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 Preface
Although the notion of generalization fits prominently into cognitive theories of learning, there is surprisingly little in the literature that provides an overview of the issue from a broad multifaceted perspective. Rather, a current literature review finds that the issue is studied using very specific tasks based on very specific assumptions. Yet whether these assumptions carry across studies or across tasks is not an issue that has been considered in detail. Hence the need to try to generalize upon research on the generalization of learning!
This volume evolved from a 3-day symposium in Boulder, Colorado, that was supported by a National Science Foundation Science of Learning Catalyst Center Grant (NSF SBE 0518699). The goal was to take a multidisciplinary perspective on generalization of knowledge from fields associated with cognitive science, including cognitive neuroscience, computer science, education, linguistics, developmental science, and speech, language and hearing sciences, among others. To bring continuity to the conference and to this volume, we asked each speaker to address three important questions:
• How does your field define generalization?
• What practices, representations, processes, systems, and so on in your field are thought to support generalization?
• When is generalization detrimental or not needed?

The ultimate goal of the conference was to see if some general principles about generalization could be derived from triangulation across different disciplines and approaches.
The conference, like the volume, was divided into five sections, representing five different perspectives or approaches to generalization. The first section, entitled “Cognitive Neuroscience Approaches to Generalization,” with chapters by Huff and LaBar, Williams and Tanaka, and Poldrack, Carr, and Foerde, examines the neural systems that can support generalization of knowledge for both cognitive and emotional processes. The second section, “Developmental Perspectives on Generalization,” with chapters from Gerken and Balcomb, Fisher, and Laney and Gomez, examines generalization from the perspective of patterns of learning over development, focusing on the mechanisms that allow young children to learn to generalize and how that interacts with other cognitive processes, most notably language. The third section, “Representations That Support Generalization,”      with chapters by Griffths, Huenerfauth, and Levering and Kurtz, considers what aspects of information or their structure allow for generalization. The fourth section, “Educational and Training Approaches to Generalization,” with chapters by Graesser, Lin, and D’Mello; Hall, Wieckert, and Wright; and Thompson, considers how educational and training experiences can aid in generalization of knowledge and how generalization can occur across social systems. The final section, “Technological Approaches to Generalization,” with chapters by McGrenere, Bunt, Findlater, and Moffatt; Butcher and de la Chica; and Carmien and Fischer, considers the difficult issue of how computerized systems and other modern-day technologies can be created to allow them to generalize, and how they can be organized to help users learn to generalize.
Collectively, these chapters on generalization will allow us to think about this concept in useful ways that inform 21st-century research into theory and application, including tutoring, assistive technology, and endeavors involving collaboration and distributed cognition.
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				1 
Generalization and Specialization of Conditioned Learning
NICOLE C. HUFF and KEVIN S. LABAR

				INTRODUCTION
Classical conditioning is a fundamental form of learning and memory by which organisms learn to associate which stimuli in the environment lead to reinforcing and punishing outcomes. This form of learning is critical to survival, as it helps organisms identify likely sources of food in the environment and situations and places where a predator is likely to be encountered. Although theoretical accounts of classical conditioning were initially described in terms of reflexive chaining of simple stimulus–response associations, it is now known that many levels of learning occur when organisms evaluate the conditions that lead to biologically salient events (Rescorla, 1988). A century ago, Ivan Pavlov (1927) discovered the basic tenets of classical conditioning through his famous physiologic experiments on salivation of dogs in response to the ringing of bells that predict food delivery. Although Pavlov described a form of conditioned learning for items that an organism wants (known as appetitive learning), recent research in neuroscience has focused more on learning the relationships among stimuli that predict delivery of noxious stimuli, resulting in the acquisition of fear responses that occur through conditioning.
Certain aspects of learning that develop through association and conditioning (often called conditioned learning) are particularly interesting to consider in the context of understanding mechanisms of generalization. Here we review behavioral and neurobiological evidence that learning of a fear association is initially generalized but with experience becomes specialized. The first section will address evidence for generalization of conditioned learning, and the second section will feature specialization of conditioned learning. We present behavioral and neural data from both human and nonhuman animals throughout the chapter. Although  the focus is on fear conditioning (given that most advances have been made in this domain), relevant research using appetitive-conditioning paradigms is introduced where appropriate. We then discuss the behavioral outcome and potential neural dysfunction in anxiety disorders that reflect maladaptive fear generalization. Finally, we highlight recent clinical interventions derived from animal-conditioning models to help patients cope with their overgeneralization of fear.

					Historical Perspective 
One of the earliest studies of generalization of fear learning in humans was demonstrated in an individual known as Little Albert. In a landmark study conducted by Watson and Raynor (1920), which by today’s standards would be deemed unethical, Albert B., a 9-month-old infant, was presented with a variety of furry stimuli, such as a white rat, a rabbit, a dog, a monkey, masks with and without hair, and cotton. The 9-month-old showed no signs of fear to these stimuli. However, he did demonstrate a normal fear response (crying) to the loud sound of a hammer striking a steel bar. At 11 months of age, Albert was again presented with the white rat. This time, when he reached for it, the presentation of the rat was followed by the loud noise of the hammer striking a steel bar. Watson and Raynor repeated this pairing seven times, after which Little Albert cried and crawled away at the sight of the white rat. Interestingly, when observed months later, Albert was also fearful of other objects that looked similar to the white rat, such as a rabbit, a fur coat, and a dog. This observation shows that Little Albert had generalized his conditioned fear response to stimuli that shared similar visual features, and this generalization of the fear response was retained over a relatively long period of time (at least for the life of an infant).
Ivan Pavlov (1927) was the first scientist to formally recognize stimulus generalization and stimulus discrimination in his classic studies of conditioned learning. Pavlov noted that dogs trained to salivate to a bell that predicted the occurrence of food also salivated to a light that happened to be lit around the same time, even though the light was not directly followed by the food reward. This finding exemplifies cross-modal (auditory-visual) generalization of conditioned learning. However, Pavlov found that with subsequent bell–food pairings (and no light–food pairings), the salivation response became selective to the bell only, which demonstrates stimulus discrimination. Thus, following an initial generalization of conditioned responding, the organism learns to discriminate predictive stimuli from nonpredictive ones, which functions to specialize the learning to those predictors most closely associated with the reinforcer. Nonetheless, Pavlov continued to observe intramodal generalization following stimulus discrimination—even though salivation was selective to the tone, it still occurred to tones of similar (but not identical) frequencies. In this way, Pavlov discovered multiple layers of generalization and specialization of knowledge within his initial description of this important learning phenomenon. His discoveries show how intricately entwined the concepts of generalization and specialization are to the principles of conditioned learning, and the complexities and malleability of the associations learned during what, at first glance, appears to be a very simple training paradigm.
It is interesting to note that several decades after Pavlov’s initial findings on generalization and specialization of conditioning learning, Humphrey (1951) wrote in his seminal book on thinking,

						It is doubtful whether the “generalization” of the conditioned reflex should be considered to be the same process [as other forms of generalization] … for it seems to depend on the absence of psychological activity … whereas the process of relating [stimuli] … is essentially positive [active]. (pp. 266–267)

Humphrey was suggesting that conditioning was a passive, reflexive process that did not require any “thinking” on the part of the organism, and thus generalization of conditioning was unrelated to generalization of other psychological phenomena (such as those described in the present volume). However, as described below, decades of behavioral and neuroscientific work since this time have shown that conditioned learning is psychologically “active” and instantiated in distributed neural networks in the brain that overlap with other forms of learning.


