corresponding 
decrease in the commissural EPSP. B) In a 
different rat, the initial relationship between the 
population spike and commissural EPSP was 
slightly different; there was a higher threshold for 
the commissural EPSP. Radiant heating, however, 
produced the same type of alteration in the 
population spike/commissural EPSP relationship. 
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Figure 65. Input/Output Relationships During Different 
Behavioral and Temperature States 

Responses from each stimulus intensity were averaged for each of 
the electrophysiological measures from both hemispheres of 6 rats 
that received both experimental conditions. The size of the 
response is expressed as the percent of the pretreatment 
maximum. EPSP and Population Spike refer to the magnitude of 
the field EPSP and the population spike area of the ipsilateral 
response and Commissural EPSP refers to the maximum voltage 
of the EPSP recorded in the contralateral hemisphere. 

In A-C, baseline indicates that the rats had been plugged in to the 
recording equipment for 2 hr prior to the first I/O session and 
were sitting quietly in their home cages. Following the baseline 
I/O, the rats were taken out of their home cages, placed on the 
triangular platform, and reinforced with chocolate sprinkles for 
exploring for 30 minutes. The rats were then returned to their 
home cage and the exploration I/O recording began once the rats 
had stopped exploring or grooming and were sitting quietly in 
their cages. Exploration resulted in increased EPSP magnitude 
(A), decreased population spike (B), and small decrease in 
commissural EPSP (C). 

In D-G, the rats were anesthetized and I/O recordings were taken 
at two different temperatures: cold (36°C) indicates the core 
temperature of the unmanipulated anesthetized rat and hot (39 0C) 
indicates the core temperature of a passively warmed rat. 
Following heating, there was an increase in EPSP (D), reduction 
in population spike (E), and slight reduction in commissural EPSP 
(F). 

Although there was a slight reduction in the size of the 
commissural EPSP in both the exploration and radiant heat 
conditions, the amount of reduction compared to the decrease 
in the population spike was considerably less. 
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Figure 66. Reduction in the Size of an Individual Spike 

The size and shape of an action potential from a putative 
granule cell changes following a vigorous bout of exploratory 
behavior. Exploration diminishes the height, width, and 
afterhyperpolarization of the extracellularly-recorded spike. 
(Unit data were collected by Min lung) 
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activity or radiant heating, there was a small but significant, reduction in the amplitude of 

the commissural EPSP; however, the main effect was a left shift of the population spike

commissural EPSP input/output curve. Since the population spike reduction does not 

appear to reflect reduced granule cell firing, the role of STEM as a modulatory influence 

on memory formation is likely to be minimal. 

There are several reasons to believe that the response recorded in the hemisphere 

contralateral to the perforant path stimulation reflects the disynaptic EPSP as a result of 

granule cell firing. First, the commissural EPSP reversed near the cell body layer and 

was positive in the hilar region, indicating that this potential was generated by granule 

cell dendrites and not volume conducted from some other area. Second, there was a 

strong relationship between the ipsilateral population spike and the commissural EPSP. 

The population spike can be quite variable even at a given stimulus intensity and the 

magnitude of the commissural EPSP varied with the population spike for the individual 

evoked potentials. Third, the threshold for the commissural EPSP was typically higher 

than the population spike threshold as would be the case for a disynaptic response. A 

commissural EPSP would result only if the granule cell firing was sufficient to cause 

mossy hilar cells to be activated. Since the mossy cells have their own threshold, one 

would expect that the threshold for the commissural EPSP would not be the same as the 

threshold for the population spike. It was also true that the commissural EPSP was not 

present in the absence of the population spike. Finally, the latency from the stimulus 

artifact to the peak of the population spike was approximately 3.5 ms, and the latency 

from the peak of the population spike to the peak of the commissural EPSP was 

approximately 7 ms, double the latency from the stimulus to peak monosynaptic granule 

cell firing. The 7 ms latency would be expected for a disynaptic response. 

It could be argued that the minimal reduction in the commissural EPSP is misleading 

because of the temperature-induced membrane hyperpolarization. Temperature increases 
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cause larger field EPSPs because of subtle changes in membrane polarization. Thus, if 

there was a reduction in granule cell output it might not be detectable with this measure 

because the net change would be negligible. This possibility seems unlikely because the 

magnitude of the temperature-dependent hyperpolarization is relatively small, and thus, 

would not have a major impact on the size of the commissural response. 

These results raise the possibility that other factors in addition to temperature may 

affect spike waveshape. This possibility must now be considered in the interpretation of 

both future field potential work as well as previously identified phenomena, such as the 

increase in the population spike that is not accounted for by increases in EPSP following 

high frequency stimulation referred to as E-S potentiation (Andersen, Sundberg, Sveen, 

Swann, & Wigstrol11, 1980; Bliss & Lynch, 1988), and paired-pulse facilitation of the 

population spike (L¢1110, 1971b; McNaughton, 1982; Muller & Lynch, 1988) which have 

previously been interpreted as a reflection of increased cell discharge. 
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GENERAL DISCUSSION 

The primary goal of these experiments was to investigate several potential roles of 

short-term exploratory modulation (STEM) in learning and memory and to identify the 

mechanisms responsible for the production of the dynamic components of the evoked 

response. STEM was initially very attractive as a potential memory storage mechanism 

for a number of reasons. The changes in evoked potentials included a reliable and 

persistent change in synaptic efficacy. STEM had been dissociated from handling, 

repeated stimulation and locomotion (Green et al., 1990a; Sharp et al., 1989). 

Furthermore, it is correlated with performance on a spatial learning task (EXPERIMENT 

1). The results reported in this dissertation, combined with those of Moser ct al. (1993), 

rule out the possibility that the large changes in evoked potentials during exploration are 

mechanisms by which memories are stored. Neither do they reflect the behaviorally

induced form of long-term synaptic enhancement. Rather, it appears that the majority of 

the exploration-induced changes are due to increased brain temperature. 

The results from this dissertation bring up a number of interesting points which r will 

elaborate in this discussion. First, temperature changes in neurophysiological properties 

of neurons can account for the exploration-induced changes in evoked potentials. 

