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Intersection of Reward and Memory in Monkey Rhinal Cortex Andrew M. Clark, Sebastien Bouret, Adrienne M. Young, and Barry J. Richmond Laboratory of Neuropsychology, National Institute of Mental Health, National Institutes of Health, Department of Health and Human Services, Bethesda, Maryland 20892



In humans and other animals, the vigor with which a reward is pursued depends on its desirability, that is, on the reward’s predicted value. Predicted value is generally context-dependent, varying according to the value of rewards obtained in the recent and distant past. Signals related to reward prediction and valuation are believed to be encoded in a circuit centered around midbrain dopamine neurons and their targets in the prefrontal cortex and basal ganglia. Notably absent from this hypothesized reward pathway are dopaminergic targets in the medial temporal lobe. Here we show that a key part of the medial temporal lobe memory system previously reported to be important for sensory mnemonic and perceptual processing, the rhinal cortex (Rh), is required for using memories of previous reward values to predict the value of forthcoming rewards. We tested monkeys with bilateral Rh lesions on a task in which reward size varied across blocks of uncued trials. In this experiment, the only cues for predicting current reward value are the sizes of rewards delivered in previous blocks. Unexpectedly, monkeys with Rh ablations, but not intact controls, were insensitive to differences in predicted reward, responding as if they expected all rewards to be of equal magnitude. Thus, it appears that Rh is critical for using memory of previous rewards to predict the value of forthcoming rewards. These results are in agreement with accumulating evidence that Rh is critical for establishing the relationships between temporally interleaved events, which is a key element of episodic memory.
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of predicted value. First, deficits in visual stimulus–stimulus associations (Murray et al., 1993), cross-modal associations (Parker and Gaffan, 1998; Goulet and Murray, 2001), and object recognition memory (Meunier et al., 1993; Mumby and Pinel, 1994; Yonelinas et al., 1998) following Rh ablations suggest Rh is critical for many types of memory. Second, deficits in using sensory (Buckmaster et al., 2004; Sauvage et al., 2010) or environmental context (Bucci et al., 2000; Burwell et al., 2004; Moser et al., 2008) to guide behavior have been observed following Rh lesions. Third, Rh is rich in dopamine (Akil and Lewis, 1993), a neuromodulator strongly linked to reward processing (Schultz, 2007). Finally, the integrity of the rhinal cortex (Murray et al., 1998; Liu et al., 2000; Winters et al., 2010)—and its local dopamine neurotransmission (Liu et al., 2004)—are necessary for using visual cue–reward associations to adjust motivation. Despite this evidence for a widespread role of Rh in both memory and reward guided-behavior, current theories of Rh function posit that this structure plays an exclusive role either in recognizing whether current stimuli have been previously encountered (Brown and Aggleton, 2001) and/or in high-level (primarily visual) perception (Murray et al., 2007). In both frameworks, alterations of reward-guided behavior following Rh ablations spring from an impairment in forming or maintaining cue–reward associations. We wondered whether Rh might play a broader role in determining predicted reward value. Specifically, we hypothesized that Rh is important when estimating predicted reward value requires comparisons between forthcoming and remembered rewards. Accordingly, we tested monkeys with bilateral Rh ablations on two tasks. In the first (visually cued task; Fig. 1 B), in a replication
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Figure 1. Experimental logic and design. A, Intended lesions. B, C, Schematic illustration of the behavioral tasks. In the visually cued task, a specific visual cue presented on each trial indicated the amount of fluid reward (1, 2, 4, or 8 drops) to be delivered upon correct completion of a red– green color discrimination. Reward size was varied randomly trial-by-trial (error trials repeated until completed correctly). In the uncued task, rewards were delivered for touching and releasing a lever, monkeys were free to initiate responses at their own pace. Reward size was varied block-wise in this task (1, 2, 4, or 8 drops, 25 responses per block). For each task, event timing is referenced relative to bar touch or release (color code).



of previous studies, visual cues predicted reward size. In the second (uncued task; Fig. 1 C) the relationship between reward sizes obtained in the recent and distant past was the only source of information for predicting and valuing rewards. In both tasks, the sensory and motor demands were constant across trials, thus, variations in performance were interpreted as an indication of the monkeys’ valuation of a predicted reward.