					Definitions of Generalization and Specialization 
In defining the generalization and specialization of classical conditioning, we consider the theoretical framework described by Holyoak and Nisbett (1988), who postulated two forms of generalization for rule-based learning paradigms, of which conditioning is an example. The first form—instance-based learning—occurs when a new rule is applied to predict properties found in observed instances of a known category. As described above, Little Albert learned to avoid all white fuzzy things as a broad form of instance-based learning even though only the white rat should have been feared based on his experience. Within the framework of instance-based learning, specialization occurs when a new rule is formed by adding constraints to an existing rule. Presumably later in life, Little Albert learned that the experimental context created by Watson and Raynor was the only situation where loud noises followed the sight of a rat, and thus his fear response became less generalized over time. The second form—conditioned-simplifying learning—occurs when qualifying conditions are dropped to make a rule more general. This form of generalization has less relevance to the present discussion because fear responses are initially acquired quite broadly without much attention to the qualifying conditions regarding the eliciting conditions, such as the time or place of occurrence.
As applied to fear learning, instance-based generalization is found during acquisition of novel fears to cues and environments that predict negative reinforcers. Following acquisition of the initial fear association, instance-based generalization is exemplified by the presence of a conditioned fear response to the same cue but in varying contexts or situations, or in response to novel cues and environments that share features with the exemplar. For example, a child who is knocked over by a neighbor’s large Saint Bernard may learn to fear not only that particular dog but also all dogs, regardless of whether it is the neighbor’s dog or some other dog. In contrast, specialization of fear learning occurs when an organism learns to discriminate which stimuli in the environment control fear behavior. Specialization requires learning when and where fear should be expressed given the predictive relationship between the presence of specific cues and contexts and an aversive outcome. For example, the child may learn to fear only those dogs that are large enough to knock him or her over or only those dogs belonging to the neighbor.
Two examples of specialization of fear learning include stimulus–context discrimination (see Pavlov example, discussed in the “Historical Perspective” section) and extinction. During extinction training, a conditioned stimulus that had previously predicted aversive outcomes is no longer paired with a reinforcer. Consequently, the organism learns that the stimulus is no longer threatening, and the fear response subsides. Extinction can be considered a form of specialization of knowledge because a temporal constraint is placed upon the learning that originally took place during acquisition training. Specialization of fear learning has important clinical implications because generalized fear can be distilled down to a more specific, rational, and logical expression. When specialization of fear learning does not occur, fears can become overgeneralized to a variety of inappropriate contexts or cues, which is a behavioral hallmark of many anxiety disorders.



				ACQUISITION AND GENERALIZATION OF CONDITIONED LEARNING

					Behavioral Evidence 
A landmark study by Guttman and Kalish (1956) demonstrated that pigeons generalize in a graded manner to stimuli that they have learned can signal their ability to obtain a reward. In this study, pigeons were provided with food rewards when they pecked at an illuminated key light (a yellow-orange color) with a wavelength of 580 nanometers (nm). The birds were subsequently tested with other wavelengths of light without reinforcement in a random order to ascertain the intramodal (i.e., visual) generalization of the conditioned response (in this case, key pecking). Although pigeons responded most strongly to the original wavelength of 580 nm, they also had considerably high response rates to lights of 570 to 590 nm. However, conditioned responding decreased as a function of the distance of the wavelength from the original value. By plotting the response rate across different light wavelengths, a generalization gradient is obtained (Figure 1.1) that indicates the extent to which learning the specific stimulus wavelength presented at training generalizes to stimuli sharing visual features. Further work has shown that pigeons can readily differentiate these wavelengths of light in this range, so the generalization gradient was not an artifact of poor color acuity. To our knowledge, this study provided the first systematic investigation that demonstrated a gradient of generalization for a feature used in conditioning. These early findings support the idea that conditioned behavior is characterized by instance-based learning because the pigeons demonstrated a specific response to the reinforced wavelength that also modestly carried over (generalized) to nearby wavelengths.
As derived from an experimental procedure that is now referred to as classical (or Pavlovian) conditioning (Pavlov, 1927), fear conditioning occurs when an environmental cue such as a distinct sound or a visual image (conditioned stimulus, 

						[image: ]Figure 1.1 Stimulus generalization gradient for pigeons that were trained to peck a colored light of 580 nm wavelength for a food reward and were then tested in the presence of other colors. From Guttman and Kalish (1956), adapted from Domjan (1998, p. 221).


 or CS) reliably predicts the presence of an aversive event (unconditioned stimulus, or US). Consequently, a conditioned response develops to the cue that engages defensive biological reactions indicative of a state of fear (such as “freezing” or immobility of the body, increased heart rate and sweat gland activity, higher blood pressure, potentiation of startle reflexes, and stress hormone release). Cued fear conditioning occurs when the CS is a discrete sensory cue, such as the sounding of a tone. Fear is then associated with subsequent presentations of the tone CS. Contextual fear conditioning occurs when fear responses are elicited by a room (environment) where a noxious US was previously encountered, even in the absence of a discrete sensory CS. 
Standard fear-conditioning procedures demonstrate instance-based generalization in several ways. First, early during acquisition training, fear responses tend to generalize to other discrete sensory cues present in the environment (similar to what Pavlov described originally during appetitive conditioning). To illustrate, consider a human fear-conditioning study in which repeated presentations of a picture of a snake (a CS that is predictive of a negative event, or predictive CS+) are followed by a shock, whereas presentations of a picture of a spider are not (a CS that is not predictive of a negative event, or nonpredictive CS−) (Zorawski, Cook, Kuhn, et al., 2005). During the initial training trials, there is generalization of fear (as indicated by an increase in skin conductance responses) to both the CS+ and CS−, despite the fact that (a) the CS− does not predict reinforcement; and (b) individuals had been habituated to the stimuli, so this response could not reflect an increased skin conductance driven by the novelty of the stimuli (Figure 1.2). That is, the mere introduction of a noxious stimulus will increase fear in a nonspecific way to sensory stimuli present in the environment. However, as training progresses and the predictive relations among the stimuli are apparent, the fear response becomes specified to the CS+ and decreases to the CS−. This aspect of conditioned learning that emerges over time (stimulus discrimination) is discussed  

