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ABSTRACT 

Episodic-like memory is a later-developing cognitive function supported by the 

hippocampus. In mice, the formation of extracellular perineuronal nets in subfield CA1 

of the dorsal hippocampus controls the emergence of episodic-like memory during the 

fourth postnatal week (Ramsaran et al., 2023). Whether the timing of episodic-like 

memory onset is hard-wired, or flexibly set by early-life experiences during a critical or 

sensitive period for hippocampal maturation, is unknown. Here, we show that the 

trajectories for episodic-like memory development vary for mice given different sets of 

experiences spanning the second and third postnatal weeks. Specifically, episodic-like 

memory precision developed later in mice that experienced early-life adversity, while it 

developed earlier in mice that experienced early-life enrichment. Moreover, we 

demonstrate that early-life experiences set the timing of episodic-like memory 

development by modulating the pace of perineuronal net formation in dorsal CA1. 

These results indicate that the hippocampus undergoes a sensitive period during which 

early-life experiences determine the timing for episodic-like memory development. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 7, 2024. ; https://doi.org/10.1101/2024.11.06.622296doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622296
http://creativecommons.org/licenses/by-nc-nd/4.0/


INTRODUCTION 

In developing sensory systems, circuit refinement occurs during defined windows of 

heightened brain plasticity known as critical periods (Hensch, 2005). Rather than 

occurring spontaneously, functional and then structural refinement of sensory circuits, 

along with associated developmental shifts in sensory processing, depend on natural 

sensory experiences occurring during critical periods. For example, depriving the retina 

of visual stimulation during the period for ocular dominance plasticity in primary visual 

cortex (V1) may result in lifelong loss of visual acuity (amblyopia), especially if binocular 

vision is not restored before the closure of the critical period for ocular dominance 

(Birch, 2013; Chapman & Stryker, 1993; Daw et al., 1992; Espinosa & Stryker, 2012; 

Holmes et al., 2011; Iny et al., 2006; Morishita & Hensch, 2008). Similarly, impairments 

in auditory (Harrison et al., 2005; Mowery et al., 2015; Polley et al., 2013; Villers-Sidani 

et al., 2007; Zhang et al., 2002) and somatosensory (Erzurumlu & Gaspar, 2012; Fox, 

1992; McRae et al., 2007) processing can result from sensory deprivation during early 

postnatal development, underscoring the critical role of early-life experiences in shaping 

neural circuits across the brain. 

Outside of sensory systems, postnatal experience has long been recognized to 

influence social, emotional, and cognitive development across species (Birnie & Baram, 

2022; Freedman et al., 1961; Hebb, 1947; Lorenz, 1935; Opendak et al., 2017; Scott, 

1962). With respect to cognition, adverse or enriching experiences occurring during 

infancy or childhood in humans (Amso et al., 2019; Decker et al., 2020; Evans & 

Schamberg, 2009; Lambert et al., 2017) and rodent model species (Ivy et al., 2020; 

Malave et al., 2022; Molet et al., 2016; Woodcock & Richardson, 2000) can have 

profound effects on mnemonic function later in life, despite the memories for these 

experiences being long-forgotten (Akers et al., 2014; Madsen & Kim, 2016; Ramsaran 

et al., 2019; Rubin & Schulkind, 1997). These findings are consistent with recent 

proposals that the hippocampus undergoes a critical period during which it becomes 

competent to form episodic memories (Alberini & Travaglia, 2017) and predict that 

childhood experiences modulate the trajectory of hippocampal maturation in a manner 

similar to experience-dependent maturation of sensory cortices. Yet, the specific 
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neurobiological mechanisms in the hippocampus that mediate the effects of experience 

on memory development have not been identified. 

Recently, we reported that the capacity of the hippocampus to form precise episodic-like 

memories emerges between postnatal days 20 (P20) and 24 in mice (Ramsaran et al., 

2023). , events are 

allocated to dense neuronal engram ensembles, whereas in the CA1 of 

mice, the same events are allocated to sparse neuronal engram ensembles. We found 

that the onset of sparse engram formation and episodic-like memory during the fourth 

postnatal week requires a developmental increase in circuit inhibition mediated by 

postnatal accumulation of extracellular perineuronal nets (PNNs)  a canonical 

molecular mechanism for terminating critical periods in sensory cortices (Carulli et al., 

2010; Carulli & Verhaagen, 2021; Pizzorusso et al., 2002; D. Wang & Fawcett, 2012). 

Because cortical PNN formation is triggered by sensory experience (McRae et al., 2007; 

Ye & Miao, 2013), here we addressed whether early postnatal experiences affect the 

timing of hippocampal PNN formation and the emergence of episodic-like memory 

function. We found that early-life adversity or enrichment respectively decelerate or 

accelerate the development of sparse engrams and episodic-like memory precision by 

modulating the pace of PNN maturation in CA1 of the dorsal hippocampus. Thus, the 

timing of episodic-like memory onset is not fixed, but rather determined by experiences 

occurring during infancy and childhood, which set the pace for hippocampal maturation. 

RESULTS 

Experience-dependent PNN formation as a brain-wide mechanism for neural 

circuit maturation 

In many parts of the brain, accumulation of PNNs marks the end of critical periods for 

neural and/or behavioral maturation (Gogolla et al., 2009; Mirzadeh et al., 2019; 

Pizzorusso et al., 2002). In sensory cortices of rodents, where PNNs are essential for 

both mature parvalbumin (PV) interneuron function and sensory processing, trajectories 

for PNN formation vary significantly, but reliably coincide with the termination of region-

specific critical periods. To demonstrate this principle, we used Wisteria floribunda 
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agglutinin (WFA) labeling to examine the developmental trajectories for PNN formation 

in two sensory cortical regions with well-described, non-overlapping critical periods: 

layer IV of both V1 and the barrel fields of primary somatosensory cortex (S1BF). 

Consistent with the termination of ocular dominance plasticity during the fifth postnatal 

week (Gordon & Stryker, 1996) and barrel field plasticity before the second postnatal 

week (Fox, 1992), we observed a slower accumulation of WFA+ PNNs surrounding PV+ 

interneurons in V1 beginning one week after eye opening, which contrasted with an 

abundance of WFA+ PNNs in S1BF observed as early as P12 in the same mice (Figure 

1A-B). Therefore, it is possible to track the decline of critical period plasticity by 

examining the local developmental trajectory for PNN formation. 

We next applied this principle to the CA1 subfield of the dorsal hippocampus. In a 

previous study, we showed that PNN formation in this region is responsible for the 

developmental onset of hippocampus-dependent memory precision, which is a core 

feature of episodic-like memory (Ramsaran et al., 2019, 2023). As reported before, we 

found that WFA+ PNN formation around  PV+ interneurons occurred rapidly between 

P20 and P24 (Figure 1C), tracking the emergence of hippocampal memory precision in 

rodents (Anderson & Riccio, 2005; Ramsaran et al., 2023). These results suggest that 

PNN formation in CA1 and sensory cortices play similar roles in the maturation of 

hippocampal memory and sensory processing, respectively, and may indicate the 

existence of a critical period for episodic-like memory development in the hippocampus. 

