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Our knowledge grows as we integrate events experienced at different points in time. We may or may not become aware of events, their integration, and their impact on our knowledge and decisions. But can we mentally integrate two events, if they are experienced at different time points and at different levels of consciousness? In this study, an event consisted of the presentation of two unrelated words. In the stream of events, half of events shared one component (“tree desk” … “desk fish”) to facilitate event integration. We manipulated the amount of time and trials that separated two corresponding events. The contents of one event were presented subliminally (invisible) and the contents of the corresponding overlapping event supraliminally (visible). Hence, event integration required the binding of contents between consciousness levels and between time points. At the final test of integration, participants judged whether two supraliminal test words (“tree fish”) fit together semantically or not. Unbeknown to participants, half of test words were episodically related through an overlap (“desk”; experimental condition) and half were not (control condition). Participants judged episodically related test words to be closer semantically than unrelated test words. This subjective decrease in the semantic distance between test words was both independent of whether the invisible event was encoded first or second in order and independent of the number of trials and the time that separated two corresponding events. Hence, conscious and unconscious memories were mentally integrated into a linked mnemonic representation.
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INTRODUCTION

No event equals another event. But events may share aspects such as a person or an item in the scene. Such commonalities between events help us to bridge events, to integrate information from events, and to make inferences that guide our choices in new situations. We are usually aware of the events that we experience. But the act of our mental integration of memories of several events and its impact on our choices and behaviors may escape our awareness. While most past experiments aimed at investigating memory for single, discrete events, there is mounting evidence that (conscious) memories of multiple events are integrated into networks, which form the basis of inference (Heckers et al., 2004; Preston et al., 2004; Smith and Squire, 2005; Shohamy and Wagner, 2008; Zeithamova and Preston, 2010; Zeithamova et al., 2012). In some experiments, integration and inference were unconscious but the encoding of events was conscious (Greene et al., 2001, 2006; Leo and Greene, 2008). In other experiments, all mental processes were unconscious, namely the processing of subliminal (invisible) events, their mental integration, and resulting inference as measured behaviorally in a test situation (Reber and Henke, 2012; Reber et al., 2012).

Neuroimaging studies in volunteers showed that the hippocampus, a brain structure that is crucial for episodic memory (Tulving, 2002; Squire, 2004), was activated when overlapping events (i.e., events with common components) were experienced and/or when inferences were made in the test situation (Heckers et al., 2004; Preston et al., 2004; Greene et al., 2006; Shohamy and Wagner, 2008; Zeithamova and Preston, 2010; Reber et al., 2012; Zeithamova et al., 2012). Importantly, the hippocampus assisted these mental operations even when they occurred outside conscious awareness (Reber et al., 2012).

A fundamental question concerns whether and how conscious and unconscious memories interact. We ask whether the mental integration of discrete events is possible if consciousness divides between events. This may happen if a first event is experienced consciously, while a second event is experienced unconsciously; or vice versa. We hypothesized that two discrete, overlapping events can be bridged through integration of memory traces across consciousness levels because evidence indicates that memories of unconsciously and consciously experienced events are laid down in the same memory system, namely the hippocampus and related cortices (Henke et al., 2003; Degonda et al., 2005; Reber et al., 2012). Hence interactions between conscious and unconscious memory traces in this study are thought to occur within the same memory system and not between different memory systems. Earlier reports of implicit-explicit interactions concerned psychologically and neuroanatomically separate memory systems that either cooperated or competed in the process of learning a material or a certain procedure (Wagner et al., 2000; Poldrack et al., 2001; Voermans et al., 2004; Moses et al., 2010). Here, we study implicit-explicit interactions within a single memory system, namely episodic memory or the medial temporal lobe memory system, whose output is either accessible or inaccessible to conscious awareness depending on the input – subliminal versus supraliminal. We expect conscious and unconscious memory representations to be integrated into a cohesive memory space that guides choices in a test situation.

An event was operationalized as the visual presentation of two unrelated words, such as “tree desk.” In the case of “unconscious events,” word pairs were presented subliminal, i.e., for 17 ms and flanked by pattern masks. In the case of “conscious events,” word pairs were presented supraliminal (visible). Half of word pairs shared one word, e.g., “tree desk” and “desk fish,” and were therefore overlapping (experimental condition). The other half of word pairs was non-overlapping because they shared no words (control condition) (Figure 1). To examine whether integration success is modulated by intervening time and trials, we varied the number of word pairs that intervened two overlapping word pairs by presenting 1, 5, 9, or 13 word pairs in-between. Of the two corresponding word pairs, the first was presented subliminal and the second supraliminal to half of participants, reversed for the other half of participants. We hypothesized that overlapping events would be integrated across consciousness levels irrespective of whether the first or the second event was processed consciously. Either way, a successful integration of word pairs across events and across consciousness levels presupposes that within-event associations be established. The test of integration was given 1 min following encoding. This test required participants to judge whether two supraliminal words fit together semantically or not. The two test words were either unrelated (control condition) or episodically related (e.g., “tree fish”) through two distinct events (“tree desk”… “desk fish”) that shared one word (experimental condition) (Figure 1). Words in test pairs of both conditions had been seen during encoding; one word with and the other word without consciousness. The only difference between conditions was the unconscious episodic link between test words. The mental integration of overlapping events was expected to change the speed of participants’ decisions and/or the outcome of their decisions at test (Reber and Henke, 2012; Reber et al., 2012).
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FIGURE 1 | Design. An event consisted of the presentation of two unrelated words. Participants experienced two overlapping (experimental condition; overlap indicated in red) or non-overlapping (control condition) encoding events. The temporal distance and amount of distraction given between two corresponding overlapping and non-overlapping events was varied in four levels with 1, 5, 9, or 13 word pairs presented in-between. Depending on the group assignment, either the first or the second encoding event was presented subliminal for unconscious encoding. The subliminal presentation mode is graphically illustrated by forward and backward pattern masks. We refer to overlapping word pairs presented in the experimental condition as A–B and B–C and to non-overlapping word pairs presented in the control condition as a–b, c–d. Words in test events were presented supraliminal. A and C words from the two encoding events were re-presented at test to induce the retrieval of the common counterpart (B) in the experimental condition. In the control condition, a and d words were re-presented at test, each of which could activate its respective counterpart (b or c), but no common counterpart. Hence retrieval words given in the control condition were not episodically related by a word that was part of both encoding events.



