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Abstract 32 

Whether retrieval still depends on the hippocampus as memories age or relies then on cortical 33 

areas remains a major controversy. Despite evidence for a functional segregation between 34 

CA1, CA3 and parahippocampal areas, their specific role within this frame is unclear. 35 

Especially, the contribution of CA3 is questionable as very remote memories might be too 36 

degraded to be used for pattern completion. To identify the specific role of these areas, we 37 

imaged brain activity in mice during retrieval of recent, early remote and very remote fear 38 

memories by detecting the immediate-early gene Arc. Investigating correlates of the memory 39 

trace over an extended period allowed us to report that, in contrast to CA1, CA3 is no longer 40 

recruited in very remote retrieval. Conversely, we showed that parahippocampal areas are 41 

then maximally engaged. These results suggest a shift from a greater contribution of the 42 

trisynaptic loop to the temporoammonic pathway for retrieval. 43 

 44 
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Introduction 56 

 57 

While it is a consensus that the hippocampus is engaged for the retrieval of recent memory, its 58 

involvement in retrieving more remote memories is still controversial. Some studies showing 59 

temporally-graded retrograde amnesia following hippocampal damage in humans have 60 

provided evidence that memory becomes hippocampal-independent as it ages and is 61 

ultimately ‘stored’ in the cortex (Squire & Alvarez, 1994: “the system consolidation theory”). 62 

An alternative theory posits that the hippocampus is not only engaged in retrieving recent 63 

memories but that it also supports cortical areas in retrieving more remote memories (Nadel & 64 

Moscovitch, 1997: the ‘multiple trace theory’). The hippocampal subfields CA1 and CA3 are 65 

functionally segregated and quite a few studies have investigated their role in recent memory, 66 

for example in the retrieval of contextual fear conditioning (Tanaka et al, 2014; Wheeler et al, 67 

2013; Remaud et al, 2014; Daumas et al, 2005; Rampon et al, 2000; McHugh and Tonegawa, 68 

2009; Hunsaker et al, 2009; Goshen et al, 2011; see for reviews: Nakazawa et al., 2004; 69 

Kesner, 2007). However, it is unclear whether they contribute to a similar extent to the 70 

retrieval of more remote memories. A recent lesion study in humans indicates that CA1 71 

participates to the retrieval of early and very remote memories (over 30 years-old) in addition 72 

to its well-established role for recent memories (Bartsch et al., 2011). In contrast, the role of 73 

CA3 in the retrieval of remote memory has not been yet studied in humans and has rarely 74 

been investigated in animals for memories older than a month, a period of time roughly 75 

equivalent to four years in humans based on life expectancy. Hence, very little is known about 76 

the extent to which CA3 contributes to the retrieval of remote and very remote memory. 77 

Nonetheless, computational studies suggest that CA3 would contribute to retrieving 78 
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memories, at least recent and early remote memory, via processes involving the completion of 79 

memory representations based on partial or degraded features of these representations (the 80 

‘pattern completion’ theory: Rolls et al., 1997). However, the memory for single features 81 

and/or details that could serve as retrieval cues degrades over time (Wiltgen & Silva, 2007, 82 

Wiltgen et al., 2010). Hence, it raises the question whether CA3 would contribute to the 83 

retrieval of very remote memories or whether its contribution depends on the age of the 84 

memory trace.  85 

In addition, a critical involvement of the parahippocampal region in the retrieval of recent and 86 

early remote memory is supported by a handful of animal studies and by recent reports of flat 87 

retrograde amnesia in patients with damage extending from the hippocampus to other medial 88 

temporal lobe areas, but these studies did not investigate very remote memory traces while the 89 

contribution of cortical areas to the retrieval of memory is thought to be maximal at this stage. 90 

(Squire & Alvarez, 1995; Gusev et al., 2005; Bucci et al., 2002; Burwell et al., 2004, 91 

Izquierdo et al., 1997). Moreover, despite evidence for a functional segregation between 92 

parahippocampal areas in terms of spatial/non-spatial information processing and/or of the 93 

mediation of distinct memory processes (Mishkin et al., 1983; Eichenbaum et al., 2007; Beer et 94 

al., 2013), no study has yet dissociated the specific contribution of the perirhinal (PER) and 95 

postrhinal cortices (POR) and the lateral and medial entorhinal cortices (LEC, MEC) to the 96 

retrieval of remote memory. 97 

Here, we address these issues using a contextual fear conditioning task by testing whether 98 

CA3 contributes to a comparable extent as CA1 to the retrieval of recent (1 day and 1 week-99 

old), early remote (1 month-old) and very remote memories (6 months or 1 year-old), the 100 

latter corresponding roughly to 20 and 40 years-old memories in humans based on life 101 

expectancy, which are among the delays the most investigated in studies focusing on very 102 

remote memory   (Figure 1A). In addition, we investigated the extent to which the PER, the 103 

POR, the LEC and the MEC differentially contribute to the retrieval of these memories. 104 
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Because performing in-vivo electrophysiology recording simultaneously in six distant brain 105 

areas remains a major challenge and using a lesion/inactivation approach in adjacent brain 106 

areas in mice was unlikely to yield the spatial resolution necessary to tease apart the specific 107 

function of each area, a high-resolution molecular imaging technique (e.g. to the cellular 108 

level) was employed. This imaging technique is based on the detection of the expression of 109 

the immediate-early gene Arc which has been especially linked to plasticity processes and 110 

cognitive demands and has been recently used for mapping cognitive processes in the medial 111 

temporal lobe (Guzowski et al., 1999; Nakamura et al., 2013; Sauvage et al., 2013; Figure 2B-112 

G).  113 

 114 

with “area” and “delay” as factors and “task-induced Arc expression” as the dependent 115 

variable were used. In addition, one way ANOVAs followed by tukey post-hocs were 116 

performed for within-areas analysis and independent paired t-tests for between-areas 117 

comparisons 118 

       119 

Results 120 

Memory performance is comparable across delays and freezing levels are specific to the 121 

conditioning context Freezing levels upon re-exposure to the conditioning context were high 122 

and did not significantly differ between delays, indicating that the memory for the 123 

footshock/context association was strong and that its strength was comparable between delays 124 

whether the memory was recent or remote (comparisons to 0: all ps<.015, in average a 55.9 125 

±3.4% increase in freezing compared to age-matched ‘no-shock’ groups; F(4,15) =.26, 126 

p=.897; Figure 1B). Of note, statistical analysis of the data with or without normalization, e.g. 127 

direct analysis of the % resting time at test, yield the same results. Importantly, this result 128 

shows that a difference in memory strength across delays cannot account for the differences in 129 
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the pattern of activation reported in the present study. In addition, we tested that the freezing 130 

behavior observed during re-exposure was specific to the conditioning context by exposing 131 

two additional conditioned groups to a new context either 1 day or 1 year after conditioning. 132 