Materials and Methods Subjects We tested six male rhesus monkeys (Macaca mulatta), weighing between 5 and 14 kg, as subjects in this study. Three monkeys served as unoperated controls and three monkeys were given bilateral Rh lesions. All lesions were made before all behavioral training and testing. All experimental procedures conformed to the National Institutes of Health Guide



for the Care and Use of Laboratory Animals and were approved by the National Institute of Mental Health Animal Care and Use Committee.



Surgery Aspiration lesions of Rh were performed as described previously (Fritz et al., 2005), we restrict our description here to a few key points. Bilateral lesions were performed within a single surgery. Surgeries were performed under aseptic conditions in a fully equipped operating suite with veterinary supervision. Before surgery, animals were sedated with ketamine hydrochloride (10 mg/kg, i.m.); a surgical level of anesthesia was then induced and maintained with isoflurane gas (2– 4% to effect). Body temperature, heart rate, blood pressure and expired CO2 were monitored throughout all surgical procedures. After removal of a bone flap and reflection of the dura mater, intended lesion boundaries were marked via electrocautery and tissue was then removed through a combination of



Clark et al. • Reward and Memory in the MTL



Monkey M



J. Neurosci., May 16, 2012 • 32(20):6869 – 6877 • 6871



extent of the lesion was interpolated across sections. Representative reconstructions for all monkeys in the Rh group are shown in Figure 2.



