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Abstract 26 

Throughout life neurons are continuously generated in the subgranular zone of the 27 

hippocampus. The subsequent integration of newly-generated neurons alters patterns of 28 

dentate gyrus input and output connectivity, potentially rendering memories already stored in 29 

those circuits harder to access. Consistent with this prediction, we previously showed that 30 

increasing hippocampal neurogenesis after training induces forgetting of hippocampus-31 

dependent memories, including contextual fear memory. However, the brain regions 32 

supporting contextual fear memories change with time, and this time-dependent memory 33 

reorganization might regulate the sensitivity of contextual fear memories to fluctuations in 34 

hippocampal neurogenesis. By virally expressing the inhibitory DREADD hM4Di we first 35 

confirmed that chemogenetic inhibition of dorsal hippocampal neurons impairs retrieval of 36 

recent (day-old) but not remote (month-old) contextual fear memories in male mice. We then 37 

contrasted the effects of increasing hippocampal neurogenesis at recent vs remote time points 38 

after contextual fear conditioning in male and female mice. Increasing hippocampal 39 

neurogenesis immediately following training reduced conditioned freezing when mice were 40 

replaced in the context one month later. In contrast, when hippocampal neurogenesis was 41 

increased time points remote to training, conditioned freezing levels were unaltered when mice 42 

were subsequently tested. These temporally-graded forgetting effects were observed using 43 

both environmental and genetic interventions to increase hippocampal neurogenesis. Our 44 

experiments identify memory age as a boundary condition for neurogenesis-mediated 45 

forgetting and suggest that as contextual fear memories mature they become less sensitive to 46 

changes in hippocampal neurogenesis levels because they no longer depend on the 47 

hippocampus for their expression. 48 

 49 

 50 

  51 
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Significance statement: New neurons are generated in the hippocampus throughout life. As 52 

they integrate into the hippocampus they remodel neural circuitry, potentially making 53 

information stored in those circuits harder to access. Consistent with this, increasing 54 

hippocampal neurogenesis after learning induces forgetting of the learnt information. The 55 

current study in mice asks whether these forgetting effects depend on the age of the memory. 56 

We found that post-training increases in hippocampal neurogenesis only impacted recently-57 

acquired, and not remotely-acquired, hippocampal memories. These experiments identify 58 

memory age as a boundary condition for neurogenesis-mediated forgetting, and suggest 59 

remote memories are less sensitive to changes in hippocampal neurogenesis levels because 60 

they no longer depend critically on the hippocampus for their expression. 61 

  62 
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Introduction 63 

The continued integration of new neurons into hippocampal circuits throughout adulthood has 64 

been hypothesized to impact memory function in two ways (Frankland et al., 2013). First, 65 

freshly integrated neurons provide new substrates for learning and therefore might facilitate 66 

the formation of new memories (e.g., by increasing capacity or allowing more efficient pattern 67 

separation). This view is supported by studies showing that suppression of hippocampal 68 

neurogenesis typically impairs new memory formation (Clelland et al., 2009; Saxe et al., 2006; 69 

Shors et al., 2001; Zhuo et al., 2016), whereas promotion of hippocampal neurogenesis may 70 

improve memory acquisition (Creer et al., 2010; Sahay et al., 2011; Stone et al., 2011; van Praag 71 

et al., 1999a). Second, by modifying the pattern of dentate gyrus input and output connections, 72 

the integration of new neurons alters hippocampal circuits and therefore may render memories 73 

already stored in these circuits harder to access at later time points. Using genetic, 74 

pharmacological and environmental interventions to elevate neurogenesis, we provided 75 

support for this latter idea. Increasing neurogenesis after memory formation in mice, guinea 76 

pigs and degus induced forgetting of hippocampus-dependent memories (Akers et al., 2014; 77 

Epp et al., 2016; Ishikawa et al., 2016) (but see: (Kodali et al., 2016) for a possible exception in 78 

rats). 79 

While the formation and initial expression of event memories depends on the hippocampus, 80 

over time contextual fear memories become less dependent upon the hippocampus for their 81 

expression and more dependent on the cortex (Frankland and Bontempi, 2005). For example, 82 

when rats learn an association between a context and shock, lesioning the hippocampus one 83 

day following training induces loss of this contextual fear memory. However, similar lesions at 84 

more remote time points have no effect (Anagnostaras et al., 1999; Kim and Fanselow, 1992). 85 