In this case, freezing levels were strikingly lower than those observed by re-exposing the mice 133 

to the conditioning chamber, demonstrating that the freezing behavior was indeed specific to 134 

the conditioning context (one day: conditioning context: 52.4 ±2.5 % vs new context:  19.8 135 

±5.9%; one year: conditioning context: 62.5 ±8.4% vs new context: 21.9±8.385 %; both 136 

ts>3.9 and ps<.007; Figure 1C).  137 

Of note, a time-dependent generalization of the freezing behavior to a similar context has 138 

been reported in some studies testing subjects 15 to 42 days after conditioning i.e. for the 139 

retrieval of early remote memory (Winocur et al, 2007; Wiltgen et al, 2010; Wiltgen et al, 140 

2007) as well as a generalization to different contexts depending on experimental conditions 141 

(multiple footshocks, preexposure to conditioning context etc..) (Wang et al, 2009; Kitamura 142 

et al 2012; Biedenkapp and Rudy, 2007). No such generalization was seen in our study one 143 

year after conditioning (Figure 1C) as the new testing context was designed to be as different 144 

as possible from the conditioning context (in shape, color, cues, heights and width, odor, 145 

background noise, lightning and texture), the protocol did not include preexposure to the 146 

conditioning context and only one footshock was delivered. Similar findings were also 147 

observed in studies investigating the retrieval of memory at remote delays (50 days and 16 148 

months, respectively; Anagnostaras et al, 1999; Gale et al, 2004). 149 

 150 

Supplementary information: Analysis of the freezing levels with or without 151 

normalization (e.g. direct analysis of the % resting time at test) yields the same results 152 

An alternative way to express conditioned fear responses is to report the % resting time at test. 153 

However, as mentioned in the material and methods, the conditioning baseline of one of the 154 
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ten groups studied (the one year-shock group) was slightly lower than that of the other shock 155 

groups (F(4,15)=3.37, p=.037; post-hoc Tukey: 1 year vs. 1 day p=.041; vs. 1 month or 6 156 

months: p=.079 and p=.071, respectively; importantly though, no significant shock vs no-157 

shock effect was found at this delay: t(6)=1.97; p=0.131). Since a similar pattern was found at 158 

test (shock groups: F(4,15)=6.85, p<.005, post hoc Tukey: 1 year vs. all other delays ps<.010, 159 

except 6 months p=.068) focusing solely on the % resting time at test could have led to a 160 

misinterpretation of the test data since the lower freezing index at test is carried by a lower 161 

baseline at conditioning. Therefore, freezing levels discussed in the manuscript have been 162 

normalized by the conditioning baseline for each group. Nevertheless, for the sake of 163 

transparency, we also performed the analysis on non-normalized freezing levels (e.g. on % 164 

resting time at test). This analysis led to the same conclusion as the analysis of the normalized 165 

data:  shocked animals display significantly higher freezing levels than the no-shock groups at 166 

all delays, reflecting a successful memory for the context-footshock association (two-way 167 

ANOVA with ‘shock’ and ‘delay’ as factors and ‘% resting time at test’ as dependent 168 

variable: shock effect: F(1,30)=275.9, p<.001; delay effect: F(4,30)=15.147, p<.001; 169 

interaction shock x delay effect: F(4,30)=1.21, p=.328 ; all ts>5.25, ps<.012). 170 

CA3’s activation is limited to recent and early remote memories while CA1 is recruited 171 

independently of the age of the memory trace First, we tested if CA3 and CA1 were 172 

differentially recruited as memory aged and especially if CA3 was engaged for the retrieval of 173 

very remote memories. Statistical analysis of the task-induced Arc expression revealed that, 174 

the contribution of CA3 to the retrieval of memory is restricted to that of recent and early 175 

remote memory traces (e.g. to up to 1 month-old memories) while it was negligible for very 176 

remote memories (6 months- and 1 year-old memory traces; Figure 3A). Indeed, CA3 was no 177 

longer engaged for memory retrieval at this time point (F(4,15)=26.73, p<.001; Tukey 178 

posthoc: recent or early remote traces vs very remote traces: all ps<.028; comparisons to 0: up 179 
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to 1 month-old traces: ps<.010, 6 months and 1 year old traces: n.s). Importantly, this was 180 

only the case for CA3 as revealed by a significant region by delay interaction and further 181 

statistical analysis showing that, in contrast to CA3, CA1 was engaged for all delays and 182 

overall more activated than CA3 (CA1 and CA3 comparisons to 0: all ps<.033; area effect: 183 

F(1,30)=62.74, p<.001; delay effect: F(4,30)=20.15, p<.001; region by delay interaction 184 

effect: F(4,30)=5.84, p=.001; post-hoc analysis: CA1 vs CA3: all ts>3.89 and ps<.030 but for 185 

6 months t=2.36, p=.099 and 1 week n.s; Figure 3A). In addition, within-area analysis showed 186 

that activation levels in CA1 were higher one day after conditioning compared to all other 187 

delays but comparable between the remaining delays (F(4,15)= 9.46, p=.001; Tukey posthoc: 188 

one day higher than any other delay: all ps<0.041 but for 1 month p=0.090; one week to one 189 

year: all ps>0.083 but 1 month vs 6 months: p=.038). Of note, analysis of the task-induced 190 

Arc expression with or without normalization yields the same results. This new finding of a 191 

time-limited involvement of CA3 for the retrieval of memory was further supported by 192 

significant correlations between memory performance and Arc levels in CA3 for recent and 193 

early remote memories, which failed to reach significant for very remote memory traces 194 

(recent and early remote: R2=.47, p<.001; very remote: R2=.06, p=.351; Figure 3B-C) while 195 

correlations were significant for CA1 independently to the age of the memory trace (R2s.>.40, 196 

ps<.008; Figure 3D,E). The lack of involvement of CA3 in the retrieval of very remote 197 

memories was further strengthened by the fact that levels of activation in CA3 did not differ 198 

between the memory-impaired and the memory-intact animals that were tested one year after 199 

conditioning (intact vs impaired: freezing index: t(6)= 4.32, p=.005, Arc expression: 200 

t(6)=1.08, p=.321, comparison to 0: n.s; see Figure 4A and B). In a striking contrast and 201 

supporting a crucial role of CA1 in the retrieval of very remote memories, CA1 was not 202 

recruited in the memory-impaired group as opposed to the memory–intact group (intact vs 203 

impaired: t(6)=3.38, p=.015; comparisons to 0: memory impaired: t(3)=.08, p=.936; memory 204 

intact: t(3)=6.69, p=.007; see Figure 4B). Of note, these results are unlikely due to an age- 205 