Postnatal experiences are essential for neural and behavioral maturation during critical 

periods. With respect to sensory critical periods, these experiences must be both 

modality-specific and timed to specific postnatal epochs. For example, in rodents, PNN 

formation in the binocular zone of V1 (Pizzorusso et al., 2002; Ye & Miao, 2013) and 

S1BF (Nowicka et al., 2009) require visual and somatosensory input to the retina and 

whiskers, respectively, and can be impaired by sensory deprivation that spans each 

(Carulli et al., 2010; McRae et al., 2007; Pizzorusso et 

al., 2002; Ye & Miao, 2013) (Figure 1D). To determine whether postnatal formation of 

PNNs in the CA1 subfield of the dorsal hippocampus is analogously regulated by 

experience, we manipulated the early rearing environment, which modulates neuronal 
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activity in the immature rodent hippocampus (Pompeiano & Colonnese, 2023; Xue et 

al., 2024), rather than specific sensory experiences. To this end, we used experiential 

interventions in the weeks preceding typical CA1 PNN formation (i.e., P6 to P18-19), 

predicting that, like for sensory systems, the timing of hippocampal memory maturation 

is regulated in an experience-dependent manner (Figure 1E).  

Early-life adversity decelerates, but does not abolish, the maturation of CA1 PNNs 

and episodic-like memory 

We first asked whether deprivation during postnatal development would impair the 

formation of dorsal CA1 PNNs and the maturation of episodic-like memory. Different 

forms of adversity during early life (early-life adversity, ELA) negatively affect neural and 

behavioral aspects of hippocampal development (Elliott & Richardson, 2019; Huot et al., 

2002; Murthy et al., 2019; Raineki et al., 2019), but the impact of ELA on dorsal CA1 

PNNs is poorly understood. Therefore, we subjected mice to an ELA protocol (Murthy et 

al., 2019) consisting of daily maternal separation (6 h/day from P6 to P16, inclusive) 

followed by early weaning (on P17, compared to typical weaning on P21; Figure 2A). 

We then examined PNNs and memory precision on P24, when episodic-like memory 

has recently matured. In mice experiencing ELA, weight gain was modestly reduced 

compared to control mice during and after the maternal separation period (Figure  

S1A); however, the timing of eye opening a developmental milestone gating shifts in 

critical period plasticity across multiple sensory systems (Mowery et al., 2016; Smith & 

Trachtenberg, 2007) was unaffected (Figure  S1B). Therefore, potential changes in 

hippocampal plasticity following ELA cannot be explained by differences in the onset of 

vision. In P24 mice with a history of ELA, hippocampal PNN formation was attenuated, 

as we observed reduced amounts of WFA+ PNNs and PV+ interneurons in CA1 

compared to control mice (Figures 2B-C). By contrast, CA3 PNNs, which condense 

around PV+ interneurons >1 week earlier than CA1 PNNs (Ramsaran et al., 2023), were 

unaffected by the ELA intervention (Figure 2D-E), suggesting that a different, likely 

earlier, sensitive period for experience-dependent PNN formation in CA3.  
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Given the impairment in CA1 PNN formation in ELA mice on P24, we predicted that 

these mice would show imprecise memory formation comparable to younger (P20) 

mice. To test this, separate groups of mice experienced ELA or control rearing. The 

mice were then trained in contextual fear conditioning on P24, and memory precision 

was assessed the following day by testing the mice in the same apparatus (Context A) 

or a novel, but similar apparatus (Context B) (Figure 2F). We used freezing behavior as 

a proxy for memory recall. While mice that did not experience ELA showed age-

appropriate memory precision during the test, freezing more in Context A than Context 

B, mice previously experiencing ELA showed imprecise memories, freezing equally in 

Contexts A and B (Figure 2G). In contrast to previous studies reporting sex-dependent 

effects of ELA on behavioral and extrahippocampal PNN development (Gildawie et al., 

2020; Goodwill et al., 2019; Guadagno et al., 2020), we found that ELA-induced 

impairments in the development of CA1 PNNs and memory precision did not differ 

between sexes (Figure  S2A-C). Together, these data suggest that ELA impairs both 

neural and behavioral maturation of episodic-like memory.  

If the hippocampus undergoes a critical period for episodic-like memory, ELA should 

completely block the emergence of PNN-dependent memory precision. Alternatively, 

ELA may delay the development of PNN-dependent memory precision, suggesting that 

there is a sensitive (but not critical) period for episodic-like memory development 

(Hensch, 2005). To test these possibilities, we repeated the ELA intervention and 

examined CA1 PNNs and memory precision in young adult mice on P60 (Figure 3A). In 

dorsal CA1, WFA+ PNNs and PV+ interneurons did not differ between adult mice with 

and without a history of ELA (Figure 3B-C). Consistent with having formed PNNs in 

CA1 sometime between juvenility and young adulthood, memory precision was intact in 

P60 ELA mice (Figure 3D-E). Despite demonstrating normal memory precision, P60 

ELA mice displayed an anxiety-like behavioral phenotype in the open field (Figure 3F), 

consistent with earlier work (Qin et al., 2021; X.-D. Wang et al., 2012). Therefore, the 

affective behavioral outcomes of ELA are more enduring than the cognitive outcomes, 

with ELA delaying, but not abolishing, the maturation of episodic-like memory. These 

data support the idea that the hippocampus undergoes a sensitive period for episodic-

like memory development.  
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BDNF treatment following early-life adversity restores CA1 PNNs and rescues 

episodic-like memory 

We hypothesized that the delayed onset of episodic-like memory precision in ELA mice 

was mediated specifically by the later formation of dorsal CA1 PNNs following ELA. 

However, dysregulation of neural circuit maturation by ELA is not restricted to the 

hippocampus. To causally demonstrate that ELA delays memory precision by delaying 

maturation of CA1 PNNs (i.e., to rule out other effects of ELA on brain maturation), we 

-

specific treatment. We decided to use brain-derived neurotrophic factor (BDNF) as a 

treatment following ELA because BDNF serves as a key regulator of critical period 

plasticity and neural circuit maturation (Hanover et al., 1999; Hensch, 2005; Huang et 

al., 1999; Travaglia et al., 2016). Via molecular cascades initiated by binding its 

receptor, tyrosine receptor kinase B (TrkB), or via direct binding to chondroitin-sulfate 

proteoglycans (CSPGs) (Fawcett et al., 2019), BDNF treatment induces CSPG 

expression in neurons (Willis et al., 2021), stimulates precocial PNN formation in the 

juvenile mouse hippocampus (Ramsaran et al., 2023), improves hippocampus-

dependent memory precision in adult rats (Miranda et al., 2018), and rescues 

impairments in cortical function caused by sensory deprivation (Gianfranceschi et al., 

2003). 

To determine whether BDNF treatment would restore age-appropriate PNN density and 

memory following ELA, on P21 we microinfused solution containing recombinant BDNF, 

or vehicle, into dorsal CA1 of separate groups of mice (Figure 4A). As shown above, 

WFA+ PNN formation around PV+ interneurons was attenuated in P24 mice that 

experienced ELA and that were treated with vehicle. By contrast, BDNF treatment on 

P21 restored WFA+ PNNs to age-appropriate levels in ELA mice by P24 (Figure 4B-C). 

Moreover, in separate groups of ELA mice, we observed age-appropriate memory 

precision in P24 mice that received BDNF infusions into CA1 days before contextual 

fear conditioning, compared with mice that received vehicle infusions (Figure 4D-E). 

These experiments indicate that ELA, a form of deprivation, shifts the trajectory of 

episodic-like memory development via its effects on hippocampal PNN formation. 
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Similar to V1 (Gianfranceschi et al., 2003), restoring the local maturational state of CA1 

following deprivation rescues age-appropriate neural circuit function. 