This pattern of temporally-graded retrograde amnesia following hippocampal damage predicts 86 

that as contextual fear memories mature, and become successfully consolidated in the cortex, 87 

they should become less vulnerable to neurogenesis-mediated forgetting. Here we used 88 

chemogenetic methods to first establish that the dorsal hippocampus plays a time-limited role 89 

in the expression of contextual fear memories in mice. Then we tested the impact of 90 
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experimentally elevating hippocampal neurogenesis on recently- vs. remotely-acquired 91 

contextual fear memories. Using both naturalistic (exercise) and genetic (conditional deletion of 92 

p53 from neural progenitors) interventions to elevate neurogenesis we found that elevating 93 

neurogenesis weakened only recently, and not remotely-acquired, contextual fear memories.  94 

Methods 95 

Mice  96 

All procedures were approved by the Animal Care and Use Committee at the Hospital for Sick 97 

Children. In these experiments we used two lines of mice. First, in experiments 1-5, we used 98 

wild-type (WT) derived from a cross between 129S6 and C57Bl/6N mice (Taconic Farms, 99 

Germantown, NY). Second, in experiment 6 we used mice in which conditional deletion of the 100 

tumor suppressor gene, p53, in nestin+ cells increases hippocampal neurogenesis (Akers et al., 101 

2014). The latter mice were generated by crossing nestinCreERT2+ mice which express a 102 

Tamoxifen (TAM)-inducible form of Cre-recombinase driven by a progenitor specific (nestin) 103 

promoter (line 5 from (Imayoshi et al., 2008)) with mice in which the p53 gene is floxed by two 104 

loxP sites (p53f/f) (Marino et al., 2000).  Accordingly, in male and female offspring from this 105 

cross, injection of TAM leads to deletion of p53 only in nestin+ cells and their progeny (inducible 106 

knock-out of p53, or iKO-p53). Both lines were maintained on a C57BL/6N background. 107 

Genotypes were determined by PCR analysis of tail DNA samples, as previously described 108 

(Akers et al., 2014; Arruda-Carvalho et al., 2011). TAM (Sigma) was dissolved in sunflower seed 109 

oil containing 10% ethanol and injected (180 mg/kg, i.p.) into mice once per day for 5 110 

consecutive days. 111 

Mice were bred in the animal facility at the Hospital for Sick Children and maintained on a 12 hr 112 

light/dark cycle (lights on at 0700 hrs). Mice were group-housed (2-5 per cage) in transparent 113 

plastic cages (31 × 17 × 14 cm) with free access to food and water unless otherwise specified. 114 

Behavioral testing began when mice were 8-10 weeks of age. 115 

Viral micro-infusion 116 
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AAV8-CaMKIIα-hM4Di-mCitrine virus was obtained from UNC Vector Core (Chapel Hill, NC). 117 

Control virus (AAV(DJ)-CMV-GFP) was produced in house. Four weeks prior to behavior, WT 118 

mice were micro-infused bilaterally with either the hM4Di or control viral vectors (1.5 l per 119 

side, 0.1 l/min infusion rate) in the CA1 (-1.9 mm AP, 1.3 mm ML, -1.5 mm DV) from Bregma 120 

according to the Paxinos and Franklin (2012).  121 

Drug 122 

Clozapine-N-oxide (CNO, kindly provided by Dr. Bryan Roth, University of North Carolina) was 123 

dissolved in dimethyl sulfoxide (DMSO) and administered at a dose of 5 mg/kg for i.p. 124 

injections. The Vehicle (Veh) control groups received the equivalent amount of DMSO solution 125 

dissolved in 0.9% saline. Mice received CNO or Veh injection 30 minutes prior to fear memory 126 

retrieval tests. 127 

Contextual fear conditioning  128 

Contextual fear conditioning occurred in test chambers (31 cm × 24 cm × 21 cm; Med 129 

Associates) with shock-grid floors (bars 3.2 mm in diameter spaced 7.9 mm apart). The front, 130 

top and back of the chamber were clear acrylic and the two sides were modular aluminum. 131 

During training, mice were placed in the chambers, and 3 foot shocks (0.5 mA, 2 s duration, 1 132 

min apart) were delivered after 2 min. Mice were removed 1 min after the last shock. During 133 

testing, mice were placed in the chambers for 5 min. For the experiment involving the iKO-p53 134 

mice, shock intensity was 0.7 mA, and mice were tested for 3 mins (rather than 5 mins). 135 