9 
 

related decline specific to CA3 since baseline Arc expression was comparable between and 206 

within CA1 and CA3 over time as shown by the absence of significant ‘area’ x ‘delay’ 207 

interaction, main area effects and posthocs analysis over time failing to reach significance 208 

(area effect: (F(1,30)= 2.30; p=.14), delay effect: F(4,30)=.77;p=.55, area by delay interaction 209 

effect: (F(4,30)=40;p=.81; posthocs: delay effects: CA1: F(4,20)= .63, p=.65;  CA3: F(4,20)= 210 

.52, p=.72) and because Arc expression elicited by a maximal electroconvulsive shock, a 211 

standard positive control for this type of study, does not significantly differ between CA1 and 212 

CA3 (Nakamura et al, 2013). Thus, these findings suggest that the decline of expression seen 213 

in CA3 is specific to the task”. These results show for the first time a clear functional 214 

segregation of CA3 and CA1 in the retrieval of memory over time, with CA3 contributing 215 

only to the retrieval of recent and early remote memories and CA1 being recruited 216 

independently of the age of the memory trace. 217 

The PER, the POR, the MEC, and the LEC are all maximally engaged for the retrieval 218 

of very remote memory traces Second, we investigated the extent to which parahippocampal 219 

areas contribute to the retrieval of recent, remote and very remote memory traces. All 220 

parahippocampal areas participated qualitatively to a comparable extent to retrieving memory 221 

over time as they were all maximally engaged for the retrieval of the oldest traces. In addition, 222 

the PER and the LEC were more recruited than the POR and the MEC specifically for the 223 

oldest memory traces (PER vs LEC, PER vs POR, POR vs MEC and LEC vs MEC: delay 224 

effects: Fs(4,30)>18.89, ps<.001; within-area analysis; LEC, PER and POR: all 225 

Fs(4,15)>6.69, ps<.003; tukey posthocs: recent or early remote memories versus very remote 226 

memories: all ps<0.006; MEC: all ps<.047 but for 1 month vs. 1 year: n.s; area effects: PER 227 

vs POR and LEC vs MEC: Fs(1,30)>10.91, ps<.002; comparisons for 6 months and one year: 228 

ts(3)>3.77; ps<.034 while PER vs LEC and POR vs MEC: n.s; interactions effects: PER vs 229 

POR and LEC vs MEC: Fs(4,30)>2.78, ps<.045 while PER vs LEC and POR vs MEC: n.s). 230 
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In addition, all areas were activated across all delays (comparisons to 0: all ts>3.52, ps<0.039; 231 

Figure 5A,B) at the exception of the MEC and the POR for recent memories and the PER one 232 

week after conditioning (all ts<2.22, ps>.113). However, this latter result might reflect a 233 

slightly larger SEMs for these time points rather than a true functional difference between 234 

brain areas since comparisons of activity levels between the LEC and the MEC and between 235 

the PER and the POR for the recent memory time points did not yield any significant 236 

differences (ts(3)<1.98; ps>.142).  Of note, analysis with or without normalization of the task-237 

induced Arc expression yields the same results. Interestingly, parahippocampal areas of 238 

animals showing impaired memory when tested one year after conditioning were also 239 

significantly activated (see Figure 4C), albeit less than those of animals whose memory was 240 

intact (comparisons to 0: memory intact: ts(3)>3.821, ps<.032; memory impaired: 241 

ts(3)>3.929, ps<.029, except MEC: t(3)=2.65, p=.077; intact vs. impaired: LEC and PER: 242 

ts(6)>5.58, ps<.001; POR: t(6)= 2.27, p=.063; MEC: t(6)=1.67, p=.146). This result might 243 

suggest that, in the memory-impaired group, a partial memory representation had been 244 

consolidated and stored in the cortical areas, but that a weak activation of these areas alone 245 

does not suffice for successful retrieval. Thus, in summary, no qualitative differences were 246 

observed in the patterns of activation of the parahippocampal areas over time. However, the 247 

PER and LEC, which receive stronger connections from the amygdala than the MEC and the 248 

POR, were more activated than the MEC and the POR during the retrieval of the most remote 249 

memories (6 months- and one-year old traces), a time point which coincides with the epoch at 250 

which cortical areas are thought to play a strong role in the retrieval of memories. This result 251 

suggests a segregation of the parahippocampal areas in terms of memory processes rather than 252 

in terms of spatial or non-spatial information processing at this time point. In addition, these 253 

results further underline the critical role of CA1 in the retrieval of very remote memories as 254 

activation of the parahippocampal areas alone appeared not to be sufficient for a successful 255 

retrieval of the memory trace at this time point. 256 
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Supplementary information: Analysis of the task-induced Arc expression with or 257 

without normalization (e.g. without subtracting the no-shock groups levels) yields the 258 

same results  259 

Also, to focus on the fear response reflecting the context-footshock association (and not that 260 

contributed by other parameters), data presented in Figure 1B represent the task-induced Arc 261 

expression observed in the shock groups from which was subtracted that of the ‘no-shock’ 262 

groups, which were subjected to the exact same experimental conditions but could not 263 

associate the context with an aversive experience (i.e. the footshock). Nevertheless, for the 264 

sake of transparency, the same analyses were also performed on the task-induced Arc 265 

expression found in the ‘shock’ and ‘no-shock’ groups. These analyses led the same outputs. 266 

In the hippocampus, activity levels in the CA1 of the conditioned mice remained high at all 267 

delays while CA3 was no longer recruited for the retrieval of memories that were 6 months or 268 

older. Three-way ANOVA with ‘shock’, ‘delay’ and ‘area’ as factors and task-induced Arc 269 

expression as dependent variable showed that task-induced Arc expressions differed between 270 

CA1 and CA3 in function of the delay imposed and whether animals had been conditioned or 271 

not (shock effect: F(2,90)=519.74, p<.001; delay effect: F(4,90)=3.15, p=.018, area effect: 272 

F(1,90)=359.1, p<.001; shock x delay effect: F(8,90)=9.525, p<.001; interaction shock x area 273 

effect: F(2,90), p<.001; interaction area x delay effect: n.s; interaction shock x area x delay 274 

effect: F(8,90)=3.63, p<.001). Moreover, further separate two-way ANOVAs with ‘shock’ 275 

and ‘delay’ as factors on activity levels and t-tests between shock and no-shock groups in 276 