MATERIALS AND METHODS

PARTICIPANTS

Sixty students participated in the study (age: 19–35 years, M = 22.95, SD = 3.10; 40 women; six left-handers). At the point of testing, all participants had already 12 years of education. Exclusion criteria were a native language other than German, suboptimal visual acuity, a history of neurological or psychiatric disorders, and the consumption of legal or illegal drugs. Participants were kept naïve regarding the study purpose and the presentation of subliminal stimuli. We misinformed participants initially that we investigated attention and word processing alone, but participants were fully debriefed following the main experiment. The study was approved by the local ethics committee.

MATERIALS AND DESIGN

The 384 German nouns of the main experiment were arranged to 192 semantically unrelated pairs that we presented to participants for conscious and unconscious encoding. These 192 word pairs were divided into two stimulus lists: one list was used for the experimental and the other for the control condition (96 word pairs per list/condition). Word overlaps were introduced in 48 couples of pairs (short hand: A–B, B–C; Figure 1) in list 1, which half of participants received for integrative encoding in their experimental condition. This half of participants received the 96 non-overlapping word pairs (short hand: a–b, c–d; Figure 1) of list 2 for non-integrative encoding in their control condition. The other half of participants received list 1 in the control condition and list 2 in the experimental condition. Accordingly, word overlaps were introduced in the 48 couples of pairs in list 2 for integrative encoding, while word pairs in list 1 were left non-overlapping. Importantly, all participants received the same word pairs for retrieval, counterbalanced between conditions. Hence, words in a given retrieval word pair were episodically related for half of participants (experimental condition) but unrelated for the other half of participants (control condition). Retrieval word pairs in both conditions consisted of the left-hand word of the first encoding word pair followed by the right-hand word of the corresponding second encoding word pair.

Stimuli of the experimental and the control condition were assigned to 12 sets that were used in 12 encoding-retrieval runs (Figure 2). Each run contained eight overlapping encoding word pairs in the experimental condition (A–B, B–C), eight non-overlapping encoding word pairs in the control condition (a–b, c–d), and four retrieval word pairs both in the experimental condition (A–C) and the control condition (a–d). The assignment of the 12 stimulus sets to runs was random. The practice run given before the main experiment was designed identical to the 12 experimental runs.
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FIGURE 2 | Experimental procedure. The experiment consisted of 12 encoding-test runs. Here, we illustrate the procedure of one run. For the unconscious → conscious group (left-hand upper panel), the first encoding word pair (A–B and a–b) was presented subliminally (illustrated by the visual noise background) and the second, corresponding encoding word pair supraliminally (B–C and c–d). This order was reversed for the conscious → unconscious group of participants (right-hand upper panel). Corresponding encoding word pairs were overlapping in the experimental condition (A–B, B–C; overlaps depicted in red) and non-overlapping in the control condition (a–b, c–d). The distance between two corresponding encoding word pairs was varied fourfold with 1, 5, 9, or 13 intervening word pairs. The four distance levels are highlighted with color-coded arrows and color-coded image-frames. The same distances applied to the procedure in the conscious → unconscious group (arrows are omitted in right-hand panel). A break of 1 min separated encoding and test. Test trials of the experimental and the control condition were presented in random order and with supraliminal duration for participants in both groups. Both in supraliminal encoding and supraliminal test trials, participants decided whether the two words of a pair fit together semantically or not. During subliminal trials, participants performed an attention task.



APPARATUS

The experiment took place in a dark room. A digital light processing (DLPTM) video beamer with a refresh rate of 60 Hertz projected the stimuli on a white screen positioned 2 m in front of the participant. The participant sat in a chair with his/her head fixated on a chin rest. The stimulated visual field spanned 10 (height) × 13 (width) degrees. For stimulus presentation we used the software Presentation ®(http://www.neurobs.com/). All responses were recorded with a standard computer mouse.

PROCEDURE

Encoding

The first encoding word pair was presented subliminal and the corresponding second word pair supraliminal for half of participants (“unconscious → conscious group”) and vice versa for the other half of participants (“conscious → unconscious group”) (see Figure 2). If word pairs appeared supraliminal (presentation duration: 3.5 s; inter-stimulus interval: 1 s), participants decided for each pair whether the two words fit together semantically or not (fit/don’t fit task). This task invokes mental comparison processes that provide for incidental paired-associative semantic encoding of words. Because words in pairs were not closely associated semantically, participants were encouraged to relax their response criterion to arrive at about 50% fit responses. Participants were informed that closely related words such as “needle – yarn” would not be presented. Instead, word pairs such as “cow – grill” would be presented. Although such words are rather remote semantically, they may still elicit a “fit” answer because beef for example is a popular sort of meat for barbecues.