Tasks and training During all testing sessions, monkeys squatted in a primate chair inside a darkened, sound-attenuated testing chamber. They +11 were positioned 57 cm from a computer monitor subtending 40 ⫻ 30 degrees of vi+14 sual angle. Task timing and visual stimulus presentation were under the control of net+17 worked computers running, respectively, custom written (Real-time Experimentation +20 and control, REX) and commercially availMonkey C able software (Presentation, Neurobehavioral Systems) for the design and control of behavioral experiments. Red– green color discrimination. Monkeys were initially trained to grasp and release a touch-sensitive bar to earn fluid rewards. After +8 this initial shaping, we introduced a red– green color discrimination task (Bowman et al., +11 1996). Red– green trials began with a bar press, +14 100 ms later a small red target square (0.5°) appeared at the center of the display, superim+17 posed on a white noise background. Animals were required to continue holding the touch +20 bar until—at a random time between 500 and Monkey B 1500 ms later—the color of the target square changed from red to green. Rewards were delivered if the animal released the bar between 200 and 1000 ms after the color change, releases occurring either before or after this epoch were counted as errors. All correct re+8 sponses were followed by visual feedback (blue +11 square) 50 ms after bar release and reward delivery 200 – 400 ms after visual feedback. Visually cued task. After an animal reached criterion in the red– green task (3 consecutive +17 +14 sessions with ⬎85% correct performance) we introduced a visually cued reward size task +20 (Fig. 1 B; Minamimoto et al., 2009). Each trial Figure 2. Bilateral aspiration lesions of rhinal cortex. Estimates of the extent of aspiration lesions for the three monkeys in the began when animals grasped the touch bar. InRh group are plotted on coronal sections at the levels indicated. Lesions were reconstructed using MR images (MR scans were done stead of the appearance of the red target stimat 3T for monkeys B and M and 1.5T for monkey C). Arrows connect a representative MR image for each monkey to the correspond- ulus, bar press was now initially followed (after ing section. The symbols used to plot data from individual monkeys in the panels of Figures 3 and 4 are shown next to the 100 ms) by the presentation of a cue image reconstruction from each monkey. For the most part, lesions were restricted to Rh, with damage to adjacent structures distributed (grayscale natural images, 10° ⫻ 10°; Fig. 1 B). Each cue signaled which of four different reidiosyncratically across monkeys, and, within each monkey, across hemispheres. ward sizes (1, 2, 4 or 8 drops, random draw) the animal would earn upon successful completion suction and electrocautery using a fine gauge metal pipette with the aid of of the trial. 400 ms after cue presentation the red target square appeared, an operating microscope (Zeiss). now centered on the cue. Animals were once more required to hold the touch bar until the target square color changed from red to green (500 – Lesion reconstruction 1500 ms). Releases that occurred outside of the 200 –1000 ms interval Intended lesions are shown on a ventral view of the macaque brain and following the color change were counted as errors; error trials were reon coronal sections at the indicated levels in Figure 1 A. The intended peated until completed correctly. Successful bar releases were signaled lesion subsumed both the entorhinal (Brodmann’s area 28) and perirhivia visual feedback (blue square). Reward delivery followed feedback by nal subdivisions (Brodmann’s areas 35 and 36), encompassing the cortex 200 – 400 ms and lasted for between 150 and 2500 ms (200 ms interdrop within 2 mm medial and lateral to the rhinal sulcus. interval). Periodically, the reward system was calibrated to ensure an The full extent and location of all lesions was assessed using T1 average drop size of 0.1 ml. weighted magnetic resonance (MR) image scans (1 mm slices, 0.4 mm Monkeys were tested for 15 sessions using the same set of four cue in-plane resolution, either 1.5 or 3T). It has been shown that estimates of images. Monkeys were tested in the visually cued task for 1 session per lesion boundaries and volumes based upon this method are consistent day (2 h per session), 5– 6 d per week. with estimates based upon standard histological techniques (Bachevalier Uncued task. In contrast to the red– green color discrimination and et al., 1999; Liu et al., 2000). To reconstruct lesions, coronal MR images visually cued reward size task, the uncued task (Fig. 1C) contained neiwere first matched to coronal plates in a stereotaxic rhesus monkey brain ther visual cues to reward size nor response cues that the monkey was atlas; following alignment, lesion boundaries were marked on each plate. After determining the boundaries of the lesion in each section, the full required to attend to, to successfully complete a trial. To earn a reward, +8
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monkeys simply had to touch and release a bar. Every bar release that did not occur during the feedback or reward periods was followed by visual feedback (a blue spot, 50 ms after release) and a reward (1, 2, 4, or 8 drops, 200 – 400 ms after visual feedback). To provide the monkeys with a basis for predicting upcoming reward size, reward sizes were varied in blocks (random draw), with 25 trials per block. To distinguish the uncued from the visually cued task we displayed a different background image on the computer monitor during the testing session. The duration of an uncued session was adjusted for each monkey to approximately equate the total volume of reward earned across the visually cued and uncued tasks. Because of the additional trial time for presentation of the cue image and red– green target images in the visually cued task, rewardto-reward intervals were considerably longer in the visually cued versus the uncued task, and thus uncued sessions were shorter. Following 15 sessions of testing on the visually cued task, monkeys were run in the uncued task for 15 sessions (1 session per day, 5– 6 d per week).



Data analysis All data analysis was performed using custom software written in Matlab (Mathworks) and R (Team, 2004). The visually cued task contained a target signal (red– green color change) that monkeys had to respond to (with a bar release) to earn fluid reward. Thus, for this task, we were able to calculate both error rates and reaction times. To assess the effect of reward size on performance, error rates and reaction times were calculated for each session: (1) separately according to reward size using all trials in a session, and (2) after binning trials according to reward size and normalized accumulated reward (defined as the accumulated amount of reward earned at a particular time in the session divided by the total volume of reward earned in the session). We used the interval between the points when monkeys touched and released the bar (release interval, RI) as our measure of performance in the uncued task. To facilitate comparisons between the visually cued and uncued tasks, we excluded release intervals that exceeded the maximum duration of a visually cued trial. Taking the logarithm of the release interval, excluding release intervals that were greater than the SD by a factor of 5, or examining the median release interval yielded similar results. Only the results obtained using the first metric are presented here. To analyze the dynamics of behavior in the uncued task, we first normalized release intervals to the mean and SD in each session, we then averaged across within-block trial numbers within each session, across sessions for each monkey and across monkeys for each experimental group. Finally, we reordered these standardized release intervals so that responses faster than the mean assumed positive values and responses slower than the mean assumed negative values. ANOVA models were used to evaluate whether the factors: reward size, normalized accumulated reward, session number, surgical treatment, or within-block trial number had a significant effect on performance. Because baseline error rates and release intervals vary across subjects, the variability accounted for by individual monkeys was included as an error term within each ANOVA model. Mixed-model ANOVAs were used for comparing experimental groups.