CA1 or CA3 that showed task-induced Arc expression in CA1 were higher in the conditioned 277 

groups than the no-shock groups for all delays, with the activation being the highest for the 278 

one day delay (CA1: shock effect: F(1,30)=246.88, p<.001; delay effect: F(4,30)=1.79, n.s; 279 

interaction shock x delay effect: F(4,30)=9.79, p<.001; t-tests all ts>2.68, ps<.036; one way 280 

ANOVA on CA1 activity levels in ‘shock’ groups: F(4,15)=10.65, p<.001, post-hoc Tukey: 1 281 
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day vs. all other delays ps<.032; 6 months vs. 1 month p=.046, all other n.s) while task-282 

induced Arc expressions were higher in shock than in no-shock groups only for recent and 283 

early remote memories in CA3 (shock effect: F(1,30)=83.38, p<.001; delay effect: 284 

F(4,30)=7.82, p<.001; interaction shock x delay effect: F(4,30)=13.35, p<.001; t-tests shok vs. 285 

no shock: recent and early remote memories (t)s>6.14, ps<.001; very remote memories 286 

(t)s<1.59, ps>.161); one way ANOVA on CA3 activity levels in ‘shock’ groups: 287 

F(4,15)=18.83, p<.001; post-hoc Tukey: 1 year vs. recent and early remote memories: 288 

ps<.001; 1 year vs. 6 months: n.s; 6 months vs. 1 day and 1 week ps<.010; 6 months vs. 1 289 

month p=.076, all other n.s). In contrast, task-induced Arc expression in the ‘no-shock’ groups 290 

did not significantly differ accross delays in CA1 or CA3 (one way ANOVAs: CA1 291 

F(4,15)=1.92, ns; CA3 F(4,15)=.548, n.s).   292 

In the parahippocampal region, the PER, LEC, MEC and POR are more recruited for the 293 

retrieval of 6 months-old and older memories. For the LEC and the PER, a three way-294 

ANOVA with ‘shock’, ‘delay’ and ‘area’ as factors and task-induced Arc expression as 295 

dependent variable showed that the level of the recruitment of both areas is comparable and 296 

depends on the age of the memory trace and wether mice received a footshock or not (shock 297 

effect: F(2,90)=465.9, p<.001: delay effect: F(4,90)=37.75, p<.001, area effect: n.s; 298 

interaction effects: shock x area,  area x delay and shock x area x delay: n.s; interaction shock 299 

x delay effect: F(8,90)=34.46, p<.001). These results were confirmed by two-way ANOVAs 300 

performed separately on LEC and PER activity levels (LEC: shock effect: F(2,45)=235.86, 301 

p<.001; delay effect: F(4,45)=17.18, p<.001; interaction shock x delay effect: F(8,15)=16.98, 302 

p<.001; PER: shock effect: F(2,45)=230.04, p<.001; delay effect: F(4,45)=21.39, p<.001; 303 

interaction shock x delay effect: F(8,15)=17.82, p<.001). Finally, further within group one-304 

way ANOVAs in the LEC or the PER revealed that the delay at which these areas were the 305 

most recruited in the conditionined mice were 6 months and one year, while such an effect 306 
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was not observed in the no-shock groups (LEC: shock groups: F(4,15)=30.14, p<.001, post-307 

hoc Tukey: 6 months and 1 year vs. all other delays: ps<.001, all other ps: n.s.; no-shock 308 

groups: F(4,15)=.875, n.s.; PER: shock groups: F(4,15)=45.98, p<.001, post-hoc Tukey: 6 309 

months and 1 year vs. all other delays ps<.001; 1 month vs. all other delays ps<.030, all other 310 

ps: n.s.; no-shock groups: F(4,15)=1.15, n.s.) 311 

The patterns of activity in the MEC and the POR were comparable and linked to the age of 312 

the memory trace and wether mice were conditionined or not (three way-ANOVA: shock 313 

effect:  F(2,90)=174.51, p<.001: delay effect: F(4,90)=9.49, p<.001, area effect: F(1,90)=2.05, 314 

n.s; interaction effects: shock x area,  area x delay and shock x area x delay: n.s, interaction 315 

shock x delay effect: F(8,90)=10.94, p<.001). Results that were confirmed by two-way 316 

ANOVAs performed separately on MEC and POR activity levels (MEC: shock effect: 317 

F(2,45)=66.35, p<.001; delay effect: F(4,45)=3.45, p<.015; interaction shock x delay effect: 318 

F(8,15)=4.31, p<.001; POR: shock effect: F(2,45)=117.22, p<.001; delay effect: 319 

F(4,45)=6.98, p<.001; interaction shock x delay effect: F(8,15)=7.34, p<.001). Lastely, 320 

further within group one-way ANOVAs performed separately on the MEC and the POR 321 

activity levels revealed that the delays at which these areas were the most recruited in 322 

conditioned mice were the 6 months and one year delays, while such an effect was not 323 

observed in animals that did not received a shock at conditioning (MEC: shock groups: 324 

F(4,15)=6.32, p<.005, post-hoc Tukey: 6 months vs. all other delays: ps<.028; 1 year vs. 1 325 

day p=.049; 1 year vs. 1 week and 1 month p=.088 and .080 , respectively; no-shock groups: 326 

F(4,15)=.167, ns; POR: shock groups: F(4,15)=18.41, p<.001, post-hoc Tukey: 6 months and 327 

1 year vs. all other delays ps<.007; all other ps: ns; no-shock groups: F(4,15)=.304, ns)  328 

A relative and potentially misleading over-time shift of a stronger engagement of the 329 

hippocampus to a stronger involvement of the parahippocampal region in the retrieval 330 

of memory To compare more readily our results to the vast majority of studies in humans 331 
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which do not dissociate the contribution of CA1 from that of CA3 to memory retrieval, nor 332 

that of the different parahippocampal areas, we also analyzed the overall activity of the 333 

hippocampal CAs and that of the parahippocampal region by averaging CA1 and CA3 activity 334 

levels on the one hand and those of the parahippocampal areas on the other hand (Figure 5C). 335 

Activity in the hippocampus was higher than that of the parahippocampal region for the 336 

retrieval of recent and early remote memories while an inversed relationship emerged for the 337 

retrieval of very remote memories (area effect: F(1,30)=9.984; p=.004; delay effect: 338 