When word pairs were subliminal, participants perceived a flickering stream of pattern masks and simultaneously performed an attention task on images that were embedded in the sequence of subliminal words and pattern masks. We used the masking paradigm of our previous studies on subliminal encoding (Degonda et al., 2005; Duss et al., 2011; Reber and Henke, 2011, 2012; Reber et al., 2012; see “Subliminal Stimulus Presentation and Attention Task”). An instruction slide presented before the block of eight subliminal encoding pairs and the block of eight supraliminal encoding pairs prepared participants for their up-coming task (Figure 2). Time and trials between two corresponding word pairs were manipulated; we presented 1, 5, 9, or 13 word pairs in-between two corresponding encoding word pairs (Figure 2). Word pairs were randomly assigned to interval levels. Following encoding, participants took a 1-min break that served as a mini consolidation phase.

Retrieval

To test for relational integration, we presented four retrieval pairs in each condition. The order of these eight pairs was randomly generated for each participant and each run. Retrieval word pairs were presented in the same fashion (presentation duration: 3.5 s; inter-stimulus interval: 1 s) and with the same task (fit/don’t fit task) as supraliminal encoding word pairs.

Subliminal stimulus presentation and attention task

We used the masking paradigm of our previous studies on subliminal encoding (Degonda et al., 2005; Duss et al., 2011; Reber and Henke, 2011, 2012; Reber et al., 2012). Each encoding word pair was flashed 12 times for 17 ms within a time window of 6 s that constituted one encoding trial. Word pairs were flanked by black and white dot pattern masks that were presented for 183 ms. In this stream of subliminal word pairs and pattern masks, we embedded an attention task for participants to stay focused and direct gaze at the screen center. The attention task required participants to fixate a repeatedly flashed central fixation cross and to indicate when the fixation cross was replaced by a horizontal or vertical line segment (push left or right key, respectively). The fixation cross was presented for 233 ms at a rate of one Hertz. The fixation cross was replaced only once by a line segment at a random time point within the 6-s time window that constituted a trial.

TEST OF AWARENESS

Following the main experiment, participants underwent a structured interview to find out whether they had noticed or suspected the presence of subliminal stimuli in the experiment. Next, participants were informed of subliminal word pairs in the experiment. Finally, they took an objective awareness test to assess their ability to consciously discern subliminal word pairs or fragments thereof. Participants were instructed to try to discern a subliminal word pair and to match it to a subsequently presented identical or different word pair on a trial-by-trial basis. While instructions in the main experiment were indirect not alluding to subliminal word pairs, instructions in the test of awareness were direct. Direct tests are predominantly sensitive to conscious rather than unconscious processes (Reingold and Merikle, 1988; Snodgrass and Shevrin, 2006) and therefore yield a measure of conscious access to subliminal stimuli. Indirect tests are predominantly sensitive to unconscious rather than conscious processes. We aimed at indirectly measured effects of unconscious processing with no directly measured effects of conscious word detection (Reingold and Merikle, 1988; Greenwald et al., 1995). The test of awareness was different for the two experimental groups because subliminal words (B words in B–C pairs) were primed by previously perceived supraliminal words (A–B pairs) in the conscious → unconscious group but not the unconscious → conscious group.

Test of awareness for the unconscious → conscious group

The test of awareness included 96 trials. Each trial consisted of the subliminal presentation of one word pair followed by the supraliminal presentation of either the same or a different word pair (Figure 3). The masking paradigm and psychophysical conditions applied in the main experiment were again applied in the test of awareness. Participants were instructed to attend to the subliminal presentation of a word pair, while doing the attention task, and then to indicate by button press whether the subsequently presented visible word pair corresponded to the subliminal word pair (target) or not (distractor). Supraliminal targets and distractors stayed on the screen till participants responded. The probability of targets was 50%.
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FIGURE 3 | Design of the test of awareness. Following the main experiment, participants took an objective awareness test to assess their ability to consciously discern subliminal word pairs or fragments thereof. Participants were instructed to try to discern a subliminal word pair and to match it to a subsequently presented identical (target) or different (distractor) word pair on a trial-by-trial basis. The test of awareness was different for the two experimental groups because subliminal words (B words in B–C pairs) were primed by previously perceived supraliminal words (A–B pairs) in the conscious → unconscious group (bottom panel) but not the unconscious → conscious group (top panel). t, time.



Test of awareness for the conscious → unconscious group

This awareness test included 96 trials as well, but these trials were divided into six runs that each contained 16 subliminal-supraliminal test trials. As in this group’s main experiment, each run started off with the supraliminal presentation of eight A–B word pairs for participants to decide whether words in a pair fit together or not (fit/don’t fit task). This preactivation was followed by the 16 subliminal-supraliminal test trials. The presentation order of the 16 trials was randomized. Eight of the 16 trials contained subliminal pairs with a primed B word (B–C trials) and eight trials contained subliminal pairs with unprimed words (Figure 3). Each of the subliminally presented word pairs was immediately followed by a supraliminal word pair (target or distractor) for participants to indicate by button press whether the visible word pair was identical to the subliminal word pair or not. In trials where subliminal word pairs were unprimed, targets were equal to subliminal words and distracters differed (as for the unconscious → conscious group). However, in trials where the first word in a subliminal pair was primed (e.g., apple), targets were equal to subliminal words, while distractors were composed of the same first word (e.g., apple) plus a second new word (e.g., park) (Figure 3). Hence, both targets and distractors contained the primed word (e.g., apple). This circumstance allowed us to test only for the perceptual processing of subliminal new words that were presented besides the primed words in pairs. Hence, with this procedure we could not test for a perceptual advantage of the primed words contained in subliminal pairs. Even if only the targets, but not the distractors, would contain a primed word (e.g., apple), participants’ selections would still fail to indicate whether the subliminal processing of primed words is facilitated because the absence versus presence of a previously seen (during preactivation) and probably remembered word would skew selections in favor of targets.