Results We tested a group of monkeys with bilateral aspiration lesions of Rh (n ⫽ 3, Figs. 1 A, 2) as well as a group of unoperated controls (n ⫽ 3) on two simple instrumental tasks. In the first task, in a replication of prior studies (Liu et al., 2000, 2004), reward size was explicitly signaled on each trial by a specific visual stimulus (Fig. 1 B). In the second task, reward size simply varied across blocks of trials (Fig. 1C). Visually cued reward size task In the visually cued reward size task monkeys were rewarded for releasing a bar when the color of a visual target changed from red to green (see Material and Methods, Visually cued task). On each trial a specific visual cue signaled the amount of reward available upon correct completion of the trial. Errors could fall into one of



Figure 3. Rh ablations disrupt cue–reward associations. A, Control (Con) and Rh group performance of the visually cued task is plotted as error rates (left) or reaction times (right, ordinate) versus reward size (abscissa). Filled symbols, Group means; open symbols, individual monkeys. There was a significant reward size by lesion interaction. B, Average error rates (ordinate) are plotted versus normalized accumulated reward (abscissa; see Materials and Methods, Data analysis, for calculation) separately for trials ending in different reward sizes. Left, Control group; right, Rh group. C, Conventions as in B but for reaction time data. There was a significant three-way interaction between group, reward size, and normalized accumulated reward. In all panels, error bars indicate SEM. Norm, Normalized; Accum, accumulated; ms, milliseconds.



