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Preface
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It is proper also to acknowledge that the success of the symposia depended upon the capable assistance of several staff members at The University of Iowa: most noteworthy, Ms. Terry Powell, Program Associate, Conferences and Institutes, Ms. Jean Jensen, Ms. Pamela Young, and Mr. André Mallie. In addition, we acknowledge the air transportation arrangements for participants provided by Travel Concepts, Iowa City, IA.



Introduction

Isidore Gormezano

University of Iowa

DOI: 10.4324/9780203772515-1

This volume presents the views and findings of behaviorally and biologically oriented investigators invited to participate in the University of Iowa’s biennial learning and memory symposium. In recent years, a number of edited volumes have appeared in learning and memory. However, we believe that few of them involve as balanced a set of behavioral and biological contributions as presently achieved. Whereas the present chapters vary in their scope and depth of coverage, they are all amply referenced so that the researcher, teacher, and student can obtain the background information appropriate to their respective needs. It should also be noted that editors of multiauthored volumes sometimes face the unpleasant choice of waiting or not waiting for the very last contributors to proceed with publication. As a consequence, several topics originally planned for inclusion in this volume are absent. In any event for purposes of discussion, the content of the present contributions can be categorized in three groups, as detailed next.

Chapter 1, Chapter 2 and Chapter 3 reveal the scientific maturing of ecological, ethiological and comparative perspectives in the study of learning and memory, whereas Chapters 4 and 5, employing the more traditional paradigms of matching-to-sample and partial reinforcement, respectively, provide an expanded view of basic learning and memory processes. Collectively, Chapter 1, Chapter 2, Chapter 3, Chapter 4 and Chapter 5 provide sets of learning and memory data that offer interesting challenges to their biological analysis. At present, the principle impediment to meeting this challenge lies in the need to develop the appropriate reductionistic methodologies. Hopefully, these chapters will stimulate the biologically oriented readers to such an undertaking.

Roberts (Chapter 1) illustrates the maturing analysis of foraging from an anthropomorphic perspective, to biological models appealing to evolutionary processes, to his radial maze analysis of such patch-related variables as the density, location, number, and size of food items. The accumulation of data indicating the importance of memory to foraging led Roberts to select the radial maze as a particularly useful paradigm for the experimental study of foraging. Moreover, in reviewing the results of a series of his radial maze experiments, Roberts demonstrates the paradigm’s ecological validity and power to investigate the role of memory in foraging as well as for the study of memory per se.

Shettleworth (Chapter 2), starting from a comparative and ecological perspective, presents the results of a program of research directed at comparing the memory of birds for stored and encountered food in storing and nonstoring bird species under several experimental paradigms. In one procedure, for example, each bird is tested in an aviary with holes drilled in tree branches providing food storage sites. After eating a few seeds, the bird proceeds to store up to a dozen seeds individually, among as many as 97 holes. Subsequently, the holes are covered with a small flap of cloth and after various retention intervals, the bird is permitted to recover the seeds. At a procedural level, at least, the bird food-storing paradigm differs substantially from the memory paradigms employed with other species (e.g., pigeon, rat). Nevertheless the food-storing paradigm reveals the extraordinary ability of the birds to retrieve stored food at very extended retention intervals, after only a single learning trial. In brief, Shettleworth’s studies constitute an eloquent testimonial to the power of a comparative and ecological framework to provide new insights and challenges to the study of memory mechanisms.

Wright (Chapter 3) advances the unassailable position that failures to observe higher mental processes in animals may reflect the employment of inappropriate apparatus and paradigms. In operational terms, Wright draws our attention to the need to employ experimental protocols whose stimulus dimensions and response demands take advantage of the organism’s innate characteristics while minimizing incompatibilities. Wright supports his view with studies in which modest changes in traditional training and testing situations yielded substantial gains in ability of monkeys to perform list memory tasks, and in the success of pigeons and monkeys to learn abstract concepts.

Chatlosh and Wasserman (Chapter 4) describe the results of a series of pigeon short-term memory experiments with matching-to-sample procedures. The reported studies are concerned with determining the role of anticipatory responses on memory under prolonged retention intervals. In one experiment, they reported that manipulating the probability of reinforcement following different sample stimuli markedly reduced the rate of forgetting compared to a fixed probability of reinforcement following the test stimuli. These and other results are interpreted by the authors to provide strong support for the view that expectancies of different trial outcomes have stimulus properties that can serve a mnemonic function.

Daly (Chapter 5), starting with the seminal paper by Wyckoff (1952), critically reviews the appetitive-observing response literature that meet her criteria of being “pure” observing response experiments (i.e., control for response cost, response competition, response changeover, and response choice). Considering experimental outcomes for studies meeting such criteria, Daly illustrates the power of her linear operator model, DMOD, to predict the conditions under which subjects will reveal a preference for unpredictable appetitive rewards—a possible outcome not addressed by any previous theoretical account. The predictive power of Daly’s model rests upon her quantitative formalizing of constructs incorporating: (a) Amsel’s (1958) frustration account of the aversive consequences of the unexpected omission of reward; and (b) the consequences of reintroducing reward. Collectively, these constructs provide a model whose ability to integrate a large body of data is impressive.

In Chapter 6, Chapter 7 and Chapter 8 as elaborated next, the authors have provided contributions revealing the harmonious wedding of behavioral paradigms with well-delineated biological methodologies for a reductionistic analysis of behaviorally defined constructs (e.g., “internal” clock, sensitization, fear). On the other hand, Chapters 9 and 10 reveal the maturing of methodological and conceptual developments in the behavioral and biological analysis of teratogens and environmental variations on brain functioning and development, respectively,.

Church et al. (Chapter 6) detail the functioning of the internal clock, memory, and decision-processing components of an information-processing model of timing. In this theory of timing, the internal clock, postulated to be composed of a pacemaker, switch, and accumulator, has the status of a hypothetical construct whose surplus meaning readily suggests experimental interventions for effective time perception and time production. In particular, the internal clock, as a hypothetical construct, suggests a variety of interventions that might be expected to alter the internal state of the organism, for example, and as they demonstrate, a variety of drugs would be expected to affect the operating characteristics of the clock (e.g., clock speed).

Stewart (Chapter 7) presents a series of experiments designed to determine the conditions under which repeated exposure to opiate and stimulant drugs leads to: (a) sensitization of their behavioral activating effects (i.e., increased locomotor responsiveness to repeated drug injection), and (b) conditioned stimuli gaining control over the expression of that sensitization. In brief, Steward presents a provocative set of experiments indicating that the development of locomotor sensitization in rats is correlated with increases in the extracellular concentration of dopamine (DA) in the gomatodendritic region of the mesolimbic DA neurons, whereas CS control appears to be correlated with the release of the DA from both cell body and terminal regions of the neurons. Although only correlative in nature, Stewart’s findings suggest where in the nervous system (and by what mechanism) learned changes in the ability of sensory stimuli to modulate activity might take place.

Davis et al. (Chapter 8), employing the fear-potentiated startle paradigm for the study of learning and memory in vertebrates, provide a review of their efforts, and those of others, in determining the neural pathways involved. In particular, they detail their efforts at delineating the role of the central nucleus of the amyglada and its possible connections to the acoustic startle pathway and to visual structures carrying information about the visual conditioned stimulus. These investigators join a small but growing group of behavioral neuroscientists who have targeted simple and robust learning paradigms tractable to their neural substrates and sites of neural change.

Goodlett et al. (Chapter 9) review the results of a series of anatomical and behavioral studies attesting to the power of their animal model to experimentally delineate the causes and consequences of the fetal alcohol syndrome (FAS). Although FAS has been long recognized as a clinical syndrome, there has been a paucity of evidence of its behavioral effects. Employing an elegant maintenance paradigm involving gastric feedings, these investigators have been able to deliver doses of alcohol during a postnatal period of rapid brain growth. As a consequence, their FAS model has unfolded anatomical damage and behavioral dysfunctions ordinarily related to alcohol dosage and the postnatal period of exposure. In addition to their clinical significance, the elucidation of the factors mediating teratogenic effects of alcohol will also enhance our general understanding of brain-behavior relationships.

Greenough et al. (Chapter 10) summarize more than two decades of their research on the anatomical effects of environmental complexity. In addition, they present their most recent findings on research directed at isolating learning-dependent anatomical changes in the mammalian brain arising from the effects of early sensory experience on brain information storage. They also provide evidence to suggest three dissociable aspects of brain information storage: (a) over-production of synapses followed by selective preservation; (b) activity dependent synaptogenesis; and (c) altered metabolic capacity. Of considerable theoretical interest is their assertion that different neural processes may mediate experience-induced synaptogenesis during development versus adulthood. They speculate that, from an evolutionary perspective, some aspects of the rearing environment remain invariant and, thereby, permit the stabilizing of certain associative connections and synaptogenesis. In contrast, the authors suggest that in later development and in adulthood varied experience drives synaptogenesis.

In Chapter 11, Chapter 12, Chapter 13, Chapter 14, Chapter 15 and Chapter 16, the authors, following in a tradition pioneered by Pavlov (1927) and Lashley (1929, 1950), employ a variety of behavioral techniques to advance an understanding of the biological basis of learning and memory. Specifically, these authors present findings that reveal major advances in our understanding of the functional role of anatomically distinct structures, synaptogenic changes, and, with the use of model systems, the loci of neural and biophysical changes in learning and memory.

LoTurco et al. (Chapter 11) review their striking findings on the biophysical and biochemical correlates of associative learning in the in vitro brain slice preparation of the rabbit hippocampal CA1 neurons and Hermissenda B cells. Specifically, they have identified increases in the excitability of both CA1 and B cells with associatively induced long-term biochemical change mediated by protein kinase C (PKC). Accordingly, they propose that a general mechanism of neural plasticity, related to associative learning, may be the activation of PKC and the consequent modification of potassium currents. Interestingly, their bio-chemical model of associative learning allocates a central role to the behavioral associative principle of contiguity.

Kesner and Jackson-Smith (Chapter 12) assume that specific neural regions (like the hippocampus) selectively participate in such psychological processes as the discrimination of time and space, the experience of affect, and the generation of responses. The interplay of these psychological processes in learning and memory and the neural regions that mediate successful performance is the focus of their research program. Taking their lead from clinical and experimental findings with human beings, Kesner and Jackson-Smith report a series of systematic investigations with rats, which suggest that analogous neural regions in these two species serve similar mnemonic functions. These findings thus constitute broad support, indeed, for their attribute model of memory.

Berger and Bassett (Chapter 13) discuss the function of the hippocampus in the modulation of learned behaviors. They give special consideration to the functional correlates of single-unit activity and to the activity of larger collections of spatially contiguous hippocampal cells. Berger and Bassett further urge that a proper picture of hippocampal function must also consider the interface between the hippocampus and other regions of the brain more specifically tuned to coordinating motor activity. Failure to consider the interplay between the hippocampus and other brain structures may greatly distort our understanding of how the hippocampus influences the performance of learned behaviors.

McCabe et al. (Chapter 14) describe a systematic series of studies using a wide range of behavioral, physiological, and pharmacological methods to elucidate the neural mechanisms of heart rate conditioning in rabbits. Especially noteworthy is their use of differential conditioning as a basic behavioral paradigm; this method sheds considerable light on the role of excitation and inhibition in controlling cardiac responses, and it also allows one to pinpoint associative changes in both CS and US processing. Although much remains to be learned about the involved neural circuitry, the plan of attack outlined by these authors appears to be particularly promising.

Moore and Desmond (Chapter 15) describe a hypothetical neural network that shows promise in explaining whether and when an organism predicts US occurrence from presentation of the CS. This computational model was developed to explain several details of rabbit nictitating membrane conditioning including inhibition of delay, blocking, and the intermixture of interstimulus intervals. Furthermore, by taking into account known facts of cerebellar function and anatomy, the model of Moore and Desmond strove to be physiologically plausible. The heuristic value of the model will be determined by how effective it is in stimulating new lines of behavioral and physiological inquiry into the neural locus of conditioning.

Thompson and Steinmetz (Chapter 16) review an extensive series of behavioral and physiological investigations leading them to conclude that classical conditioning of the rabbit’s nictitating membrane response establishes multiple memory traces in a very localized region of the cerebellum, the dentate interpositus. Damage to the site is observed to eliminate conditioned responses, but to spare unconditioned responses. Thompson and Steinmetz express their surprise with having found the cerebellum as the locus of engram formation. Moreover, they acknowledge that other brain regions, such as the hippocampus, surely participate in performance of the conditioned response in more complex behavioral tasks.



1 Foraging by Rats on a Radial Maze: Learning, Memory, and Decision Rules

William A. Roberts

University of Western Ontario

DOI: 10.4324/9780203772515-2

The research I discuss represents a blending of two areas of investigation, spatial memory and foraging. Beginning with the seminal article of Olton and Samuelson (1976), a number of experiments have been carried out on the radial maze to find out how rats and other animals remember and forget spatial information. This research has revealed that rats can remember a large number of locations visited (Olton, Collison, & Werz, 1977; Roberts, 1979) and that the format of memory is maplike and based on extramaze visual cues (Mazmanian & Roberts, 1983; Suzuki, Augerinos, & Black, 1980). Although rats can remember locations visited on the radial maze over several hours (Beatty & Shavalia, 1980), forgetting can arise from both proactive and retroactive interference caused by other spatial experiences (Roberts, 1981; Roberts & Dale, 1981).

If one reflects on the functional role of spatial memory, it seems clear that spatial memory promotes fitness in rats and other animals (Shettleworth, 1983). Specifically, spatial memory allows animals to remember where in space a number of places are located that are vital to survival, such as food locations, the location of home base, and the locations of potential predators and conspecifics. Spatial memory also allows an organism to keep track of its own movements through a spatial landscape and prevents redundant visits to locations recently visited. Finally, animals not only remember locations in their environment but also remember the contents of those locations or important events that occurred at those locations.

Much of this concern with the functional role of spatial memory is incorporated within the second area of investigation, foraging theory. Spatial memory may be seen to be at the service of foraging strategies that tend to maximize the survival of an organism or its genes. Thus, spatial knowledge informs decisions that tend to maximize energy gained over time by a forager and its offspring and to minimize exposure to predation.

Shettleworth (1989) has recently stressed the distinction between functional and mechanistic foraging questions. Many models of foraging advanced by biologists have addressed functional questions about the way in which evolutionary processes would shape optimal foraging behavior. Psychologists, on the other hand, have tended to focus on proximal questions about the more immediate mechanisms that govern foraging decisions in existing animals. Presumably, these two approaches to the study of foraging go hand in hand; that is, mechanisms of foraging evolved to serve functions that tend to optimize foraging behavior. For example, if it is optimal for a forager to visit environmental locations containing food and to avoid ones not containing food, there should be evolutionary pressures for the selection of organisms that can learn and remember food locations.

Much of the foraging work in psychology has been carried out in Skinner boxes, with animals working for reinforcements on concurrent and multiple schedules that deliver reinforcement at different rates on a random or quasi-random basis. The question usually asked in such experiments is whether an animal will learn to switch between keys or schedules at times that tend to maximize the overall energy gain (e.g., Bhatt & Wasserman, 1987; Dow & Lea, 1987; Fantino & Abarca, 1985; Kamil, Yoerg, & Clements, 1988). Relatively few experiments have been carried out in the psychology laboratory to investigate what may be a relatively more realistic situation of animals foraging across a spatial field in which food may be found in different locations. Further, few experiments have been done to study foraging when the forager may have complete or nearly complete knowledge of an environment and its contents.

Within natural settings or seminatural environments constructed in the laboratory, evidence of the important functional use of spatial memory in foraging has begun to accumulate. Menzel (1973, 1978) allowed chimpanzees to observe as many as 18 food items being hidden at different locations in an open outdoor field. When released, the chimpanzees foraged in a least-distance-traveled pattern and thus minimized the time and effort required to accumulate all the available food. When confronted with an abundance of food that cannot be consumed at the moment, some species of birds hoard available food and recover it at a later time. In both the field and the laboratory, it has been shown that Clark’s nutcrackers can remember a vast number of locations where pinyon pine seeds have been buried days before (Balda, 1980; Balda & Turek, 1984; Kamil & Balda, 1985). Marsh tits and chickadees allowed to hide food in a natural setting or in holes in trees in a laboratory show foraging efficiency by selectively returning to those places where food was hidden (Sherry, 1987; Shettleworth & Krebs, 1982, 1986). By using spatial memory for the location and contents of food sites, foraging birds save valuable time and energy that would be lost if a search not informed by memory were used.