STATISTICAL ANALYSES

For the analysis of performance accuracy at test, we computed the rate of each participant’s fit responses to A–C pairs (experimental condition) and to a–d pairs (control condition) by dividing the total of fit responses by the respective total of given responses. The rate of fit responses was also computed for each encoding interval (1, 5, 9, or 13 word pairs between two corresponding encoding word pairs; see Figure 2). Trials with RTs below 500 ms were excluded. Rates of fit responses were analyzed in an ANOVA with the two within-subjects factors Condition (experimental versus control condition) and Encoding Interval (1, 5, 9, or 13 intervening word pairs) and the between-subjects factor Encoding Order (unconscious → conscious versus conscious → unconscious). For the analysis of reaction latency, RTs of fit and don’t fit responses were z-transformed with respect to the RT distribution of each participant. RTs with z-values deviating more than 2 SDs from a participant’s mean were excluded. We computed each participant’s mean RT for A–C pairs (experimental condition) and a–d pairs (control condition) and per encoding interval. Mean RTs were analyzed in an ANOVA that included the same factors as the ANOVA used for the accuracy data (rate of fit responses).

We also computed mean RTs of fit and don’t fit responses to supraliminal encoding word pairs. For participants of the conscious → unconscious group, supraliminal encoding word pairs were A–B and a–b word pairs. For participants of the unconscious → conscious group, supraliminal encoding word pairs were B–C and c–d word pairs. Differences in mean RT between conditions were tested for significance with a paired-samples t-test.

RESULTS

TEST OF AWARENESS: PERFORMANCE AT CHANCE LEVEL

As in the main experiment, trials with RTs below 500 ms were excluded from the analysis. Rates of correct answers (hits plus correct rejections) in the test of awareness deviated from chance performance (0.50) neither in the unconscious → conscious group [M ± SE = 0.51 ± 0.01; t(29) = 0.969, p = 0.341; 96 trials] nor the conscious → unconscious group [M ± SE = 0.50 ± 0.01; t(29) = −0.407, p = 0.687; 96 trials]. Discrimination performance in the latter group remained at chance level, when preactivation trials [M ± SE = 0.49 ± 0.01; t(29) = −0.601, p = 0.553] and trials without preactivation [M ± SE = 0.50 ± 0.01; t(29) = 0.158, p = 0.876] were analyzed separately.

Binomial tests computed for every participant revealed that two of the 60 participants yielded a relatively good discrimination performance that reached a probability of 10% or lower (one-tailed) to be obtained by chance alone. Furthermore, one participant reported to have consciously perceived subliminal letters during the main experiment. However, this person’s performance in the test of awareness was at chance level. We decided to exclude these three participants from the analysis of the data from the main experiment. Accordingly, 28 participants remained in the unconscious → conscious group and 29 in the conscious → unconscious group.

CONSCIOUS AND UNCONSCIOUS ENCODING OF EVENTS

Good accuracy on the attention task

Performance accuracy on the attention task given during subliminal trials was good and did not differ between the two experimental groups [t(37.956) = −0.982, p = 0.332, adjusted degrees of freedom because equality of variances was not assumed]. The unconscious → conscious group yielded a hit rate of 0.88 ± 0.02 (M ± SE) and the conscious → unconscious group of 0.90 ± 0.01 (M ± SE).

Subliminal B words in A–B pairs primed supraliminal B words in B–C pairs

As a consequence of the encoding of subliminal A–B pairs in the unconscious → conscious group, we expected a facilitated processing (priming) in the experimental condition, where B words were repeated in supraliminal B–C pairs. A premise of B word priming is a compositional rather than unitized representation of B words in A–B and B–C pairs. A compositional mental representation allows both for the reactivation of each individual part in a representation (A; B) and the reactivation of the complete representation (A–B). A unitized mental representation, however, would require the repeated visual presentation of the complete initial word pair (A–B), not just the B word, to trigger a reactivation of the previously formed A–B representation. Our data spoke for a compositional representation of subliminal A–B pairs. Responses to supraliminal B–C pairs were faster (M ± SE = 2106 ± 71 ms) than responses to supraliminal c–d pairs (M ± SE = 2163 ± 78 ms) [t(27) = 3.502, p = 0.002, r2 = 0.312]. The absence of a corresponding difference in the processing speed of supraliminal A–B (M ± SE = 2138 ± 68 ms) versus supraliminal a–b pairs (M ± SE = 2147 ± 65 ms) [t(28) = 0.440, p = 0.663] in the conscious → unconscious group substantiates the interpretation in terms of priming.