F(4,30)=1.539; p=.216; delay x area interaction effect: F(4,30)=61.629, p<0.001; post-hoc 339 

analysis: recent and early remote memory: ts>4.21, ps<.024; very remote memories: ts>6.07 340 

ps<.009). Importantly, even under this condition, e.g. when the contribution of CA1 was not 341 

dissociated from that of CA3, the hippocampus was significantly recruited independently of 342 

the age of the memory trace (comparisons to 0: all ts>3.54 ps<.038) in line with the multiple 343 

trace theory. Furthermore, in this case, the hippocampus appeared to contribute mainly to 344 

retrieving recent and early remote memories (F(4,19)=16.21, p<.001; Tukey posthocs: recent 345 

or early remote memories vs very remote memories: all ps<.024). Conversely, the 346 

parahippocampal region was maximally activated for retrieving very remote memories 347 

(F(4,19)=52.51, p<.001; recent or early remote memories vs very remote memories: all 348 

ps<.001) but was also recruited for recent and early remote memories (comparisons to 0: 349 

ts(3)>3.79; ps<0.032). In conclusion, this analysis underlines the fact that, if CA1 and CA3’s 350 

contribution are not dissociated, the hippocampal contribution to the retrieval of very remote 351 

memories might be largely underestimated. Nevertheless, even in this case, the over-time shift 352 

from an engagement of the hippocampus to that of an engagement of the parahippocampal 353 

region in retrieving memory is only relative and not absolute, given that the hippocampus is 354 

still significantly activated even for the retrieval of very remote memories. 355 

 356 

Discussion   357 
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Investigating memory retrieval over such an extended period of time enabled us to provide the 358 

first evidence of a time-limited contribution of CA3 to the retrieval of memory while, in 359 

striking contrast, CA1 remained involved regardless of the age of the memory trace. In 360 

addition, parahippocampal areas were substantially more involved in retrieving very remote 361 

memory traces than more recent ones and their activity patterns appeared to reflect memory 362 

demands rather than information content. 363 

To our knowledge, no study has investigated the role of CA3 in retrieving remote memory 364 

traces in humans and only one studied early remote memory in animals (e.g. up to one month-365 

old traces which roughly corresponds to a 4 year-old memory trace in humans based on life 366 

expectancy; Gusev et al., 2005). Thus, the contribution of CA3 to the retrieval of memory 367 

traces as old as what is considered to be a remote/very remote memory trace in humans (in the 368 

order of decades) is not known. For this reason, we studied 6 months-and one year- old 369 

memories traces in mice, which roughly correspond to 20 and 40 year-old memory traces in 370 

humans. Doing so enabled us to report for the first time the lack of engagement of CA3 in the 371 

retrieval of very remote memories. This time-limited role of CA3 was supported by a lack of 372 

recruitment during the retrieval of the most remote memory traces (6 months- and one year-373 

old) while CA3 was strongly activated for recent and early remote memories (up to 1 month-374 

old traces). This result was confirmed by a significant correlation between CA3 activity levels 375 

and memory performance during the retrieval of the recent and early remote memories, which 376 

did not hold for very remote traces. The approach we have adopted does not allow for the 377 

characterization of the specific process by which CA3 fails to aid in retrieving memory. 378 

However, since computational studies and studies that have limited their investigations to 379 

recent and early remote memory traces have speculated that CA3’s contribution to memory 380 

retrieval would increase as memory ages because of an increasing demand on the completion 381 

of representations using partial or degraded features of these stored representations (the 382 

‘pattern completion theory’: Rolls et al., 1997), we speculate that the lack of engagement of 383 



16 
 

CA3 in retrieving very remote memories stems from a failure to ‘pattern complete’ memory 384 

representations. Indeed, by this time, these very old memory representations might have 385 

degraded to such an extent that it is impossible to use any specific features as an efficient 386 

retrieval cue. This hypothesis would go along with reports demonstrating that details of 387 

memory representations are lost as memory ages (Wiltgen & Silva, 2007; Wiltgen et al., 388 

2010) and will require further investigations to be tested.  389 

In striking contrast to the limited involvement of CA3, we found an ongoing involvement of 390 

CA1 in memory retrieval. This result is in agreement with the only two studies specifically 391 

investigating the role of CA1 in remote memory retrieval. Indeed, transient inhibition of cell 392 

firing in CA1 in mice using optogenetics drastically impaired fear memory retrieval, one or 393 

twenty eight days after conditioning (Goshen et al., 2011). Likewise, a recent fMRI study in 394 

humans showed impairments in autobiographic and episodic memory for traces even older 395 

than 30 years-old following focal CA1 lesions (Bartsch et al., 2011). Our result of a selective 396 

involvement of CA1 in the retrieval of very remote memories at this time point is supported 397 

by the lack of a recruitment of this area in the memory-impaired group tested one year after 398 

conditioning as opposed to a strong activation in the memory intact group and the fact that 399 

CA3 was not recruited in either group (Figure 4B). Importantly, using a high resolution 400 

molecular imaging technique, we bring the first evidence that the persistent engagement of the 401 

hippocampus in memory retrieval does not involve CA3. This result, in turn, suggest that 402 

hippocampal patterns of activation observed in previous human fMRI studies investigating the 403 

retrieval of very remote memory, might essentially be driven by CA1, but could not be 404 

specifically identified as such because of the limited spatial resolution of standard fMRI 405 

techniques (Ryan et al., 2001; Rekkas et al., 2005; Bonnici et al., 2012). Moreover, the fact 406 

that only CA1 is activated for these late time points suggests a preferential involvement of the 407 

temporoammonic pathway over that of the trisynaptic loop for the retrieval of very remote 408 
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memories. Robust evidence for this hypothesis is not yet available for very remote memories, 409 

but lesions of the temporoammonic pathway in rats specifically impaired early remote 410 

memory (28 days-old)  in rats tested in a Morris watermaze task, while recent memory (one 411 

day-old) was spared. This result suggests that direct entorhinal cortex inputs to CA1 412 

contribute to the retrieval of early remote memory, possibly by further consolidating 413 

memories that were not consolidated after 28 days (Remondes & Schumann, 2004). In the 414 

present study, because we investigated a much larger time-window and found that CA1 was 415 

still activated in addition to the parahippocampal cortical areas, but not CA3, we speculate 416 

that the temporoammonic pathway is not only important for the consolidation of memories 417 

but also for the retrieval of already consolidated memories.  418 

Furthermore, parallel to the disengagement of CA3 in the retrieval of very remote memories, 419 

we found a maximal involvement of the parahippocampal areas. The hypothesis of a 420 

functional segregation of the parahippocampal region between a “PER-LEC stream” and a 421 

“POR-MEC stream” is essentially based on studies investigating the role of the PER during the 422 

retrieval of recent memory, while much fewer have addressed the specific role of the POR, the 423 