A few recent laboratory studies with rats suggest foraging efficiency. Mellgren and his associates examined the foraging patterns of rats confronted with food items buried in boxes of sand that were dispersed about a large room (Mellgren, 1982; Mellgren & Brown, 1987; Mellgren, Misasi, & Brown, 1984). Rats searched longer in patches as patch density and travel time between patches increased and showed the most efficient foraging when patch density was unpredictable and patches were difficult to reach. Several radial maze studies suggest that rats are very sensitive to the contents of maze arms and tend to prioritize their visits to arms on the basis of their contents. Hulse and O’Leary (1982) placed different quantities of reward pellets in food cups at the ends of the arms of a four-arm radial maze and found that rats came to enter the arms with the largest amounts before the arms with the smaller amounts. In other experiments, water-deprived rats have encountered water or other liquid substances placed on the arms of a radial maze. Rats learned to avoid an arm that did not contain water and to prefer one that contained chocolate milk (Batson, Best, Phillips, Patel, & Gilleland, 1986). When consumption of saccharin was followed by lithium chloride poisoning, rats avoided any arm of a radial maze that contained saccharin (Batson et al., 1986; Melcer & Timberlake, 1985).

In the experiments reported here, I show that rats foraging on a radial maze are sensitive to several variables that are directly relevant to foraging in a natural setting. These variables include structural aspects of the foraging situation, such as differences in density of food among patches, location of food within a patch, travel time between patches, and ease of access to food placed in feeders, and properties of food items, such as number and size. In several cases, rats’ behaviors will appear illogical or unnecessary within the laboratory context. However, consideration of this behavior from an evolutionary point of view suggests that it has definite survival value. It is argued that the radial maze has considerable ecological validity for the study of foraging in rats, and that this ecological validity may be a result of the radial maze mimicking to a certain extent the burrow system of wild rats.


Optimal Foraging by Rats

In several experiments my students and I have carried out recently, we have extended the use of the radial maze for studying foraging in rats by adding certain constraints on foraging. In Fig. 1.1, a top diagram is shown of a four-arm radial maze used in my laboratory. Notice that each arm contains four feeding stations or food cups attached to a platform on the side of the arm. In the experiment depicted in the figure, the arms of the maze were defined as patches, and the patches contained 0 (0% patch), 1 (25% patch), 2 (50% patch), or 3 (75% patch) baited feeders. The baited feeders (F) each contained a pellet of General Mill’s Count Chocula breakfast cereal. Information was varied in this experiment. One group of rats was allowed to forage with the food locations remaining fixed throughout 24 foraging sessions. This group then had the opportunity to learn food locations and to make use of reference memory to forage efficiently. A second group of rats had food locations varied randomly from one session to the next; the four patches always contained 0, 1, 2, or 3 baited feeders, but patch density and the specific locations of baited feeders within patches varied randomly between daily sessions. Two other constraints on foraging were manipulated. Travel time between patches was manipulated by requiring rats to climb over wooden barriers placed at the entrance to each arm. On alternate daily sessions, barriers were either present or absent. As a third constraint, the time and effort required to gain access to feeders was raised by requiring rats to push metal covers off the feeders to get at their contents. One subgroup of rats within each of the fixed and random food location conditions was tested with covered feeders, and another subgroup was tested with open feeders.
[image: ]FIG. 1.1 Diagram of a four-arm radial maze with four feeding stations on each arm (patch). Patch density was varied by placing food (F) in 0 (0% patch), 1 (25% patch), 2 (50% patch), or 3 (75% patch) of the feeders in each patch. (From Roberts & Ilersich, 1989. Copyright 1989 by American Psychological Association. Reprinted by permission.)
In Fig. 1.2, two fixed food location curves and two random food location curves are shown for animals foraging with barriers placed at patch entrances and covers placed over feeders. One curve represents optimal foraging as determined by a computer simulation. The simulations were done by using average times for different components of foraging taken from the final sessions of testing (see Roberts & Ilersich, 1989) and computing the times at which food items 1-6 would be consumed if an optimal strategy were used. In the case of fixed food locations, the optimal strategy was entering patches in decreasing order of density and visiting only baited feeders within each patch. With random food locations, the optimal strategy was to enter four different patches and exhaustively visit all four feeders within the patch. The observed curves represent the actual times at which rats consumed items on the final sessions of testing. Note that the fixed food location group collected all food items substantially sooner than the random food location group. An important observation to be made is that both groups’ curves are only slightly below the optimal foraging curves. The observed points were generally within 10% of the times generated for the optimal curves. In other words, rats were making foraging decisions that kept their rate of food accumulation near optimality.
[image: ]FIG. 1.2 Gain functions showing mean median times at which successive food items were consumed. The optimal strategy curves are based on computer simulations, and the observed curves are based on rats foraging for food in fixed or random locations on a four-arm maze.

Foraging Decision Rules

We may inquire about the mechanisms or decision rules rats used in this experiment to stay near optimal foraging. All three of the constraining variables manipulated had an effect on foraging decisions.


The Effect of Travel Time

When travel time between patches was raised by placing barriers at patch entrances, rats in the random food location condition stayed in patches longer and visited all the feeders in the patch before leaving. The rate of patch reentry then was low. Without barriers, rats stayed for a shorter time in patches, less frequently visited all the feeders within a patch, and more frequently revisited patches. These findings suggest that rats were willing to abandon patches without exhaustively searching them when the price of a revisit was low, but not when the price of a revisit was high.


Discrimination Among Patches

The difference between fixed and random observed curves seen in Fig. 1.2 suggests that rats were using reference memory to locate food items sooner in the fixed food location group. Evidence for food location learning can be sought at two levels of choice decisions: choice among patches varying in food density and choice between baited and unbaited feeders within patches. Discrimination among patches is examined in Fig. 1.3, in which the mean rank of entry into patches varying in food density is plotted across blocks of two daily sessions. Lower ranks indicate early patch entrance, and higher ranks indicate late patch entrance. The data from the random food location group are shown in the left panel and indicate that rats never discriminated among patches. This finding is important because it indicates that rats could not detect patch density by the use of odor cues. In the right panel, rats developed a strong tendency to enter the 0% patch late in the sequence of patch visits. In many cases, rats simply did not enter the 0% patch. Although there is some average tendency for rats to enter the 75% patch before the 50% and 25% patches, the differences among these three patches were not statistically significant. These findings indicate that rats strongly discriminated between patches with food and a patch without food. The finding that they did not discriminate strongly among patches with different numbers of baited feeders suggests that decisions among these patches might have been based on a decision process in which an entry decision was made whenever a scan of reference memory yielded at least one baited feeder.
[image: ]FIG. 1.3 Mean ranks of first entry into patches varying in density plotted over blocks of 2 days. Data for the random food locations condition are shown in the left panel, and data for the fixed food locations condition are shown in the right panel. (From Roberts & llersich, 1989. Copyright 1989 by American Psychological Association. Reprinted by permission.)

Discrimination Among Feeders

Rats tested with fixed food locations came to discriminate well between baited and unbaited feeders within patches. Selective foraging between feeders appeared, however, only if feeders were covered. As a measure of feeder discrimination, it was determined whether the first feeder visited upon entry into patches of different density was baited or unbaited. The percentage of baited feeders visited was calculated for each patch over the final sessions of testing. When rats had to remove a cover from each feeder to reach its contents, the percentages of baited feeders visited were 70%, 81%, and 95% in the 25%, 50%, and 75% density patches, respectively, and each of these percentages significantly exceeded patch density. When the feeders were open, the percentages of initial visits to baited feeders were 20%, 52%, and 74% in the 25%, 50%, and 75% density patches, respectively, and none of these percentages differed significantly from patch density.

To understand this difference between covered and open feeders, the difference in foraging patterns between groups of rats must be described. Without covers on the feeders, rats foraged in a linear fashion; that is, a rat entered a patch and visited the feeders in order from the first feeder on the arm, systematically poking its nose into each feeder. This pattern led to visits to a number of unbaited feeders and meant that the likelihood of making an initial visit to a baited feeder would be no better than chance or patch density. When the feeders were covered, rats showed much greater selectivity by bypassing empty feeders and going to baited feeders. Further, these rats typically left a patch after visiting baited feeders, with few visits to unbaited feeders. These findings suggest that rats become much more selective in their foraging decisions among feeders when a price of extra time and effort to reach food is introduced.

Rats trained with random food locations tended to forage linearly within patches, both with covered and open feeders, and percentages of initial visits to a baited feeder did not significantly exceed patch density. This finding suggests that rats were not using odor cues to locate baited feeders within patches. The accuracy shown by rats in the fixed food location and covered feeder condition can be attributed to reference memory for the contents of feeders placed within different patches.


Foraging for Different Numbers of Food Pellets

In some recent experiments, the four-arm radial maze was used to examine foraging through patches within which the feeders contained different numbers of food pellets (Ilersich, Mazmanian, & Roberts, 1988). A depiction of this maze is shown in Fig. 1.4, with the numbers on each feeder indicating the number of 45-mg food pellets placed in each feeder. Each patch contained a total of 20 pellets, but the pellets were unevenly distributed among feeders. The first feeder in each patch contained 1 pellet, and the remaining three feeders contained 1, 5, and 13 pellets; the order in which the latter three quantities occurred varied from patch to patch.
[image: ]FIG. 1.4 Diagram of a four-arm radial maze with 20 45-mg food pellets distributed among the feeders in each arm. The first feeder in each arm contains 1 pellet, and the remaining feeders contain, 1, 5, and 13 pellets. (From Ilersich, Mazmanian, & Roberts, 1988. Copyright 1988 by the Psychonomic Society. Reprinted by permission.)
Two groups of rats were allowed to forage for 10 sessions, one group with the feeders covered and the other group with the feeders open. The results were in striking agreement with those obtained in the preceding experiment in which patch density was manipulated. The group foraging with covered feeders tended to make initial visits to the feeders containing 5 and 13 pellets in each patch. After visiting these feeders, they ate the pellets in the 1-pellet feeders on some occasions and simply left the patch on other occasions. On some sessions, a subject would visit all the 5-and 13-pellet feeders on the maze before returning to patches to eat from the single pellet feeders. The rats tested with open feeders foraged linearly by visiting feeders in order from each alley’s entrance to its end. The effect of these different foraging patterns on pellets consumed can be seen in Fig. 1.5. Mean pellets consumed are plotted across the four feeders visited within patches for the covers and open groups. The covers group clearly consumed far more pellets than the open group at the first feeder visited, and this difference was reversed at the final feeder visited in the patch.
[image: ]FIG. 1.5 Curves showing the mean pellets consumed at the first, second, third, and fourth feeder visited by rats in the covers and open feeders groups. Each point represents mean pellets consumed over all four patches and over Days 2-10 of testing. (From Ilersich, Mazmanian, & Roberts, 1988. Copyright by the Psychonomic Society. Reprinted by permission.)
Once again, it appears that rats forage selectively when accessibility of food is made difficult but show simple linear foraging when little effort is required to attain food. The impact of selective foraging versus linear foraging can be seen in Fig. 1.6. Cumulative pellets consumed is plotted against the mean median time of a visit to each of the 16 feeders on the maze. If rats in both groups foraged using the same pattern, we would expect the curve for the covers group to be lower than that for the open group, because these animals required extra time to uncover food. The observation that the curves for the covers and open groups are very close to one another suggests that selective foraging by the covers group allowed them to acquire food at the same rate as the open group did while using a linear foraging strategy.
[image: ]FIG. 1.6 Mean cumulative pellets consumed as a function of mean median time of arrival at successive feeding stations. (From Ilersich, Mazmanian, & Roberts, 1988. Copyright by the Psychonomic Society. Reprinted by permission.)
A subsequent experiment showed that the use of foraging strategies is quite flexible. A single group of rats was tested on alternate days with covered and open feeders. On covered-feeder days, rats foraged selectively by visiting the 5-and 13-pellet feeders first in each patch. On open-feeder days, rats visited feeders in a linear sequence. A distinction between knowledge and performance seems clear from this finding. Rats appear to have stored the contents of different feeders in reference memory, but their foraging strategy and hence their use of this information is dependent on the open or covered feeders testing conditions.


Central Place Foraging

In the experiments thus far discussed, the arms of the radial maze have been treated as patches, and we have studied how rats choose between patches and selectively consume food located within patches. An alternate form of foraging practiced by many species of animals is called central place foraging. Central place foragers tend to collect food found in patches and carry it back to a home base to feed offspring or to eat in safety (Bryant & Turner, 1982; Carlson & Moreno, 1981; Covich, 1987; Kacelnik, 1984; Orians & Pearson, 1979). Wild rats have been observed carrying pieces of food into their burrow system or to a protected place near the burrow, such as a tree trunk or a cluster of rocks (Barnett, 1975; Lore & Flannely, 1978; Neider, Cagnin, & Parisi, 1982).

In some recent experiments with grey squirrels (Sciurus carolinensis), Lima and his colleagues have observed that these animals sometimes eat food items where they are found in the patch and sometimes carry them to a central place of safety (Lima & Valone, 1986; Lima, Valone, & Caraco, 1985). Two factors appear to determine which decision a squirrel will make. One factor is the size of a food item; squirrels eat small items in the patch and carry larger items to safety before consuming them. Distance of the food from the central place is the second factor; squirrels are less likely to carry a food item to safety if it is a long distance from the home cover than if it is a short distance.

As a theoretical account of these observations, it has been suggested that squirrels and other central place foragers make food-carrying decisions that strike an optimum tradeoff between foraging efficiency and minimizing risk of predation (Lima, 1985; Lima & Valone, 1986; Lima et al., 1985). A concern only with foraging efficiency suggests that all food items should be eaten where they are encountered in order to maximize energy consumed over time spent foraging. On the other hand, consuming food in the open is dangerous because the forager is exposing itself and its food to possible predation from other species or conspecifics. As an optimal tradeoff between these concerns, animals may decide to eat small items, which can be consumed rapidly, in the patch but carry larger items, that require longer handling time, back to safety. As the distance of items encountered from the central place increases, the round-trip time increases. Decisions may then more often favor eating in the patch, because the trip to home and back may take more time than that required to eat the food item.

Measurements of the travel time and handling or eating time taken by grey squirrels supported the idea that food carrying was motivated by avoidance of predation (Lima et al., 1985). Squirrels ate food items faster in the patch than they did after carrying them to the safety of a tree. Consuming food faster in the open would reduce time exposed to predators. When a decision to carry food was made, the travel time to carry food to safety was much shorter than the travel time required to cover the same distance when not carrying food. This behavior suggests a strong imperative not to be intercepted while carrying food.

Recent research with rats suggests that many of these central place foraging behaviors observed in wild rodents may be seen in the laboratory. Laboratory rats display different motor behaviors when consuming food of different sizes; very small items are eaten as they are received, but rats sit on their haunches to eat intermediate size pellets and hoard large pellets (Whishaw, Nicholson, & Oddie, 1989). On the radial maze, large items are carried to the center of the maze for consumption, and small items are eaten on the arms (Phelps & Roberts, 1989; Whishaw & Tomie, 1989).


Central Place Foraging on a Radial Maze

The next experiment demonstrates a number of foraging strategies used by rats and in particular suggests that rats show central place foraging on the radial maze under certain conditions. The apparatus used was a six-arm radial maze; it consisted of six open elevated alleys, each 76 cm long and 9 cm wide, that radiated outward at equal angles from one another from a circular central platform that was 35 cm in diameter. The major independent variable studied in the experiment was the amount of food placed at the end of each arm of the maze. Hulse and O’Leary (1982) investigated arm choice when different numbers of 45-mg pellets were placed on the arms of a radial maze. This experiment was similar in design, with the important difference that quantity of food was varied by placing single pieces of food varying in weight and size on the ends of each arm of the maze. Cubes of Kraft’s American processed cheese (mild cheddar) were cut that weighed 0.05, 0.45, 0.90, 1.80, and 2.70 g. On each testing session, one cube of each size was placed on the end of each of five arms of the maze. The sixth arm contained no food. Thirty-six male hooded rats, kept at 85% of free-feeding weight, were allowed to forage for these food items once a day for 18 days. The locations of food items of different weight were assigned randomly to each rat at the beginning of the experiment, and each rat was then tested over the 18 days with the same item sizes always placed in each arm location. An exact record of each rat’s foraging behavior was kept on a computer.