Second, STEM and LTE seem to have orthogonal effects on evoked potentials and can be 

at least partially discriminated based on the waveform changes. Third, although the 

various components of STEM change in ways different than initially proposed, there may 

be potentially important roles for temperature increases in learning and memory. Fourth, 

these results have implications for interpretations of future electrophysiological 

experiments. Finally, these results raise a number of additional questions. What is the 

basis for the correlation between performance in the open-field water task and brain 

temperature changes during exploration? How can novel approaches be applied to 

identify synaptic changes in the brain? 
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Temperature-Induced Changes in Evoked Potentials 

The mechanism responsible for the unique, and seemingly, paradoxical changes in 

evoked potentials referred to as STEM is the temperature change that accompanies 

exploration in awake behaving rats. The most convincing evidence is the demonstration 

that exploration results in an increase in brain temperature that is highly correlated with 

changes in evoked potentials in both awake (Moser et al., 1993a) and anesthetized rats 

(EXPERIMENT 4). The modifications in evoked potentials can be explained, in large 

part, by known effects of temperature on neuronal activity. It should also be noted that 

the equation used by Sharp et al. (1989) to predict the magnitude of change observed in 

the EPSP based on the exploratory behavior would also predict the magnitude of change 

if the variable representing quantity of exploration was replaced with degree of 

temperature change. 

There is a small increase in the actual size of the field EPSP at low stimulus 

intensities (below population spike threshold) with increased temperature. This small 

change might be due to a slight hyperpolarization of the granule cells. This increase in 

the size of the EPSP is only marginally observed as a slight slope change at higher 

stimulus intensities. The reason the EPSP effect was not believed to be explained by 

hyperpolarization in the initial description of STEM is because the population spike 

latency was decreased rather than increased, as one would expect if the EPSP changes 

were due to hyperpolarization. On the other hand, there may be a component of the 

exploration-induced change in the EPSP that reflects specific-synaptic change, and is of 

functional importance. Such subtle synapse-specific EPSP changes will be difficult to 

substantiate using field-potential recording measures. 

The left shift and decrease in latency of the EPSP is one of the critical characteristics 

of STEM. This left shift is observed at all stimulus intensities. The decrease in EPSP 
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latency is observed with increased temperatures in the hippocampal slice preparation by 

several different laboratories (Larson & Lynch, 1991; Schiff & Somjen, 1985). Although 

there are no conclusive data at this point regarding the reason for the increase in EPSP 

latency, there are two strong possibilities. The first, and most probable, possibility is a 

change in synaptic delay; the delay between the electrical response of the presynaptic 

neuron and the postsynaptic neuron is due to the time it takes for the calcium-dependent 

process to release transmitter into the synaptic cleft (Katz, 1966; Katz & Miledi, 1965b). 

This process is highly temperature dependent; increased temperatures reduce the synaptic 

delay latency (Katz & Miledi, 1965a). Further evidence that the reduction in EPSP 

latency occurs at the level of the synapse is that the left shift in the trisynaptic 

commissural response is approximately three times greater than the left shift in the 

monosynaptic EPSP (EXPERIMENT 5). The second possible explanation is increased 

conduction velocity, which is also highly dependent on temperature (Chapman, 1967; 

Katz & Miledi, 1965a). It seems less likely that altered conduction velocity can explain 

the decreased EPSP latency because the rate of conduction is so fast that even a dramatic 

change in conduction velocity could not account for the magnitude of EPSP shift during 

exploration-induced temperature changes. A change in conduction velocity should also 

alter the latency of the presynaptic fiber volley. No change in the presynaptic fiber volley 

was observed by Green et al. (1990) following exploration. Furthermore, the amount of 

left shift was the same for both the monosynaptic commissural response compared to the 

perforant path response (EXPERIMENT 4); this would not be the case if the decreased 

latency were due to an alteration in conduction velocity. For both of these effects, the 

rate of change asymptotes prior to the relevant physiological temperatures. Neither 

possibilities have been thoroughly examined in the hippocampus or even mammalian 

tissue. It would be possible empirically to separate these two possibilities in the 

hippocampal slice preparation. Antidromic stimulation ofaxons could reveal changes in 



conduction velocity, and changes in synaptic delay could be influenced by levels of 

extracellular calcium. 
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The population spike area is inversely related to temperature during exploration

induced, brain-temperature changes. There is a small, reliable reduction in granule cell 

output (EXPERIMENT 5), perhaps partly due to temperature-induced hyperpolarization 

(Shen & Schwartzkroin, 1988; Thompson et aI., 1985). The remainder of the reduction in 

the population spike during STEM is due to a change in size and shape of the individual 

action potentials. This change is most dramatic within the physiologically relevant 

temperatures. The height and rising phase of the individual spikes decrease slightly with 

increased temperature. The fall and after-hyperpolarization (AHP) of the intracellularly

recorded spikes, however, are dramatically reduced (see Table 7). The reduction in 

population spike during STEM was originally proposed to be due to an increase in feed

forward inhibition (Green et aI, 1990a). This would have had the same effect, but, from 

these more recent results, it can be concluded that changes in inhibition probably 

contribute minimally to the population spike reduction. 

A transient population spike "pop-up" is observed when there is a sudden change in 

the environment (EXPERIMENT 1, Green et aI., 1990a). The transient increase in 

population spike latency is most likely due to brief release of inhibition once a rat has 

entered a new environment. In extracellularly recorded single units, reduction in the 

firing rates of inhibitory interneurons was observed when rats entered a novel portion of a 

familiar environment (Wilson & McNaughton, 1993a). Another possibility is that there 

is increased excitability due to initial temperature increases, rather than novel sensory 

input. One group, however, found that the population spike height increased for several 

minutes when temperature in the bath was increased rapidly (Thompson et aI., 1985). 

After initial increases in population spike size and pyramidal cell excitability, they 

observed the typical decrease in population spike. 
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There is a decrease in the latency of the population spike with increasing 

temperature. The change in onset latency is mainly due to the decreased latency of the 

EPSP. The larger change in the falling portion of the individual spike, compared to the 

rising component, also contributes to the reduction in population spike latency. 