Early-life enrichment accelerates the maturation of CA1 PNNs and episodic-like 

memory 

That ELA, a form of deprivation, decelerates the maturation of hippocampus-dependent 

episodic-like memory suggests that enriching experiences during early postnatal 

development might have the opposite effect. Early-life environmental enrichment (ELE) 

enhances both physical (i.e., object and spatial novelty) and social (i.e., maternal 

V1-dependent visual acuity (Cancedda et al., 2004; Sale et al., 2004). Additionally, 

prolonged environmental enrichment improves hippocampus-dependent memory across 

different stages of the rodent lifespan (Duffy et al., 2001; Frick et al., 2003), although the 

effects of perinatal enrichment on memory in juvenile rodents has not been 

characterized. 

To test whether ELE promotes hippocampal memory maturation in developing mice, we 

continuously housed mouse pups (and their mother) in large cages containing multiple 

pieces of physical enrichment (i.e., domes, tubes, etc.) and extra nesting materials. 

Enrichment began on P6 and ended on P19, when the mice were returned to standard 

housing conditions (Figure 5A). The physical enrichment was replaced or rearranged 

every few days to ensure that the environment remained novel throughout the duration 

of the intervention. By contrast, control mice remained in standard housing throughout 

the experiment. ELE did not affect weight gain or eye opening in developing mice 

(Figure S1A-B). We then examined PNNs in the dorsal hippocampus on P20; a time 

point when PNNs in normally-reared mice have not yet finished forming. We observed 

precocial accumulation of WFA+ PNNs around PV+ interneurons in dorsal CA1 of P20 

mice that experienced ELE, compared to P20 control mice (Figures 5B-C). No 

differences in WFA+ PNNs or PV+ interneurons were observed between ELE and 

control mice in dorsal CA3 (Figure 5D-E), again suggesting that dorsal CA1 PNN 

maturation is more sensitive to postnatal experiences spanning the second and third 
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postnatal weeks. In separate groups of mice, we next tested memory precision using 

contextual fear conditioning. Consistent with the earlier formation of CA1 PNNs, ELE 

mice showed precise contextual fear memories following training on P20, whereas 

control mice showed age-appropriate memory imprecision (Figure 5F-G). The effects of 

ELE on CA1 PNN formation and memory precision did not appear to be influenced by 

sex (Figure S2D-F). These experiments indicate that beneficial postnatal experiences, 

such as those afforded by ELE, accelerate maturation of the hippocampal PNNs and 

memory precision.  

ChABC treatment following early-life enrichment digests CA1 PNNs and reverses 

episodic-like memory enhancement 

Environmental enrichment engages multiple neural circuits across the brain (Li et al., 

2020), raising the possibility that the precocial onset of episodic-like memory precision 

seen in P20 ELE mice was supported by extrahippocampal mechanisms. To determine 

whether the early formation of CA1 PNNs accounted for the precocial onset of memory 

precision in these mice, we used the enzyme chondroitinase ABC (ChABC) to digest 

CSPGs found in PNNs (Pizzorusso et al., 2002; Ramsaran et al., 2023). To this end, we 

generated two groups of mice raised in enriched environments from P6, and, before 

returning them to standard housing on P18, we microinfused ChABC, or the control 

enzyme penicillinase, into dorsal CA1 (Figure 6A). We examined WFA+ PNNs and PV+ 

interneurons in dorsal CA1 on P20, as before. Mice that previously experienced 

enrichment and that were treated with penicillinase had elevated levels of WFA+ PNNs 

surrounding PV+ interneurons in dorsal CA1. By contrast, WFA+ PNNs in ELE mice 

were digested by ChABC (Figure 6B-C). Consistent with the reversal of ELE-induced 

PNN formation in CA1 by ChABC, ChABC treatment in juvenile mice raised in 

enrichment reinstated memory imprecision typical of juvenile mice raised under control 

conditions (Figure 6D-E). Thus, ELE matures episodic-like memory precision in mice by 

promoting precocial development of PNNs in dorsal CA1. 

Early-life experience shapes trajectory for neuronal allocation to a sparse engram 

ensemble via PNNs 
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Declines or impairments memory precision have been associated with reduced sparsity 

of memory representations at the level of neuronal engram ensembles (Guayasamin et 

al., 2024; Lesuis et al., 2021; Poll et al., 2020; Ruediger et al., 2011). Accordingly, we 

showed that in CA1 of the dorsal hippocampus, PNN-dependent changes in PV+ 

interneuron function control the shift from dense-to-sparse engram formation between 

P20 and P24, demonstrating causal links between maturation of hippocampal PNNs, 

neuronal allocation to an engram ensemble, and memory precision (Ramsaran et al., 

2023). Given these findings, next we asked whether early-life interventions (ELA and 

ELE), via their effects on PNN formation, produce changes in memory precision in 

developing mice by altering how neurons are allocated to engram ensembles in CA1. 

To examine how PNN maturational state set by early-life experiences potentially alters 

the process of neuronal allocation to an engram, we examined c-Fos and PV 

expression in dorsal CA1 of P20 and P24 mice following encoding a contextual fear 

memory (Figure 7A). To dissociate the effects of early experiences from PNN 

maturational state in dorsal CA1, we used 6 groups of mice including mice with typically 

developing CA1 PNNs (P20 Control, P24 Control groups); mice with accelerated or 

decelerated CA1 PNN development (P20 ELE+Penicillinase, P24 ELA+Vehicle groups); 

and mice that received the experiential interventions, but whose CA1 PNN maturational 

state was reset  using pharmacology before memory encoding (P20 ELE+ChABC, P24 

ELA+BDNF groups). As reported previously (Ramsaran et al., 2023), we observed an 

approximately 2-fold reduction in c-Fos expression following memory encoding between 

P20 and P24, reflecting an age-dependent increase in neuronal engram ensemble 

sparsity (Figure 7B). In mice that were raised in enriched or adverse environments, c-

Fos+ engram ensemble sparsity tracked changes in PNN maturational state, rather than 

age. Specifically, experiential groups that had low levels of PNNs in dorsal CA1 (P20 

ELE+ChABC, P24 ELA+Vehicle; Figures 4B-C, 6B-C) formed dense engram 

ensembles compared to groups that had high levels of PNNs in dorsal CA1 (P20 

ELE+Penicillinase, P24 ELA+BDNF; Figures 4B-C, 6B-C) that formed sparse engram 

ensembles (Figure 7B). 
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In typically developing mice, the accumulation of PNNs in dorsal CA1 increases the 

sparsity of engram ensembles representing an event by promoting structural and 

functional maturation of PV+ interneurons, which exclude neurons from engram 

ensembles via lateral inhibition following memory encoding (Morrison et al., 2016; 

Ramsaran et al., 2023; Rao-Ruiz et al., 2019; Rashid et al., 2016). We therefore 

examined the functional contribution of PV+ interneurons to the neuronal allocation 

process by measuring learning-induced localization of PV+ neurites to the perisomatic 

region of engram (c-Fos+) and non-engram (c-Fos-) cells in the dorsal CA1 pyramidal 

layer (Figure 7D). Consistent with the notion that sparse engram ensembles in dorsal 

CA1 require PV+ interneuron-mediated lateral inhibition, we observed greater 

localization of PV+ neurites in the perisomatic region of c-Fos- non-engram cells 

(compared with c-Fos+ engram cells) in mice with high levels of PNNs (P20 

ELE+Penicillinase, P24 Control, P24 ELA+BDNF; Figure 7E). These results 

demonstrate that early experiences, via their modulation of PNN growth, shape the 

trajectory for neuronal allocation to a sparse engram ensemble, which is required for 

precise memory formation. 