						[image: ]Figure 1.2 Generalization of fear conditioning in early acquisition in males and females. The CS+, a snake image, is followed by a shock, but the CS−, a spider image, is not. The graph displays generalization of the fear response (SCR) to both the CS+ and CS− at early acquisition. Adapted from Zorawski, Cook, Kuhn, and LaBar (2005).


 further in the “Stimulus Discrimination” section with respect to mechanisms of specialization of knowledge.
Two other aspects of generalization are readily demonstrated in nonhuman animals. First, conditioned fears will generalize from specific sensory cues to environmental contexts. For example, when a tone is played in a specific testing chamber, rats will initially acquire strong fears to the tone, but they will also display fear to the chamber in the absence of the tone. The magnitude of contextual fear is typically smaller than that to the more predictive tone and sometimes has a more protracted learning rate (e.g., LaBar & LeDoux, 1996).
Second, fears to specific cues generalize across multiple contexts. For example, Huff and Rudy (2004) placed rats in a specific context, a testing chamber where they received several tone (CS) and shock (US) pairings. The following day, the rats were returned to the same context, no shocks or tones were presented, and the rats were observed for their contextual fear responses (in this case, freezing behavior). Consistent with the example above, the rats exhibited fear. Approximately 6 hours later, rats were put into a new context, consisting of a red light and a grated floor distinct from the conditioning and testing chamber, and were presented with the tone to assess their fear behavior to a discrete sensory cue encountered in a novel context. The rats exhibited a fear response again, demonstrating generalization of cued fear from the training context to another one when in the presence of the CS (Figure 1.3). These findings support Holyoak and Nisbett’s (1988) framework of instance-based generalization in that fear to a specific CS (tone) is expressed 

						[image: ]Figure 1.3 A typical fear-conditioning paradigm in rats consists of training to a tone–shock pairing on Day 1. The following day, there is fear testing in the context (no shock), and then 6 hours later to the tone in a novel context. Freezing is the measure of learned fear. Generalization is observed from a cue to the context in the first test and to the same tone in a variant context in the subsequent test. Adapted from Squire and Kandel (1999) and data from Huff & Rudy (2004).


 in a novel context that was not part of the initial learning experience. This study also supports Humphrey’s (1951) definition, which characterizes generalization as a consistent response to a stimulus presented in varying contexts. Thus, fear-conditioning procedures illustrate dynamic engagement of several generalization processes to multiple features of the environment during learning.


					Neural Substrates 
From extensive research in nonhuman animals, the neurocircuitry, neurotransmitters, and intracellular changes that support fear learning have been delineated. Here we will provide a brief overview of the neural structures necessary for the processing and expression of learned fear and describe neural mechanisms that likely contribute to cue and context generalization.
The amygdala, a structure deep in the brain located in the medial temporal lobe, has emerged as a critical neural region for fear learning. By lesioning this structure, it has been shown that the amygdala mediates the processing of CS−US associations (Fanselow & LeDoux, 1999). In addition, protein synthesis in the amygdala during and immediately following fear conditioning is critical for the consolidation of both cued and contextual fear memories during learning (Huff & Rudy, 2004; Schafe & LeDoux, 2000). Thus, not only is an intact amygdala necessary during the training itself, but also active processing within the amygdala following learning facilitates long-term memory of fear and generalization of cued fear to other contexts.
During fear conditioning, the amygdala receives sensory input directly from the thalamus and also indirectly from the cortex. The thalamus is a subcortical structure in the brain that helps to route and reorganize sensory information as it comes from the sensory receptors (e.g., eyes and ears) on its way to the cortex. These pathways can mediate conditioning to discrete cues, such as tones and shocks (Romanski & LeDoux, 1992). Importantly, the direct thalamo-amygdala pathway is adaptive for an organism in that it provides rapid information about a threat, without the need for information to go to the cortex first. However, in an intact organism this pathway can only process sensory information very crudely. In contrast, the thalamo-cortico-amygdala pathway is an indirect and less rapid connection to the amygdala, but it conveys more complex information about the nature of an environmental cue (LeDoux, 1995). It is thought that the direct route primes the amygdala to receive more detailed sensory and perceptual information about danger. Information about discrete sensory cues from both pathways (originating in the thalamus) converges on neurons in the lateral nucleus of the amygdala (LA) (Li, Stutzman, & LeDoux, 1996).
During fear acquisition, information gets integrated in various ways. The LA integrates sensory information (such as visual and auditory) about the CS and US (Romanski & LeDoux, 1992). The LA relays information to other nuclei in the amygdala, including the basal and central nuclei where additional learning takes place. Outputs from the central nucleus to brainstem and hypothalamic structures then trigger behavioral (freezing or startle) and autonomic (skin conductance, respiration) fear responses (LeDoux, 1995; Maren & Quirk, 2004). Information about context is conveyed to the basal and lateral nuclei of the amygdala from the hippocampus, a neighboring structure in the medial temporal lobe. These connections are particularly important for contextual fear conditioning (see Figure 1.4). The basal and lateral nuclei of the amygdala also send information to regions of the frontal and temporal lobes that are involved in multimodal and associative processing (Kilcross, Robbin, & Everitt, 1997; Maren & Quirk, 2004; Pitkanen, 2000) as well as the striatum, which is involved in motor behaviors that may help initiate reactions to the threatening stimulus (such as fleeing).
Lesion studies provide strong evidence that communication between the amygdala and hippocampus is necessary for normal contextual fear learning. A landmark study (Phillips & LeDoux, 1992) demonstrated that there is partial independence of cue and contextual fear learning. Rats were given lesions to either the amygdala or the hippocampus prior to auditory cued fear conditioning. Rats with amygdala lesions showed no fear conditioning to either the tone or the context. In contrast, rats with hippocampal lesions displayed fear to the auditory cue, but showed significantly less fear to the context. Thus, the amygdala is critical for acquiring fear associations generally, but context conditioning depends additionally on the integrity of the hippocampus. The amygdala also has an important role in strengthening or “modulating” emotional memories that are stored in other brain regions such as the cortex, hippocampus, or striatum so that they remain durable and vivid for long-term recall (McGaugh, 2000).

						[image: ]Figure 1.4 Evidence for a generalized peak shift. This study examined the effects of intradimensional discrimination training on stimulus control. Three groups of pigeons were reinforced for pecking at a 550 nm wavelength light (CS+). One group was trained on a CS− of 590 nm. The other group was trained on a CS− of 555 nm. The third group did not receive a CS−. The test for generalization to the above wavelengths demonstrates a peak shift in responding in the two groups that received discrimination training, but not in the control group. The behavioral response pattern depends on both what is reinforced (CS+) and what is not (CS−). From Hanson (1959), adapted from Domjan (1998).