A number of interesting, but previollsly unexplained, findings can be reexamined in 

light of these results. One study reported changes in evoked potentials linked to circadian 

rhythms (Barnes, McNaughton, Goddard, Douglas, & Adamec, 1977). The evoked 

potential alterations observed in that experiment may also be due to core temperature 

changes with circadian rhythms. The failure to replicate these findings by another group 

(Buzsaki et al., 1981) may have to do with either differences in the behavioral state of the 

rats or ambient temperatures in the recording environment. Barnes (1979) reported 

differential effects of anesthesia on mature and aged rats. In view of the current findings 

the most likely explanation for the steeper decline in evoked EPSP is that the old rats 

were more susceptible to anesthesia-induced hypothermia. Thus, they exhibited a more 

dramatic decline in core temperature following injection of anesthesia. Some of the 

changes in evoked potentials reported to be associated with slow wave sleep (Winson & 

Abzug, 1977; Winson & Abzug, 1978) may also be temperature-dependent changes 

linked to circadian rhythms. 

Relationship of STEM to LTE 

STEM and LTE are both functionally and pharmacologically independent. There are 

several lines of evidence that STEM is not the behavioral expression of LTE. Saturation 

ofLTE does not occlude STEM; thus, they appear to have orthogonal effects on granule 

cell evoked potentials (EXPERIMENT 2). It is possible that if STEM were measured as 

as the difference in EPSP latency, there might be an interaction between STEM and LTE. 

If this were the case, then one might conclude that LTE expression is due to a presynaptic 
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mechanism, since the EPSP latency change is believed to be due to decreased synaptic 

delay. Lack of interaction does not rule out a presynaptic mechanism, however, because 

synaptic delay could be due to the opening of Ca2+ channels and have no influence on 

amount of transmitter released. 

The two phenomena have differential effects on the evoked potential waveform 

(EXPERIMENT 2). High-frequency stimulation results in an increased EPSP slope. 

Field EPSPs, generated by low-intensity stimulation, increase in maximal amplitude 

following increased stimulus intensity, or high-frequency, high-intensity stimulation 

(McNaughton et aI., 1978). Presumably this indicates that there are either additional 

synapses being recruited or that the available synapses are stronger. This change in 

maximal amplitude is associated with increased slope of the initial portion of the 

waveform. In similarly recorded EPSPs, exploration or warming results in a dramatic left 

shift (decrease in EPSP latency) of the entire response with minimal changes in the 

maximal amplitudes (EXPERIMENT 5). These manipulations are not associated with 

changes in the slope of the initial rise of the EPSP. The reduction in latency indicates a 

change in latency of synaptic transmission, not an alteration in the quantity or strength of 

the synaptic connections (during STEM the synapses are faster, but not stronger). 

LTE and STEM are pharmacologically orthogonal. Induction of LTE, but not 

STEM, is dependent on NMDA receptor activation. Competitive antagonists, at levels 

that block LTE, failed to block the STEM effect (EXPERIMENT 3C & 3D). MK-801 

did attenuate the magnitude of synaptic change at similar doses that blocked LTE 

(EXPERIMENT 3A & 3B). These seemingly conflicting results can be easily explained 

by the finding that temperature changes in the brain are responsible for STEM. MK-801 

reduces brain temperature and thus undoubtedly blocks STEM because of its 

thermoregulatory effects, not through NMDA receptor/ion channel blockade. 
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Relevance of Temperature Changes to Learning and Memory 

Lacking the specificity necessary for storing individual units of information, 

temperature changes are not likely to reflect memory storage per se. Temperature

induced changes in evoked potentials may have some modulatory functional effects 

(EXPERIMENTS 4 & 5). There are subtle changes in EPSP size and granule cell output 

that could reflect functional changes; however, the majority of the changes do not have an 

impact on hippocampal function as originally proposed. Aside from the changes in 

evoked potentials, the temperature changes may have other functional roles in learning 

and memory. 

Do temperature changes in the mammalian brain alter cognitive functioning? The 

idea that temperature may have profound effects on memory is supported by a number of 

observations. For example, hippocampal temperature rises in rats during learning (Ahlers 

et a1., 1991) and disruption of thermoregulation can perturb memory function 

(Panakhova, Buresova, & Bures, 1984; Rauch, Welch, & Gallego, 1989). Learning in the 

Morris water task in a subpopulation of age rats can be improved by preventing 

hypothermia (Lindner & Gribkoff, 1991). 

Age-related impairments in spatial learning have been demonstrated using a number 

of different measurement techniques (see chapter: THE AGING HIPPOCAMPUS). One 

perpetual issue in aging research is isolating the variable of interest from other age

associated confounds. Each measure of learning is influenced by a number of extraneous 

variables. For example, old rats may exhibit deficits on learning tasks requiring food 

deprivation because of differential motivational responses to hunger. Likewise, aging 

experiments that require speed can be similarly confounded. 

A portion of the deficit observed in aged rats on the Morris swim task may reflect 

increased susceptibility to hypothermia or reduced cerebral blood flow, rather than an 

actual cognitive impairment in a subgroup of old rats. If brain temperature changes 



277 

during exploration are due to blood wanning during muscle movement, then part of the 

spatial learning impainnent could be due to hypothennia-induced performance deficits. 

Aged rats show deficits in thennoregulation in both hot and cold environments (Gordon, 

1990). Another possible explanation for the reduction of STEM, and corresponding 

impainnent of spatial learning in old rats, is an alteration in cerebral blood flow. 

Evidence for age-related changes in cerebral blood flow include age-differences in 

vascular organization of the hippocampus (Cotman & Scheff, 1979; Topple et ai., 1991; 

Topple et aI., 1990). Changes in vascular patterns in aged rats could result in reduced 

temperature changes as well as a reduction in glucose and oxygen to a critical brain 

region. The basis for the correlation between learning and STEM is likely to be due to u 

subset of old rats with reduced cerebral blood flow having less dramatic temperature 

increases during exploration and/or hypothermia-induced impairment in spatial 

navigation and learning. Age differences in brain and core temperature may also be 

responsible for other age-related behavioral differences such as decline in reaction times 

(Gallagher & Burwell, 1989). If an aged individual had a lower resting body 

temperature, this slight temperature-related synaptic delay could translate into a 

measurable difference in reaction times. 