Behavior was recorded by overhead cameras. Freezing (i.e. absence of movement except for 136 

breathing) was measured using an automated scoring system (Actimetrics).  137 

Running 138 

Mice in running groups were given voluntary access to a running wheel (Med Associates ENV-139 

044) placed in their home cage. Mice in sedentary groups were housed conventionally. Using 140 

identical apparatus and procedures, we previously showed that mice run an average of 4.7 ± 141 

0.53 km per day in these conditions (Akers et al., 2014), similar to previous studies (van Praag et 142 

al., 1999b). 143 
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Specific experimental procedures 144 

Experiment 1. A 2×2×2 design was used in this experiment with virus (control vs. hM4Di), delay 145 

(immediate vs. delay) and drug (Veh vs. CNO) as between subjects variables. Male mice were 146 

randomly assigned to groups, and fear conditioned and then tested either 1 day or 28 days 147 

later. Thirty minutes prior to testing, mice were treated with Veh (control virus, 1 day test, n = 148 

8; hM4Di virus, 1 day test, n = 7; control virus, 28 day test, n = 7; hM4Di virus, 28 day test, n = 8) 149 

or CNO (control virus, 1 day test, n = 8; hM4Di virus, 1 day test, n = 12; control virus, 28 day 150 

test, n = 8; hM4Di virus, 28 day test, n = 12).  151 

Experiment 2. Male and female mice were fear conditioned and then tested 28 days later. 152 

During this retention delay, mice had home cage access to a running wheel (male, n = 8; female, 153 

n = 11) or were housed conventionally (male, n = 8; female, n = 8).  154 

Experiment 3. Female mice were fear conditioned and then tested 28 days later. During this 155 

retention delay, mice had home cage access to a running wheel for 0 (n = 8), 7 (n = 12), 14 (n = 156 

8) or 28 (n = 12) days, starting immediately after training. 157 

Experiments 4-6. In Experiment 4, female mice were fear conditioned and then tested either 28 158 

days or 56 days later. For the groups tested 28 days later, mice had home cage access to a 159 

running wheel from days 1-14 following training (n = 12) or were housed conventionally (n = 160 

12). For the groups tested 56 days later, mice had home cage access to a running wheel from 161 

days 29-42 following training (n = 10) or were housed conventionally (n = 12).  162 

In experiment 5, female mice were fear conditioned and then tested 28 days later. Roughly half 163 

the mice had home cage access to a running wheel from days 1-14 following training (n = 8) or 164 

were housed conventionally (n = 7). The remaining mice had home cage access to a running 165 

wheel from days 15-28 (n = 11) or were housed conventionally (n = 12).  166 

In experiment 6, male and female mice were fear conditioned and then tested 42 days later. 167 

Mice had home cage access to a running wheel on days 1-28 (immediate group; n = 16) or 15-168 

42 days (delay group; n = 16) following training, or were housed conventionally throughout the 169 

retention delay (sedentary group; n = 16).  170 
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Experiment 7. Mice were fear conditioned and then tested either 28 days or 56 days later. For 171 

the groups tested 28 days later, WT (n = 11) and iKO-p53 (n = 13) mice were treated with TAM 172 

starting immediately following training. For the groups tested 56 days later, WT (n = 8) and iKO-173 

p53 (n = 7) mice were treated with TAM starting 29 days following training. 174 

Immunohistochemistry 175 

Mice were perfused transcardially with PBS followed by 4% paraformaldehyde (PFA). Brains 176 

were post-fixed in PFA and transferred to 30% sucrose. Coronal sections (50 μm) were cut along 177 

the entire anterior-posterior extent of the CA1 or DG using a cryostat. For doublecortin (DCX) 178 

labeling, sections were incubated with primary (goat anti-DCX, 1:600, Santa Cruz) and 179 

secondary (donkey anti-goat, 1:300, Life Technologies) antibodies. Hoechest 33258 (1:1000, 180 

Sigma) was used as a counterstain. For c-Fos labeling, sections were incubated with primary 181 

(rabbit anti-c-Fos, 1:1000, Santa Cruz Biotechnology) and secondary (goat anti-rabbit, 1:500, 182 