TEST PERFORMANCE: SUCCESSFUL INTEGRATION OF EVENTS

We computed an ANOVA with the two within-subjects factors Condition and Encoding Interval as well as the between-subjects factor Encoding Order. The dependent variable was the rate of fit responses given at test. This ANOVA yielded a significant main effect of Condition (Figure 4). Participants gave more fit responses to episodically related A–C pairs (M ± SE = 0.38 ± 0.02) versus unrelated a–d pairs (M ± SE = 0.36 ± 0.02), F(1,55) = 5.310, p = 0.025, [image: image1]. This effect of Condition interacted neither with Encoding Interval [F(3,165) = 0.011, p = 0.999] nor with Encoding Order [F(1,55) = 0.263, p = 0.610]. There was no main effect of Encoding Interval [F(3,165) = 0.234, p = 0.872], no significant interaction of Encoding Interval with Encoding Order [F(3,165) = 1.156, p = 0.328], and no three-way interaction of Condition with Encoding Interval and Encoding Order [F(3,165) = 0.379, p = 0.768]. The means (±SE) of the rate of fit responses were almost identical between encoding intervals (1 pair, 5 pairs, 9 pairs, 13 pairs) both for the experimental condition (M1pair = 0.38 ± 0.03; M5pairs = 0.38 ± 0.02; M9pairs = 0.38 ± 0.02; M13pairs = 0.40 ± 0.02) and the control condition (M1pair = 0.36 ± 0.02; M5pairs = 0.36 ± 0.02; M9pairs = 0.36 ± 0.02; M13pairs = 0.37 ± 0.03). However, the between-subjects factor Encoding Order reached significance [F(1,55) = 5.294, p = 0.025, [image: image1]]. A potential reason for this main effect might be the unconscious → conscious group’s criterion for generating fit responses, which might be looser yielding more fit responses (M ± SE = 0.41 ± 0.02) than the conscious → unconscious group (M ± SE = 0.34 ± 0.02). In support of this interpretation, the unconscious → conscious group also generated more fit responses during supraliminal encoding (B–C and c–d pairs; M ± SE = 0.45 ± 0.02) than the conscious → unconscious group (A–B and a–b pairs; M ± SE = 0.36 ± 0.02) [t(52.605) = 3.256, p = 0.002, r2 = 0.167, adjusted degrees of freedom because equality of variances was not assumed].
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FIGURE 4 | Results. Left-hand panel: at the test of integration across consciousness levels, participants gave more fit answers in the experimental than the control condition (*p < 0.05; M, mean; SE, standard error of the mean). Subliminal and supraliminal encoding word pairs had shared a word in the experimental condition, which lent these word pairs to integration that manifested in biased semantic decisions at test (more fit responses). Right-hand panel: using the regression method of Greenwald et al. (1995), we regressed the discrimination performance in the test of awareness [(hits + correct rejections) − (false alarms + misses)] onto the rate of fit responses given to episodically related (experimental condition) minus unrelated (control condition) test words. The y-axis intercept was significantly greater than zero. This indicates that the integration of events across consciousness levels was significant, when conscious discrimination performance was zero.



Reaction latencies at test were comparable between the experimental (A–C; M ± SE = 1942 ± 46 ms) and the control condition [a–d; M ± SE = 1952 ± 45 ms; t(56) = 0.854, p = 0.397]. This absence of an integration effect on reaction speed was also reflected in the non-significance of all results of an ANOVA that included the same factors as the ANOVA on the rates of fit responses (all Fs < 2.469, all ps > 0.122). Hence, the mental integration of events across levels of consciousness influenced the type but not the speed of responses given at test.

CONSCIOUS WORD DISCRIMINATION DID NOT ASSIST THE UNCONSCIOUS INTEGRATION OF EVENTS

Using the regression method described by Greenwald et al. (1995), we found that discrimination performance in the test of awareness [(hits + correct rejections) − (false alarms + misses)] was not significantly associated with the increase in the rate of fit responses given to episodically related versus unrelated test words [B = −0.314 ± 0.184, β = −0.224, t(55) = −1.705, p = 0.094; N = 57]. However, the y-axis intercept in this regression was significantly larger than zero [intercept = 0.023 ± 0.010; t(55) = 2.309, p = 0.025, r2 = 0.088]. This indicates that the unconscious integration of events was significant, when discrimination performance in the test of awareness was zero (Figure 4).

DISCUSSION

We asked whether the mental integration of discontiguous events is possible if consciousness divides between events because one event is experienced consciously and the other unconsciously. An event was operationalized as the visual presentation of two unrelated words that were either presented supraliminal for conscious inspection or subliminal for unconscious processing. At the test of integration, we presented a word from the unconscious event besides a word from the corresponding conscious event in both the experimental and the control condition. These test words were semantically unrelated. But test words in the experimental condition were episodically related by a word (not present in the test trial) that had been the counterpart of each of the test words drawn from the two encoding events. Test words in the control condition were episodically unrelated. Episodically related versus unrelated test words were more often judged as closely related semantically. It thus appears that episodic associations intruded into judgments of semantic distance leading to more fit responses in the experimental versus the control condition. This effect is known from studies with supraliminal stimulus presentations: two unrelated words that had been presented in the same encoding context and were episodically (but not semantically) related, appeared closer semantically than words that had not been presented in the same encoding context; or they appeared equally close as words that were related semantically (McKoon and Ratcliff, 1979, 1986; Dosher and Rosedale, 1991; Patterson et al., 2009; Coane and Balota, 2011). This line of research suggests that connections between mental representations or between nods in the semantic network, which have been co-activated in the same encoding context, acquire a greater linkage strength leading to the impression of stronger conceptual relatedness. The co-occurrence of concepts in naturalistic events is indeed one way how the semantic system may be dynamically (re)organized throughout life (Coane and Balota, 2011). Although test words in the present experimental condition had not occurred in the same encoding context but in two different encoding contexts, they were linked by a third word that was presented in both encoding contexts. This mediated linkage between test words had apparently sufficed to decrease the perceived semantic distance between test words. Remarkably, this was possible with one of the two events processed outside consciousness.