Temperature increases result in slight hyperpolarization of postsynaptic cells. 

Hyperpolarization pushes the cell further from its activation threshold and also reduces 

the probability of NMDA receptor activation. NMDA receptor activation is highly 

susceptible to alterations in resting membrane potential. One could speculate that these 

two effects combined could act to increase the signal-to-noise ratio once the brain 

becomes warm. Thus, warm hippocampi process only the most important information. 

Dramatic alterations in the afterhyperpolarization (AHP) of the action potential 

associated with temperature changes may modulate infonnation processing. The AHP is 

due to Ca2+ dependent K+ conductance. This temperature-induced change in the AHP 
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may reflect important changes in the level or regulation of intracellular Ca2+ (Thompson 

et aI., 1985). The changes in intracellular Ca2+ are believed to have important 

consequences for changes in synaptic efficacy. For example, intracellular Ca2+ is critical 

for induction of LTE (Ben-Ari et aI., 1992; de long et aI., 1992; Hu et aI., 1987; 

Kullmann, Perkel, Manabe, & Nicoll, 1992; Malenka et aI., 1986). Also, AHP reductions 

in intracellularly-recorded CAl pyramidal neurons have been correlated with eyeblink 

conditioning in aged rabbits (Disterhoft, Golden, Read, Coulter, & Alkon, 1988). 

A final possibility is that not all of the changes in EPSP are due to temperature 

changes and a portion of the EPSP change are important for information processing. 

There may be a small portion of synapses that cannot be accounted for by temperature 

changes. In the anesthetized preparation, temperature accounted for only 80% of the 

changes. Whereas, Moser et al. (1993a) accounted for 50% of the variance with 

temperature in the freely exploring rat. This difference has been experimentally verified 

recently (Moser et aI., 1993b). Thus, there is a portion of the variance in EPSP changes 

that can't be accounted for by temperature in exploring rats. 

Implications for Chronic Electrophysiological Research 

The finding that mammalian brain temperature changes dramatically and that these 

changes influence the shape of evoked responses, have a number of consequences for 

interpreting results from chronic electrophysiological recordings. First, evoked potential 

experiments are subject to misinterpretation if brain temperature/behavior is not 

controlled or measured. This implies that reports of learning-induced changes in evoked 

potentials which fail to control for either behavioral- or circadian rhythm-induced 

changes in brain temperature should be reevaluated. Some experimenters have reported 

EPSP increases associated with classical conditioning, but failed to control for rat 

behavior during the behavioral testing (Laroche, Doyere, & Redini Del Negro, 1991). 



I 

279 

Thus, these changes may be due to temperature increases. Other more carefully 

conducted experiments, controlled the behavioral experience by timing the amount of 

time between removal from the colony room and commencement of the recording session 

(Barnes, 1979; Castro et aI., 1989; McNaughton et aI., 1986). These experiments were 

also conducted at the same time every day to avoid circadian rhythm effects. Fortunately, 

temperature and evoked potential changes are very highly correlated; thus this potentially 

confounding variable can be easily accounted for by measuring brain temperature in 

awake rats or core temperature in anesthetized animals, or by careful monitoring of 

behavior. The effects of temperature on evoked potentials can also be controled by lIsing 

two hemisphere, within-animal controls when possible. Furthermore, the effects of 

STEM can be minimized by placing EPSP measurement cursors after the onset of the 

field EPSP as described in EXPERIMENT 2. 

Second, manipulations resulting in population spike size alterations do not 

necessarily reflect alterations in granule cell output. Verification of functional changes 

by examining the firing patterns of individual granule cells or by a second measure of 

granule cell output, such as the polysynaptic commissural response is necessary. 

Third, activity-induced changes in temperature can change the size and shape of 

individual action potentials. Thus, extracellular single units, recorded with one electrode 

that are differentiated by height or width, may yield misleading results. For example, one 

way to measure unit activity is to create a voltage threshold and count the number of 

threshold crossings. In this situation, a warm rat would have a reduced spike size and 

fewer threshold crossings; thus, the erroneous conclusion drawn would be that there was 

a reduction in firing rate. 

One possible conclusion from this series of experiments is that it is simply too 

difficult to understand the complex circuitry of mammalian brain in awake behaving 

animals because there are just too many unforeseen variables, sllch as temperature 



280 

changes, in the whole animal preparation. One could argue that highly controlled in vitro 

preparations such as tissue cultures or slices are preferable. I prefer a more positive 

conclusion. Experiments conducted in intact animals can provide valuable information 

missing in in vitro preparations. As long as the knowledge that brain temperature is 

altered by behavior and affects electrical signals recorded from behaving animals is taken 

into account, these changes provide another variable that can be measured and controlled 

either experimentally or statistically. 

Directions for Future Research 

One of the most challenging and fascinating aspects of science is the finding the 

most appropriate measurement tool for a given question. The results from these 

experiments raise several questions regarding both the behavioral and 

electrophysiological measures in assessing memory formation in the brain. Are these 

measures capturing what we believe to be learning? For example, does the small but 

significant decrease in the commissural response reflect a reduction in functional output 

of the granule cells during temperature increases? Are these changes important or 

relevant in information processing? A greater portion of the variance in awake behaving 

rats, compared to anesthetized rats, cannot be accounted for by temperature (Moser et al., 

1993b). Is the remaining unaccounted for variance in EPSP amplitude important in 

information processing? The final question we are left with is the same as the one we 

started with. Do synaptic changes, like those described by Hebb (1949), underlie 

memory formation in the brain? 

In EXPERIMENT 1, a strong correlation was found between spatial memory 

accuracy and quantity of exploratory behavior. The link between exploration and spatial 

memory was reviewed in the introductory chapters. Further analysis of this finding 

would require more refined measurements of exploratory behavior. It would be best to 
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further divide exploratory behavior into its distinct components: locomotion, object 

exploration, and reaction to novelty. If exploration is impOItant for spatial learning, then 

the spatial aspects, but not the nonspatial aspects, of exploration may be correlated with 

spatial learning ability. 