Thermo Fisher Scientific) antibodies. Images were obtained using a confocal laser scanning 183 

microscope (LSM 710; Zeiss). 184 

Analyses  185 

Data were analyzed using analysis of variance (ANOVA) or two-tailed t-tests. Planned 186 

comparisons or post-hoc (Bonferroni) tests were used where appropriate. Statistical 187 

significance was set at p < 0.05. 188 

Results 189 

Chemogenetic inhibition of dorsal hippocampus impairs expression of recent, but not remote, 190 

contextual fear memory 191 

We first tested whether the activity of dorsal hippocampal neurons is required for the 192 

expression of day-old vs. month-old contextual fear memories. To do this, mice received micro-193 

infusions of an AAV virus expressing the inhibitory DREADD hM4Di or GFP into the CA1 of the 194 

dorsal hippocampus (Fig. 1a). They were subsequently fear conditioned, and then tested either 195 

1 day or 28 days later. Thirty minutes prior this test mice received an i.p. injection of CNO or 196 
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Veh (Fig. 1b). CNO treatment appeared to selectively reduce freezing levels in hM4Di-infected 197 

mice at the 1 day retention delay (Fig. 1c). An ANOVA with virus (control vs. hM4Di), delay 198 

(immediate vs. delay) and drug (Veh vs. CNO) as between subjects variables was conducted on 199 

the data. There was a significant 3-way interaction (F1,62 = 4.71, p = 0.034). To analyse the 200 

source of the significant 3 way interaction we used planned comparisons which focused on CNO 201 

vs. Veh effects in hM4Di- and GFP-infected mice at recent and remote time points. These 202 

comparisons indicated that CNO treatment reduced freezing levels only in mice expressing 203 

hM4Di in CA1, and tested one day following training (t17 = 3.06, p = 0.007). Immunohistological 204 

analyses confirmed that CNO treatment reduced activation of hM4Di-infected neurons (Fig. 1d-205 

e; CNO n = 6, Veh n = 8; t12 = 4.51, p = 0.007). 206 

Post-training voluntary exercise induces forgetting of contextual fear memories in male and 207 

female mice 208 

In our previous study we showed that post-training exercise increases hippocampal 209 

neurogenesis and induces forgetting of contextual fear memories (Akers et al., 2014). We first 210 

sought to replicate this finding, and by testing both male and female mice, additionally evaluate 211 

whether there were any sex differences in the degree of exercise-induced forgetting. 212 

Accordingly, male and female mice were trained in contextual fear conditioning and then given 213 

home cage access to an exercise wheel for 28 days or housed conventionally. All mice were 214 

tested 28 days after conditioning (Fig. 2a). Post-training exercise was associated with an 215 

increase in the number of cells expressing the immature neuronal marker, doublecortin (DCX+), 216 

in the subgranular zone of the hippocampus in both male and female mice (n = 4 for all groups; 217 

Factorial Exercise × Sex ANOVA, Exercise: F1,12 = 67.85, p < 0.0001; Sex: F1,12 = 1.65, p = 0.22; 218 

Exercise × Sex interaction: F1,12 = 1.47, p = 0.25) (Fig. 2b-c). As we previously observed (Akers et 219 

al., 2014), levels of conditioned freezing were reduced in mice that ran after training (female: 220 

sedentary n = 8, running n = 11; male: sedentary n = 8, running n = 8; Factorial Exercise × Sex 221 

ANOVA, Exercise: F1,31 = 49.49, p < 0.0001). Furthermore, the degree of forgetting did not differ 222 

between male and female mice (Sex: F1,31 = 0.33, p = 0.57; Exercise × Sex interaction: F1,31 = 223 

0.78, p = 0.38) (Fig. 2d).  224 
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Post-training voluntary exercise induces forgetting of contextual fear memories in a dose-225 

dependent manner 226 

We next evaluated how much post-training exercise is required to induce forgetting. To do this, 227 

different groups of female mice were trained in contextual fear conditioning and then given 228 

home cage access to an exercise wheel for 0, 7, 14, or 28 days. All mice were tested 28 days 229 

after conditioning (Fig. 3a). Exercise duration influenced hippocampal neurogenesis, with 230 

longer duration exercise associated with higher numbers of immature (DCX+) neurons in the 231 

dentate gyrus (Fig. 3b) (0 day: n = 4; 7 days n = 4; 14 days n = 5; 28 days n = 4; F3,13 = 21.86, p < 232 

0.0001). Post-hoc analyses indicated that there were greater numbers of DCX+ cells in the 14-233 

day and 28-day groups compared to the 0-day group (p = 0.002, and p < 0.0001, respectively). 234 