Do these modifications in participants’ semantic systems result from plastic chances in the neocortex alone or from additional plastic changes in the medial temporal lobe, particularly the hippocampus? The hippocampus is ordinarily assisting the rapid encoding of events by association formation between co-activated areas of the neocortex (Teyler and DiScenna, 1986; Treves and Rolls, 1994). Our task structure and results speak to a hippocampal role because encoding was rapid (one-trial) and memory representations must have been compositional and flexible (Cohen and Eichenbaum, 1993; Henke, 2010). There was no neuroimaging in the present study but earlier neuroimaging studies give a clue. Reber et al. (2012) used a similar design but presented all encoding events subliminally. There was hippocampal activation during the unconscious encoding of overlapping events and during judgments of semantic distance made on episodically related word pairs presented at test. Moreover, hippocampal activity measured during the encoding of overlapping subliminal events predicted judgments of semantic distance at test. The hippocampus was also activated in studies using supraliminal stimuli, either at the time when overlapping events were encoded or when inferences were made at test (Heckers et al., 2004; Preston et al., 2004; Greene et al., 2006; Shohamy and Wagner, 2008; Zeithamova and Preston, 2010; Zeithamova et al., 2012). Because the hippocampus played a role both in studies of inference that used supraliminal encoding events and in a study that used subliminal encoding events, we assume that the hippocampus is also engaged when encoding events were both conscious and unconscious. Increasing evidence suggests that the hippocampus engages in all tasks that require the rapid encoding of new, compositional, and flexible associations irrespective of the level of consciousness of stimulus processing (Henke, 2010).

The absence of an effect of time/stimuli between two overlapping encoding events on test performance replicates our previous result of the successful integration of two discrete subliminal events, which was also unaffected by intervening time/stimuli (Reber and Henke, 2012). The lack of a temporal distance effect in these two experiments is intriguing given previous evidence that temporal contiguity influences the retrieval from episodic memory (Temporal Context Model; Howard and Kahana, 1999; Howard et al., 2005). Core assumptions of the Temporal Context Model entail context-representations that change gradually over time and that act as retrieval cues for the items learned in the same contexts. Because items that are learned in close temporal proximity have similar contexts, they are more likely to be recalled (Howard and Kahana, 1999). If an encoding item is shown twice to boost learning, the context of its second presentation will resemble the context of its first presentation due to its presence at both moments in time. In our study, B words must have induced contiguity between the two overlapping encoding events A–B and B–C. The presence of B words in both encoding events may have rendered the two events more independent of their temporal (dis)contiguity (Howard et al., 2005). In other words, the configurational contiguity induced by the presence of B words in both overlapping events may have anchored and linked the two events to the extent of neutralizing potential adverse effects of temporal discontiguity (and interfering information) presented between overlapping events (Howard et al., 2005).

The current design does not allow pinning down the time point at which the integration of conscious and unconscious memories took place – at encoding or test. Either way, representations of unconscious events must have been solid and stable over time because test performance was not modulated by whether the unconscious event was preceding or following the corresponding conscious event. Hence, conscious and unconscious memory traces could be integrated independently of the order, in which the memory traces were formed. If integration of memory traces occurred at test, it may have been advantageous to encode the conscious event first because consciously acquired memories are stronger and decay not as rapidly as unconsciously acquired memories; after all, the time interval between the first event and the final test was as long as 170 s. Under the assumption that memories are integrated at retrieval, the lack of an order effect means that conscious and unconscious memories outlasted this time period equally well. If participants integrated memories already when the second encoding event was presented, the first memory trace had to outlast 7–72 s, which was certainly the case for both unconscious and conscious memories. The absence of an order effect additionally suggests that it was not easier to link an unconscious (weak) representation to a pre-existing conscious (strong) representation than vice versa. Hence, for these time intervals, the lack of an order effect suggests that unconscious memories were on a par with conscious memories regarding their endurance and flexibility.

We had hypothesized that conscious and unconscious memory representations could be integrated into a cohesive memory space assuming that the same memory system supports the encoding of subliminal and supraliminal events (Henke et al., 2003; Degonda et al., 2005; Reber et al., 2012). Yet, such harmonious interactions between explicit and implicit memory may not have been expected given past evidence of dissociations and competing interactions between implicit and explicit memory (Wagner et al., 2000; Poldrack et al., 2001). Such adverse interactions concerned separate memory systems (hippocampal interactions with other structures) that competed in the process of learning the same kind of material or procedure. Our study, however, concerned the encoding of distinct events by the same memory system that works at two different levels of intensity – conscious and unconscious. Furthermore, the information acquired in the first and the second overlapping event was neither identical nor conflicting (as in Degonda et al., 2005) but additive, which may have contributed to the smooth integration of information across consciousness levels.

Given that events can be encoded with and without consciousness by way of the hippocampus and related cortices (Henke et al., 2003; Degonda et al., 2005; Henke, 2010; Reber et al., 2012), the organization of consciously and unconsciously acquired information into a single, cohesive hippocampal memory space appears more economic than the organization of information in two discrete hippocampal memory spaces divided by consciousness. Linked episodic knowledge – conscious or unconscious – informs and guides us better through life than episodic knowledge segmented into levels of representation. Moreover, the level of representation of episodic knowledge is dynamic and shifts over time. A single hippocampal memory space maintains the stability and coherence of its organization when episodic memories shift from unconscious to conscious (Fischer et al., 2006; Drosopoulos et al., 2011; Yordanova et al., 2012) or from conscious to unconscious in the course of consolidation (Saletin et al., 2011).