two categories: early (before the red– green change) or late (⬎1000 ms after the red– green change) bar releases. There was no statistically significant difference in the proportions of error types for the control (error type: F(1,4) ⫽ 0.11, p ⫽ 0.77) or Rh groups (error type: F(1,4) ⫽ 3.8, p ⫽ 0.12). As seen previously (Minamimoto et al., 2009), the control group’s performance in the visually cued task was significantly affected by reward size, with error rates and reaction times both decreasing with increasing reward size and increasing with accumulated reward (Fig. 3 A–C; error rates: reward size, F(3,6) ⫽ 66.6, p ⬍ 10 ⫺5, reward size ⫻ accumulated reward, F(15,30) ⫽ 13.4, p ⬍ 10 ⫺8; reaction times: reward size, F(3,6) ⫽ 6.6, p ⫽ 0.03, reward size ⫻ accumulated reward, F(15,30) ⫽ 9.8, p ⬍ 10 ⫺7). Additionally, as reported before (Liu et al., 2000), bilateral aspiration lesions of Rh significantly altered performance when visual cues signaled reward value (Fig. 3A–C). That is, following Rh ablations, monkeys were less sensitive (as measured by both error rates and reaction times) to the reward size signaled by the visual cues (error rates: group, F(1,4) ⫽ 9.9, p ⫽ 0.03, reward size ⫻ group, F(3,12) ⫽ 5.5, p ⫽ 0.01, reward size ⫻ accumulated reward ⫻ group, F(15,75) ⫽ 9.3, p ⬍ 10 ⫺11; reaction times: group, F(1,4) ⫽ 1.9, p ⫽ 0.23, reward size ⫻ group, F(3,12) ⫽ 5.2, p ⫽ 0.02, reward size ⫻ accumulated reward ⫻ group, F(15,75) ⫽ 5.6, p ⬍ 10 ⫺6). Although impaired, the Rh group did still exhibit a weak residual sensitivity to reward size (error rates: reward size, F(3,6) ⫽ 5.4, p ⬍ 0.04).
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(and thus, in the total volume of reward earned in a session; lesion ⫻ bar presses, F(1,4) ⫽ 0.01, p ⫽ 0.9). This suggests the groups were equally motivated to perform the task and understood that bar releases led to reinforcement. The control group’s responses in the uncued task were significantly affected by reward size and accumulated reward. Specifically, the interval between bar touch and release (release interval) decreased with increasing reward size and increased with accumulated reward (Fig. 4 A, B; reward size, F(3,6) ⫽ 33.1, p ⬍ 10 ⫺4; accumulated reward, F(5,10) ⫽ 9.8, p ⬍ 10 ⫺3). In contrast to the control group, the Rh group was insensitive to reward size in the uncued task (Fig. 4C,D; reward size, F(3,6) ⫽ 0.67, p ⫽ 0.6, accumulated reward, F(5,10) ⫽ 0.4, p ⫽ 0.84). Direct comparison between the control and Rh groups revealed a significant effect of Rh lesions on performance (group, F(1,4) ⫽ 3.1, p ⫽ 0.15; reward size ⫻ group, F(3,12) ⫽ 5.6, p ⫽ 0.01). Furthermore, there was a significant difference in Rh group performance across the cued and uncued tasks (task, F(1,2) ⫽ 21.9, p ⫽ 0.04; task ⫻ reward, F(3,6) ⫽ 5.3, p ⫽ 0.04). Based upon this partial savings in the visually cued task, we conclude that monkeys were still able to discriminate among the various reward magnitudes, suggesting that the more severe impairment seen in the uncued task was not due to a low level sensory deficit. The absence of sensory cues to reward in the uncued task suggests that control monkeys were using the block-wise task structure to predict forthcoming reward size (i.e., the most likely Figure 4. Rh ablations abolish the ability to use comparisons between current and previous reward size on a given trial is the reward size received on the rewards to estimate predicted value. A, Control and Rh group performance in the uncued task is previous trial) and comparisons between predicted and previplotted as the mean interval between touching and releasing the lever (release interval, ordiously experienced (i.e., at least one block prior) reward sizes to nate) versus reward size (abscissa). Filled symbols, Group means; open symbols, individual value predicted rewards. We wondered whether Rh lesions selecmonkeys. Left, Control group; right, Rh group. There was a significant reward size by lesion tively disrupted a specific phase of this process of prediction and interaction. B, Average release intervals (ordinate) are plotted versus normalized accumulated valuation, e.g., impairing performance early but sparing perforreward (abscissa) separately according to reward size. Left, Control group; right, Rh group. There was a significant main effect of both reward size and accumulated reward for the control mance late in a block. To explore the dynamics of the monkeys’ group. behavior we standardized release intervals and binned according to trial number within each block (see Materials and Methods, Data analysis). Control monkeys rapidly adjusted their release interval following changes in reward size. Control responses tended to be slower or faster than average, according to whether the reward was small (1 drop) or large (8 drops), respectively, on the first trial after receiving information that reward size had changed (“shift trial,” i.e., the second trial in a block; Fig. 5 control). There was a significant effect of withinblock trial number on control group performance (reward size ⫻ within-block trial, F(72,144) ⫽ 1.76, p ⬍ 10 ⫺3). In contrast to the control group, the Rh group Figure 5. Rh lesions impair performance across all phases of a block in the uncued task. Standardized release intervals (ordi- was insensitive to within-block trial numnate) for each reward size (separate color traces) are plotted versus within-block trial number (abscissa) for the control (left) and Rh ber, responding similarly regardless of re(right) groups. The control but not Rh group rapidly adjusted their performance following block transitions before maintaining ward size or within-block trial (Fig. 5 Rh; responding at a stable rate. There was a significant three-way interaction between lesion, reward size, and within-block trial. In all reward size ⫻ within-block trial, F72, 144) ⫽ panels, error bars indicate SEM. RI, Release interval. 0.9, p ⫽ 0.7). Comparison of the control and Rh groups revealed a significant effect of Rh Uncued reward size task lesions on trial-by-trial performance (group, F(1,4) ⫽ 0.7, p ⫽ 0.44; In the uncued task, rewards were delivered for touching and rereward size ⫻ within-block trial ⫻ group, F(72,288) ⫽ 1.4, p ⫽ 0.03). leasing a bar, reward size varied randomly in a block-wise fashion Thus, Rh lesions did not selectively impair performance within a (25 trials per block) and no visual cues predicted reward size nor specific phase of a block in the uncued task. instructed response. There was no difference between the control Finally, it is possible the depth of the impairment in the Rh and Rh groups in the total number of lever presses in a session group in this task is dependent upon the magnitude of the change