Discrimination Among Food Items

Rats initially chose arms on the maze in an order that was unrelated to the size of food items. As sessions progressed, however, they progressively came to enter the alleys with the larger cubes of cheese before those with smaller cubes of cheese. The alley containing no food was often entered last or not at all. The acquisition of selective foraging among alleys can be seen in Fig. 1.7. For each rat on each daily session, the rank order correlation (Rho) was calculated between rank of item weight and rank of alley entrance; the 2.70-g item was rank 1, the 1.80-g item rank 2, and so forth, in order to yield a positive correlation as alley discrimination occurred. The mean Rho rose from around 0 on initial sessions to between 0.70 and 0.80 over sessions 14-18. Rats appear to organize their foraging choices among arms in descending order of item size, just as Hulse and O’Leary (1982) found was the case with different numbers of food pellets.
[image: ]FIG. 1.7 Mean Rho plotted as a function of 18 sessions of testing on a six-arm radial maze. Mean Rho indicates the degree of correlation between food item size and rank order of alley choice.

Food Carrying as a Function of Item Size

Rats made different decisions about where to eat food items that depended on an item’s size. This decision process is shown in Fig. 1.8; one curve plots the proportion of opportunities on which items of different sizes were eaten where they were found on the end of an arm, and the other curve plots the proportion of opportunities on which items were carried to the central platform of the maze for consumption. Items weighing only 0.05 g almost always were eaten on the arm, whereas large items weighing 1.80 g and 2.70 g almost always were carried to the center. At the intermediate quantities of 0.45 g and 0.90 g, rats both carried and ate on the arm. Similar functions have been generated when all the arms of the maze contained the same item size, but size was varied between sessions (Phelps & Roberts, 1989).
[image: ]FIG. 1.8 Proportion of items eaten on an arm of the maze or carried to the center plotted as a function of item weight.
These data suggest two important things. First, rats appear to treat the center of the radial maze as a central place where food items may be consumed in safety. They treat the arms of the maze as a place where predation or food thievery is probable, much as a grey squirrel treats an open patch. Second, food carrying decisions are strong controlled by item size, and the tendency to increase carrying with increases in item size agrees with Lima’s model of central place foraging.


Temporal Components of Central Place Foraging

The handling time or length of time required by rats to eat food items was measured. Because 0.45-g ad 0.90-g items were both eaten on the arms and in the center of the maze, it was possible to compare handling times for items of identical sizes eaten in different places. In Fig. 1.9, mean handling times are shown for each of these items when eaten on an arm and in the center. Not surprisingly, rats took longer to eat 0.90-g items than 0.45-g items. Of more importance, rats consistently ate both sizes of food faster when eating on an arm than when eating in the center of the maze. These results further reinforce the notion that rats treat the arms as patches and the center of the maze as a haven. Just as grey squirrels eat faster in the patch where predation is likely, rats eat faster on the arms of the maze.
[image: ]FIG. 1.9 Mean handling times for 0.45-and 0.90-g items eaten on an arm or on the center of the radial maze.
Two travel time components were measured. The travel time out to a patch was the time that elapsed between the moment a rat left the central platform and the time it reached a food item. The travel time return was the time between the moment an animal either finished eating an item on an arm or picked up the item to carry it and the time the animal returned to the central platform. Mean travel times taken with 0.45-g and 0.90-g items are shown in Fig. 1.10. The travel time patterns are very similar for both item sizes. The travel times required to travel out to a food item are between 2 and 3 s. When returning, travel time varies markedly between instances when food is and is not carried. After eating an item on an arm, rats return slowly, taking around 7 s and stopping to groom, sniff the alley, or visually explore the environment. When rats choose to carry a food item, however, they race back to the center in just over 1 s. Once again, the rat’s behavior on the maze mirrors behavior seen in wild rodents and suggests a strong imperative to avoid predation or thievery while on the arm of the maze.
[image: ]FIG. 1.10 Mean travel out and travel return times for 0.45-and 0.90-g items. Separate times are shown for return trips when animals ate on the arm and carried food to the center.

Conclusions

These experiments indicate that a number of foraging decision mechanisms in rats may be revealed on a radial maze. These findings particularly reveal how hard-wired or instinctual mechanisms interact with experience to determine foraging decisions. Although these decision mechanisms appear to be genetically based and shaped by the rat’s evolutionary history, they are often informed by learning and memory. A good example is the way rats deal with different quantities of food placed at the ends of the arms of a radial maze. Both the current experiment with food items of different weight and the Hulse and O’Leary (1982) experiment with different numbers of food pellets show that rats gradually form reference memory for the locations of different amounts of food and then use memory to order their foraging choices within a session from largest food source to smallest. A good question is why rats should bother to enter alleys according to amount of food they contain. Because the rat is left on the maze until it collects all the available food, it will collect the same amount of food on the maze in the same total length of time with any order of arm entries. The key to understanding a rat’s behavior is to ask what foraging strategies a rat in a natural setting would have evolved in order to maximize its fitness. Wild rats must forage within the context of predators and conspecifics that compete for food. In such a setting, the best strategy is to go for the largest possible energy sources first; if a forager must flee or fight for food at some point in a foraging bout, it will have accumulated more energy up to that point if it first went for the largest food source. Laboratory rats then are demonstrating evolved strategies that may seem inappropriate in the laboratory but make considerable sense from an evolutionary perspective.

The rule that a rat will learn always to go for the largest food sources first does not always hold and may be dependent on other foraging constraints. When rats foraged in patches with multiple feeders, they showed a preference for feeders that contained food over those that contained no food only when the feeders were covered and the rat had to work to get at the food. Similarly, when feeders contained different numbers of pellets, rats chose those with the largest quantities of food first only when the feeders had covers. When access to food was made easy by leaving feeders open, rats fell back on a linear strategy of visiting every feeder in spatial order. A strategy of sampling all food sources may be the rat’s default option unless access to food is made difficult. From this point of view, the selective foraging seen when different quantities of food are placed on the ends of a radial maze may arise from the travel time required to run up and down the arms of the maze.

A final example of what appears to be hard-wired decision rules is found in central place foraging on the radial maze. Rats begin to carry large food items to the center of the maze on the first day of testing. After as many as 50 days of testing, food-carrying functions like that seen in Fig. 1.8 are still found. Although rats are never interrupted during testing sessions and certainly no predators appear, rats continue to behave as if the center of the maze is a place of safety to which large pieces of food must be carried. One evolutionary basis for this behavior may be the wild rat’s burrow structure, in which central chambers are built with a number of escape routes or bolt holes (Pisano & Storer, 1948). The center of the maze may be a preferred place to consume food because it offers the greatest number of escape routes. Both the difference in handling times for food eaten on an arm and in the center and the difference in return travel times when carrying and not carrying food reinforce the conclusion that rats perceive the center of the maze as considerably safer than the arms.

The radial maze appears to have considerable ecological validity for the study of foraging in rats. Although it has traditionally been used as a tool for the investigation of memory (Olton, 1978; Roberts, 1984), it appears that its use can now be extended to the study of several kinds of foraging in rats. Further, experiments on the radial maze appear to be providing us with considerable information about the functional use of memory in animal foraging.
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Some birds and mammals store food in scattered locations and find it again days, weeks, or even months later using memory (Sherry, 1985). The analysis of their memory incorporates the methods and insights of natural history, behavioral ecology, animal cognition, comparative psychology, and neuroscience. I begin this chapter by briefly reviewing what we know about memory in food-storing birds, particularly the chickadees and titmice (Paridae). The importance of good spatial memory for a food-storing way of life raises the question whether memory for stored food is in some sense an adaptive specialization (Rozin & Kalat, 1971). The main part of the chapter describes some results from a program of research that has tackled this question by comparing memory for stored and encountered food in storing species and by comparing memory of storing and nonstoring species in a variety of tasks.


Food Storing and the Synthetic Approach to Animal Intelligence

The study of memory in food-storing birds is one of the best examples of how a naturally occurring memory phenomenon can be analyzed with all the tools behavioral biology has at its disposal in what Kamil (1987) has termed the synthetic approach to animal intelligence. To begin with, formal modeling has been used to argue that food storing will only evolve if individuals have either highly specific site preferences or memory for the locations of their own hoards (Andersson & Krebs, 1978). Otherwise, “cheaters” who pilfer others’ stores without investing any effort in storing themselves will have an evolutionary advantage over those who store. Thus, food storing provides a rare example in which the existence of a specific cognitive capacity can be predicted from evolutionary first principles. Evidence for the use of memory can then be sought for birds recovering their stores in the field. Although some of this evidence is indirect, taken all together it points quite convincingly to the conclusion that food-storing parids and corvids (jays, crows, and nutcrackers) do indeed use memory to recover their stores under natural conditions (reviews in Balda, Bunch, Kamil, Sherry, & Tomback, 1987; Shettleworth, 1990). Thus, in principle at least, laboratory studies of memory in these birds can be guided by information about the functions their memory serves in natural conditions. Indeed, most of our detailed knowledge about the properties of memory for stored food has come from laboratory studies with Clark’s nutcrackers (Nucifraga Columbiana) and various tit species (reviews in Balda et al., 1987; Sherry, 1985; Shettleworth, 1990). Here I emphasize the work with tits, which has been done mainly in Oxford and Toronto by Krebs, Sherry, me, and our students. Clark’s nutcrackers and the other corvids are the subjects of a parallel research program, also involving collaboration between psychologists and zoologists, principally Balda, Kamil, and Vander Wall.

A study by Shettleworth and Krebs (1982), using marsh tits (Parus palustris), illustrates some of the important features of laboratory tests of memory for stored food in parids. The birds were tested individually in a large aviary furnished with tree branches. These provided 97 storage sites in the form of holes drilled at 8-12-inch intervals, each one the right size to hold a single hemp seed. So that birds could not see the seeds from a distance, a small flap of black cloth hung down over each hole. This also meant that we could easily score “looks” for seeds by recording when a bird lifted the cloth over a hole.

Four birds each had a series of daily trials in which they were food deprived overnight and allowed into the aviary in the morning with a bowl of hemp seeds. After eating a few seeds, a bird would begin to store, taking seeds from the bowl one by one and pushing and tapping them into the holes under the cloths. Each bird was allowed to store 12 seeds, which usually took less than 20 minutes. It was then returned to its home cage, where it remained without food for a retention interval of 2 hours. Phase 2 of the trial, the recovery or test phase, consisted of allowing the bird back into the aviary with the bowl of seeds absent and seeds in the places where they had been stored in the first phase. The locations of holes the bird inspected were recorded. Performance was very accurate, especially at the beginning of each trial. Random search would have required about eight (97/12) looks to find each seed, but on average the birds took not much more than one look per seed at the beginning of trials (Fig. 2.1).
[image: ]FIG. 2.1 Errors per seed encountered for four marsh tits recovering 12 seeds stored among 97 holes. Means of individual bird medians. “Regular trials” (dashed line): 12 trials in which the birds found seeds in the holes where they had stored them 2 hours earlier. “Transplanted seeds”: encounters with seeds on two control trials per bird when the experimenter moved the stored seeds to different holes before the bird was allowed to search for them. “Own storage sites”: performance on control trials with visits to holes where the bird had not stored a seed that day counted as errors and visits to the now-empty storage sites counted as correct looks. Data from Shettleworth and Krebs (1982), Experiment 1.
To control for the possibility that the birds were using cues emanating from the seeds themselves, at the end of the experiment we gave them a few trials in which the seeds they stored were moved to different sites between the two phases of the trial. They continued to visit the sites they had used for storage and encountered the relocated seeds at a rate a little above chance (Fig. 2.1). The rate was above chance because most birds did not ever use, or even visit, all the potential storage sites. The distribution of seeds in the control trials took this into account by using only sites that the individual being tested had used for storage on earlier trials in the experiment. Thus, the effective chance rate was actually better than 1 seed in 8.1 looks (12 seeds in 97 sites).

Other ways of assessing memory and controlling for cues from the seeds have been used in other experiments. For example, numbers of visits to storage sites and times spent there in the recovery phase with all seeds removed have been compared to those same measures in a separate prestorage phase (Sherry, Krebs, & Cowie, 1981). In our recent work with black-capped chickadees (Parus atricapillus, Shettleworth & Krebs, 1986; Shettleworth, Krebs, Healy, & Thomas, 1990), we have used “partial reinforcement.” During the recovery phase, a randomly chosen 50% of the stored seeds are present in the holes where they were stored; the other storage sites are empty. Accuracy is compared for sites with seeds remaining versus emptied sites. This method permits continuous assessment of any cueing on holes with seeds. Both methods indicate that cues from the seeds themselves are rarely used, if ever.

The role of the site preferences just mentioned and ways in which they can be taken into account in tests of memory are discussed further in a later section. In our study with marsh tits (Shettleworth & Krebs, 1982, Experiment 2), we provided a fairly direct demonstration that the birds do not achieve accurate performance merely by visiting the same preferred places every time they go into the aviary. Rather, memory of seed locations guides their behavior in a flexible way. Marsh tits were given a series of trials in which they were allowed to store more seeds after the 2-hr retention interval. We instructed them to do this simply by leaving the bowl of seeds in the room for their second visit of the day. Now if the birds remember where they have stored seeds in the first phase of the trial, they should visit different sites in the second phase rather than going back to the same sites, as they would if they were recovering seeds. This is what happened. The birds visited the already-filled holes at the rate that would be expected by chance or slightly below this. They stored their seeds in the still-empty holes.

The list of what else we know about memory for storage sites in tits, chiefly black-capped chickadees and marsh tits, includes the following:

	In the field, hundreds of items may be stored in a single day (Cowie, Krebs, & Sherry, 1981). They are recovered within 2 or 3 days, if at all (Stevens & Krebs, 1986). This short-term storage contrasts with what is found in some of the corvids, which store thousands of items for periods of months (cf. Balda et al., 1987). In both groups of birds, food storing is seasonal in the wild and in laboratory conditions (Ludescher, 1980, for willow tits).

	Parids’ memory for storage sites is more persistent than memory of other species in typical laboratory tasks testing memory for an event that has occurred on a single trial. Recovery of stored seeds is as good after 24 hours as after 3 (Sherry et al., 1981). Seeds stored 48 hours ago are treated no differently than seeds stored 24 hours ago (Sherry, 1984). However, recovery accuracy in black-capped chickadees does decline after 14-28 days (Hitchcock & Sherry, 1990).

	Besides remembering the locations of stored items, birds recovering their stores keep track of where they have already searched, as evidenced by the fact that they do not revisit these sites (Sherry & Vaccarino, 1989; Shettleworth & Krebs, 1982). However, when chickadees are tested for recovery of stored seeds with half the stored items removed, as in the “partial reinforcement” control procedure referred to earlier, they make by far the majority of their revisits to the emptied sites (Shettleworth & Krebs, unpublished data). In contrast to the tits, nutcrackers do revisit already-emptied sites in laboratory tests (Balda, Kamil, & Grim, 1986). In the wild, nutcrackers store several seeds in each cache, and they can rely on a visible record of what sites they have visited in the form of digging marks and seed husks. Thus, they might not need to use memory to avoid revisits.

	Chickadees tend to recover preferred items (sunflower seeds) before less preferred items (safflower seeds; Sherry, 1984). Thus, they remember something about the contents of the caches, not merely their locations.

	Marsh tits use information about which types of sites are “safe” for storage and which types are pilfered. For example, over trials they shift their storing effort from moss to bark if stored items are systematically removed from moss by an experimenter (Stevens, 1984). In our laboratory we routinely remove any seeds stored in “illegal” sites outside the sites we provide. This effectively trains the chickadees not to use illegal sites, and one can trace a steady decline in illegal site use over sessions (unpublished data).

	As might be expected from its role in mammalian spatial memory (cf. Berger this volume; Kesner, this volume), an intact hippocampus is necessary for successful recovery of stored food, although it is not necessary for storing in the first place (Krushinskaya, 1966; Sherry & Vaccarino, 1989). The lesioned chickadees in Sherry and Vaccarino’s study not only failed to find their stores, but they revisited sites already searched much more than control birds.



Food-Storing Memory as an Adaptive Specialization

Rozin and Kalat (1971) introduced the notion that some kinds or aspects of learning and memory might be adaptively specialized for tasks the species possessing them confront in natural conditions. Adaptive specializations of learning or memory are quantitative or (as is more usually implied) qualitative differences in the properties of learning or memory that parallel differences in functional requirements for that memory. A familiar example from associative learning is that of conditioned taste aversion. Although conditioned taste aversion appears to have the same properties as other forms of associative learning, the delay between CS and US that can be sustained is much great than in, say, fear conditioning (Rescorla, 1988). This quantitative difference parallels a difference in requirements for learning about food, where consequences of ingestion may be delayed, as compared to learning about the consequences of signals for immediate danger.