Exercise duration also influenced levels of conditioned fear (0 day: n = 8; 7 days n = 12; 14 days 235 

n = 8; 28 days n = 12; F3,39 = 6.12, p = 0.002), with mice exercising for 14 or 28 days exhibiting 236 

reduced levels of conditioned fear compared to sedentary controls (p = 0.01, and p = 0.003, 237 

respectively) (Fig. 3c). These data suggest that 14 days of exercise is sufficient to induce 238 

forgetting. Furthermore, the absence of forgetting in the mice that exercised for 7 days 239 

following conditioning excludes the possibility that exposure to a novel object (running wheel) 240 

following learning induces forgetting, as we have previously shown (Akers et al., 2014).  241 

Voluntary exercise induces a temporally-graded pattern of forgetting 242 

Expression of contextual fear memories initially depends on the hippocampus. However, 243 

expression of these memories becomes less dependent on the hippocampus and more 244 

dependent on cortical structures at more remote time-points (Frankland et al., 2013). 245 

Therefore, artificial elevation of hippocampal neurogenesis should impact recently-acquired 246 

contextual fear memories to a greater degree than remotely-acquired contextual fear 247 

memories. To test whether remote contextual fear memories are relatively invulnerable to 248 

increases in hippocampal neurogenesis, different groups of mice were trained in contextual 249 

fear conditioning. Following conditioning, mice had running wheel access for 14 days in their 250 

home cage starting either immediately following training or after a 28-day delay. Fourteen days 251 

following removal of the running wheel, mice were placed back in the conditioning context and 252 
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freezing was assessed (Fig. 4a). Mice that exercised immediately following training (n = 12) 253 

exhibited lower levels of conditioned freezing compared to sedentary control mice (n = 12). In 254 

contrast, in the delay condition, runner (n = 10) and sedentary (n = 12) mice exhibited 255 

equivalent levels of conditioned freezing (Fig. 4b). The time-dependent effects of exercise on 256 

forgetting were supported by an ANOVA with Time (immediate vs delay) and Exercise 257 

(sedentary vs. running) as between subject variables. There was a main effect of Exercise (F1,42 = 258 

11.96, p = 0.001), and Time × Exercise interaction (F1,42 = 5.55, p = 0.023). Post-hoc tests 259 

indicated that runner mice froze more than sedentary mice in the immediate, but not delay, 260 

condition (p = 0.003). There was no main effect of Time (F1,42 = 1.44, p = 0.23). 261 

In the above experiment freezing levels in sedentary mice were lower at the 56-day retention 262 

delay vs. 28-day retention delay. Therefore it is possible that a floor effect masks the effects of 263 

increasing hippocampal neurogenesis in the delay group. In order to address this potential 264 

confound we conducted two additional experiment in which we used a shorter, fixed retention 265 

delay, and varied the timing of exercise. In the first experiment, we used a 28-day retention 266 

delay between training and testing. Mice then were given home cage access to a running wheel 267 

for 14 days starting either immediately following training or after a 14-day delay (Fig. 4c). Only 268 

exercise immediately following training induced forgetting (Factorial Time × Exercise ANOVA, 269 

Time: F1,34 = 3.62, p = 0.07; Exercise: F1,34 = 17.61, p = 0.0002; Time × Exercise interaction: F1,34 = 270 

4.45, p = 0.042), with runner mice (n = 8) freezing less than sedentary mice (n = 7) in the 271 

immediate (p = 0.0017), but not delay (sedentary: n = 12; running: n = 11), condition (p = 0.63) 272 

(Fig. 4d). Comparison of the runner groups indicated that mice in the immediate condition froze 273 

less than those in the delay condition (p = 0.042).  274 

In the second experiment, we used a 42-day retention delay between training and testing. Mice 275 

then were given home cage access to a running wheel for 28 days starting either immediately 276 

following training or after a 14-day delay (Fig. 4e). Only exercise immediately following training 277 

induced forgetting (One way ANOVA, Time: F2,45 = 11.33, p = 0.0001), with runner mice (n = 16) 278 

freezing less than sedentary mice (n = 16) in the immediate (p < 0.0001), but not delay (n = 16), 279 

condition (p = 0.57) (Fig. 4f). Comparison of the runner groups indicated that mice in the 280 
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immediate condition froze less than those in the delay condition (p = 0.0058). These two 281 

experiments indicate that temporally-graded forgetting effects are observed regardless of 282 

whether conditioned freezing levels decline, or are stable, across the retention delay. 283 