Electrophysiological studies suggest that the amygdala is biased to generalize fear early in acquisition of the association (Rogan, Staubli, & LeDoux, 1997). As reviewed above, one route to the amygdala conveys crude sensory information about the CS while another sends a more complex sensory representation about environmental threats. Specifically, recordings of LA neurons in awake rats show that the most prominent cellular responses occur to the CS within 15 milliseconds of onset. This observation suggests that the thalamo-amygdala pathway, which is a shorter route to the amygdala than via the cortex, initially processes the CS−US association very quickly but in a relatively unspecific manner (Maren, Yap, & Goosens, 2001; Quirk, Armory, & LeDoux, 1997; Quirk, Repa, & LeDoux, 1995). Other brain regions, including the cortex, show changes in neuronal firing in response to the CS as well, but they occur later in time and after more training trials (Maren, 2000; Pascoe & Kapp, 1985; Quirk et al., 1997). These electrophysiological features of fast subcortical pathways may contribute to the initial generalization of fear processing, whereas the slower subcortical pathway may contribute to the later specialization of conditioned fear responses.
Extensive neurochemical investigations in both living and nonliving tissue also implicate the amygdala as playing a causal role in fear conditioning. Long-term potentiation (LTP) is a phenomenon in which a neuronal pathway is stimulated multiple times at a high frequency, resulting in long-lasting responsiveness to subsequent stimuli processed along that pathway. Consistent with recordings of LA neurons during CS and CS−US presentations (Quirk et al., 1995, 1997), LTP has been evoked in the direct thalamo-amygdala pathway and in the indirect thalamo-cortico-amygdala pathway. Importantly, it has been observed that behavioral fear conditioning induces LTP in these pathways as well (McKernan & ShinnickGallagher, 1997; Rogan & LeDoux, 1995; Rogan et al., 1997; Tsvetkov, Carlezon, Benes, Kandel, & Bolshakov, 2002). The cellular changes associated with LTP are thought to provide the molecular substrates for long-term memory of fear learning (Lamprecht & LeDoux, 2004).
A recent report investigating the role of LTP in generalization of fear conditioning implicated a neurotransmitter, gamma-aminobutyric acid (GABA), which is involved in neural inhibition, as playing an important role (Shaban et al., 2006). Mice were genetically altered so that they lacked a certain subtype of receptor for this neurotransmitter (GABAB). As discussed above, induction of LTP in the LA is thought to underlie the acquisition of classical fear conditioning in rodents. LA neurons receive input from both the thalamus and the cortex, which are simultaneously active during a sensory experience, such as fear conditioning. This neuronal coactivation is termed associative LTP, and is the benchmark for a conditioned association at the neural level. However, when the GABAB receptor subtype is blocked prior to artificial stimulation at cortical-amygdala projection neurons, nonassociative LTP occurred, suggesting that in an intact organism cortical neurons would fire without a coactivator, such as a CS−US pairing. We suggest that the GABAB receptor is a mechanism to constrain nonassociative firing of cortical-amygdala neurons, which is important for preventing fear generalization. When GABAB is not blocked, nonassociative LTP will not occur through a single stimulation train at cortical connections to LA. Moreover, behaviorally, the genetically altered mice exhibited an abnormal fear response in that they showed generalization to an unreinforced control stimulus (CS−) that was not predictive of the US. The findings suggest that this neuronal receptor in the amygdala may be critical for mediating appropriate discrimination and generalization to environmental stimuli.
LTP has also been observed in the amygdala-to-hippocampus pathway (Abe, Niikura, & Misawa, 2003; Akirav & Richter-Levin, 2002), which may be important for mediating the generalization of fear to contexts. For example, we know that the amygdala influences (modulates) hippocampal-dependent memory for context, contextual fear conditioning, and avoidance learning (Huff et al., 2006; Huff & Rudy, 2004; Huff, Wright-Hardesty, Higgins, Matus-Amat, & Rudy, 2005; McGaugh, 2000). Huff and colleagues (2006) demonstrated that inactivation of the amygdala in rats impairs memory for a context, and reduces a protein coded by genes that is generated in the hippocampus during contextual fear conditioning. Taken together, these findings suggest that bidirectional communication between the amygdala and hippocampus is likely to play a role in the generalization of fear to contexts.
Functional neuroimaging and studies of patients with focal brain lesions have shown that the basic neural circuitry for conditioned fear learning is similar in humans to that observed in rats, although the molecular and electrophysiological substrates remain to be determined. Studies of human patients with amygdala damage show that they are impaired in acquiring conditioned fear, as measured by skin conductance responses (Bechara et al., 1995; Hamann, Monarch, & Goldstein, 2002; LaBar, LeDoux, Spencer, et al., 1995; Peper, Karcher, Wohlfarth, Reinshagen, & LeDoux, 2001; Phelps, LaBar, & Anderson, 1998). As predicted by neural recordings in the rodent amygdala (e.g., Quirk et al., 1997), the amygdala is activated during conditioned fear learning in healthy humans. Moreover, individuals who exhibited more amygdala activation exhibited greater responses of the autonomic nervous system that are typically used as indices of conditioning (Furmark, Fischer, Wik, Larsson, & Fredrikson, 1997; Büchel, Morris, Dolan, & Friston, 1998; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998). Subsequent functional neuroimaging studies of healthy adults during conditioned fear acquisition have revealed activation not just in the amygdala but also in a broader network of associated structures including the thalamus (LaBar & Cabeza, 2006). However, the relative roles of cortical and subcortical routes to fear learning and their contribution to generalization processes remain to be elucidated in humans.
Note that the neuroimaging studies reviewed above do not highlight hippocampal involvement, as they employed cued fear paradigms rather than contextual fear paradigms. Identifying the neural correlates of contextual fear in humans is difficult. Unlike studies in rodents, humans cannot be readily moved from one testing chamber to another while monitoring neural activity in order to observe hippocampal responses to changes in environmental context. Studies employing virtual-reality manipulations of context during neuroimaging are likely to be useful in this regard, although a recent study has confirmed hippocampal involvement during conditioning to threat cues presented in specific visual background contexts (Marschner, Kalisch, Vervliet, Vensteenwegen, & Büchel, 2008). The binding together of information to spatial and temporal contexts is a defining characteristic of declarative (explicit) memory (see chapter 3 by Poldrack, Carr, & Foerde, this volume) in humans, which we know is critically dependent on the hippocampus (Squire, 1992). Thus, probing declarative memory for fear-conditioning episodes can be used as a proxy for determining hippocampal involvement in contextual binding of fear representations in humans. Two studies have shown that amnesic patients with damage restricted to the hippocampus show physiological signs of acquiring conditioned fear responses, such as changes in skin conductance, but they cannot report any declarative knowledge about the conditioning episode (e.g., stating the CS−US contingency) when asked about it shortly afterward (Bechara et al., 1995; LaBar & Phelps, 2005). The opposite patterns of performance between patients with amygdala damage (no ability to acquire cued fear conditioning but an ability to report the contingencies) and those with hippocampal damage (an ability to acquire cued fear conditioning but an inability to report the contingencies) parallel those seen in rodents with regard to contextual versus cued fear memory (Phillips & LeDoux, 1992). Hence, the evidence across species suggests at least partial independence of learning processes and pathways within the fear circuitry.
Taken together, the neurobiological findings suggest that the amygdala is critical for acquiring fear generally, but communication with the hippocampus is important for acquiring contextual representations of fear. It is likely that generalization of fear conditioning across sensory cues (as seen in early acquisition) is facilitated by the operating characteristics of the rapid direct thalamo-amygdala pathway as well as cellular mechanisms of plasticity underlying LTP. Generalization to unconditioned stimuli can also occur when there is not inhibition of appropriate regions of the amygdala (as shown in mice lacking the GABAB receptor). Thus, one could postulate that an overactive amygdala alters communication with the hippocampus and other cortical regions. This situation results in pervasive anxiety and an inability to use flexible processing in order to make stimulus and contextual discriminations, which yield inappropriate fear generalization. Cognitive mechanisms that may support these aspects of fear generalization are introduced in the following section on theoretical mechanisms.