In their further development of the idea of adaptive specialization, Sherry and Schacter (1987) pointed out that separate learning or memory systems having different rules of operation might be expected to evolve when a species must solve learning or memory problems that have functionally incompatible requirements. They cited, as an example, the apparently very different requirements of song learning and food storing. In song learning (at least in some species), a highly specific class of inputs is encoded permanently on the basis of more or less passive exposure during a restricted period early in life, whereas in food storing the bird must remember an ever-changing set of information throughout its adult life. However, as Sherry and Schacter pointed out, it is not clear that the memory used in recovering stored food need have qualitatively different characteristics from the memory necessary in normal foraging or, indeed, in remembering the locations of rivals, territorial boundaries, mates, or other resources (cf. Sherry, 1987). Nevertheless, remembering locations of stored food does appear to require that more items be remembered for longer and perhaps with greater accuracy than is otherwise necessary in foraging. After all, the whole point of storing food is to place it somewhere inaccessible to competitors who might otherwise remove it before the storer can return to eat it. Storing food is not worthwhile unless it makes remembering the location of that food more valuable than remembering its original location or the locations of similar items. This kind of argument suggests that food-storing memory should be adaptively specialized in a quantitative manner to retain considerable amounts of accurate information for a long time.

For the past few years, John Krebs and I have been collaborating on a research program designed to discover whether memory of food-storing tits is in fact adaptively specialized. We have looked at the problem in two ways. First, we have compared memory for locations of stored food with memory for other kinds of items within storing species. Memory for stored items might be more accurate, capacious, or long lasting than memory for items encountered under similar circumstances. Second, we have compared memory in a variety of tasks between storing and nonstoring tit species. Our hypothesis here is that food-storing tits should perform better than their nonstoring relatives in tasks with similar memory requirements to storing, whereas species should not differ, or should differ less, on tasks unrelated to storing. The morphological and behavioral specializations of storing species (especially the corvids; Vander Wall & Balda, 1981) ought to be accompanied by specializations of memory. This hypothesis is encouraged by neuroanatomical work showing that storing species have a larger hippocampus relative to brain and body weight than nonstoring species (Krebs, Sherry, Healy, Perry, & Vaccarino, 1989; Sherry, Vaccarino, Buckenham, & Herz, 1989).


Memory for Stored and Encountered Food in Food-Storing Tits

The performance of birds recovering stored food, in the laboratory or in the field, seems at first glance to be very much better than the performance of rats or pigeons on standard laboratory tests of memory like delayed matching to sample or radial mazes (cf. Shettleworth, 1985). At second glance, however, it is clear that there are so many differences among the tasks involved as to make a comparison virtually meaningless (for further discussion, see Shettleworth, 1985). For example, in storing, a bird visits sites that differ from each other spatially and perhaps in other ways, and it places food in the site. Different sites are used in different storing episodes, even to some extent in laboratory tests where the choice of sites is much more limited than it would be in the field (see following). In contrast, delayed matching to sample and radial maze tasks are basically recency discriminations (Staddon, 1983). Correct performance depends on remembering which of a small set of samples was presented most recently or which arms of the maze were visited most recently. In the spatial delayed matching task used with pigeons (Wilkie & Summers, 1982), the stimuli are very close together and the animal does not move about in space to get to them. In the spatial delayed matching test developed for rats by Roitblat and Harley (1988), the rat does visit the locations, but there are only three of them and they are used repeatedly within each session. Pigeons, at least, can remember the significance of hundreds of photographic slides for over a year (Vaughn & Greene, 1984), but they have to be trained for hundreds of trials in the first place, whereas a food hoarder must remember whether or not food is in a site on the basis of a single brief visit. Pigeons can remember the features of a novel slide after one or two exposures (Bhatt, Wasserman, Reynolds, & Knauss, 1988; Macphail & Reilly, 1989), but how long these memories last has not yet been established. Single-trial memory tasks are discussed further at the end of this chapter.

The considerations just outlined make clear that to properly compare memory for locations of stored food and food not stored within a storing species it is necessary to use a task that is like storing in every respect except that of requiring the bird to store. We can then ask, does storing food give its location a special status in memory, as if the bird has a special memory store for memories of hoarded food? Alternatively, is it the favorable procedural aspects of storing (e.g., visiting spatially separated sites and seeing the food in them) that makes memory for stored items so good? An affirmative answer to this question would mean that the food storer remembers the locations of its stores in the same way as it remembers the locations of other food items. However, its memory might still be quantitatively specialized in capacity or persistence when compared to that of nonstorers. Cross-species comparisons like those described later in the chapter are required to examine this possibility.

We have compared memory for stored food and food not stored in two ways: by allowing birds to encounter items placed by the experimenter in potential storage sites while they were trying to store food themselves, and by testing birds on a task we call “window-shopping.” In window-shopping (Shettleworth & Krebs, 1986), a bird first visits a number of sites and sees food in some of them behind a small window. Inspecting the sites is encouraged by having an accessible crumb of seed for the bird to eat in front of each window that covers a seed. Then, in phase 2 of each trial, after a retention interval, the windows are opened and the bird is allowed to return and eat food in the sites where it saw food in phase 1. This task is similar to the spatial delayed matching task for rats described by Roitblat and Harley (1988), but their task involved only three different possible locations (arms of a maze). On phase 1 of each trial, the rat ate some food in one arm, where there was some more food under a screen (analogous to the window in our task). It was rewarded for returning to the same arm later on.

Our first comparisons of memory for stored seeds and seeds merely seen (Shettleworth & Krebs, 1986) did not give a clear answer to the question whether these two kinds of seeds are remembered equally well. In the first experiment, marsh tits encountered seeds hidden in potential storage sites while they were storing seeds themselves. Because each of the holes we provided could hold only one seed, when a marsh tit lifted the cloth flap covering a hole and found a seed there already, it had to store the seed it was carrying in another site. However, at the end of the storing episode it potentially had information about both the storage sites and the sites where it had encountered seeds. Indeed, when tested 2 hours later, the birds recovered the same proportions of encountered as stored seeds. We could find no evidence, for example in the sequence of stored and encountered seeds recovered, that the birds remembered these two types of items differently.

In contrast to these results were the results of window-shopping tests with black-capped chickadees (Shettleworth & Krebs, 1986, Experiments 2 and 3). Here, the same individuals were tested in storing trials and window-shopping trials in the same environment. The results established that chickadees could recover seeds they had seen behind windows after a retention interval of 2 hours when they had seen six seeds in phase 1. Performance was worse than with storing, but only two birds both window-shopped and stored within the same experiment. Moreover, the window-shopping and storing tasks differed in potentially important ways. In storing, the birds could use any of the holes, but only some of the holes were baited with seeds in the window-shopping trials. This meant that to recover stored seeds effectively, the birds had only to remember where they had been in phase 1 of a trial (each time a seed was taken from the bowl, it was usually placed in the first hole the bird visited). However, to recover window-shopped seeds, they had to discriminate between holes visited in phase 1 that held seeds and holes visited and found to be empty. Arguably, the latter is a more difficult task.

We therefore conducted a further series of experiments designed to compare window-shopping and storing under conditions as similar as possible to each other. Our first approach was to make window-shopping like the storing trials in the previous study by baiting all the holes with seeds in phase 1 of each trial and allowing the bird to store in any hole in the matched storing trials. Four black-capped chickadees stored 5-7 seeds on 10-14 trials each and then window-shopped 5-7 seeds on 8-12 trials in the same environment. The retention interval for both types of trials was about 90 minutes. Otherwise the procedure was as in Experiment 1 of Shettleworth et al. (1990).

To analyze the data we divided the holes into preference classes according to the proportion of trials on which they had been visited in phase 1 of trials of a given type. Within each preference class, the probability of visiting sites in phase 2 of trials when a seed had been seen or stored there was compared to the probability of a visit in phase 2 when there had been no visit in phase 1. To the extent the birds remember where seeds are (and/or, in this design, where they went in phase 1), they should show good discrimination between the two classes of sites, unvisited versus visited and containing a seed. They did discriminate significantly in both conditions, but they discriminated better when they had stored the seeds than when they had window-shopped (i.e., there was a significant interaction of experience by type of trial; Fig. 2.2).
[image: ]FIG. 2.2 Mean (+ standard error) performance of four black-capped chickadees that stored food and window-shopped in the same environment. The probability of visiting holes in the first 10 looks of phase 2 of trials is shown as a function of the experience of those same holes on phase 1 (storing or seeing a seed, or not visiting the hole). Data are the means of “high preference” holes (visited during phase 1 on more than 30% of trials) and “low preference” holes (those visited during phase 1 at least once but on not more than 30% of trials).
The same birds performed very accurately when recovering stored seeds in a second experiment (Shettleworth et al., 1990, Experiment 1A), so it is unlikely that the difference between window-shopping and storing was due to the window-shopping trials following the storing trials. However, a closer inspection of the data brings the whole comparison of memory in the two tasks into question because it suggests that the birds were solving them in different ways. The chickadees had strong site preferences when they were window-shopping. Each bird had a few favorite sites that it visited on many of the window-shopping trials whereas never visiting a large proportion of other sites (Fig. 2.3). In effect, the birds were treating window-shopping as a kind of reference memory task, in which food was to be found in some of the same places on every trial. During recovery the birds also tended to go to some sites almost regardless of whether a seed had been seen there in phase 1 of that trial. When the birds were storing, on the other hand, preferences were much less marked, with fewer never-visited sites and less extreme favorite sites. Chi-square tests on the data in Fig. 2.3 were significant in every case. Just as when storing in the wild (Sherry, Avery, & Stevens, 1982), the birds tended to store in different places from day to day.
[image: ]FIG. 2.3 Distributions of numbers of sites visited on different numbers of trials for each of four chickadees. Data include only the first five holes visited on each trial while the bird was storing or window-shopping. The birds had stronger site preferences when they were window-shopping than when they were storing in that they had more holes with 0 visits as well as more holes visited on a large number of trials.
In further experiments (Shettleworth et al., 1990, Experiments 1A and IB), we were able to make chickadees and coal tits (Parus ater, a Eurasian food-storer) treat window-shopping more as a working memory task by allowing them only to store or see seeds in a different random half of the sites on each trial. This procedure generally abolished the difference in site preferences between the two tasks, but the difference in performance during phase 2 remained.

The foregoing studies established more clearly than those of Shettleworth and Krebs (1986) that food-storing tits can recover seeds they have seen behind windows at well above chance and, unlike the rats studied by Roitblat and Harley (1988), with relatively little training. However, they leave unresolved the issue of why recovery accuracy differs between storing and window-shopping, whereas recovery of stored seeds and seeds encountered during storing does not differ. Are seeds seen without windows somehow more memorable or more attractive than seeds seen behind windows, or is the bird perhaps in some special state while it is storing that makes everything memorable? To answer this question, we exposed four chickadees to a series of three intermixed types of trials in which they always stored five seeds but while doing so they encountered seeds without windows, saw seeds behind windows, or encountered sites blocked off with a paper sticker (Shettleworth et al., 1990, Experiment 2). The results (Fig. 2.4) confirmed those of Shettleworth and Krebs (1986) for marsh tits: After a 90-min retention interval, stored seeds and seeds encountered without windows while storing were recovered equally well. However, seeds seen behind windows were recovered less well than seeds stored in the same episode. Nevertheless, the birds were more likely to return to the window-shopping sites than to holes merely covered with a paper sticker.
[image: ]FIG. 2.4 Mean performance (+ standard error) of four chickadees that stored five seeds in each of a series of trials. On each trial they also saw five seeds not behind windows (encountered seeds, E), five seeds behind windows (window-shopped seeds, W), or five holes blocked with a sticker (blocked holes, B). Probability of a visit in the first 15 visits of phase 2 is shown as a function of experience in phase 1. S = stored seed; U = visited but empty (unseeded) site; N = site not visited on that trial. Data for each bird are means of high and low preference holes, as in Fig. 2.2. Data from Shettleworth et al. (1990).
These results clearly establish that, when a bird sees seeds behind windows while it is storing, it does not return to these locations as accurately as to the locations of stored seeds. Thus, to answer one of the questions with which we began the experiment, chickadees are apparently not in some special state while storing that makes all food locations equally memorable. However, the reasons why birds perform less accurately when recovering window-shopped than when recovering encountered seeds are not yet clear. One possibility is that the birds do not actually see all the seeds we record as seen. This would mean that from their point of view they are rewarded in phase 2 of window-shopping trials for visiting some sites that they merely visited in phase 1. This perceived contingency could well result in poorer discrimination of the kind documented in Fig. 2.4. On the other hand, the birds might see all the seeds we think we do but treat seeds that are inaccessible in phase 1 as less valuable or less worth returning to than stored seeds. Indeed, one important question about the window-shopping test is why should the birds return at all to seeds that were seen as inaccessible? One might expect them to treat seeds behind windows no differently from blocked, empty holes. The fact is, however, that they do return to window-shopped seeds at above-chance levels from the very first trials. We have never found significant evidence of improvement in window-shopping over trials, although improvement might be expected if the birds had to be taught that seeds inaccessible in phase 1 become accessible later (Shettleworth & Krebs, 1986; Krebs, Healy, & Shettleworth, 1990).

A second unanswered question is, do the birds treat stored seeds and seeds encountered without windows in the same way under all conditions? Although the evidence cited earlier shows that food-storing tits remember a number of subtle details of a storing episode, do they nevertheless encode stored and encountered seeds in the same way? On both functional and causal grounds one might expect some discrimination between these two classes of items. Items stored by the bird ought to be safer and therefore remembered better than items just found lying around or stored by another bird. Moreover, birds appear to spend longer times at storage sites, poking the seed into place, than at sites where they simply see seeds. Longer exposure to storage sites might be expected to favor memory for them.

The most direct way to ask if the birds discriminate stored and encountered seeds is to make it worth their while to do so, for example, by pilfering encountered seeds while allowing stored seeds to be recovered, and vice versa. This we plan to do in the future. However, we have tested the notion that encountered seeds ought eventually to be remembered less well than stored seeds by comparing recovery of the two types of items after 2-hour and 26-hour retention intervals (Shettleworth et al., 1990, Experiment 3). There was no differential forgetting of the two types of items and indeed, in line with the results reviewed earlier, there was no significant decrement in performance after 26 hours.


Cross-Species Comparisons

Some tit species store and others do not. In Britain and Europe, food-storing coal tits and marsh tits can be found in similar areas to nonstoring blue tits (Parus caeruleus) and great tits (P. major). Among the corvids, most species store, but they vary in the extent to which their life is organized around storing (Vander Wall & Balda, 1981). For example, among species found in the American Southwest, Clark’s nutcracker has a long sharp beak for prying out seeds from unripe pine cones and a large sublingual pouch for carrying seeds. It is an exceptionally strong flier and it uses this capacity to transport seeds to slopes kilometers away from where it gathers them. It breeds early in the spring, before most other species in the area, and feeds its young on stored pine seeds. In contrast, piny on jays (Gymnorhinus cyanocephalus) and scrub jays (Aphelocoma coerulescens) are morphologically less specialized and do much less storing.

The question naturally arises whether species differences in storing behavior are accompanied by species differences in memory (i.e., are any aspects of memory in storing species adaptively specialized for recovery of stored food?). One can imagine a number of answers to this question. At one extreme, it might be that there are no differences among tit or among corvid species in accuracy, capacity, or persistence of memory. Food storers might remember the locations of their caches well simply because visiting a site and placing food in it provides favorable conditions for memory. At the other extreme, food storers might have better memory in general than nonstorers. In between is the possibility that food storers are especially good at just those things required in food storing, such as remembering features of a large number of different locations on the basis of a single brief visit to each one. The comparisons of memory for stored and encountered food reviewed in the preceding section are consistent with any of these possibilities.

The speculation that food storers might have better spatial memory in some sense than nonstorers is encouraged by the results of neuroanatomical work. Storing species have a larger hippocampus relative to brain and body size than nonstorers (Krebs, Sherry, Healy, Perry, & Vaccarino, 1989; Sherry et al., 1989). The lesion studies already mentioned (Sherry & Vaccarino, 1989) show that the hippocampus is not necessary for storing behavior itself, because chickadees with hippocampal lesions stored normally. Rather, the hippocampus is involved in some way in memory. Exactly how it is involved and what the cross-species differences in size means can only be resolved by further behavioral and neurobiological work (cf. Krebs, Hilton, & Healy, 1990; Krebs, 1990).