Conditional deletion of p53 from neural progenitor cells leads to forgetting of recent, but not 284 

remote, contextual fear memories 285 

We next tested whether non-running interventions that increase neurogenesis might similarly 286 

induce a temporally-graded pattern of forgetting of established memories. To do this, we 287 

crossed mice which express a TAM-inducible Cre-recombinase in nestin+ cells (nestincreERT2) with 288 

mice in which the tumor suppressor gene, p53, is flanked by two loxP sites (p53f/f). In adult 289 

offspring from this cross, TAM treatment induces deletion of p53 in nestin+ cells, which results 290 

in increased neurogenesis (iKO-p53) (Akers et al., 2014).  iKO-p53 and littermate control mice 291 

were trained in contextual fear conditioning. Then either immediately following training or 292 

after a 28-day delay, mice were treated with TAM. Twenty eight days following TAM treatment, 293 

contextual fear memory was assessed (Fig. 5a). As we observed previously (Akers et al., 2014), 294 

conditional deletion of p53 increased hippocampal neurogenesis (t7 = 5.12, p = 0.0014) (Fig. 5b-295 

c). Moreover, similar to exercise, conditional deletion of p53 (n = 13) immediately following 296 

training induced forgetting of contextual fear memory, in comparison to controls (n = 11). In 297 

contrast, in the delay condition, iKO-p53 (n = 7) and control mice (n = 8) exhibited equivalent 298 

levels of conditioned freezing (Fig. 5d). These time-dependent effects of p53 deletion on 299 

forgetting were supported by an ANOVA with Time (immediate vs delay) and Genotype (iKO-300 

p53 vs. control) as between subject variables. There were main effects of Time (F1,35 = 5.75, p = 301 

0.022), Genotype (F1,35 = 4.89, p = 0.034), and a Time × Genotype interaction (F1,35 = 5.33, p = 302 

0.027). Post-hoc tests indicated that control mice froze more than iKO-p53 mice in the 303 

immediate (p = 0.0017), but not delay (p > 0.99), condition. Together with published data 304 

showing that preventing exercise-induced increases in hippocampal neurogenesis prevents 305 

forgetting (Akers et al., 2014; Epp et al., 2016), these data support the conclusion that these 306 

effects are mediated by a neurogenesis-dependent mechanism. Furthermore, they provide 307 

additional evidence that the forgetting effects depend on memory age.  308 
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Discussion 309 

In this paper, we present two main findings. First, by virally expressing the inhibitory DREADD 310 

hM4Di in the dorsal hippocampus, we confirmed that suppressing activity of dorsal 311 

hippocampal neurons impairs expression of recent but not remote contextual fear memories. 312 

Second, using two independent interventions to manipulate hippocampal neurogenesis levels, 313 

we found that post-training increases in hippocampal neurogenesis induce forgetting of recent 314 

but not remote contextual fear memories. This pattern of results suggests that older contextual 315 

fear memories are invulnerable to fluctuations in hippocampal neurogenesis levels because 316 

they no longer depend upon the hippocampus for their expression. In doing so, they identify a 317 

boundary condition for neurogenesis-mediated forgetting of memories that depend upon the 318 

hippocampus during acquisition. 319 

We previously found that increasing hippocampal neurogenesis after training weakens 320 

established hippocampus-dependent memories (Akers et al., 2014; Epp et al., 2016; Ishikawa et 321 

al., 2016), consistent with a number of theoretical predictions (Barnea and Nottebohm, 1994; 322 

Deisseroth et al., 2004; Frankland et al., 2013; Nottebohm, 1985; Weisz and Argibay, 2012)(see 323 

also: (Rakic, 1985)). In these studies, forgetting was observed regardless of whether 324 

environmental, pharmacological or genetic interventions were used to manipulate hippocampal 325 

neurogenesis levels. Moreover, post-training increases in hippocampal neurogenesis induced 326 

forgetting in both aversively-motivated (e.g., contextual fear conditioning, inhibitory avoidance, 327 

water maze, Barnes maze) and appetitively-motivated (e.g., odor-context paired associates) 328 

hippocampus-dependent tasks (Akers et al., 2014; Epp et al., 2016; Ishikawa et al., 2016). 329 