DISCUSSION 

Here we performed a series of experiments to determine the role of postnatal 

experience in shaping the ability of the developing hippocampus to form precise 

episodic-like memories. By leveraging early-life experiential interventions known to 

affect brain maturation, we found that the onset of precise episodic-like memory 

formation in mice is influenced by early postnatal experience, rather than chronological 

age alone (Figure 8). Specifically, we found that ELA in the form of repeated bouts of 

maternal separation decelerated (but did not abolish) the maturation of PNNs in 

hippocampal subfield CA1 and the emergence of sparse engram ensembles and 

precise memory formation. By contrast, ELE, via physical and/or social enrichment, 

accelerated the maturation of CA1 PNNs and the emergence of sparse engram 

ensembles and precise memory formation. Moreover, the effects of ELA and ELE on 

the development of neural and behavioral memory precision could be countered by 

targeted treatments that reversed the post-intervention maturational state of the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 7, 2024. ; https://doi.org/10.1101/2024.11.06.622296doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622296
http://creativecommons.org/licenses/by-nc-nd/4.0/


extracellular matrix in CA1. While ELA and ELE may have broad effects on 

neurodevelopmental trajectories for social, emotional, and cognitive development (Bale 

et al., 2010; Birnie & Baram, 2022; Opendak et al., 2017), this pattern of results 

suggests that they influence the developmental onset of precise episodic-like memory 

formation by specifically modulating the pace of PNN maturation in CA1 subfield of the 

hippocampus.  

A sensitive, but not critical, period for episodic-like memory development 

Episodic-like memory is influenced by developmental processes occurring both pre- and 

postnatally. Embryonic neurogenesis configures the connectivity (Deguchi et al., 2011) 

and function (Huszár et al., 2022; Kveim et al., 2024) of neuronal ensembles in the 

mature hippocampus that support episodic-like memory. Yet although there is ample 

evidence to suggest that postnatal experiences impact episodic-like memory processes 

in adulthood (Hebb, 1947; Ivy et al., 2020; Molet et al., 2016; Woodcock & Richardson, 

2000), it has remained unclear if and how sensitive the emergence of episodic-like 

memory during early life is to postnatal experiences. The emergence of several 

physiological correlates of hippocampal memory (e.g., place cells, theta sequences, 

sequential replay) studied in the dorsal CA1 of developing rats were previously shown 

to be unaffected by relevant spatial experiences, when those experiences occurred 0-1 

days before the target electrophysiological recordings (Farooq & Dragoi, 2019; Wills et 

al., 2010). By contrast, recent studies using behavior to examine the development of 

persistent, hippocampus-dependent fear or object-location memories found that 

previous learning improves the persistence of a second related memory in juvenile rats 

and mice, if the related memory is formed within 24-48 h of the first experience 

(Bessières et al., 2020; Contreras et al., 2023). Therefore, previous hippocampal 

learning can influence later memory function in juvenile rodents, but only within a brief 

temporal window and when there are commonalities between the sequential 

experiences. 

Previously, we found that rapid hippocampal learning (i.e., contextual fear conditioning) 

did not induce PNN formation in juvenile mice (Ramsaran et al., 2023). In the current 
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study, we found that adverse or enriching experiences in the home environment 

influenced the precision of hippocampus-dependent contextual fear memories formed 

on P20 or P24, despite these experiences being not directly related to the fear 

memories. Therefore, whether postnatal experiences mature PNNs in the hippocampus 

likely depends on the type, timing, and/or duration of the experiences. Notably, 

experiences occurring during the first ~4 postnatal weeks in mice are forgotten rapidly 

(over the course of hours and days). Offline processing of memories for experiences 

occurring during the ELA and ELE periods modulate the timing of hippocampal PNN 

maturation. Alternatively, ELA and ELE might modulate hippocampal PNN maturation 

by transiently altering neuronal activity within the maturing hippocampal-cortical 

circuitry, which is required for hippocampal circuit development (Donato et al., 2017) 

and PNN formation (Devienne et al., 2021). 

Contrary to a recent proposal (Alberini & Travaglia, 2017; Travaglia et al., 2016), our 

findings support the notion that the early postnatal hippocampus in mice undergoes a 

sensitive period, but not critical period, for the maturation of episodic-like memory 

function. Critical periods are defined by the necessity of specific postnatal experiences 

in directing typical development, thereby establishing lifelong neural circuit performance. 

Accordingly, depriving animals of the requisite experiences (e.g., vision) during critical 

periods results in deficits in neural circuit performance (e.g., amblyopia) that persist into 

adulthood (Birch, 2013; Espinosa & Stryker, 2012; Holmes et al., 2011; Iny et al., 2006; 

Morishita & Hensch, 2008). In comparison, during sensitive periods, experience can 

exert powerful control over (but is not necessary for) normal neural circuit maturation. In 

our study, we found that deprivation by ELA delayed the formation of CA1 PNNs and 

the onset of memory precision, such that impairments in CA1 PNN growth and memory 

precision were observed in ELA mice on P24, but not P60. Therefore, in the weeks 

following cessation of ELA, hippocampal maturation 

mice. Consistent with this interpretation, anatomical maturation of the hippocampus can 

be rescued in developing mice with temporarily suppressed hippocampal-cortical 

activity by removing the suppression of neuronal activity (Donato et al., 2017), and 

functional maturation of hippocampal neuronal ensembles can be rescued in rats raised 

in sphere environments by repeatedly exposing them to linear environments (Farooq & 
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Dragoi, 2023). Whether more severe forms of postnatal deprivation in mice would result 

in lifelong impairments in CA1 PNNs and memory precision indicative of a critical 

period, or whether the postnatal period is a critical (rather than sensitive) period for 

episodic-like memory in other species (Elliott & Richardson, 2019), remain open 

questions for future research. A more complete understanding of the hippocampal 

sensitive or critical period for episodic-like memory requires additional studies to define 

which parameters (e.g., types and amounts) of early experiences are most beneficial or 

deleterious for lifelong memory function. This may necessitate a granular approach, as 

hippocampal subfields with different developmental trajectories (e.g., CA1 vs. CA3 and 

DG; (Donato et al., 2017; Keresztes et al., 2018; Lavenex et al., 2006; Ramsaran et al., 

2023)) may have different sensitivities to different types and time windows of postnatal 

experiences. 

Conserved mechanisms for experience-dependent neural circuit maturation 

across sensory and cognitive systems 

In our previous study, we demonstrated that the emergence of episodic-like memory 

precision in mice requires the development of perisomatic inhibition in CA1, which relies 

on age-dependent formation of PNNs surrounding PV+ interneurons (Ramsaran et al., 

2023). The same molecular and cellular mechanisms in V1 are responsible for an age-

dependent increase in visual acuity, albeit at a later chronological age (Carulli et al., 

2010; Espinosa & Stryker, 2012; Hensch, 2005; Huang et al., 1999; Pizzorusso et al., 

2002). This suggests that PNN-dependent maturation of inhibitory circuits is a 

conserved mechanism for neural circuit maturation across sensory and cognitive 

systems in the brain. 