Comparative behavioral studies of memory are ongoing with both tits and corvids (Balda & Kamil, 1989; Krebs, Healy, & Shettleworth, 1990; Krebs, Hilton, & Healy, 1990; review in Krebs, 1990). Our strategy with the tits is to look at performance in a range of tasks with different degrees of similarity to food storing. Species differences ought to be most marked in tasks most similar to storing. In one series of studies, performance of coal tits and great tits was compared in two versions of window-shopping (Krebs, Healy, & Shettleworth, 1990). In a simplified version of the task, the aviary held only seven potential sites for seeds. In phase 1 of each daily trial, a different site held a piece of peanut behind a window, and the bird also found a small piece of peanut to eat there. The windows were all covered with small curtains, to the birds had to look under them to find the peanut. Both species looked in about four holes in this phase, the average to be expected from random search (Fig. 2.5). However, if they remembered where the peanut was that day, in phase 2, half an hour later, performance should have been better than chance, which it was for both species. However, coal tits visited significantly fewer sites to find the peanut than did great tits. Other measures of performance taking into account site preferences also revealed slightly better performance by the storing coal tits. Moreover, neither quicker learning of the task by the coal tits nor lower motivation in the great tits appeared to be involved in the differences in performance in window-shopping.
[image: ]FIG. 2.5 Mean number of visits to find one seed hidden among seven possible sites. Subjects were four coal tits and four great tits. Phase 2 (PH 2) was a test of memory for the seed's location 30 minutes after phase 1 (PH 1). (The standard error is 0 for great tits in phase 2). Data from Krebs, Healy, and Shettleworth (1990).
One noteworthy feature of the data depicted in Fig. 2.5 is that, in phase 1, when they should have been searching at random for the peanut, the coal tits appear to take slightly more looks than the great tits. Although it was not significant, part of the reason for the difference was revealed by analyzing where the birds looked in phase 1 as a function of where the peanut had been on previous days. The coal tits’ search was influenced by previous locations: They were significantly more likely to go to sites rewarded in the preceding three trials than to sites rewarded in still earlier trials. The great tits showed no such tendency. This can be seen as a case where better memory actually leads to worse performance, a kind of case that might repay further investigation in our comparative studies (Staddon, 1985).

In a second experiment, we attempted to see whether the species differences in simple window-shopping would be exaggerated in the more complex version of the task where items are to be found in several of 60 possible sites and the retention interval is longer (Krebs, Healy, & Shettleworth, in press, Experiment 2). However, although there was again a significant difference in performance in favor of the coal tits, the species difference was still not very large.

Of course, all we can really say so far is that these results are consistent with the hypothesis of species differences in memory related to storing. One of their limitations is that they compare just one storing and one nonstoring species. Clearly, we need to increase the number of species of each kind in the sample. It should be noted, however, that unlike many conventional studies of possible species differences in learning and memory (e.g., Macphail, 1987), the comparisons of storing and nonstoring species are based on an explicit hypothesis about the direction of difference to be expected (cf. Kamil, 1987, for further discussion).

It is also important to note that coal tits are not simply better in general at laboratory food-finding tasks. This is shown by some work by Susan Hilton in Oxford (Krebs, Hilton, & Healy, 1990). Hilton compared the performance of two storing and two nonstoring species (coal tits and marsh tits; great tits and blue tits) in two reference memory tasks and one working memory task. In the reference memory tasks, the birds found food on each trial in six of many possible sites in a large aviary. The sites were holes in sections of tree branches, covered with small cloth curtains. The spatial version of the task required them to learn six locations that were the same each day. The cue version required them to locate the baited sites by means of colored cards. Here the correct sites were in different locations each day. Performance in both tasks was measured as number of errors in the first six holes inspected. All four species learned both tasks quickly. Within 30 trials they were performing nearly perfectly, making only one error on average in the first six looks. Most important for our purposes, the species did not differ on the color task, and on the spatial task the food-storing coat tits performed slightly worse than the other species.

In another experiment, Hilton compared the same four species, as well as greenfinches, an unrelated species, on a working memory task like a radial maze (Hilton & Krebs, 1990). Eight feeders were located in a circle in a large room with a perch in the center that had a lamp over it. The birds were trained to collect food from the feeders and return to the lighted central perch to eat each piece. The experimenter encouraged them to do this by turning out the lights in the room each time a seed was collected, then turning them on again when the bird had finished eating at the central perch. This neat trick allowed Hilton to circumvent the problems that have arisen in other “open field” radial maze tests with birds in which the subjects have tended simply to go round the aviary visiting feeding sites in order (Balda & Kamil, 1988; Spetch & Edwards, 1986).

All the birds learned to perform the task (i.e., to visit all eight baited feeders without revisiting emptied ones) at above chance within about 15 trials, and performance did not appear to improve beyond about 24 trials. There were no species differences in this training phase, with all free choices. Then, the birds were tested with four forced choices followed by four free choices after retention intervals of 30 seconds, 2 hours, and 24 hours. Forced choices were run by electronically locking the doors to four feeders and unlocking them for the free-choice phase. Birds spent the retention intervals in their home cages. When percent-correct choices in choices 5-8 were analyzed, there was a significant interaction of species with retention interval. The storing species performed slightly less well than the nonstoring tits at the 30-second retention interval, but better at 24 hours. Thus, they were affected less by lengthening the retention interval than the nonstoring species. All the birds, however, performed above chance after 24 hours.

Similar kinds of comparisons between tasks and species have been made with corvids. Balda and Kamil (1988) trained nutcrackers in an open-field analogue of the radial maze with eight holes in which seeds could be buried. The birds performed well with four forced followed by four free choices at retention intervals up to 6 hours, but they were close to chance after 24 hours. Thus, in this task the birds appear to forget where they have already retrieved seeds within about a day. In contrast, in laboratory tests in a similar environment (e.g., Kamil & Balda, 1985), nutcrackers remember the locations of many caches for at least 14 days. It is not yet clear what differences between the tasks are responsible for the differences in the results. Recovering caches involves memory for where food is, whereas performing well in a radial maze requires remembering where food is not or what locations have already been visited. As Balda and Kamil (1988) pointed out, it may be relevant that, unlike tits, nutcrackers also seem to have trouble avoiding sites from which caches have been recovered.

Among the corvids, species that rely to different degrees on food storing can be compared in hoarding tasks. Balda and Kamil (1989) compared the accuracy with which nutcrackers, pinyon jays, and scrub jays recovered caches of pine seeds made in a large aviary 7 days earlier.
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		Fig. 1.1 Diagram of a four-arm radial maze with four feeding stations on each arm (patch). Patch density was varied by placing food (F) in 0 (0% patch), 1 (25% patch), 2 (50% patch), or 3 (75% patch) of the feeders in each patch. (From Roberts &amp; Ilersich, 1989. Copyright 1989 by American Psychological Association. Reprinted by permission.)
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		Fig. 1.3 Mean ranks of first entry into patches varying in density plotted over blocks of 2 days. Data for the random food locations condition are shown in the left panel, and data for the fixed food locations condition are shown in the right panel. (From Roberts &amp; llersich, 1989. Copyright 1989 by American Psychological Association. Reprinted by permission.)


		Fig. 1.4 Diagram of a four-arm radial maze with 20 45-mg food pellets distributed among the feeders in each arm. The first feeder in each arm contains 1 pellet, and the remaining feeders contain, 1, 5, and 13 pellets. (From Ilersich, Mazmanian, &amp; Roberts, 1988. Copyright 1988 by the Psychonomic Society. Reprinted by permission.)


		Fig. 1.5 Curves showing the mean pellets consumed at the first, second, third, and fourth feeder visited by rats in the covers and open feeders groups. Each point represents mean pellets consumed over all four patches and over Days 2-10 of testing. (From Ilersich, Mazmanian, &amp; Roberts, 1988. Copyright by the Psychonomic Society. Reprinted by permission.)


		Fig. 1.6 Mean cumulative pellets consumed as a function of mean median time of arrival at successive feeding stations. (From Ilersich, Mazmanian, &amp; Roberts, 1988. Copyright by the Psychonomic Society. Reprinted by permission.)


		Fig. 1.7 Mean Rho plotted as a function of 18 sessions of testing on a six-arm radial maze. Mean Rho indicates the degree of correlation between food item size and rank order of alley choice.
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		Fig. 1.10 Mean travel out and travel return times for 0.45-and 0.90-g items. Separate times are shown for return trips when animals ate on the arm and carried food to the center.


		Fig. 2.1 Errors per seed encountered for four marsh tits recovering 12 seeds stored among 97 holes. Means of individual bird medians. “Regular trials” (dashed line): 12 trials in which the birds found seeds in the holes where they had stored them 2 hours earlier. “Transplanted seeds”: encounters with seeds on two control trials per bird when the experimenter moved the stored seeds to different holes before the bird was allowed to search for them. “Own storage sites”: performance on control trials with visits to holes where the bird had not stored a seed that day counted as errors and visits to the now-empty storage sites counted as correct looks. Data from Shettleworth and Krebs (1982), Experiment 1.


		Fig. 2.2 Mean (+ standard error) performance of four black-capped chickadees that stored food and window-shopped in the same environment. The probability of visiting holes in the first 10 looks of phase 2 of trials is shown as a function of the experience of those same holes on phase 1 (storing or seeing a seed, or not visiting the hole). Data are the means of “high preference” holes (visited during phase 1 on more than 30% of trials) and “low preference” holes (those visited during phase 1 at least once but on not more than 30% of trials).


		Fig. 2.3 Distributions of numbers of sites visited on different numbers of trials for each of four chickadees. Data include only the first five holes visited on each trial while the bird was storing or window-shopping. The birds had stronger site preferences when they were window-shopping than when they were storing in that they had more holes with 0 visits as well as more holes visited on a large number of trials.


		Fig. 2.4 Mean performance (+ standard error) of four chickadees that stored five seeds in each of a series of trials. On each trial they also saw five seeds not behind windows (encountered seeds, E), five seeds behind windows (window-shopped seeds, W), or five holes blocked with a sticker (blocked holes, B). Probability of a visit in the first 15 visits of phase 2 is shown as a function of experience in phase 1. S = stored seed; U = visited but empty (unseeded) site; N = site not visited on that trial. Data for each bird are means of high and low preference holes, as in Fig. 2.2. Data from Shettleworth et al. (1990).


		Fig. 2.5 Mean number of visits to find one seed hidden among seven possible sites. Subjects were four coal tits and four great tits. Phase 2 (PH 2) was a test of memory for the seed's location 30 minutes after phase 1 (PH 1). (The standard error is 0 for great tits in phase 2). Data from Krebs, Healy, and Shettleworth (1990).


		Fig. 3.1 Performance by a rhesus monkey on a serial probe recognition task with 10 items per list and 20 items per list. The broken-line functions show performance on Same trials, for each serial position, where the probe items matched one of the list items. Performance on Different trials (Diff) is shown to the right of each panel and is for trials where the probe items matched no list item.


		Fig. 3.2 Performance by a monkey with 3-item lists where the picture stimuli were selected (without replacement) from a 211 item pool (trial unique) or were selected from a small pool of only 6 items (6-item interference).


		Fig. 3.3 SPR performance by two monkeys (Linus &amp; Max) with stimuli that had been repeatedly seen (but scrambled in order) over several months (Old), and performance upon the introduction of novel or very unfamiliar stimuli (New).
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		Fig. 3.6 Left: Average baseline and transfer performance for the group trained with 152 different visual stimuli with each stimulus presented on only one trial (trial-unique) during each daily training session. Right: Average baseline and transfer performance for the 2-stimulus group trained with only 2 different stimuli with both stimuli presented on all 76 trials of each daily session. In each case, transfer was to 40 novel stimulus pairs presented only once. Error bars are standard errors of the mean for the subjects in each group combined.


		Fig. 3.7 Baseline and transfer performance by two rhesus monkeys, BW and FD, in an auditory same/different task where the auditory items were natural and environmental sounds. Transfer performance was from only one exposure to each pair of novel stimuli.


		Fig. 4.1 Conditional discrimination performance for differential (D) and nondifferential (ND) reinforcement groups at 0-s, 5-s, 10-s retention intervals across successive quarters of color-line training in Experiment 1A of DeLong and Wasserman (1981). (Each quarter represents a 12-day period.) Copyright (1981) by the American Psychological Association. Reprinted by permission of the publisher.


		Fig. 4.2 Conditional discrimination performance for differential (D) and nondifferential (ND) reinforcement groups at 0-s, 5-s, and 10-s retention intervals across successive quarters of line-color training in Experiment 1B of DeLong and Wasserman (1981). (Each quarter represents a 30-day period.) Copyright (1981) by the American Psychological Association. Reprinted by permission of the publisher.


		Fig. 4.3 Conditional discrimination performance in Experiment 2 of De Long and Wasserman (1981) at 0-s, 5-s, and 10-s retention intervals over 3-day training blocks. (Baseline [B] corresponds to performance on the 3 days just prior to the reversal of reinforcement probabilities.) Copyright (1981) by the American Psychological Association. Reprinted by permission of the publisher.


		Fig. 4.4 Conditional discrimination performance for differential (D) and nondifferential reinforcement groups at 0-s, 5-s, and 10-s retention intervals across successive quarters of color-line training with reinforced sample key pecking in Experiment 3 of DeLong and Wasserman (1981). (Each quarter represents a 9-day period.) Copyright (1981) by the American Psychological Association. Reprinted by permission of the publisher.


		Fig. 4.5 Conditional discrimination performance for differential (D) and nondifferential (ND) reinforcement groups at 1-s, 5-s, and 10-s retention intervals (Rls) over 3-day training blocks in Experiment 1.


		Fig. 4.6 Conditional discrimination performance in Experiment 2 at 1-s, 5-s, and 10-s retention intervals (Rls) over 3-day training blocks. (Block O represents performance on the 3 days just prior to the reversal of reinforcement probailities.)


		Fig. 4.7 Conditional discrimination performance during differential reinforcement training for groups receiving prior nondifferential reinforcement training (ND-D) or no prior training (D) at 1-s, 5-s, and 10-s retention intervals (RIs) over 3-day training blocks in Experiment 3.


		Fig. 4.8 Conditional discrimination performance in Experiment 4 at 1-s, 5-s, and 10-s retention intervals (Rls) over 3-day training blocks. (Block O represents performance on the 3 days just prior to the shift to nondifferential reinforcement.)


		Fig. 4.9 Conditional discrimination performance in Experiment 5 at 1-s, 5-s, and 10-s retention intervals (Rls) over 3-day training blocks. (Block O represents performance on the 3 days just prior to the shift to nondifferential reinforcement.)


		Fig. 5 1. Floorplan of the E-maze apparatus (… represents doors; //// represents wire mesh floor). Black, white, or gray inserts are placed into the delay and goalboxes, which are not visible at the choice-point.


		Fig. 5.2 Percent choice of observing response (obs. resp.) side (50% is chance, below 50% is a preference for unpredictability) in blocks of 16 trials (8 free-choice trials), in the no-delay, simple observing response E maze procedure. From Daly (1985). Copyright (1985) by The American Psychological Association. Reprinted by permission of the author.


		Fig. 5.3 Summary of percent preference on the last day of training in nine experiments run in the Oswego laboratory. Positive numbers represent preference for predictability, and negative numbers a preference for unpredictability. All experiments used the simple discrimination observing response procedure with a gray insert on the unpredictable side (p = pellets; L.O. SALMON = Lake Ontario salmon; see text for explanation of conditions).


		Percent preference for Trials 641–800, and DMOD simulations for asymptote (αs = 1, β1 = .15, βD = .05, λ = 1.0, .1, and 0 for 15, 1, and 0 pellets; see Daly, 1985, Appendix for simulation details), in the three-key nose-poke observing response procedure. The order of testing was: 1-pellet and no delay, 15 pellets and no delay, 15-pellets and 15-second delay, and 15 pellets and no delay again (P = pellets; ND = no delay of reinforcement; D = 15-second delay of reinforcement).


		Fig. 6.1 An information-processing model of timing that includes a clock, reference memory, and comparator. The clock consists of a pacemaker that emits pulses that may be sent into an accumulator by closing a switch. The speed of the clock is λ pulses per second; the memory storage constant is k*.


		Fig. 6 2. Temporal discrimination procedures. In the peak procedure (upper left panel), the mean response rate is shown as a function of time since the trial began. In the bisection procedure (upper right panel), the mean probability of a “long” response is shown as a function of time since the trial began. In the continuous bisection procedure, the mean probability of switching from the “short” to the “long” response is shown as a function of time since the trial began (lower left panel), and the mean probability of a “long” response is shown as a function of time since the trial began (lower right panel).


		Fig. 6.3 The clock speed pattern. The effect of a treatment that affects clock speed is shown before the treatment is introduced (top panel), during the treatment (second row of panels), and after the treatment is terminated (third row of panels). This phasic pattern is shown in the bottom panel. See text for details.