Finally, increasing hippocampal neurogenesis using these methods induced forgetting in three 330 

rodent species (mice, guinea pigs and degus) (Akers et al., 2014) (but see (Kodali et al., 2016) 331 

for possible exception in rats). Here we additionally show that these forgetting effects are not 332 

sex-dependent. Post-training increases in hippocampal neurogenesis induced equivalent 333 

forgetting in male and female mice.  334 

While neurogenesis-regulated forgetting of established hippocampus-dependent memories 335 

appears to generalize across a wide range of experimental conditions, boundary conditions do 336 
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exist. For example, post-training increases in hippocampal neurogenesis do not affect 337 

hippocampus-independent memories. Increasing hippocampal neurogenesis following 338 

conditioned taste aversion training did not alter subsequent aversion (Akers et al., 2014). We 339 

also previously found that memory strength modulated vulnerability to exercise-induced 340 

increases in hippocampal neurogenesis. When mice were conditioned using 8 (instead of 3) 341 

foot shocks, post-training exercise was less effective in inducing forgetting (Akers et al., 2014). 342 

The current study identifies memory age as another boundary condition. Artificially elevating 343 

hippocampal neurogenesis, either through voluntary exercise or genetic intervention, only 344 

weakened recently-acquired (but not remote-acquired) contextual fear memories.  345 

This time-dependent change in sensitivity is most likely related to a systems consolidation 346 

process (Frankland and Bontempi, 2005). In the current study, we showed that inhibition of 347 

neural activity in the dorsal hippocampus impairs retrieval of recent but not remote contextual 348 

fear memories. The absence of effects of CNO treatment in mice expressing the control (rather 349 

than hM4Di) vector indicates that the behavioral effects are unlikely to be due to off-target 350 

effects of CNO. This chemogenetic experiment adds to a number of other studies showing that 351 

hippocampal disruption preferentially affects recent vs. remote contextual fear memories. Our 352 

finding that increasing hippocampal neurogenesis, genetically or via voluntary exercise, also 353 

preferentially affects recent vs. remote contextual fear memories adds to this pattern of 354 

temporally graded effects. It appears that a variety of interventions that permanently destroy 355 

(e.g., lesions; (Anagnostaras et al., 1999; Debiec et al., 2002; Kim and Fanselow, 1992; Restivo 356 

et al., 2009; Winocur et al., 2009); but see (Ocampo et al., 2017; Sutherland and Lehmann, 357 

2011)), temporarily inactivate (Experiment 1 and (Goshen et al., 2011; Kitamura et al., 2009; 358 

Varela et al., 2016; Wiltgen et al., 2010)) or simply promote remodeling of hippocampal circuits 359 

(e.g., artificially elevating neurogenesis; Experiments 4-7) preferentially impact recently (but 360 

not remotely) acquired information.  361 

It is this neurogenesis-mediated remodeling of hippocampal circuits that we have hypothesized 362 

as the cause of forgetting (Akers et al., 2014; Frankland et al., 2013; Richards and Frankland, 363 

2017). As new neurons integrate into hippocampal circuits, they compete with existing granule 364 
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cells for input and output connections. Since, at least to some extent, successful memory recall 365 

likely involves recapitulation of the spatio-temporal patterns of activity that occurred at the 366 

time of encoding (e.g., (Josselyn et al., 2015; Richards and Frankland, 2013; Tonegawa et al., 367 

2015)), the addition of new synaptic connections and elimination of existing connections 368 

progressively reduces the likelihood of those patterns being successfully reactivated (given the 369 

same neural input or retrieval cue). According to this model, the likelihood of pattern 370 

completion failure should depend on levels of post-training hippocampal neurogenesis. Here 371 

we found this to be the case. Changes in levels of post-training hippocampal neurogenesis 372 

depended upon the duration of voluntary exercise, and significant forgetting was observed only 373 

with 14 or more days of exercise.  374 

Models of systems consolidation have typically proposed that some form of clearance 375 

mechanism of memory traces from the hippocampus. For instance, McClelland et al (1995) 376 

proposed that hippocampal traces are gradually degraded as those memories are integrated 377 

into the cortex (McClelland et al., 1995). Hippocampal neurogenesis represents one biologically 378 

plausible mechanism for this clearance (i.e., Dh in McClelland et al [1995]), and such a clearance 379 

process has been hypothesized to be necessary for generalization and cognitive flexibility 380 

(Richards and Frankland, 2017). Since the hippocampus is thought to encode all experiences, 381 

but not all memories are ultimately retained, it seems likely that memory fate then depends on 382 

the outcome of a competition between pro-consolidation processes (e.g., reactivation leading 383 

to successful cortical consolidation) vs. clearance processes (e.g., synaptic remodeling as a 384 

consequence of hippocampal remodeling). According to this model, frequently reactivated 385 

memory traces survive because they can outstrip neurogenesis-mediated decay and be 386 

successfully consolidated in the cortex (and, in doing so, become insensitive to interventions 387 

that promote remodeling of hippocampal circuits). In contrast, infrequently reactivated traces 388 

eventually succumb to neurogenesis-mediated clearance and become inaccessible.  389 