In the current study, we further show that, similar to PNNs in V1, the timing of PNN 

formation in dorsal CA1 is controlled by early life experiences. Experience-dependent 

formation of PNNs in the hippocampus may shift the trajectory for episodic-like memory 

by improving neural representations of memory-related stimuli, similar to the sharpening 

of neuronal tuning to visual stimuli in V1 following the critical period (Huang et al., 1999; 

Tan et al., 2020). To our knowledge, one study has examined the effects of early-life 
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experiences on the development of 

(Farooq & Dragoi, 2023). Here, the authors report that in the hippocampus of 

developing rats raised in spheres (i.e., environments that lack crucial features of 

Euclidean geometry), place cells are less precise and there is a reduced repertoire of 

neuronal ensembles available to encode experiences (versus control rats raised in 

cuboid environments), suggesting that this form of deprivation may also delay the 

maturation of episodic-like memory. Whether sphere-rearing affects PNN maturation in 

the hippocampus is unknown, but this is an intriguing possibility given that reduced 

precision of spatial representations is observed upon PNN digestion in the entorhinal 

cortex of adult rats (Christensen et al., 2021). Relatedly, in our previous work we 

showed that memory engrams, defined as neuronal ensembles encoding a given 

memory, become sparser in the dorsal CA1 with the maturation of PNNs and PV+ 

interneurons (Ramsaran et al., 2023). Extending these findings, we observed that the 

density of neuronal engram ensembles in dorsal CA1 of mice reared under different 

experiential conditions tracked the maturational state of local PNNs and PV+ 

interneurons, rather than chronological age. These data suggest that impairments in 

memory-guided behavior following alterations in postnatal experience may stem from 

deficiencies in neural coding, which are controlled by PNNs. 

Is experience-dependent growth of PNNs a brain-wide mechanism for neural circuit 

maturation? In addition to their established roles in sensory cortices, in many brain 

regions including subdivisions of the medial prefrontal cortex (Baker et al., 2017), the 

amygdala (Gogolla et al., 2009), nucleus accumbens (Nardou et al., 2023), and 

hypothalamus (Mirzadeh et al., 2019), PNNs are implicated in neural circuit maturation. 

However, causal links between postnatal experience, PNN formation, and behavior 

have not been established in most cases. Importantly, the effects of enriching and 

adverse experiences on PNN formation and stability are age- and region-specific. For 

example, while ELE was shown to promote PNN formation in CA1 in the current study, 

the same intervention during adulthood led to reduced brevican-rich PNNs in CA1 

(Favuzzi et al., 2017). Moreover, while ELA was shown to delay PNN formation in CA1 

in the current study, different forms of ELA promote PNN formation in the amygdala 

(Gildawie et al., 2020; Guadagno et al., 2020) and anterior cingulate cortex (Catale et 
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al., 2022) of rodents. The former of these is thought to contribute to the accelerated 

(rather than decelerated) emergence of adult-like extinction learning (Callaghan & 

Richardson, 2011), which requires PNNs in the amygdala (Gogolla et al., 2009). If PNN-

dependent increases in inhibition regulate neural circuit and behavioral maturation 

across different regions of the brain, it is clear that the impact of specific postnatal 

experiences on PNN developmental trajectories for brain maturation are not uniform, as 

proposed recently (Tooley et al., 2021). 

Implications for episodic memory development in humans 

Whether the human hippocampus undergoes a sensitive or critical period for maturation 

of episodic memory function remains an open question. Studies of individuals with 

varied childhood histories, including differences in family socioeconomic status (SES; 

which associates with the number and severity of stressful life events, (Evans & English, 

2002)), suggest that, as in rodent species, adverse or enriching experiences during 

infancy and childhood can result in early differences in hippocampus-dependent 

memory which may persist into adulthood. For example, children that have experienced 

numerous, often severe, adverse life events (e.g., physical and/or sexual abuse, or 

adversity associated with institutionalized care or non-nurturing or -responsive parental 

care) and children from low-SES families develop smaller hippocampi and perform more 

poorly in episodic or spatial memory tasks compared to children without a history of 

adversity and children from high-SES families (Barch et al., 2019; Bremner, 2003; 

Decker et al., 2020; Hackman et al., 2010; Humphreys et al., 2019; Levine et al., 2005). 

Conversely, enriching childhood experiences (e.g., early childhood education, or 

enrichment associated with nurturing or responsive parental care) can promote 

hippocampal growth, improve memory, and mitigate cognitive deficits and other 

negative health outcomes following childhood adversity (F. Campbell et al., 2014; F. A. 

Campbell et al., 2001; Luby et al., 2012; Nelson et al., 2007). 

The current study suggests that these experiences during the first years of life may alter 

the developmental trajectory of human hippocampal PNNs and PV+ interneurons 

(Lehner et al., 2024), providing a potential neurobiological mechanism by which different 
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childhood experiences can shape lifelong episodic memory function. PNN maturation is 

dysregulated in cortex of individuals that experienced childhood adversity (Tanti et al., 

2022), but whether similar dysregulation occurs in the human hippocampus is unknown. 

Understanding the effects early experiences have on the developing brain will lead to 

better-informed policy and practices aimed at preventing, minimizing, or mitigating the 

consequences of childhood adversity and bolstering the gains made with childhood 

enrichment. 

MATERIALS AND METHODS 

Mice 

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

for Sick Children and were conducted in accordance with Canadian Council on Animal 

Care and National Institutes of Health guidelines. For all experiments, male and female 

wild-type mice derived from a C57BL/6N and 129S6 cross (Taconic Farms, 

Germantown, NY) were used. All mice were bred at the Hospital for Sick Children and 

maintained on a 12 h light/dark cycle (lights on at 0700 h), with ad libitum access to food 

and water. Litter birthdate was designated postnatal day (P) 0. Litter sizes ranged in 

size from 5-12 pups, and when possible, pups were cross-fostered to different lactating 

dams on P1-3 to equalize litter sizes and increase experiential diversity of offspring. 

Except where noted (see Experiential Interventions), experimental mice were housed 

in breeding cages (identical to standard housing cages) with the dam and male breeder 

from P0-20 and then weaned on P21 with same-sex littermates into new standard 

housing cages, with 2-5 mice per cage. Mice used for behavioral experiments on P20-

21 remained in the breeding cage for the duration of the study. Each experimental 

condition contained mice derived from 2-6 separate litters. 

Experiential Interventions 

Two experiential interventions were used, referred to hereafter as early-life adversity 

(ELA) and early-life enrichment (ELE). The ELA protocol was adapted from previous 

studies using C57BL/6J mice (George et al., 2010; Murthy et al., 2019). ELA consisted 
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of maternal separation for 6 h per day from P6-16 (inclusive) followed by early weaning 

on P17. During separation, all pups from the litter were removed from the breeding cage 

and placed into a new cage with fresh bedding, and the cage of separated pups was 

moved to a different room from the breeding cage and placed on a heating pad turned 

to the lowest setting. From P12 onwards, the separated pups had free access to food 

and water, although there was little to no consumption of the solid food, which is usually 

not eaten before ~P17 (König & Markl, 1987). On P17, ELA mice were weaned to new 

cages with same-sex littermates as described above. Control mice did not experience 

maternal separation and were weaned typically on P21. 

The ELE protocol was adapted from previous studies using mice (Sztainberg & Chen, 

2010). For the ELE intervention, all pups from the litter and the dam were relocated to a 

larger polycarbonate rat cage (enrichment cage) beginning on P6. The enrichment 

cages contained 3 huts and/or domes, 3-4 pieces of commercially purchased hamster 

tunnels, and ample nesting materials (twice the amount provided in standard cages). 

Enrichment was rearranged or changed every ~3 days, and enrichment cages were 

changed once per week. ELE mice were housed in the enrichment cages until P19 (or 

P18 for mice undergoing surgery, Figure 6), when they were returned to standard 

housing conditions before experiments began on P20. Control mice remained in 

standard housing cages during the equivalent period. 

A subset of ELA, ELE, and control mice from were weighed on P6, P13, P20, P24, and 

P60 and observed for eye opening on P11-14. Offspring survival was not affected by 

the experiential interventions, and there were no observable changes in mouse health in 

any of the conditions, other than modest changes in weight gain in ELE and ELA mice 

(Figure S1). 