		Fig. 6.4 The memory storage pattern. The effect of a treatment that affects the memory storage constant is shown before the treatment is introduced (top panel), during the treatment (second row of panels), and after the treatment is terminated (third row of panels). This gradual pattern is shown in the bottom panel. See text for details.


		Fig. 6.5 Frequency distribution of interlick intervals. Probability per millisecond as a function of time in milliseconds for three rats.


		Fig. 6.6 Six models of the time interval between successive responses. For the models in the left column, each response serves as a trigger for the next response; for the models in the right column, a regular clock pulse serves as a trigger for the next response. In the exponential models, there is one random exponential waiting time between trigger and response; in the gamma models, there is a sequence of two random exponential waiting times between trigger and response; and in the normal models, there is a very long sequence of random exponential waiting times between trigger and response.


		Fig. 6.7 Distribution of the interresponse times for the six models. An exponential waiting-time distribution (top left panel), a two-fold general-gamma distribution (middle left panel), and a normal distribution (bottom left panel); a LaPlace distribution (top right panel), a difference between two two-fold general-gamma distributions (middle right panel), and a normal distribution (bottom right panel).


		Fig. 6.8 Comparison of interlick interval distributions of the three rats with the theoretical distributions based on the three clock-driven models: LaPlace (left column), Tau-Gamma (center column), and Normal (right column).


		Fig. 6.9 Difference between interlick interval distributions of the three rats and the theoretical distributions base on the three clock-driven models: LaPlace (left column), Tau-Gamma (center column), and Normal (right column).


		Fig. 6.10 Two versions of the Tau–Gamma hypothesis: A fixed clock and a two-fold general-gamma delay (top panel), and a clock with LaPlace variability and an exponential delay (bottom panel).


		Fig. 6.11 Comparison of intertap interval distributions of the three subjects with the theoretical distributions based on the three clock-driven models: LaPlace (left column), Tau–Gamma (center column), and Normal (right column).


		Fig. 6.12 Difference between intertap interval distributions of the three subjects and the theoretical distributions based on the three clock-driven models: LaPlace (left column), Tau–Gamma (center column), and Normal (right column).


		Fig. 7.1 Test for Sensitization. The effect of D–1 (SCH–23390) and D–2 (Pimozide and Ro22-2586) DA receptor blockade during the preexposure period on the development of sensitization to the locomotor activating effects of amphetamine. No antagonists were administered on the test when all animals received 0.5 mg/kg amphetamine, i.p. Data are shown as groups means (± S.E.M.). (Adapted with permission from Vezina &amp; Stewart, 1989.)


		Fig 7.2 Test for Sensitization. The effect of D–1 (SCH–23390) DA receptor blockade given into the VTA and SNr during the preexposure period on the development of sensitization to the locomotor activating effects of amphetamine. All animals received only amphetamine (0.5 mg/kg, i.p.) on this test. The data are shown as group means (± S.E.M.). The numbers at the base of each bar indicate the number of animals per group. (Reproduced with permission from Stewart &amp; Vezina, 1989.)


		Fig 7.3 Test for Sensitization. Mean activity counts (± S.E.M.) on the test for conditioned environmental control of sensitization following preexposure to VTA morphine in the activity boxes (PAIRED), in the home cage (UNPAIRED), or not at all (CTL) (Group n's = 8). On “ this test all animals received morphine in the VTA prior to being placed in the activity boxes. (Adapted with permission from Vezina &amp; Stewart, 1984.)


		Fig 7.4 Test for Conditioning. Mean activity counts (± S.E.M.) on the test for conditioning following preexposure to VTA morphine in the activity boxes (PAIRED), the home cages (UNPAIRED), or not at all (CTL). On this test all animals received sham administrations in the VTA. These are the same animals as those shown in Fig. 7.3. (Adapted with permission from Vezina &amp; Stewart, 1984.)


		Fig 7.5 Test for Cross-Sensitization. Mean activity counts (± S.E.M.) on the test for conditioned environmental control of cross-sensitization to morphine following preexposure to 1.0 mg/kg amphetamine, i.p. in the activity boxes (PAIRED); the home cages (UNPAIRED) or not at all (CTL). On this test all animals were given 1.0 mg/kg morphine, i.p., only (a); or 5 μg/0.5 μ| saline/side morphine in the VTA, only (b). (Adapted with permission from Stewart &amp; Vezina, 1987.)


		Fig 7.6 Test for Cross-Sensitization. Mean activity counts (± S.E.M.) on the test for conditioned environmental control of cross-sensitization to amphetamine in animals preexposed to 10 mg/kg morphine, i.p., in the activity boxes (PAIRED); the home cages (UNPAIRED); or not at all (CTL). On this test all animals were given 1.0 mg/kg amphetamine, i.p. (Adapted with permission from Vezina, Giovino, Wise &amp; Stewart, 1989.)


		Fig 7.7 Test for Cross-Sensitization. Mean activity counts (± S.E.M.) on the test for conditioned environmental control of cross-sensitization to morphine in animals preexposed to injections of 2.5 μg/0.5 μ| saline/side amphetamine into either the VTA (a), or the NAC (b). During preexposure animals were given amphetamine in the activity boxes (PAIRED), the home cages (UNPAIRED), or not at all (CTL). On this test all animals were given 1.0 mg/kg morphine, i.p., only. (Adapted with permission from Vezina &amp; Stewart, 1990.)


		Fig 7.8 Test for Conditioning. Mean activity counts (± S.E.M.) on the test for conditioned activity following preexposure to 2.5 μg/0.5 μ| saline/side amphetamine into either the VTA (a), or the NAC (b). On this test animals were given injections of saline only. (Adapted with permission from Vezina &amp; Stewart, 1990.)


		Fig 7.9 Test for Conditioned Facilitation of Mating. Mean (± S.E.M.) mount and intromission latencies of animals that had previously received 10.0 mg/kg morphine, i.p., paired with the mating arena (PAIRED), the home cage (UNPAIRED), or not at all (CONTROL). On this test all animals received injections of saline only. *Significantly different from CONTROL, p &lt; .05; †significantly different from UNPAIRED, p &lt; .05. (Reproduced with permission from Mitchell &amp; Stewart, 1990.)


		Fig 7.10 Diagrammatic representation of mesolimbic DA neurons (hatched) and some of their possible interconnections. In the cell body region, DA neurons release DA from cell bodies and dendritic processes that can act at D–2 autoreceptors to inhibit DA cell firing. DA released from cell bodies and dendrites is also shown to act on D–1 receptors located on non-DA neurons to reinforce activity within a local circuit. In the terminal region, released DA can act on D–2 autoreceptors and on postsynaptic D–1 and D–2 receptors.


		Fig 7.11 Diagrammatic representation of CS input at the level of the DA cell bodies: (1) shows a CS unit with direct access to the DA neuron and capable of being influenced by locally released DA; (2) shows a CS unit with direct access to a non-DA neuron that is capable of being reinforced by locally released DA (see Fig. 7.10). The CS unit, itself, however, is capable of being reinforced indirectly by DA released in the terminal region.


		Fig 7.12 Diagrammatic representation of additional CS inputs that interact with the DA neuron at the terminal region: (3) shows the CS unit terminating on a DA neuron terminal and having the potential to influence the release of DA from the terminal; (4) shows a CS unit ending on a postsynaptic neuron and capable of being reinforced by release of DA from neuron terminals.


		Fig. 8.1 Cartoon depicting the fear-potentiated startle paradigm. During training a neutral stimulus (conditioned stimulus) such as a light is consistently paired with a footshock. During testing startle is elicited by an auditory stimulus (e.g., a 100-dB burst of white noise) in the presence (Light-Noise trial type) or absence (Noise-Alone trial type) of the conditioned stimulus. This is simply a cartoon so that the positions and postures that are pictured may not mimic the actual behavior of the animals.


		Fig. 8.2 Discriminative conditioning measured by fear-potentiated startle. Mean amplitude startle response elicited by a noise burst in the absence of a conditioned stimulus (Noise-Alone trial type) or in the presence of a stimulus that has been consistently paired with a footshock (CS+, Noise trial type) or not paired with a footshock (CS–, Noise trial type) using either a light as the CS+ and a 75 dB, 4,000 Hz tone as the CS–(left bars), or a 75 dB, 4,000 Hz tone as the CS+ and a light as the CS–(right bars).


		Fig. 8.3 Schematic diagram of a primary acoustic startle circuit consisting of the ventral cochlear nucleus (VCN), an area just medial and ventral to the ventral nucleus of the lateral lemniscus (VLL), and the nucleus reticularis pontis caudalis (RPC). Other abbreviations used are: A, aqueduct; CNIC, central nucleus of the inferior colliculus; CU, cuneate nucleus; DCN, dorsal cochlear nucleus; DP, decussation of pyramids; DR, dorsal raphe nucleus; ENIC, external nucleus of the inferior colliculus; HRP, horseradish peroxidase; IO, inferior olive; LL, lateral lemniscus; LM, medial lemniscus; LV, lateral vestibular nuclues; MLF, medial longitudinal fasciculus; MTB, medial nucleus of the trapezoid body; MV, medial vestibular nucleus; nVII, nucleus of the seventh nerve; P, pyramids; RGI, nucleus reticularis gigantocellularis; RPO, nucleus reticularis pontis oralis; RST, reticulospinal tract; RSTm, medial reticulospinal tract; SO, superior olive; TSV, spinal tract of the fifth nerve; VAS, ventral acoustic stria; VII, seventh nerve. (From Davis et al., 1982, with permission of the Williams &amp; Wilkins Co.)


		Fig. 8.4 Electromyographic recording from the quadriceps femoris muscle complex of the “startle” response elicited by electrical stimulation in the spinal cord (SC), medial longitudinal fasciculus (MLF), nucleus reticularis pontis caudalis (RPC), nuclei of the lateral lemniscus (LL), or ventral cochlear nucleus (VCN) or by a tone. (From Davis et al., 1982, with permission of the Williams &amp; Wilkins Co.)


		Fig. 8.5 Oscilloscope tracings of startle elicited in the absence (top panel) or presence of the light conditioned stimulus (lower panel). The top trace in each panel displays the output of a sound-level meter that measures the startle stimulus. The middle trace shows the electromyographic response measured from the neck muscles, and the lower trace shows the startle cage accelerometer output. (From Cassella et al., 1986, with permission from Pergamon Press.)


		Fig. 8.6 Schematic diagram of modulation of electrically elicited startle by presentation of a light previously paired with a shock. The point of electrical elicitation of startle is indicated by the “stim” symbol. The model predicts that if the light ultimately modulates neural transmission at the RPC, then startle elicited electrically in the VCN or VLL will be enhanced by the light, because the signal produced by electrical stimulation must travel through the area where the light modulates neural transmission. In contrast, startle elicited electrically in the RPC beyond the area of modulation or startle elicited electrically in spinal motor neurons will not be enhanced by the light, because the signal produced by electrical stimulation will bypass the area where the light modulates neural transmission.


		Fig. 8.7 Magnitude of fear-potentiated startle effect when startle was elicited either acoustically (white bars) or electrically (black bars) in different groups of rats that had electrodes implanted in the ventral cochlear nucleus (VCN), ventral acoustic stria (VAS), ventral lateral lemniscus (VLL), or nucleus reticularis pontis caudalis (RPC). The white bars represent the degree of potentiation of startle elicited acoustically in rats with electrodes implanted into different parts of the startle pathway. The black bars represent the degree of potentiation of startle elicited electrically through electrodes implanted in different parts of the startle pathway. Degree of potentiation is expressed as the mean difference in startle amplitude in the presence versus absence of the visual conditioned stimulus. (From Berg &amp; Davis, 1985, with permission from the American Psychological Association.)


		Fig. 8.8 Mean amplitude startle on the Light-Noise or Noise-Alone trials in rats in which the cerebellum was surgically transected from the brainstem or in rats with electrolytic lesions of the red nucleus or the central nucleus of the amygdala. Sham animals for the cerebellar experiment had the transection knife inserted under the cerebellum but the fiber pathways were not cut. Sham animals for the other experiments had the electrodes lowered into the brain but no current was passed.


		Fig. 8.9 Mean amplitude startle on the Light-Noise and Noise-Alone trials in rats with lesions of the central nucleus of the amygdala or sham lesions when testing was carried out after injection of either strychnine (0.75 mg/kg) or its vehicle, water. (From Hitchcock &amp; Davis, 1986, with permission from the American Psychological Association.)


		Fig. 8.10 Schematic representation of effective and ineffective stimulation sites in the amygdala for enhancement of acoustic startle. Effective sites at currents below 100 μA (▲), at 100–200 μA (●), at 201–300 μA (■), and 301–400 μA (◆) are shown on the left. Ineffective sites (▼) are shown on the right.


		Fig. 8.11 Lower panel shows the mean amplitude startle response on Noise-Alone trials (black bars) and Light-Noise trials (white bars) in unoperated rats, rats given sham lesions, and rats given bilateral lesions of the central nucleus of the amygdala. The center panel shows a histological reconstruction of a representative lesion of the central nucleus of the amygdala. The black area represents the cavity produced by the lesion and the striped area represents the surrounding area of gliosis. The upper panel shows a schematic representation of a deposit of Phaseolus vulgaris leucoagglutinin (PHA-L) into the left central nucleus of the amygdala and PHA-L labeled fibers from the amygdala. Actual density of labeling is not accurately reflected in the schematics shown in Fig. 8.10–8.13.


		Fig. 8.12 Lower panel shows the mean amplitude startle response on Noise-Alone trials (black bars) and Light-Noise trials (white bars) in unoperated rats, rats given sham lesions, and rats given bilateral lesions of the bed nucleus of the stria terminalis. The center panel shows a histological reconstruction of a representative lesion of the bed nucleus of the stria terminalis. The upper panel shows a schematic representation of terminals and fibers in the bed nucleus of the stria terminalis after deposition of PHA-L into the left central nucleus of the amygdala as shown in Fig. 8.10.


		Fig. 8.13 Lower panel shows the mean amplitude startle response on Noise-Alone trials (black bars) and Light-Noise trials (white bars) in unoperated rats, rats given sham transections, and rats given bijaferal transections in the rostral division of the ventral amygalofugal pathway that interrupted the connection between the central nucleus of the amygdala and the rostral hypothalamus and substantia innominata. The center panel shows a histological reconstruction of the transection. The upper panel shows a schematic representation of terminals and fibers in the rostral division of the ventral amygdalofugal pathway after deposition of PHA-L into the left central nucleus of the amygdala as shown in Fig. 8.10.


		Fig. 8.14 Lower panel shows the mean amplitude startle response on Noise-Alone trials (black bars) and Light-Noise trials (white bars) in unoperated rats, rats given sham lesions, and rats given bilateral lesions of the caudal division of the ventral amygdalofugal pathway that interrupted the connection between the central nucleus of the amygdala and the brainstem. The center panel shows a representative lesion of the caudal ventral amygdalofugal pathway. The upper panel shows a schematic representation of terminals and fibers in the caudal division of the ventral amygdalofugal pathway after a deposit of PHA-L into the left central nucleus of the amygdala as shown in Fig. 8.10.


		Fig. 8.15 Enhancemenet of startle by footshock. The figure shows the mean amplitude startle response prior to and following a series of five 0.6 mA, 500 msec footshocks (indicated by the arrow) presented once per second (solid), or no intervening shock (open). Forty 105-dB noise bursts were presented at a 30-sec interval both before and after the shocks.


		Fig. 8.16 Schematic diagram of the connections of the central nucleus of the amygdala to a variety of target areas that are probably involved in the pattern of behaviors that are typically associated with fear.


		Fig. 9.1 Mean (±SEM) brain weights of suckle control, gastrostomy control, 6.6 g/kg/day, and 7.5 g/kg/day groups at three ages (10 days, 26 days, and 200 days). The rats were perfused with aldehyde fixatives. Significant reductions in whole brain weight of both alcohol groups were present at all three ages relative to each control group. No significant group differences in body weight were observed at 10 days or at 200 days; at 26 days, the 7.5 g/kg/day group had small but significant reductions of body weights compared to controls (90% of gastrostomy control body weights).


		Fig. 9.2 Illustrations of the swimming paths taken to reach the submerged escape platform on the four trials on postnatal day 27 (the ninth training day). The subjects used in this example (gastrostomy control rat on top; 6.6 g/kg/day condensed dose treated rat on bottom) were near the group mean for average escape latency for the day. Note the relatively direct path on all four trials of the control, and the rapid correction when the platform was missed. Compare that to the looping search patterns of the alcohol-exposed rat, which had not developed strategies based on place navigation at this stage of training. From Goodlett, Kelly, and West (1987). Reprinted with permission.