The relationship between spatial learning and EPSP changes during STEM also 

merits further attention. One possible explanation for the age differences in the Morris 

open-field swim task is that part of the perfonnance deficits observed in old rats may be 

due to decreased cerebral blood flow or inability to thennoregulate, not cognitive 

factors. If this is true, then decreased cognitive function in aged individuals might be 

ameliorated by agents that increase blood flow to the brain or prevent decreases in brain 

temperature. One way to examine this possibility is to measure brain temperature and 

evoked potentials before and after swimming in the water task. The young rats are 

predicted to recover quickly from the brain changes in temperature due to swimming, will 

pelform the swim task effectively, and will show nomml brain temperature and evoked 

potential changes during exploration. It is predicted that a subset of old rats with the 

greatest drop in brain temperature will show cognitive impairments that are due to 

decreases in impaired thennoregulatory ability. Performance impairment in these rats 

should be reversed by warming. These rats are also likely to have reduced changes in 

evoked potentials and temperature changes during exploration. Another subset of old rats 

might have perfommnce impairments that are due to true spatiallearnillg impairment, and 

will not be reversed by warming because they reflect true changes in cognitive 

functioning. If it is possible to remove thermal factors from the variability in learning 

then the remaining portion of the variance could be correlated with other neurochemical 

or physiological factors influencing memory loss during aging. 

The open-field swim task may be an inappropriate assessment tool for old rats, 

because it partially confounds hypothemlia-induced learning deficits with actual 
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cognitive deficits. This is confirmed by the preliminary finding that some aged rats are 

profoundly hypothermic following the swim task and performance of a subpopulation can 

improved simply by warming them (Lindner & Gribkoff, 1991). One task, the circular 

platform, continues to emerge as an appropriate measure of memory impairment in aged 

rats. The Barnes circular platform does not require food deprivation nor aversive 

treatment of rats. The main drawback of the circular platform task is the length of time 

(approximately 2 weeks) necessary to complete the testing since training trials are 

presented once/day. The other paradigm which may prove useful in assessing spatial 

memory deficits in young compared to old rats is the object exploration paradigm 

described in the introduction (Cavoy & Delacour, 1993; Soffie et aI., 1992). Like the 

Barnes maze, this experimental paradigm does not require food deprivation or aversive 

treatment but exploits natural tendencies in rat behavior. 

The central question in this dissertation is how are memories stored in the brain. If 

alterations in synaptic strength underlie memory formation, then the quest for the engram 

demands a novel approach that is more sensitive to small changes in the strengths of 

synapses. If the hippocampus processes information in a distributed fashion, and a large 

amount of information is processed in any given day, it is likely that these changes are 

very small and localized to specific synapses. There are several approaches that might 

detect minimal, but specific alterations in synaptic efficacy. One possible approach to 

this problem would be to record EPSPs from a number of different sites in the brain and 

use minimal stimulation to detect changes in unitary EPSPs. Another approach would be 

to place numerous unit recording electrodes in one brain region and also in the region 

providing afferent input (for example areas CA3 which projects to CA 1). Thus, it would 

be possible to record the averaged responses in CAl to each CA3 spike. Subtle and 

selective changes in the spike-triggered EPSP averages would indicate increased synaptic 

strengthening. Recently, it has been demonstrated that place cells with overlapping fields 



283 

are more likely fire synchronously during sleep following learning (Wilson & 

McNaughton, 1993b). This finding indirectly suggests that the relationship between the 

correlated cells is changed by the learning experience, possibly through changes in 

synaptic weights. For now, however, the bridge over the abyss between long-term 

synaptic enhancement and memory storage is still missing. 
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EXPERIMENT LIST - STEMI080.DEF 
DESCRIPTION: 
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low frequency stimulation, acg EEG and EP data bilaterally from two rats in separate UFF 
records for EPA analysis 
LOOP TYPE: iterative 
COUNT: 1 

TYPE 5UB# DESCRIPTION 

1 ITERATIVE 2 collect EP and EEG data on two rats bilaterally 
(COUNT: 1080) 

2 ITERATIVE 3 wave averages 
(COUNT: 1) 

SUBROUTINES - STEKI0S0.DEF 

CMO# CKO OBJ# TYPE DESCRIPTION 

(1) SUB: start clocks #3 & #4 running 
1 STIMULATE 16 STIM start clock #3 
2 STIMULATE 15 STIM start #4 running 

(2) 
1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

SUB: stim, 
STIMULATE 
STIMULATE 
STIMULATE 
ACQUIRE 
STIMULATE 
STIMULATE 
STIMULATE 
STIMULATE 
STIMULATE 
STIMULATE 
ANALYZE 
ANALYZE 
RECORD 
RECORD 
RECORD 
DISPLAY 
DISPLAY 
DISPLAY 
STIMULATE 
TIME 
STIMULATE 
STIMULATE 
STIMULATE 
ACQUIRE 
STIMULATE 
STIMULATE 
STIMULATE 
STIMULATE 
STIMULATE 
STIMULATE 
ANALYZE 
ANALYZE 
RECORD 
RECORD 

acg, 
13 
16 
15 

1 
5 

17 
22 
16 
15 
20 
29 
31 

1 
2 

18 
9 

24 
8 

17 

14 
16 
15 

3 
6 

17 
23 
16 
15 
21 
30 
32 

3 
4 

rec, 
STIM 
STIM 
STIM 
ACQ 
STIM 
STIM 
STIM 
STIM 
STIM 
STUI 
ANAL 
ANAL . 
ACQ 
ACQ 
ACQ 
WIND 
WIND 
WIND 
STIM 
TIMER 
STIM 
STIM 
STIM 
ACQ 
STIM 
STIM 
STH! 
5TH! 
STUI 
STH! 
ANAL 
ANAL 
ACQ 
ACQ 