					Theoretical Mechanisms 
Two theoretical frameworks have been proposed to describe cognitive mechanisms that support associative learning, which can be applied to the study of generalization (Rudy & Wagner, 1976). From behavioral and neurobiological evidence, one can argue that there are two independent ways in which memories are stored in the brain, often referred to as dual representations (Nadel & Willner, 1980; Nadel, Willner, & Kurtz, 1985; Rudy & O’Reilly, 1999; Rudy, Huff, & Matus-Amat, 2004). One is the elemental (or unitary/featural) account, which suggests that learning occurs to the individual elements (features) of a stimulus or context. Features are each associated independently with a given reinforcer (Wagner & Brandon, 2001; Rescorla & Wagner, 1972). With regard to fear conditioning, such an association would occur via strengthening the amygdala’s connections with the hippocampus (which provides contextual information), or it can occur independently of the hippocampus and be mediated by the amygdala’s connections with cortical areas (Rudy et al., 2004). The other view is the configural (or conjunctive) account. The configural account suggests that the combinations of all attributes associated with the fearful event (e.g., visual information, sounds, and/or smells) are stored as whole unique representations that then enter into associations with reinforcers (Pearce, 1994; Rudy & O’Reilly, 1999). Critical to this view is the assumption that from a subset of cues the hippocampus can generate the entire stored memory representation, which is termed pattern completion (Marr, 1971; McNaughton & Morris, 1987; O’Reilly & McClelland, 1994). Pattern completion can be viewed as a process that supports generalization of learning.
It is important to note that human declarative memory is postulated to rely on the ability of the hippocampus to pattern complete, for example by recalling a detailed memory (such as a summer’s day in your grandmother’s kitchen) in response to a specific retrieval cue (such as the smell of apple pie) (Squire, 1992; Tyler & DiScenna, 1986). In contrast, there is a competing function of pattern separation (Marr, 1971; O’Reilly & McClelland, 1994) in which events are separately represented in the brain. Behavioral and more recent neurobiological studies provide evidence in support of these distinct functions of the hippocampus in a variety of tasks in rodents (Guzowski, Knierim, & Moser, 2004; Kiernan & Westbrook, 1993; Rudy & O’Reilly, 2001). Pattern separation provides a way to reduce generalization of similar experiences or stimuli by comparing and then separating the distinct hippocampal representations. Pattern separation may support specialization of fear acquisition and extinction, although this hypothesis has not been explicitly tested.
The elemental and configural accounts as applied to generalization of classical conditioning have been examined in a handful of behavioral studies. Rudy and O’Reilly (1999) demonstrated that preexposure to only the entire conditioning context (but not features of it) facilitated contextual fear conditioning, and that generalization of fear conditioning to other similar contexts is enhanced by prior exposure to the context used to test for generalization. The results were interpreted as indicating pattern completion to the preexposed context during conditioning. These results support the idea that a configural representation plays an important role in establishing a context memory, and that it is mediated by pattern completion processes. In contrast, evidence from contextual fear conditioning in rats (Gonzalez, Quinn, & Fanselow, 2003) and contingency learning in humans (Wheeler, Amundson, & Miller, 2006) shows that subtracting a physical element of the conditioned context or of a compound (i.e., multisensory) CS produces sharper generalization gradients (less generalized and more specialized responses) than adding an element. These findings are in agreement with the elemental view because the representation is not recognized as the same configuration when a feature is subtracted. In other words, an elemental representation was stored, which is then still recognized as the same collection of features. Thus, at present there appears to be evidence that both elemental and configural mechanisms contribute to the degree of generalization of conditioned learning. Future behavioral and neurobiological work is needed to further elucidate the conditions (type of conditioning, phase of learning at which manipulation occurs, etc.) under which these processes contribute to various aspects of fear generalization and their instantiation in neural circuits.



				SPECIALIZATION OF CONDITIONED LEARNING

					Stimulus Discrimination 
A landmark behavioral study by Jenkins and Harrison (1960) demonstrated that, during discrimination training, both what is reinforced and what is not reinforced determine how specialized learning is when an organism must emit a behavior in response to a cue that leads to a reward (known as conditioned instrumental learning) (Jenkins & Harrison). In this study, three groups of pigeons were trained to key peck at an auditory cue. Group 1 was trained with a reinforcing CS+ tone of 1000 Hz and no tone as the unreinforced CS−. Group 2 had a CS+ tone of 1000 Hz and a CS− tone of 950 Hz, and Group 3 had no discrimination training but received a CS+ tone of 1000 Hz only. Upon subsequent testing using multiple tone frequencies, Group 2 showed the steepest generalization gradient, that is, the most specific and least generalized responding. These results show that discrimination training to tones of specific frequencies controls behavior differentially, and that the more precise the CS+/CS− parameters are in terms of sharing a given stimulus feature (such as tone frequency), the more specialized the learning becomes.
Around the same time, another investigation of the factors that control conditioned responding provided evidence for Spence’s (1936) earlier theoretical model predicting generalization gradient shifts (Hanson, 1959) (see Figure 1.5). 