Surgery 

Reagents used for intracranial injections were dissolved in solution using the 

appropriate vehicle, divided into 5 µl aliquots, and stored at -80 °C until use. 

Recombinant brain-derived neurotrophic factor (BDNF; Peprotech, cat# 450-02) was 

dissolved in phosphate-buffered saline (PBS) at a concentration of 0.33 µg/ml. 
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Chondroitinase ABC (ChABC) from Proteus vulgaris (Sigma, cat# C3667) and 

penicillinase from Bacillus cereus (Sigma, cat# P0389) were separately dissolved in 

0.1% bovine serum albumin in PBS at a concentration of 50 U/ml. 

Surgeries occurred on P18 and P21 for experiments using P20 and P24 mice, 

respectively. Mice were pretreated with atropine sulfate (0.1 mg/kg, i.p.), anesthetized 

with isoflurane (3% induction, 1.0-1.5% maintenance), and administered meloxicam (4 

mg/kg, s.c.) for analgesia. Mice were placed into stereotaxic frames and topically 

administered lidocaine around the incision site. The scalp was incised and retracted 

before drilling two holes above the dorsal CA1 (AP -1.7 mm and ML ±1.35 mm from 

bregma). A glass micropipette connected to a Hamilton microsyringe was filled with the 

appropriate solution and then lowered to the CA1 pyramidal cell layer (DV -1.45 mm 

from bregma). Solutions were injected at a rate of 0.1 µl/min to a total volume of 0.75 µl. 

The glass micropipette was left in place for an additional 10 min after the microinjection. 

Following both microinjections, the incision was closed using sutures, polysporin was 

applied to the wound, and mice were administered 0.5 ml (s.c.) 0.9% saline. Recovering 

mice were placed in a clean cage on a heating pad until ambulatory, at which point they 

were returned to the colony. Animals were monitored twice daily until the end of the 

experiment. 

Behavior 

Contextual fear conditioning.  Fear conditioning was performed as previously described 

(Ramsaran et al., 2023). At the appropriate postnatal age (P20 or P24), mice were 

placed in 31 × 24 × 21 cm metallic test chambers equipped with shock-grid floors (Med 

Associates). On the training day, mice remained in the chamber for a total of 5 min, and 

three 0.5 mA foot shocks (0.5 mA, 2 s duration) were delivered at 120, 180, and 240 s. 

The following day, mice were placed back into the same chamber (Context A) or a 

similar but novel chamber (Context B) for the contextual fear memory test (5 min), 

during which no additional stimuli were presented. Context B was similar in size to 

Context A, but differed in shape, color, texture, and location. Context B chambers were 

in a room adjacent to the Context A chambers, and smooth white plastic inserts were 
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used to create triangular walls and to cover the shock-grid floor. Mouse behavior during 

the training and test sessions was recorded using overhead cameras and FreezeFrame 

v.3.32 software (Actimetrics). We used freezing behavior in each context (defined as the 

cessation of all movement, except for breathing (Fanselow, 1980)) as a proxy for 

contextual fear memory recall. The amount of time mice spent freezing during each 

session was scored semi-automatically using FreezeFrame. 

Open field.  We examined anxiety-like phenotype of adult mice using an open field test, 

as previously described (Ramsaran et al., 2023). Mice were placed in the center of a 45 

× 45 × 20 cm open field arena located in a dimly lit room and allowed to freely explore 

for 10 min. Mouse locomotion was tracked using overhead cameras and Limelight 

software (Actimetrics). The total distance traveled and amount of time spent in the 

center of the arena was scored automatically using Limelight. 

Histology 

Procedures were conducted as described previously (Ramsaran et al., 2023). At the 

appropriate age, mice were transcardially perfused with chilled PBS followed by 4% 

paraformaldehyde (PFA). Volumes were adjusted based on mouse age. Brains were 

removed to conical tubes containing PFA and post-fixed overnight at 4 °C, followed by 

30% sucrose solution until submerged (48-72 h). Brains were sectioned coronally into 

50-µm sections across the anterior-posterior extent of the dorsal hippocampus using a 

Lecia CM1850 and stored in PBS containing 0.1% NaN3 at 4 °C until staining. 

Six to eight tissue sections (200-  intervals) from each brain were used for 

immunohistochemistry. All incubations occurred at room temperature unless otherwise 

stated. Free-floating sections were blocked with PBS containing 4% normal goat serum 

and 0.5% Triton-X for 1 h, followed by incubation with biotin-conjugated lectin from 

Wisteria floribunda (WFA; 1:1000, Sigma, cat# L1516), rabbit anti-parvalbumin (1:1000, 

Swant, cat# PV27) or guinea-pig anti-parvalbumin (1:1000, Swant, cat# GP72), and 

guinea-pig anti-c-Fos (1:1000, Synaptic Systems, Cat# 226-308) primary antibodies in 

fresh blocking solution overnight at 4 °C. Sections were washed three times for 15 min 

each in PBS containing 0.1% Tween-20 (PBST) and then incubated with secondary 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 7, 2024. ; https://doi.org/10.1101/2024.11.06.622296doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622296
http://creativecommons.org/licenses/by-nc-nd/4.0/


antibodies streptavidin Alexa Fluor 568 (1:500, Invitrogen, cat# S-11226) or streptavidin 

Alexa Fluor 647(1:500, Invitrogen, cat# S-32357), goat anti-rabbit Alexa Fluor 488 

(1:500, Invitrogen, cat# A-11008) or goat anti-guinea-pig Alexa Fluor 488 (1:500, 

Invitrogen, cat# A-11073), and goat anti-guinea-pig Alexa Fluor 647 (for c-Fos; 1:500, 

Initrogen,cat# A-21450) in PBST for 2 h. Sections were washed with PBS, 

counterstained with DAPI (1:10000), mounted on gel-coated slides, and coverslipped 

with Permafluor mounting medium (ThermoFisher Scientific, cat# TA-030-FM). 

Images were taken on a confocal laser scanning microscope (LSM 710; Zeiss) using a 

40× objective with numerical aperture of 1.3 (for PNN and PV+ soma quantification) or 

63× objective with numerical aperture of 1.4 (for c-Fos and perisomatic PV+ 

quantification). For image quantification, 4-6 z-stacks per brain were obtained (15-30 

slices, 1-µm step size). All images for a given experiment were obtained in a single 

session using identical laser power, photomultiplier gain, pinhole, and detection filter 

settings.  

Quantification of WFA+, PV+, and c-Fos+ cells within the acquired z-stacks was 

performed manually using Fiji (National Institutes of Health). Cells per tissue volume 

(mm-3) was calculated for each marker and values corresponding to images obtained 

from the same mouse were averaged. Quantification of PV+ neurites in the perisomatic 

regions of c-Fos- and c-Fos+ cells in the CA1 pyramidal layer was performed using Fiji 

as previously described (Davis et al., 2017; Ramsaran et al., 2023; Trouche et al., 

2013). Briefly, PV+ immunofluorescence was binarized using a gray value threshold that 

was manually determined from images from a P24 Control mouse, and the same 

threshold was applied to all images regardless of mouse group. Next, 50-80 nuclei 

expressing c-Fos (c-Fos+) or not (c-Fos-) were outlined in Fiji and the percentage of 

area covered by (binarized) PV+ labeling within a 3-

Perisomatic PV+ labeling was averaged for each mouse for c-Fos+ and c-Fos- nuclei 

separately. Selectivity of PV+ labeling was calculated for each mouse as (mean c-Fos- 

labeling / mean c-Fos+ labeling). 