  390 
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Figure Legends 391 

Figure 1. Chemogenetic inhibition of dorsal hippocampus impairs expression of recent, but 392 

not remote, contextual fear memory.  393 

(a) Representative images showing hM4Di expression in a WT mouse that was micro-infused 394 

with AAV8-CamKIIα-hM4Di-mCitrine virus in the CA1.  395 

(b) Mice were trained in contextual fear conditioning, and tested 1 or 28 days post-training. 396 

Thirty minutes prior to testing, mice received an i.p. injection of CNO or Veh.  397 

(c) In comparison to Veh treatment, CNO treatment prior to the 1-day test resulted in lower 398 

freezing only in the group that received hM4Di virus infusion (hM4Di), but not in the group that 399 

received control virus (GFP). In contrast, CNO treatment prior to the 28-day test had no effect 400 

on fear memory expression, in both the hM4Di and GFP virus groups.  401 

(d) Representative images showing c-Fos+, hM4Di-mCitrine+ and c-Fos+/hM4Di-mCitrine+ 402 

neurons.  403 

(e) In comparison to Veh-treated mice, CNO-treated mice showed reduced co-localization of c-404 

Fos and hM4Di-mCitrine following fear conditioning testing. 405 

 406 

Figure 2. Post-training voluntary exercise induces forgetting of contextual fear memories in 407 

male and female mice.  408 

(a) WT male and female mice were trained in contextual fear conditioning and given home cage 409 

access to running wheel for 28 days. Contextual fear memory was assessed 28 days post-410 

training. 411 

(b) Running increased the number of doublecortin (DCX+) cells in both female and male mice, in 412 

comparison to sedentary controls.  413 

(c) Representative images showing increased number of DCX+ cells in DG, in female and male 414 

mice. Scale bar = 50 m. 415 

(d) Running decreased the level of freezing in both female and male mice, in comparison to 416 

sedentary controls (female: n = 11; male: n = 8).  417 

 418 
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Figure 3. Post-training voluntary exercise induces forgetting of contextual fear memories in a 419 

dose-dependent manner.  420 

(a) Mice were trained in contextual fear conditioning, and given access to running wheel for 0, 421 

7, 14, or 28 days. Contextual fear memory was assessed 28 days post-training. 422 

(b) Running increased the number of DCX+ cells in a dose-dependent manner. 423 

(c) Running decreased the levels of freezing in a dose-dependent manner. 424 

 425 

Figure 4. Voluntary exercise induces a temporally-graded pattern of forgetting.  426 

(a) Mice were trained in contextual fear conditioning, and given access to running wheel from 427 

day 1-14 (immediate condition), or day 29-42 (delay condition). Contextual fear memory was 428 

assessed 14 days following the end of running wheel period (i.e., on day 28 or 56 for the 429 

immediate and delay conditions, respectively).  430 

(b) Running reduced the level of freezing in the immediate, but not delay, condition. 431 

(c) Mice were trained in contextual fear conditioning, and given access to running wheel from 432 

day 1-14 (immediate condition), or day 14-28 (delay condition). Contextual fear memory was 433 

assessed 28 days post-training. 434 

(d) Running reduced the levels of freezing in the immediate, but not the delay, condition. 435 

(e) Mice were trained in contextual fear conditioning, and given access to running wheel from 436 

day 1-28 (immediate), or day 15-42 (delay). Contextual fear memory was assessed 42 days post-437 

training. 438 

(f) Running reduced the levels of freezing in the immediate, but not delay, condition. 439 

 440 

Figure 5. Conditional deletion of p53 from neural progenitor cells leads to forgetting of 441 

recent, but not remote, contextual fear memories.  442 

(a) iKO-p53 and control WT mice were trained in contextual fear conditioning, and treated with 443 

TAM one day (immediate condition) or 28 days (delay condition) later. Contextual fear memory 444 

was assessed 28 days after TAM treatment. 445 
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(b) Representative images showing that showed increased number of DCX+ cells in DG in an 446 

iKO-p53 mouse in comparison to a control WT mouse. Scale bar = 50 m. 447 

(c) iKO-p53 mice showed increased number of DCX+ cells in DG in comparison to WT mice. 448 

(d) Conditional deletion of p53 reduced levels of freezing in the immediate, but not delay, 449 

condition. 450 

 451 

 452 

  453 
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