		Fig. 9.3 Mean (±SEM) latency to reach the platform in the Morris navigation task incorporating 1 day (20 trials) of vision platform training (variable location) and 2 days (20 trials each) of hidden platform training (constant location). Training was conducted on postnatal days 23 (visible) and postnatal days 24 and 25 (hidden). Treatments (controls, 6.6 g/kg/day or 7.5 g/kg/day) were administered during postnatal days 4 through 9.


		Fig. 9.4 Mean (±SEM) latency to reach the submerged platform in the Morris maze task in female and male adult rats (~90 days old) as a function of treatment. Effects of early postnatal alcohol treatment were present only in females, which took more trials to develop efficient spatial navigation. Nevertheless, these effects were mild and much less severe than those seen in both sexes in the studies on juvenile rats.


		Fig. 9.5 Mean (±SEM) transformed probability of making a correct choice on each of the first six choices of each session, averaged across choices over blocks of 6 days. The transformed probabilities (modified from Olton, Collison, &amp; Werz, 1977) were calculated for each choice as follows (p = probability): The numerator was defined as p(correct)observed −p(correct) expected, with p(correct)expected starting at 0.5 for each session and decreasing as a function of the number of correct arms entered over choices within a session. The denominator of the score for each trial was either 1-p(correct)expected [when p(correct)observed &gt; p(correct) expected], or p(correct)expected-0 [when p(correct)expected &gt; p(correct)observed]. This transformation results in scores that range from −1.0 to +1.0, with 0 reflecting chance performance and +1.0 reflecting perfect performance (correct on each of the six choices of each session). Note the significantly slower learning of the alcohol-exposed groups.


		Fig. 9.6 Mean (±SEM) number of errors in the radial maze as a function of type of error, averaged over blocks of six trials. Left panel: errors resulting from entries into an unbaited arm, given that each of those entries was the first (to a given unbaited arm) of the session. These errors are taken as a measure of reference memory (Olton &amp; Papas, 1979). Middle panel: errors resulting from repeated entries within a session into an unbaited arm, given that the unbaited arm had previously been entered during the session. These errors are taken as one measure of working memory. Right panel: errors resulting from entries within a session into an arm that initially was baited, but from which the bait had been retrieved earlier in the session. These errors are the traditional measure of working memory (Olton &amp; Papas, 1979; Olton &amp; Samuelson, 1976).


		Fig 9.7 Scatterplot of the log of the number of working memory errors against the number of CA1 pyramidal neurons counted in a single 2-micrometer-thick horizontal section through the mid-temporal hippocampal formation. The regression line is based on a leastsquares analysis of the log scores. Group codes of the individual scores are indicated in the legend.


		Fig. 10.1 Numerical density of synapses and neuronal nuclei and ratio of synapses to neurons in upper occipital cortex (layers I-IV) of rats reared from 23 to 55 days of age in environmental complexity (EC) in pairs in social cages (SC) or in individual cages (IC). Synapses were counted in conventionally stained electron micrographs and the counts corrected for differences in size using stereological formulae. Neuronal nuclei were estimated by point counting in toluidine blue stained light microscopic sections. Reduced neuronal density in more experienced animals presumably reflects the greater volume of neuronal processes, glia, and blood vessels, that have been previously reported. Data from Turner &amp; Greenough (1985); figure from Greenough (1984). Copyright (1984) by permission of Elsevier Publications.


		Fig. 10.2 Mean total dendritic length per neuron for adult rats placed in complex or individual cage environments. Complete bifurcating and terminating § branches are included in this * measure. (When incomplete branches were included, as in other studies from this laboratory, nearly identical percent age differences between groups were obtained.) (From Green et al., 1983. c. 1983 Elsevier Science Publishers; by permission.)


		Fig. 10.3 Total length (within the thickness of the tissue section) of basilar dendrites of layer III pyramidal neurons for animals placed in super-enriched (EC) or individual cage (IC) environment for 30 days; or superenriched environment for 30 days of individual caged environment (EC/IC); or individually caged environment for 60 days (IC/IC). Main effect of initial environment p &lt; .001; no effect of duration or interactions. Adapted from Camel et al. (1986.)


		Fig. 10.4 Number of concentric sphere intersections beyond 250 μm of the cell body for split brain rats trained on a monocular maze task or controls. Group 1: Maze trained with alternate eyes occluded on successive days; Group 2: Maze trained with the same eye occluded each day; Group 3: Contact eye occluder placed in alternate eyes on successive days, but not trained; Group 4: Contact eye occluder in the same eye each day, but not trained. **, p &lt; 0.025; ***, p &lt; 0.01; n.s., statistically nonsignificant. Copyright (1984), by permission of Elsevier Science Publishers.


		Fig. 10.5 Effect of acrobatic motor learning (AC), forced treadmill exercise (FX), voluntary activity wheel exercise (VX) and passive inactivity (IC) on cerebellar paramedian lobule in adult female rats. A. Volume of molecular layer per Purkinje neuron, calculated using the disector, an unbiased stereological method. B. Density of synapses in the molecular layer. C. Ratio of synapses to Purkinje neurons. (This includes, of course, many synapses that are not on Purkinje neurons, but serves to correct for changing volume per neuron.) D. Density of blood vessels in the molecular layer. General conclusion: Exercise, probably via related neuronal activity, alters the vascular system but not synaptic connectivity, whereas synapses are altered with learning. Adapted by permission from Black et al. (1990), p. 5571.


		Fig. 11.1 Classical conditioning tasks (rabbit eyeblink conditioning) that are disrupted after lesions of the hippocampus. The left column depicts the stimulus arrangements and trial types in the various conditioning tasks. The right column is a brief description of the nature of the impairment, relative to controls, caused by hippocampal lesions.


		Fig. 11.2 Currents in Hermissenda B cells are reduced by classical conditioning. Note that both of the major currents (IA and IK(Ca+ +)) in B cells from paired or conditioned animals (first traces in each row) are markedly reduced as compared to currents in B cells from the random group (middle traces: animals received explicitly inpaired CSs and USs in a random sequence) and B cells from naive animals.


		Fig. 11.4 Synaptic potential summation in rabbit CA1 cells is enhanced by classical conditioning. A) potentials to 300msec of 50Hz stimulation. The extracellular stimulation current needed to elicit a single 2 mV psp was approximately 1.0 uA and did not differ between groups. B) Profile of the peak psp amplitudes across 300 msec of 50Hz stimulation in cells from conditioned, random and naive animals (N = 15±SEM).


		Fig. 11.5 (Top) Between-group comparisons of transept lines for 1-day retention animals. Normalization was accomplished with a ratio (SP:SO) obtained for each slice. Maximum (or minimum) binding values along transept-line portion within the cell body layer were divided by a binding value for the stratum oriens (measured on the transept line 7 pixels from the border between the stratim pyramidale and stratum oriens layers). When no obvious maximum or minimum values were apparent in the stratum pyramidale layer (as was usual for the controls) the average transept value within the stratum pyramidale layers provided the numerator of the ratio. This SP:SO ratio was then compared between groups by one way ANOVA. The bar graphs demonstrate a statistically significant change (35 ± 3% and 43 ± 5% increase in conditioned animals compared with unpaired controls or naives respectively (p &lt; 0.01, N = 5 animals, 75 sections per group) in the pattern of PKC distribution within the hippocampus as a function of learning. (Bottom) Between-group comparisons of transept lines for 3-day retention animals and control groups (3-UP and N). The bar graphs show a statistically significant decrease in the SP:SO ratio (35 ± 2% and 30 ± 5%, respectively, compared with groups 3-UP and N, p &lt; 0.01, N = 5 animals, 75 sections per group) calculated as for 1-day retention animals.


		Fig. 11.3 The AHP in rabbit hippocampal CA1 cells are reduced by classical conditioning. A) representative recordings of hippocampal CA1 cells from conditioned, random (i.e., unpaired controls) or naive animals (calibration, 5mV &amp; 500 msec); B) averages and SEM's pf AHP's recorded from cells of animals in the three behavioral conditions (N = 23). Measurements were made at isochronal points.


		Fig. 11.6 Biochemical model of associative learning. The putative CS-activated pathway acts through a glutamatergic synapse in the case of CA1 cells and through light activation of rhodopsin in the B cell to activate diacyglycerol (DG). DG causes translocation of PKC from the cytosol to the membrane and IP3 increases intracellular calcium concentrations. The CS-activated pathway causes a transient association of PKC with the membrane. The putative US-activated pathway, causes an increase in internal calcium concentration in response to depolarization. In Hermissenda this depolarization occurs as a result of CS-US pairing and the switching of synaptic sign at the Hair Cell to B cell GABAergic synapse. Concurrence of the CS-and US-activated pathways leads to stable association of PKC with the membrane and thereby to constituitive activation.


		Fig. 12.1 Psychological and neural organization of data-based and expectancy- or knowledge-based memory.


		Fig. 12.2 A schematic representation of frontal cortex in the human and rat. Adapted from kolb and Whishaw (1985).


		Fig. 12.3 Mean percentage correct responses as a function of serial order memory for spatial locations and item memory for spatial locations before (pre) and after (post) medial-prefrontal cortex lesions. During the study phase animals were exposed to a variable set of 4 spatial locations. During the test phase animals were given an order or item memory test. For the order memory test, the animals had to select of any two spatial locations, the location that occurred earlier in the study-phase sequence in order to receive an additional reinforcement. For the item memory test, the animals had to select of any two spatial locations, the spatial location that had been previously visited in the study phase sequence in order to receive an additional reinforcement.


		Fig. 12.4 Mean percentage correct as a function of serial order and item memory using an invariant order for the study phase in animals with medial-prefrontal cortex lesions. During the study phase animals were exposed to a fixed set and order of 4 spatial locations. During the test phase, the animals were given an order or item memory test. For the order memory test, animals had to select of any two spatial locations, the spatial location that occurred earlier in the study phase sequence in order to receive an additional reinforcement. For the item memory test, animals had to select of any two spatial locations, the spatial location that had been previously visited in the study phase sequence in order to receive an additional reinforcement.


		Fig. 12.5 Mean percentage correct as a function of choice orders ranked from high to low before the lesion (Pre) and after medial-prefrontal cortex lesions (Post 1 &amp; 2). During the study phase animals were exposed to a variable set of 3 visual and somatosensory cues. During the test phase animals had to select of any two sensory cues, the sensory cue that occurred earlier in the study phase sequence in order to receive an additional reinforcement.


		Fig. 12.6 Mean number of errors for animals with medial-prefrontal cortex (mpf) or sham-operated control (con) lesions as a function of delay in a delayed spatial matching-to-sample task. During the study phase animals were exposed to a single varied spatial location. During the test phase, following specific delays, animals were required to select the same spatial location (win-stay rule) among 8 possible spatial locations in order to receive additional reinforcement.


		Fig. 12.7 Mean percentage correct as a function of lag between occurrences of items selected for the test phase in college students and rats. During the study phase college students or rats were exposed to a variable set of 8 spatial locations. During the test phase college students or animals had to select from any two spatial locations with a lag [number of spatial locations (0–6) between the previously visited spatial locations], the spatial location that occurred earlier in the study phase sequence.


		Fig. 12.8 Mean percentage correct as a function of lag between occurrences of items selected for the test phase before (Pre) and after (Post) medial-prefrontal cortex lesions. During the study phase rats were exposed to a variable set of 8 spatial locations. During the test phase, rats had to select from any two spatial locations with a lag [number of spatial locations (0–6) between the previously visited spatial locations], the spatial location that occurred earlier in the study phase sequence.


		Fig. 12.9 Mean percentage correct orienting responses as a function of serial position within the list of presentation of four paired associates before (pre) and after (post) medial-prefrontal cortex lesions.


		Fig. 12.10 Mean [1-(relative frequency of errors)] as a function of serial position (distance) from target before (pre) and after (post) medial-prefrontal cortex lesions.


		Fig. 12.11 Mean percentage correct as a function of repetition lag before (pre) and after (post) medial-prefrontal cortex lesions. During the study phase rats were exposed to a variable set of 4 spatial locations with one of the 4 spatial locations repeated a second time. During the test phase rats were required to choose between a once and twice presented spatial location. The correct response resulting in an additional reinforcement was to select the repeated spatial location.


		Fig. 12.12 Mean percentage of correct responses as a function of blocks of trials (9 trials per block) for animals with parietal cortex and medial-prefrontal cortex lesions or sham-operated controls.


		Fig. 12.13 Mean number of errors as a function of treatment (control vs. medial-prefrontal cortex (MPF) lesions) and point of interpolation of list length. Four errors represent chance performance. During the study phase rats were exposed to a variable set of 2, 4, 6, 8, or 10 spatial locations. During the test phase animals had to select of any two spatial locations, the spatial location that had not been visited during the study phase (win-shift rule) in order to receive an additional reinforcement.


		Fig. 13.1 Averaged nictitating membrane (NM) responses (top traces in all panels) and peristimulus time histograms (bottom traces in all panels) of hippocampal pyramidal cell firing during delay conditioning (A and B) and unpaired training (C-F) of the rabbit NM response. Panel A and panel B show data from two different pyramidal cells, respectively, recorded from two different animals. Panels sets C and E, and sets D and F show data from two different cells, respectively, recorded from two different animals. First arrow indicates onset of tone; second arrow indicates onset of airpuff. Interstimulus interval is 250 ms. H, hippocampus.


		Fig. 13.2 Averaged NM responses (top traces) and peristimulus time histograms (bottom traces) of hippocampal pyramidal cell firing during early (A) and late (B) phases of two-tone discrimination conditioning of the NM response. Interstimulus interval is 750 ms.


		Fig. 13.3 Effects of bilateral hippocampectomy on conditioned NM response shape. Results for three parameters of response shape are shown: latency to onset (A), latency to peak amplitude (B), and integrated area of the response during the CS-UCS interval (C). Data are shown for operated control animals (OC), animals with damage to the parietal neocortex alone (CL), and animals with damage to hippocampus and overlying parietal neocortex (HL). Data have been “Vincentized” (i.e., displayed as a function of equal nth's to performance criteria.


		Fig. 13.4 Examples of peristimulus time histograms of three different classes of hippocampal neurons recorded during delay conditioning of the NM response: identified pyramidal neuron (A), nonpyramidal neuron (B), theta cell (C). Note that all cell types exhibit increased firing rates during the trial (trial onset indicated by the first arrow, which also indicates CS onset; second arrow indicates airpuff onset), but all have different correlates as determined by the pattern of discharge within the trial.


		Fig. 13.5 Examples of peristimulus time histograms of two different classes of theta cells recorded during delay conditioning of the NM response. Note that both cells exhibit a periodicity in firing that corresponds to theta rhythm as determined by the within-trial pattern of discharge but display different directions of CS-induced change in firing rate (excitation for the cell shown in A; inhibition for the cell shown in B).


		Fig. 13.6 Peristimulus time histograms showing different “phase” relations between the within-trial firing of three identified pyramidal cells and conditioned NM responses.


		Fig. 13.7 Schematic representation of the relation between the CS-evoked rate of hippocampal pyramidal cell firing as a function of number of training trials (left: initial phase of conditioning; right: asymptotic phase of conditioning), and the relation between the pattern of pyramidal cell firing as a function of the conditioned behavioral response (top: nictitating membrane; bottom: jaw movement).


		Fig. 13.8 Selective effect of bilateral hippocampectomy on conditional discriminative responding. Unoperated control rats (Group C), rats with aspiration lesions of the parietal neocortex (Group N), and rats with lesions of the hippocampus and overlying parietal neocortex (Group H) were trained using both a serial feature positive paradigm (conditional discrimination) and an auditory discrimination paradigm (nonconditional discrimination). In the conditional discrimination, a tone stimulus was followed by the delivery of food (T+) when it was preceded by a light stimulus, but not when the tone was presented alone (T–). In the nonconditional discrimination, a click stimulus was followed by the delivery of food (C+) whereas a noise stimulus was not (N–). The conditioned response was a ''head jerk” (see Holland &amp; Ross, 1981). Panel A shows the difference in percentage of nonconditional (or simple, S) and conditional (C) trials in which rats exhibited a head jerk to the tone stimulus at an asymptotic point in training. Panel B shows development of conditioned responses throughout the entire course of training.


		Fig. 13.9 Schematic representation of the anatomical relationship between the hippocampus/subiculum and major premotor brain systems mediated by subicular projections to the posterior cingulate gyrus, and efferent projections of the posterior cingulate to the caudate nucleus and to the ventral pontine nuclei.