Statistical Analyses 
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No statistical tests were used to predetermine sample sizes, but sample sizes were 

similar to those reported previously (Akers et al., 2014; Ramsaran et al., 2023; Vetere et 

al., 2021). To achieve approximately equivalent group sizes, litters were pseudo-

randomly assigned to the experiential interventions (ELA vs. Control or ELE vs. 

Control), and for surgical experiments, mice within each litter were pseudo-randomly 

assigned to different treatment conditions (Vehicle vs. BDNF or Penicillinase vs. 

ChABC). Experimenters were blinded to group assignments during data collection and 

quantification, except for testing context for the fear conditioning experiments. Statistical 

analyses were performed using Statistica software (Dell Inc. 2016, version 13) and 

Graphpad Prism (version 8.0.1). Data were analyzed unpaired t-tests or analysis of 

variance (ANOVA), followed by Newman-Keuls post-hoc comparisons. Statistical 

significance was set at P < 0.05. We did not include sex as a factor in the analyses 

(other than weight; Figure S1), but there were no apparent sex differences on the key 

neural and behavioral measures (Figure S2). For the weight analyses, we did not 

include sex as a factor for P6, P13, or P24 time points, as there are no weight 

differences between male and female prepubescent mice. 
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Figure 1. Experience-dependent critical period mechanisms may control the 

maturation of episodic-like memory. 

(A) In primary visual cortex (V1), the formation of WFA+ PNNs around PV+ interneurons 

begins after eye opening and is largely completed by the fifth postnatal week, consistent 

with the timing of critical period closure for ocular dominance plasticity (Gordon & 

Stryker, 1996). (B) In the barrel fields of primary somatosensory cortex (S1BF), the 

formation of WFA+ PNNs around PV+ interneurons has already occurred by the second 

postnatal week, consistent with the timing of critical period closure for barrel field 

plasticity (Fox, 1992). (C) In the dorsal CA1 of the hippocampus, the formation of WFA+ 

PNNs around PV+ interneurons occurs rapidly during the fourth postnatal week. (D) 

PNN-dependent critical period closure requires specific postnatal experiences during 

the critical period. In mice, vision loss or dark rearing from birth impairs PNN formation 

in the binocular zone of primary visual cortex (V1), resulting in impaired visual acuity 

(Hensch, 2005; Huang et al., 1999; Pizzorusso et al., 2002; Ye & Miao, 2013). Likewise, 

whisker removal from birth precludes PNN formation in layer 4 of barrel cortex (Fox, 

1992; McRae et al., 2007). (E) If PNN formation in the dorsal CA1 marks the end of a 

hippocampal critical period, deprivation or enrichment should shift the developmental 

trajectories for PNN formation and episodic-like memory. Scale bar, 50 µm. 
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Figure 2. Early-life adversity impairs the maturation of perineuronal nets in CA1 

and memory precision in juvenile mice. 

(A) Mice experienced adversity in the forms of daily maternal separation from P6 to P16 

followed by early weaning on P17 (ELA group), or no separation and conventional 

weaning (Control group). (B) Labeling of WFA+ PNNs (red) and PV+ interneurons (cyan) 

in dorsal CA1 of Control and ELA mice on P24. (C) P24 mice with a history of adversity 

had fewer WFA+ PNNs (unpaired t-test, t8 = 7.17, P < 0.0001), PV+ interneurons 

(unpaired t-test, t8 = 2.47), and PNN-enwrapped PV+ interneurons (unpaired t-test, t8 = 

2.99, P < 0.05), but not PV- PNNs (unpaired t-test, t8 = 0.11, P = 0.91) in dorsal CA1, 

compared with Control mice. (D) Labeling of WFA+ PNNs (red) and PV+ interneurons 

(cyan) in dorsal CA3 of Control and ELA mice on P24. (E) There was no difference in 

WFA+ PNNs (unpaired t-test, t8 = 2.00, P = 0.081), PV+ interneurons (unpaired t-test, t8 

= 1.65, P = 0.13), PNN-enwrapped PV+ interneurons (unpaired t-test, t8 = 1.50, P = 

0.17), or PV- PNNs (unpaired t-test, t8 = 0.67, P = 0.52) in dorsal CA3 of P24 Control 

and ELA mice. (F) Experimental schedule for assessing memory precision. Mice were 

trained in a contextual fear conditioning task on P24, and 1 d later, they were tested in 

the same context (Context A) or a similar, novel context (Context B). (G) P24 mice with 

a history of adversity showed imprecise contextual fear memories, compared with 

Control mice that showed age-appropriate memory precision (ANOVA, experience × 

test context interaction: F1,27 = 14.27, P < 0.001). Data points represent individual mice 

with mean ± SEM. Scale bar, 50 µm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. 
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Figure 3. Early-life adversity does not block the maturation of perineuronal nets in 

CA1 and memory precision in adult mice. 

(A) Mice experienced adversity in the forms of daily maternal separation from P6 to P16 

followed by early weaning on P17 (ELA group), or no separation and conventional 

weaning (Control group). (B) Labeling of WFA+ PNNs (red) and PV+ interneurons (cyan) 

in dorsal CA1 of Control and ELA mice on P60. (C) There was no difference in WFA+ 

PNNs (unpaired t-test, t11 = 0.25, P = 0.81), PV+ interneurons (unpaired t-test, t11 = 1.88, 

P = 0.088), PNN-enwrapped PV+ interneurons (unpaired t-test, t11 = 1.58, P = 0.14), or 

PV- PNNs (unpaired t-test, t11 = 1.38, P = 0.19) in dorsal CA1 of P60 Control and ELA 

mice. (D) Experimental schedule for assessing memory precision. Mice were trained in 

a contextual fear conditioning task on P60, and 1 d later, they were tested in the same 

context (Context A) or a similar, novel context (Context B). (E) P60 Control and ELA 

mice showed adult-like memory precision (ANOVA, main effect of test context: F1,29 = 

171.78, P < 0.0001). (F) Compared to Control mice, ELA mice on P60 showed 

increased anxiety-like behavior (unpaired t-test, t13 = 2.53, P < 0.05) but similar levels of 

locomotion (unpaired t-test, t13 = 0.72, P = 0.48) in the open field. Data points represent 

individual mice with mean ± SEM. Scale bar, 50 µm. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. 
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Figure 4. BDNF treatment restores perineuronal nets in CA1 and memory 

precision in juvenile mice raised in adverse conditions. 

(A) Mice experienced adversity followed by infusions of Vehicle or BDNF into CA1 on 

P21. (B) Labeling of WFA+ PNNs (red) and PV+ interneurons (cyan) in dorsal CA1 of 

ELA mice treated with Vehicle or BDNF. (C) P24 mice treated with BDNF following 

early-life adversity had more WFA+ PNNs (unpaired t-test, t9 = 8.46, P < 0.0001), PV+ 

interneurons (unpaired t-test, t9 = 3.01, P < 0.05), and PNN-enwrapped PV+ 

interneurons (unpaired t-test, t9 = 5.25, P < 0.001), but not more PV- PNNs (unpaired t-

test, t9 = 0.97, P = 0.36), than mice treated with Vehicle. (D) Experimental schedule for 

assessing memory precision. Mice were trained in a contextual fear conditioning task on 

P24, and 1 d later, they were tested in the same context (Context A) or a similar, novel 

context (Context B). (E) P24 mice treated with BDNF following early-life adversity 

showed age-appropriate contextual fear memory precision, compared with P24 mice 

treated with Vehicle, that showed imprecise memories (ANOVA, treatment × test 

context interaction: F1,29 = 6.55, P < 0.05). Data points represent individual mice with 

mean ± SEM. Scale bar, 50 µm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 5. Early-life enrichment induces precocial maturation of perineuronal nets 

in CA1 and memory precision in preweaning mice. 