ACKNOWLEDGMENTS

This research was supported by Grant 320000-114012 from the Swiss National Science Foundation to Katharina Henke.

REFERENCES

Coane, J. H., and Balota, D. A. (2011). Face (and nose) priming for book: the malleability of semantic memory. Exp. Psychol. 58, 62–70. doi:10.1027/1618-3169/a000068

Cohen, N. J., and Eichenbaum, H. (1993). Memory, Amnesia, and the Hippocampal System. Cambridge, MA: MIT Press.

Degonda, N., Mondadori, C. R. A., Bosshardt, S., Schmidt, C. F., Boesiger, P., Nitsch, R. M., et al. (2005). Implicit associative learning engages the hippocampus and interacts with explicit associative learning. Neuron 46, 505–520. doi:10.1016/j.neuron.2005.02.030

Dosher, B. A., and Rosedale, G. (1991). Judgments of semantic and episodic relatedness-common time-course and failure of segregation. J. Mem. Lang. 30, 125–160. doi:10.1016/0749-596X(91)90001-Z

Drosopoulos, S., Harrer, D., and Born, J. (2011). Sleep and awareness about presence of regularity speed the transition from implicit to explicit knowledge. Biol. Psychol. 86, 168–173. doi:10.1016/j.biopsycho.2010.11.005

Duss, S. B., Oggier, S., Reber, T. P., and Henke, K. (2011). Formation of semantic associations between subliminally presented face-word pairs. Conscious. Cogn. 20, 928–935. doi:10.1016/j.concog.2011.03.018

Fischer, S., Drosopoulos, S., Tsen, J., and Born, J. (2006). Implicit learning – explicit knowing: a role for sleep in memory system interaction. J. Cogn. Neurosci. 18, 311–319. doi:10.1162/jocn.2006.18.3.311

Greene, A. J., Gross, W. L., Elsinger, C. L., and Rao, S. M. (2006). An FMRI analysis of the human hippocampus: inference, context, and task awareness. J. Cogn. Neurosci. 18, 1156–1173. doi:10.1162/jocn.2006.18.7.1156

Greene, A. J., Spellman, B. A., Dusek, J. A., Eichenbaum, H. B., and Levy, W. B. (2001). Relational learning with and without awareness: transitive inference using nonverbal stimuli in humans. Mem. Cogn. 29, 893–902. doi:10.3758/BF03196418

Greenwald, A. G., Klinger, M. R., and Schuh, E. S. (1995). Activation by marginally perceptible ("subliminal") stimuli: dissociation of unconscious from conscious cognition. J. Exp. Psychol. Gen. 124, 22–42. doi:10.1037/0096-3445.124.1.22

Heckers, S., Zalesak, M., Weiss, A. P., Ditman, T., and Titone, D. (2004). Hippocampal activation during transitive inference in humans. Hippocampus 14, 153–162. doi:10.1002/hipo.10189

Henke, K. (2010). A model for memory systems based on processing modes rather than consciousness. Nat. Rev. Neurosci. 11, 523–532. doi:10.1038/nrn2850

Henke, K., Treyer, V., Nagy, E. T., Kneifel, S., Dürsteler, M., Nitsch, R. M., et al. (2003). Active hippocampus during nonconscious memories. Conscious. Cogn. 12, 31–48. doi:10.1016/S1053-8100(02)00006-5

Howard, M. W., Fotedar, M. S., Datey, A. V., and Hasselmo, M. E. (2005). The temporal context model in spatial navigation and relational learning: toward a common explanation of medial temporal lobe function across domains. Psychol. Rev. 112, 75–116. doi:10.1037/0033-295X.112.1.75

Howard, M. W., and Kahana, M. J. (1999). Contextual variability and serial position effects in free recall. J. Exp. Psychol. Learn. Mem. Cogn. 25, 923–941. doi:10.1037/0278-7393.25.4.923

Leo, P. D., and Greene, A. J. (2008). Is awareness necessary for true inference? Mem. Cogn. 36, 1079–1086. doi:10.3758/MC.36.6.1079

McKoon, G., and Ratcliff, R. (1979). Priming in episodic and semantic memory. J. Verbal Learning Verbal Behav. 18, 463–480. doi:10.1016/S0022-5371(79)90255-X

McKoon, G., and Ratcliff, R. (1986). Automatic activation of episodic information in a semantic memory task. J. Exp. Psychol. Learn. Mem. Cogn. 12, 108–115. doi:10.1037/0278-7393.12.1.108

Moses, S. N., Brown, T. M., Ryan, J. D., and McIntosh, A. R. (2010). Neural system interactions underlying human transitive inference. Hippocampus 20, 894–901. doi:10.1002/hipo.20735

Patterson, M. M., Light, L. L., Van Ocker, J. C., and Olfman, D. (2009). Discriminating semantic from episodic relatedness in young and older adults. Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 16, 535–562. doi:10.1080/13825580902866638

Poldrack, R. A., Clark, J., Paré-Blagoev, E. J., Shohamy, D., Creso Moyano, J., Myers, C., et al. (2001). Interactive memory systems in the human brain. Nature 414, 546–550. doi:10.1038/35107080

Preston, A. R., Shrager, Y., Dudukovic, N. M., and Gabrieli, J. D. (2004). Hippocampal contribution to the novel use of relational information in declarative memory. Hippocampus 14, 148–152. doi:10.1002/hipo.20009

Reber, T. P., and Henke, K. (2011). Rapid formation and flexible expression of memories of subliminal word pairs. Front. Psychol. 2:343. doi:10.3389/fpsyg.2011.00343