Clark et al. • Reward and Memory in the MTL



6874 • J. Neurosci., May 16, 2012 • 32(20):6869 – 6877



1.4



current reward 1 drop previous reward 1 2 4 8



0.7



0



-0.7



-1.4 1



1.4



1.4



2 drops



8 drops



0.7



0.7



0



0



0



-0.7



-0.7



-0.7



-1.4



25



4 drops



0.7 faster



1.4



slower



Norm RI (current - 1st trial)



A



Within Block Trial



-1.4 1



-1.4 1



25



1



25



25



1.4



1.4



1.4



1.4



current reward 1 drop



2 drops



0.7



4 drops



8 drops



0.7



0.7



0



0



0



-0.7



-0.7



-0.7



faster



0.7



0



slower



Norm RI (current - 1st trial)



B



-0.7



previous reward 1 2 4 8



-1.4 1



-1.4



-1.4



-1.4 25



1



25



1



25



1



25



Within Block Trial Figure 6. Effect of local reward contrast in the uncued task for all trials. A, In each panel, the average change in standardized release interval, normalized to the standardized response on the first trial (ordinate), is plotted against the within-block trial number (abscissa). Data were first sorted according to the reward size in the current block (1, 2, 4, or 8 drops, indicated above each panel) and then sorted according to the reward size in the previous block (separate colors, see key in A). Data in A are from the control group. B, Conventions as in A but for data from the Rh group. Norm, Normalized; RI, release interval.



in reward size across blocks. For example, monkeys with Rh lesions might have been able to distinguish large (1 drop to 8 drops or 8 drops to 1 drop) but not small (2 drops to 4 drops or 4 drops to 2 drops) changes in reward size. To examine this possibility, we again analyzed the dynamics of the monkeys’ performance, first binning standardized responses according to: (1) the reward size in the current block, (2) the reward size in the preceding block and, (3) within-block trial number, then normalizing to the response on the first trial in a block (Fig. 6 A, B). To quantify the effect of the magnitude of the change in reward size across blocks on performance we correlated the difference in performance from the first to second trial in a block with the difference in reward size from the previous to the current block (Fig. 7 A, B). There was a significant correlation between these measures for the control (r ⫽ 0.44, p ⬍ 10 ⫺10) but not the Rh (r ⫽ 0.04, p ⫽ 0.16) group. In summary, varying reward size across blocks of uncued trials in a lever pressing task caused unoperated controls, but not monkeys with bilateral Rh removals, to modulate their rate of lever pressing, with faster (slower) responses occurring in large (small)



reward blocks. As no visual cues predicted reward size in the uncued task, it follows that the Rh group’s deficit in this task cannot be the result of difficulty in using visual cues to value predicted rewards.