& disp EEG & EP for 2 rats, bilat 
010 for rat 1, left 
clock #3 
clock #4 
left EEG, both rats 
clock #5, rat 1, left 
shut off 010 
010 for rat 2, left 
clock #3 
clock #4 
clock #5, rat 2, left 
left EP rat 1, uff 1 
rat 2 left EP, uff n 
left EEG 
left EP, rat 1 
left EP, rat 2 
left EP, rat 1 
left EP, rat 2 
left hemisphere EEG 
shut off 010 
wait for a total of 10 sec per subroutine 
010 for right, rat 1 
clock #3 
clock #4 
right EEG 
clock #5, rat 1, right 
shut off 010 
010 for right, rat 2 
clock #3 
clock #4 
clock #5, rat 2, right 
right EP, rat 1 
right EP, rat 2 
right EEG 
EP, rat 1, right 



35 
36 
37 
38 
39 
40 

(3) 
1 
2 
3 
4 
5 
6 
7 
8 

RECORD 
DISPLAY 
DISPLAY 
DISPLAY 
STIMULATE 
TIME 

SUB: record 
RECORD 
RECORD 
RECORD 
RECORD 
RESET 
RESET 
RESET 
RESET 

19 
10 
11 
25 
17 

7 

and 
29 
30 
31 
32 
29 
30 
31 
32 

ACQ 
WIND 
WIND 
WIND 
STIM 
TIMER 

reset 
ANAL 
ANAL 
ANAL 
ANAL 
ANAL 
ANAL 
ANAL 
ANAL 

EP, rat 2, right 
right EEG 
right EP, rat 1 
right EP, rat 2 
shut off DIO 
wait for a total 

wave form averages 
left EP, rat 1 
right EP, rat 1 
left EP, rat 2 
right EP, rat 2 
left EP, rat 1 
right EP, rat 1 
left EP, rat 2 
right EP, rat 2 
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of 10 seconds per subroutine 

(4) SUB: high frequency stimulation for both rats 
No commands Defined for Current Subroutine. ______________________________ . __________________ __ 

(5) SUB: shut off clocks #3 & #4 
1 STIMULATE 28 STIM shut off all clocks 

(6 ) 
1 

SUB: turn off update 
UPDATE 26 SCRN turn off update 

OBJECTS - STEM10BO.DEF 

(1) ACQUISITION OBJECT 

DESCRIPTION: left hemisphere EEG, two channels (2 & 6), uff a 
ACQUISITION TYPE: burst 

UFF RECORD TYPE: a 
# OF CHANNELS: 2 
CLOCK TYPE: internal 
TRIGGER TYPE: none 
# OF POINTS: 512 
DURATION: 2560.000 
RATE: 200.321 

CHANNEL: 2 
CHANNEL: 6 

GAIN: 
GAIN: 

(2) ACQUISITION OBJECT 

DESCRIPTION: left hemisphere EP, rat 1, ch. 0, uff b 
ACQUISITION TYPE: burst 

UFF RECORD TYPE: b 
# OF CHANNELS: 1 
CLOCK TYPE: internal 
TRIGGER TYPE: none 
# OF POINTS: 512 



OURATION: 25.600 
RATE: 20000.000 

CHANNEL: 0 GAIN: 2 

(3) ACQUISITION OBJECT 

DESCRIPTION: right hemisphere EEG, two channels (3 & 7), uff c 
ACQUISITION TYPE: burst 

UFF RECORD TYPE: c 
(; OF CHANNELS: 2 
CLOCR TYPE: internal 
TRIGGER TYPE: none 
(; OF POINTS: 512 
DURATION: 2560.000 
RATE: 200.321 

CHANNEL: 3 
CHANNEL: 7 

GAIN: 1 
GAIN: 1 

(4) ACQUISITION OBJECT 

DESCRIPTION: right hemisphere EP, rat 1, ch. 1, uff d 
ACQUISITION TYPE: burst 

UFF RECORD TYPE: d 
(; OF CHANNELS: 1 
CLOCR TYPE: internal 
TRIGGER TYPE: none 
(; OF POINTS: 512 
DURATION: 25.600 
RATE: 20000.000 

CHANNEL: 1 GAIN: 2 

(5) STIMULUS OBJECT 

DESCRIPTION: clock #5 for left acq - rat 1 
STIMULUS TYPE: clocked I/O (CLOCK) 

ACQUIRE DURING STIMULUS: yes 
PARENT ACQUISITION DURING STIMULUS: 2 
DELAY TIME (ms): 0.0 
CLOCK #: 5 
CLOCK SOURCE: 1KHz internal clock 
GATE CLOCK: no 
CLOCK ON: rising edge 
PHASE 1 COUNT: 1400 
PHASE 2 COUNT: 1100 
INITIAL STATE: high 
OUTPUT TYPE: timed 

DURATION (ms): 1.5 

(6) STIMULUS OBJECT 

DESCRIPTION: clock #5 for right acq - rat 1 
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STIMULUS TYPE: clocked IIO (CLOCK) 

ACQUIRE DURING STIMULUS: yes 
PARENT ACQUISITION DURING STIMULUS: 
DELAY TIME (ms): 0.0 
CLOCK #: 5 
CLOCK SOURCE: 1KHz internal clock 
GATE CLOCK: no 
CLOCK ON: rioing edge 
PHASE 1 COUNT: 1400 
PHASE 2 COUNT: 1100 
INITIAL STATE: high 
OUTPUT TYPE: timed 

DURATION (ms): 1.5 

(7) TIMER OBJECT 

DESCRIPTION: wait 5 seconds alternating hemisphere ( sec) 

TIME: 00100102.0000 
DISPLAY TIME: no 
PROCESS KEYS: no 

(8) DISPLAY OBJECT 

DESCRIPTION: LEFT HEMISPHERE EEG 
DISPLAY TYPE: software oocilloscope 

BACKGROUND COLOR: black 
TEXT COLOR: light white 
AUTO REFRESH: yes 
PARENTI 1 
# OF DISPLAY CHANNELS: 2 
X AXIS RANGEl 0.000000 - 2.560000 
Y AXIS RANGE: -5.000000 - 5.000000 
Y LABEL: 
DISPLAY ZBRO LINE: no 
DISPLAY OFFSET CHANNELS: 
SKIP FACTOR: 0 