Reber, T. P., and Henke, K. (2012). Integrating unseen events over time. Conscious. Cogn. 21, 953–960. doi:10.1016/j.concog.2012.02.013

Reber, T. P., Luechinger, R., Boesiger, P., and Henke, K. (2012). Unconscious relational inference recruits the hippocampus. J. Neurosci. 32, 6138–6148. doi:10.1523/JNEUROSCI.5639-11.2012

Reingold, E. M., and Merikle, P. M. (1988). Using direct and indirect measures to study perception without awareness. Percept. Psychophys. 44, 563–575. doi:10.3758/BF03207490

Saletin, J. M., Goldstein, A. N., and Walker, M. P. (2011). The role of sleep in directed forgetting and remembering of human memories. Cereb. Cortex 21, 2534–2541. doi:10.1093/cercor/bhr034

Shohamy, D., and Wagner, A. D. (2008). Integrating memories in the human brain: hippocampal-midbrain encoding of overlapping events. Neuron 60, 378–389. doi:10.1016/j.neuron.2008.09.023

Smith, C., and Squire, L. R. (2005). Declarative memory, awareness, and transitive inference. J. Neurosci. 25, 10138–10146. doi:10.1523/JNEUROSCI.2731-05.2005

Snodgrass, M., and Shevrin, H. (2006). Unconscious inhibition and facilitation at the objective detection threshold: replicable and qualitatively different unconscious perceptual effects. Cognition 101, 43–79. doi:10.1016/j.cognition.2005.06.006

Squire, L. R. (2004). Memory systems of the brain: a brief history and current perspective. Neurobiol. Learn. Mem. 82, 171–177. doi:10.1016/j.nlm.2004.06.005

Teyler, T. J., and DiScenna, P. (1986). The hippocampus memory indexing theory. Behav. Neurosci. 100, 147–154. doi:10.1037/0735-7044.100.2.147

Treves, A., and Rolls, E. T. (1994). Computational analysis of the role of the hippocampus in memory. Hippocampus 4, 374–391. doi:10.1002/hipo.450040319

Tulving, E. (2002). Episodic memory: from mind to brain. Annu. Rev. Psychol. 53, 1–25. doi:10.1146/annurev.psych.53.100901.135114

Voermans, N. C., Petersson, K. M., Daudey, L., Weber, B., Van Spaendonck, K. P., Kremer, H. P., et al. (2004). Interaction between the human hippocampus and the caudate nucleus during route recognition. Neuron 43, 427–435. doi:10.1016/j.neuron.2004.07.009

Wagner, A. D., Maril, A., and Schacter, D. L. (2000). Interactions between forms of memory: when priming hinders new episodic learning. J. Cogn. Neurosci. 12(Suppl. 2), 52–60. doi:10.1162/089892900564064

Yordanova, J., Kolev, V., Wagner, U., Born, J., and Verleger, R. (2012). Increased alpha (8-12 Hz) activity during slow wave sleep as a marker for the transition from implicit knowledge to explicit insight. J. Cogn. Neurosci. 24, 119–132. doi:10.1162/jocn_a_00097

Zeithamova, D., Dominick, A. L., and Preston, A. R. (2012). Hippocampal and ventral medial prefrontal activation during retrieval-mediated learning supports novel inference. Neuron 75, 168–179. doi:10.1016/j.neuron.2012.05.010

Zeithamova, D., and Preston, A. R. (2010). Flexible memories: differential roles for medial temporal lobe and prefrontal cortex in cross-episode binding. J. Neurosci. 30, 14676–14684. doi:10.1523/JNEUROSCI.3250-10.2010

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Received: 28 February 2013; accepted: 30 May 2013; published online: 14 June 2013.

Citation: Henke K, Reber TP and Duss SB (2013) Integrating events across levels of consciousness. Front. Behav. Neurosci. 7:68. doi: 10.3389/fnbeh.2013.00068

Copyright © 2013 Henke, Reber and Duss. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in other forums, provided the original authors and source are credited and subject to any copyright notices concerning any third-party graphics etc.

OPS/images/fnbeh-07-00068-g004.jpg
Fit Answer Rate
(M1 SE)

0.42 A °
2
0.40 E g
0.38 Es
5 E
0.36 gd
us
034 £s
0.32 235
[
0.30 -0.2 Frrrrerrbrerrrrrbereeeree
Control  Experimental 02 -01 0 0.1 0.2
Condition Condition Test of Awareness:

Discrimination Performance





OPS/images/fnbeh-07-00068-In_eq001.jpg





OPS/images/fnbeh-07-00068-g002.jpg
Unconscious - Conscious Group Conscious > Unconscious Group

Attention § Fit/Don’t
Task 2 Fit Task

Al -

Fit/Don’t Attention
Fit Task Task

- C4

1 Minute Break
Fit/Don’t

Fit Task Test of integration

across
consciousness
levels





OPS/images/fnbeh-07-00068-g003.jpg
No Preactivation

Unconscious - Conscious Group

mouse pearl Target

96 trials

Preactivation

city(apple

- applée) letter Target

®

=

=

2 ELCM WM  Distractor
2 - TargEt
&

=

=4

@ m Distractor






OPS/images/fnbeh-07-00068-In_eq002.jpg





OPS/images/cover.jpg
{fronfiers in
BEHAVIORAL NEUROSCIENCE






OPS/images/logo.jpg





OPS/images/fnbeh-07-00068-g001.jpg
Unconscious — Conscious Group

tree fish

c-d

bottle pen bicycle pen

A-B

a-b

bicycle rain

bicycle pen