(A) Mice were housed in large cages containing enrichment from P6 to P19 (ELE group) 

or were housed conventionally (Control group). (B) Labeling of WFA+ PNNs (red) and 

PV+ interneurons (cyan) in dorsal CA1 of Control and ELE mice on P20. (C) P20 mice 

previously raised in enriched environments had more WFA+ PNNs (unpaired t-test, t7 = 

4.69, P < 0.01) and PNN-enwrapped PV+ interneurons (unpaired t-test, t7 = 7.84, P < 

0.001) and equivalent PV+ interneurons (unpaired t-test, t7 = 1.38, P = 0.21 and PV- 

PNNs (unpaired t-test, t7 = 1.21, P = 0.26) in dorsal CA1, compared with Control mice. 

(D) Labeling of WFA+ PNNs (red) and PV+ interneurons (cyan) in dorsal CA3 of Control 

and ELE mice on P20. (E) There was no difference in WFA+ PNNs (unpaired t-test, t8 = 

2.00, P = 0.081), PV+ interneurons (unpaired t-test, t8 = 1.65, P = 0.13), PNN-

enwrapped PV+ interneurons (unpaired t-test, t8 = 1.50, P = 0.17), or PV- PNNs 

(unpaired t-test, t8 = 0.67, P = 0.52) in dorsal CA3 of P20 Control and ELA mice. (F) 

Experimental schedule for assessing memory precision. Mice were trained in a 

contextual fear conditioning task on P20, and 1 d later, they were tested in the same 

context (Context A) or a similar, novel context (Context B). (G) P20 mice previously 

raised in enriched environments showed precise contextual fear memories, compared 

with Control mice that showed age-appropriate memory imprecision (ANOVA, 

experience × test context interaction: F1,28 = 11.64, P < 0.01). Data points represent 

individual mice with mean ± SEM. Scale bar, 50 µm. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. 
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Figure 6. ChABC treatment disrupts perineuronal nets in CA1 and memory 

precision in preweaning mice raised in enriched conditions. 

(A) Mice raised in enriched environments from P6 to P18 were infused with Penicillinase 

or ChABC into CA1 on P18. (B) Labeling of WFA+ PNNs (red) and PV+ interneurons 

(cyan) in dorsal CA1 of ELE mice treated with Penicillinase or ChABC. (C) P20 mice 

treated with ChABC following early-life enrichment had fewer WFA+ PNNs (unpaired t-

test, t10 = 13.17, P < 0.0001), PV+ interneurons (unpaired t-test, t10 = 4.49, P < 0.01), 

and PNN-enwrapped PV+ interneurons (unpaired t-test, t10 = 12.84, P < 0.0001), but not 

fewer PV- PNNs (unpaired t-test, t10 = 2.08, P = 0.06), than mice treated with 

Penicillinase. (D) Experimental schedule for assessing memory precision. Mice were 

trained in a contextual fear conditioning task on P20, and 1 d later, they were tested in 

the same context (Context A) or a similar, novel context (Context B). (E) P20 mice 

treated with ChABC following early-life enrichment showed age-appropriate contextual 

fear memory imprecision, compared with P20 mice treated with Penicillinase, that 

showed precise memories (ANOVA, infusion × test context interaction: F1,36 = 4.51, P < 

0.05). Data points represent individual mice with mean ± SEM. Scale bar, 50 µm. *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 7. Early-life experience shapes trajectory for neuronal allocation to sparse 

engrams via PNNs. 

(A) Mice were trained in a contextual fear conditioning task on P20 or P24 and their 

brains were removed for c-Fos and PV immunohistochemistry. (B) Labeling of c-Fos+ 

nuclei (white) in the dorsal CA1 pyramidal layer. (C) Sparse expression of c-Fos in 

dorsal CA1 was observed in mice with mature PNNs (P20 ELE+Penicillinase, P24 

Control, P24 ELA+BDNF) but not in mice with immature PNNs (P20 Control, P20 

ELE+ChABC, and P24 ELA+Vehicle) (ANOVA, age × group interaction: F2,46 = 69.25, P 

< 0.00001). (D) Labeling of PV+ neurites (cyan) in the perisomatic region of putative 

engram (c-Fos+) and non-engram (c-Fos-) nuclei. (E) Following conditioning, PV+ 

neurites were more localized to the perisomatic region of non-engram cells in mice with 

mature PNNs (P20 ELE+Penicillinase, P24 Control, P24 ELA+BDNF) but not in mice 

with immature PNNs (P20 Control, P20 ELE+ChABC, and P24 ELA+Vehicle) (top, 

ANOVA, age × group × c-Fos interaction: F2,46 = 25.12, P < 0.00001; bottom, ANOVA, 

age × group interaction: F2,46 = 16.79, P < 0.00001). Data points represent individual 

mice with mean ± SEM. Scale bar, white: 50 µm, magenta: 20 µm. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 8. Early-life experiences determine the timing of episodic-like memory 

development in mice. 

The precision of event memories increases by P24, signaling the emergence of 

episodic-like memory function in mice. The development of episodic-like memory is 

supported by the maturation of extracellular PNNs around PV+ interneurons in CA1, 

which enable encoding of events by sparse neuronal engram ensembles. This 

developmental trajectory is decelerated in mice experiencing early-life adversity and is 

accelerated in mice experiencing early-life enrichment. 
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Figure S1. Effects of early-life experiences on weight gain and eye opening. 

(A) Early-life adversity and enrichment produce modest changes in body weight 

compared to control conditions (P6 to P20, RM-ANOVA, age × experience interaction: 

F4,126 = 26.99, P < 0.0001; P24, unpaired t-test, t41 = 5.31, P < 0.0001; P60-F, unpaired 

t-test, t13 = 0.30, P = 0.77; P60-M, unpaired t-test, t16 = 2.66, P < 0.05). (B) Early-life 

adversity and enrichment do not alter the age of eye opening (ANOVA, no main effect of 

experience: F2,62 = 2.19, P = 0.12). Data points represent individual mice with mean ± 

SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

Figure S2. No sex differences in the effects of early-life experiences on 
trajectories for PNN formation and memory precision. 

(A) The effects of early-life adversity on levels of CA1 WFA+ PNNs and PNN-enwrapped 

PV+ interneurons in P24 mice was not dependent on sex. (B) Experimental schedule for 

assessing memory precision. Mice were trained in a contextual fear conditioning task on 

P24, and 1 d later, they were tested in the same context (Context A) or a similar, novel 

context (Context B). (C) The effects of early-life adversity on memory precision in P24 

mice were not dependent on sex. (D) The effects of early-life enrichment on levels of 

CA1 WFA+ PNNs and PNN-enwrapped PV+ interneurons in P20 mice was not 

dependent on sex. (E) Experimental schedule for assessing memory precision. Mice 

were trained in a contextual fear conditioning task on P20, and 1 d later, they were 

tested in the same context (Context A) or a similar, novel context (Context B). (F) The 

effects of early-life enrichment on memory precision in P20 mice were not dependent on 

sex. Data points represent individual mice with mean ± SEM. Data shown in panels 

2A,C and 2D,F are reproduced from Figures 2C,G and 5C,G, respectively, and stratified 

by sex. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 7, 2024. ; https://doi.org/10.1101/2024.11.06.622296doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622296
http://creativecommons.org/licenses/by-nc-nd/4.0/


FIGURE 6 
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FIGURE 7 
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FIGURE 8 
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