						[image: ]Figure 1.5 Model of fear learning and extinction circuitry. Acquisition of fear recruits projections from the thalamus to the lateral amygdala (LA) directly and indirectly via the cortex. Cortical and hippocampal projections to the amygdala support contextual and declarative fear conditioning. Output from the central nucleus of the amygdala (CE) results in a physical fear response. Following extinction, medial prefrontal (mPFC) neurons exert inhibitory control over LA and CE neurons, resulting in decreased fear responding. Context modulation of extinction could occur through projections of the hippocampus to either the LA or mPFC. Subcortical structures are represented as ovals, and cortical structures are rectangular. Solid line represents acquisition of fear-conditioning pathways. Dotted line represents extinction pathways. Potential sites for generalization and specialization of conditioned fear learning are indicated.


 This model states that a stimulus that is reinforced (i.e., CS+) acquires excitatory properties, whereas a stimulus that is not reinforced (i.e., CS−) acquires inhibitory properties. Discriminative responding in the presence of a CS+ and CS− is thought to reflect both the excitation of the CS+ and the inhibition of the CS−. Thus discrimination training is a net value of inhibition and excitation, and not just a positive response value to the rewarded stimuli. Using stimulus discrimination training in which the cue varied within the same dimension, in this case wavelength of light, three groups of pigeons were reinforced with food when they pecked at a key light. The control group did not receive discrimination training, but were always rewarded for pecking to a light CS+ of 550 nm wavelength. Group 2 received presentations of a 550 nm CS + and a 590 nm CS−. The third group was trained with presentations of a 550 nm CS+ and a 555 nm CS−. Subsequently, pigeons were tested with stimuli of varying wavelengths between 500 and 620 nm. The results showed that the maximum responding in the control group was at the 550 nm CS+ wavelength. The control-group responses generalized to stimuli close in range, gradually decreasing to those as a function of wavelength distance from the CS+. Thus, this group demonstrated a gradient that extended from the wavelength on which they had been trained. However, the second group responded most to a stimulus that was not presented during training—they responded maximally to a wavelength of 540 nm. The peak of their generalization gradient shifted away from the original CS+. The third group displayed an even more dramatic response gradient shift: They showed little responding to the CS+ wavelength but instead   generated maximum response rates to wavelengths between 530 and 540 nm, to which they were never exposed. This behavioral evidence demonstrates that learning can easily generalize to a variant of the same stimulus type, and that learning is occurring to the nonreinforced stimulus presentations as well as the reinforced stimulus presentations. Moreover, it suggests that specialization of learning is a cumulative response.
Spence (1936) predicted the results of Hanson (1959) and others in his peak-shift theory. He postulated that a generalization gradient is actually the net effect of the excitatory generalization gradient (CS+ trials) minus the inhibitory generalization gradient (CS− trials). His formula subtracts the assumed gradient of inhibition centered at the CS− value from the assumed gradient of excitation centered at the CS+ value. This simple formula predicts the experimental evidence later reported in empirical studies. Thus, according to the peak-shift theory, generalization of learning is the net cumulative response to stimuli that have been reinforced and that have not been reinforced.


					Contextual Control 
The question of whether the “background” features of an environment that are not explicitly reinforced can serve to influence conditioned responses has received much attention in many different learning paradigms from behavioral theorists. For example, can the environment (context) in which learning occurs determine the specialization of a conditioned response? In an example of instrumental learning (Thomas, McElvie, & Mah, 1985), pigeons were trained to key peck in response to lights containing lines of different orientations in different contexts, only one of which was positively reinforced. In Context 1, pigeons were trained to peck to a key light with a line orientation of 0 degrees (CS+) and to not peck to a line orientation of 90 degrees (CS−). This relationship was reversed in Context 2 for the same group of birds. Upon subsequent testing for generalization of learning to the CS+ and CS− in Context 1 and Context 2, the birds responded with a generalization gradient that reflected the stimulus training paradigm specific to the training context. Thus, the same exact cue elicited opposite responses in different contexts such that the specific context served as an occasion setter to control behavior. There was no difference in response rate between the two contexts, suggesting that each context activated a specific memory of the reinforcement contingency unique to that context. This study provides an example from instrumental conditioning in which the context serves to specify the form of conditioned responding to a given cue, which is also referred to as the context specificity effect.
The context specificity effect has also been demonstrated in Pavlovian conditioning paradigms (Hall & Honey, 1990; Honey, Willis, & Hall, 1990). In these studies, rats were conditioned to cue A in Context 1 and to cue B in Context 2. Upon testing, rats displayed more conditioning to cue A when in Context 1 than when it was in Context 2, and likewise more conditioning to cue B when in Context 2 than in Context 1. These findings provide strong support for the idea that the rat has stored a unitary conjunctive memory representation of the cue and the context together (Rudy & O’Reilly, 1999). If it were an elemental association to just the cue, then responding to cue A and cue B would be equivalent regardless of the context in which they were tested. But this was not the case; instead, the memory representation appears to be stored as a conjunction of cue and context together. The experiments described above demonstrate how learning can be specified, instead of generalized, to a compound context and cue memory representation.