CHANNEL: 2 COLOR: 
CHANNEL: 6 COLOR: 

( 9 ) DISPLAY OBJECT 

no 

light green 
light yellow 

DESCRIPTION: LEFT EP - rat 1 
DISPLAY TYPE: software oscilloscope 

BACKGROUND COLOR: black 
TEXT COLOR: light white 
AUTO REFRESH: yes 
PARENT: 2 
# OF DISPLAY CHANNELS: 

UNITS: 
UNITS: 

Seconds 
AID Volts 

X AXIS RANGE: 0.000000 - 25.600000 UNITS: Milliseconds 
Y AXIS RANGE: -2.500000 - 2.500000 UNITS: AID Volts 
Y LABEL: 
DISPLAY ZERO LINE: no 
DISPLAY OFFSET CHANNELS: no 
SKIP FACTOR: 0 

CHANNEL: 0 COLOR: light green 
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(10) DISPLAY OBJECT 

DESCRIPTION I RIGHT HEMISHPERE EEG 
DISPLAY TYPE: software oscilloscope 

BACKGROUND COLOR: black 
TEXT COLOR. light white 
AUTO REFRESH: yes 
PARENT: 3 
# OF DISPLAY CHANNELS: 2 
X AXIS RANGE: 0.000000 - 2.560000 UNITS: Seconds 
Y AXIS RANGE: -5.000000 - 5.000000 UNITS: AID volts 
Y LABELl 
DISPLAY ZERO LINE: no 
DISPLAY OFFSET CHANNELS: no 
SKIP FACTOR: 0 

CHANNEL: 3 COLOR: light red 
CHANNEL: 7 COLOR: light cyan 

(11) DISPLAY OBJECT 

DESCRIPTION: RIGHT EP - ~at 1 
DISPLAY TYPE: software oscilloscope 

BACKGROUND COLOR: black 
TEXT COLOR: light white 
AUTO REFRESH: yes 
PARENT: 4 
# OF DISPLAY CHANNELS: 
X AXIS RANGE: 0.000000 - 25.600000 
Y AXIS RANGE: -2.500000 - 2.500000 
Y LABEL: 
DISPLAY ZBRO LINE: no 
DISPLAY OFFSET CHANNELS: no 
SKIP FACTOR I 0 

CHANNEL: 1 COLOR: light red 

(12) SCREEN OBJECT 

DESCRIPTION: ONLY UPDATE PLOTS 

SCREEN TYPE UPDATE: screen number 

(13) STIMULUS OBJECT 

UNITS: Milliseconds 
UNITS: AID Volts 

DESCRIPTION: DIO for left hemisphere - rat 
STIMULUS TYPE: single value (DIO) hold 

ACQUIRE DURING STIMULUS: no 
DELAY TIME (ms): 0.0 

0123456789ABCDEF 
DIGITAL OUTPUT VALUE: 1000000000000000 
DIGITAL MASK VALUE: 1000000000000000 

(14) STIMULUS OBJECT 

DESCRIPTION: DIO for right hemisphere - rat 
STIMULUS TYPE: single value (DIO) hold 

ACQUIRE DURING STIMULUS: no 
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DELAY TIME (ma): 0.0 
0123456789ABCDEF 

DIGITAL OUTPUT VALUE: 0100000000000000 
DIGITAL MASK VALUE: 0100000000000000 

(15) STIMULUS OBJECT 

DESCRIPTION: clock #4 single pulse with 1 rns delay 
STIMULUS TYPE: clocked 1/0 (CLOCK) 

ACQUIRE DUR~NG STIMULUS: no 
DELAY TIME (ma): 0.0 
CLOCK #: 4 
CLOCK SOURCE: IMHz internal clock 
GATE CLOCK: yes 
CLOCK Otl: rilling edge 
PHASE 1 COUNT: 700 
PHASE 2 COUNT: 400 
INITIAL STATE: low 
OUTPUT TYPE: continuous 

(16) STIMULUS OBJECT 

DBSCRIPTIONI clock #3 paired pulses 
STIMULUS TYPE: clocked Ilo (CLOCK) 

ACQUIRE DURING STIMULUS: no 
DELAY TIME (ma): 0.0 
CLOCK #: 3 
CLOCK SOURCE: lMHz internal clock 
GATE CLOCK: yes 
CLOCK ONI rising edge 
PHASE 1 COUNT: 40 
PHASE 2 COUN'l': 160 
INITIAL STATE: low 
OUTPUT TYPE: continuous 

(17) STIMULUS OBJECT 

DESCRIPTION: IIhut off 010 
STIMULUS TYPE: single value (DIO) hold 

ACQUIRE DURING STIMULUS: no 
DELAY TIME (ma): 0.0 

0123456789ABCDEF 
DIGITAL OUTPUT VALUE: 0000000000000000 
DIGITAL MASK VALUE: 0000000000000000 

(lB) ACQUISITION OBJECT 

DESCRIPTION: left hemisphere EP, rat 2, ch. 4, uff f 
ACQUISITION TYPE: burst 

UFF RECORD TYPE: f 
# OF CHANNELS: 1 
CLOCK TYPE: internal 
TRIGGER TYPE: none 
# OF POINTS: 512 
DURATION: 25.600 
RATE: 20000.000 

289 



CHANNEL: 4 GAIN: 2 

(19) ACQUISITION OBJECT 

DESCRIPTION: right hemisphere EP, rat 2, ch. 5, uff 9 
ACQUISITION TYPE: burst 

UFF RECORD TYPE: 9 
# OF CHANNELS: 1 
CLOCK TYPE: internal 
TRIGGER TYPE: none 
# OF POINTS: 512 
DURATION: 25.600 
RATE: 20000.000 

CHANNEL: 5 GAIN: 2 

(20) STIMULUS OBJECT 

DESCRIPTION: clock #5 for left BCq - rat 2 
STIMULUS TYPE: clocked Ilo (CLOCK) 

ACQUIRE DURING STIMULUS: yes 
PARENT ACQUISITION DURING STIMULUS: 18 
DELAY TIME (ms): 0.0 
CLOCK #: 5 
CLOCK SOURCE: 1MHz internal clock 
GATE CLOCK: no 
CLOCK ON: rising edge 
PHASE 1 COUNT: 1400 
PHASE 2 COUNT: 1100 
INITIAL STATE: high 
OUTPUT TYPE: timed 