LEC and the MEC within this frame and during the retrieval of early remote memories. In 424 

addition, no study has yet investigated their contribution for very remote memories, despite the 425 

belief that the contribution of cortical areas to memory retrieval would be the largest for the 426 

most remote memories. Our results for recent and early remote time-points match published 427 

data according to which, for example, the PER and the POR are recruited to a similar extent 428 

for contextual fear conditioning and the LEC and MEC contribute to a similar extent to 429 

memory retrieval (Bucci et al., 2002; Burwell et al., 2004; Izquierdo et al., 1997; Goshen et al., 430 

2011). In addition, we show for the first time that the contribution of the PER, the POR, the 431 

LEC and the MEC is indeed the largest for the retrieval of very remote memories. Patterns of 432 

activation were comparable between the LEC and the PER and between the MEC and the POR. 433 
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Interestingly though, LEC and PER were more activated than the MEC and the POR during the 434 

retrieval of very remote memory traces. This result appears to rather reflect the type of memory 435 

process the areas were engaged into (fear conditioning) rather than the content of information 436 

processed (contextual information), supporting a view that has recently emerged from the 437 

literature (Eichenbaum et al., 2007; Beer et al., 2013). Indeed, the amygdala which plays a 438 

crucial role in fear conditioning, sends stronger projections to the PER/LEC than to the 439 

MEC/POR (Pitkänen et al., 2000) and higher activity levels in the POR and MEC than in the 440 

PER and LEC would have been expected if information content was primarily reflected in the 441 

pattern of activation observed. Altogether, our data show a preferential role of the 442 

parahippocampal region for the retrieval of very remote memories as opposed to that of early 443 

remote and recent memories, matching the pattern commonly reported for the prefrontal 444 

cortex (Frankland & Bontempi, 2005).  445 

In summary, our results provide the first evidence of a disengagement of CA3 for the retrieval 446 

of very remote memories and identify CA1 as the main player at this time point. These results 447 

are consistent with the view that at least the hippocampal subfield CA1 is involved in 448 

retrieving memory independently of the age of memory trace, possibly by providing support 449 

to cortical areas that include the parahippocampal areas. Of note, averaging activity levels of 450 

the hippocampal areas on the one hand and those of the parahippocampal areas on the other 451 

hand revealed that both the hippocampus and the parahippocampal region were activated 452 

independently of the age of the memory trace (Figure 5C). Hence, the gradual “transfer” of 453 

the memory trace from the hippocampus to the cortex is unlikely to be an all-or-nothing 454 

phenomenon, but seems to go along with a shift in the relative contribution of the two regions 455 

as the memory trace ages, and possibly a shift in the contribution of the networks they belong 456 

to. More specifically, our results suggest that the trisynaptic loop could play a preponderant 457 

role in retrieving early memories as reflected by an involvement of CA3, CA1 and the 458 



19 
 

parahippocampal areas at this stage, while the retrieval of very remote memories would 459 

require an heavier contribution of the temporoamonic pathway as indicated by the lack of 460 

recruitment of CA3 and a strong activation of CA1 and the parahippocampal areas.  461 

Materials and Methods 462 

Animals 8-12 weeks old male C57BL/6 mice (n=72 total) bred at the Ruhr-Universität 463 

Bochum were used. The age of the animals at the term of the experiment varied between 8 464 

and 70 weeks. Animals were housed in groups of 2-3 animals, kept under reversed 12-h 465 

light/dark cycle (8:00 a.m. light off; 8.00 p.m. light on) and tested during their active phase. 466 

Access to food and water was ad libitum and all procedures were approved by the Ruhr-467 

Universität Bochum Institutional Animal Use Committee and the LANUV (8.87-468 

51.04.20.09.323) 469 

Behavioral Paradigm 470 

Apparatus The fear-conditioning setup consisted of a 26x26X38cm arena with a stainless 471 

steel grid floor and plexiglass walls. A dim light and a speaker that delivered white noise (55 472 

dB) were attached to the walls and the conditioning chamber was placed into a soundproof 473 

box with a lid. Two infrared sensor rings fitted the arena and detected vertical and horizontal 474 

activity using the TruScan photobeam activity system (Coulbourn Instruments, Allentown, 475 

PA, USA) 476 

Procedure Mice were randomly divided into three groups (shock, no-shock and home-cage). 477 

For the four first delays (1 day, 1 week, 1 month and 6 months) four mice were tested per 478 

group (e.g. n=12 per delay; n=48 total). Since preliminary studies showed that approximately 479 

half of the mice tested one year after conditioning had ‘forgotten’ the context-footshock 480 

association, a confounding factor for the imaging data, twice as many mice were conditioned 481 

for the one year ‘shock’ group (n=8 for the ‘shock’ group; n=16 total for this delay). To test 482 
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whether the fear conditioned response observed in shocked animals was specific to the 483 

context in which they were conditioned, two additional groups of mice (n=4 each; n=8 total) 484 

were conditioned in the usual conditioning box and later tested in a completely novel context 485 

differing in olfactory, tactile and visual cues (lightening, texture of the floor and background 486 

noise) instead of the original conditioning arena. Animal were tested as triplets formed of  one 487 

‘shock’, one ‘no-shock’ and one ‘home-cage’ mice.  488 

The fear-conditioning protocol was adapted from Sauvage et al. (2000).  On conditioning day, 489 

mice belonging to the ‘shock’ groups were placed in the conditioning chamber that they could 490 

freely explore for 2.5 min (baseline). Subsequently, a 1mA footshock was delivered for two 491 

seconds and mice remained for another 2.5 minutes in the arena. ‘No-shock’ control animals 492 

underwent the exact same procedure, except that they did not receive a shock. ‘Home-cage’ 493 

controls stayed in their cages at all times and were used to evaluate baseline Arc expression. 494 

The arena was thoroughly cleaned with distilled water and 10% ethanol after each animal. 495 

After a delay of either 1 day, 1 week, 1 month, 6 months or 1 year, the memory for the 496 

association of the context with the foot-shock was tested by re-exposing the mice to the same 497 

conditioning chamber for 6 minutes while no shock was delivered (test day).  498 

Behavioral Analysis The cumulative time during which an animal did not change its position 499 