					Fear Extinction and Recovery 
Following fear conditioning, presentations of the CS without presentation of a US will yield a decrease in (i.e., extinction of) conditioned fear. Extinction is known to require the learning of a new association, specifically that the CS no longer predicts the aversive US (and is now “safe”). According to the framework of Holyoak and Nisbett (1988), learning when and what not to fear is a function of behavioral and neural specialization, as it requires modifying an existing rule (“CS leads to US”) to accommodate new constraints. When discrimination between fear and safety cues does not occur, fear may remain when it is no longer warranted and/or fear may generalize over time to inappropriate contexts or stimuli, resulting in a prolonged and dysfunctional state of fear and anxiety.
Extensive studies have shown that animals and humans readily extinguish a fear response when they receive repeated presentations of the CS without the US following fear conditioning (e.g., Bouton, 2004; Davis, 1992; Myers & Davis, 2002; LaBar et al., 1998; Zorawski, Cook, Kuhn, et al., 2005). It has been repeatedly demonstrated that extinction involves new learning and that it is not mere forgetting of the fear association. This is demonstrated by the fact that the fear response may spontaneously reappear with the passing of time. Thus extinction does not cause erasure or forgetting of a fear memory, but instead extinction is a separate learned response (suppression of fear) that competes with the original fear association (e.g., Bouton, 2004). Interestingly, fear that has been extinguished also returns when an organism experiences fear-associated stimuli outside of the context in which the extinction occurred. A large body of systematic studies in rats (and a few recent investigations in humans) demonstrates that after extinction training within the context in which the association was acquired, fear responses can be renewed when the organism returns to the acquisition context or in a novel context (Bouton, 2004, 2006; Corcoran & Maren, 2004; Milad, Orr, Pitman, & Rauch, 2005; Vansteenwegen et al., 2005). In other words, the “safety” associations set up during extinction training are bound to the specific context in which extinction took place (Bouton, 2004; Corcoran & Maren, 2001, 2004). In this regard, extinction learning differs from the initial acquisition of fear learning in that the extinction learning that takes place is less generalizable to other contexts, whereas fear to a stimulus can reoccur in a variety of other contexts. In addition, fear that has been extinguished can be reinstated when a rat or human experiences a stressor in a novel context and then subsequently encounters the CS in the original fear acquisition context (Bouton & Bolles, 1979; LaBar & Phelps, 2005). The phenomena of fear renewal and fear reinstatement plague cognitive-behavioral treatment of anxiety disorders, because fear responses may be controlled in a clinic setting via exposure therapy (a form of extinction training) but then relapse when the patient encounters feared stimuli and/or stressors in other contexts.
A recent behavioral study in humans examined whether fear relapse can be prevented by conducting extinction with a more general CS than the one associated with fear. The experimental group experienced a modified CS+ and CS− in a novel context but were tested back in the original context to the original CS+ and CS− (ABA design). This group was compared to those participants who were extinguished to the original CS in the conditioning context and then tested for fear relapse in a novel context to the modified S (AAB design) (Vervliet, Vansteenwegen, & Eelen, 2004). This study demonstrated that there were comparable discrimination and extinction to the modified CS+ and CS− in the context-shift group. However, fear relapse ensued when the participants were tested with the original CSs in the original context. In contrast, if subjects were presented with the original CSs at extinction, they were able to maintain their extinction response to subsequent presentations of a modified CS+ (thus showing intramodal generalization of extinction training) in a novel context. It can be argued that because generalization of extinction training from the new CS to the original CS did not occur, these subjects demonstrated a relapse of fear. These findings suggest that extinction of the conditioned response with a similar but not exact CS does not overcome the relapse of fear when subjects are reexposed to the original CS. Further research is needed to identify extinction-training parameters that yield more generalizable representations of safety and less recovery of fear.


					Neural Mechanisms: Stimulus Discrimination 
A collection of rodent studies by Weinberger and colleagues demonstrates that the intrinsic response of the neural circuitry can be changed by conditioned learning. For instance, electrophysiological recordings from a single cell in the rat auditory cortex revealed that although it preferred to fire at a specific response frequency of 0.75 kHz (750 times per second), after 30 trials of 2.5 kHz tone–shock pairings, the cell shifted its firing frequency to the CS (2.5 kHz) (Weinberger, 2003). This electrophysiological evidence demonstrates a learning-induced shift of sensory sensitivity in the brain, and a specificity of the response at the single-cell level. Such a specific, learning-induced change in the cell’s preferential firing rates to features of a sensory stimulus is referred to as receptive field plasticity.
In a separate study (McLin, Miasnikov, & Weinberger, 2002), behavioral generalization of auditory fear conditioning was demonstrated in rats that received tone and neural stimulation pairings, but not in a control group that received unpaired (random) tone and neural stimulation presentations. Presentations of an auditory stimulus (6.0 kHz tone) were paired with electrical stimulation of the nucleus basalis in the basal forebrain. Changes in respiration rate, the behavioral measure of learning, was the greatest at the trained stimulus value (6.0 kHz), and declined in a graded manner the further away the test tones were from this frequency. Importantly, the specificity of responding in receptive fields of sensory regions of the brain and generalization gradients is a general phenomenon that has been observed across a variety of training tasks in rats, such as avoidance in an instrumental-conditioning paradigm (Bakin, South, & Weinberger, 1992) and classical conditioning with either positive or aversive reinforcement (Kisley & Gerstein, 2001). These studies show how the plasticity of the nervous system signals the behavioral salience of specific stimuli acquired through conditioning procedures.


					Neural Mechanisms: Extinction and Recovery 
Studies in rats have revealed the neural circuitry that maintains extinction behavior, which has implications for understanding brain regions and neurotransmitter systems that may be critical to target for treatment of anxiety disorders (Maren & Quirk, 2004; Ressler et al., 2004; Wood & Bouton, 2006). As introduced above, the amygdala and hippocampus are critical brain regions for cued and contextual fear learning, respectively, and these regions are also important for extinction learning and its context specificity. In addition to these structures, the ventromedial prefrontal cortex (vmPFC) is important for maintaining extinction memory. Specifically, lesions of the vmPFC impair the ability of rats to retain a memory of extinction training, and they require many more training trials to suppress a previously acquired fear response (Morgan & LeDoux, 1993). Electrophysiological studies have revealed a temporal dissociation between responses in neurons of the LA (lateral nucleus) of the amygdala and the vmPFC during the acquisition and extinction of fear, suggesting that they play distinct roles in these processes. With the use of single-unit electrical recordings, Goosens, Hobin, and Maren (2003) demonstrated that firing of neurons in the LA occurs selectively to a CS+ but not a CS− and that this neural signature corresponds with conditioned fear behavior. Whereas LA neurons are active during fear learning, the vmPFC is not significantly more active from baseline at this time. During extinction, however, LA neurons are no longer significantly active and fear behavior is reduced. At the same time, neurons in a region of vmPFC, known in rodents as the infralimbic region, increase signaling in response to the extinction context (Milad & Quirk, 2002). Thus, neurons in amygdala and vmPFC have opposing but complementary activation patterns in establishing fear associations. Moreover, they have different roles in maintaining new extinction memories that serve to specialize fear knowledge and control its expression.
As discussed above, extinction is context dependent, meaning that it is expressed only in the context in which it was learned (Bouton, 2006; Corcoran & Maren, 2004). The hippocampus is involved in acquiring context memories, and accordingly the context-dependent nature of extinction depends on the integrity of the hippocampus (Corcoran & Maren, 2001; Corcoran et al., 2004). Following extinction, vmPFC neurons exert inhibitory control over the firing of amygdala neurons, resulting in decreased fear responding, although the exact mechanism is a matter of debate. Context specificity of extinction could occur through projections of hippocampus to either the LA or vmPFC, although currently several models are proposed, and the details of these interactions are not yet established (Maren & Quirk, 2004; Sotres-Bayon, Bush, & LeDoux, 2004).
In humans, the circuitry for fear extinction and its recovery are just beginning to be investigated, but the studies to date implicate similar brain regions as in rodents. Consistent with rodent electrophysiological recordings, during extinction training, the activity in the amygdala was temporally graded such that its activity was strongest during the early portion of extinction training and decreased as the safe nature of the stimulus became well established (LaBar et al., 1998). In a more recent extinction study, Phelps et al. (2004) also reported significant regions of activation in the vmPFC and amygdala, and the magnitude of amygdala activation during extinction predicted the magnitude of conditioned learning expressed physiologically as measured by the skin conductance response. Accordingly, as extinction progressed, both the amygdala and skin conductance response declined. Activity in the subgenual anterior cingulate, a portion of the ventromedial prefrontal cortex in humans, predicted subsequent extinction behavior and was negatively correlated with the amygdala response late in extinction training. This pattern is consistent with electrophysiological evidence in rodents that the vmPFC inhibits fear signaling in the amygdala during extinction. Taken together, the vmPFC seems to provide a critical top-down signal for the specialization of learning that takes place during fear extinction.
In sum, based on the evidence from cross-species conditioned-learning paradigms involving fear acquisition, extinction, and recovery, we propose the following potential model. Crude perceptual tuning along thalamo-amygdala pathways early in acquisition training facilitates generalization of fear from one sensory cue to another. It also allows for generalization from sensory cues to contexts via a pathway between the amygdala and the hippocampus. However, later in acquisition, the specialization of context representations that modulate expression of fear and extinction responses are mediated by top-down influences of the vmPFC, the hippocampus, and other cortical regions onto the amygdala (and, in turn, to the sensory cortex). These tune the neuronal responsiveness to different perceptual representations as well as the conditioned associations to provide stimulus discrimination and flexibility of fear responses, which specializes the learning to specific contexts in both time and space (Figure 1.4).