Discussion We found that bilateral removal of Rh altered the manner in which monkeys responded to two different cues to predicted reward value: (1) visual cues that signal specific reward sizes, and (2) changes in reward size across blocks of identical trials. These effects suggest that Rh is a critical part of the circuitry responsible for learning and updating the value of reinforcement; a function that is crucial for normal learning and motivation. Here, we situate these results with respect to previous work and discuss the implications of these findings for current theories of the organization of the neural substrates of memory and reward guided behavior. Consistent with prior reports, we found that damage to Rh significantly impaired the ability to use visual cue–reward associations to guide behavior (Murray et al., 1998; Liu et al., 2000, 2004; Winters
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ment in the multitrial reinforcement schedule task following Rh ablations— relative to what we observed in our visually cued reward size task— could be the result of the greater mnemonic demands of integrating information over multiple trials. Our uncued task, in which predicted value estimates are crucially dependent upon information from previous trials, represents a strong test of this hypothesis. Control group performance in the uncued task suggests that monkeys were using both local (current versus previous trial) and global (current versus all potential reward sizes) reward context to value predicted rewards. Evidence for a local comparison comes from trials in which information about changes in reward size is first available (“shift trials”). The magnitude of the change in the standardized release interval on shift trials was significantly correlated with the magnitude of the change in reward size (current–previFigure 7. A, Effect of local reward contrast in the uncued task–shift trials. The change in normalized release interval (second– ous block; refer to Fig. 7A). If control first trial in a block, ordinate) is plotted against the change in reward (current–previous block, abscissa) separately for the control monkeys were using the reward size (left) and Rh (right) groups. Solid lines are best fit linear regressions. The second trial in a block is the first trial in which the monkeys earned on the previous trial to instruct are aware of the change in reward size (“shift trial”). There was a significant correlation between the change in performance from their upcoming response, we would have first to shift trials and the magnitude of the change in reward size from the previous to the current block for the control but not the expected these sharp changes in release inRh group. B, Conventions as in A but data are plotted separately for each monkey in the control (left) and Rh (right) groups. Norm, tervals for trials immediately following Normalized; RI, release interval. block transitions. However, if the previous trial’s reward size is the only informaet al., 2010). Unlike in the work of Liu et al. (2000; 2004), in which tion that monkeys were using to adjust their behavior, we would visual cues signaled the number of trials remaining to reward in have expected no differences in release interval across reward schedules of multiple red– green color discrimination trials, our sizes for the remaining trials in a block. This was not the case group of monkeys retained some sensitivity to reward value in our (refer to Fig. 5). After a period of 5–10 trials release intervals were visually cued task. consistently ordered according to reward size (that is, responses The Rh group’s partial sensitivity to reward size in our visually went from slow to fast as drop size increases from small to large, cued task indicates both that the Rh group was able to discrimibut did not change much trial-by-trial). This consistent ordering nate reward magnitudes and able to use predictive cues to estiof release intervals according to reward size suggests a stable longmate reward value, albeit differently than controls. This latter term valuation of the various reward sizes, one that is likely to be function could have been supported by processing in other strucbased upon the range of available options (Kobayashi et al., 2010; tures that signal cue–reward associations, such as the amygdala Louie et al., 2011). (Sugase-Miyamoto and Richmond, 2005), the ventral striatum A number of studies have reported encoding of cue–reward (Bowman et al., 1996) and the orbitofrontal cortex (Simmons associations, discrepancies between expected and received reand Richmond, 2008). However, because these distant structures wards, and the subjective value of rewards in a network of brain were intact in both the present case and in the work of Liu et al. regions including: midbrain dopamine neurons (Schultz et al., (2000), in which monkeys showed no sensitivity to reward value 1993; Tobler et al., 2005), the amygdala (Gottfried et al., 2003; following Rh ablations, we suggest the savings observed in the Paton et al., 2006), medial and orbital prefrontal cortex visually cued reward size task is most likely due to a specific (Tremblay and Schultz, 1999; Cox et al., 2005; Bouret and feature of this task. Richmond, 2010) and the striatum (Hollerman et al., 1998; Elliot Recently, it