(resting time) during the sampling time of 250ms was measured both during conditioning and 500 

test. Conditioned suppression of activity, e.g. relative resting time or freezing index, was 501 

taken as indicator of fear conditioning (Sauvage et al., 2000; Rammes et al., 2000). Because 502 

the baseline resting time of the ‘shock’ one-year group (one of the ten groups studied) was 503 

slightly lower (or trending to be) than that of the other shock groups (F(4,15)=3.37, p=.037; 504 

post-hoc Tukey: 1 year vs. 1 day p=.041; vs. 1 month or  6 months (p=.079 and 0.071, 505 

respectively) and because a similar pattern was found at test, focusing solely on the % resting 506 

time at test could have led to a misinterpretation of the test data since the lower freezing index 507 
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at test is carried by a lower baseline at conditioning. Hence, freezing levels discussed in the 508 

manuscript have been normalized by the conditioning baseline for each group: the freezing 509 

index was calculated by normalizing the resting time during the first 2.5 min of test by the 510 

baseline resting time during the first 2.5 min of conditioning: freezing index= ((test resting 511 

time- baseline resting time)/ baseline resting time)*100. Also, to focus as much as possible on 512 

the conditioning suppression activity related to the context-footshock association (and not that 513 

contributed by other parameters), differences in freezing indices between the ‘shock’ and ‘no-514 

shock’ groups are represented in Figure 1B. These were calculated by subtracting the freezing 515 

indices of the ‘no-shock’ groups from that of their age-matched ‘shock’ controls. Importantly, 516 

statistical analysis of the data with or without baseline or ‘no-shock’ normalizations (e.g. % 517 

resting time at test) yield similar results: Finally, as predicted by pilot experiments and 518 

suggested by studies in humans (Lindenberger, Science, 2014), about half of the one-year 519 

‘shock’ group showed poor memory performance: freezing levels of half of the one-year 520 

‘shock’ group (n=4) were quite low (24.76±2.2% in average as opposed to 62.85± 5.4% for 521 

the other half of the group). This group is referred to as ‘memory-impaired’ group in the 522 

manuscript and their performance underwent a separate analysis (see Figure 4A-C).  523 

Imaging activity in the medial temporal lobe Detection of the immediate-early gene Arc 524 

using fluorescent in situ hybridization (FISH) techniques. Animals were sacrificed by 525 

decapitation immediately after the test session. Brains were removed, flash frozen with iso-526 

pentane and stored at -80°C. Frozen brains were sectioned into 8 ɥm thick sections with a 527 

cryostat (Leica CM 3050 S) and mounted on Polylysine slides (Thermo Scientific), which 528 

were stored at -80°C. T. Kitsukawa (Osaka University, Japan) provided the plasmid for 529 

generating Arc antisense and sense RNA probes. The plasmid contained a ~1.2kbp Arc 530 

transcript including intron regions. A digoxigenin-labeled UTP kit (Roche Diagnostics) was 531 

used to synthesize Arc pre mRNA probes. A FISH protocol adapted from Guzowski et al. 532 
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(1999) was used. Briefly, brain sections were fixed with 4% buffered paraformaldehyde and 533 

rinsed with 0.1M PBS. After treatment with an acetic anhydride/triethanolamine/hydrochloric 534 

acid mix they were rinsed again and soaked with a prehybridization buffer. The slides were 535 

then hybridized with a digoxigenin-labeled antisense Arc intron-enriched riboprobe overnight 536 

at +65°C. After rinses with SSC buffer solutions, the slides were treated with an anti-537 

digoxigenin-horseradish-peroxidase (HRP) conjugate (Roche Molecular Biochemicals). The 538 

signal was amplified using a cyanine-5 substrate kit (CY5, TSA-Plus system, Perkin Elmer). 539 

Nuclei were counterstained with 4’, 6’-diamidino-2phenylindole (DAPI; Vector 540 

Laboratories). As a control for probe specificity, extra slides were hybridized without probes 541 

or with Arc antisense probes. There was no Arc labeling detectable in those slides. 542 

Image Acquisition and evaluation of Arc expression To detect Arc RNA expression in all 543 

areas of interest, three slides per animal were processed and analyzed. Each slide contained 6 544 

nonconsecutive brain sections (distant ~50µm). One slide contained CA1 and CA3 (~-2.5mm 545 

AP), another slide LEC and PER (~-3mm AP) and another MEC and POR (~-4.5mm 546 

AP)(Paxinos & Franklin, 2004). Six images from these nonadjacent sections were acquired 547 

for each area of interest and covered ~900ɥm. A Keyence Fluorescence Microscope (BZ-548 

9000E; Japan) was used to capture images. The images had 1360x1024 pixels (362 x 272ɥm²) 549 

and were taken with a 40x objective (z-stacks of 0.7ɥm thick pictures). Images were taken 550 

with constant exposure time, light intensity and contrasts optimized for the appearance of 551 

intranuclear labeling as described in Vazdarjanova et al, 2004. To account for stereological 552 

considerations, counting was performed on 8ɥm thick nonadjacent sections that contained one 553 

layer of cells (West, 1999). Cells were counted in a double-blind manner with the 554 

experimenter being unaware of the hypothesis tested. Cells were counted as Arc positive 555 

when one or two characteristic red dots were visible in the DAPI labeled nucleus. Cells 556 

without these dots were counted as negative. The percentage of Arc positive cells was 557 
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calculated as: number of Arc positive cells/(number of Arc positive cells + number of Arc 558 

negative cells) x100. “Task-induced Arc expression” was calculated for each MTL area by 559 

subtracting Arc expression found in no-shock controls from the Arc expression found in 560 

animals that had received a shock during conditioning. Because all experimental conditions 561 

were kept identical and only the delay between conditioning and test differed, comparisons of 562 

task-induced Arc expression are thought to reflect differences in fear memory retrieval that 563 

dependent upon the age of the memory trace. 564 

Statistical Analysis  565 

Behavioral performance A one way ANOVA was used to compare freezing levels across 566 

delays and one-sample t-tests for comparisons to zero. Independent sample t-tests were used 567 

to compare freezing to the conditioning context versus freezing to the new context between 568 

the ‘shock’ and ‘no-shock’ groups 1 day or 1 year after conditioning and behavioral 569 

performance between the memory-intact and memory-impaired groups.  570 

Imaging: To reduce type 1 error and keep type 2 errors low, only a priori hypotheses were 571 

tested, e.g. statistical analysis were restricted to the comparisons of task-induced brain activity 572 

in and between CA1 and CA3, PER and LEC or POR, MEC and POR or LEC, the 573 

hippocampal CAs and the parahippocampal region. For these comparisons two-way ANOVAs 574 
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 704 

Figure Legends 705 

Figure 1: Contextual fear-conditioning task and memory performance. (A) Schematic 706 

description of the task. Mice were exposed to a conditioning chamber they explored freely for 707 

2.5 min after which they received a single 1mA footshock and were returned to their home-708 

cage after 3.5 additional min. Memory for the association of the footshock with the 709 

conditioning context was tested after either 1 day, 1 week, 1 month, 6 months or a year by re-710 

exposing the conditioned mice to the conditioning chamber and measuring freezing levels 711 