				OVERGENERALIZATION OF FEAR CONDITIONING
Dysregulation of prefrontal-amygdalo-hippocampal circuitry is hypothesized to play a key role in the overgeneralization of fear responses seen in anxiety disorders (e.g., Charney, Deutch, Krystal, Southwick, & Davis, 1993). Individuals with posttraumatic stress disorder (PTSD), for instance, exhibit hyperarousal and often have exaggerated fear responses to sensory stimuli (such as loud noises or claps of thunder) that resemble events related to the source of their trauma (e.g., a round of gunshot fire). In addition, the perseverative and generalized fear response to certain classes of stimuli in specific phobias (e.g., a phobia specific to snakes or a phobia specific to spiders) resembles the case of Little Albert. In both disorders, the stimuli are often confined to contexts that should be considered safe and are temporally remote from any adverse encounter in the past (although some phobias do arise without a clear antecedent event). Such maladaptive fear behaviors can be understood in terms of overgeneralization of conditioned fear principles and a failure of extinction, stimulus discrimination, or contextual control.
Experimental work in populations with PTSD or specific phobias has supported the idea of generalized or exaggerated conditioned fear responding and aberrant function in the relevant brain pathways. For example, fear conditioning to CS−US pairings of colored circles (CS) and electrical shock (US) in PTSD subjects induced exaggerated heart rate, skin conductance, and electromyographic changes during both acquisition and extinction phases of learning relative to controls (Orr et al., 2000). Moreover, only PTSD subjects continued to show skin conductance responses to the CSs during extinction. Phobic individuals also show exaggerated conditioned fear responses to fear-relevant CSs (e.g., snakes or spiders) even when the stimuli are presented subliminally (that is, without individuals being consciously aware of their presentation), and this response also persists longer in extinction (for a review, see Ohman & Mineka, 2001).
These responses appear to be driven by changes in the brain at both the cellular and regional levels. Patients with PTSD have been shown to have a smaller volume of hippocampal tissue, decreased activation of regions of the vmPFC, but enhanced amygdala activation (Bremner, 2006; Charney et al., 1993). One consequence of impairments in this neural circuitry may be an inability to discriminate contextual cues (pattern separation), and therefore PTSD patients may be biased to pattern complete, resulting in contextually generalized fear associations. Research with rats suggests that such changes may be driven by the stressful nature of the fear. Analysis of cellular structure in rats reveals that atrophy of hippocampal neurons but enhanced elaborations of the connective branches of amygdala neuron arborizations are associated with increased stress (McEwen, 2001; Sapolsky, 1996; Vyas, Mitra, Shankaranayana, & Chattarji, 2002).
With regard to implications for therapeutic treatments, recent research on the neurobiological mechanisms of extinction learning in nonhuman animals suggests that targeting neurotransmitter receptors in the amygdala may hold promise. In these studies, an agent targeting N-methyl-D-aspartic acid (NMDA) receptors in the amygdala is given prior to extinction training, and the degree of fear suppression is markedly enhanced and maintained over time relative to rats who receive a placebo injection instead (Walker, Ressler, Lu, & Davis, 2002). A recent clinical research study suggests that extinction learning can also be facilitated and maintained following context-specific exposure therapy in patients with specific phobias by administration of the NMDA receptor partial agonist d-cycloserine (Ressler et al., 2004). In this study, brief d-cycloserine administration in conjunction with virtual reality exposure therapy in a simulated elevator facilitated retention of extinction training and reduced symptoms in acrophobics (i.e., people with a fear of heights) for up to 3 months later. The researchers assessed fear by monitoring skin conductance responses during exposure therapy, and then at follow-up time points with self-reports of anxiety, as well as reports from independent assessors. Although this initial result is promising, it is important to note that a recent report found that administration of d-cycloserine in rats in conjunction with extinction in a secondary context facilitated learning of extinction (fear suppression), but it did not prevent fear relapse when rats were returned to the original conditioning context (Woods & Bouton, 2006). Thus, although researchers have made promising steps toward facilitating extinction learning in phobic populations, evidence also suggests that the potential for context-modulated relapse still exists. Further research into neurobiological mechanisms that control context modulation of fear relapse is necessary for developing better therapeutic interventions.


				SUMMARY
In summary, three main concepts should be taken into account when considering the issue of the neural systems supporting generalization within the domain of conditioned learning: (a) Initial fear learning is mediated by an amygdala-dependent implicit memory system whose properties support generalization to novel contexts and to stimuli that share features; (b) specialization of learning with continued training alters tuning of perceptual cortical representations and recruits prefrontal and hippocampal processing for temporal and contextual control over fear expression; and (c) overgeneralization related to hyperactive amygdala responses during fear learning and lack of cortical control during extinction training contribute to emotional memory persistence and inappropriate fear expression, which is exaggerated in anxiety disorders.
From a cognitive perspective, behavioral evidence suggests that both configural representations and pattern completion support fear learning to a context. But decrements in generalization (i.e., specialized responses) may rely on elemental processing that is supported conversely by pattern separation. Intact functioning of the fear neuroanatomy circuitry enables humans to properly access these two distinct but complementary cognitive mechanisms so as to generate appropriate fear responses. In populations with anxiety disorders, these neural systems are compromised, and the ability to discriminate fear cues and to learn and retain safety signals (extinction) is impaired. Additional behavioral and neurobiological research into the mechanisms underlying these phenomena will greatly benefit our understanding of generalization mechanisms and will advance treatment of affective illness.
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