DURATION (ms): 1.5 

(21) STIMULUS OBJECT 

DESCRIPTION: clock #5 for right acq - rat 2 
STIMULUS TYPE: clocked Ilo (CLOCK) 

ACQUIRE DURING STIMULUS: yes 
PARENT ACQUISITION DURING STIMULUS: 19 
DELAY TIME (ms): 0.0 
CLOCK #: 5 
CLOCK SOURCE: 1MHz internal clock 
GATE CLOCK: no 
CLOCK ON: rising edge 
PHASE 1 COUNT: 1400 
PHASE 2 COUNT: 1100 
INITIAL STATE: high 
OUTPUT TYPE: timed 

DURATION (ms): 1.5 

(22) STIMULUS OBJECT 

DESCRIPTION: DIO for left hemisphere - rat 2 
STIMULUS TYPE: single value (DIO) hold 
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ACQUIRE DURING STIMULUS: no 
DELAY TIME (ms): 0.0 

0123456789ABCDEF 
DIGITAL OUTPUT VALUE: 0010000000000000 
DIGITAL MASK VALUE: 0010000000000000 

(23) STIMULUS OBJECT 

DESCRIPTION: DIO for right hemisphere - rat 2 
STIMULUS TYPE: single value (DIO) hold 

ACQUIRE DURING STIMULUS: no 
DELAY TIME (ms): 0.0 

0123456789ABCDEF 
DIGITAL OUTPUT VALUE: 0001000000000000 
DIGITAL MASK VALUE: 0001000000000000 

(24) DISPLAY OBJECT 

DESCRIPTION: LEFT EP - rat 2 
DISPLAY TYPE: software oscilloscope 

BACKGROUND COLOR: black 
TEXT COLOR: light white 
AUTO REFRESH: yes 
PARENT: 18 
# OF DISPLAY CHANNELS: 
X AXIS RANGE: 0.000000 - 25.600000 UNITS: Milliseconds 
Y AXIS RANGE: -2.500000 - 2.500000 UNITS: AID Volts 
Y LABEL: 
DISPLAY ZERO LINE: no 
DISPLAY OFFSET CHANNELS: no 
SKIP FACTOR: 0 

CHANNEL: 4 COLOR: light yellow 

(25) DISPLAY OBJECT 

DESCRIPTION: RIGHT EP - rat 2 
DISPLAY TYPE: software oscilloscope 

BACKGROUND COLOR: black 
TEXT COLOR: light white 
AUTO REFRESH: yes 
PARENT: 19 
# OF DISPLAY CHANNELS: 
X AXIS RANGE: 0.000000 - 25.600000 UNITS: Milliseconds 
Y AXIS RANGE: -2.500000 - 2.500000 UNITS: AID Volts 
Y LABEL: 
DISPLAY ZERO LINE: no 
DISPLAY OFFSET CHANNELS: no 
SKIP FACTOR: 0 

CHANNEL: 5 COLOR: light cyan 

(26) SCREEN OBJECT 

DESCRIPTION: turn off gain and rate updates 

SCREEN TYPE UPDATE: screen number 
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(27) SCREEN OBJECT 

DESCRIPTION: 

SCREEN TYPE UPDATE: screen number 

(28) STIMULUS OBJECT 

DESCRIPTION: shut off clocks #3 and #4 
STIMULUS TYPE: clocked Ilo (CLOCK) 

ACQUIRE DURING STIMULUS: no 
DELAY TIME (ms): 0.0 
CLOCK #: 3 
CLOCK SOURCE: 1KHz internal clock 
GATE CLOCK: no 
CLOCK ON: rising edge 
PHASE 1 COUNT: 0 
PHASE 2 COUNT: 0 
INITIAL STATE: low 
OUTPUT TYPE: single pulue 

(29) ANALYSIS OBJECT 

DESCRIPTION: wave averages for left EP, rat 1 
ANALYSIS TYPE; signal processing 

PARENT ACQ. or ANAL. OBJECT: 2 
UFF RECORD TYPE: 1 
TYPE: running average 
CHANNELS: (0) 

(30) ANALYSIS OBJECT 

DESCRIPTION: wave averages on right EP, rat 1 
ANALYSIS TYPE: signal processing 

PARENT ACQ. or ANAL. OBJECT: 
UFF RECORD TYPE: m 
TYPE: running average 
CHANNELS: (1) 

(31) ANALYSIS OBJECT 

DESCRIPTION: wave averages on left EP, rat 2 
ANALYSIS TYPE: signal processing 

PARENT ACQ. or ANAL. OBJECT: 18 
UFF RECORD TYPE: n 
TYPE: running average 
CHANNELS: (4) 

(32) ANALYSIS OBJECT 

DESCRIPTION: wave averages on right EP, rat 2 
ANALYSIS TYPE: signal processing 

PARENT ACQ. or ANAL. OBJECT: 19 
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OFF RECORD TYPE I 0 

TYPE: running average 
CHANNELS: (5) 
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AMPA 

AP-5 

APV 

CNXQ 

EEG 

EPSP 

FD 

FET 

FFT 

lEG 

IPSP 

LTE 

MK-801 

NMDA 

NO 

NPC 12626 

STEM 

APPENDIX B: ABBREVIATIONS 

a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

2-amino-5-phosphonopentanoic acid 

2-amino-5-phosphonovaleric acid 

6-cyano-7 -nitroquinoxaline-2,3-dione 

electroencephalography 

excitatory postsynaptic potential 

fascia dentata 

field-effect transistor 

fast Fourier transform 

immediate early genes 

inhibitory postsynaptic potential 

long-term enhancement 

5-methyl-l 0, Il-dihydro-5H-dibenzo[a,d]cyclohepten-5, 10-imine 

N-methyl-D-aspartate 

nitric oxide 

2-amino-4,5-( 1 ,2-cyclohexyl)-7 -phosphonoheptanoic acid 

short-term exploratory modulation 
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