29 
 

(n=4 mice per delay; n=20 total). Upon completion of the task, mice were sacrificed and their 712 

brain processed for imaging. ‘No-shock’ age-matched control groups were exposed to the 713 

exact same experimental conditions but did not receive any footshock (n=4 mice per delay; 714 

n=20 total). Of note, additional age-matched home-cage control groups were generated to 715 

control for Arc baseline expression (n=4 mice per delay; n=20 total; not shown here). B) in 716 

Differences in freezing indices between ‘shock’ and ‘no-shock’ groups (e.g. normalized 717 

freezing indices) in function of the age of the memory trace. All shocked groups showed 718 

stronger freezing than their no-shock controls at test as shown by differences in freezing 719 

levels significantly higher than 0 (a 55.9 ±3.4% increase in average). Importantly, freezing 720 

levels were similar across delays, suggesting that memory strength did not significantly differ 721 

as memory aged. C) Normalized freezing index induced by exposure either to the 722 

conditioning chamber or to a new context. Two additional age-matched groups (‘new context’ 723 

groups) were conditioned and normalized freezing levels were evaluated as mice were 724 

exposed at test to a new context instead of the conditioning chamber one day or one year after 725 

conditioning (n=4 mice per delay; n=8 total). Conditioned mice reexposed to the conditioning 726 

chamber froze in average 36±4.7% more than the conditioned mice tested in the new context, 727 

demonstrating that the freezing levels were specific to the conditioning chamber. Error bars 728 

are mean ± SEM. ‘o’ indicate a significant comparison to 0 at P < 0.05; asterisks a significant 729 

effect of the context at P < 0.05 for ‘*’ and P < 0.01 for ‘***’. 730 

Figure 2: Imaging brain activity in the medial temporal lobe (MTL): A) location of counting 731 

frames for CA1, CA3, the perirhinal (PER), the lateral entorhinal (LEC), the postrhinal (POR) 732 

and the medial entorhinal cortices (MEC). Task-induced Arc nuclear RNAs’ expression was 733 

detected on three nonconsecutive brain slices for each target area covering approx. 800 734 

microns. (B-G) Cells activated during the retrieval of one day–old and one year-old memory 735 

traces in CA1, CA3 and the LEC: Arc positive cells (red arrowheads) and an exemplar of non-736 
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activated cells Arc negative cells (white arrowheads). Cell nuclei are labeled in blue with 737 

DAPI. B,C) CA1 is engaged independently of the age of the memory trace while D,E) activity 738 

levels in CA3 are negligible for very remote memories. F-G) The parahippocampal areas, for 739 

example the LEC, are maximally engaged during the retrieval of very remote memories. 740 

Figure 3: Activity patterns in CA1 and CA3 over time and correlations with memory 741 

performance (A) CA3’s contribution to memory retrieval depends on the age of the memory 742 

trace, not CA1’s, as CA3’s was no longer significantly recruited for the retrieval of very 743 

remote memories. B,C) CA3’s activity levels were predictive of memory performance only 744 

for the retrieval of recent and early remote memories while D,E) CA1’s activity was 745 

independently of the age of the memory trace, Error bars are mean ± SEM. ‘o’ indicate a 746 

significant comparison to 0 at P < 0.05; asterisks a t-test at P < 0.05 for ‘*’ and at P < 0.01 for 747 

‘***’. 748 

 Figure 4: Memory performance of ‘memory-intact’ and ‘memory- impaired’ mice tested one 749 

year after conditioning and corresponding MTL patterns of activity. A) Behavioral 750 

performance: ‘memory-impaired’ mice froze significantly less than ‘memory-intact’ mice at 751 

test, reflecting impaired memory retrieval in this group. B) Activity patterns in CA1 and CA3: 752 

in contrast to mice that successfully retrieved the footshock-context association one year after 753 

conditioning, CA1 was not recruited in those that had impaired memory. In addition, activity 754 

levels in CA3 were comparable between the two groups, underlining the critical role of CA1 755 

in the retrieval of very remote memories. C) Activity patterns in parahippocampal areas: 756 

parahippocampal areas of the ‘memory-impaired’ mice were recruited to much lesser extent 757 

than those of ‘memory-intact’ animals. Since this reduced activation did not lead to successful 758 

memory retrieval, this result suggests that CA1 might play a role as important as the cortical 759 

areas in the retrieval of very remote memories in memory-intact mice. Error bars are mean ± 760 
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SEM. ‘o’ indicate a significant comparison to 0 at P < 0.05; asterisks a t-test at P < 0.05 for 761 

‘*’ and at P < 0.01 for ‘***’. 762 

Figure 5: Activity patterns in the parahippocampal areas over time and apparent (and possibly 763 

misleading), over-time shift from the involvement of the hippocampus to the involvement of 764 

the parahippocampal region in memory retrieval. All parahippocampal areas were maximally 765 

engaged for the most remote memories and patterns of activity were comparable between the 766 

A) LEC and PER and B) the MEC and POR. Furthermore, in line with the existence of 767 

stronger projections from the amygdala to the PER and LEC than to the POR and MEC, and a 768 

more important role of the cortical areas for the most remote memories than for more recent 769 

ones, the  levels of activity in the PER and the LEC were higher than those in the POR and 770 

MEC during the retrieval of very remote memories, providing further support to an emerging 771 

theory according to which the parahippocampal areas might be segregated in terms of 772 

memory types/processes rather than in terms of  information content (spatial versus spatial 773 

information; 25; of note, for the sake of clarity, significant area differences between graphs A 774 

and B are not shown). C) Contribution of the hippocampal CAs and parahippocampal region 775 

to memory retrieval over time: when CA1 and CA3 activity levels are not dissociated, the 776 

overall contribution of the hippocampus to the retrieval of very remote memories is largely 777 

underestimated when compared to that of CA1 shown in Figure 3A. Even in this case though, 778 

the hippocampus is still significantly recruited at all times. In contrast, overall activity of the 779 

parahippocampal region is comparable to that of any of the parahippocampal areas, with a 780 

maximal activation during the retrieval of very remote memories (see Figure 5A&B). These 781 

results underline the need of dissociating CA1 and CA3 activity patterns to better understand 782 

the contribution of the hippocampus to the retrieval of memory over time. Importantly, when 783 

these contributions are not dissociated, the apparent over-time shift remains relative at most 784 

(and not absolute) since both areas are significantly activated at all delays. Error bars are 785 
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mean ± SEM. ‘o’ indicate a significant comparison to 0 at P < 0.05; asterisks a t-test at P < 786 

0.05 for ‘*’ and at P < 0.01 for ‘***’. 787 
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