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AL G S E H TIME CONTEXT OF VISUAL CUE-OUTCOME ASSOCIATIONS

REPRESENTED BY NEURONS IN PERIRHINAL CORTEX OF
MACAQUE MONKEYS
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The perhrhinal cortex (PRh) is a polymodal area that has reciprocal connections with later cortical stages of various
sensory modalities as well as the orbitofrontal cortex (OFC), amygdala and entorhinal cortex (ERh) and receives
dopaminergic projection from the ventral tegmental area (VTA). There is a considerable amount of evidence in macaque
monkeys showing that PRh is involved in associations of various types of information about objects. Cells in macaque
PRh respond to both of paired visual stimuli that the monkey has learned to associate with each other. Furthermore,
monkeys with lesions in PRh have difficulty in learning the visual paired association. Combined lesions of PRh and
ERh also produce deficits in visual-taste and visual-tactile associative learning. Not only associations between sensory
stimuli, but also associations between visual stimuli and reward-related events are stored in PRh. PRh cells, in their
responses to associated visual cues, represent the position of a current trial in reward schedules or forthcoming outcome
types. Associations of various types of information about objects may be the core of semantic memory, and PRh may
contribute to the semantic memory by associating various types of information about objects.

The question that arises is what types of associations PRh participates in. Several groups of authors have commonly
proposed that the information of objects, or items, conveyed by PRh is integrated in the hippocampus with the
information of contexts, especially that of spatial contexts, conveyed by the parahippocampal areas. According to these
ideas, associations that occur in PRh are limited to those for objects or items. The present study aimed at determining
the extent of the types of associations that occur in PRh, in comparison with area TE, which is the main source of visual
inputs to PRh. We expected the comparison with TE to reveal unique functions that emerge at the stage of PRh. We let

monkeys experience a consistent contingency between visual cues and different types of outcomes (water reward and



sound-only acknowledgement) in a particular time context for many days, and then recorded neuronal activities from
PRh and TE to examine whether representations of cue-outcome associations in these areas included the time context.

We found that PRh cells represented, in their responses to visual cues, the outcome type (water reward or sound only)
contingent to the cue, and that this representation appeared only in the trial part in which the monkeys had experienced
the stimulus-outcome contingency. This time-context-dependent representation of stimulus-outcome contingency in
PRh cells was not a mere reflection of the monkey’s expectation of particular outcomes or the consequent changes in
motivation level. Two clear dissociations found between the monkey’s behavior and PRh cell activities support this
idea. Firstly, when the monkeys had experienced a sequence of no visual stimulus and water reward, the monkeys
showed a full anticipation of the reward while activities of PRh cells were not significantly different from their baseline
activities. Secondly, after the first context switch in the second series of experiments, the monkeys started to show
stronger expectation of outcome types in the newly contingent part of the trial than in the previously contingent part of
the trial within three days, while PRh cell activities started to adapt to the context switch after another ten-day delay.
PRh cells may be located in the middle of the translation of visual inputs to the associated outcome type, and not just
representing outputs of the translation. The second dissociation also suggested that the representation of stimulus-
outcome contingency in PRh cells reflected the long-term experience of the contingency for the past ten days or longer.

Associative properties of TE cells contrasted sharply with those of PRh cells in several aspects. Firstly, the
dependence of cue responses on associated outcome types was much weaker in TE compared with PRh. Responses
of TE cells continued to be determined primarily by visual properties of the cues even after training. Secondly,
the associated-outcome-dependent components of cue responses in TE cells indiscriminately appeared in both
the contingent and non-contingent parts of the trial. Therefore, once the system has learned the stimulus-outcome
contingency over a long period, the differential responses of TE cells appeared whenever the stimulus occurred. These
results, taken together, suggest that the differential activities in TE cells represent a categorization embedded into the
stimulus selectivity of the cells. The translation from visual features to meanings (reward or no reward in this case)
developed much more in PRh.

We here propose that various types of information related to objects, including the time context in which stimulus-
outcome contingencies occur, are represented by PRh cell activities. This integration of time context with stimulus-
outcome contingencies occurred slowly along many repetitions of the experience over more than a week. Such slow
learning that requires many repetitions may be a common characteristic of association representations in PRh cells,
which are advantageous to extract regularities existing over multiple events. However, we found that when a previously
learned time context of stimulus-outcome contingency was re-experienced, the representation of the time context in PRh
cells quickly recovered. Thus, once an association in a context is consolidated, and after its apparent extinction under a
different context, it may quickly appear again when the context returns to the original. This flexible switching between
consolidated association memories is advantageous for animals experiencing alternations between multiple but repeating
environmental constraints.

Thus, PRh cells not only represented the stimulus-reward contingency but also represented the time context in which
the contingency had existed. PRh is not specific to the representation of sensory and associative properties of objects
themselves, but may represent broader information about objects including the time context in which the objects are

associated with particular outcomes.
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