		Fig. 13.10 Example of a terminal field of subicular efferents within the rabbit retrosplenial cortex, as demonstrated by the anterograde transport of HRP injected into the subiculum.


		Fig. 13.11 Schematic representation of the pattern and density of terminal labeling from the rostral (top) to the caudal (bottom) extension of the ventral pontine nuclei. Labeling after 3H-proline injection in the anterior retrosplenial (left), and posterior retrosplenial (right). DL = dorsolateral gray; L = lateral gray; M = medial gray; NRT = nucleus reticularis tegmenti pontis; PM = paramedian gray; V = ventral gray.


		Fig. 13.12 Schematic summary from a representative experiment of autoradiographic results showing projections from the cingulate cortex (left panel) and from the retrosplenial cortex (right panel) to the caudate nucleus (Cd) and claustrum (Cla). Note the restricted distribution of terminals from the retrosplenial cortex to the dorsomedial extent of the caudate. S, septum.


		Fig. 13.13 Effects of lesions of the retrosplenial cortex (panel A) and the hippocampal/subicular cortices (panel B) on tone-light discrimination reversal conditioning of the rabbit NM response. Histograms indicate mean number of trials to performance criteria; error bars indicate S.E.M. Operated control group (CONTROL); neocortical lesion control (NEOCORT.); hippocampal lesion group (HIPPOC.); retrosplenial lesion group (RETROSPL.).


		Fig. 13.14 Diagramatic representation of preliminary evidence for projections from the mammillary nuclei to the pons in the rabbit, as demonstrated by anterograde transport of WGA-HRP. Note the dense labeling in the ventral tegmental nuclei, and the much weaker labeling restricted to the medial pontine nucleus.


		Fig. 13.15 Representative example of the effects of lesions of the medial mammillary nucleus (left panel) on tone-light discrimination reversal conditioning of the NM response (right panel). Note the rapid course of both discrimination (DISCR.) and reversal phase of NM conditioning despite near-total bilateral damage of the medial mammillary nucleus. Graph shows percent conditioned response (%CR) rate as measured during the last half of each training session.


		Fig. 13.16 Unit recordings from the medial (left panels) and lateral (right panels) mammillary nuclei during initial (top panels) and asymptotic (bottom panels) phases of NM conditioning.


		Fig. 13.17 Schematic of the proposed multisynaptic circuitry linking the hippocampus, subiculum, retrosplenial cortex, and ventral pontine nuclei.


		Fig. 13.18 Panel A: Orthodromic activation of the dorsal subiculum by electrical stimulation of the CA1 region of the hippocampus. Left: field potential negativity (calibrations, 400 uV and 1 ms); right: high-pass filtered action potential response (calibrations, 100 uV and 1 ms). Panel B: Orthodromic activation of the retrosplenial cortex by stimulation of the dorsal subiculum. Left: field potential negativity in layer V reverses to a positivity in the dendritic layer I (calibrations, 100 uV and 2 ms); right: high-pass filtered action potential response (calibrations, 40uV and 1 ms). Panel C: transsynaptic activation of layer V retrosplenial cortical neurons by stimulation of the CA1 region of the hippocampus. Left: biphasic field potential negativity (associated action potential discharges are small negative-going events at peak of field potential negativity), reverses to a positivity in layer I (calibrations, 100 uV and 2 ms); right: high-pass filtered spike responses in the retrosplenial cortex (calibrations, 40 mV and 2 ms).


		Fig. 13.19 Example of a single subicular neuron both orthodromically activated by stimulation of the CA1 region of the hippocampus (panel A) and antidromically activated by stimulation of the retrosplenial cortex (panel B). Panel C shows failure to collide a spontaneous occurring spike with an antidromically elicited spike when the interval between the two spikes is 6 ms (exceeding the latency to antidromic activation). Panel D shows collision of a spontaneously occurring spike by stimulation of retrosplenial cortex when a 1-ms interval is used (less than the latency to antidromic activation). Arrows mark stimulus onset. Asterisks mark spontaneous action potential triggering stimulation. Calibrations, 100 uV and 1 ms for A, B, &amp; D; 100 uV and 2 ms for C.


		Fig. 13.20 Idealized summary of our findings regarding the relationship between the NM conditioned response the latencies to activation of hippocampal and ventral pontine neurons. Studies in awake behaving animals have shown that the onset of conditioned hippocampal pyramidal cell activity precedes onset of the conditioned response (CR) by approximately 50 ms. Results of electrical stimulation and recording studies in acutely prepared animals have shown that the hippocampal-subicular-retrosplenial circuit is capable of propagating excitatory output from the hippocampal CA1 area to the ventral pons within 9–15 ms (latency of 11 ms shown). Thus, onset of ventral pontine activity may precede onset of the CR by approximately 35–40 ms.


		Fig. 13.21 Proposed hierarchical organization of the limbic, cerebellar, and brainstem reflex systems known to underlie conditioned NM responding.


		Fig. 14.1 Mean pre and postlesion heart rate changes S immediately following onset of conditioned stimuli for ACE lesion and control lesion groups. Vertical bars represent the S.E.M. From Gentile et al. (1986).


		Fig. 14.2 Mean pre and postlesion %CRP immediately following onset of conditioned stimuli for ACE lesion and control lesion groups. Vertical bars represent the S.E.M. From Gentile et al. (1986).


		Fig. 14.3 The mean heart rate from baseline to the CS+ and CS– over 7 days of acquisition training for unoperated, control lesion, and mMGN lesion groups. Animals with lesions in mMGN failed to demonstrate bradycardia differential CRs From Jarrell et al. (1986a).


		Fig. 14.4 The mean %CRP responses to the CS+ and CS– over 7 days of acquisition training for the unoperated, control lesion, and mMGN lesion groups. Each group demonstrated evidence of CRP differential CRs From Jarrell et al. (1986a).


		Fig. 14.5 A representation of lesion location in coronal sections for animals with MGN lesions. Lesions were located in either the ventral division of MGN(A) or the medial division of MGN(B). Only the lesions in the medial division affected the retention of the CR. Abbreviations: MGd, dorsal division of MGN; MGm, medial division of MGN; MGv, ventral division of MGN; SC, superior colliculus; SG, suprageniculate nucleus; PT, posterior nucleus of the thalamus From Jarrell et al. (1987).


		Fig. 14.6 Coronal sections showing the rostrocaudal (bottom to top) extent of cortical damage in auditory cortex le-sioned animals. These lesions enhanced the response to the unpaired stimulus (CS–). Abbreviations: C, caudate; CC, corpus callosum; CL, claustrum; CR, corona radiata; DH, dorsal hippocampus; F, fimbria of the fornix; GP, globus pallidus; GT, geniculocalcarine tract; IC, internal capsule; LV, lateral ventricle; OT, optic tract; P, putamen. From Jarrell et al. (1987).


		Fig. 14.7 The mean HR CRs to the CS+ (filled square; solid line) and CS– (open square; broken line) are shown for vMGN, mMGN, and auditory cortex lesion groups. Lesions in vMGN had no effect on differential HR CRs, whereas lesions in mMGN or auditory cortex enhanced the response to the CS–. From Jarrell et al. (1987).


		Fig. 14.8 Proposed circuit model of the conditioned stimulus (CS), conditioned response (CR), unconditioned stimulus (US), and unconditioned response (UR), pathways for classical conditioning of differential heart rate responses (from T. W. Jarrell, unpublished doctoral dissertation). Solid lines represent identified aspects of the CS and US pathways. Broken lines suggest possible US pathways. Abbreviations: AC, auditory cortex; ACE, amygdaloid central nucleus; CN, cochlear nuclei; DMN, dorsal motor nucleus of the vagus; IC, inferior colliculus; LH, lateral hypothalamus; LZI, lateral zona incerta; MGm, medial division of the medial geniculate nucleus; MGv, ventral division of the medial geniculate nucleus; NA, nucleus ambiguus; NLL, nucleus of the lateral leminiscus; NTB, nucleus of the trapezoid body; NTS, nucleus of the solitary tract; NV, main sensory nucleus of the V; PBN, para-brachial nucleus; SO, superior olivary nucleus.


		Fig. 15.1 Basic tapped delay line. Injection of CS input begins sequential propagation of signal through a delay line. Each synapse (– &lt;) introduces a delay; the total delay from activation of the first element in the delay line to the last element is a direct function of the number of sequential synapses. Taps from the delay-line units send timing information to higher order processing units. Copyright 1989, Springer–Verlag.


		Fig. 15.2 Basic organization of the network model. Tapped delay-line elements are designated xijk. For simplicity, only 9 onset elements for a single CS (i.e., x111, …, x119) are depicted; the 9 offset elements (x101, …, x109) are not shown. Further details are in text. Copyright 1988, Springer-Verlag.


		Fig. 15.3 Network dynamics during early acquisition training. See text for details. Copyright 1989, Springer-Verlag.


		Fig. 15.4 Network dynamics during early extinction training. See text for details. Copyright 1989, Springer-Verlag.


		Fig. 15.5 Simulated CR topographies for acquisition and extinction training in a delay conditioning paradigm. Hash marks on X-axis denote 10 time steps. Simulation parameters: c = 0.05, number of x elements = 100 total, time steps/trial = 80. Early, middle, and late CR waveforms obtained at 5, 10, and 25 trials of training, respectively. Copyright 1988, Springer-Verlag.


		Fig. 15.6 Synaptic weight (V axis) over acquisition and extinction trials (horizontal axis) for each of the k = 1, …, N onset elements (remaining axis, k = 1 is closest to reader). Copyright 1988, Springer-Verlag.


		Fig. 15.7 Effects of changing US timing on CR topography. Top: In Stage 1,25 short CS–US interval training trials are presented. Middle: In Stage 2, the CS–US interval is lengthened. After 10 trials, the short-latency CR is somewhat diminished and a longer latency CR begins to develop. Bottom: After 30 Stage 2 trials, transformation of CR topography is nearly complete. Simulation parameters for both stages: c = 0.05, number of x elements = 120 total, steps/trial = 80. Copyright 1989, Springer-Verlag.


		Fig. 15.8 Simulated CRs for Kamin's blocking paradigm (Kamin, 1968). See text for details. Simulation parameters: c = 0.05, number of x elements = 100 total, time steps/trial = 80. Stage 1 (top) and Stage 2 (middle) CR profiles are after 25 training trials. Stage 3 testing (bottom) consists of 1 trial. Copyright 1989, Springer-Verlag.


		Fig. 15.9 Simulation results for conditioned inhibition. CR profiles after 30 trials for (CS1)+ and (CS1/CS2)– trial types are depicted in the upper and lower left panels, respectively. The temporal distribution of the Vijk weights on a (CS1/CS2)– trial is depicted on the right side of the figure. Simulation parameters: c = 0.15, number of x elements = 200 total, time steps/trial = 80. Copyright 1989, Springer-Verlag.


		Fig. 15.10 Simulation results for group P ½ of the Millenson et al. (1977) study. CR topographies for short CS (top panel) and long CS (bottom) CS-alone test trials are depicted. Copyright (1988), Springer-Verlag.


		Fig. 15.11 Experimental results of Millenson et al. (1977) study. The waveforms represent group mean nictitating membrane movement on acquisition days 3 and 10 for short (left side) and long (right side) CS test trials. Copyright (1977), Academic Press.


		Fig. 15.12 The VET network, redepicted for the purpose of superposing the model onto cerebellar/brainstem circuits. The alignment of model architecture with that of cerebellum/brainstem is obtained by comparing this figure with Fig. 15.13. Copyright (1989), Springer-Verlag.


		Fig. 15.13 The VET network superposed on cerebellar/brainstem architecture. Abbreviations: Go = Golgi cell, IP = Nucleus Interpositus Cell, PC = Purkinje cell, PN = Pontine nuclei, cf = Climbing fiber, mf = Mossy fibers, pf = Parallel fiber. Copyright (1989), Springer–Verlag.


		Fig. 16.1 Schematic of reflex (UR) and conditioned (CR) responses of the nictitating membrane (or eyelid). Top two traces—first trial before any learning has occurred. Upper trace, UR, bottom trace, CS-alone trial showing no response. Middle two traces, paired trial (above) and CS-alone trial (below) early in training. Bottom two traces, the same when the CR has been learned. Solid vertical lines indicate CS and US onsets, dashed lines indicate time of US onset on trials when US not presented (here and in Fig. 16.2 and 16.3).


		Fig. 16.2 Schematic. Top two traces, well-learned response. Middle two traces, effective lesion of the interpositus nucleus completely and permanently abolishes the CR on both paired and CS-alone trials but has no effect on the UR. Bottom three traces, effect of a substantial but incomplete lesion. Middle trace is a single trial on which a CR occurred; bottom trace is the average amplitude CR. See text for details.


		Fig. 16.3 Schematic. Upper two traces, response reported, by Welsh et al. (1986) following interpositus lesion and postlesion overtraining. Upper trace, trial of occurrence, lower trace, average amplitude of response. Lower two traces, response actually obtained by Welsh (1986). Compare with bottom two traces in Fig. 16.2.


		Fig. 16.5 Nictitating membrane responses recorded on postlesion days 12–23 from the same rabbit depicted in Fig. 16.4. The 12 traces in each column are the average responses for 12 daily postlesion sessions (from top to bottom) during which a 250-msec tone CS (represented by the first vertical line) was followed by a 100-msec air puff US (represented by the second vertical line) after a 35-msec delay period was allowed between CS offset and US onset (i.e., a replication of the training paradigm used by Welsh et al., 1986). Each trace in the left column shows the average of 6 response recorded on CS-alone test trials, whereas each trace in the right column shows the average of 60 responses recorded on paired CS–US trials. The recording period for each response was 3,000 msec.


		Fig. 16.6 Nictitating membrane responses recorded from a rabbit after the left interpositus nucleus was lesioned. The 10 traces in each column are the average responses for 10 daily postlesion sessions (from top to bottom) during which a 350-msec tone CS (represented by the first vertical line) was presented with a coterminating 100-msec air puff US (represented by the second vertical line). Each trace in the left column shows the average of 12 responses recorded on CS-alone test trials, whereas each trace in the right column shows the average of 96 responses recorded on paired CS–US trials. The recording period for each response was 3,000 msec.


		Fig. 16.4 Nictitating membrane responses recorded from a rabbit after the left interpositus nucleus was lesioned. The 11 traces in each column are the average responses for 11 daily postlesion sessions (from top to bottom) during which a 350-msec tone CS (represented by the first vertical line) was presented with a coterminating 100-msec air puff US (represented by the second vertical line). Each trace in the left column shows the average of 12 responses recorded on CS-alone test trials, whereas each trace in the right column shows the average of 96 responses recorded on paired CS–US trials. The recording period for each response was 3,000 msec.


		Fig. 16.7 Nictitating membrane responses recorded on postlesion days 11–22 from the same rabbit depicted in Fig. 16.6. The 12 traces in each column are the average responses for 12 daily postlesion sessions (from top to bottom) during which a 250-msec tone CS (represented by the first vertical line) was followed by a 100-msec air puff US (represented by the second vertical line) after a 35-msec delay period was allowed between CS offset and US onset (i.e., a replication of the training paradigm used by Welsh et al., 1986). Each trace in the left column shows the average of 6 responses recorded on CS-alone test trials, whereas each trace in the right column shows the average of 60 responses recorded on paired CS–US trials. The recording period for each response was 3,000 msec.


		Fig. 16.8 Simplified schematic of hypothetical memory trace circuit for discrete behavioral responses learned as adaptations to aversive events. The US (corneal airpuff) pathway seems to consist of somatosensory projections to the dorsal accessory portion of the inferior olive (DAO) and its climbing fiber projections to the cerebellum. The tone CS pathway seems to consist of auditory projections to pontine nuclei (Pontine N) and their mossy fiber projections to the cerebellum. The efferent (eyelid closure) CR pathway projects from the interpositus nucleus (Int) of the cerebellum to the red nucleus (Red N) and via the descending rubral pathway to act ultimately on motor neurons. The red nucleus may also exert inhibitory control over the transmission of somatic sensory information about the US to the inferior olive (IO) so that, when a CR occurs (eyelid closes), the red nucleus dampens US activation of climbing fibers. Evidence to date is most consistent with storage of the memory traces in localized regions of cerebellar cortex and possibly interpositus nucleus as well. Pluses indicate excitatory and minuses inhibitory synaptic action. Additional abbreviations: N V (sp), spinal fifth cranial nucleus; N VI, sixth cranial nucleus; N VII, seventh cranial nucleus; V Coch N, ventral cochlear nucleus. (From Thompson, 1986; Reprinted by permission of Science, 1986).
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