has been shown that intact monkeys are sensitive et al., 2000; Lau and Glimcher, 2008). Rh is reciprocally conto temporal context in multitrial reinforcement schedules (La nected with many of these areas (Akil and Lewis, 1993; Goldsmith Camera and Richmond, 2008). Specifically, their performance of and Joyce, 1996; Saleem et al., 2008). When viewed in light of unrewarded trials improves with the number of previously comthese connections, our results suggest that Rh ought to be seen as pleted unrewarded trials in a schedule. This suggests that mona key component of this reward circuit. Furthermore, both the keys combine information from previous trials and current trials severe impairment in our uncued task produced by Rh lesions, when estimating the value of completing unrewarded trials, an and previous work demonstrating that Rh is a key part of the effect known within the economic literature as “framing” (Tvermedial temporal lobe (MTL) memory system (for a review see sky and Kahneman, 1981). This framing effect is absent from our Squire et al., 2004) suggest that the function of Rh in this system visually cued task, in which every trial is rewarded and predicted is integration of the history of previous rewards, i.e., the particuvalue is determined solely by the amount of primary reinforcelar reward context that a predicted reward is delivered within, to ment signaled by the visual cue. Thus, the more severe impairestimate predicted reward value.
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Context often refers to a particular environment (Kim and Fanselow, 1992), the particular identity and arrangement of stimuli in an environment (Gonza´lez et al., 2003) or a particular arrangement of movements in a sequential motor act (Clegg et al., 1998). All of these different types of context can serve as cues to behavior, both to generate expectations about outcomes and plan responses. In the present case, both the visually cued and uncued tasks involved several stimuli and actions. These bore a constant relationship to one another and were reliably associated with reward, regardless of reward size (e.g., lever pressing, background images on the display monitor, the behavioral testing chamber, etc.). Thus, neither task lacked individual cue–reward nor context–reward associations. However, only in the visually cued task was there a specific visual cue predicting the value of the forthcoming reward. Similarly, only in the uncued task were monkeys required to estimate predicted reward value based upon a comparison between expected and previously earned rewards. This lack of a specific visual cue to reward value and a requirement for integrating information over a longer timescale to predict reward value suggests the uncued task placed a greater mnemonic demand on the monkeys. Evidence for a role of the MTL in normal learning and memory has been accumulating since early studies of the patient H.M. (Scoville and Milner, 1957). However, the role of distinct MTL subregions in encoding various aspects of a memory remains an open question. There is agreement about the importance of the hippocampus and parahippocampal cortex for spatial memory and spatial context (Squire et al., 2004). More recently, work demonstrating that Rh lesions yield deficits, in rodents and monkeys, in tasks that require discrimination of context have led to the hypothesis that Rh is primarily important for flexibly manipulating the contextual relationships between sensory items held in memory (Bucci et al., 2000; Buckmaster et al., 2004). The profound impairment observed here suggests that Rh is also critical for using the context in which a predicted reward occurs to estimate its value. The specific reward memory that this requires could be the sensory qualities of the primary reward, or some more abstract value representation. Rh receives input from numerous areas implicated in encoding both the perceptual dimensions of primary rewards and higher level value representations (Saleem et al., 2008). As the primary relay between the hippocampus and neocortex, Rh is uniquely situated to combine different types of information surrounding a specific event for consolidation into long term memory (de Curtis and Pare´, 2004). Associating temporally discontinuous events is a defining feature of episodic memory (Clayton et al., 2003). Thus, it is possible that connections between Rh and the temporal lobe (Saleem and Tanaka, 1996), and Rh and ventral and medial prefrontal cortex (Saleem et al., 2008), respectively, might be important for aggregating information about visual, reward and motor context in our tasks into distinct episodes. This proposal is supported by recent work highlighting the interdependence of episodic memory, and retrospection and prospection in general (Eichenbaum and Fortin, 2009), and enhanced connectivity between the prefrontal cortex and medial temporal lobe when estimating expected value requires imagining future episodes (Peters and Bu¨chel, 2010). Further studies using disconnection techniques to selectively interrupt communication between Rh and its inputs from the prefrontal and temporal cortex will be needed to tease apart the contributions of particular brain regions and the pathways connecting them.
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